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1. GENERAL

1.01 This section suppliesinformationconcern-
ing the physical andelectrical character-

istics of coaxial transmission lines and their
application in UHF and VHF radio frequency
systems.

1.02 The widespread and varied use of radio
equipment in the Bell System has made

coaxial lines a relatively common item in tele-
phone plant.

1.03 The primary purpose of coaxial lines is
to guide electromagnetic waves from one

point to another. At certainfrequencies, prac-
tical use can be made of them as resonant cir-
cuits in place of coils and capacitors. Coaxial
lines are often used as impedance matching de-
vices and in many cases they are usedas filters
to effectively remove unwanted frequencies from
a circuit.

1.O)J Low transmission loss, constant impedance
over a wide range of frequencies, low

radiationandlow susceptibilityto interference
from external fields, are characteristics which
make coaxial lines especially useful in comec-
tion with radio systems.

2. PHYSICAL CHARACTERISTICS

2.01 Coaxial lines are constructed in a cylin-
drical form consisting of an imer con-

ductor, a dielectric, and an outer conductor.
Depending upon the flexibility of these two
conductors and the associated dielectric, the
lines are classified as flexible, semirigid,
and rigid.

(A) Flexible Coaxial Lines

2.o2 Flexibility in coaxial lines is obtained
by using a braided outer conductor, a

flexible dielectric, and an inner conductor of
small gauge wire or of several small wires
stranded together.

2.03 The conductor material most frequently
used is copper. In some coaxial lines

the copper is tinned, principally to facilitate
soldering. A silver coating on the copper im-
uroves aging stability and the electrical con-
ductivity at frequencies above about 1000 mc.
To conserve copper and to provide additional
tensile strength during manufacture, copper-
coated steel (Copperweld) is sometimes used for
the inner conductor of small size coaxial lines.
Coaxial lines designed to have high attenuation
may use a center conductor of Nichrome or simi-
lar high resistance material. In some coaxial
lines, designed for special purposes, the inner
conductor is formed by winding a small gauge
wire as a helix around a cylindrical, insu-
lating core.

2.O)J The dielectric of most flexible coaxial
lines consists of a solid tube of poly-

ethylene, teflon, or rubber, enclosing the in-
ner conductor. The dielectric gives form to
the outer conductor braid and determines its
diameter. Teflon is capable of withstanding
relatively high temperatures in comparison with
polyethylene and rubber. Rubber insulated co-
axial lines have little application in Bell
System radio services
tion. The dielectric
line depends upon the

because of their attenua-
usedina specific coaxial
flexibility, temperature,
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SECTION 940-200-107

voltage,and frequency requirements to be satis-
fied. Semisolid dielectric coatial lines are
made by wrappinga string of dielectric material
around the inner conductor and then covering
the helix, so formed, with a thin tube of the
same dielectric material. Coaxial lines con-
structed in this manner retain a good degree of
flexibility and provide a compromise between
the electrical properties of air and solid di-
electric coaxial lines. The characteristics
of teflon and polyethylene dielectrics are
given in Section 402-100-100.

2.Og A jacket of initiating material, such as
rubber, polyethylene, or synthetic resin,

is usually provided over the outer conductor of
flexible coaxial lines as a protection against
moisture and mechanical damage to the conductor
braid. Jacket materials vary in their suscep-
tibility to heat, cold, and sunlight. In some
older types of polyethylene insulated coaxial
lines with synthetic resin jackets, the vinyl
plasticizer tends to migrate into the polyethy-
lene under certain conditions, contam~nating
the dielectric and increasing the attenuation.
‘1’wotypes of noncontaminating synthetic resin
jackets are now available.

2.o6 One type of noncontaminating jacketed
coaxial line used in early Bell System

installations employed a jacket of clear or
natural polyethylene. After this type jacket
material had experienced aging on outside in-
stallations it was found to be susceptible to
deteriorationby ultraviolet rays in a rela-
tively short the. The deterioration resulted
in hair line cracks in the outer jacket. In
some instances this cracking became so extensive
that the copper braided outer conductor became
discolored, thus resulting in an adverse effect
on the transmission qualities of the cable.
This experience with the above-mentioned outer
jacket resulted in an improved jacket of ablack
pdyvi.nylchloride material. This improved non-
contaminating type jacket is expected to have
better resistance to deterioration by sunlight
and other conditions of weathering.

2.O’1 An armor of braided aluminum or galva-
nized steel is provided over the jackets

of some flefible cables as added protection
against mechanical damage.

2.08 Most flexible cables of recent manufac-
ture are made in accordance with specifi-

cations prepared by a committee representing
the manufacturers, and the armed services.
Such specificationsare coordinated by the Armed
Services Electro Standards Agency (ASESA) and
cables manufactured in accordance with those

specifications are identified by an RG/U-type
number which is marked along the length of the
cable at suitable intervals.

