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INTRODUCTION

This book was written in a non-technical manner, with a minimum of formulas, so the maximum number of
people could understand and install appropriate protection/ground system(s), to guard their communica-
tions equipment against all adverse pulses.

In 1983 this book started as a twelve page tutorial entitled "Impulse Suppression”. It was enlarged to
eighteen pages in 1984 and re-titled, "Lightning Protection for Radio Communications". In late 1985 and
through most of 1986, a series of articles were published in trade journals. These articles were re-cdited
and additional unpublished material was incorporated to create, "The 'Grounds' for Lightning and EMP
Protection”. This second edition has new and re-edited material from our newsletter, "Striking News".

Many thanks to those who have devoted many hours to making this book possible: Gayle Block, Richard
Dunning, Lorraine Grannis, J.J. Johnson, all of PolyPhaser Corporation and Amy Hass of Graphic
Services.

Let us hope this book, as with our knowledge, will never have an end, for we are just beginning to learn and
understand.
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chapter 1

Current Distribution

Much has been written on the techniques of Lightning
Protection. Indeed, there is much to know about the art
of proper grounding that encompasses the laws of
physics and RF design. We hope you will follow these
proven concepts which will protect your valuable
equipment from even direct lightning hits. Whether
your equipment is a radio site, pipe line, utility substa-
tion, telephone central office, tactical military, ship-
board, or security installation, the same requirements
apply for proper protection, installation and grounding.

STROKES AND STRIKES

Lightning takes the form of a pulse which typically has
about a 2us rise and a 10 to 45us decay to a 50% level.
Presently, the IEEE Standard is an 8 by 20us wave-
form. The peak current will average 18kA for the first
impulse (stroke) and less (about half) for the second and
third impulses. Three strokes is the average per
lightning strike.
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TIME TO HALF CURRENT: Value - us
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Once ionization occurs, the air becomes a conductive
plasma reaching 60,000 degrees F and is luminous.
This luminosity level is brighter than the surface of the
sun! The resistance of a struck object is of small
consequence, except for the power dissipation on that
object (12 . R). Fifty percent of all strikes will have a
first strike of at least 18kA, ten percent will exceed a
65kA level and only one percent will have over 140KA.
The largest strike ever recorded was almost 400kA.
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on Westinghouse data.




WHY THE DAMAGE AT TOWER SITES

Tower sites are struck by lightning more often than any
other site. The reason is obvious; the tower is higher
than the surrounding terrain and it's a conductor.
Tower structures have a certain amount of resistance
and inductance per foot. Most people think of resis-
tance when talking about lightning. However, a tower
with all of its weight has rather small joint resistance.
A typical tower joint is less than .001 ohms. This may
seem sizable when 18KA is traversing, but we will see
that other larger voltages are present during a lightning
strike.

Every conductor has inductance. The amount of tower
inductance is dependent upon its geometric configura-
tion. This width-to-height ratio and its height will
determine the total inductance of a tower. A 150-foot
tower, with 35-inch side widths, can have an inductance
of about 40pH. This value of inductance can be
approximated (W/H < 1%) by treating the tower as a
1/4 wave antenna using:

468x 10°  _
2(H in feet)
then inductance L = Bar
2nf

Inductance for either coaxial lines or single conductor
grounding wire, can be estimated by using:

Coax Diameter

1/2" 7/8"  1-1/4" 1-5/8" 2" 3"

100l 510 | 480 | 457 | 442 | 430 | 404

150| 810 | 760 | 723 | 700 | 680 | 643

200] 111.0 104.0 100 97.0 94.2 89.2

Length in Feet

300]| 174.0 164.0 157.3 152.5 148.7 141.2

500| 306.0 | 289.0 | 277.8 | 270.0 | 263.4 | 251.0

| |

Approximate Inductance In Microhenries
For Coaxial Lines

Size & (Diameter)
(0.46) 1(0.365),(0.257);(0.162)(0.102);(0.064)

Strap 6" 3" 1-1/2"] 0000| OO #2 #6 | #10 | #14
5| 1.07 | 128 | 149 | 168 | 1.756 | 1.86 20 | 214 | 228

. 10| 256 | 298 3.39 | 3.78 | 3.922 | 4.13 4.4 47 | 498

5 1

E 15| 421 | 483 | 546 | 6.04 | 6.25 | 657 7.0 | 742 | 7.85

£

E’ - = -

° 20| 596 | 68 | 7.63 8.4 87 | 941 9.7 | 10.25 | 10.81
o5| 7.78 | 8.83 | 9.88 | 10.85| 11.2 | 11.7 | 12.44 | 13.15 | 13.85
30| 967 ‘ 10.93 | 12.19 | 13.35 | 13.78 | 14.4 | 1626 | 16.11 | 16.96

Approximate Inductance In Microhenries
For Conductors

TO CALCULATE THE INDUCTANCE
OF A WIRE USE:

L(in uH) = 0.508 s [2.303 log,, (4 s /d) - 0.75] x 10

TO CALCULATE THE INDUCTANCE
OF STRAP USE:

