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ABSTEACT

A need exists in antisubmarine warfare for an aircraft-submarine
IFF system, The most promising wavelength region for IFF operation
appears tc be in the visible wavelengths,or in the near-ultraviolet when
visual security is necessary. In these spectral regions,the ocean and
coastal water classilications of Jerlov are a rompact summary of the
kinown transmission characteristics of the world’s sea water.

Because of its versatility,a completely physical IFF system is pre-
ferred to a visual or semitisual system. A somewhat simplified theory
isused for a physical system whoee princinal components are aflashtube
transmitter and a photoelectric receiver. n this theory, the pariineters
of the systemarerelated to tiie many variables present. The theory sets
limiting signal-to-no’se ratios necessary for pcsitive operation of the
IFF system under day or night conditions in any type of ocean water.
Experimental transmitters and receivers have been built embodying
mostof thedesirablefeatures for signal work of this type,and the behav-
ior of their parameters nas veen investigated in detzil, Daytime bidi-
rectional shipboi:rd experimernts were conducted at sea under various
sunlight conditiviis., When the transmitter was submerged in the Gulf
Stream, the signal was detactable to a depth of 382 feet. Experimentation
alscdemonstraied the equivalence of signaling in either direction. Com-
parison of the calculated results with the experimental results showed
the use of the'imiting equations to be justified. The equations have bee~
applied to the basic problems of an IFF system. In the absence of moc .-
light on tropical or subtrepical waters, resulis show positive operation
to be possible for aircrafi heights to 600 meters and submarins deptis
tc B0 meters hoth in the visible and near ultraviolet. Daytime operation
is not possible as an IFF system with the present equipment. Improve-
ments in the equipment and increased flash intensity, however, may
eventually give a positive operating csyster under any circumstances.

PROBLEM STATUS
This is an interim report; work or the shipboard phase of the prob-

iem is concluded, but planning for direct submarine-aircraft measure-
menis and equipment improvements is still in progress.

AUTAORIZATION

WKL Probien: N02-22

Project NR 473-220

Manuscript submitted May 25, 1954
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INVESTIGATION OF A PULSED-LIGHT IFF SYSTEM
FOR USE RETWEEN AN AIRCRAFT AND A SUBMARINE

INTRODUCTION

A series of investigations has been conducted at the Na il Research Laboratory to
expiore the possible navai use of ultraviolet iight as a means of opticai communication
and identification between an aircraft or surface vessel and 2 ctbmerged submarine.
Previous reports (1,2) describe shipboard findings on the nighttime transmission of ultra-
violet light through sea water and the air -sea boundary. These expeviments were per-
formed to obtaln data for ai evaluation of a possible nonvisible nighttime identification
system. Attenuation measurements were made on the puise amplitude of an ultravioiet
signai from a submerged transmitter iowered to a cable Gaepth limitation of 200 feet. The
basic components of the system consisted of a large spiral flashtube in the transmitter
and a photomuitiplier tube in the receiver. Signal measuremenis were made on an oscii-
icscope dispiay. The work was unidirectional, and no attempt was made to transmit to a
submerged receiver from a shipboard transmitter.

In August 1953, improved equipment and visible light were used in making bidirec-
tional daylight measurements aboard the E-PCE(R) 851 enroute from NRL to Panama
City, Fiorida. An entirzly new instrumentation was effected for this trip. Most of the
mechanicai changes suggested themselves during the shipboard use of the previous equip-
ment. The electronic changes were intended to improve the signal-to-noise (S /N) ratio
and, hence, performance of the new equipment operating as a submarine-aircraft identifi-
cation system. Reception ranges were indicative of the possible eventual development of
a workabie system for both day and right operation.

C ‘"o determine the feasibility of a system that would be completely reiiable under most
cii : 'nstances, a rather extensive knowledge is required of the many influencing variables.

The principal factor of influence is, of course, the signal transmission in the many types

j of water in which a submarine may operate. Other variables such as the amount of sun-

ii;zht or mooniight present, atmospheric attenuation, aircraft aititude, and submarine

depth all piay a part to a great or lesser extent.

A The discussion is facilitated if it is confined to certain iimiting cases, viz., a fixed

2 aircraft altitude, at times a fixed submarine depth, and also the best and possibly the

2 worst values of the other influercing variables. The chosen vaiues of the aircraft aititude
o and submarine depthareunlikeiy tobe exceeded in actuai operation of the system.

General equations wiil first be derived to relate the characteristics of sea water and
the other varinbles to the system parameters. Restrictions are then piaced upon certain
of the variables and parameters to obtain the defining expressions for positive operation
of day and night identification syetems. In an effort to estabiish the reiiability of
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calculaiions, expeirimental signal-to-noise ratios for a particular wavelength and specified
conditions are cowmpared to calculated signal-to-noise ratios under similar circumstances.
Once established, the equations are applied to the problems of an IFF (Idertification
Friend or Foe) system. The findings are sufficiently general and with but a slight modifi-
cation are directly applicable to a submarine-aircraft communication system.

The nature of the identification system interrelates a number of seemingly diverse
topics, i.e., sea water, flash discharges, and electronic noise problems. For the sake of
completeness, all are treated in this report. The disenssion is best begun with 2 presenta-

tion of the accumulated knowledge of sea water characteristics and their relation to the
suiject al hand.

SEA WATER AND THE ELEZECTROMAGNETIC SPECTRUM

Evidence compiled over many vears by those interested in the optics of sea water
has shown that oceans and their curreiits each have 2 constancy of transmission which
may be modified to some extent by the seasons, concentration of plankton, and weather.
In coastal waters, however, there 2re additional divergencies of transmission due to
contaminates and a peculiar “yellow substance.”

A well-known region of high transmittance, or “window,” for electromagnetic radia-
tior iu sea water is centered in the visible section of the optical wavelengths. It is

toward exploring the possible use of thia window that most of the present work has been
directed.

When it {s considered necessary to maintain security while using a nighttime id-ntii-
cation system, the visible scction of the window is unlikely to be used. Because of its
higher transmissicua values, the near-altraviolet optical region was chosen for nonvisible
nighttime use early in the investigatiox: in preference to the near-infrared region. In day-
time, or when visible security is uniiecessary at nighitime, the visible wavelengtns need
not be excluded from pessible use. Although sea water attenuates least at the visivle
wavelengths, the region of optimum daytime operation has addiiional determining factors,
amaong which: are the sunlight and flashtube spectrai enargy distributions.

The transmission of electromagnetic waves in sea water and pure water over a
broad frequency range is shown in Fig. 1. Composed of data taken irom the literature
(3 through 10), these curves were used to explore the possibility that another window in
the specirum may have been overlccked for use. Some regions of the curves are aver-
aged from the results of many investigators; in otliers there are little or no data available.
Ir addition to the previously described natural ecavses of variations in sea water tranc-
mission, there is genuine: disagreement among investigators on tranSmission values,
particularly in the radio region where difficulty exists in interpreting the measurements.
Thus, ihis curve taken alone is accurate to only slightly more than an order of magnitude
for transmission values, but this order is sufficient for its intended purpose.

Because there are large gaps in the sea water spectrum, the curve fronm available
data on pure water is also shown. In the regions wiere sea water data are lacking, the
pure water curve can be taken as an approximate upper limit to the sea water trausmis-
sion. Although gaps are also present in this ~arve, the trends are distinguishable.

Steepiiess of the curve in the immediate vicinity of the visible region is due to the
inanner of presentition which has the logarithm of the transmission per meter plotted on
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a logarithmic scale. The fali-offs beyond the ne2r-infrared and near-uitraviolet regions
are actuaily precipitous. The transmission after leaving this central peak does not rise
again to » value of 10 percent per meter (log T =- 1) in the conceivably useful frequency
range. A little reflection will show that a value of transmission as low as 10 percent per
meter will be prohibitive for signaling over a moderate distance through sea water since
the attenuation will go as 10", where n is the number of meters traversed. Where this
vaiue is approached in the long radio wave and gamma -ray regions, there are obvious
added difficulties of a mechanical nature associaied with any system. it may thus be
concluded that oniy the optical waveiengins, and in particular only those whose transmit-
tance is weli abcve 10 percent per meter, need be considered for possibie use when sig-
naiing through reasonable distances in sea water. Rauen (11) recently demonstrated

that it is possible to communicate with iong-waveiength radio waves in certain submarine
applications where only several feet of water are invoived.

In a study of sea water, Jeriov (4,12) proposed a series of normai transmission
curves for different types of coastal waiers and simiiarly for diff2rent types of ocean
viaters. They, being the most recent and comprehensive of severai sea water classifica-
tions, wiii be used threoughout this discussion. His ciassification for coastal -vaters
{curves for five of the nine types are shown in Fig. 2) is based on experiments conducted
in the Baitic, Skagerrak, Gullmarfjord, Norweglan Fjords, and off the North Aimerican
Pacific coast. He considers these curves as typicaiily representative of coastai water
in the Temperate Zone. This schema as weiil as thati ior ocean waters, based on con-
siderabie evidence as they are, remain in need of verification for many of the waters in
whic': submarines could operate. A particularly imporiant need, as it later develops, are
the reiations between coastal depths and water types.

