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Microwave Engineering

Chapter 2
Dr. Yanal Faouri
Email: y.faouri@ju.edu.jo

Transmission Line THEORY

+ The Lumped-Element Circuit Model for a Transmission Line
« Field Analysis of Transmission Lines

+ The Terminated Lossless and Lossy Transmission Line
* The Smith Chart

+ The Quarter-Wave Transformer

+ Generator and Load Mismatches

» Transients on Transmission Lines

+ The Terminated Lossy Transmission Line

« Transients on Transmission Lines

* Types of Transmission Lines

» Wave Velocities and Dispersion
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THE LUMPED-ELEMENT CIRCUIT MODEL FOR A
TRANSMISSION LINE

Wz, 0n

Low Frequency =» (+ ,
v 1
A : T Twpeis:
iz, 0 iz +A=, D
o—— AN, Y —0
High Frequency & RA: LAz J_ * also there
v(z, GA: T CAz  v(=+Az 0 & H‘“
o o Types-.
Az >
KVL=>» 1'(.-".‘)—RAzf(z,{)—LAZM-1‘(2+Az.r).—_0 )r& T

ar

M-j(:+AZ_f)=0

KCL=>»  i(z.1)— GAzv(z+ Az.1) — CAz m 5

Telegrapher Equations

« Dividing by Az and taking the limit as Az =» 0 gives;

0i(z, 1
B2 o Bl e ),
0z or
di(z. du(z, 7
LG RS L1
Dz ot
CLAI T S YT VxE= ‘J""IiR
a2 Similar < - -
D _ 6y v, V x H = jweE,

dz
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Wave Propagation on a Transmission Line

d*re .

- ——
y =a+jB = J(R+ jel)(G + jol)

dlz

T_V'I(Z) =0,

V(z)y= Ve + 1 e .

lution =» 2 :
® @)y =1Fer + 1 e,
Y rt o=V — Pt
= —(Vle V" =V e
I(z) R +ij ( © o )
Zo R+ jolL [R+joL
Characteristics Impedance <» “°= 7 7 VG + o’

« The voltage and current on the line can be related as follows;

Al -
w0 ux 2 w5 ——m
7 A
Ir+ L!—
I(2) = —2e7 V7 = e
Zy 0

vz, 1) = |V coswr = pz +¢T)e™

+ | | cos(ewr + Bz + ¢7)e" .

2 )
-F- Lﬁpz-—-:lf.

A=
B
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The Lossless Line (R=0= G)

— Reﬁl
Y =a+jB=jw/LC. B =w/IC. a=0 20=\/g- R,Wﬂﬁs LoSS'ESS Line

has @ real
chav. t'MfEﬂ‘a"'ce— .

V) = I.'o-#e-jﬂ: + I”;e‘jﬂ:,

Solution =» + -
Iz) = LAV
Zy Z

FIELD ANALYSIS OF TRANSMISSION LINES

\ 2
Wye L T

- - ‘l - -
W, = %fﬁ-}[‘d; L= m:-j;H-H“ds Hin,
s

l& % G
€ ol oLl i1
W.,:%fsﬂ.‘-f"ds. C=WLE-£‘M,M mam
i N

R, f o
R=—= H . H*dl Q/m.
1A C1+C2

e

M - we’ e oz
Rf:fWT-ﬂE-E‘d; G:-IEFLEvEdSSm.
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Example: Transmission Line Parameters of a

Coaxial Line

- Vo - €=¢ — je”
pln b/a ' K= popy

I ¥
H=2 e r?
2ap° ds =L Jf 0195
_ K I rb n
= @y .[.1,=0.[=(, depdd) = 2?lnbla Hhn,
€' LA | 2r€’
= nbjay L_of R =
P2 | 2n 1 R 1 1
d —=b -] Q/m,
(2;,-) [L Oaz-ﬂ' ¢+ A d'¢'l 21( +b) m

-JT(DE

2
(1nb/a)~ L_of,m RS S S

Transmission Line Parameters for Some

Common Lines

COAX TWO-WIRE

N O
/e

PARALLEL PLATE

u. b I

L Z—Fln ; —_ CObh (‘2;)
e’ e’

¢ hie ]
lnb/a cosh™ (D/2a)

R f1 1 Ry

. = (a+3) ma

" 2mwe” we”
nb/a cosh™} (D/2a)
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Boumd"‘(j
Co«w(l fion

used
hest -

r'
The Telegrapher Equations Derived from Field
Ana|yS|s of a Coaxial Line (=»TEM)

The fields should satisfy: VxE=—jond,

ations: T o asne fic.
same. TL €A £lectroMagne

2 £ b b ‘'l b
Vx H = jweE, Y2y = f E,(p.2)dp =[”z)j LA h(z) In =
Ed’ L9E, 13 e p=a P
dz d’— +ZF ,)p(pE.f,) = =jwu(pH, + $Hy),
dH,j. UH !. 2
p + ¢ Ly ap(PH-ﬁ) = jwe(pE, + $Ey). I(2) = f ' Hy(a.2)add = 2ng(2)
$=0
Ejpes L‘z_’ By =B or@ __ wulab/a,
L4 p z T 2x !
HI(Z) 5 7 . 1 2x V(Z)
3E, OH, — = —jw(e — je')
— o Az Inb/a
_—d_/ Jewp Hy _dz juweE,
ar(z) .
h ¥ - = —jo)Ll{Z).

E;\ = ‘% 9z

) WD) o (G +juCIP(2)

1(2) a2

= —foug2),

9z

L-g’(Tl = —jweh(z). 1
cPa ﬂ,+fdﬂ

SEM S "2 LW L 5,,66 Fion.

Propagation Constant, Impedance, and Power
Flow for the Lossless Coaxial Line

“*

52 1.2 " "
‘)L,f;p +wpeE, =0 Y= —w e B=w/ie=w/LC ZUI=%=%‘-= we=n = I‘(I-“KE{IS;C
b
Impedance.
55 ,
2,0:_2:5, lnb/a=nlnb/a /_lnb/a
I 2n Hy 2 Ye 2n é

t VoI i
p=rfExi.a R BRI, T,
z/ e ¢=gfpm2vp3h1b/apdpd¢ 3lele
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THE TERMINATED LOSSLESS TRANSMISSION
LINE olyxi

* This problem will illustrate wave reflection on transmission lines, a
fundamental property of distributed systems.

V(). I(z)

- — o VUi
i -z e 2,8 "

Viz)= I+ i ¥, ~oif Itz)—Toe s —.ZL.,JI‘ + . i

o cied : ;,
2 ==L a i
T TyrC 1-Z° &‘F g (C

21— 2%y + [ = Vo _Z1—2o Py = %Re{r(zmzn =%%'-Re|| N A T
it o NGER Jhat
e ZL+ZQIQ 1:,+ Zr+ 2o

l !+| )
V@) = FH(em# 4 Tef®). PM=5 7 (1-1T1%)

V: —iB:z B
R T — FB‘I .
I 7 (¢ )

Max. Poer Traaster.

*» The average power flow is constant at any point on the line and that
the total power delivered to the load (P,,) is equal to the incident
power (|V,*|%/2Z,) minus the reflected power (|V,|2|[|2/22Z,).

+ If [ = 0, maximum power is delivered to the load, while no power is
delivered for || = Zj e

* The above discussion assumes that the generator is matchegj so that
there is no re-reflection of the reflected wave from z < 0.

* When the load is mismatched, not all of the available power from the

generator is delivered to the load. This “loss” is called return loss (RL),
and is defined (in dB) as;

RL = -20log|l'| dB
el o./wgs +E, answed

”/ors‘”- '
L0:since. e e

dewhgj w;-ﬂq (/0/7"03_@,‘:7 = —‘71:
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Reflection Parameters (@) = [ 4+ Te¥) = [Vl + T

: o+ Jo=280)
Retlection T Viticus Pé 5 Z, - Zy =L +I(Tle |
Coctficient Viiten Z, v 2y o = |72+ 17D
Return loss =20 logl ), p=Ir! Vi = K7 IL = ITD
B Pwsx _ 1+ 1T
Eugx V080t Standing Ware Ratio SWR= o= =727
1+p
g b d b A e e Em = Ernax - 2
B TR Ll i O:SWR : ‘_'—JE:Jn ———-1 v 5 f . “’" ,
SwWR
Na refivction Fulf reffection

{2 = 2o} {2t = open, skart]

15

rewit .
[ onld be: OMismn‘hSheo[- @S'Idar/' le(M.
s ) @,) open Cicewit- (@ Matched

Mismatched Load (Z,# Z,)

« When the load is mismatched, however, the presence of a reflected
wave leads to standing waves, and the magnitude of the voltage on

the line is not constant. At z = -¢{¢is the length of the line);
) = % = [(0)e~2#
+ At a distance z = ¢ from the load, the input impedance seen looking

toward the load is: (21 + Zo)el?® 4 (21 — Zgye=ift

Zin=Zo -
, : (21 + Zp)elft ~ - —Jpe
7 o B T {e/Pt +Te) |4 N~ WM A . (.ZL . Zoe
TTI=8 T L (e/Pt = TemS) P T=Te T = ozL B i oS
Zycos BL+ jZp sin e

transmission line

-2 Zr + jZptanfe « impedance equation
Zy+ jZranfe’ OR impedance

transformation

16
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21." an fMajiﬂ@fj 5

it}
. 3 1A
Short Circuit (2,=0) A
N y L
N A A :
oy X 4 2 4
V) 1) :W 5 g L‘
Zs B =0 Z,=0 m
=== o NS
| i |
) 7 g
1 1
et = (e < o) 2 NG
= I_;‘%(e—fﬁt +e¥) = 2;5. cos Bz, -1 |“X
| ' z
Zin=jZptan Bt i E
\. l i
AN, B AN -A
4 2 4
| W 1
\% ¢ =X ‘
I ; ] -lr .
s tub
s waductive -
shub

= 0 or S/C; we
jZgtanpe or Xi,=

e For T.L. with

ZL
know that Z;, =

tanpy;

« Here if 0 < ¢ < M4, X,,=>"+ and
Input  impedance  (Z;) s
Inductive.

« But if A/4 < ¢ < A2, X,,;=>"-" and
Input  impedance  (Z,) s
Capacitive.

M Caf%ifil/e ‘

Sheb is cesistive.

O b EFO
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Viz) = V(e /P 4 /%) = 215 cos Bz.
=2y

Zo sin gz,

I(z) = TT( —iBs _ olf:
2= e —-e )__

Zy=—jZycot pt

e T.L.withZ =ecorY =0; we
know that Y,, = jYgtanpe or
B,,= tanps

« Here if 0 < ¢ < M4, B=>"+
and Input impedance (Z,,) is
Capacitive.

« But if A/4 < ¢ < N2, B,=>""
and Input impedance (Z;,) is
Inductive.

« These O/C or S/C lines can
be used as STUBS for
matching TL's.

A _3A A LA
4 2 4
-1+
1),
=25y
ik
/.\ . .,
A B AN A
4 2 4
g

g

)

o0
O T e
T
o
_.....-4“—-—«:4
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Transmission Line Terminated witl{ Shart, Open

S e
. wr
SS— |
tn-phase (0°) for ppen,
\/\/\ <:—--'~ Vi ot phase (10071 far sbort

For reflaction, a transminsion ling tesminated in
o short ar open reflects all pawer bzxck to sgurce . v F ”

R R phase ghift s 1807 %%l
Ip Peq = 7 L= lphase.s[«?ﬁ' i § Ztvo: “jn-phase
it open: = =

Matched Load (Z,,=2))

+z direction ==

e It occurs if ¢= A/2 e
1%0 £=!

« If ‘Z,= Z,' of the transmission line = Matched = No reflection occurs
= = infinite line or flat.

« A half-wavelength line (or any multiple of A/2) does not alter or
transform the load impedance, regardless of its characteristic
impedance.

« Such a line is known as a quarter-wave transformer because it has the
effect of transforming the load impedance in an inverse manner,
depending on the characteristic impedance of the line. 5 Z;

= ==

Z1

jmainﬂ'e, Line means WO Q&ﬁ/ﬁ(f/bﬂ - 2

Bekino( |
fhe fage.
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Transmission Line Terminated with 25 €2

U e A TE
L 5

23 ~ Zo
ST % 2.0
T z
Ve 2> N
e ST

Standing wave pattern does not
go tu zerg @3 with short o open

23

Insertion Loss (IL)  Refwn o

Zy— 2, Z, Z
N=s — ¢ :
Zy+ Zo - /

P@y =P e™+Te®) 2<0 pio) = 1FTe/# forz >0

nCident,
Zi-2Z, 22,

Z:+Zo—Z;+ZO

T=14I'=1+

= - F
IL=-20log|T|dB gy, % dB  20log -t dB
2 2

in s N, ! i
Vl P 2 P2 1 mW

1 Np = 10loge? = 8.636 dB

24
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THE SMITH CHART

.
*

-

the Smith chart is an inte

need for detailed numerical calcufations.

*

chart.

impedance (or admittance) circles printed on the chart.

will denote by lowercase letters.

-

Compressed Smith Chart:

* Plotting two families of circles for all

values for (r, x) creates the entire smith
chart: “Compressed”

+ Applies to active & passive circuits
* Impractical and seldom used

Standard Smith Chart:

* If two families of circles are plotted only
forr 2 0: “Standard”

* If 'x 2 0’ =Positive reactance

* If ‘x < 0’ =Negative reactance

* Heavily used for Passive circuits.

* Reflection Coefficient Plane with ‘|I| < 1’

Itis a graphical aid that can be very useful for solving transmission line problems.
it was developed in 1939 by P. Smith at the Bell Telephane Laboratories.

gral part of much of the current CA

i D software and test equipment for
microwave design that provides a useful way of visualizing transmi

ssion line phenomenon without the

1t is based on a polar plot of the voltage reflection coefficient, T

Let the reflection coefficient be expressed in magnitude and phase {polar) form as = {rie®.

Then the magnitude |[] is plotted as a radius (|| < 1) fro
(-180° £ 6 < 180°) is measured counterclockwise from the r

»‘S\ny Rassively realizable (|T| < 1) reflection coefficient can then be plotted as a unique point on the
mit

m the center of the chart, and the angle 6
ight-hand side of the horizontal diameter.

The real utility of the Smith chart, however, lies in the fact that

it can be used to convert from
reflection coefficients to normalized impedances (or admittances

) and vice versa by using the

When dealing with impedances on a Smith chart, normalized quantities are generally used, which we

The normalization constant is usually the characteristic impedance of the transmission line. Thus, 2 =
Z/Z, represents the normalized version of the impedance Z.

25
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s o

IMPEDANCE AND ADMITTANCE {MPEDANCE 27

Resistance and Reactance Circles

zL =1 0 1+ [rle/*
F=2— =} =
L+l iri = T F o
o (1+4T)+ jT;
. A o L B
o S “""rr)-jr!
Ll
LT a=ri+rt
i = 2[5
T U=+
o\, 1 \? RESISTANCE CIRCLES REACTANCE CIRCLES
T, = +I}= 1
1+rr 14rr

5 2 1y?
(r,-n-+(r,—--) =(—) ; :
XL Xz it
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* For.exampie, the r_ = 1 circle has its center at [ = 0.5, =0, and has a
radius of 0.5 and so it passes through the center of the Smith chart.

