Lecture 6
2022/2023

Microwave Devices and Circuits

for Radiocommunications




2022/2023

2C/1L, MDCR
Attendance at minimum 7 sessions (course or
laboratory)
Lectures- associate professor Radu Damian
Tuesday 12-14, Online, P8
E — 50% final grade
problems + (2p atten. lect.) + (3 tests) + (bonus
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first test L1: 21-28.02.2023 (t2 and t3 not announced, lecture)
3att.=+o0.5p
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Laboratory — associate professor Radu Damian
Tuesday 08-12, I.23/ (08:10)
L —25% final grade
ADS, 4 sessions
Attendance + personal results

P —25% final grade
ADS, 3 sessions (-17 21.02.2022)
personal homework
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Activities
Course: Instructor: Assoc.P. Dr. Radu-Florin Damian, 2 Hours/Week, Specialization Section, Timetable:
Laboratory: Instructor: Assoc.P. Dr. Radu-Florin Damian, 1 Hours/Week, Group, Timetable:
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Evaluation

Type: Examen
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A: 50%, (Test/Colloquium)
B: 25%, (Seminary/Laboratory/Project Activity)
D: 25%, (Homework/Specialty papers)

Grades Main Courses Master Staff Rese

Aggregate Results

Attendance

Course
Laboratory.
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Bonus-uri acumulate (final) l =
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Materials

In order to participate at online exams you must get ready following

Course Slides

MDCR Lecture 2 (pdf, 3.67 MB, en, )
MDCR Lecture 3 (pdf, 4.76 MB, en, 3)
MDCR Lecture 4 (pdf, 5.58 MB, en, 38)
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RF-OPTO

http://rf-opto.etti.tuiasi.ro
David Pozar, “*Microwave Engineering”,
Wiley; 4th edition, 2011

1 exam problem € Pozar
Photos

sent by email/online exam
used at lectures/laboratory
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Grupa 5304 (2015/2016)

Specializarea Tehnologii si sisteme de telecomunicatii
Marca 5184

Trimite email acestui student | Adauga acest student la lista (0)
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Laborator Tehnologii Web 2013/
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Profile photo

Profile photo — online “"exam”

Examene online: 2020/2021

Disciplina: MDC (Microwave Devices and Circuits (Engleza))

Pas 3
v swt sop  ltex
1 Profile photos 03/03/2021; 10:00 08/04/2021; 08:00 Online "exam" created f .

2 Mini Test 1 (lecture 2) 03/03/2021; 15:35 03/03/2021; 15:50 The current test consis ..
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Marca 5184
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access to online exams requires the password
received by email
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Main Courses Master Staff Research Stud

Login

Use the last name and email glored in the database

POPESCU GOPO ION

Name
POPESCU GOPO

Date: ‘ Email/Password

Fotografia z PESREI
nu exista Grupa 5700 (2019/2020)

Specializarea Inginerie electronica si telecomunicatii

Marca 7000000 Write the code
bH

—

< Access the site as this @Qﬂuest access to software ?%E @

Grades

Inca nu a fost notat. Send




access email/password

Main Courses Master Staff Researc Main Courses Master Staff Researg

POPESCU GOPO ION POPESCU GOPO ION

Date: Date:

Fotografia T v Fotografia v aras

nu exista Grupa 5700 (2019/2020) nu exista Grupa 5700 (2019/2020)
Specializarea Inginerie electronica si telec Specializarea Inginerie electronica si telec
Marca 7000000 Marca 7000000

You access thsite as this student! You access the site‘s this student (including exams)! >




Password

received by email
@tant message from RF@ Abox x

Radu-Flor

in Damian

In atentia: POPESCU GOPO ION

Parola pentru a accesa examenele pe server-ul rf-opto este
Parole: QD

Identificati-va pe server, cu parola, cat mai rapid, pentru confirmare

Memorati acest mesaj intr-un loc sigur, pentru utilizare ulterioara

Attention: POPESCU GOPO ION

The password to access the exams on the rf-opto server is
Password

Login to the server, with this password, as soon as possible, for confirmation

Save this message in a safe place for later use

4. Reply 4~ Reply all ®» Forward

Atk Subject oo Correspondents

< mportant message from RF-OPTO > =) POPESCU GOPO ION
Validation © rom 0Z2/05/2020 _

Me <rdamian@ettituiasi.ro> W

Important message from RF-OPTO

Me <rdamian@etti.tuiasi.ro> #

Laboratorul de Microunde si Optoelectronica
Facultatea de Electronica, Telecomunicatii si Tehnologia Informatiei
Universitatea Tehnica "Gh. Asachi" lasi

In atentia: POPESCU GOPO ION

Parola pentru a accesa examenele pe server-ul rf-opto este

Parola: QUMD

Identificati-va pe server, cu parola, cat mai rapid, pentru confirmare.

Memorati acest mesaj intr-un loc sigur, pentru utilizare ulterioara

Attention: POPESCU GOPO ION

The password to access the exams on the rf-opto server is

Password: (D

Login to the server, with this password, as soon as possible, for confirmation.

Save this message in a safe place for later use



Online exam manual

The online exam app used for:
lectyres{attendance)

aboratory

project
.