2.09 The nominal characteristics of several
types of coaxial lines are given in St3c-

tion 402-100-100. These include dimensions,
conductor materials, dielectric materials and
jacket materials.

(B) Rigid and Semirigid Coaxial Lines

2.10 Lines withan outside diameterof7/8 inch
are available in both rigid and semirigid

types. Iarger lines are rigid and smal.lerlines
are nearly always semirigid. Hard drawn ’copper
is used in the manufacture of rigid lines for
which the standard length is 20 feet. Semi-
rigid lines are made of soft drawn copper and
ordinarily are manufactured in lengths of 100
feet. Semirigid lines, spliced atthefactory,
may be shipped in continuous lengths up to 1000
or 2000 feet.

2.11 The data of different manufactures show a
considerable variation in the safe bend-

ing radius for lines that are nearly the same
in other respects. A safe general rule would
be to avoid bends with a radius less than about
35 times the outer diameter of the lines, un-
less shorter bends are permitted by specific
manufacturing data. Repeated flexing will re-
sult in permanent damage to all types of semi-
rigid lines. Inner conductors, having a radius
in excess of 3/8 inch are usually tubular.

2.12 The dielectric of rigid and semirigid
lines is predominantly air, and separation

between the conductors is maintained.by insu-
lating beads or pins of teflon or of a ceramic
material such as steatite. The spacing of the
beads along the conductors is one factor con-
trolling a line!s minimum bending radius. Bead
spacing also may impose restrictions on the
frequency band which can be transmitted satis-
factorily since the beads constitute irregular-
ities in the air dielectric. This effect is
reduced in ‘~compensated!!lines by altering the
diameter of one or both conductors at bead lo-
cations or by spacing the beads in sets in such
a manner that the irregularities introduced by
one set will be partially compensated, at spe-
cific frequencies, by the irregularities of
another set.

2.13 The insulation of air dielectric lines is
impaired by moisture. To prevent the en-

trance of moisture by breathing and condensa-
tion as a result of temperature changes, the
lines mustbe dried and hermetically sealed
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after installation. As a means of maintaining

moisture within air dielectric lines at an abso-
lute minimum, it is common practice to fill the
line with dry air or nitrogen. This dry air or
nitrogen is maintained under approximately 15
pounds pressure per square inch.

2.lb The nominal characteristics of rigid and
semirigid coaxial lines are Riven in

Section 402-100-100.

3. ELECTRICAL CHARACTERISTICS

3.01 The transmission characteristics of uni-
form lines are derived from the primary

constants andare given in the Transmission Engi-
neering practices. The primary constants per
unit length are the series resistance, R, of
the conductors; the inductance, L; the capaci-
tance, C, between the conductors; and the leak-
age conductance, G, of the dielectric. The
capacitance and inductance of a given coaxial
line are relatively constant with frequency;
but R increases with the square root of fre-
quency, because of the skin effect, and G in-
creases almost directly with frequency. G is
determined by losses in the dielectric and is
readily obtained from the power factor of the
dielectric by

G = ?TfCl . (power factor)

Mere Cl is the capacitance with air

electric and the rmwer factor is the

(1)

as the di-

cosine of
the angle between-the voltage and current.
With teflon and polyethylene dielectrics the
power factor is very small and practically con-
stant over the range of frequencies ordinarily
used on coaxial lines.

3.02 As a practical matter, the primary con-
stants are seldom referred to in connec-

tion with coaxial lines at radio frequencies.
Instead use is made of “constants” which show a
more direct relationship to their effect on
high-frequency signals impressed on the line.
These “constants” are the characteristic imped-
ance, 2., and the propagation constantti .

The propagation constant determines theattenua-
tion and phase shift due to the line. ‘I’he
equations for these two constants are:

20 = vR +jWL
G +jUC

(2)

Y.OL+ jp .
V(R+j@L)(G+j@C~ (3)

3.03 These equations are applicable to coaxial
lines transmitting electromagnetic waves

in the principalmode, which is generally the case
in Bell System services. At radio frequencies,
where Rand G are small in comparison to (d,) and
(uC) respectively, good approximations are
giyen with the simpler equations that follow
below. However, at microwave frequencies the
dielectric losses maybe large and these simpler
equations would not suffice.

3.04 A knowledge of the effect of terminations
on lowloss linesanda knowledge of limit-

ing characteristics, such as the maximum volt-
age and power that can be applied to a line
with safety, are of great importance.

(A) Characteristic Impedance

3.OS The characteristic impedance is a property
of the line itself. Itis usually defined

as the impedance presented by either end of an
infinitely long line or by a shorter line which
is terminated by an tipedance which is equal to
the impedance of the infinitely long line. In
the latter case, awave arriving at the termina-
tion is completely absorbed by the termination
and no terminal reflections occur. The ratio
of voltage to current at any point on such a
line is equal to the characteristic impedance.

