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THE VARR METHOD

T ARAMITYT A ARTITIATAT A Y

A TECHNIQUE FOR DETERMINING THE EFFECTIVE POWER PATTERNS OF
MIL METER-WAVE RADIOMETRIC ANTENNAOS

ABSTRACT

The VARR (VAriable Range Reflector) Method is a technique which has

o reflect radiation from the zenith into an antenna whi

ct

is oriented

is directed along the horizontal. Radiometric temperature is measured

as & function of the range of the reflector from the antenna. In
addition, the water vapor content of the atmosphere and the radiometric

temperatures in the directiors of background and zenith are observed.

A computing procedure h
pattern and gain characteristics of the antenna system purely on the basis
of data provided by the measuring system. The method has been used to
“““““““ umber of antenn
systems. These results form the basis of a comparative evaluation of
antenna system performance that is in substantial agreement with the

observed effectiveness of these same antennas in previous measurements.
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SYMBOLS

o

W)

o

=

™

>

fractional power loss in the atmosphere

a fitted parameter which characterizes the central portion of
the pattern

height of the background above the level of the antenna, ft
radius of the assumed circular reflector, yds

fitted background temperature, %k

matrix of coefficients of least-squares equations of condition
diameter of antenna ap
the antenna gain function

the antenna gain, power

the integral.} G{6) sin 6 as

range of the—reflector from the antenna, yds

side of the assumed square reflector, yds

temperature, K

column matrix with elements In B and b

angular distance from antenna axis, deg
fractional loss in rf system, power

elevation angle measured from antenna site, deg

an angle defined by Equation (A3)

angular distance from antenna axis, deg

range from antenna to beginning of far-field, yds
azimuthal angle about antenna axis, deg

\
)

an angle defined by Equation (2

T
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LIST OF SYMBOLS (Contd)

SUBSCRIP

i index for measurements and related guantities pertaining to
central portion of the beam

J index for measurements and related quantities pertaining to
the side of the beam

k summation index

n maximum value of index i

o] identifies quantities where either i or j are zero

t refers to theoretical values

B refers to background

M specifies measured temperatures

N minimum value of index J

Z refers to zenith

W refers to rf system

MB specifies measured background temperature
MZ specifies measured zenith temperature
SUPERSCRIPTS

® Identifies quantities associated with assumed square ref

- identifies quantities associated with the point that
the set of measurements to fit to Equation (12)

1 identifies transposed matrices



INTRODUCTION

An investigation of the application of radiometric techniques to

the problem of acquisition and guidance of close-to-ground targets led

(o]
[
w

antennas will receive signals from outside the main beam; in the radio-

metric application, the entire background radiates into that part of the

receiving pattern which is not incident on the target. The signal contrast

between the target and the background is considerably decreased by this
extraneous background signal. In order to establish the system receiving
sensitivity to the target as a function of range and the pointing
accuracy of the system, it is necessary to know the effective power
pattern and the gain of the antenna as used in the radiometric system

environment.

Unexpectedly wide variations were encountered in the radiometric
performance of antennas with similar apertures. These results prompted
an investigation of methods for measuring complete pattern and gain

characteristics of non-coherent, narro

v beam
methods, employing a coherent source, require prohibitive number of

a
difficult measurements. Therefore, the VARR (VAriable Range Reflector)

The VARR method requires a large movable metallic surface so oriented
as to reflect radiation from the zenith into the antenna of a radiometer.
A series of measurements are obtained with the antenna directed along a

horizontal path toward the center of the reflector. Observations of

radiometric temperature are recorded as a function of the range of the
reflector from the antenna. In addition, measurements of temperatures in

the directions of the background and zenith are made.



The effective power pa

he effective tern of the antenna is determined by a
computing procedure which has been derived from a simple geometrical

model that closely approximates the actual geometry of the system. On

the basis of this model and several simplifying assumptions, the measured
radiometric temperature has beeﬁ expressed as a function of the background
and zenith temperatures, the range of the reflector from the antenna,

and the effective power pattern of the antenna. Computing procedures

have been devised to use this function and the measured temperatures to

determine both the pattern and the gain of the antenna.

by the VAR
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these antennas tend to show that radiometer antenna performance can be

predicted from these effective power patterns.
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SECTION I

THE VARR MEASURING TECHNIQUE

A technique for measuring effective power patterns in a real environ-
ment for antenna comparison purﬁoses has been devised. The method makes
use of a large movable reflector (Figure 1) positioned at a fixed
elevation angle of hSo to reflect the cold zenith temperature intc the
radiometer antenna. Measuremeqts are made with the radiometer antenna
pointed along a horizontal path to the center of this reflector while
the reflector is moved horizontally along the ground to change the dis-
tance between the antenna and the reflector.

At close range the large reflector intercepts the total antenna
beam and the measured radiometric temperature equals the zenith temverature.
As the distance between the antenna and the reflector is increased, the
reflector intercepts less and less of the beam and the measured temperature
approaches the temperature of the background. By choosing a suitabie
background with a nearly constant temperature, such as a hill or high
vegetation, the measured temperature is proportional to the ratio of the

total antenna beam angle to the reflector interception angle.

Antennas of
cennas ot

il ill

rariocus tvoes including parabolas. pla
arious type parabol pl

< laliulllils 19 T2 5 adl 1

clastic
lenses, and plastic Fresnel-zone plates were measured with radicmeters
operating at 35, 68.5, 94, and 140 Ge. The precision of these measure-
ments was limited to plus or minus one degree Kelvin by the radiometer

sensitivity.

tilted at an angle of 45 with the horizontal. This gave an effect flat-
plate area of approximately 136 square feet.
The background consisted of trees 60 feet in height at a range of

approximately 1800 feet for the low frequency measurements and 507

feet for the higher frequencies. The measured radiometric temper:'ire o

~h

beam. The ground surface between the reflector and the antenna wan
covered with a 6 inch growth of grass and weeds.

