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CHAPTER I 

INTRODUCTION 

Many oil producing companies have turned to computer 

controlled crude oil production to increase efficiency, to 

lower costs, to provide quicker notification of system 

failures, and to monitor production more closely. A vital 

part of a controlled oil field is the communication system 

which passes data and instructions between the end devices 

in the field and the computer. This paper discusses oilfield 

telemetry, the communicating of data between the computer 

and the various end devices. 

A typical oilfield control system, shown in Figure 1, 

consists of many end devices connected to a lesser number of 

remote terminal units (RTU's) which in turn are linked to 

one central computer. The first of two telemetry systems 

present in this situation are low capacity systems which 

connect the end devices to the RTU's. The data transmission 

paths often consist of buried multipair cables carrying only 

a few signals such as those originating from a single well 

or tank battery. The data links connecting the RTU's and 

the computer have a much higher data carrying capacity since 

they must pass all the data gathered from many end devices. 

They are correspondingly more complex and expensive. 



The first part of this paper is a presentation of 

various topics in communication theory, principally modula

tion and multiplexing. The next portion of the paper con

tains descriptions of the following communication methods: 

1. Telephone company facilities 

2. Wire lines 

3. Power line carrier data transmission 

4. High frequency radio 

5. Microwave or line of sight radio 

A comparison of these methods and possible future develop

ments conclude the paper. Short discussions of several 

terms commonly found in communication literature are given 

in the Appendix. 

The engineer in charge of communications needs a 

great deal of information on which to base communication 

equipment decisions. An initial overview of data communica

tions can be obtained from tjie articles by James, Hersch, 

and Baca. Another fundamental reference is the November, 

1972, issue of the Proceedings of the Institute of Electrical 

and Electronics Engineers (IEEE) which is completely devoted 

to computer communications. For deeper inquiry into commun

ications the books by Gruenberg, Hamsher, and Martin are good 

texts. Dumas and Sands and [16] discuss various types of 

microwave systems and their components while a series of 

Bell System Technical references describe telephone company 

facilities. Chapters 11, 14, and 15 of Hamsher provide 

information and additional references on wire line, power 



line, and high frequency radio communication systems. Papers 

of fundamental importance appear in the Bell System Technical 

Journal, the IEEE Transactions on Communications (formerly 

the IEEE Transactions on Communication Technology), and 

Electrical Communication. The National Telecommunications 

Conference Record (formerly the National Telemetering 

Conference Record), the Journal of Petroleum Technology, and 

the IEEE International Conference on Communications Record 

offer many papers dealing with current systems. On the 

practical side, an engineer must know what equipment is 

available and must be able to contact the manufacturers. 

Trade journals such as Telecommunications, Microwave Journal, 

Control Engineering, Electronic Products, Electronics, and 

Electronic Design can supply this information as well as up 

to date applications articles. The bibliography provides 

additional references in most areas of communication. 



CHAPTER II 

SIGNAL CONDITIONING FOR TRANSMISSION 

Before data from a transducer can be transmitted to 

a distant point, the data must be conditioned to make it com

patible with the transmission system. Two of the most impor

tant conditioning processes are modulation and multiplexing. 

In modulation the data signal changes another signal 

which can be transmitted over long distances. The signal to 

be modulated may be a continuous ac signal at a specific 

frequency or a series of pulses which can be altered in some 

way. 

Since there are many variables in an operating oilfield, 

it is not possible nor desirable to monitor all of them 

continuously. Some variables change so slowly in normal 

operation that a measurement every five to ten minutes is 

sufficient while others must be checked more often, e.g., 

tank overflow, pipeline pressure, and bearing temperature. 

Since only a few data channels exist between the RTU and 

central computer, a process must be devised to allow trans

mission of many variables on a limited number of channels. 

This process is called multiplexing. 



Modulation 

A complete communication channel between an RTU and 

the computer facility consists of a communication link such 

as a leased telephone circuit or microwave radio channel 

terminated at each end with an electronic device called a 

MODEM (Figure 2). MODEM is an acronym for the process of 

Modulation which occurs at one end of the channel and DEMod-

ulation which occurs at the other. Depending on the system, 

the multiplexing and demultiplexing functions may also be 

performed in the MODEM. MODEMS, provided by telephone com

panies and many private suppliers, utilize different modula

tion and multiplexing techniques depending on the desired 

data transfer rate and the type of communication link 

available. 

Only continuous modulation systems such as amplitude 

modulation (AM), frequency modulation (FM) and phase modula

tion (PM) are capable of transmitting a time continuous 

signal completely. Within bandwidth, power, and noise limits, 

these systems will transmit all variations in amplitude, 

frequency, and phase that a signal contains and makes them 

continuously available at the output. Common examples are 

commercial AM and FM broadcasting and some types of telephone 

speech transmission. For several reasons it is often desir

able to transmit samples of a continuous signal instead of 

the complete signal. The process of transmitting the sample, 

typically a narrow pulse of varying amplitude, is called 



pulse modulation. As with continuous methods, there are 

several types of pulse modulation. The pulses appear on 

the communication channel as abrupt changes in amplitude, 

frequency, or phase of continuously transmitted carrier 

frequencies. 

Amplitude Modulation 

Amplitude modulation (AM) can be expressed by the 

following equation 

s(t) = A (1 + m(t)) cos a)̂ t (1) 

where 

t = time 

s(t) = amplitude modulation carrier 

= carrier frequency, in radians ((ô  = 2Trfj,) 

m(t) = information signal 

A = amplitude of carrier. 

The carrier frequency, w , remains constant since it is not 

a function of m(t). In the absence of an information signal 

the amplitude of s(t) is A, but when m(t) is nonzero, the 

amplitude of s(t) changes as in Figure 3c. Commercial 

broadcasting in the frequency range 550 to 1650 kHz uses 

AM. AM is particularly vulnerable to noise since it is 

relatively easy for lightning and other electrical noise to 

change the signal's amplitude. 

In communications, many signals are both continuous 

and periodic so that they are expressible as a sum of sine 



and cosine functions. Thus if m(t) = m sinwt, then s(t) 

becomes 

s ( t ) = A ( l + m sinwjj j t ) cosajj . t 

which can be expanded using trigonometric identities to 

yield 

s(t) = A sino) t + l/2mA cos(a) -a)_)t + l/2mA cos (o) +a) )t. (2) 

The Eq. (2) shows that amplitude modulation by a single 

frequency, o) , produces a signal with three frequency com

ponents: 0) , the carrier; o) + w , the upper sideband 

frequency; and ŵ , - ui^, the lower sideband. A band of 

frequencies of width 2a) is created by the amplitude modula

tion of a single frequency, oj . Thus the bandwidth of an 

AM system modulated by m(t) , a signal of bandwidth o) , is 

given by 

Bandwidth = 2a)ĵ  (in radians) (3) 

where 

= 2f^ (in Hz) 

0) = the highest frequency in m(t) 
m 

Most practical AM systems take advantage of the fact 

that modulation produces two sidebands containing the Intel 

ligence to be transmitted. A study of the power relations 

between the sidebands and carrier yields 

p - A^ . (Am)2 ^ (Am)^ 
1 " 2 8 8 
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P is the average power in the AM signal assuming s(t) from 

Eq. (2) is a voltage function being dropped across a Ifi 

resister. The first term, A^/2, is the power content of the 

carrier while the second and third terms are the power 

content of the sidebands. The modulation index, m, is sel

dom greater than one, but even at this value each sideband 

receives only 16.7% of the total transmitted power. In this 

case two thirds of the transmitter power is concentrated in 

the carrier, and at smaller values of m, the carrier gets 

even more of the total power. 

Among the modulation systems which do not transmit 

the carrier frequency are double sideband suppressed carrier 

(DSBSC) and single sideband (SSB). Elimination of the car

rier frequency can be accomplished by a device called a bal

anced modulator; the modulator operates so that the carrier 

frequency signal components are 180° out of phase at the 

output and cancel each other. With the carrier suppressed 

and two sidebands remaining, a DSBSC signal is produced. 

If bandwidth needs to be conserved one of the sidebands may 

be eliminated by filters yielding a SSB signal. 

The great advantage of SSB and DSBSC transmission is 

that most of the power is used to transmit the intelligence 

instead of the carrier. In addition SSB conserves bandwidth 

allowing more signals to utilize a given communication link. 

In order to recover the intelligence, a carrier signal, 

identical to the transmitter carrier in phase and frequency, 



must be available at the receiver. The complexity and cost 

of the circuits required for such precise generation of a 

carrier are the price to be paid for these benefits. 

Frequency Modulation 

Frequency modulation (FM) and phase modulation (PM) 

are similiar because they change the angle of the cosine 

term in Eq. (1) instead of the amplitude. FM and PM, collec

tively known as angle modulation, are almost identical 

mathematically and both are more complex than AM. Frequency 

modulation for a general input signal, m(t), is expressed by 

s(t) = A cos (oĵ t + Kĵ  m(T)dx) (4) 

where 

c 

m(T) 

^0) 

A = amplitude of carrier 

CO- = carrier frequency 

= input signal, such that f <<f 
m 

= constant depending of the specific circuit used 

The maximum value of K,,,m(t) is called the frequency devia-
•0) 

tion, Au) or 

Ao) = |K^m(t)|^ 
ax 

Ao), also called peak deviation, is a function of equipment 

design. The modulation index, <J> , for FM is defined by 
m 

J _C0 max 
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For a sinusoidal signal, m(t) = m coso) t, w <a)^, it can be 
o m m c» 

shown that the maximum frequency deviation is 

Ao) = K^m^. 

