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MOV ING TARGET INDICATION 

I . H. Page and T. H. Chambers 

• R adar engineers have been working intensively 
for many years to increase the performance o( radar 
systems so that sma ller targets can be de tected at 
greater distances. T his endeavor h as bee n va luable 
as it tended to improve the probabil ity o[ d etecting 
a ircra ft and surface targets aboard ships operating 
well ou t to sea. H owever, the last phases of the war 
in the Paci fic required nava l support o( huge land
ing operations. It was soon discovered tha t fleet 
operations in the shadow of relatively large la nd 
masses sa tu rated our powerful radars with literally 
millions o f echoes from land objects. As a result 
the few enemy aircraft echoes int ermi xed " ·ith the 
multitude of lan dscape echoes a nd ,,·ere virtua lly 
undetectable. In addition, echoes from waves, 

FIGURE 2-The M TI Conve1·sion Unit for the 
SC-SK radan. 

clouds, "window" (t in-foil strips dropped by enemy 
planes) , and echoes from our own planes a nd sh ips 
created su ch a confused picture on the radar indi
ca tors tha t the enemy was often able to come in 
very close without detection , the first warning some
times be ing a roaring Kamikaze coming in at mast 
height. T he fa ct tha t over 250 naval vessels were 
struck by these sneak attacks in the Okinawa cam
pa ign a lone clearly emphasized the need for a radar 
which would detect a ll targets with some degree of 
certa inty. 

T he British, being faced with the radar clutter 
problem early in the war, m ade the earliest attempts 
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at devising methods of improving radar perform· 
ance in detecting moving targets in the presence of 
large fixed land echoes. 1\-Iost of their attempts 
were doomed to failure; but out of their early work 
came the supersonic delay line and the proposal 
for a system which was theoretically capable of 
eliminating fixed echoes from a radar indicator. It 
remained for Radiation Laboratory at 1\II.I.T. to 
develop the basic idea into a demonstrable labora
tory system. This device was designated "MTI," 
meaning "lVIoving Target Indicator:• Since that 
time the designation "!VITI" has been used for any 
radar system which performs the function of elimi
nating fixed echoes and presenting moving target 
echoes on the indicator. 

The principle of operation of this basic lVITI 
system is simple. As a radar transmitter transmits 
a series of recurrent pulses, and the receiver receives 
the e~hoes w~ich are returned from objects during 
the time penods between the transmitted pulses, it 
sho';tld be possible .to store the echoes (in a memory 
device of some kind) following one transmitted 
pulse and then subtract them (in an electronic cir
cuit) from the echoes which follow the next trans
mitted pulse. All echoes which have not moved 
during this period will cancel but moving targets 
in general will not cancel because they are not in 
the same position from one pulse to the next. How
ever, in a practical radar system the pulse duration 
is in the order of ~ne microsecond which is equiva
lent to 167 yards 1n range. Even a high-speed air
plane will move only a few feet between transmitted 
pulses, and its echo will cancel just about as well 
as a fixed echo unless something is done to enhance 
its movement. 

This enhancement of movement is accomplished 
by means of a "coherent receiver." A coherent rc: 
ceiver may be just like any other radar receiver ex
cept for one added element-a continuous wave 
signal at the transmitter frequency (or at the re
ceiver intermediate frequency) which is very stable 
and which locks in phase with the transmitter dur
ing each transmitted pulse. This coherent c-w in 
the receiver will always have the same phase at any 
particular range from pulse to pulse. Now, as we 
have this c-w signal injected into the receiver as a 
phase reference, a very small amount of movement 
of any target will give an echo which is different 
in phase with respect to the coherent c-w from pulse 
to pulse, and which when passed through the re
ceiver detector will show a different pulse ampli
tude from pulse to pulse. Therefore, in general, a 
moving target will not cancel in the fixed echo can-

cell.ation device. For example, suppose one echo 
pulse from a plane is exactly in phase with the 
coherent c-w. If the plane should change range by 
~ wave length (meaning a path length difference 
of Y2 wave length for the signal to go out and back) 
the echo will now be exactly out of phase with the 
coherent c-w. The first pulse, being in phase, will 
add to the c-w in the detector and give increased 
output. The second pulse, being out of phase, will 
subtract from the c-w giving decreased output. It 
is seen therefore that if these signals arc subtracted, 
the two being of opposite polarity, their voltages 
will add and the resultant signal from the aircraft 
will be present. A fixed signal, on the other hand, 
will remain in the same relative phase from pulse to 

pulse and when subtracted will vanish to zero. The 
means by which all this is accomplished are ex
plained in simple terms in the paragraphs to follow. 

Although the basic principle in 1\ITI is relatively 
simple, the necessary equipment is quite complex 
and requires circuit precision and_ stability far :x
ceeding that formerly required ol a radar eqmp-

ment. 

In order to cancel fixed echoes to Yao of their 
former amplitude (a practical engineering goal) 
all instability effects in the radar, such as frequency 
modulation, amplitude modulation, and pulse-rate 
jitter, must be reduced so that their combined effect 
is less than %o of the pulse amplitude. 

After this is accomplished there must be injected 
into the receiver a coherent c-w signal which is 
highly stable, yet capable of being_ phas~-locked 
to the transmitter without appreciable mdetcr
minacy. A fixed echo-cancelling device may then 
be added with some chance of success. 

A fixed echo-cancelling device contains a memory 
or storage unit which accepts signals as a function 
of time and at some later moment can exactly rc· 
produce these signals in wave shape and time se
quence. Additional electronic circuits arc required 
which will subtract the stored signals from the 
direct signals, giving a signal output only in the 
event that dissimilar signals indicating the presence 
of moving targets arc present. Depending upon the 
type of storage device, various pulse-synchronizing. 
sweep, and trigger circuits arc required to assure 
that the pulse timing and storage comparison tim· 
ing arc exactly right to superimpose the direct and 
the stored signals. 

Although early work was done at the Naval Re
search Laboratory on sonic delay lines (quartz 
crystal transducers cemented to metal rods), it re-

mained for the British to develop a liquid super· 
sonic delay line capable of delaying a radar pulse 
with sufficient fidelity for :NIT! applications. 

The British delay lines used a water medium 
(contained in a pipe) with plated quartz crystals 
coupled to each end of the water column. A carrier 
frequency (about I 0 l\'Ic) on which the radar video 
pulses were modulated allowed a transmission 
spectrum of about 600 kc band width and a delay 
time of approximately 1000 microseconds, which 
is sufficient for many radar applications. 

In 19·13 Radiation Laboratory assigned a group 
to :NITI work and their research resulted in the 
mercury delay line which was capable of much 
better fidelity and lower transmission losses than 
water delay lines. They developed an l\'ITI system 
for a microwave radar which successfully demon
strated the principle and, under laboratory condi
tions, was capable of virtually eliminating fixed 
echoes while showing moving targets quite well. 
This system was in operation in the fall of 1944. 

At that time NRL was requested by BuShips to 
survey the MTI field and to develop an MTI sys
tem for air-search radars which could be operated 
aboard naval vessels. The problems incident to 
MTI operation on a moving ship compared to op
eration at a fixed ground site are considerable. 
l\Jotion of the ship makes even fixed targets appear 
as though they are moving. In addition roll, pitch, 
and vibration are factors which have to be taken 
into consideration in the design of many critical 
elements in which any mechanical instability can 
cause echo modulations from pulse to pulse, thereby 
causing fixed echoes to appear as moving targets. 

The amplitude of response in a delay line cancel
lation unit can be expressed by the following 
equations: 

~ • . fd 
Ec = E1 Slll 7r-

fr 

where Eo = output voltage after cancellation, 
E1 = input voltage, 
fr =repetition frequency of radar, and 

9Vf 
fd =doppler frequency = ~ 

c 

where V = target radial velocity, 
f0 = r-f frequency of radar pulse, and 
c = velocity of light. 

(I) 

(2) 

It is seen from the above equations that the radar 
repetition frequency, the radar transmitter fre
quency, and the doppler frequency arc all interre-
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FIGURE !-Velocity Response SC-SK MTI. 

lated. Doppler frequency is directly proportional 
to the r-f frequency with a fixed target velocity. 
Repetition rate is associated with doppler because 
of the fact that it is during the time interval be
tween radar pulses that the phase change due to 
the motion of the target takes place. 

Equation (I) gives a clue to a method of reduc
ing the effect of ships' motion to a low value. If we 
arbitrarily state that a ship speed of 20 knots will 
not cause a reduction of cancellation ratio below 
I 0 to 1 in voltage, we can determine the ratio of 
pulse repetition frequency to radio frequency which 
can be tolerated in the system. 

Rewriting equation (1) 

. 2Vf0 
E0 = E1 Sin 7r -

cfr 
and rearranging, 

Eo . 2V£0 

s1n 1r ---

EI cfr 

E 
Tr =Sin-l __ c 

El 

equation (2) becomes 

fo C • Eo 
-=--sm-1 -

fr 21JV E1 

186,000 X 3600 
sin-1 

27r X 23 10 

fo 
-= 463,000 

fr 

which is the ratio of radio frequency to repetition 
frequency necessary to allow a cancellation ratio 
of ten to one with the ship moving at 20 knots. If 
we consider a 220 IVI c radar 

220 X JOB 
fr = ------= 475 pulses per second 

463,000 
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Reconsidering eq ua tion (1) to de term ine at 
"·hat velocity maximum moYing-targe t outpu t " ·ill 
be obta ined, it is evident from observatio n tha t E .. 
will be maximum when the target moves o ne
q uarter " ·ave length during t he interval between 
pulses, or when 

r,, fr 

2 
Since 

2Vf, 
fd 

c 

v 
fctc 
--

2£0 

For maximum output 

475 
237.5 

2 2 

So that V 
237.5 X 186,000 X 3600 

440 X lOr. 
mph 

362 mph or 315 nautical mp h. 

I 

fiGt "RI· 3-The .Yew J1TI J\1.odulalnr Unit for 
SC-SK radar mountNI IJr-sidP tllf' /rr/11 .\ lnilln 

111 a IV/JICIII ~hifJbo(l}d in.\ Lallol ion . 

O u tp u t will be 0. 7 at 18 1 and 543 mph, a nd 0.5 at 
121 a nd 605 mph, which satisfactor ily covers the 
opera tional speeds o f a ircraft. 

This for tun ate choice of rad io frequency and 
pulse repetitio n freq ue ncy resul ts in a system with 
very sat isfactory cha racteristics in shipboard use. 
As the navy SC-SK series a ir-search r ada rs opera ted 
in the 200- i\ Ic band i t was opportu ne, as a fi rst step, 
to d evelop i\ITI eq u ip ment for those systems. A 
pu lse repe tit io n frequency o f 500 per second, re
q u ir ing a mercury del ay line o f 2000-m io·oseconds 
d elay was chosen to g ive a worka b le com p romise 
between reduction o f e ffects ca used b y ships' move
ments combined " ·ith good sensit ivi ty to targets 
moving a t typica l a ircra ft speeds. The resul ting 
velocity response cu rve for the SC-SK MTI is 

shown in figu re 1. 

The i\ IT I Conversion Uni t for t he SC-SK is 
shown in figure 2. I t will be see n tha t this u n it 
was bui lt in app rox imately the sam e for m factor 
as the PPI su pplied " ·ith th is ser ies radar so that 
it migh t be installed in the space prev iously occu
pied by th is unit. Figure 3 shows the new mod u
la tor u ni t appl ied to the tra nsm it te r in conjunction 
with the conversion o f t h is system to MTI. T h e 
new u ni t is shown mo un ted beside the tra nsmi tter 

in a typ ical shipboard insta ll a t ion . 

A b lock d iagram of the comp le te rad ar system 
a fter conversion to i\ ITI is sl1o\\·n in fi g ure ·l. Th is 
diagram was especia l ly dra,,·n to show considerable 
d e ta il in the Co nvers io n Un it since this unit con
ta ins the major MTJ circuitry in additio n to the 
normal receiver. It will he noted that the Co nver
sion U ni t is shmrn divided in to fo ur major parts: 
the norma l channel, the coherent system, the ca ncel
la tio n sys tem and the tr igger system . I t will be 
worthwh ile to descr ibe each of these [ou r pa r ts 
briefl y. 

