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PREFACE

"What is telemetry about? " M;‘any_ classmates
have asked me this question in recent months, | Those
w.ho were someWhat vaguely familiar with the term
-had no idea as to lhow_t.he over-:all system functioned,.
Not much is written in the literature on this subject
and from what can be found it is difficult to grasp an
over‘-;a,ll picture., Most missile telemetry syste;n"s
in present operation are classified SECRET by the
Air Force, If not the entire system, then the fre-
quencies are so classified. Telemetry is not being
taught in engineering colleges at the present time,
~For these reasons the autvhor through experience
and research has assembled basic infor'\m;ationlto help
the interested student become acquainted with tele;
: m,.etry.‘
The word, "telemeter,'" is of Greek origin and
means ''to measure from afar." It is the objective
of this work to expand this basic idea through tele-
metry theory ahd design and construction of a unit
which will perform one type of measurement, "from
afar,”
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CHAPTER 1
INTRODUCTION

A telemeter is a system for measuring a quantity,
transmitting the result to a distant station, and there
indicating or recording the quantity measured. Some
of the variables measured are pressure, light, radia-
tion, flow, temperature, acceleration, yaw, pitch,
roll, stress, velocity, and vibration,

Telemeters were originally used to relieve human
operators of tedious duties ,in industrial processes,
Today telemeters perform a very important role in
a,‘irc'raft and missile testing, Telemetered data is
frequently all that remains from a test firing since
most missiles are nonre,coverable_. Information
gathered from space probes and satellites enable man
.to prepare for his advenﬁ. into space. These devices
are in effect "pioneers" that proceed before man to
inform him of the environmental conditions with which

he must cope if he is to exist in that region.



Some parts of the telemeter must meet rigid spec-.
ifications. It must operate accurately in an environ-
ment of extreme temperature and pressure changes,
high acceleration, shock, and vibrations. Specifica-
tions may limit space and power requirements, The
life of perforrn_.anc,e. may vary from less than a minute

to continuous duty.
Components of a Telemeter

A telemeter may be divided into three major divi-
sions. Beginning with the variable to be measured, a
transducer or pickup is necessary to convert the mag-~
nitude of the variable into al_modulating" function., The
transducer’év-)utput then goes to the second part of the
telemeter, the radio link or transmitt:er, He.re the
information from the transducer “modulates a sub-
carrier oscillator which in turn modulates the tramrs-
mitter. The transmitter output goes to an antenna,
~Part of the transmitted energy is picked up. by the
third part of the telemeter, the data recovery appa-
ratus., This part of the telemeter is normally referred

to as a ground station., This relationship is shown

in Figure 1,



Subcarrier Receiver
Oscillator '

Pickup Modulator Date

Reduction

Transmitter

Antenna Apparatus

Transducer Radio Link Data Recovery
Figure I, Major Divisions of a Telemeter

Transducers employ electro;mechanical principles.
Typical transducers include thermocouples, stirain
gages, bourdon tubes, and various mechanical and
electrical devices which change inductance, capaci-
tance, voltage, or resistance in a circuit., These
instruments are presented and discussed more
thoroughly in Chapter II,

The transmitter is the heart of the telemeter,
Its purpose is to generate the active radio link, One
transmitter usually serves many transducers, This
is done by multiplexing more than one channel of
information over a single radio link. This may be
done by either time division or frequency division of
the transmitted wave. The choice of multiplexing
determines the type of circuits composing the trans-
mitter, For example AM/FM means a frequency

division multiplex with subcarrier amplifude



modulated in accordance with the information con-
tained in each channel and with the subcarrier 1f.r'e--;-
quency modulating the RF carrier,

The transmitting and receiving antennas of a
telemeter are of utmost importance in the performance
of a system, The transmitter antenna must not inter;
fere with the aerodynamic characteristics of the
vehicle, yet must perform efficiently. The entiré
skin of the vehicle, a stub, a notched fin, or a flush-;
mounted slot antenna may be used for the radiator.
The receiving antennas are high gain directional
types usually of heli<‘:.a1 construction, They are auto-:
matically aimed at the vehicle by a servomechanism
‘linked to t.he tracking radar.

The receiving equipment also depends upon the
type of multiplexing used. High sensitivity is neces;
sary since the transmititer is often lim;:ited by.space
and weight specifications and therefore has a low
power output, Several receiving stations monitor
the signal simultaneously to insure maximum recovery
of telemetered intelligence.

The data reduction equipment will also dependvup‘ﬂon

the type of multiplexing used. For time division

multiplexing, it will consist of commutating devices



and sync controllers, Fbr frequency division multi-
plexing, band pass filters are used to separate the
channels, After the intelligence is recovered from
jthe.tr‘an_sm.;itt,ed_wav'e, it is recorded on a magnetic

tape, oscillograph, or ink recorder,.

Objective
The objectives of this thesis are (1) to acquaint
the reader with telemetry theory and applications,
and (2) to design, construct, and test a transis-
~torized telemeter transmitter capable of monitoring

fuel flow.



