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-PREFACE -

This book is the first'revisionbof a text which was written ‘
as a supplement to an eiéht hour course on NORD L.F. antennas.
Additional material has been added on top-loading, staticvand‘
dynamic bandwidths, grodnd systems, and NORD‘antenna systéé
configuratiqns.‘ This text is not heantyto‘be a complete
treaﬁise on L.F. antennas, but is intended as a basic re-
fresher in L.F. antenna theory. The authors assume tha;'the
reader has a basic background in antenna théory and operation.
" The book has been divided into six sections for ease of pre-

i sentation.: It would not have been possible without the help
of tge entire engineering and clérical staff of Multronics,
Inc.

It should be qoted ﬁhat fhere are patents pending cqv;ring

the design of the NORD Antenna Systems.

The Authors _ )
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SECTION 1

1. GENERAL:

The purpose of this section is to review some important factors pertaining to

efectrically short vertical antennas operating in the L.F. region.

~IT. DISCUSSION:

(1)

General Technical Considerations for Short Vertical Antennas:

A. Antenna Resistance:

The transmitting antenna system is the component of a radio frequency
transmission system which servés to couple the power developed in the final
étage of a transmitter into the impedance of free space. The power which is
radiated into space is regarded as having been absorbed by a component of the
antenna impedance called the radiation resistance. For a short antenna
having a height of much less than a quarter wave length (always our case),
the ra

arranged vertically on the surface of the earth,

R, may be approximately calculated by one of the following formulas:

z (1)
R, : 520(;(’—_) 4 (1)

height of antenna in wavelengths.

_-106? | (2)'?

where G, - electrical heightfof antenna in radians

2 | (
Ry, =G __ . | (3

where Rb - base resistance in ohms and

G - electrical height of antenna in degrees. (When G does not
exceed approximately 40°.)

% MULTRONICS, INC.



-2 -
The antenna resistance measured at. the base of a vertical antenna will
closely approx1mate those values determined from equations (1) through (3). and !
will only be altered because of ground system losses. Neglectxng ground
system losses, the base re31stance can be considered to be equal to the

radiation resistance.

B. Antenna Reactance:

So far in our discussion, we have not.treated the reactive compornent of the
antenna, but have concentrated our presentation on the radiation resistance
and the expected base resistance for a short antenna. The reactance for a short

series fed antenna (an antenna whose helght is less than 45° ) can ‘be expressed as:

X, = - j (2, Cot & ) | » (4 ®)
Where
XA s antenna input reactance in ohms

Z_ = 138.2 1og10'% + 23.2

[« »]
1]

electrical height in degrees

The above formula assumes that the antenna is working against a perfect.
ground system? and sinusoidalldistribution of‘cufrent exists on the antenna.
In most cases, none of ﬁhese cosditions hold. >Therefore, equation (4) can be
off by as much as 2:1 when considerstion is given to short L:F. antennas. It is
clear frqm a study of equation (4) ﬁhat the L/D ratio (length to diameter)

materially affects the expected base reactance.

C. Length to Diameter Ratio:

It is well known that the physical height and the electrical height in
degrees for a given antenna are not identical except for a wire of such small .

diameter as to make the L/D ratio a very large number.. Some refer to this as

the "end effect". As the diameter increases for a given length, the electrical

o>
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length becomes progressively greater than the physical length. Therefore an
antenna will go through first resonance (zero reactance or antenna equal to one
electrical quarter wavelength) at a height slightly less than 90° or one
physical quarter wavelength.

It can be stated that for a given antenna height where the antenna cross
section is small, close agreement exists between the calculated and measured

[}
reactance.

D. Top Loading:

At low radio frequencieé, due to economic reasons, verticai radiators are
very short in terms of the wavelength in use. At 100 kilocycles where a wave-
léngth is 9843 feet, an antenna of one quarter wavelength height (a commén
height used in the standard broadcast band, 540-1600 kilocycles) would tower
nearly 2500 feet above the ground. Such a radiator would be extremely expensive.

In practive at 100 kilocycles, antennas whose physical height ié approxi-
mately 300 to 800 feet are employed. Electrically such antennas are very
small structures. Their height is but 3% to 8% of the operating wavelength.
Techniques may be employed to improve the situation of the electrically short
radiator. Obviously the improvement must involve a means of inc;easing the
electrical height of the antenna while leaving its physical height unchanged.
This technique is aptly named "top loading'", since by its application the antenna
operates as if it were in fact a taller structure.

In a typical vertical antenna of 90° or less, the current is maximum at the
base and zero at the top. 1If this condition could be reversed; that is the
current at the base reduced to zero and the current at the top made maximum,
this in turn would make a short antenné look closer to a 180° or halfwave
antenna. This would result in lower base losses (12 reduced), and higher base

and loop resistances. Unfortunately, however, it is not possible with top

MULTRONICS, INC.
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loading fo’achievevsubh a-radical'chanée in current dist?ibution. 'Top loading
increasés the capacitance of the top ofvfhe vertical antenna toréarth.\ Idéaily,_
since the earth represents one plate of the capacitor, the other plate attachéd
- to the tower top should be parallel to earth and have the 1grgest possible area.
Unfortunately this would require masfs equal in height to the anfenna tower for
subpor; of the top loading strupfu;e. 'Aé this‘point economics raise§ its head
and the expense of the most desirablé-éolution renders it unacceptablel
Commencing during World War II and followfng through the posﬁ war pe;iod;
'copsiderable effort has been expended in studying the matter of top ibading.'
For economic reasons guy wire or‘umbrelta top loading is now employed in'L.F;
antenna systems. Uﬁsreila top loading takes the form of using the top thrée
sets of guys (éometimes as many as fourteen guy loédfng»wires are used) as the
loading eiéments. These guys are electricaily connected to the top of the tower
and their length is fixed by the insertion of guy insulators at desired points
in the guys. | |
Belrose (5) describes a number of experiments in top loading geometry and
repofts‘on their results in terms of radiationvefficiénéy.
Theée experiments were ﬁadé using a 70 foot vertical radiator and 8

umbrella wires. Figure 1 shows a profile of the experimental structure.

70

LlD‘ ,“' o

FIGURE 1

:%eéi MULTRONICS, INC.
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The 70 foot height of the radiator was constant in all tests. Parameters
D, the spacing from the radiator to the top loading guy anchors; and d, the
vertical distance from the top of the radiator to the location of guy breakup
insulators, were varied. The smallest dimension used for D was 70 feet, equal
to the tower height, making © equal to 45°. The maximum value of D was 200
feet and at this distance © became 70.7°. Parameter d was thus varied over
the range of 70 feet to 5 feet.

The antenna radiation resistance progressively increased as D was increased
from the 70 foot minimum value to the 200 foot maximum figure. Coﬁsidering d
as the variable, radiation resistance maximized when d was approximately equal
to 3h/7 or 30 feet. ‘Increasing d beyond this point dropped the radiation re-
sistance and increased bandwidth. -

The results of this experimental Qork were checked on two vertical radiators
250 feet in height. The interval D for both installations was 350 feet. This
dimension was dicﬁated by property limitations. Dimension d was made 107 feet
or slightly greater than 3h/7 for one antenna and 179 feet, approximately 5h/7
for the other antenna.

In the case of very short radiators the effect of "optimu&" top loading is
most pronounced by reduction of antenna reactance with resulting improvement
in bandwidth.

For a given antenna structure of height = G at the operatigg frequency,
with or without umbrella type of top loading, bandwidth and efficiency are
directly related to system losses.

The following approximation can be used for determining the effect of top
loading that can be obtained by use of umbrella top loading wires on short

antennas.

% MULTRONICS, INC.



It is:

 Gegf = TLp x 0.705 + G,

P (5)

Where:
Gogg = effective height of. antenna in degrees
physical length of each top loading guy wire, in degrees, to first

breakup insulator. The length of top loading guy shall not exceed
50% of the tower height.

lLP

G11' = physical height of tower, degrees, without top loading.

Equation (5) is baséd on assuming that the angles of depression and
elevation are 45° and the physical length of the top loading does not exceed
thé physical length of the tower. |

It is apparent tﬁat even when using conventional top loading, only a‘limited
degree of effectiveness can be achieved with extremely short antennas due to
the large hat or umbrella size.requiréd in relation to ghe physical height of
the tower; therefore it can be concluded that top loading on short antennas

he r

o
j2581=4

(less than 35%at 150 ke) finds ifs greatest use in helping to realize a hi
feed poiﬁt resistance raphér Ehan an appreciable increase iﬁ radiation efficiency.
NAVSHIfS 92675, "Naval Shore Station Elec;ron;cs Criteria" (14), on Page -

2-16, shows the following.:eéomméndéd tower heiéhts for cert;in transmitter

powers. We have added the height figures in wévelengths and degrees to this

table:

50 KC 150 KC
15KW 450 feet . | :02270 - 8.17° L0681\ - 24.5°
15KW 600 feet | .0315) - 10.88° .0008\ - 32.7°
50KW 600.f8e£ .0315) - 10.88° . 0908A - 32.7°
50KW 800 feet L0403\ - 14.53° 12000 - 43.5°

E. Current Distribytion: ‘ : : B

So far we have briefly discussed some factars concerded with short antenna’

[ e S
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theory, but we have not covered the distribution of current on an antenna.
This paragraph will discuss that subject.
The distriBution of current on an antenna can be directly related to its

radiation pattern and efficiency. Figure 2 illustrates the typical short

_ B
%A

FIGURE 2

series fed antenna.

SHORT SERIES FED ANTENNA

Referring to Figure 2, it will be noted that the feed point is marked A and
the top of the antenna is indicgted as B. It can be stated that the current
between A and B flows only to charge the capacity of the antenna, keeping in
mind that a series fed antenna less than 90° in electrical height always looks
like a capacitor with a resistance in series with it. This meaﬁs that the
effective value of the current at point A of the base of the antenna is maximum,
and at B it is zero, for the current at A represents current charging the rest
of the antenna, while at point B no current flows since there is nothing further
to which it can flow. |

Figure 2 can be modified to increase its effective height or efficiency if

capacity loading is used.

2
O
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ERIES FED ANTENNA WITH GUY WLRE TOP LOADING
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Referring to Figure 3 above, it will be noted . that it illustrates a typical
series fed vertical antenna where top loading is achieved by the use of eight
guy wires. As already discussed the number of guy wires used for top loading

(up to a point) will determine the effectiveness of the top loading.

SIDE VIEW . ; . TOP VIEW

(e ~O
- |
KA

"T" TYPE SERIES FED ANTENNA WITH MULTI-WIRE TOP LOADING

C><r—
@6 MULTRONICS, INC.
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Refefring to Figure &4 it will be nbtea that a side and top view of a so-
called vertical "T" antenna has been shown. This antenna has sbme of the
characteristics of a series fed vertical antenna with guy wire top loading,
but it has the advantage of ébtaining a higher degree of top-loading‘with_less;
area due to the fact that the‘so-called top loading capacit§ is bérallel to the
ground plane of the anténna systém.v

Referring to Figures 3 and 42 in ébmparispn to Figure 2, if the’éabacity
loading has a large surface area in comparisoﬁ to the base at the top of the .
antenna (A to B) thg effective value of the current at B no longer will Be ze%o,
but rather a value almost eqqal to A at the base. This is due to the fact that
the current at B must be such as to charge the large capacity of the loading
wires. It therefore follows that for practical chéiderations the effective
current distribution change on a struéture Qill be greatest when the top
loading is in the form of a T and the current throughout the vertical portion
of.the antenna 1is ﬁniform.

F. 'Antenna System Losses:

System losses are very important in low frequency antenna systems. 1In

cases of short antennas the losses can be expected to be quite high, inasmuch

as ground losses will be extremely high to begin with. (This subject is
further discussed in Section 2). |

Anogher loss which is also appréciable is the AC ohmic heat loss of the
loading coil (helix). The extent of the ground system and the Q of the loading
coil will determine the loaded Q of the system, and this in turn will govern
the overall circuit loss.

The following are additional losses associated with an antenna system which
must be taken into consideration in deterhining efficiency: (6)

(a) Resistance of the ground system.

STXZ MULTRONICS, INC.
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(b)‘ Resistance of the antenna structure‘(ohmic).

(c) Edd? currents in neighboring conductors.

(d) Péor dielectrics.

(e) Leakage paths.

(f) Corona effect.

With respecf to items (a) and (b),'the losses involved aré in the nature of
heat effect or érdinary 12R losses where I is the antenna or ground current and
R is the ohmic resistance of the antenna structure or ground system. For a
given tower height, ground radial installation and power input, these losses
‘are most likely to produce effects which are ipversely proportional to fre-
quency, since the éurrents for a certain power will be ‘greater at lower fre-
quencies. 1In addition, ground radials of a certain length will be effective
over a greater area for ground currents of high intensity When the frequency’is
increased. HoweVer, for installations involving an extremely high ratio of

be inverted

total loss resistance to radiation resistance, these effe

(e}

ts may
because the currents for a certain power may become less instead of more at the
lower frequencies. This is particularly true if an antenna is‘not galvanized.
Experiments conducted by Dr. G. H. Brown of R. C. A. (7) indicate that for a 90°
tower at 1000 KC a galvanized tower had arloss of 0.233 ohms whereas the same
tower ungalvanized showed a loss of 1.11 ohms. He further shows that with the
galvanfzing thickness tripled, the loss was reduced to 0.075 ohms. Therefore,
at L.F. consideration must be given to the type of the material used for the
antenna.. | | |

Losses due to item (c), eddy currents, will occur in neighboring conductors,
particularly those within the induction field, and these losses depend upon

the type of material in the cbnductor, its size and shape, distance from antenna,

etc. The effective resistance representing the loss due to eddy currents

C;'i;gféb MULTRONICS, INC.
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increaseé with frequency, since the inducéd voltage causing the eddy currents
is proportional to - j 2TT f LI.

