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Preface

NGINEERS are busy people. They invent all manner of short cuts for

themselves; they condense much information into the small space of

graphs and charts. In many cases they share this information with other
engineers by publishing it in the technical press.

Monthly magazines are not exactly convenient for reference —even
in bound volumes—when they have accumulated for a few years. In an
earnest attempt to solve this problem for one McGraw-Hill publication—
Electronics—the editors of this book have gone through the complete files
of the magazine from the first issue (April, 1930), and from this wealth
of technical data have selected 142 articles, reference sheets, charts,
and graphs that have been in greatest demand for their reference value.
All this material has been carefully checked, edited, and condensed where
desirable to put it into the best possible form for presentation in a book.
The individual papers were then grouped into chapters for convenient
reference to make the book practically self-indexing.

Designers, builders, and users of electronic equipment and component
parts will find here, under the headings of their respective fields of interest,
the equations and other data so badly needed yet often so hard to find.
One article alone, available when needed, can justify a place for this book
on an engineer’s desk.

The editorial staff of Electronics takes pride in the repeated requests
that have come in for tear sheets or photostats and is glad that these
articles are now available in handy and economical form between the
covers of one book.

The engineer authors whose works appear in this volume deserve con-
gratulations for their permanent contributions to the art and industry of
electronies.

Krirn HenNEY,
Editor, Electronics.
New York, N. Y,
October, 1945,
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Design Charts for Dissymmetrical T Pads

By EDWIN Y. WEBB, Jr.

Graphs for determining the resistance of the three elements of T-pad networks facilitate
the design of pads having attenuation of as much as 25 db and impedance mismatch ratios

up to 5:1.

Graphs are also adaptable to design of symmetrical pads with matched loads

IN radio and communications work the
necessity for pads or attenuators of
definite electrical loss and definite termi-
nal impedance often arises. The design
and construction of such pads of sym-
metrical or dissymmetrical T configura-
tion are facilitated through simple, rapid,
graphical methods, without making neces-
sary recourse to the usual mathematical
design equations.

In the following discussion, a and b
will refer to the series impedances and
¢ to the shunt impedance of the three-ele-
ment T network. As pads with elements
other than pure resistances are seldom
encountered, only the case of a pure
resistance network will be discussed,
although the symbol Z will be used. If
a balanced pad is desired, it is necessary
merely to place half of the value of @ and
half of the value of b in the two lower
branches of the pad.

Three individual graphs are given, one
for cach of the impedance elements ina T
network. Each graph contains a family
of curves, one for each of several different
values of attenuation or loss in decibels.
The family of curves is plotted to show
the normalized resistance (for the ele-
ment @, b, or ¢ of the T for which the
curve applies) as ordinates, against the
ratio of impedance transformation as

abscissa. Since the curves are plotted for
the normalized impedance of 1 ohm, the
resistances found from the curves must
be multiplied by the actual impedance
value of the input ecireuit to obtain the
true values of resistance for the elements
of the desired T network. By plotting
normalized impedances, only one set of
eurves is required no matter what the
impedanee value may be. It should be
noted that while the curves are plotted
for a dissymmetrical T network, which
is useful in matching unequal impedance,
the curves are equally useful for the sym-
metrical T network for matching equal
impedances since in the latter case the
impedance transformation is 1/1, and @
and b are equal.

The graphs can be used for any im-
pedance ratio normally encountered in
practice. If an impedance ratio less than
1 is encountered, the T network can be
reversed, for purposes of analysis, to
obtain a transformation ratio greater
than 1. The curves can of course be
used for uneven ratios, sueh as 2.5:1 or
3.7:1. The curves can likewise be used
for symmetrical T pads, for in this case
the terminal impedances Z; and Z. will
be alike. The network impedances a
and b will also be alike, and hence we
need only use the curves for determining

1

two separate constants ¢ and ¢. The
curves are plotted more accurately than
the accuracy of commereial resistors, and
consequently errors involved from the
graphical design method will be negligi-
ble for ordinary purposes. Care should
be exercised in reading the curves, how-
ever, to ascertain that the scales are not
misinterpreted.

It is to be particularly noted that the
actual values of Z; and Z, (the terminal
impedances) do not affect in any way
whatever the values used in plotting the
curves as only their ratios were used.
Therefore, for a 10-db pad of terminal
impedances 5 and 10 ohms, the identical
points on the curves will be used as if the

" terminal impedances were 300 and 600

ohms, as in both cases the ratio of Z, to
Zyiis 2:1. )

The loss of the pad is obtained by
calculating the ratio of the power trans-
ferred from Z; to Z; with the pad in the
eireuit and again with the pad removed
from the circuit., Assuming 1 volt ap-
plied, and impedances of 100 and 200
ohms, the power transferred when the
pad is out of the circuit is

1 2
P PD=ISR=(§6T)) XQOO

With the pad in the cireuit, the power
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absorbed by Z, is
P, =1IR
99.2 2
[(200) (200 F145 1 992 ] X 200
99.2
= [(270) (444.2 ] X 200
The loss in decibels is then
db =10 lOglo%
l 2
(370) X 200
= 10 log:o 1 TWANE
= H 5 X 200
[(200) (444.2 ]
200\ (444.2\? _
=10 logm [ 370) 993 = 9.5 db

Hence, the terminal impedances as caleu-
lated from the graphs are correct. The
loss of the network is actually 9.5 db
instead of the 10 db for which it is de-
signed, but the error is sufficiently small
to be neglected for nearly all practical
purposes.

To use the graphs it is necessary to
know (1) the attenuation or loss, in
decibels, which the network is to provide;
(2) the impedance Z, from which power
is fed to the T attenuator; and (3) the
impedance Z; into which the T network
feeds. The first condition specifies the

L]

network loss, and hence indicates which
curve of the three families is to be selected
for any particular problem. The second
and third conditions determine the im-
pedance transformation ratio, and hence
determine at what point on the abscissa
the graph is entered. From this point
of entry, project vertically upward until
the desired curve is reached; then project
to the left and read the normalized re-
sistance for the specified conditions for
the element for which the chart applies.
Multiply this reading by Z, to obtain the
true resistance of the element for the
specified conditions.

Design Procedure for Dissymmetrical T and 1

Attenuators

By P. M. HONNELL

A method of designing symmetrical T or 7 resistance attenuators is pre-
sented here as well as a simplified means of converting to a dissymmetrical
network where impedances of different magnitudes must be matched

WHEN the need arises for an attenuator
with a given loss that will match
terminal apparatus or lines of unequal
impedances, it will be found necessary
to compute the values of the branch
resistances of the required pad since such
data cannot ordinarily be found in curves
or tables. For a T or 7w network of con-
stant impedance level, however, such
information is usually available. By
utilizing a symmetrical pad that matches
one of the two impedances and a trans-
former of proper ratio to match the other
impedance, the required network can
always be realized. But it is not usually
convenient, and certainly not economic,

to utilize this combination, especially as

it is possible in most instances to replace

both the constant impedance pad and the

transformer by a dissymmetrical pad.
The purpose here is to summarize the

results of the matrix transformation*
which may be used to obtain the branch
resistances of the dissymmetrical pad
that will fit the required terminal im-
pedances, from design data for the
resistance of the branches of a symmetrical
T or « pad of the desired attenuation.
If exact branch resistance values for sym-
metrical T or = pads (of any impedance
level) are not available, they may be ob-
tained from the curves with fair accuracy.

T Pad

It should be understood at the outset
that the values of branch resistances of a
symmetrical T or m pad of given imped-
ance level (say 600 ohms) may be changed
to any other impedance level (say 500
ohms) by multiplying all the branch resist-
ances by the ratio of the required to

“Communication Networks,”
John Wiley & Sons, Ine.,

* GuiLLEMIN, E. A,,
Vol. I, Chap. VI, Sec. 5.
New York, 1935.

given impedance levels (namely, 500:600
or 5:6 in this example). Thus it is
always possible to adjust available data
for a pad of the desired loss to fit one of
the two impedance levels.

In Fig. la, for example, the sym-
metrical pad giving the desired attenua-
tion, and having branch resistances r.,
75 = s, and 1., has been chosen to match
the input impedance Z,. Since the pad
is of constant impedance level, the output
impedance Zs can be matched only by
means of the (ideal) transformer of
impedance ratio 1:a%

The branch resistances r./, r’, and r./
of the dissymmetrical pad (Fig. 15),
which will replace both the symmetrical
pad and the transformer (Fig. la), are
obtainable from the following equations:

4 Tal =7 + (1 - a)rd
7y = a%(rs + 1) — ar, a)
rd = ar,
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fa Ta=Tp j:a? 259750 259750 104
-2 > re <Zy-> <7 > «--500n -+ “=200n->
° @ ° ° @
388.91n 22.220
e 5008 222200 ~T200R>
(b) ° (b) ’

Fig. 1.—Symmetrical T pad and ideal transformer (a) and the
electrically equivalent dissymmetrical T pad (b), both having the

same {oss,

where impedanee ratio is given by

w =2 @)
the ratio of output to input impedance
levels. The equations maintain the loss
from input to output terminals of the
network invariant.

Without going intc an exhaustive
analysis, it may be evident that for a
given ratio of impedance levels, or a2
negative elements for 7./ or 7.’ may oceur.
In such an event, the only alternative is
to choose s network with more attenua-
tion, which will then result in realizable
resistances. Of course, either r,” or '

from a dissymmetrical network? The
angwer lies in the fact that for a given
terminal impedance ratio the former can
be approximated physically for any
attenuation, whereas the latter network
has a definite minimum attenuation be-
low which some of its elements become
physically unrealizable.

Ezxample—~As a concrete example of
the application of these equations, con-
sider a 10-db pad, required to match
impedanees Z, = 500 ochms and Z, = 200
ohms. From tables, the following resist-
ances for the branches of a symmetrical,
10-db, 500-ohm level pad are obtained:

may actually be zero in the limiting ease. re = 250.75 ohms
This result may answer a question that 7y = ro = 250.75 ohms
has undoubtedly arisen in the reader’s r. = 351.37 ohms

mind: Where does a symmetrical network
and (ideal) transformer differ physically

From Eq. (2) we obtain for the ratio of

Fig. 2.—E;cmples of dissymmetrical T network (b} equivalent to
symmetrical T network and ideal transformer (a), both with 10-db

loss.

output to input impedances

200
2 e T e
a* = =55 04
a = (.63246

Substituting these values into Eq. (1},
we obtain for the branch resistances of
the dissymmetrical pad

ra! = 250.75 + (1 — 0.63246)351.37
= 388.91 ohms
r' = 0.4(259.75 + 351.87)
—0.63246(351.37) = 22.22 ochms

r’’ = 0.63246(351.37) = 222,22 ohms
The resulting dissymmetrical network
equivalent to the symmetrical pad and
(ideal) transformer is shown in Fig. 2b.

Dinymmcbical =

In order to simplify the mathematical
expressions, it is desirable when dealing
with = networks to express all quantities

9e .
l:a? 5
o a . 15/36x10% 104
-3
Y, - = -y, - RV ' 2.5975x10¢r
aii{ng Ga 9v°9a = Y‘ - - Y2 ” - é v . S~ - / E7 e d
200 25975x10 4 500
O L <
[+ e 3
(a) {a)
/ 3
¢ 22220107 £450.03.n.
, 18902x /05 ;
RV ; Y, - e K F257050, i
D (e 9a ay =Yy o> ~“so0v Q22244 % 10C ““s500¥ ”
=44956.n. "
& < o
£:)) (b)

Fig. 3.—Symmetrical attenuator and ideal transformer (a) and equiva-
lent dissymmetrical attenuator (b), with the same loss,

Fig. 4~Dissymmetrical pad of 10 db loss (b) equivalent to sym-
metrical and ideal transformer (a), both having the same loss.
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as admittances. Since resistors of com-
mercial manufacture and measuring equip-
ment in general are calibrated in terms of
impedances, computed circuit admittances
must be converted into impedances before
the final circuit elements are obtained
physically. But this is a mere matter of
reciprocation of the branch admittance
of the network, and should cause no con-
fusion, if the inverted omega is recognized
s the conductance symbol in mhos.

Thus, the equations that relate the
symmetrical # pad and (ideal) trans-
former to the equivalent dissymmetrical
x, working between unequal terminal
admittances, are as follows:

g4’ =ga+(1 «-:;)gc
g = 'al’) @ + g — (%) Ge 3)

0N
g = ('&) ge

where 1/a® = ¥3/Y,

is the ratio of output admittance Y, to
input admittance Y, of the terminal
equipment.

As shown in Fig. 3a, ga, ¢ = ga, and
g. are the branch conductances of the
symmetrical x, with the dissymmetrical
# branch eonductances g¢./, ¢»', and g’
given by Eq. (3) shown in Fig. 3b.

Ezample—As an example, we con-
gider again a pad with 10-db loss, this
time a 7, working from 200 into 500 ohms
{Fig. 42). For the ratio of admittances
(1/a* we have, converting the terminal
impedances to admittances,

1 _ Y, 1/500

# Y, " 17200 - 040

which gives

1 _ 063246
[

Reference to tables or the curves gives
the following values for the branch con-

. ductances of a symmetrical = pad of 10-db
. loss, and 1/200-mho admittance level

—

NER—

ga = 2.5975 X 1073 mho
= ga = 2.5975 X 1073 mho
g. = 3.5136 X 10~% mho

i The symmetrical 10-db =, therefore, and

. the required 0.4 admittance ratio (ideal)
. transformer are shown in Fig. 4a.

To obtain the equivalent dissymmetri-

- cal 7, substitute these values into Eq. {3),
giving:

100

70
A,

50 AN

30 AN n

20 N

10 A e

A

07
05 v

N -

02 \2

ol V4
007 yd
Q05 < \

003
4 \
/
002 P (
001 V4

0007
0.005

Normalized Bronch Admittance (w) or Impedance (T)
o
W
AN
/

0.003

o
feran oo

o =

0,002 e

0001 i
0.0007
0.0005 e -

0.0003

00002 h
0.0001
ol 02 03 05 Q7 1 2 345 7110 20 30 50 70 100
Attenuation in Decibels
Fig. 5.The nomalized impedance or admittance for the series and shunt arms of T and =~
networks. Curve 1 applies to shunt elements of 7 network or series elements of T network, while
curve 2 refers to shunt elements of T network or series elements of » network.  The values obtained

from this graph must be multiplied by the impedance®level for which the symmetrical attenuator is.
designed. :
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g = 2.5975 X 107% + (1 — 0.63246)
3.5136 X 10~% = 3.8002 X 10~3 mho

o’ = 0.4(2.5975 4 3.5136) X 10~% —
0.63246(3.5136 X 107%) = 0.22243 X 10%
mho

g = 0.63246(3.5136 X 107% = 2.2220
¥ 1073 mho

The desired dissymmetrical & is shown
in Fig. 45, together with the branch ele-
ment resistances as well as conductances,
obtained, of course, by taking the recipro-
cals of g4’, ¢/, and ¢.’.

Design of Symmetrical T or = Attenuators

There would be no point in repeating
here the design equations for symmetrical
attenuators, since such information is
readily available. However, for those
who do not wish to caleulate the nu-
merical values of branch resistance or
conductance for symmetrical attenuators,
the graphs in Fig. 5 are presented for
convenience,

The two eurves in the figure provide
the basic design eonstants of T or = pads
of any constant impedance level, and
of 0.1- to 100-db loss. The ordinate of
the graph gives the branch impedance
of T pads, and the branch admittance of

ELECTRONICS FOR ENGINEERS

« pads on a normalized basis, .e,, on a
1-ohm or l-mho level. For any desired
impedance or admittance level, multiply
all the values from the curves for the
particular attenuator by the desired
impedance or admittance level. The
abscissa of the graph is the desired
attenuator loss for which the branch
values are to be determined. Although
the graph is self-explanatory, it may best
be demonstrated by examples.

Examples

Example 1.—A 10-db T pad, 500-chm
impedance level is required. From curve
1 (Fig. 5} we find, at 10 db on the ab-
scissa, that

ra1 = 11 = 0.52

and from curve 2, still at 10 db on the
abscissa, we find that

Tey = 0.70

These values are on a l-ohm basis (that
is the reason for the subsecript 1).

To obtain the branch resistances for
the 500-ohm level pad, multiply each
factor by 500, giving

re =1y = 0.52 X 500 = 260 ohms
re = 0.70 X 500 = 350 ohms

These values compare with r, = 259,75
and 7, = 351L.37, obtained from exact
equations, as given on page 4.

Example 2.—A 7 pad of 10-db loss,
200-ohm impedance level is required.
‘We first recall that on an admittance basis
this would be a 10-db pad of 1/200-ntho
admittance level. From curve 1 of Fig. 5,
we obtain at 10 db on the abscissa

Fa1 = o1 = 0.52

and similarly from curve 2

Jer = 0.70

These values are on a 1-mho basis. To
obtain the branch admittances on the
required 1/200-mho admittance level,
multiply each factor by 1/200, giving the
branch econductances as

1
=gy = —— = =3
ge = g = 0.52 X 500 2.6 X 10~* mho
g. = 0.70 X L = 3.5 X 10~% mho

200

These values compare with g. = ¢ =
2.5975 X 10~* mho, and g, = 3.5136 X
10-% mho, obtained from exact compu-
tations, given on page 5.