100
3 80 A ol -
g | ,// 2 *"--..\‘\:::\ [
éeo J /l—[/’/,- — ﬂ"‘\\\_‘
i / / T RN
. - JAViR //i “\
: LA 7] 1A i AN
% 20 L \
= A A i )
Z Z RN 0 A (A L Py ¢ 4
300 350 400 450 800 550 600 850 T00

WAVELENGTH (mu)

Fig. 2 - Normal ¢transmission curves for diiierent
types of coastal water -- afte: Jerlov (Ref. 4)

The heavy absorption in the uitraviolei region is, according to Kelle (13), due to a
“yellow substance” wkich originates from carbohydrates usualiy found in phytoplankton.
The yellow substance is abundant in coastal waters and chiefly responsibie for their
green color.

To estabiish the ciassification of particular ccastai or ocean waters, it is sufficient
when using these curves io find the transmission at only one wavelength excepi at locales
with contaminates that show selective absorption. Jeriov ciaims reascnabie agrcement for
the entire transmission curve if the transmission at 2 wavelength in the violet or near
ultraviolet is determined.
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As shown in Fig. 3, Jerlev has classified ocean water into three types. Curve 1 is
representative of the clearest ocean waters such as the Sargasso and eastern Mediter -
ranean Seas, whereas Curve II is characteristic of ccean waters of relatively high turbidity.
It is between Curves 1 and II that most tropical and subtropical waters may be ciassed.

In drawing Curve III Jerlov used his own data, the observations recorded by Atkins and
Poole (14) in the English Channel, and the daia collected by Utterback (15) in the North
Pacific Ocean. This curve and the region between it and Curve II should typify northern
and temperate waters. By observing these curves it can be seen that increased latiude
lowers the transparency of ocean waters. Since Jerlov’s measurements rarely excoeed a
depth of ten meters in the red and ultraviolet, he restricts the classification to the aprer-
most ten-meter stratum. Most evidance, however, indicates a slight increase of trans-
parency with depih so that the use of the classification ai greater depths, if in errer,

w/ill err toward a safety factor.

Transmission values at-various depths are reacily obtainable from the results of
NRL experiments, and some of these are shown pletted with Jerlov’s schema i1n Figs. 2
and 3. In the waters in which these values were measured (Table 1), all points except
those labeled (b} show excellent agreement with the expected valuss for the described
waters. The water in which the excepted values were measured has been interpreted as
slope water, i.e., the region where the cuastal and ocean types mix. In the oniy known
survey of its kind, Clarke (16) established the delineating boundaries of coastal, slope,
and ocean waters for the Northeastern Atlanti:. Clarkc’s classification was made on the
basis of atienuation of the total visible light. No attempt, however, is made her: to
2stablish the connection between it and Jerlov’s classification. A workable identification
system — if it is at all practicakle — must function somewhere in the central optical
region of the electromagnelic specirum, J&7iSV'S curves 2re 2 somnact sumraary of
most of what is known about the variations in sea water transmission at these wavelengths.
In addition, the classification of much of the world’s ocean water is known, and a rough
rule of thumb is available to apply it. For coastal waters, hcwever, such is not the
case. Although the classification of the Temperate Zone coastal waters is extremely
important to this work, the identifications of the types, locations, and depths are equally
important. At present, this is imposs hle because of the meager amount of reliable pub-
lished data. Jerlov’s own published work carries little information of this sort. Since
it is likely that submarines can navigate submerged in some of what is classed as coastai
water, the relaticns between depth and coastal water type may become necessary.

AN OPTICAL TDENTIFICATION SYSTEM

N
There would seem to be only a limited number of practical forms which an identiii-
cation system of this nature might take. First of ail, a temptation mignt ve icii > take
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TABLE 1 -
Classification and Sites of Transmission Measuremeénts
Indicated in Figures 2 and 3

Location
Points | Curve | Water — Date
Class General Specific

a 7 Coastal [ Chesapeake Bay May 1950

b Siope |Six miles out Lat. 24°27/ N| March 1951
of Key West Long. 81° 49’ W
harbpor

c Iand IT1|Ocean ! Gulf Stream Lat. 24°22’ N| April 1952
headwaters Long. 81°49' W

d n Ocean |Between Guif Lat. 29°22’ N | August 1953
Stream and Sar- |Long. 78°04’ W
gasso Sea 155 mi
east of Daytona
Beach, Fla.

e I Ocean | in Gulf Stream [Lat. 25°55’ N | August 1953
nine miles east |Long. 79°¢59'W
of Miami, Fla.

advaniage of the nigh transmission at the visible wavelengthis and use the eyve as a receiver.
If it is assumed that a two-way system is necessary to make identification complete or to
have a successful communicaiion system, the visual system presents no difficulty to the
aircraft observer, but is entirely uniikely for use by the submarine.

It could be assumed then that the submarine uses, as an alternative, a photoelectric
device to receive the interrogating signals from the aircraft and that the reception of the
identifying reply aboard the aircraft would remain visual. There remains the problem
of nighttime visual security which wuuld limit the usefulness of the system, Any con-
Si1deraucn aors of 2 visual or semivisual system has been rejected for these and additional
reasons. First, there is no experimental evidence {0 ccrmeparisnn with a definable system
of this sort. The effects of sea state and transparency on visibility of submerged cdjects
are being theoretically and experimentzlly investigated by Duntley (17) and sea state and
surface glitter by Cox and Munk (18). It is felt that evaluation of such a system would
require direct snbmarine-tc-aircraft experiments in order to correctly simulate the con-
ditions in the field of view of the observer. Second, a completely physical system is
readily defined, and although comparison will be made with shipboard data extrapolated
to aircraft heights, it seems susceptibie to little error. Again, a semivisual system’s
signaling range will depend on the time-intensity product of the fiash discharge (19),
whereas that of an entirely clectromechanical system is limited only by the intensity.

This fact has some significance when considering fast repetition rates and transmitter
size. Further, there is the added advantage of having a single system with provisions for
shifting waveiength region of operation for security reascns.

In principle, the two-way physical system amiounts to the basic form of a radar IFF
system. The similarity is close. and in order to facilitate the discussior, the terminology
usually employed {n thase systems (20,21} will be followed.
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. Interrogator — A transmitter used by an operator to challenge a target
for identification.

7 Transponder — A receiver and transmitter carried by each friendly
) craft. It automatically transmits an identifying reply
whenever it receives a challenge from an i{sterrogitor.

— This equipment servas to detect the transponder’s
reply.

A conceptual picture of 2 system using these basic elements is shown in Fig. 4.
This system {is the only kind achievable with the present slow transmitter flash rate.
Little attempt will be made in this discussion to cover the engineering details of such
a system. The concern here is mainly with the parameters which will determine the
effectiveness of operation. In this respect equations are needed to relate these param-
eters to the factors limiting tranemission, To simplify the discussion, a number of
approx‘mations are used, and their validity must be assumed for most circumstances.

Responder
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The mathematical treatment is restricted to the case where the submarine-to-
aircrait line of sight is normal to the plane of the ocean surface.

Gver the distances involved the transmitters can conveniently be considered as
point sources of radiation. Thus, neglecting any aureole effects, let the time . »arying
spectral radiant intensity of the interrogator flash be represented by J,(A.t). This
signal, in traveling to the transponder, is att:nvated by the inverse square law and ihe
absorption and scatitering per unit length of path in air and water. The approximate
spectral irradiance H;(A,t) at the transponder due to the iaterrogating source is

Ji(Aet) exp (=a(M)T, = AN)T,)
1 = (1)

(re + TR

Hy(a, t) =

where

ny{\ t) = Spectral irradiance at the transponder due to the interrogator
(watts/meter® x 10 myu )

Jy(x t) = Equivalent beam spectral radiart intensity
(watts /steradian x 10 mu bandwldth)

r, = Signal range in air (meters)

r, = Signal range in sea water (meters)

a(A) = Total aitenuation coefficient in air (meters-t)

jater {meters-1).

A\) = Total attenuation coefficient in sea wa

ttenuation effects due to the sea state and any loss resuliing from reflection
ai ihe surfase reglected in Eq. (1). From refractive indices of sea water (9) and
Fresnel’s formula, it can be easily seen that the losses due to refiecticn by 2 calm sea
cmount to ai most onty a2 few percent dver the entire spectral region of interest. Sea
shate effects have not been quuntitatively investigated, but shipboard experience has

shown that even with moderate seas running there is little signal attenuation.

It is next assumed that the receiver section of the transponder presents a phototube
with a sensitive area (A mcicrs' ) normal to the direction oi the interrogator; the average
cathode speciral sensitivity of the phototube is S(A) amperes per wati. ror cuwmpasizon
with experimental data 2 current multiplying factor m arising from the use of a photo-
multiplier tube will be included. There is then AH (A.t) watts per 10 my bandwidth of
power at the phetocathode and aun available signal current of mAH,(A.t)S(\) amperes at
the anode. An opticai filter of transmittance T(\) will usually be present and a “gain”
factor g()) is needed to account for the enhancement of signal flux on the photocathode
due to the employment of an optical system. The signal current I,i) available for
amplificaiion by the transponder is then given by

[+ 1] 5 *
Ip(t) = [ Amg(A)T(A)S(A)Hy(A, t)dA 2)
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where
1.(t) = Signal current at ancds of transpsiider photctube (amp3)
A = Area of photocathode (meters?)
m = Current multiplying factor
g(A) = Signal flux enhancemsent factcr (gain of receiver optical system)
T(\) = Transmittance of receiver filter
S(A) = Spectral sensitivity of photocathode (amps/watt).
We =hall not introduce a general expression for evaluating the factor g(A) since no
optics were employed in the experin:enial receiver. It is included as a systems parameter
to show a possible means of increasing the signal current.

