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ABSTRACT

A 5-cycle gaplifier for use with the Passive Bearing, 2 thermal
detector for use by submarines, was developed by this Leboratory and is
now in production by the Reytheon Mfg., Co. The amplifier, which peaks as
5 c.p.5., has an equivalent rectanguler band width of 1.9 cycles, an imput
impedance of 5 ohms, a noise level equivalent to an inpub signal of 7 x 107
volts, and a relaxation time of 0.4 seconds. Signals arc presanted aurally
as the frequency modulsted output of o local oscillator, An input signal of
2 x 10~7 volts is easily recognigzable. The ent.re amplifier cperates from
115-volt, 60-cycle supply.
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CHAPTER 1
INTRODUCTION

Authorization: BuShips ltr S-S67-12(660E-330), Scrial 003822 dated 2 Oct.
1945,

The Passive Bearing Finder is a periscope mounted thermal detector
for usc on submarines against surface ships. As originally developed by the
Research laboratories Division of the General Hotors Corporation, it con-
sisted of a wire thermopile mounted in an oscillating optical system. The
thermopilc was of the compcnsated type manufactured by the Eppley Laboratories
and so mounted in the optical system as to have first one receiver then the
other receiver irradiated through the motion of the optical system,

The rate of irradiction was five times per second. The output volt-
aze from the thermopile, of course, varied at the same rate, This signal
was then fed into a standard General Motors breaker type D. C. amplifier,
the filtered output of which frequency modulated a local oscillator whose
signal was prescrted aurally,

There were o number of objections to this system most of which
centered around the amplifier. The three basic ones were:

(z2) The internal noise level of the amplificr was greater than the
thermal agitation noise level in the thermopile with which it was cmployed
and henee prevented complete rcalization of the full sensitivity of the
entirc system.

(b) The D. C. compensating circuit in the input of the amplifier
had to be readjusted continually to compensate for thermel drift and to
prevent saturation of the input transformer.

(¢) The amplifier's breaker contacts became noisy after prolonged
periods of opcration.

Under thesc circumstances, it was advisable to investigatc the possibilities
of a straight A. C. amplifier tuned for 5 cycles per sccond.,

Accordingly, this Leboratory wes recquested by the Burcau qf Ships
to undertake the development of such an amplifier. The general reguircements
were as follows:

(a) Amplificr must be tuncd at 5 c.p.s.

(b) Input impedance should be 5 ohms.

(c) Signal presentation should be similar to that cmployed in
tho General liotors systom - the aural presentotion of the
output of a frequcncy modulatced local oscillator.

(d) The internal moisc level of the amplifier should be low
cnough to permit rocognition of a signal level of 2 x 1077
volts from a 5 ohm input load.

(¢) An auxiliary sourcc of D. C. poiwcr rated ot 6.0 volts, 0.25
amperes should be incorporated inte the emplifier's power
supply to drive the oscillating optical system.
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(f) The centire unit should operate from a 115-volt, 6C ca, power bus,

Such an amplifier was developed by this Loboratory and is now being
marufacturced for the Burcau of Ships by the Raytheon Manufacturing Co. of
Waltham, Wass.

The complete amplifier is shown in Plate 1. It consists of a

preamplifier and final amplificr mounted in a single cabinct; a power supply
in a second cabinet; and a voltege regulating powcr transformer.
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CHAPTER 2
THE PREALPLIFIER

The preamplifier, whose wiring diagram is shown in Platc 2, is
designed to work from a 150-volt regulated B-supply and a rectified filament
supply. Bach stage is hcavily decoupled with the decouplers acting both as
filters and isclators. R-C networks are employed for this purposc. The
condensers are special 150-volt paper units. Electrolytics could not be
employed because their leakage currents are rich in low frequency harmonics.,
They have conscequently boen omitted entirely in the preamplificr. Because
of the prohibitive physical sizc of paper cathode by-pass condenscrs, they
likewise have been omitted and all cathode resistors remain unbp-pessced.  In
the first and second stages, where the signal level is cxtremely low, wire
wound resistors arc uscd thus elliminating currcnt noise.

The input transformer, which is described later, is multiply shielded.
However, despite such precautions, there is considerable maegnetic pickup
“oth in the transformer and in the input leads. This is predominately 60
cycle and its higher harmonies. To elliminate thesc, the low-pass filter
showm in Platc 3 is cmployed. The freqguency response of this filter is
shown in Plate 4. It will bc noted from this curve, that the frequencics
beclow 5 ¢.p.s. arc accentuated. This means an inereasc in flicker noisc
since it varics as onc over the frequency squared. To compensate for this
and give partial pcaking at 5 c.p.Se, the last two stages arc under coupled.

