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PREFACE

Radar antemas on aircraft ard missiles must be covered with
dielectric shells or radomes for streamlining. The readome intro-
duces errors in the indicated target position, and must be designed
to minimize such errars. While the optical approximations generally
amployed in radome design may be satisfactory for large, well rounded
radomes, they are often inadequate for small, highly streamlined
shapes, Improved approximate methods of amalysis are needed to
replace the slow, costly, cut-and-try methods now in use for such
radomes .

In seeking an improved design procedure, maximum use should be
made of any avallable experimental measurements, Although the ra-
dome is assumed to be in the design stage amd not yet constructed,
the radar antema to be used is often avallable, In Chapter II
various techniques are investigated for use in the accurate measure-
ment of the electromagnetic fields near an antemma. The properties
of a coherent detectar are found to be particularly useful. A
balanced coherent detector is umusually sensitive and permits measure~
ment of time-quadrature components as well as automatic rhase measure~
ments,

The scattering method of measuring electric field distributions
is capable of unusually high accuracy, To simplify the scattering
measuremerts and at the same time increase the sensitivity and
accuracy, a new technique was developed employing a modulated scatter-
er. A comparison of various probes led to the development of an open-
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ended waveguide probe which is of simple construction, has an aper-
ture small enough t o measure complicated field distributions, and has
proven sufficiently accurate for many measurements.,

In radome design it is frequently mscessary to calculate the
radiation pattern of an antenna covered with a radome, The surface
integrations usually involved are considered in Chapter III. It is
found that the calculstions are simplified if a plane reference
surface is chosen, The surface integration may be further simplif jed
to a 1line integration if the electric fields are separable. The
mumerical work may be reduced with little loss in accuracy by re-
placing the contimious field distribution near the antema with an
array of point sources spaced nearly one-half wavelength apart.

Conventional radome analysis methods require a mathematical
descrirtion of tranamission through a radome located in the Fresnel
sone of an antema. By an application of the reciprocity theorem,
this problem is replaced in Chapter IV by the simpler problem of
transmission of a plans wave through the radome from a distant source,
A particularly simple result is obtained by this approach for trans-
mission through an infinite plane dielectric sheet inclined at some
angle from the antema aperture, If interaction between the antema
and the sheet is negligible, the radiation pattern with the sheet is
merely the unperturbed pattern multiplied by the plane-wave plane-
sheet tranamission coefficient, This has been verified experimentally,

The theory has also been applied to transmission through finite
plane sheets., Simplified approximate calculations have been carried

out and ylelded satisfactory agreement with measured data. It is
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felt that these results justify future attempts to apply the theory
and techniques to the problems of transmission through curved dielec~-

tric sheets and radomes,
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ZLECTROMAGNETIC TRANSMISSION
THROUGH DIELECTRIC SHEETS

I, INTRODUCTION

Radar antennas on aircraft, ships, and even in many ground in-
stallations must be covered with a dame to protect the antema from
wind and moisture. An excellent introduction to the theory of radar
antema domes, or radomes, is given in reference (1), A radome must
be as transparent as possible to electromagnetic waves at the radar
frequency. Radomes present a number of electromagnetic problems,
and these may be especially difficult in rader systems which indi-
cate the angular position of a target, as contrasted with ranging
radar, A radar system which performs satisfactorily before the
radome is installed may show a reduction in range and a decreased
accuracy with the radome in place. These effects are introduced
through antenna pattern distortion caused by the radome., The pat-
tern distortion produced by a radome may include the following types:
attemiation, beam tilt, and change in beam width, The angular differ-
ence between the apparent target position indicated by the radar
and the line of sight is called the boresight error. Radomes for
systems which aim guns or gulde missiles must introduce a minimum
boresight error.

The electrical design of a radome includes the specification

of the dielectric constant and loss tangent of the material and the

thickness and shape of the radome. The choice of dielectric constant



and loss tangent is limited by the available materials which have
properties suitable for radome use, In some applications radomes
are subjected to temperature extremes, large wind loads, and great
acceleration forces, The choice of radome shape is also limited,
especially in high speed aircraft and missiles, by aerodynamic con-
siderations, Whereas a hemispherical radome is usually the best
electrical design, a highly streamlined shape is preferred to reduce
wind resistance and rain erosion.,

An exact solution for the fields of an amtenna enclosed in a
radome is availsble only for the simplest caset a short dipole in
a spherical radome (2). Even in this case difficulty is experierced
in obtaining useful information from the solution. It is found that
the functions involved are not sufficiently well tabulated, Further-
more, the infinite series which express the solution are slowly conm
vergent, These problems would also accompany the select few remain—-
ing radome shapes which fit coordinate systems in which the wave
equation is separable, and which therefore would permit rigorous
analysis,

The radome design problem is complicated by the fact that the
antenna usually must aim in various directions through the radome to
keep a moving target in view, In addition, some type of scamming
such as conical scanning is employed to obtain accurate direction
information while using a small, broad-beam antenna. One might
consider calibrating the radome and using automatic equipment to make

corrections for the radome errors, While this is possible, it would



be an unsatisfactory solution to the radome problem in view of the
size and weight of the extra squipment required. Furthermore, the
reliability of the system would be reduced by the possibility of
failure of the additional components,

Approximate methods must therefore be employed in the analysis
and design of radomes, Large, well rounded radcmes are successfully
analyzed using approximetions from physical optics, The radome may
be approximated by a number of planes dielectric sheets tangert to
the actusl radome., Plane-wave plane-sheet theory may then be used
to design radomes for high transmission coefficient, low reflection
coefficient, constant insertion phase delay, and other desirable
properties, The radome may be thought of as a lens, and lens for-
mulas are sometimes applied. These approximate msthods, however,
are found to give only qualitative results when applied to small,
highly streamlined radomes., New approaches and more exact analyses
are needed to replace the slow, costly, empirical, cut-and-try methods
in use today.

The development of an approximate analytical procedure suitable
for streamlined radomes is the subject of this dissertation. To
promote an understanding of the phenomena involved, and to avoid the
necessity for large high-speed computers in the investigation, the
radome problem was simplified by considering plane dielectric sheets
rather than actual curved radomes, It is felt that the methods used
with finite plane sheets will be found useful with streamlined ra-

domes, especially since it has been observed that the fields near the
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edge of a plane sheet resemble those near the sharp nose of a radome,
Since a large mmber of measurements of fields near antennas

was required in this study, it was found necessary to investigate

techniques for accurate probing of fields and for sensitive detection

of microwave signals, A= a mmber of antenna radiation patterns

had to be computed from given near-fisld distributions, a simplified

computation procedure was developed. The following chapters will

consider techniques for measuring microwave field distributions and

for calculating antenna field patterns, Ths results will then be

utilized in an analysis of anterma pattern distortion by infinite

and finite dielectric sheets.
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II., MEASUREMENT OF ELECTROMAGNETIC FIELDS NEAR ANTZNNAS
A. A BALANCED COHERENT DETECTCR FOR MICROWAVE MEASUREMENTS
1., INTRODUCTION

The far-field calculations discussed in Chapters III and IV
require a knowledge of the fields on some surface enclosing a transe
mitting antenna, Scattering and probing methods for measuring such
fields are investigated in Sections B and C of the present chapter,
The high sensitivity available with coherent detection permits the
use of smaller, more accurate probes and scatterers. A balanced
coherent detector permits the direct measurement of the time—quad-
rature components which are found to be convenient in certain far-~
field calculations in Chapter 111, The properties of the balanced
coherent detector are employed in Section B of the present chapter
in the development of a modulated scattering system, For these
reasons the following study was made of coherent detection,

Let E denote some microwave signal or electric field intensity
to be measured, and let |E| and a denote its amplitude and phase,
E may be a function of the position of a probe exploring the fields
near a transmitting antenna. For convenience in making calcula-
tions it is often desirable to record the time-quadrature components
|E| cosa and |E| sina. These are also called the real and imaginary
components and are denoted R(E) and I(E), respectively. It is found
possible to make direct measurements of R(E) and I(E) with equipment
which is less elaborate than that required for direct measurements

of amplitude and phase,



2., THEORY

Figure 2.1 illustrates the equipment used for measuring R(E)
and I(E). The detector is commonly referred to as a coherent or
synchronous detector (1). Synchronous detection has been proposed
and analyzed in the past (2), but its use at microwave frequencies
has involved difficulties which have been overcome only recently
with the development of nonreciprocal waveguide sections and wave-
guide modulation techniques.

