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CHAPTER 9 - HOMEWORK SOLUTIONS

Problem 9.1-01

Develop the equivalent resistance expression in Table 9.1-1 for the series switched
capacitor resistor emulation circuit.

Solution
The series switched capacitor is shown for reference purposes. ¢1 ¢2
The average current flowing into the left-hand port can be b —
written as, V(1) C g_/ v, (1)
T 172 T 5 5
1 1
i\(average) =7 Jidt =7| Si,(ndt + i@ty
0 0 172
or in terms of charge,
172 T
i,(average) =Tl qul(t) + % qu,(t) = 2.() -Tq](T/Z)
0 T/2

By following through the sequence of switching, we see that,
q1(T72) =0 and q(T) = Clv|(T) - vy(T)]
Clvi(T) -w(T)]  C[Vy - V;]

ij(average) = T = T

The average current of a series resistance, R, can be expressed as
_ [V - V>l
ij(average) =R

Equating the average currents gives

R=5




CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 9-2

Problem 9.1-02

Develop the equivalent resistance expression for the bilinear switched capacitor
resistor equivalent circuit shown below assuming that the clock frequency is much larger

than the frequency of the signal.
C
+ +
w (1) I@ } vy (1)

2

(o]
ol

Solution

¢, phase, 0<z<0.5T: ¢, phase, 0.57<i<T:

S o O

Vi \%) + + +

C D C
z y V1 V2 A2 v2
— SOOH6P1A 3 S 3 O
= OTO C O
- JT_ SOOH6P1B

T
i 2 2 2 4C
iy, =7Jiyd=7 [ idt =7 [ dg(t) = F2C(0-v,y) = 7 (v,-v,)
0 0.5T 0.5T
Grv) T T
eq = iqy =4C = R,, =4C

Problem 9.1-03

What is the accuracy of a time constant implemented with a resistor and capacitor having a
tolerance of 10% and 5%, respectively. What is the accuracy of a time constant
implemented by a switched capacitor resistor emulation and a capacitor if the tolerances of
the capacitors are 5% and the relative tolerance is 0.5%. Assume that the clock frequency
is perfectly accurate.

Solution

Continuous time accuracy:

drc dR, dC
R C =10%+5% = 15%
Tc 1

Discrete-time accuracy:

dr dC d
ng =0.5%
TD ] c
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Problem 9.1-04
Repeat Example 9.1-3 using a series switched capacitor resistor emulation.

Solution
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Problem 9.1-05

Find the z-domain transfer function for the circuit shown in Fig. 9.1- H
+ o +

5. Let ¢ = C,/C;y and find an expression for the discrete time

frequency response following the methods of Ex. 9.1-4. Design (find vy, Vout
) a first-order, highpass circuit having a -3dB frequency of 1kHz 01\ C2

following the methods of Ex. 9.1-5. Assume that the clock 5_|_/|:<5
frequency is 100kHz. Plot the frequency response for the resulting .

discrete time circuit and compare with a first-order, highpass, Figure P9.1-5
continuous time circuit.

Solution
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Problem 9.2-01

Fig. P9.2-1 shows two inverting summing amplifiers. Compare the closed-loop frequency
response of these two summing amplifiers if the op amp is modeled by A, ,(0) = 10,000

and GB = 1MHz.

R R Vo R R Vo
vio—AAN o VioAAN o
R R
v20-AAN- v20-AAMH
R
v30-AAA~

(@) (b.)

Figure P9.2-1 (a.) 2-input inverting summer. (b.) 3-input inverting summer.
Solution
A model for calculating the closed-loop frequency response is shown.

Solving for the output voltage,

R R
Vour=-A ((n+2)RV0ut + (n+2)RVl)

AR AR
Vour | 1+ T+2)R | = -+ 2R V1

A 1
|4 “(n+2 n+2 Ay(0) A0, GB
‘?i”: ( A) =7 T~ We know that A(s) = ‘ 5~ . 3 == 3
1+ 2 At ao 1+ E
a
Substituting gives,
1 GB
Vout n+2 n+2 A W34
Vi T s 1 = GB ~ %o
' GEt w2 St ST 0

GB
03gg=77> and A,=-1

Forn=1,f35g=GB/3=0.33MHz and forn =2, f33g = GB/4 = 0.250MHz
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Problem 9.2-02

Two switched-capacitor summing amplifiers are shown. Find the value of the —3dB
frequency of the closed-loop frequency response, v,/v{, with the remaining inputs shorted,

of these two summing amplifiers if the op amp is modeled by A,,;(0) = 10,000 and GB =
IMHz.

ot e
no—| (= no—{f
+ +

J: V3O__| HJT: SO02E2P3A

Solution %] ?/ ?/ Vour
A model for calculating the closed-loop frequency response is 91§ A °
shown. J_
Solving for the output voltage, n= 1n§ ) +V’ AV
C SO02E2S3 = —
Vour =-A (_(n+2)CV0ut + _(n+2)CV1)
AC AC
Vour | 1+ 32)C | = “m+2)C"1
A 1
|4 “(n+2 n+2 Ay0) A 0)w, GB
V= ( A_)=L T Weknow that A(s) = =5 = ===
I+757%2 A+ 2 1+w
a
Substituting gives,
1 GB
Vour n+2 n+2 A @34
Vims 17 GB P05t
GB™T n+2 St n+2n -3dB

GB
0W3gp=77> and A,=-1

For n = l,f@ =GB/3=0.33MHz and forn= 2,[@ = GB/4 =0.250MHz
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Problem 9.2-03

Find the z-domain transfer function for H¢¢(z) for 01
the switched capacitor circuit shown. 01
Solution o &)
, Cq 2
In phase ¢, the circuit is simply a charge Vin ( | S Vout
amplifier whose transfer function is given as
Hee(z)— 0(1:t —-C_ =
Vin(Z) 2

Problem 9.2-04
Verify the transresistance of Fig. 9.2-6a.