11



At the start of each run the reflector was moved in wvery close to the
antenna to intercept the maximum portion of the antenna capture area.
A measurement of radiometric temperature in the direction of the zenith
was compared with the reflected radiometric zenith temperature. No
measureable difference could be.detected between these two measurements
if the aluminum reflector was periodically washed to keep the surface

rlaaon
caiTaill,

The reflector was then moved horizontally away from the antenna in
successive steps. The temperature was measured with the antenna pointing
at the center of the reflector at each position. The plots in Figures
5, T, 9, 11, 13, 15, 17, and 19 show these measured temperatures versus
range. At the end of each run the background temperature was again
measured to ascertain if any change had occured in atmospheric conditi
which could affect the measurement. A feeling of confidence in the

precision of the data developed when the curves obtained by means of

~A AA  n Anoahly am~Aaath anAd ra
104G woic IcTadolillavly oSwwllv u I

’__J
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Approach to the Problem

To determine the effective power pattern of an antenna by the VARR

method of measurement, it is convenient to divide the c

onm
it related parts. In the first of t

int

o)

two separate, b1

uting
se, t

vy

he

procedure

at and near the center of the beam is obtained by fitting an exponential

function of second degree to those measurements of temperature which

were made with the reflector at its more remote positions

from the

antenna. This requires a computation to determine two parameters

are nonlinear functions of the measured temperatures. The second

witich

priase

of the data reduction procedure consists of a series of computations

which are designed to determine the remainder of the pattemn,

section

by section, while constraining all segments of the fitted curve to

join continuously. The method has been found to be practical for railectors
of various geometrical shapes. In particular, a simplified solution
yielding sufficiently accurate results may be obtained if the reflector

is assumed to be a circular disk normal to the antenna axis and subtending
the same solid angle as the actual reflector. It will be shown that the
errors resulting from the circular approximation are well within thn-

limits imposed by the accuracy requirements. The results

are generally

considered to be useful if the overall errors do not exceed 15 percent.

which do arise from the circular approxime

corrections will be derived to compensate for those errors

the derivations are rather involved, the resulting corrections are small

enough to neglect entirely, but are very easy to apply when greater

T o nr

. .
A
curacy 1is aesi

o
@]

Fundamental Equation

To simplify a portion of the derivation of the computing method,

attenuation will be neglected initially and introduced later at a con-

[

the absence of s
psence o1t s

13
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and assuming the reflector to be in the far-field of the antenna, the

computing procedures are based upon the following expression for the

measured temperature TM:

T
M on m
(" e

—~
(-]
~~

The symbols 6 and ® are angles which specify a direction with respect to

Thus, (6,@®) is defined to be the direction whose angular

distance from the antenna axis is 6 and whose azimuthal position about

the axis is given by @ - T (6,¢) is the temperature and G (0,9) is the

value of the gain function in the direction (6,9).

We desire to determine G (6,¢) in Equation (1) from a series of

temperature observations for various ranges of the reflector. Our

aavaral ai
SevVera. Sinp

]

nt ispredicated upo

approximate the actual physical situation. In the initial treatment of

Equation (1), we will assume the reflector to be a circular

the antenna axis and subtending a solid angle equal to that
by the actual reflector. The background will be considered
tant

at the constant temperature TB and the disk at the cons

m +1 i 3
I, the equivalent of the reflected zenith t

disc normal to

subtended

d o e AL md
to radiate

temperature

317 19 miy
will limit

our discussion to antennas with patterns that are symmetrical about

their axes. Purely as a matter of convenience, we add the further

T
8>3, G (8) =0. Introducing th

1L



T (a) = 1/2( T IO +TI2}, (3)

where o is defined to be the angle between the axis of the antenna and

any line from the center of the antenna to the edge of the circular disk.

The symbcl If is defined by the definite integral
e
f
fc(e) sin 6 a6 .
e
In particular, we note that .
a 2
I_+1I° =2, (L)
o) o}

of Assumptions

The development of Equation (3) has been predicated upon certain
t

hat require justification. These assumptions

1. the source for temperature T7 is a circular disk normal to

the antenna axis,

2. the background temperature is constant,
. the reflector is in the far-field of the antenna,

In regard to the first assumption, the reflector was in fact a
rectangle inclined at an angle of hSO to the axis of the antenna so as
to reflect the zenith temperature. The dimensions of the rectangle
were such that its component normal to the axis of the antenna approximated

a square. It will be sh

3

later, after further mathematical development,

~

+
1 v

H

I vm
Y k nc al to

ct

a N1 7
a ci he antennsa axis

=3

+
i

03]

0
1

(@]
3]

g o
with an area equal to that of the square and radiating at a temperature

TZ constitutes an excellent approximation to the actual physical

i+ et
|9

[a] fels) n
S1 oreover

uation. M the accuracy of the results for the circular

approximation can be significantly improved by relatively simple correc-
tions which also will be derived.
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The assumption of constant background temperature will be satisfied

only if that portion of the background consisting of sky has a rnegligible

’ )

effect on the temperature measurement. The VARR method ¢f pattern

determination has been used at 35 Ge, 68.5 Ge, and higher fregquencies.

In Figure 2, radiometric temperatures are plotted as a function oif the

elevation angle for thre r the twc hi

n

ies

(“)

P
rrequell

10
w

he
frequencies, there is no appreciable change in t

for the first 100 mils in elevation. Thi

e A 2 AP A e d 3
-adiation of the relatively th

with narrow beam antennas operating at frequencies of 68.5 Gz and above,

the nonhomogeneous background does, indeed, have a negligitle effect

an
QAda

[o})

the assu

i1 al i)

tion

3
A
J

a constant

ackground temperature is quite valiid.

