Lecture 8
2025/2026

Microwave Devices and Circuits

for Radiocommunications




2025/2026

2C/1L, MDCR
Attendance at minimum 7 sessions (course or
laboratory)
Lectures- associate professor Radu Damian
Tuesday 12-14, P2
E — 50% final grade
problems + (2p atten. lect.) + (3 tests) + (bonus
activity)
first test L1: 24.02.2026 (t2 and t3 not announced, lecture)
3att.=+o0.5p

all materials/equipments authorized




2025/2026

Laboratory — associate professor Radu Damian
Monday 14-16, 11.13 / (even weeks)
L —25% final grade
ADS, 4 sessions
Attendance + personal results

P —25% final grade
ADS, 3 sessions (-1? 24.02.2026)
personal homework



General theory

Microwave Network Analysis




Course Topics

Transmission lines

Impedance matching and tuning
Directional couplers

Power dividers >
Microwave amplifier design
Microwave filters
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Scattering matrix-S

Scattering parameters

V, Vv, Vi _ St Si . V1+
«— — Vy | Sa Swl | V)
V V
e [ F
2> Sy ==+ Sy =%
Vi V, =0 Vi v, =0

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

the port
L=0->V,=0



Power waves for N ports

pl=[F]-(2]- 2] ) (2)+ [z ) [F ] L]
The scattering matrix for power waves, [S ]
b]=Is,] [a]
s, |=[F]-(2]-[z:T ) (2] + [z ) - [F T

But:  [s]=(1z]-1z,)-(Z]+]Z, )"

Typically

Lo =ZLp =Ry, Vi [S] _ (g thgy_
Ry =50Q pl [ ] coincide!!!




Scattering matrix-S

d, d, |:b1:|:|:S11 S12:| |:al}
<b— T) b, S Sn ||
1 |
o s, b
Sy =—+ Sy, =%
al a2:O CZ2 a1=0

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



Scattering matrix-S

d, d, |:b1:| :{Sn S12:|_|:a1:|
<b— T) b, S Sn | a4
1
[S] : b b
al a2=0 Cl2 a1=0

S,.siS_, are signal amplitude gain when
the other port is matched



Scattering matrix-S

d d
1 2 |:b1:|:|:S11 S12:|_|:a1:|
«—— —_ b, S Sn | a4

‘S ‘z _ Powerin Z, load
1 Power from Z, source
—
a,b
information about signal power AND signal phase
S..

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



Impedance Matching

The Smith Chart
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The Smith Chart
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The Smith Chart
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The Smith Chart, resistance

A Im I
+
- small r,

=1

large r,

-1 +1
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The Smith Chart, reactance

+1 X >0

X
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The Smith Chart, impedance




The Admittance Smith Chart

L, —7 Z;
1“: L 0 F jo
/|F|=1 Z, +7, zL+1 =IT-e
r F=T +,T,
O=arg +1 R 1+|[]-e/? »
Zr = — =7 X
Re T 1l
1\1“\ " 1 =g, +7-b
Yi 1+‘F‘ /0 rL+j-xL_gL e
: (1 F) j-T;
_ b i
= §17/70L = (1+T. )+ j-T,




The Smith Chart, conductance

-1 +1




The Smith Chart, susceptance
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Impedance matching

Impedance Matching with lumped
elements (L Networks)
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The Smith Chart, reflection

coefficient, impedance matching

IM=1
135°

I, =0.8£60° 2 L

o MatchingZ loadtoZ source.
We normalize Z, overZ,

Z, =21.429Q+ j-82.479Q)
z; =0.429+;j-1.65
T, =0.82£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‘ <TI’, “goodenough” match



The Smith Chart, series reactance

0° Z, =R, +j-X; =10Q+ j-10
zp=r+j-x;, =02+ ;-0.2

T, =0.678£156.5°

jx=joL/Z,>0




The Smith Chart, series resistance

0° Z, =R, +j-X; =10Q+ j-10

z, =1, +j-x;,=02+;-0.2
I, =0.678£156.5°

L, =2, +R :(RL +Rl)+j'XL

Zp =ZpTH :(’"L+’”1)+]"xL

r,=r +R/Z,



The Smith Chart, series
transmission line, Z

Tl =T

0° Z, =R, +j-X; =10Q+ j-10
z, =1, +j-x;,=02+;-0.2

T, =0.678£156.5°
Zin — ZO |

1+T, -e 2P
1-T, -e 27

L, =1} e

arg(T;, )= arg(l,)-2- 8



The Smith Chart, shunt susceptance

OO

gin :gL

Z, =50Q,Y, =0.02S
I, =0.678.£23.5°

Y, =G, + j-B, =0.004S + j-0.004
yi=g, +jb,=02-j-02
Y, =Y +j B =G, +; (B, +B)
Vin =81+ (b, +b))