Materials

Other data

Manual examen on-line (pdf, 2.65XB, ro, 1)

, 2 MB, ro, 11)

Simulare Examen (video) (mp4, 6

Microwave Devices and Circuits (Enalis



Examen online

[\

always against a timetable
long period (lecture attendance/laboratory results)

\ext timeframe in:

Announcement Support material
23:59 (10/05/2020) 00:05 (11/05/2020)

Exam Topics Results End Confirmation
00:07 (11/05/2020) 00:10 (11/05/2020) 00:20 (15/05/2020) 00:20 (16/05/2020)

Refresh now

Announcement

This is a "fake" exam, introduced to familiarize you with the server interface and to perform the necessary actions during an exam: thesis scan, selfie, use email for cc

Server Time

the server's time zone (it may be different from local time). For reference time on the server is now:
10/05/2020 23:59:16
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Online results submission

many numerical values
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Online results submission

+ Quality of the submission
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Course Topics

Transmission lines

Impedance matching and tuning
Directional couplers

Power dividers

Microwave amplifier design
Microwave filters

Vil Leni >



The lossless line

1(2)= Yo gz Vo gi

Zy Zy

Vo +Vy
Vo =V

Zy

voltage reflection
coefficient

F_VO_ _ ZL_ZO

VS 72, +7Z,

: )
. Z Z, 4T~
|

A'\

Z, real



The lossless line

V(z)=V, -(e‘j'ﬂ'Z +T -ej'ﬁ'z) 1(z)= Vo -(e‘j'ﬂ'Z -T -ej'ﬂ'z)

0

time-average Power flow along the line

i :; Re {V( )-1(z )}:%’V;O‘ Re{l-T".e?7 4T.e21 ||

Tota power delivered to the load = Incident
power — “Reflected” power
Return “Loss” [dB] RL =—20-log|[] [dB]



The lossless line

input impedance of a length [ of transmission
line with characteristicimpedance Z,, loaded

with an arbitrary impedance Z,
L

_______l;l_____..
S
N




General theory

Microwave Network Analysis




Scattering matrix-S

Scattering parameters

PR SV IV S S| |V
D J— — A Sp1 S Vz+
V V
s
2 S11:L+ S21:—2+
Vi V, =0 Vi V, =0

V,; =0 meaning: port 2 is terminated in
matched load to avoid reflections towards
the port

[,=0—>V, =0



Scattering matrix-S

d, d, |:bl:|:|:sll S12} |:a1:|
<b— —b—> b, Sy Sp | @
1 |
o [s1 [ X b
Sl]. - 822 — _2
a]_ 8.220 8.2 a1:0

S.,and S, are reflection coefficients at ports
1 and 2 when the other port is matched



Scattering matrix-S

S.,si S, aresignal amplitude gain when
the other port is matched



Scattering matrix-S

d
a, 2 |:bl:|:|:sll SIZ}.|:a1}
«— —> b, Sy S| &

S ‘2 _ PowerinZ, load
*''" Power from Z, source
D
a,b
information about signal power AND signal phase
S.

]
network effect (gain) over signal power including
phase information



Power dividers and directional
couplers




Course Topics

Transmission lines

Impedance matching and tuning
Directional couplers

Power dividers

Microwave amplifier design

Microwave filters
Yecill i



Power dividers and couplers

Desired functionality:
division
combining

of signal power

DiVider = P2 = aP] P] - P2 + P3 DiVider <_P2

Py > or E or
coupler f——m9 Py=(1-a)P, coupler -~

(a) (b)

Figure 7.1
© John Wiley & Sons, Inc. All rights reserved.



Three-Port Networks

also known as T-Junctions

characterized by a 3x3 S matrix
Sll SlZ S13

[S]: Syi S S

] _8.31 832_ S33_ . i

the device is reciprocal if it does not contain:
anisotropic materials (usually ferrites)

active circuits
to avoid power loss, we would like to have a
network that is:

lossless, and

matched at all ports
to avoid reflection power “loss”




Nonreciprocal Three-Port Networks

circulator often found in duplexer
=D

enna

5} -

Transmitter Antenna




Power dividers



Power division of the T-junction

consists in splitting an input line into two
separate output lines
available in various technologies for the lines

(@) (b)

(©)



Resistive Divider

If a three-port divider contains lossy components,
it can be made to be:

reciprocal

matched at all ports | o
Port 2 p, Theimpedance Z, seenlookinginto the

Zo/3 resistor followed by a terminated
output line:

Z, 47,
Z./3 L=—tly=—r
o
Port 1 o AAAA, 3 3
s + The input line will be terminated with a
P—> Z, >V VZ P
! 0 1 Y Zo[3 resistor in series with two such
° lines Z in parallel
7.

mn

T3ty b

so it will be matched: S;; =0

Z, 14z, ,

Port 3

from symmetry: S;; = S,, = S35 =0



The Wilkinson power divider

one input line
two A/4 transformers
one resistor between the output lines

Zy
/ ”
, V22, Z
0 A Zy 27,
S 27,
O
/— 2 —/
Zy

(a) (b)

Figure 7.8
© John Wiley & Sons, Inc. All rights reserved.



The Wilkinson power divider




Directional couplers




Four-Port Networks

A four-port network simultaneously:
matched at all ports
reciprocal

lossless
is always directional

the signal power injected into one port is transmitted
only towards two of the other three ports

0 o B-el? 0
0 .al?

