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ABSTRACT

A high performance antenna range is needed to be able to provide adequate
data about new and old systems for the RFI Corpatibility Program of the DOD. The
major problems in the design of a range are tc provide adequate spacing for far
field measurements and to provide sufficiently uniform illumination of the an-
tenna under test. Analytical treatment is given to the Fraunhofer equation for
antenna spacing, the deliberate use of the range surface reflection, and the use
of a ramped surface and fences to avoid undesired scattering above L-band. Re-
ceiver gating and FM techniques are analyzed for eliminating scattering from be-
yond the range. A 6000-ft. range with a movable transmitter unit and adjustable
height transmitter antenna is recommended for installation on the RADC Verona,

New York, test site.

-iii-




FOREWORD

The formulation of the concepts and development of the details of this report.
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CHAPTER !

ANTENNA TEST RANGE

FEASIBILITY OF A HIGI—_I__PE_RI?ORM_»\I\‘JCE_I

A. ORIGIN AND ORGANIZATION OF WORK

Increasing emphasis upon the control of radio frequency interference and
requirements for ever greater performance from all types of electronic systems
have resulted in the need for an antenna test range of superior quality In order
to control as many variable parameters as possible 4 completely enclosed range
an anechoic chamber, at first appears highly desirable However. an intensive
study*® of this possibility has unfortunately shown it to be impractical It then
becomes necessary to consider the feasibility of a high performance outdoor
antenna test range. This report. prepared under Task Order 4 of AF 30(602)-2445,

1s concerncd with that problem.

This first chapter briefly summarizes the problems. the methods of handling
the problems, and presents the conclusions and recommendations. The detailed
analysis is presented in the rema:nder of the repert  The construction of a high
performance range 1s considered to be feasible. However, because of the obsti-
nate nature of phyvsical laws not yielding to human desires, not all of th  require-

ments can be met all the time

B  STATEMENT OF THE PROBLEM

Th.s report is a feasibility study for an antenna test site to be installed by
Rome Air Development Center at 1its Verona, N. Y test site A year-round
capab:lity to test antennas up to a 60-foot maximum dimension is to be provided
in the frequency range 40 Mc to 40 Gc. Testing is to be done 1n the far field
of the antenna pattern, with a maximum range length limitation of 4000 to 7000
feet. A dynamic range of 60 db must be provided in the instrumentation Pola.r—

ization information must be obtained Concern for mimmizing RFI effects in

*HRB-S:inger, Inc Radio Frequency Anechoic Laboratory Design Study
by R. E. Wolfe, et al; Nov. 1961, HRB Report #289. 1-F; RADC-TDR-62-8.

*HRB-Singer, Inc. Evaluation of a Hemispher:cal Anechoic Chamber by
E. H. Wintermute, et al; April 1961; HRB Report #252.1-F; RADC-
TR-61-126
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other systems requires that the antennas be tested over a wide range of nen-
design (requencies in addition to the usual measurements at the designed oper-

ational points.

Two separate enclosures are to be provided separated by a flat or ramped
surface. The receiwver building would house the antenna under test and provide
year-round operation. The transmitter unit is to be mobile along the range length.
The problems concerned in the optimum configuration of the intervening ground

and the test signal are to be investigated.

The available real estate is shown in Figures 1 and 2. The range placement
1s further himited by the existing structures which influence the configuration,
not only because the range cannot go through them, but also because thev will
act as reflectors or scattering scurces to the test signal and as sources of spurious

signals from the radiating cquipment associated with them,

The initial statement of work called for a study of the use of a radome over
the antenna under test. This was intended to provide an all-weather capability .
The initial investigation showed rather quickly that a satisfactory radome could
not be provided within theforesceable state of the art that would allow the other
requirements to be met. The implication of an all-weather capability was then
re-interpreted as a ycar-round capability This is satisfactory for the folicwing

reasons.

It 1s character:stic of antenna testing that much more time 1s spent on
mechanical work on the antenna--crect on, adjustment, modification, and dis-
assembly--than is spent making the measurements themselves. It is also true
that valid measurements are not likely to be obtained when there 1s severe pre-
cipitation. Therefore the year-round operational requirement means that 1t
should be possible to do mechanical work on the antenna under test at any time,
but it is considered feasible to delay measurements for a few days if required

by the weather.

Rece1rving instrumentation, within the state of the art, can provide adequate

measurement accuracy at the antenna terminals. The problem in the design of

an antenna test range 1s to insure that only the desired signal at the desired ampli-
tude and phase is recorded by the instrumentation. Reflections from the range
surface and from surrounding objects, atmospheric effects, and radiations from

other sources must be considered in the layout of the range, design of the test

-2-
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antenna structure. and nuplementat.on of the receiving system

The main problems to be cons:dered are then:

i.  Layout of the test range and the treatment of the range surface for

minim:zation of undesired reflection and scattering effects.
2. The configuration of the main antenna test building.
3. Provision for changes in range length

4. Radio frequency requirements  test signal receivers, transmitters,

antennds  and recor (11”[; (‘qlllplﬂ(‘ﬂl.

C ANTENNA MEASUREMENTS DESIRED

It s possible to describe the radiation characteristics of an antenna in terms
of a number ¢f quantit:es These include aperture ficld, current distribution,
radiat.on pattern, absolute gain, polarization, and efficiency. When a radome is
part of the antenna design the boresight error, scatter lobes and radome losses
must aiso be included The operture field and current distribution are primarily
of use to the antenra designer  The other parameters are of concern in systems
evaluatron. The gain, potarization and antenna pattern, including particularly

sull depth. 2re of major importance when considering RFI between systems.

Most often it 1s desired to determine the far field pattern of an antenna. In
theor; th's means that when making the pattern measurement the radiation 1l-
luminat'rg the »rtenne urder test should be a uniform plane 1n both amplitude and
phase. 1 practice some variation is allowed so that the spacing between the an-

tenna being tested and the radiation source may be finite

An antenna pattern in general is inade up of a main lobe and side and back
lobes of reduced amplitude. High angular resolution antennas may have a splat
or muit:ple main lobe. Splitting of the main lobe and severe distortions of the
remainder of the pittern may also occur when antennas are tested at nondesign
frequencies, such as harmonics or at spurious outputs of the transmitter intended
to operate w.th them. Experimental work to date has indicated that the gain of
antennis remains essentially constant up to eighth or ninth harmonic of their

design frequency . *

*O. M. Salati, '"Recent Developments :n RF Interference, " IRE Trans on RFI,
May 1962, pp 24-33.
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In RFI work detailed information about side and back lobes 1s particularly
important to obtain so that the state of the art in antenna design may be advanced,
The side and back lobe radiation serves no useful purpose and is a potent source
of interference 1n high power systems. Null depth information 1s also very im-
portant for antennas that will be operating at a fixed azimuth so that other systems,
particularly ones that will be in the immediate vicintiy, can be situated for

minimum interference.

An antenna pattern is obtained by rotating the antenna under test while re-
cording the level of the received signal. The gain of the main beam of an antenna
is obtained by using a calibrated source antenna and calibrated receiving system,
The antenna pattern can then be interpreted 1n absolute terms. Polarization data
is usually obtained by taking two patterns one with the source antenna horizon-
tally polarized and one with 1t rotated to vertical polarization, Other technques

are also available.

The accuracy of the measurements 1s dependent not only upon the instru-
mentation but very significantly upon the conditions under which the measure-
ments are made. The antenna test range can have a ve~y strong effect upon the
validity of the measurements, and thereby provides the major problem with
which this report i1s concerned. At the present time the state of the art 1n antenna
measurements is limited by the sites available rather than by the instrumenta-

tion.
D. SOURCES AND CONTROL OF MEASUREMENT ERRORS

1. Sources of Error

There are three major sources of error in making antenna measure-
ments: apparent errors arising from not meeting the far field craterion; errors
arising from real or apparent spurious signal sources, and measurement equip-
ment errors. The design of the antenna range site 1s primarily concerned with
the first two factors. The nature of the test signal, the receiving system, and

recording equipment will affect the third factor.

The far field criterion implies that the radiation impinging upon the
system antenna under test will be essentially a plane wave. Whatever deviations

that exist must be small enough so that they cannotaffectthe desiredmeasurement.

s




Devrations from ideal illumination take the form of nonunilurmities 1n phase
and amplitude illumination across the aperture plane, both in the horizontal and
vert:cal directicns Illumination variations may also arise from the test signal
energy traveling to the system antenna by other than a direct path Such paths
exist because of reflections from the carth's surface, surrounding structures,

scattering from natural objects, man-made objects, and atmospheric instabality.

2. Fresnel and Fraunhofer Patterns

'f 2 smali measurement probe 1s placed very close to an antenna and a
pattern record is made, the curve traced out will be very nearly omrniirectional,
even for high gain antennas. At successively greater distances from the antenna
the mair beam ardsidelobes become more clearly apparent with each increase
in distance. Finall, as this process is repeated. the peaks of the main beam
and side "hbes maintam their same relative magnitudes and only the nulls between

them charge, becoming deeper as the distance is increased.