Solution

Positive transresistance realization:

Vi (I) Vi
Ry = ir(t) ~ ir(average)

If we assume v,() is = constant over one period of the clock, then we can write
L 4,(T) - q,(TI2)  Cv (D) - Cv(T12) ¢,
ir(average) =T f ir(H)dt = T = T =T
12
Substituting this expression into the one above shows that | Ry = T/C
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Problem 9.2-05

The switched capacitor circuit shown C, C
uses a two-phase, nonoverlapping o1 I ”2 d)}
clock. (1.) Find the z-domain | 1] )

0 Vout

expression for Ho¢(z). (2.) If C; =
10C,, plot the magnitude and phase vj, b SO/
response of the switched capacitor
circuit from 0 Hz to the clock frequency >
(fc). Assume that the op amp is ideal = - =

for this problem. +

¢

—

Solution —

(1.) This circuit is a noninverting p 0, p o p 0, p o , 0, , o} , t
amplifier with a minimum number of {d 3 \51 {d 1 {d d 1 N N 3 T
n_

! 3 1 1 1 3
switches. n > n > n n+2 n+ n+2

91:t=@m-DT Figure P9.2-5

vé (n-1)=vj (n-1) and v @n-1)=0

O:t=(1-0.5)T

e Cl o Cl o
Voo (10.5) = - [ vE (1)) = 5 v6, (1)

Cy
VOitl (Z) = C_2Z -172 Vl’(;,l (Z) — Hoe(z) = C—zz -1/2 — 1OZ:-]/2

(2.) Ho¢(OT) = 10e70T/2 = 10e722c = 10e7™/fc

Plotting this transfer function gives,

|[Hoe(e/wT)

< —-—— ===

Phase of Hoe(ejwT)
A
0° -

Q0% - mmm e

r===-fF=-=-=p=-===

180°F === mm e mm e

Fig. $9.2-05
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Problem 9.2-06

Find Ho¢(z) (=V 5 (2)/V{ (2)) of the switched capacitor

Page 9-9

—%

Vin o Cy Vout
circuit shown in Fig. P9.2-6. Replace z by ¢/@T and 1 '_*H I'_@

identify the magnitude and phase response of this 0
circuit. Assume Cy1 = Cp. Sketch the magnitude and _l_
phase response on a linear-linear plot from f=0 to f=f,. — —
What is the magnitude and phase at f'= 0.5f.? S D2 01 b2 01 02,
\y 3 \y \y 1 Ny \y 1 Ny 'T
n-3n-1 n-5; n n+y; n+l
Soluti 2 2 2
oten Figure P9.2-6
@1, t=(n-1)T: @y, t=(n-0.5)T:
Circuit: Circuit:
e 3
Voul(n‘ 2)T c VOZt(n_ S)T e 1
.0 OT IV E 0 % - + vout(n‘Z)T
zn(f‘\ |)_ Vout(n-1)T - o
o
L c Vin(n-1T !

Vin(n-1)T

— — SO01E2S4A

Writing the output,
C

+
J_—_ SO1E2S4B

€
Voru(n-0.5)) = v i (n-1.5)) + g, v (n-1)) = V5,(2)) = Ve (2) + oA 703V (2))

Vo2 (C1/C)z 03
Vo 1!

. H(9) =

(C1/C2)e'j60T/2 eJoT/2 (CI/CZ)

Replacing z by /T gives H¢(e/@T) =

(C/C)) T Cy T2

leeiOT % joT/2 = LjoT/2_p-joT

I
HO¢(el2m1f)
1

0.5
1

HO(oj 0T = — here i h
(e/oT) 2jsin(Tl2) X7 J0Cof sin(@T12) (note there is no phase error)
. Je e
If Cy = Cy, then H**(e/ 1) = ——— —————
e j27f sin(mflf,)
Sketch of frequency response:
IHO®(ejwT)| ffe
A
L e N e A B
L A T 12m
S0 S . 0 T Y
’ 1 o I I I I I IR | I
X I R R
O | [ | | | | | [ | |

0 0.1 02 03 04 05 0.6 0.7 08 09 1.0 Je -90°.
SO01E254C

» f Phase shift is a constant
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Problem 9.2-07

(a.) Find H%(z) for the switched

capacitor circuit shown. Ignore the fact Cy

that the op amp is open loop during the I\ \
02

¢, phase and assume that the output is

sampled during ¢, and held during ¢,. Vi / [/ )
Note that some switches are shared \ I
between the two switched capacitors. 02

(b.) Sketch the magnitude and phase of J_ |
the sampled data frequency response - - - F9TE2P5

from O to the clock frequency in Hertz. N [0) N 01 N [09) L0
LV T LV LVJ LVl t”

Solution: n-15 n-1 n05 n n+05
6,(n-0.5):

During this phase, the 10C capacitor is charged to v, °(n-0.5) and the output is sampled
and held.

¢2(”): IOC\ C Vout(”)
. / I l
Model for calculating v €(n), =
g out Vln?n 0. 5)
S Vo) =10v, °(n-0.5)
F97E2S5
Since the output is sampled and held during the

next phase period, we can write

e(n) = 1Ovin0(n_o_5) N VoutO(Z) = IOZ'IVino(Z)

Vout (n+0 5) = Vout

or | H°?(z) = 10z}

b.)
Magnitude Phase
A A
1 : ° —>
0 0% ARe
0 AN 1510 '

0 fe FO7E2S5A
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Problem 9.2-08

In the circuit shown, the capacitor C1 has been o

charged to a voltage of Vi, (vip>0). Assuming i @)

that Cp is uncharged, find an expression for the [ |l o Vo
[

output voltage, Voyu, after the ¢p clock is +
applied. Assume that rise and fall times of the ¢ Vipn== C, )
clock are slow enough so that the channel of the +
NMOS transistor switch tracks the gate voltage.

