














































































vertical phased arrays: 
part 6 

Building the array 
and measuring 

performance 

In  this final article of my series on vertical phased 
arrays I will discuss some of the practical aspects of 
putting up an array - how to build it, how to con- 
struct networks, and how to take measurements. I will 
also address a few questions readers have raised about 
my previous articles. 

siting elements: 
with respect to the world 

Situating elements by eye can be deceiving. Hav- 
ing said this, I am absolutely certain that some will try 
it, nevertheless. Hopefully, you will discover any er- 
rors before a large radial ground system has been in- 
stalled. Unlike adjusting the elements of a rotatable 
Yagi, adjusting the spacing of a ground-mounted ver- 
tical phased array is a major undertaking that may re- 
quire several weeks of effort. If you know the varia- 
tion from true north that your magnetic compass tells 
you is north, fine. Otherwise, the best way is to line 
up with the north star, Polaris. This star is easy to 
locate; the outer two stars outlining the dipper of the 
Big Dipper form a pointer to Polaris. I have a 4-square 
array whose major lobes are turned off of the desired 
directions because I failed to determine the local mag- 
netic variation. Sources for this information include 
your local airport, any office of the FAA, or persons 
associated with private aviation. Determine whether 
the variation is east or west. Generally, this variation 
will be west for those located east of a line running 

through Chicago and Miami and east if located west 
of that line. For example, at New York City the varia- 
tion is approximately 12 degrees west. This means that 
true north for a magnetic compass pointing at north 
is 12 degrees rotated clockwise toward the east. This 
variation from true north slowly changes with time; 
if your information is more than 10 years old, find a 
more recent source. 

Since most of these arrays have half-power beam 
widths of 90 degrees or more, why be so concerned 
over a few degrees? For forward gain small errors in 
pointing do not matter much; we are more interested 
in the directions in which the beam should not be 
pointing. Just as with Yagis, it is far easier to deter- 
mine the direction of nulls than maxima. This is im- 
portant diagnostic information: to the extent that these 
are in the directions and reduced with respect to for- 
ward gain as predicted, we have a reliable validation 
of the design. 

siting elements: 
within the array 

Accurately locating the elements of an array, par- 
ticularly if they are not to be in line, isn't as easy as 
it might appear. Getting the correct angles is the prob- 
lem. Euclid had the right idea; three points not in a 
straight line uniquely define any triangle. Using wire 
with little or no stretch (steel or aluminum fence wire 
is excellent), carefully measure out three lengths, each 
equal to a side of any triangle that outlines all or part 
of your array. Join the ends, and with two helpers, 
pull the wires taut, you'll have three points accurately 
located with respect to each other. If your array is tri- 
angular, you're all set. If it's a Csquare, you have only 
to locate the fourth element with the same wire tri- 
angle by turning it over on its diagonal. Triple-check 

By Forrest Gehrke, KZBT, 75 Crestview Road, 
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table 1. Single 80-meter element tubing requirements. 
quantity length diameter wall 

3 10' (3.05 m) 1-112" (3.81 cm) 0.125" (3.18 mm) 
1 10' (3.05 m) 1-114" (3.18 cm) 0.125" (3.18 mm) 
1 8' (2.44 m) 1" (2.54 cm) 0.057" (1.45 mml 
1 8' (2.44 ml 718" (2.22 cm) 0.057" (1.45 mml 
1 8' (2.44 m) 314" (1.91 cm) 0.049" (1.24 mm) 
1 4' (1.22 m) 112" (1.27 cm) 0.049" (1.24 mm) 

Additional material requirements for a single element. 

2 15" (0.38 m) 1-114" (3.18 cm) 0.125" 13.18 mml 
1 24" (0.61 m) 1-114" (3.18 cm) 0.125" (3.18 mm) 
1 18" (0.46 m) 718" 12.22 cm) 0.049" (1.24 mm) 
7 S.S. helical hose clamps approximately 2 inches (5.08 cm) OD 
9 S.S. 114"- 20 112"screws 
8 S.S. 8-32 112" screws 
1 0.250" 16.36 mm) female quick disconnect terminal 
1 0.250" (6.36 mm) male quick disconnect terminal 
1 50-238 UHF female terminal 

12" (30.5 cm) flat tinned copper braid 
500' (152.4 ml 118" (3.18 mm) nylon woven cord 

7800' (2377 m) PVC insulated No. 24 solid copper wire (100 0.3 wavelength radials) 

cumulative height 

30' ( 9.14 m) 
39'4-112" (12.00 m) 
46'8" (14.22 m) 
54'2" (16.51 rn) 
61'8" (18.80 m) 
63'6" (19.35 m) 

mating inserts 
extender 

reinforcement 

everything to be sure, because array element layout 
is one of the few physical items under your complete 
control among the factors determining array sym- 
metry. In prior articles I showed that electronic beam 
switching requires every element to operate identically 
in each of the different electrical positions of the ar- 
ray. This is a severe requirement; the best we can hope 
for is to get within 5 percent of meeting it, realizing 
that reaching within 10 percent results in a significant 
loss in FIB performance. 

