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- .60 GHz RADIOMETRIC LOCAL VERTICAL SENSOR EXPERIMENT;_.a:

. By C. Herbert Grauling Jr.
West1nghouse Defense and Electronic Systems. Center .
Systems Development Division

1. n\ITRob_U(; TION

“This final report summarlzes the maJor results on Contract No.
NAS1-10131 for the development of the Ra.dlometnc Local Vert1ca1 Sensor
. Experiment, This is a new sensor operating in the millimeter wave portion
of the electromagnetlc spectrum. It is a'limb lookmg dev1ce, much the same
in concept as the 1nfrared limb sensor. . The prlmary 11mb component
detected is the oxygen in the. atmosphere th1s is of hlgh concentratmn
(almost 21 percent), uniformly drstnbuted around the ea.rth and a" very
strong absorber at frequenmes near 60 GHz ' } o ' '

The d1fferences in a.bsorber characterlstlcs between the two spectral o
regions result in comparable, but qu1te dlfferent, §proflle shapes and
characteristics. . A la--r.ge portion of th1s__u report is devoted .to obtaining the -
characteristics of the oxygen profile, and many 'differeht"model"atmospheres
are considered. This result dépends onthé basic physical ‘phénbmenon_of g
absorption and emission by the atmosphere, and is not under the control of
the system designer.

The next major section of the report considers the manner in which
various system design choices affect the performance obtained. Items con-
sidered include frequency, bandwidth, atmosphere model, antenna pattern,
and beamwidth. It is concluded that a viable experiment exists, capable in
general of an accuracy of 0.0l degree or better even under maximum ex-
pected atmosphere differences. |

The two concluding sections of the report discuss the millimeter com-
ponent development results and plans, and preliminary planning for future

engineering model experiments.
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2, EXPERIMENT CONCEPT

’i‘he Radiometric Local Vertical Sensor investigated under Contract
NAS1-10131 represents a new class of sensor operating in the millimeter
wave portion of the electromagnetic spectrum. T‘hi's sensor is intended to
provide a local vertical reference for a spacecraft, based on radiometric
measurements of the 60-GHz radiation from the molecular oxygen in the
earth's atmosphere. The goal of this conti‘act was to establish feasibility of
such a microwave sensor experiment through appropriate analytical studies
and the development of critical millimeter wave components. The theoretical
analysis and hardware development discussed in this report demonstrafe that
feasibﬂity has been established.

The sensor concept is readily explained. The earth, when viewed from the
spacecraft at an appropriate frequency, say 60.8 GHz, will appear essentially
as a uniformly bright circular disc with well-defined edges, and with very low’
background outside the disc. Details of the actual profile will be discussed
later in this report. ' The near step-function behavior of the observed bright-
ness temperature is caused by the changing attenuation characteristic of the
atmosphere in the 30- to 40-kilometer altitude region. An antenna pointed
at the edge of this noise disc will exhibit an apparént temperature which is
the product of the disc temperature anci the fraction of the antenna beam
filled by the disc. Assuming circular symmetry in the oxygen mantle, the
local vertical has been found when the input noise ‘signal (i. e., the apparent
temperature as measured‘by the radiometer) is the same in all radial direc-
tions. Since the physical pai"ameters of temperature and pressure in the
30- to 40-kilometer altitude region can be expected to rerhain réavsonably
constant and independent of local influences on the ;aartﬁ below, the oxYéen

in this region can serve as a precise reference for determination of local



S s

Vverti‘.cal ‘It is th1s hypothe51s wh1ch has been 1nvest1gated in the current
theoret1ca1 studies and wh1ch would be tested in a future flight exper1ment

System geometry may be represented by figure 1. Assuming spherical
-isymmetry, the local vertical pas ses through the spacecraft and the center of::
the earth. A direction inv_spa__c.e",.q,lmeasured'from the spacecraft, is defined
by two angles. The angle 6, or nadir angle, is-measured from the local
_.vertical, and the angle ¢ is measured in a circumferential direction in a
xplane normal to the local vertical. A[:Is_ing‘ the local vertical as a polar axis,
:d: is equivalent to longitude, /an‘d if the poirfting direction from the spacecraft:
intersects the earth's horizon, then the value of 6 is equivalent to the 1at1tude
.at which the hor1zon exists,. For the case of the oxygen mantle, the apparent
hor1zon is not qu1te as abrupt as th1s geometry would imply. The calculated
br1ghtness temperature versus a1t1tude curve 1s, however, quite sharp, and ’
.the approximate half temperature pomt will be cons1dered as the oxygen
hor1zon. This po1nt occurs at an altitude of about 34 kilometers, with only
‘minor var1atlons dependlng on the atmosphere model and frequency selected
sas will be demonstrated later in this: report. v o o

The basm sensor system uses four antenna beams and two radiometers
to provide p031t1on 1nformat1on along two quadrature axes, with the two
sbeams ona glven axis pomted at oppos1te hor1zons of the earth These two |
; ‘beams are symmetrmally depressed with respect to the spacecraft hori-
zontal axis so that a change in spacecraft att1tude w111 cause the signal from

:_one beam to 1ncrease and the srgnal from the, other to decrease. The re-

su1t1ng temperature d1fference is sensed by a D1cke tvpe radrometer, and
;used either to indicate d1sp1acement from local vert1ca1 or to control space-{

: craft attitude by means of a null- seekmg servo loop. Assummg spherical’ ‘-

‘ symmetry of the earth and its atmosphere, the accuracy of such a vertical
sensor is limited only by the sharpness of the antenna beams and the tempera-
‘ture resolution-of- theuradlometer. - For.an-antenna - beamwidth .of 1.degree, .:
the rate of change of temperature with pointing angle, as seen by the radiom-
eter, is about 400 kelvms per degree. 'Since the rad1ometer can readily be

4
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made to resolve 1 kelvin, a sensitivity better than 0. 003 degree is indicated.’
The accuracy actually achieved will be determined largely by how well the
spherical symmetry assumption is satisfied. The question of atmospheric
effects thus becomes of prime importance in predicting performance of the
local vertical sensor, and much of the analytlcal studies has been concen-
trated in this area. -

The two antenna beams on a given axis, viewing opposite horizons, can
conceivably be look1ng at somewhat different atmosphere structures, For an
east west axis along the equator, there should be little problem; but for a
north-‘south axis centered on the eq.uator, one hemlsphere tends toward
s(umm;er conditions as the other ten’ds toward winter. At very low satellite

altitudes, the atmospheres must be essent1a11y the same, although a grad1ent
s1tuat1on can exist. As satellite a1t1tude mcreases, the separation of the
observed atmospheres also 1ncreases, and hence a different brightness temper-
ature proflle becomes more probable. In the. real case of the aspherical earth,
the bisector of the angle between the hor1zons may not pass through the center
| of the earth as assumed above, but'it is st11i a vahd measure of pointing
att1tude control apphcatmns. - » - : |

' The absorption of electromagnet1c energy by the oxygen in the atmosphere
reSults from an 1nteract10n between the magnet1c dipole moment of the oxygen
molecule and the electromagnetlc f1e1d The spectrum observed represents
f1ne structure trans1t1ons between the d1fferent spin states associated with

a given rotational state. For each rotat1ona1 state, N, two transitions are

pos siblie, designated 'N+ and N-. Mtcx:owave absorption by oxygen was first
diSCU.ssed by Van Vieck and the tranS1t1on frequenmes used in this report
are those given by Meeks and L111ey. 23 Figure 2 shows some of the strong
lines near the center’ of the oxygen absorption complex, giving resonant
frequency in GHz, _sﬁacing between lines in MHz, and rotational quantum
number, N, for each line. In calculating attenuation and index of refraction

in the atmosphere, it is necessary to sum over all rotatlonal states with

appreciable.wpopulatlonwat.wthe-temper-atur—es.- encountered in-the atmosphere.
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Our calculations use values of N from 1 to 45 (only odd values are permitted
because of the exclusion.principle) so that the effects of 45 lines in the
complex from about 50 to 70 GHz plus the singlé line at 118. 75 GHz are
considered. '

Viewed as an emitter; the oxygen radiates not 6nly at the resonant fre-
quencies but, over the entire band of frequencies at which significant attenua-
tion-occurs.. For the vertical sensing application,the region between resonance
lines is actually more useful because it provides a greater delineation of
‘brightness temperature with altitude as well as sufficient bandwidth for the
radiometer. Also illustrated in figure 2 are several poss;ibleroperat'isn'g_‘
frequericy regions that can be considered for the vertical sensor. -A double. .
sideband radiometer is z;,ssurned, with the line representing the ;locél
oscillator and the box the IF passband on either side. For ex_arx:lple,/‘theu-
entire band may be contained between the 7+ and 9+ lines, with the LO at
about.60. 8 GHz; or the.LLO may be located between the 5- and 7+ lines at .
about 60. 37 GHz, and the IF passband may include or avoid.a .r.es‘ovnance:
line, as shown. Detailed rbrightnes‘s temperature profiles have been calculated
over the frequency ~int¢rvél noted in the figure, and this wi_llllv?e;disc‘uglsed_l,ater ‘

in the report.
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3. RADIANCE PROFILE STUDIES

" A given ray leaving the spacecraft antenna and entering the earth's atmo-
'sphere-will undergo.a small bending-effect due to the index of refraction of
the étmbsphe‘re and will be attenuated by:an amount.determined: by-its fre-
quéncy. - In geheral,’ both-'index. of refraction ahd attenuation constant increase
with pressure.and hence -become:larger atlower-altitudes. ' The ray.will
either ‘strike the'earth, ‘6r it will pass completely through the atmosphere: .
and out the othér side.. -When viewed from the’ spacecraft;: this ray will.
exhibit a brighthess témperature which; in accordance with the well known
equations ofwi’ajdia.tive‘trans'fe-r',':3’:4 is'determined by 'the physical tempera--
ture of the attenhating regions ‘through: which' it passed, :plus a contribution
;based:‘ on-its termination. For a .frequency near 60 GI—-Iz,'-.::the, atmosphere - -
i*“attenuation’can-become quite large due. to: absorption by oxygen, as. discussed
earlier, and: the o6bserved brightness temperature becomes a rapidly varying
function of the nadir angle, 6, in the vicinity of the oxygen horizen. The - .
objective of the radiance profile studies is to determine the detailed variation
of brightness ,temperatuxle as a function of ray pointing direction for any given
' combination of frequency and assumed atmosphere model. This brightness
temperature profile information, in turn, serves as an input to the experi-
ment system analysis so that the behavior of the sensor system may be
predicted and the influence of various design choices investigated.

3.1 ASSUMPTIONS AND APPROACH

For the purpose of d'etermining the brightness temperature profile, a
spherically symmetric earth and atmosphere is assumed in order to present
a tractable problem. Two separate but related calculations are required.
One is the actual brightness temperature calculation, which depends on the

temperature and attenuation constant of the absorbing medium and the path



length in this medium. The other is a ray trace calculation to determine the
path of the ray, in order that the appropriate values of temperature,: attenu-
ation, and path length may be determined for the brightness temperature cal-
culation. Both of these calculations may be expressed in integral form. How-
ever, their nature is such that.a closed fo__jr{m‘result does not exist; therefore,
a hume;ical integration process using a digital computer is employed.

A particular model atmosphere is egp;gs_sed_.‘in the form of a series of
spherical shells, with the atmospheric parameters. of pressure, temperature,
.and water vapor content defined at the altitudes corresponding to the.shell .-
boundaries. The computer program requires that index of refraction and
attenuation constant be knowﬁ at interior points.in each shell;.hence, .some
| interpolation technique is required.. One possible approach is to interpolate
pressure.and temperature and calcglate the other parameters at each desired
point. Another approach,_< and the one adopted:in our program,, is te compute
the index and attenuation on the shel;l'bouncllar(ies and then to interpolate these
quantities for intermediate points.: The rationale behind this choice is .rea.dily
explained. Both the microwave absorption coefficient and the refractive -
index (expressed as € = n-1) are essentially proportional to-a power of
atmospheric pressure, which in tu'rn,y:ari.e!s__.very, nearly as a negative ex-
ponential function of altitude over the entire altitude range.. This pressure -
variation, which spans roughly six orders of magnitude, is the major variable
factor in the electrical parameters; and, hence,. the values of index and
attenuation at an intermediate height within any given shell may be obtained
by intérpolation using exponential functions fitted to the parameter values
calculated on the shell boundaries. The use of this particular interpolation
technique represents an assumption in our program, but a major advantage is
gained. The results should be almost.identicalktouthose obtained by inter-
polating an exponential function of pressure to obtain the intermediate point..
However, the intermediate parameters may be obtained by a simple square
root, or at worst, a simple exponential; whereas if pressure and temperature

are interpolated, a new quantum mechanical sum over all resonance lines is
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again required.. 'Thus, computer processing tim;a 1s éréatiy réduced at no
loss in accuracy.* !

Two facets of the approach chosen sho-uld be noted. From the above dis-

: cussion; it is clear that although the model atmosphefe is defined in terms

of discrete shells (i. e., at discrete heights) both the absorption and the index
are permitted to vary across the shell-é.nd are interpolated as described.
Thus, the ray tracing technique approximates a continuously bending ray in

a continuously changiing'atmospheré and hence represents an excellent simu-
lation of the real case. '

In addition, the basic philosophy employed in the brightness t.emperature
computer program is that if all ‘expressions used are differentially correct,
then the results may be tested by decreasing the step size and noting the '
convergence. Assuming the:desired convergence, this result will be the
most accurate obtainable, within the limits of the basic assumptions and the
data available. To implement this philosophy, both the opacity (integrated
. ‘attenuation constant) and brightness temperature contributions of each of a
number of roughly equal increments (segments) along the ray path are cal-
culated and summed. A maximum step size is used as a parameter in the
program, and this can be reduced as ﬁecessary to test convergence. The
program is adaptive in that each shell is subdivided as necessary so that
the ‘path length in any segment is less than the maximum allowed. If the
total path in any shell is less than this maximum, no subdividing is employed,
and the shell is treated as-containing only one segment. In those shells which
are subdivided, all'segment lengths are rdughly equal, and the number of
segments is adjusted as necessary to provide the minimum number consistent
with the assigned maximum path length.

Under the assumption of spherical symmetry, as discussed above, the
refractive index is a function of height above a smooth earth, and the struc-
ture is horizontally homogeneous. The appropriate expression for the bending
‘of a ray in this atmosphere is Snell's law for polar coordinates: ’

n(r) «re+ sina =~consta‘nt, S : S )

11



radius, thus

‘where a is the angle between the radius vector of length r and the direction:
of the ray (i. e., the tangent at that point), and n(r) is the index of refraction,
explicitly written as a function of r.
In; the. vicinity of a satellite at radius Rs, ‘assumed well outside the earth's
. atmosphere,. the index n becomes . unity, the path is a straight line, and a
becomes the nadir -angle. 0. Thus

Rs sin 6 = constant = p, - . O S : : - (2)

where p is defined ad thé normal distance from the center of the ‘earth to the
unrefracted ray from the satellite, a!‘simple’ geometrical interpretation. This
radius, p, will be used to characterize the".ray ‘whose brightness‘temp'erature
is to be calculated, and it will be referred to as tangential radius. It will

usually be used in the form of a tangential altitude by subtracting the earth's

1 i

'H=p-R (3)

The temperature prof11es to be d1scussed later show br1ghtness temperature
versus tangential alt1tude, because this is a SOmewhat more general charac-
terization than the angle var1ab1e 1mp11ed ear11er in this chapter. The use

of tangent1a1 alt1tude permits one prof11e to be used for many satelhte alt1tudes
by a 51mp1e geometncal transformatmn, and yet it prov1des a prec1se de-‘
l1neat1on of the cr1tica1 portion of the prof1le near the hor1zon For values

of H greater than the max1mum atmosphere layer con51dered the ray misses the
atmosphere and assumes the temperature of sPace. H can_also be les's than zero,

in wh1ch case the ray strlkes the earth and H ='- R represents a ray along the

B

nadir. ‘

3.2 REFRACTIVE INDEX AND ATTENUATION .
An 1mportant section of the rad1ance prof11e stud1es 1nvolves the calcula-

b} ¢ 5
t1on of the electrlcal parameters of 1ndex of refract1on and attenuatlon con-

1
stant from the phys1ca1 parameters of temperature, pressure, and water
vapor content of the atmosphere. Physxcally, th1s is handled as a subroutme

L.

of the main computer program Theoretmally, what is 1nvolved is a complete
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quantum mechanical representation of the index and attendation in the wvicinity
.'of the oxygen:absorption complex, along with the appropriate par‘ameters
for dry air and water vapor, including the water line at 22. 235 GHz.:

-In the vic‘inity of an absorptio-n line, 'anomalous disperSion will occur;
i.e., -the index 'of refraction var.iesb asl a function of frequency across the line.
Since the oxygen lines are relati\}ely intense, the effect on the index was also
calculated because a very small change in bending can cause the ray to follow a
different path and hence see a significantly different attenuation and bright-
ness temperature. T_he form of the index and absorption functions are _

..sim'il_ar, _since 'they aris e _from the real and imaginary parts, respectively,
of the complex dielectric .const_ant of the atmosphere,
The absor_ptioncoefficient,'y,{ is expressed 1n terms of loss per unit length,
and on the curves presented later in this chapter it is given in dB per kilometer
as a convenient unit. The index of refraction, n, is a number slightly greater
then un1ty, and it is frequently expressed in terms of the refract1v1ty, €,
‘where € = n-1. In fact, the baS1c ca1cu1at1on from the phys1ca1 atmosphere
parameters y1elds the refract1v1ty, e, and, the 1ndex, n, is then der1ved by
add1ng € to un1ty. K ' I '
 The oxygen absorpt1on coeff1c1ent calculatmns used in our program follow
the procedure outhned by Meeks and L111ey. 2 The1r emp1r1ca1 relation for
the width of the pressure broadened 11ne is followed as is the approx1mate
procedure of add1ng‘ the doppler broademng term to the pres sure term to
obtain a total 11new1dth Zeeman effect has not been 1nc1uded in the program,
but its overall effect is small; 1t is pr1mar11y 51gmf1cant above about 50
kilometers where the br1ghtness temperature is already low and approachmg
~ that of space. A recent paper by Reber, et al. ’ g1ves a s11ght1y d1fferent
emp1r1ca1 relatlon for the pres sure broadenmg term. X This eXpressmn has
not been evaluated as yet but should be to determme the comparat1ve effect.
No large changes are ant1c1pated because the1r zemth attenuation valuels

are comparable to ours The calculat1on of absarptmn by water vapor

follows the work of Barrett and Chung 8
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"There is, however, one significant difference between our work and that
of Meeks and Lilley. They neglect refraction effects and assume a horizon-
tally stratified plane atmosphere. We are primarily 1nterested in the grazing
ray in the vicinity of the oxygen horizon, and, hence,- we must consider both:
the spherical geometry and the refraction efféects. As noted earlier, 'the.
refractive index variation in the vicinitv of the oxygen resonance complex was
calculated, and this derivation is based .on principles given by Van Vleck.

It should be noted here that the least accurate part of the entire brightness
temperature calculation for a given model atmosphere is the conversion of
the physical atmosphere'parameters to electrical ones. This conver‘sion
requires an empirical relationship, and it is here that it should be inter’eSting
to compare the effect of the Meeks and Lilley line broadening expression with
that of Reber, et.al.. A slight shift in the absolute values of the brightness
temperature profile for a given atmosphere would be expected but the relative
effects of various atmosphere models, which in ‘the final ana1y51s' is what
determines the accuracy ‘of the sensor system, should remain almost totally
unchanged o o ' ‘

It is 1nterest1ng to’ con51der some of the parameter changes that occur in
the atmosphere. Over the a1t1tude range from 0 to 100 k1lometers, the pres-
sure varies by roughly six orders of magmtude. At 60.8 GHz, assuming
dry air, the refract1v1ty, €, varies by a similar amount, but the absorption
coefficient, y, varies by almost 10 orders of magnitude. Over a large portion
of the ran.ge, attenuation varies e.ssentially 'as the square of the pres sure, ‘
since attenuation is proportional to. pressure times a linew1dth parameter ‘-
and 11new1dth is also proportional to pressure at this frequency. At a
resonance line, th1s rapid change in attenuation is greatly reduced and Yy is .
almo_s‘tconstant With,altitude and pr_es's,_urve-oyerua. rather wide region. This
againvpoints out the desirability' of operating the::local‘ye rtical .sensor, in the
region between resonance lines, where a'rapid change of attenuation and,

hence, brightness temperature, occurs. At 60.8 GHz, the dispersive
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refractivity term due to the oxygen resonance is three orders of magnitude
less than the total refractivity; but at 61.13 GHz, which is still 20 MHz (and
many linewidths for altitudes above 40 kilometers) away from resonance, ‘1t
is already contributing several percent of the total €, an amount sufficient
to justify its inclusion in the calculation. |
3.3 BRIGHTNESS TEMPERATURE

A greaﬂy simplified expres sion for.the brightness temperature, -TB, of a

given ray, as vieweéd by the satellite, may be written as:. -

o= T d ) ' ’ 4

where T is the temperature, and y the absorption coefﬁcient associated with
van elemental }eng‘th of path, ds, along the rday.' . Th:e quantity, -ri, represents
the total opacity nleasnred frorn;the...satellite to»th,e‘ element in question, and
the integral is taken over the comp}le{te» path frorn the satel_iite through the
atmosphere. The expression e-T repres'ents the,fr.actvion of the noise power
transmitted through the '1,9.»5 s}y medllumfrom th'e. Ie‘iernental source to the point
of observation. - Expressed in terms mote f.amiliar“to‘those ';:vorking in the
m1crowave area, T represents tw1ce the path attenuatron in nepers, or
equivalently, the loss in dB d1v1ded by 4. 343 a constant equal to 10 log10

Clearly, the opacity is also g1ven by an 1ntegra1 namely

T-=-f'Y'dS':"’ e _ : (5)

where the integral is taken from the satellite to the ’sevgment ds of equation 4,
and the prime notation refers to an 'eieniental ‘segment in this -integral.. '

If the ray is not co'rnpiet.ely.abso‘rb‘edi in the atmosphere it either passes
into space and is ahsorhed‘ ~‘o:r it strikes the .earth"an'd will be assnmed to
be absorbed. (Th1s latter assmnptlon is not critical in the frequency band
being cons1dered, because the attenuatmn is so large For other apphcatlons
in a different frequency’ regmn, one m1ght want to consider reflection rather
than absorptmn at this 1nterface. ) In e1ther case, an extra term is added
to equation 4, of the form T e 79, where T is the’ temperatur,e of the ab-

sorbing termination and 1 'is the total path opac1ty.
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In order to proceed with the calculation of TB, it is necessé.ry t<‘) e;stablish
a value for ds in equation 4. This value is obtained:by a ray tracing calcula-
tion. Combination of equations 1 and 2 yields | :

nrsina=p : . oo (6)
as the general expression for the ray in the assumed spherical atmosphere.
As an example, assume an atmosphere model extending to 100-kilometer
altitude and assume p is selected so that the fangential altitude, H (see
equation 3), is 30 kilometers. As the ray enters the atmosphere, it moves
from an g.ltitude of 100 kilometers toward an altitude of 30 kilometers. In -
- addition, it also starts to bend downward, ‘and since n.increases as altitude
decreases, the amount of bending increases until the ray reaches its point of

closest approach to the earth. At this point sina =1 and

n(rc_)-rczp, : A ' P o (T)

where r. is the radius of closest approach. Clearly, since n > 1 r < Ps
and the alutude of closest approach r is somewhat less than H. From this
point on bending continues in the same direction but at a 'de‘éreas1ng rate
until the ray finally passes out the other side of the atmOSphere. It is also
clear that the length of this curved path through the atmospheré is gréater
than if the ray had merely followed a straight path tangent to-H. The fact
that the minimum altitude dips below H means that ‘a somewhat higher
absorption coefficient is encountered, : Thus, the values of v, y, and ds
applicable to equation 4 are all greater on the curved path than they would
be on a straight path, but the values are not yet known. The only well defined
quantities, suitable for integration limits encountered in this ray tr;ace“ é;{ample,
are the altitude limit of the atmosphere and the radips r_. ‘Thus,. an expression
for s in terms of r would appeat to be the next logicai étep. |

A combination of Snell's law, from equation 6 with the polar coordinate
_differential element, yields ‘

gso——mrdr____ . B ()
2.2 2 '
nr -p




In 1ntegral form

/’ ds = [ _nrdr dr A (9)
" 21_2_p _ : :

where S is now the total path length. Only one half the path, from the altitude

limit (expressed in r} to-,r.c. need be celculated,‘ as the other half is identical

under the spherical symmetry assumption. Since n is'a function of r, this

integral, like the former ones, does riot:have a known closed-form answer.