There will be a minimum signal-current amplitude reguired at the input to the ampli-
fier to trigger off the transmitter in answer to an interrogation. This limit is determined
by the noise characteristics of the receiver.

Combination photomultiplier -electronic ampiifier devices such as comprise the
receiver are likely {o have'a great many nnise sources present. Because of the nature
of the measurements, only four ncise sources (22) are considered here.

1. The thermal agitation noise in a resistor, or Johnson ncice,

2. Normal shot noise present in thermionic emission of the photocathode,

3. A form of shot noise due to the random rate of arrival of photons at the
photocathode, and

4. Noise due to the glitter of sunlight reflecting off the watcr.

Coldstein (23) found the frequency spectrum of the type (4) noise to be limited to the
very low frequencies. By proper bandwldth choice for the radiation receiver, this type is
eliminated as a possipie nuise suvuicé. The remaining canreces have a Gaussian or
“white spectrum” nature. Sigce random noise adds quadratically, that part of the total

mean square noise current (1)2 present in the average anode current (I + IN) defining
the recelver limitation will be

(D2 =[% + 2 me (T, +3N)] ‘B )]

where
kx = Boltzman's constant {erg x degree-!)

Absolute temperature of the anode resistor (degrees K)

-
i

‘y

Anode load resistor (chms)

=
L}
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m = Current multiplication factor
¢ = Electron charge 1.5¢ x 10-1° coulombs
I, = Average anode direct current (amps)
I, = Average anode dark current (amps)
B = Receiver frequency bandwidith (between hali-power points) (sec-})
= Johnson noise
2meiB = Phoion random rate of arrival noise

Thermionic shot noise.

¥
%

Some caution is necessary in the determination and application of the bandwidth
factor B. It is apparent from Eg. (3) that reduction of receiver bandwidth brings =2bout
a reduction of the noise. To a certain extent, an increase in signzl-to-noise ratio may
thus be effected, since there is an optimum bandwidth for maximum signal-to-noise ratio.
A discussion of this optimum bandwidth and the other limitations on B is postponed until
the analysis of the design of the experimental receiver.

Further consideration of the noises (22,24) shows that Johnson noise will be masked
over by one or the other of the remaining ncise sources, depending on whether it be day
or night. Under ideal nighttime conditions the only source of noise will be the shot noise
in the dark current, if it is assumed that the fuil gain of the multiplier phototube is used.
Any discussion of the case where photon and shot noises are of comparable magnitude
can be omitted since it would represent only a smail time period on the day-night illumi-
nation scale. The photon noise then is the daytime and twilight limiting factor and shot
noise that of .ighttime. The mean square carrent values of day noise is given by

($)2 = el p (49
and simiiarly the value of night noise is given by
(D2 = 2neT B. (5)

The minimum amount of signal reguired for operation in the presence of these
noises will be determined by the amount of spurious triggering allowable in the transponder.
If the transponder has a given triggering level setby I, = fl then there is a finite proba-
bility that some noise peak will exceed this level. Since noise is a random phenomenon, a
noise peak of any predetermined value can be observed if a long enough period of time is
allowed to elapse. For broadband noise with Gaussian frequency distribution, the expected
number of current peaks per second n(fl) in excess of the triggering levei I, is given
by Middletcn (25) to be

ncl,) = 'l/gs exp [— 112/2102] (6)
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where
B = Freogquency spectrum width hetween hal?_nower noints (sec-1)
I, = Triggering level (amps)
I, = Root mean square noise = (i’)"” {amps).
Equation (6) is applicable only to the type of noise specified and only for amplifiess
that have a broadband Gaussian frequency distribution. To give a triggering level to rms

noise ratic needed in limiting the spurious triggers to n(?l) per second, the equation
must be rearranged as follows:

o~
&
~

When the trigger ievel is set to discriminate against any signais that have an ampli-
tude of less than f, from the presence of an rms noise 1,, the minimum signal-tc-noise

ratio at the phototube output necessary to initiate a reply is

y X 1/2
i(_tL) = [2 loge‘/%n/n (Il)] (8
1 .
o]

where t_ = time at signal peak,

Positive operation requires that the signal strength be somewhat ahove the trigger-
ing level, and a safatly factor wili be included to meet this requirement. A workable
cystem then is one in which the peak signal-to-noise ratio will be at least N times the
minimum necessary signal-to-noise ratio. This safety factor should be large enough to
account for operation under most adverse atmospheric and sea state conditions and to
discount any errorz acising from the simplifications used here. Until an investigation
of the zenith angle dependence of the signal strength has been deemed worthwhile, N
must allow for some signal attenuation stemming from this variable. For daytime noise,
the ilmiting equation for interrogator-to-transponder speration is derived from Eqgs. (2),

(4), and (8) in the following manner:

{ Ang (MT(OS(OHE (At [2 G ‘/——2-B/n (I‘)]x/z ©)
(Qmellp)l/z = Wy b .

1
For nighttime noise, the limiting equation is obtained from Egs. (2), (5), and (8) in the
following manner:

(e |

< Amg (A)T(ANS(MH (At )dM 1/2 e

Lame 00T¢ ety [_, 10‘!2‘/‘_3?8/“ (11)] (10)
(helﬂg)l/z .

Operation in the raverse direction, i.e., from transponder to responder, will be
governed by two similar expressions. L1 this case it is not required to have a mirimum
signal-to-noise ratio as large as the one used in the previous case. Since an operator

"
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is present to choose between signal and noise, a higher percentage of spurious triggers
can be tolerated. Let this triggering rate be m(I,); thea for daytime operation

I heg. (OTOOSN (0 €, 300 7 172 1

: G [2 sos | E m (,1)] 1y
(.2'5911)8)!/2 m

and for nighitime operation

1 e (12)

{ Amg (MTOISOVHR(As E5)dA | o [2 1ot;.VE Bm (1]
k4

{Zme1 B)i/ 4

The conditions which must be fulifilled in order that day or night basic IF ¥ systems
may be declared workable appear in a quite general manner in Eqs. (9) through (12).
They also allow for speculation on the many possible variatious in system parameiers
that might be necessary to accomplish a feasible system. In order for an evaiuatior to
be made of the existing experimenial data, it is necessary that the equations be reduced
to those covering more specific situations.

A reasonable upper limit to the aircraft search height of 600 meters will be assumed.
The attenuation coefficient over this path length in air will be taken as a(A) = 0.4
kilometer-} i.e., a constant over the spectral region of interest. Dunkelman (26) found
quite wide variances of the atmospheric attenuation coefficient with wavelei:gth at dit-
ferent localities. From his data we have selected an «()\) value 1ot unlike the one that
might be expected as an average of the spectral values of this coefficient over sea water.
In any case, the atmospheric attenuation wiit remain 2 minor factor at this height except
when fog occurs. If these specific values of aircraft height anc atmospheric attenuation
are substituted in Eq. (1), the peak spectral irradiance at the transponder becomes

Jp(h 2t )exp (- Ay, 0.24]
(r, + 600)2

Hi(Aty) = Hp(Aty) = (13)

-,

To complete the reduction of the generai equations tc more specific ones, the safsty
factor N is tentatively set at the comparatively large value of 25, Possible further
reductions of this value 7ill Jepend upon experimental evidence gathered in the future.

It will also be required that the transponder spurious trigger rate “(fx) be limited to one
trigger a day. Similarly, the responder spurivus irigges raie m('fx) is taken as the same
value for the present. This equivalence has been made until such time as an investigation
deiermines the number of allowable spuricus triggers when an operaior is preseai, In
either transponder or responder, the minimum signal-to-noise ratic for positive opera-
tion during day or night can be derived from Egs. (9) or (11) by substituting in the fore-
going values in th: following manner:

N [2 10g,v%_8/n (x,)] 7% - 53.6(4.84 + log,,B)!/2 (14)

The unspecified factors remaining in Eqs. (8} through {iZ) are the parameters of the
system and two variables, viz., sea water transmission and depth of the submarine
transponder.
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In the case of the present experimental equipment an analysis of each parameter will
be carried out. Signal-to-noise ratios can then be formed as indicated by the left side of
the limiting equations. Water transmission and other variables are empioyed that agree
with the conditions under which shipboard data were obtained. Comparison of the resuits
with experimental findings will show the reliability of the equations and the parameter
measuring techniques. Extrapolation to an aircraft-submarine IFF system can then be
made with confidence, and the complete limiting equations can be used to determine the
conditions for which positive operation of the present aquipment acting as an IFF system
may be achieved. Further, with the accuracy of the measuring techrniques and equaticns
established, it will be possible to speculate on the easiest imanner in which parameters

may be changed in o Jder tc improve the system.

It is now quite impracticable to attempt an analysis of the parameters of the former
equipment. A liniited evaluation of this equipment, however, can be made by direct use

of the experiicental data.

During a nighttime shipbeard run in May 1952, the experimental poirte on Curve A
of Fig. 5 were measure using a band of ultraviolet wavelengths centered around 370 myu.
Cable-length and leakage difficulties limited the measurements to a maximum depth of
200 feet. These data have bzen extrapolated to the point where the signal-to-noise ratio
is estimated to be unity {(2), and the result is Curve A. By - . appropriaie application of
relations similar to those in Eq. (13), Curve A can be used to Jetermine the signal-to-
noise ratios which wouid have occurred if the receiver had been cperated at an altitude
of 600 meters instead of sea level and if the iransiitier had been operated in sea water

of any type.

