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Sec. 2-2 / Traveling Waves on a Lossless Transmission Line
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FIG. 2-1 Egquivalent circuit of & lossless trarsmission line.

21

change instantaneously through an inductor, and a voltage cannot be immediately
changed across a capaciior, it takes time for the current-voltage wave to travel

down the line. Thus, there is a finite veiocity for the wave propagation dewn the
line.

If neither the series resistance of the line nor the finite conductance of the
insulation material cannot be neglected, there is also an attenuation of the wave

as it progresses down the lossy line. We shall neglect these parameters for the
moment but will consider them later.

2.2 TRAVELING WAVES ON A LOSSLESS TRANSMISSION LINE

~It.is possible to mathematicaily derive the general solutions for the voltage and
current along a_.uniform"transmiésion Jine. We shall do this later for the sinusoidal
steady-state case, but since the general solution involves solving a partial second-
order d‘iﬁerentiai equation, we shall for the moment merely describe the traveling-
wave phenomenon of a transient voltage or current on a transmission line.

" The convention used when dealing with voltages and currents on transmission
lines is slightly different from thai uscd in two-port circuit theory. The voltage is
considered to be positive when the upper terminal or lead is at a more positive
potential than the lower lead, and the currents are taken to be positive when travel-
ing from the generator to the load. This is illustrated in Fig. 2-2, where the sub-
scripts S and R refer to the sending end and the receiving end, respectively. -
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FIG. 2-3 Traveling ¥oltage—current waves.

waves, whether incident or reﬂected see what ix called the characteristic impedance
(Z,) of the transmission line. The characteristic impedance of several types of
transmission lines were given in Section 1-2. This impedance is independ.nt of the

line lerigth or load and is a function of the line parameters only (i.e., size and
spacing of conductors and type of insulation used).

We shall denote the incident voltage wave by e*, which 1s a wave that travels
from the source to the load. Similarly, the reflected voltage wave will be denoted

by e~. The incident and reﬂected current waves w1ll be symbolized by i* and i~
respectively. ¢ ) :

- Since a traveling wave. sees the charactenstlc 1mpedance of the transm:ssxon
~ line, the incident current is related to the mcndent voltage by the relation

.

'x“'— ‘, ¥ e ‘ & e — P

Soad 2y - .

where the negative sign appears'dueftdthe"eonv '
entxonef
to“ ard the load (thns currentﬁows int ection opp pOSltxve current tr aveling

0site to the incident current).
t»ca*uses a reflected wave
1en a generator mtroduccs

Scanned by CamScanner



Sec. 2- :
<-< / Traveling Waves on a Lossless Transmission Line
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oo §5 still validated. That is, when Z, = Z _ '

ex

R — ZR = Z

ix

The subscnpt R is used here to denote currents, voltages, and so on, at the receiving

end. If, however, the load impedance is not equal to the characteristic impedance of
he line, another wave must be set up 10 assure that Ohm's law is obeyed.

The voltage at the load'divided by the current through 1t must equal the load

impedance. Since
L — # ZT

in this case, a refiection must occur.
At the termination we must have

}:u+l>u+

total e
total 7 -

Zy ' (2-3)

Unless Z & 1S equal to Z,, the incident wave alone does nos satisfy this relation and
a reflected wave must occur. The total voltage and ‘current),:at‘the load can be

expressed as % o) s |
- totél e = ey + €x ; ; 2
e = fex) -.-'—‘iﬂ e Ei(025)
7 totaE =l *Z 1] \ | P
3 uatxon (2-5) into equatlon (2-’4), we obtam. | et |
8 total e or 5 Z +ex T A (2-6)
% total i 2 °e,. —ex .

From th;s equatxon the relaticn between the reﬂected voltage and t:he mmd:r:!t
~ voltage can be found: -

-

-8

g‘;"';z’-z‘,:'rm. y .. (2-7) .
e; . ZR + Zo y . )
The ratio. I'R is called the xohage reﬁecuon coefficient. If Z,. Z.,, it is noted that
I'; goes to zero and no reflected wave is plesent. : . B
R L] a4 | =
< ‘ fee) - : ZR —ZD =3 . M k 3 .:‘ . - J
Mgl B \zo+zo |

If Iy is not equal to zer

- h,kdafﬁc:lent (iz/i3) is the nega-
e examples will now be con-
aqsmmton {fm.w qssumgz#
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EXAMPLE 2-1 ®

c
A B ——
« 5 5 .
o z

AT

B P v -

ﬁ ¥ < b —t—— 1, ] :
})" FIG. 2-6 Step ate applied tc 8 matched transmi‘z::sion line.

A battery, having a voltage of magnitude ¥, is applied to a transmission line at time f = :
~Determine the waveforms that will be present at locations A, B, and C. Assume t €
velocity of propagation to be the velocity of light. c.

o Solution: When the switch cioses, a vol'ta);,e wave will commence to move down the line
: at a velocity c. It arrives at point B in /,/c seconds and at point C in (/; + /,)/c seconds.

No reflection is present as the line is properly terminated (i.e., Zp=2p). :

¢ { P = ’

~ Voltageat A Va|
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Assume ?, to be the time taken for th ‘
5 € wave 3 :
to travel the distance from B to C. to arrive at point B and I3 to be the time taken

Solution: When t it

mission line, seeing 2:: ixmg S voltage wave commences moving down the trans-

tor impedance, the magnxi):u:: c:f {; Sm;;e there will be a voltage drop across the genera-
e voltage movin AN :

battery voltage. The equivalent i g g down the line is not equal to the

for the wave as it j : 3
erator with its i : It Just enters the line consists of a
gen aor th its internal impedance Z, and the characteristic impedance of the line Z,.

