Lectureg
2020/2021

Microwave Devices and Circuits

for Radiocommunications




2020/2021

2C/aL, MDCR

Attendance at minimum 7 sessions (course +
laboratory)

Lectures- associate professor Radu Damian

Wednesday 15-17, Online, Microsoft Teams

E — 50% final grade
problems + (2p atten. lect.) + (3 tests) + (bonus
activity)

3P=+0.5P
all materials/equipments authorized




Materials

RF-OPTO

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

1 exam problem € Pozar
Photos

sent by emat/online exam

used at lectures/laboratory



Profile photo

Profile photo — online “"exam”

Examene online: 2020/2021

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

Pas 3
o T N N
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 ..



access to online exams requires the password
received by email

Main Courses Maser Staff Researd

DS

;’ﬁE_nglish | B Romana |

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




Online results submission

many numerical values

148.33 155.88 202.12 164.35 180.91 30.29 185.19

97 153.5 34.64 35.79 55.56 26.212 10.694

q_ims e

50 50 50 50 50 50 50 —> x




Online results submission

+ Quality of the submission



Important



The lossless line

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

with an arbitrary impedance Z,
L

_______l;l_____..
S
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The lossless line
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The lossless line

V(z)=V, .(e_j-,b’-z +F.ej-,8.z) 1(2)= V" _(e_j.ﬂ.z r _e,-.ﬂ.z)

0

time-average Power flow along the line

4 2
P.., =1-Re{v(z)- |(z)*}= 1-’\/0 ‘ -Re{l—r* e 2P L T.e?1P? —|r|2}
2 2 Z,
» _1 M -(1—|F|2) (z—z* = Im
2 Z,

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



Reflection and power [ Model

z.P I:)L .PaPL
L) | |2 IR

Sadio; alox L

The source has the ability to sent to the load a certain
maximum power (available power) P,

For a particular load the power sent to the load is less than
the maximum (mismatch) P, <P

The phenomenon is “as if” (modael) some of the power is
reflected P, =P, - P

The poweris a scalar!




Matching, from the point of view of

power transmission

If we choose a real Zo *

ZL:ZI* -7, FLZF

complex numbers
in the complex plane
>Re [




Scattering matrix-S

a, d, |:bl:|:|:811 812]{31}
«— —> b, Sy S| | @&

S ‘2 _ PowerinZ, load
“I" Power fromZ, source
D
a,b
information about signal power AND signal phase
S.

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



Impedance matching

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

o
270 ‘Fo‘ <I, “good enough” match



The Smith Chart
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The Smith Chart
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Impedance Matching

Impedance Matching with
Stubs



Smith chart, r=1 and g=1

Re [




Impedance Matching with Stubs

Bypass Capacitor
(Chip)

Output Matching
Circuit

Il
Input Matching Circuit




Analytical solutions

Exam /[ Project




Case 1, Shunt Stub

Shunt Stub
,:‘ d )‘n
= Yy
7 \
A ‘ |

Open or
shorted |
stub



Analytical solution, usage

codgp+260) =T

I’y =0.593.£46.85°
T,|=0593 ¢=46.85 cos(p+20)=-0593 = (p+20)=+126.35°

The sign (+/-) chosen for the series line equation
imposes the sign used for the shunt stub equation
“+” solution N\ _2"rs‘
(46.85°+26)=+126.35° O=+39.7° Imy, = = =—1.472
6, =tan*(Imy, )= -55.8%(+180°) >4, =1242> VT3]
“-" solution

(46.85°+20)=-126.35° @ =-86.6°(+180°) > O = 93.4°
> +2-|]

Imy, =
V1-If

=+1472 6, =tan*(Imy,)=55.8°



Case 2, Series Stub

Series Stub
difficult to realize in single conductor line
technologies (microstrip)
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Open or SN
shorted
stub

o)




Analytical solution, usage

F2-|)

codp+260)=|T}] 0, =p-1=cot™ \/_2
1Ty

I, =0.555 £ —29.92°
I,|=0555 ¢=-29.92° cos(p+20)=0555 = (p+20)=+56.28°

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

"+" solution |, S o
(-29.92°+20)=+56.28°  6=43.1° Imz, = \/_82 — +1.335
0, ——cot*(Imz, )= -368(+180°)—> 0, —1432° VITsl

“." solution

(—29.92°+20) =‘1156.28° 6 = —13.2°(+180°) —» 6 =166 .8°

~N 2.
Imz, = I =-1.335 6, =—cot*(Imz, ) =36.8°

VIS




Amplifier Power /| Matching

Two ports in which matching influences the
power transfer

O " " O
] w et
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Amplifier as two-port
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Input matching circuit

ADS m1 ™
indep(m1)=13 \
CCCIN=0.412 / -177.966
gain=1.000

/ impedance = Z0 * (0.417 - jo.o1\so

Sopt
CSIN
CCCIN
\s_q_____.._--—/

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



Output matching circuit

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

gain=0.200
impedance =20 * (0.749-j0.212)

CSOUT
CCCOUT
\\\__—d///

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)



The Smith Chart
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The Smith Chart
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Microwave Filters




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

Plr = i = :
P 1—‘1“(0)){2

Il (w)]? is an even function of w

ow)? M(a)z)
or =) No?)

M (w?
P =1+*E—g
LR N 0)2

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)

Filter - pass Scaling and
e Prototype g. =3 Implementation
specifications ‘ design conversion




Filter specifications

Attenuation
in passband
in stopband

most oftenin 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

G s = [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

1 AAL

0 ] 2 w/w,.

