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DATA TEA'DISMISS!0% SYSTEMS

INTR'EDUCTION

When discu-osing any data transmission tech»ique, we must rememlrer that the

Telemetering li ik is a system in its own riglrt.

Thrrs, ther" are many tradeoffs, all which have a direct bearing on the final

system configur.rtion. Each tra<leoff must be evaluated within the context of the

particular syst:.m requirement. Some parameters are rigidly fixed such as the IRIG

  Inter Range I»,-trumentation Group! . Frequency allocations, wlrile others arr. corrr-

pletely variahl, such as modulation mode.

To fully evaluate these tradeoffs we mrrst know and understand what is readily

available w!re» it comes to:

l. Types rf Systems

2. Variable Parameters

3. l'ixed parameters

There'ore, it is the intention of t!ris discussion to present enorrgh informa-

tion so that Llr reader will

1. Become exposed to various systems,

2. He abl to identify the irrrportant, p'rrameters, and

3. Unders Land a typical systems design,

Mrrch of th. actual design r ill be beyond the scope of this discussion, but

the handout wil.l. present sufficient references to delve in depth into most of the

topics discussei.

A nine part approach will be used to fully describe the transmission system.

It will consist of the following categories:

I. Variou. Telemetering Types

2. Basic,'system Description



Item> 'fever Usually .~Ientioned, but 'Xeccssary

4. Several. Typical Systems

a, Si!!pie  si ngle VCO!

b. Ty pi ca I F,ii/FM

c. Typical Di gital System  PCM!

d. Co-'t Considerat ions

5. IBID Standards

6. Frequency Allocations

7. Ideuti 'ication of Important Parameters

8. Determination of Important Parameters

Nodulation

S/3 Ra I; io

Hand+i dth

Po ~ er !Pc iu i rements

Error Introduction

Cost, Si.'.;e a»d Compatibility

9. Actual Design  FolLow through!



Thc discussion of Telemetering types by definition must concern itself

with the modes of' information transferral. The l>asic flo» diagram  See Fiy!re

1<0! showgth<ot Data Telemetering in gener«I can he divided into two broad cate-

gories; analog and pulse. Each is briefly <Iescrihed below.

Analog means that al1. the data will be transmitted over a system which

transfers conti nuous info! r!;.t ion. The in Corinat io« is modu1ated onto the trans-

mission 1ink as eit.'!er ampi.itude or frequency variations to a basic ana1og

car!'Ecru

a! AM: Standard Am»l i tu!Ie Modulation  Bel' 1!

Standar!1 amplitude modul<<tion is a technique»'h're th" «mplitude of

some fixed ca!! ier fr qcency is va!-ied as a i'«nction of the input

mo du I at i or, signal

b! I'M: 8+an!Ierd > i eq!!ency liodu] «t ion  Ref ' !

Star. dard f requency modu'ation is a technique wher e tl e requency of

a carrier is varied  deviated! slightly both !!bove and below sor!ie

arbitrary center point as a function of' the input !aodulation signal

�<ef '-!. I i.e., the frequency is var i ed as a f u!ction of the modulation!.

c} Fi~]/f<M:  Ref 2!

The PI/IM system is e.;act!y»'hat issound like: two FM systems in

series. 'I'he modulation signal I ~4 modulates a single carrier frequency

 Usually called a sub carrier!. This varying frequency is then used

to Wii mo!I«l=".te a second, higher freque!!cy main car r ier. 'XOTE: Many

differ ent sub carriers can b~ Y'V. mo<iulated, mixed together, and t.he



F'ignore l.0 Flow Diagrams of Telemetering Types'



VCO or. Vol~ta e Cooteoi 1 crt Oeciiiatoe.

Just briefly, a typical VCO consists of a conventi oral IC oscillation with

some voIt:-.go sensitive elemert withi» the frequency determining loop,

Figure 2.0 shows a typical oscillatoi- of this type, w.',ere the oscillation

frequency is deteri!i»cd by L, C, C, and VPC. The VRC is a varicap.

 Ref 3!. ieg: A capaci ter whose capacitance is a f niction of the voltage

app1ied across its terminals.! The whole circuit is basically an I,C

oscillator� . '4'hen the capacitance of VRC is changed, by varying the voltage

impressed across it, the .otal capacitance in the C , VHC, C loop, which

is effectively in par ali el with I. , is changed. 'I'his farces the freq»ency

of the oscillatoI to change. t enera11> spea,'-.ing, most commerciaL VCO's

~ equire a 0-,> VDC input as a modulation si"nal. This is applied across

ti e varic.ip as sho»n in Fir ui e 2.0 and forces the oscillator to vary its

output frequency a, " function of the input modulation :ignal

Voltage Controllt.d Cryst.al Oscillator

The same < ricuit as sho«n in I i.gure 2.0 can be u.-'ed by substituting a

crystal in place of C�  in the feedback loop!. The same oper ation wii.l

prevail, except t.hat the center frequency of the VCXO «ill be crystal

control: ed. ~ he input modulation will "pull" the frequency slight.ly

above and l>elow the crystal frequency, by mea»s of the varicap, tl.us

making a i oltage control]ed crystal osciIIator~

composite signal used to .""'I mad»:aie the main carrier. The sub

eel riel Gf c l I later  dev ice th«t 'c. ne.-ates tht s»t carrier f requency !

is called a SCO  sub carrier oscili.ator! «nd u..»ally consists of a

VCO  voItatge cor!trollet oscillator! ~ The t»o terms, V"0 ird S"0 are

very oft er usetI synonomously and interchan eahly, but not necessarily properly.



Figure 2.0 Typical VCC Schematic



Co n c 1 u sl 0 rl

Ther e are -erne 29 SCO frequency 1'a:rd,= d s,I r!at.ed ':y the IRIG star!dards.

These cor!stituted one of the fi.ied p!r ameters r!rent ioried before. The

IRIG standards will be covered in detai 1 i:! Section .~.0 aud ~!1/V'! sy. terr!

will be discussed ;!gain ir! more Retail in . ection:1.0.

Pulse  Ref 2!

Pulse means that all tire data sill be trans!!!itted, using a format of o«ly pulse

informati on. Ehe '.!road category of pulse !!!odul ation can be divi ded i.nto t»o groiups.

One group deals with the time aspect of pulses, wliile i1!e other deals with the

amplitude of pulses.  See Vr'g;re 1.0}. Tl".e amplitude;,roup =nly contains one

mode so it wi ll be di scu.,sod f '.rst, lollowed by the time puIse !rrndes.

a ! Phi~l: Pu1 se Am l i tude i~fodu lat i on

Rcrrctly as the r!a�.,e implies, data is conveyed in the arrp i tude of a

discrete pulse. A series of fi~ed pulses  i.i .. fixed widtlr, PHR,

etc! is generated, and the amplitude oC the e pulses is made to vary

as a function of the input modulation signals. In general, one

pulse i s used for each parameter, an,! the iint ell igence is conveyed

.in ti«e arrl:I itude. The series of pu1.ses is used for a series of

parameters.

The remaining three morles ar e classified as pulse � tirie because in each case

the in "or@ation is coritain«d somehor«!pon the t i!!re position, duration, or fre-

quency of the Iulses.



a! Pphl: Pu. 'se Position ModLIation

The data is conveyed by the time position of a single pulse. The

system generates a series of regular interval marking pulscs which

are fixed in time. The intelligence is then converted to a time

delay, a»d the data pulse is delayed away from the interval marker

p»lse a du'ation or distance which is a function of the magnitude of

the measur d variable  See Figure 3.0!. Figure 3.0  a! shows a PPN

signal whe e the value of the measured variable was larger, whereas

Figure 3.0  b! s'bows the same thing for a small va] ue of measured

variable. IVOTF.: In digital applications, the pulse position would

be fixed for each level sampled. I!owever, in analog applications,

the pul;e ould vary back, and forth as a function of the modulation.

b! PD".I: P«lse Duration Modulation

The PO!I technique is much like PPM except that the pulse width is a

function oI' the mod»lotion. Figure 4.0 shows graphically hoW a small

dna:"iiitude is represented  a! and a 1 urge value  h!. The information

is conveyed by'the width of the transmitted pulse, as the signal

is "on" fo." a duration of time, propo> t ional to t'ie magnitude of

the telemet.ered signal. PDM was the best known and most widely

used techn ique for many years  and still is in many cases! because

of its;

i ability to transmit large number of channels over a single

transmission link

ii higii,accuracy  better than I~a overall, made possible by

self-"alibration features!

iii inher nt hig'h S/X due to narrow bandwidths
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Figure 4,0 Typical >DM TlaVefOrmS'



c ! PC~I: Pul s< Co Ie ."odul i ti on

DC',l is ex= et ly what the nam» impI ios. T' e data are fir st converted into

a digital format and transmit< ed «s a series of discrete pulses coded to

indicate the m ignitude of the var iable. This is t.he first true digital

system wh<re Analog to Digital conversion is r e<iuircd. I»her ent in

this mode are al3 the things which are basic to the field of signal

analysis. These are sampling, holding, iiuantizing, nu:"her of levels

information theory, etc. These are beyond the scope of this discussion

but stil1 extremely important aiid pertinent.

