CHAPTER 11
TRANSMISSION OF ELECTRICAL ENERGY

Transmission by Low Voltage Direct Current. The Radial System,
The early supply of electrical energy was by means of low voltage
direct current, and a number of such systems still exist. A popu-
lated area is served by one power station, and the system is
as shown in Fig. 16. Feeder mains, F, which are cables of large
current-carrying capacity, carry the current in bulk to feeding points,
where distributors, D, tap off the current to the service mains, S; the
latter are small cables which lead the current to the consumers’
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The Ring System. This disadvantage is removed by the ring
system, in which each consumer is supplied via two feeders. A simple
example of the ring system is shown in Fig. 17; for simplicity the
two (or three) wires of the supply lines are represented by a single
line. If there is a fault on a feeder at a point 4, the section between
B and C can be switched out without interrupting the supply to
Any COnsumers,
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When the ring main is employed, the electrical energy can be
supplied by two or more generators at the same or different points

Fia. 17, Rixe Marmy Sysrem



Three-wire System. If the electrical energy to be supplied is
great, the current must be large and the feeders and distributors
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case, and F, the resistance per cm. per outer wire in the latter; the
resistance of the neutral is 2H, per cm., as it has half the cross-
section of the outers. We have to find the relation between R,
B,sothatthmarethe same I*R losses in both cases. In the

~wire case the current per wire is PfV, and the losses per cm. for

two wires are
| %PV IR,

Intho3wireoaae,1fweaasnme balanced loads, the current in
fibe outers is (P/2V) and zero in the neutral, The losmeapercm are

| o(PI2VYR,
- We get therefore
2(P[V)R, = 2(P[2V)*R,,
fty = 4R,,

= Tho croas-section of the outer is thus one-fourth of that in the
2-wire caao, 8o that the copper ratio is

wire  (2x 3+ (3 x4}
2-wire 2x1
- If the neutral has the same cross-section as the outer, the ratio is

dwire (2xH+(IxPh_3
Fwire 2% 1 g P cents

5
= — = 312 <
=16 31-25 per cent
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Let the e.m.f's of the dynamos be ¢ (equal, since they have the
same field and speed). The voltages across the machines, which are
the voltages between the outers and neutral, are

Bi=e—rijand By=e+ry . . . (i

where r is the resistance of each armature. Let w be the windage
and friction losses, Then

W= eiy—ely =efly—iy) . . . . (i)

A
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_ Equations (i), (i), and (ifi) are sufficient to determine E,, F,,
#; and i, Eliminating e from equations (ii) we get the voltage

unbalance as
Ey— Ey = riy + iy) = r(I, — 1.
- Tofind 1, and 1, we proceed as follows. Adding equations (ii) we get
Ey + By = 28 = 2e + r(iy— 1,).
. ?:Bubctituting from this equation in (iii) for e we get

2 W= (iy— &) [£ — {r(y—1,)},
ich is & quadratic equation for 4, — 4,, the solution of which is
—p=E_ B 2w
RS =y
~£-£(1-"")
TR o El
s



With the help of equation (i) we get
; w
=34 —0)— 55"

= HL—1) + 55

It is clear that the terms -2% represent the current drawn from

he mains of voltage 2E to provide the friction and windage losses w.
The voltage unbalance £, — E, can be reduced by using oross-
onnected field windings for the balance dynamos, as shown in

Fio. 22, CROS3.CONNECTED Fio. 23. Rupostaric CONTROL
FizLns ror BALANCRRS AND Cross-coNnNgorED Frzips

Fig. 22. It can be shown in the same way as used above, that if
the dynamo fields have a linear characteristic the voltage unbalance

with this system is
r(ly — Iy)
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Advantage of High Voltage. It was shown in the last section that
the use of a 3-wire system causes a saving in the amount of copper
required, the reason being that the voltage of transmission is
effectively doubled.

It can be seen that if the voltage of transmission is multiplied
m times, the copper in the conductors can be reduced 1/m?® times to
transmit the same power with the same ohmic loss. For if the
voltage is increased m times, the current is 1/m times the previous
value for the same transmitted power. The ohmic loss is equal to
the resistance multiplied by the square of the current, so that for
the same loss the resistance can be m?® times the previous value
and thus the copper in the conductors need be only 1/m?® as much
as before.

It can be seen that if the criterion is that the voltage drop be the
same percentage in both cases, the conductors can be made 1/m?* of
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Transmission by Alternating Current. It has been shown that it
i8 economical to transmit large blocks of electrical energy at high
voltage. The maximum voltage in d.c. transmission was limited
by the voltage that was considered safe for the consumer, about
200 volte; the 3-wire system was a method of doubling the effective
vol of transmission. As there were no convenient means of
transforming d.c. from one voltage to another, the main trend in
the last forty years has been in the direction of high voltage,
alternating current transmission.
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Alternating Current Systems. ‘L'here are various ways in which
alternating currents can be transmitted.

Sivore-ruASE, Two- AND TureE-wire Sysrems. The generator
may produce an alternating e.m.f., which is called a single-phase

(1) Single -phase, (i) Single -phase, (iii) Single-phase,
2-wire, one wire 2-wire, mid-point 3-wire
earthed earthed

C Fio. 20, SINGLE-PHASE Sysrams
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Copper Efficiencies. The cost of the copper is one of the most
important charges in a system, and it is interesting to compare the
cost in the various systems described in the previous section. The
method adopted is to compare the quantity of copper in any system
with that in a simple d.c. 2-wire system, it being assumed that the
same total power is transmitted with the same loss and with the same
maximum voltage to earth or the same maximum voltage between
conductors.

Both of the last conditions are important, the maximum voltage
to earth being the quantity of importance in overhead lines and
in le core cables, the maximum voltage between conductors
being important in multi-core cables.
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TABLE VIl
Correr ErriciENCIES

Same Maximum Vol Same Maximum Vol

Systom to Earth e botwoon Oonducto:”
D.C. 2.wire . l 1
D.C. 2-wire
Mid-point earthed . 025 1
D.C. 3.wire
Neutral = § X outor 0-3125 1:25
D.C., 3.wire
Neutral = outer . 0-375 ~ e
Singlo-phase, 2-wire 2feos’d 2fcost$
Biaffoﬁbna, 2-wiro
Mid-point oarthed , 0+5/con’d 2/aos*d
ﬁif:;s:hm. 3-wire
Neutral = § X outer . 0-625/cos*¢ 2-6/cos*$
Two-phase, 4-wire 0-5fcos’d 2.0fcos’d
Two-phase, 3-wiro 1-46/cosd 2:91/eosd
Three-phaso, 3-wire 0-5fcos’e 1-bfcos’d
e -
Neutral = outer . 0:67/cos’d 2fcos'$



























































































Circuit breaker







Figure 1
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L TTTTUTTIOTI WA W VAaue GG SuGIMALY PORE, ANus a
maximum penk value of 1-8 x 785 = 1 320 A, may ocour.
Current of AMernators. When an alternator i
shorted, across all three phases, say, the curker riges rapidly to
igh value_about I8 times TullToad ourrent in turbo.: ternators
aigh have oylindrical rotors And about 12 times in genarators witl
salient poles. Tho value of the Deak currer g limited only
—ogne OF leqrage reactance of the armature. Moreover if the short
cirouit occurs at an instant at whi 16 voltage ia zero there is a
doubling effect, and the current wave is offset from tho zero. Fig. 169
shows the kind of current wave obtained. If it

persists, the wave becomaes symmetrical ; then armature reaction

5 YR




ESWVE W WMV WV W T AL WASAR WA MAFTELSES AW WAL SRS W OWE WO W ——

L{difdt) + Ri = E sin (at - 0).
The complementary function is given by

Ldifdt) -+ B =0,
P Jg—(RIIR | , . . (101)

s “““Huu Contuous

"""""

Fro. 160, Douvnioxo Enmmsuoummrm'
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SHORT CIRCUITS: SYMMETRICAL COMPONENTS 217

dotted line, and has & value I, , at time ¢; the d.c. oonm.
which decays exponentially, has a value I, , st the same ,
and the tatal current bas an ruma. value of /[Ip.°+ 1, ey ”
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Curves are then drawn the r.m.s.
of the current (as a mnﬂplc of full.load
surrent) against time for different values
of the total percentage reactance. Fig.
172 shows a set of such curves for a
ghort cirouit across all three phases.