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
V=g + /b, =02-j02
Y, =Y, +G :(GL+G1)+j'BL
vu=(g, +g)+Jjb,

bin :bL g =810 %




Impedance matching

IM=1 907 = »
: I, =0.8260° [T 't
135 45° ° Z,
@
180° 0°
How?
o (o)
225 315 I', =0 perfect match @

270o ‘Fo‘ <TI’, “goodenough” match



Matching, series reactance

Ziy :”L+j'(xL+x1)

rin:rL

Match can be obtained if
andonly ifr =1

we compensate the
reactive part of the load

Jr X ==X




Matching, shunt susceptance

OO

Vin :gL+j'(bL —|—b1)
gin — gL

Match can be obtained if
andonlyifg, =1

we compensate the
reactive part of the load

Jby=—j-by




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 L, shunt C/shunt C, series L
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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 eitherin parallel orin series
with the transmission feed line :

open-circuited

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



The Smith Chart, series
transmission line, Z

Tl =T

0° Z, =R, +j-X; =10Q+ j-10
z, =1, +j-x;,=02+;-0.2

T, =0.678£156.5°
Zin — ZO |

1+T, -e 2P
1-T, -e 27

L, =1} e

arg(T;, )= arg(l,)-2- 8



Matching, series reactance

Ziy :”L+j'(xL+x1)

rin:rL

Match can be obtained if
andonly ifr =1

we compensate the
reactive part of the load

Jr X ==X




Matching, shunt susceptance

OO

Vin :gL+j'(bL —|—b1)
gin — gL

Match can be obtained if
andonlyifg, =1

we compensate the
reactive part of the load

Jby=—j-by




Smith chart, r=1 and g=1

Re [




Single stub tuning

Shunt Stub
-« d >
Y, —
/ /N\\
i
\ b=z \
\ I
/
‘ ,

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,+j-Zy-tan -1
Lo+ j-Z,-tan -1

inse =J Zo-tan -1 Z .=—jJ-Z,-cotf-l

in,oc

Zin :ZO )

Z
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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.

l.() T

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°
360°

i A=0.111-2

Num=1

) N 34

Ref F=2 GHz
= )
360°

]
; refi :
TTTTT .]‘—L1 ‘R1 o1

: 7=50 Ohm R=600 C=0.995 pF
g E=40
T2 F=2GHz
Z=50.0 Ohm i

34 —

-A4=0.094-4

l

93.5° —
= 1= 0.260-2 = e
R - ) i i 2
3 60 ggfra‘no:éh . Z=50 Ohm R=600 C=0.995 pF
e | T s Mjlj
= 9_ 2=50.0 Ofim> ' 2 1
B E=146 =
F=2 GHz

L, =14 1204062 <
360°




Example, Shunt Stub, oc.

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

JTerm . . . TEIN: =« « R .
Termi L1 . . . R1T. aa
Num=1  __ 7=500hm . R=60Ohm_ C=0.995pF
Z=50 Ohm TLOC o4
........ ; TL2 F=2 GHZ - . 2 2 2 2 2 v 2 v
- Z=50.0 Ohm - i . . ==
R - E=124 L
......... Ref ~  F=2GHz
Tetrm . . _ R . . c . . . . .
TLIN
Term2z 0 e R2 c
Num=2 Z=50.Chm R=60 O C=0.995 pF
Z=50 Ohm TLOC E=.93‘5 (RN |
...... TL4 : 3 - 3 2 2 3 2 3 2 3
=2 GH
_______ 7=500 (Ehm ek SR
_ E=56 _ o _
- Ref F=2 GHz -



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.

i ;er‘rm ?_‘_F:A/\/_j/ (ﬁ:1
;ll:J;n;g)hm fL éiig Ohm R=60 OT C=0.995 pF
-: g ;ioo G S 1 40°
= -A=0.111-4