The on and off voltages of ¢; are 10V and 0V, = =

respectively. Evaluate the dc offset at the output Figure P9.2-8
if the various parameters for this problem are Vr

= 1V, Cgs = Cgd = 100fF, C; = 5pF, and C; = IpF.

Solution

Since the problem does not give the value of V;,, or the slope of the gate voltage, we shall

assume that the contribution to the feedthrough due to the channel can be neglected.
Therefore, the output voltage after the switch opens up can be expressed as,

Cy Coq 1 1

L __"gd = -
Vo=-Ty Vin- (ng ¥ Cl)(VT) =-5Vip - TT =-5Vin - 11
The dc offsetis 1/11V or 91mV.

A closer look at the problem reveals 02 4)1
that there will also be feedthrough during the _T_
turn-on part of the ¢; clock which should be I ( o

considered. However, if we are going to J_
consider this then we should also consider Ci
how C; was charged. It is most likely the :l:

complete circuit looks like the one shown.

— Fig. $9.2-08

When ¢, is turned off, the voltage
across Cj is,

Cod
V(¢ off) = Vi, - (ng + Cl) VintVr) = Viy -

When ¢;turns on, the voltage across Cj is,
Cea 1
——gd —
Vei(¢r on) = V(9 off) +(C T+ Cl)(VT) =Vin =TT Vin ~TT+ 1T = Vin - TT Vi
Finally, when ¢;turns off, the voltage across Cj is,

Cod
Vci(9y off) =-5V(9; on) '(ng+ Cl)(VT) =5Vin =TT Vin-TT =TT Vin - T1

The dc offset is still the same as above.
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Problem 9.2-09

A switched-capacitor amplifier _/(l)

is shown. What is the o1 ORI va(t)
maximum clock frequency that e ¢

would permit the ideal output 4 C

voltage to be reached to within -
1% if the op amp has a dc gain vi(®) ( /0 /0

of 10,000 and a single dominant = +
pole at -100 rads/sec.? Assume

ideal switches. = = = -

Figure P9.2-9

Solution

Model at =07 for the ¢, phase:

I ( A °

104 106 - + *

where A == =~ Vi v, Avi Vo
100 +1 + ? 'E)

if @ >> 100. 59.2-12
Vils) V,(s)
Vo(s) =AVi(s) =Al+—3 - —3 - Vo) 1+ 5| =75Vi(a)
4 1 L
2 2 0.5x100
VoW =A@ ="T T Vil ="y T Vil =005 06 1@
2 A 2 106 2
0.5x106 Vi| A B
o) = L‘{—'T} =5 *570.5x106
s+0.5x100 s+0.5x100
0.5x100 I 0.5x100 [
A = S+0.5X106V1 =0 = Vl and B = s V1 s=0.5x106 = 'Vl

V(1) = Vl[l_e—0.5x106t]
Let t = T correspond to v,(T) = 0.99V;

0.99V; = V{[1-e-0-5x106T) 5 100 = ¢0.5x106T

In(100) = 0.5x106T — T = 2x1061n(100) = 9.21ps

Assuming a square wave, 7 would be half the period so the minimum clock frequency
would be

2
Jetoer(min) =7 = 54.287kHz
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Problem 9.2-10
The switched capacitor circuit in Fig. 9.2-9 is an amplifier that avoids shorting the output
of the op amp to ground during the ¢; phase period. Use the clock scheme shown along

with the timing and find the z-domain transfer function, H°°(z). Sketch the magnitude and
phase shift of this amplifier from zero frequency to the clock frequency, f,..

Fig. P9.2-13
Solution

91 (n-1) < HT < (n-0.5)

o o o o
vm-1)=v, (n-1) and v,(n-1)=v  (¢n-1)

0,: (n-0.5) < T < (n)

C C
e o 1 o 2 o

vV, 1-0.5) =v,  (n-1)+ _C2 v, (n-1) - _C2 V1)

or

C
e 1 o
Vou(1-0.5) = _C2 Viy(n-1)

0,:(m) < YT < (n+0.5)

0 e Cl 0 0 -1 Cl o 00 Cl -1

Substitituting z™! by e7@7 gives
HOO(ej(DT) — % eJoT
2
The magnitude and phase response is given below.

MagAnitUde Phase Shift
Ci/Cy
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Problem 9.2-11

(a.) Give a schematic drawing of a switched capacitor realization of a voltage amplifier

having a gain of H°° = +10V/V using a two-phase nonoverlapping clock. Assume that the
input is sampled on the ¢; and held during ¢,. Use op amps, capacitors, and switches with

¢, or ¢, indicating the phase the switch is closed.

(b.) Give a schematic of the circuit in (a.) that reduces the number of switches to a
minimum number with the circuit working correctly. Assume the op amp is ideal.

(c.) Convert the circuit of (a.) to a differential implementation using the

differential-in, differential-out op amp shown in Fig. P9.2-11. o—1-F
o—1+=
Solution Figure P9.2-11

F97E2S4 ~
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Problem 9.3-01
Over what frequency range will the integrator of Ex. 9.3-1 have a +1° phase error?

Solution

Assuming the integrator frequency response can be represented as shown below.

IVout(jw‘)‘/ Vin(o)l Arg[V,,(jo)/ Vi (jo)]
\
: 1804 104 40
A, (0) dBH>x= == Eo () vd(0) 100,
| . 135}
Eq.{(1) . | A0 p
0Bl Op=GB_  90°["1" 10
0 ZA%)@I S 1 L0gip® 450 f-i-fbeeh e -/ I/OGB
vd | ° E E <
0 ®r GB 108 10
Ayq(0)
Eq. (2)—N\%

The integrator phase error on the low side of the useful band is given as,

wr, Wy
_ o _ | —_— — 10 — —_
Error = 90° - tan (COI/Avd(O)J 1 - ay, 57.29 Avd(o)

The integrator phase error on the high side of the useful band is given as,

1 ()3, o GB
Error = tan™\ =5 g |=1 - O =357.29

If A,,0), @y, and GB are given, the useful range is from @y to wy.
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Problem 9.3-02

Show how Eq. (9.3-12) is developed from

Fig. 9.3-4(b.).