- This integral can be evaluated numerically by fo'rr‘n’ing'a‘ series of partial
sums and adding them to produce the desired total summation." 'This involves
working with finite segments' A r rather than the mathematical differential dr.
There.is an approximation involved here, of course, but by using more steps
of a smaller size we should be able to approach arbitrarily close to the true
integral. This is the basis of the earlier cornments about keeping the ex-
pressions d1fferent1a11y correct, so that the results may be tested by decreas-
ing the step 51ze and notmg the convergence.! . N
For numencal 1ntegrat10n the appropr1ate form of equatmn 8, becomes

ASV:——B}.—-AL—,_‘ . e o ) - T . (10)

" n21‘2_p2 '
Since ‘Ar is now a finite step size,. the question arisés as to where n and r
should be ‘measured. The total path is subdivided into a number of pres cribed
increments of r,. and the midpoint in r (or equivalently, in h)is chosen as
representative of the given segment.. Thus, finally

‘nr(rz-rl) - B coo o

Asg = ————r= ’ L T (11)
nr-p . : - :
where r, and r, are the boundar1es of the segment ‘and n is. the value of n at
. T tr,
T = — - It is this expression which:is summed to produce the equivalent

of equation 9. -After subdividing the entire altitude range as finely as desired,

it is possible to tabulate the length of each segment from eq\;atiorl 11 and keep
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a running subtotal to give the total length from the point of entering the
atmosphere to the segment in question,

Similarly, both equations 4 and 5 may be treated as a summation of discrete
partial sums, Itis important to note that the identical altitude subdivisions, -
used in equationll, can be applied to these equations., Hence, all three-equa-~
tions can be integrated simultaneously to yield the individual shell (or segment
if desired) contribution plus the running subtotal of all shells to that point."

For completeness, we express the new forms for equations 5 and 4 as

AT.=vy, As. i ' To(12y
J YJ J (12)

and

At. j-1 o _l '

- TL+Z ATi N -
T =T ' .

A B. Tje . 1 AT,

)

(13)

:These expressions continue the concept of evaluating the parameters at the

midpoint of the segment, and equation 13 utiliaes total opacity calculated

to the midpoint of the segrnent whose contribution is being evaluated. This-
is read11y shown to be the proper treatment for a low-loss segment (AT <<1)
having constant T and y, but the der1vat10n will not be 1nc1uded here.

All material, necessary for calculation of the ray brightness temperature,
is now available, and the detailed steps in the computer program will be
discussed in the 'following section. It is preferred to treat each shell as a
separate entity in the calculation‘. Thus, the operation of subdividing is
applied to each shell individually, and a good estimate of total path 1ength
expected in the shell can be employed to determine the required number of
segments. In add1t10n, a readout of the results after the calculatmn for |
each shell is ava11ab1e, if de51red This readout perm1ts ‘a check on
general program behavior and also clearly shows the atmosphere reg1ons
which are the major contributors to the observed brightness temperature.
In addition, some basic program modifications will be considered‘in order

to provide better computational accuracy.
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3.4 COMPUTER PROGRAM - . T

The basic theoretical concepts in the brightness temperature calculation
were given in paragraph‘3. 3. In developing the program, discussed in this
section, three additional computational concepts were cons idered. First,
the results had to be accurate in order to perform reliable convergence tests.
This implies that the machine must carry an adequate number of significant
digits. Secondly, since many computations are obviously involved, the
program must be efficient to prevent excessive machine time. This is really
an economic tradeoff in that a more efficient program can calculate a larger
number of cases for comparison of results. Thirdly, an attempt was made to
write all expressions in a manner especially suited to digital computation,
and several examples of this will be noted. It was felt that, with reasonable
care, the necessary accuracy could be obtained with the computer in single
precision, and the degree to wh1ch th1s was ach1eved w111 be demonstrated later.

The program initially sets the radlus of the earth, R_ = 6, 356. 912 kilometers,

E
correspondlng to the polar rad1us and the temperature of space to 4 K. The
temperature of the earth will be set to the lowest atmosphere shell boundary,
at 0 altitude. The follow1ng steps are then performed by the program:

a. Read in the desired atmosphere model. Th1s defines the shell
boundaries in terms of altitude, | pressure, and temlperature At present
water vapor content is also read in, but th1s can be changed to calculate water |
vapor from atmospher1c dens1ty and a water vapor m1x1ng rat1o |

b. Select'the desired frequency. | .

c. Calculate € and y on the shell boundaries This is acoomplished
with the subroutme d1scussed in an earher sectlon. The values, of course,
are dependent on frequency and are stored in a table for 1ater use. In any
given shell, these parameters are assumed to vary as an exponent1a1 function
of altitude, for example, - '

eh) = ce”®® - o | (14)

19



where the constarits are obtained by a two-point fit at-the shell-boundaries.
This expression leads to an interpolation formula for the value at an interior
point in the kth shell, with boundaries k and k-1, as follows .
. ] ~ h-hy _ T S S
k - L _ o _ ,
h) = - o : RN S -
e(h) ?k—l( ) by ?k 1 (15)

€x-1

A similar expression applies to y(h). In many cases an even simpler formula

will be used. Referring to equation 15, if h is taken at the midpoint of the
by 4 hg-1 ‘

shell (i.e., at h = >

geometric mean thus

Square root is a faster machine operation then raising to a power, and its use

), then the desired parameter'becoines a simple

can save significant running time since a similar calculation must ultimately
be applied to each segment of the path... P L

' d. Select the desired value of A srﬁax"‘l‘th:eﬂ. maximum path ‘iehgi:hsfep’
that will be permitted.. This is a fundamental para}neter in the program, and
the one that is varied to demonstrate convérgence.

- e, Select H, the tangential -altitude of the desired ray. ..

f. Calculate Pg = n(RE) * R From equation 7, this represents the

E
tangential radius that permits the point of-closest approach to just equal
the earth's radius.. The calculation is.actually performed in the form.

hy =Rp €(Rp) Lo any

E E E

where é(RE') is the refractivity at h'= 0; that is, at the surface of the earth,"

which is the lowest shell boundary. ‘The use of altitude in equation’17 permits

more significant digits to be carried than'in the corrésponding equation ‘for

radius. - ' S B
g Start the fvay't'ra'c‘ihg' process by testing whether the ray hits or

misses the earth. 'I'f'H:éh the ray“sti"ikés"fh"e ‘earth, and the integration

£
calculations start at the upper atmosphere shell and términate at h = 0

3]
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I




(or r = RE) If H> hE, the ray passes the earth at a point of closest approach,
hc' ‘and proceeds through the other side of the atmosphere.

h. I H> h__ from the above step, an iterative application of Newton's

E
method to equation 7 results in a determination of the value of hc, the lower
altitude limit of the integration process. . . ‘
i. Set up the arc length calculation. Basically, this comes from

equation 11, -

The demoninator of this equation is better expressed as \[(r-;; - p)(r_ﬁ'+ p)
for computational- purposes, since, from equation 7, nr = p at h = hc and
hence the first term is close to 0. ' This concept can'be carried still further

for better machine accuracy without the use of double precision by use: of the

expression \RI‘ - p+ €TNT + p+ € F) or finally, by use of

\I (h'~ H+ EV;)(_h + H+ ZRE +—-:).' It should be noted that even the order in
which the terms are written can be significant in maintaining compufational
accuracy.

3. Calculate the estimated total path length for the upper shell, from
step i above. L

k. Subdivide the s-héll to meet the A 5 ax requirement. In general,
equal altitude steps are used, and the number of segments is found by '
dividing the estimated length by A S ax and using the next higher power of 2.

This permits the use Qf.a(_-‘square root interpolation for € and y similar to

that suggested in step c and also provides an allowance for the fact that equal

altitude steps do not produce equal path length steps. Calculate As for

each segment from step i above. » o
1. Set up the brightness temperature calculation. This involves t-he

use of equation 12 for the opacity of each’ segment, and equation 13 to deter-

mine the contribution of each segment to the brightness temperature.
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- m, Sum the individual segment contributions to obtain the total As, AT,

and _A'T for the shell.
A " n., Repeat steps j through m for the remaining shells in order, main-
tammg overall totals for S T and TB If the ray hits the earth, 1ntegrat10n
stops ath=o. I the ray misses the earth, integration proceeds downward.
‘until h = hc' at which point h is again increased towardvthe.up.per atmosphere
limit ~ In this case, certain data, stored as h decreases, is reused as h
1ncreases to avoid the need for recomputmg this information. Segment
temperature and opacity repeat in reverse order, but total opacity continues
to increase. '4 | | ‘

o. Calculate the contribution from the ray termination,v either earth. °
or space, as discussed in connection with equation 4, and add to determine
- final TB' value, | |

p. For the grazmg ray case, equal altitude divisions do not prov1de
suff1c1ently equal path length 1ncrements in the v1c1mty of h ! and a different
subd1v1d1ng techmque is. employed The two bottom shells (1 e., the one
conta1n1ng h and the next one above it) are divided into essent1ally equal
length segments by usmg alt1tude d1v1s1ons wh1ch are proport1ona1 to the
squares of the 1ntegers representmg the segments ‘This cr1ter1on is used

on the two lowest shells whenever the tangent1al alt1tude, H, of the ray is.

greater than -100 k1lometers. For th1s purpose, a ray which str1kes the earth»

i

is defined as hawng h = 0. 1

" q. Stops are prov1ded in the program to help reduce computer running
time. 'l'wo stops are employed, e1ther of which causes the calculation to
stop at the completion of a shell. One is based on total opacity, currently
set to stop at a total value of 65 dB. The other stop occurs if the contribution
from any given shell (e.xcept the lowest one) is both less than 10~ K and less
than the previous shéll when su1tably adJusted for dlffermg shell thicknesses.

The above 17 steps (a through q) represent the ‘basic structure of the

computer program for brightness temperature, which at the same time

N
n




]

determines path length and opacity. This basic px;.og;é-rn has been further
improved by developing more precise formulas for the incremental values of

As, AT, and A T_ than those given in equétioné' 11, 12, and 13. In addition to

increased comput]:.tional accuracy, these new formulé.s. are designed to account
for the nonvanishing step size. Hence their use should result in more rapid
convergence of the results as step size is reduced, and computer time can

be reduced by using a larger step size. .

A major change has been made in the path length calculation. A considera-
tion of equation 7 shows i:h;t the denominator in equation 9 becomes zero at
the point of closest approach of the'ray. Thus, the integrand becomes infinite
at this point, but the integral for length ﬁlusf remain finite. This unfortunate
situation causes a significant error in the__i_ncremental expression for As
given in equation 11. Sihce n an&ir are -evaluated at the midjoint of the .segment,
this expression néver becomes infinite. However, the length of the first

segment adjacent to T, (i.e., whenr_ = T in equation 11) will always be tco

1
small by a factor of \/2, no matter how small a segment is selected. Suc-
cessive segments show rapidly decreasing errors, but many segments are
‘ Rt o
required to make the total length error in a given shell tolerable. The
revised length increment may be writtéh,baéically as
2nr(r, -r.) |
2 :
As = 1 . (18)

'nrz-p+ nr, -p

For computational accuracy, the square roots in the denominator should be
handled as in step i of the computer program. If n in the second square root

were replaced by n_, the value at t}§e lower altitude end of the segment, this

1 i
root would be zero at r, = r . The total denominator, however, is not zero,
and As is the correct incremental length for this segment. Since n < n,

the second square root of equation 18 actually becomes negative at the bottom
segment and should be set equal to zero. For all other segments, the

expression is well behaved, and this new formula for As gives the most
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accurate value known over the entire alfitude range. For r far from T, and
Ar small, equation 18 reduces to the same value as equatiori 11.

The modification to the opacity expression is in the form of a series’
correction term that accounts for the height differential over the segment.
' The attenuation constant, Y, was earlier assumed to vary exponentially over
a shell, in the form

y(h) = ce” ®B | | | (19)

(This equatlon is similar to equation 14 but new values of c and a are now
requ1red S1nce the expression is for y and not for €.) When th1s varlatlon
'is taken into account, the total opac1ty of a segrnent is sllghtly greater than |
that obta1ned by usmg the product of the m1dpo1nt value and the segrnent |

length, as in equatmn 12. The approprlate express1on is

() 2
; 2 "z 2/

-ATj:Yj Asj 1+——-3—!—"—' + 57 73 (20)
where Ah is the altitude change over the jth'eegment, and a, as obtained by

fitting equation 19 at the shell boundaries, is given by

a:‘——-——l 1n <Zk—-1> o (21)
T Yk R
For a grazing ray near hc’ this correction will not have much effect, as the
height change per segment is small. Its greatest overall effect will be for rays
directed along the nadir. Te demonstr»ate the effectiveness of this correction,
total opatcity'was calculated using the standard dry atmosphere in a model
consisting of 20 shells, each 5 kiiometers thick, For values of Ah vérying
from the full 5 kilometers down to less than 0.1 kilometer, the same total
opacity, to eight significant digits, was obteihed for a ray along the nadir.
Modifications to the brightness temperature equation provide a more
accurate expression for the temperature contribution of a given segment.
The details of this change are beyond the scope of this report. It is sufficient

to note that an attempt is made to account for the physical temperature




differential across the segment and that the expression uses the temperatures
at both ends of the segment, rather than at its midpoint as was used in equa-
tion 13, In addition, the exponential term uses total opacity only to the edge

of segment, and.not to its midpoint; - ST e
Cage

Some results of the convergence tests will be given at the end of this!
section. _ *
3.5 ATMOSPHERE MODELS ~ | S
‘To date, 19 possible atmosphere models have been considered. " The first
is taken from the 1962 Standard Atmosphere. ? and the next 14 from the 1966
Supplement. 10 The remaining 4 will be dis cussed in more detail below. 'I'hese
atmosphere models have been numbered consecutivelv for convenience. based
on the order in which they appear in table 1. Throughout the remainder of
this report, these atmospheres w111 be referred to by these arbitrarily as-

signed numbers- for convenience and identification.

TABLE 1
, ATMOSPHERE MODELS
Atmosphere No. ... Description ., -~ . Notes

1 Standard "

2 15° N Annual o

3 30° N January

4 30° N July #

5 45° N January S ' Ck

6 45° N July 5

7 Mid Latitude Sprmg /Fall

8 60° N January * 4

9 60° N January (Cold), * 80 km max -
10 60° N January (Warm) * 80 km max
11 60° N July R |
12 ~ 75° N January . ; -+ 30 km max .
13 75° N January (Cold) 30 km max
14 75° N January (Warm) 30 km max
15 75° N July : . . . 30 km. max
16 #250 of CR-66184 . * 90 km max
17 #257 of CR-66184 "% 90 km max
18 . #2 Peak Warming - West . Geirinish * 90 km max
19 #3 Advanced Stage -West Geirimsh * 90 km max

* Used for brightness temperature calculation
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The models, considered for use in brightness temperature calculations,
have“been‘chosen to- provide a data point‘at each kilometer of altitude, if
aiiré"ila‘iﬂé‘ffofn the table, up to a maximum altitude of 100 kilometers. These
1= vjilc}i‘i;’éi:'er}'pbints thus ébrrespond to the shell boundaries discus;sed earlier,
é.ndi’ft}iié'j:épé;é”i;igvl"’Wa's assumed to be sufficiently close to provide accurate

_i)fr;yig'ht'n'e's"s temperature results. At 100 kilometers, only frequencies ex-

trem‘éw' élés’é’to a preéise resonance line see any effect from the atmosphere,

and hence above this altitude the atmosphere is considered as a lossless

S vacuum,‘ "i.‘e.",h'yn‘= 0, €= 0. Only one model, number 1; provides a complete

“get of data points. Model humbers 12, 13, 14, and 15 provide a point at

each kilometer, but stop abruptly at 30 Kilometers. Since a ray witha
tangential altitude of 30 Kilometers already exhibits rou:éhly 90 percent of the
total available bri‘ghtne;s's t'ernpé;étur'e{ thede rmodels are useless for calculation
p'urﬁé's'éé.’ ‘Atrhosphere numbers 9 and 10 provide data &very kilometer, but
stop at 80 kilometers. This is Sufficiently high to be quite useful, and hence
each is treated as a completé atmosphere; but with nothing above 80 rather than
100 kilorneters. These limits aré noted in table 1. The other models from

the 1966 ‘Supplement ‘éxtend above 100 kilometers in the table, but data from

90 to 100 kilometers is available only every 2 kilometérs.

