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Active Filters — an Introduction

\»_ ‘-.-’..

+—OV,

Vo

500 5.5uH
v, o—\\\——T0——e
S passive filter % 4500 —=21 7pF
+ Filter circuit s T |
V. (s) G(s) V.(8) = =
= 2 10 k Ohm
L O ‘ A,
gl 10 k Ohm 7.55 nF 7.96 nF
~ active filter t—" I L
vitokohm L[>~ [TKOMM | . ) kohm
Active Filter Characteristics e £

1. Continuous-time G(s) or Sampled-data G(z)
2. Employ active elements (e.g. transistors, amplifiers, op-amps)
a. inductor-less (continuous-time)
b. inductor-less & resistor-less (sample-data)
c. |G(jf)| = I in passband
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Active Filters — an Introduction

O O

+ Filter circuit +
V (s) G(s) VS
o o

G(s) V. .(s) a,s"+a,_ s" '"+..+a,s+a, a, = real
S)= = ~ b = itive real
Vills)  sV+b, " '+...+bs+b, .~ positive rea
_aylstz)(stzy) . (s+z,) z =real or complex

(s+p,)(s+py).... (s+py) p, = r-h.p. real of complex
M<N Filter Order = N
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Ideal Filter Response Characteristics
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Practical Lowpass Filter Specification

L W
|Gl (dB)A selectivity factor = —
P
Transition
¢ — »!' band '<«—
0 | .
Amax ‘ 1
1\ ‘ Amin
|
~<—Passband—= -—Stop-band— —
Tramgi-
ton
band Y
]
0 w, W |
w 1 sz

Key specs:
1. f,=w,/2Tm

2. A

max

3. fs=wsl2m
4. Aml_n

Filter cost increases!
1. Ama -> lower

X

2.A ->larger

3.w, ->larger
4. wylwp -> 1

w
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Filter Approximation — Design G(s)

|G| (dB) A selectivity factor = Ls
W p
Transition
i | —:-: band '«—
0 N
Amax
P LAY AV jm-,. . G(S)=aM(S+zl)(s+zz) ........ (s+2z,,)
(s+p)(s+p,)..... (s+py)
<—Passhand—+<—>t<—Stop-band
o H MatLab is a good tool for
"3 this task.
0 W, L:Ug w
w, w,
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Practical Bandpass Filter Specification

|Gl (dB .
( )1 Selectivity factors
| Transition bands w0 w0
SL SU
o ™ -
‘ 4’ ‘ PL PU
) I = _, |
- | T Symmetric
1 | A bandpass filter
- | Wy _ Dy
Lower assban Upper _ W,
Stop-band R ' B Stop-band PL PU
‘ l
Wpy —Wpp,
| o=
W,
|
Al e,
Wg, Wpp Wpy Wy,
W py @o Wy
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Cascade Filter Design

1% v Vi, Vn
G (sl | Gys)| 2| Gys) [ ----(N“; GrolS), V..,
V? <+ = + R (D=high + R, (O=low
L N = odd => G (s) I°" order

N = even => G]( s) 2" order

M M —1
_ayS tay S

Ve s"+by_s" '+ 4+bs+b, =

2
AyS Ta;sStagy

If N= even G, (s)= for 1 <i<N/2

s°+b, s+b,
If N= odd G,( )‘alOHaOO G-(S>=a2isz+ahs+a°i for 2 <i <N/2
- T S+byg | s +bys+b, -

The factorization of G(s) into G (s) can be done with Matlab.
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2" Order (Biqudratic) Filter Section

2
ay: S —I—ahs+a0i

G,(s)=
(5 s'+b,.s+b,

1

1. G (s) is the most important active-filter building block.
2. Numerous realizations of G (s), most using op-amp based circuits.

a. Multiple Op-amp Circuits with R's & C's (i.e. no L's)
b. Single Op-amp Circuits with R's & C's (i.e. no L's)
c. Cost advantage depends on how the filter is fabricated.
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Filter Type

s-plane zeros/poles

2" order low-pass (LP)

