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Announcements
N

post-lab2 and pre-lab3 are due this sunday night

exam1: monday, oct 7, 5-6:20pm (80 minutes)
alternate: tuesday, oct 8, 5-6:20pm rooms: TBD

email me if you want to take the alternate.
those in monday lab can take the alternate, | hope

coverage: chapters 1-2
thru today's lecture/homework

4 problems, similar to homework
3-page formula sheet on canvas (will be provided)

bring handwritten single page
bring calculator, ruler, compass, pencils



Chapter 2 Overview

What is a transmission line? 48 L, Transmissiontine
Why study transmission lines? 1 [
model + ++_ B Vl VlL []
d|ffeq Vg (Vo_,lo _)e VZ Incident wave B =
_ A (Vo 1p")e”” Reflected wave
solve dlffeq © i Typical High-Frequency Circuit
wave propagation ;
lossless xmission lir | Pulse Voltage vs. time —@%C\/\/; i
microstrip lines — ;
reflections IR (O " [
standingwaves ¢ = ¢ 7 g T )
impedance V ’ °
ShOrt, Open ) Voltage : max\l (di|4v Waves on line: old methods don't work
matching | Phe fim | Rpe i
power flow
smith chart

transients



Today's Lecture Coverage

I
Review Sections 2-1 through 2-10 of the book:

2-1: What is a transmission line? Why study transmission lines?
2-2: Lumped-Element Model
2-3: Governing Differential Eqns
2-4: Solve the Differential Equations

Properties of the solution: wave propagation
2-5: Lossless Microstrip Line
2-6: Lossless Transmission Lines
2-7: Lossless Transmission Lines: Wave Impedance
2-8: Lossless Transmission Lines: Special Cases
2-9: Lossless Transmission Lines: Power Flow
2-10: The Smith Chart
2-11: Matching using the Smith Chart

Sections 2-11, 2-12 of the book:
2-11: Matching using the Smith Chart
2-12: Transients on Transmission Lines



Chapter 2 Review
B

* A transmission line connects a generator to a load.

A B

— — -
;8 Sending-end Teaslalon Koe Receiving-end §ZL

port port

-0 »-O-

A’ B

Generator circuit Load circuit



Chapter 2 Review

Phase Delay due to length of transmission line:

| |
"
Vg@ Vaa' Transmission line Vg %R
R _l ! Ly
T o
| ! >
wl  2rfl E .
P = — = — 27— radians.
C & X

I/A < 0.01: Can ignore transmission-line effects
I/A 2 0.01: Must deal with phase shift, and other
effects...



Chapter 2 Review
-

Metal

Different

% iz’

Ad h

- D 16 . 1 STyaci o
g eo m etrl eS Dielectric spacing Dielectric spacing et o
. . (a) Coaxial line (b) Two-wire line (c) Parallel-plate line
for transmission
Metal strip conductor Metal

I ines Metal

Z Metal ground plane
Metal ground plane Dielectric spacing

Dielectric spacing

Dielectric spacing
(d) Strip line (e) Microstrip line (f) Coplanar waveguide

TEM Transmission Lines

Metal %
Concentric
dielectric
layers

(g) Rectangular waveguide (h) Optical fiber

Higher-Order Transmission Lines



Chapter 2 Review

e
Lumped-Element Model:

R'Az L'Az R'Az L'Az R'Az L'Az R'Az L'Az
——o— WAV —

G'AZ{—J'C'AZ G'Az{ C' Az G'AZ{—'I'C'AZ G'Az% A
1 1

£ 5
~ ~

L

I Az Az Az

All parameters are "per unit length™:

R': Combined Resistance of BOTH conductors: | |/m
L': Combined Inductance of BOTH conductors, H/m
G': Conductance of insulation

between inner and outer conductor, S/m
C': Capacitance

between inner and outer conductors, F/m



Chapter 2 Review

I
Lumped-Element Values: geometry/materials/freq

Table 2-1 Transmission-line parameters R’, L', G’, and C’ for three types of lines.