When looking up the decroment factor,
the transient reactance of the alter.
putor is added to the external reactance
to give the appropriste percentago
reactance,

Examrern. A 20000 kVA, ﬁnnwr. whaos
decrement curves are shown in Fig. 172, hos
169, reactanes and foeds & line

S
3 9 A step-up transformer of 6%, resctance. uu.l
the capsaity of the ciroujt-breakers,
®a which operate in 0425 see. and aro on the high
2 voltage side of the transformer.
$7 The total renctance is 21%, and from
§ Fig. 172 it is seen that the decrement
6
5 i s A
£H = -
o 7 -+ £ -
& i s e Snmae o h
1X = b | - 2 -
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VOLTAGE TRANSIENTS AND LINE SURGES
Introauction. There are various ways in which a transmission line

may experience voltages greater than the working value, and it is

_.-'T’_:“‘ ary to provide protective apparatus to prevent or minimize

the d _' atruction of the plant. Internal causes producing a voltage
ise are (1) resonance, (2) switching operations, (3) insulation
ilure, and (4) arcing

' 3 “3 a vcry impor- R L

fant external cause is f; T

5 onance. The effect !
resonance is most easily E('\v) (= Y

-.“.:;'_.."":'_ ood by consider-
x the voltage at the end
of & ligh tl loaded cable + —
", 't length. The Fia. 237. REsoNANCE

".fa‘l;:f_- C and tramfor-

ors mi ’ﬁmtheir leakage inductance L, and the
: s by t oapamtnnoo C. system is then as ahovm in Fig. 237,
j‘  represents the resistance of the alternator , trans.
ner ,:. (ils cable, and r the resistive load. The total im ce of
‘~.\’}:l"

e ; 1/5 :
E=B+JwL+l§mr=R+JwL+iT;w,



resonating capacitance is then

which is the capacitance of some
hundreds of miles of cable. Resonance
in short lines will thus never ocour at
the fundamental frequency. If we con.
sider the fifth harmonie, which is often

0 o pmmebotinhouunhofzorSpar
C . R=so cent, we seco thab resonanoe can aoour.
sine R The eapacitance required ks

]
C = e s50w % 005 ™ ) #Fy
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Transients in Circuits with Lumped Constants. There are two
Interveting cases which we will solve, the switching-in of an indue.
ve Jond and the switehing.in of an open.circnited

Iig. 230 (a) represents the switching iu of & lond of inductance L
MB The equation for tlm cirouit is

Lidifdt) +4 Ri w K sin (! +- 01,

#hiich the solution is (see page 213)

4&4"’* -+ Wf @@LV N (w‘ 4o ) — tan -x%{_‘)




e = T Ly (8 87" 40° 06473

E

= VIR Ty U O
E

= VIE )

and the poak does not excoed the normal value by more than
40 per oent,

. 240 represents the switching-in of an open-circuited line; we
sasume for simplicity that the e.m.f. i constant and equal to &,

Q@
E C
&
!_—/A_ J

Fie. 240. Swyremine.ix ax Orex-cmoviren Live
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Bwitching Surges. We have found that when an emf. B Ie
witehed on to a line, which we replaced by an inductance L and

apatitunce O, thovoltagcoooﬂhteaaln y between O and 28
f' ‘tho curront varies similsrly between — K+/(CfJL) and

Fie. 242, Swircaso Sukox ox Orex.cisourren Taxs



E = iL(dxJN)
- ‘Lf. ' - - " ’ (l 16)
where v is the velooity of the wave,
The ourrent { carries a charge i8¢ in the time &¢, and this charge
remsins on the line to charge it up to the tial £, Bince the

capacitanca of the length dx of the line is Cdr, ite ok s KCd=.
\ohvothml’mw g

10w ROz,
or i = EC(dzfd1)
= ECe. . , X > . (117
The switching of an e.m.f. £ on to the line results therefore in o

wave of current § and velocity v where § and » are givon by cquations
(116) and {117). Multiplying these equations we got

Bi = iLvBCy w Bil043,
»o that v=1J\/(LC). . 7 : . (118}
Substituting for v in equation (118) we find that

i = R/(C[L) = B[Z;

o % = L0, . (119



L =[1 + 4logh (Dfr}] x 10-* H. per om,
= & logh (L) % 10-* H, per cm.

=812 . . o . (120)

' ': {8y, &3) maving to the left satisfies the relation
“. _— xJz. . ' . . “2‘)




 Energy Considerations. A wave of voltage B and current o
parries u power of £i. A simple travelling wave therefore transmits

y power i with a velocity v, As this wave travols it establishes a
magnetio field with energy 1/4* per em, length of the line and an
alectrostatic field with energy §CE® per cm. length. From equations

o b 3834838
Corvent | . I I
atAA
] “Wwf
vt
ol

of fine
- Fra, 243, Corneny axo Vouraos v Swirominae Svnax

B) and (117) it i9 seen that the magnetic and ele ti
I(>y a)sln,t.pl?:nw‘moqw e nnd electrostatio energies
HaAt = {lil) (ifv) = §(Eifv)

= §(Efr) (ECv) = JOR2,



The principle of the conservation of energy thus demands that the
reflect malanopeaenddall&:{caadwgu al to that of the
incidend wave ; m‘cumml 12 equal

and opposite to that of the incident
weee ginee N0 current can leave the

open end.
Sudden Interrupéion of n Cizeuit.

l

A

&1 0 Wo have described in full the

A 14 % worge that takes place when a
: generator is suddenly switched on

Fio. 244, Exenoy Coxsivgra-  ¢o 5 line that is open at the far
¥ions 1x Sunors end. The phenomenon that takes

place when the far end is termin.
ated by a finite impedance will be considerod in the section on the
reflection and transmission of travelling waves. The method
employed ubove serves to describe the events that oceur when o
ourrent in & cirenit is suddenly interrupted, by the sction of a
eircuit.breaker, say.

Suppose that a cireuit has a current §, which ia suddenly inter-
rupted by the breakers §, § (Fig. 245). The disturbancoe produces
two travelling waves moving from S, § to the right and to the
left, The wave travelling to the right has a current — i, and must



thereforo have a voltage — B, where F = iZ; line A is therefore
— E wvolts above line B, The wave teavelling to the left has a
current — ¢, and must therefore have a voltage + E, whero 8 = iZ;
€ is therefore - & volts nbove D, These waves in & normal
~ manner until they meet abrapt changes in the , when they are
~ reflected and transmitted in tgo wavs described later, It be

— .(E: 'i) (-zt :'t) = o
14 L

_'-40_*
Line C S Line A

i -

——s
LneD S Line B
Fra, 245. Svoony Isremnvrmox or a Cinoury

noted that if only one break is made, so that B and D are always
sommoned, the voltage botwoeen A and O ls 28,

' The surge voltage B is superposed on the normal voltage in that
saré of the ling which remains connocted to the generator.

A - {F, Eﬂ) (~5,-E/Z) —"'ﬁ’
B3 [ B

ZEZ

Filo, 246, Suxaxs vur 10 A Pamone or [Nwovzamiox




Insulation Failure or Earthing of a Line. Supposo that u line
AR, at potential £, is enrthed at a point /. The cffect of earthing

15 to introduce o voltage — B at P, and two equal waves ofvolugo
= K teavel along P4 and PB, The wave travelling to the right has
& current of — E/Z, and that to the left - E/Z. Both these currents
pass through P to earth, so that the current to earth is 2E/Z. Fig.
246 shows the waves and eurrents in the system.
_ As these waves travel to the ends of tho line they reduce the
ditage to zero; and when they reach the open ends, refleoted
cs ntupwhlohmduoot.lwvolugotoﬂ E— K,

of the line along which they have travelled
to — E. The current at P can be reversed by a
opposite direotion, and the result is a periodic fash-
revorsals of potential on the line and currents ab P until

8 stored encrgy is dissipated by damping.



a travelling wave (£, 1) moves along a line of surge impedance Z
and meets a termination of resistance R (Fig. 247). If R is not
cqual to Z, the end of the line cannot have the voltage £ and
carrent § since Kfi = Z. Thero is therefore u disturbance which

(E,i)—>

Z %R

¥ia0. 247. Revizcriox or & Traverniee Wave

The total eurrent and voltago nre
i+ = [2E)Z + R))i

aiid E 4 B = [2R)(Z + H)JE. ol



provided 7 ix replaced by Z, and R by Z,. The reflected wavo is

thus (K7, i') where g VT + 2
¢ = (% — ZM(Z + 2]
, . (122a
and B - (7= 2% 4 20K
The transmittod wave must clearly have n vol oqual to tho

total voltage at the junction and a curront equal to the total. Thus
the transmitted wave ia (£, ) where

P i 8- (32N, 4 L))
and B = B 4 B = (2Z,)(%, + ZJIB.