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



Maximally Flat LPF Prototype

Polynomial

2N
P. =1+ kz-(wj

W

For o>> o

Pr = k* '(a)/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+k? Tﬁ(wj

W

For @>> @
2 2N
K 2.0
Pr > 1+ 82
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 4

0 0.5 1.0 1.5



Order (N) of the Maximally Flat filter

sL(dB)

[ L
1010 -1

log

I—Ar

\10 10 _1)

n=>

2-IogwlS
@

lattenuationsin dB




Order (N) of the Equal Ripple filter

»

lattenuationsin dB



Maximally flat filter prototypes
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‘g -1 Attenuation versus normalized frequency for
maximally flat filter prototypes
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3 dB Equal-ripple filter prototypes

70 7
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Attenuation (dB)

0.5 dB Equal-ripple filter prototypes
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Prototype Filters

— CI:gl — C3:g3

Q

(b)

Q
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EN+1
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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 =10
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

_|generatorresistanceR’ if g, =C',
Jo= generatorconductane G', if g, =L",

‘ inductancefor series inductors
Olyain = : :
“k-LN | capacitane for shuntcapacitors

_ |load resistanceR’y ,; If gy =C'y
N1 =1 0ad conductane G'\., if g, =L,



Maximally Flat LPF Prototype

Formulas for filter parameters
9o =1
gk=2-Sin{(2.k_1).ﬂ} , kK=1N
2-N

ONt1 =1




Maximally Flat LPF Prototype

TABLE 8.3 Element Values for Maximally Flat Low-Pass Filter Prototypes (go =1,
we = 1, N =1to10)

N g 82 g3 84 g5 g6 g7 gs g9 g0 81
1 2.0000 1.0000

2 14142 1.4142 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 05176 14142 1.9318 1.9318 1.4142 0.5176 1.0000

7 04450 1.2470 1.8019 2.0000 1.8019 1.2470 0.4450 1.0000

8 0.3902 1.1111 1.6629 19615 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

A lakhm Wilaw 0. Camne lnesr Al vicmkhéte vacars: ned



Equal-ripple LPF Prototype

Formulas for filter parameters (iterative)

[(2-k=1)-7 L
a, =sin . k=1N =In| coth—A¢
‘ { 2-N } p ( 17.37)
. 15 2 -2(k'77)
=sinh| —/— b =y +sin“|——| , k=1N
! (Z-N 7 N
2-a
0= :
Y
gk:4.ak_l.ak y k:21N
PR o B
1 forodd N

Ina =) cothz(éj foreven 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 82 83 84 8s 86 87 88 89 810 811
I 0.6986 1.0000
2 14029 0.7071 1.9841
3 15963 1.0967 1.5963 1.0000
4 16703 1.1926 23661 0.8419 1.984] Foreven N Order Of
5 17058 1.2296 2.5408 1.2296 1.7058 1.0000 the fllter (N =2, 4 6
6 1.7254 12479 2.6064 13137 2.4758 0.8696 1.9841 e
7 17372 1.2583 2.6381 1.3444 2.6381 1.2583 1.7372 1.0000 8 ) equa|-r|pp|e
8 1.7451 1.2647 2.6564 13590 2.6964 13389 2.5093 0.8796 1.9841 i
0 17504 1.2690 2.6678 13673 27239 13673 2.6678 1.2690 1.7504 1.0000 filters must closed 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 &t &2 &3 e g5 g & e s gw en gy, F

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 0.5920 5.8095

5 34817 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 requrEd (q varter-

10 3.5384 0.7771 4.6768 0.8136 4.7425 0.8164 4.7260 0.8051 4.5142 0.6091 5.8095 Wave transformer
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 I a | c s ) to g L —_— 1

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




Design a 3rd order bandpass filter with 0.5
dB ripples in passband. Fheecenterfrequency
bandwidth-ofthe passband-sheould-be10%;
and-the impedance50Q.




LPF Prototype

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

g3 =1.5963 = L3/Cg,

v oYY o~ / O VY
g4=1- OOO - RL ¥ Term L C ' il
Term1 L1 (52 L3 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— VY
Term T C L + C ++  Term
Term3 C3 L4 =5 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 A 4
] i m1
10— 10 freq=159.0mHz
I w0 dB(S(2.1))=-0.492
S S
S -0 — S 40
o] lindep(m2)=0.999 —
1 lplot vs(dB(S(2.1)), 2*pi*freq)=-0.492 ]
-60 llllllllllllllllllllllllllll]llll '60 [ | | I | I | I
0 1 2 3 4 5 6 0.0 0.2 0.4 06 0.8 10

2*pi*freq freq, Hz



Impedance and Frequency Scaling

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

connected to a source with R =10
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)



Frequency Scaling

changing the cutoff frequency — (fig. b)
changing the type (for example LPF - HPF —
fig. c) requires also conversion

PR A

Pir A Py r A

=\ I\

-w. U  w, W —w,. 0 w,. w

(b) (c)
scaling and conversion




Frequency Scaling

To change the cutoff frequency of a low-pass
prototype from unity to w_we insert a

variable change o

0 ——
a)C

Prr A

(a) (b)



Frequency Scaling

To change the cutoff frequency of a low-pass

prototype we insert a variable substitution:
0,
W< —
a)C
Equivalent to the widening of the power loss
filter response

Pla(®)= P[jj]

C

. . W . ,
j-Xk=j-;-Lk=j-a)-Lk iB=j2.C=jawC
C

C



Frequency Scaling LPF - LPF

New element values for frequency scaling:

a)C a)C

Ly

When both impedance and frequency scaling
are required:

RO°I—k

W

L, =




Low-pass to high-pass

transformation LPF = HPF

Variable substitution for LPF = HPF:

Pir A Py r A

I B\ | —w,. 0 W, (U

(1}




High-pass transformation LPF - HPF

Variable substitution for LPF 2 HPF:

a)C
0 ——=
)
j'xk:_j'&'l—k: - j-B ——j~&-C = 1
@ jro-Cy ‘ o  joo-L
Impedance scaling can be included
R =0
RO°a)c'|—k a)c'Ck

In the schematic series inductors must be
replaced with series capacitors, and shunt
capacitors must be replaced with shunt inductors



Bandpass Transformation LPF - BPF

Variable substitution for LPF - BPF:
e D La)_a)ojzila)_a)oj
w,—o\wy Alwy, o

where we use the fractional bandwidth of the
passband and the center frequency

_ W~y
A= Wy =+ W) -y

Wy



Bandpass Transformation LPF - BPF

0= —>l R Y P 0=—@ —>£ —%_ % -0
P A w, A?a)o @, S OA W, —
1 1( w2 — o2
0= —>— B 1 R e M B
Alwy o A\ @y oy
2 2
a):c()2—>i ] :1 P2"% |21
Alwy o A\ @y -y




Bandpass Transformation LPF - BPF

A series inductor in the prototype filteris
transformed to a series LC circuit

_ L c, =2
A- @y @y - Ly

A shunt capacitor in the prototype filteris

transformed to a shunt LC circuit

, A

L




Bandstop Transformation LPF - BSF

(a) (c)



