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Sine Waves on Transmission Lines
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Materials from other sources are referenced where they are used.
Those listed as Ulaby are figures from Ulaby’s textbook.
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Overview

Henry Farny Song of the Talking Wire

= Review
= Voltages and Currents on Transmission Lines
= Standing Waves

= Input Impedance

= Lossy Transmission Lines

= Low Loss Transmission Lines
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Transmission Line Representation

As Az = 0 limit

/66\ V(z) V(z+Az)’%\

V(z+4z)-V(z)=

:> _I.c’?I_AV_aV
ot Az o0z

| - Az
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N Transmission Line Representation

Similarly, ol _ . OV lookslike oV _ | ol

oz ot ER )
2 2
o 8(_|.6_|):_|.9(a_|):|cé_v (Ui
oz> o1 o ot oz .
. . Yoo 2y Y Wevs T
Obtain the following PDET —lc =
( R G
_— — .
Wi / , These are func.tlons
> Solutions are: f(t£—) that move with
u velocity u
<L
P
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Example:  cos(at+27)

7
%ission Line Representation

Functions that move with velocity u

@:&
\/’ \/jodb “*'éQ)

’ + \/ c\vo(wﬁ F 2)
W 4 \ ot =1
— ave
ALE=0, cos( -2 ) moving to \ / //
u the right \
\ L.
\ —2
\ N / Y
Q) —~
Atot=1 cos(1-—12) _
u ot =0
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Workspace — look at the general form of the solution

b(¢+2)

oy o
> e- 34*

S
aai;c = ﬂQ’(/'\Cl) és‘/;«g“
S /L %
g-);L = Q éu")

_\, - Qc A\
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Simple T-Line

Some Numerical Experiments

= PSpice can be used to do simple numerical
experiments that demonstrate how transmission lines

work
R1
4%
VOFF =0 V1l 50 LESPY \ov R2
VAMPL = 10 S 2
FREQ = 1MegHz 50
= 0 = 0
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PSpice
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R1
ANV
VOFF =0 Vi 50 LE \ov R2
VAMPL =10 () jﬂg:j 2
FREQ = 1MegHz 50
L 1L
= 0 = 0
LA An < OUTPUT
INPUT > AR
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Computer-Based Tools

{
-t L e =

= When you use a program like PSpice, applets, or any
handy tools available online ... remain skeptical.

= Do not assume that the answers are correct.
= Apply crude plausibility checks.

= Know the assumptions and limitations of the tools you
are using.

= Test all tools on problems you can solve other ways or
with tools you have already tested.

= Use even sometimes incorrect tools as long as errors

are recognized.
Pig from
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PSpice Example

= Let us return to the configuration shown
above and simulate It using PSpice

= List some conclusions from this exercise.
° ?
e ?
e ?
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Sine Waves

= The form of the wave solution

Acos(a)t i%zj = Acos(at F fz)

= First check to see that these solutions have the
properties we expect by plotting them using a tool
like Matlab
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/\/ Apply frequency and wavelength analogy
"l// argument to show this is reasonable

4

Sine Waves ¢
cos(a)t —%z) = COS(Zﬂft — %zj

N

4

= The positive waye

v a5 a function of position

1

0.8

0.k

0.4

0.2
0.4 I I I I I I I I

0.5

a0 B0
7 ih meters
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Solutions to the Wave Equation

= Thus, our sine wave is a solution to the voltage or
current equation

Za) MV
Yy =Ic Py
0, 1 e
if [ ; @ or «/E %

= U = the speed of wave propagation = the speed of
light
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0, 2 7f
Sine Waves cos(a)t — Uzj = COS(Zﬂft — sz

= Consider one other property. What is the distance
required to change the phase of this expression
by 277 ? We just did this qualitatively.