Examrie. Dedoos a simple expeession for the natural impedance of a

tronsmnission line. A trmnsmission line has & c?nciunoo of 00123 aF. per
mile and an inductanee of 1-0 mH. per milo. Thia overhead lino is continued

} + (123a)

(B i) —> " (EL7)
fF L7
z, (B, L)< 2y
ﬂ

Fia., 248. Errzcy oF A SUpDER CRaNon 1¥ vER LiNx ox
Toaveruixe Waves




Z = VIHC), Z; = VIa[Cy), and Zy = \{LJCy).

Let the incident wave be (£, 1) travelling to the right, the reflectod
wave (B°, ') travelling to the left,
and the transmitted wives (£, 3,")
and (B, &) travelling townrds the
right. The tranamitted waves clearly
have the same voltage as they are
inparallel. Equations (120) and (121
give the relations

E e iz.
Fio. 249, Thavxiaaxs Wavss §' =—12Z,
AY Junorion or Liwes B - by 2y,
M En L "‘nz’.

The eurrent entaring the fork must be equal to the eurrent
leaving, so that g

I =i . 3 . v {124)
The voltage at the junction is
K+ B =R - . : ‘ « (125}

These six equations are sufficient to find & B, 64, 4", and i,
for an incident wayve of given magnitude . Substituting for the
ocurrents in terms of the voltages we see that equation (124) becomes

o)



~ In the example Z =700, Z, = 100, Z, = 200, and E = 10 000.
_" then have

i = 10 000/700 = 143 A.,

LT
r-nooool‘—M--&oov.
70 voo T %00

e B2 e 8 200{700 we 118 A,
B = B B = 10000 -8 260 = 1 740 V.,

0, = B"|Z, = 174 A, and &, = B”[Z, = 87 A,




CE+ £

-~ —_—

=

Negative Induced Charge

Fia. 2563, Sorar pux 0 Bizcernostaric IsnverioN
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Arcing Earths, In the early days of transmission it was the
ctico to insulate the neutral potnt of three.phase lines, for then

!

—

et ["I I“I
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Petorsen Coil. Wo have seen that the eapacitance currents
1, and J, maintain the arc even when the voitage of the faulty line 3
is too low to restrike it. In fact these currents have the partioularly
harmful effect of maintaining the are until tho very moment when

the volt:gn of line 3 is sufficiently high to restrike it. If the noutral
is anrth an inductance L of such & value that the ourrent

it passes neutralizes £, + I,, tho normal frequency follow current

 Aatee
gAY 01 S

The arc is then extinguished t for the brief momoents when
the voltilgo of line 3 posses through its maximum value and can
restrike it.
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tance of Overhead Lines. The resistance of a conductor to
 current is given by the formula

B = pl]A,

jtance of an Overhead Line. A conductor which carries

1t 18 surrounded by a magnetio field, which reacts upon the
LS8 in this and other conductors, A Ton straight conductor

ounded by a field in which the lines of magnetic force are
uric eircles with the axis of the conductor through their centre.
# 8ows a plane section of the magnetio field surrounding &
'-i;-_"' carrying a current of 7 e.m. units; the direc-
e lines is for the case of & current into the paper.
oL *h distant z om. from the centre O the force is

B H = 2Ifz.



H = (@Ifz) x (@rt) = 2lz/r,

where r = the radius of the conductor.

If the currents can be considered as flowing along geometrical lines
(i.e. of no thickness) it is sufficient to calculate the total flux and
divide it by the current in order to get the inductance. But when
the currents flow along wires of finite thickness it is necessary to
calculate the linkages and divide by the square of the current, a
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linkage being the product of a current eloment and a flux. The
linkages inside the conductor are for unit length along the axis

r' 21' r
[H X ;idx=7o x‘dx—}l’.




31* 4 212 logh (R/r).
ages created by conductor 2 round conductor 1 are

If (——-)dz——21‘logh-]l;

t the total linkages round conductor 1 are
412 + 2I® logh (Rfr) — 2I* logh (R/D)
— }I* -+ 2I* logh (Dfr)

« MaeyETIO Finp Surrounping Two PARALLEL
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Inductance of Three-phase Lines. Fig. 62 shows a cross-section
of a three.phase system, consisting of three conductors A;, A,

Ay — A3
Ly
Iz I3
f1g. 62 Fio. 63
Cross-seerioN oF THRER- CURRENTS IN BALAXCED,
THREE-FHASE SYSTEM
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Capacitance of Overhead Lines. When two cylindrical conductors
have a potential difference V, they acquire charges + Q and — ¢
per em, length, and we say that they have a capacitance C' per

cm, to each other of '
C=QfV.

The charges are not spread uniformly over the surfaces but are
concentrated at the inner parts of the cylinders. The exact calcula-
tion of the capacitance between two parallel, circular cylinders is
known to give the value

: |
e - - . 25
D+\/(D*-4r‘)]°au per cm. length (25)

4 logh [ or




Visual Critical Voltage. When the voltage of the line is the
disruptive critical value, there is no visible corona. This is explained
as being due to the faot that the charged ions in the air must be
able to receive a finite energy before they can cause further ionization
by collision, which is necessary for the corona discharge. Peek
states that the digruptive critical voltage must be so exceeded that
the stress is greater than the breakdown value up to a distance of
0:8+/(dr) em. from the conductor. Thus visual corona will occur when
the breakdown value is attained at the distance r + 0-34/(dr) from
the axis, instead of at the distance r. This requires that the voltage
to neutral be (1 -+ 0-3/+/(d7) ) times the disruptive critical voltage.
Thus the visual eritical voltage is

E, = 2l-lm.6r(l + \—%gr-)) logh 1-3 kV. (r.m.s.) to neutral  (35)



Carrent Effects of Corona. Corona forms when the voltage of &
conductor passes the disruptive critical voltage, and disappears when
the voltage descends through the same value. This occurs on each
conductor every half-cycle and contributes a triple harmonie to the
charging current, since the effective capacitance of the conductor
increases when the corona is present. Tge triple harmonic currents
pass through the neutral to earth in an earthed system; in a non-
earthed system the neutral has a voltage to earth of triple frequency.
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. With the increase of high-voltage overhead lines the
of lightning is assuming greater importance, and much
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INTRODUCTION TO TRANSMISSION LINES

A TRANSMISSION LINE is a device designed to guide electrical energy from one
point to another. It is used, for example, to transfer the output rf energy of a
transmitter to an antenna. This energy will not travel through normal electrical
wire without great losses. Although the antenna can be connected directly to the
transmitter, the antenna is usually located some distance away from the
transmitter. On board ship, the transmitter is located inside a radio room and its
associated antenna is mounted on a mast. A transmission line is used to connect
the transmitter and the antenna.

Definition
A transmission line is the conductive connection between system elements

that carry signal power
This “conductor” may at first appear to be a short circuit, but in fact will react

differently when high frequencies are propagated along the line.
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Form of transmission line

A transmission line is a pair a conducting wires held apart by an insulator or dielectric.
They come in a variety of construction geometries. The simplest and least expensive
form is two-wire (ribbon) cable. Twisted pair cable consists of two wires sheathed in
an insulator and twisted together. Shielded pair cable contains two wires surrounded
and separated by a solid dielectric. The dielectric is contained within a copper braid,
that shields the conductors from external noise sources. The entire construction is

housed in a flexible, waterproof cover.
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When a transmission line can act as an antenna, it can also act as a receiver. Lines
prone to radiation loss are also susceptable to pick-up, or cross-talk. The first two
types described above are particularly prone to this fault. The shielded pair is
designed to reduce this pick-up.

All these lines have strong attenuation at frequencies above 1MHz. They are
generally used for for low bit-rate communication. Two-wire ribbon cable is
standard for the connection of individual telephone receivers. Twisted pair(s) is the
normal method of connection for computer terminals and short high bit-rate
connections.

Attenuation increases with both frequency and length. It is usually specified in
dB/m at a particular frequency. Because of this fact, it is not possible to give
hard-and-fast rules concerning the bandwidth availability of transmission
lines. A twisted pair can support rates of several Mb/s over short distances
(metres), but over long distances (kilometres) will be completely unsuitable at
these data-rates.