For those who may want to check array patterns, 
I have observed that reception of a 1-watt signal 
source located between a 1 14 to 1 -mile distance is con- 
sistent with the pattern that is seen at the vertical angle 
of maximum radiation (but without QSB). However, 
at 20 miles this is no longer true because high vertical 
angle reflections predominate, sometimes so strong- 
ly that a positive FIB is seen. 

monopole construction 
After much experimentation with a variety of ways 

to put together tubular quarter-wave length ground- 
mounted 80-meter vertical elements, I hit upon a 
method of construction which has held up for over 
six years. It's relatively inexpensive, but has withstood 
the rigors of northeastern winters, including icing 
followed by 80 MPH winds. After failures with lighter 
designs I decided that, at least for 80 meters, any 
tubular construction must be able to withstand being 
raised in one piece. If a vertical can withstand such 
stress, then it should also be able to survive high 
winds, icing, and even the temporary loss of one or 
two of its nine guys. 

Table 1 lists dimensions of aluminum tubing that, 
when assembled into a quarter-wave element, will 
meet this criterion. Included with the table is a com- 
plete list of materials for a single element. If care is 
taken not to raise the antenna abruptly, it will stand 
tall and straight - despite all appearances to the con- 
trary - as it is brought upright. 

All tubing will telescope into its next larger diameter 
mating member except the lower 1 1 12 inch (3.81 cm) 
diameter lengths. For two of these lengths, a 15-inch 
(38.1 cm) section of 1 114 inch (3.18 cm) diameter 
0.125 inch (3.18 mm) wall tubing is bolted (using three 
114 - 20 screws) at one end with 7 112 inches (19.05 
cm) protruding, forming a mating junction with the 
next lower identical diameter tubing. The 1-inch (2.54 
cm) diameter length of tubing requires a 15-inch (38.1 
cm) length of 718 inch (2.22 cm) diameter tubing to 
be inserted for its entire length at the lower end to act 
as reinforcement because of the abrupt change in wall 
thickness at this junction. All lighter tubing is drilled 
and tapped for stainless steel 8-32 screws at two places 
spaced about 5 inches (12.7 cm) apart, at junctions. 
This is necessary to prevent the developrC.ent of in- 
termittent continuity after a few months due to wind 
vibration. The tubing, having little weight in this part 
of the vertical, cannot be depended upon to maintain 
good contact by gravity. 

This element will resonate at approximately 3800 
kHz. Inevitably, multiple elements will not resonate at 
precisely the same frequency even though they are 
identical in physical length. For exact matching of res- 
onant frequencies, a 2 foot (61 cm) length of the 1 
114 inch (3.18 cm) diameter 0.125 inch (3.18 mm) wall 
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tubing is used at the bottom of the vertical. This piece 
has tapped holes every 2 inches (5 cm) for a stainless 
steel 1 /4 inch-20 screw, which determines the amount 
of its length that can be inserted into the bottom of 
the vertical. This may be adjusted as measurements 
dictate. 

Flat braid [approximately 12 inches (30.5 cm)l is 
doubled, a 0.250 inch (6.36 mml female quick discon- 
nect terminal soldered at one end, and clamped to the 
bottom of the vertical with a helical hose clamp. I wrap 
PVC electrical tape around this to keep the doubled 
braid together. This makes a flexible, low inductance 
connection to the feeder. The coax termination is an 
SO-238 UHF female connector to which is soldered 
a male 0.250 inch (6.36 mm) quick disconnect terminal. 
The reason for these terminals will become quite ob- 
vious as measurements begin. 

Glass bottles, corked to prevent accumulation of 
rain, may be used as standoff insulators for the ver- 
ticals, since the necks happen to fit within the element 
base. 

guy wires 
Three sets of three guys, one set every 16 feet 14.88 

m) from the base, are connected by two hose clamps 
at each attachment point. One clamp acts as a back- 
stop for the clamp immediately above it, which clamps 
around the nylon guys. The nylon guy ends are tied 
with their own guy and also with one of the adjacent 
guys as additional insurance (falling tree branches can 
tear away the first tie but the fall, once arrested, 
seldom takes out the second' tie). The attachment 
areas are waterproofed with PVC tape. 

