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1 INTRODUCTION 3

1 Introduction

A Transmission line is a pair of conductors which have a cross which remains constant with
distance. For example, a coaxial cable transmission line has a cross section of a central rod and
an outer concentric cylinder.

Similarly a twisted pair transmission line has two conducting rods or wires which slowly
wind around each other. A cross section made at any distance along the line is the same as a
cross section made at any other point on the line.

We want to understand the voltage - Current relationships of transmission lines.

2 Equations for a “lossless” Transmission Line

A transmission line has a distributed inductance on each line and a distributed capacitance
between the two conductors. We will consider the line to have zero series resistance and the
insulator to have infinite resistance (a zero conductance or perfect insulator). We will consider
a “Lossy” line later in section 12 on page 25.

Define L to be the inductance/unit length and C' to be the capacitance/unit length.

Consider a transmission line to be a pair of conductors divided into a number of cells with
each cell having a small inductance in one line and having small capacitance to the other line.

In the limit of these cells being very small, they can represent a distributed inductance with
distributed capacitance to the other conductor.

r 7= 7 T T

Consider one such cell corresponding to the components between position x and position
x + Ax along the transmission line.
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The small series inductance is L.Ax and the small parallel capacitance is C.Az.

Define the voltage and current to the right on the left side to be V' and I. Define the voltage
and current to the right on the right side to be V. + AV and I + Al

We now can get two equations.

1. The current increment Al between the left and right ends of the cell is discharging the
capacitance in the cell.

The charge on the cell’s capacitance = capacitance x voltage = C.Ax.V and so the current
leaving the capacitance to provide Al must be;

Al = —2(Charge) = —2(C.Az.V)
The minus sign is due to the current leaving the capacitor.
Al = —C’.A:v.%—‘t/

AT _ _ oV
= 0%

Note the minus sign.

2. The voltage increment AV between the left and right ends of the cell is due to the
changing current through the cell’s inductance. (Lenz’s Law)

AV = —Inductance.2L = —Ax.L.%

ot
AV _ _ 7 oI
Ax L'at'

Now take the limit of the cell being made very small so that the inductance and capacitance
are uniformly distributed. The two equations then become

% = —C’.%—‘; Equation 1.
%—‘; = —L.% Equation 2.

Remember that L and C are the inductance/unit length measured, in Henries/meter and are
the capacitance/unit length measured in Farads/meter.

Differentiate equation 2 with respect to the distance x.
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x and t are independent variables and so the order of the partials can be changed.

2V __ o (09I
5z = —L.5(5;)

Now substitute for % from equation 1 above

2V __ o) oV

2V _ 92V
ox2 LC. ot?

Equation 3
This is usually called the Transmission Line Differential Equation.

Notes

e [ and C are NOT just the inductance and the capacitance. They are both measured per
unit length.

e The Transmission Line Differential Equation 3 above does NOT have a minus sign.

The Transmission Line Differential Equation 3 above is a normal 1 dimensional wave equa-
tion and is very similar to other wave equations in physics. From experience with such wave
equations, we can try the normal solution of the form

V =V(s)
where s is a new variable s = x + ut. Substituting this into the two sides of the Transmission

Line Differential Equation 3 above we get the two sides being

0’V and L 2V

Ox2 u2 " 2

Thus the form V(z 4 ut) can satisfy the Transmission Line Differential Equation 3 if and only
if

u% =LC Equation 4.
Both roots of this satisfy the Equation 3.
— 41
U=+

The two roots give slightly different solutions and so, since the equation 3 is linear, any linear
combination of the two solutions is a valid solution. Define u as the positive root

U = +\/% Equation 5.
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3 The Voltage Solution

Thus, the general solution for the voltage is the linear combination.
V = f(x —ut) + g(x + ut) Equation 6.

Where f() and g() are arbitrary single valued functions which can be very different.

1. f(x — ut) describes a wave propagating with no change in shape towards z = +oc.

2. g(x + ut) describes a wave propagating with no change in shape towards = = —oc.

4 The Current Solution

Consider one of the waves such as the “forward wave” propagating towards x = +o0.

V =V(x—ut)

From this we can show, by differentiating, that:
=g
%—Z = —%.%—‘t/ Equation 7.

Also from equation 2. above

%—‘; = —L.% Equation 2.

Equation 2 and equation 7 will have a common solution only if the two right hand sides are
the same

1 oV __ ol
war = L
V =ulL.l

This can be rewritten using u = \/%_c from equation 5.

V=\/LI

and

and the current I of the forward wave is

1=v//t

and, similarly for the backward wave
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V=—/LI

v__ /L
T =

C

and the current I of the backward wave is

I=-v/\/&

Thus the general solution for both waves for the current I is

I=(f(z—ut)—glz+ut)/ /5 Equation 7
which can be compared with the earlier equation for the voltage

V = f(x — ut) + g(x + ut) Equation 6.

5 The “Characteristic Impedance Z;”

Define the “Characteristic Impedance Z,” as the magnitude of the instantaneous ratio for either
the forward wave or backward wave. For the forward wave:

Zo = | geltese| = V| = |, /E]

For the backward wave:

Z = &l = 151 = Wl

With this definition of Z; the voltage and current equations can be written:

V = f(z —ut) + g(x + ut) Equation 6.

_ flz—ut) (z+ut)
I'= Zo -4 Zo

Equation 8.

6 Speed u of Signals

The Inductance per unit length L and Capacitance per unit length C can be calculated from
Electromagnetic Theory. The formulae depend upon the cross sectional shape of the conductors.