[S]: 05.8 0 ﬂ e

S-e’ 0 0 a

0 p-e? ¢ 0




Directional Coupler

Input ® @ Through 2 ) 5
~€ > S 2 L 2
Isolated @ © Coupled ‘ 13‘ o 'B
Coupling
P
Input ® @ Through ~C =10log —=-20-log (,B) [dB]
> > P3
>< Directivity
€ > P
[solated (7)) ©) Conpled 1y _ 10 log - =20-log (’Bj [dB]
o b Wi e, e AT, I:)4 ‘ S 14 ‘
Isolation

| =10l0g % — 20-log|S,,|[dB]

| =D+C, [dB] 4



Directional Couplers

Laboratory no. 2




The cuadrature (90°) hybrid

@ (Output)

@ (Output)

Yz

2_
C[dB]=—-20-log,, Y¥2 2

Y2

0.5/ Jo L5/

une 7.
Jotin Wiley & Sons, Inc. All rights reserved




The 180° ring hybrid

C [dB] =-20- |Oglo(y1) 0.5fo fo L5/

Figure 7.46




Coupled Line Coupler

10—
= i
7% wo T C
Input Throu b 2 O | |
E _/
0
& 30
2 = 7]
Zcezco = ZO %D 40 —
=*
8 -
‘ﬁ‘: Zce_zco O 50— D
Zce + Zco ﬂ/
ZCE_ZCO6O||||||||||||
C [dB]=-20-log,, > 7 1.0 2.0 3.0 4.0
- Frequency (GHz)

© John Wiley & Sons, Inc. All rights reserved.



Impedance Matching

The Smith Chart



Course Topics

Transmission lines

Impedance matching and tuning
Directional couplers

Power dividers >
Microwave amplifier design
Microwave filters

Vil Leni >
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The Smith Chart

L -Zy 7.1

/’ Z,+Z, 1z, +1

Z —Z, :YO_YL _1_YL

TZ,+Z, Y, +Y, 1ty

—

—




Traditional usage

transmission line
1002 characteristic impedance

0.3\ length
Z| = 40Q+j-70Q load
| Zin="? rL > > _7 .ZL_|_j.ZO.tanIB.|
in = =0 -
| Z,+]-Z -tan B-|
|
I Z. =36.5340Q— j-61.1190Q
:Zln ZO ZL
:
|
|
|




Traditional usage

transmission line 0105 ¢
100Q) impedance ‘
0.3A length
Z, = 40Q4+j-70Q load
normalization withZ =

movement with 0.3\ oAl
a line withZ_ =1000Q
(circle)

from z, (0.105A) p
to z,, (0.405A) L7

] /7
7 ~0.36—j-06=2n

/ o g “‘
4 e &"3&, l_@f i
q&ﬁ*‘%:ﬁ@% :

parsl : N 3 \ i LT

L\ e R LN %ﬁ“ HeR
) | e .\ S SEiE s ey
B o A NG [ O%@‘.‘.’, 4'3‘;;.’ - ‘3.:;:‘. )
Nl v W
\ N\ YR N *233‘0"0":0’? ’3'# A S
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N N\ ””’00 - U0 ¥
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The Smith Chart
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The Smith Chart
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The Smith Chart

=|r-¢"
Z +Z zL+1

|r|=1 0
/ _ Z, _ Y, _ Zo

L =— Y. = -

I Z, Y, Z,
normalization Z, = z, allows using the
same chart for any reference impedance

9=al’g [ +1 Z, (the plot becomes independent of the
> chosenZ,)

F=T[,+j-T
1+|1]-e1? s

L = =+ )X
1—\F\-e’9

1-r7 -7 . 2T

-1 = + ]
—

- (@-T.V+Ir? ° @-L)+I?



The Smith Chart

+1 4 ImT - 1-T7 -T7
— L 2 2
|r|=1 (1_Fr) Jrlﬁi
/ X = 2-T;
|r| L (1_rr )2 +1ﬂiz
O=arg +1 R Rearranged

Rel i 2 . 2
1+1, 1+1,

) {2 (2]




The Smith Chart

b1 AT EY) (P (y -y, P =R

Re [ (=x)



The Smith Chart

w1 N Iml

2 2
_— [Fr——rL )Jrrizz[ 1 ]
/ |r|=1 1+ N 1+ 1l
1Y (1Y
I (Fr—l)z{ri‘x_ :(x_j
L/ L
_ +1 : - B
B=arg I > = Circlesinthe (I, T;)

Rel complex plane

(x=% ) +(y-yo) =R’




The Smith Chart, resistance

(x=%) +(y=¥,f =R’ =T

The locus (the set of all points whose location satlsfles one or more
specified conditions) of the points generated by all impedances having
normalized resistance r|_is a circle which:

have its center on the horizontal axis (y,=0) r : 1 ?
1-—= +0=

passes through x=1,y=0 point, whatever x_,r,

have its radius between o and 1
tendsto oforlarger,
tends to 1 for small r,

whenr is 1 passes also through origin r ? 1 ?
0——= = on =1

1+r1, 1+r1,

for any pozitive r| radius is <1



The Smith Chart, resistance

+
g small r,

=1

large r,

-1 +1

>
\ Rel




The Smith Chart, reactance

2 2 X, =1
(T, —1) +£ri —i] :(i) 1
X, X( 1Yo =~

(X +(y=yo) =R R=1

The locus of the points generated by all impedances having
normalized resistance x_ is a circle which:

have its center on a line parallel with the vertical axis (x =1)

passes through x=1,y=0 point, whatever x_,x_ ) )

have its radius between o and oo 1 1
0o <[

tends to o for large || X X
L L
tends to oo for small ||

when x, is o transforms itself in the horizontal axis
if x_ > o the circle is above the horizontal axis, otherwise is bellow it




The Smith Chart, reactance

+1 X, >0

X
=

N\

@




The Smith Chart, impedance

A Im [

daw




The Smith Chart, reflection coefficient,

Cartesian coordinate system

+1

~ o
IM|=1 r.=o.8-sin60°=hr=-840 =l +j-T

I'=|[-(cos@+ j-sin 0)

r=r-e
s I=[Mze°

| I, =0.8-cos60°=0.4

1 Rel’ T'=0.8.60°

[, =0.8-cos60°=0.4
[ =0.8-sin 60° =0.693
['=0.8£60°=0.4+ J-0.693



The Smith Chart, reflection coefficient,

Polar coordinate system

IlM=1 —
o ['=0.84£60° |
135 45° C=TI,+j-T;
|F I'=|[-(cos@+ j-sin 0)
"> 0 r=r]-e'
o)
180 V4 .
0.2/ 0.4 0.6/ 0.8 1.0 0 F:‘F‘ZQO
['=0.84£60°
[, =0.8-cos60°=0.4
225° 315° I; =0.8-sin 60° = 0.693