The frequency deviation is dependent on the input signal's 

magnitude but not its frequency. It should be noted that 

A - ^^A,i^4.A^ ' J freq. deviation ĉô ô Ao) Af 
<P- = modulation index = -j^——: T = = —^ = -r— 
™ modulating freq. co o) f 

" ^ m m m 

where the w notation is in radians/second and the f notation 

is in Hz. 

Instead of the finite frequency band created by AM, 

FM generates an infinitely wide bandwidth with sidebands 

spaced o)^ radians apart rnd decreasing in amplitude with 

displacement from the carrier frequency, oj . It is wasteful 

to attempt transmission of many FM sidebands; therefore, a 

standard must be given which defines a significant sideband. 

One standard might be to transmit only those sidebands 

whose amplitudes are greater than 10% of the amplitude of 

the unmodulated carrier. This is equivalent to transmitting 

all sidebands whose energy content is at least 1% of the 

unmodulated carrier energy. Rules of thumb for calculating 

the bandwidth and the number of sidebands (N) have evolved 

from various approximations for an FM signal. 
1. <|> < .5, BW = 2f (same as AM) 

m ' m 

This is called narrow band FM. 



"^m 
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2» *m ^ •'• ̂ ^^ significant sideband energy >_ 1% then 

BW = Nf^, N = closest integer to 2(<\>^ + 1) 

3 . <j>jĵ  > 5 and significant sideband energy > .1% 

of the unmodulated carrier energy then 

BW = Nf , N = closest integer to 2(d) + 1) 
m ^ ̂ m 

The bandwidth for the last two cases is often written in the 

form 

BW = 2(Af + f ^ ) . 

Frequency Shift Keying 

A type of frequency modulation common in data trans

mission applications is frequency shift keying (FSK). Each 

FSK channel has a frequency which corresponds to a binary 

"1", a frequency which corresponds to a binary "0", and a 

center frequency which is halfway between the first two. 

Typically the "1" and "0" frequencies are spaced 50 to 85 Hz 

apart, and 12 to 16 FSK channels are transmitted over one 

4 kHz voice channel. The center frequency may or may not be 

transmitted depending of the particular type of equipment. 

Each individual channel transmits data at 60 to 100 bits/sec 

giving a voice channel a capability to transmit 1600 to 1800 

bits/sec. Binary FSK; illustrated in Figure 4, is not 

particularly efficient in its use of bandwidth, but it can 

be implemented with fairly simple and inexpensive equipment. 

FSK is not as susceptible to channel impairments such as non

linear distortion, phase shift, and delay distortion as AM 

methods. 
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Phase Modulation 

Phase modulation.is similiar to frequency modulation 

and is defined by 

s(t) = A cos[a3^t + K^m(t)] (5) 

where 

A = amplitude of carrier 

0) = carrier frequency, in radians 
c 

Kjjj = constant depending on the circuit, and 

m(t) = information signal. 

The modulation index, (j) , is defined as 
m 

(t. = |K^m(t) 
max 

and is the maximum deviation of the phase angle from o) t 

This is contrasted with FM where Aoj = |K^m™(t)|^ax ^^ ^^^ 

maximum change of frequency from o) . Again assuming a 

sinusoidal input of the form 

m(t) = K^m cosw^t, o) <a) ^ ^ 9 o m ' m c 

s(t) takes the form 

s(t) = A cos[a) t + (J) COSO) t]. 
^^ ill ^« 

For a sinusoidal input signal the modulation index is 

d) = K^m^ .X (6) 
^m <P o 

Practical bandwidth considerations are the only major 

difference in PM and FM as shown by the following examples. 
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Use the 1% power content to determine significant sidebands 

and let f = 50 Hz and 1 kHz. For FM let Af = 80 kHz. 

For f = 50 Hz, 
m 

<l> 
m 
= M = M_Mz ^ ĝoo_ 

m 
50 Hz 

Thus (t)>>l so that BW - 2Af = 2(80kHz) = 160 kHz and 

N = 2(<)jQ + 1) = 2(1600 + 1) =. 3200. 

For f = 1 kHz, 
m ' 

^ = Af 
°» f m 

80 kHz = 80 
1 kHz 

and 

N = 2(<() + 1) ^ ̂ m = 2(80 + 1) = 162 

so that BW = 2(Af + f ) = 162 kHz. Thus bandwidth required 
m 

for FM is essentially independent of the modulation frequency 

for large d) . At 50 Hz, 3200 sidebands are transmitted but 

they are spaced closer together. 

If these frequencies are transmitted via a PM system 

a different situation arises. From Eq. (6) 

and 

d) = K ,m^ ^m 9 0 

Af = *n,f„ = K^m^f^ m m 9 o m 

so that frequency deviation is proportional to signal fre

quency and amplitude. Choose a system designed such that 

Af = 80 kHz and apply a 1 kHz signal. Then 
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M = 80 kHz ^ 3 
^m f^ 1 kHz 

m 

The number of significant sidebands, N, is 2 ((j)jjj + 1) so that 

N = 162. Thus for f^ = 1 ^Hz, BW = Nf^^ = 162(1 kHz) = 162 kHz 

For a 50 Hz signal of the same amplitude (TIIQ) , <|) must remain 

constant. The bandwidth is now given by 

BW = Nf„ = 162(50 Hz) = 8100 Hz. m ^ 

Thus the number of sidebands is constant in PM, but the band

width varies with the frequency of the modulating signal. 

From these calculations the following conclusions 

about angle modulation can be reached: 

1. For large (^^, FM bandwidth is independent of the band

width of the modulating signal. All frequencies "fill 

up" the available bandwidth with sidebands; more of 

these sidebands are significant for lower frequencies. 

For this reason FM is used for commercial broadcasting 

in the 94 to 108 MHz band. Music sounds better due to 

the increased bandwidth. 

2. Bandwidth in PM systems is proportional to signal fre

quency so that the^ same number of sidebands are trans

mitted for any frequency. This is a distinct advantage 

when data is to be transmitted. A great deal of data 

is transmitted at speeds below 300 bits/sec which 

requires bandwidths in the range of 150 to 200 Hz. 
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Differential Phase Shift Keying 

A form of phase modulation used in data transmission 

is differential phase shift keying (DPSK). DPSK systems 

transmit only particular phases just as FSK systems transmit 

only particular frequencies. Although binary phase shift 

keying could be used, the most common form uses four phases 

spaced 90° apart. Since four signal levels (phases) exist, 

transmission of one of the four binary numbers 00, 01, 10, 

or 11 is possible. In systems where only two possible signals 

exist the binary numbers 0 or 1 may be transmitted by a sig

nal symbol. Differential implies that the phase difference 

between the present signal and the previous one is used to 

calculate the transmitted data value. A particular case is 

shown in Figure 5. rf the value 01 is to be transmitted, 

the phase of the output signal will change 315** from its 

previous value. A continuous series of 225° phase shifts 

represents a series of zeroes. 

Pulse Modulation 

Today many telemetry and communication systems use 

pulse modulation techniques because they have greater noise 

immunity and are compatible with time division multiplexing; 

this type of multiplexing allows an almost unlimited number 

of signals to be transmitted over the same channel. Pulse 

modulation occurs when a signal is periodically sampled and 

the samples are used to modulate a series of pulses. At the 

receiver, the modulated pulses are demodulated, and the 
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original signal is recovered. In order to reconstruct a 

signal from a series of samples, the sampling rate must have 

2 
been at least twice the highest signal frequency. 

The simplest pulse modulation technique, pulse ampli

tude modulation (PAM), is shown in Figure 6c. Generation of 

PAM requires a mechanical or electronic commutator to period

ically connect each data source to the transmission system 

for a short time, thus generating pulses whose amplitudes 

are proportional to the data values at the sampling times. 

PAM is quite susceptible to noise since a pulse can be 

created, destroyed, or altered by lightning, motor discharge, 

or switching noise. 

A second technique called pulse position modulation 

(PPM) utilizes a series of pairs of pulses. The first pulse 

in each pair is transmitted at regular intervals and serves 

as a reference. The second pulse in each pair is displaced 

in time such that thfe displacement is proportional to 

the data value (Figure 6d). PPM is particularly sensitive 

to timing errors since the time between two pulses is actu

ally the desired information. 

A third method which makes pulse duration proportional 

to the data value is known as pulse duration modulation (PDM) 

or pulse width modulation (Figure 6e). PPM can be obtained 

by differentiating the pulses in PDM. PDM equipment must 

be able to handle the widest pulses and hence must be more 

powerful than equipment for other types of pulse modulation. 
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Since the shape, not the position or amplitude, determines 

the data value, PDM transmission can be improved by use of 

wider bandwidth. 

