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1. INTRODUCTION.

1.1 Trensnission lines are metallic conductors used for transmitting or guiding electrical
energy from one point to another with minimum loss. They are used at radio
frequencies to transfer energy from the transmitter output to the transmitting aerial,
or frem the recelving amerial to the receiver input. Short lengths of transmission
line may be used for coupling between different stagee of R.F. equipment.

1.2 Many types of R.F. transmission lines are in use, both open wire and cable, which may
be either unshielded or shielded; and in either balanced form (with both sides of
the line balanced to earth) or unbalanced form {with one side connected to earth).

1.3 This Paper revises and extends the transmission line theory given in the Course Paper
"Transmission Line Cheracteristics", particularly as applied to radio frequencies.
It briefly describes the types of lines used in the Department, and gives details of
their electricel characteristics, ineluding some of the chenges that occur with
different signal frequencies and varying westher conditicns.

Later Papers in this series cover wave propsgation and behavicur of R.F. transmission
lines of different lengths and with different terminations, inciuding applications of
these linas.

The wavegulde, & type of transmission line used to transmit r.f. energy at microwave
frequencies, 1s discussed in other Papers of thie Course.
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2. TYPES OF LINES.
2.1 R.F. transmission lines may be grouped broadly as follows:-

(i} single wire line;
{ii) two wire parallel line;
(iii) twisted pair;
{iv) shielded peir;
{v) multi-conductor;
{vi) coaxial (or concentric) eable.

2.2 Each type of line has certain advantages and disadvantages compared to the other types.
Some factores which determine the choice of line for a particular application, are:-

(i) The frequency band to be trgnsmitted. [Lines which are suitable for the
transmission of frequencles in the M.F. and H.F. ranges, may not be
satigfactory at higher freguencies.

{ii) The charsoteristic impedgnce. This is importent in considering the impedance
matching conditions between the source of energy and the line, and between
the line and the load. (See Section S, Characteristic Impedance}. Correct
impedance matching reduces losses due to reflection and ensures maximum
tranafer of energy from scurce to load.

(iii) The power~handling sbility. This is related to the physical dimensions of the
line. In the milliwstt range, emall size conductors and close spacing are
permissible; but when watts or kilowatts of power are to be transmitted, the
size and spacing of the conductors must be increased accordingly.

(iv) Attenuation. Every line has scme lcss, depending on its type of construction,
length and frequency of trensmigeion. In general, the attenuatlon consists
of losses due to conductor resistance, dielectric and radiation. These losses
inerease with frequency and are covered in more detail In Sectlion T,
Attenuation and Line Losses.

{v) Interference and Radiation. Some types of lines are more susceptible than
others in plecking up stray R.F. interference from external sources.. This is
undesirable, particulerly when the line is used to convey low level signals
(for example, between a receiving serial and a radio receiver} because it
reduces the signal to noise ratio.

S8imilarly, when uaed between & radic transmitier and a transmitiing serial,
these lines radiate energy which produces radiation losses and reduces the
pover supplied to the aerisl. This radiasted emergy may cause interference in
nearby R.F. transmission lines.

In the ease of open wire construction, interference and radiation Is reduced
by cmreful attention o line construction and by maintaining a good line
belance to -earth and nearby oblects. The use of shielded cables further
reduces this effect.

(vi) Ease of handllgg © 8ize, weight and flexib{lity must be considered when
“supporting transmizsion lineg, or when fitting lines in eguipment where
spece i5 limited. (Cable connectore, which depend on the type and size of the
cable, are another ilmportant factor.

(vii) Envirommeptal Conditions, These factors apply mainly to open wire lines, and
include the effects on the line of the sun's radiation, chemigal alr pollution
and weather conditions such as tamperature extremes, humidity, wind, rain and
SNoW ,»

(viii) Instellation and maintenance. Open wire lines are cheaper to construct than
coaxial linea, but they ere more vulnerdable to external faults caused, for
example, by effects of weather snd lightning discharges. However, these
faults may be quickly detected and repaired.

Coaxial lines, particularly when buried underground, mey suffer from
corrosion with the possibility of moisture entering the line. Faults on
conxinl cables are usually more difficult to locate mnd repair.
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2,3 Ihe single wire line is the simplest type; but it is not used in Departmentsal R.F,
installations. This type of line is untalanced using a single conductor with earth
return. * Losses by redlation are great and it will readily pick up R.F. interference.
In this respect, the line behaves like a radic transmitting or receiving aerial.

2.4 The two wire parsllel line is the basic type; and it is used for frequencies up to
about 250MHz. Both wires are balenced with respect to earth and losses due to
radiation are less than for the single wire line. To obtain a good line balance, the
line must be of uniform construction throughout Its length. "Transposing the line
wiree or twisting the line also helps to improve the balance.

The open wire line {Fig. 1} is of similar construction to standard telephone lines
but with poles at closer intervals. The two conductors of similar dismeter are
vniformly spaced and arranged horizontelly so that they are carried at a uniform
height {uwsually 8' or higher) above ground.

o

o]

_CROSS SECTION

FIG. 1. OPEN WIRE TRANSMISSION LINE.

For short runs, low loss insulating specers, or spreaders, may be used at suitable
intervals to support and insulate the bare-wire parallel conductors (Fig. 2a).

Another method of ensuring uniform spacing is to embed the conductors in & low loss
dielectric (for example, polyethylene) along the length of the line {Fig., 2b). In
some lines, the dielectric ias "slotted". This type of line is often called a flat,
or ribbon, twin lead. Tt has the advantages of light weight, close and uniform
epacing, and flexibility. The attenuation is higher than for two wire lines with air
dielectriec, end the line is suitable for carrying small power only. A typical use

is the "feeder" line used to comnnect a T.V. recelving aerial to the input eircuit of
a T.¥. receiver.