CHAPTER IIL
TRANSDUCERS

The desired intelligence originates at the_trv,fans_% |
ducer whieh is arranged to continuously respond to
th‘é .'y.ariéb'le to b:_e. measured, Its function is anaglogous
to a voltmeter, _am_‘,met‘er, ‘or;s.im»‘_il,;a;r_" in.s_t,x:'?um,é,n.t. It
converts th,e.‘rin'e.a._s:ure.m.e;ht o‘f a variable quan‘t‘i:t“y into
a m_-é)r_e us.a,'b,le.. form of electrical output, . As an e_xj,amé
ple, ‘the volimeter converts voltage to an indicated
V.,a.lu’e on--_a\,_,:,‘ scale. A transducer converts a physical
distortion to a voltage, current, inductance, 1_;12‘&_3_'1,.5,=
- tance, or capacitance fcfh.a_nge,‘,

A good tz_"aﬁnsd'ué;e_r has high sensitivity, is ‘a'ppr-ox_i;
mately. Liné.a_r in the range of operation, and does ,no"t
overload the normal process of the V..‘fa\r,iabl'e_ it 1s
monitoring. All transducers extract some energy
 from the system being monitored. It is seen that if
the transducer céﬁses a realizable change in the
"system, then the data recovered from.that channel
~could never be an accurate representation of the

6



system activity. Transducers are built to rigid
specifications and are ”cal.ibr/at,ed for a particular
system .to insure highest accuracy. Frequently,
automatic in;flight calibration is employed. . Like
most airborne e‘quip”inﬂént‘, transducers ar,er,s‘,\‘lbj,ec;t\_
to space and weight ,1.'imlipa,t.ibns. These factors
often demand.some compromise with the desirable
characteristiecs listed above, |
It has been mentioned that transducers are used
to monitor such variables ,a,s' temperature, velocity,
pressure, and stress, The temperatures desired
will usually be those of the outer skin of the air-
frame at several places, engine and nozzle t_em‘per.%
a,tuiresv,. ‘é.,nld‘p‘erhaps temp'e_fa_tures in‘__v._a'ri.,.dus c“omx;
partments of the 'vehi,c:le‘, Veloecity m.eas,‘ur“e'm_-_ent,s
may be d.c;:s'i_r-:e.d in the slipstream and in fuel lines,
. Pressure and stress measurements may be desired
in several vlocﬂa.tion_s also, | Some transducers will
- have other parts of the telemeter éﬂlose-ly-a,‘.;ssovcia..‘t.e‘d
but ordinarily the trans.duc_e‘r output is wired to a
.remote commutator or-transmitter. Thus a trans-
ducer may be located ,a,:nywher_{e on or within the
vehicle depending upon the pg.rtiéul?..a.ﬁrv variable it

is measuring.



Transducers are‘frequenjlyjcustom.designedifor
a particular appl,ica‘t‘ién& Some are applicable or
easily adaptabletovseVerafappLicaﬁoﬁs‘_»An,examp[e
of this would bé-thefmnoébuplés or strain gages.
. Transducers may eﬁploy a‘comnunlelectro;mechan«

ical principle yet be completely different in physigal

appearance.

_—~Resistanece

O— : ‘>4//// wire
- (: Bopding
§ ‘ e tissue

D

Figure 2, Strain Gage

O

The strain gage transducer in Figure 2 consists of
a fine resistance wire cemented h1a.hairph1fashion
on a piece offlexibletis§u67 The bonding tissue is
fastened to the surface or structural member by a
special cement in the desired direction of strain
Ineasurernent,-'Wﬁen_the,surface is put in tension,
the wire stretehes, thé cross sectional area of the
.wire decreases, and there is a net increase in
resistance across the terminals, The inverse
occurs when the surface is put in compression,

The resultant effect is evaluated by the gage factoer



defined by G. H,. Leel as

AR / R _ AR
AL/ L Re
where R is the electrical resistance.

L. is the length of the wire and
€ is the _uhit strain.

In the commercial form of the gage, the gage factor
is about 2.0 for cupronickel wire and ranges up to
3.5 for Elinvar wire. The allowable curr.ept through
the gage is about 25 millliamperes. The gagiels are
available in a wide variety of lenghts, resistance,

- wire materials, types of mountings, lead connections,
and directional arrangements, A compilation of the
American and British manufacturer's products is
given,by'Dobi‘e and Isa.a_c..2

At the junction of two dissimilar metals, there exists
an emf known as the Seebeck effect which is a function
of t‘empera_tu_r_e. This principle- makes possible a very
versatile temperature sensitive transducer called a

thermocouple. The construction of this transducer

is shown in Figure 3.

1kLee,‘G.H.,u An Introduction to Experimental Stress
Analysis, (New York, 1950) p. 117 '

2Dobie, W. B. and Isaac, P,C.G., Electric Resis-
tance Strain Gages, (London, 1948) ‘
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‘ -0
\Metal A :

/Me tal B
‘ O

Figure 3, Thermocouple

Junction/

The characteristics offme'ta_.ls used f'or thermo-:
couple‘s,inc.lude {1) a high coefficient of th“'erm.al emf
Wit,h temperature, (2) a cohtinuously increasing rel-
ation_éf e'm'f to temperature over a wide range, (3}
‘vfreedom from phase changes or other internal phe-:
nomena giving rise to discontinuities in the te~mper=-
‘ature-emf relation, (4) resistance to oxidation,

. corrosion, or contamination, énd (5) homogeneity
and reproducibility to fit an established tempefature« |
emf relation.3 Typical materials used are platinum
and alloyed platinum and rhodium, copper and con-
stantan (65% Cu, 45% Ni), iron and constantan, and
~chromel P (90% :Ni, 10% Cr.) and .alumel (95% Ni,

- Al, Si, Mn).

