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Transmission lines

A transmission line is used for the transmission of electrical power from generating
substation to the various distribution units. It transmits the wave of voltage and
current from one end to another.

*Any transmission line can be simply represented by a pair of parallel wires into one
end of which power is fed by an a.c. generator.
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https://en.wikipedia.org/wiki/Transmission_line#/media/File:Transmission_line_symbols.svg

Wave equations for both voltage and
current in a transmission line

°In the deriving the wave equation, a short element of the line is considered.

*Transmission line parameters are composed of resistance, inductance, conductance
and capacitance.

» The flowing currents gives rise to the combined inductance L, H per unit length.

-Between the lines, which form a capacitor, there is an electrical capacitance C, F per
unit length.

Resistance in the line is represented by R, Q per unit length.

*Conductance due to an imperfect insulating property of the insulator between the two
conductors can be designated as G, S per unit length.



Distributed element In a transmission line

i(z)
Distributed Resistance . .
in the conductor: it * Distributed Inductance:
models the power v(Z) z pmducgd by the
dissipation. (£2/Km) R oL ) > magnetic field that

surrounds the
conductor. (H/Km)

Distributed Condutance: CDistril?uted . duced

it models the dielectric / bapﬂalimta]mce: pgoléme

loses. (S/Km) y the electric fie '
existing in the dielectric

between the conductors
in the line. (F/Km)

These parameters vary according to the type of line. h)



https://behindthesciences.com/microwaves-propagation/distributed-element-model-in-transmission-lines-part-ii/

|deal or lossless transmission line

*In the absence of any resistance and conductance; i.e. R, = G, =0, only L, and C, completely
describe the line, which is known as ideal or lossless.

il
/ [+ £ dx
g T F0000° T} X * Representation of element of an ideal
y Cax ——  vedVay trans_mlssmn line length dx. .
J » The inductance of the element is L dx
i l' and capacitance of the element is C,dx.




Derivation of the voltage and current waves

VOLTAGE WAVE EQUATION CURRENT WAVE EQUATION

*If the rate of change of current per unit length at constant

*IT the rate of change of voltage per unit length at — time is ol/ox, there is a loss of current along the length

constant time is oV/ox. dx of ~(31/ox)dx.
*The voltage difference between the ends of the element -
: A *The loss is because some current has charged the
9ﬁ(e'fn8%\ééﬁggx(lﬁ t&')((:)%%?q”als the voltage drop from  c3hacitance C.dx of the line to a voltage V.
*If the amount of charge is q = (C,dx)V,
oV ol
= dx =—( '—odX)E dl = Z—? = %(Codx)v; differential current through C
oV ol ol 0 ol 0
So—==Ly *Sothat ——dx=—(Cydx)V => ——=—
xS0 oX at(O):ax ot °
*Since 0?/oxot = 0%/otox, a pure wave equation for the
voltage with a velocity of propagation given by -Since d2/axat = 62/6tox, a pure wave equation for the
V2 = 1/L,C, is current with a velocity of propagation given by
v2=1/L,C, is
2 2 0~0
8_\2/ = LoCo a_\z/ & =L,C &
OX ot o2 0 ot2



Coaxial cables

A diagram ot a coaxial cable:

COPPER
WIRE

INSULATION
COPPER MESH

*Many transmission lines are made in the
form of coaxial cables.

*The structure of the cables are composed
of a cylinder of dielectric material
having one conductor along its axis and
the other surrounding its outer surface.



https://www.slideshare.net/tafadzwagonera/presentation-on-different-modes-of-data-communication

Inductance per unit length and conductance
per unit length of coaxial cable

Example (coaxial cable)

o, = conductivity of dielectric [S/m]. 1o = 47 X 10 "Hm™!

o, = conductivity of metal [S/m]. co = (367 X 109 )—1 Fm~!
- —=====
| =P [Fm] 6= [sm)
w2 B
I \d I \a )
| 5 I / \
1 L liln(é | [Hm] | R= : | : + | [Qm]
L__Z_fr_ \a; -7 c,0\ 2rna 2nb;



https://slideplayer.com/slide/1631556/

Characteristic Impedance Z,

*The ratio of the voltage to the current in the waves travelling along the cable is

V_ 7z - |k

Z, Is defined as the characteristic impedance if the impedance is seen by the
waves moving down an infinitely long cable.

