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CHAPTER |
INTRODUCT ION

The essential object of a telemetry system is.to gather data, translate
it into a form suitable for transmission, transmit it to a remote location,
and then display the data in a form useful for human interpretation. The
location to which the display of data is delivered may be several feet or
several thousands of miles from the source of information, depending on the
physical barriers separating the transmitter and receiver. Thus, any tele-
metry system consists of three groups of equipment: a transmitter, a trans-
mission medium, and a receiver or display unit.

In any system where an electrical analog of a measured variable is trans-
mitted, two, rather than just one, measurements must be made; correspondingly,
the possibility for introduction of error into the display image of the vari-
able is doubled. Theﬁe measurements take place at the location of the sensor
(the original measurement) and at the display unit. There are also varying
conditions of the data link or transmission medium which may cause errors in
transmission. Thus, action should be taken to eliminate or lessen parameter
variations in the transmitter, transmission medi&m. and receiver, in order to
achieve a reasonable accuracy in data transmission.

Remote measurement schemes can take two general forms, digital or ana-
log. In the digital case the transmitted image or measurand can assume one
of a finite number of values owing to the analog to digital conversion tech-

niques. The primary measurement is encoded into a digital format and must be



processed again prior to display. Thus, the transmitted information is a
number. For the analog system, the transmitted image can assume an Infinite
number of values. In the analog system some parameter of the transmitted
slgnai is directly analogous to the measurand. Strictly speaking, this
includes certain pulse systems, for example, pulse amplitude modulation (PAM)

and pulse position modulation (PPM).



CHAPTER 11}

THE PRESENT COCKCROFT-WALTON ACCELERATOR

The Telemetry Problem

TELEMETRY SYSTEM

Each of the preceding facts concerning telemetry is of importance in

the Cockcroft-Walton Accelerator.

metry system.

Figure | gives an idea of the present tele-
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Fig. 1.--The present system



The Head lon Source Control chasis and light transmitter are located in
the high voltage area of the accelerator. All parameters of interest are
located in the head and are transmitted to the receiving unit.whlch is at
ground potential, a distance of six feet. During normal operation the head
voltage is 600 KV, necessitating a wireless felemetry system. The system
which is presently operating was used at Los Alamos and will be briefly dis-

cussed before an improved version is proposed in this paper.

The Present Héthod

The original system was designed to transmit ten channels of data. Only
four of these will be of interest in the new telemetry system: (1) Cage AC
voltage, (2) focus voltage, (3) Anode current, (4) Filament current. Figure

2 Is a diagram of the ion source with the last three of these four data
sources labeled.

vfocus

o oy
I T

—' filament‘l _?‘M-_’ JI“'——J

' "anode

Fig. 2.-~lon Source

The system used for transmitting the data employed an analog technique.
Argon bulbs were used in a simple relaxation oscillator to convert a d-c vol-

tage to a controlled frequency for light transmission.



The pulsed light output from the relaxation oscillator Is transmitted to
a photomultiplier chasis lqcated at the base of the accelerator. An intricate
lens system is used to focus the pulsed light from the transmitter onto the
photomultiplier tubes. Any slight misalignment of the‘lens system results in
absolutely no transmission.

The receiving unit consists of a photomultiplier tube which amplifies
the light pulses received from the argon bulb transmitter. These pulses are
averaged over time and give a linear frequency to voltage conversion in the
decoding circuit. The only requirement for linear frequency to voltage con-
version. is that the light output of the argon bulb remain high enough to
drive the photomultiplier tubes. After proper lens alignment the major error
in this system will be the voltage to frequency conversion technique using

the argon bulbs.

Problems of the Voltage to Frequency Conversion Technique

Figure 3 shows a typical argon bulb relaxation oscillator.

R
v VAV

L — Argon bulb

Fig. 3.~--Relaxation Oscillator

When Vin is applied the voltage across the lamp is initially zero since
the capacitor is not able to change Its voltage instantaneously. The capaci-

tor begins to charge to Vin with a time constant t = RC. Since the lamp is



in the non-conducting state at this time, the resistance of the lamp is so
large that its shunting effect is usually negligible.

When the increasing voltage across the lamp reaches the dynamic break-
down voltage Vf, the lamp switches into the conducting or light emitting state
with the lamp current increasing to a relatively high value. The capacitor
then begins to discharge toward ground through the resistance of the lamp.

The dynamic lamp resistance in the conducting state is variable depending on
the value of the current flowing in the lamp, initially having a value of a
few thousand ohms. The capacitor thus quickly discharges so that the voltage
across the lamp decreases rapidly until it reaches the dynamic extinguishing
voltage Ve' The lamp then switches to the high-resistance state with the

lamp ceasing to glow. With the glow lamp thus switched to the high resistance
state, the capacitor again begins to charge toward the input voltage vin'

With each capacitor discharge through the lamp, the lamp emits a pulse of
light.