There are several types of transducers which

measure acceleration, The accelerometer shown

'3Sweeney,» R. J., Measurement Techniques in
Mechanical Engineering, (New York, 1953) p. 151
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in F,igu,_fe., 4 will measure acceleration or deceleration
in the horizontal plane only. - When the veloeity is
'zero or constant the mass remains centered. During
acceleration or deceleration the mass will compress
one of the springs thereby moving the arm of the
:potv_entiom,ete‘r., .The equation of motion is

Mdzx + KX = 0O

dt*

where M is the mass and K is the spring constant,

The output aeross the potentiometer terminals and
the arm .is a varying resistance. A voltage output
can be devised by adding a simple bias circuit, An
accelerometer independent of direction may be con~-
- structed .by suspending a mass with strain gage
elements so that the mass is free to move in any
coordinate system. Again the output may be either

a resistance or voltage change.

Potentiometer_/

Spring

B \Mas‘s //\/

"Figure 4. Accelerometer
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Variable inductance pressure transducers work on
the principle of a pressure differential me’chan,‘ieally
~changing the air _gap_bf an iron core inductor, This
varies the reluctance of the flux path and thereby
changes the effective inductance of the coil. Two

transducers of this type are shown in Figure 5.

N

"Diaphragm

i aary | g

MR

Figure 5., Variable Inductance Transducers

The inductance of the coil.is govierned by th.e
relation L :/q A P
-where \__ is the inductance in henries,
/(/{ is the permeability of the core material,
A is the cross sectional area of theflux path
and R is the reluctance,
One type of variable capacitance transducer used

in determining position in relation to the earth*s
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gravitational field is s'}hown_in:F_‘i;gure' 6. vThe mass
_batta,_ched to the move‘ua‘b'lev ;cfé.,.p.ac;itor' plate Wi,l‘l 'a'.lign
itself with the gravita£ional field as the fixed plate

‘maintains a reference to the vehicle,

Fixed
Plate

Y -
\ Moveable
Plate

Figure 6. Variable Capacitance Tr_a,nsducer
The effective capacity is given by the relation

€A
Coe

where C is the capacity,
€ depends on the dielectric (permittivity),
S is the distance between the plates, a_ﬁd
A is the total plate area normal.
The transducers mentioned are typical of ,;hosef
presently in use. One other type which is findin;g
much use in radiation measurements is the v:olt‘,a.g’e

output transducer, . Examples of this type of trans-
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ducer are ionization chambers and g%igef»counters,
The transducer is one of the most critical com-
pénents of a telemeter. It is frequently located in
areas subject to severe environmental conditions
whereas the transmitter may be located in a tem-
perature controlled and pressurized compartment,
Keeping a transducer properly calibrated is some-
times difficult, There is the problem of noise
pickup in the cable carrying the transducer output
to the transmitter, Though some transducers are
shock mounted, most must perform during shock,
vibration, and acceleration. All these factors tend
to decrease the efficiency and accuracy of the tele;-

meter,



"CHAPTER 1II
"SUBCARRIER OSCILLATORS

The function of the subcarrier oscillator is to
receive the transducer output and use it to modulate
its normal waveform., The type of modulation may be
amplitude, frequency, phase shi.ft, or pulse width.
The three general types of subcarriér oscillators are
(1) inductance-~-capacitance, (2) resistan_?c_é-;capacitance

phase shift, and (3) multivibrator.? The. subcarrier

oscillator circuit may employ vacuum tubes; however,
the obvious advantage of transistors have revolution-
ized this circuitry in recent years, . Also, due to the
circuit size reduct,iqn, much smaller power require-

‘ments, and increased ruggedness, the transistorized

subcarrier oscillator is often méunted with the trans-
ducer as one unit,

Most transistor oscillators are modeled after

familiar oscillator circuits employing electron tubes,

4Nichols, M,H. and Rauch, L.L., Radio Tele-
metry, (NewYork, 1954) p. 253

15
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‘Methods for calculating frequency of oscillation and
starting conditions are analogous also, in that the
equivalent circuits may be drawn and solved using the
appropriate mesh or nodal equations, The following
~circuits are typical of those adaptable to telemeter
use, |

Shown in Figure 7 are simplified Hartley and
Colpitts transistorized oscillators which closely
resemble their electron tube counterparts, These
oscillators readily lend themselves to the variable
inductance and variable capacitance type transducers,
A time variation of L or C will result in a frequency

modulated output waveform. For a rigid. analysis of
B

W

these circuits see Oakes. -

L Cl:'_
C L [~
Lp C2_1_

Figure 7, Transistorized Hartley and
Colpitts Oscillators

S0Oakes, J.B., "Analysis of Junction Transistor
Audio Oscillator Circuits, " Proc. I.R. E, Vol, 42,
August 1954
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The circuit in Figure 8 presients a transistorized
Colpitts oscillator which is frequency modulated by a
thermocouple transducer input. Thelemf producedv by
the thermocouple causes a cur’fént to‘ flow in the lower

control winding., This changes the effective inductance

of L.
R
Bias
Circuit — §
Cl1——
T :
L
Thermocouple § Cz;,:

Figure 8. Thermocouple Controlled Oscillator

Strain gage transducers find frequent use in phase-

shift type oscillators. A circuit of this type is shown
in. Figure 9, It can be considered to be composed of a
current amplifier with a current feedback network, A

complete analysis of this circuit is given by Shea,6

) GShea, R, F., Transistor Circuit Engineering,
(New York, 1957) pp. 222-226
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Figure 9 Transistorized Phase Shift Oscillator

The circuit presented in Figure 10, is 3 transis=
.torized Eccles-Jordan multivibrator. A circuit of
this type is used frequently as a binary counter, The
associated transducer is usually an ionization chamber,
The operation of fhis circuit is fuily described by

