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Insertion-Loss Method

JdProvides ways to shape pass- and stop-bands of the filter,

“*although its design theoty is much more complex

JdPower Loss Ratio, P,

b power 1incident at port 1 . 1
LR power delivered to the load connected at port 2 1= D))

“*Expressed in decibel, it is called the zusertion loss
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Insertion-Loss Method

F(coz) fl(wz)

A(@)+ (o)
P :1+f1(a)2)
-~ A

/i (a)z) and £, (a)z) are real polynomials of w?
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Insertion-loss Method

JdMagnitude of the voltage gain of the 2—port is
l

JPix \/1+f1 /fz( )

G() =

dDesign Procedure

“*Begin with lumped-element low-pass prototype

» Synthesized from normalized tables
“*Low-pass then transformed to required cut-off and impedance.
“*Prototype transformed to high-pass, band-pass etc.

“*Lumped elements then transformed to t-lines
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Maximally Flat Filter

JFlattest possible pass-band respond

JAlso known as
2 Butterworth filter

**Binomial filter

G(0)|=———
\/1 +lw

7 1s the order of the filter

{ controls the power-loss ratio at its band edge

@ 1s the normalized frequency
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Maximally Flat Filter
dInsertion loss is given by
1 B 2n |
L =-20log,, — =10log, | 1+ ;(ﬁj
J1+¢(0/0)” e
h: ~07 off"l*;ogmllaljsl rleqlue:niyl EEa
6
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Maximally Flat Filter

JAt the band edge, 0=

A

and

£ =10""" -1

JThe order 7 can be obtained from

1 log,o(10£19 — 1) —log, ¢
— X
2 log, (w/w,)
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Chebyshev Filter

dFor Chebyshev Filters,

“*Flat pass-band is sacrificed for sharper cut-off

JTherefore

“*Possess ripples in the pass-band

* Have sharp transition into the stop-ban
“*Have sharp transit to the stop-band

dChebyshev polynomials are used

“*To represent the insertion loss
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Chebyshev Filter

J Mathematically,

1

‘:\/1+§T;(Z))

T 1s a Chebyshev polynomial

m=1,2,3,...

()

{ 1s a constant that controls the power-loss ratio at its band edge

o is the normalized frequency
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Chebyshev Filter

d The insertion loss is given by

1

[.=-201
ik \/1 +¢T (0/w,)

=10log, | 1+ ¢T? (ﬁj
a

A

2 Or
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Chebyshev Filter S, [
10log,,| 1+ ¢ cos® (mcos1 ﬂj O<w<w
4
L = _ R
10log,,| 1+ ¢ cosh’ (7% cosh™ 2] @ <®
Q. ]
JdWhere
éf — 100.1><Gr . 1
G is the ripple amplitude in decibel
11
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Chebyshev Filter

) COSh_l (100.1><L _1)/(100.1><G, _1)
- cosh™ (w/w,)

JWhere

“* [ is the required insertion loss at frequency w
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Normalized frequency >

0.2 0.1\6/6.8\/1 12
1
_4
-5 m=7
-6
7

|G(w)| (dB) ——p»
b
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Chebyshev Filter

“* Example
» It is desired to design a maximally flat low-pass filter with at least 15 dB

attenuation at w = 1.3w, and —3 dB at its band edge. How many elements
will be required for this filter? If a Chebyshev filter is used with a 3-dB
ripple 1n its pass-band, find the number of circuit elements.

% Solution
é’ — 100.1XL€ _1 — 100.3 _1 — 1

| | 105710 — 1) — 1 | 1015 — 1
n— — % 0g10( ) 0g0C — 05 x 0g10( )

_ = 6.52
2 logy(w/w,) log,,(1.3)

Therefore, seven elements will be needed for this maximally flat filter.
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Chebyshev Filter

“*In the case of Chebyshev filter

-1 0.1x L. 0.1xG, - 5
- cosh (10 1—1)/(10 1) _ cosh ! (1015 1) i
cosh (a)/a)f) cosh™ (1.3)

“*Therefore, only 3 elements are required

(ICNhSYS L.AEB



Low-Pass Filter Synthesis A

dDoubly terminated low-pass ladder network

81 83 85 8n-2 8n

N2 T TN Gue1

“*g signifies the roots of an nth-order transfer function that govern the
characteristics ot the filter.

