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ABSTRACT

The gain of a horn-reflector antenna with an aperture of 65.30 square feet
has been measured over a frequency range of 2.7 to 16.0 Geps. This report
describes the experimental measurements, the data with best-fit curves, and
a linear regression analysis which permits confidence limits to be set on the

gain estimate.
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HAYSTACK CALIBRATION ANTENNA

I. INTRODUCTION

Evaluation of the 120-foot-diameter Haystack antenna for communications, and radar and
radio astronomy applications requires the measurement of gain. Conventional techniques such
as direct substitution of a gain standard are impractical because of the large minimum range re-
quired for the transmitter-to-antenna distance.

When measuring antenna gain, an acceptable criterion for the minimum separation R between
the source antenna and the antenna under test is R = ZDZ/A, where A is the operating wavelength,
and D is the antenna aperture diameter. At this distance, the ratio of measured gain to the gain
at R = © is theoretically 0.987. At R = D?/A, this ratio is 0.95. When the 2D?/A criterion is
applied directly to the 120-foot-diameter Haystack antenna, the distance R at 7.75Gcps is 43
statute miles, and at 16.0Gcps, R is 90 miles. A reliable test site at these ranges is very
nearly impossible; however, a convenient source for use in performing substitution gain meas-
urements is one of the bright radio stars. Since standard gain horns are relatively low-gain de-
vices which range from 18.0db at S-band to 24.7db at Ku-band and are incapable of detecting
signals from the bright radio sources, they cannot be used directly to determine the gain of the
Haystack antenna. A reasonable approach is to calibrate another antenna of sufficient gain to be
useful for detecting astronomical signals and yet small enough so that precise gain measurements
could be made on an available antenna test range.

For this purpose, a horn-reflector antenna was obtained for use as the gain standard for the
Haystack paraboloid. The gain of the horn-reflector antenna was measured in the region from
2.7 to 16.0Gceps. Descriptions are given of the antenna, the antenna test site, the measurements

and their corrections with estimated tolerances, and the evaluation of the data.*

II. HORN-REFLECTOR ANTENNA

A horn-reflector antennai'2 approximately 20 feet long was selected. The antenna's rela-
tively simple design, which allows it to be used over a wide band of frequencies, and its unusually
low noise temperature were considered advantageous for our purpose. The horn-reflector site
is 120 feet east of the Haystack antenna3 and positioned so that the radio astronomy equipment
shelter can be used for either the 120-foot Haystack reflector or the feed of the horn reflector,
thereby increasing the flexibility of the system. The mechanical arrangement of the horn is such

that the longitudinal axis of the horn is aligned in the east-west direction and rotates about this

* Arthur Sotiropoulos performed the experimental measurements, obtained the polynomial of best fit, and prepared
the corresponding portions of this report. John Ruze is responsible for the Appendix and the linear regression
analysis.
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Fig. 1. Horn-reflector antenna in use with radio astronomy equipment room.
axis through a rotary joint at the equipment shelter position. The horn-reflector antenna beam

sweeps along the meridian, and the bright radio sources are allowed to drift through the beam.
(See Fig. 1.)

The horn-reflector antenna design is based on geometric optics and consists of a square
electromagnetic horn utilized as a 90° offset feed for a sector of a paraboloidal reflector. In
this manner, the spherical wavefront which illuminates the paraboloid section is converted to a
plane wavefront at the trapezoidally shaped aperture. The input to the horn is an 113-inch square
aperture, and a cast aluminum hyperbolic taper reduces the large square opening to a 2.812-inch-
inside-diameter circular waveguide.

Five copper electroformed conical-to-rectangular tapers were constructed as transducers
between the 2.812-inch circular opening and the different waveguide transmission line sizes in
the frequency range 2.7 to 16.0Geps. The tapers are rotatable so that either longitudinal or
transverse linear polarization is provided. Longitudinal polarization is defined as that direction
parallel to the longitudinal axis; transverse polarization is that direction normal to the longitu-
dinal axis in the plane of the projected aperture.

The projected aperture area was calculated to be 65.30 square feet with a half-apex angle
of 14°30'30" and a focal length of 93.138". This calculation differs by 0.05db from the manu-

facturer's calculation of 64.57 square feet.

