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Microwave Circuits Design Dr. Vahid

Microwave Filters

Used to control the frequency response at a certain point in a
microwave system by providing transmission at frequencies within

the passband of the filter and attenuation in the stopband of the filter.
Can be found in any type of microwave communication, radar, or test
and measurement system.

low pass , |\ high pass bandpass “bandstop
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Periodic structures, which consists of a transmission line or
waveguide periodically loaded with reactive elements, exhibit the
fundamental passband and stopband behavior --- the analysis follows
that of the wave propagation in crystalline lattice structures of

semiconductor materials.
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Periodic Structures

1. Assume a infinite
periodic structure.

2. Set a unit cell with
Impedance Z,, a length
of d and a shunt
susceptance b.

(b)

- = - In In+
Equivalent circuit of . . > > .

- - + +
a periodically loaded . 7, P w1 v, [ v [ b
transmission lines: ' X _ _ )
dIS'[I’IbU'[Ed ZO,/k ' 4_d—m>~——',—l 4

Unit cell
parameters
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Analysis of periodic structures shows that waves can propagate
within certain frequency bands (passbands), but will attenuate
within other bands (stopbands).

Filter Design By the Image Parameter Method

For a reciprocal two- I b

port network on the _—° Fa—
right, it can be Za | v (» [‘(‘{ l’ﬂ " Zi
specified by its ' o o '
ABCD parameters.

The image _ Smt Fin2
impedances are Z,, _Zil = Input |mp(?dance at port 1 when port 2
and Z., IS terminated with Z;,.

Z;> = Input impedance at port 2 when port 1
IS terminated with Z;;.
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Using ABCD parameters, we have V. =AV, +Bl,
|, =CV, +DlI,
VvV, AV,+Bl, AZ,+B

We can derive Z. . — —
, CV,+DIl, CZ,+D

Similarly, 5, _—V.__bVi-Bl, Dz,+B
"1,  —CV,+Al, CZ,+A

We want to have Z;,, = Z;; and Z; , = Z,, , which leads to
equations for the image Impedances:

Zil(CZi2 +D) = AZ.,+B
ZilD -B= ZiZ(A_CZil

)
Solving for Z,, and Z,, AB BD
Ly ==~ Lis =37
CD AC
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Then, Z,=DZ;, /A

If the network is symmetric, then A=D and Z;; = Z;, as expected.

The voltage transfer ratio is given by \% = \/% (vAD —+/BC)
1

The current transfer ratio is given by |2 _ \/E(, /AD —~/BC)
l, D

We can define a propagation factor ¢ =/ AD —+/BC
Where y=a+ jp

_ e’ +e”’
We can also verify that ~ COShy = 5= AD

Two important types of two-port networks: T and & circuits.
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4= ABLE 8.1 Image Parameters for T- and w-Networks
Z,/2 ) Z
o MW O
2 2z, 27,
o O o O
T-Network -Network
ABCD parameters: ABCD parameters:
A=14+21/2Z5 A=1+2Z1/2Z5
B =2+ Z3}/4Z; B =12

=112y
D=1+ 2,/22,
Z parameters:

L1 =2y =24+ 7Z1/2
Z1p =271 =24

Image impedance:

Zir = \/2122\/1 +71/4Z,

Propagation constant:

& =14 21/222+ 21/ 23 + 2}/4 73

C=1/Zy+ Z1/4Z3

D=1+4+2,/2Zy

Y parameters:

m=Yn=1/Z1+1/2Z;

Yo=Y =1/7Z;

Image impedance:

Zin =\|212,/ [\ + 21/4Z, = 2,23/ ZiT

Propagation constant:

& =14 21/22y+ 21/ 23 + 2}/473
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Constant-k Filter Sections (low-pass and high-pass filters)
L2 L2 . ' L

Forthe T | |

network, we use T¢ T =F Cr
the results from o- 6  om S .
the image @ ®)
parameters table, Low-pass constant-k filter sections in T and = form.
and

We can derive the image impedance as Z = \/I\/l— o LC
| C

4
The cutoff frequency, «, can be definedas ¢ = 2
v LC
A nominal characteristic 5 L ‘
impedance, R,, can be defined as 0Ty T constant
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2

@
Then, ZiT — RO 1__2 For o = O, ZiT — Ro-

a)C
: : 20° 20 |o°
The propagation factoris o7 —1— 4 1
o, o, \o;
Frequency P4 |
response of the = e Stopband-
low-pass | |
constant-k
sections.

Slow
@ /attenuation
\ rate

ey
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i\-; =I||(

High-pass Constant-k Filter Sections

2C 2C C
| || [
C 1l 1l O © 1 ©
L 2L 2L
O O O QO
(a) (b)
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m-Derived Filter Sections

A modification to overcome the disadvantages of slow
attenuation after cutoff and frequency-dependent image

Impedances. z,/2 z,/2 oz zi/2

Z'=mZ, . éﬁ
o o . ' o

In order to have the (@ ®
same Z;, we have | "

Z, (1-m’
Z',=—%+ ( ) Z,
m 4m
Basic concept: create a resonator
along the shunt path. The

resonant frequency here should
be slightly high than the cutoff

frequency.