The norm al cha nne l is j u t what its name im
plies. lt is a good a nti-j am rece iver u ti lizi ng non
ampli fi ed back-b ias and sw itchabl e fast t ime con
stan t to g ive normal rada r ped"o n nan cc o n a ll 
taq~c ts, both fix ed and moving. It is show n rc
n· i\' ing i-[ from the coherent ~ys t em , h u t th is should 
not be imerpretecl to mea n 1hat its o pera t ion is in 
any wa y tied in with the roherc n1 system. Tndeed , 
as a closer exam ination of the block diagram wi ll 
))how, the i-f is sup plied d irc((] y fro m the sig na l 
converter which is norma l in eYery way and is 
shown as part of the cohere nt system on lv to make 
the el i cuss ion of this la tter system a l ittle cl earer. 

T he second part of the Co i l version U 11 it, t he 
coherent system, performs the first o l 1 he two [unc-
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tions necessary· in any MTI system, namely, the 
detection of doppler shift due to target motion. 
The method by which this detection is accom
plished can perhaps best be described in connec
t~~m with figure 5. This diagram, showing the r-f 
signal for two successive transmitter pulses, in
cludes the all important phase relationships. For 
the sake of clarity two simplifications have been 
made in this drawing: the transmitted pulse is 

shown to consist of only three cycles rather than the 

hundreds of cycles radiated by an actual radar 

transmitter (400 cycles in the case of the SC-SK 

TRANSMITTER PULSE 

N-TH PULSE 
RETURNING ECHOS 

_R~~':T~!:I! ___ --------

@ VIDEO 

® 

® 

N+I)TH PULSE 
RETURNING ECHOS 

VIDEO 

converted to 1\-ITI), and the phase comparison is 
shown as taking place at r-f rather than at i-f after 
conversion. Since phase relations are preserved in
tact through conversion, this has no effect. 

Consider now the wave forms of figure 5. Line 
(1) shows the transmitted pulse. Line (2) shows 
the output of the coherent oscillator. This will be 
seen to be nothing more than an extension of the 
transmitter pulse for an indefinite period of time. 
Line (3) shows two returning echoes from the 
Nth pulse. Although the time at which these echoes 
return is arbitrary (depending on their range) 
they are assumed for the sake of simplicity to re-

turn at a time such that they are in phase with the 
coho. The resultant after adding these two echoes 
to the coho signal is shown in line (4): After de
tection, the video signal of line (5) is obtained. 

Consider now the next, or (N + 1) th pulse. 
The transmitter pulse and coho output will be 
the same as shown in lines (1) and (2) for the 
Nth pulse. Assume now that the first echo is from 
a fixed target and that the second echo is from a 
target whose range is increasing. Obviously, then, 
the echo from the first target will return after the 
same delay (as for the Nth pulse) and will again 

FIGURE 5-0peration of the 
Cohe1·ent system. 

be in phase with the coho and will give the same 
resultant and video signal as shown by lines (6) • 
(7), and (8), respectively. On the other hand, 
because the moving target has increased its range, 
its echo will return after a somewhat greater delay 
as shown in line (6) . In this case this target is 
assumed to have moved an amount such that the 
echo returns one-half cycle later. Thus the echo 
r-f is now exactly out of phase \dth the coho and, 
when added to the coho, gives a resultant as shown 
in line (7). The video is then as shown in line (8) . 

Recapitulating, it will be seen that, in the case 
of a fixed target, the video remains the same am-

plitude from pulse to pulse while in the case of 
a moving target, the signal changes in amplitude 
from pulse to pulse. It is this characteristic which 
will later be used to separate the moving and fixed 
targets in the cancellation system. 

Returning to figure 4. The circuitry used to ob
tain this coherent operation is straight-forward. 
The r-£ amplifiers are low-noise, grounded-grid 
stages and. the signal converter is a low-noise triode. 
The local oscillator differs from standard practice 
only in that special pains have been taken to secure 
stability and freedom from microphonics. The 
MTI i-f amplifiers are standard and the limiter is 
of usual design and is set to limit peak signal level 
to about 30 db above noise level. 

FIGURE 6-0pemtion 
of the Delay and 
Cancellation system. 

The coho converter is similar to the signal con
verter except that the presence of only very strong 
signals makes it possible to use circuits which are 
unresonated and need not be retuned when trans
mitter frequency is changed. The coho i-f ampli
fier is straight-forward except for the last stage 
which is operated class C so that it draws no cur
rent except during the actual phasing operation. 
The coherent oscillator is a Hartley oscillator oper
ating at the intermediate frequency (15 1\'lc) and 
here again special pains have been taken to insure 
stability and freedom· from microphonics. 

The mixer and phase detector are the only two 
circuits of unusual design, and here the only fea
ture unlike standard radars is the use of a system 
which is simultaneously push-pull for signal com
ponents and single-sided for coho components. 

Such an arrangement is used to increase the sensi
tivity of the system to the phase shifts discussed 
earlier in connection with figure 5. 

The cancellation system performs the second func
tion necessary to :MTI operation, that of removing 
the echoes from stationary targets. Its operation 
is best described in conjunction ·with figure 6. 
Line (1) of this figure shows the coherent video 
signals from first, the Nth pulse, and then the 
(N + 1) th pulse. These signals are the same as 
those derived in figure 5 except thai the transmit
ter pulse is included, and for a reason ·which will 
become apparent later, a second moving target 
echo, of polarity opposite to the first, has been 
added. 

Line (2) sho·ws this video signal modulated on 
the delay line carrier. Line (3) then shows the 
undelayed rectified carrier from the (N + 1) th 
pulse. This, when added to the delayed signal 
from the Nth pulse shown in line (4) gives the 
resultant shown in line (5). It will be noted that 
at this point all the fixed targets have been elimi
nated, leaving only the moving targets. The video 
signal is, however, double-sided and must be recti· 
fied to throw all echoes up positive for the MTI 
video. The final waveform is then shown in 
line (6). 

The circuitry used in the cancellation unit, al
though unusual in arrangement, is all of a type 
familiar to fleet radar personnel. The carrier 
oscillator, modulator, and modulated amplifier 
constitute in reality a small transmitter. This 
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FIGUR E 7-T est model of the PressUJ·ized M ercury 
Delay Line. 

transmitter delivers a 15 Me carrier, modulated by 
the video s ignal, and at a carrier level of about 60 
volts, to the transmitting crystal of the delay line. 
This delay line is the only component of the sys
te m which will be completel y new to the radar 
technician. It consists essenti ally of a column of 
m er cury, excited at one end by means of a qu artz 
crys tal with a supersonic (15 ;vrc) signal, carrying 
(as modula tion) the signal which it is desired to 
delay. This supersonic wave travels down the col
umn o( mercury at a speed of about l foot in 200 
m icroseconds so that by making the mercury col
umn have the con:ect length the signal may be 
delayed b~ the d esired amount. At the receiving 
end of thts mercury column, the wave strikes a 
second quartz crys tal which converts i t back to an 
electrical signal. 

_j 

<( 

1-z 
LU 
0 
LL z 
0 u 

In a practical d elay line (or u se in a radar sys
tem, the m ercury colum n becomes quite long (in 
the SC-SK system it is 10 feet long) so that the 
line is "folded" to make it a more convenient size. 
This "fo lding" consists simply of fold ing the mer
cury col umn back o n itscl£ and then refl ecting the 
supersonic wave around the turn by means of a 
corner reflector. Fig11re 7 sho-ws a view of the de
lay li ne (or the SC-SK w ith the cover removed so 
that the cha n nels and corner refl ectors may be seen. 
T his line uses five ch annels each 2 feet long and 
has a total length of 28 inches. It operates with 
the mercury confined under a pressure of 35 lbs. 
per square inch and h as proven quite satisfactory 
{or usc on shipboard. 

Returning to the actual circuitry, the output of 
the delay line, •Nhich has been reduced to a few 
millivolts by losses in the line, is first buil t up to 
a level of several volts by a 15 Me amplifier and 
then is detected to secure a video signal delayed 
2000 microseconds and of n egative polarity. This 
signal is then delayed an additional 2 m icrosec-

onds (the reason for which wil l be d iscussed in 
connection with the trigger circu it) in a lumped 
constant video dela y lin e and combi ned with t he 
undelayed video signal. This undc laycd video 
signal is obta ined from a monitor on the output 
of the modulated ampli fi er driving the delay line. 
It is o( positive polarity, and wh en added to the 
delayed signal in the resista n ce cancellation net
work, gives the bi-polar cancelled video signal of 
line (5) figure 6. This sig-nal is then rectified to 
give th e MTI video. 

T he last important part of the MTI Conversion 
Unit is the trigger system. This system serves to 
control the repeti t ion rate o( the transmitter ex
tremely accurately (within 0.0 1 microsecon d) so 
that the delayed Nth pulse and the undelayecl 
(N + l) th pulse will arrive at the can cellation 
network simultaneously. 

Assume that the blocking oscillator (second 
block (rom t he left in the trigger system) lll ttiates 
a pul se. This pulse is simultaneously feel to the 
radar transmitter modu lator where i t initiates a 
radar pulse, and to the delay line carrier mod ulator 
where i t is modulated at extcmely h igh level 
(+125%) on the delay lin e carr ier. It then passes 
through the delay line su ffering precisely the same 
delay as the delayed video signal (2000 microsec
onds) and then through a separa te carrier ampli
fier and detector. After passing through th is detec
tor, the pulse is c1 i ppecl ofi the delayed signal 
(wh ich of course also contai ns th e delayed video 
signal) by means of high level clippers, and used 
to in itiate a pulse from the delay multivibra tor. 
T his delay multivibrator is a one shot multivi
brator having a p ulse length variab le from 1.5 to 

2.5 m icroseconds. The trail ing edge o f this pulse 
is recovered by means of cl ipping and sh ap ing cir
cuits and used to initiate a new p ulse in the block
ing oscillator so tha t the cycle is repeated. Thus, 

a new trigger pulse is ini tiated after a d elay time 
of 2002 +0.5 micro'seconcls. Since the video sig nal 
is d elayed 2002 ·microseconds the system may be 
ad jus ted to a high degree of p recision . 

The other new unit added in the conversion of 
the SC-SK series radars to MTI is the transmitter 
modula tor. It uses a pulse form ing l ine and d-e 
reso nant charging and is similar in general design 

. tO those u sed i ll many o f the p resent shipbo·ard 
radars. 

Before leaving th e SC-SK ?\ [TI system it might 
be well to m en tion brie fly a few of i ts character
istics: 
a-Exclusive of controls incidental to distribution 
of the new l'viTI video signal, i t co n ta ins only two 
controls not found on an ordinary radar system: 
the amplitude balance control and the t ime bal
ance control. Both of these controls are extremely 
stable and noncritical. 
b-The e n tire system is very stable, be ing capable 
o f operation for extended periods of time without 
readj ustment. 
c-Performance against clu t ter is excellent. The 
system h as proven capable of tracking n avy fighter 
p lanes through solid clutter in excess of 60 db 
strength. 
cl-System sensitivity is with in 2 db o f th e sensi
tivity of the normal SC-SK series system. 
e-System reliability is exccllcn t. The mercury 
delay line, the element w hich has caused most 
trouble in previous systems, has operated for al
m ost a year withou t servicing. This year's opera
tion included four clays of shock and vibration 
tcstin o- and a week and a half of sea tr ials. 

"' 

FIGURE 8-PPI IndicatoT w ithout MTI. 

This system also p io neered several important 
imp rovements in the :.ITI art. T hese are as fo l
lows: 

a-J udicious choice .of radio f1·eq uency and pulse 
repetition freq uency to allow shipboard opera tion 
"·ithout comprising fixed target ca_ncellation per
formance. 

b-Invcntion and development of a compact, pres
sur ized mercury delay line "-hich w ill opc1·ate un
der condi t ions of roll, pitch and Yibration encoun
tered aboard ship. 

c-D cvclopmcnt of a locked-in trigger gene1·ator 
which automatically spaces the transm itted pulses 
by a n interval exactly equal to the d elay time of 
th e d elayed video, eliminating the need (or fre
quent a nd critical adjustment of pulse rep etition 
frequency. 

In conclusion it may be stated that although the 
MTI p rinciple has been d efi nitely accepted many 
equipment problems a re far fro m solved. H igher 
frequen cy radar systems need ?\1TI p robably eYen 
more so th an the SC-SK systems "·hich are now 
obsolescent, and exact m ethods of velocity compen
satio n (or own ship's speed must be developed. 