.0 . 13AS I:C SYS'I'KI.I DESCRIPTION

The basic telemetering system caii be broken down into a series of only four

ha~le building block at both the tra»smi 1 t ing aiid r< c ivin'," end. Figurc 5.0

identi I'ies those blocks. It should be noticed tiuit «I thouoh the connection be-

tween tiie blocI;s is schemat ical ly shown as a rai1io l i»k, it could just ap r oadily

have been depicted as a hard wire link, or a storage medium  such as a tape recorder!

instead of the transmitter and receiver for ihtermcdiate stora.e and playback.

 See Figure b.  !! . This discussion, however, is concerned pr imari ly wi tp remote

data sensing, where the radio link method is assumed tI!e best. Subsequent dis-

cussions will;iddress themselves to t.'he railio I ink assiimption.

The svstem itself, as shown in I'igure,~.0 is very simple. The measured

parameter is si nsed by the block labelled sensor. This could be anytiiing from a

simple temperai;ure sensing thermistor probe to an sophisticated in situ dissolved

oxygen meter  »ot yet developed!. The output of the chosen sensor may be a variety

of things, sucl> as a resistance, a contact closure, a DC voltage, an AC voltage,

a string of pu. ses, etc. LInfortun itely, the sensor out put will probably not be
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compatible with thc mo<1«lators <!e:-ired input. Therefor'e, the si "nal is passed

through a data <.onverter ii'hose only pui po;e is to convert the sensor output to

a format compat..ble with the mod»i,.tors inp»t.   In the c,.se of an A'l/1"<1 system,

this would be tl.e 0-5 VDC dictated by the VCO input!. The data converter feeds

the modulator, »hich in t«rn modulates the main carrier, and applies a data

filled carrier o the antenna for radiation.

The captur< d signal is applied to the receiver input and qn into the system

demo<!ulator, wh 're the intcll.igent data ls sep«rated from the carrier. The "data"

is then applied to a data conditioner whose primary function it is to act as an

interface for t re processing and storage equipments.

5!any items have been omitted for the sake of simplicity, and will he shown

in more detail in Section 4.0. The building blocks in Figure 5.0 sho»ld he looked

at carefully, b .cause when studying any system, if it can hc reduced to those

simple blocks, then un<1erstanding its oper. ation is elementary.

3. 0 ITK'.iS <<!'-V":.R USUALLY < IENTIONKD

1".zper ience is a great teacher, but sometimes a ver y painful teacher. Nowhere

else have I seen or do I anticipate seeing the thin- .s discussed in this Section.

Any system built for remote sensing and data relay to a central station must

contain at least some of. the items listed below. The basic system can be

designed by plugging into t'.e correct equations and arriving at, an appropriate

circuit or group of circuits to substitute for th blocks of Figure ~>.0. This

will yield the basic system. Then, in order to avert a sure catastrophy, several

system status, calibration, and on-off capability must bc added. One prolon 'ed

test without them will teach anybody their importance. Described belo.; are some

of the more imf.ortant ones.



a! On-Off Command

One of tl!e rrro:,t impor tarrt par,<lrl<rter.s of ani re,'.r<r e system  wl.iclr car>not 'be

plugged into the house AC power '1 is power cons»<!rptio!r. Also, most <.iorritor-ing

or <I;rta se !sing systems have an extre!rr..ly low rrecessary <Iuty cycle  i. e., t ime

w'*e:. t,hey .<rust l e turned on!. Th<.r efore, it is co:!!mon prqct i ce to provi de means

for turnin ~ tl.e major portion of th<~ sy.=ter<! off wr«rn not in use. This is called

an on-of f corn<<rand capab i lity a!<<I i s sl.o <rr witl:in t!re c I rcl ed s< ct iorr of 1'igur e

H.O. It, consists of an encoder< a <!<vice w,rich en rrrtes the iuterro;,ation code.

A code is any s i.n;,le audio tone or comb irratiorr of' rrp to as marry as f ive sir~ul-

taneous tones, cotllbi <red as a colrlpos r tc mo<! I at ion for tll< corrrcr«n<I t r ansrlit t er.

One of these functions is to trrrn the entire systcrr on. As can be seen,

once the main data transmitt r is trrr'rrud on, t,hc corn!!!and receiver tl orlt-

end wil l be bloc!<ed by high power RF from t!re dat > transmitter. Thus,

no other commands could be received without the incorporation of an

expens i ve ant erma diplcxer  the <lisc<rss ion of antenna diplexers, trans-

mission line theory, stuhs, etc., is beyond t!<e scope of this discussion.

Th ~ reader is directed towards refe<errce 4!. Thus it is conmor< practice

to <omman<i the system on, and time it off. An excel lent choice for a timer

is a rrro<Iif ied Bulova Acutron watch mover!rent. They are readily available

f rom Bul ov a for this exact purpose.   t he f. imer is not sl<own in Figure 8. 0! .

Other met! ods undoubtably will come to mind, h»t thus far, the one above

is widely used, accepted, a»d has proven to b<. satisfactory.

Thus, the on-of f co<<<man<I system is an extr emely i«rp<rr t;! nt add i t.i on to tl.e

basic system, Omission of this cap<!bility can cause much grief.

Upon reception, the co<le is i<lentifi ed by f.he <Iecoder, and the appropr iate functions

ar'e initiated.



b! In Situ Ca. ibration

AI] data obtained from a remote monitoring system is as good only as the

accuracy of the system measuring and transmitting it. Not all measurements

can be c ~].ibrated, b»t t!ie whole transmission system can bc. Ideally, an

in situ caLibration from t' he sensor on wou] d be preferred  this would be the

scientific definition of a calibrate~] system!. !]owever, in situ calibration

of most of the system can be m<ide, wliich a]]ows ~rnatter confidence in the

validity ol' the values ' eing obtained.

The calibr stion can be accomplished fiy using the command on � off transmitter

with <a cod signifying «command to calibrate. The system would then step

through a '.iui]4-in reference system «nd ca] ibrate the system from the VCO

out to the f inal readout  See Figure H.O!. In general, the syst< m can he

calibrated from just after the measurement sensors, throu;<h to the final

readout.

c! ~Sensors

The status of any remote system must be m«intained 'ct all times. Fwch

system has its own particular critic«] parameter&which should be watched.

In general, there are a few whic'li should probably be watclicd on all ocean

oriented system. They are:

],eak Detector: This sensor keeps track of the moisture content inside

thc buoy, and if it rises above a present level, it triggers a warble

oscillator.  See Figure 6.0!. The warble osci]lator turn on, overides

ALL functions, turns on the main transmitter, and transmits a continuous

warbling tone until the system is dead. This is probably the most critical

housekeeping sensor for buoy app]ic«tions.



Battery .status: The status of the hat i ery pact' should be monitored at all

times. Battery behavior can certainly dictat< the who1e system's operatioh,

and in many cases, predict things prior to their occurrence. The actual

monitorin«requires one more data chan»el «nd sensor a»d merely becomes an

ad<'i ti onal parameter which mu.;t, he measured.

',!isce1!aneous Sensors

4'ithout belaboring t!'e point, a va; iety of par am< ters, ii~portant o»ly to

the OPk;HA'IION of the system, shoed be monitored. Among these are'.

Temperature  Internal !

Internal Pi essure

Presence of Par t i cu1ar Gasses

Attitude

Operating Flapse Time

etc.

3.0 S1. Vl'.;1IA1. Tl PICAL SYSTEM~!S

Three typical systems will be discussed in this section. The simple system

is merely a single VCO Fl1 system where all sensors are sampled, and a serial read-

out is obtained. Next an 1<]/FM system is <1escribed to show the use of VCO's,

introduce a mo~ e complex appr oach, and sho«a t.rue parallel readout system.

Finally, the d! gital system is discussed primarily because this discussion would

be incouplete without it. It should be no ted that PCM and any of the pulse tech-

niques are a form of this method.