270°



The Smith Chart, reflection

coefficient, impedance
90°

IM=1 —
. I'=0.8£60° )
135 4,5° r=£6

i 0 " =0.8.60°
" \6 roZi=2 _z. -1
OO

-[rf-e*

180° V4 Z, +Z, z,+1

0. 0.4/ 0.6/ 0.8 1.0

. 1+I" 1+0.8£60°
- 1-T 1-0.8.60°
z, =0.429+ j-1.65

1+F 1+0.8.260°
Z, = Z — =500
225° 315° “LT %0 1-0.8./60°

Z, =21.429Q0 + |-82.479Q)

270°



Equivalence

reflection coefficient < impedance

X, =+1.65

['=0.8£60°=0.4+ j-0.693

ro L —Z, _ z, -1

L +Z, z,+1

1+I" 1+0.8£60°

“1-I' 1-0.8/60°
z, =0.429+ -1.65

r .=0.429

180°

Z,

(whateverZ)

270°



The Smith Chart, reflection

coefficient < impedance

IM=1
135°

i

7, =0.429+ j-1.65

(whateverZ )

r .=0.429




The Smith Chart, reflection
coefficient, matching

o MatchingZ, loadtoZ,source.
We normalize Z, overZ,

Z, =21.429Q0+ |-82.479Q)
z, =0.429+ -1.65
I, =0.8.60°
We must move the point denoting
the reflection coefficient in the area
3150 where with a Z_ source we have:
[, =0 perfectmatch @

180°

225°

270o ‘Fo‘ <I}, “good enough” match



Example

ADS
m2 m1 m3
freq—1 4536Hz freq=2.301GHz freq—4 548GHz
mag(S )=0.100] |mag(S(1,1))=0.099 mag(S )=0.100
05
-~ 0.3—:
73 ] —~
| TR -
£ ] 5 =
] 2 O © ® N O U W N
0.1
e0 | I T 1 T T 1 1
05 10 945 20 25 30 35 40 4} 50 55
freq, GHz

freq (500.0MHz to 5.500GHz)

| <T,



Example

Laboratory 1

m2 m1 m3
freq—1 453GHz freq=2.301GHz freq —4 548GHz
mag(S )=0.100] |mag(S(1,1))=0.099 mag(S )=0.100
05 \\
0.4 \\
= 03
5 7 |
\g) 02 ] 1 \
S @é j
0.1 ) /
] /
] m4 /
o8 T I A T S freq=4.548GHz

S(1.1y=0.100/-53.045 -/
impedance = Z0 * (1. 113/10 180)

05 10 §5 20 25 30 35 40 4} 50 55
freq, GHz

e
-
\\\-— //

—

freq (500.0MHz to 5.500GHz)

| <T,



The Smith Chart,
Impedance/reflection coefficient

Z, =10Q+ j-10Q
z, =0.2+j-0.2
I, =T, =0.678.156.5




The Smith Chart, series reactance

0° Z, =R +j-X_ =10Q2+ j-10
Z, = +]-X, =02+]-0.2

Il =0.678./156.5°
Zin :ZL+j'X1:RL+j'(XL+X1:
Zin :rL+j'(XL+X1)
' %=]wL/Z2,>0
)% =—Jlw-C-Z,<0




ADS, Smith Chart, series reactance

B = 2d T 2 . erm. . lerm. .
Tem1  C Tem2 (<< |TeBm5s [ < |Tem6
Num=1 G Num=2 Num=5 Num=6
1Z=500hm" C=TpF{tff =~ =~ || |Zz=10+0 -~ =~ ~ "~ |'] [(Zz=500fm -~ =~ =~ =~ " '] [Z=10+*10"
T s R e —+ Ak

—_ ]
. TuneParameters

Term

N ) . . . . . . + * ‘;‘»‘)"\

T+ Term

AN
ANNA

X
Simulate
_ SN

; 5 2 4 : ; : . While Slider Moves s

adaptare_LC_lib:X_S:schematic

ierm. : 3 : : i o ierm : : ; . : . Tune
_ Ter‘m3 _ _ 1:1 _ _ _ _ _ _ _ _ Te nﬂ4 _ _ _ _ A Parameters
Num=3

ANAA

- Num=4 . Include Opt Params
1 Z=500hm ' | Z=1 0+J 10 . 4 . ' Enable/Disable. .. C;:) o

(nH)
[C] pisplay Full Name Value 39.605 | 0 =0
[T] snap Slider to Step Max |50 ‘ |40

Traces and Values

Store... Recall... » [Zl

; : - : ; ; 3 3 ; A ; ; , Trace Visibility...
o ‘;;‘3}‘ S-PARAMETERS. I s s s om s e o D =
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.;\_3—_ a C m . _ . . . _ . _ _ . » ' Min |0.5 |0.5
SP 1 Update Schematic Step "D. 1 1 0 1
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ADS, Smith Chart, series reactance

freq (1.000GHz to 1.000GHz)