At very short ranges the pattern is predominauntly affected by the in-
duction field of *he antenna. However, this diminishes very rapidly w:th distance.
The variations in the patterns observed may then be thought of as being caused
by the d:fference 1n angle and path length from the point ¢f chservation to the
various radiating points of the antenna. The region in which these angular vari-
ations is relat:vely large 1s calied the Fresnel zone. The region in which the
variations are small 1s called the Fraunhofer zone. It 1s clear that as the measure-
ment prebe 15 uniformiy moved away from the antenna, the angle from the probe
tc any given po'nt on the antenna changes uniformly. When is an angle large,
and whenisit small? It 1s a matter of arbitrary definition, and accordingly the

distinction between the Fresnel and Fraunhofer zones 1s a matter of definition.

To increase the gain of an antenna at a givenfrequency requires that
more of 1ts energy must be focused in a given direction. This requires that the
size of the antenna be increased Since the distinction between the two zones
involves the angle subtended by the antenna from the point of observation, a
bigger antenna (a higher gain antenna) will mean that we must move farther

away if we want tc measure 1t only from the Fraunhofer zone.

Although one speaks of obtaining '"far field" antenna patterns, what 1s

customarily meant 1s that the pattern is measured in the F raunhofer zone. The

-




criterion for obtaining Fraunhofer patterns with a minimum spacing, Rmin’

between the antenna under test and the observing or source antenna is:
2
_ <D
min A

wnere D is the maximum dimension of the antenna under test and X is the radio
frequency wavelength. This assumes that the measurement antenna 1s small
compared to the size of the antenna under test  This equation then means
physically that the phase variation of the illumination across the aper-

ture of the antenna under test 1s no greater than \/16 or 22. 5°. The derivation
also implies that the amplitude of the illumination is uniform and hence the

phase varies umiformly.

Now if one states that a far field antenna paticrn s to be obtained to
a null depth of 60 db, the criterion stated above is inadequate, for it 1s shown
in Chapter 1I that patterns measured at a spacing given by the Fraunhofer equa-

tion are far field patterns in the first null down to a level of only 23 db below

the peak value of the main beam:.

However, if it 1s stated that the far field antenna pattern is to be ob-
tained and that the relative null depths are to be obtained over a 60 b dynamic
range, the Fraunhofer criterion is satisfactory,for this means that the pattern

does not have to be obtained in the far ficld sense over the full dynamic range.

To obtain 60 db dynamic range far field patterns requires that the

spacing be

R S ——— where a = 90

For large antennas operating in the miciowave frequencies common
for radars, distances on the order of tens to hundreds of miles are involved.
This is clearly impractical and of little use for most earth-bound systems--space

and missile problems excepted.

There are two important points to be noted. First, any antenna pattern
is valid for the distance at which it was obtained (provided, of course, that the

test procedure provided proper control of all the other variables). Whether or

-8-




not this pattern is useful depends upon conditions external to the test itself. It
depends uparn the use to which the pattern s to be put. Second, the manner of
stating the requirements 1s vitally important They must be stated in terms of

the use to be made of the measurement

It 1s scen that "error' arising from not meecting the far field criterion
1s not an error at all There may be a discrepancy between the pattern obtained

and the pattern desired, but there is not an error in the analytical sense of the

]

WO

The abeve discussion should not be interpreted to mean that antenna
patterns cannot be obtained in the far field sense below the 23 db level (for a =1).
The anaivsisperformed te date has only considered the null between the main
beam and the first side lobe. When one considers lobes whose peaks at some
point on the pattern are, say, 30 db below the main beam the null between them
may be traced accurately in the far fiéld sense to some level below peak value

of these lobes. This mav be 20 db or only 5 db. Further analysis is required.

3. Reflection and Scattering

Errors in antenna palttern measurements will arise because of energy
traveling from the scurce antenna to the antenna under test by other than the de-
sired path Energy may be reflected or scattered, 1n either case that part of 1t
which 1s piwcked up by the rece:ving antenna will affect the signal level in the

measurement circuits, causing errors in the indicated pattern.

Tre preblein becomes most serious when a null in the antenna pattern
1s directed toward the source and the main heam 1s directed towards a strong
reflection or scattering object that is illuminated by a strong side lobe of the
source antenra as indicated in Figure 3. Buildings, trees, automobiles, other
antennas, fence rows, and so forth will act as spurious sources of energy. When
the m2in beam is directed towards such objects, the gain of the beam magnifies
the effective illumination of these objects by the side lobes of the source antenna.
At other orientations of the receiving antenna the energy contributed by a given
spurious path will be reduced by the change 1n the antenna gain along that path.
The error for this new orientation will also be affected by the change in the an-
tenna gair, along the range axis. The greater the gain along the range axis and

the smaller the gain in the directions to the spurious sources. the smaller the

-9-
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error will be. However, the ringe must be designed considering the worst case.

The matter of the surface of the earth 1s of some importance, for it
consititutes a dieiectric reflector that must be contended with in any antenna
test range Off the axas of the range it becomes a diffuse scattering source af-
fecting the pattern :n the manner just considered but over ail azimuths. On the
ax1s of the range the problem 1s somewhat different. Here we need not cons'der
what part of the antenna pattern is directed down the range. However, the source
antenna will illuminate the ground over a considerable distance and an appreciable
portion of this energy will enter the receiving antenna upon reflection. The magni-
tude ard phase cf the reflected wave will depend upon the angle of incidence,
the «rea and location of the illuminated region or reg.ons, the reflectivity of the
ground, and the poiarization of the incident wave. The reflectivity will be de-
termined by the surfece materiai, moisture content of the ground, source fre-

quency, polarization, and angle of incidence.

That the surface reflected wave can be used to advantage in antenna

testing w:ll be considered later

4. Atm-spher:c Effects and Weather

Atmnspher:c var.atiors .n the propagation path between the source
antenna and the untenna under test can cause variations in the wave front. Such
instabilities wr.l intrcduce noise -like disturbances in the antenna pattern which
can be pert-cularly severe 'n measuring the main beam of very high ga:n an-
tennas. These variaticrsarc causedby thermal gradients in the atmosphere
which are dependent upcn the amount of sunlight, effective sky temperature
(at maght), winds, <louds, and the nature cf the range surface. Little can be done
to contrcl such atmcosphertr variables. If the nature of the testing in progress
requ:res a very stabie atmesphere, it 1s usually necessary to work during the
early morning hours when the atmosphere 1s most stable. Also during this time
the moisture content cf the ringe surface, and hence its reflectivity, usually

stabiiizes fcr several hours,

An antenna range located in a northern climate must also contend with
snow. If it were not for the fact that snow drifts, it would be of little importance
except for some possible difficulties with vertical polarization measurements.

However, drifted sncw will cause variations inthe groundplane whichwill give rise

-11-




to undesired reflections and scattering cf the RF ercrgy. it will atso obscuare

the effects of a ramp and fences. Plowing 1s not a4 satisfactory sclution for high
accuracy tests since, although it might clear the prepared range surface, the
banks remaining wiil act as off-axis scattering lines. The best sciution to the
problem is to sumply avowd snow. However, various compromise soluc.ons can

be worked out, all of which w:ll 1nvelve seme decrease in the accuracy ~f measure-

ments cor significant increase :n expendutures for a large range.

5. Error Control Zones

Almost every poimnt that will have to be considered 1n the construction
of an antenna test range willalse have to be corsidered frem the standpe.ont of
its effects upon the accuracy of the range. The receiving system and saurce
antennas cbviously require very carcful consideration. Such factors as the 1 -
cation of access roads, parking lots, and landscaping {assuredly someonc will
want a flagpole) will alse have a significant irfluence upen range accuracy !
the efficiency of use and utinization facters are also censidered--and these can
influence the rarge accuracy thrcugh their effects upen human behavior--then
the internal arrarngements cf the buildings must alsc be considered However,
for the present only the major scurces of error wili be censidered, but {rem a
standpoint that more detailed design can proceed later. The most serious limi-
tation upon range performance is the production of the desired amplhitude and
phase uniformity of the radiatien prescented to the antenna under test. Pertur-
bations 1n the 1llumination wiil arise from scattering and reflect:on frem the
range surface, the area surrcund:ing the range, from objects on the surface. The
degree to which these can be controlled depends upon a number of factors, most
of which are ultimately related to distance from the transmitter tc the receiver

via the point or cbject in question

On this hasis it is convenient t¢ consider three zones on the site as
indicated in Figure 4, The inner regicn, Zore I, is the prepared surface ¢f the
range proper. Its function 1s to provide a desired specular reflection (as will be
explained 1n the next section) ard toc minimize other undesired specular re-
flections and scattering effects. [ts surface will have to be prepared tc very close
tolerances and be well maintained. A ramped shape will be utilized tc reduce
some of the undesired reflections andatthe sametime ease gradingtolerances. Ray

blocking fences will also be used at the h:gher frequencies where the grading

-12-




tolerances become untenable.

