Lesson 8 Analog Discrete-Time Integrated Circuits, TSTE80
Lesson 8
L esson Exer cises: K27, K28, K36, K37, K38
Recommended Exercises: K24, K25, K26, K30, K39, B10.1-5
Theoretical | ssues: SC-filter, Laddningsanalys
Theoretical

» Switched-Capacitor Circuit Technique, SC

The advantages of not having to implement on-chip resistances are several. In the previous les-
son we saw that the resistance implemented with a transistor is signal dependent. There are
certain processes allowing special poly layers to implement resistors. There are however prob-
lems with matching and parasitic capacitances. The SC technique utilizes the fact that capac-
itor ratios are used. Then we only need to match capacitors.

To know all the principles of the SC technique, we have to consider the charge redistributiuon
that occurs in the circuits.

Chargeredistribution analysis
, _ , <> %| %
Consider a capacitor. The charge is equalt to the voltage over the o [o_d=p
plates times the capacitance value (constant): ® ©
Q=Cv
By noting the amount of charge that is transferred between different capacitor plates, a flow
chart for the charge (and thereby voltages) can be constructed. By only allowing the charge to

move at certain time intervals, at discrete-time points, we can control the behaviour of the cir-
cuit.

Equivalent Resistance
o—

Consider the capacitance and the switch at time . The charge on the
top plate is equal to

q(t) = COr(t) I

A certain amount of charge will flow from the input to the top plate.
Aq(t) = g(t) —q(t—1) = Clvy(t) —v,(t—T1)] —0
Attime t + T the charge is given by
q(t+1) = COn(t+1)
The charge floating from the output to the top plate is given by I
Aq(t+T) = Clvy(t+ 1) —vy(1)] -

From this we conclude that during a clock peridd, , a certain chAege, , will flowwfrom
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to v, . This charge must equalg = C(V,-V,) the capacitance and change of voltage
between the terminals. If there is no difference, no charge will be transferred, etc. The average
current,l = LT , gives

I
c

Parasitic capacitances
We can associate a parasitic capacitance with all terminals of the tran-/ \
sistor, source, drain, gate, and bulk:

ng' Cgs' Cds’ Cdb andCsb ﬂ%
The switching signal is considered to be ac groundecC@gd is col I
pled in parallel withCy,, , as well &y willy,

O which gives the equivalent resistarRe T

Vl_VZ = C

In most cases the influence Gf;  is neglected, due to its low value.

When the switch is conductinG,;; s also considered to be replace? %
with a short.

By noting these parasitics their influence on the total transfer functiorI I
can be analyzed. = =

Discrete-time Spectrum

The discrete-time signal can be written as

o

y(®) = 5 y(kD[u(t—kT)-u(t—(k+1)T)]
K=0

whereT is the clock period. The output spectrum can be written as
Y(w) = sing(wT) O¥[wT]

Tipsfor charge redistribution
Charge can not disappear fron an unconnected plate

On a voltage controlled operational amplifier it is only the output that can add or
remove charge. The input is coupled to transistor gates, wherein no current can
flow.

The charge disappears from the capacticance if both plates are connected to the
same potential (short cut).

The charge redistribution is done in discrete events

If a capacitance is switched to a charged capacitance net, the charge will move and
eventually reach equilibrium. By using the tips above and use the knowledge of how
the charge is stored from one event to another, the transfer function can be derived.
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Example Charge | (K25)

Derive the transfer function and discuss the sensitivity 4""{
of the circuit. Values are

C, = C,andC; = 1.12C,
Consider the start-up conditions at time . The charge C;

atC, andC, is
ay(t) = 0 andgy(t) = Cpvy(t) V1

C, is coupled between ground and virtual ground
(OPamp input). The charge must be zero.

Timet + T . Switches have changed.

C, is charged by the voltagg(t+1)  and the output

of the OPampy, , that adds extra charge. The charg o—
atC, becomes Cl -
O (t+ 1) = Cyvq(t+T1) —Vvy(t +1)] N =
Note the chosen sign of the charge. Egr ~ we havev, I
Oy(t+1) = Covy(t+1).

On the negative plate, the charge is stored.
Oo(t+T) = gy(t) dvsvy(t+T) = vy(t)

(No charge can disappear from the input of the OPam
if it is unconnected).

At time t + 2t the switches are close@, is again Cy|_-_
connected to ground and virtual ground, which empties o =
C, . The positive charge leaks down to ground, the neg-

yTx

ative charge is redistributed to the negative pla@of .
The extra charge needed to compensate the positive
plate ofC, is taken from the OPamp output.

