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ABSTRA.CT

The impedance which a tuned sonar transduceek presents to a
power aulifier may vary widely by as mch .as. two to .one. Since
most amplifiers are designed to provide, as 'much outpftt.power as
is permitt'd by the dissipation rating of thd active devices, the
variation, "W increasing the dissipation when an ipdance re-
duction occL s, requires a reduction in output power to allow
for the increase in dissipation, and results in poor utilization
of the active devices and in lower efficiency.-

The expected variation in impedance of the. 400 cps ARTEIIIS
transducer while large, is not too large to cQiletely prohibit
system operation if the maximum power output is.held to 1.0 Mw
per amplifier, 4.0 Mwtotal, particularly-for the conteaplated
noise signals. The variation is sufficientli large to make
desirable some form of compensation to reduce the amount with-
out adversely affecting the system efficiency.,

Such a system is a network-which is paranlel tuned at a
frequency above the 'transducer center frequency and then
series -tuned at the point of, maximum resistanceof the, trans--"Kducer to-prevent a reduction in eystem-efficiency. The values
of the network parameters are parallel coil iucta- 1.98 -
mh,, coil resistance -1.108 ohm, parallel capacitance -- 66.2
uf., and series capacitance-- 51.6 uf.. With .uoch a network,
operation with any kind of signal over a-band. of" greater than
100' cps, is permissible.,

To maintain high- efficiency- and prevent excessive dissi-
pation, the amplifiers should be-operated only it full output
or at 20% of full output. This will result in. outputs of 4,
3, 2, 1, 0.5 and-0.2 megawatts which are approximately two to
three db variations. It is also possible to operate the
system with less than the full -complement of ten transducer
elemsnts in the array.,

ROBLEM, AUrHORIZATION

ONH RN 287 002, AS 02101
KRL Problem Number 55S05-21

PROBLE STATUS

This is an interim report on one phase -of the project. Work
is continuing.

- - - - - -- - - - -
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INTRODUCTION.

Electro-mechanical transducers used in sonar applications present
a variable impedance load to the amplifier. Both the magnitude and
phase angle.of the transducer impedance vary widely over the useful
freqency range of operation. This variation Can have quite serious
effects on the amplifiers which supply the. electrical power, causing
large changes in output power, accompanied by either severe distortion,
excessive dissipation, or-both.

t; therefore, effective-operation o,, er wide fAuencjr bands,
either with noise or with- single-frequency' sinusoidal signals, is de-
sired, an analysis of the load impedau-ce and its-effect on the power
amplifier must be- made. This report describes such an analysis for
the amplifiers and transducers used' in Project ARTEMIS.- It also in--
dicates methods whereby the imp(:dance variation may be-reduced, both
in magnitude- and i phase, and gives -.values of these network parame-
ters for- the specific components usodwuith Projeet. ARTEMIS. The effect
6f the line and matching transformer parameters upon this network is
included, and the transformation. ratio -of the matching trans'oarer is
deterne..d.

BACKGROND.

,The operation:of* power amplifiers may be, described, in- a general
nature-with the aid of the- two--types of output-characteristic -curves,
i. e., I. versus Bfor different. values, of.' the input parameter,, which
are obtainable from the active-devices used in the amplifier. These
are the" familiar triode and' pentode, or beav-tetrode characteristics
published in, tube manuals. With-,regard to the effects, of load changes,
transistor characteristics are- equivalent to pentode-tube character-
istics.-'

Idealized, the output characteristics of low andhigh-efficiency
triodes are shown in-Figure la and lb; respectively, and those of
pentodes and transistors are. shown in Figure lc. Approximate output
and DC-input, powers or a class-B' amplifier, assuming sinusoidal out-
put voltage and current and. a DC level of ,the active-device current
of 0.333. I pk, are computed, for- anominal, Ior matched,, load impedance,
and fo'r a.value of load o approximately, on-half the nominal value.
These values of power are given in Table- I..

Generalizing, it may be stated that, for a constant input parame-
ter, the dissipation in triodei is approximately inversely proportional
to the load impedance,- increasing proportionately as the maximum ef-
ficiency is increased. In pentodes, the dissipation is also approxi-
mately inversely proportional to the load impedance. The 'chief
difference in the operation of the two types with constant drive is
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the efficiency, which is lower but more nearly constant, with triodes.
Pentode operating efficiency is inversely proportional to the load
impedance.