The Smith Chart, series resistance

0° Z, =R +j-X_ =10Q2+ j-10
Z, = +]-X, =02+]-0.2

I, =0.678./156.5°
Zin :ZL+R1:(RL+R1)+j'XL
Zin :ZL+r1:(rL+r1)+j°XL



ADS, Smith Chart, series resistance

e T T

\\\
ADS \\
m1
freq=1.000GHz \
S(3,3)=0.678 / 156.501

/ impedance =20 * (0.200 + j0.2Q0)
\

\
\
|
|
/

J

\ 5/

““H-E_._.———"“/

freq (1.000GHz to 1.000GHz)



The Smith Chart, series
transmission line, Z

z =1 +j-x =02+j-02
I, =0.678.,156.5°
7 _7 1+, @21/
in — <0 .1_1_‘L -e_Zjﬂ'l
I, =T, e 2 p

‘Fin‘ — ‘FL‘ arg(T;, )=arg(l". )-2- B




ADS, Smith Chart, series
transmission line

-

. % Term |
1< | Term1
Num=1

Z=50 Ohm

n - nr-r
+

.. 2 Term . .
- § Term2

1

50.0 Ohm |

Num=2

oTmmN o

Z=10+*10

Term.

Term3

AMATT

i AR I
Z=50 Ohm

1 _Term . .
1< |Term4
Num=4

Z=104*10

gfji}) | S-PARAMETERS

S_Param
SP1

Freq=1.0 GHz



ADS, Smith Chart, series
transmission line

m71 - [m1
' freq=1.000GHz

S(3,3)=0.678/-156.501
impedance =Z0*(0.200 + j0.200)

m?2

freq=1.000GHz

S(1,1)=0.678/ 176,501
impedance =70 * (0.192 +]0.029)

freq (1.000GHz to 1.000GHz)



ADS, Smith Chart, series
transmission line, E=90°

"

m1
freq=1.000GHz

S(3,3)=0.678/-156.501
impedance =Z0*(0.200 + j0.200)

m?2
freq=1.000GHz

S(1,1)=0.678/ -23.499

impedance =270 * (2500 -j2.500)

freq (1.000GHz to 1.000GHz)



ADS, Smith Chart, series
transmission line, E=180°

m2 - [m1
' freq=1.000GHz

S(3,3)=0.678/-156.501
impedance =Z0*(0.200 + j0.200)

m2

freq=1.000GHz
S(1,1)=0.678/ 156,501
impedance =Z0 * (0.200 +{0.200)

freq (1.000GHz to 1.000GHz)



ADS, Smith Chart, series

transmission line, Z=25Q=7Z

ADS mi
freq=1.000GHz
S(3,3)=0.678 1 156.501
impedance =Z0 *(0:200 + j0.200) \
@ < o)

[0 .
& " m 2 5]
- ) S '

m2
\ freq=1.000GHz
S(1,1)=0.419// -99.926
\mpedance = 70*(0.625 - j0.625)
v

\M.._,__,_._.-——-"'/

freq (1.000GHz to 1.000GHz)




The Admittance Smith Chart

- L —L Z,
_ I = L 0 _ T I
/|r|_1 Z, +Z, zL+1 =Ir-e
m r=r +j-T,
B=arg +1 1+T]-e? .
> Z, = T= X
Rer 1-|r]-e
|F| e L =g, +]-b
YL = 1+|F| ST rL+j'XL_gL )DL
p, 2 A=T)= T
_ b, = r i
— I T T )T




The Admittance Smith Chart

2 2
+1 4 ImTl (X_Xo)2+(y—yo)2=R2 gL:(]:_L_Fr)Z_FiFZ
— +1, ) +1;
D IlM=1 2.7
A\ b = i
v -l- ‘/ "~ (4T )P +T7
i Rearrangec
2 / 2
! i (F+ I j+1‘-2= L J
Re> "1+, 1+,

o {4

Circlesinthe ([, ;) complex plane
(x=% ) +(y—yo ) =R?




The Smith Chart, conductance

-1 +1




The Smith Chart, susceptance




The Smith Chart, reflection

coefficient & admittance

['=0.8£60°

o Z, =21.429Q + j-82.479Q)
& 7, =0.429+ j-1.65
I =0.8./60° .

\ \ y =—-=0148- j-0568
L
OO

.| 1.0

' / g, =0.148
y, =0.148+ j-0.568

315° (whateverZ))




The Smith Chart, reflection
coefficient & admittance

Z, =50Q,Y, =0.02S

0°
Z, =125Q+ j-1250

7, =25+ j-2.5
I, =T, =0.678.£23.5°
Y, =1 —0.004S — j-0.004
L
y o=~ =YL _02-j.02

Z, Y



The Smith Chart, shunt susceptance

OO

Oin = 9L

Z, =500Q,Y, = 0.02S
T, =0.678.23.5°

Y, =G, +j-B, =0.004S + j-0.004
Yy, =0, +]:-b =02-j-0.2
Yin =Y +]-B,=G_ +]:(B_+B)
Vin =9, +j-(b +by)

b= -0-CiZy>0
J-by=-)-Zy/w-1, <0



ADS, shunt susceptance

lerm TG : 1 lerm D . &4 lerm A ++ Term
Term1 _ C1 - L= Term2 _ _ Term5
Num=1 =~ [C=03pF {i} Num=2 Num=5

g
-

Term6
Num=6
Z=125+j*125

Z=50 Ohm Z=125+j*125 Z 50 Ohm

'IIF*' _
.|||+, _

Tune Parameters X

1erm.

. . . » . = * . ; EuLa adaptare_LC_lib:X_P:schematic
Te rm 3 ) Q L 1 ; v ‘ Te rm 4 v While Slider Moves v T
Num=3 (=80 nH t Num=4

g
0
[

Iarm
1erm

Z 50 Ohm i —_ 2 Z 125+J 125 o Parameters

— . . o . 2 Enable/Disable...