« All of the resistance circles have centers on the horizontal [, = 0 axis
and pass through the I = 1 point on the right-hand side of the chart.

« The centers of all of the reactance circles lie on the vertical [, = 1 line
(off the chart), and these circles also pass through the [ = 1 point. The
resistance and reactance circles are orthogonal.

« The Smith chart can also be used to graphically solve the transmission
line impedance equation since this can be written in terms of the
generalized reflection coefficient as; L4 [t

Zn= 201 _ [e-2iBt 29

Determine VSWR from known Z;: Nt

1. Plot the normalized impedance (Z)x ‘ e, k. N [E".m[e'
2. Draw constant VSWR circle through (Zp )y : S P \
- From the intersection of circle and “){ s e i -}'—‘3—"—’5%
left-hand horizontal axis, drop a line on \ s L j.‘
the bottom scale to read FSWR value ‘-.\‘ T //
- Or use intersection of the circle & 6=0 axis fo TS RPY 3

Determine ¥, from known Zy : (vice versa)

1. Plot the normalized impedance N \z\\
i N
[(Z)x= Z/Z,)] on the standard Smith chart. / s o

2. Draw constant VSWR circle through (Z)y / |
3. Draw a line from (Z), via the center of the oy
of constant VSR circle /j A
4. (Y)y is the interaction of the line and circle ‘\ pL // /
* Prove this using relation between (Z)y & {T'y/ \:::_.:—// i .
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Determine Zyfrom known Z;: (or vice versa) / /m T cc‘;;i&: Fe) 5)\‘
L. Plot the normalized load impedance 5’%// : g r
[(Z)y= Z,/Z,)] on the standard Smith chart. /( . ___4__\‘) 1
2. Draw constant VSWR cirele through (Z; )y i‘\ // / :';
3. From (Z;),, move to a distance “//A* O)g\\\ i E / S
‘toward generator' on constant VSHR circle )o"&l‘«'f'l“‘_“t’//
4. Read the normalized input impedance value L™
[(Zpow= Zne'Zo)] from the smith chart. ;,. ;:::F ,:‘,_:E;l
Determine Z;,,_from known [: (for [y < 1) ;/.:'-—7:;-\:
1. For any point of TL. plot Tpe= Tl ®, / i e lh\/v’\'
- Use the bottom scale to plot |[Ty| value ,f fﬂf?ﬁ;": -- \ *
- Use circular scale to pot the angle ‘6. %’"':""" - “’Tﬁ:”'""jwﬁ—‘l”
5. Read the normalized input impedance value \‘\ ‘/ /
(Zpoy from the smith chart. \\\M e pen 'ﬂ A ‘
* Conversely find ‘T from known ‘Zyy’ s = 2
Examples

(1) A load impedance of 40 + j70 Q terminates a 100 Q transmission line
that is 0.3A long. Find the reflection coefficient at the load, the reflection
coefficient at the input to the line, the input impedance, the standing
wave ratio on the line, and the return loss.

9y 10.51+'0.7, 2| £ =059, 6, = 104°, SWR = 3.87, RL = 4.6 dB, Z;, = 36.5 —
Jol. 1 VYin = ’T_:_‘FGMP[ a(eﬁ%mounﬂ on '}‘he s‘cafe O'F ‘”16. b(.!eo(.
S'M\"‘.V\ ch e

(2) A load of Z, = 100 + j50 Q terminates a 50 Q line. What are the load
admittance and input admittance if the line is 0.15A long?

2, =2+jl,y,=0.4-]0.2,Y, =0.008~0.004§

Then, on the WTG scale, the load admittance is seen to have a reference
position of 0.214A. Moving 0.15A gast this point brings us to 0.364A. A
radial line at this point on the WTG scale intersects the SWR circle at an
admittance of y = 0.61 + j0.66. The actual input admittance is then Y =
0.0122 +j0.0132S.

32
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Load.- _E_[%‘c Z0pm -‘é_!—.A-
(& SV Es

¥ olishance befoeen teg
MiAIAM VQIMCS werl! - I

The Slotted Line

— A slotted line is a transmission line configuration
(usually a waveguide or coaxial line) that allows
the sampling of the electric field amplitude of a
standing wave on a terminated line.

With this device the SWR and the distance of the
first voltage minimum from the load can be

measured, and from these data the load impedance
can be determined.

Note that because the load impedance is, in
general, a complex number {with two degrees of
freedom), two distinct quantities must be
measured with the slotted line to uniguely
determine this impedance.

SWR -1 x . , -
iTl= SRT1 8 =1 + 2Buin funis the distance from t{le_lo“ad‘ tcz th-e first voltage minimum .

g.c —bload g 1ok

here this us eo(

5- COM‘}M" r‘;OT \“:‘ \
wt) A‘-~.-.o.|A.-~"
— __(_:_ % Loggl . .5\
lecm 4, Ece ‘fm h= 7 A s Gaakad: ’?“‘“A

A o ton

@% IMPEDANCE MEASWREMENT WITH A SLOTTED

LINE

The following two-step procedure has been carried out with a 50 €
coaxial slotted line to determine an unknown load impedance:

« 1. A short circuit is placed at the load plane, resulting in a standing
wave on the line with infinite SWR and sharply defined voltage
minima. On the arbitrarily positioned scale on the slotted line, voltage
minima are recorded at z=0.2 cm, 2.2cm, 4.2 cm.

« 2. The short circuit is removed and replaced with the unknown load.
The standing wave ratio is measured as SWR = 1.5, and voltage
minima, which are not as sharply defined as those in step 1, are
recorded atz=0.72 cm, 2.72 cm, 4.72 cm,

« Find the load impedance.

34
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Come. Tlor?

22 -0F2
=149

wane f=x+ %w) = 86.4°,
@ N o 5 T B

7L =50 (:—"1%) = 47341978

I = 0.2e/34 = 0.0126 + j0.1996

¥l

\/\/W_ =
- Ve

3 4 5

(a)

Short
citcuit

g

2 3 4 5

®)

THE QUARTER-WAVE TRANSFORMER

« Which is the geometric mean of the load and source impedances.
Then there will be no standing waves on the feedline (SWR = 1),
although there will be standing waves on the A/4 matching section.

« The length of the matching section is A/4 or an odd multiple of A/4,
long, so that a perfect match may be achieved at one frequency, but

impedance mismatch will occur at other frequencies.

r
-(—_)H4__M4_____

Ry +jZyan Bt

4

I

2=

o= A R wa Bl SwRel
_Z4 Zy

Zin = I

Zy = ZoR;

Dz‘%ao@w+@e:on<!;t used jgar Resistive Load.

Unknown
load

35

neeo( Z’n =Z,

36
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The Multiple-Reflection Viewpoint

r —
21+ 2, w g m—-:
Zy— 2
M= ZO ‘;‘ = - h= 7 Zoz fg === 4 R;
[ VA 1+ Zo Zy % !
Ry -2,
[y = oy PG |
R+ 2, Iy «— .0
Ao s A/ —
P=Ty =N+ NN - LT +. . .
o0 E""’Tl_" for |x] < 1 1 Tl_____
=T\ ~-Nnhl; Zl—r':!"g)", n=o “ I ~
n=0 = — e ———-%
F=T - Nl _r|+1-|l"3r3—TaTzl"3_ 2(2§ - ZoRy) T, L s
- 1+l 1+ T2l = 21+ ZonR + Z1) L sz
; z I3
which is seen to vanish if we choose; Z; = /ZoR; then is T zero and the line is matched. i :
—_— - ———

37

Generator and Load Mismatches

* Because both the generator and load are mismatched, multiple
reflections can occur on the line, as in the problem of the quarter-
wave transformer. The present circuit could thus be analyzed using an
infinite series to represent the multiple bounces.

* The input impedance looking into the terminated transmission line
from the generator end is;

r Y]

Dkt ==
70 = g @™ Zet jZyunpit _Zi-Zy [ _Z=D
W= LT T TRt = 97, Y Ztan it S Tt 2, $ T Ze+ 2o 1" o= T 708
Zin iBL 81 Om
(-0 =T, = P (/P + e 1 1
£ Zin+ Zg ? ( ¢ ) =I 0
Ziy 1

— Lo em/Bt
T 820+ Z (1 - [eTgeFT)

$Zut Zg (P 4 Ty T

38

Scanned by CamScanner



\write B,

Tows °\‘A s
Lart\? ] e Pl
* Load Matched to Line (Z, = Z): P=5 |rg|m

. H . | — R,
Generator Matched to Loaded Line: P= 3 ey

* Conjugate Matching: 7, =Z; P%u'gﬁﬁ{

Tyrons

X )ososi}'me C__q'gw:f be solved C{%L Smith Chart

LOSSY TRANSMISSION LINES (1)

« The Low-Loss Line: (G = 0), (R << wL)

y=JR+jel(G+juC), - J:ku. jw(‘)(l " J_‘ff) (w]—G(-)
= jo/LC ! [ (mL e

WLC
Al e
# = wVIC. l

= {RV(C/L)}/2 + joV(LC)
x= o +]P

iL
Ve

|
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=5 Max. Vower

39

These equations are

- known as the high-

frequency, low-loss
approximations for
transmission lines,
and they are
important because
they show that the
propagation constant
and characteristic
impedance for a low-
loss line can be
closely approximated
by considering the
line as lossless.

Z=N(L/C) - {RN(/LC)}/2w)

40
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LOSSY TRANSMISSION LINES (2)

* The Distortionless Line X_¢

=
* A special case, of a lossy line that has a linear phase factor as a
function of frequency. Such a line is called a distortionless line.

* The theory for the distortionless line was first developed by Qliyer
Heaviside (1850-1925), who solved many problems in transmission
line theory and reworked Maxwell’s original theqry _of
electromagnetism into the modern version that we are familiar with |
today. —_— |

y=ju;\/—l._(‘[’l—2j—ﬂ;—~*’§_—: |
V wl L
=_i‘w\/L_C(l —ji)

wl

c
= R&v’%+j(u«/1('=a+_i'ﬁ- 41

LOSSY TRANSMISSION LINES (3) ’

* The Terminated Lossy Line

« B is generally not exactly a linear function of frequency. then the phase
velocity v, = w/B will vary with frequency.
« The implication of this is that the various frequency components of a

wideband signal will travel with different phase velocities and so arrive at
the receiver end of the transmission line at slightly different times.

* This will lead to a distortion of the signal, and is generally an
undesirable effect. since fhe sigpal won't move jn one speedl:

* The departure of B from a linear function may be quite small, but the effect
can be significant if the line is very long. This effect leads to the concept of
group velocity.

12 Vi
Tx R F e

L ﬂ Va = g,%"
7 OL{S ILar tion Yo TYronp !
\4’—: thcuelocifq od (30) VelociU- i

42

Scanned by CamScanner



= The voltage and current wave on alossy line are given;
g + : It 2
Viz= e 4 rery Ilo=2 (e77* = Ter?)

The reflection coefficient at a distance ¢ from the load is:

T(€) = Me~Whlg-2at . pg-2rt A e '

— The input impedance Zin at a distance ¢ from the load is then; Zy=p> Zoa:P
I7(=() sl b Zotanh y € < g i
1(=0) ~ “"Zp + Zr tanhy¢ i 0 :
— The power delivered to the input of the terminated line at z = — ¢as;

Zm =

1 ¥ 7+ 2 2
Ppn= _Reir‘(_(”*(_“ = ”u_t A4 PPe ) = LAl | = |Te0)F)e
2 272 2Zy

— The power actually delivered to the load is:
12
|7
27, wnite #
- Thedif i in the line: |
e difference in these powers C(lxlrfsl;:)onds to the power lost in thf line: ‘/ i ‘FanMl a
Poss = P~ Pu = 52 [(¢ = 1) +ITF(1 -] sheet .

—  The first tenm accounts for the power loss of the incident wave, while the second term
accounts for the power loss of the reflected wave; note that both terms increase as &
increases. ®

1
Pp = SRe{l(OI*(0)} = 251 = )

the oMj& befween lossless & locw-Loss -

The Perturbation Method for Calculating
Attenuation

_ A useful and standard technique for finding the attenuation constant of a low-loss line
which avoids the use of the transmission line parameters L, C, R, and G and instead relies
on the fields of the lossless line, with the assumption that the fields of the lossy line are not
greatly different from the fields of the lossless line; hence it is called perturbation
method.

—  The power flow along a lossy transmission line, in the absence of reflections, is of the form;

P(z) = P,e™
—  where P, is the power at the i = 0 plane and « is the attenuation constant we wish to

determine. Now define the o per unit length along the line as; 7,
oP sl

Pr= == = 2uPpe T = 2P(z) “HE awswer

—  where the negative sign on the derivative was introduced so that PL would be a positive (o, 4@/
quantity. From this, the attenuation constant can be determined as; Jtcfb ?(
4 [
- P(z) Pz=0) %
T 2P(z) 27, 3

~ This equation states that a can be determined from Py, the power on the line, and Py, the

power loss per unit length of line. It is important to realize that P. can be computed from
the fields of the lossless line and can account for both conductor loss and dielectric loss. 44
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EXAMPLE

* Use the perturbation method to find the attenuation constant of a
coaxial line having a lossy dielectric and lossy conductors.

E=‘T{‘%e"1”" = 7F'043 eI where Z, = (n/2n) Inb/a ! 'DW’L UF f‘(‘
plnbja 2npZo - Pea
i [ pdede Rs '
P"ZRC.’;EXH .dS-Z_Zo,/;u,/;___ﬂ:sz!nb/a—Z_Z; =1
1) 12 ”
Pcr=%];IFI,I:JS‘=%'~£;If;:[H,(p:a]lzad¢+f¢._oli'1,m=blI:bMJIJz= ﬁl'z": (5+%) E = ﬂ_
@’0%’ we" b ool s A o W
Py= > frlfl' V=T[,..‘,j;.¢[;..ol[‘| 0dﬂf’¢d~'=mlhl o T S'
P+ P R /1 1\ w2 . we)
i o Sy u
&C = Power [_ogg n Hf\e_ COACLM C')Lo/'. H— i$ the C_'OIE’O(
By = fower loss in the Dielectric - focm integra!

'Fd(' Coap(fpc[ Cablﬁ_.

. |V\J‘A
bt 1
4 he Wheeler Incremental Inductance Rule

* Another useful technique for the practical evaluation of attenuation due to
conductor loss for TEM or quasi-TEM lines is the Wheeler incremental
inductance rule,

* This method is based on the similarity of the equations for the inductance

per unit length and resistance per unit length of a transmission line,
respectively.

* In other words, the conductor loss of a line is due to current flow inside the
conductor, which is directly related to the tangential magnetic field at the
surface of the conductor and thus to the inductance of the line.