= This distance is called the wavelength or

ﬂz:QZ:ﬁz=2ﬂ
u u
2 u
=247 5 2x A==
u u g
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Wavelength (A)
Peak

Sine Waves -- Summary ey L
Sl
= Solutions look like Acos(a)t + ,32)
,B:Q:a) Ic = w ,ugzz—ﬂ
U A
w=2 = o 4= % B 1
T lc . us
,1:%21 E=&& MU= LU
g I i
Figure from
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Phasor N ion : | ,
asor Notatio 6)@: W&+>Sm@

= For ease of analysis (changes second order partial
differential equation into a second order ordinary
differential equation), we use phasor notation.

f(z,t) = Acos(at F f) = ({Ae“ﬁz}e"”t)
= The term in the brackets is thé phas J
+ ]z ,
f(Z)— A_‘e)é_z ’C—\r)ﬁ'z—

V= Ve
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Phasor Notation

= To convert to space-time form from the phasor form,
multiply by ~ @lJt  and take the real part.

f (z,t) = Re(Ae™ 7)) = Acos(at T fz)
= If Ais complex _
A=|Ale!
f(z,t) = Re(|Ale»e™el") = | Alcos(at ¥ 2 + 6, )
(Lo @ ® oo &
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Transmission Lines

Incident Wave

Mismatched load

Reflected Wave

:> Standing wave due to interference
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Standing Waves

N

Reflectometer Calculator

Type avalue in one ofthe fields below

and hit ‘enter

Reflection Coeficient [0
SR o
Return Loss (dB) o
Mismatch Loss (dB) [0
71 50
erl l‘lﬂi

[ Show two interfaces

Transmitted VWave:

ANVA Y, ANVA

/ 4@ 2 Besser

Standing Wave:

ViV

N\_/
N/

NLW/,
\/

7

http://www.bessernet.com

No Standing Wave
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Standing Waves

Reflectometer Calculator

Type avalue in one ofthe fields below

and hit ‘enter

Reflection Coefficient -1

SWR 0.00

Return Loss (dB) -0.00 —Y\ /Y\
Mismatch Loss (dB) 8 /

Al 0.00

er 1.0 Standing Wave:

[ Show two interfaces

Fesume

Standing Wave

4 September 2006

Incident’Refl. Wave:

Transmitted VWave:

AVIVAVAN

4 Besser
( _ Associates

/
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Standing Waves

A
N .
This may be wrong

Reflectometer Calculator We will see shortly

Type avalue in one ofthe fields below

and hit ‘enter;’

Reflection Coefficient 0.5

SR 0.333 Incident’Refl. Wave: Transmitted YWave:

Return Loss (dB) &6.021 \/\/\/\ -

! Besser
Mismatch Loss (dg) | 1.249 N N ﬁ :
/\_/\/\_/\ 7 S~ ~ ( _ Associates
1 16.867
ar 1.0 Standing Yave:
[ Show twa interfaces W
Standing Wave Besser Associates
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Standing Waves

Reflectometer Calculator

Type avalue in one ofthe fields below

and hit ‘enter

Reflection Coeficient  [0.301
SR 1.86

Return Loss (dB) 10437
Mismatch Loss (dB)  [0.412
71 N
erl l‘lﬂi

[ Show two interfaces

Standing Wave

4 September 2006

This may be wrong

We will see shortly

Incident’Refl. Wave:

Transmitted Wave:/

N[
VARVA

Standing Wave:

\\//\\// 55?;/;?5;:;5

Besser Associates
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Standing Waves

AppCAD - [Reflection Calculator]

File Select Parameters

Options  Help

Reflection Calculator

From Agilent
1 ]_u_
Zs= |50 £l ITI|= 0.301
£o0=2F3 Load
Vs ‘ { Zl= |93 £l
) : [ M= lo0i075  mho
Fi=[10 [ e E| Z}} Pt = |9.096 rii
Pr= ) s
SWh = |1.86 1
1. Input zource impedance, Zs Retun Loss. RL = |10.437 db
Mizmatch Lozs, Lmm = [0.412 db

2. Input ary parameter in the right column.
Presz Enter [with cursor in the entry field) to

calculate remaning reflection parameters.

3. Input any of the three power levels. Press

Enter to calculate the ather bwo powers.