However, to add a factor of safety, the measurements Tor pattern deter-
minations at these higher frequencies were made against a backgro und of
approximately 60 feet in height and located 6500 feet from the
3 of measured

temperature with elevation angle is much greater, the distance between
the background of trees and the antenna was reduced to 1800 feet. Thus,
nna 8 feet above the ground, the background subtended an

f 1.7 at the instrumentation site. In Appendix A it is shown
that with this geometry, the variation in background temperature contributes
no error to the determination of that portion of the pattern within 1.7

of the antenna axis. Moreover, with a narrow beam, the errors in the

determination of the remainder of the pattern will be negligible.

int
is obviously not valid for the entire set of measurements since a number
of the temperature observations were made with the reflector close to

it is clear that a portion of the data
has been obtained with the reflector ungquestionably in the far-field of
the antenna. Moreover, the reduction procedure is designed to initially
he central portion of the pattern, and from it the gain of

the antenna, on the basis of observations that are taken with the reflectcr
definitely in the far-field. The remainder of the pattern is computed
section by section from observations considered in pairs and used in

16



the order of decregasin
ordaer 01 decreaslr

Vil

for a portion of the observations, only the sides of the pattern will

be affected while the determination of the cen 1 portion of the beam
remains free of any error resulting from the use of this simplifying

assumption. A portion of the si
data obtained while the reflector is in the near-field. Hence, this

portion of the effective power pattern is not completely representative

AL +ln Lann a I A T A, 3
f the free space side-lcbes. However, n brupt discon

(@)
m

as the range to the reflector is decreased and this gradual transition

is further smoothed because at the closer range, the reflector is much

'Io

roor than the
1arger €

Lilddl vl

n beam The dashed

(Figures 6, 8, 10, 12, 1L, 16, 18, and 20) indicate the region in question.
The total computed power patterns are given for comparison purposes.

The fourth and last assumption, of no significant attenuation was
convenient for the derivation of Equation (3). However, the effect of
attenuation is frequently significant and should be taken into account .
Therefore, the previous dev

effect in both the atmosphere and the radio frequency

SIS
1L O

b
>
ct

power losses in t mosp
to be at a molecular temperature equivalent to the

background temperature T, while the average temperature of the lossy

—
\J
~—

where it is to be understoocd that the term a is a function of the range

of the reflector which is the source of the temperature TZ' With the

[
—J



aid of Equation (L), we may write

M Z B Z W
_ .
- 4 L (o)
a 1 /0 l/-n 2Yn 4+ am IT 2
T 1/cC I:L - p}LB pr'.La
d
Of particular interest are the gquantities TMB and TMZ which are defined

to be the measured background and zenith temperatures respectively. The
temperature measurement T is obtained with the antenna oriented hcrizon-
tally and the reflector entirely removed from the field of view

s £+
cm the w of the

antenna. Since it has been assumed that the background temperature T

B
is equivalent to the ambient temperature, we conclude that

Tym = (1 - B)TB + BT, - (7)

The measured zenith temperature may be obtained by either one of two
completely equivalent procedures. First, the antenna simply is directed
along the vertical. In the second method, it is aligned horizontally
with the reflector placed immediately adjacent so as to capture the entire

beam of the antenna. Both methods have been observed to yield identical

T,, = (1 - 8)T, + BT, - (8)
MZ ( ) Z W

It should, perhaps, be observed that TZ is not the sky temperature, but
rather the temperature which results from viewing the sky through the

atmosphere whereas T, is the actual recorded observation. Combining

)

AN|

Equations (7) and (8), it may be established that

(Tyg = Tyg) = (L - 8T = T,) (9)
Substituting Equations (7), (8), and (9) into Equation (6) yields
' I]'_‘]
o 2
TM(a) = 1/2 {TMZ + a(TMB - TMZ}IO + TMBIG . (10)
L

L

18



5

which, with the aid of Equation

TM(a) - 1/2(1 - a)(TMB - TMZ)I . (11)

TMB o

We have now derived an expression for the measured temperature in terms
of the atmospheric fractional loss, which varies with range, the angle
subtended by the reflector, the gain function of the antenna, and the
measured zenith and background temperatures. Let us emphasize that,

t

is valid over a sufficient

range of a to clearly establish the character of the effective power
pattern of the antenna
Computing Methods for a Circular Reflector

The first phase of the computing procedure for determining the

pattern consists of fitting a curve to those temperature measurements
which pertain to the central portion of the beam. Since temperature is
recorded as a function of the range of the reflector, the measured

round temperature as the range increases
(Figures 5, 7, ~tc.), i.e., as a decreases and approaches zero. This
suggests the possibility of fitting an exponential curve to those tempera-
ture measurements obtained with the reflector at its more remote positions
from the antenna. Indeed, it has been found for all measurements to date

that it is possible to fit the observations to a curve of the form

2
T(a) = Be 0% (12)

for o in the interval (o,a). If the assumed circular reflector is at

a range R from the radiometer and has a radius of r, we note that

a = tan {(r/R) . (13)

z

terms a, B, and b are parameters which may be evaluated by the least

[

n N
squares fitting procedure which is presented in Appendix B. The parameter
B constitues the fitted value for the background temperature. Combining

Equations (11) and (12) while replacing T, with its improved value B

19



and restricting a to be equal to or less than a, we obtain

Be =B -1/2(1 - a)(B - 7, )1

N7
Jast

The attenuation term a is a function c¢f R, the range cf the refliector.

41

m -~ . R i S ] - . S R . ~ pooy
To simplify the problem, we approximate the term a by a

v

W
( I)
[¢)]

4o e
its rag
q? 23

value for those measurements fitted to the curve specified by Equation

(12). Both sides of Equation (1k4) may be differentiated with respect to

a and solved for G (a) to obtain
[ o ]
/{n Y[ Y- N R o] * \
\ 7\ L IS ; S1in o
L o JITTT 7

The parameter a, which is determined by means of t
is sufficiently small that, for a < a, sin o may be apprcximated by a.

Hence, Equation (15) reduces to

| LbB 1 va?
=Da -
G(O.) = {(B _ TMZ)(]- _ ao) e . (1())

Defining G_ to be the gain of the antenna, we observe that

We have now established that, in the vicinity of the center o

where a © a, the effective power pattern of the antenna is well approxi-

o’

mated

A
v

Gla) = Goe o, (18)

It has been found impractical to determine G(a) for a > a by curve
ttin rocedures. The measured data for this portion of the pattern
generally do not conform to a single type of curve, but vary considerably
from run to run. We determine the remainder of the pattern by a less
rigorous approach in which G(a) is approximated by a step function for

@ > a. The midpoints of each step are assumed to be discrete points of

the pattern. These, together with Equation (18) determine the pattern

20



over the complete range of a, or at least for all values of a up to the

-ion (11) is no longer valid as a result of the reflector

being no longer in or near the far-field.