7 Impedances of Actual Cables

e Coaxial Cable
EM theory says that a Coaxial Cable with inner rod having diameter a and outer tube
having diameter b has
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C= 15(7%5) and
L= 4 ln(%)

- b

-l

From these, u and Z; can be
obtained
— _1

U= = and

—In(2) ~ @ " In( by

0=\&=

For a vacuuln, Of course,

Upge = W = Velocity of light and

for polyethylene, ¢, is about 4, and the speed is halved
Upolyethylene = Velocity2of light

e Parallel Cylinders
EM theory says that a pair of parallel conducting cylinders, rods or wires, with rod radius
r and center to center separation D have

C:

1n7(r€%)
L=E2In(2)
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From these, u and Z, can be obtained u = \/% and 7, = \/g = \/ 252 ln(%) ~ % ln(%)

Note that

1. in both cases the speed u is the same and depends only upon the medium. In fact, of

course, for all possible cross sectional shapes, the speed is the same u = \/% and if the

1
VHO0€0

medium is a vacuum, u = = ¢ the speed of the voltage/current signal on the cable

is the speed of light.

2. in both cases, the speed and the Characteristic Impedance depend upon logarithms of
the ratio of two distances in the cross.

e thus a big transmission line can have the same impedance as a small transmission
line if one is scaled in proportion from the other.

e For most lines it is not practical to vary the ratios g and % much more than about
2.0/1 up to 10/1. Since the In(%) ~ 0.69 and In(+?) ~ 2.3 the range of impedances
is normally within a moderate range (about 20 ohm to 200 ohm).

Some typical values can be found for Z; = 50 ohm cable with a polyethylene dielectric and
speed u = half of light = 1.5 x 108 m/s. Use the speed equation from equation 5 of section 2
on page 4 and the characteristic impedance equation from section 5 on page 6.

1 L
u:\/T—CandZoz\/g

By multiplying and dividing these equations, we can get L and C'
L=2% and C =

u Zou

For the values assumed for Z; and u

L= %ﬁfn/s = 3.333 x 1077 Henry/meter

= 333 x 107% Henry/meter = 333 nanoHenry/meter
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= 1~ Farad/m

1
C = S5 ohmxT.sx108 m/s _ T5x10%
= 1.333 x 10'° Farad/m = 133.3 pF//m

Thus a foot of RG58 cable with Z=50 ohm and u=half of light has a capacitance of
~ 0.305m/ ft x 1.333pF/m = 40 pF.

10
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8 Eleven Examples

To get a better feeling for the significance of the above, consider 11 examples.

1. “Receiver Termination or Parallel Termination with R = Z,”

LS TR.

%ﬂ:?o

Consider a transmission line which is terminated by a resistor, to ground, with resistance
R which is equal to to characteristic impedance Z,. A signal is introduced by a module
to the left (at negative x).

The general solution for V and I, from before, is
I=(f(x—ut)—g(x+ut)/Zy Equation 7
V = f(z —ut) + g(x + ut) Equation 6.

At z = 0 the V and I must obey these 2 equations and ALSO obey the equation (Ohm’s
Law) for the resistor.

V=IR=1%

These can only be consistent if the functions g() =0 so that
I=(f(z—ut))/Z

V = f(z —ut)

Thus, while there can be a forward wave, there cannot be a backward wave. Thus and
forward wave cannot produce a backward wave. There are NO REFLECTIONS.

This example with a resistor R = Z; is sometimes called using parallel termination.

2. Any Resistance Value.

Zo

=ty

-
P
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Now consider a similar signal introduced from the left but with a general value of R
instead of requiring R = Zj.

V=Ff+g
- _ 9
Zo  Zo

If V =1IR then

V=f+g=(L£—-4%4)R
fra=f% -9k
fA=F)=-g9(1+ %)
9= f(&2)

Thus the forward wave causes a backward wave. The backward wave is, in general, smaller

and we call
R=4%= (g;gg) the “voltage reflection coefficient”.
checks

e If the cable has Zy; = 50 ohm and the resistor has R = 100 ohm then
R —  — 10050 _ 1

— f T 100450 — 3

e If R = Z,, the Voltage Reflection Coefficient R = § = (gjrgg) = 2 = 0 as in the
previous example.

3. Open Circuit “Termination” R = oo

Ho H
Camtia(lan

If the cable is open circuited (ie has no resistor) then R = co ohm and using some sloppy
algebra R = & = (22 =2 = 4]

oo+ 2o 00

The backward wave will have the same size and shape as the incident right forward wave.

4. Short Circuit “Termination” R =10

e
i

If the cable is short circuited (ie has zero resistance) then R = 0 ohm and R = % =

(72) = (-2) = -1
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The backward wave will have the same size and shape as the incident right forward wave
but will be inverted.

5. Joining one cable to another.

Z,

If one cable with characteristic impedance Z; is connected to another long cable with
characteristic impedance Z,, which is so long that signals have not had time to reflect
from the far right, then lets call the 2 functions on the left as f(z—wut) and g(x+ut). Since
there is no reflection on the right, the backward wave is absent. Lets call the forward
wave on the right as F'(z — ut) or F.

The equations for the left and right parts are

V=Ff+g V=F
~4-4 -

We must have continuity of voltage at the boundary
f+ g =F when x=0

Divide this trivial equation by Z;

i _ F

ata=a

For continuity of current the currents on the two sides must be equal

J 9 _F
Zy Zy Z3

Add the last 2 equations to eliminate g;
2h = PO+ 3) = Py

2 Z1Z>
_ . 27
= f Z2+2Z1
The factor 7 = 222 is called the Voltage Transmission Coefficient

Za+7Z1
A challenge:
Prove that the reflected wave g here has the same formula as for the case of a simple
resistor discussed before but with the notation changed slightly to have the cable with
characteristic impedance Z; being terminated with a resistor with resistance R = Zj.

6. Joining One Cable to three other cables.
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Consider one Coaxial cable joining 3 other long coaxial cables with all four cables having
the same Characteristic Impedance Z. Using the subscripts f and ¢ for the original and
reflected voltages & currents and the subscripts 1,2 and3 for the voltage & current in the
three other cables, the equations to be solved are:

Ip— I, =1 + I + I3

Vit Vo=Vi=Vo=1V;3

V=421, Vyo=—71,,

Vi=Vo=Vs=4+ZL =+Z1, =+71;

All “3 other long cables” will receive a transmitted signal which is 7 times the original

signal Vy = f(z — ut).

