natlilias s WL otnd
-

i 4

o

AD-A013 621

TEMPS (TRANSPORTABLE EMP SIMULATOR) FINAL REPORT.
VOLUME II. APPENDIXES

H. Aslin, et al

Physics International Company

Prepared for:

ek ia

Defense Nuclear Agency

August 1973

DISTRIBUTED BY:

NS

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE

B e




; 3
? 237104 /
] AD ‘
“ PIFR-372-D
- TEMPS FINAL REPORT
; | e |
Je] Volume 1[I

S N - Appenidixes
3 LT Lo I
& ( =

. =

5 2 by
< H. Aglin and R. Ryan
E
- August 1973

Prepared for

Harry Diamond Laboratories
b, \ T Washington, D:C. 20438

; Under Contract No. DAAK02-72-C-0059

a L e 1230
e g e

Reproduced by
NATIONAL TECHNICAL
INFORMATION SERVICE

U S Lepartment of Commerce
Sprirgfieid v4 2215)

Prepared by

Physics International Company
2700 Merced Street
San Leandro, California 94577

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.

PO NI AP




SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

REPORT DOCUMENTATION PAGE “,?,:?c’g.’;fg%’ﬂg"fo“
1 REPORT NUMBER 2. GOVY ACCESSION KO 3. RECIPIENT’S CATALOG NUMBER
PIFR-372 /
4. TITLE (and Subtitle) $. TYPE OF REPORT & PEROD COVERED
DRAFT FINAL
s TINAL REPORT / 9-1-71 through 10-16-72
olume II Appendlxes 6. PERFORMING ORG. REPORT NUMPER
PIFR-372
7. AUTHOR(s) 8. CONTRACY OR GRANT NUMBER(s)
H. Aslin and R. Ryan DAAK(02-72-C-0059 P
9. PERFORMING ORGANIZATION NAME AND ADORESS 10. PROGRAM ELEMENT. PROJECT, TASK
Physics International Company / AREA & WORK UNIT NUMBERS
2700 Merced Street P0007
San Leandro, California 94577
11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
Defense Nuclear Agency August 1973
Washington, D. C. 20305 1t JuuuaER AF PAGES
g ' é2;u9

14, MONITORING AGENCY NAME & ADDRESS(I! difforent frem Centrolling Office) | 8. SECURITY CLASS. (of this report)

Harry Diamond Laboratories Unclassified
Washington, D. C. 20438

18a, D!CkA!Sl'lCATlONfOO'NORADING
SCHEDULE

6. OISTRIBUTION STATEMENT (of thia R+~"et)

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.

17. DISTRIBUTION STATEMENT (of the abatract entered In Block 20, I dilferent frem Repert)

18 SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverae side Il necessary and Identily by block mumber)

Electromagnetic pulse
Pulser system
Pulse generator

20. ABSTRACT (Continue en reverse slde If necoscary and identity by Mock pumber)

This report presents a description of the development,
design, fabrication, and field testing of the TEMPS (Transportablb
EMP Simulator), a system conceived and specified by the Harry
Diamond Laboratories (HDL), Laboratory 1000,* and funded by
the Defense Nuclear Agency (DNA).

*At the time that the request for proposal was issued(March 1971)
this group reported administratively to the U.S.Army Mobility

Equipment Research and Development Center, Fort Belvoir, Va.

DD ' 5%, 1473  €OiTioN OF 1 NEV 63 13 OBSCH # = "

v—
AR AR AL APIPIAITIAM AP TP RAAAR Phan Nale Patacad)

y

PPTE IR

ok,




=TT

N

Y P T T R

SECURITY CLASSIFICATION OF THIS PAGE(When Date Enlored)

DD Form 1473: Report Documentation Page

The basic system is a simulator with the geometry of a
cylinder parallel to the ground surface driven at its center
py a high voltage capacitive pulser and terminated resistively
at its ends to ground. The pulser and cylindrical antenna are
supported by means of a dielectric support structure at ele-
vations of up to 20 meters measured from the antenna/pulser
centerline to ground.

Essentially, TEMPS has three individual subsystems: the
pulse generator, the cylindrical antenna, and the support
structure.

The pulse generated is a bilateral Marx generator-peaking
capacitor circuit switched in series with the load impedance
(the antenna) by means of a single, near uniform field, pres-
surized gas output switch. The pulser is contained within a
biconical transmission line at the center cf the cylindrical
antenna. The biconical line guides line gtides and launches
the EM wave, produced by discharge of the pulser, from the
small dimensions associated with the high voltage output switch
to the large diameter (30 feet) cylindrical antenna.

A peaking capacitor circuit is employed to produce the fast
rising load current that the Marxes cannot supply because of
their stray series inductance.

Pulse generator capacity is 2.5 nF and produces a roughly
double exponential output voltage pulse into the load impedanc
Output pulse amplitude is greater than 6 MV and rises to this
value in about 8 nsec (10 to 90 percent). Pulse decay time is
approximately 300 nsec (e-~fold). System electrical parameters
are sufficient to produce a peak radiated electromragnetic
field greater than 50 kV/m at a radial distance of 50 meters
from the antenna.

W

The cylindrical antenna is a wire cage structure 30 feet i4
diameter and 1000 feet long. The antenna guides the lower fre}
guency content of the EM wave from the source region as a rod
to plane transmission line to the ends of the antenna, termi-
nated to ground by way of resistors which match the character-
istic impedance of the antenna viewed as a transmission line.

The antenna/pulser support structure is designed to be
transportable, capable of being rapidly disassembled, trans-
ported and reassembled at a new location. The support struc-
ture is a free standing guyed system to minimize site prepara-
tion and disturbance and it is fabricated from dielectric
material as far as practical for high voltage insulation and
for minimum disturbance of the EM fields produced by the
system.
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ABSTRACT

aath aueas > Ailatal

This report presents a description of the development,
design, fabrication, and field testing of the TEMPS (Transportable

|

{ EMP Simulator), a system conceived and specified by the Harry
Diamond Laboratories (HDL), Laboratory 1000,* and funded by 1
{ the Defense Nuclear Agency {(DNA). :

] The basic system is a simulator with the geometry of a

E cylinder parallel to the ground surface driven at its center

: : by a high voltage capacitive pulser and terminated resistively ;
" at its ends to ground. The pulser and cylindrical antenna are

k supported by means of a dielectric support structure at elevations

f of up to 20 meters measured from the antenna/pulser centerline to

% ground. j

3 i

Essentially, TEMPS has three individual subsystems: the
pulse generator, the cylindrical antenna, and the support struc-
ture.