Simplified m ethods of signal storage and cancella
tion w hi ch may aid in red ucing th e complexity of 
th e present MTI system are under investigation. 
I t is th e desire of the navy that a ll future radar 
system s contain MTI features to aid in the detec
t ion of planes and submari nes and all promising 
leads are being investigated to accompl ish an early 
fulfillme nt of this operational need. 

FIGUR E 9-PPJ ludicatm· with MTI. 
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PORTABLE MODULATION INDICATOR 

• An instrument based on a new idea but an old 
principle was recently designed at the Terminal 
Island Naval Shipyard to provide a convenient 
means of testing radio-phone transmitters without 
requiring the assistance of another station. It 
eliminates the time-wasting method now in use 
and will consequently fill a definite need in every 
naval facility engaged in repair, test, installation 
or inspection of radio transmitters. Described as 
a portable, batteryless modulation percentage and 
dynamic carrier shift indicator it enables a rapid 
quantitative check of transmitters without utiliz
ing valuable air time or congesting regular com
munication circuits. 

Designed so that operation is obtained only 
through utilization of the radio frequency signal 
from the transmitting antenna this unit gives a 
positive indication of the effectiveness of an entire 
radiophone system from microphone through an
tenna. Failure of any unit or component part of 
the system will show up under test. 

For example, if one obtains a normal carrier 
reading, but when the microphone is spoken into 
gets no indication of modulation he has a positive 
indication of an abnormal condition somewhere 
in the system exclusive of the carrier generating 
components. 

Should the modulation be asymmetrical, the meter 
will so indicate. It checks the percentage of modu· 
lation of both positive and negative half cycles of 
th_e modulating wave. 

Should dynamic carrier shift exist, a deviation 
from the average meter reading (with the indicator 
selector in the CARRIER sET position) will be ob
tained upon application of modulation to the 
transmitter. Such a condition would indicate a 

weak or improperly adjusted or excited r-f ampli
fier. 

The device consists of a short whip antenna 
coupled electrically to a resonant circuit whose 
frequency is continuously variable over a range 
from 2 to 75 Me. A band switch divides this range 
into three bands: 2 to 7 Me, 7 to 26 Me, and 26 
to 75 Me. 

The resonant circuit output is coupled to a type 
1N23 silicon crystal which rectifies the r.£. The 
d-e output is then fed through a voltage dividing 
network to a microammeter which indicates aver
age r-f carrier voltage. There is no attenuator in 
this device so it is necessary that the coupling be 
adjusted until the meter reads to a previously-cali
brated carrier set mark. This may be accomplished 
either by changing the relative distance between 
transmitter and indicator or by changing the 
length of the whip antenna. 

The same microammeter is also made to indi
cate the average value of either the positive or 
negative half of the modulating wave through the 
use of a selector switch circuit arrangement. This 
selector switch, when placed in either the positive 
or negative position, connects the meter to the out
put of a full wave dry disc rectifier. By switching 
back and forth from the positive to the negative 
position and at the same time noting the meter 
reading it is possible to determine whether or not 
the modulation is asymmetrical. If both readings 
are the same the modulation is symmetrical. 

An additional feature of this unit is an earphone 
jack which enables the operator to obtain an aural 
indication of the operating condition of the equip
ment under test. 

The parts list and schematic diagram for the 
modulation indicator are included in this article 
to provide interested activities with all the infor
mation necessary for its construction. It is simple 

® ® 

® 
\ @ '---------------

'::' 
IN ADDITION TO CHASSIS, 
GROUND CASING. 

FIGURE 1-PoTtable modulation indicator schematic 
diagmm. 

Item 
No. 

TABLE I -Parts List 

Description 
Quan· 

tity 

1 Two-gang 100 J.LJ.Lfd per section variable ......... . 
2 0-100 microamp d-e meter-3" scale .............. . 
3 R·f coil 30 J.LH, tapped at 3 J.LH, each section center-

tapped . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I 
4 H-f r-f coil-0.7 J.I.H . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 
5 l N23 Sylvania silicon orysta1 . . . . . . . . . . . . . . . . . . . . . 1 
6 0.5 J.Lfd condenser, 400-volt . . . . . . . . . . . . . . . . 1 
7 0.005 ~-tfd mica, 400-volt . . . . . . . . . . . . . . . . . . . . . . . . . I 
8 Half-wave copper oxide rectifier (Conant) . . . . . . . . 2 
9 5-position 2-pole selector switch . . . . . . . . . . . . . . . . . . 2 

10 1V2-inch feed-through insulators and hardware . . . . 2 
II Closed-circuit phone jack . . . . . . . . . . . . . . . . . . . . . . . . I 
12 50 J.I.J.Lfd mica, 400-volt . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 
13 50 J.Lfd, 50-volt dry electrolytic . . . . . . . . . . . . . . . . . . . . 1 
14 5000-ohm, V2 watt . . . . . . . . . . . . . . . . . . . . . . . I 
15 4000-ohm, Y2 watt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I 
16 250-ohm, Y2 watt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I 
17 Indicating knob, I~ -inch . . . . . . . . . . . . . . . . . . . . . . . . I 
18 Indicating knob (frequency) . . . . . . . . . . . . . . . 2 
19 Terminal box, 6Vs" x 6Vs" (container) . I 
20 Miscellaneous hook-up wire, nuts, screws 
21 Whip antenna, in three sections 

to build and costs very little as the majority of the 
parts are available in salvage. The two frequency 
determining inductance coils, Items 3 and 4 in the 
schematic drawing, have to be manufactured. 

Those in the original unit were designed by the 
builder and cannot be duplicated. 

Item No. 3 is comprised of two coils wound Ys" 
apart on a I" low-loss mica-shellac base coil form. 
The first coil consists of 8 turns of No. 20 P.E. 
copper wire tapped at the center of the fourth 
turn and the second consists of 32 turns of No. 20 
tinned copper wire tapped at the sixteenth turn. 

Item No. 4 consists of 10 turns of No. 20 tinned 
copper wire wound on a Y2" form. After winding, 
the coil is slipped off the form and made self
supporting by soldering each lead to the two stator 
plate connections of the two-gang variable con
denser. 

There are many advantages to be derived from 
the use of this unit and it is recommended that all 
activities have one available. \~\lith the above data 
it is very simple to build and is considered to be 
well worth the effort. Its usc will not only provide 
considerable saving in man-days but will also en
hance the military effectiveness of our naval vessels 
by augmenting the communication qualifications 
of reliability and integrity. 
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RESERVE OFFICER T~AINING DUTY 

Naval Reserve Officers who are graduates of the 
M.l.T. Radar School (or whose classifications con
tain the letter "T") are eligible to request annual 
fourteen days training duty at the Navy Electronics 
Engineering School, Harbor Building, 1\LI.T., Bos-

ton, Massachusetts. 

Not more than ten officers will be ordered to this 
duty for any single two-week period. This training 
duty, however, is available at any time of year. 

Officers eligible for and desirous of this training 
duty should submit requests to their commandants 
(or the Chief of Naval Air Reserve Training, if 
appropriate) indicating the dates this training duty 

is desired. 

• • • 
DCDI AND DCRE TRANSFERRED 

Depth Charge Direction Location Equipment, 
which consists mainly of the DCDI (Depth Charge 
Direction Indicator) and the DCRE (Depth 
Charge Range Estimator), has been transferred 
from the cognizance of the Shipbuilding and Main
tenance Division to The Electronics Division. All 
future correspondence relating to this equipment 
should therefore be addressed to the Electronics 
Division of the Bureau of Ships. 

• • • 
CLARIFICATION OF OCL TEST DATA 

There seems to be some confusion in the field 
as to whether the data presented on the chart fur
nished in the cover of the OCL tube testing equip
ment or that given in Table 4-l (Mutual Con
ductance Test Data) in the 'Model OCL Instruction 
Book, N avShips 900,807 is correct. Actually con
fusion is unwarranted. Both sets of data are correct 
although they give different settings of the controls. 
In paragraph 3 (a) of the instruction book, Nav
Ships 900,807 it is stated that the cover chart lists 
settings for a selected gToup of tubes on the basis 
of the red-gTeen scale readings while the test data 
in the book gives settings for reading mutual con
ductance directly from the numerical scales. 

The above information should clarify the situa
tion, but to further reduce the possibility of future 
confusion it is recommended that the warning note, 
"Settings are for reading mutual conductance" be 
prominently placed on each sheet of the test data in 

NavShips 900,807. 

TRAININC ERROR ON JT SONAR 

The Bureau's attention has recently been called 
to a training error which exists in the JT sonar 
when Generated Target Train is being used. This 
report has resulted in steps toward instigating pro
curemerit of a field change kit which will provide 
an exact 36: I ratio between the 5DG and the 
hydrophone shaft so that the TDC generated rate 
of change of bearing will track with the JT received 
bearing. 

Until these kits are procured and installed, it is 
recommended that the JT operator be instructed 
to crank in the differential error and that special 
ma~ntenance precautions be taken to keep the V
belts adjusted at all times. Worn belts should be 
Ieplaced. 

• • • 
ELECTRONIC REPAIR KITS 

During the late war the Bureau of Ships pro
cured quantities of CZY-10223 Electronic Repair 
Kits for the primary purpose of supplying field 
activities with a kit of expendable tools and an 
electronic test instrument for emergency repairs 
and other work associated with electronics. 

In view of the fact that both tools and improved 
electronic multitestcrs arc available for ships and 
shore activities, the Bureau does not plan to pro
cure this kit in the future. Fiscal restrictions dictate 
the policy of absolute econmny in the procurement 
of such items. 

It is intended that the CZY-10223 electronic re
pair kits remaining in stock be issued to ships only, 
except in unusual circumstances. 

• • • 
UHF EQUIPMENT INSTALLATIONS 

It is again requested that every u-h-f installation 
be reported to the Bureau of Ships, Code 980. Each 
installing activity should take this action inune
diately upon completion of an installation, giving 
the type and serial numbers of the equipment. 

This accurate and up-to-date information must 
be available to the Bureau at all times if the im
portant u-h-f conversion program is to be com
pleted and coordinated satisfactorily with other 

military agencies. 

The Bureau is now distributing monthly progress 
reports showing the percentage of completion of 
the u-h-f conversion program. 

KEY· CONTROL 
TESTER PANEL 
• A ~ew device which provides a means of rapidly 
checkmg navy transmitter 6-wire control circuits 
has been submitted to the Bureau as a beneficial 
suggestion. Its use by field personnel will reduce 
considerably the time required to check and main
tain in operating condition the Type -23146 key
control panels, radiophone units, transmitter trans
fer panel receptacles and associated patchcords. 

former, a k~y contactor, six 6-watt 115-volt lamps 
an~ a _termmal block. The lamps which are used 
as md1cators on the panel are numbered one to 

six and have one side connected to terminals one 
to six on the terminal strip. These terminals then 
terminate in a receptacle mounted on the side of 
the tester case to provide a means by which the 
tester may be conveniently connected to a trans
mitter transfer panel. As this receptacle in the 
tester is a duplicate of the type used in practically 
all types of transmitter transfer panels, the only 
additional accessory necessary for testing is a patch
cord containing a male plug on each end. A com
pleted test layout is shown below. 

This device, known as the Key-Control Tester 
Panel, consists of a 115-volt 60-cycle isolating trans-

-----, 
ON WAll I ~ Eo I 

r-----~~~~-----11-----~--~;------++-----~~2~ I 
r;;-~~--'-0-rr----H----r-<>----o-f----+-J..----l--4=..._--orFF '7 IISV: 

TO FRAME 
OF ~HIP 

TEST PANEL 
TRANSMITTER 
TRANSFER PANEL 

4 (usv) I 
I 
I 
I 
I 

L ____ _j 

SINGLE KE.'t" 
CONTROL PANEL 

TYPE. '2.~146 

Above-Schematic circuit diagram of panel. Below-Trouble-shooting chm·t. 

TEST CONDITION 

Remote oN button released 

OFF 

Tester key closed 

Remote key closed 
open 

" closed 

pressed 

released 

pressed 

LAiviP INDICATION 

No. I and 2 lighted ..... . 
No. 2 lighted ........... . 
No. I and 2 out ........ . 
No. I and 2 lighted ..... . 
No. 2 lighted, No. I out .. 
No. 2 and 3 lighted ..... . 
No. 2 lighted . . ........ . 
No. 2 lighted ........... . 
No. 2 and 3 lighted ..... . 
No. 7 and I out ........ . 