In addition to the conventional tabulated atmosphere models, it was de-
sired to investigate the performance of the local vertical sensor using some
more "'extreme' models, such as those associated with stra;tospheric or
Yexplosive'' warmings. The final 4 atmosphere models were provided through
the courtesy of Mr. Richard E. Davis of Langley Research Center.  He se-
lected several models from NASA CR #661'8411 as'showiné evidence of strat-

- ‘ospheric'warmiing, and from these we have selected model numbers 16 and 17.
These models extend to 90 kilometers, as noted, but have a rather irregular
spacing ranging from 0. 4 to 2.4 kilometers between data points. Temperature
data on the severe mid-wiﬁter stratospheric warming of 1967-68 has been
published by Karen Labitzkelz-'and oj:hers. 13 Mr. Davis processed the Labitzke

da.ta.]'2 for West Geirinish, Scotland, (latitude 57°N) and provided atmosphere
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models with- dete every kilometer to 90 kuomeeere. "!'we of these me‘ele.

assumed to be most severe, are uud s numbers 18 and 19. TR
i : i :‘-.‘ﬁzﬂﬁ
L5 4

o gl

.
SO
o >

i3y

f w13 50
{E ¢

S i ,%‘4,1 Y ) N %W Y 'w'-' b . X
etmoepheree 9 end 11 repreeent extreme eesee beth in preeeure eﬁd’temmree‘
Pressure Ratio Referred .0 1942 Staudard Auve L. -2

ture. This,ia mot,teor8p rpEising, when, the , deacriptions are noted, namely
*.N.Tonua R (G030 far. Mo, 9.and 602 N Tuly for, Nos. 11, Atmesphere 1'% © &

t 5

kp&q,‘@a&r,gl gg&glrlyf gqually »,egaced between theee‘two extrernee. Sa

N

simﬂar effects in the pressure broadening terme. .Thue. atmoephere number
11 can be e:_tpected to heve the most losg and number,9b the leaet.:' in the
interesting region from say 30 to 60 kilometers, - Si_mil'ariy. No. 11, with its.
higher loss and higher temperature, would be expected to exhibit a higher .
brightness temperature than No. 9. Thee.e effecte 'urlilllbe demonstrated. in the
curves to be presented, . - 4 o
_Figures 6, 7, 8, and 9 illuetrate a.ttenuation content as.a function,of-
frequency for the four model atmospheres selected as repreeentative eamplee.
The frequency range encompae ses the center five reeona.nce lines ehown in.
the spectrum of figure 2., These curves show the genera.l attenuation behavior
discussed above, especially at 40 kilometers and. above, the parametere

on the curves. These curves aleo illuetrate two other 1mportant points.
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60 GHz RADIOMETRIC LOCAL VERTICAL SENSOR EXPERIMENT
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First, there is a violent change in attenuation with frequency, and, in the
more interesting altitude range, this change is roughly two orders of magni-
tude or more from the valley to near a resonanee line.. There is no really
""flat" region between the lines - the ‘curve merely dips to a minimu:m and
rises again, The expected attenuation change with. altitude is roughly 10
_orders of magnitude, and about 5-are showh in-the altitude région fistéd on

the curves. It is, of course, this rapid attenuation change with- altitude*that
causes the oxygen horlzon to appear so sharp. Secondly, the 1nherent
symmetry of the curves should be noted. Br1ghtness temperature is pri-
. marily a function of attenuat1on, coupled with the physmal temperature of the
atrnosphere. Deta1led calculations of br1ghtne:s temperature have so far been
made only over the region noted in f1gure 2, i.e. 3 from about 60 8 to 61.5 GHz.
The curves in these last four f1gures show that thlS region is representauve
of the other regions cons1dered.. Although add1t1ona1 detailed calculations in
these other 'frequency ranges may indicate rninor:‘ variations, clearly all
contingenciés have been anticipated. '

3.6 BRIGHTNESS TEMPERATURE PROFILES ~ .

Figure 10 shows a typ1ca1 br1ghtness temper:ture profile generated by use
of the computer program d1scussed in earlier sections. This curve plots
brightness temperatu-re versus t.angential altitude in the horizon region and
is for atmosphere No. 1 (-standard). The cufrve is plotted-for'various spot
frequencies from 60. 79 to 61. 51 ‘GHz, and these -val‘ues are shown‘as param-
eters on the curves. Most of the frequencies are in pa1rs, approxunately
equally spaced from the resonance line at 61. 1506 GHz. Those. frequenc1es
below resonance use plain curves, and those at or above Tesonance are
identified by a diamond. Again, as in the attenuatmn curves, the pronounced
symmetry should be noted. The position of _the curves is easily explained.
Between 60. 79 and 60. 89 GHz only a small shift takes place, due to a small
increase in attenuation. By 60.99 GHz, the attenuation increase is more

than 2:1, and the shift is quite noticeable. As the frequency increases closer

to resonance, the curve shifts markedly to higher tangential altitude,
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because the ray is absorbed higher in the atmosphere. As noted earlier,
the temperature in this region is increasing, and hence the plateau of the
.brightness tempefatui'e also increases. The ray at the frequency neal;
resonance is absorbed much higher in the atmosphere. The TB change for
this frequency is slight in the altitude region shown; but the value is lower
since the temperature higher in the atmosphere has decreased.
| Figure 11 shows the corresponding curve for atmosphere No.9 (60° N
January (Cold)).  The behavior and shape is essentially the same, with the .
major differences being caused by atmo'sphere differences already discussed.
bue to the decreased attenuation in this atmopshere, a lower tangential
altitude is._needed for the horizon, and a lower plateau .tempel"atu.re results
from the colder air temperature. One interesting feature is the 61. 15-GHz
curve, whiéh displays a considerably higher. temperature, rather thana
]{Bwer one as with No. 1.. This frequency is apparently absorbed well 5boVe
60 kﬂometer;, where this model exhibits a higher ‘temperature than other
model atmospheres. - |
3.7 CONVERGENCE

The basic philosophy expr.essed in the computer program was i:o keep ali
expressions differentially correct so. that step-size could be reduced and
convergence observed.‘ In order fo permit a large range of values of A S ax
to be accommodated, the standard atmosphere, divided into 20 steps of 5
kilometers each was used. The results of a temperature calculation are
presented in table 2 for two values of taﬂgential altitude, . 40 and 30 kilometers.
From the brightness temperature profile of figure 10, these altitudes correspond
roughly to the 10 and 90 percent points of the sharp edge. The parameter
Asmax was varied from 0. 1 to 100 kilometers in this test, a range of 1, 000:1.

The basic results in table 2 were obtained from a CDC 6400 time sharing
computer, and they are compared with the earlier results from the Univac
1108 on which our production runs were made. Both machines are operating

in single precision, but the 6400 carries 14 digits while the 1108 carries only

8. The results from the 6400 show a definite monotonic trend with rapidiy
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decreasing differences, so that‘convergence has défif;ifely been tdemonstrated.
Based only on this data, one could assume that the last value shown, that for
0.1 kilome;cér, is probably good to 5 decinial piaLces in temperature. Of
course, this is so far beyond the acc_ufacy of any reaiiétic model atmosphere
as to have little meaning, but it does demonstrate the capability of the
program. The large number of segments. required should also be noted, and
the fact that the average length for this example is about 70 percent of the
méximum permitted. The use of a step size as small as 0. 1 kilometer
would result in an intolerably long running time for production runs and would
never be considered. It does, however, serve as a check on the program
ahd, in addition, permits one to evaluate.the'accuracy obtained with a more
realistic step size. The fact that the total observed change is less than 1
degree, is, at least in part, attributable to the precise nva_tureﬂ of the basic
expressions for As, AT, and ATB. B |

Results from the 1108 are comparable to those of the 6400 for the larger
step sizes. However, as a very lafge number of segments is required, the
1108 with its 8 digits is. unable to cope with the problem of handling many
small numbers with significant digits beyond the machine capacity, and it
begins to drop digits-in the answer. This effect may be suspected at 0.5
kilometer and is quite pronounced at the smaller step sizes. Even for a
small number of segments, the 1108 answer is slightly below that of the
6400, presumably for the same reason. Both machines perform the same
calcdlation, and both work with the sé.me number of segments.

'_Also shown in table 2 is another tabulation of similar data, this time for
atmosphere No. 1 treated as a 100-step model. Details of the convergence
are almost identical as is the estimated accuracy, However, the final answer
is roughly 0. 3 degree lower out of 200 than for the 20-step case. This is
due to the difficulty of getting a. precise interpolation across a shell, with no
intermediate data. The most logical temperature interpolation; and that
used in the program, is a linear variation across the shell. The l-kilometer

data, however, has a break in temperature at the 32-kilometer altitude.
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A straight line fit between 30 and 35 kilometers will give a temperature too
high in comparison to the finer structured data, and hence a somewhat higher

brightness temperature.

TABLE 2 -
CONVERGENCE TEST
RHO AV LEN DEILSM NSEG T T (1108)
20-Step Atmosphere No, 1 ’

40. 00 54.9088 100, 00 32 - 26.062147 26. 06213 \
40. 00 35,1375 50.00 50 26.383229 26, 38321 ’
40. 00 14,1680 20.00 124 26.469718 . 26.46970
40. 00 7.1416 10. 00 246 26.487784 26.48777

- 40, 00 3. 6000 5.00 488 26.492785 . 26,49276
490. 00 I.5250 2.00 1152 26.494243 26.49422
40. 00 0.7632 1,00 2302 - 26.494457 26, 49443 .
40. 00 0. 3819 0.50 4600 26.494512 26, 49447

- 40, 00 0. 1495 0.20 11750 26. 494527 26. 49444
40. 00 0. 0748 0.10 23498 26. 494529 26, 49437
30. 00 52.7478 100. 00 36 202. 667206 202,66714 -
30. 00 35.1578 50. 00 54 203.335930 203, 33587
30. 00 14, 3822 20,00 132 203.524893° 203.52483
30. 00 7. 2460 10. 00 262 203.577585 203.57752
30. 00 3. 6509 5. 00 520 203.590613 203,59053
.30. 00 1. 4832 2.00 1280 203.594400 . 203,59430
30. 00 0. 7422 1. 00 2558 203.594946 203, 59482
30. 00 0. 3712 0.50 5114 203. 595086 203, 59490
30. 00 0. 1485 0.20 12780 203.595125 203.59474

30. 00 0.0743 0.10 25558 203,595131 203.59391

100-Step Atmosphere No. 1

40, 00 14,1688 100, 00 124 26.219225

40, 00 13. 9434 50,00 . 126 ©26.276138

' 40,00 11. 7122 20. 00 150 26.348809

40. 00 7.2596 10, 00 242 26.363257 T

40, 00 3. 6601 5. 00 480 26.367324

40. 00 - 1. 4122 2.00 1244 26. 368538 :

40. 00 0. 7067 1. 00 2486 26.368716 26. 36835

40. 00 0. 3536 0.50 4968 26.368762 '

40, 00 0. 1446 0. 20 12146 26.368774

40, 00 0. 0723 0.10 24288 26.368776.

30,00 13,1847 100. 00 144 202, 934956

30,00 13. 0034 50, 00 146 203.052036

30. 00 11,1673 20, 00 170 203, 222208

30. 00 7. 2460 10, 00 262 203.265384

30. 00 3. 6509 5. 00 520 203.276017

30. 00 1. 4404 2. 00 1318 - 203.279176

30. 00 0.7213 1. 00 2632 203, 279628 203, 27916

30. 00 0. 3608 0.50 5262 203. 279746 '

30,00 . 0.1413 0. 20 13438 203,279779

30. 00 0. 0706 0.10 26874 203.279784
DELSM = Maximum Segment Length, km {parameter) RHO = Tangential Altitude, km
T = Brightness Temperature from CDC 6400, K AV LEN = Average Segment Length, km
T(1108) = Brightness Temperature from Univac 1108, K N SEG = Number of Segments
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4. EXPERIMENT SYSTEM ANALYSIS

The experilrnlen't Asystem analysis is concerned with the question of how the
various pos sib}'e"'_design choices affect the behavior of the sensor system.
Generation of _jthe brightn-es:s temperature profile‘ was considered in the last ..
section, Given a s:pecifieJ,aitrnosphere model and frequenvcy of operation, there
is a resulting brightneSS'temperature Aprofile versus ta'n.gential altrtude that
can be calcula,'tje'd by the eldmputler program, e.nrl some’' examples were shown.
This profile is:.a function Qf atmospheric characteristics and is not under the
control of the‘}syster'n designer. . The'aesigner can, however, control the choice
of operating frequenCy or 'freqriencies and the passband which is accepted by
the radiomet'e’::r:.',; He alsoj,.haéi control over the antenna pattern and antenna
pointing diree_f,:idﬁ,: ;as. well as so:me minor electrical parameters, such as
integration tirlne; which influence system sensitivity. In this section, many
additional brightness temperature prof11es w111 be examined, along with
possible frequency and bandwidth cholces The que stion of the convolutlon
of the antenna pattern w1th the prof11e, to determine antenna temperature as
a function of pomtmg angle ‘will be con51dered as will the development of
the sensor output characteristic as a function of boresight pointing. A novel
compensation scheme to reduce the error caused by differing atmospheres on
opposite sides of the earth.wil'l be considered, and the system error charac-
teristic for various antenna patterns and beamwidths will be investigated.
Finally, some proposed design ehoiees will be presented.

4.1 FREQUENCY EFFECTS - | |

The variation of TB with'fre'quency has a.lready been seen in figures 10 and

11. Although a rather sharp curve, with a slope of approx1mate1y 25 K/kllo-

meter, ex1sts for a frequency of 60.79 GHz in figure 10, the.use of a frequency
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340 MHz away, and about 20 MHz from a resonance, causes the apparent
edge to shift almost 20 kilometers., These edges, of course, are what would
be seen by an infinitesimally sharp antenna beam, and this case will never be
realized, In many cases, particularly at h1gh' satellite alt1tude, this edge is
essentially a step functlon, but its actual p051t1on still inﬂuences the accuracy
achieved. Figure 11 shows a similar result,’ but the edge shift due to the
same frequency change is closer to 15 than 20 k110meters. -

"Figures 12 and 13 are the companmn'clurves to flgures 10 and 11, but they
illustrate the reg1on from the nadlr to- the edge of the earth. A scale change
occurs at H= -50 kilometers, accountmg for the apparent break in the curves.
Also, the plotter connécts data Ppoints with straight lines, and this' causes the
curves to look somewhat abrupt. The vertical scale is 10 K per division
rather than 20 as on the previous curves. Only frequenc1es below and near
resonance, the latter again with a d1amond marker, are shown in order to
avoid cluttering the curves. Consideration of these four spot frequency curves
could lead to the belief that the edge is not very stable and that a severe
frequency control problem exists.

4.2 BANDWIDTH EFFECTS

Examination of the next group of curves, however, shows that the situation
is not really that bad. Figures 14 and 15 again show the brightness temperature i
in the horizon region for two atmospheres, but now the temperature has been
averaged over a given bandwidth in MHzl, as noted by the parameter on the
curve. B‘,oth the profile curves, figures 10 and 11, and the attenuation curves,
figures 6,> 7, 8, and 9, indicated the need for some such everage, and the
manner in which it is calculated will be discussed late‘ll. These bandwidth
average curves are very well behaved up to 300-MHz ‘bandwidth a.nd are not
really spread too far for higher bandwidths, in ‘contrast to the spot frequency
'curves. The 520- and 720-MHz curves afe_identified by the diamonds, and

the inherent symmetry is 'again noted since the 720-MHz curve falls almost
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again required. Thus, computer processmg t1me is’ greatly reduced at no

loss in accuracy. .§
.+ " Two facets of the approach chosen should be noted From the above d1s‘:;o
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where a is the angle between the radius vector of length r and the direction

of the ray (i. e., the tangent at that point), and n(r) is the index of refractiof,

o
explicitly written as a function of r. . E;
~N
In(the viginity pof a satellite at radiug R|, ass efl well outside [the earth&s
0 S : : o
atmrosphere, the index nlbecomes unity,| the pa }L is A s‘éraight line,cand a ‘Z"
fan) o =
becgmes the nadir anglelf, Thus \ o2
o x .
a4 onbtan h :
%E o IiT 4 = ny,x tm‘z{ =T Nj\ . - ’ o (2)0
@ ~ ~ ~
c8@nter off the earth to the

o~
)
wherp p is defined as thgsormal distaned |froms #h?s

N

ral int erpreta‘tmn. Tﬁls

80.7%1 60.99

N
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5

14
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. o 4+
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exactly on the 360-MHz curve. The major effect fc;r fﬁése highef bandwidths
is a decrease in slope of the edge, showing that the sensitivity is decreased
somewhat by allowing the resonance region in th‘eA passb;nd. The bé.ndwidths
selected for these curves are the frequency region between 60. 79 GHz and
many of the fr:_equen‘cies noted on the spot frequency curves, in order to permit
a sensible comparison. It will also be noted that the bandwidth average curves
maintain similar edge shift and plateau height differences characteristic of
the spot frequeﬁcy curves. -

| Figures 16 and 17 are the com};;anion curves toAfig'ures 14 and 15 illustrating
’che‘ nadir region. On these curves, the 300-and 420-MHz bandwidfh data is
iaehtified by the diamonds.

f‘igure 18 for atrﬁosphere No. 1 and figure 19 for atmosphere No. 9 illustrate
a comparison of the spof frequency and bandwidth average curves. Four spot
freciuencies and two bandwidth averages are shown. The 200-MHz average
curve is shifted less than one third of the distance between the 60. 79 and
60..99-GHz curves, and a sirﬂilar relation holds for the. 260-MHz éhd 61.05-
GHz curves. Thus, there is a definite weighting effect from frequencies in the
center of the valley between two resonance peaks. This tends to make the
bandwidth average curves quite well behaved, and of essentially the same slope,
pro'vided too' large a bandwidth is not used. These curves illustrate that an
IF passband éelection, similar to the top two sets of boxes in figure 2, is a
quite reasonable choice for the local vertical sensor experiment and that a
final selection between these two would probably be made on other grounds.
The next four sets of curves, figures 20, 21, 22, and 23, show brightness

temperature versus frequenéy for several tangential altitudes. These curves
are, in effect, a form of vertical cross section of the preceding profile curves
-and will be used to illustrate the manner in which the bandwidth average is
obtéined. In figure 20, the plain curves represent the calculated ray brightness
temperature and diamonds identify the bandwidth average. This average is

calculated as follows. All curves start at 60. 79 GHz. The area under the
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In integral form
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a running subtotal to give the total length from the point of entering the

atmosphere to the segment in question,"
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ATMOSPHERE NO. 11
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Figure 20. Brightness Temperature Versus Frequency, Atmosphere No. 11
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ATMOSPHERE NO. 1
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ATMOSPHERE NO. 8
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plain curve, from 60. 79 to the frequendy identified by a diamond, is caleu-
lated by Simpson's rule and is then divided by the frequency span to give the
average temperature over this range,’ which is the ordinate of that particular
diamond.  Thus, the diamonds represent a running average of a bandwidth:
calculation.” This average is well behaved as long as the frequency span is -
not too great, but it varies rapidly in the vicinity of the resonance line. It
is fairly well behaved in the middle ‘of the next valley, but not much is gained
from this and the requirement on totil RF bandwidth is considerably increased.

These figures also illustrate the 'notch'' at the resonance, as discussed
by Meeks and Lilley. 2 Only one point close to resonance ha's been calculated
so this notch appears as a vee rather than a smooth curve, but the major
properties are still evident. In figure 20, atmosphere No. 11 is hot and high
pressure, and the 60.8-GHz rays are absorbed at the highest altitude of any |
case yet calculated. . At the resonance, absorption is ‘still higher in the
atmosphere, but here the temperature has dropped sharply, creating the notch.
In figure 21, atmosphere No. 1, both pressure and temperature have changed
and the notch is not quite as deep. In figure 22, atmosphere No. 8, the notch
is quite small. Finally, in figure 23, atmosphere No. 9, 'the notch has dis- -
appeared and has been replaced by a peak. This is the lowest pressure
atmosphere considered, and hence the horizon occurs at the lowest tangential
altitude. This atmosphere exhibits a risin‘g"temperature trend toward higher
altitudes and thus produces a peak.” As in the case of Meeks and Lilley, Zee-
man effects have not as yet been included, and this could'significan'tly alter
the effect near this resonance line. In all four cases, however, the bandwidth
average curves are well behaved over a resonable bandwidth range. -

A brief mention of the magnitude of the computing effort is in ofder. De-
tailed calculations of brightness temperature have been made for 12 of the
19 model atmospheres listle.d in table 1. Four were dismissed as being in--
‘complete, number 7 is the same as standard below 70 kilomeéters, 'and num-
bers 2 and 3 were considered rather similar to standard. In order to calcu-

late the bandwidth averages already dislplayed on the various profile curves,
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a total of 73 frequencies, 10 MHz apart,, from 60.79 to 61.51 GHz were em-
ployed. Calculations were made for a total of 90 tangential altitudes in order
to provide sufficient data for interpolation in the convolution process yet to
be discussed. Thus, for each of the four representative atmospheres 1, 8,:
9, 11 the brightness temperature of a total of 90 x 73 or 6, 5»7(.)_ rays was
calculated and cataloged. Atmospheres 4, 5, 10 employed 70. altitudes and
73 frequencies,. or \‘5, 110 rays each. Atmospheres 6, 16, 17, 18, 19 used

70 altitudes and 37 frequencies, from 60.79 to 61.15 GHz,' for a total of .

2,590 rays each. Thus, a grand total in excess of 56, 000 ray brightness

.temperature calculations have been performed and cataloged. These calcu-

lations all used a Asmax of 10 kilometers. From the convergence tests
shown in table 2, this value of Asmax indicates a maximum error of only a
few hundredths of a degree, and it was felt that the relative error between
different atmosphere models, which is really the heart of the accuracy
problem, would probably even be less.

The next profile curves illustrate the comparison of the four atmospheres
selected as representative, including numbers 9 and 11 which are considered
extreme. It should be noted here that all profiles shown have been calculated
for dry atmospheres. Although water vapor 'e‘ffec-ts are a part of our computer
program, the effects on profile are minor as the water tends to be mostly in

the lower altitude regions. Carefully tabulated data for specific dry atmospheres

. is available in the literature, but no equivalent standard exists for water,

particularly at the higher altitudes. Thus, it was felt that the most useful

.-comparison could be made on the basis of the dry atmosphere models.

Figures 24 and 25 present the average brightness temperature data for .
the four atmosphere models numbered 11, 1, 8, and 9. The average is taken
over the 200-MHz range from 60. 79 to 60. 99 GHz. The '"hot" atmosphere,
No. 11, has a higher plateau and is.shifted to the right of the standard. The:
""cold!' atmospheres have a lower plateau and are shifted to the left of standard.

When taken together, the profiles on these figures appear remarkably well
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behaved. The maximum plateau spread is about 35 K, and the maximum
shift in the edge is about 2.5 kilometers.

Figure . 26 combmes the two previous f1gures. showing the four represen-
tatlve atmospheres, into one prof11e. Note the breaks 1n altitude scale at
-50 and 25 k1lometers. F1gure 27 compares 4, 5, 6, 10 ‘averaged over a
bandw1dth of 200 MHz, w1th the "extremes" 9 and 11. Figure 28 is similar,
but illustrates 16, 17, 18, 19.- Note that the advanced sta‘ge warming model,

number 19, exhibits a temperature rise just below the horizon, and also

d1splays a small “backporch" not character1st1c of the other models, but does
remain w1th1n the previous extremes. The comparable 14 lépm IR horizon
prof1le for this model displays a much more pronounced effect than does the
microwave proflle The effect there shows up as a bulge in the edge. In
figure 29, the br1ghtness temperature d1fference between each of the 11
models and standard atmosphere is presented on an enlarged scale for better °
. readab111ty Agam the pecuhar behavior of 19 is noted, whereas 18 is rather

well behaved
4 3 LOCAL OSCILLATOR STABILITY

Only some very general comments can be made at this time concerning
“local oscillator stability requirements. Clearly, in the m1ddle of a valley,
- local oscﬂlator stability has rather l1ttle effect. The major effect will occur
| 1f the resonance line is too closely approched in the passband, but this has
already been shown to be a rather poor operating region for other reasons.

Calculations of the average T_ over a g1ven bandw1dth as this bandwidth

sh1fts in the valley region. caane made, but a good techmque for evaluatmg
the results has not yet been determined. “Another pOSS1ble approach- is to use
the largest typ1cal passband portrayed in fxgure 2, or at least a part -of it
symmetrical on a resonance line. In this way, LO varlatlons would have ‘
negligible effect, as the net result is a small movement in the valley region.
In general,- th1s approach has no great advantage to recommend it and has
the severe drawback of requ1r1ng a maximum. bandw1dth if used as shown.

Of course, the LO could be placed directly on the resonance line and the

passband taken either side of resonance. This is not shown in figure 2, but

60



. . bs .