Solution
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Problem 9.3-03

Find the H*(joT) transfer function for the ver(t) @ Voo y
inverting integrator of Fig. 9.3-4b and compare § /ZS | + I ( - - )I 3"
with the H*“(jwT) transfer function. kcl k 54 G
Solution ¢1 S2 ¢] S3
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Problem 9.3-04

An inverting, switched-capacitor integrator
is shown. If the gain of the op amp is A,, ¢1/
find the z-domain transfer function of this
integrator. Identify the ideal part of the
transfer function and the part due to the «, C,—==
rar ; : ey 1
finite op amp gain, A,. Find an expression
for the excess phase due to A,.

Solution - = =
Let us use charge conservation to solve the Figure P9.3-4
problem.
szcz(nT) = C2VC2[(I’Z-1)T] - Cl [Vin (I’l—l)T+ VO(nT)/AO]
or
Cy O(Z)
Verld) =2 Weal@) - oo Vi - o4
4 . V,(2) C
Ver@Il- 27 1 =-0 77V, (2) - O‘A_ where o = (A
-0 z‘l OVA
VCZ(Z) = Z_ Vin(@) - 77 V,(2)
v, (z) ~az! -0/A, O(Z) 1- !
Vo) =V - =71 Vil - T Vo2 - )
I-z 1— Z
1 o 1-7z7! 1
Vo@ 1- 278 + -+ 34— |=-az Vi)
H() Vo(2) o 77! o 7! 1
97 Vinl2) l+o-z70 \1- 77! l+o - 77!
-z + — 3 — l+ ————

+
0 A,(1-z7h
The first bracket is the ideal term and the second bracket is the term due to A,,.

To evaluate the excess phase due to A, we replace z by P

. 1 1
H(OT) = lvo-z1 (1+0) /0T G OT/2
1+ Ao(l_z-l) + Ao(eja)T/Z_ e-ja)T/Z) + Ao(eja)T/Z_ e-ja)T/2)
1
( 1+a Y cos(wT/2) + jsin(wT/2)\  j ( cos(0T/2) + jsin(@T/2)
I- J\2A I sin(wT72) ) T 24, k sin(wT72) ]
o
) 1 e B Ecot(wTQ)
= o — Arg[H(¢?")] = -tan —2+a
1+ A - 2A cot(wT/2) 1+ Ao
. Excess phase = —tan'l[ o con@T2) } = —tan'l[ z } = - z
2A,+4 + 2« 24, tan(w172) 24, tan(wT72)
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Problem 9.3-05

For the switched—capacitor circuit shown Ci

find V y7{2) as a function of Vl(z) ) o

[|
) [ ) [
1 /02 /O
Vz(z) , and V3(z) assuming the clock is a

two-phase, nonoverlapping clock.
Assume that the clock frequency is much
greater than the signal bandwidth and find — — — —
an approximate expression for V,,(s) in

terms of Vi(s), Va(s), and V3(s). Assume 4 ®, o 4 ¢ 4 O £l P ja ¢ a

. 3 \1 1 \ T 1 N N 3 T
that the inputs are sampled and held where n- n-1 n-5 n n+—2 n+l n+-2 >
necessary. SOE2P4
Solution

v (n-1)
- +

@1, t=n-DT: Model:
+ C + +
v %n-1) ! v Jn-1) or(1-1)
= — SO2E2S4A = =z
65, 1= (n-0.5T:  Model: V(1) -v3(n-1) V gg-1)
ol [ ACEERE VA N
C . | \ s
e o —_
Vour m-0.5) =v,,; (n-1) - V2 (n-0.5) (n 0. 5) Om(n -0.5)
G, G,
-G V1 (=D + o v3 (n-1) - S02E284B =
@, t=m)T:
C C C

1 1 1
Vo (M) = v, (n-1) - C_zv(’i (n—O 5) + C_v‘f (n—l) - C_vg (n—l)
Vout (2) = Vg (n-1) - 7 S—Vi (@) +2 Cz Vi@-z C2 V3 (@)
Replacing V5 (z) by z709V3 (z) gives

Cl Cl Cl
Vour (@ = 271V (n-1) - Z'lc_2 V3 (2) + Z'IC_Z Vi () - z‘1C—2 V3 (2)
1
VO(I;I (2)=- i? ['W (2) + Vg (z) + Vg (2)]

Replacing 1- z7! by sT and z'! by 1 gives,
1
Vour () =- 57 [-V] () + V5§ (5) + V5 ()]

1
Vi (8) = 57V () - VG (s) - V§ ()]
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Problem 9.3-06

The switched capacitor circuit shown uses a two-phase, nonoverlapping clock. (1.) Find

the z-domain expression for Ho°(z). (2.) Replace z by eJ®T and plot the magnitude and
phase of this switched capacitor circuit from 0 Hz to the clock frequency, f., if C; = C3 and
Cp = C4. Assume that the op amps are ideal for this problem. (3.) What is the
multiplicative magnitude error and additive phase error at f./2?