Poor dielectrics, item (d), represented iﬁ the base and strain insulators
or in wooden materials, masonry, trees, etc., which may be located witﬁin the"
near vicinity of the antenna éystem will introduce losses becausé of dielectric.
hysteresis resulting frém molecuiar friction within the material composing the
dielectrics. The base insulator is of'pafticular importance because iés
perfcrmance may be considered as analogous to that of a lossy capacitor. 1In a
pe;fect capacitor with no energy. loss, the_current leads the imprésséd voltage
by 90°. However, no capacitor is‘perfect and the power loss which may be
experienced in'a pargicular unit is expressed as fqlléws:

Power loss = EI sin @ _ , . : (6)

* Where:

© = Angle by which the current deviates from the quadrature current of a
perfect capacitor.

The phase angle‘Q has a value equai to the power factor of the capacitor,
e.g., a power factor of 6-01 represents a phase angle'of‘0.373o. It is found
‘that the power factor is essentially independenf of frequency, the dielectric
loss per cycie being almost uﬁchanged by the number of cycles per second, with
a nearly constant proportion of the energy supplied to the capacitor being
dissipated as dielectric loss. )

An imperfect capacitor may be represented as a perfect capacitor in series
(or in shunt) with a resiétance, with the value of the latter chosen so that
the power factor of the combination is the same as for the imperfect capacitor.

The series resistance then has a value:

R = Power Factor : ' .
2 TI £cC . ; ~ (7)

It will be seen that the series resistance varies inversely with. frequency

S
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(and thié is also the case for a shunt rggistance), =Ye) tﬁat dielectric loss
ié an inverse function of frequency.

Leakage paths listed as item (e) may exist across the base and strain
insulators of an antenna system. These paths will be affected by weafher‘
conditions and chemical compdsition 6f the atmosphere. Smigh (3) found that
throwing a pitcher of wéter over the basé insulator of a short series-fed
vertical radiator caused the méasurednﬁase resistance to increase by-é
factor of three. This was due to increased.losses. Power losses due to. such
paths are proportional to the Square‘of the impressed voitage, which in turn 
may be expected to vary inversely Qifh frequency for constant power input
(except for conditioﬁs Having a high ratio of total loss resistance to radiation
resistance, as previously noted). Generally speaking, therefore, 1eakage‘path
losses may be considered inversely pro@ortibnal to the square of the frequency.

Corona effect, item (f), is caused by high voltages, resulting in a
pa - At certain voltages pluming
will occur, ahd a continuous current will be sustained, unless the voltage is
lowered or the ionized path is lengthened.

Cordné is of importance in an antenna system usually fog higher powers
only, or in cases where the antennas operate at high elevations under coﬁdi-
tions of reducéd'atmospheric density. The effect is somewhat frequency
sensitive in that-potentialé at whiéh pluming hay occur are lowest for fre-
quencies in the vicinitylof 2 mc's.

It should be néted that the formation of corona and sﬁanding arcs of‘plumes
causes very high losses, and such phenomena can be very destructive. In order
to determine the probability of corona or plumes forming, it is necessary to
know the potential gradients to be expecfed for various parts of the‘antenna

system. For antennas as short as we are discussing, one may assume that the

> .
@6 MULTRONICS, INC.



- 13 -

maximum potential existing due to potential buildup will not exceed:

A A A
(8)
Cos G
Where:

EA = maximum voltage on antenna.

IA = antenna base current in amperes.

XA = antenna base reactance in ohms.

G = antenna height in degrees.

The combined significance of the above factors (a) through (f) contributing to
the loss of energy in an antenna system is approximately illustrated in

Figure 5.

VARIOUS COMPONENTS OF ANTENNA RESISTANCE

RESISTANCE

TOTAL TOTAL ANTENNA
\__055\ RESISTANCE
DELECTRIC LOSS,
ETCY
CONDUCTOR LOSS,
EDODY CURRENTS, ETC,
RADIATION
LOW -a— : FREQUENCY > HIGH

FIGURE 5

Figure 5 shows the variation of the various equivalent resistance
components of the antenna with frequency. 1t will be noted that the net

effect is to produce a total antenna resistance which does not vary directly

:%f@ MULTRONICS, INC.
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with frequency, but which starts with a certain value at low frequencies,

décreases to a minimum, and then rises consistently with frequéncy thereafter.
Since the idealized curve would approach more nearly the curve for radiation
resistance alone, it is obvious (particularly at the lower frequencieé) that -
all reasonable efforts should be made to keep the various 1535 résiétance
components as low as poésible.

In addition to the factors mentioned above, which have to do witﬁithe
efficiency of the antenna proper, it is also important to conisder the effect
of feeding and coupling methods upon the overall efficiency of antenna systems.
When dealing with antennas for which the resistance component of the feed point
impedance is quite léw, (and this is almost invariably the situation for
antennas employed at low frequgncies) it is necesséry to keep the resistance
factor of the coupling device as low as possible. All inductors should have
a high Q, contact resistance should be minimized, capacitors should have a low
d.

1icad
issipa

and the least possible number’of components should be
employed.

To illustrate how serious the coupling losses can be, we shall conisder a
300 foot series fed antenna with a 120 radial ground system at three differ-
ent frequencies (50, 100, 200 KC) to determine the coupling losses we can
expect from the helix coil alone. )

We’must first compute tﬁe resistance and réactance of the antenna for
each frequency in order to determine the value of helix reactance necessary
to resonate the antenna. We shall neglect losses other than those of the
helix.

To determine the base or radiation resistance (neglecting losses) for a

300 foot antenna at 50 through 200 KC, we will use equation (3) which states:

- c2
Rb =G
312

-,
GBS

(9)

-

2
O



Where :
G = electrical height of antenna in degrees.

Using this approximation for resistance we develop the following:

FREQ. (KC) G(degrees) R_(ohms)
50 5.46 0.096
100 10.92 0.384
200 21.84 1.54

The reactance for each of the above conditions can be expressed as:

Xy = - 3 (2, Cot &) (10)
Where:

XA = antenna input reactance in ohms,

™

z = 2 L/D + 23.2, and

120 1 -
o = L0 Luglo
0 = electrical height in degrees.
Assume an L/D of 60 for computation purposes.
The following table indicates the reactances computed for the three

conditions under consideration:

FREQ. (KC) , C(degrees) ‘ XA (ohms)
50 5.46 -j2811
100 10.92 -j1394
200 21,84 -j671
It is apparent from tho above that in order to resonate each of the

conditions we will need positive reactances of the same magnitude for each
case. Typical Helix coils used today have Q's on the order of 500; therefore,

using the expression:

A (11)

Where:

Q = 500 for each case.

%%'\17 A VI R L SN
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XA inductive rcactance in ohms.

RH = apparent AC resistance of helix.

Solving for Ry for each condition results in:

G(degrees) Ry (ohms)
5.46 5.62
10.92 2.79
21.84 1.34

Let's now summarize all of our data for the three conditions:

FREQ. (KC) G(degrees) Rr (ohms) XA (ohms) RH (ohms)
50 5.46 0.096 -j2811 5.62
100 10.92 0.384 -j1394 2.79

200 : 21.84 1.54 -j671 1.34
Examination of the above‘table indicates that the hélix resistance is
greater than the radiation resistance for G = 5'46O and,10-920, and quite close
to it for G = 21.84°; therefore the helix will consume most of the power before
it even gets to the input of the antenna. This is clearly demonstrated by the
following table, which is based on an assumed 1 KW output from a transmitter to
the input of the helix coil, and the resulting power that reaches the antenna.
Keep in mind that the transmitter or generator will see both Rr and RH in

series so that Iy for 1 KW will be developed by:

1 = /1000
A 5 1 2
/Rr”%{ (12)

Then:
FREQ. (KC) G (degrees) IA POWER LOSS 1IN POWER AT INPUT
' —————— HELIX (WATTS) OF ANTENNA (WATTS)
50 5.46 13.23 983.2 16.8
100 10.92 17.81 878.9 121.1
200 21.84 18.63 465.6 534.4

We could assume higher Q's for the helix coil and thereby reduce the loss,

but the Q must be at least doubled to really contribute a significant reduction.

Co><r
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It has been demonstrated that if losses are not to be completely pro-
hibitive the antenna loading coil must have a very high Q. Since the antenna
itself has a high ratio of % or Q, the additional high Q of the loading coil
drastically limits the rate of application of power to the system, The large
inductive reactance of the loading coil limits the buildupkdf current which is
required to charge the capacitance of the antenna. Conversely the reactor will
continue to release its stored energy for an appreciable time after fransmitter
power has been removed. The combination of these effects places a ceiling on
keying speed which must be low enough to permit reasonable power flow into the
system and its correspondent decay without distortion of characters.

For successful transmission of square on-off keying pulses, the fundamental
and third harmonic side frequencies of the keying pulse frequency must be passed

by the antenna system (2). The maximum permissable Q of the antenna is:

Onax =~ £ = 2L
7.4F 7.4B
Where:
f = transmitting frequency in cycles,
F = keying pulse frequency.
B = keying baud rate,
7.4F = required handwidth,

The keying puise frequency for 25 WPM CW keying is 10, Thus at 30 KC,
for example, the Q0 should not be greater than 676 for faithful reproduction of
the 25 WPM keying pulses. For higher keying speeds, the Q would have to be
reduced considerably.

Bandwidth and its effects on system losses will be discussed futher in

Section 5 of this manual, Bandwidth is also discussed in the Appendix.

C% MULTRONICS, INC.
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SECTION 2

GENERAL:

This Section will discuss the number and length of ground radials and how to

realistically determine antenna radiation efficiency.

1I.

*

DiSCUSSION;

(1) Number of Ground Radials:

So far we have not discussed the number of ground radials which should be
employed for an antenna system. A ground system of 113 to 120 radials evenly
disposed around an antenna ié generélly considered good engineering practice for

most installations. In certain cases where the conductivity is quite low and

- base currents are quite‘high it is’not uncommon to use 240 radials. 1In order

to more fully understand the need for ground radials, we shall briefly review
the main purpoée of ground system. '

A ground system ser&éé a twofold pur;sse: first, it provides a good con-
ducting path for eartﬂ currents‘sq.tha; they;do not flow through a poorly con-
ducting earth; and second, it acts as a g@bd ;eflec;or‘for waves originating at
various points on the antenna so‘that tbé'vertical radiation pattern cloéely
resembles that of an anténna locéted‘QVé£§g perfecf1y conductiné earﬁh. These
two functions are synonymous. If the groggéisystem.is extensive and complete
(at least twobwavelengths long) so that there is no power>lost in the earth,
Lhe reflection of each incident wave will be‘perfect.

The earth currents iﬁ the‘vicihity of én antenna are created in the follow-
ing manner. .Displacement cdrrents leave the antenna, flow through space, and
finally flow into the.earth wheré they becéme conduction currents. As the

current flows back to the antenna it is concentrated near the surface of the

earth due to the skin effect. If there are ground radials present the earth

Cﬁé{ MULTRONICS, INC.
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current will Be'made up of-that.whiCh flows‘in:the wires and éhat whichvflows
.thréugﬁ-the éar;h. It is therefore of utmost importancé then to maiﬁtain a large
number of radials inborder‘to havevaﬁ éfficient radiating syétem.

Dr. George H. Brown of R.C.A. is an au;hority on ground system losses.~ He'has:
made extensive measurements on varidus tyﬁes of ground systems. (8) AFigure 6“is
a graph takgh f;om the Brown-article théh iliﬁstrgtés the unatténuated.field
intensity at one mile in mv/m,for different height antennas with a 0.274“wa§e4
‘length or a 99.5° grouﬁd system with a varying numSer of radials. |

The folloWing table.illustrates.the,éfficiency for three different height

antennas with a ground system of 15 and 113 radials 99.5° long.

HEIGHT OF ANTENNA  THEORETICAL EFFICIENCY EFFICIENCY WITH  EFFICIENCY WITH
c° FOR 1 KW INPUT 15 RADIALS 113 RADIALS
5 188 mv/m 30 mv/m 59 av/m
10 189 mv/m - 58 mv/m 90 mv/m

20 ) ' - 190 mv/m . - 102 mv/m - . 139 mv/m
It is quite eviden£Vfrom a study of the above tablé ghat at G = 5° the
difference in\fiela efficiency ié appfoximaﬁely two to one, or four go one in
power (field intensity varies as J—E—). At G = 20°ithe difference is not as
pronounced, but it is quite apbgr@nt that the 113 fadial system ié preferable in
each case. | | |
1t should be noted that Figure 6 ié for a 99.5o long ground system.' As a

matter of .information, .the radius of a 99.5° round system is shown:

FREQUENCY . RADLUS
50 kKC 4960 ft.
. 100 KC 2480 ft.