An element is raised by threading one of the three 
middle guys (usually made longer than those adjacent, 
specifically for this purpose) through a pulley which 
may be as low as 35 feet (10.7 m) from the ground. 
Since my array is among trees, I chose one to serve 
as a ginpole - which, of course, requires a real gin- 
pole if you have no trees. Identify all guys with their 
ground anchor location, and lay them out so that no 
crossovers will be necessary later. During raising, the 
two remaining middle guys should be controlled by 
helpers to restrain the element from moving to the 
right or left, and as it arrives near the vertical position, 
to restrain it from continuing in the direction of the 
raising pulley. Don't forget to instruct your helpers in 
this latter point; more than one vertical has been suc- 
cessfully raised, only to continue unrestrained on its 
path to an inglorious end as it passes the upright 
position! 

I've found that 1 I8 inch (3 mm) diameter white wov- 
en nylon cord (sometimes called parachute shroud) is 
an economical, strong, long life material for guy stays. 
This is available at K-Mart stores in 50- and 100-foot 
(15 and 30 meter) lengths. I have some still in use after 

six years. The same cannot be said for polypropylene 
rope. Even 1 /4 inch (6 mm) UV resistant material will 
fail in just two years. 

radial systems 
Installing radial systems is the dog work of building 

a low band array. It is also where the payoff - which 
too few Amateurs collect - is. There are two benefits 
to be gained with an extensive radial system: low 
losses and, more importantly, a low vertical radiation 
angle. But there's no free lunch: forget the loose talk 
you've heard on the bands about the benefit of water 
tables a foot below the surface, or being located over 
high conductivity earth. Pure water is a very good in- 
sulator, and most fresh water is too. And "high earth 
conductivity" is relative; it is very poor compared to 
the conductivity of copper. (For a perspective, see 
table 2.) Metal stakes in the ground at the base of 
your vertical give you good lightning protection, but 
not a good ground plane. Nor are there any redis- 
covered long-lost shortcuts; forty-eight radials raised 
a few feet above the ground won't provide any more 
efficiency than the same number on the ground. Un- 
doubtedly, the best of all worlds would be an island 
surrounded by seawater, but for the near-field we'd 
still want an extensive copper radial system. 

table 2. Conductivity comparisons.' 

low conductivity earth 0.0005 rnholmeter 
high conductivity earth 0.03 mholmeter 
sea water 5.00 mholrneter 
copper 58,000,000.00 rnholmeter 

The best indicator of a good ground plane is how 
close the resistive component of the radiator's appar- 
ent self-impedance is to its theoretical resistance. The 
factors affecting theoretical radiation resistance are the 
electrical length and effective radius of the element, 
assuming a uniform cross-section monopole. Top 
hats, loading coils, and other means of shortening are 
also amenable to calculation, though the mathemat- 
ics in some cases is more ~omplicated.~ For quarter- 
wave radiators this value is approximately 36 ohms. 

In practice, there's another way to make this deter- 
mination for any radiator without knowing the theo- 
retical radiation resistance. It is the kind of analysis 
we usually wind up doing anyhow. Lay out radials, 
say ten at a time, distributed equally in all directions, 
taking measurements of the radiator's apparent self- 
impedance for each group of added radials. Plot these 
points on a graph as in fig. 1 (open circuit any other 
elements of the array to avoid coupling). You will find 
that each lot of radials has less effect upon radiation 
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\ RADIALS 0 . 3 *  

RESISTANCE VS. NUM8ER OF RAOIALS 

FREOUENCY 3 . 8  MHz 
ELEMENT LENBTH 6 5 . 5  FEET llS.4mJ 
EFFECTIVE OIAYETER 1.35 INCHES 134.3mm) 
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NUMBER Of RAOIALS 

fig. 1. Input resistance of vertical antenna (includes all 
losses) versus number of radials. 

resistance than the previous lot. Assuming radial 
lengths of a quarter-wave or more, after about 100 
radials, the reduction in resistance with each added 
lot of radials is almost constant, but becomes vanish- 
ingly small (approximately 0.1 ohm). You'll notice that 
the curve on your graph has begun to flatten out; if 
you fit a French curve to this plot, you'll see that the 
plotted curve will nearly meet some horizontal line. In 
scientific terms, this is described as having become 
asymptotic with the theoretical resistance of the 
radiator; the horizontal line is a prediction of that 
theoretical value. (I am assuming negligible radiator 
element circuit losses. This is a fairly safe assumption 
for aluminum monopoles, but less safe if loading coils 
are present. More rigorously, the plot is becoming 
asymptotic with theoretical radiation resistance plus 
radiator circuit resistance.) Put another way, you've 
reached the point of diminishing returns. Although 
that point is self-definable, most experimenters would 
agree that it begins at the knee of that curve - i.e., 
at about 50 quarter-wave radials. 