Include Opt Params
LiL C1C

(nH) (pF)

D Display Full Name value |80 | 10.3

jIIFF‘—NW ‘

[[] Snap Slider to Step Max | 100 J {50
Traces and Values

Store... Recall... » E

Trace Visibility. ..

: : : : : : : Reset Values
f‘é&é S = PA RAM E TE RS 6 Close Unassociated Data Displays »
‘ ‘ I Mn 0.5 | o |

= 3 3 x 5 5 3 3 3 3 Update Schematic step [0.1 1 :D,l
S Param L |

SP1
Freq=1.0 GHz

Close Help Scale |Lin v Lin 5




ADS, shunt susceptance

®
ig—
s
DD D /

freq (1.000GHz to 1.000GHz)



The Smith Chart, shunt conductance

Z, =50Q,Y, =0.02S
0° I =0.678£23.5°
Y, =G, +j-B, =0.004S + j-0.004
y, =9, +]J-b =0.2—-j-0.2
Yin =Y +G :(GL +Gl)+ ]-B,
Yin = (gL + 91)+ J-b

in =b|_ Oin =9, +G;- £,




ADS, shunt conductance

freq (1.000GHz to 1.000GHz)



Constant VSWR circles

Certain applications may require a certain ratio
between maximum / minimum line voltage

90

VSWR = const 2 I" = const 7 1
135 y N e
gg 0.2
1+|T g N
VSWR - Vs _ 1T /
min 1_‘1—“ 2180 0 5 0
2 \X702 "
S\
b
2 los 4
%

o

.
L

+jx (inductive)

-jx (capacitive)

<
«



Constant Q circles

Quality factor Q

= const

G
B

X
Q=7 =




Impedance matching

Impedance Matching with lumped
elements (L Networks)




Course Topics

Transmission lines

Impedance matching and tuning
Directional couplers

Power dividers

Microwave amplifier design
Microwave filters

Vil Leni >



The Smith Chart, reflection

coefficient, impedance matching

900 — —

I, =0.860° M1 o

IM=1
135°

o MatchingZ, loadtoZ,source.
We normalize Z, overZ,

Z, =21.429Q0+ |-82.479Q)
z, =0.429+ -1.65
I, =0.8.60°
We must move the point denoting
the reflection coefficient in the area
3150 where with a Z_ source we have:
[, =0 perfectmatch @

180°

225°

270o ‘Fo‘ <I}, “good enough” match



The Smith Chart, series reactance

0° Z, =R +j-X_ =10Q2+ j-10
Z, = +]-X, =02+]-0.2

Il =0.678./156.5°
Zin :ZL+j'X1:RL+j'(XL+X1:
Zin :rL+j'(XL+X1)
' %=]wL/Z2,>0
)% =—Jlw-C-Z,<0




The Smith Chart, series resistance

0° Z, =R +j-X_ =10Q2+ j-10
Z, = +]-X, =02+]-0.2

I, =0.678./156.5°
Zin :ZL+R1:(RL+R1)+j'XL
Zin :ZL+r1:(rL+r1)+j°XL



The Smith Chart, series
transmission line, Z

z =1 +j-x =02+j-02
I, =0.678.,156.5°
7 _7 1+, @21/
in — <0 .1_1_‘L -e_Zjﬂ'l
I, =T, e 2 p

‘Fin‘ — ‘FL‘ arg(T;, )=arg(l". )-2- B




The Smith Chart, shunt susceptance

OO

Oin = 9L

Z, =500Q,Y, = 0.02S
T, =0.678.23.5°

Y, =G, +j-B, =0.004S + j-0.004
Yy, =0, +]:-b =02-j-0.2
Yin =Y +]-B,=G_ +]:(B_+B)
Vin =9, +j-(b +by)

b= -0-CiZy>0
J-by=-)-Zy/w-1, <0



The Smith Chart, shunt conductance

Z, =50Q,Y, =0.02S
0° I =0.678£23.5°
Y, =G, +j-B, =0.004S + j-0.004
y, =9, +]J-b =0.2—-j-0.2
Yin =Y +G :(GL +Gl)+ ]-B,
Yin = (gL + 91)+ J-b

in =b|_ Oin =9, +G;- £,




Impedance matching

IM=1 90° = =
I =0.8/60° , I
135° - Z ° L
35 45° ° Zy
®
180° 0°
How?
225° 15°
315 [, =0 perfectmatch @

)
270 ‘Fo‘ <I}, “good enough” match



Matching, series reactance

Zin :rL+j‘(XL+X1)

lin =1L

Match can be obtained if
andonlyifr =1

we compensate the
reactive part of the load

)X ==X




Matching, shunt susceptance

OO

yo=0.+]-b.
Yin :9L+j'(bL+b1)
Jin = 9L

Match can be obtained if
andonlyifg, =1

we compensate the
reactive part of the load

J-b=—]-b



Smith chart, r=1 and g=1

Im [
+1 4

g.=1 =1

Re [




Matching with 2 reactive elements

(L Networks)

Two steps matching

first reactive element moves the reflection coefficient
onthecircler, =1/g, =1

second element compensates the remaining reactance
and achieves the impedance match



series C, shunt C / shunt C, series C

Forbidden area for 7z, o

)
J

current network
22




series L, shunt L /shuntL, series L

Z, O_r\m}v\ _ Forbidden area for

’ 5 z,
current network
L2 Z, L, Z,




series L, shunt C/shunt C, series L
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Matching with 2 reactive elements

(L Networks)

Forany ', there are at least 2 possible L
networks to achieve match (L+C)

For some starting areas on the Smith Chart
there are 4 possibilities (+2 C+C/L+L networks)
We choose the network that requires
components with existent/practically realizable
values

