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PREFACE 

This report is the last in a series of four volumes of afinal report to 

the Bureau of Mines documenting work done by the Westinghouse Electric Corpor­

ation under Contract H0220073 between March of 19n and May, 1973. The 

relatively short time period covered by this report is due to a basic contract 

modification which occurred early in 1973. Wor~ done prior to the contract 

modification is contained in Volumes I, II, and III of the series of reports, and 

cover~ the period July, 1972 through March, 1973. 

-
This report describes, in two parts, the design, test, and performance 

evaluation of a modified version of a CW transmitter. The work was conducted 

by the Westinghouse Ge_oresearch Laboratory (WGL) during the month of March, 

197.3, for the Bureau of Mines as Part of Task I of Contract H0220073. 

The primary objective of Task I was to obtain as .rapidly as possible, 

an electromagnetic transmitter and receiver system for use in locating frapped 
-rn -i"nP.l°~ - .C::i-nf'P thP- tr,:in,;;:,-rnitt-Pr '""11lrl- hn 11c,.orl i-n r>n<ll , --.--.i-noc, - ;,,+,,,,,..c,i,:, con-fo+n ,;rnco - - - - - -- - ·- - ---'-----'--'-'----'---- ·- ---- ·- ---- - - - ---- ·---- --, -------- ----J ·•• """'- . 

size, weight, cost, operating life, and ease of deployment. A minerrs lamp bat­

tery was to be used as the source of prime power. 

Two basic location systems ·have been designed, fabricated, and field 

tested. WGL was tasked with developing a continuous wave (CW) system*, and 

the Special Systems Department of Westinghouse concurrently developed a pulse 

type system. 

Following the field tests and performance evaluation of these initial 

system configurations, technic~l discussions were held with the Contract Officer's 

technical repr esentative, Mr. Howard Parkinson, who recommended that the 

balance of effort on this contract b~ directed toward reviewifig the merits of the 

pulse and CW systems, using the best features of each to design a modified CW 

* A description of this effort is g·iven in an earlier report on Task I entitled, 
"Development and Test of a CW Location System,!' by A. J. Farstad et al., 
USBM Task I Report (Contract H0220073) April 1973. · 

** Contract Modification Number 3 - Contract H0220073 
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transmitter, and to evaluate its performance. A primary objective was to optimize 

the system so the antenna current was -at the maximum intrinsic safety level, using 

a 360 foot circumference antenna. 

Subsequently, a new design concept, using four switching transistors to 

obtain full-wave drive to a resonated loop antenn_a, was developed. This design 

concept was breadboarded and evaluated at WGL using an outdoor testing area to 

deploy· the antenna. Intrinsic safety tests were ~so conducted on this system at 

the Bureau of Mines Approval and Testing Laboratory in Pittsburgh, Pennsylvania. 

Part I of this report describes the initial configurations and discusses 

their relative merits. The new system design concept is presented, and, using 

the r~sults of tests on this full-wave system, an analysis is given on the factors 

which must be considered to implement an optimum intrinsically safe system. 

Part II presents a cletail~d description of the circuitry involved in the 

full-wave transmitter and the results of laboratory tests and intrinsic safety tests 

which have been performed. 
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l 1.0 INTRODUCTION AND SUMMARY 

Figure 1-1 shows the basic transmitter design concepts used for 

. r l. the pulse system, the half-wave cw system,and the full-wave cw system. 

· l r 

( I I . 

t 

lJ 

J 

J 

The antenna current waveform is also shown foj~ each transmitter for 

typical operating frequencies and antennas. The switches shown in 

Figure 1··1 were actually implemented using solid state devices. In all 

three systems the signaling format may be interrupted to conserve power 

and thereby extend battery life. Frequency accuracy and stability is achieved 

using a tuning fork oscillator in the transmitters and tuning fork filters in the 

receivers for all three systems. This provides the narrow :r:eception band­

widths needed to enhance signal detectability. All three systems also use 

. frequency assignment for identification purposes. The location schemes 

employed are likewise identical, each being based on detecting the null ­

(signal minimum) of the horizontal magnetic field on the surfa.ce. Since 

these systems are basically similar, the 'primary purpo~e is to sele.ct th~ 

. c:,r.c;;it-P"YY'\ '\TTh.;-,...'h <Yi,,Pc · +h~ 1""Y"'l~-V~ ,l""Y"'l1,"Y'Y"I c-iN-n~l rll=lrP~-t-::::ih-il.;+,r ,....,, t-h~ ;c,,,...f~,....A ;.,..I""\,..._..:: 
• • ✓ - -·--- ·· - - - -- o- ·- - - -- - - -------- ·---· --o .--- - - -- _ ---- ·----- ✓ -- . - - - - .- - - - . - - --- - -- -

- - - -a manpacK transm1uer operating 1n tne mine. 

Both the pufae and half-wave CW systems use a d. c. pulse to energize . 

the loop antenna. · However, with the pulse system;this pulse duration is short 

compared to the pulse repetition rate ( prf), whe~eas with the half-wave CW 

system the pulse duration equals one-half the period of the switching frequency. 

In the pulse system, energy from the battery is stored in a capacitor so that during 

the switching interval the internal resistance of the power sourc~ can be con­

sidered almost negligible. Both transmitters must drive a loop antenna which 

is a reactive load having inductance, L; and resistance, R . 
, . a 

The current waveforms in both systems have a finite rise time whose 

time constant is _given by L/R where R is the total resistance of the circuit, 

including internal resistance of the . source, Rb, the switch resistance, Rs' 

and the antenna resistance, R . In the pulse sy·stem the diodes 
a 
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with forward resistance, Rd determine the faJ.l ti:me whose time constant 
L 

is 
Ra+ 2 Rd . 

In the half-wave system, there i·s no return path for energy 

· stored in the inductive load except through the high back resistance of the 

switch. This causes a negative spike:in the current waveform . . 

At typical operating frequencies and for practical antenna 

configurations, the antenna current waveform· is a sawtooth for the pulse 

system, and a modified square-wave for the half-wave CW syste1n, as 

shown in Figure 1-1. 

In the full-wave CW system the antenna is resonated, with a circuit 

Q given by 

Q::: 
wL 

R +ZR +R . 
·b s a 

At typical operating frequencies and with practical circuit components, 

the realizable Q is sufficiently high so that the antenna current waveform is a 

..... ·- - --- ----........ .L..1.-_ """"" y -. 

All three systems utilize narrow bandwidth receive.rs (10 Hz or less) 

to detect the inductive field generated by the current ·waveform in' the anten~a. 

It is a.ppa1·ent from the waveforms shown in Figure 1-1 that the spectral 

content varies considerably with each transmitter. 

With the pulse system, if the pulse interval is made sufficiently 

wide, then most of the spectral energy is contained in the fundamental, 

and the 2nd, 3rd, and 4th harmonics. The receiver is designed to accept 

any one or combinations of these . . This technique has the potential advantage 

of eliminating frequency components which may be contaminated by 

man-made ·interference which, at frequencies of interest, consist of harmonics 

of 60 Hz. It is impossible, however, to select the prf 1s so that all of the 

signal harmonics fall midway between interfer~nce harmonics. 
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The half.-wave system uses a narrowband receiver (~ 6 Hz) designed 

for detecting only the fundamental. In order to achieve optimum .performance 

with this system, it is necessary to select operating frequencies which fall 

between the 60 Hz harmonic inte1·ference lines. A similar receiver, with the 

.same frequency selection limitations is used with the full-wave system. 

The sinusoidal current waveform of the _full-wave system has very 

little harmonic content. Therefore, nearly all of the usable power is contained 

in the fundamental. This improves efficiency ap.d also there is less chance of 

the system being self-jamming when several transmitter~· are operating 

simultaneously on different frequencies. 

From the standpoint of intrinsic safety, both the pulse system an~ 

_half-wave system have a disadvantag~ because their current waveform has 

a -d. c. component, whereas the peak current of the full-wave system is half 

the peak-to-peak current. 

Performance comparisons between the full - wave transmitter and 

the ·half-wave trans mitter a.:re. g iv en in Section . 2 . This comparison _shows that 

the full-wave system gives 10 dB more signal if both systems use identical 

antennas, or, viewed another way, with a constant battery life and antenna 

moment the full-v.rave system antenna y,,eight can be reduced by a factor of 

four. With both systems ope rating at the limits ~f intrinsic safety, the 

full-wave system is capable of generating twice the antenna moment 

achieved with the half-wave system. 

Si~ilar comparisons between the full-wave system and the pulse 

system are not included here because a detaile d theoretical analysis of the 

pulse technique is more complex and is beyond the scope of this report. 

However, from the standpoint of intrinsic safety, receiver complexity, 

self-jamming; source identification, signal detectability, efficiency, and 

operating ease, the full-wave system appears to have the advantage over 

both of the other systems. The m.ain disadvantage _ is the requirement for 

four switching elements and a tuning capc1;citor which increases_ size, weight, 
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and cost. These increases~ however, are not. substantial. Therefore, the 

major emphasis here is devoted to determining the design pc!,,rameters for an 

optir.nun~ intrinsically safe, full-wave ·CW system. 
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2. 0 COMPARATIVE ANALYSIS OF TWO _SYSTEM CONFIGURATIONS 

The equivalent circuit for the two basic design configurations 

are shown in Figure 2 - 1 a and 2-ib. Transistor switches are used in 

both configura,tions and these are operated on an intermittent duty cycle 

using continuous waveform generating circuit whose frequency is controlled 

by a tuning fork oscillator. 

The nomenclature used in both equiva~ent circuits is as follows: 

~- = Battery voltage 

Rb = :Internal resistance of the battery 

R - . Internal resistance of the switch 
s 

R = Antenna resistance 
a 

L - Antenna .inductance 
a 

C = Antenna tuning capacitance 
a 
~ = Current meter resistance. 

For configuration b, where the antenna is tuned to resonance, the 

ind11r.t.ive reac.tanc.e. X . mnst eaual the canac:itive reactance. X . at the 
. L - C 

operating frequency of the tuning fork. 

It is useful to compare the performance of both systems ·on two 

separate bases, first, in terms of the antenna moment achieved using 

identical antennas, and second, in terms of efficiency, or .battery life, 

· achievable with identical antenna moments. 