* The power loss into a cross section S of a good (but not perfect) conductor
is
R ) _ L= | . 5w,
Pt f Vipas =% f G, ds Wit i
2 Js 2 s

R e
R= ﬁ A 5%l Q.
{J

Gi+C; 4%
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- Th ;
© power loss per unit length of a uniform transmission line is
P = -21 f |H Pdé Wim
C

= Thelinei i i
- un?:l:::eimfl;ov‘er the cross-sectional contours of both conductors, The inductance
gth of the line; which is cozuputed assuming the conductors are lossless is;
L=2% f \APds
., 1= Js
L e{|_1 I‘he conc!ucmrs havea smalxl! loss, the H field in the conductor is no longer zero, and
s field contributes a small additional “incremental™ inductance, AL. The fields inside the

conductor decay exponentially, so that the integration into the conductor dimension ¢an be
evaluated as;

Mods T -
AL= WP fC|H,|'a'€ e dz =42 8 = 2fopo

Pr= RMPAL _ WPAL _ |IPwAL

= = Wi
4085 o 1o82 2 o
R = Jope/20 = 1/ad;
& _ﬁ___w.ﬁl _ BaZy
©=2p, T 22 “="27,
T
Zo=\|g= g1

EXAMPLE

« Calculate the attenuation due to conductor loss of a coaxial line using

the Wheeler incremental inductance rule.

The characteristic impedance of the coaxial line is;

2

where _Z, is the change in characteristic
impedance when all conductor walls
recede by an amount 3/2. Yet another !
form of the incremental inductance rule
can be obtained by using the first two
terms of a Taylor series expansion for Z,,.

Thus,
5y = 35 dZy
2(3)=0+35

5y _8:dZy !
Az“‘z"('i') —f=Tm

Bss dZo _ R ﬁ

o 4_Zu'TL- T 2Zon dt

From the incremental inductance rule, the attenuation due to conductor loss is:

e Rs iZ_o_ Ry (dlnb/a dlnb/a)_ R, 1 1
©= 2Zn de  awZy \ db da 472y (z"; a

which is seen to be in agreement with the result of Example 2.7. The negative sign on the second
differentiation in this equation is because the derivative for the inner conductor is in the —p

direction (receding wall).
2 2
ol = [l +=tant 14 (-9-) }
T 8

where . is the attenuation due to perfectly smooth conductors, ac is the attenuation corrected for
surface roughness, A is the rms surface roughness, and 0 is the skin depth of the conductors.
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TRANSIENTS ON TRANSMISSION LINES

. 5_0 far we have concentrated on the behavior of transmission lines at a
smgle frequency, and in many cases of practical interest this viewpoint is
entirely satisfactory.

* In some situations, however, where short pulses or very wideba'nd signals
are propagating on a transmission line, it is useful to consider wave
propagation from a transient, or time domain, point of view.

« We want to determine the voltage response on the transmission line as a
function of time and position.

« Reflection of Pulses from a Terminated Transmission Line
« Reflection of Pulses from a Short Circuit Terminated Transmission Line
« Reflection of Pulses from an Open Circuit Terminated Transmission Line

49

Reflection of Pulses from a Terminated
Transmission Line (Z;=Z,=2,)
+ ADC source is switchedonatt=0
+ Assume v(z, t)=0forall z, fort<0 3
. ZB:iag;?o?-fttE%tf/iclte transit time of the line, ™% - 2 ‘ %‘

* The initial voltage on the line is thus V/2 m

according to VDR Rt B
* The leading edge of the pulse will be at : -+ ¥

position z on the line at time t = z/vp i o Gy L
* The pulse reaches the load at time t = t/vp ® @

« The circuit is now in a steady-state condition,
and voltage on the line is constant: v (z, t) =
Vo/2 forallt>¢fv,

ﬂé-:m seibeh is closed :

¥ TL. S
? @%w _—
v
-

$0
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Reflection of Pulses from a Short Circuit
Terminated Transmission Line (Z, = 0)

* Initially, the input impedance of the line again
appears as Z, and the initial incident pulse
again has an amplitude of V,/2

* The short-circuit load has [ = -1, which has the
effect of invertiné the reflected pulse as it
travels back toward the source

* The superposition of the forward and reverse
traveling pulses leads to cancellation, for the
period where ¢/v, <t < 24/v,

* When the return pulse reaches the source, at t
= 2 [v,, it will not be re-reflected because the
source’is matched to the line.

* The circuit is then in steady state, with zero

voltage everywhere on the line.

Reflection of Pulses from an Open Circuit
Terminated Transmission Line (Z, = =)

* As in previous cases, the input impedance of the
line initially appears as Z, and the initial
incident pulse has an amplitude of V/2

* The open-circuit load has I = 1, which reflects
the incident waveform with the same polarity
toward the source.

* The amplitudes of the forward and reverse

p?{?es add to create a wave with an amplitude
oF Vg

* At t = 2¢/v, the return pulse reaches the source,
but it is hot re-reflected since the source is
matched to the line.

* The circuit is then in steady state, with a
constant voltage of V, on the line.

vl

ol ET7Y A SO
2

o ELRT 1 f
()] )
The voltage waveform at a fixed point z on
the line will consist of a rectangular pulse of
amplitude V/2 existing only over the time
period z/v, <t < (2¢-2)/v,

S1

)

volm
=

0 + o 1
L] Tyl [ 0 FE i

(1Y} )

52
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Bounce Diagrams for Transient Propagation

¢ An alternative way of viewin ing in ti
n: ing the progress of a pulse propagating in time
and position along a transmission line is with a bm?nce dFagram.

As an example, the bounce diagram for the transient circuit of an open
circuit transmission line.

The horizontal axis represents position on the line, while the vertical axis
represents time.

The ray representing the incident wave beginsatt=2= 0 and travels to the
right (increasing z) and up {for increasing t).

This ray is labeled with the amplitude of the incident wave, Vo/2. Att=1/v
the incident wave reaches the open-circuit load and is reflected to produc

a wave of amplitude V,/2 traveling back to the source.
The ray for this reflected wave thus moves to the left and up, until it reaches

: 5
the source at z = 0 and t = 2| /v, at which point steady state is reached. The IpaCC :

total voltage at any position z and time t can be easily found by drawing a
vertical line through the point z and extending up fromt=0tot.

The total voltage is found by adding the voltages of each forward or reverse

traveling wave component, as represented by the rays that intersect this
vertical line.

S3

EXAMPLE

« Draw the bounce diagram for the transient circuit shown, including
the first three reflections.

0N

100 50 - 100 200 - 100 J ™
t=12 =80V =— = [[=——=1/] ; = Le?
vl : Te= 557100 i L= 200+ 100 / ! 5 im0

2000

The ampliude of the wave reflected from the load is 8/3 V. i,
When this wave reaches the source, it will be reflected to form a "
wave of amplitude —8/9 V. The next reflection from the load will w1
have an amplitude of -8/27 V. 2]
»
Ll
o¢ s
V. =12 ,_’_2_-—- nd q.é Volt. o
0o Roo+bo

(F:,ml Value)
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Microwave Engineering

Chapter 3

Transmission Line and Waveguides

Milestones

« The development of waveguide and other transmission lines for the low-loss
transmissiorFl’ of power at high frequencies. Although Heaviside considered the
possibility of propagation of electromagnetic waves inside a closed hollow tube in
1893, he rejected the idea because he believed that two conductors were

necessary for the transfer of electromagnetic energy.

« In 1897, Lord Rayleigh cSJohn William Strutt) mathematically proved that wave
propagation in waveguides was possible for both circular and rectan ular cross
sections. Rayleigh also noted the infinite set of waveguide modes of the TE and
TM type that were possible and the existence of a cutoff frequency, but no
experimental verification was made at the time. The waveguide was then

essentially forgotten until it was rediscovered independently in 1936 by two
researchers.

« After preliminary experiments in 1932, George C. Southworth of the AT&T
Company in New York presented a paper on the waveguide in 1936. At the same

meeting, W. L. Barrow of MIT presented a paper on the circular waveguide, with
experimental confirmation of propagation.
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* Early RF and microwave systems relied on waveguides, two-wire lines,
and coaxial lines for transmission.

* Waveguides have the advantage of high power-handling capability

and low loss but are bulky and expensive, especially at low
frequencies.

» Two-wire lines are inexpensive but lack shielding.

« Coaxial lines are shielded but are a_difficult medium in which to
fabricate complex microwave compaonents.

Planar transmission lines

« Planar transmission lines provide an alternative, in the form of
stripline, microstrip lines, slotlines, coplanar waveguides, and
several other types of related geometries. Such transmission lines are
compact, low in_cost, and capable of being easily integrated with

active circuit devices, such as diodes and transistors, to form
microwave integrated circuits.

« The first planar transmission line may have been a flat-strip coaxial
line, similar to a stripline, used in a production power divider network

in World War I, but planar lines did not see intensive development
until the 1950s.
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* Microstrip lines were developed at ITT (Internation_al .TE|ePh°"e, &
Telegraph) laboratories and were competitors of stripline. The flnrst
microstrip lines used a relatively thick dielectric substrate, which

accentuated the non-TEM mode behavior and frequency dispersion
of the line.

« This characteristic made it less desirable than stripline until the :
1960s, when much thinner substrates began to be used. This !’educed |
the frequency dependence of the line, and now microstrip.lmes are
often the preferred medium for microwave integrated circuits.

Single vs. more-conductors Transmission Line

* Transmission lines that consist of two or more conductors may
support transverse electromagnetic (TEM) waves, characterized by
the lack of longitudinal field components. Such lines have a uniquely
defined voltage, current, and characteristic impedance.

» Waveguides, often consisting of a single conductor, support
transverse electric (TE) and/or transverse magnetic (TM) waves,
characterized by the presence of longitudinal magnetic or electric

field components where the characteristics impedance not uniquely
defined.
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Guided Transmission Media

¥ Coaé(ial TL: Low radiation, frequency ranges up to 3 GHz, support TEM
mode.

* Two-wire TL: Low radiation, frequency up to 300 MHz, support TEM mode.
* Waveguide: For high frequency/power signals, Support TE/TM modes.

« Microstrip: Lossy, quasi-TEM modes, high bandwidth, easy integration.

« Stripline: Less lossy, TEM, high bandwidth, low power capacity.

Uo\ « Suspended-substrate stripline: easy for device integration.
impo ol Slot line: Very useful for specific applications.
m AR « Coplanar line: Conductor and GND is in the same plane.

Cow ST
* We prefe/ to wnse Micmsfrip rather than S*ﬁplmc’
(due to its smal sfze ).

Types of Transmission Lines (1)

+ Waveguides
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Types of Transmission Lines (2)

* Coaxial Cable

COAXIAL CABLE

1oil shiatd

braided shield

center conduciorn

\‘ OQuter Jacke! Foll Shiskd Cenlrg Conduclol
= e
Quter jacket Braided Shield Dislechic Insulotor 9
dielectric

« For ECT;}&/ (oaxial Cable = HC?;JW

Coaxial Connectors

10

o we c:lﬂn f"fC : C’ alo i ('onn(-"
Stnce. 't Canst moare Losses 'ﬁr ‘Hmf_?awezf
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Types of Transmission Lines (3)

* Two-Wire

Electric fleld
(solid lines) ~a

A
/55

R,
= i
-4 ‘LMagnetic'ﬁeld

(dashed lines)

Types of Transmission Lines (4)

» Coplanar line

Strip :\ ff,-: =
B AT H\. o teds 5 ~:..2
Coplanar even mode Coplanar odd made
It
h s
: Parasitic Microstrip Mode on
‘_s_). !<-5 > conductor -backed coplanar line
. Subs‘h’a fe: i is the aﬁi'&/QCffl'C ma ‘f'Bficil
12

that Carry the conductor.
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Types of Transmission Lines (5)

* Slotline

Composed of two conducting half planes separated by a slot on one

side of the high-permittivity dielectric substrate. Mode of operation =
TE (approximate)

e G e e e e
S Al PN > H-fild i
_,/-(,i‘f“.,’ S, ; o le-u-m P J
=

:—_,:"\*’"\"'\
s Ry A,
- ) 5
i .,::...:’,' i I \-::
Top view

I

=

eSS

|

13

Types of Transmission Lines (6)

* Finline

Composed of a slotline on the axis of a rectangular waveguide with
substrate parallel to the shorter wall of waveguide. Mode = quasi-TE

E,=0.1°Ey, or Hyy - L
LED
g T
< H w
’ =4
W
Substrate A
(5. 3
.
4 h L
[Raclanquta Waieguide ¥ e
222
el X W22 mm
N - » E] "
.E,"l'l‘l‘i FREQUENCY (GHz) b

.Ag P}W‘W line contfain a Svfbd'ra'ff with « Cowobich'f'
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Other Types of Lines and Guides

Ridge waveguide Dielectric waveguide Covered microstrip
u e by ¢,|' . } ' - 1 E«'M
7 A :

leading to increased . R . . is convenient for miniaturization and
bandwidth and better cORvenient for miniaturization and integration  jqregration with active devices. Its small size
(more constant) with active devices. . makes it useful for millimeter wave to optical
impedance Its small size makes it useful for millimeter  grequencies, although it can be very lossy at
characteristics wave to optical frequencies, although it canbe  pongs or junctions in the ridge line

very lossy at bends or junctions in the ridge
used for impedance  line
matching purposes 15

Types of Transmission Lines (7)

* Stripline

YA, | i ==y

+5

Toplanal Found Fimaivaced
' e

)

bt
=~

Piang
Siy

-

B4 Core
B Copper
(3 Pre-preg

16
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CP = Ruallel Plate (a{m citanc.
Cf = Fringing Freldl CapacifoncC:
Stripline

» Fonsists of a center conductor embedded in a dielectric material that
is sandwiched between two conducting plates. Basic mode of b

operation of stripline is TEM mode. Y P | f T
« Advantages: lightweight, miniature, easy-to- % %L_ :
fabricate, cost effective, Large band-width, etc. c’[‘ e '\ i
« Disadvantages: High line-loss, Low power S
C=2C,+4C;

capability; Poor mutual isolation; Low unloadei/Q, etc.
« Evolution of Striplines: : . Tatal
B QMD!'F" )—wab{‘ }‘M[e

e TEM mode
v L e 2
A 73
; S
9 ~F]

* Stripline is a planar type of transmission line that lends itself well to microwave integrated circuitry,
miniaturization, and photolithographic fabrication.

« A thin conducting strip of width W is centered between two wide conducting ground planes of separation b,
and the region between the ground planes is filled with a dielectric material.

* In practice stripline is usually constructed by etching the center conductor on a grounded dielectric substrate
of thickness b/2 and then covering with another grounded substrate.

+ Variations of the basic geometry of a stripline include stripline with differing dielectric substrate thicknesses
(asymmetric stripline) or different dielectric constants (inhomogeneous stripline). Air dielectric is
cometimes used when it is necessary to minimize loss.

« Because stripline has two conductors and a homageneous dielectric, it supports @é«a\/e, and this is the

W Like parallgj_ plate guide and coaxial line, however, stripli also support higher
order waveguide modes. (TE ov M)

« These can usually be avoided in practice by restricting both the ground plane spacing and the sidewall width
to fess than A/2.

. Shgrrt]ing vias between the ground planes are often used to enforce this condition relative to the sidewall
width.