** These represent the normalized reactance values of filter elements
with a cut-off frequency w,. = 1.

JThe source resistance is represented b and load is

(IChSYS LAB -
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Low-Pass Filter Synthesis

d The filter is made up of

**series inductors and shunt capacitors that are in the form of cascaded
T-networks.

J Another possible configuration is

“*a cascaded © -network that is obtained after replacing g, by a short
circuit,

“*connecting a capacitor across the load g ., and

“*renumbering the filter elements 1 through 7.

JFElements are determined from the 7 roots of transfer function.
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Low-Pass Filter Synthesis

d The transfer function is selected according to the pass- and
stop-band characteristics desired.

INormalized values of elements are then found from the roots
of that transfer function.

' These values are then adjusted according to
“*the desired cut-off frequency and

**the source and load resistance.

(ICnSYS LAEB ;



Summary of Design Procedure for
Maximally Flat LP Filters
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JAssume that the cut-off frequency is given as w, = 1

J1For Butterworth
’:’gO — gﬂ+1 — 1

2p—1
( pzﬁ )z »=1,2,3, ..

“*Such element values are given in the following table

% g, =2sin
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Summary of Design Procedure for
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Maximally Flat LLP Filters "
JdDesign values for Low-pass Binomial Filter Prototype
TABLE 9.4 Element Values for Low-Pass Binomial Filter Prototypes (gg = 1,
w, =1)
n g1 82 83 84 85 86 87 88
1 2.0000 1.0000
2 1.4142 1.4142 1
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
6 0.5176 1.4142 1.9319 1.9319 1.4142  0.5176 1
7 0.4450 1.2470 1.8019 2.0000 1.8019 1.2470 0.445 1.0000

(ICnSYS LAE
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Summary of Design Procedure for

Chebyshev LP Filters
=1
&, f N G,
1 m 1s an odd number ¢ =In| coth 17.37
=<
St cothz m 1s even numbet ¥ = sinhi
\ 2
2a, 2p—1)x
g, = , and apzsin( 2 )
Z 2777
Aa, .a
8p = ) p=L2,-m bp_l +Sln2p_ﬂ.
D50 8(5-1) -
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Summary of Design Procedure for

Chebyshev LP Filters
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JdDesign values for Low-pass Binomial Filter Prototype
TABLE 9.5 Element Values for Low-Pass Chebyshev Filter Prototypes (g9 = 1,

w. = 1, and 0.1dB ripple)

m 81 82 83 84 85 86 87 88

1 0.3053 1.000

2 0.8431 0.6220 1.3554

3 1.0316 1.1474 1.0316 1.0000

4 1.1088 1.3062 1.7704 0.8181 1.3554

5 1.1468 1.3712 1.9750 1.3712 1.1468 1.0000

6 1.1681 1.4040 2.0562 1.5171 1.9029 0.8618 1.3554

7 1.1812 1.4228 2.0967 1.5734 2.0967 1.4228 1.1812 1.0000

(ICNhSYS LAE
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Scaling the Prototype to the Desired s
Cutoff Frequency and Load T

J Frequency scaling from 1 to w..

“*divide all normalized g values that represent capacitors or inductors
by the desired cut-off frequency expressed in radians per second.

“*Resistors are excluded from this operation.
JdImpedance scaling g,and g ., to X Q from unity.

“*multiply all g values that represent resistors or inductors by X.

“*On other hand, divide those g values representing capacitors by X.
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LP Butterworth example

“* Example

» Design a Butterworth filter with a cut-off frequency of 10 MHz and an
insertion loss of 30 dB at 40 MHz. It is to be used between a 50 Q load and
a generator with an internal resistance of 50 Q.

** Solution

1 log,,(10°19 — 1) —log,, (10310 — 1)
X
log,,(40/10)
L log,,(10° — 1) —log,;(1.9953 — 1) 0.5x3 _
log,,(4) 0.6

n =

o |

2.5

Therefore, 7 = 3 elements will be needed for this maximally flat filter.

(ICNhSYS LAE 2



LP Butterworth example

/ & — &

=2sin— =1

JU
6
2sin L =2
2
5
sin -2 =1

\ 2X3

4:
o (2-1
<g1=281n( ng
. 4-1)z
g2=251n( ng
g, = ZSin(6_1)7T

~

scaling element values

2 KNUST

Zo#)  Telecomm.