(a) - (v)

FIG. 2. TWO WIRE TRANSMISSICN LINES.

The maln disadvantage of a parsllel wire trangmission line is that nearby objects
such as ground and bulldings, etc., affect its balance and incremse its radistion
logses. This effect incresses with frequency.
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2.5 A twisted pair tranemission line {Fig. 3} consists of two insulated wires twisted
together to form a [lexible line without the vae of spacers. The separation between
the wireg is very small and radiation from the lime is less than for a spaced
two wire line. It is often used ag a short link between stages in a transmitter.

Thia line is not used above shout

15MHz because the insulation ceuses

appreciable dielectric lose, Its m
chief sdvantage is that 1t may be

used where more efficient lines are

not possible becmuse of space and FIG. 3. TWISTED PAIR
mechanical considerations. TRANSMISSION LINE.

2.6 The_shielded palr trapsmission line (Fig. 4) consists of two parallel conductora
separated and msintained o fixed distance apart by insulating spacers (for exsmple,
polystyrene}, or surrcunded entirely by an insulating dielectric material. The
conductors are enclosed in a copper-braid tubfng which acts as a shield. The outer
layer consists of & plastic coating to protect the line against moisture and friction,
The advantages of the phielded pair are that the two conductors are belanced to
ground via the copper shield, which reduces radiation and pick-up of stray fields.

SNLPLASTIC .
COVERING

)

¥I¢. L, SHIELDED PAIR TRANSMISSION LINE.

2.7 Multi-conductor open wire transmission lines may be used to carry high power at M.F.
apnd H.¥, transmitting stations. i .

In the four wire balanced line (Fig. 5a), the conductors ere in the form of a square
and each lower wire is connected to the wire immedimbtely above. Alternatively, the
disgonally opposlte wires are cconnected together. Thiz type of line has lower

impedance, less attenuation and less rediation loes than the two wire balanced line.

In the six wire unbelanced lipe (Fig. 5b), the two inner wires are commoned %o form
the inpner conductor, and the four outer wires are commoned and connected . to earth to
form the outer comductoer. This copstitutes an open wire cosxlel line eand is used,
instead of the more costly coaxial cable, at scme M.F. transmitting stetiens.

S =

AERLAL

]
FROM
TRANSMITTER

{a} L-wire,

FROM
TRANSMITTER

{n) 6-wire.

FIG. 5. MULTI-CONDUCTOR OPEN WIRE TRARSMISSION LINES.
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2.8 The coaxiel (or concentric) cable line consists of an inner conductor centrally
locgted within, but insulated from, an outer conducting tube. The cable is
unbalanced, the cuter conductor being earthed.

In the rigid coaxial line {Fig. 6}, the inner conductor ia either solid or tubular,
and is held in position by insulating disc spacers or beads at regular intervals.

The spescers sre made of pyrex, polystyrene or some other material with good insulating
properties and low power loss characteristics at radio frequencies. This type of
line is known as an air coaxial csble, and it must be kept éry to prevent excessive
leakage between the conductors. Air dielectric lines, particularly when buried
underground, are usually sealed at both ends and filled with a gas such as dry
nitrogen under pressure, to prevent condensation of moisture and help keep the line
dry. The power handling ability may be increased by pressurising the cable with an
inert gas. Ccnsiderable care must be paid to the mechanical design of such a line to
obtain alrtight jolnts snd to provide for expansion and contrsction with temperature

changes. :
CONDUCTOR ;;;

PFIG., 6. AIR DIELECTRIC COAXIAL CABLE.

Coaxjal cables are aleo made with the inner conductor of flexible wire which is
insulated from the outer conductor by a solid@ and continuous insulating materisl such
as polythene. (Fig. T). This type of line is called & solid dielectric coaxisl line.
To provide flexibility, the outer conductor or shield consists of a plain or
silver-covered copper braid which fits tightly sround the insulating dielectric. A
tough, flexible protective covering is fitted over the outer conductor.

INNER

INNER
ONDUCTOR,

——-"‘" d
PROTECTIVE

COVERING
OUTER CONDUCTOR

CIOI}JNDEURCTOR {COPPER BRAID}

DELECTRIC
POLYTHENE

FIG. 7. BSOLID DISLECTRIC COAXIAL CABLE.

A type of flexible coaxial cable used in the V.H.F. and U.H.F. ranges, is called a
"helical membrane"” cable. A typical csble consigte of a solid inner conductor
supported by an insulating material wound on edge into a helix. This gives adequate
support to the inner conductor with a minimum of dielectric, and results in & low
loas cgble that has a degree of flexibility.

Due to the shielding provided by the earthed outer conductor, the electrical energy
transmitted along & coaxisl line is confined within the apace between the two
conductors, and losses due to radietion are negligible. Similarly, the energy
contained in externel fields does not penetrate the outer conductor and, therefore,
does not induce interference in the coaxial line.

Provided the length is kept short and & very low loss dielectric is used, coaxial
lines can be used at frequencies up to about 3,000MHz. Beyond this, even very short
lengths of ccaxial line introduce excessive attenuation.

Coaxial cable lines are more expensive to install than &pen wire lines; but they are
capable of giving & superior performance, particularly at the higher frequencies.
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3. LINE CONSTANTS.

3.1 Equivalent Circuit. In analysing the behaviour of a transmission line, it is
convenlent to regard it as consisting of one or more sections of unit length, measured
in feet, yards or miles, etec. As shown in Fig. B, each section mey be represented
electrically by an equivalent network containing:-

series resistence (R}, expressed in ohms/unit length;
series'inductance-(L}, expressed in henries/unit length;
shunt capacitance {c), expressed in farads/unit length;
shunt conductance (G}, expressed in mhos/unit length.