(c)
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Cutoff frequency Is

still 5

The resonant

frequency of the shunt

path_ls 1

Microwave Circuits Design

mL/2 mL/2 2C/m

Dr. Vahid Nayyeri

L ow-pass gl_m High-pass é

4dm L

C : O O

(a)
a )

Composite
response
m-derived
attenuation

~

Q

© 2
mc(l—m
4dm

Q

C

\J1-—m?

m IS restricted Into
to the range of

O<m<l.

Constant-k
attenuation

;

ey

0 )

Steep decrease of a after ® > w_ 1S not
desirable. This problem can be solved by
cascading with another constant-k section to
give a composite response shown in the figure.
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m-Derived = Filter Section

The T-section still have mzf2 | mzy  mgp | sz
the problem of a
nonconstant image
Impedances.

Z>/m

Q

Now consider the 7-
equivalent as a piece of an

— e ——————— — —— —

Infinite cascade of m-derived T-section.

Infinite cascade of m- 7
derived T-sections. Then, o AW o
2,
Z- _ Z 1Z 2 m
/4 o)
ZiT \2(1—171“)21/

4m
O Q

A de-embedded 7equivalent.

_ 2,2, + Zf(l— m*)/ 4
Ro\/l—(a)/a)c)2
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Since lez =L/C = R02 and le = —C()2L2 = —4R02(C()/6()C )2

We have 7 _ 1-(1-m*)(w/ o, )'R,

’ \/1—(a)/a)c)2

* m provides another freedom to design Z; ~ so that we can

minimize the variation of Z; _over the passband of the filter.
Z

A

Variation of Z, _ in the pass
band of a low-pass m-derived
section for various values of
m. A value of m=0.6
generally gives the best
results --- nearly constant
Impedance match to and
from R,
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How to match the constant-k and m-derived T-sections to r-

section? Z{/2

Using bisected =-section. VW °

It can be shown that ~ Zan =Zir => 22, <& Zp=Zi
72 o o

Z, = \/lezlz+71 =2

2 o[ 77 737,
1+2',142',  Z;
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Composite Filters

Dr. Vahid Nayyeri

Matching High-f Sharp Matching
section cutoff cutoff section
O m=10.6 Constant- m=06 O
~Ry —~ 4 <—| l—» k <—| |—> =0 *—l |—> 4 <— ~R,
Oo— 2 7 | T ‘ T ‘ 2 7 —0
Zir Zir Zir

» The sharp-cutoff section, with m< 0.6, places an attenuation pole
near the cutoff frequency to provide a sharp attenuation response.

« The constant-k section provides high attenuation further into the

stopband.

 The bisected-rt sections at the ends match the nominal source and
load Impedance, R, to the internal image impedances.

« The composite filter design is obtained from three parameters:
cutoff frequency, impedance, and infinite attenuation frequency w,

(or m).

http://webpages.iust.ac.ir/nayyeri/cour ses/mcd/
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B e TABLE 8.2 Summary of Composite Filter Design
Low-Pass High-Pass
Constant-k T section Constant-k T section
L/2 L/2 2C 2C

Il Il
o | 9 © 1 i o
T L
o o o o

Ry=+L/C L=2Ry/w, Ry=+L/C L=Ry 2w,
o, =2/\JLC C=2/w.Ry w,=12JLC C=12w.Ry
m-derived T section m-derived T section
mL/2 mL/2 2C/'m 2C/m
Il |1
o_/'YYVW__I__/V'Y'Y'\_o o 'e)
I 1
mC
_ Lim
{ —nr) i 4m
4m =,
(1- )
o ') o -
L. C Same as constant-k section L. C Same as constant-k section
V 1—(w,/w,.)? for sharp-cutoff 1 — (w../w,)? for sharp-cutoff
m= m=
0.6 for matching 0.6 for matching
Bisected-7r matching section Bisected-7r matching section
mL/2 mL/2 2Cm 2C'm
Il Il
- O il 0 — O | o)
L e me L
2 B 2L/m 2L/m

_2m _ . _2m .
. C'|'(1-m-) oo (1-m?) '|' .

ziT ZIT

http://webpages.iust.ac.ir/nayyeri/cour ses/mcd/
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Example 8.2 of Pozar: Low-Pass Composite Filter Design
3.582uH 597 uH 597uH  1310uH  1310uH  3.582 uH

O Y Y Y oS YY Y 'e)
6.368 uH e 12.94 uH 6.368 uH
= 636.5 pF 465.8 pF 636.5 pF’
O O O O O
Matching Constant-k m-derived Matching
0
The series pairs of inductors Cutoff / \
. -10
between the sections can be freq.
combined. The self- 20(-
resonance of the bisected p- isal | Pole due
section will provide Pole due to he
I . _40 m=0.2195
additional attenuation. ®
-50 |-
Frequency response =—p | | |
-60
0 1 2 3 4

Frequency (MHz)
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Filter Design By the Insertion Loss Method

What is a perfect filter?

e Zero Insertion loss in the passband, infinite attenuation in the
stopband, and linear phase response (to avoid signal distortion) in
the passband.

No perfect filters exist, so compromises need to be made.

The image parameter method have very limited freedom to nimble
around.