Bot‘hwell.7

Ry,

- Figure 10, Transistorized Multivibrator

7Bothwe11, T.P., "Junction Transistor Flip-Flop
Design Methods for Computing Applications," A,I.E E,
. Winter General Meeting, (New York City, February 1955)



.CHAPTER 1V

MULTIPLEXING

" "A separate radio link for each channel ofinfor;
mation would be inefficient and impractical., This
would lead to many problems involving antenna,con1;
plications, space, weight, and power., Multiplexing,
the process of transmitting several channels of infér-
mation over one radio link, solves these problems;
however, it introduces other minor problems.  When
one transmitter carries several channels of information,
there is developed an . inherent noise called crosstalk,
This tends to limit the number of channels which can
be successfully multiplexed onto a carrier,

. There are two basic methods of multiplexing, The
first is frequency division multiplexing which uses a
.separate subcarrier frequency for each channel with
enough spacing between channels to insure noninter-
-ference in adjacent side“bands.AFigure 11 is a block
diagram of a telemeter employing frequency multi-

plexing,
19



Transducer #1

Transducer #2

A

- Subcarrier
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._____.—_.__>
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.Oscillator #2

"Transmitter
Band L.QW
Pass . Detector ~ Pass Recordern
Filter #1 ~Filter
Band Low
Pa:_,ss ‘Detector | Pass Recorder
Filter #2 Filter ' '

“Figure 11. Block Diagram of A Frequency Division Radie -Felemeter
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“At the transmitting end of Figur*e 11, the trans-
ducer picks up the information and modulates the sub-
carrier oscillator. The subcarrier oscillators feed
into a 1inea“1‘>r mixer and the output of the linear mixer
modulates the transmitter. Several types of modulation
are used, how_e-ver;. fre‘qvu:ency modulation (FM) is pre-
~dominant, The system may employ two types of modu-
lation at different levels such as AM/FM., To go further
it is even possible to have a hybrid system employing
both frequency and time division.

The second method of multiplexing is called time
division multiplexing. This method samples the infor-
" mation in the channels in a cyclic serial sequence and
puts out a pulse‘_ (or pulses) for each channel which is
modulated in accordance with the information in that
channel. These pulses are then used to modulate the
carrier which may be of the constant amplitude type
such as frequency modulated (FM) or it may be ampli-
tude modulated by the pulses such as pulse position
_’m.odulation (PPM), Figure 12 is a block diagram of a
time division multiplexed telemeter,

Figure 12 shows how the channel inputs are fed
into a mechanical commutator. The one shown has

only six inputs and is merely illustrative. A typical
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 Figure 12. Block Diagram of A Time Division Radio Telemeter
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commutator may-have- 50 taps and rotate at 2.5 to

60 rps. It should be noted also that the transmitter
and receiver commutators must be perfectly synchron-
ized, This is accomplished in a manner similar to
television practice.,

The channel inputs modula_.fe t:he'transmitter in
one of sev;e‘r»al aforementioned ways. __T.he- recéi‘ve_rﬁ
output feeds back through the, s,yncj_h‘rao_nized receiver
commutator to the filters which pass on the infor-
m:a.t,ion‘ vto,be recorded, '

There are:vadvantages and disadvantages in each
type of multiplexing,8 In frequency-division multi-
plexing L’&he failufe‘ of an individual channel will not
stop traﬁsmissions from the other channels, In time-
division multiplexing, a failure in one series-connected
unit could very well cause a complete failure of the sys-
tem. Frequency division multiplexing can handle higher
frequency information because of its continuous moni-
toring of the information channels, Time division
multiplexing requires less bandwidth for the same num-

ber of information channels than would be required

8T’epper’,‘ Marvin, Fundamentals of Radio Tele=~
metry, (New York, 1959) p.34
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in frequency division multiplexing, Occasionally,
cii'cﬁm'st,._ances warrant a combination of time and
frequency division multiplexing. An example of this
would be several thermocouples with slow temperature
variations time multiplexed onto a subcarrier os_ci.l-j

- lator within a frequency multiplexed system. A bsystem
of this type is commonly referred to as a hybrid. sys;v

tem .



CHAPTER V
‘DATA RECOVERY AND REDUCTION

The data recovery and reduction phase of the
telemeter system is by far the most complex part
of the system. Its function is to receive the weak
radio signals, amplify, demodulate, segregate,
record, and analyze the information, In early sys;
tems much of this work was done manually. One
method presented the demodulated signals on an
‘oscilloscope while a continuous photographing process
produced the recording, These photographs were
manually scaied,to obtain the desired information,
This process, besides being,extreﬁuﬂy'1aborious, was
~subject to errors due to zero axis ambiguity, com-
promising on trace width, and human measurement
factors,

The initial phase of data recovery involves obtain-
.ing the maximum possible signal from the radio link.
The most efficient method results from ,Iuvsing high

gain dir‘éctional helical antennas in conjunction with |
25
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the tracking radar, This insur'e,s_t‘hat‘t‘he ,anten}“na
is properly directed at all times. Also, several
ground stations monitor the vehicle along its path
to.insure obtaining a:comple_t,,e set of data. It is
easily possible for one station to be blanked out due
to roll of the vehicle making the station fall in the
shadow of the transmitting antenna.