The recelver bandwidth necessary to pass the 30-wic: d flash pulse was 33
kiiocycles. Using Eq. (14), a minimum signai-io-nvise ratio of 184 i=s obtaiared for relia-

ble operation oif the equipmeni as an IFF system,

A listing of the values 2ssigned to the variables and a few of the parameters of the
system used in calculating the curves of Fig. 5 follow.

r, = 600 meters
a = 0.4 kilometer™1
£.(370) = 0.074 metar—!
Bg(370) = 0.074 meter™1
B8y(370) = 0.04 meterl
B;1(370) = 0.13 meter™1
= 0.2 meter~1
B,(370) = 0.73 meter~!
N=2§
B = 33 kilocycles
ta] - -
n(I;) = 1,157 = 10 5 sec™!

m(il) = 1,157 x 1075 see”l,
SECRET
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Fig. 5 - Nighttime operation of the first equip-
ment acting 22 a transponder-responder section
cf an IFF system

Curves I, II, and III represent IFF operation in their respective types of ocean water.
Curve B represents operation in ocean water of a type similar to that of Curve A. The
importance of knowing the location of the boundaries of coastal waters is aptly illustrated
by Curve 1 representing type (1) coasta! water. Here, reliable operation of the equip-
ment as an [FF system could be achieved only to a depth of seven meters.

This limited evaluation illustrates for cne wavelength the manner in which shlpbsard
experimental dat2 can be used to determine the operating qualities of equipment acting
as a submarine-to-aircraft identification system. A more complete evaluation of the
experimental data is possible when the individual behavior of each system parameter is
studied and related through the limiting equations to the signaling process as a whole.

EXPERIMENTAL TRANSMITTER
Previous field investigations had shown the need for a number of improvements in

the transmitter. Its size and weight together with the added weight used in submerging
were of such proportions that it was too unwieldy for safe shipboard use in any but the

SECRET
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calmest weather. At the cable depth limltatlon of 200 feet the water pressure was suf-
ficient to cause leakage through the window seal. Power requirements necessltated the
use of an excessively heavy cable which, for portable equipment, proved troublesome in
handling. A desirable feature, frum the standpoint of reception. was a varlable self-
flashing rate that ranged up to two fiashes per second. For the type of flashtube used

this rate was chiefly responsible for the excessive sizes and weights involved, since
heavy-duty circuit components were needed to handie the power requirements. In addition
to these objections there was room for considerable improvement in the signal character-

o istics of e fiash.

P e WY

Basicaily, a fiash of this kind is derived from the sudden release of stosed capacitor
energy discharging through a tube usuaiiy containing an inert gas at a pressure which
varies anywhere from millimeters of mercury to an atmosphere or more. Intense spark
and flash discharges obtained in this manner are characterlzed by plasmas in which the
degree of ionlzation is high. Further, the energy radiated by the plasma consists prima-
rlly of an intense continvum on which there Is superimps: 23 tr. some degree the character-
istic line spectrum of the gas.

Certain features are desirabile in a flash discharge to be used fcr signal work of the
type descrlbed here. The most essential is the attainment of high peak intensity and
short duratlon with as llttle electrical energy dlssipation as possibie. The reasons are
obvious: ionger ranges and higher flashing rates are obtained with smzller equipment,
and a decrease occurs in the visual perceptlon of the fiach—a fact important when security
is necessary.

It has been shown by Olsen and Huxford (27) and others that the peak spectral inten-
sity of a fiash varies appreximately as the square of the peak-current value; the exponent
is greater than two in the ullraviolel region and iess than twn in the infrared. Thus, it
is advantageous for slgnal improvement to raise the currant peak to as large a value as
possible. For a given flashtube and amount of storage capacltance, this may be accom-
plished by minimizing the resistance and inductance of the discharge eircnit,

The previously used fiashtuhe, 2 General Eleciric FT-503, was designed primariiy for
£ studio photography where the maximum time-integrated, and not the peak, light intensity is
the imporizatfactor. For this reason, the tuhes are customarily used witha large capaciior (e.g.
200 microfarads) chaiged tc a normal working voitage of four kilovolts. By combining a
farge amount of capacltance with a long path iength for ihe dlscharge tube, a conslderabie
integrated light output is obtained. In normai use the flash duratlen is of the order of a
miilisecond.

The #T-803 wa
the marnufacturer’s
flash.

5 s&lecied for use simpiy because, of ail the tubes readily avaiiabie,
specifications for this tube qucted the highest peak intensity for a

3 ] T arder to convert the lamp {rom & photlographically desiravie one io one more

% suitable for signaling, it was necessary to depart from the usual values of the clrcuit
elements associated wiih it. The energy (E) stored on a capacitor charged to a potentiai
¢ (v) is

e -

E:= %.cv2 jouies (15)
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where
C = Capacitance infai-ads
VvV = Potential in volts,

A small capacitor of 1.5 microfarads was chosen to reduce the pkysical size 2:aa self-
inductance. Partial compensation for the loss ir stored energy resulting from the change
as determincd by Eq. (15) was made by increasing the maximum operating voltage to

11 kilovolts. Above this operating potential there was a tendency for the diszcharge to
fracture the quartz tubing. The net effect of the change was io maintain the high peak
intensity while bringing the flash duration dcwn to 30 microseconds. Limiting the signal
improvement that may be accomplished in this fashion are the designs of tube, capacitor,
and circuit. In this case, the lengthy flash-discharge path (50 ci) was concentrated by
winding the quariz tubing into a spirzl form. This helix adds greatly to the induciances
of the capacitor and wiring already iimiting the current peak,

Overvoltage breakdown for this tube occurs at about 5 kilovolts, a figure well below
the dasired nparaiing potential. To operate at higher potentials, it was necezsary to use
a series holdoff switch. For this purpose a hydrogen thyratron was selected and worked
satisfactorily. The thyratron was triggered to conduction simultaneously with the applica-
tion of a triggering pulse to the flashtube.
in spite of the modifications, there remained a number of liciitations associated with
the FT-503 and its circuitry. The inductance of the spiral design of the tube, the resistance
of its long low-pressure path lensth; anj additional inductance and resistance due io the
need of a switch-acting thyratran laade to yalues of the peak current that arc much lower
than couid be achievad with a properly degigned flachtube. A capacitor of the ordinary
power -service type was used as the discharge capacitor. In the construction of vhese
capacitors little attention is paid to self-impedance characteristics. Triggering to con-
duction is accomplished by means of a spark coil applied to a wire wound around the flash-
tube. This external triggering not only requires excessively high potentials but is also
quite erratic. Owing tc the spiral {lashkiube design, the heavy current pulses apparently
stress the tubing unduly, and as a result, an additional limitation is placed on the peak-
current value. Finally, the pressure of the gas filling and the path length are not those
thatl should be seiected for best signal characteristics.

When plans for a new transmitter were commenced, a rather complete search was
made amorg the commercially available flashtubes for one embodying the most desirable
features for this work. Although a majority of the high-intensity commercial! tubes are
made from the standpoint of flash photegranhy, soumie are designed for shori-duration
exposures. In particular, a British tubs, ihe Mullzrd LSD2 microsecend flashtube (Fig. 6),
combines both short duration and high intensity by using a fairly short gap with a high-
pressure filling (approximately 1 atmosphere of argen plus 5 percent of hiydrogen). The
tube is rated to hold off pntentiais up to 11.6 kilovolts and iz eagily trigoerad to condusticn
by means of an internal trigger electrode. In actual operation it broke down intermittently
at voltages above 6 kv.

If an IFF system should eventually prove feasible, it is unlikely that any flashtube
of present commercial design could be used as an adequate signal source. This would
be especially true for a communication system using high repetitive rates. From the
present experimental standnoint, however, the prime interest is in obtaining data from
which the determination of the feasibility of an IFF system may be made. Considering
this il may be justiiiable to use an excessive amount ¢f energy in the attainment of high
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peak intensities for experimental work. This would not necessarily
be the case in operational gear. Research on the desizn of s tube
suitabie for operational use is 21so being conducted by the authors.
These investigations, however, will bz cznsldered separately, and no
further mention of this work will be made here.

The transmitter has conventional flashtubhe charge and dischargs
circuits {Fig. 7),and proper emphasis is placed on the lead and com-
ponentlocation in the discharge circuit inorder to minimize the seli-
inductance. High peak currents are obtained because of the short
straight discharge path of the tubeand by operation Lelow the break-
down viltage which eliminates the need of a switch tube. To reduce
the size of components,a slowflashing rate of one every five seconds
was decided upon, and to further conserve tank space, the triggering
was manualiy controlled from the surface. The triggering rate of the
previous transmitter was controlled by a relaxation oscillator and
associated circuitry in the tank, A compactiy packaged high-voltage
supply having an output continuously variabie from 0 to 12 kv is used
and is capable of delivering a rated maximum current of 1.5 ma.
The input to the supply is Variac-controlled through the power cable
from the shipboard controls. A Sprague type Y51216 specizl capacitor
is emplcyed as the energy storage element, and its 0.5-microfarad
value is a compromise belween energy storage and physical size.
The charging time of the storage capacitor {(time tc reach 55 percent
of maximum voltage) is five seconds. Specialfeatures of this cagacitor
are itc low internnl resistance and Inductance values. Triggering the
flashtube is accomplished by discharging a 0.25 ufd ccpacitor with a

E—————— R et o e N ]

17

Fig. 6 - Mullard
LSD2 flashtube

relay into the pri-

mary of a trigger transformer whose secondary is connected {o the internal trigger

electrode of the flashtube.
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Fig. 7 - Schematic diagram of transmitter charge, discharge, and
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The osciliographiic photographs shown in Fig. 8 illustrate the characteristics of the
disciiarge; rig. 8a shows the osciilatory nature of the discharge curceit. Fur i€asons
of simplicity, the time derivative of the current rather than the current itself was obtained
because attainment of this function was easily accomplished by measuring the voltage
induced magnet.:ally in & pickup loop placed adjacent to the discharge circuit. A good
estimate of the peak current can be obtained from the usuval relations for an underdamped
IC circuit. The peak discharge current I is given by

I =V VYC/L amps (16)
where
C = Discharge capacitance (farads)
v = Potential on capacitor (volts)

L = Inductance of the discharge circuit (henrys).

