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Impedance Matching

Impedance Matching with
Stubs



Smith chart, r=1 and g=1
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Single stub tuning

Shunt Stub
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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



Analytical solutions

Exam /[ Project




Case 1, Shunt Stub

Shunt Stub
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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°
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Case 2, Series Stub

Series Stub
difficult to realize in singleconductor line

technologies (microstrip @
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Matching, series line + series
reactance




Analytical solution, usage

720

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



Microwave Amplifiers



Course Topics

Transmission lines

Impedance matching and tuning
Directional couplers

Power dividers

Microwave amplifier design
Microwave filters

Vil Leni )



Amplifier as two-port
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Amplifier as two-port

]_x rj n E;. ut rf’_

O |

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



Output stability circle (CSOUT)

(Szz _A'Sl*l)* _
S| A

_ S1p "9
2 2
Sl - 14|

T, -C,|=R,

=

We obtain the equation of a circle in the

complex plane, which represents the locus of
[, for the limit between stability and
mstablllty (|| =

This circle is the output stability circle ("))

C :(Szz—A-Sl*l)* R — ‘512'521‘

2 2 2
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3D representation of |I". |, [T, [T]=2

Il =1 -2 log,|l'| = o, the intersection with the
planez=o0is acircle

log(T, (T,)) log(I',_ (I'))

T e 15
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Contour map/lines
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Several possible positioning

CS CS
Unconditional
Stable

Unstable

Stable
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Several possible positioning
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Stability

ATF-34143 atVds=3V Id=20mA.
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Amplifier as two-port

]_x rj n E;. ut rf’_

O |

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



Power [ Matching

Two ports in which matching influences the
power transfer
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Two-Port Power Gains

Available power gain
sl (1 \rsf)

Unilateral transducer power gain
2 2

[ L 1V

1-8,, Ts[" 1-Sy T,[°

/ \ Input and output can be
treated independently

51, 20 L =51

Gry = ‘521‘2'




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):

Fin :F; - 1_‘out .: 1_‘L*
For lossless matching sections 2
2 2 2 —
L Y2 T S Ny
1-Tg T, -8y, T, 1-|Ty 1-8,,-T,]

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

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

solutions
_B, \/32 4\6\

_B \/BZ 4\C\

I I,

‘511‘ ‘Szz‘ _‘A‘ 2‘”‘522‘ \SH\ _‘A‘
—A- S22 —A- S11



Design for Specified Gain

Assumes the amplifier device unilateral

Input and output can be

/ / treated independently

=" 1=
1-8,, Ts[" 1-Sy T,[°

51, =0 L =511

Gry = ‘521‘2'

Maximum power gain
Iy =S5, 1 1
s =911 _ . .‘521‘2. .
I =S;2 1=[S,,] =[Sy,

GTUmaX _



Unilateral figure of merit

Allows estimation of the error introduced by
the unilateral assumption
1 _G _ 1 ;7 = Sial |82l 1S ||
(1+U) O (1-U) (1_‘511‘2)'(1_‘522‘2)

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]- G, |dB]< —20-log(1-U)



Design for Specified Gain

ZH
ntehing Transistor mtching
circuit <_‘ |_> [‘_5,] 4—‘ I_> circuit
G, o G,
rlor, r.on
In the unilateral assumption:
_ 11| I8, 1-|r,|°
Y-S, Il j: 1-8,,-T,[
1-|r[ ~ -1,
G = s 2 Gy =[S G, = ¥ >
‘I_SII'FS‘ ‘I_Szz'FL‘

GS = GS (FS) G, =G, (FL)
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Contour map/lines
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G.[dB](l¢), constant value contours
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Input section constant gain circles

T — gS.Sl*1 :w/l—gs (—‘511‘2) ‘FS_CS‘:RS
2
1_(1_85)"511‘ 1_(1 gS) ‘Sll‘
* 2
o= gs S R, = l_gS'(l_‘Sll‘ )

1_(1_85)"*?11‘2

Equation of a circle in the complex plane where ¢ is
plotted
Interpretation: Any reflection coefficient I'c which
plotted in the complex plane lies on the circle drawn for
Ocircle = GC|rcIe/GSmax will lead to a gam G Gurcle
Any reflection coefficient I'¢ plotted outside this circle will
lead to a gain G < G, e
Any reflection coefficient I'¢ plotted inside this circle will
leadtoagainGe>G,_, .