F=2 GHz = 3600

_ 124 -/1:0.344-z=0.094w+%

l, = 0 120.156-4 20406 4-2
360° 4




Shunt Stub, some notes

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

L. =] Zytanp-l L =—j-L,-cotf-l

in,sc injoc

adding or subtracting
E=f-1=7=180° l: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:
Zinse =J Zy-tan -1 Z .=—j-Z,-cotf-l

in,oc

(. A)_ L m\_sin(B-l+7/2) cosBl |
tan [ (Z+4j—tan(ﬂ l+2)_cos(,8-l+7z/2)_—sin,8-l_ cot -/

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=p4-1=0

shunt stub: Z,, >, tanfB-l/cotf-l—>o, E=90°/0°




Analytical solution

Shunt Stub




Analytical solution, impedances

y
(.Jr

1 :
':< ZL:Y_L:RL+]°XL
(RL+j'XL)+j'ZO°t
ZO+j'(RL+j'XL)°t

Q

Z=27,

not

t =tan fB-d Y:G+j-B:%

R, -(1+t2)
R +(X,+2Z,-t)

R} t—(Zy— X, 1) (X, +Z,-1)
Zo [RZ+(X, +Z, 1) ]

G = B =

d (which impliest) is chosenso that: ¢=1, :zi

0

Zy-(R, - 2Zy) 1> =2-X, - Zy -t +(R, - Zy— R? = X} )=0



Analytical solution

X, £(R |z, -R, )V + x2] /2,
RL_ZO

R, #Z,

second grade equation, 2 solutions possible
d computed from t

L-arctamt t>0
i:% 2
A L-(7H—arc:tant) t<0
27T



Analytical solution

~— By =—B

i B:R§°t_(ZO_XL't)'(XL+ZO't)
Zo-\R2+(X, + 2, 1)

compensating susceptance is:

—1 B

= -arctan| —

Y, 27 Y,
lsc -1 YO 1 YO
= -arctan = -arctan| —

A 2z By ) 2r B

for negative lengths we add A/2




Analytical solution, reflection

coefficient

load: 60 Q series with 0.995 pF at 2GHz

/ | |
«—0.1 l(),\—x-”(»()gz Zy =R, + j--C, =600~ j-79.97702
0Q == 09950F - _ Z17 %0 £ 405 j.0.432
Z, +7Z,

1

O

Y, =—=0.006S + j-0.0085
ZL
Solution #I Y= 7L =03+ J: 0.4
0

matching requires obtaining conjugate value for I

[, =T =0405+;-0432 ) T=0.59324685°  |[{|=0.593; ¢=46.85°




Analytical solution, I

<€ <€ <€

series line 2 [1F =6 rs(e)zo,e .
electrical length E=-1=0 Q j-Bl |Y<(©) Y
VO

moves the reflection
coefficient on the circle g=1

Yo _

shunt stub ys ==Y Z,=¥;-500
electrical length E= B-I, =8, yo=1=Ls _93_j.04
1+T
moves the reflection I o]
coefficient to the center of L(@)=Ir(0)] =Ir, -
i 20 26
the Smith Chart (I',=0) [y(0)=T; " =T e
(6)- 1-T(0) _1-T;-e”
& 1+T,(0) 14T e



A.S., T, series line, proof

After the series line with electrical length 6:
Re[)’s(‘g)] =1 Im[YS(‘g)] =B

Relys @)= 3-[s@+350]  mlys(O)= 5 [rs(0)- 300

2760 1
Re[ys(ﬁ)]zl {1 Lo 1- e f}

2 | 14T, 14T - Ly =[sl-¢”

_ Jlp+20 jp+20 j(p+20 ilp+20)
Re[ys(g)]_;.{(l ryl-e” )(lffree wz@);(m{e M))(urse )}

Rely,(0)]= 1 220 1 = [coslp+20)=ry|
2 | 14|0[" +2-|1y| - cos(g +26)




A.S., T, series line, usage

Equations for computing the series line 0:

Re[y;(0)] =1=> cos(pp+26) =Ty
Iy =|Tg|-e’ [, =0.593.246.85° I[=0.593; ¢=46.85°

two solutions possible, in the 0+180° range
add A/2 <& 180° as needed
1

0= % : [i— cos™! (- ‘FSD— o+k- 360°]= > + cos ! (- ‘FSD— g0]+ k-180°

Vke N
cos(p+20)=—-0.593= (p+20)==%126.35°

+126.35° +39.7°
—126.35°

(46.85°+26) = 6=
—86.6°+180° = +93.4°



A.S., I, shunt stub, proof

Equations for computing the shunt stub 0,

Re[ys(0)] =1 cos(¢p+26) =[]
1 | 1=T-e?? 1-T..e2/°
I 0)=—. LI S .