Skipping Zone Il for the moment, Zone III is the region where it is not
practicai or possible to control the real estate and the objects on it. No re-
strictions are placed upon it. Undesirable effects originating here will be removed

by processing the transmitted and received signal.

Zone Il is a buffer zone where the terrain 1s maintained clear of large
scattering objects ard must be under the control of the antenna test range facility.
Practical signal processing methods cannot remove the diffuse scattering to be
expected from this area, and so it will ultimately determine the accuracy of the
range. The reason tor a distinction between Zone [ and Zone 1] is purely a matter

of economrcs  Zone ! should be as large as practical.

Since signal processing techniques will operate on the difference in
time of arrival of the direct ray traveling down the axis of the range and the
reflected or scattered signals arriving from Zone 1II, the boundary shape be-
tween If and 11! 1selliptical. However. the boundary location 1s admittedly fuzzy,
for its sharpness depends on the resolution capabilities of the signal processing
equipment, ¢ g., the gate rise tume 1n a pulsed system and filter cutoff slope in
an FM system. It 1snot desirable to make either of these parameters sharp for

they will then afiect the accuracy when measuring frequency sensitive antennas
E. RANGE DESIGN AND ERROR REDUCTION TECHNIQUES

1 The Reflection Range

The shape of the range surface will have a significant effect upon the
range operation. The range surface will absorb, reflect, and scatter energy in
various ways For a given material and shape the distribution of the amount of
energy affected by these mechanisms will be a function of frequency. In general,
as the frequency :ncreases the amount of scattering will increase. There are two
diametrically opposite approaches to handling this problem. One 1s to try to mini-
mize the amount of energy that can be received by the antennas under test. The
other is to make use of the energy from the ground by careful arrangement of the

transmitter and receiver antennas.

The latter approach i1deally has the ground a planar dielectric mirror

from one antenna to the cther, Energy 1s reflected from this surface out of phase
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with the incident wave. At the receiver these two waves add or subtract as the
elevation 1s increased, starting with a minimum at ground level as indicated in
Figure 5

Fortunately, when a RF beam strikes the ground at grazing angles most
common materials (nonmetallic) act as a dielectric mirror. Of course, they
must be sufficiently flat or the angle will not be grazing. As seen from the re-
ceiving antenna, the energy coming from the point of specular reflection on the
ground appears to be coming from an image of the transmitter located the same
distance beneath the ground as the transmitter is above 1t. The magnitude of
thrs image 1s determined by the reflection coefficient. If the coefficient is -1,
asitwouldbefordry ground and very small angles, then the image has the same
magnitude as, but “x of opposite phase tc, the real source. The combination of
the direct and reflected rays produces an interference pattern with a null at
ground level and at successive points above. The locations of these nulls and the
intervening maxima are determined by the heights of the two antennas as well as
tte distance between them. Normally the antenna under test 1s located on a max-
imum, although it need not necessarily be. The height of the receiver, HR, and

the heisht »f the transmitter, H.., required for this condition is

T)

4HR HT = AR

where R 's the distan ¢ between the anternnas., With HR and X\ fixed, either HT

or R or beth <an be varied to produce the des:red illumination.
1t 15 apparent that this amplitude distribution creates a variation in
the illumination across the antenna under test. If a variation of +1/4 db 1s allowed,

then the height required for a given aperture size, D (vertical dimension), is

Hp = 2.4 D.
Fer adishwhose aperture 1s 60 feet in vertical dimension this means that the
height must be 143 ft. Fortunately, some compromise 1s possible with this
since the same illumination tolerance can be maintained when the height 1s de-
creased somewhat. For the purposes of the range under consideration, 120 f{t.

is considered to be minimum height for a 60 {ft. antenna.
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2. Recciving System Structure

['he design of receiving system facility is one of the major mechanical
problems in the design of the range. The utilit, of the range will be determined
to a grea! extent by this structure. It must provide a location and facilities for
erecting antennas up to 60 feet in diameter, shops for mechanical and electronic
modifications, and a hous:ng for the receiving and recording system. Most im-
portant. it must not interfere with the conduct of the tests. It should be possible
to werk on antennas throughout the year, although it is considered feasible to

restrict anterna testing uuring inclement weather,

“he major design problem is created by the requirement that the an-
terna be ra.sed 1o 4 consinerable elevation and that it have a clear field of view
through 360° 11 azimuth -. ».ng tests, vet that it be possible to work on the an-
tenna .n all weather conaitions.  Thus requires that the antenna be enclosed, ex-

cept curing tests when ' must be in the clear.

s s possibic to consiaer the use of radomes so that the antenna may
be tested 1rom an enclosca locat.on. However, even when an antenna system is
to be used only ir a .imited frequency range, the antenna and radome must be
desigrned together tn order that the racome not affect the antenna pattern. No
raacme material ana structural technique exists that will allow the range to be
operated over its intended frequency range of 40 Mc to 40 Ge while producing

a pa'tern accurate cver a 60 1b dyhamic range.

Several techiniques that may be cousidered are presented in Figure 6.
I'he most straightforward solution to the problem appears to be a simpie rect-
angular bu:lding sufficiently large to allow the maximum size antenna to be
erected inside and then elevated straight up to the roof top level. Such a structure
is shown 'n Figure 7. “he size of the Jargest antennas to be put up ensures that
the rooftop he.ght will be adequate for providing a clear view. Although the con-
figuration of the elevator may be out of the ordinary, it should not be unusually
d fficult to engineer. Of course, the roof would have to contain a fairly large

rolling hatch. But these problems appear simpler than those involved in the other

techniques.

This configuration is aiso amenable to some alternate uses that would
enhance the utilization of the range. By allowing the front of the building to be

opened and lining the interior with RF absorbent material as shown in Figure 8.
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CONSTRUCTION

ADVANTAGES:

DISADVANTAGES:

The butlding would constst of a stationary first study and a muvable second story.
To dear e aate no o testi, the second story would be rolled down a large
ramip to the rear of the bindd. g (1), and the  rolled far coomph 1o the rear (2)

s as Lol toanterfere with the ante o pratlern testing.,

Qne of the anplest trettoods ot cleart g the ante na, and it gets the second story
structure completely out ot the way durong tests af moved a large distance.

Large size and weight creates a great mechamcdl problem v moving the sccond
story structure.  The building would have tu be moved a large distance because

of reflections

CONSTRUCTION

ADVANTAGES:

DISADVANTAGES:

Ine building would consist of 4 statoo ary first story arnd 4 movable second story
which would ¢ollapse upon atself to reduce this herght to approximately 35 feet,
o clear the a terna for testing, the second story would be rolled down o ramp
in the rear aato o large put (1) o be collapsed upon atself, to keep the roof near

pround level,
Gets the second sty Connpletely dlear of the ante ing during testing periods.

A large tumber ot duhoult necnancal problems are involved, N reasonably

stort ramn wonld create arpge stresses,

CONSTRUCTION:

ADVANTAGES:

DISADVANTAGES:

Fig. f - Antenna finclosures

The butlding would constst of 4 st nary first story and 4 collapsible second story,
Tou clear the antennd for testing, tne r ool would be folded upward and outward 10
position against the sode walls (1o Then the two halves of the second story would be
collupsed dow ward around the outside of the first story.

This method would completely clear the antenna for testing.

A large nuinber of difficult tnecharacal problems are involved particularily w.th the
folding roof.
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CONSTRUCTION:

ADVANTAGES:

DISADVANTAGES:

This structure would resemble two baby carriage hoods placad
face to face, with large gin poles to erect and retract the
structure., The structure must clear a vertical height of 65 ft.,
requiring that the ellipse of the hoods be approximately 120 feet
wide, To clear the antenna for tests, the hoods would be lowered
into pits (1), then the gin poles lowered into pits (2).

Completely clears the antenna for testing.

A complex mechanical problem, highly subject to wear and
weather damage.

CONSTRUCTION:

ADVANTAGES:

DISADVANTAGES:

Fig. 6 - Antenna Enclosures (Cont'd)

The building would consist of a solid structure with a large
sliding trapdoor in the roof and a large elevator on which

the antenna is agsembled. When the antenna is ready for testing,
the trapdoor is rolled to the rear (1), and the large elevator
raised until its floor is flush with the roof (2).

