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Microwave Devices and Circuits for Radiocommunications (English)
Course: MDCR (2017-2018)

Course Coordinator: Assoc.P. Dr. Radu-Florin Damian
Code: EDOS412T

Discipline Type: DOS; Alternative, Specialty

Credits: 4

Enrollment Year: 4, Sem. 7 ¢
el RF-ODPTO

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:

Evaluation
Type: Examen
A: 50%, (Test/Colloquium)

Ve -
B: 25%, (Seminary/Laboratory/Project Activity) ?'INEngllﬂl I ' Romana I
D: 25%, (Homework/Specialty papers)

Grades Main Courses Master Staff Rese

Aggregate Results

Attendance

Course
Laboratory

Lists

Bonus-uri acumulate (final)

=
Studenti care nu pot intra in examen on ' l ne Exa ms

Materials

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

Course Slides

MDCR Lecture 1 (pdf, 5.43 MB, en, 83)
MDCR Lecture 2 (pdf, 3.67 MB, en, )
MDCR Lecture 3 (pdf, 4.76 MB, en, =)
MDCR Lecture 4 (pdf, 5.58 MB, en, 33)
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M Courses Master Students

Microwave and Optoelectronics Laboratory

We are enlisted in the Telecommunications Department of the Electronics, Telecommunication and Information Technology Faculty (ETTI) from the "Gh. Asachi" Technical University (TUIASI) in Iasi, Romania
We currently cover inside ETTI the fields related to:

Microwave Circuits and Devices
Optoelectronics
Information Technology

Courses

umm_---——m

1 vices Circuits for Radiocommunicati DCMR  DOS412T DOS Exam
2 ve Integrated Circuits CIMM RD.IA.207 DOMS 11 6 Exam
3 Advanced Techniques in the Design of the Radio-communications Systems TAPSR  RD.IA.103 DIMS 9 6 Exam
4 Optical Communications co DOS409T DOS 7 5 Colloquium
5 Optical Communications ocC EDOS409T DOS 7 5 Exam
6 S-a llite Communications cs RC.IA.104 DIMS S 6 Exam
7 Applied Informatics 1 IA1 DOF135 DOF 1 4 Verification
8 Applied Informatics 1 All EDOF135 DOF 1 4 Verification
9 Databases, Web Programming and Interfacing DWPI ITL.IA.601 DIS 5 Verification
10 Web Applications Design PAW RC.IA.108 DIMS 5 Exam
11 Optoel OPTO DID405M DID 4 Colloguium
12 Microwave Devices and C for Radiocommunications (English) MDCR  EDOS412T DOS 4 0P,1L,0S,2C Exam




Materials

RF-OPTO

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

1 exam problem € Pozar
Photos

sent by emai/online exam > Week4-Week6

used at lectures/laboratory



Online — Registration no.

access to online exams reqyires the password

received by email
The password is communicated during the lectures. It is necessary 1 (. FTI”I ’ DI:_DDTO ﬁi
&M

Password

e
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Man Courses Master Staff Research Students

Login

Use theqREgstration no. and your emfll or the password received by email

Registration no.
\

Email/Password
i

Write the code
below

‘,S“”d,‘




Password

received by email
@tant message from RF@ nbox X

Radu-Florin Damian At k@ Subject °  Correspondents

me, POPESCU ~ < mportant message from RF-OPTO > =p POPESCU GOPO ION
Validation © rom 0Z2/05/2020 —

ettituiasi.ro> W

Me <rdamian@

Laboratorul de Microunde si Optoelectronica Important message from RF-OPTO
Faculta

Univers

de Electronica, Telecomunicatii si Tehnologia Informatiei

tatea Tehnica "Gh. Asachi” Iasi 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
Parole. QD

Identificati-va pe server, cu parola, cat mai rapid, pentru confirmare In atentia: POPESCU GOPO ION

Memorati acest mesaj intr-un loc sigur, pentru utilizare ulterioara Parola pentru a accesa examenele pe server-ul rf-opto este

Parole: RSN

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

Attention: POPESCU GOPO ION

2 - i Memorati acest mesaj intr-un loc sigur, pentru utilizare ulterioara
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 .
Attention: POPESCU GOPO ION

Save this message in a safe place for later use
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.
4 Reply 4~ Reply all ®» Forward 5 E R

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, 2.6
Simulare Examen (video) (mp4, 6

B, ro, 1)
2 MB, ro, 11)

Microwave Devices and Circuits (Enalis



Examen online

[\

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

\ext timeframe in:

[ D05m43s

Refresh now

Announcement Support material
SN Y0Py )  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)

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



Online results submission

many numerical values/files
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Online results submission

many numerical values

148.33 1 155.88 202.12 164.35 180.91 30.29 185.19 O\

Q97 153.5 34.64 35.79 55.56  26.212 10.

50 50 50 50 50 50 50




Online results submission

+ Quality of the submission



Impedance Matching

Impedance Matching with
Stubs



Smith chart, r=1 and g=1

Re [




Analytical solutions

Exam /[ Project




Case 1, Shunt Stub

Shunt Stub
.-:‘ d )hn
= Yy
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A ‘ |

Open or
shorted |
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Analytical solution, usage

cos(p+20) =T O, = -1 =tan

Iy =0.593./46.85°
[,|=0593; ¢=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 — 2|1
(46.85°+20)=+126.35° 6=+39.7°  Im y, = 2L