3.06 WhenR and G of equation (2) are negli-
gible in comparison with (@L) and (UC)

the characteristic impedance

Under the same conditions of
the characteristic impedance

is given by

ohms (b)

negligible RandG,
of an air dielec-

tric line is related to the diametric ratioD/d,
where D = inside diameter of the outer conductor,
and d = outside diameter of the inner conductor.

Z. = 138 Log10 : ohms (5)

Fig. 1 gives the approximate characteristic im-
pedance of coaxial lines as determinedly the
diametric ratio of the inner and outer conduc-
tors. The characteristic impedance given in
equations (4) and (S) is a pure resistance.

3.07 Dielectrics other than air affect the
characteristic impedance to the extent

that tineycontribute to the capacitance and
leakage conductance of the line. Except at
high microwave frequencies, the conductance of
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low loss dielectrics, such as teflon and poly-
ethylene, has a negligible effect on impedance.
The capacitance is directly affected, however,
and in equation (~) C = Clk, where Cl is the

capacitance the line would have with an air
dielectric and k is the dielectric constant
(for air dielectric k = 1). A dielectric other
than air, therefore, affects the impedance by a
factor of 1/ ~, and this factor must be a$-
plied to equations (~) and (S). The charac-
teristic impedance of coaxial lines having a
dielectric other than air can be computedb

emultiplying the values from Fig. 1 by 1/ k.

3.08 When coaxial lines have a continuous, low
loss dielectric the characteristic imped-

ance is nearly constant over the range of radio
frequencies for which coaxial lines are likely
to be used. In bead insulated air dielectric
lines, reflections from the individual beads
combine in phase at certain frequencies causing
the impedance to drop as much as 10% in some
cases. This effect may impose restrictions on
the frequencies which can be transmitted satis-
factorily and on the locations at which some
bead insulated lines should be cut. In compen-
sated lines, impedance irregularities due to
beads and bead spacing are reduced.

3.09 The nominal characteristic impedance of
coaxial lines most frequently used in

Bell E@tem radio services is SO or 70 ohms,
depending upon the impedance of the temnina-
tions. When the terminating impedance is the
same as the characteristic impedance of the
line, the impedances are said to be matched.
When impedances are not matched the loss re-
sulting from use of the line may be greater
than the loss of the line itself, excessive
voltages may be produced on the line, and the
sending end impedance of the line may be af-
fected to the extent that equipment is damaged
or fails to operate properly. Further refer-
ence to the importance of impedance matching is
contained in Part h.

(B) Propagation Constants

3.10 For coaxial lines at radio frequencies
the propagation constant given by equa-

tion (3) may be replacedby

3.11. The attenuation constant, which is the
real part of the propagation constant,

gives the loss in nepers per unit length. One
db= 8.686 nepers. The attenuation in db per
unit length is givenby

A = 8.686ct= 8.686 [%+~1 (7,
db/unitlength

3.12 Attenuation is due principally to the
conversion of electrical energy into heat

in the series resistance, R. The conductance,
G, is determined by the power factor of the di-
electric and by the frequency. G increases
almost directly with frequency; but with air,
polyethylene, or teflon dielectrics the conduc-
tor losses predominate at the highest frequen-
cies for which coaxial lines are ordinarily
used. Losses in *he dielectric become of rel-
atively more importance as frequency is ti-
creased.

3.13 The attenuationofan air dielectric line,
having an inner conductor of fixed size,

varies with the diametric ratio D/d and is a
minimum when D/d = 3.6, correspondingtoa char-
acteristic impedance of 77 ohms. A change in
the diametric ratio affects the impedance more
rapidly than it affects attenuation.

3.lh A 10SS of 3 db in a line represents a
loss of about half the power delivered to

the line. The useofa line withahigh attenua-
tion constant can thus waste much of the advan-
tage gained by higher antenna towers, for
example, or by increasing transmitter power.

3.15’ The phase shift, velocity, and wa~~ length
of a voltage or current wave on a line

are interrelated and are determined bythe phase
constant~ , of the propagation constant in
equation (6), as

(8)

The phase shift, velocity, and wave length, at
a given frequency, are thus determined by in-
ductance and capacitance of the line.

3.16 The phase constant,~ , is the angle in
radians,bywhich thephase of a sinusoidal

voltage or currentwave is retarded in traversing
unit length of line. When the wavehas traveled
over a length of line,1, the phase retardation
will befll and when $1 = 2’lfthephase at the

distant point will be one cycle behind the
phase at the near point. The distance between
the two points is, therefore, one wave length
and

(9)

3.17 A phase difference of one cycle in the
voltage or curre’ntwave is 2Tfradians,

and the time required to complete one cycle is

T ‘$ seconds. T is also the time in seconds

required for a given point on the voltage or
current wave to–travei a distance,~ , on
line. The phase velocity is therefore

the
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v=+=Af (lo)

If~in (10) is reDlaced by ‘Wfrom (9)
?-

(11)

If ~ in (11) is reDlaced by~~ from (8)

(12)

The velocity thus willdependonlyonthe product
LC, and is independent of frequency. The wave
length varies inversely with frequency and ~
varies directly with frequency. The above re-
lations maY be found useful in determining an
unknown constant when the others are kno}m. It
should be kept in mind that the derived con-
stant applies to the same unit length as the
known constants used in the equations.

