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Single-Amplifier-Biquad (SAB) Filter
Stages

« Sallen and Key Lowpass (LP) Stage
« R,.C, =R,C,=RC strategy
« R,C #R,C, strategy

« Sallen and Key Highpass (HP) Stage

e LP to HP Transformation
 Delyannis-Friend Bandpass (BP) Stage

2008 Kenneth R. Laker (based on P. V. Lopresti2006) updated 05Dec08 KRL



7N Penn ESE319 Introduction to Microelectronics

NNNNNNNNNNNNNNNNNNNNN

Sallen-Key LP Stage
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Choice of dependent element variables is important!

1. Choose R,C, =R,C,=RC =>RC-> 1o, & K-> 1/0, K,
2.Choose K,sayK=1=>K =1,R,R, C,C,->1/0, 1/0
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Sallen-Key LP Stage Analysis

LETRC =R C =RC
|

C,=C
v £ v
=R |:'> r
2

R
— T ““\ur'"‘\ur’"‘u
l ¢, =cC ~(K—1)R,
R
— = T K=1+ -

Write 2 node equations:
V.~V V-V

V: “+sC|V—~V, |+ =
: Y _
‘g. R +sCV, =0

and V=KV,

Multiplying by R:

V: VA+sCRV~V,
j J J 0

+V -V =V,

V: V,—V+sCRV,=0

and V=KV,

Eliminate \i) using V=KV,

p

and combine terms:

V: (2+sCR)V

‘g:

1

Vs
—VA4(1+sCR| '

?‘FSCR) Vo:‘/i
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Sallen-Key LP Stage Analysis - cont.

Ve u+umng4éﬁsaam=m

J

VO
Vi —V+{1+5CR| <=0

Eliminate: Xé(multiply V Eq by (2 + sCR))

V: (24+SCR)V —(—+sCR)V = V.
J J K 0] 1

VO_O
&

Vi —(2+sCR)V +(2+sCR)(1+sCR)
Add and solve for V and multiply by K:

iK(2+ sCR|(1+ sCR|—

-%+um)m=v

1

2+ sCR)|1+ sCR|—(1+s K CR)

V,=KV,
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Sallen-Key LP Stage Analysis - cont.

2+ sCR)|1+ sCR|—(1+s K CR)

V=KV,
Multiplying to expand into a polynomial:
[( SCR)2-|-3S CR+2—1-— SKCR] V=KV,

Collecting terms:

F(CRI+(3—K|sCR+1|V,=K V,
Dividing by (CRY*:

, (3—K) L2 B L2

s+ CR s+ CR) VO_K(CR) V.
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Sallen-Key LP Stage Analysis - cont.

2 2
Sz_|_(3_K) ot L) VO:K(L) 7 ForR C =R C,=RC
CR CR CR
Form G(s) = V/V:
1)y
G(s) v, CR w, K,
S)= = — 1
Vi, (3_K) 1\ Wy Note: K=1=Q=—=
— ‘r— s+
s+ R S-I-(CR) S ) S wo 2
0 =—
CR v3-K

sensitivity & potential stability problem, i.e. K > 3 => G(s) unstable
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Sallen-Key LP Stage Analysis - cont.

Design Equations:

G(s) V, CR w, K,
S: j— j—
v, S2+(3‘K)s+i2 E
CR CR Q ’
1 1
woza:choose C=> R:Cw
0

0= Lo gyl O > 1/2 to be realizable, i.e. K > I
3I-K Q 0 > 1/2 to be realizable, i.e. R, > 0

Rf
K=1+—:choose R.=> R,=R, 2//‘—/
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Sallen-Key 20 kHz MFM LP Stage

1. Let's do the Initial design with normalized R and C.

~(20=wo=é=2wzo-1o3 and R,=1kQ

KI(R,C,) K, K,
5121+ s + : S”+§M Sn\
ot design s
. | | O=—r|s"
Normalized design equations: 2

1 R 1
RC, K=1+ = 3 0 3—v2=1.586

where RH:% and C =Q,R,C

Choose: |C,=1=R =1 Choose: |R., =10= R, =5.86
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Sallen-Key 20 kHz MFM LP Stage - cont.