The receiver is used at a frequency of 9400 mc., Two type 821
Sperry bolometers are used as the detecting elements. An unmodu-
lated signal A of constant phase and amplitude is applied to the
bolometers directly from the klystron, In addition a test signal
E, amplitude-modulated at some audio frequency (1000 cps), is
applied, The bolometers are connected to the collinear arms of a
hybrid junction, and signals A and E arrive through the two ortho-
gonal arms, Tuning is provided in one collinear arm to achieve
maximum isoclation between signals A and E. Because of the properties
of the hybrid junction, the total signals arriving at bolameters 1l

and 2 are, respectively,

E, =A +E, (2.1a)
and E, = A ~ B, (2.1b)
If A is taken as a phase reference, eqs. 2,1 become

Ey = A+ |IE| cos @ + 3 |E| sin a, (2.2a)
and B, = A - IE! cos a = J |E| sin a. (2.2v)

The output voltages Vl and V_ of bolometers 1 and 2 ars proportional

2
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Fig. 2.1. Equipment for measuring the real and imaginary
components of a microwave signal,

to the squares of the amplitudes of El and Is‘.2

constant of proportionality is of no concern in this discussion and

will be omitted, Thus,

» respectively, The

v, = (A + [2] cos cr.)z + (Ie! ain o.)2, (2,3a)
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and v, = (A - [E| cos a)? + (|E] sin a)?. (2.3b)
An audio transformer takes the difference between Vl and Vz, yielding
V3 =4 A [E] cos a. (2.4)

Thus, since A is held constant, V. is proportional to R(E).

3

Now, a similar detector could be added alongside the one shown
in Fig, 2.1 and adjusted to provide an output signal 4 A |E| sina
proportional to I(E), This could readily be accomplished by applying
signals A and E as before but with a phase shift of 90° inserted in
the path of A, At presert , however, this additional complexity of
equipment is avoided at the cost of an increase in operating time,
This is done by conducting each experiment twice, recording R(E)
the first time, shifting signal A through 90° in phase with the
slotted waveguide shown in Fig., 2.1, and finally recording I(E).

The reference signal A may be thought of as a local oscillator
signal in comparing coherent detection with superheterocdyne detection.
However, since the reference signal comes from the same source as
the test signal E, there is no problem of fregquency stabilization
to maintain a constant difference fregquency as in a conventional
superheterodyne receiver, The neceseity for a reference signal
direct from the transmitter limits the use of coheremt detection to

laboratory measurements,

3. BEQUIPMENT AND ADJUSTMENT
The Uniline is a nonreciprocal waveguide attenuator which

allows transmission in the forward direction with little loss but



provides a large attenuation for energy traveling in the reverse
direction, The Unilines shown in Fig. 2.1 help isolate the klystron
from variations in load impedance and provide extra isolation
between signal A and the modulator,

The modulator in use consists of a 1N23 crystal in a tunable
detector mount. An audio modulating signal of about three volts at
1000 cps is applied to the crystal, and the resulting variations
in crystal impedance produce amplitude modulation on the microwave
signal traveling through the waveguide. As compared with square-
wave modulation of the klystron, crystal modulation involves a loss
of 3 or 4 db of sensitivity because of incomplete modulation, How-
ever, it is desirable that the reference signal be urmodulated;
hence, klystron modulation would not be suitable, If the reference
signal were modulated, the measurement of small test signals would
be interfered with by a residual output signal present in the receiver
due to imperfect audio mulling. A simple audio milling circuit
(merely potentiometer R) is satisfactory if the reference signal is
urmodulated,

The selective amplifier (3), built at the Antenna Laboratory,
has a pass band of 4 cps centered at 1000 cps, The linear rectifier
to be used depends on factors such as the dynamic range required,

A chopper rectifier, synchronized with a properly phased signal from
the modulator, should be satisfactory. A type 1N34 germanium diode
is in use at present, The diode is operated at a signal level large

enough to obtain linear response,
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Two mulling operations are involved in adjusting the equipment,
Signal A is disconnected from the hybrid junction, and a test signal
E of about 1 mw is applied, A detector is connected to the hybrid
Junction at the terminal where signal A was removed, Tuner T 1is
then adjusted for a null indication at the detector, A second
milling operation is now performed by adjusting potentiometer R for

a minimmm indication at the detector.

L. PERFCRMANCE

As a test of accuracy, the equipment was used to measure known
fields in a waveguide. The antenna shown in Fig, 2,1 was replaced
with a slotted waveguide., A probe moving along the waveguide axis
extracted a test signal E. Measurements were taken with the slotted
waveguide terminated with a metal reflector and then with a matched
load, The results are shown in Fig, 2.2, In both cases, theory
indicates that R(E) should be a simsoidal function of distance x
along the waveguide axis., As is evident in the figures, excellent
agreement was obtained between the theoretical and measured fun-
ctions. Any slight disagreement is as likely to be caused by an
imperfect slotted waveguide or termination as by any inherent defect
in the detector, These measurements were repeated with equally good
results at signal levels up to 1 mw with a reference power of 1 mw,

The sensitivity of the equipment with a reference signal of 10
mw was measured as -~ 125 dbw at 9400 mc., That is, a test signal

power of =125 dbw was required to raise the receiver output by 3 db
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over the output noise level observed in the absence of any test sig-
nal., This could no doubt be improved, if desired, by using a more
efficient modulator, and adjusting the bolometer bias current to
the optimum value, A bias current of 5 ma was used for each bolo~
meter,

The measurements listed in Table 1 show that the output noise
of the receiver increases somewhat as the bolometer bias current is

increased, but is quite insensitive to the reference signal level.

TABIE 1

Average Receiver Noise Output as a Function of Blas
Current and Reference Power Level in the Absence of

a Test Signal
BIAS CUKRENT (ma) REPERENCE POWER (maw) NOISE OUTPUT (v)
0 0 0.33
5 0 1.00
5 10 1.18

Equation 2,4 indicates that the output signal should be propor-
tional to the reference level A for a given test signal E with a given
phase angle, This was found to be accurate as long as A was stronger
than E. This condition is easily satisfied in practice.

It was found that crystals performed as well as bolomoters in
the coherent detector, The waveguide field measurements shown in
Fig. 2.2 wore repeated using 1N23 crystals with equally good results,
The sensitivity of the coherent detector using crystals was found to

be =123 dbw at 9400 mc, This measurement was made with the reference
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signal adjusted to the optimum level, which was found to be =36 dbw

at each crystal,

B, A MODULATED SCATTERING TECHNIQUE FOR MEASUREMENT OF FIELD
DISTRIBUTIONS

1, INTRODUCTION

The analysis of microwave transmission through dielectric sheets
developed in Chapter IV requires a knowledge of the electric field
intensity distribution near a transmitting antenna. Electric field
intensity is generally measured by inserting a small test antenna in
the field and observing the voltage V induced at its terminals, Let

S denote a surface which encloses the probe as in Fig, 2.3. Let E

@_

ANTENNA

P/q,fe -EZ
Fig. 2.3, The fields of a transmitting antenna
being measured with a probe surrounded by a
reference surface S.

and H denote the electric and magnetic field intensities set up on
S by the tranamitting antenna in the absence of the probe, If the
probe, when functioning as a transmitter, sets up fields El and Hl
on S in the presence of the antenna, we may define electric and
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magnetic currents J and K on S which are equivalent to the probe:

J=nxH, (2.5a)
and K=E xn, (2.50)
where n is the outward unit normal on S, It has been shown by
Kouyoumjian (4) that

VecC ﬂ (J*E = X°H) do, (2.6)
where C is a conetint determined by certain impedances and the
strength of the sources used and will be omitted in the following
discussion. If the probe is a thin linear dipole, and if surface S
is chosen to coincide with the dipole surface, eq, 2.6 reduces to

V= \/NI°E dg -\/ﬁl(z) Ez(y,z) dz, (2.7)
where z denotes distance along the dipole axis, I(z) is the current
distribution on the dipole when functioning as a transmitter, and E,
is the component of E tangential to the dipole, If the dipole is
sufficiently short so that Ez is constant both in phase and amplitude
along the dipole,

V= B, (yp,1) fI(z) dz, (2.8)
where ’o and zo are the coordinates of the center of the dipole.
Thus, a short thin linear dipole would accurately indicate the inci-
dent electric field intensity camponent parallel to the dipole.

