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TABLE 2.1 Transmission Line Parameters for Some Common Lines

COAX TWO-WIRE PARALLEL PLATE

ET@ —

g | —t

L -%T—ln g p cosh™! (“2%) %?
c 2ne’ e’ E_l—lﬂ
nb/a cosh™1(D/2a) d
Ry (1 1 R 2Rs
ko s (z; * z‘;) wa T
G 2mwe’’ rwe” we” w
Inb/a cosh™! (D/2a) d

Microwave Engineering (Fourth Edition), Pozar, Wiley, 2012, ISBN 978-0-470-63155-3.

Notes: 1) R :% where &, = L
s

N

2) All material parameters for R have to do with conductors.

3) All material parameters for L, C, & G have to do with dielectric
material/media surrounding conductors. Note the parameters are
expressed in terms of the complex permittivity as defined
e=¢'—je"=e(l-jo/we)=¢(1- jtan?).

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya



ee481 581 Chapter 2 notes.docx 4/78

TABLE 11.1 Distributed Line Parameters at High Frequencies*

Parameters Coaxial Line Two-Wire Line Planar Line
R (Q/m) 1 [ 11 } 1 2
2ndo, la b wxado, wéo,
d<<ac—b>) 6 K a) 6Ky
L (H/m) p, b [ -1 d pd
27 n a T o3 2a w
G (S/m) 270 o ow
b d d
In— 11—
n p cosh o
C (F/m) 27e TE W
b d d
In— h™!—
n , coS " (w > d)
*§ = S skin depth of the conductor; cosh™* LI In d if [f—]z > 1
\Vufua, P ’ 2a a 2a '

-+ —

(a) (b) (c)

Figure 11.2 Common transmission lines: (a) coaxial line, (b) two-wire
line, (¢) planar line.

Elements of Electromagnetics (Sixth Edition), Sadiku, Oxford, 2015, ISBN 978-0-19-932138-4.

Notes: 1) All material parameters for R have to do with conductors.
2) All material parameters for L, C, & G have to do with the dielectric
material/media surrounding conductors.

3) For the dielectric, we are using an effective o that encompasses both
conductive and electric dipole losses and assuming ¢ is real.
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Enter given information
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Calculate variables related to transmission line
v I

w=2-m-f }\:=T]J A=0.15 | m D\:=i IN=2.333

L ) —11
A=— [3=41.8879 | rad/m n:= 0.. 466 zy = — -1

vp 466

Calculate reflection coefficients, return loss. SWR., & input impedance

18/78

ZL - Z0 180
- | = 0.4521 | arg(I") - — = —32.525 | deg
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RL := 20 - log(|T]) RL = 6.895 | dB
2 180
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v
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1+ |1
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1- ||
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180
VOm := VOp- T lvom| =4.5213 |V arg(VOm) - — = 7.475 deg
™
180
VL := VOp + VOm VL] = 140244 | V arg(VL) - — = 30.018 deg
T
V= Vop-e 77 4 yo . P Phasor voltage versus position along TL
. P c + 111+ € asor voltage Versus posiiion along .
Vmax := [Vop| - (1 + |T]) [Vmax = 14.5213 | V
Vimax
Vmin := |Vop| - (1 - |T]) [Vmin = 5.4787 | \Y = 2.6505
Viun

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya
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Calculate I0p, I0m, I;. I __.1I . .& phasor current

V0 180
10p = —0 Mop[=01] A ara(10p) - —— = 40
Z0 T
—V0m 180
I0m := |Tom| = 0.0452 | A arg(I0m) - — = —172.525
T
180
IL := I0p + I0m L] = 0.0665| A arg(IL) - — = 61.448 ‘
v
VL 180
ILalt == — |1Lalt] = 0.0665 | A arg(ILalt) - — = 61.448 ‘
ZL T
VOp —jpzg VO i3 N
I, = o e P _ M ¢ o Phasor current versus position along TL.
Z0 Z0
Vo
Imax := % (1+ | |Imax = 0.1452 | A
V0
Imin := % (1= |rh [min= 00548 | A

Calculate time-average total, incident, & reflected powers

Pavgl == 0.5- Re(VL - IL) [Pavgl = 03978 | W
(|vop|)?
Pavg := 0.5 - z—g Lioqrp? Pavg = 03978 W
7
Vop|)*
Pavg inc:= 0.5- Q [Pavg inc = 0.5 | W
Z0
(|vop|)?
Pavg ref := 0.5 Z—g (1] )2 [Paveg ref = 0.1022 | W
Pave, := 0.5- Re(Vﬂ : i) Check to see if power is really constant.

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya
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Phasor voltage magnitude vs position

20/78

IV ()] (V)

|Voi| = 14521 V

zg; = —0.0683 m

Zn

z (m)

Phasor current magnitude vs position

0

|Va1] = 5479 V24, =-0.0308 m

|1z (A

0
—0.35 —-03 —-0.25 -02 —-0.15 -0.1 —-0.05 0
in
z (m)
141 = 0.145 A 24y =-00308 m  |lg;| =0.0548 A  zg; = —0.0683
Time-ave Power vs position
0.4
%’ |Paven| .l |
o 02r _
B 0.1F .
|:| 1 1 1 1 1 1
—0.35 —-03 —-0.25 -02 —-0.15 -01 —-0.05 0
In
z (m)

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya
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213 C«o/)f,
f/)ecc‘a/ C«S‘e; of LoSSK?S";S‘ Jermin “7(5/Lf'ng{

(/4»/(//4{ &/c/t & Short clrcarTed ;7‘7465)

féh/cn The c/irf/ﬁcm//' ot ?Qréfl.::ﬁf»-} é,é
Gual ¥y fmped Capacifors ¥ fn Aucro s
af mierowave @eﬂu%c:es as well ac
The expense, stubs W/wa/Va/&n *ﬂ/l—ff

feactf'ﬂn cesS /fm/f&/a/léa’f aré€ oF?‘cn ufaa/,
5‘[301‘7" c:“rcm;fsf'mé (2. = O)

| ,L‘——-‘/é;c "‘"“"""’f——)rc
e +
Zinge > Zo) 45 =0V §2, =°
e )] 2=0 2 RL=0 dB
e - - O~-~To . _
2 SC “,., mw /) \/SWR-QQQ

