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Announcements
N

Lab 1 is next week
Pre-Lab is due sunday night

Obtain a compass now, so you have it for next
week:




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

o
Review Sections 2-1 through 2-5 of the book:

2-1: What is a transmission line?
Why study transmission lines?
2-2: Lumped-Element Model
2-3: Governing Differential Egns
2-4: Solve the Differential Equations
Properties of the solution: wave propagation
2-5: Lossless Microstrip Line

Section 2-6 of the book:

2-6: Lossless Transmission Lines



Chapter 2 Review
T

* 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:

A4 o B
T i
§
Vg@ Vaa' Transmission line VlB' %R
ky _l ! Ly
T o
| / >
wl  2rfl ;.
Po = — = / = 2w — radians.
C 6 A

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 Syac o
g eo m etrl eS Dielectric spacing Dielectric spacing el aan
. . (a) Coaxial line (b) Two-wire line (c) Parallel-plate line
for transmission
Metal strip conductor Metal

Iines 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

I
Lumped-Element Model:

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

G'AZ{}C'AZ G’Az{ ClAz G’Az% = A G'Az% —CiAZ

£ 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

I
Lumped-Element Values: geometry/materials/freq

L'C" = e
G o
' &

This turns out to be true for all the
transmission-lines we study.



Chapter 2 Review
)

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
—

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
)

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

Microstrip Transmission-Line St:ir;d(l:ftinag)
Parameters:

60 6+ 2m —6)e? 4
Zg = In g e 14+ —=¢,
JEeff s 52

Conducting ground plane (x, ac)>

0.05
x = 0.56 [8‘ - 0'9]
e+ 3
v = 140021 (s4 +3.7 x 10-4s2) Largely the result of fitting
| s 4043 lots of data using functional

4+0.05In(1 + 1.7 x 1074s3). forms based on intuition.



2-6 Lossless Transmission Line
I

Like the model used for Microstrip Lines,

many Transmission Lines can be made nearly lossless:
R'=0
G'=0

Hence:

\/(R’ + jw L) (G + jwC")
V(0 + jwL)(0 + jwC")
0 JwL')(jwC’)

‘72]’&)\@ ‘

Y
Y




2-6 Lossless Transmission Line
e

Hence, for lossless transmission lines:

a+ 38 =jwVvL(C
&= )

B = wV.L'C’




2-6 Lossless Transmission Line

Hence, for lossless transmission lines:

R + jwl/
Zy = :

G' + jwC’
Z

[0+ jwl/f
V04 jwC”
qwil/
e o
2 V jwC’
L’ Note that Z. is real for a
ZO — —, . O
C lossless line




2-6 Lossless Transmission Line

Hence, for lossless transmission lines:

_27r

A
2T

A= —
B

\ 27




2-6 Lossless Transmission Line
e

Hence, for lossless transmission lines:

P o B
W
o W
p_w\/L’C’
B 1
A 7o




2-6 Lossless Transmission Line

Hence, for lossless transmission lines:

For the case where u=u, gr>1 :

1

Upz

Vil
4

Up—\/—u_e
B 1

T lineots

1 1
’LLp —
\//JOGO \/fr
C

UP:




2-6 Lossless Transmission Line
I

Hence, for lossless transmission lines:

For the case where u=u, gr>1 :

up = fA
U
Y= R
J
s |
A= —
fer
A= 20




2-6 Lossless Transmission Line
e

Hence, for lossless transmission lines:

For the case where u=u, gr>1 :

C
up_\/e—,.
3
o s
Ver

Both phase velocity and wavelength are less than the
free-space values when inside materials.



2-6 Voltage Reflection Coefficient

e
I
. s Transmission line
Recall the solution for the Z i
voltage on the line: L7 1 L
Vg V, 2y VL Zy,
V(Z) — VO+€_)/Z + Vo—eyz ‘ —0 O—
Generator | ;Joad
] g} z=0
For a lossless line:

~

V(z) = Ve Pi vy elf?,

where y has been replaced with js



2-6 Voltage Reflection Coefficient

~

. -ansmission line
So for a lossless line: A - i
ﬁ(z) _ Vo+e—jﬁz +V0_ejﬁz, 7, 7% Zo n [z
8 | 7S HNON A = !
;4 o — Le_JBZ _— Lefﬁz. Generator ,!J()ad
A2 .,
Solution is made up of 2
waves: ,
- one going to the right, This suggests that the
- the other going to the left.  |1€ft-9oing wave has

been reflected from the
load.