The insertion loss method allows a high degree of control over the
passband and stopband amplitude and phase characteristics, with a
systematic way to synthesize a desired response.

http://webpages.iust.ac.ir/nayyeri/cour ses/mcd/ Page 18 of 75
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Characterization by Power Loss Ratio

The power loss ratio and insertion loss of a filter are defined as:

o _ Poweravailable fromsource _ B, _ 1
" Power delivered to load Poa 1-[M(@)f

When both load and source are matched, Pir = |S21]"2
Since |I'(w)|? is an even function of o, it can be expressed as a

polynomial in w?. , M (2
r(@)f =)
M(o°)+ N(w?)
Where M and N are real polynomials in ®?. So the power loss
ratio can be given as M ()2
P =1+ M@)
N (@)

http://webpages.iust.ac.ir/nayyeri/cour ses/mcd/
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A Filter Design by the Insertion Loss Method

Several Types of Filter Response:
Maximally flat: binomial or Butterworth response

Provide the flattest possible passband response. For a low-pass

filter, it is specified by " 2N
P.=1+ kz[—]

@

Where N is the order of the filter, and w, is the cutoff frequency.

At the band edge the power loss ratio is 1+k?. Maximally flat
means that the the first (2N-1) derivatives of the power loss
ratio are zero at o = 0.

Equal ripple: A Chebyshev polynomial is used to represent the
Insertion loss of an N-order low-pass filter

Provide the sharpest cutoff, with ripples in the passband.

http://webpages.iust.ac.ir/nayyeri/cour ses/mcd/ Page 20 of 75
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,L‘%

The insertion loss is: p.=1+kT2| 2
w

Ripple amplitude: 1+ k2 ¢

For w >> @, the Pre 4

Insertion loss Is, Equal

2N

k( 20
4\ w

Pr =~

Maximally -
flat

C

Insertion loss rises faster

in the stopband compared '** |

to the binomial filters. 1 = < | | >
0 05 1.0 1.5 wlw,

Both the maximally flat and equal-ripple responses both have
monotonically increasing attenuation in the stopband --- not

necessary in applications.
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Elliptic function: Equal ripple responses in the passband and the
stopband

Specified by the maximum attenuation in the passband, A, as well
as the minimum attenuation in the stopband, A,;,. See Figure 8.22.

N AYANDY

<= Adequate attenuation!

<= Better cutoff rate!

max

0 1 2 w/w,

http://webpages.iust.ac.ir/nayyeri/cour ses/mcd/ Page 22 of 75
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Linear phase: a linear phase response in the passband, to avoid
signal distortion, generally incompatible with a sharp cutoff response.

A linear phase response: Group delay:

(@)= Aw| 1+ D[Q] 7, _99 _ A1 p(2N +1)[ﬁj
@, i do W,

| Group delay is a maximally flat
function.

Where p Is a constant.
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The process of filter design by the insertion loss method

Filter A Scaling and
) : prp-|  DIOLOLYPE - E1 P> Implementation
specifications design conversion

Maximally Flat Low-Pass Filter Prototype (using normalized

element values) | I
_/\/\/V\,_O_NW\

Q

Assume a source impedance
of 1Q, and a cutoff frequency @ - — ¢ R
@, =1. For a N=2, the desired
power loss ratio Is 2.

PLR =1+ C()4 Zin
Input R(1— joRC) Z -1

: Z. = joL+ and ['=-—"
impedance ~ &in = 1+ 0’R2C2 Z +1

O
@)

http://webpages.iust.ac.ir/nayyeri/cour ses/mcd/ Page 24 of 75
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2
Power loss ratio is b _ 1 |z,+1

TP 2z,+2)
Solve P, for R, L, C, ®, we have

P =1+ %[(1_ R)? + (R’C? + L2 — 2LCR)o’ + ’R’C’0"]
Compare this expression with P . =1+ @*
We have, R=1 L=C L=C=+2

This procedure can be extended to find the element values for
filters with an arbitrary number of elements.

Design Table 8.3 of Pozar gives the component value for N=1 to
10.
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Ladder circuits for low-pass filter prototypes and their

Microwave Circuits Design

element definitions.

Prototype beginning with a shunt element.

Ry=gp=1 Ly=g;
O £ ¥ ¥ A
- C, =g, — C3=¢;

(a)

Prototype beginning with a series element.

Ly=g Ly=g3
O—F ¥ ¥ ¥ Y Y Y\
k . 1.
Gyp=gp=1 — G =g

(b)

http://webpages.iust.ac.ir/nayyeri/cour ses/mcd/
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SN+ 1

g N4+ 1

Page 26 of 75



P
ﬂ} Microwave Circuits Design Dr. Vahid Nayyeri
B e TABLE 8.3 Element Values for Maximally Flat Low-Pass Filter Prototypes (go =1,

we = 1, N=1to010)

N & 82 83 84 85 86 87 88 89 £10 811
1 2.0000 1.0000

2 1.4142 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 0.5176 1.4142 1.9318 19318 1.4142 0.5176 1.0000

7 0.4450 1.2470 1.8019 2.0000 1.8019 1.2470 0.4450 1.0000

8 03902 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.

g, definition:

__ | generator resistance (network of Figure 8.25a)

80 = generator conductance (network of Figure 8.25b)
f<f2 __ | inductance for series inductors
(k=1to N) | capacitance for shunt capacitors
] load resistance 1f gy 1s a shunt capacitor
EN+1 =1 load conductance if gn 1s a series inductor

http://webpages.iust.ac.ir/nayyeri/cour ses/mcd/ Page 27 of 75
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What to design?