+ Shorting vias should also be used to eliminate higher order modes that can be generated when an
asymmetry is introduced between the ground planes (e.g., when a surface-mounted coaxial transition is

used),
18
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Formulas for Propagation Constant,
Characteristic Impedance, and Attenuation g

v =l mag =/ & A= :l = w/jlecaer = Jerko
»

zom Em el syl ik 1F
»

V¢ C g
VeA -
5 30 b ¢ “"’"sé—" A
0= e e + 0.441b
-
W W 0 for = = 0.35
5 b . w
(0.35 = IT"/b)- for = <0.35
id X for J?,-‘Zo < 1209
b | 085~ 06—x for./e6Zo> 1209
30
= —0.44
¥ T 1

=
0.16R;

,
Zob B for Je& Zo > 108
\_’ ‘
R‘—-‘ ————
27 b+1 -1t s C
d=l4— +—otln —-—-—)
b-t 4

B=1

X = e+ X
We = ?M width-

kand

2

kund
Np'm (TE or TM waves) wh = ——Lin—Np m (TEM waves)
—7"" -

2.7 x 1073R,& Zg
0rb=—1)

=K
P%r Tem

A for JerZp < 120Q
Np;/m

1

Thet
+ b (5 0414r LI 4111’)
O3 +070)\

T + 37 n -

We, > W

o4 is Fumd ;g'decu'vm-

EXAMPLE: STRIPLINE DESIGN

‘3\ 7 “g yC"\OVJV/\ :
5// « Find the width for a 50 Q copper stripline conductor with b = 0.32 cm

and g, = 2.20. If the dielectric loss tangent is 0.001 and the operating
frequency is 10 GHz, calculate the attenuation in dB/A. Assume a

conductor thickness of t = 0.01 mm.
V& Zy = J23(50) = 74.2 < 120

v = 30m/( /& Zp) = 0.441 = 0.830

gives the strip width as W = bx = (0.32) (0.830) = 0.266 cm
At 10 GHz, the wave number is;

‘ [ad/m
LN = ; & .
k= —vjc—é- =3106m™" ho e iclian
ktand  (310.6)(0.001
e 200 GINSNO D00 i Mo

- -

2.7 % 107 Ryer Zod
%= T 30 -0
since A=4.74 i
The total attenuation constant is -
a=0uy+ o, =0.277 Np/m.
In dB,
a (dB)=20loge*=241dB/m
so in terms of wavelength the
attenuation is;
a {dB}) = (2.41) {0.0202} = 0.049 ds/h

20

=0.122 Np;m
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Types of Transmission Lines (8) i S

R4 3 1 5 - AN
*M icrostrip line Low dielectric medium High dielectric mediwn

Consist of a thin conducting strip placed above a dielectric material
(substrate), which is supported on its bottom by a conducting plate (ground
plane). Alumina and Droid are common p-wave substrates.

* Advantages:

Lightweight, Miniature, easy to fabricate,

cost effective, Large band-width, etc.

+ Disadvantages:

High line-loss, Low power capability; Poor mutual
isolation; Low unloaded Q, etc.

21

Electric Field on a Microstrip Line

22
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« Microstrip line is one of the most popular types of planar
transmission lines primarily because it can be fabricated by
photolithographic processes and is easily miniaturized and integrated
with both passive and active microwave devices.

« A conductor of width W is printed on a thin, grounded dielectric
substrate of thickness d and relative permittivity &

« If the dielectric substrate were not present (€, = 1), we would have a
two-wire line consisting of a flat strip conductor over a ground plane,
embedded in a homogeneous medium (air).

« This would constitute a simple TEM transmission line with phase 1
velocity v, = c and propagation constant B = Kq.

. https://www.voutube.corn/watch?v=HLWOhPthUY

23

* The presence of the dielectric, particularly the fact that the dielectric does not fill

the region above the strip (y > d), complicates the behavior and analysis of
microstrip line.

« Unlike stripline, where all the fields are contained within a homogeneous
dielectric region, microstrip has some (usually most) of its field lines in the
dielectric region between the strip conductor and the ground plane and some
fraction in the air region above the substrate.

« For this reason, microstrip line cannot support a pure TEM wave since the phase
velocity of TEM fields in the dielectric region would be c/Ve, while the phase
velocity of TEM fields in the air reFlon would be ¢, so a phase-matching condition
at the dielectric—air interface would be impossible to enforce.

« In actuality, the exact fields of a microstrip line constitute a hybrid TM-TE wave
ar)dh I;]equwe more advanced analysis techniques than we are prepared to deal
with here.

« In most practical applications, however, the dielectric substrate is electrically very
thin (d << A), and so the fields are quasi-TEM.

« In other words, the fields are essentially the same as those of the static (DC) case.
Thus, good approximations for the phase velocity, propagation constant, and
characteristic Impedance can be obtained from static, or quasi-static, solutions.

e ——

24
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Formulas for Effective Dielectric Constant,

Characteristic Impedance, and Attenuation f
5 i vt eyt |

Uy =
L
oot 1 ¢—1 1 et < e
LI 3
Z 2 Jl+2diw bt o ]d,
lvm 60 8t W e DA e A e .
i_/z Ve m(lf 3 ) beltid'=l @ [
o=
1207
for I77d 2 1 _
koertée — 1itand Npim

e L7 + 1,393 + 0.667 In UF/d + La4)] e

2/6le — 1)
st Nk . :
W gy tormyd <2 (Narrow Line er(e, — 1) M
e Soltemy
q = 2 -1 & eoley — 1) X %
- [5 1—m2E -1+ - [lmB 1y +9. ;9»——]] for W/d > 2 M =

fund . R TNV
1'_é,‘r’,wkl_*_e,—l(Ozz_ﬁ).ll) ZolV s V2o
TR0y 2 e+1U 7T €

,S’(o‘f\ » T

" _ 3=
L Al d st Fownck .
at first.

£ itis 22 then As‘fmp‘l'mn s true .

S
Yok T >0 fhen wrong asswmplion 550 foke the o fher
d expression. |
|
& ©) L I
2 @ bd:b -———wﬂf\( = "l beth |
D Z, ot Coses: |

Analysis: Given ‘w/i’, ‘vh* & *2°, find *Z;" & ‘g, of the p-strip: wy(0)  wg(f=0) : 2h
wl1erc,__—.=-—--—-—= +— 1+ 1In —) for(~—
60 $h wyl(0)
Atf=0Hs) | z(0)=2(/=0)= 1 [ =
( i =0 {20, 0) [ W ® AT ,"(0) -:ﬂ(f 0) w oy
vt (0) w51 +n fo
h

e a———

<1 e a(0) =¢, (/'0)'——‘+
v, el of 2 s 2 mom l\of‘ ﬂl!‘ﬁ P
x!+n + 0.04[1 - w‘"(o)] [\ o Aatenan % —
wgn(O) , \-‘\\5,..... .
120r Ry, R4 =
v, eff I
Z,(0) = Z(f=0) = NN i
0 e on \\‘ H 8
v (0) wur( ) Pl g +0667l.nl Wy (0) i “4! §__“;‘\ 3 b /
> work N v axf
s RO > et
Fe e /] o i { e nad g e €,
€ g (0) =, u(f=0) = e 1—— N
ar(0) =& u{f=0) 2 2 [ Werr(‘]]] MW ekt “
wer pw=wion e toni® _—
where, ‘w,.,,' is the effective width due to fringing fields, and ‘e’ is be ey DaalY N PO ST T ST ST
effective dielectric constant resulted due to two different dielectric. A T e e T B b oy
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* Impedance of microstrip line depends on ‘d’, ‘W’ & ‘substrate W'Ol& L;

g’ I

1 »l

* Narrow line is more depressive (1 Z) %W* =23 ke il .
* Increasing ‘e’ leads to more field being concentrated in the . w,,a;, ; 1’,,
substrate. Epd = ;_Z+ ,,,,,,,,,,,,,, Xz
It also binds fringing fields more tightly to the center of the el
conductor which reduce radiation loss (Z U) e
l:)Incrs(ziasg\g ‘W or ‘d’ leads EM f&eld in sultgstrate to be Ioostelzj/ & ol &

oun can cause more radiation. causes unwanted FT===zzzzr=z==x2 e
surface wave (Z 1) dt > z4 /Vg(f\":
*[Synthesis] Given ‘Z,’ & ‘¢, find ‘w/d’ ratio of the microstrip ;

ine.

. iAnaIysis} Given ‘w/d’, ‘t/d’ & ‘€', find ‘Z,’ & ‘e, of the p-strip.

27

EXAMPLE: MICROSTRIP LINE DESIGN
a2 |
* Design a microstrip line on a 0.5 mm alumina substrate (g, = 9.9, tan k
= 0.001) for a 50 Q characteristic impedance. Find the length of this |
line required to produce a phase delay of 270° at 10 GHz, and E
i

compute the total loss on this line, assuming copper conductors.

g - initiall convest il
Eut ﬁgd ‘\YVI/‘ii t:;zu P O ;andinitially (V bo qmoliam «  Attenuation due to dielectric loss is oy =0.255
s 41, TR ¢ = 270° = Bt = Jeokof Npin~D:022 Bl
S S - Bl The surface resistivity for copper at 10 GHz is
27
So the condition that W/d < 2 is satisfied; ko = —l =2094m™, 2,’1026 t? ‘o d 4 et _
otherwise we would use the expression _,;0 - 0(1)6138 ;1;?;?“ Ou(;)?d‘g;: uctor loss is @, =
; : : 270%(; . =0, m.
for W/d > 2. Then the required line width ¢ o 2V @I _ g0 The total loss on the line is then 0.101 dB
is W =0.9654d = 0.483 mm. Jeeko . .
The effective dielectric constant is €, =
6.665. The line length, ¢, for a 270° phase
shift is found as; 28

0, = 1;.'11)(/0:{

Scanned by CamScanner



X we find ﬁ(_-'
oif % hool @ value At in the ranse 3 te (0 GHZ

Mhen wse Hap previons velations.
- qut iF [3 2 £ /o] GHE then use

Frequency-Dependent Effects and Higher 29 J};paf.'ng |
Order Modes £ &

* Dispersive media: ’vp' of the EM wave is a function of frequency. Yout have

the vedllaumj velations. |

L 4

) o ) ) o T ity cee
« microstrip is dispersive at: ;5 o3/ 2% L x 10° (where his inler 7 to
e \/ hooe-1 [ Typleally, £, 3 10 10 GHz. at 'Fff ot
center Freg. is it |
« Dispersive characteristic of p-strip TL; find ‘Z,(f), vp(f) & g (f): d;’sf&’ﬂl/e or
f) = 2.(0) lpartll, W =w+ Rl =¥ OL.NM} -
Af) ¢ fr_err(f) el f 1+ (i, )_f £ gr_e"(O) 5(”51'/& i
£ e, e(f) =6~ 3
1 x - a1 |
¢-P(f) - ‘/;e,,,(f) - xﬁofoﬁ.gn(f) B \/!Trsr.ccf(fT i /
p z.(0)
- up(f) _ Ug TS )\0 = 2"_0}1
A‘(f) - j B f\'ﬂ'rer;(f {p'—r;r.ctf(f) -

Comparison of Common Transmission Lines
and Waveguides

Characteristic Coax Waveguide Stripline Microstrip
Modes: Preferred TEM TE o TEM Quasi-TEM
Other TM.TE TM.TE TM.TE Hybrid TM.TE
Dispersion None Medium None Low i
Bandwidth High Low High @ :“
Loss Medium Low High High
Power capacity Medium High Low Low
Physical size Large Large Medium Small
Ease of fabrication Medium Medium Easy %
Integration with Hard Hard Fair 7 @

why Hices stip is peeterd ows odhers ¥ 3
hiﬁk W sl S!,Zc’Easj{'o Fabricate )Mcl eﬂﬂj to M’?‘?ﬁfa/a.
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WAVE VELOCITIES AND DISPERSION

« The speed of light in a medium is the velocity at which a plane wave would
propagate in that medium, while the phase velocity is the speed at which a
constant phase point travels.

* For a TEM plane wave, these two velocities are identical, but for other types of
guided wave propagation the phase velocity may be greater or less than the
speed of light.

« |If the phase velocity and attenuation of a line or guide are constants that do not
change with frequency, then the phase of a signal that contains more than one
frequency component will not be distorted.

« If the phase velocity is different for different frequencies, then the individual
frequency components will not maintain their original phase r_eiatmn;h1ps_as the
propagate down the transmission line or waveguide, and signal distortion will

OCCur.

« Such an effect is called dispersion since different phase velocities allow the
“faster” waves to lead in phase relative to the “slower” waves, and the original
hase relationships will gradually be dispersed as the signal propagates down the
ine. In such a case, there is no single phase velocity that can be attributed to the
signal as a whole. 3

Group Velocity

« However, if the bandwidth of the signal is relatively small or if the
dispersion is not too severe, a group velocity can be defined in a
meaningful way. This velocity can be used to describe the speed at
which the signal propagates.

« The physical interpretation of group velocity is the velocity at which a
narrowband signal propagates.

- -1
Bo = Blwy) ﬁf,—.—% . _Lz(d_ﬁ)

o =
W=y ﬁ:) dw

W=y

3
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Microwave Engineering

Chapter 4
Dr. Yanal Faouri
Email: y.faouri@ju.edu.jo

Microwave Network Analysis

« Impedance and Equivalent Voltages and Currents
« Impedance and Admittance Matrices

+ The Scattering Matrix

« The Transmission (ABCD) Matrix

« Signal Flow Graphs

+ Discontinuities and Modal Analysis

+ Excitation of Microstrip Lines
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Field Analysis vs. Circuit Analysis

* Field analysis gives us much more information about the particular :
problem under consideration than we really want or need. That is, because ;
the solution to Maxwell’s equations for a given problem is complete, it
gives the electric and magnetic fields at all points in space. However, |
usually we are only interested in the voltage or current at a set of i
terminals, the power flow through a device, or some other type of

‘{*"" 5 terminal” quantity, as opposed to a minute description of the fields at all

i bof points in space.

« Another reason for using circuit or network analysis is that it is then very
easy to madify the original problem, or combine several elements together
and find the response, without having to reanalyze in detail the behavior of
each element in combination with its neighbors.

Equivalent Voltages and Currents

At microwave frequencies the measurement
of voltage or current is difficult (or
impossible), unless a clearly defined terminal
pair is available.

Such a terminal pair may be present in the
case of TEM-type lines (such as coaxial cable,
microstrip line, or stripline), but does not
strictly exist for non-TEM lines (such as
rectangular, circular, or surface waveguides).
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IMPEDANCE AND ADMITTANCE MATRICES

Im/ec(ance %-15 V§!§)§
M1 in Iy - Ziy I f 'MM{IX' V;'_I;% - §{; 5
5 : ] ’i N, 3
':' = Z_” : [ [ } = ('] = [Z][]] ! N\

. i 4 i
[ 1, ' Ty - T i M — P
I ) : 4 ~— T W=
;_ :\ = }‘-l I: . ]—. 1] =[7Y1{¥] oy e - A Vi-I
LI Y,.\'l y'_\;-_\. Py 7o
ST
z,j=§ 1;,:{_1 7o wale V= o
J Um0 for kst y =0 for ks
=2/C on the :
T malle Hhis Ty=o terminal.
=> O/C on the
termipnal.