The main tuning at 5 c.p.s. is accomplished with o parallel-T nct-
work cmployed degencratively. This type of filter is described in another

chapter of this roport. The frequency responsc of the proamplificr so
obteined is shown in Platc 5.
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CHAPTER 3
THE INPUT TRANSFORMER

The specifications for this amplifier called for en input impedance
of 5 ohm at 5 c.p.s. which nccessitated the use of a speciel input trans-
former. Since a transformer of this type was not commercially available, a
development contract wos entered into by the Bureau of Ships with the
Thordarson Blectric Mamufacturing Co. of Chicago, Il1linois for a transformer
with the following characberistics:

Primsry impcdance - 5 ohms.
Secondary impedance - 450,000 ohams.
Turns ratio - 300.
Operating fregquency — 5 C.p.Se
Primary currcnt = E 1 I’-'l%- D. Ce.
10 Ha. As Co
Elcctrostotic sheild between primary and sccondary windings.
Magnetic sheilding around entire asscmbly consisting of four
high permecbility sheilds arranged so that megnetic pickup
is down 90 dccibels,
(h) Unit to bc hermetically scaled.
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The Thordarson Company delivered a few such units similar to thc onc shown
in Platc 6 but was forced to discontinuc work on the problem because of
higher priority commitments. The work vms then turned over to the United
Transformcr Corporation of New York, New York who mode some improvements in
the design and camc out with the unit also shown in Plate 6.

The frequency responsc of both +ransformcrs is shown in Plate 7.
Those curves werc obtained with o Hewlett-Packard 202-D oscillator and a
Dumont 208-B oscilloscope both of which opcrate down to 2 cvecles per sccond.
A special emplifier was constructed to measurc the voltage, E,e It is
obvious from thesc eurves thet the U. T. C. transformer is slightly better
than the Thordarson unit.

Mcasurements were also made of the D. C. saturability of thcsc
transformers. The rosults arc shown in Plate €. Hore ~goin the supcriority
of the U. T. C. unit is apparent.

As a result of thesc and other tests the U. T, C, transformers were
accepted for usc in the subject amplificr., These sanc transfinmers it a
slightly modified form have subscquently found uscs clscwherc ™.
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CHAPTER 4
THE INPUT TUBE

The effective goin of the input tronsformer is determined to o con-
siderable oxtent by the sccondary loading - the greater the impedance of
the sccondary load; the greater the cffective gain of the trensformer,
Therefore, for optimum conditions, the grid input impedance of the input
tube should be as high as possible. To obtain this in the conventionel
manner would mean cmploying cathode bias of some critical yaluc or battery
bins which is impracticel for shiplboard use. icasurcnonts® show, however,
that the internal low frequeney noisc in vacuun tubes, which is known as
flicker (not shot), incrcascs repidly with the sizc of the cathodc bias
rosistor, Those same measurcments< and others’»>* show, however, that a high
grid input impcdance can be obtained with miniram flicker noisc by operating
the vacuum tube os shown in Plate 9. Here a cathode rosistance value of
zoro bogelher with no grid lesk resistance arc cmployced. The condenser in
serics with the grid circult asswaes a charge which provides an optiisun bias
which in turn provides both high input impcdence and minimum flicker noisc.
Input impedance of from 10 to 15 megohms have been nucsurced on a 5d5 (triodc).
Soiac pentedes provide up to 30 or 40 megohms. The resistance across the
serics condenscr in Plote 9 keeps the condenser discherged. iicasurcnents
alsc indicate that the flicker noisc can be rcduced considerably by cmploying
very small valucs of plate supply voltage. Scvoral thousand hours of opcr-
ation have wcrificd these results,

Full acventoge is taken of these facts in this precemplificr as cen be
scen from Flate 2, The input tubc is operated without o grid leck and zero
cathode resistance, The scrice condenser in the grid circuit is 2 1,0
microfarad bathtub condonscr shuntoed by a twenty mogohm discheorge resistor.
Because of the high impedance invelved, the sccondary terminals of the
transformer, the scrics condensor =nd its shunting resistor, and the input
tube socket arc coated with coil dope to prevent moisture, which forms on
these units in the ficld from shunting them and thus introducing noise into
the amplificr. Expericnce has shown that this is nccessary., The plate
voltage on the input tubc is very low being 17 volts. Under thesc conditions
the mexioum possible gain of the tube is not realized., However, the in
ternal flicker noisc is very low. The Soin of this tubce is just high enough
so that the noisc contributed by the sccond tubc is cnly a fraction of the
output of the first tube,