L(in uH) = 0.508 s [2.303 log., (25 / (W +1)) + 0.5
+0.2235 (W + 1) /s] x 107

Where s = length in inches
d = diameterininches
w = width in inches

t thickness in inches

Consider a 1/2-inch diameter coax running down 135-
feet from the top of a 150-foot tower. It will have an
inductance of about 72uH. If the coax shield is
grounded at the top, as it should be, and at the 15-foot
level of the tower (a location that we shall soon see is
not optimal), then the total inductance of the tower
would be:

72 uH 36 uH Tower
Coax 15't0 150' Gl
4 uH Tower
0'to 15' AN



If the coax line traverses 20-feet horizontally to the
equipment hut and goes to a grounding kit plate having
a 6-foot long, #6 ground wire, the total shield induc-
tance for this path is 12.7uH. To account for each
directional change - one for the coax bend at the tower
and one for the ground plate, 1uH was added. This
figure is used to facilitate calculations. The real value
for a sharp bend is more in the order of 0.15pH and is
dependent on the size and shape of the conductor.

A perfect conducting ground system (with a non-
inductive connection) is assumed. With a 2ps rise time,
18kA constant current strike hitting the tower, an L
di/dt of 243kV will exist between the top of the tower
and the bottom!

GROUNDED ANTENNAS:
THE BEST WAY

For a long time antenna manufacturers have been
utilizing shunt fed and dc grounded antennas as a means
of providing some form of lightning protection to their
customers. It has been proven that these antennas do
work and should be used as a means of diverting a
portion of the direct strike energy to the tower and its
ground system. Unfortunately this protection is to help
the antenna survive and not your equipment. A direct
hit, or even a near hit, can ring an antenna whether it is
grounded or not; after all, it is a tuned (resonant)
circuit. However, only a grounded antenna can handle a
direct hit. The ringing waveform will contain all
resonances that are present in the antenna. This means
both "on frequency” ringing and other frequencies will
be present which will propagate down the transmission
line towards your equipment. The "on frequency”
energy will not be attenuated by a high Q duplex filter

or a 1/4 wave grounded stub being used as a protector.
In both instances, the energy will pass right through.
Also, if we look at a typical dc grounded/shunt fed
antenna at the top of our 150-foot tower example, both
the center conductor and shield will be at the same
243kV potential above ground at the antenna feed.
Although the grounded antenna will help prevent arc
over of the transmission line, it will have a 6kA peak
current traversing the coax. The same parallel tower
segment will have 12KkA. (Coaxial surge current
propagation between the center conductor and shield is
addressed later.) The shared strike current, between the
tower and the coax, will contain mostly low frequency
components. (A non-grounded antenna will arc over
between center pin and shield, creating major high
frequency ~components  that will traverse the
transmission line to your equipment.) The lack of high
frequency components is due to both the grounding of
the antenna and the inductance of the tower/coax which
acts as a "filter". The antenna ringing, with much
higher frequencies, will ride on top of these lower
frequencies towards your equipment.

IT'S WRONG!

As we look at the junction point of the coax and tower,
we see the tower will carry the major part of the surge.
The ground plate will have 4.3kA delivered to it and be
clevated to 7.3kV above system ground. Hardly a
ground is it! This is only true for this configuration.
Add another coax line or a grounded guy wire and it is
completely different. (The purpose of this exercise is to
show that the grounding of the coax at this elevated
point on the tower is wrong. There is a better way of
addressing this grounding.)

eml lw

216 kv ( 24 pH
36 uH
27.4kV ( 3 puH 18kAl 3 uH
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So far, we have taken a look at the current distribution
on a self support tower for a typical strike. Now, let's
see what happens to the coax line and the connected
equipment.

If the coax line were left unterminated as it reaches the
ground plate, the coax could arc over center conductor
to shield, even if a grounded antenna was used on the
tower. This is due to the difference in propagation
between the shield and center conductor and the additive
ringing voltage. It is important to eliminate or stop this
energy from being delivered to your equipment. Since
coax lines are rarely left unused, (especially connected
to an antenna) these voltages will be converted to some
current either via an arrestor, shunt fed cavity or by
arcing over dc blocking capacitors inside the equipment.

DC ARRESTORS SHARE
SURGE WITH EQUIPMENT

Lightning arrestors with dc continuity, such as a typical
air gap, simple coaxial gas tube arrestors and 1/4 wave
coaxial stubs, cannot divert this strike voltage without
sharing some of it with the equipment. This "sharing"
for dc continuity spark type arrestors, occurs during the
time period between zero volts and when the threshold
for turn-on has been achieved.

For 1/4 wave coaxial stubs, from 2GHz and down, the
inductance of the stub will allow several hundreds of
volts to be presented to the equipment (357Vp measured
for a 900MHz 1/4 wave stub with a 40kA 8/20us
waveform). This is due to its inherent L di/dt inductive

voltage drop, along with perhaps making the on
frequency antenna ringing voltages greater, because of
its own high Q ringing. All of this assumes your
equipment has internal capacitive coupling to the center
conductor of the coax line. If it doesn't, such as in the
case of a shunt fed repeater duplexer, the lower
frequency voltages are immediately converted to a
current. In this case, these dc continuity type arrestors
would be useless in stopping the surge current because
the sparkover arrestor would never turn-on and the 1/4
wave stub will share surge current with the equipment.