An aside to single vertical users accustomed to 
rating an antenna's merits according to VSWR read- 
ings: don't misinterpret an increase in VSWR as a 
negative indication when addimg radials. Assuming 
VSWR is 1 :1 with 50-ohm coax to a quarter-wave ver- 
tical, an appreciable ratio of output power (approx- 
imately 28 percent) is being used to heat the ground 
around the radiator. A higher VSWR after adding 
radials is desirable. 

How should the radials be laid? This depends upon 
your personal aesthetics and also upon how the area 
occupied by the array is used. If you need to bury the 
radials (see "Build a Simple Wire Plow," page 107 - 
Editor), some form of protection against corrosion, 
such as PVC insulation or enamel coating, is neces- 
sary. Don't bury them too deeply; the closer radials 
are to the surface, the more effective they are. Some 
Amateurs have laid them flat on the surface and let 
grass cover them so well that limited traffic and even 
lawnmowers can be allowed. 

What about wire size? I often hear people talk about 
laying No. 6 or No. 8 BS gauge radials. Unless you 
have to protect your system from farm animal traffic, 
this is calling for a hawser when thread will do. Con- 
sider: 1000 watts output to a single vertical with 25 
radials (and assuming an apparent radiation resistance 
of 50 ohms). Each radial will be carrying all of 179 
milliamperes, and that only near the base of the 
~er t ica l .~  Given a reasonable number of radials, a base 
current measured in amperes is divided into individual 
radial currents of milliamperes, and even this small cur- 
rent rapidly decreases as we move away from the base 
of the radiator. In the absence of concern about possi- 
ble fragility, the wire size may be quite small. 

Many articles in Amateur publications have sug- 
gested using steel fence wire or steel mesh as an 
economical substitute for copper. Don't. Unless the 
material has cost you nothing, and your labor is worth 
nothing, and you plan to abandon the antenna in less 
than a year, forget it. In just a matter of months, 
galvanizing - if present at all - is penetrated and cor- 
rosion proceeds. Steel, being magnetic, has a high 
permeability, making for a skin effect much thinner 
than copper when carrying RF current. Iron oxides are 
lossy semi-conductors. The thin skin effect, combined 
with a lossy surface, results in a wire which conducts 
nearly zero RF current long before it fails to conduct 
DC or has lost physical integrity - which takes only 
about three years after installation, and much less time 
if the system is buried. My first radial system consisted 
of a combination of aluminum, steel, and copper radi- 
als. It took a couple of years to solve the mystery of 
a slow but continually rising self-impedance of sove 
of the elements in the array. In my efforts to overcome 
this rise, I compounded the mystery by adding more 
radials, which at first were - more steel radials! 

array operation measurements 
So you've constructed an array. Now you'd like to 

see how well it works. On-the-air tests are under- 
standably at the top of your list. Unfortunately, this 
is not likely to be a good proof test of proper drive 
conditions, primarily because these arrays want to 
work and may show fair performance despite being 
poorly driven. This is almost always true for gain 
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characteristics, and during some propagation condi- 
tions may even apply to F/B. So continue these tests, 
but give some thought to an old antenna man's ad- 
vice, said to have been first enunciated during the 
period of Maunder's Minimum: "One swallowe prouv- 
eth not that summer is neare."" 

A much more definitive test is a measurement of 
element currents in each of the array directions. 
Assuming you have designed the feed network for a 
1 :I VSWR, then element base current amplitudes 
measured within + 5 percent of design values and an 
array VSWR no greater than 1.15:1 in any direction 
is almost complete proof that drive is in the proper 
range, including current phase angles. Measurement 

s f  element current amplitude and phase is, of course, 
the ultimate test for drive conditons. A wideband dual- 
trace CRT is needed for this test, and since this equip- 
ment is quite expensive, may be beyond the reach of 
most Amateurs unless it can be borrowed. On the 
chance you have access to this equipment, a method 
is described in the next section of this article. 