Mormal

Click. for web: APPLICATION MOTES - MODELS - DESIGH TIPS - DATA SHEETS

Tranzmizzion Coefficient, T = |0.910 [ratio]

Transmizzion Coefficient, T = |0.412 dB

-5-PARAMETERS

bd it benu [FE

|

]
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Phasor Form of the Wave Equation:

@:I°C'@ where:
622 8’[2 V :V$ eijﬂz
2 .
:%:—a)z ICV
o7 [oss lesg

General Solution:

V =V'te 17ty ethhe
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Workspace

Cos( Dt - (3%) /
P

st =P

1 \@Q L ﬁ@
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Transmission Lines - Standing Wave Derivation

V =V'e v ettt

e .

Forward Wave Backward Wave

cos(w-t-f-2) TiveEpomAaN  S0S(@t+f-7)

V.., occurs when Forward and Backward Waves are in Phase
:> CONSTRUCTIVE INTERFERENCE
V., occurs when Forward and Backward Waves are out of Phase

min

:> DESTRUCTIVE INTERFERENCE

4 September 2006 Fields and Waves | 28



S AN \]( )

——

Transmission Lines Formulas VIGR) g
6

N

’ ¢ (%)

= Fjelds and Waves | Quiz Formula Sheet

= |n the class notes V(Z) — V+e—JﬂZ M
i
\ké/ BT ST
VA

' 7

0 0 0

. Ve 2 _
1(2) = —
(2) =

= Note: V+ =AVA :VmJr V =V~ =Vm_

All are used in various handouts, texts, etc. There is no standard

notation. ﬂ@g_?(/f } ] C g—@f@
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21 ((.a)((o"B
o ‘
@RGES/U Cable SN ER %

= Assume 2 V., 1.5MHz sine wave is launched on such a

line. Find ,B: % — a)\/E = O+ UE = 2772- and A
_ L [
W - — C iy 2»4\06 W\S
= Answers? 5
J O T
/Q = 295 Xt )’(/w\ M
_LL ~ 200
— > SEB\ \_,
C. ) O /’/\/) - A/
ol QJ(——(%%) (3—2: = %\\\
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Reflection Coefficient Derivation

Vo= V'

Define the Reflection Coefficient:
’Vrﬁ ‘ =|1 L‘MT

Maximum Amplitude when in Phase: Vinax = MHL

" Vimax = ’Vr;r

Similarly: Vinin = Nn: '(1_‘11‘)

.\—
Standing W Ratio (SWR) Vinax 1"“11‘ _ \/ é“jﬁi)
anding Wave Ratio = — —
— Ve UL YR Y
31
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Transmission Lines - Standing Wave’é)/e@vation
| S ) .
Distance between Maxjand Mn) iS A/2 (J  Show this

+ . . .
Assume V — are real (will be complex if the load is complex)

Forward Phaseis= —J-f-Z N \
Backward Phaseis= +j:-f-z

Difference in Phaseis= —2-j-f-z2

Varies by 2n (distance between maxima)

::> A
L2 A=21 Mm="=" =7
p 2m, 2
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Reflection Coefficient Derivation

Let z=0 at the LOAD

_\/*t.a 180 - .atlpo0
: Vload —_— V ¢ e +V r e
=V " +V~
=V"-(1+I)

Need a relationship between current and voltage:
oV ol oV :
—:_I.— :—:_J.I.a).l
0z ot 0z
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Reflection Coefficient Derivation

1 ov
Jcw-l oz

_ B ety gt

- |
w-l-C g i
N VARG Ui
+ - + *...
- V .e_j'ﬂ'z V _e+j',B'Z — V_,e_j'ﬂ'z _V FL .e+j':B'z

T T
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Reﬂectlon Coefficient Derivation -

N
¥

L ( 2
Vv
AtLOAD: ~ —7 V{Jeak) _
| b = = ) = C
( (/s3]
Use derived terms of V and | at z=0 (position of the LOAD)

-1

\/; \/— -(V++1“L .V+):ZL

S%% I 1+F 1
C Z, = _ L Note that Z, = |-
C

} 1 rL
OR = -
) z +z \gy I 49/{

o
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Short Circuit Load \ £ = D ST 4
~