1 [(1=]rg]- 702 (14 ]rg]-e7029)) - (1= | |- e 7029 {14 - o710 2?)
Im|y(6)]= 2; { : (1+1iS-ej'(‘/’+29))-El+F§-ej'(¢+29)) -

[y =] e’

1+‘FS‘ +2-‘FS‘-COS(§D+29) 1+‘FS‘2 +2-‘FS‘-COS((D+2(9)
—2-‘FS‘-sin(go+26’)
-0

Im [J’S(e)] 2]{

2.|T|- e 729 _ 2.1 |- M)} —2.|0|-sin(p+20)

cos(p+20)= —s|= Im[y(0)]



A.S., I, shunt stub, proof

Equations for computing the shunt stub

cos(p+20)=-Ts| = sin(g +26) = +/1-[Tg ‘2

-2 ‘FS‘ sin(g +26) +2- ‘FS‘
1|l

Imy(0)]= = Im[ys(0)]= /—

two cases -[rsf ‘2
[ 2

sin go+26’ = ‘F ‘

@+20€[0°180°] = sin(p+20)>0 ~2-[T|

1-|r

s1ng0+26’ - ‘FSF
2-|T|

w/ - |rg|”

The sign (+/-) chosen for the series line equation
imposes the sign used for the shunt stub equation

@ +26 € (—180°,0°) = sin(p +26) < 0 3




A.S., I, shunt stub, proof

We prefer (for microstrip) open circuited stub
Ziooe =—J Zy-cotf-1

The normalized susceptance to be introduced

to achieve the match

Y(0) is the admittance seen towards the source,
Zo parallel with j-B

b=1Im T } = Im{ Zy :| =tan B-1 = Im|y(6)]

YO Zin,oc
L T2

6 = l=tan

Sp

1-|T]




Analytical solution, I, usage

>
(p+20) +126.35° p 39.7° [y, (0)] —1.472 p —55.8°+180°=124.2°
= = m = =
i —126.35° 93.40 U +1.472 " |+55.8°
>

We choose one of the two possible solutions

The sign (+/-) chosen for the series line equation

imposes the sign used for the shunt stub equation
39.7°

[ = 0-1:0.110-1 ] :93'40,120.259./1
360 1™ 360°

122124'2 4=0.345-4 122558 A4=0.155-4
360° 360°

TL1

—
L -
=T ;
erm2 TL3 R2 C2
Z=50 Ohm R 60 OT C 0.995 pf gﬂ ‘ 7250 Ohm  R=60 Ohip_ C=0.995 pF
-~ E=40 E=93.5
TL2 TL4
F=2 GHz 2 GHz
Z=50.0 Ohm L s 1]

Z= 500£h
E=124

E=56 =
Ref F=2 GHz Ref F=2 GHz

NZ—l

[ =iy
INCZ =
833
o_\
=
=5




Series Stub

Sectiune de linie serie




Case 2, Series Stub

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

O
A
O Y

)
it

Zy e Z

O

\ | e 1 /i \\

A ‘ '
b ——— &Y \ /
Open or SN
shorted
stub

o)




Case 2, Series Stub

We use a series transmission line to move the
reflection coefficient on the circler, =1
We compensate the remaining reactive part of the
load with a series reactance to achieve match
The series reactance is made with a stub which can
be, as needed:

open-circuited

short-circuited
Z,+j-Zy-tan -1
Lo+ j-Z,-tan -1

Zinse=J Zy-tan g1 Z .=—jJ-Z,-cotf-l

in,oc

Zin :ZO )




Matching, series line + series
reactance




Example, Series Stub, oc.

load: 100 Q) series with 6.37 nH at 2 GHz
two solutions possible

o o

50 Q 10.397X 500 [0.103A
O Cl —) Ci
100 Q2 100 €
50 Q 50 Q) 50 Q) 50 Q
6.37 nH 6.37 nH

" 0.120\ —> T~ 0.463\ —»

Solution 1 Solution 2



Example, Series Stub, oc.