=
(D
._J
in]
|_J
ot
I_h
o
]
wm
ot
D
Lol
=

n this phase of the

plotting the measured temperature as & function of the range R for
interval (0, R), R being the range which corresponds to the angle a.

Referring to Equation (13), we note that

R=r cot a. (19)

~\

In addition, Equations (12) and (13) are used to compute the fitted
temperature as a function of range and this curve is then plotted for

R > R. A smooth curve is drawn to fit the points plotted in the interval

[~ \ [ T T BN O 2 A A dlia smmamrt v Tar
WUy, ) wWhillie COnsuirairnin ¢ U0 JOLlIl Uri€ Previous.y

28]
[WN

point where R > R in such a way that the two segments form a continuous

curve and have identical slopes at the point where they join. Let the

1iven bv

nt ha o
v o€ given by o

5

4d o regsnecti \n:a'l\r
a o res

o o) S

interval (0, R ) let these temperatures and corresponding ranges be

Tj and RJ where i = 0, 1, 2, ..., N with the

The term,aj is defined as the value of o corresponding to the range R,
so that

We assume that G (a) can be approximated by
changes values on the discrete set of discontinuities defined by a..

).

Let G, ,. ., be the value of the function over the interval (o, G Loy
J (J+l) J \Jgtd)

Referring to Equations (11) and (18) with T, replaced by B, we relate

MB

21



the temperatures T, to the step function approximating G (a) for § =1,

J

2, ..., N by the expression

( ) O e (jis) alks)  BL T
T, =B -1/2(1 - a })(B - T T e i 8 + . in ¢
j / a, ( MZ)A[A Ge sin 8 ds 2 [ G, (xsq) Sin 8 48],
i: v n=u o "‘" B
and for J = O by the expression
2
~a -b8°~ fae
T =B-1/2(1-2a)(B=-T,)[ ©6Ge sin € as. (22)
o o ol

Sl S

The terms b, B, and GO are obtained from the fitting procedure for the
central portion of the beam while a,  is the value of the attenuation term
for the reflector at the range R.. dWith j = 1, we may combtine Equations
(21) and (22) to obtain ’

B - T, B- TOT

2 |
G = - ’, (23)
ol (B - TMZ)( cos a_ - coS al)—l -8 1 - aoJ
and, in general, we have
-7 B -
. _ 2 \(h (*2) Ti]. (2k)
j(3+1) (B - TMZ)( cos ay - cos a(j+1)JL} = 8(441) 1 - aj] Y

The step function was used as an aid to integration. We now replace the

step function by a series of discrete points and assume that G, . .\ is
JydTa
the value of G (a) for o = a, . where
L) J(3+1)
= + .
®5(4+1) l/2<;3 “(J+1£) (22)

N o - - RN o~
Cur solution for th

of the exponential function given by Equation (18) over the interval
0

,ac) and a curve segment joining the exponential function and passing

through the discrete points ). These descrete points

(0.=15A<\ G.I..-\

Jig+l), JUg+iy
are computed in sufficient number to establish the character of the pattern
on

it+the
Lner S

ide of the central portion of the beam.
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Corrections for the Circular Approximastion

1~

In the developmen the reflector has been assumed to be

a circular disk normal to the antenna axis when in fact, it was a
rectangular surface so Oriented as to appear approximately square when

e
osition of the

~r

Viey

wed from the

rom the p in this portion of
the development, let us assume the reflector to be a square normal to

the axis of the antenna. The errors resulting from this assumption are
trivial and may be safely ignored. However, it will shortly be shown

that the errors resulting from the assumption of a circular reflector

are small, but not negligible. Moreover, expressions will be derived for

the evaluation of these errors and in the process, corrections for the

previous development will be determined.

Let us first develop an ekpression for the measured temperature when
ated by a square with sides of length S. As
before, we assume a constant zenith temperature TZ and constant back-
ground temperature TB' Neglecting power lost to the atmosphere and

antenna system for the moment, we conclude from Figure 3 that

n LS
_ ), pa ol ar
L 1%} * > T *
8 f ‘- G (8) sin 6 46 d¢ + 8T ‘ ‘ G (8) sin 6 49 d¢
T 3J, J,
T(R) = —
2m M, > (26)
f fG(e)sin6d6d¢
Jo Yo
where
- a
v = tan l[f—f—f—ﬂ] (27)
L= T
. L J
and G (8) is a gain function which is to be evaluated on the basis of a

square reflector. Referring to the constraint imposed by Equation (2)

and adjusting the limits of integration in Equation (26) to a more



convenient form, we obtain

m
I
___) "
T(R) = Ty J J (6) sin © dé d¢ (28)
Introducing terms to account for power losses to both the atmospnerc ana
the antenna system yields
i
[ i L I
. . oL A
T.(R) = (1 - g) |T, - —(1 - a)(T sin 9 da8 d¢ i+ 21
M B m i N
1

r

(29)
Expressions derived from Equation (29) for the measured background and
zenith temperatures are identical with Equations (7) and (8). With the

aid of these we conclude that

Loy,

Ty (R) = (1- a)(T,. - T,.,,) f f G (8) sin 6 d6 d¢ . (30)
15 M4 J

defined by Equation (20), determine a family of cores
whose common axis passes through the center of the reflector and coincides

with the extension of the symmetry axis of the antenna. Consider

initially the cone defined by the angle o . It has been estahblished for

Equation (18) for a % a_where a < 7q. This corresponds to the condi-
0

tion that R = RO > R. For the development which follows, let
™ * ~ ~ e . - - *
ﬂo be a sufficiently large value of the range so that, for R > R

the reflector is completely contained within the cone defined by a

It follows that the limit of integration y in Equation (30) will then be
*

less than o While the function G (8) in the same equation has not been
determined, our previous results for the circular approximation suggest

curve of the type defined by Equation (18) may be satisfactory.