This is the simplest approach to the problem that will also
yield the desired results, Requires the least complex
mechanical arrangements,

The antenna will be unnecessarily high for higher frequency
testing, and this method may require long RF cables on wave-
guides from the antenna to the receiver, unless receiver is
placed on the antenna platform,
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tests may be conducted on the main beam and first side lobes without raising

the antenna. This would be particularly useful in setting up an antenna or making
quick checks of a modification. Also portable antennas could be assembled out-
side the building andthen rolledontothe elevator fortesiing. By providing enough
depth to the building and suitable handling equipment it would be possible to

work or more than one antenna at a tune

3. The Ramped Range

The reflection range suffers the disadvantage that as the frequency of
operatinn increases it becomes increasingly difficult to maintain the ground
surface as smaooth as required for specular reflection from a single point, or
more properly from a single area (because the transmitter has a finite size).
Practical methods of grading a largearca...: Jwiththepassageoftimewill produce
dip. and rises which will create additional points of reflection, some of which

will direct energy towards the receiving aperture

If the major axis of the range 1s raised so that a sloping ramp is created
¢n either side as shown in Figure 9, this problem does not become critical so
quickly. On a ray theorybasis alone, any energy striking the ramp would be
reflected at an angle that would carry 1t away from the receiver. Over most of
the range !ength on a long range even a very shallow ramp angle would cause

rnest of the reflected ravs to miss the receiver by a wide margin. From this

verbal description it becomes apparent that local variations in the ramp will
have to be much greater thaninaflat planeto cause undesired reflection into
the receiver. The grading tolerance problem 1s reduced to maintaining a sharp,

straight apex 1f a ramp 1s used

Considering the problem more properly requires that the wavelength
of the energy illuminating the ramp be considered. At low frequencies where
the wavelength is large, the ramp does not exist for all practical purposes. At
the high end of the frequency range, 40 Gc¢, the ramp is many wavelengths high

and very many wide, and so its effects would be very noticeable if it were suf-

ficiently smooth. (In practice 1ts surface texture--most likely grass--will cause
it tc act as a diffuse scatterer.) Thus it can be seen that there will be some fre-
quency region at which it will attenuate the reflected ray sufficiently that the
range no longer need be cperated in the reflection mode. This is desirable
because when the grading tolerances become too severe, the range will not
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operate ir. the reflection mode anywav. The presence of the ramp as . cases

the girrading aierances for the refieciion mode of cperation, and only at the ex-
pense f reducing the effective amputuds ¢of the tmage source. This i of ittie
consequence fir this oniv means tha' the qmp.itude variation acrcss the aperture
decreases tc the same extent that the phise variatiorn increases. The tw. etfects

compensate - r each other,

The degree of reflect n attenuation the retically achievabie ' noti1co
premising. Tuvpica! figures at ful, range tength are 3.db at | Go awd 19 db at
40 Gc. The pr.mary advartage of the ramp s that ot reduces the surfa:c gradong
tolerance problem by prowvidivg attenuat: n at the shortest waselength wher
grading t.lerances are m.st scvere !t appeirs that the ridge of the ramp must
be set in place w:tk the strictest «f tlerances namely, 0 75 ancb thr-ugh the

main reflect:on zones,

4. Use of Rav Blocking Fenes

A ferce mav be pltaced en the rarge perpendicular to its axis and near
the point of specular refiection te bleck the ercrg: traveling teward the ground.
Its effect is to screern the receiver from the image of the transmitter. Howeover,
when the physical wavelength 1s taken inty - orsideration it becomnes apparernt
that energy can reach the receiver by diffraction over the edge. There are sever-
al paths b which this may occur as irdicated in Figure 100 An analvs.s of these
effects shrws that, for a representative example, at 7 Ge the diffracted energey
reaching the receiver 1s [5dbh - r greater bel 'w the direct path energy. Tris
mmplies a nonuniformity of illumination of + 1.5 db as well as a ¢ rresp. ndingly
smali error in the patterr measurement. !f a fence 1s used for tests frem 7 to

40 Gc the range n.- lenger need be perated 1r the reflect:orn mode and surface

tolerances need nct be ¢ .nsidered above this frequency.

In the design t« be recommended the antenna height required at 7 GC
1s 1.8 ft. «perat:ng in the refiection mode. Using a fence for aperation ab. ve
this frequency, a fence 10 {t. high located 1000 ft. away may be used if the an-
tenna is raised to 20 ft. More anaivtiral and experimental work 1s needed on

this probiem to determine ~ptamum configurat:ons.
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5. Range Surface

At grazing angles of incidence, I/ZO and smaller, the surface material
is of little consequence as long as it is a dielectric and it is flat. However, when
the range 1s "tuned' to a particular frequency by changing antenna height or
antenna separation, the angle does not necessarily stay so small, nor will a
practical material remain flat The use of ramps and fences will ease the grading

tolerances, but the range covering still must be considered.

Ideally it would be a material such that the reflection coefficient for
both horizontal and vertical polarization 1s relatively constant and is close to
-1.0 for grazing angles up to 10°. Most materials have the property that the

reflection coefficient for vertical polarization decreases rnuch more rapidly

!

than for horizontal polarization. At the so-called "Brewster angle' where 1ts

magnitude is zero, 1t changes sign. The Brewster angle 1s roughly 30° for water
Urfortunately no practical material exists with such ideal properties. The limited
information in the frequency range of interest and for forward scatter at small
angles for concrete, grass, and macadam allows one to guess that they all have

about the same merit. More experimental data is required for detailed analysis.

For a very large range such as that being considered here, the ecoromic
factor becomes important. At the Verona site the choice will probably be grass
or macadam. Grass will require more annual expenditures than macadam be-
cause of mowing, but a relatively narrow hard top strip will still require mow-
ing beyond its edges and the edges themselves could constitute a scattering
source that would affect the measurement of very high angular resolution antennas.

The choice of material does not affectthe over-all feasibility of the range.

6. Range Placement and Length

To this point the discussion has been concerned with Zones I and II, the
antenna test range itself. The choice of range length and placement involves the

Fraunhofer criterion and Zone III, the existing site locale,

The maximum diagonal available within the confines of the existing
Verona test site is 8200 feet. If a range were constructed of this length, 60-ft.
apertures could be tested to 1120 Mc. However, the aiignment of this axis is
such that a number of problems are created because of already existing structures

and the terrain. Preparation of the range would be very expensive and even then

r.




not all diufficultics would be eliminated Neither the antenna test range nor some
of the other operations at the Verona site would be completely satisfactory
Figure 1l shows a practical alignment for a 6000-ft. range, which wall allow
60-ft. apertures to be tested at the Fraunhofer spacing to 820 Mc, and which will

allow the present functions of the site to continue with the least interruption.

This alignment permits satisfactory access and enough separation for
practical signal processing to eliminate the Zone III scattering and reflection.
Unfortunately, the presence of antennas on the border of the zone may create
very strong reflections at certain frequencies. However, these can probably be
minimized by finding an optimum ''storage'' position for them when they are not
in use. The ellipse also indicates that control should be obtained over some
additional property. Possibly some kind of agreement would allow the replace-
ment of fence rows with short wood posts, (since fences may constitute strong
reflection sources), but permit the continued agricultural use of the land for

crops of limited height,

7. Variable Range Length

The reflection range equation, 4 HR HT = M R, shows that transmitter
height and range length may be varied together This suggests that the tranamitter
unit should be allowed to take on more than one position. If a continuously variable
range length 1s considered there immediately arises the problem of providing
suitable cornnections between the receiver building and the transmitter unmit. This
problem can be taken care of by providing a number of fixed locations for the
transmitter along the range. Since the transmitter antenna height can be varied
to compensate for range length, fixed stations are feasible. By making a suitable

cheice of range lengths, it is possible to meet all desired characteristics with

four fixed stations along the range.

Figure 12 shows the transmitter height as a function of frequency
for four range stations located at 650, 1400, 2800 and 6000 feet. A maximum
transmitter antenna height of 40 feet was used in determining these values such
that the Fraunhofer criterion would be satisfied for 60-ft. apertures over the
entire frequency range up to the limit imposed by the length of the range axis.
This limit occurs at 820 Mc and for higher frequencies the maximum aperture

for Fraunhofer testing decreases as shown in Figure 13.
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The maximum transmitter height may be reduced by providing more

range stations.

8, Signal Processing

Signal processing is the key to the feasibility of a successful antenra
test range on the Verona site. Its function is to remove undesired returns that
wiil arise bv reflection and scattering from objects off the controlled range,
The Veronra site has a number of flat-sided buildings and antennas that conld
cause a great deal of trouble in testing high gain antennas. Their effects zan be

removed by 2 properly designed system.

Anv encrgy traveling to the receiver by way of another object must
travel 4 Ionger distance than the direct ray, and so take a longer time. The
opt.mum laycut for Verona gives 2 minimum time delay of 0.4 psec. 1f 2 pulscd
system :s considered the receiver must be gated off within this time after the
RF pulse is radiated. The transmitted pulse width is unimportant, but its rise
1:me must be fast erough to allow a peak value to be measured and then the re-
~caver gated off to 4 level of 60 db below the "on' state within the 0.4 psec. By
kecpirg the recerver turned off unti]l the pulse 1s radiated noise effects ard inter-

fere~ce from other site radiators can be minimized.