[.0

0.75

0

Solution
I

3.0



Example, Series Stub, oc.

- F=2GHz

— -
Term . (ﬁ : TLIN
_Ler_m31 _ TL5.
oum= Z=50 Ohm
TLE . = s
. Z=50.0 Ohm.
=143
F=2 GHz
.T'»:-xm | C_;D'i TLIN
Term_2 TL4
Num=2 7=50 Ohm
Z=50 Ohm L o
TLOC =
TL3
- Z=50.0 Ohm
- E=36.5




Example, Series Stub, oc.

m1

freq=2.000GHz
S(1,1)=0.006 / -65.891
impedance = Z0 * (1.005 - j0.011)

/

S(1,1)

freq (2.000GHz to 2.000GHz)



Example, Series Stub, oc.

m1

freq=2.000GHz

S(1,1)=0.007 / -52.554
impedance = Z0 * (1.008 - j0.011)

O

s(1,1)

freq (2.000GHz to 2.000GHz)



Example, Series Stub, oc.

Sol 2

Sol 1

0.0

L L L L L L L L
10 12 14 16 18 20 22 24 26 28 3.0

freq, GHz



Example, Series Stub, oc.

@D L 11_430

fi Te TLIN = 2 = 0.120.119.1
Term3 e L

% ; : ;tgo Ohm 23100 Ohm L=6.37 nH 3 60
Z=50 Oh e 55 =

&+ T6 F=2 GHz

Z=50.0 Ohm =

E=143 143 o
F=2 GHz 12 —
* 360°

-A=0.397-4

167° .

2 [
= 5 /1 = 04641 o} +;ﬁ;2 % |j TLIN ;7 o::1
3 60 % Num=2 ;l;go G R;1OO Ohm L=6.37 nH
Z=50 Ohm E=167 B
1 +

L F=2 GHz
TL3

ll

I

lz :36.5 -A=0.101-4 S5l
360°




Analytical solution

Series Stub




Analytical solution, impedances

O
[e)
A

%0 el % /ll Y, = < =G, +Jj-B;
O O O | L
T e Y:Y.(GL_F]"BL)_I_].'YO'I
: l oy " Y()+j'(GL+j'BL)'t
=2 not
shorted t=tanf-d Z=R+j- X:%
stub
oo Gol+r) v Gt (5B, 1) (B, + Y, 1)
G +(G, +Yy-1) v, |62+ (B, +1, 1) ]
d (which implies t) is chosen so that: r=z,-—
0

Y,-(G,~Y,)-i*~2-B, -Y,-1+(G, - ¥, -G} - B} )=0



Analytical solution

O
[e)
A

9
D
o)
N
o%

Z()

- —~
N
Il

s t =
Jpen or
shorted GL _ }7()

stub

second grade equation, 2 solutions possible
d computed from t

L-arctamt t>0
i:% 2
A L-(7H—arc:tant) t<0
27T



Analytical solution

O
[e)
A

| —_
Z Eal Zy Z XS X
Om O <O |
T | X:Gg’t_(Yo_BL't)'(BL+Yo’t)
: l o Yo'[Gi+(BL+Y0't)2]

“Openor” compensating reactance is:

ISC 1 stub XS _1 X

— .arctan = -arctan| —

A 2z Z, 2 Z,

[. -1 Z, 1 Z,

°¢ — ___ .grctan = -arctan| —

A 2r Xy ) 27 X

for negative lengths we add A/2



Analytical solution, reflection

coefficient

load: 100 Q) series with 6.37 nH at 2 GHz

O O
T Z, =R, +— 1000+ j-80.050
50 Q 10.397A rS r|_ J - CL
l <€ >
{ -7,
—e  » o T, = Zy £0.481+ j-0.277
100 Q Z, +7Z,
50 Q2 50 Q Z
X X 6.37 nH z, =21 2+] 1.6
t «—0.1200—> Z,
Solution |

