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ABSTRACT 

The following report presents the results of work done on the 
theory, design and application of microwave radiometry equipment. In 
the first section a brief historical outline and a delineation of the 
purpose of the work is given. The second section is devoted to the 
development of microwave black body and detection theory that is per¬ 
tinent to the design and application of microwave radiometers. 

The third section is devoted to discussions of the basic com¬ 
ponents of microwave radióme' -rs and to the description of the work 
done on four radiometer systems. .The quality of the data from two of 
these systems — the K-Band RadioJTelescope and the Automatic Radio 
Sextant — is presented. The Automatic Radio Sextant utilizes the 
thermal emission at microwaya frequencies from the sun as a means of 
continuously tracking t^ sun under all weather conditions. For the 
weather conditions eirtiountered during tests the sextant tracked the 

s ranging from 0,005° to 0,010° 

^/The fourth and last section is a discussion of astronomical 
observations and military applications of microwave radiometry. l^ea- 
sureuents of the sun and moon at a wavelength of 1,25 cm. indiAte 
that the black body temperatures of these two bodies are II.600AK 
and 260° K respectively. Data taken during a total eclipse of thfe 
noon reveals that the radiation from the eclipsed moon at a wavelength 
of 1,25 cm, is essentially the same as that from the full moon. 

It is concluded that tho Automatic Radio ¿¿extant for all- 
weather navigation is a practical application of microwave radio:.i- 
etry. Calculated results are presented which show the detection of 
small targets such as aircraft and vessels by microwave radiometry 
methods is not feasible at tho present state of the art. 

X 
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SECTION 1 

PINAL REPORT ON 

tUCRQWAVS RADIOt-ETRY RESEARCH 

1. INTRODUCTION 

1.1. History 

The effort directed toward the study of microwave radiometry under 
this contract was begun in July of 1947. Prior to this time the Collins 
Radio Company had sponsored a project for construction of a K-band radi¬ 
ometer. The work was started along three main channels* A study of the 
literature, an investigation of noise in receivers, and a consideration 
of equipment. By November of 1947 refinements in the construction of a 
K-band radiometer and the initial construction of a ten-centimeter radi¬ 
ometer were under way. An automatic radio sextant was envisioned, and 
test equipment for noise figure measurement was installed. In August of 
1948, the RF components for the ten-centimeter radiometer were completed 
and adequate I.F. strip and R.F. assemblies had been constructed; research 
on a three-millimeter radiometer had been initiated; a K-band radiometer 
was operating satisfactorily, and the ground work for the radio sextant 
was completed. In the months since August 1948, the work consisted of 
completing the automatic radio sextant and compiling a considerable amount 
of data on the performance of the sextant and the K-band radiometer. 

At the termination of the contract, sufficient theory had been de¬ 
rived or investigated to support the experimental conclusions obtainea 
from the constructed equipment. A theoretical analysis of the reception 
of thermal radiation at radio frequencies with highly directional antennas, 
an analysis of the over-all limiting sensitivity of a radiometer, and an 
investigation of the thermal radiation received from various types of 
bodies have bean completed. 

1.2. Purpose 

The scope of the work was made rather broad; it was, however, to 
include* 

a. Studies of the generation, propagation, and reception of micro- 
wave emission due to temperature, particularly associated with 
propagation through the atmosphere, and consideration of prob¬ 
lems encountered with electronic measurements at extremely low 
power levels. 

b. The design and construction of equipment for possible military 
application and to facilitate the associated studies. 
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c. An investigation of the usefulness of nicrovave thermal emission 
from military objects; i.e. moon, sun, stars, earth, landmarks, 
aircraft and ships. 

1.3. Scope of the Report 

This report is accordingly divided into three major parts; the theory, 
the equipment, and the results. Contributions to the general knowledge 
are to be found in each* in the theoretical consideration of the overall 
response of a receiver to low-level noise power, in the successful de¬ 
velopment of an automatic radio sextant; and in the result that the sun is 
at present the sole useful source for military application. 
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SECTION 2 

THEORY OF RADIOKETRY 

2,1* Microwave Black Body Theory 

It has long been known that all bodies emit thermal radiation through¬ 
out the frequency spectrum, and that the intensity of this radiation is 
some function of the temperature of the body and the wavelength of the 
radiation. Considerable work, both theoretical and experimental, has been 
done to determine what law or function this radiation follows. Until re¬ 
cently, the emphasis in experimental work was placed on the ultra-violet, 
optical, and infrared spectrums, for measuring techniques had been devel¬ 
oped for these frequencies which permitted the accurate determination of 
intensities and wavelengths. The experimental results indicated that the 
law governing radiation which was introduced by Planck at the turn of the 
century gave correct answers for the spectral ranges mentioned above, 

Planck's radiation law predicted that some energy, although of a 
much lower level, should bo radiated at wavelengths much longer than in¬ 
frared. The incorporation of now microwave techniques and special elec¬ 
tronic circuitry in modern receivers has permitted the investigation of 
this low power thermal radiation. Its study in the wavelength range from 
12 cm down to the shortest wavelength where microwave techniques may bo 

employed is called microwave radiometry. 

For the purpose of studying this radiation, which is but one of many 
possible forms of radiation from a given body, an ideally perfect emitter, 
the black body, has been conceived. Such a body will absorb all of tne 
energy incident upon it at the wavelengths for which it is black, and 
thereby become capable of the maximum possible thermal radiation. 

Although this radiation, which is customarily called olack body ra¬ 
diation, is in the form of noise, its random polarization and fluctuating 
amplitude may be averaged over a sufficiently long period of time to main¬ 
tain a constant level for a given set of conditions. Thermal, or black 
body radiation, thus received from any body may best bo divided into two 
parts» That which originates from the body itself, and that which is gen¬ 
erated elsewhere and reflected from the surface of the body. In the 
theory that follows, the former will be considered first. 

2.1,1. Direct Sources 

Planck's radiation law will bo used as a basis for deriving 
an expression for the energy that a microwave antenna will intercept 

when directed at a given object. 

Planck's radiation law states that for a black body, 

Qn ch 1_ 

^ (joules cm“3) 

e - 1 
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whoroi «Riant energy PGI> ^ . 

^ = r^-Ä'^ion a, - -own. 

x = vavelongth (centlmotora) 

h = Planck's constant 

c . velocity of UEht (3-10 cm/eoc.^ a& ^ 

, -.Boltin's constant (1.38*1° 3 

ture of black body (degrees Kelvin) 
?= Iter in Planck's lav masones yields. 

Expansion Of the denominator ^ _ 

. 87T_Çi_ -~TiJ 

i h!L V c 
IbT ’¿K' K ‘ 

L- V T 4 <3 large 
. of interest in microwave ^g^ics’expansion. 

Ff ^ustf^rÄng only the first term 
onough to .lustily 

Hence: 2.1 

, , ,, th0 woll-knovn Haylolch-3^ ^ftte absolute t®- 
Equation 2.1 is ^ directly proportions fourth power of 

that .^rÓftho^ôdy^níUôrsSrprcpcrtlcnal « the four 

th^vavelength. oonvonlont forn by nultlplying 

Equation 2 1 ^^ÄsUtÜtion. valid for very =» • 

1,0th sidos by Ok und »kin„ 

ÙX ' “ c 

thus : 

,_4.nrval or bandwidth, 
where = frequency intorva 

.atr kT ( joules/cm?) 2.2 
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For an isothermal enclosure, 

4rr t 

where t v = rate at which a body radiates energy in a given 
^ direction per unit solid angle and per unit of 

its own area as projected on a plane perpendic¬ 

ular to the given direction. 

Substituting this relation for in Equation 2.2, it is found that, 

2k? 

k* 
K = - watts/cm2/unit solid angle. 

How, lot 

P 

so that 

P - 

Ux 

2k? Af 1,3 

Equation 2.3 expresses the power radiated into a unit solid angle per 

square centimeter of radiating surface. 

This analysis may be altered so that it may be applied to any body, 

regardless of its characteristics. From basic bl^ck,bo^.thc^y. 
known that a body at temperature ? which is not blacx will ^adiato 8 
though it were a black body at temperature a? whore a is tho fractional 

power absorption; i.o., 

(Power absorbed by the body! . 
a = (Power incident on the body) 

For example, through a section of material of depth Az and incident 

power P0, tho power transmitted will be PQe'^ whore a is the usual at¬ 

tenuation per unit length for tho material at the wavelength being con¬ 

sidered.* The power absorbed will be pQ Consequently, 

a = i-g-SctA* by definition. 

Thus 

For a general body, then, ? in equation 2.3 must bo roplacod by a?, 

- aT (watts/cm2/unit solid angle) 2.4 

* a represents the voltage or current attenuation per unit length, 
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It nay bo assumed now that the tomperaturo within tho body and the 
attenuation per unit length for tho wavelength of interest arc functions 
of position. With reference to Fig. 2.1 let a(x, y, z) be tho attenua¬ 
tion factor (nepers per unit length) for tho material at the point (x, yf 
z) and lot T(x, y , z) bo tho temperature in degrees Kelvin at the same 
point. 

Consider first tho radiation from tho Ith section. For this section, 

a * a(x, y, zt) , T = T (x, y, zt) and a = l-e2®^* Va*. Equation 2.4 
gives, for tho power radiated from one square centimeter of surface into 
a unit solid angle, 

2( 1 
e-2a/*, 

kT(x, y, zt) bf 

k* 
2.5 

Since the magnitude of the power radiated to the left of z = 0 is de¬ 
sired, the absorbing material between the Ith section and z*= 0 must be 
taken into consideration. The power radiated by the ith section will be 
attenuated by each intervening incremental volume. .Therefore, the power 
at z = 0 is that expressed by equation 2.5 times the product of the in¬ 
cremental attenuations due to the intervening sections, ors 

2 jjî-Sa/*, y, Az e-2a(x, y, z2) bz . . .e-2a(x, y, z2) A «"j 

• 2a/*. y. V Azj kT(x> ^ ^ 1 - e 

k* 

In summation form, this becomes 

» -i 
„ .2 a(x, y, zJ Az 

2e-2 J I - e-2a(x, y, zt)àz \ (x, y, zt ) àf 

J k2 

so that the limit of the summation as ùz — 0 is 

2.6 

2e 
'*-i 

o a( x, y, z ) dz /^_e-2a/*,y,z^AzX| kT(x, y, z% ) Af 

1 ‘ ' Xa ' 

To obtain the total power at Z = 0 it is only necessary to sum equa¬ 
tion 2,6 from Z=0toZ = d. In doing this, however, it will be more 

convenient to expand 1 - e-2a/x, y, z^bz a p0wer series; i.e,, 

1 - g-2a/*, y, zt)bz - ga/x, y, z^Az U, zt) Az] 
2 

♦ 
2 / 
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FIG 2.1 

A GENERAL RADIATING BODY 

DIVIDED INTO INCREMENTAL VOLUMES 

-r . -. . -r ■ 

Û2= WIDTH OF EACH ELEMENT 
d= DEPTH OF RADIATING BODY 
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from which 
the series 
by the Ith 

it can be seen that for very small A Z, only the firet 
need be retained. The power at Z = 0 due to the power 

section is therefore 

tens of 
radiated 

1 

46 
-2/o a(x, y. z)dB ^ z ) fef fx> z 2.7 

How, summing equation 2.7 from Z = 0 to Z = d, as follows, 

Po 
ï e-2jo‘ 

k2 

a^x, y, z)dz 
a(x, U, zj T(x, y, zt)LZ, 

and taking the limit as AZ - 0 and n-œ, it is seen that; 

Po 
4k A f rd -2f afx, y. B>dz 
-L feo a(x, y, z> 

K2 0 

T(x, y, z)dz 

watts/cm2/unit solid angle 2.3 

Equation 2.8 gives the power radiated into a unit solid angle p 

souare centimeter of radiating surface at Z = 0. Jí*® 
power may be reflected back into the body due to a diference in conduc¬ 
tivity and dielectric constant between the materials to the right andleft 
of Z = 0. Let n(x, y) be the function representing the fraction of the 
power reflected back into the body at the point, x, Uro, Then, 

p = OIL [i y-*"“«(*. y. Z) T(x. y. zJdz 

watts/cm2/unit solid angle 2.9 

Equation 2.9 may now be used to determine the amount of power inci¬ 
dent on a collector separated a given distance from the radiating body. 
Consider a collector located a distance p from the body on a line PerP®^- 
dicular to the surface of the body. To find the power incident upon the 
collector as contributed by one square centimeter of radiating surface, 
equation 2.9 must be integrated over the solid angle subtended b> the col^ 
lector. No terms in equation 2.9 are a function of this 8°11^angle, how¬ 
ever, and the integration is- performed by a simple multiplication. Hence. 
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p s ÜLïL [!-„<*. w] nx.v.ziiz 
r »ï L 0 i- “ï . , 

Alx, y) 

r0 . 

1 watt,s j 
y cm2 ! 

2*10 

where „(*. W is the effective ere. the collector presente to the point 

X, ¡/ on the radiating body 

and 4fy’ V* is the solid angle subtended by the collector at the source. 

P* 

Ä i0, integrated ÄTriÄ Sat^S’ T^Z ?he° 

total power intercepted, then -, 

, iíM n-nu.w] r<z.y.z>äz\ 

r \2 ' L° 

— 2— Ay Ax (watts) 

•°o 

By letting Ay and Ax approach aero, and integrating over the sur¬ 

face, S, of the radiator it is^found that, 

rde~Z¡oa(X' y* e)dZ0L(x. y. z) nx. V, Z)dz 
Jo 

4fe Af 
££ // fi -»u. yJ>] 
2 S L 

4 Í X, {// 
dy dx 2.11 

For microwave radiometry purposes, which^reMed 

venient form. It would be preferable to k»« “ area of the 

Mfr rr.rd r6Äded8b? surface as viewed 

from the collector• 

Equation 2.11 nay be transformed ^^nnXby'thô anglce 
the aid of Fig. 2.2. In the figure the given separation 

tercet So ^laÄ Elector.],,. V.J 

.. - ». « ■» 

be expressed as functions of 6 and <t>* 
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With tho aid of Fie. 2.2. lt ls ovldont that ^ 11 ^ and ^ “ 

"ahllg those substitutions In equation 2.11 and exprosslne tho funotions 

of X and y as functions of 9 and ¢, ocuation 2.11 becomes 

Pr = a nO,*.ald¡j Aleksin 6 id dt 

Tho double Intogral is now the integral ovor tho solid ancle subtended 
by thQ1rodiator because sin d dd d* is a differential solid angle, dlh 1- 

iray be v;ritton, 

tr , f [1 .*,».$ \fld.AzJdaj *<». 

where 0 = solid ancle subtended by radiating body.* 

In nicrouavo radiomotry, the collector Is an antenna which has an ef¬ 

fective area of h!. cf? whore CIS. *1 in the gain of tho antenna over nn 

isotropic radiator. aIso, an anterna -^^"Ä^ra- 

Suuofânfího^íanfpolâíiaation of the ant'onna. Hence, for an antenna as 

a collector, equation 2.12 becomes! 

¢) dfi watts 

G(e,4>)d(l 2.13 
Pr = Zkbf ~ ;n [l \fy2(a(0'*’Zld!:*<e>&z) 7(6.4,2)02- 

. i ^ io n+ +Vti-> ‘îimc tine tenoral and limited. It iiolds 

~ was "= 
an absorbing medium will bo considered later. 

It does however, consider eases where tho tomporaturo of the source 
varies, where*the attenuation within tho jourcc v^es and where 
angle subtended by tho source is not limited in relation xo 
of the antenna at microwave frequencies. As such, this relation 

"The nature of tho transformation yieldln^cquatlon^.l^rcquiros 

small in comparison with ,¾ and t a r lhoso restrictions may be rc- 

^“dT-^Ä Ärh in spherical «ordinates. This results in 

. a* àf , r, .„/e.iil Tie,<i.p) Ate,# dfi 

L.^o 

which is the some as bqnation 2.12 “’"'^^Íi^ts^f^hc^nt^ration! f.-ough 

SÄ'a« .SÄ trîntfgrati» is still carried out through the depth 

of tho medium. 
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which°forni the body of this report. ^ ^ ^ ^ known> In 

i all of the functions in oquati a ^ho complex- 

no rofloctions to exist* i.c.. 

Lot ne, d>. = 7 

aie. <P. z> - a 

rife, ¢)=° 

.. n o 13 may be solved as follows* 
Thon equation 

1 

2.14 

pf = 2k bf 

= kT bf 

r dz\ 0(0. *> ™ 
in fi C» J 

;"l-e'20d;'¿- Lc dil j 4;n il 

kaT A 
1 r cfe. <t>) dci 

Jn 

2.15 

The integral Cíe, ^ ^ ^^Urgor^lhfsond'angïo sub- 
bean width is either mich snallor or^^ thcggourcc completely encloses 

Ä -- 
smaller than the beam, the gain may çh „c* i9 th0 peak gain of 

for sy»otrlcal oooM and souro oxtcndlns the theory 

Further uso of tho relation 2.15 “n nodlus. onlsts botuoon 
to a raorc eonoral taso; that t=. “hore absorbB> it ”^oml 

Ed ÄrrEoÄtdE.« yields. 

P2 S ka fP 
2 ‘2 ûf 

(watts) 

1C5TRICTLD 
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The power from the source transmitted through the medium will be 

e"Za2(i2Psource or (l -a2)PS0Urce that the WiU ^eCelVe, ^ 

the source alone, 

p, = kali-0,1 T L! Sncie. ¢) an »an. 2. 

n = angle subtended by source 

The total power received is the sum of the power from the medium 

and that from the source; thus 

pr s mí k t2 + °n-a2> T dn 
2.13 

Equation 2.18 may be applied directly to the most simple case aris¬ 
ing in microwave radiometry. Consider an antenna complete!y surrounded 

by an isothermal enclosure which absorbs all the energy *ncide P 
For this case a = 1, JL f G(6,dd = 1, and T a Tz , us, 

4rr Ll 

Pr s 
V, m • C 1 Af watts o io 

£ # X / 

It is interesting to note that this result, as well as those ex¬ 
pressed in equations 2.18 and 2.13, shows wavelength independence andadi- 
rect variation of power with temperature. Such a result is not at all 

obvious from the mathematical statement of Planck s law. 

The discussion of the theory of direct sources uill be completed 

with a conversion of the power received, as in equation 2.18, to an eq 
aient antenna temperature. The latter is defined as oemper _ 

an isothermal black body enclosure would have to assume ^ 0ld®r 
sent a power at the antenna equal to the power being considered. Venotixig 
the equivalent antenna temperature by Tr and employing equation 2.19, it 

can be seen that 

Pr 

Pr S kTy ” ft fa f ’ 

Or, letting a2 take the general form a and assuming a black body 

2.20 

source, 

Tr * aT2 ♦ Ts ¢) d0 
2.21 
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Ts » temperature of the black body source 

The above relation is very useful; in fact, it has formed the di¬ 

rect basis for most of the work which was done under this project, 

2.1.2. Reception of Reflected Thermal Radiation 

Thermal radiation may also be intercepted from reflecting bodies on 

which radiation from another source is incident. The amount of energy 

received by an antenna looking at the reflecting body will be a function 

of the area and reflecting properties of the body as well as the charac¬ 
teristics of the source and antenna. 

For the particular cases of reflected thermal energy treated in the 

remainder of this report it will be sufficient to assume that the reflec¬ 

ting body acts as an isotropic reflector. Also, the assumption that the 

radiating surface is uniform in temperature, absorption, and reflectivity 

be made. Atmospheric absorption will not be considered. 

Under the conditions listed above, equation 2.12 ;»y be used to com¬ 

pute the total power incident upon the isotropic reflector of area A • 
that is, r 

watts 2.22 

? - temperature of radiator 

a “ fractional absorption of radiator 

ns - reflectivity of radiating surface 

Ar 3 area of isotropic reflector 

Qs c solid angle subtended by radiating surface at reflecting 
body 

If ip is the reflectivity factor for the surface of the reflecting 
body, the total reflected power will be 

^ 4* Af r -i of 
P - -— «r [I - watts 2.23 

Pr = 
Af i 

1 -n. 