. The pulse generated is a bilateral Marx generator-peaking
capacitor circuit switched in series with the load impedance (the

L

' antenna) by means of a single, near uniform field, pressurized
gas output switch. The pulser is contained within a biconical
transmission line at the center of the cylindrical antenna. The i
biconical line guides line guides and launches the EM wave,

*

At the time that the request for proposal was issued (March 1971)
this group reported administratively to the U. S. Army Mobility
Equipment Research and Development Center, Fort Belvoir, Va.
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produced by discharge of the pulser, from the small dimensions
associated with the high voltage output switch to the large
diamecter (30 feet) cylindrical antenna.

A peaking capacitor circuit is employed to produce the fast
rising load current that the Marxes cannot supply because of
their stray series inductance.

Pulse generator capacity is 2.5 nF and produces a roughly
double exponential output voltage pulse into the load impedance.
Output pulse amplitude is greater than 6 MV and rises to this
value in about 8 nsec (10 to 90 percent). Pulse decay time is
approximately 300 nsec (e-fold). System electrical parameters
are sufficient to producc a peak radiated electromagnetic field

greater than 50 kV/m at a radial distance of 50 meters from the
antenna.

The cylindrical antenna 1s a wire cage structure 30 feet in
diameter and 1000 feet long. The antenna guides the lower fre-
quency content of the EM wave from the scurce region as a rod to
plane transmission line to the ends of the antenna, terminated
to ground by way of resistors which match the characteristic
impedance of the antenna viewed as a transmission line.

The antenna/pulser support structure is designed to be
transportable, capavle of being rapidly disassembled, transported
and reassembled at a new location. The support structure is a
free standing guyed system to minimize site preparation and
disturbance and it is fabricated from dielectric material as far
as practical for high voltage insulation and for minimum dis-
turbance of the EM fields produced by the system.
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APPENDIX A
A LABORATORY STUDY OF HORIZONTAL DIPOLES--TEMPS
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A.1 INTRODUCTION

The Transportable Electromagnetic Pulse Simulator (TEMPS)
was built for the Harry Diamond Laboratories by Physics Interna-
tional. It is used to field test the EMP vulnerability of
military electronics equipment to a high-altitude nuclear
detonation. It is capable of producing threat-level fields at
test sites 50 meters away from the feed points. The pulse

generator is a Marx generator that is essentially a capacitive
energy source.

The TEMPS wave launcher consists of an early-time structure
that is a bicone and a late-time structure that consists of all
the structure beyond the bicone. SRI had the task of aiding in
the selection of the late~time-antenna concept and of providing
engineering design data in order to bring the concept from the
design stage to a piece of field equipment. A large portion of
the data has been gathered using experimental modeling tech-

niques. These will be described in later sections of the
repert.

The most important specifications that affect the design of
the late-~time antenna (LTA) are the following

e Coverage: 100 linear meters broadside, at a range
of 50 meters

® Pulse duration: 800 nsec, exponential decay 90 to
10 percent

® Pulse undershoot: 20 percent maximum

® Height: variable from 8.5 to 20 meters (originally
6 to 20 meters)
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Maximum overall length: 300 meters
Polarization: Horizontal with up to 15 degree
rotation.

Very early in the program it was necessary to determine the
generator capacitance requirement. Therefore, several LTA con-
cents were briefly explored to obtain an estimate of this

guantity. The concepts explored at this stage were the -~
following:

Inverse~cone structure |
Constant-impedance-terminated structure

Resistively loaded structure
These are discussed in Section A.Z2.

A.2 LTA CONCEPTS

A.2.1 Inverse-Cone Structure. This structure starts at

the end of the bicone with a diameter equal to the bicone and
then linearly decreases in diameter throughout its length.
Figure 90 is a sketch of such a structure.

BI-CONE_ |

INVERSE CONE >i=

;l— INVERSE CONE

2”45/ o ,42- 476////747

Figure 90 Sketch of inverse cone structure.

226 y

PR AOUIE-~ DIV DRSPS TIEFIEE




P ——————— - < : o
H.' > SN g - = -l

B
";-
w2
3
'

: PIFR-372

At very late times the field produced by this structure,
when unterminated, is a function of the generator and antenna
capacitance (Cg and C, respectively). The low-frequency content
is maximized when Cg s Ca‘ We have therefore measured C, on
- the scaled model at a frequency of about 100 kHz. When scaled
appropriately and taking into account a full dipole, the value
of Ca was about 3100 pF. For C

- g
of 9.3 nF would be required.

3 Ca a generator capacitance

In order to study the radial magnetic field produced by
this structure, a 150:1 scale model of the antenna was con-

structed and used on a double-ground-plane system, as shown in

Figure 91 . The horizontal ground plane models the carth, and

. the vertical ground plane is a plane of symmetry that allowed us }
]

N to use only half the antenna structure. It also allowed us to

k feed the antenna from a coaxial cable. At this stage of the

study almost perfectly conducting ground planes were used.
Later modeling was done over real earth.

ryl

3 Magnetic-field sensors were mounted at a scaled distance

! equal to 50 meters from the axis and at scaled transverse ranges
of 5.5, 55, and 105 meters. These sensors were labeled H1l, H2,
and H3 respectively. The sensors were essentially slots that

r were shorted. A current transformer around the shorting wire
3 gave a voltage output that was proportional to the magnetic |
{

¢ field. The 1l/e decay of the sensors at this time was about j
i

*
14 nsec and was later increased to 40 nsec. The sensor decay

time thus produced a sag of about 25 percent at the end of

5 nsec for a step-function input. (Five nsec corresponds to
750 nsec full-scale for this model.)

*
The data reported in Section A.2 of this report were taken with

3 a l4-nsec decay sensor; the remainder used a 40-nsec decay time
' sensor,
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Most of the measurements were taken with a rectangular
input pulse because distortions in the waveform produced by the
wave launcher are most easily seen with this type of pulse. As
the antenna design became better defined, exponentially decaying
pulses were also used.