Iy|=0.555 ¢=-29.92°

I, =0.555/-29.92°




Analytical solution, I

' ' |- X Z, 9

series line Z. J r<(6) P

electrical length E= 3-1=0 Z-(9) Zc

moves the reflection @

coefficient on the circle r=1
series stub L _Zs _ Z

. > Z, 500
electrical length E=-1_=0_, 1+T,
Zg = =2—-7-1.6

moves the reflection 1

coefficient to the center of rs(0)=T -
the Smith Chart (I',=0) ) iT,(0) 14T, -e2
(@) 1-T;-e*°

—_— p—
I
%’1



A.S., T, series line, proof

After the series line with electrical length 6:
Re[z,(0)] =1 Im[z(9)] =X

25(0)+2:(0)] m[z,(0)]= = [z, (0) 2} (0)]

2]

Relz,(0)]=

270 1%
RG[ZS(H)] 1+F e’ +1-|—F e ]:|

1-T, ¢’ 1-T;-e Ly =Ils|-

(=[] e772)-(1=]r- €727

2
Re[z,(0)]= 2= 2L =1 =
1+‘FS‘ 2-‘FS‘-cos(g0+26’)

)
2
)
2
Relz,(0) %{”‘F R e Y R (e “”)}
1y
2

cos(p+20)= |




A.S., T, series line. usage

Equations for computing the series line 0:

Relz,(0)] =1= cos(p+20)=|Ty]

[y =] e’ [, =0.555/-29.92° [[5|=0.555; ¢=-29.92°
two solutions possible, in the 0+180° range (add
A2 <& 180° as needed)

Hz%-[i- COSIQFS‘)—§0+k°36OO]=%°[i cos_lqrs‘)—¢]+k-1800

Vke N
cos(p+20)=0.555=  (p+20)=%56.28°

+56.28° +43.1°
—56.28°

(-29.92°+20)= 6=
~13.2°+180° = +166.8°



A.S., T, series stub, proof

Equations for computing the series stub 6,

Relz.(0)] =1 cos(p+20) =T

1 |1+ -’ 1+, -/ |

Im[zs(g)]: 2] 'L_FS 020 _1—F§-€2j6:| I's :‘Fs"em
1+ j{p+20) 1 e/ (p+20)) 1 F j(p+20 T j{p+20)
Im[ZS(e)]: 2]. |:( +‘ S‘ ) (( ‘F ‘ —i ¢+29)) E +‘ j-(p+20) )) ( ‘ S‘ )

S
2| et/ 1?20 _ 2. |7 |- ¢~/ {#+20) 2-|C|-sin(p+ 20
infz ()= | 2 2 T sl 20)
j | 140 =20y cos(p+260) | 14| 21| cos(p +26)

2-‘FS‘-sin((p+26’)
-0

cos(p+20)=|T\|=  Imlz,(0)]=



A.S., T, series stub, proof

Equations for computing the series stub 0.

cos(p+20)=Iy| = sin(¢ +26)=+/1-|I ‘

2| si 26 +2.I

imfzy (o)) = 2S00 20) g (o)) 22

t . 1_‘FS‘ \ _‘FS‘
WO Cases: _ 5
sin go+26’ =/ ‘F ‘

@ +20€[0°180°] = sin(p+26)20 2|0y
\/ -|r|
sin gp + 26’ - ‘FS ‘2
@+20 € (-180°,0°) = sin(p+20)< 0 ~ ~2-|Ty]

\/ -|r|
The sign (+/-) chosen for the series line equation
imposes the sign used for the series stub equation



A.S., T, series stub, proof

We prefer (for microstrip) open circuited stub
Zipoe =—J ZLy-cot -1

The normalized reactance to be introduced to
achieve the match

Z(9) is the impedance seen towards the source,
Zo series with j-X

X= Im{ Z;,oc } =—cot -1 =Im[z,(6)]

0

F2-|0]

N

0 =pB-1=cot™




Analytical solution, I, usage

>
+56.28° 43.1° +1.335 ~36.8°+180°=143.2°
(p+20)= 0 = Im|z,(0)] = 0, =
~56.28° 166.8° ~1.335 +36.8°
] ] >
We choose one of the two possible solutions
The sign (+/-) chosen for the series line equation
imposes the sign used for the series stub equation
43.10 166 80
h=——54=0.120-4 [ =——— 1 =0.463- 1
13463020 - oo
[ =2 503982 ;2308 o 01024
© o 360° 2 = 3600
% L?rnr?i R |j ZEZOOhm Ei1oooh°|l:§_6.37nH % 1[\-1?:::22 B |j ;l;gOOhm sz::;,% tl_6.37nH
+ s = + i e |