2-6 Voltage Reflection Coefficient

~

1.
, , s Transmission line

V(Z) - Vo+e—]ﬁz + VO_ eJ}BZ’ Zg [T F VL
+

- V+ . V. . » Vg % Z " Zy,

I(Z) - Le_.lﬁz_ Le]ﬁ’v. B

Zo Zo P I
. Generator - - Load
There are reflections at both L b=

ends: over-and-over.

The phasor solution
provides a view of the
steady-state: after all those
reflections have died out.



2-6 Voltage Reflection Coefficient

e
Ti ransmission line
v(z) — V0+e“jﬁz+vo‘ejﬁz, Zs [ =50 - —— == VL
+ = v, % 0 n o
I(z) = Vie_jﬁZ D lRE b | ) 5
Zy Zy o 1
Generator ‘I' - }oad
F=— Z:Od
At the load (z=0):
s e " B Note that z is increasing
Vi=V(i=0)=Vy+V, to the right, and is set to
= = | A VA zero at the load.

- Z Zo



2-6 Voltage Reflection Coefficient

7 i Transmission line
. T — I
At the load (z = 0) define: . b
v 7, Z 7 n [z
Ly — ~_L (Ohm's law) -
i il 3
Since: Generator | L%oad
e ~ n B z=-] z=0

L =1(z=0) Zo 2y

Vo +Vy
7 = ( o 0_)20.
VO _VO

get:




2-6 Voltage Reflection Coefficient
N

Vot +Vy
Zr Vi +Vy

41, = Zo




2-6 Voltage Reflection Coefficient

Vo=20 _y+
0 i—g+1 0
_  ZrL— 2y

Vi = Vit
0 71+ Zy °

So, the load impedance has helped us remove yet
another unknown.



2-6 Voltage Reflection Coefficient

; & £
Voltage Reflection Coefficient: Ze = ommiansmission line_,_ i
- +
FZVL:ZL—ZO 7, % Zo n [z
V0+ 71 + 7y =
B ZL/Z() - 1 Generator i | il_;%,oad
- ZL/ZO +1
a | : :
= (dimensionless),
znd

ZL Normalized load

/], = :
ZO impedance



2-6 Voltage Reflection Coefficient

I
: Transmission line
> :_ ~
ZL = Z() Ze|—= e ‘1]_
= : +
741+ Zy 7, . Z n [z
Special Cases: )
Generator - © Load
1.Z =0:1= -1 | z
L z=-] z=0

reflection has opposing phase

2.7 =0: [ = +]

L
reflection has same phase
3. ZLZZO: =0

no reflection



2-6 Voltage Reflection Coefficient

I ransmission line
B ZL—ZO | Z :+0T—lc+ ‘TL
Z1. + 2y 7, ; 7 i [z
Special Cases: B ) )
4. Z :Ib: |l—- | — .I Generator | |->zLoad
L z=-1 z=0
Zo= R
Z1.= b
~ jb+R V R? + b%ei?
N Tl =1

R+ jb



2-6 Voltage Reflection Coefficient

I
- Transmission line
> :w ~
ZL = Z() Ze|—= e ‘IL
= : "
21+ 2y 7, 7 Z A
Special Cases: B
. Generator © © Load
5.Z =jolL: [T |=1 | -
L z=-] z=0

6.2, =1/(joC): |T|= 1



2-6 Current Reflection Coefficient

Iy Voo
o i
Iy Yo

Voltage ratio: +I’
Current ratio: -I'



2-6 Complex Reflection Coefficient
N

Since [ is complex, we will also express it as:

I'=|[e/*
Note that |T]| < 1

and 1 is dimensionless.



Example 2-3: | of Series RC Load
N

Transmission line A

Given: .
R
Zo=100 Q i A

CL]-IOpF

p
R =50 Q, CL=10pF=10"11F,

Zo =100 Q, f =100 MHz = 10® Hz.
Find: reflection coefficient at the load.
Solution: We know:
7= 1

I =
7+ 1

So, first find Z,.



Example 2-3: | of Series RC Load
—

] Transmission line A
Solution:
R Q
Zo=100 Q s 50

AI

The normalized load impedance is

ZL _ RL— j/(@CL)
Zo - Z0

ZL:

| 50 |
~ 100 ?Jr x 108 x 10-11
= (0.5—71.59) Q.