During the time the capacitor is charging the equation for the voltage
wave form is:

=t

v(t) =v_+ (v, - Ve)(l-eRc). 0

tA
1A

At the time T_, v(t) is equal to Ve Thus,

-T
C

RC .
vV, = ve + (vin Ve)(l e " ).

f
Solving for Tc gives

vV, =V
in &
V. = Vf

T =RC in
c
in

Assuming that the time for C to discharge to Ve is much less than Tc’



which is true for low frequency oscillations, the period of a single cycle is

approximately Tc and the frequency is the inverse of the period.

# : )

This equation holds true for frequencies below 200 Hz. This voltage to

frequency conversion technique suffers from the inverse log variation with Vin'

Physical Problems of Glow Lamps

Typical characteristfcs for Glow lamps show several disadvantages for use
as voltage controlled oscillators. First, from the frequency equation (1) the
frequency is a logarithmic function of vin' Secondly, Vf varies with fre-

quency as shown in Figure 4,

78‘__-—--""”’—ﬂﬁ\\\\xxﬁ‘__,d
Volts 74 |

T

1 10 100 1000 10000
Frequency Hz
Fig. b.--Frequency Variation of Ve

Figure 5 gives an indication of the variation of extinguishing voltage Ve

with frequency.

These figures indicate the sources of errors in any simple voltage to



frequency conversion technique using argon lamps. Also the peak to peak sig-
nal amplitude Vs = Vf - Ve varies with frequency; this is important in main-

taining a constant amplitude light signal. Such variation is given in Figure

6‘
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Fig. 5.--Frequency Variation of Ve
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Fig. 6.--Frequency Variation of v,

Another physical property of glow lamps is of interest; this is the
effect of temperature on their operation. Any variation in frequency is
essentially linear with temperature, but the degree and direction of change

from the frequency at room temperature appears to be dependent upon the fre-



quency of operation. The rate of change in frequency with temperature may be
as high as 1.5% of the frequency af room temperature per 10° C change in tem-
perature.
When using glow tubes in relaxation oscillators, three types of frequency
instability may be experienced:
a) short term frequency instability which requires a length of time
before the circuit has reached a steady frequency of operation.
This occurs when the lamp is being used for the first time or
after it has not been used for a period of time.
b) Gradual change in frequency with aging of the lamp.
¢) Random changes in frequency of operation caused by a rapid
change in lamp parameters. ' |

These frequency instabilities are such that glow lamps operate very poorly as

stable highly accurate voltage to frequency converters.
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CHAPTER 111

A PROPOSED TELEMETRY SYSTEM

The System in General

¢ Amp. Photo- | 7 Amp. and
Encoder LED diode shaping
Light’ pipe
Transducer " Decoding
0 to 5V Display

Fig. 7.--Block diagram of proposed system

The proposed telemetry system consists of an encoding circuit which is a

multivibrator acting as a linear voltage to frequency converter, and driving
a light emitting diode (LED). A lens system could be used for the transmit-
ting channel; however, low cost plastic fiber optics capable of transmitting
the wavelength of the LED will serve well as the transmitting channel. Also,
by using fiber optics the alignment problem is essentially eliminated. The

photodiode receives the light from the light pipe and produces a current pro-
portional to the amplitude of the incident light. This signal is then ampli-
fied and shaped into a square wave which is then averaged to give a voltage

proportional to the frequency of the transmitted signal.
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Choosing the Encoder Circuit

Figure 8 is a typical astable multivibrator. Analysis of this circuit
would give a constant value for the frequency of oscillation. However, by
removing R] and Rz from the supply Vcc and connecting them to an input voltage

vln’ a simple voltage controlled oscillator as in Figure 9 is obtained.

c2

Fig. 8.~--Astable multivibrator

Fig. 9.--Simple voltage controlled oscillator

Consider Figure 10, where it is assumed transistor Ql is in saturation

and its collector to emitter voltage is equal to V__ = 0. The voltage V(t)
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Fig. 10.--Quasi-stable state 1|

at the base of transistor Q2 during this quasi-stable state can be obtained

from Figure 10. Using Kirchoff's current law:

c; -::—E-V(t) +-A-l- V(e) -v, 1-1_ =0
or
v(t) + R, C, dt v(t) = | ot * Vin (2)

Now applying the Laplace Transform to equation (2):