For long distances, or data-rates in excess of several Mb/s, coaxial cable is used. Coaxial
cable has a central wire, surrounded by a dielectric, in turn concentrically sheathed in a
braided conductor. The cable is finally surrounded in a water-proof, flexible sheath.
Coaxial cable is familiar to you -- it is the cable used to connect your television ariel. The
supreme advantage of this method of construction is its resistance to radiation losses.
The outer conductor acts to shield out any external fields, whist preventing any internal
fields escaping.
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In electric power transmission, the characteristic impedance of a transmission line is
expressed in terms of the surge impedance loading (SIL), or natural loading, being
the MW loading at which reactive power is neither produced nor absorbed:

in which VL - L is the line-to-line voltage in volts.

The surge impedance loading or SIL of a transmission line is the MW loading of a
transmission line at which a natural reactive power balance occurs. The following
brief article will explain the concept of SIL.

Transmission lines produce reactive power (Mvar) due to their natural capacitance.
The amount of Mvar produced is dependent on the transmission line’s capacitive
reactance (XC) and the voltage (kV) at which the line is energized. In equation form
the Mvar produced is:

Mvar F'rn*:nu:iu-*:.ﬁu:i=E
I




Transmission lines also utilize reactive power to support their magnetic fields. The
magnetic field strength is dependent on the magnitude of the current flow in the line
and the line’s natural inductive reactance (X,).

It follows then that the amount of Mvar used by a transmission line is a function of
the current flow and inductive reactance. In equation form the Mvar used by a

transmission line is:
Mvar Used=IF X,

A transmission line’s surge impedance loading or SIL is simply the MW loading
(at a unity power factor) at which the line’s Mvar usage is equal to the line’s
Mvar production. In equation form we can state that the SIL occurs when:

2 A .
- X, =x—nr when .

-

VE
X, X = I_E




If we take the square root of both sides of the above equation and then
substitute in the formulas for X; (=2nfL) and X, (=1/2nfC) we arrive at:

SIL (in MW) =

surge Impedance
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Loaded below its SIL, a line supplies lagging reactive power to the system, tending
to raise system voltages. Above it, the line absorbs reactive power, tending to
depress the voltage. The Ferranti effect describes the voltage gain towards the
remote end of a very lightly loaded (or open ended) transmission line.

Underground cables normally have a very low characteristic impedance, resulting
in an SIL that is typically in excess of the thermal limit of the cable. Hence a cable is
almost always a source of lagging reactive power.
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http://en.wikipedia.org/wiki/Ferranti_effect
http://en.wikipedia.org/wiki/Cable

Where,

A = Wavelength
v = Velocity of propagation
f = Frequency of signal

The lower-case Greek letter “lambda” (A) represents wavelength, in whatever
unit of length used in the velocity figure (if miles per second, then wavelength in
miles; if meters per second, then wavelength in meters). Velocity of propagation
is usually the speed of light when calculating signal wavelength in open air or in

a vacuum, but will be less if the transmission line has a velocity factor less than
1.



Coaxial cabling is sometimes used in DC and low-frequency AC circuits
as well as in high-frequency circuits, for the excellent immunity to induced
“noise” that it provides for signals.

When the period of a transmitted voltage or current signal greatly
exceeds the propagation time for a transmission line, the line is considered
electrically short. Conversely, when the propagation time is a large fraction or
multiple of the signal's period, the line is considered electrically long.

A signal's wavelength is the physical distance it will propagate in
the timespan of one period. Wavelength is calculated by the formula A=v/f,
where “A” is the wavelength, “v” is the propagation velocity, and “f” is the
signal frequency.

A rule-of-thumb for transmission line “shortness” is that the line
must be at least 1/4 wavelength before it is considered “long.”



Propagation constant

For an electromagnetic field mode varying sinusoidally with time at a given
frequency, the propagation constant is the logarithmic rate of change, with
respect to distance in a given direction, of the complex amplitude of any field
component.

The propagation constant, y, is a complex quantity given by

V. /V, =1/1,=¢Y

wherey is a complex number and is defined as
y=oa+if

where
a, the real part, is the attenuation constant
B, the imaginary part, is the phase constant

(1/-15)x(-1,/-13)x.... X (-l /-1)=(0,/-
o)

=>e¥, xe¥,x ... x=¢gY

The over all propagation constanty =
V1+VZ+""+Vn


http://en.wikipedia.org/wiki/Electromagnetic_field
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http://en.wikipedia.org/wiki/Frequency
http://en.wikipedia.org/wiki/Constant
http://en.wikipedia.org/wiki/Wave_propagation
http://en.wikipedia.org/wiki/Attenuation_constant
http://en.wikipedia.org/wiki/Phase_constant

2.0 Simplified models (Section 4.5)
We recall two things. First, we have the so-called “exact”
transmission line equations:

V.=V, coshd+7Z_1I,sinh#

y
I =1, coshy+ Z—Esinhﬂ

C
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Surge impedance loading
Recall our definition of characteristic impedance Z. as:

¥1 ‘ 712 Vv,

- |



Whatever reactive power flows out of the line (and into the load) also flows
into the line. So a line terminated in Z. has a very special character with
respect to reactive power: the amount of reactive power consumed by the
series X is exactly compensated by the reactive power supplied by the shunt
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Viied (ohms) (MW)
(kV)

69 366-400 12-13
115 380* 35
138 366-405 47-52
161 380* 69
230 365-395 134-145
345 280-366 325-425
500 233-294 850-1075
765 254-266 2200-2300

1100 231 5238
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These attributes are:

Power limit decreases with line length

Short lines are limited mainly by thermal problems.
Medium length lines tend to be limited by voltage-related

problems.
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Very long lines tend to be limited by stability problems.



Complex power expression

This material combines Sec. 4.6, 4.8, 4.9.
Consider the long transmission line of Fig. 4.
The voltages at the ends are specified as:
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S, =V, + WV, [ (¥'72)

ViV
I, = 7
vV VY, ,
Sll Z* —I_‘V‘(Y'{z)
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Using Z*=|Z|e7-¢, we get
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Unbalanced Lines

Unbalanced signal lines are characterized by the fact that the
cable and connectors use only two

conductors, a center conductor surrounded by a shield.
Examples of unbalanced wiring are found

in tip/sleeve %" guitar cords or the cables us ed with many
CD players and tape decks which

terminate with RCA phono type connectors.

Balanced Lines

Balanced lines are characterized by the fact
that there are two center conductors for the
signal,

usually surrounded by a shield. This shield is
connected to ground like unbalanced lines but
itis

not required as one of the signal conductors.
In fact, some balanced cables like CAT-5
twisted pair

data cables and analog telephone lines don't
have a shield at all.



Properties of waves.

The complex amplitude of a wave may be defined in three ways.
It can be a voltage amplitude, a current amplitude, or a
normalised amplitude whose squared modulus equals the power
conveyed by the wave. In each case we represent the wave
amplitude by a complex phasor whose length is proportional to
the size of the wave and whose phase angle tells us the relative
phase with respect to the origin or zero of the time variable.

A complex number is an ordered pair of real
numbers. These can be the magnitude ("size"
and phase ("timing") or real and imaginary
parts. Two numbers are needed in general to
specify an alternating voltage or quantity
unambiguously, assuming the frequency is
already known.



Waves travelling from generator to load have complex amplitudes usually
written V+ (voltage) I+ (current) or a (normalised power amplitude).

Waves travelling from load to generator have complex amplitudes usually
written V- (voltage) |- (current) or b (normalised power amplitude).

Wave amplitudes and power flow.

The forward wave complex voltage amplitude
is described by the complex algebraic term V+.
The modulus, or size, of this amplitude is
written |V+].

For sinusoidal signals, the rms voltage in the
forward wave is |V+]| (1/sqrt[2]). It conveys
power in the positive x direction, and the
power flow is |V+]||V+|/2Z0 watts.






Short or open stubs?

If one is allowed to use either short or open
stubs at will, one can always keep the total
stub length in the range 0-0.25 wavelengths. A
length of transmission line of 0.25 wavelengths
takes us half way round the SMITH chart and
transforms an open into a short, or vice versa.

On
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The practical details of the series stub match are shown below, where we display
the physical lengths in centimetres, assuming a wave velocity on the coax (which
we need to know to do this calculation) of 2x1078 metres per second. This data
is supplied by the cable manufacturer. The wave velocity and the frequency (120
MHz) allows us to calculate the wavelength in metres, and thus we can translate
the "electrical lengths" from the SMITH chart into physical lengths of line.

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

Dhpen crcunt stub

Actual dimensions.