Ar. FM system may also be considered where the transmitter is swept
wress a4 yiven frequency range and a comparison signal is provided v'a aroiher
pith. The desired signal will generate 2 characteristic audio beat frequrncy
wk ¢ reflected and scattered returns will produce beats at other frequencies
which may be remcved by filtering. For the path lengths involved at Vercny,

2 M frequency sweep is required.

The receiver bandwidth requirements for the pulse and FM systems
are essentially the same Theoretically e:tuer system may be used over the
ert.re frequency range, however, practical considerations indicate tkat the pulse
system not be used at the lower {requencies, and that the required linearity of
frequency sweep will be very difficult to attain at the higher frequencies. Use of
the FM system up to approximately 1000 Mc and the pulse system down to ap-
proximately 500 Mc is suggested.
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Signal processing is not without its difficulties. The bandwidth re-
quiremeni for either system, 2 Mc, may cause some inaccuracy in measuring
aeep nulls and will cause inaccuracy in measuring frequency sensitive antennas.
In the latter case CW testing may be used, bui the patterns obtained will then be
subject to inaccuracies caused by Zone III reflections. Also the gating process
in the receiver or the frequency "flyback'" step in the FM system will create noise
of their own. This noise can be held to a tolerable minimum by careful engineering

and maintenance of the transmitting-receiving systems.

9. RF Power Requirement

The power required from the *ransmitter will depend upon the sensitivity
of the receiving system. the signal-to-noise ratio required to hold the measure-
ment crror to the desired level, the dynamic range to be obtained in the antenna
pattern, the maximum gain of the antenna under test, the path attenuation, the
transmutter antenna gain, and fixed system losses--primarily due to cabling

from RF heads to antenna terminals.

in a system where all parameters are well-controlled, such as this,
it should be possible to attain a sensitivity of -100 dbm across the entire fre-
quency range. Since the various measurement errors will accumulate, the error
contributed by the signal-to-noise ratio must be held to a reasonable value,

say 1/2 db. This requires a signal-to-noise ratio of 25 db.

The pattern dynamic range of 60 db is one of the major factors in
setting the power requirement. An analysis of the power requirements shows
tha! when operating at range lengths required by the Fraunhofer equation an
essentially constant factor of 15 db may be introduced to which the difference
in antenna gains must be added. If four fixed stations are used an additional 7 db
must be included to properly account for the path losses. In order to satisfy the
Fraunhofer illumination requirements the gain of the transmitting antenna will
always be at least 15 db less than the antenna under test. If antennas are avail-
able such that the gain difference does not exceed 25 db, and 8 db is allowed
for fixed system losses, then the total power requirement does not exceed 10

watts across the frequency range.
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10, Transmaitter Un:

The transmatter unit is to be movable between four or morc range
stations from 650 ft, to 6000 ft. and :s to provide heights adjustzble from 40 ft,
down to 4 inches. The maxumum height can be reduced if more stations are pre-
vided. The umit will carry RF heads and antennas for the 40 Mc to 40 Ge {requency
range. The antenra mount must rotate sc that both horizental and vertical pelar -
ization can be previded. To reduce feed line losses the RF heads in the microwave

region may be rounted at the antenna.

In order to avold creating a line source of scattering a wheeled vehacle
having ernough tire area to provide low surface contact pressure 1s requirced. It
should be roted, theough, that th:s l:ne source, which might be either ratls o
ruts, would be very close to the range 2x:s and would only affect measurs ment

of very higk argular resolut:on antennas.

The umit should have jacks built in to stabilize the platform and tower.
Each range station should have concrete jack pads flush with the surface. Electr:-
cal power and control connections would be made at each range station tr.ro.gh

3 plug box mounted belcw the range surface.

Trigger signals for the pulse system and an pilot signal for the RF system
would be generated at the receiver building and transmitted to the RF keacds. Re-
mote control of antenna height, polarization, and R} tuning must be provided for
efficient operation of the range. The extent to which band switching and antenna
selection are remotely cortrolied will depend upon ecoromic factors. Monitor:ng
circuits for critical transmitter parameters must also be provided. Remote
control of the distance to the trarsm:tter unit is probably unnecessary unt:l the

range utilization becornes very hizh.

F RECOMMENDATIONS FOR AN ANTENNA TEST RANGE ON THE
VERONA TEST SITE

1.  Range length approximately 6000 ft. oriented as indicated 1in

Figure 11.
2. Range to be operated primar:l7 in the refiection mode.

3. An encloscd antenna erection and receiving system building with

an elevator andpedestal to raise 60 ft, diameter antennas throughthe roof.
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10

13.

14,

15,

The maximum antenna center height satisfy the equation HR = 2.4D

(maximum vertical dimension of antenna) up to a height of 120 ft.

A wheeled mobile transmitter unit be provided for operation at four

or more fixed stations down the range.

Transmitter antenna height be continuously variable from 4 inches to
40 feet. The maximum elevation may be reduced by providing more

range stations. The normal minimum height will be 1.8 ft

Approximately 10 watts of RF power be available from 40 Mc to
40 Ge.

An FM transmitting and receiving system with a 2 Mc bandwidth be

used from 40 Mc to approximately 1000 Mc.

A pulsed transmitter and gated receiver be used from approximately

500 Mc te 40 Ge

That the source antennas have 15 to 25 db less gain than the antennas
under test, but in no case to have maximum horizontal or vertical
dimension exceeding 0.414 times the same dimension of the antenna

under test.

A range surface 6000 feet long by at least 100 feet wide be prepared

such that 1its final shape will remain stable throughout the seasons.

The lateral cross section of the range shall be a ramp of 10° slope,
(sloping down from either side of the central axis of the range), each

side 50 to 100 ft. wide.

The prepared range surface ridge shall have no rises or depressions

greater than 0.75 inches.
A fence be provided to block ground rays above 7 Ge.

The area included in an ellipse of major axis 6400 feet and minor axis
2230 feet with foci at the receiver building and 6000-foot range station
be ciear of all buildings, trees, towers, fence posts, shrubs, large
rocks, ditches, and other sources of scattering. The area immedi-

ately to the rear of the antenna building is excluded.
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G. ANTICIPATED PERFORMANCE CAPABILITIES

1. Inthe frequency range 40 to 820 Mc apertures up to 60 ft. diameter
can be tested at 2a D'2 /N with a =]. The far field pattern will be obtained 1n
the first null down to a level of 23 db below the peak of the main beam. Further
mathematical and experimental analysis 1s required to determine the far field

null depth measurement accuracy at points away irom the main beam,

2. The maximum aperture that can be tested at a = 1 from 820 Mc to 40

Gce varies from 60 feet to 1.5 feet following the rule:

D = 55\ (ft)
max

3. Pattern ranges of 60 db can be recorded from 40 Mc to 40 Gc.

4, Accuracy of recorded pattern values will be a function of the frequency
range and the recorded amplitude level. The accuracy will be greater for long
wavelengths and high levels, The primary factor affecting accuracy at modcrate
and low levels will be the directivity of the rnain beam of the antenna under test
and 1its orientation in relation to the scattering field of the site. Atmospheric

stability will affect accuracy with increasing significancea frequency increases.

Accuracy will also be affected by the design and maintenance of the receiving/
recording system. It should be possible to maintain irl db pattern accuracy over
a dynamic range of at least 30 db except 1n the frequency range 7 to 15 Gc where
the accuracy will be approximately ! 1.5 db. Accuracy predictions to 60 db

dynamic range require further experimental and analytical studies.

5. Horizontal polarization measurements can be made at almost any
time. Vertical polarization measurements at the closer range stations may be

less accurate when the range surface is wet.

6. Measurements of antennas at nondesign frequencies are subject to all
the above conditions. However, the maximum aperture limitation may be readily
exceeded when measuring harmonics. This will mean that measurements are
being made at fractional values of a, and so although the full dynamic range of

the pattern may be observed, the free field pattern dynamic range will be reduced.
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H RECOMMENDATIONS FOR FURTHER DEVELOPMENT

1 That the reflection range parameters be studied experunentally 1n

detail to develop criteria that will allow the minimum receciver height to be
recuced

2. That the range surface shape factors be studied experimentally to
better predict the level of scattered energy oresent at the aperture of the antenna
under test and to refine methods for reducing the scattered level. Ramp effective-
ness and slope tolerances must be verified.

3 That the techmques ror operating the range at frequencies above approxi-
anately 5 Ge be further developed including consideration ol techmques for easing
the range grading requirements. The theory set forth in this report must be
tested experimentally

4. That range surface materials be experimentally investigated and
economsc factors studied to determine the optimum material for a practical
rangc.

5. That the implementation of special techniques for generating and pro-

cessing the transmitted and received signal be developed for use in a range.

6 That economic trade-offs against range performance be investigated
for the rece:ver building, range surface, transmitter unit and remote control
functrors

7 That the effect of antenna support structures on illumination field uni-

formity be studied experimentally and theoretically

8 That techniques for measuring and monitoring range performance be

developed.
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CHAPTER I
NULL DEPTH MEASUREMENT LIMITATIONS

A. PATTERN MEASUREMENTS

The accepted measurement procedure for obtaining an antenna pattern in-
volves plotting relative power level while rotating the antenna under test. A
power reference level 1s established on this plot for conversion to an absolute
power pattern at selected vilues of frequency and of the radiation field. The
method requires the use of two antennas, one radiating at a constant power level
at a given frequency and polarization while the power level received by the second
antenna 1s recorded as a function of the angle of rotation when the antenna whose
pattern 1s being measured rotates with respect to the other and in a particular
plane. Which antenna radiates is not important, since the direction of power flow

15 not related tc the field pattern.