[+ C R s] v(s) - C R v(0o-) = -[V + 'coRi] (3)

where, V(s) 1s the Laplace transform of V(t)
V(0-) is the value of the voltage V(t) at the instant of
transition into the quasi state of Figure 10 from
the state indicated in Figure 11.
From Figure 11 the initial condition for v(0-) is obtained. Transistor
Q2 Is in saturation and its base voltage is equal to vbe’ while transistor QI
is cutoff and its collector voltage is effectively Vcc' Immediately after
transition to the state in Figure 10, QI is driven into saturation and its
collector voltage, therefore, falls to a value equal to Vce = 0, Since the
voltage across the capacitor cannot change instantaneously, it follows that

the voltage at the base of transistor Q2 must fall to —Vcc + Vce + Vbe imme-

diately after transition to the state in Figure 10. Thus,



13

v(o-) = -v__+V__+V (%)

ce be’

collector v

Q

Fig. 11.--Quasi-stable state 2
Equations (3) and (4) give

(14 CRSIVIS) = CR -V + ¥ + V) .'é. (v, +1_R)

ce co |
or,
V(s) = -vcc * Vr:e * vbe % vin + lcoRI ;
1 ] :
s + R RlC’S(S + -R—C—-)

171 171

"Expanding V(s) in partial fractions yields
-fv.+v,_ -v_ -V +|]

co

1
V(s) = ££ in c? be + E'(Vin + lcoR‘).
s + J

Taking the inverse Laplace Transform yields:

R,C

\ 1“1
v(t) = -(vcc * vin vce - vbe + lcoRl) e * (vin + !coRl)' (5)

Figure 12 is the waveform of equation (5). Examination of Figure 12 indicates
that the voltage V(t) at the base of transistor Q, rises from the value v(0-)

up to a value Vy at t = Ty where Vy is the base-emitter turnon voltage of QZ'



It therefore follows that transistor Q, will remain cutoff fdr a period equal
to 1, after which its base voltage bgcomes equal to Vbe since the astable
multivibrator has changed state. Hence, T is effectively equal to one half
of the timing period of the symmetric astable when R] = R2 = R and C] = Cz = (.

in coRl

e = e e e ——

Fig. 12.--Waveform of equation (5)

Tee value of 1, is obtained from Figure 12 when V(t) = Vy = Vpe 3t t = Tg.

From equation (5) we obtain:

.0
V., =-(V _+V, =V _=-V. +1 Rle "sy 4+
be cc in ce be co in co
or,
vcc % vin 3 vce ) Vbe * IcoR
Tp = CR In V. +T_R=-V
in co be

Clearly, this circuit suffers from a logarithmic relationship as did the

argon bulb relaxation oscillator. Assuming that vce =0, V., >> vbe’ and

in
V‘n >> ’coR’
VCC
To = CR In |1 + v I
in

The frequency f = 51_'; thus
Yo
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f= T+ V | (6)

To avoid this nonlinear voltage to frequency conversion the substitution
of constant current sources for base resistors is necessary.

Figure 13 is the multivibrator of Figure 9 with constant current sources
| substituted for the base resistors. The constant current sources will be a

linear function of vin' i.e., | = klvin + kz.

: v
cc cc

cl c2

—_—
(x]

e

P

dd
Fig. 13.--An improved voltage controlled oscillator

Once again for Figure 13 consider Q, in saturation so that its collec-
tor voltage relative to emitter is Vce. The voltage V(t) at the base of

transistor Q, can be obtained from Figure 14,

Writing Kirchoff's current law at the base of Q,, we have:
cdvw)-1-1_=o. (7)
dt co ,

Taking the Laplace Transform of (7) yields:

Cs V(s) = € v(0-) = (1 +1_) -'5- (8)



—~—t
=
—
(s
—

y NS

dd

Fig. 14.--Quasi-stable state |
Evaluating v(0-) using Figure 15 we have:
v(0-) = -(vcc B Vce B Vdd) * Vbe * vdd'

v
cc

Rcl é% |

+
colé:ctor Vbe
Vad

Fig. 15.--Quasi-stable state 2

Combining (8) and (9) produces
(r+1_)

co

52C

_ C
V(s) = + T [2 Vd

+
d be cc ce

The inverse Laplace Transform gives:

V. -V +Vv 1.

16

(9)

(10)
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I+ 1

co _
v(t) —t* v, + Vie Vcc + Vce " (n)

In this case at t = T, v(t) = Ve * Vid and (11) becomes

_ in co _

Ve ¥ V4d ™ C 0" 2 V44 * Vie Vee * Yee
or
C

o I+ 1 [Vcc Vdd * Vce]

co
The frequency f =-5%— is of interest; therefore,

0

| + ICD

f = — ' (12)
2C[Vcc Vdd + Vce] ;

Recall | = klvin + k2 is the form of the constant current source; there-

fore, the desired linear voltage to frequency conversion is obtained.
The design of a constant current source which will give the desired
result, i.e., a constant current that is linearly dependent on the input vol-

tage is considered next. Figure 16 is such a circuit.