3.18 The capacitanceinequation(12)is C=C1k.

The velocity, therefore, varies inversely

with the square root of the dielectric con-
stan\ k. In air dielectric lines the wave
velocitiJvaries fromabout 86.6$ to99.8% of the
velocity of an electromagnetic wave in free
space. The higher value applies to larger lines
in which the d~.electricbeads account for a
relatively small part of the total dielectric.
In solid polyethylene insulated lines,for which
k = 2.26 and l/fi = 0.66s, the wave velocity
is approximately 66.s% of free space velocity.

3.19 A knowledge of wave velocity is useful in
determiningthe length of line correspond-

ing to some particular fractionofa wave length
as in cases where a quarter wave stub is re-
quired. One wave length in free space is given
by

~= 300,000,000
(13)

The results of equation (13) are expresseciin
meters where the frequency is entered in cycles
per second. In cutting of coaxial lines to
form stubs or to construct filters, it must be
remembered that velocity within the coaxial
line is less than the velocity in free space.
Therefore, the results of equation (13) must be
multiplied by the known velocity factor of the
coaxial line to obtain the wave length of a
frequency within a given line.

(C) Voltage and Power Ratings

3.20 The voltage required to break do~m the
insulation of a coaxial line depends upon

the inside diameter of the outer conductor,

upon the dielectric, and upon the diametric
ratio D/d. A ratio D/d = 2.718, which cor-
responds to a characteristic impedance of
60 ohms, permits the maximum voltage between
conductors. The maximum voltage that will
exist on a line for a given power flow will be
increased if the load impedance does not match
the characteristic impedance of the line. See
Part 3 (D).

3.21 The power rating of a line is that input
power which may be transmitted continu-

ously without causing injury to the cable. The

power is limited by the maximum safe voltage on
the line and by the permissible temperature
rise. For a given line the power rating di-
minishes with increase in frequency, with the
ambient temperature, and with the standing wave
ratio. Operation of a polyethylene dielectric
cable at a center conductor temperature above
Ylso F is likely to cause permanent damage to
the cable. For polyethylene dielectric lines,
particularly where the line is subject to flex-
ing, the power rating should be large enough
that the center conductor temperature will not
exceed l~Oo F in normal operation.

3.22 Power ratings for flexible coaxial lines
given in the tables attached to Section

402-100-100, are based on an ambient tempera-
ture of 10b” F. For center conductor tempera-
tures of lSOo F the power ratings will be about
59% of the ratings shown in the table. For
operation in an ambient temperature of l&OO F
and a center conductor temperature of lSOo F
the power ratings will be only 10% of the table
values. hhen it is necessary for a cable to
operate in an ambient temperature of lSOo F it
would be desirable to use teflon or air di-
electric lines.

3.23 Under conditions of imperfect impedance
match, a safe power rating may be deter-

mined by dividing the powerratingunder matched
impedance conditions by the voltage standing
wave ratio.

(D) Standing Waves

3.2L When a voltage source is applied to one
end of a uniform line that is terminated

at the far end by a matching impedance, the
voltage and current will diminish continuously
as the distance from the source is increased
and the ratio of voltage to current taken at
any point in the line will equal the character-
istic impedance. If E. is the peak value of

the alternating voltage at the source, thevolt-
age and phase, referred to Eo, at a distance L
from the source will be given by
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the propagation constant.

3.2S This simple condition will not prevail if
the receiving end of the line is termi-

nated by a mismatched impedance, ZL. When the

impedances are not matched the energy of the
incident wave will not all be absorbed by the
termination and there must be an abrupt adjust-
ment of voltage and current that will result in

= ‘L in the load. This adjustment
a Cument lL ~

is made by the reflection of part of the inci-
dent wave back toward the eource. The voltage
on the line at the termination will thus be
EL=Ei+E r, the sum of the voltages of the

incident and reflected waves. Since the two
voltages result in waves traveling in opposite
directions, the current in the line will be the
difference between the currents represented by
Ei and Er acting on the characteristic imped-

ance of the line. The total current at the
junction of the line and termination mustbe
the same on both sides of the junction. There-
fore, Ii - Ir = IL. If the currents are re-

placed by the equivalent voltage to impedance
ratios,

(15)

Equation (15) reduces to an expression for the
ratio of the reflected wave voltage to the in-
cident wave voltage. This ratio,f), is called
the reflection coefficient and its magnitude
and angle are given by

Er
—.
E P= >:>=IQ]E (16)
i Lo

3.26 The total voltage at any point ona line
will be the sum of the incidentwavevolt-

age and the reflected wave voltage, and the
total current will be the difference between
the incident current and the reflected current.
At the receiving termination the total voltage
willbeEi+Er=Ei (1+1~1~) andthetotal

cmrent will be:

As the distance from the termination increases,
the incident wave voltage increases in magni-

tude and advances in phase by the factor e
jti

the instantaneous phase in the frequency cycle.
The instantaneous voltage at a distance,~ ,
from the termination will be given by

Incident wave:

E+ = Ei eJUt e
(a+ j@)~ (18)

Reflected wave:

E =EilPl eJeejut e-(&+ j@)((19)

Combined waves:

E~=E++E-

.We (a+JP){(l+lplejee=E e -j2(~+j01)
i (20)

The angle eJe is the angle & of the reflection
coefficient, since these are equivalent ways ~f
representing anangle. Fig. 2(C) shows the instan-
taneousvoltages onanRG59A/U cable computed from
equation (20) under the conditions that E. = 1,

ZO=73 -jO, ZL ’70 -j50.5,and ~= 0.3331~0

3.27 A physical picture of the combined volt-
age distributed along the line can be ob-

tained more readily by dealing with peak values
of the voltage and by assuming that the line
has no attenuation. Under these conditions
t=OandCi= O and equation (20) can bewritten
as

‘{ =Ei& (l+pl /e- 2N) (21)

The corresponding, combined current, Ii - Ir,

will be

It ‘>& (1 -l~lfi- 2@) (22)
L

o

The sending end impedance, at a distance,1,
from the termination will be

3.28 The magnitudesof voltage and current in
equations (21) and (22) depend directly

on the quantities in parentheses. The incident
and reflected wave voltages will be in phase
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and add up to a maximum when
is zero or a multiple of 2’N.

the angle 0-2(3/
Then 9-2$X =

+ Zwn, where n is any integer. Calling the
~istance from the termination to the maximum
voltage points (I and substituting the value~~

for 2Tl(see equation (9)), the above expres-
sion reduces to

41 ‘?$+n~ pointsmaximum voltage (2L)

Maximum voltage points will thus recur at in-
tervals of ~ and the first maximum will occur

7
when n is the smallest integer that will give

4
a positive value.

3.29 The incident and reflected wave voltages
will be in opposite phase and the com-

bined voltage will therefore be a minimum when
the angle (3-2f3~=$2’Nn~T. If{zis the

distance from the termination to the minimum
voltage points, this expression reduces to

Minimum voltage points thus

of $ and are displaced from

points by a distance
?“

recur at intervals

maximum voltage

3.30 In a similar manner it can be shown that
minimum current points coincide with max-

imum voltage points and maximum current points
coincide with minimum voltage points. For a
given frequency and reflection coefficient the
maximum and minimum voltage points are station-
ary, and their periodic recurrencewith distance
along the line gives rise to the term, standing
wave. The ratio of maximum to minimum voltage,
occurring on a line within a distance of one-
half wave length, is called the voltage standing
wave ratio, VSWR.

3.31 If a line has appreciable attenuation,
causing the incident wave voltage to in-

crease and the reflected wave voltage to de-
crease with distance from the termination, the

. VSWR will vary with the position along the line
at which the maximum and minimum voltages are
taken. For a line with low loss, the VSWR is
related to the reflection coefficient by

(26)

Only the magnitudelpl of the reflection coef-
ficient is involved since the + and - signs
take into account the relative phases of the

incident and reflected waves; the numerator
representing the in-phase condition and the de-
nominator the condition for phase opposition.

3.32 Since impedance is the ratio of voltage
to current, it is evident that the send-

ing end impedance of a line that is mismatched
at the receiving end (equation (23)) may differ
considerably from the characteristic impedance
of the line. A general equationforthe sending
end impedance Zs, of any line terminated by an

impedance ZL is

ZL coshY~ + 20 sinhr{
2s”2

o z. coshy~ + zL sinh~~ (27)

To avoid the use of hyperbolic functions of the
complex quantity,~1 = (CL+ j~)~,equation
(27) can be written in the form

[~

ZL(cosh~cos# +jsinha~ sin~~ ) +
z~=z

o 0 (coshcttCOS t +j sinhcd sin 4) +

Zo(sinhw(cos~~ +jcoshu[ sin~ )

ZL (sinhcd cos E +jcoshal sinw]
(28)

3.33 From the general equations (27) and (28)
several cases of great practical impor-

tance involving low loss lines can be derived.

When the line loss is 2 db, ~!= ~&6 = 0.23.- -
neper. For this small quantity sinha{, ‘@{,
and coshci~ = 1 approximately. When lines have
a 10ss Jf apprOXhMhly 2 db Or kSS9 eqUatiOII

(28) maybe replaced for practical purposes
by

rz,(COS pl + jat sin~l ) +

l(~f2s = Z. ZJJ Cos
+ jal sin

o
1? lr

Z. (atcos# +j sinpl )

t
‘~ J

(29)

‘L ‘~
Cos +jsin

in which hyperbolic functions are eliminated.