G(s)=— 0

w
2 0 2
S +s—+w,

a
G(j0)|=—%

w,

LJw

X |

2" order high-pass (HP)
2

|G(joo)‘=a2

a,s

L a, Q
GA =G . — 1
| | 07076#% ‘}7 max ‘ <]w0)| wo
! iJ W, =w,/1 L ~ (0
_____________ 1— Wy - ~Wo
T 0
" 113 . as Q -> large
wo/Q\l(\U(‘D
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Filter Type s-plane zerps.i'pﬂl&_n | 5]
2™ order Notch (N) JLT“J |G| lay|
Gl £ m:' :al(“m OIU() _a
(s)=a, , W, W, =w;
i i b i _.— I //—
¥ *EL+EI1 L_ }'ﬂl e V2 i | |f:';!'H—|f:I:,.fJ I| fh|
g ! W .
()UN—(UO X 0 0 EU]: €Ly to, o
i
2™ order LP Notch (LPN) 22 |Gy O PG
- . _JII I . |Gl:_jl'ﬂ:||— a, ")
et | Xl | e e -
o ), “ o4 I | L i G (joo)
Sts—tw; | | et QT R Mo | I o
1 ey I '_.'f
(UN>0UO X LIU 0 Im.- - 1)
R e W
2™ order HP Notch (HPN) L j e -
2 2 x Q- |G|J G - —— |G':jﬂj|= a, _:
&+’ Sl . T " Y w;
G(._E':]=4:I3 - o 0 b |a‘| tr, | S ——— 5
s +sﬁ“+m — * gl I ST T |G (jo)|=|a,
: _L1I'U.". \IIL"IIIII Li
Wy <w, X 0 @y W, ¥
2008 Kenneth R. Laker updated 06Dec11 KRL 10



Penn ESE319 Introduction to Microelectronics

NNNNNNNNNNNNNNNNNNNNN

Delay Equalization Concept

delay
distorted
- Cable or /(ht{ equalized data
Filter ’ \
— = - Delay

~ 0 | Equalizer

T(w)

A Total Equalized Delay T, (W)=T 4T,

Delay
“/Equalizer
T pe (W)
Cable or Filter

P (O
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2" order All-Pass (AP)

|G|n
JWAS |a2|
Sz—sﬂw%og )i(\w w/CP
Gls)=a,—2 A
R B — o | ¢ ’ e
o NG
| 9] 9 (l)=argG“‘
G0I=IG(joo)l=lar| | X 2Q|2QR0 0 Wy —w
|
nk
|
2T 4' ______________
Ideal transmission:  » |Gjw)|=K

vo(t)=K v, (1=1,)>G(jw)=|G(jw)|le’" w0)=—

Group Delay T(w)= =1,
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.. e
selectivity factor = —
w

P

Transition

—» band '«—

Quick Review

7
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dyS +dy s +..tast+a,
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s +by s

J;‘hl
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Multiple Op-Amp Biquadratic Circuits

It

AMA
R, c E
| [
R
R R
J }_A.,“_:D * - +<D_7. v
V.l'.l_p 4 L w_ | 3 EE lp
//‘ "\FE"': o—ir— \
: Voo Inverting
Summer Integrators

Two-Integrator-Feedback-Loop
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OP Amp Circuit Building Blocks

Inverting Integrator

_ Summer
ILff A==y =yt
—1 R, R,
v,(t)= R v,(t)dt Vil ==
I, R, A
| Dy LEfA=0=v7=0 vy () oA
o R Ve ¢ R v’ Lov,(2)
s oy 3
v(t) o A,\/ V(1) v3(t)o—wwA—
V
= = = Zo —R R R
|7, 48) Vo= Ly +—3  (1+-L) 7+
R, R,+R R,
Vols)_ 1 _ wy . R, R,
Vis) sCR s > (I+—==)V,
/—6dB/octave R,+R R,
1
Wy=—=
CR "

s » w (log scale)
CR
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OBJECTIVE: realize Vhp(S) using a two-integrator cascade (loop).

1. Divide numerator and denominator of 7, (s) by s, i.e

€. .
Vhp(S>= | w ()()2 Vz(S>

l+——+—

1w, w; Os s

2. Multiply both sides of IV (s) by 1+ '+ 2 e
v Q s s>
1 W Wy 1 W, wé
Vhp(S)[l_l_Q g + ,5’2 ]=KVi<S)$Vhp(S>+§TVhp<S)+?Vhp< )=KV< )
7 HP ___ BP LP
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Two-lntegrator-Feedback-Loop Active Filter

From previous slide

3. Rearrange terms

Vhp(s

Q[ —

S
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Two-Integrator-Feedback-Loop Active Filter
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Two-Integrator-Feedback-Loop Active Filter

_Inverting
- Integrators
4
Wy R Oy
= P [ _T = 2 2 Lfl;?_ pr
—0 Wy, r
P Ll 4 e
]
8 —
) ] ——
s AAN e R
I’ Iy d - | ~ip
[ & 5
j : L. Inverting
Summer Integrators
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Two Integrator Loop cont.