A. Sin<pie cyst m<  Sin�le VCO!

1<'ive typical initial measuremenI, par»mc! ers h;<ve been chosen. TI>ese ar<..

current velocity, current direction, sing! e <lepth tc<mp. rat»re, wind velocity and

wind direction. Unfortunately the d'<ta o»tputs of <,ach standard instrument available

are not compatible to the VCO input specifications. Th< refore, their outputs must

be converted by a d-ta converter circ»it to allow applic"tion of the <!ata signal

to the VCO. Table 1.O lists the typical standard inst< »ments, with their output

data format. Althou h it »ould be ideal t.o provide a separate VCO for ".ach para-

meter measured, the simplicity of the sy-tern and the limited bandwidt': characteris-

tics of the cit izens frequency Band  carrier fre<luency at approximately 27 ~III' with

a B.h'. controlle<I by FCC i.egulations!, requires that each sensor output be sampled

and driven into one common VCO. Figure 6.0 presents a detailed block diagram of the

simple system. As can be seen. the output. of each parameter sensor is <pplied to

its own data converter modul e. The complete data converter package contains five

discrete Rata converters; 1»o resistance to DC voltage, one pulse to DC volta e,

one contact cIosure to DC voltage, «nd one AC voltage to DC voltage. Each data

converter produces a 0 to 5 VDC  typical! output <:.hich drives the VCO across its

linear fr equency range. The data converter outputs are placed on the segments of

a data commutator  sequency timer! where each voltage is applied in turn to the

VCO for a discrete time � seconds!. A two second dwell time is used between each

sampl ing. The modulation signal presented to the CH transmitter consists of the

following information: six seconds of cur< ent direction data, two seconds of

dwell time, six seconds of current velocity data, t»o seconds of dwell time,

etc. until all five sensors have been sampled. This process is repeated three

times, as dict=ted by the timer and operational timer, with a twenty second

blank transmission between data transmissions  See Figure 7.0 for descriptive



Instrument Data Output CommentsP arame ter

1395,00 Both speed
and direction

are incorporate
in one instru-

ment

~Seed = 8 pulses
per rotor
revolution-

�0.4 pps
per knot!

Current

Direction

&

Velocity

Direction = 0 to
5000 ohms

resistance

Temperature Bendix Marine

Advisors Inc.
Temperature
Meter

Model D-l

Temperature
to + 0 15oC
�2,4 ohmsj<
resistive

C

Contact closure

 every 22 1/2
degrees!

AC wind

drive AC

vo3.tag e

105.00Bel fort type
1420B

Wind

Speed

TABLE >.O

ZNSTRUNEHTATEON DATA OUTPUT SPECIFICATIONS

Bendix Marine

Advisors Inc.

Geomagnetic
Savonius Rotor

Current Meter

Mode3. Q-9

Wind Belfart type
Direction 1411A

95.00 Thermister

probe so that
absolute re-

sistance de-

pends upon
probe speci-
fications

115.00 These instxu-

ments are

chosen for

their cost,
reliability,
and either no

external power
requirements
or D.C. oper-
ation
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Carrier turn of f20 second

Blank

Repeat of below

20 second

Blank

Repeat of below

20 second

Blank

20 second

Blank ON

Carrier turn on

Figure 7.0 Transmission Sequence

2 sec. dwell

2 sec. dwell

2 sec. dwell

2 sec. dwell

6 seconds of wind velocity data

6 seconds of wind direction data

6 seconds of temperature data

6 seconds of current velocity data

6 seconds of current direction data
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example!. This gives a tol«I tra»smissio» 1 imc of "24 seconds, which will cycle

every x hours  x is predetermined by the me>sure»,ent <l«ta desired and is some

integer multipl<. of 24/I + T where I is «n intc.;e< «»d T is a» offset time so

tl at the sampl ing will process through each "..4 hour period!.

As has bce» explained, theCB transmitter receives «modulation signaI «s shown

in Figure 7.0. There are two other mo<l»Iati on i »puts. The f irst is the leak

detector oscil I itor. If a teak occurs in the b .oy, the pr esence of water is

sensed, and the timer and operational sequencer is overr iden. The leak osc ill«tor

come~ on, turns on the CB transmitter, which transmits a continuous warbIing tone

until the batte> ies wear down or the syst<m sinks. This tone will alert the shore

facility atte»dc»t of impc»<li» troubles due to buoy leakage. The second is an

option«I command signal. 4'hen the buoy syst<m first tur ns on, the command oscillator

transmits for precisely ten seconds. Thi» a Lerts  he shore station a»d tur»s on the

tape r ecorder i.: unattended oper«tion is <lesire<1. A1so, at thc end of the third

data transmission, it activatcs a second time, turning off thc tape recorder, and

reverting the shove station to its original stand by state.

The CR transmitter loads into a st«n<lard CB »hip i»ten»a, and trans< its the

information to '.he receiving station. On shore, a second standard C0 whip receives

the energy and applies it to a standard CB receiver. The receiver output is applied

to three modules. Yirst, if the command signal is present at the time of initial

transmitter turn off, the command detector is activated, and if the ma»uaI override

is not turned ox, the tape recorder automatically starts. If the man"al override is

turned on, then the tape recorder must be activated by the attendant. In any case,

the alarm system activates, indicated by a blinking light an<1 audio tone  applied

to a speaker!. If the leak detector detects a leak, the shore facility indication

shows as a fins <ing light a»d warbling tone. If the whole system is operational,

the data as shown in Vigure 7.0 is recorded for post analysis.
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The off-line computer interface equipment could be almost anything, depending

upon the desired post analysis. However, in general, the data is taken off the

tape recorder, ard converted intO IBM computer format. This consists of analog

to digital conversion, conversion into IBM 360 input format, and application to

the computer alor.g with the appropriate software program. The computer will then

provide an appropriate data analysis output.

The simple system provides preliminary measurement of five oceanographic

parameters. The measurement instruments in general have greater inherent accuracy

than can be repr|:duced at the shore facility due to the errors associated with

system data conversion, transmission, detection, and display. The system a3.so

provides one housekeeping sensor  leak detection! and an. automatic sequencing

and monitoring capability.

FM/FM transmission is defined as the composite transmission of several FM

signal simultaneously. Zn general each sensor drives its own VCO, al3. VCO's are

mi.xed, and the c<>mposite signal is frequency modulated onto a single carrier. A

typical system can be seen in Figure 8.0. Each sensor output is conditioned in

exactly the same manner as in the simple system. The data converter outputs

drive a bank of vco's where each sensor has its own vco associated with it. The

VCO outputs are mixed together and applied as the modulation signal for the FM

transmitter.  Note: it is obvious that this system requires a wider bandwidth

than the simple system. Because of this, three telemetering bands have been

assigned by the !'CC These are:

a. 216-260 mHz �4-500KHz wide channels!
b. 3.435-1535 mHz

c. 2200-2300 mHz!

The frequency choice for this system is the 23,6-260 mHz band. The trans-

mitter feeds a simple eight, inch whip antenna  easily incorporated!, and radiates

omnidirectional power into the air.
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The UHF signal is received and demodulated by an FM discriminater. The com-

posite VCO signa.~ is then applied to a bank of Band Pass  B.P.! filters, which

separate the ind;ividual VCO frequencies. Each VCO signal is itself FM discriminated,

resulting in a DC voltage proportional to the originally measured parameter. These

D.C. voltages ar» converted into computer format for real time analysis.

Also incorporated in this system is a 27.1 mHz citizen's band command link.

The system can b~ turned on, calibrated, and turned. off by remote command from

the shore facility.  See Figure 8.0! ~ Also, up to 18 channels can be used simul-

taneously, and i:: necessary each channel can contain sampled commutated data ex-

tendjng the data channel capacity to several hundred. The advantages of this

system are many. They consist of:

a. Expandability to many channels
b. Multiple housekeeping sensor capability
c. Complet» in-situ calibration
d. Command on-off-calib-etc capability
e. Automatically computer interfaced

The one dis advantage which makes it not much better than the original simple

system is measured parameter accuracy. The only help is that in situ calibration

can be incorporated which eliminates drifting errors. However, data conversion,

transmission, and detection errors inherent in the system will be present such

that the overall accuracy is system limited rather than instrument limited.

C. Typical Digit.al System

The obvious limitation to each system presented thus far is one of data

accuracy. The optimum solution for this problem is to digitize the information

prior to transmission. Then, the accuracy limitation becomes a function of the

number of bits in each digital word and the accuracy of the analog to digital

converter. The number of bits can be easily resolved. A, typical measurement is

the current mete.. According to a typical specification sheet, current sensors

have a range of 0 to 7 knots, and an accuracy of + 0.05 knots. This means that



the meter has suf:icient accuracy to resolve 0.1 knot variations. Therefore, there

is a possibility:hat 700 descrete levels >could have to be measured. Simply speak-

ing, this requires a word length of 10 bits � = 1024 levels! with accuracy left10

over. A 10 bit analog to digital converter can certainIy be obtained. Thus the

system accuracy c.m now be instrument limited rather than system limited, which

provides optimum system accuracy.

In general,:because the analog to digital converter will be an expensive item,

the sensors would be commutated so that the same A/D converter caused be used for

all sensors. This means that the Rata will be transmitted serially.  See Figure

9.0!. The exact -iming is a discrete systems design problem and wilI. not be dis-

cussed here.

As previously stated, a 10 bit word would meet the systems accuracy criteria.

However, a more suitable data format would be that of the digital computer being

used for post ana1ysis. The ideal format is an engineering trade-off and must be

carefully considered during the initial design phase, because the extended number

of bits may be co "t prohibitive.

