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EMPTRICAL APPROXIMATIONS TO THE CURRENT VALUES FOR LARGE DOLPH-T CHEBYSCHEFF ARRAYS

Louis L. Bailin, Robert S. Wehner, and Ivan P. Kaminow
Hughes Research and Development Laboratories
Culver City, California

Abstract

The demand for radar antennas exhibiting a
narrow beam and low side-lobes has led to the
development of the so called Dolph-Tchebyscheff
array which optimizes the relationship between
bearwidth and side-lobe level. Unfortunately,
however, the calculation of the excitation co-
efficients for the Tchebyscheff array is quite
time consuming and tedious for arrays with a large
number of elements. The present paper describes
a simple approximate method for calculating long
Tchebyscheff arrays which cuts the calculating
time by 95 per cent for a LO element array and
which does not increase in complexity with the
mimber of elements in the array. Furthermore,
sample calculations indicate errors of only 3 or
ly per cent in the excitation coefficients which
is tolerable for most practical arrays. In addi-
tion, the paper contains a table of all the co-
efficients for Tchebyscheff arrays computed in
the course of antenna development at the Hughes
Aircraft Company. The table contains the exact
excitation coefficients and the gain values rela-
tive to the corresponding uniform array.

Introduction

It has been shown by C. L. Dolphl that the
far field radiation pattern for a broadside linear
array which optimizes the relationship between
beamwidth and side-lobe level is given by a
Tchebyscheff polynomial. Such a pattern has many
features which are desirable for radar applica-
tions. However, to produce this pattern, it is
necessary to determine the excitation coefficient
at each radiator from formulas which become more
and more tedious as the nmumber of radiators in-
creases., One purpose of this paper is to present
a table of all the current values for Dolph-
Tchebyscheff arrays which have been computed by
various analytical formulas in the course of
antenna development at Hughes Aircraft Company
(see Table I). A second purpose is to present
an empirical method (for determining the approxi-
mate excitation coefficients for large arrays)
which reduces the calculating time by about 95
per cent for the example described at the end of
this paper. Although this method will not yield
the accuracy in both the coefficients and the
corresponding radiation pattern that can be ob-
tained from the analytical formulas, the results
will be given simply and the accuracy will be
sufficient for most practical antennas.

The Approximate Method

Dolphl and others2 )3,k have presented exact
analytical methods for determining the Tcheby-
scheff coefficients, Experience has shown that
as the number of elements increases (say, greater

than 2L), the analytical methods become impracti-
cal because of their complexity, Thus, it be-
hooves the array designer to devise a method for
quickly and easily arriving at a current distribu-
tion which will aporoximate the Dolph-Tchebyscheff
distribution. Such a method, of course, leads to
some deterioration of the optimum pattern. None-
theless, the accuracy of the approximation can be
made better than the accuracy with which the de-
sired distribution can be effected in the actual
arraye

In 2n effort to devise a method for approxi-
mating the Dolph-Tchebyscheff currents, ve con-
sider the element excitation currents as a func-
tion of their location on the array., Thus, when
all the currents are normalized to unity at the
center of the arrzy (for an even number of ele-
ments an interpolated value is used), end the
radiators are cqually spaced along a normalized
array length, -1€x£1; the current distribution
is symmetrical about x = O and decreases monotoni-
cally away from the center excert for the end ele-
ments which increase discontinuously. This is
shovn in Figure 1 for a 20 db array of 12, 2L, L8
elements; in Figure 2 for a 30 db array of 12, 2L,
L8 elements; in Figure 3 for a 35 db array of 66
elements; and in Figure L for a LO db array of 12,
2k, L8, 14l elements®, It is evident that in each
case, the continuous curve which passes through
the discrete excitztion coefficient points does
not change apprecisbly from 2Ly to U elements,
!)so, in the case of the 10 db array there is very
little change from LB to 1l elenents, Thercfore,
we may conclude that the tenvelope" or limiting
curves are independent of the number of elements
for arrays of more than 2l elements and given
side-lobe level, From another point of view, it
can be said that Figs. 1, 2, end L indicate that,
for arrays larger than 2{: elements, a discrete
:rray can be approximated by a continuous array
(or vice versa) having a similor aperture distri-
bution (exclnding end elements).

To derive an empirical expression for these
envelope curves®™, we consider an even function of

i by
re £(x) = o + 2 4 ¢, (1)

and fit this function to the envelope curve ot
three points (x=0, 0.5, 1.0) as shown by the
cross marks on the solid curves in Figures 1, 2,
3, ond L, The ovproximetion is fairly good, 2l-
though marked deviations occur for the lower
side-lobe cases. However, if the square root of

¥ Ind element amplitudes greater than unity are
not showm,

#% An analytical expression, in terns of a com=
plex Bessel function, for the envclope curves
has been derived independently by G. J. van
der Moaslt and T. T. Taylor.
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the envelope curve is plotted and the resulting
envelope fitted by

g(x) = Ax," + Bx2 +C (2)

at the same three points, then excellent agreement
is obtained through the range of x except for the
end points, The approximation is shown in Figures
1, 2, 3, and k by the cross marks on the dashed
curves,

Fortunately, the associated coefficients, A,

B, and C, for the polinomial approximation are re-
lated simply to cosh~ir, where r is the main beam
to side-lobe voltage ratio, It is apparent that,
for a normalized envelope curve (g(Os> =1,0),

=1 and B is always negative. A plot of cosh™1r
versus the value of the polynomial coefficients,
A and B, is presented in Figure 5 and serves to
indicate the relationship between side-lobe level
and the coefficients, Empirical formulas for A
and B can be written as follows:

A = 0.0861 cosh~lr - 0.228;
(3)
-B = 0.225 cosh~ir - 0,240

The current amplitude distribution along a
20 db, 30 db, 35 db, or LO db Tchebyscheff array
can be found directly from the curves of Figures
1, 2, 3, and L, respectively. Similar curves for
intermediate values of side-lobe level can be come
puted with the aid of the coefficients of Figure
5, i.e., the square root curve, g(x) = +Bx2+1,
can be plotted and squared to give the normalized
amplitude distribution (envelope curve), It has
been pointed out previously that this envelope
curve is independent of the number of elements
(greater than 24) in the array so that practi-
cally any long Tchebyscheff array can be computed
from Figure 5 except for the excitation of the
last element,

The excitation coefficient for the last ele-
memt cannot be found from the envelope curve be-
cause the amplitude distribution is discontimuous
at the ends of the array. Simple exact analytical
expressions for the excitation of the last element
in terms of the excitation of the next to last
element can be dgrived from the equations of
Dolphl or Stegen’. 2'l‘he expressions ares

Iy = Iy. Zo for 2N elements,
(2N-1)(2,2-1)
(L)
I, =1 2o’ for 2N+l element
= Iy o +1 elements;
NNl N (2021
where
1M I/
2o = 3 [ VPR 4 - AFD) )
or (5)

Z, = cosh (-1%— cosh'lr),

and M is one less than the number of elements in
the array.

If adequate tables are available, the second form
will be easier to handle.

Exanples

Suppose that we wish to find the currents
for a 38 element 30 db Tchebyscheff array. The
steps follows

1. From Figure 5 or equation (3) we find the
values of A and B for r = 31.62 (30 db) --
A = 0.130, B = 0.690 ~-_and plot the curve
g(x) = 0.13 - 0.690x2 + 1, as shown in
Figure 6(a),

2. Then we square the g(x) curve to obtain the
current distribution curve (ernvelope curve),
I(x) = g“(x), as shown in Figure 6(b).

3. Now divide the abscissa of (b) into 37 (one
less than the number of elements) equal parts
with 38 marks, as in Figure 6(c). These marks
indicate the positions of the elements along
the normalized array length, For an odd
number of elements, one of the marks will
occur at the center of the array.

Lbe We can read directly from the curve, (c), the
values of current at each element except for
the end elements. The values read from the
curve at x = + 1.0 are extraneous, The I(x)
curve need not be plotted; the excitation
currents of elements at the positions x, de-
fined in paragraph 3, can be determined by
substituting for x in the equation for I(x).

5. To find the excitation for the end elements,
we calculate Z, from equation (5) and apply
equation (L),

2
Z
I.o=1 ) s (2N =38),
19718 39z 2)
where I;g has been found in Step L. For

this case 2, = 1.0062895%, I,g = 0.238, and
Il? = 0.515. These actual current values
differ from the values given in Table I by

a constant nmultiplier (the normalizing factor
is 1/2.4L93).

A comparison of actual current values (from
Table I), normalized to unity at the center of
the array, and normalized approximate current
values (calculated as indicated above) for the *
38 element 30 db array is given in Table II,

For this calculation the curves were not actually
drawn: g(x) was calculated for values of x
corresponding to radiating elements as described
in paragraph L and then g§(x) = I(x) was found.
The error for the approximate method is greatest

# Note that Z, must be calculated to a large
nunber of places to maintain a given accuracy
since sgme significant figures will be lost in
the (Z,° - 1) term,



near the ends of the array but is less than 3 per
cent at the next to last and last elements®*, The
approximate calculating time (with an electrically
driven desk calculator) for the more accurate
method is 20 to 30 hours, whereas, for the approxi-
mate method, the calculating time is about one
hour,

The space factor gain of this (or any dis-
crete linear non-supergain array) can be calculat-
ed from the relations

N-l 2
( 20 Ik+l)
G2y = Gy for 2N elements
('3 2.0
K k+l
(6)
and N 2
Gonal = Gu2 . k= T for 2N+l
2 2y elements,
2N+l (Io + 2kz=:l Ik )
2d.2N 2d+(2N+1
where G, = d and Gy, = (2N+1) are the
1 A 2 A
gains of the corresponding uniform arrays. The

gain calculated from the actual currents is .876
Gul , and the gain determined from the approximate
currents is .878 Gyj. The value G given in Tables
I and II is Gpy/Gu or G2y,1/Gu, the gain relative
to the equivalent uniform array.

% Similar checks for a 33 element 25 db array, a
66 element 35 db array, and a 1k element LO db
array indicate errors of less than 5 per cent
for the end elements.
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Table 1

Current Values for Dolph-Tchebyscheff Arrays

Contents
=db
No. Elements Side-Lobe Level
L 20
6 30
7 20
8 28, 30, 32
10 25
12 20, 30, LO
16 32, 36
18 25
2L 20, 30, LO
33 25
33 A 30
: :
20, 30, LO
66 ’ 35:
1l Lo
Ly Elements 6 Elements
20 db 30 db
k Ik k Iy
1l 6.3LL67 1l 15.97290
2 3.65532 2 10,92129
3 Le72224
Zo = ltshoh-a
r = 10 2, = 1.36LOLS
G = 93255 r = 31,62278
G = .83991
7 Elements
20 db
k Ik
0 3. 76820
1 3.L45054L
2 2.61588
3 2.0L9kLY
2, = 1.12704
r = 10
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8 Elements
28 & 30 db 32 db
Iy Ik Iy
9.L411L72 12,19580 15, 76045
1. 153L66 9.90250 12,61676
5.116790 6.3265) 7.809191
2.837067 3.19794 3.624265
1.160635 1.1806586  1.201956
25,11887 31.62278 39.81072
.86232) .811612 .822562
10 Elements
25 &b
k Iy
1 5.0500
2 L.5L167
3 3.6L306
L 2,553L
S 1.99L61
Z, = 1.07973575
r = 17.78279)
G = 0901180,4
12 Elements
20 & 30 db Lo db
Iy I I
2,09821 8.12761 29.29670
1.98542 7.43902 25,95992
1.77354 6.20007 20.218L1
1.L8752 L.64892 13,57260
1.16013 3.06107 7.53420
1.L49518 2.14609 3.41817
1.03725 1.07190 1.11826
10 31.62278 100
.96428 .8528) . 15976
‘t6 Elements
32 dv 36 db
k Ik Ik
1 7.81 13.19830
2 7.50 12,43593
3 6.713 11.01836
L S. 70 9.13899
5 L.55 7.0L060
6 3.37 L.97075
7 2.28 3.13961
8 1.86 2.15322
2, = 1.0L2880 1.0524605
r =  39.81072 63.09574

N
Q"o

NI ONNEWD O IW

1
1

1

1l
10

18 Elements

25 db
k Iy
1 2,7L792
2 2,66535
3 2.,50596
L 2.28072
[ 2.00480
6 1,69616
7 1,37397
8 1.05695
9 1.L5099
z, = 1.02213846
r = 17,782794
G = « 921175
2ly Elements
20 db 30 d Lo db
Iy Ix Ik
.01822 3.9901 1y.5769
.00528 3.9080 14,1372
97977 3.,7L78 13,3433
.9L2U2 3.5173 12,2159
.894L28 3.227, 10,6317
83671 2.8918 9.2731
« 17128 2.5256 T.62242
699775 2.1LLY 6,07028
.62L06 1. 7643 L.58229
.5L608 1.3991 3.26L02
L6778 1,061 2,15811
21436 1.LS0kL 1.83112
.008L801 1.016298 1.026655
31.62278 100
e AN .8713Y . 77191
33 Elements
25 db
Ik k Ix
1.4730106 10 «9328810
1. L66642) 11 8417027
1.LL76607 12 « 1495607
1.416L1483 13 «6579695
1.3736270 b)Y «5683664
1.320046L 15 .L820701
1.2567533 16 1.21998L3
1.18497L0
1.1060732 Z, = 1.006231L
1,0215286 r = 17.78279L
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38 Elements

30 db

Iy

2,L9199
2.47178

2.43221
2.37382
2,29722
2,204l
2,09746
1.97766
1.8L679
1. 70799
1,56L01

k
12
13

i
15
16
17
18
19

zO
r

1,0 Elements

36 &

Ik k
$.182363 13
5.135927 I
5 .0LLOLO 15
L. 908665 16
4. 732775 17
14.5201L8 18
L.275316 19
14.003356 20
3.709761
3.400315 2,
Bwa 70 r
2, 757645 G

1,8 Elements
20 db 30 db

Iy Iy

19995 1.96L12
19842 1.95430
19536 1.93L79
.49080 1.90581
.L8LT78 1.86770
NT132 1.82092
.168L9 1.76601
L5830 1,70361
Lli69k 1,63LLL
L3437 1.55927
;2071 1.L7895
10606 1.39437
.39051 1.306L3
3716 1.21606
3572 1.12418
.339L9 1.03173
.30293 .83L859
.28423 75957
+26538 .5h1325
,22712 .51138

iton

o

Ik
1.L1622
1.2666L
1.11879

.97510

.83613

.70359

.67550
1.2%3

1.,0062 895
31,62278
87665

T

2.L360L2
2.121L67
1.818732
1.532093
1.265176
1.0208L1

.801212
1.3L8897

1.007703L45
63.0957h
81739

Lo db
Iy

7.199717
7.1490L3
7.0496L
6. 90211
6.70929
6.L4TL TS5
6.,20216
5.8961
5.56169
5.20417
4.82916
L.Lh232
L4.0L933
3.65569
3.26668
2.88MN17
2.52162
2,17395
1.847hL9
lcg'lh93
1.26832
1.01905

L8 Elements (Conttd)

20 db 30 db Lo db
k I Ik Ik
23 .20911 13693 . 79787
2L 1.09993 1.200L5 1,34718
2, = 1.002029  1.003895 1.006361
r =10 31.62278 100
G = .085821 87718 . 18280
66 Elements
35 db
k Ik k Ik
1 2,73787 20 1.45000
2 2,72927 21 1.3u917
3 2.7121L 22 1.2L926
L 2.68661 23 1.15083
5 2.65286 2L 1.07115
6 2,61117 25 «96050
7 © 2.5618L 26 86955
8 2.50525 27 . 78198
9 2.41182 28 .69815
10 2.368875 29 51837
1 2.29635 30 «54293
12 2,21538 31 L7203
13 2,12967 32 .L058S
I 2,03985 33 1.18698
15 1.9L653
16 1.85035 zo = 1.,00264L
18 1.65202 G = .831L9
19 1.55115
ik Elements
Lo ab
k Ik k Iy
1 2.3727 22 1.9852
2 2,3709 23 1.9512
3 2.3673 2L 1.9161
N 2.3619 25 1.8801
S 2.35L8 26 1.8L32
6 2.3LS8 27 1.8055
7 2.3351 28 1. 7669
8 2.3226 29 1.7276
9 2.3085 30 1.6877
10 2.2921 31 1.6472
1n 2.2752 32 1,6062
12 2,2561 33 1.56L7
13 2.2355 3L 1.5229
! 2,2132 35 1.L807
15 2.1895 36 1.4383
16 2.1643 37 1.3957
17 2,1377 38 1,3531
18 2.1097 39 1.3103
19 2.080L Lo 1,2676
20 2.0L99 L 1.,22L9
21 2.0181 L2 1.1824



14k Elements (Cont'd) Table II

Lo db Comparison of Actual and Approximate Current
Values for 38 Element 30 db Tchebyscheff Array

k I
< Je — X g(x) E(x)=I(x) I'(x)
3 1. 1400 6o L9987 k  x .130x-.69024 (approx) (Actual)
bk 1.0989 61 .L6918
TR A R D) M nm o im
Lé 1.0148 63 111065 2 081 - 996 ‘991 °9916
L9 .89339 66 33024 S '2,43 .960 °921 .92111
50 85398 61 305l 6 1297 .9L0 .88, - 3611
51 .81518 68 .28165 7 ‘351 '917 .81;1 . 8l11
52 « 77704 69 .25886 8 ‘bos .890 ‘793 ‘7 3,
53 « 73959 70 «23708 9 .h59 .860 .7140 .7)3
sk .70288 ! .21631 10 .513 .827 685 6851
55 66654 72 1.1031 1 .567 '792 '627 '627,4
56 I 2 .61 753 1567 .5680
57 59749 Z, = 1.000687 B 6% T3 "208 i
59 oOBEER U oliEl 15 . 753 .626 .392 .3911
16 .837 «580 .327 .3353
17 .891 «53L 285 3¢ 282l
18 .95 .188 «238 error .2308
19 1.000 - 0.515 0.5007
G=.878 G =.876)
1 ITTTTITTTIT] -~ [ TITTTTTTTTITTT
$ N “Ii' iy l -L.t- N - +_‘_-ij AveLITWOE ;?v’:afvm FOR |
AMPLITUDE OISTRIBUTION FOR h 30 DB TCHEBYSCHEFF aRRAYS
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GAIN PATTERN OF A TERMINATED - WAVEGUIDE SLOT ANTENNA BY AN
EQUIVALENT CIRCUIT METHOD

by

Leopold B. Felsen

Microwave Hesearch Institute
Polytechnic Insti%ute of Brooklyn
Brooklyn 1, N.Y,

Summary

The terminated - waveguide slot antenna
consists of a slot cut in the wall of a waveguide
terminated in a known load. The gain pattern of
such a slot is a function of the waveguide termin-
ation and may change markedly for different load
values. The slot field can be regarded as com-
posed of two independent field types arising from
symretric and antisymmetric electric field exci-
tations of the slot, respectively; the relative
intensities of the two excitations depend on the
waveguide termination. Each of these constituent
fields has its own characteristic radiation pat-
tern, and the totzl gain pattern is obtained by
superposition. The determination of the consti-
tuent slot fields from which the radiation fields
may be computed is an extremely difficult task.
It is desirable, therefore, to employ a technique
which enables one to find the radiated field as a
function of the incident field in the waveguide
without a detailed knowledge of the slot field.

If the slot radiates into a half-space
(i.e., the slot is contained in an "infinite"
baffle) the radiated fields are analyzed very con-
veniently in terms of spherical transmission line
theoryl, which considers the half-space region to
be a spherical waveguide representable by a number
of non-uniform, spherical transmission lines. For
many small slot configurations it may be shown
that a single spherical transmission line suffices
to represent approximately the far fields radiated
by a symmetrically and by an anti-symmetrically
excited slot. Thus, the half-space is represented
approximately by two spherical transmission lines
propagating the appropriate spherical modes, and
the slot is viewed as a network coupling the feed-
ing waveguide with the half-space region. If the
equivalent circuit parameters of the slot are

known, the far spherical mode voltages and currents

for a given waveguide excitation and termination
may be computed by simple network calculations,
and the radiated fields determined directly by
modal synthesis.

The specific configuration considered here
is a symmetric rectangular E-plane slot radiating
from the broad face of a rectangular waveguide
propagating the dominant mode (Fig. 1). From
field-theoretic considerations it can be shown
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that the approximate four terminal-pair equiva-
lent circuit for the slot is that shown in Fig.2.
The values of the lossless network parameters in
Fig. 2 can be expressed in terms of those of the
lossy two terminal-pair equivalent circuit in
Fig. 3, where the slot is considered as a lossy,
radiating structure in the waveguide (see Egs.
(1)). The latter circuit may be obtained either
theoretically (by a variational procedure) or
from measurements in the rectangular guide. The
network in Fig. 2 reduces to that in Fig. 3 when
a matched termination (free space characteristic
impedance: R=\/\,, relative to input guide) is
connected to terminal pairs 3 and L. With the
ratio of the currents I3/I) calculated for a
given load, modal synthesis yields the simple
?ggressions for the gain pattern given in Egs.

Although the above theory is valid for
small slots its most useful application is for
larger slots which can radiate a substantial
amourtt of power. Mzasurements taken on a large
slot terminated in a variable reactance have
shown reasonable agreement with theory.

Computation of Network Parameters

X
1 a 2 -
—_— = O oy (13)
O x2 X
a a
2 X, = X, - X; (1b)
2 2y
,,12 RSN (1c)
—2. + Ra
Rb R2 + X2 N
a
2 2/2
ng = —-{—g (14)
R
a

A = free space wavelength, \ = guide wavelength.
A1l network parameters are ngrmalized to the
characteristic impedance of the rectangular wave-
guide.



Computation of Gain Patterns

N/ \g
|r§_|2 2 13 . 2
i =cos "8+ |g=| sin 8, y = 0 plane (2a)
4 T 0 Q
2

I I
1+ |3] sin2 5 2Re () sin 6,

I I

L L

y= 0, x = 0 plane (2p)  Source load

H = magnetic field, r = radial distance from slot Tl

Center (r/A>>1), 6 = polar angle measured from
y axis (see Fig. 1b), A = constant parameter.
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A FOUR SLOT CYLINDRICAL ANTENNA FOR VOR SERVICE

Andrew Alford and R. M. Sprague
Andrew Alford Consulting Engineers
Boston, Massachusetts

Summa This antenna was originally developed
for the Air Navigation Development Board under a
U. S. Navy contract., Four equally spaced longi-
tudinal slots in the wall of a cylindrical cavity
constitute the radiating elements. The four slots
are energized by three independent feeders in such
a way that one circular radiation pattern and two
figure of eight patterns are obtained. W¥hen the
antenna is used in conjunction with a goniometer,
e rotating limacon pattern results. Intercoupling
among the feeders is very low. The antenna is

7 feet high, 15 inches in diameter and weighs

110 pounds. The antenna may be readily tuned with
the aid of a ocalibration chart to any frequency
between 108 mo. and 118 me. Experience with a
number of installations shows that the overall
sourse errors are around 1.5% although the
antenna error itself can be kept down to about

one half of this value. The design of the antemas,
flight tests and the several sources of course
errors are discussed in detail.

Introduction

A Visual Omnidirectional Range (VOR) system
effords an aircraft a direot reading visual indi-
cation of the true bearing of the range station
as seen from the aircraft. This is accomplished
by transmitting two signals, one whose phase does
not vary with azimuth, and a second whose phase
varies linearly with the azimuth angle. From a
comparison of the relative phase of these two
signals, the true bearing cen be determined.

In present day VOR stations ‘these two sig-
nals are transmitted on the same carrier frequency
which is usually between 112 mc. and 118 me. The
constant phase signal is generated by amplitude
modulating the carrier by a 9960 cyole subcarrier,
which in turn is frequenoy modulated by a thirty-
cycle signal. The carrier, modulated in this
manner, is radiated equally in all direotions of
the azimuth. This thirty-cycle signal, as recaived
by a double detection (AM-FM) receiver, is in the
same phase at all points of azimuth. The variable
phase is generated by radiating a rotating figure-
of-eight pattern. The RF phase in one lobe of
this pattern is the same as that of the carrier.
The RF phase in the second lobe of the figure-of-
eight pattern is opposite to that of the carrier.
If each lobe of the pattern is a true circle and
the pattern is rotating at a thirty-cycle per
second rate, the carrier as received in en air-
oraft will be effectively amplitude modulated at
& thirty-cycle rate and the phase of this thirty-
cycle will vary linearly with the azimuth angle,

The rotating figure-of-eight pattern can be
generated in two ways:

(a) An antenna radiating a figure-of-eight
pattern can be rotated at 1800 RPN, or

{b) Two stationery figure-of-eight patterns
at right engles to each other can be modulated in
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time quadrature at thirty cyoles by means of a
goniometer, so that a single rotating figure-of-
eight pattern results. The present antenna is of
the latter type.

In the development of this VOR antenna,
the following points were considered to be partic-
ularly important:

(a) The antenna should radiate only pure
horizontal polarization, so that bearing errors
and attitude effeots introduced by even small
amounts of vertical polarization would be avoided.

(b) The entenna should be inherently accu-
rate, possessing primery patterns which would
result in small bearing errors.

(c) The antenna should be a compact unit
that can be shipped in a crate, bolted in place,
and placed into operation by conneoting three
cables.

(d) The antenna should preferably contain
no rotating parts.

Fig. 1 shows two views of the antenna, the first,
with the protective radomes in place; and the
second, with the radomes removed.

Method of Feed

Metal cylinders with one or more longi-
tudinal slots have been used in the past to pro-
vide several types of radiation patterns. If a
potential is applied across a slot by means of a
coaxial line whose inner and outer conductors are
connected to the opposite side of the slot, cur-
rents flow around the slot. When the slot is
relatively narrow in terms of the wavelength,
vertically polarized radiation caused by vertical
components of the currents substantially cancels,
while horizontally polarized radiation results
from the horizontal currents across~the top and
bottom of the slot,

When there are two slots on opposite sides
of a oylinder and both are similarly excited but
in phase opposition to each other, a figure-of-
eight pattern is radiated. When there are four
equally spaced slots, two figure-of-eight patterns
at right angles to each other cen be had by excit-
ing alternately, now one pair of opposite slots,
then the other pair of opposite slots. If all
four slots are excited so that the horizontal
currents associated with all four, ere in the same

direction a pattern omnidirectional in azimuth
results,

A sketch of a four-slot antenna is shown in
Fig. 2, View A. Four slots 1, 2, 3, and 4, are
cut in the cylinder, equally speced around the
circunference. The diemeter of the cylinder is
chosen to be approximately 0,15 wavelengths, ss



the best compromise between two faotors., A oylin-
der of too large a diameter results in e deviation
of the lobes of the figure of eight patterns from
true circles. A oylinder of too small a diemeter
would reduce the radiation resistence of the elots,
making impedance matching difficult.

The feeding method is depiocted in view B of
Fig. 2, in which e developed or spread open view
of the interior of the cylinder ie shown. Four
200 ohm open wire lines 11, 12, 13, 14, using the
inner surfaces of the cylinder es ground return,
ere terminated ecross slots 1, 2, 3, and 4, each
in the same direction. Approximately a quarter
wave from the slots, these four lines are connected
to e single 50 ohm ocoaxial line 21. Power fed to
line 21 will then excite each of the four slots
equelly, producing e continuous field eround the
cylinder, resulting in an omnidirectional radie-
tion pettern. Substantially no refleotion is
{ntroduced et the junction of line 21 with lines
11, 12, 13 and 14.

Two 100 ohm coaxiel lines 15 and 17 are
terminated in opposite directions eocross slots 1
and 3. Approximetely e quarter wave from the
slots, these two lines are connected to a single
50 ohm coexial line 19. Power fed to line 19
excites slots 1 and 3 in phese opposition, result-
ing in & figure-of-eight radiation pattern with
pulls in the directions of slote 2 end 4. In a
similar manner, slote 2 and 4 ere fed by lines 16
and 18, producing e seocond figure-of-eight pattern
displeced ninety degrees from the first. Essen-
tielly no reflection is introduced at the junction
of line 19 with lines 15 and 17, or line 20 with ’
lines 16 end 18.

The feeding errengement is such that no
bridges or other isoleting mesns are required to
eliminate cross talk among the three sets of
feeders. A potentiel applied across line 19
results ir equal but opposite potentiels across
lines 11 and 13. The waves started by these
potentiels elong lines 11 end 13 cancel at the
junction of lines 11, 13 on the line 21, There-
fore, assuming perfect symmetry no signal cen be
transmitted from line 19 into line 21, Similerly,
no signal is transmitted from line 20 into line 21
By the lew of reciprooity no signal is trensmitted
from 21 into 19 or into 20.

The two sideband feeders 19 end 20 are also
isolated from each other, Vihen slots 1 end 3 are
energized by a potential applied to line 19, equal
potentials of the same sign appeer on both sides
of slot 2. Similaerly, the potentials appearing
across slot 4 are also equal end of the same sign.
Therefore, no potentials are produced ecross lines
. 16 end 17, so that no signel is transmitted from
line 19 into line 20 or vice versa.

The length of each of the branch feeders 15,
16, 17, and 18 is approximately a quarter wave-
length at the mean frequency in order that the
lines will present a high impedance across the
slots to potentiials from feeder 21. Similarly,
eech of the lines 11, 12, 13, end 14 is a quarter
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weve length long et the meen frequency in order
that all lines will present a high impedance
eoross the slots to potentials from lines 19 end
20.

The above described method of slot excita-
tion, while well suited to en antenna of this
type, is not the only one thet could be used.
For instance, in Fig. 3, slots 1, 2, 3, and 4
are fed by only onme line per slot, respectively
by lines 11, 12, 13 and 14. Lines 11 and 13 are
gonnected to terminals 21 and 23 of a coaxiel
bridge 5. Lines 12 end 14 ere connected to ter-
minels 22 end 24 of a similer coexiel bridge 6.

¥When a potential is applied to terminal 25
of coaxiel bridge 5 two equal but opposite poten-
tials are produced at terminals 21 and 23. Slotsl
and 3 are then excited in phase opposition and a
figure-of-eight pattern is produced. When a poten-
tial is applied to terminel 27 of Bridge 5 equal
potentials in the seme relative phase are produced
at terminels 21 and 23. Slots 1 and 3 are then
excited the same relative phase. Bridge 6 has sim-
jlar properties. Termipals 27 and 28 are conmected
to the reference feeder. When & potential is
applied to this feeder all four slots are excited
in the same relative phase resulting in a circular
rediation pattern. Terminals 25 end 26 ere cannect-
ed to the sideband output termirls of the goniometer.

The Two Modes in the Cavity

Beceuse of radietion through the slots, the
inside of the oylinder behaves like a lossy cavity
in whioh two different types of modes can be
excited. The mode of, say, Type I is excited by
either of the two sideband feeders. The mode of
Type II is exoited by the reference feeders.
When the reference feeder is energized the lines
of eleotrio field are distributed as shown in
view A of Fig. 4. The cylinder is then in effect
divided into four equal parts indicated by the
imaginary partitions shown in view A of Fig. 4 by
the dotted lines. The cross sectional area of
the effective cavity back of each slot is there-
fore one quarter of the cross sectionel area of
the cylinder. When one of the sideband feeders
is energized the electric lines of force are
distributed es shown in view B of Fige. 4. In
this oase, the effective cavity behind each slot
is much lerger than in the previous case. There-
fore, the "cut off frequency" for the Type II
mode shown in view A of Fig. 4 is substantially
higher then the "cut off frequency" for the
Type I mode shown in view B. If a lossy oavity
is operated near or below its'out off frequency”
the distributiogogg voltage —v~ salong a slot is
of type v~ = vs& S/in(Bx+Y) where X is the
distance along & slot and &, B8, )  ere constants.
5 voltege distribution of this kind is illustrated
by view C in Fig. 4. When a ocavity of this type
is operated well above its cut off frequency the
voltage distribution is approximately sinusoidal
as shown in view D of Fige. 4. The dimensions of
the antenna ere such that the cut off frequenoy
of the Type II mode must be artificially lowered
to avoid exponentiael distribution of the referemce




signal along the slots. This latter condition
would be undesirable for the following reasons:

(a) With an exponential or a semi-expmential
distribution of voltage along the slots the radla-
tion resistance is low msking the impedance too
frequenocy sensitive.

(b) Unless both the reference and the side-
band feeders are connected at the exact cenmters of
the slots, the center of radiation for the side-
band signal is not' at the same height as the center
of radiation for the reference siznal, because the
sideband distribution along the slot is approxi-
mately sinusoidal with the voltage maximum at the
center of the slot, whereas the reference voltage
distribution is unsymmetrical,

Antenna Tuning

If four short circuiting bars were symmet-
rically placed across each of the four slots at
some distance from say the bottoms of the slots,
the eleotrical length of each of the slots would
be shortened by equal amounts, and the slots would
be "tuned" to a higher frequency. If, instead of
short oircuitiag bars, equal finite inductances
were placed aoross the slots, the tuning frequenoy
would also be raised, to an extent depending on
the values of the inductances., If, in lieu of
inductances, equal finite capacities were placed
aoross the slots, the electrical slot length would
be increased and the tuning frequenocy would be
lowered. Thus several means are available to tune
the antenna over an appreciable frequency range,

The tuning of each slot separately would
involve a lengthy operation, and would result in
pattern dissymmetry unless relatively complex
measurements were used to control the operation.,

A method of tuning all slots simultaneously and
symmetrically, for both reference feeders and side-
band feeders, is shown in the schematic diagram of
Fig. 6, By oroas conneoting opposite pairs of
slots, the impedance placed between the opposite
pairs is effectively placed across each slot,
Cross connections of this type are made both at
the top as well as at the bottom of the loading
fins. The two oross conneot ing means will be
referred to as "tuning bridges® or simply "bridges".
Both views in Fig. 6 are intended to show the same
set of fins cross connected by the same tuning
bridge. View A indicates the polarities of the
potentials which exiat when only the sideband
feeders are erergized. View B shows the distribu-
tion of potentials when only the reference feeder
18 energized. 1In both cases the plus and the minus
slgne refer to the polarities of the potentials,
The numbers are used to identify the fins.

When the sideband feeders are energized, the
Junetions of the oross csonnecting conductors, shosm
as circles in the diagram, are at zero potential,
The lengths of the cross oconneoting conductors
determines the value of the inductance shunted
across the slots of opposite polarities. The
length of these oross conneoting conductors can be
varied by sliding the oross connecting assembly

(bridge) up or down. Slide bar extensions to the
fins are provided upon which the bridge rides,

When the reference feeder is energized,
the lengths of the cross conneocting conductors is
immaterial because they oross connect fins at equal
potentials. The capacitance between the two sets
of the oross connecting conductors (capacitance
between the two concentric circles in the diagram)
is the parameter that can be used to control the
impedance presented to the reference feeders.
Thus, there are two independent adjustments, one
which has an effect only on the impedance presented
to the reference feeder. One adjustment is made
by translating the tuning bridge. The other adjust-
ment is accomplished by moving a plunger whioh
varies the capacitance between the two sets of
oross connecting conductors in the bridge. The
nature of these impedance controls is such they
allow one to tune the entenne to any frequency
within its operating range without disturbing the
symmetry of the radiation pattern.

The lower and the upper bridges are provided
with graduate socales which enable ome to clamp the
bridges at various positions which correspond to
different frequencies. A calibration chart pro=-
vided for each individual antenna gives the proper
settings of the bridges for any frequency between
108 mo. and 118 mo. The variable condenser con-
sists of a stationary cylinder and a movable con-
centric metal plunger. The capacitance can be
varied by moving the plunger. The upper as well
a8 the lower bridge is provided with a variable
capacitor of this type. Both plungers are gradu=~
ated, The plunger in the upper bridge is adjusted
only when it is desired to change from the 108 moc.
- 112 wo. band to 112 mc. - 118 mc. band or vice
versa. The calibration chart gives proper settings
of the plungers for the frequencies in operating
range of the antenna. Experience shows that the
retuning of the antenna from one frequency to
another can be done in something less then an
hour. This operation may be performed in the
field by relatively unskilled persomnel; It is
not necessary to make either impednace or pattern
measurements,

When the slots are tuned by means of the
condenser in the lower bridge, the impedance
presented to the feeder at the junction of the
four open wire lines is around 45 £ /' 12.5 ohms.
Therefore, a small shunt capacity of the proper
value can be used to match the reference feeder.
The required value of this capacity remains
sufficiently constant over each half of the oper-
ating band. Standing wave along the four indiv- .
idual branch lines feeding the slots does not
exceed 1.25 to 1,

The four coaxial lines feeding the slots
with the sideband power are not connected directly
across the slots. On the contrary, the inner
conductors are terminated in fixed series induct-
anceses The value of these inductances is such,
that when the slots are correctly tuned by the
lower bridge, the impedance at Junction of each
pair of slot feeders is around 75 /J' O ohns,



A emall shunt capacity of the proper value located
three-eighths of e wavelength from this junction
toward the generator, is used to match the feeder
to the 52.5 ohm line. Five values of this capaocity
are required to cover the frequenoy band of 108 to
118 megacycles. It is noted that the matching
problem is relatively minor because the feeding
arrangement is such that without any matching the
SR even along the branch feeders is under 1l.5.

Details of Construction

In Figures 7, 8 and 9 are shown out away
drawings of the antenna. Fig. 7 shows the lower
third, Fig. 8 the cemter third, and Fig. 9 the
upper third. In the lower gsection, the support-
ing structure can be seen. The mast A-7215 passes
through the hubs of two heavy wheel like ocastings
separated by the outer shell A-7214. The two side-
band cables W-7201 and W-7203 from the goniometer,
enter the antenna through the supporting mast and
terminate in Tees P-7201 and P-7202. To these
Tees are connected matching stubs %-7209 and Vi-7218
To the same Tees are connected cables W-7212 and
%-7221. Cable W-7212 feeds coaxial lines %-7214
end W-7215 which are conneoted to one pair of
opposite slots. Cable ¥W-7221 feeds coaxial lines
<7223 and W-7224 which are conneoted to the other
pair of slots. Cable W-7206 is the reference
signal ceble. It is normally connected to the
modulation eliminator. This cable is carried up
inside the cylinder between the slots and is
connected to the four individual feeders supplying
the referenco signal to the four slots. For
mechanical strength, four 1/8 inch thick fiber
glass strips, similar to A-7209, are bolted across .
the slots.

In Fig. 8 can be seen the sideband feeders
W=7214, W=7215, W-7223 and W-7224, The inner con-
ductors of these lines terminate in the series
inductance sections W-7216, W-7217, W-7225 and
W-72268, The four sets of loading fins are visible
in this drawing. Extending downward from the
bottom of the loading fins are the eight calibrated
slide bars E-=7207 through E-7214 on which the
tuning bridge E-7204 rides. When this bridge is
moved downward the inductance across the slots is
increased. The calibrated coaxial condenser C-7203
is used to adjust the impedence presented to the
reference signal feeder.

Four heaters such as HR-7202 and HR-7203
are arrenged symmetrically close to the inside wall
of the cylinder. They provide up to 1250 watts
dissipation for sleet melting. Trimmer condensers
C-7204, C=-7205, C-7206 and C-7207 aoross the center
of each set of fins are used to compensate for mam-
facturing tolerances in the fin spacings. They are
adjusted at the factory and locked in place,

In Fig. 9 can be seen the main reference
cable W-7206, the stub W-7227, and the four "open
wire feeders" W-7228, W-7229, W-7230 and W-7231,
each terminated across one of the slots. The upper
bridge, C-7207, used for changing from the (108 me.
- 112 mo.) band to the (112 mo. - 118 mc.) band is

al;;Eshown. The top casting provides a support for
Q .
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The antenna is designed for 40 G vertical
shock, end winds up to 150 miles per hour. The
coaxial lines are hermetically sealed. All joints
in the upper 2/3 of the antenna structure are
also sealed. Gasketed radomes are provided over
each of the four slot openingse

The seams in the shells of the early models
of the amtenna were not sealed and drain holes
were provided to dispose of the small amount of
water that might be driven through the seams by
wind. Experience showed that when water was
driven in,some of it tended to oling in the form
of droplets to the inside surfaces of the loading
fins, causing an inorease in capacitance between
pairs of fins. This change in capacitance resulted
in bearing errors scmetimes as h}gh as £ 3% By
sealing the seams in the upper 2/3 of the antenna
this trouble was eliminated.

¥ihile heaters are provided for slee%
removel, experiments show that about 1/? inch of
joe, even when deposited on only one side of the
antenna, produces a bearing error of about 0.4°.
A 1/4 inch coating acoumulated during a sleet
storm resulted in something less than 0.2°,

Approximately 125 watts of heater power is
used continuously in Liberia in order to retard
growth of fungus. This is believed to be in
accordance with the now more less standard prec-
tice followed in tropical climates.

Antenna Adjustments

Upon assembly, the antenna is accurately
balanced by means of the trimmer condensers
installed in the loading fins. These trimmers
are adjusted so that the nulls of the two figure-
of-eight patterns are separated by 180 degrees.
The input impedances looking into the sideband
feeders are then measured at several frequencies
in the frequency range in order to check the
fundamental symmetry of the antenna. Radiation
patterns are also taken at these frequencies.

The seoond operation is the tuning calibra-
tion. The antenna is checked over the entire 108
to 118 megacycle band, being tuned to unity stand-
ing wave ratio at each of the test frequencies.
From this data is drawn a calibration curve.
Between the calibration points the standing wave
ratio does not exceed 1.2 and is usually less than
1.1.

After the calibration has been completed,
the entenna is ready to be installed in the field
with no further operations than bolting in place,

connect ing three cables, and phasing of the carrier
feeder,

In Fige. 10 is reproduced a pattern as
recorded on a polar recorder. Each lobe is just
ninety degrees wide at the three db points, and
one hundred twenty degrees wide at the 8 db points.
This is as it should be for true circles. The
power levels of the four lobes are equal within
‘é o1 db, The intersections of the figure-of-eight
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patterns are spaced by ninety degrees‘é 1/2°, The
reference pattern deviates from a cirole by‘é «2 db.