The maximum peak-to -peak current in system (a) is: · 

E 
Rb+R + R . s . a 

a 

With no inductance in the circuit, this current would appear as a 

square wave varying between O and I at half cycle ·intervals . . However, 
p-p 

the antenna is inductive with a time constant of L/R. With frequencies and 

antennas of interest, the current wave form approaches a sawtooth on 

6 
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Figure 2~1. Equivalent Circuits of CW Location Tra.nsmitters. 
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alternate half cycles. The peak-to-peak magnitude of the fundamental 

frequency component of such a wave form is appr. qximately 3/ 1r times 

its peak-to - peak value, and the rms value of this fundamental component 

is given by: 

X ✓ 2 
X (r ) 4 p-p 

0. 337(. I ) 
. p-p 

a a 

For system (b) the current in the load with no re.active elements is 

a bi-directional square wave with a peak-to- peak amplitude of: 

2E 
Rb+ 2R + R s a 

When the a ntenna inducta1i-ce is resonated with a capacitor, 

the current wave form is sinusoidal with rms amplitude given by: 

/ T \ 
\ rms; 

b 

-

= 0 Qff / T \ 
\ p-p /b 

The antenna moment is given by INA., where I is the rms current, N the 

number of turns, and A the area enclosed by th~ loop. Usually INA is 
2 

expr e s .sed in the international system of units, i. e., ampere-tu-i-ns-meters 

. If identical antennas are used with both systems, then the ratio of antenna 

moments is equal to the ratio of the currents generated by the two systems. 

= 

. Rm = Current met e r res is ta nee 

If the switching elements in system (b) ·have .half the inte1:4nal 

resistance, as in system (a), so that (R · ) = 2 (R ) , then the antenna 
. s b .. s a 

8 
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1 moment ratio becom.es: 
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( 1rms) . 
a ---_,,--= 0,375 

( 1rms\ · 

This indicates that th~ moment achievable with system (b) is larger than 

(a) by a factor of 2. 67 or approximately 9. 5 dB. This assumes that both 

systems use identical voltage supplies, ide_ntical antenna configurations, and 

. that (R )· = 2 ( R ) • 
s,a s'b 

. In a following section the results of laboratory measurements on 

the two systems operating with identical antennas are shown and these . 

results compare favorably with the above calculations. 

A comparison of the two sys.terns is also-possible assuming equal 

input powers. With a constant voltage source this implies equal currents 

so the battery life is the -same for both systems. Under these conditions 
/ . \ . . . 

{ I __ J = (r-_ J , a nd it follow s that: 
\ ~~··-;a \ ••u-;o 

5 Rb + 2 Rs + 8 (Ra) a 
3 

Factors of improvement can be evaluated by substituting typical 

values for the resistance in this equation. Assuming that the antenna for 

system· (a) consists of 100 1 of #10 wire, then (R ) r:::! O. 1 ohms. The source 
. aa 

resistance of the batte:i:y, ¾:.:::::: 0.1 ohms1~ and the .switch Rs~ 0. 5 ohms, 

Therefore, the antenna resistance which yields the same current in System b) 

5 (0.1) + 2(0.5) + 8(0,1) 
---'--------3'---------------- :.:::::: 0. 7 7 

and the ratio of antenna resi_stance is: 

. (Ra) 
a 

- 7. 7 

~~ -- The average of several measure~ents of the internal resistance of the Mine 
Safety Appliances Co. ,, Mine Spot Cap Lainp Battery was o •. 114 ohms. 

9 
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This shows that system (b) can ope~ate from the same battery 

for the same length of time using an antenna which has either: 1) the same 

moment but less antenna weight using smaller wire, or 3) a larger moment 

by enclosing larger area with a single turn of the same wire, 

The actual improvement achieved for any one of these three 

conditions is indicated below for the example given, where ( Ra)b = 7. 7(Ra)a 

and (Irms)a = (\.ms~ 

Condition System (a) System (b) 

_1) Antenna Weight - 3. 2 lbs. of #10 0. 8 lbs. of #16 

2) Antenna Turns 1 7 

3) Antenna Ar ea 58m 
2 

3440 
2 

m 

The actual antenna moments, INA, achieved under these three · 

rnl"lr'litinnc :::1,, ,, t:::1l-..,,l:::1f- p '4 °hr->1,-,,.; -- - - . - . -· . ----- ----- . -- - - · ... 

amperes oi antenna current ior ootn systems. 

· Improvement 
Condition ---- System (a) System {b) ·Factor 

1) INA · 112 amp-turn- m 
2 2 

= 112 amp-turn-m . ~/4 weight 

2) INA 112 amp-turn-m 
2 

780 
2 

7X moment = amp-tu1•n-m 

3) INA 112 amp--turn-m· 
2 

6650 amp- turn-m 
2 

58 X moment = 

Actually, conditions (2) and (3) of this example are not practical 
· 1~ 

from an intrinsic safety standpoint, becau·se the energy storage capacity 

of the· antennas I reactive elements increases with area enclosed, and as 

the square of the number of turns. The intrinsically safe limits are 

discussed in ·a subsequent section. 

* Does not apply to metal mines. 
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3, 0 .LABORATORY TEST RESULTS 

The two systems have been evalllil,ted at the laboratory using 

the same antenna. This antenna consisted of 3 60 feet ( 110 meters) of 

AWG #10 copper win~ deployed as a single turn loop with an area of 

8100 feet
2 

(7 50 m 
2 

) . 

. ... 
The inductance of a single turn square loop is given by..,. 

La (mic:rohenries) ~ 0. 008 a [ 2. 363 .Iog ~ -. 0~ 5 2] , 

where a is the length of one side in centimeters and d fa the wire diameter 

in centimeters. 

The inductance calculated for the antenna used was 19 2 µ henries 

and it was measured as 200 microhenrtes, 

The d. c. resistance of #10 wire is 0. 998'9 ohms pe r 1000 feet, or · 

approximately 0.360 ohms for . the 360 1 loop. The a. c. 'resistance of this 

wh-e increases with freguency. At 2500 Hz, the ratio of a. c. resistance 
,::: 

to d. c. resistance is ,given by 

= 1.02 

Therefore, the a. c. resistance at 2500 Hz is increased by 2%, 

so that R = 0. 368 ohms. 
a 

This antenna was driven by system (a) at a switching frequency of 

2010 Hz. The tim.e constant is: 

L 
R = 

192 X 10- 6 

0.1 + 0.5 + 0.368 
= 196 micro.seconds, 

and the half cycle inten~al at 2010 Hz is approximately 250 microseconds. 

·::~ Ra.dio Instruments and Measurements, National Bureau of Standards 
Circular C74, January 1937. 
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Therefore, the assumption of a sawtooth current wave form at half 

cycle inte1·vals is valid at frequencies near 2 ~Hz. 

This same antenna was resonated with a 20 µf capacitor and 

r l driven with system {b) at a switching frequency of 2500 Hz. The switching 

resistance R of system (b) was 0. 25 ohms, so the total circuit resistance 
s I remained the same. 

l 

I l 
[ l 

f f. 

l 
I 

l 

l 1 

The antenna Q is given by: 

21T X 2500 X .192 X 10- 6 

O. 968 
= 3.1 

Calculated and measured values of the nns antenna cur1·ent are 

shown below. In both cases the measured value was o·btained using a 

narrow 1?andwidth (6 Hz) wave analyzer (HP-:Model 302A) and measu1·ing 

the voltage across a precision resfotor of 0. 02 oh.m.s in series with the __ ..,.,..... __ _ 
-1..a. ... - ......... ...,"'-¥.r 

I~ R 
rms a 

Efficiency (%} = --~--
IE 

X ·100 . 

where IE is the power drawn from the battery. 

System 

(a) 

(b) 

TABLE 3-1 
System Performance Comparison 

I I 
rms (calc.) rms {meas.) 

1. 4 a 

3. 7 a 

1. 3 a 

~- 7 a 

Efficiency 

13% 

34% 

The current measured with_ system (a) is lower than the value calculated. 

This is attributed to the fact that the current could not rise to its maximum 

value because of the reactance of the circuit. 
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The total energy of a LC resonant circuit at any instant in time 

is given by: 

U= 
cv2 

---+ 
2 

In order to be intrinsically safe, the spark generated by breaking 

·the circuit should not ignite an 8. 5% mixture of methane. in air. 

System (b) was tested ·at the U.S. Bureau of Mines Testing Laboratory 

(· in Pittsburgh for intrinsic safety lim.its, using a 360 foot, #10 loop antenna 

1·esonated to 2500 Hz. Antenna current was increased by increasing the 

f r voltage source in 1. 2 volt jncrements until ignition occurred, Results 

are shown on Figure 4-1. Ignition occurred at about 4 millijoules, or 

r J 

l I 
r 1· 

l J 

·,J 
l I 

LJ 

.J 

with approximately 6. 6 amperes (rms) iu 200 microhenries. Betweeff 2 and 

3 millijoules the systen~ was intrinsically safe. A_ value of 2. 5 m joules is 

used in the followini:r sec:tion ;:i.s the ~nt-rinsir::i.ll~r s::i.fP. limit fn-r .::i. -i•p!=;nn::itP.rl . 

circuit. 

Values of I m easured in the laboratory using the same antenna 
rms . 

are also shown in Figure 4-1 for comparison with calculated values of the .current. 

Tne deviation of the measured points from the calculated curve at the higher 

current levels is attributed to increasing internal resistance of the switch 

elements because of heating. 

Note that the intrinsically safe current lirnit is determined by the 

peak .. to-peak value in the half-wave system (a) and just the peak value in the 

full ~wave system (b). Thus it is possible to have at least twice the antenna 

mo1nent with the system·{b) than with system (a) and still n~ainta;in intrinsically 

safe conditions. 
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Figure 4-1. Intririnicl Safety Test Results. 
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5.0 PERFORMANCE BOUNDS ON OPTIMUM- INTRINSICALLY 
SAFE SYSTEM 

One basic crite rion for judging the performance of an EM 

location system is the transmitter's antenna _moment, INA, since this 

determines the detectable signal level as a function of depth. and 

conductivity of the mine overburden. 

It is possible to derive a relationship for the maximum in­

trinsically safe antenna moment which can be achieved in terms of length 

and size of wil'e used to form a loop. This is done in the following 

paragraphs. 

The moment of a square loop can be expressed in terms of ant.enna 

length, J_, · and peak curr ent, I , as: 
p 

I NA= 0.9lp1 
rms 

16 N 

2 
2 

ampere turn mete·rs 

It is obvious from this relatfonship that the maximum moment 

exists when N = 1. 

Therefore, 

I NA (max) 
rms · 

The peak current, I crtn be obtained from the energy storage 
p 

equation, 

I = 
p 

,. U = frn dt joules . · 

and the inductance of a single turn squa1·e loop in terms of the length of 

wire, J_, and its diarneter, d, can be obtain.ed from: 

15 
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f l 

·[ I 

f J 

! I. 
l f 
l 1 

J 

· 1 [ · 1 L (henries) =0. ~0~ 4 2. 303 log 4 d . 0. 52 X 10- . 1 . 4 

. . - 7 1 
~ 4. 4 X 10 · 1 log_ 

4 
d , 

where 1 and d are expressed in mete rs. 