3.34 When the length of a line producesaphase
shift of 900 or an odd multiple of 900,

and the line is an odd multiple of a uarter
wave length long. 4For~ “ (2n+l)X,

Cos(M = O and sin$~ = + 1. For a q~arter
wave line, therefore, eq~ation (29) reduces to

[d
ZLa~ + z.

Zs=zoza + quarter wave, (30)
o L low-loss line

Page 7



SECTION 940-200-107

3.35 If a quarter wave line isshor~circuited,

‘L
= O and equation (30) becomes

Z.
z

= ‘a (31)

The sending end impedance of a short-circuited
line that is an odd multiple of a quarter mve
length lon~ is thus very high and would be in-
finite if the attenuation were zero.

3.36 For an open-circuited quarter wave line
ZL =-and equation (30) becomes

[1
~~+zo

z ‘z o zo&[ += which
so

z=
so

Zeal

The sending end inmedance of

reduces to:

(32)

an own-circuited
line which-is an odd multiple of ~ quarter wave
length long will thus be smaller than Z. and

will be zero if the line has no attenuation.

3.37 Wen the attenuation is so small that
ZL&~ and ZoCtl can be neglected in

equation (30) the sending end impedance becomes

.2

Zs=>
L

(33)

Equation (33) illustrates the impedance trans-
forming action of a quarter wave line. The im-
pe&nce ZL, seen through a quarter wave line,

—

/’2 ZL and by a proper choice of Z.appears as Z

the impedance Z5 can be made to match any de-

sired impedance. For example, to match a load
ZL to a line of characteristic impedance ~,

the impedance Zs of equation (33) must have the

value ~. ‘fhelea dwillmatchthe line ~,

therefore, if it is seen through a ~/)Aline
having a characteristic impe&nce given by

2.2

~ = ~ from which the characteristic impedance

of the quarter wave line should be Z. =-

3.38 FOra line which is any multiple of V2
the phase shift willbe~~ ‘nWandequa-

tion (29) reduces to

[1
zL+rxlzo

2s * Z.
Z. +uLzL half wave line (3L)

A line is short-circuited, ZWhen the ~ s =Oct Z.

md

the

when it is open-circuited, Zs =
2“

When

attenuation is zero

Z5 = ZL zero 10SS, half-wave line (35)

A half-wave line thus tends to act as a 1:1
transformer and the load impedance, modified by
the line attenuation, recurs at the sending end
at intervals of A/2.

3.39 If ZL=Oand ZL =~are substituted in

the general equation (27) for the sending
end impedance of a line of any length, general
equations for the sending end impedance of short-
circuited and open-circuited lines,respectively,
resuit. They are ‘

Zz [1cosh~l - ‘O.
so o sinhy~ tanh r(

circuited line for which

and

z ‘z.
Ss

If equation

“

Z’.= 2s0 tanhy’t

r 1

open- (36)

> (37)

11Sinhr[ .
Z. tanhrl

coshy’~ (38)

short-circuited line.

(37) is divided by equation (38)

/4 zso tanhrl. Z50
<5= =—

20 tanhrl Z.

for which

‘o ‘ ms (39)

This shows how the characteristic impedance of
a line can be determined if the short-circuited”
and open-circuited impedances of a length of
line are known. The only conditions are that
rtbe the same for the open-and shorkircuited
impedance determinations.

3.hO Fig. 2(A) shows the standingwavevoltages
and currents on a short-circuited line

which has no loss. It will be observed that
the voltage is zero at the termination and at
intervals of A/2 along the line. At ~/~ and

at odd multiples of ~/h the voltage is twice
the incident voltage Ei. Maximum currentpoints

coincide with minimum voltage pofnts. For an
open-circuited line the l?~and If curves would
be interchanged.

Page 8



1SS 1, SECTION 940-200-107

J.hl The effect of attenuation on the standing
wave voltage curve (A) is shown for an

exaggerated case by curve (B) of Fig. 2. It
lziilbe obs$rvcd that whereas the vSWR is infi-
nite for the zero loss line and also for the
10SSY line adjacent to the termination, the
‘J.%R decreases for the loss;?Mne as the dis-
tance from the termination is increased. 1.
situation more cormnonlyencountered is shown by
curve (C) in whj.chlower li~e attenuation pro-
duc?s a much less pronounced effect OF.voltage
ztandi~g wave ratio.

3.~2 Ftg. 3(L) shows the sending end impedacce
of a zero loss, short-circuited line. It

will.5C o-oservedthat the ser.dinzend impeckmce
is ?nfi~iteat distances whicharcan odd quarter
w~v~ iengtihfrom the t~rnination and zero <at
d~.sta~~?swhich are a nulbiple of’‘/~. The
angleof~,~e ~end~ng end @edance is zero (pure

resistar,ce)at m.x~ium and minimum impedance
Feints and is 9130 (pure reactance) atailothe~
points. If the origin is moved ~~h to the
left, the same curve forms will represent the
imDedance conditions on a zero loss, open-
circui?etiline.