EXAMPLE: EVALUATION OF IMPEDANCE
PARAMETERS:

* Find the Z parameters of the two-port T-network shown

ZJ ZJ 1

—AMA—T— WA —o ;

Port - It f

_ _ ] | =B Zc e <§:P\: §
n= - =Zi+2Zc -

4 =0 = z %

e i 2

1 IS — = = —— = 7 K

2 I l1,=0 L Zp+2Z¢ . ?

| [VT.IZ,. Z2707T
ram e ) | %, -’322U 7:2—1

Z,, = Z,,, indicating that the circuit is reciprocal.
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THE SCATTERING MATRIX

e e e

ond @ 3BHE
* Analytical technique for multi-port netwo}/'/g}wfé) 2GHZ
* Provide a complete characterization of RF/microwave network
* Relates incident and scattered waves at various ports of the network
* Diagonal elements of [S] represents ‘T,’ and off-diagonal elements

e ——

represent ‘T, coflection coeficieat ot port 1
F"f Su S 0 Sy P . ?
3 - Svpo--- Snn : po e FI e { 'e‘&_ig
el | v o Eh

T »_:Qeﬂechaﬂ Geﬁ'cienf-

-
Sy = - {

(=1 =[S1F7]

T =gty P B nriis )l .{- T o tor ks i |
K=" lransmission Coeficien [k ot i
Hhe other Por"h. |

- !
2 Mo incioent”. E

S —

S-Parameters of a Two Port Network (1)

* Z,: Characteristic Impedance of both ports

« V,* & V,* are incident waves at port 1 and 2

* V," &V, are scattered waves from port 1 and 2

* S-parameters are defined to describe the linear relationship between
incident and scattered wave

- + + -

Vi=SyVi+S,pY,; "V; =[5,, sillv; [ = SuSi
- ot + : :

Vi = SuVi+SpY; ‘v‘ S Szl |vi S Sy

2 2l

 scattered wave : include  Trmasmission & Teeflectio i

9
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S-Parameters of a two port network (2)

=

Sy = s =y > Input reflection coefficient when output port is terminared in a matched load
Vi (ZL=Z0).
Vi=0
. 1£Y : . o ; : 5
8§ = - > Forward transmission coefficient when output port is terminated in a matched
v, load (ZL=Z).
Vy=0
Vv .
Spp = Bl | » Reverse transmission coefficient when input port is terminated in a matched
- v; load (Za=Zv).
Ve r =)
B _‘_j = » Qurput reflection coeflicient when input port is terminated in a matched load !
= ‘/4" ouT (2»0220)
Ty

10

Example: Evaluation of Scattering Parametres
¥ Gien the closactsvishic impedance £y the boo-pats = 505

Z, M =8.56+[141.8(8.56 + 50)]/(141.8 + 8.56 + 50) =50 Q, 50 S;, =0
Because of the symmetry of the circuit, S,, = 0.

- 20z, §560 8560
S = —-!- = r“’},,a_ = -.-——:“J : ——, =2, _ -
11 fl‘" ;'}"m‘? F ; an + 2o 2 onpori 2 POH‘_?\ e Y‘:’L— Bogt 2L=-Z°
. Z,L55 S5 |
5 Avr=u, =V, i{:°ﬂ* o
Sy = = k +Vy ﬁ,_?____i v Ve~ z‘-"‘:fop M re lfd"ﬂ- 5
; e B, ~ = 4144 =141.8(58.56)/ (1418 + 58.56) Q¥ _
using Voltage Division: o X 0=
o= I =T g = 0.707F] T . 4
= (41.44+8.56) (5o+&56) : Zin = 854+ UI-MH ]
=508 -
Thus, Sy, = S, = 0.707. —

If the input power is |V, *[//2Z,, then the output power is [V, /2Z, =[S,V "/2Zy = |8, PV *[/2Z, = [V "[4Z,,
which is one-half (=3 dB) of the input power
1

e /[__/{if:gl if e rzchuorK rjmmcff)'mf P e o s el WO

55

Then it is I<ec iprocal Zo=50 5.
Bul iF it Was feciprocal 5 not necessary) Vo teflection 7 &, wii;
75 be sgmmetnen. et - 505
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c(emewber: T=1-f

must be ! wpe {‘{io@f{’_ = lower ’f‘ﬁMjLe
. e Carf&”,bom?(fnj matrix |
Properties of S-Parameters (1) |

‘ FoNetworks: $;2= S, or for N-port network; S; =S fori # jand i,

=1, N

. forlsyhrjnmetrical Networks: S;, = S,, or for N-port network; S; = §;; for i # j and i, |
=1, i

. To be feeoi(a(a&.l it

* Unity property of lossless networks: *XF ong coluwmn }10“{"’{-

> For N-port network: c 8,8 =1, forj=l..N a()plieo( 1o the COnJ{}fdn (il)

> For 2-port: = You a[an’{‘ have to continele
S11 811 +5,; S5,°=1 D[S, | 2+(S,,|2=1 and; (it is not lpggless Nefwnork). |

S12 512 +55; S =1 D[Sy, 2+[S5,| =1
* If the 2-port network is reciprocal: $;, = S,; P |S1;| = [Sa,]

S Cufoter f the MetworK
' : is lLossless @ecjproca\

“Men it i %Mmefﬁmt

S ————_

1 watt

S

S R IsiIsel

less. in WE
0ot it than 1 2 condhitions iy
f‘qun ere dy ‘¥ the g L |

power | ost i the IUE‘ILMO(K- ,

Properties of S-Parameters (zlms ot

* 3 ;
« Zero property of lossless networks: e we, gfpa{mg vt \”‘
Tronsmission

N
> For N-port network; 5.8 & 0 Fochar: il .
»F ¢ s LE[ Sk )1—1_;1 i Coe I‘CIM“,

3 For 2-port: Sy, Sy, +#521 S55'= 0 and S35 S1,"+55 S,,'=0
« if the network is reciprocal: S = Sy; P Sy3 531 +521 55, =0

« Attenuation: Ratio of rms voltages (currents) at input and output ports.

, ; ; I b e
« Return loss (dB): is defined as the ratio of the incident power
reflected pow(er z!t any point on the transmission line, expressed in dB.

RL (dB) = 10 log,, (P/Po) = 10 log;o ([V*12/1V']?) = 10 logyo (1/1T7%) =
-20 logyg [ (‘H/@, M;w@,/’)

13
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e load ( before)

= Pwer T
PLI;——Pw&f wcloaal(apfod-

. Pn = Prver o

Properties of S-Parameters (3)

« Insertion Loss {in dB): Attenuation resulting from inserting a passive cir cuit
between source and load. "E_F <P

« IL(dB) = 10 log,, (P/P.,) = 20 logyq {Vie/Via) il ke

« Note: unlike attenuation, insertion loss is expressed as the power ratio at

the same terminals (Z,) ) Ty — - Xa
S L

o e

* Insertion Phase (8)): Difference between the phase of the load voltage (or
current) before the network is inserted (8,) and after the network is

inserted (6,). Thus:6,=6,-0,.
* When Z and Z are_real;{0, = 0> 6, = - 6,. Thus a positive value of 6, |

indicat@ﬂ dueto network ISar, 8, negative) and negative value
indicates phase advance (or, 8, positive).

14

Pha;e 018@ z Lﬂﬂ -
‘Dhasc aall/‘”ff"'bead' »

Network Analyzer

b dg - =3

boooh

0D

0

1

;}‘CM f"ﬂo( .H,]t g.—P@(ﬂLM &*B(S ﬂ,( Mj CO#POW+.

ti* con o the smith chort.

T W G S,
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Practical measurements of S-paramete

« Vector network analyzer can measure the voltages (magnitude
and phase) of incident & reflected waves,

+ Qutput port use internal source to provide RF/MW signal to
sweep over specified frequency range.

« The measurement channel ‘R’ is a reference port and is
employed for measure the incident waves.

+ Channels ‘A’ and ‘B’ are used to measure the reflected and
transmitted waves.

In the measurement setup of the figure, Su=A/R and S2=B/R.
To measure Si2and S22 we have to reverse the DUT. 4
* In this setp, directional coupler allows the separation of the )____"\
incident and reflected waves at the input port of DUT.

In the output side, unused ports of the coupler is terminated in  Dual-Dectiosal
matched load AT

* The bias tees are employed to provide necessary biasing

conditions, such as a Q-point for DUT.

* In order to measure the DUT response accurately, we need to D UT = ’ | ) Q/VT ce U n 0{&{ TC’S ;‘ .

calibrate the device using known loads of open, short and
16
Mis will -@.‘Aal S L .Qﬁ

matched loads. But such system has its disadvantages.
7o P "M Ci ,SI 22 g\ SI‘L_
just flip the PUT-

oint:
R refecence poia
A: Reflection-

B Tremsm ission-

50 €1

Doal-Diretional
Coupkr

DC Rwer Sopply

Example: Application of Scattering Parameters

A two-port network is known to have the following scattering matrix
(5] = [ 0.15£0° 0.85[-—45"]
0.85/45°  0.2£0°

Determine if the network is reciprocal and lossless. If port 2 is
terminated with a matched load, what is the return loss seen at port 1?
If port 2 is terminated with a short circuit, what is the return loss seen

at port 1?

Because [8] is not symmetric, the network is not reciprocal /——’ ong ('OIMW"' is 6"0“\-9 k
2 . " : _ to Know js it

151112 + [S21 7 = (0.15)° + (0.85)° = 0.745 # | so the network is not lossless. nO’r Lossless.

13 When port 2 is terminated with a matched load, the reflection coefficient seen at port 1 is I' = S;; = 0.15. So the return
e?.'lidd loss is RL =—20 log [T'| =—20 log (0.15) = 16.5 dB,
/ PN s 0.85/—45°)(0.85£45°
fr"v Pl = xs-.-slT,ﬁ-=->‘u—f5’j%=0-15—_‘ I 22 L= 0452 RL =-20log [['| = —20 log (0.452) = 6.9 dB.
low i a2 *
bele V"ot 18
V; =0 Vo= VU ™

oL )
= V;-.Vzt'.l/z‘ k ——

VZ =% V|+3’ V2 : vl ‘ ———ﬁ

A
!
t
1

> Vi =-=V? ‘ SH *'Suvl* s Ve Confinne o«
v-* Vit
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THE TRANSMISSION (ABCD) MATRIX

« The Z, Y, and S parameter representations can be
a microwave network with an arbitrary

used to characterize
number of ports, but in

practice many microwave networks consist of a_cascade connection of

two or mare two-port networks.

pacallel-

« In this case it is convenient to define a 2 x 2 transmission, or ABCD,
matrix, for each two-port network.

« The ABCD matrix of the cascade connection of two or more two-port
networks can be easily found by muitiplying the ABCD matrices of the

individual two-ports.

V, = AV, +BI, X, = o, M A Mz &
[, =CV,+DI e Ok e ' B] T S| Fay o5 e T |
Fi A B 212 ‘——5-:—]-— l:g & _m__aipl _—6-;-]- l:‘-i D‘:I ik I:"': I”]—-S-V:—
-l 21 g
. , Meg = :
Units of ABCD: # Sk
A —+ nitless.
B—*r JL;|
0 —s () of s
D > DL{;I’["CSS
Circuit ABCD Paramsters
o _L_I_Z_!-I 0 Ad=1 B= T
c=0 D=1
ABCD ~ [
C=7T D=1
o -0
Parameters - . » |
Zo B A = cos it B = jZysmpt
Of Some e : ” C = j¥psinpt D = cos Bt
N1 °
Useful e jf el =
a =
Two-Port - =
. . O I | . " b} _ 1
Circuits L2 i -
C=F+h+ D-—=l+)—_;
& A=l+% B=Z|+Zg+%§3
C=§l- D=l+—§—2
— 3 3 20

G
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EXAMPLE: EVALUATION OF ABCD PARAMETERS

* Find the ABCD parameters of the shown two-port network between
ports 1 and 2

iz Thus > a=1 “uailless” + om Z —0
s Lh=0
. _ Y/ V, ;
=3 =T o |
s == 0 0 ;
5 W . . ¢ {
¢ =’_'Llll«=u=0 since Mo aa(m.H'cMCC 1=1 B=12 |
’ ia Ywe ciccnil™ Cal Dei |
= _1_;' _ h _ T ”
D= -’:!1’:0__1_1 unifless
21
I' I2 If 1-2
— 2 4+— — —
— |Netwe
o
. ’ %&}n‘x.
Relation to Impedance Matrix . = . . s
N Yl"ﬁah‘fe Sly}‘l .
IN=5LZnu-hin e o[f{@C'hUﬂ O.g 0(
In=1012Zn-hin ‘H‘le CLU/(B’”L is reverse
coMPMm wiﬂ\ 'Hd{ Feve
1= ==z % "we hwoc K. of[2]
T Nlpme DhZa - pocT v e Zealy
4 L2Zi—-hZi I as S‘IGNA aba\/(’_.
B=-= e =2 -2
2 =0 12 Fa=0 =0
—z 22 oo ZiuZyn —~Znly
N s, Zy) '
(Y I
C—E1=0_11221 =721 {
D= I = 1123;12” = Zn/Z ?
211,=0 2 'r
If the network is reciprocal, then Zu= Zznand AD -BC =1 22
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Equivalent Circuits for Two-Port Networks

In=Znh +2Zih L=Yah+el
l':=23|]|+2;'2[: Iz=}'3irl+]‘-23 2
= —0
o Zy =212 l Zyy=Zyy 0 9 t
Ziz Yo+ ¥y Y+ Yi
" | . e | | O

« If the network is reciprocal, then Zo= Znand Yo= Ya. These representations lead naturally to the T and @
equivaleat circuits ‘ )

+ If the network is reciprocal, there are six degrees of freedom (the real and imaginary parts of three mattix
elements), so the equivalent circuit should have six independent parameters.

* Anonreciprocal network cannot be represented by a passive equivalent circuit using reciprocal elements.

« The impedance or admittance matrix elements are purely imaginary for a lossless network. This reduces the
degrees of freedom for such a network to three, and implies that the T and 7 equivalent circuits can be

constructed from purely reactive elements.

23

« Noareciprocdl pecwr in cae of Achve Cirenits-

A coax-to-microstrip transition

12 Microstrip
:
I ¥ / line T — ‘ S —
= [ o Y2 2&- [‘S] Zom
3 b e —
& 3 “Coaxial | Microstrip
,13\‘_\_;_ IR SUEANAAAN AN line line
.. Conxial ]
line Representation of the transition by a “black box”
Geometry of the transition J_ Y Y N _]_
L
Cs Z

ZO( T Cl - -[ O

A possible equivalent circuit for the transition

24
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A for I.Cl'olﬂ‘}'
b & reflected.

S b

” s o

a,

SIGNAL FLOW GRAPHS "

« It is an additional technique that is very useful for the analysis of
microwave networks in terms of transmitted and reflected waves.

« The primary components of a signal flow graph are nodes and
branches:

>Nodes: Each port i of a microwave network has two nodes, 3 and b,
Node a, is identified with a wave entering port i, while node b, is
identified with a wave reflected from port i. The voltage at a node is
equal to the sum of all signals entering that node.

»Branches: A branch is a directed path between two nodes
representing signal flow from one node to another. Every branch has
an associated scattering parameter or reflection coefficient.