Distortion in a triode is not severely aftected by the load im-
pedance, but, in pentodes, is increased iunyf old with load impedances
which-are greater than the matched value. It should be noted that
the input power requirement is nearly constant in pentode-type power
amplifiers,- and that they can be- considered-to be-constant current
generators.

if pentodes or-transistors are-operated with large amounts of
feedback by- using cathode-follower or coviion-collector operation,
the dissipation, output power, and -efficiency behave similarly to a
high-efficiency triode,, and clipping -with increased- load impedance
is- eliminated. Circuit gain becomes very small,. however, and the-
filament-cathode voltage limitaton- forbids the use'of vacuum tube
cathode fbowers .for power amplifiers. Such asplifiors can Ibe -con-
sidered to be constant voltage generators.-

Eiven ,as the- magnitude, of. the auplifier' load-impedance .causes
chantges-in the- operating, characteristics, so' the. phase -angle of, the-
load causes-6hanges in the dissipation-of the-active. devices in the
implifier. Assmng that the. load impedance x-eains. constant,. the
peek ',oltage -anid- peak'-current output of- the amplifier are- constant.
Since' PD-input, power-'is- a, function- of, a constant. supply- voltage -

and. the-peak,,cur'rent,,. this~power will ,be -a- constant..-. The-- output
-power in' the' load,, however;. in, a, function' not -only -of the- peak-
yol'%age; _andpsak.' currenti, but-,also, of' the phase- angle. of. the, load.
The-difference between the- volt-aspere'cutput (VI)I and2 the- real-
power -output, (VICos'- 0) uist' be:.di33ipateA, within'- the'-amplifier, in-
addition to' the normal- operating dissipation (Pd -VI). It is for
this reason that'the sonar-transducer load _usual must be tuneai
so that the amplifier sees- as near unity-power-factor' load as
possible.,

A. general expression for the dissipation in the active devices
of a class-B aplifti which-wili. account for signal shape, device
efficiency, and-load phase when the peak voltage and peak current
are known may be obtained from the equation

_Pd in - Pout. 1.

For any-type of-signal, noise- or otherwise, the output power
is

~out EkpOS%2.

R
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where is the- peak-to-rms ratio of the signal and 0 is the phase
angleo5 the load impedance. The DC-input pover-in all cases is

Pin, ' p,3

where F is. the form factor or ratio of the rue. to the average value
and Ec is the DC-sup~ly voltage.

If the .output power is assumed constant,, the peak current
majhe expressd, for cos q,- 1, a&

By substituting equation 14 in equation, 3, in4,by-using~ eqation
3,.equation-1 can he rewritten as-

Pout. -

Factoiing and collecting term.in- equation L.yields, for cos.Q

Pd -Pot C P * 16

To. account for non-unity-power-factor loads, the-outpit-
*power u.'st. he changed-to a volt-ampere outpuat andtbe reactive
volt;-amperes musst be added- to- equation-6. This glist,

+ (V.A.%

an&~.

-EnJ 1 k EcoD Pic8

Collecting terms in eqution 8 gives- the-theoretical dissipation
af-k class-B' amplifier as a function of all, possible-variables

as;.

P)
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For sinusoidal signals, where p l."4 and F = 1.111, equation
9 becomes

( .2 Ec )
Pd - 0.5EkIpk ( 1.274 Ec cos ) , 10.

or

E 2  ( E )
d - _0. k ( 1.274 cc -cos QL Y

L - Epc.

An expression for the theoretical efficiency of a class B
avplifier' a, be obtained with the use of the definition

>7- pout 12.,

Substituting, equations 2 and 3 in equation 12 gives:

RpFE pkIp 13-,-

SccIpk-Rp

Simplifying equation 13 gires; the general expression for. efficiency

which becomes, for-sinusoidal. signals -

"Ec 0.78, 1 k~co-,OL15..

Itca be-easiiy seen from either equation 6 orlO that. amplifiers
using devices with pentode characteristics,. where the peak voltage is
nearly constant for changes- in. load impedancei have a dissipation which
is directly proportional to the amplifier output-power or'volt-aperes.
This means that if dissipation for a particular amplifier-load charac-
teristic becomes excessive, a reduction in output power by rematching
will also reduce the dissipation.