No. 4 lighted ........... . 
No. I and 7 lighted ..... . 
No. 6 out .............. . 
No. 5 and 6 lighted ..... . 
No. 5 lighted ........... . 
No. 5 and 6 lighted ..... . 
No. 5 and 6 out ........ . 

PROBABLE TROUBLE 

Wires No. I and 2 shorted 
Wire No.2 grounded 
ON circuit normal 

ON button or wire No. 2 grounded 
\t\Tires No. 2 and 3 or button shorted 
\'Vire No. 2 grounded 
\V ire No. 3 grou ndcd 
OFF circuit normal 
\t\'ire No. 4 or I open 
Lamp No. 7 burned out 
\rVire No. 4 grounded 
Key circuit normal 
\V ire No. 6 grounded 
\Vires No. 5 and 6 shorted 
\t\Tirc No. 5 or key grounded 
Remote key circuit normal 
Open wire or defective key 
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T o use the tester it is first necessary that two 
leads be run from the tester to the ship's 115-volt, 
60-cycle power su pply and one additional lead to 
ground. The two p ower leads are tied to the pri
mary of the isola ting transform er (Tl) and the 
ground lead to the secondary of the same unit. A 
patchcord is then plugged into the tester receptacle 
and run to the transmitter transfer _:Janel where it 
is p lugged into the position r equiring test. Under 
this arrangement it is then possible to check the 
above mentioned units for shorts, grounds, con
tinuity and crosses. 

CABLE LENGTH IN TDP- 1 EQU IPMENT 

In the T DP-1 Loran Transmitting Equipment 
there is a length of RG-8/ U coax cable running 
between the transmissio n line ammeters, M-402 or 
M-403 in the transmitter and M-901 or M-903 in 
the coupling un it. The length o f this cable is 
critical and sho uld not be a multiple of a quarter
wave length a t the frequency used as there m ay 
be an accidenta l mismatch of impedance present. 
Such a mismatch would tend to accentua te stand
ing wave effects a nd consequently reduce opera ting 
efficiency. It must be remembered that this mis
match condition is possible even though an im
pedance measuring device is used in making initial 
adjustment . 

The safest so lution to this p roblem is to cut the 
cable to an odd number of one-eigh th wave lengths; 
it is satisfactory, however, to avo id mul tiples of 
quarter-wave lengths by a reasonable margin. The 
following table, compiled to cover p ractically a ll 
types o ( insta lla tions, gives cable lengths which 
avoid multiples o f qua r ter-wave leng ths by p lus or 
min u s I 0 feet. 

Table I 

1950 ;.:c 1850 KG 1750 KG 

0-73 0-78 0-83 
93-157 98-166 103-176 

177-210 186-253 196-268 
260-323 273-3..J I 288-36 1 
313-406 36 1-429 38 1-'154 
126-490 149-517 474-547 
510-573 

The table shown on page 13 covers test condi
tions, lamp indications and pro bable troubles. 
It has been compiled in an effort to p oint out the 
versatility of this tester a t1d to serve as a guide, and 
does not list the many combinatio ns o f opens, 
grounds and crosses which m ay occur and which 
can be detected by use of this unit. It is recom
mended that maintenance p ersonnel study the table 
and the circuit schema tic carefully a nd thereby 
familiarize themselves with the vari ous 'uses of the 

equipment. 

As it is practi cally impossible in m any cases to 
plan an installation wherein the distance b etween 
the u·ansmitter and coupling unit will be equal to 
any one of the prescribed leng ths given in the table, 
it will be necessary to cut the cable to a longet: 
length as shown in the table, and coil up the ex
cess near the transmitter end of th e line. 

The primary purpose of this a rticle is clarifica
tion of the information contained in the text and 
in table (2-3) on page 2-4 o f the TDP-1 Instruction 
l\1fanual. All activities concerned with this equip
ment arc requested to make the necessary cor
rections. 

• • • 

UNAUTHORIZED ANTENNA 
CONNECTIONS 

The Model TDE radio transmnung equipment 
aboard an LST was opera ting very p oorly. After 
tests had been made and time consumed by trouble
shooting, the fault was traced to the a ntenna sys
tem. Further investigation then disclosed that the 
far end of the antenna was grounded by a length 
of wire being used for the antenn a o f a personal 
radio broadcast receiver. After removal o f the 
wire, the Model TDE again p er formed sa tisfac
torily. 

T he Bureau of Ships wishes to po int out that 
the practices of affix ing personal radio a ntennas to 
or erecting them near the communication an tennas 
may p rove dangerous to the personnel concerned 
and harmful to their personal eq uipment. More
over, such practices reduce the efficiency of Naval 
communication eq u ipment and shou ld therefore 
be discontinued . 
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Grounded-Grid 
R-F Power 
Amplifier 
• • • • • • • • 
INTRODUCTION 

• 

• The present trend towards increased exploita
tion of the very-high and ultra-high ranges of the 
frequency spectrum at greater powers and in such 
applications as FM and short-wave Ai\1 radio com
munication , both in commercial and military serv
ice, have brought into sharp focus the difficulties of 
achieving adequate transmitter efficiency under the 
simultaneous dicta tes of high powers and high fre
quencies. 

These difficulties are formidable. On one hand, 
large triodes with large tube elements are required 
in the transmitter amplifier and modulator stages 
to supply the heavy currents and to withstand the 
high voltages found at h igh powers. Large tube 
elements arc required, also, to dissipa te the sizable 
amount of heat generated by electron impact on 
the pla te and grid structures. On the o ther hand, 
small tubes and tube elements are also desirable. 
Otherwise relatively small lead and electrode in
ductances and capacitances, a t the frequencies 
called for, will produce reactances comparable to 
and a ffecting the performance of those in the am
pl i fier resonant circuits themselves. In particular, 
these reactances may result in parasitic oscillations, 
in which the r-f amplifier goes into uncontrollable 
self-oscillations. Such instability chiefly occurs by 
virtue of feedback through the pla te-grid capac
itance. These two demands- large tubes and tube 
elements for high power, and small tubes and ele
ments to avoid the effect o f tube reactances- are 
mutu ally conflicting and completely irreconcilable. 

Acccpti ng the challenge, however, radio engi
neers have slowly bettered u·ansmitter performance. 
Nc" · techniques have been invented and judicious 
comprom ise and clever mitigation of unavoidable 
effects have been exercised in tube design. Indeed , 
ma ny high-power high-frequency transmitter tubes 
as a consequence have assu med shape3 tha t seem to 
belong more in a surrealistic pa inting by Sa lva dor 
Dali th an in a prosa ic radio statio n. 

.':1.11 experimen tal-t'ype grounded-grid r-f jJOwer am.
plifier tu be. Fins are provided to aiel in dissi jJa ling 

heat. 

AMPLIFIER CIRCUIT 

R ecently, as one of these new techniques, there 
has appear ed on the scene an unconventional r-f 
power amplifier circuit which promises to alleviate 
many of the difficulties of today's high-power and 
high-frequency operations. This new circuit is the 
grounded-g1·id amplifier, or inverted amplifier as it 
is sometimes called . The new line of transmitting 
equipment for FM broadcast stations just an
nounced by the R adio Corpora tion of America, for 
example, features this circuit in its final r-f power 
amplifier stages to the complete exclusion of con
ventional circuits. 

The grounded-grid amplifier possesses the fol
lo\\·ing advantages: 

! - Circuits are sim pier and require fewer com
ponents. Opera ting adjustmen ts are made easily. 

2-Neutralizing, when necessary, is easy, and is 
no t required a t all for low powers. 

3-R emarkable stability and lack of critical ad
justment arc presented. 

4- Grea ter output can be obtained with a tube 
of a g iven size, so tha t smaller, less expensive types 
may be utilized. 

5- The same tube types can be used in both 
driver and power amplifier , thus redu cing the num
ber of tube types required . 

Just what is the grounded-grid amplifier tha t can 
boast such a list of advantages? As the name im
p lies, it is an amplifier circui t in whi ch the grid is 
grounded (a t least for a-c poten t ials), and in wh ich 
the ca thode is free to ' 'a ry in poten tia l under the 
influ ence o f the driving vol tage'. T his is the d irect 
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FIGURE 1-Sim pli fi ed schema tic ci1·cuit diagrams of 
conventional amplifieT circuit (A) and the 

grouncled-g,-icl amplifieT (B). 

opposite o f the conve ntional a mplifier, in which the 
cathode i s grounded for a-c potentia ls. Figure 1 
shows the grounded-grid circuit and compa1·es it 
" 'ith the conventional circuit. As a n aid to the 
understanding of these c ircui ts, t he r e have been in
cluded in figure 3 th e corresponding simplified a-c 
equivalent circuit d iagrams, in each o f w hich the 
e ffect of the vacuum tube is taken in to account by 
r eplacing it " ·ith a fictitious generator in series 
with a r esi tance (rp) . 

Care ful s tudv of these fi o-urcs ,\·ill brino- o ut three 
' "' I"> 

fea tures of the grounded-grid ampli fier: 

1- The outpu t v oltage (a-c fJlat e voltage) is in 
phase wit h the injJut v oltage. T his is in co n tras t 
to th e conve ntional circu it in which it is 180° out 
o f phase . The differe nce lies in just which tube 
e lement is increased positive ly when the in put un
dergoes a positive increase. In the conven tional 
circu it, a positive-going signa l makes t he grid less 
n eg:nive with resp ect to ground and to the cathode, 
so tha t t he grid-to-cathod e pote ntial cliffe,·encc, 
wh ich co n tmls the pla te current, diminishes. Thus, 
more pl <~ tc current flows, a nd the p late vol tage 
drop~-a phase ch ange of 180° be tween input and 

r··---

rp 

A B 

INPUT 
Eg 

FIG URE 3-Equival l ·. · . . en Ct1cuzt d10g ram s o f conven-
lzonal (A) and a1·otmdecl-grirl (B) a Jl'fi · Cl . b " 11~ J I Le1'S zn (ISS 
A se1'Vzce. T he inj'Ju t in the lat t . · 1 . . e1 zs s 1own as a 
box to mdzcate that it has intenwl 1·esistance. For 
Class R and C of'Je . t · 1 . . 1a 1on t 1e 1njntt would be 
shunted by a 1·eslslance 1·ejJresentin a the ariel-pat h 

0 0 
losses. 

ou tput vol tages. In the gro uncl 1 · 1 . - n ec -g n c Ciretut, o 
th e o ther ha nd a pos ' t ' · . -' I I VC Sig na l Inc1·en1ent ra ises 
the cathod e voltage witho ut rr · l · 1 . a ectino- tle gnc. 
Smce the cathode is a h·cacly p · · "'. I t . · • OS illve wit 1 respec 
to the gnd, th e add it io na l posi t i' vc b · 1 t ile . oost w 1c ens 
cathode- to-gnd potenti al cliff . d ' e t cnce, and r e u ces 
the pla te curren t. T he conseq . . 1 te . . · u cnt n se w p a 
vol tage IS 111 p hase with the in ·t · 1 . . Tf ·s . . I ta 1nput n se. 11 
acu o n Ill the con ventio na l and 'd · -· b ' ground ed-o-n cu-
cutts m ay e m ore cl c·1 ·l d 0 

. ' 1 Y un e1·stood b )' rcfernnrr 
to fi gure 4. 

0 

2- The d river de livers Jyowe1. d.. l 1 l 1 
I
-, f .. · J· n ee l )' to t 1e oa rc . 
,c eiimg to figu re 1 the rcacl . .1 1 . . . ' e1 WI I see that t 1e 

circuit IS so set up that the 1 fl . . p ate ClllTent 0 '\ S 
thro ugh the dnver as well as 1 1 . . ' t 1e oad. P o la n ty 
connectiOns, moreover arc s 1 1 . . ' • uc 1 t 1a t the clnve1 
tends to augmen t rather t ha n · 1 . f ' ' 1m p ee e tlus flow o 
cu rrent. Thus the drive r not 0 1 f ' . . 11 y un11sh es p owe1 
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to the amplifier tube (and loses pO\\·cr in the grid
leak resistor and in the grid-path when grid cur
rent flows) but also feeds energy directly to the 
load itself. For example, an actual inverted am pli
fier now in use with a power output of 59 kw de
rives 13 kw o£ that amount from the driver. 
Grounded-grid amplifiers act (for Class· A opera
tion), as if they were conventional amplifiers con
ta ining a tube with an amplifica tion fa ctor of 

p. + I. 