Measurement of current amplitude, a must for any 
serious array builder, is quite easy to do. At the lower 
frequencies a high degree of absolute accuracy is not 
difficult to achieve, but good linearity is really all that 
is necessary. For example, if actual current is doubled 
(power multiplied by 41, does the reading double? For 
this purpose the meter readings might just as well go 
from 1 ampere to 2 amperes, or 400 mA to 800 mA; 
we are more interested in good linearity of readings 
than in absolute value because phased array design 
considerations are concerned only with element cur- 
rent amplitude ratios. 

Fig. 2 shows a schematic of an RF ammeter 
(photo 1). The basic meter movement may be 
anything up to 1 milliampere. I use germflnium diodes 
for the rectifier because of their low turn-on voltage. 
This simple design works well for absolute accuracy 
and linearity up to 14 MHz. Low capacitance of the 
pickup coil to RF line is important and is increasingly 
so as frequency is raised. For this reason we want a 
high permeability factor for the toroidal core (for least 
number of coil turns). A Faraday shield will provide 
even more isolation, but this additional protection is 
not necessary at lower frequencies. 

Since this ammeter is easy to duplicate, you may 
find it useful to have one for each element of the ar- 
ray because the efficiency of data collection is con- 
siderably improved. Note the use of quick disconnects 
for element terminals and associated measurement 
devices. 

'From 1645 to 1715 there were no observable sunspots, and no Northern 
Lights. (Imagine a 70-year period in which the 10-meter band never opens 
and the 20-meter band is only so-so during the day, and dead at night!) A 
British astronomer, E.W. Maunder, in 1895, was the first to call attention 
to this strange behavior of the sun. 

PICKUP COIL ' ,,(rf-Q+ 
0.03"F I n *  

METER 
- 

F37 01 FERRITE CORE 
LI r u m s  NO. mas. ENAMELED WIRE-EOUALLV SPACED 
CORE CENTERED OVER NO. 10 CURRENT CARRVINB WIRE 

fig. 2. RF current probe circuit midscale reading cor- 
responds to 1 ampere. 

Solidly constructed RF ammeter uses quick connect/discon- 
nect terminals. 

dual-trace CRT measurements 
Measurement of RF current phase angles involves 

an instantaneous comparison of sinusoidal currents at 
the bases of the elements. Since the elements are 
widely separated physically (and distance is propor- 
tional to phase), we must take special precautions to 
be sure we are really observing events in time coin- 
cidence. One way is to make these observations at 
another location of our own choosing in such a man- 
ner that all events have been equally delayed. Though 
we will see events at some time later than they oc- 
curred, they will be in time coincidence. Identical coax 
lines will meet this requirement nicely. Obviously the 
pickup coils for sampling base currents also must be 
alike, with the further proviso that the terminations of 
these lines must be alike, resistive, and match the 
characteristic impedance of the lines. (Most dual-trace 
CRTs provide 50-ohm inputs.) The line length chosen 
should be long enough to allow measurements of the 
most widely separated elements. 1 am sure you've an- 
ticipated my comment that the assurance of identical 
electrical length is not provided by a tape measure. 
Furthermore, to help ensure line identity for other 
characteristics, it would be a good idea to cut these 
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lines from a single piece of cable. (For an enlighten- 
ing discussion on the variations that may be found in 
coaxial cable, see Bill Orr's "Ham Radio Techniques" 
in the January, ' 1984, issue. 

Photo 2 shows the construction of a pickup coil fix- 
ture. This is essentially the same as that used for an 
ammeter, but without the rectifier and filtering circuit. 
More attention must be paid to ensure that the pickup 
circuits have identical RF characteristics, however. We 
can test this by connecting both pickups in series as 
sensors in the same RF current circuit, preferably a 
resistive load. The amplitude and phase of the dis- 
played current waveforms should be identical and 
should remain so when positions of pickups are inter- 
changed. If reasonable care has been taken, the phase 
difference due to pickup coils should not exceed 2 or 
3 degrees. Any small difference may be corrected for 
a particular band by connecting a mica capacitor (525 
pF) across that pickup coil which lags in phase. My 
guess is that toroid core material variations are the 
probable cause of any slight differences. It is possible 
that substitution of another sample of the same core 
might also work; I did not investigate this. 
. In my experience with this measurement technique, 
I found it to be the most productive method for fine 
tuning a feed network to get the last bit of FIB per- 
formance improvement. Because both phase and am- 
plitude changes are displayed, a much more rapid and 
intelligent analysis of cause and effect is possible. This 
comment applies with ever-increasing emphasis with 
the number of elements in the array. Lacking this capa- 
bility, my advice is, "If it ain't broke, don't fix it!"; this 
can be as frustrating as attempting to adjust the color 
matrix board of a TV receiver without a crosshatch 
generator. The fact is that if self and mutual im- 
pedances are accurately read and used for the design 
and careful construction of the feed network, the array 
will be operating very close to, if not exactly at, opti- 
mum. The few adjustments determined with the dual- 
trace CRT are surprisingly miniscule "tweaks." Al- 
though the effect on FIB can be quite marked, for ex- 
ample, improving FIB from -20 dB to -30 dB, don't 
be carried away by these numbers: the effective fre- 
quency range over which this occurs is extremely 
narrow. 