The radial magnetic field for a 5-nsec rectangular pulse
input is shown in Figure 92 . The scaled antenna height above
ground is 6 meters. The following are several important

3 features of this figure:

(a) Pulse Duration--The pulse duration decreases as
one moves off axis from sensor Hl to sensor H3. This
is because the signal reflected from the unterminated
structure produces a magnetic field of sign opposite
to the original pulse. At Hl this signal arrives at a
scaled time of 900 nsec. Therefore the full input-
pulse duration is seen at Hl. At H2 and H3 it arrives
at 750 and 375 nsec producing shortened pulses at H3.
The reflected signal arrives at B at Hl, and at C at 3
H3. ;

(b) Large Undershoot--When the reflected signal does
arrive at the sensor before the input pulse is over,
they buck each other, producing a shortened pulse, as
at H3 (Region C to D). When the reflected signal
arrives after the input pulse is over, it produces
negative signals that are much larger than the 20-
percent undershoot that is allowed.

ke st aseduiaing o BINE Jasy

YT

(c) Pulse Droop--Although some of the droop is due to
the sensor, there is a considerable droop due to the
g structure. This is attributed to the fact that the
structure looks like a nonuniform transmission line at
times longer than the round-trip time to the ground.
This nonuniform line produces continuously increasing 1
mismatch, which decreases the magnetic field produced
by the structure.
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Figure 92 Radial magnetic field from an unterminated inverse
cone.

The results of terminating the structure in an impedance
equal to its characteristic impedance near the end of this line
are shown in Figure 93 . Features a and b described above, are
considerably improved, but c does not improve. The large
negative-going signal at 5 nsec is due to the end of the pulse
and would be smaller with an exponentially decaying input pulse.
It is not due to end reflection. The termination eliminates the
end reflection that produced pulse-duration shortening and large
undershoot. The pulse droop is still present and a new feature
is present--the spikes at A and B in Figure 93 . These are
produced by the current that flows through the termination. For
a horizontal antenna over ground, this corresponds to the
azimuthal magnetic field produced by the currents that flow ver-~
tically through the termination to ground. The radial magnetic
sensors pick up a component of the field.
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Figure 93 Radial magnetic field from a terminated inverse cone.

A.2.2 Constant-Impedance-Terminated Structure. In order

to eliminate the pulse sag, a uniform transmission line was
built onto the bicone section and a constant-impedance transi-
tion region was added on to bring the transmission line down to
ground gradually, with the idea of reducing the spikes produced
by the termination shown in Figure 93 . The structure was as
shown in Figure 94 .

The fields are shown in Figure 95 . Note that the input
pulse of 10 nsec is twice as long as was previously used and
corresponds to a 1500-nsec full-scale pulse. The sensor sag

over this time (10 nsec) almost exactly matches the measured
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Figure 94 Constant-impedance structure.

response, indicating that a 1500-nsec pulse could be transmitted
without distortion from a structure only 90 meters in half-
length. The negative-going signals are due to the rectangular-
pulse turn-off and would not be present with an exponentially
decaying pulse. The spikes are reduced considerably.

Sensor H3 received only very weak signals. It is outside
the transverse dimension of the structure. This suggests that
the antenna need be only somewhat longer than the site to be

tested. Its length is not dictated by pulse-length
considerations.

The capacitance required to drive the structure with a
required pulse duration can be found by considering the time
constant for an RC circuit where R is the characteristic _
impedance of the transmission line and C is the capacitance.

For a 1/e time of 350 nsec and a ZO of 70 ohms for each side of
the antenna considered as a transmission line, C = 2.5 nF. This

value of capacitance is consistent with that proposed by PI.
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Figure 95 Radial magnetic field from the constant-impedance
structure.

For the clear time to be greater than the pulse risetime,
the diameter of the bicone where it attaches to the LTA must be
30 feet. Therefore, to minimize the discontinuity at the junc-
tion, the diameter of the¢ cylindrical portion of the LTA should
be 30 feet. The cylinder height for the characteristic
impedance to be 70 ohms may be found from Figure 96 , which
shows Z0 as a function of the height-to-radius ratio (Reference
A-1). For a 15-foot radius, the height must be about 8 meters
for a Z0 equal to 70 ohms. At greater heights the Z0 is even
greater, so that the decay time will be longer. At a height of

20 meters, ZO = 130 ohms.
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With the approval of the sponsors at the Harry Diamond
Laboratories the range of heights was fixed at 8.5 to 20 meters.

Although the increase in minimum height would improve the
performance of the inverse-cone antenna, it still would have
significant pulse sag. Tests with a capacitive pulser near the
feed point showed a pulse duration somewhat less than required
and a pulse shape that decreased more nearly linearly than
exponentially. In addition, a transition section to ground
would still be required to minimize the spikes discussed
earlier.

The constant—z0 LTA provides the required pulse duration
with an exponential decay and minimizes the waveform distortion
due to termination of the antenna. In addition, with the
cylindrical section made of several modules, great flexibility
is available to the user. For testirng small sites the entire
cylindrical length may not be needed, so that the antenna length
may be only 200 meters instead of 300 meters.

A.2.3 Resistively Loaded Structure. Resistively loaded
antennas were briefly investigated. With this type of antenna,
series resistors are added along the antenna length so that the
current is very small when it reaches the end. No termination

to ground would be needed with such a system. Illowever, analyses

of resistively loaded cylindrical antennas in free spacc indi-
cated that the antenna length must be sufficiently long compared
to the pulse duration (defined as the time for the decaying
pulse to cross the zero-amplitude axis) so that the resistance
loading is gradual even for the longest wavelengths (Reference

A-2). Otherwise large undershoot will occur. For an antenna
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half-length equal to 1.25 times the pulse length, the undershoot

i1s about 25 percent. This is still larger than the specifica-

tions allow.

For an 800-nsec pulse duration the antenna half-

length would have to be 1000 feet or 305 meters. Since the
TEMPS maximum overall length was 300 meters the undershoot with

a resistively loaded, unterminated antenna would be excessive.

The results for one type cf loading are shown in Figure

97 . The antenna was made up of 4-inch lengths of 1/4-inch-

diameter rods with resistors connecting the sections. The input

pulse was an ll-nsec rectangular pulse. The undershoot is about

35 percent.

The pulsewidth at the zero points was only about

5.5 nsec even for an ll-nsec input pulse. Thus, for a capaci-

tive pulser with a decaying input voltage, the zero crossing

will occur even earlier. Thus the pulse duration of 800 nsec

full scale would not be met.

OFF AXIS

RELATIVE RADIAL MAGNETIC FIELD

(50 m full scale)

ON AXIS

'~<5 ns-—l

DIAMETER 11 ns RECTANGULAR PULSE INFJUT
1/4”

91

Figure 97

»A1AHA M

Radial magnetic field from a resistively loaded
structure.
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Although no careful attempt was made to optimize the
loading, several experiments with different loading showed that,
with the pulse duration longer than the antenna half-length, the
undershoot was excessive or the duration was too short.

The undershoot could be reduced by terminating the struc-
ture, but if the termination was brought straight down to
ground; spikes appeared in the magnetic field.