1. The order (size) of the filter N: decided by a specification
on the insertion loss at some frequency in the stopband.

2. The value of " | —
each component. @ / / / // / / //
N1/ AP
g . //’/ / // 4D
7 // A
20 //V/A///, // / “/ / B
===

http://webpages.iust.ac.ir/nayyeri/cour ses/mcd/ Page 28 of 75
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Equal-Ripple Low-Pass Filter Prototype

Ripple level hasto / /
be specified. 60 / [~ //
Table 8.4 and 50 /4 // ,/
Figure 8.27. 2, TN /
g A NP 7 7
% 30 /A /// // // /
- /// y//’// / ,
/,,,/A;/ D
Figure 8.27a (Ed. 4, p. 407) el

Attenuation versus normalized frequency for equal ripple filter
prototypes. (a) 0.5 dB ripple level.

Adapted from G.L. Mattaei et al., Microwave Filters, Impedance-Matching Networks, and Coupling
Structures (Artech House, 1980)
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KN
70 7 // / /
60 / / / f/
y / / [ /
30 r‘;f‘i\iff%_fj\l 4 / / /
% 40 A/// /\\/ 4 / //
o
2 10 //7 /// // //
z / A
20 /&;é;é/ //\ -
oy - 1
10 Aé;éé PP < Al
0
0.01 0.02 0.03 0.05 0.07 0.10 0.20 0.30  0.50 0.70 1.0 20 30 50 7.0 10.0
-1
Figure 8.27b (Ed. 4, p. 407) (b)
Attenuation versus normalized frequency for equal-ripple filter prototypes. (b) 3.0

dB ripple level.
Adapted from G.L. Mattaei et al., Microwave Filters, Impedance-Matching
Networks, and Coupling Structures (Artech House, 1980)
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Equal-Ripple Low-Pass Filter Prototype
Ripple level has to be specified.

Table 8.4 and Figure 8.27.

Linear Phase Low-Pass Filter Prototypes
Table 8.5.

Filter Transformations:
Scaling in terms of impedance and frequency

Conversion to high-pass, bandpass, or bandstop filters.
Impedance and Frequency Scaling

With a source resistance, R,, we have the scaling rule given by
L'=R L C'=C/R, Rs'= Ry R'=ReR,

http://webpages.iust.ac.ir/nayyeri/cour ses/mcd/ Page 31 of 75
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Frequency Scaling for Low-Pass Filters

Scale the frequency response dependence by the factor 1/ ..

@
P'r(@)=Pg| — L' =L /o, C'=C, /o,
a)C
Combining impedance
and frequency scaling, L=RL /o, C'\=C /(Rw,)
we have |
Pirj | Prr A | - Pirj

o -, 0
EONE | ©
Low pass filter for o =1 Frequency scaling for low-pass Transformation to high-pass
response.
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Low-Pass to High-Pass Transformation: 4 « _9

@
The negative sign is needed to convert inductors (and capacitors) to
realizable capacitors (and inductors).

The reactance and susceptance become:

- . 1 @ 1
X =—]—L =—= iB =—j—C =——
‘ o joC " Ja) ‘" jolL'

We obtain the conversion rules given by:
C' =1(o,L) L =1(w.C,)

So the series inductors are replaced with capacitors and shunt
capacitors are replaced with inductors.
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After including the impedance

scaling, we have

C\ =1/(Ry» L)
L' =Ry (o C,)

Example 8.3 of Pozar.

Group delay (nsec)

Attenuation (dB)

0

10

20

0.75

0.5

0.25

Microwave Circuits Design

— Linear phase
| N=5
[— Maximally flat
[— ;'\"' = 5
= Equal-ripple
B N=5
[ [
0 1.0 2.0 3.0 4.0
Frequency (GHz)
(a)

Equal-ripple

Maximally flat

L I R R T — N —
0 1.0 2.0 3.0 4.0
Frequency (GHz)
(b)
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Bandpass and Bandstop Transformation

Conversion Rules o, o o 1o o
for bandpass W) <— — — —
filters: w,~o\w, ) Alw, o
a)z - a)l - . .
where A= A is the fractional bandwidth
Wy of the passband.
- Prr ‘ P Pgr
A A A
. L \\w&/ j‘" U‘”‘k
| | - . |11 L1~
-1 1 w -y =W Wy Wy w ~Wy —U) W Wy w
(a) (b) (c)
Low-pass filter Transformation to Transformation to
prototype. bandpass response. bandstop response.
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If we take the geometric mean for the
center frequency w,, o, = [ 0,0,
We have,
when @ = @,, Ll o o =0
Alw, o

when o = @, llo o) 1 o — oy __1
Ao, o) A\ o,0

2 2
when o = w,, 1l o o :1 W, “% | _1q
AMow, o) A\l oo,

The mapping between the low-pass prototype and the bandpass
filter is complete.
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Then the new filter elements are given by performing the conversion
, jl o o, oL, oL, . ., .1
X, = — L, = — =jolL ,—]——
a A(a)o a)j ¢ ]Aa)o / Aw SO ]a)C'k

This indicates that, a series inductor, L,, Is transformed to a series
LC circuit with element values,
A
L' = Ly C'.=—— <& Resonance at o,
Aw, oLy,

Similarly, for a shunt susceptance, we have

, 0w .C .0,C |
]Bk:J£ — O)Ck:] L j—2 k:]a)ck_]