Example 2-3: | of Series RC Load

] Transmission line A
Solution: °
Zo=100Q g 00
—"—-IA,

r—a—! lnce the 1inus sion with o180
7+ 1 replace the minus sign with e
_05—j1.59-1 [ = 0.76¢/119-3° ,—180°

- 05—71.59+1
T =0.76¢ /0"
=5 — 159 '
1.5—j1.59 =0.76/—60.7°,
—1.67¢/7%6
T 2.19¢ /46T

0.76 j119.3° lrl — 0769 91' = —60.7°.
= —0.76¢’" 7.



Example 2-3: | of Series RC Load

e
Solution:

I|=0.76, 6, =—60.7°.

Magnitude must be positive.
Angle must be between -180° and -180° (or -z to +x)

Can always add or subtract 360° (or 2x)



Exercise 2-8 Reflection Coefficient
e

Given: ZO =50 Q, Transmission line
ZL= 30 -,200 Q i
Find: T, in polar format 20 Z:l
Solution: O —————
r_ 21— Ly
Z1.+ Zy
30 — j200— 50

(30 — j200) + 50



Exercise 2-8 Reflection Coefficient
e

Solution: Transmission line
30 — j200— 50 =
"= (30 — j200) + 50 = A
- —20—j200 : :
80— ;200
\/202 1 20026j(tan—1(200/20)—1800)
I =
\/802 + 2002¢7 tan—1(—200/80)
201. 7(84.3°—180°)
F o €

215.4¢—768.2°



Exercise 2-8 Reflection Coefficient
e

Solution: Transmission line
201.ej(84.3°—180°) |
T 215.4¢ 682 % 4]
B = 0.9336j(_95'70+68'20)

' = 0.933e727:5°




Exercise 2-10 Reflection Coefficient
I

Given: T = 0.6 -j0.3 Transmission line
Find: normalized load

Impedance: z, Z Z

In rectangular format
O——

Solution: we know:
- oy 1
N zr, +1

derive equation for Z, ...



Exercise 2-10 Reflection Coefficient
I

Solution: Transmission line
g 1
| -
z; + 1 Zy _ZZI
Dz +1) =21 —1
—_——

B |
il 5
., = L+T

1-T




-
fficien
I oe
O Reflection C
ise 2-1
e
Exercis
e

Transmission line
_Zg
ion: ZO |
tion:
Solu
1+T
S — 50.3)
+(0.6— 7 3
: 0.6 — 30. s D —
1.6 — jO.3
“L= 0.4+ j0.

6)
~1(-0.3/1
 tan

o< -1(0.3/0.4)
v0.33 + 10 el

= s

- V03

—510.62°
1.63¢ -
736,
e 6
L 0.5

<L




Exercise 2-10 Reflection Coefficient

Solution: Transmission line
1 63€_j10'620
2] = : —
. 0.5¢736.87° Z ZZI
27 = 3 266j(—10.62°—36.87°)
O—

B = 3.96¢ 940
2y, = 3.26 cos(—47.5°) + 73.26 sin(—47.5°)
2= 22— j24]




2-6 Standing Waves

= E: Transmission line .
Recall: For a travelling () Z 2 n [z
wave in a lossy material i 5
we have Generator T T.»%Oﬂd
z=—1 z=0

y(x,t) = Ae” **cos(wt — Bx + ¢p)

The wave



2-6 Standing Waves
-— -z, E: Transmission line

For 2 travelling waves () 7 Zy 7 [z

expect to have a wave i i i

and an envelope as well.  Generacor ., Load
=] z=0

Start with the envelope:
Find an expression for
the magnitude of the
Voltage on the line.



2-6 Standing Waves

I; & 5
A== Transmission line
g +°—°‘ +
Using the relation V" =TV, -
yieldS Ng@ % Z n o
V(z) = Vif (e7P? 4 Tei#?), . S
Generator Load
5 77 . | bz
I(z) = L (e F2 _eib7) z=-1 z=0
A

Remember: using jp and not y (lossless case) ‘




2-6 Standing Waves

i Transmission line
Zy [ O O
Using the relation V" =TV, -
yields Nng\) % Zy n |za
V(z) = Vi (777 + Te?), - =
Generator T T Load
2 W i i
)= 16 I'e*™) Recall: complex
. _ S conjugate means
Since: |V(2)|=[V(z)V*(z)]'/? U9 ey
replace j with -/