I[II. ANTENNA TEST FACILITY

'he Lincoln Laboratory antenna test facility * has the capability of satisfying the minimum

range requirement for the gain calibration of the horn-reflector antenna. This test site includes

\S)



three fully instrumented measuring stations with a transmission distance of 2000 feet. The trans-
mitter and horn-reflector antenna are positioned close to the ground and make use of the con-
trolled combination of direct and ground-reflected rays for producing a well-defined interference
pattern at the test-antenna aperture. The amplitude distribution of this interference pattern is
dependent upon the wavelength of the transmitted energy, the distance between the antennas, and
the heights of both antennas.

The horn-reflector antenna was mounted on a pedestal located on the roof of the antenna
range receiver building, and a signal source was positioned in the transmitter building at a dis-
tance of 2030 feet. (See Fig.2.)

Jull's method5 of calibrating a horn reflector antenna utilized a "mirror" range with meas-
urements performed in the Fresnel zone. However, in our case we operated in the far field and
did not require large near-field corrections.

Before making gain measurements, the vertical amplitude distribution of the illuminating
field over the aperture of the horn-reflector antenna was measured with a horn mounted on a
motor-driven carriage attached to an 18-foot triangular tower. Representative measurements
are shown in Fig. 3. The greatest variation in the amplitude taper of the field was 0.62db which
produces a theoretical gain reduction of 0.15db (see Appendix). The average of the ripples of the
illuminating field was obtained by varying the height of the standard gain horn near the center of

the horn-reflector aperture.

IV. MEASUREMENTS

The standard gain horn was mounted to the rear of the horn-reflector antenna and at the
center of its projected aperture. Each antenna was alternately placed in the illuminating field,
and a variable precision waveguide attenuator was adjusted to equalize the signals observed at
a receiver. The difference in power level between the horn-reflector antenna and the standard
gain horn was then read directly from this attenuator. With the standard gain horn in a position
which corresponds to the average of the maximum and minimum value of the illuminating field,
a total of six measurements was obtained for every point plotted in Fig. 4.

The microwave antenna gain standards used for these measurements were fabricated in
accordance with the design procedures published by Slayton6 and based on Schelkunoff's gain
equation. Since the gain measurements were taken with five separate tapers, a cross check
was made at a common frequency when the equipment change involved a new taper and the use
of the adjacent band standard gain horn. At this identical frequency, the two sets of data were
noted for deviations. In all four instances, the deviations were within the measurement error
tolerance.

Deviations from the mean value at each frequency were determined from the measured data.
All the deviations were then used to determine the root-mean-square deviation which was calcu-
lated to be 0.15db. This is a measure of the ability to repeat identical measurements taken un-
der the same conditions. The root-mean-square deviation includes a transmitter drift, receiver
drift, meter-reading error, the small probability of a slightly different waveguide connection
at each reading, changes in range reflections, and any human or equipment errors introduced
each time a change is made.

Preliminary measurements were made on two types of waveguide attenuators: a fixed at-
tenuator permanently attached to the horn-reflector antenna to bring the different power levels

closer together; and the precision variable attenuator which was mentioned previously. Both
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Fig. 2. Horn-reflector antenna being lowered into position on rooftop pedestal.
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Fig. 3. Amplitude distribution in the aperture plane of horn-reflector antenna.
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attenuators were measured with a Weinschel CF-1 audio frequency precision step attenuator as
a reference. The CF-1 was first compared with a set of precision coaxial RF attenuators.”
These attenuators were measured at their rated frequency of 1.0 Geps modulated with a 1-keps
square wave and with a bolometer for a detector. The measurements were within the combined
tolerances (typical 0.06db) of the attenuator and the CF-1. With confidence in the technique ob-
tained by the above measurement, the waveguide attenuators to be used in the gain measurement
were then calibrated. The fixed waveguide attenuator values were obtained by measurement with
the CF-1. Similarly, the deviations between the variable waveguide attenuators and the CF-1
were used to correct the results.

Since far field conditions are more nearly approached at the lower wavelengths, no near
field correction was made. On the assumption that the trapezoidally shaped aperture of the horn-
reflector antenna is approximately equivalent to an 8-foot-diameter paraboloid, the gains at the
shortest wavelengths were increased 0.06db at 16.0 Geps through 0.01db at 7750 Mcps.

The mean deviation of the measurements was estimated to be 0.2 db.

Peak Errors

(db)
Precision attenuators 0.06
Gain standard 0.20
Measurement error 0.30
Range-illumination error 0.15
Average root-mean-square error 0.2

The plotted curve seems to introduce an inaccuracy as large as 0.35db; however, the manner
in which these numbers have been determined must be considered. Specifically, it is more prob-
able that the 0.2-db deviation should have been either added or subtracted to result in the mini-

mum rather than the maximum difference between the plotted point and the curve.