Suhstitutin g these relationships for I and 1 in the equation for 
p 

maximum moment gives: 

I NA (max} = 
rms 

2 1/ 3; 

1 • 2 X -10 U 12 1 12 

; 1/.. 
1 7 ,-
1 • £ I . L LU~ ·4a_J 

2 
The units ar e ampe re - tu1·n - mete rs when P. is exp1·essed in meter_s and U 

in joules. 

Tests conducted at the Bul'eau of Mines Testing Laboratory using a 

resonated loop antenna indicated that the max hnum energy stored should notably npt 
-3 

exceed.approximately 2. 5 X iO joules in order for the system to be intrinsically 

safe. Substitut ing this value in the above equation gives: 

I NA {max)~ 
rms 

. 6 1 3/4 

[ 
1 ]¼ log4d 

Figure 5-1 shows a plot of I (n::ia.x) versus 1 obtained from this 
r1ns 

equation fer a # 10 AWG wire. The effect of wire size on the maximum 

intrinsically safe moment is shown in the following table for 1 = 200, 500, and 

1000 feet. 
-· 16 
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Figure 5 .. 1.· Maxhnum Intrinsically Safe _Antenna Moment 
Achievable with a Given Length of Wire · 
for Resonated Square Loop Antenna. 

Wire Length, 1, in .feet 
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TABLE 5-1 

Effect of Wire Size on Maximum Intrinsically Safe MorneD;t 

A WG Wire Size 

#19 

#16 

#13 

· . #10 

# 7 

# 4 

. 2 
INA (max) in amperes-turn~meters · 

· £. = 200 I £ = 500 I £ = 1000 I . 

1390 

1416 

1442 

1471 

1501 

1533 

5251 

5341 

5432 

5531 

5632 

5742 

1439.0 

14622 · 

14855 

15106 

15364 · 

15643 

Note that a rnoment foc:rease is achieved as the wh:e size incl'eases . 

. This is because the inductance of the loop \vith a fixed lengtli of wire decreases 

as the wire dia.meter increases. 

Figure 5-2 shows the perforn1ance bounds on the Elvl. location systems 

operating with a loop antenna consisting of 360 feet of #10 wire. Here the 

vertical component of the field, H ,is plotted as a function of antenna moment 
z . 

. . 
and parametric in depth; A frequeri,cy of 2 kHz and effective earth conductivity 

-~ . 
of 10 mhos/rnete1· is assumed. 

On this curve the INA achievable with systeni.s(a) and(b)a·re also indicated 

and these can be compared \vith the r:i:1axhnU:m intrinsically safe system 

assuming a 360 1 , #10 wire is used for a square loop antenna in each case, 

It is also po.ssible to calculate the switching resistance required in the 

transmitter for achieving the maximum intrinsically safe moment, since: 

1 0. 9 E ~ 6·13/4 
X 

16 ~ 26 = ~ 
£ 1/2 

___ ,-...J 

rms Rb+ 2Rs +R 12 
[£. 

1 ¼ a 
[log 4 d] log-·] 4d 

J_,etting R = 0.1 ?hn~s, E = 4 volts a.nd solving fo"r R yields: 
b ·S 

. ½ 
~ . -2 [ 1 ] 

2 

R
5 

~ 1. 88 X 10 £ log 4 d: 0. 05 -
. . 

where 1 and d are in meters and R arid R are in ohms. 
s a 
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Values for R , for a given length and size of wire can be found from wire 
a 

tables. Results of this calculation a -re giyen in Figure 5-3, which indicates 

the minimum switch resistance that can be used for a given length of wire 

and still insure that the syster.n is int~insically safe. The negative value s for 

R . cannot, of cours~, be achieved in practice, but result from the fact that the 
_ S 

equation is derived fr.om maximum m .oment considerations. 

F.igur-e 5 - 3 .can be used to show the range of usable_ wire lengths for 

a fixed switch resistance. For example, if the minimum. switch resistance 

is ci ~ 1. ohms and //10 wire is used,. then the leng th of this wire 1nust be eithe r 

less than 120 feet or more than 1300 feet for the system to b e intrinsically 

safe . . An y length of ffo10 \-Vire can be used if R > O. 18 ohms, R = O. 1 ohms, . s -0 

E = 4· volts, and a squa re loop configurati on is used. 

Figure -S.-4 is derived from Figure -5-3 to show how the system. design 

parame t e r:s, na1nely, wire s.ize, iuternal ,switch resista nce~ and cir cumferen c e 

of the squar e loop antenna, can _vary for an optimum intrinsically safe system. _ 

Using this £ig:u-re . .and the, r elatiorn;hip forI _ NA (max) given previously, it 
J. J...1.lO ' 

is possible to calcula te the maximum intrinsically safe moment as a function 

of .internal switch resistance, R . Results are tabulated below fo.r a 360 foot 
s 

leng th of copper wfre in a square loop configuration. 

. ..... ~-- ····· .. 

R (ohms) 
C 

-~ -'-+--~~-

0.3 

o. 25 

o. 20 

0.15 

0.10 

0.50 

0.0 

_Qptimum Wfre Size 

/!4 

#7 

#9 

#10 

#11 

#12 

#13 

20 

Approximate- Wire 
Weight (lb s .) 

50 

25 

15 

12 

9 

7 

5 

INA (max) 
2 amp~re-turn-m. 

3520 

3460 

3420 

3400 

3380 

3360 

3340 



L .. ~ - L - - ~ - _____.,.:-.: -. - -L_ L_ : ~ - -- --- ~ .. - ~-- . --~-- - ·~ -· - -~ ... 7 - -7 
~ ~ ~ ~ - -~ - - - ~ ~ ~ -~ ~ ~ 
Figure 5-3. Switch Resista nce H. e quired For Optimum Intrinsically Safe '. _ .... 

Full - Wave System. · .... , J" 1"' "'j 

00 1'°~0 

1. 0 i , , , , , - , . . . . . , . . . _ . · I . 
1 1111 . I Iii_ 1-~m 1t·11111n:1: I I I l4 11q_111 lflj l!!ml ·t-lU!!llj Ii I 111111 -~ -- ,IIJ 1H+l 1 _ JJ: . LLLj- 1 rrw l1 i 1 , __ _ 1 __ ,_,_:m-

1
Ii111u+ r 1 11Ju, 1 1 _ J 111, - __ 

1
..J.I 111I 1.ui

1 1 1 , n , 1 , TT1 1 1 1 , , 1 1 1 1 1 111 , ; . , .n , , rm , 1 , , , r H I I I - n i+! T +1tTi ~ L,ri11~r--------'--# !* I rrr * I . --ffll. 1Tt' ['[' 1!j ' f LU __ I IJ i ~tti ;, ffi1 ' Ir-! 1ftl ,:• l 
7 . li~L,_ - -rr- ·•1+:1 ·1· , --- - --r-1-rr: ·[· r-r,tj LLL illl 11 · ' [''j LLL - 11-',-Y - - l , - , 1111 l.J...l_ _ , 1 1, 11 111 11 11 , 11 1.1 ·: , , 1 11 · ,...., 1,, 17T T,11 1 .1 , 1, ,, 1 11 r ...-1 11 1 1 1 .. ,1 

~ -r, - rl·1· I_ -1- 11-L · '1: 1['1111''111 I • - L1-+l-l- Tf .. JW lllf -~' 1w, 'l-fj-1.: 'I !ff H !! Ii I I I c.~I- '-r+ H IUl! 1~ M+L -ijt In''~ Jl!l I'" 
.l:!.. = 4 volts - · t 11{ ·11 j I 1·.- ----- ---- -I IT tti- 1T!Jf, ·-11=1-± , -~ fl\ !- il l 1'j i~: 1- -- ~•- H - IT" Hf ~ : T - ~ If I :111 !~, r- = ~LI · t till rj ·, 1!,1 - T l1+[T" rri· m- -i--+ rl] /-ti 7 r! - -- --r--- H1 ··1i- !r~:-tt r· , 'rn, : ~ t-- R 0.1 ohms ... L_ -- -I-, -1 nfl .J1 - _ _ Lr·' ·,. ·H• · -H-L:.. i-, Li rl ,1j-H 1I!, - 1 1-1 .J, 1. - - --H - 1. 11-1, 1 111 8 I I I I . b I i ! !11 11•1 I -1 t ...!.. I 111 I I 111 1!, 1, 11·:111 I f I I 1/i 1, ,I I. I ii I I . . . I I I• i d I II I I I I I ' I ,, I I I I I Ill,,,, ,,, I I I I I ! I I I I fl! Ii ~-+ s u.are Loo l +J--!1- -!- I rH1·J•~11·1h -;', -- ----+--~+~ 1 -· I 111il+ -f,±1-f ! bo ltrr: 1,·I Hf:'-H-- -+, •tt· 11+''f'·h-r--·I i'--lj q.f 

1rl: lli{I. I q p . -t- -Im,·• 1!1r1 ·lrli l. -h T . , T "1t . ·,-f i-l, , 11 1111 'I - -L,+ . - 11 h 1 -rt - ·It r · 1t1 l,1· r1 Antenn::i _1 r -r! 1\1•;11 ; : ·1 !I IT -. t j ! 1! l''I 1 +-i- 1,~ - 1- · - -- -r- Ir: ·r • [i 
I - ,- 1T Ir "iTII -r- . 11 - -1! !,, J11il 11f1 -! I t . -1· . ±1L~.111n 1 - 11 I irrr !, I ji!i ,-,,•r ~ l l,n lf-~ -R=I f i l l I' i H_,n: 
L I I I l:f_ 11 i I~~ ill J I 1 1~1-H I' 1 rr:-:,, ;;,I + . I 'tt I l lrJ ! I I 'I I I JllJ I I 111, rll Ji lji 1/4. ,( J , I.I I I jtl! I 11 I w ILII l!J ' I,, 

1-- - ·-----r T --m-T · rn-o: . 1·- l if 11 1:1 •--:- I - nr -· ·11 1- 7 , - ,1u -11ll li · ·1:11 y'-'- ·-r ·_- r:·, -+--n--- lJi T1 1i; •· ·I t-~ -t --~, t + + I - -- - .-t1il I h----- - ,·- f-+ j·f -- I i lT -1- T1 , !~: ·!, 1/, - - - I .:. r ·d L rr I f 
. l-'---IT ----ir,·-rn~ll1,+tml·I- i- .. l_lr~r,J11[1l1!i I I -+·1~+11·1-~.--~,·-:i::1+ __ _ tl-~11tttl~1r!11·1)11r . !AHL _+J-¥-ml -~ 1H1·f-ff-+~~1~·-Jl~-r~1 -l11r1· 