SYILIWBTIN - IANLILIE THILINIONGHL

. ZHD 66 °09 - 6L 09
IT ‘6 ‘8 .A soxaydsounyy aanyejussaadey ‘oryolg sanjexradwa], ssoujydrag -9z sandig

0s- 0582-

GIEZEY)  2e%080 . ¢t

R
////// =y
R\ s e
N 1

" SNIAT3NM - IYNLHYIJWIL SSINLHIINE -

61




vZE2BE 280010 2

ZHD 66 09 - 6L°09 ‘11
0T ‘9 ‘G ‘¥ saxaydsounyy ‘olyoad

THILIWOTIN - 30

NLILTE TBILNIONEL

‘6 sowaalxy 0} paredwo) - ,
. sanjexadwo] ssouySrag Lz 2andig

0505~

1c8

ozt

Ccat

e~ ‘ |
N
////
A\
A
AL
N
AN
\
N ——

.3J8Y3AE HIDIHONHB ZHWDO0Z

0z

Oy

09

cot

c8i

-1 Go2

0zz

ave

SNIATIM - 3IYNLHAILWIL SGINLHOINE

62




ZHD 66 "09 - 6L °09 ‘I ‘6 sswaxyxyg o3 paaedwo)

61 . ‘gT ‘LT ‘91 seiaydsowyy ‘s1iyoad wnsumnwmﬂdvﬁ ssaujydiag °{7 2angi g

SNILAWGTIN - 3I0NLILIH THILINIINBI

0S-~ b0SS2- 0S06-

AZEZB1 2L30c0 ¢

a¢

BN T
W
W
\
\ |
\
V/MHIIIIIIP!\Y = —
N

JJBYIANY ‘HIOIMONBE ZHWOOZ

ot

09

08

oot

0z1

avt

09t

nat
goe
0ze

ove

HSDLUHBAHBL SSINLHI M8

SNIAT3N

63



T

ouw&mmoﬁﬁw vﬁmvd.mum 2961 0% vcnummwm saxaydsounyy 11 .
“(ZHD 66 oo - 62°09) wmmuo>< f??vcmm ZHIN oo~ 0¥ mooconowﬁﬂ wusumnomcﬂo.ﬁ meEmZm

[

-
. SYILINBTIIN - uc_.z:.._c .:u:.zuazm.w e C .
0S Sy oy SE - 0€ Se- -0 mwl ‘05- 0552~ 0505-
" § 51
8 81
» - X
m 91 1
) E 0l A-
- 9 X
5 v
r .
1i®
6 W
8 @
SoH1Y

D—I

39HY3AH HLOIMONHE ZHWODZ

0S-

av- -

01

02.

0€

SNIAT3Y - 3ININISS10 JUNLUYISWIL SSINIHOIHE

‘67 @andrd

64




is a possible consideration for frequencv selection., It seems that LO carrier
sta‘oility is not a..major' problem, and it will be placed secondary to other
factors unless some good reason for a change is disclosed For example,
LO noise might be more of a problem, as this. would determme how close to
the carrier the IF passbands could prof1tab1y be located

4 4 _CONVOLUTION

The temperature exhibited by the sensor antenna at a g1ven po1nt1ng posi-

t1on represents the integral over the antenna pattern of the. product of the
antenna gain function and the ‘brightness. temperature profile. To determine
system performance, the convolut1on of the antenna pattern and the bright-
ness profile is requ1red For th15 calculatlon, the antenna is scanned across
the prof1le, and the. mtegrated output for a- numher of d1screte pomtmg pos1-
t1ons is obtamed The result1ng curve, or. convolved pattern, represents
antenna temperature as a functmn of antenna p081t1on. The difference of two
such curves, with separate antennas observmg opp081te 11mbs of the earth,
'may be taken as the effective output characterlstlc (i. e. , " the indicated
temperature as sensed by the radiometer) of the local vert1ca1 sensor. For
s1mpl1c1ty, the calculation has been performed only 1n one d1mens1on, and
the: antenna is scanned in the axis of its narrow beamw1dth

_' The 1ntegrat1on process to determme antenna temperature breaks the
B‘ea-m into a large number of parts, or rays.§ For each ray in the beam, a '
correspondmg point in the br1ghtness temperature prof1le is established.

S1nce, in general this is not a po1nt at whlch T was or1g1na11y' calculated,

B
an 1nterpolat1on rout1ne is emploved to determme br1ghtness temperature for
th1s ray. ‘The ray- temperatures and gains are then mult1pl1ed to produce a

curve which is integrated to yield the temperature appearmg at the antenna

terrninals, T ,, which in turn forms one 1nput channel of the radiometer. In

that portion o?the beam where the br1ghtness temperature at the edge of the
11mb changes rap1dly, a fmer breakdown of po1nts is prov1ded in order to
pre‘serve accuracy, The f1na1 convolved pa.ttern is then obtained by scanning
the antenna pattern across the edge of the earth and calculating TA at each
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pointing position. For almost all conceivable microwave cases, the edge of
the brightness profile will be sharper than the antenna pattern, and hence the
general shape of the convolved Pattern is primarily determined by the antenna
characteristics. However, the convolved amplitude is closely related to the
profile character1st1cs and particularly to the plateau temperature

Flgure 30 shows the convolved patterns for uniform illumination and
Gau551an beam compared to the brightness profile for a satellite altitude of
200 nautlcal m11es. As indicated earlier, the profile is considerably sharper
than the convolved pattern, even at this low altitude. At higher altitudes, the
prof11e will become much sharper, but the convolved patterns w1th shape
pr1mar11y determmed by beamwidth, will remain essentially the same. The
effect of the large s1de10bes resu1t1ng from uniform 1llum1nat1on is readily
apparent in the flgure, appearing as a series of plateau regions in the pattern.
However, in the main central reglon of the pattern, the effect is almost
neg11g1ble being only a very sl1ght reductmn in slope Th1s will later be
seen to be a rather general conclusion -- that antenna pattern shape has only
a minor effect on system performance -- except for one case noted later.
F1gure 31 shows an expanded scale versmn, and adds a cosine illumination
beam, which exhibits a slightly greater slope than the Gauss1an The'se
beams have all been adjusted to a 1-degree half power beamwidth, i

As with the ray brlghtness 1nformat1on, much calculatwn is involved.
In order to 1nclude representatwe atmospheres, antenna pattern shapels and
beamvmdths, and satellite altitudes, in excess of 78,000 convolution caICu- '
latlons have so far been performed and cataloged.
4.5 COMPENSATION FOR PLATEAU HEIGHT
:  The difference in plateau temperatures resulting from different atmo-
.5pheres on opposite sides of the earth appears to cause the major error in
the experiment system. A compensation technique has been developed which

greatly reduces the error from this source. °
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Consider an antenna pointed at the edge of the brightness profile, say at
34 kilometers in figure 26. Since the antenna beam will, in general, be wider
than the profile edge, a significant contr1but1on to observed antenna tempera-

ture, T comes from the plateau. (For an antenna at synchronous' altitude,

A’

the profile is of negligi_ble width, and T, is almost entirely plateau contribu-

A
tion.) Thus, identical antennas observing different atmospheres will produce

an apparent output error whe'n,"'”in fact, no pointing error from vertical exists.
Com_p-eilnsation cotld be achieved by introducing an appropriate gain change in
the ,_system, but th'is reQuires a priori knowledge of the atmospheres involved.
Based on our studies,' we propose a self-compensating system which uses
another antenna beam,' pointed slightly inside the normal measuring beam
(i.e., ata loi;ver tangential altitude) to sense the plateau temperature. By-
comparing the plateau temperatures on opposite sides of the earth and making
a galn change in the system to equahze these temperatures, the gross error
due to ‘plateau’ helght dlfference can be removed. Theoretical calculat1ons
have( been made of the. performance of this compensation techn1que, and
pred1cted performance for both compensated and uncompensated systems will
be discussed in the next section. ‘ ‘ ' - o
4.6 PREDICTED PERFORMANCE ' _

The convolut1on calculations d1scussed in paragraph 4.4 are used to pre-
dict: performance of the local vertical sensor. " This performance is based
on the pr0pert1es of the phenomenon being observed and the system parameters
used to make the observation such as antenna pattern and compensation tech-
niqde._ Error due to finite sensitivity in the radiometer is neglected in these
calculations, but it was shown in section 2 that a readily achievable radiom-
eter sen51t1v1ty would cause less than 0. 003 degree-error in pomtmg pos1t10n,
assummg a l-degree beamwidth. In maklng thée calculations, five different
antenna patterns, five beamwidths, and three typical satellite altitudes were
used, ~and four atmosphere groupings from the representative atmospheres

shown in figure 26 were evaluated. In addition, the 12 atmospheres of table 1

were each compared against number 1 (standard) as a reference. The antenna

69



patterns considered were those i-esulting from aperture illumination by uni-
form, cosine, cosine squared, and hamming functions, plus an assumed
Gaussian beam shape. These patterns cover essentially the entire range of
available sidelobe levels, in roughly equal steps. Beamwidths of 0.5, 0. 74,
1.0, 1.5, and 2.0 degrees were used in the calculations. Since system
sen31t1v1ty (kelvins per degree) varies inversely with antenna beamwidth, the
aperture sizes were ad_]usted to prov1de the desued identical half- power
beamwidth for all antenna patterns. . Clearly, only a representative sample
of the results can be included in this section. |
Figure 32 shows the expected output from the system, in terms of equiva-
lent input temperature to the radiometer for an uncompensated system.
Drastically different atmospheres, such as the 11-9- combination, show a \
significant error output at local vertical as expected. The curves reach a
+ large value at either end, which is essentially the peak of the atmosphere -
being observed, as the other antenna beam is then looking at space tempefa-
ture. Figure 33 shows a similar .plot for the compensated system, using -
three different pointing positions for the compensating beams. Lower errors
..on vertical are noted, but the seﬁsitivity, or slope, is almost unchanged.
These curves are again for 1 degree beam\mdth and assume that the antennas
are fastened together with a f1xed squmt angle corresponding to that between
the 34- kilometer tangent1a1 a.lt1tude points on opposite: limbs of the earth.
A_ Compensation angle is measured inward from the measuring beam axis (lower
tangential altitude) and the outputlis well behaved over about half this angle
in either direction; that is, until the compensating beam moves off the plateau.
A further demonstration of the ineensitivity to antenna pattern appears in
figure 34. . Here standard atmosphere appears on both limbs, but all five an- |
tenna patterns are used, again for three positions of the compensating beams.
In the main centra"i region, no significant effect occurs, but there are some
changes at hlgher angles which are not really 1mportant The cosme, cosine

squared and hammmg function 111um1nat1ons are 1nd1st1ngu1shab1e the #
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Gaussian pattern deviates slightly from this group, and uniform illumination
shows the greatest deviation. ' ‘ ‘ .

The previous curves showed the gross behavior of the vertical sensor
system. To properly evaluate the error, much more detailed exarnination of
the central regionis required, and this is provided by figures 35 through 40.

These figures include both the uncompensated and compensated systems,
at satellite altitudes of 200 nmi, 600 nmi, and synchronous, and are for
Gaussian pattern, 1- degree beamw1dth and a compensatmn angle of 1 degree
where applicable. Again, four pairs of atmospheres, exhibiting roughly
equal steps of prof11e difference (see f1gure 26), are assurned on opposite
limbs. The extreme pair 11-9 shows the greatest error, and the 1-1 pair
shows zero error. The curves may be interpreted either as the.temperature
output at true local vertical, or as the pomtlng error whlch occurs if the
radiometer input is drlven to zero by an attitude control servo 1oop ‘The
improvement obtalned by using the compensation technique is qu1te apparent
at all altitudes. Behav1or, in terms of angular accuracy, is best at synchron—
ous a1t1tude since the near step- funct1on behav1or of the prof11e at this alti-
tude causes neg11g1b1e error, and the pr1me error is due to inability to pre-
c1se1y compensate for plateau d1fference. In contrast at the very low altitude,
the compensation is rela’clvely good but the sh1ft 1n prof11e edge location
causes the significant error. '

More careful study of this data, however, shows that the low altitude error
is not as great as the curves imply. The extreme atmospheres used may be
considered as 60 degrees North and 60 .degr'ees South (one is Cold January and
the other July) or a latitude separation of 120 degrees. From synchronous
altitude a central angle of _1-63 degrees' exists, so.sufch erctremﬂe atmosphere
variations are realistic, although a better: 'choi'ce of oositioning the orthogonal
axes might result in less chance of such extreme conditions. However, from
600 nmi, the central angle is oniy 63 degrees, and from 200 nmi it is only

36 degrees.  Over such a small latitude r(ang'e, it is .unlj.k_ely that such
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‘\‘greatly different atmospheres as postulated can occur; hence, it appears
\\reasonable to divide the calculated worst case errors by 2 at 600 miles and
by 3 at 200 miles, these numbers being roughly the angle ratios. Applying
these corrections, the max1mum error due to differing atmospheres at any
satellite altitude calculated so far is 0. 01 degree or less, assuming the com-
pensated case. For the uncompensated case, a maximum error of about
0.03 degree is mdrcated It is concluded that a viable microwave local verti-
cal sensing technique exists.

Even if the corrections of the preceding p.aragraph‘ are not applied, the
sensing accuracy is still quite good at low altitude. At 200 nautical miles
altitude,' assuming an abrupt atmosphere change from 9 to 11 on opposite
limbs, the 0. 03 degree error implies sensirrg with a pointing error of only
1.1 kilorneters altitude at the oxygen horizon. At 600 nautioa_l,"mile:é, the
0.02-degree error oorresponds to about 1. 4 kilometers .ir_i':'altitude at the
horizon. . . B ‘ e |

Additional predictiOns of LVS performance ar'e-“ shown in figdres 41.: 42, and
43. These figures illustrate the effect of compensatmn angle at various alti-
tudes for a system using a uniformly 111um1nated aperture. The beamwidth is
again 1 degree and compensatron ‘angles of 1 0 1 5, and 2.0 degrees are em-
ployed, with the plotted symbol on the 1- degree curve. The cuirves show that
performance is relat1ve1y 1nsens1t1ve to compensatmn angle, but that there is
some slight degradatmn at low altitudes for extreme atmosphere differences.
The results in flgu're 43 are part1cular1y 1nterest1ng. - This figure indicates
a maximum 'err;o'r due to extreme atmospheres of less than 0,003 degree, or
less than half of that predicted by figure 40. The only difference in the two
cases is the substitution of 'ghe uniformly illurr;inated‘ aper.ture for the Gaussian
beam. The reasons for this improved compensation;are only partially under-
stood at this time, and will be noted later. Since synchronous altitude is an
important case and smce uniform 111um1nat10n requ1res the smallest aperture

for a g1ven beamw1dth th1s top1c should be 1nvest1gated rmore fully to'see if
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even better results -can be obtained by sorﬁewhat different aperture distribu-
tions or compensation angles. ‘

Figures 44 and 45 shew that the sensor behavior is relatively insensitive
to antenna pattern (except for the synchronous case noted above). These
figures compare cosine illumination, Gaussian beam, and linear illumination,
with the plotted symbol on the Gaussian. A minor change i1j1 slope is all that
is ';noted, with cosine ﬁaving the greatest slope and unifo:rm the least. As in
earlier curves, beamwidth is 1 degree and compensation angle 1 degree.

4.7 BEAMWIDTH EFFECTS | _

The discussion of local vertical sensor performance has so far considered

only a 1-degree beamwidth. This section considers the: effect of using other

"be.arnWidth'anAtennas. Detailed calculations of predicted performance have

‘been carried out for beamwidths of 0.5, 0.74, 1.0, 1.5, and 2. 0 degrees.
The corfespdndii_lg compensating angles, where applicable, have been set to
{1 0, 1.0, 1.0, 1.5, and 2.0 degrees. In order to limit the number of vari-
Qables involved, only the cosine illumination pattern was employed In the
' results to be,presented, only the standard atmosphere pair and the extreme
11-9 pair are‘ shown as others fall generally within these limits.
Assuming a step function profile', one would expect the slope of the con-

volved pattern, in the vicinity of the edge, to be inversely pfoportional to

. antenna beamwidth. The real profile displays an edge of finite width and a

plateau whose temperaLttire is not constant. These perturbations have no
significant effect»»ae long as the angular width of the profile is narrow com-
pared to the,a"ntenna beamwidth. The result for differ‘ent beamwidths at
6OO‘n_a1tif':ica_.1 miles is illustrated in figure 4'6, where the steepest slope output
.curj_\'re is associated with the 0. 5-degree beamwidth. Since the same atmo-
ephere is us'ed on both sides, the error curves pass through zero. A similar
»result is seen in f1gure 47, where the extreme atmosphere pair is used. Slope
,var1at1on is as before but the wider beamw1dth antenna causes greater error.
I The vertical sensor uses zero radiometer output as the indication of local

{vertical, implying a balance in the two antenna beams. Thus, the proper
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measure of system error is the angular displacement between this indicated
vertical and the true local vertical.

In pr1nc1p1e, one would expect to be able to tradeoff antenna beamw1dth and
radiometer sens1t1v1ty in order to ach1eve a certain error. ConS1der1ng only
-figure 46, this is an acceptable tradeoff, and twice the beamwidth can be em-
_ployed if the radiometer sensitivity can be doubled, i.e., minimum detectable
'AT halved. However, one notes from figure 47 that the wider beamwidth
creates more error, independent of radiometer sensitivity, w’hich is assimf;ed
'inﬁnite in these curves. This result arises from the fact that the wider
beamwidth intercepts more of the plateau region, and this contribution re-
presents an error. When compensation is applied, as ih figure 48, the effect
of this error is greatly reduced, as expected. The angular error spread
between beamwidths of 0.5 and 2.0 degrees. is new about 30 percent rather
than a factor of about 2. 5. . ‘

To complete the dlscussmn at this a1t1tude, f1gure 49 presents the same
conditions as figure 48, but shows. the output over a greater angular range.
As would be expected, the 2-degree data is almost linear over this range,
but the 0. 5-degree data show/s/""signiﬁcant curvature as the beam meves off
the edge. ' .

The situation at synchronous altitude is shown in figures 50 and 51. In the'
uncompensated case, the error increases with beamwidth up to 1.5 degrees,
but then it decreases shghtly at 2 degrees. This apparently is caused by the
wider beam seeing farther 1nto the plateau Vreglon, where the temperature
differences are not as great. In the compensated case, the improvement is
even more dramatic, indicating an error of less than 0. 003 degree for the
2-degree beamwidth. This effect is similar to that observed earlier for uni-
form illumination in figure 43. Apparently the current effects are caused
primarily by the side of the main beam seeing the proper plateau; whereas,
in the earlier case, it was the high sidelobe of the uniform beam. As noted
earlier, additional studies should be made in an attempt to exploit this effect

and obtain a minimum error system.
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The next three figures illustrate the slope of the curves shown in the previ-
ous figures. This slope is measured in kelvins per degree of pointing posi-
tion (at local vertical) at the radiometer input and is, in effect, an indication
of the sensitivity of the antenna system of the vertical sensor. It is this slope
which must be considered in order to determine the error caused by finite
sens-itivity (in terms of minimum bdetecta.ble AT) in the radidmeter. This
slope was calculated from points 0. 05 degree either side of local vertical in
order to maintain sufficient accuracy and still stay within the linear region.

Figur'e 52 shows the case for extreme atmospheres, uncompensated. All
three satellite altitudes are shown, with synchronous showing the greatest
slope and 200 nautical miles the least. At synchronous altitu«iie,; the sl'opev of
the curve is almost exactly -i, confirming the inverse relationship' poétuiated
for an ideal step function. At lower altitudes, there is some deviation from
lineér, and at 200 miles there is significant Bending in the curve.. This is
caused by the fact that the pfofile width, as shown in figure 31, is less than
the beamwidth, but not negligible. More complete analysis predicts a sensi-
tivity siope which is inver selyqproportional to the root mean square of the
widths (appropriately measured) of the antenna-beam and profile. At 1 degree
beamwidth and 200 nautical miles, the préﬁle is roughly one-fifth the width of
the beam. This would cause about .a, 2 percent 'slope reduction, but at 0.5
degree it would cause about a 10-percent reduction, as seen in the figure.

Figure 53 shows extreme atmospheres, compensated. The major difference
noted is a reduction in the sensitivity slope, Which is caused primarily by the’
compensation technique referencing to the cold atmosphere in this case. This
effect is clearly seen in earlier figurés. 'For completene‘ss, vfigu.re 54 shows
the standard atmosphere pair and again a significant slope reduction due to
profile ‘width at 200 nautical miles. In this figure, the synchronous case ex-
hibits the lowest sensitivity at 2-degree beamwidth.