0,, =tan*(Imy, )= —55.8°(+180°) —» 0, =124.2° 1-r |

“." solution
(46 85°+260)=-126.35° O =-86.6°(+180°)— # =93.4°

2tz ‘FS‘ =+1.472 6, =tan*(Imy,)=55.8°

=-1.472




Analytical solution, usage

>
+126.35°  (39.7° ~1.472 —~55.8°+180° =124.2°
(p+26)= 0 = Im[y, (8)]= 0, =
~126.35° ~ |93.4° +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°

|, = -A4=0.110- 1 | = 93401 0.259. 4

' 360° L 3p0°

l, 2124'2 -1=0.345-1 |, = 20.8 ‘A =0.155-4
360° 360°

NZ—l

-
DN =t
33
o-~"
=
3

=
e
. .
er m RD 2
o TL3 2
. Z=50 Ohm R0 0 G005 pF um=  72500mm  R=60 Oh_ C=0.995 pF
> ‘ 50 E=935
To  E%0 .
F=2 GHz . 2 GHz
7=50.0 Ohin 1 L

Z= 500£h
E=124

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




Case 2, Series Stub

Series Stub
difficult to realize in single conductor line
technologies (microstrip)
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Matching, series line + series
reactance




Analytical solution, usage

F2-|L]

cos(¢p +26) = T] 6, =p-1=cot™ \/_2
1-|T]

I, =0.555£ —29.92°
Ty|=0555 ¢=-29.92° cos(p+260)=0.555= (p+20)=156.28°

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

“+"” solution =, I
(-29.92°+20)=+56.28° 6 =43.1° Imz, = 2
O, = —COt_l(Im Zg ) = —36.8°(+1800) — 0, =143.2° \/1_‘—FS‘
“-"" solution

(-29.92°+26)="56.28° 6§ =-13.2°(+180°) > 0 =166.8°

~N _2.r
Imz, = | =-1.335 6,, =—cot*(Imz, )=36.8°

Vi-Irf

=+1.335




Analytical solution, usage

>
+56.28° 43.1° +1.335 —36.8°+180° =143.2°
<¢+ze>={ e:{ um[zsw)]:{ e{
—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

431 01202 166.8°

>

l, = | =
1 -1 =0.463- 1
360° 1
~143.2° 3366go
I -4 =0.398-1 . ="~ .1=0.102-4
2~ 3600 2 o '
360
) | e B
Lunqg : |j TL5ﬂ 23100 Oh ) t?G 37 nH IIlurrI::2 . |j 'VI'L4‘ 22/1\(::;,% th 37 nH
7=50 Ohm ) e R= 7=50 Ohm gononm R=
__i_ ’:’LG Fr2chz —L _—l— +L3 e ——L
= 7=50.0 Ohm = = Z=50.0 Ohm =
E=143 E=365

F=2 GHz 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=x=180° I: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 90° (A/4) change the stub

impedance:
Linw=1Zytanp-l < Z,  =-]-Z,-cotp-l

in,g

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



Microwave Amplifiers



Amplifier as two-port

i L+ + T
T e e

} -1 > -— 1< 7,
_ LW""““' (Zo) I““"" } _

I I EJL]L FJ'_
V) S15° S, T
T, _%_SllJr 12°921° 11
V, S15 S5-I
Lout = —2+ =Sy +
Va 1-5y; T




Power [ Matching

Two ports in which matching influences the
power transfer

Ejn

[S]

F)avL PL
V3 !
e $ .

1L"L]L




Two-Port Power Gains

Available power gain

A R i =t
AT p 2 2
avs ‘1_822'11‘ '(]-_‘Fout‘ )

Transducer power gain

2 2 2
P _[Suf - - ) o1 (r,)
5 5 in IN\* L

I:)avS ‘1_FS°Fin‘ "1—822'11‘

Gy =

Unilateral transducer power gain
1- | , 1-|r [
1-Sy, T =S, .|

/ \ Input and output can be
treated independently

S, =0 T, =S,

In

GTu :‘521‘2'




Microwave Amplifiers

Stability




Amplifier as two-port

]_x 1_1 n l_;:l ut rf’_

O |

For an amplifier two-port we are interested in:
stability
power gain
noise (sometimes — small signals)
linearity (sometimes — large signals)



Microwave Amplifiers

Power Gain of Microwave
Amplifiers




Amplifier as two-port

]_x 1_1 n l_;:l ut rf’_

O |

For an amplifier two-port we are interested in:
stability
power gain
noise (sometimes — small signals)
linearity (sometimes — large signals)



Design for Maximum Gain

Input . Output
R Transistor L
matching (5] matching 7
circuit \ ‘ (; \ ‘ circuit 0
G, 0 G,

r

in out

Maximum power gain (complex conjugate matching):

I, =T, | T, = ry
For lossless matching sections 2
g v o N o 1 1-|r
Tmax — ‘821‘ (1 ‘1;8‘ ) (1 ‘FL‘ 2) GT max :—2"821‘2' ‘ L‘ >
\1—1”5 'Fin‘ “1_522'11‘ 1_‘FS‘ ‘1_522'11‘

For the general case of the bilateral transistor (512#0)
[_and I, depend on each other so the input and
output sections must be matched simultaneously



Simultaneous matching

*

A'(Sll ' 822 — sz '521): |A|2

v*
C T — 4 C

A quadratic equation
) B, +/B2—4.[C,]

r2 w+ o (A2 [y +[S50 1)1 (51, A", )=0

S 2’C1
Similarly
r Bzi\/B§—4-\C2\2

With variables definegl as: 2 o
B, =1+|Sy,|” —[S,|” —|A {BZHSZZ —Is,f - |

C12311_A‘S;2 szszz_A‘Sfl



Simultaneous matching

Simultaneous matching can be achieved if
and only if the amplifier is unconditionally
stable at the operating frequency, and |I<1
solutions are those with "-" sign of quadratic

solutions
_Bl_\/Blz‘Af"Cl\z
o 2.C,
{Bluslfszfﬁ { —1+\szzw \su\ |
Clzsll_A'Szz 22 AS11

r B \/BZ 4\(:2\




Maximum Available Gain

Indicator across full frequency range of the
capab|I|ty to obtain a power gain

MAG graphis contlnuGous ‘521‘ G
MSG / Tmax‘ ‘ 12‘ MSG
[dB]
Gpac = G max

K<1a

Conditionally stable, Unconditionally stable,
Simultaneous matching  Simultaneous matching
impossible possible

log(f)



MAG/MSG

ATF-34143 atVds=3V Id=20mA.