Bandstop Transformation LPF - BSF

1
0
w——-A| ——2
Wy,

A series inductor in the prototype filter is

transformed to a shunt LC circuit
A-L
L|’< _ K Cl’( _ 1

@ awy - ALy

A shunt capacitor in the prototype filter s
transformed to a series LC circuit

_ 1 Cl - A-C,

A-ay-Cy 0

L




Summary of Prototype Filter

Transformations
Low-pass High-pass Bandpass Bandstop
I 1
| g L LA 1
. A LA L
L 25T 0 g T woLA
LA
T wyL
O O 0 é
| 1
1 A C g 1
- L . — CA
T % wCC woc T wOA .
L CA
T o
O & O "

Table 8.6
© John Wiley & Sons, Inc. All rights reserve



Example

Design a 3rd order bandpass filter with 0.5 dB
ripples in passband. The center frequency of
the filter should be 1 GHz. The fractional
bandwidth of the passband should be 10%,

and the impedance 50Q).
@, =2-7-1GHz=6.283-10rad /

A=0.1



LPF Prototype

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

g3 =1.5963 = L3/Cg,

v oYY o~ / O VY
g4=1- OOO - RL ¥ Term L C ' il
Term1 L1 (52 L3 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— VY
Term T C L + C ++  Term
Term3 C3 L4 =5 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 A 4
] i m1
10— 10 freq=159.0mHz
I w0 dB(S(2.1))=-0.492
S S
S -0 — S 40
o] lindep(m2)=0.999 —
1 lplot vs(dB(S(2.1)), 2*pi*freq)=-0.492 ]
-60 llllllllllllllllllllllllllll]llll '60 [ | | I | I | I
0 1 2 3 4 5 6 0.0 0.2 0.4 06 0.8 10

2*pi*freq freq, Hz



Bandpass Transformation / BPF

@, =2-7-1GHz=6.283-10°rad /s A=

Jd1=1.5963 = L1,
g2 =1.0967 = (2,

L = LR _197.0nH
A- @,

AR,

L’
2 @, - C,

=0.726nH

L = LR _1970nH
A- @,

Aw Af
Wy fo

g3 =1.5963 = L3,
gd4=1.000 =R,

01 R,=500

C/ = A 0.199 pF
@y - Ly Ry

C, = < =34.91pF
A-w,-R,

C; = A =0.199 pF

@y - L Ry



ADS

VY 172 , : . O VY | 7 , ,
— {j{%" R i L S i;'r‘n'q'z_ |
% ;]:gnozéhmE_Qm”H | ?dmép# ' t20726”H G= 349‘1 pF ';12703 ig30.199pF % ;uggéhm,
+ o T oL
m1 m2
freq=951.0MHz m1 mo2 freq=1.052GHz
. dB(S(2,1))=-0.596 vV dB(S(2,1))=-0.581
-20_
% -40 —
el il
M
-60 —
e | | | | |
0.4 0.6 0.8 1.0 1.2 1.4 1.6

freq, GHz



Microwave Filters
Implementation




Microwave Filters Implementation

The lumped-element (L, C) filter design generally
works well only at low frequencies (RF):

lumped-element inductors and capacitors are generally
available only for a limited range of values, and can be
difficult to implement at microwave frequencies

difficulty to obtain the (very low) required tolerance for

elements
Filter LA (A5 Scaling and
— | PIOLOLYPC & ¢ Implementation
specifications design conversion

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



Richards’ Transformation

Impedance seen at the input of a line loaded

with Z;

z :ZO.ZL+!'-ZO-tan,B-I

Z,+]-Z -tang-1

We prefer the load impedance to be:
open circuit (£, = oo) Zinoe =—1"Zy-coOtp-l
short circuit (Z, = 0) Z.=1JZy,-tanp-l

Input impedance is:
capacitive  Z,,=]-Xc=
inductive -

1 ZO<—>£ tan -l o o
=% ¢
=j-X, L, L tanfg-lew

in,sc



Richards’ Transformation

Variable substitution
Q=tanp-1 = tan(w'lj

Vo

With this variable substitution we define:

reactance of an inductor
JXL:JQL:JLtanﬁl
susceptance of a capacitor
]'B.=]-Q-C=j-C-tan -1
The equivalent filter in Q has a cutoff frequency
at: y)

T
Q=1=tan g1 — J== 5 I==
p p 4 8



Richards’ Transformation

allows implementation of the inductors and capacitors
with lines after the transformation of the LPF prototype to
the required type (LPF/HPF/BPF/BSF)

o A/8 at w,
Xy = L X = S.C.
O 7 ZO - L
= A/8 at w,
B,/ = = By 0.C.
1
C ZO — E



Richards’ Transformation

By choosing the open-circuited or short-circuited lines
to be A/8 at the desired cutoff frequency (w_) and the
corresponding characteristic impedances (L/C from
LPF prototype) we will obtain at frequencies around
w,. a behavior similar to that of the prototype filter.
At frequencies far from w_the behavior of the filter will no
longer be identical to that of the prototype (in specific
situations the correct behavior must be verified)
Frequency scaling is simplified: choosing the appropriate
physical length of the line to have the electrical length A/8
at the desired cutoff frequency
All lines will have equal electrical lengths (A/8) and
thus comparable physical lengths, so the lines are
called commensurate lines



Richards’ Transformation

At the frequency w=2-w_the lines will be A/4

long 1

T
l=— = J=— = tanfB:|l >
2 154 > 54

an supplemental attenuation pole will occur

at 2-w_ (LPF):
inductances (usually in series) Z,,,=j-Z,-tanB-1 >
capacitances (usually shunt)  Zjoc =—1-Z,-cotf-1 -0



Richards’ Transformation

the periodicity of tan function implies the
periodicity of the filter implemented with lines

the filter response will be repeated every 4-w.

tan(a +7)=tan o

5. I‘ T @, - T 7[:(4'0%)"
4 V, 4 vV,
Zin( ) Z. (a)+4 a)) = PLR(a)) PLR(a)+4 a))

Pr (4 @ ) Pr (0) Pl (3 " @, ) = Pq (_ a)c) Pr (5 "W ) =Pk (a)c)