A final example, faken within the atmosphere and hence not applicable to

satellite usage, shows that the essentially inverse relationship to beamwidth
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also holds for wider beamwidths. Figure 55 is similar to figure 31, but shows

‘the standard atmosphere profile from 60 kilometers altitude and convolved

patterns for beamwidths of 5 and 10 degrees, cosine illumination. Convolved
pattern slopes are 41.5 and 21 kelvins per degree, respectwely, and when
mu1t1p11ed by 2 to be compatible w1th figure 54 will fit n1ce1y on-an extensmn
of this curve. o

4,8 12 ATMOSPHERE PERFORMANCE ‘ ‘

Predicted local vertical sensor performance has so far been based on
selected pairs of the four representatlve atmospheres. This sectlon presents
the results for 12 atmospheres, 1nc1ud1ng several severe warmlng atmo-
spheres. Results are prov1ded ‘for all three satellite altitudes cons1dered -
200 and 600 nau’cical miles_:,,a'nd synchronous -~ and bfoth uncompensated and
compensated systems. ‘_;T‘his cornputation was limited to 1-degree beamwidth,
l1-degree compe_nsation angle, cosine illumination pattern to limit the co‘m-
puter time required: . The atmosphere pairs considered are the 12 atmo-
spheres rioted bf'y- .an'ast'eris‘k‘ in table 1 on one limb and-standard atmosphere,
number 1, on the other. All 12 pairs are plotted in each figure, but atmo-
spheres 10, 16; and 17 are plotted without synnhols to avoid cluttering the
presentation. Atmospheres 1, 8’ 9, 11, and 19 have a symbol at ever;-r"
calculated point while 4, 5, 6, and 18 have a symbol every other point- to aid
in 1dent1f1cat1on. -

F1gures 56 a.nd 57, at 200 nautical m11es, show the expected grouping un-
compensated, and w1th 6 just above 11 compensated F1gures 58 and 59, at
600 nautical miles, show similar results, but with 4 falling on 11 compen=~
sated. In the synchronous case, figures 60 and 61, the uncompensated case
is as expected and in the compensated case both 4 and 6 are shghtly above 11.
Even the severe warmmg atmospheres create no problem Atmosphere 18
generally falls close to 9, and, except for the uncompensated synchronous

case, atmosphere 19 falls between 8 and 1. The only unanticipated result is

that 6 and 4 can fall slightly outside 11 in the compensated case. Since
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atmosphere 1 is used as a reference in this calcﬁlai:'ié;n,: Kthé efrprs can be
either plus or minus, depending upon whether the test atmosphere is hotter
or colder than standard.
4.9 EXPERIMENT SYSTEM ANALYSIS

Based on analyses presented in Sections '3 and 4 design parameters for a
local vertical sensor experiment may be selected. Profiles for various .
bandwidths were presented in figure 14. It is desirable to stay away from the
resonénce lines to prevent sméaring of the profile. As suming the profile
slope does not change, the gréater the bandwidth the more sensitive the Sys-

: dT
tem. Slope does change, however, so the quantity B B was investi-
- . - d H
gated, where TB is the brightness temperature averaged over the bandwidth

B, as described in paragraph 4. 2, and H is taﬁgential altitude. Although not
necessarily a rigorous indicator of thifnﬁm conditions, this quantity does
give a reasonable measure of the value 'of a given bandwidth selection. For
standard atmosphere, this quantity‘ exhibits a rather broad first peak in the
vicinity of 200 to 240 MHz of bandwidth, measured from the center of the
valley at 60. 79 GHz’f .Although a slightly greater amplitude second peak may
be found, the greatlj}; ifxcreased bandwidth required puts an undue strain on
component perfo;-mance characteristics and is not recommended. This,
then, is the r.ationale for using 200 MHz bandwidth averaLges in the previously
preSen_téd figures. It is probably desirable to stay as close to the valley
center as possible, but the lower edge of the IF passband must be sufficiently
high to reject local oscillator noise. |

Reference to Appendix A shows that a 200-MHz IF bandwidth combined with
a l-second RC time constant output is adeéuate to provide the l-kelvin radiom-
eter sensitivity previously assumed to provide sufficient accuracy. This 1-
second RC cc‘)rresponds to a 2-second integré.tion time, so that data can be
updated every 2 seconds if required. If a longer time between data samples
can be tolerated, .a still longe"r integration time can be employed to yield in-

creased radiometer sensitivity,
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+At 600 nautical miles altitude, the subsatellite point will. move approxi-
mately 200 nautical miles per minute, increasing only about 15 percent at
ZQO nautical miles altitude. Hence, a 3-second update could provide samples
spaced roughly 10 nautical miles. For an operational system this rqight be
highly desirable, but for an expériment evaluation there is no need-forithis
much data. Interms of samplingilattice; 'a measurernent every 3 degrees of
latitude, assuming a polar orbit and an earth oriented vehicle, should be quite
adequate. This would provide 120 data points per satellite revéluti’on 'spread.
over all available atmospheres. If a nonpolar orbit is employed, the‘data is
still useful but a lesser range of atmosphere variation will be encountered. -
This spacing of the data points, iroughly 45 t6 55iseconds apart, rmakes it
possible to use a longer integration'timeé than would normally be employed
operationally, so that the effect of minimum detectable temperature-in the-
radiometer will be reduced. Thus, the data will be more dependent on atmo-
sphere characteristics which is the desired test information, and less depen-
dent on the radiometer. It would also I;rovide a safety margin should any of
the circuitry degrade in flight. There is also an additional advantage to be

discussed later. Minimum integration time would be about 2 seconds (rR 1)

and maximum on the order of 10 to 20 times greater, providing a r'adiom:ter
sensitivity increase of :3 or 4 times.-

- The tradeoff between radiometer sensitivity and antenna direcfivity has al-
ready been noted in paragraph 4. 7. In principle they can be traded, but the
wider beamwidth usually implies additional system error independent of
radiometer sensitivity. An apparent contradiction to this was noted in two
special synchronous cases. Assume a conservative radiometer sensitivity of
1 kelvin from Appendix A. A beamwidth of 1 degree will produce a tempera-
ture slope into the radiometer of about 400 kelvins per '‘degree, ‘in accordance
with figure 54, and this results in a pointing error of 0.'0025 degree. Since
this is small compared to the maximum uncorrected error of about 0. 02
degree from figure 48, this:is a good compromise. However, doubling both

beamwidth and radiometer serisitivity does increase the error by about the
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original radiometer contribution. In general, it seems 'deéirable to '.use the
smallest bearﬁwidth-available, consistent with weight and space lirhitations
on the antenna.. The sypchronous ';:ase requires additional investigation in
this area. S , o ‘ | o . A

It had initially been planned to try' to me.asure any ellipticity existing in

the oxygen mantle. The concept, briefly, involves a comparison of measure-
. ments taken on the two qrthogonal.-axes. In the experiment description so

far, 1:hese. axes are separate and distinct,s and comparison of 2 antenna beams
on a given axis yields a pointing position. ‘However, if the antenna pairs

were equally squinted and provision made to compare beams on cross axes,
then.this . comparison would yield any difference in the average of the two

axes, and this. would be translatable to ellipticity. The configuration requires
three four-port:\_swit‘chable.circulators (oi‘ DPDT switches) and four receivers.
Each pair of -ar;xt\"ennas feeds its own circulator, as in the normal configuration,
and one of the recei;{rers. . The other two outputs from the circulators feed the
third circulator which fe'eds the other two rec’eiirers. For the cross axis éom-
parison all switches are operated synchronously, with the phasing of the -
switching determing the antennas which are compared. . There is also redun-
dancy built into this configuration. -Should one main axis receiver fail, either
of the two extra receivers could be applied to that axis by:stopping the third
switch in the proper position. In fact, with this switch deliberately stopped

at all times, two redundant receivers exist on both main axes, with one
suffering,an additignal switch insertion loss.. This could serve as.a check on
performance in.case the switches did not provide as symmetrical performance
as required. | ,

There are several problems associated with this concept, and it has been
abandoned at this time. First, the detailed calculations for many>atmospheres
show a significant change in profile edge with atmosphere. This would tend
to mask any measurements, as there would be no a priori knowledge of the
effect being measured. ‘Secondly, the four-port switches present some hard-
ware-problem if high isolation:and ssrmmetry,are to be maintained. They . .-
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would lil<ely be Faraday rotation type, hence not latching, and both drive
stability and power required would be problems. The Y-junction type proposed
in a later section seems much better suited to the local vertical sensor. Also
the additional receivers, although redundant, would be required and they re-
present a weight and power penalty. ' o -

Steer off capability has been 1nvest1gated, and this does not look part1cu- -
larly attractive. The sensor is best operated in a closed attitude control |
loop or as a precision indicator near a zero output. Steer-off can be accom;
p11shed only over about half of the antenna beamwidth as one antenna pa.ttern
is then off the prof1le edge and can no longer provide useful inputs. For any
significant angular steer-off, the antenna beamwidth would have to be 1ncreased
over its present value, and as already d1scussed, this would cause a loss of
pointing accuracy which cannot be recovered even if rad1ometer sens1t1v1ty
can be increased. Most of this difficulty arises not so much from the shift in
edge of the profile but from the change in plateau temperatures and the need
to compensate for maximum accuracy.

As a summary to the analyses presented the performance goals for a
local vertical sensor experlment are discus sed below. Angular resolution is
specified as 0. 01 degree. The analyses indicated an accuracy of this value
dvailable from synchronous altitude when compensated At low altitudes, this
goal assumes that the possible atmosphere change over a restncted ¢entral
angle change, is limited by the value of the angle. Compensatmn w1ll also be
required at low altltudes to meet this goal, ' The resolution will be available
at low altitude, but the accuracy achieved will depend on the atmosphere
characteristics. In order to achieve high accuracy, the antenna beamwidth
is selected as 1.0 to 1.5 degrees in the measunng d1rect1on ‘In the trans-
verse plane, a beamw1dth of 8 to 12 degrees ‘should be acceptable. Sidelobes
should preferably beé below 20 dB to avoid s1gn1f1cant disturbances due to
extraneous signals such as the sun or a communications transmitter falling
in a sidelobe. (Sun in the main beam will render the system 1noperat1ve. )

If operation at synchronous a1t1tude is desu‘ed, the poss1b111ty of better
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_ performance with a somewhat wider main beam should be investigated. Since
compensating beams will-be employed, either a separate aperture or an addi-
tional feed in a reflector-type structure must be prov1ded A recent report
from NRL14 shows very wide off axis scanning of a parabolic reﬂector, with
good sidelobe behavior out to 15 or 20 beamw1dths. From synchronons alti-
tude all four beams on a given axis might be formed by a common reflector
for simplicity. The angular squint ofthe beams will depend upon the altitude
at wh1ch the sensor operates. For operation overla .vc}ide range of altitudes,
the antenna squint must be phys1ca11y changed or a different feed arrange-
ment selected (sw1tched) in a reﬂector.

The goal for radiometer temperature sensitivity is set at 1 kelvin. As
shown earlier, with a l-degree beam this causes an additional error of less
than 0, 003 degree.. Since the parameters used in the sensitivity calculation
in Append1x A are somewhat conservatwe, this value should be readily
ach1evable |

Some additional comment on samphng lattice is in order. The discussion
so far has assumed a complete vertical sensor ﬂ1ght experlment There is
another flight exper1ment which would be qu1te useful, and which would pro-
vide S1gn1f1cant input data for vertical sensor confirmation. This is a data
collecting exper1ment des1gned to obtain atmosphenc brightness temperature
data on a global basis By careful selectlon of the frequency band observed, a
nadir loo};mg experiment can be made to see essentially the same altitude
region as used by thle_limb device. For the low-altitude lattice discussed
earlier, there is sufficient integration time availabie to provide the required
temperature sensitivity With the reduced bandwidth required by this experi-
ment. This concept will be discus sed more completely in Section 6. The
significance at this point is the fact it can provide important data without the
need for a precise angle measuri_n:g reference or preeise —angle control. In
addition to collecting atmosphere data, all portions of the local vertical sensor
millimeter wave ra_dio'_mete.r‘. with the exception of the antenna system, would

be tested in such an experiment.
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4.10 INDEPENDENT VERIFICATION OF SPACECRAFT ATTITUDE -

The: analyses presented earlier in this report predict the:success of the
local vertical sensor and give a numerical estimate of the accuracies that
can be obtained. These accuracies remain to be proven in an actualflight
experiment. In order to provide an experimental measurement of accuracy,"
it is néces sary to provide a standard for comparison, and this section will
discuss some of the possibilities and problems of providing such a standard.
The standard should preferably be more accurate than the device ‘being tested,

‘but this may not always be possible, especially when the new device is in- -
tended to improve ‘existing capability or accomplish simil‘arvrlesults' in a dif-
férent fashion. - : S o

Techniques that have been considered as a calibrating reference include
star mapper, infrared sensor and microwave interferometer. Star mappers
have been used to detelrmine attitude of spinning -vehicle.s. “For example,
Project Sc'a,nner15 emp_loyéd a relatively low altitude spin-stabilized ‘sﬁb-
orbital vehicle, and a star mapper brovided precise spacecraft attitude
information. The spin is an essential part of such a system asi the mapping
is obtained by the star images passing through slits, and the outputs-are
sorted by time and amplitude to identify the stars and determine position.
Much ground processing is involved to obtain the desired information.: For -
the example cited the mapper was aligned with the test instrumént to an ac=-
curacy of 0, 005 degree and provided data with a lo accuracy of 0. 008 degree.
From the error curves presented earlier, calibration data to this accuracy
or better will be required to test the local vertical sénsor. ' The millimeter -
wave device views both limbs of the earth simultaneously, and-is intended for
an earth oriented vehicle. Spinning will degrade performance as the available
integration time is greatly reduced. Hence, the use of a star mapper is not
particularly compatible with the vértical sensor unless some other means is

available to.provide the spin function and not degrade accuracy.:
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Microwave interferometers have been used for precision angle measure-
ment, and one system designed for calibrating an instrument landing system
has demonstrated 0. 01 degree accuracy. 16 An interferometer experiment
will be included on ATS-F at synchronous altitude, and hopefully will demon-
strate a similar degree of accuracy. This device requires several ground
station transmitters and ground processing of the data. The use of such an
interferometer, together with the attitude. control capability of this later ATS
series would provide an excellent test bed for the local vertical sensor. By
steering the satellite off to one side of vertical and then giving it a gentle
kick, the attitude will change slow1$r through the desired range at a constant
rate. The measured output from the vertical sensor could be compared with
predicted values, and the interferometer used to measure angle over a suffi-
cient range to achieve accuracy. It will be seen, however, that the '"standard"
sensor accuracy would not necessarily be better than that of the device tested.
Progress of the ATS-G has been monitored from tirhe to time to see if an
interferometer will be.employed. At this writing, the status is so uncertain
that this question cannot be answered.

The use of an interferometer as an independent reference at synchronous
altitude appears 'quite attractive. However, ét low altitude it is not very use-
ful. With appropriate earth orientation of the vehicle, the vertical sensor
axis will remain essentially vertical. .The interferometer array must be on
the satellite as that is where the angle is to be measured.. As the satellite A
passes over the transmitter on the ground the angle measured by the array
changes rapidly, on the order of 1 degree per second, and.is more deter-
mined by spacecraft position than by attitude. .Hence, this is not a good
reference for attitude calibration.

The infrared sensor offers a good technique for providing an independent
attitude reference, both.at synchronous and low altitude. The operating
principles are similar to the vertical sensor, but the infrared device depends
on carbon dioxide absorption to define the limb rather than oxygen as used by

the millimeter wave device. The infrared device is usually used to observe
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one limb at a time and hence is generally applied to spinning satellites. It
may also scan both limbs in sequence by scanning across the entire earth,
say from synchronous altitude. The double limb case has been considered;
however, as far as we have been able to determine, no predicted output
characteristics or error curves, such as presented in figures 32 through 51
and 56 through 61 for the millimeter wave case, are available for the infra-
red case.

The use of both the infrared and microwave devices on‘the same space-
craft would provide an excellent opportunity to compare the two techniques.
Although op'erating principles are similar, there are significant differences.
The infrared device has a very narrow beamwidth whéreas the microwave
device is generg,lly limited by its wider beamwidth. Detailed profiles for the
two absorbers may be quite different, particularly for extreme atmospheres.
As noted in figure 28, the severe warming atmosphere number 19 caused.
very little shape change in the microwave profile. We understand it shows a
pronounced effect on the shape of the infrared pr‘ofile, and this could ca,uée
error in a very narrow beamwidth system. The'averaging obtained wifh even
the narrowest microwave beam considered could be an advantage in such
cases. 4 |

‘In summary, except for the interferometer at synchronous altitude as
planned on some future ATS spacecraft, the infrared sensor is probably the
most useful device against which to co-mpa‘.re operation of the millimeter wave
local vertical sensor. However, the infrared sensor should be considered an
independent reference and not an absolute standard, since both techniques
exhibit unique error considerations. | | o
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) 5. MILLIMETER WAVE COMPONENTS .

Realization of the a'ccura.cy of the Local Vertical Sensor depends upon the
performance of certain critical millimeter wave components in the radiom-
eter system. These criticalxc,ompo-nents include the antenna.,'b low noise
mixer, solid-state local oscillé.tor, and radiometer switch. The object of
this portion of the program was not to develop completely qualified compo-
nents for incorporation into a space radiometer but rather to do sufficient
breadboard work to establish the feasibility of achieving the accuracies pre-
dicted for the radiometer system. ‘ |

For the antenna area, the significant accomplishment was the demonstra-
tion that there were fabrication techniques which could be used to carry the
implementation of slotted wavegﬁide arrays, which have been used at lower
frequencies, to the 60-GHz band. This was successfully done ﬁsing electric
discharge machining of silver waveguide. In the mixer area, the key point
was the demonstration that by the use of high resolution photolithographic
techniques," gallium arsenide Schbttky barrier diodes could be fabricated
which when mounted in a novel wafer structure realized conversion losses
of 5 dB with noise ratios of ﬁnity or less. The solid-state local oscillator
effort demonstrated adequate power output at 60 GHz using a silicon avalanche
diode with diffused epitaxial layei'. For the ferrite switch, it was established
that there was a commercially available ferrite switch which came quite
close to meeting the requirements of this program, therefore, it was
unnecessary to do development in that area. Detailed information on these

components is provided in the following paragraphs.
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5.1 ANTENNA

5.1.1 Requlrements

The requirements of the antenna des1gn, br1eﬂy stated, were as follows

e Fabricate multlple slot Wavegu1de array samples of constant angle
and depth to dete rmine slot electrical parameters for the actual-
- antenna design.,

e Establish the reproducibility of the fabrication technique and its .
_ adequacy.

e Design and fabricate a s1ng1e-aperture breadboard antemla..
(E-plane control). ' '

e Determine an acceptable method of transverse plane radiation control
and design and fabricate a breadboard model. .(H=-plane control).

e Evaluate the performance of the complete breadboard model antenna, , .

5.1.2 Design Considerations

'

5.1.2.1 Antenna Type T

A study of resonant versus nonresonant (traveling-wave) slotted arrays.
was performed, Antenna pattern performance of the resonant array Was A
synthesized as a function of the number of slots, number of feed points (elec-
trically independent sections), total bandwidth, and sidelobe.level., . The
limits placed on these parameters are shown in table 3. =The half-power
beamwidth of 2.4 degrees of the 40-slot ax;ray was inadequate for system
sensitivity requirements. ‘

TABLE 3 .
RESONANT ARRAY PARAMETER LIMITS

Total number of slots 40, 80

Total number of feed points 1, 2, 4, 6, 8 10
~ Total bandwidth . 0 -4%
1st sidelobe level .. 20,725/ 30dB

The program used to synthesize the patterns employed an optimization
technique which computed.the illumination function.required to minimize the .:
ratio of power radiated outside main beam to power radiated inside main
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beam when the first sidelobe level was specified at center frequency. As the
bandwidth is increased., the pattern degrades. Theoretically, this can be
compen‘s'a.tedvfo.r by increasing the number of feed points. Figure 62 is typical
of the results fér the 80-element resonant array with first sidelobe level of
-25 dB. It shows that even for the l-percent bandwidth case at least 4 feeds
would be reqﬁired to 'prope'rly control the beam shape. The practicality of
constructing such a corporate fed resonant array was considered to be poor.
Pe rhé,ps the most difficult problem would be to achieve the required relatively
high élqt conductance. FEach 20-element section should have a total conduc-
tance of 1. 0, 'which means the center slots of each section would have a con-
ductance greater than 0,05,

The traveling wave array has several advantages over the resonant array.
The sidelobe levels remain unchanged over the bandwidths considered. There
is no appreciable change in the general pattern shape with frequency; whereas,

the resonant array pattern has marked changes with frequency. There is

NO. FEEDS
4

1ST SIDELOBE LEVEL (-D8B)

TOTAL BANDWIDTH (%)

Figure 62, 80-Element Resonant Array
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essentiaily no change in VSWR as no resonances occur over the bandwidth
of interest. A disadvantage of the traveling wave array is that the main
beam does change position with frequency. At a center frequency of 60, 8
GHz, a total bandwidth of 1 percent produces a shift of +0.33 degree in the
main beam of an 80-element array w1th beam peak at 8.5 degrees with re-
spect to broadside. The most current system evaluation indicates that this
shift is acceptable., Therefore, it was decided that the breadboard model
would be a traveling wave array of 80 edge slots.
5.1.,2,2 Transverse Plane

A flared H-plane sectoral horn was found to be adequate for transverse
plane control. The breadboard model was designed to have a half-power
beamwidth of 12 degrees at 60, 8 GHz. All raw slot data was taken in the
presence of an H-plane sectoral horn since it slightly influences the data.

5.1.3 Slot Fabrication

5.1.3.1 Tolerance Considerations

Several edgé slot shunt arrays had previously been fabricated by the
Antenna Group in the S ‘through Ka-band freque;xcy range. It has been shown
that the required tolerances of this type of slot are less critical than those
of a broadwall slot. Based on tﬁe above experience, reasonable pattern con-
trol could be expected by scaling previously required tolerances to the 60-GHz
region. Table 4 shows these specified tolerances. See section 5,1.4.2 for
the resulting electrical parameter uncertainty.
5.1.3.,2 Fabrication Results
'~ The slots were cut in RG(98)/U waveguide after one edge was milled

0.000

down to 0,010 :I:O. 0005

achieving these tolerances were attempted. The method which showed the

inch. Various conventional machining methods of

most promise erhployed a carbide tip tool. However, two difficulties existed
with this - method. One, machining of the silver wavegﬁide created burrs
‘within the waveguide - how do you deburr and maintain tolerances? Two, the

uniformity of slot contour from slot to slot was inadequate. In an attempt to
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solve the first problem, a sample waveguide was fiile&.;nith«polyéthylene
glycol and two samples were filled with rigidix before machining. Both »
methods were unsatisfactory, The EDM (4E1ectr'ic _Discharge\Machining)
process was successful in solving both of these problems. Table 4 shov;rs
the standard deviation, 0, of the slot parameters obtained from inspection
data on the final 8 test arrays.
TABLE 4 A
SPECIFIED AND OBTAINED TOLERANCES

- Slot Parameter | Specified Obtained d
Depth (in) : %0, 00025 +0, 00018
Width (in) +0, 0005 +0, 0002
Spacing (in) +0, 001 +0, 00043
Angle (min) +] +2

5.1.4 Test Array Measurements

5.1.4.1 Measurement Technique

The raw slot data was obtained from resonant test samples, of ideally -
constant angle and depth, each having a total of 15 slots, The slots were
spaced Ag/z apart along the guide with adjacent slots coupled in opposite
phase. Mutual coupling between slots cannot be neglected for edge (or shunt
inclined)"‘.slot arrays, thus, the measurement technique accounted for this
fact. Thé measurement setup is shown in figure 63. The meé.surement
procedure was as follows. With the horn probe at one end of the test sample,
the sliding short was adjusted for test sample minimum radiation. The horn
probe was moved to the opposite end of the test sample and the frequency of
the klystron was adjusted for test sample minimum radiation, This alternat-
ing procedure was continued until neither the klystron frequency nor the
sliding short position could be changed without increasing the radiation from
the test sample. The VSWR and two adjacent null positions of this minimum

radiation condition were recorded.
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VAR. FREQ
ISOLATOR | — :
OLATO ATTN. METER
KLYSTRON
-
SLOTTED TEST SAMPLE SLIDING
LINE ] & H FLARE SHORT
DETECTOR HORN
-7 Y PROBE
r._l
| ————— DETECTOR
VSWR
METER

Figure 63, Test Sample Measurement Setup

All slots were shorted by placing a strip of aluminum tape over the entire
length of the sample. The slotted line detector position was moved to the
midpoint between the above measured nulls. The sliding short was adjusted
until a standing wave null occurred at the new slotted line detector position,
This position of the standihg wave cor\responds with the sample maximum
radiation condition.  The Al tape was removed and the new VSWR and null
pOSitiOnS‘ were recorded.