alternate methods of 
phase measurement 

One would expect that considering its importance 
in antenna applications, measurement of phase angles 
at lower RF frequencies would have received more at- 
tention in the Amateur press than it has. A survey of 
Amateur publications did not yield much except one 
very interesting article directly applicable to phased ar- 
ray  application^.^ While the author's concept is in- 
genious and well chosen, it used a differential phase 

Pickup coils provide signals for dual trace scope. 

angle readout that was analog rather than digital. Con- 
sidering the tremendous advances in semiconductor 
technology during the ten years since the article ap- 
peared, a digital readout should be possible. I hope 
that I may interest some enterprising experimenter to 
take up this challenge. 

network construction 
Several readers have commented that although the 

no-compromise advantage of 4-terminal feed networks 
is obvious, and that matrix algebra for the modular 
design of the networks is a powerful tool, they had 
apprehensions about how to turn the mathematics into 
working hardware. Some, familiar with the Pi net- 
works seen in linear amplifiers, were discouraged by 
visions of the need for the same size of components 
and the cost of construction. Still others thought the 
networks might be difficult to tune. 

None of these concerns are justified. Construction 
is actually quite simple, and with an dccurate noise 
bridge,= tuning is easy. Tuning with an impedance 
bridge is done in the same step-by-step manner as is 
the design, and one of the prime advantages of this 
method is that it allows tuning to be done at the design 
frequency. The impedance levels of these networks 
are low, being generally in the 35- to 125-ohm range. 
Since each network chain is designed to appear 
resistive at its input and deals with only a portion of 
the transmitter power, voltages are seldom above 300 
volts, even when driven by kilowatt linears. For ex- 
ample, I use postage stamp size mica capacitors ex- 
tensively (500 volt rating) and I've yet to have one fail. 
Where high impedances are encountered, for instance, 
with elements requiring very little direct drive because 
of drive coupled from other elements, the current is 
so low that high voltage is not developed. 

Photo 3 illustrates the simplicity and small compo- 
nent sizes. Thisis the feed network for my 80-meter 
4-square array.8 It is built into a 3 x 6 x 8 inch 
(7.6 x 15.2 x 20.32 cm) box on PC board, with each 
network chain individually removable. This takes the 
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place of other feed methods which require 130 feet 
(39 meters) or more of coax for this band. At today's 
prices for good quality 50-ohm coax, this alone should 
be the deciding factor, without even considering the 
superior technical merits of 4terminal feed networks. 

As can be seen from the photograph, small 100 pF 
air variable capacitors are used as trimmers. Mica 
capacitors, singly or paralleled, using their color 
coded values, are chosen to make the required net- 
work capacitance fall in the middle of the trimmer 
range. All inductors carrying significant current (and 
these tend to fall between 0.5pH to 5 pH) are air core 
using No. 10 or No. 12 B.S. enamelled copper. I wind 
these on 1-inch (2.54 cm) diameter wooden dowels, 
letting them spring up to a slightly increased diameter. 
Inductances significantly above 5 pH are wound on 
powdered iron toroids using No. 18 B.S. wire. Using 
single layer charts for the air wound coils or toroid core 
manufacturer charts, all inductors are wound to be 
well above the inductance required. A grid dip meter, 
together with a known capacitance, is used to trim 
the inductors to slightly above the required values (5 
to 10 percent). The network is constructed with these 
components and is completed with the exception that 
no network interconnections are made nor are any 
connections made to the shack line coax terminal. 

tune-up procedure 
We have to choose which direction the impedance 

bridge will look into the network for tuning it. Each 
network chain was designed to transform a complex 
impedance to a pure resistance. Since it is much easier 
to duplicate resistances than complex impedances, 
this usually determines the choice. Assuming this 
case, consider a cascaded network consisting of a 
shunt L-match followed by a Pi circuit, which is the 
typical chain from the feeder of the - 180 degree 
phased element of a Qsquare array. For example, from 
Part 4= of this series, the input impedances as seen 
at the various points of a network chain are reproduced 
for element No. 4 of a 4-square array: 

element No. 4 driving-point impedance 63.4 + j47.5 
input impedance to 100 degree 

length feeder 22.73 - j11.37 
input impedance to L-match 114.83 + jO 
input impedance to Pi circuit 114.83 + jO 

You will recall the reason for the Pi circuit was for 
phase matching, not impedance matching; therefore, 
its input impedance is the same as the impedance to 
the shunt L-match. 