It is apparent from eq, 2.6 that in general a probe does not
indicate the field intensity at a point, but rather some weighted
average of the fields, As is discussed in Chapter III, the fields
of certain antennas are separable in rectangular coordinates to a

good approximation; that is,
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E’(y,z) = Y(y) Z(2). (2.9)
In this case eq. 2.7 becomes

Ve [ 1) %) as. (2.20)
Thus, in separable fields the finite dipole accurately indicates the
electric field distribution on a path parallel to the y-axis, but
indicates a weighted average of the electric field distribution on a
path parallel to the dipole axis. Unfortunately, the properties of a
dipole are considerably altered by the presence of the cable which
must be used to deliver its terminal signal to a detector, amplifier,
and recorder, Recently an alternative method of measuring field dis-
tributions has been developed by Justice and Rumsey (5). A brief
description of the method will be given, followed by the development
of a modification which simplifies the instrumentation and adjustments
involved,

The scattering method uses a hybrid junction as shown in Fig.

2., with the collinear arms terminated in an antenna and a resistive
load, The E and H arms of the junction are comected to the signal
source and the receiver, If the impedance of the load is equal to
that of the antenna, no power i1s transferred from the signal source
to the receiver, In practice the antenna must be tuned until the
isolation between signal source and receiver is about 100 db, A thin,
linear conductor having a length of one~half wavelength or less is
then introduced at a point in the field of the antemma, This dipocle
is supported by thin nylon strings which cause negligible disturbance
to the field, A current is induced on the dipole proportional to
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Fig. 2,4, Apparatus for electric field measurements
with the scattering technique,

the component of the incident electric field parallel to its axis;
that is, if the dipole is parallel to the z-axis, the currsnt is pro-
portional to Ez at that point in the absence of the dipole, DBecause
of the current flowing on the dipole, a sigmal is radiated or scat-
tered. This produces a reflected wave at the antermma input terminals
as well as in other portions of space surrounding the scatterer, This
reflected wave at the antemnna terminals is separated by the hybrid
Junction and produces a voltage at the terminals of the receiver. It
has been shown (5) that the voltage produced at the receiver ter-
minals with the scatterer at a given position is proportional to the
square of the tangential electric field intensity at the same posi-
tion in the absence of the scatterer, Thus the amplitude and phase

of the field at each point can be determined by measuring the phase
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and amplitude of the received signal,

This scattering technique distorts the fields less than conven-
tional probing methods since no cable is comnected to the dipole,
Fields in solld dielectric bodies can be measured with the scattering
system by passing the dipole through a fine hole in the dielectric.
However, the scattersr must be short to indicate the field at a point,
and ueually must be slender to discriminate against orthogonal polari-
zation, Hence, the scattered signal is small., It will be shown that
measurements with the scattering method are subject to errors from
slight detuning of the hybrid junction and hence to frequency drift
and temperature drift, Since the hybrid junction tuning is frequency
sensitive, a monochromatic signal source is required. For this reascn
the source shown in Fig, 2.4 is operated ummodulated to avoid frequen~
cy modulation which generally occurs when a klystron is amplitude
modulated. Care must be taken to prevent motion of any bodies (other
than the dipole) in the antenna field during measurements.

To overcome these difficulties, a method will be described for
amplitude-modulating the scattered wave, This will make it possible
to relax the tuning and stability requirements and at the same time

to increase the sensitivity of the measurements,

2. A MODULATED DIPOLE SCATTERER
The scattering from a dipole can be amplitude-modulated in
several ways., The most practical method appears to be to place a

nonlinear impedance in series with the dipole at its center, and to
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modulate the impedance electronically. A Transitron type T7G sub=
miniature germanium diode was somewhat arbitrarily selected as a
nonlinear impedance, Cotton thread, made alightly conducting with a
trace of Aquadag, was used not only to support the diode scatterer
but also to comect an audio modulating voltage to it as shown in
Fig. 2.5. Any field distortion due to the presence of the thread
should be negligible because of its high resistance (500,000 ohms
per ft) and small diameter (0.02 inch) even if the thread is parallel
to the electric field vector, which is the worst case. In measure-
ments of linearly polarized antennas the thread is aligned perpen-
dicular to the electric field to minimize the rf currents on the

thread and hence scattering by the thread.

0-021' M’
T SILVER PAINT.

[1]
o o “2_GLASS CASE O.1 DIA. T SSULATOR
. . 100 wv.
S 3 GERMANIUM DIODE. |00 O-CPS
_{_ SLIGHTLY CONDUCTING
jTHREAD.
w
Plate X

Fig. 2.5, Modulated diode scatterer,
The dipole was reaonated to the operating frequerncy of 9400 mec
by applying silver paint over a small area of each end of the glass
case of the diode as in Fig, 2.5. This resulted in a substantial



19

increase in the strength of the scattered field of the diode. The
system shown in Fig. 2.5 was found to produce a scattered wave which
was nearly 100 per cent modulated,

In the usual scattering system the dipole should have a length-
to-diameter ratio of at least 30 to satisfy polarisation require-
ments (5), However, this requirement can be relaxed considerably
with a modulated dipole since the diode at the center will modulate
only the axial component of current flowing on the dipole. Any cir-
cumferential component of current will be unmocdulated and hence will
produce no depolarization, as will be shown, By rotating the antemna
and observing the signal level in the receiving arm of the hybrid
Junction, it was found that the modulated scatterer discriminated
between orthogonal linear polarizations by at least 32 db, Of course,
when modulation is spplied to the scatterer, no modulation is intro-

duced at any other point in the system,

3. ERROR ANALYSIS
To analyse certain errors involved in the usual scattering sys-
tem shown in Fig. 2,4, let Ea denote the signal arriving at the de-
tector by way of scattering from the dipole, 1If Ez is the aelectric
field intensity component tangential to the dipole,
E « E2. (2.11)
There will also be an undesired signal Eu arriving at the detector

even in the absence of the dipole, since the hybrid junction is never

perfectly balanced.
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Now, in the usual scattering method both the desired and un-
desired signals are modulated, and the resultant signal E arriving
at the detector is

E=[E coswt+E cos(wt +p)]m(t), (2.12)
where m(t) denotes the modulation function which may be taken to be

the square wave shown in Fig, 2.6, w is the microwave angular fre-

1—

TIME —

Fla T’e yr
Fig. 2.6. Assumed modulation function m(t),

quency, and B is the phase angle of signal Eu' The error caused by
E, is maximum when B is zero or x, in which cases the detector in-
dicates amplitudes

l&] =B, 2 K. (2.13)

Thus, if the unbalance signal Eu is 20 db smaller than Es, the
measurement of E' will have a possible error of ¥ 10 per cent. The
measurement of the slectric field distribution E, may be in error by
as much as 2 5 per cent,

It will now be shown that errors from unbalance signals can be
eliminated if a modulated scatterer is employed, In order to accom-
plish this and at the same time increase the sensitivity of the

measurements, it is assumed that a coherent detector such as shown
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in Pig. 2,7 will be used., Modulation will be introduced at no point

in the system other than at the dipole,

V3
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REFERENCE
SIGNAL

E,

E

& {1 -\

v, H V,
SQUARE — L AW
Es DETECTOR

MODUL ATED
SCATTERING
SIGNAL

Flate XIL
Fig. 2.7. Simplified diagram of coherent detector.