V. ANALYSIS OF MEASURED DATA

The measured data, when plotted as some function of wavelength, will in general show a
spread or variability from some smooth curve. To analyze the data we can make one of two
assumptions:

(a) A polynomial least-square-fit curve will yield the best estimate of the
gain, and the shape of this curve or its deviation from some expected
behavior is due to the actual performance of the test antenna.

(b) The measured data will follow a definite predetermined law and any
deviations are due entirely to errors in the measurements.

The first method is justifiable because minor oscillations in gain may be due to inherent
secondary effects. Such variations have been observed in horn gain standards.6 The second
method is based on the assumption that large-aperture antennas follow theoretical behavior
Since it was not possible to completely justify either approach, the data were analyzed by both
methods.

In either case, it is desirable to choose the coordinates so that the gross behavior approxi-
mates a straight line. The theoretical law was chosen to be

*The manufacturer, Weinschel, states that these figures agree with National Bureau of Standards values.



G=n (4"2A) exp[-C(H1€)?)
A

where

1 = the aperture area efficiency
A = the aperture area

the reflector tolerance as measured normal to the surface

Q m
noon

a correction factor due to the reflector curvature and depends
on the f/D ratio or the portion of the surface used.

The above equation may be written in the form:

4rme )2

10 log GA® = 10 logn(4rA) — C(7€) 10 loge (2)

which is the straight line.
y = a—bx (3)

when 10 log G)\& is plotted against reciprocal wavelength squared, and the aperture efficiency is
assumed constant. The vertical intercept is a measure of the aperture efficiency, and the re-
flector tolerance can be obtained from the slope.

Initial data analysis was treated by the polynomial best-fit method. This analysis indicated
that there was no significant difference between longitudinal and transverse polarizations, since
the mean of the gain difference was only 0.01db. All the data were therefore combined and a
fourth-order polynomial of least-square best-fit was obtained. The result is shown in Fig. 4.

The characteristics of this estimate are that:

(a) The mean deviation of all measured points is 0.16db.

(b) The maximum deviation is 0.35db.

The data were next analyzed on the assumption that the test-antenna gain followed the
straight-line prediction [Eq. (2)] and that any deviations were entirely due to measurement error.
An exception was made in the case of data below 4.0Gcps. Here, the experimental data indi-
cated a definite drop. This phenomenon could, in part, be accounted for by edge diffraction ef-
fects and by the fact that at the longer wavelengths, the phase center of the input waveguide moves
forward of the focal point. Because some theoretical justification existed for excluding these
data from the straight-line assumption, the least-square line was determined only from data
above 4.0Gceps (40 measured points). The low frequency drop was sketched in by hand (see
Fig. 5).

The characteristics of this gain estimate are that:

(a) The mean deviation of all data above 4.0Geps is 0.166 db, not significantly
different from the fourth-order polynomial fit.
(b) The maximum deviation is 0.42 db.

(¢) The indicated efficiency is 77.21 percent, whereas the theoretically calcu-
lated efficiency is 78.34 percent for longitudinal polarization and 76.13 per-
cent for transverse polarization.

(d) Sixty-five percent of the measured data is within one standard deviation and
97.5 percent is within two. Therefore, the measured data distribution is
very closely Gaussian about the straight line.

(e) The reflector tolerance measured normal to the surface is 0.048 inch. This
figure is close to the manufacturer's specification of *i¢ inch.
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If the linear gain relation is accepted, the methods of linear regression analysis can be
applied. These methods permit us to set confidence limits on our gain estimate. This has been
done in Fig. 6 where the 90-percent limits are shown. These limits mean that, if the entire ex-
periment were repeated many times with other equipment (attenuators, gain standards, pattern
ranges, etc.), physically identical and from the same statistical population, 90 percent of the
least-square-fit lines would fall between the confidence limits. Since these limits are about

0.1db, our estimated gain has this tolerance. The gain above 4.0 Gecps can then be written:

10 1og G = 49.60 — &T7 _ 10 10g2°
A

where A is in inches.

In comparing the two methods, we find that:

(a) The linear analysis permits us to set 90-percent confidence limits
(0.1 db), smaller than the mean deviation (0.16 db) for 68 percent of
the data of the polynomial method.