6 -'---'I-.,_ LL . - · I 14 - . . l . . ,- j• ··11· . ._ ,. -- ·j-r. ·H1 I ~,I tt - 174 .mrl 1H 111'11•·11 ,-, ~ !7 - - - I H-j ---1 1-,-1 j. I I t I I II 11 . II I I 'I ii, I I. I I I ~ , 11 • I . I ,1 I I!,,, I' ✓ I II I I . I ,111 ' 

, 1, I ~H· lj , H ''H ,•.II:,,, • ,iR =t=I rr,, , j' -1 •11 t·n' . l ' t-H'W'I ,, '1··~, ,
1
:, ~ . J H .. 8~ , : 0~_11 ,

1 
~ 1,·" ,!11 ~~~ -- - ··•··· . ·rH'' j'- ii].•+· 1·1·1r1ll 1, _ ..__,_ _ _ ,_ ---F-"- ·. -1 ·r ·r, '- -r-- l ·,11··~rt]1:1·1: ' ' - - - .. j+ _,_ ~: - ·· 1r 1ji,[1_ 

(I) '-'--1--- 1---1---1- ··r I . L1··h1r ·- ---1- - ll' r· •·11·1l -1- c·- -- + - ~ , - · - ·. ----, .-1 ., 7 - " 7 ~ · r -· "t- l'·1t 11: ! · I I I I ' I . · I I . I f I I , • . 1 • • • I I l 8 I - -<- -- ---- f •j - -- - · 1r: 1 !1i 1--- T· , ___ T -i; -····1r 11 • . TTl1 · 1·,l· 11:·•-r;, -- -- - I , _ _ -1- . 17 ,1.,, 
.,, ~=•--,---" -I It j I lfl1 !l f L ~H I ! 1!1 I, ~~-- -~i=.+-J d I hlr! -, rn Hrl 11I,li11,l!:r1 ' ~-~ ,$ L r 1m -r r11 +ti! 11 I1 ~ 
0 - I - ·r' _I] I u nt,-11 ', . .L l-+-ir - f--i-1 I· JI II Ill 11·1,1 I ~~ttf-- + -IF -J ~ L 1n 11 1 j_ . u..t lfl-1 I Id i iJi :J-~1-C--C- JL . 1-1-1- -, +I+ -1- L ~ 11 H . LJLH .LLLII ~ ·1 rnr1 •J: 
C - - - u -. - 1-r l . -H " . -- r ~ - r ·1 -~!.I 1--,- 1-J. __ ,_ ,, -~1111 -•-~,, 7,_~~ . -,· -l~rl h1 - · : - • I : I 1! 11 I 

.,.., I _I ~ - !· ·11:1-1 ~- -- . ~ RI I J lli ,,,1 . I 1-,- -1-- - ~ . L _rp frf' +i-t, -- ~-JN~Wri j/ :i :1!1 - - - L- ~ L.. ~ .c..~ l±[·H-hf"~i ~ f111-~ J1ir-1t1 f'-~-1 :· ifl' I 11 j 
-'- '-C..-'--'-- T----' - 1- -1-r~f-1 - L, . L,, iri T 11L.,J . 1illr -1·- · 11Y. 11'J.1·111··1- -'-l:~ -L- '- '-- · .,H7-u ,~ 1,--l -- · 1H1· t·1 .... 4 1 • . -r 1 . 11 1 , 1, 1111 -1 -1 !11 1 1 1 i 1 -f" ! l it 1 1 1. ,..jl ... 111 1 r--r Iii~ ,..,._ , _ . 11 1 , 

P:: (I) • - ---~--1'· + 1 ' ~L 1-1H -- tu'- -1· '1j 1

1
!11 1·11: . , - - -_[J_] Tji·1 1~1 -I'- +1~-j,4-<f,}·t-' 1·,· -11111 il lHfr"' . '- '-Fl- - ! -1iir- - r11 -~~-.Lc1 dLl Htt :111 11

1

1
-1 . -/-- . 1' - -- r I 'J1 '- •- - l- i-- --l---l- - --· 1+J ·I · Ii. -H-1), r -· · -1. --Ptf,,•1 I - - r- 1 1-:-,I J i-l,11 111 

~ 1- . - - . - - - - . . . ' .. . . I! i -.-·t-+- --1 -l---- i - - - . l · 1 ' - ~ - ;· - - . ' ' I '" i: ! I· J' i I I !___j__ - - . .- J - ~ -- . I . . I ~ • - 11 1 I ,111 -, ,. Ii I I!!~ lit:-- -c,-: ' 1 I .Ctflt~ ~ !~ I~ hllf:rt IHI !Ii; I : :- -"I - , +! , · JI - · ·. J, ~ I:[: !1 1/ i!il 
· .... ,___'- · , - - LJ_ ~- I +~ rr I -L~T .1. -~! '-•!·1• j1 ' 'i'J l 1·1 =1=1=+ - -•-~ --;+t - -- -1 

1 ! ~1: ti 1-· ~- -t-l·r:· I If' 1
1~ ffir i 1 -r-'--•- -_1 T -~ij-f !1L-d · 1 -,- : · ~~ 'ijj I t'.i _Il l jllTI 2 I - l_l_ . ·+ r· "l I 1--H- --f ·r!, i-- . - - ,--1111:, I ·- • +- J 'T' '' I I - . I .[ qi . 

U) '--· '-- •--- - -1~,L .J ·'r j- - 1-· 1·· 1 1 1 ➔- 1 - I ii!:! !! ,---+--+•-rl- □_I,Jt, 1 11 '.l-,¾llri l1t1-- 1 - l:r,1t f1·1 ,,1 1 11111 1-1- -It ~-t + I; -- - ___ j][ ,'. 1 □ t1J!j 1 
·;;; 2 H-..... '-"-'--- - -:t- ,-!I ~1 ! ; 1-,-1,-- 11-i Hli .lrli111:! :,1--1--, -1 rt- l-!fJr-tfPHl !+ri i-11-h TH·ntrl 1t11 ,I !111 1 I+ H- 1 I 11 ~1. \~ I i1 11, l! H 

<l) • I . . -- 1-1 .['lj -llfl'i ~li\1·1-, -1 11 ;1· 1111:11 l11·t-1--1_-1- ~:: -1 'tfl ·H-1-f·ftT1' u LlJii. ~' 1ff1_1 _1111 tt1-4-1-WTif! f O--L'-'-- ·--+ ··•-~ +L ·'1_i:w f__ ·1! i ·r --~~·+'-~ I !r\ :·1 _1) l[l-f 
~ - - -- -~1-,- t · --1 ,1- - -1- ri· i· '11 !II·· ·- - .- -1- ,-r- rtnl:L t fl 1-f! .L - f•·t ' 'I''' .;-i,!.U 1--r lti ,

1
1I Jf= 1 1 1 ,... ---- ----• 11 !ji- - -- L !, 11/i -- - ' -·---1-r- ,___ ' · J 1· - ~ -' · i' 11 ,!! · Ji•i , ,,__ · , · +r · 1~ - I-· !·,·, !1· u '. ~- -IFP ,Hl1f.!111l1 l --I -1H l,;~-~d:::'.1~ -1:--- ,1-J--·i ---00-+ ,rl- tH-- i-1 ff1l! ,!1Jl1 li ~ , ___ _ -1 - - --t - ~- 1-1 +h---11-1-I ~ l,r 

.µ . rT Ht' i ttl ! 'U 111 1 ++ I I~~~'-";'."!;·~ ,___, I I I ' H 111 + f I rm1f,i1 'Iii " I u ~ t Ii ; ~ ~!±I I J \• L 11 !Ill ..... . - •-·- - H -· - r '•L: ltJ - · ,· ~~ .• -;;.:+!-it:' ·1 . ,_ --- T --~- - , - - -- - ~ -, , -: i- , : 1"' , T -11 1 - - iJ r· ;, ,;1, , ~ I ,JI~ - d I IW .; .. J:-:::"-:::::::~ i iI\!l!! l11 !i:!__j ___ _ bl-- -1-~--, I;± . -_.ll1 ·j] .. . .. I! 11 1·1 'r' "~~·-- + . - . . r ! r . Ii ! 11 r~ 
Cl) . ~ •---'- - .. _[_ _-:;: ::-.- ___..~ I ~-:-;-. - . ,_ . _ _ I ·-· -1 · 1 - -- l1-i -- - .ll. I I j'l;l-1-1- j...t ·1 .. . - . - h.' rir 0 ~~~ - --81~-rff ii' ii; i :l' ,11 -H 1111 H I ril 1111 111!1- - -l+cffii-1 ~+hi ~u I H ,Lh ~ I I! I tt!!!l i ii, I Kr -~ ",r~ Jfrr 1 - I! I R d ! :Ii ;,1 

➔- ...... i-+-1-- 1-- - '-L f-1-j . ! -1 ·imJ' 1-111 1-:.1-- '- ·1 ... - -~- +~/J.J.U !iii i-!p -~,-~l-=13-' ±'tt· -ijtj',-~- -r'·il'u' ;1'.L~ J!1 ? --~ 1-1+j ![-'ill 1r·1·1 i!f'! _ ·ffi·i\~-w~ l ! tt 111111-·- i+· . {-i, .r1· l.!1\·~: 11 1·1 I L I . , I -·II -- .. ) · 1t.1 '1·11 r-,-:.:;s I - - - - . . ,.u1•m1r .:> ~ I j, l1·1' -- -- - . rr1·· ...J_ • . - - f 'cti I 1. ' I I I I I i r- , · . , , I 1 , · 1 I I I I . .1 ' 
I I '-- ~ - . . ·i 1 ➔- - - - - 1 . , 1

1 1 ----r--- ;.:.::: - L- -- 4 • I +1 7T- ·-1 - iT . ;·,il11: -\ · T · 1· 1 - ,-- . :J -; ; ~ I ~•-'-'-t+ . -~;-1111!.1 _ -·i ·t!l111l~,M -~-l:t-H-- -__ H-HJ ~1rr 11nr ,-~ -r-1 r~.11lw1J.iil! -'-~•- ~1\Tl""I ]d -1-l- t+ · t- · 1 I i 1n!! ,·[ 
.=L - I . ·;:· -I 1'~!T - ±· - i . w llf l l l!jl •-'~~ -l-i=tN.+ tttt- :rll'l l~'l -!-1--l--l-i-l-l-':' q1iflH: :1·1 1 ,~::i , ~~--- Hni - iii~ 11i _I •. • 1·1 l :11-1 ,\11 