As the reflecting body is assumed to reflect isotropically, the 

power reflected from a sq, cm, of surface into one unit solid angle is 

given by the quotient of the right side of equation 2.23 and or; 

P 
k Af 

Zrrk2 
I, [1-.,) far] n. watt s/cm Vun it solid angle 2.24 
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the foä “â mns5õr^ííor2 lnt?*r*tln8 « equation in 
antenna and over the area of the sLÍ^aV*10 ??Ud anele subtended tar the 

thf rr ^9f area of the ant««a and wefthe «enT® rfSUlt aB lnt^t- 
1^°8 ^^ion 2.11 and 2.12) il îî? lld anßla 8ubtended by 

pedlent to handle the equation by the lí?* 1 fa3e* At w1^ be more ex- 
pouer received b7 an ante** dirÜed ££ 

crose-section otÂ^ÍS “f Potion on the 

by multiplying the equation by the eff^*/ . ^' ^ obtüined 

and integrating the reeult over the solid^0 T ***** to?016'**• 
ting body, fi The power must also b/í? a”^e subt°^ed by the reflec- 
the effect o/ the random PolaíiS?íon of Sftb X to take ^nto account 
the total received power is riZatlon of tho th^ml radiation. Hence, 

h & f 
mr[l-/»J aTÇli -1- / 

4tt Jn. c'te, ¢) dnr watts 2.2Í 

subtends the^tir^lfd^le^W lf ^ S0UrCe is a black bo^ which —ÆÂ ^ÄrÄÄrl: 
ter. vm “n°Ä 

2-1,3- Ahnornt.lon ^ | 

"Bde directly Wlïeabl^ônlTîdiorthe^toorotl1*8* tU0 ssoUono be 

Äts‘: that th0 abOVa th°^ be u.ÄnÄ ÄÄ- 

absorption^onstant th° tr*°Uoml 
bo considered consists of forming tha*fnrr° first of two such methods to 

differ9nt antenna elevation an/rlos0re?CG °f tw° atri0BPhcric road- 
a different path length from tho othor^thô í® anßl° must rosult in 
rerent amount of power for one^gío^ÂÂ^f11 “ d11'- 

«iderel^t^aSPÄort6^C.riht,,,S ^ co^ 

KvS 
this tAvolongth, it oust also radiati; anít^^»^«^ 

H^ST.aCT^D 
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will be rocoived fron the atmosphère itself. Equation 2.13 raay be used 
to compute the energy received from the absorbing atmosphere. 

Assume that the antenna beam width is small enough so that within 
the beam, the temperature, T, and the attenuation constant, a, do not 
vary with respect to 0 and that reflections between the various strat¬ 
ified layers of the atmosphere are negligibly small and further, that the 

atmosphere will completely fill the antonna beam. Then 

Pr Zk bf 
d -zf*(z)dz m 
je o a(Zl i {z) dz. 2.26 

From temperature measurements at various altitudes, it is known that 
7' docs not vary greatly with z in the absorbing atmosphere. Therefore, to 
k good approximation, it may bo further assumed that T is constant at some 
weighted value, ?m. 

With those restrictions equation 2.26 gives, for the equivalent an¬ 

tonna temperature duo to the atmosphere, 

2->» ¡-e 
d -2j a(e)dz 

a(z) dZ 2.27 

The integral from 0 to rf, being of the form exdx, is readily evalu¬ 
ated; thus, 

-2Í a(z)de 
1 - e o 2.2C 

In order to measure the fractional absorption of the atmosphere 
with a radiometer, measurements of Tr must bo made for at least two tip¬ 
ping angles. Although absolute measurements of Tr are difficult to ob¬ 
tain, differences in 7L for two tipping angles may bo made with considor- 
ablo accuracy. Therefore an equation expressing a0 (the fractional ab¬ 
sorption per unit atmosphere) as a function of the difference in Tr must 
b e derived. 

Lot the height of the atmosphere bo d and let z vary from 0 to d on 
a line perpendicular to the horizon plane. Then, for an elevation other 
than 90 , the attenuation per unit length should bo multiplied by Sec 6, 
whore 0 is the angle measured from the zenith to the center of the beam, 
and the integration performed for 0 to d as before. Letting T 
tonna temperature at the angle 0, equation 2.23 becomes 

Tg bo the an- 

6 = 
-£sec e] a(z)ds 

I - e o 2.29 

RESTRICTED H 

& 



RESTRICTED 

or 

Tn * 1~ 

-2jdafzJdz 
e o 

ù et <7 

2.30 

but fron equation 2.30, with 0 = 0, it is soon that, 

”o -2/ a(z)dz 
— * 1 - e o 
Tm 

and 

-2/ a(s)dg To 
e o = 1 _ — 2.31 

m 

Substituting this relation into equation 2.30, it is found that 

sec 6 
7-.1 

W 1 - il - —! 
' 1 "* I 

2.32 

T 
whorois oqual to the fractional absorption por unit atraosphorc, 

V 
Let 6 take on values 0t and 02. Then, 

—! sec r 
—:-= i- — 

T i n J 
- 1 - 

L 

sec 0, 

If T is known and Ts - iS neasured, equation 2.33 may 
to solve for a0. The algebra involved is simplified if 9X - 60° 
0. = 0 . For this case, equation 2.33 nay bo solved for an directly: 
yielding,* 

2.33 

be used 
and 

i 
1 I 

'Tl1' 

4^0- TJ 
2.34 

Another method for determining the fractional absorption of the at¬ 
mosphere is evident from Equation 2.21. In this method, a radiometer is 

■'—■»I ■ • — - 

R. H. Dicke, KYRu, Vane and Dcringor, ’’The Absorption of Atmospheric 
Water Vapor in the K-3and Region" 1I.I.T. Radiation Laboratory Report 1002. 
Jan. 1946. * 
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used to record the apparent temperature of a riven source- fnr 

ÂÏSl..., 

aie) = 1 - e'2a0Ä<c 9 
2.Z5 

valid only for 6 < 70° duo to the curvature of tho earth's surface 

where a0 = o.{z)dz nepers/unit atmosphere 

so that Equation 2,21 can be rewritten in the form: 

T s ( 1 - p~2a0 SeC T u. „~^a0 5eC 9 T* r 
r U e > Tm+* C i^Gte. ¢) dCl 2.36 

¡low let ~ ^ 0(6,4)} dH take on two definite values, ci and c2. 

so that: 

- ! ■. -~^ao sec 9 \ = U-e ) ?» ♦ 
¿a0 sec o 

Tscl 

T. = [l - e **0 S€C 0) f * .-'2ansece 
‘ ' ‘m 

a».*«») , 
i j Lj 

then 

= - c2; e 
-2a. sec s 

2.37 
If the above measurements were made at two values of ñ 

constant radiating body, then, ^ -o awe values of 6 for the same 

_ÜÎ. . ,r-2a¡) sec 9i ” sec s2 
-2a. sec 6», ” ^ J 

- ^2^. i,-0 >1 . e 

- V, 

and 

2fsec Ö In 
2 - sec (Tx -T2L 

" 7i ^el nepers/unit atmosphere 

2.38 

^-quation 2.38 may be used to compute a« wiien (T, - T*) la iranUM * 

thai one neneurenent be mode for a large value of ¢. Urge valuee of « 
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invalidate the analysis, 
will not exceed 70°. 

for Equation 2.35 assumes that the tipping angle 

. ,Another disadvantage of this method is that atmospheric conditions 
must be presumed to remain constant while the radiating body moves from 

J“ thf »ther. Th. «tfcod has aa advantage .ho weverrïft he 
radiating body is the sun for here the instrument need not be as sensi- 
;îïWhat for “»king absorption measurements utilizing atmos¬ 
pheric temperature measurements alone. And, finally, this latter method 
has an important advantage in that knowledge of Tm is not required. 

2.2. DETECTION THEORY 

2*2,1* UlRlPUJ? Détectable Signal and Noise Figure Relatione 

. In the microv/ave region below 10 cm., the superheterodyne receiver 
is possibly the most sensitive detector available. Unfortunately, at 

^e?;0nßths good amplifiers are not readily available and receivers 
generally have noise figures considerably greater than unity. 

It is often required ip the practice of radioraetry to detect sig¬ 
nals that are much less than the inherent noise power output of the re- 

WilQnJthAs condition occurs, it is usually advantageous to 
modulate the received signal and employ special methods for discriminat¬ 
ing against receiver noise. 

It is the purpose of this section on Detection Theory to present 
analysis of a special receiver which has proved helpful not only in ac¬ 
tual design of equipment for radioraetry but also in its application. The 
analysis first discusses the minimum detectable signal, and its limita¬ 
tion, the output meter fluctuations. In the course of this discussion 
the noise figure of tho IF amplifier and of the overall receiver are de¬ 
fined and their use in analysis made clear. It is concluded that the 

TV* detectable signal is the crystal in use today rather 
than the IF amplifier noise figure. 

inn.i+ 0V0ÜaÜ Vi?u 0f detection process is presented. The 
input signal is traced from the antenna to the audio circuits, and an ex¬ 
pression for the R.1I.S, modulation voltage as a function of the equivalent 
antenna temperature is presented in Equation 2.51. 

A k^oc': diagram of a Dicke radiometer is shown in Figure 2.3, In 

i?«! \Tefer°nco attenuator is periodically inserted in the antenna 
line. This attenuator, which is matched to tho line for all depths of 

2Dicke, líyhl, Vane, Beringer, '»The Absorption of Atmospheric Water Vapor in 
the iv-Dand Region", Report 1002, H.I.T. Rad. Eabs, Jan. I946. 
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insert,ion, Bffect^ely terminates the line when completely inserted, 
nder the -atter condition, the volta-e output of the diode detector of 

the I.x‘. ampUfior is due to the receiver noise plus the noise generated 

7 a^enuator. I/hen the attenuator is removed, the diode output is 
due to the antenna noise plus tho receiver noise. Consequently, if the 
attenuator is inserted and removed at a given frequency, the diode out- 
put will be modulated at that frequency. This modulation can be o::tracted 
and amplified in a band pass amplifier which is tuned to the modulation 
frequency. The amplified modulation voltage can then be rectified in a 
phase sensitive rectifier, the reference phase being provided by a gen- 
erator rotating synchronously with the reference attenuator.. The output 
of the phase sensitive rectifier is presented on a milliameter. 

It is seen that the output meter reading is proportional to: 

(antenna Noise ♦ Receiver Noise) - (Reference attenuator noise 
+ Receiver Noise) = Antenna Noise - Reference attenuator Noise. 

. 4. /56 recelver noisa averaged over a finite time interval is sub- 
tracted from that of the preceding time interval, bince noise is of a 
statistical nature, the two powers will not be exactly equal. Conse¬ 
quently, after each subtraction there will bo a small quantity of re¬ 
ceiver noise remaining which will appear as fluctuation of the output 
meter, xhese fluctations limit tho mximum sensitivity that can be at- 
tainod with this typo of rocoivor# 

Dicke 3 has derived an expression for tho root-mean squaro temper¬ 
ature fluctuations in the output meter as a function of tho system 
parametersi 

AT 
r; "^r.c 

Q~ 2.39 

where» NFrec = ovorall receiver noise figure expressed as a ratio 

Ao> = Roc. I.F. bandwidth in radians per sec. 

b - bandwidth of low-pass filter in radians por sec. 

T0 - tomporaturo of modulating wheel in degrees ITelvin 

AT = RÍS temperature fluctuations of tho output meter in 
degrees centigrade. 

j —■ 1 - 

R. II. Dicko, "The measurement of Thermal Radiation", Rov. Sei. Inst. 
Vo*. 17, July 1946, pp. 2Ó8-275. 
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Equation 2,39 is based on thu aasu;.iption that the froquoncy versus 

amplitude responso of both I.F, and low-pass filter pass bands are rec¬ 

tangular, that tho second detector has linear I-V oporating chai'acteris- 

tics, (For an ideal linear detoctor, the output fluctuation is just 0.50 

that of the square law detector.) and that tho signal modulation is 
square ;/ave. 

Figure 2.4 is a plot of the RIIS temperature fluctuations of the 

output meter as a function of low-pass filter bandwidth for various 

values of receiver noise figure. Tho bandwidth is fixed at 50.2 x 107 

sec“1 and tho modulator wheel is assumed to bo at room temperaturo, 300° 
K. 

In equation 2,39 it is shown that the minimum detectable radiation 

varies directly as the receiver noise figure, and inversely as the square 

root of the I.F, bandwidth. However, the overall receiver noise figure 

is a function of the I;F, noise figure, which, in turn, generally in¬ 

creases with increasing I.F. bandwidth duo to I.F, input circuit consid¬ 

erations. Consequently, instead of making the I.F, bandwidth as wide as 

possible, it is necessary to reach a compromise between receiver noise 
figure and I,F, bandwidth. 

Tho noise figure of an amplifier or receiver can be defined simply 

as the ratio of the noise of tho receiver or amplifier to that of the 

theoretically perfect receiver or amplifier (AT = 1). In tho microwave 

region, a rocciver noise figure of from 10-20 times is considered fairly 

good. An intermediate frequency amplifier noise figure in the region of 

I-I/2 to 2 timos is considered good for a bandwidth of 8 mc/s at a conter 
frequency of 30 mc/s. 

Equation 2.40 from Friis4, gives tho noise figure of two networks 

connected in cascade as: 

SF 1*2 FF, ♦ 

whore: FFl+ 2 = noise figure of the combination 

Fil = noise figure of tho firs+ network 

FF2 = noise figure of the second network 

= available power gain of the first network. 

(All quantities are expressed as ratios.) 

>.40 

*H. T, Friis, "Iloiso Figures Of Radio Receivers", PR0C IRE (1944) pp. 

4I9-423. 
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An cxaraination of equation 2«40 shows tliat if the gain of tho 
first network is high, any source of noise in the second notv/ork will 
not materially affect the ovorall noise figure, and consequently, it 
would bo unprofitable to dovotc nuch effort in reducing tho noiso figure 
of the second network. If tho gain of the first network is small, then 
the reverse would bo true. If tho first network consises of a crystal 
convertor and tho second network is tho I.F. amplifier of a rcceivr,. 
the tena ¿ is very small and the noiso figure of tho second network is 
important/ According to convention, when discussing nicrovmvc receivers 
employing crystal convertors or mixers, tho noise figure of the crystal 
is written as the product of tho loss ratio 1/|^ and another term callea 

the equivalent crystal noiso temperature, tc} that is 

tc 0 , 
f!F = -- 

* c 

L/f. is also written as t. and is given in decibels. It is necessary to 
convert it tc a ratio, however, before using it in the formula for noise 

figure. 

The expression for overall receiver noise figure then becomes. 

(*c + WlF - i) 

or 

^Yec = Lc(fc * :;rIF * *!• 

whore: Lc = conversion loss of crystal 

t = ratio of the noise pouor available from the crystal to 
the available noise nov.'cr from a resistor, (KT \ f), ft 
tho reference temperature 293° measured at the I.F. 

frequency used. 

KFjp * intermediate frequency amplifier noise figure 

AT = overall receiver noiso figuro 
rec 

(All values arc again expressed as pure ratios) 
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Sinco Lf and tc arc o8sontial?y fixed in production crystals,* it 
appears that tho only torn left in which an inprovonent might bo offoctod 
is the I«F. noise figure* There is, however, a practical limit to tho 
value which VFjp can assume without undue expondituro of time and effort* 
For an I.F. amplifier of 8 or 10 mc/s bandwidth, at 30 mc/s it is very 
hard to achieve a noise figure as low as 1,5 times using existing tech¬ 
niques. Furthermore, if tho I*F, noise figure starts in tho region of 
2 to 3 times and is subsequently reduced to 1,5 times, tho mininum de¬ 
tectable signal will not improve in proportion. This is shown in the 
following examples* 

The JAN specifications for tho IN26 crystal givu a maximum con¬ 
version loss of 8,5 db and a maximum noise ratio of 2.7 times. Using tho 
maximum values of Lç and t and assuming an I,F, noise figure of 3.1 
times, the resulting overall receiver noise figure is, from equation 2,42., 

KFree = 7.07 (3.1 ♦ 2,7 - 1) 

= 34 times 

Using tho same values of Lc and tçi but decreasing the value of 
tho noise figuro to 1,55 yields an overall receiver noise figure of: 

SFr(tc = 7.07 (1.55 ♦ 2.7 - 1) 

* 23 timos 

Although a change in the I.F, noise figure has a noticeable effect 
on the overall receiver noise figure, such a change manifests little re¬ 
duction in tho minimum detectable signal. It is seen in Figure 2.4 
(Equation 2.39), that tho RiS temperature fluctuations of the output 
meter arc only reduced from AT = 0,45° C to Af = 0,30° C as a result of 
improving tho I.F. noise figure 3 db, when, for example, tho audio band¬ 
width is 0.2 sec* . The associated Mniraum detectable signal will only 
change from 

*In general terns, tho noise temperature tc of tho crystal converter is 
influenced by the noise originating in tho medium toward v;hich the an¬ 
tenna is directed. If the antenna is looking at a very cold region, the 
noisj temperature of the converter decreases, simply because the noise 
power converted frora the antenna terminals to the output terminals of tho 
convertor is lose than when tho antenna looks at a warm object. This is 
analogous to the thermo dynamic caso in which a whotw object radiates to 
a cooler object. Actually tho noise power converted from tho antenna 
terminals of tho mixer to the I.F. terminals is usually small compared to 
othor noise components in the overall receiver due to tho conversion gain 
of the converter being of tho order of 0,1 to 0.2 times. 

RESTRICTED 21 



RESTRICT.^) 

Pm a HT &r = 1.38 X 10-23 X 0.45 x 16 x 10* 

to 

= 0.93 x 10“16 watts 

Pn - KT = 1,33 x 10-23 x 0#30 x x 106 

= 0,66 x 10“16 watts, 

perfect amplifier) ^h^ovorall^0 c°uld bo deduced to unity, (the 
but the nikaa, dotccublo 

clear in the discussion^bov^that thor^î^h10* bUt 1x20,1 
devoting the tiao and energy ncœsstrj for tho ap?frcnt Justification for 
I.P. noise figuro in ord^r t fo^ th° achicvomcnt of a very low 
ity. Progress if it ^ rCuii-c such a slight increase in sonsitiv- 
figiro o?ÄFf section/ ° raad0, aUSt b° ^ the noL^ 

iaun dotcctlbîfs^î^^^LÎÏ0 Cün¿”tions which determino the min¬ 
us a bo made of Äst +C°ndítions that 
ylolds tho mlniuun noise fimre oon^lhv1 m?U¡ícli1Ín an r,f' “i-tor which 
amplifier have as wide Í baSdS ““/í™115' that tho I.F. 
fisuro. (For a cortor ?rcSy“fVL ?hÎ*o°îî ““ï. a S00d noiso 
I.P. aaplifior for -dio^Lrs^!) °f thj 

2.2.?, Receiver 

the radioiaotcrhre ceiver^^it " ;as°ndf* cJllbration and understanding of 
aec output Whîoh'oouïd ¿0 xp“ t d íorTa0 PrOÍ,Í0t th= ^ °f «'t- 
procoodins sections have níS^nted f L! givJn/Jtonna tonpereturo. Tho 
antenna temperature for a giv^n sourr ^th ?f dot®rnilninS the expected 
lowing derivation has as its goaíTreía^í lU Tho fo1- 
and tho output voltage, Erms. -lation Ootween Tr of Equation 2.21 

the noiscTpowor^rocoivod w rof Ttor output wUl “nond on 
power goncS L cr^staÍ míSr °f 1,10 ¿ho noise 
1.7. amplifier, the LdK of ïho’r ï ??uor in tho 
of both, and the tino constant of th.- àoto™ *U ° aIQplii'icr6» th - da in 

2.5 in which'tho^tonna h^^bcoñ’r'íníüefV^ bl0Ck dlaerdn of ««uro 
ff., at a tonperuturo ( r „„d ?n a" ^“iFulont resistance, 
la‘ior .ool Ls boon f Tf^ 
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large attonuation at a tenperaturo f Both i and R aro matchod to the 
input lino of tho mixor. * 

Figure 2.5 

It is assumed that tho local oscillator drive incident upon tho 

convertor is of such a value that the noise figure of tho convertor is 

optinizcG. This assumption is easily realized in practice if the recti¬ 

fied crystal current, for good crystals, is in the region of 0,5 ma. It 

is also assumed that noise contributions from tho local oscillator havo 
buen eliminated. 

The various noise contributions can be examined in a more detailed 
manner by referring again to tho diagram of Figure 2.5. 