Example

Low-pass filter 4t order, 4 GHz cutoff frequency,
maximally flat design (working with 5oQ source
and load)
maximally flat table or formulas:

g1=0.7654 =11

g2=1.8478=C2

g3=1.8478 =13

g4 =0.7654 = C4

gs =1 (does not need supplemental impedance

matching — required only for even order equal-ripple
filters)




LPF Prototype

oYY Y
i :

a Sy

= = T ? ’TQ; :
+* Term L _ I .G L I € 'T:ir::Z
| Term1 L1 | C2 L3 | Cc4 Nium=2
Num=1 L=0.7654H ~~ C=1.8478 F L=1.8478 H ~~ C=0.7654 F _
Z=1 Ohm
Z=1 OhmR= R= l
il 1 1 =
— . — —
~ m1 m1
0— freq=159.0mHz
. y dB(S(2,1))=-2.994
T, 20—
Q) i
7))}
o -40—
-O p—
60—
S0 I | |

1.0

freq, Hz



Lumped elements

@, =2 -7-4GHz =2.5133-10"rad /s

g1=0.7654 = L1,
g2 =1.8478 = C2,

L = Roh 1 503nH
),

c

Lé Ro'Ls

@

=3.676nH

g3 =1.8478 = L3,
g4 = 0.7654 = C4,

g5=1=RL

C,= <, =1.470 pF
Ro'a)c

C, = Cs =0.609 pF

RO A,



Lumped elements — ADS

Ow\
< s

L
i

WA

freq, GHz

Term L ._I C L ._: C 5 Elrlr:2
Term1 L1 R L | C4 | % Num=2
Num=1 L=1.523nH =~ C=1.470pF L=3.676 nH ~~ C=0.609 pF 2250 Ohm
Z=50 Ohm R= R= l
L — =
m1
0
il 5 m1
10— 4. freq=4.000GHz
. dB(S(2,1))=-3.008
= ] m2 |
% 30 freq=6.000GHz
= . dB(S(2,1))=-14.251
T -40
=
-60 T I T I T I T | T | I | I I I



Richards’ Transformation

LPF Prototype parameters:
g1=0.7654 =L1
g2=1.8478=C2
g3=1.8478 =13

g4 =0.7654=C4
Normalized line impedances

71 = 0.7654 = series [ short circuit Zy © c

z2 =1/1.8478 = 0.5412 = shunt [/ open circuit

73 = 1.8478 = series [ short circuit

z4 =1/ 0.7654 = 1.3065 = shunt / open circuit
Impedance scaling by multiplying with Zo = 50Q
All lines must have the length equal to A/8
(electrical length E = 45°) at 4,GHz

L, <L



Richards’ Transformation — ADS

0 0

L g
§) Term TLSC 4 TLOC TLSC ¥ TLOC 4 Term
% I rom ] 12 oz o T esaioni % e
- mE=45 — E= E=45 — E= =50 Ohm
_l_ Zmeoon F=4 GHz _:_Ref IE=:1‘5GH2 F=4 GHz ____Ref E=:5GHZ __i_ Zmoon
m1
0 | N
-10—
=5 p0—
= | 2 m1
& 30— freq=4.000GHz
o . dB(S(2,1))=-3.010
-O - —
B m2
-50— freq=6.000GHz
g dB(S(2,1))=-30.626
'60 [ | [ | I | [ | | | [ | I | [ | I | [

0 2 4 6 8 10 12 14 16 18 20
freq, GHz



Richards’ Transformation

Filters implemented with Richards’ Transformation
beneficiate from the supplemental pole at 2-w,

have the major disadvantage of frequency periodicity, a supplemental
non-periodic LPF must be inserted if needed

0 B
10— |
i - Richards’
s =20 commensurate
2: i lines
BD
%% -40— lumped
& / elements
-50—
e B S I L L IR I
0 2 4 6 8 10 12 14 16 18 20

freq, GHz



Equal-ripple prototype

For even N order of the filter(N=2, 4, 6, 8 ...)
equal-ripple filters must closed by a non-
standard load impedance g,, # 1

If the application doesn’t allow this,
supplemental impedance matchingis
required (quarter-wave transformer,
binomial ...)tog, =1

dyvuz1—>R=R, (50Q)



Observation: even order equal-ripple

Same filter, 3dB equal-ripple
3dB equal-ripple tables or formulas:
g1=3.4389=1L1
g2=0.7483=C2
93 =4.3471=L3
g4 =0.5920 =C4
g5=5.8095=R,
Line impedances
Z1 =3.4389-50Q) = 171.945Q) = series [ short circuit
Z2 =50Q) [ 0.7483 = 66.818Q) = shunt / open circuit
Z3 = 4.3471-50Q) = 217.355Q) = series [ short circuit
Z4 =500 [0.5920 = 84.459Q) = shunt / open circuit
RL = 5.8095-50Q0 = 295.475Q) = load



Even order equal-ripple — ADS

] ]

g &
t 11' Term TLSC TLOC TLSC + TLOC
Term1 TL1 TL2 ihl=3 TL4
% Num=1 Z=171.95 Ohnﬂ:] Z=66.82 OhnZ=217.36 Ohm —|:] Z=84.46 Ohm 7
Z=50 OhmE=45 E=45 E=45 E=45 Z=295.48 Ohm
_+_ F=4 GHz Ref F=4 GHz F=4 GHz Ref F=4 GHz
0
10—
gozs <20
) = B .
<+ 20 3dB equal-ripple
DD B (4t ord.)
M om
T T -40-
50— maximum flat
i (4t ord)
_60 I I | | I | I I I | I | | I | | I | I

0O 2 4 6 8 10 12 14 16 18 20
freq, GHz



Observation: even order equal-ripple

Even order equal-ripple filters need output
matching towards 50Q) for precise results.
Example:

0

10—

20—

30—

40—

50—

-60

— R =295.48Q

R, =50Q

0

N I N D S Y N B B
2 4 6 8 10 12 14 16 18 20

freq, GHz



Kuroda’s Identities

Filters implemented with the Richards’ transformation
have certain disadvantages in terms of practical use
Kuroda’s Identities/ Transformations can eliminate
some of these disadvantages

We use additional line
sections to obtain ! !
systems that are easier to I I
implement in practice s830] |
The additional line

sections are called unit 50Q

elements and have o—=o ' " o—p—o—
lengths of A / 8 at the / 500
desired cutoff frequency /:, /: |