3.h3 ‘he +T?ect.of li~e attenuation on the
sending end ~mp~c!anceis illustrated by

Fig. 3(B). These curves show that attenuation
prevents the impedance from reaching either the
zero or infinite values and as the length of
the line is iflcreasedthe sending end impedance
approaches the characteristic impedance of the
li~e. If the line loss is as much aslOorlSdb,
the loatiend impedance has little effect on the
ser.dinpend im?edance since attenuation pre-
vents an a~prectable amount of’ reflected wave
f~om re,?chin~zuch dista~t DO~~ts. In?ractical
caws the line attenuation does not have such
hizh values and the sendi~~ efldimedance will
be remesenied by curves lyiny Somwherebetween
the two extrmes illustrated.

3.MI T.~enthe terminating impedance is a Pure

r~actance $% will absorb no energy. The
refl?ct.ioncoefficient,5s, theref~re, unity and
the maximumandminimum voltages of the standing
wave w-illhave the same magnitudes as for a
short-circuited or ope~-circufted line. The
iocation cf the maximum and minimum voltage
potn+.swill depend llpon+,heratio of ZL to 2..

For a pure inchctance termination maximum volt-

age will occ’urat,a Aistznce less than k/h from
the termination and Yor a pure capacitance ter-
mination the minimum voltage point will cccurat
less t,hanA/~ from t,hetermination. With an

inductanceloacltheangle of the sending end
inmedance will be nearly 90° for distances up
to the first voltage maximum. Beyond that

distance the angle will alternate between ap-
proximately +900 and -900 at intervals of ~/k.
For a capacitance load the angle will be the
reverse of the inductance load situation, being
-900 untilthefirst voltage minimum is reached.
The impedance curve for a pure reactance lead,
terminating a line without loss, will be repre-
sented by Fig. 3(A), if the point of origin is
moved appropriately. For the inductance load
the origin should be moved less than ~h to
the left while foracapacitance load thearigin
should be moved between ~/h and ~2 to the
left.

3.k5 From the curves on Fig. 3 it is apparent
that a short-circuited line will have an

inductive reactance for any length of line UP
to a quarter wave length. Thereafter it will
alternate between capacitive and inductive re-
actance at intervals of wk. Anopen-circUit~d
line will have a capacitive reactance up Lo a
distance of ~h and then will alternate at
~4 intervals. Men the load has the same
angleas the characteristic impedanceof the line
the sending end impedance tends to look ;ike
that of an open-circuited line if ZL>ZO and

like that of a short-circuited line if ZL<Za.

&. APPLICATION

(A) Transmission of Energy

~.!ll Two of the most important properties of a
transmission line are attenuation and

characteristic impedance. The obJective is to
use a transmission line which is so constructed
as to ha~e low attenuation at the radio fre-
que~cies involved, and also the characteristic
impedance best suited to matching the impedance
of the radio equipment and the antenna. Having

chosen such a lifie, and assuming that the trans-
mitter output circuit (or receiver input cir-
cuit) is properly designed to work into the an-
tenna impedance, the line wiil cauze no reflec-
tion losses. Hence the transfer of energy to
or from the antenna will be done efficiently.
Also because of the absence of reflections, the
exact length of transmission line used is not
criticzl, an important practical consideration.

b.02 Coaxial transmission lines are called un-
balanced lines since the two sides of the

circuit have entirely different tipedances to
ground because of asymmetrical construction.

b.03 Coaxial transmission lines have the ad-
vantage that they procluceno appreciable

field external to the line when properly used.
Hence these lines can be buried or installed in
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close proximity to other lines or metallic ma-
terial, e.g., girders or steel towers, without
affecting transmission. Further the shield or
outer conductor can be grounded at any suitable
point for protection.

b.Ob Coaxial transmission lines areused mainly
between antennas and radio equipments

which are unbalanced to ground. However, a
coaxial linemaybe used to connect a balanced
antenna to an unbalanced radio equipment pro-
vided that a balanced to unbalanced transformer
(or its equivalent) of the proper tiedance. .

I ratio is used at the junction of the antenna
and the coaxial line.

(B) Impedance Matching

~.0~ men a transmission line is notmat~hed
by the load, the impedance looking into

the line toward the load varies with the dis-
tance from the load. If the input impedance is
considered equal to a resistance in parallel
with the reactance, the input resistance will
be equal to the resistive part of 20 at some

distance along the line. If at this point a
reactance equal in magnitude and onnosite in
sign to the reactive part of the innut imped-
ance is connected across the line, the react-
ance will cancel and leave only the resistive
component. From this point back toward the
generator, the line will be matched.

b.06 The reactance used for matching in this
way are usually linearreactancesections

of transmission line called stubs. stubs may
be open or closed, depending on whether the
free end is left open or short-circuited ac-
cording to the type of reactance required in a
particular case.

h.07 The length of the stub, as well as the
point at which it should be attached to

the line, can be found without anyknowledge of
the antenna input impedance, provided that the
VSWR on the line can be measured before the
etub is attached, and provided the position of
tie maximum voltage points can be determined
tier the same condition.