The available noise power from ,’¡>o is: 

pr = na t0 àf Î.43 

where: ta = the ratio of tho actual temperature of fín to the reference 
temp er dit uro f ° 

fe = the ref-.ronce temperature 

K = Boltzman's Constant 

and û/" = h.F. acceptance bandwidth of the receiving device, 

Thu avallado I,F, noise power from the crystal convertor when it 
is connected to Ra is composod of tho inherent noise generated by the 
crystal plus the converted noise power from 

Thus: 

Pc - inherent converter noise ♦ converted signal noise 

Pc = X bfxf T0 ic(XFe. Z) ♦ 2ta T0 èe K br%f 2.44 

RoCTfilCThD 
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ut STC 8ly equation 2.41 . so that# 

iTo *fif Ute(ta JJ 
2.45 

"signal" frequency^e^o^ërt^"byl^^ the 

witten^thati*0CeSS 1S ^ the I.y. a^pUfler, It can he 

PIF = inherent noise ♦ amplified signal noise 

PlF " E,° A/r»/ *2<splF - V + ézPc 

pip ** rro *rtf ¡2éc a. - U + t + AT i 
L c a x/ * lc + A0r-lj 2.46 

amplifier SÎ^detêctir^ieÎ^he^ï18'3 P?Wer incident uPon thQ 1-F. 
ature i0 T0. ^ Jle a'ltenna termination, Fa, has a tuer¬ 

to a voltage develope^acros^thethÍS incident n°i3e poi/er 
load resistance of the ^ f ? l°ad resistor, Ifn. The output 
tance of the tan. circu^lnlía íel ^h« ^ re^is- 
senes, parallel witn the diode resistance and Rp in 

in Figure 0lr':"lt of th3 0UtPut nf ‘he I.F. amplifier is shovn 

'T"r--f !)—T-- 

L ^ '~-y ¿ ♦ 
kD 

nan be obteinldft^ the^^r^in^® equlval8nt load resistance, ff, , 

where QL is the loaded 0 of the tank 

and 61 is the center angular frequency of the amplifier. 

restricted 
X 
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Hext, considering the relation 

F J Power X Resistance 

and in view of the assumption that the diode is operating in a linear 
section of its characteristics (it has been mentioned that in such oper¬ 
ation, a diode will have only one half the inherent noise that a square 

lav/ operating diode would have), it can bo seen that 

2.47 

where n is the diode efficiency. 

In more complete form and using the relation; 

_ XFIF 

2.43 n 

It is appropriate at this point to digress long enough to computo 

the amount of I.F. gain needed to supply a typical diode with a sufficient 
noise level to assure linear operation. A common diode, such as the OALp 
requires that the DC voltage developed across the load te on the order of 
2 volts for such operation. Using 2 volts for Ep in equation 2.43 then, 
it is seen that the I.F. gain, 

4 
2.49 

To complete the analysis, it is only necessary to consider the 
audio section. For this purpose the modulation voltage produced by the 
attenuator or reference whoel is tho required unknown. 'Taon the radiom¬ 
eter receives its input from the antenna, at temperature ffl T0, there is 
a voltage at tho diode given by 3nuation 2.43. Limilarly, v/hon tne wheel 
replaces the antenna, the voltage, i is that given by Equation 2.48 with 
t * 1. The difference in those voltages, Fu - E represents tho peale to 

peak modulation voltage. For a sine wave modulation 

.707r ,¾ ¿c KT0 0L ) 
1/2 

.7o?rvV 
^rms 2 
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Equation 2.50 can be reduced to an approximate relation which is 
very useful. Let 

•707" hc t, kTq *rtf qAu‘ 
0 ~ 2 \ uc ) 

b - ''Frtc 

c = z(ta -V; 

Then 

f 1/2 .1/21 
= c + b) - ö J 

or 

But to a sufficient approximation (since ¿'Frec ^ Í5 and ta < 4 
in the general case) 

Br ns 
ac 

or, finally, 

tms * 
.707/! (¿c ¿2 *T0bf\f \ 

1/2 

wc AT 
(ta -V 2.51 

rec 

Equation 2.51 is the desired quantitativo expression for the ex¬ 
pected Input to the audio section. It is to be noted that for a given 
radiometer, the coefficient of (tB - 1^ is a constant. The output volt¬ 
age, therefore is proportional to the difference in equivalent tempera¬ 
ture between the source and the modulator wheel reference. 

In the general case, the reference can bo considered to exist at a 
témporaturc tai : 0. It is easy to show that the radiometer, under these 
conditions, again measures the difference in the signals produced by oach 
source; that is, 

rms 

.707n 

2 W — 

” [p^ai “1^ + ''^recj 2.52 
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SECTION 3 

3. EQUIRENT PGR RADIOMETRÏ 

3.1. Cgïïipçn^ntp 

3.1.1. R.F. Section 

The R.F. section of the general radiometer comprises an antenna, 
a modulator or reference section, and a xer. The design of a suit¬ 
able antenna is not unique to a general raiioneter; hence, no dis¬ 
cussion is required here. 

The reference section has two requirements imposed on it other 
than the fact that it must accomplish the switching action which al¬ 
ternately connects the receiver to the antenna and then to the refer¬ 
ence attenuator.« The requirements are that the V.3.W.R. looking 
into the reference section should be as nearly unity as possible for 
any position of the disc, and the attenuation of the section should 
be at least 10 db. and preferably more when the disc is completely 
inserted in the waveguide. 

In Section 2.2.2., the equations predicting the modulation 
voltage developed at the I.F, second detector were given. This anal¬ 
ysis was made assuming that the only source of second detector output 
was the difference of the noise powers from the antenna and reference 
wheel. Unless special precautions are taken, however, this assump¬ 
tion is not valid. 

Any variation of admittance in the R.F. portion of the receiver 
will also affect the output voltage of the second detector. The min¬ 
imization of this effect requires a more elaborate R.F, mixer than is 
commonly employed. The discussion given here will, therefore, be con¬ 
cerned mainly with the R.F. mixer. 

*A coixion way of accomplishing this action is to dip a lossy disc periodi¬ 
cally in and out of the mveguide connecting the antenna to the receivnr. 
The disc is usually mounted eccentrically on a shaft so that rotation of 
the shaft causes the disc to dip in and out of the guide. 
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Figure 3.1 

Fig. 3.1 is a simplified diagram of the R.F, mixer and the in^ut to 
the first I.F. amplifier tube. It will be observed that a balnnoed mixer 
utilizing a magic tee is employed. This type of mixer has been discussed 
thoroughly by Pound* for radar applications, but its application to radi¬ 

ometers has not been discussed in detail. 

The familiar advantages of the magic tee balanced mixer are* 

1. Reduces local oscillator noise contribution to overall 

receiver noise. 

2. Prevents received signal from being absorbed by local 

oscillator coupling line. 

3. Reduces coupling of local oscillator signal to antenna 

line. 

k fow remarks concerning the magic tee itself may be in order. Power 
introduced in the L. 0. arm divides equally between the co-planar arms 1 
and 2, whereas essentially none of the L. 0. power appears in the antenna 
line. There is a phase difference of 130 between the L. 0, wave in arm 
1 and the wave in arm 2. Power introduced at the antenna arm also divides 
equally between arms 1 and 2 with no phase difference existing between the 

waves in these arms. 

In the conventional operation of the balanced mixer the signal from 
the antenna boats with the L. 0. signal in the crystals to generate a 

5R. V. Pound, "UICROWAVE I-IXSRS1', Vol. 16, KIT RAD. LAB. SERIES KcGraw Hill 
Book Co, How York, 1943 
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signal at the beat frequency« Since the phase of the L, 0. signal incident 
on one crystal is different by 180° fron that incident on the other, the 
beat frequencies generated in each crystal will also differ in phase by 
180°. The two beat frequency voltages are added in a push-pull transformer 
which couples the two crystals to the single ended boat frequency or I.F. 
amplifier. 

In general, local oscillator noise power which is also incident on 
each crystal, beats with the fundamental frequency of the oscillator to 
generate noise sidebands. These would contribute noise at the desired 
boat frequency, unless the beat frequency chosen is sufficiently largo 
compared to the noise spectrum of the local oscillator. In this typo of 
mixer, however, the boat frequency voltago arising from local oscillator 
noise will bo in phaso, thereby cancelling in the push-pull transformer 
circuit. 

Referring again to Fig, 3,1, tho admittance presented to the input 
terminals of the mixer when tho reference wheel is terminating the antenna 
lino may be slightly different than tho admittance presented when tho wheel 
is removed and tho antenna terminates the lino. In practice it is diffi¬ 
cult to maintain a V.b.W.R, less than 1,08 looking from tho mixer toward 
the antcnna-roferonce wheel combination for all positions of tho wheel, 
Tho R,F. admittance presented to tho input terminals of the mixer will, 
therefore, vary in synenronism with the reference wheel. 

This variation of R,F, admittance at the input terminals produces a 
variation of tho I.F, admittance at the output terminals of the mixer, 
which, in turn, causes tho noise power input to the I.F, amplifier to vary. 
Since the admittance variation occurs in synchronism with the insertion 
and removal of the reference wheel, tho reading of tho output meter on the 
radiometer will bo influenced. Unfortunately, this effect is serious 
enough to cause large errors in tho moasuromont of the noise power inci¬ 
dent on tho mixer. 

This effect can bo minimized, and in some cases entirely eliminated, 
by the addition of a phaso shifter between one crystal and tho symmetry 
plane of tho raagic tee. In practice, the phase shifter is adjusted until 
tho electrical length from one crystal to tho symmetry plane is one quarter 
wave longer than tho olectrical length from tho other crystal to tho sym¬ 
metry plane, 

A possible explanation of tho effect of the phase shifter will now be 
presented. 

Fig. 3.2 is a simplified diagram of tho mixor with the addition of tho 
quarter wave section botwoon ono crystal and tho symmetry plane of tho 
magic too. The addition of the quarter wavelength section does not affect 
the phaso of the I.F, voltago produced at the crystal since tho increase 
in line length is small compared to a wavelength at the I.F, frequency. 
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"— L. 0. PAD 

Figure 3.2 

Tho power proront in arm 4 of the aixor consists of noiso jenertted 
by tho matched tomination and tho reference whool. Since tho band\;idth 
of tho R*F. conpononts is -any tines creator than the bandvddth of the I.F, 
amplifier, there will be two bands of energy converted to tho I.F. fre¬ 
quency. Although tho R.F, frequencies of interest ccipletcly cover those 
two bands, it will bo sufficient to consider a single frequency in each 
band. 

Lot the local oscillator frequency bo o>j the signal frequency, a; tho 
imago frequency, y; and the IJ-1, frequency, A 

Thon a = a; ♦ /S 

y - u> - ß 

It is an established ..act that the I.F, voltages produced at tho 
crystals, as a result of tno beat between a and u and between y and w will 
causo the a.F. adedttanco of the crystals to vary at a frequency ß. This 
admittance variation will cause part of tho incident power to bo reflected 
from the crystal at each of the throo frequencies a, y, and o>, and since 
the crystal admittance is being nodulated at a frequency fi each of tho re¬ 
flected components will also be .lodulated at the frequency ß, 

Tho power incident on tho crystals at frequencies a and y is very snail 
initially and the percentage of this power reflooted at tho crystals is alsc 
s,aall. m view of this, it seems quite acceptable to neglect the reflected 
components at theso frequencies. The local oscillator power incident on 
either crystal is very large compared to the signal and image power. In 

Ca0J r'-^:'rcncc wheel and matched load at room tempera tur ; 
1293 h) the local oscillator powor delivered to each crystal is 10*10 times 
greater than the power generated by the reference whool or matched load. 
Thcrjforo, tho most Important reflected component will he that at the local 
oscillator frequency a>. Since the reflected component of t* is jodulat'd at 
frequency ßt there will be two frequencies in the reflectad wave which must 
be considered, namely u*ß and urfi, t/hich fro a the definitions above, are 
équivalant to a and y. 
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It will be considered, then, that uß a result of the nodulation of 
the R.F. admittance of the crystal, the local oscillator wave incident on 
each crystal will produce two new waves of frequency a and y traveling 
toward the synnetry plane of the mixer. If these waves arc again reflected 
toward the crystals by some discontinuity in the nixer plumbing they will 
again boat with the local oscillator wave to produce a voltage at the I.*‘. 
frequency ß. The phase of this voltage may bo such as to add to or sub¬ 
tract from the I.F. voltage resulting from the power generated in the an¬ 

tenna lino« 

It is felt that this is the phenomenon which gives rise to spurious 
output rioter indications. Specifically, the waves reflected from the 
crystals return to the antenna line of the mixer. The admittance at the 
input terminals of the mixer varies at a frequency determined by the speed 
of the reference wheel; hence, the ro-reflooted waves will have a low fre¬ 
quency modulation imposed on them corresponding to the rate of variation 
of the input admittance. This will give rise to a voltage at the output 
terminals of the mixer which will be of the same nature as the desired 

voltage. 

The addition of the quarter wavelength section between crystal (l)and 
the syrmotry plane is such that the reflected waves from the crystals ar¬ 
rive at the symmetry plane with a pliaso difference of 180 , thereby can¬ 
celling the unwanted effect. This can bo shown with the aid of vector 

diagrams. 

The vectors representing the local oscillator and signal voltages at 
two points in the crystal arms equidistant from the symmetry plane are 

shown in Fig. 3.3a. 

lm SI* 

V X 

In sil 

Figort 1. 1* 

In 

In 
(21 

L.O. 

» * 
Si« 

111 

Pifar* 3. 3t 

The tiro vectors representing the local oscillator 
voltage differ by 130° since the local oscillator is 
connected to the 3-arn of Tihe magic tec. The small 
vectors representing the signal and image frequencies 
point in the sane directions since these signals are 
introduced at the H or shunt arn of the magic to;. 
The image and signal vectors rotate in opposite di¬ 
rections at the intermediate frequency, £, since both 
the image and signal frequency differ from the local 
oscillator frequency by this amount. 

In Fig. 3.3b the conditions existing at the crystals 
are shown. The local oscillator wave at crystal (l) 
has boon retarded by 90° because of the quarter wave¬ 
length section. As pointed out previously, the I.F, 
voltage developed at the crystals as a result of the 
signal and imago waves boating with the local oscil¬ 
lator wave results in a portion of the local oscil¬ 
lator wave being reflected with a modulation at the 
I./. frequency imposed on it. This state of affairs 
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S if Im 

Pifare 3. 3c 

is the same as shown in Fig, 3•3b, By the time the 
reflected waves reach the symetry plane of the mixer, 
the phase of the waves from crystal (l) have been de¬ 
layed another 90° with respect to the waves from 
crystal (2). Thus, the signal and image waves gener¬ 
ated by each crystal reach the symmetry plane 180° 
out of phase, as shov/n in Fig. 3.3c. 

There is no assurance that the waves generated by each 
of the two crystals will be of equal amplitude, 
neither will the electrical length of various crystals 
be equal. The latter effect can be compensated by 
substituting a line stretcher or phase shifter for the 
quarter wavelength section. Since the waves are not 
necessarily of equal amplitude, the proper adjustment 
of the pliase shifter will, in general, only minimize 
the spurious output meter readings. 

Fig. 3.4 demonstrates the effectiveness of choosing the proper line 
length between the symmetry plane of the mixer and the crystals. The data 
for this curve were taken by inserting a mismatch (V.i.U.R. = 1,3) between 
the antenna termination and the modulating wheel. The upper and lower 
curves represent the maxima of the radiometer output as the phase of the 
mismatch was varied over a half wavelength. 

The abscissa of the curve represents arbitrary settings of the phase 
shifter. At the proper setting of the phase shifter indicated by the 
minima of the curves, the effect of varying the mismatch by a half wave¬ 
length is very small. 

To simplify the adjustment of the phase shifter, the crystal cartridges 
should be well matched to the mixer. Otherwise, adjustment of the phase 
shifter will vary the local oscillator power to the crystal, causing a wide 
admittance variation. 

Fig. 3.5 is a photograph of a representative radiometer mixer such as 
described in this section. Both crystal holders are tunable and can be 
detached from the magic tee for tuning. A variable matched attenuator is 
provided for adjustment of local oscillator drive. 

3.1.2. IiFtlJteBUag£g 

The work done on intermediate frequency amplifiers was centered around 
the design of input circuits for coupling from a push-pull, or balanced 
crystal converter configuration, to the input tube of an I.?, amplifier. 
The .aain reason for concentrating effort on this section of the I.F. ampli¬ 
fier was an attempt to realize as low an I.F, noise figure as possible, 
consistent with the wide bandwidth desired. As was shown in Section 2.2,1,, 
it is rather doubtful if there is justification in concentrating too much 
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effort towards improving the noise figure beyond 1.5 times, especially 
when the quality of crystals obtainable for operation in the K-Band region 
is considered. However, as might be surmised, it does require some time 
and effort before it is possible to realize even an I#P,Snoise figure of 
2 times when the I.F. bandwidth is of the order of 8 mc/s centered at 

30 rac/s. 

The I.F. admittance of a typical microwave crystal converter may be 
represented by a parallel circuit containing a capacitance and a resistance. 

The capacitative component depends upon the mechanical design of tne 
converter and generally ranges from 5 to 25 uuf. The conductive component 
is a function of the local oscillator drive and of the r.f. tuning of the 
converter; it varies over a fairly large range from one crystal to another. 
For usual operating conditions, that is, with local oscillator drive of 
such a value that the rectified crystal current is about 0.5 ma., the 
conductance, £?,, varies from l600 to 5000 microrahos. For the IN 26 crystal, 
it is generally assumed to have a nominal value of 2200 raicromhos. 

The input admittance for conventional grounded-cathode amplifiers 
is determined by the grid-ground capacity, which is composed of actual 
tube, socket, and wiring capacities. The conductive component, iy, 
consists of transit-time loading, cathode-lead-inductance feedback, and 
loading due to losses in the input circuit. Cathode-lead-inductance 
loading, which does affect the input bandwidth, can be considered to be 
zero for noise work. Loading due to losses in the input circuit can be 
kept low enough to be negligible by good design if the unloaded Q*s of 
the windings are of the order of 100, Transit time loading, however, 
greatly exceeds all other loading at 30 me. and higher. At 30 me, the 
transit-time loading for a 6 AK5 tube is about 12 micromhos. 

(Pf - 83,000 ohms). 

The primary purpose of an input coupling circuit is to supply the 
necessary impedance step-up between the crystals and the first amplifier 
tube to achieve as low a noise figure as possible, consistent with the 
dosired bandwidth. The only input circuit configuration that is applicable 
for connecting push-pull crystals to a single—ended input amplifier is a 
transformer employing two series connected primaries whose associated 
secondaries are connected in parallel. The transformer should not be 
affected by a lack of balance in the I,F. admittances of the crystals 
and should possess sufficient balance in the primaries to allow suppression 

of local-oscillator noise. 

The effect of shot-noise on amplifier noise figure decreases as the 
input—circuit impedance level is increased, whereas the effect of active 
grid loading on noise figure increases as the impedance level is increased. 
At frequencies where transit-time loaaing is not negligible the minimum 
noise figure will increase and the optimum transformed source impedance 
(that value required to make the noise figure a minimum) will decrease 

as the frequency increases. 
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The variation of noise figure with transformed source resistance, 
or step-up may be obtained from equation 3.1, e.g., 

Rt 
SF = 1 + 0 — ♦ rr 

Rg Rg 

3.1 

where* Rs ~ transformed source resistance 

ft- 
$ 

Rt 

0 

the vacuum tube loading due to transit-time and lead 
inductance effects« 

= equivalent noise resistance7 of the input tube« 

= a constant equating the noise due to active grid loading 
to the noiseqfrom a resistor at the reference temperature 
f0. It is generally assumed to be 5« 

For a pentode connected 6 A*5, R, equals approximately 83,000 oh^! 

at 30 me, and Rt equals i860 ohms. Fig^e°3«6, the optimum 
using the values indicated above. to c;000 ohins for the 
transformed 30f is about 2^00 otuos with 
pentode connected 6 AK$. At &0 me*/nis ghould be noted at this 
the minimum noise figure being ab 3.5 • f triode connected 
poiht that the attaiment 

bandwidth6and^lower^noise figur2 than d^a the aame tube 
connected as a pentode« 

Yfallman has shown8 that an input stage configuration consisting °f 
a grounded-cathode triode followed by a triode yields 
much lower noise figure (1.6 db for a 6 me bandwidth f 30 me) than 
Ko rvhtainrd bv using a pentode connected tube, ouch a system was 
risked but3due to the embaáis being directed towards the Radi« 
constructe , Knfnrp a satisfactory unit was finished. Sextant this work was suspended before a satisiac^uijr u. 