Since the c0nstant-z0 terminated structure looked satis-
factory and did not require the complication of series
resistors, further studies of resistively loaded antennas were
not pursued.

A.3 STUDIES OF CONSTANT-IMPEDANCE LTA

The remainder of this appendix is concerned with design

problems of the constant-—z0 LTA.

A.3.1 Transition from Free-Space Dipole to Transmission

Line. At times before the fields from the dipole have reached
the ground and reflected back to the antenna, the antenna
operates as a dipole in free space. Since, at the minimum
height of 8.5 meters the minimum round-trip time for a ground
reflection to arrive back at the feed point is about 56 nsec,
the input pulse will have traveled along the bhicone and onto the
cylinder before ground interaction starts. Thus the early-time

portion of the pulse will not be affected by the presence of the
ground.
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At times longer than the round-trip time to the ground, the
LTA will look more and more like a transmission line with char-
acteristic impedance that is a function of the cylinder hei¢ht
and radius. This is plotted in Figure 96 and is calculated
from a formula in Reference A-l.

Time-Domain-Reflectometer (TDR) plots showing the response
to the 50:1 model of a 60-ohm monocone joined to a cylinder with
a scaled diameter of 30 feet are shown in Figures 98 and 99
Figure 98 1is for a scaled height of 8.5 meters and Figure 99
corresponds to a scaled height of 20 meters. The values of Z0
for these heights are 70 and 130 ohms, respectively. Since the
double-ground-plane system was used, only one-half the antenna
was required. The impedance of a 40.4-degree half-angle cone

*
over ground is 60 ohms. The measured value is about 64 ohms.

For both fiqures the impedance is within about 10 percent
of the transmission-line impedance in one round-trip time. The
increase in impedance as the wave passes the junction of the
cone and cylinder is clearly discernible. Also, a marked
decrease in the slope of the reflected signal occurs at a cime
corresponding to one round-trip time.

These figures give a measure of the driving-point impedance
as a function of time. However, the radiated magnetic field is
not simply related to this quantity. The TDR plots show the
integrated effect of reflections back at the feed point. The
radiated magnetic field depends on the current distributions as
a function of time along the antenna.
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ONE ROUND
TRIP TIME
=

50 1 MODEL (whd)
050 ohms 42 units

- 64 £ f

ANT'ENNA

i
CONE-CYLINDER
JUNCTION

50-ohm LEVEL *

Figure 98 TDR data for a bicone-cylinder
full-scale height.

ofe NEWHA ¥

structure at 8.5-m

ONE
ROUND-TRIP-—-——‘
TIME

CONE-CYLINDER

50-0obm LEVEL JUNCTION

1 UNIT

o

15 76"

50:1 MODEL (sohd)
0-50 ohms 42 umts

e - 123 O

-5

404

A 14H4 2K

Figure 99 TDR data for a bicone-cylinder structure at 20-m

full-scale height.
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The radiated radial magnetic field on-axis at a scaled
distance of 50 meters for the 50:1 model at a height of 8.5
meters is shown in Figure 100. This is the same antenna con-
figuration as for the TDR in Figure 98 . For the moment, ignore
times greater than 5 nsec. The clear cime is slightly less than
the risetime, so that the peak is clipped. After the peak field
is radiated, the discontinuity at the cone-cylinder junction
produces a reflected signal that decreases the radial magnetic

field. After ahout 0.7 nsec the radial magnetic field increases
to almost the pecak field level.

As reflected signal from the ground returns to the antenna
structure, it allows more current to flow, increasing the mag-
netic field. Another way of describing this is that the ground-
reflecced signal scatters off the structure, producing a mag-
netic field of the same sign as the originally radiated field.
Thus, the transition to a transmission-line mode increases the
magnetic field after a time of the order of the round-trip time
to ground and back to the structure. The effect is most pro-
nounced at a scaled height of 8.5 meters and decreases with
increasing height. Figure 101 shows a plot of radial magnetic
field for a scaled antenna height of 20 meters. The increase in
signal at 2.25 nsec is due to the ground interaction. Note that
the level does not return to the peak field in this case.

A.3.2 Terminating Cone. In crder to prevent spikes in the

waveform, a long terminating cone of approximately constant
local Z0 (constant height-to-radius ratio) is used. Figure 101
shows what happens for one value of the angle between the
cylinder axis and the cone axis.
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Figure 100 Radial magnetic field from 50:1 model at 8.5-m full-

scale height.

Yh 14NA M

RELATIVE MAGNETIC FIELD

501 MODEL, SOLID CONDUCTOR
130 ohm TERMINATION

o~ OFF AXIS
{50 m full scale)

Figure 101 Radial magnetic field from 50:1 model at 20-m full-

scale height.
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Consider Figure 101. After the ground interaction has
occurred, the magnetic field is constant until about 4.5 nsec.
This is the time at which the signal passes from the cylinder
onto the terminating cone. At this point, the radial magnetic
field increases for a time and then decreases markedly. The
termination is reached at 8.5 nsec.

The increase is due to the introduction of a component of
current flow vertically as the current flows onto the cone. The
vertical current produces an azimuthal magnetic field that adds
to the radial field from the rest of the structure. However,
for the angle shown, the value of Z0 is increasing as the cone
approaches ground. This is produced by the increasing value of
local-height-to-radius ratio. Eventually the negative ficld due
to mismatch is larger than the increase due to vertical <urrent,
and the resultant field decreases. For the particular ter-
mirating resistors, Zload < Z0 and the reflected current
increases the magnetic field.

A more optimum angle for the terminating cone is shown in
Figure 102. These data were taken with the 150:1 model. The
lower trace shows the on-axis magnetic field at a range of 50
meters, while the upper trace shows the fieid at 50 meters off
axis. The uniform cylinder is 100 meters long full-scale, and
the terminating cone is 50 meters long full-scale. The start of
the terminating cone produces a small (~ 10 percent) increase in
magnetic field, and arrival at the termination produces an even
smaller dip. This is a reasonable compromise. The angle from
the dipole axis is 22.5 degrees for this case (antenna height 20
meters full scale) and about 9.3 degrees for an antenna height
of 8.5 meters full-scale. Figure 103 shows the magnetic field
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Figure 102 Radial magnetic field with termination cone at close
to optimum angle for 20-meter full-scale height.

produced at 8.5-meters height and with a rectangular input
pulse. When the antenna was fed with a capacitive p'ilser with a
capacitance scaled to the 2.5-nF full-scale capacitance, the
fields of Figure 104 resulted. The waveform is a reasonably good
double exponential, with small deviations starting at the time
the current reaches the beginning of the terminating cone. The
full-scale time to the zero crossing is greater than 1000 nsec.
Some provisions should be made in the field so that the cone
angle may be varied slightly at each height to optimize
performance.
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s Figure 103 Radial magnetic field with termination cone close to k
E optimum angle for 8.5-m full-scale height.
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Figure 104 Radial magnetic field from a capacitively fed TEMPS
at 8.5-m full-scale height.
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A.3.3 Wire-Cage Studies. Since it is impractical, because

of weight and other considerations, to make the LTA out of sheet
metal, the conducting material will be a cage of wires. There
are three major gquestions that then need to be answered from the
electrical point of view:

(a) How is performance affected by the number and
diameter of the wires?