* The impedance of the coaxial cable can be written as

\/7 = Ho |2
where /& =376.6 Q and u, ~1
€0




Characteristic impedance of a
transmission line (1)

*Recall the wave equations of voltage and current waves

LRV, 82V 82I 62I
- LoCo LoCo

*The solutions for travelling wave propagating in the positive direction are givens as

V, =V,, sin—(vt —x ..
Both travelling waves are in phase. # P A ( ) “;” ref_el_'s to adv_vave_ moving in
the positive x-direction.

1, =1, sin%(vt—x)

*The voltage and current relates to each other via (0V/ox) = -(L)ol/ot: the voltage drops across an
element length dx.

*This gives V, =vll,



https://www.computercablestore.com/1000ft-rg-59u-coaxial-cable-75-ohm-shielded-riser-cmr

Example data sheet o
coaxlal cable RG 59/U

Product Specitications COMMSCOPE

= 8261303/10 | 5571 WHRLRG59 40 1000 Jimensions

RG 50 Type 40% Braid Non-Plenum Coaxial Cable, white jacket, 1000 ft (305 m) real Cable Length 305m | 1000 ft
Cable Weight 23.00 |b/kt
) ) Diameter Over Center Conductor 0.8128 mum per 1 stran
Consfruction Materials 0.0320 in per 1 strand
Construction Type Non-armored Diameter Over Dielectric 3.6576mm | 0.1440 in
Center Conductor Material Copper-clad steel wire Diameter Over Dielectric Tolerance +0.004 in
| :EE';:E'_‘EI”E" E:::m PE_| Diameter Over Jacket 6147 mm | 0.242in
. = Diameter Cwer Jacket Tolerance 0,004 in
Shield (Braid) Coverage 40 %
Shiald {E-I‘:Iil:l:l Gauge 34 AWGE ) " . | Diameter Ower Shicld (Bmld]l 4,321 mm I 0.178 in |
Shield (Braid) Material Auminum  —oecirical Specitications Jacket Thickness 0.813mm | 0.032in
Shield (Tape) Material Alurminum/PolylL—C3paditance 34.8 pf/m | 16.7 pb/ft Jacket Thickness, minimum spot 0.635mm | 0.025in
Characteristic Impedance 75 ochm
Characteristic Impedance Tolerance  +3 ohm
Conductor de Resistance 48,20 ohms/kft

Dielectric Strength, conductor to shield 2500 Vdc

Jacket Spark Test Voltage 4000 Vac
| Nominal 'u’elc-l:i; of Pro-ggal:inn (MVP] B2 %

Shield dc Resistance 14.50 ohms/kft
Structural Return Loss 20 dB & 5-450 MHz
Structural Return Loss Test Method 100% Swept Tested




G coaxial cable rg59 U - Google Se X ‘ © RG-59/u Coaxial Cable - 750hm X | & phase difference between curren X & Calvert Wire & Cable: Typical Ch: X + - X

< C O A Notsecure | calvertwire.com/compound_characteristics.php
subjected to nuclear radiation and does not have good high voltage characteristics. FEP is extrudable in a manner
similar to PVC and polyethylene. This means that long wire and cable lengths are available. TFE is extrudable in a
hydraulic ram type process. Lengths are limited due to amount of material in the ram, thickness of the insulation, and
preform size. TFE must be extruded over a silver or nickel-coated wire. The nickel and silver-coated designs are rated
260°C and 200°C maximum, respectively.

Halar®

Thermoplastic fluoropolymer material with excellent chemical resistance, electrical properties, thermal characteristics,
and impact resistance. The temperature rating is -70°C to 150°C.