, 1 - -- TtJl T 11.1.1111•- '-...... ±-B-#16 :- 1·'°11+-H- +- 1,.T:,;i i! =:H_-d --. -'' - - _ _ : __ 11 1r1l 1J''-
, 1 -- - - ' T ii · · I 1 'I - _ ,_ - -1 · TL ' '-r · - f i · \ - 11 ' f'i - ' rr I 1 · - ,ffl- ~ ]_ ff -1 1ri1 ·,- q /} f, ttl ! l-ili1 r-l--1- ~- I·.! -l·h Hll 111 ffl~- t~:, ,JLi,11111: I fN- 17 H ·re-- ,-- - l rn l,f11ll1 

• 
2 +++ -R-t -- + + I 1.1.1.11111

1 
-1•-, +:1· -Ln- -~ I 11ff!j \ 111! i!1i -:-- -~~1

_J_j_. ) '-1 -f-ffl-iffi~-jl ii !I i-' -1- ·t·· -1·'- -! jJ{! ~F1i1
11_r!fl ' .. L --•1- -~j_' ! L,Y-1-1~-tl ~~ -~- - . ·t·r'·11 

tJ I !11,· fjf1
1 

----•-r'-_1 __ LJ 1 - r.,-lj ! ·--T-·"" ·ff.·-•·t --1 ,-1111·1.11·- Wue S ize ~~~-~ ····1 · ·"j 11 11-1--j-- I- ·11..,1j11·.,· l1• 1 ___ ,_ j-1~:~ 1 ·1 · II ! I --1 I L • ! ! ' I I 1111 ' I I I" : 1· I I I ! ' I -~l'I I I ' I I I --~,- - - --- ---- -- . ,, ... ...I.-- -- I •· l'I - --- ' ·• r·! - · ·r·· , . . . , , , . . . , - - - '- -- -- - . r - - - . [ T' 
-I-- -- \-1- . -

1-· · ; -r h I ii I ! II i -I I I -~111 I Ill[ Wl: i1 -+f--- -IF.Fr;- ·1- ' 'J1 Li11111 -- ,- ~- ~ -111 1lll.l:\@!Ll '--"'---=t -,- -'- . --- -i I :x·- 111 -, . a-h i r, .lu 11 ,i;i 
l__j--L ~! 1 } 1_l1 

1
, 11T I I'' t-rrH+t,, ,, 11 nrI , ±' , J ,r ,1 J ; JF:111,1 ,1H+1, 11, 1+ 1 , J ,,1 1,1 1 1 lJ 

1

_L1 11 L1IH:1f. 
- I I -- - - "J- - T rl !j J- ,-- -. -, •1! I 1111 l' ' :ii1 --,- :-i- ------•-1·+. --- . . :· 'I ' 11 1

: -- - , - !Iii' jf!: iii,.\':'--- - --- --- - _-- --_- -- 1\ . 11.1_ -- ··-. : _0 Tl . 1i I I; lj ! 
,__ ~--i----- - - -·1 1 · -- --- •· 1 +· 1 .. •1 11 •' ,_,_, __ -+-· --··1 ; 'l1r - - ~ 1·11f, ··1' - '-- - - - ·1 ·i - I 111 11 11d1 - t+=-1-t---r· -,.-i-ij--l- l: l[ 1 I f111 - I 1- r] i !1111 :11 : :IL:·,~, "=1---f----;--l '- fJ1_ --r !- 1, 11®, 1ii11j-- - ~' ~ -~- tt-!·1 d-illill,11 ,11 !-~·l\•-'-=EF.- l-~f ----- - -l-~ -1~ :-,1\1j i ·11:1'-~!-:1:·1 ~-1'_: j j·1 i 11,_: 1·1 11 il j' 
4 --1--1 -,•-Tl- 1----1 11·1 1 11---- ·--1 1•1 1 ·!1·••1·-'-,_ __ -,-Li_, ___ li·r11!"1' r1X ---- 11- -· 1n •lr1 ,-- --1---- -- - 111\ 1' i 1 ,1 11111 111 • . I I , , 1 , · I I I 11,, 111. 1 r1 I I -1 1 I cl..l..l..J , , , I 1 1 _ 1 , , 1 , 1 
1.0 100 L eng :b. tn Feet 100 0 10,000 

I 



L L --.. 
L-._ ·L_ I ~,o,E ·--·· 10 Tc--··- !NCH- <'-'; 07r.:S-"> 

L.-.....__' ------ INC H t IN U. 
K~UF"FE:.. 0c i:,:;Sf!R C..~ 

~ -

=:] =:, -i 
Figure 5-4. Wire Size vs. Switch Re sintance for Optimum Intrinsically Safe System. 

ltlll!l!ll! l ll l ll-ff f ~, · i , I i; I 1i. I ! : : 1 -i i :::::: :: :;: 

I I I I I I I I I ..... I r-.. - - · ·: L . ' I I i I I i I I I I I [ I I I I I I I 
; • 1 1 1 1 r--- 1 , L~ . 1 ---

1 
, , 1 I . I ·1 I I · t-

. : I I ; 1 .. I I I I ' ' 1c .._ .. \.J ?. - .. I : 1--H- I I I I ; i I I I I ! I I 
11 111 1 1 '1i 1 1 " 1---- _.._i~· 0o .. --=-~ o

0 
1 .. : +-- 1 1 1111111 11 1 , l--t--t: 

I I I I I I I i ,_._ ,... J.....Lb.., ..!- ._~ _. I I ,... .. . I I . r I , 

' · #i4 . 1 1
' ,.. 

36a,,1T~__i:--- ,....~, 1 ,+1 
. .. ,.... 

1 
· 1 l 1 

: 1 E = 4 volts 
1 1 1 _,... -17=cl:·- _,_,_ -- -------- -i- ' . r·--..... ..... -1-..... --+-1--,.....1-- ..... ,_,.... -fr·r---F-,t>-H 5 2T'. tt-J=u), :I i 1 !~-- I- ; ,.... ,__r L Rb = O. 1 ohms 1-

E~ 0 Q I._ :=1:tSi I I -"f°--1 '\.I \. I I I I T° rrrt 
I I : I •-+- Lr:.r:::... . -c-r- +·-m I I ,- - - - - . ._ __ f ~ -1-,_..... Square Loop ~H-t-
I- I -- ..... ,.... - 7 -1- --... ':...t--;- -m- .... I 'l I - • - µ.... I 1 ,.__ I • !i I , 

j- - . I ! ! - r-- --t· - I I ·- ,_ T.. I I I I I .. I I I ,· I I 
H-H-H-H-7-t-H-H- .:::-r-- j_ , ..J_ . I'- -1-)-N° --~ - --r I I I I I I 1 _,_.,,.~,.. 000 , L __ u -H1, -~ -1- ---.J - -- . 1 1 1 1 . _ # 12 1 1 , 1-- 1 , 1 17': ....L € ....!. 1 1 , 1 1 

I I I I I I I I I I 1f!iW, 1 , • ~ ~.::;::r:;_ ~1::.::-: ~t:j: ___ ,.' : : 
1 

• 

_, __ - J J :: -- :1=~~-~~Ef±.1._ 1~~1~!-~;-~j__ f-->-1-~ - ', -h-- : . : I 
H~; H-++ · Cl - -,-1- - ~ l t l -j•· - I\ - ~~~LL --r-·l--->- ;:s:: I , - ---- - - - - · - .- ~-r-rn, L.. _,_ . - I - - . -

' 1 ~ 7 1 • - - -- - • ___ ,. . .. - - - --- ---- -,,- -f 7 J -

I I ._. I-- ; I ·- - - - -H· 7 ~ I " '" I 1--1- - -- . I I I I I I I I I I I I I I 

1 I Q) •r--- # 1 Q I , j I • _LI I . I ~ - .....1\ m· ' i.'.S.' _ '=t-i· I I I I I I I I I I I I I I I I I I I I I 
1-- - --8= +-t---,Tr- -- ~ - - 1 ,.,- · r r1, -

I J ' N + ..... I ~---- I --L\I T 1:-1'_+ -
~ : I f+U) r--< -1-

1 ·t=±t--=~-= -
1 

_ ==r, · ~h-~ii-;; . : I I I 
1 

· I J II f I I J:: I 

j ~ · I 1 _,___ ..... - j _Q~~--i-4\~n I I l I : I f · I -1 • I I I I I 

I' ~-,, ~ , I . t-· +1 t=r~:- -+:+=::c1~~Lf~,~t:,. I''- r--- - f-::- _ Wire Length in Feet :--i-.......... 1 

- ~ - ..., ,_ _ _ , - -1-•- !~ -~ ----1--,-11_,_ _ ... j- _LJ i\J ,b-.1"' :fo !? +-1-L' T _., 1 JL B , , 1 1 1 ...1 , 1 1 , , , o , . . . . 
1 r~ 0 =!=Pi 1r I L-J Im , __ , 1:tct ~! __ __ _ 1 '1 _1--H~'- I b-:.0 ' I 

T ,+ 1 

1 • 1 1 ' - '-'-:- '- .. -1-1-- _L,~w 1-- --- -:~-. k--- ---R'.\FH-~-.1-f-: -}~ -I 
I I I I I I I I I I- N t . p _,_ ..... I-~-- - J _,_,_ - - -· 'jj s-. I I . Bf e?a lV':' -]rprf-r-H- ,- -t-t- t-- --l -- -HJ- ----...... ~f-1: ..... ~o- ·T . r-.. I t-l 

H-rt-1 1-;--; · H---t-t---1- ·- Res 1 stance t , . -Ii 1 .._,.:i ,_ · , , , 
I i I I I I H++·+·H-W-1-1++ --1- - -l--f---·~-1-,-l-- l~l,I +· -1----· • 1· __ -~r-- -i-n~t.,:f·H--~~ v_~-+++- .. + ..... --~ _,_,_ .. 

I .\ r-.) ..... ITT=~\ -~t 
--r--1-1- 1-iT" 7 - - - [ 1-

1 . 111-~=:, f1 ~ 
. . I . ' • - •- iLO - .. ' I I I'\ --r-m-t-+~ .4-,-.- _':=,..... I I I . =i -~ = = :~. :11.J·t-! ~j ! f- -r\·- -1-1-~ t;=~~ ± :J I\ .. : . 

~ . . .... -1-:-.-~-:- ....... -l- - - ~- -n-W-+--•-- -i , , _ - - - +•---, I , I 
- - r·-1--r-1-•-- -_ --- JI- --1-- - ·-·- --1 , , I I ±: , 

·I- -J-~ I _- - ,-- ···-r-r- 1-i-•-1-.·-j--•--'--1-,-•-\ ..... - , --· ·--- I l\i_ -I-, -rd-+ . -· -I· . 1 1 ..1\ 
I I I I :-+++-t 1 #4 1 1 , -t-- -,:... 1 : : . . I \ , I T\ 

-+-- , I _,_ . 