Moreover, an examination of' equation U reveals that. dissipation
is a function only of the peak voltage. Further, if equation 11 is
divided by' the power output to place dissipation on a per unit basis,
*the shape of this "dissipation" curve is seen to be constant for any
power output, provided the peak voltage is the same. This is further
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inferred from equations I4 and 15, in which efficiency is shown to
be a function only of the peak voltage. This constant shape means
that once an amplifier has been characterized as a function of im-
pedance load for a particular matching and output power, rematchirg
for a different output will, if the change is relatively small,
cauie only a "*hange in the power scale of the dissipation and out-.
put power characteristics of the amplifier, and-will not cause a
change in their shape., (See Figure 2).

Likewise, the outpub voltage characteristic- will. remain con-
stant both in shape and in value' for small rematching. Output
current, however, will change; scale, but not shape..

Insofar-as the actual shape' of .thedissipationversus-peak- -

voltage characteristic is concerned,, it can'be inferredifrom
equation 11 that, because power- input 'increases' linearly and power
output increasee on a °square law, the miximum dissipation generally
occurs not at the point of maxima output, but at some lower output.
In fact, the point of maimum dissipation' is at that point. at. which
efficiency equals 50%....'

Normal amplifier-design procedure, as is.exewmplifed in, the-
dissipation characteristic at Z# in- Figure 2, allows, for, this in-
crease in dissipation by setting the. dissipation at+ th 50% ef-,
ficiency 'point equal to, or less than the- dissipation limit.. How-
ever, if operation can. be, confined .to., either-ful= outpt. orto
outputs which are less than, approximately 25% of the- full output,,
the increase in dissipation which occurs. between thesepoints is,
eliminated. The snmll* dissipation; which. occurs at- full output
-can then be set equal to the dissipation limit, allowing- a uch-
greater power output at the ful output.

On further comment is in order concerning dissipatio n in
pentode power-amplifiers. The theoretical-diseipation curve is
increased by an amount equal to the' quiescent current times the
DC supply voltage for amplifiers which are. operated in class AB
or which have a large standby power. L .co --isa5 bhe-curves of
disa o versus impedance for various output levels are in-.!
creased by the same factor. Ecc Iq.

POWER AMPLIFIER CHARACTERISTICS .. '+

The power amplifi-ar which is being considered in this.
report is a class-AB push-pull system, manfactured.bythe Ling,
Electronics Division of Ling-Altec Corporation, Anaheimi Cali-
fornia, and uses two RCA 6949 bean power.tetrodes, giving a
nominal output-rating of 1.3 Nw. The characteristics of this
amplifier as a function of load impedance are enclosed as
Figures 2 and 3. In these figures, constant input-signals are

CONFIDENTIAL
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used as a parameter for each curve. The input signals are. adjustud
at the ncminal load-impedance to give outputs of 100%, 75%, 50%,
and 10% of the rated value.

As is to be expected in an amplifier using pentode o1 tetrode
vacuum-tubes, the output current as a funztion of load impedance.
is. relatively constant; and both voltage and power decrease with
reductions in load impedance. Further, as the output voltage de-
creases, the dissipation increases, becoLng excessive when the re-
duction is such as to priuent ,a load inpedance-which is 0.88 of the
nominal, atched value -or an- output of 1.3 Nw. The dissipation
at output powers less. thivn one-fourth the nominal outpt is either.
not excessive or is lessthan that at the-.nominal output. The
normal peaking in dissipation at outp'yt powers between 0.25 and
1.0 Pnom is seen in Figure 2.

The'characteristics- contained. in, Figures 2 and 3 are based
on the premise that. the-duty cycle is 10% or -.essc end that the
maxium on-time- is.one- minute; the continrAus-duty rating ia 130
kw. Although- the- aplifier is; designed Icr-operation with loads

S having: either' leading; orlaggLng -power-factors obetween-0.9 and
.,. moperation at the 50%4fficiency pent, -approximately 800 kw,"
wil rezire a lcadipwer-factor of. better tban!0.97 if excessive
dissipation froa reactive losses:.:is " tc be avoided,..

S Since. okztput power decreases at the sametime- as dissipation
is incieasing,, the. input,power should; remain' relatively constant
as & funiction of'load- impedance. Survtion of these,-two-charac-
teristics as presented:in Figure2 shows that the. input power
increases by 1% as: ipedance is reduced from..05 Z -to. 0.82 ZN,
and ir.reases only 6. 1%'with, a- further- load, reductignr toL 0.6 ZN.
Thus, the- operating-efficieney characteristic for- resistive
loads, has the same shape, as the-output-power curve for changes
in load resistance.

