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ABSTRACT

This report presents measurement techniques applicable for determining
the three-dimensional spectral radiation patterns of antennas installed in airborne
vehicles.

There are six possible measurement techniques that may be followed to
obtain spectrum signatures of airborne antennas. These techniques are charac-
terized by the type of models used, namely, 1) full-scale models, 2) full-scale
partial mock-ups, 3) instrumented flying aircraft, 4) precision scale models,

5) simplified scale models, and 6) simplified partial models. The data obtained
for electromagnetic compatibility analysis is normally required to be in a statis-
tical form, therefore, a discussion of the instrumentation required to obtain data

suitable for statistical analysis will also be presented.

ii




II

III

THE UNIVERSITY OF MICHIGAN

ABSTRACT

6664-1-F

TABLE OF CONTENTS

INTRODUCTION

CONVENTIONAL TECHNIQUES

DD DN DN N
B W N -

Full-Scale Models
Partial Full-Scale Models
Instrumented Aircraft
Precision Scale Models

SIMPLIFIED TECHNIQUES

3.1 Simplified Scale Models
3.2 Simplified Partial Models

3.

w
[\
(9]

w
\V)
[op}

3.
3.
3

2.

2.
2.
2

1

2
3
4

.8
.9

Introduction

Derivation of Approximation

Analysis of the Far Field

Uncorrected Results (First Set of Numerical
values)

Analytical Derivation of Correction Term
Corrections to the Arcs of IV

Numerical Results (Second Set of Numerical
values)

Limiting Case of Large R

Conclusions Concerning the Numerical Results

INSTRUMENTATION

CONCLUSIONS AND RECOMMENDATIONS
REFERENCES
ACKNOWLEDGMENTS

ii

11
13
17

21

21
41

41
57
60

65
73
76

81
86
86
88
89
91
93

APPENDIX A - Determining Aspect Angles from Photographs 94
APPENDIX B - gl(f) vs (kR =4.19, 2)

102




THE UNIVERSITY OF MICHIGAN
6664-1-F

INTRODUCTION

Demand for the use of the electromagnetic spectrum has increased both
nationally and internationally since World War II. This demand will undoubtedly
continue and at an accelerated pace in view of present and future space program
requirements. As the number of transmitters and receivers placed in service
increases, so will the probability of interference between systems. A principal
cause for interference in addition to the fundamental frequency being transmitted
and received is that due to spurious and harmonic frequencies. Because of this
interference source, the efficient use of the electromagnetic spectrum has been
reduced. Other associated factors that contribute to the interference problem are:
transmitted power level, frequency assignments, equipment bandwidth, antenna
radiation characteristics, etc.

Because the radiation characteristics of airborne antennas are an essen-
tial part of the present electromagnetic compatibility program, a study of antenna
pattern measurement techniques is being conducted by The University of Michigan.,
The purpose of this study is to determine feasible measurement techniques for
obtaining three-dimensional RF spectrum signature data of airborne antennas in
the 100 Mc -20 Gce frequency range at the fundamental, spurious, and harmonic
frequencies.

Before discussing the various measurement techniques, some antenna
types that may be associated with airborne vehicles will be considered. Turner
(1959) characterized the antennas normally used in airborne systems as follows:
in the 100-500 Mc¢ range, the antennas are low-gain (less than +7 db with respect

to an isotropic source) broad beam unidirectional or split beam omnidirectional
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antennas. Typical 100-500 Mc antennas are: stubs, biconicals, helices, spirals,
logarithmic periodic structures, etc. In the 500 Mc -10 Ge frequency range, both
low- and high-gain antennas are employed, and at frequencies above 10 G¢ high-
gain antennas are typical. Examples of high-gain antennas are: parabolic re-
flectors, lenses, planar arrays, horns, etc.

The radiation characteristics of low- and high-gain antennas are altered,
first because of the surface currents (Fig. 1) and secondly, by shadowing effects
(Fig. 2) associated with the vehicle. Since the shadowing effect can be handled
reasonably well by analytical means, it was concluded that emphasis should be on
measurement techniques applicable to low-gain antennas.

The feasibility of using standard antenna measurement procedures for ob-
taining the desired spectrum signature data was first considered. Measurement
procedures that have been employed in the past are characterized by the type of
models used, namely: 1) full-scale models, 2) full-scale partial models, 3) in-

strumented flying aircraft, and 4) precision scale models.
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FIG. 1: AIRFRAME SURFACE CURRENTS.




THE UNIVERSITY OF MICHIGAN

6664~-1-F

uoibay
mopoys

3

"LOHAAH ONIMOAVHS gz "OId

0]

U7y




THE UNIVERSITY OF MICHIGAN

6664-1-F

I

CONVENTIONAL TECHNIQUES

Procedures, problems, and typical costs associated with the above four
measurement techniques as applied to low-gain low-frequency antennas will be
considered in the following discussion.

2.1 Full-Scale Models

Full-scale airborne models have been used by several laboratories in the
design and development of airborne antennas (North American Aviation, 1964;
Goodyear Aerospace Corporation, 1964; Melpar, Incorporated+). For large air-
borne systems, such as airplanes, space capsules and missiles, the model con-
sists of a metal covered rib structure, such that the exterior contour is within the
allowable tolerances of the true vehicle. The metallic covering may consist of
either thin sheet aluminum or copper wire screening and the rib structure of either
aluminum or wood framing material as illustrated in Fig. 3. The useful life of
such models may range from 5 to 10 years. The time required to fabricate a typi-
cal full-scale model of a reconnaissance type aircraft has been estimated to be
1000 manhours at a cost of § 10, 5000 including material.

Full-scale models are generally employed to obtain either antenna coupling
or impedance data and are occasionally used in measuring radio frequency inter-
ference and antenna pattern data. Since the majority of the antennas installed on
airplanes are located on the underside of the fuselage, the models are erected in
an upside down position, as shown in Fig. 4, to minimize ground effects. As a

general rule, both transmitting and receiving antennas are tested in the receiving

+
Personal experience of one of present authors, former employee, Melpar, Inc.
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Thin Sheet Aluminum
or Wire Screening

Aluminum or Wood Ribs

FIG. 3: FULL-SCALE MODEL.
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sense as the model is rotated in the horizontal plane with respect to earth. The
model is illuminated from a tower located a distance, R, from the model (Fig. 4)

where

A
and D and A are the antenna effective aperture size and the operating wavelength,
respectively. In the event several antennas operating at different frequencies are
to be tested, the above equation must be evaluated for each condition such that an
optimum-range length may be chosen.