2 27 1
— 3 — — s
7= (£+2) — Z+3Z T3

The “One Coaxial cable” will receive an inverted reflection which is R times the original
signal.

R:

olN

—Z 1-3

Zi7 ~ 13

1
2
7. When does a Cable act like a Resistor?

We have seen that a transmission line acts exactly like a resistor to any circuit driving
it until a reflection (the backward wave g) can return. As a typical speed of signals in
cables is about 0.5 of the speed of light — a typical speed in cable of 1.5 x 10® m/s or
150 mm/ns, the signal can propagate though a 1.5 meter cable in about 10 ns and its
reflection can return 20 ns after the signal was first injected. Thus such a transmission
line acts as a resistor, to any external system driving it, for about 20 ns.

How long must a cable be to act like a resistor for 1 us?
If a transmission line acts like a resistor to any external system driving it, WHY DOES
THE TRANSMISSION LINE NOT GET HOT?

8. Consider charging up a 50 ohm Transmission line via a 200 ohm resistor from a battery
with voltage F.

Consider the action when the switch from the battery is closed (ie connected). Assume
that the signals can propagate from one end to the other in a time 7.
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9.

(a)

(e)

200 Ohe A Z,= 50 Ohm B
—MA, —

Fa
|_

<||_4-ll"

During the first 2T, the transmission line acts as a simple 50 ohm resistor to the
battery, switch and 200 ohm resistor. Thus, the junction point A rises as a “step
function” to a voltage

— _ 50 —
VA—mE—O2XE

During the first T, this signal (a 0.2E step function) propagates down the cable
and meets the open far end B. It reflects at the far end with a voltage reflection
coefficient of R = 41.0 and so a reflected 0.2E step function comes back. Thus after
time T, the voltage at the far end rises to Vi = forward wave + reflected wave =
2x02x EFE=04F

At the end of the first 2T, the reflected step function (0.2E) meets the near end A.
Seen from the cable, the resistance to ground for any voltage change is (200 ohm
+ any resistance of the battery). For all normal batteries, the internal resistance is
very small and much smaller than 200 ohm so we can neglect it. Thus the signal
meets 200 ohm to ground.

Part of the signal (0.2E) reflected signal is reflected again with a voltage reflection
coefficient of

__ 200—50 __ 150 __
R = 200450 — 250 — 0-0

and so a reflection of a reflection, now 0.6 x 0.2 x E = 0.12 x E, will be sent to
towards the far end again.

At time 3T, the reflection of a reflection, 0.12E, will reach B and bounce there again
with R = 4+1.0 adding 2 x 0.12F = 0.24F to the 0.4E already there and reaching
0.64E.
At time 4T, the third reflection will reach A again and bounce with R = +0.6 and
SO on.

The result is a series of diminishing steps at both ends of the cable gradually rising up
until both ends are nearly at voltage E of the battery.

“Source Termination or Series Termination with R = Z;”

e catted

(m2)

o

[t
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10.

The first example with a resistor R = Zj is sometimes called using parallel termination.
While it has the advantage of causing reflections, it has the disadvantage of requiring a
steady current from the driving circuit to maintain any unchanging signal. When it is
important to minimize the power spent by the driver, some folk use series resistors as
shown above.

Note that we assume here that the driver has a low output impedance and the receiving
module has a high input impedance.

[Be careful, the terms parallel termination and series termination are often
mis-used. For example, one can buy “series terminations for SCSI busses on
computers. Although these little modules are plugged in series to the other
modules on a SCSI cable, the SCSI cable carries its own grounds and supplies
and the module is really a parallel termination connecting each signal line via
a suitable resistor to a voltage of about +3V.]

The signal of voltage E injected on the left passes through a resistor with resistance
R = Zj before it reaches the transmission line. Thus for the first few nanoseconds, the
signal on the cable is 0.5E.

This signal travels to the far end where it bounces with voltage reflection coefficient
R = +1.0 and the signal received by the receiving module is 2 x 0.5F = F.

The reflection travels back to the near end where it “sees” a total resistance to ground of
R = Z,. Here the voltage reflection coefficient R = 0 and no further reflections occur.

Advantage of Source Termination

— lower power load in the resistors and the drivers since there is no current for steady DC
signals.

Disadvantage of Source Termination

— if the transmission line has two or more receiving units, then the unit near the end of
the transmission line sees a single clean transition from 0 to E. However, a unit part-way
along the transmission line will see a voltage step from 0 to 0.5E then, later, a second
voltage step from 0.5E to E.

The extra step will change the final signal shape and may confuse a number of analog
signal recorders. Many digital circuits will misbehave if given an input which is half-way
between logical 0 and logical 1.

Consider a sinusoidal wave form for both the forward wave and the backward wave with
equal amplitudes and parameters.

V = forward + backward

V = asin[** — wt] + asin[#* + wi]

This can be changed using SinA + Sin B = 2 Sin((A+B)/2)Cos((A-B)/2) to

V = a 2sin[*3%] cos|wt]
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11.

9

Note that the dependence upon position x and ¢ has been separated and even though two
signals are involved there appears to be no propagation. Also the signal at any point is
simply an alternative voltage.

Signals like these can be caused by simply reflecting a sinusoidal input from an open or
very high impedance at the far end, appear as standing waves. At some positions, the
amplitude of the alternating voltage is zero and at other positions the amplitude of the
alternating voltage can be 2a.

A puzzle

Regard the jumper cable you use to start a car with a flat battery from another car as a
perfect transmission line with characteristic impedance Zy = 100 ohm with both batteries
having an internal resistance of about % ohm. How does the voltage at the flat battery
vary when you connect the jumpers and how is energy transferred to the flat battery?

Capacitive Termination

Consider a transmission line with a purely capacitive termination. The transmission line has an

Z

impedance Z, and the termination has a capacitance Cr to ground.