'Because- the change in peak. voltage-swing in the RCA 6949
tube is very small when-changing,-6utput power,- the output power
verrus matched-load resistance is a straight-line relationship
for all general cslculations.

TRANSDUCER CHARACTER1STICS

The transfder array .whiqh is presently being considered
consists of 10 larg. magneto-restrictive ring- units. Since. they
are-magnetic, they' have a constant-current transmitting-response;
that is, the sound intensity in' the water is nearly constant
with a constant-current transducer drive. Although no data have
been taken on the 4O0-cps rings to prove this. a study of the
traasmitting responses of a I0-kc model of the rings, Figures

CONFIDENTIAL
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3 and 4a, indicates that the 400-cps rings should have a constant-
current response. That this response is ideal may be soen by ref'
ferring to the -amplifier characteristic presented in Figutre 3, in
which it is aeen that the awpifier output-current is relatively
constant with changing impedance. ThusI all tuning rketworics chould
be in series with the transducer, keeping the transducer current
constant, even though transducer power and voltage. mayr vary widely.

There-is considerable variation in the irnpedazxce' of-theltrans-
duceri and.-some uncertainty in, the actual. values -of'-this- iu~.dance..
At present,.there is-no data- on the value of the iedanced-of the
complete-array~ nor the value-df'the' ±qpedance of. a-single eiement,
under, kydrostatic pressure.- -

However, data on' the-imedance~bf a single-element at the-
surface is- available and-this- and.the- projected ivednce-ralue-
of the-element in a completed- array are, presented in. Figure- 6,-in,
theiform of resctance-versus-resistance diagram.. The- two -circles,
labelled curve-i and 2 are for equivalent- circuits-of the mazi-
um and vnimun-diamater- circles, which; are expected..

-- It should',ba pointed out-that, past experience-with trins--
ducers- indicates. that the. inedance value of- the- actuaL -arrvyIn-
the, correct water-depth *.and..probably will be, quite different.
from tho6*; given-in the curves. Although the, figaree'used, herein
are-estimates. for the specific- tranaducer used: in. ther, ARTEMIS -
program,. -the -rang. of iu~mdance swing, the curve shape,- -and; the-
techniques. for correcting the- impedancei to a- value which-is-
relatively constant are generally true- for- all imagnetic- trans.- .

ducers-..

It'wifl be- necessary to recompute- the values- of:the tuning,
networks,, etc., indicated hereinwhen-conclusive impedance data- --

on the 4WO cps rings become available;-the eatimatefrihowvn
should:be reusonablyclose. It is-recognized that the, ipedancef

*used-io;not correct; however,the major influence- is-on:.,the trana-
former- turns-ratio. --

OTHR PERTIMMN CHARACTM1STICS - -

The losses in the transmission- line-which-connects&-the avoli-
fier and- transducer mu, t--also be considered. Further, in order-
to reduce the loss, it is necessary to use a high: voltage- line,

*thus requiring a, matching transformr at the transducer. Five-
such transformers are-used, each supplying two transducer ele-
ments from ten secondary, windings. The circuit which is used,
and the estimated values of the parameters involved are shown in
Figure 7.

CONFIDENTIAL
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,AJthoueh there will be some loss in the output txansformer.
of Lhe amplifier itself, no attempt has beeti made to coriect for
this loss. The line and transducer-matchi-ng-transforzrer losses;
hohever, have been, included -In the -analysis. At the same time,
the burns ratio of the matching transformer has been determi~ned
an the basis of present estimates of the transducer-element
i.r~ecafce.

OPTN-ITZING OF SYSTE1! DESIGN

Tramsducer Tuning

-ecause the transducer- in't'his program has anelectricalQ
of aproxianate3.y two, it is obvious that tuning will be re-
qluired to prevent excessive amplifier dissipation. In, order
to take full advantage of the essential-ly-constent-current
c-haracteristic exhibited by both the transducer and the ampli-
Jfidr,. series tuning is pecesiar,-.