Multiple-circuit Pads |

By FREDERICK WHEELER

A chart for determining the resistance values in networks designed to match
several like impedances to one other impedance of different value, such as
matching several 500-ohm telephone lines to a 2,000-ochm amplifier output

REQUENTLY the communications engi-

neer is confronted with the problem
of feeding two or more telephone lines
from one amplifier, or the inverse case of
feeding two or more amplifiers from one
telephone line. In such cases the eircuits
may be matched by a network, or pad,
of resistance elements. While such a
pad introduces a loss, the loss is usually
not more than 25 db, and in many cases
is much less than this amount. The
simplicity of the network and its freedom

from frequency error recommend it in
preference to transformer eoupling.

Chart for Six Circuits

The chart (Fig. 1) presents curves for
calculating the various constants in such
multiple pads for three to six circuits.
The curves are calculated for matching

one cireuit of reflected impedance Z, to-

geveral circuits of reflected impedance Zi.
The ratic K = Z,/Z;, the total number

of ecircuits N (including both input and
output circuits), and the impedance Z;
are the factors determining the values of
the resistances used in the pad. In terms
of K and N, the factors C and ¥ are found
from the echart. The resistances R,
(shown in the diagram) are then By = Z,C
and the resistance Rz = Z,(K — E). For
example, let Z2 be 2,000 ohms and Z; be
500 ohms. Then K = 2,000/500 = 4.
Four impedances Z; are to be matched
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Resistance Values
for Multiple-Circuit Pads

By Frederick Wheeler
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Fig. 1.—Curves for calculating constants in multiple pads for three to six circuits.
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with one impedance Z;. The number N used: db = 10 logs (2K — E)2
is then 5. The chart gives correspond- o BN -3 -1 +1 K1 -0)p
ing values of €' and E to be € = 0.52§ T EN -1 -1 when Z; and Z, are not equal, and
and E = 0.380. The resistances B, are E=({C+1/N-1)

then Ry = 500(0.525) = 262.5 ohms and db = 20 loguo 1<

R; = 500(4 — 0.380) = 1,810 ohms. The losses between circuits in decibels -

For cases where K is greater than 12 are given in Fig. 2. For values of K when the loss is between circuits of the
and the number of circuits N is greater larger than 12 and N larger than 6, the same impedance, i.e., between circuits of

than 6, the following formulas may be formulas are impedance Z, and Z,.
28
[ R Y R Y Y R
A =Db:.loss between circuits of impedance 2, and 12
B ».Db.loss between circuits of impedance Zyand Z;
24 l ;,.-_’J
'“/‘%’ =
e
= D L
20 A ]
| 7 4(
"4 = >
™!
, 16 / // .~ | e
AN
v
a B N=6&
12 p——

8
P B N=4
4 \
\\
B. Nx 3
o ] 1
(] 1 2 3 4 6 8 10 12

Fig. 2.~Decibels loss between impedances in multiple-circuit pads.
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Forty Commonly Used Pads

By AARON SHELTON

Table of values of the elements of resistive attenuators for various input and

output impedances commonly encountered in communications circuits

o T Pad -
Zy e Z, e
Rl, R, Rs, Rl; RZ& R3f
= Zy Loss, db | 1 s ohms| ohms = Zy, Loss, db |} ms ohms| ohms
ohms ohms
50-50 5 14 14, 83 500-500 5 138! 138 834
10 26 26 35 10 258 258 352
15 35| 35 18 15 350, 350, 183
20 41 41 10 20 4100 410 100
50-200 | Minloss 11.5 0 1751 37 500-2,000 Min loss 11.5 O 1,755 575
15 16 175 37 15 168 1,775 366
20 31 185 20 20 307, 1,837 203
50500 Min loss 15,8 Q 475 53 500-5,000 Min loss 15.8 0; 4,750 528
20 .20 480 31 20 190 4,780 321
50-2,000 | Min loss 22 | 0 | 1,080, 50 § 2,000-2,000 5 570 570| 3,330
200-200 5 35 | 55 334 10 1,040| 1,040/ 1,410
10 103 103| 140 15 1,400/ 1,400 735
15 140 | 140, 75 20 1,634 1,634 406
20 163 163, 40 | 2,000-5,000 Min loss 9 0 3,910/ 2,590
200-500 © Min loss 9 0 380 270 15 980 4.170; 1,160
10 23 1 390 222 20 1,400 4,460, 640
15 98 417, 116 | 5,000-5,000 5 1,370 1,370 8,330
20 140 | 436 64 10 2,600 2,600 3,520
200-2,000| Minloss 15.8| 0 | 1,886 214 15 3,500, 3,500| 1,830
20 76 1,912 128 20 4,{)85‘I 4,085/ 1,015

To change T pads to balanced H pads, simply make resistances R and Ry equal to one-half the
values as shown for R: and R: in the T pads.
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Universal Network Design Chart

THE problems of network design that
are of practical interest to the radio
engineer can be classified in three divi-
sions: (1) the matching network (or taper
pad) which matches two impedances and
introduces a loss that is of secondary
importance; (2) the attenuation network,
which is intended to introduce a fixed
known loss in the circuit and also to
match the ingoing and outgoing im-
pedances of the circuit to which it is con-
nected; and (3} the variable attenuation
network which is designed to introduce a
variable loss in the circuit while maintain-
ing its terminal impedances congtant.
The fourth, the constant-loss variable-
impedance type, is important only in
special applications.

All these network problems can be
solved in several ways, by the use of T
pads, L. pads, = networks (both of the
balanced and unbalanced variety), or by
more complicated mesh networks. 1% is
usually the wisest plan to design the
simplest network that will meet the
requirements of the job. And in addi-
tion, if the values of the resistors in the
network can be found without long-
drawn-out caleulation, the design problem
can be made very simple indeed. Figure
2 will solve the simpler types of network
problems of the fixed-value type, and
permit the design of variable networks
by a point-by-point method.

In Fig. 1 the impedance of the gen-
erator E¢ is to be matched to the im-
pedance of the load Rr by the L pad
consisting of Ry, the series branch, and
R, the shunt branch. To accomplish
this match, RB; and R, must have the
following values, which ean be caleulated
directly from the known wvalues of Re
and R .

R, = VEe(Re — Ey)
V' Ee(Be — R.)

where R¢ is assumed to be the larger of
the impedances to be matched. For
ease in computation, the ratio of the
larger to the smaller impedances is

By A. JAMES EBEL

introduced as

_ R
f-RL

Using this ratio, R; and R; can then be
found in terms of their ratio to Rz, a
convenient method that makes it possible

Ry
R(;% Ry

{(A)

Re

]
{

Fig. 1.—The T and r pad developed from an L
pad.

De---Rpw--
2

%RL
’ %RL

to use widely varying magnitudes of Ry

without the use of extended scales.
These ratios are

B _ T

i Vi = 1)

B, __ T
Ri ™ Arer =1

By plotting the values of these ratios for
different values of r, the required R, and
R, for any value of R ¢ can be found from
the graph.

If n is the loss ratio (relative to a perfect
matching transformer) introduced by the
network, then

nt 1
I

Be -

B "V

from which
n=Nr+vr -1

From this relation, the loss in decibels
can be given as

db loss = 20 logus(r/r + /5 — 1)

Thus, the decibel loss can also be plotted
as a function of , as shown in the chart.

Examples

Although the chart has been worked
out on the basis of the L type of network,
T- and pi-type circuits ean be built up
from the L type as illustrated in the
following examples.

Ezample 1.—To calculate the series and
shunt branches of a taper pad matching
2,000 to 500 ohms. Since the ratio r in
this case is 4, the abscissa shown by the
chart for R, is 3.46 and for R, is 1.15,
which when multiplied by Rr{500) gives
1,730 ohms for R: and 575 ohms for R..
The loss of this network, from the graph,
is 11.4 db.

Example 2—To design a 500-ohm
balanced network with a loss of 20 db.
Reading directly from the graph, a 1:1
ratio would give a zero value for R, but
it is still possible to introduce a loss by
tapering a network to a lower impedance
and back to normal again (Fig. 1B). The
loss of each half of such a combination
would be half the total loss. Therefore,
calculations will be made for two 10-db
taper pads to be placed ‘“back to back.”
The ordinate opposite the 10-db abscissa
is the ratio 3 and, since Rg is to be 500
chms, R will be 500/3, or 133, ohms.
From this point the procedure is the same
as in Example 1, the value of R; being
found to be 326 ohms and R,, 163 ohms.
Therefore the two series branches R,
and Ry of the T pad would equal 326
ohms each, and the shunt branch would
equal 163/2, or 81.5 ohms since R; and
Ry are paralleled. .

Ezample 3—To design a 500-ohm
balanced pi network with a 20-db loss
(see Fig. 1C). Here the loss may be ob-
tained by tapering to a higher impedance
and back to normal, 7.e., just the reverse
of the process in Example 2. Since R
is 500 chms in this case, it is found that
for a 10-db loss or a ratio of 3 the shunt
branches R: and Ry equal 500 X 1.2, or
600, ohms each, and the series branch,
being the sum of R; and R/, equals
2 X 500 X 2.45, or 2,450 ohms.
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Attenuator-design Formulas

By DAWKINS ESPY

The design of resistance networks, or pads, for matching the impedances of two
connected circuits, or for inserting a definite attenuation in a circuit, is simpli-
fied through the use of design charts applicable to a wide variety of networks

ETWORKS whose elements consist of

pure resistances and whose attenua-
tion does not vary with frequency are
known as attenuator pads. There are
two common uses of these resistance pads,
namely, to match the impedance between
two circuits and to insert a definite loss

in a cireuit. The physical interpretation
of a pad is a transmission line that has
no reactive characteristies, but rather
may be considered as a group of series and
shunt elements that are pure resistances.

Three factors determine the design of
apad. They are (1) the input impedance,

(2) the output impedance, and (3) the
loss in decibels. For every input-to-
output impedance ratio, there is a definite
mgnimum loss for which the pad can be
designed so that (2) and (3) are not com-
pietely independent. To attempt to
design a pad with less than this critieal
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. Dissymmetrival formulas S{%mmegrl)cg f(ogmu]{z)s
. =7, -
Type and configuration S = é or Zs {S =1 G = o
1 o 3 output, impedance
Potentiometer K1
Rl = Zl ( I—{-
Ry = 2
1 R;:%‘(KS"I R1=ZI(K‘-1
L 1 - 1
R*“S(K—S) R""Z‘(K__"j")
L R, = ? (K — 8) Ry = Z (K — 1)
K
R"E(Ks—l) R‘*=Z‘(Km1)
v _Zi (K8 —1 7, (K —1
5 (50 T
_Z 1 1
Rz‘?(x—s) ”"Z‘(K—J
v Rl=§~‘(K—S) }g,=§2}(x_1)
K
Be = S KS-—l) Rz“zl('g—_—l)

R = (KS RS -1 7 =2 )

7
B, = (K K=& R, =35 (K - “1)

Balanced U
z'{

Balanced U zZ
R = 23*(K S) Ri=2& -1
Zs z K
Rﬁ=§s(1<3~1) R2=‘§(K—1
T z 72 Z z
1 1Ly _ - ' 1
Ry = tanh 8 ~ sinh 8 R =K, tanh 8  sinh 6
Ly \/72 ' Rs = 'z‘
R. = tanh 8  sinh @ ® "~ sinh @
Ry = 72,
®~ sinh 8
or or
Kz 41 K —1
R“‘ZI(KS._ )-"2‘\/323(}(2“1 Rl=R2=(m)Z1
K241 K
Ry = 2o\ gizv) — 2 VZZ, (.K—‘-*_—"T) By = 27, (-—KT—_-T)

Ry =2 \/ZE (Fzﬁ-'_f)

H R_i( ‘;{Lw_.l’{ZIZ;) R o (% _ z,)
YT 3\tanh ¢~ sinh 8 PTEE T 5\tanh ¢ sinh @
R, = 1 ,A._}LZJAQ Ry = -2
2~ 3 \tanh 0 sinh 8 3™ ginh 6
_N7ZZ,
Ba = sinh ¢
or or
_Zi (K41 K Zi (K —~1
Rl'? ‘;?e—-‘)“"zlzz(kz—:l) Bi=R=5\g 11
K241 K
B =5 (g t1) ~ V22 () B = 27 (=)

Ra = 2 ‘\/’Z}Zz (I{g——“——l)

Fig. 1.-~Common resistance networks for communication uses, together with the design equations for both equal and unequal impedances between
which the pad works,
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Dissymmetrical formulas

Symmetrical formulas

. =Zy) or (§ =1)
4 Type and configuration =4 or 723 Sz 6 Z; used 1?91* input and
4y Iy output impedance
Balanced H ( _ Zz;)
B tanh 6 “sinh 6
R.._L_VZ‘ZZ) R_R—E...é__ Zl)
* “ 2\tanh ¢ smnh @ P T 5 \tanh 8~ minh 8
VZ.Z, _
By = 2sinh 6 B = 55nne
or
K2+ 1 Zy (K —~ 1
Bi=g (- ) V77 (g5 =) Bo= =5 (x 71
K 1 K
Ry = ) -vaam () Rs = 7 (=)

Ry = m(ﬁ)

Zlg sinh @

ki3 Z;Zzsinhﬁ
R, = = Ry = 1 SHORY
' Zicosh 8 — 712, B T Zicosh b — Z,
Ry = A/ ZZ;sinh @ Ry, = Z,sinh ¢
Ry = Z1\Z, sinh 8
*~ Zycosh 6 — 'Z\Z,
or
—1 _ K +1
& =7 (gt ams 1 Rx=R=—ZIK..1
_ AZZ (K2 — 1 _Z (K ~1
- Y38 () -5 ()
K2 — 1
By =Zo( ——g
Kr—2% +1
0 121 - Z]Zg sinh 8 Rl - Ra - Zl’ Sillh ]
Zs cosh 0 — N Z:Z; Z,cosh 8 — Z;
By = \/T?ggsmh 8 Ry = Z, s;nh [
Ry = Z1\Zs sinh @
3= ——
Z, cosh 8 — 2.7,
or
K? —1 Cm (K41
R1=Zx(?{“2—__2SK+1 RI—RS*Zx(K_l
Dl .
B, = \/iize K? — 1) B, = ._Z(K = 1
K'—l
Be=Za( g —
K*—2% +1
Balanced O R ( Z1\Z, sinh @ ) Bi= Ry =1 Z:? ginh 8 )
! Zscosh 8 — /7,7, ! P73 \Zicosh 0 — 2,
Ry = \/ Z]Zg sinh 8 Ry = Z, sinh ¢
2
R ( ZZ; sinh 6
! Z,cosh 8 — ~/Z,Z,
or er
=4 K2 -1 K+1
Bi= s\ 3RS 71 Rl-Rs-z K—1
R Y 132 K2 -1 Zl K’-—l)
*7 K
_ z2 K2 —1
Be=g(——x
K? - 2% +1
Bridged T Ry B =Z(K - D =
o I 1
Z' R2=Z; (ﬁ)
- .
Bridged H % R, = % (K —1)
2z
i e ()
Bridged- b7 Z
balanced H [~ Uikl Ri=21 (K -1
= oo (e )
PTG \K ~1

Fig. 1.—(Continued)
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loss would require that at least one of the
resistances be negative, which is physically
meaningless for attenuators built qof
customary resistor elements.

In order to know which pad to employ
for a particular use, it is necessary to
know the electrical characteristics of the
various networks. When working into a
high-impedance device, it is usually possi-
ble to use the simplest form of attenuator,
the potentiometer. In this type the sum
of the two resistance arms is constant,
but their ratio is varied. When it is not
necessary that the impedance looking

back into the output terminals of the

attenuator be equal to the load im-
pedance, an L type of attenuator may be
used.

Pads of the T, H, #, and O types are
useful where the attenuator impedance
must match the load impedance. Such
a situation oceurs in low-level low-im-
pedance mixing and in amplifiers with
eritical input impedance. When a pad
is in a circuit that must be balanced to
ground, such as the input of a push-pull
amplifier, the bhalanced U, O, or H
attenuator may be used. Formulas are
also included for the bridged T, bridged
H, and bridged-balanced H.

The resistance values actually used may
deviate from the calculated values by
5 per cent without mismatching the
impedance by more than that amount
and varying the loss more than 0.5 db.
Since the T and = pads oceur most fre-
quently, a second set of formulas, easier
to work with than the algebraic type, is
included.

Very often it is desirable to have a
volume control that reflects a constant
impedance in both directions. It is for
this purpose that the bridged versions of
the pads are most frequently used. The
bridged T, for example, has the advantage
over the ordinary T that one less resist-
ance must be varied, vet it still retains
the advantage of the T in having zero
insertion logs for matching equal
impedances.

Design Procedure

The steps in the design of any pad may
be summarized as follows:

1. Determine from Fig. 1 the type of
pad best suited for a particular use. In
some cases partieular networks will be
required; in other cases several network
arrangements are possible, as indicated
above.

2. Calculate the ratio of input to out-
put impedance (or output to input, which-

ever is the larger), and by using Fig, 2
determine the minimum loss possible for
the given impedances. Figure 2 holds
for T, H, =, O, balanced H, and balanced
O types of pads.

3. From Table T find the value of K
corresponding to the desired loss in
decibels, which must be equal to or
greater than the minimum loss deter-
mined in step 2.