An urmodulated signal E, direct from the microwave signal
source is delivered to the E~arm of a hybrid junction., The modu-
lated scattering signal E, is applied to the H-arm, Some urmodu-
lated unbalance signal Eu will undoubtedly accompany the scattered
signal, Each of the two collinear arms of the hybrid junction is
terminated with a aquare-law detector. The resultant signals E;

and E2 arriving at detectors 1 and 2 are
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E, = Ejcos wt + K cos(wt+f) + E cos(wt+a) m(t), (2.142)
and E, = Eqcos wt = E cos(wt+f) - E_cos(wt+a) m(t). (2.14b)
The minus signs occur because of the properties of the hybrid junc-

tion, The power P. arriving at detector 1 is proportional to Ei.

1
The only modulated components of this power are given by
Py = Eicosz(mi-a) + 2E E _cos wt cos(wt+a)
+ ZEuE.con(wt+B) cos{wt+a)] m(t)., (2.15)
The audio response V, of detector 1 is found by averaging P1 over

one rf cycle:

N

Vy = _]2= E, + EqEqcos a + E E cos (a-B). (2.16a)
Similarly,
v, = ':li zf - E_E_cos a + E E cos(a-B). (2.16b)

The coherent detector response VB is obtained by subtracting V2 from

V1 as is done by the audio transformer in Fig, 2.7, yielding

V, = 2 E_E_cos a. (2.17)
Thus, the coherent detector response is independent of the phase
or amplitude of any unbalance signal, In contrast with the usual
scattering technique, theory indicates that the modulated scatterer
method is immune to errors from unbalance signals,

If the phase of signal E, is now shifted by 900, one obtains

V; = 2 EE_sin a. (2.18)
Thus, it is possible to measure the real and imaginary components of
the scattered signal E.. The coherent detector also makes it con-

venient to plot phase distributions automatically (6),
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Of course, coherent detection can be used with the usual type of
scattering technique, but in this case it will not reduce the errors
because ths scattered signal and the unbalance signal are both modu-

lated and camot be distinguished,

4, EXPERIMENTAL RESULTS

It was desired to verify experimentally this predicted immunity
of the modulated scattering system to errors from unbalance signals,
A system similar to Fig. 2.4 was used with the modulated dipole of
Fig. 2.5 and the coherent detector of Fig, 2.7. The electric field
distribution was measured with the scattering method along a path
near the aperture of a horn antenna, The measurement was repeated
with various controlled amounts of unmodulated signal mixed in with
the scattered aignal where it was delivered to the detector. No
error was detectable until the urmodulated signal E“ was increased
to 15 db above the maximum scattered signal E,, or 35 db above the
minimum scattered signal for which accurate comparisons were made,
Since in the usual scattering technique the unbalance signal must
be 20 db below the smallest scattered signal to be measured accurately,
it may be stated that the use of a modulated scattering system de-
creases the required hybrid junction isclation by 55 db, In the
above experiment the detecting elements were type 1N23 crystals and
the frequency was 9,00 mc, Zven more improvement might be expected
using bolometers, since the immunity to unbalance errars depends on

the use of square-law detecting elements, The performance also
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depends on equalizing the gain of the two detecting elements in the
coherent detector before subtraction takes place in the audio trans-
former. More accurate squalization than was used in the above experi~-
ment could readily be arranged,

Electric field distributions measured with the modulated diode
were compared with measurements made with an ordinary dipole of the
same length, using the probing path shown in Fig, 2.8 without the
dielectric sheets, No -detectable differences appeared in the two
patterns, From these measurements and data on modulated diodes in
waveguides, it is evident that thes echo area of a modulated diode is
constant for all reasonable levels of rf power. That is, no errors
should arise from the nonlinear properties of the diode, at lesast for
rf signal levels below 10 mw delivered to the diode,

C. PROBES F(R MICROWAVE NEAR-FIELD MEASUREMENTS
1. INTRODUCTICN

Although the modulated scattering technique described in Section
B has been found to be well suited for the measurement of fields near
radomes, it is somewhat more comrlicated than direct probing methods.
Therefore, direct probing may be preferred in some cases where it
is adequate. For this reason, an empirical comparison of scatterers
and probes of various sizes was made and will te described after a few
general comments on probes,

A probe for accurately measuring the field intensity distribution

near a radio-frequency source must meet the following requirements:
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a, Any distortion of the fields by the probe and its cable must
not seriously affect the accuracy of the measurements,

b, The aperture of the probe must be small enough to measure
essentially the field at a point.

¢. The probe must have the desired polarization to within
sufficient accuracy.

d. The probe must deliver a signal voltage large enough to
permit accurate measurement,

The aperture site requirement on probes has been analyzed by
Woonton (7) who concluded that a probe should be no longer than one-
half wavelength and no more directive than a half-wave dipole.

It is apparent that the performance of any given probe may depend
on the environment in which it is placed. Also, the design of a
probe may be simplified if one has a knowledge of certain charac-
teristics of the fields tc be measured. For example, if the fields
are known to have a slow spatial variation, ths probe aperture size
can be increased, If the polarization of the field is known, the
polarizstion requirements on the probe can often be relaxed, A
smaller probe may be feasible if the tramsmitter power or receiver
sensitivity can be increased. In short, it is more realistic to
select the probe which is most satisfactory for the particular type
of measurements of interest than to seek a universal probe to be
used in all situations,

Dipole probes are perhaps the most popular type for near-field

measurements, The dipole is generally connected to a coaxial line
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through a balun, The dipole and balun must be carefully designed and
constructed to obtain satisfactory results, Small horns or open-
ended waveguides may also be used as probes, These require no balun

and are quite simple to construct.

2, MEASUREMENTS

To determine the accuracy of a probe it would be desirable to
use the probe to measure a known field., Any errors in the measure-
ments would then be immediately apparent, However, it is not a simple
matter to set up a suitable known field, Known fields can be set up
in waveguides and might provide a suitable test of the accuracy of
scatterers, The wavegulide test would very likely prove to be too
severe for many probes, and it is felt that a probe should be tested
in a situation similar to that in which it is intended to be used,

Very few antenna fields sre rigorously known, A good physical
model of the infinitesimal dipole, the fields of which are well known,
might be obtained by inserting a short, thin stub through a hole in a
large conducting ground plane. This might provide a standard field
for testing probes, and would be an interesting projsct. However,
even in this case the accuracy would be limited by such factors as the
finite size of the ground plane, Furthermore, a probe which gives
sufficiently accurate measurements of these simple fields might prove
to be inadequate for measuring the complicated fields near a radome,

Therefore, to investigate the near-field measurement problem,

a field was set up which was typical of the fields near a radome,
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This was accomplished by placing a wedge-shaped di electric shell in
front of a horn antenna and choosing a straight line probing path
parallel to the horn aperture as indicated in Fig., 2.8, The horn
was comnected to a type X~-13 Varian klystron tuned to 9375 mc,
corresponding to a wavelength of 1,26 inches, The field distri-
bution was recorded by automatic phase (6) and amplitude plotters

as the probe was moved along the probing path by a motor. The phase
measurements were made with a balanced coherent detector using type
1N23 crystals, A Sperry type 821 bolometer was used as a square-

law detector for the amplitude measurements,

PATH OF PROBE —=,

"”//,,,V+-L5m*
5.8

KLYSTRON

WAVEGUIDE
HORN PLANE
ANTENNA POLYSTYRENE
SHEETS

HORN APERTURE =245"

Plale XIIT

Fig. 2,8, Experimental arrangement for investigating probes.