.Although transducers are generally tuned: to resonate at
the point of maxinim- resistance, estimated characteristics 'of
the 40O-cps transducer' displayed two characteristics, which in-
d~cated~a desir-abi3ity of tuning below the point of. mWiwmum-
resistaice. - 1he more obvious, of these is the rather low trans-
du.cer, resonant trequency, whether this £reauency -is- deterrined,
at the -point of waicimui resistance or at the' diameter of the
circle opposite the crossing points. Even though the required
f-reqiency of operat ion is- not critical the mechanical vibration-
charateristics of the array structure which has been designed
"'or a:' 40o-cps transducer might be affected by a large *decrease
in operating frequency, indicating that the frequency should be
increased. The otlier reason for tuning below the rraxd=.m-re-
sistaxire point appeared -after a calculation of tuned impedance
with --esoriance at the point of maximum' resistance was made.
7.11. :Ls that thre impedance swing is reduced and- equalized if
the re,-sonance point is lowered in'frequencey. This will be
generallyr true in alfl magnetic transaducers with very low Q
f or the resistance of a low Q tuned circuit is not symmetrical.
e-7en Lilough the rea.ctance mray be symmetrical.

~Zhe actual value of the tuned impidance- as a function of
frequev-1y is given iLn Figures 8 ard 9. The tuning capacitors
were caiocsen to resonate the transducer at -its point of maimumi
resis-ance in Figure 8 and below this point in Figure 9. The

CONFIDEN'rIAL
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Initial System Operation.

With the tuning fixcd, the extreme variation in impedance made
an initial anilysis of amplifier operation desirable, even though
many losses were neglected. Therefore Figure 10, which shows the
output'power-or volt-ampereu and the tube dissipation as a function
of the relative impedance indicated on Figure 8 for curve 1 was
calculated from the characteristic of Figure 2. The impedance in-
dicated as.1.0 ZN was assumed equal to- the matched amplifier-
impedance of 174 ohms.

It is lomediately apparent that, for a matched output of 1.3
'Mw; the very.small impedance ringe permissible as shown in Figure
2 prevents successful operation over a 100-cps band.. However, by
rematching for an' output of 1.0 M;#, as explained in the background,
the power scale of Figures 2 and 10 will be changed, resulting
in the- second scales shown, permitting- twice the impedance swing
and an effective increase, in the dissipation limit.

It would then seem to be within the realw of possibility that
successful operation with a l00-cps noise-band held to an R. of
1.414 can be-achieved. Anticipating somewhat the details o?
utilizing less than four amplifiers,, if the system is rematched
for 3 amplifiers. 3-Mw output, and four amplifiers are used to
supply the power, the power scale of Figure 10 can again be
changed;. resultir. in the upper dissipation-limit-line and
apparently successful operation over a 100-cps band with single-
frequency sine-wives.

Line and Matching-Transformer Effects

The previous analysis has considered the transducer-without
including- the transmission line and transformer loss and their-
-effect on load impedance. The parameters to be considered are
.shown in Figure 7.

Before the line impedance can be included in the amplifier
load, it is. necessary to determine the reflected transducer-
impedance at the- rtching-transformer primary. This, in turn,
requires a determination of the transformerturns-ratio, which
may be done in the following manner: Noting from Figure 7 that
the line is represented 'by a symmetrical T, the receiving-end
impedance which will give the proper amplifier load can be-
calculated by reversing the line and.assuming that the sending-
end impedance required by the amplifier is the ,receive im-
pedance. The amplifier' impedance corresponding to an output
of 1.0 Mw is 226 ohms, and one-fourth of this (four' amplifiers
in parallel) is' the .proper "ine-ccnding-end ipeduance. The

CONFIDENTIAL
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calculaticn gives a sending-end impedance of 57.635-- j0.46 ohnu.
Re-reversing the line and adding the transfoimer parameters gives
the reflected transducer-impedance required for the correct
amplifier load as 58.25/0.9*ohms.

Since 10 transducers are used, the reflected impedance of
one element must be 582.5 ohms.' Figure 9 shows that the impedance
of curve 2 at 360 cps is 1.81 ohms. This gives, an impedance ratio
for the matching transformer of 322 : 1, or a voltage ratio of
17.9 : 1.

Using this matching-transformer turns-ratio, it is now
possible to calculate the amplifier load over the frequency band
in question. Considering curve 2, Figure 9, the resulting im-
pedance characteristic is given in Figure 11 and the output and
dissipation of the amplifier with this load, is. given in Figure
12. It should be noted that the transducer was tuned below the
maximum-resistance point for this determination.-

By retuning- the transducer- to a point near the ma.imum re-
sistance, the dissipation at the high end of the frequency band
was reduced slightly. At "the same time, the. turns ralio was
dropped to 310:1 to increase thet output power. The' resulting
impedance characteristic is shown in Figure 13 and' the amplifier
output and dissipation in Figure 14.