e that for R > R



Replacing TMB by its fitted value and combining Equations (30) and (31)
yield

ar
1

=1

2 Ve g2
TM(R) =B - ;{1 - a)(B - TMZ) 5 .[ G, e sin 6 d6 d¢. (32)

~ ~

|@) v
Since @l is small and ¢ < a_, We may approximate sin 6 by 6 and y by

(gh) sec ¢. Equation (32) then may be integrated to obtain

L
(l - a)(B - Tuv) f ( _*S 3
7,(8) = B - — ) 'i - e “(’EZ';TL) {d"’ 33
b r ©

Substituting the first three terms of the series expansion for the

exponential and integrating once more yield

€]

* 2 7/ *\
G, S (1 - a)B - TMZ) (; b 2)

T, (R) = B - (34)
M y 2 P~
4 \ on. s
. . * . .
It follows from the definition of R o that we are considering a range of

o for which Equation (12) is valid. Moreover, o is sufficiently small
that we may approximate it by r/R and replace the exponential in Equation

(12) by the first three terms of the series expansion. Thus,

+3
~~

»-

I
to

[} - b(

2,r. kb
+ 1/2 b (ﬁ) }. (35)

Recalling that r was defined to be the radius of the assumed circular
reflector whose area approximates that of a square with sides of length

S, we note that

Dy W

Combining Equations (35) and (36) yield

2 / 2
b
T(R) = B - 5% 1 - bsg), (37)

TR 21R
™o Y/

We conclude that the fitted temperatures given by Equation (37) will be
equal to the measured temperatures of Equation (34) if
25
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and *

\ /
G S“Kl - a kB - T ) BbS™
O), MZ/ s
2 - e
L4wR" R
¥

where the term a has been replaced by an average value a . With B > & |

o 3
these two conditions will be satisfied identically ir

% o
4bB
Go = (B T (1 a ) - Go >
MZ o)
and
* 3.
b = =0 = 0.955b ,
T
so that
/ Y 2
* _ '/\ o~ JEESHOIAY
G (a) = Goe (U.522b )« {33

Comparing Equations (18) and (38), we conclude that the antenna pattern

v

1~

AociimTt T A A
Il dodo WilpLiOIl U1 a

o
ct
(4]

determined for the central portion of the beam wit

circular reflector will yield better results if the parameter b is
multiplied by the factor (3/m). This constitutes a correction of
approximately 5% in the exponent of Equation (18), but considerably less
on the average in G(a) over that range of o for which the equation is a

valid approximation to the effective power pattern of the antenna.

In considering the effect of the circular approximation on the
remainder of the pattern, it will be convenient for the sake of simplify-

*
ion. to assume as before that G (a) can be approximated

Wi as velOolc Lilal \ &) 4 ap

*
by a step function when R < Ro . The reflector will again be considered

to be a square orienied normal to the antennz axis. We define G*j(j+i)
to be the value of G (u) on the interval (aj , O (j+l})' To*simplify
the mathematical analysis in determining an expression for G j(j + 1)
we 1limit the range of R so that for Rj* < R<% R(j+l)’ the reflector
*

is completely contained witnin the cone uefined by a (5+1) while the
*

<

intersection of the cone defined by « 3 with the square approximating

the reflector is a circle completely contained within the square

]
(@)Y



(Figure 4). With these restrictions and the aid of Equation (30), the

re may be emressed as a function of rarlge by

m

) / \ 4-.): Ipa: %
T(R) = B - = (1- a)\B—TMZ)j j Jg7(e) sin 6 a6
o |__O Yo
\>Y)
o deld
i RETCF i e
Qa .
J J

it is convenient to differentiate

To obtain an expr Gj (5+1)°
Equation (39) with respect to R. While the term a is a function of R,
it changes so slowly with a change of range that its effect is of second

it will be considered constant with the result that

order. Therefore,
U
L D% L
l1-a){B-1T,,)5G g 2
ar _ L JB - Typ)SG 5 (341) j sec ¢ w0
dR om o (B° + ° sec 2¢)3/2 (Lo
T (40)
*
Integrating Equation (LO) and then solving for G ., .. ,y» ¥We obtain
J\J "7
. [ 2,2 2 . 2
G* _ |dﬂ(h + S5 /h) YR + 8 /é}dT (41)
e T a_‘
+1 dR
JWTE s (1 - a)(B -Tyy) ]
. . 3 . 3 * *
It is desirable to minimize the intervals (¢ .y @ ;,..,y) Over which
J g+l
the step function remains constant while cobserving the assumptions
which led to Equation (39). That is to say, when the reflector is at
#* * *
the range R ,,, .., we desire the cones defined by a ., and a yto
(J+1)” J (J+1)
interesect the plane containing the assumed square reflector in circles

which respectively are inscribed in and circumscribed about the sguare.

n
—~l



: . * *
This may be accomplished for all values of j by defining K, ani <, In
* J o

terms cf Ro as follows

* * 3
R, = R WASE: IR (4z)
* - Vv j—I\
o = pan THELE L) (43)
J \ =&,/

N ~ e

The last two equations may be combined to ootain

*
tan a, = _*i/;Q_. 5 (Ly)
o R N
(j+1)
* Y .
tan a(ﬁ+l> = h* . ’\uj)
\ R,
(3+1)

Hence, the desired conditions have been satisfied. Since this method has
been developed for application tc very narrow beam antennas with the
reflector in or near the far-field, the angle o will normally be sufficiently

small that Equation (45) may be written as

R S - B
(3+1) * Vol (L6)

and we conclude that R is very much larger than S. Therefore, with tne

*
, we may simplify Equation (L41) to obtain

reflector at range R(j+l)
I 2“1“* \3 I
G - \(+) (gT_
3G+ |2y . Yoo J|\aR/jp _ o ’ (L7)
[\ (3+1)] \ MZ TR
L -

