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Secrets of Transmission Lines
Part I: Intra and dummy load project.
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C
onsidered. as a group. rad io
hams are a fairly inquisitive
bunch. interested in a variety

of thi ngs. There are a large number of
subgroups within the fraternity. Some
arc intere sted in the competitive as­
pects and fight for the DXCC awards.
and others are avid co nteste rs. Some
are simply rag -chewe rs who like to get
together with cronies n il a net and di s­
cuss nearly a ny topic . So me are tinker­
ers who have to try the newest in slow
scan or live TV or whatever. A few are
hardware developers who build ne w
and d iffe rent equipment.

One thi ng is a bit surp risi ng . Consid ­
ering. the technical nat ure of the hobby,
the percentage o f electrical e ngineers
is relatively small . Ham rad io attracts
peo ple from all wal ks o f life . We a ll
have to pass theory tests to obtai n o ur
licenses. but fo r most th is consists o f
buyi ng a "q uestion and answer" study
book aimed at a part icular library or
pool of questions. II can he argued that
this approach does no t necessari ly im­
part a fundamental know ledge of the
topics.

This series is intended for those who
wo uld like to go a littl e further down
the tech nical road . The object and sty le
o f the writi ng is ai med at impart ing a
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fundamental understand ing of trans­
m ission lines, impedance matching.
and the S mi th chart without necessar­
i ly using a lot of h igh powered math­
ematics. Each to pic will be portrayed
with easi ly repeated physical experi­
ments to be performed with stuff to be
fou nd around most ham shacks. In
so me case s. computer-ge nerated art
w ill be used to ill ust rate the po int. The
intent is to promote fundamental un­
derstanding ra ther than mathematical
rigor.

Contents or the series

The series will be broken down into
the followi ng blocks:

I , Review of DC fundamentals.
2. Review of AC fundamenta ls.
3. Fu ndamentals of transmission lines.
4. AC steady state transmission lines.
5. The Smith chart.
6. Impedance matching .
The review of DC and AC fundamen­

tals is included because so me grasp of
these topic s is esse ntial to an)' under­
s tand ing of the operation of transmi s­
sion lines and the subjec t of impedance
matching . Wherever possible, a physi­
cally visualizablc example, experiment.
or illustration is presented.

Whi le we ha ve noted that h ig h-pow­
ered math is a voided . some math is
nece ssary, and some knowledge of
high-sc hoo l- level trigonometry and a l­
gebra is he lpfu l. Most o f the e xperi­
ments intended to illustrate the po int
ca n be performed with read ily avail­
able hardware ite ms. a muhimcter, a
two meter handheld transmitter, so me
junk box parts, and so me spare coax.
cable . A calculator with trigonometric
functions is he lpfu l hut not mandatory.

Let's see how we can get started on
this venture.

I>C fundamentals

In thi s sectio n. we sha ll co nsider
only co ntinuo us d irec t currents such as
one might obtain from a fl ashlight bat­
tcrv and so lid wires a nd resistors . Turn
o n and turn off arc no t co ns idered . As
a beginning , and for o ur purposes here .
the most sig nifi cant part o f under­
standing DC ci rc uits is described by
O hm's law, named aft er George S imo n
Ohm. In words. it states that the cur­
re nt flo wi ng in a circ uit is proportiona l
to the vo ltage fo rci ng the c urrent d i­
vided by the circuit resis tance .

Fo r a physical analogy, consider the
illustration in Fig. I (a) . We ha ve a
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the work the machine would do. He
found that the We lch ponies walking
on a circular track driving the pumping
machine could average 550 foot
pounds per second, so this va lue was
adopted for the " horsepower." How do
we relate th is to electrical work7

In Fig, 1. the analogy for the ampere
was chosen to represent a flow rate
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Power

flow in gallons per minute (or cubic
centimeters per second), which is more
or less analogous to a measurement by
the ammeter in the electrical circuit. If
we shorten the soda straw to half the
original leng th. the flow will double.
Similarly, if we halve the resistance in
ohms. the current will double. We don't
want to carry this analogy too far, be­
cause there arc differences between the
way water flows through a pipe and
electricity flows in a wire. but as far as
it goes, the analogy is satisfactory.

To understand the quantity power,
we must differentiate it from the physi­
cal concept of work. Work is defined
mechanically as the product of force
and distance. Power is de fined as the
time rate o f doing work. If you lift a 5
pound weight two fee t. yo u have done
5 x 2 = 10 foot pounds of work. To cal­
culate power, we must know the time it
took 10 do that work.