(b) Do the hoops that support the wire need to be made
of dielectric?

(c) How is performance affected by the fact that the

wires are not all parallel to each other and to the
ground. That is, what is the effect of wire sag?

Effect of Wire Number and Diameter. The number of wires

that are required to make a cage of wires appear as a solid tube
of given radius can be estimated from an equation given by
Schelkunoff and Friis (Reference A-3) ‘

nr 1/n
_ W
Teff = Ic [r ] “
c

Loff = effective radius of the cage

where

==y

P

H
]

radius of cage

ST Rdaem

r . = radius of wire

n = number of wires
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This approximation was derived from a formulation for
biconical antennas made of conical wires. The above equation is
the asymptotic solution when the wires are thin and the bicone
angle is small. It should give a fair estimate of effective

radius for cylindrical structures with cylindrical wires.

The above equation has been plotted by B. Gaston of Physics
International in a manner useful for estimating performance.
This is shown in Figure 10S5.

0.004" 0.037 0.372" 3.72" 37
0.011* 0.112” 1.12” 11.2"

1 IR | rt 1T 1 T

-4

- rcage = 486 m

L zcage,zcy 1

n = 1000

1.0

10 —{10
1.052 - 1.246
1.093 — 1.488
1174 - 1748
1.249 —{ 2.008
1.337 42311 "
1444 — 2657
1582 3113
1.776 —| 3.729

2.107 44.718
R

h=20m
h

/

r r
wire' cage

SA-1484-48
Figure 105 Effective cage radius as a function of wire-to-cage

radius.

The abscissa shows the ratio of the wire radius to cage
radius. It also shows the wire diameter for a 3l-foot-diameter
cage, which is approximately the TEMPS LTA diameter. The left-

hand ordinate shows the ratio of effective radius to cage
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radius. The parameter on the curves is the number of wires.
The right-hand ordinate shows the ratio of the characteristic
impedance of a cage of wires to the characteristic impedances
for a solid conductor at two heights above a perfect ground--20
and 6 meters.

The use of this figure can be illustrated as follows. For
a wire diameter of 0.112 inch and 40 wires in the cage, the
left-hand ordinate indicates that the effective radius is 0.89
of the cage radius. According to the right-hand ordinate, this

would increase Z, by 1.055 at a height of 20 meters and by 1.25
at 6 meters.

Since the magnetic field is inversely proportional to the
characteristic impedance, an increase of Z0 because of a small
number of wires will produce a decrease in magnetic field.
Using about 40 wires will keep the change in Z, reasonably
small. Increasing the number significantly above 40 improves
perfofmance only marginally, while using fewer wires (say, 10)
degrades performance markedly.

The effect of wire diameter is rather weak when n = 40.
For n ® 40 and a wire diameter of 0.037 inch, reff/rcage = 0.82,
while increasing the wire diameter to 0.37 inch only increases
reff/rcagc to 0.92.

Based on considerations of this sort a wire diameter of
about 1/8 inch and a wire number equal to 36 was chosen as
satisfactory for the LTA.
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These calculations were checked by several measurements on

a 50:1 wire-cage model. TDR data were taken on models made of

14 wires, 40 wires, and sheet metal (solid cage).
diameter was 5 mils (1/4-inch full-scale).
40-wire model at a height of 6.6 inches

arc shown in Figure 106.

The wire
The data for a

(8.5 meters full-scale)
The spike at about 3 nsec from the

start of the trace marks the time when the pulse moved from the

fced cable onto the bicone. The lead inductance gives us induc-

tive reactance thal is negligible in about 0.5 nsec. The
monocone impedance was measured at about 64 ohms and remains at

that level for about 1 nsec which is the time corresponding to

50.1 WIRE AODEL (40 wires)
0?:1:?’?’5:,5- 0-50 ohn, 4.2 umts
h l??&lm g T —
\WWW~Jhﬂg:ﬁ~+‘~' ]
- ANTENNA
50-ohm LEVEL CONE-CYLINDER
JUNCTION

NES

1 UNIT

J_ E 404

‘66"

LA 1414 ),

5-mcter full-scale
height.
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the round-trip slant distance along the cone. At about 1.1 nsec

FRINPII, 2

a small increase in reflection coefficient occurs. This is the
time at which the pulse reflection from the cone-cylinder
transition occurs and also the time at which ground interaction
occurs. There is a leveling off in the reflection coefficient
after about 1.8 nsec after the pulse entered the monocone. The
impedance inferred from the TDR at this time is about 77 ohms.
’ This may be comparcd to 70 ohms for the solid cylinder. A
40-wire cylinder increased the impedance by 10 percent. The

results for the other spacings and numbers of wires are shown in
Figures 107 through 109.

ONE ROUND- 501 WIRE MODEL (14 wires)
ilﬂlP TIME 0-50 ohins ~ 4.2 units

ANTENNA

Ve CONE-CYLINDER
50-ohm LEVEL JUNCTION

L_ 4u4
.-1

66~

LA 1484 34

Figure 107 TDR data with l4-wire model at8.5-meter full-scale
height.
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]
ROUNEE T 1P - - 50.1 WIRE MODEL (40 wires)
r TIME -.] 0-50 vhins 4.2 umts
3 ' 121 Q— o~ -
50-0hm LEVEL CONE-CYLINDER
JUNCTION )
. f l 1%
1
1 UJNH
! l404 1
!- 1 ns-ﬂ! ,171. ;‘l
3
F
. N - . SA 1484:38
E. Figure 108 TDR data with 40-wire model at 20-meter full-scale 1
; height. '
R, —_ E
ONE ROUND-
TRIP TIME
; 134 Q== 50:1 WIRE MODEL (14 wires) 3
0-50 ohims - 4.2 umits k
ANTENNA
r 3
3 —64
50-ohm LEVEL CONE-CYLINDER
JUNCTION \~
h .
1 uUNIT
25" .
{
!<—I ns—.l
L_.Jao.d
3
15./5" 3
SA VaB4 3a 1
Figure 109 TDR data with l4-wire model at 20-meter full-scale :
height. 3
250 ]
3




i

‘T

PIFR-372

The measured impedances are summarized in Table X and are
from data after 7 nsec. The calculated and measured impedances
agree to within %4 percent.