ST

/l ¢2(: q)l /l ¢2 /| q)l (: ¢2 /| (I)l /l ¢2 :L
n15 n-1 n05 n n+0.5 n+1 n+15 r

SO02FEP1
Solution
(1.) ¢ (n-1=<t/T<n-0.5):
gl (n-1) = Cyvj(n-1) and  g&(n-1) = Cyv2(n-1)

¢ (n-0.5<t/T<n):
aH(n-0.5) = gSn-1) + g&(n-1)  and  g&(n-0.5) = Cyv,54(n-0.5)
01 (n<t/T<n+0.5):

&%) = g% (n-0.5) = g&(n-1) + ¢S (n-1)

Cy Cy
v (n) =vS(n-1) + C_zvion(”'l) - Vo) =7V + C, V(z)

GG
VA =T Vak)

Also, g&(n)=Czvyi(n) and  géy(n) = q¢4(n-0.5) - g&(n)
3
4éa(m) = gé4n-1) - g = Va2 =7'V5@ -7, Va@

-(C5/Cyz!
Voul(2) = 1 V;,)Q(Z)

(Cy/CT 1) (C1ICy Vour  (€1C3\_z
Vout(z) [ -1 ]( -1 ) n(Z) = H,y(2) = V,'n -(C2C4)(Z-1)2
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Problem 9.3-06 — Continued

. 1C3\ /o7 C1G3 1 C1C3 1
. bWOQﬂwT)=— - — . ‘ —
Cr,Cy (e/OT _1)2 CrCy (eI OT/2 _ -jT/2)2 CrCy (2] sin(wT/2))?
_ (C&Cé) (wT/2) 2_ -Cy wl/2 Cs wl/2
GGy JjoT sin(wT/2) _'jaﬂtb sin(wI72) J\jwTC4 sin(wI72)

(D01 {2 | _(@T12) 2_ -0, \2( (0T/2) \2
“jo \ jo \sin(wT/2)] " \jo ) | sin(wT/2)

If Cl = C3 and C2 = C4, W, = CI/(TCZ)’ and @, = C3/(TC4)

The frequency response is plotted below.

|H00(ej(1)T)|
A

0 ' . > f
0 Jo . 0.5 Jedo  fe
Phase of |H0(&/T)|
I Phase
0% . > f
0.5f- £
SO02FES1
" i (wT/2) \2 (w2) \2 = > 467
- Ahemagnitude error =\ "5 o12) ) T sin(w2)) ~ 4 TF

Phase error = (°
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Problem 9.3-07

Find HO°(z) (=V ) (z) /V (z) ) of the switched capacitor circuit shown. Replace z by ejot

and identify the magnitude and phase response of this circuit. Assume C1/Cyp = 1/25.
Sketch the exact magnitude and phase response on a linear-linear plot from f=0 to f=f.
What is the magnitude and phase at f = 0.5f.? Assume that the op amp is ideal.

Solutions
¢y; (n-0.5)<t/T <n
At t =0 we have the following model:

We can write,

G
Vot (1-0.3) = ¥, (n-1) - vy, (n-1)

C
e e 0 1 o
Butv,, (m)=v,, 105 =v,  (n-1)- C_zvin (n-1)
¢
C (o~
o o 1 o 2
Vout(z) = Z_1V0ut(z) - C_zz_lvin(z) - H99(z) = m
. C( ejol \ejoIl2  C;  gjoll2 C, eJjoT2 wT
HOo(ef0T) = - | ——F—— = - — o1 _evolP  of
Cy l_e-]a)TJ ejoT/2 (653 eJOT/12_ o-joT/2 G 2j sin(wT/2) " ol

Cy wl/2 JaTh o, wl/2 T
|7 jcyar fsin@r2) L€ ) T jo ksin@r2) L)

oT Zﬂfc
For f=0.5f. we get 5= 22f,

o /50 /2
|H (e/”)|=( T2 ) sin(m/2)

T Cy /4
7 and @, =C,T =35 /¢
1

n. .
=355 =0.06283 and Arg[H°(e/™)] = +90°-90° = (F

5 2
Plots:
1 I 100
g 08 l 50 \
= [ i
P :\ / S 0
S 04 : \ / g’)
[ -50
02 F :
0 100 L \

e

0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
e e Prob. 9.3-7
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Problem 9.3-08

The switched capacitor circuit shown o,

uses a two-phase, nonoverlapping v
clock. (1.) Find the z-domain C

expression for H®¢(z). (2.) If Cp = 10, ¢, Cy o,

VIN
frequency (®¢). Assume that the op

amp is ideal for this problem. It may
be useful to remember that Eulers —

0.2nCq, plot the magnitude and phase I—/—o—/ ——oO VOUT
response of the switched capacitor
circuit from O rps to the clock o, o,

formula is e*JX = cos(x)%jsin(x).

Solution L

Q=0T /) 0. /1 ¢ /) ¢2/ ¢1 02 /1 ¢

The capacitor, C;, simply holds the I\l'j, N 1\1! \'n n—H o+l n -|§> T

voltage, v5(n-1.5) and C, = OV. 2 2
Figure P9.3-8

G 1 =(m-0.9)T

The model for this phase is given. v”?,_(ln /1_5) Vout (n 0.5)

The equation for this phase can be written as, + | \
Cl C] ve 05
vou(n-0.5) = - vi5(n-05) + Tovig(n-1.5) " (n-0.5)
F1g 59.3-08

Converting to the z—domain gives, -

Cy

V@) = T TV + T VD) > Vi) = c2 Via@ + T, c2 Vi@

V oui(2) Cy Vouli®) Cy . e ©T/2

—— == (17! - ——— =H(jo) =- 7 (1-e70T)x—

Ve c, (- Ve (o) =-7, ( ) ol

5 (el@T2_ o-joT/2 . 10 joT (sin(wT72)\ .
Hee( - - = =T[i2si T/2)] e @12 — — -joT2

(jw) ( ol ﬂ[] sin(wT/2)] e 7 2 T2 e

sin(lwl/2)) .
H(jw) —Jff(w)ewm

Plotting gives,
5 A

4 2t/

98]
T
1
1
1
1
!
~d
1
|

\®]

Magnitude

—

|
I
I
I
I
I
I
I
I
V. I
I
I
I
I
I
I
I
|
1

(LA - Fig. $9.308A
0 0.1 05fc 7 ig. S9.3-08
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Problem 9.3-09

—_—n

Find the z-domain transfer function, H°°(z), for (02 q)l:l_
the circuit shown. Assume that C, = C3 = C4 = Vo(t) 01 [0%)
Cs. Also, assume that the input is sampled L

= C
during ¢; and held through ¢,. Next, let the G2y = \3 Vour(t)
clock frequency be much greater than the signal /

/1
vin(t) C
frequency and find an expression for H?°(jw). moHl |—
What kind of circuit is this?