In r-f power work circuits arc often used with 
Class B or Class C operation, especially in push
pull, where th is equivalent amplification is no 
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FIGURE 4-Vollage and current waveforms in con
vwliunal (A) and grounded-grid (B) amplifiers, 
showing the outjJut in fJ lwse with the input in the 

I alter. 

longer 1~ + 1, due to grid path losses. While inter· 
esting, the amplification factor is not important; 
what is important is the power ga in. In the 
grounded-grid circuit, the gain is greater than in 
the conventional circuit, i( tube currents and volt
ages arc made the same. O f course, the added 
power docs not appear from the tube by some sort 
of electronic magic, but is the power fed directly 
into the load by the driver. Practica l results of this 
fact are that drivers for grounded-gr id usc must 
have h igher ratings, and, moreover, that for a given 
power output, tubes \\'ith lesser power ratings may 
be employed in the grounded-grid circui ts, since 
the ampl ifier tube supplies onl y a portion of the 
load power, rather than carrying the full burden , 
as in the conventiona l circuit. Because of this, it 

is possible to usc the same type of tube in both 
dri,·er and amplifier. For example, in the RCA 
100 Me FM transmitters mentioned above, the final 
output stage furnishes 3 k\\' of po\\'cr, and is driYen 
by a 1 k\r driver stage; in both stages the same tube 
type (7C2-:I) is employed. 

3-The grounded grid acts as a shield between 
grid a11d plate. This third feature is by fa r the 
most important, for from it is dcr iYed the charac
teristic stability and freedom from parasitic oscil
lations that ma kc the grounded-grid circu it \\'Orth 
using and considering in the fi rst place. In conven
tional circuits, as the frequency of operat ion is in
creased, there is reached a point where feedback 
of energy from the output circuit to the input cir
cui t is great enough to sustain parasitic oscilla
tions, and the amplifier becomes unstable. T his 
feedback occurs through the plate-to-grid interclec
u·odc capacitance, which is relatively large com
pared to the other interelcctrode capacitances. In 
the grounded-grid circuit, however, the output cir
cu it does not affect the grid potential, si nce the 
gr id is grounded. l-Ienee, variations in plate po
tentia l do not alter the grid-to-cathode potential 
d ifference-the plate-current-controlling factor, it 
wi ll be remem bered- and feedback is el iminated. 
Th is produces the sta bi I it y so ch:-~ra ctcristic of the 
grounded-grid circu it, permitting amplification to 
higher freq uencies without the neutralizat ion re
quired in conventional circui ts to balance out the 
plate-to-grid intcrclcctrocle capacitance feedback . 
U nder high-power and high-frequency operation, 
some neu tralizat ion will be necessitated, but 'rill, 
in any case, be simpler than \\'ith conventional cir· 
cuits, and will ca ll for sma ller and simpler com
ponents in the neut ra li1ing circuits. 

PRACT ICAL CIRCUITS 

A practical one-tu be circu it of the grounded-grid 
type is sho\\'n in figure 2. T his ,·!rcu it is ade· 
quate for certain high-power tuhcs up to frequen
cies of -10 i\1 c or so, and for low-power tubes up to 

hundreds of megacycles. Under these cond itions, 
no neutra litat ion or the plate-to-gr id imerclectrodc 
ca pacitance (shO\rn in dotted lines) is required. 
Several small poims shou ld be observed, in this cir
cu it: First , C" is a bias blocking condenser, whi ch 
grounds the grid for a-c potent ials, but permits 
the correct d-e bi as voltage from E,. to be applied 
throug-h the grid-leak rc i tor R~. Second, the net
" ·ork 1.,1 and C:,1 is the pb tc supply clccou plin~ net
'rork. Before lca\·ing th is circuit , \\·e should men
tion that p ush-pu ll ci rru its a. \\'C ll as the onc-t u be 
ci rcuit arc common. 
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As higher frequencies and higher powers are 
reached, the simple self-neutralized circuit above 
fails to prevent parasitic oscillations. This failure 
is the result of feedback from three sources of un
avoidable reactance: 

!-Inductance in the grid- to-ground path, includ
ing both the lead i·nside the tube a nd the external 
connection. 

2-Inductance in the cathode lead (inside the 
tube) . 

3-Plate-to-cathode interelectrode capacitance. 

In one case, we have capacitive feedback similar 
to the plate-to-grid feedback which is elim inated 
in the grounded-grid circuit. In the other cases, 
the reactances are common to both inpu t and out
put circuits, and feedback is possible. The of
fe nding reactance elements are shown in figure 5. 

FIGURE 5-Tube reactances appeaTing at h-f and 
u-h-f f?·equencies and causing the feedback which 

pmduces spurious self-oscillations. 

Although there is some tendency for the effect of 
the plate-to-cathode capacitance to balance out 
that of the grid lead, the cancellation is not ef
fective beyond a certain frequency. The feedback 
problem has been appreciably simplified by the 
appearance of tubes especially designed for 
grounded-grid service. Such a tube is the RCA Type 
7C24. In this tube a special grid structure pro
vides unusually effective shielding between plate 
and filament, thus lowering the plate-cathode inter
electrode capacitance. The grid is a large disc to 
which the glass of the tube is sealed; with the 
proper shield attached, this arrangement furnishes 
very e ffective isolation of the input from the ou t-

put circuit. With tubes of this type, the only n eu
tralizing expedient may be the insertion of a small 
inductance Ln in the grid lead, an d the prop er 
choice of the grid bias blocking condenser. This 
is illustra ted in figure 6; neutraliza tion is e ffective 
over a wide r ange of frequ encies. At still higher 
frequencies the blocking condenser may need to be 
tuned, or Ln may need to be omitted and a tun
able condenser substituted in order to achieve n eu
traliza tion. 

With higher powers (100 kw, for example) at 
these high frequencies, push-pull Class B operation 
may be utilized. Moreover, a t these high powers, 
tubes especially designed for grounded-grid circuits 
m ay not be available. Under these circumstances, 
neutralization becomes somewhat more complex. 
All three of the feedback reacta nces mentioned 
above must be compensated for, since cathode leads 
are heavy and their induc_tance no longer neg
ligible. Moreover, the large SIZe of the tubes and the 

Ec 

t 
FIGURE 6-Pmctical one-tube groun'"ded- . . d . 

. . . gu amph-
fie1· usmg tubes sjJeczfically deszgned [o,· . 

. . l . 1 d . g?ounded-
gnd serv1ce, anc me u zng neutmlizing . ·d . 

. g11 znduct-
ance L,. Can handle _lugher jJowen 

01 
d f. 

. 1 1 equen-Cies than that of figure 2 _ 

necessity in push-pull service that they b 
. . e set apart a certam distance from each o ther and fr 

. om ground 
to prevent h igh-voltage arc-over both r 

1 
• 

. . esu t In a 
large amount of mdu ctlve reactance in tl . 

1e gnd-to-ground path. Moreover, the massive11 f 
. ess o the 

tubes leads to comparatively large val ues f 
1 d . d o pate-to-catho e mterelectro e capacitance. 

It is found possible to tune out the · l . 
. . 111( u ct1ve 

reactances by m sertmg a tunable condenser· · · . . rn series 
with each mductance. The adjustment is sl b 
. . . . 1arp u t 
I S an easy one. To eh mmate the plate-to-cathode 
capacitive feedback, the cross-neutralization circuit 
is indica ted. This circuit is similar to the one 
commonly used in conventional push-pull cir cuits 
to neutralize the plate-to-grid feedback by taking 
advantage of the fact that curren ts and voltages in 
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FIGURE 7-I-Iigh-power h-f and u-h-f Class B push-jJUll grounded-gTid powe1· amplifier. Shou:s full c~mple
ment of neutmlization techniques: ]--Resonant condenseTS C17 to tun e out Tea~tance of gnd-path znduct
ances L

17
• 2-Resonant condensers C1, to tune out 1·eactance of cathode-lead ~nductances C1, . 3-Cmss

neu.lralizing condensers C,. to balance out feedback thmugh plate-to-cathode mterelec/rode cajJacitances 
Cvk· Has greater· power-handling cajJabilities than circuit of figure 6 . 

the two tubes are 180° ou t of phase, so that can
cellation can occur. In fi gure 7 is shown the com
plete se t of push-pull neu tralizing circuits, induct
ing cross-neu tralization condensers from p late to 
cathode of the opposite tu be, and the tunable res
onant condensers in grid and cathode circuits. 

Although this circuit seems just as complicated 
as the corresponding conven tional push-pull circu it, 
which would also have series resonan t neutral izing 
and cross-neutral izing condensers, there are several 
i111J)Ortan t advantao·es which th is circui t exhibits. 

. 0 

First, the grounded-grid circuit has only the rela-
tively small plate-to-cathode capacitance to balance 
ou t, unl ike the conven tional circuit with its rela-

tively large plate-to-grid capacitance. T his simpli
fies equ ipment layo ut problems, and removes the 
need fo r designing special h igh-voltage condensers. 
Second , the capacita nce (stray capacitance to 
gTotmd, neutralizing condensers, etc.) which b leeds 
off energy from the plate tank circuit is much less 
because the neu tral izing condensers are smaller. 
Hence, less energy is lost, and g-reater efficien cy re
sults. 

I t will be seen, then, that just what neu tral iza
tion expedient will have to be resorted to clep r ncls 
on the condi tions of operation, such as the fre
quen cy and power, a nd upon the tube used . In 
any case, it is fou nd that the grounded-grid circuit 
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is simplc:r, easier to adjust, a nd more sta ble than 
the conYentional circu it. 

\ fodulatio n of the plate in radiotelephony in
troduces new problems. It is fo u nd that the driver 
mu t be mod ulated simulta neously with the power 
amplifier, or phase modulation will be introduced. 
The reason for this is that plate modu lat ion causes 
the load o n the driver to vary beca use of the vary

ing res ista nce of the a mplif1cr tube under these 
cond itions. Econom ically practical drivers do not 
possess good e nou gh voltage regulation characteris
tics to ha ndle such load changes (indeed, the ratio 
of drive•· loads occurring during modula tion is 
about 2: 1 in resistance), w itho ut varying in out
put vol tage themselves. As can be shown by d e
ta il ed study, phase modulat ion will occur if the 

driver vol tage varies. By prop erl y modu lating the 
dri ,·cr, ,,·e may cancel out the driver variatio ns and 
e liminate phase m odula tio n. 

It sho uld be m entioned that, in the pract ical 
adjustment of these circuits for the proper neu
trali zation null , a somewh at different procedure 
from the usual o ne must be followed. It is not 
possible to neutral ize a grounded-grid amplifi er by 
feeding in r-f with the plate su p ply off. Conduc
tion of r-f current through the tube can occur as a 

2C39 TUBES AGAIN 

Failure reports on the type 2C39 electron tube 
used in the TDZ and l\IAR equipmcnts are not 
yet b e ing received by the Bureau in desired or ex
pected number. Correspondence and verbal reports 
continue to indicate, however, that these tubes are 
failing abnormally a nd too frequently. 

Approval for the type 2C39 tube was granted by 
the Bureau aftc•- extensive factory tests, but opera
tional tests in the TDZ and MAR cquipmcnts were 
limited. Th is fact le ft some doubt in the Bureau 
about the tubes' per formance under operating con
dition and pro longed storage. 

In view o f the importance of the ul tra high fre
quency program a nd the desires of the Bureau to 
gai n as much informa tion as possible o n these tubes, 
all acti vi ties with MAR and TDZ cqu ipmen ts are 
requested to fill out and forward to the Bureau a 
NAVS HIPS (r\BS) -383 Failure R eport Form im

mediately a fter a failure of a 2C39 electron tube. 
T he form shou ld be sen t b y a ir mail from a ll ac
tivities except those based on the cast coast of con
tinc llta l l ' nitcd States. The card should be com
plct<· l~ fi lled out and pari icular attention shou ld 

resul t of the ma nner in " ·hi ch the cathode and 
grid are connected, and a n r-f ammeter in th e pl ate 
circuit can indica te the fl ow o f current, even when 
the circuit is neutra lized . Conseque n tly, the fila
ments must be cold whe n the gTotmded -grid circui t 
is neutralized. In this con nectio n it shou ld be 
pointed out that ch a nges in tube intc relcctrode ca
pacitance between hot and cold filament condi
tions may occur, result ing in dcne u tralization when 
filaments arc turned on after cold-fil ament n eu
tralization . C hecking under act ua l operating· con
di tions will be the fimtl test, and will indicate a ny 
sligh t adjustments needed. The criterion of neu
tralization-minimum feedback of r -f e nergy- still 
holds, of course. 