2-6 Standing Waves
N

|V(Z)| _ {VO-I- [e—jﬁz + |F|e+j9r6+jﬂz]

(VO-I-)* [6+j[3z 4 |F|6—j9r6—j[32] }1/2

= {|[Vg[2) /2 {emiBze+iBz
e—jﬁzwle—j@re—jﬁz
|F|€ jgre ]/Bze ]/Bz_l_

|F|6+j9r€—|—jﬁz|F‘6—j9r6—jﬁz}1/2




2-6 Standing Waves
1

— {|VO+|2}1/2 {e—jﬁze—l-jﬁz_l_
e_j52|I‘|e_j97“e_j5z—|—
|I‘|€+j9r€+j/326+jﬂz_|_

|I‘|e+j9r€+jﬂz|F‘6—j9rp6—jﬁz}1/2

' ' - - 1/2
= [Vo [ {1+ T|e™72Pze=9% 4 |T|eti2P2etifr 4 )%} /



2-6 Standing Waves
1

— |VO+| {]_ + |F|6_j2'828_j0r =L |I‘|6+]2,826+39r o |F|2}1/2

= V5" | {1+ 7|2 + 2|T| cos(2Bz + 6,)} /7
Recall from math:

g g
2

COS T —



2-6 Standing Waves

_ 1 L EN

-}

Define the coordinate d to be Vg@
zero at the load, increasing -

Bl

Transmission line

A

toward the generator.

Generator

I
~

I == ] = O

AN

Replace z with -d:.

~~

cos(28(—d) + 6;)
cos(—|[28d — 6;])
cos(283d — 6,)



2-6 Standing Waves

fi o 5
- 44 = LU "
Define the coordinate d to be Vgé\) % Z nola
zero at the load, increasing i . g
toward the generator. Géiierator T L Load
z=-1] z=0
Replace z with -d: - e

V(d)| = V5| [1+ |02 +2|T cos(2Bd — 6,)] '/*
Similarly:

= Vo'l

1(d)| = Ze [1+|T?—2|T|cos(2Bd — 6,)]'/2



2-6 Standing-Wave Pattern

Voltage
Mnax <= = = = 3 5" Magnitude of the phasor
7 s Voltage:

o o4 (the "envelope")
0.2

d < t + —} T 1

A '3 ) i dmin i dmax !

2

1 4
~ 1/2
IV(d)| = |V0+| [l + |F|2 + 2|I"| cos(2B8d — 9;)] . (2.66)

Voltage magnitude is maximum:
cos()=+1:
ZBdIlIaX ERES 91‘ — 2}’17[,



2-6 Standing-Wave Pattern
—

Voltage . V(d)

)-}}-;‘V Magnitude of the phasor

| Vlmax

|I7|min | ")
d <«— t —
Ao '3 4
1 4 2 ,
5 l 2nm |
V@l =1 |1+] s =T p

Real

Voltage magnituc
cos()=+1:

288,550 — 6 = 20T




2-6 Standing-Wave Pattern

Voltage . - [(d)|
|ﬂmax \
|I7|min
N ST /S T R
1 4 2 S
17 + 2 1/2
V)| = |V; [1+ r +2|F|cos(2ﬁd—9r)] . (2.66)
- Vi
1(d)| = ZL [1+|[?—2JT|cos(2Bd — 6,)]'/?
0

When:

Voltage magnitude is maximu . .
voltage is a maximum,

cos()=+1:
2[),dma,x = er — 21’171',

current is a minimum,
and vice versa



2-6 Standing-Wave Pattern

Voltage

| Vlmax

| Vlmin

IV(d)| =

~

(d)| =

I

d, msn% a’ma,’(

) 1/2
+ 2| cos(2Bd — 9r)] . (2.66)

2 —2[T|cos(2Bd — 6,)]"/2
When:

Voltage magnitude is minimum:

cos()=-1:

voltage is a maximum,
current is a minimum,
and vice versa



2-6 Standing-Wave Pattern

Voltage . ins V(d)
- N T
P linin Imaginary

i 1

g - ' T
-t + — i |
A ! i I i 0.6T

1 4 2 1

(2n+1)m

V) =V [1+

- V.t wl | Real

I(d)] = =2 [1

f(a)| = 2| 1+

Voltage magnituc .
maximum,

cos()=-1:

28dmin — 0 = 2n + 1)

current is a minimum,
and vice versa



2-6 Standing-Wave Pattern

Voltage
| I7|max

| Vlmin

d <—t

What is the period of the Standing wave (envelope)?

