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RF / Microwave Circuit

_ © 1 — port
2 wires
o network
GND
nput 2 — port °  output
source o network 5 load
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Common transmission lines | :::
zZ, V S most correct schematic

twisted pair microstrip (line)

VLE nc? distortion *i
lossy & noisy wide freq range | sawm.
lowest cost

co-planar wavegwde > i /\
{ One-half wavelength ) IOW COSt
n( )' slanm ST e |'|I|||
N flip chip access  Susetae ok
paralllel wire ~ complex design
LF - HF
noisy & lossy
To TV waveguide
lowest loss

coaxial cable

B — o distortion

wide freq range

freq bands

\"ll\lr{l \w ";]

propagation
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'TXX
'TXX
o000
| | | . .
Equivalent circuit :
i(z,1) i(z+Az,1)
o——/00 —© Ideal transmission line
V(z,1) LAz V(z+Az,t)
— CAz
. , Ji(z,t) TN vz
Kirchhoff's law: v (7 1) (LAz) 2 = V(z+ Az, t) = V(z,t) + ——2~ Az
1 oil(z,t)  0dV(z,t)
ot 0z
Q=CV
1 dQ/dt=i=C dV/dt
Junction rule: 1(z+ Az, t)—1i(z,t) = —(CAz) V(z1) ~ z,1) Az |

ot 0z

oV(z,t) 0i(z,t1)
ot 0z

-C
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Coupled equations (V — 1)

Y Oi(z,t) 0dV(z,t) _C oV(z,t) 0i(z,1)
ot 0z ot 674

[0V _ a( 1 ai) 1 &%

o> oz o0z\ Coz C 67°
0 0
g — LC? current wave
similarly _C o'V _2%i 0 (_IWJ 1oV
ot> otoz o0z\ L oz L oz°
2 2
o0°V _LC o0V

voltage wave

oz° ot*
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Wave equation
f(x £ vt) =f(u)

LI L T
OX

OX

S; =f"(u)%{=f"(u)
%zf’(u)%:ivf'(u)
%Zf = ivf"(u)% =v°f"(u)
o’f 1 0

wave equation

ox2  v? ot

reverse / forward traveling wave

note:

1(2m

XinZ—(—Xi—Vt

k\ A

%(kx + ant)
+

%((Dt + kx)
T

2T
A

f(x +vt) = (oot + kx)

fmt—E-f)

(3D)

)
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0000
( X XX
H
Voltage & Current Waves :
: ) 27
V(z,t) = Vel pygllonba)where ==
. _ Ttai(ot-pz) 1, i(ot+pz) e A o 1
1(z,t)=1"e I e V—ﬂ—(an)(znj TS
why “-" ?
2; —jBloe’ ™ - jBl e
? — _C(Z_\t/ — —C[j OV el 4 ooVO‘ej("’”BZ)]
Z
Bl =CoV,
1
Bl =CoV, NS

L
vi=Pop ——I —\/71 =71, ZﬁE

Co °



V(z,t) = VS + Vv el

i(Z, t) = I;rej(wt—BZ) _ I;ej(thrBZ)
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n m = [ X )
Fields and circuits e
V? E_ 88—2 E 1
i) e h T e
E(zt)= B, i@k L | ik . \/E
ﬁ(z t) :ﬁ .ej(oot—f( T) _ﬁ eJ(@t—E T) &
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What is Z_?

» Characteristic Impedance.

« 50 ohms for most communications system,

« 75 ohms for TV cable.

 Measure 75 ohms with a ohmmeter?

« Two 75Q2 cables together (in series) makes a 150Q2 cable?
e 75+ 75=75MNI

* What does Z, represent?
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Reflection at Load

——©O
Oo——— F——O

!

|
—
=0

X=—- X

Define normalized impedance
= Z
l=—
ZO
Z —1
r, ===t
Z, +1

YY)
o000
0000
000
°0
°
V(x) =V, e ™ +V e
i(x)=T'e ™ T e
V)=V, = Vo+ +V, at the load
. 1
i(0)=1, =1, -1, =—(V, -V,
ZO
& = ZL — £ V(ir T VO_
IL Vo _Vo
z,(V; -V )=z, (Vi +V; )
vi(2,-2,)=V,(2,+Z,)
V-~ Z. —7Z
O+ = 1_1L — > > ZL;'f Zo
\A L, +7Z, reflection
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Example

does it work?