Amplifier as two-port

Vi< 2

O |

LR

EH][

I

For an amplifier two-port we are interested in:

stability
power gain

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



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/No g, 200k P, = kTB




Noise figure of a cascaded system
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Circles of constant noise figure

2
N-| N+1-I j
— opt
N:F me'l‘l'ropzz FS \/
4-r, N+1 N +1
2
r \/N-(NH—FOpt )
[(-Cr|=R C.=—°2 p -
L5 =Crl=F FoNs1r F 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 for F... .. wil
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 factorF<F

circle

circle



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 [l




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 reﬂectlonm/eTFGeﬁtﬁgrrespondmg
to this point, I'¢

C_ X
I, =0.412/-177.966° %

Sopt
CSIN
CCCIN



Continue



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

In the insertion loss method, we are passing
an intermediate stage (low pass prototype) in
order to obtain any type of filter, with
controlled specifications

Low-pass
| PIOLOLYPE i
design

Scaling and
conversion

Filter

G = [mplementation
specifications

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



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
conversion

=3 Implementation




Insertion loss method

P 1
P 1-rof

LR —

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

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



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

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+k2-(wj

%

For o>> o,

P =k -(0fo, )"

attenuation INCcreases =

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

PL=1+k Tﬁ(”)

For @>> @,

5 2N
ke [ 2-w
Pir=— 1+

Maximally
flat

4 0,

c

S
\
5 4

0 0.5 1.0 1.5

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 >> o,
the passband ripples: 1 + k?, k gives the ripple



Order (N) of the Maximally Flat filter

sL(dB)

Lar
(1010 -1

2-10ga)

S
!

]

lattenuationsin dB




Order (N) of the Equal Ripple filter

0]

lattenuationsin dB



Maximally flat filter prototypes

e
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X 3 / 4
?4 pd //
= T
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\
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.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/;// /
50 SEKEPAS
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c% -1 Attenuation versus normalized frequency for

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



0.5 dB Equal-ripple filter prototypes
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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

.| Attenuation versus normalized frequency for
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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',
| generator conductance G,if g =L
‘ inductance for series inductors
Sili-iv = capacitance for shunt capacitors

load resistance R',,, if g, =C"y
gN+1 =

load conductance G',,,, if g, =L',



Maximally Flat LPF Prototype

Formulas for filter parameters
g =1
g :2-sin{

gN+1 =1

2-k-1)-7
2-N

E



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)

ak:sin[(z.k_l)%} , k=1L N ﬂ:ln(coth Ly j
2-N 17.37
. ﬂ 2 . 2[1('72')
=sinh| —— b=y "+sm°| — | , k=1LN
/4 (2-N k=Y N

for odd N
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 82 83 84 gs 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 f”ter (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
9 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 et &2 & s 85 g & g g egw en Q7L

I 1.9953 1.0000 : :

2 3.1013 0.5339 5.8095 Ifthe appllcathn

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 Impedance 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 (CIUarter'

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 I a | . ) 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. Fhecenterfregueney
bandwidth-of the passband-sheould be1e%;
and-theimpedance50Q.




LPF Prototype

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

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, =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)



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 apply a

variable substitution

0
0 —
0

c




Frequency Scaling

To change the cutoff frequency of a low-pass
prototype we apply a variable substitution:

@
0 —
@

c

Equivalent to the widening of the power loss
filter response

Py (w)=PLR[;”C]

: . @ : ;
j-X :]-;Lk:]ﬁ)-Lk j-Bkzj-ﬁ-C =j-w-C

¢ c



Frequency Scaling LPF = LPF

New element values for frequency scaling:
L _ G

@, @,

When both impedance and frequency scaling
are required:

_ Ry L
@ Ry @

c

Ly



Low-pass to high-pass

transformation LPF > HPF

Variable substitution for LPF 2> HPF:

Q

W ——
0
Pir A Pir A
B\ | —w, Jylm




High-pass transformation LPF - HPF

Variable substitution for LPF 2 HPF :

a)C
@<« ——=<
Q
, 0, 1 0 |
]X =—] _C.Lk: , B =—j.=2<.C, =
J@-C SR v ° jow L,
Impedance scaling can be included
1 R
C, = L =—
R0°a)c°Lk 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 20 (w_a)oj:l£a)_a)oj
W, —o\ ®y Alw, o

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

A — W, — W,
- Wy =Wy~ Wy
25



Bandpass Transformation LPF - BPF

(a) (b)



Bandpass Transformation LPF - BPF

, [ 0o o . w-L . @y L , ;.1
]'Xk:](_oj'l’k:]' k20T = g L —

Ao, o A -, Ao w-C,
, jl o o, Lo0-C o C . A |
.B = — — —_— .C o . _— - —_— — .a).C —
Sk A[a)o a)j e A -, NP ¢ Ja)-L,'(

A series inductor in the prototype filter is

transformed to a series LC circuit in series
A

L, Cr -

A, @y - Ly

A shunt capacitor in the prototype filter is
transformed to a shunt LC circuit in parallel
A C,

C, =
Ci - @y ¢ @, - A

L, =

I =




Bandstop Transformation LPF - BSF

(a) (c)