@0.5+18GHz
ADS <7 Conditionally |
Stable
20— 1t
| Unconditionally
, Stable
15— I
OO
<0
=
10— '
|
5 |
— |
|
0 | | ] | | l I
0 2 4 6| 8 10 12 14 1B 8
|

freq, GHz



Microwave Amplifiers

Design for Specified Gain




Design for Specified Gain

Assumes the amplifier device unilateral

Input and output can be

/ / treated independently

1- | R
1-S,, Tg|" 1-S, T}

2 S, =0 L =S

GTu = ‘521‘

Maximum power gain

1ﬂs — S11
FL — S22

GTu max — . . 2 "521‘ ' 5



Unilateral figure of merit

Allows estimation of the error introduced by
the unilateral assumption
1 G _ 1 U — Szl [Sar|-[Sua|-IS22|
@+Uf Gr @-Uy 5w } b5 )
We compute U then the maximum and

minimum deviation of G, from G;

this deviation must be accounted in the design as
a reserve gain against the target gain

—20-log(1+U )< G; [dB]- Gy [dB]< -20-log(1-U)



Design for Specified Gain

ZH
matehing Transistor matohing
circuit <_‘ |_> [5] 4—‘ I_> circuit Zy
G, 0 G,
rx| | rin rnut |rf_
In the unilateral assumption:
1y’ . 10
Gry = 2 "821‘ ' 2
‘1_511'Fs‘ l ‘1_822'11‘
1- | [ ~ 1-Ir, [
G, = ‘ s‘ : 602‘321‘2 G, = ‘ L‘ :
15, 1| 15, T,

Gs :Gs(rs) G, :GL(FL)
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Contour map/lines
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G.[dB](l¢), constant value contours

Im I‘S
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Circles arg plotted for requested values (in dB!)
It is usefull to compute G, and G .., before

in order to request relevant circles

Lmax
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Microwave Amplifiers

Low-Noise Amplifier Design




Amplifier as two-port

Vi< (Z)

IR

EH][

O |

I

For an amplifier two-port we are interested in:

stability
power gain

noise (sometimes — small signals)
linearity (sometimes — large signals)



Noise: random fluctuations of the signal

4 v, (t)

l 0L g Lt Lk ;‘JI“ AT TR 7
1L ””|| W rllll | “”wu' ‘””l I “ W TR




4 v, (t)

o)
% R “white” noise is flat

~

- y‘l‘lu‘”‘\”‘l[qm.ﬂ'ild"’IJ INI” LI )i “ ‘”Ln.l‘nlnﬁl‘lwl“ "
AWA\ U?L M Al AR TG AR A

effective noise voltage
Vn(ef) — \/4kTBR
noise power available (for maximum power

transfer with impedance/resistance matching)
P =KkTB



Noise Figure F

R
network R
G, BT,
—_— —_—
P,=S;+N, P,=S,+N,

The noise figure F, is a measure of the reduction in signal-
to-noise ratio between the input and output of a device,
when (by definition) the input noise power is assumed to
be the noise power resulting from a matched resistor at To
=290 K (reference noise conditions)

So/Nolr _ze0k P =KTB




Noise Figure F

R
T, 7£ 290 K Noisy
network R
G, B. T,
—_— —_—
P,=S;+N, P.=5 +N,

The noise figure F, is not directly a measure of the
reduction in signal-to-noise ratio between the input
and output of a device, when the input noise power is
different from that of the reference noise conditions

Si/N;
S,/N

F

0 |T,#290K



Noise Figure F

R
network R
G, BT,
—_— —_—
P,=S;+N, P.=S +N,

In general, the output noise power consists of
two elements:
the input noise power amplified or attenuated by the

device (for example amplified with the power gain G
applied also to the desired signal)

a noise power generated internally by the network if
the network is noisy (this power does not depend on
the input noise power)



Noise Figure F

network R
G.B.T,
— —_—

Estimation of the internally generated noise
power can be done using the Noise Figure F
definition:

S1/N1
SZ/NZ

To=290K(R=No ) N, =Ny -G+(F-1)-N, -G



Noise Figure F

R
To# 290 K Noisy
network R
G.B.T,
— —_—

We identify the two terms:

amplified input noise N =
internally generated noise 2

When the input noise does not

correspond to reference noise

conditions (N1 # No) N, =N;-G+(F —-1)-N, -G
the internally generated noise
does not change T



Noise figure of a cascaded system

R=5+N; G, P,=S,+N, G; P, =S, +N,
— 5 > e
0 T, 7
P=S+N; G,G, Py =S5+ Nj
'/'_’ Fey —
0 /

N2:N1‘Gl+(F1_l)'No'Gl Geas =G -G,
N3 — NZ 'GZ +(F2 _1)' NO 'GZ N3 — Nl 'Gcas +(Fcas _1)' NO 'Gcas

N3 = [Nl -G +(F1 _1)' No 'Gl]'Gz +(F2 _1)' No -G,
N3 =N,;-G;-G, +(F1_1)‘ Ny -G, -G, +(F2 _1)' No -G,



Noise figure of a cascaded system

F)].:S:|.+N1 (I] P2282+N2 (1: P3283+N3
4 o

% I'.(‘.\ ﬁ-
0

N3 = Nl‘Gl'Gz+(F1_l)'No'Gl'Gz+(F2 _1)'No'Gz

Gcas = Gl 'GZ N3 =N, 'Gcas +(Fcas _1)' NO 'Gcas
(Fl _1)' No 'Gl 'Gz +(F2 _1)' No ’Gz = (Fcas _1)' |\Io 'Gl 'Gz
1

|:cas; = Fl +G_1(F2 _1)