FIG. 8. FQUIVALENT CIRCUIT OF A TRANSMISSION sLI_' ;

3.2 Effects of Primary Constants. These electrical properties of dine are called its
primary constants; and - they affect the r. f. aignal as it travels -along the line,
For exsmple:!-

(1) the combination of r331stive and reactive components indicates that the llne
possesses impedance; Sk

(ii} the resistive components cause a progressive reduction in the strength of the
gignal along the line; =nd

(iii) the resctive components reduce the velocity at which the zignel is propageated
along the line.

3.3 Values of Primery Constents. The primary line constants are not "lumped" as in a
conventional cireuit. Instead, they are cglled distributed constants; that is, they
are evenly spread or distributed dlong: th#;re length of the transmission line and
cannot be distinguished separately. Th :b&lﬁeﬁ iﬂbruage { th length of line, and
may be expressed in terms of any unit of. 1engEh "ht . sﬁhencies, they . are

usually expressed in terms of either a 1,000 ft. or 100 £t it. kength of line.

The sctuel values vary for different types of lines and depend meinly on the physical
configuration of the line and the dielectric material used in its construction. The
velues may alsc vary with frequency, temperature and westher conditions.

The electrical performance of a line (for exsmple, its characteristic impedance,
veloeity of propegation and attemuation) ecan be calculsted from the values of its
primery conatents, as indicated in Sections 5, 6 and .

3.b The effective !or A.C. ) geries resistance at radic frequencies is much grester than

the D.C. reaistance of the line. This is due to the expanding and collapsing
magnetic fieid within the line, which forces the alternating current to flow toward
the outer surface or "skin" of the wire. This action, known as gkin effect, reduces
the total effectlive cross-sectionel ares of the wire, thereby increasing the series
resistance. BSkin effect increases with frequency.

The value of effective resistance depends on the size of the line conductors and is
proportional to the square root of the frequency of the trengmitted signal. For
example, a 1,000 £t. length of 200 1b. H.D.C. wire has:—

a D.C. resigtance of 1.67 ohms;
an effective resistance of about 13 ohms at 0. SMHZ, and
sn effective resistance of sbout 130 chms at 50MHz.
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Fig. 9 shows how effective resistance veries with frequency for various line wires.
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FIG. 9. RADIO FREQUENCY RESISTANCE OF VARIOUS LINE WIRES.

3.5 The series inductance depends on the size and epacing of the line conductors. For a
given spacing, it Incresses with smeller size conductors; and for given size
confuctors, it increases as the line spacing is incressed.

For a perticular line, the value of series inductance remains fairly constant at
radio frequencies. Typlcal velues for a 1,000 ft. length of line, arei-

about 0.6mH to 0.9mE for a two conductor, open wire line;
about 0,15mH to 0.25mH for s two wire cabley
about 0.08mH to 0.12mH for a coaxial cable.

3.6 The shunt capacitance depends on the size and spacing of the line conductors, and also
on the dielectric constant of the material between the line conductors. For a given
spaeing, it decreasses with smeller size conduetors; and for given size conductors,
it decreases ag the line spacing 1s increased.

For a particular line, the value of shunt capacitance remains fairly constant at
radio frequencies, Typical values for & 1,000 ft. length of line, are:-

about 0.0015uF to 0.002uF for e two conductor, open wire line;
increasing to asbout 0.03uF for a cable with solid dielectric; and
about 0,015uF for a coaxial cable with air dielectrie.

3.7 The shunt conductance of the dielectric between the line conductors produces losses at
radlo frequencles. Itz wvalue is greater than the conductance due to the D.C,
inguletion resistance of the line, and increases in proportion te frequency.

Shunt conductance (and, therefore, the effective shunt A.C. resistance) varies over s
wide range with different types of line conatruction. In the case of open wire lines,

it also varies with changing weather conditions. Typical vaiues for a 1,000 ft.
length of coaxlal cable with alr dielectric, are:-

2 micromhos at 0.5MHz;
20 microwhos at - -SMHz;
200 micromhos at SO0MHz,

The shunt conductance and the dlelectric losé:pf solid dielectric cables are much
higher. i
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L, INPUT AND QUTPUT IMPEDANCES.

4,1 A begic application of a transmission 2ine is to supply energy from a generator to a
load iFig 10a). In practice, at a transmitter installation, the radio transmitter

is the generator and the transmitting aerial is the load (Fig. 10b). Similarly, at
a recelver ingtallation, the receiving serial simulates the generator and the radic
receiver is the lomd. (Fig. 10c).

TRANSMISSION LINE LDAD

GENERATOR
OR SOURCE

{(a)

TRANSMITTER

TRANSMITTING
\$/ AERIAL
L :

{b)

RECEIVING

AERIAL V
=

RECEIYER.

—— ek — e ek s s ——

(¢)

FIG. 10, APPLICATIONS OF TRANSMISSION LINES.

All transmission lines have two ends - input and output.

The input is the end where the signal energy is injected. This is also called the
sending end, the generator end or the source end.

The output is the end from which energy is extracted. This is sometimes called the
receiving end, leoad or terminating end.

L2 A transmission line can be described in terms of its input and output impedances.

The input impedance is the impedance presented to the source by the line end its
load; that is, the impedsnce "meen” by the generator at the input end looking down
the line toward the losd. Its value iz equal to the ratio of voltege to current

at the input end.

The output imgedancé is the impedance presented to the load by the line and its
source; that is, the impedance "seen" at the output end looking beck along the line
toward the source. Its value 1s eqgual to the ratio of voltage to current at the
output end.

4.3 For maximm transfer of energy from a generator to a load, the impedances of the
generator and load must either be equal or be "matched" by s transformer or other
matehing device. When thie is applied to the transmission of energy over a line, the
following conditions must be observed:—

(1) The generator impedance must mateh the input impedance of the line, to ensure
naximum trensfer of energy from generator to line' and

(ii) the output impedance of the line must matech the load impedance, to ensure
maximum tresnafer of energy fron lins to load.