In Fig. 11 is a family of figure-of-eight
patterna. These patterns were obtained by connect-
ing both sideband feeders to a goniometer, end
recording patterns with the goniometer settings of
0, 22,5, 45, 67.5 and 90 degrees, These patterns
were obtained with the antenna tuned to the fre-
quency at which the patterns were recorded. A
eimilar family of figure-of-eight patterns shown
in Fige 12 were recorded with the antenna deliber-
ately tuned to a wrong frequenoy so that a stand-
ing wave ratio of 4.7 existed on the sideband
feeders. No appreciable inorease in bearing error
is apparent in spite of the 4.7 SWR along the side-
band feeders. This corresponds to a detuning of
1,65 mogaoyoles. Thus, it is apparent that the
antenna may be operated over a considerable band
without retuning, although such operation is not
recommended.

Figure 13 shows the vertically polarized
component of radiation. In this figure the larger
figure~of-eight is & recording of the normal hori-
tontally polarized radiation. The smaller figure-
of-eight pattern shows a record of the vertically
polarized component. This record was obtained by
turning the receiving antenna through 90° and after
inoreasing the power by 30 db (1000 to 1). The
vertical component is 36 db below the horizontal
component.

Counterpoise Effects

A study of the effect of the counterpoise
was made with the aid of miorowave models., The
data obtained from this study serves to show that
a counterpoise of too small a diameter has the
offeot of increasing the size of the "come of
confusion” ehove an antenna. In Fig. 14 is
recorded the vertical pattern of the reference
radiation of a model antenna mownted so that its
center was 0.4 wavelengths above a counterpoise
one wavelength in diameter. A deep well occurs
above the antenna, as expected. 1In Fig. 15 is
recorded the vertical pattern of the sideband
radiation under the seme conditions as in Fig. 14,
Here, radiation at 90° above the horizon is only
10 db below the maximum >f the lobe. The counter~
poise seems to be radiating under these conditions,
the amount depending on the proximity of the count-
erpoise to the antenna, When the counterpoise is
placed even closer to the center of the antenna.
The sideband radiation directly upwards may be
only several decibels below the main lobe,

Currents are induced in the counterpoise by
the reference radiation are oiroular, If the
counterpoise is also circular, no current pathe
are interrupted, regardless of the slze of the
counterpoise. The radiation pattern of cirocular
osurrents has a well along the axis of symmetry,

Tests were conduoted to determine the
counterpoise sige for subastantially no sideband
radiation at 90° above the horizon. Fige 16 shows
the radiation pattern in the vertical plene for
the sideband field with the cowaterpoise increased
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to two wavelengths in diameter. There is no

field directly above the antenna. With a counter-
poise 1.5 wavelengths in diameter, radiation
straight up is atill very low. When the antenna
is to be used in conjunction with a counterpoise,
it is recommended that it be placed 0.4 wave-
lengths (from its center) above a counterpoise at
least 1.5 and preferable two wavelengths in dia-~
meter., Under such conditions, the "cone of con-
fusion" should be very small,

Flight tests made at Friendship Airport,at
Baltimore, Maryland showed that tho antenna mount-
ed above a round counterpoise 9 feet in diameter
(approximately one wavelength) produced a cone of
confusion which was only a fraction of the width
of the cone produced by a standard CAA 5 loop VOR
near Baltimore.

Some instellations in which a counterpoise
35 feet in diameter was used resulted in what
seemed to te a complete absence of the cone of
confusion at least when flown in some airoraft.
There is also some evidence thet a VOR installa-
tion which has no cone of confusion may appear to
have one when flown in en aeroplene equipped with
some types of receiving antenna installations.

The field from the antenna is very small in
comparison with the field in the directions along
the ground. It is, therefore, likely that objects
or irregularities of ground in the vicinity of the
entenna may reflect sufficient field in the upward
direoction to override the very small primary
signal at high angles above the horizon. The
result of such reflected signals would be to
produce a cone of confusion that could not be
reproduced if the VOR installation were moved to
enother spot at the same airport or to some other
site,

Flight Tests

One of the earliest models of this antenna
was lent by the Air Navigation Board t6 the Air
Transport Association for flight tests at Friend-
ship Airport, Baltimore, Maryland. A demonstra-
tion of experimentel TVOR equipment, using this
antenna, wes held under the auspices of the Air
Transport Associetion on March 5, 6 and 7, 1952,
Fige 17 is a photograph of the experimental instal-
lation being prepered for the tests.

Atlentic Division representstives of the
CAA made theodelite controlled flights, with
Mr, Coorge Luecker as the observer. Five flightg
vwere made arownd the station, ell st a constant
distance of five miles, at various altitudes
corresponding to vertical angles above the horizon-
tel ranging from 3.26 degrees to 12.79 degrees.
On Fig. 18 are recorded three representative
flights. The three different flight eltitudes
correspond to vertical engles of 3.26, 8.10, end
12,79 degrees. A portion of the last flight record
was interrupted in the vicinity of 100 degrees
because of poor visibility. The error curves for
all three plots track quite well, and each shows
errors around plus or minus one and one-half degrees.



The predominant error is of the single cyole type

which, as explained in the appendix to this paper,
is suspeoted to be due to 30 cps amplitude modula-
tion of the reference signal caused by small non-

linearity in the experimental transmitting equip-

ment.

Flight checks of later installations mede
mostly at airparts confirm the early data obtained
at Baltimore., Although later antennas were sub-
stantielly more accurate than the early models,
the overall bearing errors observed in flight
check remesined about the seme (except in a few
cagses where é 1° bearing errors were observed).

It is likely that a substantial portion of the
overall error measured in a flight test is ocaused
by factors independent of the entenna., For example
site errors or single cycle errors duwe to 30 ops
moduletion of the reference signal, goniometer
errors and others may well mask the bearing errors
due to the amtemna itself.

In all flight cheoks the aircraft attitude
effeots were found to be very small (approximately
the thickness of the needle ss observed on the
standard cross pointer instrument) showing that
the vertioal component of the field radiated by
the antenna is sufficiently low in ocomparison with
the horizontal component.

APPENDIX

Some Sources of Bearing Errors

The following discussion is believed to be
epplicable to VOR Statioms in general, not only to
those using the antenna described in this paper.
It is noted that most of this discussion is equally
appliocable to entemnas using rotating dipoles.

(1) Deviation of the primary pattern from s figure
of eight having perfeotly ociroular lobes.

The magnitude of the bearing error intro-
duced by a given deviation of the lobes of the
figure-of-eight patterns from true ciroles ocan be
calculated as follows:

Let the E-W figure-of-eight pattern be
described by function # (0). Then the N-S figure-
of-eight will be given by § (90-0).

The signal at time t in direction @ is
s = ¢rg) coswt + @ (90°-6)snwt

=[ g7 + #°(90° -8) Ccoslut-p)

where /? the bearing error.

& (90°-8)
a (6)

tan f?

In the ideal case when the lobes of the
figure-of-eight patterns are perfeot ciroles

17

y(aj = cos @
#(90°-0)= sir &

so that the bearing error ie gero.

In the general case when the lobes are not
perfeot circles the error vs. agimuth curve has
four complete cycles.

(2) Non-Linearity in Trensmitting Equipment.

One-cycle errors cen be produced by the
presence of thirty-oyole amplitude modulation of
the oarrier signal. Such moduletion chenges the
phase of the space modulation produced by the
rotating figure-of-eight in such a manner as to
cause one-oycle error. The original source of this
thirty-oyole modulation of the oarrier is probably
the tone wheel or its equivalent. The 9960-cycle
freguency modulsted suboarrier has been observed
to be also smplitude modulated by as much as five
to ten peroent at a thirty-cycle rate., If a slight
non-linearity exists in the transmitting equipment,
partial reotification tekes place resulting in
thirty-cycle amplitude modulation of the referenoce
field,

Let the reference field be
Se cos wt[1 +ocos(at+ P

where O = modulation factor due to the spur-
jous 30 oyocle signal

A = modulation frequency X Z N4

= modulation phase (could have almost
any value)

w

The sideband field from one figure-of-eight
at azimuth O is

s, = m cos wt cas@.cosatl

where /7 modulation fector (uaually 0.3)

o

azimuth angle

The sideband field from the second figure-of-eight
is

S, = mcoswt. cos & s/nat
The total signal T at azimuth sngle & is then
T =Se +5,+352

coswt[1+ Q-cos(at+y)+
m cos (@ -At)]

The envelope E of T is then
E I+ Q- cos (at +¢)+m(05(9-4t)




This expression may be transformed into the follow-
ing form

E =1 +ya‘+b% cos(e-at-g)

where a = 0‘(05(0*5&)-&"7’7

o
1]

o s (6+¢)

and the bearing ex.-ror B 1is given by

$sin (6 +¢)
cos(o+¢L)+ g.

The maximum value of error B ie at the
azimuth engles which results in

Z‘anp:

Co:(e+¢)=—;%

The meximum velue of the bearing error is

given by
rqnﬁmm‘: .\//‘(;%:2_ e z
- L m ”?
m o

Exemple: Let /"1 = .3 which is the usual value.
Assume that the undesirable emplitude moduletion
of the ocarrier by the spurious 30 cps is 1.5%.
Then

Q- = .05

A value of 6 degrees is the bearing error obtained
under such conditions. It is noted that a bearing
error of this type would be obtained with an
absolutely perfect antenna. Single cycle errors
of this origin ere often assumed to be caused by
antennas,

(3) Inequality of lobes in one of the two figure-

of-eight petterns.

In Figure 19 are shown two figure-of-eight
patterns. The maxima of the two lobes in, say,
the North-South pattern are equal to each other
and each is equal to unitys. The lobes in East-
West pattern are assumed to be unequal; the maxi-
mum of one lobe is 1 - OC » the maximum of the
other lobe is 1 £ OC . The nulls defined in the
Basthest pattern are at azimuth angles (90°+ 2 )
with respect to the line Joining the maxIma,

When (¢ is a small fraction, angle o¢ 1is also
small, This state of affairs is observed when a
small fraoction of the power supplied to one of the
two sideband feeders is radiated in the form of
omnidirectional reference pattern because of some
lack of symmetry.,

Under such conditions at arimuth & the
total side band field £ (from both figure~of-
eight patterns) is given by

F = [(cas6 +a)cosat+ sm6sinat]
x Smot

This expression may be transformed into the
following form

F =fo Cos (0 -al-§g)

in which B 1is the bearing error. Vhen this is
done it is found that

teng = xSin &
I+ & cose©

The maximum value of tan P is

L fomar = ==

47 -2

The polar equation of the figure-of-eight
pattern with unequal lobes is

h = o<+ cos 6

The nulls /2 = occur when €CoS & = — &
If we let @<= 90°r , 1t is found that

K= s 7]

If this value of & in terms of

1s substituted into the expression for the maxi-
mum velue of £ it is found that tan B =

tan 7 which means that ﬁma,.:? « Moreover the
maximum value of error occurs at the same azimuths
es the nulls of the figure-of-eight pattern with
unequal lobes. Error of this kind, when plottead
against azimuth results in a single cycle curve,

(4) Inequality of the Two Figure-of-Eight Pattemns.

Let it be assumed, as shown in Figure 20,
that the amplitude of the North-South figure-of-
elght pattern is "a" while the amplitude of the
Bagt-test figure-of-eight pattern is "b"., Then
the sideband field et arimuth © is

F =cosewt (acos @cosat +
bsine smat)

This expression may be transformed into the follom
ing form

F =fcos (6-g-at)

where E 15 the bearing error.
that

It may be shown

(’/=-q) tan &
(1+q) tan?8

where =
7= 4
The maximum value of error oocurs when

anle___

tar©e = 1L
aéq

The maximum error is given by
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tanf,ae =

(5) Course Error Caused by Mis-phasing of Sidebands.

Vhen the two figure-of-eight patterns are
not radiated in the same RF phase, a small bearing
error results. Consider the case where the RF
phase of one figure-of-eight is delayed 7 electri-
cal degrees behind the carrier, while the RF phase
of the seoond figure-of-eight is advanced the same
amount. The total field T is then

T = simnawt #r73/7 (et~ F)cosatcasd+
mSsinfeot+ B)snAal sin&

The envelope of T

2
E = {[;+ CoS¢Cos(At—9)J +
[]
misinig cos*fa f*G)J *
By expanding E into a series it is found that the

bearing error P is given by the following approxi-
mate expression.

tan f 2 %Z 5//72¢ S 4O

Figs 1
The four slot VOR antenna with (a) protective
radomes removed, and (b) protective radomes
in place.

It is noted that this is a four cyole error.

Example: assume that the modulation factor
m = 0,3, and that the total phase error is
2 = 18°. The maximum ocourse error is found to be

only 0.016 degrees.

(6) Course Error Csused by Mis-phasing of the
Carrier.

If the two figure-of-eight patterns are in
the same RF phase, but oarrier pattern phase is in
error by § electrical degrees, the total field is

T =sin(wt+ )+ msmewlcosslcosO+
 sinwt sinAat 5in O
The envelope reduces to the form
E=[1+2mcos@cos(e-at)+
KA
micos (€ —t)]?
E =~ I+ mca.s/ cos (6 -at)
Terms involving (l-cos ¢)2 end higher powers of
(/-cos@) havé been neglected. Thus, as long as
(7-cosd) is a very small quantity, which it
usually is, there is practically no bearing error.

The only effeot is a change in the percentage of
moduletion.
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Fig, 2
A spread open view of the four slots, showing the
method of exciting the slots for both the reference
patterns and the two figure-of-eight patterns.
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of the upper third of the antenna.

Fige 11

Antenna patterns obtained with the side band

feeders connected to a goniometer set at 22 1/2
degree intervals. Feeders matched.
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Fig, 12
Antenna patterns obtained with the side band

feaders connected to a goniomster set at 22 1/2
degree intervals. Antemna detuned 1.7 megacycles.

MORIZONTAL
~ POLARIZATION
4ADD 30 DB

“VERTICAL POLARIZATION

180°

Vertically polarized component of antenna
radiation.
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0oy

218

Vertical plane pattern of the reference field with
the antenna center placed 0.L wavelengths above a
counterpoise one wavelength in diameter.,

210°

i
180%

Fig. 15
Vertical plane pattern of the sideband field with
the antenna center placed 0.l wavelengths ahove a
counterpoise one wavelength in diameter.
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Theodelite flight checks of the Friendship
Airport experimental TVOR installation at three
representative vertical angles.

The experimental TVOR installation at Friendship
Airport, Baltimore, Md., March 5, 1952.
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Course error caused by inequality of the lobes
of one of the two figure-of-eight patterns.

Course error caused by inequality of the two
figure-of-eight patterns.



TRAPPED WAVE ANTENNAS

Herman Ehrenspeck, Werner Gerbes and Francis J. Zucker

Alr Force Cambridge Research Center
Cambridge, Mass.

SUMMARY

The question is first raised as to how
a 'trapped' wave radiates, and what beam
shapes it can produce. The results are com-
pared with the radiation fields produced by
conventional antenna apertures.

A flush-mounted type of antenna is
discussed which utilizes waves trapped in
single and multiple dielectric layers. The
calculated mode characteristics are in very
good agreement with experimental results.
By means of phase and amplitude control, it
should be possible to design such antennas
with a great variety of beam shapes in azi-
mith and elevation,

HOW DOES A TRAPPED WAVE RADIATE?

A surface wave is one which propagates along
an interface between two media. If the surface
wave is slower than light, it carries most of its
energy within a small distance from the inter-
face, and will not radiate unless a discontinuity
impedes its progress., We can therefore speak of
it as a guided, or 'trapped' wave. Its phase
fronts are perpendicular to the interface (see
Fig. 1), while the amplitude decays exponentially
upward,

The general theory of surface waves has been
described elsewhere.l Here we are concerned with
the manner in which a surface wave radiates,.and
with the types of pattern it can produce, We
will also discuss phase control on dielectric
sheets, as a prerequisite for beam shaping in
practice.

At first sight the expression 'trapped wave
antennas! appears like a contradiction in terms,
How can a wave be 'trapped! and radiate at the
same time? To explain this, we congider an in-
finitely long unshielded waveguide (dielectric
slab or corrugated surface.) One or more trapped
modes will propagate along it. They do not radi-
ate as long as the guide is uniform. If the
guide is cut short, however, to form a finite slab,
then a radiation pattern is set up. This means
that the existence of an electromagnetic far-field
1s somehow connected with the missing parts of the
infinite surface, As usual, the far-field pattern
is obtained by integrating over the tangential E
or H field along the slab surface., Choosing the
origin of coordinates in the center of the slab,
and paying attention only to the limits of inte-
gration, we note first that

W =0
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(no radiation). This implies, however, that
d/2 = a/2  -d/2

SIS e [ [

~d/2 4/2 -4/2 -0 d/2

In words: the radiation pattern of the finite
slab is equal in magnitude and opposite in phase
to the pattern of the two semi-infinite slabs
which have been cut away.

We can shuffle the limits of integration in
another way, more useful than the first:

[d/z /d/z f-d/z

-d/2 o o
(see Fig. 2). .This shows that the finite-panel
pattern can be regarded as a superposition of the
patterns of two semi-infinite panels, with origin
at —d/2 and d/2, respectively., The two panels
are fed out of phase by the time it takes the
trapped wave to travel from -=d/2 to d/2, plus a
delay of 77 occasioned by the phase-reversal of
the shorter semi-infinite slab (minus sign in
front of the last integral)., To obtain maximum
radiation in the end-fire direction, this phase
delay must be compensated for by choosing d ap~
propriately, We are merely restating here in
physical terms the well-knomn Hansen - Woodyard
condition, for which a number of pseudo-explana~
tions have appeared in the literature from time
to time,

It also appears from Fig. 2 that the far-
field pattern of the longer semi-infinite slab
could be obtained altermatively by integrating
over a vertical plane through d/2 (vertical plane
through -d/2 for the shorter semi-infinite slab).
In this plane, the phase is constant and the
amplitude decreases exponentially away from the
slab (it is trigonometric within the slab). The
radiation of the finite slab is therefore due to
jts two transverse planes of discontinuity. As
before, the radiation from the plane through d/2
is delayed by the slow-travelling surface wave.
In addition, we have the phase reversal for the
aperture distribution in the plane through -d/2,
because, just as before, we are supposed to
subtract the (—d/2)-pattern from the (d/2)-pat~
tern. Physically speaking, we might say that the
phase reversal is due to the different nature of
the field discontinuities at -d/2 and at d/2: in
the first aperture the trapped wave is being set
up, while in the second it is being terminated.
At any rate, it is the front and the back end of
the trapped wave which radiates, and there is no
continuous leakage of energy along the slab sur-
face itself.




We cannot go much further in our physical in-
terpretation of the manner in which a trapped wave
radiates, There seems to be little point in draw-
ing lines of power flow from the finite slab to
its far-field, since the impossibility of localiz~
ing energy in a Maxwellian field leads to an in-
finite number of power flow pictures, all equally
correct.

WHAT BEAM SHAPES ARE OBTAINABLE
FROM TRAPPED WAVE ANTENNAS?

Dunbar has shown? how to utilize travelling
wave antennas for beam shaping. By suitable am~
plitude and phase control, it is possible to
obtain shaped beams (such as c8c?) as well as pat-
terns with deep nulls, Dunbar's design equations,
as he himself noted, break down when the phase
velocity of the travelling wave is less than that
of light. This means that our trapped wave anten-
nas are excluded from Dunbar's analysis. The
question therefore arises as to the beam shapes
obtainable from trapped wave antennas, and as to
the variety of these beam shapes when compared to
the faster-than-l1ight travelling wave antennas.

Integrationd over the semi-infinite slab of
Fig. 3 reveals that the radiation pattern due to
a trapped wave is elliptic, with front-to~back
ratio given by (c + v)/(c ~ v). This assumes that
the transition from slab to free space is made
gradual enough to give rise to a negligible re-
flected wave. If an appreciable reflected wave
does exist, its pattern will also be elliptic, but
with reversed front-to-back ratio and a maximum
amplitude equal to the incident wave amplitude
mltiplied by the reflection coefficient. In what
follows, we shall omit this reflected wave pat-
tern. Combining the two semi-infinite slab pat-
terns according to the prescription in Section 1,
we find by simple algebra that the finite slab
pattern is of the conventional sin x/x form, with
the added observation that the envelope of its
polar plot is-still the ellipse of the semi-in-
finite panel, doubled in amplitude but with the
same front-to-back ratio.

Comparison with faster-than-light travelling
waves shows (see Fig. 4) that the pattermn of the
semi-infinite antenna is now hyperbolic, with one
branch of tne hyperbola mirror-imaged about a
vertical axis through the phase center. This re-
sults in a pattern infinity in the direction of
the emerging main beam. The infinity disappears
as soon as two erbolae are added (with suitable
phase difference) to constitute a finite-aperture
pattern. The conventional sin x/x polar plot
emerges again, this time with hyperbolic envelope,
and with maxima in the direction of the envelope
infinities. The limiting case of v = ¢ results
in a parabolic envelope, and applies to broadside
arrays.,

The stationary phase points which play an
important part in Dunbar's analysis correspond to
real angles of emergence for the main beam, and
therefore do not appear in the far-field integral
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for trapped waves, This suggests that a far
greater variety of beam shapes is obtainable from
fast-wave apertures than from trapped wave anten-
nas, To achieve a prescribed radiation pattern
it is necessary to vary the phase in the aperture
so that the main beam emerges at a calculable
real angle from each point on the antenna. This
cannot be done for slow waves, since their angle
of emergence is imaginary.

The situation is not quite as dark as it
seems, for three reasons. To begin with, the
pattern of a trapped wave antenna is always ac-
campanied by the direct radiation of its feed.

If the transition from waveguide to dielectric
slab is sudden, as in Fig., 5, this feed radia-
tion can be suppressed some 15 db or more below
the energy transferred to the slab, and the total
pattern is therefore essentially sin x/x. If, on
the other hand, a waveguide horn is used with
gentle flare and large aperture to effect as
gradual a transition to the open surface as pos-
sible, then the trapped wave appears to originate
at minus infinity and the resulting pattern is el-~
liptic. Putting it another way, the direct feed
radiation is increased so as to fill in the deep
nulls of the finite slab pattern, until in the
limit the feed radiation exactly cancels the field
due to the rear surface of discontinuity of the
trapped wave, leaving us with the pattern of a
semi-infinite slab. This shows that shaped pat-
terns are in principle obtainable from trapped
wave antennas,

The second reason is that the extent of the
ground plane in which the trapped wave antenna is
embedded can be utilized to influence the total
pattern.h Utilizing this method in conjunction
with control over the direct feed radiation, Dr.
M, Enrlich’ succeeded in building a trapped wave
antenna with excellent csc? pattern,

The third, and most important reason for op-
timism is based on the idea of phase and amplitude
modulation along a trapped wave antenna. The
first man to gxperiment with such an antenna was
G.E. Mueller,® although he did not analyze it from
our present point of view. Fig. 6(a) illustrates
his dielectric rod loaded with periodic disks of
high dielectric constant. The disks bind their
trapped wave so closely that its amplitude is
negligible compared to the amplitude of the
trapped wave on the rod itself; the disks are
then spaced in such a way that the in-between
sections of dielectric rod radiate in phase to
yield a broadside pattem. Generalizing Mueller's
idea, we may examine the far-field integral of any
periodic phase and amplitude modulation, and soon
discover the presence of one or more stationary
phase points of the type utilized by Dunbar. In
a recent conversation, Dr. J.C. Simon7 mentioned
to one of us that he approached this problem via
the Fourier spectrum of the modulated phase func-
tion which, when properly chosen, contains one of
more lines corresponding to phase velocities
faster than light. The decisive point is that
Dunbar's beam shaping methods are now seen to be
applicable to modulated trapped wave antennas,
which therefore exhibit a wealth of pattern



potentialities equal to that of the fast-wave aper-
tures and the unmodulated trapped wave antennas
combined.

The antenna of Fig. 6(a) contains sharp dis-
continuities which cause reflections and high
side lobes. To avoid these difficulties, the
gentler modulation shown in Fig. 6(b) is proposed.
This figure shows a dielectric slab above a metal
sheet, first in longitudinal crogss-section, and
then from above, The periodicity in any given
cross—section is so low that the resulting pattern
would be multi-lobed. It will therefore be neces-
sary to stagger the cross-sections in the manner
shown and thus cancel the extraneous lobes. We
hope to test such a "washboard" antenna in the
near future.

PHASE CONTROL ON DIELECTRIC SHEETS

It is clear from the foregoing that success
in beam shaping with trapped wave antennas rests
on the possibilities of phase and amplitude con-
trol. This requires, first of all, a knowledge
of the TE and TM modes in slabs and multiple
layers. The modal properties are usually deter-
mined by solving a transverse eigenvalue problem,
which can alternatively be expressed as a trans-
verse resonance condition. We decided, however,
to carry out the modal analysis by a new method,
due to one of us (W. Gerbesi. It introduces the
Laplace transform to permit application to ar-
bitrary pulse shapes propagating along the slab,
and uses matrix notation to allow for an arbi-
trary number of layers. Only plane sheets have
been considered thus far.

Figures 7 to 10 deal with the properties of
the lowest TE and TM mode in a slab of thickmess
7 spaced at a height ‘t’l above a perfectly con-

ducting ground plane., A given phase veloclity can
be realized in an infinite number of ways. If we
start with a slab directly lying on metal, we can
keep the phase velocity of a TM mode constant by
raising the slab off the surface and increasing
its thickness at the same time, until at very
large distance from the ground plane it is twice
what it was to begin with. To keep the phase
velocity of a TE wave constant, the slab would
have to lose in thickness as it is raised upward.

The dotted line in Figs. 7 and 8 gives those
values of slab and air-gap thickness for which
the phase velocity is the same in the TM and the
TE mode. These are therefore the geometric con-
figurations for which a dielectric trapped wave
antenna can be elliptically polarized, If both
modes are excited with equal strength, the re-
sulting polarization is circular, Fig. 9 shows
the conditions for elliptic polarization once
more, and illustrates furthermore that the mode
velocities are always restricted within a band
terminated by the velocity of light on one gside
and by the free propagation velocity in an in-
finitely large dielectric slab on the other.
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A large number of data were taken by one of
us (H. Enrenspeck) to verify the theoretical pre-
dictions of mode characteristics., The excellent
agreement shown in the right half of Fig. 10 is
typical of the results., The worst deviations ob-
tained are those shown in the left half of the
figure. They occur when the slab lies directly
on the metal surface, and are due to the minute
but non-negligible air gaps still between them,

A simple error calculation was made, with the
result that a good fit was obtained for an average
air gap thickness as indicated on the figure.

When more than one slab is used, the number
of different geometrical structures corresponding
to a single phase velocity increases further.
Fig., 11 shows three possible configurations
(dram to scale), all yielding the same phase
velocity. The general formula for multiple
layers is as follows:

v sV
<y

th =
1 «
= | [t
l ‘('rf'ZZ‘-’ ‘thu"'Z_Zz;"H\"_'thy -
L4 p‘J
b s 3
- ;gg 22 thythuth,t ...
- L
xr*,ZZZ.KFJP thyth,th +.. .
where
P>H>V>I
and
th, = tanh ik,7)

(k is the transverse wave number),

a(/L = eklu/f}éfl,

and where the layers are numbered in ascending
order., The formula for TE modes looks much the
same, except that the tanh on the left~hand side
is replaced by a coth, and that all dielectric
constants are replaced by permeabilities.

Fig. 12 illustrates a number of the points
which we have been making., It is the phase and
amplitude plot of a dielectric slab placed on a
large ground plane. The slab is indicated in
black on the bottom of the picture, with the feed
horn being just beyond the right-hand margin. The
phase fronts are perpendicular to the slab near
its surface, while the amplitude contours are es-

sentially parallel and ver{ densely packed due to
the exponential decay (5 db per line). The slight




wiggle in the amplitude lines comes from a small
reflected wave, The strong discontinuity on the
left is due to the slab end, As a result of the
very smooth transition from waveguide mode to
trapped wave, the only disturbance in the vicini-
ty of the feed is a group of amplitude islands on
the extreme right which are some 35 db below the
field intensity at the slab surface., The length
of the antenna is such as to satisfy very nearly
the Hansen - Woodyard condition for maximum gain:
this can be seen by following the radiation from
the region of the source, across the dielectric
slab (where its phase is seen to interfere with
the phase of the trapped wave), and into the main
lobe region which begins on the extreme left and
in which the original phase fronts align them-
selves quite well with the phase fronts arising
at the terminal discontinuity.

To sum up, then, we might say that the pro-
cess of radiation from trapped wave antennas
seems well understood at the present time, that
some of the basic information required for phase
and amplitude control is now at hand, and that
the introduction of phase and amplitude modula-
tion along a trapped wave antenna should provide

PRIMARY
“END-FIRE"
RADIATION

us with beam shapes suitable for a great variety
of applications,
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SCATTERING OF ELECTROMAGNETIC WAVES BY WIRES AND PLATES

J. Weber
U. S. Naval Ordnance Laboratory, White Oak, Maryland

University of Maryland, College Park, Maryland

Abstract

The scattering of electromagnetic waves
by wires and plates is discussed, particularly
witn reference to new polarization components
which appear. The problem of scattering of
radiation by a rectangular plate, for arbitrary
angle of incidence, and arbitrary direction of
polarization,is solved. The problem of scatter-
ing by wires is formulated in terms of the current
distritutions on the wire when center driven, and
when driven as a receiving antenna. A relation
between the magnitude of the input impedance of
a center driven wire and the scattering proper-
ties of the wire is given. The use of simple
sinusoidal current distributions is shown to gilve
good results for the scattering of wires of length
less than a wavelength.

The scattering properties of a wire are
shown to provide a method for precisely measuring
the magnitude of the input impedance of a center
driven wire. This avoids the unknown impedance
usually associated with measurements on a center
driven wire.

Introduction

Experiments have shown that certain re-
ceiving antenna sites have the property of
changing the polarization of incident electro-
magnetic waves. In order to study these effects,
we have calculated the scattering of electro-
magnetic waves by plates, and wires.

Consider a wire ab upon which linearly
polarized electromagnetic waves are incident,
with the direction of polarization given by the
vector E, the component of the electric field
vector E parallel to ab will excite ab and the

b scattered fields will

have components perpen-

TE Figure 1  dicular to E.

a The cross polarization scattering of
plates can be understood from the following
model. Imagine that a conducting paraboloid of
revolution is excited by a dipole, as shown in
Figure 2.
A A
\

The direction of the currents induced in
the paraboloid is shown by the arrows. In the
forward direction the polarization of the radi-
ation is the same as that of the dipole, because
the cross polarization field from element A is
cancelled by that of element A'. Suppose we re-
move the entire paraboloid except element A.
Then we still have currents induced in A with
direction shown in Figure 3.

\&A

Figure 3

If the element A is of the order of a
wavelength on a side or larger and remains
oriented in a direction tangent to the parabo-
loid, the radiation scattered in the direction
of the paraboloidal axis will be large. This is
because the maximum of the diffraction pattern
can be expected to be in the direction of the
specular reflection angle. It will be shown
later that this is so.

Scattering of Electromagnetic Waves by Plates

Consider a rectangular conducting plate
oriented as in Figure 4.

z

‘_b'ﬂ " SR

Figure 4

To simplify the calculation it will be
assumed that the plate 1is rectangular in shape
and lying in the YZ plane, with the origin at
one edge of the plate (Figure 4). The oncoming




electromagnetic wave will excite currents in the
plate. The radiation due to these currents will
now be calculated.

If we are interested only in field com-
ponents which vary as { ,where r is the dis-
tance from the plate, then the electric field

components Ee and E¢ at point P can be shown
1

to be given~ by
LYW
Ee= W__t'_i Ng (1)
= - Jw
Eg= -2t Ng (2)
where
N9=N,<ose<osc/+N4&wve wn f 3)

- N, 4 ®

N¢=—N,M¢+Ngm(/

where 6 and (F are the coordinates of point P

and
— — -sk¢”
N =f‘j\J e dA )

In (4) J is the surface linear current density on
element dA of the plate. r“ is the distance be-
tween dA and point P. J is a complex vector
whose phase accounts for the difference in phase
of the currents in the plate as a result of ex-
citation by an obliquely incident wave.

If, for instance the wave normal of the
incident wave is in the xy plane and makes an
angle Y with the x axis, then the wavefront
arrives at a point whose coordinate is ty sooner
than at the origin., The difference in distance
(Figure 4) is y sinY . The difference in phase

e (SMY)(:!,{E):N@,MY where jg= 31T

T~
N N j: eak(a&ar—r—")o(A
(5)
-% °

Let us now consider the field scattered from the
plate, at large distances.

In this case it is known that a good
approximation is the relation F"x p~. r'¢con
where "' is the radius vector from the origin
to dA and is the angle between t ‘and '
It can be readily shown® that

8w 8’ 4 aim O amb wo(@-¢'/

cwo Y = (6)

where 6 and (,[ are the angle coordinates of P

' [
8 and ¢ are the angle coordinates of dA.

In this case F'= I for all points on the plate.

From the boundary conditions at the surface of a
perfect conductor, we know that the value of J
is given by j= AxaH, where H, 1is the

tangential component of the incident magnetic
field H at the plate and B  is a vector of

unit length normal to the plate. The tangential
electric field at the plate is zero., In order to
calculate the scattered field at point P it is
only necessary to consider the tangential com-
ponents at the plate. Then, combiring expressiors
5 and 6 we obtain

b U
_ z._ .;Jg(‘amn-r'mouno'q.r:mume'an@_{
- hx H
N=e | [nxbe€ Y% o?
: e

\"'une'=é ""M;”e'=a- M(¢‘§-/=M¢
With these substitutions the integral becomes
o

Jk(‘\a «qro-a“ﬂehf* 208

N = lﬁxgr ¢ Jéé (8)
2ty

Car:rying out the integration, we obttain

N= 2 [ﬁx ﬁ,]m(t&uo}m[?(memvfmr”(a,b)
(% cno)( Bt s

(9)

LET =« = %3%9 ) 3 = htb(MOM(fer)
A=al
o _mn AU« |/ om i3
N""A”‘H"( «”)(q-) .

If the field vector H makes an arbitrary angle
with the axis the component of E paral-
lel to the axis is Hya = Hen

The component of K parallel to the y axis is

Hy

SHanml ¥
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where Hy 1is the tangential component of H at the
plate. Now a unit normal to the plate is given by

n=4, , since tke plate is perpendicular to the
x axis.

Fix iy = e [hunbiont] # dy |- Hot |
Now

N = aAH(“g-)(“gg)[d;(w)at(«mﬂmﬂ} (11)

vhere we have set A =
plate.

ab, A is the area of the

t“M9

( Nyunif + Ny “‘()
N s =Ny wnf r Ny o/

Making use of (11) we ottain

Ng=2AH (*)(vn

URY U B 4 - w.S«.r«.,;I

[
& '“’“}”““3]

Ny = eAH (= )(en”

The scattered field components kg and E ? are
givenl by
Eg = -2 Ne = 5= VW,
6" ymre tw ‘NT‘{: N’ﬂ
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Inserting the values of Ne and N¢ q
simplifying and making use of tre relation

E .

H

{eowmw We obtain

Ee = 7§_ (Md) MB)[WOM¢<«S + M@ MSmYJ(lZ)

i lF\

_A
Eo= 'y

[Nz oms

Where:

Eg and Ey are the 6 and ¢ components of
the scattered fields.

E is the incident field
)\ is the wavelength

A is the area of the plate

t is the distance from the plate to the
point at which the scattered fields are required.

a is the length of the plate

b is the width of the plate

AT
A

ka wn e
2

k

=4

k e PV o
B __g(m M’/f )

6 and are the spherical coordinates of
the point at which the scattered fields are re-
quired. The incident ray is in the XY plane.

Y is the angle between the direction of the
incident ray and the normal to the plate, § 1is
the angle between direction of the incident mag-
netic field vector and the z axis.

The relations 12 are the general solution
for the distant scattered fields on a small rec-
tangular plate oriented as shown, for any angle
of incidence and any direction of polarization.
It is apparent that although the formulas were
derived for a rectangular area they will be valid
for small areas of any shape provided that the
shape is such that one can reasonably fit a

similarly oriented rectangle to it. Only the
factor(sin «)(sirﬂ)needs to be modified for other
= )

shapes. For example if the shape is circular the
fac*or(sin&)(sinB) would probably be a product
B

of two Bessel functions.
If a and b are larger than a wavelength
x p Mwog
@ 7 T (snmbamg + wmr )




Under these conditions the factor(si.n« }X
o
(s:Lrg) will be small unless 6, ¥ , and (f are
B

such that o( and B both approach zero. The
quantity gsine sinB therefore is the dominant

=% B
term in the expression 12. The scattered fields
are a maximum if X »0, B 20 i.e. if 9—-9%
and Y= - . These conditions will be recog-
nized as the ordinary specular reflection con-
dition for infinite planes. This constitutes a
proof that if a scattering plate is of dimensions
of the order of a wavelength by a wavelength, or
larger, the maximum of the scattering occurs for
the angle of incidence equal to the angle of re-
flection. If the plate is very small or very
narrow it behaves like a wire and the specular
reflection condition has no special significance.

To obtain the cross polarization and paral-
lel polarization components we require the com-
ponents of the total field in directions perpen-
dicular and parallel respectively to thke original
electric field,

A unit vector perpendicular to the incident

electric field vector is’ from the geometry of
Figures 4 and 5, given by

U, =4 (-MSMV)J:J(MSWV') rda, (wnd)

A unit vector parallel to the incident
electric field is similarly given ty

U" = C—(x (MS MY'/*J-J('WQSM” + dt("‘”‘é/

The total scattered electric field can be written
as

gocila' (& w:emf - Eww
Scattered + “%(Ee wa® «mf fE’; wu{)

"'at(-EeMQ) (12A)

where Eg and Ef are given by (12)

To obtain the parallel and cross polari-
zation components we form the scalar products

U, E total and ﬁ"- E total. This is a tedicus
calculation, the results are

E scattered = AE 4ma (3 >
parallel Py % IMOM%MOMOX
polarized

(MrunYm¢—M( -un‘l"“_.,(//-p- M?ﬁ @ ?/ X
(w:‘o wntd Al =t § Mr) -w e “‘lzf’mlé w

- om0 eamtd un -ura‘&un‘f ws Y

(13a)

eI e aht AR DY
qum/mrw.‘e o Maméu,;r‘(m‘f “w 'l +
wnf —om‘B) + amp memf(m‘sun‘r‘wv%)
-(M‘b aal nl wnb B «nl/)

(13B)

Expressions (13) are the general solution
for the distant parallel and cross polarized
scattered fields in terms of the quantities which
have already been defined under equations (12),
for any angle of incidence and any direction of
polarization of the incident wave,

If the dimensions of the plate are of the
order of a wavelength by a wavelength or larger
thed the maximum values of the scattered fields
will occur, as discussed previously, for Yy =-
and 8 = U . In this case expressions (13) rk-
duce to:

E scattered S

%SMSMS«Y[«‘({ - IJ’

cross polarized (144)
and
E scattered = AC “’"‘([“”‘é‘nar/ + m‘SJ
parallel polarized Ar ¢
(14B)

Expressions (14) give the scattered fields
for the direction in which the angle of reflection
is equal to the angle of incidence. Expression

14A can be shown to have a maximum when §=n
t

and \f = cos &= . In this case 14A becomes
V3
E cross o F
polarized = Xl (15)
(max imum) 3J2ArF

wkere A is the area, E is the incident field, A
is the wavelength, and + is the distance from
tre plate. Expression (15) gives us the maximum
value of the cross polarized field,under tke con-
dition that the angle of incidence’is equal to
the angle of reflection, the electric field in-
tensity vector makes an angle of 45° with the
plane of incidence®, and the angle of incidence
is cos™ L = 54.89,

J3

Scattering by Wires

In order to calculate the scattering from
a wire it is necessary to solve the protlem of
the diffraction of electromagnetic waves ty a
cylinder. It is one of the purposes of this

* Tre plane of incidence is a plane contairing
the incident ray, and normal to tre scattering
plate.



paper to point out a close connection between
this diffraction problem and the antenna boundary
value problems which have been considered by
radio engineers,

We imagine first that our scattering wire
is broken at the center and an impedance %, is
inserted. Then the scattering wire is equivalent
to a receiving antenna. An equivalent circuit
for the antenna is given by Figure €.

—A\N

-5 Zm Eh

Figure 6

Zm is the input impedance of the antenna. E
is the electric field and h is the effective
height of the antenna. If we remove 2, and
again join the two halves of the antenra at the
center the equivalent circuit is represented by
Figure 7, and this represents the scattering wire.

—A/\
- Eh

Le

»

_Ch
= Zx (16)

h is tho effective height.

Figure 7

A formula for h can be obtained using the methods
of Schelkunoff®, The formula is

! (xJkt'wae'

h- ot e Fle)de’ (17)

where'?(t? is the current distribution function
of the antenna when driven at the center, as a
transmitter, 1 is the half length of the antenna,
©’ 1s the angle between the incident ray and the
axis of the wire, is the angle between the
incident electric field intensity vector and the
axis of the antenna,k =5 . When the antenna

is employed as a reCeiving antenna it is driven
by an oncoming electromagnetic wave and the
driving forces are now distributed along the
entire anterna rather than at the center. We
cannot assume that the current distritution
function is the same as for the center driven
antenna. Let the new curreat distribution
function be (Y(3) « From a knowledge of the
current at the center of the antenna and the new
current distribution function ¥/(3J we can calcu-
late the fields. The radiation field3? is given

by = J « ‘“)«M ekl
: Eo =i | Hgmmec (18)

Figure 8
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where 1 is the half length of the antenna (see
Figure 8). I is the current on the receiving an-
tenna as a function of 3 « Now I = I, §74}}

where I 1is the current at the center of the
antenna. Taking the value of I, from expressimn
16, we obtain

A

vhz'wn6’

[- EnYG)_EPG)w i,
Ezion :Zalﬂ ¢

%
‘e have used both F and 2’ to represent the
a~ominates of a point on the antenna to avoid
canfusion in evaluating the definite integrals
in 20.