50Q
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0000
Impedance at Input | | eses
_ Vin - V(—f) ~ V:GJM _|_V0—e—Jl3€ :.
o . I i(-) 1 (VjeW _Vo—e—jw)
Zin Zo Z } ZL Z0
o— —o . . (ew"‘FLer
| | in — “o| il 3B
| | —> c —FLG
X = _— =0 . e
X o B 1+J.tan B¢ N EL -1 o B
= 1-jtan 3/ Z, +1
V(x)= Ve ™ 4+ v el g L JenBl [ 2, =1
° © 1—jtan /¢ Z +1
. R P 16):¢ - IBx - a
1(X) =1.e -1, 7 (ZL+1)(1+jtanB€)+(ZL—IXI—jtanBE)
" (Z, +1)1+ jtanpr)—(Z, —1)1— jtan )
=5 2(ZL +jtanB€)

" 2(1+sz tan Bf)
7 Z, tjtanBE
" 1+jZ, tan B4

7. -7, Z, +JZO tan 3/
Z,+]Z, tan34
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Exercise

S l

— _ZL+jtanB€
" 1+jZ, tanp/

7 Z, +]jZ, tan 34
Y N\ Z,+jZ, tanPBl

OOQ

For length = A/87 A/47 A\/27

What if Z, = Z, = 50Q7
Would the length make any difference?

500 (-37°)
250)



Transmission Line - Dr. Ray Kwok

Transmission Line Impedance

o— ——o0
Zin Zo Z } ZL
(I)—| I—?
XI= —/ x=0
= Z, + jtan B/
" 1+jZ, tanp/
7 -7, Z, Jqu0 tan 3/
Z,+]Z, tan3/

case 1. B/=0, or /=0
tan =0
Ln=2,

case 2. Bl=m, or (=)A/2
tanp/ =0
Zn=2,

case 3: B/=m/2, or (=74

tan B/ —

Zin = ZOZ/ ZL

Quarter-wave transformer (impedance),
real-to-real, complex-to-complex.

note: atlow freq, B — 0, Z,, = Z, regardless of line length or line impedance.
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Reflection at Input

7 07
Z Z Z, Z
0 in _? L
rm I :
i -
X= - x=0
In general

000
0000
( X XK
| X X
[ X )
o
_ Z, +jtanp/
in 1+3Z, tanp/
7 -7, ZL+?Z0 tan 3/
Z. +]Z, tan3/

_ Zin_Z'o _ z;n_l

1_‘in T Lt
Z +7Z, Z. +1
an — Zin_Zo :Ein_1
Z. +7, Z. +1

just have to know what Z to use
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Exercise
oO— F———©O
| z, V
Zo I-_1in :Zm } ZL
xl= —/ x|=0—>
= Z, + jtan B/

" 1+4jZ, tanp/
7. -7, Z, +?Z0 tan 3/
Z,+]Z, tanf3/¢
Qo= Z. —Z'0 _ Efﬂ -1
Z.+7, Z +1

000
0000
0000
[ X
o0
o

Z,=50Q

Z',=500Q

Z, =100Q

Length = /8

=2 I, =7
What if Z', is 75 Q7

1/3
1/3 (-90°) only change phase 12!
0.388 (235°)
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Voltage wave in transmission line

V(x)=V e P +V e

+ —jBx 2iBx
z Z / }% 2, V(x) = Ve ™ (1+T, e )
o—— F——O X
| ; V| =V, 1+ e
‘=t x =0 I, =pe”
‘V‘ =V |1+ pe’r2P)

V| =V /(1+pcos(8+2Bx)) +p sin® (8 +2Bx)

min when sine = 1 V|= VJ\/1+2pcos(6+2[3X)+p2

V=V (l+pf-dp=V(-p)| |V = V(14 p)? —2p(1—cos( + 2x))

max when sine = 0 V= \/0+\/(1+p)2 —4psin2(e+22BXj
Vi = Vo (1+p) = V] (1+p)
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o000
. 000
Voltage Standing Wave :
= j V(x)=V'e P 1V el
Vinin i IVmax Z, standing wave
~ _Oj If V=V, ‘FL‘Ep:il

perfect standing wave with nodes

!

|
—
=0

X=—/ X
‘V‘ = V(f\/(ler)2 —4psin2(e+22BXj
min when 0+2Bx N 2n+1)n max when 0+ 2Bx _ 4n1
2 2 2 -
_ A A
(x < 0) x=-[0F(2n+ 1)n]4— x =—[0F 2nn]—

T 47
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VSWR (Voltage Standing Wave Ratio)

ST e e e e

max ZL 9)
o —o V. = Vi(l4p) —4p =V (1-p)
e e Viw = Vi (L+p) =V, (1+p)

Vo 1-p 1-[]

perfect match: p =0, VSWR =1.0
open/short: p=1, VSWR —
It is an indicator on how well the load matches the line.