(b) The linear analysis ignores any inherent gain deviation from the
linear relationship and therefore does not show any possible gain
oscillations about the computed gain.

If agreement could be obtained on the net measurement error, choice of method could be
decided by certain statistical significance tests. Because the measurement accuracy is difficult
to estimate, this cannot be done and both estimates are presented for the user.

In using the estimates, the following points should be noted:

(a) A portion of the polynomial fitted curve is above the straight-line esti-
mate. This indicates that the polynomial estimate gives a higher gain
(maximum 0.15 db) than that calculated from the efficiency and reflector
tolerance as determined from the straight-line fit.

(b) Although the mean difference in gain for longitudinal and transverse
polarization is extremely small (0.01db), the mean deviation is 0.18 db.
Since each polarization difference is calculated at the same frequency
from data using the same equipment, this mean deviation is probably
caused by changes either in the pattern range characteristics or in the
inherent behavior of the horn-reflector antenna for the two polarizations.

(c) The gain estimated by either method is subject to a fixed bias which no
analysis can eliminate. A bias could arise if a major portion of the test
equipment used were calibrated by the same master standard or it could
be a result of the experimental method or procedure of measurement.

It is believed, however, that any bias would be extremely small.






APPENDIX
ERROR IN GAIN MEASUREMENT DUE TO GROUND WAVE

Consider a vertical field distribution due to the sum of

(1) A plane wave normal to the test antenna.

(2) A ground-reflected or interfering wave of amplitude a and relative
phase ¢ arriving at any angle a@ normal to the test antenna.

The aperture field is
2T :
ely) = 1+aexp[J(Tysma+<p)l . (A-1)

In a ground-reflection test range, the geometry is adjusted so that a field maximum exists at the

test-antenna center, or ¢ = 0.

A gain standard, located at the test-antenna center will receive a power proportional to

N 2
PS = Gs(i + a) . (A-2)

The test antenna integrates the field across its aperture and yields the response:

2
Y 2
f_yo {44 a exp[j(T"r y sina)|} f(y) dy
- o
P = G, v, (A-3)
i d
-y, (y) dy

where f(y) is the test-antenna taper.
Equation (A-3) can be integrated with the result that the ratio of test antenna to gain standard

powers is:

For uniform illumination, f(y) = 1,

siny \2
(1 PR o)
= = . (A-4a)
S S (1 + a)

= ; 5 : ’ T
For cosine illumination, —f(y) = cos =5 Y 3

p.d yo
, cos 2
[1r i ]
P.. G, (r/2)" =%
il R o (A-4b)
P G 2
S S (1 + a)

where (2m/A) ¥ sina, and the aperture extends. from . to =¥
Equations (A-4a) and (A-4b) then represent the error made with the test antenna directed

at the source. The measured gain is lower than the true gain. The positive corrections are

plotted in Figs. A-1 and A-2 against the parameter r which is the amount of the aperture field

at the aperture edge.

1+ aZ+ 2a cos
r = —— (A-5)
(1 +a)

11
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The largest variation of the aperture probed field was found to be 0.62db at 15.0 Geps. Here,
the transmitting antenna was a two-foot dish located two feet above the ground plane. The antenna

separation was 2030 feet. The angle a calculates to

a = = 0.00197 (0.113°)

_4
2030
Since the source antenna HPBW is about 2.3°, we suspect that our constant a is close to unity.
Figures A-1 and A-2 indicate that this pattern range error is 0.20db and 0.35db for cosineal
and uniform illumination, respectively.
Actually, in performing the gain measurements, the test antenna is tilted for maximum re-
sponse and thereby recovers some of this loss.

Tilting the antenna by an angle & results in an output (uniform illumination) of

2
v 2 c2m A-6
PT:GT S:O {1+aexp[J(T y sina)l} exp[JTysmél dy ( )
Yo
which is
sin co a sinc(é + @) 2
Gr5% * ety |
This can be differentiated to find the tilt for maximum output. To a first approximation,
¢=T+a ba=7)

For a = 1, maximum output is obtained midway between the direct and reflected wave.

For our case, the amount recovered by tilting for maximum output is

siny /2  sinyx /2 2
(G =)
X./2 Xx./2
L (0) = 1.047
sin x
(1 + 0) (or 0.20db)
XO

Therefore, the error is 0.35 to 0.20 or 0.15db. For other frequencies, and for horizontal polari-

zation, the error is smaller.
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