Neoprene

The temperature range of this material can vary from -55°C to 90°C. The actual range would depend on the formulation
used. Neoprene is both oil-resistant and sunlightresistant, making it ideal for many outdoor applications. The most
stable colors are Black, Dark Brown, and Gray. The electrical properties are not as good as other insulation materials.

Polyethylene (Solid and Foam)

A very good insulation in terms of electrical properties. Low dielectric constant, a stable dielectric constant over all
frequencies, very high insulation resistance. In terms of flexibility, polyethylene can be rated stiff to very hard, Key Word .

depending on molecular weight and density: low density being the most flexible, and high-density, high-molecular . .

weight formulation being very hard. Polyethylene also has an excellent moisture resistance rating. Correct Bfownsnd foam PE dielectric constant
Black formulations have excellent weather resistance. The dielectric constant is 2.3 for solid insulation an -

foam designs. Flame retardant formulations are available with dielectric constants ranging from about 1.7 forfoes

flame retardant to 2.58 solid flame retardant polyethylene.

Folymer Alloy
Polymer Alloy is a plenum grade chloride-based jacketing material with low smoke and low flame spread properties.
Cables jacketed with Polymer Alloy meet the UL Standard 910, Plenum Cable Flame Test.

PP Polypropylene (Solid and Foam)

Similar in electrical properties to polyethylene, this material is primarily used as an insulation material. Typically, it is
harder than polyethylene. This makes it suitable for thin wall insulations. UL maximum temperature rating may be 60°C
maximum. The dielectric constant is 2.25 for solid and 1.55 for foam designs.

PU Polyurethane

This material is used primarily as a cable jacket material. It has excellent oxidation, oil, and ozone resistance. Some
formations also have good flame resistance. It is a sturdy compound with excellent properties, making it an ideal jacket
material for retractile cords.

PVC Polyvinyl Chloride

Sometimes referred to as vinyl. Extremely high or low temperature properties cannot be found in one formulation.
Certain formulations may have -55°C to 105°C rating. Other common vinyls may have -20°C to 60°C. The many
varieties of PVC also differ in flexibility and electrical properties. The price range can vary accordingly. Typical dielectric
constant values can vary from 3.5 to 6.5. (FR-PVC - Fire Resistant Polyvinyl Chloride)
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Calculation : Z,, C, and wave speed

*The characteristic impedance Z, of a coaxial cable

= ﬂ:i\/Eln = 'uoln Where —3766Qand ~ 1
Co 2mN¢ Zn\/e_r o Hr

Given numerical data : €, = dielectric constant = 1.64, g, = (367 x 10°)*Fm=? | u0 = (4w x 10-") Hm!
2b =4.521 mm and 2a =0.8128 mm

*Therefore, the characteristic impedance is found to be around 80 Q.

2TEFE
In(7)

*Wave speed : v2 = 1/L,C, =1/ g, €, tg. Thisgivesv ~ 2.34 x 108 m/s or 80% of light speed in vacuum.

*The capacitance per unit length : ¢, = = 53.1 pFm™



Characteristic impedance of a
transmission line (2)

-Subsequently, this gives \%
ubsequently, this giv Ve vt = /Cizzo
0

I+

*The value of Z, for the coaxial cable is found to be Zy = 1 ju |n9
2r\e a

*In common with the specific acoustic impedance, a negative sign is introduced to the ratio
when the waves are travelling in the negative x-direction.

*When waves are travelling in both directions along the transmission line, the total voltage and
current at any point will be given by

V=V, +V_

=1, +1_



Reflection from the end of a transmission line

*Suppose that transmission line of characteristic impedance Z, has a finite length and that the end
opposite that of the generator is terminated by a load of impedance Z, .

Travelling wave to the right T VitV =\
2 —> W, L) L+l =1,
2 V,
(V.. 1) SR v v
Travelling wave to the left i I, L “

Provided that the boundary condition at Z, must be V,+V_=V, where V, Is the voltage across
the load and 1, +1_=I,.

°In addition, V,/V.= Z,,V/I.=-Z,and V /I = Z,.