4. Calculate the values of resistance
for the various elements from the formulas
given in column 2 or 5 of Fig. 1. If the
hyperbolic forms of the formulas are
used in the case of the T, H, =, O, bal-
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anced H, and balanced O pads, it is first
necessary to check the desired loss as
explained in step 2 and then determine 8
from the formula 8 = 0.115N, where N
i the loss in decibels. Then values of
sinh # and tanh 8 in the case of the T, H,
or balanced H, or the values of sinh 8 and
cosh 8 in the ease of the 7, O, or balanced
O can be found in Fig. 3. It will be
noticed that the curves for the sinh § and
the cosh 8 are broken up into two sections
for increased accuracy.

5. When it is necessary to insert a
loss of more than 30 or 40 db, it is usually
advisable to use two pads in series, such

Table L.—K Values
T
Loss, db, , | Loss, db, Loss, db, Loss, db,
N K N K N K N K
1.0 1.122 18.0 7.943 35.0 56.234 51.0 354.81
2.0 1.259 19.0 8.912 36.0 63.096 52.0 398.11
3.0 1.412 20.0 10.000 37.0 70.795 54.0 501.19
4.0 1.585 21.0 11.220 38.0 79.433 55.0 562.45
5.0 1.778 22.0 13.335 39.0 89.125 56.0 630.96
6.0 1.995 23.0 14.125 40.0 100.000 57.0 707.95
7.0 2.238 24.0 15.849 41.0 112.202 58.0 794.33
8.0 2.512 25.0 17.783 42.0 125.89 60.0 1,000.0
9.0 2.818 26.0 19.953 43.0 141.25 65.0 1,778.3
10.0 3.162 27.0 22.387 44.0 158.49 70.0 3,162.3
11.0 3.350 28.0 25.119 45.0 177.83 75.0 5,623.4
12.0 3.981 295.0 28.184 46.0 199.53 80.0 10,000.
13.0 4.467 30.0 31.623 47.0 223.87 85.0 | 17,783.
14.0 5.012 31.0 35.481 48.0 251.19 90.0 | 31,623
15.0 5.623 32.0 39.811 49.0 281.84 95.0 | 56,234.
16.0 6.310 33.0 44,668 50.0 316.23 100.0 108
17.0 7.079 ‘ 34.0 50.119
2 T T T T TTT 1
26 b—— Minimum Loss
T,H,T,0, balonced H and balanced 0 //"'
% — types of pods
22
20 //
58 A
£ /
b A
9 14 y
g 12 A
£n /
é 8 ,/ Formula
/ R? = Impedance ratio 21
6 / N = Decibel loss
4 N = 20 log;, (R*¥R?-1)
iV
0
| 2 3 4 5678900 20 30 40 60 80100
Impedance Ratio 7,/Z, 0r 2,/Z;

Fig. 2.~The minimum loss of any pad inserted in a circuit is given in decibels for impedance
ratios, Z,/Zs, of from 1 to 100. The range may be extended for values of from Z;/Z; = 0.01
to Z1/Z; = 1.0 by forming the ratio Z,/Z; which will be greater than unity,
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e?-g
Tanh 8= —5——
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Fig. 3.—Graph of hyperbolic functions, which are used in many
Note that multiple scales
for the functions are given, and that the sinh and cosh functions are

design equations of resistance networks,

broken at # = 3 so as to obtain greater accuracy.

that the sum of their losses is equal to the
required amount, rather than a single pad.

Distortion Measurements

For measuring harmonic distortion, a
good method is to adjust the output of
the amplifier to the desired level with a
constant-frequency input. A frequency
of 400 cycles is usually used for this
purpose because the distortion at this
frequency represents a good average of
distortion throughout the audio range.
Then a high-pass filter of good charac-
teristics is inserted to eliminate the funda-
mental, and the amplification in decibels
necessary to bring the level back up to
the previous value is determined. This
may be accomplished by removal of pads
of known loss. Then by referring to
Fig. 4, the harmonic distortion corre-
sponding to this attenuation may be
found. For example, if it were neces-
sary to remove a 30-db pad to regain the
original level, there would exist in this
particular amplifier 3.16 per cent har-
monie distortion.

Mismatch Loss

If it is desired to caleculate the loss
ineurred by mismatehing two cireuits,
this can be determined from the follow-
ing equation:

N = 20 logis B+l
2

where N is the loss in decibels, and R is the
impedance ratio. This is shown graphi-
cally in Fig. 5. If, for example, the mis-
match was from a 1,000-ohm eireuit to a
500-ohm circuit, or a 500-ohm circuit to
a 1,000-ohm cireuit, the impedance ratio
would be 2:1 and would correspond to a
loss of 0.51 db.

Examples

Ezample 1.—Design a potentiometer
having an input of 100,000 ohms and a
loss of 15 db.

Solution:

1. From column 2 of Fig. 1 the
formulas are

Ro=2 EZD
R =2

Fig. 4.—Graph for determining per cent distortion by noting the
gain required to produce the original output of a network, when
the fundamental frequency is removed by use of high-pass filter.

Simple  voltage-dividing network  having
given input impedance and specified loss,
design data for which is worked out in Example 1.

2. From Table 1 the value of K for a
15-db loss is found to be 5.62,

3. Using this value of X in the formulas
above, the values of R; and R, are found
to be

R, = 100,000 *55 = 82,200 ohms
_ 100,000
R, = Y 17,800 ohms

% Ezample 2.—Design a 20-db T pad
having input and output impedances of
500 and 200 ohms, respectively.
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4 TTTTTT T
13 . - Mismotch
2 /
1
0
o 9
[
£ 8 /
27 /
g, /
£
£ 5 r/
o A
Es
S Formula
3 R?%= impedonce ratio =177}
2 Vi N = decibe! loss nuR
o . REeL)
| /4 N =20legyo\ 55 nul
0 L I A
1 2 3 4567810 20 30 40 60 80100
Impedance Ratio Z,/Z,

Fig. 5.—The loss incurred by joining together two circuits of different impedance may be
determined by finding the impedance ratic and then reading off the mismatch loss, K, above.

Solution: is necessary to know the value of 8, from
1. The impedance transformation ratio which the hyperbolic functions ean then
is 500/200 = 2.5. From Fig. 2 the be found from Fig. 3.
minimum loss = 9 db.

2. From Fig. 1 the formulas to be # = 0115V = 0.115 X 20 = 2.3

used ar .. tanh 8 = 0.98
© o - sinh 6 = 4.9
R i _NZZ,
' tanh @ sinh g 4. The values of the required resistors
Ry = Zy \/lez are then
*7 tanh 8 sinh @
VZ.Z, R = 500 _ +/500 X200
= | BR o e
Rs= -k 0.98 19
318

3. To use the hyperbolic funetions, it =510 — 75 = 510 — 65 = 445 ohms

200 _ . o0l an
Ry = 5oo = 65 = 204 — 65 = 139 ohms
319

By = io = 65 ohms

Ezample 3.—Design a bridged T pad
with 25-db loss and 500 ohms input and
output impedances.

Solution:

1. The formulas in column 6 of Fig. 1
are used.

R; = Zx(K —_ 1)
Z
B =7

2. From Table I the value for K for

25-db loss is found to be 17.78. Thus

K ~1=1678
Ry = 500 X 16.78 = 8,390 ohms
Ry = 220 _ 29,6 ohms

678 ~ 2%

Example 4—Design a T network to
work between two 500-ochm circuits and
having a loss of 10 db.

Solution:

1. Formulas for the T network in
column 8 of Fig. 1 indicate the desired
resistances are

.R1=R2~_—Zl"IK<—;‘—<‘%
27K
B =gy

2. From Table I, K = 3.162
3. The resistances of the arms are

2,162
Ry = Ry = 500 X RS
= 260 ohms
3.162
By = 1,000 X 10 =1
= 352 ohms
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Aircraft Antenna Characteristics

By PAUL J. HOLMES

By measuring the length of a fixed aircraft antenna, making some empirical allowance for
its proximity to the fuselage or the size of the ship, the reactance and radiation resistance
may be estimated with sufficient accuracy to permit the design of a dummy antenna

THE charts provide a simple means of

determining the approximate electri- } } |
eal characterlstlc?, of ﬁf(ed aircraft an- :Varfo;io n ol’epenlaﬁf
tennas by measuring their length, making [ upor proximity of N N -
some slight allowance (dictated by experi- | ontenna fo fuseloge, & /T 2 AN f‘la . f“ B> ]
ence) for their proximity to the fuselage R /% LA 1A ]
or for the size of the ship. // Center Fed Off CenterFed Off CenterFed End Fed

Data obtained through the use of the 20 = 7 “Y'Antenna “V'Antenna Single Wire  Single Wire ]
charts facilitate actual measurement of 15 P Antenma  Antenna —
antenna characteristics and are, ordinarily, é‘ 1z S U ~ Measured Length=A+B
sufficiently accurate to permit design of e 10 — = A= Fe}ederl' BrAntenna
dummy antennas needed when bench- g 8 - B B |
testing aircraft radio equipment. w g |—Cenfer-fed V onfenna N

g *R\
Quarter-wave Resonance 3‘“ 4 Ty

Figure 1 is used in determining the s Variation depends UPON‘JD:QC\
approximate length of fixed aireraft an- 5 9 physical size of plane
tennas for quarter-wave resonance. The é\
intersection points of the vertical lines <

(measured length of antenna) and the 0 125 15 15 20 25 30 35 40 45 50 60 70 80 90 100
horizontal lines (quarter—vaave‘ fr(?quency) Measured Length of Antenna,in Feet
with the plotted angular lines indicate the
quarter-wave resonance frequency for any Fig. 1.—Approximate lengths of fixed aircraft antgnnas for quarter-wave resonance are shown
length between 10 and 100 ft. graphically. Empirical variations caused by proximity of the antenna to the fuselage and the
The variation of the angular lines on physical size of the ship are indicated.
17
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Fig. 2.—Approximate electrical characteristics of a fixed aircraft antenna operated above or below
the quarter-wave resonant frequency may be determined by using the chart as outlined in this text.

the right of the vertical dotted line (lengths
over 45 ft.) depends largely on the physical
gize of the airplane as compared with the
length of the antenna. The upper dashed
line on the right side of the chart is
representative of a small airplane, and
the solid line represents a large airplane.
The variation shown on the left of the
vertical dotted line (lengths under 45 ft.)
depends largely on the proximity of
short antennas to the metal fuselage of
the airplane. The golid line on the left
side of the chart is representative of an
antenna reasonably distant from the
fuselege, such as one running from a wing

tip to the aft portion of the fugelage. The
dashed line immediately below the solid
line on the left side of the chart represents
a short antenna close to the fuselage, such
as one run from a short mast near the
cockpit directly aft over the fuselage to
the fin of the plane.

The following example illustrates the
use of Fig. 1. Assume a measured length
of antenna as 47 ft. From the chart, the
quarter-wave resonance frequency is seen
to be approximately 5 Me¢. If the plane
is small, the resonant frequency will be
greater than 5 Me; if large, it will be less
than 5 Me

Inductance, Capacitance, Resistance

Figure 2 is used in determining the
equivalent electrical components of an
antenna at various operating frequencies.
In addition to determining such charac-
teristics at the quarter-wave rescnance
frequency, the equivalent capacitive or
inductive reactance and radiation resist-
ance at operating frequencies above or
below quarter-wave resonance may be
readily determined.

As an example, the equivalent electrical
components of the 47-ft. 5-Me quarter-
wave antenna discussed above may be
determined for an operating frequency of
3 Mec.

The vertical lines marked across the
bottom of the chart from 0.1 to 3.0 repre-
sent the ratio of the selected operating
frequency to quarter-wave resonant fre-
quency, the latter being determined by
the use of Fig. 1.

The horizontal lines marked on the
right of the chart represent the antenna’s
reactance in ohms. Those below the
center or zero line indicate negative or
capacitive reactance (operating frequency
less than quarter wave). Those above
the zero line indicate positive or inductive
reactance (operating frequency greater
than quarter wave). The common inter-
section point of the horizontal lines with
the dashed reactance curve and the
vertical lines indicates the reactance of
the antenna at the selected operating
frequency.

Assume the quarter-wave resonant
frequency as 5 Mc (measured length
47 ft). The reactance of this antenna
at an operating frequency of 3 Me is
found as follows: Divide the 3-Me operat-
ing frequency by the 5-Mc quarter-wave
resonant frequency. The quotient is
seen to be 0.6, Following the vertical
0.6 line to the point where it intersects
the dashed reactance curve and then
proceeding to the right, the reactance is
seen to be about —325 chms.

Referring again to Fig. 1, the upper
horizontal lines are marked on the left.
These numbers at the left represent the
radiation resistance in ohms of the an-
tenna. The common intersection point
of these horizontal lines with the solid
resistance curve and the vertical lines
(ratio of operating frequency to quarter-
wave resonant frequency) indicates the
radiation resistance of the antenna at the
particular operating frequency chosen.
Thus, the radiation resistance of the 47-ft
5-Me quarter-wave antenna at an operat-
ing frequency of 3 Mc is seen to be
approximately 1.9 ohms (the 0.6 vertical



line intersects with the resistance curve
and the 1.9-0hm horizontal line as read
on the left).

The lower solid angular lines mark in
terms of capacitance values which, when
multiplied by a factor shown on the chart,
produce a capacitive reactance equal to
that of the antenna. For example, the
effective value of capacitance of a 47-ft
5-Me quarter-wave antenna at an operat-
ing frequency of 3 Me is found as follows:
The wvertical 0.6 line intersects the
reactance curve at a point just slightly
higher than that of the 75-uuf-capacitance
line, indicating a value of capacitance
greater than 75 uuf or approximately 80
puf. This value of 80 uuf, when multi-
plied by the ratio 10 Mc:5 Me, is 160 upf,
which is the effective capacitance of the
5Me antenna under discussion when
operated at 3 Me.

The upper solid angular lines mark in
terms of inductance values which, when
nmultiplied by a factor shown on the chart,
produce the equivalent inductance of the
satenna at the particular operating fre-
quency chosen. The inductance value
is found the same way as capacitance,
outlined sbove, using the angular in-
ductance lines instead of the angular
capacitance lines.

(It is important to note when using
the chart that the eapacitance lines are
used only when the antenna has capacitive
reactance at the operating frequency, f.e.,
less than quarter-wave frequency. The
inductance lines are used only when the
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antenna is inductive, .., greater than
quarter-wave frequency.)

Estimating Procedure

To review the examples illustrated,
by the use of the antenna charts a 47-ft
aireraft antenna is found to be quarter-
wave resonant at a frequency of 5 Me.
At an operating frequency of 3 Me, it is
found to have a capacitive reactance of
—325 ohms and a radiation resistance of
1.9 ohms. The value of reactance is
equivalent to a capacitance of 160 uuf.
Thus, a good grade air dielectric capacitor
having a capacitance of 160 ppf, in series
with a noninductive resistance of approxi-
mately 2.0 chms, would simulate a 47-ft
antenna at a frequency of 3 Me. This
would constitute a suitable dummy
antenna for the bench testing of aireraft
radio equipment to be installed in an air-
plane having an antenna 47 ft long and
operated on a frequency of 3 Me.

The characterigtics of an aircraft an-
tenna at various operating frequencies
may, then, be readily determined by the
following procedure:

1. Measure the length of the antenna
from the anteona insulator on the skin
of the fuselage to its farthest point. If
the antenna is an off-center fed V, do
not include the short side. Measure the
length of lead to the V plus the length of
the longest side of the antenna proper to
determine the measured length of the
antenna.
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2. From Fig. 1, determine the quarter-
wave resonant frequency, taking into
consideration the size of the airplane if
the antenna is long or the proximity of
the antenna to the fuselage if the antenna
is short.

3. Determine the ratio of selected
operating frequency to the quarter-wave
resonant frequency by dividing the op-
erating frequency by the previously noted
quarter-wave frequency. This numerical
value coincides with the numerical value
of one of the vertical lines on Fig. 2.

4. Determine the reactance by the
common intersection of the applicable
vertical line, the dashed reactance eurve,
and the nearest horizontal line, reading
the reactance value on the right side of
Fig. 2.

5. Determine the effective capacitance
or inductance by multiplying the value
of capacitance or inductance found on
the solid angular line intersecting the
point on the reactance curve obtained in
connection with 4 above, by the factor
shown on the chart.

6. Determine the radiation resistance
by the intersection of the vertical line
obtained in 3 with the resistance curve
and the nearest horizontal line, reading
the value on the left.