VSWR is the standing wave pattern INSIDE the line.
Only I" at the reflected junction that counts
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Exercise
Zo OZln—| ZO g |—O} ZL
r <:>—| |—<:>
x!= 4 x|=0—>

Z,=50Q
Z' . =75Q
Z, =100Q
Length = A/8
VSWR = ?

r, =1/3
VSWR = 2
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Return Loss

RL=-20logp (dB)

perfect match: p —» 0, VSWR — 1.0, RL —» w

open/short: p=1, VSWR — 0, RL — 0dB

_ VSWR -1

VSWR = 1+p _ 1+‘F‘

v

p=|T]

l-p 140 ~ VSWR +1

Typical VSWR =1.110 2
p =0.048 to 0.33
RL=26dB to 9.5dB
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Stub

Transmission line connecting nowhere(?)

o—{ 9

e Open stub

o—{

e Shortstub | H
(short)

e Series stub

e Shunt stub i :i
(short)
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Open Shunt Stub 2

CENTIMETERS
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0000
0000
o000

Short Shunt Stub T
1 24541 6867 859

2

20 GHz
Interdigital
Filter
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Radial
Stub

18 GHz
Rat Race
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Tuning stub (o
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Short Stub

-

o—{
7 Z tjtanBK
" 147, tan Pl
Z, = jtanp/
= 1
Y, =—=—1cotp/
sh Zsh .] B

Z

coil

Zap = -J0C

-

RY

odof &t

per

B/
7 -

pres

Zsres — J(DL(I o

1

o’L.C

)

jooC(l -

c

®’LC
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000
0000
X XX J
33
Open Stub _ :
7 Z, +jtan 34
7z Z, / }% 2 " 1+jZ, tanp/
oO———— | — - .
(Z, > ) | L, =—]cotPl
Z. ?Op = jtan 3/
Zap = -J0C
Zcoilzj(’ol-
~o—| |— 1
Zsres :.](’OL(l_ 5 j
’_Wﬁ o LC
/2 . - . /
3 2 2 B Zpres - 1 1
j(DC(l— : j
| o LC
period of ©
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0000
0000
[ X

n o0

Exercise :
750, M8 Find Z,, & T',.
Z
in ..\@ Z. =j Ztan(pl)
50 Q \ =j75tan(45°)=j75Q
M2
100 Q Zop = - Z,cot(Bl)
0.14 = -j 100 cot(36°) = -j 138 Q
o—[———1—o°
Y =1/j75 =+ 0.0133
Zi” o — :\ } : :
50 Q . _
/2 Y =j/138 =j0.0073
Zi % Z =1/Y =1/(-j0.006) = j166 Q
50 Q 7 4
= jtanf3¢ =
M2 Z,=—r= =Z =
14 3jZ, tan3/ - Zin =] 166 Q

r _Zy=Z, _jl66-50
" Z +Z jl66+50

=1£(107° -73°)=1/£34°
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0000
0000
4
Admittance (Y = 1/Z) :
o0—— —o0
_ _ Y
_ Z, +jtanf/ Y T)'”_| Yo £ M} L
" 1+jZ, tan B/ L
— 1 1+jZ, tanP¢
YySs=—=5"" YA
Z. 7, +jtanpl [ =Zin %
o _1+i(/Y,)tanpr Z,+2,
" 1/Y, +jtan B/ r :1/Yin—1/Y1
Y, +jtan B/ CUY, +Y,
in 1‘|‘j?L tanBE r :Yl—Yvin :1_:in
v -y Y, +jY, tan 3/ " Y +Y, 1+Y,
"l Y +5Y, tan B/
useful for shunt circuits
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o000
X XX
e00
. . o0
Earlier exercise s
75Q, M8 FindZ, &I,
Z .
in ..\@ Y, = -j Y cot(Bl)
500 \ = | (1/75) cot(45°) = - ] 0.0133
M2
100 Q Yop =] Yotan(pl)
0.12 = 0.01 tan(36°) = j 0.0073 Q
o—{ 1} O
Y =-0.0133
Zin 5 :.\ } :
50 O |
Z. % Y =-j0.006
50 O YV o4
/D v . tjenpl o Y, =-j0.006
" 1+jY, tanpl " Z. =166 Q