-0 • 3 =- I -0. 2 -~= ~0. i i . 0 ++- -+,:::.:.=--{- 0_ • 1 ±E + 0 • 2 0 • 3 . 0 • 4 · . 0 • 5 mm O • 6 
--t-D-+-ITT-·+· '·f-•---;--1--;;t= j:::-.L,.! . 1 +++ , 1 =r-1.:..W--l:--, I I I I f . --++-l :+1 ·, , ----l---1- 1- -+--

-=r-H-1 I I ' I I --:-!= R in ohrns (Rtcquir~-d ,:01: Maximum Intrinsically Safe System) '-"-+-1-+m 
\ i 1 ' 1-....--+t----- c-~ - _si=+l-W-1 1 1 '-t-1-Lltt' =~-+-i H. u · 1 1 1 1 1 1 1 , 1 , 1 1 1 1 1 i 1 1 1. 1 , 1 .. ,·++- -::_:_t --l 

I I I I ,_:-,- - -1-c- -~>-~ :_-1-1 ~ - - ~ - ' L'.:=i-t-!=+-+=i=qI1-P- - - -H ·1 - J I I I I I 1 -f--1+1 I I . I . t- ' 
1 '. -i-1-r-FF ._ l --h-l-,++i= #,1~;-H-r--l-h+rt+-R=~:r ...LJ.-L...J...J.....l....J_J..--'---'-..~~-'--'-J......L.....L...J.....l..-1.....1.....J.....J--1-L--'--'-~ 

I II I I --f 

ll]] 111 I Ir 
1-f-1 ,,, 

]7 

H-t-

II i I I I 11 11 rt-t-t-· 



-7 
·n This table indicates an interesting result. Reducing the switch . 

resista.nce by a factor of hvo (0, 3 ohins to 0.15 ohms) reduces the weight n of copper required for the antenna by approximately a factor of four, but the 

1naximum intrinsically safe moment.decreases only about 3. 5%. 
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Figure 5- 5 indicates how the .antenna current, I , varies with 
rms 

antenna resistance, R , and switch resistance, R , assuming E = 4 volts, 
a s 

and Rb = 0 .1 ohrns. These curves can be used to determine the system's 

operating time for a given charge . remaining on the battery, sinc e 

Operating time = 
ampere-hours remaining X 100 

I X 010 Duty Cycle 1·ms I < 

Take, for example, an optirnmn system using 3 60 feet of #10 wire 
. . 

and a fully charged battery and ope r ating with a 10% duty cycle, F:rom 

Figure 5 .. 3, R ,-:j 0.16 ohms ~nd from Figure 5-5, I ~ 4. 5 arnperes. 
s rms 

.12 X 100 ------•-,-.....- ~ ?_.7 l,n,,,.,., 
4. ~ X 10 

· Laboratory tests have been r un (see Part. JI of this report) under 

conditions given above, exceot R ~ O. 2 ohms. The re·sults obtained show 
. . L s 

a slow decrease in antenna .current during the first tlay of operation and 

decreasing to almost half the initial value after 2 days of operation. This 

decrease is attributed to an increase of switch resistance as the source 

·· voltage_ decreases. 
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6.-0 PERFORlvIANCE SPECIFICATIONS FOR ONE OPTIMUM SYSTEM 
CONFIGURATION 

We are now in a. position to specify an optimum system from a~ 

intrinsically safe standpoint. _The system. considered here assumes a 360 foot 

square loop of #.iO AWG. wire for the antenna. The 360 foot length can be · 

easily installed on .a semi=perma nent basis around coal pillars in most 

mines. The #10 insulated copp e r wire is readily available at electrical 

stores . The a n tenna weight is approxima tely 12 pound~. Table 6-1 specifies 

the chara cteristic s of the intririsically safe system. ·Th~ system is only 

intrinsically safe i£ the ante~na l ength and wire size give ll' are not exc e eded. 
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TABLE 6-1 
FuJ.1-Wave Location Transmitter System Characteristics 

{Intrinsically Safe ·system) 

Powe r Source 

Type: 

Potential: · 

Capacity: 

Internal Resistance: 

Transmitter Unit 

Transmitter Type: 

Switching Resistance: 

Operating Frequency: 

Frequency Accuracy: 

Freauencv stab:ilitv: 

Signal Format: 

Duty Cycle: 

Antenna Syste1n 

Type: 

Length: 

Wire Size: 

System Performance 

Maximmn Antenna Moment: 

Operating Time: 
{fully charged battery) 

Miner's Lamp ;Battery 

4 volts 

~ 12 ampere hours 

_Rb =. 0. 1 ·ohms or higher 

Full-wave, switching mode 

R = 0 . 1·6 ohrn.s or n~ore 
s 

Single frequency selected to 
o.p.e1'..ai:e midway between 60 Hz. 
ha:i.'monics (± 10 Hz) in 1000 to 3000 Hz 
fr·equency band 

± 2 Hz of selected operating frequency 
. -5 . . 
2X10 ;•F. 

Inte·rrupte d continua.us square -wave into 
re-sistive ,load. 

On 0. 2 seconds ± 1.0% 

Off 2. 0 seconds ± 10% 

Insulat~d copper wire in square loop 
configuration 

360 feet or less 

#10 AWG or large1· gauge (smaller wire) 

2 
3400 a1npere-turns-meters 

A ppr oxima tel y 24 hours 

Maximum Detection Range: S/N (dB) 
(assuming o-=10- 2mhos/m, 0 

Range in ft. 
2000 
1500 
1000 

receiver ·bandwidth= 6 Hz, 20 
and atmospheric noise limited) 4 0 

26 
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7.0 CONCLUSIONS AND RECOMMENDATIONS 

Several useful (and interesting) conclusions can be drawn from 

the analysis. S01ne of the more important ones are enumerated below. 

a) · _The maximum moment (and therefore the p e rformance) 

of a location ·transmitter for use in coal mines is limited 

by intrinsic safety considerations. 

b) Applications of intrinsic safe standards must consider 

the . total system, i.e. ; both the transmitter power generator 

and the antenna used with tha t transmitter. 

c) In order to be intr insica.lly safe, the ene1·gy sto1·age 

capacity of a resonated loop antenna should not exceed 
- 3 . 

2.5 X 10 jouJ.es. 

d) The resistance of each switch used in the full-wave 

ti:ansrn.itter determine s the length and the size of wire which can 

be used £or th.e loon antenna with that tra.11sn1itter. 

e) The max imum antenna moment which can be ·achieved 

within the limits of intrinsic safe ty incr eases as ( 1 )3/2 

f) 

where J.. is the length of the wire. This maximum achievable 

moment also increases as the size of the wire increases. 

The maximum intrinsically safe antenna moment which can 

be achieved with 3 60 feet of #10 A WG wire is approximately 
. 2 

3400 arnpere-turn-rneters· . 

The transmitter developrnent wo1·k described here is devoted primarily 

to systems for use in coal mines where ir:1-trinsic safety is an important 

· consideration, The system can, of course, also be used in metal and 

hardrock mines where these intrinsic safety lirrritations no longer apply. 

However, in all types of mines ,vhe:re explosives may be used, the danger 
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of premature igui~ion of electric blasting caps resulting from location 

transmitters must be considered. It is :recommended that a study be 

conducted and laboratory tests be performed to establish the sus·ceptibility 

of blasting caps to this hazard. The breadboard unit, which can gen~rate 

more than 1.0 amperes in a 360 foot 4h0 loop antenna by increasing the 

inp\1t voltage to 12 volts, ,could he ~.-s ed for this purpose. Measurements of 

the currents induced in nearby loops (simulating a blasting cap installation) 

should be 1neas_ured as a function of :r.arige and orientation •. Later similar 

tests _ could b e perfor~ed at an independent testing laboratory using actual 

caps to verify the results. 

Anothe r aspect which should be considered is the use of a different type 

of antenna. The signal field strength observed on the su1·face using coaxial 

loop antenna~ is dfrectly p1·opo1·tional to INA and an attenu,..1,,tion factor, J GI , 
which is related to skin d epth a nd inversely -p:roportional" to the depth (Z) 

cubed, i. e,, I-I = 
z 

INA I GI 
3 

2'IT Z 

Locations obtaine d by the null method 

It is also possible to use a horizontal wire antenna terminated in the earth 

or on a roof b 'olt, whose length is equal to or greater than the depth. The 

field strength observed from this antenna is proportional to I a.nd a different 

attenuation factor I A I and inversely _proportional to just the depth, i.e. , 

H = ..IJ A I_ . The _1o·cations obtained by ·the null method are lines rather 
y 2 1r Z 

than points . . This line on the surface should correspond to a vertical projection 

of the entry .in which the antenna is installed~ 

A con1paris on of the two antennas can be demonstrated by assmning that a 

10 µA/meter field must be available for l_ocation purposes. At a depth of 1000 
-2 . 

feet and er = 10 mhos pei· meter, a 4·00 foot square loop of #10 wire carrying 

4. 3 amperes is required. Powe·r consumed is a·pprox:unately 18. 5 watts 

on a continuous basis and the system operates at the limit of intrinsic safety. 

Under these same conditions, a horizontal wire antenna 1000 feet long and 

ca-rrying O. 7 amperes is required to give the same 10 µA/m field. Power 

consumed is 2. 8 watts on a continuous basis. The difficulty ·with this 
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technique is that the total resistance of the system including the horizontal 

wire antenna cannot exceed 5. 7 ohms, _assuming a 4 volt power source. 

The resistanc e of 1000 f e et of #10 wire is approximately 1 ohm and the 

ex:isting transm.itter resistance i s about O. 5 ohms. Therefore, the 

antenna terrnhia tion resista nce would have to be less than 4. 2 ohms. This 

low term.ination r e sistance ·would be ,difficu1t ·to achieve in low conductivity coal. 

By letting this system con.sum~ the same power as the loop system, the voltage 

· can be increased to 26. 5 volts and the· total resistance to about 38 ohms, 

which is a more p r actical value for the termination re~istance. This also 

puts the horiz ontal wire system at the intrins ic safety limits, assuming 

the circuit is non - inductive. 

It is also recommend ed that s eve ral full wa ve .transmitte-:r s be fabricated., · 

-using the d e sign crite ria establis hed h e re. .E a ch tra nsmitte r should be 

operat ed on a differ ent frequency and field t ested in a coal 11.1.ine unde1· 

si:nulated eme1·g eucy conditions. Location rec e ivers, both surfa ce and 

airborne units , should be designed and cons t r ucte d to oper ate in conjunction 

with the se transmitters. 