Both charts were compiled empirically
and are the average of the characteristics
of a number of antennas of different
lengths and types on various types of
airplanes,

Design of Two-tower Directional Arrays

By E. A. LAPORT

Practical methods for the design and application of two-element directional arrays in broadeast
Such arrays are useful for improving coverage and reducing fading

and communication service,

THE outstanding problem in antenna
design is always to control the dis-
tribution of the radiated energy in some
desired manner. In the case of single
vertical radiators, the control is obtained
by adjusting the length of the antenna
and the distribution of current in it.
Further modification of the radiation dis-
tribution is achieved by the use of more
than one radiator. As the number of

radiators is increased, a greater degree of
control becomes possible. In general, it
ig electrically possible to mold the radia-
tion pattern in almost any desired manner,

The array of two vertical radiators
provides a wide range of radiation pat-
terns, depending on their separation, and
the relative magnitudes and phase of the
radiator currents. Only two-element ar-
rays in which identical vertical wire

radiators one-quarter wavelength in height
are used will be discussed here. These
restrictions are only for the purpose of
simplification of the discussion, and one
can readily remove them when the princi-
ples of radiation control are understood.
The radiation pattern, or space charac-
4eristic, is a geometrical description of the
manner in which the radiant energy is
distributed in space around the radiators.
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The horizontal pattern represents the
digtribution in the ground plane, and
the various vertical plane patterns repre-
sent conditions in directions at various
angles above the horizon. These patterns
may be drawn in terms of relative or
actual field strength or power. Patterns
are shown here in terms of relative field
intensities.

YP=5csO
Fig. 1.—Plan view of directive array, showing
geometry for computing the horizontal pattem.

The investigation of a directive antenna
system usually starts with the choice of a
suitable horizontal pattern, since that
portion of the entire radiation pattern is of
primary importance where ground-wave
coverage is intended, as in broadeasting.

Extended tables of diagrams have been
published! showing the horizontal direc-
tivity patterns resulting from two identical
parallel linear radiators for various spac-
ings and various phasings of equal radiator
currents. These diagrams are always
useful in prospecting for an approach to a
given problem. The relative directions
of nulls, maxima, and their broadness or
sharpness, can be roughly determined by
inspection of the figures. However, fig-
ures of this sort are seldom more than
indicators, and the designer must calcu-
late precisely his patterns after he has
decided in what range of spacings and
phasings he wishes to work.

Horizontal Directivity Diagrams

The entire radiation pattern is sym-
melrical with respect to the plane drawn
through the radiators, as can be recognized
by inspecting a table of directivity dia-
grams for two radiators. So it is neces-
sary only to ealculate the horizontal
pattern through an angle of 180 deg.
In Fig. 1 is shown the geometrical plan
for calculating this pattern. The line
of reference is the line X-X through the
radiators A and B, and the angle between
this line and the point of observation is 6.
The point of observation may be con-
sidered to be anywhere on a eircle drawn
from the geometrical center of the array,
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and it is assumed that the distance is
great enough so that lines drawn from it
to each radiator are essentially parallel.
At broadcast frequencies and for broad-
cast applications, points on the 1-mile
circle are usually considered.

At any angle §, in the first quadrant,
radiations from A arrive in advance of
those from B by an angle ¥ = &' cos 4.
Here s is used to indicate the separation
of the radiators in electrical degrees, and
is the spacing in wavelengths (s/A, where
s is the actual separation in meters, A the
wavelength, multiplied by 360). Inorder
to establish a basis of reference that can
be followed throughout a problem, radia-
tions from B may be arbitrarily con-
sidered in their relation to radiations from
A. If radiations from B arrive later
than those from A (as they do in the first
quadrant), ¥ is negative; contrariwise, ¥
is positive when B radiations are in
advance of those from A (second quad-
rant). Representing these radiations by
means of rotating vectors exactly as used
in a-¢ analyses, vectors being in terms of
field intensities, the resultant intensity at
the point of observation is obtained by
vector addition. If radiations are con-
sidered to start from both radiators at the
same instant in phase, and travel to the
observation point by paths of different
lengths, but at the same velocity, the
vectors would be added at an angle to
obtain the resultant.

In addition to ¢, the effect of the initial
difference of phase of the vectors must be
included. Furthermore, since the field
intensity is proportional to the antenna
current that produces it, account must be
made of the relative fields in the vector
lengths. The total angle between the
vectors is called «, and it is the algebraic
sum of the space angle ¥ and the initial
phase difference between radiator cur-
rents ¢. Proper precautions must be
taken with signs. Angle ¢ iz positive or
negative depending upon whether the
instantaneous current in radiator B passes
through positive maximum value so
many electrical degrees in advance or
retard of that in radiator 4.

The horizontal directivity diagram can
be quickly ealeulated by solving

Ey = 1 4 kicos o« + 7 8in @) )]

This equation gives the relative strength
of field at any angle 8, for any given ratio
of the radiator currents % and initial
phagse difference ¢, wherea = 5" cos 8 + ¢.
The equation is especially adaptable to
graphieal solution. The solution for the
angle « is represented in Fig. 2, for two

values of 8. A circle with a radius of s’
is intersected by radials drawn at various
angles corresponding to values of 8 from
0 to 180 deg. The projections of these
intersections on the axis X-X’ give the
value of ¢ = & eos 8. According to the
conventions adopted, ¥ is negative for
first~-quadrant angles and positive for
second-quadrant angles. In the succeed-
ing operation, ¢ is added algebraically to
¥ to give the anglea. Lastly, two vectors
having a ratio k are added together at this
angle, the resultant being the relative field
intensity in the direction of 8. Such an
addition is shown in Fig. 3.

—t
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Fig. 2.—Construction used in finding values

of «. Case shown for s’ = 133°, ¢ = —60°,
for 8 = 30°and 135°. Various values of « for
different values of 9 are found similarly,

Fig. 3.~When « is known, E8 (the resultant
voltage at the observation point) is found by
the construction shown here,
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Fig. 4A~—A typical polar plot (s’ = 180°,
¢ = —45° k = 1) produced by the method
of Figs. 1, 2, and 3.
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Fig. 4B~—Variations of the pattern shown in
Fig. 4A caused by changing the rstio of the
currents in the two radiators.

A complete solution by this method for
an array of two radiators spaced 0.5
O = 180° cos 8) with ¢ = —45° and
k = 1.00 is shown in Fig. 44,

The effect of the current ratio on the
pattern for this same array is shown by
Fig. 4B. When k = 0, there is in effect
but one radiator, and its pattern is the
circle. It is seen from this that the null
angles remain fixed, but the depth and
breadth of each null and maximum
changes with £.

Vertical Pattern in Plane of Radiators

The basic geometry of the first step in
determining the vertical radiation pat-
terns (on which fading and sky-wave
coverage depend) is that shown in Fig. 5,
which is a side-elevation view of the
array. As shown, the initial intensity of
radiation from ome radiator is not con-
stant in all directions above the horizon
(as it is in the horizontal plane) but varies
with the angle of elevation 8. Therefore
the vertical pattern for one radiator must
be known before proceeding with the
problem for the array.

With a grounded vertical quarter-wave
radiator over perfectly eonducting earth,

Radiotor
el
E, - 508 0%ind)
) 453
ffar%hg/?mbfw)

e sL......_
Fig. 5.—Side elevation view of array, showing

geometry for computing pattern in the plane of
the two radiators.
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Fig. 6.—~Vertical (shaded) and horizontal patterns for two radiators spaced one wavelength and fed
equal cophased currents.

the vertical relative field strength pattern
is given by the equation
__cos (90° sin 3)

By = cos & )
where § is measured from the horizon.
E can readily be caleulated for any value
of é.

The equation for the vertical pattern
for two radiators in the plane through the
radiators, in the system under considera-
tion, is
Es = {1 + Elcos(e + ¢)

.. cos(90° sin §)
+sin (e + o) {<20ESRIL 3

where € = s’ cos § and ¢ is, as above, the
phase difference between the antenna
currents. As in the horizontal pattern,
8 is measured from the right toward the
left, through 180 deg € is negative between
0 and 90 deg and positive from 90 to
180 deg. It will be noticed that, in
Eq. (3), Eq. (2) is employed ag a propor-
tionality factor in conjunction with
ancther factor having the form of Eq. (1).
This results, in effect, in multiplying the
horizontal pattern for two radiators by
the vertical pattern for one radiator, to
obtain this particular vertical pattern
for the array. With this fact in mind,
one can estimate such a pattern from
inspection of the horizontal pattern.
Figures 6 and 7 are solutions based on

Eq. (3).

Vertical Pattern Normal to Plane of Radiators

In the plane that passes through the
center of the array and is normal to the
plane of the radiators (8 = 90°), the dis-
tance from each point of observation to
each radiator is the same, so that ¥ = 0.
For this reason the field-intensity dis-
tribution curve for the array has exactly
the same shape as that for one radiator,
If a null appears in the horizontal pattern
at right angles to the line through the
array, this null persists at all vertical

90 L
[1a/1p=100
Anftg=07

laj1g=1.00,
Mig=018 /!

270°

Eig. 7.-—~Horizontal and vertical (in plane

t?\tough radiators, shown shaded) patterns for

radistors spaced a quarter wavelength and
for ¢ = 90°,
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Fig. 8A.—Cootdinate system used in
computing vertical-plane patterns.

angles. The pattern for the array, in
this plane, is obtained by multiplying
the value for 8 = 90° from Eq. (1) by
the values of Eq. (2).

The vertical pattern in this plane can
also be determined immediately from
inspection of the horizontal pattern.

The Complete Radiation Pattern

Referring to a suitable spherical co-
ordinate gystem such as shown in Fig. 84,
the basic geometry for ecalculating the
radiation pattern in any vertical plane is
readily developed by the construction of
Fig. 8B. From the latter, the following
equation is obtained:

{1 4 klcos (v + ¢) -+ jly + ¢l
cos (90° sin &)
{ cos § } @

Egs =

In this equation

Egs = relative field intensity in directions
¢and 5

k = current ratio, as in Eq. (1)

v = total phase difference between radia-
tion vectors A and B due to differ-
ence in length of path, and is s cos ¢
€08 &

¢ = initial phase difference of the cur-
ents, as in Eq. (1). Equation (2) is
used again as a proportionality
factor.

The solution of this equation reveals
the shape of the space characteristic.
One way in which the results of the solu-
tion can be plotted for deseriptive pur-

Fig. 9.—Various vertical-plane distributions
tor the array whose horizontal distribution is
shown in Fig. 4A.

ELECTRONICS FOR ENGINEERS

Fig. 8B.—Birdseye view of amay showing relation of

radiators to observation point.

poses is shown in Fig. 9, where various
vertical patterns in directions of particu-
lar interest are drawn.

Radiation Rules of Thumb

The following notes will be helpful when
searching for a suitable radiation charac-
teristic for a particular case:

1. The horizontal pattern is symmetri-
cal with respect to the line through the
radiators.

2. When the angle ¢ is either 0 or
180 deg, the horizontal pattern is also
symmetrical with respect to a line running
normal to the line through the radiators.

3. The three-dimensional pattern is
also symmetrical with respect to the line
through the radiators.

4, When ¢ is either 0 or 180 deg, the
three-dimensional pattern is also sym-
metrical with respect to the line drawn
normal to the line through the radiators.

5. When k£ = 1.00, the nulls are direc-
tions of zero radiation.

6. When k& is other than unity, the
nulls oceur at the same angles as in the
ease of k = 1.00, but are directions of
minimum (not zero) radiation. In the
same manner, the maxima are reduced.
Ag the current in one antenna approaches
zero, the other eurrent amplitude remain-
ing constant, the horizontal pattern
degenerates into a circle.

7. Where there is suppression of radia-
tion along the ground in the line of the
radiators, there will be one or more
maxima at high angles in that direction.

8. Where a maximum occurs along the
ground in the line of the radiators, the
vertical pattern in that direction is flatter
than that of one radiator alone.

9. Where radiation is suppressed in a
direction normal to the line through the
radiators, proportional suppression cecurs
in the vertical plane in that direction.

10. No parts of the radiation pattern
extend beyond the limits of the solid of
revolution made by rotating the vertieal
pattern on the line normal to that through
the radiators (6 = 90°) about the geo-
metrical center of the array. Maxima
approach this surface as a limit wherever
they oceur.

Practical Applications of Directional Anays

In broadecasting, the attempt is made
to suppress high-angle radiation to reduce
fading. To achieve this with single
vertical radiators, it iz necessary to
build very high structures. Greater sup-
pression of high-angle radiations in two
opposite directions can be had by using
two radiators with a considerable spacing
and proper phasing of the radiator cur-
rents. The result is a directive radiating
system, but there may arise situations
where the undesired horizontal directivity
could be tolerated for large-scale high-
angle suppression in the favored directions.

Figure 6 is an example, it being the case
of two radiators spaced one wavelength
with equal cophased currents. The hori-
zontal pattern is shown, together with
the vertical pattern in the plane through
the radiators and the vertical pattern for
one radiator. In the high angles which
have the greatest influence on short-range
fading, those between 45 and 90 deg,
there is a high degree of suppression. A
“blind spot” oeccurs at approximately
60 deg. The extreme inclination of the
small high-angle lobe is such as to be of
small consequence or negligible, especially
in regions of medium or high soil con-~
ductivity. Radiation sidewise has the
same distribution as one of the radiators,
and is also entirely useful. In the direc-
tions of the nulls and for a few degrees
each side of them, mostly high-angle
radiation would be had, and this would
be of no value for primary service. In
occasional cases where geographical con-
ditions would permit, this attack on the
high-angle radiation problem might have
some economic advantages over a single
high radiator.

An example of a directly opposite case,
where the use of two radiators gives
generally inferior radiation characteris-
tics, so far as ground-wave coverage and
fading are concerned, is that where two
radiators spaced ls wavelength, with
equal cophased currents, are used.

Protecting One Direction Only

When radiation is to be suppressed in
one direction only, one is confined to the



use of some form of cardicid pattern.
With two radiators, spaced not more than
approximately 3¢ wavelength, and proper-
ly phased, variously proportioned cardioid
patterns can be obtained. A single null
direction is desired when the service area
of a station lies very nearly round about
it and but one direction has to be pro-
tected. One unfortunate characteristic
of all cardioids is that the null in the
ground pattern comes in the line through
the radiators, and therefore a lobe of
high-angle radiation in the same direction
results. This undesired lobe may prove
troublesome in the service areas of co-
channel gtations at moderate distances
in that direction, and does not permit
complete suppression. Figure 7 shows a
M4 (90%), ¢ = 270° eouplet cardioid pat-
tern for £ = 1.00 and k = 0.75, and the
resulting vertical patterns in the plane
through the radiators.

When it is desired to suppress simul-
taneously radiations in two directions,
the problem narrows somewhat at the
start to those combinations of spacing
and phasing which bring the nulls on the
desired bearings. The angle between the
two directions to be protected, from the
proposed location, must first be deter-
mined. Call this angle 8. In the pat-
terns that have but two null directions,
the orientation of the array must be that
of the bisector of the angle 8. The
spacing and phasing for two radiators,
to bring two nulls at the desired angles,
can be found from the following equation:

¢ = 180° -—s’cosg
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where ¢ = phase difference between the
antenna currents
s’ = spacing between radiators, elec-
trical degrees
8/2 = angle between a null and the line
through the radiators

In many cases it will be found that
several space-phase combinations will
bring proper bearing of the nulls.

When dependence is placed on a
directive array for effective suppression
or elimination of radiation in some direc-
tion, the space pattern must be stable.
Small changes in the phase angle between
the radiator currents cause shifts in the
null directions, Some patterns are more
sensitive than others to the effects of small
phase shifts, which may be due to changes
in ground conditions, mistuning, ete. It
is well to investigate this matter at the
time of designing an array by calculating
the change in pattern due to small
changes in phase. Such a calculation is
exhibited in Fig. 10.

Kear and Roder have described methods
that are capable of automatically com-
pensating for natural variations in an
array, within moderate limits, thus
stabilizing the radiation pattern.2? How-
ever, such precautions are required only in
the most particular broadeast application.

The effeet of side-band frequencies in
the directive array may be noticeable
sometimes in the vieinity of a sharp null,
though it will be seldom of importance at
broadcast frequencies. Nevertheless the
side-band frequencies farthest removed
from the carrier work into different im-
pedances from those at the carrier fre-
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Fig. 10.~Changes in horizontal pattern due
to shifts in phase between the antenna currents,
which are sometimes difficult to control in
practice,

quency, with consequent slight departures
from the phase relations, eurrent ratio,
and electrical spacing for the latter.
With modulation, therefore, we must
visualize a faint quivering in the shape
of the radiation pattern. The lower the
carrier frequency and the higher the
modulating frequency, the greater is the
deformation of the radiation pattern
during modulation.
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Directional Radiation Patterns of Two-element
Vertical Antenna Arrays

By A. JAMES EBEL

The chart shows the various horizontal signal distributions possible from two-
element directional antennas with different current phasing and spacing
arrangements, assuming equal maximum current amplitudes in the two radiators

A TWO-ELEMENT directional array con-
sists of a pair of vertical radiators,
both of which are radiating energy of the
same frequency at the same time. Un-

der these conditions, the energy from cne
radiator interferes with the energy from
the other, the amount of interference
depending on the direction relative to the

axis of the array. The result is a diree-
tioAal characteristic that can be made
use of in directing the bulk of the signa.
where it will do the most good. The
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Fig. 1.—Horizontal signal distributions of two-element directional antenna arrays, arranged according to space phasing 3" and time phasing ¢.



Fig. 2.~Relation of observation point C to
radiators A and B.

usual way of representing the horizontal
distribution of the signal voltage is to
specify the signal strength at various
points on a circle surrounding the array
and to make a polar plot of these signal
strengths. Figure 1 includes 35 such
plots, each representing a different com-
bination of space and time phasing.