The mutual coupling between slots is different for the end slots than for
the middle slots. It was desired to eliminate the end slot effects from the
measurement, This was accomplished by taping over six end slots only of
one end of each sample and remeasuring the VSWR and null positions. The
individual slot paré.meters were then computed from the difference between

the 15 and 9 slot radiating cases,
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5.1.4.2 Test Sample Results
Twelve different configurations of test samples were fabricated, Six
ideally identical pieces of the first conﬁgﬁration were obtained to evaluate
the capabilities of two different vendors. Two ideally identical pieces of the
other 11 configurations were made to check repeatability of results. Repeat-
ability was poor until each sample was thoroughly cleaned in a cyanide bath.
The last 4 configurations and the measurement results are listed in table 5.
The two measurements per sample are the result of alternately taping over
the opposite 6 end slots. |
TABLE 5
TEST SAMPLE RESULTS

Conf. Depth X ., 2
No. 6 (Deg) (Mils) Slot R | Slot X | Slot R R sin @
1A 10 0.0195 | 45,6 -22.3 -0.49 1.375

10 0.0195 | 37.9 -22.3 -0, 58 1,143

1B 10 0.0195 | 40.9 -20.4 -0, 50 1.233
10 0.0195 | 45,9 -21.3 -0.47 1.384

2A 10 0.0205 | 38.4 - 8.8 -0,23 1.158
10 0.0205 | 37.4 - 7.8 -0, 21 1.128

2B 10 0.0205 | 36,5 -11.4 -0.31 1.101
10 0.0205 | 31.6 -15.5 -0,49 0.953

3A 15 0.0185 | 16.3 - 7.1 -0,44 1,092
15 0.0185 | 16.6 - 6.7 -0, 40 1.112

3B 15 0.0185 | 17.4 -10.6 -0,61 1.166
15 0.0185 | 18.8 - 9.5 | -0,51 1.260

4A 15 0.0195 | 16.9 - 4,1 -0, 24 1.132
- 15 0.0195 [ 16.6 - 4.4 -0, 27 1.112
4B 15 0.0195 [ 16.3 - 5.5 -0,34 1.092
15 0.0195 | 16.3 - 4.5 -0, 28 1.092
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Figures 64 and 65 are plots of the spread in the data of R siln2 6 and
A(X/R)/ A (Depth), respectively. The former represents the control over
per slot amplitude coupling while the latter indicates control of slot resonance

" and therefore phase. The electrically determined randomness or error in

these quantities is

o 0.073
i gl = —— = N . 2
Ampl. Coupling error MEANI . (1. 14) 0 064 - 0.29dB .
Fig 64

o -1 o -1 {33.7) _
Phase error = tan ml . = tan <m—) = 9.2 degrees
Fig 65

When errors of this magnitude exist, the sidelobes of a cosine squared on a
pedestal (11 dB) aperture distribﬁtion deviate from design value as shown in
figure 66, The amplitude error is insignificant. However, greater phase
control could be desi-rable. This would require greater slot depth control

which was controlled to state-of-the-art machining tolerances.
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Figure 64. Spread in Slot Resistance as Measured
from a Group of 15 Slots
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Figure 65, Spread in (X/R) as Measured
from a Group of 15 Slots '

It can be shown that the resonant depth, De, near resonance, of an edge

slot varies as

L sin2(9/2)

De - Do cos ¢
where
D0 = resonant depth projected to 0° inclination
L. = depth slope
) = inclination angle with respect to b waveguide dimension

Figure 67 is a plot of this data of table 5. The parameters required for the

breadboard model design are listed in table 6.
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TABLE 6
REQUIRED PARAMETERS FOR ANTENNA DESIGN

Resonant Depth for Zero Slot Angle (in.) = | 0.0229
Depth Slope, L,. (in.) = 0,1145 _

Rate of Change of X/R with Depth, A(X/R)/AD = 208.0
Slot Resistance Factor, R sin29 = 1,14

5.1.5 Breadboard Model

5.1.5.1 Description

The feasibility model was designed as a traveling wave array with the

characteristics shown in table 7. The element spacing is such that the beam

peak will occur back toward the generator.- This pointing direction versus

pointing in the load direction was chosen so that the angular separation

between the main beam and the cross=-polarized lobe (results from the
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inclination of the edge slots) would be maximized. The power dissipated in
the load was designed to equal 10 percent. Experience has shown that if too
little power is allowed to be dissipated by the load, the slot angles at the
input to the array approach 0 degree. A very small error in the inclination
of such a slot would cause a large perceritage error in coupling, It was
desired that all angles be greater than approximately 3 degrees. The resul-

tant slots satisfied this condition with the exception of one slot.

TABLE 7
BREADBOARD DESIGN PARAMETERS

Amplitude Distribution: cos2 6 on pedestal

Pedestal Height: 11 dB (0, 282)

Gain:' 33.3 dB

Number of Elements: 80

Ratio of Ag/ho = 1,3246

Slot Spacing: 213/)\o = 1,1029 (D = 2.718 mm)

Beam Peak (with respect to broadside): -8.74 deg at 60.86 Hz
' 1.10 /L (rad)

HPBW = 1.45 deg (E-Plane)
12 deg (H-Plane)

E-Plane Sidelobes: 1st S.L. =33 dB
2nd 8. 1., = =27 dB
3rd S. L. =29 dB
4th S. L. -31 dB

Power into Load/Power Radiated = 10 percent
Waveguide Edge Thickness = 10 mils (.25 mm) =

5.1.5.2 Results

The principal results, including gain, of the feasibility model measure-
ments are tabulated in table 8, Figures 68 and 69 are the measured principal
plane patterns - E-plane (azimuth) and H-plane (elevation), respectively.
Figure 70 is an overlay of the measured azimuth pattern on the theoretical

pattern. It shows that the separation distance was insufficient to measure the
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first sidelobe. However, the measurement éystem was sensitivity limited

to 40-feet separation to permit measurement of the second through fourth
sidelobes. A cross-polarized pattern showed that the cross-polarized lobe
on the generator side of broadside was effectively moved into invisible space.
Azimuth conical cuts of § = 2, +4, +6, +8, %10 degrees and elevation conical:
cuts of ¢ = £1, +2 degrees were also taken. Azimuth patterns over a 1=
percent bandwidth showed the expected amount of beam shift of the main
beam and no change in the sidelobe structure.

5. 1.6 Conclusions

The EDM process does produce adequate control over slot uniformity and
dimensions so that a slotted waveguide array in the region of 60 GHz is
feasible, To achieve sidelobes of =30 dB, the slot depth must be controlled
to at least +0, 00025 inch,

The measured results of the feasibility or breadboard model closely
agreed with the theoretical calculations. Photographs of the breadboard

model are shown in figures 71 and 72,

TABLE 8
BREADBOARD RESULTS

Beam Peak (with respect to broadside): =-8,48 deg at 61.05 GHz
Gain: 32.0 dB

HPBW: 1,58 deg (E-Plane)
12, 85 deg (H=Plane)

E Plane Sidelobes: 2nd S.L, = 30, -27.4 dB

3rd S,L., = 25,5, -28.7 dB
4th S.L., = 33, =29 4B
Power into Load/Power Incident = 5.5 percent

VSWR: 1,05:1
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5.2 MILLIMETER WAVE MIXER

The objective of this task was the development of the critical millimeter
wave semiconductor diodes and the necessary mounting structures required
to yield an overall reliable, low-noise, RF front end for the 60-GHz

radiometric receiver,

5.2.1 Schottky Barrier Diodes

Schottky barrier diodes are particularly advantageous for millimeter wave
applications because of the potential simplicity of their fabrication. A single
evaporation or electroplating operation, performed through a suitable mask,
will define the active area and provide the metallic surface for lead contact.
The high mobility of GaAs has made possible the design of diodes with active
regions of extremely low resistance. The design and fabrication of the
semiconductor element is similar to the approach previously reported”’ 16
and has resulted in GaAs diodes with a varactor frequency cutoff of nominally
800 GHz, as mea.su¥'ed at zero bias and with a measurement frequency of
70 GHz.

The diode is a planar, SiO2 passivated device. The GaAs chips used for
the 60-GHz mixers are 0.38 by 0.38 by 0.10 mm and have an array of
4-micrometer -diameter junctions spaced on 8-micrometer centers. The
junction capacitance at zero bias is nominally 0.03 to 0. 04 pF, and the
series resistance falls in the range of 5 to 7 ohms.

5.2.2 Contacting Techniques

It was proposed that various techniques be investigated for contacting
and/or bonding to the mixer diode, such as small area pressure contacting
or fusion bonding to expanded contact area. Some consideration has already
been given to this problem; however, the techniques herein presented have
not been implemented in a millimeter wave diode.

As has already been stated above, the diodes used for the mixer are

epitaxial GaAs, SiO2 passivated, Schottky barrier devices with junction
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diameters of about 4 um. It has been proposed, as an aid to enhancing the
passivation feature, that a tri-metal overlay pa.d19 of 15 pm be used. This
will ensure the sealing of the junction edges. The overlay pad will also en-
hance the mechanical stability of the junction. The first layer of the overlay
pad is titanium, chosen because of its great surface bonding strength, re-
fractory nature, and impurity gettering properties. 20 Gold is chosen as the
outer layer because of its extreme resistance to corrosion, low electrical
resistance, low yield point, high elongation (allowing thermal expansion
mismatch with the GaAs substrates), and suitability for high-resolution
electroforming. Platinum is used as the barrier metal between the titanium
and the gold because of its inertness, ease of bonding the gold outer layer,
and the low diffusion coefficient of gold into platinum, The titanium and
platinum will be sputter deposited since sputtered metals have many times
the energy of thermally evaporated metals and are capable of dislodging
impurities. The gold will be built up by electroplating, and then used as the
mask to allow the selective removal of the platinum and titanium as needed.

A final layer would then be used. That is, a layer composed of tin-lead-
silver (Sn-Pb-Ag) may be plated over the gold to a thickness of about 2 pm.
Contact to the diode junction would be by use of a 13qum gold wire which
has been electrolytically pointed to a radius of about 1.0 pm. As a final
step to the diode assembly, the complete wafer is heated to a temperature
which will allow the (Sn-Pb-Ag) braze material to flow and effectively bond
the gold contact wire to the overlay pad. A view of such a structure is
shown in figure 73,

The additional shunting capacitance due to the overlay pad is calculated
to be but 0.01 pF for an overlay diameter of 15 um. Assuming the zero bias
capacitance to be about 0.04 pF, and the average barrier capacitance to be
the zero bias value, and recognizing the fact that the overlay capacitance

acts ''external' to the junction (i.e., outside the series resistance, Rs)
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Figure 73. Section of Diode Showing Details of the Overlay Pad

then the major effect of the overlay will be to increase the signal (RF)
circuit Q by a factor of about 20 percent. This then implies a reduction of
RF bandwidth by a similar amount.

A semiconductor diode structure similar to that herein discussed is shown
in figure 74. The diode shown was used in an X-band image enhanced

, 21, 22
mixer,

The mixer performed fully as expected and no unexpected in-
crease in noise problems was encountered due to the overlay pad.

5.2.3 Radiation Tests

As part of the contract effort, Westinghouse conducted a radiation test
program on the passivated, GaAs, Schottky barrier varactors herein dis-
cussed. The tests were performed on a '"before and after' basis to deter-

12
mine if there were any irreversible effects to proton fluences of 3 x 10

protons/cm2 total radiation flux., The tests were conducted at Oak Ridge,




Figure 74. GaAs Schottky Barrier Diode Chip (0.38 x 0.38 mm)
Having Individual 5-pm Diodes With a 20-um Overlay Pad
for Wire Bonding

Tennessee, in December 1970. Eight diode chips were mounted on posts
and electrically tested for series resistance, RS, and the log I versus V
slope parameter, n. The test results (for before and after irradiation)
are presented in table 9. As can be seen, the test results showed that the
effects of proton irradiation are minimal up to fluences of 3 x 1012

2 .
protons/cm . Two diode contacts, selected at random, were tested.

5.2.4 Single Ended Mixer Performance

Figure 75 presents the conversion (transducer) loss of one mixer wafer
as a function of LO drive power and bias voltage for converting from a
signal at 68.8 GHz (LO at 70 GHz) to an IF of 1.2 GHz. The conversion
loss curve is a plot of direct measurement data, not corrected for input and

output mismatches and other circuit losses, The minimum conversion loss
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TABLE 9
GaAs DIODE RADIATION TEST

Before After

Post No. Rs ) E _n Dopant
! 5.5 1 o e (Te)
: 58 118 Y (s)
3 i8I o 1as (Te)
4 S0 s Ry (Te)
5 Se 1 o8 Lo (Te)
6 s " e8 i (Te)
7 S&  Lin ‘e s (Te)
8 28 140 i6 1S (Te)

of between 5 and 6 dB is typical of measurements on many diodes. The
noise ratio of these diodes is very close to unity, verified by direct noise
figure measurements.

The theoretical limitations of these diodes as developed from GaAs, and
the limitations that would exist if comparable processing technology were
utilized to make silicon mixer diodes can be seen from the following con-
siderations. Reliable passivated Schottky barrier diodes can be made from
GaAs that can hza.;rezz frequency cutoff, fco' as measured at zero bias of
about 800 GHz. ’

Without the use of very special (and very expensive)

techniques such as ion implantation, one is limited to an fco = 250 GHz at

zero bias for silicon Schottky barrier diodes of similar dimensions.
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Ba.rber25 has presented an analysis of microwave mixers and has shown
that the pulse duty ratio (PDR) of the Schottky diode current waveform is
the most fundamental parameter for defining mixer operations because the
diode current pulse retains its typical (switched) shape even when the voltage
waveform becomes highly nonsinusoidal.

It can be shown that most microwave mixer diodes (adjusted for lowest
conversion loss) behave as though the barrier itself were switched on and
off at the LO rate; and that the resistance in the ON state is just that of the
limiting series resistance (RS), and the impedance in the OFF state is just
that expected of the series resistance, RS, in series with the barrier |

capacitance, C Of course the barrier capacitance is a function of voltage

and time, but g:od correlation with measured results are obtained if the
zero bias capacitance value is used. Thus, the frequency cutoff is

fco = (2n RSCb)-l; and takes the 800-GHz and 250-GHz values for GaAs
and Si as given above.

Using these considerations, an extension of Barber's analysis has allowed
the calculation of the conversion loss as a function of the PDR and as limited
by the operating frequency to cutoff frequency ratio (f/fco). Figure 76 shows
the expected mixer conversion loss that would obtain for the broadband case
(wherein the image termination equals the signal termination). Figure 77
shows the computed mixer conversion loss for the case wherein the image
is shortcircuited.

To understand the effects of fco more clearly, we compute the perfor-
mance expected both for the referenced X-band image enhanced case
(shorted image) and the 60-GHz broadband case; computed both for GaAs
and silicon. Now with GaAs at X-band (10 GHz) the (f/fco) = 0.0125 and
taking a PDR = 0. 15 (a reasonable value which keeps the terminal impedance
low enough to handle) then the conversion loss, Lc’ takes a value of 2.4 dB

which is very close to the measured value. With Si, (f/fco) 2 0. 04 and with

the same PDR, L_ = 2.7dB - only a 0.3 dB difference.
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Figure 76. Computed Mixer Conversion Loss for the Broadband Case
(Image Termination Equals Signal Termination)
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Figure 77. Computed Mixer Conversion Loss for
Short Circuited Image
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However, at 60 GHz, the results diverge appreciably. With GaAs,
(f/fco) = 0.075; and taking a PDR = 0.2, the broadband mixer conversion
loss is about 4.9 dB which is about as measured. With Si, (f/fco) = 0. 24;
and taking PDR ¥ 0.3 (at which PDR minimum L  obtains ), a conversion
loss of 8.0 dB minimum is found. Now a 3. 1-dB difference is encountered.

Note that in figures 76 and 77, minima occur in the curves of LC vs PDR.
Figure 78 presents the minimum mixer conversion loss for both the image
shorted and image terminated cases as a function of f/fco. Note that with
GaAs at 60 GHz there is a possible 1. 6 dB improvement in Lc by using image
enhancement techniques (i.e., Lc — 3.3 dB). For the silicon diodes, only
an 0.8 dB improvement is possible (i.e., Lc — 7.2 dB) which does not even
get the image enhanced value down to the broadband value for GaAs.

Noise figure of the single-ended mixer was measured at 60 GHz (IF of
1-2 GHz) and for several mixer diodes. The noise figure of the available IF
amplifier was higher than desirable, and thus desensitized the measurement

somewhat. However, the results of this test confirm the fact that the mixer

.8D8B
IMAGE

6 . TERMINATED

IMAGE n
SHORTED

1.6 DB T

MINIMUM MIXER CONVERSION LOSS IN DB
T

Figure 78. Minimum Mixer Conversicn Loss for Both the Image Shorted
and Image Terminated Cases as a Function of f/fco
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noise figure is essentially that due to the conversion loss, and hence, that
the noise ratio of the mixer (tm) is close to unity.

The broadband (average) noise figure for the IF was FIF = 11.5 dB. The
measured 60-GHz mixer single channel noise figure (where mixer noise figure

is ¥ =L t ) for several different diodes is given in table 10.
m cm

TABLE 10

SINGLE CHANNEL NOISE FIGURE MEASURED FOR SEVERAL
MILLIMETER WAVE GaAs SCHOTTKY BARRIER DIODES

Wafer No. Fm (dB)
1 4.9
4 6.8
5 5.1
6 4.9
7 4.8

Each diode wafer had been placed into the mount and the bias voltage and
L.O power adjusted for minimum conversion loss, Lc' Note that the 4. 8-
to 5.1-dB values agree very well with that value of Lc directly measured
(full family of curves for wafer No. 1 was given in figure 75) and analytically
determined. The immeasurable difference between Fm and Lc supports the
contention that t =

5.2.5 Diode Mount

Figure 79 is a photograph showing the double-diode mounting scheme used
to minimize the losses that would normally occur if the signal RF currents
and/or LO currents had to flow through some form of RF choke or capacitive
RF bypass. In the holder shown, as long as the two diodes are reasonably
well matched, there will be no fundamental signal or LO coupled out the pin
by which the IF is removed. Because of this RF decoupling, the usual bypass
capacitor is not needed and a very wide-band IF match is easily attained.

Figure 80 shows more clearly the details of the diode contacts. As was
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Figure 79. Double-Diode Wafer
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Closeup of Double-Diode Wafer

Figure 80.
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stated earlier, the junction capacitance at zero bias is about 0.04 pF (per
diode). The series resonance of the composite diode at zero bias (as deter-
minted by transmission resonance and fco measurements )falls in the range
of 60 to 70 GHz.

The diode holder with which the mixer measurements were made is shown
in figure 81, This is an RG-98/U waveguide mount with one of the mixer
wafers in place. This mount is similar to the mount used for the avalanche
diode oscillator measurements but with the addition of a cavity (on the side
opposite to the wafer) which can be used for bias circuitry, IF matching, etc,
depending upon the need.

5.2.6 Balanced Mixer Considerations

The diode mount shown in figure 81 is a single-ended mount which requires
a separate waveguide coupler for LLO power injection. Two such units would
be combined by use of a conventional 3-dB waveguide coupler to form a

balanced mixer. A good broadband sidewall coupler or 3-dB '"Magic T"

Figure 81. Photograph of RG-98/U Waveguide Wafer Diode Mount
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type of coupler could be used without adding more than 0.2 to 0.3 dB addi-
tional loss to the above quoted values for LC. No work has been done on
special hybrid structures for this balanced mixer. In particular, the con-
figuration using cross polarized signal and local oscillator ports (orthogonal
mode configuration) was not considered because such configuration is not
suitable for use with the double-diode mixer wafer as shown in figure 80.
The orthogonal mode configuration would require that one of the two diodes
shown in figure 80 be reversed, which is not practical.

The LO noise suppression characteristics of a balanced mixer depends
almost soley on the degree to which the individual mixer conversion losses
can be matched. It can be shown that if the mixers differ by < 1.0 dB in
conversion loss, the LLO noise power will be suppressed by greater than
23 dB. The increase in the mixer noise ratio At is given as (F/LCLS D),
where F is the LO noise figure and D is the denominator, both from equation
31 in paragraph 5. 3. 4, Lc is the mixer conversion loss taken to be 5 dB,
and Ls is the LO noise suppression factor. Taking the LLO frequency to be
nominally 60 GHz, LS = 23 dB, and F T 23 dB (see table 11), then for a low
IF frequency (Af ¥ 100 MHz, Qex = 600 and S = 2 in equation 31) the increase
intis At 0. 16. If a klystron had been used (F T 44 dB) with the same Qex’
the increase in mixer noise ratio would be At T 2. 0.

5.3 SOLID-STATE LOCAL OSCILLATOR

The objective of this task was the development of the critical millimeter
wave semiconductor diodes and the necessary mounting structures required
to yield an overall reliable, low-noise, local oscillator (LO) for the 60 GHz
radiometric receiver.