At the knece of the TDR data, which is at about one round-
trip time after the pulse iflows onto the cone, the impedance is

within about 10 percent of the late-time impedance.

Figure 110 illustrates TDR data from a terminated 150:1
model.

The effect of a wire-cage structure as compared to a solid-
metal structure on the radial magnetic field was also studied.
In order to separate the discontinuity at the cone~cylindér
transition from the effect of the wire-cage structure, a solid
structure was made with 2 feet of solid conductor extending
beyond the cone-cylinder transition. At this point the wire
cage was added. The sketch in Figure 11l illustrates the
geometry. This figure also shows the radial magnetic field off-
axis at a full-scale distance of 50 meters from the feed point.
At about 0.8 nsec after the peak signal, the ground-reflected
signal increases the current on the structure, For a uniform
solid cylinder this level would continue indefinitely. However,
at about 3.5 nsec after the peak the signal from the junction of
solid metal and wire cage arrives at the sensor. The magnetic
field smoothly decreases to a level about 30 percent below the
solid-metal level. The increase in impedance is about 25 per-

cent. No terminating cone was used in this experiment., The end
of the wire cage is noted.
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TABLE X

MEASURED AND CALCULATED IMPEDANCES OF CYLINDRICAL STRUCTURES

Spacing Number of v 7 ‘meas s

(inches) | Conductors meas calc 2. 1e solid/ meas
6.6 Solid 69.5 70 0.99 1.0
6.6 40 79.5 76.4 | 1.04 1.15 '
6.6 20 86 85 1.01 1.24
6.6 14 96 92.9 1.03 1.38
15.75 Solid 124 127 0.98 1.0 )
15.75 40 128 132.4 0.97 1.03
15.75 14 146 150 0.97 1.17

t
ONE ROUND-TRIP TIME
ANTENNA

128 2

)

110 Q~|—— 150.1 MODEL (solid)

.5 =
TERMINATION 0-50 ohms = 4.2 units

50-ohm LEVEL CONE-CYLINDER

JUNCTION

SA 1484 J4

Figure 110 TDR data on terminated TEMPS model.
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Figure 111 Effect of solid-metal-to-wire transition on radial
magnetic field.

Similar data with different numbers of wires and spacings
showed similar results. The decrease in magnetic field was

approximately equal to the increase in impedance.

Effect of Wire Rings. The wire-cage structure is supported
on hoops. If the hoops could be made of metal they would be
much lighter and simpler to fabricate than if they were made of

dielectric. Modeling studies were carried out to determine if a
metal hoop produced significant changes in the radial magnetic
field.
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Fields were measured when the 40-wire cage sections were
pulsed, both with no metal hoop and with a metal wire modeling
the hoop attached around the circumference of the cage half-way
along its length. No differences were discernible that were
above the noise level of the system (differences less than

~ 5 percent could not be detected).

To further emphasize any possible effect, the wire modeling
the hoop was inclined at a 45-degree angle to the cylinder axis
and wrapped around the wires at that angle. Once again, no dif-
ferences were detectable.

As a final check, data were taken with two wire cages
butted together. Each cage was constructed of solid brass end
plates between which the wires were strung. Thus, at the junc-

tion of the two sections, two solid plates were present.

The geometry ii shown in Figure 112, as well as the radial
magnetic field on axl's at a full-scale range and height of
50 meters and 8.5 meters, respectively. The time at which
signals from the junction of the brass plates occur is noted.
At this time there is a variation of about 5 percent. At much
later times (T 10 nsec after peak) the signal fluctuates some-
what more, but these fluctuations have been traced to reflec-
tions from the edges of the ground plane and are not connected
with the junction effect.

Also shown are the data at a full-scale height of 20
meters. The effect of the junction is not discernible. It is
thus concluded that metallic hoops greater than 6 inches in
cross section can be used to support the wire without signifi-
cantly affecting the performance.
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Figure 112 Effect of brass plates on radial magnetic field of
wire model.

Effect of Wire Sag. In any field installation the wires
will not all run parallel to the ground, but will sag between
the supports so that the distance of the cage to ground will

vary, being a minimum at the midpoint between supports. This

has several effects. Lowering the antenna-to-ground spacing
lowers the impedance, increasing the current and magnetic field.
Changing the impedance produces reflections that will reduce the
magnetic field. Lowering the center of radiation (local height
above ground) reduces the radial magnetic field at the ground.
Sloping the antenna with respect to ground introduces a vertical
component of current that produces azimuthal magnetic fieclds

Lhat will in general be detected at radial magnetic-tield
sensors.
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Between two supports the variation of impedance is quite
smooth, decreasing as the midpoint is approached and increasing
as the second support is approached. However, at the second
support a cusp is formed by the incoming and outgoing wires.
This produces a sharp change in the field distribution, which

produces a sharp change in magnetic field.

These effects have been studied using the 50:1 model with
40 wires. Sag was simulated by tying the 40 wires to a polyfoam
spacer (same diameter as cage) with a nylon string at the mid-
point, and then displacing the spacer toward the ground plane.
Measurements were made with displacements up to 2 inches (8.3
feet full scale). The distortion of the waveform due to the
many effects can be seen most clearly by comparing Figure 112
(no sag) with Figure 113(2~-inch sag).

After about 1-1/2 nsec from the peak signal, the magnetic
field of the sagging model increases. After another nanosecond
the signal begins to decrease monotonically to a level below the
original level. This continues until the wave reaches the junc-
tion between the two wire-cage sections. At this time there is

a rapid increase in the signal to about the original level.

A plausible account of the above behavior would be as fol-
lows. The increase at 1.5 nsec is due to the lower impedance
and vertical current component. After the wave passes the mid-
point, the impedance increases and the vertical component of
current flows in the opposite direction. This decreases the
field. It appears that the vertical component of current is the
dominating cffect since the other effects (varying impedance and
changing height) almost cancel each other. Finally, the discon-
tinuity of the conductors at the junction produces a new source
of radiation that increases the field.
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Figure 113 Effect of sag on radial magnetic field.