When thege impedance are not matched, some of the energy is refiected back to the
generator from the point of mismatch; and maximuni eneffy fes not absorbed by the load.
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5. CHARACTHRISTIC. IMPEDANCE.

5.1 Each line has & value of impedance which is a characteristic of its particular
construction. The input impedance (Zin) of an infinitely long transmission line is
called its characteristic impedence (%Zo). This is the value of impedance which
determines the amount of current that can flow when a glven voltage 1s applied %o an
infinitely long line {Fig. lla). Some text books refer to Zo as surge impedance or
iterative impedance.

In prectice, & line need not be infinitely long for Zin to egual Zo. Provided any
length of line le terminated in & load impedance (Z.) equal to the Zo of the line,
then Zin = Zo, irrespective of the length of the line (Fig. 11b}. Further information
on characteristic impedance is given in the Course Paper "Transmission Line

Characteristica"

C ————— — ——— ————

Ziri‘—jZo :

——— TQ INFINITY
C — e — i it At e
O

Zin = Zp

—_—— L= Zo
O

FIG, 11, INPUT IMPEDANCE OF TRANSMISSION LINES.

5.2 The characterigtiec impedance of a transmission line is important in ensuring that
maximum energy is transferred from a generator to its load.

For example, to transfer maximum energzy from trensmitter to line in & tranamitter
ingtallation (Fig. 10b), the output impedance of the transmitter must be matched to
the input impedance of the line. S8imilerly, to transfer meximum energy from line
to merial, the aérial impedance must mateh the output impedence of the line.

A similer snelysis applies at a receiver installation {Fig. 10c} where the impedance
of the receiving serlal, 7o of the transmission line and input impedance of the
receiver muet all be matched.

+3 FPactors which determine walue of Zo. In terms of the primary line constanta, it can

be proved that:-
_ R + jul
o = oThE

At radio frequencles, wl is very much grester than R, and wC is very much greater
than @, so that R and ¢ can be neglected. The formuls then simplifies to:-

o I Zo ig the characterzstzc tmpedance in chms;
#4——— = Jr_ where L & the inductance in henries per wnit length; and
€ is the capaeitance in favads per unit length.

Any factor {such as size and spacing of line conductors, and type of dielectric used)
which varies the series Inductance or shunt cepacitence of a line, will also rary

its value of Zo. Using smaller size line conductors end/or increasing the

conductor spacing, increases the inductance and decregges the capacitance, thus
increasing the Zo of the line.  The greater the dielesotric constant of the insulating
medium between the comnductors, the higher the capaéitance and the lower the Zo.

Referring to the gimplified formula for Zo sbove, 1t is important to note that the
valueg of L and C remain Pfairly constaht at radle frequencies, This means that the
value of Zo for a particular line does not vary gredtly with frequency, In practice,
it is usual to regard the Zo of an R.F, transmission line as being purely resistive.
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5.4 Exemple No. 1. A typical 200 1b. H.D.C. open wire line has s eeries inductance of
0.3&3 per 1,000 ft. and a shunt capacitance of 0.0018uF per 1,000 ft. Calculate the
characteristic impedance of this line at radio frequencies.

Solution. Zo = J%—

0.66 x 1078 }660 x 10%
0.0018 x 1078 7 18

= V36,67 x 10* g

.06 x 10 = 805 ohme.
Angwer = 605 ohms.

7.5 Leleulsting Zo from dimensions of lire. We can also calculate the value of Zo &t redic
frequencies from the crogo-sectional dimensions 6f the line. _

For & twe wire line - For a coaximl line -

r 'iL (o)t

T 4

. 276 as . 138 o
Zo (in obmg) = ‘— iog, Zo (in olms) = == log
w e ' ed
whare 5 i9 the spacing behueen the where D io the inside diometer of the
centres of ths eonductors; . . outer gonductor;
d i the diameter of a condustor; d 18 the outside diameter of the
inner conductor;
both expreseed in the same unit. both expressed in the pame wnit.

In the above formulas, k is the dielectric constant of the ingulating medium between
eonductors. For atr dielectrie and for all gases, k ie taken as 1.

5.6 Exomple No. 2. What is the characteristic impedance at R.F. of an air dielectrie
coaxisl cable with the following dimensions:~

inside diameter (D) of outer comduetor = 0,375 inchj
outelde diemeter (d} of inner conductor = 0,104 ineh?

Solution. As the cable has wir dielectrie, k = 1; and the formila simplifies to:-

Zo = 138 log,, §
0.376 S
= 138 1log Fypg = 198 log 3.6 ~E o
= 138 x (,5563 = 76.8 ohma., . @ - mlern—me——mealo .
Angwer =  76.8 ohme. '

5.7 Optimum Ratlo of D/d. In the design of coaxiel cables,:when.the ratic D/4 is plotted
against attenuation per unit length, minimwm gttepwation.is feund o occur when the
ratio equals 3.6. This ratioc gives u Zo of sbout 75 ohms for air dielectrie cables,
and about S50 ohms, for s solid dlelectric,such ss: polybhepes:sThe minimum in the
attenuation curve is very brosd, however,-and for. ratios.gef 2:5.end 6, the loss is
only about 10% greater than with the optimum of; 3.6, - .
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5.8_ Graphe of Zo. We can plot the equationa given in para. 5.5, &3 graphs which relate Zo

Zo IN DHMS

to the ratlo of the dimensions (Fig. 12).
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FIG. 12. GRAPHS OF Zoc FOR TWO WIRE AND COAXTAL LINES.