(w,) thus being
commensurate with the
stubs implementing the
inductors and capacitors.

o




Kuroda’s Identities

Kuroda’s Identities perform any of the
following operations:

Physically separate transmission line stubs

Transform series IS &0
stubs into shunt
stubs, or vice versa

Change impractical PR O
characteristic
impedances into

more realizable

values (~50Q2)

50Q

o




Kuroda’s Identities

4, circuit equivalents (a,b)

each box represents a unit element, or transmission
line, of the indicated characteristicimpedance and
length (A/8 at w_). The inductors and capacitors
represent short-circuit and open-circuit stubs 2

nZ

O 0 o Sm— NS A A @ S==——C
1 | Z
7 T Zy = =3
2 n
O O O O
(a)
Z
O—"Y Y Y —0 o — 'e)
2 1 1
Zz = n Zl —_— nzzz
O —0 O O

(b)



Kuroda’s Identities

4, circuit equivalents (c,d)

each box represents a unit element, or transmission
line, of the indicated characteristicimpedance and
length (A/8 at w_). The inductors and capacitors
represent short-circuit and open-circuit stubs

o N o—
7 - Z Z)
| -2 =1
2 2 2
o O o—

(c)

1
Zi n’Z,
1
1

(d)



Kuroda’s Identities

In all Kuroda’s Identities:

n: ,
n°=1+-2
/

1
The inductors and capacitors represent short-
circuit and open-circuit stubs resulted from
Richards’ transformation (A/8 at w,).

Each box represents a unit element, or
transmission line, of the indicated characteristic
impedance and length (A/8 at w,).



First Kuroda’s Identity

Zl
172
O 0 o Sm— _KWV\—O
A
ZLJ_ Zl = _; ‘
2 n-
O T e O (@ O
(a) ,l
SC. £ }
series
stub
Zn*| 1
v A 4
/ > -~ [ —>
O O Q @)
Z] = 22/112
QO O O O
Unit Unit

¢,
shunt

stub

element element

it =1 4Z 7

Figure 8.35
© John Wiley & Sons, Inc. All rights reserved.



First Kuroda’s Identity — Proof

: ol =1 1
2 —— |
<€ . Z,n
2 —a
vt @00 =/ T s
0.C. element
shunt
stub
ABCD matrix, Lg
o l o) o O
Y + ZO=:B
O O
0 I ® < [ >

A Bl |10 A B| | cosg-l J-Z,-sin g1
C D| |Y 1 C D| |j-Y,-sing-l  cosg-l



First Kuroda’s Identity — Proof

- Q=tan S-I
Z : Q
| cosfB-l = sin B-1 =
O 2
" p 1+Q ]_-|-Q2
Unit v
OC | t - . 2
shunt e Zin,oc =—1 Zz 'COtIB'I =—J E
stub
_ . | _
A B 1 O 5 le 2
| j-O _ 1+Q 1+Q
C DI - 1. 1 Q 1
2
! Zl ST J1+Q?




First Kuroda’s Identity — Proof

SC. & L s¢.
series T B T

[ < 5 1
/) 4
Unit
0.C. element
shunt
stub
Figure8.35
John Wiley & Sons, Inc. All rights reserved.

Ziln?

element

O O O Z51 %

22 /112
O O 0

Unit

element
O O o / pb—0
ZOa ﬁ +

C: / >O o, O

A B| | cosgl J-Z,-sin g1 A B| |1 Z
C D| J-Yy-sin g1 cosf-| {C D}_{O 1}



First Kuroda’s Identity — Proof

SC. [ L
series Q=tang-I
stub 1 O
Zyn* | 1 cosf-1 = sin B-1 =
V1+ QY 1+ Q2
-~ | —
O O o 7 j.Q.Z
_ 1 _ 1
Zz/n2 Zlnsc_.l (F)tanﬁ | = n2
O O O
Unit
—elementl y Z, | O ]
A B oz 0 o || 2
C D j.n2. Q 1 0 nl
| 2, N1+ 1+0Q° ]
) )
A B 1 1 ]-Q JQZ_; 1 1 J'F'(ZNLZZ)
g ) . n )
C D 1402 | 142N 1 1 1402 | JE 1_92.é
| ZZ i | ZZ ZZ




First Kuroda’s Identity — Proof

First circuit

A B_— L 1 1 Z
ey e
- Zl Zz Zz_

Second circuit

A Bl 1 LR Ry
{C D}_\/1+£22. jen 2z
Results are identical if we choose
n° :1+é
Zl
The other 3 identities can be proved in the same
way




(Same) Example

Low-pass filter 4t order, 4 GHz cutoff frequency,
maximally flat design (working with 5oQ source
and load)
maximally flat table or formulas:

g1=0.7654 =11

g2=1.8478=C2

g3=1.8478 =13

g4 =0.7654 = C4

gs =1 (does not need supplemental impedance

matching — required only for even order equal-ripple
filters)




Example

Apply Richards’s transformation

Problems:

the series stubs would be very
'S 'S difficult to implement in microstrip
line form

0.7654 | | 18478 1 in microstrip technology it is
preferable to have open-circuit

L | | stubs (short-circuit requires a via-
‘ ' hole to the ground plane)

1= the 4 stubs are physically connected
T at the same point, an
implementation that
eliminates/reduces the coupling
between these lines is impossible

not the case here, but sometimes
the normalized impedances are
much different from 1. Most circuit
technologies are designed for 50Q
lines




Example

In all 4 Kuroda’'s Identities we always have a circuit with a series line section
(not present in initial circuit):
we add unit elements (z = 1, | = A\/8) at the ends of the filter (these redundant
elements do not affect filter performance since they are matched to z = 1, both
source and load)

we apply one of the Kuroda’s Identities at both ends and continue (add unit ...)

we can stop the procedure when we have a series line section between all the stubs
from Richards’ transformation

A A
0.7654] | 1.8478| !
1 1 1
—O O o ! v O o O O ]
@ > | > < | > 1
~ ~ O o ]
added unit added unit
element element




Example

Apply:
Kuroda 2 (L,Z known = C,Z) on the left side
Kuroda 1 (C,Z known = L,Z) on the right side




Example

We add another unit element on the right
side and apply Kuroda 2 twice

K 2 (b)