F=2 GHz



Single stub tuning

We choose one of the 8 possible solutions
(series/shunt, oc./sc.), taking into account:

physical dimensions (area occupied on chi
sensitivity of the match on length error (A
convenient frequency behavior (bandwidt

n/board)
TIAE, Al/Al)

1)



Single stub tuning

We choose one of the 8 possible solutions
(series/shunt, oc./sc.), taking into account :

physical realizability (in the line technology we use)

e

Microstrip Coplanar Coaxial Wavegmde

Main disadvantage:

requires a variable length of line between the load
and the stub



Analytical solutions

Exam /[ Project




Case 1, Shunt Stub

Shunt Stub
,:‘ d )‘n
= Yy
7 \
A ‘ |

Open or
shorted |
stub



afd
-
>
e
W
+
v
=
N
v
g
T,
N

Py

o)
=
e
O
afd
(C
=

()
O
c
(O
i’
Q.
)
U
n
-
n

270°



Analytical solution, usage

cos(p+20) =Ty 0 =p-1=tan

[, =0.593./46.85°
Ty|=0.593; ¢=46.85° cos(p+20)=-0.593= (p+26)=+126.35°

The sign (+/-) chosen for the series line equation
imposes the sign used for the shunt stub equation

“+” solution N 9. ‘ ‘

(46.85°+20)=+126.35°  0=+39.7° Imy, = °L = _1.472
_ o) o) _ o) 1_‘F ‘

0, =tan"(Imy,)=-55.8°(+180°) > 0, =124.2°

“." solution
(46.85°+260)=-126.35° O =-86.6°(+180°)—> O =93.4°
= +2-|[]

\/1_‘FS‘

Imy, = = +1.472 6, = tan'(Im y;)=55.8°



Analytical solution, usage

>
(p+20) +126.35° p 39.7° [y, (0)] —1.472 p —55.8°+180°=124.2°
= = m = =
i —126.35° 93.40 U +1.472 " |+55.8°
>

We choose one of the two possible solutions

The sign (+/-) chosen for the series line equation

imposes the sign used for the shunt stub equation
39.7°

[ = 0-1:0.110-1 ] :93'40,120.259./1
360 1™ 360°

122124'2 4=0.345-4 122558 A4=0.155-4
360° 360°

TL1

—
L -
=T ;
erm2 TL3 R2 C2
Z=50 Ohm R 60 OT C 0.995 pf gﬂ ‘ 7250 Ohm  R=60 Ohip_ C=0.995 pF
-~ E=40 E=93.5
TL2 TL4
F=2 GHz 2 GHz
Z=50.0 Ohm L s 1]

Z= 500£h
E=124

E=56 =
Ref F=2 GHz Ref F=2 GHz

NZ—l

[ =iy
INCZ =
833
o_\
=
=5




Case 2, Series Stub

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

O
A
O Y

)
it

Zy e Z

O

\ | e 1 /i \\

A ‘ '
b ——— &Y \ /
Open or SN
shorted
stub

o)




Matching, series line + series
reactance




Analytical solution, usage

F2-|0]

cos(p+26)=|Ty 0, =p-1=cot” \/—2
1—‘1“5‘

Ty =0.555£-29.92°
Ty|=0.555 @=-29.92° cos(p+260)=0.555= (p+20)=+56.28°

The sign (+/-) chosen for the series line equation
imposes the sign used for the series stub equation

“+” solution ¢ N +2.‘1-*S‘

(-29.92°+26)=+56.28° O =43.1° Imz, = 2
6. =—cot ' (Imz,)=-36.8°(+180°) > 4, =143.2° m

SS

“." solution ‘1'

(-29.92°+26)="56.28° 6 =-13.2°(+180°) > 0 =166.8°
A _2"FS‘ _

Imz, = =-1.335 6. =—cot'(Imz,)=36.8°
N

=+1.335




Analytical solution, usage

>
+56.28° 43.1° +1.335 ~36.8°+180°=143.2°
(p+20)= 0 = Im|z,(0)] = 0, =
~56.28° 166.8° ~1.335 +36.8°
] ] >
We choose one of the two possible solutions
The sign (+/-) chosen for the series line equation
imposes the sign used for the series stub equation
43.10 166 80
h=——54=0.120-4 [ =——— 1 =0.463- 1
13463020 - oo
[ =2 503982 ;2308 o 01024
© o 360° 2 = 3600
% L?rnr?i R |j ZEZOOhm Ei1oooh°|l:§_6.37nH % 1[\-1?:::22 B |j ;l;gOOhm sz::;,% tl_6.37nH
+ s = + i e |