N
o



*
where the term a has been replaced by a(1+1), its value at the range
(1+l)' For the pattern determination, we assign this value of G (a)

*
to the midpoint of the interval (aj that is

°‘(J+1))’
X N AL (

= + LAY
BT R O I O B J+l)/ B
With the angle restricted to small values, Equations (42), (43) and (L48)
may be combined to yield
o S /A T\ L)
uj(j"'l) h‘R ¢ Tore N
(§+1)

»*
Discrete points (a, J+l)) of the pattern are then obtained from

(J*l) J('
Equations (47) and (L9). )

aa .ot ~

Let us now compare these results with those obtair
reflector was approximated by a circular disk. For this comparison, we
refer to Equation (21) from which the earlier results were derived. It

n for G

J(J+1)
equation. Differentiating with respect to R and evaluating the results

for a range R(l,

: (50)
dr _ . da
(d_R-)R =R,...\ l/2<l - a(J+l> (\B - TMZ)GJ(J+1) sin a(j+l)<d3)R =R, ...y

4
JTL

g to Equations (20) and (36) and recalling that o is a small

Y

(a0 2
sin a(J+l)(—d: R R §—— (51)
A4 (3+1) ~ 7 g
(J+1)
Combining the last two equations and solving for nJ(j+l) yield
3
2HR 2 )
G = L) (ﬂ) (52)
I 2 MVe-1 \\&r=r .
{\ - a(j+l)/)(\ " mz) TR



Referring to Equation (13) and (36), we note that tne value of > for

which Equation (52) applies is well apprcximated bty

S
a = R ' Vars {52}
(3+1)° 77
. *
If Equations (52) and (53) with RQj+l) = (J 1) are compared rocpechively
to Equations (47) and (49), it will be observed that the expressions ior

>

O P At 3tra AT Y o . P T ST -
the effective power pattern of the antenna are identical while the two

values of the angle a are in the ratio of

(14”/“_‘) /l | = 1.070 .

\
This suggests that, in using the results obtained with Equation (2L
which is essentially equivalent to Equation (52), the angle o, +1)
J{]
given by Equation (25) is in error by T percent and should be acrrected

by the factor 1.070C.

To summarize, the computing procedure for determining the effective

power pattern of an antenna, with appropriate corrections for the

jon)
Ul

approximation of the reflector by a circular consists of the

Q
L Oy

following.

1. For a < a the parameters a, b, and B are determined by
fitting to the measured date with the method described in
Appendix B; G_ is evaluated from Equation (17); and the

effective power pattern of the antenna is computed from

N

G e—(3/ﬂ)ba

O

~—

. (54)

(]
Q

2. TFor a > a, a sufficient number of discrete points

(a%/%+1\’Ga(i+l)> to characterize the pattern are determined by

JANJ TS J Al

using Equation (24) to compute Gj(j+l) while obtaining a

30



corrected value of o,

a

J03+1) T 0-535(“3 + “j+1) : (55)
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SECTION III
ANTENNA PERFORMANCE EVALUATION

In normal operation, perfocrmance of a radiometric antenna is judgea
by its ability to discern a target in front c¢f, or partially vehirnd, a

background of wvegetation which has a radiometric temperature nearly equal

e owmhe an

U T
LO uvle

U, ~ B S W R kR ~E 4+ 3
1 Il

) 4 - P R A poo -~ =
DLlECIlL Lenperaturc. A Qicdoure o Lills per

operable range cof the antenna for a fixed-size target, cr alternatively,

the maximum contrast between the background temperature and the measured
v

fAar 1 vad
101 11ACWU

ct
ct

o =R PN awvroae a
a =0 14T alge a

The VARR method offers a relatively simple procedure of measurement
and analysis to systematically rate the performance of various antenna
systems on the basis of a comparative evaluation. It has been used to
establish the characteristics of numerous antenna systems and from these,

to evaluate the performance of the antennas cn a relative basis. In

oL LI 1< s

general, the results obtained by the VARR method agree well witl the pre-

v

viously noted effectiveness of these same antennas in field operations.

Although some parameters differ substantially from theoretical values,

the trends which were established prove to be very useful in comparing
the performance of the various systems.

Results are presented for a total of eight different antennas. Tab-
ulations of tenna type, frequency, and several theoretical parameters

an
are given in Table I. Identification is provided by the tabulated run
t

umber The p is defined to be the range from the antenna to the

closest portion of the far-field. It is computed f

—

A\l
()

N

' 2
p = 2D/ >

where D is the diameter of the antenna aperture and X is the wavelength.

The theoretical gain G, amd theoretical 3 db beamwidth et are calculated

values which were obtained from the following equations
mD,2
G, = 0.5(=%) (57)
t A i
_ (58)
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ANTENNA TYPE AND THEORETICAL PARAMETERS

Run Freqg. , P St,‘ Gt,
Number Antenna Type Ge A, ft | yds deg o
1 18" Plano Convex Lens 68.5 | 0.01kk | 10L | 0.66 | 47.3
2 36" Parabola 68.5 | 0.01L4L | k17 P C.35 0 53.5
3 18" Plano Convex Lens 140 0.0070 | 21k | 0.32 | 53.¢
Y 18" Fresnel Zone Plate 140 0.0070 | 214 | 0.32 55,0 !
5 36" Cassegrainian 35 0.0281 | 21k | 0.6k 1 7.5 |
6 18" Plano Convex Lens 9L 0.0105 1L3 | 0.48 50.0
7 36" Scalar Feed Parabola ol 0.0105 571 | 0.2k 56.1
8 36" Circular Scan Parabolal 68.5 | 0.01kk | 417 | 0.33} ©3.3
TABLE II.
MEASURED DATA AND COMPUTED PARAMETERS
Run | TMZ, TA ’IAbso— Compu- Compu- Ratio | Temper- CoTputed
No. | o o ' lute ted 3db| ted 20 of 20 ature Gain, db
K K !Hum,,| Beam- db Beam- | @b to | contrast
lg/m> | width, | width, 3 db at R = 800
! deg deg Beam- yds. K
wildQatull
1 93 |256 | 5.1 0.65 3.4 5.2 1k 46.8
2 | 120 266 |10.2 0.76 L.2 5.5 11 Ls. k4
3 1112 {289 | 9.0 0.6k 2.8 L.y 18 L8
4 135 |287 [13.k 0.68 3.4 5.0 15 46.6
5 30 {273 | 9.1 0.73 2.0 2. 25 L7.5
6 9k {253 | 5.1 0.6L 2.4 3. 30 Lg.2
7 47 1209 | 1.9 0.60 1.k 2. 29 50. 4
8 [ 135 |275 | 9.8 0.67 k.o 6 8 45.8
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An antenna efficiency of 50 percent was assumed in computing the thecreticnal