150 KC 1653 ft.
In actual practice the typical LF ground system length is closer to 500 feet
which is a much smaller portibn of a wavelength. Therefore the. losses for

typical ground systems are even higher.

o
<::z§*éf§§ MULTRONICS, INC..
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(2) Radiation Efficiency:

Radiation efficiency can be expressed in terms of power out/power in, or un-

‘attenuated fieldAinténsity in millivolts per meter (mv/m) at one mile. The latter is

referred to as field efficiency.

Unfortunately, in military antenna work, radiation efficiency is usually exﬁressed
as a percentage of power without stating that power is the reference. Therefore, when
comparisons between antennas are made some confusion can exist unless one states what'

reference is being used.

We believe that field efficiency is a more meaningful way of expressing radiation
efficiency, because it is the millivolts or microvolts that actuate the receiver
tefmihals, and in addition coverage of a station must be determined by measurement of

the field radiated to obtain field strengths at different distances.

During World War II and thereafter it became_cbmmon-pracéice tb equate efficiency
of all types of éntennas by using an isotropic radiator as the primary reference.

In L.F. the vertical current elemént is considered a secondary standard; there-
fore, for our purposes, the vertical current element will be used as the reference.

The following table illustrates four types of antennas, their vertical patterns,

and their field and power efficiency.

TYPE OF vr—:RT\cA\_‘ MV/M AT 1 MILE. [POWER

ANTENNA PATTERN P 1 KW GAIN db GAIN

ISOTROPIC OR , 107.6 | (0]
SPHERICAL .

HEMISPHERICAL é é % 152 .\ c 3.0!
RTICAL '

\é%RRE.NT \B6.3 3 a.77\

ELEMENT o .

1/4 VERTICAL 1849|3282 |50

@)
0
=
.C b)



hemispherical radiator at L.F. with antennas under 600 feet. Whether we accept this
premise or not, we must keep in mind that from an efficiency standpoint thig only

States that if such an antenna could be designed its field efficiency would be

18.4% less than that of a vertical current elemént);

The unattenuated field Strength at the surface of the earth one mile from the

antenna can be expressed in equation form as:

E =37.251 1-Cos G - ‘
—=~0S8 & (13)
° ° <: Sin Q) ' ]
Where:
'Eo = mv/m unattenuated field intensity at one mile. .

37.25 = a factor from basic radiation formula.
I, = antenna base current in amperes.
G = antenna;hefght in electrical degrees.

Equation (13) can be expressed in the following manner if we assume a constant

radiated power:
E = 37.25 P ‘ 1- Cos G (14)
© R (Base) / \ sin G .

Where:

P = Power input at the base of the antenna.
We have already shown that the unattenuated field intensity at one mile for a
90° (one quarter wavelength) antenna is 194.9 mv/m for 1 xw input. This can be

verified by using equation (14),

(L MULTRONICS, INC.
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constant for all practical purposes. (This assumes no loss.) For 1nstance, the
follow1ng series exoan51on demonstrates this fact if we assume that the height of the
antenna G is extremely small.

sinc¥g

Cos 6% 1 - g2/2

1 - Cos G%¥¢g2/2

Using the above relations together with equation (2) for an input power of 1000 -

watts at the base of the antenna, the following is obtained:

. _
E = 37.25 (1000 V% f(o0.5¢g2) - 186.3 mv/m « ©(15)
© (10 07) < G ‘

It therefore can be seen by the above expansion that a vertical current element

antenna of infinitesual length, assuming no losses, will y1e1d a field which is only

4.257 less than the field of a quarter wavelength .antenna using the same considerations.
,Unfortunately, however, the determination of the unattenuated field as set forth
in equation (14) is based On a system with no losses. This condition will not ekist
in actual practice, particularly for short antennas. We therefore have to determ1ne
the total loss of the antenna system to obtaln the actual radiation efficiency.
In Section 1, II, F., we briefly discussed factors which control antenna system
lossesf The most promlnent controlable variable loss is that of the ground system.
We therefore will now demonstrate in some detail the effects of ground system length
versus antenna height. For our purposes we will always use a ground system of 120

radials. The length w111 be ‘at least the tower height.

(3) Examples of Computatlon of Radiation Efficiency:

In order to develop a method for determining antenna radiatlon efficiency, use
will be made of Dr. Brown's article already referenced, published data of the Federal
Communications Commission and of the Mutual Broadcasting System, and studies made by

Multronics, Inc., on short antennas. It should be noted that during the last

%;59': MULTRONICS,
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thirty years appreciable information céncerning antenna efficiencies has been filed
with the Federal Cohmunications Commission in the form of field intensity measurementé
madé on over QOOO commercial broadcast antennas. The Commission in Part 73 of its
Rules and Regulations has published a theoretical curve and an averaged measured
curve fof a simple omnidirectional vertical antenna with a ground system of at least
120 radials one quarter wavelength long, for antennas varying in length from 0.05 to
0.68 wavelengths. (18° to 244°).

Figure 7 is a curve which illustrates the effective field at one mile for one
kilowatt input for antennas having a height varying between 0.0152 and 0.2 wave -
1§ngths. Figure 7 assumes the ground\system to be 120 radials one quarter wave-
leﬁgth long. It is based on data from all of the sources referenced.

Figure 8 is a correction factor curve for Figure 7 to determine the additional
loss factor that must be used for a ground system with radials less than one quarter
wavelength long.

In view of the fact that we are concerned with short antennas Between 50 and 150
KC, we will analyze a series of problems for a 300 foot vertical antenna with ground
systems as noted. (Note: This technique can bke used for any height L.F. antenna to

determine radiation efficiency).

Case #1:

Given: 300 foot series fed vertical antenna with a ground system consisting
of 120 radials 400 feet long, operating at a frequency of 50 KC.

Determine: The field and power efficiencies.

Solution: A 300 foot antenna at 50 KC is 0.0152 wavelengths or 5.46° high.

At 50 KC a 400 foot ground system is 7.3° long or 0.0203 wave-
lengths long.

To determine the efficiency first refer to Figure 7 and look up the un-
attenuated field for a 0.0152 wavelength antenna which is 77 mv/m. Next look up the
loss factor for a 0.0203 wavelength ground system on Figure 8 which is - 46 mv/m.

The resultant field efficiency is 31 mv/m (77-46 = 31). The radiated field

% MULTRONICS, INC.
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efficiency is 16.6% (31/186.3 = .166). The radiated power efficiency is 2.749%.

Case‘#g:
" Given: 300 foot series fed vertical antenna with a ground system‘consisting
of 120 radials 400 feet long. Operating frequency is 100 KC.
Determine: The field and power efficiencies. . 7 .
Solution: A 300 foot anténna at 100 KC is 10.92° high or 0.0304 waveleﬁgths.

400 foot ground system is 14.6° or 0.0406 wavelengths long.
Figure 7 indicates the antenna field is 109 mv/m (Cur?e A). The loss factor/
from Figure 8 is - 42 mv/m; hence, the ﬁet field is\67 mv/m. This is equivalent to
a field efficiency of 26% or a power efficiency of 12.8%.
The frequency can be‘increased to 150, and keeping the antenna height at 300 feet
with a 120 radial ground system 400 feet long the following efficiency resﬁlts:

Frequency (KC) E (Field Efficiency %) - P_(Power Efficiency %)

150 ' 47.5 o 22.4
We can now summarize radiation efficiency for a 300 foot antenna with 120 radials

400 feet.long for the following frequencies:

Frequency (KC) . . - E (Field Efficiency %) P (Power Efficiency %)
50 ' 16.6 | 2.74
100 ’ 36 o : 12.8
150 , 47.5 22,4

‘The above effiéiencies are materially lower than those assumed by many engineers
who have not mAde detailed studies of how much field and power efficiency can be
obtained withfvarious‘types of vertical antenna (series fed, NORD, UG's or Pan
Polars) with a 300 foot height and a limited ground system.

It should now be apparent éhat regardless of the type of vertical antenna used,

if the height is 300 feet between 50 and 150 KC (5.46° to 16.38° ) with a ground

system consisting of 120 radials 400 feet long, the maximum expected field effi-

ciency will not exceed approximately 477 and the power efficiency would be on the

order of 227%. (This also assumes an inherent limited bandwidth). The only wayAto'

;5 ;C ThAMIAC TN~
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increase the antenna efficiency for a given antenna height would be to materially
increase the ground system length. Due to existing crowded conditions at most mili-
tary installations, this doe§ not appear to be a realizable goal.

(4) Inverse Distance Field and Attenuation:

The radiation field from an antenna, assuming no absorption or attenuation,

is inversely proportional to the distance from the antenna. In other words, if we
assume a vertical current element with an input power of 1 KW, we would eipect to
measure 186.3 mv/m at one mile, 93.15 mv/m at two miles, and to continue to measure
reduced fields in an inverse proportion with distance. This assumes the earth to be
a perfect conductor. When a signal follows this inverse relationship it ié said to
foilow the inve;se distance law and the field intensity at one mile is called the
unattenuated or inverse distance field.

We know that the most important type of ground wave is a vertically polarized
wave which is radiated from a vertical antenna over an assumed perfectly conducting
earth. 1In vertically polarized waves, the electrostatic lines of force are normal
to the surface of the perfect conducting earth, therefore, they are not absorbed or
reflected. Such a wave has assoéiated with it a charge density which travels along
above and parallel to the surface of the earth. The surface of the earth is the
guiding conductor just as in the case of propagation of energy along a transmission
line, but instead of having a uniform conauctor for propagation we have the verti-
cally polarized field diminishing in magnitude inversely with the distance from the
transmitting antenna. However,AbeCause we are dealing with an imperfect earth, we
have to keep in mind that the electrostatic field has a slight forward tilt resulting
from a downward component of energy which supplies earth losses. Therefore because
the earth is not a perfect conductor, it absorbs or attenuates some of the signal
and the conductivity of the path over which the éignal travels will determine the

amount of absorption or attenuation. Norton (9) has published data on attenuation
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tha; is-universally used.

Figure 9 is an example of é series of attenuation curves‘for a frequenéy range
of 540-560 KC published by the Federal Communications Commission in Part 73 of its
Rules and Regulations. It will be noted that sixteen different attenuation curves
are shown. 'They aré based on- ground conductivities expr;ssed in millimhos per
meter (mm/m), assuming a dielectric constant of 15.

Referring again to Figure 9 we no&e that field‘intensity is plotted against
distance for both inverse distance (perfect conductivity)vand the actuél signal we
would measure if the effective conductivity was any one of the sixteen.values shown.

The unattenuated field intensity is shown as 100 mv/m for mathematical con-
venience. If wé are working with an antenna having én inversg field of 186.3 mv/m
(current element with 1 KW), we stili éan use this curve by multiplying all readings
.by 1.863.

We ‘note that the inverse distance field ;t 6ne mile is 100 mv/m. At two
miles it is 50 mv/m; and Eontinues on down in;accordance with the inverse distance
law. For sea water (highest cbnductivity), we have a small_amount of abgorption but
its real effect does not start to show up until the distance from the antenna is
over 100 miles. Iﬁ the case of a éonductivity of 3 mm/m, however, the effect of
absorption or attenuation is pronounced-and can readily be noted from an examingtion
of Figure 9. 1In the latter case note that at 10 miles from the anténna, the field
using 3mm/m cbnductivity is approximately 6 mv/m or 40% below the inverse’distance
value of 10 mv/m. At 50 miles from the antenna the field for a conductivity of
3 mn/m is 0.32 mv/m compared to 2 mv/m for inverse distance. Therefore it is quite
apparent that attenuation due to ground conductivity must be considered before an

accurate inverse distance field can be determined. .
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Determination of Inverse Distance or Unattenuated Field Intensity By

Analysis of Field Intensity Measurements:

A. Attenuation or Absorption:

Attenuation or absorption at L.F. is less than at the 540 to 1600 KC

broadcast frequencies, but it does exist. In o?der to make use of field in-
tensity measurements and accurately determine unattenuated field intensity, one
must have a family of conductivity curvés to which to compare measurements for
analysis purposes.

Figure 10 is a copy of Graph 21 of Part 73 of the F.C.C. Rules and Regu-
lations, entitled "Ground Wave éield Intensity Versus Numerical Distance
Over a Plane Earth". It is based on the Norton article'already referenced.
It can be used to compute a family of conductivity curves for L.F.

Figures 11 through 13 are a family of conductivity curves for 149, 162,
and 185 KC's respectively- They were prepared:by use of Figure 10. It should
be noted that the highest conductivity computed is 4 mm/m. -It will be noted
that conductivities have been éomputed for 0.5, 0.75, 1, 1.5, 2, and 4 milli-
mhos per meter. These curves have all been normalized for 100 mv/m unattenuated

efficiency at one mile. Reference to these curves will show that as the dis-

tance increases from an antenna, the effect of the conductivity, particularly

" where low effective conductivity is encountered, it is quite pronounced between

149 and '185 KC.

Figures 11 through 13 show that all conductivity lines tend to merge to-
gether and approach a valQe siightly under inverse distance from ten miles back
to the antenna, but beyond 10 miles the effects of low conductivity are material.

The same type of information as presented in Figures 9 through 13 can be
shown in another way, as a plot of field.iﬁtensity versus distance for various

frequencies, for a given ground condition. Curves of this type taken from

% MULTRONICS, INC.
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TM-11-486-6 (13) are shown in Figures 14, 15, 16, 17, 18 and 19. These curves
clearly show the effect of frequency on ground wave propagation over various
types of'gréund‘(including sea water). These curves were prepared using

N

186.3 mv/m as the inverse distance field (current element with 1 KW).