Suppose that the 75 ohm cable has a velocity factor 2/3 or 0.67

The wave velocity is 2E8 metres per second

The wavelength at 120 MHz is 167 cms

The stub position is 0.346 lambda (57.7 cm) from the load (antenna)
The length of the required shorted stub is 0.328 lambda = 54.7 cm

or we could use an open circuit stub....
The length of the required open stub is (0.328-
0.250)lambda = 13.0 cm



The stub illustrated above is called a "series
stub”. In parallel wire line, it is connected in
series with one of the wires of the feed, as
shown in figures 4 and 5. More usual (in coax, at
least) is to use a "shunt stub", which is
connected across the two wires of the feed, as
shown in figure 6. Since admittances in parallel
add, whereas impedances in series add, we
represent the transmission line impedance as an
admittance y = g + js at the point of attachment,
and we look for the g=1 circle. This is 180
degrees (a quarter-wavelength) around the
SMITH chart from the r=1 impedance circle.
Therefore, the points of attachment of shunt
stubs are a quarter wavelength along the
transmission line, either side of the points of
attachment of a series stub. The stub line length
needs to be different also as we need to
compensate the parallel js with an equal and
opposite shunt susceptance -js, and the value of
susceptance s is different from the value of
reactance x in the series-match example.

Figure 6
A
\
\
\
\

Shunt-connected short circuit stub

\

Shunt-connected open circuit stub
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It is a direct graphical representation, in the complex plane, of the complex
reflection coefficient.

It is @ Reimann surface, in that it is cyclical in numbers of half-wavelengths along the
line. As the standing wave pattern repeats every half wavelength, this is entirely
appropriate. The number of half wavelengths may be represented by the winding
number.

It may be used either as an impedance or admittance calculator, merely by turning
it through 180 degrees.

The inside of the unity gamma circular region represents the passive reflection
case, which is most often the region of interest.

Transformation along the line (if lossless) results in a change of the angle, and
not the modulus or radius of gamma . Thus, plots may be made quickly and
simply.

Many of the more advanced properties of microwave circuits, such as noise
figure and stability regions, map onto the SMITH chart as circles.

The "point at infinity" represents the limit of very large reflection gain, and so
therefore need never be considered for practical circuits.

The real axis maps to the Standing Wave Ratio (SWR) variable. A simple transfer
of the plot locus to the real axis at constant radius gives a direct reading of the
SWR.



The VSWR indicator is a 1kHz tuned audio amplifier with 70dB dynamic
range at least, and a calibrated attenuator sets its gain. The meter
measures the size of the audio signal at 1kHz.













\
An X-band waveguide bench.




Another X-band waveguide bench, used for transmitting.

The benches include an attenuator, and an isolator. Both of these help to stop
the reflected power from reaching the oscillator and pulling the frequency of
the cavity and Gunn diode off tune when the load impedance is varied.




An isolatormade from a magnet and ferrite-loaded wave'/guide. .
There is a dual directional coupler, arranged as a pair of crossed waveguides, which
samples some of the forward wave power and couples it to a calibrated cavity
wavemeter for measuring the oscillator frequency. Taken together with a
measurement of guide wavelength, we have then two independent checks on the
oscillator frequency. There is also a PIN modulator which chops the 10GHz signal at a
frequency of 1KHz square wave.

W




A waveguide restricts the three dimensional "free space" propagation of the
electromagnetic wave to a single dimension. Usually waveguides are

Low loss. That is, the wave travels along the guide without greatly attenuating as it
goes.

Routeable. This means that we can gently bend the guiding structure without losing
contact with the wave, without generating reflections, and without incurring much
additional loss.

Group and phase velocity.

The energy and the modulations on the microwave signal going down the waveguide
both travel at the "group velocity" c*cos(alpha) which is necessarily less than the
velocity of light c. The pattern however travels at the "phase velocity" c/cos(alpha)
which is necessarily greater than the velocity of light. The product of (group
velocity)*(phase velocity) = c/2.

Modes.

The field pattern is formed from the superposition of two plane waves travelling in
different directions, (the two directions are plus and minus alpha with respect to the
direction along the waveguide). These two waves have the same free space wavelength,
and give the standing wave pattern along y required to make the fields vanish at the side
guide walls. The whole field pattern is called a "Mode". For the TE10 mode (transverse
electric), if you plot out a plan view of the field patterns carefully, you will see that the
electric field is always out of the paper, but that the magnetic field forms stadia loops with
repetition distance equal to a guide wavelength; there are two stadia loops per guide
wavelength, in opposite senses of magnetic field circulation.



Other modes

The rectangular pipe has cross section a by b metres, with wall planes x-y and x-z.
We chose the electric field to lie along the z direction in our first example. However,
one can equally satisfy the boundary conditions with the electric field along the y
direction, and the standing wave along z. Since the electric field in these modes is
entirely transverse to the direction x of propagation, they are called "transverse
electric" or TE modes. The two modes here are TE10 and TEOL. The 1 refers to the
number of half-wave loops across the guide. By convention, the TE10 mode has its
single loop across the largest guide lateral dimension, and the TEO1 mode has its
loop across the smaller guide lateral dimension. Thus the cutoff frequency for the
TE10 mode is the lowest frequency at which the waveguide will transmit without
attenuation.






Important qualities of the dielectric substrate include

The microwave dielectric constant

The frequency dependence of this dielectric constant which gives rise to "material
dispersion” in which the wave velocity is frequency-dependent

The surface finish and flatness

The dielectric loss tangent, or imaginary part of the dielectric constant, which sets
the dielectric loss

The cost

The thermal expansion and conductivity

The dimensional stability with time

The surface adhesion properties for the conductor coatings

The manufacturability (ease of cutting, shaping, and drilling)

The porosity (for high vacuum applications we don't want a substrate which
continually "outgasses" when pumped)



Common substrate materials

Plastics are cheap, easily manufacturable, have good surface adhesion, but have poor
microwave dielectric properties when compared with other choices. They have poor
dimensional stability, large thermal expansion coefficients, and poor thermal
conductivity.

o Dielectric constant: 2.2 (fast substrate) or 10.4 (slow substrate)

o Loss tangent 1/1000 (fast substrate) 3/1000 (slow substrate)

o Surface roughness about 6 microns (electroplated)

o Low themal conductivity, 3/1000 watts per cm sq per degree

Ceramics are rigid and hard; they are difficult to shape, cut, and drill; they come in
various purity grades and prices each having domains of application; they have low
microwave loss and are reasonably non-dispersive; they have excellent thermal
properties, including good dimensional stability and high thermal conductivity;
they also have very high dielectric strength. They cost more than plastics. In
principle the size is not limited.

o Dielectric constant 8-10 (depending on purity) so slow substrate

o Loss tangent 1/10,000 to 1/1,000 depending on purity

o Surface roughness at best 1/20 micron

o High thermal conductivity, 0.3 watts per sq cm per degree K



A standing wave, also known as a stationary wave, is a wave that
remains in a constant position. This phenomenon can occur because
the medium is moving in the opposite direction to the wave, or it can
arise in a stationary medium as a result of interference between two
waves travelling in opposite directions. In the second case, for waves
of equal amplitude travelling in opposing directions, there is on
average no net propagation of energy.



As an example of the second type, a standing wave in a transmission line is a wave in
which the distribution of current, voltage, or field strength is formed by the
superposition of two waves propagating in opposite directions. The effect is a series
of nodes (zero displacement) and anti-nodes (maximum displacement) at fixed points
along the transmission line. Such a standing wave may be formed when a wave is
transmitted into one end of a transmission line and is reflected from the other end by
an impedance mismatch, i.e., discontinuity, such as an open circuit or a short. The
failure of the line to transfer power at the standing wave frequency will usually result
in attenuation distortion.

Standing wave patterns from a reflection
In the case of a complex reflection coefficient gamma, the phase angle of gamma
determines where along the line the first standing wave minimum lies, in terms
of the wavelength and the position of the load. The magnitude of gamma
determines the "voltage standing wave ratio" or VSWR, which is clearly given by
the formula

1+ |gammal

1-|gammal|
for, remembering |[gamma| = |V-|/|V+]
and substituting, we find



The reflection coefficient is used in physics and electrical engineering when wave
propagation in a medium containing discontinuities is considered. A reflection
coefficient describes either the amplitude or the intensity of a reflected wave
relative to an incident wave. The reflection coefficient is closely related to the
transmission coefficient.