.Hopper añd~Uiller, «DESIGH OF RADAR I.F. AéPWFffiRS", Proc IRE, November 

19U7 

7D. o. North, "FLUCTUATIONS IN SPACE CHARGE CONNECTS AT MODERATELY HIGH 
FREQUENCIES", RCA Review, 19U1-U2. 

•Nallmn, Uacnee, and Gadson, "A MU NOISE A..1PLIFIER," BE, Vol. 36, 

June 19U8, PP* 700-700« 
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Although the noise figure deteriorates rapidly for low values o£ lts> 
it is sometimes necessary to operate at a value somewhat lower than the 
optimum in order to realize the bandwidth desired* 

In the design of most interstage transformers for I.F. amplifiers 
of considerable bandwidth, both the primary and seconda, are loaded 
with a resistance and generally the primary and secondly Q»s are either 
equal or differ by a small ratio. It is undesirable from the standpoint 
of noise figure to incorporate any secondary loading in the input trans¬ 
former and consequently it is not possible to employ the general high-Q 
theory in this type of design. For wide-band applications the transi¬ 
tionally coupled lovM} theory* is applicable. This theory has been 
developed for the case when the primary and secondary Q's are low and 
equal and for the case when one of the Q*s is infinity. The latter C^SÇ 
is applicable to the design of input transformers when the secondary Q is 
unloaded and very high (100 or so). Transitional coupling is that which 
yields a maximally flat pass-band; it is somewhat higher than critical 
coupling (the coupling which yields maximum secondary voltage). 

The circuit arrangement shown in Figure 3.7 is the general form 
used for connecting a push-pull converter to the input of a single-ended 
amplifier. All the formulas for the conventional single-ended input 
transformer apply if is twice the value calculated for the single-ended 
transformer. Under these circumstances it is necessary to consider only 
one-half of the transformer in the design procedure. It should be pointed 
out that Gn does not represent a physical resistor but represents all 
the conductances on the secondary side of the transformer lumped together. 

Figure 3.7 

•Valley and Wallman, "VACUUM TUBE AMPLIFIERS", MIT Series, Vol. 18, 
Chap, 5, McGraw Hill Book Co., New York, 19U8. 
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In the trial design of a balanced input transformer the value of 
the mixer conductance and the value of primary and secondary capaci¬ 
tance will generally be known, and this is sufficient to start the design. 
For the IN 26 crystal, GA has a mean value of 2000 microrahcs and for 
the 6 AKS, the total secondary capacitance is about 7 uuf. Assume that 
the primary capacitance, C., equals 25 uuf and that the I.F. amplifier 
center frequency is to be 30 me. The midband transformed source conduc¬ 
tance Cs 0 then becomes. 

or 

The 3 db 

CB CA 7 x x 2000 * 10“* 

SCj 2 x 25 x 10”12 

—T— = 3600 fi 

bandwidth is then: 

280 /¿mhos. 
3*2 

/3 S, 
2tt Cß 

1.4 x 280 x 10"6 
— % 9 me 

6.28 x 7 x 10-12 
3.3 

If the input network is transitionally coupled, (K2 Qj = 1/Z) 
the coefficient of coupling may be found from the following equation. 

K 
Ga 2000 x 10 "î r\-6 

f 2* CA sj2 6.28 x 30 x 106 x 25 x 1CT12 x \fï 

and the primary Q, QA becomes. 

0.294 

3*U 

/ 0.5 

^ = ^36 3,5 

In a double tuned circuit, the optimum transformed source conductance 
can be achieved either by increasing r.» as shown in equation 3.2, or by 
decreasing g. Increasing CA has the disadvantage of increasing the 
primary coil loss conductance. If g has to be decreased much below 
transitional in order to increase the transformed source resistance to 
optimum, the shape of the response curve of the input circuit approaches 
that of a single tuned circuit* Under these conditions, for a given G , 
the bandwidth is appreciably less than when CA is increased and the ' 
coupling kept transitional. The midband transformed source conductance 
can be written as 

ff2 (2* f0)2 CA Cg 

1 Loc. Cit,, Section 13.lU 
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so that as increases, the bandwidth decreases, approaching that of a 
single tuned circuit, nhilc the transformed source conductance decreases 
causing Rs to increase and approach the optimum value, consequently, 
the choice of cither adjusting the transformer for minimum amplifier noise 
figure or maximum bandwidth is apparently presented. It is possible, 
however, to increase the bandwidth with but a small increase in the noise 
figure by adding cathode-lead inductance in the first stage*.. 

In transitionally coupled, double-tuned, circuits of large fractional 
bandwidth, it is necessary to tune the primary and secondary coils to 
frequencies lower than the center frequency f , From the analysis of 
C. P, Gadsden1 * the ratio of primary frequency to center frequency, for 
the example above, is f,/f0 5 0#99 and the ratio of secondary frequency 
to center frequency is s 0,96, Therefore the primary, with the 

secondary open-circuited, will resonate at 30 x 0,99 = 29,7 mc/s and the 
secondary with the primary open-circuited will resonate at 30 x 0,96 s 28,8 
rac/s. Using the known values of primary and secondary capacitance,- the 
primary and secondary inductances will be LA = 1.14 ßh and U = 4. 35 uh. 
Since two secondaries are placed in parallel they should be mide twice as 
large as the calculated value, or 8.7 It should be realized that this 
design is only approximate at best, and empirical adjustments are neces¬ 
sary before a satisfactory transformer can be obtained. 

The transformer assembly is shown in figures 3.8 and 3.9. To reduce 
capacitativo coupling, adjacent ends of the primary and secondary coils 
are made to operate at RF ground potential. The by-pass condenser 
between the two ends of the primary coils insures their operation at the 
same potential, while isolating the d.c, returns for the two crystals. 

Since the outer ends of the primary and secondary windings barely 
contribute to the mutual inductance, the self-inductance of the individual 
primary and secondary windings can be conveniently adjusted by varying the 
spacing of the outer (grounded) few turns. It is convenient to use a 
Q-meter for these adjustments since the actual frequency and capacitance 
can be simulated. The Q-meter also provides an easy means of empirically 
determining the coupling coefficient after the primary and secondary 
inductances are adjusted to their correct values. 

winri-inoB dielectric fin separating the primary and secondary 
windings of each half of the transformer is determined experimentally for 

for ®0^1;ing ^ocffi5io"t desired. Besides providing uniformity of coupling 

IZn lt* TlX<T ? th? transfori*>r (U' the primary and secondary wind- 

inside rtnd^s! ^ “ alS° 30™s as a Uc-Point f°r the 

11 Loc. Cit. Section 5.5 
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The filters in the ground potential ends of the two primaries 
prevent any I.F. signal power from being delivered to the crystal current 
meters and they also present a large attenuation to any signal that might 

be picked-up on the crystal current meter leads. 

Figure 3.10 is the complete circuit diagram of the I.F, amplifier 
employedin the Radio Sextant and the 1,25 cm. radiometer. The amplifier 

employs 6AK5 pentodo connected tubes arranged to form a s^erod‘ 
triples at a center frequency of 30 me. and a bandwidth of about 6 • 
The amplifiers were originally constructed by the Galvin Co. and we™ 
modified in this laboratory to accommodate the balanced input transformer. 

The overall amplifier gain is around 90 db. 

A matched line noise generator 12 and associated equipment were 
constructed for measuring the noise figure of I.F. amplifiers* Th® 
measured noise figures varied from 3 to 5 db, when the overall ^ndwidt 
was approximately 8 me. These values are somewhat higher than the minimum 
obtainable, as shown in figure 3*5, and are a result of the transformed 
source resistance being too low. This is the penalty paid for the wide 

bandwidth. 

The operation of the present I.F. amplifiers has disclosed several 
faults in their construction. Due to the extreme sensitivity of the I.F. 
amplifier and the relatively poor decoupling in the plate, gain control, 
and filament lines, considerable disturbances were present in the output 
meter of the radiometer when interfering signals lying in the I*F. pass- 
band were present. Any transient current, resulting from the switching 
of other devices! also affected the output meter. By adding more filtering 
in the plate, gain, and filament lines, in the form of pi-filtors, the 
external disturbances were reduced to a negligible value* It was also 
found essential that all leads entering the amplifier be well shielded 
and well grounded at only one point, prior to entering the amplifier, to 

prevent ground current loops from being formed. 

As a result of theoretical considerations made of the diode detector 

and of measurements made on its operating level, it is felt that more 
gain could profitably be incorporated prior to the detector in order to 

insure its operation in the linear region. 

3.1.3 Audio and Meter 

It has been pointed out in previous sections that the output of 
the second detector of the I.F. strip is an a.c. voltage which is propor¬ 
tional to the temperature difference existing between the reference 

12 Yardlcy Beers, "NOISE FIGURES ANj THEIR MEASUREMENTS", RADIATION 
LABORATORY REPORT #71*6, July 19U5. 
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attenuator and the antenna termination. The frequency of this voltage 
determined by the rate of switching from reference attenuator to 

?! a!?io araplifier following the I.F/ amplifier is therefore 
in ÏL t0 íhÍ! ra°dulation frequency so that other frequencies present 

the noise output of the I.F. amplifier will be effectively removed. 

. is a diagram of a suitable system for amplifying the 
desired modulation from the diode detector of the I.F. amplifier! 

mnHnW?nyi- ^ ^ consists of a band Pass amplifier tuned to the 

forTiv^ HTS meter!0 dCtQCt°r’ “ d,Cl ^liiicr 

^ inuth4S particular amplifier, the band pass characteristic is 
obtained by degenerative feedback through a twin-T network connected 

thí Lml?? * fld ? thC firSt tube* By an appropriate design of 
amplifier and tvan-T network, the pass band can be readily controlled. 

The tvdn-T network is a band rejection filter which can be tuned 

fpArîr7 S?ar£ nUl1’ SinCe frefiuencies other than the null frequency are 
fed back out of phase to the grid of the first tube the amplifie? rospo^e 

of^h? ^ frf?fncy# Fie* 3'12 is the response curve oi the first stage oi the amplifier shown in Fig, 3,11, 

arnnHfi? f?01*31 11 is.not desirable to make the pass band of the 
wS^hrAffA1^ S1?Ce SlÍght chan^es in the filter characteristic 

h n af^t the output of the system. The bandwidth of this ampli- 

to thpafi!°?tr0l?d ASimply Varyinc the'magnitude of the feedback voltage 

litáis foXâ ZtlT OÍ 5 cycles Proved 380 
thC moSt :jnPortant functions of the tuned stage are the 

Odd ha???niL6 nC?S and °dd harraonic voltages of the modulatiL frequency. 
Odd harmonics will cause an undesirable output from the phase detectors/ 

the 6si7hnhÍ!S! det!ctors> consisting of the two ÓSJ7 tubes following 
theô^phase inverter, give a d.c. output from the a.c. modulation 6 

the S?utmsi??a! °" A:ir ?ontro1 ^id* This is accomplished by beating 
?? signal Wlth iho signal from the reference generator which is ^ 
r^í: a ln synchronism with the reference wheel. Since the phase of the 
d"?!+nCe f®.nerator signal remains fixed, the d.c. output of the phase 
detector will reverse polarity for a reversal in phase of the input simal 
This provides the "hot" and -cold« sense of the radiometer- an uqiivaS 

vUlTl m?Sier?íUre ?? iS lli3S than refercnce wheel temper^tire1^!!! 
y -Id a meiulation voltage differing in phase by 180° from the modulation »Äi tsr “ ^ 
R.C. filte/nctS folí^g^he^e dot^W^L^rto^mooth^ho 
d*0* outPut* The bandwidth of this low pass filter determines, in part, 
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the maximum sensitivity of the instrument. Reduction of the bandwidth 
lov/crs the minimum detectable signal, but at the expense of measuring time. 

The current amplifier which drives the meter is a conventional 
vacuum tube voltmeter circuit. A reversing switch is provided at the 
meter terminals to allow the use of the complete meter scale for either 
"hot" or "cold" readings. 

It will be observed that provision is made for introducing a small 
portion of the voltage from the reference generator to the input of tiie 
amplifier. By properly selecting its phase, the voltage introduced will 
tend to cancel the signal voltage supplied from the I.F. amplifier. 
This is equivalent to off-setting the «zero” of the output meter. It is 
accordingly very convenient for measuring small changes in equivalent 
antenna temperature when the background temperature is either very high 
or very low, 

3.2 SYSTEMS 

3.2.1 3.2 mm Radiometer 

A radiometer operating in the millimeter wavelength range would 
have two virtues} Its antenna would bo capable of great resolution 
with nominal antenna dimensions, and the operating wavelength of 3.2 mm 
would coincide with the next unexplored minimum of atmospheric absorption. 

As no continuous wave 3,2 mm, oscillators were available for use 
as a signal generator or local oscillator, the first step in the construc¬ 
tion of such a radiometer involved the generation of 3.2 mm. power» It 
seemed that the most simple way to obtain such power was to use the appro¬ 
priate harmonic generated by a crystal that was being driven by a lower 
frequency oscillator. 

The first experiments in this direction were made, using a IN26 
crystal driven by a 2K-33 oscillator operating at a wavelength of 1.2 cm. 
Since tne crystal unit in the IN26 is mounted in a co—axial cartridge 
the 1.2 cm. power was introduced through a co-axial line. The center 
conductor of the co-axial line passed through the wave-guide intended to 
propagate the Uth harmonic of 1.2 cm. 

Two of these harmonic generators v/ere constructed to facilitate 
inspection of the various harmonics produced. The method used was 
similar to the well-known spectrum analyzer technique employed at lower 
frequencies. 

In this instance the small waveguides carrying the harmonic power 
ware coupled together and the frequency of one of the fundamental oscilla¬ 
tors was swept by applying a saw-tooth voltage to the reflector. The 
I.F. output terminals of one of the harmonic generators was attached to 
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the I#F« input terminals of a conventional K-band spectrum analyzer« The 
fundamental oscillator driving the other harmonic generator was not swept« 

The waveguide carrying the harmonic power (dimensions 0,110" x .055" 
I«D«) passed the 3rd and higher harmonics, A pip could be expected on the 
screen of the spectrum analyzer for each harmonic above the second that 
was present, for at some part of its sweep the swept oscillator would 
produce a harmonic that differs from the harmonic produced in the other 
generator by the I,F, frequency. 

Several IN26 crystals were tried as well as positive and negative 
d,c. bias on each generator, but no fourth harmonic of 1,2 cm, could be 
detected. The third harmonic and a small amount of second harmonic were 
easily detected, however. 

The absence of fourth harmonic power may have been due to the effects 
of higher modes in the co-axial line of the crystal cartridge since the 
unit was designed for the 1,25 cm, wavelength region. At this time 
oscillator tubes operating in the wave-length range of 6 to 7 mm, became 
available and it was decided that better results could be obtained by 
utilizing the second harmonic cf a 6,1¿ mm, oscillator. 

Since the IN26 cartridge was not designed for shorter wavelengths, 
it seemed logical that better results could be obtained by mounting the 
crystal parts directly in the waveguides,' 

A sketch of the harmonic generator constructed for generating the 
second harmonic of6.U ram, power is shown in Fig, 3.13. A detector was 
also made by mounting the silicon and whisker assembly directly in a section 
of 0,100" x 0.050" 1,D, waveguide« 

To facilitate detection of the harmonic power, the fundamental oscil¬ 
lator was amplitudi modulated with a 1000 cycle square wave. This allowed 
the use of an a.c. amplifier for detecting the 1000 cycle envelope of the 
harmonic power. 

Using silicon slabs and whiskers (1.5 mil tungsten wire) from IN26 
cartridges in the mount shown in Fig. 3.13, the 2nd harmonic r.m.s. voltage 
measured across a ^>00 ohm load connected to the detector crystal was 70 
to 100 microvolts. As no iacilities for measuring absolute power levels 
at either the fundamental or harmonic frequency were available, no estimate 
of efficiency could be made, except that it was obviously very low. The 
power from the fundamental 6 mm, oscillator was sufficient to yield one ma. 
of recti!ied crystal current at the generator crystal. Biasing the genera«, 
tor crystal with a battery in the direction which increased the crystal 
current increased the harmonic output by 2,5 db. 

The type of construction described above is certainly limited to 
laboratory equipment. For field equipment the stability of the crystal 
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«»its and the oscillator «o«ld not he ^ “ough ^ 
fact tnat the «hisker pressure on the sjliconslah oi ry^ _ ^ 

r^ÄÄ^ertloe are not very powerful cr stable, 

H 'Q. Worth of the General Electric Company has described 13 some 

experiments involving the ^ leldS ™ntact germanium 

sãs«' r4 “SÇ—ïS-rrrr "ion 
from a fundamental wavelength of 1.2 cm. 

on the basis of these results, the welded germanium unit seems to 

ÄrÄsrÄÄ 
the Klystron oscillators developed ««ing more stable, 
times more powerful than the o «11 as 
Although the third harmonic produced by » nnystal ill^ fundan>enU1 

oscillato^and^added°stability of the crystal unit mould more than offset 

this disadvantage, , 

„ u K... 
I 

3t2,2 S~Band Radiometer 

The design* of a radiometer operating in the wavelength region from 
9 to 11 cm. ^undertaken. It was intended that Radiometer be used 
with the 8-foot paraboloid antenna furnished with a 615 B radar 

At wavelengths in the vicinity of 10 cm., the noise spectrum of 

Kiystron oscUlators is narrow, ^ ^Te local oscillator 

more there is very little exc^ reason a balanced magic tee mixer 
to over-all receiver noise. For this reason, <* u<*xam. & 
WLd have been unnecessary at this wavelength except for the fact that 

“i ?kr¿ 
üo^s if prKir-rl -rCTt Phis «vclength because the conversion 
lisS of the crystals is less than at the shorter vavelengths. 

uH.a. Korth, “A CMPARISON OF SILICON AMD GEMAMIUM 
AS HARMONIC GENERAT CHS OF U mm. AND 6 mm, mVES. 

January 19U6. 

MICROWAVE CRÏSTALS 
G.E, Report l5j 

* This radiometer was designed according to the general desir^n information 

given previously in Section 3*1 
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Fig* 3*lU is a photograph of the r,f, components constructed for the 
S-band radiometer. ’.Vaveguide was used throughout even though it made the 
over-all size much larger than it would have been if co-axial lines had 
been used. This was done to aid in the construction and tuning of the 
component parts. 

A magic tee mixer was employed with an E-bend in each crystal arm 
so that a phase shifter# could be inserted between one crystal and the 
symmetry plane of the magic tee without separating the I.F. output termi¬ 
nals of the two crystals an undue amount« Each crystal holder was detach¬ 
able and complete in itself so that it was matched easily before it was 
connected to the mixer. 

The local oscillator assembly was all mounted on one piece of wave¬ 
guide which was attached to the E-arm of the mixer magic tee. The local 
oscillator was a 2KU1 Klystron nihich was coupled to the waveguide through 
a co-ax to waveguide transition. The attenuator which controlled the 
local oscillator drive was a section of IRC resistance strip mounted inside 
the waveguide in a manner which allowed motion of the strip across the 
guide, A wavemeter was attached to the remaining Klystron output co-ax 
for frequency monitoring. 

The reference wheel shown in the photograph was made up of two 
circular sections of IRC resistance strip clamped together. The first 
section was made of 500 ohms per square and the second was made of 800 
ohms per square material. The diameter of the wheel was 5 inches. The 
laminated construction was used to minimize the wheel diameter required to 
maintain a match for all wheel positions. This wheel resulted in the 
proper attenuation characteristic, but the V.S.W.R. looking into the 
reference wheel section was 1,25 in the worst position, a value too high 
for satisfactory operation. Further experiments indicated that a larger 
wheel diameter was required. 

The r.f. components shown in the photograph were the only components 
specifically constructed for the S-band radiometer. No great emphasis 
wa.i put on this radiometer because oí the demands of the radio sextant, 

3.2,3 K-Band Radiometer 

The K-band radiometer was the first radiometer constructed} nearly 
all the designs were first tried in this set before they were incorporated 
into other equipment. The fact that this set operates at a wavelength that 
is near the peak of the water absorption band, with consequent contribu¬ 
tions to the output from the atmosphere, makes reduction of data rather 

* A phase shifter of the magic tee type, rather than the excessively 
long dielectric type, was used. 
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complicated. This aspect is not always undesirable, however, A large 
amount of useful data have been obtained with this radiometer. 