SURGES DAMAGE
DUPLEXERS AND ISOLATORS

Not all duplexers have shunt feeds, but those that do
can handle some amount of the lower frequency
lightning surge current if properly grounded. It depends
on the length (frequency band), the size of the shunt fed
loop and the stiffness of the loop. (It is really best to
prevent the lightning energy from ever entering the
equipment hut, let alone the equipment itself. Not doing
s0, is like letting the wolf into the hen house. It is tough
to get the wolf out without losing a hen!) Tremendous
magnetic fields can be generated in the duplexer which
can bend the loop, detune the cavity and allow even
stronger magnetic fields to exist in subsequent strikes.
The strike can also weld the cavity input connectors
together so the coax line can not be removed. The "on
frequency” antenna ringing can create large voltages
inside the cavities and cause internal arcing if an
isolator is not used. If the first piece of equipment seen
by the incoming low frequency coax surge Is an
isolator, with each strike, a gradual increase in insertion
loss will occur due to the surge current's magnetic field
orienting the ferrite material and changing the magnet's
flux density.

THE BEST PROTECTOR

The most effective type of lightning arrestor has a
special ultra-low loss, NP0, high voltage breakdown
blocking cap. This internal cap will prevent the sharing
of the low frequency surge current with the equipment
and allow the "Impulse Suppressor" to fire as the
voltage reaches the turn-on threshold. Such units are in




the patented PolyPhaser Corporation's Impulse Sup-
pressor Family. They go one step further by utilizing a
fast, low-threshold, high current handling gas tube in
lieu of the humidity/temperature sensitive air gap.

PolyPhaser has given considerable attention to the gas
tube design to insure that when transmitting, the RF
power will not keep alive the gas in the tube after a
strike. Many other protectors, even those licensed by
our patent, use a type of gas tube which will not extin-
guish properly. The transmit energy continues to excite
the tube which becomes a broadband noise generator
and will finally burn up unless the transmit power
ceases. Still other arrestors use an internal grounding
coil designed to drain any coax static voltage build up.
(There would not be any, if a dc grounded antenna were
used!) On a PolyPhaser protector, if a grounded
antenna can't be used and voltage does build up, it will
not get to your equipment. As the PolyPhaser protector
reaches threshold for turn on, it will go into a momen-
tary soft turn-on as the gas barely ionizes and bleeds the
static charge to ground. This does not create noise since
it will not get to the arc mode and lasts only a short
time. The other brand protector uses a coil. The coil is
in parallel with the gas tube and does not help filter
higher frequency components like antenna ringing, etc.
This type of design uses a simple gas tube and has the
gas tube extinguishing problem. An additional problem
of this design is the coil, which has added insertion
losses, resonances and is wound on a ferrite torrodial
core. When a hit occurs, the coil's magnetic field
orients the domains of the ferrite core and degrades the
inductance value of the coil. This causes further RF
losses with each successive hit. (Over 90% of the
strikes are of the same polarity so the effects of repeated
hits are cumulative to the core.) PolyPhaser uses only
air core coils where they are required. The coils carry a
very small inductance and create a low L di/dt voltage
drop.

Additionally on some models, PolyPhaser's built-in
bandpass filtering helps reject multi-resonances of the
antenna from reaching the equipment. (Special antenna
mounted protectors are now being tested to prevent the
on frequency ringing of the antenna.)

SINGLE POINT GROUNDING

In order to have the coaxial protector work, the
grounding must be implemented properly. As our
example illustrates: the outside coax ground plate will
rise to 7.3kV above the ground system, emphasizing the
importance of a single point grounding concept. If the
equipment has a separate path to ground, in addition to
the ground plate (such as the safety ground of the power
cord), then that parallel path will allow strike current to
flow through the equipment chassis causing problems.

Entry Panel

- Equipment
Current

Grounding equipment at bottom creates a loop and
surge current can traverse the equipment rack,
hiccupping or destroying the equipment.

Aane

p——

T/R

This shows proper grounding of the equipment. If
coax cables enter the equipment high, ground
high. If they enter low, ground low.




For small to average size equipment rooms, it is best to
sawe the equipment's input/output (I/O) protector
oound and equipment chassis tied together. The
“=iephone line protectors, coax protectors, and power
Sme protectors are then grounded either on a bulkhead
same! or mounted together on a single point ground
gt and tied to system ground. Equipment chassis
eound would then be connected by a single low
“mductance strap to this ground point.

The exterior ground system consists of the tower leg
erounds, utility ground and bulkhead equipment ground
sizkes. The radials are tied together with bare buried

SOpper WIre Or copper strap.
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LIGHTNING: CURRENT DISTRIBUTION
GUYED TOWERS

So far, we have looked at a self support tower. We can
conclude that without proper protection and grounding,
our equipment will suffer damage. Now, let's look at
the current distribution on a guyed tower. The guy
wires and grounded guy anchor points perform an
mmportant role during a lightning strike.