_ nA A6
2Fd, = 2nn + 6. dn=7+ 47;’
2m
ZTdn—ZTl'Tl'FHT dz—d1=§




2-6 Standing-Wave Pattern

Voltage . V(d)

So: the distance from a min to a min
What| (or max to a max) is A/2: ?

half the wavelength of the voltage wave.
Zﬁc 7 7 an—= —_—F —

2=2d,, = 21 + 6,




2-6 Standing-Wave Pattern

The amplitude of the forward-propagating phasor
voltage is a sinusoid with wavelength A

The amplitude of the total phasor voltage is usually a
standing wave (envelope) with wavelength /2

The actual voltage waveform oscillates within this
envelope:



2-6 Standing-Wave Pattern

oy |

q Module 2 4 Transmission Line Simulatos
®

o



https://docs.google.com/file/d/1reClKArAguXP7cOr6tmGvzB_AHswYmn8/preview

2-6 Standing-Wave Pattern
1

Module 2.4 Transmission-Line Simulator Upon specifying the requisite input data—including the load impedance
at d = 0 and the generator voltage and impedance at d = [—this module provides a wealth of output information about the
voltage and current waveforms along the trasmission line. You can view plots of the standing wave patterns for voltage and
current, the time and spatial variations of the instantaneous voltage v(d, f) and current i(d, ), and other related quantities.

7.—————-1—-'
r_ Module 2.4 Transmission-Line Simulator Options: Setinput f Cutput =l

|

2, =100.0 + | 0,0

( 29?1003+‘,00 (9] Zo=50.0+ f = 1.0 GHz
: Vy=1.04|00 V A =300.0 mm

——
| =

d= 10 A

Set Line | Instiikticns I Qutput  Transmission Line D3ta L
Length units: = [ A] lm]

Cursor d =0158 A =477 mm

2= |Loo.0 I +] |jo.0 o Impedance Z|d) = 32.03523 - | 21.86659
Low Loss Approximation | | l | [Q] - 38.786544 £ -D.59839 rad

“Impedance Admittance Admittance  Y(dl = 0.021254 + j 0.014535

[5] =0.025762 £ 0.5989 rad

fhrﬂwinic 50.0 Update | Reflection Iy =-0.13812519 - ] 0.30336865
ezl Coefficient =0.33333333 £ -1.998053 rac
Fraguancy f =|0.0EQ = 0.33333333 £ -114.48 %
Adative | Set Generator Vaoltage  T(dl = 0.270561 + j 0.210236
P e mittivity . . (v =10.34264 < D.6606 rad
Lire Length : Y =|[l~° [+ “0-0 curent  Tld) =0.002706 + ] 0008409

|100 . | [0 - [A] =0.008834 £ 12595 rad
zu =|Loo. £l I < Power Flow P, =1.25

mW

Zo-

-




2-6 Standing Wave Patterns: 3 Types of Loads
I

|d)) :
: s No reflection:
Magnltude Of detchedlme Vi o Standln
the phasor 1 31 % 1 0 wave 9
4 2 4
voltage (a) ZL=Zo
(envelope) Short-circuited line |’7(d)| .
—»—____4,,, Standing wave:
) M zero voltage at
1 3L i 7 0 short.
4 2 4
(b) Zi. =0 (short circuit)
Open-circuited line @)
M we  otanding wave:
) Max voltage at
3 34 A 4 0 open.

4 2 4
(c) Zp = % (open circuit)



2-6 Standing-Wave Pattern

Voltage
| I7]11'121)(

| I7Imin

d <—t

1 4
So, we've figured out the positions of the
Max and Min on the line,

Next: the values of the Max and Min:

we know they occur at cos()==1



2-6 Standing-Wave Pattern

Voltage . Va)
max \
|I7|max
|I7|min
d <—t t —+ + i
A 134 A dm:n i dmax

' 4 ) L
Values of Max and Min? at cos()=%1

o 1/2
V(@) = V] [1+|r|2+2|r|cos(2ﬂd—9,)] 2 (2.66)

~ 1/2 1/2
Vimax = Vo | [1+ [T + 2] 77 = [V5"[ [(1 + T)?]

Vlmin = [ViT| [1+ 02 = 2] Y% = [Vt [(1 = T))?]