Pulse Code Modulation 

Although the three modulation techniques just dis-

cussed are pulse systems, they are still analog in nature 

and as such are still vulnerable to noise. A fourth pulse 

method called pulse code modulation (PCM) is used widely in 

communications, and offers several advantages over other 

pulse systems. In PCM a continuous signal is sampled 

periodically, as with the other pulse systems, and then the 

sample is encoded into a n-bit binary number. An n-bit 

binary number is capable of representing 2^ different values 

ranging from 0 to 2^-1. The binary number is transmitted 

as a series of pulses of uniform amplitude, duration, and 

frequency. In many binary transmission systems, the binary 

one is transmitted as a pulse while the binary zero is trans

mitted as the absence of a pulse. This means the receiver 

must make a decision only as to the presence or absence of 

a pulse, not the pulse's amplitude, duration or timing rela

tive to another pulse. Figure 7 shows a sample of a contin

uous signal (value = 5).and its binary representation (0101). 

Quantitizing error occurs if the signal cannot be 

exactly represented by one of the 2 levels. Consider the 

four level (n = 2) system with modulating signal m(t) and 

sampling period T seconds as shown in Figure 8. Each time 
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a sample is taken (t-ĵ , t2, . . . ) , the modulator output must 

be one of the four values 1, 2, 3, or 4. At t. and tg, 

m(t) is equal to one of the quantitizing levels (2 in this 

case), however at all other sampling instants, m(t) is not 

equal to any of the quantitizing levels. In these cases 

the transmitted signal is an approximation of m(t). Other 

types of modulation produce an exact reproduction of the 

modulating signal at the receiver if error free transmission 

occurs. With PCM the received signal is an approximation 

even with perfect transmission. If m(t) is bounded by the 

quantitizing levels as it is from t-. to t^ in Figure 8, the 

maximum error is not more than one half the difference 

between adjacent quantitizing levels. Quantitizing error 

is not limited if m(t) exceeds the maximum value that the 

code can represent (t^ and ty in Figure 8). 

Although quantitization gives PCM an error not found 

in other modulation systems, PCM has much greater resistance 

to noise, the greatest source of communication errors. 

Assuming the noise to be "white" allows calculation of the 

probability of an error based on the signal to noise ratio 

for a binary system. White noise has components at all 

frequencies; a common example is the thermal noise present 

in all electronic components. These calculations, based on 

probability theory, are shown in Table I. For a S/N ratio 

of approximately 20 dB, transmission of data becomes almost 

error free and for a S/N ratio of 23 dB, it is essentially 
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error free except for quantitization error. A SSB-AM 

transmission system requires roughly a 60 dB S/N ratio to 

attain this error rate. 

The reason for this noise resistance at such low S/N 

levels is that PCM, like FM, can trade noise immunity for 

bandwidth. The bandwidth of a PCM system transmitting a 

signal of maximum frequency, f , is 

BW = nf^ (7) 
o \ 

where 

f = highest frequency in the data signal and 

n = number of code levels. 
If f = 100 Hz and a seven level code is used, the bandwidth o 

required is 700 Hz which is much greater than the 100 Hz 

required by a SSB-AM system. If the data signal is large 

compared to an individual quantitizing level, then the max

imum quantitizing error is one half of a quantitization step. 

The rms value of this error, e, is 

_ 1 li 
^ " ^ /3 

where 

h = magnitude of one quantitizing level. 

The maximum signal, s, which can be represented by an n-level 

system in the number base, b, is 

s = h • b". 
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The signal to noise ratio, R, between the maximum peak to 

peak signal and the rms noise signal is 

R = s/e = iLl^ = 2 /3 b^. 
h 

2 /J 

Considering the data and error signals to be voltages devel

oped across identical resistances, the S/N ratio in dB becomes 

b 20 log^QR = 20 log^Q (2/3 b'̂ ) = 20 log^^^ (2/3) + n 20 logj^Q 

= 10.8 + n 20 log b. 
10 

For a binary system b = 2 and R becomes 

R^„ = 10.8 + 6n. 
dB 

Thus the S/N ratio of a PCM signal varies linearly with n, 

the number of bits used to encode each sample. A greater 

S/N ratio and hence greater noise immunity is possible if n 

is increased; however, n relates the system bandwidth to the 

data bandwidth by Eq. (7). Noise immunity must be paid for 

in bandwidth. It is possible to conserve bandwidth by using 

higher base systems, but compensation must be provided by 

increasing signal power. In FM the S/N ratio is related to 

bandwidth by the modulation index, (j), which determines the 

number of significant sidebands and the bandwidth. The S/N 

ratio for FM depends on the logrithm of 4> while the S/N ratio 

3 
in PCM depends linearly on n. 
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An advantage of PCM which is not shared with any other 

modulation scheme is the ability to use regenerative repeat

ers. Repeaters are electronic amplifiers located at inter

vals along the transmission path which boost the signal 

level. A regenerative repeater receives a series of pulses 

corrupted with noise and distortion and transmits a series 

of clean, sharp, well-defined pulses with a S/N ratio equiv

alent to that of the original transmission. The only re

quirement is that the incoming S/N ratio be great enough to 

enable the receiver to determine the presence or absence of 

each pulse. No characteristic of the pulse, i.e., width, 

exact amplitude or position relative to another pulse, other 

than its existence during a certain time period need be 

determined. One of the problems in implementing PCM is 

achieving the precise timing necessary so that the receiver 

looks for a pulse during the correct time interval. Timing 

errors are the limiting factor on the number of repeaters in 

a PCM system. 

An advantage PCM shares with other pulse modulation 

systems is the adaptibility to a type of multiplexing called 

time division multiplexing (TDM). TDM involves the use of 

electronic commutators to interleave samples of several 

signals into a series of pulses. The different signals are 

separated from one another in time. TDM will be explained 

more fully later. 
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It should not be inferred from the previous discus

sions that if a system uses a particular type of modulation, 

it uses only that type. Indeed, many real systems are mix

tures of modulation schemes. A certain system might be 

designated FM-PCM-FSK which implies that several FM channels 

are multiplexed into a channel which is pulse code modulated. 

The resultant pulses are actually impressed onto the trans

mission medium by FSK. 

Multiplexing 

Two basic methods exist for multiplexing, the process 

of allowing several signals to be transmitted over one com

munication line. Frequency division multiplexing allows each 

signal to utilize a different portion of the frequency spec

trum simultaneously. Time division multiplexing separates 

the signals in time by periodically giving each signal sole 

access to the transmission system. 

Frequency Division Multiplexing 

Data transmission by frequency division multiplexing 

(FDM) is commonly accomplished by dividing one 4 kHz voice 

channel into a number of narrow bandwidth sub-channels as 

in Figure 9a. Typical modems provide twelve 110 baud channels 

which may be combined to give two 600 baud channels, four 

300 baud channels, or any other desired combination. One 

voice channel used with FDM has a maximum data transfer rate 
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of about 2000 bits/sec. FDM loses some efficiency because 

of the bandwidth that is assigned guard band duty. 

The signals v-, v^, ..., v in Figure 9b are connected o 1' 2 n ° 

to the inputs of modulators. Each modulator has a narrow 

band output and is assigned a different frequency slot in 

the available channel. If binary FSK is used, the one and 

zero frequencies appear as in Figure 9a. The sum of the 

modulator outputs, formed by the linear adder, modulates 

the carrier. At the receiver bandpass filters separate the 

channels, and individual signals are demodulated yielding 

V- , V , . . . , V . 
1 Z n 

FDM allows individual sub-channels to be dropped or 

added easily at intermediate points in the communication 

system. This is quite valuable if signals to be multiplexed 

come from diverse physical locations or data is required 

at several locations. If speeds no higher than 1800 to 2000 

bits/sec are needed, FDM is usually the most economical 

choice. Higher speeds necessitate comparison with other 

multiplexing techniques to determine the best system. 

Time Division Multiplexing 

The second multiplexing method, time division multi-

plexing (TDM), shown in Figure 10, is used with sampled 

signals. Each sampled signal v^ through v^ is made available 

to the input of the commutator. The commutator connects the 

sample of v, to the transmission line for a short time, and 

then successively connects V2, v , and v^. The samples are 
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displaced in time from one another as shown by the frame or 

group of pulses on the transmission line. At the receiver 

a second commutator sorts out the signals by sequentially 

connecting the incoming pulses to signal lines v^ through v.. 

TDM works equally well with all types of pulse mod

ulation. The samples of v^ through v, can be made available 

simultaneously at the output by suitable delays incorporated 

into the receiver. The transmitted signal has additional 

pulses which provide synchronization, framing, and start and 

stop instructions. 

TDM is somewhat more expensive than FDM and is normally 

used where data rates are higher than 2000 bits/sec; rates 

up to 9600 bits/sec are attainable on certain improved chan

nels if nonbinary modulation techniques are used. Since a 

frame may have as many separate data signals as desired, no 

limit exists to the number of data signals which may be mul

tiplexed. Unlike FDM the individual signals are not readily 

available in a TDM system and monitoring just one signal 

requires a fairly complete set of demultiplexing equipment. 