The emf induced in the antenna is fed directly to
the telemeter receiver. All radio receivers for tvele»»
metry use the superhetrodyne principle. This means
that the receiver accepts the antenna signal in one
frequency band, amplifies, and transforms it to a
lower frequency band for use in the IF stages and
demodulator, These parts of the receiver are the
most critical. The demodulator and video amplifiers
which follow are conventional. The m:aincharacter;
istics of a good telemeter receiver are high selec-
tivity and low noise figure, High selectivity is
mainly a function of the IF amplifiers, The noise
figure expresses the amount of noise added to the
signal by the receiver as the signal passes through
the receiver to the IF amplifiers output,

The receiver output is recorded by one of several

methods, Magnetic tape and oscillograph recorders.
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are the most common, Other methods employ disk
recorders, ink recorders, and photographic film
recorders.

Now that the transmitted data has been received,
recovered, and recorded, the final problem is analysis.
There is no single solution to this problem, for the
basic requirements differ from project to project, and
within a project, from time to time. In some cases the
main requirements are those of accuracy; in others,
speed; in still others, the flexibility of the system.

In all cases the solutions must be evaluated in terms
of the economics of the situation.

The three main processes of data analysis are
(1) that of taking the data from the record, {2) that
of manipulating it, and (3) that of putt.ir‘ig it down again;
: M_gc‘h-_can be said about each . of these ope.rations. The
first process is handled by equipment which will read
bar-graph film recordings, magnetic tapes, or oscillo=-
graph traces. Manipulation or computation is performed
by electric calculators, digital computers, and ansalog
computers. Any of the aforementioned recorders will
perform the third function.

The present trend in data recovery an_d_reduction

is to analyze the data as it is received, This allows
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adjustments of e_quipm.e;nt to insur‘e“' getting readable
data while it is being received. This also expedites
making copies of the tape'for the research teams and
other personnel involved, There are several fully

automatic data analyzers available,



.CHAPTER VI
 DESIGN OF TELEMETER TRANSMITTER

_Fuel flow is one of the primary items monitored
during a missile launching. This information is of
vast importance to missile engineers' in analyzing the
success or failure of a firing. There are severa‘l ways
by which this information.could be te‘leme‘tered_ to
ground stations. - A simplified block diagram of the
method the author chose to use is presented in

Figure 13.

: Subcarrier
Flowmeter Oscillator and
. " Amplitude £
Transducer | Modulator
7
Combining RF Generator
.Circuit and | and Frequendy
~Amplifier .Modulator

Figure 13, Block Diagram of AM/FM Transmitter

29
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.The flowmeter transducer in Figure 13 is a small
device which operates from a propeller locatéd in the
f”u'e’li line., It is..ac,tu‘ally a miniature - AC generator
with an output voltage of 1 volt., The frequency of the
voltage varies from 50 to 400 cps ‘and i_s_d..ependeh‘t;
upor; the ve'l'o“city of t.hé.fuél stream., This tra,nsducer‘
‘can be simulated by an audio frequency generator,

The transmitting part of the telemeter consists
of the subcarrier oscillator and amplitude modulation
-eircuit, the linear combining circuit, and the RF gen;
erator and frequency modulation circuit, Design crit-
eria for this ﬁnit could be set up as follows:

(1) small size |

(2) light weight

(3) rugged

(4) operate independent of missile power

{5) dependable
Subcarrier Oscillator and Amplitude Modulato#

‘The purpose of this circuit is to generate a
carrier frequency and use the transducer output as
a modulating voltage on the carrier, Double sideband

amplitude modulation will be used. This allows a
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simple( detector to be used in the receiving circuit
without supplying a demodulating frequency thé.t has
to be kept in synchronism with the channel frequency.
A tr'ans_istorized__Col,lp_itts oscillator circuit will
be used. Subcarrie._r;fréque'ncy is 10.5 kilocyéles.
This choice is due mainly to.the availability of a
small torroid coil of 3.v67 millihenries, The tran-
sistor for this circuit should have a. large B s
'FO(CO> 15 ,;KC, low Cc » and alhigh t,e,m,_peratgre
operating range. A Sylv_anié type 2N34 meets these
specifications, Parameters of this, trans_i;s't(;r are
given in the appendix.. A 30 volt miniature battery
is to be used as the power source, Since low.power
m_-odulatign is necessary, -the circuit will bcée base

modulated., The circuit is shown in Figure 14,

=30 V
R
L
Ry $560 K
; 1 K
2N34
o Clﬁ:-l uf
| <<>
: = 3.67 mh
x>
Ang 130 K =
: Rg §6‘2 K Cg== .2 uf |

Figure 14. 8chematic of Subcarrier Oscillator
© and Amplitude Modulator :
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At low frequencies the transistor .para,me't'e‘rs. have
négligible effect on frequency selective cdmpbnents of
o

the circuit, Thus the values of C; and Cy can be cal-

culated to resonate with the coil at 10.5 kilocycles,

_ /
fe = o7 LCy
i} | _ 0’
()% L 412 x105°%10°x3.67

Cr

Cr= .0627 u¥f
C, C,
C,+C;

O
|
1

LetC, = ,,M"F and solve for .

e (.0627)(.}) = 202 uf
2 C -Cr ] -.,0627 |

Resisto‘ré Ry, Ry, and Rg establish the dc operating
point‘with no modulator input. For gqod,circu_it; s4a-
-bility during temperature changes, Ri should be a
thermistor. This will tend to maintain the same
operating point as the Vg vs I, curves raise upward
with increased them,per:ature_. R is made large enough
to. swamp the emitter to. ba?e. diode. A large R3 thus

improves stability.
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"A‘mpl‘itude modulation is accomplished by ampli‘—n
fyin»g the signal applied to the base circuit through
‘the transistor and letting it superimpose upon the
tank circuit o‘sq_i-llatidns. This is m‘.ereiy a means of
varying the operating point at the audio rate of the
modulation frequency.