C=1>R=1 where Q,=w,=2m20-10° and R=1kQ

n n

C

Q,R,  2m2010° R, m R, R,

R=R R,Q
R,=1k( =>‘R:1k[2 and C:7.9611F‘

R.=10=>R,=5.86

R=1kQ =>|R=10kQ and R,=586kQ |
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Sallen-Key 20 kHz MFM LP Stage - cont.

Suppose we wanted to choose C = 5.1 nF from the RCA Lab.

-6

—6
Solving for R ; R0=7'96 10 =1.56 kQ=|R=1.56 kQ2

-9
5.1-10 C

51 nF
I
i

R R K
1.56 k Ohm | 1.56 k Ohm

AN _ M * + < o\/O
Vi @E Vi Vp &R

I
5.86 k Ohm
C L 28K Note: R, & R. do not
5.1 nF s ’

; Ri ~ w»need to be rescaled

L 10 k Ohm to new R,
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Simulation Results
K=1.586=20log,,|T( jO)|=201og,, K=4 dB

4 dB
Pass-band Gain

Stop-band Gain
at 10x cutoff (20 k Hz)

-36.45 dB

X
_ Phase Save
—wirtical — Horzontal
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F 104dE = Fl = MHzE
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| 4. 004dE I
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.................................................. G h o & on G
X
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Sallen and Key LP Stage with K = 1
C

2
|
N

Recall : R1C1=R2C2=RC
b<=Q<owo=>]<K<3
When: RC #R C
1 1 2 2
we canset K=1

1 Note K=1=>K, 6 =1

2

T(s)= Vo: C,G,R R _ K, wy
Viogyl Lo L ] F+—-2 st
Cl Rl Cl RZ Cl CZ Rl RZ Q ’
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Sallen and Key LP Stage with K= 1 - cont.

Normalize frequency and impedance, i.e. s,=— and 7z =%
Wy
1
V C, C, R R,
G(SH): o __ 1 2 1 2 _ | 1
V; 2_|_( 1 n 1 s + 1 5‘2+l ¢ 41
S S n = n
" Cln Rln Cln R2n " Cln CZn Rln RZn Q
Design Formulas Design Formulas (MFM)
[ S L, 1 5
Cln Rln Cln R2n Q Cln Rln Cwln R2n
1 1 _
Cln C2n Rln R2n =1 Cln C2n Rln R2n

2008 Kenneth R. Laker (based on P. V. Lopresti2006) updated 05Dec08 KRL



T

Penn ESE319 Introduction to Microelectronics

NNNNNNNNNNNNNNNNNNNNN

Sallen and Key LP Stage with K = 1 - cont.

1 1 1
+ =2 =

Cln Rln Cln R2n \/7 Cln C2n Rln R2n
Choose C =1 and R, =R =R:

2 _ _ 2 _ SRS I S
r VRSV R TOTRE
Normalized Design: Denormalized Design:

C, =1 o |
- i 1 R, w,R,
Co=> _11
> 2w, R,
Ieln:132n:\E R1:R2:\/§RO
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Comparison
KI(R C. Y K,
« RC,=R,C,=RCstrategy G(s,)= 32K .
2y +—s,+1
Sn‘l‘ RHCH SH—I_(RHC’H)Z S, QSH
1 A 1
RHCH_I K:1+Rm:3_5
« R,C, #R,C, strategy 1
G(s,)= ; = " leCanmRzﬂ 1 B 11
e o+ T+ —s,+1
B (Cln R, M ClnRzn) o CinCouRiy Ry, ’ & i
[ S 1 _1
Cln Rln Cln R2r1 Q Cln Czn Rln RZ“
=/and R =R =R = 2 _1 R #21:@:1:1
Cln o an on Rln o Rn => E_E:I 2 QI CZnRi ’ R121 4Q2