What will be the effect due to a step function wave in the cable meeting this termination?

Define the distance x along the cable as being x = 0 at the termination and x being negative
in the actual cable. Assume that the step function reaches the termination x = 0 at time ¢t = 0.
We use the general solution functions we found before, f(x — ut) to describe a wave travelling
towards positive x and g(z + ut) to describe a wave travelling towards negative x.

The voltage functions can be

V = f(x —ut) + g(x + ut)

and the corresponding current function is then

I =

flz—ut) N g(z+ut)
Zo Zo

Of the two functions, we know the step function f(x — ut) but we DO NOT YET KNOW
the reflected function g(x + ut). For the step function, the function g(z — ut is, say,
V(z —ut) =0 when  — ut > 0 and
V(z —ut) = G when z — ut < 0.
In other words, the step signal coming from far away in the cable has the value V' = 0 then
suddenly rises in a step to the value V = G when x — ut = 0.

We label everything at the Termination with the subscript “T”. At the capacitor with
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capacitance Cr, the current combination of the step f(x — ut) travelling towards +x and its
unknown reflection g(x+ut) travelling towards -x will provide a current to charge the capacitor.
If Vo and Io are the voltage and charging current at the capacitor, then the two equations for
the voltage and current of the two travelling waves are:

Vr=f+g

Ir = f=g

20

On the capacitor Cr, the charge is Q7 = C7Vr and the voltage rises due to the current
&=z (f—9)
Or = o (f = (Ve = 1))

% = ﬁ@f - Vr)

Aftert =0at =0, f =G and V = Vp and so

M — —#CT(VT — 2G) “differential equation”.

This has a solution for the voltage Vi at the termination:

Vi — 2G = KeZtr

—t
[Proof. Differentiate the tentative solution and get: ‘g—f = —ZOLCK eZ%r . Then sub-
—t
stitute the differential equation to eliminate KeZ°r. This gives % = _TICT(VT —

2G) which satisfies the differential equation. |

Find the value of K. At t =0,
VT — 2G60 =K
0-2G=K

1. The general solution after ¢t = 0 is
Vi — 2G = —2Ge%or
Vi = (1 — e%07)2G
Since V = f + g and after ¢t = 0, we still have f =G
g=Vr -G
g=(1- Qeﬁ)G

and in the general case with z < 0;
—(z+ut)

g(x 4+ ut) = (1 — 2e %% )G
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Using the signal speed u = \/% and cable impedance Z, = \% ,
where L is the inductance per unit length,

C is the capacitance per unit length,

C7 is the terminating capacitance and

G is the step of the wave travelling towards the termination,

we have uZy = L and so
—(z+ut)

g(x +ut) = (1 —2e 1 )G

2. The general solution for g(x + ut) before t =0 is g = 0

From the two items above, the reflected waveform is g(x + ut) where;

1. if x +ut > 0 then g(x + ut) = (1 — 2er;CtT)G
2. if x + ut <0 then g(z +ut) =0
The reflected wave due to a positive step G, starts with a negative step to -G and is followed

by an exponential rise to +G. An oscilloscope at any point will see an addition of the initial
step wave f(x — ut) and reflected wave g(x + ut).

The initial step wave f(z — ut) at an arbitrary x will show the trace on the scope:

—(z+ut)

The reflected wave g(z + ut) = (1 — 2e 297 )G at an arbitrary x will show the trace on the
scope:

Some folk remember the shape of this reflected wave g(z + ut) by saying that
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1. the leading edge of the step is formed from the high frequencies being in phase and these
“see” the capacitor as a short circuit giving a leading negative reflection.

2. the trailing level of the step is formed from the low frequencies being in phase and these
“see” the capacitor as an open circuit giving a trailing positive reflection.

The following examples show how the forward and backward wavefronts may be seen.

e If the scope is used to look at the voltage at the termination (at = 0 due to a step,
then the scope will show the sum of the two previous traces but the two sharp transients
at x =0, t = 0 will cancel giving:

Combined signal f(x — ut) + g(x + ut) on scope:

o If the scope is used to look at the signal further back on the cable (at a negative =) due to
a step, then the two sharp transients will appear at different times and will NOT cancel.
The scope may show:

Combined signal f(z — ut) + g(x + ut) on scope:

fTdepends . L. T

....................
.....

e Consider a short pulse f(x — ut) instead of a step. At a long distance before the termi-
nation, the input pulse may appear, long before any reflection can arrive, as:

Short Pulse signal f(z — ut) on scope at large negative x:



9 CAPACITIVE TERMINATION 21

Then if the scope is used to look at the signal closer to the termination on the cable (still
at a negative z) due to f(x — ut) being a positive going pulse, then the scope may
show.

Combined signal f(x — ut) + g(x + ut) on scope:

e [f the input pulse is lengthened, so that long before any reflections occur, the trace looks
like:

then the scope will show the Combined signal f(x — ut) + g(x + ut);
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10 Types of Transmission Lines

(Brief Notes Follow)

Any pair of parallel conductors which have a cross and shape which are constant (indepen-
dent of distance) and are far from other conductors

or any pair of parallel conductors which have a cross and shape which do not change rapidly
and retain the same ratios of dimensions (independent of distance along the pair) and are far
from other conductors.

If one conductor does not fully enclose the other conductor (eg twisted pair), then some
of the EM field will gradually radiate away and the signal will show a steady attenuation and
exponential decay which is frequency dependent.

Examples:
1. An example could be a single cylindrical conductor (wire) above a conducting plane with

the wire diameter changing slowly and the distance between the wire center and the
conducting plane being kept proportional to the wire diameter.

2. Twisted pair wire — often with Zy ~ 120 ohm

3. 60 Hertz High Voltage Power Lines across the country. Strictly speaking these are usually
a combination of 6 interacting transmission lines with the phase at 60 degree intervals.

. . . . _ 1 ~ . .
The speed of power transmission is very close to that of light u,;, = Nl Velocity of light.