The space phase s’ is the number of
electrical degrees separating the two
radiators. If s is the actual distance
separating them, then s’ = 360° s/\,
where A is the wavelength of the radiation
in the same units (usually meters) as s,
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The meaning of the space phase can be
seen in Fig. 2. A and B are the two
radiators, C is a point on the circle sur-
rounding the array, and D is a point such
that DC = BC. If AB is small com-
pared with the radius of the circle, then
AD = ¢ cos 8, which, being expressed in
electrical degrees, gives the phase dif-
ference between the lengths of the paths
from 4 and B to C.

The total phase difference between the
two voltages arriving at point € is made
up of this space phase and a time phase.
The latter is the original difference in
phase between the two currents fed to the
two radiators. If radiator B is fed ¢ deg
out of phase with respect to radiator A
with a lagging voltage, then the total
phage difference is (3" cos §) = ¢.

To determine the vector sum of the
voltages at point C, which is of course
the signal strength at that point, the
magnitudes of the voltages must be known
in addition to the phase difference between
them. It is assumed for the purpose of
the chart that the maximum values of the
currents in the two radiators are the same,
and that, therefore, the magnitudes of
the two voltages at point C are approxi-
mately the same, since AC is approxi-
mately equal to BC. To show the rela-
tive signal strength, therefore, we can
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assume that the magnitude of the two
vector voltage components is unity and
their phase difference is (s’ cos .8) — ¢.
The magnitude of their sum FE., the
resultant signal strength at point C, then
becomes
E. = 2 cos ————(8’ cos 0) — ¢
2

E. can then be plotted as a function of
6 in polar coordinates, but the form of the
resultant signal distribution depends on
s', a constant depending on physical
dimensions and wavelength, and ¢, also
a constant depending on how the radiators
are fed. By choosing different discrete
values of these two constants, a group of
plots of E. against § can be made. This
procedure has been carried out in prepar-
ing the chart.

To aid in plotting, the values of & at
which E. becomes zero and at which it
becomes maximum may be calculated by
the use of the following expressions:

9 = cos™? W, for E. =0
cos™ ko 180° -+ &
s!

Bmex = 3

for E. = maximum

where %, is an even integer and %, is any
odd integer such that # does not exceed
360 deg,

Antenna Power Divider

By EARLE TRAVIS

Chart facilitates finding correet values of I and € for any desired division of eurrents in
a two-element broadeast array, with constant phase shift and constant resistive input

A simpLe power divider for a two-
element broadcast antenna array
¢an be built from the basic cireuit shown
in Fig. 1. Here resistors R represent
actual measured values of characteristic
impedance for the two transmission lines
and must be equal, while L and C are
variable and allow for any power division
desired. As long as the correct relation-
ships are maintained, the input impedance
will be resistive and of a constant value,
and, most important, the phase shift be-
tween lines will remain constant. This
means that the operator can vary tower
current without having to change phasing
adjustments.

The required relationships are that
X1 X¢ always be equal to R? and that
Zp/Z 4 always be equal to the current
ratio K, which is equal to the square root
of the power ratio.

By means of the chart in Fig. 2, it is
possible to observe these relationships
automatically and find quickly the values
of Xz and X¢ for any current ratio
desired. The chart gives the cosine
value for each series cireuit. From this,
the angle and its tangent can be found in a
trigonometry table and the reactance
value of each branch computed from
Xa=R tan A and Xz =R tan B.
Knowing the operating frequency, L and

C are computed from L = X,/2xf and
C = 1/2nfX 3,

Usually it is best to let cosine B be
negative so that branch B is capacitive,
This allows for smaller units, but the
capacitor must withstand fairly high
voltage. In the case of high power it
might be better to let cosine B be positive
g0 its circuit is inductive. This will call
for larger units, but the capacitor will
not have to withstand such high voltage.

Ezample.—Operating frequency is 1,000
ke, current ratio is 3:1, and R is 230 ohms.
For a current ratio of 3:1, the chart gives
a value of 0.950 for cos 4, and a trigo-
nometry table is then used to find
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Fig. 1.—Basic power-dividing circuit, with
transmission lines represented by R, and actual
circuit,

tan A = 0.3284. OSimilarly, cos B =
0.312 and tan B = 3.044. Substituting
in X4=R tan 4, X, = 230 X 0.3284
= 75.51 ohms. Similarly, Xz = 230 X
3.044 = 700 ohms. Allowing X to be
capacitive, C = 1/6.28 X 1,000,000 X

ELECTRONICS FOR ENGINEERS

T——
\\ o Eo
o9 ™~ »‘“’o,
’b,% 4'
08
\\i‘ Y7 ratic
0.7 \1“\
06 Al
A P’
\.‘PP N ‘5
° sl
205 \3;1' Ip= 4.4 Eo
o
o4 A // < et S
03 /4//’/ 3 \ 2/ rati
: iy
!
0z /7/}& ] //\4/ oA
- yV I Ig=44 Eo
ot 5/ D '
) 5 37 ratio
0 ©of 0z 03 ©04a 05 08 07 G8 08 10
Cos A
Fig. 2.—Cosine values for finding L and C are at Fig. 3.—Vector diagrams

intersection of curve with line for desired current

ratio,

700 = 227.5 puf. X is then inductive,
and L = 75.51/6.28 X 1,000,000 = 12 ph.
The alternate solution with X4 capacitive
and X induetive gives C = 0.0021 uf and
L = 111.4 gh.

The vector diagramsin Fig. 3 cover three

showing that input of circuit is
always constant and resistive.

different current ratios. Note that when
the two current veectors are added in each
case their sum is always the same and ia
along the reference axis. This shows that
the input of this power-dividing network
is always resistive and of constant value.

Computing Performance of Two-tower
Directional Arrays

By A. R. RUMBLE

A method for computing the performance of directional arrays and comparing it with the performance of a
single vertical radiator of the same height, useful in planning improvements in broadcast radiation systems

Tm: design of a directional antenna
array involves two important factors,
the shape of the pattern and the absolute
magnitude of the signal strength contours
in the pattern. E. A. Laport has pre-
viously shown! how to calculate the shape
of the directional pattern of an array of
wwo vertical grounded radiators. How-
ever, his patterns are relative only, and
therefore provide no comparison (except
shape) between different arrays, or be-
tween an array and a single radiator.
The purpose here is to show how to extend
the usefulness of the method he uses, so
as to provide comparisons.

The usual assumptions are made i.e.,
each radiator iz a vertical wire with its

lower end very near a ground of perfect
conductivity. Here, as in Laport’s ar-
ticle, we shall deal only with arrays com-
posed of radiators of equal height. The
field strength of an array will be expressed
in terms of the field strength of a single
radiator of the same height with the same
total power input. Thus we have a
direct comparison of the performance of
an array and a single tower, or between
two arrays.

For purposes of comparigon, the hori-
zontal pattern of one radiator alone (i.e.,
not in the presence of other conductors)
will be a circle of unit radius. If the
absolute radius of this circle in millivolts
per meter at 1 mile is desired, it can be

determined from previously publishe#&
data.® However, for comparison pur-
poses this radius will be unity.

When operating two radiators near
each other, the current in each will induce
s voltage in the other. The problem then
is to determine the total current in each
radiator. It is not necessary to deter-
mine the actual current, but merely the
ratio of current in one element of an
array to the current in a single radiator
alone with the same total input power as
the array.

The following symbols will be used.
The element with the greatest current
will be designated as element 1,



I = current in single radiator when used
alone '
I, = current in element 1 of the array
I, = current in element 2 of the array
&k = ratio of the magnitude of I, to I,
¢ = phase angle of 7, with respect to I,
Zy = R, + jX,; = self-impedance of ele-
ment 1 alone
Ze = R, + jX,; = self-impedance of No. 2
alone. X,; and X,, consist of self
reactance plus any loading reactance
in each antenna
Zyw = Ry + jX,, = mutual impedance be-
tween the two elements
4y = Ry + jX = total effective impedance
of element 1
Zs = RB; + jX; = total effective impedance
of element 2

By definition
I 2 = kI,
Iy = kI{cos ¢ % jsin ¢)
And sinece power in array = power in
single radiator alone,
IRy + I.2R. = IR,

And by Kirchhoff’s laws

El = Ilzrl + Izzm
Ey = IZ2 + 1,Z

Combining the above equations and solv-
ing for their current ratio

L_ I
! 1+I:2+2k%‘cos¢

In Laport’s equations I,/ is always
unity. By multiplying his equations by
the above correction factor we obtain
equations that give a comparison between
the performance of a two-element and a
single radiator of the same height.

Horizontal Pattern

By = _———13— ~~~~~~ - X
1+k2+2k}»§-‘cos¢

V1 ¥ k% + 2k cos a

Vertical Pattern
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Fig. 1.—Ratio of mutual resistance to self-resistance of two vertical grounded radiators.

§ = angle of elevation above ground.
Same units as other angles

These are the same units as used in
Laport’s article except that he dealt only
with guarter-wave elements where A =
90°.

Determination of R,./R.

Values of R,./R, for spacings up to one
wavelength of heights of A\/4, 3A/8, and
0.528X% (190 deg) are plotted in Fig. 1.
For other heights and spacings approxi-
mate values may be estimated from the
curves, and exact values may be calcu-
lated from the following formulas by G.
H. Brown.?

cog §

Foy = \/ 1 [cos (A sin 8) — eos A] VITF T Tcos 0 T 9)
1+ I2

R
-+ 2k r o8 ¢

where & = §' cos 8 + ¢
s’ = gpacing of elements, electrical
degrees or radians
¢ = azimuth angle with respect to
the line of the two elements. In
same units as 8’ and ¢

A = height of the two elements, elec-
trical degrees or radians
v = 8" (cos 8){cos &) = phase differ-

ence due to difference in lengths
of paths of two radiations

Example

As an example of the use of this method,
suppose it is desired to determine the field
strength at right angles to the line of the
towers of two quarter-wave towers spaced
0.7M with currents equal and in phase.

s = 0.7 X 360 = 252°
¢ =0
a=252c0890 40 =20

Rn
= —0.338
Ego = | I
TN TR @ X038 XD

=087 xX2=174

This means that in this direction 74 per
cent greater field strength will be obtained
than if the same power is used in a single
radiator alone. If the absolute theo-
retical field strength is desired, it is found
by determining the field strength of a
single radiator alone and multiplying by
the above factor. It can be found from
the article? to which previous reference
is made that the theoretical field strength
of a quarter-wave vertical grounded
radiator is

6.2 mv/meter/v watt at 1 mile

Multiplying this by the above factor
gives the theoretical field strength of the
array in this direction

10.8 mv /meter/+/ watt at 1 mile

The power gain of the array is

s Egn2 = 1742 = 302

This indicates that using the array gives
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Fig. 2.~—Correction factor for two quarter-wave radiators.

an increase of field strength in this direc-
tion equivalent to tripling the power in the
single radiator. Incidentally this figure
checks with the figure given by P. 8.
Carter® for the power gain of two half-
wave dipoles in free space, which corre-
sponds to two quarter-wave grounded
radiators.

It is only necessary to calculate the

factor once for each complete pattern.
Each radius of the pattern is multiplied
by the factor. Figure 2 shows how the
correction factor varies with spacing and
phase angle for two quarter-wave ele-
ments with equal currents. There are
several points of interest on these curves.
At very large spacings there is no appreci-
able coupling between the two elements

and R, approaches zero. I sither R.. or

cos ¢ = 0, then
I ‘f 1
‘?)“ T¥&
and if K = 1

L
(7) = 0.707

Notice that all the curves are approsching
this value at large spacings. At approxi-
mately 0.43\, spacing R . also equals zero
for the quarter-wave elements. At this
spacing the only coupling between the
elements is purely reactive. Therefore
all the curves pass through the point
0.43%, 0.707. The ¢ = 90° curve is con-
stant at 0.707 since the two currents are
in quadrature and there is no real com-
ponent of induced current, and as far as
power radiation is concerned each element
acts as though the other were not present.
Therefore for ¢ = 90° the correction fac-
tor depends only on % and is independent
of the height and spacing. The correc-
tion factor gives direct comparisons be-
tween arrays of the same height. To
compare systems of different heights, it
will be necessary to determine the actual
theoretical field strength as explained
previously. The principles applied here
could be extended to arrays of more than
two elements, but the caleulations would
probably be rather laborious.
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Voltage Gain Charts for Two-antenna Arrays

By WILLIAM S. DUTTERA
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These charts show the voltage gain that may be derived from a two-antenna array when the antennas
carty equal currents and are both 90 deg (one-quarter wavelength) high or are both 190 deg high.
The voltage gain is the ratio of the maximum directional ground-signal intensity to the nondirectional
ground-signal intensity from a similar antenna. The voltage gain is shown as a function of the
phasing for various spacings. The approximate gain for other spacings may be found by interpo-
lation or may be computed. The actual gain obtained will of course depend upon the loss in the
system and allowance must be made for this loss.
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Field-;trength Prediction Charts
Based on Sommerfeld’s Formula

By WILLIAM A. FITCH

Simplifications to the Sommerfeld formula (field strength at a distance from a broadcast-frequency
transmitter) that make it easier to work with and that do not introduce appreciable error

RIOR t0 1930 the Austin-Cohen formula
had been in general use for studies of
radio transmission. The formula has the
advantage of simplicity but was found to
be inaccurate for predieting field strengths
at a distance, especially for high fre-

quencies, or even medium frequencies over
poor soil.

At about this time a number of papers
began to appear dealing with the Sommer-
feld formula, and results were shown that
agreed much more closely with actual

measurements than the Austin-Cohen
formula. However, the use of Sommer-
feld’s theory has not been widespread
owing probably to these two reasons: (1)
The Sommerfeld formula itself is not so
simple as the convenient exponential
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Austin-Cliohen formula. (2) Sommerfeld
uses an extra variable which he calls ¢,
representing the inductivity or dieleetric
constant of the soil.

It is the purpose here to point out cer-
tain simplifications that may be used with
the Sommerfeld formula without intro-
ducing an appreciable error, and to
present propagation curves and charts
based on these simplifications.

The dielectric constant of soils in this
country varies all the way from 5 to about
30. The dielectric constant of water is
80. A good average for most of the soil
in the country is 14. This has been used
for the charts presented in this article.
The error introduced is not of much conse-
quence if only broadeast frequencies are
considered.

The other simplification consists of the

elimination of ¢ (which represents the
soil conductivity) as a variable. This
may be done if we pick some standard
of conductivity and refer all other con-
ductivities to the standard by simply
changing the frequency according to the
following formula:

Si= Vel

F = operating frequency

o = gtandard conduetivity of chart (as-
sumed to be 100 X 1077 emu

actual soil conduetivity

conversion frequency

i

L3
L
This formula has been plotted in the
form of a chart and is shown in Fig. 1.
Its use is best explained by an example:
If we wanted to find the conversion
frequency for a soil constant of 50 X 10-18
emu and an operating frequency of 700 ke,

referring to Fig. 1 we see that a frequency
of 1,000 ke and soil constant of 100 X
10~1% emu is equivalent to 700 ke and a
soil of 50 X 10-%* emu. A gimilar ¢hart
has previously been prepared by Eckers-
ley,! but he used the wavelength instead
of frequency as the parameter.

Figure 2 shows a field strength vs.
distance chart for a family of frequencies
from 300 to 3,000 ke. It is based on a
standard conductivity of 100 X 10-%
emu and dielectric constant of 14 esu and
inverse field strength at one mile of 1,000
mv. The actual calculation of such a
chart has been described in previous
papers, and the method followed was that
outlined by Roli.? The error pointed out
in Rolf’s curves by K. H. Norton® was cor-
rected. Beyond about 150 miles for the
low frequencies and about 60 miles for the
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high frequencies, it is necessary to include
an earth-curvature correction because
Sommerfeld’s theory is based on a #lat
earth. G. N. Watson* and others® have
calculated the effect of earth curvature,
assuming a perfectly conducting sphere,
but little has been published on the effect
of imperfect conductivity over spherieal
earth. The earth-curvature ecorrection
used for the curves in Fig. 2 is based on
actual field-intensity surveys of stations.
The dotted lines near the bottom of the
curves were made to indicate that in this
region an indirect ray is received in the
daytime which causes a slight fading.

An investigation shows that the maxi-
mum error involved in using this one
family of curves for all soil constants
oceurs when the conversion formula is
used for very poor soils. About the
poorest soil that will be found in the
United States is 20 X 107'® emu. This
ocecurs along the Atlantic seaboard. The
error incurred in using 100 X 10~ emu
instead of the exact value is slight. It
is expressed on a percentage basis in Fig, 3.
It is seen that when using the conversion
formula for soils having a conductivity of
60 X 10~'5 emu the error is less than 5
per cent. For soils between 60 X 10-1¢
emu and 100 X 10-'% emu, the error will
be even less. A maximum error of about
11 per cent occurs when using the con-
version formula for soils having a con-
ductivity of 20 X 10! emu. Even here
the maximum error is restricted to the
first 15 miles. Beyond 15 miles, the
error is less than 5 per cent.

Figures 4, 5, and 6 were derived from
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Fig. 2. Figure 5 is helpful when the
distanee to the }4-mv contour is desired
and the inverse field intensity at 1 mile is
known.