Utilizing expressions (17) and (18) we obtain

Hee'(19)
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In (20) E is the incident electric field in-
tensity, is the angle between the incident
field diréction and the wire axis, &’ is the
angle between the incident ray and the wire axis,
2'is the coordinate of a point on the wire,
measured from the center, -f(z') is the current
distribution function of the wire when broken at
the center and driven as a transmitting antenna,
( ~ ) is the current distritution function of
the Wire as a receiving antenna when excited by
a plane wave with direction of propagation making
an angle of ©' with the wire axis and electric
field intensity vector making an angle P~ with
the wire axis, in 18 the input impedance of the
scattering wire when center driven. It is worth
noting that the magnitude of the input impedance
for a cylindrical wire is well defined by (19)
and (20{ in terms of the scattering properties of
the wire, and the current distributions. Measure-
ments of the scattering properties could be used
to obtain |Z;,| without the difficulties usually
encountered in measuring im by center driving
the wire. This is because the unknown impedance
associated with the antenna feed does not enter
into (19) and (20).

If the problem of the receiving antenna is
solved rigorously, as a boundary value problem,
an expression for the current ljs )y s obtained.
If this is inserted into express %% (18), the
scattered fields can be obtained, provided the
integrations can be carried out. The integratiams
are tedious and have to be done numerically.

A simpler procedure which gives good re-
sults in certain cases is to utilize (20), and
make simplifying assumptions concerning the cur-
rent distribution functions f (‘) and (e(‘é)




based on the approximate analogy between an an-
tenna and a transmission line. For example we
could assume

£(¢) < Anlnti-e] 2o
povigy 3
f(2) = =270 [A(gs <)) ¢'<co “

L Y

Expressions (21) are well known,to obtain
an approximate formula for Q(é) we can proceed
as follows, see Figure 9.
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Figure 9

We regard the two antenna elements
located at +z and -z as a section of a trangmis-
sior. line driven by the oncoming electroragnetic
wave and we have, from the transmission line
equations

JV_ ' 0 -Jk(l;-ava') -k (far 00/
' -I'Z,*-Euml/ e O Je22)
9
° ~
(23)
where I is the current along the line
Vl is the potential along the line
2, is the series impedance per unit length
Y is the shunt admittance per unit length
is the angle between the electric field

'vector and the wire axis
© 1is the angle between the incident wave-
normal and the wire axis

- Ls
k = ‘/\ , A = wavelength
ES is the distance along the transmission
line

If equation (23) is partially differenti-
ated with respect to and equation (22) sub-
stituted in it we obtain

AL oI -eYEunf unlhywot)) e "
(24)

where AQIL: ?_"Y
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The solution of the differential equation
(24) satisfying the boundary conditions of zero
current at the ends is

I:IC o &ty on( W8/~ o i N n(R3007 (25)

W(MMO’/ ™ o] '?01

is the current at the center of the

Q(Z)

where I¢
antenna.

The currert distribution function
is therefore given by:

CPQ;/: w2 (08~ o o (s 6

(s 8°) = k4 (26)

If we employ tnis expression and the ex-
pressions 21 for f (&), the integration required
by expression 20 can be carried out, the result
is:
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(27)

For most purposes we can tak® kj = k,since
the prase velocity for waves along the antenna is

very close to the free space velocity. In this
case (27) becomes
.T 9 r
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where:

Eg is the distant scattered electric field

E is the incident field
¥I

)\ is the free space wavelength

is the angle between incident field and
wire axis

t+ is the distance between the wire and the
point at which the scattered fields are
desired

Ei is the input impedance of the wire when
In proken at the center and driven as an an-

tenna. The radius of the wire will

partially determine the value of By,
= el

kZKs= by

A is the free space wavelength
A 1is the half length of the vire

@' : angle betueen axis of the wire and the
incident wavenormals

angle between axis of the wire and the
radius vector to the point at which the
scattered fields are desired

The author is well aware of the fact that
the sinusoidal current distributions are not cor-
rect for an antenna. The use of the correct in-
put impedance i and the sinusoidal current
distributions appears to be a good procedure for
antenna lengths less than a full wavelength. To
show this we have calculated the back scattering
cross section v . For a plane wave incident
normally on the wire, with electric field in-
tensity vector parallel to the wire, the back
scattering cross section can be calculated using
expression 28, and is given by

.2

o

o
i

ok /
6= 4T (sni- it d) | ()

¢ 1is 47T times the power scattered back towards
the source per unit solid angle divided by
the incident power per unit area

A is the wavelength

. Eﬂgnis the input impedance of the wire when it is
center driven
k= 2m
A
4 is the half length of the wire
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The very simple formula (29)has been used
to calculate the back scattering cross section
for the .01" diameter wire, at 3000 mcs, which
was used by Dike and Kingh. The results are
plotted on Figure 10 It is apparent that the
rough approximations used here agree considerably
better with experiments than do existing first
order solutions of the problem using the Hallén
integral equation., For #, . vwe have used the in-
put impedances of cylindrical antennas calcu-
lated by Schelkunoff.

The expressions given here for the scat-
tering from wires are not valid for wire lengths
near a multiple of a full wavelength, King and
Harrison5 have given a simple approximate formula
for f(2') , the current distribution function for
the center driven antenra. They also describe a
procedure for introducing a ficticious length for
antenna lengths near a multiple of a full wave-
length. The use of their relation for F(z'?
and their procedure,makes it possible to use the
formulations of this paper for wire lengths up to
the vicinity of two wavelengths.

. Conclusion

We have obtained expressions for the scat-
tering of electromagnetic waves by a rectangular
plate. The simple formula (15) gives the maxi- ;
mum value of the cross polarized field. A |
relation between the current distributions, inout
impedance, and scattering properties of a wire
has been given., This suggests a method for
measuring the magnitude of the input impedance
by measuring scattering cross sections. This
avoids the unknown terminal impedance associated
with most center feed methods of impedance
measurement. Relations have been obtained for
the scattered fields and back scattering cross
section of a wire, based on assumed sinusoidal
current distributions. These expressions are
simple and reasonably accurate up to antenna
lengths aproaching a full wavelength.
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FOR 010" DIAMETER DIPOLE.
— FIRST ORDER THEORY
0000ME ASURED
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Nute: This data is from the

paper of Dike and King, the
solid line is their calculated
curve based on the first order
solution of Hallen's integral
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REFLECTIONS IN MICROWAVE ANTENNAS AND THEIR HARMFUL EFFECTS
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Abstract

In a microwave antenna of the focus-
ing type, the reflecting or refracting ele-
ment 1s 1lluminated by power from the wave-
gulde assembly., At any boundary surface
of the focusing element, some of this power
may be reflected and return to the wave-
guide assembly. Here, this reflected power
may cause troubles such as instability of
the transmitting osclllator, Formulas for
computing thils reflection are presented,
and techniques for 1lts reduction are re-
viewed,

There is also reflection from the
wavegulde assembly when it recelves power
by way of the focusing element, Thils re-
flection is composed of two components:
that caused by incompletely matched plumb-
ing elements, and that caused by scattering
from the feed, The feed reflection 1s de-
termined by the aspect presented by the
feed to the incoming focused wave.

The combination of the reflections
from the focusing element and from the
wavegulde assembly causes a sinusoidal
variation of antenna galn with frequency,
at a rate dependent on the distance be-
tween the two reflections. 1In a lobing
antenna these reflections, 1f asymmetrical,
cause an error in ilts direction-finding in-
formation, which likewlse varies sinusoi-
dally with frequency. Formulas for com-
puting these effects are presented, and
techniques for their reduction are reviewed,

Introduction

As the requirements on microwave an-
tennas become ever more demanding, one as-
pect of their design 1s recelving increased
attention; namely, the harmful effects of
‘reflections within the antenna., In par-
ticular, these reflections are likely to
degrade certain properties of the antenna,
when these properties are supposed to be
maintained over a wide frequency band.

This paper discusses some of these effects,
and some possible techniques for minimiz-
ing them,

The general class of antenna which is
considered consists of a focusing element
and a feed, as shown in Fig, 1, Attached
to the feed 1s the plumbing; the feed and
plumbing together are given the name wave-
guide assembly, Most microwave antennas
are highly directive; in these antennas,
both the aperture size of the focusing ele-
ment, and the distance between 1t and the
feed, are many wavelengths, In some sys-
tems, the feed and plumbing are close to-
gether, while in others, they are con-
nected by a waveguide which is many wave-
lengths long.

Ordinarily, all three elements reflect
in some manrier and degree. Individually,
the reflectlions may degrade the perform-
ance of the system in some respects; when
taken in combination, still further harm-
ful effects may ensue, The following
three categories are considered:

1. Reflection from the focusing

element,

Reflection from the wavegulde
assembly.

Combination of reflections from
the focusing element and the
wavegulde assembly.

2.

Se

Reflection from the Focusing Element

when the focusing element is illumi-
nated by power from its wavegulide assem-
bly, some power 1s reflected from the fo-
cusing element and returns to the wave-
guide assembly, Approximate formulas for
the reflection coefficient seen by the
feed are given in Figs, 2 and 3 for two
cormmon antenna types.

The dish-type antenna, shown in Fig.
2, has complete reflection at the dish,
but only part of this reflection re-enters
the feed (Ref. 1). The magnitude of this
part is determined by assuming that the
power at the paraboloidal apex travels
back toward the feed as would that of a
uniform plane wave, The voltage reflection

39




coefficient seen by the feed may then be
computed from the feed gain, focal length,
and wavelength (Ref. 2,3,4); or alternate-
ly, by assuming a relation between feed
gain and antenna dimensions, the reflec-
tion coefficient may be computed from the
dish area, focal length, and wavelength,
as shown. It may be seen that an increase
of antenna size will, if the angular width
of the feed radiation is held constant,
decrease the reflection into the feed of
the dish-type antenna.

The lens-type antenna, shown in Fig,
3, has partial reflection at the lens sur-
faces; but in the case of a flat outer
surface, all the reflection from this sur-
face 1s focused back to the feed, This
occurs because the antenna is focused for
an incoming wavefront that also is flat,
and the reflection at every part of the
outer surface adds in-phase at the loca-
tion of the feed, Thus, in the absence
of intermediate losses, the reflection co-
efficient seen by the feed is that of the
flat outer surface. When the antenna has
losses, such as those caused by phase dis-
tortion or spillover, the reflection into
the feed is decreased., It is assumed in
Fig. 3 that the curved inner surface is
sufficiently defocused so that it contrib-
utes only a comparatively small effect,

The reflection coefficient of the
lens surface itself depends on the par-
ticular lens material used., Some materials
change with frequency; also, in the case
of a curved or tilted lens surface, the
dependency upon the relative orientation
of the incident wave and the lens surface
must be considered (Ref, 3,5,6,7).

The reflection from the focusing ele-
ment affects the load presented tc the
transmitting osciliator, as shown in Fig,
4 for the case of a typical wide-band sys-
tem. When this reflection is added to
that which is already present in the wave-
guide assembly during transmission, the
resulting reflection varies with frequency
at a rate which depends on the distance
between the focusing element and the wave-
guide assembly., At certain frequencies,
the two reflections interfere to yield a
minimum; the wavegulde-assembly reflection
may even be adjusted so that this minimum
i1s zero. However, at other frequencies
the reflections reinforce, and the maxirum
reflection seen by the transmitting
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oscillator is greater than that of the
wavegulde assembly alone, This increase
of reflection may bring the oscillator
close to an unstable operating point, or
"sink" (Ref. 8)., Perhaps even more im-
portant, the reflection from the focusing
element may cause frequency jumping be-
cause of the large distance in wavelengths
from the oscillator to the focusing ele-
ment (Ref, 9,10), In addition, in high-
power-pulse radar systems the reflection
may contribute to voltage breakdown, and
in microwave relay systems it may increase
the distortion of information (Ref. 11).,

The dish and lens antennas analyzed
above are special cases of a more general
analysis which handles a reflecting sur-
face having any degree of defocusing, For
simplicity, it is assumed that the surface
is spherical and that the aperture of the
focusing element is circular and is small
corpared to the spherical radii of both
the reflecting surface and incident wave-
front. The result, given for the case of
a totally reflecting surface, is shown in
Fig. 5, Two types of analyses are given,
The ray analysis, previously used for the
dish antenna, modifies the result given in
Fig. 2 (second formula) to account for di-
vergence or convergence of the €nergy re-
flected back toward the feed., The wave
analysis, previously used for the lens an-
tenna, modifies the result glven in Fig, 3
to account for out-of-phase contributions
to the reflection., For simplicity, the
wave analysis assumes that the reflecting
surface is uniformly illuminated by the
feed, and it i1s given for the case of zero
antenna losses,

The ray analysis is a goed approxima-
tion only when the illumination of the fo-
cusing element is tapered down at the edge
and when the reflection is defocused., The
wave analysis 1s exact, but it provides
the indicated simple result only when the
illumination is uniform or when the re-
flection is perfectly focused, Since most
antennas provide tapered illumination of
the focusing element, the regions in which
the two analyses usually yleld a good ap-
proximation are shown by the solid curves
in Fig, S5, and the other regions are shown
by broken curves, It may be seen from the
curves that when the reflection is defo-
cused, the ray analysis yields approxi-
mately the average of the wave analysis,
If the wave analysis were carried out for



the case of tapered illumination, the curve
of Fig. 5 would have its nulls filled in
and 1ts minor maximums reduced, and would
approach that obtained by the ray analysis
when the reflection 1s defocused,

There are a number of possible meth-
ods for reducing the reflection from the
focusing element into the feed; some of
these are shown in Fig. 6, Shortening the
focal length of a dish (Fig. 6a), or curv-
ing the front surface of a lens (Fig. 6b)
spreads or defocuses the reflection, When
this is allowable by the mechanical and
electrical design, it offers one solution,
Tilting a paraboloidal dish will direct
the reflection away from the feed, but a
large tilt (Fig. 6c) 1s usually required
to get a substantial improvement. A large
tilt may cause phase aberrations (Ref. 3,
4); to prevent this, an offset section of
the paraboloid is often used (Ref. 1,3,4).
Tilting of lenses (Fig. 6d) 1s also a pop-
ular technique (Ref. 12,13), and in the
case of a focused reflection a small tilt
will effect a large improvement, A simi-
lar procedure involves stepplng half of
the lens a quarter wave back from the
other half (Ref. 13). Apex plates (Fig.
6e) are often used to cancel the reflec-
tion from a dish into the feed (Ref. 1,2,
3,4); this is done at the expense of di-
verting a small fraction of the power from
the maln lobe into sidelobes, Matching
techniques (Fig. 6f) have been applied to
reduce the reflection at the surface of a
lens (Ref., 14). VWhen this 1s done to a
non-refracting surface (such as the flat
outer surface), there 1s no change of the
focusing action of the lens; however, when
performed on a refracting surface, the
lens contour may have to be modified to
maintain proper focusing., Another me thod
for reducing the reflection at a lens sur-
face would be, of course, to employ a lens
material having the same impedance as that
of free space (Ref. 6,15). The possibility
for achievement of non-reflecting surfaces,
elther by design of the lens material or
by design of matching plates, is an advan-
tage of the lens antenna over the dish an-
tenna,

Cancellation of the focusing-element
reflection with another distant one intro-
duced in the plumbing is a possibility
(Fig. 6g and 6h); a small loss 1is intro-
duced by this technique (Ref., 16), and the
design must be such that the magnlitude and

phase of the cancelling reflection accu-
rately tracks that from the focusing ele-
ment., Polarization crossing may also be
utilized: in a dish antenna, a polariza-
tion twister placed on the dish (Fig. 6i)
will cross-polarize the reflected wave so
that none re-enters the feed (Ref., 3). 1In
an antenna having a lens construction
which is alike in the E and H planes, a
quarter-wave plate between the feed and
lens (Fig. 6j) will also cross-polarize
the reflection; another quarter-wave plate
on the other side of the lens will restore
the linear polarization, Another technique,
not shown in Flg, 6, which can eliminate
some effects of the reflection, utillzes

a non-reciprocal element (Ref. 17) in sec-
tions of the plumbing where only one-way
energy flow is required.

Reflection from the Wavegulde Assembly

When the waveguide assembly receives
power by way of the focusing element, some
of this power is reflected back toward the
focusing element, as shown in Fig. 7. The
reflection is the sum of two components:
the power 3cattered from the feed, and
that reflected from within the attached
plumbing. The plumbing reflection is
caused by incompletely matched plumbing
elements and is measurable by standard
transmission-line techniques; it returns
to the focusing element with a power dis-
tribution given by the ordinary radiatlion
pattern of the feed, On the other hand,
determination of the feed reflection dur-
ing reception must be based on the aspect
presented by the feed to the wave incident
on it from the focusing element, Its mag-
nitude cannot be determined by measuring
the impedance match of the feed to 1ts
wavegulde during transmission (Ref. 3,18,
19), nor, in general, is its distribution
that of the ordinary radiation pattern of
the feed.

Not only must the feed reflection in
question be determined in reception,
rather than transmission, but the incident
wave which mist be considered is the fo-
cused one, For example, the horn-type
feed shown in Fig. 8 has been matched as
seen from its waveguide, but a uniform
wave being received by the horn will be
partially reflected by the edges parallel
to the electric field, However, if the
received wave is focused, the reflection




1s critically dependent on the nature of
the focused field., For instance, if the
focused field has amplitude minimums at
the horn edges, the feed reflection will
be small; conversely, if it should have
maximums, the reflection will be large.

The plumbing reflection is usually
made as small as possible; this may be
done by the usual waveguide matching tech-
niques., Reduction of the feed reflection
during reception may be accomplished by
minimizing those metallic edges which are
parallel to the focused electric field and
are located in regions of high field in-
tensity.

When combined with a reflection from
the focusing element, the reflection from
the waveguide assembly causes some effects
which are described in the next section.

Combination of Reflections from the

Focusing Element and the Wavegulide Assembly

When a wave is inclident on the conm-

plete antenna, the power entering the wave-

guide assembly 1s the sum of direct power
and spurious power, The spurious power
arises from a multiple reflection, as
shown in Fig., 9: this power is first re-
flected from the wavegulde assembly and
then reflected from the focusing element,
and finally enters the waveguide assembly,
Here, the spurious signal and the direct
signal add and, depending on theilr rela-
tive phase, the total signal is increased
or decreased, Thus the apparent antenna
galn may be increased or decreased by the
spurious signal,

Since the path lengths of the direct
and spurious signals differ, their rela-
tive phase will cnange with frequency.
The antenna galn will therefore vary si-
nusoldally with frequency as shown in
Fig. 9, at a rate which depends on the
distance between the focusing element and
the wavegulde assembly, Formulas for the
magnitude and period of the galn variation
are given; these are based on the follow-
ing simplifying assumptions: small and
constant reflections from the wavegulde
assembly and focusing element, and a dis-
tributlon of energy reflected from the
feed equal to that given by the normal
radliation pattern of the feed,
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Since the spurious signal is propor-
tional to the product of the focusing-ele-
ment and waveguide-assembly reflections,
reduction of either one will reduce the
variation of antenna galn. Reductlion of
the first may be accomplished by any of
the methods described in the first section,
except that those methods which operate
within the plumbing may not be designed to
eliminate the effect of the multiple re-
flection between the feed and the focusing
element. Reduction of the second may be
accomplished by reducing the reflection
from elther the plumbing or the feed, or
both, When the plumbing and feed are sep-
arated by a large distance, the greatest
average improvement over a wide frequency
band 1s obtained by reducing the larger
of the two reflections which comprise that
of the wavegulde assembly,

In a lobing antenna, the doubly-re-
flected spurious power may cause an error
of direction-finding information, This
occurs when the focusing element is tilted
with respect to the feed, as shown in Fig.
10, The spurious power, reflected from
the waveguide assembly and then from the
focusing element, arrives at the feed off-
center, and appears to come from a distant
target located off the antenna axis by
twice the tilt angle of the focusing ele-
ment, This spurious target, or ghost,
combines with the real target to yield an
apparent target whose direction is differ-
ent from that of the recal target by some
fraction of the tilt angle., As before,
this direction error varies sinusoldally
with frequency, at a rate which depends
on the distance between the focusing ele-
ment and the waveguide assembly,

In Fig. 11, curves are shown of the
spread of the direction error vs. tilt of
the focusing element, Ideally, the spread
goes to zero when the tilt is zero; how-
ever, if elther the focusing element or
the feed is asymmetrical about its own
axls, the spread does not ge to zero. o

Reduction of the direction-error
spread may be accomplished by either im-
proving the symmetry of the antenna, or by
reducing the magnitude of the doubly-re-
flected signal, or both. As 1llustrated
in Fig. 11, complete antenna symmetry re-
quires symmetrical orientation of the an-
tenna components relative to each other



and also symmetry of each individual com-
ponent, These symmetries may be obtalned
by first limiting the antenna design to
one which is nominally symmetrical, and
then by providing close manufacturing tol-
erances, or perhaps adjustments, to assure
that this symmetry is actually obtained.

The magnitude of the doubly-reflected
signal may be reduced by any of the meth-
ods previously discussed, except that
those methods which operate within the
plumbing may not reduce the direction er-
ror. When attempting to reduce the doubly-
reflected signal, care must be taken not to
increase the asymmetry, For instance,
t11t of the focusing element will reduce
the reflection but will degrade symmetry,
and the direction error may actually be

increased.

Conclusion

Wwhen a microwave antenna of the fo-
cusing type is to operate over a wide fre-
quency band, reflectlons within the an-
tenna are llkely to cause a degradatlon of
performance, Reflection from a boundary
surface of the focusing element back to
the wavegulde aszsembly may causc troubles
such as instability of the transmitting
oscillator. A multiple reflection between
the wavegulde assembly and the focusing
element may cause a sinusoidal variation
of antenna galn and direction error with
frequency.
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some antennas during reception and the re-
sulting sinusoidal error of a particular
antenna-gain measurement, )

(12) R. M, Redheffer, "Microwave Antennas
and Dielectric Surfaces," Jnl, Appl. Phys.,
vol, 20, April 1949, pp. 3¢7-411., (Re-
flecticn from an antenna during reception
and transmission; describes a situation
which involves a sinusoidal variation of
antenna gain,)
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Symbols:

R, = reflection coefficient
seen by feed

R, = reflection cosfficient
of flat fece of lens

L = loss vetween feed and
flat face of lens

L - . |
Fig. 3

Reflection into feed from lens having
flat outer face.

— [
, 1
§ WAVEQUIDE ASSEMBLY AND
3 / POCUSING ELEMENT
= /
| & 3 WAVEQUI E .
~ g /' ASSEMBLY
L /
o ALONE
£k £
x
5 H]
| B?

FREQUENC Y

Fig, 4 - Typical reflection into oseillator.



RAY ANALYSIS: VIEW OF H=PLANE

ekt < 5
\ -z ey
N\
<

WAVE ANALYSIS: MATC!EIY FOF NO REFLECTION SMALL REFLECTION W.EK
v\ i¥s L WHEN "RANSVMITTING RECEIVING TAPERED WAVE
R
§
:<r H <[< N
N
< < (\N
SMALL RYFLECTION WHEN LARGE REF.LECTION WHEN
L PECEIVING UNMIFORM WAVE RECEIVING HUMPED WAVE
POCUSED REFLECTION Fig. 8 - Reflection from a feed horn.
Fig. S
General formulas for reflection into feed. r
a AP
B 1T
m% _t
S Ay f\/\/\ oE
b g.,
- CURVATURE — \ w I
- (o) P (PREQUENCY)
|
l (e)

Fig. ¢
Variation of antenna gain with frequency.

(o)

TILT — =1 - : iRJl. c
" op = bop e s
Q I
q [~ APEX PLATE MATCHING -] @

CANCELLATION . aP
IN PLUMBING .\ l‘
tr) (h) 3 —L
(2 >
gE j%ﬁ @
£E ¥
] SW | y (PREQUENCY)
POLARIZATION : | @
CROSSING !
q
o i : 8¢ = 41R R,
ih oF = Ap = &
21 21
Fig. 6 - Techniques for reducing reflection, Fig 10
.

Variation of direction-error with frequency.

R'lRPORr

D‘:——E—qi Syabols:

49 (SPREAD OP
DIRECTION ERROR)

Ry, * reflection coef. of COMPONENTS
waveguide assembly UNSYMMETRICAL
R_ = reflection coef. of
plumbing SLOPE = 4RJ!. COMPONENTS
Rp = reflection coef. of SYMMBTRICAL
feed in reception o
R 1 (TILT OF POCUSING ELEMENT)
I —
Fige 7
Reflection from waveguide assembly. Fig. 11 - Direction-error spread vs, tilt.

LS




SURFACE MATCHING OF DIELECTRIC LENSES

by

E. M

JONES

AND

S. B.
of

CoOHN

STANFORD REsEAnCH INSTITUTE

STANFORD,

Summary

Two methods of cancelling the surface reflec-
tions of dielectric lenses are described in this
paper. lhe first utilizes a simulated quarter-wave
matching layer, and the second a reactive wall em.
bedded within the dielectric. The reactive wall
may take a variety of physical forms, such as arrays
of thin conducting discs, which have a capacitive
reactance, or arrays of thin wires, which have an
inductive reactance. Surface matching is obtained
when the discs are placed approximately 3/8 wave-
length 1nside the lens, or the wires 1/3 wave-length.
Curves are presented that show how the reflections
at the air and dielectric boundary are reduced for
various angles of incidence and polarization when
quarter-wave layer and reactive-wall matching are
employed.

The reactance of the array of discs for waves
incident at various angles and polarizations is
computed by means of Bethe's small aperture theory,
and Babinet's principle. Measuremenrts in waveguide
of the reactance of an array of circular discs for
various angles of incidence and for both K- and
H-plane polarization show close agreement with the
theory.

Introduction

The biggest disadvantage 1n using natural die-
lectric lenses as focusing elements for microwave
antenna systems is that a portion of the energy
incident on the air-dielectric interfaces is not
transmitted. This decrease 1n transmission results
'n a net decrease in the power gain of the system,
while the reflected vnergy raises the input standing
wave ratio and can cause various anomolies in the
far-zone diffraction pattern. If the surface of the
lens is matched 1n some fashion, these difficulties
disappear and the lens becomes a much more useful
microwave antenna. Two basic methods of achieving
a surface match are considered in this paper. One
entails the use of quarter-wave sheets on the lens
surface, while the other involves the placing of
reactive walls 1nside the surface of the lens.
These two methods will be discussed in detail
following paragraphs.

in the

Matching Methods

Ihe first method requires a quarter-wave layer
having a dielectric constant intermediate to that of
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air and the main body of the lens. This layer could
consist of a foamed dielectric, but such a material
1s believed to be impractical for this purpose due
to physical limitations. The quarter-wave layer
may also be simulated by perturbing the surface of
the dielectric lens, as 1llustrated in Fig. 1.

Dr. Tetsu Morita of this laboratory nas determined
by theoretical and experimental means that these
surface perturbations hehave similarly to a homo-
genous dielectric. A possible production technique
would be to die cast the entire lens complete with
this surface.

In the second method the reactive wall can
assume a variety of forms. A rectangular grid of
thin wires or arrays of thin conducting discs are
typical physical elements. The wires have an in-
ductive reactance and therefore must be imbedded
about 1/8 wavelength within the dielectric to match
the surface. The discs on the other hand, have a
capacitive reactance and, therefore, must be im-
bedded about 3’8 of a wavelength in the dielectric
to cancel surface reflections. A practical method
of construction for the reactive wall is to print
conducting obstacles or inductive strips on the
lens surface, and then to cement over this the
necessary additional layer of dielectric material.

Theoretical Performance of
Various Matching Methods

The relative performance of various matching
techniques can be evaluated most easily in terms of
the power reflection coefficient of the air-
dielectric interface. For quarter-wave matching
sheets let the external region be region 1, the
quarter-wave sheet region 2 and the lens region 3.
Then #,, and R,; the reflection coefficients'!’
measured at the interfaces of regions 1 and 2 and
regions 2 and 3 are both real. The power reflec-«
tion coefficient RB? becomes

2

2
(sz*'”zs) 4R, ,R,, sin?y

R? -

(1)

(T +pr, R )2

2
127723 AR ,R 45 sin’e

while the electrical length ¢ of the quarter wave
sheet 1s

2nl 2 .
¢ =-—:— n; sin‘y, (2)



where

A = free-space wavelength
6, = angle of incidence in region 1
n, = index of refraction of the quarter-

wave sheet

L - thickness of the quarter-wave sheet

When reactive wall matching is used, let the region
outside the lens be region 1, the region between
the lens surface and the matching wall be region 2
and the region within the matching wall be region 3.
Then R,, 1s real and R,, = a,, * Jb,y. The power
reflection coefficient in this case becomes

o .
- Ry, + 2R,,(a,, cos 2p + b, sin 2¢) +aj, ¢ b2
N 2
2

T+ 2R, (a,, cos 26 + by, sin 24) + k3, (a},

(3)

while the electrical spacing ¢ of the reactive wall
from the lens surface 1s

2nl
o n? - sinly, (4)
where
2
( 5 >
- 12—
) Yy 2
23 * 0y C 2
4 + (li>
y2
Y, = the characteristic admittance cf the

dielectric in region 2 (1.e. the ratio
of the components of magnetic to
electric field that are parallel tothe
reactive wall).

- susceptance of the reactive wall

B
n = refractive index of the lens
L

separation of the reactive wall from
the lens surface.

The conditions for matching a lens with a
quarterwave layer on 1ts surface are seen from (1)
to be that Rlz S Rz: and ¢ 90°. When a reactive
wall is used for surface matching, 1t can be de-
termined from (3) that the spacing of the wall from
the dielectric surface is determined by

y2
— 2

= tan‘; (3)
yl

while the normalized susceptance of the wall 1s
given by

B
— = cot 2¢ (6)
Y,
where
Y, = the characteristic admittance of free

space (i.e. the ratio of the components
of magnetic to electric field that are
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parallel to the lens surface)

I'he single boundary power reflection coeffi-
cient for a dielectric lens of refractive index
1.57 matched by a quarter-wave sheet at normal in-
cidence is plotted in Fig. 2 by means of (1) and
(2). For comparison the power reflection coeffi-
cient for an unmatched surface 1s also shown. For
perpendicular polarization the quarter-wave matching
sheet reduces the reflected power for all angles of
incidence while for parallel polarization 1t re-
duces the reflected power up to angles of 51 degrees
and increases it above Sl degrees.

A rectangular array of wires, as shown 1in
Fig. 3, will appear inductive to plane waves inci-
dent upon it because the inductive susceptance of
the wires running in the X direction is orders of
magnitude greater than that of the capacitive sus-
ceptance of the wires running in the ) direction.
lherefore, this capacitive susceptance will be neg-
lected i1n the following discussion. For the values
of susceptance needed to match the surface of ordi-
nary dielectric lenses the required wire diameter [
will be so small that in the analysas (and also 1n
practice) 1t will be permissable to replace the
wires of diameter D by flat strips of width 2D.

The reactance of an array of thin strips of
width 2D (oriented in the X direction) to a wave
polarized 1n the plane of incidence, can be obtained
by use of Babinet's transformation from the solution
for a capacitive slit in a wave-guide operating in
a TE,, mode. The solution for the capacitive slit
1s given by Marcuvitz.'?) Applying the transforma-
tion the inductive reactance of the wires becomes

X s nh s D
— =— cos 6, | In\csc—] ¢ Flo,—,— (7)
Z, A, s Ay S
where
z, - I,
S = center to center spacing of the wires
AV wavelength in the dielectric medium

surrounding the wires.

The correction term F has a small value for normal
incidence, and its value decreases further as the
angle of incidence increases.

The reactance of this array of wires (or thin
strips) for an incident wave polarized perpendicu-
lar to the plane of incidence has been computed by

Mackarlane.'®’ He obtains
L o2 o, |1in— + P65, (8)
-— = — CO0Ss n—-+¢ U gy =—
Z, A, é nD (}2 Az)

The correction term F' has the same value as F for
normal incidence but has much greater values for
angles off the normal.

In Fig. 4, the single boundary power reflec-
tion coefficient is plotted from (3), (4), (1), and
(8) for a wave incident on a dielectric lens of re-
fractive index 1.57 matched at normal incidence by
a grid of wires spaced 0.45 wavelengths between




centers. The power reflection coefficient of an
unmatched lens is also included in Fig. 4. Here it
ts seen that with matching the power reflection is
always greater for parallel polarization than for
perpendicular polarization. This grid does not
give as small a power reflection at angles off the
normal as does the quarter-wave section.

The susceptance of a reactive wall composed of
thin circular discs arranged in hexagonal array as
shown in Fig. 5 will be analyzed later in this
paper. The single boundary power reflection coef-
ficient of a dielectric lens of refractive index of
1.57 that has been matched by such an array of discs
spaced on half-wavelength centers, together with the
power reflection coefficient for the unmatched lens
is shown in Fig. 6. Here it is seen that for per-
pendicular polarization, matching reduces the power
reflection for all angles of incidence, while for
parallel polarization the power reflection is re-
duced for angles up to 42°, and is increased for
angles greater than 42°,

Theoretical Calculation of the Susceptance
of an Infinite Array of Thin Circular Discs

The susceptance of an array of small, thin
metal obstacles can be computed for varicus angles
of incidence with the help of Bethe's small-aperture
theory, and Babinet's principle as follows.

Consider an array of obstacles immersed in a
uniform dielectric medium, of relative permeability
M, and relative permittivity €,, lying in the plane
z = 0 (as shown in Fig. 5) with two plane waves in-
cident on it at angles 92 and -t,, each wave being
polarized perpendicular to the plane of incidence.
The field components of the resultant wave in
Gaussian units are

Mo w 1cosb
E, - ,—E‘o cos (k,y sin ¢,) o2 00 2)

€

2

J (wl‘-h?xcouﬁ?)

B, = By cos 6, cos (k,y sin 6,) ¢ (o)
. . . . ) (w kyi1co0s68
H, = JE, sin 6, sin (k,y sin 6,) ¢! hareosfy)
where
2n
k — €
2 A H2fa

Imagine for the moment another wave incident
on the array identical to that described in (9) but
propagating in the negative 7 direction. It then
becomes obvious that a magnetic wall can be inserted
in the plane of the obstacles since the sum of the
tangential # field of the two waves in this plane
zero.

s
With the magnetic wall in place, the arrayof
metal obstacles appears as a pure susceptance to the
wave traveling in the positive 7 direction. The
value of this susceptance is equal to one-half the
value of the susceptance of the metal obstacles be-
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fore the magnetic wall was inserted.

Babinet’'s principle states that if a solution
E(x.y.z) and ﬂ(x,y,z), to Maxwell'’s equation in
a medium 1s known, then another solution may be
obtained by replacing F(x,y,z) by sz;ez 8 (x,y, z)
and H(x,y,z) by Ve, u, E'(x,y,z). OUbviously for
this solution to hold at boundaries, it is also
necessary to replace all electric walls by magnetic
walls and conversely. As a corollary, it is seen
that all susceptances are replaced by reactances.

Applying Babinet’'s principle to the case of a
wave terminated by the reactive wall, one sees that
the magnetic wall 1s replaced by the electric wall
and the electric-wall obstacles are replaced by
magnetic-wall obstacles. The reactance 2Y'/z2," of
this composite wall is equal to the susceptance
B/2Y, of the previous wall.

The field components of the incident wave
after the Babinet transformation are

;(wl-hzu.‘Ol 92)

H, = B, cos (k,y sin 6,) €
] wet-k,2c088,)}
CER -E—-E'o cos ¢, cos (kzysinbz)e'( fThareorty
? (10)
Ha wt- 2cosf
E. --j [—F,sing,sin (kzysinez)e'( harecefy
2 €2

Now the magnetic wall can be removed by the
reverse procedure used to insert it, and there re-
mains an electric wall with small apertures. The
reactance X' of the apertures is related to the
susceptance B of the obstacles according to the
relation

& 18
z, 27,
(1)
¥, 13
or _— = = —
K4y

2

-
In order to have the array of apertures excite a
transmitted wave traveling only in the direction6
1t is necessary that the center-to-center spacing
S be related to the angle of incidence 6, by the
relation

2

Ay

< i (12)
— 1 + |sin 6, |

-

S

If s were to exceed this limit one or more unde-
sired waves 1n other directions would emanate from
the array of apertures.

Because there is no variation of ﬂ; in the x
direction, magnetic walls can be inserted at the
planes 11’ without affecting the incident wave. It
can also be seen from (10) that there are planes
parallel to the xz plane a distance 4 = A2/281n 82
apart where H' is zero. Therefore, magnetic walls



also can be inserted here. The behavior of the cell
bounded by these walls will be the same as that of
the infinite array.

Bethe ‘4! has shown that the normalized suscep-
tance B'/Y, of a single small aperture in a thin
metal wall of such a cell can be computed in
Gaussian units from the relation

!y

ro [

-2
Ly VTR N T A (13)
x,S "y o

His formula can be extended to the present case of
m identical small apertures by summing up the con-
tributions from the m apertures. One obtains

YI
2 -2n
2 s ot v w Bt P B (13a)
Bl )\25 B 4 z= Yy ya 2 2w
Where
¥, and H’ = magnetic polarizabilities of an
aperture the same size as the
obstacle
P, = the electric polarizability of an
aperture the same size as the
obstacle
A, and H;_ = tangential components of magnetic

field at the mth aperture
EI

', = normal component of electric field

at the mth aperture

B A =

S = ], JOH~E'xﬁ'~dxdy.

For an integral number of apertures within the cell
substitution of (10) in (13) gives

ki
Bl

-4n

2
N )\28

(¥, (14)

cos 6,

L2
P, sin ,]

which is the normalized susceptance of an array of
apertures for a wave incident on them polarized in
the plane of incidence. Although (14) has been de-
rived for the specific case of an integral number
of apertures within a unit cell it holds for non-
integral numbers of apertures between the planes 22’
as long as (12) is satisfied. To find the suscep-
tance of the array of discs with an incident wave
polarized perpendicular to the plane of incidence
the use of (11) gives

167

2
(¥, - P, sin 6,] (15)

cw 2
3 A,s" cos 6,

Proceeding in the same fashion it can be shown that
the susceptance of the array of obstacles for an

incident wave polarized in the plane of incidence 1is

16n cos ¢,

/S'Azsz

2 N (16)
Y, 2
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The value of the electric and magnetic polari-
zabilities of a circular aperture of diameter d
have been computed by Bethe. ') He finds

2P -

d3
» 76
The values for other shapes have been measured by
electrolytic tank means. 3+8) A correction formula
for the polarizability of wave guide irises whose
diameter is an appreciable fraction of the wave
length has been found to give good agreement with
theory.!?’ lhis correction method can also be
applied to an array of obstacles, with the aid of
Babinet's transformation. When a wave is incident |
on the array with the electric field perpendicular
to the plane of incidence, the normalized suscep-
tance becomes, using this correction method

o2
1 L P, sin 6
{L - Sl - 2l an
T 2 2
2 v3 A,s cos O, 1_-<A¢1) . (Acz)
Ay Ay

When a wave is incident on the array with the mag-
netic vector perpendicular to the plane of 1nc1-
dence the normalized susceptance 1is

167 cos v,

B (18)
Y2

v‘g )\282

here A _, 1s the cutoff wavelength of the TE,, mode
in a circular wave guide having the same radius as
the obstacle and A _, is the cutoff wavelength of
the T™,, mode in a circular waveguide having the
same radius as the obstacle.

Phase Shift Through Surfaces
Matched at One Incident Angle

When quarter-wave sheets or reactive walls are
used to cancel the surface reflection from dielec-
tric lenses they introduce a certain amount of phase
shift to a wave passing through the lens surface
that would not be present in the absence of matching
devices. For quarter-wave sheets this excess phase
shift results from a combination of increased path
length due to the addition of the sheet to the lens,
as well as multiple reflections in the quarter-wave
sheet. For a normal incidence match the phase shift
¢, due to the first effect can be easily shown to be

2nl
Yy s ———— /7 - cos (6, - 6,)] (19)
A COS bz
while that due ‘to the second effect 1s
R, ,R,y sin 2p
y, = - tan”! (20)

1+R,,R,, cos 2

Figure 7 shows this total excess phase shift
as a function of incident angle and polarization
for the same conditions as Fig. 2. It is seen to




be not excessive even for grazing angles of inci-
dence.

When reactive walls are used to achieve a
match, the excess phase shift results only from
multiple reflections between the wall and the air
dielectric interface. This phase shift can be com-
puted from the formula

a b, A1 Py la,y sin2¢ by, cos 22)
Y= -tan T - :
l+n,/. 1+I?|z(n23 cos A +b,, sin 2¢)

2D

Equation 21 has been plotted in Fig. 8 and 9
for a wire grid inductive wall and a circular-disc
capacitive wall respectively. The parameters for
these curves are the same as those for Figs. 4and6.
In each of these cases the excess phase shift is
smaller than A/16.

Design Information for Circular Disc Wall

In order to achieve a perfect match at various
incident angles and polarizations it is necessary
to vary the spacing of the reactive wall from the
lens surface as well as the reactance of the wall.
Figure 10 shows the spacing of a capacitive wall
necessary to achieve a match as computed from *(5) as
well as the disc diameters necessary to achieve a
match as computed from (6) and the experimental data
presented below.

Measurement of Disc Susceptance
in Waveguide

When waves that have only a vertical component
of electric field are incident upon the array in
Fig. 5, electric walls can be inserted along the
planes 11’ without affecting the performance of the
array. [If these waves are incident at angles ¢, and
-6, with respect to the array normal, there are
planes perpendicular to 11’ such as 22’ spaced a
distance 4 = Az/2 sin ¢, apart where electric walls
can be inserted that also image all the other ob-
stacles in the array. The susceptance of the ob-
stacles within the confines of these walls is ex-
actly the same as the susceptance of the infinite
array of obstacles to a wave incident at an angle
6, polarized perpendicular to the plane of incidence

When waves that have only a vertical component
of magnetic field are incident on the array of ob-
stacles at angles 6, and -6,, it is possible to in-
sert magnetic walls at the same positions occupied
by the electric walls in Fig. 5. The susceptance of
the obstacles within the confines of this magnetic-
wall waveguide is exactly the same as the suscep-
tance of the infinite array of obstacles to a plane
wave incident at an angle &, polarized parallel to
the plane of incidence. Since magnetic-wall wave-
guide is not available, it is necessary to apply the
Babinet transformation and replace the magnetic-wall
waveguide by an electric-wall waveguide and the array
of obstacles in space by an array of apertures in a
metal screen. Then the normalized reactance X'/Z;
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of these holes is related to the normalized suscep-
tance of the obstacles by (11).