Noise figure of a cascaded system

:\"YI,- G] N 1 GE ‘Ir\..'”
S F, . F, E—
To T, )
(a)
:'\"'I,- C’[C’ N
e Fos pr—-
?_” ?_{'l‘il.
(b) 1
Geas =61 G, Fcas = Fl T (F2 —1)
Gl

Friis Formula ('linear scale)

F_p Rl Rl Rl

- G GG GGGy



Friis Formula (noise)

F-1, B-1, F-l

. G, G .G, G .G, -G,

Friis Formula shows that:

the overall noise figure of a cascaded system is
largely determined by the noise characteristics of
the first stage

the noise introduced by the following stages is
reduced:

-1

division by G (usually G > 1)



Friis Formula (noise)

F-1, F-1 Rl
. GlGG GGG

Effects of Friis Formula:

in multi stage amplifiers:
it's essential that the first stage is as noiseless as possible
even if that means sacrificing power gain
the following stages can be optimized for power gain

in single stage amplifiers:
in the input matching circuit it's important to have
noiseless elements (pure reactance, lossless lines)

output matching circuit has less influence on the noise
(noise generated at this level appears when the desired
signal has already been amplified by the transistor)

4.




Noise Figure of a Mismatched

Amplifier

An input mismatched amplifier(I'+0)

N, = Nl-G-(l—\r\2)+(F ~1)-N,-G = Nl-G-(l—r2)+1'i_F12- N, -G-(l—\r\z)
F—

1, ¢

5 =

Foo, =1+

ech ech

N2 = Nl'Gech +(F

ech

1)-N, -G
)N, s

Good noise figure requires good impedance
matching



Example

ATF-34143 atVds=3V Id=20mA.

G H Z IATF-34143
IS-PARAMETERS at Vds=3V |d=20mA. LAST UPDATED 01-29-99
Sll — O 64 11390 #ghz smar50
6 i 60 9 5.0 0.64 139 3.165 16 0.119 -21 0.22 146
3 . 1 5 1 6.0 0.65 114 2.706 -5 0.125 -35 0.23 118
[ | | [ |
Fmin = 0.54 (tipic [dB] | e « we me -
r 2.0 0.19 0.71 66 0.09
opt
40 0.42 0.51 138 0.03
9.0 1.04 0.51 -63 0.30
10.0 116 0.61 -43 046

2.0 0.75 -126 6.306 90 0.088 23 0.26 -120
7.0 0.66 89 2.326 -27 0.129 -49 0.25 91
045 / 1740 2.5 0.23 0.65 83 0.07
rn = Q0. 03 9 5.0 0.54 0.45 174 0.03

o 2.5 0.72 -145 5.438 75 0.095 15 0.25 -140
0. 1194 -21 3.0 0.69 -162 4.762 62 0.102 7 0.23 -156
o 8.0 0.69 67 2.017 -47 0.133 -62 0.29 67
S 22 =0.22 / 146 9.0 0.72 48 1.758 -66 0.135 -75 0.34 46
3.0 0.29 0.59 102 0.06
6.0 0.67 0.42 -151 0.05
7.0 0.79 0.42 -118 0.10

40 065 166 3.806 38 0,111 -8 022 174
IFREQ Fopt GAMMAOPT  RN/Zo
8.0 0.92 0.45 -88 0.18




Example

ADS

NFmMin

12

1.0—

0.8

0.6

0.4—|

0.2

m1
freq=5.000GHz
NFmMin=0.540

0.0

freq, GHz




ADS

NFmin

Stabilization, Iinput series resistor

s m2 me ADS 28
] |freq=5.000GHz ] m3
15— INFmMin=1.748 20 freq=5.000GHz
~ 41R1.R=10.000 ) MAG=14.248
] i IR1.R=1.000
| ©) i
1.0 < 15—
] = ]
] m1 41 im4
0.5 freq=5.000GHz 10— [freq=5.000GHZ
] NFmin=0.740 4 IMAG=10.081
- R1.R=1.000 1[R1.R=10.000
00 | | | I | | | | | | | | | | | I | | | 5 | | | | | | I I I I I | | I I I
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9
freq, GHz frea. GHz
1.2
ADS | m1
1i0— freq=5.000GHZ
7 NFmMin=0.540
0.8
£ - m1
; o.e—_
0.2—]

freq, GHz



NFmin

Stabilization, input shunt resistor

12 25
1 mi m2 AD
10— [freq=5.000GHz freq=5.000GHZ 20—
| INFmin=3.250 NFmin=1.126 = m4
s— |[R1.R=10.000 R1.R=100.000 15—
7 10—
6— 2
| = 5—
g S .
_ 0— [m3 m4 ==
2| freq=5.000GHz|(freq=5.000GHz
i S |MAG=8467 |[MAG=14.248
0 10— IR1.R=10.000 [|[R1.R=100.000
IIIIIIIIIIIIIIII i ||||||||||||| IIII
0 1 2 3 4 5 6 7 8 10 0 1 2 3 4 5 6 8 9 10
freq, GHz freq, GHz
1.2
Al N m1
1.0 freq=5.000GHZz
7 NFmMin=0.540
0.8—
£ -
UE_ 0.6—
% i
Ro. =10+100 Q2 e~
PS - z
0.2—
00 l| I]Illllllllll
0o 1 3 4 5 6 7 8 9 10

freq, GHz



Stabilization, output series resistor

ADS 14 | ADS 2 _
12— m1 i m3
4 [freq=5.000GHz on. freq=5.000GHz
1.0—4  INFmin=0.553 5 MAG=14.248
i 1 [R1.R=1.000 3 R1.R=3.000
= 0.8 Q) 7
E - < 15
i m2 4 m4
0.4— freq=5.000GHz 10— [freq=5.000GHz
. . NFmin=0.661 1 IMAG=11.659
| R1.R=10.000 4 |[R1.R=10.000
00 [ l [ | I | I I | I [ I I | I I | I I 5 T I T I T ] T I T I T I | | T I T I T
o 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10
freq, GHz freq, GHz
. 1.2
ARE m1
1.0 freq=5.000GHz
g NFmin=0.540
0.8
E 0.6——
Rg =1+10Q %
0.2—_
00 T I T | | I T ! T | T | T | T I T I T