The output of this circuit is a 10.5 Kiloeyele
carrier amplitude modulated by a 50 to 400 cps audio

-signal. This can be represented mathematically.

Let the carrier = A cos O)C t
e cos CWm T

Let the modulation voltage

The amplitude modulated carrier will then be

equal to A <l+/YY\- CoOS CJ/W\_'{:) cCoSs &ch
. Letting |/YY\' < [ and expanding and regrouping

the terms gives:

Alcostet + = cos(&) =)t +ﬁy—“ COS(&)C"'&)M)J

Thus double sideband amplitude modulation

‘results in the carrier frequency plus two side fre-
~quencies spaced ' . (/LJ/M . from the carrier, This
is shown in Figure 15, The time division of the two

periodic waves is not scaled,
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Figure 15, Subcarrier Oscillator Output with
Double Sideband Modulation

Combining Circuit and AM Signal Amplifier

The function of this circuit is to linearly combine
the modulated outputs of the subcarrier oscillators of
all channels and to amplify this voltage for use as a
modulating signal to the FM transmitter,

Two major requirements for this circuit are,

(1) a high input impedance, and (2) a near constant
gain over a wide band of frequencies. The high input
impedance is necessary to prevent loading of the
oscillators. These requirements can be met with a
resistive voltage divider network input to a grounded
collector amplifier, Voltage gain would be approxi-

mately that of the common emitter stage while current

gain would be slightly less than unity,
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‘A common collector stage has inherent negative
feedback which is valuablé in stabilizing the gain of
the amplifier and reducing ndnlin_ear distortion. This

circuit is shown in Figure 16,

Other ' .2 uf
"Channels >— .210 ANIVV\K ;\L
47 K
%1 K
,33”(%
f -15 V

" Figure 16. Schematic of Combining Circuit
and. AM Signal Amplifier

A NPN type transistor was selected for this cir:
cuit so that a. common battery and ground could be used
for the entire transmitter, The alpha,cutvoff requi_re--:
ment is determined by the highest su‘bc‘a,rrie:r‘oscilla}
tor frequency to be passed. The input‘resv_is,tor‘s were
chosen to prevent loading of‘the oscillator tank circuits .
The load resistors in the emitter circuit provide 100%
n‘ega,ti.vexfele‘dba‘rck. The cha‘racteristi_‘_c‘:s,of this circuit
- are very simi[ar-t‘o that of a . cathode follower, The

) mi‘c_rosef_ar__‘,;a.d.capaci,tor was_se.lejc_ted to pass the

lowest frequencies with little attenuation. The output
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of this circuit is a linear summation of the AM sub~ -

carrier oscillator outputs,
- RF Generator and Frequency Modulator

This circuit generates the RF carrier and fre‘;
‘quency modulates the carrier with the output of the
linear combining circuit. In a practical telemeter
a power amplifier would follow this stage to boost
the signal delivered to the transmitting antenna,

At the present time the FCC allocates two g‘eneral
radio telemetry bands, They are from 216 to 220 megém
cycles. and 2200 to 2300 megacycles, Due to the lack
.of a receiver for these frequency bands, the frequency
of operation was set at 100 megacycles, This does not
detract from the principles being shown and allows the
use of a common FM receiver covering the band of 88
to 108 megacycles,

The more important parameters of the transistor
~for this circuit should be a high alpha cutoff frequency
and a large collector dissipation., A Texas Instruments
type 2N1143 meets these specifications, This is a very
recent special transistor manufactured by a gaseous
diffusion process providing a diffused base "mesa

structure'", Alpha cutoff frequency is 480 megacyciles
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and collector dissipation is 750 m’_i./lliwa,.tts,
A Hartley type RF oscillator was constructed
with a variable capacitor in the LC tank for tuning.

The circuit is shown in Figure 17,

3-12uuf£ 2e mh
l?a 28 m
7 —_-V
IN1143 {( -
‘001 uf
CRFCQ
po %
_;I:.OGI uf
2 uf 1 K —_J__—
I -
L » _29 V
1 K
49 V

.Figure 17. Schematic of RF Generator
and Frequency Modulator

The variable capacitor, when set at 9 u_uf,,l- will
resonate at 100 megacycles with a coil of app_r;oxi;
mately ,28 microhenries., A coil of this value can
be formed by 2 ‘turns of #14 wire around a.coil form
of 1,25 inch diameter. The emitter resistors and
bias fix the d-coperating point. Two radio frequency

chokes are used as RF suppressors,
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The modulating signal isiapplied to the emitter,
This changes theckcoperaiingwpmhn and %esuitsinia
phase shift of the fed-back energy. The oscillator
"changes frequenhy by the amount ﬁeceSsaryto restore
the proper phase relationship and continues to oscil-
late, but at a different frequegcyh Thus the osciLlatdr
is frequency modulated by the emitter fed signal., A
~schematic of the transmitter package is shown in

“Figure 19,
- Data Recovery

The comparative success of any telemeter system
ground station depends primarily upon its receiving
equipment. For the frequency multiplexing method
used in the transmitter the block diagram for data

recovery would appear as shown in Figure 18,

;; FM
Receiver ~Other

Channels

Band ; Low

Pass Detector Pass .| Recorder
Filter Filter

Figure 18. Block Diagram for Data Recovery
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+9 Vv

1'-30 V

“Figure 19. v’I‘rans.mrvi‘t’ter Schematic
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. -Althougﬁ the purpose of this manuscript does ‘no‘t
include the data recovery equipment, the author feels
that some discussion of filter design would be_in- order.
Filters, both active and passive, comprise a large per-
.‘ce'ntage of the total gro&n(\i station gq_uipment.. A com-=
- posite filter design chart has been pre:::.é.e_n_t‘ed for both

9 :
JT and T sectmns by €. 4. Merchant To demonstra,te

‘r‘“‘i,:.-use of the charts' a band pass fllter for the 10,5 KC

!
|

subcarr‘ier‘ oscillator is now presented,
The filter will consist of a full K section with

half sections terminating with m equal to .6.