FIG. 2-7 Equivalent input circuit at ¢ = 0.

The incident voltage has a magnitude of

j ‘- A &
: : L )

o ey ey A

The reflected voltage hasa m&@itnge. of

e iy

- i .‘ __’:_l V —.K e g e _
2 e-:'_-.rkef;:;—x—-f —»v&fr' R o i it e v Wi

The waveforms are shown in Fig. 2-8. The receiving end is matched, and there will be

o .
no fmhq"mﬂwtlom. o S %
EXAMPLE2:3 0 "0 lin s Soll e P e

ndicated in Fig. 2-9. Deter-
> times it would take a wave |

i ",‘_'.1-”‘- et 2" 5

mismatch, since it effectively s¢
continuing section of transm
Zy/2; and the reflection coefficie
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Sec, 2.2 / Traveling Waves on a Lossless Transmission Line 27
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28 Transients on a Lossle
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tched line.

FIG. 2-12 Reflectionson a totally misma

2-3 REFLECTIONS FROM REACTIVE LOADS

Let us now consider the case where a step wave is applied to a lossless line ter'mi-
nated in an_inductor (Fig 2-13). When the leading edge of the step wave arrives

at the load, the inductor appears as an open circuit, as the frequencies present in
this portion of the wave are extremely high (X, = 27#fL). As time progresses,

2, i
j ty 7 ZO %.L
V- ) | .

I

-

—Jr’ ®

|
- | ﬂ
FIG. 2-13 Traqsmission line with an inductive load. .

however, the step wave settles down to a dc voltage and the inductor then a ears
;§ a ;hort. An oscnllqscope Sees a waveform at the sending end as that-sketcll?;d in
~ Fig. 2-14. The delay in Fig. 2-14 is due to the trave] time of the
-the transmission line. =~ . = it | b

. If a capacitor forms the load the o ;

; s Pposite w: . i
present at the leading edge.o.f the wavefront ls)eé . Ve“r'y”l oo‘sil;: tTl:te high frequencies
wher;as the later dc condition sees a very high impedance ;flnce(XC = 1/2znfC),
wave orm.that,wnll be observed at the input of 'sui:lfx § tér.rhi:lg'cxl:r:i 21r15 uoNs (18

' Faggaaiy s ed line.

’

2-4 TIME-DOMAIN REFLECTOMETRY
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IR : Chap. 2
Transients on 8 Lossless Transmission Line /

ime step voltage and can locate faults within 5
e-ti

Simply stated, this TDR applies a.voltage step to
r‘eﬁé—ctions are observed. A reflection occurs each
e

. i . i« added to the incide
time the step encounters a d continuity; this reﬂ; Sthen: ¥ ?rhc time reQU;red fg:
wave and is dispiayed on the cathode-ray-tube Oscglo;ci:soc}?)cr;tinuity. The shape ang
the reflection to return to the oscilloscope locates the

_ alue of the mismatch
magnitude of the reflected wave indicate the nature and valu :

W an inductive disconti.
N SR v acitive. In general, :
which can be resistive, inductive, or cap the incident step, and a

nuity reflects a voltage spike having the samc polarity agosjte iy e
capacitive discontinuity reflects a voltage spike of t.hc op! ksl fame:
discontinuity having a value larger than the line 1mpcdaqcc refiec s @ fll) St ef
same polarity as the incident step, and a step of the opposite polarity 1s refie i
the value is less than the line impedance. '

When long lossy cables are tested with a time-domain rcﬁectometer_. bojth th‘c
amplitude and the shape of the reflections are changed. In general, the rise time is
badly degraded and distance measurements are somewhat obscured. The error cdn
be gredtly reduced if the distance between the 109 points on the leading edge of

two reflections are used rather than the distance between the peaks of the reflec-
tions. This is shown in Fig. 2-16.

instance, employs & 1§O-ps ris
distance of a few centimeters.
the transmission system and t

A

Va il JA"E{:‘S}\

FIG. 2-16 Reflections on lossy line.

PROBLEMS

2-1. Define the voltage reflection coefficient, \
2-2, Originally the voltage is zero over .

: er th
t = 0 the switch closes. Find the volt:;m;“:‘:‘ ::f ‘:h:n ;rannsmission line. At

z
@

$

7 1 n.r"-:l::ﬁ# M"IT-‘ car i . .
Scanned by CamScanner

e



SEL Chap.2/ Problams Y

e e

FIG. P2.2
2-3. (a) Originally, the voltage is zero over the entire length of the transmission line. .
At time ¢ = 0 the switch closes. Find the voltage waveforms at A and B. -
(b) If the load Zj is removed such that an open-circuit condition results at pomt B,
What would the new voltage waveforms be at Aand B?
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32 " Transients on & Lossless T}anaminion Line / Chap. 2

’

(b)

lies (i) 24 < 24
2, >,

L o—
¥ X V &, FIG. PZfs(b)_ 2 ;
' v~ (¢) What is the generator impédan'c'e relative to Z, of the cable f_or the above cases. |
The following voltage waveform is seen on a time-domain reflectometer (Re =50Q)
- connected to a shorted section of coaxial cabie. : |
- (@) If the dielectric material is Teflo
(b) Calculate the characteristic ;m

n (€, = 2.1), determine ,ih,e length of cable.
pedance of the cable. (Assume no losses.)

i N
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