Now V and C are known in this case, and it remains only to determine the inductance L.
From the frequency relation for an ascitlatory circuit,

¢ = L viAc, {17)

and using z irequency of 330 kilocycles as determined from Fig. 82, a value of L equal

to 0.4 micrchenry is obtained. Substituting this into Eq. (16) it is apparent that the peak
current is approximately equal to 1.1 times the magnitude of the chargin_ potential. For
example, 4 the polential v were six kilovolts, the resulting peak current during the dis-
charge would be about 6600 amperes. The p2ak current for the former transmitter was
measured as 1500 amperes for the same potential.

Light output as a function of time was measured simply with a 935 phototube (Fig. 8b).
The pulse width at half -peak intensity is 1.4 microseconds, but a considerable tail-off to
the pulse remains as a result of the succeeding current peaks and decay of metastable
states.

The peak spectral intensity distribution of the flash was investigated for a discharge
potential of 6 kv (Fig. 9). Measurements were made with a Gaertner quartz monochromator
ard a photomultiplier tube and were correcied by thc use of a standard color temperature
Jamp. Since standard pulse techniques were used and all methods were conventional, no
further elaboration is needed.

The measured area of the curve, between the wavelengths of 300 and 680 myu , gives a
value of 2.04 x 10* watts/steradian for the peak radiant intensity, and 2.57 x 10° watts
for the peak radiant flux.

The limited numbe; ¢of measurements made in obtaining the curve were sufficiant to
give only a rough outline of the intensity distribution and quite insufficient t2 resolve any
spectral lines. The more prominent peaks, however, agree in wavelength with groupings
of iintense argon spark lines. Poor resolution would preduce values of intensity and flux
that are somewhat in error. The 2ctual values of these quantities may be somewhat lower
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{t} Time function of the light cutput
Fig. 8 - Characteristics cf the LSD2 flashtube and
discharge circuit. The sweep time is 1 e¢m per
microsecond
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than quoted. In addition there is another, somzwhat smaller, error in these quantities,

Let the specira! radiant intensity distribution at a given time bz pictured as a thin slice

of a three-dimensional mountain range. The intensity values stzrt from gzerc at all
wavelengths at zero time, rise to maxima, and fall away again eventuslly to zero. The
peak intensity is known experimentally to occur at a slightly iater time in the red spectral
region than in the ultraviolet (27). The curve of Fig. & reprosents simply the measured
peak values at all wavelengths. An actual measurement of the radiant intensity or flux

at a given instant woula result in values lower than those obtained from such a curve. In
the use of the curve in this work only peak intensity values for narrow bands of wavelengths
are needed, and as a result, the time-difference error is negligible.

A maximum operating depth of 500 feet was planned for the new transmitter (Fig. 10).
With 220 psi pressure present at this depth, the 1/4-inch mild-steel casing has an esti-
mated safety factor (28) of three over the collapsing pressure. Window and casing seals
are of the static 0-ring type, and O-rings are also used as packing in the watertight cable
maza-through, Tn the nrevisus ransailler, fused quarls was used ior the Win10w because
of its excellent tltraviolet characteristics. However, it had a tendency to chip while
being drawn tight in the sealing process, and as a result, satisfactory service was largely
dependent on caution in hendling. Pyrex was investigated ag 3 substtuts and eventually
used. Its ultraviolet properties (Fig. 11) are sufficiently good to rule out the expense of
using quartz.

Fig. 10 - Tranamitter unit and watertight casing

To determine the resistance of pyrex to possible fracture from pressure, a 3/8-inch
window was tested to destruction in a waier pressure tank. Shattering occurred at approxi-
mately 400 psi, and for an 2dditional margin of safety, the final windows were made one-
half inoh thick, For a complete check of ali seals, the transmi‘ter was subjected to a
pressura of 250 psi (equivalent to a water depth of 560 feet) for two hours during which no
leakage occurred.
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Fig. 11 - Transmittance of pyrex window
used in transmiiier

The completed transmitter weighs 175 pounds. Power requirements are quite low,
thus permiiling the use of a smuai! 3/16-inch-diameter four-conductor power cable.

Although not designed for underwater use the cable worked well. Precautions were taken

tn assure that :ts thin rubber coating received no rough treatment. For convenience, a
quick-disconnect Royln cable connecior permitted separation of {ransmitter and power

cable. The cable stoerage reel was provided with slip rings to permit continuous cperaiion,

and this feature gave considarable improvement over the previous operation.

An sluminized, spherical, metal mirror was used in the transmitter to provide
enhancement of the signal flux. and the gain factor thus obtained is about 2.5 for most of
the visible specirum (Fig. 12). It seemed unjustifiable to attempt to bring about much
increase in the signal-tc-noise ratio by optical methods in the experimentzl equipment
which must descend to the depths attained by submarines. The winidow apertures needed

for appreciable gains would add greatly to the equipment problems and also add further
to the window shattering problem.

OPTICAL GAIN

!
0 5

300 350 400 4

500 220 600 650 700
)

WAVELENGTH (=i

Fig 12 - Spectral gain obtained by using a mirror
in the transmitter
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In using the peak spectral radiant intensity of the LSD2 flash (Fig. 9) to calculate
signal irradiance, it is necessary :2 correct for the pyrer window transmission and the
optical gain factor. When this has been done, the result will be an equivalent beam
spectral radiant intensity, J; (A.t). as used in Eq. (1).

EXPERIMENTA,. RECEIVER

The discussion of the receiver may best be begun by referring to the limiting equations
for interrogator-to-transponder operation (£qs. 8 and 10) and t:e cormplementary equations
for transponder-to-responder operation {Ecs. 11 and 12). The receiver parameters which
affect the signal-to-noise ratios as defined in these equations are as follows:

S(A) = Spectral zencitivity of the photosensitive device

Transmission of optical filters used with the receiver

T(A) =
g(A) = Gain of the receiver optics
A = Area of the photocathode

m = Current amp!lification {when using a photomultiplier tube)

Electronic bandwidth of the receiver.

tf

B

Roddz (22) showed that when the noise limit of the receiver is determined by the
dark current I, of the photctube a substantiai increase in signal-to-noise is possible
through the use of a photomultiplier in place of a phototube. Such a case will occur under
ideal night conditions, and this is the reason for choosing the photomultiplier in the
receiver design.

The daytime eqaations are complicated by the behavior oi ihe avcraje anude direct

current I, which is a function of background illumination. The approximate dependence
of 1, is easily determined as

Ip =% f:'r(x) S(A) WAy m A dA (18)

where

Solid angle of the field of view {steradians)

@
W()) = Average radiant emittance in the field of view (watis/meter®).

If an optical rather than a collimation system is employed, the factor «/» may be
replaced by 1/4rF2, where F is the F/number of the opticzl system. Either F or « i35 con-
sidered as an additionai parameter of a particular receiver system.

Combining Eq. (18) with either Eqs. (9) or (11) shows that in daytime the S/N ratio

is independent ¢t the current amplification m, That the result should be independent of m
is expected, since all photocurrents will be amplified alike.

SECRET
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GRS To prevent fatigue in any photcsensitive device, the average anode current must be
limited to some safe maximum vaiue. Equation (1§) shows that aithough I, must be neid
to a fixed lim!it, there are any number of possibie variations in the system parameters

. permissible while still accomplishing this. The nighttime S/N ratio may he imnroved hy
increasing the vaites of most of the parameters. However, in daytime with Ip rastricted
to a maximum safe amount, it is necessary to iower parameter vaiues in order to accom-
piish this decrease. Improvement in daytime S/N ratio at the receiver is achieved mainly
through coliimation, or increasing the F/number and optical gain. ¥or 2 combination day-
night receiver using collimation, the best muitiplier tube should have a large area, and
therefore the RCA 5819 end-on tube was seiected.

Bidirectional daylighti measurements were contemplated with the equipment. The

opticai gain in the experimental equipment. The rated average maximum anode current
of the 5819, according to the manufacturer’s specifications, is 100 microamperes. It

was decided not 1o exceed 5 microamperes in the present case since the tube must operate
indefinitely at this level. Such a value, which is certain to be reached under daylight
operation, placed considerable restrictions on the receiver parameters. Future experi-
mentation may show this value to be low even for continuous operation, although the
improvement in S/N ratio gained by raising it will be smaii 2ince the daylight S/N is
independent of m.