The load, impedance, and output and dissipation for-curve 1
tuned below the maxirum-resistance point, aregiven in Figures
15 and 16, respectively.

Although these results provide better operating character-
istics than the preliminary calculations indicated, there is
still a tendency -for excessive dissipation to occur, especially
when using, single-frequency sinusoidal-signals. Successful
operation under these conditions can be attained; however,
excessive dissipation nay cause amplifier shut-down, by means
of the over-temperature protection, in less than the normally
permissible one-minute on-time.

Impedance-Smoothing Network

Inasmuch as it was Telt that the performance cited in the
foregoing section should be improved upon, some type of network
was required which could smooth out the impedance swing without
increasing the value at the point where line impedance was
already a maximum.

Such a network is the series-parallel-resonant network
6hun in Figure 17 and inserted aboard ship between (he matching

CONFI DEN IAL
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auto-transformer and the transmission line. -The drop in resistance
component which occurs in the. line impedance at the °point of high-
frequency reactance-peaking (approximately 410 cps) cah be cancelled
by adding in series the 'l'tiplied resistance' which is available
in a parallel-esionant circUit. The increased impedance which would
otherwise occur at 360 cps is partially cancelled by series resc-
rating the residual inductance of the parallel circuit. This also
reduces the added reactance of the parallel networhk between 360
a '. 410 cps.. Becau-e the network -is in. series with the transducer,
the transd'ncer-current is still relatively constant, and a constant
scund-6mtpet level 'should be generated. even though as much as one-
half tie amplifier output-power is dissipated in the coil of the
parallul-resonant. circuit at high frequencies.

Two sets of'netvork parameters were investigated, and,
although the second set is more attractive, .the results of both
are included. Using a'circuit Q of 10, and tuning for parallel
resonance at 420 cps, resulted in a coil of 0.946 mh., a coil
resistance of 0.2h9 ohms, a parallel capacitance of 151 mi.,
and a series, capacitance of' 75.1 m. The effective resistance
of this network(Number 1) was, at parallel resonance, 25.1 ohms,
the correct value 'for curve -, Figure 15. The amplifier im-
pedance for curves 1 and 2, Figures 15 and 13 respectively, with
this network in series with the line- is given in Figure 18, and
the resulting power- output and dissipation in Figure 19.

Because the upper-frequency limit of operation was still
considered inadequate, but more important, because the dissi-
pation at the upper-frequency limit tended to increase rather
rapidly, a- new-set 'of network parameters (Number 2) was used.
The parallel-resonant frequency was increased to 440 cps,
and the Q-was reduced -to 5 in order to keep the network re-
actanice peak at the same frequency. This resulted in a coil
of 1.98 mh., a coil resistance of 1.108 ohms, a parpllel
capacitance of 66.2 mr.., and a series capacitance of 51.59
mf. The effective resistance of this network increased to
27 ohms. The impedance load of the amplifier which resulted
is given in Figure 20, and the calculated amplifier-output-
power and dissipation in Figure 21.

The atplifier characteristics which are a result of this
second network are very encouraging. To begin with, the
frequency band over.which any typd of operation is permissible
is much wider than the required 100 cls. Also, the dissipation
tends to increase rather slowly at both ends of the band. How-
ever, most important is the fact that the Oissipation and the
output power for either of t-o rather different transducer-

indicating that the unceirtainty in transducer i, pedance may
not be troublecome.
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Because output power as shown in FJgure 19 and 21 was a
little smaller than was considered desirable, a new calculation
of-the line sending-end impedance was made using an impedance

* ratio of the matching transformer of 279:1, 10% less than before,
with curve 1, Figure 13, for the transducer impedance. The re-
sultant impedance and the output power and dissipation for this
impedance for both networks are given in Figures 22 and 23, re-
spectively. Under this condition, the advantage of the second
network becomes obvious. Similar results can be expected if
the same process is carried out for curve 2.

Because the dissipation of the coil resistance in the series-
pa.rallel network is very high, 1.6 Mw to 2.4 Mw, depending on the
output power and the network parameters, it is felt that the coil
should be more than one unit, thus spreading the heating over-
.several coils.