Parameter Coaxial Two-Wire Parallel-Plate Unit
Ry (1L 1 2R 2R
R/ LA — i O
2% (a i b) rd w /m
/ H H 2 ph
L o In(b/a) - In [(D/d) + \/(D/a’) 1] ” H/m
’ 2o o ow
G — S/m
In(b/a) In [(D/d) ++/(DJd)? = 1} h
! 2re TE Ew F/m
In(b/a) 1 |(D/d)++/(D/dP 1] :

Ry = /T fUc/0c



Chapter 2 Review
N

Transmission-line governing Differential Equations

dV (z)

7 = (R'+joL) I(2),

7

dz(z) = (G'+ joC") V(2).
%

(telegrapher’s equations in phasor form)



Chapter 2 Review
N

Transmission-line governing Differential Equation for V-

d*v ~
PV =0

(wave equation for V (z))

Y=/ (R + joL) (G + joC').

(propagation constant)



Chapter 2 Review

T
Complex propagation constant:

y=oa-+jp

Where:
Y. Units of 1/m

0.. Attenuation constant, units of Np/m (>0 in this class)
f3. Phase constant, units of rad/m

Np and radians are both "dimensionless”, and are the
conventional "units" for these parameters.



Chapter 2 Review
N

Form of the solution: traveling waves, going in both

directions:
V)=V, e " +Vy,e* (V)
3 % Vi
(Z) — 0 , 7 0 L% (A)
/0 70
 R+joLl  |R+ joL
Zo = y = \/G,+jwc, (£2),



Chapter 2 Review
N

Solution in time-domain

V(z,t) = V(;L e “cos(wt — Bz + gb*)

+ |V, e cos(wt + Bz + ¢ )

Remaining unknowns are determined via specification
of source and load.



Chapter 2 Review
N

* The wave equation for a general Transmission Line.

d*V (z ~
dzg ) _ v?V(z) =0, (221)

« General solution of the wave equation

* [t involves both incident and reflected waves
V(z) = Vie "+ Vge"? V),
[(2) = [()“Le—yz s eb= (A).



Chapter 2 Review
N

« Useful Relations for lossless Transmission Lines:

=0 (lossless line),
B=wvL'C' (lossless line). (2.45)

| i — a)\/ﬁ (rad/m), (2.49)
1 1 ¢ 5 — up _ ¢ 1 _ Ao
w VHo€o \VEr  Er J fovEe Ve

Zo=,/§ (lossless line),  (2.46) | (REAL)




Chapter 2 Review
N

 \oltage reflection coefficient due to load:

Voo Zi - Zg

F=—+=
VO Z1 + 7o




Chapter 2 Review
—

Reflection Coefficient I' = |"|e/%
Load IT| o,

r — 1) 422 ca X X
Z 71 = ix)Z — tan~! ( — tan~!
E L= (r+jnZ |:(r+l)2+x2:| W he—1) T e
2y % 2 0 (no reflection) irrelevant
Z | (short) 1 +180° (phase opposition)

e
Zy (open) | 0 (in-phase)
—o0

Zy §jX = jolL | +180° — 2tan— ! x

T

0 F e d 1 +180° + 2tan—! x
L TIX=C

7, =2 )L =R+ JX)[Lp=FF jx



Chapter 2 Review
N

« Concept of standing wave

Vig)y="Yf (e ™ + N,

. VT . .
I(z) = _0 (e—JBZ _ I“eJ,BZ).
A

 Voltage (current) magnitudes at any point on line:

o 1/2
V(@) =V [1+|I‘|2+2|I‘|cos(2f3d—9,)]/ . (2.66)



Chapter 2 Review

Voltage _ . V)
max\
| P max
Iﬂmin y
d <—t + —; ¢ | 0.
A 131 41 dnin)  dmax
14 2 '3 -~
1 (a) V(A versns A (b) |/(d)| versus d

e Location of minima / maxima

9r+2n7r O A na
dmax = _ |
o 2p 4 " 9
n=1,2,... if6, <0,
{ n=012 ... 16 =0, (2.70)