When using a full-scale model to obtain three-dimensional antenna spectrum
signatures, it is desirable to reposition either the illuminating antenna or the air-
plane model so that variable § patterns may be recorded at various 6 angles re-
ferred to in Fig. 5. Past experience has shown that the feasibility of either of the
above is dependent upon the size of the full-scale model. For example, when con-
sidering reconnaissance type aircraft, bombers and fighters, it is very difficult to
obtain reasonably accurate three-dimensional signature data without the use of an
expensive and elaborate model rotator similar to that shown in Fig. 6. However,
when considering smaller models such as missile nose cones or Piper-type air-
planes, conventional model rotators have been successfully employed to obtain .
antenna pattern data. An alternate approach to obtaining data from large systems
is to move the illuminating antenna (see Fig. 5) such that variable 6 patterns are
recorded at various f angles. Blimps, planes (Jones, 1948), balloons (Keay and
Gray, 1963), satellites (Bruckmann, 1963), etc., have been suggested as vehicles
from which patterns may be recorded. However, costs and time required to ob-
tain the desired three-dimensional data for interference analysis may be prohibi-

tive.
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Another factor that must be considered when using full-scale models is re-
flections from the earth and nearby objects such as buildings, vehicles, trees, etc.
Past experience has shown that this form of interference can be minimized through
the judicious positioning of microwave absorbing material. However, it often re-
quires several man hours to position the material until acceptable radiation pat-
terns can be achieved. To justify the accuracy of the patterns, a precision scale
model of the full-scale system is generally employed. From this scale model a set
of reference data is obtained for comparison to the full-scale model data. It has
generally been found desirable to repeat the above procedure for each frequency at
which data is to be obtained, further increasing the costs.

Because of the high costs and complex procedures associated with the use
of full-scale models of large airborne systems (e.g. bombers, manned space cap-
sules) their use for obtaining spectrum signature data is not recommended.

2.2 Partial Full-Scale Models

In addition to the use of full-scale airborne models, partial full-scale mod-
els have been employed in the design and development of airborne antenna systems,
their principal use being to obtain impedance and occasional pattern data. The fab-
rication of the partial model is identical to that of the full-scale model, with cost
dependent on model size. To obtain reasonably accurate pattern data, it has been
found advisable to model all parts of the aircraft within 5 wavelengths of the anten-
na under test (Dorne and Lazarus, 1947) as shown in Fig. 7. In general, this tech-
nique is applicable to airborne systems employing relatively few antennas, thus
placing a limitation on this technique, e.g. in the case of a reconnaissance vehicle
a hundred or more antennas may be installed in the airframe, thus dictating the
need for several partial models of the aircraft, the total cost of which may be

greater than one full-scale model.

11
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Antenna under test I’ \

FIG. 7: PARTIAL FULL-SCALE MODEL.
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Another limitation of partial models is the feasibility of obtaining signature
data from a complex array (complex denotes that the elements of the array are
spaced many wavelengths apart as in the case of an interferometer antenna). Air-
borne arrays of this type often have elements located in the wings on either side of
the fuselage, thus requiring that large portions of the aircraft, and often the entire
airframe, be modeled. However, partial models offer the advantage of employing
conventional antenna measurement techniques, negating the need for special model
rotators or other costly measuring techniques as required with full-scale models.

2.3 Instrumented Aircraft

In Section 2.1 several limitations to the use of the full-scale model were
noted which hampered their use for obtaining spectrum signature data. In Section
2.2 it was noted that in some instances it may be necessary to build up several par-|
tial models to adequately test the antennas located on a typical reconnaissance ve-
hicle. Because of these limitations, workers have also given consideration to the
employment of instrumented aircraft to obtain pattern data. In employing this tech-
nique, an aircraft typical of one in which the antennas are to be located must be in-
strumented with the necessary equipment to obtain pattern data.

Each of the antennas from which patterns are required is operated in the
receiving sense, whether it is a transmitting or receiving antenna. Data are ob-
tained on a point-by-point basis from which the pattern can be traced. It was noted
above that several antennas may be located on the aircraft, and it is conceivable
that more than one antenna could be tested simultaneously through the use of elabo-
rate computer and switching techniques. However, in the following discussion
only one antenna will be considered. It is also to be noted that the pattern normal-
ly measured using an instrumented aircraft is an azimuthal cut of 9:900, (Fig. 5).

Other cuts may be obtained by appropriately choosing a series of ground reference

13
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points such that a series of 6 cuts would be obtained as shown in Fig. 8. As may
be reasoned from the above, patterns would be limited to the lower hemisphere
since it would not be practical to obtain upper hemisphere patterns without requir-
ing that the aircraft be flown upside down or some other complex measurement
procedure devised.

A procedure that has been employed to obtain pattern data from an instru-
mented aircraft will now be discussed. The range should typically be several
miles in length to enable a 6= 90O cut to be recorded. A transmitting tower and
antenna are located at one end of the range and a reference point located on the
ground at the other end of the range. The reference point must be readily visible
to the pilot from the air. Initially, it will be necessary to adjust the height, h, of
the ground station transmitting antenna to insure that the elevation pattern shown
in Fig. 9 is obtained. Because of the long range, the ground station antenna will
have a specular reflection from the ground, thus producing a diffraction pattern
similar to that illustrated in Fig. 9. It will be desirable to have the major lobe of
the diffraction pattern positioned on the aircraft since it will have a higher gain and
a better defined beam than will the minor lobes. Since the diffraction pattern is
dependent upon the specular reflection from the ground, it is advisable to fly the
aircraft first over the reference point several times at a constant altitude and at
the same heading so that the height of the transmitting antenna may be adjusted to
position the major lobe of the diffraction pattern on the aircraft. The time re-
quired to adjust the antenna height may be as much as two to three hours for each
frequency of interest. A more thorough discussion of the use of the ground plane
type of antenna range is presented by Cohen and Maltese (1961).

The aircraft must be equipped with the necessary instrumentation to in-
sure a constant altitude flight path and to record data to correct for roll, yaw and

pitch. Typically, a 24 cloverleaf pattern is flown such that 20 to 30 points are

14
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measured. When an operational reconnaissance aircraft has been used, data has
been obtained in 2 -1/2 hours flying time, and reduction of these data to an antenna
pattern requires several days when employing hand techniques. However, data
reduction time may be reduced considerably through the use of computer techniques.
The estimated cost of obtaining patterns as described above (excluding data reduc-
tion) employing an operational reconnaissance aircraft has been estimated to be in
excess of $ 18, 000 per hour of flying time. In addition to the cost of the instrumen-
ted aircraft, one must add the cost of necessary special test equipment, radar
tracking time and computer time required to obtain and to reduce the data to an
actual pattern.

In the above discussion the pilot has been required to fly the aircraft in a
pre-defined flight pattern. This tends to minimize both the complexity of support-
ing ground equipment and the data reduction time, because the aspect angle of the
aircraft is known. However, it should be noted that it is not mandatory that a pre-
defined flight pattern be followed. A procedure for determining the aspect angle of
a free-flying aircraft is presented in Appendix A. Because of the cost and time re-
quired to obtain individual pattern cuts, the use of an instrumented aircraft is not
recommended for obtaining spectrum signature data.