2
w w
_TU - _TO HS_;V@—VIP
Vhp - . = Vhszbp
1 ’ 1
—_ — 0 0
V==Vt GVt KV =2V, = =3V =5 Vh%ia/l
~G (5)= Vi _ K _ K s° Numeric (Spec) Egs.
’ Vi 1+ 1 w°+w‘2’ Sz—l—ﬂs—szA/SpeCS' worf, O&K
Q g S2 Q 0 0 0

Gbp(s) and Gzp(S) are also available.
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Two Integrator Loop cont.

|4 2
High Pass Output: G,,(s)=—L= Ks

V, —w,V —K w,s
Bandpass Output: G, (s)=—%=——"—%= 0
V, sV, 2 Wy 2
S T——8TWw,
V, —w,V K w;
Lowpass Output: G,(s)=—t=——"—"= 0
v, sV, 2 Wy 2
S +§S+w0
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Implementation
R | Inverting o=
R, Integrators “°~ CRr
AW I
Lp= [ .
R, (X ‘> R ¢ Summing Amp
Vi{ | W—jb & Dle —w,
- -CLVhp __"" _:_ pr= S2 Vhp
W,
AWV s V===V
R, S
R R R R R
V, =Ly +——1+-L|V, +———|1+—=L|V. Symbolic Eq.
TR PR AR R T R R R q

Numeric Eq. Vhp=(—1)Vzp+§ Viyt KV Numeric Specs: @ or f, 0 & K
Numeric Eq. = Symbolic Eq.
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Implementation cont.

y R, R, R, R,
v, =—Ly, + 1+—L|v, + 1+—-L|v,
P~ R, P RA4R,\ R/ " R,+R,| R,
Set: | R,=R, | And compare terms:
2R 2R .
Vhp=(—1)le+RzT;3 pr+R2+;3 v, Symbolic Eq.
Vhp=<_1>le+épr+K v Numeric Eq.
R,+ R, 1 3 R 5 |
= =5 |1+— => S =20-1=2—-1 |2K=2——
2R, 2| "R, R, -29715% o
|
= 2R 1_1 1+& Ccr_ Yo Design Egs.
R,+R, K 2| R,
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Design Equations

RC=i Given w,=21 f,, choose C, calculate R
W
R,=R, Choose R, Calculate R, or vice-versa.
R3
—=20-1
R, Given Q, choose R, calculate R, or vice-versa.
1
K=2—§ K is fixed by choice of Q.

- 2 independent requirements (®,  and Q)

. 3 independent components (C, R, and R)
- 3 dependent components (R, R , and R3)
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MFM LP Example
;ﬁ Specifications:
R, r“' 1. MFM 2" Order LP
— AAA— i_i C 2 fF f[] ZOkHE
| ——
R, - 4 R
V. o—An : 1 'D_Ai i N4
Vﬁ;;r 4 el P Ip
ANMN *—
R,
symbolic G (s) » » specification Glp(s)
Ip 3 1l 2
l+—|w, )
G,(s)= &’ = Ko+ K il = K
g V, 5 R, Re\ 1 R, 1 ? S2+S\/§w0+w§
s +s 1+— +
R,+R,\" R, [\RC| R,\RC
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MFM LP Example cont.

Choosing R,=R,=R,=10k :>——1

Rl
e 1—|—& w;
G (S)—V’P— R+ Ry R _ K w;,
v V, 2 R, 1_|_Rf 1 +Rf 1\ S—I—S\/§w0+w0
> R4R,\ TR J\RC|TR,\RC
RC=RC=w,=21f,
2R _ R
o2 23120414
R,+R, R, 2
2R R
I e W N 2@_0586
R,+R, R, K J2

2008 Kenneth R. Laker updated 06Dec11 KRL
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MFM LP Example - cont.
Design Egs. Choose R,=R,=R,=10kQ
RLC=wO=27TfO=125.66kmdlsec C=795nF
= ! — =5 l =1kQ
C(125.66kradlsec) 7.9510°(125.66k rad /sec)
2R R
L =2>2=0414=>R,=4.14k O
R,+R, R,
2R, ~ R,=R,=R,=10k
Ryt R, R =080 R,=4.14k Q
R=1kQ
C=7.95nF
K =0.586
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MFM LP Example - cont.