CONCLUSION 

The grounded-grid circuit, especia lly ad ap ted · to 

high-power high-frequency tra nsm issio n , is exhibit
ing in a n ever-increas ing number of insta ll ations 
its advantages of simp ler components, fewer adjust
ments, a nd more stable operation. ' Vei n the naval 
service may well expect to see this circu it appear 
in service equipment, a long with oth c•· new tech
niques which arc con tinua lly extending the bene
fits achieved from electronics. 

be paid to the foll owing items which sh ou ld appear 
on the card: 

A-Model and serial number of equipment in
volved. 

B-Socket position 111 which fa ilure occurred. 

C- Tube markings, su ch as manufacturer , serial 
number, a nd other markings. 

D- Opcrating conditions, such as voltage and fre
quency at the tim e of fai lure. 

E-A description of the nature o ( the tube fa ilure, 
or why its performance was unsatisfa ctory. 

F- Total hours of operatio n to time of fa ilure. 

In addition to the fa i lure rep orts, it is desired 
tha t the first ftvc tubes that fa il at each activity 
(except those acciden tal ly broken or misha ndled) 

should be forwarded immediately to the following 
address: 

Commander, ew York Naval Shipyard 
Material L abora tory 

1aval Base 
Brooklyn I , New York 
Attention : Mr. J- T . Fetsch- proble m 

No. 1102-ET-6. 
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Type of Approach 

Practice Landings .. . ... . 

Instrument Landings .... . 

Last 
Month 

5,999 
245 

GROUND-CONTROLLED APPROACH 

To 
Date 

57,726 
3,205 

The Burea u of Ships desires to p ass along to its 
electroni cs personnel some of the more interesting 
d etai ls encountered by the thirty-four active 

Ground-Controlled Approach units now in opera

tion at various Naval Air Sta tions. To accomplish 

this, it has been decided to set as ide sp ace monthly 

in BuShips ELECTRON for pertinent facts rela tive to 

this equipment. This space will conta in a "Box 

Score" of all approach da ta for the previous month ; 

in add ition, helpful operational and maintenance 

hints and other items of special interest will be 

in cl uded whenever they become available. 

The Box Score will give four figures: the num
ber o f practice landings made during the previous 
month , the tOt(!] number of practi ce landings made 

to the date th<~t ELECTRON goes to press, the num
ber o( rc<J l instrument landings made during the 

p revious month, and the tot<J l number o f instru

ment land ings. "Practice landings" will be taken 

as mca uing all operational land ings which were 

aided by GCA but which could have been made 

without it; "instrument landings" will be inter

pre ted as mc(lni ng the operational landings aided 

b y CCI\ d uring weather conditions which might 

otherwise have rendered the land ing im possible 

w ithout serious danger to planes <J ncl occupants. 

GCA BRINGS IN COMMERCIAL DC-3 

GCr\ Unit No. 23, stationed at the U. S. )."ayaJ 

Air Station, Columbus, Ohio, \ras alerted by the 
tmr~r on the morn ing of 14 September, 19-!7, to 
assist a commercia l DC-3 which " ·as Io" · on gas 
and could not reach any fi e ld repor ting other than 
" closed conditions." At the time of the aler t, the 

measured ceiling was 200 feet, visibili ty YI 6 mile. 
The pilot repor ted that he h ad fifly minutes of 
gas remaining, provided he kept his pm,·er-settings 
at a minimum. 

The conditions for a GCA landing were far from 
ideal for Unit 23. The p ilot h ad never flom1 a 
GCr\ practice approach and h ad no v-h-f rad io re
ceiving facilities. The unit, h aving- no workable 
tower low-frequency tra nsmitter had to communi

ca te with the plane by relaying the informa tion 
through the tower. GCA transmitted static-free 
v.h.f. to the control tower, where the personnel 
placed their low-frequency tra nsmitter m io·ophone 
agai nst their v-h-f receiver loudspeaker. 

The pilot reported tha t h e heard the GCA unit 
loud and clear. In a short time h e ·" ·as directed to 

a landing with little difficul ty o ther tha n a reluct
ance to stay down on the glide path during the 
las t h a lf mile of the approach . 

This landing was (l nother "save" for GCA as the 
plane had o nly 23 ga llons of gas rema ining after 
taxiing to the line. 

• • • • • • • • • 
MODEL MBF HANDS ETS 

One navy type -51061 h and-telepho ne assem bly 
(handse t) is furnished with each Model MBF 
transm itting-receiving eq uipment a t the t im e of 

original issue. These h andsets usc the Navy stand

ard 5-wirc (green) circuit and have a 20-foot cord. 

They are not stocked nor intended to be stocked 
as separa te items and therefore a re not and will 
not become ava il able for replacement purposes. 

T he navy sta nd ard shipboard h a nd set type 

-5 1081, with a 4-foot cord attached is sLOcked a nd 

supplied for replacement purposes. In exceptiona l 

cases \\·here the -1-foot cord of the type -5 I 081 hand

set is insufficient, the short cord ca n be replaced 

with the proper length of type Ml\ TO P-5 standard 

h eadset cable. This cable is stocked at al l elec
tronics su pply activities. 

c 
z 
() 
r 
)> 
VI 
VI , 
m 
0 

N 



0 
I.LJ 

LL 

l/) 
l/) 

:s 
u z 
~ 

• Properties o f matter which are primarily a fu~c
tion of temperature a re called thermal .p!·op~rues. 
In this ch apter , many of th ese p.roperttes wtll be 
discussed, su ch as thermal exp a nswn, thermal con
ductivity, m elting and boiling phe~omena, vapor
ization, specific heat, thermal capacity, vapor pres
sure, and humidity. 

THERMAL EX PANSION 

l\ifost substa nces expand wh en h eated and con
tract when cooled. T his varia tion in volume does 
not change the quantity o f m atter, but d oes vary 
the density (weight per unit volume) of a given 
mass of matter. In general, the variation in vol
ume with temperature is greatest in those sub
stances in which a comparatively small quantity of 
heat causes a large change in tem perature. This 
is the condition found in most metallic substances. 
On this basis, it would seem that the degree of 
expansion or contraction in a given m aterial is 
primarily a function of the translational velocity 
o f the molecules. Other indications, however, such 
as greater expansion in one direction than in an
other and variation in the degree of expansion with 
the initial temperature of the substance, offer evi
dence that the a rrangement of the molecules and 
the cohesive forces between molecules have some 
effect on t he chan ge in volume with temperature. 

Experimental eviden ce indicates that the varia
tion in volume with temperature is not uni form 
over a wide range of temperatures. H owever, in 
the case of most pure substances, particularly with 
the me tals, it h as been found that the expa nsion 
is reasonab ly uniform over a range of temperatures 
in ·which the molecular arrangement within the 
substance docs not change. U nder these condi tions, 
1 he volume or cubical coefficient of expansion be
comes of importance in many practical applica
t ions in engineering. 

The volume or cubical coefficient of expansion 
is the change in volume of a unit volume of a sub
stance for a I ° C increase in temperature. for ex
ample, the volume coefficient of silver is 0.000058, 
which means that one cubic inch of silver a t 5° C 
would h ave a volume of 1.000058 cubic inch es at 
6° C. For most practical work, within the range 
of temperatures where the substa nce does not 
change state, the following equation may b e used 
to evaluate the ch ange in volume with tempera
tun~: 

V,. = V1 [I + a(Th - T 1)] 

where vh is the volume at the highest temperature 
T h, V1 the volume at the lowest temperature T ,, 
and a the volume coefficient of expansion. 

In some materials the molecular arrangement is 
su ch that, for a given change in temperature, a 
substance will expand m ore in one direction than 
in another. A quartz crystal, for example, may h ave 
a coefficient of expansion of 0.000008 in one d irec
tion, a nd at right angles to this direction a coeffi
cient of 0.00001 3. I n order to determine the change 
in volume with temperature in such su bstancesl 
the ch ange in dimensions must be calcu lated and 
the volu me determined from the new dime nsions. 

The electronics engi ncer h as greatest in tcrest in 
the linear expansion o[ matter, that is, the de· 
grec of expansion in one direction. The coeffi· 
cient of lin em· ex jHtnsion is th e ch a ng-e in le ngth 
of a unit length of a substa nce for a 1° C increase 
in temperature. In those cases just referred to, 

where the expa nsion is differen t in 1 he three di· 
mens ions of length, width , and depth , t \1"0 o r 1 hree 
linear coeffici ents may be req ui red, but usuall v the 
expansion is the same in al l three directio ns, for· 
tunatcly, and we speak of the lin ear coefficien t. In 
a great m ajority of substances this coefficient is 
fou nd to be nearly equ al to one-third the volume 
coefficient. The change in length over the range 

u • 

• . . 

, 

• 

t 

• 

uf tempera tures where the body does not change 
i ts state may be calculated from: 

L 11 = L 1 [I + r (T11 - T 1) ] 

where the subscripts h ave the same meaning as in 
th e volu me expansion equation and 1· is the li near 
coeffic ient of exp ansion. 

Example: 
Give n : 1000 ft of copper cable at 10° C . 
f ind: L ength of cable a t 60° . 
Linear coefficient of exp ansion o[ cop per 
0 .000017. 
L 11 1000 ( 1 + 0.000017 (60- 10) ] 
Lr 1000 (1 + 0.00085) 

1000 ( 1.00085) 
1000.85 ft. 

Table I rrives the linear coefficien t of expansion of t:> 

~nmc common materials. 

Table I • 
L inear Lin em· 

Material Coe[Jicien t Matel"ia l Coe[Jicieu t 
of of 

ExjJansion ExjJansion 

Aluminum 0.000024 Nickel 0.000013 
Antimony 0.0000 12 Silver 0.000019 
B rass 0.000019 Solder 0.000025 
Copper 0.000017 (2Pb: ISn) 
G l :-~ ss (soft) 0.0000085 Steel 0.00001 1 
G lass (h :-trd) 0.0000095 Tin 0.000027 
Glass (Pyrex) 0.0000036 T ungsten 0.0000043 
Gold 0 .0000 14 ( IOOO C) 
In var 0.0000006 Tungsten 0.000006 
Iron 0.000011 (1500° C) 
Le:-~d 0.000029 Zinc 0.000026 
Magnesium 0.000026 

Several alloys wi th very low expansion coefficients 
have been d eveloped. I nvar, an alloy of 64% n ickel 
and 36% iron, h as a linear coefficient only a fra c
t ion of that of its component clements. T his is 
indica tive of the fact that molecular arrangement 
may h ave considerable effect upon the coeffi cient 
of exp a nsion . 

Trrms[e1· of I-Ieat.-Heat m ay b e transferred 
from one po int to another by three processes: con
vection, radiat ion , and cond uction. The convec
ti on process explains how gases and l iquids are 
h ea ted. " ' h en a conta iner of water is placed over 
a sou rce of heat, the wa ter at the bottom of the 
contai ner heats more rapidly tha n tha t n ear the 
top. \Vater , at any temperature above 4° C, ex
pands with increasing tempera ture. The cooler 
water, h avi ng grea ter density, sinks and forces the 
warmer water to r ise toward the surface. The cu r
rent established in a liquid or gas b y a difference 
o f tem perature between two points in the med ium 
is called a convect ion current. It is by mea ns of 
such cu rrents th at heat energy is distributed 
throughout the medium. 

0 DISTANCE FROM HEAT SOURCE--

WjmM§JM!§B!IIM$$$$!§/!J/1/III!JIIJ 
'II, 

F IG URE 1-I-Ieat transfer by condu ction (temjJemture 
dist1·ibution in a md heated at one en d). 