To restrict the anode current to 5 microamperes under ti.e expected average daylight
conditions, it was experimentz2ily found necessary to reduce considerabiy the amount of
radiation incident on the bare photomuitipiier at 4« current amplification of unity. For this
purpose, collimation and narrow-band interference filters were used. The collimation to
a solid angle of 0.5 steradian served a two-foid purposc, i.e., it redrced the amount of
incident light on the phcotocathode and prevented iarge angles of incidence on ihe inter-
ference filters. The bandwidth of the interference filters increases as tiie sine of the
incident angle increases.

An entire receiver with the exception of the watertight casing is shown in Fig. 13.
A Baird interference filter and an ordinary companion filter are seecii i the foreground.
The 5819 tube on the right is provided with a mu-meuwi shield which can be seen at the
end of the eiectronics section. The whole is in turn encased in the ilight-tight housing
which provides the coilimation and mounting for the filters.

Separate investizations of sach parameter of the receiver were conducted, The
spectral sensitivity and current amplification of a particular tube are shown in Figs. 14
and 15. Current amplification as a function of phototube volta_c was determined by the
use of calibrated neutral filters and a light source. Beyond 600 voits amplification
measurements were discontinued because of the dark-current noise limitation. The spec-
tral sensitivity of the 5819 tube in absolute units was found by comparison with the cali-

brated 935 piototube mentioned previousiy.

There is an optimum bandwidth B for maximum signai-to-noise ratio if ali other
factors remain the same. This is not evident from Eqgs. (9) through (i2) where decreaz-
ing the bandwidth continues to give increased signal-to-noise ratio. The reason is that
the bandwidth effect on the puise signal has been neglected. Near optimum bandwidth con-~
ditions were assumed to exist in the developinent of the limiting equations.. Thus, in order
that these equations may be appiicabie it is necessary that this optimum bandwidtl: B be
found zncd incorporated into the electronics of the receiver.
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Fig. 13 - Receiver componento
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For the rectangular pulsas of radar work, a
video bandwidth of 3/4 x (i/T), where T is the
pulse duration, is optimum. A good demonstration
of this is a series uof illustrations by Goldman
o' {page 99 of Ref. 29). Any attempt to find the opti-

7 mum bandwidth exactly for gas discharges runs

into mathematical difficulties. The functional

/ expressions for the light intensity are not the sim--
| ple square pulses of radar, but are a great deal
0? = more complicated. Huxford et al. (30) are attempt-
/ ing to optimize the bandwidth for certain photocell
/ receivers with an analytic expression suitable as
/ an approximation to some gas discharges. However,
. this expression, which is of the form
A t

aty
] / ( -71\ T,
! / K\l -e /xe
is not well-suited to the flash pulse as obtained
\ Vi from the transmitter described here. Rather the

10 _
/ func.ion
/ | At2ema’t?
P

F i has been found to be a clcser approximation; the

agreement Letween it and an actual flash puise

over most of the flack duration is illustrated in

[ Ll | Fig. 16. if the tail-uif of the approximating pulsz

0" L L is presumed to represent the decay of metastabie
o #x uomm 3{‘335‘030:::5300 %0 %9 states, the slower tail-off of the true pulse could

possibly be due to succeeding peaks cf the damped

Fig. 15 - Current amplification of sirusoiaal current. It is curious that this particular
5819 photomultiplier No. 5 function should represent so closely the ilash pulse

since it is similar to the Maxwell distribution func-

tion. Whether this is a coincidence mmay well hear

investigating on other flash discharges.

CURRENT AMPLIFIGATION
=)

The mathematical solution for optivaum video bandwidth through the use of the ana-
lytic pulse expression has not been attempted, Instead a semiempirical method was
employed whereby th: frequency spectrum of the pulse was found and the amplifier’s
response cusve taliored to suit it. To find the fraguency specirum of the pulse, it is
necessary only to find the absolute vaiue of its Fourier transform. The resulting spectrum
for the pulse in question is shown in Fig. 17 along with the frequency-response curve of
the amplifier. Response cf the amplifier was tailored by adjusting the values of circuit
constants. At the upper and lower limits the half -power points were set to include the
majority of irequencies in the pulse frequency spectrum. That the majority of frequercies
at the lower end is included is not readily apparent from the figure because of the logarith-
mic plot.

n somewhat similar systems, Geldstein (23) demonstrated the presence of low-
frequency noise (up to a few hundred cvcles per second) resuiting irom the giiiter of sun-
light on the surface of water. To eliminate this as a noise source, the !2w-frequency
response was deliberately suppressed. It was not necessary to cut off the low frequencies
at as high a value as siiown in the fignre; however, noise generated in slip-ring contacts
supplying the receiver voltages tiirough a cable reel necessitated the selection of the higher
value.
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In addition to the optimum condition imposed on the bandwidth in the development of
Eqs. (9) through {12), a further restriction is placed upon it in connection with Eq. (6).
Validity of this equztion depends on the bandwidth being broadband with a Gaussian dis-
tribution (22). Roughly this condition is satisfied by the amplifier response.

The video bandwidth, as determined from the area cf & !inear plot of the frequency vs.
power gain of the amplifier, is 212 kilocycles. Stray and interelectrode capacitance in
the input circuit would modify the measured bandwidth value slighily depending on the time
constant of this capacitance and the photomultiplier anode resistance. A value of this
resistance was chosen so that no lower value would visually improve the pulse display on
an oscilloscope; as a result, little error could appear in the 212-kc bandwidth figure.

In the schematic diagram of the receiver (Fig. 18), a single stage of amplification is
used with a cathode follower output. As much as 300 feet of coaxial cable is fed by the
circuit when the receiver is submerged.

+223%V 8+ "
1 l-nv

39K 3 27K FIL.
| IU

AN-3102 -14S IS

GANS-W!| ) H
1 GAKS-W(2)

I
12 -LdliF
Tija SAKS-W E&b\ o
L AN SRER == i
4 NFD Il '—-:- ANFD

mi : ::—:_E?;l); ©
ERE:A

1

Fig. 18 - Schematic diagram of flash pulse receiver

A depth of submergence equivaient iv ouiy haif that of the transmitter was planned
for the receiver because of additicnai cable problems. Measurements down to this depth
were intended to check the relationchip between signal transmission in either direction,
and more complete data taken with the transmitter submerged wzre then sufficient for

use in both directions,

Signal pulses from the ‘riansmitter, as observed by the receiver, were displayed on
a Tektronix 514D oscilloscope, snd msasurements were made on the peak values thus
occurring.

An inconvenience in the experimental procedure and a compiication of the receiver
circuits wouid follow any attemipt to measure directly the sunlight noise present during

experimeniz! operations. As an alternative a simple methed wuz evolved, evaluated, and
successfully used for this purpose.
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It is noted,, first of al!, that for pure Gaussian noise Middleton’s expression (Fq. 6)
is a relationship between the rms nioise and the number of noise triggers above a pre-
determined value. Thus, with the trigger lavel of the oscilloscope fixed, the number of
spurious triggers in a given time interval is a mmeasure of the rms noise. Further, tha
rms noise is related to the anode current of the photomultiplier tube through Eq. (4).
was possible to measure in the laboratory the rms noise with five microamperes in the
anode resistor and at the same time note the number of spurious triggers tF.t occurred
on the oscilloscope during one minute. With this knowledge it was possible to vary the
current amplification (m) in the experiments at sea so that approximately the same
number of triggers per minute would be obtained and five microamperes of current would
be assured as a rasult of sunlight. :

RESULTS

The experimental resuiis were obtained while operating from the deck of the E-PCE(R)
851, which was enroute from NRL to Panama City, Flcrida. Only three series of measure-
ments were taken because of the limited time available. For two of these the transmitter
was iowered by a hoist and the receiver was mounted ouivoard on a boom. In the third
series the reverse procedure was followed with the receiver being lnwered The remainder
of the equipment associated with the measurement, i.e., the power supplies, conirois, and
occilloscope, was mounted in the ship’s experimental electronic compartment from where
the measurements were made.

On a day with overcast skies, the first series of mea:':zements were taken at 2 sitc
located between the Gulf Stream and the Sargasso Sea. Figure 19 shows these measure-
ments, and poin? {d) of Tabie i gives ihe exaci iocation with its sea water clas: ification.
The solid curve represents the experimental S/N ratios measured at the various depths.
Each point is the average of two or three values, and pulse heights at each depth dupl: -
cate themseives reascnably well, Signal-to-noise ratios were formed from the pulse-
height data and also from the measured value of sysicm ncise when five microamperes
of current were present in the anode circuit of the photomultiplier. Rounding off oi the
curve at shaliow depths was due to signal saturation of the receiver amplifier.

An interference filter with 2 transmission bard centered at 474 mu was used in the
receiver (F'ig. 20). It was expected from rough calculations that maximum S/N ratios
would be {iund near this spectra) region. Through an oversight, two other transmission
bands of the filter —one in the r&d region and one in the ultraviolet—were not excluded.
Calculations, however, showed that they contributed negligibly o the signal and but
slightly to the noise.

An average attenuation coefficient of 5(474) = 6.955»"! was found by using the
experimental resuits below the amplifier saturation point. This value, in terms of trans-
missiorn per meter, agrees exactly with Jerlov’s Type II ncean water at that wavelength
and, because of the locatics, lends credence to his classification.