Bandstop Transformation LPF - BSF

-1
co(——A-L @ _a)o)
W, @
A series inductor in the prototype filter is

transformed to a shunt LC circuit in series
A-L 1

k C},{ _
a)O C()()'A'Lk

A shunt capacitor in the prototype filter is

transformed to a series LC circuit in parallel
. A-C
Ly = 1 Ci = :
A'G)O'Ck a)o

L =




Summary of Prototype Filter

Transformations
Low-pass High-pass Bandpass Bandstop
| 1
1 g £ LA 1
el A LA L
L - (U(.L “o (O0) T (1)0LA
LA
T oL
O O o é

Il
1] O
a
e’_
)
Ay
OQD
Y Y Y
—0
1
1]
|
% O
oYY Y b
S
OQD—‘
>

o)
O & O
Table 8.6

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



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).

o, IGHZ —6.283-10°rad / s

A=0.1




LPF Prototype

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

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

w,=2-7-1GHz=6.283-10°rad /s A=

Jd1=1.5963 = L1,
g2 =1.0967 = C2,

LRy g 0nH
A-w,

Ao _ A _o1 R =500
@, f

g3 =1.5963 = L3,

gd4=1.000 =R,

Cl = A =0.199 pF
@, L, - R,

C, = 2 =34.91 pF
A-w,- R,

C, = A =0.199 pF

w,-L,-R,



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,

P .ZL+j-ZO-tan,8-l
m— "0z +j-Z, -tanB -

We prefer the load impedance to be:
open circuit (£, =o0)  Zinoc =—J Zo " cotf 1
short circuit (Z, = 0) Zinsc =J - Zo-tanf -1

Input impedance is:
capacitive  Zinoc =Jj - Xc =
inductive

1

ZOHE tanf -l o w
JBc

Zinsc =] XL Zoe L tanf-le w



Richards’ Transformation

Variable substitution

B B w -l
O = tanﬁ -l = tan<?>
With this variable substitution we define:

reactance of an inductor
j-X,=j-Q-L=j-L-tanf -1
susceptance of a capacitor
JBc=j-Q-C=j-C-tanf -1
The equivalent filter in Q has a cutoff frequency
at: 2

T
Q=1=tanf -l - ﬁ-l—Z — l—§



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 h

N ﬁ-l:g > tanB-l— o

an supplemental attenuation pole will occur
at 2-w, (LPF):
inductances (usually in series)  Zinsc=j-Zo tang 1> oo
capacitances (usually shunt)  Zinoc ==jZo-cotp-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 + m) = tana

T T (4 w.) -1
w=w, 4 Up 4 Up

Zinw)=Zyp,(w+4 w.) = Pir(w) = Ppr(w +4 - w)

Pir(4-w.) = Pr(0) Pr(3-w.) = Pr(—w) Pr(5 - w.) = P r(w,)



Example

Low-pass filter 4t order, 4 GHz cutoff frequency,
maximally flat design (working with 50Q source
and load)
maximally flat table or formulas:

g1=0.7654 =11

g2=1.8478=C2

g3 =1.8478 = L3

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

w, =2 -m-4GHz = 2.5133 - 101%ad/s

g1 = 0.7654 = L1, g3 =1.8478 = L3,
g2 =1.8478 =C2, g4 =0.7654 = C4,
g5=1=RL
Ry L4 C,
1y = ——" = 1523nH Cf = o = 14T0pF
Ry - Lj Cy
L, = — 3.676nH c, — 0.609pF

We RO " W



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 =11
g2=1.8478=C2
g3 =1.8478 = L3

g4 =0.7654=C4
Normalized line impedances

71 = 0.7654 = series [ short circuit

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

z3 = 1.8478 = series [ short circuit

z4 =1/ 0.7654 = 1.3065 = shunt / open circuit
Impedance scaling by multiplying with Zo = 5oQ
All lines must have the length equal to A/8
(electrical length E = 45°) at 4,GHz



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 p—
= | 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— |
_ < Richards’
s =20 commensurate
2: i lines
212
%% -40— lumped
& / elements
-50—
o L Lt B B L) L 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 matching is
required (quarter-wave transformer,
binomial ...)tog, =1

IN+1 +#1->R+# RO (SOQ)



Observation: even order equal-ripple

Same filter, 3dB equal-ripple
3dB equal-ripple tables or formulas:
g1=3.4389=L1
g2 =0.7483 =02
93 =4.3471=L3
g4 =0.5920 =C4
g5=5.8095=R,
Line impedances
Z1 =3.4389-50Q) = 171.945Q) = series [ short circuit
Z2 =500Q) [ 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 = 5.8095-50Q = 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 0
T T -40-
50— maximum flat
. (4" ord)
_60 I 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 5oQ) for precise results.
Example:

0

10—

=20—

30—

40—

50—

-60

— R =295.48Q

R, =500

0

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

freq, GHz



Contact

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