Telecommunications

In telecommunications, the reflection coefficient is the atio of the amplitude of the
reflected wave to the amplitude of the incident wave. In particular, at a discontinuity in a
transmission line, it is the complex ratio of the electric field strength of the reflected
wave (E — ) to that of the incident wave (E + ). This is typically represented with a I
(capital gamma) and can be written as:

The reflection coefficient may also be established using other field or circuit quantities.
The reflection coefficient can be given by the equations below, where ZS is the
impedance toward the source, ZL is the impedance toward the load:

Simple circuit configuration showing measurement location of reflection coefficient.
The absolute magnitude of the reflection coefficient (designated by vertical bars) can be
calculated from the standing wave ratio, SWR:

The reflection coefficient is displayed graphically using a Smith chart.



reflection coefficient

This is the ratio of reflected wave to incident wave at point of reflection. This value
varies from -1 (for short load) to +1 (for open load), and becomes 0 for matched
impedance load.

reflection coefficient in power

This is a squere of the eflection coefficient which means the ratio of the reflected
power to the incident power.

Voltage Standing Wave Ratio (VSWR)

This is the ratio of maxmum voltage to minimum voltage in standing wave pattern. It
varies from 1 to (plus) infinit.



In telecommunications, the reflection coefficient is the ratio of the amplitude of the
reflected wave to the amplitude of the incident wave. In particular, at a discontinuity in a
transmission line, it is the complex ratio of the electric field strength of the reflected
wave (E - ) to that of the incident wave (E + ). This is typically represented with a I
(capital gamma) and can be written as:

The reflection coefficient can be given by the equations below, where ZS is the
impedance toward the source, ZL is the impedance toward the load:

Simple circuit configuration showing measurement location of reflection coefficient.



Power flow on transmission lines
Wave amplitudes and power flow.

The forward wave complex voltage amplitude is described by the complex algebraic
term V+. The modulus, or size, of this amplitude is written |V+].

For sinusoidal signals, the rms voltage in the forward wave is |V+]| (1/sqrt[2]). It
conveys power in the positive x direction, and the power flow is |V+| |V+|/2Zo watts.
Similarly, the power flow in the negative x direction, that is from load to generator, is
|V-| |V-|/2Zo watts.

The ratio V-/V+ is the "complex reflection coefficient," gamma. The ratio of return
power to forward power is therefore the (modulus of gamma) squared.

The "return loss" is the number of dB by which the reflected power is lower than the

forward power. A return loss of 3 dB means that half the power is reflected, and half

absorbed in the load. A return loss of 20 dB means that only 1% of power is returned,
and 99% is absorbed in the load.



_ ZL _Zn
Z, +Z

0

P

Where :
p = Retlection Coeflicient
Z, = The Impedance of the Load

Z, = The Ideal Impedance of the Transmission Line

Matching Stubs

Zmatch creates matches with shorted stubs in parallel with the transmission
line. If only one frequency is defined, two unique matching solutions are
available. If multiple frequencies are specified, then four unique matching
solutions are provided. If a perfect match cannot be found for each
specified frequency, then the RMS of the reflection coefficient is minimized.
If distributed match is specified, then the RMS of the reflection coefficient is
minimized for the entire frequency spectrum.

The example below perfectly matches a load to a line at frequencies 1, 2, 3,
and 4 GHz.



Freq Poirts Ro RMS Error =1 122e-05
Distributed Ro RMS Error = 0.8553

Len =129.0 mhir

Len =126.5 mhir

Freg Zin Len = 5581 mhir Len = 87 34 mir Z Load
1.000 GHz RE: 50.00 RE; 52.00
IM: B15.7 u / Len = 2391 mir / IM: 77.00
=000 GHz ﬁfﬁg;’;ﬂ y 4in - / 35.54 mhdr _57 5610 midr / 7955 mhir / 9041 mhdr / 9221 mhir EﬂE::ESz%DDD
5000 GHz RE: 5000 7o = 5000 £ RE: 43.00
In: 3893 1 wo = 1000 % I 4200
4000 GHz RE: 5000 RE: 45.00
I -544 6 1 IM: 30.00
Freq Pointz Ro EMS Errar = 06375
Distributed Ro BEM=S Error = 04473
Fredq Zin Len=27 45 mhr Len=2883mhr [ T Load
1.000 GHz RE: 3.205 RE: 32.00
Ih: 41 .25 [ .00
2000 GHz RE 101 .0 Tin = RE: 39.00
M 5310 - S6.44 mbir 4010 mbdr M 5200
2.000 GHz RE 3955 To=5S0.00 0 RE: 43.00
[h: 2512 W= 000 % [ 4200
4000 GHz RE 8124 RE: 45.00
[hd: -21 .32 [h: S0.00
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Freq Points Ko RMZ Error = 0.7404
Distributed Ro BEMS Error = 05579

Len = 35.00 mhbir
Freg Zin L Load
Len = 25.00 mhir
1.000 GHz RE: 3.205 RE: 32.00
[ 41 .23 Iht: .00
2000 EHz RE 101.0 7in = RE:; 39.00
IM: 53.10 " 50.00 mhir 3500mhr | w6200
3.000 3Hz RE 39.55 Fo = 50008 RE: 43.00
I 2512 wo o= 1000 % Iht: 42.00
4 000 SHz RE: 81.24 RE: 45.00
Mt -21 .32 [ht: 30.00
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Definition of impedance.

We consider the class of linear bipoles and we usethe symbolic representation of sinusoidal quantities
using phasors (rotating vectors). The impedance can be defined as:

7 =

|—||| |

The quantities on the right side of the equation are sine functions, characterized by amplitude, frequency
anid phase Because frequency 1s the same for E and I they can be represented by complex numbers.

The impedance Z 15 a complex quantity, characterized by real and imaginary parts or, which 1s
equivalent, by modulus (amplitude) and phase. The impedance 15 generally a function of frequency.

Examples
Impedance of a resistor with resistance k. E
Impedance of a capacitor with capacitance C V) =%, ¥X=-1/(0C), o=2xf

Impedance of an inductor with inductance L 1ol =1, ¥=al, o=2xnf



Series and parallel connection of bipoles.

¥eo=-1/2wfC

By + 1%+ Ry+i%; = EHX, R=R+Ry, X=X+, X =2niL

T =CHB=1/Z=1/(R+3)

=
-

G’l + _]Bl + G’g"‘ng = G’+JB, G‘:G1+Gz, B:B1+E-2

G=R/(R*3%), B=-IUR43<)

Flease note: wewill usetwo different representations of quantities for series and parallel
connection of bipoles.



Why impedance matching?

1) Maximization of power transter from sources to loads
2y Losses mintmization in transmission lines.
3) Bignaltonoise ratio maKimization in input stages of recetvers,

4) Winimization of signal distortion in transmission lines, avording wavefront reflections and pulse
superposttion.

5) Voltage amplification or attenuation.

&) Current amplification or attenuation.



Passive matching networks.

a) R esistive networks for extremely wide bandwidth (lossy networks) (for application 43,

b Transformer matching for wide band applications.

c) Inductive and capacitive matching for narrow bandwidth and high efficiency.

d) Coaxial lines, stub and transmission line matching for narrow bandwidth, very high frequencies
and high efficiency. Matching with variable impedance transmission lines for wide band
matching.

e) Combined matching

f) Mo matching if weuse already matched components (usually 50 chm amplifiers),



Power transfer maximization.

Problem: Using a general equivalent circuit for a real
power source, with V, Bz, o given, find By and X, in

— | — order to maximuze the power dissipated by B
GD Bs X5 Ry & Please note: as 3z ed X cannot dissipate power, we
rmust chioose Xg = - X7 1n order to maximize the
current m By for any value of B; and E; . We cbserve
I the inverse proportionality of I respect to |Z|=(Fs +
L — Ry %+ (34 +3; ¥ This is the first step for the
— — maxztmization of the power transferred tothe load
GD Eg Fp resistance. Thereduced problem 15 now:
oY PrL_ Ri
R;+*RL V° RE+R{+2RsRL
The maxmum 15 found by derivation
4 PRL
2 Z+R7+2 —-2R:-2
dv _R5"RL T RsR17<RY 5 RiRs _ 0 BecauseRg>0and By =0 the
R (R%"‘R%"‘ 2RQRL) equation gives: R==F;.

¥ =-2; and E-=F; 15 defined a complex conjugate matching.



Signal to noise ratio maximization.

Mz

Q.

@ |

,«’“\ Problem: find Ri and Mz in orderto
D, % maximize the signal to noise ratio of
the circuit.

Please note: we male the hypothesis
i=URi that the reactive part ofthe

unip edance has been already matched
(ha=1/Fe i1 order to avold unnecessary

attenuation.

A dditional note: the transformer 1s

the matching element.