Y(2)= 1t (962 ) = -5 U TsiAfR)

l’(‘z‘»)--“-—-\/--Z-Li(<~37JW:4"<5’5‘113 - ?--‘(‘?icos(ﬂ Z)

g — Ic(féa /JZ f&ﬂ((g)@'c)

i Se J:“ (,,,/g“)

C> é./ C’é‘““”ﬁ"“j /SC} we Can 9e7bany
reaclive ;mfa/‘fnfe (IJ’X)/ O! or .
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ZcECO/It
_(?/éw Circu'?l Stub (2L-~>oa)

Lr’j Hse "'"‘“"‘i(j
2‘,/. oc — Zo‘g ZL"‘?)ﬂ"
y) o O
Z = ~Hoc / ?i RL"—_OGIB
””$+;.:$ // VSWR-===
@)= (0 599 24 cor )
— %" ‘ce R /£2)
J—. J J 5(»’1
Joc(%)w 2, ) % ’K

2= =5 2ot (Bhod) = W

J

Aga{m b‘/ &Lmanjc‘nj /égfc} we Can 5&/’ any

X Oorc?‘)(;/ injoc

potes: 1) Cofeutators will Some Frmes 3ive
/esc 24 /‘% valuwes Fhal are
n ejaf”;‘c/c.) ;'.e.) Y7 /é;zjlca///
realizable.

Z) E:/z/}lrb'““cj féf/é"'%f W/ﬂ/‘/L, Sca)
on CoN a/(/(/ﬁ)/-f ad/d/ I'nf&jc./

mw/f;//&f 0{5 /;/.?/ 7"‘} an}/ ,(;‘: &//m:.
see //ﬂéS o ?[z;//&’cw\//nj /ajci’
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A V@)
A
l f—
short
N\, | | circuit _
—A 3 A A z
4 2 4
~1F
(@
127,
1| 2w
—max
-A 3A _A A <
4 2 4
-1+
(b)
A Xin
l |
i | Z()
| | Inductive
: : Reactance
AN SR AN A 2
4 3 4 Capactive
: Reactance
|
|

FIGURE 2.6 (a) Voltage, (b) current, and (c) impedance (R;;, = 0 or o0) variation along a short-
circuited transmission line.

©)

A V(z)
] 2Vo+
\ / o
| | .
-A 34 A /A z
4 2 4
1=
(@)
A 1(2)Z,
-2jV;
/\ 1 L
| | >
/A 31 A _A open <
o2 4 , Leircuit
(b)
A Xin
{ { Zy
: | Inductive
: : Reactance
A A Lz
B 4 Capactive
Reactance

\ \ A

FIGURE 2.8 (a) Voltage, (b) current, and (c) impedance (R;, = 0 or 0o) variation along an open-
circuited transmission line.

Microwave Engineering (Fourth Edition), Pozar, Wiley, 2012, ISBN 978-0-470-63155-3.
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Z\.? C,Oa/fi
Watehed Load

[e— R ———>

Sty

-_____ |
N=0

‘szl,.,w = Lo in(/e/en/a...f"ap £ ,/
¢ e)=0 Sy gt =] ¥ fZL =02
HalEoonce TL (ni¥s)

(é—-**"’;e =N ’y?, --———a)
(I"L

]

O

Zin " 20 D2Ziad fe/eaf @n
4 ()= 7 i nTervals a/anj
Jess less Tls

RuerTorwave TL (we'll revis't This [afer)
k— £ = % + N "\/-2, “_‘>/

O
2, 5 |2

(e = —

_Zo
Cin, My = 2,
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2.3 60/17"-
cX, /4 ca/ac/'f}a/c feacfﬂﬂC¢ ofF *J'éé%
s 4/65)/6/ [/ff/\? a micra:f'fr/ 7/

where Yf= 295 x0° % and 2,252 2
O/e/ayl;\nj 0\7‘/ A 26//2, e é/c.’/!k'/cr
fZle 5'40/%@&7& to/éﬁ o/Séa/f Cl‘/&uif

_gfué 07[\ /énjfz) 9/‘647‘?/ 77\am /me,
Séo/f circu!t Z‘ir\,!o = "jéé =3 257-"»” /)(j:c
O/&V‘ le’&w.'f 2,'/\/0¢ = ")'66 :j Zo Cofﬁ,[oc

V4
_ W el re ) _ d

Solvins Ly = i foi (£E) =-0.027350
-1/s2,\ _ | »

/oc - ;é,??r Tan (é&) = 0,02/6835 m

Obvfawj/y’ /egc 59/‘//‘ IS Unlea /l' 'Z‘aé/é’, SO/ e

wAll need o add n % unTi e ?&fa/ar/fz‘ue

8 —
SolinT o, /‘ - %Z_ — ?_;i/g_)f./,;s = 0.204/6 m
/. T X(

Lo = -0.0293¢ + 92276~ 00777152 m

=

[)’c = 72.72S v ve  Aoc s 216835 rmm

pam—

fe——72.725 mm — Je—21.68 mm=3/
“1 66> TomSta, f=0FPS L —5 66 —> Zo=sta, A:zof:f%{
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Z ’ Z Co /1 ._é

- o~ ,
//“-ﬁr'lfmi,ffican Caé' ?[;K}Ca'e/if ¥ Jﬂf&’/ﬁdﬂ Lo_f_f’

Ca/}{.«‘/"*’ ZZle junfrﬁ}’h ég?tweery Tiveo 7’L_g-

- e i

f

— - -

Zi)ﬁ'

Rl
>

v}

L—X g

-2 ﬂffwmc e hm/c I7¥a) fan'a/&n'/ wa€ 74/"”"

mc /57[% lfvéh'c,ét résSe /75’ fm /e/éc,f/é.-,
#» Z =o, bl there (s ne bacllonref f‘fav’é/a'nj

d 710/ z zo.

