Switched-capacitor (SC) filters
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SC integrator

V, _ _ 1 y C,
V. sR.C, s C, s \° ¢,
« Consist of analog switches, capacitors and opamps.

e Discrete-time (or sampled-data) analog filters.

e Time constant is determined by capacitance ratio and switching frequency.

2 Mixed-signal ICs Design, A. Thanachayanont 2010



SC integrator analysis
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SC integrator analysis

Atcycle n, i.e., t = nT,, we have Q4(n) = C,V;(n) and Q,(n) = C,V,(n)
Atcyclen+1/2,ie.,t=(n+1/2)T,,

Qn+1/2)=0 Q,(n +1/2) = Q,(n) = Q4(n) = C,V,(n) - CVi(n)
Atcyclen+1,ie.,t =(n+1)T,,
Qin+1)=CVi(n+1)  Quxn+1)=CV,(n+1)=Qy(n+1/2)=C,V,(n)- C,V,(n)
Thus, the time-domain difference equation is
C,V (n+1) =C,V,(n) = C,Vi(n)

In the z-domain

2C,V,(2) = C,V,(2) - C4V(2) =
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SC differential integrator
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Effects of parasitic Cs

C
V,(2) = [—6—1[“}1(3) - Vio(2)] - ﬂlfn(ﬂ] X
2
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Effects of parasitic Cs

« Among the parasitic capacitors, only C,, contribute charge to C; if A = oo.
e Consider a finite value of A, then V/, = -A - V/,, and

Ci Vi1 () = Vig(m)] + Co[Vy(n) = V()] + CpiViq + Cp3lia(n)

= (Cy + Cpy + Cp) Vi + 1) + ColV(n + 1) = Vy(n + 1)]
[—g—;[la’}1(z) = Vj5(2)] - %%(a] « 7

1 Ci , Cpt |, Cpa _1 1 Co3
1+E(1+?2+C_2+C_2 -7 1+E 1+C—2

= Vo(2) =

e Mustkeep C,y < Cyand Cpy p3 < Cy.

— Connect the top plates of the capacitors to the opamp’s input.
— Let the bottom plates of the capacitors always be driven.
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Parasitic-insensitive SC integrator

C2
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e Insensitive to parasitics if A — co.

e The two inputs have different delays.
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Fully-differential SC integrator
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e /-y, and Vp, o can be different.
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MOSFET switch

MOST Switch Model
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MOSFET switch

When turning off the switch, the switching error is

Ay = @Qcs _ aWLCo, Ve,

cC C

The maximum clock rate is

Realize switches connected to Vg or near Vgg with nMOSTs.

Realize switches connected to V), or near V5 with pMOSTSs.

Turn off the switches near the virtual ground node of the opamps first.

The thermal noise is proportional to kT /C.

There are also noises from the power supplies.
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Effects of opamp finite DC gain

C2 If A, = co, then
11
1 C1 V,(n) = —kV,(n) + Vy(n = 1)
V; —e’s || o Vo p
I I Hiz) = M-z

If A, = 1/uis finite, then

ka
1-p06z-1

~1-(1+ku=1+4a Aa=-(1+k)u < 1

Vo(n) = —kaVi(n) + BV,(n-1)  H(z)

1
o =
1+(1+ k)u

1T+ u
B =
1T+(1+k)u

~1-ku=1+A4p0 AB = —ku «< 1
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Effects of opamp finite DC gain

The transfer function H(z) in s-domain is

; Kk
H(e/®'s) ~ - x [1 + m(®)]e’?®
1 -2z1 7=pl®Ts
C
m(m):-;da'—ﬁm- 16 1
2 2C,) A,
_ﬂﬁ . 1 1 Cy 1 1 C, 1 1

O(w) ~

2 tan(@l,/2) 2 C, A, tan(wT,/2) C; A, @I

e At the unit-gain frequency @,, where ‘H(ef“’*'TS) = 1, we have

-mw,;)~6(w,)=1/A, f @T,/2«1

e In most applications, the magnitude error m(@) has negligible effect, but the phase
error (@) can be detrimental in narrowband (high-Q) filters.
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Effects of opamp DC offset

Vos

<
s

1 C,
Az —
A )+CE1 -z

V,(z) = &

0.1 Vos + Vos
21—

e The Vg to V, transfer function is also an integration.