Under this task, it was required to investigate alternate approaches to
the efficient generation of local oscillator power. To this end, there was
investigated both direct generation via a 60-GHz avalanche diode oscillator
(ADO) and indirect generation via an ADO at 30 GHz followed by a varactor
harmonic generator, a doubler to 60 GHz. The two approaches were started
at the same time.
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The 30-GHz oscillator was fabricated in waveguide and stabilized with a
resonant cavity. This oscillator produced over 120 mW at 30 GHz using a
single silicon diode purchased from Sylvania. Figure 82 is a photograph
of the Ka-ba.nd (30 GHz) oscillator developed for the indirect source.
Therein is shown not only the diode mount and bias bypassing arrangement

but also the stabilizing cavity (TE mode resonance) used for reduction

of FM and for temperature compeg;al.tion of the complete locked oscillator.

However, as good results were being obtained by direct generation,
further work on the indirect approach was curtailed and no work at all was
done toward the development of a 30- to 60-GHz doubler.

5.3.1 Silicon Avalanche Diode Oscillators (ADO)

Avalanche diodes have by now become well known sources of microwave
power. The CW power available is sufficient for receivers and some lower
power transmitter applications throughout the microwave frequency range.
The power is substantially more than can be obtained from CW Gunn devices
but at the expense of somewhat higher noise and higher pperating voltages.
IMPATT diodes are at present the most powerful CW solid-state sources of
high-frequency microwave power: up to 1 watt at 50 GHz has been realized
and almost 200 mW at 100 GHz. &t The IMPATT has covered the complete
microwave frequency spectrum from 300 MHz to 300 GHz. The diodes have
been fabricated from germanium, silicon, and gallium arsenide and can
probably be constructed from other semiconductors should the need arise.
The IMPATT diodes offer potentially inexpensive, reliable, compact, and
moderately efficient microwave sources.

The name IMPATT is an acronym to recall the major mechanisms of
operation first proposed by Read28: IMPact Avalanche and Transit Time.
Ordinarily the IMPATT mode operates with best efficiency near the
transit-time frequency, and the best efficiency of dc to RF power conversion
that has been reported to date has been obtained with GaAs and is 19

percent.29 It has been shown30 that the theoretical efficiency for silicon is
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30-GHz ADO Mount

Figure 82,
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of the order of 18 percent, and for GaAs the theoretical efficiency is of the
order of 27 percent.

Currently in progress at Westinghouse are both internally funded and
contract programs for the development of the avalanche diode as an oscilla-
tor and/or amplifier element. Various forms of the avalanche diode, both
packaged and unpackaged are being analyzed and evaluated for use in wave-
guide circuits as microwave and millimeter wave oscillators and amplifiers.

Under the present contract there exists a requirement for a 60-GHz local
oscillator source, Silicon IMPATTS have been developed by Westinghouse
for this task., The design goal for this task has been to provide sufficient
60-GHz power to operate the low conversion loss mixers also developed.
The goals for this program have been rea,lized18 in that over 20 mW was
attained at 61 GHz and 66 mW at 51 GHz.

5.3.2 Diode Design

Because the Si IMPATT is capable of an efficiency in excess of 15 percent,
and because the Si IMPATT technology is fairly well in hand, it is the natural
choice for this application. An output power of about 0.1 W is certainly
within the capability of the Si device. The form of the semiconductor element
will be identical to the Si unit which has already been developed and used at
Westinghouse. Figures 83 and 84 show a very clear picture of the Westing-
house developed Si avalanche diode. The diode dimensions are 40 pm in
diameter by 20 pm high. The pictures were taken with the Westinghouse
scanning electron microscope and show the extreme precision with which the
Westinghouse chemical milling techniques can be used in the processing of
critical semiconductor elements.

Based upon the above discussion, the diode will be an Si IMPATT and will
be designed so as to maximize the output power and efficiency. The epitaxial
layer thickness will be so controlled that at breakdown there is essentially

no unswept epitaxial layer left; that is, the depletion layer width at breakdown
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Figure 83. Westinghouse Developed Silicon ADO: Silicon Disc
Dimension: 40 pm Diameter by 20 pm High
(Scanning Electron Microscope Photograph)

Figure 84. Westinghouse Developed Diode Closeup View

150



is very close to that determined by reference to figures 85 and 86. For
high-frequency operation, even the n+ substrate should be thinned down to
reduce los_lses and nonuniformity due to skin effe;:t.

Now the specific pa.fameters of the diode junction can be specified. By
reference to figure 85, the brea;kdown voltage for a 60-GHz optimum transit-
tirﬁe frequency (for Si) is de'terrﬁiﬁed. to be about 19 volts. Figure 85 also
shows that this breakdown is a.s‘soc'.ia..ted with an abrupt junction having a
background doping of about 5.0 x 1016 carriers per cm3, and figure 86 gives
a depletion layer width at breakdown of about 0.6 to 0.7 pm.

The diode operating point is determined as follows. ‘Scharfetter31 has
shown that the maximum current density for efficient operation of an IMPATT
diode is that value which requirés an attendant field variation in the drift
region exceeding the critical valué for impa;ct'ionization. Information on
‘degré.da.tion of efficiencies with operating current density indicates that
efficient operation decreases at a current densify of approximately 20, 000
A/cm’2 at a frequency of 50 GHz and then, fér any frequency, 'the current
density, J'c, scales accox;ding.to the following equation (curve presented in
figure 86). ‘

(7./20,000) = (£/50 GHz) - '8 | - - (22)
Thus at 60 GHz, to maintain high efficiency, the current density must be
below 25 kA/cmz. However, if N is the electronic conversion efficiency
representing the conversion of dc power to available RF power but not con-
sidering the losses in the series resistances, the actual, realizable efficiency

is given as

My = ('%‘) e - | (23)
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where Q- is the magnitude of the junction negative Q and Qv is the usually
defined varactor Q which defines the magnitude of the series loss resistance,.
Thus,
Q-‘ = @ |-R| Cg4 : (24)
Q

v

-1
(«R_C,) | (25)

where w = wao and fo is the operating frequency, RS is the series loss re-

sistance, C -is the capacitance of the depletion' region at breakdown, and

d
I-RI ‘is the nega.twe resistance of the junction and exists in shunt with C

The value l-Rl is given to a good approximation as
I-R[ = 2 (max power out) ‘ (26)

21
o

where V0 and I0 are the operating dc bias voltage and current, respectively.
Given in equation 26, |-R|. is that value existing under the condition of maxi-
mum output power., Now the junction capaéitance per unit area is giVen as

c:J. = —IW—I (pF/cm ) | (27)

where W is the width of the depletion region. Then using equation 27 in
24, the junction negative Q is obtained.
1.1 -nfoV .12

(o] .
Q- = W x 107 | _ (28)

Note that Q- is an inverse function of the current density .]'(':. If equation 22
gives an upper bound to Jc then equation 28 shows Q- has a lower bound.
But the expression for efficiency, equation 23, would indicate that efficiency
is maximum when Q- is lowest.

Let the available RF power be 300 mW (an absolute maximum) and take the
lower bound on efficiency to be 10 percent. Thus, the maximum dc power
into the diode W111 be 3.0 watts; this gives I = 0.160 A. Use of J. = 25,000

2
A/cm” in equation 28 shows that Q- > 2.20. To have some room for .]'c
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to vary, back off on .]'c (let J‘C -»11 kA/cmz) so that Q- = 5 is assumed.
Now with Q- =5, I_=0.16 A, and V_ = 19 volts, the associated value [-R|=
60 ohms, and C, = 0.24 pF. Using equation 27, the junction area is found
tobe 1.4 x 10~ cmz, the actual current density is 11, 000 A/cmz, and the
junction diameter is 42 pm (1.7 mils) which is essentially the diode we
already have.

Now with the specification of the junction diameter we can determine the
thickness of the Si mesa to be used. The thickness is determined by the
allowable varactor Q and the required efficiency which are relatéd by
equation 23. For an Si substrate resistivity of 0. 005 ohm-cm and a diameter
of 12 ym, a thickness of nominally 0.5 mil (13 pm) is required to reduce the
series resistance to 0.7 ohm (0.1 ohm is taken for contact resistance at the
top and bottom) and allow a varactor Q of 16, - Now 'conside‘r the relative
effect of the Q- and Qv' If Ng = 16 percent, then by equation 23, and using
Q- =5and Qv = 16, n, > 10 percent as required. 4

The junctions will actually be grown right on their own heat sink just as
is done with the prior Si devices and as shown in figures 83 and 84. The
large pad on which the Si is sitting is a gold pad for the heat removal. The
flat pad on the top surface of the semiconductor and well illustrated in figure
84 is a package contact surface.

The thermal impedance of the junctions is essentially the series combina-
tion of the circular cylinder of Si at a conductivity of o =1.5 (W/em=-°C)
and the thermal spreading resistance into the gold heat sink with conductivity

of °,= 2,.96. The expression for the thermal resistance is

1 W
Rew "%+ + —=2— o (29)
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Using the numbers already derived yields the values or R = 41.5°C/W;

as the dc input-power is to be 3 watts, then a temperature rise, AT, at the .
junction of AT = 125°C would be expected. This is well within the ¥ 250°C

rise that could be tolerated. The pfoperties of the diode are tabulated below.

Epi thickness - - _ o (_);_65 pm
Epi dopmg L o 5.0 x 101.6
Breakdown voltage 19 volts
Capacitance at breakdown - _ 0. 240 pF
Junction area . - C14x107% em®
Thermal impedance v S 41.5°C/wW
Expected temperature rise =~ 125°C

‘Power dissipated R 3.0 Wdc

v

The above discussion details the. des1gn of the Si- IMPATT and in particular
shows the importance of the effect of varactor Q. Note that if the thickness
of the Si material were a.llowed. to equal the.ldi‘a'me,ter' which was 40 um
(as was trué ‘'of most of the earlier work) then the varactor Q goes to
QV' = 5.5 at 60 GHz. Assuming about the 'sa“mo'Q- = 5, then the predicted
efficiency would be about 3 percent before accounting for circuit losses.

The wafer mount used was extremely versatile in that a very large range of
diode impedance could be accommodated during d'eveiopment,' but this same
structure was not as low loss a structure as that designed to satisfy full
environmental requirements. The losses due to impedance mat‘ching
structure and tuning screws was estimated to be 3 dB. Hence an eff1c1enCy
of 1.5 percent could be expected which was about what was measured. The
60-GHz ADO development program was discontinued before the newer
diodés (as shown in figures 83 and 84) could be fully evaluated in the im-.
proved mount design.. However, the technology now is refined to the point
of good reproducibility of diodes with the required properties. The analysis
has been completed to the point of allowing full understanding of the behavior

and limitations of the IMPATT and the cii-ouits‘in which the IMPATT must be

embedded to allow realization of the full potentié.l of the IMPATT.
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5.3.3 Oscillator Design to. Meet Environmental Requirements

- The design approach taken for the ADO is shown in figufe 87. It consists
of a low loaded Q radial line cavity in vs}hich is mounted th.e.avalé.nche diode
by means of a specially designed hermetipally sealed package. ,Tij.e package
conéists of an OFHC copper threaded stud for heat sinking purposes and on
which is affixed a quartz ri.ng:‘s2 which surrounds the semicondﬁctor element.
The top plate seals the package. The complete package is actually a critical
part of the resonant and impedance matching structure.: For the basic
structure, a low loaded Q circuit is used to reduce losses in cdupling the
RF power out and to make the final oscillator frequency relatively indepen-
dent of this circuit;- a stabilizer cavity which is yet to be added will
Primarily control frequency...

Figure 88 shows the resonator cavity dimension required for various
diode capacitances and frequencies from 50 to 75 GHz. This assumes a
quartz package height of-0.38 m.m and an OD of 1.52 mm, Two, quartz
rods are shown in the details-of the oscillator cavity. The one adjusts the .
coupling into the cavity, the other adjusts the center frequency of resonance,

The diode junction selected will have a junction capacitance at breakdown‘
of about 0.2 pF and will have a diameter of 42 pim. . This junction,
imbedded within the quartz package, will require a radius of just under
2.5 mm for resonance at 60 GHz. The oscillator performance data of
figure 89 was computed for this combination. The coupling factor, Qc
refers to a design parameter.from, which is determined the width of the
coupling iris into the cavity and the degree of adjustment available by use

. of the quartz rod coupling adjustment. .Q. is the ratio of diode susceptance .

to load resistance and shows a 6:1 load c:ntrol for: the indicated range of Qc'

Significant is ‘the low value o_de. which can be equated to the ''negative Q"

of the ADO and which:-must be low for good efficier}cy. QL is,the loaded Q

of the circuit (also external Q), and shows values 25 to 150 for the indicated

range of Qc' -Also shown'is. the shift in freguency encountered by variation
T e
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Figure 89. Oscillator Performance Data

of load coupling. For a load variation of 5:1, the frequency changes by less
than 1 percent. Also computed for this cavity arrangement were the next
nearest resonances which sometimes can give trouble. The next resonances
were about 18 GHz and 90 GHz; both of which are suffic‘iently removed as to
cause no difficulty.

The avalanche diode oscillator of figure 87 is free running in a low-Q
specially designed cavity. The device will be stabilized by use of a high-Q
cavity and interconnecting transmission line (waveguide). The high-Q cavity

is a right circular cylinder operating in a TE mode, The TE family

011 011

has the highest values of Q per unit volume of any of the cavity configurations
possible. They are easy to construct, and the agreement between experiments
and calculations of dimensions, tuning rate, and Q is very good. Also, this

type of cavity has been temperature-compensated quite readily. An unloaded
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Qu 2 10K is attainable and with the coupling adjusted to yield a loaded
Q T 1K the losses are on the order of 1.5 dB.

The ADO stabilized by such a high-Q cavity will have a frequency stability
at least comparable to that of a reflex klystron which is similarly stabilized
by a high-Q external cavity; i.e., a long-term stability of approximately one
part in 105. The LO frequency excursions will therefore be less than 1
MHz. Such an excursion ‘will cause negligible system gain fluctuation,

5.3.4 Local Oscillator Noise

Whether one considers a Gunn oscillator (GO), avalanche diode oscillator
‘{ADO), or klystron, the two major sources of noise are the same; namely,
.direct RF (shot) noise and modulation (up-converted) noise, The RF (shot)
noise will propagate 'direc'tly to the load; whereas, the low-frequency noise
rentering via the bidas circuit modulates the oscillator through the circuit
Adependence. of the real and imaginary part of the diode impedance. As a
result of the nonlinear mixing process, the low-frequency noise components
are up-converted inté the microwave frequency range and are indistinguish-
able from the RF noise. However, the modulatioﬁ noise contribution for
small deviations from the carrier can be made negligible by proper biasing
of the oscilla.tor.»33' The free f-unning oscillator noise can then be taken,
to a good approximation, to be pure shot noise due to carriers traversing
the junction and some‘ tﬁefmal noise dﬁe td a finite series resistance, Rs'

The theoretical treatment of noise in oscillators has been quite thoroughly

3 . X
'77, Kurokawa é_’, and others. The theoretical expressions

3
treated by Edson .
for FM and AM noise of an oscillator aré given as

_ KTBF
- ) 7 ’
(Q . )
ex f

KTBF

S \2 - Af \2
(;T) f(Qex‘f;’)

Noise Power (FM) (30)

and

Noise Power (AM) (31)
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In these equations, (KTB) is the fundamental thermal noise power. F is the
device noise figure (sometimes called the oscillator noise measure) and is
the ratio by which the actual noise output power exceeds KTB. Qex is the
external (or loaded) Q of the oscillator circuit; Af is distance from the |
carrier center frequency, fo. The parameter S is determined from the
functional relationship between the negative conductance and the RF voltage
of the oscillator and can be taken to be S = 2 for most purposes,

Now if one consideres the active junction to be supplying full shot noise
due to the dc current I , and thermal noise due to the spreading resistance,

R ; then
s .

"y ‘ o (32)

where
G = 2 (33)
eq 2 KT

Q- and Qv were defined by equations 24 and 25, and |Gd| is just the reciprocal

of |-R| as given by equation 26. We can assume a generally appropriate
I . . . 36,37,38,39
form for conductance variation with RF voltage: . L

(34)

It can be shown that for maximum output power, (V/Vm) = 0.5 and Gdo = ZGd
at the desired operating pointb. (Note: Use of equation 34 leads directly to

= 2 as stated p‘reviously.) Now using equatiohs 26, 32, 33, and 34 one can

write
F-1F% 2 | > (35)
1 _ -L 2 - Q—- t4 . B
v 1Q
m \
o
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where the zero subscript means .Q'- is determined for. V = 0 (small signal)

case). In an ea.riier section, the importance of the ratio (Q-/QV) was

pointed out. Examination of equation 35 shows even more why Qv must be

as high as possiblg. ‘At maximum.output power (V/Vm)2 = 0.5. Then if

Q- . 2.' 5 and QV = 16, the value for F:'would be about 1.5 dB greater

than that which would have held for QV-*' o, Taking the earlier value for

Q, = 5.5, one would obtaip'a 13 dB increase in noise figure. Note also that

if one attempts to more '"lightly'' load the oscillator in an attempt to improve

Q,, and thus stability, thé ratio (V/V_,) increases toward unity and the’

output power drops rapidly, and the noise figure increases very rapidly.
Now with reasonable effort, the Q-/QV ratio can be held to small enough

values as to allow us now to disregard it. As the object is‘td get maxi'murh

power out of the oscillator, the load =will be adjusted for maximum po-wer. |

For such considerations, the noise figure can be given as

'F-1=10;Vo. ' | o (36)

This is a very simple result, but a very important one. The noise power
(both FM and AM), as given by eqﬁations 30 and 31 and at any frequency -
separation from the ;:é.;'rier, is' a function of only two things - the circuit
loaded Q, and the noise figure. The loaded Q is a design parameter; thus,
the one figure of merit relating noisiness of all negative fesistancé devices
is the device noise f_igurg, land as shown in equation 36, F is determined
direcfly by the operating v.'olta.gve‘. The )equa.‘tions,,used to derive ‘equation 36
are ac}:ually quite geﬁefé.l; fhus equ‘.étioﬁéé can be used to relate F for
tunnel diodes, Gunn diodes, IMPATTS, and klystrons. -

Table 1‘1’ presents the data for the noise figure of several devices, based
on operating voltage only and as determined for X-band devices and V-band
devices. Note not only the "good agreement between tu;nnel diode, Gunn,
IMPATT, and klystron devices but fof é, given device made from the
different materials. The values given in table 11 are for the fully 1oaded

oscillator. If the load is increased to the point where oscillation can no
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TABLE 11

CALCULATED NOISE FIGURES FOR SEVERAL NEGATIVE
RESISTANCE OSCILLATOR TYPES

v

Device : o - F (dB)

1. Tunnel Diode (X-Band)

GaSb ' .08 2.5

Ge .14 3.8

GaAs ‘ o .24 5.3
2. Gunn (X-Band) 7 B 18.5
3. IMPATT (X-Band)

Ge - 40 S 26

GaAs - 55 L 27.4

Si , 85 . 29.3
4. Klystron (X-Band) 1 500-2, 000 37-43
5. Gunn (V-Band) - 3.5 15.6
6. IMPATT - Si (V-Band) | 19 - 22.8 ,
7. Klystron (V-Band) 2,500 44 .

1.

' N

longer be sustained, th’c(are will bé about a 3-dB reduc:;ion in F._,“Now if the .
load were increased further until a stable value of ga.‘in, say 10 dB, is
reached, then another 3-dB reduction in F wogld be had. The GaAs IMPATT
operating as a 10-dB amplifier would have a noise figure of about 21,5 dB,40
which is about wha.t has been méasured and reported in the literature. The
Gunn device operating as a 10-dB amplifier would ha.'ve a value (X-band) of .
F £ 12.7 dB which value has also been'veri_ﬁ‘ed.41A As a simple oscillator
at 30 GHz and fully loaded, the carrier-to-noise ra.ﬁo for a measuremeivlt;",m
band of 200 Hz is calculated to be 145 dBc which translates to 139 dBc for
C-band which is in good agreement with measurefi values, 42,43
The values calculated for the tunnel diodes de_viat_g some ‘f;.'onﬁ the ;correct
values because the a.ppfoximations used in dériyjﬁg é_qua.tion 3§ become
" rather roug'};i,fc‘)r ’ve'ry s\ma.ll Vo._ Hdwéver, 'in view of the simplicity olf‘

equation 36, the validity of the calculated numbers is remarkable,
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The values calculated for the V-band devices show another surprising
feature, Again ignoring the effects of Qv, the noise figures calculated for
the semiconductor elements are going down as frequency is increased,
while the F for the klystron is increasing with frequency.

Klystrons have traditiohally been used for stable millimeter wave sources.
The lower noise, more stable units are usually two-cavity klystrons. The
external Q of these oscillators is in the range 1,000 to 2,000, and the noise
figure is about 44 dB. The noise figure for the ADO is 22.8 dB, and for
the V-band Gunn device, F = 16 dB. The external Q is an important '
oscillator parameter, but that parameter is under control of the designer.
To properly evaluate the three components (klystrons, IMPATTS, Gunns),
they must all be evaluated with the sar;rle loaded Q. Then the only measure
of quality is the noise filgure of each and the estimated reliability (MTBF).
Clearly, from a noise figure point of view, the semiconductor active device
can represent a 15- to 30-dB improvement ‘olver the klystron. Thé IMPATT
devices will run cooler (more'efﬁcient thus less dc power for given RF
power) than the Gunn devices; hence, the IMPATT will have a lifetime edge
over the Gunn device .a;.nd the MTBF of the.IMPATT will be clearly superior
to that of the klystron.' Next, one only has to imbed the active device in the
proper microwave structure to attain the Qe}; required, and the result is
an oscillator which will be superior to the klystron not only from a reliability
point of view but from an electrical performance base as well.

5.4 RADIOMETER SWITCH -

Althéugh not as critical as the mixer or solid-state local oscillator, an
important'éompohent féquired to implement the locai vertic;,al sensor experi-
ment is the radiometer éwifch which alternately connects two opposite
limb looking antennas to the common receiver. It is necessary that its
insertion loss be low and its isolation be high in order to respectively not
degfade the radiometer sensitivity nor have either antenna's apparent

temperature contain contributions from' the opposite antenna. Its bandwidth
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must be large enough to be compatible with double channel operation; i.e.,
equal to double the IF amplifier upper frequency limit, The switching time
must be very short compared to the reciprocal of the switching frequency
(which will certainly be no greater than 1 kHz). As in any spacecraft appli-
cation, size, weight, and drive power should be minimized.
A special consideration, unique to a radiometer application, is that of

symmetry, It is necessary that both the insertion loss and the isolation

be nearly identical in each state bf the switch or else even identical antenna
temperatures will result in an apparent difference and hence a system
‘angular error. Small differences in insertion loss can be compensated for
by adding loss to the lower loss input port. If the isolation in eithér state

is sufficiently high (>20 dB), then isolation differences become insignificant.