(/1 - g‘ - 2\3
%( *-Z(D

(@ ,',47“6/ Y‘:cc.e

2<o

Viz) = (/;L (e..j/i’o%f /qu ﬁoa)
—-( (Z
Z >o, V(z) = V,*é?“)lg

§.¢‘/ré€ (/,f is C{me Ve [/oi o/evé‘ne

J

./.
T}«AS’M:§{/&" — '7" _ __%._,...- @ ¢ =0
Coelcﬁcl‘cmf - l/of

Now/) 220, V()= T e
@ Z::O/ the +oo (/a/fajes‘ rusT be 62;:«/
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2.3 cont
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7-5 &Aéfaéfé/:‘-&g /20(4/ /nud«A Cg%’ )“Zyg /t’-ﬂ«zé/ P

7146 i 63(,’/&*«7& - E ma/(ef 1'74 m7‘2>j z:e.} ILS‘

Tfanfmfﬁita/) The HH 7L we ﬂ/é P

Fnsection - [ = ~20ey, 17/
[ oss -

As a /&miﬂ&/(/) AL = WZO/O?/a//_?/

t«/[/lo’("f g e (ﬁaoa//,% (éa/, Aa” _Z*L ?

IF //'-;;Oji,e,) VZK?4 /owe/ Y /‘&7[/567[5/9/3"//
o ~_
/ow&/ /s ff’@ﬂfml‘#&'/ (T=1# )

1/ = vzo/&za//mf = o Jd6

Nl = -20 /&200 > o2 Jf

Iip I .:'::"/) ie., all foner s retlected” ¥ po
/ouz/é’/ e fﬁqnfm;ﬂd—'/ /7“-:/1‘/’ = 0)

Tt = ~20/09, [1-1[ = o2 J6

AL = -20/e9, /-t = O JE
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Z,z Conft
Power @ GainS in decibele and ptpers

0#7&€n 7716 9&;,\ /af /oS’_r) or[ &g micr ok
éam/anen’/’ i < @x//cs‘fa/ i o/cfé)éf/f

(J@?Z:’AC/ a s

/l’n /0u 7
>

éa:'/) /a/£> = /0 /020 éé‘if

C?X' 7716 ﬂ&b\/¢/ },\/w‘f :,\‘f‘o c /Zc/g Q#gn%aﬁ/
(s /O, //00\/ munch /0~¢/ IS 0‘47‘"/"4/1%?

(> =-12dE = /0 /25, oo

Sy opo) P = a63IW

LT i< orffen eaS;e, o c[o /! /0‘/\/{/ Cﬂ/6u/97§g9nf

/N a/ecfée/f Since e Con /«f/a/ 7’-3/.4«5,

/-/o,veve// +o o So, rejulires ne express /T e
7»/«7" (q 0147‘/1,,7‘) foner fa Hecibele, e

do Ihic 4y Comparing lhese absolure ,omers
To « fé?‘@/ence,e.rj‘) (e o, /W,
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Z‘B 60/17‘; /
Ccl e/ e
/[c/gm> = /0/020-;;;}—‘:_/_—& o Lelsc o

/Mk/ /maff(é‘m»vcn>

/[o/glxt/) = /0 /&j/o —/L;/; e~dec: bels wrT /0

X USing dec'bels, Frnd Yhe fo~er on?
07[) ﬁte 7[;//0’:’\//—-; Mmicroeeacc Cr'féh;f

/') /”gt/ 2riinfor Am /}Kzf
f, =m0 i hennter | L0F

>t

+6d8 -/0d8  +7J6
/o0
%./l (ng) il /0 /&20 /0‘3 - S——Oo/gm

) 3 ()b = Sodb + 646 —10LE+9E
ont — fgo/gm

G

font = (I mw) 107 = (101 ) 10 - 3/623 W

p L

for Curren? or vol7ase ratios /salng
W;ﬂ 50»’?3’7“»-.»«:7" /06/ /ef,s-ﬁnce

G = 20/0);0(0::// =29 /7/0/‘%7/ /G/ﬁ)

[ 2
6:”(:( ﬂd vV o I

-2
0#7%3/7 aﬁem Ma%-o,\ COnSf@n%f ( € c O() a e
exffeSje/ /A~ M/é’/f/m or 98/ m u/l«e/c:

| / /l/e/e/ = //l// = /0 /oj/o@?’ = 20/07/()4’/
= 8685889¢4+ dR
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é.é Generalor and Lload MismaTcles
,Z;'jécf?am 2.3} e J'ujf aSSmnied a W7

was /ﬂf&f&nf a% The /’“5/; ;”""/ﬁf"/é/}/ “SSrming

A maﬁé&/j@u/é&. /1/014/:, We\// (;ann‘ﬁéf'é(

Qgﬂgraﬁ/ ({ou/ae) -/Zlﬁv’&m /a é’;w ,‘u/afanf 7"0
Owvr/ /‘Kffé;f TL f&/mfﬂ‘tﬁ/ i a /&a&/.

o L
t +
& : Iﬁ_:f-‘i‘, i , Z@"
r’ v 4 ’4 Z=o
22, o n e
b ézm/e already found | _ L end
e / “wn 'ZL'f?fo P

o - ‘ _ YA
V(z) = %+ed‘6'f“‘6 eJ = Vo*(cdfi fz eﬂg)‘

/L/ﬁh/ Carn € Y[:nﬂ/ [/¢ 7 [7[24/5/ e @ A‘Ja/)
'F"QW\ 7‘74& l°/'v7(; /‘/854'3*17"(‘*1 ﬂxe aéé’:/'e_ a/{,f’?
K/"’ n clccui? I%Eaf/ (l/a/ﬁfﬁﬁ dii§son )
l/i — 2 . -bf?'e )'5.@
A Vj(Zj t 2 A> = V(z ‘{ ( )

56/1/;%} 7[;/ Vo'f) e ﬁe'f’

| Vin
= g

t _ ..__..._12._ T ~
V" = Vﬁ(%wm) BT ] P e 1
enthe

e ——
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2.6 Canﬁ

L\/Ll'e'/t we [fnow

,,»,—wz__: 1

Z?n = 20[/’r’(m‘) Zo ,/Gejzﬂﬁ
)
_, (212t lF }

This cam be subsTituted ¢ats The l./ofg?(n
o )/?e/c/ (affer much a/geé(as
2 | ol
l/"f: V. ( - > o -32fL
9\ 20 g /...f"_ i e