These measurements were repeated using several types of probes,
including a small horn and three sizes of open-ended waveguide, The
orientation of a probe with its waveguide feed is indicated in Fig, 2.9.
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PROBE RG 52/V
ANTENNA i WAVEGUIDE
= W
MICROWAVE
ABSORBER
MR

Plate IX
Fig. 2.9. Orientation of probe 4 amd waveguide feed.

Wavegulde transition sections, tapered in both dimensions, were used
to couple the two amallest probes to standard X-bard waveguide as

shown in Fig, 2,10, The outside surfaces of the probes were covered

FLANGE
RG 52/U
RG 96 /U WAVEGUIDE
014" WAVEGUIDE |
*E _*'_ 2 0.4"
| l DIELECTRIC I _..l// |
MICROWAVE
ABSORBER

Fig. 2.10. Cross section of probe 4 showing waveguide
PlaTe X transition,



29

with microwave absorber to reduce distortion of the fields, It was
necessary to fill the smaller waveguide probes with dielectric
materials to permit transmission of energy through them at 9375 mc.

Pertinent information on each probe is listed in Table 1I.

TABLE 11

Probes Which Were Compared

Probe Description Aperture size (inches) Dielectric
Number E-~plane H-plane Constant
1 horn 1.13 0,90 1
2 open-ended 0.40 0.90 1
waveguide
3 " 0.18 042 L
b " o.l 0,28 11

The measurements were repsated with the scattering technique,
using scatterers of two different lengths. The dimensions of the
scatterers are listed in Table III.

TABLE IIX

Scatterers Which Were Compared

Scatterer Number Length (inches) Diameter (inches)
1 0.5 0.005
2 0.3 0.050

It will be noted that a larger diameter of wire was used for the
shorter scatterer. This was necessary in order to obtain a signal

large encugh to record accurately, since the modulated scattering
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method had not yet been developed.

was essentially linear and the scatterer was oriented almost parallel

As the polarization of the field

with the electric field intensity vector, no loss of accuracy was

anticipated dus to the increased diameter,

Useful measurements could

not be made with scatterers less than 0.3 inch long with the equip-

ment in use, although the length could be reduced if ths transmitter

power or receiver sensitivity were increased,

Fig, 2.11 shows the field distribution as measured by the

scattering method, It is noted that the shorter scatterer gave the
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Fig. 2.11, Relative phase and amplitude distributions
as measured with scatterers,

higher peaks and deeper nulls,

o

2

Fresumably the shorter scatterer is

the more accurate one, and hence the results obtained with it are

4



31

replotted in Fig, 2.12 for comparison with the probes,

The averaging effect which takes place in the aperture of probe 1
(the small horn) is obvious in both the amplitude and phase patterns
of Fig., 2.12, Otherwise, the phase patterns are in good agreement.
The amplitude patterns show quite strikingly the steady increase in
resolution as the probe aperture dimensions are reduced, The shortest
scatterer which could be used had an E-plane dimension twice that
of the smallest probe, As a result, the scatterer reduced the peaks
by 3 db and increased the level at the nulls by 2 db as compared with
probe 4. Although probe 4 has a much smaller aperture than probe 3,
these two probes yielded patterns which are in close agreement, It
is therefore felt that no additional improvement in accwracy would

be obtained by further reduction in the aperture size,
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Fig. 2,12, Relative phase and amplitude distributions as
measured with various probes and scatterer 2.
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In order to further test the accuracy of probe 4, it was used
to measure the fields on a path asix inches from the aperture of the
horn shown in Fig, 3.2, For convenience, the real and imaginary
components of the field distribution were recorded using a coherent
detector. The measured fields, shown in Fig. 3.3, were used to pre-
dict the H-plane far-field pattern of the horn. Good agreement was
obtained with the measured far fields as is evident in Fig., 3.4.
Equally good results were obtained in far—-field calculations based
on the fields measured on a path only 1.2 inches from the horn aper-
ture with probe 4,

By using probe 4 to measure the field of a rotatable dipole it
was found that the probe discriminated between cross linearly

polarized waves by at least 38 db.
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III. SIMPLIFIED CALCULATION OF ANTENNA FAR-FIELD PATTERNS

1. INTRODUCTION

The analysis of far-fiaeld distortion produced by a radome is
usually divided into two steps. First, the fields on a surface
Just outside the radome are calculated by using approximate methods
of describing the tramsfer of energy from the antenna through the
radome, Next, the fields on the reference surface are integrated
to determine the far-field pattern. In this chapter, the surface
integration involved in the far-field analysis 1s considered with
the objoctive of simplifying the rumerical computations, The re-
sults will be found applicable to similar integrals which arise in
the formulation used in Chapter IV,

Giveu the electric and magnetic field intensity distributions
E and H on some surface S enclosing a transmitting antema, it 1is
desired to determine the far-field pattern of the antema, While
the solution may be simple in principle, in practice the numerical
computation is lengthy and may require the use of large computers,
The antenna may be replaced by equivalent electric and magnetic
currents J and K flowing on S, where

J=n xH, (3.1a)

and K=Exn, (3.1b)
where n is a unit vector in the direction of the ocutward drawn normal
to S, Two vector potentials A and F may be defined in the usual

manner (1):
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A 'nj:/; g_E_;rJE ds, (3.2a)

and F = eff Ke~JKT gg, (3.2p)
s

where k is the propagation constant, i1 is the permeability, and € is
the dielectric constant of the homogeneous medium which is assumed to
occupy all space outside of S, and r is the distance from a point on
S to the observation point, The electric field intensity everywhere

on the source-free side of S is given (1) by

Ew-yxF - 39xYxAi, (3.3)
€ Wwpe

where W is the angular frequency of the source.

The problem is simplified if S is chosen to be an infinite
plane, in which case a knowledge of the tangential electric or mag-
netic field on the plane is sufficient to determine the fields in
the half-space not including the source. This has been shown by
Rumsey (2) by considering the radiation produced by J and K when S
is lined with a perfect conductor. Image theory is applied to show
that the fields will be just twice those produced by J or K alone

radiating in free space. Thus, if S is a plane,

Ews =2VxF =« 2§Ux IxA. (3.4)
€ wpe

This result has been verified by the author by another approach
which, however, is more lengthy and need not be presented here,
Using the coordinate system shown in Fig, 3.1, the first part of
eq. 3.4 ylelds the following E-rlane and H-plane (@ = 0 and 6 = 90°

planes) far-field patterns associated with the z-—polarized component



36

E,(y,z) of the near field:

Eg(@) = \[]PEg(y,z)eJk’ co®® 4y qg, (3.5a)
and Eg(#) = cosg f By (y,2)edky s1nd gy 4z, (3.5b)
Since only the relative far-field patterns are of interest hsre, the
constants of proportionality have been omitted in these expressions,

This will also be done elsewhere in this chapter with mo further

commertt .,
GENERATOR
2

/TRANS—

MITTING
ANTENNA
Y

FilaTe Xr

Fig. 3.1. Coordinates used in far-field calculations.
Expressions similar to egs. 3.5 give the patterns associated

with a y-polarized near field, By superposition of the far fields
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associated with these two near-field components, the resultant far-
field pattern is obtained even for elliptically polarized antennas,
Hence, it will be sufficient to consider only linearly polarized
fields,

Equations 3.5 may be contrasted with the approximate expressions
in common use for far-field calculations (3). The exact expressions
(eqs, 3.5) are no more complicated than the approximate ones gener-
ally used. In certain cases the difference between the exact and
approximate expressions is appreciable,

Unless Ez(y,z) is a particularly simple function, the surface
integrations in eqs, 3.5 are quite time consuming, A simplification
can be achieved in certain practical cases where the near field

is, to a good approximation, separable, i.e,,

E,(y,2) = Y(y) 2(2). (3.6)
In this event, eqs, 3,5 reduce to

Bg(0) = [ z(z)elk® €00 g, (3.7a)
and Eg{ff) = cosf fY(y)ojky ainf 4y, (3.7b)

The separability assumption has been found to yield satisfactory
results in the case of pyramidal horns and small paraboloid antennas.
This is to be expected with horns, since it is well known (4) that
the E-plane pattern of a horn is substantially independent of the
aperture width in the H-plane, and vice versa,

A common method of evaluating the integrals in egs, 3.7 is to
approximate the fields Z(z) and Y(y) with simple functions for which

the corresponding far fields are known, For example, Y(y) might be
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approximated by the first few terms of its power series expansion
or Fourier series expansion, However, a good approximation often
requires several terms, and the procedure for finding the coefficients
is lengthy. Even when this has been accomplished it still remains
to suyperimpose the rather complicated far-field contributions corre-
sponding to each term,

If the notation Y(y) is replaced with E,(y), eq. 3.7b can be
written

o (#) = [ fsz(y)coa(kysind) dy
+J fxz(y) sin(ky sing) dy} coad (3.8)

A systematic procedure for evaluating the first integral in eq. 3.8
will next be described, The method can immediately be applied to the

second integral also, and hence to the integrals in eqs, 3.7.