Value of V__: |V (d)| = |V|max = V5" I[1 + T[],



Chapter 2 Review

Voltage g - V(@)

d <=t : —; :
A 131 (A Gminl  dm
14 2 '3 -~
1 (a) IP(AD versus A (b) |/(d)| versus d

A
» Spatial period of standing wave: >

« Standing wave ratio S:

¥ 1 F |
|V|min ] — Irl




Chapter 2 Review

T
A B C
Wave Impedance: o s 3
At a distance d from the load: Ve P Z(d)—>B' Zo o
7(d) = X9 ey ; :
[(d) (a) Actual circuit
U/ e B |
" VT[e/fd — Teifd) a\,)_E_é 4
3 —j2Bd v Z(d)
=4 Rl j‘? d:| . - ::%I
'1 - Fe—J-ﬁ (b) Equivalent circuit




Chapter 2 Review

0
Define the phase-shifted voltage 4 B &
. - L &} -.-. 5
reflection coefficient: b A
Ve Z(d)—> A L
q . . B A' Br Cr
Fd — l"e—Jz.Bd — |l"|e]9re—125d :I: I :::
d=1 d 0

— Il“lej(gr—?-ﬂd) '
A
—0

Zg
Z(d) is different than Z {C’SE g‘d]
Ratio of Total Voltage and . 5 1B

Current

(b) Equivalent circuit

_|_

V.
Recall: 7, = -5
Ly



Chapter 2 Review

|

Ju I |

) Fa— 2 n[E .nput Impedance: o

T ! impedance of the transmission
Generator |- ~ Twa line at d=/:

L o= Z(d=1) = L@=D
Jo I(d=1)
“@ ¢ [ Notethat Z_is different from the

o’ Characteristic Impedance, and is different

from the Load Impedance:
Zia = 4 Zin # 4L



Chapter 2 Review

l |

~Z Lﬁ Transmission line
— Z¢ /I G ‘11
V@ N N Input impedance: o
T U, ! impedance of the transmission
Generator ? TO Load Iine at d=l..
z=-] z=
d=1 d=0 ~
| V(d=1)
— Z, o
+ I(d=1)
@@ 7 i
4

21, + j tan(BI) ]
1 4 jzr, tan(BI)

Zin :ZO [




Chapter 2 Review
N

_l-Z__g: L%é Voltage Amplitude:
~g®

_ YA’ V+ — ngin I
! Zo+ Zin ) \eiPl +Te=ibl ]

We used the boundary conditions (£, Zg , Vg, ) to solve
for the 2 unknowns.

B
AN
=]

I
Q

This completes the solution of the transmission line
differential equation.



O
(- o short.
Z"‘ 0 circuit
O

Chapter 2 Review - ;

.. A4 | 2
\oltage\ T!

For the short-circuited line: d~—

[[ = —1

Vie(d) = 2jV, sin Bd,

. IVF
Leld) = Z—g cos Bd,

~~/

Z(d) = Y,SC(d) — jZotan Bd.
Isc(d)

I

I

I

|

||
]
4

I

1



O
SC : Z sl_]ort.
Zin . circuit
O

Chapter 2 Review - ]

tan Bd

. 2 |
Voltage ; =]
I
At its input, the short-circuited line _y : ; "
N 3% i i
appears like an inductor or a 3 2 3
+-1
° ° ° b I
capacitor depending on the sign of | ® ~
: : I‘C(d)ZO
! . 2V,
| |
:
|
|

-

A

————————

1

: = 140 N B, if tan Bl <0
J@Ceq




Chapter 2 Review . g

1 |
Open-circuited Line:

I'=1 fé)

;
\70C(d) = V0+[ejﬂd + e_de] = 2VOJr cos Bd, i E
| ! Current 2iVat
; Vgt _ . 25 V" ' ) B
foc(d) = ~2[eP4 — ¢=1d] = 20 _gingd, |
A Zo l '
d
(c) /}
V.1
Z = Lo jZocotpl. (293 ! | o
Ioc (l) i i /lmpcdzmcc JZo
s | | 0
IREENE