Figure 11 shows the non-standard waveguide
cross sections, with obstacles and apertures in
place, used i1n determining the susceptance of a
hexagonal array of circular discs for various angles
of i1ncidence and polarization. In each case the
center-to-center spacing of the discs and apertures
1s 1.010 inches. )

The test sections were machined from aluminum,
and the inside dimensions are accurate to within
t 0.001 inch. The obstacle and aperture patterns
were punched from copper sheets, and shadowgraph
measurements have shown that the average radii of
the circular obstacles and apertures are all within
0.63% of the desired radii. For each waveguide test
section, discs and apertures of radii 0.202 in.,
0.268 in., and 0.333 in., are available. For each
radius, pattern thicknesses of 0.002 in., 0.005 1n.,
0.010 in., and 0.020 in. are available, making a
total of 12 obstacle and 12 aperture patterns for
each test section.

Figure 12 shows a block diagram of the test
set up used in measuring the susceptance of the
hexagonal array of circular apertures. Note that
there 1s a tuner on each side of the test section
as well as one preceding the slotted line. By
properly adjusting the tuners at each end of the
test section it is possible to tune out the mis-
match caused by the abrupt change i1n waveguide cross
section at the junctions of the test sections and
the standard size waveguide on either side. The
tuner preceding the slotted line transforms the
generator impedance to the waveguide characteristic
impedance. Although the aperture susceptance can be
determined in terms of the input standing waveratio
the most accurate value of susceptance of these
apertures can be determined by measuring the ratio
t of the power transmitted with the apertures in
place to that transmitted when they are removed.

The normalized susceptance of the apertures B'/Y,1s
given in terms of ! by

S AT (22)
Y, t

~

A block diagram of the test set up used to
measure the susceptance of the obstacles corre-
sponding to waves incident on the array with perpen-
dicular polarization is shown in Fig. 12. The
detailed measuring procedure used is as follows: An
obstacle pattern is placed in the mid-plane of the
test section, and a shorting plunger is placed one
quarter guide wave length behind it. A position of
minimum voltage is then determined in the slotted
line. Next the obstacle pattern is removed from the
test section and the shorting plunger is displaced
a distance x until the voltage minimum is observed
at the same place in the slotted line. The normal-
ized susceptance of the obstacles is then computed
from the relation

2nx

b = tan (23)
Y,



To determine the susceptance of the obstacles
and apertures for zero thickness the values of sus-
ceptance for each obstacle and aperture pattern is
plotted as a function of thickness and the curve
extrapolated back to zero thickness. This procedure
is necessary since the Babinet transformation used
to establish the theoretical basis of these measure-
ments applies only to infinitesimally thin obstacles
and apertures.

Experimental Values of Disc Susceptance

It is estimated that any individual measurement
of obstacle susceptance by these methods is within
9% of the true value. A curve drawn through the
measured points for various angles of incidence
should be within 1% of the true value.

In Fig. 13 are shown typical measured values
at one frequency of disc susceptance for various
disc radii and polarizations. It is seen that for
the two smaller disc radii the measured points lie
very close tothe theoretical curves. For the largest
disc radius the experimental points are considerably
below the theoretical values, indicating that the
high frequency corrections proposed in (17) and (18)
are not valid for a disc radius of 0.165A.

Measurements of the susceptance of these discs
have been made at a number of frequencies. As shown
previously, each frequency corresponds to a dif-
ferent angle of incidence in each waveguide cross
section. It has been found that the error between
experiment and theory does not depend on the center-
to-center spacing of the discs in terms of wave-
length or on the angle of incidence, but only on the
disc radius in terms of wavelength. In Fig. 14 is
shown the average error between the theoretical
curves and experimental points as a function of disc
diameter for each polarization.

Fig. 1 - Simulated Quarter-%ave Sheets
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Conclusion

Two methods of reducing the surface reflections
from dielectric lenses have been discussed. One
employs simulated quarter wave plates on the lens
surface, while the other uses a reactive wall em-
bedded within the dielectric. The theoretical cal-
culations of the performance of lenses matched by
these methods indicate that substantially improved
performance can be obtained by their use.
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DOUBLE PARABOLIC CYLINDER PENCIL BEAM ANTENNA*

Roy C. Spencer, F. Sheppard Holt, Helen M. Beauchemin and John L. Sampsonf

Air Force Cambridge Research Center
Cambridge, Mass.

SUMMARY

Radiation from a point source placed on
the focal line of a parabolic cylinder is re-
flected in succession from this cylinder and
from a second parabolic cylinder crossed so
that its focal line coincides with the direc-
trix of the first cylinder. The two reflec-
tions result in a parallel beam, The theory
is applicable to both microwaves and light.
The advantages of shipment of the cylin&ers
in the form of flat sheets and the possibili-
ties of independent control of horizontal and
vertical beamwidths and shapes are pointed
out. Experimental models have been built and
tested.

INTRODUCTION

In contrast to the usual microwave pencil
beam antenna formed by allowing energy from a point
source to reflect once from a paraboloid of revolu-
tion, the device to be discussed makes use of suc-
cessive reflections from two parabolic cylinders
with elements at right angles, each cylinder col-
limating the beam in one plane.

Functionally, the point source and first para-
bolic cylinder could be replaced by a parabolic
pillbox! or any other equiphase line source.

The idea of using crossed cylindrical lenses
has long been known in optics2, but the applica~
tion to pencil beams appears to be new. More re-
cently, the use of crossed cylindrical reflectors
has been introduced in commection with X=-ray
microscopes3,4 where the phenomenon of total re-
flection of x-rays at grazing incidence lends it-
self to the use of curved metal reflectors.

P, Kirkpatrick and A.V. Baez3 discuss the use
of two crossed elliptic cylinder mirrors to form a
real image of a point and the use of two parallel
mmmhcmﬂwwmtommar%lhmimyof
a point. In both reference 3 and reference L, the
reflectors are approximated by sections of circular
cylinders. In reference 4, the elliptic cylinder
is approximated by a bent optical flat,

GEOMETRY

Figure 1 shows a perspective drawing of the
two parabolic cylinders., The first cylindrical
surface Sl is given by the equation

*The geometric design of the antenna was described
in a report by the same title by Roy C. Spencer,
Air Force Cambridge Research Center, Report No,
E5084, (April, 1952),

Now in the U.S, Navy,

2

i 2Ax, (1)

where f is the focal length and L - 2f is the
semilatus rectum., The point F with coordinates
(f'0,0) lies on the focal line of S;. The line
DD’ is the image of the point F in Sl; that is,
any ray emitted from F and incident on S, at Py is

reflected as though it originated on DD',

4Lfx =

The formula for the second cylindrical sur-
face S, is given by the equation

(x + £)2 = 4f(z + £). (2)

This surface has been so oriented that: (a) its
focal line coincides with DD', (b) it contains the
point F, and (¢) any ray emitted radially from DD'
is reflected parallel to the positive z axis,
Under these conditions, S, has the same focal
length f as Sl, and the point V with coordinates

(-£,0,-f) lies on the vertex line of Sy.

It is evident, therefore, that any ray FP{P,

emitted from a point source located at F will,
after successive reflections from S and Sy, be

directed parallel to the positive z axis., If
either condition (b) or condition (¢) on S, were

relaxed, then other combinations of relative focal
lengths and orientations would be possible,

CALCULATION OF THE COORDINATES
OF CQMMON INTERSECTICN

The x, y, and z coordinates of the inter-
section of the two parabolic cylinders with
2f = £ = 1 were calculated using Eqs. (1) and (2).
The curve of intersection may be written in the
following parametric form:

X = t2/2 .
y =t (3)
“L;lﬁ-_;_

Table 1 contains numerical values of X, ¥,
and z as computed from Eq. (3)., The range on t

(that is, y) is from O to 2 in increments of 0.l.



METHOD OF DEVELOPING CYLINDERS ONTO FLAT SHEETS

The curve of intersection of the two surfaces
5 and Sp is a three-dimensional space curve that
we shall denote as C (see Fig. 2). If the sur-
faces and S, are separately developed into
planes, the jntersection curve in each case be-
comes a plane curve; however, these two plane
curves are not identical. In the construction of
the double cylindrical reflector, it is desirable
to know the coordinates of these plane curves in
order that they may be laid out on flat sheets
before the sheets are bent into the parabolic
cylindrical shape.

Curves of z = constant in the surface S:L are
all identical parabolas and s, is defined to be

the arc length along any of these parabolas as
measured from the z axis (see Fig. 2). Similarly,
the curves of y = constant in the surface S, are

all identical parabolas and s, is defined to be the

arc length along any of these parabolas as measured
from the vertex line HH'. In Table 1 we already
have the x,y, and z coordinates of the intersection
curve C, In order to obtain the s,,2 coordinates

of C as measured in the surface Sy, it is neces-
sary to determine s, as a function of either z or

y, that is, the arc length of a parabola as a
function of its coordinates. Similarly, in order
to obtain the s,,y coordinates of C as measured in
the surface SZ’ it is necessary to determine s, as
a function of either x or z. Tables of parabolic
arc length vs coordinates were computed by the
Center of Analysis, Massachusetts Institute of
Technology.> The last two columns of Table 1 were
obtained from these parabolic arc length tables.

The straight-line elements of the cylinder Sy
2long which the z coordinate is measured, together
with the parabolas along which 8y is measured,

form an orthogonal curvilinear coordinate system
on the surface Sl. When the cylinder is developed

into a plane, this coordinate system becomes a
rectangular system in the plane. The s8,,2 co-
ordinates of the intersection curve C are given in
Table 1 and a plot of this curve on the developed
surface S; is shomn in Fig. 3(a)., Similarly, the
cylinder Sp contains an 83,y orthogonal curvi-

linear coordinate system that becomes a rectangu-~
lar system when S2 is developed into a plane. The

52,y coordinates of the curve of intersection are

given in Table 1 and a plot of this curve on the
developed surface S, is shown in Fig. 3(b). Note

that certain points along the intersection curves,
as shown in Figs. 3(a) and 3(b), are numbered ac-—
cording to the first column of Table 1. When the
developed surfaces Sy and S, are returned to their
parabolic cylindrical form and fitted together,
jdentically numbered points will coincide.

S

INVESTIGATION OF FEED ORIENTATION
FOR_ZERO CROSS POLARIZATION

Assume that the feed is polarized in the
direction
" n )
u J cosdL + k sin oL,

(&)

where ':t, 5, and % are unit vectors in the x, y,
and z directions respectively (see Fig. 4), and
consider the ray that leaves the feed in the di-
rection determined by @ and & . Assuming that
the radiation flows along ray paths, then the
satisfaction of the boundary condition-that the
tangential component of the electric field vanish
on each reflecting surface results in the follow-
ing expression for the direction of polarization
of the electric field on the aperture plane of the
double parabolic cylinder antenna:

iir[i(cos ¢sin o - sinPsin GcosL)

E

N (5)
+ J{(cosdolcos 9)] .

Since &and ¢are independent variables it is
evident that the x-component of E can never be
jdentically zero for any choice of o, The y-com-
ponent is, however, identically zero when ol =T/2
——that is, when the original polarization is
parallel to the elements of the first reflecting
cylinder--and under these corditions the electric
field on the aperture plane has only an x=component.

TLLUMINATION OVER THE APERTURE

An exact ray-tracing analysis of the antenna
leads to a geometric optics approximation of the
aperture illumination. Assuming an isotropic
radiating source at the feed position, the illu-
mination over the aperture is found to be propor-

tional to a function separable in the normalized
coordinates x/f and y/f as follows:

P - KkF(x/£)G(y/f), 6)
1+ x/f
F(x/t) = 24.63 —, (7
* [h +{(1 4 x/f)‘?J2
L
y/f) e — =7 ° (8)
L+ (y/f)

Plots of these normalized functions are shown in
Figs. 5(a) and (b).

EXPERIMENTAL MODEL DESIGN

An experimental model of the double parabolic
cylinder antenna with aperture 1ft byl ft,




f = 6 in. was designed and built. Full use was
made of reference 5 in calculating the shapes of
the flat sheets that were later bent to form the
parabolic cylinder surfaces. In Fig. 6(a) the re-
flector surfaces and the component parts of the
supporting framework are shown laid out prior to
assembly. The assembled antenna is shown in

Fig. 6(b). The mechanical design in this particu-
lar model features compact packaging in the disas-
sembled state as well as simple rapid assembly and
take~down procedures through use of dowels and
slide snap fasteners,

The amplitude-tapering effects of the system
as shomn in Figs, 5(:5 and 5(b) were taken into ac-
count in the design of a K-band (A ~ 1.25 cm) hom
feed that theoretically produced at least a 10 db
illumination taper over the final aperture in both
the x and y directions. It is evident from Fig.
5(a) that if the primary pattern of the feed were
symmetric in ¢ (see Fig. 4), then the final aper-
ture illumination would be asymmetrical in the x
direction. This aymmetry in illumination intro-
duced purely by the geometry of the system was
counteracted to some extent by orienting the feed
hom<Pso that its primary pattern was asymmetrical
in .

Experimental patterns taken with the K-band
model are shown in Figs. 7(a) and 7(b). Asymmetry
of the side lobe levels in the E-plane pattern in-
dicate the presence of asymmetrical edge effects,..

SHAPED BEAM DESIGN (COSECANT SQUARED)

After reflection from the first parabolic
cylinder S, all radiation strildng the second

parabolic cylinder S, appears to originate from a

Line source located along the line DD! (see Fig. 1)
Hence, it is necessary to redesign only the cylin-
der 52 in order to produce a shaped fan beam.

Using the method suggested by L.J. Chu,6 the
design of the second cylindrical surface 52 of the
original experiment model was modified to produce
a csc?@ fan beam over the range 2° to 20°, Ex-~
perimental elevation and azimth patterns are
shomn in Fig. 8. (The azimuth patterns should be
shifted horizontally until their peaks match the
ordinate of the elevation patterns.)

56

SUMMARY OF ADVANTAGES

The double parabolic cylinder antenna has
several advantages over the conventional parabo-
loid. Each of its surfaces, being cylindrical,
can be stamped from flat sheets, The system it~
self can be designed so that it can be easily dis-
mantled ard stored or transported in a compact
flat package. There is an absence of cross polari-~
zation. Since the first reflector effectively
focuses in one plane and the second focuses in the
orthogonal plane, a certain degree of independent
control can be obtained over the beam shapes in
the two planes by modifying the appropriate re-
flecting surfaces. In particular, the second sur-
face S, can be modified to obtain csc<@ patterns,
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illumination. (a) x-1irection; (b) y-direction.
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Fig. 8 - Experimental patterns of csc? model.

Point
| No. x y z l' .2
0 0.0 0.000 0.0 |-0.3750{0.0000| 0,5201
. 1 .1 . 005 .1 |- .372S| .1002 .5257
2 32 .020 .2 |- .3648| .2013 . 5426
| 3 .3 . 045 .3 |- .3515| .3044 .5709
' 4 .4 .080 .4 |- .3318| .4104 .6110
S 0.5 0.125 0.5 |-0.3047{0.5201 | 0.6636
6 .6 . 180 .6 |- .2688) .6343 .7293
7 .7 . 245 .7 |- .2225| .7536 .8091
8 .8 . 320 .8 |- .1638| .8786 .9043
9 .9 .40S .9 |- .0905(1.0098 !} 1.0166
10 1.0 0.500 1.0 0.0000|1.1478 | 1.1478
11 1.1 . 605 1.1 .1105]1.2928 | 1.3003
12 1.2 .720 1.2 .244211.4452 | 1.4766
13 1.3 . 84S 1.3 .4045!1.6053 | 1.6799
14 1.4 .980 1.4 .5952(1.7733 | 1.9136
15 1.5 1.125 1.5 0.8203]1.9495 | 2.1814
16 1.6 1.280 1.6 1.0842|2.1339 | 2.4874
17 1.7 1. 445 1.7 1.3915{2.3269 | 2.8363
18 1.8 1.620 1.8 1.747212.5284 | 3.2327
19 1.9 1.80S 1.9 2.1565(2.7387 | 3.6819
20 2.0 2.000 2.0 2.625012.9579 | 4.1893

Table T

Coordinates of the curve of intersection
of the two parabolic cylinders.
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DIFFUSE RADIATION IN PENCIL BEAM ANTENNAS

David Carter
Consolidated Vultee Aircraft Corporation
San Diego, California

Summary

This paper -is concerned with theoretical es-
timates of wide angle radiation in pencil beam
antennas. In reflector type antennas this energy
consists of direct radiation from the feed and
scattered energy from the reflector.

Approximate methods for the evaluation of
these contributions are discussed together with
their simplifying assumptions.

To get some numerical indication, calcula-
tions were made for paraboloidal reflectors of
different f/D ratios and a class of primary pat-
terns which provide an approximate representation
of a great many common feeds. The results are
presented in graphical form.

it is important to know the amount of energy dir- 3> Y
ected at large angles away from the axis of the

main beam. While this energy is usually very small, (5ﬂ
some operations may require all wide angle radia-

tion to be down 50 db or more. Physical proximity
of antennas may impose an extremely small upper
limit on the absolute power in certain directions

in order to reduce cross-talk or prevent crystal
burn-out. This may in turn, for certain geometries,
add a very stringent specification of side lobe
discrimination at large angles to the usual gain : Fig. 1
and small angle side lobe specifications. Then

feed and reflector design will require a theoreti-

cal estimate of the antenna pattern at large

angles off axis,

In many applications of pencil beam antennas | T
“

Pp(#,§) = P,(¥) ’cp(s*)_g? ,

In reflector type antennas, the energy radi-
ated at large angles off the beam axis consists of

direct radiation from the feed and scattered = =
energy from the reflector. In any direction where P3(9’¢) Ps(e) - GS(Q)‘;%?
these two contributions are of the same order of
magnitude a knowledge of their relative phases is
necessary to obtain the power from the rssultant vhere Pr 1is th? LS ;adiateg po;:r and the
of the two field intensities. In the usual case, angles are defined in Figure 1. en
however, the contribution from one far exceeds P_(0) Gs(O)
that of the other, and the smaller one can then 8" €5 (0) Pp(o) N
be neglected. P !
It is a simple matter to approximate the con— and for the case of negligible diffracted energy
tribution of the direct radiation from the feed to at®,
the secondary pattern. From the definitions of P (8. P (#7)
primary feed gain function, Gp ( #, € ), and s(0) = Pp("y »
secondary pattern gain function, Gy, (e ,p),
the power per unit solid angle in any direction, or Pg (91) = Gp(o) P (Vl)
{or a system having rotational symmetry, is given Ps(o) Gs(o) $§z5j' 0
y



Fig. ?

Writing this in a siightly more practical form, Assuming

n L/
- if Ng is the maximum allowable db level of a Gp(0)°°3 L oY=
side lobe in the secondary pattern, produced sole- GP(Y’) JeSor-y) for mEre7 ,
ly by direct radiation from the primary feed as 1
shown in Figure 1., then the db level of the cor-
responding radiation in the primary feed pattern, where €€ 2 a‘fd § 1s the Dirac delta function, it
N, =10 log P (¥) can be shown™ that
P 10, p "1 ,
sz 0) Y’M 73
must be given by . Gg(0) =(Q)2 Gp(0) Jeot ¥ [cosytan £dr/
N ¢ N#10 log1o G:%')) ] A 2 2
Gp (0 °
P where D is the aperture diameter, A the operating
This indicates, what was intuitively apparent, wavelength and ¥ 1is the angular aperture. For
that the larger the secondary gain and the smaller such antennas then v &
the primary feed gain, the less stringent will be /g ¢d
the requirement on side lobe discrimination in the Np - Ng - 20 108,,"79 < 10 logyq fcot ¥fcos ptang =/
primary feed in order to meet a specified maximum A
wide angle side lobe level in the secondary This relationship has been plotted in Figure
pattern. 2. for the different feed patterns characterized

by the values of the parameter 7= 2, 4, 6, and 8.
To get some numerical indication, this rela-

tionship was evaluated for paraboloidal reflectors It controls the choice of a reflector for a

of different f/D ratios and a class of primary given primary feed and side lobe spec when the

patterns which provide an approximate representa- side lobe in the secondary pattern is due to

tion of a great many of the common feeds. direct radiation from the feed alone, or speci-
61




fies the maximum allowable level of this radiation
for a fixed reflector.

The other contributing source of radiation in
the secondary pattern is the energy scattered by
the reflector, Usually this is calculated as a
diffraction pattern from the field distribution
over the agertura by means_of the scalar in-
tegral U(P) =~ const ue’ P Rds | where A 1is
the vector from theé4origin to the surface element
dS, R, , is the unit vector pointing from the
origin to the point P at which the field is being
calculated, k - 2% . /=7 and ¢ denotes the prin-
cipal polarization component of the aperture

t‘ield.2 Unforturately this aperture distribu-
tion method involves approximations which,
among other things, 1imits the applicebility of
the results to angles near the axis of the main
lobe.

Another approach which removes this re-
striction to small angles and reduces to the
aperture distribution formula for small angles
off the main beam axis is the method of calcu-
lating the scattered pattern from the current
distribution over the reflector. This formula-
tion differs from the former only by replacing
the scalar integration over the aperture by a
vector integration of the equivalent surface
current density over the entire surface of the
reflector. However, the calculation of the far
field leads to significant differences at large
angles off the main lobe axis.

Using the latter approach then to obtain an
estimate of the scattered field, it can be shown
that the far field is given by

2.2 4
£y, = const eR log' L

Hp :(/é)//%l x By ’

where k3 R,
I=/NxH e’"r™ gs |
§

{9 and 7, are unit vectors at the field point
P in the polar and azimuthal directions respec-
tively, N is the unit normal vector at ds, R
is the distance from the origin to the field
point, € and 4 are the electric and magnetic
inductive capacities, respectively, and S denotes
the reflector surface.

and

This may be obtained from an integration of
Maxwell's equations, expressing the field in
terms of the sources.? The lowest order terms in
R for the case of a source free region bounded by
one infinitely conducting surface then leads to
the far field approximation above.

Many simplifications and assumptions are
made in order to obtain workable formulas, To
anticlpate discrepancies between theory and ex-
periment, it seems pertinent to review some of
the assumptions and approximations that are made
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in the application of the current distribution
formulas.,

The scattered field in the far zone may be
calculated once the H distribution over the
entire surface of the reflector is known. To
obtain an approximation in terms of the primary
feed pattern, it is assumed that the primary feed
radiation is geometrically reflected and that
mltiple scattering between the feed and reflec-
tor may be neglected because of their geometry
and large separation. These assumptions imply
that the reflector is in the far zone of the
feed, and that the curvatures of both the reflec-
tor and primary feed wave front are so small that
the transformation from incident to reflected
wave front may be calculated, at each point of the
reflector, as though the tangent plane at that
point reflects a uniform plane wave having the
same intensity and polarization as the incident
wave front at that point.

The tangential component of the total H at
any point on the reflector is then given in terms
of the reflected primary field at the same point

b
Y -
NxH - 20xH | - 2/;) Nx (S)xE..) ,

where is a unit vector in the direction of Poyn-
tings “vector on the reflected wave front and the
subscript r refers to reflected quantities, The
far field relations for a point source feed gives
ER (which, from the geometrical optics approxima-
tion, differs from the incident E at the reflector
only in polarization), in terms of the primary
gain function as

./‘k

T
E. = const e’ sz(%’f ) €r(v.§)
where €. 1is a unit vector defining the polariza-

tion in the ‘reflected wave front.

Substitution of these approximations then
allows the vector integral I, which determines the
scattered field, to be expressed as an integral of
the primary feed pattern over the surface of the

reflector. Thus N
I - const. 6::;/&'!/ e'/“’ E”?N-ex_)sl-(n'sl)éi,;ds,

where ;51 ig the unit vector pointing from the
origin to the element dS.

The field on the shadow side of the reflector
is assumed to vanish, which is a consequence ¢f
using the approximations of the geometrical-optics
method of calculating the field over the reflector.
Normally there will be small currents at the edge
and on the shadow side of the reflector which will
contribute to the diffraction field, especially in
the shadow region. In some cases this might be the
worst assumption. However, if the edge of the re-
flector is very near a deep null of the primary
feed pattern, these currents will be negligibly
small, and this will be assumed in what follows,



To obtain numerical estimates of this second
contribution to wide angle radiation, the scatter-
ed pattern was calculated under the same conditions
as in the previous calculations of the direct radia-
tion from the feed, viz., paraboloidal reflectors
of different f£/D ratios and the previously defined
class of primary patterns, which provide an ap-
proximate representation of a great many common
feeds. (Generally G, is a function of both #
and § . However, for primary feed patterns having
approximately the same half power beam widths in
the principal E and H planes, it is assumed that
the feed pattern can be represented by a pattern,
having rotational symmetry about the paraboloid
axis, which is the average of the patterns in the
two principal planes.)

To calculate the diffraction pattern, the
integral of I is expanded in terms of the co-

ordinates shown in Figure 3.

R,

Fige 3

Thus, for a paraboloidal reflector ( A2 =
f sec2 ¢ )it can be shown that
2

There are several other simplifying assump-
tions which 1imit the accuracy of the results.
One of these is that = i_ over the entire
surface of the reflector. This implies that the
far field of the primary feed is more than just
quasi-point source. It follows from the previous
assumptions applied to a paraboloid only if the
feed is a true point source with a single center
of phase. Furthermore, since the geometry of the
paraboloid makes all reflected rays parallel to
the axis, €r can have no axial component and it
is set equal to i, at each point on the reflector.
This assumes that the cross polarization component
of €, may be neglected in calculating the prin-

ciple polarization diffraction pattern because the
cross polarization energy is a very small fraction
of the total energy in most feeds of interest.

With these simplifications, the integral de-
fining thg scattered pattern becomes
k3

j:c,,";" Gu;/,/e-j”.rec'{[/f s &cos F-srm O sm Feor(f-, !7
»

°e /Z"t*a"/in;Co.ryfuzfa’V’a’f 2

and using the relations

T+ 0
éja cos§ as = 277J°(a) ,

o
277+ &
cosg@?® °°%F a5 = 279 (a)

(3
27+

sing eja cos§ df = O ,

€B perform the integration over € , it follows
that v

Z*: m%, ./:(zt/nz-af..;/fg JcosBlan L [ (2hf s lon %//
o
R Tt Gast

It can be shown that in the region near the
axis (=), I reduces approximately to the fam-
jliar integral of the aperture distribution method
of calculating the diffraction pattern. However,
for wide angles, the contribution of the axial com-
ponent of I, which has no counterpart in the
aperture distribution formulation, cannot be ne-
glected, and the two formulations give signifi-
cantly different answers.

For feeds having approximately rotationally
symmetric patterns then, evaluation of this last
form of I leads to the scattered field of the

ing attention to the principel E and H plane

b
[’“”ﬂ”‘e'/"/‘“zf[/'“fewr P-sin®sintcas(F-#)/ paraboloid in any direction (®, ¢ ). Restrict-
»
s 3

[rens-(r5)e] 705 pras

Cos —
2

patterns and changing integration variable to

X = tan ¥, it follows that, in the principle
2

e




E plane (£ = 0) ~
zcoms -7.2 A/'co.r .:; ) ) 4
T=cons? © ﬁ s

~j2f ':m'-'}?

e

o
/;{étfl‘*%c‘;/z[m/x 72,,‘

and in the principle H plane (& = « 7)
x 2
© p/2kf st 2 X atfxi e
T=cons’(, @ %”?’x),j;'i e’ S ooy
° Lfetfxsme)dn .

Since 1,- iz=0 and i,- 1 _=-3in¢g , it can
be seen that the” field in the E plane hasépolar-
ization, and, since {_- ix = cos®cos g , the

fleld in the H plane has ¢ polarization.

For the actual calculation, the previously
defined feed patterns were used, viz,,

_ ng - ”
6 (#) = 6(0)eos® = G(0) (%) )

and the working formulae Por the scattered field
emplitude became

(;/}” &L :.;oy{[” sind

fj;z(ng§7

in the E plane
E(8) = Ae-jZkfcan [2]
2

‘_'l’ (le = JIxZ)

in the H plane

cos (2kfx28 inzg)

J(2kfxs1n6)dx ,
sin(2kfxs1n?8)
2
/ J(2kfxs1n8)dx ,
[2
2
Izl = (&; x2 cos(Zkﬁtzsinzg)
1+x 1+xz
/ Saxrxsin@)ax |
I 5= (-xz) x2 sin(Zkfxzsinzg)
z 1 x 1rx2
= J2kfxsin®)ax

and A is a function of R alone.

6

To normalize the pattern, the maximum value

* 3

of E,

Eay = [Agu(O)I -

is easily evaluated for e.%y value of n. Substitu-
ting in the power pattern equation
rs= IOIOglo Iﬁ

then gives the diffraction pattern. Thus, in the
E plane,

rg = 10log, ?J_[(lle, I ,?)cos8

£, 0)
2 2 2
1,51, )sin 6+(Ilex2-InIzz)sin2§/

and in the H plane,

2 2
Yo S 10108 (le* Ix )
H 10 —‘}—7 2
IZ 0

These patterns have been numerically calcu-
lated on IBM computers for a number of values of
each of the parameters N, £/D and D, correspon-
ding to primary gain, aperture efficiency,
and uniformly illuminated aperture gain, respec-
tively. These have been plotted below (Figs. L-1L).

Firstly it should be said that these patterns
are not complete since they were evaluated at
discrete values of 8, and some lobe maxima and
nulls were undoubtedly missed. However, in the
regions of most interest the intervals were made
small in order to get the general level.

It can be seen that for small 6, all the
patterns conform to the most significant results
of aperture theory:

a. As primary gain increases (n increases),
secondary gain decreases (broader main
beams )

As primary gain increases (n increases),
side lobe level decreases.

As D and f/D increase (altho f/D varia-
tior* 1s not shown here) so does secon-
dary gain, S

A significant departure from aperture theory
is that minor lobe intensity does vary with D.
This 18 also true for the wide angle energy.x

In the region of greatest interest for this
investigation the level at 90° was taken as an in-
dication of the level of the diffracted energy at
wide angles, and here the most important conclu-
sions are as follows:



b.

The sharpest variation by far was with
primary gain, going in the same direc-
tion as the small angle side lobes;

for example, there was a drop of approxi-
mately 5 db for unit increase in n in
all the very large D cases calculated.
Individual variatioab are shown in the
curves below.

The second significant factor was D,

the wide angle radiation level decfeas-
ing with increasing D, Thus, for a
tapered illumination’corresponding to

n = 6, the 90° level decreased approxi-
mately 2 db for each db increase in the
gain of the uniformly illuminated dish.
The variation was smaller for smaller
primary gains.

The last factor, f/D, produced very small
variations. The largest calculated was
(for large n and large D intheH plane)
3.7 db change in 85 db,*as f/D went from
.3 to .25. Variations were even smaller
for smaller n.

The H plane and E plane patterns differed
very little.

It should be noted that the requirements on
primary gain are in opposite directions for the
two contributions to wide angle energy, - reduc-
tion of the level due to directly radiated feed
energy calling for a low gain feed whereas a high
gain feed is required to reduce the level of the
scattered energy.

In conclusion, one might say in general, that
design for low side lobe at any angle in the scat-
tered pattern calls for large secondary and primary

gain.
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THEORETICAL GAIN OF FLAT MICROWAVE REFLECTORS

D. R. Crosby
R.C.A. Victor Division
Camden, New Jersey

Sumary

Flat sheets are sometimes used as microwave
reflectors at the top of towers. Calculations are
presented showing how these reflectors may produce
a system gain rather than a loss, however this
gain exists in e qualified sense, as the antenna
at the ground level is taken as the gain standard.
The reflectors exhibit no gain when the gain
standard is an antemma having the same area as the
reflector. Reflectors exhibit several character-
istics which complicate their use in practice.

The Two Possible Approaches

The system to be analyzed consists of a pa-
raboloid antenna at the base of the tower, and a
flat reflector tilted at a Ls° angle at the top of
the tower. This flat reflector is elliptical so
that its projection on a horizontal plane is a
circle. When we speak of the diameter of the re-
flector we shall mean its smaller or projected
dianmeter.

Any antenna system may be analyzed either as
a transmitting system or as a receiving system.
By an extension of the reciprocity theorem, it may
be shown that the same system gain resulte from
either approach, however the physical interpreta-
tion is quite different in the two approaches.

Using the receiving point of view, we have a
plene wave incldent on the reflector. This wave
sets up currents on the surface of the reflector
which in turn cause energy to be radiated in the
direction of the ground level antenna. A solution
of the problem involves analyzing the near field
radistion pattern of the reflector, and the re-
sponse of the ground level antenna to this radia-

“tion pattern.

The following analysis uses the transmitting
viewpoint. We consider a particular type of
transmitting antenna et the ground level, and
study its radiation field to determine the currents
produced on the surface of the reflector. Using
these currents we compute the intensity of the far
field radiation from the reflector.

Physical Behavior

The radistion of the ground level antenna
coming from the antenna aperture occupies at first
a cylindrical region, but a gradual expansion
occurs so that at several hundred feet the pattern
becomes conical.

7

For example a L ft. diemeter antenna may
have a tapered illumination so that the intensity
at the edge of the cylindrical region is 10 db
below that at the center. At a distance of 100 ft.
from the antenna, assuming 6000 mc operation, the
diameter of the =10 db line has increased from
its original L ft. to 8 ft. The amplitude of the
reference field on the major axis will be less 2t
the 100 ft. level than that at ground level.

1f the radiation in the cylindrical region
is intercepted by a large flat reflector, a
current pattern is set up on the reflector very
similar to the equivalent current sheet in the
aperture of the antenna. The effect of the re-
flector is then to merely change the direction of
the central sxis of the original radiation pattern.
It follows that if a reflector is to have some
particular gain greater than zero, there will be
a minimm tower height necessary to obtain this
gain,

Consider a reflector located where the
radiation from the ground level antenna occupies
an appreciably expanded cross section. The re-
flector may intercept a substantial fraction of
the total radiated emergy. When the reflector is
larger than the ground level antenna, its far
field pattern is usually more directive or
"gharper". One effect on the far field of this
pattern sharpening is to increase the field in-
tensity, and this effect may more than offset the
loss of energy in the portion of the beam that
was not intercepted., Thus using the ground level
antemna as the gain standard, the reflector may
be said to have gain.

Consider a particular height, where the
beam is sufficiently diverged so there is a
possibility of a particular gain. There will
exist a minimm size reflector for zero gain.

As the reflector is increased beyond this size,
the gain will increase, reach a maximum, and then
decrease, In practical cases this maximum gein
may be 2 or 3 db or less. Thus as Fig. 1 shows,
the maxirum gain at 6000 mc with a 100 ft. tower
and a L ft. diemeter ground level antenna, is
less than 3 db, However, if the tower were 300
ft. high, there is a theoretical maximum gain at
6000 mc of over L db. The practicality of
achieving such gains is not assured due to the
large size of the required reflector, in this
case with a dismeter of over 13 feet.

The higher gains are only realized by re-
flectors that intercept a small portion of the




radiated energy. From Fig. 1 we see that the
optimm reflector for the 900 ft. tower is less
than twice the diameter of the optimum reflector
for the 300 ft. tower. The reflector for the

900 ft, tower intercepts an appreciably smaller
solid angle and a smaller fraction of the radiated
energy, then does the reflector on the 300 ft,
tower.

A key factor in reflector performance is the
phase of the illumination produced by the low
level antenna on.the reflector. The illumination
may be divided into phase zones. The central part
of the reflector comprises the first zone in which
the phase varies from zero degrees at the center
out to 180 degrees at the edge of the zonme. The
second zone contains the illumination with phase
in the range 180 to 360 degrees. The reflector
having maximum gain approximately coincides with
the first phase zone, The diameter of this zone
is approximately proportional to the square root
of the tower height. Thus as the tower height
increases, the intercepted angle of the first
phase zone decreases and the fraction of the total
intercepted energy decreases. Thus whether the
reflector is mounted on a low tower or a high
tower, there exist fundamental restrictions on its
gain possibilities. Gain is obtained only by a
considerable sharpening of the radiation pattern,
Tr3s sharpening of the pattern may also occur
when the reflector is so small that it introduces
e loss in the system,

Results of the Gain Computations

The results of this study are shown in two
families of curves; the first in Fig, 1 where the
variable is the reflector dismeter and the gain
standard is the low level anterma. The second
family is shown in Fig, 2, where the variable is
the diameter of the low level antenna and the
gain standard is an antenna having the diameter of
the reflector,

In Fig. 1 we congider a four foot dismeter
low level antenna, as this is a typical value for
such applications, and in Fig, 2 we consider an
eight foot diameter reflector, as this is also a
typical value,

Each curve is a universal curve in that it
applies for a particular ratio of frequency to
tower heights. For example, the first curve of
Fig. 1 apolies to a 100 ft. tower at 6000 me,
and also to a 150 ft, tower at 9000 mc.

The middle curve of Fig. 1 has been computed
over enough rance of reflector diameters to show
the nature of the first minimum, and the beginning
of the damped oscillatory approach of the gain
curve to the line of zero gain., From physical
reasoning, the reflector would be expected to have
substantially zero gain when it is large enough to
intercept almost all of the radiated energy.,

A non-realizsble limit curve is shown dot ted
in Fig. 1, evalusted for the 300 ft. tower and
6000 mc, This limit curve assumes that the phase
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of the illumination on the reflector is due only
to the path length differences from the center of
the low level antenna,
mation for sufficiently high towers and small low
level antemnas. If the gain is of the order of -6
db or less, the limit curve formmla holds for all
three of the curves shown in Fig, 1. PFor the
regions of maximmn gain, the limit curve formula
is a good approximation only for very high towers,
thus it holds fairly well throughout the renge of
reflector diameters shown in Fig. 1 for the 900
ft. tower at 6000 mc,

It is an accurate approxi-

Fig, 2 is based on the same calculations as is

Fig. 1. When converted to the parameters of Fig.
2 these calculations were not extensive enough to
carry the gain curves up to their maximum values,
however they cover most practical situations,
That these gain curves do not reach the zero db

line can be understood from physical congideratims

Since the gain standard is now the same size as
the final radiating surface, the pattern from the
reflector is much like that from the gain standard
Thus any lost energy due to the finite size of the
reflector results in a gain less than zero. To be
made strictly quantitative, the above argument
must account for the difference in gain between a
uniformly illuminated flat sheet and an antenna

of the same area but with tapered illumination,
These corrections do not effect the above conclu-~
sions,

We note from Fig, 2 that for a L ft. diameter
low level antenna, at 6000 mc, the reflector loss
for towers in the range of 100 to 300 ft. is from
3.5 to almost 7 db,

Comparison With Other Work

The reflector problem has also been studied
by W.C. Jakesl, who used the receiving system
point of view. His conclusions are presented in
the form of curves plotted to a different set of
parameters. Replotting his curves to the para-
meters of Fig. 1 shows an agreement within 1/2 db.
This check can be made only in the region covered
by both sets of curves, which is the region of
maximum gain and down to about -2 db. His curves
confirmm the conclusion that the curves of Fig, 2
do not reach the zero gain line.

Camplicating Practical Factors

In considering the application of reflectors
to microwave relay service, we note several
factors tend to complicate their use:

1. The increased cost of tower to take care
of the added wind load and to have the torsional
rigidity demanded by the narrow beams,

2. The added difficulty of aligning the
antenna system due to its having twice the number
of components to align, since these components
mst be aligned with increased precision, and
since the reflector is so urw jeldy,

3. The added subsequent cost of realignment



due to drift in tower set.

L. The poor side lobe patterns that may in-
terfere with other microwave systems.

S. The high cross talk between the R.F.
circuits on the same tower, sometimes necessitat-
ing the use of L frequencies at a relay station
instead of 2 frequencies as is practical when
using antennas with superior shaped patterns.

6. The difficulty of adding reflectors on an
installed system to provide expansion to include a
gide leg circuit.

7. The location of the ground level antenna
being restricted by the azimuth of the microwave
path.

Calculations

From the definition of the gain of the re-
flector, we have:

(DB) = 20 |05£T_!__ o
|F|

/7-_' « vyolts per meter, field strength at the
reference far field point on the cen-
tral exis, remote from the reflector.

/
/.= volts per meter, at the reference
T point when the ground level antenna
is in the normal position of the re-

flector.,

We getl5| by integrating in equation (2)
over the surface of the reflector a quantity- pro-
portional to the surface curremt on the reflector.

Az
‘5‘ =Y 65 JAZ
L (2)
o /72 I
where
A2 = reflector area, square meters

distance from an element on the re-
flector surface to the far field
reference point, meters

N
1

amperes per meter, cwrrent density
on the reflector

radisn frequency

A+ = space permeability

The distance factor /)

2> appearing in the de-
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nominator of the integrand may be chosen arbitrar-
11y large so that its variations over the range of
integration are small, Thus we may take it out-
side the integral sign, and use for it the center-
line distance 4, from reflector to the far field
reference point. Both 5 and & are sinusoidal
in time and directed in space, We represent the
phase and amplitude of their time dependence by
expressing them as complex numbers, the modulus
being equal to the rms amplitude of the sinusoid,
Specification of their space direction is not re-
quired, as each vector is parallel to other vec-
tors in the regions of interest.

We get 63 by integrating in equation (3)
over the aperture of the low level antenna &
quantity proportional to the surface current on
the apertire. The complex factor in the integrand
provides for the phase of the illumination on the
reflector. The distance factor 4, can be re-
moved from the denominator of the integrand as
before, The values of 4, are sufficiently large
and the areas over which we integrate are suffi-
ciently small to permit this approximation. Note
that equation (2) and (3) differ by a constant of
2 which is the ratio of the current demsity on
thé conductor surface to the electric field in-
tensity in a traveling wave when normally incident
on a perfect, plane conductor.