'29"2@
where T3 2 2o T 2o

WL«"L aéomf /«ﬂwe/z
F‘;KQW) ﬂfﬁ/j:fb—:’ﬁf\ :/

P 1l T3 = 1y e [Vin 5

_ L"%ﬁﬂe{ﬁi = 37:1(/9/&/};%&%)1%4;*}
[Wite + (2.34) oF Fert omitesd compler cons. o 2.n |

/m'ﬁ:‘nj 2:.\ ’VZM +J‘)(:'n ﬁnﬁ/ 2_9’/?7 *j)(ﬁ
‘N r&ofcmjm/af y@/m an/'oémj SOom e
a/_?é’éfa\ n g C.Qm//&)( nmmbexf‘
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Z.é 60/17_1_*_
P: —% /1{7/2’ («;

32/78

,Z:ﬂ
~ 7 /Zj) * r(Xl‘n *xj)b

(2,75)

R

/L/cm,./ CQen e &{/;’/(‘B’e /Zu'j /‘C,S'u//'?
,) Maféhéc/ Z‘é‘aé/ (2 = 2’0) = /z =0 9 Zin= T

Vst =/

2 2, 7¢
(2t ls) 4 K (2.:7¢)

f

I?[ we 7£uf77w/ aalle Zj=2'e (jwf'fe “""”""i

| . g L v 2 _ )"
e 9ol é“ 21 (zt2)+° T gz,

2) Wa'foh Generalor ﬁ‘? 2;«—\) ;.t,) '23’?_2“\

He/'C %L may or mc»}/ w7 dZ“a/ Zo ([Z ¢O)j
)"/Ocuck'éf, by e.‘?%t/‘ mamf/m/mf’lﬁj 23 o

774& CoMLfmﬂ'f‘/'an ap gze) 2oq%,') we mnffe
%5 =&, TL;&/-&;(;/&)

z 174 L)
| _ L 2 — =Ly :
(Zl?S) é, Z’/VQ/ (;(9 fﬂ‘,)a*()(a'”(sz’ g , j?] /ZDL'”(?

ﬁgcffftj flp e ﬁ’la/ée gﬁs‘wz,‘n “’:%0/ e 93+

/ /v 1°
2.305 BZo
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Z; G C"ﬂf
3) Cc?m//tx Conlusale e Tetn

-2 éo b"'C/C 7‘-0 6)/’6&/’%5 ..Z: hnm/ 53/’6&%(0/ ma/tc)
Z;A = 2§ = Jin —"zj f Xm X
o
/ = "'L/l/ /2« , 2 2
- v —Xa #Xs)
Tz (1ot ) + ( 5409

/VI
Fg ﬁﬂp

-2 Comparing /é (,.// /; +@// e SEE
ma-f @ Ky j/awfe/ 7Zlmr‘\ /? g fv [
76” era / (&’?Ma/;n 'S éc«/ e)Céefﬁ.&’nq/

case [fe X920 for bp or 2,=T0 for A)
(L€ e malle 2y =2o, A >é whie K9>3e for wm//e:r- con . m«&ﬁ_f

—? /3 'S 0!/50 m& MAk i meon ﬁt/'(/'u/aé»/t /0W¢;/
“Ffom 7716 ﬁ&n&fﬂfﬁf’ /e/ Cr‘/w;f 71!&&/’/
-2 /”“W‘baakj W€ (,;au/é/ Am/& [ /ar*pg/ (/SM//C

since C cann be Nonpn—2gera CM/ /owef FAY

re /ﬁeaﬁ/ éa&/C :’n?‘a Qe,ne/‘afb/ [i,—x DenC e /)
NoTe Emcf‘en&/) :‘e Po &fﬂ”we/ fo load Feom
'f'o‘ﬁw/ 0w7“/u¢f o'p ﬂéﬂ&/a%ﬂ i S /1/07, 77!6

Same as maximue /?ou/a/ Yo é_ﬁrﬁ/,
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2.C Go/lf: ee481_581_lossless TL_example_02.xmced
ex. Find ”9 Ow-rrS an / reloted” 2«4;475‘/7@‘ For coursows
malch Con&’/z'f?ﬂnj‘ 74;/ Slhe clrcall™ 5&0»«/’.
=125 A ——>
— o

1
2,= 7S Z0+ 40
0= 2.3 k0% r;,j[:__ﬁ‘_,.i
, T
i
LT
180 6
Vg =48 e Vo f=g842-10° Hz ZL=70+]-40  Q
I\ = 1.25 wpo=23-10° m/s 20=75 Q

Calculate variables related to fransmission line

wi=2-m-f h:=% m ’L:zl)\-}k m

b= — ||"+ = 23.0019 | rad/m
vp
Calculate reflection coefficients & input impedance
ZL — Z0 180
I'L=—"+ ITL] = 0.268 | arg(I'L) - — = 81.703 deg
ZL + Z0 T
oA, 180
[l:=TL.¢ %P M =0268]  |arg(T'D) - — = —98.297 ‘ deg
s
. (1+17) . :
Zin = Z0 - T [Zin = 60.5769 — 34.6154i | O

1) Assume Z,=Z;, =ZyandI;, = 0. i.e., used matching network on load.

ITL1:=0 Zinl := Z0 gl = Z0

Zinl 180
Vinl := Vg - [—J |vinif =24] V arg(Vinl) - — = 0 deg
Zml + Zgl i
Vinl 180
Vopl := —— — |vop1] =24 V arg(VOpl) - — = —90 | deg
e]'ﬁ' +ITL1- e_]'ﬁ' Ll
Vinl 180
Iinl == —— |ln1f =032] A arg(Iinl) - — = 0 deg
Zml 1l
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)
o Vop1|)©
Pinl := 0.5- Re(Vinl - Iin1)  Pavgl == 0.5 - %
[Pinl = 3.84 | W [Pavgl =3.84| W
¥
vop1|)*
Pavg incl := 0.5- u
Z0
(|vop1])?
Pavg refll := 0.5- L el LY (JrL1] )2
Z0
PVgl = 0.5 - Re(Vg - Tinl)
1+ |I'L1]
VSWRI :=
1-|I'L1)
P1
RL1 = 20 log(0) = nt =
oe0) = N Byl

2) Choose Z; =Zin. Note, load is NOT matched.