2.4 Precision Scale Models

The feasibility of using precision models in tests of antennas on ships, air-
craft, and missiles has long been established and the principles involved have been
appropriately described by Sinclair (1947) and others. It has been shown that if an
antenna is scaled down in size by a factor, P, and the test frequency scaled up by
the same factor, the radiation pattern is essentially unchanged. However, there
is a limitation to this technique. Care must be exercised to insure that the conduc-

tivity, permeability and dielectric constant of the metallic and non-metallic parts
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of the full-scale vehicle are related by ¢ =Po', w'=w and € =€'; where the primed
values are associated with the scale model. The conductivity of metals employed
in radiating systems generally approximates an infinite value, thus the condition

o' =Po is a priori satisfied. Because of this fact, the large amount of antenna work
that has been done by scaling has been found to be effectual. However, there is at
present no satisfactory method for handling the scaling problems associated with
non-metallic parts of antennas. This is a limitation to the use of scaling techniquesw
for spectrum signature work.

Another factor that must be considered is the antenna types that may be in-
stalled on the aircraft and require scaling. For example a reconnaissance aircraft
may employ several antenna types to cover the frequency range from 50 Mc to 50
Gc. During this study antennas operating in the 100 Mc -10 Ge frequency range
have been considered. A spiral antenna is typical for this frequency range. The
scaling factor by which the spiral antenna may be modelled must be carefully con-
sidered. For example, it may be feasible to scale a 300 Mc -600 Mc spiral by a
factor of 10 but not feasible to scale a 1000 Mc -2000 Mc spiral by this same factor
because of the fabrication limitations. Therefore, if the aircraft from which spec-
trum signature data are required contains spiral antennas, care must be exercised
in choosing the scaling factor such that the antennas may be accurately scaled and
fabricated.

When scale models are fabricated, as noted above, the scale factor must
also be applied to the tolerances applicable to the full-scale model. For example,
full-scale tolerances may be of the order of .250 inch, but when scaled by a factor
of 10, the tolerances considered must be . 025 inch. Because of this tolerance fac-
tor, the cost of fabricating scale models may become high as the scale factor be-

comes large. This, then, places an additional limitation on the use of precision

18
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scale models for obtaining spectrum signature data. Scaling is also limited gener-
ally to those models in which dielectric materials may be avoided and not scaled,
as has been done in this study. Dielectric parts, such as radomes and windows,
have not been considered. Figure 10 shows a precision 1/8 scale model in a typi-
cal test set-up.

The cost of a fifth-scale model of a reconnaissance aircraft has been esti-
mated to be approximately $2, 000. This may be considered relatively low cost
for a model. However, if one is concerned with obtaining spectrum signature data
from the many types of aircraft in use today, the high cost of models needs to be
considered.

Because of the limitations associated with each of the above measurement
techniques, an alternate technique has been considered which has shown much
promise for obtaining spectrum signature data in an economical and practical man-

ner. This technique will be discussed in the following two sections.
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SIMPLIFIED TECHNIQUES

Procedures, typical costs and theory associated with simplified techniques
as applied to low-gain, low-frequency antennas will now be considered.

3.1 Simplified Scale Models

An investigation has been made to determine the degree to which a scale
model may be simplified and still represent an aerodynamically-shaped aircraft
model with sufficient accuracy to produce adequate far-field patterns. For the
purpose of interference studies, it is assumed that one is primarily concerned
with the general contour of the antenna pattern. Thus the determination of this
contour is adequate and the pattern's fine structure is of only secondary interest.
Data have been obtained which shows that to satisfy the above criteria, it is neces-
sary to model only the basic aircraft configuration and not the aerodynamic con-
tours.

The model used experimentally is thus a "Simplified Model" derived from
the simple geometric shapes employed in its construction. The fuselage is repre-
sented by a metallic cylinder having a diameter approximately equal to the mean
diameter of the aerodynamically shaped fuselage. The wings and tail structure
are formed by thin flat metallic planar surfaces having the approximate outline of
the true components. The overall size of the simplified model approximates the
size of its precision model counterpart. Figure 11 is a simplified version of the
precision scale model shown in Fig. 10 from which the data to be discussed below
were obtained. The precision model serves as a reference for evaluation of the

simplified modeling technique.

21
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FIG. 11: SIMPLIFIED T-33 MODEL
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The two scaled antennas employed in the investigation of this technique are
of the monopole type. The first antenna is a 1/8 scale model of a modified mono-
pole; the full scale version is a typical aircraft communications antenna operating
in the 200-400 Mc range. The model antenna, located on the underside of the fuse-
lage centered between the leading and trailing edges of the wings, can be seen in
Figs. 10 and 11. This location permits the evaluation of the antenna radiation
characteristics in the presence of the wings and surrounding fuselage structure. A
complete set of the three-dimensional antenna patterns recorded for the modified
monopole mounted on the precision and simplified models establishes the feasibili-
ty of the simplified modeling technique. This is evidenced by the very favorable
pattern agreement between the simplified model and the reference (precision) mod-
el as shown in Figs. 12 through 21. These patterns, recorded at the model funda-
mental frequency (2.4 Gce) and the first four harmonic frequencies, are for the
transverse elevation cut only+, but are typical of the data collected. The above
pattern data, when reduced to statistical data in the form of cumulative gain dis-
tributions, again exhibit very good agreement over the full range of interest as
shown in Figs. 22 through 26.

To further verify the feasibility of the simplified modeling technique, radi-
ation patterns were obtained with a standard A/ 4 monopole, scaled to the model
fundamental frequency (2.4 Ge). The antenna is shown mounted on the underside
of the fuselage of the precision and simplified models in Figs. 27 and 28. This
location, near the nose of the aircraft, i.e. approximately 2 feet forward of the
former location of the modified monopole, affords an evaluation of antenna charac-

teristics in the presence of a significant dissimilarity of fuselage contour. From

+
(p =90° and 2700; 6 variable; see Fig. 5)
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FIG. 27: A/4 MONOPOLE ON PRECISION MODEL.
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FIG. 28: A/4 MONOPOLE ON SIMPLIFIED MODEL.
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Figs. 29 through 43 it is seen that reasonably good pattern agreement still exists
between the simplified model and the reference (precision) model over the full range
of interest. Note the excellent agreement at the scale fundamental and first harmon-
ic frequencies.

In this investigation emphasis was placed on the use of very simple shapes
in the construction of the simplified aircraft model. This priority is exemplified in
the blunt configuration of the nose of the model. In practice, it may be desirable to
form conical sections at either end of the aircraft fuselage. This can be done at a
minor increase in labor charge, thus maintaining the relatively low cost of this tech-
nique. The cost of the simplified model shown in Fig. 11 is $400-$500. Although
this model is fabricated from aluminum and wood, it may be desirable in some ap-

plications to use fiberglass as the model material (Hudson, 1964).