Dospite all. these precoutions, the inherent noise lovel in the

amplificr ariscvs in the input tube. It is betwcen one and two times
grooter than the thermal agitation noise level in the 5 ohm input load.
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CHAPTIR 5

THE PARALLEL-T FILIER
Considorable? has been written about the parallcl-T filter, Howcver,
the most complete informotion can be found in an unpublished Bell Telephone
Laboratory mcemorandunt”,

The parallel~T filter is 2 rodificd When Bridge. It consists of a
low pass filter and a high pass filter in parallel, Platce 10 shows the
conventional filter. Theoretically, when the rosistive and capacitive
parancters bear the algcbraic rclationship to coch other shown in Plate 10,
thon thorc is a null frequency, f,, which the filter will not pass where

1 .
‘o = U = 3..-1_’-13
In practice the R's and C's have o be closcly matched otherwise the balance
or nullpoint will not be sharp, Usuclly the C's arc metched within 1%,
The R's arc rheostats which arc sct up with an onmmeter as closcly as
possible with thc finally adjustrnent or balance being made with an oscilleator
and hizh impedrnce voltmetor or oseilloscope. At the null frequency, fo,
the input impedance, 45 of the filter is

v e

At lower frequencics it is highor; at higher frequencics, lower,

.'40

In the subjeet amplificr, the filter is cmploycd degencratively as
shown in Plate 2. Under thesc conditions oll frequencies but the null
freguency are fod back degeneratively, This rosults in only the null
frequeney, fo, being emplifioed, Shorpest tuning is obtained when the filter
works out of a rclatively low impedence into & rclaotively high impudance.

In prectice, the imput impedence, 4; , 18 usunlly nade ot lcast twice os
large as the platc load rosistance of the tube with which the filter is
crployed. Since a tubc usually precedes the stage in question it will
ovaerload the filtor and must be iseolated fron it by 2 scrics resistor in the
grid circuit. Thc sizc of this scrics resistor determinces the sharpness

of tuning of the filter—tube combination. If conditions arc such as tc
provide naximum sharpness of tuning, then the froctional bond width of thce
filter-tubc combination is

AL .. B Af
il 5 =t
where G = gain of tube without feodback,
Af = band width between half voltoge points
f, = resonant froguency

Referring to Plate 10, the velucs chosen for R and C for a null at
5 c.peS. arc 0,02 microfarads and 1.6 mcgohms. At the null frequency,

5 = 5 cupese, the input impodence is

Ly = 73? = 1.1 megohms,
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From Platc 2, it can be scen that the scction of the 6SL7 with whjch the
filter is employed has 2 load resistance of 0,47 mcgohms, Hencc, the filter
docs not load down thc tubc appreciably at the resonant frequeney. The load
on the filter is provided by thc 5 pegohm resistance in the grad circuit
(assuming that the grid input impedance is much greater) which isolates the
filter from the precceding stage and prevents that stage from overloading
sanc.

Assuming thet the conditions for meximum sherpness of tuning are
therefore met, the fractional band width of the filter-tube combination is
(mcasured gain of tube = 28)

LS f - RS s 1
L% T BT = &
which gives o band width between the half voltage points of 1.3 ce.p.s.
(fo = 5 cupes.). From Plzte 5, it can be secn that the band width for the
entire precamplificr is 1,7 c.p.s. This is determincd somcwhat by the low
pass filter and undcr coupling. However, if this is ignored, the agreument
betwecen calculated and measurcd results can be considered feir.
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CHLPTER 6

THE FINAL AMPLIFIER

The wiring diagram of the final amplificr is shown in Piate 11, Tt
is o conventional RC coupled unit., Broad tuning at 5 c.p.s. is obtaincd
with o low pass filter (Plate 3 and 4) and slight under coupling betweon
stages. The freguency response of the finel amplificr as obscrved at the
grid of thc local oscillator is showm in Plate 12,

The local oscillator (884) is of the relaxation type. ‘The varisble
cathode resistor, which is a screw driver adjustaent, is sct to provide a
normal 800 c.p.s. output from the oscillator., Ainy signal applicd to the
grid of thc oscillator causes its frequency to swing about the 800 c.p.s.
point. A signal is, thercfore, hcard as a change of pitch in the carphoncs.
Unfortunately, the signal couscs the amplitude of the aurel note to vary also.