235

Example

- For example, a wave of amplitude a, incident at port 1 por Y [aTU' pon
is split, with part going through S,, and out port 1 as a L Il e , 2
reflected wave, and part transmitted through S, to
node b,. i

— At node b,, the wave goes out port 2; if a load with > ’}‘ > } »

a-

nonzero reflection coefficient is connected at port 2, "

this wave will be at least partly reflected and reenter "

the two-port network at node a,. -
— Part of this wave can be reflected back out port 2 via i Siz

S,», and part can be transmitted out port 1 through S,

26
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One-Port Network

a
Load End Ul —DT T
S
¥ 5

Z;
Source End D e N—s i
: a0 :

— se¢ the e deinins file for examples.
Decomposition of Signal Flow Graphs
Rule 1 (Series Rule) o i o o o = o e o 153 = S32Va = 5335 1)
okl BT

"y \_,mus} be i

e same olr'fccfl'ﬂﬂ y
Sa"'s i § e - .
Rule 2 (Parallel Rule) " Vs => ;‘?—’—b———ﬁ I =S 1+ ST = (8 + ST
1 2
(%

oo
” Suwmation

2 To = ST+ S»th. T S$3254;

Rule 3 (Self-Loop Rule) = S ;s " i
5.__.,;9_:'_.,0_ I3 = S3275. 1-585» |

L5} e s

L x "“‘%m‘,’f = it wil femlf' series rule.

Sy WS, 1

Rule 4 (Splitting Rule) S $u = $i ¥ Ty = 85205 = 55,8321 |

r, v, 7, I vy ¥, V. & _ ;

T2z |
_Se2_
%e ey Sz = S,

”/\/a aoye fh-\o“]cyiﬁj‘ﬁdf ;-)l//
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Example: Application of Signal Flow Graph

. Us:e signal flow graphs to derive expressions for I, and ', for the
microwave network shown:

¥
+
e . V.0 1 a S0 b2 22] Vl + g)g V2
[s1 Vomt T J-
) e < 7, Su S T _m( res ‘
(Zy) [# Ty Siz will 90 {
L3 ) a2 tg “he .
Su Zw‘l 3
@ 1520 : sy (-G: ‘H‘(+ lﬁg ".
w W THE & isewtohed |
I of =l Fee
o - 4
by, S as L
2 2 O - C -
b) AYERSTIN b NERES
My =— = § 2292 e Fopimit e Gy e 220200y
u oy bt 1 — Sl ot a: ik 1-8ur, 29
[‘l ZS" Za
;T Ete
r" - ZLH Zb
L
-ZL—P Zo

DISCONTINUITIES AND MODAL ANALYSIS

« By either necessity or design, microwave circuits and networks often consist of
transmission lines with various types of discontinuities.

« In some cases, discontinuities are an unavoidable result of mechanical or
electrical transitions from one medium to another (e.g., a junction between two
waveguides, or a coax-to-microstrip transition), and th

-to-n e discontinuity effect is
unwanted but may be significant enough to warrant characterization.

« In other cases, discontinuities may be deliberately introduced into the circuit to
perform a certain electrical function (e.g

_ ., reactive diaphragms in waveguide, or
stubs on a microstrip line for matching or filter circuits).

« In any event, a transmission line discontinuity can be represented as an
equivalent circuit at some point on the transmission line. Depending on the type
o? discontinuity, the equivalent circuit may be a simple shunt or series element

across the line or, in the more general case, a T- or T-equivalent circuit may be
required.

0
e The co_&n_pﬁo_n.en.t_zalu.e}_Of an equivalent circuit depend on the parameters of the
line an (5 e discontinuity, as well as on the frequency of operation.
P z T T ———

30
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e
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S",! shoulaf b{:’ small  ag conld as H‘POSQ'HE.-

I . . . - w l w ‘”

n practical circuits, microstrip T { : I N
bends are chamfered to [ .
compensate for the excess @) ®) 2

capacitance,

In figure (a), minimum
reflection occurs if the radius of
the curvature (of conductor
center) is greater than three
times of the width of the
ticrostrip line,

In the graph below, S {in dB)
is plotted for the
uncompensated and the
compensated lines.

Observe the reduction ifin
reflection coefficient

Raghit-ungle
Wo ~gsmpeasation” (3 cumed \,

1S14! (a8}

Frequency [GHZ)

Compensation of a Step and T-junction
discontinuity
75,93(&1-

* The compensation of a step discontinuity using appropriate v q
tapers has been reported. In this case the effect of | AT _/—
L]
()

discontinuity reactance is reduced by chamfering the large
width. The taper length depends upon the value of step ratio, :
dielectric constant, and the substrate thickness (h). (@=-=
e Figures (a, b, c¢) shows T-junction compensation
configurations using rectangular and triangular notches and

Microstrip Discontinuity Compensation ;@-«&-

> |
e bette,

33

their approximate dimensions for h/A<<l. However, accurate Y
dimensions of the compensated configuration depend upon W,
the line widths, dielectric constant, and the substrate \

thickness.
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Coaxial to Microstrip transition

B0-6N okt Matching stub
$0-ohm
Ll / Microstrip {not 50 ohm) : / microstrip
:’ 8 Y e
g( 3
~ 7

]
7 MMIC
Wite bond 'v:’:ﬂ ic Soklared substrate
substrate
!
Jmm
T |
L / iy
Jon (ke
e \ NN
I X,
4
4 /
- o

6D & (e 35

Coaxidl Cable o s/aHl'u,Q:
STothié N Ticrastrils s Waveguide to Microstrip

transition: transition:

36
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Microwave Engineering

Chapter 5
Dr. Yanal Faouri
Email: y.faouri@ju.edu.jo

IMPEDANCE MATCHING AND TUNING

—————

* Matching with Lumped Elements (L Networks)

* Single-Stub Tuning
* Double-Stub Tuning

w
* The Quarter-Wave Transformer

* The Theory of Small Reflections
*&/erj 2-port Vtehuoﬂ’( will neeo[ two ma{tlﬂiﬂj ne’rwo/l(s

BePOf& g\ A*@/‘Gf 'H"—e Z*FOA- Vl-efwu(K will be (0\[\,@0{,:
Mpa{' MaEhyA A/Cf'wa{K é\ ouh’u{' M“{'CL"’VIJ /\/C‘}WO(‘K.

it
P
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Impedance Matching (1)

* Impedance matching is

often an important part of a lar i
process for a microwave 3 4 ger design

Component or system.

7 Matching Load
network

Impedance Matching (2)

* Impedance matching or tuning is important for the following reasons:

1. Maximum power is delivered when the load is matched to the line
(assuming the generator is matched), and power loss in the feed line is

minimized.
2. Impedance matching sensitive receiver components (antenna, low-

noise amplifier, etc.) may improve the signal-to-noise ratio of the
system.

antenna array feed network) may reduce amplitude and phase errors.

in. T—junc tion.
A

4
~

Z: 3. Impedance matching in a power distribution network (such as an

&/ /Sy % Hhese mal‘tf/\i‘a&j e fasofKs
Pk:%“‘/f will match the phase
“with gh;F} betweeq the teo sm[es.

T s
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2 AN matdhing Ve fuorils

Matching Network Selection ~ #/¢ Lessless

« Complexity: the simplest design that satisfies the required specifications is
generally preferable. A simpler matching network is usually cheaper,
smaller, more reliable, and less lossy than a more complex design.

« Bandwidth: Any type of matching network can ideally give a perfect match
(zero reflectionx at a single frequency. In many applications, however, it Is
desirable to match a load over a band of freguencies. There are several
ways of doing this, with, of course, a correspon ing increase in complexity.

« Implementation: Depending on the type of transmission line or waveguide
being used, one type of matching network may be preferable to another.
For example, tuning stubs are much easier to implement in waveguide than
are multi-section quarter-wave transformers.

« Adjustability: In some applications the matching network may require
adjustment to match a variable load impedance. Some types of matching
networks are more amenable than others in this regard.

(74 o
rmmMun e s

Matching with Lumped Elements (L Networks)

« The simplest type of matching network which uses two reactive
elements to match an arbitrary load impedance to a transmission line

. Therg are two possible configuration depending on the normalized
load impedance z;: s dve. e
(X414 '
O et G oot W,
= Ty ——T X[ epedonce.
Z /B Z JB z

vai;_]is inside the 1 + j x circle If z, is outside the 1 + j x circle

ool i'feal. .

The 1 + j x circle is the resistance circle on the impedance Smith chart for which r = 1

Scanned by CamScanner




Analytic Solutions for L Matching Network (1)

=iX
Z20=JX ¥ B TR, + XD
B(XR; — X1 Zo) = R — Zo, —— X I —
X(1 =BXi)=BZyR; - X Z, B z
. |
B XL:I:\/RL720\/RE+X§_-—ZORL
- R} + X3
o -soluhions:
1 XrZp Zo
X:— —— . V
B Ry BRy 'TZK—E, ..]_Ve)gvdtH/‘ +VE X

, —ve B with  —ve X.

Analytic Solutions for L Matching Network (2)

7= D S ) WP
BZo(X +X1)=Zo— Rz (X+X1) = BZoR; ff ?
X = +/Ri(Zo— R1) - X1
5 1Yo ROTRL

Zo

Because R < Z,, the arguments of the square roots are always positive and the two solutions are possible.
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/
B=2afC L oxe 22fL
= ! =
— 3 = ) _ . X Ze
2]’)6 Zﬁﬂ ZO ; -—-b L - 27),; Zﬂﬁ
* Example: L-Section Impedance Matching
Design an L-section matching network to match a series RC load with
an impedance Z, = 200 - j100 Q to a 100 Q line at a frequency of 500
MHz. z; =2-j1 2inside the 1 + j x circle
Analytical: First Solution: b=0.29, x = 1.22 Second Solution: b = =0.69, x = =1.22 Smith: b=0.3,x=1.2
-1 Smith: b=-0.7, x=-1.2
£ = 2 =
C = 5mpg; = O929F e 2.61 pF
xZ 2o =20; -
L=£T—}=3s.8nH B s — IR
38.8 aH 261pF
LUl
Zy=100Q 09:p$.|_ Z;=200-;100 2 Z=100Q 46.1 nH § %ZL=200—J‘100Q
= Seou Solution 2 .
Solution: ik C i{C“— g P 2 & ;.‘ & Z
(‘,\ |+ i at - 1T > indicating that a
— i \ AP =7 YOEN series reactance of
ZL=47] RT G e 3 X = j1.2 will bring
y. =04 +j0.2 =63 ; 8 9 N0 us to the center of
J / % SN the chart
L% NG Y
construct the rotated b [
I +j x circle (center ¥ 7 A
atr=0.333) .‘j; i P N By
2 [, T ades ity 8
42 i L ke
Then we see that o i SR £ T 3
adding a susceptance J gzl =i i .;....“ ‘l_xf;\iv *M.- E Tkl
of jb = j0.3 will move L e AT Al
us along a constant 1, 2 : X H
conductance circle to E L1
y = 0.4 + j0.5 (this SN ERRY f
choice is the shortest X e
distance from yito the S0\¥ 14‘ / s/
shifted 1 + j x circle) SN 3 =
N B .
= ':3-*, A s [ == J 1.2 i
Converting back to impedance & 03 1 3 2
leavesusatz=1-j1.2 O s 25 10
\
12
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Smith Chart Solutions

* Example: L-Section Impedance Matching (outside the 1 + jx circle)

Design an L-section matching network to match a series RL load with an
impedance Z, =25+j30Qtoa 50 Q line at a frequency of 1 GHz.

* Solution: —— S —o——]
°2,=025+j03=>r <1=> B Z

* Analytical Solution:
-5 Q 1 |Z,-R, [0.028
Y=+(R,(Z,-R,)-X, =+25-30= Beg 065y
1 (Zo- R, ) - X, ) {HSSQ Z\ & {_0‘023

11

‘.‘.'-

Stm Bt

jX:,:x~-ZO=-j0.z.50=,—J'5Q

i
B=jbY. =710 —=i0.0JS
JBaib-Bs il )

X o5
& ; ",f‘ q:{_-- -
% % ?égg,%"’ L"Fr ‘gf&,\i“w
LA '; 2208 53 L173 impedance IR S~
ﬂ/. % ' “ ‘ ”:0 ircle {on 2 chart) OW
' §

V.j ‘ ‘0":. S '?[
{*f:/_ ; Paes, 1 ?:# \’e
it Li g.f,. ,- Eud-hu’f ri fﬁ'ﬁ (e CCA %
;W:nﬂ“ kj S C . g
i k Il J\\.‘
1 SV

Constaut VS R/*f

cucle A

12
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SINGLE-STUB TUNING (1)

* At microwave frequencies, lumped inductors/capacitors are difficult
to make.

« Another popular matching technique uses a single open-circuited or
short-circuited length of transmission line (a stub) connected either in
parallel or in series with the transmission feed line at a certain
distance from the load.

« Such a single-stub tuning circuit is often very convenient because the
stub can be fabricated as part of the transmission line media of the
circuit, and lumped elements are avoided.

« Shunt stubs are preferred for microstrip line or stripline, while series
stubs are preferred for slotline or coplanar waveguide.

1

SINGLE-STUB TUNING (2)

* In single-stub tuning the two adjustable parameters are the distance (d)
from the load to the stub position, and the value of susceptance or
reactance provided by the stub.

« For the shunt-stub case, the basic idea is to select d so that the admittance
(Y) seen looking into the line at distance d from the load is of the form (Y, +
jB). Then the stub susceptance is chosen as (-jB), resulting in a matched
condition.

« For the series-stub case, the distance (d) is selected so that the impedance
(2) seen looking into the line at a distance d from the load is of the form (Z,
+ jX).

« Then the stub reactance is chosen as (-jX), resulting in a matched t
condition. : :

12
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SINGLE-STUB TUNING (3)

The proper length of an open or shorted transmission line section can provide any desired value of reactance or
susceptance. : \

For a given susceptance or reactance, the difference in len%hs of an open- or short-circuited stub i@fi—“

Open or
shorted
stub

N
prese— S
N
L]
=
T

Shunt single-stub tuning circuits Series single-stub tuning circuits
13

Az /*)2\' . 960" “one (ewolution”

SINGLE-STUB TUNING (4)

* For transmission line media such as microstrip or stripline, open-
circuited stubs are easier to fabricate since a via hole through the
substrate to the ground plane is not needed.

e For lines like coax or waveguide, however, short-circuited stubs are
usually preferred because the cross-sectional area of such an open-
circuited line may be large enough (electrically) to radiate.

+ In which case the stub is no longer purely reactive.

14
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Shunt Stubs

Example: Single-Stub Shunt Tuning

« For a load impedance Z, = 60 - j80 Q, design two single-stub (sl']ort
circuit) shunt tuning networks to match this load to a 50 Q llpe.
Assuming that the load is matched at 2, GHz and that the load cops.lsts
of a resistor and capacitor in series£plot the reflection coefficient
magnitude from 1 to 3 GHz for each solution.

15

12> N}clm':\j e veal parb

 okching dhe mcfidary Purt.
{= oy

Solution: .
Actually, there is an
infinite number of
distances d around the

z=12-jl.6 SWR circle that

intersect the 1 + jb

3\ ' circle.
1\!& | Usually it is desired to

3 keep the matching stub
3\ \ "as close as possible to

The SWR circle
intersects the 1 + jb
circle at two points,
denoted as yiand y:

ZEa3iRl) the load to improve
¢ bandwidth of the
rhatch and to reduce

di=0.176 - 0.065 = 0.110A,
d:= 0.325 = 0.065 = 0.260A

g l'osses caused by a
3 ;lpossibly large standing
y:= 1.00 + jl1.47 / wave ratio on the line
y:= 1.00 = j1.47 ¥ ' ibetween the stub and
! the load.
4= 0.095A ok
4= 0.405A ,/

16

q,lwajs 'Pouunol (wél)
gen
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Solution:

‘—a,uo:io\"nl ~«—0.260A— 600
00 / 500Q j- 0995pF S0Q ; 00 :l_l 0.995 pF
f

Solution 82

irl

Solution #1

Solution 1 has a significantly better bandwidth than solution 2;
this is because both d and ¢ are shorter for solution 1, which

reduces the frequency variation of the match.