By adding the resistive elements, we can
supplement the number of networks but with
loss of signal power (not recommended)



Matching with resistive elements

In microwave frequencies active circuits work
very near to the transition frequency f;

Any “waste" of signal power is not
recommended

Sometimes such an action might be necessary
to insure device stability

25

20
15 —
10 4
5

dB(S(2,1))




Matching with 2 reactive elements

(L Networks)

Two steps matching

for starting reflection coefficient inside the r, = 1 circle
we must use first schematic

for starting reflection coefficient outside ther =1
circle we must use second schematic



Matching with 2 reactive elements

(L Networks)

Z =R +]-X_ R >2Z, Z4iy=4,

Zinlro
> —> 1
: Zy=]-X+- .
J-X I ’ J-B+UR_+j-X,)
Z,
J.B ZL B'(X'RL_XL'ZO):RL_ZO
V, X -1-B-X,)=B-Zy-R, - X,
B—XLiVRL/Zo'\/RE+XE_Zo‘RL X:£+XL'ZO— Zg

R+ X |
the argument of the second square root is always positive for:
R, >Z,
two physically realizable solutions are possible for B and X



Matching with 2 reactive elements
(L Networks)

B:i\/(ZO_RL)/RL
Z,

the argument of the square root is always positive for:
R, <Z,
two physically realizable solutions are possible for B and X

X =+ R (Z,-R. )X,



Example

38.8 nH

O RS S O
Z5=100Q 0:.92 pF=——
Solution 1
2.61pF
O || O

Solution 2

Z; =200 - 100 Q

Z; =200 —100 Q

0.75

f(GHz)



i

[

Z=100 Ohm C=2.61 pF

Term . T =i
| Term1 YL1 | g2
{Num=1  -'__ =7 C=092pF

Z=100 Ohm ';_38'8 tal

- o ;
- \ %

Term ' /

Term3  C

Num=3  Cf

Term

Term2
Num.:2 : :
Z=200-j*100

- Term
| Term4
: Nu m.=4 v

Z=200-*100



ADS

00 01 02 03 04 05 06 07 08 09 10
freq, GHz



Constant Q circles

Quality factor Q

= const

G
B

X
Q=7 =




Quality factor - bandwidth

High quality factor is equivalent with narrow

bandwidth
0
S s o1 l
=
o / [ |\
Q=10
-10 I
0 Moo OO moa 3

freq, Hz



Match bandwidth

[ gain_plot* [S_parameters]:0

Flle Edit View Insert Marker History Options Tools Page Window Help

A- & =

S(1,1)
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\ gain_circles ]\Y parame ters/\ Z__parameters/\ S,DBFBMEterS/\ figures_of ment/\ noise_figure /\ S 11 db /

The position with
highest Q for
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bandwidth

C
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Match bandwidth

[ gain_plot* [S_parameters]:0

Flle Edit View Insert Marker History Options Tools Page Window Help

\ gain_circles ]\Y parame ters/\ Z__parameters/\ S,DBFBMEterS/\ figures_of ment/\ noise_figure /\ S 11 db /

Wider matching
bandwidth can be
obtained with
multiple, smaller
steps, insuring that
all intermediate
reflection
coefficients (B, D)
correspond to

smaller Q
E D C B A
L, l"fti\l" l"fﬁ\l" |
—= oy Z,
v v $




Match bandwidth

[ gain_plot* [S_parameters]:0

Flle Edit View Insert Marker History Options Tools Page Window Help

~~
L
i C
BN
D

\ gain_circles ]\Y parameters/\ Z__parameters/\ S,DBFBMEterS/\ figures_of ment/\ noise_figure /\ S 11

d /

For high Q starting
reflection
coefficients (A)
narrow bandwidth
match is
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Practical realization of lumped

elements for microwave frequencies

Air

bridge

Lossy film

[ [ ];//I/ @ | @ |

Planar resistor Chip resistor Loop inductor Spiral inductor

Dielectric .‘

“EE

Interdigital Metal-insulator- Chip capacitor
gap capacitor metal capacitor




Impedance Matching

Impedance Matching with
Stubs



Stub

Stub (en)="rest, ciot, cotor, capat” (ro)
We avoid the necessity to use lumped elements
Matching is achieved (with higher accuracy)
using usual Zo transmission lines of the circuit
We use one or more lengths of transmission line
(stub) connected either in parallel orin series
with the transmission feed line :

open-circuited

short-circuited
Usually open-circuited transmission lines are
easier to implement and are preferred



Smith chart, r=1 and g=1

Re [




Single stub tuning

Shunt Stub

-« d >
O

Open or
horted |
shorted

stub




Single stub tuning

Series Stub
difficult to realize in single conductor line
technologies (microstrip)

- d >
Zy — Zi
Om O O
A
—y
/ N
; | \
/= —
\ [ y ' \
\ |
Y \ /

 SEEEE . /
.A Open or ~="

shorted
stub



Shunt Stub

Sectiune de linie paralel




Case 1, Shunt Stub

Shunt Stub
,:‘ d )‘n
= Yy
7 \
A ‘ |

Open or
shorted |
stub



Case 1, Shunt Stub

We use a series transmission line to move the
reflection coefficient on the circleg, =1
We compensate the remaining reactive part of the
load with a shunt reactance to achieve match
The shunt reactance is made with a stub which can be,
as needed:
open-circuited
short-circuited
Z +]-Zy-tan g1
Zo+j-Z, -tan Bl

Zin,sc:j'zo'tanlg'I Z

/-

In

:ZO

=—]-Z,-cot S|

in,oc
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Example, Shunt Stub, sc.

load: 60 Q series with 0.995 pF at 2GHz
two possible solutions

«—0.110A—> 60Q «—0.260\— 60 Q
A T o O—AANA
50 Q / 50 Q ——0995pF 50Q / 50 Q —— 0.995 pF

Solution #1 Solution #2




Example, Shunt Stub, sc.