freq, GHz



NFmin

Stabilization, output shunt resistor

| I
3 4 5

L&)
6 7 8 9

freq, GHz

. rps 2
1 [m1 m2 ”
1 [freq=5.000GHZz freq=5.000GHz 20—
- INFmMin=0.993 NFmin=0.608
7] |R1.R=10.000 R1.R=100.000 15
. ©)
2— <
] =
. 19'm3 m4
] freq=5.000GHz||freq=5.000GHz
] 5—IMAG=14.248 ||IMAG=14.248
. R1.R=100.000 ||R1.R=100.000
N RN LN 2NN L L L L L L B I
0o 1 2 3 4 5 8 7 10 0 1 2 3 4 5 6 7 8 9 10
freq, GHz freq, GHz
aps P2 —
1.0 freq=5.000GHZ
§ NFmin=0.540
0.8
- .
£ 06
& )
0.2
0.0— T T T T



Noise figure of a two-port amplifier

3 noise parameters (2reals + 1 complex):

R
F..r=—NT
min? n Zo opt
1 1-T 1 1_Fopt
F=F_ +—Y -y Yo=— .25 Y
‘ opt‘ ST 7, 14T, o7 1+ T,
2
‘Fs_ropt‘

F=F, +4-

. 2

rsf) e

oot OPtimum source reflection coefficient that
results in minimum noise flgure

s _Fopt:> F=F,
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G.[dB](l¢), constant value contours

Im I‘S

F(I) [dB]
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Circles of constant noise figure

F=F_ +4-r,-

_ (1__‘Fs‘ ) '
We define N (noise figure parameter)
N constant for F constant

\F T _F-F

1| 4.r:"n b+
(FS_ropt) (FS Fopt) '(_‘FS‘Z)
rs.r§+N-\rS\ (r Topt — L5 - ropt)+ropt Lo =
o Ty Toy —Tg Ty
i et £ TR

a+b*=(a+b)-(a+b) :(a+b)-(a +b ):\a\2+\b\2+a*-b+a b




Circles of constant noise figure

X Re [




Circles of constant noise figure

) o \/N (N +1— \ Opt\ ) N - F;me -1+Fopt2
_ — .r
> N +1 N +1 "
N-| N+1—
. N (N1
Fo=Crl=Re Cr={]  FRes N +1

The locus in the complex plane I's of the points with
constant noise figure is a circle

Interpretation: Any reflection coefficient I's which plotted
in the complex plane lies on the circle drawn forF.. . will
lead to a noise factor F=F_, .

Any reflection coefficient I'¢ plotted outside this circle will lead
to a noise factorF > F_ .

Any reflection coefficient I'¢ plotted inside this circle will lead to
a noise factor F < F

circle

circle






Circles of constant noise figure

The noise internally generated by the transistor
depends only by the input matching circuit
A minimum noise figure is possible (NF . —
datasheet/”s2p file” parameter for the tran5|stor)
If we design a low noise amplifier (LNA) the usual
design technique is as follows:
design of the input matching circuit solely (largely) for
noise optimization

design of output matching circuit for gain
compensation/optimization (if lossy circuits are used
the output matching circuit noise can be added but the
transistor noise is not influenced)



LNA — Low Noise Amplifier

Usually a transistor suitable for implementing an LNA
at a certain frequency will have input gain circles and
noise circles in the same area for I'¢




Matching -1

Connecting the amplifier (transistor) directly
to the source with Zo generate a reflection
coefficient seen towards the source equal
with o (complex number, I', = 0 + 0:))
most of the time this reflection coefficient does
not offer optimum noise/gain

(Vo [S]




Matching —2

We plot on the complex plane (Smith Chart) the
stability/gain/noise circles (depending on the particular
application)

We choose a point with a suitable position relative to these
circles (also application dependent)

We determine the input reﬂectlon;eo/effﬁueﬁtﬁorrespond|ng
to this point, I'¢

C_ Y
I, =0.412/ ~177.966° %

Sopt
CSIN
CCCIN



Matching -3

We insert the input matching circuits which
allows the transistor to see towards the source
the previously determined reflection coefficient

Z, r%j 0 r§_¢ 0

Input

6/9 matching [S]

circuit




Matching — 4

Easiest to design matching section consists in
the insertion of (in order from the transistor
towards the Z_source):

a series Z_ line, with electrical length 0

a shunt stub, open-circuited, made from a Z_ line,
with electrical length 6,

7 [,=0 Z.,0 F§_¢o

0] <—

() 2,0, [S]




Matching -5

Computation depends solely on I'c (magnitude
and phase)

$2"Fs‘

20)=-T tan g, =
cos(gs +26) =T p m
The sign (+/-) chosen for the series line equation
imposes the sign used for the shunt stub equation

7 F%io Z.,0 F§_¢o

0]

() 2,0, [S]




Shunt stub matching, L7

|r|=1 9-(?100 Zinl ro - - rL




Example, LNA @ 5 GHz

ATF-34143 atVds=3V Id=20mA.