Z — ,”’ ——————— SN //” \\\

2 2 Z1=1.8478 . \ , .~

n :1+ // \\ l/ \\

Z, Z2=05667 /4§ ./ 949 / \

n2=1_3067 II/

| 1.8478) | N 104336 !
1.7654 N 05667 \ .
g \\ U \/ c 3 \;\ U \ c o
\

(o]
(o]
(o]

f I \\\\ < I > '\\ < I > l'
\\\‘ //II - N O /II
I I \\\ /,’ \\\\/ ,//K 2 (b)
/ \\\ /,// S . /,/ Zl=0-4336
2.3065 /0.5412 _
added unit

Z2=1
element n?=3.3063



L 17654 24145 14336

Impedance scaling (multiply by 50Q)

88.27Q 120.73Q 71.68Q

‘ / éA éA é l
/
,/ 115.33Q 27 06Q2 37 03Q 165 32Q

50Q



ldentities — ADS

Term . T

‘| Z=50 Ohm

dB(S(2,1))

. 1
o} o | |
Term1 Til5
| % v gy we L]
L

e — I
G — | I

TLOC IWI . . TLoc . . TLIN - . kel TLIN TLOC +'+'. T;f‘i;ﬂ:l :
st S I e e
é:l"155'33 Q"éiig.ﬂ Ohm éz.%:% ahr éjéo'n Oljl_ é=%.0_3 5 EZZ;'% one E=45 |’ | z=50 Ofim
CPdee e R Peewe G fR o mdee G, R Reee
) m1
N
_10_
20—
d 2 m1
30— freq=4.000GHz
I dB(S(2,1))=-3.010
40—
| m2
-50— freq=6.000GHz
: dB(S(2,1))=-30.621
-60 | I B L
0 2 4 6 8 10 12 14 16 18 20

freq, GHz



Examples

Figure 8.55
Courtesy of LNX Corporation, Salem, N.H.



Examples

Figure 8.55
Courtesy of LNX Corporation, Salem, N.H.
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Impedance and Admittance Inverters

Richards’ transformation and Kuroda's identities are
useful especially for low-pass filters in technologies
where the series stubs would be very difficult/
impossible to implement (microstrip)

In the case of other filters (example 3™ order BPF):

series inductance can be implemented using K1-K2

series capacitance cannot be implemented using shunt
stubs

Q

@ Lé% = C} %509

@)



Impedance and Admittance Inverters

For cases where Richards + Kuroda do not
offer practical solutions we use circuits called
Impedance and admittance inverters

K 2 J 2
VANES Z— Yin = Y—
L L
Impedance inverters Admittance inverters
O O O— O
K J
+90° L + 90° -
Oo—— O Oo— O

Zin = KZ/ZL Ym — J2/YL Figure 8.38a

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



Impedance and Admittance Inverters

The simplest example of impedance and admittance
inverter is the quarter-wave transformer (L4)

T~ MA—>
2
Zy |:I> Z } Ry, Zin - Z—l
RL
2 | 2
Zln = K— . Yin = J—
Z, \
< A4 > < A4 >
O O O O
Zo=K Yo=J

Figure 8.38b
© John Wiley & Sons, Inc. All rights reserved.



Impedance and Admittance Inverters

Impedance/admittance inverters can be used
to change the structure of a designed filter to
a realizable form

For example a 2" order BSF
L

Q

Q




Impedance and Admittance Inverters

The series elements

can be
eliminated/replaced Sy [ )
using an admittance | i o
Inverter T
Y
O
Y




Impedance and Admittance Inverters

The equivalence of the two schematics (when
looking from the left) is proofed by obtaining the

same input admittance L
— Y Y Y
— §f2 e - Zy > §fﬁ (Iili Z
—l—Cz ¢ T ¢
Y Sy 1
Y=_ 1 1 +le.[_ ! 1 +Zl} Y’=_ ,1 1 +{_ ’1 1 +ZO}
J'a)'Lerj-a)-Cz 0 J.a)'Ll_l_j-a)-Cl 0 J.a).L2+j-a)-C; J'a)'cl-'_j-a)-Ll'
1 L [c .
ool L7 EZ\E L, A similar result can be
S S obtained for a bandpass
c, \c filter



Impedance and Admittance Inverters

The complete equivalence (when looking from both
sides) is obtained by enclosing the series LC circuit

between two admittance inverters

Il
v J=1/7Z L | I
— 2 _900 0 ! ZO — LZ Ci ZO
—l— CZ Cl —I— CZ'
y Y
A series LC circuit inserted in series in the circuit can be replaced by a

shunt LC circuit inserted in parallel enclosed between 2 admittance

inverters
A shunt LC circuit inserted in series in the circuit can be re

placed by a

series LC circuit inserted in parallel enclosed between 2 admittance

inverters



Practical implementations of

iImpedance/admittance inverters

Most often the quarter-wave transformer is

used
< /4 - < /4 -
O O O O
Z():K Y():J
O O O O
Implementation with capacitor networks
-C =C
0 | | 0 o | o
T C ::—C ::_C
O O O O

K=1wC J=wC



Practical implementations of

iImpedance/admittance inverters

Implementation with transmission lines and
reactive elements

< (/2 > < 0/2 —> <« (/2 —> <«— 02 —
o O o o o)
; JjB
Zy JX Zy Yy Yy
o o 0 o O—O o
0
K—Zo.t}in— J=Y, tan2

L 2:X
f=—tan 7 0<0 0=—tan™



Prototype filters using inverters

Using impedance/admittance inverters we can implement
prototype filters using a single type of reactive elements

Shunt Creplaced by series L enclosed between 2 inverters

Ry=80=1 L, =g,

—AAM,

@ s Cl =g p— C3 =% EN+I

R
| 7YY\ N a'a'au L . Y Y\
! KO,I KI,Z K2,3 Kn,nﬂ RB‘ \
K = /RA°La,1 K
01 — k,k+1
90-0, '

|

Q

@)
D




Prototype filters using inverters

Using impedance/admittance inverters we can implement
prototype filters using a single type of reactive elements

Series L replaced by shunt C enclosed between 2 inverters

Ly =g Ly=g;3
Oo—tYY Y Y Y Y -

|I| Gop=g0=1

) )
S

Joo | == | T | == | 23 — | Junna| Gy
Cal Caz Can
| — - — O

Q

||
I
&
)
Il
o
¥

gN-i- ]