4. Ethernet coaxial cables all around Sterling Hall and Chamberlin Hall. Both have
Zy = 50£1 ohm. There are two types; yellow “thick ethernet” cables have large conduc-
tors to have minimum resistance attenuation, black RG58/U cables “thin ethernet” are
thinner for least cost.

5. Electrical Transmission Lines are not Waveguides or Light Guides.

6. The 60 Hertz power lines across the country are imperfect. There is some leakage or
radiation of the 60 Hertz field since the conductors are open. There is a financial incentive
to arrange the phases of the 6 conductors so that the minimum radiation occurs.

There is other attenuation due to slight breakdown on the insulators and corona in the
air. On the average about the USA, there is about a 10% power loss??)

7. Besides the loss of power by radiation, there is another problem of open conductors —
unwanted coupling to other circuits. This is not a problem at the lower frequencies but
can be awful at high frequencies.
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11 Imperfections of Transmission Lines

1. Radiation from open conductors mentioned above
Use Coaxial transmission lines if these are practical.

2. Skin Effect losses
These are due to the actual currents being confined by the skin effect to the surface layers
of the conductors. (EM Theory)

Most current occurs within a distance “skin thickness” § where
0= ,/w% where w = 21 X frequency.

Consider 3 examples

e For copper, which is pure and has been annealed, at 20 C,

conductivity oc, = m = 5.80 x 107 mho/m

j= flair = 1g7 H/m
w = 27 X frequency giving

1
_ /2 _ 0.0661 meter.hertz2
0= \Gue = VFreqency
Starting at the surface of the conductor, the current density J drops to % at depth
0 and a total of 1% of the total current exists at depth beyond 54.

For example, in thick copper lines carrying power at 60 Hertz,

860 Hertz, ou = “Jo0t = 0.0085 meter = 8.5 mm!!!

Thus at 60 Hertz, only the outer centimeter of the 8 or 10 cm diameter lines carry
most of the current.

e The thick aluminum power lines used for high voltage distribution have a conduc-
tivity of o4 = 3.77 x 107 mho/meter.

060 Hertz, Al = \/ g = 0.0105 meter = 10.5 mm!!

[Why is aluminum, rather than copper, used for our National power sys-
tem? Calculate the resistance of a 10,000 km line or rod for both materials
assuming that the effective cross sectional area used in each line is 2779 and
the radius is 7 = 100 mm. Also calculate the cost of each line or rod using;
Aluminum conductivity o4 = 3.77 x 107 mho/m, density= 2708 kg/m?
cost/kg= 7.70 $/kg.

Copper conductivity oo, = 5.80x 107 mho/m, density= 2567 kg/m? cost /kg=
15.40 $/kg.|

Do the centers of the heavy power lines have much use?

1
i 1 __ 0.0661 meter.hertz2 __ . "
. - - . PR
For copper lines at frequencies near 60 MHz, ¢ N 8.5 microns

Since the skin depth is frequency dependent, the effect is to attenuate the high
frequencies of the signal more rapidly than the low frequencies of the signal. Thus
the signal CHANGES ITS SHAPE during the propagation due to the skin effect.
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11.1 “Remedies” for Signal Loss
On copper at high frequencies, the skin depth (8.5 microns at 60 MHz) can be serious.

1. The skin depth of 6 = 8.5 microns may have surface cracks, surface oxide, and other
defects which increase its resistance and further attenuate the signal. A good conductor
has higher ¢ and smaller § and although the depth § = \/% varies only as \/g , 1t is still
best to use high o to reduce the signal loss. Therefore at high frequencies, use gold or
silver plating. Why is gold used upon some critical circuits when copper costs less and
copper is the better conductor? A few conductivities are listed in decreasing order.

Metal Metal Conductivity
Silver TAg = 6.15 X | The best conductor. (Avoid AgS)
107 mho/meter
Copper OCu = 5.80 x| This is used on central Al conduc-
107 mho/meter tor of Al cables TV cables. (Avoid
CuO)
Gold O Au = 4.10 x| This does not tarnish!
107 mho/meter
Aluminum rods o = 3.77x 10" mho/meter | Used for most high voltage power
lines.

2. Use smooth polished solid conductors to minimize the distances for the currents near
the surfaces. (Unfortunately, to gain a flexible cable, often the central conductor is
multistranded and the outer conductor is made of tinned braided thin copper.

3. Use big conductors (large ) — the conducting cross sectional area A is about A = 27r X §
although the resistance and power loss at a given current I, frequency f = 3= and

2
conductivity o is only proportional to %
The cost of the central conductor of a coaxial cable (transmission line), of course, is

proportional to Lr2.

4. The cross sectional conducting area is about A = 27rd = 277, /%. ['he resistance per
nuo
1 ] J— 1 ~ 1 ~ 1 g __ 1
unit length R is about R = & ~ — — =~ ——,/*0% = —, [¢&

To reduce the power loss per unit length, I?R ~ % 5%, use good conductors (high o)

although ¢ is in a square root and cannot help much.

5. For high powered long distance systems, use cheap metals.

6. For high powered systems to deliver a particular power level P = IV, increase to a really
high voltage V' to reduce I and reduce the power loss.

7. For high powered long distance systems, use metals with a high tensile strength to span
between the pylons and so need fewer pylons. This leads to a compromise between
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10.
11.

12.

13.

12

conductivity o and tensile strength. If practical, in each wire or rod carrying current, use
a high tensile inner wire surrounded by high conductivity but weaker outer wires. Then
worry about corrosion!

Beware of damaged coaxial cable causing unwanted reflections and reductions in the
forward signal. Crushed coax has a lower Z; and the lumpy dielectric can change Z; —
both cause reflections.

Speeds in some cables can be SLOW! Even if no magnetic materials are used (ie p = py),
then

C

Jer
If necessary, use a foam dielectric with €, &~ 1 giving u close to the speed of light.

u =

Minimize the resistance of the outer conductor.
Minimize electrical breakdown.