The impedance bridge unknown terminal is con- 
nected to the coax terminal, to which the element 
feeder would normally be connected. The resistor 
simulating the input resistance of the L-match (115 
ohms is ok) is temporarily soldered to the input of the 
L-match at the shunt arm and ground (i.e., at the con- 

Matching network for four square vertical array measures 3 
x 6 x 8 inches (7.6 x 15.2 x 20.32 cml. 

nection point normally going to the Pi circuit). Since 
we have chosen to measure conditions in the reverse 
direction through this network, we must consider what 
we want the bridge to "see" and set it accordingly. 
At first glance, it might seem reasonable to expect this 
to be equivalent to the impedance as seen at the in- 
put to the element feeder. Not so; this is not a bilateral 
case. Instead we should expect to see the conjugate 
of this impedance: i.e., 22.73 + j11.37. If the im- 
pedance bridge reads parallel circuit equivalents, these 
must be calculated and the bridge set accordingly. If 
the reactance is beyond the basic bridge range, an ap- 
propriate extender must be used. The tuning pro- 
cedure is simplicity itself; without touching the bridge 
settings, adjust the L-match shunt trimmer for 
minimum detector output (being sure this minimum 
is within the trimmer range). If this is the normal im- 
pedance bridge null, the adjustment is complete. More 
likely, it is merely a minimum. Begin spreading out one 
of the outer turns of the inductor and readjust the trim- 
mer. Since the null is sharp and deep, use care in 
spreading coil turns to be sure you have not passed 
through the null. (I use the tapered end of a pencil for 
this.) When the L-match is tuned, move the simulating 
resistor to the input of the Pi circuit (the point nor- 
mally connected to the shack coax line terminal). In- 
stall an interconnection between the L-match and Pi 
circuit. With the bridge remaining connected and set 
asbefore, adjust the Pi circuit trimmers for minimum 
detector output and then reduce inductance by turn 
spreading. Since the Pi circuit has three interdepend- 
ent adjustments, be sure to recheck the other two with 
each tuning change. The two trimmers should end up 
in approximately the same part of their range, assum- 
ing the fixed padders are similar. Since the tune-up 
of the Pi circuit is done with the bridge looking into 
the L-match, a separate procedure for integrating the 
two networks is unnecessary. Remove the resistor, but 
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transmitter power; consequently ratings may be safely 
reduced. Since RF is being handled, ceramic insula- 
tion is advised, though I found no problem with linen 
bakelite at 80 meters. Always avoid "hot" switching 
relays. Even if they can stand it, your linear will not 
- and neither will the network, since high voltages 
will be present during switching. 

Photo 4 shows a 4-square array relay construction 
that use three small telephone-type DPDT military 
surplus relays. At first I lost several relays each sum- 
mer due to sympathetic discharges from lightning 
which would burn out the solenoids. This was cured 
by connecting a silicon high current diode in reversed 
direction across the coil in parallel with a 0.1 pF 
ceramic disc capacitor. I have since lost a few diodes 
to these discharges, but no more relays. Failed diodes 
are "shorts," so the 28 VDC supply to this system re- 
quires a protective series resistance to guard against 
this possiblity and to prevent damage to the power 
supply from the discharge. 

on rounding-off calculations 
Calculator algorithms and computer operating 

system programs use guard digits as a means of re- 
tricting degradation of accuracy due to round-off in 
repetitive calculations. All values begin with and are 
calculated to one or two digits more than shown to 
the user. For example, if a calculator displays ten 
significant digits, it actually keeps values to eleven or 
twelve digits in its internal registers. Round-off errors 
thus tend to be restricted to these extra figures and 
seldom affect anything more than the least significant 
displayed digit. Since these extra digits rarely convey 
additional accuracy, they aren't displayed. 

This concept also applies to calculations done by 
hand or with a slide rule. For example, using 3.14 for 
Pi reduces accuracy to only three significant figures 
before any.calculations are done. A few computations 
immediately reduce that accuracy. Let's watch what 
happens with a simple calculation: 

(Pi x 5P - (Pi x 78) 
= 1.57 if 3.14 is substituted for Pi. 