There is one school of tﬁbught which states that because the conductivity
lines tend to mefge into one curve just below inverse distance, one can assume
for all low frequencies that the unattenuated field intensity varies inversely
with distance, and that one can then determine ﬁnattenugted field by taking the
measured field strength times distance (E x D). This technique in theory is
correct to a limited extent, but in practice ‘field intensity measurements
cannot be so preciseiy taken ‘that the effects of reradiation, reflections and
instrumentation error can be ignored. 1In addition,«thé effects of conductivity
must be taken into account. Further, becausé wide variatioﬁs at identical
distances (different radials in several directions from antenna) in field
intensity can be measured, it is imperative that measurements be made at a
large number of points on at least eight radials.

The reasons for these statements are clearly shown in Figures 14, 16 and
18. Over sea water (Figure 18) the measured field from 50 to 200 KC approaches
the inverse distance line (E x D wvalue) at’distances out to 100 miles. However,
Qver "poor" ground (Figure 14) the measured field drops considerably below the
inverse aistance line.at distances beyond 5 miles. Not taken into account in
these curves are variations due to reflections, reradiation and instrument error.
Therefore a large number of measuring points on at least eight radials should be
used.

An example of the fut;lity of using inadequate data for analysis follows:

Field intensity measurements were made on two antennas, one operating on

162 and the other operating on 185 KC. At a given location (it appeared

Cé:;‘”ﬁSi ’ MULTRONICS, I NC.
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excellent) which we will call Point A, the 162 KC measurement obtained a field
of 1900 microvolts whereas the 185 KC operation obtained a field of 4500
microvolts per meter. This established a field ratio.of'2-36 (4500/1900 equals
12.36). 1t also established a power ratio of 5.58 (2.362 equals 5.58). Con-
tinuiﬁg on the same radial to Point B (also an excellent iocation), the field
at 162 KC was 2200 microvolts and the field at 185 KC was 4000 microvolts.

This established‘another field ratio of 1.82 or a power ratio of 3.3. During
these measurements the power was maintained constant for both the 162 and

the 185 KC operations; therefore, if we were attempting to state the power
telationship for either antenna based on using either Point A or Point B, we
immediately have a péwer ratio varying from 3.3 to 5.8, depending upon whether
point A or B was selected. This is an appreciable différence in efficiency.
This difference in apparent efficiency based.on using only one or two points
for an analysis most certainly points up the necessity for a series of measure-
ments at varying distances on the same path which must then be carefully
analyzed taking into account ground conductivity to obtain the true efficiency
of the antenna systenm.

Another example of why field intensity measurements must'be made to determine
the efficiency and conductivities along a given path is illustrated by the
followingvexample where we shall assume a frequency of 1000 KC and a 90° antenna
and a 126 radial ground system with radials 90° long.

For illustration purposes we Qill assume that we desire to determine the
0.2 mv/m (200 microvolts per méﬁer) contour'using three different conductivities
and five different powers. The following table illustrates the differences in

coverage based on use of the Norton (9) technique.
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GROUND WAVE DISTANCES TO THE 0.2 MV/M CONTOUR IN MILES:

Power Conductivity Conductivity ,Conductivity
Radiated (KW) - 5 mm/m : 30 mm/m 5000 mm/m_(Sea Water)
1 55.0 150.0 300.0
5 : 78.5 200.0 392.0
10 ' 91.0 222.0 432.0
25 ‘ 110.0 253.0 489.0
100. : 141.0 302.0 570.0

The above table clearly shows that with 1 KW and a conductivity of 30 mm/m

the 0.2 mv/m contour goes nine miles further than the like contour of a 100 KW
station where the path conductivity is 5 mm/m.

It should be readily appareﬁt that to obtain the true efficiency of any
antenna system the existence of effective ground conductivity along a path

=Ll -

cannot be ignored, and that the e ctivity cannot be determined

ec

without adequate data in the form of field intensity measurements.

B. Method For Making and Analyzing Field Intensity Measurements:

It has already been stated thét in order to accurately determiﬁe the
efficiency of a vertical antenna system, a large number of field intensity
measurements should be made on eight or more radials to obtain the efficiency
as well as the effective conductivity. The Federal Communications Commission
for over thirty years has required that a very precise method be employed by
Aengineeré in making field intensity measurements to assure that the data obtained
is accurate, and to insure that it in turn can be analyzed to a reasonable
efficiency and effeétive conductivity for the antenna system and the area under
consideration. Section 73l186'of the Federal Communications Commission's Rules
and Regulations sets forth a method for making and analyzing these measurements.
It is not the purpose of this section ﬁo give all of the details concerned with
field intensity measurements but rather to point out that great care must be

exercised in the taking and analyzing of field intensity measurements in order
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to obtain accurate values of efficiency.

'~ The following is a suggested procedure based on F.C.C. practices for taking

and

analyzing L.F. field intensity measurements:

(a) Beginning as near to the antenna as possible without including the
induction field (and to provide for the fact that an L.F. antenna is not a
poiht source of radiation) but starting at points no closer to the antenna
than one wavelength, measurements should be made on eight or mofe'radiafs,
at intervals of approximatelylone-tenth miie up to two miles from the

antenna, at intervals of approximately one-half mile from two to six miles

from the antenna, at intervals of approximately two miles from six miles

to forty miles from the antenna, and a few additional measurements at greater
distances from the antenna if needed. Where the antenna is rurally located
and unobstructed measurements can be made, there should be as many as sixty

measurements on each radial. However where the antenna is located in an

" area where unobstructed measurements are difficult to make, measurements

should be made on each radial at as many unobstructed locatidns as possible;
even though the intervals may vary from those suggested above, particularly
within 6 miles of the antenna. In cases where it is not possible to obtain
accurate measurements at the closer distanées (even out to 5 or 6 miles due
to the character of the intervening terrain), the measurements at greater
distances should be made at closer intervals. It is sugge;ted that '"wave
tilt" measurements may be made to determine and compare locations for taking
field intensity measurements, particularly to determine thét there are no
abrupt changes in ground conductivity or that reflected waves are not‘causing
abnormal intensities.

(b) Next plot each individual radial's data on log-log coordinate- paper

with field intensity as the ordinate and distance as the abscissa.

NN A T A/~
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(¢c) Prepare a family of conductivity cﬁrves for the ffequency of interest,
by use of Figure 10. Curves similar to Figure 11 through 13 will result,
Figures 14 through 19 could be duplicated in this manner. 1In fact, for an
assigned frequency of 100 KC for example, Figures 14 through 19 could be
usea directly for the conductivities involved, |

(d) Next place the sheet on which the actual points have been plotted over
the éurve prepared in step (c)/above, and adjust until the curve mdst closely
matching the points is found. In the case of a long radial it may be found
that the conductiyity changes as one proceeds through certain areas (such

és over water), Thus the curve may not be a continuous line but may have
several breaks or Changes. This curve should then be drawn on the sheét on
which the points were plotted, together with the Corfesponding inverse
distance curve., The unattenﬁated field at 1 mile for the radial concerned
will.gg the ordinate on the inverse distance curve at one mile,

(e) Whenvall radials have been analyzed in accordance with paragraph (d)
above,>a curve which givés the inverse distance field patiern gt one milé
should be plotted on polar coordinate paper from the several radial fields -
obtained., The radius of a circle, the area of which is eqﬁal to the area
bounded by this pattern, is the effective field or Erms of the antenna.- As

a check of this analysis use Figures 7 and 8 to determine iys reasbnableness
by chécking the theoretical field for a given antenna system and power input.
(f) For information purposes, the depth in meters of penetration of waves

into ground, taken from CCIR documents (15), is shown here:

..... :
Frequency | o= 5 x 10-11 emou | X=1x 10-13 emu. {o=1 x 10-14 e.m.u.
€ = 81 £ =10 €£=5 |
I S

10 ke/s 2 50 1150 |
100 kc/s 0.67 15 . N 50 ‘
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In this table the depth of penetration is that depth where the wave has
been attenuated to 37% of its value at the surface,

It Will'be noted that for good ground, the depth of penetration at L.F.
-is slight, However, it is particularly important to take lower strata into
accbunt when upper strata are of poor conductivity, since in this case more
energy penetrates to the lower levels and is lost.

It is fof this reason that siting considerations for any antenna which
employs a ground system (VLF, LF, or MF) are very important. For the best
ground wave propagation (lowest losses due to conductiyity), the surface
strata should be of good condﬁctivity. Swampy, marshy loam and tidewater
areas make excellent sites. for such facilities. A site survey with actual
field intensity test measurements should be made(béfdne a site is definitély

selected,
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SECTION 3
I. GENERAL :
The purpose of this section is to review some useful information pertaining
to antenna L matching networks, particulary at L.F.
II. DISCUSSION:

(1) Network Efficiency:

Network efficiency is primarily determined by the components used in the
network. In Section 2 it was shown how the Q of the helix coil affects the overall’

system losses. Antenna network efficiency can be expressed as:

Efficiency (%) = Py, x 100 = Pout x 100 (16)
Pin Pout * Plost

.Where:

Pin = power into network in watts,

Pout = power delivered to antenna in watts.v

Plost = pdwer lost in compohents in watts.

The determination of -loss for a given network will be discussed in the
following paragraphs.

(2) Networks General:

The~purpose_of an antenna matching network is’to transform the antenna
impedance to the line or generator'impedanbe. Typical networks used in L.F. are
" the L, T, or fT types. The T and TT networks are an extension of the L network,
hence we will only discuss L networks.

Matching networks operate on the priﬁcipal that for any series‘circuif
(a resistance in series with a reactance) there exists an equivalent parallel

circuit (a resistance in parallel with a reactance) of the same impedance, -

@ MULTRONICS, INC.
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FIGURE 20
Figure 20 illustrates a series and parallel circuit having identical magnitude
of impedance between terminals 1,1 and 2,2 where at the operating frequency:

R_D=.Rs /I =‘y /1+352 \

x 2\ |
\\ +'E§?;> and X, = X_ \ (17)

Xs
Equation (17) can also be expressed as:
Rg = Rp and Xo = X PR
72 _2____5_ (18)
I+p 1+ %
2 2
Xp Rp

[t can be seen that any impedance can be balanced on the known side of a
bridge, cither by using two elements in parallei or by two other elements in
series, Whichever arrangement is used, when balance is obtained, the values of
the other arréngement which would give balance can be found from equations (17)
or (18),

The impedance and Q for the series circuit of Figure 20 is:

25 = (R® 4 x 2 (19)
where:

Xg * impedance in ohms for series circuit}

R. = series resistance in ohms.

S

:%f@ MULTRONICS, i
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Xs = series reactance jin ohms.

and

Q=% angx, =, | - (20)
R .
S |

The impedance for the equivalent parallel circuit of Figure 20 can be expressed as:

Z =R X : .
P P p (21)

2 2
+
(Rp X, )%
Where:

Zp = magnitude of parallel impedance in ohms.
The Q for the equivalent parallel circuit is:

Q:

>1 ==
T T

(22)

Now that we have the Q's for both the serles and the equivalent parallel network,
we can rearrange for equations to state:

R 2‘ : '

L_ =0+ _ (23)

Rs

Where:

Q = either series or parallel value.

We can accomplish a given transformation by selecting a value of either our
., series or parallel Q,i For instance, assume we desire to match or trénsform a
50" ohm series load to a 1000 ohm generator., First we use equation (23) and
substitute 50 ohms fof the series Rs and 1000 ohms for the parallel Rp or
1000/50 = 20 = Q2 + 1, or @ = 4.36.

The series reactance is determined from equation (20), where by substitution

we have:
- X _
4.36 = S = 218 ohms, , (24)
50
555: MULTRONICS, iNC
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We can now say the series circuit consists of a 50 ohm resistance and a 220 ohm
reactance. To find the equivalent parallel circuit we use equation (22) and sub-

stitute Q = Rp / Xp =4.36 = 1000 / Xp ) Xb = 230 ohms.

Note that the reactance can be either an inductance or a capacitor providing one
side is positive and the other side i$ negative, o

 Our example can bé proved by use of equations (19) énd (21). 1If we have
worked-the problem correctly, the magnitude Qetermined by equation (19) will be:

Zg = (502 + 2182)% = 225 (24)

Substituting in equation (21) we have:

Zy = 1000 x 230 =225 (25)
(10002 + 2302)% :

It therefore can be seen that for any series circuit of R and X there exists an
equivalent parallel network having the same magnitﬁde of impedance,

The above example, although we did not state it; is the theory of an L network.
A more detailed discussion follows,

(3) The L Network:

The L network gets its name from its shape or the arrangement of components,

An L network can be shown as:

o—e— (YT H—o0
~—R| ~Re—
— Xz
(R} GREATER *
THAN . Rg) —_
FIGURE 21

W MULTRONICS, INC.



- 38 -

or as: , . Xq
Y
4—-—-—R"———> . 4——RZ'—-b
(R} GREATER
THAN R5) X2
FIGURE 22

Equations (17) through (23) are used for determining the value of reactance
f&r each element,

The following is a step by step method of calculaiing an L network using the
above equations:

‘(a) With the two impedances to be matched by the L network known, the re-

quired value of Q can be calculated by using equation (23),

(b) The value of thé series reactance can then be calculated by substituting

the value of Q determinedrin step (a) in equation (20),

(c) The value of‘the shunt reactance, which must be of opposite sign from

step (b), can then be calculated by substituting the value of Q determined

in step (a) in equation (22).