3.2 Simplified Partial Models

3.2.1 Introduction

Because of the scaling limitations that are associated with some antenna
types, it may be desirable to obtain signature data at the full-scale fundamental,
spurious and harmonic frequencies. A theoretical study has been conducted to de-
termine the minimum size of a ground plane which can reasonably well simulate the
contribution due to an aircraft frame. The study considers the analysis of the pat-
tern of a monopole antenna in the presence of a circular cylindrical surface. The
problem can be further reduced to the following mathematical model. An infinite
circular cylinder of radius R, with Neumann boundary condition, in the presence of
a line source at a distance r from the cylinder where r/R<<1. This model is par -
ticularly useful since the far field of the line source can be obtained by a rather
straightforward approximation. It should be noted that the results obtained are val-

id only in the plane of the antenna.
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3.2.2 Derivation of Approximation

Consider the mathematical model described above and the usual systemg
of Cartesian and cylindrical coordinates (Fig. 44). For a line source at (p =R+r, 0)
(time dependence e Tl to be understood) the total field G (p P ;0,0) (Green s
function) at (p, ) satisfying (V + k )G = -476(p —p ) and the radlatlon condition at
infinity is given as (Morse and Feshbach, 1953)

FIG. 44: CARTESIAN AND CYLINDRICAL COORDINATES
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. u)(j 2 2 )
; = k + -2 cos 6
Go(p, Pb 0) = imH o \Ip P, 2PP

(1)
© Jm(kp)Hm (kpo) p<p,
=in ; emcosme W)
Jm(kpo)Hm (kp) p>p

where € =1, € =2, m> 1.
o m

The total field G(p, P 6, 0) at (p, 6) due to the line source at (po, 0) in the presence

of a perfectly conducting cylinder of radius R, satisfying the Neumann boundary con-

dition g—;} =0 and the radiation condition at infinity, is given by (Morse and Fesh-
baok) 6 (1) (1)
1)y 1
0 J (kp)H " (kR)-J' (kR)H '(kp)
. (1) m m m m
Glp,p ;0,0) = ir € cos mo Hm (kp ) 0
1 o 0 m ° H (kR)
m
P<p,
)y 1
o J_(kp yu ¢ )(kR)-J'(kR)H( %kp )
s (1) m o m m m o
=im € cos mf Hm (kp) ay
o ™ H ' (kR)
m
P>p (1)
d
"kR) == F
where F'(kR) d(kp) (kp).p=R.

Let us consider the total far field G(p, P 0,0), kp>>1, p>>R. Then
p> p and the second of the expansions in (1) applies. But since pO=R+r we have the
o)

following Taylor expansions:

58



THE UNIVERSITY OF MICHIGAN
6664-1-F

5 [x@m)] =g 0w+ = kRt o) + L) = [0m)® 3 am)] +
2(kR)’
Hg)ﬁdRﬂ)} Hirll)(kR) [kRH(l)' (kR)] + 2?;:)2 EkR) H(l)" (kRr)| +...

where we have bracketed terms of the same order. Substituting these into (1), mak-

ing use of the Wronskian relation (Magnus and Oberhettinger, 1949)

(1) . _2i

J (KR)H ° (kR) - J. (kR)H (kR) e
yields
[o0) (1)
(kp)
-2 m 2
Glp,p ;0,0) = — E € cosmf ———— |[1+0 |(r/R)

o kR <5~ 'm (1) (kR) [ [ ]]

(2)

Now since kp >> 1 the asymptotic expansion (Magnus and Oberhettinger, 1949)

e
H(nll)(kp) = <172{;> Glkp w4 [1+0(1/kp)]

can be used. Hence

1/2 € (-i)mcosme
o 1kp -11r/4 E 2
G(p,p 0,0)= kp) . (1)'(kR) l:1+0[(r/R)]+O(l/kpﬂ

(3)
We can find a very simple interpretation for this total far field. Consider
a plane wave e_lkx incident along 6 = 0 upon the perfectly conducting cylinder (Neu-

mann boundary condition). We have the following expansion (Magnus and Oberhet-
tinger 1949)
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®
e-ikx = e‘lkp cosf _ E e (-)Mg (kp) cos m6.
g~ m m

The total field at (p, 6) due to the incident plane wave and the wave scattered by the
cylinder is given by (Morse and Feshbach 1953)

© (1)
, J' (kR)H_ “(kp)
Ulp, -6, 0) = Sikp cosG_Z e (o™ o - m
o ™ H " (kR)
@ _ 3o Y 0y - o i)
= Z em(-i) cos mo )
0 H ° (kR)

To find the field on the surface (p=R) of the cylinder we use the Wronskian relation.

Thus

9 @ €m(-i)m cos m@
UR, ;60,0 = — 5 :
1 1]
TkR 5 H:n) (kR)

(4)

If we compare equation (4) with equation (3) we see that

2
Glp,p; 0, 0) = i <%>1/ olkp -im/4 UR, - ;6,0) [1+0 [(r/ R)ZJ + o(l/kpﬂ
(5)
Hence the total far field at (p, 8) due to a line source at (pO=R+r, 0) can be approxi-
mated using the total field on the surface at (R, 6) due to a plane wave incident along
6=0. It is this relationship which we will use to further investigate the far field.

3.2.3 Analysis of the Far Field

We consider two sets of numerical values. For the first set, R, which

represents the radius of curvature of aircraft fuselages, is taken to be 150 ¢cm or
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approximately 5 feet. The frequencies to be considered are 200, 400, and 1000 Mcs
Thus the wavelengths are 150 cm, 75 ¢cm, 30 cm and kR=2m, 4w, 10m, respectively.
For r we use the value A/4 which corresponds to monopole antennas, hence r=R/4,
R/8, R/20 for the wavelengths considered. We then have r/R=1/4, 1/8, 1/20, and
(r/ R)2=1/1 6, 1/64, 1/400, respectively; therefore, the far field equation (5) ap-
plies and we can use the field on the surface due to an incident plane wave.

The problem of a plane wave incident upon a perfectly conducting cylinder
has been widely considered in the literature. A good survey is presented in the book
by King and Wu (1959). We cite only a few other papers, that of Goriainov (1958)
which is similar to the one of Wetzel (1957) discussed in King and Wu. The main
reason for citing Goriainov's paper is his result that for (kR/2)1/3;1. 36 the "asymp-
totic theory" is in good agreement with the rigorous equations. In our cases
(kR/2)1/3=1. 47, 1.85, 2.50; therefore, we can apply the ""asymptotic theory" of
Wetzel which is essentially equivalent to that of Goriainov. For numerical calcula-
tions we will use Table I of the work by Logan (1959).

Solving the equation (I%R)l /3= 1. 36 yields the value kR=5. Thus, the second
set of numerical values will be concerned with kR below 5. In particular, we con-
sider the value R=100cm, which gives kR=4.19 for 200 Mcs and kR> 5 for 400 and
1000 Mcs. With this value of kR the values r=}z)\, r= LR, 1—R will be used. In ad-

4 8
1 1 1
dition, we examine kR=2, r==R, ER’ =R. (The reason for this latter case will

4 20
be seen shortly. )
Consider a point (p, 6) in the far field. When the '"asymptotic theory' applies
to the surface field of the plane wave, it applies to the total field of the line source.
Hence we can use the geometric theory of Keller and Levy (1959) to describe phys-

ically the total field of the line source. To simplify the analysis we consider a
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point in the far field to be characterized by an angle alone. By symmetry we need
only consider 0§ 6 <. Thus the total field at (-, 6) is due to:
(1) The incident plus reflected plus diffracted fields, if (-, 8) is in the "illu-
minated region' of the line source (Fig. 45a)
(2) The diffracted field if (-, 8) is in the '"shadow region' of the line source
(Fig. 45b).
The total field at (R, 6) due to an incident plane wave is described in King
and Wu (1959). The contributions to this field depend on ‘g(t m)l and lg(§ ;n)'

where

R IR T = VI SATE up ey
A plot of lg(t )| vs ¢ is shown in Fig. 12 of Chapter 3, Section 15 of King and Wu.
From §21r=(kR/2) 1/3(21r) we see that only lg({o)i and lg(Cé)' need be considered in
our cases. It remains to identify the contributions to the surface field of the plane
wave with the contributions to the far field of the line source. Suppose then that
half (<6 <2x) of the cylinder is smoothly removed, by which we mean that the plane
wave or line source impinges on a half cylinder and the energy at the edges is
smoothly absorbed (no edge reflection on the surface or radiation into space). Then
the total field of the line source at (-, 6) is due to:

(1) The incident plus reflected fields, if (-, 0) is in the "illuminated region"
of the line source. In Fig. 45a the diffracted field is no longer contribu-
ting since it is due to energy which has ""crept' around the bottom of the
cylinder.