@]

6.12 6.1 0.2 10,2 10.2 10.2
[( o m ) ( S0
. 20.4 22.1
. 049 . 049
22.T Tzo..A
o O G- O
Half Sectlon Full K=Section
mz= .6 m = 1 \
The values of ><L on the chart are equal to
the inductive reactance when “F AF‘/YYL | where

R

%C -d. Merchant, "Band Pass Filter," Electronics
Volume No, 18, March 1945, p. 146 ' :
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— 10Wer- sideband frequenc
'p/m \/ : ‘p W ~ °4 Y

and 2. upper 51deband frequeney. The values

><C are equal to. the capacitive reactance when

*?:‘F/W\R

The most narrow bandpass filter given on the

chart is a ratio of ‘F /05 In this case

T
_FZ: /,05 X /0,5 KC = ///(C Therefore, the

filter will pass frequencies between 10 and 11 KC.
Assuming the terminal impedance R equal toéOD.().},

. the frequency used in calgulating the inductors is

C)
/0,5 X /O
&0 0 = /Z 5 CPS . The frequency

used in calculating the capacitors is equal to

600 x /0.5 X/DB:' 6,3 megacycles, Using the for-
/
mutas [ = 27710 ana C = 5 xF

the component values for the filter were calculated,

After combining series elements the final filter is
shown in Figure 20.

A filter of tihi_s type c,annot‘easi_l,y be constructed
_from;,standard parts, They are manufa.ctured as one

package units, Some provide for minor tuning adjust-

ments.
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Figure 20,

Band Pass Filter



CHAPTER VIL
TRANSMITTER TESTS AND RESULTS

,The initial tests of the transmitter were conducted
with each stage operating independently. T‘he‘se tests
were performed on the profotyp‘ea "’brveadbpa_rded” cire
cuits before the final compact transmi‘itef'w‘as .a.ssem;»»

bled.

‘Subecarrier Oscillator and Amplitude Modulator

"An audio signal generator was used to simulate
the t}r‘an’(sdui.:é‘r output. An oé_.eb_i;lvll.os;eope; was uged to
observe the ciréuit output appearing across the LC
tank, i’he initial test arr,an‘gement‘i;s shown in

Figure 21,

"Audio Subcarrier
' ' |7 QOscillator
Signal and
. § - = Ampl,itu-de (
Generator Modulator Oscilloscope

Figure 21, Subcarrier Oscillator and Amplitude
Modulator Test Diagram

43
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"With no modulating \{ol’ta:’ge‘ input the osc’_.‘i.lla,tor
output was viewed on the oscilloscope. The frequency
of operation was calculated by a time base measure-
ment (f = 1/t) and found to be very near 10,5 kiloeycles,
The base to ground resistor was adjusted to give maxi-
mum oscillator voltage across the LC tank,. This vol-
tage measured 4.5 volts RMS.

A small modulating voltage was applied and the
frequency of the genérator'was varied _fr,cv)m 20 to
400 cps. The waveform showed that above 100 cps

the modulation envelope assumed an RC charge and

discharge shape as shown in Figure 22,

{(a) below 100 cps (b) above 100 cps

Figure 22, Modulation: Waveforms Before
Correction
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The emitter to ground resistor was reducg.d,from
10 K to 6.2 K. This resulted in extending tne;undis:
torted 100% modulated waveform to above 200 cycles.
. At 300 cycles the modulation envelope was undistorted
up to 80% modulation. At 400 cycles the envelope
indicated distortion when modulated above 79%__1. vTh,is,
is _shown graphically in Figure 23. |
Percent 106 *

Modulation 90 +

Before 80
"Distortion 70 4
_ s
A/r + + - -+
100 200 300 400

Modulation Frequency (cps)

Figure 23. Modulation Distortion versus Frequency

The power required to modulate the carriér 100%
:was determined by two measurements, The Yovltage‘.‘of.
the audio signal generator was measured at the point
éf_ 100% modulation. A series resistor was f::he_r:; 1n~

.s__e_rf.ed in the generator lead and the "voltage measured
across it tc;.dveterm;inei the cuv?rent. M_o}dula'tfi&‘ovn powér
was calculated by i;.ix‘hu;lziti;itpzl,:yi_ng thg'se faic-;tovr_s' ’:cogetvh_er'.,

This:data is Presvg;‘nt'ed graphically in Figure 24,
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An examination of Figure 24 revealsi that the power
output requirements for the flowmeter ,::a,,‘re entirely
féasible. At the mid frequency range of 200 cycles
only .25 milliwatt is required to modulate the carrier
100%. The voltage across the oscillator tank circuit
varied from 6 volts at 50 cycles to 7 volts at 400
cycles under conditions of 100% modulation. This
,‘-\ind_ic“ates the stage performs more efficiently at
lhighrer frequencies, This is also shown by the

decreasing modulation power requirement as frequency

was increased.