(d) For either of the circuits shown in Figures 21 or 22, the Qalue of the

inductance and capacitance to be used can be determined from the equations:

L = XL )
6
oTTE (2
C = 1 27)
2TTEX,
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Where:

o
|

= inductance in henrys.

capacitance in farads.

(@]
H

X; = reactance in ohms, calculated for the inductance.

<
]

reactance in ohms, calculated for the capacitance,

f = frequency in cycles per second.

It should be noted that we have not assumed the antenna or load having a
reactance, Inasmuch as the antenna usually has reactance, the output reactor of
the L network will have to be equal in value but opposite in sign to the antenna
réactance, plus the value. of reactance determined by equation (20),

We have already discusscd network

r AfFiaianay i 1
uccLwuin i

iiciency in general., However, il should

be noted from an examination of equation (16) that it becomes }ncreasingly difficult
to achieve high efficiencfes for low values of load resistance, The load resistance
tends to become comparable to the coil'r—f resistance in these cases. This is the
problem commonly encountered when attempting to match a transmission line to

antennas appreciably shorter than a quarter wavelength at L.F. The efficiency of

an impedance-matching network for such an application is expressed by the equation:

% efficiency = QL (28)
Q + Q
Where:
QL = ratio of coil reactance to coil fesistance.
QA = ratio of antenna reactance to antenna resistance.
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SECTION 4

I.  GENERAL:

This secfion will discuss some factors pertaining to Foided Unipole antennas,
The Folded Unipole is the first step in the design of a NORD antenna system,
II., DISCUSSION:

(1) Folded Unipole Antenna:

In order to more readily understand the principal of the NORD antenna, it
is first necessary to understand the theory of the folded unipole antenna, particu-
larly when operating at second resonance. A study of basic transmission line theory
will explain its operation,

We know that a transmission line which is less than 90° in length and
shorted at its far end will appear inductive at its inpui term;nals. If this line
is increased in length so that its electricai length equals a quarter wave, it will

appear to be a parallel resonant circuit at its input, with a very high input impedance,

// | \\d
’

dz

@ @

NTEEERRRRRRRRRRRRAANN

FIGURE 23

Figure 23 illustrates-a one fold, folded unipole antenna. In order to
determine its input impedance, let us assume a generator voltage (E) and then find
the current (I) flowing in the lower end of element d; as illustrated in Figure 23.
Roberts‘(ll) has outlined a method for analysis of a folded uﬁipole antenna,

Figure 23 becomes an equivalent circuit shown in Figure 24,

W MULT
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~

e (e)

3 o—|
A~ o
(ED$ C 2E

FIGIRE 24

Our reason for using three generators in Figure 24 isvthat it is fairly easy tb
determine the cuirent developed by each\generator and then'by the principal of supe?-'
pdsition, add these currents to obtain the actual current in the lower end of element
dl . . .

Referring to Figure 24, it should be noted that Generator A is obposing‘Generator
C, with respect to the lower end of element d2. Thus, elgment d2 is effectively
grounded so far as any voltage is concefned.
a voltage, 2E, on

Generators B and C im

ress

ld

iie iower end of element'dl; there-
fore, Figure 24 is equivalent to Figure 23, |

Let's go a iittle fufther and first assume that there is ﬁp vbltage (for the
moment) in the lower generator. There is then only the voltage 2E acting between
the lower ends of dl and d2. Inasmuch as elements dl and d2 form a 90° transmission
line, shorted at the far end,'thei; input reéistance is very high; cbnsequenily, only
a small current will flow into glement dl' vNext, aSSumé there is voltage only in
Generator C. .Then, since the 16Wer ends of d1 and d2 are shorted together as far as
Generator C is concerned (by the zero internal impedance of A and B), the two ele-
ments act as a simple 90° radiator made up of two elements connected in parallel,
If R is the radiation resistance of this radiator, Generator C will supply a fotal

current equal to E/R to this composite antenna, but by symmetry, this current divides

5%%? MULTRONICS, INC.
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equally between d; and dy, so that the‘current entering element dy is:

I =1y (29)

N i
=lm

Thus, if Generators A, B, and C are working at once, the Voltage impressed on
element d1 is 2E,.while the current entering it is 1 x g plus a very small amount
produced by Generators A and B working in series above. The input resistance of
element dl' being the ratio of voltage impressed to resulting current flow, is there-.
fore abproximately 4R, If the two elements are close together, the value of R will
approximate that of a single radiator, and the impedance multiplication due to

folding is approximately four,

The impedance transformation can be expressed as follows:

~
[
(=]
-’

The impedance transformation = Z1 =(1+ n)2

z
0

Where:

Zl = input impedance of the folded unipole antenna,

Z = input impedance of a single antenna,
v
n = current ratio 12 (ig =1 for equal size conductora
I1 Iy -

Up to this point, we have discussed equal size conductors, That is, the
diameter of the tower and the fold conductor is fhe same, However, with the intro-
duction of the transformation ratio, as noted in (30) above, we can now turn t§
" discussion of’the operation of a folded unipole antenna with unequal diameter con-
ductors, Figure 25 illustratés.the folded unipolé antenna with unequal size con-

ductors,

}%g? MULTRONICS, INC,
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Generators A and C are alike in order to put zero voltage on element d,, but
Generator B must now be so chosen that no current will flow through Generator C when
it is not producing voltage, The determination of this voltage (E;), is one of the
two essentials to the solution of the problem, The other is'to determine how the
current produced by Generator C, acting above, dividés between elements d1 and d2.
This problem becomes extremely complex because of the non-symmetry of the elements
and there are several methods which can be used to solve the problems, Guertler (12)
demonstrates a method for determining this voltage. Roberts (11) has also demon-
strated methods for determining this voltage. We will use the eiectrostatic or
capacitive method discussed by Roberts, since this method appears to offer the most
promise for a simple solution, Briefly, this theory states that the current will
divide directly as the ratio of the capacities of the elements while the voltage
ratio will be the inverse of the capacity ratio. To solve the problem then, we

must assign undefined capacities ¢] and cy to elements d1 and d2. Then:

The current entering element dl is the total current produced by Generator C
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acting alone multiplied by:
¢y / (eg # c2) : , - ] - (32)
| Neglecting the very small current produced by Generator A-and B acting alone

because of the very high input impedance of the quarter-wave section (as already

discussed for equal elements), the total current due to Generator C alone is:
E ' ‘
= 33)
R ' | o
Where:
R = radiation resistance of the two elements connected in parallel,

The driving point impedance of the antenna is:

(E + Ep)

' 4
the current entering d, (34)

Thus, it is readily proven that the dtiving point impedance is:
RIL + Co\ 2 , : A
= : (35) -
: Cl : : ;

The above method of determinétion indicates that the impedance stép up ratid
depends upon the ratio of the elements' diameters, being inversely proportional ‘to
the diameter of the excited fold or element and dlrectly proport10na1 to the diameter
of the grounded element or tower. The spacing between the tower and fold is not

extremely critical, but does determine to some extent the impedance transformation

. ratio, Although this type of anterina has good bandwidth, its bandwidth characteristics

will be decreased if a transformation ratio of greater than approximately ten is
attempted by means of the spacing factor. It has been found that the best way to
increase the bandwidth of the antenna is to increase the number of folds.

The electrostatic or capacitive method outlined by Roberts (11) is primarily a

‘physicist's approach to a solution of the folded unipole antenna. It can be shown

that the impedance transformation ratio for a folded unipole antenna where unequal

2 §§ MULTRONICS INC,
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diameters are used is:
Transformation ratio = (l + 2z 2

= ' o (36)
22 ' :

Where:

Z1 = the characteristic impedance of a two conductor transmission line ma@e up
of conductors of the smaller diameter, spaced the center-to-center distance
of the two conductors in the antenna,

22 = the characteristic impedance of a two conductor transmission line mgde up
of conductors of the larger diameter, spaced the center-to-center distance
of the two conductors in the antenna, '

The above equation assumes that the power will be fed to the smaller conductor (fold)
and that the tower will be grounded., Thus, an impedance step-up of greater than four
will always be achieved,

The magnitudes of Z, and 22 in equation (36) for uniform cross-section conductors
can be determined from standard transmission line formulas.

A folded unipole antenna shorter than a quarter:wave high can provide a wide
range of input resistance by variation of the ratio of the diameters of the folded
conductors to the diameter of the tower. The radiation resistance varies as the
square of the height, and if the transformation ratio is raised enough the height of
the antenna can be reduced, the limit being the poinp where ground losses consume a
prohibitive percentage of the power,

For practical operation a very short antenna should have a resistance of at
© least 23 ohms; Unfortunately short series fed antennas in the range of 5% to 30° do
not approach this, having a radiation resistance of only 1 to 4 ohms, Consequently,
this type of antenna has excessive losses. In this frequency range, thebuse of a
‘top-loaded folded unipole antenna is extremely desirable, inasmuch as this antenna
can be operated at first resonance, or at lesser heights.

"First resonance" is defined as that antenna height which is equal to an

electrical quarter wave, or 90°, The antenna looks like a quarter wave section of

Cmf@ MULTRONICS, iNC.
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transmission line shorted at its upper end, witn an extremely high input impedance.
When a'shorting bar is moved down the fold, effectively reducing the length of the -
fold below an electrical quarter wave, the input impedance,which consists of
R + jX, is steadily reduced in value, At same point which is usually about‘one .
half of 1ts former height the R term of the input R + jX will be close to 50 ohms.

At this p01nt the remaining jX term w111 reduce to zero and will then become nega-
tive in sine, Thls point where the folded unipole antenna input 1mpedance 1s non-
reactive is commonly called "second resonance". By reducing the helght of the an-
“tenna, or of the fold itself, we can resonate the antenna so that it w111 match a 50
ohm coaxial line merely by use of a series capacltor whose negative reactance equals
the + jX of the antenna input., This + jX will not be a large.value, 50 that even at
high powers the r.f, voltages involved will be of reasonable magnituder ’

It should be noted that a folded unipole antenna can go into first resonance
at a frequency at which its electrical length is 90° but its physical length is
only 60° due to the L/D of its conductors.’ Thus- we can say that if a folded unipole
antenna goes into first resonance at an equivalent phyeical lengtn of 60°,‘we would »,
expect second resonance to occnr at approximately one half qf ;his physical length,
or 30°. The base impedance for a top-loaded folded nnipole antenna at second

resonance can be expressed as: . (10)

1580 (hoR x 10g 452/dydo\ 2
2r log 2S/d2 .

Roy .
- (37)

Where:
Roy = resistance of folded unipole at second resonance in ohms,
ho,. = height at second resonance in degrees,

2r = wavelength at second resonance (same units as hop).

wn
u

spacing, center to center, of tower to fold,

W MULTRONICS, INC.
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‘fold diameter.

o
I

d2 = tower diameter,

S, dl and d2 shoﬁld be expressed in the same units,

It should be noted that either "logo" or "log," can be used, inasmuch as a ratio is
expressed in equation (37),

A top-loaded foldéd unipole antenna can be used to obtain a base resistance on
the order of 12 to 15 ohms for antennas as short as 10°,

The currents in the fold wires in the antenna of a folded unipole at lengths
less than first resonance are in phase just as they are at first resonance, hence
there is no cancellation of field due to out-of-phase currents and the end result
is an increase of efficieﬂcy of the short antenna, which in turn appears as an in-
crease in effective antenna height,

Folded unipole antennas are now widely used ih standard‘broédcast antenna

systems,

SR mu LTRONICS, INC,
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SECTION 5

I GENERAL:

Low frequency antennas are invariably short in terms of their operating wave-
length, therefore these systems have high values of Q and are extremely selective or |
narrow band,

In antenna systems the bandwidth controls the amount of intelligence thqt can be
transmitted, This section will deal with the factors which control the useful band-
width of an antenna and with a simple procedure for determination of this useful
bandwidth. |
II. DISCUSSION:

A. General:

The bandwidth of an antenna depends upon its input iméedance énd the rate
with which its reactance and resistance change with frequency. The useful bandwidth
is commonly considered to be the frequehcy band within which the power is equal to or
greater than one-half the power at resonance, When the impedance versus frequency
is'plotted on a Smith chart, this useful bandwidth is that within a 5.83/1 VSWR circle.

There are two types of bandwidth to be considered. Oné ié thé static bahdwidtﬁ
which is the antenna reactance divided by the antenna radiation resistance and is the
bandwidth which would be obtained if the antenna system had no losses, The other is
the loaded or dynamic bandwidth which is the net bandwidth after condideration is
given to total antenna system losses and the reactance used to resonate the antenna,

B. Dynamic Conditions:

The loaded or dynamic bandwidth conditions can only be obtained by consider-
ing the coupling components used to resonate the antenna. If a series fed antenna
less than 90% in height is considered, we know that its equivalent circuit can be
represented as a capacitor in series with a resistance, To resonate this antenna.
it is necessary to cancel out its negati.c rcactance., This requires a positive

(70 iyt mmmns s
CBE
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reactance (helix coil) equal in magnitude to the antenna reactance. Coupling to the
resistance of the antenna is then obtained either by a network (such as an L network)
or a coupling transformer., Conversely, if the antenna is a'folded unipole or grounded
type its input reactance will be positive. Therefore, a negative reactance of the
same magnitude must be used to obtain resonance, Bandwidth for a simple series fed

type of structure can be expressed in equation form as:

Af = 2Ra
dx (38)
df
Where:
Af .= bandwidth in kilocycles between half-power points.
Ry, = measured antenna resistance in ohms,
dx = slope of reactance curve at resonant frequency.
df

The effective bandwidth will be doubled when the generator is matched to the
antenna circuit,

Equation (38) assumes thatvthe reéiétance over the range of interest does not
change appreciably. It therefore can be stated that for a series fed antenna whose
resistance and reactance are symmetrical around the operating frequency, the half-power
bandwidth condition is where the excuféion of X on either side of the operating fre-

1

quency equals R, (Tan™" X = 1)

R

The bandwidth for a NORD antenna cannot be accurately determined by use of
equation (38) because a NORD is desighed to operate on one side of a resonant curve,
-and the resistance and reactance curves do not vary symmetrically but vary asymmetri-
cally. Although a transfer function can be computed for any shape of curve, it is
not within the scope of this courée to demonstrate that technique. However, a

simple method for determining bandwidth of a NORD antenna will be explained.

