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13.1 Filter Transmission, Types and Specifications

Filter Transfer Function

O A filter is a linear two-port network represented by the ratio of the output to input voltage

O Transfer function T(s) = V_(s)/Vi(s)

O Transmission : evaluating T(s) for physical frequency s = jo— T(jo ) = |T(jw )|-e /#®

B Gain: 20 log|T(jw)| (dB)
B Attenuation: -20 log|T(jw)| (dB)

L Output frequency spectrum : |V (s)| = |T(s)| | Vi(s)]

Types of Filters
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Filter Specification

O Passband edge : o,

U Maximum allowed variation in passband transmission : A_ .,

O Stopband edge : o,

U Minimum required stopband attenuation : A .,
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Wy

O The first step of filter design is to determine the filter specifications

O Then find a transfer function T(s) whose magnitude |T(jw)| meets the specifications

U The process of obtaining a transfer function that meets given specifications is called filter

approximation
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13.2 Filter Transfer Function

Transfer Function

L The filter transfer function is written as the ratio of two polynomials:

(I Ry Wy

U000 Do

aMsM +aM_lsM_1 +...+a,
s"+b, sV +.. . +b,

I'(s)=

The degree of the denominator — filter order
To ensure the stability of the filter - N> M
The coefficients g; and b; are real numbers

The transfer function can be factored and expressed as:

T(s)= ay(s—z)(s—2z,)..(s—z,)
(s=p)—p,).(s—py)
Zeros: z,, 7, , ..., zy and (N—M) zeros at infinity

1) 2

Poles: p,, p,, ..., Pxn
Zeros and poles can be either a real or a complex number

Complex zeros and poles must occur in conjugate pairs
The poles have to be on the LHP of s-plane
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13.3 Butterworth and Chebyshev Filters

The Butterworth Filter

U Butterworth filters exhibit monotonically decreasing transmission with all zeros at @ = «

0 Maximally flat response — degree of passband flatness increases as the order N is increased
O Higher order filter has a sharp cutoff in the transition band

0 The magnitude function of the Butterworth filter is:
1

1 T(jo)|= - —
\/ l+e'(w/w,)
URequired transfer functions can be defined based on filter specifications (A,,.x, Apin» @, , @)
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Natural Modes of the Butterworth Filter
O The natural modes (poles) locate on a circle
Q The radius of the circle is @, =w,(1/£)""

Q0 Equal angle space %
K

T(s)= (1—;)(1 _;j(l—pivj

N
= Kay where @, = o, (1/¢)""
(s=p)(s—p,)...(s=py)

Ajow
Pi

P2

60°

QY
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Design Procedure of the Butterworth Filters

Design Specifications

A A i @y, Oy

¥

Design Procedure

max’

1. Determine ¢ (from A

max)
IT(0,) =~ > A, [dB1=20l0g 142 — 2 = 10"
V1+¢&?

2. Determine the required filter order N (from @, , @ , A

min)

m

Attenuation A(w,)[dB]=-201log|[1/ \/1 +&% (o, /a)p)ZN 1=10log[l+&*(w, /a)p)ZN] > A
3. Determine the N natural modes (poles) with @, =, (1/&)""

Di> Das e Py
4. Determine T(s)
K]

(s=p)(s—py)--(s=py)

T(s)= where @, =, (1/)""
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13.4 First-Order and Second-Order Filter Functions

Cascade Filter Design

O First-order and second-order filters can be cascaded to realize high-order filters

U Cascade design is one of the most popular methods for the design of active filters

O Cascading does not change the transfer functions of individual blocks if the output resistance is low

First-Order Filters

Q Bilinear transfer function 7(s)=

as+a, as+ta

s+b, s+,

Filter Type and 7{(s)

s-Plane Singularities

Bode Plot for [T

Passive Realization

Op Amp-RC Realization
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First-Order Filters (Cont’d)
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Second-Order Filters

O Biquadratic transfer function

2
a,s” +a;s+a,

T = @O+

M Pole frequency: o,
B Pole quality factor: Q
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PPy =
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Second-Order Filters (Cont’d)

Filter Type and  T(s)

s-Plan e Sing ular ities
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Second-Order Filters (Cont’d)

(g) All pass (AP)
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13.5 The Second-Order LCR Resonator