= [Vo"|[1 + |T]

1/2
= Vo |[1 = |T']



2-6 Standing-Wave Pattern

Define: Voltage Standing Wave Ratio (VSWR)

V [+l
_ WVimax _ 14T (dimensionless)

S =—= —
IVImin 1_|F|

Special Cases:

Matched Load: [T'|=0, so S=1
Short, Open, or purely reactive load: [T'|=1, so S=«

Range of S: 1 to «



2-6 Standing-Wave Pattern

VDefine: oltage Standing Wave Ratio (VSWR)

Vv 1 +|T
_ Wimax _ 14T (dimensionless)

S — = —
Ivlmin | = |F|

Reactive refers to the imaginary
Special Cases: part of an impedance:

Purely Reactiveis Lor C: no R
Matched Load: |[I'|=0, so S=1
Short, Open, or purely reactive load: |T'|=1, so S=

Range of S: 1 to «



Example 2-5 Standing-Wave Ratio
T

Given: Z.= 50 O Transmission line
= s
0

Z,=100 +j50 O g
Z Z:I

Find: T (in polar format), S

Solution: 2 — 1
=
zr, + 1
_ A== 1
244141
1471
[=-1J

3441



Example 2-5 Standing-Wave Ratio
—

Solution: Transmission line
14 41

F= : .
3+ 71 Zo _ZEI

\/—éejtan_l(l)

F — D ——— et
\/32 A 1ej tan—1(1/3)

P 1.41e74°°

 3.16e9184°

[' = 0.446¢7 15" ~18-4%)
I = 0.446¢7206°



Example 2-5 Standing-Wave Ratio

1
Solution: Transmission line

I = 0.446¢7%6:6° i
4 4]

1+ [T
S_1—|I‘| O o S—
g 1+ 0.446
1 —0.446

S =26 |




Example 2-6 Slotted Line
—

A slotted line can be used to measure the

positions and magnitudes of the voltage min and
max.

These can then be used to determine ZL

Sliding probe

Probe tip Sht
)/

To detector <«—




Example 2-6 Slotted Line
—

Slldmg probe
Slit

G|Ven Z. = 50 Q S = 3 To detector <—
O ’ Probe tip
1st Vmin at d = 12cm L«/, Z,

Ve

dist betw V mins=30cm Ngzg

l
M‘LMJ; L
40cm  30cm 20cm 10 cm

Find: ZL(rectanguIar format)

Solution:

d . =12cm
min

A2 =30cm, so: A =60cm =0.6m



Example 2-6 Slotted Line
—

Slldmg probe
Slit

G|Ven Z. = 50 Q S = 3 To detector <—
O ’ Probe ti
1st Vmin at d = 12cm LM, e

Ve

dist betw V mins=30cm Ngzg

l
M‘Mmu.\\d; L
40cm  30cm 20cm 10 cm

Find: ZL(rectanguIar format)

Solution:
We can use this equation to get ZL:

L <1
Zii= 2
L= 2% |

So, need to find T first.



Example 2-6 Slotted Line

I
Solution: To detector «— == /- r e,
: . Probe tip Slit
Can get |T'| using S: ]L )/
1+|T 5 ool )’ﬂ
5 = T Vg_é'P_ ittt ) 121

- 1—|T

Get phase, Hr, from:

28dmin — 0 = 2n + 1)



Example 2-6 Slotted Line
—

Slldmg probe
Slit

SOIUt'On To detector <—
Given first Vmin distance: |. Prfbe“p /.

d_=12cm=0.12m .z )—ﬂ
VgS“'P_ sttt 21

Given min-to-min distance:
A2 =30cm, so: A =60cm =0.6m

Need s to get Hr:
f=2x/2=27/0.6m=10.47 rad/m



Example 2-6 Slotted Line

o
Solution: To detector ~— == /o
determine an egn for |T|(S): ]L S
14 |T 5 ool )’ﬂ
S = . Vg_é'P_ sttt 1L

S1—|I) =1+|T
T|(-S—1)=1-38
18
-~
51

g+1

E| =




Example 2-6 Slotted Line

0
SOI Utlon To detector <— Shdmg probe
i Slit
S B 1 | Pribe p / ‘
I'| = —— \
=2 ZL
3—1 '
F S
3+ 1
I’ =0:5

we know ford . 0 283dyin — 0; = (2n + 1)

so for the first minimum:  28di, — 0, = 7



Example 2-6 Slotted Line

=
Solution: Tt _—‘ o
| Probe tip ;lt
hence: Wm} Z
9r — 2;Bdmin ="k

0. = 2(10.47rad/m)(0.12m) — 7
6, = 2.5128rad — 3.1415rad

0. = —0.63 rad

O, = —36°



Example 2-6 Slotted Line

N
. Slidi b
SOIUt'On To detector +— === / e :
Probe ti Slit
:H. )/
I = || — ',"}\}
I = 0.5¢ 736° syl 19