Chapter 2 Review
-

Short-Circuit/Open-Circuit Method:

- Given length |
5 Measure Zin twice:
> when terminated in a short

> when terminated in an open

- =F SC oC
Use both: get Z, f: Zo = \/Zi“ 4

m 2

Vee(D)
Ie(l)

7=

mn

— jZotan Bl. _

—

oo _ Voel) _ . 1 \ tan Bl = —Zin
Zsk — = —JjZocotpl. a = Zoc

ioc (1) in




Chapter 2 Review

I
Half-Wavelength Line:

B zr, + j tan(Bl)
Zin = Zo (1 +jzr tan(ﬁl))

[f I = nA/2. where n 1s an integer,
tan Bl = tan |2t /A) (nA/2)] = tannm = 0.

Consequently, Eq. (2.79) reduces to

Ln—Fy forl =niA/2, (2.96)

which means that a half-wavelength line (or any integer multiple
of A/2) does not modify the load impedance.



Chapter 2 Review

o
Quarter-Wavelength Line:

o 21, + 7 tan(fl)
Zin = Zo <1 + 921, tan(ﬁl))

For | = \/4, Bl = 27 /A)(\/4) = /2
So, as Bl — w/2, tan(Bl) — oo

. o jtan(Bl) \ Z_g
Bll—lfg/z Zin = Zo (sz tan(ﬁl)) - Zr
22
0
L — s forl = A/4 + ni/2.
Zy



Chapter 2 Review

e
Instantaneous Power Flow:

P(d,)= P'(d,t) + P'(d,t)
The 2 terms are the Incident and Reflected power:
Vo' I?
270

Pi(d,t) = [1 4+ cosRuwt + 28d + 2¢™1)],

9
|Vo+|"

o ) P | i
(d, 1) 1T 270

[1 + cos(RQwt — 28d

+2¢7" + 26)].
oscillating at TWICE the frequency of V or [



Chapter 2 Review
)

Ave rage Power FIOW 7 Transmission line
. Pay
1% Z
) @ _PL-RRl, L7
i T
=i d=0

For the incident power, average over one period:

;o w [P N
P = o | 27, 1+ cos(2wt + 28d + 2¢™)| dt

2T 2T
w =— hence T = —
T W



Chapter 2 Review
)

Average Power FIOW 7 Transmission line

B Pay

g@ Bh=rfal &

1 1
d=i d=0
-
avg 2 ZO
Pr |F|2 Pz

avg



-4 =034 0.4 =0.5¢/°3

/

0, =53°

j T4 = 0.5
6,=180°| D i C "
“11-0.9 1 -0.7  -0.5 ' 0.3 o1 [o3[o5]07 09K o _q°
Short-circuit B 41 0:=0
load ' -0:2
.-~ Ip=0.54 o34 Open-circuit
e ~04T load
: : o 054
g = —0.5— j0.2 = 0.54¢/202° 71
-0.7+
0.8+ Unit circle
~0.94

Smith Chart:

-1

Based on Complex Plane ¢.=270°or-90°
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Superimposed
are coordinate
axes for r and
X, : the comple
Ioad:zL




If plotted z;:

Obtain values for I',
from the angle scale
and magnitude
scale:

0.41, 94°

RADIALLY SCALED PARAMETERS
TOWARD LOAD —> <~ TOWARD GENERATOR
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CENTER
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ORIGIN




%:—24 =+ ‘IL_IS“
b A
a3 o F

€0
T‘B‘;K-,- SSEEer TN
=

\ = 1—% T :‘2&(

If plotted T", :
Obtain values for
r, X, from the
nearest circles:

00 —> W,
o

z = (0.7,0.65)