2, SIMPLIFIEDN APPROXIMAT= CALCULATIONS
As shown, integrals of the following form appear in the far-

field expressions:

Eg(#) = cosg | E,(3) cos(ky sing) ay. (3.9)
Many antennas set up near fields which are symmetrical. In this
case, eq., 3,9 gives the H-plane far-field pattern. If a denotes the
phase of Ez(y), the near field can be resolved into real and imaginary
components as follows:

E (3) = [E,] (cos a+ 3eina) =R(E) +JI(E). (3.10)
Now the complex integral in eq. 3.9 can be resolved into two real

integrals and can be approximated by the real summations:
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n

Eg(#)~ cosd EJ {R[Eg(my )] + J1[ B (my )] } cos(kmy sinff). (3.11)
m.1,3’5.-o

Any desired degree of approximation can be obtained by choosing Y

small enough; however, the labor increases as Y, is decreased, If

the value chosen for ¥, is greater than about 0.1 wavelength, a

better approximation to eq, 3.9 is given by

n

@) & ) (Bl E(my )] + 3 IE(w)]) ay(@), (3.12)
m¢1’3’5ou-

where R and 1 denote the average values of the real and imaginary
components over the interval (m-1l)y,<y<(m+l)y,, and

(m+l)y,
An(ﬂ) = cos@ cos(ky sind) dy. (3.13)
(m=1)y,

I1f oq, 3.12 is used, the contimious near-field distribution Ez(y) is
in effect approximated by an array of uniformly excited lihe sources,
esach of length 2y° and of the proper strength, The relative far-
field patterns of these line sources are the A‘(ﬁ), ard eq. 3,12
superimposes the individual far-field contributions in their proper
strengths, The summation must be extended along the y-axis to a
point where the field amplitude becomes and remains negligible,
Satisfactory results have been obtained by carrying the sumation
out to a point where E‘.z becomes less than 1 per cemt of its maximum
amplitude,

The far—-field calculation method was tested at 9400 mec on the

horn antenna shown in Fig, 3.2, The near fi eld was measured with the
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PROBING

PlaTe XIV

Fig. 3.2. Pyramidal horn antenna used to test the far-field
calculation method.

small open—ended waveguide probe (probe 4) described in Chapter II,
The probing path was a straight line 6 inches from the horn aperture,
For convenience in performing the calculations, the real and imaginary
components of Ez were measured directly rather than the amplitude
and phase, This was accomplished by using the balanced coherent detec-
tor described in Chapter II. The measured fields are reproduced in
Fig. 3.3. Using the measured near fields, the H-plane far-field
pattern of the horn was calculated from eq., 3.1l with ’o = 0,1 inch
ard from eq, 3.12 with y, " 0.25 inch and 0.5 inch. The measured
pattern and the three calculated patterns are compared in Fig, 3.4.
The measurements and calculations were carried out only through
the main lobe of the far-field pattern since only this region was
of interest in the radome problem being considered.

Of course, the largest value of y, which will give accurate far-

field calculations depends on the nature of the particular near-fields
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Fig. 3.3. Fields of horn shown in Fig. 3.2,

involved, It may be practical to use a larger valus of Y, when
working with fields which vary more slowly with y. In the example
shown in Fig. 3.4, when v, is reduced to 0.1 inch (about 0.08 wave-
lengths) the error arising from replacement of the integral in eq.
3.9 with the summation in eq, 3.11 diminishes to the same order of
magnitude as the experimental errors involved in measuring the near

and far fields.
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Fig. 3.4. Measured and calculated H-plane far-field patterns of horn
shown in Fis. 3.2.

3. EXAMPLES

To indicate the usefulness and accuracy of the simplified cal-
culations, several examples are presented. Figure 3.5 shows the
measured and calculated E~-plane far-field patterns of the horn of
Fig. 3.2. The calculations were based on the near fields E‘(z)
measured on a line 6 inches from the horn aperture, A formula similar

to eq., 3.11 was derived from eq. 3.7a and was used for the E~plane
calculations,
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Equation 3.12 was used to calculate the H-plane far-field pattern
of the small paraboloid antenna shown in Fig, 3.6, The measured and

calculated patterns are shown in Fig, 3.7.

PROBING

+ PATH 1
N - £

PARABOLA
2" FocaAL
LENGTH

L&—JV——— 8" Avﬂﬂ
Plate XNUT

Fig. 3.6, Paraboloid antenna used to test ths far-field
calculations,
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Fig. 3.7. He=plane far-field pattern of paraboloid shown in Fig. 3.6.
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Finally, a hollow dielectric wedge was placed over the horn
as shown in Fig. 3.8, The measured and calculated (eq. 3,12) far
fields are shown in Fig, 3.9, The far—-field pattern of the horn

alone 1s also shown for comparison,

" PROBING
3
73 /"\ PATH — |

- 3 -

0.385" FIBERGLAS (€ =4)

Pla Te X x

Fig. 3.8, Horn with hollow dielectric wedge used to test the
fer~field calcuiations,
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L. USE OF AN INCLINED REFZRENCE FLANE
In Chapter IV it will be found desirable to make far-field
calculations based on near fields which are given on an infinite
plane surface inclined at some angle from the anterna aperture,
This problem arises in the analysis of transmission through a plane
dielectric shest, It is also encountered in radome analysis when

the fields on the radome surface have been calculated and it is
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desired to use these fields to determine the far-field pattern. It
is customary to first project the rademe surface fields to a plane
surface parallel with the antenna aperture, While this simplifies
the calculations, it introduces a source of error since an approxi-
mate method of projection is usually employed, Straight lines,
parallel with the antenna axis, are drawn from each point on the
radome surface to the reference plane. The field at each point on
the reference plane is taken to have the same amplitude as the field
at the corresponding projected point on the radome swface. A phase
delay is inserted in each of the parallel rays according to the length
of the projection line., While this optical approximation may be
quite satisfactory for large, directive antennas, it is likely to
introduce excessive arror with small antennas,

If the fields are given on an inclined plane (perhaps a plane
which is tangential to the radome surface) the far-field pattern
can be calculated by an integration over this plane directly without
an undue increase in complexity as compared with a preliminary
projection to another reference plane., In this way the projection
errors are avoided. First, express the fields Ez(y,z) on the inclined
reference plane in terms of the amplitude and phase, thus:

E = |g.| ¥, (3.14)

If the fields are assumed to be separable as before, the H-plane far-
field pattern associated with Ez is given by eq, 3.7b which can now

be written as
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Fo(F) = cosﬂ‘/v |E(3)| ed(a + ky sinf) 4y, (3.15)
For mumerical evaluation, this integral is approximated by a summa-
tion as before, using intervals of length 2y, and using the discrete
set of field measurements E’(mgo) where m is restricted to integral
values, A table of kmyoaind is first tabulated for the desired
values of @ and for an adecuate range of m., The phase distribution
a(my_) is added to the tabulated values of knyoaina, after which
the summation is carried out by resolving each term into real and
imaginary components and using real addition. Thus, once the function
.kmyosinﬂ has been tabulated, any given amplitude and phase distri-
bution may be used with this computation procedure tc determine the
corresponding far-field pattern,