_J'zn’{
" w A
62=2/€4 4r 6 o, JA/ (3)

o [4

= aperture area of low level antenna,
square meters.

distance from a point on reflector to
/ a point on aperture of low level
antenna, meters

amperes per meter, current density
over aperture of low level antenna

path length variation from the central
axis distance of an element in A, to
an element in A, , meters

A -

We get § from geometry, with suitable
approximations.

free space wavelength, meters

s _/f)z¢/{9)'—'2/f/€ 605(6,-‘6,_) W)

24,
where
/° = meters, radiuws of aperture of low
level antenna, considered as a co-
ordinate variable.
~5 = meters, redius of reflector, con-




sidered as a coordinate variable.
6, = radians, azimuth angle of aperture of
low level antenna, considered as a
coordinate variable,

6, = radians, aximuth angle of reflector,
considered as a coordinate variable

In equation (L), we consider the case where
the reflector is horizontal, and so parallel to the
low level antenna. We thus assume in these calcu-
lations that, providing the projected area is held
constant, the only significant effect of tilting
the reflector to its final L5° position, is to
change the direction of the principal axis of the
radiation pattern,

We consider that the antenna can be represent-
ed by a current sheet across its aperture, of
constant phase over the aperture, but with a quad-
ratic 10 db taper, thus giving

2
s = 65 I—(zfc)x.5<5¢ (5)
D
So = amperes per meter, current density at

center of low level antenna
D, = meters, diameter of low level antenna

The remainder of the analysis consists of
substituting equations (2), (3), (L), (5), in (1),
8implifying and completing the integrations. We
can evaluate | 5’| by putting (5) into an equation
of the form of (2). Completing this integration
and making the indicated substitutions we get:

where

Bessel Function of zero order

2\ 4,

AL
2¥NH,
p VT
2V A H,

o

x
"

y - 2/0

X o 5-/6

P

oNT 3
2\ 4,

Y- DT g9y
2VA 4,

The summation in (7) results from considering
the aperture of the low level antenna as composed
of four concentric zones, Each zone is then
approximated by a narrow circular band of current,
whose field can be integrated in terms of Bessel
Functions.

Y3

For sufficiently high towers and small low
level antennas, (7) reduces to the limit formula
(8). Note that this formula is independent of the
{1lumination taper or size of the ground level
antenras,

Ax A,
/

———————

kDB):ZO |oj AH A 658

o © [

_J-%I_r</-f91}/;l_2ﬁ€:cos(9,-og)

(6)

A, 44,

27/,

/(3245 89]

After making changes in variable and suitable
approximations, we get from (6) the final gain
equetion (7). The numerical computations were a
direct evaluation of equation ?’E The integrands
were calculated using a slide rule, and then
plotted on 8 x 11 paper, from which the integrais
were evaluated using a planimeter. For a particu-
lar set of velues of 5, , A, and # , the gain
was evaluated as a function of O, . This evalua-
tion took about two-man-weeks of work.

A4
(08)=10og -

o h=1I

cos(x*+ 3;\10(1)(3.,))(&)( .

DB) =26 loq | 2 5P DZ T N
(o) - 20 og | aAH,

(8)
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s/n(X l+f1’;)];(zxjn)m/x (7
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For reflectors less than the optimum size and
having gains less than about -l db, equation (8)
reduces to (9):

(08) = 20 |03 [ 9
AN H, )

The gain for other diameters of the low level
antenna may be obtained by replotting the data of
Fig. 1 in terms of gain versus X, with Yy as a
parameter:

- pVm

2YAH,

4

(10)

Each of the 3 curves in Fig, 1 will become a
curve with a constant value of 4 . This plot may
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then be entered for a range of arbitrarily chosen
values of O,, D,, )\ and A, .

The gain used in Fig. 2 is that from Fig. 1
after correction for the reflector size, by
equation (11):

- D
o) 0, = O, 2018

As incidental information, the divergence of
the beam from the low level antenna can be obtain-
ed from the integrands of equation (7).
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ISOTROPIC VARTABLE INDEX MEDIA
W.0. Puro and K.S. Kelleher
Melpar, Inc.
Alexandria, Va.

Introduction

For some time it has been realized that an
artificial dielectric could be formed by embedding
obstacles in a base dielectric. In all of the cases
considered up te the present time the base dielec-
tric has been air or some light weight plastic
whose dielectric constant is very close to that of
air. Such artificial dielectrics are structually no
better than their base material--which is inherent-
ly poor. The most successful isotropic media was
studied by Corkum'at the Air Force Cambridge Re-
search Center, He considered soherical obstacles of
glass or metal embedded in Styrofoam. No tests were
made on the mechanical properties of this media,
but it can be assumed that its application would be
limited to devices not subject to shock or vibra-
tion.

This paper presents a study of an artificial
dielectric material which has better mechanical
properties than the materials previously consider-
ed. This media is obtained by utilizing spherical
voids in a relatively high dielectric base mater—
inl, The base material may be polystyrene or a sim-
ilar plastic which has the necessary strength char-
acteristic. Through use of several such base mater-
ials, it is possible to obtain a variation in di-
electric constant from 1.1 to 2.5, a range which
has been of interest in antenna applications.

Theoretical Analysis

A formula can be developed which yields the
value of the dielesctric constant in terms of the
radii of the spherical voids, the number of voids
per unit volume, and the dielectric constant of the
base material,

The mechanism employed in a theoretical anal-
ysis of this problem consists of considering that
a uniform field exists in the base medium and then
imagining that some of the base material is removed
to leave the spherical voids. The addition of these
voids causes an alteration in the field which can
be related to an effective change in dielectric
constant. The change in the field is usually eval-
uated by introduction of the polarization vector P
which has two equivalent definitions?P - D -¢, E
and P = a E' N/V, Here D and E are the displacement
vector and the original electric field vector,
while E' is the electric field vector at one of the
spherical voids. N is the number of voids in the
volume V, a ig the polarizability of a single void
and ¢, is the permittivity of free soace., It should
first be noted that since E is the field in the
bage medium before addition of the voids, the first
definition must be written P = D = € E where ¢ is
the permittivity of the base medium without voids.
The vector P then vanishes, as required in the case
where no voids are present (D = ¢ E),

In order to determine the permittivity ¢ of
the medium with spherical voids and so obtain the
dielectric constant we need only equate the two ex-
pressions for P and substitute the anpropriate
values of D, E', anda, By definition, D= ¢ FE, The
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expressions for E' and a can be found by standard
techniques.

The field E' at the center of a gpherical
void is determined in a manner similar to that
used by Slater and Frank.’ The spherical hole in
that analysis is replaced by a sphere of material
with permittivity ¢;, and the charge on the spher-
ical surface is given by =l Pl cos & rather than
|P| cos 8, It can then be shown that E' =
(|E] - |P|/3¢,)e where e is a unit vector in the
direction of E, (E = |E|le).

The polarizability a of a spherical void in
a base medium of permittivity €, is given by
Slater and Frank? as:

a=hneRd (S0 = € ). (1)
2¢; t €,
Since it is known that P = a E'N/V, we can
write
P 8 (h"elR}CN/V) (IEI - IPI/Bel)e, (2)

where C = (¢ - el)/(2el te) = (1-Kl)/(1+2Kl)
and K;, the dielectric constant of the base
medium, is by definitione, /¢ . Equation (2) can
be simplified somewhat if we introduce the concept
of fractional volume used by Corkum? For an iso=
tropic array of spheres, the fractional volume
F= L/3(7BN/V). If we use this expression and the
fact that P = D~ E = (¢ - ¢)E in Equation (2),
there results: € - € =FC(2¢; + €). This can be
rewritten and solved for ¢/¢, = K/K , or

K/R, = (1 + 2FC)/(1 - FC) (3)
It might be noted that this result is related to
that obtained by Corkum.

Experimental Program

In any-practical application the size of the
volds and the spacing between voids is an apprec-
iable fraction of a wavelength. Since the analysis
does not explicitly ccnsider such a medium, some
extended experimental work was necessary in order
to determine the validity of the final formula for
dielectric constant, All of this work was based on
the shorted waveguide techniquee‘at a frequency of
5000 mc.

Description of Apparatus

The shorted waveguide technique for measur—
ing the properties of a dielectric offers the con-
venience of small samples, freedom from external
influences, and adaptability to ordinary labora-
tory facilities. Choice of a frequency of 5000 me
furthermore permits samples to be of a size which
can easily be machined to reasonable tolerances.

A photograph of the waveguide apparatus is
shown in Figure 1. A 2K43 reflex klystron with
Square wave modulation energizes the waveguide
assembly, comprising a frequency meter, 25 db
attenuator, slotted line, and shorted cavity. A
dial indicator coupled to the movable probe of the
slotted line pvermits reading the position of the
standing wave minimum to 0.001 cm. Sufficient pad-
ding is provided to prevent the frequency of the



oscillator from changing when a dielectric is in-
serted into the shorted cavity.

The shorted cavity, Figure 2, consistis of a
length of wavegulde with cross section 0.937 inches
x 1.87, inches 1.D. to accept the test samples and
a A\ /2 long tapered section to connect the main
body to standard RG-L9/U waveguide (0,874 inches x
1.87L inches 1.D.). A shorting plate terminates the
cavity and facilitates removal of the test pieces
while the two screws which hold it insure a con-
stant position of the electrical short circuit. A
choke flange on the cavity permits proper couwpling
to the slotted line.

Descrintion of Samples

The dielectric sample is made w» of sheets of
base dielectric which have hemispherical depres-
sions milled in one face. When two sheets are
placed together spherical voids are created, form=
ing a cubical lattice.

Two base dielectric materials were used,--
Teflon (K; = 2.02) and a Sponge Rubber Company ex-
panded dielectric material (K, = 1.62). Two tyves
of lattice were considered--the first had one row
and two rows of voids across the narrow and wide
dimensions of the waveguide respectively, while the
gecond had two rows and four rows of voids. In each
cage the spacing between the center of the outer
voids and the waveguide wall is one half the center
to center spacing. In the case of the cubical lat-
tice consisting of two and four rows of voids, the
two diameters of spheres used, 1/l inch and 3/8
inch, give fractional volumes of 7.96 ver cent and
26.85 per cent respectively. The lattice with one
and two rows of voids of 1/2 inch diameter gave a
fractional volume of 7.96 per cent. The maximum
number of transverse rows in the one by two lattice
was five while in the two by four lattice it was
seven.

FExperimental Procedure

Determination of the dielectric constant of
materials having a low loss factor by the shorted
-1ine method requires the measurement of the gulde
wavelength and the distance from the face of the

dielectric sample to the first minimum of the
standing wave pattern.

The dielectric constants of solid samples of
the two dielectrics were first determined in order
to form a basis for predicting values to be ex-
nected when the spherical voids were added. In each
case several different lengths were measured in
order to estimate the accuracy of the measurement
technique.

The following relations give the dielectric
constant after the separation of the first standing
wave minimum from the face of the dielectric sample
hag been established:

tan B4/B d= '(Kg/? 7 d) tan (27 x,/Xp),

K, = [1+ (A Be/emaR] / (1 + (/A 1),

where A, = guide wavelength outside the samle
A = cutoff wavelength of the waveguide
d = length of the samrle
X, = distance from sample to the first stand-
ing wave minimum.
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Discussion of Results

Data for four samples of the dielectric
media are shown in Figures 3, L, and 5. The sam-
ples were progressively shortened by cutting off
one transverse row of volds between successive
measurements. As can be seen, the experimental
values are quite close to the predicted theoreti-
cal values. It is estimated that the measurements
can be reproduced with an accuracy of approximate-
1y 1 per cent. Because the theoretical values are
bagsed on the measured values for the base dielec-
tric, they include the errors involved in the
meagsurement of the properties of the base material

For the case of 1/L inch spheres in the di-
electric, Figures 3 and , and the upper curve in
Figure 5, the measured value for the dielectric
constant, did not vary more than 2 per cent from
the theoretical value.

In this case, the diameter of the spheres 1is
approximately 0.15 of the wavelength in the di-
electric, and the spacing between centers of ad-
jacent spheres is 0.28X .

The measured values of dielectric constant
shown in the lower curve of Figure S represent the
case of 1/2 inch voids spaced 0.937 inches on
centers. In this instance the diameter of the void
is 0.30 of the wavelength in the dielectric, and
the spacing is 0.56A . Even in this sample, when
the diameter of the void is no longer small com=
pared to the wavelength, the maximum variation in
the measured value is not more than Ly per cent.

As a further check of the applicability of
the theoretical expressjons to the dielectric
media under study, the samples were inserted into
the shorted cavity in such a manner that the wave=
guide walls passed through the centers of the
spherical voids. The measured values did not dif-
fer from the previous results. All of the results
indicated that Equation (3) is valid even for
small sample lengths and for voids relatively
large with respect to a wavelength.

Summary

A new type of dielectric medium, consisting
of spherical voids in a base dielectric, has been
investigated. A simple expression for the dielec-
tric constant has been obtained in terms of the
constant of the base medium and the fractional
volume occupied by the spherical voids. The ex-
perimental measurements showed that this expres-
sion was valid even when the diameter of the voids
was 0.3 A and the spacing between voids was 0.56\.
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THE CEARACTFRISTICS OF A VERTICAL ANTENNA WITH A RADIAL CONDUCTOR GROUND SYSTEM L

James R, Wait and W,A. Pope
Radio Physics Laboratory
Defence Research Board

Ottawa, Ont.

Summary

Mnploying an approximate method the input
impedance of a ground based vertical radiator is
calculated, The ground system consists of a
number of radial conductors buried just below the
surface of the soil., The integrals imvolved in
the solution are evaluated, in part, by graphical
methods., The final results are plotted in a con-
venient form to illustrate the dependence of the
impedance on number and length of radial conduc=
tors for a specified frequency, antenna height,
and ground conductivity., It is finally shown that
under usual conditions the radiated fields are
modified by only a few percent due to the
presence of the ground system.

Introduction

Antenna systems for low radio frequency are
designed, usually, to work in conjunction with a
radial wire ground system buried just below the
surface of the earth, The purpose of this wire
grid is to provide a low=-loss return path for
the antenna base current and consequently to
improve the efficiency of the transmission,

The rules for ground system design are
usually empirical and based on the results of
experiments on existing installations, The first
systematic_study of this problem was carried out
by Brown1’ and his associates who were mainly
concerned with the operation of half-wave anten~
nas for the broadcast band, Sometime later
Abbott’ developed a procedure to select the
optimm number of radial conductors, given the
values of the electrical constants of the ground.
An important related problem is the actual change
of input impedance of the antenna for different
sizes and types of ground systems, This apalysis
has been carried out by Leitner and Spence and
more recently by Storer’, for a vertical antenna
situated over a perfectly conducting disc,
However, they only considered the case where the
surrounding medium was free space.

The purpose of this paper is to consider,
in some detail, the characteristics of a vertical
antenna of any length situated over a circular
ground screen composed of N radial wires of
equal spacing situated at the interface between
the air and a semi-infinite homogeneous ground,
An approximate method to calculate the input
impedance will be emp%oyed gimilar to that
described by Monteath” who developed an extension
to the compensation theorem of electric-circuit
theory. The current distribution on the antenna

* Work carried out under Project
No. DUF=95-55-07.
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/ gation constant 7.

Canada

is considered to be sinusocidal,

With reference to a cylindrical polar
coordinate system (p ,&$,3 ) the antenna of
height h is coincident with the positive 3 axis
as indicated in Fig. 1. The ground screen is of
radius a. and lies in the plane 3 = © which is
also the surface of the ground. The conductiv-
ity and dielectric constant of the ground are
denoted by ¢ and € respectively and the die-
lectric constant of the air by €. . The per-
meability of the whole space is taken as «
which is taken to be that of free space. The
intrinsic propagation constant ¥ and charac-
teristic impedance n of the earth medium are
defined by

. "
Y - [../‘(u: (o'q»éu:é)]

1;
'Y = [;Htfb//z'c-vuuaa)l

where w 1is the angular frequency. The propa-
and characteristic imped-
of the air are then defined by

5 LTV)‘., = (_(5

and

ance

T |
U; = L(E7q) ;uu =
and

N s (et

where A. is the wavelength in air,

Theself impedance at the terminals of the
antenna is now denoted by 7. and can be
broken into two parts by setting, Z.: Z,* st
where Z. is the self-impedance of the same
antenna if the ground plane were perfectly
conducting and infinite in extent, On the other
hand A X, 4s the difference between the
self-impedance of the antenna over the imperfect
and the perfect ground plane. It is called the
self-impedance increment and can be written in
terms of a real and imaginary part as follows:

AR, = AR+ <A%K,

where AR, and AXs represent the
resistance and reactance increment, If the
current at the terminals of the antenma is X.,
the power required to maintain this current is
I. R+ watts, If the ground were perfectly
conducting the input power would be T; Ro
where Ro 1is the real part of %, . The
additional power required to maintain the same
current I-_ at the terminals is I AR, .

317 Ly
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It is seen, therefore, that the quantity
AR, represents an important parameter of a
radio frequency antenna,

The Impedance Calculation

It is shown in appendix I that the impedance
increment is given by
o0

A?’T = - Ex, H:(Q,OB E<((’,0) xrrrJr (?.)

(-3

[=4
where H: (>S>  is the magnetic field of the
antenna tangential to a perfectly conducting
ground plane and E, (f>o> 1is the tangential
electric fiela on the imperfect ground, If the
current on the antemna is T (%) amps it
follows that

h

-t (;"' )
HE- - L2 92__‘9
4’ J.Tra( L'}‘-ff‘)'/‘

’x

I(ndy

For thin antennas it can be usually assumed that
the current distribution is sinusoidal, that is

IO = I, 2 (e Se

if the antenna is fed at the base (i.e. a
monopole)., The quantity =« 1s determined by the
height of the antenna and the top-loading, that
is o = p( he \n)

The quantity K specifies the amount of top
loading and is usually obtained from experiment.
For a thin antenna without top~loading (i.e,
unterminated case), = =g .« The integrals of
the type indicated in equation (3) can be
expressed in closed form for a sinusoidal current

Doa. o

distribution, The result is given by,
- =z - _‘: I° e“ rm \‘ *
H*’((”o) nrm.-a([ e (e )
-~ e-..‘srmq . \ ‘—it,trw ((3\“"‘3 ] (8
e ¢

|I‘
¥ = (f»‘# \\‘)
Since the electric field E( (P>°) is an
unknown quantity it is necessary to make several
simplifications at this stage. Since [y|>> p
an approximate boundary condition (see appendix
IT) is emploved, expressed by

Ee () 2 =7 Hy (9D

where

(&>
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where H* (¢>9) 1s the tangential magnetic
field for the imperfect ground system and e
is the surface impedance of the air-ground
interface, If p is greater than a ,the radius
of the ground screen, 7. can be replaced
by 7+ If p is less thana , 7. is the
intrinsic impedance ¥. of the ground screen
which is in parallel with the impedance ’71 8of
the ground, In a previous investigation’*% of
this problem it was assumed that n. was zero so
the ground system was equivalent to a perfectly
conducting disc of radius a , The 1imits of the
integration in equation (2 ) are then from

=a to f= © o A more general case is when
7. 18 comparable in magnitude to 7 5 in which
it follows that

7. = f]:( A for csp £ a &
where 77
. end d and
1 __’Z;_ J’ag et

where d is the spacing between the radial
conductors and ¢ is the radius of the e,
The expression for 7. has been derived” for a
wire grid in free joace where it was necessary
to assume that [y.d/ << / , Since the grid
is lying on the ground plane, this restriction
must be replaced by [¥o. d/<</ where Ye is the
effective propagation constant for propagation
ga;igg a thin wire in the interface and is given

N I
¥e - (¥2X)

If there are N radial conductors it can be seen
that d can be replaced by 27¢ N since N
is usually of the order of 170.

It is assumed also that Hy (f>©) is not very
different from H"(P,O) ﬁn the region of the
ground plane where the Iosses are significant,
This appraximation has also been discussed
previously’,8 and it certainly appears to be
valid it /y/ >> 3

The impedance increment & Z_ is then
written in the following form

A 27 = A? + A ZA (8)
...\\ove - Y

AR ¥ 7 H;"(p,o\]m("( (2
bn& ot * -

AZ, = ’;( ‘j; {H:(f’@] swede e

The first expression A™Z corresponds to the
self-impedance of the monopole over a perfectly
conducting discoid, whereas the second expres-
sion A #, accounts for the finite surface



impedance of the radial conductor system,

1t is instructive to consider A% , first
in some detail, since the integrations can be
carried out and the result expressed in terms of
the exponential integral defined by

Ei(-pd= - S-_;Sféf (0

o

The procedure was outlined previously »8 where

an expression for A% was given for any value

of the height h and top loading W . The special
case where the antenna is unterminated ( h'=o )
is given by

iaph
A% - 4317;:}\\5 Efaipa] e
—aiph
+EL{-1LF(1‘;-L)]C G, zcce”;\s Ec(-2ep )

+ 4 con (;\\ EL(—LP\:%) - EL[-JP\\(%*'B]C;PL

-E. [-LP\\ (%-IBKC.;P&} (l'L)

W\\Pfe
o= —;‘— [ a +(a:'*\.‘)llt] and ¥, = (a.‘-o \\‘ )'IL

This equation may be put in a suitable form
for computation by employing the relation

E¢ (’i(b&) = G (e -nl[E)_ -Sc(pa)l o»

where (L (®a ) and S¢ (fa) are the cosine
and sine integrals respect vﬂy as defined and
tabulated by Jahnke and Pmde~~, The results of
the calculations are presented in a most general
form by plotting 4TaZ / 7 as a function of 2/
for various values of % as shown in Figs.
2a and 2b. It can be seen that the magnitude

of AF increases without limit as a approaches
zero. This formulation is not actually valld in
this 1imiting case since one terminal of the
generator would then be connected directly to
the earth medium (or to a disc of vanishing
radius) and would lead to an infinitely resis-
tive path for the antenna base current,

A slightly more convenient way to 11lus-
trate these calculations is to plot(s/F)"aR,
where AR  is the real part of A2 , as a
function of ¢4 as shown in Fig. 3 where & 1is
the frequency in ¢/s. This is only permissible
if displacement currents in the ground are .
negligible (note if €w <<0, 7 2(¢qw @) = Ve
Tt is interesting to note that aR actually
assumes negative values under certain conditions,
In this case, the input power to obtain a given
current T, at the antenna terminals is actually
less for an imperfect ground than for a perfect
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ground, This fact can be reconciled by showing
that the radiated power is actually reduced

if AR < O , j physical explanation for
the oscillating nature of the curve is that a
wave is reflected fram the discontinuity in the
surface impedance at p= a . As the radius «
increases the phase lag of the reflected wave
will contimually increase, This viewpoint is
substantiated when it is noted that the period
of the oscillations is nearly equal to twice
the diameter of the ground screen,

When the ground screen of finite surface
impedance is considered the integrations
indicated by equation (10 ) must be evaluated.
This appears to be formidable task for the case
when the antenna is of arbitrary length, How-
ever, if the antenna is a quarter-wave monopole,
without top-loading, the integrations can be
carried out fairly readily by graphical means.
In this case

SEA
- : _ip (240
Hf (pso> = - =TI ('

‘\.TTf

which 1s a special case of equation (5) with
W=o and h= % , and hence the integral in
equation (10 ) can then be expressed in the
following foxjAm:

ba c.c‘t{‘n'(l-‘t R) + 2 355 l’_;_‘%]AP

Jow *a( b+ q) e
J [P+(prd] P (1

AR, =

and, similarly, A%Xa with cos ( )
replaced by sin ( Yo The real dimension-
less quantities p , % » A and R are defined by

b =1now ° Tz with 9= (e w/o—)'/:
= ow P P UM C= <
% J;:Tq# Loy e e C= A s

“/)‘ and R = |’ |¢"+(‘/4-)l

L}

A

It has been assumed in writing equation(/5)
in this form that displacement currents in the
ground are negligible, that is (€w/@) << 1 .
Jsing the results of the numerical integration
for AR, , values of AR, (= AR +ARL)
are plotted as a function of A in Figs. Ly S
and 6 for various values of and N with
C = 0,1 x 105, and in Fig, 7 for various
values of C for N = 100 and § = 0,1. The
value of § can be readily obtained fram Fig. 8
when the ground conductivity ¢ and the frequen-
cy in kdlocycles are specified.

It is immediately evident that the oscil-
lations in the curves for A Ry have been
damped if N 1s finite, This can be expected




It is seen, therefore, that the quantity
AR, represents an important parameter of a
radio frequency antenna,

The Impedance Calculation

It is shown in appendix I that the impedance
increment is given by
oo

AZ =T HP @ E(pdampde (D

=4

where HZ (£  is the magnetic field of the
antenna tangential to a perfectly conducting
ground plane and E, (¢,o> 1s the tangential
electric fiela on the imperfect ground, If the
current on the antenna is I (%) amps it
follows that

> x“"'
-cplpp)
. 12\ € 1
Hy - *moe ) oy re )" Dy

For thin antennas it can be usually assumed that
the current distribution is sinusoidal, that is
I = I, s (= pa) om= (@
if the antenna is fed at the base (i.e, a
monopole), The quantity = is determined by the
height of the antenna and the top-loading, that
is o< = [b( L\-o L.>
The quantity h specifies the amount of top
loading and is usually obtained from experiment,
For a thin antenna without top-loading (i.e.
unterminated case), o - . The integrals of
the type indicated in equation (3) can be
expressed in closed form for a sinusoidal current

distribution, The result is given by,
. —epr
oo _ ¢ XI. e \ . \‘ i q>
H+(€’03 B 1“’1:»»-0([‘(’ (?

— E-:Efm« - ‘;\‘ ei‘/PTM Us\--e(} ] (5>
¢ £ T

'll
where T ° (F "\'\>
Since the electric field E, (f>©) 4s an
unknown quantity it is necessary to make several
simplifications at this stage. Since [Y/>> p
an appraximate boundary condition (see appendix
II) is employed, expressed by

Eo (g9 2~ Hy (oo (>
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where Hy (¢-9) is the tangential magnetic
fleld for the imperfect ground system and Ne
is the surface impedance of the air-ground
interface, If p 1is greater than a ,the radius
of the ground screen, . can be replaced
by 7 . If p i3 less thana , n. is the
intrinsic impedance 7. of the ground screen
which 1s in parallel with the impedance ’71 801‘
the ground, In a previous investigation’?° of
this problem it was assumed that r. was zero so
the ground system was equivalent to a perfectly
conducting disc of radius a , The 1limits of the
integration in equation (2 ) are then from

=a to = oo , A more general case is when
. 1s comparable in magnitude to N s in which
it follows that

7(‘—,_ ’Z”( - Lor osp £ a (’()
where (a(
= &, J -4——. bn‘l
’( __Z)\_ /a"-ac AvTrc

where d 4s the spacing between the radial
conductors and ¢ is the radius of the yire,
The expression for 7. has been derived’ for a
wire grid in free ce where it was necessary
to assume that [y.dl << / | Since the grid
is lying on the ground plane, this restriction
must be replaced by [¥o d/<</ where Ye 4s the
effective propagation constant for propagation
:lyigg 4 thin wire in the interface and is given

N & oYk
Yoo (E2X)

If there are N radial conductors it can be seen
that d can be replaced by 17e N since N
is usually of the order of 100,

Tt is assuned also that Hy (p. ©) 1s not very
different fram H”(P,o) ﬁ\ the region of the
ground plane where the losses are significant,
This appraximation has also been discussed
previously’,8 and it certainly appears to be
valid it /y/ >> 3

The impedance increment O 2  is then
written in the following form

AZ - N7 + AZ, (®
...\\ove b L

Az = g H(palmpde (D

b'\& C> * -
S ;(7(( [H:(f’"’)]“‘FJf’ (o

[

The first expression A™2 corresponds to the
self-impedance of the monopole over a perfectly
conducting discoid, whereas the second expres-
sion AZ, accounts for the finite surface



impedance of the radial conductor system,

Tt is instructive to consider A% , first
in some detail, since the integrations can be
carried out and the result expressed in terms of
the exponential integral defined by

5 e Iy
- ¢

()

/28 (-L(;o,) = -

The procedure was outlined previously 8 where

an expression for A% was given for any value

of the height h and top loading W . The special
case where the antenna is unterminated ( h'=o )
is given by

. iaph
AZ:ZKT;ZA‘EEL{-M{*(’;d»L)]C r

_aiph
+EL{-1LP(T',—\\)]C ¢ + lcdllr)\\ Ec (-11_'(;0.)

s conph { Ec(-ipha) - FT-ioeaeile®

—iph
~gi [iph a3 } ()
w\\fft
a = -'i‘-[a. +(a."1\~t)'h] and 7, =(a.k‘v\\‘)‘ll
This equation may be put in a suitable form
for computation by employing the relation
Fi(-ipad = Co(ed +< 1% -sc(ed] O

where (& (®a) and S« (fa) are the cosine
and sine integrals respect vﬂy as defined and
tabulated by Jahnke and Pmde™*. The results of
the calculations are presented in a most general
form by plotting 4T™aZ 7 as a function of 2/
.for various values of h/x as shown in Figs.
2a and 2b. It can be seen that the magnitude

of AF increases without 1imit as a approaches
zero, This formulation is not actually valid in
this 1imiting case since one terminal of the
generator would then be connected directly to
the earth medium (or to a disc of vanishing
radius) and would lead to an infinitely resis-
tive path for the antenna base current,

A slightly more convenient way to 11)us-
trate these calculations is to plot(d/;)"‘-AR,
where AR 13 the real part of A2 , as a
function of 2% as shown in Fig. 3 where & 1is
the frequency in c¢/s. This is only permissible
if displacement currents in the ground are .
negligible (note if €w <<0, (g, 537 )
Tt is interesting to note that aR actually
assumes negative values under certain conditions.
Tn this case, the input power to obtain a given
current T, at the antenna terminals is actually
less for an imperfect ground than for a perfect
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ground, This fact can be reconciled by showing
that the radiated power is actually reduced
if AR < . A physical explanation for
the oscillating nature of the curve is that a
wave is reflected fram the discontinuity in the
surface impedance at p= a , As the radius a
increases the phase lag of the reflected wave
will contimally increase. This viewpoint is
substantiated when it is noted that the period
of the oscillations is nearly equal to twice
the diameter of the ground screen,

wWhen the ground screen of finite surface
impedance is considered the integrations
indicated by equation (10) must be evaluated,
This appears to be formidable task for the case
when the antenna is of arbitrary length, How-
ever, if the antenna is a quarter-wave monopole,
without top-loading, the integrations can be
carried out fairly readily by graphical means.
In this case Y

_ip (e 2%
¢ (s

which is a special case of equation (5) with
h'=o and h=>% , and hence the integral in
equation (10 ) can then be expressed in the
following fox;\m:

- +'S_1_Y.t¢: *
ba, conf{m(i-4R) +3F tF_\]AP

AR = =
T [P a(prad ] P

s

o

and, similarly, AX . with cos (
replaced by sin ( —— ).
less quantities p , q¢ » A

b n_orrS/Ji

)
The real dimension-
and R are defined by

A Se (e

= 14 .'T.-P -P— w-ﬂ z €
% _’:T" J“"be NC SECE
A= %4 4 RS J PrCfsY

It has been assumed in writing equation(S)
in this form that displacement currents in the
ground are negligible, that is (ew/a) < 1,
sing the results of the numerical integration
for AR, , values of AR, (= AR +ARL)D
are plotted as a function of A in Figs. Ly S
and 6 for various values of and N with
Cc =0,1x 10"5, and in Fig. 7 for various
values of C for N = 100 and § = 0,1, The
value of § can be readily obtained fram Fige. 8
when the ground conductivity & and the frequen-
ey in Kilocycles are specified.

Tt is ismediately evident that the oscil-
lations in the curves for & Ry have been
damped 1f N 1s finite., This can be expected




since there is a smaller change of the surface
impedance at p = o if the ground conductivity
is reasonably high ( $ < 0.1 ), The 1imiting
case where N = oo corresponds to the perfectly
conducting disc discussed mreviously, It is
quite apparent from these curves that a ground
screen radius greater than about 1/3 of a wave-
length is wasteful, On the other hand it would
be quite feasible to choose a large number of
radials to reduce the resistance increment

to a low value, Although, in practicg, it is usual
to employ No, 8 wire ( C = 0.5 x 1072 at 1 Mc)
some improvement could be obtained by using
larger wire diameters., From a theoretical
standpoint, however, it would appear that, for
a given total weight of wire, it is preferable
to use a conductor of smallgr diameter, say

No, 22 wire (C = 0,1 x 10™° at 1 Mc,) and to
employ 150 or more radial conductors,

The Earth Currents

It is interesting to examine how the antenna
base current is shared by the radial conductors
and the ground itself, If the current flowing in
the ground is denoted by T. and the total current
in the radial wires by T, then the ratio I./T,
is equal to the ratio of the surface impedance of
the grating of the wires composing the earth
system to the surface impedance of the ground,
Therefore it follows that

Le | - | g

I. 7 Gvop
where p and have been defined previously,
Since the total current is given by, It =T+ T,

it follows that

I\d :} "_;‘ = EL_L l/,~

T 18R] B (b))
It has been assumed here that displacement
currents in the ground are negligible, (ie,t%<<!)

Equation (17) if not a function of the height

of the antenna and therefore it would apply also
to top-loaded antennas as long as the circular
symmetry is essentially retained, Bnploying this
equation, curves are plotted in Figs. 9 and 10
to show the dependence of the current in the
radial wires on the various parameters, The
abcissae are the lengths of the radial wires in
wavelengths measured from the base of the antenna,
It is noted that if the radial wires are increased
beyond a certain length nearly all the current
flows in the ground. When the ratiol T. /T,
is equal to 1/2 the current in the ground is

equal to the total current carried by the radial
wires,

(16>

e

The Radiated Power

While the main subject of this paper has
been to evaluate the input impedance of the
antenna, it is also of some interest to know if
the presence of the ground screen appreciably
changes the radiated power. A simple and approx-
imate analysis is now carried out which indicates
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that this change is small,

The power dissipated in an elemental area
of the ground is equal to the real part of
nlH4 [ . Tt is then evident that the change
of power lost AR in the ground due to the
presence of the gzound screen is given by

AP :RCSA'IIH*I Lrp Jr (18)

-]
where 871 1is the difference between the sur-
face impedance 7. of the radial conductor
earth system and the surface impedance 1 of the
ground, However, the change of input power
at the antenna terminals is given by
a
L
AP :ReSArZ Hf awp de (19
o
Now, since there is conservation of power, the
change of the total radiated power AP,
beyond the edge of the earth system is equal
to AP-AP or

-5
- Y &
AP'_ = Re ga,([Ht -IH*‘]L"(’ “‘(’ D)

o
For a good ground screen, An v ~-» and, if
the antenna is a quarter wave monopole, ( h= Xe/a)
the integration can be carried out in closed
form to yield

“‘ij = Real bavt ot ;‘—,TE[LL%“T“ + 0572

AT - C (s - ¢ G (D
~ C (JTY’Q(A(&«:\L-I—?T):[ + L[SL( rr";(z.,;.-;—"’)

- Si(am) Sé(m -”T)]S @v

If the ground screen radius ,a, is small
campared with a wavelength the change of power
radiated is given approximately by

AP ) FR Y o A ¥
= T Re e e PITpED
[
This is usually a small quantity with the total

radiated power so it is of minor significance
at low radio frequencies,

The Radiation Pattern

The affect of the ground screen on the &
radiation pattern is also of some interest.
For convenience, it is assumed here that the
ground screen is equivalent to a thin, perfectly
conducting, circular disc laid on a homogeneous
ground, The magnetic field H (>3 in the
air can be written as the sum of the field
Hg®(P-%) for an infinite screen and a second-

ary field H* (P>3») . 1In appendix I it is
shown that




A ¥ NS, 0 2 19,5, 900
H‘P 1 T003.00)€ T w Eol¢dede Vi) (2
g=a Taze . vk
where uo=(>“"(')' .
The change of the magnetic field AH{
due to the presence of the screen is now given by

awy - H;—(/—I,;‘Lo

= -£ e (¢ (’"“(' S-(\(') 2. >‘(’)
e':c A\-o

T WA (24)

The integration with respect to A can be carried
out by the saddle point method of integration
since e >> / in the radiation zone.

The result is a
-(,(-..R
AW, (’—*"—m‘E E, (¢»9 D.(e¢ e D 4 (9

R =Jey
Ar‘t\ 8= t'cm-l',/(

w\neYC

R (} = 177/). =] _"%"

The appraximate boundary condition, E, (¢59)
A =) H4,((,9 can now be employed so that
A

S Lk c__:_(.a H—"‘(_(;’CD 3,((5('%@(’4("
Hy & JHped o

An approximate expression for A Hy is now
obtaining by replacing He(e,») on the right
hand side of equation (26) by  HZ(r>3D
If the antenna is a quarter wave monopole

\d

o o I - JF'&C'\«/Q)
H4, ((’;‘5 = ;:(-,,c ¥ . (A0
and for (;() >>¢
Hm . -‘x -L()R -
$ (o) = ==¢ cox (F2-0) (19
so that ,e,,:{o
AW co® AW 254
S Nl Svene A R (L L
' 5 €D

The right hand of this equation is of the order
of [n/7.] which is small compared with
unity. For small screens where a << X, the
relation simplifies to

AH* . _)Z/e-;g Wame"__l_
Hy 7o ( Mo )m('fw? \
30)

which is of second order magnitude,
Conclusion

The results of this analysis, while not
exhaustive, are sufficiently developed to be
useful in the design of vertical antennae with
radial conductor ground systems, The work has
shown that the input impedance of the type of
antenna discussed is dependent mainly on the
nunber and the length of the radial ground
conductors and on the conductivity of the ground
in which the wires are buried., The dependence
of antenna impedance on ground wire size is
shown to be very slight. It may be concluded,
from this discussion, that a sensible design
criterion for an optimum ground system is
attained by a suitable choice of number and
length of ground wire radials so that they will
always carry an appreciable fraction of the
total earth current,

Appendix I

Formulation of the Input Impedance

An expression is here formulated for the
input impedance at the terminals of an antenna
situated over a circular screen, The total
flux F of the vector g x over a surface
surrounding the antenna is given by

- -
F = ExH.n ds €D
s
where 3% is the unit outward vector normal toS ,
As is customary in other px'oblemss of this type,
§ 4s chosen to be a slender cylindrical surface
of vanishing radius p concentric with the an-
tenna so that h
L
> - ATT
F ¢—>° () Eb H‘f A » (51)
(-4

It then follows that

%= L [’ é:g E, I Ay (O

(’—?o
w a
It is now convenient to let, E4 = Fy+E,,
where E,° 1is the corresponding va%lue of the
electric’ field for a perfectly conducting ground
plane and E.* 1s the change of the field to
account for €he finite conductivity in the soil
and the ground system, The impedance increment
AR, is then given by




h

-1 - L a
B2c7 - T\E T0D 4y
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= %_I‘ ;;(cu+ )I(})c\’b (>
’ e
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Since “ * is a solution of the wave equation
0

H; (e =ST.(\()e~%%-F N4 (>3)
for B 20 ° , where da=(N'+ X:) .
From Maxwells eq\‘:gtions it is seen that
Eeo-T gs.o(,)#(\) TR WA YD

and by applying the Fourier-Bessel theorem it
foliows that o©

N %q. §3'( \(") Eo(¢>9 ('J(' G

This equation for 'f'(X) can then be substi-
tuted back into equation (35) to obtain an
expression for Ht‘ (p-3) in temms of £,(r,e) .
It is also noted that 3 ()\¢) can be replaced
by X(;/,_ as f tends to zero so that

OO0 o

T Hen: B

(=2e

Qﬂ OO 4 Eiopde

2 ©
,(o o '(53)
and introducing Sammerfeld's Integral

&0 ,'IA
‘t-(.b -t _ | 'S -'A -X'(S’()
Soe, us X3-(\(;)JX —(2/«(’) e (39

the integration in equation (38) with respect to
A can now be carried out to give

N . [~} ’X°($"(’;’)‘h ' o
H+ (GSE 'lfg% -e'—,_T_-/.. Ee(e: ¢ dp
*7.)°C (5267 D)
Inserting this expression into equation (3k)
leads directly to equation (2) for the input
impedance increment,
Appendix II

The Approximate Boundary Condition

Jien

(Gnds

The magnetic field in the ground outside the
screen is a solution of the wave equation

(A-¥)He(en -0

and therefore

8L

Hy (237 -’%guj, Qe Tpo) O

o
2z 'I‘-
for » £ 0 and where LL=O\1* s ) R
The electric field is given by
[« <]

- - “¥
£ - _;LS «S, O T p d)

The binomial expansion of w«w 1is of the form

71 y(u > )

>y
so that

E :‘-3{ ,S,Ur)e"”’f(» \JX
‘ 7 S; 4v

. “%¥ 3
53 00e TPV L

(aV
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Now the differential equation for 3_, is given

by
( = \>\ )3,(&(»):0

2 VD

X ¢ 2p Go

so it readily follows that
T3

” £+ ‘fcyut w oy s

(4%)

The second and remaining terms are negligible
if the propagation constant of the ground is
sufficiently large and if H¢ 1is not varying
too rapidly with ¢ , That is, pH¢ should
not change appreciably in a distance equal

to [ ¥’/ in the radial direction,

Fe =-1H4 -
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SOME INFCRMATICH THEGLRY ASPECTS OF PROPAGATION
THROUGH TIME VARYING MEDIA

by

Joseph Feinstein
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vashington 25, D. C.

Aostract

The -hannel capacity of a communications sys-
tem Ji.ich utilizes WJave propagaticn through a tine
varying medium such 2s the ionosphere or tropo-
sphere is evaluated in terms of the statistical
properties of the meaiun 2nd of the ncise. The
signal fading in such a cycteu reduces the capacity.

Information theory councepts are broadened to
in~Lude the possibility of multiple reception at
spaced receiving sites, and the consequent increase
in theoretical channel capacity is cowputeri as a
function of the number of cuch sites. Current
practices in the use of diversity reception and
Jirect._onal antennas are exanined in the light of
these resalis.

Introduction

The -onventional treatment of the capacity of

1 communications channel given by inforumation theory
postulates steady signals contaminated by noise
daring the transmission process. In a 4ide class
of systems, however, there is another effect Wwhich
tends to cegrade information: the signal fading
arsociated with transmission through a time-varying
wedium. This is present, for example, in all sys

" teas utilizing space propagation of waves through
the ionosphere or troposphere.