[' =0.5cos(—36°) 4 70.5sin(—36°)
' = 0.405 — j0.294



Example 2-6 Slotted Line

T
Solution: L =L/sljbi o
—.l_/,/ /L
14T _ % '}"‘
=24 Ve e ey 14
=% |1 SV
" 14 0.405 — 50.294
Zj.= {504
L= (508 _1—(0.405—]'0.294)]
1.405 — §0.294
Z7.= (502
L= (509) 10.595 + j0.294]
/14052 & 0.2942¢J tan~*(—0.294/1.405)
7, = (509) | ¥ il S
\/0.5952+O.294267tan (0.294/0.595)




Example 2-6 Slotted Line

I
SOI Utlon To detector <— = Sliding probe
|| Probe tip ;ht
(1.44¢711:82° — \
Z1, = (509Q) [= , I
L= (50) | 5 56acm025 ) 2

Z; = (50Q) —2.176—j(11.82°+26.29°):|

Zr, = (108.43Q)e 73811
Z1, = (108.432) cos(—38.11°%) 4 7(108.43 2) sin(—38.11°)
1Z1, = 85.31 — j66.9Q|




Exercise 2-12 Maxima/Minima
S

Given:'T =0.5 4_600, Transmission line
A =24 cm
Find: distances of the Z 7]

voltage max and min

nearest the load.
Solution:

We know:

zﬁdmax = 91’ =2nm,
20dyia = 0= (2n -+ 1)7T
need to find S




Exercise 2-12 Maxima/Minima
S

SOl ution: Transmission line
B =2n11A=2n/0.24m
B =26.18 rad/m 7 A
6 =-60° = -/3 .

Qr = -1.047 rad



Exercise 2-12 Maxima/Minima
S

SOl ution " Transmission line
) O—————— e
2Bdmax — 6)r = 2nm

2Bdmax = 2nm + 6, “0 L
i — 2nm + 6,
203 -
0+ 6, d
dmax — ;_6
But wait!

. 1ditimad d can't be negative!

dimax =
“ 2(26.18rad/m)
Adnax = —0.2m




Exercise 2-12 Maxima/Minima
S

SOl ution - Transmission line
Try again, with n=1:
q B 27 + 0, Z Z:l
max —— 2/8
i 6.283 rad — 1.047 rad °¢—°_
2(26.18 rad/m) d
5.236 rad

g —
T 2(26.18rad/m)
dmax = 0.1 m‘




Exercise 2-12 Maxima/Minima
S

SOl ution: Transmission line
2B8dmin — 0r = 2n + 1)m N
Z ZZI
2Bdmin = (2n + 1)7 + 0; E
(2n + 1)m + 6, S
dmin — 9 <
o d
v
dmin — il

20



Exercise 2-12 Maxima/Minima
S

SOl ution: Transmission line
™+ 6 :
Amin = 20 r Zy Z:l
] 3.14159 + —1.047 rad
3 p—
e 2(26.18 rad/m) T .
2.0946 rad d

Imin = 596.18 rad/m)
| dinin = 0.04m |




2-6 VSWR of a Real Amplifier

Coaxial
Low Noise Amplifier ZEL-1724LN+
50Q 1700 to 2400 MHz r—_—
\-../
N
ZEL-1724LN A e
VSWR
A 2 5 ; . Generic photo used for illt.lstralion purposes only
—IN — outT Conncg:z?sStﬂ%dillsEmz
2.2 SMA ZEL-1724LN+
+RoHS Compliant
E s 1 9 The +Suffix identifies RoHS Compliance. See our web site
S E ; for RoHS Compliance methodologies and qualifications
}16 = e e
i /7
13 a1l Shows how well
10 matched across the

—t Ot 19024 20— O~
Frequency (MHz)

frequency band




Homework
7

Homework 5 is due tomorrow at midnight.

submit to gradescope via the canvas site.



Next Time

S
Section 2-7:

Lossless Line: Wave Impedance