Ao, o Aw, Aw L',
The shunt capacitor, is transformed to a shunt (parallel) LC circuit
with element values, A C
L' =—— (', =—% @ Resonance at o,

@,C, - Aw,
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Conversion Rules for bandstop ®O o,

filters:

Microwave Circuits Design

-1

W <——A
W, @

@) —®
TABLE 8.6 Summary of Prototype Filter Transformations (A = 2 1 )

@0

Low-pass

High-pass Bandpass Bandstop

g

o
1 e LA 1
WA = —
L @ woLA
A
T
O
1
1 A < w,CA
c y woA
CA
@

I

3
0
g

(=]
0
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Example 8.4 of Pozar: Bandpass Filter Design

Design a bandpass filter having a 0.5 dB equal-ripple response, with N = 3.
The center frequency i1s 1 GHz, the bandwidth 1s 10%, and the impedance

is 50 Q.
50 Q I3 Ci L} C3
ANN\—o— Y Y N Y Y Y o
g‘\,) nf Lo 500
Solution

From Table 8.4 the element values for the low-pass prototype circuit of Figure
8.25b are given as

g = 1.5963 = Ll,
o5 = L0967 = L3,
o3 = L3963 = L3,
g4 = 1.000 = R;.

Equations (8.64) and (8.74) give the impedance-scaled and frequency-transformed
element values for the circuit of Figure 8.32 as
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L1 Ry 0
= 127.0 nH,
wo A
A L
. —0.199 pF, 0
woL1Ro
R =)
0 —0.726 nH, 2 20|
woC? ks
C> =
= 3491 pF, 51_3 30
woA Ry <
L3Ry
= 127.0 nH,
woA 40 —
— 0.199 pF.
w0L3R0 50 I |
0.5 0.75 1.0 1.25 1.5
Frequency (GHz)

Amplitude response for the bandpass filter of Example 8 4.
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Filter Implementation

The lumped-element filter design works well at low frequencies, but
Imposes problems at microwave frequencies.

Lumped inductors and capacitors are available only for a limited
range of values and are difficult to implement at microwave
frequencies which requires smaller inductance and capacitance

values.
At microwave frequencies, the distances between filter components
are not negligible.

The conversion from lumped elements to transmission line sections
IS needed --- Richard’s Transformation.
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Richard’s Transformation and Kuroda’s
ldentities

Richard’s transformation: Q) =tan Al = tanﬂl

Vi

This transformation maps the @ plane to the Q plane, which repeats
with a period of wl/v, = 2rt. The transformation is used to synthesize
an LC network using open- and short-circuited transmission lines.

If we replace the frequency variable o with Q, the reactance of an
Inductor can be written as jX, = jQL= jLtan A

This is equivalent to a short-circuited stub of length Al and
characteristic impedance L.

http://webpages.iust.ac.ir/nayyeri/cour ses/mcd/ Page 42 of 75


Vahid
Highlight

Vahid
Highlight

Vahid
Highlight


Microwave Cir cuits Design Dr. Vahid Nayyeri

(i =ik

And tr_\e susceptancg of a iB. = jOC = jCtan A
capacitor can be written as

This is equivalent to a open-circuited stub of length 4l and
characteristic impedance 1/C.

For a low-pass filter prototype, cutoff frequency is unity.
According to Richard’s transformation, we have

Q=1=tan jl

Which gives a stub size of | = A/8, where A is the wavelength
of the line at cutoff frequency, w,.
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Inductors and capacitors can be replaced with A/8 lines:

© A/8 at w,

XL => E X, => S.C
o Zo=L
© A/8 at w,

jB, => C B => 0.C.
O Ly = %

The A/8 transmission line sections are called commensurate lines,
since they are all the same length in a given filter.
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At the frequency @, = 2@ , the lines will be A/4 long, and an
attenuation pole will occur. At frequencies away from a, the

Impedances of the stubs will no longer match the original lumped-

element impedances, and the filter response will differ from the
desired prototype response. Also, the response will be periodic in
frequency, repeating every 4 w
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Richard's Transformation and Kuroda's Identities focus on uses of
A8 lines, for which the reactance jX = jZ,. Richard's idea is to use
variable Z, (width of microstrip, for example) to create lumped
elements from transmission lines. A lumped low-pass prototype filter
can be implemented using A/8 lines of appropriate Z, to replace
lumped L and C elements.

So if we need an inductance of L for a prototype filter normalized to
cutoff frequency o, = 1 and admittance g, = 1, we can substitute a
A8 transmission line stub that has Z, = L. The last step of the filter
design will be to scale the design to the desired o, and Z, (typically
5002).
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Kuroda's idea is use the redundant A/8 line of appropriate Z, to
transform awkward or unrealizable elements to those with more
tractable values and geometry. As an example, the series inductive
stub in the diagram here can be replaced by a shunt capacitive stub
on the other end of the A/8 line, with different values of
characteristic impedance determlned by z,

k=n°=1+=2

1

Kuroda’s identities can do the following operations:

 Physically separate transmission line stubs
e Transform series stubs into shunt stubs, or vice versa

» Change impractical characteristic impedances into more
realizable ones
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TABLE 8.7 The Four Kuroda Identities (n* = 1+ Z,/Z;)