To compensate, as it were, for this effect the
relatively large region of space occupied by the
signal field when a propagation 1ink is utili.ed in
a communicotions system introduces additional
degrees of freedom into the reception process.
‘hile cemi empirical methods of taking advantage of
these vegrees of freedom, kncwn as diversity, have
long been known in the art, no standards are avail-
able against which their performance may be judged.

t it tne Jeneral purpose of this paper to present
a funéza~ntal approach to tne problem ov transuls
sion through tiue varying weCia, utilizing the
forwalica of inforaation theory. The probleus
trea’.c] have been limitec to calculations of ideal
c¢hannel capacity, rather than to a cunsideration of
~he effects of fading upon spezific modulation uiys
“cuw. The resultc serve, however, to indicate Lhe
funcawental liwmitations present .n this type of
comawnicaiions link.
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. aaplitude received,

In Part I crannel capacity is evaluated for
the conventiona. single point reception of a faaing
signal in the presence of noise; several types of
fading d.stributions and fluctuation characteris-
tics are considered. The generalization to gulti-
ple receiving elements is developed in Part II, and
applieda to an examination of directional and diver-
sity reception.

Part I. cingle Point Reception

L. uature of the Received Signal

The physical distinction between fading and
noise as mechanisans of signal degradation is evident
from the fact that noise is received iven in the
aboence of a transmitted signal while fading ef-
fects act to modulate the signaLr. The resultant
y , when signal = is sent is

of the fora:

é’_‘

wvhere M it

AM + N (1)

tne fading wmodulation factor, and N

is tne noise. The statistical characteristics of
the raniom variable . are, of course, related to
the fluctluations of the transmission meuium. The
conditions which the probability distribution p (i)
must satisfy are:

Jis lo(n)JH= /
(o nepen it

The first follows from the cefinition of probabil-
ity anc the second from the requirement of constant

(2a)
(ep)

average porer. 1f we take p{i) to be of norual
foru: 2
- (H-d)
M) : s e
ﬁ{ T mfan G)
then to satisfy (2v), A = Ji- > (&)

For u <<1,
tribution with a mean of unity; for

_MA

d 2~ 1, anC <e obtain a Gaussian dis
n 1,

£,(1) * v_’éq'n" ¢ (5)

The first of these agrees with experimental obser -
vations on ionospheric signals under conditions of
shallow fadingl, while the gecond occurs under con
ditions of Rayleigh fading. In the interwediate




region the normal form no longer holds, but is re-
placed by an expression involving Bessel functionsk
We shall restrict our applications to the two limi-
ting forms above since they sServe to illustrate the
types of behavior obtained and possess the merit ol
mathematical simplicity.

Consideration of the remaining property of
which we shall require, its rate of fluctuation with
respect to the sequence of signals which constitute
a message, will be deferred until section 5o

We make the conventional Gaussian white noise

assumptions for N , so that: .
2
- Y
pN - =€ g (6)
] q, o
where 0;: is the average noise power.
2. Channel Capacity Formuiation Uncorrelated
Fading N

For a message consisting of n discrete sig-
nals we may write the expression of Shannon2 for
rate of information transmission in the form:

= - Ay

where conventional notation has been employed for
the joint and conditional distributions. To convey
waximum information the successive A's should be
independent of each other. Since the noise contri -
butions to each signal are also independent we may
write the joint probability distribution of all the
A's and y's as a product of individual distribu-
tions for each pair (A,y) provideu the fading factor

(7)

M 1is uncorrelated on successive signals. Un.er
these conditions (7) reduces to:
’4)
1 ﬂl P(ﬂ ﬁu—
© '”ﬁ‘l J ’3)17 P(y) (8)
and making use of the reiations:
P(Ry) = f, (1) P (Al)) )
P(y)- }(’H)/” (9b)

P(#ly)- //; M) p,(4-Am) d# o)
we may proceed to evaluate C' once we have select-
ed specifiec forms for Py, and Py To obtain the

channel capacity the distribution function of the
transmitted signal A should be such as to maximize
C'. For the case of a non-fading signal in noise

it has been established? that a Gaussian Py is

optimun. It may be shown that this choice contin-
ues to yield maximum transmission rate in the case
of shallow (displaced Giussian) fading®. For
Rayleigh fading, the derivation of the maximil form
of py , subject to the condition of ecanstant var
iance, is given in Appendiyx A; rince this distribu
tion is physically unrealizable we shall assume a
Gaussian form for pp here as wsell, so as to have
a basis for inter-comparison of our resuits. e
way not, however, call C' the channel capacity
in this case. We now proceed to evaluate C' for
the two cases.

Do Evaluaqgggfgl}¥§¥g§§;{_;_Qgggrrelqgggwﬁggggg

For Gaussian fading, (10) becowmes:

2 an)
- - 0772

porly)=] 22 e i (1)

T
9;2),,
' e - (‘;‘f',"‘j

= ﬁm (11a)
Substituting in (9):
T
S (y-%)
"o/l - a,ﬁ-r”se - J%E';T‘k‘)
P(ﬂ):[m ¢ (1)

In view of the fact that w << 1 for this
formulation to apply ~e assuae GE> my il
the effect of noise predominates over that of fad

ing. There an approximate evaluation of (L2) Leads
to:
b N
~ e 205+ ()
PO e (12a)
Inserting thece quantities into (8), ¢’ becomes,
to the same order or approximnation:
0_.7.
‘4 M __r . ) 51
C 5— ,ZJ (14' 5;"—#-)""6;‘ ( 3)

The form of this result enables a siuwple interpre
tation to be drawn of the effect of shallo~ fading,
viz. that the effective noise po<er is increasea by
me x the average signal pover, the tctal effestive
signal pover rem:ining unchanged.

For Rayleigh fading, (10) becoues:

P(”/y):jw%’—?e_

{
T e—_—
Vair 6;%8")
Substituting in (9):

* The form of eq. (12a) admits of this interpre
tation.
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If one Jere to assume the noisc pover to be
rmuch greater than the signal power, the same type
approximation as wWas made in (12) could be intro-
duced here, and wculd lead to the result C' = O.
However, since such an approximation is valid only
for signal to noise ratios much less than unity, it
is of dubious interest. Instead we make the more
physically interesting assumption that the noise
po~er is much less than the signal power, so that
J4e may set G:' = 0 , and solve for the effect of
fading alone in the usbsence of noise. Ej. (15) then

(15)

yields:
.k (‘jLL)
P(;) - ”_0; o 071 (153)
where {s the wmouified Hankel function. Evalua-

K

tion of ?8) then yields a pure numeric*, independent
of the signa. power as one aight expect:
C'/n = 0.500. Cne 1y express the effect
upon the rate of information transmission in terms
of the cignal to noise ratio which yields the same
value of capacity by equating this result to

Va G+ Wy&i} , noting that natural base loga-
rithms are to be employed. This procedure gives

of fading

V)

1) = .
lﬁ; 1.72
powser ratio.

as the equivaient signal to nolse

The zssumption of unccrrelated I values for
neighboring cignals made in this section, represents
the #“orst possible situation from the point of view
of degradation of information. Vle now proceed to
consicer the case where I possesses Soume degree
of correlation from point to point, and then to
inqaire into the factors +hich determine this cor-
relation.

‘4. Evaluation or Capacity  Correlated Fading

In the general case we may write for thz con-
ditional probability distribution of the A's and
y's @

Pl A5 3.)7 [dnpeg an)

YJJHanZ(nJHz)ﬁ/ (’L'ﬂz"z) ceeer X
JIh (Rl B

where the pL%

(16)
express the dependence of a given

¥, uporn the preceding (k-1)M's. It seems reasonable

o e | K O) Ly ktlby

evaluated numerically as -0.22).

which arises here was
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to take a multivariate normal form for the condi-
tional distribution of M . 1In view of the com-
plexities attending such a choice we make the fur-
there assumption that M 1is a first order Markoff
process, thus restricting ourselves to bivariate

distributions. For Gaussian fading thend:
T
_[met-p |
R o NI Y
fa (™ &_,]H;)— ﬁ‘ ("hl"@)'e B (7
e ez h
Wwhere F is the correlation coefficient between

successive M's. The evaluation of (16) with the
foru (17) has been relegated to Appendix B. For

¢<< 1 , one obtains a reduction in fading var-
iance mé , by the factor (1- P2). Difficulties of
integration have prevented evaluation for other
rarges.

For p=1, a possible choice for may be

obtained by taking M to be perfectly correlated
in groups of gq points, and uncorrelated between
these groups. Then employing a delta function
representation of pMk 3

Pl Afy, - )= PO Ayly, )~
X P P9 By}

p(A, Al g) [in,t, (n)F, (3,-A M)
v e ,j}nz C“(Hl' ”.)ﬁ, (iz'ﬂ‘ "g)

(19)

(18)

For Gaucsian fading an approximate evaluation of
(19) leads for large gq to a form similar to that
obtained for uncorrelated fading but with an ef-
fective noise power given by (see Appendix C):

L oL W
T (V) e
The channel capacity is then found from (13) by
replacing the fading depth factor me , by

,)“L

TEr(§) A The value to be chosen for
q 1is related in a general way to the rate at which
the correlation curve falls off with s1gnal element
separation.

(20)

For the case of correlated Rayleigh fading,
if the effect of the fading is reduced below that




of the noise as a result of the correlation
[6;1>> 6;; (/'f')J then the above expressions are

applicable, with m =1 ., If, however, the fading
still remains the douwinant factor in degrading in-
formation we encounter some difficulty. For if
noise is neglected then the function formula-
tion of the preceding paragraph leads to an infi-
nite channel capacity. This is not surprising in
view of the infinitely fine gradations which may be
distinguished in the ratio of two completely unper-
turbed signals.

For a bivariate normal distribution of p“k 9
and neglecting noise, correlated R yleigh fading

leads to: N
A
"'/’ F X
O~ P %) e NS )
X e_ e

[
B

p el

(21)

Difficulties of integration prevent us from obtain-
ing P(yy, ¥pr --- ¥,) explicitly. For f<< 1,
however, it is reasonable to assume that thls y-
distribution is not materially affected by the cor
relation. The increase in transmiscion rate over
the uncorrelated case then takes the form:

1 1-‘ ———" -
AC = 'ET/éL3 1=p*

5. Nature of Fading Correlation

(22)

In the precedin; section we have introduced
the symbol ¢ to denote the ccrrelation of tne
fading variable i between aljacent signal ele
ments of a message. Now it is well known® that a
message of duration T , and occupying banleiath W,
requires 2T4 values, or-signal elements for its
specification. Consequently the signals correspond
ing to such a message are spaced at time intervals

1, Then if M does not vary with frequency over

22
the band W , P is simply the autocorrelation func-
tion of M, evaluated for a time displacement

— . In the more gencral case, however, I

LiLy

vary with frequency as well as +ith tine; we there-
fore deTline:

Gl)= fo, [ Mo srele

(23)
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One may obtain a crude va.ue of f uhen selective
fading is precent by dividing the band ! into
sepgments of width Pos “here p, 1is the frequency
interval over which the fading remains fairly well
correlated. Then in each of the subdivision. the
sampling rate is 2pg signnls/secona, 5o that P
is aguin the autocorrelation function of 1, but
now evaluated for a tiue displacement 1
Zvg

Since this time interval is crecater than 52 0

P Will Gecreasc, as expected. A more acourate
approach has as its point of ceparture, Jhe Fourier
expression for a signal u. the sum of its frequuncy
conponents:

ste) = f Q&C’J("J‘T" Q) (ok)
1
Ji.ere the frequencies arc -~paceu at intervaic E .

Fer subdivicions of bunwriuth f’ iz given by:

S, see) M(t) S(t)M(st ]
/;’, = ﬁ; 7—’/# s(t)s(t)
(«3)

1
where L’=t+§3 ; inserting (24):

Since the ¢y are ranaom anc independent for trans-
micsicn of maximum informution, the suuw of cross

product terws arising from -2 way be talien
¢35

as zero. Then:

Replaring the summation by an integration ac
we pass to the limit T = s And mariuizing sith
respect to »:
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I (’,(w, C:‘;f’) C/.:j‘f’ ;!U
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© . .
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(26a)
As an example, we take
X gf‘
Tt 11
Colw,t) = € 75
(27)
and let p = XPg then
t > X
-(D—Ef:’“) QX - M X 42
= B [ 4 - Jx€ T
f(l) e/_//__'_._ 'y + ¢
1+4 X
(28)

The optimum fraction x is plotted as a function of
the 2p°‘t5 product in Figure 1la, end the corres-

poniing maximum £ is shown in Figure 1lb. Similar
curves are given for an I correlation of the form

cocu;c):e"c""e“%’l

the dependence of the results on the specific form
assumed. These curves make it clear that there is
.an optimum manner of subdivision of a band W, >

py » for a given set of fading characteristics.
It iS also to be noted that as 2poTo falls below
unity, £F#—> 0, even for optimum subdivision.
Consequently the results of section 1, which assum-
ed no correlation between adjacent points, are valid
for 2p°1‘ somewhat less than one.

, to illustrate

o’

cuch small values of poTg raise certain
questions regarding the operational significance of
the definition (23), wherein an envelope comparison
of two continuous signals, initially transmitted on
frequencies Wg and W +W , is visualized. This
requires that the bandwidth of the receivers be
sufficient to admit the modulation frequencies pro-
duced by the fluctuation of M . But for e tempor-
al correlation interval T o’ modulation frequencies

of order i}_ Consequently separation
o
of the two signals becomes uncertain when their fre-
quency difference '/ falls to 1 ; thus it becomes
To
impossible to distinsuish frequency correlation in-
tervals po< — > if both signals are received
T

(o}

are present.

at the same point in space., Conceptually, how-
ever, it is possible to visualize an ensemble of
identically fluctuating systems so that the signals
are separated physically. No limit would then exist
on the detectable frequency separation. In any
event the exact values of P, and ’fo are no
longer of importance once théir product has fallen
below unity. It is interesting to note that

2po T, ~# 1 has been identified by Gabor™ with

a quantum, or elementary cell of information.

6. Finite Transmission Time Viewpoint

To realize channel capacity, infinite trans-
mission time is required. It seems reasonable to
view fading as destroying the channel coherence
periodically, and therefore as acting to shorten
the effective time of transmission of a message.
One would expect this viewpoint to be applicable
only when fading is not the dominant factor limi-
ting channel capacity, and to be related to the
delta function correlation assumption in section L.

The following treatment takes as its point of
departure the expression given by ghannon? for the
probability of uncertainty of each bit of a re-
ceived message whén a finite transuission time is
employed:

]

/}vz.'l

where = C-R , C being the channel capacity and
R the actual rate of information transmission.
The equivocation produced by this undertainty,

He- 2bAq

where the summation is over all the possible states
of the system, represents the diminution in trans-
mission rate and is therefore equal to '1 , when
expressed on a per second basis:

VE -;W[fl'af’ + ("f’)l?("(’)] (31)

Inserting (29), and setting Ui =2Wg , so that g
is reckoned on a bit basis:

(29)

(30)

g :[(JTW)J . (zT‘V)j_ {/‘J-(N”},ﬂﬂ/‘fﬂ:g)]

Wle may now insert the correlation interval T opo

for TW , and solve this transcendental equation
numerically for g as a function of 2‘$o Py -

The results have been plotted in Figure 2 in terms
of the db reduction in signal to noise ratio below
that of an ideal channel. Equation (20), with m=l
and q = 2 TP, has been similarly plotted for com-

parison. The nature of the reasoning leading to
(29) is such that one would expect the results to




be meaningful only for fairly large Top, . Com-
parison of these curves indicates that the two ef-
fects are only qualitatively similar. The reverse
dependence upon initial signal to noise ratio is
especially noteworthy.

Part II. Multiple Element Reception

1. Space Characteristics of the Signal Field

We turn now to systems of information trans-
mission which utilize relatively unguided wave
propagation through unconfined media. To evaluate
the performance of such systems requires a general-
ization of the treatment in part I. To this end it
is desirable to introduce the notion of angular
pover spectrum of received energy, and the related
concept of a ground correlation pattern®. Briefly,
the medium inhomogeneities whose fluctuations give
rise to fading also tend to destroy the phase co-
herence which is responsible for confining the re-
ceived energy to a cone of angle determined by the
Fresnel zone geometry for the system. As a con-
sequence power may be received over a very much
wider, and fluctuating angle when such inhomogenre-
ities are present; the angular power spectrum P()
gives the time average powver received at angle O,
measured from the specular direction.

Because of the finite distance over which the
fluctuations within the medium are correlated, the
correlation between signals received at any two
points near the ground will fall as the points are
further separated. The correlation of the signals
as a function of their spacing, known as ghe ground
correlation pattern, has been shown to be® the
Fourier transform of the angular power spectrum.
For an antenna with pattern factor F(0) set noise
Ng , and antenna noise field Ng/unit solid angle
(assumed isotropic) the signal to noise ratio is

given by:
[ ree) Fre)da
W o mfeed
v AF Mfr/e) /3

For antenna noise predominant over set noise this
has a maximum value Pm/Na » where Pp 1is the max-
imum power density in the spectrum. In practice of
course there is not much point in obtaining greater
directionality than that which corresponds to the
angle between, say, the half power points of P(9).
The reason little further gain is obtainable is
directly related to the fact that a more extensive
structure will occupy a region greater than that
over which the signal remains correlated, so that
phase incoherence sets in. A new effect then arises
termed diversity reception.

(33)

We visualize the simultaneous reception of the
transmitted signal on a set of elements, each of
which may be a directional antenna (for optimum
performance), the spacing between elements being
greater than the correlation distance at the receiv-
ing site. Consequently the fading of the signals
received on the individual elements is uncorrelated.
Since the correlation distance of the noise field
is generally much smaller than that of the signal

field, the noise component of the signals is also
assumed uncorrelated. In this connection it
should be noted that the use of a directional an
tenna may alter the fading characteristics of a
recejved signal. A well known example of such be
havior is found in the so called IfUSA antenna,
employed to select a single ionospheric mode so

as to reduce the selective fauing which arises
from mode interference. This situation corresponds
to the existence of several maxima in P(0), one of
these being selected by F()

In the next section we deduce the increase in
channel capacity which results from multiple re
ception, with our two types of fading, anc Jith
various resultant signal selection laws.

2. Channel Capacity With Diversityugggeption

Give a set of ,( independent signals:
Y1» Yo e+« Yp corresponding tc a transmitted signal
A, we are faced with the problem of selecting a
method of comblining the individual signals. It
would be desirable to choose this la. of combina-
tion so as to minimize our error of determination
of A . This problem is well known in statistics;
for minimization of the variance of the distribu
tion of the combined signal A , the method of
maximum likelihood is appropriate This method
Yields for a Gaussian distribution (displaced from
the true value A) of the individual signals:

£
F=5¢7d

i.e., the arithmetic mean of the instantanecus sig-
na}s. For the case of Rayleigh faaing accompanied
by noise, as specified by eq. (l4a), one finds:

- "éhl"aj

”2 j&:l

a root mean square, or demodulated type of combina
tion. ‘'le shall examine diversity systems cbeying
these optitum combinational laws, as well as
certain other’ which are of interest.

(3%)

(35)

Ve consider first the case in which each re-
ceived message element is taken as~the arithmetic
wean y, , of the individual signals Y1, ¥
<+ Ye corresponding to a single transmitted Sig-
nal A . Then for a single nessage element:

P(al.) :f']/J, n »G,,/ X .

Y p (Aly,): {o(ﬂ/;z) r(”/j'l-[[’"’"“k-' o)

For Gaussian fading this yields:



Y :
P(”/ﬂ):()@:g)"f{' ”T,?u){ (37)

where (lla) has been employed for each p(Afy) .
The reduction in variance by ‘(? leads to the
increased capacity:
2
G N

= 2y (v B

for uncorrelated fading on successive transmitted
message elements. This result may be viewed as a
decrease in effective noise power by the factor L.

(5%
(5,

(38)

Applying (36) to Rayleigh fading we get a
similar reduction in variance:

Aic'{
FY

increase in capacity
s yy& leaves the

- ' -
Ply): wlam T ) (39)
but this does not lead to any
because the transformation u
expression for C’' invariant. Physically this re-
sult is traceable to the mean value of zero asso-
ciated ~vith this type of distribution.

Using the optimun cocbinatorial law for

Rayleigh fading specified by (35), with @, =0,
+se ootain for the agithmetic mean of square law
demodulited signals®™:
ﬂ/t_ I’Xl
(A&) - T4 - £l
- — 2 x
P(ll) = — 2
r(4) o)

1
P(”/Jl) is obtained
The distribu-

The conditional distribution___
from (40) by setting X, = yE/AZ 5

tion of yf becomes:

kY é/ il
c ) AL
S /A, /ﬂe'%‘-,[i),—e S
PI3) gl [ ATCE)” 7 o
= \#!
{3)
Ny e —
) ﬁ e'f’f;‘ﬁle‘ﬁg“)‘;(}ﬁ‘) (b1a)
’Jl‘/'(’/{) fﬂ‘ < UR
for even, where FQ(X) =1, Fu(x) =1+ i ’
F6(x) = z + 22 + L.
X

The integrals which arise in determining C' can be
evaluated9 in terms of the gamma function and its
logarithmic derivative, plus some numerical inte-
gration occasioned by the presence of the F func-
tion. It is because of the labor involved in these
numerical integrations that £ has been taken up

to six only. The resultant values of transmission
rate are tabulated below; for comparison, the single
element case which as might be expected yields the

same value of C' for the variable y12 , as for /
y1 , the variable considered in part I, has been ‘
listed. ;
£ C' its/messag |
units/message element |
1 £0.500 |

2 0.69%

4 1.01

6 1.20

/( we may mske use of the cen-
(40) by the Gaussian

For large values of
tral limit theorem to replace

distribution:
A GY
P(%) (4 e (k2)
sc that
00 4" qf-n‘/L
— //” T L [L LT F’jf?‘
P(E) ’f«gﬁré' “plae " Mo
~Do
for A>>1,
h 2, .
I
ty s
P(YL) = (43a)

i.e., the distribution of ¥y, approaches that of
A2 . The chennel transmission rate under these

conditions is given by:

_ ” z 2 f 1’_1
o [HE) 4 o %5 o (  H )
9 G Fier
-
£ i';-/)L
! - s
y fﬂ?e ,ﬁ_,,__
ﬁa,, = (k)
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where E ic suler's constant. The equivalent sig
nal to noise ratio increases approximately linearly
with € , the same type of increase found for the
Instantaneous mean of Gauccian fading. The corres-
ponding increase in db of effective vignal to noise
ratio has been plotted as a function of ¢ in fig-
ure 3, for the two types of fading.

Fioally, we conslder the diversity system com-
monly cwployed today; this system selects for each
message element the maximum signal pre.ent in the
set of receiving elements. The conditional proba-
bility distribution ot this signal, denoted by ji

‘is, tor Rayleigh fading:

_,L(l‘i)b ‘747
P(”/f:):,;’%?e o [&7[(?%)] (45)

It is possible to expand the error function in a
Maclaurin series of which only the first term need

be retained if is not too large. Consequently
we replace (45) with:
4( by
A £-1 ’2{{74)
Pz {—/y' e (150)
RZ) Tar r(%)

For substitution u = /Q? (45a) becomes identi
cal with (40). Consequeﬁily the transmission rates
of the two systems are equal for corresponaing val-
ues of @ , so long as the approximation of (49)
by (45a) holds. This appears to b. valid through
For higher values of a Jdecrease in per-
formance as compared to the cptinum system upeci
fied by efficiency in the sense defined by Cromer
approaches zero.

= 4

A word should be said regarding the relative
effects of noise upon these two types of diversity.
The maximum signal selecticn systen is preferred in
pPractice because of the deleterious eftfects of
noise upon a straight averapge of demodulated sig-
nals. To my knowledge there is no system in use
which attempts to subtract off this noise in ac-
cordance with the pPreseription given by (35), al-
thoggh it may be that the variability w#ith time of

ij wakes this course impractical. In any event
it is apparent that the performance of the maxinum
selection system will deteriorate rapid.y once
signal to noise ratios in the vieclnity of unity are
reached.

conclusion
2SI

In this paper it is hoped a start has been
made on the analysis of communications systems in
which signal fading ocecurs.
distributions worked with, Kayleigh and Gaucsiun,
were chosen to illustrate situations wherein fading
is, respectively, a dominant and a minor factor;
gubsequen® approximations made in carrying throurh
the analysis were consistent with this aim. The

The two types of fading

fundamental viewpoint of information theory was
adopted throughout, so that consideration has been
limited to channel transmiscion rate calculations,

For shallow fuding it hac been shown that the
eignal fluctuations give rise to an equivalent
noive power. A quuntitative evaluation of the
rather strong degradution of information produced
by single point reception of a Rayleigh tading
signal has been precented, and the amelioration
possible with diversity rystemc has been explored,
In this connection it has been shown that for na
small number of receiving elements, the maxitum
tignal selection type of diversity performs as well
as the optimum, mean square type. The relation be-
tween the spectral and temporal characteristics of
fading, and the correlation of the fading modula
tion on adjrcent. message clenents hus been develop
ed, and his been shown to lead to an optimum man-
ner of band subdivision., Expressions for the in-
crease in transmission rate produced by partial
correlstion of the fading on successive signals
have been developed for a variety of specinl cage.,
1nd from several viewpoints, although the rather
intuitive justification for scme of the approxima
tions made make these results trustworthy only ar
order of magnitude ectimates.

dith the exception of section 6 of part I all
values of transmission rate are based upon the
natural logarithm as a weasure of intformation. T[he
more physically meaningful cquivalent db of signal
L0 noire ratio has been emplcyed on the curves.

Appendix A

Derivation ot P2 Distribution 'hich jlvimizes Tran. -
mission Rate in the presencgnfyllgnxlyighAEEQing

Plhly)
Ply)

(1)

- (Jiedy guwpeay) Ly

= Jung, /”)f/; paly ) Ly PIAT)
- J4ea) By PG) o

In ac:orcance with the me*hols of ‘he crlculu,
of variations, we add av con. Lrainte ~u-qu(A:*h S
*

AJA“p,(A) dA since we wish to mrxiwi o Jubdoe
A -

Lo the condilinne:

Joedezr o [RR@ETT

For Rayleigh rading (in the ab. cnee of ncice)s

- 3%#

PO1) = g € (ha)



Differentiating with respect to Ppp ,

Ei,[f:’quJ*/o4"“;‘41£]':

.
(ha i oot

(5A)
where
Y
P( -"—'flﬂ 4,
1= )iz € fa¢ (6a)
sc that
Ply) ),_ e
LW= )i
Ot pir (7a)
aca set (Sh) equal to zero, and interchange the

order interration in the last tera on the right,
ignoring questioas of convergence for the moment.

fdﬂ /é;ﬂ A ’Afrrjﬁe ’%P(J)j

This has th2 solution

(3a)

Ly P3)2 1) PAayaledy)

+

N

c o
2, =t = e
Ply)= 7y (104)
wrere C and A are to be chosen to satisfy eq.
(34). The y Aistribution divergec when inte-

grated over the infinite domair. as a result of the

1
(w) facter. This is related to the interchange of

1l mits performed above. ‘le may proceed neverthe-
iess by Tlul“g an cxponent v
&1L041ng v approach unity only ia our final

normalized eypregsxon" To find P, we mst solve:

‘1%{!" T
f/a p@e 3%6-”1

(lll\)

on this factor, and

By meking the transformation  _ }E the left hand
A
side may be brought into the form of a Laplace

transform.

(124)

which has the solution: !
g (a): AT L, pal<t
/;7;,7(7/’)’ P (,»,q) Vi
_— vy
(13.4)

The conditions (3A) lead to the folloving values
of parameters in the vicinity of v =1z

1ﬂ
!

UKECY)

A

= 3’7'&) 0— f(v»9
(14a)

The leading tcrm in the expression for channel
cenmacity is lcg r( l-v ) vhich becomes infinite

for v=1. Slnce N -%> 0 under these conditions,

the value of

A= b y —» ©

2N
tion function is deemed physically unrealizable.

It results from the lack of a constreint on the
maximun value permitted for A .

A having infinite probability,

Consenuently tnis distribu-

Appendix B

Upon inserting (17), ea. (16) becomes:

e
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Integrating over M, first we obtain the factor:
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w(Genhry 1+ Ay
M ’ £
{2B) at -
- = (A ye) f Re(Re- )

. ) . . ﬂrf v

e may now proceced with either of two approximatiore. l\’//_‘

For p <<1, if we neglect the factor e (M'n-l—l), ,_,.%‘fa‘"

o/,'a.
then we obtain a simple Gaussian distribution for 'Y
(yn-An) with variance

(3¢c)

The double sum glék ﬂ& ”l (ﬂ‘:ﬁ) (g_J‘) tends to

cancel if q 1is sufficiently large, since each of
(3B) its individual factors is independent and randon.
There remains:

' G =G (1)

and succeeding integrations are independent.

Alternatively, for f =~ 1, if we neglect

L) compared to unity, then after
expangmg the exponent in brackets, retaining the i wtat
first two terms and neglecting the last, successive 0 { i ) '_;;_‘4
integrations may be carried through yiclding upon 9"{’ ":é 3(«' « ol (4C)
surmation the conditional distribution of uncorre- tf‘ﬁr V'*’Z‘ J"—u R
lated fading, multiplied by the factor: N ¢ dﬂ
£
v Rk o 2 Ay,
™~ -R - 5 Cae
wxp[Z 5, 0 A et Che) ) PN
6“\‘ YN > f x o 2‘&\1. (5¢)
‘ ) 7
It has not been found possible to perform the in- d—‘r fi N a‘ 14
tegrations required to evaluate channel capacity ~ @
in this case, For large q we may set Eﬂ‘ = l(’; ; this
yields:
CREEHD Y
For Gaussian fading eq. (19) takes the form: — Z/(y(‘ ﬂi
. (3, rhe) Pl fiim P4 [
(H ! Z —_— Al > Z__E ‘ G
P= !ﬁ s oAy W~ +/ ING
7T o’(—vr £
“e0
(1c)
. .
RS LB WA PRI Ly
=l |e — ~
& i € p
. L Since the normalizing factor(\/Hk"ld}/é; )
%“ Li Bk (ﬂrk)] approaches unity at large q , as does the bracket-
xXe ¥ ed exponential factor which modifies v, s the
interpretation given in eq. (20) of the text
(2c) followvs.
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COMPARATIVE 100 Mc MEASUREMENTS AT DISTANCES FAR BEYOND

THE RADIO HORIZON

Albrecht P. Barsis

National Bureau of Standards

Boulder, Colorado

Abstract

Results of 100 Mc measurements are
evaluated in terms of distributions of hourly
medians of transmission loss. Transmitters
were located at elevations of approximately
6200, 8800, and 14100 feet above mean sea
level on the eastern slope of the Rocky
Mountains. Receiving sites were located at
distances of 230 and 400 miles from the
transmitters. Various types of antennas were
employed for transmitting and receiving. The
results of studies of fading rate and fading
range are reported for the 400 mile site by
comparing signals received simultaneously on
two different antennas, These results are
compared to those expected from the application
of the tropospheric scattering theory.

1, Introduction

The Tropospheric Propagation Research
Section of the National Bureau of Standards
has conducted a long-range recording program
on frequencies in the 100 to 1000 Mc range over
a path extending eastwards from Cheyenne
Mountain near Colorado Springs, Colorado, —
As a part of this program, receiving stations
were set up and operated at distances far
beyond the radio horizon in order to investigate
the character of long distance tropospheric
wave propagation. This paper presents some
of the results obtained during two recording
periods: one during August of 1952, chosen to
represent a typical summer condition, and the
other during February of 1953, chosen to
represent a typical winter condition,

For the experiments described here the
frequency of 100 Mc was used. All transmissions
were continuous wave and horizontally polarized.
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A fixed 2 kw transmitter located at the
Cheyenne Mountain Summit site was used
alternately with a mobile | kw transmitter
which was located most of the time at Camp
Carson near the base of Cheyenne Mountain,
but during August 1952 was also brought to the
top of Pikes Peak. The antenna elevations
above mean sea level are 8805 ft. for the
Cheyenne Mountain Summit site, 6260 ft. for
the Camp Carson site, and 14115 ft. for Pikes
Peak. The receiving site at Garden City,
Kansas is approximately 225 miles from the
transmitters, and at an elevation of 2860 ft.
above mean sea level, Corresponding data for
the Anthony, Kansas receiving site are 400
miles, and 1335 ft,, respectively. Fig. 1 is
a pictorial representation of the path showing
also other sites not considered in this paper,

From August 6 to 13th, 1952, the trans-
missions were alternated every hour between
the transmitter on Cheyenne Mountain and the
transmitter at Camp Carson, After the mobile
transmitter was moved to the top of Pikes Peak
transmissions from this point and Cheyenne
Mountain were also alternated every hour.

This covered the period from August 14 to
August 20th,

For the 1953 recording period (Febru-
ary 20-27) only the Camp Carson site was used
alternately with Cheyenne Mountain, and the
individual transmission periods were two or
three hours. The following is a list of all
recording periods and paths used in this study.

Aug.6-13,1952 Cheyenne Mt. -Garden City
Cheyenne Mt, -Anthony
Camp Carson-Garden City
Camp Carson-Anthony



* Aug.14-20,1952 Cheyenne Mt. -Garden City Receiving Antennas Gain in decibels

Cheyenne Mt, -Anthony relative to
Pikes Peak - Garden City isotropic radiator
Pikes Peak - Anthony
Garden City Dipole 2.15
Feb.20-27,1953 Cheyenne Mt, -Garden City Anthony Rhombic 16.3 (Aug.'52)
Cheyenne Mt, - Anthony and
(Rhombic) 18.5(Feb.'53)
Cheyenne Mt. -Anthony (Yagi) Anthony Yagi 11.8
Camp Carson - Garden City
Camp Carson - Anthony
(Rhombic) 3.Basic Transmission Loss and
Camp Carson -Anthony (Yagi) Angular Distance
2. Transmitting and Receiving Antennas It has been found convenient to express
radio propagation data in terms of basic
As one of the principal purposes of this transmission loss and a parameter © which is
paper is to compare performance of various termed angular distance, The concept of
antenna systems, a detailed description of the Basic Transmission Loss is explained by
antennas used is necessary. reference to Fig.2 which shows the relation-
ship of various system units, all of which are
The Cheyenne Mountain installation measured or expressed in decibels. The un-
employs a 90 degree corner reflector fed by a corrected transmission loss, L'/, is the
folded dipole. This antenna is mounted on the quantity actually measured which is the ratio
side of a 100 ft. steel tower, and by its location of the power leaving the transmitter to the
on the sheer slope of the mountain. simulates power available at the receiver terminals. The
an airborne transmitter. other quantities shown may be derived there-
from if the line losses of the transmitting and
At the Camp Carson site a 10-wavelength receiving systems are known, and if the
rhombic antenna was constructed about 40 ft. measured free-space gains of the antennas
above ground level, Due to space limitations are assumed to be valid for the particular
on Pikes Peak a 5-element Yagi antenna was transmission path, Basic transmission loss
employed there at about 20 ft. above groundlevel. is seen to be the sum of the measured trans-
mission loss corrected for line losses and the
The Garden City receiving site is antenna gains, and thereby constitutes the
equipped with a 100 Mc dipole antenna approxi- transmission loss of a system in which the
mately 18 ft. above ground level. The Anthony transmitting and the receiving antenna are
receiving site has a rhombic antenna similar both considered to be isotropic. The quantity
to the one used for transmitting at Camp Carson. B may be termed basic transmission loss in
During February 1953 the Yagi antenna described free space, and depends only on distance and
above was also used for reception of the 100 Mc frequency._z_ For an attenuation relative to
signals at Anthony. free space A decibels, basic transmission

loss is the sum of B and A.
The following tabulation shows the

measured gain in the horizontal direction of If it is desired to transform basic trans-
maximum directivity of all antennas in decibels mission loss to decibels above one microvolt
relative to an isotropic radiator. Actually the per meter of received field (for one kilowatt
antennas were measured by comparison with a of effective radiated power), the relation
dipole which has a nominal gain of 2. 15 decibels
relative to an isotropic radiator. F - 139.4 +201o0g f . - Lpg
Transmitting Antennas Gain in decibels may be used.

relative to

isotropic radiator The angular distance © is best explained
Cheyenne Mt.Corner Reflector 10,0 by reference to Fig. 3 which shows © for the
Camp Carson Rhombic 18.1 actual paths under study, as well as for a
Pikes Peak Yagi 8.5 smooth, spherical earth, The terrain profile
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in the great circle plan between transmitting
and receiving antennas is plotted on the basis

of an earth radius four-thirds times the actual
radius thereby taking into account standard
atmospheric refraction. The angle between
lines drawn from the transmitting and receiving
antennas tangent to the actual horizons is the
angle ©, and it may be easily seen that it is
also a measure of the scattering region which is
thought to be responsible for the existence of
signals far beyond the radio horizon, > Fig.3
also illustrates the change in location of the
scattering regio'n with the height of the trans-
mitting or receiving terminal, The term "angu-
lar distance' for the angle © is derived from
the fact that for a smooth spherical earth it is
proportional to the distance between horizons.

4. Analysis of Hourly Median Data

The 100 Mc data for the recording periods
listed above were analyzed principally to yield
hourly median values of basic transmission loss
for each path, In addition thereto, a 48 hour
period (February 24-25, 1953) has been selected
as a basis for more detailed studies of the
simultaneous reception on the Rhombic and
Yagi antenna at Anthony,

For each path and each recording period
a cumulative distribution of hourly medians
Wwas computed and plotted on logarithmic pro-
bability paper. Samples of such distributions
are shown on Fig, 4 illustrating the distribution
of hourly medians at Garden City for the period
February 20-27, 1953, 1In our studies we chose
the difference of the values exceeded by 90%
and 10% of all hourly medians (sometimes called
the "interdecile range') as a measure of the
variations of transmission loss. These values
were determined for all recording periods and
paths. The 50% value and the interdecile range
are plotted versus the angular distance © on
Fig. 5. The trend of the 50% values (or overall
medians) serves to illustrate the usefulness of
the © concept in evaluating long-distance pro-
Pagation data. The trend shown indicates that
there is a pronounced seasonal effect with
increasing ©. This seasonal effect is even more
striking in a study of the range of hourly medians,
The interdecile range shown varies from 4 to 6
decibels in February to more than 15 decibels in
August, with its maximum appearing for a
value of © appropriate to the Garden City
receiving site,
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The number of hourly medians meas -
ured during the recording periods described
in this paper was not sufficient to permit an
evaluation of diurnal variations.,

5. Comparison of signals received
simultaneously on the Rhombic
and Yagi antennas at Anthony

a, Detailed Study of the February 24-25 Data

For the period of February 24-25 the
records from the receivers connected to the
Rhombic and the Yagi antennas were analyzed
using a basic period of five minutes., For each
of these periods a cumulative time distribution
of transmission loss levels was obtained and
plotted on specially designed graph paper (as
shown on Fig. 6 for the hour midnight to
1:00 AM (February 25). Inspection of this
figure shows that the distributions plotted in
this manner approximate straight lines with
negative slopes close to unity. The graph
paper has been designed in a way so that a
Rayleigh distributed variable will appear as a
stright line having a slope of -1, It is thereby
shown that transmission loss levels for short
periods of time are Rayleigh distributed, Thus
the signal received by the antenna appears to
be the vector sum of a large number of com-
ponents of random phase with its total energy
constant over the short time period consid-
ered =/ - a result which is now commonly
ascribed to scattering within the volumes
defined on Fig. 3. The average of the twelve
5-minute distributions is also shown on Fig.6 .

The median for each of the 5-minute
distributions served as a reference level for
determining fading rate. Of many possible
definitions it was found convenient to define
fading rate as the number of times per minute
the signal trace crosses its median level with
positive slope. This is also the number of
signal excursions per minute above the median
level. Fading rate values obtained in this way
were averaged for each hour of record, Fig.7
shows the average fading rates plotted versus
time for the four paths, The appearance of
the graph suggests that the fading rates are
correlated, and calculations show that for
the signals received simultaneously on the -
Rhombic and the Yagi antennas the correlation
coefficient of the average hourly fading rate is
0.847 for Cheyenne Mountain transmissions,



. and 0,890 for transmissions originating from
Camp Carson,

If the overall two-day average fading rate
is plotted versus the combined transmitting and
receiving antenna gains (see Fig. 8) the appear-
ance of the graph shows the fading rate as a
function of the gains as well as a function of ©.
It has been shown by S.O. Rice that the fading
rate of the received signal is a function of the
r. m.s. velocity of the scattering elements
drifting relatively to each other within the
scattering volume. 4:2/ In reference 4, Rice
gives a relation between thedrift velocity of
scatterers and the fading rate of the received
signal on the assumption of small scale turbu-
lence. Although the atmosphere does not satisfy
the condition of small scale turbulence, we may
nevertheless get an order-of -magnitude estimate
of the drift velocity of the scatterers by using
Rice's formula. The observed fading rate may
be used to compute the r. m.s. drift velocity in
accordance with the following expression (based
on the assumption that the signal is Rayleigh-
distributed),

A N

177 sin _©

where u is in meters per second, N is the
observed fading rate per minute, X\ is the wave
length in meters, and © is the angular distance
defined above., The observed average fading
rates are tabulated below, together with the
r.m.s. drift velocities derived therefrom.

Path N e u
fades/ milli- meters/
min, radians sec.

Cheyenne Mt. -

Rhombic 5.1 58.5 2.95
Cheyenne Mt. -Yagi 5.2 58.5 3.01
Camp Carson-

Rhombic 3.6 68 1.79
Camp Carson-Yagi 3.9 68 1. 94

This tabulation shows that the drift velocities
derived from the fading rates are smaller for
the Camp Carson path which corresponds to

a scattering volume at higher altitude. (See Fig 3)
The distinction between simultaneous data from
the two receiving antennas is less pronounced if
fading rate only is considered.
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b. Comparison of hourly medians received
simultaneously on the Anthony antennas

In comparing hourly median values of trans-
mission loss received simultaneously on the
Rhombic and Yagi antenna, all available data
for the entire February 20-27 recording period
have been considered, It should be kept in
mind that the two antennas are at approximately
the same height above ground, and are spaced
about 60 ft. apart horizontally in a way so that
interaction between the antennas is minimized.
Fig. 9 shows the relation between the hourly
medians received on the two antennas in the
form of two scatter diagrams- one for Cheyenne
Mountain and one for Camp Carson trans-
missions. Each point on each of the diagrams
represents one hourly median with its abscissa
corresponding to the transmission loss received
on the Rhombic, and its ordinate corresponding
to the transmission loss received simultaneous-
ly on the Yagi. The difference in transmission
loss (or ratio of received fields) should be
constant depending on the difference in antenna
gain and line losses, and is represented by
straight lines drawn on the graph, Inspection
of the graphs shows, however, that there is
considerable scattering of points and the lines
do not seem to represent an average drawn
through the points. The computed correlation
coefficients are 0.331 for the Cheyenne Mountin
data and 0,510 for the Camp Carson data. The
additional departure of the theoretical relation-
ship shows that the measured free-space gain
values are not realized over long distance
transmission paths.s_ A cumulative distri-
bution of the differences in median values is
shown on Fig. 10 ., Normal distributions are
approximated with an interdecile range of 6.0
decibels for the Cheyenne Mountain trans-
missions, and 4.0 decibels for the Camp Carson
transmissions.

