Lab 4: Active Filters

Operational amplifier (Op-amp)

Quality factor

First-order active filters

Second-order active filters

Design problem for Electrocardiogram (ECG)
Implementation using the LM348 and TLC2264 chips

EE 2245 ¢ 3 § B2 9 5% 1 EF o FELETS



The Ideal Op-amp

B Anop-amp has
m Differential inputs: V; and V,
B Single-ended output: V;
| So:

Vi=A-(V,-V,)

B Foranideal op-amp: A=« (A=
103 to 10- for typical op-amps)
m What is the large gain for?
B An op-amp needs DC power
supplies, either positive V-and
negative V., or V ,and 0
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The Ideal Op-amp

B An ideal op-amp can be used
conveniently to implement
both linear and nonlinear
circuits. It features:

B Infinite input impedance =
» No current flowing in 2
B Zero output impedance e

B Common-mode inputs =
produce no output

» Infinite common-mode : N
. . . — onmnverting input
rejection ratio (CMRR) = |

B Infinite open-loop gain, A
B Infinite bandwidth

Inverting inpul
r \

(Power-supply

common terminal)
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Example of Op-amp Design

#ALCE ISR E

B This is a typical “Two-stage Op-amp”, and there are other

types.
Differential pair Common-source amp.
4 4 . 4

> ‘ \ < I <
Vin'__| H Vint \/ \/ I I ® Vout
*
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Negative or Positive Feedback around an
Opmnp

_ nﬁ/ : Op- ampEI’JimAitjt Z8

R2
SEEES R ANAR W~
B Anop-amp is typically opergtefl R, ]y, \&D
1

by "negative feedback” ( 8%

) to build various circuits e
B BEROEITERARV: = Ve Vss
BOFR&aBvirtual short ( Jﬁias;iﬁﬂi’t" Negative feedback
) = EBEBNEENRE \/
B Positive feedback can be used ___--\./'—_\QD V,
for making oscillators while
virtual short does not Ve +/(V l
necessarily exist A —
R2
Rl

—  Positive feedback
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How is Virtual Short (V* = V-) achieved
using Negative Feedback?

B By derivation - we have V* = V-when op-amp’s gain is «
B BFR Lop-ampiitBz=— Az 60 dB (1,000) # ~100 dB
B SiEfRERop-ampEIAEZMEK - EBREIERA

Vo =A- (v -v-) R,
R, N~
V = V,
R,+R, ° XXJV- N
R, L= | v,
1_|__2 — i=0
: e
=V = L1V v+ Vv
A SS
k ~0 ) Gain = A

EE 2245 £ 3 2129 % 6 EF o FEAETS



Op-amp=Ei (— ) : Inverting Amplifier

B Itis not easy to make an amplifier with accurate gain using
single transistors (for example, a common-source amplifier)

B Dlop-ampEEMAZFZHELRE R : op- ampEl’JgaimF'd( {E1FHEL
BRRERERERE” ; EIEER T - REEME (R, R, ) % -
ErEAEREAIEES (v, /v;)

B “Inverting” means the achieved gain has a negative sign

R,
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Cont’d : Inverting Amplifier

® Virtual short, so:

V =V'=0
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( &2 ) Inverting Configuration
B |ngeneral: Vo(S)__é
Vi)~ z r -
B Forexample: Z; = R, Z, = 1/(sC): Z, ~ v
o
V, (S 1 U
Vci)((s)):_sF\’C (integrator) (_\/?Vi —
V, (s) 1 1.
= =————V
Vi(s)  sRC o(s) SRC ©
1
Volt)=—— t)-dt
= Vo (t)=— 10
9 EF o FELETS
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Example: Weighted Summer

<
o
|

Ry Ry Ry
= Loy oy by
Ry R, R,
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OpampEEE ( — ) : Non-Inverting
Amplifier

B  “Non-inverting” means the gain is positive
m Virtual short, so:

Vo =V* =V
V-V
I:21 R1

. \V/
V.=V +i.-R, =V, +—.R (
0 12 = Vit 2 ,\>Vi

I =

1

Vo _1, R2 =
Vi Ry

R, IS very large, which is good
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~~
limli
(I

22 ) Non-Inverting Configuration

— Vo i Vo
= + s
@ Vi 6’ Vi
B Similarly: m Voltage follower (Z; = «, Z, = 0)
with a gain of 1 and better
Vo (S) :1+é driving capability
Vils) 7y V,(s)

=1

Vi(s)
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Difference Amplifier

B |t can remove the common-mode signal, and subtract and
amplify the differential signal