&.08 The amplitude of the voltage standing
wave pattern, assuming the angle of the

load impedance is the same ae that of the char-
acteristic impedance, Is proportional to the
ratio of the terminating resistance to the char-
acteristic impedanceof the line, or vice versa,
whichever isgreater than unity. Thus, a50-ohm
line terminatedby either a 10-ohm or a 2s0-ohm
resistive load will show a voltage standing
wave ratio (VEWR) of 5:1. The standing l~ve

ratio thus serves as a convenient measure of
the degree of match existing between the line
and its load. The percentage of power lost due
h reflections from a mismatched load, plotted
versus VSWR is shown below.

o

1

2

3

4

5 \

6
\

EE2El
o 25 50 75

Percent of Power Reflected

vs VSWR

4.09 When the VSWR end the position of the
Iaaximumvoltage pointe are known, Fig. 14

gives the information necessary for placing a
short-circuited stub in the transmission line
for the purpose of matching it to the load.
The data in Fig. 4 is based on the assumption
that both the line and the stub have the same
Z..

4.10 Curve A of Fig. 4 gives the location of
matching stubs in wave lengths from the

maximum voltage point. If an inductive stub
iS used, the location of the stub sho~d be
measured from a maximum voltage point toward

the generator. Curve B gives the length of
short-circuited line for the inductive stub.
If a capacitive stub is used, the location of
the stub shouldbemeaswed from a maximum volt-

age Point tomrd the load. Curve C gives the
length of short-circuited line for the capaci-
tive stub.

(C) Resonant Line Transformers

b.11 A radio frequency transmission line with
standing waves is commonly called a res-

onant line, although the term IIresonantnis
often used more strictly tireferring ta a line
that is resonant at a specific line length.
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4.12 Oneu= Of resonant line lengths is.to
produce astep-up or step-down transformer

effect. For example, suppose it is desired to
transfer energy from a source whose impedance
is 35’0ohms, to a load wh:.chhasan impedance of
70 ohms. To do this efficiently requires that
the impedances should be matched by the use of
a 350:70 ratio transformer. As shown by equa-
t~on (33), if a quarter wave length (or odd

multi~les of a quarter wave length) of trans-
U.

mission line which has a characteristic imped-
ance of 20 ‘ ~ = 157 ohms

tween the load and the source, the
as seen from the sourceis3~0 ohms,

.2n

is used be-

impedance
as expressed

L
157L

by the relation 25 = ~ = — = 350. In other
‘L 70

words the quarter-wave line section transforms
the load inpedance to match the source imped-
ance. As in the exam~le above, this relation-
shi~ hoMs only for the stated critical line
lengths, thus limiting its practicability in
many situations.

~.~3 Under certain conditionstheuse Of trans-

mission lines which do not match the load
~Yed?3ce will not impair the efficient trans-
fer of energy. For example, if a low 10SS line

of Niy characteristic impedance is adjusted to
exactly half-wave length at the frequency in
use, Lh? inpecknce of a load as seen th~ough
this line wi~l be the same as if measured at
the load itself. Refer to equation (35). If
the length is altered from a half wave length
(or from multiples of a half wave length) the

above relationship will not hold. The 1:1
transformer arrangement, therefore, is not as
flexible as nonresonant line operation, where
the line length is not critical.

(D) Lightning Protection

h.lh Coaxial transmission line stubs are also
used to provide additional lightning pro-

tection for the connected radio equipment.
Shorted stubs of a length equal to a quarter
wave length at the operating frequency are con-
nected at either end of the transmission line.
Shorted stubs when usedasa coaxial line filter
also serve this purpose. At the operating fre-
quency this quarter wave length stub looks like
an open circuit and therefore does not add
attenuation to the transmission line. Tolight-
ning charges picked up by the antenna, however,
the stub appears as a short circuit with its
shield conductor grounded.

(E) Coaxial Line Filters

b.1~ Resonant coaxial line stubs maybe con-
nected to the transmission line to form

coaxial line filters. The filter will consist
of two parts, a wave trap stub and a compensat-
ing stub. The wave trap stub introduces a low
impedance (high loss) across the transmission
line at the unwanted frequency. The compensat-
ing stub introduces a reactance to resonate the
wave trap stub at the operating frequency and
reduce the loss at that frequency. A descrip-
tion of coaxial line filters and their applica-
tion will be found in Section 402-307-100.
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Fig. 1- Characteristic Impedance of Air Dielectric Co-

axial Lines as a Function of Diametric

Ratio ~
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Fig. 2- Effect of Line Attenuation on Standing Waves
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Fig. 3- Effect of Line Attenuation on Sending End

Impedance
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Fig. 4- Location of Matching Stubs in Wavelengths

from a Maximum Voltage Point
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