Solution B

“¢2 aq)] hY q)z.\ q)]\‘t
¢: n-1<(¢/T)<n-0.5 w3 a1 ol n ol T

N "2 . "2 2
vy’ (n-0.5) = v, °(n-0.5) F97FEP2
C G,
Vol (1-0.5) = 'C_3 v;,0(n-0.5) 'C_3 v,1(n-0.5) =v,  f(n-1)
_@2: n—05<(l/T)Sn
Cy C, C,
v,16(n) =v,,°(n-0.5) - C_Svome(n) and v, “(n)= 'C_3 v,1¢(n) - C_3Vine(”)
C, Cy C,
Vot (n) = - C_3 v,1°(n-0.5) - C_Svome(n) - C_3vine(n)
0,: n<(¢/T)<n+0.5
C C2 G &)
vy (n+0.5) = - C_3Vin0(”+0'5) - 01°(n+0.5) — V, °(2) = V L0 (2) - C3V010(Z)
Cy
but, v ,°(n+0.5)=v_ ,%n)=v,,°n-0.5) + C_Svomo(n-O.S)
Vo’ @ =2V, °@ - T Vou" @ = Vo "Rl =0V, )
Substituting into the above expression for V,, °(z) gives
C C2 Cy 1 -C,/Cy
Voud @) = T3 Vi) + (cs - -1] o ® = H0= o, T
1
(C3C5)
Ci[1z Ci[1-(1-sT) C1
If CyC4 = C3Cs. then |H(2) = T, [ } — HO(s) = T[T} o7
(This is a lot easier with z-domain models.)
Jjo Jjo G

H°°(jw) zC3/_C1T = w—D where o, = TCI

This circuit is a noninverting switched capacitor differentiator.
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Problem 9.4-01
Repeat Ex. 9.4-1 for the positive switched capacitor transresistance circuit of Fig. 9.4-3.

Solution
TBD
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Problem 9.4-02

Use the z-domain models to verify Egs. (9.2-19) and (9.2-23) of Sec. 9.2 for Fig. 9.2-
4(b.).

Solution
TBD
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Problem 9.4-03

Repeat Ex. 9.4-5 assuming that the op amp is ideal (gain = o). Compare with the results
of Ex. 9.4-5 (Hint: use Fig. 9.4-8b).

Solution
TBD
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Problem 9.4-04

Repeat Ex. 9.4-5 assuming the op amp gain is 100V/V. Compare with the results of Ex.
9.4-5.

Solution
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Problem 9.4-05
Repeat Ex. 9.4-5 for the inverting switched capacitor integrator in Fig. 9.3-4(b).

V ¢ K?II() ¢ Vout

Solution
The z-domain model for this circuit is shown below.

IOk SJ?

-4

e

o—{&l

A C, 2nf; 2m(10kHz) =
O =R,C,= C, =  C,=7f. = T00kHz =3 =0.62832

. Let C, = IF and C, = 0.62832F

SPICE Input File
Problem 9.4-5 Solution
R24 2 51.592

X43PC2 4 343 DELAY
G43434301
R35351.0

X56PC256 56 DELAY
G56565601

R4646 1.0

X36NC2 3636 DELAY
G36633601

X45NC2 4 545 DELAY
G45544501

EODD 6040 1E6
EVEN 5030 1E6
SUBCKT DELAY 123
ED40121
TD4030ZO=1K TD=5U
RDO 30 1K

.ENDS DELAY

AC LIN 99 1K 99K
PRINT AC V(6) VP(6) V(5) VP(5)
.PROBE

.END

+<
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Problem 9.4-05 - Continued
Plot of the results is below.

5

LI L
b

W

Magnitude
[\9]
nssamen=t]

H%%ejoT)l and IH (ejoT) / ]

/,/“
\

E \NM_""_ ___________ — Ideal ]
0 : Pl ettt
0 20 40 60 80 100
Frequency (kHz)
200
150 F —
C o joT
00f | AR ECDl 3
B 50 F
= -
g0 Arg[H{eoT))
A-100
150 _—
'2000 20 40 60 80 100
Frequency (kHz)

Solution 9.4-5
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Problem 9.5-01

Develop Eq. (9.5-6) for the inverting low pass circuit obtained from Fig. 9.1-5(a.) by
reversing the phases of the leftmost two switches. Verify Eq. (9.5-7).

Solution
TBD
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Problem 9.5-02

Use SPICE to simulate the results of Ex. 9.5-1.