These graphs apply to lines with air dielectric. For sclid dielectric lines,
multiply the value of Zo {as obtained from the graphs) by a factor:-

1

3 where k 18 the dieleatric constant of the insuwlation.

Typical values of k for polyethelene, polystyrene and polythene range from about
2.3 to 2.9, : ) : .

Fote that, for similar ratios of cross-sectional dimensions, m line with m solid
dielectric has a lower Zo than one with alr dieleetrie.

5.9 Example Wo. 3. Using the graph for a conxlal line in Fig. 12, calculate the Zo of a

coaxlinl cable with the following dimensione:~

inside diameter (D) of outer conductor = 0.6B0 ineh
outside dlameter (d) of inner conductor = 0.188 inch;

assuming (1) air dielectrie; {ii) & solid dielectric (k = 2.25).

Solution. (1) Determine the ratic %a %—g—f—:g = 3.6

From Fig. 1%b, this ratio gives a
Zo of about 75 ohms.

(i) For the soiid dielectrie cable,

k A ' "8 0.580""
multiply thie value of Zo = 75 ohme, by:- """“]‘ig"'"
I S e S T
7K VBT 15
Therefore, Zo = —?-gg = 50_ohma.

Anewers = (1).75 ohma;  (i1) 50 ohma.
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5.10 Determining Zo by weagurement. The charactéristic impedance of & line can also be
obtained by measurement., This is done by measuring the input impedance of the line
%ith the receiving end open circuited (Zoc), and theh wifh the receiving end short
cireuited {Zsc¢). The characteristic impedance §s obbtained from the formula:-

Zo = VYigo x Zgo

5.11 Nominal values of Zo, At redio frequencies, the Zo of & pﬁrtﬂculbr transmission line
ie Tairly consbant and can be considered to behave 8. 6. puve: resistance, For R.F.
transmission lines used in practice, it usually liea betwaan 50 chnma and 600 ohms.
Approximate velues are:- .

(1) open wire line {2 wire} : 600 ohms,
(i1) open wire line (& wire): : 300 ohms.

{iii) open wire line (6 wire) 200 ohms. _
(iv) comxiel line : 50 ohms or 75 ohma.
Trensmiselon lines are often described in terms of their Zo; for exanple, in the

expresaions‘
s 600 ohm open vibre line" and "a 75 chms coaxial ceble",

the reference 1o 600 ohme and T5 ohms indlcates the nominal vnlue of Zo for the
particuiar line. :

5.12 Use of lines with low Zo. Multiple conductor open wire lines, bebause of their lower
values of Zo, are preferred to two conduetor open wire lines for the transmiseion of
large R.F. powers. When transmitting a given power, the voltage between conductors
is less for lines of lower Zo, and this reduces the risk of insulation breakdown and
arcing. This 1s ahown in Example No. 4. Note that, for lower values of Lo,
although the voltage between conductors ls lege, the current in the conductors is
inereased. The inereagsed current may tend to overheat the conductors; but, in
practice, this can be avolded by using heavy gauge line wires.

5.13 Example Nc, 4. A 100kW transmitter 1is matched to en aerisl via a trensmission line.
Assuming 100% modulation, calculate the peak values of the voltage across and “he
current in the line conductors when the Zo of the line is:-

(1) 600 chms; (i) 300 chma.
Solution. (i) For a carrier power of 100k (ummodulated} the R.M.5. value of
voltage goress tha 800 ohm ling:-

E = JYPxZo = 102,000 = 600 volts.

Multiply thie value by V3 to convert te peak volts (wmmodulated),
and then by 2 to convert to peak volts (modulated 100%).

Then, Emax (modulatad 100%) = 2/100,000 % 600 X3
120 » 18 = 2,000 v120

22,000 volte {approx);

“.

and Imax (modulated 100%8) = '5233 = 'Eézg%gv = 36.5 amperee (approx),

(i) A similar analyeis for a Zo of 300 ohme, produces valuss of:-
Emaz (modulated 100%) = 15,500 volte (appror);

and Imaw {modulatad 100%)

51.6 gmperee (qpproxl.
(1) 22KV and 86.64; (ii) 15.5kV _and 51,84,

[l

Answers
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€. PROPAGATION CHRRACTERISTICB.

6.1 Veloclty of Propagetion. R.I'. energy is propagated at a maximum velocity of 300 x 106
metres per second (or 186,000 miles per second) in free space. This velocity is
_reduced in an B.F. trensmission line by a factor (see para. 6.4) depending on the
type of dielectric used for spacing and supporting the particular line. At radic

frequencies, the velocity of propsgation is largely Iindependent of frequency,

The velocity of propagation (V) can be celculated from the formulss:-
. g .
(i) v = 390xX107 L otres per second;

%

(i) v~

_J&E,OOOﬂmiZes per sscond;

(iid) v = 2

VIT

In (i) and (i), k is the dielectric constant of the insulating material.

In (fii) the same unit of length is ueed to express the velocity as that for which L
and ¢ are given.

6.2 Example No. 5. Calculate the velocity of propagation along a coaxisl ca.ble line with
80lid polythene dielectric, assuming a dielectric constant of 2.25.

Solution. ¥V = 186,000 milee/aseoond
188,000 -@%’J% = 124,000 miles/second.
V525 '

Angwer = 124,000 milea/eecond.

6.3 Example No. 6. Calculate the veloeity of propagation along a line which has the
following constants per 1,000 ft. length of line:-

L = 0.ImH : C = 0.0lhlyF

Solution. To simplify caleulations, comvert these valuee to basic units (henry and
farad) per 1 mile length of line.