The system would operate in the following manner. The sensor outputs are ap-

plied to an amplifier and. data, converter in much the same manner as in the simple

system. The data converter outputs are then switched  commutated! one at a time

to the input of t:ze analog to digital converter. The digitized serial data sig-

nal, along with a~propriate synchronizat,ion and parity check pulses are applied

directly to the data transmitter. Note that the bandwidth requirements are no

longer critical, 3nd a lower transmission frequency can be used than in the FM/FM

system. The data is transmitted to the shore facility, resynchronized, conditioned,

and applied direc-ly to the computer for real time analysis, or stbred on an ap-

propriate storage medium. Included also in this system are the multiple house-

keeping sensors, =he command on-off capability, and all the other refinements

mentioned earlier.
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The advantages of this system are maximized. Not only does it contain al3.

the advantages listed for the FM/FN system, but it also allows the overal3. system

accuracy to be j inited by the sensors rather than the system.

Cost Considerations

The consideration of cost is based on engineering estimates for some items

and manufacturers listed prices for many others. The cost, analysis is summed up

in Tab3.es 2 0, 3.0, and 4.0. Comparative values are given assuming a five sensor

system, and then the cost is computed for each additional measurement mentioned.

No attempt has been made to solicit manufacturer quantity price reductions. Tables

2 ~ 0, 3.0, and 4.0 show that the initial cost of a five channel simple system is

$6430 as compared to 916,170 for the FN/FM system and $14,130 for the digital system.

However, they also show that the next cha~nel addition could not be readily incor-

porated into the simple system, while the FM/FM system would require an additional

$1470 and the dig.ital system would only require an additional $580. These figures,

of course, are only estimates, but they do point out the financial trade-offs which

must be considered.

5. IRIG Standards

The Inter Ra..~ge Instrumentation Group at the white Sands Proving Grounds in

New Nexico, have 3evised a set of standards for telemetering systems  Ref. 5!.

There are two set- of standards. One is for Constant Percentage deviation fre-

quencies. These standards are set to regulate the SCO frequencies and deviations.

Table 5.0 shows t'.iis system, Zt shows the channel number, the center frequency

of the SCO  or VCO!, the deviation in Hz, the lower and upper limit,s, the percent

of deviation  constant!, and the maximum intellegence frequency, or frequency

response with a modulation index of 5. Table 6.0 shows the same type of data for

constant bandwidth  i e. each SCO maintains a constant frequency bandwidth even

though the percentage changes! subcarrier channels. This table shows the channel



TABLE 2. 0

COST ANALYSIS  S DUPLE SYSTEH!

Item Cost

Sensors  from table 2!
Data Converter' � Channels!
VCO

sequence timers � 8 $150 each!
Cmd, Osc
Warble Osc.

Batteries

CB xmtr.

Antennas � 8 L5 each!
CB Reciever

Cmd, Detection
lndicaters

Leak Detection alarms

Manual Overide

F11,ler 6 Disc.

Hardware  misc,.!
Labor � months!

6430.00

One Add Chan

Almost impossibe without
rebuilding system

Total Cost for one addition Channe1

» denotes estimated costs

Total

Total Cost, �st system!

273.0.00

250.00»

195.00

300.00
40.00»

35.00»

30.00

40. 00

30 00

40.00

20.00»

25.00*

15.00

5.00»

195.00
500 F 00»

2000.00*
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TABI E 3. 0

COST Ahi'ALYSXS  FM/FM SYSTEM!

item Cost

Sensors  from table 2!
Amp 6 Data converter's � channels!
VCO � e 195 each!
Mixer

Transmitter

Calibrator

Antennas

Receiver

Kneader

Cmd Tx

Antennas

Cmd Rx

Decoder

B.P. filler 6 Disc. � 8 375 each>
Data Conv. a Computer Interface
Hardware <misc .. !
Labor �N months!

Total

16,170.00

Sensor  assmne $200!
Amp K Data converter

VCO

B. P. filter S Discriminater

Hardware  misc.!
Labor � weeks',i

2 00 ~ 00*

55.00L

195.00

375.00

125.00*

500 F 00*

Total 1,460.00

Total Cost �st system!

One additional channel

* denotes estimated cost

2710.00

275 F 00*

975.00

175.00

1795.00

450.00

10.00*

2795.00

150.00

40 F 00

30 F 00

40.00

l50.00

1875.00

available equip.
1200.00*

3500.00*
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TABLE 4.0

COST ANALYSIS  DIGITAL SYSTEH!

Item Cost

Sensors  from table 1!
Amp & Data converter � channels!
xtal clock

» timer

Parity generater
Commulater

Analog to Digital Converter
Tx

Antennas

Rx

Sync.
Data conditioner

Storage & comp. interface
Encoder

C.B. Tx

C.B. Rx

Antennas

Decoder

Hardware  misc.!
Labor <34 months!

equip.

Total

14, 130. 00

200. 00

55 F 00»

75 F 00

250.00*

Tota1 580 F 00

» denotes estiraeated cost

One additional channel

SenSor  assume 200!
Amp 6 Data converter
lkardware  mi sc. !
Labor � week!

2710.00

275.00»

3 5. 00*

55. 00*

60 F 00»

350.00

5000.00»

200,00*
50. 00"

200.00*

350.00*

35.00»

available

l50.00

40.00

40.00

30.00

150.00

l000.00*

3500.00»
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numbers and the SCO center freouency. The Deviation, nominal frequency response,

and maximum freqr;ency response are constant within a given A, 8, or C grouping.

 See Table 6.0! .

The standarcs are adhered to very stringently and SCO's with these specifi-

cations are readily available off the shelf. Other systems are also available

such as shown in the bottom of Table 7.0. These are constant bandwidth systems

running from a deviation of + 62 ~ 5 Hz Co + 64 KHz. This obviously is an expansion

of the IRIG standards as shown in Table 6.0, The top of Table 7.0 also shows an

expans ion of the standards.

6.0 Freouency Allocations

One of the first decisions which must be made when designing a telemetering

system, or any other transmission link, is the transmission frequency. There

are many things that affect the choice of a transmission frequency. Among' these

are:

 a!. transrrission path parameters.

 b!. power budget considerations.

 c!. data rate and necessary bandwidth.

 d!. compatability with support equipments.

 e!. antenna configurations,

 f!. legal and available frequency allocations.

The FCC has established a system of frequency allocation for Meteorological

telemetering use. Table 8.0 shows these allocations, and must be adhered. to when

making transmission frequency decisions. Xt must be pointed out that this table,

gives frequency allocations for meteorological data links.

723 and 8g Identification and Determination of important Parameters

The proper design of any system requires an initial identification and deter-

mination of the impoxtant parameters. Each parameter has been mentioned during

previous discussions, and each will be considered in detail in Section 9.0.
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Table 8. 0

METEOROLOGICAL FRK UENCY ALLOCATIONS
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However, foz convenience, they are 3.isted below.

 a!. Frequency and Bandwidth

 b!. Modulation modes

 c! ~ Signal to noise ratio

 d! . Power r equirements

 e!. Error introduction and accuracy

 f!. Antennas and propagation

 g! . Cost, size and compatability

9. 0 Actual Design  Fo

introduction

This section will describe an actual system design study performed by the

U.S. Naval Avionics Facility, Indianapolis, Indiana  Ref. 6!. This NAFI publication

 TR 987, dated Zariuazy 1967!, entitled, "Design Requirements for a Tactical Automatic

Weather Station System", considexs the design requirements for an air dropped ex-

pendable meteorological buoy, which wi3.1 be readout by a P3 Ox'ion aircraft. Only

part of the study is reproduced here to show the telemetering system. The important

parameters are di.cussed below.

Aircraft' as Data I,ink

The transfer of information from the tactical AWS to usable data fox' analysis

involves the interrogation of the buoy, transmission to the aizcraft, the link be-

tween aircraft anc. evaluation center, and processing the data.

The airczaft, having received the data, has three possib3.e telemetzy roles,

i.e., retransmit, or record and stoze, or record and then retransmit. The selected

role of the aircraft is determined by data delay time, overall accuracy, and re-

liability. Data delay time refexs to the time lapse between reception of data

from the buoy and delivery of data for analysis. The aircraft used as a relay

transmittex wi13. give a3znost instant access to the data at the evaluation station.

The delay involved in recording and storing the signal is determined by the duration
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of a flight mission. Average mission duration in fleet service has been about

six hours per flight.

In the relay mode, the increased noise added by retransmission wil3. decrease

the accuracy of the data. Recording the signal at the aircraft will eliminate

this noise; however, the tape recorder will add some inaccuracies.

Reliabi3,ity, in this context, refers to how reliable is the data link between

aircraft and evaluation center. The retxansmit mode is relatively unreliable since

the retransmission may be missed or too weak due to pxopagation conditions. If the

data is monitoxed while it is recorded, the reliability is good.

The most ver. atile method from these considerations is to record the data with

retransmission at a later time, The simplest method and recommended approach is

to record the data on magnetic tape  AN/AQH-1 Recorder! with the possibility of

adding a retransm t function if pre3.iminary use and other applications make it

justified.