Choose your connectors carefully. Even the coaxial connectors often have a Z, which is
different from that of the cables and cause a pair of reflections which have the same shape
and opposite sign but do not cancel because they occur at slightly different times.

Noncoaxial connectors often have short links with relatively high characteristic impedance
and these impedance transitions can cause a number of upright and inverted reflections
which are close together but not cancelling.

For small signals being sent over long distance systems, use optical fibers!

Equations for a “Lossy” Transmission Line

In section 2 before, on page 2, we began to consider “Lossless” transmission lines. However,
sometimes, we must use transmission lines with the series resistance/unit length being non-
zero and the insulation being non-perfect with a parallel conductance of G being non-zero. A
useful simple reference is “Theory and Problems of Transmission Lines” by Robert A. Chipman
(Schaum Outline Series 1968). We will continue to use x for the distance along the transmission
line whereas Chipman uses z for this. Our z will avoid confusion between the distance and the
characteristic impedance Z.

Consider a transmission line with distributed resistance R ohm/unit length and parallel
conductance G mho/unit length.
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—“—“ﬂ-«MA—,——‘ML\NWTTW“-\NW

o - ; - (o .

T B R |

As before, consider one such cell corresponding to the components between position x and
position z + Ax along the transmission line.

1’4 V44V
i iﬁx R ax T P +Ad
Q020 AAAAA—7 /,;M
—_ Cax
= v
& Ax [

L'y

A ma
ax

4

The resistance per unit length, R, includes both the resistance of the inner conductor and that
of the outer conductor. Often, to minimize the total weight, minimize the cost or maximize
the flexibility, the outer conductor is made thin with braided thin wires and can contribute
significantly to the total R. In the theory of propagation, we are only concerned with the total
resistance per unit length (inner + outer resistance/unit length) and call this total as “R”.

The equations for each element Az of length are
_ . 0i(z,t)
v(r + Az, t) —v(x,t) = —RAz.i(v,t) — LAr. =3~
. . ov(x,t
i(x + Az, t) —i(z,t) = —GAz.v(x,t) — C’Aa:.%

Dividing by Az and letting Ax — 0, we get similar equations to equations 3.3 and 3.4 of
Chipman.

ov(z, . 0i(x,
—éxt) = —Ri(z,t) — L—(att)

di(x,t) _ —Go(z,t) — C%

oz
This can be written in the most simple form, remembering that v and ¢ are functions of x and
t;

ov . _ ps 70
9 R’L Lat
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o _ ov
9w GU Cat

These equations are similar, of course, to the equations 2 and 1 which we obtained upon page
3 but now include the non-zero R and G.

As before, we can substitute for 7 in one equation from the other to obtain a differential
equation in v. Similarly we can obtain a differential equation for 7.

Py = LC.2¢0 + (LG + RC).2 + RGv

922

P — LC.Z 4 (LG + RC).% 4 RGi

Ox2

Notes

1. These equations do not have the simple form and simple solution of the equations for a
“lossless” line.

2. Although we have assumed that the L, C', R and G are constants, at high frequencies,
these can be frequency dependent. For example, they may be influenced by the skin effect
which is frequency dependent.

Never the less, if we consider just one Fourier component of a signal, we can obtain an
understanding, then by combining the Fourier components of any particular signal, we
can understand how a particular signal propagates.

3. Although the equations above for v and i are identical, they will usually have different
boundary conditions and so will have different solutions.

We can replace v(z,t) by Re{V(x)e’*'} and i(x,t) by Re{l(x)e’'}

W) — (R + jwL)I(x)

) — (G + jwC)V ()

From these we get two second order differential equations similar to Equations 3.15 and 3.16
of Whitman.

PV _(R+ jwL)(G + jwC)V =0

dz?

LI (R+ jwL)(G + jwC)I =0

dx?

We define v where v* = (R + jwL)(G + jwC).
&Y 2V =0
CL 21 =0

The solutions for these are voltages and currents with an angular frequency w.

V(x) — ‘/16_'737 + ‘/26"!‘733
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I(x) = e 7" 4 [et*”

where Vi, V5, I} and I, are arbitrary constants and
where v2 = (R + jwL)(G + jwC). Define v and 3 as the real and imaginary parts of 7 so that

y=a+jf = \/(R+ jwL)(G + jwC)
Then the solution for V is
V(z,t) = [e9 . Vie~(@a+i62) 4 oi0 Y et(aatife)]
V(a,t) = [/ Viem* e 3P 4 02 Vet aretiir]
Using v(z.t) = Re{V.e’*'}, this becomes
v(z,t) = Re{el! [/ Viem e 1" 4 g2 Vyetoretibr]}
v(x,t) = Vie ®" Re{elWI=Frt0} 4 Vyetor Refel(Witiota))

corresponding to a forward (x increasing) wave + a backward (x decreasing) wave. The parts
of this equation can be identified.

e V] is an arbitrary amplitude for a signal propagating in the +x direction.

e ¢~ is a real coefficient diminishing in the forward or +x direction and describing the
attenuation of the signal as its moves in that direction.

e (wt— fz) is a term describing a wave propagating in the + x direction with phase speed
u = —|—% since if ¢ is increased by At, then the value is unchanged if the x is increased by

Ax = —I—%At. The group speed is = —I—Z—‘E.
e (), is an arbitrary phase angle

o o/(Wi=Fr+01) i 4 sinusoidal wave of angular frequency w propagating in the + x direction
with phase speed = —|—% and group speed = +§_§,

e 15 is an arbitrary amplitude for a signal propagating in the -x direction.

e €% is a real coefficient diminishing in the backward or -x direction and describing the

attenuation of the signal as its moves in that direction.

e (wt + fx) is a term describing a wave propagating in the - x direction with phase speed

—% gince if ¢ is increased by At, then the value is unchanged if the x is decreased by

B
Ax = %At. The group speed is = —2—‘5.

u =

e (5 is an arbitrary phase angle

o o/(Witfrt62) s o sinusoidal wave of angular frequency w propagating in the - x direction
with phase speed u = —% and group speed = —Z—‘;.
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e v(x.t) is the instantaneous voltage at position x and time ¢.