The design of the K-band radic.meter follows that discussed in 
Section 3,1, All of the r.f, components were made in 1/2" x l/U" 0,D, 
standard waveguide. The mixer follows the special design outlined in 
Section 3,1,1; the phase shifter used consists of a tapered slab of 
polystyrene which can be moved across the v/aveguide. The reference wheel 
consists of a circular section of UOO ohms per square resistance strip 
which is 3 inches in diameter. This section is mounted eccentrically on a 
shaft so that at one position the wheel dips almost completely into the 
v/aveguide through a slot cut in the wide face of the guide. One—half 
revolution later the wheel is out of the guide with the edge of the wheel 
being even with the inside surface of the top of the waveguide. Since 
the wavelength is short, the 3-inch diameter wheel remains reasonably 
well-matched (Max, V.S.W.R. ■ 1,07) for all positions in the guide. 

Fig. 3.15 is a photograph showing the radiometer r.f, and I,F. 
components mounted in a box. The box serves both as an electrical shield 
and a thermal insulator since it is desirable to maintain the reference 
wheel at a constant temperature,* It is also desirable to maintain the 
température of the local oscillator at a fixed value, since this, in 
conjunction with a well-regulated power supply, practically eliminates 

frequency drift. 

It is extremely important that the I.F. amplifier be very well 
shielded and decoupled from its supply lines or that the entire box con¬ 
taining the radiometer act as a good shield, with all incoming leads fil¬ 
tered for frequencies that are passed by the I.F. amplifier. 

The control console for this radiometer is shown in Fig, 3,16* The 
top panel contains two 0-1 ma, meters for monitoring the local oscillator 
drive to each crystal, and the center meter indicates resonance on the wave- 
meter, The second unit from the top is the 30-cycle lock-in amplifier. 
The two bottom units are the I.F. and local oscillator power supplies. 
On the left of the console is an audio amplifier and loud speaker which 
is very helpful in identifying extraneous noise. 

Fig. 3.17 is a photograph of the radiometer connected to a 30-inch 
diamter paraboloid antenna and mounted on an equatorial mount. The hour 
angle axis of the mount can be driven by a synchronous motor for tracking 

celestial bodies. 

It will be observed that the local oscillator tuning knob and the 
wavemeter control shaft are brought out of the box so that control of the 
local oscillator frequency can be effected without disturbing the tempera¬ 

ture equilibrium of the box. 
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The performance of this radiometer is essentially summed up by the 
data given in Fig* 3»18* The data vœre taken by substituting a matched 
termination for the antenna feed horn* The termination temperature was 
increased in steps and the radiometer output recorded on an Esterline 
Angus recording meter* A plot of the data shown in Fig. 3.18 is given in 

Fig* 3.19* 

It is seen that the output meter reading is linear with respect to 
the difference between antenna temperature and reference wheel temperature. 
The linearity of this particular radiometer was checked for large signals 
corresponding to temperature differences of 3000 degrees, and the variation 
of output with temperature difference remained linear. 

The maximum output meter fluctuation encountered in the run appears 
to be equivalent to a +3 degree temperature variation. The r.m.s, value 
of this fluctuation is"*approximatcly 1 degree which is higher than that 
predicted ’ey the equation given in 2.2.1* The reason for this discrepancy 
is not understood. 

The constants for the K-band radiometer arc given below: 

Operating Wavelength - 1.25 cm. 

Type of Mounting — Equatorial 

Antenna Diameter — 30 inches 

Antenna 1/2 power beamwidths 

E plane---- - 1,28 degrees 
H plane----1,17 degrees 

Antenna Gain Relative 
to isotropic - ---Ii2,3 db. 
Receiver noise figure - 1U,8 db. 
Receiver bandvddth --lU me. 
Low pass filter bandwidth - 0,1 cycle 
Modulation frequency ----30 cycles 

The greatest limitation of this and other radiometers, aside from 
the output meter fluctuations, arises when the system is used to measure 
absolute temperatures. Most of the difficulty arises in the calibration 
of the radiometer. If the calibration made with a test load is to apply 
when the antenna is connected, the admittance of the test load and thrt of 
the antenna must be the same, for the reasons mentioned in Section 3.1,1. 
One way to combat this difficulty is to use a high temperature calibrating 
source and a high gain antenna so that the admittance variation effects 
will represent only a small part of the total radiometer output. 
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3.2.U Automatic Radio Sextant 

3*2.Introduction» 

The purpose of this equipment is to provide a means for 
locating the sun under all weather conditions» The automatic 
feature permits continuous presentation of elevation and azimuth 

angles at a remote point» 

The instrument vías constructed about a 36-inch searchlight. 

The major modifications made on the searchlight were the removal ox 
the arc assembly and the addition of a U8-inch diameter paraboloid 
reflector. Fig, 3,20 is a photograph of the modified searchlight. 

An operating wavelength of 1,87 cm, vías chosen for tac 
experimental model since this wavelength seemed to be the best 
compromise between undesirable atmospheric absorption effects 

and excessive antenna dimensions, 

3.2.U.2 Theory of Operation. 

The problem is primarily one of making an antenna automat¬ 

ically folloYi the sun. To accomplish this, some method of obtaining 
error information which telxs the direction that the antenna is dis¬ 
placed from the sun must be employed* The method chosen is similar 
to that used in one of the common types of Automatic Tracking Radars* 
The type of radar referred to employs a conically scanning antenna 
which modulates the reflected power from the target. The phase of 
the modulation imposed on the received signal is then continuously 
compared with voltages generated by a two-phase reference generator 

which is directly coupled to the scanning mechanism. 

Instead of receiving reflected power from a target, the 
radio sextant receives directly radiated power from the sun, but 
the mechanism of modulation due to the conically scanning beam is 
the same as in the Automatic Tracking Radar. In order to obtain 
sufficient power from the sun to operate this system, it is necessary 

that the antenna beam width be of the same order of magnitude as 
the angle subtended by the sun. During the scanning cycle, the 
antenna beam will scan various areas on the sun depending on the 
orientation of the scan axis with respect to the sun. Thus, if the 
scan axis points directly toward the center of the sun* the received 
energy is essentially constant over the scanning cycle. If the 
scan axis is displaced from the center of the sun, the received 
energy will be greater at some points of the scan than at others. 
This results in the modulation of the received signal from the sun. 
It can be shown that this modulation will have a definite phase 
determined by the direction of the displacement of the scan axis 

from the center of the sun. 
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Fig. 3.21 is a block diagram of the radio sextant. The 

signal, received from the sun and modulated by the conically 
scanning antenna, is converted to an intermediate frequency by 
beating it with the signal from a local oscillator in a crystal 

mixer. The resulting I.F. signal is amplified and the .o~ 
tractcd by the second detector of the I.F. amplifier. The modulation 
voltage is amplified in a selective a-iplifier and its pnase compared 
with that of a referen«’'- „anerator which is geared to the scanning 
mechanism* This comparison of signal and reference voltages resul 
in a d.c.-voltage that is proportional to the angular error in one 
plane. To get error voltages in two pianos at right angles to each 
other, the modulation signal is split and compared with the voltages 
generated by a two-phase reference generator, the phases of which 
are 90° apart. The error voltages are used to control amplidyne 
generators which drive the motors positioning the antenna. 

3,2.U.3 Antenna Design 

The requirements of the antenna are that the gain and scan 

angle must be judiciously chosen so that an angular error oí 0, 
degree in the system will yield a large enough modulation oi the 
antenna temperature to permit operation of the automatic positioning 

devices in the sextant. 

This problem was somewhat complicated by the fact that the 

bcumwidth of the antenna must be comparable to the angle subtended 
by the sun.* Therefore, the gain of the antenna is not constant 
over the- desired solid angle and it becomes necessary to solve the 

integral f C( 6, 4>) dû for the various positions of the beam as 

it scans the sun. This work was performed in a general manner and 

reported in Collins Engineering Report No.- lU9. 

Fig. II of CER #lh9 is a plot of the power received by an 

antenna as the antuina beam is swept across a circular source. 
The calculations were made for a particular type of antenna, i.e„ 
a paraboloid reflector illuminated by a symmetrical feed system 
which tapers the illumination so that at the edges oi the reí lector 
the illumination is down by 10 db from that at the center. 

With the aid of this curve, the energy received by the 
antenna at every point of the conical scan for any chosen angular 
error can be determined. A sample plot of the received energy xoi 
tv/o angular errors of the same magnitude but opposite directions 
is shown in Fig. 3.22, It will be observed that the phase oi the 
modulation produced differs by 180° for errors that have opposite 
sense. The peak to peak modulation for various angular errors is 

plotted in Fig. 3.23. 
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The choice of P“*“^“^1 

curves =i'¡U“a¡j0¿Ü*at‘least 3 percent "“f^^tVumetcr of U8 
eter vhich "ouli give ae aboi0id selected has a oia 
radiated W ^ »fPof ih.5 inches. 

lnChC5 ^ choice of the 

et - -• - “• - 
0.37 degrees. ^ antenna 

• oal scan v/as effected by nutating doUbie dipole 

teed is accomplished other end ^ the ™n betveen 

rodt°he ^¿^rÄo^öf '^ii^siLTeä 

fn the " process introduces negligio 

line. . a.!«« center line 
The scan angle is determined ^.^^aholoid. For 

£ sä -s“ 
displacement of tbe ieeu 
scan angle is approximated by ..a« 

_ 14 X Focal Lengtn 
f, .__—- 8 where Q =Lirror Diameter / 

2i' * ^ f th fued with respect to the 
und 8 is the angular displacement of 

paraboloid axis. „,-iar error 

The agreement between the 3.2U. 
vs. relative modulation “^^“^atod and measured peak mo u- 
To make this to unity. The agreement ^ ia: 
lation values ver^ormalited t^ is slightly 

aithough the di ■ cal(;ulat,ed peaks. 
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3*2aU,fc Receiver Design 

The receiver used in the radio sextant is essentially the 
same as used in all the radiometers except that no reference wheel 
is necessary since the modulation of the incoming noise power is 
accomplished by nutating the antenna feed* The design principles 
arc the same as outlined in preceding sections, except that the 
mixer can be simplified somewhat. In Section 3.1.1 it was pointed 
out that admittance variations caused by the rotating reference 
wheel gave rise to a spurious receiver output. Since the nutating 
antenna feed does not cause any such admittance variations the 
phase shifter can be omitted from the mixer. 

The complete receiver including mixer, local oscillator, 
I.F. amplifier and appropriate power supplies are all mounted in 
the searchlight drum as shown in Fig. 3.25. 

It was intended throughout the design to strive for a 
maximum following error of 0.1 degree in both azimuth and elevation, 
rrom Fig. 3.-26 the maximum and minimum antenna temperatures during 
one nutation cycle can be found. For example, the angle of conical 

ßS degrees which indicates that the antenna temperature 
is ö.ö percent of the sun temperature when the sun is on the axis of 
the scanning system. ’.Then the sun is displaced from the scan axis 
by 0.1 degree the maximum antenna temperature will be O.IOUT’ 
rwYTiRutation cycle later the antenna temperature will* be 

* ' ‘sun• The sun temperature at 1,87 cm. wavelength is not known 
accurately but it is probably of the order of 10,000 degrees £, 
Thus, the minimum and maximum antenna temperatures encountered 
during one nutation cycle for an error cf 0.1 degree are 710°£ 
and 10u0u K , respectively. 

The r.m.s. modulation voltage developed at the output of 
the I.F. ampliiier is given by equation 2.52 which is repeated 
here ior convenience. 

f rms 
MSZ r. . ! I*a «i àf.f %!‘/J l% % „- - 

y 
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The values of the various terras in equation 3»6 are* 

= 3.55 

= 2.U2 

= 90 db. 

= 1.38 X ICr2^ joules/mol./Deg. K 

= 293° K 

= 8 X 106 cycles 

= 3 

= 27^30 X 10* ) -~ 
sec 

= 10 X 10-12 farads 

= 0.159 

= 28 times 

= 0.5 

Substituting these values in equation 3.6, it is found that 

Ems % 3.2 millivolts 

This is the magnitude of the desired a.c, output from the I.F. ' 
amplifier when the antenna is displaced 0.1 degree from the sun* * 
Since the nutation frequency is 2U cycles, the modulation frequency 
is also 2U cycles. 

3.2.U.5 Servo Design 

a. Basic Considerations 

k 

o 

h 
Cl) 

c 

éc 

Mrec 

r. 

The design of the servo system for the Radio Sextant 
was based on a maximum following error, in azimuth and elevation, 
of 0.1° when the sun*s velocity in azimuth and elevation is a 
maximum at the latitude of 1*2° N (the latitude of this laboratory). 

The sun*s angular velocity in azimuth and elevation 
is not constant, except under special circumstances} it is therefore 
necessary to calculate the exact range of velocities that will be 
encountered in order to design a servo system that will have the 
dynamic speed range and stability required to follow the sun accur¬ 
ately. 
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Q , . ,, Jí16 transformation between azimuth-elevation and hour 
angle-doc1ination coordinates may be obtained by solving the 

tr^le'", Thc iollo.im formulae are tWlcal of 
ose resulting from applying the general principles of spherical 

trigonometry to this triangle: spaoricai 

sin S 

cos S cos t 

cos 8 sin t 

where $ 

t 

h 

A 

sin h sin <t> - cos h cos 0 cos A 

sin fi cos 0 + cos h sin 0 cos A 

cos h sin A 

the declination 

the hour angle 

the altitude or elevation of the sun 

the latitude of the observer 

the azimuth angle 

3.7 

3.8 

3.9 

"n" ,14.- rr ^ ana J#ö solvcd simultaneously and 

riopcct t^l T^ld. if Tn\lfing ^ rosliltir« expression with respect to í yields the elevation velocity. Ry a similar process 

obtain’d °n cxprcsston ‘he azimuthal «locity 
V I S* ^hT the maximum azimuthal anguUr 

dÄi“Jra^lotain0d “ * fUnCtl°n °f UUtude fOT 

The maximum azimuthal velocity 
at local apparent noon, is UA $ 

max 
which occurs 

and 

COJ 

max 

“A 
max 

15 CSC 0; when 8 s 0° 

_15_ 

Sin 0 - 0.425 cos 0; when 8 = ±23°. 

lar trnin/»-i +U» • ' auuHS maximum values of azimuthal an^u- 

0° and ♦23°y,ItScan la^tudc> for declination angles of 
f be Scon frora thcsG curvcs that becomes 

to Ät?Uo°!a DSr"crîa0ta’p»tnîrtih0 dü°linat”K" is ^ 
would be difficult to^toCC^M^ertrcC“iaLTin0btShTati0nS 

and1?? tht"d°niî'hC Troplc of Cancer and tho Tropic of Capricorn 
nd if the declination were equal to tho latitude Tt 4 p r i+ u 

oihT°r 
conditions, if such discontinuities are objectionable. 
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FIG. 3.28 

ILLUSTRATION SHOWING SUN'S PATH WITH 

RESPECT TO OBSERVER'S HORIZON PLANE 
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The range of elevation velocities has a maximum of 
15° per hour and a minimu® of 0° per hour and possesses no discon¬ 
tinuities such as does the azimuth velocity* For the latitude of 
this laboratory, the azimuthal angular velocity of the sun varies 
between a maximum of U2.50 per hour and a minimum of 9 PC** Jour and 
the elevation angular velocity varies from a maximum of 11*2 per 
hour to a minimum of 0° per hour. 

‘ \ 
When dealing with azimuthal velocities of an antenna, 

there is a subtle distinction which must be made between the hori¬ 
zontal component of the motion of the antenna beam and the rotation 
of the azimuth axis. If the horizontal component of the angular 
displacement of the antenna beam is 6, then the azimuth axis on 
which the antenna is mounted must be moved through an angle —£__ 
where ft is the elevation angle of the antenna beam. cos A 

This fact can be proved very simply with the aid of 
Fig. 3.28 which is drawn for the conditions occurring at one of the 
equinoxes.' Let AQC in Fig. 3.28 represent the horizon plane for the 
observer at point 0 and let APC define the path of the sun, at an 
elevation angle ft, then dß/dt represents the horizontal component 
of the sun*s actual angular velocity taui daldt represents the 
azimuthal angular velocity of the sun. Then, 

cos h - r/y 

y - r/cos h 3*10 or 

d a 3.11 

and so, by substitution of y from equation 3.10t 

r dß da 

3.12 
or 

For this latitude the maximum elevation angle is 71° 
(90° - Lat.+S). If the maximum azimuthal angular velocity is 
42.5° per hour then the horizontal angular velocity of the antenna 

beam, when h - 71° is* 

cos h X 42.5° s 0.325 x 42.5° s 13.8°/hr 

It can also be shown that the angle subtended by POS is 
less, by cos ft, than the angle subtended by QCR, vhich indicates that 
the angular displacement of the antenna beam from the center of the 
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sun, resulting from a finite following error, will be smaller, by 
cos h, than the angular displacement projected onto the horizon 
plane« 

By a similar derivation, it can also be shown that if 
the antenna is directed ahead of the sun along the path described 
by the sun's motion, the velocity at which the sun will pass through 
the antenna beam will be 15 cos 8 degree* per hour* 

The angular velocities in azimuth and elevation (exclud¬ 
ing the azimuth velocity discontinuities) are very low in comparison 
to standard drive motor speeds and consequently it is necessary to 
insert a large gear reduction between the drive motors and the 
mount in order to obtain stable servo operation« The standard 
drive motor speed may be taken as 1725 RPM« It is desirable to 
operate at a speed lower than maximum, when the angular velocity is 
a maximum, to have sufficient speed reserve to allow pulling in on 
the sun after the sun has been located during the search scan* 
Assume that it is desired to operate at 1/3 maximum motor speed 
when tracking the sun at its maximum azimuthal angular velocity of 
U2.50 per hour* The gear reduction needed would then be 

And in elevation where ^(max) =11*2° per hour the 
gear reduction would need to be 

= 1,100,000 to 1 

The 36-inch searchlight furnished as a mount for the 
Radio Sextant was driven in azimuth and elevation by a pair of 
1200 RPM D.C. motors with a total gear reduction of 260*3 to 1 in 
azimuth and 30U to 1 in elevation# . Since this gear reduction is 
much lower than that needed, it was decided to employ those motors 
for slewing and search operation and replace the manually operated 
hand cranks with motors possessing the necessary gear reduction# 
The gear reduction between the mount drive rings in azimuth and 
elevation and their respective hand cranks was 25 to 1 and hO to 1* 
The gear reduction needed between slow speed tracking motors and 
their respective hand crank shafts will be 292tOOP _,, . 

azimuth and 1«100,000 * 27,500 in elevation. 
UP 

A servo drivo system employing amplidyne generators 
and D.C. drive motors was considered to be the most practical 
since this was the system employed in the searchlight and could be 
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most easily adapted to the Radio Sextant. Tho »»tors obtained for 

Tlo. speed' tracking -ere multiple paralld gearhe d U5 » DjC. 

Äft/Srtorf ie ^tcfafl/l H.l. ^ich is 

ÍCÍcrnedt0buth^rêCthfsmaUoS ô«f IvaSle^S a h^h 

if Ä Ä aÂ °à » S b 
which -na 

0.375 that value chosen or or exo 

maximum elevation velocity is 11.2° per hour. This -as not con. 

sidered objectionable. 

The presence of noise or undcsircd distu^ba"£es n 
.. ,rrvo inDut signal is an important consideration in the design 
of^thfaervf loop Characteristic. Input noise causes spurious 

output position fluctuations and can also cause overloading 

the power stages of the servo system* 

Both of these effects are reduced by narrowing the 

ir“. 
Lri0taÄ fllf sÄltaÄ^^ 
Nyquist's criterion of stabUity states that for a system to be 
absolutely stable, the gain curve must cross the zero-db. axis 
a frequency lower*than that at which the phase curve crosses the 
-I80°qphase axis. However, a stabUity phasemargin offr 3 
to 60° at the crossover point and a gain margin of ^° db* £ 
thr nh'ise cross-over point is generally considered good practice, 
îhc Ä aS ar^“f the servo system used -as based on the 
frequency response method. This method depends cssentiaUy on 
construction and interpretation of eraphs representing tho steady- 
state response of the system to sinusoidal inputs covering an appro- 

priate frequency range. 