The same 150-foot tower, with 35-inch side widths, will
be used as the example. The use of 1/2-inch diameter
zuy cable with no insulators would look

like this:

150

A
B
C
Length  Inductance Inductance (uH)
Example In Feet In pH for 3 in Parallel
A 180.28 99.00 33.00
B 141.42 75.60 25.20
c 111.80 58.14 19.38

On a triangle base tower, where "A" is approximately
180-feet long or about 99uH each, there would be 3
"A's" in parallel or 33pH total inductance. This will
significantly change some of our L di/dt values!
Likewise, the lengths of "B" and "C" would be used to
calculate their inductance contributions. The thing to
remember is - "B" and "C" touch the main inductor (the
tower) at different heights (inductances). These heights
must be transformed into their appropriate values of in-
ductance before the values of guy point inductances can
be combined.



To keep it simple, our guy attach heights are at 150-
feet, 100-feet and 50-feet. Our complete structure looks
like this:

72 uH
Coax

TOWER + COAX + BULKHEAD
PANEL + GROUND WIRE

After re-drawing the tower circuit to:

72 uH

R

Calculating this equals about 12pH top to bottom.

When the 18kA lightning strike occurs, it will have a
voltage drop of

L di/dt = 12uH x18.000 = 108,000 Volts

2ps
from tower top to bottom ground.

This is less than half of the voltage drop of the self
support tower without guys.

The distribution of current on this set-up is a little more
complicated. Using mesh current network analysis:

18 kA 7.995 kv

15.33 kA

Guys Guys
2 Set 3 Set

Guys
1 Set

Last 15’ of
Tower + Coax + Lines

Average Coax Current is 2.79kA

The coax run to the ground plate would have only
1.26kA going to it and would be elevated to 2.14kV.
Again, this is far less than the 4.3kA and 7.3kV of the
self-support tower!

Before you pull down your self-support tower, remem-
ber, in our example we kept the same tower side width
of 35-inches and just added guys. Obviously, a guyed
tower would not be this wide, but we wanted to point
out the improvement that the guys make by using the
same size tower in our calculations.

All of the above is assuming the guys are without
insulators and the anchors are grounded together with
the tower leg grounds to form one ground system. If
this is not done, the ground resistance/surge impedance
at each guy anchor would determine the current distri-
bution.

ADDITIONAL COAX TO TOWER
GROUNDING - DOESN'T HELP MUCH

Now that we have the current distribution, let's see what
happens if we ground the coax shield; not only to the
bottom and top, but also ground the coax at the guy at-
tachment points on the tower.

A
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The new circuit would be:
26.66 uH 26.66 pH 18.66 uH
els s U

13.33 pH 13.33 pH
._/_W'\_.

33 uH 25.2 uH 19.38 uH 3uH

So the total current distribution is:

3.85 kA— 239 kKA— 1.63 KA—=
Cowax Coax

At 15
Tower Level

LYY T
161 772KA—> ] 4.84KA—=] B27KA—= | (OOkY
Tower Tower Tower

}6.43 kA ja3aka (233 kA }4.90 kA

& @

Average Proportional Coax Current is 2.733kA.

Any additional grounding of the coax, say to every
tower section, would not provide any benefit for this
size tower (150-feet and less). However, we will see
later it is important to ground the coax lines more often
when above this 150-feet level. The guy wire paths to
ground give the reduction in current on the coax.

A comparison of the two examples shows that the
grounding of the coax at each guy location will give a
higher coax current between the 150-foot to 100-foot
levels. Here it is increased 39% over the "bottom only"
grounding situation. What if we didn't ground it at the
100-foot level, but kept the 150-foot, 50-foot and 15-
foot locations grounded?

3.16 KA—
TN N

1.68 kA —

Coax

At15'
Tower Level

7.645 kV

18 kA>—¢

8.37kA —| 427kA—| 3.35kA—

}6.47 kA J410kA  (|24KkA 15.03 kA

Average Proportional Current is 2.775kA.

Now the coax currents are somewhere in-between the
levels of "grounding at each guy location" and
"grounding at the 15-foot level only".

If we look at the average coax current, we have a
maximum 2.79kA for the single ground at 15-feet and a
minimum of 2.733kA for the multi-guy grounding.
Note the voltage at the 15-foot level on each example.
They do not vary more than about 8%. This is a very
small reduction for the amount of effort and cost
involved in the additional grounding installation.

OTHER FACTORS
MUTUAL COUPLING

Another important factor that should be examined, is
mutual coupling between the coax and the tower.

Mutual coupling is the name given to the linkage of the
magnetic lines of flux between one conductor and
another. In most cases, it is described using two non-
ferrous (non-magnetic) conductors (copper - not steel).
However, in our applications, we have one of each. The
tower (steel) will cause the lines of flux to be concen-
trated in close proximity. We also need to take into ac-
count that each tower leg will share (divide) the current
passing through the tower. A coax running down one
leg would not have a very large coefficient of coupling
of flux lines, even with the steel concentration. It is es-
timated that this coefficient is only about 0.166.