Fig. 16.--Constant current source
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Analysis of this circuit gives:

| _Vin'vz'vdd"“be

e R
e

I =al +1
e co

where o is the total forward current gain of the transistor as viewed from an
|
external circuit a = —= .

e
Thus,
o a
b= Vin * & Ve = Y2 " Vadl * oo
e e
or,
b=V =1 ' (13)
Where
a
Ky =%
e
and Vdd has been adjusted to
ZRe
Vdd T a Ico * Vbe - Vz'

Combining (12) and (13),

f

(v
0 . (14)

dd + vcé]

i
= ZCIv V
cC

This gives the linear voltage to frequency conversion as desired.

Practical Problems of the Encoder Circuit
The two major sources of dffficulties are timing period stability and
linearity errors. Timing period errors will be due to one or more of the

following phenomena:
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(a) Variation in the passive circuit componeﬁts such as resistors and
capacitors. These must be chosen correctly in order to give the required
period stability since, in general, the timing period is proportional to
capacitor C, and the resistor Re in the constant current circuit.

(b) variation in the supply voltages V__ and V..

(c) Variation in the parameters of the transistor.

A main source of variation is a change in the parameters of the transis-
tor owing to the variations in ambient temperature or in loading. Also, Ico
variation is a major cause of timing period variation when germanium tran-
sistors are used. The silicon transistor leakage currents are small enough to
make such an effect negligible at femperatures up to 60° C. As long as the
supply voltaée is large compared to vbe the temperature variation of vbe will
be negligible.

By using a stabilized power supply and silicon transistors, the staBi-
lity problem becomes one of choosing resistors and capacitors with opposite
thermal coefficients. It is feasible in a single design to choose transis-
tors and components which will give a multivibrator with almost zero tempera-
ture coefficient. However, the process of component selection with this in
mind is tedious when several circuits are to be built. Furthermore, the pro-
cess must be repeated if components are replaced when faulty. Thus, silicon
transistors, a stabilized power supply, and quality resistors and capaﬁitors
will be used.

Where accurate measurement of the period is required, errors may be
introduced by the finite rise and fall times of the multivibrator waveform.
The main defect of the collector waveform from a timing point of view is the

degraded rise time, which is due to the flow of the capacitor charging current
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in the collector load resistor. The waveform can be much improved by routing
the charging current via resistors Rdl and Rdz and by the inclusion of diodes

as shown in Figure 17. The collector waveform is shown in Figure 18 where

§

dd
Fig. 17.--Multivibrator with diodes for collector waveform improvement

v

c2 ( ( c?
. t t

Fig. 18.--Waveforms at collector

with the diode in the circuit the charging current is isolated from the col-

lector load; thus, the collector rise time is much shorter.



21

The Encoder Circuit

Figure 19 is the final multivibrator (encoder) circuit. This circuit
requires .an input voltage vin of 5 volts to produce a 100 Hz output waveform.
When vin is zero the frequency should be zero, but the lowest attainable

oscillation is 10 Hz at 0 volts.

" Rin
in — AN\
v R R v
cC _ b c
Rt % Rd% Ry Re2
Ry CF' _-Ic
g é - o,
r—"l g uﬁ
: Vad

Fig. 19.--Encoder clircuit

As mentioned in Chapter |l, there are two currents to be measured; thus
a stage of amplification will be necessary to change the 50 mv shunt voltage
to a 5 volt input to the encoder circuit. Consider the filament circuit of
Figure 20, where an operational amplifier.(Op Amp) has been added across the
ammeter shunt. The Op Amp used in this case is.a pA 741. The circuit
includes a zero adjust resistor RD’ which will yield an output of zero volts
when there is no current flowing in the filament circuit. When the ammeter of
the filament circuit is at 20 A. (or full scale), the ammeter shunt will have
50 mv. across it causing Vin to be a value of 5 volts as desired. This vol-

tage, vin is the input to the encoder of Figure 18. Resistor Ra is included
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to have control over the gain in case 5 volts input to the encoder is not

adequate.

WP o L, s s T

Filament

To encoder

|
I
e
( )—
N
o

Fig. 20.--Amplifier circuit

The LED and Associated Eircyitry

The encoded frequency will drive a LED which is optically coupled to the
receiving unit where it_will be decoded. Thus, the properties of the LED will
be of importance in obtaining prober light transmission. |

One of the important considerations in fitting a LED to a particular
application is bower dissipation; this is the limiting factor on the output
of these devices. Figure 21 gs a typical curve of a LED where point A is the
threshold voltage or the point at which light is first generated;lpoint B is
the reverse breakdown voltage. This curve indicates that the LED is a low-
impedance device similar to conventional sllfcon diodes, and it can be driven
from low voltage supplies with conventional transistor circuitry. The wave-
length of the LED's emitted light is nearly monochromatic as seen from the
spectral curve of Figure 22, The light output of the LED willllncrease
steadily with the current through it until a peak point is reached. Beyond

this point the power output will decrease and the LED will be operating near



its maximum dissipation limit. Operation beyond this limit will result in

junction heating and subsequent failure of the LED.