Engineering

(ICnSYS LAE

L =L:.=50x H = 795.77 nH
b= 27 x 10
C = 2 F = 636.62 pF
— 4 — .
2750 " 27t % 107 P
795.77 nH 795.77 nH
L;
R,=R;
636.62 pF T G
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LP Chebyshev example

“* Example
» Design a low-pass Chebyshev filter that may have ripples no more than
0.01 dB in its pass-band. The filter must pass all frequencies up to 100 MHz
and attenuate the signal at 400 MHz by at least 5 dB. The load and the

source resistance are of 75 Q each.
** Solution
Since G, = 0.01 and I. = 5dB

~cosh™" /(100 —1)/(10%-001 — 1)

=2
cosh™ ' (4)

m

Since we want a symmetrical filter with 75 ) on each side, we select 7z = 3.

(ICnSYS [.AB :



LP Chebyshev example

/go:&:l

\_

a, =sin(2_1)7z
2% 3

a, =sin (4_1)72
2X3

a3=sin(6_l)
2X3

. T
= S1n —

§

. T
— SINn —

2

~

=0.5

=1

51

—sin—=

)

(ICnSYS LB

0.01
5 =1n (CO 17.37)

7.5
X = sinh? = 1.6019
b, = 1.6019> —I-Sinzg —3.316

p
by = 1.6019° + sin ; —3.316

3
by = 1.6019° + sin’ ?“ — 2.566

27



LP Chebyshev example

go=84=1
2x0.5
&1 = 16019
4 %05 % 1
25 U0 X 0.9662

~ 3316 x 0.62425

4 x1x0.5

= = 0.62425
3.316 x 0.9662

83

(ICnSYS LAE

scaling element values

75 % 0.62425
Li=Ls= 2X S H = 745155 nH
T X

1 1
e X
75 21 x 108
74.5155 nH

% 0.9662 F = 20.5 pF

74.5155 nH

28



High Pass Filter

JA high-pass filter can be designed by
“* transforming the low-pass prototype

“*The frequency transformation is shown below

—>

Magnitude —p
Magnitude —p

@® 0]
0 1 0 .

“*The frequency transformation is thus 7

(ICnSYS LAE
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High Pass Filter

S22 Telecomm.

==

dThus, inductors and capacitors will change their places.

“*Inductors will replace the shunt capacitors of the low-pass filter and

%* capacitors will be connected in series, in place of inductors.

] The elements are determined as follows:

Cop=—
a)ch

L

HP

1

Q

¢

gc

dCapacitor C;;p and inductor I ;p

“*are then scaled as required by the load and source resistance.

(ICnSYS LAE
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High Pass Filter

“* Example
» Design a high-pass Chebyshev filter with pass-band ripple magnitude less

than 0.01 dB. It must pass all frequencies over 100 MHz and exhibit at least

5 dB of attenuation at 25 MHz. Assume that the load and source resistances
are at 75 Q each.

** Solution

The low-pass filter designed in Example 9.7 provides the initial data for this
high-pass filter. With 7 = 3, g; = 0.62425, and g~ = 0.9662,

1
C,p = F =2.5495 nF

27 x10° x 0.62425

(ICnSYS [.AB ?
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High Pass Filter
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34 pF 34 pF
1 Pe Va Va
L,,= - H=1.6472 nH Ry = Ry |g~ 'é— Ry=Ry,
27 x10° x0.9662 O 1235 am 750
% applying the resistance scaling, we get
2.5495 .
C1:C3: nF =~ 34 pF S s
75
éﬂ -17.5 /
I, =75%x1.6472 nH=123.5 nH 222:

Frequency (MHz)

{7 | AR 32
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Band Pass Filter

JA band-pass filter can be designed by
“* transforming the low-pass prototype

“*The frequency transformation is shown below

3
= é a)o — \ a)/ X a)ﬂ
! > 2yt
—‘ -
(O] (6)]
-1 0 1 0 W] 0y,
— 1 o-o
. . o=
**'The frequency transformation 1s thus 0 -0 o

(ICnSYS LAB 33



Band Pass Filter

J'This transformation

“*replaces the series inductor of low-pass prototype with

»an inductor [p, and a capacitor Cyp, that are connected in seties.

**The components values are determined as follows:

a —q g
_ u / _ L
C‘BP1 — 2 LBPl o
0)0 gL COﬂ — C()/

J Also, capacitor Cyp, connected in parallel with inductor I 4p,

** will replace the shunt capacitor of the low-pass prototype.

(IChSYS AR 34



Band Pass Filter

JThe components val

L a)ﬂ B a)/

BP2 — 5
a)o gC

ues are determined as follows:

CBPZ —

JThese elements neec

®, — O,

and source resistance.