Voltage amplitude Current amplitude

coefficient coefficient
Reflection coefficient Reflection coefficient

V. Z,-Z, | Zy-2,

V, Z,+Z, ., Z,+Z,

Transmission coefficient Transmission coefficient

V27, L 27,
V, Z,+Z, I, Z, +Z,

+

_|_

It Is clear that if the line Is terminated by a load Z, = Z,,, its characteristic impedance, the line
IS matched, all the energy propagating down the line is absorbed and there is no reflected wave.



Derivation of the reflection coefficient

V. Z, -2,
V, Z,+Z,

_|_

-Starting with V,+V_=V and I,+I_=I_ , derive




Example

A 100-€2 transmission line 1s connected to a load consisting
of a 50-€2 resistor in series with a 10-pF capacitor. Find the
reflection coefficient at the load for a 100-MHz signal.

Transmission line A



http://122.physics.ucdavis.edu/sites/default/files/files/Electronics/TransmissionLinesPart_II.pdf

Solution

1
2 fC

load impedance Z, =R—-I1X, =R -1

=50 —i
27z(108)(1o—11)
=50—i159
reflection coefficient Vo . £~ 2o _ (50_ !159)_100
Z, +Z, (50-i159)-100

_|_

:O.77ei(590)

R




Short circuited transmission line (Z, = 0)

*|f the ends of the transmission line are short circuited, we have V,_ :VJr +V =0

*This gives V+ = -V and there is total reflection with a phase change of .

Voltage

Current

*This is the condition for the existence of standing waves.
The figure shows that the voltage and current standing waves are out of phase in space by 90°.

*In addition, both of them are also out of phase by 90° in time.



Derivation of the voltage and current standing
waves at any point along the transmission line.

At any position x on the line, the two voltage waves may be written as

V, = Z,l, =V,,e( @)

+ direction

V_= - direction

—e e e e e o = = = o= =)

*With the total reflection and = phase shift, V,, = -V,

"The total voltage at xis ~ V, =(V, +V_) =V, (e_ikx - eikx)eia’t = (i) 2VOeia)t sin kx

X

Voo [ i i\ ot Mo
“The total currentatxis I, =(1, +1_)= ﬁ(e lx +e”°‘)e'”t = 20 g1t os kx

Zo Zo

*Can you see the phase difference between voltage and current in space and time?



Phase difference between current and
voltage

*Recall total voltage and currentat x : V) = (—i)2V,e'®t sin kx

Vo e
L, = 276“” cos kx
*Phase difference in space T
V.space = sin kx = cos (kx — =

2) Current I leads voltage V by ~.
I.space = cos kx

*Phase difference in time

V.time = —ie'®t = ei(wt‘i)

. : T
I time = el®t Current | still leads voltage V by >



Effect of resistance In a transmission line

*In practice, some resistance always exists in the wires which will be responsible for energy losses.

The transmission line is supposed to have a series resistance R, Q per unit length and a short circuiting or
shunting resistance between the wire.

*The inverse shunt resistance is represented as a shunt conductance G, (siemens per meter).

*Current will now leak across the transmission line because the dielectric is not perfect.

[
—>

T A

Y

Lydx

Ry dx

Codx

T CGyx

I+ 9L gy
— dX

!

V+ — dx

i8}(

Real transmission line element includes a series resistance R, €2 per unit length and

a shunt conductance Gi S ier unit Ienith



Travelling waves In a transmission line
with resistance (1)

*Recall the voltage and current changes across the line element length dx in case of lossless line,

a—V:—Loa—I and a—I:—ECOV
OX ot ox ot
*Now, adding the resistance R, and conductance G, to the equation,

\oltage drop VIR

ol \oltage drop
across inductor 2 _| . — LR.| ﬂm across resistor
ox LO ot 0 0 OLO)

Current drawn ol 0

to capacitor 8_ = _ECOV —GOV,=\—(GO+\ia)CO)V;Where \Y =Voela)t and | = |oela)t Attenuation or
X Current drawn to absorption