Zy
2
n
O I fo T — e Y Y Y 0
L | z,
.48 Zy B ==
Zz_l_ = "2
o, —0 O O
(a)
Z
o—" Y Y Y 0 [o S— o)
, 1
22 = n Zl 2
Tz
O —0 O O
(b)
1:n?
O e O O
Zy Zy
“ % 2 »?
C —0 o
1 (<) 1
Z— 2
2 n°Zy w21
o—1| — o— |
Zl = n221 %
o ———0 o—

(d)
L represents short-circuit stub; C represents open-circuit stub ’
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lllustration of Kuroda identity for stub conversion

L ] | YTYTL
j Zr ZE Zl
T £, UE. n n
U.E.
U.E. (unit element) : Ac/8 line
series
stub
Zn* | 1
- | ——————» - | ———————» l
O O { »)
Z = Z,In’
) O . O
- Unit Unit
O.C. element element
shunt
stub n’=1+27,7,
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L . . . .
Ilustration of Kuroda identity for stub conversion sc. ;—
series
U.E. (unit element) : Ac/8 line stub T
Z]mz [
- | — - | ———»
O O 0O O
7 = Z,In’
O O O O
_ Unit Unit
0.C. element element
shunt
stub n’=1+27,7,

From Table 4.1, the ABCD matrix of a length ¢ of transmission line with
characteristic impedance Z; 1s

cospBt  jZpsinpBl 1 827,
[A B] — ' = 1 Q2 (8.79)
C D Zisinﬁﬂ cos B¢ V1 + Q2 s 1 | '

1
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1 0
[A B]_ o
C D], i
Z
B 1
V14 Q2

Microwave Circuits Design

where 2 = tan 8¢. The open-circuited shunt stub in the first circuit in Figure 8.35 has an
impedance of —jZcot Bl = —jZ>/ <2,

so the ABCD matrix of the entire circuit is

1 jQZ; 1
o 1
JZ— 1 | Vit+2
. 1

i 1 JS2Z,
11 3 8.80a
iol=—+=—) 1-22% L)

= Zl Zg Z2

The short-circuited series stub in the second circuit in Figure 8.35 has an impedance

of j(Z1/n?)tan B¢ = jQLZ, /n?, so the

ABCD matrix of the entire circuit is

Q27

JZ,
[A B:| — ’ n’ 1 n? ;
C Dy | jon* o 1 | V1+e?
Z>
JS2
1 1 n_2(21+22)
E— (8.80D)
V1+ Q32 .]an I—Qzé
Z Z

Results in (8.80a) and (8.80b) are identical if n>=1+ Z,/Z,
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» Kuroda’s identites

a . - | YWY Y
( ) 1 Za — i Z1
—_Z, UE. - n n’
UE.

V4 Z, n-Zz, 1
UE. U.E. T n’Z,

U.E. (unit element) : Ac/8 line

(b) is the most commonly used identity, which removes a series stub

(difficult to implement in microstrip line form)by transforming it to a
shunt stub along with adjustment of characteristic impedances of the

A/8 lines. 12

http://webpages.iust.ac.ir/nayyeri/courses/mcd/ Page 52 of 75



ad

ﬂ} Microwave Circuits Design Dr. Vahid Nayyeri
u‘/’.,rfﬁté/n

Low Pass Filter Using Stubs

The prototype lowpass LC structure employs series inductors, so a direct
conversion to transmission line stubs by Richard's transformation would
result in series stubs. However, we can use the Kuroda identity for series
Inductors to create a structure that has only series transmission line sections
and shunt open stubs.

In order to do this we must be aware that we should begin by adding unit
elements (A/8 transmission lines of Z, = 1) at each end of the filter, so
that there will be structures that are of the form of the Kuroda identities.
The filter is designed by the following steps:

 Lumped element low pass prototype (from tables, typically)

« Convert series inductors to series stubs, shunt capacitors to shunt stubs

« Add A /8 lines of Z, = 1 at input and output

» Apply Kuroda identity for series inductors to obtain equivalent with shunt
open stubs with A /8 lines between them

* Transform design to 50Q2 and f, to obtain physical dimensions (all
elements are A/8).
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Design a low-pass filter for fabrication using microstrip lines. The specifications
include a cutoff frequency of 4 GHz, an impedance of 50 €2, and a third-order
3 dB equal-ripple passband response.

Solution
From Table 8.4 the normalized low-pass prototype element values are

g1 =3.3487 = L,
g =T 1= Ca,
g3 = 3.3487 = L3,
g4 = 1.0000 = R,

with the lumped-element circuit shown in Figure 8.36a.

1 L,=33487 L;=3.3487
O—tYY Y\ YYY

(N; = =7 1
O O

(a)
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We now use Richards’ transformations to convert series inductors to series
stubs. and shunt capacitors to shunt stubs. as shown in Figure 8.36b. According
to (8.78). the characteristic impedance of a series stub (inductor) is L. and the
characteristic impedance of a shunt stub (capacitor) is 1/C. For commensurate
line synthesis, all stubs are A /8 long at w = w,. (It 1s usually most convenient to
work with normalized quantities until the last step in the design.)