Using the formula:
M=kL; L,

where K is 0.166 and L and Ly are the tower and coax
inductances, respectively.

In the self supporting tower where the tower had 40pH
and the run of coax was about 72uH, M would be
8.9uH. This is a significant amount of additional
inductance. At 18kA, our strike current and 2
microseconds rise time, this is an L di/dt of 80.2kV or a
33% increase!

In the guyed tower, the coefficient of coupling would be
the same, but because there is less tower inductance and



less current on the coax, the L di/dt is less dramatic.
The grounding of the coax shield along the tower will
segment proportionally, the amounts of mutual
inductance. The mutual inductance will then add about
7% to all inductances and voltages we have calculated
on all combinations of coax shield grounding.

PROPER GROUNDING VS
DRIP LOOPS

After looking at some typical figures for current
distribution for guyed and self-support towers, you can
readily see the magnitude of the protection needs. One
of the needs is to prevent as much current as possible
from traversing the coax line and coming to the
equipment location. Some may have heard of using drip
loops or coiling the transmission line to add inductance
to the line to choke off the surge currents from reaching
the equipment. This seems like a good idea, but re-
member, there is a limit to the voltage this coil of line
can handle before it breaks down. Also, the coil can,
depending on its orientation, actually pickup more
surge current than it reduces. The magnetic field from
the tower can couple energy, like a transformer. Take
heart - all the grounding techniques for the coax and the
tying together of external grounds to form one ground
system are true for either type tower and will help divert
a lot of the current into the ground. In addition, a good
coaxial surge suppressor is required which can elimi-
nate the center to shield differential. PolyPhaser's
protectors eliminate this differential and also stops the
sharing of the center conductor current. However, the
current which comes via the shield cannot be stopped
completely. PolyPhaser's Isolated Equipment coaxial
protectors can stop the coax shield currents as long as
the instantaneous voltage difference between the
equipment ground and the protector ground does not ex-
ceed 5kV. It won't be over 5kV if a single point ground
is used, such as a PolyPhaser bulkhead panel or a single
point ground panel.

THE REAL FIX!

It may be apparent to some, that in our example, we
may be able to do something to the grounding of the
coax shield to further alleviate the whole problem. We
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previously chose the coax exit/ground point on the
tower (the shield grounding point) to be 15-feet above
the ground system, to illustrate a point. The point 1s,
this should not be done! This is what you will see most
often in the field, even if it is incorrect. By having the
coax continue down further on the tower to almost
ground level and then ground the shield to the tower
(just above the tower leg ground connection), the
instantancous voltage gradient on the coax shield would
be almost zero. Therefore, theoretically, the coax shield
current would also be almost nil. We must say
"theoretically" because both the tower ground and the
equipment ground must not only be interconnected
(grounded) subterraneanly to have this be true, but they
must also be large enough so that ground saturation will
be minimal. Unfortunately, this does not mean you can
eliminate the coax suppressor. Remember the antenna
resonances/ringing voltage will still be present and just
because we ground the coax line at the tower's ground-
ing point doesn't mean that the differential voltage on
the coax disappears. Likewise, don't think you can fix
existing towers by running a copper conductor from the
installed grounding kits to ground. It probably would
not have anymore surface area than the tower and its
inductance value would not be zero.

Remember! The more attention and effort you put into
the outside grounding system, the less important the ac-
tual internal building grounding will become! (This is
also true if you used the Isolated Equipment type
PolyPhaser protector.)

In the following chapters you will be shown, step by
step, how to set up and measure a effective ground
system and how to ground unique installations.

THE NEED FOR PROTECTION

Skin effect is a physical phenomenon that relates to the
penetration depth into a conductor of a RF signal,
according to its frequency. This effect is present in
coax which keeps the RF signal inside and any coupled
outside interference on the shield's outer surface. This
begins to fall apart as the frequency is lowered and the
penetration, which is a gradient, begins to mix the
shield's outside interference energy with the desired
inside signal. A ground loop, which imparts 60 Hz onto
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a desired signal, is due to dissimilar grounds causing ac
current flow between points via the coax shield.

With lightning, the main frequency range is dc to about
1 MHz or so. This is in the range that affects the coax
and is called transfer impedance. The thicker the shield
material, the less the effect to these low frequency
currents. (Also, the less the bending radius and the
harder it is to work with.)

A test was performed on 51-feet of 1/2-inch hard line,
where we shorted the center conductor to the shield on
one end, simulating a shunt-fed antenna. 1050 amperes
of current was pulsed to individual .01 ohm resistors at
the far end. These current viewing resistors went to
separate channels on a digital storage scope. The most
obvious result was that the velocity factor of the shield
caused the pulse to arrive first. The center conductor
had more inductance, so the pulse was spread out in
tme. The energy (area under the curves) was exactly
the same for both the shield and the center conductor.
Since the pulses arrived at different times, a differential
voltage occurred that must be equalized and prevented
from reaching the equipment. This is precisely what the
patented PolyPhaser products do to provide the ultimate
protection.
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(
\\ Two 0.01Q Current
Viewing Resistors
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The above pulse was used on a 51-foot long 1/2-inch
hard line. One end was shorted to simulate a shunt-
fed antenna, while the other end went to separate .01
ohm current viewing resistors.