TDM is very sensitive to timing and synchronization problems. 

Two multiplexing techniques applicable to TDM are 

sub-commutation and super-commutation (Figure 11). Super-

commutation occurs whenever a particular variable such as a 

critical alarm is sampled more than once on each multiplexing 

cycle (v, in Figure 11). Sub-commutation occurs when one of 

the input lines to the main multiplexer is the output of a 
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secondary multiplexer. It takes n passes by the primary 

multiplexer before all the variables in Figure 11 are trans 

mitted. Sub-commutation is valuable if a large number of 

slowly changing variables are present. 

In summary, FDM is somewhat simpler to implement and 

exhibits more flexibility in dropping and adding individual 

signals. It is generally the preferred method if bit rates 

do not exceed 2000 bits/sec. TDM is more expensive, some

what less flexible, but has a much higher data capacity 

than FDM. To obtain very high data rates, TDM must be used 

on channels with good S/N ratios, low distortion, and flat 

frequency response. 

Errors 

On any data transmission system, errors occur which 

cause bits to be received incorrectly. Facsimile, voice 

and written text can survive some errors because of the 

inherent redundancy in the data itself, however, purely 

numerical data has no redundancy and cannot survive trans

mission errors intact. An exception is rapidly updated 

data such as an aircraft position; an error in'one report 

could be checked against the pattern of the other position 

reports. 

Errors are caused by white or Gaussian noise, power 

fluctuations causing improper equipment operation, poorly 

adjusted or tuned equipment, and impulse noise. Signals 
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transmitted by microwave radio are subject to fade and 

increased noise because of atmospheric effects. A channel 

may introduce errors if it has excessive nonlinear distortion, 

envelope delay distortion, or phase jitter. Envelope delay 

distortion arises when frequencies are not transmitted at 

exactly the same speed. Generally, a noise impulse capable 

of destroying one or more pulses is the most common cause 

of errors. Impulse noise is often caused by lightning and 

central office or power line switching. 

White noise is easily treated mathematically and is 

the basis for many estimates of channel performance. These 

estimates which give the random error rate for a particular 

S/N ratio are generally invalidated by the variety of other 

noise sources on a channel. The most important characteristic 

of noise induced errors is that they usually appear in bursts 

instead of at random intervals. The bursts are of varying 

length and density; in some cases a lightning strike may 

obliterate the signal for several bits while in other cases 

errors may occur in many bits distributed over a longer 

interval. It is possible to reduce errors due to white noise 

by increasing signal power to give a larger S/N ratio and 

by using noise resistant modulation schemes like PCM. Guard

ing against burst errors requires new techniques since burst 

errors occur regardless of the S/N ratio, type of channel, 

or modulation technique. Two methods are in use today. 
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Automatic Request Repeat 

First is automatic request repeat (ARQ), a method 

in which a block of data is repeated if the block is not 

received correctly. Data is grouped into blocks of several 

hundred bits and additional parity bits are added to provide 

error detection. The parity bit is an extra bit added to 

a coded message to ensure that the number of binary ones in 

the message is even (even parity) or odd (odd parity) . 

Consider an example. 

Example: 

The following blocks of data are to be sent 

Message Parity Bit 

(a) 01 10 00 01 Pa 

(b) 11 01 11 01 P|, 

(c) 10 11 01 10 P̂ , 

For even parity the number of ones in each block must be an 

even number. Thus P^ = 1, P^ = 0, and P^ = 1. Parity checks 

can be constructed in a vertical as well as horizontal manner 

resulting in the data pattern below. 

(a) 

(b) 

(c) 

(d) 

01 

11 

10 

P P 

10 

01 

11 

P^PA 

00 

11 

01 

^5^6 

01 

01 

10 

^7^8 

^a 

^ 

P 
c 

^9 
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Calculation of the parity bits of line (d) yieldi 

(a) 

(b) 

(c) 

(d) 

01 

11 

10 

00 

10 

01 

11 

00 

00 

11 

01 

10 

01 

01 

10 

10 

1 

0 

1 

0 

The receiver observes the input data, calculates what the 

parity bit should be, and if the calculated parity bit is 

different from the received parity bit, an error occurred. 

Single-parity checks are one of the simplest ways to detect 

transmission errors, but they can be defeated by a double 

bit error. Another method of detecting some transmission 

errors is to encode the data using an m of n code (n>m). 

Each character (0, 1, 2, @, #, a, p, etc.) is coded into a 

block n bits long; each block has exactly m ones and n-m 

zeroes in it. If a character is received with any number of 

ones other than m, the character is invalid and retransmission 

is requested. 

Regardless of how the decision is reached,, an ARQ 

system will request a repeated transmission if a block is 

found to contain erroneous data. Stop-and-go ARQ works by 

storing each block of data at the sending terminal after 

transmission and waiting for the receiver to send its accept

ance or rejection of the block. Acceptance causes a new 

block of data to be sent while rejection initiates retrans-

mittal of the stored block. This form is quite common 
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because most computer communication channels operate in a 

half duplex mode, i.e., transmission can take place in 

either direction but in only one direction at once. The 

time required for channel turn-around makes this method 

somewhat inefficient. 

With continuous ARQ, data transmission is continuous, 

and return signals are being sent over a full-time reverse 

channel. The sending terminal may respond to a block 

rejection signal by either resending that particular block 

or by resending the erroneous block and all subsequent blocks 

This method is more efficient but more expensive because 

of the provision of the reverse channel. 

Forward Error Control 

If it is not possible or practical to retransmit a 

block of data, then information must be provided about how 

the data should appear at the receiver. The process of 

sending data encoded in a way such that the receiver can 

detect and correct errors is called forward error control 

(FEC). Codes exist which offer error detection and cor

rection if the errors are random and limited in number. 

This is done by including with each block of information 

bits a number of parity check bits. If any of the bits are 

in error, the parity check bits will show this and will also 

indicate which bit is in error. With these codes error 

detection ability is usually greater than error correction 

ability allowing retransmission of those blocks of data 



30 

where uncorrectable errors are known to exist. The principal 

disadvantage is that these codes are designed to correct 

random errors, not the burst errors which occur on normal 

communication channels. Codes also exist which will correct 

bursts of errors if the bursts are separated by guard spaces 

which are error free. A typical code can correct bursts of 

16 bits if an error free guard space of 50 bits is provided 

on either side. It is possible to interleave several blocks 

of information so that a burst error will affect only a few 

bits in each block. 

Forward error correction is not normally used in 

data communications involving telephone channels because of 

the unpredictability of error patterns. FEC codes tend to be 

be quite redundant in that they employ many check bits in 

addition to the information bits. Among the best codes for 

implementing forward error correction are the Bose-Chaudhuri-

Hocquenghem (BCH) codes. In a typical BCH code 9 information 

bits are sent with 6 parity check bits (a (15,9) code). The 

code will correct all double bit errors and detect but not 

correct up to 5 errors in the same block. 



CHAPTER III 

PRESENT TELEMETRY METHODS 

The engineer in charge of communications for an 

oilfield automation project must choose between a company-

owned communication system, one provided by a common carrier, 

or a mixture of the two. Most systems will have company-owned 

and maintained sections and many systems will be dependent on 

a common carrier, usually the telephone company or Western 

Union, for a portion of the data transmission. Whether the 

bulk of the communication system is purchased outright or 

leased from a common carrier depends on a number of factors 

including but not limited to cost, ease of maintenance, 

expandability, flexibility, reliability, ease of installation, 

and compatibility with other parts of the system. This 

chapter will present characteristics of the common carrier 

data systems and four types of systems a company may wish to 

purchase. These are wire and cable lines, power line systems, 

high frequency radio, and microwave radio. 

Common Carrier Service 

Telephone Data Service 

The largest and most widespread communication network 

in existence in the United States is operated by the American 

31 
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Telephone and Telegraph company (AT&T) and its operating 

companies.^»^ It is composed of millions of channel miles 

of open wire line, insulated pair cables, coaxial cables, 

and microwave radio links. So much of the expansion in the 

past 20 years has been in the form of coaxial cable and 

microwave radio that these two systems today comprise about 

86% of the total system. 

AT&T offers two types of data service. If the 

customer needs data transmission intermittently, he may choose 

a system which utilizes the switched telecommunications net

work, the network that voice transmissions use. An example 

is a check cashing service which must access a bank's computer 

to determine whether a check is covered; another is the port

able electrocardiogram described in [6]. The customer is 

connected to the receiving terminal by a randomly chosen 

channel just as if he were making a voice telephone call; his 

only control over the quality of the channel is to hang up 

and dial again. Until 1968 a customer could have this service 

only if AT&T system modems were used, but in that year the 

Carterfone decision allowed connection of any privately man

ufactured modem to AT&T's lines. Privately owned modems must 

be connected to AT&T's lines by a telephone company data con

nector which insures that the modem's signals are compatible 

with AT&T standards. Because of the uncertainties of channel 

quality, data rates are limited to around 4800 bits/sec. 