-Inserting &/6x into one of the above equation gives Shunt resistor coefficient

2 Propagation
8—\g=—(R0+icoLo)ﬂ=(Ro+ia;|_o)(c;0+ia)c:0)v =y constant
OX OX / Wave
«——  number

where »° =(R, +imLy )(Gy +i@Cqy) Which may be written as y=a + ik




Travelling waves In a transmission line
with resistance (2)

-Similarly, the differential equation for the current may written as

0°1 oV
a 2 (GO +|0)C0) aX

= (Ry +iwly ) (G +iwCy) | = y°|

2
“It is clear that the solutions for x-dependence of ~ 9™V _ y2y  are of the form
Ox*
V =Ae 7" or V =Be"” ;where Aand B are constants.

The complete solution with the time-dependence term exp(imt) may be written as
V = (Ae‘”‘ + Be+7x) plot _ pp—aX I(a)t kx) n Beax i( wt+kx)

Amplitude attenuation terms of travelling waves

caused bi the resistance in the transmission line



reflected
wave

incident
wave

e—ﬂ'x
RCEL m o @
_—
.‘_
*\oltage and current waves in both directions along a transmission line with resistance.
The effect of the dissipation term is shown by the exponentially decaying wave in each direction.
*Note that, the behavior of the current wave I is exactly similar.

2
Since power is the product VI, the power loss with distance varies as (e‘“x)




Characteristic impedance of a
transmission line with resistance

*Let’s consider one of the solution to the equation 6%1/0x? = y?l,

| = A'e””*;the current wave in the positive x-direction.

*Recall 2-':—(Go+ia)Co)v,this leads to —y(A’e‘VX)z—(GOHa)CO)V
X
(Go+|a)C0) | i

l
Or (R +ialy)(Gq +iaCy) [A,e_ﬂ} ! Similarly,
l
l
l
l
l

A \/(R0+ia)L0) )

(GO +|C()CO) — 0

+




Wave equation with diffusion effects

*In case of having energy-loss mechanism in a wave propagation, the wave equation may be
modified as 2 5
a_d) = ia_qb + la_d) d = diffusivity with the dimension of length?/time
dx% c?0t? dot

-Suppose the solution is given by ¢ = ¢, e (@t=rx)

‘By flndlng — a—qb

P and — and substituting back into the modified wave equation, we have
i“y® = i* & +ie
c? d
Or Y2 = w? iL

c2 d



Wave equation with diffusion effects
(contd.)

°If the propagation constant y = k — ia where w?/c? = k?,
v? = k? = 2ika — a? = k? — 2ika if a <k

*The solution for ¢ then becomes

¢ — ¢me i(wt—yx) :|¢me —axie I(wt—kx)

*The solution shows that a sine or cosine oscillation of maximum amplitude ¢,,, decays
exponentially with distance x.

Diffusion mechanisms will cause attenuation or energy loss from the wave; the energy in a wave
is proportional to the square of its amplitude and therefore decays as e =24,



Homework #8

Problem 7.5
Show that the impedance of a real transmission line seen from a position x on the line is given by

Ae ™ —Bet™
2=y ———————
’ DAe-“-“+Be+“-“
where 7 is the propagation constant and A and B are the current amplitudes at x = 0 of the waves
travelling in the positive and negative x-directions respectively. If the line has a length [ and is
terminated by a load Z; . show that

Ae " —Re

Zi=5yg———
L “4e¢ 7+ Be?

Problem 7.6
Show that the input impedance of the line of Problem 7.5: that is, the impedance of the line at x = 0,
is given by

7 — Zosinh~I + Zy cosh ~l
1= 20\ Zocosh~l + Zy sinh~1

(Note : 2cosh~l = e 4 e
2sinh~l = e —e ™)
Problem 7.7
If the transmission line of Problem 7.6 is short-circuited, show that its input impedance is given by
Z,. = Zgtanh~l
and when it is open-circuited the input impedance is

Zo- = Zpcoth ’}-‘f

By taking the product of these quantities, suggest a method for measuring the characteristic
impedance of the line.