For the sake of clarity in this discussion we will define the antenna whose
pattern s to be measured as the system antenna and the other antenna as the test
antenna. The test antenna will be considered as the antenna which 1s used as the

radiation source for reasons which will become apparent in the following sections.

The complete knowledge of an antenna's field structure is very difficult to
measure since. as in many other measurement problems, the presence of the
measuring system itself serves to change the true value of the quantity to be
measured. 7t 1s therefore very important to be able to specify the nature and order
of magnitude of this change in order to actually interpret the measured data. A
theoretical analysis may be presented to define the nature and relative magnitudes
of the site effects of the measurement system, which includes the site itself,
upon the normalized antenna parameters, The remainder of this report 1s con-
cerned with a number of such analyses and with considerations of various tech-

niques for overcoming the implied limitations.

Even in free space it would be difficult to accurately obtain the far fiela
pattern of an antenna. Measurements made at a finite spacing between the source
and the receiver will modify the theoretical far field pattern, This chapter is
devoted to an analysis of the effects of this situation upon ithe pattern. It has
been customary to consider that the far field pattern is obtained when the mini-

mum spacing, Rmm, beiween the antennas satisfies the Fraunhofer equation:

=30k




where D = maximum aperture dimension of the antenna under test

A = wavelength

It will be shown that this criterion is satisfactory for obtaining the peaks of
the patterr, but becausec it imphies an allowable phase variation across the
aperture under test of \/16, the recorded pattern nulis will deviate from the

theoretical below a certain level. Tlie level at which this occurs can be controlled

by modifying the Fraunhofer cquation to read:

2 a D?
A
The required value of the parameter a for a far field pattern accurate to a cer-

tain level can be determined by graphical means.

B. ANALYSIS OF NULL DEPTH MEASUREMENT

The analysis may be started by examining the classical case of a point
source 1lluminating a plane at a finite distance R. From Figure 14 it may be
seen that the phase variation across the plane with respect to the center will
consist of a series of rings about the axis between the plane and the point source.
Therefore for a given value of separation, R, the phase variation, across the
plane 1n the Z or Y direction would vary as a function of R + N \/2 where X would
equal the wavelength and N would be an integer. The converse would also be
true of course, that is, for a given uniform plane illumination a point moving
along the X axis would pass through similar miaima and maxima as the distance
to the point from each ring would change from even toiodd integers (phase can-
cellation and phase interference). In any case these s;mmetrical areas (known
as Fresnel zones) would cause any amplitude measurement to be a function of
distance (R) with the variation with increasing distance becoming smaller and
smaller until R would be infinite. The value of R for which this phase variation
becomes negligible would indicate the boundary of the true far field measure-

ment (Fraunhofer Region),
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The criterion established in previous litera.ture1 allows a maximum phase
variation of A\/l6 across the area occupied by the antenna under test. This is
only a portion of one Fresnel zone. Thiscriterion is certainly justifiable as will
be seen, However, the criterion must be carefully examined with respect to the
dynamic range of the measurements to be made. For example, the value of
this phase variation would be a function of the antenna aperture and could be plotted
with respect to the value of R in wavelengths as shown in Figure 16. In this
-figure 1t may be seen that the phase variation increases exponentially as the
range is decreased. The phasec variation is greater for increasing points on

the plane for any given value of R.

By specifying the maximum phase variation then the relationship between
D and R may be derived from the same geometry. For the criterion of a maximum

phase variation of \/16 the relation is : (Figure 15)

D A N2
2-=n\/2r|55) +|7] 0
then
D 1 A . M
S o VRRREE (—IE) s
Hence :
R\ AD)
D? = = or R > N (2)

If the maximum phase error is permitted to be \/8 then the resulting separation
distance will be one-half that determined by a maximum phase error of \/16.
This also corresponds to a power error of ., 25 db for a circular aperture of
diameter D. Figure 16 is normalized plot of this relationship. Considering a
finite plane of dimension D as the aperture of the test antenna, the error from

a true plane wave illumination would then be related similarly to the antenna's
separation. Previous work has shown that the relationship between antenna gain

and the aperture size (area) for a plane wave illuminated aperture is:

B 47 A
NE
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where A 1s equal to tae aperture area and therefore 1s proportional to D¢, To
maintain a particular maximum phase deviation over the aperture then would

indicate that the gain for that aperture would be a function of R.

For a given antenna the difference between the maximum theoretical gain
and the gain measured at a finite distance R 1s a function of R. The relationship
of this gain variation as a function of range has been derived for simple electro-
magnetic horns.3 A more general analysis therefore needs to be derived in
order to cvaluate the total radiation pattern variations as a function of antenna
spacing. The purpose of determining the maximum value of the variations
rather than their exact nature 1s that these maxima may be uscd as possible

measurement accuracy limits.

Relating these iimits to any antenna requires that a common reference level
be established., A plane wave illumination of the system antenna would be re-
quired to obtain a pattern completely independent of scparation. Since plane
wave 1llumination requires an infinite separation, deviation between patterns
taken at any particular separation and that taken at an infinite separation may
be considered as an error of the true far field pattern. Although the maximum
error would occur where the minimum energy level must be measured or dis-
criminated from zero {i.e., in the absolute pattern's nulls) it is much less
cumbersome to refer all the energy levels to the maximum or main beam value
as in a relative pattern. In this way a minimum level below the main beam
reference can be established below which the measured pattern differs from the
theoretical plane wave pattern, thus defining a maximum measurement dynamic

range rather than an error magnitude for various antenna separations,

An example of this procedure may be seen from the hypothetical anterna
pattern plot4 shown in Figure 17.. In this figure the solid curve represents the
pattern for a plane wave illumination with an infinite antenna separation, while
the dashed curve and the dotted curve represent the same antenna's pattern at
successively shorter separations. These patterns indicate that as the separation
distance is decreased the lobes arc slightly broadened and the nulls are con-

siderably shallower,
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To obtain specific limits to the dynamic range of the far field vattern as a
function of measuring distance with given values of the antenna aperture and
wavelength, the shape of the antenna aperture must also be considered. In
Figure 18, which shows theoretical patterns for circular and square apertures
illuminated by a plane wave, 1t may be seen that the null depth in both patterns is
theoretically at infinity, The lobe structure 1s sharper for the square aperture,
with side lobe levels below those for the circular aperture. Comparing Figure 18
with Figure 17 (the solid curve), which is for a rectangular aperture with an 8
to 1 length to width ratio, shows that the rectangular aperture pattern has lower

side lobes than either the circular or square aperture pattern .

From these theoretical patterns then it would seem that a conservative yet
reasonably simple aperture shape to choose for analysis would be of rectangular
form with a relatively large length to width ratio. For an aperture of this shape
the errors resulting from 1nadequate spacing will be more pronounced than those
for a circular or square shape since the maximum dynamic range of thesec shape

patterns would be somewhat smaller. The results from the rectangular aperture

wil] then serve to place minimum range limit on any simple aperture shape.

The method of this analysis will be to calculate the level of the radiation
field at the position of the first null relative to the level of the main beam and
relate this value to the aperture illumination. This aperture illumination may

then be related to the spacing between the source and receiving antennas.

A general solution of the vector wave equations (derived from the basic
electromagnetic field equations of Maxwell, Stratton5 and othersé) shows that
the value of the radiation field at a point beyond the aperture of an antenna may
be found by integrating the equivalent space current densities over the aperture
itself. This is basically an application of Huygens' principle. 4 In a single

plane the integral equation would simply be:
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where P 1s the field strength at a point p

R is the distance from each equivalent current increment
on the aperture to point p

f(z) is the amplitude distribution across the aperture

z, and z, arc the physical limits of the aperture

Since the variation from a true far ficld pattern may result from either a
phase variation or an amplitude variation over the illuminated aperturc, the
effect of the test antenna's aperturc must be considered when the antenna spacing
1s not infinite. If the test antenna has a very small aperture, such as a point
source, the amplitude distribution across the system antenna aperture would be
essentially constant with separation; however, the phase difference across the
aperture would increase as the separation was decreased.  Also, 1if the test
antenna has a very large aperture with respect to the system antenna, the
amplitude distribution across the system antenna aperture would vary with the
antenna separation distance due to the dircectivity of the test antenna, while the
phase distribution would be almost constan®,

For strictly a phase variation over the system antenna a criterion of \/16
would establish a spacing as shown in equaticn (2) and would approximately cqual
the measurement error due to an amplitude variation8 of (D +¢)?/\, where D
is the systems antenna aperture and d 1s the test antenna aperture. If the power
measurement error 1s permitted to be . 25 db then the separation distance of
equation (2) becomes onc-half that for a phase error of \/16 and corresponds to

a phase error of \/8. This separation distance can now be derived from Figure

19.
(R+A\/8)2 = (D/2+d/2)*+R?
R2+ 2R \/8 + (\B)! = (D + d)?