SiGHz)

17

Series Stubs

Example: Single-Stub Series Tuning

« Match a load impedance of Z, = 100 + j80 Q to a 50 Q line using a
single series open-circuit stub. Assuming that the load is matched at 2
GHz and that the load consists of a resistor and inductor in series, plot
the reflection coefficient magnitude from 1 to 3 GHz.

18
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'Z:g‘;oa
Solution: 2 ShM+ SJAO( l’
- TSRS i
z=2+jl.6 : Y z(’w

/= 0.328 — 0.208 = 0.120A,
d:= (0.5 ~ 0.208) + 0.172 = 0.463A

z=1-j133  4=0.397A
z=1+j133  4=0.103A

] 2 z T
T HEEeedns ¥ LAY s Y e T
T red

v L

to" 3y
j ¢& i
INS:S
.“ SR
3¢
SR
A
Se
R
1000 = 5
637 nH ™~

19

Double-Stub Tuning

» The single-stub tuner of the previous section is able to match any load
impedance (having a positive real part) to a transmission line, but suffers
from the disadvantage of requiring a variable length of line between the

load and the stub.

« This may not be a problem for a fixed matching circuit, but would probably
pose some difficulty if an adjustable tuner was desired.

* In this case, the double-stub tuner, which uses two tuning stubs in fixed

positions, can be used.

« Such tuners are often fabricated in coaxial line with adjustable stubs
connected in shunt to the main coaxial line.

* Note that a double-stub tuner cannot match all load impedances.

20
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A whheia o esign .
S B

Smith Chart Solution (1)

« As in the case of the single-stub tuner, two solutions are possible.

« The susceptance of the first stub b, (or b’; for the second solution), moves
the load admittance to y, (or y’,).

» These points lie on the rotated 1 + jb circle; the amount of rotation is d
wavelengths toward the load, where d is the electrical distance between
the two stubs.

» Then transforming y,; (or y’,) toward the generator through a length d of
line leaves us at the point y, (or y’,), which must be on the 1 + jb circle.

« The second stub then adds a susceptance b, (or b’,), which brings us to the
center of the chart and completes the match.

o

22
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Smith Chart Solution (2)

« Notice that; if the load admittance y, were inside the shaded region of the g, + jb
circle, no value of stub susceptance b, could ever bring the load point to intersect
the rotated 1 + jb circle.

« This shaded region thus forms a forbidden range of load admittances that cannot
be matched with this particular double-stub tuner.

« A simple way of reducing the forbidden range is to reduce the distance d
between the stubs. This has the effect of swinging the rotated 1 + jb circle back
toward the y =oo point, but d must be kept large enough for the practical purpose
of fabricating the two separate stubs.

« In addition, stub spacings near 0 or A/2 lead to matching networks that are very
frequency sensitive.

* In practice, stub spacings are usually chosen as A/8 or 3)\/8.

* If the length of line between the load and the first stub can be adjusted, then the
load admittance y, can always be moved out of the forbidden region.

23

Rotated
1 +jb
circle

circle

Forbidden
region 24
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Example: Double-Stub Tuning

* Design a double-stub shunt tuner to
- j80 Q to a 50 Q line. The stubs ar

are spaced A/(S_ipagta

* Assuming that this load consists of g series resistor and capacitor and

that the match frequency is 2 GHz, plot the reflection coefficient
magnitude versus frequency from 1 to 3 GHz.

match a load impedance 7, = 60
e to be open-circuited stubs and

25

;
[Sbe!

Rotated — i — W0
s . e 1+jb P P
Solutlon. PRAR :"’ ~ circ‘;: 0.995 pF
- S "
y.=0.3 +j0.4 NN
b= 1.314orbi=-0.114 ; 2\
1
y:=1-j3.380ry.=1+jl.38
7./ St AayE
Then the susceptance of i Hith e ) 0998 §F
the second stub should HRg B2 : (L g A
be b.= 3.38 or b.= -1.38 : i T R R T R THES
1 e ﬁﬁf‘-.,*tmﬁw“%ﬂ e :
B Sendushe T 4k ="
¥ Tt

4= 0.146A, 4= 0.204A or
4= 0.482A, 4= 0.350A

o "“'"~;ﬁ-. ol
7y

A

10 s 20 2% 30
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Quarter-Wave Transformer (1)

* The quarter-wave transformer is a simple and useful circuit for
matching a real load impedance to a transmission line.

* An additional feature of the quarter-wave transformer is that it can
be extended to multi

-section designs in a methodical manner to
provide broader bandwidth.

* If only a narrow band impedance match is required, a single-section
transformer may suffice.

* However, multi-section quarter-wave transformer designs can be
synthesized to yield optimum matching characteristics over a desired
frequency band; such networks are closely related to bandpass filters.

r"' 27
FA FL" %I : —%—- = '-J}‘
il /

{ be *ile Zine Bo:Be
K\ e 7 = Z1

7 J 1% = az:;n zL

42\‘ L
% LT

Quarter-Wave Transformer (2)

* One drawback of the quarter-wave transformer is that it can only
match a real load impedance.

* A complex load impedance can always be transformed into a real

impedance, however, by using an appropriate length of transmission

line between the load and the transformer, or an appropriate series
or shunt reactive element.

* These techniques will usually alter the frequency dependence of the

load, and this often has the effect of reducing the bandwidth of the
match.

I
-f
o~

Z1 =+ 2yZ] Z, Z, §ZL(real)

™ —

[o]
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Quarter-Wave Transformer (3) this 5‘“2“,?;3 (o5
z 21t o
zut=z]§r_:—;zz—u Irl l_’ \r\ - li'—rzo//f}'
r=muﬁ£’=tau€.andﬁ!=9=rr/2

r= Zy — Zy _ Z(Zy — Zo) + jt (Z% —-Z()ZL)
Zut+Zo  ZUZr+Zo)+ )1 (2] + ZoZz)

Because Zf = ZyZ, this reduces to

- Z1 = Zo

Zit Zo+ 2 JT T, <@ T =R
. 1Z1 — Zy| VZoZ

Il = = s 7 cosfy = i—z—,u % V&{j

[(Zr + Zo)? +42202; ) VI=TZ1Zr — Zo| L ,,,
. M -

|Zr — Zol 2()mﬁ] — il l”PO"

Il ~ S = Al =2(= -8,

IT| ENG7YT: |cos@| for 8 near /2 T (2 )

K

W/:}gb %

we assume TEM lines, then 8 = 8¢ = i Y
AL _ 2= f) _,_ 2

vp afs " 2fo ‘
Ho2 s et Lo BATE] = Doy uidl, (7) Wil
Ny vellechion coefident
£is e s Fele
opaffm’?\"/g—J
j’f%/{ﬂﬂ% |
. —~-
Example: Quarter-Wave Transformer

g
Bandwidth |

l
1
* Design a single-section quarter-wave matching transformer to match \
a 10 Q load to a 50 Q transmission line at f, = 3 GHz. Determine the i
percent bandwidth for which the SWR<1.5 \
Zy =/ Z0Z = /(50)(10) = 22.36 Q [meL‘\M\wvx ' ‘
_SWR-1_15-1_,.
"TSWR+1 L5+1
Af 4 s Ty 2V 4oZ; - i -1 0.2 2y (50)(10)} — or 29%
e 2 - —cos 1 [ Tz - Zol]—z —cos [ T I0=5 |~ 0.29, or 29°
86~ ZEG6 s+ SBOC |
Fo
N7 ﬁ,' > f(viZ) |
. 361”} :‘ 30 |
< —f 's
v b
Af
it |
B¢
e 2
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A
The Theory of Small Reflections

* The quarter-wave transformer provides a simple means of matching (
any real load impedance to any transmission line impedance.
* For applications requiring more bandwidth than a single quarter-wave |
section can provide, multi-section transformers can be used.
* To design such transformers; approximate results for the total i
reflection coefficient caused by the partial reflections from several
small discontinuities. This to

|
pic is generally referred to as the theory 1
of small reflections. 1
|
n E
E
E
E
i
|
. - f o ‘F L_— 9‘\/
Single-Section Transformer =9 4
* The partial reflection and transmission coefficients for single section
transformer are: - BI=0
Zy— 27 <oz T: . Z
=g — }
1+ £ P P
MN=-r; n T\ T
3 —
Zr+ 2> l
= z
T2'=1+n=Zn+Zz I:I E
|
2Z | [
Tj;:=l-i-I'z=Zl_'_lZ2 sz’

IRR

32

Sha’/oggz vﬂfecﬁ‘v@nm =90 /83 Za;“ a

all.
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Multi-section Transformer

Z[—Zo 4——0——»4——9—‘ —
I = —_— ——
Zy+ 2y r
r Loyl — 7, D -~ Z 4 e Zy Z
" ;u-fl ‘;Zn- = :,\; D
Fy = —1;.: o r r, Ty
Zr+ Zx

F@)=To+T1e™ e ¥ 4 ... 4 e N0 ULSMﬂ“__‘j we ‘kﬂz;-‘t'()i/( '-S
. : eym
* The importance of these results lies in the fact that we can synthesize any desired reflection coefficient
response as a function of frequency (8) by properly choosing the IN.and using enough sections (N )
* This should be clear from the realization that a Fourier seri

Two of the most commonly used passband res

ponses: the binomial (maximally flat) response, and the
Chebyshev (equal-ripple) response can be used to design multisection transformers,

33

Example:

For the lossless T.L of A =20 cm, find Zin

128em

| -
i

ZIN=Z1/701=0.4

Plot (ZL)N; Draw SWR circle (~2.5) !
Move in TWG axis by, ¢= 5cm =0.25),
read ZAN=2.5 > ZA=1250
Normalizing with respect to Zo2;
ZAn>=ZA/Z02=1.39
Plot (ZA)nz; Draw SWR circle
The new value of SWR=1.39
Move using TWG. axis by, ¢= 12.8cm = 12.8/20 = 0.64),
read from chart, (Zin)v=0.9 - j0.3

P—

Zin=81-j270Q

e ————————T
————
e r———
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Microwave Engineering

Chapter 6
Dr. Yanal Faouri
Email: y.faouri@ju.edu.jo

’

Passive Circuit Elements Used in MIC’s

» Radio Frequency/Microwave Resistors

« Radio Frequency/Microwave Capacitors

« Radio Frequency/Microwave Inductors

» Capacitors and Inductors using Microstrip Lines
« Series and Parallel Resonant Circuits

» Transmission Line Resonators
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Lumped Elements Used in MIC's

* The lumped-element form of MICs consists of capacitors, inductors and
resistors, that are a fraction of a wavelength in size.

* Lumped means the values of the components are independent of
frequency.

* In the past, this type of circuit was not feasible at microwave frequencies
because conventional fabrication techniques could not provide coils and
capacitors small enough to behave as true lumped elements.

* Recently, with the advent of new photolithographic techniques, fabrication

gglgﬁ\ped element, that was limited to X-band, can be extended to about
, z ‘ '

* To analyze the lumped form -of capacitors, inductors and resistors,
comprehensive mathematical model is needed that cater the affects of
fringing field, proximity effect, parasitic and ground plane.

w8 i
<= oF s metal
e L
L NSy T
T-L ’_____Z____‘

RF/MW Resistors

* At high frequencies, due to skin-effect and straight-wire-conductor: |

R, %c)% Rz L :

o =5 e AAA @ = wAAN~ TUT Ly
Atlow freq. Ry ~Roe At REMW R,>R, E

120 1

] 59 Mo

" Q. 100 < 1000+ -j-)T“-*:? /{eac |
o—f\/\/\/—c /\(u" 2 » 80 “x\\\ﬂm l

- 10Kl ,!
Carbon Composiion”” *, y\ £
3 2 St

L R’ L

" mett \
3 *, film 100 K
20 <
§ 1MQ
l| { 10 10 100 1000 i
Frequency {(MHz)

Scanned by CamScanner



Lossy Film

4

Types of Lumped Resistors (1)

(1) Thin film resistors:

« can be realized by depositing thin films of lossy material
(Nichrome or Tantalum-nitride) on a dielectric base.

« Design of these resistors require knowledge of : copducto\rf .
(i) sheet resistance, e
(i) thermal resistance,
(iii) current-handling capacity, ; R=/(owt)
(iv) nominal tolerance and
" (v) temperature coefficient of the film.

Metal film
yd

* To satisfy lumped condition, ‘w << X’ & ¢ << X', means *
uniform current distribution along resistor cross section Lossy film
and thus resistance is independent of frequency. / / ‘// / ‘
'T‘ e”\p f Q> rla ¥ Planar resistor . l
Lossy film

Types of Lumped Resistors (2)

Chip resistor

(2) Chip resistors: are realized by depositing a metal film (nichrome)
layer on a ceramic body (aluminum oxide). Later resistive film is coated

for protection.
» Size of chip resistors can be as small

as 40x20_mils (1 mil=0.001 inch) for

0.5W po@g}— ratings and up to

1x1 inch for 1KW ratings. e N N Lt
* Resistance value can range from 10.1Q up to several_@.
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Types of Lumped Resistors (3)

To determine the size code, note that first two digit represent the
length (in mil/10) and last two digit represent the width (in mil/10) of
the component. These resistors are surface mounted to the circuit.

Geometry Size Code Length L, mils Width W, mils
0402 40 20
0603 60 30
0805 80 50
1206 120 60 .
1218 120 180 , k
RF/MW Capacitors (1)

« At RF/MW frequencies, the parasitic elements of the capacitor

become important.

« In the equivalent circuit, ‘C’ is actual capacitance, R is insulating
resistance, R, is series resistance (~6,) and ‘L is lead inductance.

Rp ‘
\_—{ c

I e 11A VY

At low freq.

—

At RFMW

Scanned by CamScanner



RF/MW Capacitors (2)

« For high frequency and high power cases, capacitors are

characterized by their dielectric loss {tan 6 = o/(we)}.

« Thus, higher losses yields high R, seen by microwave signal and also
causes larger heat generation within capacitor (undesirable).

* Quality factor (Q) describes the ability of an element to store energy.

« Thus, high Q is desirable.
« The relation of Q and loss tangent is given by ‘Q=1/tan &".

average energy stored W + IV,
w T () e—m——
energy loss/second Ploss

Capacitor power loss/dissipation at 500 MHz

St For Dielectric Substrate —
Glass Epoxy Alumina 41T )
tan & 0.05 0.001 e

Quality factor (Q=1/tan 6) 20 1000

~ Capacitance (C) 10 pF 10 pF

Reactance (X.=1/ex) at 500 MHz 32Q 2Q

Ritsspative=5/ » 1.6Q 0.032Q
Current (I) | 10 mA (1A) 10 mA (1A)
~ Power dissipated (P=PR,,) | 0.16 mW (L6W) | 32 pW (32mi)

10
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Types of Lumped Capacitors (1)

« There are two groups of planar capacitors suitable for RF/MW MICs:

(1) Capacitors achieved with single metalization scheme, that are
formed by fringing fields of the gap via the substrate.