Figure 6 shows the distance to field-
intensity contours from 100 to 1 mv for a
fixed inverse field intensity at 1 mile. It
shows distinetly the effect of increased
attenuation on the higher frequencies.
This disadvantage of the higher fre-
quencies may be partially overcome by
the use of more efficient antennas and be-
cause of the fact that the noise level is less
on the higher frequencies.®

All curves are referred to the inverse
field strength at 1 mile. This is the
intensity that would be produced if no
attenuation were encountered. It is well
known that with most installations the
field strength at 1 mile is seldom equal to
the theoretical. It may be as low as 60
per cent of the inverse field in the case of a
high frequency on poor soil. The amount
of attenuation that may be expected in
the first mile with different frequencies is
shown by Fig. 4.

Figure 7 is useful for finding the in-
verse field strength at 1 mile for different
powers and antenna efliciencies. The
curves are based on antenna installations
having good ground systems and uni-
form cross-section radiators. Lower field
strength may be expected if these con-
ditions are not met.

By means of these charts, it is possible
to solve rapidly almost any propagation
problem. A typical problem might be:
The distance to the 14-mv contour of a
station operating on 1,000 ke with 25 kw

power is 72 miles. The antenna is a
quarter wave vertical. Find fhe soil con-
ductivity of the territory served. By
using Fig. 7 it is found that the inverse
field strength at 1 mile is 940 mv. From
Fig. 5 the conversion frequency is found
to be 1,400 ke. By using Fig. 1, the
conductivity from the transmitter to the
13-mv contour is found to be 50 X 10~
emu. Other uses for these charts will
readily suggest themselves.

In practice, the Austin-Cohen curves
and the Sommerfeld curves have the same
faults: they are applicable only to a fairly
uniform terrain and they fail to take ac-
count of natural and artificial irregu-
larities that exert a very marked influence
on the propagation of waves. Also,
measurements of field intensity made at
one point vary from day to day. Some
of this variation is caused by changes in
conductivity and dielectrie eonstant due
to changes in weather. Therefore, it
seems that the simplifieations, although
introducing a slight error, are warranted
for practical use.
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Radiation Chart for Vertical Antennas

FOR several years, radio engineers have
occupied themselves with the problem
of predicting the strength of the electro-
magnetie field at a given distance from an
antenna.

If a perfectly conducting plane earth is
considered, the Hertzian expression for
the electromagnetic field produced at a
distance R is

_K+P
R

E, ey

where K is a factor depending on the
antenna design. For a quarter wave-

By L. J. GTACOLETTO

length vertical antenna, K is 6.14 if E,
is in millivolts per meter, P in watts, and

R in miles. Equation (1) then becomes
B, = 6.14R\/P @

The antenna-radiation chart is & plot in
triangular logarithmie coordinates of the
basic relationship given in Eq. (2).

Effort has been made to cover the
range most used in practice. Range
extension can be most easily effected by
multiplying by powers of 10. Thus if P

is extended by a modulus of 100, and R
by a modulus of 10, the Eo scale remains -

unchanged.
The value of K in Eq. (1) is dependent

on the antenna height, and for antenna ;

heights other than one-quarter wave, cor-

rection of the radiation chart can be made,

For antenna heights of less than one-

quarter wave, K is very closely 5.9, or the .
value of E, found on the radiation chart
is to be multiplied by 0.96; for one-half

wavelength antenna, K is 7.45, or Ky from
the chart is to be multiplied by 1.213; for
0.625 wavelength antenna, K is maximum
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equal to 8.6, or E, from the chart is to be
multiplied by 1.4; for heights above 0.625
wavelength, K decreases rapidly.

It is true that Eqgs. (1) and (2) hold
only for a highly idealized case. How-
ever, the more exact treatments of the
radiation phenomenon introduce only a
correction factor to the Hertzian expres-
sion of Eq. (1). These more exact solu-
tions ean be written in the form

E = E\A (3)

Input Power (P) Watts

where E; is the field strength as obtained
from Eq. (1) or (2), and 4 is a correction
factor.

In the Austin-Cohen formula, the cor-

rection factor is

_0.07T64R

P e

where ¢ is the natural base (2.72) and A
is the operating wavelength in meters.
This correction takes care of the increased
attenuation due to currents induced in the

earth of a wave propagated along the
ground. A more exact form of the cor-
rection was given by L. W. Austin in 1926
as

el )

A. Sommerfeld has considered the case
of propagation of & wave over a plane

Garth of finite conductivity. The results

of this investigation are altogether too
complicated for practical applieation.
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Van der Pol has derived an empirical

approximation of Sommerfeld’s equations

for which A in Eq. (3) is &
20 + 03

s = 505 T p F 06 ®)

where p is Sommerfeld’s numerical dis-
tance given approximately by

_ 844 X 10-0R _ 0.938 X 10~

oA? o

o (7)
where ¢ = conductivity of the earth, emu

» = wavelength, meters

f = frequency, ke

R = distance, miles

Equation (7) gives the numerical distance
quite accurately at low frequencies where
the impedance of the earth is primarily
resistive. At the high frequencies the
impedance of the earth is largely capaci-
tive and the numerical distance is given
more exactly by

_ 0.00505R
S CER ®

where £ is the dielectric constant of
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earth* assuming air as unity. For p
between 5 and 10, a more exact expression
for the correction factor is

445
A4 = 716, + 1045 ®

For p greater than 10, the correction
factor will be given with sufficient accur-
acy by

(10)

The Sommerfeld analysis neglects en-
tirely the curvature of the earth, and
therefore gives calculated field intensities
that are slightly too high.

G. N. Watson has studied the propaga-
tion of radio waves over a perfectly con-
ducting spherical earth. In his solution,
the factor A in Eq. (8) is

R —0.0605R
As = 04558 337 M (11)

Watson’s formula does not hold for

* The dielectric constant of soils in this country
varies from 5 to about 30, with a good average being
14. Tke dielectric constant of water is 80.

regions near the transmitter (say within
500 miles). In this region, Sommerfeld’s
equations will give good results. C. R.
Burrows has derived an empirical formula
based on Watson’s results which will hold
up to %000 miles. In Burrow’s formula
the correction factor is

A; = (1 + 22)%e7 a
where
Z = 0.0564 U (13)
A == U, 'XE

The problem of propagation of radio
waves over a spherical earth of finite con-
ductivity has been studied, but as yet
only approximate curves are available.

1t is seen that the basic radiation form-
ula is the Hertzian expression given in
Egs. (1) and (2) and graphed on the radi-
ation chart. To this basic equation is
added a correction factor whose value
depends on the degree of approximation
desired. The formulas do, however,
serve a very useful purpose in engineering
work, and, whenever necessary, the com-
putations can be checked with field-
intensity surveys.

Design Procedure for Ground-plane Antennas

By H. W. HASENBECK

The addition of a turnstile element to a v-h-f vertical antenna lowers the angle of
radiation. This paper develops the basie formulas for designing such a ground-

plane antenna.

An example is worked out for a 78-ohm termination at 33.78 Mc

VERTICAL antenna located several
wavelengths aboveground does not
display the low angle of radiation expected
unless certain features are included as an
integral part of the installation.

One type of h-f antenna designed to
produce a low vertical angie of radiation
is the so-calied ground plane. Its design
was conceived by Brown and Epstein.!
It is unique in that its features not only
produee the desired low angle of radiation,
but also allow for proper termination of
the transmission line and place the an-
tenna at ground potential. Figure 1
illustrates the mechanical construction.

Basically, the antenna assembly is so
designed that a parallel cireuit is formed,
whose impedance can be made to match

the characteristic surge impedance of eon~
centric transmission lines commercially
available. The equivalent electrical cir-
cuit of a ground-plane antenna is shown in
Fig. 2. The parallel circuit formed by the
ground-plane antenna is acecomplished by
connecting the base of the antenna to the
center eonductor of a metallic concentric
base support, shown in Fig. 1 as L. This
center conductor, shown as Lg in Fig. 1,
acts as an induectance and is shunted at
the top by the antenna base impedance,
composed of capacitive reactance and
radiation resistance. If the inductance,
capacitance, and resistance are of the
proper values, the parallel ecircuit thus
formed will act as a pure resistance at the
operating frequency.

As illustrated in Fig. 1, the outer con-
ductor of the coaxial transmission line is
connected to the outer conduetor of the
antenna base support. Since the inner
conductor is common to the outer con-
ductor, because of a metallic shorting
disk at the base of Ls, the antenna as-
sembly may be placed at ground poten-
tial, provided that the antenna supporting
structure or the outer sheath of the coaxial
line is grounded.

Design Data

Consider the circuit shown in Fig. 2.
If the values of reactance and resistance
are properly proportioned, the circuit can
be made to act as a pure resistance, prac-
tically equal to the surge impedance of



La

details of ground

1.—Constructional
L. may be any convenient
length provided it is at least as long as L.

Fig.
plane antenna.

coaxial transmission lines in commeon use.
Proof of this fact is demonstrated by

753.3(25 — j36)

35 + 533 — ja6 — (7 ohms

1)
The term 753.3 represents the reactance
of Lg in Fig. 2, and the term (25 — j36)
" represents the resistance and reactance of
La. The combined branches of the cir-
cuit equal 77 ohms and form the termi~
nation of the coaxial transmission line.

The four arms extending out from the
top end of the outer sleeve of the concen-

-tric base support, labeled D, are ground
radials. These radials are necessary to
lower the radiation resistance and de-
crease the effect of high-angle interference
radiation originating on the supporting
structure or coaxial feed line.

The terms found on the left side of Eq.
(1) are entirely possible to obtain in actual
practice, and the resulting parallel imped-
ance should be satisfactory for termi-
nating coaxial lines having a characteristic
surge impedance hetween 60 and 90 ohms.

EF.

Fig. 2.—~Equivalent electrical circuit of ground-
plane antenna.

ANTENNAS

It can be shown mathematically that
the bagse impedance of a quarter-wave an-
tenna, having four radials extending from
its base, is approximately 30 chms. Since
Eq. (1) indicates that the antenna must
offer a capacitive reactance at its base
equal to —j36 ohms, the antenna must be
made slightly shorter than a quarter-
wave. Obviously, if the antenna is
shortened, the radiation resistance will
decrease. Measurements indicate that,
when the antenna offers —j36 at the base,
the radiation resistance decreases to 25
obms as required by Eq. (1).

The 753.3 term of Eq. (1) is easily
obtainable by properly proportioning the
length of the concentric base supporting
structure. Once the surge impedance of
this section has been determined, the re-
actance of the center conductor can be
calculated quite accurately by

JX =Zytan Y 2)
Since 7X must equal 53.3,
53.3
an ¥ === ®)

Z, may be calculated once the material
has been chosen from which the antenna
base support is to be constructed.

Zy = 138.15 log > o
where b is the inside diameter of the outer
conductor and « is the outside diameter
of the inner conductor.

The number of electrical degrees that
the tangent value represents, as calcu-
lated by Eq. (3), may be obtained from a
table of trigonometric functions. The
length in inches that represents 1 elec-
trical degree at the operating frequency f
in Meis
32.8

7

The total length of the concentric
antenna base supporting section Ls {(as
measured from the top of the shorting
disk to the top of the outer conductor) is

L, =LY (6)

L= (5

where L is the length of 1 electrical degree
in inches, and Y is the number of elec-
trical degrees necessary to form 53.3 ohms
reactance.

Each of the ground radials should be
one quarter-wave in length, and may be
calculated by

d = 85.5L @

For those who do not have the neces-
sary equipment to measure the character-
istics at the base of the antenna so as to
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determine when the antenna length is
properly adjusted to fulfill the term
(25 — j386) given by Eq. (1), the following
equations may be of interest:

+5X = Z.. tan {2xh/2) + (1.5%)
+0.01 [V/2.86(ogr/a) — 4.6 + 3.4])

where 37X = reactance of antenna
Z,o = characteristic impedance of
antenna
= length of antenns
A = electrical length of one eycle
at the operating frequency
a = radius of antenna element
Zoa = KI -+ K2
K; = 18815 log h/a
Ky = — (60 -+ 69 log 2k/))

(8)

The reactance of the antenna can be
caleulated quite accurately by the use of
Eq. (8). Since the length of A must be
assumed in solving for Z,., several trial
values may be necessary before the exact
length is ascertained. Previous ecalcu-
lations indicate that the length of % is
usually between 87 and 90 per cent of the
90-deg electrical length. Several values
of k should be chosen between these limits
and the reactance caleulated. The values
should then be plotied as a function of 4 to
obtain the exact length for a reactance of
-736 ohms at its base.

Example of Calculations

A practical example may help in making
the included data more easily followed.
Agsume that it is desired to design a
ground-plane antenna to operate on a
frequency of 33.780 Mc. The character-
istic impedance of the transmission line is
78 ohms. The material available for the
antenna base support is a seetion of copper
tubing with an inside diameter of 2 in. and
a center conductor having an outside
diameter of 0.625 in. The antenna sec-
tion is to be a continuation of the center
conductor of the antenna base support.

If the various sections of the antenna
system satisfy the terms given on the left
side of Eq. (1), the 78-chm transmission
line should be satisfactorily terminated.

Since the antenna base support Ly is to
offer the required 53.3 ohms reactance to
the base of the antenna, the length of this
section must be calculated. First, it is
necessary to caleulate the Z, of this sec-
tion by the use of Eq. (4). Z, = 138.15
log 2/0.625 = 70 chms.

Substituting known values in Eq. (3),
we get 533 =70 tan Y, or tan ¥ =
53.3/70 = 0.76143. Then tan—? 0.76143
=9 = 37°17.

From Eq. (5) the length of 1 electrical

degree may be calculated: L = 32.8)
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Fig. 3.~Reactance as a function of length h
for the hypothetical antenna design given in the
text.

33.780 = 0.973 in. From Eq. (6), Ls =
37.2833° X 0.973 = 36.28 .

The next operation solves for the
length of the ground radials. The length
is measured from the outer wall of the
outer conductor of the concentric antenna
base support to the tip of the radial: d =
85.5 X 0.973 = 93 in.

The antenna must offer —j36 at its
base. The proper length may be calcu-
lated by the use of Egs. (8) and (9). As
mentioned, the length usually will be
between 87 and 90 per cent of the true
90 deg. electrical length. The 90 deg.
length is 90°L = 90° X 0.973 = 87.5 in.
The correct length of & should be between
0.87 X 87.5 in. and 0.9 X 87.5 in, or
between 76 in. and 78.8 in.

If the reactance of the antenna is caleu-
lated for the lengths 76 and 78.8 in, and
these reactive values are plotted as a func-~
tion of h, the proper value may be
ascertained.

The characteristic impedance of the
76-in. element is Z,, = K, + Ko,

K, = 138.15 log 76/0.3125 = 330

Ky = —(60 4 69 log 152/350) = —35.7
Zoa = 330 — 35.7 = 294.3 ohms

The characteristic impedance of the

78.8-in. element is
138.15 log 78.8/0.3125 = 331

= —{60 4 69 Jog 157.6/350) = ~36
= 331 — 36 = 295 ohms

B
0

o6

From Eq. (8), the reactance of the 76-in.
element is

+5X = 2943 tan {6.28 X 76/350 -+ 4.71
4+ 0.01[+/9.86(log 350,/0.3135) — 4.6 -+ 3.4]}
+7X = 294 3 tan (6.073 -+ 0.0555)
= 204.3 tan 6.1285
= 204.3 tan 351.3°

ELECTRONICS FOR ENGINEERS

Since 351.3° is in the fourth quadrant,
the tangent value is negative and the re-
active component of the antenna will be
—7X.

—7X = 294.3 tan 8.7°
= 204.3 X 0.153 = 45 ohms

The reactance of the 78.8-in. element is

+7X = 294.3 tan [6.28 X 78.8/350 + 4.71
+0.01 [\/2.86(log 350,/0.3125) — 4.6 + 3.4]}
+4X = 295 tan 6.1785
+7X = 205 tan 354°

Since 354° is also in the fourth quad-
rant, the tangent value is negative and
the reactive component is —jX.

—jX = 295 tan 6° = 295 X 0.1051
= 31 ohms

When these two values are plotted as a
function of A as shown in Fig. 3, the cor-
rect value of 2 to produce —736 ohms is
77.8 in.

Thus, to construct a ground-plane
antenna to operate on a frequency of
33.78 Me, which will properly terminate a
78-ohm transmission line, the antenna
must be 3¢ in. diameter and 77.8 in. long.
The antenna base support must have a

surge impedance of 70 ohms and a length
of 36.28 in. The lengths of the four
ground radials, extending out at right
angles from the top of the antenna base
support, must be 83 in. each.

The curves in Figs. 4 and 5 illus-
trate the variation of reactive and re-
sistive component parts of the antenna
when the operating frequency is varied
from the proper operating frequency of
33.78 Mc. The frequency range repre-
sented by both curves is approximately
30 to 37 Mc. Figure 5 combines the re-
active and resistive components to illus-

trate the variation in magnitude of the

antenna terminating impedance and its
phase angle.

Appendix

The constant 32.8 in Eq. (5) was de-
rived from

)\metets =3 X ]ﬂs/fcyclm =3 X loz/ch
Ninches = 39.37 X 3 X 1(}?/ch
L = 39.37 X 3 X 102/360fm. = 32.8/fnm0

Measurements indicate that the length
of the ground radials is not critical pro-
vided that they are equal to 90 deg elec-~
trical length or longer. The constant
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Fig. 4—Antenna reactance, antenna resistance, and antenna base reactance as a function of 2zh/\.
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85.6 when multiplied by L gives the
spproximate 90 deg electrical length,
after allowance has been made for end
effect. (85.5 is 95 per cent of 90 deg.)