System-oerating plans, which are detailed later., also lead
to the desirability of more than one coil. Moreover, the ne-
cessity of using transducers in pairs as they are supplied and
in the event of a casualty, makes separate networks definitely
a requirement. This, fortiiately, reduces the sLze-of the ca-
pacitors, for with 5 network3, there are 5 pairs of transducers,
the impedances of each individual component must be increased
by a factor of 5, tims reducing the capacitors-to 13.24 f.,
and 10.32 of., for network. Number 2. The inductance is in-.
creased to 9.9 mh and the coil resistance to 5.54 ohms.

Because both transducer impedance and network impedance
obey the same laws as the number of units is altered, the
s ape of the system impedance curve will be identical in all
cases, provided the element Impedance of the transducers
remains constant.

Since this, of courseo, is not the case, because of the
chang- in array loading with reductions in the number of ele-
ments. the above statement is not quite true; howevei; it is
felt -hat the effect of the network on the line sending-im-
pedance will allow much more constant amplifier load than
would be the case if the reflected transducer-impe,&ce by
itself were used. BeEIdes, as will be shown later, the use
of less than the full number of transducers allows-consider-
able leeway in the choice of the number of amplifiers which
are to supply the now reduced output-power. Then, too, the
change in transducer element impedance when using less than
a full array is likely to be an increase from the value ob-
tained in a full array. This will reduce both power output
and dissipation from the value which would be expected :hen
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considering element impedance in a full array, and will counter-
balance the reduced effectiveness of the smoothing network.

COMPLETE SYSTEM OPERATION

The necessity of repairing, maintaining, and testing the
w," ment, as well as the requirement for continuous operation
at all times, make it desirable that any number of amplifiers
from one to four, or any number of pairs of 'transducers from
one to five be-usable in any combination. These two devices,
amplifiers- and transducers,, may be considered separately.

The necessary rematching for using other than four ampli-
fiers on the line is provided by a step-down- autotr-nsformer
between the amplifier-output transformers and the line. When
all four amplifiers are being used,, the autotransformer is not
in the circuit. 'As the number of amplifiers is decreased, the
load' impedance muist be incre.ased to prevent excessive power out-
put. This is. accomplished by means of the autotransformer.
For three amplifiers, the impedance of the line is increased
by 1.33; for twq amplifiers, by 2.0; and for one amplifier, by
4.0, neglecting autotransformer losses.

When the number of transducers on the line is considered,
however, the line-sending-end impedance itself is altered. As
the number of pairs is reduced the impedance is increased. On
a relative-basis, this increase is 1,1.25,1.67,2.5, and 5 for
numbers' of pairs from five down to one. Therefore, with five
pair of transducers on the line and the four amplifiers pro-
ducing rated power, the amplifier output power as the line
sending-impedance changes due to a reduction in the number of
'pairs or elements is reduced by the proper amount for correct
trn,ducer operation. For this reason, the autotransformer
may rumain at the same ratio during all the transducer changes
-as that determined by the number of amplifiers used for the
full complement of transducers.

Having'disposed of the necessary amplifier and transducer
.hanges, one can now consider one more important factor before
establishing the operating characteristics of the complete
uystem. L has been Indicated in the background of this report,
the power amplifiers being considered display the usual in-
crease in dissipation as power is reduced from the maximum
unclipped value. In fact, the dissipation, assuming load im-
pedance is constant, is greater than that at the maximum out-
put for all powers between 60% and 100% of the maximum output
at best, and may be greater even ei, outputs as low as 20%,
although not excessive in this case.
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For this reason, and because efficiency also remains much
greater if full output is maintained, it is beat to operate
each power amplifier only at full output or at those outputs
less than 20% of this full value. That this is not really
detrimental to good operation will soon be apparent..

It is obvious, of course, that, when operating the system
at reduced power, it is unnecessary and undesirable to use all
of the available amplifiers. Since this is so, it is possible
to control the output power by rematching and removirg ampli-
fMers, while at the same time allowing full output from each
amplifier. The nominal-output powers which are obtainable in
this way, as well as the necessary autotransformer taps and
the power reduction in decibels from the maaimum are given in
Table II. In addition, the corresponding values are also
given in Table II for combinations of transducer elements
less than the normal number. The DC input power requirement
for these same conditions is given in Table III..