35/78
[lVg“I

11— (rLip?l p1=
- (rup?) pr= 22
Pl—384| W

[Pavg_incl = 3.84 | W

[Pavg refll=0| W
[PVgl = 7.68 | W
[VSWRI1 =1 |
Ml-100=50| %

Zg2 = Zmn 1Zg2 = 60.577 — 34.615i | 0 Rg2 := Re(Zg2) Xg2 := Im(Zg2)
z 180
Vin2 := Vg - (—MJ [vin2| = 24 | \Y arg(Vin2) - — = 0 deg
L+ Zg2 ™
Vin2 180
VOp2 = — — |[vop2| = 24.067 | V  |arg(VOp2) - — = —74.58 | deg
JPipp. P T
: Vin2 . _ 180
lin2 := —— |lin2[ = 0344 | A arg(Iin2) - — = 29.745 |deg
v
(Jve])*  Rg2
Pin2 = 0.5 - Re(Vin2 - Tm2) P2 = gg el
Rg2™ + Xg2°
Pn2=3.584| W P2 = 3.584 W
7
. (|vop2])* .
Pavg mec2 = 0.5- % |Pa1-‘g_mc2 = 3.8013 | W
(Jvop2])?

,
Paveg refl2:= 0.5- (|re))-

PVg2 = 0.5 - Re(Vg - Tin2)

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya
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RL2 := 20 - log(|T'L|)

P2
n2 =
PVg2

3) Choose 7Zg = Zin*.

36/78

[VSWR2 = 1.732 |

dB

[RL2 = —11.437 |

N2-100=50| %

Zg3 = Zin |Zg3 = 60.577 + 34.6151 | 9] Rg3 := Re(Zg3) Xg3 :=Im(Zg3)
Zi 180
Vin3 := Vg - (—MJ ||[vin3] = 27.642 | V arg(Vin3) - — = -20.74 | deg
Zm + Zg3 ™
Vin3 180
VOp3 := — — |vop3| =27.719 | V  |arg(VOp3) - — = —104.32 | deg
JP L. P Ll
Vin3 180
fin3 = — i3] = 0.3962 | A arg(Iin3) - — = 0 ‘ deg
Zin s
,,
— Vgl )©
Pin3 := 0.5 - Re(Vin3 - Tin3) p3. Vel
8- Rg3
[Pin3 = 47543 | W P3=47543| W
g
vop3|)”
Pavg mnc3 :=0.5- % [Pavg inc3 = 5.1222 | W
7
vop3|)”
Pavg refl3 :=0.5- u - (|rL] )2 [Pavg refl3 = 0.3679 | W
PVe3 = 0.5 - Re(Vg - Tin3) BV =05088] W
_1+rL]
VIWRS = T [VSWR3 = 1.732 |
RL3 := 20 - log(|T'L]) RL3=-11.437| dB
P3
n3 = o 3-100=50] %
PVg3
f=47510/ > ] 23870 >, =3584
Véwil =173 VSui = ( VSl = 175

7 =502 in all cases,
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2.4 cont.

Smith Chart

EATHALLY SCALED PARAMETERS
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Example-
1) Plot reflection coefficient I' = 0.707 £-45° for a 50 QQ transmission line

» Use straight edge to draw radial line from center of Smith chart through the -
45° mark on “ANGLE OF REFLECTION COEFFCIENT IN DEGREES”
scale (inner ring surrounding Smith chart).

» Use “REFL. COEFF. V or I” scale at bottom right of chart to set compass to
II'|=0.707, and draw arc, centered on Smith chart, through -45° radial line.

» The intersection of radial line & arc marks I’ = 0.707 £-45° on Smith chart.

2) Read normalized impedance z corresponding to I" = 0.707 £-45°
» On Smith chart, at I' = 0.707 £-45° point, locate and read/interpolate value of
appropriate “r” circle (family of circles centered on horizontal axis and with
values shown on horizontal axis) as r=1.

» On Smith chart, at I' = 0.707 £-45° point, locate and read/interpolate value of
appropriate “x” arc (reactance values shown on inside of outer ring of Smith
chart; values above horizontal axis are positive/inductive while those below
are negative/capacitive) as x =-2.

» Put together to get normalized impedance z=1—j2 Q/Q.

» Find impedance corresponding to I" = 0.707.£-45° by multiplying z w/
characteristic impedance to get Z=7pz=50(1-;2) = Z=50—-;100 Q.

3) Read standing wave ratio SWR (VSWR) corresponding to I = 0.707 £-45°

» Use “REFL. COEFF. V or I” scale at bottom right to set your compass to ||
=0.707.

» Draw 0.707 arc, centered on Smith chart scales, through SWR (VSWR) scale
on bottom left.

» Read standing wave ratio to be VSWR =5.8 .
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Example- ee481 581 Smith chart example 2.docx
< ! >
O O
f Zo, Vp ZL
—>
|_)o o
1_‘im Zin

I,z
For the lossless transmission line circuit shown: f= 100 MHz, v, =3 x10%m/s,
[=33m,Zy=50Q,and Z;,=75+;50Q.

1) Normalize and plot load impedance

» Normalize z;, =71/ Zo=(75+j50)/50 = z1=1.5+j1Q/Q.
» Plot z; on Smith chart by finding intersection of »=1.5 circle with x=1 arc.

2) Find load reflection coefficient and VSWR

» Set compass to distance between center of Smith chart and zz. Use compass

to mark the “REFL. COEFF. V or I” scale at bottom right of Smith chart to
determine |I';| = 0.42.

» Use compass to draw || = 0.42 arc, centered on Smith chart scales, through
SWR (VSWR) scale on bottom left. Read VSWR =2.4 .

» Use straight-edge to draw radial line from center of Smith chart through z;
and outer rings of Smith chart. Use

“ANGLE OF REFLECTION
COEFFCIENT IN DEGREES” scale to read £ I', = 41.8°.

» Put magnitude and angle together to get I'r = 0.42£41.8°. For comparison,
the analytic resultis ', =0.4152241.63°.