They cye tube is cmployed as an indieation of the noisc level of the
entire system, Sincc most signels are down in the noise, it is impcrative
that the noisc level be maintained as constantly low as possible. It is

ifficult to determinc the output level with the carphonces, hence, the cye
is cmployed.
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CHAPTER 7
THE POUER SUPPLY

The wiring diagrom of the power supply is shown in Plate 1%s || &
supplics 6.3 volts A, Ce for f£ilaments and 300 volts unrcgulated D. €. for
rlates to the final amplifier; 31,5 volts D. C. for the filamoents in sorics
and 150 volts regulated Do C. for the plates to the preamplificr; and 6
volts at 250 milliamps to the oscillating motor in the opticel system,

Expericnec has shown that the power supply for the oscillating motor
should be isolated from the rest of the power supply becausc of the cyclio
naturc of the load. For this rcason, two scparate low voltage supplics arc
provided - one for the preamplificr filaments, the othor for thc oscillating
rotor. Combining thesc two channcls results in feedback from the oscillat-
ing load which couses the entire amplifier to oscillate.

The voltmeter with sclcetor switch is provided for scrvicing purposcs.
Ls can be scen from Plate 13, it provides a check on line voltage, plate
voltage for the final cmplificr, platc voltage for the preamplificr, filament
voltage for the preamplificr, and oscillating motor voltege. A check on
the oscillating motor voltage is almost a nceessity for the commutator
scgrents of the motor tond to get dirty and short ageinst cach other, The
result is a currcnt drein in excess of 0.25 amperes which drops the supply
voltage and hence, couses the motor to slow down. This mcans, of course,
that the optical systeom is wobbled at a frequency lower than 5 Cepes. which
reduces the sensitivity of the entire system. Although it is not a part of
this project, it is suggested that another type of oscillator motor be
cmployed, preferrably o 400 c.p.s. synchronous aircraft unit. A 60 c.p.s.
unit would only introducc additional hum pickup into the system,

The regulating tronsformer provides a constent linc voltage. It docs
not rcnove line transients such as the closing or opering of power switches
produces. A rocont test at the Burceu of Ships Test Station, Lowes,
Dclaware, showed that the line trensicnts produced by a coded beacon (Novy
Type X2i) upsct the power supply sufficicntly to meke the amplificr system
inopersble. The line dip in this casc was 4 volts. If the amplificr system
must operate under such conditions on shipboard, en clectromically rcgulated
power supply is nccessary. The Raytheon lifg. Corp., who erc menufacturing
this unit, arc providing such a regulatced power supply.
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CHRAPTER 8
THE OVERALL PERFORLIANCE
The overall frequency response of the preaaplificr plus final am-
plifier is shown in Plate 14. Thc equivalent rectenguler band width is also
plotted in Plate 14, It is 1.9 cycles.

The oxpression for thermal agitation noise is

R=LkTRA f

vhere Il = Bffective noise in microvolts,
k = Boltzman's constant,
= 1.374 x 10™<3 joules per 9K,
T = Degrees Kelvin (°K),
R - Resistive component in ohms
A f = Rectangular band width.

The resistonce of the input load is five ohms, The temperature can be
assunicd to be 300 9K, Then

P = 4(1.37 x 10723)(300) (5) (1.9)
= 15.7 x 10729
N “Q Liox LO_IO volts.

The measurcd noisc level was found to be 7 x 1010 or less than two

times grester then the thoermal agitation noisc. To further check this, the
noise level was obscrved with a five ohm input load and then with the input
shorted. The noisc dropped 30% in the latter case indicating that the
amplificr noisc was between 1 and 2 times thet of the 5 ohm load. Thus,
because of flicker noise, the amplificr is not capable of working down to
the thermal agitation noisc level of the input load. Under these conditions
2 signal of 2 x 10~? volts is casily recognizable in thc earphones. A
lower noisc level and hence greater scnsitivity for the cntire systom could
be obtained by decreasing the band width of the amplificr. However, this
would slow down the speed of response of the systom to an impractical value.

Figure 15 shows thc responsc of the entirc amplificr to a suddenly
applied and suddenly rcmoved 5 C.p.S. signal =s obscrved at the grid of the
local oscillator. The relaxation time (time to decay to 1-1/c of peak value
where ¢ = 2,718 or 37% of pcak value) is shown to be 0.4 scconds. A re-
laxstion time greater then this value would spoil thc quality of the entire
detection systom as o scarch device by meking it impractically slow,

Ficld tests of this amplifier in the completc detection systom have
shown that the increascd sensitivity which it provides cannot be utilized
because of Moptical noise". Elimination of th "optical noise" can be
achieved by the redesign of the opticel system which is nobt part of this
project.
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