L = (0.1x5.28x 207%) henry/mite
C = (0.0124 x 5,28 % 107} favrad/mile
V e 2 = 1 miles/second.
Vit V0.1 x 5.28 x 10-3 x 0.014d x 5.28 % 10-€
_ 1
W.00144 x 107 x (5.28)8
- .1’
5.28 V14d x 10-14 5.88 x 12
10° '
= %336 - 158,000 milea/sacond.
Anewer = 158,000 miles/second.
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6.4 Veloclty Factor. The velocity of propagation of electromegnetic waves along a
transmission line, is less than that in free space. The ratic of the velocity salong

a given line to the velocity in free space, 1s called the velocity factor.

For example, the velocity factors of the lines referred to in Examples 5 snd 6, are:=

124,000 158,000 - ' .
Sagy, iy - ]
166,000 0.67 and Terpon 0. 85. respectively

Typical values for various trensmission lines are shown in Teble 1.

Type of Line Yelocity Factor
Open wire line with air dielectric 0.95 - 0.975
Coaxial line with gpacers and alr dlelectrie - 0,85
Coaxial line with 2o0lid dielectric c.65
Two wire line with plastic dielectric 0.68 -~ 0.82
Twiasted pair line with rubber dielectric 0.56 = 0.65

TABLE 1. VELOCITY FACTORS FOR TYPICAL LIKES.

6.5 Wavelength. Because the veloeity of propagation is less than in free space, the
distance occupied by one cycle of & éurrent or voltage wave on an R.F. transmission
line {(that is, the wavelength) is less than the wavelength in free space., For
example, at a frequency of 10MHz:-

s &
Yeloeity _ 300 x 107 _ , .
Wavelength (i) Frequenoy (Rz)  ~ 10 x 106 30 metres in free space;
but, on an open wire transmission line, X = gbout 30 % 0.95 = 2B.5 metres;

gbout 30 x 0.65 = 19,5 metres.

and on a coaxial line with sclid dlelectric, A

This effect is summarised in Fig. 13. HNote that the reduced velocity decreases the
wavelength, but does not affect the frequency.

o—— LENGTH = 30 METRES e

This cycle is completed
over o distonce agual to
a free spoce wavelangth,.

Yeloslty of Propogotion
= 186,000 miles /aec.

Valocity of Prepagotion
= 177,000 miles /zuc.

Each of these cy<los is
completad vver o shortar
distonce than the fras
spaca wavelength, because
of the reduced veloclty

of prapogation.

Valodity of Propagation
= 721,000 mlles fzee.

FIG. 13. EFFECT OF REDUCED VELOCITY ON WAVELENGTE.
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6.6 Electrical Length. Whenever re¢ference is made to the length of & line In terms of its
wavelength at g partieular frequency, this refers to its electrical length. Lines
vwhich have the same electrical length at a particular frequency may have different
vhysicel lengtha because of the different velocities of propegation,

Thus, & line vhich has an electrical length of one wavelength at a frequency of
10MHz, has e physical length of:-

sbout 28.5 metres for an open wire line and
_about 19.5 metres for s solid dielectrie coaxial line.

6.7 Electrically Long and Short Lines. The electrical length of a line is determined by
the frequency of the applied signal and the veloelty of propagation along the line.
The terms "long" and "ghort" are sometimes used to deseribe the electrical length of
& line. Lines longer than one wavelength on which a complete cycle may be generated
at & source before the energy at the start of the cycle reaches the load, are said to
be electrieally long, Lines less than one wavelength are electrically short.

For example, at a frequency of 10MHz,. s line 50 metres long has an electrical length
of 2 wavelengths {neglecting the velocity fector), and is considered to be
electrically long; but when the line is reduced to 7.5 metres, the electriesl length
is one-quarter wsvelength, and this line is electrically short., Similarly, a line of
T.5 metres is electrically long at frequencies above sbout hOMHz; but in the higher
microwave frequencies, conductors of even p few inchee are considered to be
electrically long.

6.8 Example No. 7. (i) What is the wavelength in space of an electromagnetic wave which
has & Irequency of T50kHz?

(11) What is the wavelength of this wave on a coaxial line which
has & velocity factor of 0.857

Veloolty _ 300 x 10
Frequency = 780,000

&

Selution. (1) Wavelength = = 400 metres.

(i) Firet find the velocity of propagation on the line:-

‘ Velocity = . Veloocity in free space x Velooity Factor,

= 300 x 10° x 0.85 metres/sec.
: _  Veloeity _ .
Wavelength F ey 340 metrea.

Anewers = (L) 400 metres fii) 340 metrag.
6.9 Example No, 8. - Calculate the phyiical length of a trensmission line which has a
velocity factor of 0.9 and is one-half wavelength long at a fréquency of 150MHz.
Selution. Calculate the physical length for %, assuning veloeity of propagation

in free space; then multiply this lemgth by the velocity factor,
Velocity
Frequency

8
M- * 2 metres,

150 x 107 .
1 metrs.

Wavelength in free space

i

There fore, %in free space

%on tranemisaion line % in free space x Velocity Factor
= lmeter x 0,8 = 8.8 metre.

0.3 metre (or approxz. 3 feet).

Ansuer
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T. AITENUATION AND LINE LOSSES.

7.1 Types of Losses. The main purpose of a transmission line is to deliver the entire
tranamitter output to the aeriel or the entire received signsl to the receiver. In
practice, however, there ls mlways some loss (attenuation) in a transmission line,
Losses in R.F. transmission lines are due to:-

(i) conductor loss;

[ii) dielectric loss;
(iii) inductlon and rediaetion losses;
{iv) reflection loss.

7.2 Conductor loea. When current flows in a conductor, energy is dissipated in the form of
heat. This is due to the effective A.C. resistance of the conductors; end is
sometimes called a heating loss, a copper loss, a skin effect loss, & power loss or an
I2R loss.