The charge a€; an@, mustbe
gy (t+21) = 0 andg,(t+21) = Cyv,(t +21)
Charge conservation gives (at the negative pla@,of )
ot +21) = —qp(t+ 1) + (—qy(t + 7)) = — (1) -Gt + 1)
This gives
Covy(t+21) = Cyvy(t) + Cy[vy(t+T) —vy(t +T)] =
= CoVp(t+ 1) + Cy[ vy (t+T) —vy(t +T)]

We also see that
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Vy(t+21) = v,(t+31)
which gives
Covy(t+31) —Covy(t +T) + Cyvy(t + 1) = Cyvy(t+71)
z-transform, witht = kT an@t = T
[C,23/2—-C,7112+ C,2M2V,(2) = C,2Y/2V,(2)
which gives the transfer function
Vo(2) _ C 7112 C, 1

H@ =33 ~ ¢, Bra-cycy) ~ G, rm(1-c,/c)
If the capacitances are equally lar@g, = C, , the circuit is a simple delay element, (sample-
and-hold)
H(z) = z1
In the second cas€,; = 1.12C, , the transfer function becomes
H() = zi.(:)L.212

This is used to compensate for the sinc weighting of the signal.

Example parasitics |

Cy+Ce+Cy CatCp*Ce ch
, 1 1
®2 ¢
Q+Cg+ch Ce+Cf+Cg
Ch 1

The parasitic capacitances are associated with all nodes in the circuit. Consider the parasitic
capacitances;, throudl, . They are the parasitic capacitances associated with the switches
as discussed earlier.

I
i
|

During clock phasep, C, C. and,; are coupled in parallel. The same is trGg f@g ,
andC,, .C, is connected to the output of the OPa@)p.  is connected to the input signal. The
previous charge at the capacitances coupled in parallel will redistribGte to

During clock phasep; C, C, and. are coupled in parallel. The same is trGg f@;
and Cy-Cqy is coupled to virtual ground at the OPamp inByt. is connected to ground. The

parallel capacitances will be charged and during next clock phase this charge redistribute and
affect the transfer function.

Note thatC,, andC,; always are connected to ground or virtual ground and will therefore not
affect the transfer function. While the input signal is directly connect€gd to  the capacitances
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Ce: Ct, Cg, Cy, will not affect the transfer function.

Example Charge |l (K26)

Consider timg . Charge &, a@j is }?2
g, (t) = Cyvy(t) andgy(t) = Cyvy(t) v
At t+1 C, is charged withv,(t) - Cy z

gy (t+1) = Cyvy(t+71)

C, conserves its charge

g,(t) = Covy(t) = gy(t+71) = Covy(t+1) 4{ }?

Attimet+ 2t C,; is switched o

g, (t+21) = Cyvy(t+21) = Vs,
The charge aC; is redistributed betwegn  @nd =

in such a way that the total charge is conserved v
Q20 +0p(t+20) = e+ +Gpt+1) 2o/ o

Cyvy(t+21) + Covy(t + 21) =

= Cvy(t+ 1) + Cyvy(t+1) = (Cp+ Cy)vy(t +21)

Attimet+ 3t. The charge &, is conserved.

Vy(t+31) = v,(t+21)
This is concluded into

(CL+Covy(t+31) —Covy(t+T1) = Cyvy(t+1)
Lett = kT andT = 2t , z-transform

(Z3%(Cy + C,) —ZL2C,)V,(2) = C122/2V4(2)
This gives the transfer function
Vy(2) (o) _ C/(Cy+Cy)

H() = V,@ " ZC,+C,)-C, z-C,/(C,+Cy)

C, must be much larger tha, C,»C, , to achieve a sample-and-hold cirucit

H(z) = 21
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Example parasitics ||
Consider the parasitic capacitan€zs throGgh

During clock phase, C, C. andy are coupled in parallel. f
Thesameistruefa®; G, a@, C, isshortahd s con-”
nected to the input signal. !

The charge on the parallel capacitances will redistribu@;to

During clock phase; C, C, and. are coupledin parallel.?Acalchl Tedcs
The sameistrue f&€, C; ar@, Cy is coupled to the input

of the OPampC,, is connected to the output of the OPamp. L | L

Now note thatC, C, C. an€, always are connected to Ce[CT TCqlCh
ground or virtual ground, hence always short and will not affect
the transfer function. The charge@p ‘s plate connected to the- Ca T | TC*Ce*Ca

input of the OPamp determines the transfer function. While the ’ @
input signal is directly connected @,  neither will the capaci- Cr+Cy+Ch
tancesC, C; ,Cg , 0C,, affect the transfer function. Ce II T
—
— 1 1%
CatCytCe = Yy
CetCrtCy
S
1 I
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Exercises