10 k Ohm
A"
10 k Ohm 7.95 nF 7.95 nF
AN | |

vi 10k Ohm L
. AUATAY .

4.14 kK Ohm —

ATATAY.

K=0.586
G,,(j0)=2010g,,(0.586)=—4.64 dB
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MFM LP Example - Bode Plots

| N Phase | save |

Horizantal

{-il -

-

0 dE F|2o0
=10 dB 1100
-4 54848

i 100.0H=

I

Bode Plotter ﬂ
| N Prase save
Sisrtical Horizontal
B i Bl un
(= =] F |00 i 2
=40 dB 1100 Hz=
-¢.6314dB
:I il 19, 85kH=
w In e i Out iw

3dB Frequency
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Adding Finite Zeros — (Notches)

To be able to create notches in the response, we need a second

summing amplifier:

Vip

O

Ry

V.o

:

R

3

bp

V. o

R,

3

Ip

Where the weighted inputs come from the highpass,
bandpass, and lowpass outputs of the feedback circuit.

2008 Kenneth R. Laker updated 06Dec11 KRL

30



5 4

UNIVERSITY of PENNSYLVANIA

Pe[] Nl ESE319 Introduction to Microelectronics

Filter Type s-plane zeros/poles 1G]
2™ order Notch (N) &' |Gl
_ s +w, X wy .=
Glsl=a h 0 ' T W, W, =w;
fih s | 1Y +
§ ‘*'—{:;"* w, e o e \f Gl j0 =G| jox | u.‘
— 1 ] |
W, =w, X o, -::1 n w
-
2™ order LP Notch (LPN) (I).fl{‘-' \ i m:r
.S': "|‘LI_}: K\ / \ < |G|::jﬂz||—‘ﬂ:|?
G(s)=a, : oy o = -
5:"“5&‘*'&”5 E}i e M | PSSR RN :—:—————T—_—_— a |G|.'_,."131.||: a,
0 X | I
 py = Wy - ). W -
] - w, W
2™ order HP Notch (HPN) djw w0’
RN G (j0)=]a| 2
Gls)=a,—r | o | ®s i w,
S 2, 2 E'm' - i _ i
s + s —+w, ] G (j)|=|a,|
o,
Ll‘];"r' {:{'U'I: x c) EU ¥ = (i
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Notch Creation

All the output point transfer functions contain the same
denominator, so only the numerator terms will be affected:

4 Ry Ry

" F "y R R R
prO ‘V\K Vo G(S>=_ _FVhp+_F pr_|__F le
V,pO ‘\?? L RH RB RL

. (R./R,)s"—(R.IR,)w,s+(R./R,)w);
s°+(w,/Q)s+w;

For a notch at w=w,, no connection is madeto V, ,i.e. Ry=c
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“Big Picture” Filter Design Tasks

1. Design G¢(s) from filter specs.

2. Determine filter structure (block diagram) to realize G¢s).
3. Determine filter circuit(s) to implement structure.

4. Determine component values.

Filter Design CAD Tools on the Market
1. MatLab - Mathworks

2. FILTER PRO - Texas Instruments
3. Aktiv Filter — New Wave Instruments
4. Filter Lab — Microchip

5. Filter Wiz Pro — Schematica

6. FilterCAD — Linear Technology

2008 Kenneth R. Laker updated 06Dec11 KRL 33
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Butterworth (MFM)
Matlab:

1. buttord (Wp, Ws, Rp, Rs) =>n
2. buttap (n) => poles, zeros, K cont-time 2.
3. butter (n, Wn, ftype) => poles, zeros, K 3.

or coefficients A, B sample-data,
Gw)

Elliptic
Matlab:

1. ellipord (Wp, Ws, Rp, Rs) => n

Butterworth

Chebyshev
Matlab:

Glew)
Chebyshev

. cheb1ord (Wp, Ws, Rp, Rs) =>n

cheb1ap (n) => poles, zeros, K cont-time
cheb1 (n, Rp, Wn, ftype) => poles, zeros,

K or coefficients A, B sample-data

(el
A Glw)

Inverse Chebyshev
/ (cheb2)
Equi-ripple

stopband

=% Bessel
\ﬁ:\
,
Butterwaril ~

e

S
#{w)
A Glw) 1 "
utterworth
4
Bessel

Maximally
flat

w| passband

dela

2. ellipap (n, Rp, Rs) => poles, zeros, K cont-time
3. ellip (n, Rp, Wn, ftype) => poles, zeros, K or

coefficients A, B sample-data
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