Due to skin effect, R.F. currents tend to flow only in the outer surface of a
conductor. Hence, a copper tube is Just as effective for carrying high-frequency
currents as & s0lid rod of the same dismeter. The conductivity of an R.F. line can
be Incremsed by plating it with silver. Most of the current then flows in the silver
layer, and the tubling serves mainly for mechanical support.

7.3 Dielectric loss is due to the heating of the dielectric material {insulation) between
conductors, which takes power from the source. With mainly air spacing, as in open
wire lines, this type of loss 18 kept to & mindmum; and mainly occurs at the
insulators used to mount and space. the wires. In lines which use spacers or beasds =t
regular intervals and in golid dielectric lines, the insulating medium is made of
pyrex, polystyrene, polythene or some other materiel possessing good insulating
qualitieg and low loss at radlo frequencies.

7.4 Induction end radistion loepes are pimilar and are both due to the electromagnetic
field surrounding the conductors.

When this field cuts & nearby metallic cbject, a current 1s induced and power is
dissipated by the obj)ect, The power thus lost is supplied by tranaformer action from
the socurce for the R.F. lipe.

Radlation loss occurs because some of the field about & conductor dees not return to
it when the freguency cycle changes, but is projected into space as radiation. This
sdditional power loss mupgt be supplied from the source.

Radiatlon lose may be congiderable in a two wire line but can be decreased either by
reducing the spacing betyeen wires or by shielding. Both methods incremse the
cepaciteance between wires, which is usually undesirable. For the least loss from
this cause, coaxial cableg are used because of their patural shielding.

This type of losé.increaaes ag the square of the freguency.

7.5 Reflection loss occurs when & line is not terminated in its cheracteristic impedance.
In this case, net all of the epergy arriving at the end of the line ie dissipeted in
the termination, and same is reflected back along the line. This constitutes an
effective loes of power from an averall polnt of view.

Similerly, reflectlon loss occurs at sny point of impedsnce irregularity in line
construction; for exemple:- _

(1) at the points where open wire lines are sttached to insulators;

(ii) at the insulating disc spacers in air dielectric coaxial eables.

In practice, it 1s importent to melntein uniformity in line construciion (as far ms
poseible} to keep this type of lose to a minimum.
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7.6 Bffects of Weather. Open wire transmission lines are often subject to a wide range of
wemther veriations which have significant effects on the properties of the lines,
Cables lines are not ususlly affected by weather conditions, although they are
affected by temperature changes.

The serles resistence of an open wire line is increased under high temperature, and
plso under wet westher conditions. During wet weather, the film of moisture on the

. wires is slightly conductive. Since the magnetic field within the wires forces the
current to flow more towards the surface, part of the current leaves the wire and
flows in the ftlm of water. The resistence of the water film is many times greater
then the resistance of the copper wire, Similerly, during frosty or icy conditions,
the coating of ice on the wires may become very thick with a considersble part of
the current leaving the wire and flowing in the ice coating. These conditions
increese the resistence loss due to increased skin effect.

Molgture and ice also affect the shunt conductance of the open wire line. When the
weather is dry, the shunt conductence is low and the loss is relatively low. During
wet weather, dirt and dust collect on the insulators which become much more
conductive. The shunt conductance Incresses and more current flows through the shunt
leakage paths, increasing the attenusation.

Under severe icing conditions, the attenuation caused by skin effect and shunt
conductance may be increased by as much as six or more times normal dry weather
attenuatlon.

7.7 Formulas. For low=loss lines at nigh frequencies:-

(1) the resistance loss varies as the square roct of the frequency, and
(i1} the dielectric loss is directly proporticnal to the fregquency.
The respective formulas are:-—

4,34 x R
%o

Dielectric lose in db per unit length = 4.34 x G = Zo

where R 18 A.C. (not D.C) resisiance in ohms per unit length of the
line at the operating frequency;

Restatance loss in db per unit length =

¢ 18 shunt conductance in mhos per wnit length of the line at the
operating frequency;
Zo ig the characteristic impedance in ohms of the line.
7.8 Example No. 9. Calculate the total attenuation due to resistance loss and dielectric

Toss of a 100 ft. length of low-loss coaxisal cable, which has the following
characteristics at a frequency of 100MHz:-

Zo = 75 ohms ; R =12 ohms 3 € = 40 micromhos.
Solution. Calculate the resistance and dielectric losees separately, then add.

Resistance loss = %ﬁi Dieleotrio lose = 4,34 x G x Zo
= ‘3'—3—%’-‘-1—2 =4.38 x 40 x 1078 x 75
= 0.7db (approx) = 0.013db (approx).

Totql Lose = Resigtance loss + Dielectric loss
= 0.7 + 0.013 = .713db.

Answer

0.7db_{(gpprox).
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8. TEST gUESTIONS.

1.

5.

7.

10.

11.

12,

13,

14,

15,

What ta the purpdse of a transmission line when used:-:

(1) between a radio tranemitter and an aemia"i;'
(11) between a radio receiver and an aeriql?

. Briefly deseribe the conatruction of an air dielectrie soaxial cable.

State the four electrical primary constante of a two wire line and the wnits in which
they are expressed. Draw a diagram to show how a two wive line 1s considered to
coneist of these congtants.

Why does the series A.C. resistance of a transmission line vary with frequency?

Agsuming other factore constant, how t8 the series reststance of a two wire line
affected when: -

(1) the frequency of the transmitted eignal ie inoreased;
{ii) the aize of the line conductors is inereased?

. Assuming other faetors congtants, how ie the series inductance of a two wire

transmisaion line affected when:-
(1) the size of the conductors ia inereased;
(i1} the line wires are brought closer together?
Assuming other factors comastant, how ia the shunt capacitanee of a two wire
tranemiseton line affected, when:-
(i} larger size conductore are used;
(i1} a solid dieleotric ie used instead of air dielectrie?