In connection with heat transfer by r adia tion, 
it may be mentioned that radiant energy is energy 
in the form of electromagnetic waves. The earth 
itself receives h eat energy from the sun in radiant 
form. As is well-known, electromagnetic waves 
h ave the ability to travel through empty space a t 
the velocity of 186,000 m iles per second. The full 
theory of radi ant energy will be discussed in a sub
sequent chapter. 
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Heat energy is distributed through solids by the 
process known as thermal conduction. If one end 
of a metal rod is placed in a flame, as shown in 
figure 2, heat will travel alo.ng the rod by conduc
tion. The hiuh-velocity molecules at the heated 
end of the rod

0 

collide with slower-moving adjacent 
molecules, forcing the latter to move at a greater 
velocity. The process continues along the length 
of the rod until the entire rod is heated. The slope 
at any point on a plot of the temperature of_ the 
rod against the distance from the heated end yields 
the temperature gradient, which is the c~ange of 
temperature per unit distance at. that pomt. T~e 
temperature does not decrease directly as the dis
tance from the source of heat, because energy is 
being lost from the rod at .the same time by con
vection and radiation. The greatest loss of heat 
energy occurs at the points -of highest temperature, 
therefore the curve falls off most rapidly near the 
heated end. 

In general, metals are good thermal conductors, 
whereas liquids and gases are poor conductors. 
Taking the thermal conductivity of silver as stand
ard, we find that copper has a conductivity of 0.9, 
iron of 0.2, water of 0.0014, and air of 0.00006. 
Thus, the conductivity of silver is more than 700 
times greater than that of water and 16,000 times 
greater than that of air. 

The coefficient of thermal conductivity is defined 
as the quantity of heat in calories transmitted in 
one second throug·h a centimeter cube of a sub
stance when the temperature difference between 
opposite faces of the cube is I' C. Thermal con
ductivity varies somewhat with the temperature at 
which it is measured. Copper at -160° C, for ex
ample, has a thermal conductivity greater than 
silver-a situation which is the reverse of that occur
ring at room temperature. 

Thermal insulators arc materials with very low 
coefficients of thermal conductivity. lVIost of such 
materials are porous, the low conductivity being 
attributed to the many minute dead air spaces 
·within the material. Thermal insulation is usually 
rated in terms of density and the number of Btu 
per hour transmitted through an area of one square 
foot when the temperature gTadient is I') F per inch 
of thickness. Rock wool, a non-inflammable ma
terial often used to insulate buildings, is rated at 
0.26 Btu/hr at a density of 6 lb;'ft\ while celotex, 
a wall board material made from sugar cane fibre, 
is rated at 0.34 Btu/hr at a density of 13 lb/ff1

• 

Rock ·wool is the better insulator at the density 
specified, because it conducts a smaller quantity 
of heat per 1mit time. 

The inter:est of the electronics engineer in ther
mal conductivity is mostly qualitative. The power· 
handling capability of most electronic devices is 
limited by the ability of the device to dissipate or 
radiate heat energy. Heat must be conducted from 
high temperature areas and radiated into the sur
rounding space if the temperature of the device 
is to be held within safe limits. Good design neces
sitates the use of materials of hig·h thermal con
ductivity with adequate surface area to provide the 
necessary radiating surface. For many years air
cooled vacuum tubes were limited to a maximum 
power dissipation of the order of a thousand watts 
because of the inability to obtain the necessary 
heat dissipation in tubes of reasonable size. By 
means of heat-radiating fins plus forced air circula
tion, the power-handling capacity has been stepped 
up to Jiore than five kilowatts. For vacuum-tube 
power ratings greater than five kilowatts it is cus
tomary to use water cooling methods. 

The student should remember these basic prin
ciples of thermal conductivity: 

1-The quantity of heat passing through a con
ductor is proportional to the cross-sectional area of 
the path, the time of flow, and the difference of 
temperature across the conducting path. 
2-The quantity of heat transferred in a given 
time decreases as the length of the path increases. 
3-For small differences of temperature the quantity 
of heat radiated from a heated body into the sur
rounding atmosphere is approximately propor
tional to the difference in temperature between the 
body and the surrounding air. 

4-For large differences of temperature between a 
heated body and the surrounding medium, the heat 
radiated varies approximately as the fourth power 
of the absolute temperature. Theoretically, an ideal 
radiator will dissipate 24 or 16 times more heat if 
its absolute temperature is doubled. 

MELTING AND BOILING 

The change of state that occurs when matter is 
transformed from the solid to the liquid state is 
known as fusion. The reverse process is called solidi
fication. Crystalline solids have well-defined melting 
and freezing temperatures. Amorphous materials, 
on the other hand, pass from one state to another 
gradually, so that no fixed melting or freezing tem
perature can be specified. Some solids break down 
sharply from the solid to the liquid state at the 
melting temperature, whereas in others a certain 
amount of plastic deformation occurs as the tem
perature approaches the melting point. Cast iron 

.. , 

cannot be welded because it maintains its crystal
line structure up to practically the melting tem
perature. Steel is easily welded, however, because 

. it becomes plastic at a temperature below that at 
which melting actually occurs. 

"\Vhcn a solid melts, it absorbs heat; when a 
liquid solidifies, it gives up heat. If a thermometer 
is packed in cracked ice, it will stabilize at a read
ing of 0° C. If heat is applied and the mixture 
is kept well stirred, the temperature will remain 
at 0° until all the ice has mel ted. '•Vhile the ice 
is melting, the heat energy is being used to over
come the cohesive forces between the molecules, 
rather than to increase the average molecular veloc
ity. Experiment reveals that one kilogram of ice 
at 0° C will absorb 80 kcal of heat during the trans
formation from the solid to the liquid state. The 
figure 80 kcal is called the latent heat of fusion of 
water. In accordance with the law of the conserva
tion of energy, converting one kilogram of water 
to ice will release 80 kcal of heat. The latent heat 
of fusion is the quantity of heat required to over
come or establish (depending on whether the 
change in state is from solid to liquid or liquid to 
solid) the cohesive forces between molecules, and 
has been measured for practically all crystalline 
solids. It is of importance in some fields of engi
neering. The quantity of heat req}tir:d to co~we~t 
a given mass of material from the sohd to a hqmd 
state is given by: 

Quantity of heat = mass X latent heat of fusion 

Q1 = mh1 

The presence of impurities in a substance can 
affect the melting and freezing temperatures radi
cally. Glycerine, a substance often used as the base 
of anti-freeze solutions, freezes at 63° F, but a 1:1 
solution of glycerine and water freezes at -9° C. 
The presence of salt and other impurities in sea 
water lowers the freezing point to -8.7° C. 

VAPORIZATION . 
The process by which a solid or liquid is con-

verted to the gaseous state is known as I 1ajJoriw
tion. There arc three general processes of vapori
zation: 

!-Evaporation, in which vaporization takes place 
at the surface of a substance, 
2-Boiling, in which vaporization takes place in 
all portions of the substance, and 
3-Sublimation, in which a solid passes directly to 
the gaseous state without passing through the usual 
intermediate liquid state. 

A light fall of snow gradually disappears even 
though· the temperature remains below freezing. 
Camphor will pass directly from the solid to the 
liquid state at normal atmospheric temperatures 
and pressures. At temperatures and pressures 
which are higher than normal, however, camphor 
will melt before evaporating. 

The kinetic theory explains evaporation as tak
ing place through the action of those molecules in 
a substance that arc moving at velocities in excess 
of the average velocity. There are always a few 
such molecules in any substance, and if they are 
located near the surface of the material, they may 
have sufficient kinetic energy to escape into the 
surrounding space. As the temperature increases, 
the number of such high-velocity molecules in
a·eases, and n1ore and more escape. The tempera
ture at which the average velocity of the molecules 
represents sufficient kinetic energy for practically 
any molecule to escape from the liquid is called 
(the boiling point. Gas bubbles are formed in the 

t. liquid by high-velocity molecules which beat 
' against those of lower velocity. The low density 

of these bubbles forces them to rise to the surface, 
where the high-velocity molecules can escape into 
the atmosphere. 

Evaporation and boiling are both processes 
which cool the remaining matter, because the es
cape of the molecules of highest velocity from the 
substance lowers the average velocity of the re
maining molecules. A familiar example is the 
evaporation of perspiration from the human body, 
N aturc's method of cooling. Since remote times 
it has been known that water will be cooled if 
placed in a porous earthenware vessel where evapo
ration will take place through the walls of the con
tainer. 

It was prc\'iously explained that a kilogram of 
icc at 0° C absorbs 80 kcal of heat in melting, and 
that the temperature of a water-ice mixture, if it 
is kept well stirred, will remain constant until all 
the ice is melted. .-\ similar condition exists in the 
conversion of water to water \'apor. 1f a kilogram 
of water at 0° C and normal pressure.' is placed 
over a source of heat, the temperature ,.,·ill gradu
ally rise until it reaches the boiling point of water, 
I 00° C. It will require I 00 kcal of heat to effect 
this change in temperature because one kcal of 
heat is absorbed for each I , C-inCI·ease in tem
perature. After the water reaches the boiling point 
-no matter how much heat is applied-the tem
perature will remain constant until all the water 
is converted to vapor. It requires about 5·JO kcal 
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of heat to change one kilogram of water at 100° 
C to vapor at 100° C. The temperature will re
main constant until this heat is absorbed. The fig
ure, 540 kcal, is called the latent heat of vaporiza
tion of water, and represents the energy required 
to overcome the forces of cohesion between mole
cules in the liquid state. Each substance capable 
of being vaporized has a particular latent heat of 
vaporization. If the assumption is made that no 
chemical reaction occurs, the quantity of heat re
quired to effect vaporization of a given substance 
can be calculated from 

Total heat= mass X latent heat of vaporization 

Qv=mh, 

Vapor pressure.-1£ a small quantity of water is 
placed in a closed container, the evaporation process 
will gradually increase the number of vapor mole
cules in the enclosure, and the inner pressure will 
rise above the pressure outside the container. If the 
temperature remains constant, the space inside the 
container will eventually become saturated with 
vapor molecules, and the internal pressure will 
cease to rise. At the saturation level, the number 
of molecules escaping from the liquid per unit 
time is just equal to the number of vapor mole
cules condensing into liquid form. The difference 
between the internal and external pressure at the 
saturation point is called the saturated vapor pres
sure of water at that temperature. If the experi
ment is repeated with containers of different sizes, 
it will be found that the saturated vapor pressure 
is independent of the volume of the container; it 
will be found, however, that the larger the con
tainer, the greater will be the time required for 
evaporation to bring the pressure to the satura-

Table II 

Tempemture Saturated Vapor 
oc Pressure in em Hg 

-10 0.215 
0 0.458 

10 0.921 
20 1.75 
30 3.18 
40 5.53 
50 9.2.? 
60 1-1.9 
70 23.4 
80 35.5 
90 52.6 

100 76.0 

tion level. If the experiment be repeated at differ
ent temperatures, it will be found that, as the 
temperature increases, the saturated vapor pressure 
also increases. Table II shows the increase in water 
vapor pressure for each I 0° C-increase in tempera
ture from -10° C to 100° C. 

Normal atmospheric pressure is equivalent to the 
pressure exerted by a column of mercury 76.0 em 
high. Note that at 100° C, the boiling point of 
water, the vapor pressure just equals the normal 
atmospheric pressure. The boiling point of any 
substance is the temperature at which its vapor 
pressure equals the external pressure. Alcohol, a 
more volatile liquid than water, has a higher vapor 
pressure than water at any given temperature; in 
fact, alcohol boils at 78° C, and at that tempera
ture it must develop a vapor pressure equal to 
normal atmospheric pressure. 

It should be evident that a liquid can be made 
to boil in two ways: by increasing the temperature, 
or by lowering the external pressure. Similarly, 
increasing the pressure raises the boiling point. 

Humidity.-r...foisture condensation in electrical 
and electronic equipment often presents serious 
maintenance problems. The problem is aggravated 
in poorly-ventilated spaces and in tropical climates 
where the growth of fungi is accelerated by com
paratively high temperatures and humidities. 