Typically, C< 1.0 pF and Q<50
(a) GAP capacitor:
« mainly used as coupling capacitors (DC block)

: “ ‘microstrip ®* microstrip

F
'
s
: T
' {5 SR W B § { i
LY \‘ Y 9
\\ ‘\ by ‘\ I
Y .
“s \\ N\ \‘. j
PATarSatrlg 1 !,

icrosatrip

Types of Lumped Capacitors (2) =
Interdigital
" gap capacitor

(b) Interdigitated Capacitors
« Used in MMIC due to easy way of construction and repeatability.

- Series capacitances is function of number and length of fingers.

Sitver leads

Laser marking
standard

Low loss
porcelain

Rare metal

W |‘“g"| b L @ L
-
T C;[ -Lo
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Analysis of Interdigitated Capacitors Based on
TLTheory

* Capacitor dimensions are set to be much less than wavelength.

* Two terminal microstrip’s can be represent as TL's and fingers can be considered
as effective distributed shunt admittance across the terminal.

* Each pair of fingers can be analK

_ zed as coupled microstrip with length ¢’ and
open-circuited at opposite ends t

at has even and odd mode “a’s”.

* To obtain maximum Q and minimum parasitic effect, finger width and gap
spacing are utilized.

* Typically,for an interdigitated capacitors on 0.202 mm GaAs substrate:
- To minimize area, low capacitances value are realized.

- To minimize losses, finger-width = 10 um and finger-gaps < 5 um are used.
1l§aGsﬁd on this values, the constructed capacitor behaved as lumped element up to
Z.

* For high capacitance value (decoupling cap’s), use overlay structures.

13

Interdigital Capacitors Dimensions and
Associated Values
Physical : ' ; ;
Dimensions | INDIG80 | INDIG180 | INDIG300 | INDIG400 | Units
of Finger ; ' 5
length,1 (#) 80 180 300 400 um
width, w 12 12 12 12 pm
spacing (side), S 8 8 8 8 um
spacing (end),SE 12 12 12 12 Nm
Thickness, t 5 5 5 = pUm
' Number,n _ 20 20 20 20 Hiey
Sub. thickness, h 125 125 125 125 Hm
Capacitances, C ()| 0.126 0.252 0.405 0.527 pF
Inductance, L (M| 0.000 0.025 0.064 0.101 nH
Resistance, R (V) | 1.89 0.850 0.500 0.441 Q
Shunt Capaci., Cq 0.028 0.052 0.080 0.104 pF 14
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Types of Lumped Capacitors (3)

Chip capacitor

(2) Capacitors achieved with overlay structures, which use low loss

dielectric films {Si;N, (£,=6-8), TasO; (g,=20-25)} between two metal

plates, where top plate (‘t’ < & Ry is conductor loss) is connected via

air-bridge (wire bond).

« MIM capacitor: for large capacitance value (C < 25 pF) and high Q
(50<RT00DS Metal Tnsolutor Metal’

DIELECTRIC FiLM (e, R
L

i ’?o :> l . ch l ) ] B
'*' T 1 L’
Ot Metal-insulator-

where, *G’is the diclectric film loss metal capacitor l
*C,’ & *C,’ fringing cap. of top & bottom p-strip
15
RF/MW Inductors
« At RF/MW frequencies, the parasitic elements of the inductor

changes its behavior.

- At low frequencies, Q is large, thus R is small. But as frequency
increases, Q is degraded by increasing value of Rs (due to 8,) and thus
C,.

« Planar RF/MW inductors are made of single layer microstrip spirals or
minder line, where mutual coupling between segments are exploited
to achieve high inductance in a small area. Typically (lumped ‘L'): 10
nH>L>0.5nHand Q=50

« To be lumped, total line segment should be small fraction of a

wavelength. <= R .
" .-\ S
) y .
/ \ G
NLILAVN = —m
At low freq. i AtREMW 16
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Types of Lumped Inductors (1)

« There are two major types of planar suitable for RF/MW MIC’s:
(1) Meander line Inductance:

p-strip p-strip

(2) Microstrip Coil inductors: are surface mounted flat inductors, useful

in circuits with thickness constraints. Can easily integrate with
microstrip TL's.

Alr Bridge c,
IL

LL

R L
O—-{Wp——o

—_ -

—7 =G —C,
O—-I ]_ O

Types of Lumped Inductors (2)

« Fabricated using standard Integrated Circuit (IC) process.

" % 3 ; . bridge
e Inner most turn is connected to external circuitry using air- i
bridge (in MMIC) and wire bond (in HMIC).

e The width and thickness of the conductor determines
current carrying capacity of the inductor.

« Also if substrate height is reduced (GND plane come closer)
then the inductance is reduced. Spiral inductor

« For high Q, conductor thickness must be = four times the
skin depth.

18
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Types of Lumped Inductors (3)

(3) Loop Inductor

108

Loop inductor

Equivalent Circuit

18

Step in Width Inductors for RF/MW Circuits

. Series inductance are also synthesized using short lengths of high
impedance microstrip lines terminated in low impedance microstrip

line.

« Characteristic impedance of a microstrip line is a function of its width

‘w’. (‘w'l, Z, ).

« Inductance (L) of the circuit is expressed as;

e

61)201.

L= Henry
I
pelt :
o\ f operating frequency
i = element length

Z(,L = element impedance
f—. A= guide wav elength

elemen

High Z,

20

L'}eﬁ() }‘3 ,;r‘

—
—

Jo, 552

W o5
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Step in Width Capacitor for RF/MW Circuits

* shunt capacitance are also synthesized by terminating short lengths
of low impedance microstrip lines by a high impedance lines.
* Capacitance value are;

le

<>
= Farads le
Zoeh S High Z,
f = operating frequency » - : I c
Io= element length ‘ ‘ —> I
Zy = element impedance Low Z, o j:
A, = guide wavelength °7 clement

21

Low Pass Filter Example

* Thus using these inductive and capacitive elements we can construct
a Low Pass Filter as shown in the figure below:

L2 L4
B Le [ A s B S
50Q line B 2 Cs 4 CS 50Q line :> 01 TCS 05
——J * Q | °r— I B

<508

22
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Microwave Resonators

* Microwave resonators are used in a variety of applications, including
filters, oscillators, frequency meters, and tuned amplifiers.

* The operation of microwave resonators is very similar to that of
lumped-element resonators of circuit theory.

* At frequencies near resonance, a microwave resonator can usually be
modeled by either a series or parallel RLC lumped-element equivalent

circuit.

—

23

Series Resonant Circuit (Series RLC)

o . T R L
Gr= Rk =~ AW
The complex power delivered to the resonator is: V P P! "
slpp = g dzg o = L0 (R+ il e s r T
g S S e ™D PRl e 1
. TN P "
The power dissipated by the resistor R is: floss = 51/|'R |z

; 5 : ) S
The average magnetic energy stored in the inductor L is: 1}, = ZII [’L
The average electric energy stored in the capacitor C is:

| . 1. 21
7, = —|Fe|"C = =|{|*"—==
e = ZIFel’C = U P

Then; Py = Poss + 2 (W — )

_ &n_ _ Poss +2jw“7;n . ”:a) 0 1 w'wy
e PR

Zin
24
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« Resonance occurs when the average stored magnetic and electric energies are equal (W,, = W,). Then the
input impedance at resonance is:

-PlOSS
Z‘ = ~—
“T g
1
W.= W. = implies that the resonant frequency, ., can be defined as; wo = ——
P quency. TC
0= average energy stored P + e

=w
energy loss/second Pioss

Thus Q is a measure of the loss of a resonant circuit; lower loss implies a higher Q.
L]

Resonator losses may be due to conductor loss, dielectric loss, or radiation loss, and are represented by the
resistance, R, of the equivalent circuit. ) :

An external connecting network may introduce additional loss. Each of these loss mechanisms will have the
effect of lowering the Q.

The Q of the resonator itself, disregarding external loading effects, is called the unloaded Q,

denoted as Qo.

. . :

=R~ wRC W=
M= = R : which shows that Q increases as R decreases. (B/\/Q?f) -
W

—

0o = 2 o wolL 1

Parallel Resonant Circuit (Parallel RLC)

Zin= L + ! + 'wC)—l
ne (R Jwl g
1

1
—
' 1
Hoa Byt Lol L 2(L J o, ) - &
Pa=#1* = 3Zalll = V5 = 3VP (F + € l—> _|_
|
zln

1IPP
Poss = E I R

= b
e = SIVPC

Iz,,(w)w
il &
. _ Ll 2
Hp = ZIILI L= E'VI L 0.707R +—
Pin = Poss + 2jer (W — Tre)
2Py _ Pos + 20 = Fy) .
w=Tp3 =T Lz
1 L

when iy = Mg Ziyy= —lpl—g% =
31

ol

26
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1

wy ==
JLC
which is identical to the series resonant circuit case. Resonance in the case of a parallel RLC circuit 1s
sometimes referred to as an anti-resonance

The unloaded O of the parallel resonant circuit can be expressed as;

2w _ R
Qo Pos ool "

This result shows that the O of the parallel resonant circuit increases as R increases.

27

Summary of Results for Series and Parallel
Resonators

Quantity Series Resonator Parallel Resonator
. e . 1 1 1
Input impedance/admittance Zu=R L —j— o= e o jC — f—
put imp in=R+jol = j—z n=gtjeC—Jjor
2RQpAw 1 2
~ R4 jE— L
wy R Ruwy
, 1.5 L|v}?
Power loss Ploss = E” I“R Ploss = _Z-Tl
Stored magnetic energy Wy = lII izl. Wy = l]p'l'-’_l_
4 4 w?L
; ¥ 1 .1 1
Stored electric energy Be==lII"—— ==V
€ 4 i (02 c e 4lVl C
1 1
Resonant frequency Wy = —— B S e
Ic JIC
L 1 R
Unloaded O o = P 1
Qo= 2~ = 20RO Qo = woRC -
External 0 Oc= % Oc= __RL
L wpl

28
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Loaded and Unloaded Q

« The unloaded Q. (Qp) is a characteristic of the resonator itself, in the
absence of any loading effects caused by external circuitry.

« In practice, however, a resonator is invariably coupled to other
circuitry, which will have the effect of lowering the overall, or loaded
Q (Q,) of the circuit.

Resonant

* Define Q_ as an external Q cireuit
0

Re A resonant circuit connected to an external load Ru

wol . e

——  for senes cucuits
Qe =

= for parallel circuits

Transmission Line Resonators

« Ideal lumped circuit elements are often unattainable at microwave
frequencies, so distributed elements are frequently used.

» The use of transmission line sections with various lengths and
terminations (usually open- or short circuited) to form resonators are

introduced.

» Because we are interested in the Q of these resonators, we must
consider transmission lines with losses.

30
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wdk ik on f”"‘”‘l“ Sl/led'
Zin, szt’}MH‘ = Jltampl = ’f‘mk&ﬂ

A. Short-Clrcwted A2 Line

Zin = Zotanh(ax + jB)¢ -—

tanh o€ + jtan B€

In=12
" 1 + jtan B€ tanhar€

Zin = jZotan B if o = 0 (a lossless line)

[0
R = Zpat Z,=> ZyB.a

Zom

2w
C= Jz A short-circuited length of lossy
b j\ transmission line, and the voltage
Qo.—_"ﬂ;:%:;ﬁi = ﬂ-’— [AR distributions forn =1 (¢= AM2) and
sl 2 n= 2 (¢= M) resonators.

B¢ = at the first resonance. This result shows that the
Q decreases as the attenuation of the line increases.

Example: Q of Half-Wave Coaxial Line
Resonator

« A \/2 resonator is made from a piece of copper coaxial line having an
inner conductor radius of 1 mm and an outer conductor radius of 4
mm. If the resonant frequency is 5 GHz, compare the unloaded Q of
an air-filled coaxial line resonator to that of a Teflon-filled coaxial line

resonator. (conductivity of copper is o = 5.813 x 107 S/m)
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Solution:

Ri= \!‘-"2—‘:} —184x1070Q
. ) . X | = 5e/0
The attenuation due to conductor loss for the air-filled line 1s: 0{ }
Ry (1.1 184 x 107 1 1 _ . e - C -
. T — — -_—= = .0 2 N . _—
%= mbla (a + b) 3(377) In (0.003/0.001) (0.001 +* 0.004) 002 pm Swnce Ha W

For Teflon, e=2.08 and tan & = 0.0004,

so the attenuation due to conductor loss for the Teflon-filled line is:

_184x1073V2.08 ] 1
= 2(377)n (0.004/0.001) \0.001

o

The dielectric loss of the air-filled line is zero, but the diele

of = kg 5 tan 3
O p 1047 .
Qur =50 =300 L

B 104.7/2.08

—_ ——— 7
2(0.032 4+ 0.030) 1212

0.004

104.7)/2.08(0.0004
e a 8=( IR = 0.030 Np‘m

) = 0.032 Np'm

ctric loss of the Teflon filled line is:

Thus it is seen that the O of the air-filled line is almost twice
that of the Teflon filled line. The O can be further increased by

using silver-plated conductors. 33

Q Teflon << @miw{‘

write «t on /)a/mufq ghpf’fl‘-

Q'f & /afS&SL

B. Short-Circuited A/ Line

tanhaf + j tan B¢

1 — jtanhatcot B¢

Ziy = Zotanh(e +jB)C = L0T T  anh e

Assume that¢=

14

tp
Zy

atl

bp

M4 at © = 0, and let © = 0yt 0. Then, for a TEM line,

O anhal — J cot AL
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C. Open-Circuited A/2 Line

1+ jtan B€tanh o€
Zin = Zocoth(w + jB)E = Zg T \1
Assume that ¢= A/2 at W = W, and let W = wv+ w. Then, for a TEM line, '

I

since £ = n/f at resonance

Example: A Half-Wave Microstrip Resonator

« Consider a microstrip resonator constructed from a A/2 length of 50 Q
open circuited microstrip line. The substrate is Teflon (g, = 2.08, tan 6
= 0.0004), with a thickness of 0.159 cm, and the conductors are
copper. Compute the required length of the line for resonance at 5
GHz, and the unloaded Q of the resonator. Ignore fringing fields at the
end of the line.

36
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Use. fneepmtions in CHS.

Solution;

v c 3x 108

£ = }l = = = =224 cm
2 2f e 26x109V180
2 2: : ; 10%)/1.80
ﬁ:i-_- 7f\/§=2*r(5x Jl = 151.0 rad’'m
v ¢ 3x108
R 1.84 =2
g et o LA i

ZoW T~ 50(0.00508)

_ koer(ee —1)tand _ (104.7)(2.08)(0.80)(0.0004)

- - = 0.024 Np/m
266 - 1) 2/1.80(1.08) d
W S B
== 24 T 2(0.0724 + 0.0249)
I 37

Zgojve Jrhis Zﬂesffdm r[?ff 5\/,2 ijlmff ci;/cml*
& Compon@  the answer of Q@ «ith 733
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