F=2 GHz



Stub, observations

adding or subtracting 180° (A/2) doesn’t change

the result (full rotation around the Smith Chart)

E=p-1=7=180° l:k-%,VkeN

if the lines/stubs result with negative “length”/
“electrical length” we add A/2 [ 180° to obtain
physically realizable lines

adding or subtracting 9o0° (A/4) change the stub

impedance:
Zpo=JZytanf-l & Z  =—j-Z,-cotf-l

for the stub we can add or subtract 9o° (A/4) while in
the same time changing open-circuit < short-circuit



Double stub tuning

Adaptarea cu doua sectiuni de linie




Double stub tuning

Double stub tuning
uses two tuning stubs in fixed positions (a
fixed length of line between the stubs)

Open | Open |

or I
short |

or I
short |



ouble stub tuning

Rotated
1 +jb
circle

Forbidden
region

Figure 5.8
© John Wiley & Sons, Inc. All rights reserved.



Double stub tuning

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

-« )\/8—» 60Q - )\/g—» 060Q

P

50 Q /_/\N\;: 0.995 pF 50 s)/ 50 Q /Mt: 0.995 pF

0.482A

0.146A 0.350A

Solution 1 Solution 2



Double stub tuning

two possible solutions

1.0

0.8

0.6
T
0.4

oL |
1.0 8 ( 3.0




Double stub tuning

Typically d=A/8 or d=3A/8
d -> 0 and d -> A/2 offer frequency sensitive solutions
Not possible for every load

unless we can add a specific length of line between
the load and the first stub

-~ ——>
™ ™

O

o
] < |

Open | Open |

or I or I

short | short |



Impedance Matching with Stubs

Bypass Capacitor
(Chip)

Output Matching
Circuit

Il
Input Matching Circuit




Microwave Amplifiers



Course Topics

Transmission lines

Impedance matching and tuning
Directional couplers

Power dividers

Microwave amplifier design
Microwave filters

Vil Leni )



Microwave Amplifiers

A
10° =
~ 10° |-
ﬁ
s 10* Microwave tubes predominate
- 103
£ 107
=10
Solid state sources
| predominate
107! | | .
0.1 1.0 10 100 [ 000

Frequency (GHz)



Balanced amplifiers

0°, -9 dB
3 an 40 dB
. -3 -3 dB
0%, -6 dB 0°, +31 dB
AW
. >< 90°, +31 dB ><
LYWW 90°, -9 dB
40 dB
0°, -3 dB _3a8 80°, +34 dB —3dB
A
>< 180°, +34 dB ><
_—
LW 90°, -9 dB
40 dB
90°, -6 0B _3a8 90°, +31 dB —3d8
WA
" >< 180°, +31 dB ><
LW | 180°, -9 dB
40 dB
Signal in -3 dB 180°, +37 dB —3dB
(s \l“.l’\"'vl
>< 270°, +37 dB ><
DWW 90°, -9 dB -
40 dB 270°, +40 dB
90°,-6 dB —3d8 90°, +31 dB _3d8
W
>< 180°, +31 dB ><
—ENW | 180°, -9 dB
40 dB
80°, -3 dB 348 1809, +34 0B —3dB
AN
>< 270°, +34 0B ><
DWW 180°, -9 B
40 dB
180°, -6 dB L 180°, +31 dB “3dB
"v"‘u‘\f\r:‘_
>< 270°, +31 dB ><
=il | 270" 308
40 dB



Microwave Integrated Circuits

Wilkinson Chip
Hybrid divider resistor

Y

L

T

\ // // *\
Ground Chip FET Ceramic Choke

plane capacitor chip substrate  inductor

Air Microstrip MIM Inductor
bridge input line capacitor

Thin film
resistor

Ground
plane
metalization

Implanted GaAs
resistor substrate




Contact

Microwave and Optoelectronics Laboratory
https://rf-opto.etti.tuiasi.ro
rdamian@etti.tuiasi.ro
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