The second type of data service is offered over private 

or dedicated lines and gives the customer sole use of a 
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particular channel whenever he needs it. Since the customer 

has his own channel on a full time basis, he can request that 

certain conditioning be performed on it. Conditioning attempts 

to correct frequency response and envelope delay distortion 

deficiencies by means of electronic circuits called equalizers 

located at the receiver. The grades of conditioning shown in 

Table II vary from CI, the least conditioned, to C5, the most 

thoroughly equalized and expensive of all. Data rates up to 

9600 bits/sec are possible on private line channels. 

A single voice channel as offered by a telephone com

pany has a total bandwidth of 4 kHz. The upper end of this 

bandwidth from 3400 to 4000 Hz provides the telephone company 

with out-of-the-voice-band signaling and is not available for 

customer use. A channel can be divided into several 100 baud 

subchannels, or several channels can be grouped to provide 

wide band service at rates of 50 kbits/sec or higher. 

AT&T offers modems or data sets in a variety of types 

and data transmission rates. Rates range from 150 to 7200 

bits/sec and most modems require a full duplex channel for 

operation. Speeds from 1800 bits/sec upward require some 

degree of conditioning. AT&T will specify an average attain

able error performance when their modems are used with the 

desired degree of conditioning. If data sets are not used 

with the recommended conditioning, or if privately owned 

modems are used, AT&T will maintain the channels and their 

own modems but will make no guarantee on performance. At 

speeds below 2400 bits/sec, an error rate of one in 10^ bits 
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is attainable under normal conditions. Studies have been made 

periodically which relate transmission speed, length of path, 

and data block size to random and burst error rates.7»^ 

If a data system is installed by the telephone company, 

the automation project engineer is relieved of much of the 

communication engineering matters. He will not have the pro

blems of obtaining rights of way or obtaining a license from 

the FCC to operate a radio system. The telephone company 

designs the system to customer specifications, specifies 

equipment and installs the modems and some of the lines. The 

customer may be required to furnish lines from the end devices 

to the modems located at the RTU's. The telephone company 

has widespread service so that data service is available in 

most areas. Maintenance is provided by the telephone company. 

Successful experience with telephone line data transmission 

is reported in [6], [9], [10], and [11]. 

A disadvantage of a telephone company system is the 

rental which must be continually paid while a company owned 

system is being purchased. In some instances the telephone 

facilities may be unsuitable for data transmission due to 

high noise levels or old styles of equipment. 

Other Carriers 

Western Union offers data transmission services over 

its own facilities and those it leases from telephone com

panies. Speeds of 600, 1200, 2400, 4800, and 9600 bits/sec 

are available over most Western Union lines with higher rates 
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offered between large business centers. Since 1972, customers 

have been able to access Western Union facilities via the 

direct distance dialing network of the telephone companies. 

Data service offered by Western Union is similiar, though 

not as widespread, to that offered by telephone companies.^2 

Two other companies have entered the field of long 

distance communications. Datran (for ^_ata transmission) pro

poses to build an almost all microwave network intended ex

clusively for data transmission. Microwave Communication of 

America (MCI) intends to offer an alternative to the Bell 

system's services. MCI will provide long distance voice and 

data transmission in the proportion that AT&T offers them 

(70% voice, 30% data). Both companies argue that their com

munication links will be more error free than AT&T's.^^ 

Wire Lines 

In many automation projects, the company must provide 

connecting lines between each end device and its associated 

RTU.-*-̂  Since these distances are usually a few miles or less, 

wire lines, normally multipair cables, are often used. The 

cables consist of a number of pairs of insulated copper wires 

protected from damage by layers of insulation; shielding; 

aluminum, lead, or steel sheathing; and waterproofing. The 

types of shielding and protective coverings vary with the 

cable's intended use. 

Cable runs can be placed above or below ground. Above 

ground installation on poles makes additions, changes, fault 
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location, and repairs less expensive and easier to perform. 

Overhead cable is quite vulnerable to storm, lightning, and 

ice loading damage. Changing temperatures cause electrical 

properties to vary widely. Overhead lines take longer to 

install, and easements or rights of way may have to be obtained 

from private landowners. Underground cable may be buried 

directly, placed in conduits, or occasionally submerged in 

water. Underground cable is protected from wind, storm, and 

most lightning damage. Since the cable is insulated from wide 

temperature variations, its electrical properties remain fairly 

constant. The cost of burying cable varies with the depth 

and type of soil in which it is buried. Conduit furnishes the 

most protection for buried cable and is preferred if the cost 

can be justified. Even if a total conduit system cannot be 

constructed, conduit should be used at high stress points 

such as road crossings. Fault location is more difficult 

with buried cable. Repair costs are also greater especially 

if large portions of a line must be dug up. Adding more 

signals to a cable is possible only if more unused pairs are 

available or if modems are installed at either end. In wet 

climates buried cable presents another problem. When light

ning strikes the ground near a cable, some water is vaporized 

and creates tremendous pressures on the cable. The cable may 

be completely severed or it may be damaged so that operation 

is still possible but with increased noise. 

Regardless of where the lines are installed, the 

electrical properties are influenced by a number of factors. 
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These properties are usually presented graphically and are 

available in [14] or from cable manufacturers. Generally the 

following conclusions are valid. 

1. Attenuation always increases with decreasing wire 

size because resistance is inversely proportional 

to cross section area. 

2. Attenuation increases with frequency especially 

at frequencies above 100 KHz. 

3. Attenuation increases slightly with temperature. 

4. Open wire line has lower attenuation than cable . 

because it is composed of larger wire with greater 

spacing between each conductor. Open wire tele

phone line is not being installed today, but it 

may be found in older fields. 

Wire lines are a simple and direct way to transmit 

data from end devices to RTU's. It may be possible to mount 

the cables on existing ac power line poles since ac power is 

often present where the end device is used. Interference 

between the ac lines and data lines caused by inductive and 

capacitive coupling can be lessened by mounting the data 

lines as far away from the power lines as possible. Metallic 

shields on the cables will decrease interference as will 

twisting the cable pairs. Crosstalk occurs when capacitive 

and inductive coupling causes the signal on one pair of lines 

to appear on another pair. Crosstalk is common to all pairs 

of electrical conductors but is quite critical in cables 

because the pairs of wires are so close together. Control 
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of crosstalk is by limiting the amplitude of each incoming 

signal; this is part of the reason why AT&T requires a data 

connector be placed between their lines and a non-AT&T modem. 

Twisting each cable pair at different rates of twist will 

decrease crosstalk. Other methods use electronic means. 

Power Line Systems 

Data transmission may be accomplished by using existing 

electrical power distribution lines as a media for electrical 

energy in the frequency range of 30-200 KHz.^^ Power com

panies use this system to provide communication between sub

stations and to provide load control centers with pertinent 

operating data from distant generating plants and substations. 

A typical power line data transmission system is shown 

in Figure 12. Each terminal contains a transmitter, receiver, 

and data modems. The line tuning unit, consisting of series 

resonant circuits or bandpass filters, matches the impedance 

between the terminal and line. The coupling capacitor presents 

a high impedance to the power frequency and a low impedance 

to the carrier frequency and must be able to withstand the 

high voltages present in power distribution. The line trap 

which isolates the carrier signal from other segments of the 

line may be a parallel LC circuit tuned to block the carrier 

frequency or a broadband filter which attenuates all fre

quencies in a certain band. Broadband line tuning units and 

broadband line traps are more complex but are necessary if 

several data links are operating at different frequencies on 



39 

the same section of line. Both line traps and line tuning 

units are adequately prptected by lightning arrestors. On 

large transmission lines, the insulated ground wires mounted 

above the power lines may be used for data transmission. 

The ground wires offer greater bandwidth and less expensive 

line connection equipment. Maintenance is not as costly 

because it can be performed without shutting down the trans

mission line. However, interruptions are more frequent 

because of lightning and flashovers in wet weather. 

Attenuation on lines increases in areas where soot, 

dust, and ash deposit on insulators and form creepage paths; 

it increases with carrier frequency and with increases in 

the ratio of cable separation to height. It is dependent 

on weather and increases with ice loading of lines. Atten

uation is also dependent on the carrier frequency as shown 

by the graph of phase-to-phase attenuation versus frequency 

in Figure 13. Losses usually fall somewhere between the 

limits a and b; c is typical for 110 to 220 kV line less 

than 100 miles long. 

Noise is due to thermal effects, switch and circuit 

breaker operations, lightning discharges, and corona discharge 

on higher voltage lines. Since power line noise is difficult 

to predict, the noise levels on several lines are measured, 

and all other lines in the area with similar properties are 

assumed to have the same noise levels. Noise levels vary 

with weather and usually decrease with rising carrier 

frequency. 
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Power line data communication systems use facilities 

that are already present over wide areas. Obtaining power 

for the electronic equipment is not a problem. The relia

bility of power line systems is fairly high with most inter

ruptions in an oilfield caused by lightning, wind, or rain 

damage. The Federal Communication Commission requires no 

license to operate systems of this type provided they do not 

interfere with existing licensed facilities. Power companies 

may not allow use of their lines in this manner since they, 

too, must use the lines. 