2 .. 2
s Ny

2
The power of the signal is (in units of V): Ps = k

2
(Gi(1/ Gi+ N2 / Gs))

The power of the noise is (in units of V2):
Where voltage notse, current noise and signal iyl
are uncorrelated

ir?

2
(Gi+Gs/ Ng?)

Pn=en’k*+ k*



Signal to noise ratio maximization (2).

s° Ns°
2 et
Therefore the signal to noise ratio 1s: E (1+ Ns (i f'rGS)
B 2
A .2 .
N o en?+in f(G1+GS f’Ngz)
4 1/ Re?
2/ has a maximum for &y = . .
1/ Ri* + in*/ en®
With Ri—om we get: 2 _ 1 en
N = ——

Hs in



Signal to noise ratio maximization (3).

By choosing the solution Ms=1 we get:

Using a different procedure, we may first
choose Ns=1 and solve for Es.

Diepending on the values of Fi1 and
en/in, we have two different
approximate solutions. The first one
15 anoise matching, the second one 1s
a power matching.

en
Hs=—

in
er/in 15 defined as the noise resistance of
the amplifier.

(en/in) 2

Ri%+ (en/in)®

Ry=Ri

en . en
Ry = —  Ri »» —
in in

et
Rs ~ Ri,Ri << —
in



Signal to noise ratio maximization (4).

By substitution of the optimal value S 32
of Ms in the expression of 3/N we =
get. N ZRSQHZ(I fRi+ \/IJ’{R;'Z‘F;'HZJ’{QHZ)

Wenow choose Bi=w and find thevalues
of in and en mn order to observe the thermal
notse of Bs with a 3/M=1. The signal s 1s
therefore the thermal noise of Bs.

s?=4R. KT =2R.i, e,

We can now find the required temperature of Es. i €5
Because we have chosen 3/N=1 that temperature is the I'n= 1K

“equivalent” noise temperature of the amplifier
T=temperature in Kelvin, K=

BEoltzmann’s constant =1.38x10 -2 7K1



Transmission lines (simplified analysis)

o . L Schematization ofthe problem.
v —— v, C E Observation: the finite speed of
: : light has to be applied to any
N electrical circuit
0 X P

From Mazwell equations we already know that, 1f L (H/m) and C (F/m) are constant along the pair of
conductors, the propagation speed is:

1 ti 15 the speed of light, it depends on
= —— the electrical properties of the
f Eqg 1 _ _ . :
© B=m LC 1 material which constitutes the lme:
conductors and insulators.
R, + : E=2R, Observation: starting from t=0, the
resistance v/1that loads the generator
E=13FEy V15 found to be Ry,
Ey B= We must wait the time 204 1n order
to ochserve the resistance R connected
E=2Fy to the end of the line.
=0 _— Ej = characteristic impedance.

t=2{/u



Defimition of the charactenstic impedance.

— —» Hypothesis: the transmission line 13
= ] L lossless.
K — | v Vy . C K Problem: When & is closed, voltage
Ly and current wavefronts propagate
_ towards R. We calculate the current
0 % { in the voltage source V.

When the wavefront moves of |::> The capacttance charged at voltage V 15 Celr.

Using the relation Q=CV we have 4=V Cdr and using Eq. 1, which describes the effects ofthe speed
of light, we have:

_3Q _ye® _yey _vc—_vlf Eq 2
it At L Rn

RDEN'ICUC) 15 the characteristic impedance of the line, the first and the last terms of Eq 2 sinply
define By by Ohm’s law.



Examples of transmission lines.

Because = 15 equal to the speed of light cina vacuum or to a fraction of cinan
"’I{_ insulating medium, we may introduce a speed factor. For instance u=0.00 ¢
in polythene (used in RG3 58 coaxial cables).
It follow s that we only need to calculate the capacitance per meter, which 15 a problem of
electrostatics .

d
A — .
|
-~ —m ' —h
27 & 2
AE Cx =




The reflection.

I, s IR
g L
L — v Vy C i E
Ll 4
0 X {

V.i': vs’ncicﬁnr + Vreﬂecrgd =V+ Vreﬂecred

13: Ifncidmr + Ire  facted

V_;: V+pV p = coefficent of reflection
-pVa"r RI] = reflected current

Calculation of p. V+pV

Because V /L=R, we have: V/IRg—pV/Ro

Hypothesis: the transmission line is
lossless.

When 2 15 closed voltage and current
wavelronts propagate toward E.
When the wavefronts reach R we
might have a reflection.
Observation: on the left of the
wavelronts, towards the generator,
we have V/I=E,;

On the load B we have V=R

If the ratio V/I changes because of
F=Ey, we havereflected wavefronts
travelling in the reverse direction
respect to the incident one. Tt follow s
that the sign of the current 1s
reversed.

Ripy-1
P=——"
R/iRp+1



The reflection (2).

A generalization. The inverted formula
Zizg-1 Z- 1+ : :
7= 2070 20 Zizy= - P _ hormalized impedance
Impedances and adrmittances. The inverted formula
1 1 Y _
Y==; Yo=—; = £0 Y/ivg= 17p_ normalized admittance

Z Zo Yo 2 1+ p



Graphical representation of impedances.

The transformations among impedance,
admittance and coefficient of reflection
are bilinear transformations, they are
invertible transformat ions and
geometrically transform circles to

circles. As P 13 a complex quantity

| with | p|= 1, itsuse 15 conventent for
representing impedances and
admittances by theuse of a sutable
mapping .

To invert the transformations, a
characteristic impedance has to be
defined Ifthe network comprises
transmission lines, the choice could be
the characteristic impedance of the
lines. In any case the choice of Zo 13
arbifrary.



Graphical representation of impedance (2).

We now supertmpose the system of
coordinates for the normalized impedance
ZiZo, being Zo resistive.

In order to draw this system of
coordinates we convert the normalized
impedance to coefficient of reflection,
keeping constant the real part and
sweeping the imaginary one, then doing
the reverse We obtainthe diagram
shown: the 3mith chart of the impedance
With the chart we can easily add and
remove resistance and reactance to and
from a given impedance.

Example: with Zo=50 ohm and =100
MMHz.

| Starting from Z=50 + 150 (RL series, with
E=50 and L=0795uH, we connect in
series a capacitance with c= -50 ohm
giving C=32.1pF.

The impedance Z is now matched to
30+j0 ohm.



Graphical representation of impedance (3).

A slightly more complex example 15 the
one presented here.

With Zo=50 chm and {=100 MHz.
Starting from Z=25 + j50 (series RL with
F=25 and L=0.7%95 uH), by connecting in
series a capacitance with {c=-25 ohm
equivalent to C=64 2 pF. Wereach the
impedance Za=25 + 25,

Adding a susceptance B with a value
equalto Yo=1/20=1/50 equivalenttoa
capacitor of 32 pF in parallel, we reach
the impedance of 50 + j0 ohm. For this
concluding operation we use the
admittance Smith chart.

The impedance Z is now matched to
30+j0 ohm.



Graphical representation of impedance (4).

Anocther useful coordinate system 15 the ¢
chart, where Q=VE. Usually a low O 15
preferred, m order to have low potentials

and a reduced stress for the components of
the matching netw orle




Graphical representation of impedance (5).

A concluding example 15 the graphical
representation of a transmission line. With
Zo=50 chm and (=100 MHz, we represent
31cm of coaxial cable R(3 58 (Zo=50
ohm, speed factor 0.66) connected to a
resistive impedance of 200 ohm.

Arcs are construction that represent the
impedance that could be measured 1f the
value of a chosen parameter were different
from the one presented. Here the
parameter is length and it covers values
from Cto 31 cm. An arc is usually
emmployed to graphically identify an
element or component of the networls




A diplexer is a passive device that implements frequency domain
multiplexing. Two ports (e.g., L and H) are multiplexed onto a third port
(e.g., S). The signals on ports L and H occupy disjoint frequency bands.
Consequently, the signals on L and H can coexist on port S without
interfering with each other.