;Ea;t: RAIT TR A
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The bandwidth for any antenna system at the transmitter feed p01nt can be readlly
obtalned .by the use of a VSWR meter which has a reference re51stor equal to the mag-
n;tude of the characterlstlc 1mpedance of the transmission line in use,
As stated preyiously, the useful bandwidth of a system is the frequency‘difference
between thellow frequency points where fifty percent of the applied poWet is delivered‘

to the load, which in this case is the'antenna/

——AANAA ,(

FIGURE 26 -

Flgure 26 illustrates a transmission system in which the generator is matched

to tne line and the load 1% mismatched. The power loss may be expressed as:

Pm?l. Ss+n2 | L o (39).
TR '
Where;
P = power dellvered to the load,
Pm = power whlch would be dellvered where system matched
p = voltage reflection.cpefficient.
S = voltage standlng wave ratlo

 For the condltlon where one- half of the avallable power is dellvered to the
load, p has a value of .707 and the VSWR is 5.83:1.

By connectlng a signal generator to the VSWR meter and transm1SS1on line and.

varylng the generator frequency above and ‘below the operating frequency (frequency

C%’@b MULTRONICS, INC.
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determined by frequency counter) of the antenna system until VSWR r adings of 5.83:

1.0 are obtained,thévhalf poﬁer points are located,and the bandwidth thus known.

C. Bandwidfh Efficiency Product:

Figures 27 and 28 are bandwidth efficiency product curves, They can be used
to determine the power efficiency or bandwidth of an antenna when either parameter is
known. In both figures the ordinate shows values of power efficiency in percent and
the abscissa provides.corresponding values of loss factor K. Operating or dynamic
bandwidth equals K times the static bandwidth. As stated in Section 5,II.A,, the
static bandwidth is the antenna bandwidth which would:be obtained if the antenna
system had no losses. Figures 27 and\28 cover ranges of power efficiency from 10 to
100 percent and 1 to 10 pércent respectively.

In order to determine the bandwidth efficiency prodpct‘for any antenna, it is
first necessary to determine the static Q, assumiﬁg the antenna under consideration
is a perfect radiator with no system losses. First:it is necessary to compute the
radiation resistance by means of formula (1), (2), or (3), The base reactance is

next determined by means of equation (4), The static Q of the antenna then becomes:

Q = %%a (assuming a matched generator) | (40)
Where: |

X, = base reactance of the antenna in ohms,

Ry = radjation resistanée in ohms assuming no loss.

We have élready discussed how to determine the radiation efficiency of a vertical
antenna but we have not yet pointed out the effect of bandwidth on‘radiation efficiency.
The following example will illustraié a method for accurately determining the overall

“power efficiency that can be expected from a given antenna structure taking into
consideration its bandwidth efficienéy product. |

Assume a frequency of 80 Ké'and an antenna 400 feet (.0325 wavelengihs or 11.7

degrees high, with a ground system consisting of 120 radials 500 feet long (.0406.

% MULTRONICS, INC
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wavelengths). Then determine the static bandﬁidth, which is the bandwidth for 100%
efficiency for this antenna, assuming no system losses. This'is accoﬁplished by

using equation (3) where we determine:

R, = (11.7)% / 312 = 0.438 ohns | RN O]

The characteristic impedance of a short antenna is determined from the
following equation:
- L
ZO = 138.2 log;q D t23.2
For a triangular cross-section tower of 400 feet height with 3 foot sides,.

assume an effective diameter of 2.7 feet.  Then:

N
"

138.2 log,, 148 + 23.2 - o . - (42)

ana o
T Q49,4 OHUNS,

The base reactance is:

Xa = - J(Z Cot 0), where @ = ,0325 wa&elengths or 11.7 degrees,
X, -= - j(323.2 Cot 11.7)
Xa = - j 1560 ohms..

The static Q is:

_ Xa = 1560 = 1780 . | ~ (43)
2Ra 2 x 0,438

Knowing the static Q we can now determine the loadeq static bandwidth by the expression:

Fo= 3 - - S : (44)
Where:

F = half power point bandﬁidth of antenna in cycles.

fd = operating frequéncy in cyéles.

Q = static Q of antenna,

- Substituting in equation (44) we determine the static bandwidth: -

f.= 80,000 / 1780 = 45.0 cycles. ‘ : - . (45)

;E.i; MIII TDANIAC TN/
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It has thus been shown-that the loaded étatic‘bandwidth for a 400 foot antenna

of triangular cross-section having 3 foot sidés at 80 KC is 45.0 cycles. This band-

width represents lOO%Iefficiency for the structure (assumes no system losses).

Now thét We know fhe static Q for our antenna, we can determine how‘much the
bandwidth isiincreasgd and the radiétion_efficiency is reduced by the ioéses intro-
duced in the antenﬁa syStem. 'Keep in ﬁihdvthaf'as thé losses arevadded to the
radiation resistance the Q will go doﬁn which in turn means greater bandwidih
Referring to Figure 7, we determine that an antenna 0 0325 wavelengths h1gh has an ]
unattenuated field efficiency of 111 mv/m at one‘mlle for 1 KW input, Flgure 8 shows
that for a ground system of 120 rédials‘0;0406 wavelengths long the loss factor is
-42 mv/m. This means that fhé.net unattenﬁated field’intenSiiy at one mile for 1 KW

input is 111 minus 42 or 69 mv/m, This, however, is not équivélent to a field of

,100%-effi¢iency,‘but is instead a field efficiency of 37.10% (69/186.3 = ,371). Power

efficiency is therefore equal to (0.3712) or 13.76%.

In avdoy tn nhtain tha dun ie fivet
A4 Vauwva wV VL’D““‘ v “ “ A0 dirilov

necessary to compute the total resistance and Q,one would expect for the antenna

system. This is done as follows:

(a) for the lossy condipion,iradiated power = 1000 x 13.76% = 137.6 watts

137 = (314)% = 17.72 ampergs. | | . (46)
0.438) SN

(b) power loss = 1000 - 137 6 = 862 4 watts Ierlos§ = 314 R‘loss,

R loss = 862 4/314 2 75 ohms
(c) total R = 2.75 = o, 438 = 3.188 ohms.

(a) vknowing the total R we can now obtain the dynamic Q:

5—;_§TT§§ = 244.5 (assuming a matched generator) (47)
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(e) the dynamic bandwidth therefore is:

F = 80,000 = 326.8 cycles : (48)
244.5 :

It can now be stateq that this 400 foot antenna with a ground system of 120
radials 300 feet long at éO KC wpuld have a power efficiency of 13,76% and a
dynamic bandwidth of 326.8 cycles. This can be verified by using Figure 27, where
we find that for power efficiency = 13,76%, K will equal 7.25 and bandwidth is 7.25
times 45.0 or 326.8 cycles. A Smith Chart plot of this antenna's bandwidth is
shown in the Appendix.

By following the step by step procedure of the example, power efficiency and

ts ssscciated dynamic bandwidth for any low frequency antenna can he readily de-

termined. Where the desired operaiing bandwidth is known, the amount of loss which
must be introduced and the resulting power efficiency can be obtained by use of the
curves of Figures 27 and 28. For example, the antennas.described would have a power

P P N T T I I A | ek s 3 < v ar 3 3 o~
efficiency of 2.63% when its dynamic banawidth is ma

resistance loading.

w MULTRONICS, INC.
N )



[ 62 3uN9I4] .

0%t

(SaIV &) \
WIMOL 1A0AANS DNAVO AL

\ wamoL

V/ QA3IAND

BANMOL
WAANAD WO
SMQvYE 006

e

’

WRAMOL .
WANID D

AWVVYAY &t
e D

MW Wviave
4 2 $ONAOUD
\ L 3288092 0v2

\
AL
4
AVHIS WA440D & \
WOLNIAGNL
STVIO WA

WMOLYNSNL
SSYO wadia
4334 201 $ a3wna

AYBIS ¥IAA0D AAIM 2V —

.

\
~.
/Md,; CRELEERE]

A .

R ELIN
’ QIANND
\ . O

.
\
. \
L¥VAY,S @ Q2IVAS
/ ONOY 001 SAUIM VIaYE
: L o aN
//

) a
0089 ¥RAA0D 02\ 4/ \

™~

L
~\
4330, 20Lv Q1A

Q
_—

-
. /
SAND ——

A~
MOV NS

SSYQ uwaAgIA

SANO

SRAOAVIOSNI SSYTD WAR/A

IVM HILDOD O/%

BIAMOL QIAND
NN RS

Kol g
SACL WA SOV D a3Q@0

\



ot

Wwamnmols
S QRAND
oSt

WOLVY SN
SSYMO WIAE

43340 , 201 ¥ alwng
AMRVAS WAAA0D AAIM 2\ J/

/W,E; AN3IM B4

S

HOLVIASNY
SSVYQ uakiA

WOV

VIAMOA 1404d0S DAY dOL

WOAVIIOGNL

SV A3And Vi

/ (S3a2vude)
. )

N

AAMNOL

EN.Y \
N

SAQLN WNGAN SEVAL ARy

yo
1MVaY 025 1n0,S
SIOIYINS L ‘

- 31008vis s \

'
(Sadv\ag) .

7

ABVAY oSt D)
SRR WiQva

/ D FANNOBD
\ WV3c.a02 02

\\ IW - ”.ﬂ

/ \
/

\\ AL¥VavY S G QRAIVES

/ ONON, 00t SAYIM \Viavy

4~ 9 ,ANO0UD BAA40D 02\

AVHAS ¥Rd40D &

.

4330 201 v a3 ang

ONISYRA 01D S
: \\
7

QAANO

0%

o




4334 204 ¥ a3wna
AY3BLS WALA0D RAVM 2

BOAV 1NN
S9VYY 3394

W)Dn:.u -

b

HOIVAR-
SWOLY NSNS SV D YAQ S

'
N (SAYY A%y -
HAMOL 1ALAANS SYINATOY A0L

ONISVHI

UL KT S BV TR
SALLVINS Y
— 4100NVAS

YIAMOoL a3
N 4

/,”, ~ !
-
BINMOL /7 Ny
WAL WOAS WAMOL ~o
SOV Y 006 BANAD - T _AnuveY st @)
. ) S3am viave
D@ ONAOUD
- WIAA0D 0v2
3

'
\

— SN ¢ -
. 4 AVHLS B2A40D &
N
; WOIVAAGNY Ny LAVAY,C @ QAIVAS
”. SSVIS uadNA = ONOY, 001 SIAWIM TViaYE
¥ /. NS —  27,QNNOBD ¥AA40D 02\ /

///

~.

¥3AMOL >SS

Se Q309 4330201 v qawna -,

———
‘ g

— QAN

I S A

(]

SHOLYINCNI LGV D WAk

AN M IO Ny

[




z ; t ’ s

[z 3unoi3] | _ | | |

DN ABvay st
Ty S3awm Viave

o

D@ ONNOND
VOLVINSNI SSY\O U338 - », ¥3daCD Ob2
. B
’
AVHAS B340 v .
3 WOAY 1AGNL . ) L¥VAVY .S § aadvas o

N /% SN ARAVAL, . nuzo.,%%. M.MK Mviavs

’ SUOLVIGNI SSV© UIG1d — s : 2 » ANOAOUD BAGAOD 02\

ANYLS ¥WAAA0D AAM 2

YOLYINSNI SSY D u3gis

-—

—_—
—_—

UOLVINSNI SSYS wiagI3

AdVdY 029100,
N SALVIVING L
430QnvL

BVOHONY SUOLNTISNI SV w34 4

SYOLVINSNI SO W  wagiy
AUM HIdOD L7y,

HANULL QVAGYD

10DV NA

SYOLY NSNI AV IO vIAGL A




- 55 -
SECTION 6
I. GENERAL:
This section will discuss the theory and operation of a NORD antenna system,

II. DISCUSSION: f

(1) Types of NORD's:

There are five basic types of NORD's used in L.F. communications. The
first type is called an "A"™ System and a typical installation is shown in Figure 29;

The second type is qalled a "B" System and a typical installation is
illustrated in Figure 30,

The third type is called a "C" System, It is illustrated in Figure 31,

The fourth type is calied a "D" System, and it is'very similar to the "A"
System of Figure 29 in appearance; except that a base fnsulatorlis used under the -
main tower. |

The fifth type is called the "E" System, and if is a trénsportable version,
designed for quick erection., It is equal to the "D" System but has no perimeter
towers., Instead, the top guys cohtiﬁue on beyond the terminating insulators'to

anchors in the ground., It is shown in Figure 32,

(2) Basic Information:

The NORD antenna, based on the folded unipole principle, is basically a
vertical tower radiator which is electricaily grounded at its base and fed as a
folded unipole by one or more feed wires (or-folds) which are connected to the very
top of the tower. 1In addition to feeding the antenna at its base as a folded
unipole type, three wires attached to the top of the tower and shaced at 120°
intervals are used for top loading. The antenna is completely over-top-loaded.
The three top loading wires extend from the~top}of the tower to three termination
poles or towers which are located at a distance equal to the height of the tower

plus approximately one-third the tower height from its base. These poles are one

Q;Q;: 1M1 TbNANICCQC TNC
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third the height of the tower, At the top of éach$pole an ingulator is inserted
betWeeﬁ the top loading wire and the pole, From the end of ‘each of fhe three tbb
loading wires a connection is run down to a Guy Termination Unit, The G.T.U. is
used for controlling the feed point impedance ofﬁthe antenna, If desiréd tﬁe three -
G.T.U.'s can also be used to control the phase angles and magnitudes of the termi-
nation currents to provide a'limited directional radiation effect, The iqput
impedance phase angle, and radiation characteristics of the antenna itself éan be
controlled by the following design parameters:

(a) Spacing of the fold, or folds, from the tower,

(b) The diameter of the tower, as well as the diameter of the folded wire

or wires, | )

(c) The angle (top loading depression angle) at which the guy wires come .