High Frequency Radio 

Data may also be communicated over long di.itances by 

using high frequency (about 3-30 MHz) radio signals which are 

reflected between the earth and the ionosphere. Long dis

tance high frequency communication links are designed to 

have one or more hops or reflections as in Figure 14. With 

powerful transmitters, sensitive receivers, and directional 

antennas several thousand miles can be covered. These are 

the communication systems ham radio operators have used for 

many years to communicate over long distances. 

Equipment for high frequency communication tends to 

be larger and more powerful than for microwave radio, the 

other major type of radio communication. Transmitters must 

be powerful to overcome atmospheric absorption, long path 

lengths, and relatively low antenna gains. To have good 

efficiency, transmitters and receivers are usually of the 
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SSB type with transmitter output powers in the range of one 

to 30 kW. Antennas need to have as high a gain as possible 

and must be able to operate efficiently at several frequencies 

Two directional antennas used in high frequency radio are 

shown in Figure 15. The rhombic antenna has moderately high 

gain and can be used at several frequencies. It is relatively 

easy to construct requiring only four guyed poles; however, 

the dimensions, which can range to several hundred feet, may 

prevent its use in some areas. The log periodic antenna is 

composed of a number of half wave dipoles whose resonant 

frequencies are in geometric progression. This antenna can 

be used over a wide frequency range and can provide gains in 

the range of 6-12 dB. 

High frequency radio data links have one principal 

advantage and several disadvantages. Dependence on iono

spheric reflections for long distance transmission introduces 

the problem of severe multipath fading and high atmospheric 

noise. Atmospheric noise is a constant problem which is 

worse during storms, sunspots, and ionospheric disturbances. 

These problems can be partially solved by using error correct

ing and detecting codes, repeated transmissions, and frequency 

diversity. Another disadvantage is that power requirements 

for high frequency transmitters are much higher than for 

microwave transmitters, although for short communication 

paths, lower power transmitters may be used. Supplying this 

much power (up to several kW) to an isolated location pre

sents a problem. 
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High frequency radio communication does provide one 

distinct advantage. It.is possible to pass data from ex

tremely isolated locations where line of sight requirements 

for microwave radio cannot be met and where wire lines 

(telephone or power) are not or cannot be constructed. A 

minor advantage is that the equipment is easy to move from 

location to location since antenna alignment is not difficult. 

Successful long distance data quality, high frequency 

links are possible; but it is the author's experience that 

they are quite difficult to maintain. A naval ship to shore 

dedicated link is shown in Figure 16. The ship has a trans

mitter with a power output of less than IkW, one or two 

receivers tuned to each frequency it needs to be receiving, 

and small omnidirectional antennas. The shore station has 

powerful transmitters and large high gain directional anten

nas to insure an adequate signal reaches the ship. Receivers 

are similar to those on ships but use large high gain anten

nas. Frequency diversity is used extensively. Because of 

high transmitter power levels, receiver and transmitter sites 

are several miles apart. 

Distances of 1000-2000 miles can be covered in this 

way, but the manpower and equipment requirements are great. 

At least one man and several transmitters and receivers are 

required on the ship. At the shore station a man is required 

to operate transmitters, one to operate receivers, and one to 

provide coordination. For continuous communications, men are 
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required 24 hours a day since effective frequencies change 

several times a day. 

Microwave Radio 

Another method of transmitting data between field and 

control facilities is by microwave radio .-'•"> ̂ ' A microwave 

system consists of two or more terminals, each with a trans

mitter, receiver and associated antennas, along with power 

supplies, antenna towers, and intervening relay stations. 

Microwave systems operate in the frequency range of 500-10,000 

MHz where electrical energy is so directional that it almost 

follows a line of sight path. Propagation takes place in the 

lower atmosphere where conditions are more stable than in the 

ionosphere. The high frequency of microwaves results in high 

data capacity because of the wide bandwidth available. More 

frequencies are available for use, and the same frequency can 

be used repeatedly as long as paths do not intersect or overlap 

Medium and low capacity microwave transmitters are 

generally low powered devices having output powers in the 

range of 1-20 watts. Transmitter power is sometimes rated 

by the gain in power over a 1 mVJ signal or dBm; thus, a 1 watt 

output would correspond to a +30 dBm gain. Receiver sensi

tivity is given by specifying the magnitude of the signal to 

which the receiver will respond properly. Noise figures for 

typical microwave receivers are in the 9-13 dB range. 

With such low transmitter powers, microwave antennas 

must have extremely high gain. Antenna gain is ability to 
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CO ncentrate power in a given direction; a basis for compar

ison is usually the isotropic antenna which radiates equally 

in all directions. A highly directional antenna concentrates 

most of the transmitter power toward the other terminal 

allowing lower transmitter powers to be used. Gain is depen

dent on antenna size and frequency and is normally given in 

dB. Several types of antennas used in microwave work are 

shown in Figure 17a, b, and c. One of the most common micro

wave antenna systems is a parabolic reflector driven by 

either a small dipole or horn antenna. The reflector is a 

sheet of metal, usually aluminum, or metal screen which is 

shaped into a parabaloid of revolution, as in Figure 17c. 

The waveguide is a hollow pipe made of copper with a circular 

or rectangular cross-section which passes the energy from the 

transmitter to the antenna. Parabolic reflectors range from 

one to 100 feet in diameter, while reflectors in common micro

wave use have diameters in the range of 6 to 20 feet. Losses 

due to energy which misses the reflector entirely and non

uniform illumination of the reflector cause parabolic anten

nas to have efficiencies of 55% to 65%. 

A property which further describes the radiation pat

tern of an antenna is the beam width. Generally this is 

given as the angle at which the radiated power drops to half 

its center beam level, i.e. a loss of 3 dB. Figure 18 shows 

a nomogram relating frequency, reflector diameter, power gain, 

and beamwidth for a parabolic reflector. 



45 

When the distance between field station and central 

office is too great to be covered by one microwave link or 

when there are intervening obstacles, passive or active 

repeaters must be used. Passive repeaters are reflectors 

which direct a microwave beam around obstacles or over hills 

or mountains as in Figure 19. A flat sheet passive reflector 

is a sheet of conductive material (usually aluminum) mounted 

on a tower or poles much like a billboard. It reflects the 

microwave beam in the same way a mirror reflects light. A 

reflector made with metal screen will have reduced wind load

ing, however, the holes must be small compared to the wave

length. Flat reflectors require precise installation since 

adjustments are limited. A parabolic repeater is composed 

of two parabolic reflectors connected by a waveguide. One 

is directed toward the transmitting terminal and the other 

is directed toward the receiving terminal. This provides 

more flexibility and a higher tolerance to installation errors. 

The active repeater is identical to the parabolic, passive 

repeater except that receivers and transmitters are also 

located at the repeater site. The signal received by one of 

the antennas is amplified and used to modulate a transmitter 

which uses the other antenna. Active repeaters are necessary 

on long paths and are located at intervals of 10 to 40 miles 

or more depending on terrain and antenna height. They require 

periodic maintenance and a constant power supply which may be 

difficult to provide in rough terrain or in isolated locations. 
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The requirement for near line of sight transmission 

limits the distance between transmitter and receiver terminals. 

Since the varying atmospheric densities produce refraction of 

the microwave beam, the receiving antenna can be placed out 

of sight of the transmitter. Under normal conditions, beam 

refraction will increase the allowable distance between term

inals to about 15% more than the optical line of sight dis

tance. Abnormal atmospheric conditions may cause the beam 

to be bent up, down, or to the side so that it misses the 

receiving antenna completely. 

Attenuation on microwave paths is almost completely 

due to energy losses with distance. Attenuation information 

is often provided as a nomogram which relates free space loss 

between isotropic antennas to frequency and path length under 

normal atmospheric conditions and assuming a clear unobstructed 

path between antennas. The nomogram in Figure 20 is calculated 

from Eq. 8 

a = 37 + 20 log f + 20 log d [8] 

where a is the path loss in dB, 

f is the frequency in mHz, and 

d is the distance in miles. 

Fading is the random weakening of the received micro

wave signal which causes errors and sometimes complete signal 

loss. Fading caused by beam bending in abnormal atmospheric 

conditions can be corrected by using a wider beam width trans

mitting antenna; however, unless transmitter power is increased, 

the received signal will have a lower power level. Another 
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solution, frequency diversity, involves transmitting two 

frequencies at least 160 mHz apart since both signals gen

erally will not fade at the same time. Frequency diversity 

adds to the cost of the electronics because two transmitters 

and two receivers are needed at each terminal. 

Multipath fading, the most common form of fading, 

occurs when two signals cancel each other because they trav

eled over paths that were different lengths and arrived at 

the receiver out of phase. Multipath fading which is found 

at all microwave frequencies can be minimized by several 

techniques. Space diversity, the use of two or more receiving 

antennas separated several wavelengths vertically, provides 

an antenna for each of several signal paths. When large 

bodies of sand or water must be crossed, mounting the trans

mitting antenna low and the receiving antenna high will help 

reduce reflections from the sand or water. Since one of the 

antennas is mounted lower, the distance betvreen antennas 

mu St be decreased. Reflections can also be minimized by 

planning paths over broken or brushy terrain whenever 

possible. 