To check the agreement of the experimental data with the functional form of the S/N
expression, a calculation of relative S/N ratios was made at various depths by using the
previously mentioned value of A(474). The values were adjusied to agree with the experi-
mental curve at the 80-meter point, and the result is shown by ke dashed curve of Fig. 19.
Validity of the functional form of the expression is believed to be justified by the overlap
of the two curves in the region where the amplifier response is linear. Agreement at
shallow depths was indicated by Fig. 5.
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Fig. 19 - Measurement series No. 1;
the 2olidcurve represents the meas-
ured values and the dashed curve the
calculated results

The validity of the expressions (Eqs. 9 through
12) for determining the absolute values of S/N
ratios depends upon their ability to give these ratios
from measured valves of all parameters of the sys-
tem to an error well within the safety factor (N).

On this particular day, with the sun obscured,
the flash of the transmitter was visible to observers
at the ship’s rail down to a depth of 75 feet. A
transmitter depth of 432 feet was reached before
noise interfered enough to preventi furihier measure-
mentis.

The zecond series of :measurements was taken
in the Gulf Stream on a ciear day with the sun ata
hizh altitude {Fig. 21). An attenuation coefficient of
B(474) = 0.066m~1 determined for this water puts
it slightly below the Type II classification intv which
Gulf Stream water falls. The proximity to the
coastline (nine miles) might wsll bu the reason. As
before, relative S/N ratios czlculated by using a
freeboard height of 4.5 meters were adjusted to
agree with the experimental curve at the 80-meter
point.

A transmiiier depth of 382 feet was reached
before noise interfered. The depih attained, which
was less than in the first serius, is explained by
the higher attenuation coefficient of the water and
an increased background illumination from the
direct sunlight. The giltter of the sunlight on the
water prevented ihe transmitter flash irom being
seen much below 32 feet.
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Fig. 20 - Transmittance of Baird interference filter
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Fig. 21 - Measurement series No. 2 Fig. 22 - Measurement series No. 3

Since an IFF sysiem requires two-way transmission and reception, it was considered
believing that the nightiime operation of the system would not be identical in either direc-
tion. But in the daytimc it {3 apparent that the distribution and magnitude of the background
radiance wouid differ in each ¢2se. The experimental data of Fig. 22 were taken in the
Culf of Mexico on an early afterno«i with a clear sky. The flow of ocean current past the
chip caused a considerable strain on the small-diameter coaxial signal cable and neces-
sitated an extra amount of slack in it and the power cable. Sufficient depths to reach the

was therefore not possibie.

It may be well to point cut that the electrical cables should have been clipped to the
S *aln cable 2t recular intervals in order to prevent any large accumulation of forces on
them.

Some information of value, however, was cbtzined frcm the results. First of all, the
ancde direct current of the photomultiplier, due to sunlight, did not exceed the 5-
microampere currernt limit set for operation in the reverse direction. If a zenith sun were
present, some curreni increase might be expected at shallow depths. Second, the anode
current might be expected to decrease as the receiver depth increases, and it did. The
decrease was cnly slight at 160 feet, the greatest depth attained, where it was found pos-
sible to increase the current amplification (m) from a ialue of 1.0 to 1.8. Lastily, the
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two measursd S/N ratios on the curve, which are near the region of amplifier linearity,
are not over a factor of two smaller than the correspording measured data in the revsrse
direction. From these pieces of information it is concluded that the interrogator-to-
transpcrnder section of an IFF system will work equally as weii as the transponder-to-
respoiider scction, This statement should hold at any waveiength since the measurements
were made in the region of maximum sunlight penetration.

The limiting Eqs. (9 through 12) were derivaa for use in Jdetermining from calcuia-
tions the feasibility of an IFF system under any given set of conditions. With the func-
tional form of the 5/N expressions confirmed, it remains to he determined whether they
will give the correct ratics {rocm measured values of all parameters. Calculations were
performed for this purpose using the specific conditions of the first and second measure-
ment series at an 80-meter depth. The following are the values assigned to the variables.

Variable Series 1 Beries 2
T 4.5 m 4.5 m
a(}) 0.4 km-! 0.4 km-1
ry 80 m 80 m
BN Fig. 3 assigning Fig. 3 assigning
£(474) = 0.055 m"Y  A474) = C.J66m" 1
1y S ue 5 ua

The attenuation in air is, of course, negligible. Variation of £()) with wavelength
over the transmitting region of the interference filter is from Jeriov’s data. The value
of 1, is taken as the experimental value only because no measurements were periormed
on the sunlight irradiance. A summary cf the parameter values used in each case is
as follows.

Parameter Series 1 Series 2
A 1.14 x 10°3 m .14 < 10°3 m
m 1.0 0.73
B 212 ke 212 ke
&(A) 1 1
S(\) Fig. 14 Fig. 14
T(A) Fig. 20 Fig. 20
j.r(,\,:p) Fig. 9 Fig. 9
Pyrex window Fig. 1% Fig. 11
Mirror gain 1 Fig. 12
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Integration of the signal expression to obtain the pulse height was performed by
summing the necessary products over S-mu bandwidths. Forming the S/N ratios from
noise values calculated ‘rom Eq. {4) gave the following results for comparison with the
experimental values.

Measurement Series Exp. S/N Czlc. 8/N

1 2.6 x 102 0,74 x 102
2 2.2 x 107 0,78 x 102

The quotient of the experimental and calculated values is taken as a measure of tie
errors involved in the assumptions and in the paranieter measuring techniques. The
error in both series is well within the safety factor, and a sufficient amount of the safety
factor is left for adverse weather nconditions.

There is justification now to use the equations in finding a workable IFF system.
To this end, a study of the performance of the equipment acting as a transponder-responder
section of an IFF system will first be inade in different types of sea water at a wavelength
of 474 w2 . Pointed out previously is the fact that the interrogator -transponder sectinn
would operate equally as well. The calculaied results for an aircraft at 600 meters and 2
submarine at variable depths are showa in Fig. 23. Equivalent sunlignt conditivas of
Series 2 measuremesits are 2ssumed {0 prevaii, i.e., 1w = ¢.73 and I, = 5 microamperes.
The background radiance is possibiy near its maximum under these conditions. it is
apparent from the figure that a workable IFF system is not possible in any sea water type
during dasylight at this wavelength. For the present, positive operation at 2 transponder
depth of 50 meters will be taken as a determination of tha feasibilitv. An increased factor
of 285 in S/N ratio would be needed to include the three types of ocean water and a factor
of 780 to include the first coastal type.

The minimum necessary S/N ratio for positive operation is shown separated into the
safety factor and trigger bias. Other classes of commur’cation systems not reqguiring a
trigger bias or blacad te a lesser degree have up to a factor of 6.8 available for use.

In daytime the background sadiance can vary widely both as to snectral content and
range of values. It changes, for example, with the sun’s altitude, sea state, sky cover,
and sea water type. For the present equipment, a study must be made of the behavior
of the S/N ratios as a function of wavelength in order to determine the speciral regions
of its optimum operation. The study was made of the most adverse case in order to
determine the ilimit of system operation. Since spectral data on sea state sffects are
iacking, the attenuation of high seas, if any, cannot at preseant be included {n this limit.
Such a situaiton is found with the sun at iis zenith on a clear day. Under these conditions,
the sun will contribute over 80 percent of the irradiation {31) in the visible spectrum at
the sea’s surfaca. To determine the amount of radiation scattered upwaxrd, the quantity
contributed by the sky will be neglected. In the erythemal ultravioiet the sky may con-
tribute as much as 50 percent of the total (32). The radiation contributed by each i{n the
region between the visible and erythemal ultraviolet is not known, but since only the ulira-
violet region close to the visible is of interest, the amount due to the sky herc will also
be neglected.

Moon’s data (33) was used to plot the spectral solar irradiance at sea lgvel for one
air mass and zenith sun (Fig. 24). For transpornder-responder operation, it is seen that
the amount of radiation scattered and reflected upward into the receiver is of importance.
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Fig. 23 - Daytime operation of present equipment
acting as a transponder-responder section of an
IFF system. A breakdown of the minimum S/
ratic requirad for positive operation is shown,

Spectral data on ihe radiation scattered upward are available only for Type I ocean
water (4). From Fig. 25 it is seen that the backward scattering predominates in the blue-
violet region 2nd results in the blue color of the ocean waters. This backward scattering
is fairly isotropic over a large solid angle. Consequently, the average vzlue of the spectral
radiant emittance (due to sScattering) in the field or view of the receiver ought to be simi-
lar to the procuct of spectrai vaiues of Figs. 24 2nd 25, To this must be added the amount
of sunlight and skylight specularly reflected toward the receiver. At zenith sun, roughly
two percent of the incident sunlight radiation would be reflected vertically from 2 gerfactly
calm ocean at 21l wavelengths of interest. Of this, only that directly below the receiver
would be reflected back to the receiver. Waves and turbulence will permi’. more of the

sunlight in the field cf view to be reflected into the receiver. Skylight, with its spectral
content difieruiz trom cuntight and varying with zenith angie, will contribute reflected

radiation fresm =11 parts of the field of view. The magnitude and spectral content of the
combined radiation reflected toward the receiver are difficult to ascertain. The total is
probabhly less than one percent of the incident radiation at any wzvelength of interest here.
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This is borne out somewhat by the work of Cox and Munk {18), Taine rad (Wratten A-25)
filters in their aerial photography together with their theoretical considerations, they
dstermined that roughly 50 percent of the background radiation (other than glitter) in the
red region is due to scattered light, and the remainder comes from reflected skyiight.