Current
mA

Reverse voltage
B

Forward voltage

Fig. 21.--Typical LED curve

100% +

75% 1

Relative
intensity 50%

25% -

T T T T T T T LR T T

t' -2 .3 .k 05 .6 |7 -8 -9 IDD
Wavelength (microns)
Fig. 22.~--Spectral output of LED
The thermal properties of the LEDs are also of importance.

ciency of a LED is a strong function of the operating temperature.

plot of the temperature variation of the output power normalized to room

The effi-

23

A typical

temperature is given in Figure 23. Since there is a decrease in output light
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Fig. 23.--Temperature effect on output power

intensity with increasing temperature one must design with this in mind. The
wavelength of peak emission decreases at a rate of 2 or 3 Angstroms per degree
centigrade; however, if a wide spectral band receiving unit is used this will
not affect transmission. Operating and storage temperature ranges of the LEDs
are typically -65° C to 85° C with the upper temperature limit determined by
the encapsulating material. By enclosiﬁg the LED in a portion of the head
where the temperature will not exceed 50° C, the only temperature effect of
importance will be the reduction of lamp intensity to 80% of its value at room
temperature (25° C), as obtained from Figure 23,

A TIXL202 LEB.was chosen for this prototype circuit. The LED's para-
meters are included on data sheets {Appendix 1). The LED requires a maximum
of 70 mA forward current, which is larger than the encoding circuit is capable
of providing. Thus it Is necessary to add an isolation stage followed by a
medium power transistor capable of driving the LED into its light emitting
state. This circuitry is shown in Figure 24, The output of the encoding cir-

cuit is a square wave of amplitude vcc or vdd' depending on the encoder state.
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Vo ?

LED

From
encoder QI Rc

Fig. 2h.--LED driver circuit

dd
the LED will be forward biased. Thus there will be a visible light output

When it is in the V,  state Q2 of the driver circuit will be conducting and

with its intensity depending on the current Ip through it, where,

| Vee ™ Vaa = 1°5

p

c

and 1.5 is the voltage drop of the LED. When the encoder is in the vcc state,
Q2 will be off and no current will flow through the LED; in this state there

is no light emission. Since the encoder is a symmetrical circuit the duty

time on

cycle = period

will be 1/2. Therefore, the average current Iavg through the
LED will be 1/2 Ip. This average current must not exceed the 70 mA maximum
rating to avoid damaging the diode.

The entire transmitting circuit for one channel of data is shown in

Figure 25.

The Transmission Medium and Photodiode

As discussed earlier, the present telemetry system consists of 10 opti-
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cally coupled channels. The argon bulb for each channel has a lens which
focuses the light on a receiving lens above the photomultiplier tubes In the
receiver. Each time an argon bulb, with typical life time of a few thousand
hours, must be replaced, all ten channels must be removed and the alignment
procedure must be carfied out. The proposed systemrc0u|& use a lens also,
but by usihg the plastic light fiber for the optical link, alignment will be
essentially eliminated. The LED is fabricated with a lens to enhance light
emission in a direction nofmal to the semiconductor chip. By treating the
end of the light pipe with a finishing solution obtained from Edmund Scienti-
fic and holding the pipe in place perpendiculér fﬁ the surface of the LED,
maximum [ight will be incident on the pipe.

The light pipe used was obtained from Edmund Scientific and tranﬁmits
light from 0.4 to 2 microns in wavelength. Twenty percent of the incident
light is transmitted through 12 feet of the pipe, while 6 feet of the pipe
will transmit forty-five percent of the incident light. A high voltage test
on 1-1/2 inches of the light pipe indicated no current wés observable up to
20,000 volts; at 30,000 volts 9 micro amperes has obtained. Since the length
of the fiber optics pipe is 8 feet and the maximum voltage obtainab]e at the
head is 600,000 volts, there should be no problem with surface Eurrent.

In any optoelectronic application the sensitivity of the available
photodetectors at the particular emitted wavelength of the LED is just as
important as the LED external efficiency. Detectors are generally inefficient
at wavelengths emitted by narrow energy gap materials. Light sources emit-
ting at wavelengths of one micron or less find a more favorable situation.
Here photomultipliers, silicon photodiodes, photographic film or the human eye

are very sensitive photodetectors. By comparing the emission spectra of the
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solid state LEDs with the detector spectral response, the various LEDs can be
matched to the detectors so as to give the highest coupling response. Figure

26 shows the spectral content of the LED above and different detectors below.