13 Lossy Line with No Reflections

If only the forward wave exists, the equations become;
V = Ve e iP?

I = [e=*%e P2

14 Attenuation if line is slightly lossy

« and 3 may be written
a+jB=\/(R+jwL).(G + jwC)

o+ jB = jwVIC. (5 +1)5.(:8 + 1)3]

JjwkL

. 1
Now use a Taylor expansion of each ()z as power series of == and
]wC

ll_ 101
a+jB = joVIC (. + () (B2 4 L 241 (“-+<—2(12x21)>‘(w%)2+%-w%+1)]

a+j6=jwm.[(...—§.(jw%)2+5 W—L—Fl) ( 2 (ng) +§ Jw—C—i_l)]

L and C' are usually log functions of ratios of cable radii or other cable dimensions and so cannot

be very high or very small However, if R and G are small but non-zero OR the frequency f=
is very high, so that - <<1 and G

neglecting the hlgher powers of - and ij

]wL
a+jf = juVLC. (5 +1). (s + 1))
Equating the real parts;

a=wVLC. [ZwL 2wC’]

VIC (B 4 g

o =
Equating the imaginary parts;

B = JW\/— 1 (zng 2;80)]
=wVLC.[1 C.[1- 4w2LC]
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0~ wVLC (neglecting the product of jw% and ]w%)

. W 1 —dw _ 1
From [, we can obtain the phase speed u = 5= Jic and group speed = 45 = 7ic

[Make a check of these equations for the lossless transmission line. If R = G = 0,
then

a = @[O + 0] = 0 and so, as expected, there is no attenuation of either the

forward wave or backward wave.

b= wx/ﬁ.[l —0] = wVILC
The full equation can be written for the lossless case.

U(ZE, t) — V'lefamRe{ej(wtfﬁer&)} + ‘/26+osze{6j(wt+ﬁx+02)}
becomes

v(z,t) = Vi Re{e/@Wt=Ft00} 1V, Re{ed (WiHAe+02)1]

15 Characteristic Impedance of a Lossy Transmission
Line

vV _ R+jwl
We get 7 =/ aijue

This is the characteristic impedance and can be split into real and imaginary parts

_ RA-jwlL
Zo = V G+jwC

Zy = Ry + 7 X,

If the transmission line is only slightly lossy, then R and G are small and, for most purposes,
we ignore Xj.

16 Heavyside Distortionless Lines

If % = %, then it can be shown that the speed of propagation is the same for all angular
frequencies w and the shape of the signal with respect to position X, remains constant although
it gradually gets smaller with the attenuation.

Unfortunately, this idea has little practical use because the R, L, G and C' are sufficiently
frequency dependent for the above theory to be insufficient.
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17 Three Examples

Electrical parameters from the Alpha and Belden handbooks and dimensions from the CRC
Handbook of C&P pg F-117.
L is obtained from L = Z2C and L = £

speed”’
Name Maker | Impedanced speed| C L Rpe | G d wire | cross
Z gauge| sectl
area
ohm xc | pF/m| pH/m ohm/m mho/m mm | # mm?
AWG
RG58/U Alpha | 50.0 0.78 | 85.3 | 0.213 | 0.02093 neg 1.024| 18 0.8231
9848
pg 263
Belden
8240
pg 133
Thick Alpha | 50.0 0.78 | 90.2 0.0046 | neg 1.662 2.17
Ethernet pg 233
Yellow
Non-
Plenium
RG59 B/U | Belden | 75.0 0.66 | 65.9 neg 0.267
9059B

“neg” = negligible

RG58/U is a common coaxial cable used very frequently in all sciences. In the next two sections,
we will consider the example of RG58/U at frequencies of 0, 10 MHz and 1000 MHz.

The specifications of a given type of cable vary from manufacturer to manufacturer. They
may have slight differences (multistranded or solid central conductor, single or double outer
conductor, flexible of rigid outer plastic covering, etc). Some have inconsistent values due to
varying roundoff. Some have metric measures and other have inches. As a result, comparisons
are difficult and the customer should be careful.

18 Attenuation at DC and Low Frequencies

Consider a coaxial cable and signal for which the frequency is sufficiently low that the skin
depth is larger than the diameter d of the central wire.

e The resistance per meter at DC (ie when frequency = 0) is
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Rpc = : = 1 = 0.209% 107 ohm/m = 0.0209 ohm/m

0x0.8231 mm?2 = 5.80x107 mho/mx0.8231x10—6 m?2

This agrees with the CRC handbook of C&P pg F-117 of R=20.95 ohm/km for annealed
copper at a temperature of 20 C.

e The inductance per unit length is L = Z2C = 502 x 85.3 x 10712 H/m
L = 2500 x 85.3 x 10712 H/m = 0.213 x 107% Henry/meter

e The signal speed is 0.78 x ¢ and so u = ,/% =0.78 x 3 x 108m/s

e The impedance Z is approximately \/g = 50 ohm

e The leakage as in most modern cables, is negligible, so set the leakage conductance G = 0.

We can use the speed, the impedance and G = 0 to obtain the attenuation. The attenuation
factor « is then

Rt

Substitute Z = \/g

o= % (Chipman pgs 49, 55 & 57)

For RG58/U with no skin effect (ie at DC or low frequencies);

a = 20209 Jipeter = 0.2095 x 107 /meter

From « for any cable, we can calculate the number of db loss of that cable over a length x by

db loss = 10 X logyo(mm2erinput Y

Powery: 1 km

db loss = 10 x log10(M>2

Vat 1 km

db loss = 20 x logm(M)

Vat 1 km

db loss = 20 x logio(e®®)

_ loge (e®™)
db loss = 20 x ﬁ)gelo

db loss = 20 x 2‘%526

This is often stated simply as
db loss = 8.6858 ax

The attenuation of the voltage signal, due to only the central conductor, on RG58/U over a
distance of x =1 km = 1000 m is;
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_ 0.2095x1073 /mx1000 m
db loss = 20 x 53026 db

db loss = 1.820 db for the 1 km length at zero and low frequencies.