If 3.1416 is used the result is 1.6965. 
If 3.141593 then the result is 1.69591. 

Note that the first approximation for Pi, accurate to 
three significant figures, has produced results accurate 
to only a single significant figure in just a few com- 
putations. What is happening is that every time this 
rounded off value for Pi is used, a small erior is re- 
introduced, and in effect, the error is compounded. 

Although many calculators round off to the nearest 
decimal, most small computers, and many large ones 
toe, merely truncate values to some number of digits 
without adjustment to the nearest decimal, causing 
even more rapid divergence from accuracy if trunca- 
tion is occurring after only a few digits. 

3 x 5 x 7 inch (7.6 x 12.7 x 17.8 cm) box houses all relays 
for switching four square vertical array. 

The point of this discussion is to convince you to 
keep computations to several significant digits more 
than the accuracy you'd like to end up with. Except 
in determining rough approximations, constants such 
as 3.14 for Pi, or the number 984, expressing the speed 
of light in millions of feet per second, should always 
have two or more additional significant digits. This 
becomes particularly important when trigonometric 
functions involving angles approaching quadrant 
boundaries (for example, 0, 90, 180, or 270 degrees) 
are being used. Anyhow, in this day of ubiquitous 
calculators and computers, calculation to ten signifi- 
cant figures represents no personal mental effort. 

The following constants, important to many calcula- 
tions, are given to a level of precision more than suf- 
ficient for most applications: 

Pi 3.141592654 
e 2.718281828 Naperian logarithm base 
c 299.792456 x 106 velocity of light, 

meterslsecond 983.91049 x 1LY velocity of 
light, feetlsecond 

cmlin 2.54 (exact) Metric to English unit conversion 

Readers have inquired about the values given in 
these articles for inductances and capacitors in 
4-terminal .networks. Where, for instance, is a 
capacitor of value 734.8 pF to be obtained? Obvious- 
ly no capacitor of that value will be listed in any 
catalogue; neither could we hope to find it to such ac- 
curacy by a measurement and selection process 
without also controlling temperature, humidity, aging, 
and so on. Measuring a capacitor or an inductance 
to just three places requires careful technique. I 
showed values to greater precision in an effort to pre- 
vent (mostly unsuccessfully) confusion caused by 
round-off errors if readers attempted to work 
backwards from my values for a capacitance or induc- 
tance to compute reactances, voltages and currents. 
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But anyone can innovate with a piece of wire, and 

The author, beside his modest station, has proven that over 
260 countries can be worked on 75 meters with legal power 
and a good antenna system. 

concluding comments 
I thoroughly enjoyed putting this series together, 

even though it required far more time and effort than 
I could possibly have imagined. I hope it proves useful 
and educational, though I'm not sure whether the 
author or his readers gained more! I tried to leaven the 
theoretical with the practical, well aware of the dif- 
ficulties and pitfalls of doing so in such a technical 
subject. 

I introduced the topic of matrix algebra as a tool of 
nearly limitless versatility that literally begs to be used. 
It not only reduces the tedium of network design cal- 
culations and simplifies transformation of one network 
to another, but also makes child's play out of the cal- 
culations of inputfoutput conditions when networks 
are cascaded. It is particularly well suited to computer 
programmed calculations because the fundamental 
algorithms are unchanging; only the specific network 
parameter calculations differ. I did not begin to plumb 
the possibilities in these articles; there are ABCD pa- 
rameters specific to lattices (bridge circuits), bridged 
Tee's, all types of transformers, real coax (with loss) 
and on and on. I sincerely hope this alone has found 
fertile imaginations in which to take root. It mystifies 
me that so powerful a tool has found so little welcome 
in our engineering educational institutions. 

Antenna experimentation has always been of ab- 
sorbing interest to Radio Amateurs, whether for 
DXing, for propagation studies, superior contesting, 
or to satidy one's curiosity. Even though we have the 
ability, most of us don't have the time to devote to 
exploring the complexities of our station equipment. 

would that it will always be so. However, antenna ex- 
perimentation isn't magic; it's a technology like any 
other. Most of the fundamental principles were 
established two generations ago, though many of the 
pioneers, whom we find referenced and footnoted in 
articles and texts, are still with us. 

To Bob Booth, WBGSXV, and Mason Logan, K4MT, 
for their encouragement, advice, and careful proof- 
reading - which more than once kept me honest - 
much deserved words of appreciation. Finally, I want 
to thank you, my readers, for the many kind comments 
you sent my way via letters and on the air, and most 
of all - for your patient attention. 
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