Figure 3.29 is a block diagram of the servo loop used 

Fig. 3.29 

5U restricted 



RESTRICTED 

■where &t * input signal function 

60 s output signal function 

b - d 60/dt s output shaft velocity 
0 o t 

K = gain of error detector and amplifier in volts/deg. 
£ 

Ka * gain of power amplifier in ma#/volt 

K* * gain of amplidyne and motor in rad/sec/ma* 

The feedback transfer function of this loop is: 

0 o _ 
)(o(ja> Tl +l)Uo> Ti +D()u T} +1/ 

r = KC (jcJ 3.13 

«horr zonal eouals the loop gain, in terms of the velocity error 
constant f the system time constants, and the angular frequency, 
ïhe tSe constants^* T, and T)t associated with Ka and respective¬ 
ly are ap )roximatcly 0.1 seconds maximum, and as such, arc cssen- 
tiilly negligible wilh respect to Tx. The maximum allowable time 
consïanî inlïe error detector and Amplifier ^ is to be determined. 
The reauired velocity error constant, Kv, for a given input velocity 

aGgiven followii^ error e, 1= givenV the follo^ng relation- 

ship* 

K * — 3.1U «V e 

If the maximum following error is to be 0.1° 
rmcmiar volocitv is U2.5 per hour, then* 

—
1 

r\
i 

,¾
 

Î
. 1 

L o.i° J 3600 
* 0.118 sec"1. 3«15 

Figure 3.30 is a plot of loop gain and phase shift 
versus frequency for two values of velocity error constant, 
K - 0.118 and 0.236 see"1 corresponding to following errors of 
0V.1° and 0.05° respectively, *hcn the azimuthal angular velocity 
is taken as h2,$° per hour. Since the time constants, ,2 and 
o*.« r .«sfint.inllv ne eligible, equation 3*13 becomes 

T 

KG (JtJ 
*v 

Ju(ju Tx + V 
3.16 
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The time constant in the error detector amplifier was 
taken as 8 seconds, since this value yielded a U5° phase margin 
when Kv = 0,118 sec"1* When lv is taken as 0.,236 sec“4 the phase 
margin is 36°, which indicates that the system will be stable# 

From equation 3,lU the required velocity error constant 
for a given error and maximum velocity can be obtained# After this 
value has been determined, the total amplifier gain may then be 
calculated from the following expression: 

, = *c 
Av -- 

A’ 
3.17 

where K is the total gear reduction in a given channel (azimuth or 
elevation) of the system. 

As shown in equation 3,17, the loop gain is a constant 
for a particular value of tfv. If the velocity should increase, 
then of course the following error would increase#' It is important 
to realize that the gain is defined by 

Measurement made on the azimuth tracking motor indi» 
cated that for fixed excitation, the slope of the R.P.M, versus 
armature volts curve was 1U,6, Since the total gear reduction in 
the system was 10,300 x 25 s 257,500 to 1, the azimuth axis would 
be driven at 1,226 deg/hr/armature volt. Tests on the azimuth 
amplidyne showed that a differential current of one milliampero 
yielded a generator output of 6,91 volts# The motor-amplidyne 
combination would then drive the antenna mount in azimuth at 8#U6 
deg/hr/ma differential current# This value includes gear reduction 
in the system. Using the notation of Figure 2;29, v/hero Kn is 
given in units of rad/scc/ma, 

V 
—-— = 8.46 deg/hr/ma = 41 x 10"* rad/sec/ma 

ii 

for the azimuth channel# 

Similar measurements on the elevation motor-amplidyne 
combination, including total gear reduction from motor armature 
shaft to elevation drive ring, showed that the antenna mount would 
be driven in elevation at 7.6 deg/hr/ma# 

Measurements made on the power amplifier, f , showed 
that a D,C, voltage of one volt on the grids of the power amplifiers 
yielded a one-millianpore differential current in the amplidyne 
control field. Then, from equation 3,17, Kt will be* 
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*e 

0.116 

1 X 41 X 10-* 
0.00286 X 10* volts/rad 

or Ke 
0.00286 X 10* 

57.3 
50.2 voIt8/deg 

From equation the calculated output of the second 
detector, in the I«F. amplifier, for an antenna following error of 
0#1°, is 3»2 millivolts. However, if the elevation angle is 71°, 
vhich is the largest value encountered at this latitude, a 0,1° 
following error of the antenna corresponds to a following error of 
0#l°/cos h or 0,307° at the azimuth ring. Consequently, the 
calculated value of error voltage from the second detector is 
higher than the value that would be obtained had the calculation 
been based on a following error of 0.1° at the azimuth ring* 

The gain of the error detector amplifier will then 
need to bei 

5.02 
-:-= 4840 
3.2 X 10-3 X 0.325 

for a following accuracy at the azimuth ring of 0.1° when 

- U2#5°/hr, and the elevation angle is 71°, 
max 

3«2,U*5 Servo Design 

k* Servo Aiig>lifior 

A necessary voltage gain of U8U0x in the servo ampli¬ 
fier, as arrived at in the previous section, was considered to be 
less than the gain for which the servo amplifier should be designed. 
Allowances for small errors in the calculations plus the fact that 
greater tracking accuracies might possibly bo obtained than the 
specified 0,1 degrees led to the design of a servo amplifier with 
a maximum gain of approximately two times the calculated amount. 

In all previous radiometers, a twin "T* feedback 
amplifier had been used to obtain the narrow bandwidth necessary 
to suppress most of the noise components present in the output of 
the second detector. However, tests showed that the output meter 
fluctuations were not increased by broadening the bandwidth of 
the feedback amplifiers to 5 cycles. The twin "T" feedback 
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Mnpliíifirs, when slightly detuned, have a tendency to become unstable^ 
Also, temperature and humidity changes affect the tuning of the twin 
7, and hence the gain. Another bad feature is that the phase shift 
through a feedback amplifier of this type is a rapid function of fre¬ 
quency} this is undesirable for a stable servo mechanism. For these 
reasons, it was decided to obtain t.Se desired response by employing 
RC shaping circuits in the amplifier. To eliminate any 60 cycles 
present, a twin T tuned to that frequency was placed in cascade with 
the amplifier. Figure 3*3,1 shows the circuit diagram of the £ stage, 
2h cycle/second amplifier consisting of a 6SL7 twin triode and a 63N? 
twin triode. Five RC shaping circuits, three high pass, and two low 
pass filters, each designed to attenuate 2U cycles approximately 3 db*. 
were used to shape the pass band. The twin fin cascade was designed ' 
to produce very little attenuation at 2U cps and maximum attenuation 
at 60 cps. This was done by making the series impedances on the in¬ 
put side 20 times those on the output side. The resulting twin T 
attenuation at 2Í4 cps is 3*3 db, and at 60 cps, 6l,3 db,- 

The total voltage gain of the amplifier is 12,000 and the 
bandwidth is 20 cycles, as indicated by its response curve. Fig, 3»32è 
The amplifier is linear up to $0 volts rras output, A 5 step gain 
control which is accurate to better than 1% is incorporated into the 
design. 

The 2li cps output of the amplifier section had to be com¬ 
pared with each phase of the reference voltage in such a way as to ? reduce d.c. voltages proportional to the elevation and azimuth angu- 
ar errors. This required two phase sensitive detectors. As the 

type of detector chosen operated on a balanced signal input, a phase 
inverter, using a 6J5 tube, was used to convert the unbalanced volt¬ 
age output of the amplifier to balanced voltages. This balanced 
output is paralleled and fed into h cathode followers, incorporating 
2—6SN7 tubes. These cathode follower stages provide the necessary 
low driving impedance for the phase detectors and serve to isolate 
the detectors so that no interaction of the two reference voltages 
can take place. The voltage gain of the phase inverter is 0,915 and 
that of the cathode follower is 0.91, 

The phase detector which is used consists of two diodes 
in opposition into which the signal is fed out of phase and the refer¬ 
ence voltage fed in phase. This particular type of phase detector 
was chosen because it is relatively insensitive to signal wave shape, 

muS outPut is compared to ground, and it is very easily balanced. 
The 200K ohm potentiometers in the output allow the detectors to be 
balanced so as to give zero d,c. output with no signal applied. 

44.4 m?*1? Phase detectors also provide excellent output voltape 
limiting. Their operation is such that the d.c, output is linear 
with the product of the signal input and the cosine of the phase angle 
between the reference voltage and the signal until the latter roaches 
the same level as the reference voltage. Any signal amplitude larger 
than this cancels in the output network, thereby holding the d.c, out¬ 
put voltage constant at the same magnitude as the rms reference volt¬ 
age at the diodes. As the reference voltage at this point is 15 
volts. -J— ' •• -.- 
operal 

« ika une reierence voiuage at tftis point is 15 
, a maximum d.c. output of 15 volts is assured. This permits 

oÍa* .£e*^!rá ^tjvery high gain without overdriving any • - ^ W ^ • • 1¾ F. â « WakWliWLI 

part of the system following the phase detectors. 
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Provisions Were made f^f^asfdelecîoïs ifprovide^^ 
•t.nrP to ground in the output of the phos d t tor ^ approxi- 

SSÏâ: a ^ 
3t‘o' 0t ab°TL Îc output f -'^nfS^Elch ptV^U- 
amplifter designed to control ttte^arap ^ ^ in Figure 3.31. 

sr&rs&gxsna saos 5¾ g.-. 
£a4'T;i?~X™““‘”HisÄ'»s“»'F“ 

rrii r,«:r.S?- 
^ aCdifferential*current oi 1 - - the iicld »indings 

the amplidyne. in Fig* 3.31 

Ihe 6 position voltage o^'^^facross the amplidyne 

allows the tv;o output balance adjustments arc situated on 
fi Ids to bo measured. The h ^larwe aaj with thR volUge 

îhe front of the servo ampl^®r ^d’Sstep gain control as shown in 
selector switch, voltra®terJ facilitates the initial balancing 
Fig. 3.33« This arrangement lacm 

the system. 

The filament transformer for iar in the 

Sro? boxrasrsSnC^S3thSe photograph ^.33. . The P^onnec. 

r^píy w-iocated ^"hlnp rS" It Is an elcotroni- 

lcfuy0rZl^etZ°m volt, 200 mllllampere supply. 

3.2.U.6 hrytant Operation and Control ctant une»----— 

The radio sextant is remotely =™pr°“;°3,byPortable 

r;-vÄ.t0 
alio» the sextant to be operated from yP^ ^ the 30xlant 

Fig. 3.3U Ct controls• 
drive circuitry vmica xi. ^ are 

The functions of the cthe'sextant is operating are 
as follows 1 The orror foUae,f'?,°" " ^ connected to record the volt- 

i;^.36 speed synchros ihtSUmuth positioned using cither 
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the tracking motors, slewing motors, or any combination of the two* 
The sextant may be made to search for the sun, and, if the sun is 
encountered during the search, the sextant will automatically lock 
on and start tracking the sun. Provisions are made for placing 
either a single timing mark or marks every 12 see, on the recording 
meter charts. 

The error voltage meters are d.c, vacuum tube voltmeters 
witn an input resistance of 3«2 megohms. The meters are zeroed 
at the center of their scale and have three ranges - 1,5 to +1,5, 
-5 to +5 and -15 to +15 volts. As the phase detectors limit at 
15 volts, no range higher than this is necessary. Zero, one, and 
two seconds tine constant m^y bo inserted into the meter input 
circuits, Syncnronously driven Estirline Angus Lfctcrs with a rating 
of one milliampère were used to record the error voltages. They 
were inserted into the meter circuits through phone jacks in the 
rear of the console. The 0,i. ma, meters in the console were shunted 
so that they would read the same as the 1,0 ma, recording meters. 

The control transformers in the searchlight were replaced 
by synchro generators. Those are used to drive the synchro motors 
which are mounted near the top of the console. The synchro motors 
drive U-1/1+" diameter dials which are lighted to permit ease in 
reading. The dials and reference lines are mounted in such a way 
so as to minimize parallax, allowing the antenna position to be 
estimated to 0,02 degrees. 

The tracking motors are so coupled to the searchlight 
that when driving the mount they also turn the armatures of the 
sitwing motors. This meant that the slewing motors could not be 
used to position the sextant unless the tracking motors were first 
decoupled, duw to the fact that the tracking motors cannot be driven 
back through their planetary gear trains. Magnetic clutches were 
installe-d to accomplish this decoupling. The tracking motors were 
mounted on the searchlight in the positions previously occupied by 
the seats for the operators, as shown in Figs, 3«20 and 3#25« The 
cylindrical housings enclose the magnetic clutches. The clutches 
were designed for an exciting voltage of 115 volts d.c., but they 
are operated at 2li volts in the sextant to permit them to slip 
before any damage is done to the gearing if excessive torques arc 
encountered, 

Yihen manual positioning is desired, the track-manual switch, 
shown in Figs, 3,3U and 3*35, is throw, to "manual," This closes 
the lower relay in Fig, which, in turn, closes the 110 volt 
a,c. relay, thereby giving control of the 6l6 grids to the console.- 
II rapid positioning is desired, the motoz* selector switches arc 
thrown to "fast." Those switches close the motor selector relays 
which simultaneously disengage the clutches and connect the* d.c. 
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neu voltages 
vernier positioning ■• thrown to »slow." This engages 
selector switch or switchc h tracking’motors. The 
magnetic clutches and gives c°n£°l *0 ^ voltage 

sextant is -manually veUages on the 6l¿ aaplUync 
controls, Fig. 3.3U, PJ. Jhc dcsircd motion. A US volt 
rontrol tubes in accordanc -n-otn'; The sextant may be 
battery is used to 2U deg. per see. in elevation 
driven at a maximum an8U^m^e by th" slewing motors. The maximum, 
ar-d 26 deg. Pf.»«* ““SÄ the tracking motors are 90 deg. 

in'"elevation and lUU deg. per hr. in azimuth. 

A search mechanism 
equipment. It was ''•ot acemed wrt^hl ^ ,ould have been 

^orThereforf rsUer search system was designed. 

in this system. .a 5 B^. 
two cam operated mioroswitches, ,ras “s cr03v..itch with 100“ opera- 

azimuth during its sc^'ht£r«US control tube grid. The 
tion places a voltage on the azxm but its polarity is 

amplitude of this driven mieroswitch. This causes 
reversed every 6 sec. by the comnleting one cycle every 
the sextant to oscillate ina^» ^ placed on the elevation 
12 sec. At the same time, a R . P the sextant upwards m 

^uonf^^ the elevation trackang 

motor arc used to execute the search. 

+hr antenna is manually positioned oO 
To begin the searen, th ' . frvi dcgrecs below the 

the suspected azimuth of tic^ scarch control switch is 

suspected elevation oi , «start search" button is 
thrown to the "search" Positon and^thc^sta ^ ^ 

depressed. This closes e PP^ the propcr motors, and places 
lirhts the se.-\rch indicator, selcc P .-rids. During the 
tíf search voltages on to thecont ol tb ^ alinuth while moving 
search cycle, the antenna scans a 10 3in. At the start 
constantly upwards m elevation^t 1.5 d B my bc adjustod 

oi the search, the azimuth J hysteresis effects present, 
to counteract any <»*ata«o, dMd 3 vortical. If at any 
and, therefore, cause tta sootor scannca^rod and the signal received 

timo during the scarch tht autoraatically stopped, the search 
exceeds ±U volts, the C^ thc relays return to their proper 
indicator is extinguished, and the relay 
positions for automatic tracking. 

This automatic lock on is a^N? twin triode, 
a 1 ma. d.c. relay placed between the plates 
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The azimuth error voltage is placed on the grid of one section while 
the other grid is grounded* ’Vhen the error voltage exceeds +U volts, 
a potential difference groat enough to throw the relay exists 
between tho two plates* After the search is stopped, the search 
timing motor continues to run until the 180® cam is in a position 
to start the next search at the midpoint of the sector, Tho second 
microswitch, with 1/2 second operation, then shuts off the motor. 
The sextant then cannot be positioned manually unless the search 
control sv/itch is returned to the "stop search" position. During 
normal operation the sextant should automatically lock on to the 
sun if the axis of the antenna beam comes within a degree of the 
center of the sun. 

3.2.U.7 Performance 

Methods Used for Determination of Sextantes Accuracy 

tracking errors on #iich the radio sextant operates 
have been measured by two different methods. The first method 
centers about obtaining response curves for the system which 
express d.c, voltage output as a function of angular distance from 
the sun. These curves may then be applied to obtain the angular 
lollowmg error for a given operating error voltage. The second 
metnod is the direct measurement of the angular distance between 
the axis of the nutating antenna and the center of the sun by 
photographic means. 

The response curves are obtained by allowing the sun 
to pass through the antenna beam. During the operation, one axis 
of the antenna is mechanically locked while the sextant is allowed 
to track in the other. The resulting d.c. signal in the channel 
corresponding to the mechanically locked axis is recorded against 
time. Knowing the velocity of the sun with respect to the axis in 
question, the recorded curve may be reduced to a plot of d.c, volts 
error signal vs. angular distance from the center of the sun. The 
slope of this curve in the region about the origin, measured in 
vo ts per degree error, is defined as tho sensitivity of the system. 
Once this sensitivity is known, the angular tracking errors may be 
determined by dividing the operating error voltage by the sensitivity. 

«-nux voitage as an identical error in 
sensitivity measured for one axis will apply 
. Another factor must also be considered. 
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If an angular error in one axis affected the sensitivity in the 
other axis, this method could not be applied to determine the 
elevation and azimuth angular errors. However, it may be quite 
easily shown that the tracking errors in the two axes arc inde¬ 
pendent for the operating angular errors encountered. 

Yfith reference to Fig-, 3*2U, the modulation produced 
by the nutating antenna is a linear function of the angular dis¬ 
placement of the axis of the antenna from the center of the sun 
up until the displacement exceeds 0.15 degrees. For all displace¬ 
ments less than 0.15 degrees, the modulation produced by the an¬ 
tenna may therefore be expressed by: 

. = black body temp, of sun un 

€f¡ - elevation angular error 

where 
e = azimuth angular error 

A 

C ~ antenna factor 

The d.c. output of th«. phase detectors is equal to the 
a.c, signal input tim.s the cosine of the phase angle between the 
signal and reference voltages* 

As the two phases of the reference generator are 90° 
apart, it may bo written: 

where 
PA = C%un£s + cjf *cos 6 Ea - azimuth error voltage 

Eft = elevation error voltag 

ß = phase angle between azimuth 

but : cos Ô - 

reference voltage and 
signal voltage 

gs = system gain from antenna 
to phase detectors 

Hence: FA - CTsun4s volts 

Eh ~ CTsun^s eh voltE 

or 
e 

CT 
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This brief analysis shows that up to 0«l5 degrees the 
azimuth and elevation tracking errors for a given sensitivity, 
CTSurt £s,are fmictions only of their respective operating error 
voltages. As will be indicated later, the tracking errors will 
never approach 0.1^ degrees under normal conditions so this 
"sensitivity-error voltage" method of determining the tracking 

errors appears to be legitimate* 

It is of int>rest to note that the sensitivity, 

^sun fcs varies directly with the temperature of the source, 
assuming the receiver gain to be constant. This presents the pos¬ 
sibility that the radio sextant may also be used as a radiometer. 

Photographic methods were used to measure directly 
the radio sextant's tracking errors. For this purpose two modi¬ 
fied 16 mm, magazine load movie cameras, synchronously driven from 
a camera control unit, wore used. One camera was fitted with a 
low power telescope, containing cross hairs, whose field of view 
was a little over 1 , This unit was mounted on the antenna mount, 
as shovm in Fig,. 3,36 and aligned with the axis of the antenna. 
The other camera, -which is equipped with a wide angle lens, was 
used to photograph the error voltage meters and clock contained 
in the console. Fig, 3,37 shows the camera equipped with the wide 
angle lens on top of the camera control unit, Thu camera control 
unit consists of a 1/15 HP synchronous motor which drives a ?G 
synchro generator through a transmission which permits exposures 
at 10, 20 and 30 frames per second. The 5F synchro motors are 
driven by the 70 synchro generator. The tvo cameras are, therefore, 
synchronized and through proper marking at the start of each maga¬ 
zine of film, a frame taken of the sun through the telescope may 
be compared with a frame taken of the console at exactly the same 
time. The use of synchronized pictures of both the sun and the 
console allowed the previously discussed sensitivity measurements 
to be checked and the effect of a noisy signal on the instantaneous 
tracking error to be analyzed. The latter is of major importance 
in determining the maximum instantaneous tracking errors which 
occur. The sensitivity-error voltage method can be used only to 
determine the average tracking errors while the synchronized camera 
data allows the fluctutating angular errors to be measured. Incor¬ 
porated into the camera control unit are provisions for remote 
operation, cyclic operation and for flagging the film for identi¬ 
fication and reference purposes, A time indicator is also con¬ 
tained which may be used to indicate the time remaining on the 
magazines of film. 