B By superposition:

| FOI‘R1=R2=R3=R4
Vo =V1 = V7

AV; —(Ry +R3)- Al +£v+ —v_): 0
~0

avq
Al
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High-Input-Impedance Differential-
Mode Instrumentation Amplifier

B RERAKAEAER

VO: 1+& . R2 .Vl_&.v2
R, R+ R, R,

Vo —
when Ry _ R °
R3 1
R,
V, =—%-.(v; —V
0 Rl (1 2)
when Ry =R, =R; =R,
Vo =Vp — Vo
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Variable-Gain Differential-Mode
Instrumentation Amplifier (Design Problem V)

The gain can be conveniently adjusted by tuning R

Vo=Vi—V5 (1)

G Rs
Vo = 1+& vz—ﬁ Vq
Rc Rc Vo

Substitute (2)(3) into (1):

VO=(1+&]-(V1—V2) Vi —

Rg
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Non-ldeal Effect in Op-amp: Offset
Voltage

B |Input offset voltage V. occurs due to internal imbalances in
the input differential amplifier

B Result: Real op-amps have a non-zero output even if the
DC level of two inputs are the same

® How to reduce the non-zero output to avoid output
saturation in an amplifier?

/ Actual op amp

Offset-free op amp
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Reduce the Output Change dueto V_,

B In a non-inverting amplifier, the

input dc offset is amplified by:

R
V. = 1+2j.v
(0] [ R]_ 0S

B Add a capacitor to reduce the
output due to V

C R

/VV\’ —_

+

Sy, |

EE 2245 £ 3 T =9 5%
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R

+
: E Offset free

I FELET )

Vv

o

Vv

0s



Quality Factor (Q) of a Frequency Response

B A parameter to evaluate the energy-dissipating behavior of a
circuit near its resonant frequency

m High Q: a large resonant peak and thus low energy
dissipation

B Low Q: a small resonant peak and thus high energy
dissipation

B As shown, frequency responses of a low-Q and a high-Q filters:

high Q (low &)
Q
S low Q (high &)
=
o
@
S
am Frequéncy
EE 2245 § 3 £ &9 % 18
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Reminder: the Frequency Response (Magnitude) of a 2nd-
Order System for Different Damping Ratios &

82+2§(Dn5+(ﬂﬁ - )| 1
0=

20 ! - " 2&
resonant peaks <__J|\"¢=2% | H('(o)| .y
- foremall & XLKO-U.._ R N N J =00 o
10 vi a1t [ B} \’g /\&\—/0.20
/;\\\/ 0.25
o~ : A~
S &%
I | | 0304 s .
Q 0dB @ ©=0 "o N\ | -40 dB/decade
O 20| 7
N l
—40 N
0.1 0.2 03 04 0506 08 1.0 2 3 4 5 6 8 10
/o,
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Definition : Quality Factor (Q)

B The resonant peak magnitude is related to energy dissipation
m Definition:

_ Energy stored
~ Average energy dissipated per radian

B Q is a dimensionless parameter and related to the
damping ratio by Q ~ 1/ (2¢)

B Q = o implies there is no energy dissipation when a circuit
oscillates
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Step Response vs. Q

B A high-Q circuit has low energy dissipation, and long
oscillation time in its step response

R from a high-Q circuit

/\\
— /1 \\ / \
2> 1 . A WY A N 2~ W S S
9 / W [/ \ /4
- / /.
O /
/

from a low-Q circuit

Time

EE 2245 ¢+ B+ 9 5% 21 EF o FEAETS



Obtain Q by Analysis or Experiment

B Q can be obtained by analysis:

B For§ <<1, Qisrelated to the damping ratioby Q~ 1/ (2¢) -
Remember: Q and € are both dimensionless

B Q can be obtained by experiment using the half-power bandwidth
(defined by »; and »,):

O
Q= (EE | fREHdemo QEERZ )
Wy — N
Al
s Al |
£ V2 Lo
(@)} 1 !
CU 1 |
& ! :
W; W Oy Frequency
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Example: Q of a Low-Pass Filter

Transfer function is given by:

1
— 2
Vo(s): LC _ On
vil) 2, R, 1 s?r2mpsiod  —AN—5—
L LC I R L +
1
where ®, =—— natural frequency @vi(t) C Z— v,
'e )
and QZR. 1 :R E — —
L 20, 2 VL
1 1 |L
So0=—=— |—
°Q 26 R\ C
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Active Filters