Fig. 3.10 1llustrates the results obtained with the abovs pro-
cedure using a reference plane tilted LOO from the aperture of the
horn shown in Fig, 3.2, The fields of the horn were measured on the
reference plane with a dipocle probe, A value of 0.25 inch was selected
for yo in the calculations. Similar calculations using reference
planes more nearly paralle) with the aperture yiclded better results,
This may indicate that the separability assumption is less valid on
planes which are tilted more from the aperture,

The procedure outlined above is useful even with reference planees
parallel to the antenna aperture., In the case of asymmetrical antennas
it may be preferred to the mothod described in Section 1II.2 which

is most conveniently used with symmetrical fields,
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IV, ANTENNA PATTERN DISTARTION BY DIELECTRIC SHEETS

1. INTRODUCTION

In the design of radomes it is often necessary to calculate the
far-field pattern of an antenna covered with a radome. While con-
ventional calculation methods may be adequate when applied to large,
well-rounded radomes, better approximations and new techniques are
needed for use with amall streamlined radomes,

In seeking a better formulation for the problem, one might
choose a reference surface inside the radome, It will be shown
that in this case a knowledge of the unperturbed antenna fields
together with a plane~wave solution for the fields inside the radome
are sufficient to determine the radiation pattern., The anterma
fields in the absence of a radome are generally available by
direct measurement, Thus, if the reference surface is chosen to lie
inside the radome it is necessary to analyze transmission through the
radome only for plane waves rather than the complicated waves emitted
by the antenna, If the radome and antenna were available, the de-
sired patterns could most readily be obtained by direct measurement,
However, it is assumed that the radome is in the design stage and is

not available for measuremsnts,

2. THEORY
Consider the problem of determining the far-field pattern of
antenma 1 shown in Fig. 4.1. Let El and H, denote the fields of

52
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FPlaTe XXTT
Fig. 4.1. Coordinates used in radiation pattern analysis.
anterna 1 when it is functioning as a transmitting antemna., Choose
a reference surface S which may be either an infinite plane or a
surface which completely encloses antema 1, In computing the fialds
of antenna 1 on the source-free side of S, antenna 1 can be replaced
by its equivalent electric and magnetic current distributions Jl and
Kl on S, where
Jy=n xH, (4.1a)

and Ky =E xn, (4.1b)
where n is a unit vector in the direction of the outward drawn normal

on S, Two vector potentials A and F can now be defined in terms of J1
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and K., and the field intensity can be expressed in terme of A and F,

1?
If the entire region on the source-free side of S is occupied by a
homogeneous medium, the potentials amd the electric field intensity
are given by eqe, 3.2 and 3.3. These expressions became much more
complicated for the case of an inhomogeneous region. Therefore,
radome calculations are usually divided into two steps., First, an
auxiliary reference plane S" is chosen to pass between antemna 1 and
t.hg radome, The fields of antenna 1 on S" are operated on in some
fashion to obtain an approximation for the fields on surface S which
is outside the radome. Eqs. 3.2 and 3.3 are then used to compute

the far—-field pattern. This type of analysis, which may be called
the conventional approach to the radome problem at present, requires
a mathematical description of the transmission of energy from anterma
1 through the radome to the extermal reference surface,

The problem may be reformulated by introducing a distant trans-
mitting antenna, anterna 2, as in Fig, 4.1. The far-field pattern of
antenna 1 is given by the voltage V induced at its terminals as an-
tema 2 is moved in a circular path centered at antenna 1. Antema
2 is always aimed at anterma 1 during this circular motion. Let E

2

and H2 denote the electric and magnetic field intensities on S due

to antemna 2 transmitting in the presence of antenna 1, Antemna 2
can be replaced by its equivalent electric and magnetic current dis-
tributions J, and l(2 on S, where

Jy = n, x Hy, (4.2a)
and K, = E; x n,, (4 .2v)
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where n, is the unit vector normal to S in the direction of the region
occupied by antenna 1. By an application of the Lorentz reciprocal
theorem, Kouyoumjian (1) has shown that

Ve=C /[ (0B - KpeH)) do, (4.3)
s

where C is a constant which may be omitted in the calculation of rela-
tive far-field patterns, As will be shown, the additional information
introduced by the application of the reciprocity theorem makes it
possible to simplify the radome analysis by strategic use of eq. 4.3
in place of the conventional approach,

If S is chosen to be a plans, eq. 3.4 may be used to reduce eq.
be.3 to

Ve US Jy°E) ds = -“‘Us Ky °H, ds, (& .4)

The constant multiplying factors have been omitted in eq. 4.4, and
this will also be done in the remainder of this chapter without fur-
ther comment, when such factors are of no interest in the problem
being considered,

In far-field calculations, antenna 2 is located at a great dis-
tance from antenna 1. Then the fields on S due to antenna 2 are
plane waves and eq. 4.3 reduces to the usual expression for the far-
field pattern of anterma 1 in terms of its aperture fields, For
example, if S is chosen to be a plane and if antennas 1 and 2 are
linearly polarized in the s-direction, eq. 4.3 ylelds the H-plane
pattern expression given by eq. 3.5b.

To 1llustrate the application of eq. 4.3 to the radome problem,
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consider the far-field pattern of antema 1 in the presence of an

infinite plane dielectric sheet as in Fig. 4.2, Choose as a reference

D\ELECTR\C
SHEET
4 2
sp
*’Z
y
(‘/7

A1
1@ X

f’/afe m
Fig. 4.2, Transmission through an infinite plane dielectric
sheet.

the surface of the dielectric sheet facing antenna 1. Neglecting
reflected waves bouncing back and forth between antenna 1 and the
dielectric sheet, the fields of antenna 2 on S are found by employing
the plane~wave plane-sheet transmission coefficient T. Using primes
to denote quantities in the presence of the dielectric sheet and the

absence of primes to denote the corresponding quantities without the

dielectric sheet,



[ ]
HZ = T HZ’ (4.5a)
L

From eq, 4 A,

Ve ']J JyoEy ds. (4.6)
It should be stated that the unperturbed fields Eq of antenna 1 are
correctly employed in eq. 4.6. As a consequence of choosing surface
S to pass between antenna 1 and the dielectric sheet it is unnecessary
to know the fields of antemna 1 in the presence of the dielectric
sheet., From eqs. 4.5 and 4,6, since T is independent of position on S,

A 'rj/ J,°E) ds = TV, (4.7)

S

That is, knowing the unperturbed far-field pattern V of antenna 1,
its pattern v' in the presence of an infinite plans dielectric sheest
is found merely by multiplication by the plane-wave plane-sheet
transmission coefficient for the polarization and angle of arrival of
the plane waves coming from antemna 2., This contrasts with the
usual optical approximations in which the transmission coefficient
for the angle of incidence of rays from antemna 1 is employed,
Suppose the dielectric surface facing antenna 2 had been chosen
as the reference surface., The dielectric sheet would then be con-
sidered a part of antenna 1 and it would be necessary to know the
fields of antenna 1 on this surface in the presence of the dielectric
sheet. Thus, a surface passing between the radome and antenna 1, or
perhaps coinciding with the dielectric surface facing antenna 1 is
preferred since transmission through a dielectric body is most easily



calculated for plane waves,
Although no actual radome calculations have yet been attempted
using these methods, several examples of transmission through in-

finite plane sheets and finite plane sheets will now be presented,

3. EXAMPLES

Fig. 4.3 shows the measured far-field H-plane patterns of the
pyramidal horn of Fig. 3.2 at 9400 mc with a polystyrene (€=2,53)
plane sheet held at an angle of kOo across the horn aperture, The
unperturbed pattern is also shown for reference. The calculated
points shown in the figure were obtained using eq, 4.7. The dielectric
sheet was 0,51 inch thick and was large enough so that its edges were
well outside the region illuminated by the horn, The horn has a
beam width of 23° to the half-power points. The waves arriving from
antenna 2 were polarized perpendicular to the plane of incidence on
the dielectric sheet, Hence, the transmission coefficient for per-
pendicular polarigation was employed in the calculations.