A more severe symmetry requirement, which cannot be so easily ldisposed

of, is that of differential local oscillator power reflections due to differences
of the complex reflection coefficient of the switch in its two states. Consider
a balanced mixér connected to the common port of the radiometer switch as
shown in figure 90a. A small fraction of the local oscillator power leaks

out of the signal port of balanced mixer and impinges on the switch. No loss
of generality is introduced by considering that all impedances are unity and
hence the injected LO power (PLO) is related to the LO voltage (ELD) by:

2
PLO = ELO | (37)

Due to hybrid unbalance and imperfect balance between the nominally matched
pair of mixers, a finite directivity (D) exists and causes LO voltage of

Bl o/D to reach the switch where it is modulated by the varying switch
reflection coefficient (p). Assume the switch reflection coefficients in its

two states are:
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Pp = "’Al ej‘?A = ‘pA‘ (c;s ¢A+j sin ¢A), ‘and .-,' | (38)

. g = |, - 1 . . :
LN I,PBl e IPBI (ces QSBA + j sin ¢B). L (39)

The voltage reflectea off of the switch and incident on each mixer is

I I j¢
ECS R S N 5.+ (40)
\IZ D N ’
The LO voltage at each mixer due to the direct LO ihjection is

JE- R Bl e

The total LO veltage_ at each mixer is thué:_

Lo [1' + L]’,_;—I (cos ¢ + j sin ¢)] o (42)
. JZ ) '
The phasor diagram of fi'gur"ef"90b i:llus,tra.te"s' how the total LO voltage at each

mixer can va.ry due to the dlfference of the switch reflection coeff1c1ents. :

)

In order’ to 111ustra.te the magmtude of this problem, cons1der a ca.se where

A

the directivity is 20 dB (D = 10) a.nd the reﬂectmn coeff1c1ents a.re:

p, = 0.2 (VSWR = L.5: 1 andd) - 0),
and Py = O.. o -
The total LO voltages across each mixer are thus:
- LO '
(E ). == spand- L ! - SRR :
LO-A'ror W2 | _
(5 ._p) - 2 [1 " ﬁl'—oz-] - 102 2
B o W20 L RN PR
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. : E
(P )y =
LO-A TOT > , and
2
E
(P _ ) = ‘1.04 = . »‘
1.0 BTOT ‘ 2 . .. :
E
. . LO
. . APLO = 0.04 —

Assume that the LO power at each mixer (E

LO /2) is 3 m1111watts Wthh is

typical for a 5-mm mixer.
= 0.12 mW
A PLO 0 mWw |
- 'The noise ratio (NR) of a forward-biased Schottky barrier mixer might

typically vary from 1.0 at zero 1O power to 1 1 a.t 3 mW of LO power

) w R B B R
4
: d |
L amm =4 :1;}{)) A(P ) 5 0.033x 0,12 = 0.0039.
Lo

The tempera.ture d1fference a.t the m1xer IF output termmals (AT ) due to
the a.bove A(NR) is ' : I :

ATIF" = 290 K A(NR) = (290) (o 00396) - 1 15 K

The equivalent temperature d1fference at the antenna is

ATgrp = (Lgg) (Lc_.)_A'_TIF'

Since the mixer conversion loss (Lc) is 5 dB and the best radiometer switch

insertion loss is 1 dB; thus, (LRF) (Lc) is at least'.;'(;"'dB' =4.0" .
v . ATRF = ?-',ATIF = 4.6 K

Since this value is"'_Al_erge.r than the basic radiomet'eir sensitiiri-’ty‘-and would
create a significant angular error, the necessity of minimizing the switch

reflection coefficient assymetry is evident.
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A number of alternative types of radiometer switches were considered;

‘€. g., mechanical, semiconductor diode, and ferrite. Mechanical switches,
though frequently used in nonspace applications or éven in space when the
fswitching frequency is low as in a radiometer calibration switch, are not
:a.ttra.ctive:for this application., Diode svﬁtéhes c'a.n. be disposer;i of since.
their excess noise is 'suff'iciently different in their. two states as to produce
‘a large apparent temperatiln'e'difference.

" The refnaining ferrite switches cafr; .beisub'divided according to whether
‘they are or are not of the latching type, and theif degree of symmetry in
both states. Either switchable wye circulators or Faraday rota.torftypes

of ferrite switches can be constructed so that they are mechanically .
inherently symfné;cfical. - The w.ye circulator type has éhe additional advantage
that it can more readily be fabricated as a latching swifch thus avoiding the |
:»neéessity. of providing power. to.hold the switch in either state.

During the course of this, pfogra[m, a 5-mm, :space-qualified, latching
ferrite switch which satisfies the LVS requiréments became available
commercially. It is a three-puck switchable wye circulator of the.type
shown in figure 91, The inherent symmetry of this structure is evident.

The three-puck configuration is required to provide sufficient isolation over

the required bandwidth, Its electrical characteristics are listed below: »

Insertion Loss < 1.24B

Isolation > 254dB _
Bandwidth > 800 MHz (probably 1 GHz)
Switching Time < 3 usec | ‘
Weight < '300 g

Volume =% 50 cm

Driver Pulse = 10V

In view of the availability of this ferrite switch, additional development

of a unit for the LLVS was not warranted.
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6. ENGINEERING MODEL DEVELOPMENT PLANNING

This section discusses the preliminary- planning of an engineering model
of the 60-GHz radiometric sensor. Actually, two separate experiments will
be discussed - a data-collecting experiment and a complete vertical sensor.
The two experiments complement each other, and will provide additional data
on the atmosphere as well as a test of the local vertical sensor.

6.1 ATMOSPHERIC DATA

A coxhplete local vertical sensor experiment would require a precisely
stabilized platform and an independent attitude reference for performance
comparison. A simple data-collecting experiment can be designed to measure
brightness temperature on a global basis. If a polar orbit is employed data
can be obtained for all latitudes, and thus provide complete coverage of the
earth. By collecting data over an extended period of time (only a very low
data rate is required) it would be possible to note seasonal variations as well
as any unusual atmospheric disturbances such as explosive warnings.

The device being considered is a singlé -beam down-looking Dicke radiom-
eter which would measure brightness temperature along the nadir, The
nadir ray is not absorbed at the same altitude as a limb-looking ray of the
same frequency; this effect is caused by the different path lengths through

the various layers of the atmosphere. For the standard atmosphere, a nadir
ray at 60.8 GHz receives roughly 80 percent of its total brightness tempera-
ture from a lO0-kilometer region ecentered at 18 kilometers altitude. By con-
trast, a 60.8-GHz ray with a tangential altitude of 10 kilometers obtains
roughly 80 percent of its brightness temperature from a l0-kilometer region
centered at 26 kilometers., The small difference in brightness temperature

for these two rays can be attributed almost entirely to the different physical
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femperature existing in the regibns of maximum absorption. If the frequency
is changed to 61.09 GHz, however, the nadir ray now receives roughly 80 |
perce‘nt of its brightness temperature from the 10-kilometer region centered /
at 26 kilemete"rs; hence, its brightness temperature is almost identical to
thar ‘o'f the-f.)O. 8-GHz limb-looking ray. Further investigation shows that a
| ray with a tangential altitude of 10 kilorneters observed over vthe freciuency
range 60.79 to 60.99 GHz will produce essentially the same brightness tem -
perature as a nadir ray using the frequency range of 61.09 to 61.11 GHz,
This result may be verified by referring to figure 12 and comparing calculated
brightness. temperatures for the two altitudes., Hence it may be concluded
that a careful choice of frequency to be .observed can provide useful atmo-
épheric data from a simple nadir measurement that would be quite difficult,
if not impossible, to obtain from a limb=-looking measurement because of the
angular pointing precision and very small beamw1dth requlred
6.2 VERTICAL BRIGHTNESS TEMPERATURE PROFILE

The concepts introduced in paragraph 6.1, which will be enlarged upon
’ here,',are but a logical extension of results presented earlier., The attenu-.
" ation curves of figure 6 shdv) t;hat attenuation increases as a resonance line
is approached, and the profiles of figure 10 show that this higher attenuation
causes the ray to be absorbed higher in the atmosphere. This is also true
of a nad1r ray; hence, frequency and brightness temperature can be related
to altitude (or pressure) and physical temperature,

For the calculations presented below, the local Qseillator is assumed to
be at 60.370 GHz, essentially centered between the 5; and 7+ lines (rotational
quantum. number) of figure 2, as in the middle example shown on this flgure.
This choice is related to easier realization of the requ1red 1ntermed1ate
frequency pas sbands, as compared to the earlier 60. 79-GHz local oscﬂlator
frequency. The RF region on either side of the two resonance 11nes is em=

ployed in a conventional double -channel radiometer.
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For a satellite altitude of less than 1, 000 nautical miles, figure 25.demon-
strates that there is essentially no change in observed temiaéra.ture even for
rays at a significant angle to the nadir. A beamwidth on the ordef of 10 to
15 degrees is assumed‘; hence, the largesf required antenna aperture 1s less
than 5 centimeters. All éalculétioné é.re thus based oﬁ a sihglé nadir ray,
and no variation in observed brightness temperature is assumed to exist over
the antenna pattern coverage. |

The model atmosphere was aésumed divided into half-}diome‘ter. shells,
and nadir brightness temperature was calculated for a nufn’ber of selected
frequencies. A weighting function DEL W:Fl, defined as the brightness tem=-
perature contribution of a given half-kilometer shell divided by the final nadir
temperature observed, was caiculatéd. It is plotted on the curves in percent
per ldlométe r, at an altitude corresponding to t_he lower shell bouﬁdary. ‘The
function WF, ‘defined as the integrated value of DEL WFI, or the percentage
of final temperature achieved at any altitude, is also shown, and this quantity
must asymptotically approach unity. ‘

Figure 92 shows DEL WF1 for RF freqﬁencies above the LO, and figure
93 below,' both for standard atmospherbe (parameters on fhe curves are IF
.frquency from the 60,370-GHz LO). Considerable diffefelnce will be noted>
bétWee;nl,the upper curve in the two fiéures. Since the LO was selected at an
even MHz increment, the figure 92 curve is only 2 MHz from the 7+ resonance
line, while the figure 93 curve is 3 MHz from the 5- line. This demonstra:tes'
the difficulty of working too close to a reéénance line - considerable frequency
stability is required in the local oscillator - and it is quite different from the
case of paragraph 4.3 where no significant stability waé 1.'equired. By the 5th
curve, which is 10 MHz from the lines, this effect has a.lrfxdst disappeared.

A minimum of 10-MHz separation from a resonance line is also desirable in
that it eliminates the Zeeman effect which causes a spliffing of the lines at

high altitudes, and which depends on the angle between the ray path and the
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earth's magnetic field. Thus, for this LO setting, the minimum IF is
selécted as 75 MHz, and this is ‘suffic.iently far from the carrier that local
oscillator noise will not be a problem. ‘

Figure 94 shows the 1ntegrated value, WF, for standard atmosphere and
frequenc1es above the LO. From this figure, the major temperature contr1-
bution for a given bandwidth is seen to come from altitudes corresponding to
the space between lines representing the passband. Here again, it mé,y be
seen that working too close to a resonance line is undesirable in that too: .
wide an altitude smear is generated. Near the center of the attenuation’ '
valley, the altltude resolution is qu1te good

Figures 95 and 96 are similar to figure 92 but are for atmospheres 9 and
19, respectively. They are included to show the somewhat different weighting
function structures for different atmospheres. The WF curves for these
atmospheres, exéept for gxacE placement of the lines, are quite sirrl_ilar to
figure 94, . '

A given frequency curve in figure 92 peaks at some altitude, quantized to
half-kilometer steps. In figure 97, the altitude for this DEL WFI1 peak is
plotted as a function of the corresponding intermediate frequency. Atmo-

sPherés 1, 9, 11, and 19 are plotted, and there is only a small va‘riation,

A possible selection of-different IF channels, as noted on the curve, can be
provided to center the Weighting functidn‘s over a considerable range of alti-
tudes, from roughly 17 to 33 kllometers. Referring‘ to figure 24, band A
for example, corresponds to the center of the horizon edge while band C.
corresponds to the plateau region. Figure 98 shows an expanded frequency
scale-for- the lower charmnels,

fFigdres 99 and 100 are similar to figures 97 and 98, -but the location of
the‘ weighting function peak as a function of intermediate frequency is now
shown on a pressure scale in millibars. Since the major variable in the
attenuation function is pressure, a i)lot in these coordinates tends to cause
a tighter grouping of the various atmosphere curves, ‘particularly ih the
vicinity of the resonance line. " | S
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Two additional pomts of mterest should be noted. One 1s a comparison
with other techniques for temperature measurement, particularly the use of
the carbon d10x1de band at 15 micrometers 1n the 1nfrared region. The
Nimbus III SIRS system44 contains two channels whose weightmg functions,
peak in the stratosphere, but they are quite broad. One peaks near 50 .
millibars, and the other peaks near 30 miII;i_ba,_rvs;_but‘covers, almost the entire
stratosphere. o )

By contrast examination of figures 92 95 and 96 shows. that the milli- .
meter wave sensor weighting functions are relatively narrow and essentially
the same size and shape at least in the IF _region selected for operation.,
From f1gure 99, the corresponding pressures for weighting function peaks
vary from roughly 6 to 80 millibars. In this limited frequency region, the
60-GHz nadir radi_orneter will not penetrate to the earth but should have.
significant advantages for meterological m'ea_s_,urer.ne_nt.s in-the stratosphere.

Other frequency selections for temperature profiling have been proposed.
Nimbus E uses five f'requencies‘ls,' three of whichare in’thelo;gygen abso:rwption' ‘
band. Its highest weighting function peak is at about 17 kilometers, corre-
sponding to the lowest suggested. herein. Higher peaks extending into the
mesosphere have been: noted46 . and above 50 kilometers the Zeeman
effect causes polarization and latitude dependent results. At these higher

altitudes rather narrow bandw1dths are required generally located on a

resonance line hence, frequency stability and reduced sen51t1v1ty become

.

critical problems. -In most cases pract1ca1 system details are not. given

t
and the calculations.note but ‘a smgle frequency band: rather than two as

- - e-generally seen by the. radiometerA It 1,s 1mportant to: note that the scheme o
herein proposed, using but a smgle local oscillator, can provide detailed
coverage of a significant portion of the stratosphere, and the region of
greatest importance for-assessmerit of local vertical 'sensor performance.” ~

The other. pointrof interest is the magnitude of the brightness temperature

to be expected. Examination of the calculated nadir temperature for the four
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atmospheres 1, 9, 11, 19 over the IF range considered shows a ré.nge of
about 200 to 260 kelvins. As noted earlier, the extremes are caused by
atmospheres 9 and 11, Knoyvledgé of the anticipated brightness temperature
to be measured is, of course, necessary for efficient design of the radiometer
receiver.
. 6.3 NADIR BRIGHTNESS TEMPERATURE EXPERIMENT

This proposed experiment utilizes the principles discussed in the preceding
section: It is useful for meteorological measurements in the stratosphere,
and will, over a period of time, provide information on possible atmospheric
. effects which might influence the aécuracy predictions for the local vertical |
sensor, | _

An artist's cbncept of this experiment, attached to a spacecraft structure,
is shown in figure 101. The horn antenna points along the nadir. Estimated

parameters for this configuration are:

e

Figure 101, Millimeter Wave Brightness Temperature
Experiment on Spacecraft
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Size 4000 em®

Weight 3to4 kg

Power 12 w° .
Temperature resolution is set at 1 kelvin, The greatest seneitivity problem
occurs in the narrow bandwidth channel, which may be only 10 MHz wide,
depending upon the IF passband, and hence weighting function peak, design
| selected. From Appendix A, this _bandwidth,Wou1‘d require a TRC = 20 seconds
for the specified resolution. This corresponds to an integration time of 40
seconds, during which time the eé.tellite can move a distance approaching
the spot size. This is considered a tolerable amount of smeariné of the
l resolution element. About 100 to 120 data poiﬁts‘ can tbe obtained per satellite
revolution. For wider bandwidths, there ie less problem, and either more
frequent readings or a lower noise level can be obtained.

The experiment is eimple in cone'ept and does not require precise angular
pointing, However, an absolute temperatﬁre_measurement. is required; hence., ‘
known temperatures are required for 'b0fh the refe rence and calibration termi-
nations, and their connection to the _radiorf;eter system must be with minimum
error. A complete description of the 'calibratic_on.techni.quel ie beyond the
scope of this simple planniné diecuS eion. Re‘ferelnce te;;x}i'nations will be
cooled by a thermoelectric cQoler, and approxime.tely 0.5 watt has been
allocated for this function. - : | |
| ‘A sketch of the anticipated leyout of this e}':per'iment is shown in figure 102,
The radiometer. switch is shown as a ferrite s§vitch. The mixer structure is
a rugged, fixed-tuned version of the rrcuxer 'dejveIOped for the local vertical
the need for cavity stabilization and other control circuitry to meet the re-~
quired frequency stability.

6.4. LOCAL VERTICAL SENSOR EXPERIMENT _ .

The local ver_tieal sensor experiment is gimilar to the nadir brightness |
ekperiment discusseci previousl};. The equiément éackag‘e'would be comparable
188 '
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to that shown in figure 102. The absolute temperature calibration is no longer
required, as is extreme local oscillator stability. However, -two complete
radiometers are required, one foreach of the orthogonal axes. The controlled
temperature reference terminations are no longer required as one antenna
serves as a reference for the other in the vertical sensor system, .Thus,
size, weight, and power drain of this portion of the package might be some-
what reduced, but the two pairs of antennas must be Provided.in an earth
viewing orientation. |
The nature of the antenna structure will depend upon the anticipated satel-
lite altitude and what the experiment is designed to demonstrate. .If a com-
pensated system is desired, as recommended for maximum accuracy, then
the additional antenna beams must be provided. In this case, multiple feeds
in a reflector might be most suitable, - An uncompensated system could use
a slotted array, as described in paragraph 5. 1. |
In general, the radiometer system can readlly be tested in the laboratory,
but the complete vertical sensor, with antenna system attached, is difficult
“to evaluate except in the space environment. There is a ppss1b1l1ty that some
testing in the atmosPhere, say from a relatively high altitude aircraft, is
possible, but this has not yet been demohstrated The computer program
deve10ped for the vert1ca1 sensor assumed the antenna system outside .the
atmosphere. Mod1f1cat1ons would be required to handle the case where the
sensor is within the atmosphere, and this was not W1th1n the scoPe of the
present contract, ' ' o ' -
Either of the experiments discussed in paragraphs 6.3 and 6.4 could be
“developed and demonstrated ir'r"a"pe riod of 12 to 18 monthfs-,.f -de‘fpendin-g upon

the level of effort permissible,
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APPENDIX A
RADIOMETER SENSITIVITY
An important factor affecting the local vertical sensor system performance
is the sensitivity of the radiometer receiver, and this is limited hy'the in-
herent fluctuation noise pres_ent at the output. For the conventional Dicke
switched comparison réceiver, employing both square wave modulation and

square wave multiplication, the sensitivity may be expressed as

T T :
: C r+ “a
AT - = 43
* min V2 .- NBr *3)
where
AT in - the minimum detectable temperature change, corresponding
m to the effectwe output ﬂuctuatmn ‘ _
: Tr T s (F 1)T = the recelver n01se temperature, 1nc1ud1ng the
7 effects ot losses :
T, == the antenna temperatur'e
B B RF = the rad1o frequency noise bandw1dth accepted by the
© ' radiometer °
T = RC = the time constant of the as'sumed simple RC integrator

In practice, the minimum detectable signal 1s usually taken to be several
times greater than this 1n order’ to increase the probab111ty that the output is
not a random ﬂuctuatron. The probabxhty of exceeding an amphtude four
times the effect1ve value is such that it might happen on the average of 3
seconds per day. : o ‘
Equation 43 as described appliee to a TRF receiver, | If a euperheterodyne
recelver is employed and both s1debands are allowed to contribute to the
output (i.e., no RF f11ter1ng) as planned for the local vertical sensor, the

same expression may be used, provided
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APPENDIX A

B = B__ = the intermediate frequency noise bandwidth

IF
r - (F-1T,
r 2

where
T, = 290 kelvins, the usual reference temperature

F = the usual single channel receiver noisé figure, given by

= -1+ .
F LC (Nr 1 FIF)
where
LC ='fhe mixer conversion 16s.s o
Nr = the mixer excess noise ratio
FIF = the noise figure of the IF amplifier

Line losses in front of the mixer may be éonsidered to increase the réceiver
noise figure by the amount of the loss, assuming the line is at a physical
temperature To'. _ _

Details of some of the 60-GHz Schottky barrier mixer and avalanche diode
local oscillator work are given in Section 5, and typical conversion loss mea-
surements are shown in figure 75. Assuming relatively conservative param-
eters for the radiometer. receiver, namely,

I. =6dB
c

N =1.1
r

= 3dB
FIF

LRF = switch, waveguide and antenna losses = 3 dB

" the noise figure (single channel) becomes - - - - - . __
F=2(4)(1.1-1+2)=16.80r 12.25dB
and hence the receiver noise temperature (double channel) is

Tr = (16.8 -1) 290/2 = 2300 kelvins.
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APPENDIX A.

Assuming '
= M

BIF 200 MHz
1RC =1 sec

and using 4 maximum antenna temperature due to looking at the earth of 240
kelvins (see figure 26).the radiometer sensitivity becomes

2300t 240

-~

AT . = = 0. 254 kelvin

min

200 x 106' 1
Applying the factor of 4 discussed earlier in connection with equation 1, the

radiometer can readily resolve a temperé.ture difference of 1 kelvin.
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