(2) The "upper" diffracted field, if (-, 0) is in the ""shadow region" of the
line source. In Fig. 45b the "lower'" diffracted field is no longer con-
tributing since it is due to energy which has "crept'" around the bottom

of the cylinder.
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But the only contribution to the total field of the plane wave at (R, 6) is| g(§0)| , since
again [g(gé)l is due to energy which has "crept" around the bottom of the cylinder.
Thus we identify| g(§o) lwith the incident plus reflected fields if (-, 6) is in the "il-
luminated region" of the line source, and with the "upper' diffracted field if (-,60)is
in the "shadow region" of the line source. This implies that we identifyl g(Cg)!with
the diffracted field if (-, ) is in the "illuminated region" of the line source, and
with the "lower" diffracted field if (-, 6) is in the "shadow region' of the line source.
As mentioned above, the case of the bottom half of the cylinder follows by symmetry.
For values of kR below 5, Wetzel has derived an approximation which is val-
id. He does not indicate the smallest value of kR for which this approximation holds,
but does mention the validity at kR=2. Hence the reason for considering kR=2. The
approximation consists of deriving a correction to g(¢) defined by gl(t )=g(¢)
+(k2¥{)2/3 c(€). c(¢) is tabulated in Wetzel and g (¢) is given in Appendix B. Thus
the contributions to the suri;celiigld now depend on |g1(§’ m)l and Igl(t ;n)l )
From the values of §21r =(‘?) 2m for kR=4.19,2 we see that only |g1(§0)| and
lgl (§z))| need be considered, with relative error of less than 0. 001 and 0. 007 re-
spectively. Hence, we can argue as previously to identify Igl(Co)‘ and lgl(f('))l
with the contributions to the far field of the line source. However, we must now
consider to what degree of accuracy the idea of reflected and diffracted fields can be
used. We know that a decrease in kR is accompanied by a decrease in accuracy of
the geometric theory. This decrease in accuracy will be taken into account by the
derivation of a correction term to the result calculated by assuming the notion of re-
flected and diffracted fields is highly accurate. Thus we will obtain uncorrected re-
sults for the first set of numerical values, then analytically derive the correction
term and apply it to these numerical values. Finally we will obtain results for the

second set of numerical values.
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3.2.4 Uncorrected Results (First Set of Numerical Values)

In the language of our mathematical model we consider the following
problem: How much of the cylinder can be smoothly removed without greatly affect-
ing the far field in the region -x/2< 6 <m/2, the "illuminated region", and the "shad-
ow region'. This problem can be solved by using the contributions lg(§0)| and

|g(§ ;))l to estimate the ratio of the magnitudes of the contributions to the far field.
Take first the "illuminated region' and thus the region -r/2<6 /2 which

it contains. If we let 91 be defined by cosGI =R/R+r, then the "illuminated region"
is defined by —(61+7r/2)<9 <91+1r/2. As previously we need only consider positive
6. We assert that in this region (0<0\<GI+1r/2) the far field is reasonably pre-
served if the arc (¢9I < 6 L ) of the cylinder is smoothly removed. In practice one
might have to retain a larger arc, say 0 0 < GI + A, so that the absorbing device
does not obstruct the field in the 6 =91-ivr/2 direction. To prove our assertion we
show that the ratio

B

&€ )|

is small for the 6 g91+1r/2 directions. A numerical value for the largest allowable
ratio will be provided later. We use the previously mentioned Table I (Logan) for

the values of lg(§ )| . The following table gives the ratio for the 6 = 91+ 7/2 direc-

tions.
TABLE I

6, 180-6,

_1 : , .
kR cosor 0 om € fee)] (gggoim x fetey)] Ratio
2r  4/5 37 0.645 0.95 0.75  2.50  3.68 0.071 0.095
4 8/9 270 0.471 0.87 0.82  2.67  4.93 0.023 0.028
tor 20/21 18° 0.314 0.79 0.87  2.82  7.05 0.004 O0.005
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As 6 decreases from OI+1r/2 § decreases and hence |g(§ )| increases, c' in-
creases and thus lg(( )I decreases therefore the ratio |g(§o)| / Ig(§0)| de_
creases from the values above. This proves our assertion. We compute the length
of the arc —BI\<9 gGI in wavelengths for the three cases.

0

21_2136, 9
arc length = 29R+ ———— = 2R(@ T)
TABLE 1Ia
kR R Arc Length
9
_— =1.2
27 A 2)&(18071‘) 9
9
4t 20 4)\(@11’) =1.88x
9
107w 51 10k(1_807r) = 3.14x

If we now take a point (-, OS) in the ""shadow region" it is immediately evi-
dent (Fig. 45b) that we need at least the arc defined by 0<6 <6 -x/2, plus addi-
tional Aas mentioned above, to reproduce the far field in 06 ges. This is due to
the contribution from the "upper' diffracted field. We make some computations
(Table II) to see if the contribution of the "lower" diffracted field must be consid-

ered.
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135

145

155

This table shows that in order to answer the above question we must decide on how
accurately the far field is to be reproduced. Let us consider (r/R)2 plus the ratio
to be no larger than 1/5. Since the values of (r/R)2 are 0.063, 0.016, 0.003 for

kR=2w, 4w, 107 respectively, we see that the computations in the "illuminated re-
gion" satisfy this requirement.
"shadow region''.
the arc 00 $9M-1r/2, plus additional A, reproduces the far field in OgegeM (sub-

ject to the 1/5 requirement).