The telescope, was aligned with the axis of the antenna 
permitting the position of thi sun relative to the telescope's 

cross hairs to be filmed. This film data was reduced on a contour 
measuring projector on which relative positions on thi. film could 
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be measured to 0.0001 inches. The screen of the projector was 
also equipped with cross hairs. A circular mask, the size of 
thu sun's image, was placed on tho screen with its center at the 
junction of the projector's cross hairs. This arrangement per¬ 
mitted the relative position of the center of the sun and the 
telescope's cross hairs to be measured. Knowing the angular 
diameter of the sun and th® size of the sun's image on the film, 
tho measurements thus obtained could be reduced to elevation and 
azimuth angular displaceirw.nts between the center of the sun and 
the axis of the antenna. 

An adaptor for holding and advancing the 16 mm. film, 
being reduced on the contour measuring projector, was constructed. 
This adaptor is shown in Fig, 3.38. The film drive arrangement 
permitted rapid and reliable selection of specific frames for 
reduction. 

The- finite resolution of the telescope- and camera 
system and the inability to position the image of tho sun exactly 
within the mask wore the limiting factors in the accuracy of this 
method of reduction. All factors being considered, the resulting 
data was accurate to better than 0.001 degrees which is sufficient 
to determine the performance of the radio sextant. 

The film taken of the console was reduced on a micro¬ 
film projector. The data of interest were the elevation and azi¬ 
muth error voltages which could be read from the projector to 
0.1 volts on the 5 volt meter scale, and 0.3 volts on the 15 volt 
meter scale. 

In tho beginning of this section a Msun velocity” 
method of measuring th«. sensitivity of the radio sextant was 
described. A more direct and also more complicated method of 
measuring the sensitivity would be to employ the synchronous 
camera equipment. The procedure would bo identical to that 
described for the "sun velocity" method, except as the sun 
passes through the beam, its position with respect to the antenna 
axis would be photographed simultaneously with the d.c, error 
voltage meters. Then, the error voltages and sun positions, 
corresponding to the mechanically locked axis, could be plotted 
against each ether. This would result in a response curve directly, 
the slope of which would be the desired sensitivity. 

b. Average Following Error 

The average following errors on which the radio 
sextant operates are most easily obtained by dividing the d.c, 
error voltages by the measured sensitivity. It was felt, however, 

RESTRICTED 65 



Figure 3.3*^ Alai t'^r f-^r Reducing ?'ln Data



RESTRICTED 

that this sensitivity-error voltage method should be checked 
photographically to exclude any possibility of its being in error. 

Response curves for the elevation and azimuth 
channels were taken simultaneously by the"sun velocity1' and photo¬ 
graphic methods described in the last section. Since the photo¬ 
graphic method is considered to be the most accurate, the data 
obtained by the "sun velocity" method is compared with the 
photographic data to check the accuracy of the former method* 
This check is of interest since the "sun velocity" measure'oents 
are much easier to perform than the photographic measurements« 

The comparison between the two methods is shown in 
Figures 3«39 and 3»U0, The obvious agreement serves to justify 
the "sun velocity" method for obtaining the sensitivity of the 
radio sextant. The fact that the peints do not fall exactly on a 
straight line is due primarily to noise on the erx’or voltages. 

Once the sensitivity of the sextant in the desired 
channel is obtained, it is a simple matter to compute the follow¬ 
ing error existing between the antenna axis and the suh. The 
following error voltage that exists while the sextant is tracking 
is always available on the meters which monitor both the elevation 
and azimuth channels. The average following error can be found by 
dividing the following error voltage by the measured sensitivity 

in volts/deg. 

Since operation is at microwave frequencies, ti» 
oxygen and water content in the atmosphere contributes an attenu¬ 
ation factor which is a function of path length through the 
atmosphere as well as meteorological conditions. Obviously, then, 
the sensitivity of the sextant will be a function of time as well 
as meteorological conditions. The fact that meteorological 
conditions along the path from the observer to the sun are by no 
means predictable prevents the making of a theoretical analysis of 
the effect of atmospheric absorption on the sensitivity of the 
sextant. For this reason a program was started for measuring the 
reduction of sensitivity caused by atmospheric effects. Figure 3*Ul 
is a plot of the measured sextant sensitivity as a function of the 
sun’s elevation angle for weather conditions that were quite 
favorable. It Ls seen that for the particular day considered, 
the sensitivity is not reduced by a factor of 2 until the elevation 
angla has decreased to approximately 1-l/L degrees. Comparing this 
curve with one for a less lavorable day as shown in Figure ),h2t 
it can be seen that the sensitivity is reduced to one-half by the 
tine the elevation angle has dropped to approximately three degrees. 
The effect of rain is sho\m In Figure 3«U2. Heavy rains may not 
interfere seriously at high elevation angles, but for low elevation 
angles, the sensitivity will certainly be reduced by a large factor. 
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All of the absorption data accumulated so far are 

shown in Figure 3.U3# The absorption per unit atmosphere a0, 
can be calculated from the results obtained during the period of 
heavy rain occurring at approximately 35° elevation» Using this 
value cf aot the sextant sensitivity for other elevation angles 
can be obtained* This has resulted in the minimum sensitivity 

curve shown in Figure 3«U3* If the rain covered the entire path 
from the antenna to the limit of the earth«s atmosphere/ the 
curve mentioned above would be correct for elevation angles 
above 20°. However, it is very unlikely that the rain would 
cover the entire path since heavy rains are usually localized over 
rather small areas. In view of this fact, the minimum sensitivity 
of the sextant can be reliably obtained only from actual measured 

data* 

In view of the limitations imposed on the sextant 
by atmospheric absorption, any calculation of the following error 
must be properly qualified* An exception to this rule can be made 
for clear weather; in this case the absorption can be neglected 
for elevation angles above 10°* It must be pointed out, hovrever, 
that the experimental radio sextant has never failed to track the 
sun to the horizon under all the weather conditions encountered 

during its operation* 

Figure 3,UU is a record of the elevation and azimuth 

D»C* error voltages for an eight-hour period* The variation in the 
average azimuth error voltage during the period demonstrates the 
manner in which the sun«s azimuth velocity reaches a maximum at 
local apparent noon. The discontinuity in the elevation track is 
due to the change in direction of the sun's elevation velocity, 
which occurs at local apparent noon. It takes an 0,8 volt change 
in error signal to reverse the elevation tracking motor; hence 

the 0.8 volt discontinuity. 

During the eight-hour period, the sun's elevation 

was well above 10 degrees at all times. As weather conditions 
were favorable, the measured sensitivity, which was 70 volts 
per degree, is considered to have held throughout the run. The 
maximum angular tracking error in elevation was 0,027 degrees and 
the minimum was zero. The sextant v/as operated at only l/i? gain 
during the period in which Figure 3»UU was recorded. The angular 
tracking errors were accordingly relatively large. 

The average angular tracking errors for a given atmos¬ 
pheric absorption and sun velocity should vary inversely with 
system gain. Figure 3»U5 shows the elevation and azimuth average 
following errors as a function of gain for the velocities and sensi¬ 
tivity indicated. Angular following erroro obtained from direct 
photographic measurements and from the measured sensitivity and 

RESTRICTED 67 





DATA OBTAINED AMPLIFIER 

RADIO SEXTANT SENSITIVITY AS A FUNCTION 

SUN'S ELEVATION ANGLE 

DURING THE PERIOD MAY 27 TO JUNE 

30 3A 40 

ELEVATION ANGLE OF SUN - DEGREES 



aSVnOA MOMM3 
- o 

39V110A wouua 
• ^ 

F
IG

. 
3

.4
4

 

R
A

D
IO
 

S
E

X
T

A
N

T
 

T
R

A
C

K
IN

G
 

E
R

R
O

R
 

V
O

LT
A

G
E

S
 



— 



RESTRICTED 

error voltages are plotted. The theoretical curves were based 

on the photographically measured errors at 1/5 gain plus an inverse 
relationship between system gain and angular following error. 
The close agreement between the theoretical curves and the 
photographically measured errors further indicates that the photo¬ 
graphic data, when reduced in the manner previously described, is 
accurate to better than 0,001 degrees. Furthermore, the excellent 
agreement between the errors calculated by the sensitivity-error 
voltage method and the photographically measured errors is further 
proof that accurate performance data may be obtained by measuring 
the sextant's sensitivity by the "sun velocity" method and applying 
this sensitivity to the following error voltages to determine the 
angular tracking errors. 

The sun velocities at the time the data for Figure 
3.U5 were taken were relatively high when compared to the average 
vèlocities over a period of a day; yet increasing the gain from 
0,5 to 1 decreased the angular follováng errors in elevation and 
azimuth only 0,005 and 0,01 degrees respectively^ This fact 
illustrates that adding still more gain to the system could result 
in little reduction in the absolute average following errors. 
For maximum gain, the measured angular errors were about 0,005 
degrees in elevation and 0,01 in azimuth, Horever, the effect of 
a fluctuating error signal is yet to be considered, 

c. Fluctuations in Angular Tracking Errors 

Since the d,c, error voltages for operating the 
servo system have noise components superimposed upon them, it is 
necessary to determine their effect upon the angular tracking errors 
before any absolute accuracies may be reported. Figures 3»Uo and 
3,U7 are typical of the fluctuations encountered with maximum gain 
arid a system time constant of approximately U sec. As seen from 
these figures, an increase in error voltage causes the angular 
tracking error to decrease. This is due to the fact that the 
larger voltage makes the motor run faster than needed to track the 
sun. The angular error will continue to decrease until the error 
voltage returns to the value necessary to track the sun, hence the 
peaks in the angular tracking error occur when the error voltage 
passes through the correct value for tracking. 

For Figures 3*U6 and 3,U7 the average angular track¬ 
ing error in azimuth was 0,0072 deg. with a maximum excursion of 
0,0055 deg.; in elevation it was 0,00U3 deg, with a maximum 
excursion of 0,0050 deg. These fluctuations are the maximum 
measured to date. 
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Figure 3»U8 shows the fluctuations in angular 
tracking errors and error voltages for azimuth and elevation when 
the system gain was 1/5 of maximum and the system time cexistant 
was again approximately U sec* The maximum excursion in the eleva-, 
tion and azimuth angular errors was about 0.0025 deg. This is a 
reduction of about a factor of two from the maximum excursion 
measured for maximum gain* The fact that increasing the gain by a 
factor of five increases the angular fluctuations by only a 
factor of two indicates that the higher gain allows the servo to 
obtain, rapidly, legitimate signals v/hich counteract any fluctua¬ 
tions, thus resulting in relatively small angular excursions* 

The measurements described in this section, together 
with those discussed previously, are sufficient to indicate that 
the greatest absolute accuracies are obtained with maximum gain 
for this system. 

d* Predicted Performance 

Figures and 3*50 show the azimuth and elevation 
mount velocities as a function of signal volts on the grids of the 
amplidyne field control tubes* The maximum grid voltage applied 
in obtaining the data was 15 volts in accordance with the limit of 
the phase detectors. The average slope of the hysteresis loop about 
the origin for the elevation axis is 7*6 deg. per hour per volt, 
and for the azimuth axis it is Ö.U6 deg, per hr* per volt. The 
voltages necessary to overcome the static inertia and friction 
in the system as well as the saturation in the motor-amplidyne 
combinations are readily obtained from the curves. The addition 
of this data to the data previously presented permits the prediction 
of the performance of the sextant under various conditions. 

The tracking errors, disregarding fluctuations, will 
be inversely proportional to the sensitivity. They will also vary 
directly with the sun*s velocity divided by the slope of the veloc¬ 
ity vs, 6l6 grid voltage curve plus the voltage necessary to over¬ 
come the static inertia, friction and saturation. Therefore, the 
predicted maximum angular errors can be expressed ass 

€h 

where 

1 

S 
-+£. 
8.46 1 ♦A ¢, 

1 
e 

£*Ji. 

7.6 
A e. 

F = system sensitivity 

- azimuth angular tracking error 

A = fluctuating azimuth angular error 

eh - elevation angular tracking error 

A = fluctuating elevation angular error 

oüjQ = 3un*s azimuth velocity 

u. = 3un*s elevation velocity 
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and E2 are the voltages necessary to start the azimuth and ele¬ 
vation motors. 

Limits on the various constants appearing in the equa¬ 
tions above can now be expressed, thereby predicting the maximum and 
minimum tracking errors. The sextant’s sensitivity will be consid¬ 
ered for elevation angles above 5 deg,, in accordance with the nav¬ 
igational practice of taking sights only on astronomical bodies 
which are above 5 degrees in elevation. Although rain was found to 
be absorbing at l.S cm,, no conclusive data was obtained at ele¬ 
vation to indicate that rain would cause the sensitivity to drop be- 
lov/ 235 volts per deg. (the minimum measured for 5° elevation) for 
maximum system gain. The minimum sensitivity will therefore be 
taken as 235 volts per deg. and from Fig, 3.43 the maximum sensitiv¬ 
ity is 500 volts per degree, again for maximum system gain. 

For maximum gain, the maximum fluctuating error in 
azimuth, encountered during photographic tests was 0.0055°} 
and for elevation, the maximum value of At Yps 0,005°* From 
Figures 3«U9 and 3*50, the maximum and miiumum values for E. 
were 1,2 and 0.3 respectively, and for F2, 1.0 and -0.2* Thus: 

These four equations were used to plot Figures 3.51 
and 3.52 which show the maximum and minimum predicted tracking 
errors in elevation and azimuth. Fig, 3»U5 was plotted for the 
average tracking error while Figures 3*51 and 3.52 have the 
fluctuating error, due to the noisy signal, taken into account. 
The maximum antenna excursions, mentioned before, were caused 
by voltage fluctuations of about 1,5 volts from the average. 
These fluctuations may be reduced to about 0.5 volts maximum by 
the insertion of 12 sec, time constant instead of U sec. into the 
output. This results, however, in the system being underdamped as 
indicated by Fig, 3.53» Nevertheless, the system remains stable 
with 12 sec, time constant for all velocities encountered at the 
latitude of Cedar Rapids, Hence, although no photographic 
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measurements have been made, it is felt that the fluctuating 

angular tricking errors may be reduced to a maximum of about 
0,002 degrees. Also, in all probability the position indicators 
would be read at some time other than when the antenna was at the 
peak of its maximum excursion^ The predicted errors in Figures 

3,51 and 3.52 are accordingly Çelt to be excessive. 

It is to be noted that Figures 3.51 and 3.52 are 
plotted for the angular distance between the axis cf the antenna 
and the center of the sun. This is the same as the indicator 
error in elevation, but in azimuth, the error in the indicators 
will be the plotted value divided by the cosine of the sun's 
elevation angle at the time of interest. Since only elevation 
angles are of interest in celestial navigation, this situation 
is not elaborated upon nor is it considered important, 

3,2,li,8 Conclusions and Suggestions 

It is believed that the results of the measurements 
described in this report show conclusively that a radio sextant 
operating at a wavelength of 1,8 cm can be constructed which will 
measure the elevation angle of the sun as accurately as the 
navigator's sextant. Furthermore, it is believed that the radio 
sextant would exceed the navigator's sextant in value during day¬ 
time navigation, for it gives a continuous, automatic, and accu¬ 
rate presentation of the sun's elevation angle in all types of 

weather for elevation angles above 5 • 

Refraction measurements are expected to show that valuable 
data may be obtained below 5° elevation, thereby increasing the 
radio sextant's value to navigation in the polar regions. 

There are, however, two major limitations connected with 
this device. The radio sextant must be mounted on a stable plat¬ 
form for operational use, and the antenna dimensions required may 
be excessive for certain types of vessels or aircraft. 

The antenna dimensions are governed by the required signal 
level to furnish reliable and accurate results. Smaller antennas 
could be used if shorter wavelengths were permitted, but the 
effect of rain on the propagation of power at wavelengths less 
than 1 cm is excessive, A comparison of performance, based on 
antenna dimensions, has been made for 1.8 cm wavelength. Figure 
3,5U is a comparison of the modulation temperatures (proportional 
to error voltage) versus angular errors that would be measured 
with various parabolic reflector apertures. It is apparent that a 
36" aperture would reduce the sensitivity by a factor of more 
than 2, and the accuracy would be decreased by the samt: factor. 
The fluctuating error, however, would be as large as before, and if 

RESTRICTED 71 



r



RESTRICTED 

the receiver gain were increased to compensate for the decreased 
antenna gain, the fluctuating error would also increase« 

If the required accuracy of the sextant can be reduced 
from that shown in Figures 3#5l and 3*52, then the antenna aperture 
may be reduced accordingly| but if accuracy comparable to that of 
the navigator*s sextant is required, a U8" diameter is the mini¬ 
mum diameter that can be used'. 

U« RESULTS AND CONCLUSIONS 

U«1 Dlscucsion of Applications ancLAstrononical Observations 

Ufl<l Stars 

Although they have very high black body temperatures, the 
stars subtend such minute solid angles that they cannot be detected 
in the microwave wavelength region. Recourse to equation 2«l5 
of the text demonstrates quickly that the useful component of the 
received power is directly proportional to the solid angle sub¬ 
tended by the source, for small solid angles. 

There is a further complication in that the antenna looks 
at thousands of stars, rather than one. The present day antenna 
beam widths of from 0,1 to 1 degree enclose so many stars that 
even if detectable energy were received, the data may not be of 
any value, 

U*l,2 Sun 

The application of radiometry to the sun is discussed in 
detail in the section on the automatic radio sextant. Section 3*2«U, 
It was shown in this section that under the most unfavorable 
conditions encountered, the experimental model of the radio 
sextant tracked the sun with an error of only 0,018o, Under 
favorable conditions, the elevation errors ranged from 0 to 
0,008 degrees, 

U,l,3 Moon 

The moon has been tracked rdth the radio sextant, with 
tracking errors from 0,2 to 0,1* of a degree. This is, of course, 
not sufficient for navigational purposes. In order for moon 
position data to be of any navigational value, the receiver 
would have to be improved or the antenna gain increased by at 
least a factor of four^ Since compactness is desirable in this 
type of equipment, a moon tracker would be required to operate in 

the millimeter wavelength region. Because of the strong absorption 
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of mm« waves in rain, the possibilities of using the moon as a 
navigational aid in foul weather are somewhat limited# 

U.l.U Landmarks 

Certain features of landmarks, such as skyscrapers and 
mountains, make them possible sources for warning devices opera¬ 
ting on the radiometry principle# It is felt that a practical 
mountain detector could be constructed using a receiver similar to 
the K-band radiometer* 

U.1.5 Vessels at Sea 

To a radiometer there is no great contrast between a vessel 
and the sea. If the instrument is located at sea level, great 
difficulty would be encountered in distinguishing between radia¬ 
tion from the ship and the watvjr# Also, at these very low eleva¬ 
tion angles, atmospheric absorption would be considerable, reducing 
the contrast still more# An airborne radiometer might possibly 
be used to detect largo vessels, in that metallic vessels would 
appear "cold" with respect to the water*. However, it is doubtful 
that positive detection could be realized at very great ranges* 

U.1.6 Aircraft Detection 

Aircraft lend themselves to possible detection because they 
are surrounded by a medium at low temper iture, giving them a 
contrast against their background* Hov:ovcr, as will be shown, 
their own low black body temperature and small size greatly limit 
the range at which they may be detected* From the theory presented 
so far it is possible to predict theoretically the maximum range 
at which a given airborne target may be detected. 

If any specific results are to bt. gained from an analysis 
of this problem, a specific target must be assumed* At the present 
time practically all aircraft are constructed with an outer 
metallic shell. The surface of aluminum or any fair conductor is 
so highly reflecting that the substance has a black body tempera¬ 
ture of essentially zero. This is illustrated by the fact that 
the reflection coefficient for aluminum is about 0.9995, Therefore, 
it is evident that no appreciable thermal energy will be radiated 
from the metallic target itself. 

How ver, the metallic targets are near perfect reflectors# 
This means that they will reflect any thermal radiation incident 
upon them. The principal source of this radiation is the earth 
itself. Radiation from the sun will contribute very little 
because 01 the small solid angle it subtends, A wavelength 
would have to be chosen v/here atmospheric absorption is small if the 
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target is to stand out against its background. Therefore, radia- 

tion from the atmosphere reflecting off the target need not be 

considered. 