Other solutions to fading and low signal levels are 

increasing the transmitter power and locating the terminals 

closer together. These methods of increasing signal power 

may be substantially more expensive if each is used alone. 

Increasing antenna gain by using a narrow beamwidth antenna 

gives a more powerful signal and helps prevent multipath 
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fading. However this aggravates the problem with beam bend

ing in adverse weather which was described previously. 

The final solution is usually a compromise between 

acceptable system performance and economic considerations. 

The following considerations should arise when a microwave 

system is being planned: 

1. A clear signal path must be obtainable between 

the terminals of the microwave link. Decisions 

on tower heights must be made if the antennas 

cannot be mounted on other structures. Inter

vening repeaters, particularly active ones, must 

be accessible year round even though they are 

unmanned. Power must be supplied by commercial 

means, batteries, or perhaps a motor generator 

programmed to periodically charge batteries. 

Care must be taken not to choose a path that may 

be blocked by later construction. 

2. A microwave system is a sizeable capital invest

ment which must be maintained by the vendor at 

company expense or by trained company personnel. 

Because of its high frequency, microwave radio 

has the capability to handle great amounts of 

data if the company wishes to invest in the 

necessary modems. 

3. Licensing is done by the Federal Communications 

Commission. It may be necessary to get easements 

from landowners if intermediate repeaters must be 
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located on their property. The line of sight 

properties of microwaves permit use of the same 

frequency in many different locations. 



CHAPTER IV 

CONCLUSION 

Comparison of Telemetry Methods 

The purpose of this paper is to furnish the engineer 

in charge of an oilfield automation project with enough 

information to effectively compare communication systems 

available to him. Each situation requires a comparison of 

all available communication methods before a specific method 

or methods is chosen. Unless a field is very large, the 

data can probably be transmitted over the equivalent of a 

few voice channels. Four voice channels provide 16 kHz of 

bandwidth and a capacity of 8 to 19 kbits/sec depending on 

channel quality. This should suffice for most fields and 

is within the capability of all of the systems considered 

in this paper. 

Microwave radio has the highest data carrying capacity 

of any common system and is thus expandable to meet any 

future communication needs. It can be used in almost any 

terrain as long as repeaters can be placed at 20 to 40 mile 

intervals. The construction of intervening microwave repeat

ers is expensive and exacting and may pose the serious 

engineering problems of power availability and year round 

accessibility. For larger systems (30 or more channels) 

50 
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m icrowave radio is cheaper to install than any system except 

16 
high frequency radio. Maintenance is limited to the system 

terminals and repeaters since there are no intervening wire 

lines or buried cables to become defective. Microwave 

systems will generally be used for the busiest portion of 

the system, e.g., RTU to computer link, or to connect a very 

isolated part of the field. 

High frequency radio offers some of the advantages of 

microwave including relatively low construction costs for 

large systems and isolation of problems to the two terminals. 

Like microwave radio, power supplies and year round access

ibility are also problems. High frequency radio does not 

offer nearly as much bandwidth nor the continuity of service 

that microwave radio does. The overriding advantage of HF 

is its ability to transmit data between widely spread loca

tions without use of line of sight techniques or wire lines. 

Both microwave and HF radio must be licensed by the FCC, and 

frequency usage in the area may make obtaining a license 

difficult. 

Power line data carrier systems offer lower data 

capacities although they are adequate for most oilfield 

work. Use of power lines for data transmission is dependent 

upon obtaining permission from the local power company to 

couple into their lines. This is probably the least expen

sive system a company could purchase since all that is 

involved is electronic equipment common to other systems and 

some high voltage capacitors and line tuning units. An 

advantage of using power lines for data transmission is the 
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ready source of power. If there is power to operate oil

field equipment, then there is a path to pass data and 

power to operate the modems. Care must be taken to coordi

nate system alterations and repairs with the power company. 

Some wire lines will be present in almost every 

automation project usually connecting end devices to RTU's. 

Underground installation, although preferred for physical 

protection and stable electrical properties, may be expensive 

if terrain is rough or very rocky. Fault location and repair 

is somewhat difficult for buried cable. 

Use of telephone company facilities presents the 

fewest technical problems for an oil company. Telephone 

lines are widespread, but they may not go to the remote parts 

of an oilfield. In some cases the telephone channels may 

not be suitable for data because of defects or old style 

equipment. Before committing itself to telephone line 

service, a company should check with other users of telephone 

data service in the area. Data rates from less than 300 

bits/sec to more than 50 kbits/sec are available if the cus

tomer needs them. The higher rates are more limited in 

their availability since they require high quality, heavily 

conditioned channels. The telephone company performs main

tenance on its own portion of a data system. Economic com

parisons must be made to determine if the continuing charges 
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by the telephone company are more or less expensive than 

outright purchase of another system. 

In summary, microwave systems probably offer the most 

bandwidth per dollar if a larger system is needed. Design 

and installation of a microwave system is more complex than 

for any of the other systems. HF radio's most important use 

is to connect isolated fields when no other means are avail

able; it may compare favorably with microwave radio on short 

paths where propagation losses and distortion are not so 

serious a problem. Power line communication systems offer 

adequate bandwidth for most purposes if they can be used. 

Wire lines are present in most systems either as the final 

link between the end device and RTU or as an element of a 

telephone data system. Wire lines at the field end of a 

communication system have no real substitute; however, they 

should be as short as possible. The telephone companies 

offer widespread and varied service as well as system design 

and maintenance. Two drawbacks are that service may not 

extend as far as necessary and the lines may not be good 

enough in some areas. 

Before a decision is made on hardware, several 

questions must be answered for each type of system being 

considered. Among these questions are the following: 

1. What is the power consumption and is power 

readily available? 

2. How reliable is the equipment? Does it have many 

components with short lifetimes? 
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3. Is the equipment easy to repair? Can this be done 

at the site by replacing printed circuit boards 

or does it have to be taken to a shop? Who will 

do the repair work—a trained company man or the 

vendor? 

4. Does the vendor have a good reputation for ser

vicing his products? 

5. Are there any space or size limitations? 

6. Is the system easily expandable to handle more data? 

7. Is the system simple to operate? Is there some 

type of preventative maintenance which can be 

performed by the company operators? 

8. Can the transmitters and receivers be used with 

several types of modems and modulation schemes? 

9. Can the equipment be packaged so that it operates 

properly in rain, high humidity, salt air, dust, 

extremes of hot or cold, or corrosive vapors? 

Answers to most of the questions can be obtained from vendors' 

literature or their engineers. 

In addition to technical considerations which may 

eliminate some communication systems, cost will be the other 

determining factor in deciding which system or systems to 

employ. The initial cost will be high for any system except 

one provided by the telephone company. In this case the 

telephone company either uses channels in existence or in 

some cases constructs new lines. Some charges are made for 

installation of modems and connecting necessary lines to 
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give the desired service. In all cases the company will 

have to furnish its own end device to RTU lines (typically 

this is buried cable). A minimum communication system would 

include two transmitters, two receivers, associated antennas 

or power line coupling devices, two modems, and multiplexing 

and demultiplexing equipment if this is not in the modem. 

Operating expenses include electrical power charges, 

preventative maintenance, call-in maintenance, and operator 

training. Power costs will be greatest for high frequency 

systems or large microwave systems since these two consume 

more power than any of the other systems. Preventative 

maintenance will be performed by company personnel or as part 

of a service contract. It is hoped that the sum spent for 

preventative maintenance will prevent more expensive call-in 

maintenance and down time loss. Occasionally, operation will 

reveal problems or inadequacies in the power supplies or air 

conditioning and these must be corrected. Operating expense 

for a telephone line system consists of the monthly rental of 

the data channels and modems; maintenance is performed by the 

telephone company at no charge. 

Finally, it is important to remember that most com

munication systems will contain several types of hardware. 

Nearly all systems have wire lines somewhere in the field and 

many systems will pass data on telephone lines at some point. 

This is a possibility if the computer facility is in the 
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middle of a large city and permits cannot be obtained to 

bring high frequency or microwave channels into the city. 

Future Communications Developments 

Of all the recent developments in communications 

technology, satellite communications may have the greatest 

effect on computer control of oil fields. This is because 

satellites open communication channels to remote areas where 

it is impractical or virtually impossible to install con

ventional equipment. A good example is the north slope of 

Alaska. If satellite communication costs are too high for 

continuous control of a field, the satellite link may be 

operated at regular intervals (a few hours daily, once every 

third day, or once a week, etc.) to pass accumulated data and 

receive production instructions. Alarm monitoring and local 

production control could be performed by personnel at the 

field. 

The geostationary satellite is the one most likely to 

be used by an oil company. Located 19,000 miles above the 

earth near the equator, the satellite remains over the same 

spot on the earth's surface and provides full time communi

cation services to nearly a full hemisphere. The advantage 

to the oil company is that the earth terminal does not 

require an antenna capable of tracking a moving satellite. 