- off the tower, and the heightipf the grounded top loading support structures.

(d) The length of the top loa;ing wires,

(ej Use»or non—use of an interconnecting skirt wire connecting the outer

ends of the th}ee top-loading guy wires to completely enclose the cone,

(f) Use of a shorting stub connection between the fold, or folds, and the

antenna, | —

(g) Location of the G.T.U.'s at the termination poles, versus locating

them at the base of the tower and ieturning the currents by transmission linesf

(h) Thé number of fold wires., |

(i) The height of the grounded tower.

(j) The type of grqﬁnd system used.

(k) The type of network used at the guy wire terminations,

The above items are the most controlling factors for determining the input

resistance and reactance of the antenna.

The NORD base resistance between 50 and 200 KC for a short tower (BOQ to 400 feet)

S7Rd MULTRONICS, INC
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can be varied from approximately 20 to several hundred ohms. Its base reactance

can be designed to be always inductive or positive, varying from a few ohms to

approximately + j400.
The electrical features of an L.F, NORD short antenna are thus materially

different from those of the typical series fed Marconi Antenna of the same heighf.

A similar height Marconi at L.F. has very low resistance (on the order of 1 ohm

or less) and very high negative reactance; hence, the Marconi requires a large
Helix coil for resonating, and this Helix has an effective series loss resistance
greater than the antenna's base resistance. The overall system losses are therefore
high, and because the operating Q's are also quite high, the Marconi antenna has
a limited power handlinghability and limited bandwidth capability,

Therefore, the NORD, when compared to a series fed -Marconi antenna, has the
following desirable features:
1. Bandwidth is increased materially, especiaily on very short antennas,
2. At L.F. an approximate 3 db increase in radiated power can be realized
for very short electrical towers because of much lower coupling losses,
and the ability of the antenna to accept power. ‘
3. With the antenna grounded no lighting transformer or base insulator 'is
required, inasmuch as the entire mechanical structure is then at D.C. ground
potential. Obstruction lighting, and de-icing in areas where it is required,
is simpiified in terms of routing 60 cycle A.C, service wiring onto the tower,
In addition, the system ié less subject to Static discharges and induced
lightning surges,
4. Because the NORD antenna feed point reactance is positive, the need for
a Helix coil is eliminated.
5. For a given amount of applied power, the NORD offers a considerable re-

duction in the design and operational problems of managing extremely high
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voltages and currents,

6. A material reduction in guy insulator cost is accomplished because of the
lower voltages encountered.

7. Depending upon power, a material saving in the antenna termination building
or Line Termination Unit can be realized, versus the cost of the'large copper-
lined Helix house required for a series fed antenna,

(3) Basic Theory of A NOKRD:

In order to more readily understand the theory of a NORD antenna let us review
some basic factors voncerning series and parallel networks in relation to short
vertical antennas which are series and folded unipole fed.

The equivalent network for a short series fed antenna can be shown as:

ty Ao
j YD POINT 0—-——/\./\/\/—fﬂ‘ﬂ’\j
R, & - §
i,
_L

FEED PCInT o

e

>

A
i
/4
P
b
\
g
(W
>
™~

FIGURE 33A FIGURE 33B

In order to transier power from a generator or transmitter it is necessary to

" resonate the circuit of Figure 33A by means of a Helix or inductance "L" having the

same magnitude X; as Xp. We now have a series circuit as shown in Figure 33B. The
current in a series circuit can be expressed as:

I = E |
R G (49)

Where:

E = voltage at input of antenna in volts,

(ST
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R = total antenna resistance plus resistance of helix (RA +‘RXL) in ohms.
X, = inductive reactance of helix in. ohms,
X, = capacitive reactance of antenna in ohms,

The frequency at which maximum current occurs is called the resonant
frequency, and the condition of maximum current flow is called resonance, The

curves of Figure 34 are resonance curves,

" ‘ +iT
0707\t |
i (o]
1 | PLOT OF
I | | ‘ : | NET jX
l ' __,5___ / i
I | 1 £
o] ; { ~
f, % f, FREQUENCY

FIGURE 34

The steepness or sharpness of the resonance curve depends on the ratio
of L to C and the Q of the circuit, .It is evident that the higher the Q, the
narrower the bandwidth (f1 to f2) will be (f; and fz,have been represented as half
power points).

Figure 33 illustrated the equivalent circuit for a short series fed antenna.

Figure 35A shows the equivalent circuit of -the same short antenna

- X
- assuming folded unipole feed. J °C
FEED POINT ' o—|
| Ra | | Ra
s | | + XA
FIGURE 35A FIGURE 35B
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This antenna must be resonated by a series capacitor "C" which at L F.
has a very low loss resistance whlch can be neglected. This new.series circuit
is shown in Figure 35B, Its resonance curve can also be determined from_equation (49).
Generally speaking because the fold wiresbincrease the static capacity .of a folded
unipole, its overall Q will be somewhat lower.

Now conS1der a parallel resonant circuit (which our antenna will eventually
be if we consider the matching networks) Flgure 36A shows a parallel resonant
c1rcu1t also sometimes calléd an anti- -resonant circuit because at resonance the
1mpedance looklng into terminals 1,1 1s a maximum, R represents the resistance of

the inductance L. The resistance of the capacitor is small enough to be neglected.

+
Oy : :
4 . .
O . ‘
| = \
v
§|TREQUENCY 1\ & REAGTANCE
; RV
| (®) |
EIGURE 36A S ~ FIGURE 36B

If we were to assume that the series circuit of Figure 33A-were shunted by .

- a parallel circuit such as Figure 36A, we would then have:

‘ o 4
Z2— C — -
° = Xa
R

— — —_—

FIGURE 37

é%;;? MULTRONICS, INC.



- 61 -
The net reactance of Figure 37 is determined by combining the values

for both the parallel circuit and the series circuit ever the frequency band of

interest,
The net reactance for Figure 37 can then be shown as the dashed curve of

Figure 38,

SERIES NET X

- PARALLEL NET X

-——f £y +f —>

FIGURE 38

FEED
PQINT

L
-l

R=()(AC) E o |

FIGURE 39
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R2 and L1 represent the resistance ahd inductance of the vertical fold wire.
R3, L2.and C2 represent the resistance, inductance, and capacitance of the vertical
tower, L3, R4 and Cl represent the parallel combined inductance, resistance and
capacitance of the three top-loading guy wires including the adjustahle guy.termia
nation tuning capacitances. Cl is an adjustable element of the ”A"( "B", "C", "D",
and "E" systems, by which we can change and control the feed point resistance. In
the "D" System L, is made adjustable by insertion of a base insulator under the
tower and connecting the tower to ground through an inductance. Rl is the feed
point resistance, and values of Rl are readily obtainable in the order of 100 ohms
or less-in typical cases. One can, if desired, set the guy termination tuning to
produce a feed point resiﬁtance of 50 ohms. The inductive reactance may then be
cancelled out (resonance) leaving a 50 ohm pure resistanée that may then be fed
directly by a coaxial cable., This is practically a zero loss tuning condition since

a capacitor is used for resonating the feed point., Other values may of course be used

vien J

dependihg on specific vélues of bandwidth and radiation efficiency re
such cases, a.simpfe "L matchiﬁg network is used to transform the characteristic
impedance of the transmission line down to the antenna feed point resistance while
'simultaneously cancelling the antenna reactance, |

| The net or dynamic bandwidth of the NORD is then determined by compufing
the net reactance for its parallel and series equivalent circuits and then combining
these reactaﬁces (algebraic addition of ordinates of net reactance) together as
aiready shown for Figure 38. It should be noted that the NORD parallel equivalent
circuit is deliberately tuned to one side of the series'resonanée frequency so that
a non-symmetrical impedance curve is obtained,

(4) Controlling the Bandwidth of a NORD:

The bandwidth of a NORD can be controlled by adjusting the Guy Termination

Unit capacity, the depression angle of the top-loading, the addition of non-terminated

(LD oo
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top-loadiﬁg wires, and by adjustment of Lo ("D" and "E" System only).

Inasmuch as L.F. antenna systems will probably be used for 8 channel multi-
plex (requiring approximately 1700 cycles bandwidth), the net bandwidth should be
adjusted as close to 1700 cycles as possible,

We have already demonstrated that as bandwidth is increased efficiency is
reduced. The full impact however of what any vertical antenna system's efficiency
looks like with a F of 1700 cycles has not been shown. Figure 40 is a plot of the
power efficiency of a 400 foot tower with 1700 cycles bandwidth as a function of
operating frequency in the region of 80 to 200 KC's. (Ground system is 120 radials
300 fee@ long). It will be noted that the power efficiency of the antenna varies
from approximately 3.0 tc 98%. fhis is equivalent to a variation in fieid effi-
ciency of approximately 9.0 to 99%.

Personnel of military agencies have been accustomed to speaking in terms
of radiated power, or of the power efficiency, of an antenna. This term is not
really meaningful to the communications engineer, The standard concept of deter-
mining the radiated field from an antenna in‘millivolts per meter (mv/m) at a
distance of one mile, commonly called the unattenuated field, is much more meaning-
ful. This concept was discussed at length in Section 2, It has been used by the
Federal‘Communications Commission for many years in determining the performance

of antenna systems for MF broadcasting stations.

(5) Adjustment and Operation:
(a) General:

Once the Multronics field engineers have established the tuning
settings for the Line Termination Unit and the three Guy Termination Units and re-
. corded them in the chart provided, shifting to another frequency is simply a matter
of re-setting all the tuning dial veeder counters to the specified settings for a

given frequency and changing the capacitor switching links as required. All such

>
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‘tuning and sWitchihg must be done witﬁ all R.F. power off,
Aftér re-setting all adjustments, a check should be made to see that
A all current indiﬁatibns match those shown in the chart for given transmitter powérs
and feed point currents. Permanent meters are mounted and calibrated in the L,T.U.
coupler cabinet and a portable meter is provided for checking the G.T.U, currents
at the test point connectors at each G.T.U. Records should be regularly maintained
to correlate the antenna instrument readings with the transmitter's final P.A,
stage plate currents and any other instrumentation in the transmitter output system,
All antenna meters should be read at least once a week. The type of transmission
(RTTY, CW, Multiplex and the number of channels) should be noted with each set of

readings logged.

(b) Equipment Necessary For Making Impedance.and Bandwidth Measurements:

Tuning and adjusting the NORD antenna system reqdires the followiné
equipment if one wishes to establish tuning counterlsettings for another frequency
or merely check existing frequency impedances and network settings,

1. A General Radio Co. Type 916-AL.R.F. Bridge.

2. A detector such as the AN/FRR-21 or R-389/URR low‘frequency

communication receiver, AN/URM-6 Field Intensity Meter, or

equivalent,

3. An AN/URM-25D R.F. Signal Generator or equivalent.

4. A Digital Frequency Counter.

5. Assorted patch cables for the-above.

6. A VSHR Indicator.

(c) How To Set Up Antenna For a Given Base Resistance:

The following description of tuning procedure assumes one desires to
set the antenna to a given base resistance (such as the contracting engineer would

do on initial installation) and obtain an omnidirectional radiation pattern. It
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also assumes that the engineer making the adju#tments is famiiiar with use of a
Type 916-AL R.F. Bridge.

The following procedure is recommended:

1. Set up all measuring equipment at Line Termination Unit..

2. Balance bridge at desired frequency, which should be established '

by a frequency counter, and decide what resistance you desire to

obtain, (We will assume 50 ohms for discussion).

3. At each of the Guy Termination Units, adjust the cépacity to

maximum. This will occur when the veeder counter tuning dial is set

at 000 and all connectihg links are properly connected between

capacitor séctions. (Refer to instructiqn manual),

4. Now at the L.T.U., open up or remove the J plug immediately in

series with the feed point (between current transformer and bowl

insulator) and connect the test clip of the bridge to the antenna.

o)

MA NI AV A Tr v P PO | .