The ra~ge, 4 data recovery, frequency, and modulation system basically deter-

mine the amount of RP pwer required for a data link. The range should be as far

as possible. There are, however, certai~ 3.imitations. Line of sight propagation

is limited by the curvature of the earth, how high the aircraft can fly, multipath

ref3ections, and «tmospheric conditions. Table 9 is a listing of distance to the

horizon for many «ltitudes. Xt is useful when figuring line of sight ranges. The

range is also limited by the amount of available r-f power. This power limit is

due to the state-of-the-art of solid-state transmitters and the size of the buoy
I

power supply. Al of these above factors will be considerations in determining

the range.

The % of data recovery refers to the amount of data recovered on one readout

of the data. This data recovery should be close to 100%. The cost involved in

making a flight to the buoy is large enough that a return for missed data should

be minimized.
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Pre enc Selection

The considerations for frequency selection are made by first looking at the

legal allocations of frequencies for related projects. The frequencies as shown

in Table 8.0 are v.sed with meteorological systems.

A second factor in frequency determination is compatibility with the aircraft

and its electronic systems. The addition of new antennas on the aircraft is costly

and limits use to only modified aircraft. The frequencies which are available on

the Orion are in the 2-30 Ncs, 118-151 Yes, 160-174 Ncs and 225-400 Ncs range

The third consideration is based on what frequency would be the optimum

frequency for reliable data transmission with minimum power requirements. This

frequency is dete>mined by optimization of the propagation equation  Ref. 7!. The

composite transmission loss equation is shown in Figure 10. 0 and reduces to:

Ptd � 20 log d + 20 log f + 36 ~ 6 Gt Gr + A + Ltd
m

+101 ~ r f -1+I f f ! ktb+ ~ r P
a C U u

The optimum frequency is basically determined by minimizing the losses, effective

receiver noise factor, and interference from other signals. At ranges of extreme

line of sight. with low elevation angles, losses in excess of free space are fre-

quency dependent and are due to multipath reflection, wave shadowing, cross po-

larization due to tilt oi the buoy, and atmospheric effects such as ductingg

absorption, and scattering. Effective noise factor is due to atmospheric noise,

man-made noise, and galactic noise, with this noise being frequency dependent,

The carrier frequency must then be high enough to avoid the noise and interference

inherent in the K' band and low enough to limit propagation losses to reasonable

values. These propagation losses cannot be appreciably recovered by increasing

antenna gain because the buoy must radiate in all directions and the present air-

craft antennas are also omnidirectional. The best frequency band is therefore

VHF with the 162-174 Ncs segment especially advantageous because of the prepond-

erance of receiving equipment aboard the P-3. Use of this band suggests that some
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gable L0, 0

composite Transn~i ssi.on lass Equation

Required Transmitter
Power  in dbm!.

td d L d

Transmission Loss of

The Desired Signal  in dB!.

Where: L =I- -G - G +A
d 5 t r

Where: P � 10 Log rfktb + ~ r P !
m u=i u u

~ Basic Transmission Loss for

Xsotropic Antennas in Free
Space  in dB!

r, = Minimum SignaL to Noise Ratio that
provides satisfactory reception

4 d 2
~ lp Loglp   ! 20 Loglp  C f d!

L ~ 20 Log d+20Iog f+36.6dB

Frequency
in Mcs

f ~ Effective Noise Factor at Receiving
Antenna Terminals

f f-1+f f f
a c t r

G = Transmitting Antenna Gain in dB!
t

G = Receiving Antenna Gain  in dB!

A = Loss in Excess of Free Space dB!
Including Mul tipa th, Wave
Shading, Polarization, &
Atmospheric.

«33
k = Boltzman's constant ~.l.38xl.0 Joule/'K

t Absolute Temperature in K.

b = Effective Noise Bandwidth

 ~ 3 db B.W.!

Minimum Signal to Interference Hagio
That Provides Satisfactory reception

Pu Available Interfering Signal Power

Distance

in Statute

Miles

Transmitter Circuit Losses

Xncludi.ng Cable & Antenna
Losses  in dB!.

Minimum Signal Power
Required at Receiving
Antenna Terminals that

Provide Satisfactory
reception  in dbm!.

Aver a e Available Noi s e Paver

a Thermal Noise Power  ktb!

f = Receiving Antenna Loss Factor

c Available In ut Power

f = Receiving Transmission Line Loss

f ~ Recei~er Noise Factor
r
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degree of coordin ition with the sonobuoy program is required.

Modulation Scheme

The approach taken for modulation considerations is to reduce the possibilities

by preliminary study to two modulation techniques and study these in greater detail.

First PCH-PS and 1'CN-SSB were rejected on the basis of receiver and transmitter

complexity and susceptibi.lity to doppler sh3.ft. Modulation systems such as PDM,
S

PAM p PPM AM p et c ., were e liminat ed for reasons such as input N ratio required

for satisfactory reception, power efficiency, noise susceptibility, lack of avail-

able technology arid hardware, etc. The choice of a modulation technique is de-

pendent on the carrier frequency. Since the VHF range looks most prom3.sing, the

choice of a modulation system at this frequency is a deci. sion betwee~ a digital

PCM/FM or an analog FM/FM technique.

The basic factors in the selection of a modulation system are data accuracy,

readout time, batt:ery energy, compatibility with the aircraft, and available im-

plementation hardware. With the carrier frequency selected at approximately 170

Mhz, the modulation system becomes a choice between PCM/FM and FM/FM. The compar-

ison of these two techniques is shown in the Appendix. AnOther factOr in deter-

mini.ng the modulat.ion system 3s the data format of t: he processed meteorological

information. For example, if the tactical AWS is used to supplement a larger buoy

network, such as 'n hurricane detection, and the meteorological data is to be

computer analyzed, then a PCM/FM system would most efficiently be used. If the

tactical AWS is used in limited situations where analog data is sufficient, then

the FM/FM system would be used because of its lower cost.

The FM/FM system proposed would have a 30 ~z r-f bandwidth and use a re-

ceiver with a 200 Kh- i-f bandwidth. Th3.s means that the Rad3.o Receiving Set

-~/ARR-~2  V! aboa;-d the aircraft. will be used, and if needed, an r-f preselector

filter may be added for increased range. Also the use of a 30 Khz r-f bandwidth

will pezmit the use of inexpensive crystals in the buoy transmitter and eliminate

the need for a crystal oven. The frequency response of the audio section within



the receiver has an upper limit of 5 Khz at 2 db do"m. This response characteristic

limits the use <>f subcarrier channels to IRIG channels 1-6. The selection of sub-

carrier channel::, shown in the Appendix was made in terms of the frequency response

of the measured parameters, and subcarrier channels 1-6 were chosen. The audio

response of the receiver and the system selection of subcarrier channels are com-

patible. Due t<> 400 Hz power in the aircraft, channel 1 with a center frequency

at 400 Hz may b< replaced by another channel. The complex audio signal from the

receiver vill then be recorded on the AN/Apl<-1 Recorder and visually displayed at

a later time.

The propos<'d PCM/FM system would transmit each sensor data with an eight-

digit word. Ag.sin, realizing the low pass characteristic of the audio section of

the receiver, the modulating signal would consist of a 3-state vCO operating with

a nominal frequ< ncy of 3.9 Khz, Allowing the FH detection threshold and the PCM

detection threshold to occur at the same carrier signal strength gives the system

a deviation ratio of D = 0.6. The r-f bandwidth can be calculated by knowing

4. 0 Khz an<i D = 0. 6.

B =p �! xf =p �.6! x4.0Khz=4x4.0Khz=16Khzr-f m ' ~

This calculated r-f bandwidth is optimum when the i-f bandwidth can be matched to

the r-f bandwidth. In the case where the i-f bandwidth is predetermined and is

larger, it migh be advisable to increase the transmitted r-f bandwidth. This

increased r-f bandwidth would increase the output s ratio of the FM receiver.
N

There is one other point of consideration and that is as the r-f bandwidth is

increased, the =hreshold input S ratio increases  Ref. 8!. There is, then, a
N.

trade off betwe< n minimum input S and the deviation ratio. This particular
N

problem is one where experimentation is needed. The system will use the

AN/ARR-52 Reoeiver with a 200 Khz i-f bandwidth. The digital audio signals

can again be re< orded on magnetic tape.



Trsmsmttter Power Receired

P = 20 log d + 20 log f + 36 6 � G � G + A + Q
td t r d

m

+10liog r f -1+f f f ! Ktb+ ~ r P
a c t U 'Uj

u=l

and assuming,

d = 200 statute miles

170 I'Ez

Gt = 2.5 dB

1.5 dB

12 dB  a-. 27,000 feet!

Ltd = le5 dB

10 �0 db!

f = 1  thermal noise only!
a

=1 �db!
C

1. 28 � db!

f»= 4 � db!