100% 1 1. Gallium arsenide and
80z - 112 phosphide

. 2., Gallium arsenide
Relative 602 1

intensity
hox 1-
20% 4
o .5 1 1.5
Wavelength (microns)
Spectral output of LED
. Selenium cell
100% 4 Cadmium sulfide
) 80% - Sil;??n photovoltaic
Relative
response  60% ] Silicon photodiode
Loy 1
202 1

Wavelength (microns)

Fig. 26.--Response spectra of photo detectors

The galium arsenide LED in combination with the silicon photodiode is
one of the fastest switching optoelectronic combinations available. A Tl LS
600 photodiode was chosen for the proposed circuit. The specifications are
given In Appendix II.

The test circuit of Figure 27 was used to determine the attenuation
effect of the light pipe for continuous light transmission. The results of

this test are plotted on Graph 1. The solid curve is for air as the trans-
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mission medium when the LED and photodiode are_separated a distance of 1/4
inch, and the dotted line is ‘for transmissidn through an 8 foot section of
light pipe. As can be seen, the light fiber attenuates the signal consider-
ably so that the output of the phototransistor is very low; a load resistor

of 100 K is required to obtain a 2.3 mv signal.

|

|
n
m
o
¢

— Ybias

Fig. 27.--Test circuit

With a load resistor of 100 K another test was performed using a square-

wave generator to drive the LED as in Figure 28.

R
Square A A .
e LED — —,[ Photodiode — Vbias
generator e
— vout RL

Fig. 28.--Waveform test circuit
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The waveform vout of the photodiode was fairly square up to 100 Hz, with
easily distfnguishable rise and fall points. At a frequency of 250 Hz the
waveform is very poor, with no way of détermlning the turnon and turnoff
point of the LED. Graph 2 shows the results. From these results the input
impedance of the receiver should not exceed 100 K if the operating frequency

of the transmitter is to be held to a maximum of 100 Hz.

Amplification and Shaping Circuit

The purpose of this section is to form the voltage of the photodiode
into a voltage suitable for processing. Figure 29 is the amplifier and
shaping circuit. The first operational amplifier takes the output of the
photodiode and raises its value from a 2 mv maximum to a 200 mv value. This
. slignal I5 used as the input of the second Op Amp which acts as a zero cros-
sing detector. This Op Amp gives a fast rise and-fall time square wave

corresponding to the zero crossings of the input signal. The waveform at the

Op Amp 2 Vzero

Fig. 29.--Amplifying and shapiﬁg circuit
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output of the second Op Amp is not a perfect square wave; however, this is
not important. What is important is that it have the same frequency content
as the transmitted waveform. This occurs when the zero crossings are detect-

able as in the 100 Hz signal of Graph 2.

Decoding Method and Circuit

The frequency variation of the waveform from the shaping section must
now be transformed to a voltage without inducing any new errors. The method
used in the proposed system is based on the saﬁé principle as the present
system, i.e., taking a time average of pulses. To do this we must take the
nearly square wave of the zefo crossing detector output and form a pulse of
given time duration for each négative going transition. The desired wave-
forms are indicated in Figure 30. The average voltage Vavg is then given by
the following equation,

v
zerp

Zero crossing detector output

Fig. 30.--Fixed duration pulse output
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1 T
Vavg t of E dt.
or,

v = fET,
avg

where f = %—- is the frequency of the encoder circuit.
p ;

The only requirement for linear decoding is that Tt be independent of
temperature. 'This can be achieved by building a monostable multivibrator

from an Op Amp as in Figure 31. The value of t is obtained by analyzing this

circuit.

c

11
1

out
vref
Fig. 31.--Monostable multivibrator
Vref is at a negative potential so when vln is zero Vout will remain

negative. when'Vin falls to a value below V_ . the output will jump to the
positive value Vb. The output will remain positive until Vl = 0, assuming
that vin has returned to zero prior to that time; at the time 1 when Ul =0,
the voltage will fall to its negative value Va as in Figure 30.

Let the input pulse vin occur at t = 0. We want to determine the time
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T it takes for V. in Figure 31 to return to zero. Drawing the circuit of the

1
timing network with an initial condition generator for the capacitor, we have

the circuit of Figure 32 just after t = 0.

Ry
v - .
a ref R E, (s)
re - $n g
¢
Vi, % (>+ ref
s - - %

Fig. 32.--Timing circuit

Using superposition to obtain El(s]

v R v -V ]
EI (5) - ref - 2 a b : (15)
s Rz + R3 * 1
s c, ®, + R3j

Taking the Inverse Laplace Transform of equation (15) produces

- t
R R, + R,)C
) R i (R, + R,)C,
E (t) =V ¢ Ry Ry v, -Vv)e .