Prototype filters using inverters

For prototype filters using inverters formulas
we have 2-N+1 parameters and N+1
equations (to ensure the equivalence of the 2
schematics) so N parameters can be chosen
freely

convenient values for the reactance can be
chosen, and the required inverters will be
computed from the equivalence equations or,

convenient inverters can be chosen, and the
required reactance values will be computed from
the equivalence equations



BPF and BSF using inverters

The same principle can be applied to the BPF
and BSF filters, those can be implemented using
N+1 inverters and N resonators (series or shunt
LC circuits with resonant frequency w,)

connected either in series or in parallel enclosed
between 2 inverters

BPF are implemented with
series LC circuits connected in series between inverters
shunt LC circuits connected in parallel between inverters
BSF are implemented with
shunt LC circuits connected in series between inverters
series LC circuits connected in parallel between inverters



Lines as resonators

The impedance of short-circuited or open-
circuited line (stub) shows a resonant behavior
that can be used to implement required

resonators
z =ZO-ZL+ j L, -tan g1
Z,+]-Z -tang-1
Zin,sc:j'zo'tanﬁ'l Zin,oc:_j°ZO°COtﬂ'|

A -\m A -Xm

NN NN
N '

g
Y
_—'4 L
|
4~|;j
/
o T B 5 Y
_/
Y



Lines as resonators

. . . Xvin:ZOtan('Z)
Short-circuited line A
For the frequency at which | ' |
= M4 (w,) the line behaves
as an shunt LC resonator
circuit

the line shows capacitive

behavior for lower
frequencies (I>A/4)

the line shows inductive
behavior for higher
frequencies (I<A/4)
Similar discussion for the
open circuited line
(equivalent to a series LC
]Eesonator around the}\ 1 T
requency at which |=A/4) 1 5 § 1
q Y 4 T TZIZ —E T -

| > Z

I
AANA
A

{



BPF/BSP design formulas

When the admittance inverters are
implemented with quarter-wave
transformers with Zo characteristic

impedance
BPF — short-circuited shunt stubs with | = A/4
- Ly A
on ™ 4gn
BSF — open-circuited shunt stubs with | = A/4
4.7
ZOn ~ °

-9, A



Similar to a project assignment

Follows the amplifier designed as in L8

4t order bandpass filter, fo = gGHz, fractional
bandwidth of the passband 10 %

maximally flat table or formulas for g,.:

1 0.7654 5.131

2 1.8478 2.125 5 T ZyA
3 1.8478 2.125 Tk,
4 0.7654 5.131



ADS - BPF

.k O =T (s RV § = e | | B T S G | | EESeIE | i S RS TSI T e SR Tl
Term1 TL5 . TLIN, TL4 TLIN TL6 TLIN TL7 ‘ > | Term2
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ADS - BPF

m1 m2
freq=4.770GHz freq=5.230GHz
o dB(S(2,1))=-2.950 dB(S(2,1))=-2.950
. m1 m2

m3
freq=5.730GHz
dB(S(2,1))=-40.171

dB(S(2,1))
T

3

-60 I I L L O NN A
3.0 3.5 4.0 4.5 5.0 9.9 6.0 6.5 7.0

freq, GHz
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l=— = p-l=—
4 2
50€) 500 500 500

[~

£\
/
I

50Q

5.131Q 2.125Q

Disadvantages of the filters using impedance
inverters and lines as resonators:
short-circuited stubs (via-hole) for BPF

often the characteristic impedances for the stubs
have values difficult to implement (2.125Q)



Coupled Line Filters

A parallel coupled line section model is
obtained by even/odd mode analysis

Even and odd modes are characterized by the
characteristic even/odd mode impedances
whose required values will impose the lines’
geometry (width / distance between lines,
depending on the line technology we use)

v,/

/ ZOe’ Z()o

Y



Coupled Lines

E,

_ —— =
/Q_Vf\

IEEEET

b} EVEN MODE ELECTRIC FIELD PATTERN {SCHEMATIC)

Even mode - characterizes A

the common mode signal on | |

the two lines
IS INIIIY OIS INTIINIIII SOOI IIIINY.

&)

Odd mode - characterizes
the differential mode signal
between the two lines

Each of the two modes is c) ODD MODE ELECTRIC FIELD PATTERN (SCHEMATIC)
characterized by different

characteristic impedances



Coupled Line Filters

Circuit Image Impedance Response
; ; 270,20, c0S 0 el
i1
T 1 (Zoo + Zoo)? €08 %0 — (Zo, — Zo,)? V \J
) |
—> o— O
Z'l <Z_,’ v, - Z()eZOO s 3
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- () ——
—1  }o <Z_ 7 27,2, S1n 6 T \/ \/
= il i1 > |
o Vo= 200 = 2o + Zoo)* cos* = 3
Z - = —
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o< JZor=Zo) Bioos 2
7 _ ( Oe Oo) - (ZOe + ZOO) cos~ 6
il Zn = . | |
2sm6 - - 3
— o— I a S
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S B < Gout Zo) 56 T /‘\
= | | |
S — 7, — 2060 " EEE
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Coupled Line Filters

Bandpass filter with resonance at 6=m/2 ([=A/4)

Re(Z;) A
- 6 >
Zoe —Zoo e
2 B Z[l
m o
o | | | Zj
0 6, n 6, - 37 /
2 3
€ O —> = O —>
M M
J
Zy _90° Zy

Figure 8.44
© John Wiley & Sons, Inc. All rights reserved.



Coupled Line Filters

We get a Nt order filter with N+1 parallel
coupled line section

Z
0 Z()e’ ’ Z()()

Z()(' ’ lOo

S e ZOo
N 5 = Z
, N+ 1
(a)
0 0 0 0 0 0
- GH e S - -(———->v<———<> e e
i J Iy Iy
Z Zo | _ogpe Zy Zy _9\00 Zo Zy _\96<l> Zog Zg
- O —— ] O e O = =




Coupled Line Filters

Equivalent circuits for
transmission lines of length 26
admittance inverters

—jZ cot 6 —jZycotd 1:-1

O O O o, O
JZy -

Zo =5 sin 20 ? é = L g T°

O O O O O O

— — | ‘o)
J
- 90° 73: Z
O— ——oO 5

A
()
D




Coupled Line Filters N=2

We get a 2"? order BPF behavior cu 3 coupled
lines sections

ZOJI 2 | | :Zo.]3
J
Zs l—> L, = ¢ e L, ——7o4 Z, (N=2)
Y
| (e)
L, C5
I—» L ==Ch Z, (N=2)
Y
(f)

Figure 8.45def
© John Wiley & Sons, Inc. All rights reserved.