It will be assumed that the target is a perfectly reflecting 
isotropic reflector# Few target configurations approach isotropic 

reflection, but the assumption must be made in order to perform 
an analysis which is to be of any practical value. The fact that 
the earth subtends a solid angle of 2* steradians at the target 
makes the assumption more valid. For this case the amount an 
actual target will deviate from reflecting isotropically Tdien 
illuminated from 2 tr steradians is not large enough to nullify the 

results of the analysis. 

For the assumptions outlined, equation 2,25 may be applied 
to compute the energy received by an antenna from a reflecting 
target. Let aT for the earth be 300°K. To a good approximation, 

ns will be 2tt, =0 andmr =1. Hence equation 2,25 becomcHt 

* Af 300 

2 

which yields an equivalent antenna temperature of 

Tr = 1&0* — L G{e, $)40r r 4w Jn_ 

At the present state of the art, a change of at least 25 
in antenna temperature from free space to the target is needed ior 
positive detection. This value is somewhat larger than the three 
degrees quoted for the sensitivity of the K-band radiometer ^ 
because the permissible time constants for an airborne target 
detector are less than the ten seconds used in the K-band radiometer. 
Using this temperature, the minimum value for the integral is found 

to be: 

7- !r G(d, i)dùr 
An ii r 

0.167 

Some computations which will indicate the possibilities of 
radiometer detection of aircraft can now be made. The target may 

be reduced to an equivalent circular reflector. Then CER #lu9 
may be used to solve equation 2,25 for various wavelengths, angular 
target diameters and antenna sizes. Figure U.l is a plot of the 
results of these computations. In the following table the maximum 
range at which a ten square yard target could be detected is 
listed for various wavelengths md parabolic reflector diameters* 
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In reality, these values arc optimistic because higher efficiencies 

v-rn uso/ln CER #11*9 than can usually be obtained in practic . 

Wavelength 

(Centimeters ) 

Antenna Diameter 

(Feet) 

_——-—— 1 

Maximum Range ! 

(Yards ) 

1.25 

1.25 

1.25 

3* 

3. 
10. 

10. 

2.5 
10. 

50. 

10. 

50. 

10. 

50. 

! 

390 

1560 

7800 

6U8 

32UO 

195 

975 

Inspection of Figure h.l and the preceding table «''eals 

th-it a radiometer, in its present state of development, could not 

serve clpaSyls â ^ssive detector of aircraft. Its performance 

Sd probably be Joch poorer than that indicated because of 
atmospheric absorption, ^.vhich v?ould serve to reduce the target s 

contrast rith its background. (Atmospheric absorption would 

be high for the low elevation angles involved} also, -t these angles 

an increasing fraction of the antenna beam would intercept th^ 
ground^further reducing any contrast). For the present at least. 

It is evident that detection of metallic airborne targe s / 

is imoractical, if not impossible. 

k.1.7 Deteraination of the Vertical. 

A device which can locate the vertical by radiometry 

methods could be constructed. The fact that the%ntenna 
temperature" as measured by the radiometer is a function of the 

angle between the vertical and the "line of sight of 
til antenna is of value here. If the antenna is rotated so the 

antenna beam describes a cone, the »antenjxatemperaturevab 

constant throughout the rotation providing 
vertical. If the axis of rotation is tipped from the vertical, 

the "antenna temperature" will be modulated. The phase and ampli¬ 

tude of this modulation can be used to correct the error bet> een 

the axis of rotation and the vertical. 

It is estimated that the vertical can be located with an 

accuracy of +0.2 degrees neglecting the difficulties introduced 

by the sun and non-homogeneity of the earth's atmosphere. T 

effect of the latter may be quite serious. 
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i2 Astronomical Aspects of Radiomfttry 

U«2#l Sun Studies 

un<iertakeni 
body temperature of the sun it n « termine the apparent black 
very weU knoro, ft T^rlT 0Í U25 11 
maximum of the first wata/aK« í ÍÍÍS is very near the 
measurements must be corrected^or^th bavdi thereiore, all sun 
earth's atmosphere. The effect of ^ ab®orPtion occurring in the 
in Figure k.2. These measííemen^ íara^f ^ absorPtion is shown 
with the K-band radiometer for -mrotiLTi* followiilg sun ' 
setting the antenna back in hourtnelï^th7* ^ rainutes and then 
previous path of the sun In tM«6 ^ U traced the 
measured the radiation fron. ÍS manner the radiometer first 

plus the radiation from the atmosphere ^íh^^ J7 the atra°sphereJ 

u-o co„ditio„s =S™ 

rr = a - e~U0SeC9J ^ + e-2aosec0r, 
sun U.l 

= Í1 - e'2aosec9j T 
4n 

li#2 

toward the surTar^^L^h^ant^6 Vhen the antenna is pointing 
from the sunfa is the Í^P^^ure pointing away 6 

atmosphere in nepers/^ i^the zenith * ^ertjcal Path through the 

absorption weighted temperate oftL a^6 ^ T* T* is the 
apparent black body temoeratT! of lu ^mosphere; TSun is the 

factor. The two expressions citerf h 6 S^nJ ?nd ^ is the antenna 
angles, since sec 0 is not Droportional°toh+Ohd fo^, Vör^ lai*ge zeniti 
values of 0 that are in excess of 70^ pQth length for 

Subtracting equation h,2 from 
equation lui. 

Tf - T- * g-2«osec0m 
^ ‘sun o 

sun 
Tr - T0 

e~2a0sec $q 
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The antenna factor, C, is — / GdVk The peak gain of the 
47r sun 

antenna (30" diameter paraboloid) was measured by comparing it 
with a standard horn# Then f GdO was evaluated graphically 

sun 
from the measured antenna pattern and peak gain. The absorption, 
a0 was evaluated by the first method discussed in Section 2,1,3, 

The hot load for calibrating the radiometer is substituted 
for the antenna feed. Therefore, since the measured antenna gain 
includes the feed losses, no correction for waveguide losses in 

the radiometer is required. 

The results of several measurements of the black body tem¬ 

perature of the sun are shown in the following table, 

SUN TEMPERATURE DATA 

\ = 1,25 cm. 

Antenna Gain = U2,3 db. 

Date Loss Due to 
Atmosphere 
(nepers) 

^
"
7
 

. 
«
 

1 
o
 

Apparent Sun 
Temperature 

(°X.) 

—— -1 
Solid Angle Sub¬ 
tended by Sun- 

Steradians 

7 June 19U9 

21 July 19U9 

22 July 19U9 

25 July 19U9 

o,oU 

0.113 

O.Oli 

0.071 

ioUo 

576 

966 

73U 

13,U00 

10,100 

12,600 

10,300 

6.60 X 10-5 

6.60 X 10“5 

6.60 X 10~5 

6.60 X 10*5 

It is seen from the preceding table that the sun temperatures 
are not constant, VJhether this is due to experimental errors or 
not is difficult to say. At any rate, there is certainly room 
for error in determining the atmospheric absorption, although this 
determination has been made as carefully as possible,. The diffi¬ 
culty may lie in the fact that the atmosphere may be lumpy; 
consequently, the method of measuring absorption by tipping experi¬ 

ments may be in error. 

The average of all measurements is 11,600°K, This figure 

is somewhat higher than that quoted by Dicke and Southworth, 
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Dicke15 quoted two measurements of 10,000 K. and 11,000 K* 
respectively for 9 July 19U5 and 1? July 19U5* Southworth1 
reports temperatures of approximately 5000°K« neglecting 

absorption effects* 

No definite reason for the discrepancies can be advanced, 
although the greatest possibility for error may be in the measure¬ 
ment of the antenna gain and the determination of the atmospheric 

absorption. 

U.2#2. Moon Studies 

A number of measurements on the moon have been made at 
wavelengths of 1.8 cm. and 1*25 cm. The 1.2$ cm. measurements 
were made with the K-band radiometer described in Section 3*2*3» 
The radiation received from the moon is small due to the fact that 
the moon is not very hot, and the antenna accepts only part of the 
total radiation. For this reason the gain required in the radiom¬ 
eter was high and it was necessary to "balance out" the "cold" 
background reading which was 8 or 9 times as large as the desired 
temperature difference between the moon and its fore and background. 

U.2,2.1 Moon Temperature Measurements 

The results of several measurements indicate 
that the noon radiates at a wavelength of 1.25 cm. as much 
energy as a black body would at a temperature of 2ó0oK* 

The measurements were made in the same manner as 
the sun measurements described in Section U.2.1. As before, 
the apparent black body temperature- of the moon, 7moont 
was found from the difference of the antenna temperature 
measured when the antenna ví as pointed first at the moon 
and then at free space at the same elevation angle. Thus: 

'moon 

4tt (Tr - Td) 

I Gd!) • e~2aosec 6 

Q is the solid angle subtended by the moon 

U.3 

The average experimental values obtained are given below: 

'r — « 2li° K.¡ 
e-ia0sec & 

15Dicke"and Beringur, "MICROWAVE RADIATION FROM THE SUN AND MOON," 
The Astrophysical Journal, May, 19U6. 

16Marton, "ADVANCES IN ELECTRONICS," Academic Press, Inc., Book 6, 

19U8, p. 377. 
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peak gain of antenna = U2«3 db* relative to isotropic; 

and f Cd 0 = 1.16 

solid angle subtended by moon 

'moon 
An 

1.16 
260° K. 

This value is less than that measured by 
Dicke et. al.17 vMch was 293° K. However, for a difficult 
measurement such as this, the agreement can be considered 
quite good. Much better data could be obtained with larger 
antennas, providing the gain of the larger antenna can be 

me .sured accurately. 

U.2.2.2 Moon Eclipse Measurements 

The radiation from the moon at a wavelength of 
1,25 cm. was also measured during the total eclipse of 
12 April 19U9. Figure U.3 is a photograph of the actual 

data obtained. 

The effects of "balance" banges in the radiometer 
which occur over fairly long periods of time were eliminated 
by continuously comparing the antenna temperatures measured 
when the antenna is pointed alternately at the moon and 
then away from the moon. In this particular case the antenna 
followed the moon for approximately a seven-minute period; 
then the declination was increased by five degrees and the 
antenna allowed to follow a path in space for seven minutes. 
The hour angle axis of the antenna mount was driven at 
constant speed with corrections made during the seven- 
minute period vdien the antenna was not following the moon to 
compensate for the difference between the motion of the moon 

and the antenna. 

Since the molecular absorption due to water vapor 
in the earth's atmosphere is appreciable at this wavelength, 
the antenna temperature measured for a path five degrees 
in declination above the moon had to be corrected to the 
value which v/ould have been obtained if the intenna were 
pointing along the path traveled by the moon in the previous 

seven-minute interval. 

17Dicke and Beringer, "MICROWAVE RADIATION FROM THE SUN AND MOON", 

The Astrophysical Journal, May, 19U6, 
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The data shows that the fluctuations were appre¬ 
ciable compared to the total temperature difference being 
measured* In general, the maximum fluctuation was + three 
degrees compared to a total temperature difference of 23 
degrees. The large spikes on the chart, exclusive of the 
time markers, were due to external interference* 

Reduction of the data was accomplished by 
averaging the meter readings in the immediate vicinity of 
each discontinuity representing the time when the antenna 
was changed from the moon to space* The differences of 
these readings were converted to temperature differences 
by means of the calibrations taken at the beginning and end 
of the run* The temperature differences after correction 
for different path lengths and atmospheric absorption yield 
a temperature which is equal to the apparent K-band tempera¬ 
ture of the moon multiplied by the antenna constant* 

The reduced data is shown in Figure )i*U* The 
average value appears to be constant, indicating within the 
limits of experimental error, that the radiation from the 
moon was no different during the total eclipse than when 
fully illuminated by the sun. 

Figure is a similar set of data taken at a 
wavelength of 1*87 cm* This data was taken vrith the radio 
sextant. Since the radio sextant output is not a direct 
function of incident pov/or, it was necessary to measure the 
error voltage as a function of angular distance between 
moon and antenna. In Section 3*2,U it is shown that the 
slope of the error voltage curve is proportional to the 
source temperature which, in this case, is the moon* 
Due to equipment difficulties the observations at this 
wavelength were not started until after the eclipse began* 

Neither set of data indicates a significant change 

when the moon is obscured fron the sun by the earth. This, 
however, is about the only conclusion that can be drawn, 
in view of the spread in the measured data-* 

Resorting to the theory of thermal radiation, it 
is possible to arrive at some expressions which show that 
the moon^s radiation at these wavelengths should not decrease 
greatly during the eclipse, 

U,2,2,3 Analysis of Expected Energy from the Moon at One 
Centimeter 

The received energy from the moon is of two dis¬ 
tinct types; energy from the sun reflecting from the moon's 
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surface and thermal radiation from the moon itself due to 
its own temperature. The former will be considered first# 

Enough is known about the surface of the moon to 
predict how the moon will reflect one cm# energy# If the 
moon were assumed to be a perfectly smooth sphere, the 
reflected energy received by an antenna on the earth vrauld 
be expected to come from a single small area at the nearest 
surface# This is obviously not the case for reflections in 
the light spectrum, and it most probably is not the case for 
reflections in the one cm# region# Due to the lack of 
atmosphere the surface of the moon is probably even rougher 
and more irregular than that of the earth, ■which is usually 
considered to act much like an isotropic reflector# 
Therefore, the reasonable assumption seems to be that the 
moon acts as an isotropic reflector for one cm# energy; 
i#e#, it presents a disk equal in area to the projected 
area of the sphere when fully illuminated by the sun# 

For this case, equation 2#25 may be used to compute 
the reflected energy.that an antenna would receive when 
directed at the moon. 

For the sun, assume Ms - 0 and a? - 10,000° K. 
The sun subtends a solid angle of 0.68 x lO"** steradians 

Thus, equation 2.25 becomes: 

(*J(1Q*) (0.6Q x 10“4; _ f G(6, <f>)dn 
477 fi 

nr (0.05AV f^Cr(6, 4>)d D 

This yields an equivalent antenna temperature of 

Tr - (mr)(C.OZAV — ¡0(6, <p)dQ (°k) 
477 fi 

The maximum value that the antenna factor and the 
reflectivity of the moon*s surface can assume is unity# 
Hence, the maximum antenna temperature possible due to 
reflected energy from the moon is 0.05Ul°K*, which is far 
below the maximum sensitivity of 3° K for the K-band 
radiometer# 

at the moon, 

P 
r 477 

= X&f 
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« 

From the numerical result above, it may be con¬ 
cluded that no moon temperature change should be detected 
due to the change in reflected energy at different degrees 
of illumination, and that the energy received from the moon 
is due to thermal radiation from the moon itself* 

Some assumptions must of necessity be made in 
computing the total energy received from the moon due to 
thermal radiation from the surface material* Equation 2*13 
will be used for this computation* Obviously not enough is 
known about the inoon*s surface to predict how nt a, and 
T will vary with 9 and Therefore, it will be assumed 
that they are constants with respect to these variables* 
Also, it must be assumed that a does not vary with z* 

V/ith these assumptions equation 2*13 becomes: 

Pr = ZKbf (1 - m) I e-2aZaT(z)dz 
o 

~ LG(e. 
4tt u 

This yields an equivalent antenna temperature of 

2U - n) 
f d , \Jo0^aT(z)dz 

1 

An 
Lc(e, <p)d n 
o 

u*u 
The formulation of T(z) for the moon can bo done 

only on a hypothetical basis. Temperature measurements of 
the moon*s surface have been made during different degrees 
of illumination* The surface temperature has been measured 
to vary from +100°C at noon to -5>0°C at sunset and to —150°C 
at midnight. Measurements made during eclipses of the 
moon indicate that the surface temperature may fall li>0oC 
in an hour and as much as 220°C during a total eclipse* 
Such rapid cooling of the surface when sunlight is with¬ 
drawn is due partly to the absence of an atmospheric 
blanket, and partly to the low heat conductivity of the 
surface material* In fact the cooling of the surface is 
rapid enough to indicate that the heat conductivity of the 
surface material is so low that the temperature a foot under 
the surface of the moon remains at about 0°C, regardless 
of the surface temperature. This fact gives some insight 
into what function T(z) follows* 

From theoretical work employing the heat flow 
equation and assumed boundary conditions, it appears that 
during full illumination the temperature will vary approxi¬ 
mately exponentially with depth. Assuming this to be the 
case: 
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V 

T(z) ~ (Ts - Td) ebB + Td U.5 

where fs = surface temperature 

Td - temperature at a considerable distance 
beneath surface 

b - factor in the exponential giving the 
rate of decay of temperature with 
depth 

Substituting equation for T(z) in equation 
and performing the integration yields, 

G[9t ¢)1 Cl 

U»6 

"d" is any distance inside the moon whore the 
absorption from the surface to "d" is essentially complete« 
Hence, e_2a£* and e-^2* * are zero and equation U«6 

reduces to 

Tr = 2Í1 
(Ts-Td) a(l-e ( 2& * b)d 

2a + 6 

J . ^ 
- + ~ (l-e-2ad) 

2 Aerr JQ 

Uts - Td )2,a 1 i 

^ - (1-nl LirTT“' * 4¡r ¡oc,e: ma M 

Although many assumptions have been made in its 
derivation, equation U«7 should represent the true situation 
v/ith sufficient accuracy to permit the derivation of some 
conclusions from it« In view of the temperatures mentioned 
before, fs must vary from about 393°K to 173°K during an 
eclipse of this duration, while ?d is constant at about 
273°« The fact that no appreciable temperature change could 
be detected at 1,8 cm, and at 1,25 cm, during the eclipse 
of 12 April 19U9 therefore indicates that b is much larger 
than a. 

If, as suggested before, the temperature a foot 
under the moon surface remains essentially constant at 

about 273° K., b must be in the neighborhood of 0«1 nepers 
per centimeter. In other words, this value of b decreases 
the temperature from 393°K* to within 5*7° of 273°K« in 
one foot. An estimate of the value of a can be made by 
comparing the attenuation constants of like substances on 

earth, taking into account the absence of moisture in the 
moon's surface layer. 
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At these wavelengths, it is felt that a value 
between 0*005 and 0*01 nepers/cm, is representative* Thus, 
it is concluded that b should be larger than a* perhaps 
by a factor of ten* 

Equation ii.7 may be used to compute, approximately, 
the effective black body temperature of the moon in the 
one-centimeter region. For a = 0*01 nepers per centimeter, 
b = 0.1 nepers per centimeter, Ts = 393°K» and = 273°K* 
equation U*7 gives: 

Tr = (1 - nj 293 -- Lfi(0, 4>)dïl 
47T Í2 

Some insight may be gained on choosing a value 
for "ui" by appealing to astronomical data* The albedo of 
the moon lias been measured to be 0.07* Undoubtedly for 
one-centiraeter wavelengl hs, "m" will not be exactly equal 
to the moon*s albedo, but this is the best estimate avail¬ 
able* Accordingly, will be taken as 0*07* This yields» 

Tr - 272 • -- / GIO, 4>)dn 
4tt ft 

This temperature (272°K.) compares favorably with the 200° 
measured at 1*25 cm. However, the result was gained only 
to show that equation l»*7 gives moon temperatures in the 
correct range. 

Another factor must be considered in analyzing the 
temperature variation with depth during an eclipse* ’'hen 
illuminated for a long period of time, the temperature 
should decrease approximately exponentially with depth* 
However, when the moon is shadowed, the surface temperature 
drops rapidly below the temperature a short distance under 
the surface. The heat flow equation mv be solved for this 
case* The general shape of the resulting curve is indica¬ 
ted in Figure U*6, 

t = time from start of shadow 
\___ _ 

Surface Increasing Depth -*• 

Figure 4.6 
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A temperature variation such as indicated for 
"small t" does not lead to a marked decrease in black body- 
temperature of the moon in the one-centimeter wavelength 
region during an eclipse, due to the existence of higher 
temperatures than the surface temperature only slightly 
beneath the surface« However, for long periods of shadow, 
the "large t" curve of Figure U»6 is approached, presenting 
the possibility that the temperature of the moon at a 
wavelength of one-centimeter might change slightly from 
new to full moon« 

This analysis has not been intended to be rigorous 
in all respects« It was intended to theoretically justify 
the inability to detect a temperature change during the 
moon eclipse of 12 April 19U9# Equation U»7, although its 
derivation involved many approximations, shows that the 
black body temperature of the moon may be relatively inde¬ 
pendent of the surface temperature for wavelengths one centi¬ 
meter and longer. This condition is approached by a surface 
layer which is a very low loss dielectric and a good heat 
insulator. 
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