Fig. 4.4 shows similar results for the paraboloid of Fig. 3.6
with the same polystyrene sheet at 45°, The paraboloid has a beam
width of 23°

One more example using the horn is shown in Fig. 4.5 for a
fiberglas sheet having a thickness of 0,382 inch and a dislectric
constant of 4L.0. This shest had a lower transmission coefficient
than the polystyrene sheet and therefore produced a more pronounced

reduction in the far-field amplitude, The fiberglas and polystyrene
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sheets were each a little over one-half wavelength thick in terms of

the wavelength in the dielectric, Any reflected waves bouncing back

and forth between the antemna and the dielectric sheet were neglected
in the calculations, In many cases this is justified, since radomes

usually employ walls of low reflection coefficient.

To get closer to the radome problem, calculations were also
carried out for plane dielectric sheets covering only a part of the
anterma aperture., A reference surface S was chosen on an infinite
plane coinciding with the dielectric surfaece facing antenna 1, The
fields of antenna 1 were measured on S in the absence of the dielec-
tric sheet, Eq. 4.3 requires a knowledge of the fields on S due to
antenna 2 radiating in the presence of the dielectric, Although at
points ramote from the edge of the sheet the fields are given by
plane-wave plane=sheet theory, the fields near the edge are more
complicated., It is possible that the fields near the edge can be
well approximated in terms of an equivalent source located at the edge.

As a first approximation the fields were assumed to be the in-
cident plane wave up to the edge of the dislectric sheet, and were
assumasd to be given by plane-wave plane~sheet theory on the portion
of S covered with dielectric. The numerical integration was carried
out using the method described in Section I1I.4. The results for
this approximate calculation are shown in Figs,. 4.6 and 4.7 for a
polystyrene sheet 0.51 inch thiek covering one-half of the horn
aperture at angles of 40° and 0°, respectively., It is felt that the

agreement between the calculations and measurements is surprisingly
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good in view of the simplifying approximations involved, The cal-
culations were carried out on an ordinary desk calculator and required

less than one mam—day for each far-field pattern.
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Fig. 4.6. Far-field pattern of horn with aperture partially
coversd with a plane polystyrane sheet.
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V. CONCLUSIONS

The properties of the balanced coheremt detector are found to
be useful in the measurement of microwave fields near a transmitting
antenna with and without radome, The sensitivity of such a detector
employing bolometers has been measured at 9400 mc and was found to
be ~-125 dbw, This may be contrasted with the sensitivity of -94 dbw
which has been measured with a bolometer used as a square-law detector,
Crystals perform equally well in the balanced coherent detector,
and may be preferred since they reguire less reference signal power.
The high ssnsitivity available with coherent detection permits the
use of smaller, more accurate probes and scatterers in the measure-
ment of field distributions., Balanced coherent detection permits
the direct measurement of the time-quadrature components of micro-
wave fields which are found to be convenient in the far-field cal-
culations described in Chapter III,

Electric field Jistributions can be measured accurately by
passing a short metal dipole through the field and recording the
wave scattered by the dipole., Ordinarily the method is difficult to
apply to radome measurements since the scattered signal is sm1l,
critical tuning adjustments are required, and careful attention to
stability is necessary. However, by placing a nonlinear impedance
at the center of the dipole ard &applying an audic voltage through
slightly concucting threads, the scattered wave can be modulated,

It is shown that this technique, together with the use of a balanced
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coherent detector, makes i’ possible to relax the tuning and stability
requirements and at the same time to increase the sensitivity of

the scattering measurements, As a by-product, this adapts the system
to the automatic plotting of phase distributions,

Although the modulated scattering technique has been fourd to
be waell suited for radome field measurements, its instrumentation is
somew!at more complex than that of direct probing methods, Hence,
direct probing may be preferred in cases where it is adequate, The
field distribution near a radome was measured with scatterers of
various lengths and with several probes, As expected, it was fourd
that the larger probes and sceatterers had less resolution ard were
unable to measure the fine structure in the field distribution, An
open-snded waveguide probe was developed which is simple in con-
struction, has an aperture small enough to measure complicated field
distributions, and has been found to be sufficiently accurate for
many radome near-field measurements,

In redome design it is frequently necessary to calculate the
far=field pattern of an antenns covered with a radome, using measured
or calculated fields on a surface just outside the radome, Such cal-
culations are lengthy and often require the use of a large computer,
The problem is simplified by choosing a plana reference surface, In
this case a knowledge of the tangential electric or magnetic fields
on the plane is sufficient to determine the far fields, The cal-
culations are further simplified for certain antennas having aperture

fields which are, to a good approximation, sepsarable in rectangular
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coordinates, This permits the surface integral appearing in the far-
field expression to be replaced with a line integration. In the
rumerical work the line integration is approximated with a sumation,
It was found that, for the examples which were worked out, the con-
timious near-field distribution could be replaced with an array of
point sources spaced nearly one-half wavelength apart with little
loss in accuracy.

In cases where the near fields are symmetrical it is convenient
to resolve the complex sumation into two real susmmations, thus
minimizing the amount of vector addition involved, The time=-guadrature
components of the near fields may be measured directly with a balanced
coherent detector, thus reducing the mumerical work as compared with
the usual procedure in which the phase and amplitude distributions
are measursd, Using these simplifications, far-field patterns can
be determined rapidly on a desk calculating machine, Both E~plane
and H-=plane calculations agree satisfactorily with measured patterns
for small horns and paraboloid antennas, as well as for a horn covered
with a hollow dielectric wedge. A feature of the method which is
important in radome analysis is that it permits rapid evaluation of
the far-field distortion associated with arny given near-field distor-~
tion in any small region in the near field,

A systematic procedure is described for the calculation of far-
field patterns based on given near—fields when the reference surface
is a plane tilted away fram the antenna aperture, In such problems

it is common to first project the given fields to a plane which is
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parallel with the aperture, and then to compute the far-field pattern
by an integration over the new reference plane, The errors intro-
duced by the use of approximate projection methods may be eliminated
without undue extra effort by direct integration over the tilted
reference plane, using the procedure described in Chapter III.

Conventional methods of radome far-field error calculation are
based on optical approximations, It is necessary to mathematically
describe the tranamission of the complicated antenna fields through
the radome to a reference surface outside the radome. An integration
over this surface yields the far-field pattern of the antenna with
radome, The problem may be reformulated by an application of the
rzciprocity theorem to express the far-field pattern in terms of an
integration over a surface which is most conveniently chosen to
pass between the radome and the anterma. In this case the only
required data are

(1). the unperturbed fields of the antenna, and

(2). the fields on the reference surface produced by a plane
wave incident on the radome from an external source., This simplifies
the problem, since transmission through a radome is more easily
analyzed for a plane wave than for the complicated waves emitted by
the antenna,

A particularly simple result is obtained by this approach for
transmission through an infinite plane dielectric sheet inclined
at some angle from the antenna aperture., If interaction between the

antenna and the sheet is negligible, it is shown that the far-field
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pattern with the sheet is merely the unperturbed pattern multiplied
by the appropriate plane-wave plane-sheet transmission coefficient,
Several examples which are included show that this theory is verified
by experimental measurements., The theory is also applied to trans-
mission through a finite plane sheet. In this case, the analysis
requires a knowledge of the diffraction field near the edge of the
dielectric sheet due to an incident plane wave, Using a simple
approximation for the diffraction field, examples are presented
which show satisfactory agreement between the theory and experimental
measurements, It is felt that these results justify future attempts
to apply the theory and techniques to the problems of transmission

through curved dielectric sheets and radomes.
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