Coupled Line Filters design formulas

Compute the inverters from prototype
parameters

T-A A — T-A
Z,-J, = Z,-J = n=2,N Z,-J,., =
° Tt V2., S 2.9 Q. Con \/2°9N°9N+1

Compute coupled line parameters Zoe/Zoo
(all of length [=A/4)

7 :ZO-:1+Jn-ZO+(Jn-ZO)2:

Oe,n

n=1N+1

Z :ZO':l_Jn'ZO+(‘]n°ZO)2:

Oo,n



Example

Similar to a project assignment

Follows the amplifier designed asin L8

4" order bandpass filter, fo = 5GHz, fractional
bandwidth of the passband 10 %

0.5dB equal-ripple table for g, followed by filter
design formulas

1.6703 0.306664 70.04 39.37
1.1926 0.111295 £56.18 45.05

2.3661 0.09351  55.11 45.76
0.8419 0.111294 £56.18 45.05

1.9841 0.306653 70.03 39.37

oo H» W N B



ADS - coupled line BPF

dB(S(2,1))

; T Srm ++  Term
Term1 Term2
Num= 1 Num=2
7=50 OhmCLIN * CLIN CLIN CLIN uuu Z=50 Ohm
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ADS - coupled line BPF

m1 m2
freq=4.750GHz freq=5.250GHz
dB(S(2,1))=-0.620 dB(S(2,1))=-0.620
10 mT  m2 |
il m3
i freq=5.750GHz
—— dB(S(2,1))=-46.296
o 20
0 90—
0D I
= ap—
50
'60 IIII‘IIII’llll|ll|l‘||l|’IIII
3.5 4.0 4.5 2.0 55 6.0 6.5

freq, GHz



Examples

Figure 8.55
Courtesy of LNX Corporation, Salem, N.H.




Bandpass Filters Using Capacitively

Coupled Series Resonators

The gaps between the resonators (~A/2)
generate a capacitive coupling between two
resonators and can be approximated as series
capacitors

B, B, B By s




Bandpass Filters Using Capacitively

Coupled Series Resonators

From the real physical length of the resonators,
some part is used implement a admittance
inverter (the remainder ¢=m, [=A/2, resonator)

by N
(! ) 2

¢, &,
e R B )
P 3 b 2 JB, 3 b \ JON 4 ' / <
O O-l |-C O |—C O e . () O
Zy Zy Zy Zy Zy Zy /~() /u Zy
O O—O O O O O O s s s O—O O
(C)
&b )
—_— O o -0 O o o e e ————
J Js InN+1
Z +90° Zo +90° Z +90° Z
—_— O O -O e O———
(d)
Figure 8.50

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



Bandpass Filters Using Capacitively

Coupled Series Resonators design

Compute the inverters (similar to coupled lines)

ZO'le T\ ZO'JnZ 7T A ,HZT ZO-JN+1= T\
2.0, 2-J0.,-0. 2-0y - Onn

Compute capacitive susceptances
J
1_(20“.%)2 n=1N+1
Compute the line lengths that must be "borrowed”
to implement the inverters
¢ =—tan(2-Z,-B )n=1LN+1 ¢ <0,n=1N+1
Compute the actual length of the lines (A/2 + borr.)

0 = 7Z-+%'(¢i + i+1): ﬂ_%'[tanl(z'zo ' Bi)+tan_1(2'zo ' Bi+1)]’i :]"—N

B, =




Equivalent circuits for short

sections of transmission lines

ABCD matrix (Lg)
short line, model with lumped elements is valid
® o A=cospl B=]-Zy-sing-l
0 P o
o o C=]Yy-sing-l D=cosg-l
- [ >
— Zl _ Zl'ZZ
o— Z, Z, O A—1+Z—3 B=2Z,+7Z,+ 7.
Z c-l  p-1i%
O ! O Zs 23




Equivalent circuits for short

sections of transmission lines

The shunt element is capacitive

L, =— 1_
J-Yy:sing-1
Series elements are equal, and inductive
cosp-| :1+£:1+%
3 3
2,-72,-2,-(cos p-1-1)=—j-z,- P17 tan ]
. . sin -1 2
Equivalent circuit
is i2 « |
O—— Y Y Y Y YA E:Zo,taﬂlgT
T & B=—sin -]
O O ZO




Equivalent circuits for short

sections of transmission lines

depending on the characteristic impedance:

high Zo >>
O—m Y Y Y\ ___ 72-
X——-Z()B[ ngo.ﬁ.l ﬂ.l<z ZO:Zh
o ol
low Zo <<
o O
| - 7T
— B=Y,BI B:YO-,B°| IB'|<— Zo:ZI




Stepped-impedance low-pass filter

Series L, shunt C, we realize low-pass filters
We use

lines with high characteristic impedance to
implement an series inductor

1= L;eO
. . h C e
lines with low characteristic impedance to

implement a shunt capacitor
P c?

Al="g’

usually the highest and lowest characteristic
impedance that can be practically fabricated




Stepped-impedance LPF

Not all the lines will result with the same length
so the filter response is not periodic in frequency

l) 5 5 ly L le
Zy Z Zj Z Zj Z Zj Zy
(b)
(¢)

Figure 8.40
© John Wiley & Sons, Inc. All rights reserved.



LPF with 8GHz cutoff frequency, 6" order.
Maximum realizable impedance is 150Q2 and

lowest 15Q).
1 0.5176
2 1.4142
3 1.9318
4 1.9318
5 1.4142
6 0.5176

0.206pF
1.407nH
0.769pF
1.922nH
0.563pF
0.515nH

15
150
15
150
15
150

0.155
0.471
0.580
0.644
0.424
0.173

8.90
27.01
33.21
36.89
24.31
9.89



ADS - Stepped-impedance LPF
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ADS - Stepped-impedance LPF
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ADS — Stepped-impedance LPF -
compared with lumped elements

1 m3
40— freq=8000(3Hz
| ldB(S(4,3))=-3.019
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freq, GHz




Examples
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Figure 8.55



Contact

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