2R N8 = —41— (D + d)? (\/8)% << \/8

(D + d)?
1\

R>

If d 15 larger than 0, 414D the maximum error 1s determined by the amplitude

variation over the systems aperture, while if d 1s smaller than 0. 414D the maximum
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error 1s determined by the phase variation. In any case these conditions may
be looked upon as a limit to the antenna aperture dimensions rather than the
limit to the minimum spacing.

Thus by judiciously selecting a test antenna with an aperture much less
than 0. 414D it would be possible to retain only the phase term in the integrand
of equation {4) with reasonable results. If RO 1s taken as the antenna separation
distance and a is the acute angle betweentheantennaaxis and the radius to the

first null position the system geometry can be drawn as shown in Figure 20,

From this geometry R may be written as:

R =R \1+g; -2 g sina

fs} (0]
a4 7 1 % 5 z 2
= —— - Sin - — —_— - —_ 5]
R=R_ RETY B S R R sinal ... (5)
o} (6] O (0]

The serics in equation (5) is the binomial expansion of the square root. This 1s

a series in powers of

Since it 1s alternating and the nth term approaches zero, the error incurred by
dropping the terms involved in the square of this quantity and higher powers 1s

no greater than the first term discarded. Therefore,

R = R + -z sina 4 oe (6)
0 2R
o}
where the error ¢ satisfies
R' 72 Z
o) “ . 2
|e| < 7 7 © Z-R— sma\ (7)
o o)
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Using only the first three terms of the series expansion of equation (5), the phase
term of equation (4) may be written as:

BR=[3RO+(3(;—'ZR——- zsmu) (8)
o

The error incurred by dropping the rest of the terms of this series would be

no greater than that given in equation (7) or

BR 2 2
o) Z Z
[ ) (9)
0 !
This error would be a maximum when a =-;— and Z = -—;l. Hence,
AR D? 2
P max =5 ( . ) 00}
max 4 4 R R
b) o)

For reasonably directive antennas at moderate ranges, themagnitude of this

error 1s quite small, For example, if D = 20 A and RO = 80D

T

e T

max

. T o
Also, since maximum error would occur at a = —— or 90" from the main axis
o

the error over most of the pattern would be negligible. On this basis, then

equation (4) may be written with the phase terms of equation (8) or

. D . 7 .

_JﬁRO 5 —JB( ZRO -7 sin a) .
U = @ ————r e dz (11)

D

Ro 2

using a change of variables of
B a T 2
= (z R sin a) 5= S (12)
0

the following manipulations may be performed.




From equauon (12)

;8 /8
S A/ _—— (z-R sma) = (z - R_sina) (13)
o
-\ ™ R.RO 0 _\/ROT.T
and since )
10
o S (14)
then
S —
2 ‘ 2
\/—— (z - R si N/ (2 -
S 20 ( o Sin a) \-/RO)\ (z RO sin a) (15)
@

The vilue of the ditferential will equal

S R A
-\/_ dz or dz :v d (16)
ds = S
R X

2

The variable exchange in the exponent of the integrand of equation (11) inay be

cffected by first expanding equation {10) as

el
D o]

n oo . 3 - 2 _ 2 2
5= 8T SR (z Ru sin a) Iy (2% - 22 Ro sin a + Ro sin’ q)
() )
¢ Ro
gt = Bi— -z sina+ e
5 S B Y a S sin a) (17)

To equate the exchange variable to the exponent then the constant term

R

© sin?’ a must be subtracted. That is

! ZZ ‘l 7?. R'O
ol - zsma; = B{—Z. - 2z sina +——- sin? a
| 2R j 2R 4
0
PR BR
- sin®q = TZT G2 o ° sin? a
2
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Using equations (16) and (18) the entire integrand of equation (11) may be re-

written 1n terms of the variable S as

. R \
-ip | 2° . \/_© ) BRO 2
e —— Z sin a = € _ 2 =
= . . ( S sin” a
o) ds
or
i 2 R X\ R
e Jﬁ( -4 sina \[_° [C+J _ﬁ_l sinfa e - j " g2 ] (19)
2R 2 2 2
o dz ds

Removing the first two factors from under the integral sign would then allow

equation (11) to be written as

-jBRo RO)\ ) N
u =_% V e TIPRo sin‘a fe J lZT-S2 ds (20)

R & 2
0

or combining the exponent

R\ -JBR, | . swfa 5 .
_ o e © - -] = S2 ,
u =Y —_— — 2 e ds (21)

2 RO S,

The values of the limits of the integral must also be obtained in terms of the

exchange variable S. Since from equat;on (14)

S/ 2 ;
ST= % (z, —Rosma)

e}

then where 7z = - %
[2— D _ 2 D
51 ;"'J'R_X‘ ( o L PGS RX (Ro B +‘z“) (22)
[0}
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D
and where z, = =

2

R A
)

2
S, = (Ro sin a —12)—-) (23)

- TVRX
0

D
——- R0 sin a

From the right triangle shown in the geometry of Figure 20 2z may be

written as
z = R sina (24)
0 o

and upon substitution of this value 1n equations (22) and (23) the resulting values

of the limits are then obtained as:

- -

2 D
S, = - T % t3 (25)
O - -’
2 - -
D
= \—— o 26
SZ R )\ ZO 2 ( )
© L J

The integral of equation (21)1s the Fresnel integral with values tabulated 1n
various texts such as those on physical optics. : Although these integrals show
side lobe maxima that are substantially unaffected by range, they also show the
minima fill in as RO 1s decreased. The minimum affected most by the short
range 1s the first one or the null between the main beam and the first side lobe.
The ratio of the main beam to the first null level may then be calculated for
various ranges. The ratio of the main beam level to the first null level may be

expressed in decibels as

Sp
sin a f _T_T_Sz
O_JﬁRO L - Z g! =) 2 J
(db) = 20 log - ! E i (27)
10 s 2 t
. sin‘ a Sy LI
. JPRo “1 - ) e~ 2 5 de




For relatively directive antennas where the angle from the main beam to the

first null is quite small, 1 e., a is small, then the ratio will be

essentially the ratio of the value of the integral obtained for the main beam to

the value of the integral for the first null or

(db) = 20 log . (
1

o] j’sz
m ~2
[} . O
S 2 & ds

2 ( D
52 =\ |\ %0 "7
(o]
[N 2 D
Y 'y {Zo+_2—
[0} \

As per equations (25) and (26) and S,' and S,' are the limits at the main beam

where Zo =0 or

¥

st A
s = Ver 14

In order to relate these results to the normalized values of the aperture
size in wavelengths the minimum range could be expressed as a constant "a"

times the range criterion of equation (2) or
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where "a' ' may be treated as a parameter that could vary irom less than one to
values greater than one.  The limits of the integral in cquation (28) could then

be written in terms of the parameter a as:

\ 1 1
Sl = -_-2— -

Va
1
Z‘\/’a—

w
"
1
7]
<) ()
>
N
o
|
%‘

wn
N_.
"
]
s
o o~
~
~N
o
+
|
<

where

Therefore, for a particular value of "a" the difference between the two sets of
limits of the integrals would be the same. From a set of integral tables the

values of the integral were plotted on a large scale graph forming the familiar
Cornu's spiral. A graphical solution of the integrals was obtained by using a

sct of dividers to locate the first nulls for each specific value of the limit differ-

ence corresponding to the selected value of "a." For example for a =1,

S;' - 5" = S, - 5" =1and {rom the graph the first minimum occurred for

S; = 2.5 and §;" = 1.5 and the value of the integral = 0.08. Also on the

main beam S, = 0.5and S;' = -0.5 and the value of the integral = 0.99. Then

from eguation (28)

0.
20 log %99 . 22 db

1o 0.08
From these calculations a graph could be plotted as shown in Figure 21 for
the level of the first null below the main beam in decibels as function of the
parameter "a.' The criterion of 2D,/\ for a minimum antenna spacing 1s quite
reasonable. KEach decibel of dynamic range beyond this point becomes more
and more expensive in terms of separation distance. Except for certain antennas
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which are intentionally focused for a particular distance, as the directivity of

an antenna pattern is increased, the validity of the measurement 1s more de-
pendent on the system and test antenna separation., In practice then the dynamic
range of a true far field pattern measurement may be increascd simply by

increasing the dynamic range of the recording equipment.

When measurements are conducted on the surface of the earth a number of
other factors, not the least of which is the ground itself, may affect the pattern.