3) Find input reflection coefficient
» Calculate I/A=1f/v,=3.3(100x10%/3 x10%=1.1. Subtract 2(0.5)=1 (i.e.,
remove integer multiples of nA/2) to get = I[/A=0.1.

» On the Smith chart, the radial line through z; reads 0.192 on the
“WAVELENGTHS TOWARD GENERATOR” scale. Add 0.192+//Ato get

0.292 and draw a radial line from the center of the Smith chart through this
point on the scale.

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya
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» Draw an arc, centered on Smith chart, from z; through radial line at 0.292.
The intersection of the arc and radial line is the I'i, / zin point. Use the
“ANGLE OF REFLECTION COEFFCIENT IN DEGREES” scale to read
£ T'in=-30.2° and note || = I";7| = 0.42.

» Put magnitude and angle together to get L'in = 0.42.£-30.2°.

4) Find input impedance

» At I'in=0.42/-30.2° point, locate and read/interpolate value of appropriate
“r” circle as rin=1.8.

» At I'in=0.42/-30.2° point, locate and read/interpolate value of appropriate

€69

X"’ arc as xjn—-0.92.

» Put together to get normalized input impedance zi, = 1.8 —j0.92 Q/Q.

» Find input impedance by multiplying zi, w/ characteristic impedance to get
Zin=20zin=50(1.8—70.92) = Zin=90—-j46 Q.

EE 481/581 Microwave Engineering, Dr. Thomas P. Montoya
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Example- ee481 581 Smith chart example 3.docx
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For the lossless transmission line circuit shown: f=500MHz, v, =2x10%m/s,
[=1.242m, Zy=75Q, and I';,=0.8£-117.5°.

1) Plot input reflection coefficient and find VSWR

» Use straight edge to draw radial line from center of Smith chart through the -
117.5° mark on the “ANGLE OF REFLECTION COEFFCIENT IN
DEGREES” scale.

» Use “REFL. COEFF. V or I” scale at bottom right to set compass to |[I'|=0.8,
and draw arc, centered on Smith chart, through -117.5° radial line.

» The intersection of radial line & arc marks [, = 0.8£-117.5°.

» Use compass to draw || = 0.8 arc, centered on Smith chart scales, through
SWR (VSWR) scale on bottom left. Read VSWR =9,

2) Find input impedance
» At I'in=0.82-117.5° point, locate and read/interpolate value of appropriate

“r” circle as rin=0.15.

» At I'in=0.82-117.5° point, locate and read/interpolate value of appropriate
“x” arc as xin=-0.60.

» Put together to get normalized input impedance g, = 0.15—j0.60 Q/Q.

» Find input impedance by multiplying zi, w/ characteristic impedance to get
Zin=20zin=75(0.15—0.60) = Zin=11.25—j45 Q.
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3) Find load reflection coefficient

» Calculate /A =1f/v,=1.242(500x 10°)/2 x 108=3.105. Subtract 6(0.5)=3
(i.e., remove integer multiples of nA/2) to get = [/A=0.105.

» Leave compass set to |I'| = 0.8 and draw circle centered on Smith chart.

» Using radial line for £Ti,=-117.5°, read 0.087 on the “WAVELENGTHS
TOWARD LOAD” scale. Add 0.087 + //Ato get 0.192 and draw a radial line
from the center of the Smith chart through this point on the scale.

» Use “ANGLE OF REFLECTION COEFFCIENT IN DEGREES” scale to
read £ I, =-41.6°.

» Put magnitude and angle together to get ' = 0.8.£-41.6°.

4) Find load impedance

» AtI';=0.8£-41.6° point, locate and read/interpolate value of appropriate “7”’
circle as . =0.8.

» AtI'L=0.82-41.6° point, locate and read/interpolate value of appropriate “x”
arc asx;.=-2.4.

» Put together to get normalized load impedance z;, = 0.8 —j2.4 Q/Q.

» Find load impedance by multiplying z; w/ characteristic impedance to get Z;.
=Z0z1=75(0.8—j2.4) = ZL=60—j180 Q.
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Example- ee481 581 Smith chart example 4.docx
le |
N [ “1
O O
f ZO y Vp ZL
—>
‘ O O
I .z

mnd “in

FL) ZL
For the lossless transmission line circuit above, the frequency, length, and phase
velocity will be left unspecified while Zo =75 and Z;,=56.25—;75 Q2.

1) Normalize and plot load impedance

» Normalize z;, = Z;/ Zo = (56.25-775)/75 = z1=0.75-j1 Q/Q.
» Plot z; on Smith charts by finding the intersection of the »=0.75 circle with

the x=-1 arc.

2) Find load reflection coefficient, RL, and VSWR (method 1)

» Set compass to distance between center of Smith charts and z;. Use “REFL.
COEFF. V or I” scale at bottom right to determine [I';| = 0.5 or 0.51.

» Use straight-edge to draw radial line from center of Smith chart through z;

and outer rings of Smith charts. Use “ANGLE OF REFLECTION
COEFFCIENT IN DEGREES” scale to read £ I';, = -74°.

» Put magnitude and angle together to get I'r = 0.5£-74° or 0.51£-74°. For
comparison, the analytic resultis ', =0.5114£-74.29°,

» Use compass to draw |[[] = 0.5 arc, centered on Smith chart scales, through
SWR (VSWR) scale on bottom left. Read VSWR =3.1.

» Use compass to draw |[[] = 0.5 arc, centered on Smith chart scales, through
RETN LOSS scale on bottom right. Read RL. =6 dB or 5.8 dB.

3) Find VSWR (method 2)

» Draw a circle, centered on Smith charts, through z;.

» Read value of normalized resistance » where the || = 0.5 circle crosses the
horizontal/real axis to the right of the origin to get rmax = VSWR =3.1.
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4) Find load admittance

» Use straight-edge to draw line from edge-to-edge of Smith charts through
center of Smith charts and z; point.

» Where the line intersects the [I'| = 0.5 circle on the side opposite to z;, locate
and read/interpolate value of appropriate “g” circle as g;,=0.48.