Exercise K36

Derive the transfer functiohl (z)

Attimet the charge at the transistors is written as
gy(t) = Cyvy(t)
ga(t) = Cyvy(t)
Qg1 (t) = aCyvy(t)
Jgo(t) = aCyvy(t)

At t+1, aC; andaC, are completely shorted-—

The total charge o€, and, must however b

conserved, while no charge can disappear from tl
input of the OPamp. Changes of the input signal
will determine how the charge is distributed

betweenC, anc, :
g (t+ 1) +gy(t+71) = gq(t) +ay(t) }7

qul(t+r) = quz(t+r) = 0

At t + 21 we use the same result. No charge disip?
pears from the OPamp input. It has to redistribute t aCy
the other (previously discharged) capacitances:

Ou(t+ 1) +a(t+1) =
=y (t+21) + gyt + 21) +
+ (g (t+217) + qgo(t + 27)
= q(t) —gu(t)
This gives —=
Cyvy(t) + Covy(t) = (1+a)Cqvy(t+21) + (1 +a)Cyv,y(t +21)

Lett = KT and2t = T . z-transform and the transfer function is

1
H(z) = Vod - Ci (1+a)z-1 _ G ZTva _ G
Vi@~ G @raz-1 G, 1 G

which is an inverting amplifier. The pole is cancelled by the zero.
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Exercise K27

—e

Attime t the charge is discribed by C,
a(®) = Cyvy() o]
a(t) = Cov,(t)
as(t) = Cav,(t)

Attimet+T1:

Charge aC, and,
Ay(t+1) = gy(t)
Ap(t+ 1) = gy(t) A

C, is charged with the input voltage

O3(t+1) = Cavy(t+71)

Attimet+2t:

Total charge on the three capacitances is
Gy (t+21) + 0yt + 21) +gg(t + 21)

where
gq(t+21) = Cyvy(t+21)

gy(t+21) = Covy(t +21)
g5(t+21) = Cavy(t +21)

The total charge must be conserved, no char
disappears from the input of the OPamp:

gy (t+21) +oy(t+21) +gg(t + 21) = B

Qu(t+ 1) +a(t+T1) +ga(t+1) =

0y (t) +gp(t) +qg(t+1)

Use the charge expression, and we have
(Cy+ Cy)Vy(t+21) + Cyvy (1 +21) = Cyvy(t) + Covy(t) + Cavy(t+1)

which gives

c, c, C,
Vat+ 20~ ) = e+ gt D vt 20

Lett = kT andT = 2t . z-transform

Cs c
+ 3102 _ 0y 28020
y Vi ¢ 1Tgr T c, Hre?
7)) = =~ = =
@ Vi(2)  Ca+Cy Gy Ca*+Cy 7 C,
Cy+Cy Cy+Cy
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We now see that the output signal is affected by the input signal at each half clock period. Two
ways can be used to design a first-order all pass filter.

1) Eliminatez/2 by assuming,(t) = v,(t+1) which gives'2V,(z) = V,(2)

2) Eliminatez!/2 by assuming, (t + 1) = v,(t+21) which givey/2v,(2) = zV,(2)

this gives
C,+Cy 1
Z_ —_—
_ C, C, _ C3D 1—C3/C1
Hl(Z) —(:ZTcs D—C2° or HZ(Z) C " C3 % 702
TC,+C, TC+c,
For an all pass filter, if the pole is givenby= p , the zero is given byl/p . This gives
Ci+C3_Cy+Cy Cs Gy
— = 0C,=C,orl-—=—=—0C,; =C,+C
Cl C2 2 1 Cl CZ + CS 1 2 3
Exercise K28

Attimet the lowerC, is charged 1_{
qu(t) = Clvl(t)
The upper is shorted.
qua(t) =0 i)(
Attimet+T the uppeC, is charged -
Qui(t+1) = Cyvy(t+1) T
The lower is shorted. The charge will howeverf—{
redistribute to the negative plate@j . The posi-
tive plate atC, will get extra charge from the out-
put of the OPamp. The chargeGy is written as

Go(t+T) = Coup(t+1) = gyp(t) +qyy(t) =
= Cyvy(t) + Cyvy(t)
At time t + 21 the operation is practical the same due to the symmetrical capacitances.
Oyt +21) = Covp(t+21) = gyt +T) +qyq(t+T) = Covp(t+ 1) + Covy(t+71)

We see that the input signal is delayed and switched to the output at every half clock cycle.
We have

Vy(t+21) = vy(t) + g-l[vl(t +1) + v, (1)]
2

And the transfer function is
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C 1/2
o - g
2