Solution

The SPICE model for this problem is given as

Page 9-32

The SPICE input file is:
PROBLEM 9.5-2 SOLUTION

Fig. $9.5-02

VIN 1 0 DC 0 AC 1 20
R10C1 1 0 1.592

X10PC1 1 0 10 DELAY

G10 1 0 10 0 0.6283 15

X14NC1 1 4 14 DELAY

10

Gl4 4 1 14 0 0.6283
R40C1 4 0 1.592

X40PCl 4 0 40 DELAY 5
G40 4 0 40 0 0.6283
X43PC2 4 3 43 DELAY

G43 4 3 43 0 1
R35 3 5 1.0
X56PC2 5 6 56 DELAY

)

Maginitde dB

G56 5 6 56 0 1
R46 4 6 1.0

10

X36NC2 3 6 36 DELAY
G36 6 3 36 0 1
X45NC2 4 5 45 DELAY

Continuous__p,

G45 5 4 45 0 1 -15

*R35C2 3 5 15.9155

Time Circuit 1

R46C2 4 6 15.9155

EVEN 6 0 4 0 1E6

EODD 5 0 3 0 1lE6
R S R R b
.SUBCKT DELAY 1 2 3

ED 40121

TD 4 0 3 0 zZO=1K TD=5U
RDO 3 0 1K

.ENDS DELAY
AXKRKRKRK KKK KK KKk * Kk Kk kK
LAC LIN 1000 1 100K
.PRINT AC V(6) VP (6)
. PROBE

.END

—_
]

V(5) VP(5) VDB (5)

100

VDB (6)

1000

10%

Frequency (Hz)

Fig. S9.5-02A



CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 9-33

Problem 9.5-03

Repeat Ex. 9.5-1 for a first-order, lowpass circuit with a low frequency gain of +1 and a -
3dB frequency of SkHz.

Solution
TBD
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Problem 9.5-04

Design a switched capacitor realization for a first-order , lowpass circuit with a low
frequency gain of -10 and a -3dB frequency of 1kHz using a clock of 100kHz.

Solution
TBD
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Problem 9.5-05

Design a switched capacitor realization for a first-order , highpass circuit with a high
frequency gain of -10 and a -3dB frequency of 1kHz using a clock of 100kHz.

Solution
TBD
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Problem 9.5-06

Repeat Ex. 9.5-2 for a treble boost circuit having 0dB gain from dc to 1kHz and an
increase of gain at +20dB/dec. from 1kHz to 10kHz with a gain of +20dB from 10kHz and
above (the mirror of the response of Fig. 9.5-7 around 1kHz).

Solution
TBD
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Problem 9.5-07

C
The switched capacitor circuit ){3
shown uses a  two-phase, Cy C,
nonoverlapping clock. (1.) Find \[| \[ V%ut
T T ¢

H©°(z). (2.) Plot the magnitude
and phase response of the switched Vin J_
capacitor circuit from O rps to the - =

clock frequency (®¢). Assume that __

the op amp is ideal for this X

problem. It may be useful to % [ o1 [ %2 [ ¢1 »1/T
remember that Eulers formula is 32 21 12 n n+1/2

e*iX = cos(x)xjsin(x).

yd
the z-domain expression for N ¢y /1 (093 ¢2)
0] qul

Figure P9.5-7

$r, (n-0.5)<t/T<(n):

Solution V3(n-1)
From the equivalent circuit shown, we can write,
C C

61, (n-1D)<H/T<(n-0.5): 1%
v(ﬁ(n—l)
Fig. S9.5-7A
5 g =2 e el S
V2(n-0.5) = V2(l’l—1) - C3 Vz(l’l-O.S) + CS vl(n_l)

(65}
| {
I\
But, v5(n) =v5(n-0.5) = Ci _O"'_l F v5(n-0.5)
o C2 0 Cl 0 H —O
v3(n-1) 'C_3V2(”)+C_3V1(”'1) - ~
. . (0]
which gives, vi(n-1) >
C C + J__ +

2 1

Vso(2) = Z_IVZ(Z) - C_3 Vo(2) + C_3Z_1V1(Z) — = g.59.5-7B
Va(2) (C1/Cy)7 ! , (C1/Cy)edOT
Vi = H7(@) = | - HO%GON = —

1 1 +(Cy/C3) -7 1+ (Cy/Cy) - €V®

. 0.2 . sinT

|Ho9(e/OT)) = and Arg[H?(e/®T)] = - T - tan—l(ll—)
(1.1- coswT)? + sin2wT Ad-cos@T

Replace wT by 2xf/f, and plot as a function of f/f.. to get the following plots.
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Problem 9.5-08

Page 9-38

The switched capacitor circuit shown uses a two-phase, nonoverlapping clock. (a.) Find

the z-domain expression for H°°(z). (b.) Use your expression for H°°(z) to design the

values of C; and C, to achieve a realization to
10,000
H(s) = 531000

if the clock frequency is 100kHz and C5 = 10pF. Assume that the op amp is ideal.

Solution

(a.) Converting the problem i

summing integrator gives:

9y (n-1.5)<¢/T<(n-1)

vy (n-1.5) = vf;(n-l.S) Veo(n-1.5) = 0 :

and v5(n-1.5) =v . (n-1.5)

out

gjz: (n-1)<t/T<(n-0.5)

The eq. circuit at t = 0+ is shown.

Vouln-1) =
Cl 0 CZ 0
C_3Vin(”'1'5) - C_3v0m(n—0.

¢,: (n-0.5)<1/T<(n)
C

0 e 1
Vouin-0.5) =v,  (n-1)= C_3

into a C3 \=I10PF Vout
O
y l ¢2 1
2 ¢1
C2 T
\ )
+ 1 2] /I
q)l 4)1 "
vm (n 3/2) Cy Cs vgu;(n—i/Z)
—|: Vout (n-1)

5) + v, (n-1.5) Vou(n-1) ¢,

O

C

2
Vin(-1.5) = T 0u(105) + Vi (n-1.5)

C

C

. .. 1 2
Transforming to the z-domain gives, Vozt(z) = z'1C_3 V;(z) - C_3V02t(z) + z‘lVOZt(z)

Solving for H?°(z) gives, |H%°(z) =

0
Vout(z) Z_l Cl

¢

= ]
Vo o GtCyCx

= 2(C,+Cy) - C;

(b.) Assume that f<<f,.and let z = 1+sT. Substituting into the above gives

¢,

¢,

c,/ C,

HO%(s) = TasTH[C 4 C31 -C3 =

Co#Cy-CatsT(Cy+Cy) =

Equating this result with the H(s) in the problem statement gives

Cs

C
. =10, 1+7-=T000
c, =Y 1, = 1000 =

C,=C3/99=10pF/99=0.101pF

and

C,=10C,=1.01pF

ST(C,+C3)ICy + 1
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Problem 9.5-09