G H Z IATF-34143
IS-PARAMETERS at Vds=3V |d=20mA. LAST UPDATED 01-29-99
Sll — O 64 11390 #ghz smar50
6 i 60 9 5.0 0.64 139 3.165 16 0.119 -21 0.22 146
3 . 1 5 1 6.0 0.65 114 2.706 -5 0.125 -35 0.23 118
[ | | [ |
Fmin = 0.54 (tipic [dB] | e « we me -
r 2.0 0.19 0.71 66 0.09
opt
40 0.42 0.51 138 0.03
9.0 1.04 0.51 -63 0.30
10.0 116 0.61 -43 046

2.0 0.75 -126 6.306 90 0.088 23 0.26 -120
7.0 0.66 89 2.326 -27 0.129 -49 0.25 91
045 / 1740 2.5 0.23 0.65 83 0.07
rn = Q0. 03 9 5.0 0.54 0.45 174 0.03

o 2.5 0.72 -145 5.438 75 0.095 15 0.25 -140
0. 1194 -21 3.0 0.69 -162 4.762 62 0.102 7 0.23 -156
o 8.0 0.69 67 2.017 -47 0.133 -62 0.29 67
S 22 =0.22 / 146 9.0 0.72 48 1.758 -66 0.135 -75 0.34 46
3.0 0.29 0.59 102 0.06
6.0 0.67 0.42 -151 0.05
7.0 0.79 0.42 -118 0.10

40 065 166 3.806 38 0,111 -8 022 174
IFREQ Fopt GAMMAOPT  RN/Zo
8.0 0.92 0.45 -88 0.18




Example, LNA @ 5 GHz

Low Noise Amplifier
At the input matching a compromise is required

between:

noise (kput constant noise figure circles)

gain (input constant gain circles)

stability (input stability circle)
At the output matching noise is not influenced.
A compromise is required between :

gain (output constant gain circles)

stability (output stability circle)



Example, LNA @ 5 GHz

T

Sial [Sa1l Sul S22 _ 00a  —0.783 dB < G;[dB]- Gy [dB]< 0.861dB

1ofsuf” -l )

2 1 1783 Grymx|0B]=12.511dB

-~ IS ‘
2 ‘ 21 2
1-ISu 1-[Sz 2
Gy =|S,| =10.017 =10.007 dB
—%:1.694:2.289 B G - ~=1.051=0.215dB
1—‘811‘ 1_‘522‘
In this particular case G .., = 0.21 dB, the transistor could

be used directly connected to the 5oQ load

The absence of the output matching circuit is not
recommended. While the attainable power gainis low, it's
absence eliminates the possibility to use it to compensate
an improper gain generated by the noise optimization of
the input matching circuit



Input matching circuit

ADS / >

m1

/ indep(m1)=91
CZ=0.196 / -131.61
freq=5.000GHz

impedance = Z0 * (0.741 - j0.225)
\

Sopt
CSIN
CCCIN

\

m2 |

28 oS Snetentmaregs L (<0
S 7201315 /1133 406/ |
T Mg freq=5.000GHz /

(o
ikl =l
.y
O impedance = Z0* (0.588 - j0.299)
/

m3 /
indep(m3)=77 /
CZ=0.461/-142 857
freq=5.000GH
impedance =Z0 * (0.405 - j0.287)

For the input matching circuit
noise circle CZ: 0.75dB

input constant gain circles CCCIN: 1dB, 1.5dB, 2 dB
We choose (small Q = wide bandwidth) position m1




Input matching circuit

ADS mA1 ™
indep(m1)=13
CCCIN=0.412/ -177.966
gain=1.000
/ impedance =20 *(0.417 -j0.01

Sopt
CSIN
CCCIN
\‘—____ﬂ__’/

If we can afford a 1.2dB decrease ofthe input gain for
better NF,Q (Gs = 1 dB), position m1 above is better
We obtain better (smaller) NF



Input matching circuit

Position ma in complex plane (Smith Chart)

[ =0.412,-178° I5|=0.412; ¢=-178°
F2-|]

V1-[rsf

cos(p+26)=-0412= (p+26)=+114.33°

coslp+20)=15|  mlys(0)]-

+114.33° 146.2° —~0.904 137.9°
2 - j— f— 6 p—
(p+26) {—114.330 0 {31.80 imlys (6) {+o.904 P {42.1o




Output matching circuit

m4
indep(m4)=49 N
CCCOUT=0.186 /-132.892 \

gain=0.200 \
impedance =Z0 *(0.749-0.212)

CSOUT
CCCOUT

output constant gain circles CCCOUT: -0.4dB, -0.2dB, 0dB, +0.2dB
the lack of noise restrictions allows optimization for better gain (close
to maximum — position mg)



Output matching circuit

Position mg in comp
I, =0.186/-132.9°

ex plane (Smith Chart)

I |=0.186; ¢=-132.9°
-2:0]

cos(p+20) =T Imly, (0)]= =-0.379
Vi-In
cos(p+26)=-0.186= (p+26)=+100.72°
+100.72° 116.8° —~0.379 159.3°
20) = _ _ _
to+26) {—100.720 ’ {16.10 mly, (6) {+ 0379 {20.70




LNA

We estimate a gain (in unilateral assumption,
+0.9 dB)
G, [dB]=G[dB]+G,[dB]+ G, [dB]
G;[dB]=1dB+10dB+0.2dB =11.2 dB
We estimate a noise factor well bellow 0.75dB
(quite close to the minimum ~0.6 dB)
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Z=50 Ohm
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. LO TLIN T TLIN TL4
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N
E 2.0— m2
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lerm
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Microwave Filters




this structure is frequently encountered in
radiocommunication systems




Microwave Filters

Two ways of implementing filters in microwave
frequency range

microwave specific structures (coupled lines, dielectric
resonators, periodic structures)

filter synthesis with lumped elements followed by
implementation with transmission lines

the first strategy leads to more efficient filters
but:

has lower generality

design is often difficult (lack of analytical relationships)



Filter synthesis

Filter is designed with lumped elements (L/C)
followed by implementation with distributed
elements (transmission lines)

general

analytical relationships easy to implement on the
computer

efficient
The preferred procedure is insertion loss
method



Insertion loss method

P _ 1
P 1- ‘F(a))‘z

I:)LR -

IM(w)|? is an even function of w

ow)? — M(a)z)
ol =\ en?)

M |?
P =1+~E—;
R N |@?