We desire the value t for El(t) = 0,

.

R T TR, ¥ RC

-2 - 2 3’
ref R2 + R3 (va Vb) e
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or

AV R

2
t= (R, + R,)C, In - (16)
2 3°71 Vref(RZ + R3)

where AV = Va - Vb.

The duration of the positive pulse is t for every negative going pulse
of the zero crossing circuit. |

As was mentioned in the section explaining the encoder circuit, the
lfowest frequency obtainable is 10 Hz. Operation below this frequency would
cause the meter needle to jump with each pulse. At 10 Hz there is still a
small amount of oscillation of the meter, but it is not sufficient to impair
the reading of the meter. One must, however, incorporate a method to zero
the display unit. To accomplish this, an operational amplifier used as a
difference amplifier follows the monostable multivibrator circuit. A refer-
ence voltage vref is added to the inverse of the multivibrator circuit, and
thfs diffefence signal appears as the input to the ammeter. By adjusting the
value of the reference voltage using RO to equal exactly the average value of
the multivibrator output at 10 Hz, the ammeter will read zero at 10 Hz.

Figure 33 is the final receiver, decoding, and display circui;.
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CHAPTER |V
CONCLUSIONS AND SUGGESTIONS

Before discussing the accuracy of the proposed system, a few words on
the adjustment and operation of the transmitter and receiver will be given.

. Some suggestions for further telemetry'Improvements will complete the paper.

There is one adjustment to be made on the transmitter circuit of Flgu?é
25, All inputs will have a maximum value of vin = 50 mv. Thus, each circuit
with a 50 mv signal applied should be adjusted for a 110 Hz output signal.
This adjustment is made by mﬁnitorlng the output frequency using a frequency
meter while the gain of the Op Amp is varied using Rg until the output fre-
quency is 110 Hz. Next, setting Vin = 0, the frequency should drop to 10 Hz.
The frequency need not be exactly 110 Hz or 10 Hz, but should not be more
than + 5 Hz from either value.

After treating both ends of the plastic light fiber with a capping solu-
tion, one end (transmitting end) is placed perpendicular to the LED, causing
maximum incident light to be on the fiber. The other end is checked to make
sure light is transmitted. The LED and transmitting end of the light fiber
are properly aligned when the entire area of the receiving end of the light
fiber has a red glow. The receiving end is then placed perpendicular to the
photodiode at the Receiver of Figure 33. Now, if there is a square wave sig-
nal at the output of the shaping circuit, the plastic fiber and photodiode

are properly aligned. With V. = 50 mv for the receiver, the monostable

in

multivibrator is adjusted for a nearly square wave output using Rbdj' Next,
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set vin = 0 mv for the transmitter. The meter is adjusted to zero using
Rzero in Figure 33. With vin = 50 mv, the maximum se;ting or full scale

reading is set using Rmax'

Graph 3 is a plot of the proposed telemetry system output mA versus
input mv. This linear relationship holds within 1% uncertainty.

There are two alternatives which should be considered for future improve-
ments on the accuracy of this telemetry system. The first would use the same
procedure with only a new encoder. The second is a new system which should be
considered if a large number of channels of information are to be processed.

Since the start of this project the Signetic Corporation has introduced
a voltage-to-frequency converter with stability on the order of 100 3%9-.

This circuit requires one external resistor and one externai capacitor for
operation over a 10:1 frgquency range, and is modulated over a similar 10:1
frequency range. This circuit should be investigated for use as.the encoder
circuit.

Secondly, one should investigate thg possibility of using a time divi-
sion multiplexing scheme. Figure 34 is a block diagram of such a scheme. It
is assumed that there are n channels of data. The maximum number n dépends on
several factors including: frequency of the input data, sampling rate of the
Anatog-to-Digital_(A/D) converter, and maximum speed of transmission. The
accﬁracy of each sample depends on the A/D converter's accuracy. A timing
circuit is included for synchronization of the switch and the A/D converter.
The binary signal of the A/D converter is then transmitted via an optical
channel, possibly using lenses to allow a higher frequency of operation in
this case, to the photodiode. The signal is shaped, then displayed on a digi-

tal readout. Thus a binary to decade decoding circuit takes the place of a
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Digital-to-Analog converter. The timing circuit is optically coupléd to a
switch in the receiver allowing synchronization of the transmitted and dis-
played channels of data. One could include a magnetic tape storage unit to
maintain a record of the parameter variations during any test that is con-

ducted.
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Electrical Characteristics at 25° C Free Air Temperature