"Depending upon the irequency, you should read anywhere from 5 to

10 ohms resistance and a positive reactance of 106 to 200 ohms,

5. Next have an assistant start to reduce the capacity at one of

the G.T.U.'svwhile the bridge is monitored qontinuéusly. As the

desired range of antenna resistance is approaéhed while reducing the

G.T.U. capacitance, the'bridge reading will move more and more out

of balance. As this occufS‘the G.T.U: should be tuned more slowly

in order to observe the rising values of antenna resistance.
Continﬁe adjustment until 50 ohms is obtained. A positive re-

actance also will be obtained, generally greater than the magnitude

of the resistance,

6. Keep in mind that we now have one G.T.U. with one value of capa-

citive reactance (the one we have been varying), and two others with
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makimum values. Thé next stép, therefore, is to\equalize the three
G.T.U. tuning capacitars in order to keep the capacitances and
hence the currents reasonably equal under opefation{
7. Go to one of the two G.T.U.'s which are set for maximum capacity
and reduce its capacitance. Then proceed to the ﬁext G.T.U. and
reducé its capacity. Then pfoceed to the next G,T.U, (first one
adjusted) and add capacity so as to produce the desired 50 ohms re-
sistance value. After this, return to the first G.T.U. and start the
round trip over’againd adjusting a small amount at a time trading off
counter readings until 50 ohms of feed point resistance is maintained
with all G.T.U. counter dial numbers and capécitor connecting links
identical,
8. The resistance is now 50 ohms, but there is positive reactance
that mﬁst be tuned-out before the aﬂtenna can be resonated and matched
to the 50 ohm coaxial line, This is aCcOmpiishéd by adjusting the
series network (components L, and C, as required) for the proper total
reactance value at the operating frequency.

Thé bandwidth for the system can be determined by means of the
method already discussed in Secfion 5 of this course. In order to
obtain maximum efficiency for multiplex operation the VSWR should be
converted to a power ratio and plotted against frequency. This will
then allow the proper power level to be selected for each multiplex
: chénnel to obtain maximum informétion transfer efficiency.

If the bandwidth is not.as desired; adjustment of Ly in the "D"
System can be made to change it. Herein lies one of the advantages
of the "D" System, Lo can control the bandwidth, and adjustmenf of

the G.T.U. capacitors can be used to maintain the feed point
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resistance at 50 ohms,

The tables below show how bandwidth varies with adjustment df'Lz,A
‘while input resistance can be held constant by adjustMent of the '
G.T.U. capacitors. The data was taken on a typiggl 450 foot‘NORD
System, Tests 1 and 5 were‘made using an "A" System‘cbnfiguration
with the towei grounded. TestS'2,3,4;6,7, and 8 were made'using/the

"D" System configuration, and the value of X2 is shown,

Test 1 Test 2 Test 3 Test 4

Frequency (KC) ,‘ 50 50 50 50 -
Static Bandwidth (Cycles) 9.8  13.8 12.6  10.4
Dynamic Bandwidth (KC) 6.55 2.3 270 3,08
Power Efficiency (%) - .15 .59 .47 .34
Field Efficiency (%) : 3.9 7.7 6.9 5.85
- Input Resistance (ohms) ' 50 50 50 50
XL . o * 470 +j60 +j50,

Test 5 Test 6 Test 7 Test 8

Frequency (KC) 75 75 75 75
Static Bandwidth (Cycles) 40.4 98 94 8
Dynamic Bandwidth (KC) 5.8 2,37 2.66 2.80
Power Efficiency (%) .696 4.14 3.50 2.90
Field Efficiency (%) ©8.33 2035 18.70  17.05
Input Resistance (ohms) - 50 - 50 S0 50
XL2 ) *4T0 460 4550

* No base insulator or inductor used.
For purposes of comparison, the parameters of the same 450 foot
tower, series-fed, are shown below, A series "swamping" resistance

is used for the purpose of causing the antenna to appear as a
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broadband load to the Lransmitter, Note the very high values of
negétive input reactance which must be cancelled out by use of a
Helii coil, Compare this tabulation with Tests 2 and 6 above,

respectively,

Frequency (KC) : ‘ 50 75
Statié Bandwidth (Cycles) : 11.92 60.4
Dynamic Bandwidth (KC) 2.34 2.37
Power Efficiency (%) .51 2.55
Field Efficiency (%) . 7.15_ 15.94
Swamping Bésistor (ohms) 42.00 18.80
Input Resistance (ohms) 42=2i 19,28
Input Reactance (ohms) -j1800 | -j1190

9. Ready for Power: After the tuning of all elements has been set
and all "J" plugs and connecting links have been put in place,
completely remove all measuring equipment from the L.T.U,. along with
all loose test cables and hardware. Switch the transmitter over to
its dummy load and check its tuning as well as verify the proper
indication of a resistive load on its reflectometer. Then switch the
transmitter to the ahtenna transmission line,

Next raise the carrier level until about 15 KW (assumes a 100 KW
P.E.P. transmitter) of power output is indicated on the transmission
line metef. Be'surg that no change in the reflectometer reading
océurs as the power is raised; At this point, a complete set of
current readings should be taken and logged along with the P.A. plate
currents, A portable current read-out indicator is provided for
making readings at the G.T.U. test points. The G.T.U. currents

should be within approximately 30% of each other. ILf the readings
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ére normal and compare favorably with the original readings es-
tablished by the contractor's field engineers for thebpower‘levéll
involved, the carrier level may now be raised to-full power of 50 KW
average. Raise the carrier level up slowly enough to observe the
plate currentg and the reflectometer. As power is varied, there
should be no change in the reflectometer indication. Assuming that
the transmitter P.A. stage has élready been properly tuned and
adjusted for linear operation, there will be a direct linear re-

lationship of all antenna currents and the P.A, plate currents.
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APPENDIX

THE TRANSIENT RESPONSE OF AN ANTENNA SYSTEM, AND ITS RELATION TO BANDWIDTH.

(1) A simple series fed short antenna, properly resonated and matched to the
transmitter output impedance, may be represented as follows:

B Y U S
Voo Y
1

/tt\ u B 9 , (The generator impedance R equals Ry,
\T” = for the matched condition,)

! P
FIGURE 1

It should be noted that, in some instances, the coupling unit provides an impedance
transformation to furnish an "optimum" load to the transmittef. The optimum value
(for good power transfer-and acceptable distortion, etc.) does not necessarily
cofrespond to the matched condition. In such a case, the loaded bandwidth need not
be twice the intrinsic bandwidth (R, = 0). However; for the following example we
shall assume a tong conjugate match at the operating frequency. Thus R0 = RA and
RT = 2RA' Since the field intensity in a receiver located in the far field is
directly proportional to'the antenna loop current, we solve for theltransient responée

of the current after a sudden step of source voltage,

v(t) = u(t) x Vo sinw t vip) = Vo W
u)2 + p2
v(p)
RAETETEEY
pC
= pC Vo W

p2LC + pCRT + 1) (4,2 + p2

2 -1 ( 2c- - R
Let o = (4 o- LC = 1) and § T

Wo
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Ry ku;o LC Ry w2
. R 4 \
r_2_>2+ L\' T +1/u4\2+{-L%2
!u/ 0 W w oL . o;’ g\u.« 0/
~ -
Letw = W
wo
I(p) = Vo )2 8 w v
R
W na i e
From the change of time scale relation for Laplace transforms I;ffiﬂz aF(ap)
iay

L_\‘=f (t\ on(,uop) y_‘/ 28p Wy ] t =
K

t
"0 L (p2 + 26p + 1) (p2 +WVZ)J Y wo

This transform can be expanded into partial fractions, as follows:

N/

A i) = _g(Wp+X + Yp + :’f'\l
Ry (p2+28p+1 p? +,2

In the above expression, the terms in X and Z correspond to damped and to undamped

sine waves, respectively, while the terms in W and Y correspond to damped and un-
damped cosine waves, Note that the undamped waves, which correspond to the steady
state solution, occur at frequencyWy, the jnput frequency, while the damped waves
always occur atly, =V/I:gi§ (LU =6§t3;%)u/?) , Which is the natual damped ringing
frequency of the system,

The simplest, and most common situation is that for which W= Wwo, so that
a complex conjugate match is achievéd between generator and load at the operating

frequency., Thus,W, =1 and the above expression becomes:

3 |
gfi (tv) = Vo i 'Wp+X + Yp +Z!
_ P2+ 1
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The simultaneous equations in W, X, Y, andjz are obtained and solved as follows:

(Wp + X) (p2 + 1) + (Yp + Z) (p2 +28p+ 1) =2§p
wp3+wp+Xp2+x+Yp3+25Yp2+Yp +Zp? + 28F0 + Z = 24p

Equating the coefficients of the various powers of p on both sides of the equation
yields,

W+Y=0

X+Z+28Y =0

W+y +2§2=2¢

X+Z=0

whose matrix is the following.

1 0 1 0 0
0 1 28 1 _ 0
1 0 1 2§ i 24
0 1 0 1 0

W is given by:

v = 0 1 0 1
1 0 1 0
0 1 26 1
1 0 1 25
o 1 0 1|

The numberator of W, obtained by subsituting the right hand matrix in place of the
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first column of the left hand matrix is:

‘ 0 10
2§ 1 2% 1 1= 0 since two columns are identical 3
} 1 0 1

Therefore, W = 0 and we can evaluate the other coefficients by inspection,

W=0
Y =0
Z -1
X = -1

Our transform is now written:

r | ]
.»_fi(tv)=L95__l___ 1

Ry | p2 4+ p2+25+1J

The normalized time function can be obtained directly from the above by taking the

inverse transform,
. R / \ ]
i{ty)= Vo |sin t - 1 e &t sin/f _82; E,

RT [T'TTSQ /

-

The non-normalized time is then obtained by substituting ot for t in the above. Thus:

-~
i(t) = M_g sinf,uot - 1 ) —;wot_ Sinwo/l _——5—2\
i e Ve
73 /

The first term is the steady state current while the second term represents a
-damped sinusoid at the damped resonant frequency of the circuit. In order to obtain

a simple approximation, we write:

a—) A
mnwo 1_g2\ =sin@£t+WO‘1—§?ﬁ:—WOt
- sm@ot +WO(}1 -§2- 1) O“

if we letu;o( 1 -1 — =1, the above becomes:

MnWOél-gat =si%wot {10
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sinw ot coss it - coswol sind )

Substituting this back into the expression for i(t) gives:

r, \ 7
. _ izr : w;,\ AL , t ) \ _7i ot :
Th 1 -2/ ; _,.f :

i \ ¥ > ’ “s l A

For small values of « ( << 1), cos,ut is approximately equal to 1, and
sindit is approximately equal to O over the range of times of interest. Therefore

we can write:

1

r . ~ ey . '[ .
i(t) Vo 1 -& oo LS (;t

This expression represents the transient response of a single tuned antenna,

which is illustrated here: R — Vs

i i o | ' . ' ﬁ+
i(t) l ) ' ' o

{ , \

I

<

N 2 e

} \ L

N

i .

i \\\

\\..
\"“"

,‘,—:" = 1 = i = 21 - 2 ”OL _ 2
I SRS R
b 1 . T o
2 4 OL

where () =/CoL

RT

The total rise tine from O to 90% of full current is given by:

T =237 = 4061 =45 Q =409 =071 @
RT e 2 TT fo fo

Thus, for a given 0, the naximunL possible keying rate is limited by the operating

T .
frequency. Or, w2 can expeess | as follows:
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o)

id
T - 0.73 f = 0.73 , where Q = fo

PaN
fo af aAf

Here we see exactly that the R.F. carrier envelope rise time is inversely pro-
portional to the system bandwidth,

The minimum bandwidth required for 8 channels of frequency division multiplex
is 1700 cycles. In frequency division multiplex systems currently in use such as
the AN/FGC—Q9, AN/FGC-60 and AN/FGC-61, the channel spacing is 170 cycles, the
lowest channel frequency being 425 cycles, and the highest being 1615 cycles. The
frequency shift per channel is + 42.5 cycles. The lowest mark frequency is thus
382.5 cycles, and the highest space frequency is 1657.5 cycles.

| VPresent standards of the Defense Communication System (16) state the re-
1lationship of the composite power level to the zero dbm level in a multichannel
system, It is that the power per channel Pc equals the zero dbm reference power
level divided by the number of channels., Thus, to find the level per channel in

dbm the following equation is used:

Level per channel (dbm) = - 10 log) g 1.0
Pc x 1073

For an 8 channel system the power level per channel is - 17,7 dbm. When zero dbm
is equated to transmitter PEP then the level per channel is - 17.7 db below PEP
level.

This relationship is important because components in an antenna system must
be rated to stand the peak voltages and currents of PEP level, yet the average
power level and power per channel are much lower. For an 8 channel system

reference (16) specifies a composite power level of - 8.7 dbm as being standard.
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Sm1th Chart plot of input impedance of the antenna descrlbed in
Section 5.II.C,, pages 53 and 54,

.

IMPEDANCE  COORDINATES—50-OHM CHARACTERISTIC IMPEDANCE :
' CIRCLE REPRESENTS VSWR 5.83:1
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SAMPLE 10G OF F'IELD‘ INTENSITY

. | | MEASUREMENTS
STATION FIELD METER DATA: | RADIAL NO._____
POWER TYPE _ BEARING
FREQUENCY . SERIAL ENGINEER
POINT DATE FIELD IDISTANCE

NUMBER IME] MV/M | MILES DESCRIPTION