The degree of correlation between hourly
median values is thereby found to be much less
than between average hourly fading rates. Also,
the correlation for the Camp Carson medians
is slightly better than the one for the Cheyenne
Mountain medians. If this differene is signifi-
cant it points to the fact that Camp Carson
transmissions are affected by a scattering
volume at higher altitude for which drift veloc-
ities are shown to be smaller by interpretation
of the fading rate data, The scattering volume
associated with the Camp Carson transmissions




may also be assumed to be reduced in size due
to the higher gain transmitting antenna.

6. Conclusions

The results of the measurements des -
cribed in this paper are divided into two parts.
The first part concerns the behavior of hourly
median values of transmission loss for various
paths at typical summer and winter recording
periods, and the second part concerns detailed
investigation of the fields received simultane -
ously on two antennas,

Results of the first part are summarized
in Fig, 5 . The median hourly transmission
loss value tends to increase with increasing
angular distance © and shows a seasonal trend
of less increase in summer than in winter. Its
variance is substantially higher in summer,
but tends to decrease for larger values of © .

Results of the second part show good
correlation between fading rates of signals’
received simultaneously on two antennas at
essentially the same height and the same
distance from the transmitters; however, the
correlation between median values of trans -
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mission loss received at the two antennas is
substantially less than the correlation of
fading rates.
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Basic Transmission Loss in Decibels
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THE MEASUREMENT OF THE POLARIZATION OF RADIO WAVES REFLECTED

FROM THE IONOSPHERE AT NON-VERTICAL INCIDENCE

G. T. Inouye
Cruft Laboratory, Harvard University
At Present with Technicolor Motion Picture Corporation
Hollywood, California

Summary

Measurements of direction of arrival as well
a8 polarization have been made on 9.1 mc/s pulsed
transmissions over a 1300 km path from Glenville,
North Carolina to Lexington, Massachusetts. The
vertical and horizontal angles of arrival were re-
quired in order to determine the polarization of
the downcoming wave from that measured at the re-
ceiving site. Therefore, the direction of arrival
was measured in addition to the polarization.
Equipment for the continuous automatic recording
of the information was constructed; the direction-
al data being obtained in the form of two phase
measurements, and the polarization data as phase
and amplitude ratio measurements. Data were re-
corded simultaneously for each pulse of the series
of pulszs arriving for each one transmitted.
Samples of the data are shown, and the correlation
with the magnetic-ionic theory is discussed.

Introduction

Due to the presence of the earth's magnetic
field in the ionosphere, an incident radio wave is
split into an ordinary and an extra-ordinary com-
ponent, each of which propagates through the iono-
sphere according to its characteristic index of
refraction. The polarizations as well as the
indices of refraction of these two components at
any point on their trajectories are determined by
the following: (1) the direction of the wave
normal, (2) the magnitude and direction of the
earth's magnetic field, (3) the density of free
electrons, (4) the frequency of the transmitted
signal, (5) the frequency of collisions of the
free electrons with surrounding air molecules,
and (6) whether the component is ordinary or extra-
ordinary.

In particular, Bookerl has shown that the
limiting polarization of the downcoming wave is
determined at the lower edge of the ionosphere
where the density of free electrons is very small.
Hence, the direction of the wave normal applicable
to the computation of the polarization of the
downcoming wave is obtained by measuring the verti-
cal angle of arrival. 1In addition, the vertical
angle of arrival enters into the polarization
measurement in the angular relationship between
the downcoming wave and the loop-type receiving
antennas used for the measurement. Note that the
horizontal angle of arrival also enters into this
consideration if the signal deviates appreciably
from the great circle path. Finally, the vertical
angle of arrival enters into the ground reflection
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coefficients which also modify the measured
polarization.

Theoretical Background

The computation of the trajectory, and in
particular the vertical angle of arrival, from
vertical helght measurements at vertical inci-
dence, is usually performed by neglecting the
earth's magnetic field, and also the collisions
of the free electrons with surrounding air mole-
cules which mainly affects the absorption. For
transmissions over short distances the assumption
of a flat earth is valid and the computations are
straightforward. For more oblique paths, the
curvature of the earth must be taken into account
and the Broblem is considerably more difficult.
Waterman® has investigated the approximations
made by various workers in solving the problem
and has come to the conclusion that a numerical
solution was most appropriate. Figures 1 and 2,
taken from his report, are curves of vertical
angles of arrival and transmission time delay as
functions of the maximum electron density in the
Fp-layer. These curves were computed by the
Wave Propagation group at Cruft Laboratory for
the 1300 km path between Glenville, North Caro-
lina and Cambridge, Massachusetts. This particu-
lar path was chosen so that the ionospheric
sounding station of the National Bureau of Stand-
ards at Ft. Belvoir, Virginia lies at the mid-
point. The abscissas in Figures 1 and 2 have
been normalized with respect to the signal
frequency, f, and is in terms of F:

2
FC 2= Noe

e,

The critjcal frequency, fc, is proportional to the
square-root of the maximum electron density, No,
in the layer. Hence, the abscissa of the tip of
the "nose" of the curves at the extreme right
corresponds to the minimum value of No for which
transmission occurs. As No increases, the
abscissa goes towards the left, and there are tyo
diverging branches, the upper of which describes
the Pedersen ray which has a higher angle of
arrival and a greater transmission time delay
than the lower ray.

f
F=_
fc ’

(1)

~

The effect of the earth's magnetic field may
now be reintroduced as a first approximation as

small frequenc corrections,
fo = £VI+ [yL} , and Ty = £VI- ]y | (2)



. for the ordinary and extra-ordinary components.
The frequency normalized longitudinal component of
the gyro-magnetic frequency, YL, is

- eB® cos ©
27 fm )

(3)
where BO is the earth's magnetic field and © is the
angle between the wave normal and the direction of
BC. The gyro-magnetic frequency, %%;m is about

1.46 me/s for the United States. The question
arises as to the value of @ to be used in the
frequency corrections, since it varies along the
trajectory. Taking the maximum value of cos ©,

yy, is 0.16 for the signal frequency of 9.1 mc/s
used, and the correction amounts to 8% at most.
Thus for a given signal frequency and electron
density, the abscissa, F, is shifted slightly to
the right in Figures 1 and 2 for ordinary rays,
and to the left for extra-ordinary rays. Hence
the sequence of arriving signals in the order of
increasing vertical angle of arrival and increasing
time delay is (1) extra-ordinary lower ray,

(2) ordinary lower ray, (3) ordinary Pedersen ray,
and (L) extra-ordinary Pedersen ray. Because of
the frequency correction there is a small value of
No for which extra-ordinary rays are transmitted,
but no ordinary rays. Thus, the first signals to
come through in the morning and the last to come
through at night are extra-ordinary rays.

The dovncoming magneto-ionic components may
be described as being elliptically polarized in
general. They have the property that, looking in
the direction of propagation, the ellipse of the
ordinary ray is traced out with a counter-clockwise
sense of rotation, and the extra-ordinary ray with
a clockwise sense of rotation if the angle, e,
between the wave-normal and the earth's magnetic
field is acute upon emerging from the iorosphere.
The senses of rotation are reversed if © is obtuse
and in any case, are always of the opposite
senses for the two components. When € is 90°,
both polarizations are linear, and when © is zero
or 180°, both are circular.

In Figure 3 are curves showing the polariza-
tion:

R o= Hi o o ELo predf’ ()
Ha En
as a function of the vertical angle of arrival,y/ s
for various directions of propegation, B, measured
from magnetic North. These have been computed for
a signal frequency of 9.135 mc/s, a gyro-magnetic
frequency of 1.46 mc/s, and a magnetic dip or
jnelination of 68° 30'. The effect of collisions
between electrons and surrounding air molecules
has been assumed to be negligible. The subscripts,
ifand L , indicate the components of the H or E
fields parallel and perpendicular to the plane of
propagation, that is, the plane of the great
circle passing through the receiver and transmitten
For the path used (B = 68° 30' fortuitously
happened to be equal to the magnetic dip), the
polarization of both components is nearly circular
since the amplitude ratio, P,', varies from 0.8 to
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1.0, and the phase angle, o', from 70° to 90°
for the ordinary ray. The polarization of the
extra-ordinary ray is obtained from the re-
lations

Py =

A
Po'

’ ﬁx' = ¢o' + 7 .

(5) |

Measuring Techniques

The requirement that the directions of
arrival be measured in addition to the polari-
zation was pointed out in the previous section.
This was accomplished by two phase difference
measurements of the outputs of two pairs of
spaced antennas. The polarization was determined
by measuring the amplitude ratio and phase
difference of the outputs of two loop antennas
with their axes both horizontal and mutually
perpendicular and as close o the ground as
possible. The orientation of these antennas is
shown in Figure 4. The direction measuring
antennas are located so that the pair in line
with the great circle path measures the vertical
angle of arrival directly if the signal suffers
no appreciable lateral deviation. The other
pair, located on a perpendicular line, gives a
measure of the lateral deviation.

The polarization, Q'eJd' as measured by the
loop antennas oriented as shown in Figure L,
computed from the polarization of the down-
coming curve, is shown in Figure 5 as a function
of the vertical angle of arrival,y’. These
curves are obtained from those of Figure 3 by
adding the ground-reflected components to the
downcoming components to obtain the total H
field measured by the loop antennas. Also in-

. cluded are curves which would have been obtained,

had the ground been a perfect reflector with
infinite index of refraction, p =0, and also
if the downcoming waves had been perfectly
circular in polarization, R = * j. _ The actual
index of refraction, p = 1l - j58, was com-
puted from the measured ground constants of 81
for the re}gtive dielectric constant, and

29.3 x 107" emu for the conductivity.

The technique used for measuring the phase
difference of the outputs of the various antennas
in determining the direction of arrival and the
polarization is essentially a substitution and
null metnod. A block diagram of the system with
a vectorial representation of the voltages is
shown in Figure 6. The phase of one channel is
shifted continuously with respect to the other
channel at a constant rate of 16 seconds per
revolution by a synchronous motor. Taking the
difference between the detected r.f. sum and the
detected r.f. difference, the output is a pulse
envelope whose. sign changes from + to - and from
- to + for each rotation of the phase shifter;
the nulls occurring when the r.f. phases are in
quadrature. The measurement is completed by
introducing a signal of known phase from a local
pulsed transmitter and noting the difference in
dial settings of the calibrated phase shifter for
corresponding transitions in the signs of the
reference and the unknown signals. The reference




pulse transmitter is located about three wave-
lengths away in the direction of the remote trans-
mitter. Therefore the local signal is a reference
for zero lateral deviation, zero vertical angle of
arrival, zero polarization phase angle, and zero
db polarization amplitude ratio. The data are
actually recorded by photographing a fast horizon-
tal sweep of about 1500 microseconds duration on

a cathode ray tube, intensity modulated by the
video difference signal described above. Since

we are working with pulsed signals, the reference
pulse is put at the beginning of the sweep and
measurements are made on the entire train of
pulses which occupy the remainder of the sweep,
This fast horizontal sweep is also swept across
the screen vertically in synchronism with the
shaft of the phase shifter. We thus obtain a
frame calibrated vertically in degrees of phase
and horizontally in relative transmission time
delay. These frames are indexed horizontally
along the roll of photographic peper or film,
giving a semi-continuous measure of the phase.

To record the polarization amplitude ratio,
the gain of one channel is varied with respect to
the other by a potentiometer ganged with the
phase shifter shaft. The r.f. sum and difference
circuits are disabled, but the video difference
is still applied to the intensity grid of the
cathode ray tube. With the same presentation as
for the phase measurement, the amplitude ratio is
determined by noting the relative heights in the
frame where the reference and the unknown signals
change signs.

Results

The data taken in the first part of the pro-
Ject were recorded on 35mm film and decoded on a
microfilm reader. An example of the records ob-
tained is shown in Figure 7. On these measure-
ments, readings of the horizontal angle of
arrival, fg, vertical angle of arrival, Py ,
polarization phase angle ¢p, and polarization
amplitude ratio, #A, were made sequentially for
three minutes out of every ten minutes. Since
each frame required 16 seconds, two or three
readings were averaged for each point plotted.
The first trace of alternate light and dark sec-
tions at the left of each frame are calibration
markers for the rotation of the shaft of the
phase shifter. The non-linearity of the vertical
sweep was due to the potentiometers used, since
the calibration markers were taken directly off
the shaft of the synchronous motor. The phase
shift was linear with respect to shaft rotation.
The second trace from the left in each frame is
the reference pulse, while the third and fourth
traces are the E- and F-layer signals. The fifth
trace, which appears diffuse and irregular, is an
abnormal reflection and can be seen to be definite-
ly arriving from other than the great circle path
in the gg frames. The transmission time delay
record taken at Cruft Laboratory on the same day
is shown at the top of Figure 7. The Bureau of
Standards has reported this Particular day as
being a magnetically stormy day, and the time delgy
record shows loss of transmission between 1350
and 1450 EST and from 1700 EST on.
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In the latter part of the project the data
were recorded on 3 5/16 inch wide photographic
paper instead of film, doing away with the
necessity for a microfilm reader. Instead of
recording the four phase angles sequentially
they were recorded at different times. A linear
wire potentiometer was obtained for the vertical
sweep generator, and the frame indexed along the
photographic paper only in between frames 80
that the frames were recorded vertically instead
of on a slant. An example of the type of record
obtained is shown in Figure 8. This particular
sdt of records shows the horizontal angle of
arrival and its behavior near the end of trans-
mission as the electron density is decreasing
in the evening. From the point of view that the
edge of the layer is travelling westwards, follow-
ing the sun, it is surprising to note in how
short a time--only a matter of minutes--the
signal shifts towards the west before giving out.
The maximum amount of lateral deviation before
the signal disappears is about 5 degrees,

An example of the data obtained is shown in
Figure 9. The horizontal angle of arrival was
found to fluctuate in a random manner about a
mean value with amplitudes of a few degrees with
periods ranging from 10 to 30 minutes, and the
vertical angle of arrival, likewise, with some-
what larger amplitudes. Observations of similar
phenomena have been reported by the British
workers, E. N. Bramley and W. Ross3. Further
examples of the fluctuations in the horizontal
angle of arrival are shown in Figure 10. The
deviation of the mean value from the great circle
rath of a few degrees is bPresumably an error in
the laying out of the receiving antennas although
this was checked with a U.S. Geodetic Survey map.
Going back to Figure 9, the value of the vertical
angles of arrival computed from the Bureau of
Standards reports of critical frequencies and
the curves of Figure 1 are indicated with squares.
These tend to be about 5 degrees lower than the
observed values although some records were obtain-
ed where the correlection was much closer. One
Possible explanation of the discrepancy may be i
the particular model of the ionosphere_assumed in
the computation of Figure 1.

The polarization was found to be as expected
from the theoretical considerations whenever the
various modes of transmission were‘separated in
time of arrival. Referring to Figure 2, the
relative time delay of the ordinary and extra-
ordinary lower ray for pulses of about 100 micro-
seconds width is insufficient to resolve these
two components except at the very tip of the
"nose". The components of the Pedersen ray are
resolved, but these are more highly attenuated
except near the "nose". Fortunatvely, the con-
ditions of propagation are such that the attenu-
ation is small at just these times., Thus the
polarization amplitude ratio, Q', was found to
fluctuate widely above and below zero db for the
lower ray indicating phase interference between
the ordinary and extra-ordinary components, but
to be near unity ratio for the Pedersen ray, as
predicted. The polarization phase angle, q', also
fluctuated widely for the lower ray, but showed
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‘some tendency toward negative values indicating a
predominance of the ordinary component as against
the extra-ordinary. No statistical treatment of
the data was attempted.

The ability of the extra-ordinary ray to sus-
tain transmission with small electron densities
jnsufficient for ordinary ray transmission is
strikingly brought out by the polarization phase
angle records shown in Figure 11. On these records
phase angles below the reference line indicate neg-
ative values of q' and hence ordinary rays, while
phase angles above the line indicate extra-
ordinary rays. The reference lines are drawn from
the reference signal which appears at the left
side of each frame. In Figure 1lla, for instance,
the lower ray fluctuates until about 2012 EST while
the Pedersen ray exhibits well behaved ordinary
and extra-ordinary components until the ordinary
component, which has merged with that of the lower
ray, disappears at 2015 EST. Thus, a gap appears
between the extra-ordinary lower and Pedersen
rays, and these gradually merge together until
they are indistinguishable from each other at
2020 EST. The remaining signal which lasts until
2025 EST has the polarization of an extra-
ordinary ray.
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The vertical angle of arrival on the
Glenville-Cambridge path.
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Fig. 7
ds on a magnetically disturbed day, Sept. 25, 1951. Note the
difference in ¢g between the abnormal reflections and the normal E and F-layer signals. Also the diffuesness
of the abnommal signal at 16L0, and the rapid fluctuations of the polarization of the i- and F-layers at 12L0.
The disappearance of all signals between 1350 and 1500 is due to high absorption,
and not due to loss of synchronization.
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polarization data on the 9.1 mc/s signal
on the Glenville-to-Lexington path
(Nov. 19, 1951),
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(1) The upper horizontal inked line is the zero phase-angle reference for the Pedersen F-layer signals,
and the lower line, the reference for the lower F-layer signal. Each marker indicates 15° of phase.
Readings are taken every 5 minute on this record, or four times as frequently as on the others. Note

disappearance of the ordinary components at 2015 while the extra-ordinary components remain until 2025.
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(o) This is a morning build-up record showing the extra-ordinary ray starting at 552. The splitting of
the signal into lower and Pedersen branches is first discernible at 601, and the ordinary appears
between the two extra-ordinary signals at 611. A few minutes later, the two magneto-ionic componentis
of the lower F-layer signal are practically coincident, and phase interference causes the
phase-angle reading to become highly variable.
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(c¢) Again, note the variability of the F-layer signals, and the comparative steadiness of the Pedersen
F-layer signals. Also, the greater intensity of the ordinary Pedersen ray as compared
to the extra-ordinary component.

e Lower F-layer signal X Pedersen F-layer signals

Fig. 11
Polarization phase-angle records taken on photographic papers
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FCC RULES AND PROPAGATION DATA

E. W. Allen, Chief Engineer
Federal Communications Commission
Washington 25, D, C,

Summ, ~- The engineering which is incorpo-
rated E% the FCC Rules is designed to provide a
satisfactory administrative tool for station as-
sigmment and licensing purposes, With the rapid
growth of television, it was found necessary to
include in the Rules a national assignment plan
based upon available propagation and equipment
data and upon estimates of average service areas,
The data and procedures used for the development
of the mileage spacings employed in the assigmment
plan; for the development of the Propagation curves
and for the estimates of field strengths required
for various grades of service are examined and dis-
cussed, An appraisal is made of present progress
in UHF and of needed technical developments to per-
mit the UHF to provide the necessary service,

Bac}gbund

Subsequent to World War II the growing de-
mands for television service made it necessary for
the Federal Communications Cammission to provide
for the assignment of additional television
channels to the various cities of the United States,
s0 that opportunities would be provided for the
establishment of additional television stations,
Pxtensive public hearings beginning in May 19L8,
revealed that the potential demands for new tele-
vision stations could not be met by the assignment
of only the 12 chammels available in the VHF portim
of the radio spectrum., It therefore became neces-
sary to provide for the allocation and assignment
of 70 additional channels in the UHF portion of
the spectrum, A national assignment plan, includ-
ing both VHF and UHF channels, was developed-and
was issued by the Commission in April 1952,1 Under
the plan, specific channel assignments were made
to each of some 1300 cities and towns, which can
accomnodate about 600 VHF stations and 1400 UHF
stations,

In making these assignments, certain spacings
between them were maintained in order to provide
for each station a reasonable freedom from inter-
ference from stations located in other cities,
These spacings were determined from estimates of
the probable future service areas of television
stations, as indicated by the existing knowledge
of the characteristics of VHF and UHF radio waves
and by the existing and expected developments in
television transmitting and receiving equipment,

In order to obtain propagation and engineer-
ing information on which assigrments could be
based, the FCC called an Engineering Conference
in November 19L8. From the conference there was
formed an Ad Hoc Propagation Cormittee, which
examined the available VHF propagation data and
developed methods for portraying it in a form
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useful for assigmment purposes, defined methods
for specifying grades of television service, and
made studies to show how effective use could be
made of the channels available for television
assignments.? The studies of this Committee were
confined to the VHF, so that it became incumbent
upon the staff of the FCC to assess the available
UHF information, and to put it into summary form,
8o that it would be useful in the preparation of
a coordinated VHF-UHF assignment plan ard in the
formulation of assignment and licensing rules,
under which the plan could be placed in operation,

UHF Propagation Data

An analysis of four UHF sSurveys made in the
vicinity of New York City and Washington, D. C,,
and available at the time of the issuance of the
Commission's Notice of Further Proposed Rule
Making on July 12, 1949 indicated that the median
fields for distances out to about 20 miles from
the transmitters could be expected to be sub-
Stantially equal to the median fields in the
lower VHF, A later and more comprehensive study
of 18 UHF surveys, as shown in Table I, containing
some data out to a distance of about 30 miles,
verified this figure3 so that the Commission's
Rules adopted in April, 1952 provided for the use
of the same median field strength curves for the
lower VHF channels 2-6 and the UHF channels 1-83.

TABLE I

Median Ratios of Plane Earth Fields to
Measured Fields in db,

1 T2 3 L S
Survey Bu_ “F_ Survey Radlal
- T Medians WMedians
Kansas City Midland 507 19 12-20
Wash., D, C. PpPhilco 505 22
wash,, D. C, RCA 505 23 17-3L
New York City DuMont 612 28 27-31
New York City RCA 510" 20 16~26
New York City CBS Lo 16
Harrisburg McNary 515 23 12-31
Seranton McNary 515 gﬁ 19-40
Easton McNary 515 11-20
Reading McNary 15 23 12-37
Cedar Rapids Collins 0 19
Pittsburgh Westinghouse 503 2 26=30
metiee ST B
r r e -
Nashville wal 80 31 28-3
Ft, Wayne Westinghouse 508 15
Bridgeport NBC 35 23 18-34
New York City Bell Lab, 56 33
Range 16-35  11-40
Weighted Median 22



It would seem to be desirable to restate
' what is meant by "median field strength” within
the context of the Commission's Rules and the
studies which led up to them, The median field
strengths shown by the curves in the Commission's
Rules are the median values of measurements taken
during the surveys of several stations, The
curves cannot be expected to predict with accuracy
the median field strength to be expected in a
small area or even for the whole area covered by
a single station. The lack of accuracy in the
use of the median curves for predicting the cover-
age of individual stations is stated in Volume II
of the Report of the Ad Hoc Comittee and in
Section 3.683 of the FCC Rules.

Reference to Table I shows this fact rather
clearly, The weighted median of the ratios of
plane earth to measured fields for all eighteen
station surveys was 22 db, (Column L) However,
the range of median ratios for individual station
surveys was from 16 to 35 db, Thus for complete
station surveys, the median ratios ranged from
6 db above to 13 db below the median for all
stations, Similarly, the median ratios for indi-
vidual survey radials (Column 5) ranged from
11 to LO db, or from $11 to -18 db compared to
the overall median, Measurements for sectors of
individual radials show an even wider spread, so
that the probable error in the use of median
curves to predict service contours for a particu-
1ar station is quite high, More recent datas,
such as provided by Taylor at Portland, Oregon,
and by Epstein and Peterson at Jersey City, fall
within the ranges included in Table I, and the
present curves as indicative of median values
can be sald to be consistent with these data.htsté

Some dissatisfaction has arisen as a result
of the failure of the FCC curves to yield relia-
ble predictions of individual station coverage.
perhaps some of the difficulties have arisen as
a result of the failure to appreciate the nature
and purpose of the FCC curves; namely, to provide
a station assigmment tool rather than a method
for the detailed and accurate prediction of the
coverage of individual stations. I should like
to emphasize this distinction and to caution
engineers to use all of the information at their
command to assure themselves that both VHF and
UHF television stations will cover the desired
areas when placed in operation.

The recent investigation by Epstein and
Peterson® has shown that the probable error of
predicting service contours can be measurably
decreased by using diffraction formulae to esti-
mate the effects of first order roughness such
as shown on available topographic maps. Values
are also given for the effects of residences and
trees, so that more realistic estimates of the
fields available at receiving locations can be
made, Similar approaches to the treatment of
systematic effects of terrain have previously
been advocated by Bullington.? 1In areas for
which relief maps are availatle, shadowgraphs
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such as described by 'I‘aylorh should be used.
where conditions warrant, such refined predic-
tions should be supplemented by measurements on
existing or experimental transmitters in the
area under study, The importance of such de-
tailed studies to assure proper antenna siting
can be realized when it is stated that for the
worst radial examined in the above 18 surveys,
about sixty times as much power is required in
order to bring its median value up to the average
for all radials, We at the Commission realize
the seriousness of the difficulties confronting
engineers in the-solution of station siting and
coverage problems, owing to the scarcity of
dependable data and the pioneering state of
measurement and estimation procedures, In an
effort to assist, the Coammission authorized its
Chief Engineer to form the Radio Propagation
Advisory Committee far the purpose of evaluating
available data and recammending procedures and
standards in these matters, This Committee con-
sists of engineers from interested govermment
agencies and from the radio industry., It
welcomes the support of interested persons and
also any information or data which will contribute
to the solution of these problems. The Committes
is concerned not only with the problems of cover-
age but also with the evaluation of the effects
of interference from distant stations, I shall
not discuss this latter matter, as it will be
taken up in a suceeding paper by Mr. Herbstreit.

Field Strengths Required for Television Service

TABLE II

Grade B Service - Field Strengths Required to

Overcome Receiver Noise -
: (db above 1 microvolt per meter)
Chamnels Channels Channels

Factor 2=6 7-13 1L-83
(1) Thermal noise 7 7 7
(2) Receiver noise

figure 12 12 15
(3) Peak S/N ratio _30 30 30
(L) Receiver termin-L9 L9 52

a) voltage
(5) Transmission

line loss 1l 2 S
(6) Antenna factor _-9 0 3
(7) Local field L1 51 60

strength
(8) 50% terrain

factor 0] 0 0
(9) 90% time factor_ 6 5 L
(10)Median field LT 56 6L

strength

In the absence of interfering fields, the
field strengths required for television service
are determined by the sensitivity and noise
fizures of available television receivers, and




the characteristics of available antennas and
transmission lines, In developing the rules on
which the station assigmment plan was based,
certain assumptions were made as to these charac-
teristics for the typical television receiver and
receiving installation which could be expected to
be in use in the reasonably near future. These
assunptions can be examined in some detail by
reference to Table II from which were derived tge
field strength requirements for Grade B service
which appear in the present rules,

(1) The thermal noise value, expressed in db
above one microvolt at 300 ohms circuit impedance,
is camputed from the circuit temperature and is
still valid,

(2) Receivers with a 12 db noise figure for
channels 2-6 were being manufactured at the time
of preparing the table in March, 1951, The
assumptions for channels 7-13 and 14~83 were

based on expected progress in receiver development,
These values have been published for comment by
the FCC on two occasions and have received general
support, In a recent paper presented by Pan in
Toron the following ranges of noise figures
were given for present receivers using grounded-
grid circuits: channels 2-6, L-7 db; channels
7=13, 6=10 db; channels 1U4~83, 1221 db, It will
be seen that some or all of the receivers in each
group have lower noise figures than the figures
assumed in Table IT, However, in order to meet
the assumption of 15 db for UHF receivers, the
spread of noise figures must be greatly compressed
so that the typical receiver approaches the
characteristics of the best present receiver, The
lesson to manufacturers is plain-build a UHF re-
ceiver with the lowest practical noise figure
which the state of the art permits. Even then,
UHF receivers will be inferior in this respect to
VHF receivers,

Pan investigated the UHF receiver noise
figures resulting from the use of available e-
lectron tubes as radio frequency amplifiers, He
found that the planar type triodes resulted in a
significant improvement in noise figure, 3-6 db,
but they are too expensive for commercial use,
The somewhat less expensive pencil triode gave
some improvement over the best crystal mixer
circuit at the lower end of the UHF band but none
at the upper end. Available miniature triodes
were unstable and were found to have up to about
2 db worse noise figures than the best crystal
mixers, Thus there is urgently needed a new tube
which can operate well as a low noise UHF ampli-
fier and will be reasonable in cost, Such a tube
would greatly assist in solving the problems of
overloading the mixer circuit by strong signals
and of reducing oscillator radiation,

(3) The 30 db peak vieual carrier to R.M.S. noise
ratio was chosen as a result of laboratory tests
and observations which have been made independent-
ly at several laboratories, I believe that
present judgment supports this value as an index
of reasonable picture quality,
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(4) Combining items (1), (2) and (3) yields the
following values of required voltage in db above
one microvolt across a 300 ohm receiver input,
L9, L9, and 52 dbu,

(5) The transmission line was assumed to be

50 feet of 300 chm line, Presently manufactured
tubular lines of reasonable price can meet the
assumed loss of 5 db at UHF even under wet con-
ditions, Some open wire lines can do better by
a db or two, and it would seem that this is an
item to which particular attention should be
given in further development and in manufacturing,
and in which care should be exercised by the
service man in both choice and installation., Tt
should prove to be a relatively cheap way of re-
trieving a few sorely needed db,

(6) The antenna factor, as listed in Table 1I,
is the reciprocal of the conventional "effective
length" of the antenna, Antennas of 6 db gain,
compared to a halfewave dipole, are assumed for
VHF channels 2-13 and of 13 db gain for UHF
channels 14=83, The type of antenna assumed for
the UHF is not stated, but this gain can be
achieved by a rhombic of reasonable size, More
recently other types of antennas, for example,
double bow-tie antemnas in corner reflectors,
have been developed to yisld about 13 db across
the band, The assumptions do not seem to be un-
reasonable for rural conditions, However, the
local fields may vary so widely over relatively
small distances, that some pains must be taken
to assure that the antenna is properly placed
for best results, There are also some locations
in which high antenna gain cannot be realized by
reasor of distortion of the field, It is un~
known as to whether such locations are sufficient-
1y numerous as to form a serious impairment to
television service.

(7) Based on the foregoing assumptions, local
field strengths at the receiving antenna of

L1 cbu (L1 db above 1 microvolt per meter, which
is equal to 112 uv/m), 51 dbu (354 uv/m) and

60 dbu (1000 uv/m)-are required to produce a
picture having a 30 db S/N ratio, Taylor, in his
survey of UHF TV Station KPTV at Portland, Oregonl,‘
found that a 66 dbu (2 mv/m) local field provided
a satisfactory picture, The antenna used was a
bow-tie in a corner reflector, which provided
about L db less gain than the above double bow-
tie, The transmission line was in excess of

70 feet in length, Although the line loss and
the noise figure of the receiver are not stated,
We may assume that they were of good quality,
Thus the acceptable values found by Taylor are
reasonably consistent with the tabulated value of
60 dbu.

(8) The specification for Grade B service re-
quires that the local field strength required for
a satisfactory picture quality be available to
50% of possible receiver locations, so that no
correction for terrain needs to be added in

order to relate the local required field to the
median or 504 terrain fields employed in the




* field strength curves,

(9) The specification for Grade B service re-
quires that the local field strength required

for a satisfactory picture quality be available
for at least 90% of the time at the best S0% of
receiver locations at the outer limits of the
service area, Available information on fading
within 1ine of sight indicates that it increases
rather uniformly with increasing distance but is
substantially independent of the frequency. The
fading factor in Table II decreases with increas-
ing frequency since the distance to the outer
1imits of the Grade B service area decreases, A
recent reexamination of these figures in light of
additional information indicates that the tabulat-
ed figures are somewhat gemerous, and could
reasonably be reduced about 1 db to 5, 4 and 3 db,
respectively,

(10) An overall appraisal of the factors which
contritute to the required median field strengths
for Grade B service indicates that, while lower
field strengths might provide acceptable service
at VHF, principally because of better receiver
noise figures than the assumed values, the UHF
field strengths cannot be lowered at this time.
Further improvements in antennas, transmission
lines ard receiver moise figures must be made
before this can be done.

The field strengths required in urban areas,
in the absence of interference external to the
receiver, were arrived at by a similar process,
the principal differences residing in the as-
sumptions of a typical urban anterma of 8 db
gain, and of a 6 db terrain factor to provide
service to 70% of receiver locations rather than
50%., Also an assumption was made as to the
fields required to overcome noise and interfer-
ence external to the receiver, which was likely
to exist at typical urban locations, so that a
final UHF value of 7U4 dbu was chosen as proba-
bly sufficient for both purposes, It has been
quite true to date that the UHF television
channels are fairly free of interference but it
has been our experience that as services grow
in the higher bands of frequencies, interference
grows along with them in spite of concerted
efforts to mitigate it, The median value of
74 dbu should be sufficient to override 30 to LS
dbu of sine wave interference, depending upon
the location of the interference within the
channel,

A 1 kilowatt transmitter with 60 db of
harmonic suppression, and with the very conserva-
tive assumption of no antemna gain at the
harmonic frequency, can produce a harmonic field
of 4,3 dbu at one mile, Some current UHF tele-
vision receivers can produce fields in excess of
this value at 1000 feet, These figures reveal
the importance of solving these problems at their
sources and of maintaining the proper spacings
between stations when their frequencies are such
as to give rise to interference problems, and let
me remind you that this problem is compounded
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when receivers have numerous spurious responses,
The UHF assignment plan is designed to minimize
the effects of some of these and of radiation
from the heterodyne oscillator when receivers
employ Ll Mc IF strips and use the fundamental
of the oscillator frequency. No protection is
given to receivers of different design, Unless
spurious responses and oscillator radiation can
be properly controlled, a large percentage of
any receivers having a nonconforming design
will be in serious trouble when the UHF tele=-
vision and neighboring bands become more fully
occupied,

UHF Transmitter Power Requirements

An examination of the Grade B service
fields in Table II shows that the required UHF
fields are 17 db higher than the fields re-
quired in the lower VHF, This corresponds to
a power ratio of 50 to 1, Thus, even in favor-
able terrain or under conditions which will
permit a choice of antenna site so that field
strengths approximating those shown by the FCC
curves are obtained over the area to be served,
the UHF station will require much higher power
to provide service areas and quality of service
comparable to VHF stations, The majority of
UHF stations now use 1 kw transmitters with
antenna gains up to about 1 db, Some few have
transmitters with power up to about 12 kw
(11 dbk), With the high antenna heights which
have been used in an effort to improve coverage,
null fill-in, directionalizing and beam tilting
practices have been resorted to in an effort to
improve the near-in fields in populated areas,
The development of higher transmitter power is

"essential to the successful operation of UHF

television stations in competition with VHF
stations, But in the course of developing
higher power, let us not forget that thic also
holds the threat of higher levels of interfer-
ence to television and other services which may
be affected, Thus the development and adoption
of adequate suppression measures for spurious
and harmonic emission must proceed hand in hand
with the development and use of higher power,
Recently, suggestions have been made that
booster stations, operating on the same channel
as the parent station, or satellite stations,
operating on different channels, be used to
supplement coverage in difficult areas, If it
develops that such operation should become wide-
spread, changes in the channel assignment
pattern may be required, involving closer spac-
ing of transmitters, If so, it may prove to be
impractical to give the added protection now
found in the assigmment plan with respect to
oscillator radiation, image responses, inter-
modulation, etc, This means that a solution
will depend upon improved receiver character-
istics, including the development of a practical
UHF amplifier,

Conclusion

while the progress to date in the develop-




the characteristics of available antennas and
transmission lines, 1In developing the rules on
which the station assigmment plan was based,
certain assumptions were made as to these charac-
teristics for the typical television receiver and
receiving installation which could be expected to
be in use in the reasonably near future, These
assuuptions can be examined in some detail by
reference to Table II from which were derived
field strength requirements for Grade B service
which appear in the present rules,

(1) The thermal noise value, expressed in db
above one microvolt at 300 ohms circuit impedance,
is computed from the circuit temperature and is
still valid,

(2) Receivers with a 12 db noise figure for
channels 2-6 were being manufactured at the time
of preparing the table in March, 1951, The
assumptions for channels 7-13 and 1L-83 were
based on expected progress in receiver development,
These values have been published for comment by
the FCC on two occasions and have received general
support, In a recent paper presented by Pan in
Toronto? the following ranges of noise figures
were given for present receivers using grounded-
grid circuits: channels 2-6, L4-7 db; channels
7-13, 6=10 db; channels 14=83, 12-21 db, It will
be seen that some or all of the receivers in each
group have lower noise figures than the figures
assumed in Table II, However, in order to meet
the assumption of 15 db for UHF receivers, the
spread of noise figures must be greatly compressed
so that the typical receiver approaches the
characteristics of the best present receiver, The
lesson to manufacturers is plain-build a UHF re-
ceiver with the lowest practical noise figure
which the state of the art permits, Even then,
UHF recelvers will be inferior in this respect to
VHF receivers,

Pan investigated the UHF receiver noise
figures resulting from the use of available e-
lectron tubes as radio frequency amplifiers, He
found that the planar type triodes resulted in a
significant improvement in noise figure, 3-6 db,
but they are too expensive for commercial use,
The somewhat less expensive pencil triode gave
some Improvement over the best crystal mixer
circuit at the lower end of the UHF band but none
at the upper end, Available miniature triodes
were unstable and were found to have up to about
2 db worse noise figures than the best crystal
mixers, Thus there is urgently needed a new tube
which can operate well as a low noise UHF ampli-
fier and will be reasonable in cost, Such a tube
would greatly assist in solving the problems of
overloading the mixer circuit by strong signals
and of reducing oscillator radiation,

(3) The 30 db peak vieual carrier to R.M.S. noise
ratio was chosen as a result of laboratory tests
and observations which have been made independent-
1y at several laboratories, I believe that
present judgment supports this value as an index
of reasonable picture quality,
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(L) Combining items (1), (2) and (3) yields the
following values of required voltage in db above
one microvolt across a 300 ohm receiver input,
L9, L9, and 52 dbu,

(5) The transmission line was assumed to be

50 feet of 300 ohm line. Presently manufactured
tubular lines of reasonable price can meet the
assumed loss of 5 db at UHF even under wet con-
ditions, Some open wire lines can do better by
a db or two, and it would seem that this is an
item to which particular attention should be
given in further development and in manufacturing,
and in which care should be exercised by the
service man in both choice and installation, It
should prove to be a relatively cheap way of re-
trieving a few sorely needed db,

(6) The antenna factor, as listed in Table II,
is the reciprocal of the conventional "effective
length" cf the antenna, Antennas of 6 db gain,
compared to a half-wave dipole, are assumed for
VHF channels 2-13 and of 13 db gain for UHF
channels 14-83, The type of antenna assumed for
the UHF is not stated, but this gain can be
achieved by a rhombic of reasonable size, More
recently other types of antennas, for example,
double bow-tie antemnas in corner reflectors,
have been developed to yield about 13 db across
the band, The assumptions do not seem to be un-
reasonable for rural conditions, However, the
local fields may vary so widely over relatively
small distances, that some pains must be taken
to assure that the antenna is properly placed
for best results, There are also some locations
in which high antenna gain cannot be realized by
reasorr of distortion of the field, It is un-
known as to whether such locations are sufficient-
1y numerous as to form a serious impairment to
television service,

(7) Based on the foregoing assumptions, local
field strengths at the receiving antenna of
L1 dbu (L1-db sbove 1 microvolt per meter, which
is equal to 112 uv/m), S1 dbu (35L uv/m) and
60 dbu (1000 uv/m) are required to produce a
picture having a 30 db S/N ratio., Taylor, in his
survey of UHF TV Station KPTV at Portland, Oregonl,t
found that a 66 dbu (2 mv/m) local field provided
a satisfactory picture, The antenna used was a
bow-tie in a corner reflector, which provided
about L db less gain than the above double bow=
tie, The transmission line was in excess of
70 feet in length, Although the line loss and
the noise figure of the receiver are not stated,
we may assume that they were of good quality,
Thus the acceptable values found by Taylor are
zgasonably consistent with the tabulated value of
dbu, )

(8) The specification for Grade B service re-
quires that the local field strength required for
a satisfactory picture quality be available to
S0% of possible receiver locations, so that no
correction for terrain needs to be added in

order to relate the local required field to the
median or 50% terrain fields employed in the



field strength curves,

(9) The specification for Grade B service re-
quires that the local field strength required

for a satisfactory picture quality be available
for at least 90% of the time at the best S0% of
receiver locations at the outer limits of the
gervice area, Available information on fading
within line of sight indicates that it increases
rather uniformly with increasing distance but is
substantially independent of the frequency, The
fading factor in Table II decreases with increas-
ing frequency since the distance to the outer
1imits of the Grade B service area decreases, A
recent reexamination of these figures in light of
additional information indicates that the tabulat-
ed figures are somewhat generous, and could
reasonably be reduced about 1 db to S, L and 3 db,
respectively.