Ktb = �.380 x 10 ! �90! � x 10 ! 8,00 x 10 watts

r P = 0  no interfering signals!U
u=l

20 log 200 = 46.0 db

20 log 170 = 44.6 db

-16
10 log 10 l - 1 + �! �.28! �!! 8x 10 + 0 = -134 dbw

Q -! = -138 dbwQ +! = 140 7 db

P � 3 dbw or 2 'watts  minimum!
xd

Referring to the:ransmission previously discussed, loss equation,



Since the variability in the transmission loss is gx'eat at low grazing angles

 near the radio horizon!, the approach generally taken to achieve reliable com-

munications is to increase the transmitter power considerably above the calculated

minimum required 'ralue. Experimental measurements are usually made to determine

the approximate mean and standard dev ation of the path loss. With many measure-

ments, it is possible to predict the probability that a given radio path loss will

be less thm a specified value. Since these measuxements are expensive to make,

a trade-off must .~e made based on measurements made by others and the power limita-

tions of the buoy. A transmitter power of approximately 20 watts is recommended

as the best compromise.

Additional s':udy is recommended to determine the expected servic probability

of the tactical A'lUS ~ The best. way of attaining a high communications reliability

is to interrogate the weather station at, distances less than 200 miles when possible.

Command Function

A basic conc .pt of the tactical AWS is an "interrogate for data" operation

instead of a clocked function. lntexxogation of the buoy by the aircraft again

involves a data link with a selection of frequency and "command on" code. The

frequency recommended fox' interrogation is the 22S to 399. 9 Mhz UHF range. This

selection was mad< by considering aircraft equipment, The "command on" code

such as an audio =one or digital word needs further investigation. Compatibility

of the command code with Command Active Sonobuoy System  CASS! also needs further

investigation.

Ant erma Se lection

The selection of an antenna for use on the tactical AWS was very heavily de-

termined by the r.quixement of an omnidirectional pattern and a polarization the

same as the antenrra of the aircraft. The antenna system aboard the P-3 is verti-

cally polarized. Xn general directional pattern in azimuth has low gain. An

antenna with an artificial ground plane such as a l/2 wave dipole is expected to



be better than 1/4 wave whip since it is less susceptible to tilting and bobbing

of the buoy. The recommended antenna, then, is a vertical center-fed l/2 wave

dipole. This antenna would be vertically polarized,' have an omnidirectional

pattern, and have a theoretical gain over isotropic of 2. S4 6B. The antenna has

certain mechanical features such as ease of erection and small length that make

it attractive. There are, however, certain considerations that need further in-

vestigation such as cable loss, effect of tilt, and effect of wave shadowing,
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APPENDIX

COED'MISCiJ OF t:ODUI".TIOii TECii.lliQUES

I. IiViRODUCTTO<t

The modulation techn que used or the t-ct ical AWS is very de-

pendent on the choice of thc carrier frequency. Since this application

i for linc of sig.it, a frequency in the VHF range is optimum. The selec-

tion of a, modu ation scheme at this frequency s made by first narrowing

the field. with preliminary study to an F!/Rt or a PCi~l/Hl system. These
two systems wi I be compared on a basis of accuracy, bandwidth, signal to

noise conversion, energy requirements, complexity, and cost.

Firs., a brief summary of ho. each system operates. In en FYi/:t4

system, each quant.ity to be measured is converted by a transducer into an

equivalent elet trical signal. Each electrical signal, in turn, modulates

a separate subca=rier oscillator. These signals moduiate the subcarrier

oscillator by r J~ing th output frecuenc r. The output voltages of all

the subcarr er.. are combined. and give 'n effect a complex or video signal.

This complex signal s applied as a modulation signal to the Hi trans-

mitter, and th' signa' is transmitted. The r-f signal is recovered by

the receiver which converts the r-f sigr.al by detection back to the complex

signal. Bandpxss filters separate the complex signal into individual sub-

carrier signals. The filtered signals are applied. to frequency discrim-

inators which produce a data voltage output. All the data channels can

be monito ed simultaneously on strip charts or other data reduction

equipment and then converted into terms of the original quantity for

analysis. See Figure Bl.

In the pulse code modulation  PCS! system, each measured. quantity

i- con~erted by a transducer into en electrical s gnal. The input signal

is converted to m z bit d,igital word. The d.igi,al word is processed. and
then stored. [n the PClipN system, a transmitter is frequency modulated.
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FIGURZ B-l. P. i/FM SYSTEM

by the x digit vord as the da.a is serially shifted. out of storage. This
sequence i: repeated. fcr each measured. quantity. The received r-f signal
is detected by the receiver. The detected. digital signal. can be converted
into data for analysis by use of conversion charts. See Figure 82.

3-2
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ANALOG TO PROCESS

OATA

FM-RECEIVER CONVERSICN
EQU IPME NT

FIGURE B-2. PCN/Bl SYSTEM

IX. LEMXTXi/G ACCURACY

Considering the case where high signal levels and low noise

levels are present in both an H1/RI and a FCM/Fli system, a general eval-
uation and compar ison of the limiting accuracy can be made. This accuracy

involves only the modulation system and not the accuracy of the trans-
ducers.

The PCM/Pil system will use an eight-digit word  x = 8! for
the data value of each sensor. With low noise, the error in the output
signal is due only to the quantization error. Quantization error, which
is due to approximating an analog quantity with d screte levels, is equal
to 1/2 where 2 is the number oZ discrete levels.K

3-3
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The q~antized errcr = �. = ~ ~ = 0.4$.1 1 1
2+ ~ 2~6

The limiting accuracy of the selected. PCJi system is due to quan-
tized error and is 0.4~» of the fu11 sca'e input signal.

The a"curacy of an P4/FJ> system is more indeterminate. Under
the rigorous cozditions of field service, system errors of less than 0.!$

1can be obtained . Jlowever, with the use of modern sol.id state equipment,
accuracies near 0,3~> can be achieved. This comparison was made with little

or no noise in the system and. shows that, both systems are limited to about
the same accuracy. Further investigation vill take into account noise
in the system and its effect on performance.

III. EFFECT OF J!ODULATION "s5'PE ON TRPB:,JIT'iiR PONER

Referring to the transmissicn loss equation of Section III.E

and assuming a given range, frequency, lack of atmospheric and n~n-made

noise, and non-interfering signals, the modulation sy=tem affects b"

the effective noise bandwidth, and. "r" the minimum signal-to-noise ratio

at the receiver that provides sa is actory reception.

The eff'ective noise 'bandwidth is actually determined by the

i-f bandwidth of the receiver. The r-f bandwidth needed by both systems

depends on the input signal frequency response, the stability of the

receiver and transmitter, the noise modulation. of the transmitter, and
the required accuracy of the data.

A. BASEBQG3 FREQUwJCY

The input frequency response refers to the ra e of change with

respect to time of the quantity being measured. In the case of the weather

Report No. 9-638, Bendix Corporation, Tne Theor and Annlication of FM Hf
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station, the quantities being r.",c sured. are water temp ra,ure, air temper-
at,ure, barome".ric pressure, wind. speed, and w nd direction. With wind.
direction the.'."e is also an additional measuremen for Determining a
heading reference such as with a cc;"..pass. Actual data concerning maxi-
mum rates of change for all the par~~cters was not readily available, so
in most cases estimates were made. The maximum ate of change of air and
water temperature with respect to time is estimated at 2'C/min., or
0.033 C/sec. For barcmetric pressure a, a rr~ir um rate of change of 10mb/hr.
or 0.0278mb/sec. seems reasonable. The rate of change for wind. speed is
in the order of 4 knots/sec. Wind d.irection is expected to have the
greatest rate of change; this maximum rate might be 30%ec. The compass
might change ; t a rate of 15'/sec. In general, all d..te. will have low
intelligence frequencies and will require small bandwidths. Each of the
transducer an log signals must be low pass filtered to insure that fre-
quency components much higher than those assumed here are not present.

In -,n B4/Flf system, the maximum frecuency zesponse for each
pazameter determir.es the subcarr'er channel used. and, hence, the r-f band.-
width. Since all the measured p ameters are low in frequency response,
subcarz ier channels 1-6 were selected, Zn Table Bl, the estimated fre-
quency response of each measured. parameter, the selection of subcarrier
channels and the subcazriez frequency response is shown. The calculated
data frequency response is the highest frequency component that produces
a l~z change in the data.

In the PC4/F14 system, the frequency response determines the
allowable sample apezture and. required. sampling rate. The rate at which
the word is transmitted is controlled by how fast the word is shifted. out
of storage. Tais transmitted bit ate will determine the required r-f
bandwidth.