In computing the resistance and re-
actance at the base of the antenna,
the antenna was considered as an open-
circuited transmission line. The methods
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used in obtaining the characteristic im-
pedance Z.. of the antenna were developed
by Morrison and Smith.? (For a com-
plete derivation, refer to page 693 of their
paper.?) The aceuracy of Morrison and
Smith’s methods of calculation seems to
be substantiated by the correlation be-
tween the reactance values calculated by
the use of Eq. {8) and the results obtained
by the more rigorous formula given by
King and Blake.?

By including the 1.57 term in Eq. (8),
a rotation of 270 deg is produced, making
it possible to multiply the Z,, term by the
tangent value without regard to the an-
tenna length, up to A/2.

The square-root term in Eq. (8) cor-
rects for end effect which is influenced by
the relationship between the antenna
radius and operating wavelength.

Over the range of 2rh/\ under con-
sideration for this investigation (1.25 to
1.53), the reactance values calculated by
Eq. (8) are in complete agreement with
those calculated by the formula given by
King and Blake.?

The values of resistance used in formu-
lating curve R. in Fig. 4 and calculation to
obtain the impedance and phase-angle
curves of Fig, 5 were derived from the
data given by King and Blake.
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Design Chart for Antenna Phase-shifting

Networks

By W. S. DUTTERA

Design charts present a graphical solution to the problem of determining the network required
to deliver proper power to each of several directional antenna towers or other loads fed by the

same source.

Phase and amplitude relations of coupling network are easily determined

WHEN a transmitter feeds, simul-
taneously, the various elements in
a directional antenna system, suitable
networks must be designed for insertion

between the source and the loads, to de-
liver the desired power to each load.
The purpose of the network is to alter the
effective impedance of the load so that

the current and voltage fed to it are of the
proper amplitude and phase relations.
The graphical chart permits the rapid
determination of the reactive elements,
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in the simplest L network, which will
suffice.

As may be seen from the schematfe
diagram, the source delivers a voltage E,
and a cwrrent I, to a resistive load R.
The voltage across this load i Ei, and
the current through it is I.. The re-
quired network is composed of X and X,
whose function is to change the magni-
tude and phase of the current I» so that
the load R may take the required amount
of power.

In the absence of reactances X and
X, the current to the load is I, = E,/R
at an angle 0 deg with respect to E, and I..
The introduction of the reactive elements
will alter the magnitude of I; by a factor
K, and the phase by the factor ¢. The
value of K may be greater or less than 1,
and ¢ may be a positive or negative angle
up to 180 deg.

When K, ¢, and R are specified, from
the requirements of the problem, the
chart enables us to determine the normal-
ized reactances X and X,. These nor-
malized reactances are expressed in terms
of X/R and X,/R, so that we must multi-
ply the values as determined from the
chart by the value of the load resistance
R to ascertain the true values of the
reactances actually required. The ad-
vantage of plotting the normalized re-

ELECTRONICS FOR ENGINEERS

actance is that, by so doing, the chart is
applicable to loads of any resistance.
‘When the proper values of K and ¢ are
known from a statement of the problem,
the chart is entered along the vertical line
K until the econcentric circle correspond-
ing to the appropriate K value is obtained.
This circle is then followed until it inter-
sects the correct angle ¢. From thig
point, the values of X/R may be read
from the scale at the right edge of the
graph, while the values of X/R are read
from a set of dotted radial lines having
K = 1.0 and ¢ = 0 as their origin.
Suppose three transmission lines 4, B,
and C are to be fed in parallel from a single
generator. Let the relative magnitudes
and phases of these three currents be
given, in polar form, as I, = 0.60/-+160°,
Is = 0.40/450° and Ic = 1.0/0°. The
first transmission line will require a cor-
recting network which reduces the magni-
tude of the current to 60 per cent of its
value without the network and which
shifts the phase by 160 deg. Thus, for
the network required for transmission line
A, we have K4 = 0.6 and ¢4 = +160
deg. The network for line B reduces the
current magnitude to 40 per cent of its
original value without the network, and
shifts the phase 50 deg. Thus, for the
network to be inserted in line B, we re-

quire Kp = 0.4 and ¢ = +50 deg. No
network is required for transmission line
C.

The problem is now to find the re-
actances X and X; for lines A and B
from the chart. For the corrective net-
work for line A, we enter the chart on the
vertical line K until we reach the circle
whose K value is 0.60. Follow this circle
toward the left until we reach the solid
radial line whose value is ¢ = 4160 deg.
From this point of intersection, we project

" to the scale at the extreme right and find

X4/R = —0.55R, From the same point
of intersection, we read the value of
X14/R from the dotted radial lines inter-
secting the heavy wvertical line. This
gives Xi4/R = 0.22. By multiplying
these values through by the load re-
sistance R, we find X, = —0.55R and
X4 = 0.22R. The negative sign indi-
cates a capacitance while a positive sign
indicates an inductance. From these
values of X4 and X4, the network ele-
ments are easily determined.

The corrective network for the line B
is found in a similar manner. From the
point Kz = 0.4 and ¢ = +50 deg, we
ﬁnd XB = 195R and X]B == —“3.3R.
Thus, Xg is an inductance of 1,958 ohms
reactance, and X5 is a capacitance of
3.3R ohms reactance.

Phasing Networks for Broadcast Arrays

By -C. RUSSELL COX

Graphical methods are applied to the design of phase-shifting and impedance-matching networks
required to distribute power properly in directional antennas. Compared with conventional network
analysis the vector method results in economy of circuit components and simplified design procedure

VECTOR synthesis is a convenient
mathematieal tool which is very
helpful to the designer of r-f phase-shifting
and impedance-matching networks for
the directional arrays used by many
broadcast stations. Not only does this
combination graphical and mechanical
technique afford a clear understanding of
the operation of a-¢ circuits, but it can
also be used to synthesize network designs
which display great simplicity when com-
pared with circuits determined by ordi-
nary methods. Problems in the design of

phasing networks for directional antenna
arrays are particularly susceptible to solu-
tion by vector methods.

Principles of Vector Synthesis

In general, the synthesis of a network
by vector manipulation usually reduces
to the following problem: Given a pair of
vectors I; and E:, representing the current
through and the voltage across an im-
pedance, it is required to establish a
circuit that will transform I, and E,; into
another pair of vectors 7. and E.. The

latter pair of vectors is usually specitied
by the eonditions of the problem.*

When the input and output impedances
R; and R, between which the network
must operate are known, the two currents
are related by a simple law that equates
input and output powers

] 12R ] = 1 23}32

* If the circuit is free from dissipation, the second
pair of vectors is subject to the restriction.

Yo (B I ¥ + Erly) = Y (Eodv* -+ Es*Is)

in which the asterisk (*) denotes the conjugate func-
tion. This equation states that the network musi
neither create nor destroy power



Fig. 1.~Desired radiation pattern, which
can be produced by the antenna aray of
Fig. 2.

The method of designing a network by
vector synthesis may be most easily out-
lined by means of a specific example. To
illustrate the general method, let it be
required to design phasing networks suit-
able for providing currents of the desired
magnitude and phase to three vertical
radiators, in order to produce the radia-
tion pattern shown in Fig. 1.

An analysis of this radiation pattern
reveals that the towers must be 0.25)1
high, separated by a distance 0.301X, and
fed with currents whose magnitudes and
relative phases are as given in Fig. 2. A
block diagram showing the elements of a
suitable system of networks to produce
the desired radiation pattern is shown in
Fig. 3.

The problem at hand is now to design,
by methods of vector synthesis, im-
pedance-matching networks between the
transmission lines and the antennas,
power-dividing and phase-shift networks,
and the impedance-matehing ecircuit that
connects the transmission line from the
transmitter to the three power-dividing
and phase-shift networks. (It should be
noted from Fig. 2 that antenna 1 is located
at the transmitter and consequently does
not require a transmission line, as do the
other two antennas,)

Example of Vector Synthesis

To design a feed system for the array
of Fig. 3, it is necessary to start at the
antennas and work back through each
network and transmission line toward the
transmitter. The conditions of the prob-
lem yield the following information re-

e By E O
& fowers
b _j Height h=025X
f‘-m-d:ﬂ!»()b\ + ~d-Q301A ‘1 Ffor all fowers
11w Q783 a3l H16°Amp.
lap= 0334 3Ia3‘25.8° Amp.

Ioz= ozl [O° Amp.

Fig. 2.~—Antenna artay required to produce the
radiation pattern of Fig. 1.

ANTENNAS 1
| i f
Transmission line ! Impedonce- | Rowerdividing ondl Transmission  |/mpedarnce
from Fransmiitterfo | meafching | phase-shiff net- | lines matching | Anfennas
power dividing | nefwork works I l retworks l
retworks | | -

| ! i 4
| f | (Eq=larlZa
!

I
l
|
|
!

Fig. 3.—Block diagram of system of networks and transmission lines for feeding antennas with the
currents and voltages necessary to produce directional radiation pattern.

garding antenna currents, impedances,
and powers:

Iss = 6.7/17.6° amp

T2 = 2.86/8.8° amp

I.s = 8.56/0° amp

Zay = 28.7 4 739 = 48.4/53.67° ohms
Zss = 108 — j4b = 117/—22.63°

Zq3 = 38.5 4 j37 = 53.5/43.83°

P, = 1,200 watts

P,y = 890 walts

P.; = 2,820 watts

[

where I.i, Ias, and I.; are currents in
antennas 1, 2, and 3, respectively, and
the angles represent phases relative to
that of I.;. The quantities Zs1, Zas, and
Zaz are the impedances of antennas 1, 2,
and 3, respectively, and P, Pay, and P
are the powers in antennas 1, 2, and 3,
respectively.

From these data the voltage applied
to the antennas and the currents in the
transmission lines (whose impedance is
Z, =70 + j0) can be determined as
follows:

Eu = HalZaw = 8.7 X 48.4/53.67°
= 324 /53.67° volts

Eoy = |1,2/Z.0 = 2.86 X 117/—22.63°

= 335/ ~22.63° volts
UasiZas = 8.56 X 53.5/43.83°

= 458/43.83° volts
ILg S '\/Pazj/Za = \/890/70 e 356 amp
Ins = V'Pas/Z, = +/2,820/70 = 6.35 amp
Ers = Z,lr: = 70 X 3.56 = 250 volts 4
Ers=Z,I1: = 70 X6.35 = 444 volts

Eaa

where E.., K., and E.; are the voltages

applied to antennas 1, 2, and 3, respec-
tively, and be phase angle of each voltage
is referred to the corresponding antenna
current as a reference, I, and Ir; are the
magnitudes of the currents in the trans-
migsion lines feeding antennas 2 and 3,
and Ep; and Eg; are the magnitudes of the
voltages across these transmission lines.
With these data, the impedance-matching
networks between the transmission lines
and the antennas can now be designed.

Design of Network for Matching Impedances

The sketch in Fig. 4 illustrates the
synthesis of a network for matching the
line impedance of Z, = 70/0° ohms to the

center antenna impedance of 117/ —22.63°

ohms. We begin by drawing a vector of
length 2.86 units to represent the antenna
current 1,s. This vector can be drawn in
any convenient direction, but since it is
used as the reference vector, it will be
drawn along the x axis. To some suitable
voltage scale, the vector for the antenna
voltage E.., at an angle of —22.63 deg
with respect to I.., can also be drawn.
An L network of the type shown will
give the impedance trapsformation. For
sueh a network, Kirchhoff’s law for
branching currents must be satisfied, t.e.,
Ips=1.s+4 1. where I, is the current
through the capacitor. Therefore the
tips of Iz, and I, must coincide at some
point P which lies on a ecircle of radius
Ire = 3.56, drawn from zero as a center.
Since the current through a reactance
forms a 90-deg angle with the voltage:
across it, we may lay out I. at right
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angles to E,., and the intersection of I.
with the circle locates the point P.

The potential Er. must equal the dum
of E, and E,,. Therefore, the tail of E.
must lie on the tip of E,», and the direction
of E. is normal to the current I ;. through

ELECTRONICS FOR ENGINEERS

the inductance. The magnitude of E; is
determined by the point of intersection
with .., and the voltage triangle is com-
pleted by drawing E .. from zero to the
point of intersection of £, with current / ...

Because I. leads E.. by 90 deg, the

Volits
0 IPO 2(?0 5?0 400 5p0
0 ! 2 3 4 5
Amp

~Jo2

~

& <
Solid fines = Current

Dash-Dash lines=Voltage,

Fig. 4.—L-type network for matching impedance of transmission line to impedance of antenna 2,

with vector diagram from which

design of the network is derived.

Yolts
Scale Q lpO 2?0 390 4q0 SlIJO
0 1 2 3 4 5

Fig. 5.—Impedance-matching network of the L-type for matching antenna 3 to a 70-ohm trans-

mission line.

Vector diagram illustrates method of designing this circuit.

Ia5=8.5610°

Fig. 6—Block, design illustrating ‘the summary of ,phase,'shifts occurring’ between the power-
dividing networks and the and the antenna.

parallel reactance must be that due to a
capacitance. Similarly, since E, leads
I.: by 90 deg, the series reactance must
be that due to an induetance. The mag-
nitudes of the required reactances are
obtained by dividing the length of 2
vector representing voltage across a re-
actance by the length of the corresponding
current vector, f.e., X5 = E./I;, and
X, = E./1..

The network of Fig. 4 is a delay network
because I.. lags behind I;,.. Had we
chosen to extend I, in the opposite diree-
tion, intersecting the circle at Py, a
phase-advance network would have been
obtained.

Choice of Configuration

The choice between the phase-advance
and the phase-delay configuration is
purely a matter of convenience. Any
impedance transformation problem may
be solved by either network. However,
in designing the matching eireuit for
antenna 8 we choose the phase-advance
network because this choice happens to
simplify the design of the phasing net-
works., We begin the construetion of the
vector diagram for antenna 3 (Fig. 5) by
drawing vectors I.; and E.;. The series
capacitor introduces a voltage E. which
adds to E.s, but in a direction normal
to I.,;. Then, a circle of radius E.;
locates the tip of E. and the vector
I;;, whose length is known, is drawn
through the point of intersection. The
vector I,, drawn normal to and lagging
1.3, completes the construction.

Phasing Networks

A summary of the phase shifts in the
lines and antenna tuning units is given
in Fig. 6. Each of the two fransmission
lines introduces a delay (in degrees) of
6 = 360{/A, where [ is the length of the
line and X is the wavelength. For
A = 0.301 the delay is 109 deg, and for
A = 0.602 the delay is 217 deg. The
apparatus to the left of the dotted line
in Fig. 6 is required to divide the trans-
mitter power into three parts and dis-
tribute it among the three antennas with
the required phase angles and amplitudes.
Figure 7 represents the three voltages and
currents leaving the phasing apparatus
at the dotted lines of Fig. 6.

The remaining problem is that of
selecting a voltage vector £ which can be
rotated and transformed by means of
three separate reactance networks to
produce Eui, B2, and Ers.  Animportant
point is that the vector F may be of any
magnitude and of any phase, and we may
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I Volts
L3 0 ? I{‘JO 2(.}0 590 4?0 5?0
0 2 4 [4 8 10

Scale Amp.

Fig. 7.—~Vector diagram of voltages and curmrents that must be pro-
duced by phase-shifting and power-dividing networks.

Ww—" % Volts
P 0 100 200 300 400 500
. i i i
Scale: v 8 10
Amp,

Fig. 8.—Synthesis of phasing and power-dividing networks.

Yolts
0 100 200 300 400 500 .
L 1 i [} H ]
SCALE 74 % 8 10
Amp.

Fig. 9.~Vector diagram for input circuits.

43



ELECTRONICS FOR ENGINEERS
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]Ea!
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I fé_%%\ ’ Lz
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EL&{.’A’ }fcz
E3 Ih

Volts -
(I) I‘OO 290 5?{) 4(‘)0 5100
Seale T 2 3 4 5
Amp.

therefore select F to suit our own con-
venience. Referring to Fig. § we see that
reactances In series with transmission
lines 2 and 3 produce voltage vectors E,.
and E.; which intersect at P. The vector
E, drawn from zero to P, is then a con-
venient vector to represent the input
voltage.

Since the antenns current I,; is far
removed in direction from E, it is neces-
sary to obtain somehow a new current I,
that is at least within 90 deg of E. This
is accomplished by introducing a parallel
capacitance across antenna I,, producing
the current I, leading E,; by 90 deg. An

Fig. 10.—Alternative design of phasing networks.

inductance in series with I, introduces a
voltage veetor E., drawn from the tip of
E.; by 90 deg. An inductance in I, per-
pendicular to E,, satisfies all the condi-
tions of the problem.

Input Circuit

An input cireuit, to provide a load im-
pedance of 70 + jO ohms for the trans-
mitter is illustrated in Fig. 9. The total
current I is obtained by adding vectorially
the three branch currents I,, Iz, and I,
By adding a series inductance to produce
E., and a parallel capacitance to produce

1., the voltage and current triangles are
all properly completed.