'iZL
/'\

@ L o
~ 3% ~
~ [.0 AR
Q MYr ;q
>~
< JL < 2
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= ~ 3
2 —Jfg hy
S 7L ~ 3
4o 4 b\z
& bl
— QZJL
j 15,_ -4/ _LQJ
> L2
o 4! 30
2 e VA

¥

Jo0O 200 300 400

Fi-equeNcy CCps)

. Figure 24, Subcarrier O_scillatior Modulation
" Power
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Combining Circuit and Amplifier

The combining circuit and amplifier was tested for
gain and linearity oVe,“r a broad band of frequencies, A
2 volt signal was a__ppml‘.iz_e,d aéi"oss the 33 K base to ground
resis%o_r and the sup"ply VOliage was varied for maximum
gain and stability., The frequency of the input signal
was varied frvomu2‘0..cyc1es to 20 kilocycles and the out-
~put did not vary a m.easureable amount, This indicated
a wide constant gain bandpass. The voltage out was.
measured from the center of the split 2K‘_;Iload to ground.
With a. 1 volt signal into the base circuit the output vol-
tage was a .6 volt, The gain sf this cirbuit is .6, . Gain
‘has been sacrificed in this circuit for wide bandpass,

. linearity, and a low.output impedance,
RF Generator and Frequency Modulator

The RF generator was modulated with a 1 volt,
600‘cvps.si‘gna_1’, applied across the split-2 K emitter
resistor, The 'tra‘,nsmit.t,er was tuned to 100 mega-
cyc_le,s'»‘b,y a.,djus.ting t.‘_he' collector t‘ank capagitor, The
signal was picked up on a standard FM receiver and

also observed on an oscilloscope connected across



the primary of the receiver output tr;ansfoz"',‘merv.

is illustrated in Figure 25,

4%

This

1RF Generator

and <
Frequency
Modulator

Audio
Signal

Generator

"FM

Receiver

Oscilloscope

Figure 25. RF Generator and Fregquency
Modulation Test Diagram

i

"Exact tests on this stage were not performed

" dde=td-limitations of the receiver.

For example the

degree of freQuency stability could not be ascertained

because the receiver was known to drift. A picture

of the signal prior to entering the ratio detector of

the receiver also was unobtainable due to detuning

effects of any connections at this point,

The signal

picked up and observed consisted of half c'yc._levw_av,e:?_-'

forms of the modulating _s.ignall.

The transmitter operated properly with the

modulating signal in the range of 1 to 4 volts. . With
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a 2 volt signal input the collector dissipation was
94.5 milliwatts, The modulating frequency was varied
within the limits of the audio band, The transmitter

operation was satisfactory at these frequencies,
Final Tests

The circuits were reassembled in a plastic box
-2Y x’» 6" x 3/4". A package of this size c,‘ould be made
very rugged by _s,ea.ling with a resilient ‘com_pouﬁd.‘
This package is exclusive of batteries.

~All circuits were tested again individually and
found to be operating normally. The RF generator
c¢ircuit appeared more stable, This was attributed
to the reduction of léad.s and battery connections.

A 200 cps, 1 volt signal was applied to the sub;
carrier oscillator and amplitude modu»I_ator "c;'ir:'C’uit.
This was sufficient to slightly over modulate the
subcarrier, The output voltage was 6.4 volts appearing
across the voltage divider. The voltage into the com-
mon collector circuit was 2.5 volts, The output vol=-
tage of the common collector circuit was 1,5 volts.

- This voltage was sufficient to modulate the RF gen;
erator. The transmitted signal was p«icke‘d up on the

“FM receiver,



CHAPTER VIII
 SUMMARY

The purpose of this thesis has been_h>l})'acQuaint
the reader with telemetfer importance an_.d..«t__eutjfhni_q.uje S,
and (2) use these techniques in designing'anq develop;
ing a telemeter transmitter c;apabvle‘:v» of relaying. fuel
~flow information. It is believed that both purposes
have been fulfilled.

The transmitter meets the initial design specifi-
cations in that it is only 2" x 6" x 3/4" dim,e‘ns‘i.onallyl,'
weighs approximately 6 ounces, is sturdy, dependable,
and carries its oWn power source,

,‘Cer*t_a;in limitations were found‘in. the amplitude
modul_,at,o‘r éir’c;uit. However, the distortion .ab.o,ve‘
.200.cycles pe;:é second does not interfere with the
inform_,,a.ti.on_b‘eing_c‘onVeyed. This.dist_oi‘*‘tion-'c;)uld
be e_lim-,inated__ib.y decreasing the values of capacitance
and increasing the inductance in the oscillator. The

remainder of the transmitter circuits operated satis-

factorily,
50



Figure 26. Photograph of Transmitter.
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APPENDIX A
TRANSISTOR PARAMETERS

Sylvania T'y_p‘e 2N34

1 50‘mw-af'”2506‘" re= 2 m;ég_ ohms
'Vc max = ~40 V faco= 600 KC
Max T = 7"500 Ce= 15 uuf

B= 40 Ico = =5 ua

e~ 26 ohms NF = 18

r, = 800 ohms

Texas Instruments Type 2N1143

750 mw 1,= 100 ma
Vcb:“,-;25 Vv fac0= 480 mc
Vep = =.5 V max T = 100°C
I.° ;100'1::‘1(.3‘ rp,= 75 ohms

Texas Instruments Type 210

Audio Type vV, max = 20 V
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