Satellites in polar orbit or subsynchronous equatorial orbit 

move in relation to the earth's surface (they rise and set 

like the sun) and must be tracked carefully at both 
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transmitting and receiving terminals. The equipment to do 

this is large, complex,,requires air conditioning, and must 

be operated and maintained by highly skilled personnel. By 

contrast earth terminals for geostationary satellites use 

fixed antennas which can be mounted on buildings and even 

on ships. 
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Table I. Probability of error in a single bit transmitted 
by PCM for different channel qualities.^ 

Signal/Noise Ratio Probability of error 

13.3 dB 

17.4 dB 

19.6 dB 

21.0 dB 

22.0 dB 

23.0 dB 

10"2 

10-^ 

10-6 

10 

10 

-8 

-10 

10 
-12 
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Table II. Bandwidth Limits on Telephone Channels^ 

Channel Frequency Response 
Conditioning (relative to 1004 Hz) 

Range Variation (dB) 

Basic 300-3000 -3 to +12 

CI 1000-2400 -1 to +3 

300-2700 -2 to +6 

C2 500-2800 -1 to +3 

300-3000 -2 to +6 

C3 (access) 300-3000 -8 to +3 

C3 (trunk) 300-3000 -8 to +2 

C4 

C5 

500-3000 -2 to +3 

300-3200 -2 to +6 

500-2800 -5 to +1.5 

300-3000 -1 to +3 
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Figure 1. Oilfield computer control system 
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(a) 

(b) 

(c) 

(d) 

(e) 

Figure 3. Continuous modulation techniques: 
(a) Carrier signal, (b) Data signal, 
(c) Amplitude modulation, (d) Frequency 
modulation, (e) Phase modulation 
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Figure 4. Frequency shift keying (FSK): (a) Data signal, 
(b) Carrier signal, (c) FSK signal, (d) Typical 
one, zero, and center frequencies 
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(a) 

(b) 

(c) 
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Reference pulses 
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(d) 

Data pulses 

(e) 

Figure 6. Pulse modulation: (a) Unmodulated pulse 
steam, (b) Analog input data, (c) Pulse 
amplitude modulation, (d) Pulse position 
modulation, (e) Pulse duration modulation 
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Figure 8. Quantitizing error in a PCM system 

Continuous signal 

Sample of signal 

time 

(a) 

0 0 

2^ 2^ 2^ 2^ 

(b) 

Figure 7. Pulse code modulation: (a) Sampled signal, 
(b) Binary representation of (a) In a 4 bit 
(8 level) system 
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Figure 9 Frequency division multiplexing : (a) FDM 
channel frequency allocation, (b) FDM system 
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Figure 10. Time division multiplexing 
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Figure 11. Super and sub-commutation 
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Figure 13. Attenuation versus signal frequency on phase 
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Figure 14. High frequency signal paths 
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(a) 
> 

Direction of radiation 
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Figure 15 High frequency antennas: 
periodic 
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Figure 16. Ship to shore data link 
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Figure 17. Microwave radio antennas 
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Hill 

Figure 19. Passive repeaters in a microwave path 
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Figure 20. Relationship between frequency, distance. 
and signal strength 18 
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Figure 21. Typical bandwidth of an amplifier 
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APPENDIX 

Bandwidth 

Bandwidth refers to the size of the range of fre

quencies which a system can process. Bandwidth, given in 

hertz (Hz), does not refer to the exact operating frequen

cies but only to their range. A system with a 4 kHz band

width may operate from 0 to 4 kHz, 72 to 76 kHz, or 560 to 

564 kHz. The limits of a system's bandwidth are usually 

the frequencies where the quantity being measured, such as 

amplifier gain or filter attenuation, drops to one half of 

its midrange value (Figure 21). 

Decibel Measurement 

In communications, it frequently becomes necessary 

to express the ratio between two power levels. The compar

ison can be done directly but sometimes leads to very large 

or very small numbers. Consider an amplifier with an input 

power. P., of 1 mW and an output power, Pg, of 100 W. The 

gain G defined as the ratio of output to input power is 

£ B ^ 100 W ^ 100 ^ -LQ5 
P^ 1 mW .001 
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^A ^^^ ^B ^°^1^ also be the noise and signal power levels in 

an incoming signal or the input and output power levels of 

a communication channel. A more convenient way of express

ing these large ratios is in decibel (dB) units which are 

defined by 

Pg 
^in dB = 10 log ĵQ J- ' 

A 

From the above example 

G = 10 logio T M T W = ^° ^°Sio (10^) = 10 (5) = 50 dB. 

At the frequencies, f-̂  and f2, in Figure 21 the gain has 

dropped 3 dB below the midrange gain because f-, and f2 are 

half power points. 

Losses in transmission systems are usually expressed 

in dB. Free space loss for electromagnetic radiation such 

as UHF and microwave radio is normally given in dB/mile 

while attenuation in wire lines, wave guides, and coaxial 

cable is given in dB/foot. Most measurements in dB have 

subscripts or superscripts indicating the conditions under 

which the measurements were made. Conditions include fre

quency, impedance, input power, and bandwidth of the applied 

signal. 

Signal/Noise Ratios 

Two ratios commonly given in the decibel notation are 

the signal to noise ratio (S/N) and the noise figure. The 
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S/N ratio relates the signal power to the noise power by the 

following formula 

P 
» 

N 

where 

S/N = 10 log^o IS 

Pg = signal power 

P„ = noise power. 
N '̂  

S/N ratios are quoted for entire systems and for individual 

components such as amplifiers, receivers, transmitters, and 

transducers. The S/N ratio is a convenient method for com

paring complete communication systems. To effect improve

ments in a system it is necessary to determine how much each 

component contributes to signal deterioration. This can be 

accomplished by comparing the S/N ratio at the input of each 

device to the S/N ratio at the output. The noise figure 

is defined by 

Si/Ni 
NF = 10 log 10 S^/N^ 

where 

S., S = signal power at the input and output of 

the device respectively, and 

N , N = noise power at the input and output of 
i' o 

the device respectively. 
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An ideal device contributes no noise during signal processing 

so that input and output noise powers are identical, i.e. 

^i ^ ^o* Thus the noise figure reduces to NF = 1/G where 

G is the gain of the device. Since real devices introduce 

some noise into the signal, the noise figure measures how 

much the S/N ratio deteriorates from input to output. Con

sider an amplifier with a noise figure of 10 dB and an input 

signal that has a 40 dB S/N ratio. The definition of the 

noise figure can be rewritten as 

NF = F = 10 log^Q (S./Ni - S^/N^) 

= 10 logĵ Q (S^/N^) - 10 log^Q (S^/N^). 

Realizing the term, 10 log-,Q (S./N.), is actually the input 

S/N ratio in dB makes possible the following substitutions. 

10 dB = 40 dB - 10 loĝ Q̂ (SQ/NQ) 

10 loĝ ĵ o ( S Q / N Q ) = 30 dB 

So/No = 30 dB 

In general 

So/No = Si/Ni - NF 

where all ratios are in dB notation. 

Bauds and Bits 

Much of the data transmitted over long distances today 

travels at least part of this distance in a digital form. 
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At some point the data is sampled and these data values are 

encoded into a set of binary digits or bits. Some of the 

bits represent the actual value of the data while others are 

included for line or error control purposes. Each of the 

bits has one of the two values, a one or a zero, allowed in 

binary arithmetic. Manufacturers frequently give the data 

transfer rate of their equipment in bits per second. Others 

use the baud, a term from telegraphy, which is the number of 

pulses per second. The baud rate is determined by calcula

ting the inverse of the pulse width. Many teletype machines 

operate using pulses which are 20 msec long; the pulse rate 

in bauds is 1/20 msec or 50 bauds. If binary signaling is 

used, the data rate in bauds is equal to the rate in bits/sec 

because one pulse (or lack of it) is equal to one bit. This 

is not true if non-binary signaling is used since more bits 

are represented by each signaling pulse. 

Asynchronous and Synchronous Transmission 

Data transmission systems can be classified by their 

mode of operation into two categories. Asynchronous trans

mission occurs when each character of a message is preceded 

by a start bit and followed by one or two stop bits. The 

data link is in an idle condition until a message is sent; 

after the message is received the data link returns to its 

idle state and waits for more data. In synchronous trans

mission the start and stop bits are removed from each char

acter and replaced by timing bits placed at much longer 
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intervals (100 to 10000 bit intervals). The timing bits 

serve to keep the receiver and transmitter in synchronization 

and are transmitted continually even if data is not present. 

Transmission at rates up to 1800 bits/sec is usually asyn

chronous while speeds above this are obtained by synchronous 

transmission. 

Simplex, Half Duplex, and Full Duplex Channels 

Another data channel characteristic is the direction(s) 

in which data is transmitted. A simplex channel allows 

transmission in only one direction. It can be used where 

date is to be collected but no action taken such as in remote 

weather monitoring stations. A half duplex channel allows 

transmission in either direction but in only one direction 

at a time; it is the cheapest way to obtain two-way communi

cation. A full duplex channel provides simultaneous trans

mission in either direction. It is more expensive but makes 

possible more efficient channel operation and quicker response 

to alarms. 
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