B. DR IF'T

The receiver and transmitter stability are detc>anined by a
crystal oscillator in the unit. Crystal oscillators, in general, have
frequency stabi1ities in the order of * 0.002~~o. 4'ith a carrier fre-
quency of 170 Ncs, an additional bandwidth due to drift of' the carrier
of p 3,400 cps is pre"ent � x 10" x 1.70 x 10 = 3,400 cps! ~

TABIZ B-1

SUBCARRIER SP,LECTION

C. NOISE MODULATION

Ihte to noise modulation of the transmitter, some minimum devia-
tion of the r-f carrier is reauired. Empirical results indicate that a
minimum of "- Kcs r-f deviation is sufficiente. The 3 Kcs minimum is a

'Ilower limit and need not be considered when r-f deviations greater than
3 Kcs are tc be used.

~The Theory and Application of B4/Fiil Telemetry  see p. 3-4!



D. SIGNAL - TO- I JOXSF. RATIO

'.Phe r-f band~ idth using H! nodulation is determined by know ng
the modula'.ion signal and the deviation ratio. There is, however, a rela-
tionship be tween r-f bandwidth and "r" input signal-to-noise ratio. This
interdcpcn<lence will lead to a trade-off between the c factors, so con-
sideration.; will now turn toward "r".

A comparison will be nade of the overall system accuracy and
signal-to-noise conversion for the analog ..nd digital system. A PC/1 sys-
tem using, n eight binary digit data word, from Figure B-3, requires a S/N
ratio of 20 db or greater at the threshold detector for an output signal-
to-noise ratio of 48 db . The output signal-to-noise ratio in this case

than 20 db for PCM, there is a possibility of misreceived digits in the
eight digit word due to impulse noise. The error is more properly stated
as the probability of' a nisreceived d.igit in the w number of d.igits. An
output signal-to-noise ratio below 48 db is e. statistical mean of many re-
ceived. words and does not hold true for predicting a one word case. There
are two important facts to note. Pirs., increasing the detector signal-to-
noise above 20 db does not increase the output signal-to-noise . Second,
with detector signal-to-noise ratios less than 20 db, the noise may reverse
a, binary digit with a certain prcbability; and, if the word is Just, sent
once and a iigit is in error, the data is invalid. The PChi/FN system is
basically made up of' two subsystems. AnFM receiver is used to demodulate
the r-f sig.aa].. This demodulated signal in a binary format is then applied
to a PC<i detection system. lt is this PC'~ detection system that requires
an input S/..4 ratio of 20 db. However, the FM receiver also provides signal
improvement, An R4 system with a deviation ratio of D = 0.6, and. with an

Iinput S/N o.. 10 db will provide a. S/N ratio of 20 db at the PCM system.
In general, the PQf/Ri system requires an input S/N ratio of 10 db for

Nichols, td. K. and Ranch, L. L., Radio Telemetry  New York, 1956!

B-7

refers to the recovered data word and its relationship to the measured ana-
log value, so that 48 db represents the qu ntized error �8 db = 20 log 256!.
It should be mentioned, also, that f' or detector signal-to-noise ratios less
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satisfactory reception of the data. Since lO db is a" so the threshold of

'the FN system, no edditional impr oi.ement results from increasing the devi-
ation ratio.

Since the S/N conversion in R4/PA is on a proportional basis and
not a limited function, the needed input signal-to-noise ratio will be de-
termined by the accuracy needed. for the output data. This accuracy is
sho'n in table B-2.

TABLE B-2

DATA AND ACCURACY

The minimum input signal-to-noise ratio that provides satisfactory recep.ion
fo r an R4 signal depends on the "detection threshold." and. the required data
accuracy. Fluctuation noise that has passed. through a bandpass filter has
the characteristics of a. sine weve with smplitude and, frequency modulation.
When the filtered fluctuation noise exceeds that of the desired signal,
the detector responds to noise. The "threshold" condition in FM detection
refers to ~h're there is just enough input signal voltage to overcome the
noise, except for a certain occurrence of exception&~ y high noise pea'<s.

Uglow, K., ' Noise and Bandwidth in P4/'ref Radio Telemetry," IRK Transact on.
on clemetrv and R mote- Control, Vol TRC-3 pn 19-22, ~~y l957
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Therefore, t.he 1i!/FII system should be operat d above this threshold.. This
threshold will in effect be a lower limit on the minimum signal-to-noise

input to the receiver. In Figure 3-3 is sho'-n the ".hreshold level curve."s
An important factor to note concerning t,his curve is as the deviation ratio

of the carrier signal is increased. the threshold increases. The deviation
ratio increases when a wider r-f bandwidth is used for t' he same modulation
signal.

The output accuracy of the da'a in an FII/r,.t channel. above thresh-
old can be estimated by the following equation:a

 l-l!

See Figure B-4 for explanation of system and symbols.

where
f' S 4

! = d.i..cr iminator output s ignal-to-noise voltage ratioN.  

 
Sb

= receiver carrier-to-noise voltage ratio

B, = carriex bandwidth  receiver i-f bandwidth!

Fud = subcazrier discriminator output filter

fs = subcarr ier center frequency

fdc = carrier peak deviation due to the particular subcarrier of interest

fds = subcarrier peak deviation

FROM
ANTENNA

TA

FIGURE B-4. ILLUSTRATION OF SBZOLS

Floraman, F,. F. and Taryp J Z Required Signal-T -I'apoise Ratios R.F.

Technical IJote 100, National Bureau of Standards
s Uglow



ps mentioned previously, there is j.nterdependency between r-f
ba w' 1th and signal-to-noise ratio. For an -.nalysis of this relationshiv,

S

a . Tf ~ in Equation �-1! of 256 or 48 db  the same accuracy as an eight
bit PCM system! was selected for svbcarrier channel 6. The following
equation parameters are determined by the subc ~rier channels: let Fud
fds = 128 cps, fs = 1700 cps, and fdc =

these values in Equation  l-l!, we get:
Substituting

The transmitter power is determined by both 10 ly Rc and 20 log
F . fn Figure 2-5 is e P1oi of 10 lo Bc, nnn 20 1og . Fl , s.nd, 10

 s3  ' s
log B, + 20 log ' 'I J, . It is importapt Q note that, at ~ i7, = 10 db,
the detection threshold. is reached and 4 N r s5ou not be reduced belowC

this point. The composite curve of lO log B + i 7, shows a minimum at
30 Kcs. In g'nerf. minimum power would be required by having a 30 Kcs
bandwidth with a . 3 ~ of 256 and. operation above the detection threshold.
For satisfactory operation, an input signal-to-noise rat o of 10 db or more

For PCM/Bi, the modulating signal is a give~ frequency for a "zero"
level and shifted in frequency for a "one" level, In PClI/FN, two detection
thresholds ex.st, Flil detection threshold and PC~I threshold. Optimum per-
formance is u.'ually obtained. by making the two t? F'esholds occur at the same
carrier signal strength. This occurs at a deviation ratio of D = 0.6.
Assuming a 3.9 Kcs modulating frequency, Brf = p  D! x fm, Brf = p�.6! x
3.9 Kcs � 16 Pcs. The total bandwidth needed at the receiver, Bc, is the
sum of Brf anc. B stability.

As cetermined before, B stability = + 3,4000 cps, so

Bc = ~ 3,4000 cps + l6,000 cps
Bc = 22,800 cps

is required; however, a signal-to-noise ratio of 15 db or more is recommended.
BAi'E< l ID TH
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'.ihis type of modula ion is z,".ore correctly called PCJ'I/J;!/R,i
since a coded frequency modulated subcarrier is used to frequency-modulate
the carrie! .

:n the I|'~/Fli system with the predetermined subcarrier channels,
a Brf = 30 Kcs seems near optimum so that now:

Bc = 30 Kcs + 3.4 Kcs =- 36.8 Kcs

With an r-f' bandwidth of 30 Kcs and subcarrier channels l-6, the fdc,
carrier peeler deviation due to the particular subcarrier of interest, can
be calculated. The basic criterion used. in this calculation is tha, equal
subcarricr amplitude-to-noise ratios in all the channels at the detection
threshold «ill be obtained. by setting the r-f carrier deviation propor-
tional to the 3/2 power of the subcarrier center frequency.

fdc = "conversion constant" x  fs!g~ and "conversion constant"
~fs /<a.

This calculation is shown in Table 3-4

TABLE B- 4

R-F CARRIER DEVIATION



TR-987

Du» to noise modulation of the transmitter, a minimum deviation of

the r-f carr ier is needed. Empirical result" indicate that a minimum of

3 Kcs per subcarrier of r-f deviation is required. For a practical 3/2
power taper, the deviation of the lower channels is raised to 3 Kcs and, the

r-f deviation of the higher frequencies is slightly reduced to make up for
the change. The revised carrier deviations are shown in Table B-5.