2r
4
107r

kR

27
47
107

27
47
107

2m
47
107

M

135
150.5
159

( S

Therefore for each value of kR we seek a maximum 6

180

0. 785
1.055
1.20

6 -90

180
0.785

0.960

1.13

-90

K

)w

§0

¢

o

1.15
1.95
3.00

6664-1-F

TABLE II

270-6
180
2.36

[e)]| (

.65
.51
.33

.53
.39
.22

.44
.30
.15

2.18

2.00

OO OO0 OO o

S)7r

TABLE III
270-60
lec )] =2
o 180
0.65 2.36
0. 330 2.08
0.130 1.93

)7

%

3
4
5
3
4.
5
2
3
5

.46

.94

.70

.00

‘o

3.45
3. 86

O OO OO0 oo Oo
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| ()]

.087
.039
.010

.11
.052
.015

.14
.070
.022

However, it is not satisfied at all angles in the

lec )|

0. 087
0.0610
4.84 0.0256

Ratio

.134
.07
.030

. 207
.137
.068

.314
.233
.147

O OO OO0 ooo

M for which

Ratio

0.134
0.184
0.197
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For 6<6y;, { decreases, | g(¢ )| increases, ¢, increases, |g(¢!)| de-
creases; therefore, the ratio | g(§g)| / | g(§o)l decreases, and so the accuracy re-
quirement is satisfied. For 9 > OM, §o increases, |g(§‘o)| decreases, §E) de-
creases, lg({:))l increases; therefore, the ratio | g({:('))'/ |g(§o)| increases, im-
plying that the OM in Table III are the desired maximum angles. We compute the

arc length of -(OM -7/2) <6 QBM—t/Z in wavelengths.

6. -90
2( M )r 6. -90
arc length = 20R 180 = 2R( M__,
g T 27 180 '*
TABLE IOIa

kR R Arc Length
GM-QO

27 A 2)( 180 Y =1.57T)
9M—90

47 2 ax( 180 Y = 4.21 )
6. -90

107w 5\ 10x( 180 )m =12.0)

If we want the far field for 6 > GM » Subject to the accuracy requirement, we

need the contribution of the "lower' diffracted field and thus (Fig. 45b) the arc
3T

5 -
sary to reproduce the entire far field, subject to the accuracy requirement. We

'(:;l - BM) £0< GM’ plus additional A. This arc is the minimum arc neces -

compute it in wavelengths.
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270-6
2(1_80M)1r 270—6M
arc length = 27 R 57 = 2R( 180 )w
TABLE IIb
kR R Arc Length
270—9M
2w A 2)\(—1—80—)1 =4.72 2
270-6
4x 20 4x( 180 )m =8.322
270-6
10w 51 10X 180 )m =19.3x

It is of interest to consider r as fixed and vary the frequency over the values
200, 400, and 1000 Mc. Likewise we can consider a fixed frequency and vary r over
R/4, R/8, and R/20. These computations are found in the following tables. We
again use the value 1/5 to limit (r/R)2 plus the ratio.

KEY: Arc1 = -—61<9<61

Arc

o =0y ~7/2)< 6 <0 M—w/z

Arc, = -(5 -6 )<6\<—2—-6
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3.2.5 Analytical Derivation of Correction Term

In order to investigate the decrease in accuracy of the geometric theory
for the far field at (-, 6) we can, according to Eq (5), investigate it for the surface
field at (R, 6) of the plane wave (prov1d1ng (—) is small enough) Consider the cyl-
inder to be divided into the ""deep shadow, ' penumbra of width d= ( R )1/ 3 and
"brightly illuminated' regions (Fig. 46). For the '"deep shadow" region the decrease
in accuracy can be characterized, as a function of kR, by the difference between the
phase predicted by the geometric theory and the true geometric phase. Then, pro-
viding eI+ T/2, GM are in the "deep shadow' we can find the correction to the arcs
(Figs. 47a, 47b) as follows. The above phase difference is computed for the primary
contribution in the directions 91+1/ 2, GM. This difference is then translated into
arc length; it represents the desired correction for finite kR and thus is added to

the arcs 0. < 6 < o -(GM -m/2)<6 £ (GM -1/2). For the remaining arc (Fig. 47c)

I\
we compute the phase difference for the contributions in the direction #. If this dif-

ference does not exceed 7-0 then no correction need be added to

M’
-(3x/2 -6 ) <((3r/2-6 ) If it does exceed -6, say by 6, then a correction
must be added only if 6/(1r-6 +5)> —— 0 (( )). The correction (1-€)§, €< 1, is

determined by the equation
€ 1 (r 2)
T-0_+6 +6 5 0GR

For the angles @ in the "deep shadow, " the predicted phase for the primary

contribution is found in Franz (1954), Wetzel, and Keller and Levy. 1Itis

1/3 1/3
E{R+(12—R) cosw/3 a, -(k_i{) cos7r/3(101q 180:] (p -a/2)
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(a)
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(+,8y)

(b)

3mw/2- GM

FIG. 47: (a) ARC1
(b) ARC 2
(c) ARC 3

75

(c)



THE UNIVERSITY OF MICHIGAN
6664-1-F

where q is the first zero of the derivative of the Airy function A(q) defined by

@ . 2
AlQ) = é/ de el(CK -¢) .
-

This can be reduced to (Franz)

[kR+ 0. 809 (kR)l/3 cosm/3-0. 145 (kR) -1/3 cosr/a (p-n/2)

0. 404 0.072
kRE+ _ L (p -x/2)
«r)Z? a3

or

which we represent in the form kR [1+ v ] (p - 7/2). Thus v(p - x/2) is the differ-

ence between the predicted phase and the true geometric phase; it represents

AP -7/2) 27R or AP -90) 27 R in arc length.

2x 360
If GI+ r/2, OM lie in the "penumbra region' then the correction to the arcs

-(6. -7/2 ~1/2 wi
Isesel, (GM x/ )‘<6\<9M 7/2 will be taken to be
da
'Yz_

27

-6

27R

where Ed is the angular width of the "penumbra region'.

3.2.6 Corrections to the Arcs of IV

The corrections are tabulated in the following manner: Tables VII,
VII, IX, and X present the numerical values necessary for the corrections while

Tables VIIa, VIIIa, IXa, and Xa compare the uncorrected and corrected arcs.
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3.2.7 Numerical Results (Second Set of Numerical Values)

The same computations as in IV can be made for the second set of numer-
ical values. These results are found in Tables XI, XIa, XII, and XIIa. The correc-
tions to these arcs are found in Tables XIc and XIIc; their numerical computation in

Tables XIb and XIb.
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3.2.8 Limiting Case of Large R

It is possible to consider the limiting case of large R provided we are
careful to maintain the far field assumption p>> R. As R becomes large while r
remains fixed the illuminated region approaches -x/2< 8 <m/2, the arc length of the
illuminated arc becomes infinitely large, and the width of the penumbra region be-
comes vanishingly small. Thus, if the results of our analysis are applied to the
case of a line source near an infinite plane, we would find that the entire plane (with
a zero correction since the width of the penumbra region now equals zero) is neces-
sary to reproduce the far field pattern in the illuminated region. This, of course,
is the result which is strictly valid.

To what degree the pattern can be simulated by a large (with respect to
wavelength) plane depends on the analysis of the diffracted waves which can be
thought of as arising from the edges. However, our analysis assumes the smooth
removal of portions of the cylinder and so does not consider edge effects. Hence,
it cannot be expected to give results in cases where the edges play a role.

3.2.9 Conclusions Concerning the Numerical Results

The main difference between the computations for kR=2x, 4w, 10r and
kR=2, 4, 19 (besides the difference in correction for finite kR) is the much smaller
values of 9M in the latter cases. We have seen two instances where GM lies in the
"illuminated region' and thus the illuminated arc does not simulate the entire "illu-
minated region". This is to be expected since the smaller the cylinder, the greater
the effect of the contribution due to the wave "creeping' around the cylinder.