The atmosphere always contains some water 
vapor because the process of evaporation occurs at 
all temperatures, even those below freezing. The 
absolute humidity of the atmosphere is defined as 
the weight of the water vapor contained in a unit 
volume of air. It is usually expressed in grains per 
cubic feet. One grain is equivalent to 0.0648 grai11· 

Because the atmosphere is a mixture of dry air 
and water vapor, atmospheric pressure has two 
components: 1-the pressure resulting from the dry 
air, and 2-that resulting from the water vapor. 
A barometer reads the sum of these two pressures. 
For any given temperature, evaporation continues 
until the pressure rises to the saturation level. The 
quantity of water vapor required to produce satura
tion in a given volume of air will depend upon 
th~ _temperature, warm air being capable of con· 
tammg ~ greater quantity of water vapor than 
cooler au. The degree of saturation or the so
called Telative humidity is of greater importance 
than the absolute humidity because it may be used 
in combination with a reference temperature to 

predicate the likelihood of rain, frost, snow, sleet, 
or fog. Bodily comfort is also a function of relative 

humidity. A comparatively high temperature may 
be comfortable if the air is dry, whereas saturated 
air at lower temperatures may produce consider
able discomfort. The degree of satw·ation or ,·ela
tive /tumidity is the 1·atio of the mass of moisture 
actually p1·esent in a given 1.1olumc of air at a given 
temperatu1'e to the mass of moisture required to 
produce saturation at that temperatw·e. 

Relative Humidity 

moisture in unit volume 
of air at a given tern-
perature 

moisture required for 
saturation at the given 
temperature 

The vapor pressure is approximately propor
tional to the amount of water vapor present, so 
relative humidity may also be defined approxi
mately by: 

Relative humi~ity at vapor pressure 

reference temperature saturated vapor pressure 

Consider the case in which the relative humidity 
is 50% at 7~° F (24° C) . The saturated vapor 
pressure at this· temperature is equivalent to the 
pressure exerted by a column of mercury 2.24 em 
high. The pressure of the water vapor at 50<f0 

relative humidity will be 0.50 X 2.24 = 1.12 em 
of mercury. If the temperature is now decreased 
to 55° F (13° C), the air will become saturated, 
because at this temperature the saturated vapor 
pressure is 1.12 em of mercury. At 55° F the rela
tive humidity is 1 oo~o· and any further decrease 
in temperature will cause some of the water vapor to 
condense. The temperature at which the air be
comes saturated and condensation begins is called 
the dew-point. The relative humidity may be calcu
lated from the dew-point temperature and a curve 
of temperature versus saturated vapor pressure. 
The dew-point may be measured by a condensing 
hygrometer, which consists of a thin glass plate 
arranged so that it may be cooled on one side by a 
stream of cold water or by the evaporation of 
ether. The opposite side of the plate is exposed 
to the atmosphere. As the temperature of the plate 
is gradually reduced, at some temperature a mist 
or film of water forms on the exposed side of the 
plate. The temperature of the plate at this point 
is taken as the temperature of the contacting air, 
and represents the dew-point temperature. 

In poorly-ventilated ship spaces, warm air is 
cooled by contact with the walls and equipment. 
If the relative humidity is high, a comparatively 
small drop in temperature may cause moisture to 

condense or to "sweat" in a thin film on the equip
ment. Such condensation causes corrosion, and, 
under conditions of high humidity and tempera
ture, encourages the growth of fungi on both metal 
and insulating surfaces. The high voltages often used 
with electronic apparatus make this a serious prob
lem, because even a small amount of fungus growth 
or condensation can cause flashovers, reduction in 
power output, or complete failure of the equip
ment. Preventive maintenance requires adequate 
ventilation of spaces in which equipment is oper
ated, daily operation of equipment to keep it dry, 
and, where fungus growth may be a serious prob
lem, special tropicalization treatment to retard such 
growth. Under severe conditions, it may even be 
necessary to air-condition ~paces in which important 
electronic equipment is located. Emergency meas
ures often necessitate heating idle equipment in 
some way to keep the temperature above the dew
point. 

Specific heat.-The specific heat of a substance is 
defined as that heat (in caloTies) 1·equiTed to mise 
the tempemtm·e of one gmm. of the same substance 
l°C. In the case of water, the specific heat is ap
proximately unity over the range of from 0° to 
I 00°, because the calorie is defined as the heat re
quired to raise one gram of water 1 o C. Copper has 
a specific heat of 0.093, which statement tneans that 
one calorie will raise the temperature of one gram 

l 
of copper --or 10.75° C. The specific heat of a 

0.093 
substance varies somewhat with temperature. Icc, 
for example, in the range of from 0 to -20°, has a 
specific heat of 0.5, just half that of water. If the 
range of temperature is not too great and the sub
stance docs not change state, the specific heat may 
be considered a constant. 

THERMAL CAPACITY 

The thermal capacity of a machine is the quantity 
of heat required to raise the temperature of the 
machine I ° C. The heat required to raise a mass 
of m grams through a temperature of I o C is given 
by: 

Heat in calories = mass in gTams X specific heat 
capacity of the material. 

H=mch 
The quantity of heat required to change the tem· 
perature from T1 to T 1 degrees is 

Q = mch (T1 - T;) 
, .. ·here Q represents the quantity of heat necessary 
to produce a change in the temperature of the body 
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from T , to T 1. The change in tempera ture is as· 
sumed to be sm a ll enough so that the specific heat 

may be considered a constant. 

Electrical motors and o-enerators are often rated 
0 

in terms of the maximum p ermissible temperature 
rise above normal room temperature (20° C or 
68° F) . A machine rated at a m aximum 40° C tem
perature rise should not be loaded to a point where 
the temperature rises above 60° C or 142° F. 

It should be noted that the thermal capacity of 
a machine varies directly as the m ass. The Jcu·ger 
a machine, the more heat is required to produce 
a g iven temperature rise. Experience teaches the 
eng ineer to judge thermal capacity in terms of size. 

DISSIPATION OF EN ERGY 

~Ian has learned to accomplish most energy 
transformations with a fair degree o f efficiency, the 
one exception being the transformation of heat 
energy to some other form. The kinetic theory 
offers a logical explanation for the low efficiency 
obta ined in transformation of h eat energy. The 
on ly practical me thod ever suggested for obta ining 
mechanical energy from heat energy is to supply 
heat to a compressed gas a nd use the force of ex. 
pansion of th e gas to operate a mechanical device. 
This is the fundamenta l principle of the gas, steam, 
and Diesel engines. T he explosion of a mix ture of 
gasoline vapor and air in the cylinder of a gas 
engine generates a large quantity of heat which 
gives the molecules of the mixture a high velocity. 
The kine tic energy of these molecules may be used 
to exert a force against a piston. As long as the 
kinetic energy of the molecules permits them to 
exert a force greater than the force opposing the 
movement of the piston, the piston will move, and 
heat energy will be converted to mechan ical energy. 
The real cause of low efficiency can be traced to the 
fact that only those molecules moving in a d irec
tion parallel to the motion of the p iston do useful 
work. Molecu les beati ng aga inst the walls of the 
cylinder do not exert a force against the piston. 
The laws of probability indicate that an average of 
only one-thin! of the molecules in any expanding 
gas will be moving along a line parallel to the d i
rection of movement of the piston; hence, on ly one
third of the molecules in the cylinder exert a pres
sure o n the piston. The remaining two-thirds 
simply beat futilely against t he walls of the cylinder 
ca using the temp erature of the engine to rise. 

In any heat engine, h eat energy flows from th~ 

hot gas to the a tmosphere or cooling med iu m. I n 
flowing t hrough the eng i-ne, some of the h ea t energy 

is converted to mechanical energy. Since all heat 
engines function on a basis of the flow of heat 
energy from a h igher to a lower level, it follows 
that a difference of temperature is necessary before 
heat energy can be converted to mechanical energy. 

Heat energy is sometimes called "decadent'. 
energy because it is so difficult to transform to 

other forms, and because in all machines some 
energy is more or less wasted in the form of heat. 
Perpetual motion machines are im possible to 

achieve because they would necessari ly h ave to bc-
100% -efficient. In every mach ine some of the input 
energy is converted. to heat, usually by some form 
of friction. Undesired heat energy in a machine i~ 

considered a loss although no real loss of energy 
occurs. Design engineers are vitally concerned with 
methods tha t will minimize the undesired trans
formation of energy to heat. 

EXERC!SES-PART 5 

. 1. In a certai n suspension bridge the support
mg. steel cables are 6000 feet lo ng. The bridge was 
des1gncd for a winter-summer tempera ture range of 
- 15° to 105° F. '"'hat expansion in fee t can be 
expected in· the supporting cables. over this r ange 
of temperatures? 

2. How many Btu of heat are required to con
vert 1 lb of water at IQO o c to vapor a t the same 
temperature? 

. 3. A tank containing 1000 kg of water is placed 
m an unheated storage shed . The outside tempera· 
ture is such that the shed loses heat a t an average 
rate of 8000 calories per minute. H ow many days 
will be required to [rceze the water under these 
conditions? 

4. If the temperature is 70o F a nd the d ew-point 
soo F, what is the relative humidity? 

5. At 70° F and 60% relative humidity the 
atm~spheric pressure is 77 em of H g. V\lhat pro· 
poru on of the atmospheric pressure is d ue to wa ter 
vapor? 

ANSWERS TO EXERCISE PROBLEMS. pART 4 . 

l . 33 feet. 

2. 0.0000193 lbj in". 

3. - 38 to 675° F. 

4. 122° F. 

5. -400. 

6. 8 ft. 

7. 313° C. 

8. 778 ft-lb = I Btu. 
9. 9050 kcal. 
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INVENTORY INSTRUCTIONS 

II r\ new pa mphlet enti t led, "Instructions for ~ fa in

taining Ship Electronic Equipment I nventory Sys
tenl , .. h as bee n p ubl ished by the Bureau after a 
compilation o[ a year's experience in operating and 
handling the Navy's ne"· equipment in\'cntory sys
tenL The pamphlet, identif1cd as 1'\a\'Ships 900, 135, 
con tains a ll the information and data necessary 
for the proper processi ng of the inventory forms 
by both fl eet and fi eld activities. It has been dis
tri buted to all active ships, and type commanders; 
to commanders o[ a ll reserve fl eet grou ps; to com
mandants of all naval distr icts, nava l bases. and 
nava l sh ipyard s; and to al l industri;tl mana~crs and 
assistant industr ia l managers. 

:\ll prev ious data and instructions concerning 
this syste111 arc no"· su perseded and shou ld be 
destroyed so as to prevent any confusion or erron
eous actio n at some future da te. In the futu re the 
in formation and instruct ions in th is pamphlet arc 
to he follo"·cd by a ll activiti es concerned with the 
lllai ntcnance of th is system both anoat ;ll)d ashore. 

Part icu lar at te ntion is invited to Sect ion 1\' of 
the pamph let, wherein it is stated that the on ly 
ti 111e a naval sh ipyard is requ ired to submit a cor
rected im·entory to the Bureau is when that activ
ity has cOJn p lc tcd yard overhaul or has made some 
change in the electro nic installation on a sh ip. 
T h is inve-ntory re port is made hy simpl y correct-

ing the previously printed im-cn tory form (:'\av
Sh ips -1 110) with red pencil or red ink. and return
ing this same form to the Bureau of Ships. Ship 
electronic inYcntory reports by sh ipyards arc not 
required at any other time or in any other form. 

I n nand shipyards th e inventory is handled in 
the fo llowing manner. The Burea u furnish es a 
copy of the ship·s printed inventory to the home 
yard \rhcrc it is put on file. J( the overhau l or 
cha nge is accomplished at that act ivity the form 
is remoYcd from the fil es, corrected as necessary 
and returned to the Bureau . I n case the overha ul 
or change is to be accomplished by a yard other 
tha n the home yard, the form is removed from the 
files and forwarded to the Electron ics O fficer a l 
tha t yard . It is then aYa ilable for usc in pla n ning
the overhaul and for correct ion and retu r n to the 
Burea u at the complet ion of the ch;t n~e or cha n~es. 

I t is desired to c·mphasi1c particu larl y the fact 
that the im·cntorics shall not be retyped or re
written for subm ission to the Burea u. .\ !though 
it is not necessary, th e im·cntory may be copied 
for loca l files: nevertheless th C' machine pri nt ed 
copy, :\';n ·Shi ps ·1110, supplied by the Bureau must 
be corrected and returned . The suhmis~ ion of a 
ret yped ropy C' lll ails an llnbel ic,·ablc amount of 
unnecessary labor in the Hurca11 \rhich can not he 
accomplish('<( ,,·ithout ttnjtiSt ifi ahk del a ~. 
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