Toget Z:
Multiply z, by Z;

o
I
_’l‘o s
SE

< 70 o A
P o SR s )
SC0 0o

RADIALLY SCALED PARAMETERS
TOWARD LOAD —> <— TOWARD GENERATOR
« 10040 20 "0 5 4 3 25 2 18 16 14 12 111 15 0 7 4 3 2 1
Q? by - -t i ) & g S LI £ 2 A 2 e e 2o aune S s e e 2 Tr—v-r T T
o =40 30 n 1L 10 Ll 6 3 4 3 2 LI ) 1 12 13 14 16 18 2 3 4 S w
%' 0 1 2 3 4 b 6 7 8B 910 12 W 0 W=l o1 02 04 06 0B 1 15 2 3 4 5 6 10 ¥
) UL T S S 2 e + LI R 2 2 i § et Trdrerri— ik Aol A RS S LR
1 09 08 07 06 05 04 a3 02 o 0o0s oot o0 LR} 12 13 14 15 16 17 18192 25 3 4 5 I
\% 1 09 0 0.7 0.6 05 o4 03 02 o1 ot 099 095 09 s a7 06 05 04 03 02 01
P S Tl rtaaa iy P Pl S T i TN A Anllion s
CENTER
o0 0.1 02 03 04 05 06 07 08 09 1 11 12 13 14 15 3 17 15 19
n i i i R W R W i Ly h . L P

i~
ORIGIN
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Chapter 2 Review

0L

049

All points on a circle
centered at the origin have

the same |I7.
Since

70

_ 1+
1T

TONY

%o
Y20

100 NO1LOA 1R 3O
0

<
e

ARDLOAD <—
e

this is a also a circle of
constant S (VSWR).

z.=2—jl

from r scale
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Chapter 2 Review

e
Example Matching Networks
Feedline M
A/4 transformer é
Zy Zin—> Zoo

(a) In-series 4/4 transformer inserted at A4’

Z(d)
Feedline M|—— /4 ~| d 14
B -
201 Lin=—- Zp2 s 2o\

) 3 24

(b) In-series A/4 transformer inserted at d = diyax OF d = dipin




Chapter 2 Review

I
Example Matching Networks

w(dy)
Feedline 1\././ A4
A Ly == Z ‘ ZL |
M d |4’
o O—

(c) In-parallel insertion of capacitor at distance d,

W(dh)
Feedline M 4
s y T | 7 zzl
M d 14" |

(d) In-parallel insertion of inductor at distance d»



Chapter 2 Review

S
Example Matching Networks
vo(h) In General:
Feedline | Ml d 14

Matching Networks
may consist of:

* lumped elements, or:
* TL sections,

N

Placed In
* series or
* parallel.

(e) In-parallel insertion of a short-circuited stub
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Y4
Feedline 4 | Feedline M
Yy Yip st | Yy E’L = Yip IYd Y:
M’ I—I_I
O e

Shunt element Load

Lumped-Element matching using admittance
Y, transformed to Y, by the length of transmission line

Yin =Ya + ¥ Y, only needs to be reactive,

Yin = (Ga+ jBy) + jB, |t cancel
. the reactive part of Y,
= Gq + j(Bg + By).
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Yq
Feedline MI d l Feedline A.’f
Yy Yip e | ¥ ¥y E’L = Yin—s> I Yy Y
1 M'
wl ~ / I_I_I

N
Shunt element Load

Lumped-Element matching using admittance
Normalized:

Yin = &d + J (b4 + bs).

gd =1 (real-part condition),

e
%)
|

—byq (1maginary-part condition).
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—

Feedline

Feedline wl d

o) s

Yo Yi

Mr
®

|Yd Y5

Shorted
stub

(a) Transmission line circuit \

7

Single-stub Matching:
Can use the same process as before.

Except: transform y_ to a length of shorted transmission

line instead of a lumped element.



2-Stub Matching

N
N
N
o+
N

(o)

We are given 2 places along a transmission line
where we add shorted stubs: d1, d2

What lengths, 11, 12, should we use for each stub to
match the load”?



2-Stub Matching

Feedl | dy | di |
2y Zy

Given: ZO =50 Q, ZL= 100 +j 100 Q
d, = 0.6 A d2=0.1)\

Find: 11, 12, to match the load.