At a certain frequency, the shunt conductance of a 1,000 ft. length of line, is
30 micromhos. What ie the shunt conductance of a 1,500 ft. length of this line?

What ia meant by the terms "imput impedance" and "ocutput impedance® as applied to R.F,
tranemiggion lines?

What is meant by the characteristic i{mpedamce of an infinite line? What symbol
repregents characteristio impedance? '

What ia the input {mpedanece of a 50 ohm coaxial cable which i{a terminated in a load
registance of 50 ohme?

What ie meant by the chavacterietic tmpedance of a line of definite length?

What ig the condition for mawimum transfer of energy from:-

(i) a generator to a line;
(it} a line to a logd?

Agswning other factore constant, how i8 the characterigtic impedance of a two wire
Itne with air spacing affected, when:-

(i) the line wires arve spaced cloeer together;
(i1} line wiree of a smaller gauge are used;
(111} the wires are embedded in a plastie sheathing with a dielectric constant of 47

Asauwming other factors are wngltered, what ig the effect on the characteristic
impedance of a coazial line, when:~ -

(1} the gauge of the inner conductor fe reduced;
(it} the ineide diameter of the outer comdustor is increased?



18,

17,

18.

18.
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81.
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24.

28,
28.

27,

28,

29.

30.

31.

éa.
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What ia the effect on the characteristic impedance of a coaxial line if the air
dielecirie 18 replaced by a dielectric of solid material?

Caloulate the charactevistic {mpedance, at radio frequencies, of a codxial line which
has a series inductance of OuwH per 100 ft. length and a shunt capacitance of 1,500pF
per 100 ft. length.

Caleulate the chavacteristic impedance of a tranemission line whioh has input
impedances of 1,210 ohms and 250 okme with the receiving end open-civeutited and
short-circuited reepectively. oo ’ ' '

In a coaxtial cable, what ratio of ocuter to ivner sonductor dicmeters gives mintmum
attenuation?

Caleulate the characterietio impedance of a coaxial cable of which the inmer conductor
10 a ¥ inch diameter dopper rod, and the outer conductor is a 7/8 inch diameter
tubing (inside diameter), '

Caleulate the chargeteristic impedance of a solid dielectric (k = 2.85) coaxial line in
which the inmmer diameter of the outer conductor is 0,75 inch, and the outer dicmeter
of the inner conductor is 0.80 inch.

Calculate the characteristic impedance of a two conductor open wire line constructed
of 200 Ib. H.D.C. conduetors (diameter 0.11 inch) spaced 8% inches apart.

4 100KV tranemiiter is matehed to an aerial via a line with a characteristic impedance
of 200 ohms. Aeswming 100% modulation, caloulate the peak valuss of the voltage and
current in the line. (Compare your answers with those given in Example No. 4 onm
page 12).

Why are four conductor cpen wire lines preferred to two conductor lines for the
trgnamigeion of large R.P. powers? :

Why ia it important to maintain wniformity in the eonstruction of transmission lines?
How is the dielectric lose of aolid dielectrie coawvial oables, kept to a min mm?
Caleulate the total atbenuation due to vesisiance loss avd dielectric lose of a

1,000 ft. length of coawial cable, whioh has the following characteristics at a
frequency of 150MHz:=

Zo = 70 otme ; R = 80 chms ; G = 0.01 mho.

Why are open wive transmission lines not suitable for use at frequeneies in the U.H.F.
range?

Caleulate the velocity of propagation along a two wire lime, when the insulation
between the wires hae a dielectric constant of 2.

Calculate the veloeity of propagation along a two conductor open wire line, which has «a
series inductance of 0.8mH/1,000 ft. and a shunt capacitance of 0.001wF/1,000 ft.

What 18 the wavelength in space of an eleetromagnetic wave which hae a frequency of:-
IMHz 1Mz ; 1,5GHz ¢ EGHz?

What ie meant by the term "weloctty factor" as applied to tramsmission lines? What is

the effact on the velooity factor when the air dielectric of a transmission line is

replaced with a solid dielectria?

What ie meant by the term "electrical length" as applied to a tremsmission line?
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34,

35.

36.

87.

38.

39.

49,

41.

An R.F. line has an electrical length of ome-half wavelength at a frequency of 160MHz.
What is ita elecirical length at a frequency of 80MHz?

An R.F, line ig 2 wavelengths long ot a frequency of 15MHz. What {e the eleetrieql
length of this line at a frequency of 30MHz?

What ie the veloeity of propagation (in miles per second) on a transmission 1ine which
has a veloeity factor of 0.757

Whai {e the phyeical Iengtk in metres of a transmission line whwh has an electrical
lenglh of one-half wavelenglh at a frequency of 20Miz, asswmng a velocity factor
of 0.97

What ie the velocity faetor of an R.F. line which has a phyeical length cof 2 metree,
and i8 one-quarter wavelength long at a frequency of 30MHz?

An B.F. line with a velocily factor of 0.8, has a physical Length of 12 inches, At
what frequency will this line be one-quarter wavelength longt (Apewme 1 metre = 40%),

State four types of losseg that can oeccur in R.F. transmission lines.

Why 18 hollow copper tubing juet as effective ae solid conductora for the transmisgion
of energy along R.F. tranemission lines?

ANSWERS TO PROBLEMS.

8. 45 mieromhos 29, 131,500 miles/sec.
11, 50 ohme 30. 172,000 milee/aeo,
17, 73 ohme 31, 75 metres; 20 metres;
18. 550 ohma 0.2 metre; Som.
20, 75 ohms 34, /4
21. 53 ohms 85. 4x
22, 601 ohme 36, 139,500 milee/sec.
23. 12.86KY; 63.254 87, 6,75 metres
27, 8db 8. 0.8
39, 200MHa.

END OF PAFER.