If we now once again assume thaft) = v,(t+1)  voft + 1) = vy(t+21) , then
C, -1
HE@) = & D—Z—E——orH(z)_—— 2
2 1-z1
Exercise K38
G
General transfer function for bilinear integrator: o} ﬁ
— /|
H(z) = K (B=L 1 '
z+1 Cy +
Attimet the charge distribution is j—{ }—1
gy(t) = Cyva(t) = = =
Ga(t) = Cyvy(t)
gs(t) = O (shorted)
Attime t+1 C; is coupled in parallel wite; and C,

will take charge fronC, an€,

C,
Qt+T) = Cyy(t+1) HC
o(t+71) = Covuy(t+1) 3

ga(t+1) = Cavy(t+1)
The charge distribution will be = = =
Qp(t+T1) +ap(t+1) +aa(t + 1) = qy(t) +y(t)
Attime t+ 21 the total charge &, ar@, is conserved. It will though redistribute due to
the change of input voltage.
Ay(t+T1) + 0yt +1) = qy(t+21) + gyt + 21)
Concludingly, we have
Gy(t) +0p(t) = ag(t+1) +qy(t+21) +qy(t +21), ie.,
Cyvy(t) =Cpvy(t+21) = Cavy(t+1) = Cylv,(t +21) —v,y(1)]

which gives
c C,
Vy(t+21) —vy(t) = ——[vl(t +21) + S, (t+T) —vl(t)J
CZ Cl

Supposev, (t) = v,(t+1) , hence a sample-and-hold circuit at the input, which eliminated
the z1/2 -term in the transfer function. Let= KT ~ ad = T . z-transform
V,(2) Cy z+(Cy/Cy—1)

_ 0

Vi~ G, z-1

H(z) =
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ChooseeC; = 2C; and we have

C, 1+271
H(z) = —=
( ) C2 1—2_1

Exercise K37

At time t. The upper capacitor is shorted between C1 gy T G2 c
ground and virtual ground and the lower capacitor is 2
charged with the input voltage: Vy

C
Ay(t) = 0 andgy,(t) = Cyvy(t) % O

C, has the charge: i i

Go(t) = Cyvy(t) -
Attime t + . The upper capacitor is charged.
Oy (t+1) = Cvy(t+1)
The lower capacitor is shorted, all charge is lost to the ground.
gy(t+1) =0

The charge irC, is conserved since no charge can disappear from the input of the OPamp.

Oy(t+ 1) = gy(t) dvsCovy(t+T) = Covy(t) dvsvy(t+T) = vy(t)
Time t + 21 . The upper capacitor is discharged, but its charge will be redistributed over the
lower capacitor an€, . The redistribution is determined by the input voltage. We have
Oqy(t+21) = 0, gyt +21) = Cyvy(t+21), go(t +21) = Cyvy(t +21)
and
— Gyt + 21) + (~p(t + 21))
Which gives
Cyvq(t+21) + Covy(t +21) = Cuvy(t+T1) + Covy(t+ 1) = Cqvy(t+T1) + Cyvy(t)

=0y (t+7) + (=go(t + 1))

The input signal is sampled-and-held as

Vi(t+1) = vy(t)
which gives

Cyva(t+21) + Covy(t + 21) = Cyvy(t) + Covy(t)
z-transform

C,z-1)Vy(2) = C, H1-2) V,(2)

and

Vi@ _ G721 G
A =9,m " SR <,

The circuit is an inverting amplifier. Practically, however, a pole on the unit circle can not be
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cancelled by a zero. The circuit has to be used in a feedback loop.

Exercise B10.2
Attime t, switchg, is conducting. The charge<Cat énd are given by
gy(t) = C, Ory(t) anday(t) = C, Oiy(t)
Attime t + 1, switchg, is conducting. The chargeCat ~ énd are given by
g,(t+1) = 0andgy(t+1) = C,O/(t+1)
Note that the positive and negative plate€of are connected. The charge will cancel them-
selves, therefore
Go(t+T1) = gy(t)
At time t + 21, switch@, is conducting. Now we will have a redistribution of the charge at
the negative plate c€, (the one connected to virtual ground at the OPamp input).
gq(t+21) = C; Ory(t+21), gy(t +21) = C, Ory(t+21) and
=0y (t+21) + (—0(t + 21)) = —Go(t+T) = —,(t)
This gives
C,On(t+T)+Cy0n(t+T) = C, Or(t)
whereT = 21 . z-transforming the equation gives

Va(2) _ Gz _ G
.0 = H(z) = 0—

C, 1-z C, 1-71
which is a invering and scaling integrator.

Exercises B10.3 - 4 are very suitable for calculation.
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