2-Stub Matching

Feedl I da | di L
2y Zy

Step 1: plot zL=ZL/ZO =2+)2

Step 2: Draw VSWR circle through z
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2-Stub Matching

N
N
N
o
N

(o)

Step 3: Find Y| = 0.25-j0.25
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2-Stub Matching

Feedlin I / | d 1
2y Zy

Step 4: Find y(d1) by rotating toward generator:
to rotate 0.6A, can rotate 0.1\ from 0.4585A
to: +0.0585A

get: y(d1) = 0.28 +j 0.36
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2-Stub Matching

Step 5: Add the shorted stub.
Results in a new y(d1+stub)
with a different imaginary part
What imaginary part do we want?




2-Stub Matching
-

Step 5: need y(d1+stub) such that y(d2) will have a
real part of 1.

So when y(d1+stub) gets rotated on its
VSWR circle it ends up on the y=1 circle.



2-Stub Matching
-

Step 5a: need to rotate the y=1 circle towards the
load by d2=0.1A
from WTG=0.25to 0.15A
draw circle centered at |[['|=0.5
on this radial line
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2-Stub Matching
—

Step 5b: choose 1st stub length so we end up on
this rotated circle.
y(real part) does not change
y(d1+stub) = 0.28 +j 0.51
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2-Stub Matching

Step 6: Use another smith chart to find the stub
length to make this change in the imaginary part.
delta-imag -part = 0.51 - 0.36 = 0.15

gives length of stub1 as 0.274A
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2-Stub Matching
-

Step 7: rotate by d2 toward generator to get y(d2).
(along constant-|T"| circle)

from 0.078A + 0.1A to: 0.178A
y(d2) = 1 +j1.65 (on the y=1 circle)
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2-Stub Matching

Step 8: Find change in imaginary part needed by
stub2 so we end up at origin (z=1+j0). =-j1.65



2-Stub Matching
-

Step 9: Use another Smith Chart to find the length of
the stub needed for that.
0.3365-0.25 = 0.0865A



b

025

024 026
022 026 025 o os&v -
ECTION COEFFICIENT 23 2
au”u 9. TNGLE ~ = IN DEGREzs s
o ey : e o TRANS! D.mziznvmnxmﬂ > 25
o2 2 - s o 22
o kN S )
o2 %4 X
S > % ~
b S L N2 %
& & 2 W
() Q/mv é
% 2, o\
S & o ey
y ~
A o,
S _ 2\ O
K& i 2 N
Q \ w
8. 4 2 X
3 . ! \ 2 X3
;. G
J X
%
3 2
2 o (3 ., 50\
o & g 4)
= i
k \elg
X AW 1 o e
; %m g 3 TV ».w
4 @) X = X M !
S
2 % S | =)
£ Q) = /o s M g
s m 2 5 -, 7
S/ a & £ & W. o.A | |
& PD AES ot 73 H
o1 s .o#o
a1 Q- , n+
cle Qﬁ
ks g0 ” -
- §lot.
y —~ 3
Tal\E - o
“To @
' v vo| |2
< z &w
¢ 3 A
B ks iR /7. feie
a1%\al % oz v% 2
- >, 1 S
%) % )
n X S
2 %w. MP m PQ 9% (0 &3 '.wa
BX 2 o el %m Z
& @& €0, IW % %v
)\ % {
&, % z %w % &
% 8 .. ;
dinn 1) S
2N S 0 ‘m oes. £
X % 5 & L)
© & 3 Qo
3 D
uu.c & L .&vw,oo . a.. ® Q
AR ot D e
R : P 5
) WAF.SQS 1 + o G x
@V @N & T % Q
) 2 I 5 - &a,o
) o 06 oy r
<, S
~ 0 - =
eohwwsﬁo L oL = & ;okm:v.u.ﬁa WO
Qyy, Moy 0 0 —> avo1a¥ oo

6¥0




2-Stub Matching

Step 10: Summary:
stub1 at d=0.6A, length = 0.274A

stub2 at d=0.1A, length = 0.0865A



Transients
o

Change to operate in the time domain (instead of phasor
domain)

Instead of sinusoidal sources, use rectangular pulses:
40 (1)

Vi) = Vo u(?)