cain. Table II presents a tabulaticn of some ¢f the measured guantitie:
and a number of tne more significant paramesters arising from the anaiysis

¢f the observed data. Roth “he gains ana the teamwidths in Taple

11 ver=
derived from the VARR data. The entire set ci measurements, torsetner
with the resulting patterns, are plctted in Figures 5 througn 28. These
figures have bteen arranged to present the moasurements and resuliing
patterns of esch run side bty side. 7The meacurements for most runs were
repeated at least once and it was found tnhat correspording cbservations
generally agreed to within cne degree Kelvin, which was the measuring

accuracy of the instrumentation system.

At the 3 db peuints, the patterns obtainsd by the VARR method are
usually wider than the thecretically computed beamwidths. Alsc, the
measured antenna gains, while still useful for a comparative evaluation

of the

;D

ntennas, are generally several db less than the theoretical
values. The smaller gains are, of course, consistent with the wider beam-
widths. While some beam broadening and loss of antenna gain are to be
expected from inaccuracies in field measurements and atmecspheric effects
which may not have been properly taken into account, it is believed that
the primary source of difficulty arises from the non-coherent nature of
the signals. Consider the two plots of temperature versus range pre-
sented in Figure 21. The upper curve is simply a plot of the VARF
observations for Run No. 7, whereas the other curve was computed for an
antenna having the theoretical gain and beamwidth given for the "Scalar
Feed" antenna used in obtaining the data shown in Table I. The background
and zenith temperatures were assumed to be identical to the measured
values for Run No. 7. The huge discrepancy between the actual measure-
ments and the theoretical curve cannot be explained satisfactorily by
attenuation effects or, for that matter, any other likely source of
error. A plausible explanation appears to be that the broader beamwidth

does, indeed, result from the non-coherent nature of the signals. This

effect has also been reported by Fedoseevl.

Fedoseev, L. I. '"Lunar and Solar Radio Emission at 1.3 mm Wavelength'.
Radiofisika, Volume VI, Number 4: 655-659, 1363

3k



Referring to Table II, it will be observed that certain antennas show
a definite superiority in all comparisons. Of particular significance
are the beamwidths at the 3 db and the 20 db points on the measured patterns

where the comparisons reveal a pronounced difference between certain

A o ~ S e

antennas. 1In all cases, the antennas which had wider 20 db beamwidths
also had poorer operating performance and showed much less contrast

between measured and background temperatures with the reflector at a

- Q - N e A P o ammers
range of 800 yards. The ratio of the 20 db beamwidth to the 3 db b

a
o
o

is tabulated in Table II. This ratio is a good indication of the relative
merit of antennnas that have different apertures and operate at different
frequencies. In general, the plano~convex lens antennas were among the
better performers while the TRG corporation "Scalar Feed" type was the

best.

In comparing the results for these various antenna systems, a number

of additional factors should be considered. One of these which may have

(D
(@]

I
L4

tical
adjustment necessary for focusing. The feed horn positions on the conical
scan and the parabolas were very critical while the lens antenna feeds
were quite easy to position, maintaining relatively equal performance
while also very critical to adjust, was built more solidly and could
maintain its adjustment while handled in the field. The Fresnel zone-
s, another poor perform

at the discontinuities caused by the zone cuttings. The Cassegrainian,

also a critical antenna to adjust, performed reasonably well, but was not

as efficient as the "Scalar Feed". One of the factors affecting system
performance while using a particular antenna is not included in this
evaluation. This factor is the loss peculiar to an antenna type. In

general, the shepherd's crook feed has considerable wave-guide lcss;

c
but on the other hand, the lens antenna su 1 the dielectric

3
of the lens itself. The Cassegrainian feed probably has the least loss
due to the feed system, but it also may have increased spillover from

the double reflect

(=]

ng system.
o v

(0
\N



An exhaustive error analysis of the reported results has not been
attempted; but this phase of the prcblem has been treated in sufficient

is, in fact, somewhat

been computed
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na gain while, for ti

under 5 percent of the antenr

1e remainder of the

i1
attern, it rarely exceeded 5 percent. The primary sources of error have

P
been considered in detail elsewhere in this report and the discussion
will not be repeated. However, it should be emphasized that the errors

introduced by including observations with the reflector in the near-field

do not greatly reduce the usefulness of the res

u
ines ntirely free of such error
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Moreover, the dashed curves immediately adjacent to the solid curves

t
are relatively free of this type of error since it enters very gradually
h t

e range of t ransition value of

reflector decreases from the

[

is

2D“/A. An examination of the plotted results reveals that the essential
h
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in the sides of the patterns as a result of

iear-field.
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The VARR method offers a practical and relatively simple approach

for the comparative evaluation of radiometric antenna systems. The

effort involved is a fraction of that required to achieve equivalent

o
hods. In addition, the effective power

pattern and gain characteristics are determined by the

with the antenna in an operational environment. The measurements are

made under field conditions similar to those to be expected in proposed

41~
LIile

P .

nna systems.

Hernce,

appilcatlons of the ant

means of pattern determination, and perhaps, offers a more accurate

evaluation of antenna performance under realistic operating conditions.