B |n addition to passive elements, operational amplifiers are
used to build an “active” filter

m S8
B A voltage gain more than one can be achieved

B An active filter can achieve the frequency response of a
standard 2nd-order R-L-C circuit without the use of an
inductor

B An active filter can achieve higher-order filters (> 2"d order)
with better attenuation

» Note: 1st-order filter; -20 dB/decade, 2"¥-order filter: -40
dB/decade, nth-order = -20xn dB/decade
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Filter Design and Specifications

B Itis usually desired to achieve a flat passband and a high roll-
off rate (depending on the applications) in the transition band

' | Passband: desired to be flat

/ — | Desired to be steep

7

T T T T T T T

Passband Transition\Stopband ®
i ban -
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Types of Active Filters

B First-order active filters :

B Low-pass, high-pass, band-pass, and band-reject filters
B Second-order active filters :

B Sallen-Key filter

B Biquad filter

W State-Variable filter

H ...etc.
B Higher-order active filters:

B Butterworth - Chebyshev * Cauer (elliptic) - Bessel filters,
etc
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First-Order Circuit: Differentiator

20 dB/dec.

N\

7 frequency
(radian/sec)

~[H(jo} = oRC 1. sm=mmm+is . mastugA+E (E120 dB/dec )
2. H(j0)=0=-xdB
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Integrator

R C
+ dB
6’ Y — -20 dB/dec.
= IH(o)|
vols)_ 1 uda !
H(s)= "2 =——— v, (t) =~
vi(s)  sRC RC
: H(' X_ 1 frequency\
‘ Jo)= »RC (radian/sec)
1. SART|IENME - BRRATSZ2— (B1-20dB)
2. |H(jO)|=cc
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Low-Pass Filter with Gain

dB ¢
IH(jw)|
-20 dB/dec.
N\
1 1 frequenEy
B vils 7 R 1 R,C (radian/sec)
H(S _ O( ):__2:_ 2 / R2 \
vi(s)  Z; Ry SR,C+1 H(jo), S
: R 1
- H(jo) = 22 . R
> 2 H(jo) 1 =0.707=2
. Ry \/0) R5C” +1 ) R,C R,
R,C IS the -3dB frequency \H(j(o)(@—oo -0
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High-Pass Filter with Gain

dB
R, C 20 dB/dec.
AN \ b ] |

H(s) = Vo(8) _ Ry SR,C

Frequeﬁcy
(radian/sec)

Vi(s) Ry sRC+1 TA(io)_, =0 ™
~H(jo) = Ry ORC H(jo) _ 1 =o.707%
Ri Jo?R2C? +1 RIC 1

R%C is the -3dB frequency L ‘H(j(,o]mzoO - I;_i Y
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Band-Pass Filter

{iRE&R,C, > R,C,

vils)  Z
3 R2 SR]_C]_ 1

" Ry SRyC; +1 SR,C, +1
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IH(w)|

[EBPFHYpassband 28 =

» 1Y FPEEEEEHigh-Q,

i z=passbandiyBPF
é >

20 dB/deT.

\ -20 dB/dec.

-1 1 ® (réd/s)
R,C,
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Band-Reject Filter

V. »| Low-pass filter y
— | Summing amplifier ——"
» High-pass filter
Ry
4 'W\'RL\ Vo = __(VoL "‘VoH)
R, 4”& V,,
" Y, ’VV\/—._._&
4 Ry, ) R - Ve
v D) || Ra co W MW— 17
T UwHHEI N =
) / VoH

\_
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Cont’d: Frequency Response

dB

Low-pass High-pass

/ Stop-band
<€ >

IH(w)|

Frequency

EE 2245 T 3 § B2 9 5% 33 EF o FEAETS



2nd-Order Active Filter: Sallen-Key Low-
Pass Filter

B Define the non-inverting

gain:
R R
K=1+_8 . Rg
Ra Vv [ Vv
B The output v, R, - . -
. S T
= . V
R,C,s+1 * ! ’
- = C
B Summing currents at nodev,: = H i
Vi —V, V,—-V, V, -V,

R, T R, +1/(SC1)
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Cont’d

B The transfer function:
Vo(s) K

Vi(s) RC,R,C,s%+[1-K)RC, +RC, +R,C, s +1

For solving o, and & (i.e., Q), remember to use the form:

5% + 25,m,S + ooﬁ

B The gain rolls off after the natural frequency:

_ 1 o 1 JRICIR,C,
JR.C,R,C, 2¢  (1- K)RCy +RCy + R,C,

W,
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State-Variable Filter (KHN Filter)

v. Rs Rs Rs C, R, C,
“WMW+—W—W L | —1 Wv-L | ——
RG
Vip Vip
+ + + Vi p
R, ‘ R, = —
Summing amplifier Integrator Integrator

B [t simultaneously realizes the high-pass (vp), band-pass (vgp)
and low-pass (v,p) frequency responses
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Vip  (4)

- Vep =
sR7C; s°’RgR-C,C,

BITA2) - H,%i%ﬁéﬁiﬁ(@—ﬁ_ﬂﬁ/\(l)
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L, %_L G |
>_‘VBP >—VLP
L2 L]
. __ 1 R4ReR7C1Co8"
vi(s) R R4R6R7C1C252+R4R7C2(1+R5/R3+R5/R4)S+1
R: (1+R,/R;)Rs
o JRs /R, o _(1+R; /Ry )\JRsR¢C1 / R4R7C,
" JReCR;C, 28 1+R: /Ry +Rs /Ry

BT EFIES ?
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«RA?v-L | E—p
— V
VBP LP
L1

Vi(s)  SReCy vilS)

1 R,R-C,s

R, R4R6R7C1C252+R4R7C2(1+R5/R3+R5/R4)
Rs (1+R,/R;)Rs

S+1
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«RA?v-L | E—p
— V
VBP LP
L1

Ry 1
R, R4R6R7C1C282+R4R7C2(1+R5/R3+R5/R4)S+1
R: (1+R,/R;)Rs
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Biquad Filter (Tow-Thomas Filter)
Design Problem |

R5
W
RZ
- AM—
Vi A — WA

RS
L W\'-L MN—
:>VBP L J;>' e

Lossy integrator Integrator Gain =-1

B [t simultaneously realizes the band-pass (vgp) and low-pass (v p)
frequency responses
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Cont’d: Please Derive VLiP(S)

v(s) on Your Own

At the inverting node of first op amp, by KCL.:

Vi _Vip _ Vep . VBP _ (1)
R, Rg R, 1/sC,
Y
and VLP - — £ 2
R,C,s 2)

Solve (1) and (2):

Vip(s) _Rs 1
vis)  Ru g 4R:C,C,s2% +

R4RsCp

+1
R
Lo 1 _ ReJG
SOy = Q=
JR4CIR5C, JR4RsC;
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ECG: Figure Out Your Design for the
Specific Application First!

A

. N
"y ( EMG (internal)
T N
ECG MG .
v (1 AEE S : measured from skin
g \. y y
= LFPs neural : measured internally
E 100 uv 4 -
= BVH /Q_ocal field potential) ] | spikes
H 10 pv )
- EEG
RN
A ' vy
I | I I —>
{Hz  10Hz 100Hz 1kHz 10 kHz

zignal frequency

EE 2245 ¢ 3 T B9 %
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s sEEAPE#T : Model of Electrode-Electrolyte
Interface

In+

g
3
T

zignal elecirode reference electrode

RERBEMNESHNRSEBEREMUREBRIMET - BHEBEMAK
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ECG Measurement (Design Problem Il to 1V)

B HEECGER - EfHESilterf9-3dB frequency, 71 BEigi£interference

signals

R3

AW
R6 ‘
| —_

R4

' AAAY
R2 C2 L
'II AMA—| \
VIN- O \ A4
INA [ /
Vine O—/ C1l
R1

Instrumentation High-Pass Filter
Amplifier
EE 2245 § 3 R &3 % 3
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R5 AS Vo

c:4l

C3

Low-Pass Filter

EE o FEAETH A



EE 2245 £ 3 T =9 5%



The LM348 Chip for Design Problem |

B Contains FOUR op amps 18V

m Power supply =18V 7

B Caution: avoid touching the  oure  wa  wae v Wy ws o ours
metal pins of the chip to TN LI L (L N :
reduce damage from |:|
electrostatic charges _< I:

VY
L% ] {3 ]

- :

1 |2 3 |4 5 |E 7
ouT 1 IN 1 IN1° v’ IN2° IN2 ouT 2

18 V
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The TLC2264 Chip for Design Problems |l
to IV

Compared to LM348, TLC 2264 has lower
noise and input offset, and higher input
impedance, suitable for biomedical
signal processing

Power supply =18 V

TLC2264M, TLC2264A0 ... J OR W PACKAGE

(TOP YIEW)
12T AT
1M — A —
1M+ A +
> |8V |VDD+ Vop—/GND | -8 V
21+ Sl +
21— Sl —
ST FoLUIT
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