(&&s#S ) Telecomm.

==

Engineering

| to be scaled further as desired by the load

(ICnSYS LAE
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Band Pass Filter

“* Example
» Design a bandpass Chebyshev filter that exhibits no more than 0.01-dB ripples
in its passband. It must pass signals in the frequency band 10 to 40 MHz with

zero insertion loss. Assume that the load and source resistances are at 75 2
each.

** Solution
F=Jff =310 x40x10° =20x10° Hz
»With m = 3, g = 0.62425, and g = 0.9662,
27 x10° (40 —10)
CBPl — 2
(27z>< 20 %10 ) x 0.62425

F=19.922 nF

(ICnSYS [.AB :



Band Pass Filter

L 0.62424 1 331160H
— = ). n
BPL = 50t x 30 x 106

21 x 10°(40 — 10)

Lgpy = H = 12.354nH

(27 x 20 x 10%)2 x 0.9662

0.9662
Croy — F — 5.1258 nF
BP2 = 5 % 30 % 10 i

0.2484 uH  0.2484 uH

75Q 255 pF 255 pF
O ()
/\/ T 1<

() 0.9266 uH _68.344 pF 875 Q
L, E % R .,

N

“*applying the resistance scaling,

(ICnSYS LAE

19.122
C,=0C3=
75

L, =L;=75x33116nH = 0.2484 uH
L, =75 x 12.354nH = 0.9266 wH

nF = 254.96 pF ~ 255 pF

o _ 51258
*T 75

nF = 68.344 pF

37
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0.1 | 10 100 1000

Magnitude (dB)
&
S

-100

—120

0.1 1 10 100 1000
Frequency (MHz)
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Band Stop Filter

JA band-pass filter can be realized by
“* transforming the low-pass prototype

“*The frequency transformation is shown below

—>

Magnitude

_—
&
I
=
X
IS

—>

Magnitude

|
—
(=]
—_—

=]
e

“*The frequency transformation is thus

(ICnSYS LAB 39



Band Stop Filter

J'This transformation

“*replaces the series inductor of low-pass prototype with

»an inductor [gq, and a capacitor Cyq, that are connected in parallel.

**The components values are determined as follows:

_(a)u_a)/)gL C‘ — 1
R N (0,0

dAlso, Cys, which is connected in seties with an inductor [,

** will replace the shunt capacitor of the low-pass prototype.

(ICNhSYS LAB 40



Band Stop Filter

JThe components values are determined as follows:

1 _
Ly, = Coey = (a)” CO/)gC
(a)u _w/)gc 0

JThese elements need to be scaled further as desired by the load
and source resistance.

¥ LA 41
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Band Stop Filter

“* Example
» Design a maximally flat bandstop filter with n = 3. It must stop signals in the

frequency range 10 to 40 MHz and pass the rest of the frequencies. Assume
that the load and source resistances are at 75 €2 each.

** Solution

7. =1 f, =V10"x40x10° = 20x10° Hz

»With #» =3, g, =1, and g~ = 2, from previous example,

27 x10°(40-10)
BS1 ~ 2
(27z>< 20><106)

x1H=11.94 nH

(ICNhSYS LAE 1
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1 0.8955 uH 0.8955 uH
C,. = : F =5.305 nF rTIN ) W
27 %x10°(40-10)x 1 ay Yol Y
07|3kaC] G 70.|73\ pFC3
1 C) | 318.3 pF 8759
Lgsy = H = 2.653nH
BS2 = S X 105(40 — 10) x 2 . ot
27 x 10940 — 10) 5.305
Cgsy = x 2F = 23.87nF C,=GC= nF = 70.73 pF
B2 (27 % 20 x 106)2 75
L, =Ls=75x 11.94nH = 0.8955 .H
0 . . .
*“*applying the resistance scaling, L, ="75%2.653nH = 0.1989 wH ~ 0.2 .H
23.87
Cy = ~-nF = 3183 pF
43
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0.1 1 10 100 1000
—6 f ‘J, .
—6.5
a ’
=
8 7
E ‘l ‘
g
e
S 757
-8
0.1 1 10 100 1000
Frequency (rad/s)
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