2008 Kenneth R. Laker (based on P. V. Lopresti2006) updated 05Dec08 KRL 15



Pel’]nv ] ESE319 Introduction to Microelectronics

Sallen and Key HP Stage

By interchanging 2 R's and 2 C's on the LP schematic,
we convert an LP circuit to an HP circuit

LP HP
N
C R
R | RV C C Vv
. ||
V. |:|::>“ _"_' | | v
Vi ’ L %RHK 1)Ri Vz J §R
R,
: S Ri _ Rf
LETRC =R C. =RC
171 272
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Sallen-Key HP Function

Interchanging sC and I/R in the LP nodal equations gives:

. V.-V, V-V V-V,
Vi = +sCV= V [+ — =0 > sC|V,;=V|+—=—+5sC|V,=V,|=0
. V,-V, Vi _
V: PR L +5CV,=0 o sc(Vp—Vj)Jr?f’_o
V=KV, o V,=KYV,
V 2
G(s)=—2= xS :
Vi & (3_K)S L
CR CR
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Sallen-Key HP Function - cont.

G(s5)= 2 Ks' K.s
S j— j— j—
Viog B3R L 2 P2 st
CR CR Q

Note that the HP denominator polynomial (or poles) is the same as
for the LP section and the same design equations apply:
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20 Khz MFM HP Stage

R

1.56 k Ohm

. ) I
Vi I Vj | Vp
i . R Hg

1.56 kK Ohm

* Vo

Ri—, v. Rf

10k Ohm ¢ 5.86 k Ohm
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HP Stage Response

Passband __
‘% Bode Plotter X]
response
[ save |
406 dB — wiartical — Horizontal
Ea | | EA
F| 204dE = |F[1 = |MHz
I{-140 dE =IE = |Hz
B
® In (% oot (w
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Stopba nd ' Bode Plotter pd
response | D rese | | e
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i Em ]| | ER L
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<o EE
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Delyannis-Friend BP Stage

Node Equations:
0

V: Vf; V"+ sC(V,;=V,)+sC( Vj—/V:)JFK:O
Choose CI=C2=C e ‘2/
i V:sC(V,—V )+ ”R3 °=0
b V,=—KV,

ldeal op amp: K—w=V —0
V=—KYV #0
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Delyannis-Friend BP Slage - cont.

s w,
V. " CR s K
Vi = g 1 >, Wo 2
CR " CR-R|R S+(6)S+w0
|dentify: ) 1
Wy =—
CR3'R1||R2
w, 2
Q CR,
R,
K, =|Gljeoy| = SR R
0 _CR, 2% 2 R,
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Delyannis-Friend BP Stage - cont.

Given 5 Q and Kwo, choose C and

)’ 1 solve for the resistors:
0 2 2 R
C" Ry R|||R, R,= CaQ) R1:2K3 :CwQK
0 w, 0" *w,
1 1
w0: 2 R1||R2: > :2 C
Q CR3 (UOC R3 wO Q
R
R,=
- R, 2w,CQR,—1
“ 2R Normalize w,,=1and choose C = I:
Q 1
n n K In 2n
R, = Rln o ZQ
M J2QR, —1
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Delyannis-Friend BP Slage

4
w,=10"rps= f0=£=1.59kHz onF
2 H
Q:8 R3
c 160 k Ohm
Kwoz 10 Vig k%1hm yj | 10 ’l‘F Vn K>>1 Vo
I

I
| -
Choose: @Jé mo
625 Ohm
C=10nF
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Peak gain
19.98 dB

High -3 dB point B

16.50 dB

Simulation Results

Xl
RN Fhase Save |
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................................................. G n @ Ot @&
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Q

_ 177155

1.66

=7.54
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