While the derivation of the VARR computing procedure is somewhat

i
4 is straight forward, routine, and comparatively

method has been programmed for computation on a high speed

computer, but it is not unrealistic to perform all the necessary

desk calculator or even a slide rule.

.:_ -

run is less than one minut Oor

1.2

1

)

time required per a h speed

contrast tco an hour and a half on a desk calculator.

Effective power patterns have been determined successfully

number of antennas by this technique. In general a comparative evaluation
of the VARR results agreed well with the observed effectiveness of the
same antenna in earlier measurements. An error analysis of the results
indicated the method to be somewhat more accurate than expected. On the
other hand, the computed power patterns reveal a broader beam than
coherently measured patterns for the same antennas; but it appears that
the beam broadening may well have resulted from the non-coherent nature

of the signals. In any event, the effective power patterns obtained by
the VARR methcd provide a reliable basis for predicting the relative

of antenna systems in an operational environment.

R. B. PATTON C. L. WILSON
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APPENDIX A

THE EFFECT OF A NONHOMOGENEOUS BACKGROUND TEMPERATURE SOURCE

etermination has normally

[oN)

Background temperature for antenna pattern
ct

tter:
been measured with the antenna axis directed horizontally toward a back-

ground of trees and with the reflector entirely removed from the field of

22 ary L LA o SO T 5
view OI tTtne ancenna. 411 gt:ut:.lcu_, L

is invariant wit

radiation of the atmosphere in the direction of the background veget
g

o o

the atmosphere in the direction of the sky, and the background v

e
en shown in the main body of the report that the

b=
ct

= he
S ©O¢€

CD

assumption of a constant background temperature is a reasonable approxi-
mation for narrow beam antennas operating at frequencies of 68.5 Ge and

frequencies will now

above the level of the antenna is h, and of course, sky above the trees.

For simplicity in the analysis, it will be assumed that the background as
t

viewed from the antenna radiates at a temperature TB for heights not
- - N 5 < e f AR A I A WS- YRR TR S A S P . -
exceeding h and a variable temperature T(e) for heights in excess of h

(2
where ¢ is an elevation angle measured from the antenna site. Moreover,

we will 1limit our discussion to the case where the reflector is assumed

. L
5

to be a circu

consider the case where

he sntenna to the back-

is de
ground of trees. To simplify the discussion, power losses in the atmosphere

and rf system will be neglected. With these assumptions and the aid of



Figure 22, we may express the measured temperature as

r r
1 21 a il 2
Ty(a) = 5 |7, J' j' G(6) sin © a0 do + J. J' T(e)G(8) sin 6 d6 dé
(e} (o} o} n
s ™ 2r X l] (a2)
sl "+ [ 12 asll,
B)) "o b e
"o m 7 |
where
-1, AN , R
n = tan "~ (h csc ¢/RB). (A3)
Equn+lnn (A2) mav he more convenientlv written ac
ail1l0l \(Aac, M8y D€ MmOore convenlentvily wWIritiell &as
— - - a -
Tylo) = Ty = 1/2(Tp = T,)I_

(Ak)

/ J’w j’mi <)}(>
1/bw Ty - T(e)pG(8) sin 6 do a¢
o n

where

€ = sin —l('sin 8 sin ¢). (A5)

If the Equation (AkL) is compared to Equation (12) with a = 0, it is

apparent that the error resulting solely from the nonhomogeneous back-

-~

E>

N

As long as the condition expressed by the inequality (Al) is satisfied,

n < o so that Equation (A2) is valid and ATM remains constant for changes
in the parameter a. Therefore, since our methods for evaluating are
predicated on the assumption that G(a) is proportional to the derivative
of TM(a) with respect to a, the constant error AT, has no effect on the
evaluation of this function.
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In considering the

concerned with the

o)
effect of the nonhomogeneous background

measurements

emperature

on measurements at the lowest frequency, i.e.,35 Gc. Recognizing this
possible source of error, the system geometry for these measurements was
designed to satisfy inequality (A1) for all values of a equal to or less
than 1.70. Hence, with narrow beam antennas, the major portion of the
effective power pattern determination was free of any error resulting
from the nonhomogeneous background source.
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APPENDIX B

mrr TINDITT

T A »nT TATA
nnn vunvh rillilNg

The computing methods which have been developed for the determination
of the central portion of the antenna pattern require a set of observations
to be fitted to an exponential curve. In particular, the form of the
curve is given by

2

?(a) = Be 2% (B1)

for o in the interval (o, a). The terms a, b, and B are parameters which
are to be evaluated by the fitting procedure.

Iet the temperature observations be denoted by Ti and the corresponding
values of range by the terus R. where i constitutes an index for the
measured quantities. The ob servatlons T are paired with the terms o,
where the latter are computed by means of Equation (13) for each ra

Ri' We observe that Equation (Bl) may be written in the form

In B - ba® = In T(a). (B2)

o+
He O D

he curve

, In T.).
1

2 -
Since Equation (B2) is linear in the terms 1n T and a”, a may be established to

pnlving
Tty TETO

fitting procedure may be determined by plotting the points (o

be the largest value of a whereby the plotted points (a?, in Ti) lie on

a straight line for a, < o . Let the preceding inequality hold for

[y

i=0,1, 2, ..., n.

A least-squares
procedure. Strictly speaking
in the non-linear Equation (Bl). However, the results are sufficiently

parameters are linearly related. We define the following matrices:

L5
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S

m
o E
=

X

We note that T_ is, in reality, the measured background temperature; and

since this observation applied for a = 0, it is included in the curve
+

y

3 443 A T .
itting procedure. Its chief contr on is teo

g
greatly strengthen the determination of the fitted background temperature

B. In matrix form, the equations of condition consist of

cX = V. (B3)
The normal equations are given by

C'CX

"
Q
<
o
=

+ 1 B R YR R a T a Tl ~AF +1 "
L U 1 U

squares solution is then expressed by the matrix equation

X = (c'c)'lc'v, (BS)

from which the terms b and 1ln B, hence B, may be evaluated.

=
ON



FIGURE |I. THE REFLECTOR
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