The difference in the correction for finite kR, for the smaller values of kR,
enters when we use the phase difference 'y§d/2 for angles which lie in the "penum-
bra region' of the cylinder with incident plane wave. This is only a reasonable ap-

proximation to the actual phase difference; thus the same for the correction term.
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Now, in order to increase the values of GM we must decrease the value of r (for a
fixed frequency). But, this then puts the boundary of the "illuminated region'" of the
line source into the "penumbra region' of the plane wave. Therefore, the correc-
tion to the illuminated arc is only the reasonable approximation. However, the
larger GM, the further it is from the "penumbra region'; thus the better the correc-
tion term, or in other words, the better the arc —(OM—1r/2+'yGM) <6 <6M-1r/2+w6M

simulates the far field in —6M$9 \<9M (to the given degree of accuracy).
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Iv

INSTRUMENTATION

The spectrum signature data required by the Electromagnetic Compatibility
Analysis Center (ECAC) must be presented in a statistical form if they are to be
properly processed. Since antenna spectrum signature data are generally collected
in the form of conventional antenna radiation patterns (continuous plots of the antenna
radiation characteristic as a function of angle), the patterns must be replotted in sta-
tistical form (e.g. cumulative gain data). Either manual or automatic techniques
may be used but with the large volumes of data involved in spectrum signature stud-
ies, the manual techniques will be both time-consuming and costly. In the interest
of economy, a technique has been devised so that the data may be processed auto-
matically. This is accomplished by incorporating an analog to digital converter sys-
tem in a conventional antenna pattern recorder. This converter is so designed that
the pattern data are simultaneously recorded in digital form as the pattern is plotted
in analog form. To facilitate later data reduction, the digital converter samples the
amplitude of the analog plot at equally spaced (10) increments so that 360 points are
sampled and digitalized for each pattern. The sampled amplitude data are accurate
to within a third of a db of the analog plot. The digitalized data are stored on mag-
netic tape for later reduction to the desired statistical form through the use of a

computer (e.g. IBM 7090).
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A%

CONCLUSIONS AND RECOMMENDATIONS

Measurement techniques applicable to determining the three-dimensional
spectrum signatures of airborne antennas have been presented in this report. The
following six measurement techniques have been considered. 1) Full-scale models,
2) Partial full-scale models, 3) Instrumented flying aircraft, 4) Precision scale
models, 5) Simplified scale models, and 6) Simplified partial models. Each of the
above techniques has been found to be suitable for obtaining spectrum data. However,
the simplified modeling techniques have been found to be more desirable from the
standpoint of cost and ease of model fabrication. The use of simplified scale models
and / or simplified partial models is justified since for purposes of compatibility
analysis it is not the actual radiation characteristics of the airborne antenna that are
used, but rather a statistical model of the radiation characteristics. To prove the
validity of simplified techniques, a comparison of antenna pattern statistical data ob-
tained from precision and simplified models of a T-33 aircraft has been made. The
statistical data show excellent pattern agreement between the two aircraft models
(see Figs. 22-26 and Figs. 39-43).

To evaluate the above techniques, the experimental study employed low-gain
low-frequency antennas. The data presented in this report have been obtained with
either a modified monopole or standard /4 monopole antenna. Since the radiation
pattern of the monopole antenna configuration is omnidirectional split-beam, which
is strongly dependent upon airframe surface currents, the simplified modeling tech-
nique has been subjected to a rather rigorous experimental evaluation. However, it
is recommended that a further study of the simplified technique be conducted using

an antenna having a unidirectional radiation pattern.
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Since many antenna types (e.g. spirals) are not easily scaled, an analytical
study has also been conducted to determine the feasibility of employing simplified
full-scale partial models to obtain spectrum signature data. The results of this
study are presented herein. Since these results appear encouraging, it is recom-
mended that a short experimental study be conducted to evaluate further the theoret-
ical data.

This report has been primarily concerned with the evaluation of various
measurement techniques applicable to obtaining airborne antenna spectrum signature
data suitable for Air Force requirements and in a form that may be evaluated at the
Electromagnetic Compatibility Analysis Center (ECAC). It is recommended that the
study now be broadened to include an investigation of techniques for 1) obtaining in-
formation on the absolute gain of airborne antennas at spurious and harmonic fre-

quencies, and 2) predicting the radiation characteristics of such antennas.
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APPENDIX A
DETERMINING ASPECT ANGLES FROM PHOTOGRAPHS

A.1 Procedure for Obtaining Aspect Measurements

Two procedures have been developed for obtaining the aspect from which an
aircraft has been viewed by examination of photographic records. The first involves
measurement of the photograph, the second a comparison with a model in a shadow-
graph.

The aspect or view from which the target aircraft is seen is defined with the
aircraft at the center of a sphere, flying in the plane of the equator. Horizontal as-
pect, 0, is defined as the angle of longitude on the sphere between the axis of the
aircraft (tail = 0°) and the line-of-sight from the target to the viewer, with sense as
shown in Fig. A-1. Vertical aspect, ¢, is defined as the angle between the plane of
the equator and the line-of-sight from the target to the viewer, with sense as shown
in Fig. A-1.

The method involving measurements taken from the photograph considers the
target to be two line-segments, one the length of the fuselage along its axis and the
other the distance between the wing tips.

If the viewing distance is large compared with the dimensions of the target,
the ratio of the projected lengths of these two lines and the angle between them can
be measured from a photograph. The ratio of the comparable dimensions of the tar-
get is known. A set of equations was derived which relate this angle and these two
ratios to the aspect angles ¢ and 6 (Sec. A.2). A graph of these equations is used
for rapid computation during film reduction.

The second method used to determine aspect from photographic records makes
use of a shadow-graph. A model is illuminated by a distant light source, which

casts a shadow of the model on an adjacent plane surface. The model is mounted on
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FIG. A-1: DEFINITION OF ASPECT ANGLES: ¢ = VERTICAL
6 = HORIZONTAL.
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gimbals provided with a scale for measuring aspect angles. In use, the position of
the model is adjusted visually so that the shape of the shadow is identical with the
photograph of the target, and the angles 6 and ¢ are read from the scales on the gim-
bals.

A study of the error introduced by parallax due to a finite separation of the
light source and the model was made. This study, which influenced the mounting
design, indicated that at a distance of 13 ft, parallax error is negligible.

The model was mounted on a box containing the light source as shown in Fig.
A-2. A mirror on an adjustable mount was fastened to a wall at a height of about

6 - 12 ft above the light source and model. The position of the source and model
and the tilt of the mirror were adjusted so that the light incident upon the model was
perpendicular to the two axes of rotation of the model when both aspect scales were
adjusted to the zero aspect reading and the shadow of the model indicated zero as-

pect.