(10) An overall appraisal of the factors which
contritute to the required median field strengths
for Grade B service indicates that, while lower
field strengths might provide acceptable service
at VHF, principally because of better receiver
noise figures than the assumed values, the UHF
field strengths cannot be lowered at this time.
Further improvements in antennas, transmission
lines and receiver noise figures must be made
before this can be done,

The field strengths required in urban areas,
in the absence of interference external to the
receiver, were arrived at by a similar process,
the principal differences residing in the as-
sumptions of a typical wrban anterna of 8 db
gain, and of a 6 db terrain factor to provide
service to 70% of receiver locations rather than
504, Also an assumption was made as to the
fields required to overcome noise and interfer-
ence external to the receiver, which was likely
to exist at typical urban locations, so that a
final UHF value of 7L dbu was chosen as proba-
bly sufficient for both purposes. It has been
quite true to date that the UHF television
channels are fairly free of interference but it
has been our experience that as services grow
in the higher bands of frequencies, interference
grows along with them in spite of concerted
efforts to mitigate it, The median value of
7% dbu should be sufficient to override 30 to LS
dbu of sine wave interference, depending upon
the location of the interference within the
channel,

A 1 Kilowatt transmitter with 60 db of
harmonic suppression, and with the very conserva-
tive assumption of no antemna gain at the
harmonic frequency, can produce a harmonic field
of L3 dbu at one mile, Some current UHF tele-
vision receivers can produce fields in excess of
this value at 1000 feet, These figures reveal
the importance of solving these problems at their
sources and of maintaining the proper spacings
between stations when their frequencies are such
as to give rise to interference problems, and let
me remind you that this problem is campounded

when receivers have numerous spurious responses.
The UHF assignment plan is designed to minimize
the effects of some of these and of radiation
from the heterodyne oscillator when receivers
employ Ll Mc IF strips and use the fundamental
of the oscillator frequency., No protection is
given to receivers of different design, Unless
spurious responses and oscillator radiation can
be properly controlled, a large percentage of
any receivers having a nonconforming design
will be in serious trouble when the UHF tele-
vision and neighboring bands became more fully
occupied,

UHF Transmitter Power Requirements

An examination of the Grade B service
fields in Table II shows that the required UHF
fields are 17 db higher than the fields re-
quired in the lower VHF. This corresponds to
a power ratio of 50 to 1, Thus, even in favor-
eble terrain or under conditions which will
permit a choice of antenna site so that field
strengths approximating those shown by the FCC
curves are obtained over the area to be served,
the UHF station will require much higher power
to provide service areas and quality of service
comparable to VHF stations, The majority of
UHF stations now use 1 kw transmitters with
anterma gains up to about li db, Some few have
transmitters with power up to about 12 kw
(11 dbk), With the high antenna heights which
have been used in an effort to improve coverage,
null fill-in, directionalizing and beam tilting
practices have been resorted to in an effort to
improve the near-irn fields in populated areas,
The development of higher transmitter power is
essential to the successful operation of UHF
television stations in competition with VHF
stations, But in the course of developing
higher power, let us not forget that this also
holds the threat of higher levels of interfer-
ence to television and other services which may
be affected, Thus the development and adoption
of adequate suppression measures for spurious
and harmonic emission must proceed hand in hand
with the development and use of higher power,
Recently, suggestions have been made that
booster stations, operating on the same channel
as the parent station, or satellite stations,
operating on different channels, be used to
supplement coverage in difficult areas, If it
develops that such operation should become wide~
spread, changes in the channel assigmment
pattern may be required, involving closer spac-
ing of transmitters, If so, it may prove to be
impractical to give the added protection now
found in the assignment plan with respect to
oscillator radiation, image responses, inter-
modulation, etc, This means that a solution
will depend upon improved receiver character-
istics, including the development of a practical
UHF amplifier,

conclusion

while the progress to date in the develop-




ment of UHF television equipment is not as great
as had been anticipated during the formulation of
the television plan, nevertheless, contimuing
progress is being made, Discussions such as are
to take place during this symposium serve to
analyze the existing problems and their inter-
relation, and should be of assistance in serving
to focus our efforts on the solution of the more
urgent ones.
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PROFAGATION IN THE UHF-TV BAND

J.V, Herbstreit
National Bureau of Standards
Boulder, Colorado

ABSTRACT

The Central Radio Propagation Laboratory of
the National Bureau of Standards has been conduct-
ing a program of research at frequencies of L18
and 1,0L6 mc in conjunction with an extensive 100
and 200 mc program of measurements throughout the
United States. This research program has revealed
many aspects of the frenquency dependence of propa-
gation from 100 to 1,000 mc, including the attemu-
ation with distance and the magnitude of signal
strength variations. Reception of 1,0lL6-m¢ trans-
missions LOO miles from Cheyenne Mountain, Colec.
kas been found possible at all times. By far the
most imrortant. factor dete-minine the available
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signal power available to the receiver in the uhf
band is the effective absorbing area of the rece-
iving antennas. This is illustrated by the use of
the transmission loss concept in presenting the
results of propagation studies, Transmission loss
and its variability versus distance will be pre-
sented for a number of frenuencies in the vhf and
uhf bands as derived from the National Bureau of
Standards propagation research program and an in-
terpretation of the results will be given in terms
of expected service and interference ranges in the
uhf band.



OVERCOMING THE LINE-OF-SIGHT SHIBBOLETH WITH THE AIR AND HIGH POWER

Thomas J. Carroll
Massachusetts Institute of Technology
Cambridge, Massachusetts

1. Introduction

These observations on propagation well be-
yond the horizon as related to the new UHF tele-
vision band are best introduced by an astonishing-
ly prophetic quotation from the last paper of
Marconi, after whom this session hall has been
appropriately named. He delivered the paper on
December 2, 1932. In the introduction, Marconi
said:! "Electromagnetic waves under one meter
in length are usually referred to as Quasi-Optical
waves, the general belief being that with them
communication is possible only when the two ends
of the radio circuit are within visual range of one
another; and, that consequently their usefulness
is defined by that condition. Long experience has,
however, taught me not always to believe in the
limitations indicated by purely theoretical consid-
erations or even by calculations, for these -- as
we well know -- are often based on insufficient
knowledge of all he relevant factors, but, in spite
of adverse forecasts, to try out new lines of re-
search, however unpromising they may seem at
first sight." The paper itself describes Marconi's
experiments in the UHF band off the Italian coast
during the summer of 1932, which extended to dis-
tances of 168 miles by the way. despite the low
powers of a few watts available in those pioneer-
ing days. On the last page of this remarkable
paper is this prophetic paragraph: "In regard to
the limited range of propagation of these micro-
waves, the last word has not been said. It has
already been shown that they can travel around a
portion of the earth curvature, to distances great-
er than had been expected, and I cannot help but
remind you that at the very time when I first suc-
ceeded in proving that electric waves could be
sent and received across the Atlantic Ocean in
1901, distinguished mathematicians were of the
opinion that the distance of communications, by
means of electric waves, would be limited to a
distance of only about 165 miles." The reference
is to a 1902 paper by Poincaré, the great French
mathematician. We are now waking up to the fact
that Marconi was right 22 years ago about the
propagation of UHF considerably beyond the hori-
zon, even as he had been right about transatlantic
wireless in 1901, and the usefulness of short
waves propagated via the ionosphere in the early
nineteen twenties. There is even a curious
similarity between the time intervals it took
theory to understand Marconi's original experi-
mental discoveries about transatlantic propaga-
tion of long waves and his last work on beyond-
the-horizon propagation of ultra-high frequencies
Although his transatlantic experiments were made
in 1901, it was not until 1924 that it was provedto
everyone that the ionosphere was probably respom
gible for the success of his 1901 defiance of the
accepted line-of -sight views about radio
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propagation at the turn of the century. Likewise
at UHF, his experiments on propagation well be-
yond the horizon were made in 1932, and again
more than two decades have passed before the
reasons why they worked are beginning to be
under stood.

This paper proposes to give a simple
account of the reasons for this weak and fading,
but reliable, propagation of both VHF and UHF
well beyond the horizon, and to indicate some of
the probable implications for the future of UHF
television, especially when the megawatt of effec-
tive radiated power which is permitted by the FCC
rules goes on the air, although such powers are
still technically "'just around the corner'. In my
view, the word "bust" in the title of this sympos-
jum "UHF Television - Boom or Bust" is singu-
larly inappropriate at the present time, especi-
ally from the viewpoint of the Professional Group
on Antennas and Propagation. For a welcome
change, the "new look'' of the laws of nature con-
cerning radio propagation is decidedly optimistic
concerning the service which may ultimately be
realized from high-power transmitters at points
well beyond the line-of-sight. Of course, no one
doubts that high power helps also within the hori-
zon. A quotation of the nineteenth century hum-
orist Artemus Ward is relevant: "It ain't so
much what we don't know that gets us into trouble,
it's what we know that ain't so.' After almost a
third of a century of effort, people in the middle
thirties began to think too dogmatically that they
understood fully and completely the theory of
propagation around the curved earth, and the
theoretical predictions were very gloomy about
the prospects of useful propagation even from
high-power sources much beyond line-of-sight.
Alas, careful experimental checks were not car-
ried out, although we now can see by hindsight
that even the experiments of the early 1930's
just after Marconi's did not fit the curved earth
theory developed later. It now turns out that the
oversight in these calculations, the things we
knew that weren't so, lay in neglect of the air it-
self, its presence, its occasional abnormal strat-
ification and perhaps, at times, its turbulence.

It is both amusing and sobering to have to admit
that so simple a thing as the presence of the
earth's normal air as a dielectric envelope is one
of the simple things overlooked even in a subject
which has received as much theoretical attention
as radio wave propagation. The air is a tenuous
medium, of density about 1 gram per liter, but
the total mass of the atmosphere is something
like one-millionth of the mass of the earth, and
many tons of gaseous dielectric are present above
any radio path between terminals located in the




air ocean. Yet -- theoretical predictions about
propagation beyond the line-of-sight have been re-
peatedly and overconfidently made by what is
essentially an airless earth theory. It is now
clear that the airless earth theory can be shown
to be wrong for small signal levels by experi-
ments performed in the early thirties, both well
within and well beyond the horizon. The theory of
diffraction around a curved earth was developed
later, but never checked against the early experi-
ments. The whole matter seems to be an excell-
ent example of the necessity of forcing theory and
experiment to check up on each other in scientific
matters, each to prevent the other from believing
things firmly that are not so. Frictions are un-
doubtedly generated when the disciplines of theory
and experiment are commingled, but forcing them
to spy on one another to detect errors is absolute-
ly essential to the progress of science. This very
field of radio wave propagation can serve as ex-
hibit A of the dangers of letting the theorists and
experimenters drift apart into separate compart-
ments.

II. Mechanisms of Propaga-
tion into the Deep Shadow

éi_r}ess Earth

Even when the earth be idealized to a per-
fectly reflecting sphere with no air, it is by no
means easy to calculate how radio waves diffract
into the shadow of the earth bulge, even if the
presence of the earth's envelope of air dielectric
is completely neglected because the earth sphere
is so large measured in radio wavelengths. But
by the middle thirties, the problems were con-
quered of getting a numerical answer to the dif-
fraction problem. Below the horizon the theory
predicted a rapid exponential drop, running from
about .55 db/mi at 50 Mc to 1.2 db/mi at 500 Mc.
These figures take no account of the air except to
use an earth radius of 4/3 the true one, to allow
for the downward refraction of the normal air.
Under normal conditions this prediction of airless
4/3 earth theory checks with experiment on the
attenuation rates in db/mi below the horizon, but
only for a few tens of miles until the field is of
the order of -40 db or 1% of the free space in-
verse distance fields. Then at all frequencies
the field strength distance curve becomes much
less rapidly atienuated with distance, of the order
of a few tenths of a db/mi at all frequencies:
VHF, UHF, and higher. There is only a slight
increase in attenuation rate from VHF to UHF.
Furthermore, the absolute value seems roughly
the same fraction of the free space field for all
frequencies. While these weak fields fade at a
rate up to a few cycles per second, there has not
yet been reported any difficulty in their ability to
carry information. Numerous observations indi-
cate that signal-to-noise ratio is the main prob-
lem. Evidence can even be found in the literature
prior to the last war for something missing in
airless earth theory in experiments done over
flat fields or water surfaces at distances up to a
mile or so, where the measured fields were

122

sufficiently weak compared to free space to show
up the fact that something was missing from the
airless earth calculations. Since the really high
power transmitters of FM and TV stations have
come on the air, measurements have accumula-
ted continuously all over the world showing the
inadequacy of the predicted fields beyond the hori-
zon at all times and places. The best and almost
the only high power measurements beyond the
horizon on UHF are those made by Gerks about
five years ago and published in the November
1951 IRE Proceedings. If you wish to know what
fields to expect more than a few tens of miles be-
yond the horizon at UHF, consult Gerks' curves,
and by all means throw the 4/3 airless earth dif-
fraction calculations of the textbooks into the ash
can. The textbooks give hopelessly too small an
answer.

Uniform Air Layer

The easiest way to see what went wrong
with airless earth theory is to add a layer of air
to the earth in the simplest manner possible, as
a layer which has the same constant density and
index at all heights as it has at the surface, and
would be therefore about 7.5 km thick. Radio
waves proceeding outward as they leave a trans-
mitting antenna in such a homogeneous air layer
will be refracted to travel more nearly horizont-
ally as they pass into the vacuum above the air.
There will be also, however, downward reflected
waves associated with the air-vacuum transition.
This reflection may be calculated from Maxwell's
equations by a process of matching solutions at
the boundary, but it is more meaningful to con-
sider the whole effect as a result of the presence
of the polarizable air molecules, oxygen, nitrogen
and water vapor principally, throughout the vol-
ume of the air layer. These molecules become
each a tiny retransmitter of coherent radio waves
under the polarizing influence of the wave from
the transmitter, and it is the coherent addition of
the primary wave and all the secéndary waves
radiated by the elements of the dielectric which
are responsible for three things: (a) the slow-
ing down of the speed of the resultant wave in the
air by 3 to 4 hundredths of a percent; (b) the
changed direction and speed of the outgoing wave
in vacuum above the air; (c) and the weak down-
coming reflected wave in the air connected with
the inhomogeneity of space which is only partly
filled with air. This homogeneous layer model
of the troposphere can be calculated to reflect
rather more signal than is usually observed be-
yond the horizon, but it serves well to illustfate
what is omitted in the textbook theories of nor-
mal propagation, which takes no account of the
air except for its refractive bending effect em-
bodied in the trick of using a ficticious 4/3 earth
radius instead of the real one. Whenever an
electromagnetic wave is forced to propagate from
one medium to another there are inevitable re-
flection effects as well as refraction effects, and
the reflective effects are entirely neglected in
conventional 4/3 earth theory.



Non-uniform lﬂyers

Actually, under the influence of the gravity
and the gas laws, the earth's air layer consti-
tyes a non-uniform layer, in which the index of
refraction decreases gradually to unity at great
heights. rather than sharply at 7.5 km. Because
air 1s a compressible gas, the pressure and dens-
ity of the gas must be greatest near the surface
where the air must bear the weight of all the air
above. This non-umformty of the normal at-
mosphere complicates the calculation greatly, but
does not alter the principle illustrated by our
earlier example of propagation into vacuum from
our uniform homogeneous layer. A wave trying
to escape to outer space by propagating through
such a stratified inhomogeneous layer suffers
feeble partial reflections as well as refractive
bending of the major portion of the energy which
escapes. This effect s enhanced for waves pass-
ing through at small glancing angles especially

Leaky Modes and the Inhomogeneous Air Layer?®

Propagation in an inhomogeneous medium
in which the velocity of propagation changes with
height, 1s a complicated matter, just because
Maxwell's equations for such a medium do not
permit the propagation of progressive sinusoidal
waves. Although the air 18 only shightly inhomog-
eneous, we must always remember that with high
effective radiated powers and sensitive receiving
systems commonly used nowadays., the question
being asked 1s a very refined one indeed The
theory 1s being asked to calculate well beyond the
horizon received powers of the order of 10-20 of
that transmitted. The basic reason earlier theory
1s breaking down 1s 1ts incapabihity of calculating
the very small received powers which may now be
transmitted and can be detected well beyond the
horizon When we recall that 1t took a third of a
century to calculate diffraction around an airless
earth, one might feel pessimistic about being ale
to say anything very exact about the effect of even
the idealized inhomogeneous atmospheric envel-
ope as well. Fortunately, the theory of how a
linearly graded slab of dielectric surrounding a
curved earth affects the allowed modes of propa-
gation was rather exhaustively and exactly worked
out by a group at Radiation Lab during the last
war, in connection with quite another problem.
the propagation of microwaves in surface ducts.
Full account was taken of the complicated wave
functions in the inhomogeneous air layer. If the
normal air be idealized to be a linearly graded
slab of dielectric, in which the index decreases
linearly from the surface to vacuum value of uni-
ty around 30,000 ft.. then a set of leaky modes
appear which are transitional between the airless
earth and the case of atmospheric ducts which
would support unattenuated modes. These modes
have attenuation rates in db/mi only about 1/3 to
1/10 of the lowest mode of the airless earth
theory as we pass from 50 Mc to 3000 Mc. Thus
the experimentally observed attenuation rates of
a few tenths of a db/mile deep in the shadow
region can be reliably attributed merely to the
presence of the air layer. Furthermore, the
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absolute value of the weak field supported by
these modes whose airless earth leakage is some-
what suppressed by the presence of the air layer,
is of the same order of magnitude as the observed
average field out to about 400 miles at VHF, UHF,
and SHF frequencies. In addition, these rela-
tively slowly attenuated leaky modes supported
by the idealized linearly graded air layer have
the very desirable property of giving the same
answer as the ordinary 4/3 earth calculation
within and just beyond the horizon, where only
the the refractive effect of the air layer is im-
portant. Thus, these new calculations to include
the effect of an 1dealized air layer not only give
about the right answer well beyond the horizon
where the older theory give a hopelessly small
answer. but also agrees with tie old theory at
closer ranges where the right answer can be
approximately calculated neglecting the effect of
the air. The conventional textbook story ex-
plains normal propagation within the horizon in
terms of a direct and surface reflected wave.
Just beyond the horizon, the field is described in
terms of a single leaky mode, which attenuates
rather rapidly because there 1s no upper bound-
ary to prevent it. When the field has weakened
to very roughly 1% of the free space field, then
the effect of the earth's air dielectric envelope
must be taken account, and the normal partial
reflections which must occur just because the air
layer 1s an inhomogeneous medium partially sup-
presses the outward leakage of energy. and
causes the further attenuation of the weak and
fading but omnipresent field to be of the order of
a few tenths of a db/mi at all VHF and UHF fre-
quencies

Some authorities have distrusted this cal-
culation at first because the atmosphere of the
model 1s chopped off at 30,000 ft.. and all air is
neglected above this level. Recently, however,

a few modes have been computed for models of
the air with curved index profiles which decrease
monontonically to vacuum at great heights, and
have zero index gradient at the height where the
waves emerge 1nto the vacuum above. The atten-
uation rates and absolute values of these modes
are of the same magnitude as the more com-
pletely known modes of the linearly tapered layer.
The all important distinction is not in the shape
of the index profile, but rather in the importance
of making the proper distinction in the mathe-
matics between the inhomogeneous air layer and
the homogeneous void beyond.

UI.___Tf_ogpspheric
Layers and Ducts

The idealized stratification we have just
been discussing with the density and index of re-
fraction decreasing gradually but smoothly up-
ward according to a simple law, is essentially a
stratification of the air caused by gravity itself.
The air density and pressure is greatest at the
surface because of the weight of the rest of the
atmosphere above. Occasional peculiarities of
the temperature and moisture distribution with

height sometimes occur, and cause spectacular



increases in fields well beyond the horizon. If the
index gradient over any height interval exceed 4
times normal, then this layer constitutes a so-
called duct and if the wavelength is short enough,
waves can be propagated between antennas located
in or near such a duct almost as in free space, as
if the earth were not there. The contribution of
such stratification in the troposphere different
from the normal gravitational stratification is cap-
able of causing at times signals as high as free
space and as low as the feeble guided wave levels
due to the normal troposphere. Recent investiga-
tions of the atmospheric index structure with the
airborne microwave refractometer have shown
that these index stratifications aloft of appreci-
able magnitude may well be much more prevelent
even in temperate zones than had hitherto been
thought.

IV. Atmospheric Turbulence

About five years ago, when it was at long
last realized that the measured fields well beyond
the horizon were much stronger on all frequencies
at all times and places than could be explained by
4/3 airless earth diffraction calculations, or by
any reasonable omnipresent ducts or elevated
layers, there began to be discussed the possibil-
ity that scattering from blobs of turbulence in the
upper atmosphere to distances well beyond the
horizon might be part of the explanation of the ob-
served omnipresent field not otherwise explained
at the time. It is hypothesized that the index of
refraction in a blob of air either a few centi-
meters or hundreds of meters in dimension may
differ from moment to moment fronm: the index of
the surrounding air by a part in a million or less.
This inhomogeneity would scatter out of a passing
radio wave some energy which would not be so
scattered if the air were smooth. One possible
cause of such turbulence is just the blowing of the
winds in our air ocean which we know is not
idyllically static in time. Some rough estimates
may be made of the amount of this turbulence
from observation of the fluctuation in position and
intensity of star images in astronomy. The diffi-
culty in assessing the importance of this mechan-
ism of turbulent scattering lies in the slender
knowledge we have of the size and intensity of the
blobs, their distribution with height especially in
the upper air, and changes with time and season
and geographical location. Much work is going
on trying to determine by direct or indirect means
Just what contribution turbulent scattering makes
to the field well beyond the horizon. It is import-
ant to realize that this contribution of turbulence
is additive to the ones we have already discussed:
the omnipresent effect of the presence of an
idealized air layer, and the occasional strong
effects of abnormal layers superimposed on the
idealized smoothly tapered air layer. It is im-
portant to realize that even if there is no turbu-
lence or no strong stratification other than that
caused by gravity, then there still should exist a
weak field well beyond the horizon which we can
now calculate as well as measure, weak but not
so hopelessly weak as to be useless, as we used
to think erroneously. If turbulence is present of
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sufficient strength to give a contribution stronger
than this, so much the better. If strong super-
refracting layers occur, that too is probably fine,
except on the unlucky chance that they help the
undesired signal preferentially above the desired
signal. Psychologically, potential users of this
kind of high power propagation well beyond line -
of -sight should not embrace the misconception
that the fields would vanish if for some reason
the air high over the middle of the path should
ever just quiet down and be free of turbulence
and abnormal stratification. Short of the loss of
the earth's air envelope, there would still be the
normal air itself to give this weak propagation.
It is a psychological help to realize that one does
not have to rely on the refinement of imagining
the air always to be turbulent in order to account
for reception of a certain minimum weak signal.
Actually loss of this minimum average signal
would only occur if the earth's air envelope over
the path were destroyed.

V. Implications for TV

These weak and fading, but omnipresent
fields well beyond the horizon at UHF and VHF
should hardly be imagined to contribute to the
primary service area of a station, even when
UHF stations are able to boost their effective
radiated powers to the one megawatt level
legally permitted them. Sufficiently large
antennas and low noise figure receivers may be
too expensive for average fringe area home re-
ceiving sites, but it is certainly too early to say
how much people want TV and may be willing to
spend to receive pictures well beyond line-of-
sight. I am reminded of the strange and wond-

~ rous antenna rigs which dot the landscape atop

homes weil outside the primary service areas of
American TV centers. One point should be men-
tioned in this connection. For propagation well
beyond the horizon, antenna height is unimportant
once the antenna is a few wavelengths above graurg
The side yard-is probably as good as the roof, and
this factor may ultimately affect the willingness
of the consumer to purchase antennas of perhaps
a square meter or more of effective area at UHF.
Initially at least, the first TV application of this
kind of propagation well beyond the horizon will
probably be in applications like community an-
tenna systems, or sattelite retransmissions on
vertical polarization, or station-to-station relay-
ing of programs. In all these applications it would
seem that the cost of the big antennas and care-
fully engineered low-noise receiving systems
might be economically justified, thus enabling
these weak but omnipresent signals well beyond
the horizon to be put to use. Such systems might
be too expensive for most fringe area individual
homes. In any case, the line-of-sight limitation
which is usually thought to apply more harshly to
UHF than to VHF is simply not so. With the
higher power permitted to UHF, the advantage
may ultimately prove to be the other way. Wheth-
er the fading of these weak fields will impose any
bandwidth limitations on a wide band service such
as television with its 4 Mc band requirement re-
mains to be determined. Both the literature and



theory allow us to be optimistic about bandwidth,
except at times when two or more mechanisms
are operating with equal strength.

VII. Conclusion

From the viewpoint of our developing under-
standing of radio wave propagation, the second
word in the title of this symposium "Boom or
Bust'" seems highly inappropriate at the present
moment. Propagation theory is just now begin-
ning to understand high power propagation of UHF
as well as of VHF well beyond the horizon as a
normal property of the troposphere, either its
presence, occasional unusual stratification or
turbulence, or a bit of all three. We now realize
that Marconi was right in 1932 when he first ob-
served the phenomenon, even as he was earlier
in 1901 with his 1000 meter transatlantic trans-
missions and with short waves in the early twent-
jes. It was the failure to check our theories by
experiments and vice-versa which has held up our
understanding of this for several decades. Direct
test of some of the potentialities of high power
UHF-TV transmissions has only become possible
quite recently, and can be accomplished very
soon. Actually, however, a new UHF broadcast
service is being inaugurated with far better under-
standing of the laws of UHF propagation than was

available at the opening of AM broadcasting in the
early twenties, or FM broadcasting in the thirties.
The difficulties of equipment are similar to those
which pioneers in any new band experience, all of
which ingenuity and perseverence and energy can
surmount. Propagation specialists now realize
how wrong was the earlier pessimism about serv-
ice beyond line-of-sight of high power transmitt-
ers both at VHF and UHF. The earth bulge is not
as potent an impediment to the propagation as was
once thought, because of its air envelope, the full
effect of which theorists were careless enough to
neglect. Ina word, what had the earlier tropo-
spheric propagation theory neglected? Answer:
the troposphere!
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A COMPARISON OF ANTENNA PROBLEMS AT UHF & VHF TV

Lloyd O. Krause
General Electric Company
Syracuse, N.Y.

Summary

Television transmitting and receiving
antennas are components of a major intelligence
transfer system only small portions of which are
subject to man's control. The information is
carried between antennas by propagating waves
which are affected by the propagation media. The
main propagation phenomena are considered briefly,
but not in detail, to point up how wavefront var-
iations occur.

These usually are greater at UHF than at VHF
and make the large capture area UHF receiving
antenna impractical in many cases. The design and
effective application of receiving antennas is
quickly discussed in the light of these problems.

UHF transmitting antenna design is then
reviewed. It is approached from the standpoint of
requiring an effective size near the VHF antenna,
in order to partly offset the inapplicable re-
ceiving antenna, The resulting many wavelength
UHF apertures then require new feeding techniques.
These are briefly described. It is also pointed
out how the resultant high gains require care in
application, with perhaps necessary contouring.

The manner in which the same FCC curves are
used to predict coverage for channels 14-83 as
for channels 2-6 despite differences in propagation
characteristics is explained. A single set of
measured UHF field intensities is shown.

In conclusion, adequate-signal UHF results in
superb picture quality because of less selective
distortion because of the smaller percent band-
width. Man-made noise is almost nil. It is only
necessary for the receiving end economically to
approach as near VHF performance as the trans-
mitting end has, and many of the UHF problems will
vanish,

Introduction

The antennas used for transmitting and re-
ceiving television signals are an important part
of a major intelligence system. The transmitting
antenna launches the signal into space, to meet
with all kinds of obstacles before it arrives at
the welcoming receiving antenna. The receiving
antenna gathers in the signal and delivers it to
the receiver,

The antenna system comprises the transmitting
transmission line, the transmitting antenna, the
propagating media consisting of space and the earth,
the receiving antenna, and the receiving trans-
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mission line. All portions of this system per-
form differently at different frequencies. UHT
frequencies are from 2-1/2 to 20 times as high
as VHF frequencies, Naturally, then, some vari-
ations in performance are to be expected,

Some parts of this system are partially
subject to man's ccentrol. Unfortunately, most of
the system is not, Therefore, those parts that
are need be given careful consideration for
optimum performance, In the following some im-
portant factors in propagation and antenna ele-
ments of the system are discussed. The trans-
mitting antenna system is considered in greatest
detail, since this is one part most controllable
by man. The variable factors between UHF and VHF
are compared,

System Efficiency

It is the prime objective of the transmitting
station to transfer as much energy as possible
to as many receivers as possible. For practical
reasons, this objective can be achieved only at
extremely low power-efficiency. For example,
suppose a station is delivering 1 mv peak at the
terminals of a milliun receivers, each having an
impedance of 300 ohms. The total peak power be-
ing delivered is 3,33 milliwatts. Such a station
is probably radiating an actual peak power of at
least 20 kw, so the overall r-f efficiency is only
.16 x 10-4%, However, this is not the way to
look at the situation. Only when considered in
the light of the efficiency of the transfer of
intelligence is the circumstance seen to be an
acceptable and practical one.

Nevertheless, this illustration does point
out how important it is to capture as large a
portion of the radiated energy as is possible
with the receiving antenna. For practical reasons
it is not possible ever to capture much of the
energy. But every improvement made either in
transmitting or receiving antennas is important,
From the receiving antenna standpoint, the antenna
should be made to have as large an effective
capture area as possible. The transmitting antenna
must concentrate the transmitted energy into as
confined a beam as possible so that a given sjze
receiving antenna can capture a larger portion of
the transmitted energy. These matters will be
discussed more later, Propagation factors in-
fluence UHF to a greater extent than VHF. Good
antenna design assumes even greater importance,
therefore, at UHF, though paramount design should
always be used for best results,

The propagation factors are briefly



discussed to permit a better insight on their in-
fluence to the importance of antenna design.

Propagation Factors

An approach to the study of propagation
usually is made beginning with the ideal case of
free space. The other influencing factors of
smooth earth, rough, statistical earth, diffraction,
and refraction are then introduced as modifying
factors. The free space case is an ideal never
approached in any practical broadcast television
antenna system. In the free space case the field
intensity at any point is E = 137.6 (kw)3/d
mv/meter, where kw is effective kilowatts being
radiated toward the point, and d is in miles.
That is, one kw of power from a dipole will pro-
duce 137.6 millivolts per meter maximum intensity
at one mile. Every time the distance is doubled
the signal drops to one~half, or 6 db.

For the free-space case, the ratio of re-
ceived to transmitted power, Pp/Pt, is worth a
brief discussion. The expression is:

P_r_ a GrGt = Grit
Py 1.52 x 10842 16.9 x 102 d2 F<
A2

d = distance, miles

A

F = frequency,megacydes

wavelength, meters Gr and Gt are power gains
over a dipole radiator.

The factor in the denominator on the right of the
equation may be defined as the free-space attenua-
tion factor between dipole antennas. Note that it
is directly proportional to the square of the fre-
quency. However, Gy and Gy are each proportional
to frequency squared for a properly designed
structure of fixed physical area. On this basis,
the ratio of Pp/Py would be proportional to fre-
quency-squared, indicating better transmission at
UKF than at VHF. However, the practical problem
of maintaining the effectiveness of a certain sized
physical area as the frequency is increased usual-
ly precludes such performance.

The free-space attenuation factor between
dipole antennas may be written in logarithmic
form as:

Attenuation, db, = 32.3 £ 20 (log d 4 log F)
d = distance, miles
F = frequency, megacycles.

This free space signal is first of all modi-
fied by the reflected signal from the ground which
arrives at the same point in different phase from
the direct signal, and combines to give the total.
The reflection coefficient of dielectric earth,
for television frequencies may be considered as -1.
The phase of this reflected signal depends on the
heights of the transmitting and receiving antennas,
and the distance between them, since this deter-
mines the path length difference. With these
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factors taken into account, the total signal ata
point in space is shown in Fig. 1, where the phase
angle @ is equal to 4% hihz/q, resulting from a
difference in path length of 2h1ho/d due to the
antenna heights h) and h2 separated a distance d.
A1l units must be consistent,

Note that @ is directly proportional to fre-
quency, and if pure smooth earth theory worked
out in practice, the propagation at UHF would
exceed that at VHF. This can be deduced from the
fact that at UHF the receiving and transmitting
antennas are effectively higher, since they are
more wavelengths above ground.

It should be noted that the field resulting
from the sum of the direct and reflected wave will
be oscillatory about the free space value, exceed-
ing it by 6 db on the crests, and going to mini-
mum cusps of low value depending on the exact mag-
nitude of the reflected wave. The oscillation will
oceur with height at a fixed distance, or will
nceur with distance at a fixed height. Usually,
in the distances and heights of interest, the field
intensity is being read on the downward slope of
the last possible oscillation,

Besides the direct and reflected wave, there
also exists a ground wave, which is caused by
currents set up in the ground under the region of
the receiving antenna by reflection of other direct
waves at this point. Usually the effect of ground
waves is quite negligible for receiving antennas
more than a wavelength above ground.l Thus at all
television frequencies with the usual assumed
height of 30 feet for the receiving antenna, the
ground wave effect is quite secondary.

Diffraction? causes the transmitted wave to
tend to "flow" around the earth, as well as around
other large objects in its path., The phenomenon
of diffraction is caused by boundary currents,
which set up new fields, and by redivergence of the
main field propagating past the edge. The dis-
tance rate at which the total diffraction wave
dies out apparently increases rapidly with fre-
quency. Hence, especially at UHF, the diffraction
wave dies out very quickly with distance beyond
line of sight.

when the objects in the system become large
compared to wavelength, they act more as shadowers,
with a smaller percentage of the total incident
energy diffracting around the object due to edge
currents and fields. Thus diffraction is not as
effective at UHF in causing signal fill behind
large obstacles.

The wave is not propagating through true free-
space, or a vacuum. It is propagating through the
atmosphere, which has an average dielectric con~
stant greater than unity. Not only that, but this
dielectric constant varies with height and time,
as influenced by the water vapor content, as well
as other foreign matter and temperature and pres-
sure variation. The result is a change in re-




fractive index, which causes the wave to bend, just
as a lens bends light,

On the average, the dielectric constant de-
creases with height, ever so slightly. Actually,
a decrease in dielectric constant of 2.4 x 10-8 per
foot of height causes the radio wave to bend on a
radius equal to 4/3 that of the earth. In other
words, if the earth were 4/3 larger, radio waves
would remain parallel to it and follow it around
due to refraction.l Sometimes the dielectric
constant varies in sundry and anomalous fashion.
Under certain conditions, this can cause ducting,
and trapping, with unusual propagation results,

As mentioned earlier, large objects will

cause shadows except for the effects of diffraction.

Under certain conditions, diffraction over a sharp
edge, such as that of a mountain, will result in
less signal loss than would occur if the mountain
were not there.

Besideg these, there are the effects of
absorption,” in which the wave energy is dissipated
in the medium as it passes through it, for example
through a tree with leaves, At UHF this phenomenon
is sometimes startling. However, it is outside the
scope of this paper to analyze in detail the com-
plex theory supporting the propagation phenomena
discussed above,

Receiving Antenna Design

It is the job of the receiving antenna to
accept the wave energy inpinging upon it and
deliver it with a minimum of distortion to the re-
teiver, over the maximum possible bandwidth. The
process is the inverse of transmission, but obeys
the same basic laws, The receiving antenna must
usually perform reasonably satisfactorily over a
large number of channels. This performance in-
cludes both satisfactory impedance match and
pattern shape.

Because the transmission line is usually short
for a receiving antenna installation, the impedance
match need not approach the high quality required
for transmission. Nevertheless, the best possible
is desirable to prevent signal distortion over the
band, These problems are about equal at VHF or
UHF, with UHF having a slight advantage because
of a smaller percent bandwidth per channel,

Before the receiving antenna can deliver
energy to the receiver, it must intercept it,
collect it, and then deliver it., It is usually
assumed that the receiving antenna is immersed in
an ideal field for determining its characteristics.
The ideal wave front is one that has uniform field
intensity both in amplitude and phase over an
area of about twice that of the effective capture
area of the antenna., The type of field distribu~
tion assumed will radically effect the receiving
pattern characteristic, as is well known from the
reciprocal transmitting antenna., It is the fact
that the receiving antenna very seldom actually is
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or can be placed in the type of wave front for
which it is designed that causes the single
greatest difficulty in adequate antenna structures
for UHF television,

The capture area of a receiving antenna is

equal to:
Ap = Gp 22
7.6

power gain over dipole

wavelength in meters
capture area in meters?

S
Hua

>
e

and the power delivered to a matched load from
such a receiving antenna is

Pr =S Ar

Pr is the available power from the receiving
antenna and is the power delivered to a
matched load, watts

S 1is the plane wave power density,
watts/meter?, = g2 , 10-6

120 11
AL is as above

E = field intensity in mv/meter.

For the same type of antenna structures
having the same gain, the capture area varies in-
versely as(frequency)z. This means that a half-
wave dipole at low channel VHF has about 100
times the capture area of a half-wave dipole in
the mid-UHF range. Thus, it is capable of de-
livering 10 times the signal or 20 db more, to
the receiver, for the same field strength, (Note
that this agrees with the commonly accepted
technique of making the delivered voltage propor-
tional to the length of the dipole. However, the
area concept is much broader in scope and appli-
cation, and is to be preferred, since arrays of
dipoles, or whatever type of structure being used,
can then be compared on an effective area basis.)
This difference in effective area is portrayed
in Fig. 2, not to scale.

In order to have our UHP-receiving antenna
deliver the same signal to the receiver as our
VHF antenna does, we must make it approach the
VHF antenna in physical size. In the process of
increasing the size, electrical as well as
mechanical problems are encountered. The various
elements in the array must te properly intra-
connected as well as physically supported, If the
horn-type approach is used then wind loading re-
quires a heavy mechanical design. Al]l this means
added expense, and unfortunately, is no guarantee
that any more signal will be delivered than would
be delivered by a simple half-wave dipole. This
is because the large area, or large aperture
antenna, can produce the expected results only if
it is excited by a uniform plane wave froat, the
condition for which it would normally be designed.



Suppose, as an example, we briefly and simply
analyze a two element stack which, because of field
distortion, has the lower and upper elements ex-
cited with arbitrary fields. (We shall neglect
putual impedance effects.) The array, with the
applicable schematics for analysis, is shown in

Fig. 3. By analysis, the power delivered to the
load is:
PL= (5 4 )2 Ya2 11
2 (Ya ¢ YL)2
IfY, =Y PL=(5 #3,)?
8Y,
Ifs =8, =e Pz €2
1 2, L 3,
If 8 = -8, PLz=0

On a pattern basis, the second case of
e; = -ep, would correspond to a pattern null in the
particular direction from which such fields were
arriving.

The effective application of a large aperture
UHF receiving antenna requires a knowledge of the
problems that field distortion present., Usually,
such antennas may work fairly well in open spaces
with good intervening terrain, because then there
is some chance that the wave front is reasonably
good, However, in city or other built up areas,
where much of the signal may be due to diffraction
and reflection effects, the chances of a suitable
wave front are small, and the high-gain receiving
antenna may be anything but. For this reason,
backed by practical experience, most UHF antennas
are not basically of high-gain, or large area, con-
struction. Usually, an attempt is made to achieve
only mediocre gain, perhaps by use of a simple mesh
reflector. There is no doubt that a high-gain an-
tenna would perform as the manufacturer advertises,
except for difficulty in proper application.

To illustrate the effect of the capture area of
the receiving antenna, a look at the free space
equation will help:

Pr _Ar

PtGy  19.8 x 108d2

where Gy = gain of transmitting antenna over
a dipole.

Py = transmitted power, watis
Pt Gy= effective radiated power, watts.

A reduction in A, requires an increase in
Pt G, in the same proportion to maintain Pr.
Hence it is very important that Gy be maintained
proportionately higher at UHF than at VHF .

Transmitting Antenna Design

Since the UHF receiving antenna cannot usually

be given an effective area equal to that of a VHF
antema, it makes it all the more important that
the transmitting antenna at least begin to achieve
physical apertures approaching that of VHF trans-
mitting antennas. As a fixed physical aperture is
maintained and the frequency is increased, the
gain of the antenna increases, and the beam becomes
narrow. Thus a good UHF transmitting antenna re-
quires proper illumination of a large physical
aperture to produce the high gain; this in turn in-
troduces some problems of application in that the
narrow beam may require contouring for proper cover-
age. Fortunately, both these problems have been
practically solved, and numerous successful UHF
transmitting antenna installations are now scat-
tered about the country.

The usual transmitting antenna is intended to
radiate an omnidirectional pattern. This leaves
only the vertical height of the antenna as a con-
trollable dimension. For a uniformly illuninated
vertical aperture the maximum theoretical power
gain over a dipole is 1.24 times the aperture in
wavelengths, The resulting vertical pattern has
a sinx/x signal distribution, with a maximum side
lobe level of 22%.

For practical reasons, this theoretical dis-
tribution is not obtained and the resulting gain
is always less., Roughly, an achievement of slight-
1y over 80% of the uniform illumination value is
fairly good, which makes a practical gain equal to
the aperture in wavelengths a good measuring stick.
This is especially true as higher gains are strived
for, since then smaller deviations from perfection
result in net greater loss of gain. This is be-
cause the main beam becomes sufficiently narrow
that a small increase in side lobe energy repre-
sents a fair percentage of the total energy.

Thus one of the big problems in design of UHF
antennas having physical apertures approaching that
of VHF antennas is obtaining proper current illum-
jnation of that aperture., There are two general
approaches, that of a traveling current, and that
of a resonant current system. The former has
broader impedance bandwidth characteristics; the
latter has broader phase bandwidth characteristics,
A combination of the two basic methods may be used,
with juggling of the relative impedance and phase
bandwidths until adequate results are achieved.

An important facet of the feed system used is the
power handling capacity attainable in the limited
physical dimensions of the structure, Present
commercial UHF antennas on the market use both
techniques to varying degrees. Sufficient litera-
ture is available on these structures so that fur-
ther details need not be discussed here.

For a VHF antenna of adequate physical aperture,
it is usually feasible to feed the energy over the
aperture in a number of lumps small enough to per-
mit individual cable feed to each element. This
is a partial necessity, because of the greater per-
cent bandwidth at VHF, Also, by using equal length

cables, phasing is inde ndent of frequency. How-
ever, very high gain antennas for VHF, especially
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remains uniform once adequately established.
Conclusion

We have compared some of the antenna problems
between VHF and UHF~TV. Little or nothing can be
done about certain disadvantages of UHF propagation,
except perhaps higher towers in some cases, It is
difficult to install a receiving antenna of a large
effective capture area at UHF, The UHF transmitting
antennas do approach VHF transmitting antennas in
effectiveness, and the practical 1imit in power
gains has beén achieved,

The greatest single improvement remaining to
be done at UHF is a reduction in the receiver
noise figure, Vhen this can be done economically,
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to permit receiving performance approaching that
at VHF, most of the UHF coverage problems will
cease to exist.
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Fig. 6
Photograph of a typical batwing feed connection.
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Fig. 10 - A directionalized uhf antenna pattern.
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