These factors will be considered in the following chapters
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CHAPTER III
THE GROUND REFLECTION TEST RANGE

A, THE TECHNIQUE

Antenna testing must be performed so that certain 1llumination requirements
are satisfied for the antenna whose pattern 1s being measured. The Fraunhofer
criterion determines the minimum range length that wiil provide the requisite
phasc and amplitude tolerance in free space. When such testing is done over
the surface of the earth the effects of the ground must be considered. This can
lead to techniques that attempt to minimizc ground effects, control them or both,
The "high level"” range attempts to eliminate the ground by placing the trans-
mitting and receiving antennas at a high level above the intervening terrain, and
using a transmitting antenna with a null that can be directed at the point of
maximum reflection on the ground. RADC already has such a range which has

proven to be of limited utility for a number of reasons.

The reflection range design 10 attempts to make use of the ground by a
controlled utilization of the reflection. It can be seen from Figure 22 that if the
ground is sufficiently flat the energy arriving at the receiver is composed of a
direct ray from the transmitter and a reflected ray from the ground or trans-
mitter image. The direct and ground-reflected rays combine to produce a well-
defined interference pattern in the plane of the receiver antenna with a null at
the ground and successive peaks and nulls with increasing height. The region
around a peak value of this pattern may be used in testing an antenna. The
maximum useful size of the region may be determined from the phase and

amplitude tolerances allowed.

Of course, one of the major problems in the design of such a range 1s to
provide a sufficiently flat dielectric surface When grazing angles are involved
(on the order of 3° or less) then the magnitude and phase of the reflection co-
efficients are very nearly umty and 180° respectively relative to the direct ray
for both horizontal and vertical polarization. The smoothness required will be

considered elsewhere.
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B. CALCULATION OF THE VERTICAL FIELD

For proper operation of the range the antenna under test must be located on
a maxima of the interference pattern andthe maximum vertical dimension of the
aperture must be limited to a region where the iliumination amplitude and phase

are within allowable limits.

Consider the total amplitude, Es,made up of the direct ray, p, as indicated
i Figure 23. The phase angle betweenthe direct and reflected ray is .

v = 2w x path difference in wavelengths, k

Then by the law of cosines:

E :\/-1_+ p® - 2p cos (m - ¢)

:\/1 + pt+ 2p cos (2)

From Figure 24 the path length difference 1n wavelengths is

1
ko= —— (p2 tps3 - 1)
The path lengths are:
p = VR*+ (2 - H)? (3)
1
(o2 7]
p2=Vzt + X (4)

Since the angle of incidence equals the angle of reflection:
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Reflected Ray = o Eq
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=k —VI + ,c'2 +2 £ COS
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!

Sum = §

Ec
§=—=¥i+ 2 +2 pCos y
A Eee,

Direct Ray = E, 0

Fig. 23 - Total Amplitude
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thevetore H
cretore, )

and
H R -x
Tt 0
z P
)
whereby
zR
X, =
z + Ht
therefore: H
t
PZ (‘—Z—+l)-lll :k>\
and {from (3) and (4)
T z + Ht
2 .2 2 2 -
Vet + x2 - )-\/R.+(Z-Ht) = kA

Substituting (6) and extracting z to obtain the solution in terms of elevation:

\ - RZ Z+H_
S\ L e = ty - 2 _ 2 -
;\/1+ R [ —) VR + (z H)? = K
, S z + Ht
\(z + H )? + R? { ) -Viz-H)*+R? = K\
z +H ¢ z t
t
\/zz + Ht2+R2+ 2th -W/zz + Ht2+R2 - 2 Ht = k)
Let z? +Ht2+R2 = a, 2z Ht = b (7,8)

Va+b -Va-b =k
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Squaring:

(a+b) + (a-b) -2 V(@+b)(a-b) = (k\)?

a -1/ (k\)?

s8]
[
]
o
(]
1l

Squaring:

LR AN ;

Returning to the original variables from (7, 8):

422 H ¢
22+ H? + R - L= 1/4 (k\)2
(k)\)z .
‘}HtZ
2% (1 - ) = 1/4(k)\)? - H? - R?
(k)\)z t
R? + th - 1/4 (k\)?
z? = (k \)?
4H?2 - (k)]
RZ+ H2 - 1/4 (k)2
z = kA (9)
4Ht2 - (kX)?

Since for the frequency range of interest here, RZ >> th >> (k\)%

kAR
z =
2 Ht
2z Ht
k = (10)
AR
From equations (1) and (10)
41 2 Ht
L'J = — (11
AR )
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Since l p| < L ES will take on values 0 ES £ 2 as { takes on all values.

e for negative values of p will occur at:
4) = m, 3"} STT, etc,
¢ = nm n odd

and for positive values of p at:

g = 0, 2m, 4w, etc.
¢ = nmw n even
By definition at E , z2=H_ . So
6 max R
4m H H
o= t 'R = nw
AR
4HtHR = n\R (12)
Es may then be expressed as:
E = Vl + p+2p cosnw & (13)
S H
R
and
\p = _r_ll VA (14)
HR
When p = -1
EREI GRS u BT S T SN Rl o 1 R
S 2 HR

n = 1,3,5, etc.
The pattern 1s sinusoidal with nulls at the ground and at multiples of ZHR.
Figure 25 shows these patterns for the case where HR 1s physically constrained
to the same value for n = 1 andn = 3. It also shows how when p # -1 the nulls

fill in and the 1llumination becomes more uniform.
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Fig. 25 - Variations in Amplitude of |llumination
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The phase of this 1llumination is also of interest. Due to the finite distance
between the transmitter and receiver antennas the phase front of the illuminating
wave will not be a plane. Furthermore, the sum of the reflected and direct
waves must be again considered. The point of phase reference is initially taken
to be at ground level in the plane of the receiving antenna. The phase calculation
of the wave resulting irom the image and source radiation involves the difference

in path lengths for the resultant wave at a given height and the resultant wave at

the reference point,

The difference in path length for the direct and reflected ray has already
been given in equation 10, This will allow the evaluation of the phase difference,
a, between the direct and resultant waves. In evaluating the phase along a
vertical line at the receiver location, one must add to this the spherical diver-
gence phase shift, 2rx, of the direct wave with height, z. The quantity x 1s de-

rived from:

N =\/(z-HT)2 + R -R

When both z and H,, are very much smaller than R, this may be approximated

T
as:
(Z - HT)Z
x = (15)
AR

The phase angle #1s the sum of these angles and becomes 1ncreasingly

negative with z. One then has:

g = -(2mx+a) (16)
where
p sin (2 7 k)
a = arctan [ T4 oleos (2 7 K) from the trigonometric

relations indicated 1n Figures 26a;

and 2z H
K = e————— 35 given by equation (10).
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Fig. 25 - Variation in Phase ||lumination
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The term involving x leads to large, rapidly changing values of relative
phase 1n the vicinity of the receiver antenna, The rate of change of relative
phase at z = HR will become zero if the rotational axis of the antenna 1s tilted
towards the phase center of the radiation source. By re-defining the first
term 1n (16) so that the phase angle 1s zero at z = Hp, the relation for the
relative phase will be conveniently referenced to zero at the center of the receiv-

er antenna aperture. The resulting relation is:

z - H_ )2 ]
o = - (__EE)_ +aJ (17)

ZX R

This relation is plotted in Figure 26b for the parameters indicated.

It 1s seen that a region approximately 85 feet high has phase constancy
within A\/8, and a region 60 feet high has a phase constancy of \/16 or better,
At an antenna height of 120 feet a region very nearly 55 feet high will have a
phase constancy of A\l6 The point of zero phase reference 1s not precisely
at z = 150 feet (or 120 feet for the case of the lower antenna because of the net
effect of the angle a. Tilling the antenna will compensate for this, making the

phase distribution indicated in Figure 26b nearly symmetrical about z = 150 feet

(or 120 feet). This tilting towards the phase center of the radiation source
corresponds to pointing the antenna at the base of the transmitter tower when
p = -1 and somewhere between the base and the transmitting antenna 1tself when

p lies between -1 and zero.

The amplitude 1llumination will always be of the form of equation 13 when

equation 12 is satisfied, 1.e.,

4 HTHR = n iR,
This provides the basic equation for the operation of a reflection range. A
sample set of curves relating transmaitter height to frequency is given in
Figure 27. Testing may be performed at any range by suitable selection of
transmitter height. When the height becomes too small operating in the n =1
mode, the height may be increased by using n = 3, However, itis apparent

from Figure 25b that this will restrict the maximum receiving aperture.
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C. MAXIMUM APERTURE

In order to determine the maximum aperture that can be accommodated
with a certain illumination tolerance, we must first determine for what value

of z does Es take on a certain (to be specified) value ofEs max: ES =X E0

XE = E_ =+ Vi4pt+2pcosy

X*E 2 = 14+ p + 2pcosi

)
')'—\2
vl = 1
U = arccos (e—m 2 . f_)
Zp 2
Take p = -1, in which case Eo 8 2
4\92 -l l
v arccos (—— +  —)
22 2
w = arccos (1 - 2y?)

For an illumination amplitude tolerance of + 1/4 db, we are interested in
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