Choosing M and N polynomials appropriately
leads to a filter with a completely specified
frequency response




Insertion loss method

We control the power loss ratio/attenuation
introduced by the filter:

in the passband (pass all frequencies)
in the stopband (reject all frequencies)

Low-pass

Prototype e
design

Filter
specifications

Scaling and

: =3 Implementation
conversion




Filter specifications

Attenuation
in passband
in stopband

most often in dB
Frequency range

passband
stopband

cutoff frequency w,
usually normalized

(=1)




Insertion loss method

We choose the right polynomials to design an
low-pass filter (prototype)

The low-pass prototype are then converted
to the desired other types of filters

low-pass, high-pass, bandpass, or bandstop

Low-pass
prototype
design

Scaling and
conversion

Filter

P = [mplementation
specifications

Figure 8.23
© John Wiley & Sons, Inc. All rights reserved.



Practical low-pass prototypes

responses

Maximally flat filters (Butterworth, binomial):
provide the flattest possible passband response
Equal ripple filters (Chebyshev): provide a
sharper cutoff but the passband response will
have ripples

Elliptic function filters, they have equal-ripple
responses in the passband as well as in the
stopband,

Linear phase filters, offer linear phase response
in the passband to avoid signal distortion
(important in some applications)



Maximally Flat/Equal ripple LPF

Prototype

Pir 4

Equal

Maximally
flat

0 0.5 1.0 1.5 wlo,



Elliptic function LPF Prototype

1AL

0 1 2 w/w,.

Figure 8.22
© John Wiley & Sons, Inc. All rights reserved.



Maximally Flat LPF Prototype

Polynomial

2N

W

For o>>a,

Pr = S ‘(@/a’c)ZN

attenuation INCreases =

at a rate of 20-N dB/decade

k gives the attenuation at cutoff frequency
(3dB cutoff imposes k = 1)



Equal Ripple LPF Prototype

Pir A |

Polynomial

P =1+ k2-T§[w]

W

For @>>a;
k? (2-w N
Pr~— 1+
4 @,
attenuation increases _ °
at a rate of 20-N dB/decade (also)
attenuation is (22V)/4 greater than the binomial

response at any given frequency where «>> o,
the passband ripples: 1 + k?, k gives the ripple

Maximally
flat

S
\
5 y

0 0.5 1.0 1.5



Order (N) of the Maximally Flat filter

sL(dB)

(s )
1020 -1

log

I—Ar

(1010 1

n=>

2-Iogw|S
@

lattenuationsin dB




Order (N) of the Equal Ripple filter

0]

lattenuationsin dB



Maximally flat filter prototypes

yaw

60 /

//
X S "4
?4 gd //
— o
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\
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AN

\
AN

.0 .0 3.0 5.0 7.0 10
‘g -1 Attenuation versus normalized frequency for
maximally flat filter prototypes

0.1 0.2 0.3 0.5 0.7




3 dB Equal-ripple filter prototypes

70 /, // 7 7
60 / // (/
i {;‘—\% 1 J/J// /
50 NI
/7 3 QX;\LQI// / /
ATy /
E // / / /\//’/ 4
:%30 //' A////// 4 od
; 0 A
* /’//’7’ v // e ~
] rd -
0 A’éﬁ_‘/fé/// ,..-—""/ 4
0
0.01 0.02 003 0.05 0.07 0.10 0.20 030 0.50 0.70 1.0 2.0 3.0 50 7.0 10.0
c%:. -1 Attenuation versus normalized frequency for

(b) equal-ripple filter prototypes (3dB)



0.5 dB Equal-ripple filter prototypes

70
60 //
50 /

A g

2 40 NP

A /

z

;t) /,//A
7
= —

0.01 0.02 0.03 0.05 0.07 0.10 0.20 0.30  0.50 0.70 1.0 20 3.0 50 7.0 10.0
W

w.| Attenuation versus normalized frequency for
(a) equal-ripple filter prototypes (0.5dB)
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Prototype Filters
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Prototype Filters

Prototype filters are:
Low-Pass Filters (LPF)
cutoff frequency w, =1 rad/s (f, = 0.159 Hz)
connected to a source with R =1Q
The number of reactive elements (L/C) is the
order of the filter (N)
Reactive elements are alternated: series L /
shunt C
There two prototypes with the same response, a
prototype beginning with a shunt C element,

and a prototype beginning with a series L
element



Prototype Filters

We define filter parameters g, i=0,N+1
g; are the element values in the prototype
filter

_ | generator resistance R’ if g, =C',
Jo = generator conductance G', if g, =L/

‘ inductance for series inductors
Ol = . .
“l=LN ) capacitance for shunt capacitors

_ |load resistance R’y ,, if g =C'
N1 =1 ad conductance G'\., if g, =L',



Maximally Flat LPF Prototype

Formulas for filter parameters

o =1
Ok = 2-Sin{(2.k_1).ﬂ} , k=1 N
2-N

gN+1 =1




Maximally Flat LPF Prototype

TABLE 8.3 Element Values for Maximally Flat Low-Pass Filter Prototypes (g¢ =1,
we = 1, N =11t010)

N g 82 23 84 g5 86 27 gs g9 810 g11
1 2.0000 1.0000

2 14142 14142 1.0000

3 1.0000 2.0000 1.0000 1.0000

4 0.7654 1.8478 1.8478 0.7654 1.0000

5 0.6180 1.6180 2.0000 1.6180 0.6180 1.0000

6 0.5176 1.4142 19318 1.9318 1.4142 0.5176 1.0000

7 0.4450 1.2470 1.8019 2.0000 1.8019 1.2470 0.4450 1.0000

8 0.3902 1.1111 1.6629 1.9615 1.9615 1.6629 1.1111 0.3902 1.0000

9 0.3473 1.0000 1.5321 1.8794 2.0000 1.8794 1.5321 1.0000 0.3473 1.0000

10 0.3129 0.9080 1.4142 1.7820 1.9754 1.9754 1.7820 1.4142 0.9080 0.3129 1.0000

Source: Reprinted from G. L. Matthaei, L. Young, and E. M. T. Jones, Microwave Filters, Impedance-Matching
Networks, and Coupling Structures, Artech House, Dedham, Mass., 1980, with permission.