Alternative Solution

In an earlier paragraph, it was stated
that any voltage vector E (Fig. 8) could
be selected when designing the phasing
networks. Suppose, for instance, that
antenna 3 is thought to be the dominant .
element in the array and that we wish to
do all the tuning in the networks feeding
antennas | and 2. Then, E ;s the input
voltage, as shown in Fig, 10. The design
in this case follows the same prineiples
established in previous examples.

No i

Simplified Phasing System

No. 1

..|Hf_g

Conventional
Phasing System

o)
I T T

Fig. 11.—Complete, simplified system of networks designed by vector synthesis, and equivalent system of networks designed by conventional methods,
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Calculating Broadcast-station Coverage

By RAYMOND F. GUY

Broadcast stations, like newspapers, must prove the size of their audience, and improve it.

Equa-

tions for calculating the coverage are given, and they show clearly the influence of frequency, power,

and ground conductivity on signal intensity

THE coverage of a station is dependent
on the following factors:

1. Power.

2. Antenna design.

3. Soil conditions as they determine
the rate of decay of waves over the earth.

4, Interference from other stations.

3. Loceal noise levels.

The influence of power on coverage is
well known. The field intensity pro-
duced from a station, exclusive of every-
thing but power, is proportional to the
square root of the power increase or
decrease.

E =P )]

where E is the field intensity and P is the
power.

Effect of Frequency Assignment

It is well known that the frequency
assignment has s considerable effect on
the coverage obtainable in the primary
area. Figure 1 shows a comparison of
coverage obtainable from a 50,000-watt
station over average soil when operating
on approximately the highest broadcast
frequency in one case, and approximately

1,700 V/M atone mike
Fig. 1,

the lowest frequency in the other case.
An ingpection of the expression for propa-
gation of waves, following, will show the
effect of N, the wavelength,

The most satisfactory expression for
computing field intensities along the
surface of the earth is the Sommerfeld
solution in the empirical form due to
Van der Pol.

The field from an antenna decays for
two reasons:

1. Dispersion, in which field intensity
varies directly with distance.

2. Losses in the earth due to heating,
at a variable rate.

These effects are combined in the fol-
lowing Van der Pol expression:

EO
=24 2
where E = field intensity, microvolts per
meter, and
E, = 1.86(106)% @)

if radiated power is known, or
E, = field intensity in microvolis per
meter at 1 mile in the absence of
attenuation

1,700 MV/M at one mile
Fig. 2.

d = distance in miles at which E is

evaluated
P = radiated power in kilowatts, and
_ 2+03p

4 2 +p + 0.6p® )
where Sommerfeld’s numerical distance p is
_ 0842 —d -
= oar X 108 Y

where X = wavelength in meters, and
¢ = ground conduetivity in emu

which varies approximately from
4 X 1071* for sea water to
10 X 1071 for very dry earth.

Equation (4) neglects the dielectric
constant of the soil, which in most cases
is permissible. Inclusion of the effect of
the dielectric constant is treated in the
literature.*

Soil Conditions

Unfortunately, soil constants have a
very great influence on the coverage of a
radio station, and, except for locating
a station to the best advantage within a
small area, nothing can be done about it.

* NorroN, K. A., Propagation of Radio Waves
over a Plane Earth, Nature, June 8, 1935,

700 MV/M at one mile
4 Fig. 3.
Figs. 1, 2, and 3.~Coverage areas, showing the effects of frequency and soil constants, all referred to a field strength of 1,700 mv per meter at 1
mile. The shaded areas show the increased coverage made possible by low frequency assignment, high soil conductivity, and by the combination of the
two factors.
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',0005\ T R S D O 1 T T1 Once the soil constants have been
800 R Attenvation curves for o=/00x10%=14 [ evaluated by measurements, preferably
600 \§§ soi/ consfonts. Bosed uporr inverse H by measurement of the rate of deeay of

freld sg‘rengfh of 1000 mi{/fvo/fs ot field intensity with distance, the calcula-~

400 ;{7\? f;{»’/ﬁ’; a’;of Somm:rdfe;ds pr oﬁg?"" M tion of station performance using the
300 7on TOriTIUIG correcreq Tor €arying above expression is comparatively simple.

curvature, by Eckersieys modificafion ' ;

200 of Watsors diffroction formula ] A number of representative soil con-

\ \ stants o for various sections of the United
N States are given below. They apply only
100 \ §>Q to localized areas and are intended
\ TR to show only the range of constants
80—y \ \ \ encountered
€0 \\ \\ \\ \ ‘\ ’
50 A
40 A\ [\ \ \ Typical Soil Constants

° 30 \ \\ \ \ Texas, around Dallas and Fort

= Worth..................... 15 X 101

5.l \

22 \ \ \\ Upper Mississippi Valley... ..., 1 X 10—

§ \ Lower New Jersey........ 5 to 10 X 1012
" \ \ Vicinity of Pittsburgh. ... .. 3to 5 X101

,? 10 \—\ A Salt marshes. ................ 1 X 10712

e 8 \w—aw S K’ery d{)y earth, approximately. 1 X 107

& Joist black loam.......... 1to 2 X 10712

- A \ AN

£ g \ 1 Mountainous country. .. .. .5t0 10 X 10~

-4 A AN Upper New York State. ..., 3to 8 X 10718
o \ \ Azo0’] N Area about Chicago.......... 1.25 X 10718
L 3 NN o \\ Denver, except to West. ... ... 1 X 10718
2 \ \ \ % S Central Massachusetts, approxi-
\ \ X =\ mately_....'.......”«....,. 4 X 107
2\ N Ohio......... .o 1 X 107
\ \ \\ P Pennsylvania. .. .......... 3 to 7 X107
10 N4 North Carolina, around Char-
N LV
08 od \\ \\ lotte and Raleigh.... .. .. 2 to X107
\D Y\ Upper New Jersey exclusive of
06 XS A\ \ mountains. ... .......... 7to 10 X 10~1
04 \\\\\\ \ South Atlantic States, approxi-
mately.......... ... .. 3 to 5 X 10
Q3 \\\ : Band, approximately, ......... 3 X 101
| L\
0z \ \ \ Figure 4 shows a chart used for com-
\ \ \ \ puting field intensities when the soil
0l L \ constant is 100 X 1015, a typical value.
i 2 3 4561810 20 30 40 60 80100 200 300 400 600 A raforance level of 1,000 mv at 1 mile
Distance from Transmitter, Miles is used.

Fig. 4.—Typical chart used fo compute fizld intensities when the soil constant is knowa (in this case
100 X 107%5), taking into acount the effect of frequency assignment.
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Radial Ground System Chart

By GEORGE H. BROWN

Signal strength in millivolts per meter at 1 mile from a vertical antenna using
a radial-wire ground system. I = length of radial ground wires; A = operat-
ing wavelength; « = antenna height; N = number of radial wires
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Resistance-coupled Amplifier Design Charts
Design of Class A Push-pull'Amplifiers
Design of Class B and AB Qutput Transformers
Cathode-follower Caleulations

Resistance-coupled Amplifier Design Charts

By GLENN KOEHLER

Charts for determining the gain of resistance-capacitance-coupled audio amplifiers
in terms of tube and circuit constants at low, medium, and high frequencies

THE formulas used in designing re-
sistance-capacitance-coupled audio
units have not been considered suitable
for graphical representation, but it is
quite possible to bring together all the
determining factors in chart form, if
separate charts for low, medium, and
high frequencies are prepared. At low
frequencies the coupling capacitor is of
primary importance; at medium fre-
quencies the resistance values alone deter-
mine the gain; while at high frequencies
the parallel capacitances of tube elements
and wiring are the limiting factors.

The complete diagram of connections
for a two-stage resistance-capacitance-
coupled amplifier is shown in Fig. 1.
The dotted-line connections represent the
interelectrode capacitances of the tubes
and the sockets. At the medium fre-
quencies of the range for which the
amplifier is designed, the gain-frequency
characteristics of the amplifier are not
appreciably affected by the coupling
capacitor or the interelectrode capaci-
tances. At these frequencies, the gain
per stage, t.e., E,o/E,, is a funetion of
the amplification constant u; and the
plate resistance K, of the input tube and
the two resistors labeled R.; and E,..
Chart 1 is constructed to give the voltage
amplification E,,/E, in per cent of the
amplification constant of this tube for
any specified values of R,i, R.y, and Ry,

The range of the chart covers practically
all cases that are usually encountered
in design.

At the low frequencies, the coupling
capacitor causes the gain of the ampli-
fier to decrease with decrease in fre-
quency. It is usually customary to
specify the loss in amplification at a
particular low frequency in terms of the
gain at the medium frequency. This
loss is usually designated in decibels.
Specifically, the decibel loss at a low fre-
quency fi is equal to 20 logw (voltage
amplification at a medium frequency
divided by the voltage amplification at
the frequency fi). By a medium fre-
quency is meant a frequency for which
neither the coupling eondenser nor the
interelectrode capacitances have any
effect. Chart 2 is constructed to show
how the decibel loss at 50 cycles depends
on the size of the coupling capacitor
C'i_s, the resistances E,,, R,;, and the
plate resistance R,;. This chart may be
used for any frequeney f; simply by multi-
plying the size of the coupling condenser
by £i/50. If the chart is used for finding
the size of the coupling capacitor for
preassigned values of R, R,: and Rn
which will give a certain decibel loss at a
frequency fi, then multiply the value of
(12 as read on the chart by 50/f.

For the high frequencies, the voltage
amplification decreases with increase in
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frequency because of the interelectrode
capacitances of the tubes and sockets.
The principal effect of these capacitances
is to shunt the two resistors R,; and R,
with a capacitance €, which has the
value given approximately by the relation

Ce = Cgpt + Cpll ‘{" Cﬁk? + Cg}w(l + IA-vQD

where A4,» is the voltage amplification
of the second tube and the C’s are as
shown in Fig. 1. Most of these capaci-
tances for the tubes alone can be obtained
from the tube handbooks. Allowance
must be made for the sockets and leads
because in some cases the capacitances of
these may be as large as the corresponding
values for the tubes alone. The decibel
loss at a high frequency fi is 20 logw
{(voltage amplification at the medium fre-
quency divided by the voltage amplifi-
cation at the frequency fi}. Chart 3isso
constructed that the decibel loss at 10,000
eycles may be evaluated when K.y, R,
R,1, and C. are known. This chart may
be used for any frequency f. simply by
multiplying the actual C. of the tubes and
sockets by £./10,000 and using the scale
shown,

Example of the Use of the Charts

Suppose the problem is to design a
multistage resistance-capacitance-coupled
araplifier. The range of the amplifier is,
for example, 50 to- 10,000 cycles. The
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over-all voltage amplification and the
decibel variation over the frequency range
are given certain preassigned values. Fhe
design problem becomes one of treating
each stage separately and arriving at such
characteristics for each stage that the en-
tire amplifier will have the preassigned
characteristics. The over-all character-
istics of the multistage amplifier are ob-
tained by adding the gains in decibels of
each of the stages or taking the product of
the voltage amplifications for all the
stages. The gain in decibels is 20 log, of
the voltage amplifieation.

The procedure in design is a trial-and-
error process which usually starts with
selecting the tubes and the resistors that
will give the desired voltage amplification
at the medium frequencies. The voltage

Design of Class A Push-pull

ELECTRONICS FOR ENGINEERS

amplification per stage for a selected tube
and set of resistors is determined from
Chart 1. The method of using Chart 1 is
~to locate first the intersection of the R,
and the R, lines. Through this inter-
section a horizontal line is drawn to inter-
secw with the B, line. From this latter
intersection a vertical line is drawn to the
voltage-amplifieation curve at the top of
the chart, and the voltage amplifieation
in per cent of the amplification constant
of the tube is read at the right of the
chart. This gives E,o/E,; or the voltage
amplification of the input stage. The
dotted line on the chart illustrates the case
of B, = 200,000 ohms, R,; = 500,000
ohms, and B,; = 75,000 chms. The volt-
age amplification is approximately equal
to 0.65 u..

By E. W. HOUGHTON

The next step in the design is to see
what the decibel loss will be at the highest
frequency. If it is not within the pre-
assigned limits, R,; and E,, will have to
be lowered. The dotted line on Chart 3
illustrates the method of determining the
decibel loss at 10,000 cycles. For the
example illustrated R, = 200,000 ohms,
g9 = 500,000 ohms, B,y = 75,000 ohms,
and C, = 85 uuf. The decibel loss at
10,000 cycles is approximately 0.3.

The final step is to fix the size of the
coupling eapacitor ... for a given decibel
loss at the lowest frequency. For this pro-
cedure Chart 2 is used. For the example
given above, the dotted line eonstruction
which illustrated the procedure yields a
value of approximately 0.025 uf for a
0.25-db loss at 50 cycles.

Amplifiers

Push-pull power output ealeulations for Class A amplifiers can be made
A simplified method of obtaining circuit operation from

amplifiers.

as readily as for single-ended
tube characteristics is given

Apush—pull circuit is represented dia-
grammatically in Fig. 1. Assuming
a perfect output transformer by neglecting
leakage reactance and resistance and ex-
citing current, then transferring the load
resistance R to its equivalent value in the
primary, the simplified circuit in Fig. 2
results.

The voltage developed across the trans-
ferred plate-to-plate load is

E = (I, ~I)R, ¢))
The power output is then

P, = E(I, — I}
= (I; — I;}°R, 2)

The use of static E,I, curves for obtaining
the power output and distortion of a single
tube operating in class A is quite familiar.
As indicated by Egs. (1) and (2) the caleu-
lation of push-pull performance must in-
volve the use of plate current difference
characteristics (I1 — I:). These charae-
teristics can be obtained by a convenient
method due to B. J. Thompson. This is
illustrated in Fig. 3 for two type 2A3’s
operating with 250 volts on the plate and
50 volts grid bias. These curves were
produced by constructing two individual
static characteristic families, one inverted
with respect to the other, with a common

zero-signal plate voltage E,, then sub-
tracting corresponding static character-
istics point by point. The resultant
dotted lines trace out the plate current
difference characteristies (I, — I,) flowing .
in the output transformer for different
grid-excitation values.

The dotted lines representing the
equivalent static family of £,7, curves for
the two tubes in push-pull can be utilized
for predicting their combined effect just
as the individual static E,I, character- '
istics for a single tube in class A can be |
used for calculating its output and dis- ;
tortion for a given load. Similarly, the i§
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Fig. 1.—Actual diagram of push-pull amplifier,

Fig. 2.—Simplified push-pull amplifier circuit.
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Fig. 3.—~Double set of plate characteristics for 2A3 tubes.

equivalent plate resistance r, of the push-
pull tubes is equal to the reciprocal of the
slope of the static difference character-
istics or to cot # in Fig. 3. Thus, the
plate-generator eircuit for push-pull tubes
evolves from the above considerations as
shown in Fig. 4.

The alternating current flowing in the
output eircuit is

- ne
tp = Rp + p {3)

The power output is

pre’Ry

Po= &, o

(4)
These plate-generator equations are identi-
cal to those used for a single class A stage;
however, notice that p is the amplification
factor of the tubes, ¢ the rms signal ap-
plied to one grid, £, the load transferred
to one-half of the output transformer
primary, and r, the reciprocal of the
slope of the plate current difference
characteristics.

Fig. 4.—Equivalent circuit of push-pull amplifier.

The chief objection to this method of
applying the plate-generator attack is that
the evaluation of r, must be obtained by
the cumbersome construction of two sets
of curves. Examination of the effect of
changing either the grid bias or plate
voltage further increases the task, since
new plots musé be made for each different
static voltage condition (Fig. 3). A
simplifying method that removes the
necessity of plotting curves and utilizes
only the plate characteristic curves sent
out by the manufacturer will be shown.

Notice from Fig. 3 that the resultant
characteristics are all very nearly parallel
lines; hence the effective plate resistance
rp, can be closely approximated by con-
structing only one pair of inverted curves.
Further simplicity results by using the
zero-signal characteristics (£, = —50,
E, = 250, in Fig. 3). This difference
characteristic passes through the common
plate voltage £, and becomes tangent to
the static curve of tube 1 when the plate
current in tube 2 becomes zero (F,.
== 300), This point of tangency E:
can be calculated by a fundamental
relationship

E, = 2E, — uE, (8)

where E. is the plate voltage at which
the difference curve touches the static
curve, E, the zero-signal voltage, u the
amplification factor of the tubes, and E,
the grid biasing voltage.

51

With the two points E: and E, known,
it is now possible to connect them with
a straight line, which represents the upper
half of the difference characteristic for
zero signal. The value of 7, can hen be
readily calculated.

To illustrate the expediency of this
plan, calculations will be made using
the static plate characteristics of the
type 2A3 (Fig. 5).

With a grid bias of 50 volts and 250
volts on the plates, the tangential point
is given from Eq. (8) as £, = (2 X 250)
- (4 X 50) = 300 volts. The upper half
of the difference curve E,A is shown in

Fig. 5. The equivalent plate resistance is
50
rp = cot 6 = 0095 = 525 ohms

Comparison of this result with that
obtained by taking point-by-point differ-
ences (Fig. 3) shows an exact agreement.
This method was used to investigate the
conditions of push-pull circuit operation
for several values of grid and plate
operating voltages, the results being given
in the following table:

Plate Grid Equivalgnt Di.ﬁerence
roltaze | voltage plate resist- llﬁe on
voliag & ance, 