pooYomYa _US04§0006 ) 100 ey age
Y, +Y, 1/50—30.006
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o0
o0
Earlier Exerci deration | °:
arilier £Xercilse — power consideration | ¢¢
° ° Z,=50Q
“o Zn % L } 2 Z =500
o0——— ——=0 (o]
tin | | Z, =100Q
' T Length = A/8
=t x=0 r = 13 [, = 1/3(-90°
— Z, +jtanp/ only change phase
" 1+jZ, tanp/
z :ZO(ZLﬂZO tanﬁéj . ; .
Z°'+JZ_L'tanB€ Power reflected = ? ‘ - = ‘r‘z = ‘_ =11%
B _Zin_Zo_Zin_1 V 3
Y Z,+Z, Z,+] Power delivered = ? 1_‘1“‘2 — 899

Don’t double count reflection.... I'| &I

In

Return Loss (RL) =- 20 log|p| = + 9.5 dB
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High f circuit elements see

1 GHz lumped element
Band pass filter

SR
e T T T T e

12 GHz lumped element
Low pass filter
much smaller

A small loop of thin wire is an inductor !!
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High-Z Line as inductor

Oo———  —
Zo Zin Z1 g } ZL
O—— F————=oO
rin
zZ. =7, Z +.JZ1 tan 3/
Z,+ 17, tan3/4
oW :
LAz — CAz

small C, large L, series inductor

(Y X
o000
‘XXX
eo0o0
o0
o
Z,>> 2,
line length < A/4 (n/2)
Z ~ Z, (order of magnitude)
a/L+Y
. =17, =|Z.1£+0
bZ+ 0o

Z. has a positive phase
— inductor-like !!!
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Low-Z Line as capacitor

Oo———  —
Zo Zin Z1 g } ZL
O—— F————=oO
rin
zZ. =7, Z +.JZ1 tan 3/
Z,+ 17, tan3/4
W :
LAz — CAz

small L, large C, shunt capacitor

(Y Y
'YX X
'YXX
00
o0
o

Z1 << ZL

line length << A/4 (n/2)

ZL = Zo

Zin:ZI al_*_q) :Ziné_e

bZL+Y¥Y
Y =Y |[£+0

Y., has a positive phase
— capacitor-like !
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Low pass filter

5 GHz low pass filter

14 GHz low pass filter
high-low impedance lines
waveguide

high power

low loss
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High-Low-Z lines ses

20 GHz band pass filter
high Z lines — inductors
Short shunt stubs A/4 resonators

13 GHz coupler

Tuning with stubs (shunt open)
Think of them as shunt capacitors
— low Z lines
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Homework

1. A 100 Q tranmission line has an effective dielectric constant of 1.65. Find the
shortest open-circuited length of this line that appears at its input as a capacitor
of 5 pF at 2.5 GHz. Repeat for an inductance of 5 nH.

2. A radio transmitter is connected to an antenna having an impedance 80 + j40
Q with a 50 Q2 coaxial cable. If the 50 Q transmitter can deliver 30 W when
connected to a 50 Q load, how much power is delivered to the antenna?

3. A 75 Q coaxial transmission line has a length of 2 cm and is terminated with a
load impedance of 37.5 + j75 Q. If the dielectric constant of the line is 2.56 and
the frequency is 3 GHz, find the input impedance to the line, the reflection

coefficient a the load, the reflection coefficient at the input, and the SWR on the
line.

4. The VSWR on a lossless 300 Q transmission line terminated in an unknown

load impedance is 2.0, and the nearest voltage minimum is at a distance 0.3\
from the load. Determine (a) I';, (b) Z,.
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5. Calculate VSWR, p, and return loss
values to complete the entries in the
following table.

6. Measurements on a 0.6 m lossless
coaxial cable at 100 kHz show a
capacitance of 54 pF when the cable is
open-circuited, and an inductance of
0.30 uH when it is short-circuited. (a)
Determine Z, and ¢, of the medium.

VSWR p | RL(dB)
1.00 0.00 00
1.01

0.01
1.05 32
30
1.10
1.20
0.10
1.50
10
2.00
2.50