APPENDIX |

TIXL202

Ly

TIXL202
- Parameter Test Conditions
MIN | TYP MAX | UNIT
peak Wavelength at peak °
emission If = 50 mA 6700 A
Bwf Spectral width o
between half power If = 50 mA 230 A
points
] Emission beam angle
between half power le = 50 mA 140 deg
points
Vf Static forward
voltage If = 50 mA 1.9 | 3.0 v
c Capacitance Vf =0, 1 Mhz 135 pf
t, Rise time le = 50 mA, 5 u sec
pulse 80 nSec
te Fall time 40 KHz repetition rate 80 nSec
Hs Brightness le = 50 mA (see note 3) | 100 400 ftl




hs

Notes: 1. Derate linearly to 100° C free air temperature at the rate of 0.93
mA/°C. -

2. Derate linearly to 100° C case temperature at the rate of 1.33
mA/°C.

3. Brightness is measured with a Gamma Scientific Brightness Spot
Meter using a 0.011 inch spot focused on the brightest area of
the emitting surface.

DATA TAKEN FROM TEXAS INSTRUMENTS Data Sheet

Absolute Maximum Rating_r_-_

Continuoej:s forward current at {or below) 25° C free air temperature (see note
0 1) Y [ Y
Continuous forward current at (or below) 25° C free air temperature (see note
e o ¢ s s » 100 mA
c s 8 o8 8 e 2 A
- [ ] L] L] - 2 v
55° C to 100° C
55° C to 100° C
.« « s s+ 200°C

2) [ . . . ® s & 8 . & a . = = 9 L ] LI

Peak forward current (10 y second pulse, 1 KHz) . .
Reverse voltage (reverse current 100 pA) . . . . .
Operating case temperature range . . « « « + o o &
Storage temperature,range . « « + « ¢ o » o & o » s o
Lead temperature (TG' inch from case for 3 seconds)

L L] »
e o =

s & L
L] - Ll L]
s & © o



APPENDIX 11

LS600

Electrical Characteristics at 25° C Free Air Temperature

k6

Parameter Test Conditions Min Typ Max Unit
'L Light current vce = 5V 5 0.8 1.0 mA
H= 20 mw/cm
(see note 1)
ID Dark current vce = 30V 0.01 0.025 pA
H=0
I Dark current Vce = 30V 10 HA
H=0
TA = 100° C
V__ (sat) Collector- I, = 0.4 mA 0.3 v
= emitter/ L 2
f H = 20 mw/cm
saturation (see. note 1)
voltage
Note 1: Irradiance (H) is the radiant power per unit area incident upon a

surface.

Filament Bulb operating at a 2870° K color temperature.

For this measurement the source is an unfiltered Tungsten
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_ Switching Characteristics at 25° C Free Air Temperature

Parameter Test Conditions Typ Min
t, Rise time Vce = 35V IL = 800 pA 1.5 U sec
te Fall time RL =] KQ 15 M sec

DATA TAKEN FROM TEXAS INSTRUMENTS Data Sheet

Absolute Maximum Ratings at 25° C Free Air Temperature

Collector-emitter voltage . « « « o« + = « o o s o o o s o » o s s o+ o « 50V
Emitter-collector voltage . « « « « « « « s o o ¢ o « o ¢ s s s o s oo 1V
Total device dissipation at (or below) 25° C free air temperature

(see NOte 2). v v « + & « o o o o o« o s s e s o = » a » o o o o 50 mw
Operating free air temperature range .+ . « « + + « « » « » » =65° C to 150° C
Storage temperature range « « « « « « + = « + o » o s « o« + » =65° C to 150° C
Soldering temperature (3 minutes) . . + . « « v o o o o o ¢« s« « o« . 280°C

Note 2: Derate linearly to 125° C free air temperature at the rate of
0.5 mw/°C
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In any telemetry system there are three groups of equipment: a trans-
mitter, transmission medium, and receiver. These three elements must be
designed to yield the least amount of error in the transmission of data from
a source of data to a remote point for human interpretation. The Cockcroft-
Walton Accelerator operates at a potential of 600 KV above ground potential,
necessitating a wireless telemetry system for monitoring different parameters
located in the head. This paper investigates two methods of telemetry used
to solve this problem. The first, termed the present system, was in use at
Los Alamos. It consists of a relaxation oscillator optically coupled by
lenses to a photomultiplier tube. The relaxation oscillator was designed
using Argon Glow Lamps. Analysis of the operation of this circuit and the
physical properties of glow lamps indicate that glow lamps operate very poorly
as stable highly accurate voltage to frequency converters. Also, the use of
lenses to optically couple the transmitter and receiver presents very diffi-
cult alignment problems. The second method, termed the proposed method, con-
sists of a linear voltage controlled oscillator coupled to a LED for the
transmitter. The LED is optically coupled to a photodiode by a plastic light
fiber, essentially eliminating all alignment problems. The theory and practi-
cal problems of the voltage controlled oscillator are investigated, and a

linear transmission of data is obtained.