When J ames Watt started selli ng
steam engines to mine owners for
pumping water out of mines, he had to
come up with some way of describing
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container filled with water, a soda
straw attached to let the water out, and
a container to catch the water. The
height of the water above the soda
straw (H) is analogous to the battery
voltage (E) in Fig. l(b). The length of
the soda straw (I.) is a nalogous to the
resistance (R) in the e lectrical c ircuit.
With the measuring cup and the stop­
watch we can measure the time it takes
to fill the c up , thus g iving us the water

I

Fig. J. (a) Ohm 's law analog)', (b) Ohm 's
law in a circuit.
( I- I) F. .- =,

R
(1 -2) volts

= amperes
ohms

Fig. 2. Series circuits.
(1 -]) E = E, +E2 + ·· ·Ell
(1-4) E = iR. + iR2 + · · ·iR II

(/-5) E
::-----:::=--::- = ,
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Fif:. 3. Parallel or shunt circuits.
(1-6) i = i l + i ,+ ·· ·j. "
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( • ) I = - , = - , = -
I R 1 R " R

I ,
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"
(l -Y) Theil , i = EG ] + EG z + · ·· EG n

(1-10) i = E(G ) + G l + .. -G n )

versus time. The ampere is actually a
time ra te unit. An ampere is defined as
an electric tlo w rate of one coulomb
per second, which corresponds to 6.25
x 10 1 ~ electrons per second . A fantasti-
cally large num ber! The product of the
force in volts times flow in coulombs
per second IS power. Th us force In

volts times current in amperes is watts.
746 watts equal one horsepower.

Substitution for E or I from Ohm's
la w also give s useful re lati onships for
power.

P twans) » Ex i = i l x R = E2 / R
Depending upon the situation, one of

these may be more usefu l than others.

Ki rchhoff's Jaw

Kirchhoff' s law states th at the alge-
braic sum of the currents at a j unc tion
is ze ro; in other words, the number of

70..
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Fig. 4. 11Ie Wheatstone bridge. If R =R, I 2

and R, = R~. voltage A =Band 110 Clirrel/f

flows ill galvanometer: Also True if RIR" =
R/R~
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electrons lea ving the j unction must
eq ual the number entering it .

Thi s is fairl y easy to visualize. Sup­
pose that we have the intersection of
three streets , each ending at the inter­
section. If one of the stree ts is one way
inbound and the other two arc one way
outbound. then the sum of the cars on
the two outbound streets must equal
the n umber o f cars on th e inbo und
street. If it were less. cars would accu­
m ulate at the j unct ion, and if it were
more we would have to create new cars
at the junction.

Combining loa ds

W he n there is more than one resi s­
tance in a c ircuit. the va lues m ust he
combined in some fashion to so lve the
circuit. In Fig . 2, we see a series-con­
ncctcd circ uit consis ting o f re sistances
R I, R2 ... to Rn. In this circuit, the cur­
rent i passes throu gh all o f the resis­
tors. In th is case , the sum of the
vo ltage drops across the resis tors
wo uld equa l the batte ry voltage. and it
is possible to simply add up the resis­
tances and di vide the battery vo ltage
hy the sum.

With the parallel or shunt c irc uit . we
see that the input voltage E is present
across all of the re sisto rs and we must
add the currents to satis fy Kirc hhoff' s
law (see Eqn 1-6). Now the individ ual
currents are gi ven by the equations in
1-7. If we make the substitution o f
Eq n 1- 8, we can rewrite Eq n 1- 6 as
Bq n 1-9, and. fac toring o ut the E. we
obtain Eqn 1- 10.

The subs titution of Eqn 1- 8 trans­
lates from resis tance into co nductance.
The units of G are in conductance
given in e ither mho in o lder te xts or si­
cr ncns in ne wer texts. A re sis tance o f
I ohm is equal to a cond uctance of one
siemens. A resistance of 10 ohms wo uld
be equ ivale nt to a cond uctance o f 0. 1
siemens. When working with parallel
o r current combining circuits. it is more
convenient to work in conductance .

In terms of cond uctance in m ho:
P(wans) = E1 x G= illG

The Wheatstone brid ge

T he Wheatstone b ridge is a very
practical circuit that finds use in many
places and is parti cularly helpful in

impedance m atching in strume ntatio n.
It is show n here m ainly because it rep­
resents a basic bal anced circ u it repre­
se ntative o f many RF and transm ission
line measuring systems. It may he seen
th at if R I = R2, poi nt A is at a po tent ia l
eq ual to E/2 . If R3 = R4. the same is
true for point B and no current will
flow in the galvanome ter (whi ch is
simply a very sens itive zero ce nter am­
meter). Voltages A a nd B will a lso
equa l the ratio bet ween R I and R2 .
which equals the ratio between R3 and
R4. In some transmissio n line ins tru­
ments RI = R2 = R3 = 50 ohms. In th is
case, the bridge will nu ll when the
transm ission line, subs tit uted for R4, is
50 ohms. Thi s gets a tad ahead of the
text, but it rep resents an important case
in which the VS WR is 1.0: I .