Furthe r wol'k i s n ec es sary t o optimize the receiver. This i$ particu.J.a:rly 

.tr-ue for the 1nultifrequency airbon 1e receiver !' for use on a h elicopter for 

signal search missions over the mine workings. The maupack location 

receive1's performance· in t e rms of signal d e tectability and location resolution 

might also be enha nced by using differential .electromagnetic field sensors. 

· It ·is :recommended that this technique be-inve stigated, and if warranted, tested 

under operational conditions. 
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LO INTRINSIC SAFETY TESTS 

Introduction 

Part of the development effort in BuMines Contract No. H0220073 . 

j } was spent on designing and testjng a full-wave manpack transmitter circ1lit 

which would develop the maximum possible transmitting moment available 

r l 
,)_ ! 
-r i- · 

c J 

I l . 
! 1 

J 

Ll 
J 

from the 4 volt miner's cap lamp battery and operate within the intrinsic 

safety limits imposed by the Bureau o~ Mines for use in gassy mines. The 

most· ignitable mixture of air and methane is one with approximately 8. 5% 

methane. Such a mixture was prepared in a special test chamber at the · 

Bureau of Mines Approval a-nd Testing Group in• Pittsburgh and was used ·to 

define the limit of intrinsically safe operation for this transmitter. The 

results of these tests and recommendations for increasing current moment . 

while remaining within the bounds of intrins·ic safety are given in the 

following sections. 

m1_ - - -- -- • 
.L .L.L~V.J, y 

By definition·, an intrinsically safe circuit is a circuit in which any 

spark or thermal effect produced eitheT normally or in specified fault 

conditions, is incapable under prescribed test c:::onditions of causing ignition . . . 

of a given gas or vapor [ 1] . Curves showing ignition characteristics of 

capacitive, inductive, and resistive circuits are given in Figures 1-3, 

respectively. These ·curves are based on de experimental data obtained by 

. R9bert Wolfe of the Approval and Testin$ Group, U. S. Bureau of Mines, 

Pittsburgh, Pennsylvania. The test apparatus used to ·obtain these measure­

ments consists of a rotating metal plate in contact with a metal ~hisker in 

a sealed enclosure. Grooves a.re cut in tl,le metal plate and as it rotates, 

a break in the electrical .circuit is produced everytime the groove passes 

under the whisker. The electrical circuit or apparatus to be tested is 

connec_ted externally to the terminals of this enclosure and the plate is 

rotated in a gassy environment in the enclosure. The gas mixture used to 

(1). British Approvals Service for Electrical Equipment in Flammable 
·Atmospheres, 11 Intrinsic Safety" SFA 301_2, 1972 ~ 
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Figure 1, Intr.insic Safety for Capacitance as a Function of Voltage 
(8. 1 - 8. 6% by volume Methane - Air) ·./ 1 . \ 0 0 
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Figure 2. Intrinsic Safety for Inductance as a Fo:nn.ction of Current 
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Figure 3. Intrinsic Safety for Resistive Circuits as a Function of 
Voltage and Current. 
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obtain the curves in Figures 1 through 3 was a methane--air mixture with 

. . 
8. 1 - 8. 6% methane by volume, The· same apparatus was used to test the EM 

Full Wave Manpack Transmitter for -intrinsic safety. 

Test Configuration 

A breadboard version of the EM Full Wave Manpack Transmitter was 

fabricated and t<:1-ken to the BuMines Testing Lab. in Pittsburgh to determine 

its intrinsically safe operating limitations, T?is circuit is shown schematically · 

in .Figure 4. · A simplified diagram of this circuit is shown in Figur·e 5 

illustrating more deariy the full wave operating concept. to obtain maximum 

output_° from the battery. The load in this case consists of C: 350 ft.* length of 

No. 10 AWG wire wound in the form of a single .turn loop and tuned by a series 

capacitor of 20 µF. 

Prior to running these tests, an analysis was made to estimate what' 

·current levels could be handled by the inductance and what voltage levels could be 

- handled -bv the tuhin1t-:-<::anadtance of 20 uF under ac conditions ooP-ratind a.t ::i.- -- -- - . . -
~-- _ - _ _ __ _ _ _ _ e ..., r- I"\ I"\ TT _ T-\ ~ . .1 1 . _ . .., , . - - '1 • • • • • , • 1 ,. 1, • 

..a...a. \?'1, U:C?.&..L"- y ~~ - '-4 _ _, '-!..~- l -·.L-~ • _ •_J.~ __ V _.J.. \...&..&. ~ .:,_9 _ '-- u ... .a.~!-._1.,-.i.y.1...&.o, L..L.LC ~ .v.a..J.:~ "'~~J.J.b, __ J,.- ~ -a.'- I..0..1.l\.. t:::: ~ _ci.:-1,._t::: 

. observed in the se.ries tuned antenna circuit: 

C 20 µF 
1 

3.2 olun·s = X = = 
C we 

L 
1 

205 phenries XL wL 3.2 ohms = = = = . 2 
. w C 

The maximum instantaneous voltage that a capacitor develops in an ac circuit 

such as this is the peak sine wave voltage. Figure 1 indicates that the maximum 

de voltage that should appear across a 20 µF capacitor to still be ~ntrinsically safe 

is 9. 6 volts. Since the capacitive reactance of20 µFis 3.2ohms at£= 2500 Hz, 

this represents a limitin·g peak ac 
9. 6 3 current of = amperes. 
3.2 

* There is an apparent discrepancy between the · 350 ft. antenna referred to 
in this section and the 360 ft. antenna in Part 1. The actual antenna used in 
the experiments was measured at 350 ft. The 360 ft. length used in the 
theoretical calculations in Part 1 is based on a nominal 90 ft. X 90 ft. coal pillar. 
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Thus, the maximurI'l: rms current allowable in this circuit, based on de data, 

. is 3(0. 707) = 2.12 amperes. From an inductance standpoint, Figure 2. 