A.2 Geometry of Ratio Method for Determining Aspect

The ratio method is based on the conclusion that for this test program there
exists a unique set of aspect angles, 6 and ¢} for each angle between, and the ratio of
lengths of, two perpendicular lines on the aircraft seen on the film. The target is
assumed to consist of two line-segments. These lines need not intersect, but a
translation of one line into intersection with the other must, in the analysis to fol-
low, form a right angle. In Fig. A-3, parts of each of the two lines representing
the target are shown as OA and OB. One of these lines can be assumed to have been
translated into intersection with the other at point O. The line OD is the line-of-
sight from the viewer to the target. The distance from the viewer to the target is

assumed to be large in comparison with the projected dimensions of the target.
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In Fig. A-3, line OA is defined as coincident with the axis of the fuselage of
the target and OB is defined as parallel to the line joining the wing tips of the target.
The projection of the view line in the AOB plane is line OC. These three lines form
the angles 6 and ¢, previously defined as the horizontal and verical aspect angles.

From point A, line OD is constructed perpendicular to the view line at point D.
From point D, line DC is constructed perpendicular to the view line at D and inter-
secting the projection of the view line at C. Plane ACD is the plane of projection
normal to the viewing direction. Because plane OCD is perpendicular to planeWB,
the intersection of plane ACD with these planes forms two right angles denoted@
andlb_CA. The same procedure is used at point B to generate points E and F.

The equations of the geometry presented in Fig. A-3 express, in terms of as-
pect angles, ratios of the projections of OA and OB in the viewing plane of projection
to OA and OB respectively and the angles between these projections and lines CD and
EF.

If L and W represent the length of the fuselage and the distance between the
wing tips of a target, respectively, and £ and w represent the projections of L and

W in the plane normal to the viewing line, according to the previous analysis,

2
2w eacl 2
)_ 1-cos”6 cos“f _ p2 (A.1)

L/W 1—sin29 c052¢

If the viewing distance is large compared with the target dimensions, the ratio £ Jw
can be measured from a photograph. The ratio L/W is a known characteristic of
the aircraft.

The angle formed in the plane normal to the viewing line is the sum of angles

ADC and BFE. For the angle ¢ defined as

y = 180°- AADC - /BFE,
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the following equation is valid:

¥=180°-tan"!(tan 6 csc §)-tan"H(cot § csc §).
If the tangent of the sum of two angles is expressed in terms of the tangents of each:

=180%_tan-1 tanécsc@+cot 6 csc ¢
¥=180"-tan l-tan6csc@Pcot Oesc P

=180°_tan-1 -sin(
¥=180"~tan sin 6 cos 6 cos2f °
or
_ sin ¢
tany = sin 6 cos 6 cos2( . (A.2)

A graph prepared for the solution of equations (A.1) and (A. 2) is shown in Fig. A-4,
The range of the variables in this graph is sufficient for the data reduction process.

The quantities p2 and i are obtained from the photograph. The graph yields the cor-
responding values of ¢ and 6.
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APPENDIX B
8,(¢) vs ¢ (kR = 4.19)

¢ Real Part g1(§) Imag. Part gl(g’) |g1(§)|
-1.0 1.794 0. 3881 1.836
-0.9 1.794 0.2125 1.807
-0.8 1.772 0. 0729 1.774
-0.7 1.734 0. 0297 1.734
-0.6 1.689 -0.1018 1.691
-0.5 1.636 -0.1482 1.643
-0.4 1.586 -0.1712 1.595
-0.3 1.524 -0.1736 1.534
-0.2 1.465 -0.1616 1.474
-0.1 1.403 -0.1378 1.410
0.0 1.339 -0.1038 1.343
0.1 1.273 -0. 06322 1.275
0.2 1.203 -0. 02144 1.203
0.3 1.105 0. 02195 1.105
0.4 1.059 0. 06456 1.061
0.5 0.9836 0.1046 0.9892
0.6 0.9109 0.1396 0.9216
0.7 0.8372 0.1702 0. 8543
0.8 0. 7645 0.1952 0.7890
0.9 0.6954 0.2150 0.7278
1.0 0.6282 0.2308 0. 6693
1.1 0.5635 0.2401 0.6126
1.2 0.5044 0.2465 0.5614
1.3 0. 4499 0.2492 0.5143
1.4 0. 3982 0.2482 0. 4692
1.5 0.3527 0.2439 0.4288
1.6 0.3106 0.2376 0.3910
1.7 0. 3090 0.2296 0.3850
1.8 0.2369 0.2209 0. 3239
1.9 0.2049 0.2089 0.2927
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¢ Real Part gl(§) Imag. Part g1(§) |g1(§ )|
2.0 0.1774 0.1998 0.2672
2.1 0.1522 0.1891 0.2428
2.2 0.1307 0.1784 0.2211
2.3 0.1121 0.1676 0.2017
2.4 0.09371 0.1579 0.1836
2.5 0. 07853 0.1478 0.1674
2.6 0. 06546 0.1357 0.1507
2.7 0. 05316 0.1267 0.1374
2.8 0. 04378 0.1182 0.1260
2.9 0. 03468 0.1090 0.1144
3.0 0. 01588 0.09753 0. 09879
3.1 0. 02038 0. 09029 0. 09257
3.2 0.01427 0. 08559 0. 08678
3.3 0. 01038 0.07833 0. 07899
3.4 0. 00607 0.07117 0.07141
3.5 0. 00256 0. 06460 0. 06465
3.6 -0. 00036 0. 05863 0. 05865
3.7 -0. 00389 0. 05255 0. 05273
3.8 -0.00519 0. 04830 0. 04858
3.9 -0. 00660 0. 04515 0. 04561
4.0 -0. 00751 0. 04006 0. 04074
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gl(C’) vs (kR =2)

Real Part g1(§') Imag. Part gl(§) |g1(§ )l
-1.0 1.794 0. 320 1.822
-0.9 1.787 0.144 1.793
-0.8 1.759 0. 004 1.759
-0.7 1.714 -0. 097 1.717
-0.6 1.663 -0.168 1.672
-0.5 1.607 -0.214 1.621
-0.4 1.550 -0.237 1.568
-0.3 1.489 -0.239 1.508
-0.2 1.429 -0.227 1.447
-0.1 1.365 -0.204 1.380
0.0 1.301 -0.170 1.312
0.1 1.235 -0.129 1.242
0.2 1.165 -0. 088 1.168
0.3 1.095 -0. 045 1. 096
0.4 1.023 -0. 002 1.023
0.5 0.949 0. 038 0. 9497
0.6 0.879 0. 073 0. 8820
0.7 0. 808 0.104 0.8197
0.8 0.738 0.129 0. 7492
0.9 0.672 0.150 0. 6885
1.0 0.608 0.167 0.6306
1.1 0. 546 0.177 0.5739
1.2 0. 490 0.185 0.5237
1.3 0. 439 0.190 0.4783
1.4 0. 390 0.191 0.4343
1.5 0. 348 0.189 0. 3960
1.6 0. 309 0.185 0. 3601
1.7 0.270 0.179 0. 3239
1.8 0.240 0.173 0.2958
1.9 0.210 0.163 0.2659
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Real Part gl(§ )

6664-1-F

Imag. Part gl(t)

|8,(8)]
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