> [ g

Vat) =—Vo u(t — 1)

(a) Pulse of duration (b) ¥(t)= V() + Va(d)
Rectangular pulse is equivalent to
the sum of two step functions



Transients

A General Step Function:
ut)=Au(t-T)

A = amplitude

T = turn-on time

o(7)
Vo u(t—3)

>0

»l(S)




Transients

As a function of distance: (at some given time)
uz)=Au(z- ZO)

A = amplitude
Z, = turn-on distance
0(2)
\
vl Vo u(z—3)
z,> 0
— L ~ 2(m)




Transients

Reflected version:
u(z)=Au(zO-z)
A = amplitude

Z, = turn-off distance
()
A

Vo u(3 —z) Vo




Transients

1\
Need to keep track of voltage vs. time
including every reflection.

R t=0
VO Transmission line
i Initial current and voltage
Vi mims Z R
g w= 0 L
a [-I- _ Vg
* 1 1 1 o :
zl=0 zl=l ) Rg T ZO
(a) Transmission-line circuit + 3 Vo Z()
Vit =1IFZp=—2
Ry it Rs; + Zo
+—‘W\'—‘—+°
Y, = 32, At t=0" the equiv ckt does
B t] not "see” R yet, only the

(b) Equivalent circuit at = 0" transmission line.



Transient Response
D

Reflection at the load

R t=0
VO Transmission line — +
+ ransmission line Vl — FLV ’
¢ g_g 20 RL " Load reflection coefficient
2 : : il FL _ RL - ZO
z=0 z=1 RL i ZO
(a) Transmission-line circuit
R ' S
g _1>
—M—o—+0
¥ {
Vg g Vit §ZO
B t
- O

(b) Equivalent circuit at = 0"



Transient Response
—

Second transient

|R|g| I;O Transmission line V,)+ = Fg V]_ e FgFL Vl+
+
Ve = Z0 KL Generator reflection
: . . coefficient
| | z
z=0 z=] g ZO
(a) Transmission-line circuit [, = —=
. Rg + Z
R +
e X
—M—o—_*_o
i {
Vo o - 2 . . .
& i 62 This continues with every
—

reflection...
(b) Equivalent circuit at = 0"



+
Vg? . 1) Voltage Pulse
-
e
: —z
z=0 z=1 T= {’/uIO is the time it takes the
(a) Transmission-line circuit wave to travel the full |eng1-h

of the line
Ry = 4Z and Ry, = 2Z). The corresponding reflection coefficients are I', = 1/3 and I'g = 3/5.

o
o

Wz, T/2) Mz, 3T/2) Wz, 5T/2)
+ - +

A A (V1++ V1) A /(Vl + K +V2)(V]++ V1)

vVt /(V1+) & BN “/ vVt | /
— A
vy 2 T‘\ T ¥ =Tgh
— Vi =TyL Vl+
>z } >z } >z
0 /2 [ 0 /2 [ 0 /2 [

(a) V(z)att=T)2 (b) V(z)att=3T/2 (c) V() att=5T)2



& Transmission line
—
+

Ve

t

R. t=0

A

Q

5
1

z=0

(a) Transmission-line circuit

Voltage:

Vvt /( 29
2%
=
0 12 [
(@) Mz)att=T/2
Current:
(Ir)
n /
= -
0 12 /

) Iz)att=T02

Il +©Q

Wz, 3T12)
A

vV +

,/(Vl+)<_ ;

Vi =LV
i >z
0 12 i
(b) Mz)att=3T/2
I(z, 3712)
A

0 /2 [
(e) I(z)att =3T/2

Voltage and Current Pulses

Reflection coefficient for current is the
negative of that for voltage

I = Tl

—Tlf =TplLl®

Wz, 57/2)
* - +
\ /(Vl +V1 +V2)(Vl++Vl—)
V - /
A £ ———
+ -
"nT Vo =Tgh
} >z
0 /2 /
(c) Mz)att=5T/2
I(z,5772)
A