» Where the line intersects the [I'| = 0.5 circle on the side opposite to z;, locate
and read/interpolate value of appropriate “b” arc as b, =0.64.
» Put together to get normalized load admittance y;, = 0.48 + j0.64 S/S.

» Find load admittance by dividing y; by characteristic impedance Zj to get Y}
=y / Zo=(0.48 +;0.64)/75 = ¥ =0.0064 +;0.0083 S = 6.4 + ;8.3 mS.

5) Find/locate voltage and impedance maxima

» Impedance maxima occur where the [['|=0.5 circle crosses the real axis to the
right of origin. Read/interpolate “7” circles to get rmax =3.1.

» The maximum impedance along the transmission line is found by multiplying
Fmax W/ Zo 10 g€t Zmax =20 Zmax = 75(3.1) = Zmax =232.5 Q.

» Voltage maxima along the transmission line occur at 7max. Starting where the
radial line through 2z, crosses the “WAVELENGTHS TOWARD
GENERATOR” scale at 0.352, move toward the generator to the real axis to
right of origin (rmax location) where the scale reads 0.25. The total distance
is (0.5-0.352) L + 0.25% = 0.398A.

» As everything repeats at A/2 intervals on lossless TLs, the voltage maxima
locations in distance from the load are Imax= 0.398A + nA/2.

5) Find/locate voltage and impedance minima

» Impedance minima occurs where the [I'| = 0.5 circle crosses the real axis to
the left of origin. Read/interpolate “7” circles to get Fmin = 0.325.

» The minimum impedance along the transmission line is found by multiplying
» Voltage minima along the TL occur at rmin. Starting where the radial line

through z; crosses “WAVELENGTHS TOWARD GENERATOR?” scale at
0.352, move toward the generator to the real axis left of origin (7min location)

where the scale reads 0.5. The total distance is (0.5-0.352) A = 0.148A.

» As everything repeats at A/2 intervals, the voltage minima locations in
distance from the load are Imin= 0.148\ + nA/2.
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Example- ee481 581 Smith chart example 5.docx
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For the lossless transmission line (TL) circuits above: f=1GHz, v, =3 x 108m/s,
Zo =500, and the TL has length /ipe = 63.6 cm as measured by a tape measure.
The wavelength is calculated to be A = u/f=3x10%/1x10°=30 cm.

Open Circuit Termination (known load)

For an open circuit, we know zoc = Zoc/ Zo — o and I'oc = 1. For the left hand
circuit above, an input impedance of Zin oc =750 Q2 1s measured.

1) Normalize and plot open circuit termination input impedance
» Normalize zinoc = Zinoc/! Zo = (750)/50 = zZinoc=-j1 Q/Q.
» Plot zin,oc on Smith chart by finding the intersection of the »=0 circle (outer
edge) with the x=-1 arc.
2) Find length of transmission line

» Use straight-edge to draw radial line from center of Smith chart through zin oc
and outer rings of Smith chart. Where the radial line crosses the
“WAVELENGTHS TOWARD LOAD” scale, read off 0.125.

» The zoc — o point, on the right edge of the Smith chart, reads 0.25 on the
“WAVELENGTHS TOWARD LOAD” scale. The distance toward the load

from zinoc 1s then [ = (0.25-0.125) A + nA/2 = 0.125A + nA/2.

» Using A=30cm, the transmission line length must be /=3.75+n15cm. When
n=4,1=3.75+(4)15= [=63.75 cm = 2.125A, quite close to /ipe =63.6 cm.
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Unknown Load Termination

For the righthand circuit w/ unknown load, an input impedance of Zi, =10 Q 1s
measured.

1) Normalize and plot TL input impedance for unknown load
» Normalize zin = Zin/ Zo=10/50 = zin.=0.2 Q/Q.
» Plot zi, on Smith chart by finding the intersection of the »=0.2 circle with the
x =0 arc/line (i.e., horizontal/real axis).
2) Find unknown load impedance

» Note that the horizontal axis of the Smith chart passes through z;, where the
“WAVELENGTHS TOWARD LOAD” scale reads 0.

» Draw a radial line from the center of the Smith chart through 0.125 (i.e., the
TL length w/out the extra 2A) on the “WAVELENGTHS TOWARD LOAD”
scale.

» Draw an arc, centered on Smith chart, from z;, to the radial line at 0.125 on
“WAVELENGTHS TOWARD LOAD” scale.

» Read/interpolate value of normalized load resistance at intersection of arc and
radial line as r,=0.3835.

> Read/mterpolate value of normalized load reactance at intersection of arc and
radial line as x;=-0.925.

» Put together to get normalized load impedance z; = 0.385 - j0.925 Q/Q.

» Find load impedance by multiplying z; by characteristic impedance Z to get
Z1=12120=(0.385-,0.925) 50 = Zr=19.25-746.25 Q.
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Example- ee481 581 Smith chart slotted line.docx
We are using an air-dielectric 50 Q slotted line to determine an unknown load.

1) Attach unknown load to end of slotted line. Moving probe back-n-forth,
measure the voltage maxima Vpmax = -5 dBmV (multiple locations) and the
voltage minima Viin=-15 dBmV (multiple locations).

2) Find VSWR and magnitude of reflection coefficient |[['| along slotted line.

» Using Viax = -5 dBmV = 20 logio(Vmax/1 mV), we calculate the maximum
voltage magnitude Vipax =10 (1mV) = Vmax =0.562 mV.

» Using Viin =-15dBmV = 20 logio(Vmax/1 mV) , we calculate the minimum
voltage magnitude Vipin=10"2(1mV) = Vmin_=0.178 mV.

> By definition, the VSWR = Vipax / Vinin=1029/10"1520 = VSWR =3.162.

» Set compass using “SWR (VSWR)” scale at bottom left of Smith chart.

» Use compass to mark “REFL. COEFF., V OR I” scale on bottom right of
Smith chart. Read |I'| = 0.52.

» Using compass, draw a circle of |I']=0.52 on Smith chart. We know that z;

is somewhere on this circle. Also, voltage minima Vi, for the unknown load
occur at the rmin point on the circle where it crosses the horizontal axis to left

of origin. Read rmin = 0.31 Q/Q.