NOTE: This pulse is the algebraic summation and its
peak 1050 Amps is referenced to 100%.



SHIELD
The voltage across each .01 resistor. Here the shield
has 82.63% relative to the total pulse.
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CENTER

Here the center conductor's peak is only 48.89% of the
total. Note the area under both waveforms is nearly
equal. Each has 50% of the total surge energy.
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chapter2

"Ufer" Grounds

When building a new site, some radio installations do
not take advantage of what is known as the Ufer
ground. This grounding technique can significantly re-
duce the overall ground system impedance.

Mr. Ufer, for whom the technique is named, worked as
a2 consultant for the US Army during World War IL
The Army needed to ground bomb storage vaults in the
area of Flagstaff, Arizona. Since an underground water
system was not available and the annual rainfall was
sparse, Mr. Ufer came up with the idea of using steel
reinforcement rods embedded in concrete foundations as
a ground. After much research and many tests, it was
found that a ground wire, no smaller than a number
4AWG conductor, encased along the bottom of a
concrete foundation footing in direct contact with earth,
would give a low resistance ground. The length of the
conductor's run inside the concrete is important.
Typically a 20-foot run (10 feet in each direction) gives
a 5-ohm ground in 1000-ohm-meter soil conditions.

UFER GROUND TESTS

One of the most important tests performed was under
actual lightning conditions. The test was to see if the

Ufer ground would turn the water inside the concrete
into steam and blow the foundation apart. Results
indicated that if the Ufer wire were long (20-feet
minimum) and kept approximately 3-inches from the
bottom and sides of the concrete, no such problems
would occur. (In my many years of experience, I have
only seen one tower base with cracks that could be
considered as lightning induced. Ufers should always
be used to augment your grounding system and not to
be the entire system. Radials or radials with ground
rods should be used together with the Ufer. For those
who are afraid to use the Ufer, think about this: The
heating of the concrete is more likely if the current is
high or concentrated in a given area. This is known
as current density "J". The more surface area you
have to spread out the current, the less the current
density. Your tower's anchor bolts are in the concrete
anyway. If your ground system is poor, the current
density surrounding the bolts will be high and can
blow apart your concrete. At least if you tie in your
rebar, the area is increased and the current density is
decreased. You will see later that the corrosion will be
reduced as well.)



The UFER technique can be used in building footers,
concrete building floors, tower foundations and guy
anchors.
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A Ufer ground could be made by routing a solid wire
(#4 gauge) in the concrete or by using the steel rein-
forcement bar (rebar). It stands to reason that the outer
most sections of the rebar structure should be bonded
together, not just tied. If tied, a poor connection could
cause an arc. Because arc temperatures are very high
and are very localized, they could cause deterioration of
the concrete (cracking and carbonizing) in that area.
This has not been the case. In fact, "...it has been found
that these wire ties are surprisingly effective electrical
connections. ...One might think that the ties would fail
under fault conditions. However, it should be remem-
bered that there are a large number of these junctions
effectively in parallel, cinched tightly..." (IEEE Seminar
Notes 1970.) The use of large amounts of copper cable
coiled in the base of the tower has been shown to cause
flaking of the concrete and could, over time, also cause
corrosion of the rebar. This can occur due to the
concrete's pH factor. The use of copper conductors,
such as radials and ground rods, outside the concrete,
has not shown these problems. Using a small amount of
copper, (it works as a ratio of surface areas) such as for
a radial pigtail (short run in the concrete) will not
adversely affect the rebar during a typical 30 year tower
life.
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CHOOSING THE LENGTH

The minimum rebar length necessary to avoid concrete
problems depends on the type of concrete (its water
content, density, resistivity, etc.). It is also dependent
on how much of the buried concrete's surface area is in
contact with the ground, ground resistivity, ground
water content, size and length of rod and probable size
of lightning strike current. The last variable is a
gamble! The 50% mean (occurrence) of lightning
strikes is 18,000 amperes; however, super strikes can
occur that approach 100,000 to 200,000 amperes.

Surge Current Capacity of Rebar in Concrete

Conductor Diameter In Surge
Inches Amps/Ft

Rebar 375 3400

Rebar .500 4500

Rebar .625 5500

Rebar .750 6400

Rebar 1.000 8150

The above shows how much lightning current may be
conducted per foot of rebar for (dry mix) concrete.
Take the total linear run of wire and multiply it by the
corresponding amperes per foot, to find out how long
the ground conductor must be to handle a given strike
current. Only the outside most, three dimensional
perimeter of the cage should be counted.

Protection to at least the 60,000-ampere level is
desirable. This offers protection for 90% of all light-
ning strike (occurrences). Remember a Ufer is to be
used together with a radial ground system!