To allow for reductions in level with a full array-to
less than 1 Ke, the amplifiers must be operated at the low
efficiency 20% power point. Applicable values are given-in
the tables.

Finally, if transducer loading for some particular
condition. is such. as to cause excessive dissipation,
operation will still be'possible at all but the maxiuum-
output power by adding one more amplifier than is indi-
cated- in Table IL to provide the power, thus further di-
viding the dissipation among the amplifiers.

CONCLUSIONS AND ECOMMNDATIONS

In order to summarize and condense the results, the
following conclusions and recommendations are made:

1. ' Operation of the ARTEMIS powr-amplifiers at an
output of 4 Mw with either single-frequency sinusoidal or
noise signals which are band-limited to a 100-cps band and
are clipped to a peak-to-rms ratio of 1.414 is achievable,
under the condition that a network is used to reduce the
transducer-impedance va.Aation.

2. The frequency band of operation can.be the origi-
nally postulated 350 to 450 cps, again under the condition
that the impedance-smoothing network is used.

3. The i!edne-mthn newor that zvhl .3 Ua

used is one which is parallel res'onant at the upper end of
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the frequency band and is series resonant at 360 cps. It shovld
be mounted at the amplifier between the autotransforner and the
line, and should consist of five identical networks. The number
of networks which are in parallel at any time should be equal to
the number of pairs of transducer elements which are being used.
The recommended values for the network parameters are: Coil in-
ductance, 9.90 mh; coil resistance, 5.5K ohms; parallel capaci-
tance, 13.24j m; and series capacitance, 10.32 mr, and are rela-
tively independent of the magnitade of the transducer impedance,
but depend upon the shape of the circle (X/R ratio). There will
be approximately 400 to 500 kw of heat to be dissipated in each
coil whenoperating at 440 cps.

4. The average tuning-capacitance is 150pf, but may
change by ±- 10 1 f with ditferent transducer-ip6dance circles.
The average vve should be adequate if' the impedance-smoothing
network is used.

5. It may be possible to operate the system without the
use of the smoothing network. However,' when single-frequency
signals are used, the operation will be marginal, and the band-
width will: have to be reduced and lowered, and the pulse- lenith
may have to be shortened. Transduder-load impedance will have
greaet effect oa the necessary reduction in performance. It is
recommendedy therefore that, in any case, but especialUy for
this type, of operation, the actual line sending-impedance be
determined with- the correct transducer operating environment
at gradually increasing powers, using P sufficient number of
the' power aiplifiers to prevent excessive dissipation under
any possible loading condition.

6.- If difficulty is experienced with amplifier shutdown
because of excessive dissipation, full pulse-length may be
achieved, and shutdowns avoided, by rematching the amplifiers
with the autotransformer for the next lower power which sacri-
fices only 1.25 db of output.

7. Each amplifier should be operated at'full-power output
for the. matching being used, giving the system operating charac-
teristics detailed in Tables II and III. If other than full out-
put is, used, it is r'commended that no more than 20% of the full
output be used, even though- more than this can often be obtained
safely.

,8. Operation with less than the full complement of trans-

ducer elements is achievable. If the shipboard smoothing-
network is used, there should be no difficulty with excessive
dissipation. However, if some difficulty is experienced, or
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when operating without the network, the addition of one more
amplifier, than indicated in Tables II and III wil solve thp.
problem.

9. The matching.transformer at the transducer end of
the line should have an impedance ratio based on estimates
contained herein of 310 : 1, and should be tapped to provide

10% and - 20% of this ratio. The system characteristics
shown in Table II will have a variation of perhaps ±0.5 db
in power because' of the transducer-impe4.nce variation.

10. The DC-power-supply load is tabulated in Table III.
Once the transducer-load matching has been set, this load is
nearly conatant (see Figure .24) for any one power condition
for all signals;. the variation is no greater than :t 25 kw.
Variation with the transducer load will be quite high for
the same power matching, as much as ± 150 kw for-each ampli-
tier.

11.. It is emphasized that the band of operating frequen-
cies mast be limited to 100 cps, with very sharp fall off on
both si des of the band, particularly if operation without the
impedance-smaoothing network is contemplated. Also,. the peak-
to-rme: ratio of any signals used- must ke less than 1."1l.

12.. Although the specific values. developed, herein are
-for use with- the ARTEMS Program and its components, the
analysis and techniques which are used are applicable to all
systems using a magnetic transducer.
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