The Resonator Natural Modes

Voltage Excitation

Parallel Resonator Current Excitation .
X
2 “ o
+ +
R B L
» f(D R ==CL v V, RS == V.
z y x _ _
6 o o o
el = =
Vo1 1 s/C
itation —>=-—= - ~1/JLC
Current Excitation "= =1, G 0 /R = 2+ (1/RC)s+1/LC “
I o &_ (R]||1/sC) B 1/LC
Voltage Excitation 3= /50y 51 = @ +(1/RC)s +1/ LC Q=a,RC

U The LCR resonator can be excited by either current or voltage source
U The excitation should be applied without change the natural structure of the circuit
O The natural modes of the circuits are identical (will not be changed by the excitation methods)

U The similar characteristics also applies to series LCR resonator
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Realization of Transmission Zeros

> O

O Values of s at which Z,(s) =oand Z(s) # o +
— Z, behaves as a short v, CJ_r) A v,

O Values of s at which Z (s) = w and Z,(s) # « B
— Z, behaves as an open o J_ o

Realization of Filter Functions

Low-Pass Filter High-Pass Filter Bandpass Filter
V 1/LC 2 V 1/RC)s
T(s)=—r=— T(s)="Le = s T(s)=to= RO
Vi s"+(1/RC)s+1/LC V. S +(1/RC)s+1/LC V. s>+(1/RC)s+1/LC
C
x L y l . R
Y, 0 40__I| s i A
+ +
Vi Ci) R ; e V, V, (i) R : L v, :
3‘ O s s
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Notch Filter

Low-Pass Notch Filter High-Pass Notch Filter
® o
+
3 ¥
o
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13.6 Second-Order Active Filters (Inductor Replacement)

Second-Order Active Filters by Op Amp-RC Circuits

L Inductors are not suitable for IC implementation

O Use op amp-RC circuits to replace the inductors
U Second-order filter functions based on RLC resonator

The Antoniou Inductance-Simulation Circuit

O Inductors are realized by op amp-RC circuits with negative feedbacks

U The equivalent inductance is given by

z =h

1143

1

L,=C,RRR,/R,

L= SCRRR IR, =L,

‘ i ViR, ‘

SC4R<R,

1%
SC4RsR:R

)
3 ]

YA

x@& . 5@ c,

1o A @ww'

R,

-ill|lf-‘"

S

= sC4RsR3R,

O V O @ ®

T

J =

\'(_ . 1 fl':-', J'II\’_;

-
Z, = T' = SC,R.R:R:/R; @

(b)
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The Op Amp-RC Resonator

U The inductor is replaced by the Antoniou circuit
U The pole frequency and the quality factor are given by

. _ C6 RZ
a)()zl/\/C4C6RlR3R5/R2 Q_a)OCGRG_Ré aR1R3R5

O Asimplified case where R, =R, =R,=R,=Rand C,=C;=C

@, =1/RC O=R./R

th-q
Il
o
=
B
=
2
B
1|

v
1
‘
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Filter Realization

Low-Pass Filter High-Pass Filter

Notch Filter

Bandpass Filter

B A
R, 2
Faste v

Rg
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LPN Filter HPN Filter

| : V{J

R

0

R G

s

Rs
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13.7 Second-Order Active Filters (Two-Integrator-Loop)

Derivation of the Two-Integrator-Loop Biquad

O High-pass implementation:

l w, w;
Vhp =KV, _ETVhp _S_thp
Ks? O N el ——-O— -—ﬂ; ——0
T;zp(s): 2 2 Vhp i “o wﬁ
s*+(w,/ Q)s + w, =g Vip —V

U Band-pass implementation:

- Kaw,s
s’ +(w,/ Q)s+ @,

Izp<s>=(—%jm<s>=

O Low-pass implementation:

K,
s? +(w,/ Q)s + a)02

T, ()= (— “’7] Vp(5) =

Y
Y

W
§

(1))
Vhp —O Ty Vhp == pr
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Circuit Implementation (I)

R R R 2
I/h — R3 1+_f I/I+L 1+_f _&I/h __f a)_gl/h
" RAR R )T RARLU RN s ") RIS

R, R
SNy By k=2t A
R R, Q
Ry C &
L High-pass transfer function: W “
T (s)= Vip _ s’[2R, (R, + R,)] 5 *"—
hp V.  s*+5[2R, (R, +R,)|m, + &} o %_:D«% | B |
! —0 vip
U Band-pass transfer function: oV, =
v, S[2R, (R, + R))]o, =
];p (S) =, T3 2 AAA oV
V. s"+s[2R, (R, + R;)]w, + o, i bp
3
O Low-pass transfer function:
Viw [2R, /(R, + R}y
Tp®)="=57 S[2R, (R, + R,)|w, + & Ry e
, Vip O—MA— A
U Notch and all-pass transfer function: v Ry
o—MW—
bp
Ty~ Ve 2Ry (ReIRy)S" +(Ry | Ry)os + (R, | Ry ) R, ve
= "= —
V. R,+R s> +S[2R, /(R, + R,)]@, + @ Vip O V¥