shows that the maximum current allowable in an inductor of 205 µhenries is 

) l 2.3 amperes peak or 1. 62 amperes rms. (Note: The low~r part of the 

~~~-· c.ur:v:e ·n_Eigu...._·_,_· _....__._..._,a_n_extrapolation of the curve defined by the measured 

f ! 
r \ 

-~ l I 

~ ! { 

r I 

J 1 

: ft 
t l 
l {. 

-~ l 

points and could be somwhat in error. . Using the curves given in Reference [1] 

for inductive circuits of 200 µhenries, the maximum allowable working current 

is 1. 3 amperes de.) Figure 3 shows that for purely resistive loa.ds, the 
. . 

minimwn ignition current for a lour volt source is on the order of 16 amperes. 

The present system ha~ a total circuit resistance of about O. 8 ohms when 

driving a 0.4 ohm resistive load. Figure 3 shows that the maximum de voltage, 

that could be_ used safely to drive this non-reactive load, is 15 volts. 

Measurement Results 

Several different voltage s6urces were used in the laboratory to 

dete::rmine the intrinBica11f ·safe a:1:'ea ·of operai:ion for the test transmitter.-. 

The antenna was tu_ned with a series capacitance of 20 µF and the transmitting 

frequency was 2500 Hz with an on-off duty cycle of one second on and one s-econd 

off. Table 1 gives a summary of the results obtained in this test. 

TABLE 1 

Vdc Battery ·I 
J. 

Ignition 

(volts) (amps, peak) 
- -l r ·-·------ -- ----

3.6 Cad Lamp 3.75 No 
No 
No 
Yes 
Yes 

4.0 -Ni Cad 4.0 
4.8 Ni Cad 4.·38 
6.1 Ni Cad 6.75 

12.0 Dry Cell 7.5 

r 1 
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The intrinsic saf~ty test set-up is shown in Figµre 6a and the current 

·waveforms obtained for two of the conditio:ris tested are given in 

Figure 6b. The lower figure is representative of operation at the highest 

intrinsically safe voltage that was tested. These results show that in . 

practice a higher peak current is permissible than that predicted from the 

minimum ignition curves given in Figure 1-3. Part of the reason for this 

discrepancy 1nay be in the fact that_ the minimum ignition curves were based 

on opening an~ closing a de circuit with a 24-volf battery ~.ource, and the 

test results here were obtained for an ac source (square wave) driving a 

series- tuned LC circuit. 

Conclusions 

From these tests it can be safely concluded that the full wave switching 

amplifier in its present configu-ration is intrinsically safe when di-iving a 

series tuned, single turn 350 fo.ot perimeter loop from a source voltage 

equivalent to a miner's cap lamp battery of 4 volts. To boost the source 

..:{ ) ___ ·_u-_nlh,,..,a -f-n f... -,_,.,...._ ._1.f-_c,- !~ !°h_ a_· ,-.-,.-oc,·a!'_-f-_ ,-.~-n-f-i~_+ _-in_~ - ~ °!.1_,.:J -,..,,.,-,,.:t_r-:,-,. thA ::in,nli-f'i.,,.-,. 

L } unsaie. ~ urcnermore, u cne -coca.i circuic re_sis~ance we.re .iowereu oy u::iiug 

-1 I 

l { 

lf 
I ( 

u 
j 

. . 

heavier wire . in the antenna or improving the efficiency of the transiptors such 

that the peak current would read~ 6 ~ 75 amperes for a 4 volt battery source, 

it w◊-uld also become unsafe. This does not mean that no benefit can be 

gained by improving the efficiency of the switches. If the switch resistance 

were less, however, then the antenna resistance would have to be increased 

proportionately ( smaller wire for same length) in order to maintain . intrinsically 

s·afe operation. 

Tuning the antenna results in an effective increase in output current of 

more than a factor of 3 at 2500 Hz. These transmitters should therefore be 

designed to contain the proper tuning capacitor (built in) for the frequency of 

the particular tuning fork in the oscillator. rn· order for this scheme to be 

feasible, it is necessary to standardize the type of transmitting antenna so 

that in the event the antennas were predeployed in selected locations in the 

mine that each manpack transmitter would be compatible with each antenna. 

9 
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Figure 6 P, Antenna Current Waveforms under Intririsically Safe Conditions. 
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However, tuning is not extremely critical in these relatively low Q antenna 

circuits. Assuming that a 3 dB curre·nt deg":l"adation was allowable, ther.e 

could be as many as 14 different operating frequencies, 60 Hz apart, 

which would be compatible with a standard antenna tuned for a frequency 

of 2500 Hz. 
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2.0 BATTERY LIFE TEST FOR _THE EM ·FULL-WAVE TRANSMITTER 

T?e operating lifetime to be expected from the EM _full-wave 

manpack transmitte.r with a 9 percent duty-cycle CW transmission; e.g., 

2. 0 seconds off and O. 2 seconds on, w2-s found to be 57 hours of continuous 

· operation. The battery life test was · performed using -a fully cha-rged, 4-vo+t 

miner's lamp battery>-~ to power theEM full-wave manpack transmitter with 

350 feet of No. 10 wire as the antenna. Figure 7 is a block diagram of the 

actual test configurati9n. · 

The paran1eters measured during the test period were the battery 

· supply voltage for both the transmitter ''on'' and 11 0££11 times and the antenna 

peak-to-peak sine wave current. As show:11- in· Figure 7, the Esterline Angus · 

graphic reco:i;der provided a continuous. record of the · battery supply voltage 

throughout the test period with the HP 42 7 A voltmeter being used to spot 

check the recorder's accuracy. A ' continuous record of the antenna load ·· 

current v;as not obfainetl. · However, it was: measuretl ·and recorded -at 

regular intervals using a O. 02 n resistor in series with the antenna load 

and a HP 141A storage oscilloscope. 

Figure 8 is a plot of the measured parameters for a 90-hour period. 

The graph shows a continuous operating period of 57 hours. The· steady de­

crease in the rms antenna current with time is the result of decreasing 
. . 

switching efficiency and/ or increasing internal resistance of the complementary 

· silicaµ power transistors driving the antenna load with decreasing power · supply 

yoltage. Note that the minimum · discharge level of the. miner's battery will be 

3. 62 volts de and that the discharge .is very slow and continuous; e.g., not a 

rapid discharge rate near the end of the transmitting period as seen when 

employing a continuous de load on the battery. In an actual mine emergency 

si~uation, it would be advisable to place mor.e than one battery in parallel to. 

..e..!:.9long the operating life even further. 
* Mil-JE SPOT cap lamp battery manufactured by Mine Safety Appliance, Co., 

Pitts burgh, Pa. 
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3.0 COMPARISON OF TWO COMPLEM:E;:NT.ARY TRANSISTOR 
NETWORKS 

The Westinghouse EM full-wave manpack transmitter tested 

initially incorporated type MJE 1090 (P}.11P) and MJE 1100 (NPN) mediu...-n­

power complementary silicon transistors to d~ive a low impedance antenna 

load. In order to fully optimize the i:nanpack transmitter's transmitting 

power capabilities, two each of the MJE 1099 and MJE 1100 power transistors 

were placed in parallel to effectively reduce the transistor's internal re­

sistance and in-crease ·the transmitting antenna current _for a specific de 

power supply voltage. 

It was subsequently reasoned that the use of a complementary silicon . 

transistor pair with a higher powe~ handling capability may eliminate the 

·need to parallel the MJE 1909/MNE 1100 powe; frans~stors, and possibly · 

increase the system's transmitting power capabilities. The type MJ40_32 

__ (PNJ:Land MJ 4035 (NPN)_ medium-nowP.r. r.n~nli:>n,Pnb ·Mr ~;1;.,.n,.., t--, • ..,,., "'~ c,f-,...,.eo 

.Figure 9 ·show the test configuration used to obtain data for this com­

parison. The fundamental sine wave component of the output signal was 

measured using a O. 02 Q resistor in series with the antenna load_ using the 

R. M. S. reading HP 302A wave analyzer, and the Tektroni.J:c Model 503 

oscilloscope was used to obtain a qualitative comparison of the square wave 

output distortion. The test was conducted for de supply voltag~s ranging 

from+· 3. 5 volts to+ 10. 0 volts. Tables 2 and 3 are a compilation of the data 

obtained for analysis. 
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The p_res ently used circuit configuration,· with the MJE 1100/MJE 1090 
. . 

comple_mentary power transistors, · was _tested initially and then the MJ4032/ 

MJ4035 complementary power transistors were substituted directly into 

the circuit and the test repeated. The data shown in Tables 2 and 3 show 

that the MJ 4032/MJ 4035 complementary power transistors offers an ad­

vantage over the MJE 1100 / MJE 1090 complementary power transistors 

for the entire power supply range tested. The most significant advantage 

becomes apparent at the +3. 5 volt supply voltage point when the percent · 

increase in fundamental sinewave oiitput current is considered as shown 

in Table 4. The 14 percent increase at +3. 5 volts is due to the greater 

switching efficiency of the MJ 4032/MJ 4035 transistors at low voltages 

and resulted in an output waveform that exhibited less signal distortion 

than the MJE 1100/MJE 1090 transistors. 

Table 4 

Percent Increase in Fun_damental Sinewave Current of the MJ 4032 - 4035 
Transistors over the MJE 1100-1090 Transistors 

Power Supply 
· ( de volts) 

·3. 5 
4.0 
4.5 
5.0 
s·. 5 
6.0 
6.5 
7.0 
7.5 
8.0 
8.5 
9.0 
9.5 

. 10.0 

18 

Increase in Fundamental 
Sinewave Current (%) 

1-4 
3 
2 
0 
4 
2 

4 
1 
2 
3 
2 
2 
2 

3 
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Table 2 

Data for the MJ 4032 and MJ 4035 Complementary Power Transistors 
Driving. a 350 foot, # 10 \-Vire Antenna Load 

Supply Voltage 
( de volts) 

3.5 
4.0 

-4 • .5 
5.0 
5.5 
6.0 
6.5 
7~0 
7.5 
8.0 
8.5 
9.0 
9.5 

10.0 

Sinewave Output 
across 0, 02 ~ 

( rms volts) 

o. 06-3 
o. 078 
0 •. 083 
0.099 
0.120 · 
·O .134 

. 0 .1 $-2 
0. 1,63 
0 .. 177 
0.187 
0.201 
0.212 
0.226 
0.237 

- .L ao.1.e .5 

Output Current 
(rms amperes) 

3.2 
3.8 
4.4 
5.0 
5.9 
6.6 
7.5 
8.0 
8.8 
9.4 

10.0 
10.6 
11.2 
11.8 

· RTransistor 
(ohms) 

0.30 
0.27 
0.26 
0.26 
0.22 
0.21 
o.19 
0.19 
0.19 
0.18 
0.18 
0.18 
0.18 
0.18 

Data for the MJE .1100 and MJE 1090 Complementary Power Transistors 
Driving a 350 foot,. #10 Wire Antenna Load 

Supply Voltage 
Sinewave Outp1,1t 

Output Current 
R* . . 

acres s 0, 02 r2 Transistor 
(de volts) (rms volts) (nns amperes) (ohms) 

3.5 0. 057 2.8 0.36 
4.0 :o. 0'74 3.7 0.29 
4. 5 0.081 4.3 0.27 
5.0 0.100 5.0 . 0.24 
5.5 0.117 5.7 0.23 
6. 0 . 0.131 6.5 0.22 
6.5 0.145 7.2 · O. 21 
7.0 0.159 7.9 0.20 

_ 7. 5 0.173 8.6 · 0.19 
8.0 0.184 9.1 0.20 
8.5 O·. 198 9.8 0,19 
9.0 0.209 f0.4 0.19 
9.5 0.219 11.0 . 0 .19 

10.0 0.230 11.5 0.19 

*. This is the resistance of a parallel combination of transistors. 
transistor resistance is twice the value shown. 

The single 

. . ~ ·-· ·-;: 19 
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The test results indicate thr·ee advantages for using the MJ 4032/ 

· Mj ·403 5 complementary power transistors ~nstead of the MJE 1090/MJE 1100 

complementary power transistors. The advantages are: 

(1) The MJ 4032/MJ 4035 transistors have a greater switching 

efficiency at low d-c supply voltages, below 6. 0 volts de, 

resulting in less square-wave output signal distortion and 

(2) 

. 
hence a higher fundamental sine wave curr~nt component. 

The MJ 4032/MJ 4035 transisto.rs have a higher power rating, 

150 watts, than the MJE 1090/MJE 1100 transistors, 70 watts, 

which allows for operation at a .level well below their maximum 

stress levels. 

(3) The internal resistance of the MJ 4032 and the MJ 4035 

transistors is less than the individual MJE 1090 and MJE 1100 
I • 

compon-ents to a ·cn1eve ·me same iuncc1on. 

The cost ·comparisons show that the MJ 4032 and MJ 4035 are about 

three times more expensive than the . single MJE 1090/ 1100 units: However, 

[ J" since only one unit is needed for each switch, tr.ie savings realized by a 

s-maller number of parts and shorter fabrication time virtually nullifies . this 

f J. cost disadvantage. 

- r J . 

.• 

~----- . . •. 
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4.0 CONCLUSIONS AND RECOMMENDATIONS . . . . 

The E i'vf Full Wave Manpack T r ansmitter in its present con-

. figuration can be declared intrinsically safe when driving a -350-foot, 

AWG No. 10 wire loop antenna from a miner's 4 - volt cap lamp _ battery by 

virtue of its passing the intrinsic safety test at the U. S. Bureau of Mines. 

This transmitter and antenna sys tern would no longer be intrinsically safe 

if, for instance, two miners' cap lamp batte_ries were connected _in series 

to provide an 8-volt power source. Resonating the antenna with a series 

capacitor effec tively increases the output current by a factor equal to the 

Q of the transn1itting circuit. At 2500 Hz, this amounts to an effective 

increase of about 3 . 5 over the nonresonated current . Another advantage 

of tuning the loop is that all of th~ transmitted energy is contained in _the 

fundamental frequency eliminating any posBible har~onic interferenc.e 

between more than one transmitter in a multifrequency system. Yet a 

safety of the device. 

In view of the advantage~ gained by tuning the antenna, it is 

recommende1 that each individual transmitte~ contain its own tuning capacitor, 

compatible with a standardized transmitting antenna and the frequency of 

the self-contained tuning fork. 

The effective battery life of the Full Wave Manpack Transmitting 

Antenna is almost 60 hours when driving a 350-foot, No. 10 AWG loop of 

wire at a nine percent duty cycle. · The rms output current falls off in a 

nonlinear manner, decreasing slowly for the first 20 hours and falling off 

more rapidly after 30 ·hours until at 50 ·hours it has been reduced to half its 

initial value .. This battery life should be sufficient for most coal :inine 

rescue situations, since it has been shown in an ear1ier report that a 

reconnaissance EM survey can be floy.rn by helicopter over a 4 X 2 mile 

section of a relatively deep· mine ~n slightly ·more than one hour. 

_. 
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Finally, the Full Wave Manpac½- Transmitter initially bread­

boarded and tested could be improved by replacing the double MJE 1100/ 

MJE 1090 complementary switch networks with equivalent single MJ 4035 

and MJ 4032 higher power switches. With the latter transistors, the 

output current increases slightly, the waveforms are cleaner and half as 

many componerits are needed in the power · output circuit. Therefore, · in 

spite of a slightly higher cost, it is recommended that the MJ 4035 and 

MJ 4032 be _used in place of the double }vlJE 1100 1 s and MJE 1090 1 s shown, 

schematically in Figure 4. 

' 
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