Analog Filter Design

Part. 5: Analog Discrete Time Filters:
Switched Capacitor Filters
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First SC circults: simulations of resistances

» In integrated RC active filters, the resistances may be the largest
components, especially when low frequency singularities are required,
as in audio analog processors.

» Singularities in RC filters are proportional to 1/RC factors. Since R and
C are marked by non-correlated process variations, the spread in filter
characteristic frequencies can be very large (up to 20 %).

» Resistances simulated with switches and capacitors are given by
expressions like: 1

R =——
T f.C

where f, Is the clock frequency. With the small capacitors available
on chip it is possible to obtain very large resistors.
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Switched Capacitor resistance: principle

_C V (final) _y\/ (|n|t|al))
Alternation between V1 i V,

position 1 and 2 at

-AQ. =C(V, -V
the clock frequency f, ¢ ( )

=-AQ- f, =Cf (V,-V,)

Phase 2 —AQ f @
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Simple integrator based on SC resistor

C
C2 | 2 H Equivalent
V,, 1 2 l Req CT Integrator
O O — V V' .
/ out in Vout
__C’l J;+
—_ +
ITrri
JTTT7
Simple SC integrator
Q) 1 C,
Vv — Saadts (DO = — 1:ck
ot S ReqCZ CZ

» Important: The unity gain angular frequency of the integrator (»,) depends only
on capacitance ratios and the clock frequency. Ratios can be fabricated with
high precision and accurate frequencies can be obtained from crystal oscillators

» Filter with precise corner frequencies can be obtained.
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Effect of parasitic capacitances
C, /

R \ * o = %0

C out
I
P_i. C, +

I 'T“ —

S  TTTT7

- {TP_?_@" N,

’ 5 ‘/""* Cab 2l Cqp

b 1% 9 "’2{ 9 substrate (p) ®
Copt — —o— Parasitic capacitances are not well

= L == redictable and generally non linear

1 Inaccuracy of the corner frequencies
ITrri _ _ y q
= Distortion
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Parasitic Insensitive (Pl) SC integrator

> Parasitic Insensitive SC resistors

C, C,
—1/0—0 Q—{o— —?o—.—| 20—
2\ 1\ ANRA
I7rri IT7T7 [7rrl TT771

Negative SC resistor

out

A

Positive SC resistor

Example: Integrator
with negative SC Res.
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Parasitic Insensitive (Pl) SC integrator

» Integrator with negative resistor: phases

1L 1 1
IR Vour VO = —y®

Vez =Vez (hold)

(2) _
VCl —

VI AQCl

2 _
VC2 o

P 2P 1 2 1IN 2N

t t
(n-1T [ nT

nT-T/2

o1

V(2) V(ZP) C V(l)

out out

f/ U

Qs - LD V@),
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Equivalent currents

AQCl — Vi(:)Cl
|, = foc AQq, =V, T, C,

in " ck
N 1 B In terms of charge delivered
=T .
f,C, to the amplifier
C Cop
V., B +1 — 1+
> Vm H_. Vout
qu = Vin 1:ckCl\l
1 I7rri

Req = >0 geen by the source v;,
1:ckCl |
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Parasitic Insensitive (Pl) SC integrator

v =0

C
(2) _\7(2P) 1 4,(2)
Vout _Vout o Vin
C
2
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P1-SC resistors: symbols used In this course

2 ck —
2\ N\ D A<t
rrri - TT7T7
C'I
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Example 1: versatile integrator

: : Vin-F ‘Ib
_|_
Vin-p

W1
— 'S
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Example 2 First order filter

o, sk, -
C'IF Vour = S+ Vinotp — S+ Vin_np
Vin-Hp H : !

1 C
Cq "TR.C, g
tk Co 1 :

Vin-Lp —+’\/\/\A—-‘ 1= ‘D

= "HP
. C1 Vout m
— vV

ck + t (D1 out
7777 Vin-Lp % T 4+
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Example 3: Universal SC Biquad Filter

Car
Vin-Hp H
v ©3
ck — C4|| N
Vin-LP - »\\V\<4—e -1+ Wy =w/0010)2 QP = [—
6}

V, p — 01 e W2 1y
C, C, Cie = S — S |t Vout
o=Ff,— ow,=1,— K=
C2 4 C4 VOUt—BP

P. Bruschi - Analog Filter Design 13




Discrete time nature of SC filters: Integrator

C

i’k & V@ —y@P) G y®  negative res.
V A out out In i -
x AV« ‘ C2 non-inverting

t C iti

, Cr2 Y@y Ty posiiveres

ck < C2 g
Yy AN ng

Voo V-3 S o) S o T

CZ

defining
T C

Ve (t)=v, (t — —j Vo (N) =V, (n=1)—=2v, (n)+=v,, (n)

2 C:2 CZ

P. Bruschi - Analog Filter Design 14



Discrete time nature of SC filters: Integrator

C 1 Z
Vou (n):Vout (n _1)_—Vy(n)+c_121VXD (n) H(2) = 1—z7" B z—1

Backward Euler DT integrator
(non-delayed integrator)

VxD (Z)
/ Compare with:

2z 1
1-z7t z-1

Standard (forward) Euler DT integrator
(delayed form)

H(z) =
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First order filter: discrete time nature

tk C_11 C2 1 kC kC
Vx— C ’_L_ l - Vout(z)_l_z_1 VinD(Z)_l_Z_lvout(z)
* 12 ) ou k
c V — C .
’If/v-\l/-\f’ nJ; out(z) (1+kc)_z_1 VlnD(Z)
1
Z,= 0< Z, < 1
1+ Kk,
v + C1 V. always stable !
inD ﬁ Co(1-Z"
2( ) Step response Vo, (N) = (1— Z;)J(n)

always monotonic !
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First order LP filter: frequency response