A practical example

For a practical example, we will look
at the design and construc tion o f a
d ummy load or dummv an tenna which

•
we shall usc later in the program. This is
some thing you shou ld have around the
ham shack anyway. Since the re sistors
are going to be parallel ed , we will
work in cond uctance.

To begin w ith , we would like to ha ve
the unit handl e the o utput of a conven­
tional transceiver. With a nomi na l 100
watt transceiver, a 50 watt load is usu­
a lly adeq uate for most measure ments.
s ince the transceiver is usually not ca­
pable o f long- term key-dow n output in
excess of 50 wa tts average. We can get
a ra ting like th is hy paralleling about
25 resistors w ith 2 walt rati ngs. Note
th at an RF d um m y load cannot he built
using wirewound resistors-s-e ven so­
called non-inductive ones. Carbon com­
position or me tal film types are suitable
to 30 o r 50 MHz.

The illustration o f Fig. 5 shows the
general construction. A "cordwood"­
type construction is used . Two pieces of
11I 6-inch printed circu it hoard , prefer­
ably the fi berg lass type, are cut and
drilled with a reg u lar drill p lan on 0.5­
inch centers . The hoards may be
stacked , foi l side out, and drilled si­
m ultaneously. The se lected resistors
are a litt le less than 3/16 of a n inch in
diameter, so there is p lenty of air space
between them. T his is important for
cooling .
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Conclusion

The next section will deal with a lter­
nating current fundamentals. where we
will look at some of the differences
between AC and DC. fa

resistor body 1/4 inch below the under­
sidc of the top board, solde r the lead in
place. Clip off the excess lead protrud­
ing from the top. Avoid soldering any
leads on the bottom board unti l all re­
sistors are soldered on the top board.

After soldering the last resistor on
the top board, tum the assembly over
and solder each resistor on the board
with the inp ut fitting . Clip the leads
after soldering.

You now have a relatively sturdy
"cordwood" assembly. Measure the re­
sistance across the input connector. If
it is less than 50 ohms, you can correct
it by clipping one or more resistors.
Suppose that the resistance measures
48 ohms or 0.0208 mho. At 1200 ohms.
each resistor represents 8.33..( mho, so
clipping out a single resistor should
bring the conductance to 0 .01967 mho
or 50.08 ohms.

On the other hand. if the resistance
is 100 high. say 5 1 ohms. you can add
another resistor in one of the vacant
holes.

Actually. the 51 ohms would probably
be acceptable. However, let's examine
what would be required to correct it.

51 ohms = 0.0196 mho, so 0.004 mho
would bring the unit to 0.02 mho.
However, let's be careful here. For 50
watts dissipated in 0.02 mho, the voltage
IS :

P=E2xG
50/0.02 = E'
E= 50 V
and in the 0 .004 m ho correcting re­

sistor :
P = 50 x 50 x OJX>4 = 10 watts
For a safe rating, you would like to

make up the 0 .004 mho with 5 each 2
watt resistors , so each should have a
conductance of 0 .004/5 = 0 .0008 mho.
You would need 5 each 1250 ohm re­
sistors to make up the error.
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Fjg. 5. Dummy load project. Resistors are
2 wan metal oxide 5%, J200 a nominal,
Tech America #900-0820.

After the small holes are drilled, en­
large the hole marked C in the drawing
on one plate only to accept the chassis­
type connector you intend to use. A
BNC is shown. but you could just as
easily use a UHF or type N. Make sure
that a 50 ohm connector is used.
Mount the connector and solder a lead
in its center conductor about 1.25 inches
long. You will note that 27 holes are
called for and one is occupied by the
cente r conductor.

The target resistance for the dummy
load is 50 ohms or 0.02 mho. With
nominal 1200 ohm resistors at 5% tol­
erance. the actual resistance of any re­
sistor could lie between t 140 ohms
and 1260 ohms, or between 8.77-4 mho
and 7.94-4 mho. Dividing 0 .02 by these
numbers tells us that we need between
22.8 and 25.2 resistors respectively.
Unless a check with a good digital
ohmmeter shows that they are running
consi stently low in resistance , I would
load 25 resistors in to the unit.

Load all of the resistors onto the
board with the connector. Hold the
board with the connector s ide down.
Next, clip the upper end of each resis­
tor lead about a ha lf inch above the re­
sistor end. Clamp the upper board one
inch above the connector carrying
board. You may have to make some

spacers for this. Next, steer the leads ~==============~
one at a time through the appropriate I
holes in the upper board . Working
from the cente r out. slide the resistors
in one at a time. When they have the