1
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Circuit Implementation (II) - Tow-Thomas Biquad

+1

Wy
K Vip s

Ve

p

O All op amps are in single-ended mode

U The high-pass function is no longer available

O It is known as the Tow-Thomas biquad

Ry, = OR

0'A'A

Q

R [
Lo —

Vip -

Vip
U Use an additional inverter to make all the coefficients of the summer the same sign

L An economical feedforward scheme can be employed with the Tow-Thomas circuit

1

1

R RRJ C’RR,

G 1
§T—L+s—
c C
T(s)=—2=-

; 2
S +s

BRRS

OCR

1
" C’R*

NTUEE

o _le

AN
OR
A
L c

Electronics - L. H. Lu

13-22



13.8 Single-Amplifier Biquadratic Active Filters

Characteristics of the SAB Circuits
0 Only one op amp is required to implement biquad circuit
U Exhibit greater dependence on the limited gain and bandwidth of the op amp
L More sensitive to the unavoidable tolerances in the values of resistors and capacitors
U Limited to less stringent filter specifications with pole Q factors less than 10

Synthesis of the SAB Circuits

O Use feedback to move the poles of an RC circuit from the negative real axis to the complex conjugate

locations to provide selective filter response

O Steps of SAB synthesis:
B Synthesis of a feedback loop that realizes a pair of complex conjugate poles characterized by @,

and Q

B Injecting the input signal in a way that realizes the desired transmission zeros

U Natural modes of the filter:

RC network n

RC network b

t(s)=N(s)/ D(s a b a
(s)=N(s)/D(s) aE =S -
L(s) = At(s) = AN(s)/ D(s) T ) -‘- .
The closed-loop characteristics equation: i = = L
2 A 1(s) = %
1+L(s)=0—>t(s,)=—1/A~0 [ b

= The poles of the closed-loop system are identical to the zeros of the RC network
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RC Networks with complex transmission zeros

Ry
M

& & b

Ry

, (1 1)1 1
STHS| —+— |
C, C,)R, CC,RR,

{s)= 1 1 1 1
s? +s( + + j+
CR, CR, CR,) CC,RR,

Characteristics Equation of the Filter

sowy . 5 . (1 1)1 1
STHs—+@; =5+ —+— | —+t———
C, C,)R, CGC,RiR,
1

JCC.RR,
1
_)Q{«/CIQRst‘ ( L1 H

R, C

- o, =

G G

LetC,=C,=C,R,=R,R=R/m —m=4Q’
> CR=20/w,

i

, (1 1)1 1
STHS| —F— |
R R,)C, RR,CC,
1

i(s)=
s° +s( I

++1+
R,C, R,C, RpJ RR,C,C,

R;

i AA

P

-

—
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Injection the Input Signal
U The method of injection the input signal into the feedback loop through the grounded nodes
0 A component with a ground node can be connected to the input source
O The filter transmission zeros depends on where the input signal is injected

V, /Ry R,
v!
—" @ VI - __:C3R3
(@) |(V,/Ry) (I:IE y fl :
! = ]
I [ X W<<L ®scw,-w
(Ryfor)
o AN R/A1-a) @ Node equation at X
" R
y e @Ay ® N (=)
i 4/ o
- 0 O Lo
e / +
T VU

v, ~s(a/CR,)
v, L, (1 1)1 1
TS| —+— | ————
C, C, )R, CC,RR,
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Generation of Equivalent Feedback Loops

a . b
ao inea b nelt':;l::; n
Linear § _
% network »n
= L
2 2 v -y
o Va Va = —
= = = 7 =t 7 =1-t =
Y =1 ’ ¢ ﬂ"—" I —1
Z Z
a e b a i c
Fa®
- 1(s) © © o
kl\hatvrmrk n Equlvalent LOOp &Network n
i - » f’
+
= A

Characteristics Equation: Characteristics Equation:

1+ L(s)=0—>1+A4t(s)=0 1—%(1—1‘)=0—)1+At(s)=0
+
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Generation of Equivalent Feedback Loops (Cont’d)