2 =e T 21— joT

kC

H(e°") =~
( ) Ko + JoT
Kk C
®, = Tc = f, C1

2

10°

e—jooT/Z

=
T

Magnitude
[
o|

10

ideal (CT)
real (DT)

Example: f,=100 kHz

10

fple kHz
— T
— sC
16 163 164
Freq (Hz)

10°
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Filter synthesis by means of LC ladder network
simulation with SC integrators

» Advantage: low sensitivity with respect to component value variations

Example
In order to obtain
R L, v — (Vin Vi ] an homogeneous
V 1~ 2 : oo
V. —’\/\% T~ V3 Vi ut sC, U Rq variable set, itis
" 1 _’i e %R 1 ( \ convenient to define:
—_ I, = i, =—(v, -V,
C1 /7'}77 C3 L ok vV, = Rql,
1 (. V
Vour =V3 = —— I2__3
sC, R,

18
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Example: ladder LC network simulation

Vp = SC1R3 (Vin —V _Vz)
R
vV, :i(vl_vs) >

-) Indicated values represent numerical identities
(dimensions are not relevant)

-) Resistors are implemented with either
positive or negative parasitic insensitive
switched capacitors resistances.

RS
AAVAY
I
R
s ||C1
Rg 3 ; :
I Ly
1
V2J<Ii
Ry R :
o

1
Rs
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SC Filters that do not require the equivalent resistance
approximation

» These filters are obtained by direct implementation of the H(z) transfer
function.

» The H(z) can be obtained by means of:
-) conversion of a CT transfer function into the DT domain, by substituting
“s” with a proper rational function of “z” (e.g. bilinear transformation);

-) synthesis with the typical approaches of digital filters (e.g. FIR filters)
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Example: synthesis of a bilinear integrator

T&H _/“’K‘
2
1
s

n_~ VinH
C

C
v —y@P) _ 12 @

||

|

O
Ry

out out C inH
2

C
(2) _,,® 11 ,(2)
Vout — Vout o VinH
CZ

Cyy

s

3

1P 2P 1 2 1IN 2N
CZH VinH » v
| 1 1 L 91
V.t (n-1)T nT
@ _ ,2P)
VinH _Vin
C C Vi(nzl—)l — Vi(nZ)
V(2) _ V(2P) 12 V(1) 1 V(2)
out ~  “out C inH C inH
2 2
@ _er | Cuoer | Cu e
V. =V V. + V.
out out C In C InH
2 2
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Example: synthesis of a bilinear integrator

T&H - C1 .
v@ _yer [ Gz e, Cu @ L |
out out In In
u u C 2 CZ Vin _ VinH ’7177 ’7177 Vout
| C
C C B p— CH | 12 |
c," .t ” AU
H(z)=-—"—74 o o
1-z2 bilinear integrator
(inverting)
I I
' Cyl+z T1+2°
for: C,,=C, H(z)=—2——1 —_q, o -0
I C2 1-7 | 21—z
| I
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X(z)

Direct synthesis

7

s
N

Y

NI

Y

"
A

<
<%

7y

H (2) = b, +bz "t +b,z +...+b, 27"

-1 -2 N
1+a,2 " +a,z " +....+ayZ

Delay lines and adders (summing amplifiers)
are necessary
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Direct synthesis: analog DT delay lines

\,/Lﬁw

Sample and Hold
(zero tracking time)

Half-period delay line
with return to zero in phase 2

,ﬁ N

—
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[

Summing amplifier

72

2
V. Cyq §_o |* Simplified case: single input
in1 1 1
L | ~_Cyy
2

Vout
_|_

Phase 1
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Summing amplifier: analysis
Y :
Cojp & -

—_ + 09

Vo (IN)
nl; AQ, =Cv.
_ (1) any _ L@ . G ( (1) (1N))
AQl - Clvin Vour " = Vour T C Vin' = Vin
v So -
out C, " If v, does not change much across a period, the

output voltage is maintained in phase 1
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to component inaccuracy and active element non-idealities (e.g. amplifier gain)

Multipath filters

» The target is obtaining a band-pass filter with a very narrow band (i.e. an high Q=B/f,) i.e. a very
selective filters.

» Synthesis of very selective Band-Pass filters by means of traditional techniques is very difficult due

» Multipath filters uses N low pass filters (in this example N=3) fed with decimated sample

sequences, in order to explicitly produce aliasing.

+«— 3T—»
QT O2L [ 03] | 0T |92 [ 93|01 |92] |93
©» L2
in Vout ~ !3 f _ 1
"\ S—single — 3_T
——— 4 H(z) — . . N
93 ¢3 \ Low pass filters (nominally identical).

f

A

.

S—global

1

=—=23f
T

S—single

Each filter receive samples at frequemcy fg_gnge=fs giobar3
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Multipath Filters

Nyquist interval
for the overall system

A

Due to aliasing, the low pass response is duplicated around fg_gge-

This would be meaningless for a single filter, since signals around fg g; e
are beyond the Nyquist limit

Using all the three filters together with delayed phases is equivalent to
sampling at fs_ ;0. NOW, signals at fg g4 are within the Nyquist limit
The replica of the response around fg i, Can be made very narrow, by
simply reducing the bandwidth of the individual low pass filters.

f Nyquist interval

~S-single fs-zgfoba_/ for the single path
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