TABLE B-5

R-F CARRIER DPJIATZOIl - CORRECTED

F. CONCLUSION

A general comparison on the basis of input signal-to-noise ratio

required for sati tory reception shows that for both the FIi/M< and, PCM/Bi
S

system, an input 7f, = 10 db will 'be needed.. The minimum r-f bandwidth

is consideraoly greater for the FN/FM case, however.
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IV. P~J<,BGY CO.JSTOi tATIO:HS

Since the tactical A" S is battery power d, the overall en rgy
required �.o convey th sensor data is of importances The overall energy
conversion of the FCI:./F4 system and HI/2~i system will be compared on the
basis of <one complete data transm'ssion ~ The energy requirements are de-
termined by the "time on" for readout, DC to r-f conversion efficiency,
and the r -f power required for satisfactory reception of the data. There

are fi;e <~eteorological parameters to be measured; this means a readout
nf six sensors, inclu<iing a ccmpass for heading reference. ' If the trans-

mitter an<I receiver are crystal-controlled, then minimum tuning, if any,
vill be n< eded. Readout time depends on the use of parallel or serial
readout. In PCtI the six sensors would be read out serially; i.e., one
sensor da'.a will be transmitted and. then the next and so forth. However,
P<sI/Ftf is parallel readout; i.e., a11 sensor data is tr ansmitted at once.
Because o'. parallel readout, the Fih/FII could transmit all the required. data
in one burst in the time required to serially read one sensor. There is
also the <Iifference between sampled data  PCN! and continuous data  HI/HA!
in long t.me readout. In scm= cases t'ne continuous monitoring might be
morc ad."aritageous.

The DC to r-f conversion efficiency of the two systems are approx-
imately the same since both'are frequency modulation.

The modulatio to hni<lue as stated before affects r-f p wer in
S * sbternns of ? aodwidt?n acd 'V,. For E?</??? a Bc of 3P.  ?<cs acd a ?< 2, of

10 db is z<eeded. In PCM/24 a Bc of 22.8 Kcs and a 4 'if r, of 10 db is
needed.

SQ
r- power ~ Bc x 4 N J,

so r-f power  Hl/HI! ~ 36.8 x 10 x 3 2 = 117-5 x 10

r-f power  PCM! ~ 22.8 x 10 x 3.2 = 72,8 x 10

Zr.ergy is power x time

"-nervy  r ./Fi4! ~ readout time x Pr-f

1 x 117.5 x 10 0 271



The PCM system will use about fou times as much battery energy
however, is very dep. ndent on the readout time of

the readout time is equal to PC!i, then the PC,'i sys-

for a readout. This,

the FM/Fii s~ stem. If

tern uses less battery energy. It should al o be noted. that readout times
of perhaps:!0 seconds or more are desirable for direction finding purposes.

V. ADDITIOilAL CO'lSIDEBATIONS

It might be appropriate at this t''me to consider practical
limitations. First, the tactica' A'AS by its very nature is air-droppable
and will unc.ergo large shock stress upon opening of ti e descent. device
and ~ster entry. Any "moving part" components in the system will be ex-
tremely vulnerable to this shock. Devices such as stepping switches,
relays, or i~cuum tubes used in the system might result in failure. In
the PCM system, a commutator is required to. sequ ntially sample the dif-
ferent sensors. A solid state type of commutator such as a MOS-FKT
commutator .hould be used.

Arother factor involved. is a cost factor or cost effectiveness,

The subcarrier oscil3.ators, composite amplifier, voltage regulator, etc.,
for use in the Ri/r~i system are standardized equipment which reduces cost.
The PCM system involves additional logic and. operations for data readout
which would involve a higher cost of development.

A third consideration is such effects as crosstalk and doppler
shift. When more than one subcarrier channel is multiplexed into a single

then the effect of this nonlinearity is to generate other frequencies
which are combinations of the subcarrier channels. In the case of six
subcarriers, near linear operation is expected; ho~ever, testing of .the
system will be needed. for exact determination and reduction of crosstalk
to an acceptable level.

Nichols, M- H. and Rauch, L. L., Radio Telemet  New York l956!

data link channel, another type of distortion or noise may be generated.
This crosstalk noise might occur in the FldjZ  system. If the data link
is operated l'nearly, crosstalk will not occur . If the link is nonlinear,



Mien an emitting source is moving relat ve to an observer, the
frequency observed. is different for the emitting so~ «ce. The magnitude and
and. direction of this change, dcppl-.:r effect, depends on the relative
velocity between the source and observer. In the case of the tgo consid-
ered modulation systems, doppler shift due to the velocity of the inter-
rogating aircraft does not affect the accur cy but will require AFC or a
slightly wider bandwidth. For an aircraft with a velocity of 400 knots
toward the buoy and a carrier frequency of l70 ties, the doppler shift is
only 120 cp... For this system, doppler shift is not seen as a problem.

One remaining problem area is worthy of mention. In an Hif/F?I
system, the sensor outputs generally modulate the subcarrier oscillator
during the t ime that the transmitter 's on. Care must be exercised. during
the design to eliminate any induced RFI by shielding and. low pass filtering.
Another way to eliminate this problem is to record on tape the composite
waveform of all the subcarriers and play it back into the transmitter.
This method also allows storage of data, which would give a time history
of the weather on each interrogation. This would reduce the number of
interrocations required. Ho~ever, the added cost of this technique may
not be warranted.

VI. C MPATIBII!ITY ÃI

Th final and most important consideration is the compatibility
of the modul~tion system with the equipment in the aircraft. In more
specific ter~s, the Radio Receiver AN/ARR-$2 V! will be investigated for
compatibility. The approach for this investigation will be to consider
the characteristics of the receiver, and then consider a narrow r-f band-
width with toe receiver i-f bandwidth. Last, a matched wide r-f bandwidth
and receiver i-f bandwidth will be reviewed.

Th Radio Receiving Set AN/ARR-$2 V! is basically a wide band
FN receiver «ith crystal controlled-preset channels. The basic charac-
teristics of the receiver are presented in Table 3-6.
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TABLE 3-6

RECE1VEH CHARACTER ISTICS

The audio output of the receiver can then be recorded by the
AK/A.-1 tape recorder system.

By using a receiver with a 200 Kcs i-f bandwidth, approximately
8 db more transmitte  ~over is needed over s 30 Kc, system to maintain the
same receiver input . iV 2, ~ This 8 db increase is due to the increase
of available thermal noise power in the wider bandwidth of the i-f ampli-
fier.

Coasiderations might now be turned toward how the receiver output
S

ly s is af fected b~ the ratio of i-f' 'bandwidth to r-fbandw'Mth. As
fffven previo:<sly, i. 1f s f' or an yN/W system can be estimated by:

 l!, = l!.  h~[l:.]'l."*";
I SbThe first case of comparison of < 7f 7~ is a system with a transmitted r-f

bandwidth of 30 Kcs and. a receiver i-f bandwidth of 200 Kcs compared against,
a system where B« = B,, = 30 Kcs.

CASE I

System A: B�~ = 30 Kcs, Bc =' 30 Kcs

System B; B�~ = 30 Kcs, Bc = 200 Kcs
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Since the R7 banda idth is the same in both systems, the
same modulation parameters will bc assumed. So that:

Fud�= Fud

fds�= fdss

fsi = fsa

fdca fdcs
~ 4

N Jc L30 KcsJ
l

. 7!c L 200 KcsJ
 'Sh

receiver output 4 7f J< equal for both syst ms, the
8be solved in terms of the required, carrier

. N~!then:

 . 'I !dg
How by setting the

above equation cari

S

2.58 tiges the carrier N voltage ratio
output N voltage ratio. This is equal

This means that System A required
of System B for the same receiver

S
to 20 log 2.58 or 8.2 db higher 7 ratio reouired for System A. But System

also has 8,2 db less available noiseA, having a narrow i-f bandwidth,

power, The net result is that 'both systems will have approximately the

CASK II

System A - B�~ = 30 Kcs, B>z = 30 Kcs

System C - B�, = 200 Kcs . B,, = 200 Kcs
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same accuracy f' or the same transmitter power. The shortcoming of System B
is that it reaches the detector threshold at a shorter range  equivalent
to 8.2 db less allowable transmission loss! than System A.

The second comparison of 4 2 r'< is with a system with B~~
B! ~ = 200 Kcs against a system with B�, = B, ~ = 3O Kc s .



In this comparison both systems ~ill be assumed to have the same
subcarricr channels so that now.'

Fud�

fds dsc

fs

f dec

or fdc,

then:

xIBcj x 1
  Si f' S

N Je for Nyet.ec A 4 N !c
sQ
N jq for System C 4 N Jc<

 N!g =i.'!c.
x ' Bcj x 6s67

Also assume that

-1'

30 KcsJ x 1

200 Kcsf x 6.67

for 200 Kcs = .058 i N J, for 30 Kcs

for 30 Kcs = 17.2 4 N2~ for 200 Kcs

for 30 Kcs s stem
17e2

for 200 Kcs system

20 log 17.2 = 24.7 db

It has been shown that the matched wide band, System {C! had 24.7
db N improvement over the matched narrow band System {A!. The shortcoming
once again '.s that System C will have a shorter range {8.2 db less allowable
transmission loss! due to the detector threshold. affect. Also, for the same
transmitter power, System C has in reality only 16.5 db improvement sirce
8.2 db more noise is present.
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6,67 fdc,