Table 8.3
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Equal-ripple LPF Prototype

Formulas for filter parameters (iterative)

[(2-k=1)-7 L
a, =sIn , k=1 N — In| coth —A—
‘ { 2-N } p ( 17.37)
: p 2 -z(k'ﬂj
=sinh| —/— b =y +sin“ | ——| , k=1 N
/4 (2-N k =7 N
2-a
0, = L
Y
gk:4.ak_1.ak ’ kZZ,N
PR o P
1 for odd N

Inu =) cothz(gj for even N



TABLE 8.4 Element Values for Equal-Ripple Low-Pass Filter Prototypes (g9 =1, ¢ =
1, N =1to 10, 0.5 dB and 3.0 dB ripple)

0.5 dB Ripple

N g g2 g3 84 gs g6 g7 gs g9 g10 g11

1 0.6986 1.0000

2 14029 07071 1.9841

315963 1.0967 1.5963 1.0000

4 1.6703 1.1926 23661 0.8419 1.9841 For even N Order Of

5 17058 1.2296 2.5408 1.2296 1.7058 1.0000 the f”ter (N =2, 4 6

6 1.7254 12479 2.6064 13137 2.4758 0.8696 1.9841 _ I =1
7 17372 12583 2.6381 1.3444 2.6381 1.2583 1.7372 1.0000 8 ) equa|-r|pp|e

8 17451 12647 2.6564 13590 2.6964 13389 2.5093 0.8796 1.9841 i

9 1.7504 12690 2.6678 13673 2.7239 13673 2.6678 1.2690 1.7504 1.0000 fllterS must CIOsed by

10 1.7543 1.2721 2.6754 1.3725 2.7392 1.3806 2.7231 1.3485 2.5239 0.8842 1.9841]

, a load impedance
3.0 dB Ripple

N g 22 g3 g4 gs 26 g7 g8 g9 g0 g1l gN+1 Zz 1

I 1.9953 1.0000 : :

2 3.1013 0.5339 5.8095 Ifthe appllcatlon

3 33487 0.7117 3.3487 1.0000 doesn’t a”OW thiS,

4 34380 0.7483 43471 05920 5.8095

5 3.4817 0.7618 4.5381 0.7618 3.4817 1.0000 SUpplemental

6 3.5045 0.7685 4.6061 07929 4.4641 0.6033 5.8095 . :

7 35182 0.7723 4.6386 0.8039 4.6386 0.7723 3.5182 1.0000 |mp6dance matChlng
8 3.5277 0.7745 4.6575 0.8089 4.6990 0.8018 4.4990 0.6073 5.8095 - -

9 35340 0.7760 4.6692 08118 4.7272 0.8118 4.6692 0.7760 3.5340 1.0000 1S reCIUWed (qUarter'

10 3.5384 0.7771 4.6768 0.8136 4.7425 0.8164 4.7260 0.8051 4.5142 0.6091 5.8095 Wave tra nsformer
I/

Source: Reprinted from G. L. Matthaei, L. Young, and E. M. T. Jones, Microwave Filters, Impedance-Matching

Networks, and Coupling Structures, Artech House, Dedham, Mass.,1980, with permission. b | n O m | a | e ) to g L —_— 1

Table 8.4
© John Wiley & Sons, Inc. All rights reserved.




Design a 3rd order bardpass filter with 0.5
dB ripples in passband. Fhecenterfrequency
bandwidth-ofthe passband-should-bex0%;
and-the impedanece50Q.




LPF Prototype

0.5dB equal-ripple table or design formulas:
Jd1=1.5963 = L1/C3,
g2 =1.0967 = C2/L4,
g3 =1.5963 = L3/Cs,

oYY . O VY
g4:1_000 =RL + ¥ Te L T
Term1 L1 @2 153 Term2
§ Num=1 L=1.5963 H C=1.0967 F L=1.5963 H Num=2
Z=10hm R= I R= Z=1 Ohm
w— 2V
Term e (@ L t C +¥ Term
Term3 C3 L4 C5 § Term4
§ Num=3 >~ Cc=15963F L=1.0967 H >~ C=15963F Num=4
Z=1 Ohm R= Z=1 Ohm




LPF Prototype

w, =1rad/s (f, = w, [ 21 = 0.159 Hz)

m2 m1
0 4 0 L 4
i i m1
10— 105 freq=159.0mHz
— o] dB(S(2.1))=-0.492
S o S 0
S -0 — S a0
0] lindep(m2)=0.999 P~
1 lplot vs(dB(S(2.1)), 2*pi*freq)=-0.492 1
-60 ll[ll|||ll||||l[|||l[||||l||l|||l '60 | | | [ | I | I
0 1 2 3 4 5 6 0.0 0.2 0.4 06 08 10

2*pi*freq freq, Hz



Impedance and Frequency Scaling

After computing prototype filter’s elements:
Low-Pass Filters (LPF)
cutoff frequency w, =1 rad/s (f, = 0.159 Hz)

connected to a source with R =1Q
component values can be scaled in terms of
impedance and frequency



Impedance and Frequency Scaling

LPF Prototype is only used as an intermediate
step

Low-Pass Filter (LPF)
cutoff frequency w, =1rad/s (f, = 0.159 Hz)
connected to a source with R =1Q

Low-pass

- prototype
design

Filter
specifications

Scaling and

: Implementation
conversion

Figure 8.23
© John Wiley & Sons, Inc. All rights reserved.



Impedance Scaling

To design a filter which will work with a
source resistance of R, we multiplying all the
impedances of the prototype design by R
("'" denotes scaled values)



Contact

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