Zy=3.3487 | Zy=3.3487

I [

1
o o'l'o O ol 0
1
o 1/ O §

I=A/8atw=1

Zy=1.405

(b)

(b) Using Richards’ transformations to convert inductors and capacitors to
series and shunt stubs.
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Zy=3.3487 Zo=3.3487
1
- ! - - i = § 1
© = 1/ O o
ZO =1 / ZO =1
I I I=A8atw=1
(c) Adding unit elements Zy=1.405

at the ends of the filter.
(c)

The series stubs of Figure 8.36b would be very difficult to implement in mi-
crostrip line form. so we will use one of the Kuroda identities to convert these
to shunt stubs. First we add unit elements at either end of the filter, as shown
in Figure 8.36¢. These redundant elements do not affect filter performance since
they are matched to the source and load (Zy = 1). Then we can apply Kuroda
identity (b) from Table 8.7 to both ends of the filter. In both cases we have that

Z
112=1+—2=1+

= 1.299.
Zy 3.3487

The result is shown in Figure 8.36d.
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Kuroda identity.

[=A/Satw =1
(d)
(e) After impedance and 50 £ Zy=2175Q  Z,=2175Q
frequency scaling. 65% A“—" 75*— ’% §5ou
77

64.9 Q
[=A/8 at4 GHz

64.9 Q) 70.3 Q

(e)
0% \ 2175 Q 217.5Q / 204
(f) Microstrip fabrication
of final filter. Hem Q U 703 Q U 64.9 Q)
(f)
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Stepped-Impedance Low-Pass Filters

» Realized with alternating sections of very high and very low
characteristics impedance lines.

» Easier to design and take up less space compared to a similar low-
pass stub filter.

« Easy implementation results in poorer performance such as slow
cutoff.

Consider the T-section equivalent circuit of a short section (SI<<7/2)
of transmission line, as determined from conversion of the ABCD

parameters to Z parameters to identify the individual elements.
X

X il &) %)

7:ZO tan 7 O——Y Y Y\ Y'Y Y\ o
1 —_— J/B

B =—sin gl . .
ZO

http://webpages.iust.ac.ir/nayyeri/cour ses/mcd/ Page 59 of 75


Vahid
Highlight

Vahid
Highlight

Vahid
Highlight

Vahid
Highlight


o

ﬂ} Microwave Cir cuits Design Dr. Vahid Nayyeri
u‘/w(“té/n
For high Z, and small I the equivalent X =278l
circuit becomes X = Z, bl
B=~( ° °
For low Z, and small f/, the equivalent  © o
circuit becomes X =0 — B=7Y,8I
B=Y,pl © °

So the series inductors can be replaced with high-impedance line
sections and the shunt capacitors can be replaced with low-
impedance line sections. In order to use this approximation, we
need to know the highest and lowest feasible transmission line
impedances, Z, and Z,.

After considering the impedance scaling, we have

pl = LZIEO (inductor) pl = C;ZOI

(capacitor)
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The ratio of Z, /Z, should be as high as possible, so the actual values of
Z, and Z, are usually set to the highest and lowest characteristic
impedance that can be practically fabricated.

EXAMPLE 8.6 STEPPED-IMPEDANCE FILTER DESIGN

Design a stepped-impedance low-pass filter having a maximally flat response and
a cutoff frequency of 2.5 GHz. It is desired to have more than 20 dB insertion
loss at 4 GHz. The filter impedance 1s 50 €2; the highest practical line impedance
1s 120 2, and the lowest 1s 20 2. Consider the effect of losses when this filter 1s
implemented with a microstrip substrate having d = 0.158 cm, ¢, = 4.2, tand =
0.02, and copper conductors of 0.5 mil thickness.

To use Figure 8.26 we calculate

w 4.0
— —1=—-=1=0.6;
W, &
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Table 8.3 gives the low-pass prototype values as

g1 =03517 =,
gr=1414= L,,
gy = 1932 =%,
£ = 1932 = Ly,
ps = L4114 =3,
£6 =0.517=L6.

The low-pass prototype filter 1s shown 1n Figure 8.40a.

(a)
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then the figure indicates N = 6 should give the required attenuation at 4.0 GHz.
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i Next. (8.86a) and (8.86b) are used to replace the series inductors and shunt

capacitors with sections of low-impedance and high-impedance lines. The re-

quired electrical line lengths. B¢;. along with the physical microstrip line widths.

W;. and lengths. £;, are given in the table below.

Section Zi = Zg or Zp(S2) BE; (deg) W; (mm) £; (mm)
1 20 11.8 11.3 2.05
2 120 33.8 0.428 6.63
3 20 44.3 11.3 7.69
4 120 46.1 0.428 9.04
5 20 324 11.3 5.63
6 120 12.3 0.428 2.41

The final filter circuit is shown in Figure 8.40b, with Z; =20 Q and Z; =
120 Q2. Note that S€ < 45° for all but one section. The microstrip layout of the

filter 1s shown 1n Figure 8.40c.
I I Iy Iy Is ls

Fa ra o~
A A o,

o}
o]

o)
o)

Zy Z Zy Z Zy Z Zy Zy

©
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Attenuation (dB)

30 | | | LN\
0 1.0 2.0 3.0 4.0 5.0

Frequency (GHz)
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Impedance and Admittance Inverters