Daytime S /N ratios, which will be calculated without regard to the contribution from
the reflected radiation, are expecied {6 be approximately correct over the major portion
of the given spectral region. For those regions where the amount of scattered radiation
is smail it must be rzalized that the calculated values of S/N ratios aie i2 high.

All the parameter vaiues used for this determination are those employed in the experi-
mental equipment with the excention of the interference filier. The form of the fiiter used
for these calculations (Fig. 26) approximates a shape that can be obtained commercially
for any spectral region in which it is here used. Signal magnitudes are calculated for
Type 1 ocean water with the transponder depth of 50 meters and an aircraft altitude of €00
meters. The integrals were evaluated at every 10-mu interval Dy using 5-mu Sand-
widths. In the noise ralculation, the 2node direct current was found from Eq. (18) with
Moon’s sunlight and Jerlov’s scattering data both of which were used for obtaining the
average spectral radiant emittance W(») in the field of view.

The resulting 5/N ratios {Fiy. 27) are much too low for a workable system. The point
of interest is their variation with wavelength. A maximum takes place at 440 millimicrons
near the point where the greatest flashtube spectral intensity cccurs, but otherwise there
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Fig.26 - Transmittance Fig. 27 - Veriation of the daytime signal-to-
of the standard interfer- noise ratios as a function of wavelength for
ence filter used in the Typel ocean weater
calculations
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is no significant difference in 5/N raiios uver a bicad platear extending from about 380
to 500 millimicrons.

Under similar circumstances, magnitudes of the S/N ratios are expected to be con-
siderably lower for tiie other types of ocean waier. Their disiribution with wavelengtn
will be changed not only by the difference in attenuation characteristics out by a shift of
the scattered sun'ight radiation. Knowledge of the latter effect for oceun waicrs Sther
than Type I is not available in the literature. The optimum spectral regicn for operation
in these other waters, however, should occur near the central region of the plateau of
Fig. 27,

Some experimenial evidence is available to confirm this statemen’.. At a depth of
93.5 meters in Series 2 various interference tilters were interchanged at the receiver.
No signal was measurable at either 365 or 541 millimicrons. A comwuarison of S/N ratios
at wavclonsths where signals were obtained is as follows,

Wavelength (1) S/N

422 18
455 0
474 58

In the f{irst two cases, the peah transmittance of the interference filters wa: aimost
a factor of two smaller than in the third. If the square root ot this factor is appiied to the
third ratio, the S/N ratios can be obtained, in a rough manner, for comparison under
identical parameiers. The optimua: 1egivu for daytime operation in Type I ocean water
is then seen to fall near the center of the plateau.

ivighttime operation in the absence of moonlight characterizes ithe best conditions
for IFF operation. In this caze the current amplification (m) of the phoiorultiplier may
be increased until the noise limit of the receiver is reached. When appropriate values
of mand dark current I, have been substituted in, Eg. (5} sh~""* determine the noise
limit for a particular tu")e. This manner of determining the n: : has not been checked,
but instead a method similar to the one used in daytirae has been empioyed.

Tie aayiime noise measurements were based on the number of spurious (riggers
occurring in a given time interval above a fixed trigger bias. Under thesc circumstances,
the calculated and measured values of the rms noise in the arnnde circuit of the photo-
multiplier were in reasonable agreement for five microamperes.

If the dark current noise were pure Gaussian and if the noise triggered the oscilloscope
at the same rate as in the duytime measurements, the rms values of the noise would be
expected to agree in each case. This, nowever, has nct been borne out. The measured rms
value of the nighittime noise is a factor of six cmaller than the daytime value, but the
reason for this is not known. In both cases, oscilloscope displays of the noise show that
although both are apparently random in nature the dark current noise contains some
exceptionally high peaks. They are not peculiar to the particular tube used and are sug-
gestive that the dark current nnise is not purely Gaussian. The rms value, therefore,
will not agree with the trigegering rate. In the final analysis it is the triggering rate which
forms the limit of the IFF system ds. .ribed here. T'or consisiency, an “equivalent noise”
is defined here for nighttime cperction. Tis value is taken as that of the caiculated daytime
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noise when the iriggering rate »f each is the same above a fixed bias. For the tube used
throughout the experiments (m) was apprc«imately 6000 when the equivalent daytime
limit occurred.

The signal-to-noise ratios for operation in Types I and Il ocean water are shown in
Fig. Z23. When the equivalent noise is used, the calculations are made in a manner similar
to those used for daytime operations. The standard interference filter was used to elimi-
nate the possibility of night sky light entering into the problem and to confine the rezion
of operation, if this be needed for security reasons.

NIGHT T:ME SIGNAL-TO-NOISE RATIOS
]
—_—

AIRCRAFT ALTITUDE = 600 METERS
TRANSPCNDCR OEPTH « 80 METERS

T

.’_—
8‘——::':._._

!

|
300 400 500 3
WAVELENGTH (my)

Fig. 28 - Variation of the nighttime signal-to-

noise ratios as a function of wavelength for
Types T and I ocean water

In the absence of moonlight, positive operation as an IFF system is possible over a
large portion of the spectruin in both tvpes of ocean waier. Plateaus are not as broad as
in daytime operation, but again the optimum region for operauion accurs in the blue-violet
portion of the spectrum.

If security dictates complete invisibility of the signals, operation must be restricted

to the ultraviolet. Here the figure shiows positive operation to be possible in both water
types for the region between 350 and 4060 mz. Caiculations have not been performed for

SECRET



B2 VRN

‘":"..l“

gress
Eobrn

£y

.‘_‘“

&
t

G

224081

A
5
1

»
ot

AR

e
A1,

b
S SNe

ol o” RS TR DER A (A Wbtan =

SECRET NAVAL RESEARCH LARORATORY 39

type © water as yet, but since ite attenuaticn is conciderahly more in the

the hird ypc oi ocean wator
ultravioiet, the best region fo: positive operation in ail three tynes when security is neces-
sary would be as close to 400m: as possible. Even then addrn< S/N ratios may be neces-

sary to include the third type into a positive operating sysiem and would certainly be nceded
+0 inciude the first coastal.

DISCUSSION

Under limited conditions, a nighitime iFF system is now believed io be feasible. For
aircrafi heights up to COC meters and transponder depths down to 50 meters, either visible
or invisible radiation may be used with succeas in the two tyipes of clearest ocean water.
Tentatively, the absance of moonlight is included as an additional restriction untit measure-
ments such as those of Stair and Johnston (34) can be applied to the problem. A rough
calcuiaiion shows that an anode direct current due to a moonlit background would coutrivute
significantly to the noise at a current amplirication oi 6G00. The geographical regions of
usefulness of the systemn are at present limited o tropinal and subilsspical ocean wuiers,
The feasibility of the system in temgperate and northern ocean waters remains to be studied.
It is likely that positive nighttime cperation in these waters could be achieved without much

difficulty for either visible or invisible radiation.

Waters approaching the continents are classed by Clarke (18) as slope and coastal
types. Little is known of the extent of their houndaries for mosi areas of the world. ™n
his classification Clarke puts most of the waters off the northeastern United States as
far out as 90 miles 1. 1 coastal class. A nighttime aircraft-submarine experiment in
coastal waters and the rlope waters that extend from the cGastal type out to the Gulf Stream
would serve a twofold purpose. First, it would establish the relationship between the clas-
sifications of Clarke and Jeriov and iocate the boundaries of the different water types in
the Northeast Atlantic, Sernnd, it would be a direct check ¢n the calculations made thus

L 41+

far,

The present equipment is incapabie of positive operation as a daytime IFF system
under any circumstancez. Visual security is no problem in the daytime and consequently
the optimum spectrai region cf performance may be used. To obtain positive opesration
in anv of the thres ¢cean water iypes, S/N ratios in the cptimum region must be raised

L =1

by a few hundred times. More is needed to include the other se2a water types.

In attaining positive daylicht operation, two somewhat different systems — one with
a wide field of view and one with a2 narrow field — might we!l be invesiigated tor military
use. To cover large areas with fast low-flying aircraft, a wide field of view weould be
necessary. This system would be quite dependent on the zenith angle and would add an

additional variable that should be studied quantitativeiy. i ii were necessary to receive
and transmit signals only in a small cone, 2 consideraitie increase in S/N ratios could be
effected by the use of optics. Boettner and Barnett {35), using a 20 nch plastic Fresnel
lens with a photocell receiver, increased gignal gains as much as 350 t!mes, Optical
collectors as large 2s tneirs may not be possible at the transponder, which must undergo

considerable pressure, but some gain in this manner should be possible.

Whateves the optical system used there wil: still be a need for an additional S/N ratio,
which must come from an increase in certain of the other parameters. it may aiso be
possible tc allow a larger anode direct current from the photomultipiier, thus realizing a
small gain. Still, it is evident that a large portion of the necessary additional S/N ratio
must come from an in:crease in signal iniensity. Work on the problem of obtaining a higher
flashtube peak output is being undertaken by the authors.
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The findinegs cf the present report apply equaliy as well to a communication system,
the difference in the two being mainly one of repeti:ive rates. Uniy a minur gain in S/N
ratio is reaiized by lowering the trigger bias. Faster flashing ra‘es would also benefit
itne IFF system. The present rate is too slow to be of much use by aircraft and probably
is suited only to the slow moving blin.ps. Outaining higher peak intens’'ties with faster
flashing rates is therefore of prime importance in getting a positive operating system

suitable for use under any circumstances.
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