Data such as shown in Figure 113 were taken at sags of 0 to
2 inches in 0.5-inch steps. The behavior was similar but became
less pronounced as the sag was diminished. As an index of the
distortion we have plotted the percentage change from the
increased signal (t = 2.5 nsec) to the minimum signal at about
5 nsec in Figure 114. This change increases rather linearly
with sag over the range of the measurements. If the sag is held
to less than 2 feet, the change is about 10 percent. Since the
signal increases and decreases about the same amount relative to
the no-sag case, the deviation from the no-sag case is about
one-half the values in Figure 114. It is therefore recommended
that sag be held to less than 2 feet.
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Figure 114 Percentage change in waveform as a function of wire
sag.

As with many other phenomena, the effects of sag decrease
with increasing antenna-to-ground spacing.

A.3.4 Grounding Studies. All the measurements up to this

point had been made over an aluminum ground plane. Terminating
the antenna in its characteristic impedance involved soldering
a resistor from the end of the antenna to a lug on the ground
plane. Over real earth this will not be so simple. It will be
necessary to construct a ground system of conductors that will
provide a sufficiently low-impedance path into the s0il so that
the currents will flow into the earth with only a small
reflection.
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Impedance of a Single Ground Rod. A common type of ground

consists of a number of conducting pipes driven into the ground
and connected in p2rallel. In order to estimate the impedance
of such a ground system we shall first calculate the impedance
of a single rod of radius a driven d meters into the ground.
The treatment is derived by Vance (Reference A-4).

When o/we »> 1 for the soil, the rod and soil form a coaxial
line with inner conductor equal to the rod radius and outer
radius equal to the skin depth §, with

where
w = radian RF frequency
p = permeability
0 = conductivity

The complex characteristic impedance of this line is

~ 1 . 4 0.796
Zos 406 (1 + 31 [l tigin/3 ]

IZOSI is proportional to 1/01/2, since the variation in
the logarithm term is very slow. Note that Zos is complex.

259




PIFR-372

The input impedance of this line, considering that it is
open-circuited beyond the rod length, is

Zin = Zos coth 1Id

where

po L+ 31

~

0

The line is lossy such that when d/8 =2 1, any reflections

from the open end are damped out by the time they reach the
input. Mathematically,

coth Id =1 if 4/6 =2 1

and

&in = ZOs independent of d

When 4/6 << 1,

lcoth ra| = 0.7 &

and the phase angle of coth Id is -45 degrees. Then,

_0.175 [4 § L1
Zin—- od [""r-gln 0.79 a i} 4]

The input impedance under these conditions varies as 1l/¢
and is an inverse function of length. For most cases of

interest the real part is much larger than the imaginary part.

260

[P T



- TS

-

g

%5

PIFR-372

The magnitude of Zin has been calculec+ for a l-inch-
radius rod of length equal to 2, 4, and 8 meters, and for ¢
equal to 1072, 1073, and 1074 mho/m. The results are shown in
Figure 115. The rather horizontal portions of the curves at
lower frequencies correspond to d/6 << 1 and mostly real
impedances. The curves, increasing with frequency to about the
one-third power, correspond to d/6 >> 1 and have significant
real and imaginary components of impedance. It should be noted
that these curves are applicable only when 0/we > 1. These
regions are indicated for each value of conductivity.

The total terminating imnedance (resistors and grounding
system) should equal 70 ohms at a height of 8.5 meters and
about 130 ohms at a height of 20 meters. It can be seen from
Figure 115 that for the poorer soils (0 < lO_3 mho/m) the
impedance of a single rod will be too high unless rods longer
than 8 meters are used. Even at 0 = 10—2, a single rod would
have a significant impedance compared to 70 ohms. It is then

clear that a multiple-rod system will be required for most
soils.

The curves of Figure 115 were checked experimentally for
two values of 0, using soil that had been salted to give a con-
ductivity of 0.3 mho/m and unsalted soil (0 = 4 x lO"2 mho/m) .
At a 150:1 scale factor, these conductivities correspond to a
full-scale G = 2 x 103 mho/m for the salted soil and 2.7 x 10 2
mho/m for the unsalted soil. TDR data were taken with tae 150:1
model TEMPS terminated in the 1/l6-inch-diameter rods. Rod
lengths of 1 to 4 inches (3.8 to 15 meters full-scale) were
used to terminate the structure in the salted soil, The struc-
ture was fed from a broadband balun, which transformed the
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Figure 115 Magnitude of single-ground-rod impedance.

source impedance from 50 to 200 ohms. The data were used to
compute the value of the load impedance. At 3 nsec after the
signal reached the termination, the data had reached a rather
steady level. The data at this time imply a resistance that
varied from 107 to 64 ohms as the rod length increased from 1 to
4 inches. The calculated impedance for these rod diameters

(9.3 inches full-scale) and lengths varied from about 80 to 60

ohms at the corresponding times. This is quite good agreement.
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Over the unsalted soil, rod lengths of 1 to 8 inches were
used although only the data for 4- and 8-inch lengths are
reliable because of shunting effects of the balun. When the
load impedance became large compared to 200 ohms, the balun
shunted the load impedance significantly. An 8-inch rod (30
meters full-scale) indicated a resistance of about 75 ohms. The
calculated value was about 88 ohms, which again is in quite good
agreement. This may be fortuitous since, under these condi-
tions, o/we < 1 and the analytical model does not apply. Never-
theless, the calculations provide a good starting point for

estimating what the ground-system configuration should be.

Since driving rods many meters into the ground may be dif-
ficult, an alternative technique was investigated. A rod buried
horizontally many radii below the surface will have almost the
same impedance as a rod driven vertically into the ground
(Reference A-5). Since the rod radii will be about an inch,
this would mean that a trench a foct or two deep would be suffi-

cient for obtaining the same impedance as from the vertical
rods.

Measurements similar to those described above but with the
rod buried about 1/4 inch (~ 1 meter full scale) showed that a
horizontal rod buried many radii did give approximately the same
impedance as a vertical rod of the same length. The minimum
depth used was 1/4 inch, simply because shallower depths were
difficult to work with. The shallower soil did not make good
contact with the rod and was non-uniform in conductivity because
of different moisture content. At full-scale these problems

will not be so severe, and l-to-2~foot depths may be practical.
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Termination-System Design for Specific Conductivities. We

shall now describe the design procedure for the termination

system for specific conductivities. Assume that Figure 115 is
applicable for all cases and that the impedance of the ground
system of horizontal rods is the same as for vertical rods. We

shall first take the case of the TEMPS at a height of 20 meters
(Z0 = 130 ohms).

a. 20-Meter Antenna Height

1) ¢ = 1072 mho/m. In this case, for the sort of rod

length that will be required, the ground impedance will be ZO
with a magnitude as given in Figure 115. This impedance is a

S

function of frequency ané has approximately equal real and
imaginary parts. At the highest frequencies, |ZOS| = 120 ohms.
In order to use the minimum number of ground rods we shall cal-
culate the reflection coefficient for different values of
terminating resistor and ground impedance to find the highest

value of ground impedance that will keep the reflection coeffi-
cient below 0.2. For this case,

e e

T os o os

where
ReIZOSI = Imfz__| - 2
ReIZOSI = real part of characteristic impedance
Imlzosl = imaginary part of characteristic impedance
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Normalizing with respect to Zo’

2., + 2 2

T 9. ; -9
(z l)‘sz

I = o o
ZT + Z Z

9 43 +J_9.