0.8

0.6

IT|
0.4

0L




Example, Shunt Stub, sc.

Term1 TLA RIS L G '
Num=1 - : 7=50 Ohm R=60 Ohm_ ©=0.995 pF -
Z=50 Ohm t TLS( £-40 |
L T2 F=2 GHz
L __|_ Z=50.0 Ohm L
= ey AR =
Ref - F=2GHz
. . AAN—
+¥ Term TN R . e .
Term2 T4 . . R2. L e
Num=2 7=50 Ohm R=60 Ohm_ C=0.995 pF
Z=50 Ohm ¥ TESE E:93 5' - -
. F=2 GH
1 . | z=50.00hm"~ 5
o o E=146 .
Ref ~  F=2GHz




Example, Shunt Stub, sc.

i
Eeq=2.00 Hz

(1,1)=0.011\ 168.887
impedance =29 * (0.979 +j0.004

S(1.1)

freq (2.000GHz to 2.000GHz)



Example, Shunt Stub, sc.

i

Eeq=2.00 Hz

(1,1)=0.007 174.003
impedance = A\(D%? +j0.001

S(1.1)

freq (2.000GHz to 2.000GHz)



Example, Shunt Stub, sc.

1.0
0.8— \

Sol 2
Sol 1

O-O||||||||||||1||||||
10 12 14 16 18 20 22 24 26 28 3.0

freq, GHz



Example, Shunt Stub, sc.

| 40°
¢ Term fE_T_J = : 1 N GBES()O
Term1 fL1: R1 C1
Num=1 7250 Ohm R=60 O C=0.995 pF
Z=50 Ohm F TL E=40
i E}_ ;550 Dot '\j:
— i = (@)
Ref E=§2Hz I _ 34
= 2
360°

-A=0.111-4

-A=0.094-4

 935°

, .1 =0.260- A
360°

TTTTT
Num=2

G).
=20
3
T [ o
1n N
D
o
®
|—F
OO0
"n N
o
O
[{e)
(8)]
o)
o

|, =248 ) —0.406- 4 =
360°




Example, Shunt Stub, oc.

load: 60 Q series with 0.995 pF at 2GHz
two possible solutions

o - Z=500hm

Z=50.0 Ohm -
- . E=124




Example, Shunt Stub, oc.

m1
freq=2.000GHz

—O—o S(1,1)=0.007 / 174.003
g § impedance = Z0 * (0.987 + j0.001)

S(1,1)

freq (2.000GHz to 2.000GHz)



Example, Shunt Stub, oc.

m1
freq=2.000GHz
e S(1,1)=0.008 / -71.468

Ry impedance = Z0 * (1.005 - j0.015)

s(1,1)

freq (2.000GHz to 2.000GHz)



Example, Shunt Stub, oc.

Sol 2
Sol 1

0.0 I | I I I | I | I | I | I | I | I | I
1.0 12 14 16 18 20 22 24 26 28 3.0

freq, GHz



Example, Shunt Stub, oc.

@ o :
- o - =20 01114
< 360°
=2 _0344-2-0094. 242
360° 4
|, =230 0.260- 4 @
360°

360° A




Shunt Stub, some notes

mathematical functions which offer the input
impedance in a stub are periodic functions of
|, tan/cot based functions

Zin,SC:j'ZO°tanﬂ'| Zin,oc:_j'ZO'COtIB'I
adding or subtracting
E=p1=7=180° |:k%,VkeN

doesn’t change the result (full rotation around the
Smith Chart — hence the o0.5A gradation of the
circumference of the diagram)



Shunt Stub, some notes

adding or subtracting A/4 transforms the
impedance:
LZinse =1"Zy-tan g1 Zi...=—1]"2Zy,-cotp-l

in,oc

(1 A)_ L Lx)_sin(B-1+x/2) cospl |
tan g (I+4j_tan(,8 I+Zj_cos(,B-IHz/Z)_—sin,B-l =—cot -1

from the open-circuited value to the short-
circuited one and vice versa
For tuning in ADS it's better to start from the
neutral point (value of the electrical length of the
line which doesn’t influence the circuit)

seriesline: E=p-1=0

shunt stub: Z,, >, tang-l/cotB-1 >0, E=90°/0°




Analytical solution

Shunt Stub




Analytical solution, impedances

y
(.Jr

1 :
Z:RL_FJ'XL

Z=7 .(RL+j'XL)+j'Zo't
D Zo+ (R X)

Q

not

t=tan 5-d Y=G+j-B=%

o Rf+t?)

- CREt—(Zy = X t)-(X +2Z41)
RZ+ (X, +2Z,-t) -

j ZO'[RE+(XL+Zo't)2J

d (which implies t) is chosenso that: G=Y :zi

0

Zo-(R=Zo) 12 =2- X, -Zy t+(R,-Zo—RZ=X2)=0



Analytical solution

second grade equation, 2 solutions possible
d computed from t

i -arctant t>0
27T

d
A i-(7z+arctant) t<0
27T




Analytical solution

( : o
" © B. =-B
| g =
2 ,

i B - REt=(Zo =X, 1) (X +Z4-1)
Zo-[RZ+(X, +2Z,t)]

compensating susceptance is:

Ioc 1 BS -1 B
°c — =~ .arctan — _——.arctan| —
A 2r Y, 2r Y,
s =1 arctan| Yo | = L arctan| Yo
A 2r Bs ) 27 B

for negative lengths we add A/2
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