3) Attach short circuit to end of slotted line. Measure adjacent voltage minima at
location /; =90 cm & [, =50 cm along the slotted line.

4) Adjacent voltage minima are separated by half a wavelength.
» Calculate A/2=90-50=40cm = A=80cm.
» Bonus: frequency f=c/A=3x10%/0.8=375x10°Hz = =375 MHz.

5) Return probe to voltage minima to location /s min1 = /1 =90 cm along the slotted
line. This 1s the minimum closest to the load as my ruler measurements get
larger toward the load. Re-attaching the unknown load, move toward the
generator and measure voltage minima Vpin=-15dBmV at Linknown,min = 60 cm.

6) Calculate the distance toward the load from the Vmin/Fmin point.
» [=|60-90|=30cm, and /A =30/80 = I/A=0.375.

7) The horizontal axis of the Smith chart goes through rmi» and the short circuit
points to the left of the origin. Draw a radial line from the center of the Smith
chart through 0.375 on the “WAVELENGTHS TOWARD LOAD” scale.
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8) Where the radial line at 0.375 on the “WAVELENGTHS TOWARD LOAD”
scale intersects the |I'| = 0.52 circle, read/interpolate values of normalized load

resistance and reactance as 7,=0.58 and x;, =0.82.

9) Put r,=0.58 and x;, =0.82 together to get
» Normalized load impedance is z;, = 0.58 +j0.82 Q/Q.
» Load impedance is Z;, = z; Zy = (0.58 +j0.82) 50 = Zr =29 +j41 Q.
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EE 481/581 Lossvy RG 402 Transmission Line Example

For this example we will be considering a lossy TL circuit built using 10 em of RG 402 Type
0.141 semi-rigid coaxial cable with a solid copper shield/outer conductor, a silver-plated
copper-clad steel inner conductor, and PTFE (Teflon) msulation. The physical dimensions of
the coax are shown in the figure. At 10 GHz, it is specified to have a phase velocity of
69.5% of light and an attenuation of 147.64 dB/100 m. We will assume it is a low-loss TL.

0.141"
0.117"

f=10-100 Hz W :

i
ko
=

H.l‘

€0 = 8.8541878-10" % F/m

w0 = 410"  Hm

= 2.09792458-10° /s

Calculate/define lossy transmission line parameters

. odB .
adB = 1.4764 dBm o :i=—— |D'. = 0.16998 | Np/m, atten constant
20-log(e)

Find relative permittivity of the PTFE by using phase velocity relation that v, = c/sqri(e,).

For Teflon, we expect a number close to 2.1.

er_PTFE := - ler PTFE = 2.07029 |
0.695"

vp = 0.695-¢ wp = 208356 x 105 | mis

W .
M= — ||"| = 301.56043 | rad/m, phase constant

vp
Ni=oa+iB I = 0.16998 + 301.56043i |  1/m. propag. constant
A= ? I\ = 0.02084 | m, wavelength
Z0 = 50 Z0 = 50 Q). characteristic impedance
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Lossy transmission line eirenit

Zg:=50-3-10 Q ZL:=60+3;-50 Q 1=01 m Vg:=100 V
I I;
2 —_—
Z, O -
+ +
v, V. Zo, Y Vi | 4
—> —> .
o™
T|< [=10cm >
rir:‘ Zm ]__'
-1 ; 0
ZL — Z0
IL:=——
ZL + Z0
. 180
I'L = 0.2466 + 0.3425i L] = 0422 arg(I'L)-— = 54.2461 | deg
T
— Yy 1+11
[in = [L-e 2711 Zin = zo. U1
(1—T'm)
. . . . 180
Tin = —0.3865 — 0.1302i |Tin] = 04079 | l|arg(T'in)-— = —161.3819 | deg
T
. . . . 180
Zin = 21.491 — 6.7144i Q  |[zin] =225155| Q |arg(Zin)— = -17.35 | deg
™
OR
ZL + Z0-tanh(~-1
Zin = 70-. (+D) [Zin=21.491 - 6.7144i] O SAME!
irdeds Z0 + ZL-tanh(~-1)

Now, we can draw the equivalent circuit seen by the generator.

L,
YA O
g 4 . o
Use simple circuit theorv to
I«’g I Zj_n calculate the input voltage,
o current, and power.
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V, 180
lin=— 25 __ Mo =1362] A arg(Tin) — = 13.1592 | deg
Lg+ Zm TT
Ve Zi 180
Vin = —2 TVvin] = 306671 | V arg(Vin)-— = —4.191 ‘ deg
Zg+Zm ™
Vin 180
Vop = — — |vop| = 48.0771 | V arg(VOp)-—— = 79.9798 | deg
e'"+TLe " T
Pm := G.S-Re[\fm-ﬁl} |Pi11 = 19.93476 | W Power into transmission line.
(|vop|)?
Ty p
Pin2 := j—;ﬂ-e‘ ‘“-[1 - [|rin|}‘] [Pin2 = 1993476 | W  Same!
Next, we'll find how much power makes it to the load and how much is lost.
[~ - 180
VL = vﬂp-[e B o D} Jvi] =62.152| V arg(VL)-— = 95.341 ‘ deg
™
VL 180
IL = — lIL] = 0.7958 | A arg(IL)-— = 55.536 | deg
L ™
PL == 0.5-Re(VL-IL) [PL = 18.0970 | W Power delivered to load.
(|vop|)?
5
PL2 = %[1 - (Jre] }‘} [PL2 = 18.9979 | W Same!
Ploss := Pin — PL |Plosr:= = 0.93686 | W Power lost in transmission line.
(Jvop|)? (
Ty -
Ploss_fwd := j—zlz:]-(_e" ol _ l} Ploss_fwd = 0.79928 | W
(|vop])? -
2 — Ty
Ploss bwd := %[l |TL] }‘-(_1 —e 1):| Ploss_bwd = 0.13758 | W
Ploss2 := Ploss_fwd + Ploss_bwd Ploss2 = 0.93686 | W, Same!
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= 0.5Re(V, Iy

70 T

L
L]
T

e
L]
T

Lid
—
T

-
| )
T

=
=)
T

19

17

16 :

EE 481/581 Microwave Engineering,

Dr. Thomas P. Montoya