R

AN 3
: [
s . =
Ry —_— C,

ok

¥

£2
$
> D

R, Cy

+—| ANN—— R,

R,

i

H—aw
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Filter Sensitivity

O Deviation in filter response due to the tolerances in component values

13.9 Sensitivity

O Especially for RC component values and amplifier gain

Classical Sensitivity Function

U Definition:
§? = lim 2/
A0 Ax/ x
_oyx

S)/

Cox y
Q0 For small changes:

o Y
T Ax/x
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13.10 Transconductance-C Filters

Limitations of Op Amp-RC Circuits

O Suitable for audio-frequency filters using discrete op amps, resistors and capacitors
U High-frequency applications limited by the relatively low bandwidth of general-purpose op amps
O Impractical for IC implementations due to:

U The need for large capacitors and resistors increases the IC cost

U The need for very precise values of RC time constant requires expensive trimming/tuning

U The need for op amps that can drive resistive and large capacitive loads

Methods for IC Filter Implementations

O Transconductance-C filters:
O Utilize transconductance amplifiers or transconductors together with capacitors for filters
U High-quality and high-frequency transconductors can be easily realized in CMOS technology
O Has been widely used for medium/high-frequency applications (up to hundreds of MHz)
O MOSFET-C filters:
O Replace resistors with MOSFETs in linear region
U Techniques have been evolved to obtain linear operation with large input signals
O Switched-capacitor filters:
U Replace the required resistor by switching a capacitor at a relatively high frequency
U The resulting filters are discrete-time circuits as opposed to the continuous-time ones
O Isideally suited for implementation low-frequency filters in IC form using CMOS technology
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Transconductors

L An ideal transconductor has infinite input resistance and infinite output resistance
U The output can be positive or negative depending the current direction
U0 Transconductor can be single-ended or fully differential

o0—0
+
V:- G m v@
o = Q

o}

B
I -o0—4
V.12 o—\ > ]
Gm +T I >
- —o
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Basic Building Blocks

L Negative transconductor used to realize a resistance
O Transconductor loaded with a capacitor as an integrator

O A v _GaVi Y, _G

First-Order Gm-C Low-Pass Filter il L
GV i
V; Tl V. T2 Yo
i m . T7 _
G o) —_ O—— - ® —
=4 = GV / :
L O
GV,
p—10 - = G,,»)
\ 2C I - ? 2
Gl '
e = ro— T I
— O—_ T‘ 3 & I
&:_ Gml - _ Gml/GmZ /“ - 2('—L / & O
V. sC+G, 1+sC/G,, I =
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Second-Order Gm-C Low-Pass Filter

w;:) @
V; +_U S \
K 0 v
o
v,
57
+
-
V=2,
sC,
" $G,u ! C G GiGaa
L= m I W, = |—=n1=
% s +sG_/C+G.G . /CC, - BP center - freq gain = G 0 C.C,
v, GG,/ CC, G G, G C
2 m m s Mg — ml~"m2 ~
v $45G./C+G,G,,/CC, W) LPdegain= G ="
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Simplified Circuit

D Gm1=sz=Gm
0 C=C=C

G

Fully Differential Circuit

I

s
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13.11 Switched-Capacitor Filters

Basic Principle

U A capacitor switched between two nodes at a sufficiently high rate is equivalent to a resistor

U The resistor in the active-RC integrator can be replaced by the capacitor and the switches
O Equivalent resistor:

) Cyv, v. T
lav:#%Rqu._l:_c
T ! C

ayv

O Equivalent time constant for the integrator = T,(C,/C,)

G
I
1
R
IN o—v~.'-jl>_1 OUT
VG —o0 QUT
= ‘.
(0]
T
e T —>] = - - = =
During ¢, During ¢,
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Practical Circuits
U Can realize both inverting and non-inverting integrator

O Insensitive to stray capacitances
O Noninverting switched-capacitor (SC) integrator

lof b,

]
l]|i§f+l

G
¢, b ”
[ . I
W 1| e il N
ll —0
+ i +
" oo oo = v,
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Filter Implementation
O Circuit parameters for the two integrators with the same time constant
c, . C

TCF:TCFI—>C1:C2:C—>C3:C4:KC
3 4
o=t 166G K 0=-%_G ,c_ur&
JCCRR, T\C C T R, G 0
3 “Q‘:"
C, c
l—||—< 2
Ry II r
R, —VWA—

'-'OVI:p

Ml = +o
3
1
v
:
V-
§~=

1|
o

&
. 'rir | . » = R ; 1 i
g al . %
- %H'%L e v Lot od:  ¢i0 El>q_*’
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