19 Attenuation at Higher Frequencies

19.1 Skin Effect Loss

The loss rate calculated above is for low frequencies in which all of the central conductor
conducts the signal. At the higher frequencies, the skin effect reduces the cross section of the
copper which conducts and so the attenuation is increased.

o= [f]
= léR
a=24 (See Chipman pgs 49 & 85.)

Since for all frequencies above some lower limit, the skin effect restricts the current to
approximately the skin depth of the copper

1
5= 2 __ 0.0661 meter.hertz?2
wpo v/ Fregency ’

we can estimate the approximate resistance/meter at these high frequencies.

1
For copper lines at frequencies near 10 MHz, § = O'O%leeotf’"hﬁgﬂ = 20.9 microns. If the di-
ameter of the central conductor is d then, for most cables and frequencies above 1 MHz, § << d.
With this assumption then the conducting region is equivalent to that of a thin shell with a depth of 4.
This relation can be proved and is called the “Skin Effect Theorem”. (See Chipman pgs 78
& 85.) From this, we can estimate the effective resistance/unit length R, at a particular

frequency f. Since the periphery is 7d, the cross section of (wd x 9).

Rf% L

o X (conduction cross sectional area)

~ 1
Rf ~ ox(mdxd)
Rf ~—L

oXx(mwdx %}w)

~ 1 w
Rp = 254/5
Note that, at the higher frequencies, Ry o« \/w x /f

We estimate the attenuation due to only the central conductor of RG58/U at 10 MHz and
1.0 GHz. We do not have enough data to estimate the attenuation due to the outer conductor.
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RG58/U at f =10 MHz:
Rao mn ~ 7r><1.02}1><10*3'\/ 22%@%111%67'1% ohm/m
Rio v = 1.02&1073'% ohm/m
Ry mu= ~ 1.024i10*3'(\/ 5.8(;12108) ohm/m

RlO MHz ~ m(2626 X 1074) Ohm/m

RIO MHz ~ 2.564 x 10_1 ohm/m
R10 MHz ~ 0.2564 Ohm/m
From this we can estimate o for RG58/U at 10 MHz;

_ 11 fom
=724V 20
R

@ =57

o G208~ 0.002564 /meter

For 10 MHz signals in an RG58/U cable 1 km long;

db loss =~ 20 x 2.%"’26 db

N 0.002564 /mx1000 m
db loss =~ 20 x 53036 db

db loss ~ 22.3 db for the 1 km length at 10 MHz.

RG58/U at f=1000 MHz=1.0 GHz:

N 1 2rx LOX109 47
Ry gz = 7x1.024x10-3 *\/ 2x5.80x107 * 107 ohm/m

Ri ¢ = 1o -(2.626 x 107%) ohm/m

Ry gu. =~ 2.564 x ohm/m
From this we can estimate o for RG58/U at 1.0 GHz;

i
2Z

«

o = 3555~ 0.02564 /meter

For 1.0 GHz signals in an RG58/U cable 1 km long;

db loss ~ 20 x 2‘?‘3‘526 db

- 0.02564 /mx1000 m
db loss ~ 20 x 53026 db

35
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db loss ~ 223 db for the 1 km length at 1.0 GHz.

19.2 Dielectric Loss

This attenuation is due to the dielectric absorbing energy as it is polarized in each direction.
This loss is usually small but becomes more significant at the higher frequencies.

The effect is that our conductance/unit length becomes non-zero at the higher frequencies.
The difference of the phase of the current Al between the central conductor and the outer

conductor and the phase of the voltage changes from being 7 to § — € and data sheets can

2
give a loss factor of “T'ane” to give the relation. Unfortunately, we don’t have convenient data

sheets for the dielectric of RG58/U.

The usual circuit boards made from epoxy-glass have a significant attenuation due to the
dielectric loss while polyethylene has a modest loss.

19.3 Radiation Loss

If the conductors form a tight electromagnetic system with the outer conductor having a thick-
ness greater than about 50 (5 times the skin depth) then external EM fields will be small and
the radiation loss is negligible.

If the outer conductor is a loose braid, the the external EM fields will cause radiation away
from the cable and will cause attenuation.

If the transmission line has two open conductors with neither shielding the other, then the
external fields are minimized by twisting the two conductors (forming a “twisted pair” line).
However, even if the pitch of the twist is much smaller than the predominant wavelength of the
electrical signal, some radiation occurs and the signal is attenuated. For this reason, be careful
when using twisted pair lines.

[In addition such twisted pair lines can easy receive electrical noise from other circuits which
have high current or voltage transients.|

19.4 Actual Attenuation in Cables

We can compare the results of these approximate calculations with actual attenuation mea-
surements.

From the Alpha handbook,

e for RG58/U (pg 273) the loss at the relatively low frequency of 10 MHz of RG58/U is 1.2
db/100 ft = 3.94 db/100 meters= 39.4 db/km.
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The loss at the relatively high frequency of 1000 MHz is 18.0 db/100 ft = 59 db/100
meters = 590 db/km.

e for Thick Ethernet (pg 233) the loss at 10 MHz is 20 db/km.

Obviously, the estimate of the loss due to only the skin effect of the central conductor is
about half of the db of the actual loss. Probably the remaining loss is due to the imperfect
outer conductor and to the dielectric loss.(7)

e The central or inner conductor has a smaller periphery but usually has a smooth surface
and high conducting metal.

e The outer conductor has a smaller periphery but is usually rough (made of braided wires
for flexibility) with only tinned surfaces and imperfect contacts. The majority of the cable
cost is due to the outer metal and so manufacturers may skimp a little on the conductivity
of the outer conductor.