+ ~ +

7l
IT i
+ = }
L =-T'g 1l
} >z
0 12 /

(f) I(z)att=S5T)2



Transient Response
S



http://www.youtube.com/watch?v=MZW7mDMxp7A

Steady State Response

R 2 t = O . . .
_@ﬂ_}; Transmission line Vo — V]+ +V1— +V7:*' +V2- +V3+ +V3— 5
- Z $r =VIHTATTH I+ R+
T s B —— = V,*[(1+FL)(1+FL1“8+F%F§+. )]

ZIZO z:=] i =V|+(I+FL)[1+X+XZ+],
(a) Transmission-line circuit . I"LI“S.
|
=1 4x+x°+ .- for [x] < 1.
l —x
1+1

E-Th:



Steady State Response
e
1+ FL
1 Tl
_( VgZO ) L= gi—_kgg
1

- \R.+Z Rp—Zy Rg—Zo
g T =0 Ri+Zo Re+tZo

Vs = V"

Rr, + Zy
R + Zy
_( VyZo ) Ry + Zo + R — Zo

Ry+Z0) Ry + Zo— (Rp — Zo)gilgg

multiply by:




Response

State

Steady

B

_ 7
Ry +Zo + Ry
(75%)

)RQ—ZO
o ZO RQ+ZO
Rr + Zo — (R

2 I

R, +

i — Zo)(Ry — Zo)
Zo)(RL + Zo) — (RL
(Rg + Zo

l' l' " 1, l' 0 g O ‘)
0
O
g g

— (VgZO)

Voo = e
2R Zy .
0
B Vg ZRQZO + 2R,




Steady State Response
N

R. t=0
W Transmission line
— e
+
Ve T VA § B
* Oeeeseseee————
: — z
z=0 z=1

(a) Transmission-line circuit

Result is as expected from EECS 215:

Voo = — —
= Rg"I‘RL > Ry Rg+RL




Steady State Response

.Rl% ’;O Transmission line
+
Vg_'T' Zy §RL
Z := 0 z := [ ) O(\\\! ‘
N 7
(a) Transmission-line circuit Qo(\
Re>Y \C?
Result is as expecte ,‘:5 00 7 o
N
o, S O
\\ I v V.
Vof* ;\O( \ = ~ (2, ) g




Time-Domain Reflectometry

Given: A damaged undersea cable exhibits an "effective”
resistance at the fault location.

Model of damaged cable:
t=0




Time-Domain Reflectometry
L

Send a pulse down the cable, get back:

70, £)

Drop in level caused
t by reflection from fault

With Z,=75Q, insulation: ¢ =2.1



Time-Domain Reflectometry
L

Find: (a) Vg
(b) d (fault distance from generator)
(c) R,
Solution:
(a) Since the line was matched before the fault occurred:
Rg =R =2,

and the plot shows that: V1+ =6V



Time-Domain Reflectometry
—

We know: V+ B VgZO B VgZO B Vg

V' Ro+7Zy 27y 2

SO.
Ve=2V]"=12V.

(b) to get d, need u,

C _3><108

—2.07 x 10® m/s
V& V2.1

Up =



Time-Domain Reflectometry
L

Expected round-trip time-delay of a fault at @
2

— u_p'

from the plot, At = 12usec, so:

At

g N 12 x107°
2T T

% 2.07 x 10°=1,242 m




Time-Domain Reflectometry
L

From the plot:

SO: .
= — = —0.5
"6
here:
W _ Ris— 2y
" R+ 2

and R . is NOT R, but the parallel combination of R, and
Z.: | 1 1
0

R R Z



Time-Domain Reflectometry

Since: 1+ 1
— 7
oy =207
1 + (=0.5)
Rey =107 205
Rr;=25Q
then:
111
Ry Rpr Zo

RpZo  (25Q)(75Q)
Ry = =

- Zo—Rrpy 750-25Q ~p759 |




Homework
B

Homework 10 is due tomorrow at midnight.

submit to gradescope via the canvas site.



Next Time

I
Chapter 3:

Review of Vector Calculus, gradient, divergence, curl

Review of the 3 major coordinate systems:
rectangular, cylindrical, spherical

how to use them

how to convert between them