e When the entire filter is considered, the V[, may cause finite dc level shift in this and
other integrators.
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Auto-zeroing scheme

03 [ ] []

e During the ¢; auto-zeroing mode, opamp’s offset voltage is stored in C;.
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Effect of opamp finite settling time

Cs 01
02
C
1 1 1
Vi —o/o—I—{ |—I—/ Vo
T A
VO

o Letty, =0 A(s) =w,/s, T, =T,./2, @, is the unit-gain frequency of the integrator,
and @,7, < 1. At @ = ®,, the magnitude error and phase error of the integrator are

-— T4 —>

_ I

tslew

m(@,) =~ 6(®;) » —@,T o~ ®uTs/?

e Want @, > 5- @,. However, to avoid unnecessary noise aliasing, @, should not be
too much larger than necessary.
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Discrete-time signal processing
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Continuous-time signal

The Laplace transform and the continuous-time Fourier transform (CTFT) are

X.(8) = [ N x.(t)e s'dt X.(jR) = f N x.(t)e/dt

—co -0

If the region of convergence of X,(s) includes the imaginary axis, then
X(/R2) = X¢{5)|5=;;2

Sampling Theorem: To avoid aliasing, want

21T
QS}QQb QS=2?I'fS=T—
s

» (2, is the bandwidth of x.(t), £, is the sampling frequency, and 2Q, is called the
Nyquist rate.
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Discrete-time signal

In discrete-time domain, the z transform is
o0

X(@2)= D x(nz™”

MN=—0o0

The discrete-time Fourier transform (DTFT) is
M m 3

X (e®) = > x(ne
N=—co

If the region of convergence of X (z) includes the unit circle, then

X (/%) = X(z)|

z=p/®
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E;_

20

to-z transformation
Want to approximate H.(s) with H(z).
-Inz = H(z) = Ho(S)si1/7ginz ® He(S)sar(2)

Transformation error of an Integrator can be written as

1 1 1 _
H(8) = = = e = H(z ,?-=_.*]_€Q .Ef'ij'{ﬂ:'
G( :] S jﬂ ( )lg.lﬂ's jﬂ [ ( )]
BE 1/2 == BL
stoz
Vi Vo 1 2z > FE
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s-to-z transformation

Backward Euler (BE) Transformation

1 1 1 QT./2
5=T—-(1—E_1) = —=1T- e =1 SK
s

s 1-z1 B sin(Q7./2)

Forward Euler (FE) Transformation

- - QT /2
s = l . 1 z == 1 = TS , z = - SK
Te 2z s 1-2z-1 sin(Q2T7,/2)
Lossless Discrete (LD) Transformation
-z /2 QT2
5:1_.1 z = 1_:?_5.2' 8:1— SX
Te z-1/2 § 1-2z-1 sin(27,/2)
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s-to-z transformation

The transformation is

c_21-20 1 Tt aT2
T 14277 s 2 1=z tan(2T7,/2)
let z = €%, then

-
5=%.%=%-jtan(§)=jﬂ Q:%tan(%)

e The unit circle in the z-plane is mapped to the j 2 axis in the s-plane.
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Bilinear transformation

H(z = &)}

H(s" = j Q")
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Bilinear transformation

» Prewarp the filter specifications from Q2 to 2.

QT Q.T QT
0 = Ztan=L= Q = 2 tan=cs Q. = 2 tan =z
S T 2 < 2

o Find H,.(s").

e« The H(z) is obtained by
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SC filter
system

25

Xj(t) —» _\ o« o>

Anti-Aliasing

it

Filter
(Limits BW)

Sampled Data Filter

« Discrete-time (or sampled-data) analog filters.

e Filters consist of analog switches, capacitors and opamps.

« Filter response is determined by ratios of capacitance.

> _\ — Xo(t)

Reconstruction
Filter

(Smooths output)

e Switched-C “resistor” cannot be the only feedback around an opamp. Since the path
is not continuous, it won't stabilize the opamp.

« No floating node. Otherwise charge can accumulate.

e Capacitor bottom plate must always be driven from a low impedance (voltage sources

or ground).

e Connect non-inverting opamp input to a dc bias. Otherwise response is sensitive to

parasitic capacitances.
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Active SC integrator
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SC 1st-order filter
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SC 2nd_order filter
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SC 2nd_order filter
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