HOW IT WORKS

How the Ufer ground works is easy to explain. Con-
crete retains moisture for 15 to 30 days after a rain, or
snow melt. It absorbs moisture quickly, yet gives up
moisture very slowly. Concrete's moisture retention, its
minerals (lime and others) and inherent pH (a base,
more than +7pH), means it has a ready supply of ions
to conduct current. The concrete's large volume and
great arca of contact with the surrounding soil allows
good charge transfer to the ground.
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Stranded Copper Pigtails Used to Interconnect Tower
Ufer Ground to Equipment Hut Ground, Ground Rods,
Radials, etc.

NEVER USE THE UFER ALONE

A radial system (with ground rods, if possible) should
be used in conjunction with the tower Ufer ground. The
best way to do this is to bond two pigtails to the rebar
structure. One tail extends outward from the concrete
below the earth's surface. This tail is to be used for a
radial run. The other pigtail can be brought up, lugged
and double nutted to a tower anchor bolt or bonded to
the tower with a PolyPhaser TK series clamp. For
bigger towers additional S.S. hose clamps can be
mated in series with the TK clamp.
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Tower Leg

<—— PolyPhaser

P TK Clamp
. ﬂr #2/0 Cable
-
To Radial Rebar Ufer
Ground System ———

Ufer Ground Detail of Tower Anchored into Concrete.



chapter 3

Grounding and Materials

LOW INDUCTANCE GROUND RODS,
THEIR CONNECTION AND CORROSION

Ground rods come in many sizes and lengths. Popular
sizes are 1/2-inch, 5/8-inch, 3/4-inch and l-inch. The
1/2-inch size comes in steel with stainless cladding,
galvanized or copper cladding (all-stainless steel rods
are also available) and can be purchased plain
(unthreaded) or sectional (threaded). The threaded sizes
are 1/2-inch or 9/16-inch rolled threads. It is important
to buy all of the same type. Couplers look much like a
brass pipe with internal threads and allow two threaded
rods to be joined into each end of the coupler. Each can
be used to couple 8-foot or 10-foot length rods together.
So, a 40-foot ground rod is driven one 10-foot section at
a time (four sections and three couplers).

DRIVING THE SECTIONS

Driven rods will out perform rods whose holes are
augured or backfilled and not tamped down to the
original density. This is due to the fact that the soil
compactness 1s better around driven rods giving more
"connection” to the rod. It will be necessary to purchase
a PolyPhaser "pounding cap" (#FG 1900-0005) for

hammering or a bolt that fits the coupler. By threading
the coupler on to the top end of the rod and threading
the bolt into the coupler provides a smash proof
hammering point, saving the rod's threads. Always use
protective goggles because the end cap, the bolt or the
hammer head may chip when struck.

What type and size of ground rod should be used?
Most seem to choose the copper clad 5/8-inch x 8 or
10-foot. The rod diameter should increase as the
number of tandem rod sections and soil hard-
ness/rockiness increases. The rod diameter has minimal
effect on final ground impedance.
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ROD DIAMETER, INCHES

Three tests by different people (A, B & C.) Each took
a 1/2-inch Ground Rod which was used as a reference
and set to 100%. The Rod size was increased and dif-
ferent results are due to ground conductivity vari-
ations.
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MATERIALS

Rods may be clad with copper to help prevent rust. It is
not primarily for better conductivity, as many think. Of
course, copper cladding is a good conductor, but the
steel it covers is also an excellent cenductor when
compared to ground conductivity.

The thickness of the copper cladding is important when
it comes to driving the rod and when the rod is placed in
acidic soil. Penetrating rocky soil can scratch off the
copper and rust will occur. Rust, an iron oxide, is not
sonductive when dry, but it is fairly conductive when
wet. Depending on the water content, a less expensive
{consumer-type) ground rod may be used. In acid
zround conditions, such as in an evergreen area, the
sopper will be attacked. The thicker the copper
ladding, the longer the rod will last. Industrial-quality
zround rods are available from local electrical supply
souses. Approximate cost is $11.00 to $15.00 a 10-
#ot length for 5/8-inch copper clad rod. Couplers are
2bout $5.25 each. A swimming pool acid/base tab type
sster can be used to determine the soil pH. By mixing
= distilled water (50/50) and washing the mud off with
Zstilled water, the tab color can be read. Remember,
st because the ground system isn't visible, doesn't
mean it will last forever! It will need to be checked or
=aintained on a regular basis.

ABOUT CORROSION

Corrosion is an electromechanical process which results
= the degradation of a metal or alloy. Oxidation,
siting or crevicing, de-alloying, and hydrogen damage
2= but a few of the descriptions of corrosion. Most
metals today are not perfectly pure and consequently
when exposed to the environment will begin to exhibit
some of the effects of corrosion.

Aluminum, such as that used in PolyPhaser's coaxial
srotectors, has an excellent corrosion resistance due to
2 | nano-meter thick barrier of oxide film which
mstantaneously forms on the metal. Even if abraded, it
wall re-form and protect the metal from any further cor-
msion. Any dulling, graying, or blackening which may
subsequently appear is a result of pollutant accumula-

=0n.