ZO ZO

The value of |TI| was computed for different values of
ZT/Zo and Zg/ZO. The highest value of Zg/zO that resulted in
| ] <0.2 was Zg/zo = 0.4. This occurred for 2,/Z_ = 0.8 and
was rather insensitive to variations of a few tenths in this

ratio. If Zg/ZO is made 0.4 at the highest frequency, then as
frequency decreases, both Zg/zo and | r| decrease. For

Zo = 130 ohms, Z

o = 104 ohms (terminating resistance) and
|z2,| = 73 ohms.

Since [z _| = 120 ohms at the highest fre-

quency, a system of two ground radials will bring IZO | < 73

ohms. In order to prevent day-to-day variation in [ from

increasing to more than 0.2, it is recommended that three

radials be used. This will make the design | T]= 0.15 and allow

0 to decrease approximately a factor of 2 without T becoming
larger than 0.2.

A rod length > 4 meters will ensure that the impedance
stays sufficiently low at the lowest frequencies of interest.
2) 0 = 10"3 mho/m. Reasoning as above, we require
lzosl < 73 ohms. For a conductivity of 0 = 1073 mho/m,
Izosl = 500 ohms at the highest frequencies. Therefore, a
system of seven radials would be necessary to make T

= 0.2. Ten
radials would be required to give a margin of safety for day-to-

day variation. As will be shown later, because of losses in the
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ground, the risetime is increased, and the highest frequency is
therefore decreased, by the time the wave has reached the ter-
mination. The amount of loss of high-frequency content will in
general be a function of conductivity, antenna height, and
length, but for the range of parameters of interest there will
be a significant decrease in risetime.

Thus, for example, if the highest frequency is only 10 Miz

(a reasonable number for ¢ = 1073

mho/m and 150 meter antenna
half-length), only five radials would be needed. The radials
should be 12 to 16 meters long.

3) ¢ = 1074 mho/m. For this case the calculated

impedance is almost purely resistive., Bearing in mind that the

calculations do not strictly apply for this case but are being
used for estimations, we find that, for these conditions, the
resistance decreases linearly with rod length. The division
between the terminating resistor and the ground system is some-
what different for a resistive ground system. The reflection

coefficient can be made zero for one assumed conductivity and

will increase if 0 varies. Thus, if ZT = Zg = 65 ohms, then
r=0. 1If Zg increases to 130 ohms, then T = 0.2, If Zg
decreases to 32.5 ohms, then ©I'= -0.145. Thus, a factor of two

in ground impedance is tolerable.

To make Zg = 65, eight radials 20 meters in length would
be required. Increasing the length will linearly decrease the
number of radials and vice versa.
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Although the calculations were carried out for a rod radius
of 1 inch, the results are quite insensitive to this parameter.
A factor-of-5 increase in the radius decreases the impedance bv
about 35 percent. Two-inch-wide metal braid is easily stored

and unrolled, and should be an adequate substitution for rods.

The results of these calculations are summarized in
Table XI.

TABLE XI

TERMINATING SYSTEM FOR AN ANTENNA HEIGHT OF 20 METERS

Length
o Zp Numbex of Radials
(mho/m) (ohms) of Radials (meters)
1072 104 3 4
1073 104 5 12
1074 65 8 20

b. 10-Meter Antenna Height. For an antenna height of
10 meters the risetime will be so degraded that we will take
10 MHz as the upper frequency.
80 ohms.

The characteristic impedance is

1) ¢ = 1072 mho/m. Proceeding as before, we let

ZT = 64 ohms.

For Zg/zO = 0.2 (which includes a safety factor

of 2), lzgl = 16 ohms and |2 | = 22.5 ohms. The three-radial

systems used at 20 meter height will be adequate to keep

| il < 0.2 for frequencies up to about 18 MHz. Therefore, with

the degraded risetime a three-radial system with a 64-ohm
resistor will be adequate.
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2) o = 10_3 mho/m. A terminating resistor of 64 ohms,

and 10 radials 12 meters long would be required to give a
safety factor of two with regard to the nominal ground con-
ductivity. Maintaining a 5-radial system at 10 meters (as is
used at 20 meters) would not yield any safety factor. However,
measurements for simulated earth of 2 x 10"3 mho/m showed that
the risetime was so degraded that a two-radial system was
adequate (see A.3.4, paragraph 3).

4

3) ¢ = 10 ° mho/m. A 40-ohm terminating resistor and
40-ohm ground resistor will require either sixteen radials
20 meters long or eight radials 40 meters long. Once again, a

more modest ground system may be acceptable because of risetime
degradation.

The results of these calculations are summarized in
Table XII.

TABLE XII

TERMINATING SYSTEM FOR AN ANTENNA HEIGHT OF 10 METERS

Length
¢ 2y Number of Ragials
/ .

(mho/m) (ohms) of Radials (meters)
10-2 64 3 4
10-3 64 5 12
10— 40 8 40

268




T

——f

e

PIFR-372

In addition to the effects of degraded risetime at the
termination, another effect may make the grounding problem

easier. In order to prevent corona at the end of the antenna,

a minimum distance between ground and the bottom of the antenna

structure of 3 meters is required. The diameter of the ter-

minating cone at its extremity will be about 5 feet. Therefore,

the local transmission line impedance will be 138 ohms. For
the 20-meter height this is not much of a difference from the
ZO of the cylindrical portion. At the lower heights, though,

it represents a significant change in impedance. The results of

too high an impedance have been seen before in Figure 101. It

tends to put a dip in the magnetic field at times associated
with the increased impedance.

If the 3-meter minimum clearance is necessary, then the

terminating impedance even at 8.5-meter height will be 138 ohms.

This can be terminated with a resistor-ground system similar to

the one outlined above for the 20-meter height. A resistor of
112 ohms instead-of 104 would be more suitable. This system
would be the same for all antenna heights.

Due to risetime degradation over real earth, the dip in
magnetic 