Diplexing is useful in reducing the number of radio antennas on a radio tower, reducing
the weight and loading from wind and potential ice, as well as the necessary size of the
tower itself. Diplexers must be carefully engineered: designed and tuned to prevent
intermodulation and keep reflected power (VSWR) to a minimum for each input
transmitter and frequency. While diplexers can combine a relatively wide bandwidth, the
major limitation comes with the antenna itself, which must be sufficiently wideband to
accept all of the signals being passed through it, and transfer them to the air efficiently.



http://en.wikipedia.org/wiki/Electronic_component
http://en.wikipedia.org/wiki/Multiplexing
http://en.wikipedia.org/wiki/Radio_antenna
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http://en.wikipedia.org/wiki/Load
http://en.wikipedia.org/wiki/Wind
http://en.wikipedia.org/wiki/Ice
http://en.wikipedia.org/wiki/Tuning
http://en.wikipedia.org/wiki/Intermodulation
http://en.wikipedia.org/w/index.php?title=Reflected_power&action=edit&redlink=1
http://en.wikipedia.org/wiki/VSWR
http://en.wikipedia.org/wiki/Input
http://en.wikipedia.org/wiki/Frequency
http://en.wikipedia.org/wiki/Bandwidth
http://en.wikipedia.org/wiki/Wideband
http://en.wikipedia.org/wiki/Signaling_(telecommunication)
http://en.wikipedia.org/wiki/Air
http://en.wikipedia.org/wiki/Energy_efficiency




A circulator is a passive electronic component with three or more ports in
which the ports can be accessed in such a way that when a signal is fed
into any port it is transferred to the next port only, the first port being
counted as following the last in numeric order.

When one port of a three-port circulator is terminated in a matched load,
it can be used as an isolator, since a signal can travel in only one direction
between the remaining ports.[i


http://en.wikipedia.org/wiki/Electronic_component
http://en.wikipedia.org/wiki/Circulator#cite_note-0#cite_note-0

Microstrip transmission line is a kind of "high grade" printed circuit construction,
consisting of a track of copper or other conductor on an insulating substrate.
There is a "backplane" on the other side of the insulating substrate, formed from
similar conductor. A picture (37kB).

Looked at end on, there is a "hot" conductor which is the track on the top, and a
"return” conductor which is the backplane on the bottom. Microstrip is
therefore a variant of 2-wire transmission line.

If one solves the electromagnetic equations to find the field distributions, one
finds very nearly a completely TEM (transverse electromagnetic) pattern. This
means that there are only a few regions in which there is a component of
electric or magnetic field in the direction of wave propagation.

There is a picture of these field patterns (incomplete) in T C Edwards
"Foundations for Microstrip Circuit Design" edition 2 page 45. See the booklist
for further bibliographic details.


http://personal.ee.surrey.ac.uk/Personal/D.Jefferies/gifpics/msgeom.gif

Important qualities of the dielectric substrate include

The microwave dielectric constant

The frequency dependence of this dielectric constant which gives rise to "material
dispersion” in which the wave velocity is frequency-dependent

The surface finish and flatness

The dielectric loss tangent, or imaginary part of the dielectric constant, which sets the
dielectric loss

The cost

The thermal expansion and conductivity

The dimensional stability with time

The surface adhesion properties for the conductor coatings

The manufacturability (ease of cutting, shaping, and drilling)

The porosity (for high vacuum applications we don't want a substrate which continually
"outgasses" when pumped)



Common substrate materials
Plastics are cheap, easily manufacturable, have good surface adhesion, but have
poor microwave dielectric properties when compared with other choices. They
have poor dimensional stability, large thermal expansion coefficients, and poor
thermal conductivity.

Dielectric constant: 2.2 (fast substrate) or 10.4 (slow substrate)

Loss tangent 1/1000 (fast substrate) 3/1000 (slow substrate)

Surface roughness about 6 microns (electroplated)

Low themal conductivity, 3/1000 watts per cm sq per degree
Ceramics are rigid and hard; they are difficult to shape, cut, and drill; they come in
various purity grades and prices each having domains of application; they have low
microwave loss and are reasonably non-dispersive; they have excellent thermal
properties, including good dimensional stability and high thermal conductivity;
they also have very high dielectric strength. They cost more than plastics. In
principle the size is not limited.

Dielectric constant 8-10 (depending on purity) so slow substrate

Loss tangent 1/10,000 to 1/1,000 depending on purity

Surface roughness at best 1/20 micron

High thermal conductivity, 0.3 watts per sq cm per degree K




Stripline Structures

The stripline typically consists of a line conductor trace sandwiched between two
reference planes and a dielectric material. The transmission line, i.e. the trace
and planes, form the controlled impedance. The value of the impedance will be
determined by its physical construction and electrical characteristics of the
dielectric material:

The width and thickness of the signal trace

The dielectric constant and height of the core or pre-preg material either side of
the trace

The configuration of trace and planes



Single-ended Striplines

Note that in the following diagrams the signal trace is actually trapezoidal in
profile and width W refers to the trace width nearest the upper surface, width
W1 refers to the trace width nearest the lower surface.

A stripline differs from a microstrip in that it is a line embedded in a dielectric
between two reference planes. There are two variations of stripline
configuration — the centred or symmetric stripline and the offset stripline.



INSOL IO D ATIO

Insulation coordination is the correlatian of the insulation strengths
of components of the high voltage pPower system, to minimise damage and
loas of supply causad by avar vaoltages,

eps taken to minimise supply i nterruptions die to'

vervoltage ara;

to ensure that system insulation wil] withstand a1l notrmal
stresses and most abnormal Stresses,

% to discharga or divert overvoltagesy which exceed the withstand
strength of apparatus,

%’ to ensure that breakdowns!ocour by external flashover, rather
! than internal failureiof equipment such as Puncture or breakdewn
of solid or liquid dielectrics,

% and to control points at which breakdowna oecury, thus aveiding
T important items aof equlpment .

Qvervoltages can be either at system frequency or due to transient
surges with higher frequency components.

Overvoltages at the power frequency can be caused by:
jl sudden loss of load on a generator (20%-30% overvoltage),

energising an unloaded transmission line {up to 90% overvoltage),

g
'gﬁ\ unbalanced system faults which may cause unfaulted phase voltages
: te rise above normal.

Iransient Overval +tam~as=



Irangient Overvoltages

Fower system transient overvoltages may be generated either internally
or externally,

Internal generation is from switching surges,

External generation is from lightning strikes.



Ele 1 Testing of HV Equipment

Electrical testing of HV equipment is carried out to ensure that
insulation can withstand normal and surge vealtages.

The two main testzs carried out are:
a) HY impulse test,
b HV power frequency test.

HY Impulsae Tast

The standard impulse test is intended to reproduce the effects of
switching transients and lightning atrikes.

Refer to FIO 2 which shows the standard 1/50 impulse test waveform.

The wave specification of 1/50 indicates that the tast voltage rises

;g the peak value in lusec and then drops to 50% of the peak value by
HaeC.

Typical value of test voltage for 330kV equipment is 1050%kV {peak).



In particular, they are installed and located for preotecting
transfiormers and cables that are expensive the repair, if their paper
insulation iz damaged by impulse voltages,

gverhead Earthwire (Shield Conductor)

At the very top of sach towear on each =zide, are installed earthing
conductors, which run the whole length of the line, and are earthed at
mach tower.

They provide an earthed shield abaove the live conducters and attract
lightning away from the line.

- hin

Each tower must bhe spolidly connected to earth and earthing rods and an
earth grid are installed at the bass of each tower.

Earthing is important so that any shorting of insulators doesa not
cauae the towar to become dangerously alive.

Refer to FIG 3. which shows how a lightning strike can cause !Illhn?lfr
of insulators, resulting in high current flow to earth, The potential
of the tower will rise because the tower earth resistance is high.




Refer to FIG 4 which shows the construction of a typi y
i 7 e ical non-
resistor type surge diverter. e linear
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Renlstors
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The series spark gaps keep the circuit open under normal conditians.

Sometimes grading resistors are conrected in parallel with multiple
gaps to assist in voltage distribution.

The aasnmply is usually evacuated and filled with dry nitrogen at
atmospheric pressure to ensure that the operation iz not affectad by

surrounding atmospheric conditions.

Refer to FIG 5 which shows the operating sequences of a surge diverter.
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The sub-transmission dystem consists of 132kV and &8kv overhead lineg
on steel towers and woeod peles and also underground cahb]es,

Tha easement space reaguired for overhead transmission lines means that
the route taken by a line is an environmentally sensitive jgsue.

Ideally, the transmission line should take the shortest route to
reduce its capital and installation cost,

However, the selection of the route of a transmission line, will
depend on a number of important considerations:

a) shape of the terrain, affecting cost of construction,
b) acquisition of sasement land,
e) Proximity to housing,

d) ®ase of maintenance and access to sasement,

Components of Transmission Lines
conductor Support Structures

Support structures are required to keep the conductors at a safe
height above the ground and also to keep them apart,

Refar to FIG 1 whieh shows various drrangements of support Structures,
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