In this process we've uncovered another "magic bullet" comparable to
the Kuroda 1dentities, only involving A/4 rather than A/8 lines. Quarter
wave lines can transform series connected element to shunt, and vice
versa. Such inverters are especially useful for bandpass or bandstop

filters with narrow bandwidths. 5 5
For the Impedance (K) inverter, K Z
2 + 90°
Z. =K'/Z, r |
For the 1/4 line, K = Z, Tn=Kiz
O O
For the lumped element implementation, Zo=K
K = Zg tan |0/2], -c —C © °
o I l o
K 1l 1
1 _(K/ZO)z T ¢ - ()2 —-— /2 —
1 2X O O O > O
0 = -tan- Zo K=lwC | z, E"‘Y z,
O O O
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For the admittance inverter, Y, = J2/YL 0 ; °
O O
For the lumped element implementation, |
J=Y, tan |6/2|, Yy =J71
J - A4 >
B = e O
1 '(J/Y0)2 ﬁ Yn =]
2B o= ] O . .
° ¢ ~C 0 oApo 0
© o jB -
J=wC o o
A ———— O

Various implementation schemes

* Negative values of 0, the length of the transmission line sections,
poses no problems because they can be absorbed into connecting
transmission lines on either side. The same 1s true for the L and C
with negative values
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What can be achieved by the impedance and admittance
Inverter?

* Form the inverse of the load impedance or admittance. Can be used
to transform series-connected elements to shunt-connected elements.

* Impedance inverters may be used to convert a bandpass-filter
network into a network containing only series tuned circuits.

» Admittance inverters may be used to convert a bandpass-filter
network into a network containing only shunt tuned circuits
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24w

- Yp(w) . o o _) .

K=1 | K=1 | -
Q._J — o <

(a)
Zs(w)

J=1 J=1 = | YP(O))

L —— v O - . . ]

(b) |
(a) Impedance inverter used to convert a parallel admittance into an
equivalent series impedance.

(b) Admittance inverter used to convert a series impedance into an
equivalent parallel admittance.
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Bandstop and Bandpass Filters Using Quarter-
Wave Resonators

-~ () —> - —>
O O O O O QO

Quarter-wave open- 4 /% / o / z, / Z,
circuited or short- ; § o
o " / /) Y/

circuited / % / Zon /
transmission line Z />

stubs: series or o (a)

parallel LC SR SN

" o O

resonators, ; = P . -

respectively. ; ’ /: o / : /: .
/ vy

Zon / /6 Zo2 /0 Zo1 /6

ZON— 1

(b)
Bandstop and bandpass filters using shunt transmission line resonators (6 = /2

at the center frequency). (a) Bandstop filter. (b) Bandpass filter.
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Operating Principle

* A/4 sections between the stubs act as admittance inverters
to effectively convert alternate shunt resonators to series

resonators.
Ln
Bandstop filter .
using open- T
circuited stubs
0 =m/2 at 0 = w, "
= Jf9gg ’ . Jf9t)/°z ’ il éfz Jf9})/°z " 3 Zo
o TN | | ___T% | T i
¢

(b)
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The input impedance of an open-circuited transmission line
of characteristic impedance Z,,, 1s

Z=-jZ, cotd
Near resonance, O ~ 72/2(1 +Aw/ a)o)

TA® ]ZOnﬂ(w @,)

Therefore, 7 — j Zo tan ——
T 2w, 20,

The impedance of a series LC circuit is,

Z=jol, +——=j |[fu| 2 _
joC, Clow, o
~2] /L” (w_wo)szLn(a)—a)o)
Cn 600
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The characteristic impedance of the stub 1s then given by,

7 - 4w, L,

7T

Equivalent lumped-element bandstop filter

4 L
—_— Y Y Y — Y Y Y

(0 o —_—

Il 1

] | EX 1l

e —> = 6] Zy

&)
o T .
I.r

(c)
Finding correlation between (b) and (c)
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With reference to Figure 8.48b, the admittance Y seen looking toward the L,C; res-
onator is

1 1 1 I %
Y =
joLs + (1/joCy) | 22 (ijl F1/jwC Zo)
1
— JVIL /Gl (w/wg) — (wo]w)]

1 1 1
+ : + ; (8.125)
Zo [J\/LI/CI[((U/(UO) — (wo/w)| ~ Zo }
The admittance at the corresponding point in the circuit of Figure 8.48c 1s
=t (oo 2 )
N ja)L’z—i—l/ijé ja)C‘i+l/ja)L'l 0
B 1
J\J L5/ Cil(@]/wp) — (wo/w)]
~1
1
+ + Zo . (8.126)

J/C1/L [(@/w0) = (wo/w)]
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These two results will be equivalent if the following conditions are satisfied:

/
/C_}, (8.127a)

Ll
/ﬂ 8.127b
o = ( * )

C2

Since L,,C,, = L/,C}, = 1/wj, these results can be solved for L,:

1
Z2\ G

L,
C

Lo
Ca

Z5
g = ; 8.128a
1 2L ( )
o = s, (8.128b)
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Using (8.124) and the impedance-scaled bandstop filter elements from Table 8.6 gives the
stub characteristic impedances as

_AZ5 4z
ZOI = o~ ; (8.1293)
JT(U()LI Tg1 A
4oL’ 47
L = i . (8.129b)
T Tgr A

where A = (w2 — w1)/wo 1s the fractional bandwidth of the filter. It is easy to show that
the general result for the characteristic impedances of a bandstop filter is

(8.130)

For a bandpass filter using short-circuited stub resonators the corresponding result is

T Z()A
ZO” - . (8. 13 1 )
4gn
These results only apply to filters having input and output impedances of Zo and so cannot

be used for equal-ripple designs with N even.
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