Normally, corrosion is limited to mild surface roughen-
ing by shallow pitting with no general loss of metal. An
aluminum roof after 30-years only had 0.076mm
(0.0003 inch) average pitting depth. An electrical cable
lost only 0.109mm (0.0043 inch) after 51-years of

service near Hartford, Connecticut. Copper such as
C110 used in our Bulkhead Panels has been utilized for
roofing, flashing, gutters and down spouts. It is one of
the most widely used metals for atmospheric exposure.
Despite the formation of the green patina, copper has
been used for centuries and has negligible rates of
corrosion in unpolluted water and air. At high tempera-
tures some copper alloys are better than stainless steel.

If you were to join copper to aluminum or copper to
galvanized (hot dipped zinc) steel with no means of
preventing moisture from bridging the joint, corrosion
loss will occur over time. This is the accelerated
corrosion (loss) of the least noble metal (anode) while
protecting the more noble metal (cathode). Copper, in
this example, is the more noble metal in both of these
connections. See the Noble Metal Table, on the next
page, for a ranking of commonly used metals.

Where the connection is with galvanized steel, the zinc
coating will be reduced allowing the base steel to
oxidize (rust), which in turn will increase the resistance
of the connection and possibly over time compromise
the integrity of the mechanical structure.

The aluminum will pit to the copper leaving less surface
area for contact and the connection could become loose,
noisy and even allow arcing.

These joint corrosion problems can be prevented by
using a joint compound which can cover and prevent the
bridging of moisture between the metals. The most
popular compounds use either graphite or copper
particles embedded in a grease. As the joint pressure is
increased, the embedded particles dig into the metals
and form a virgin junction of low resistivity void of air
and its moisture.

The use of a joint compound has now been adopted as
the recommended means for joining our coaxial protec-
tors to our bulkhead panels for non-climate controlled
installations. We have been supplying copper joint

compound for our bulkhead panel ground strap connec-
tions. We have tested this compound with a "loose"




1 square-inch copper to copper joint and have found it
to handle a 25,500 ampere 8/20 waveform surge with
no flash over and no change in resistance (0.001 ohms).
We have even wiggled the loose joint before and after
the surge and experienced no change in its resistance.

The connection of a copper wire to a galvanized tower
leg should be avoided even if joint compound is used.
The primary problem here is the low surface area
contact of the round wire with the (round) tower leg.
Consider using two PolyPhaser TK series stainless steel
clamps. The TK clamps will help increase the surface
area of the connection, as well as provide the necessary
isolation between the dissimilar metals. Don't forget to
use joint compound on exposed applications of the TK
clamps. For an even more effective connection, use
copper strap in place of the wire with one TK series
clamp.

Silver oxide is the only known conductive oxide. (This
is one reason why PolyPhaser's N-type coax connectors
are all silver with gold center pins.) Copper oxide is not
conductive and the proper application of joint com-
pound will prevent oxidation.

If copper clad ground rods are used, make sure the
oxide layer is removed. PolyPhaser Corporation makes
a Copper Cleaning Kit (CCK) that has all the necessary
items (abrasive pad, joint compound, finger wipes and
instructions) to make a good copper connection. Tinned
wire should not be used together in the ground with
copper ground rods. Tin, lead, zinc and aluminum are
all more anodic than copper. They will be sacrificial
and disappear into the soil. It is recommended that all
components be made of the same external material.

Utilizing the above technique can make the difference
between a site that stays on the air and one that requires
a lot of maintenance after a short period of time.
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MAGNESIUM 000 -071 ~-161 -1.93 -197 -212 -223 -224 -271 -317 -336  -3.87
ALUMINUM 0.71 000 -090 -122 -126 -141 -152 -153 -200 -246 -265 -3.16
ZINC 161 090 000 -032 -036 -051 -063 -064 -110 -156 -175 -226

L IRON 193 122 032 000 -004 -0.19 -030 -031 -078 -124 -143 -1.94
E CADMIUM 1.97 126 036 004 000 -015 -027 -028 -074 -1.20 -1.39 -1.90
S NICKEL 212 141 051 019 015 000 -0.41 -012 -059 -1.05 -124 -1.75
N TIN 093 152 063 030 027 011 000 -001 -047 -094 -112 -1.64
g LEAD 904 153 064 031 028 012 001 000 -046 -093 -111 -1.63
E COPPER 2.71 2.00 110 078 074 059 047 046 000 -046 -065 -1 16
SILVER 317 246 156 1.24 1.20 105 094 093 046 000 -019 -0.70

I PALLADIUM 336 265 175 143 139 1.24 1.12 1.1 065 019 000 -0.51
GOLD 387 316 226 194 190 175 164 163 116 070 051 0.00
_ LIES'S INO B LI 15000

Noble Metal Table: Accelerated corrosion can occur between unprotected joints
if the algebraic difference in atomic potential is greater than + 0.3 volts.
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