{ T I%
L -7 0-Z
= For Z,=0, we havg 1| = L 0 _ o _ _1
Lot Qb

V(Z) =V+e_jﬂz\+FLV +e+j,BZ :V+(e—jﬂz _e-l—j,b’z)

/
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Short Circuit Load

= Convert to space-time form

v(z,t) = Re(v(2)e’” ) = Re(V " (- j2sin fz)e’ )
(( j2sin fr)e Jwt) e(—25in,b‘z(jcos,Bz—sin,Bz))

v(z,t) =2V 7 sin fzsin at
= This Is a standing wave
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Short Circuit Load

= What are the voltage maxima and minima?

v(z,t) =2V " sin fzsin gt

= Where are they?

= The standing wave pattern is the envelope of this
function.
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Lumped Transmission Line

] .
N Function Generator
L1 1 L2 2 L3 3 L4 4 L5 5
1uH 1uH 1uH 1uH 1uH
C1l Cc2 C3 C4 C5
T 390pF -[ 390pF T 390pF T 390pF -L 390pF
L9 L8 L7 L6
1uH 5
C10 Cc9 C8 Cc7 C6
10
390pF 390pF 390pF 390pE 390pF
L11 L12 L13 L14 L15 15
1uH 1uH 1uH 1uH 1uH
C11 c12 C13 Cc14 C15
T 390pF T 390pF -[ 390pF -[ 390pF -L 390pF
20 L20 L19 L18 L17 L16
R2 l 1uH 1uH 1uH 1uH 1uH 15
C20 C19 C18 C17 C16
93
/v -[ 390pF -[ 390pF -[ 390pF TSQODF -[ 390pF
Load
=0
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Lumped Transmission Line

4 September 2006
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'-GUQBFJQ HH 2. G ;J'I ;;7-.‘*!';":-' r

Input Not
Shown

Both
Outputs
Shown
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Output is both BNC and Banana Plugs (for some loads)

o
D) =
- g
fog—— c
: @
=
— o
o }
(7))
=
)
c
| - (@)
= & 3
" S
T = o
L 3 2
Qo = S
— (D)
= g
= (D]
(V)]
1 N
:




Lumped Transmission Line Experiment

= Treat the lumped version just like the reel of cable.
(Connectors are opposite so you will need connector
cables.)

= Monitor the output of the function generator on one
channel

= Monitor the voltages on each node (one at a time) on
the other channel. You can use just the signal (red)
lead, since the ground (black) lead is connected
through the other cables. Use the voltage cursors to
obtain V., for each node. Record your values and
plot with Excel, Matlab, etc.
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Lumped Transmission Line Numerical Experiment
(Not required)

= Use PSpice to set up the standard transmission line,
matched and not

= Look at the output for a variety of frequencies

= Set up the lumped line in PSpice (more work) and
repeat

= Use the lumped line model to show the standing
wave pattern

= Will there be any obvious differences between the
physical and numerical experiments?
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Workspace I~

Q¥ - @
2:-2.& °© Lé/i/fD%’Q
ot c
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Workspace %fj\’J\ — qu&
v O - ‘(‘) -
Vi = Ve s vl
d L VvV oV __, Pt
St St W >
A RS \/
SR &=l
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N ) > e
OSL DT
J ] 55 Nbk

\/ = \/+C’3Pt -Jc*\/ QPUG

_ v by oy T
Zs 2 o




Workspace




Workspace = }/X(og (MIS

fj 4/.) (’4")

1\%\’1 Y NSO /74,\@/\\
3’0)\3'& s
& EYas
L —— Ch 2
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Workspace
e YA im 2T D -

A% L < /X kgu\:\. (SA%ZGOQ
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Workspace

N

4 September 2006

\
i

/
CQ___
>

7~

\

ﬁ

jaag

o st

_—

o
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Workspace

—Z
VA

N

e T o\
T‘M/ Lo U jzc—

O e—

1 bt
1 7 =05

\JSCS(:FXQA; \
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