Find H°°(z) of the switched _I 1

capacitor circuit shown. | / :l_
Replace z by &®T and identify C1=10pF 0, =

the magnitude and phase [0} b2 o, 0

1
response of this circuit. I__/ _._/)_| —e—ov4t)
+
%,

Solution

¢y, (n-0.5)<t/T<(n): vin 02 /01 J__

With the ¢, switches closed, L |_ L =
the model is shown below. - - - +

vg(n O 5) —_

- I\ ¢ ¢1 (I)z ¢1 q)zlq)l/ >4
\I 1 \l \| T \
Vl(nl) n\l L none %n+\1 i3 T
Fig. S9.5-9A .

Figure P9.5-9

The output is given as,

Cl C3 C2 0
V5(1-0.5) =+ = v{(n-1) PR
3 A I\
01, (n)</T<(n+0.5): V5 (n-0.5)
The model for this case is shown. The output is written " Fig. $9.5-9B
as,
N 3. GG, G,
vi(n) = +C2 v3(n-0.5) = +C2'C3 vi(n-1) = C, vi(n-1)
Cl % 02 (Z) Cl
Vi@=7V{@ - ———=H(2)= gz'!
3 V9@ 2
: Cq :
|Ho?(/OT)| = c,= 10 and |lArg[H?°(/?T)] = -@T

Comment: Note that this configuration is an amplifier that avoids taking the output of the
op amp to zero when the feedback capacitor is shorted out. Therefore, slew rate limitation
of the op amp is avoided.



CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 9-40

Problem 9.5-10

The switched capacitor circuit C, =1000pF C4 =1000pF
shown is used to realize an | |

audio bass-boost circuit. Find [ [
: Vour(el®T) Ci Cs
oT) = ——= (0)) (0p) o) 0,
D=5, (@or) 4 _4—oVou(®
assuming that fc >> fgional. If + o, /o
Cy =C4 = 1000pF and f; = . 01 /0 1 1
10kHz, find the value of C; Vir(V / J_ J_
and C3 to implement the B - -
following transfer function. — — = -
S +
Vou(s) 100 * 1 e
Vin®) =105 =
10 + <: q)z/: ¢1<: ¢2<: ¢1<: ¢2/: ¢1<: =7t
Solution n- % n-1 o1l n+% n+l n+% T
Write the circuit as the _
following summing integrator Figure P9.5-10
and replacing with z-domain models gives:
Vin y €1
v A Cy Vin(z)
& 5o - w oz Voul2)
(0)) d2 Vin(2) 1o outZ
o— C 4(1-z-1)
01/ 01 D 1
4 L Vout(2)
o— (3

Vour ) C:3 -
¢2ﬁ! 2™ =
01/ 01
+ L
Summing currents gives,

Co(1-z V() + C 1V, (2) + C3V,,(2) + C(1-2HV, () = 0

Transforming to the s-domain by 1-z"! = -sT gives,
sTC, V., (5)+CV, (s)+ C3V, (s)+sTCyV, (s)=0

sT CZ s
Vo(8)  (sT Co+Cy c,\ ¢ ! 00 +1
L HE) =T :'(ST C4+C3]:{ C3) sTC, |19
o+l 10 *1
C C, Cy

Therefore, T3= 10, T_C2= 100 and T_C4= 10

100C,  100-1000pF
Ci= f. = 10,000 = 10pF | and | C; = 1pF
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Problem 9.6-01

Combine Figs. 9.6-2a and 9.6-2b to form a continuous time biquad circuit. Replace the
negative resistor with an inverting op amp and find the s-domain frequency response.
Compare your answer with Eq. (9.6-1).

Solution
TBD
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Problem 9.6-02

(a.) Use the low-Q switched capacitor biquad circuit shown to design the capacitor ratios
of a lowpass second-order filter with a pole frequency of 1kHz, Q = 5 and a gain at dc of
-10 if the clock frequency is 100kHz. What is the total capacitance in terms of C,?

(b.) Find the clock frequency, f,, that keeps all capacitor ratios less than 10:1. What is the
total capacitance in terms of C,, for this case?

\1 e
0,C1 /| 1 - . 0L
! C C e C/-\a6 2 C 2 e-
Vin(2) %11 L Vi) o 9sC2 2 Vour(2)
\ \] P \1 | Vour
© () /|__{2 O /1 () 11 °
o1\ %)
L L
o4 Co
RN = \ e —
—l—_q)l /1 o3Co (Dl:l—
- |
|

K, T

: 0
Design Egs: oy :7, o =losl=o,T, oz=K,, o,=KT, and Os="0

o

o, T

Solution
-100,2
(a) H(s)= - = K,=100,2, K;=K,=0, ®,=2000%, and 0 =5
s2 + Ugs + 0.’
10w,°T o, T
oy = > = IOO)OT, a2=la5I= o,T, (x3=oc4=0, and a6=j= 5
(0]
2nf,

T
o,T= T =700 = 0.06283 =

o = 0.6283, a,=lasl 0.06283, 2g=0.01256

1

1 1 ]
0.06283 * 2 + 0.01256 * 0.06283 = 115.45C,

Total capacitance = 5783 +

(0]

(b) 57=0.1 =| /. = 20, =

4000m = 12.566kHz

Now, o =5, o, = laisl = 0.5, and ag = 0.1

1
Total capacitance =5 + 5 +

1 1
1+Q—1+ﬁ+1=21cu
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Problem 9.6-03

A Tow-Thomas continuous time filter is shown. Give a discrete-time realization of this
filter using strays-insensitive integrators. If the clock frequency is much greater than the
filter frequencies, find the coefficients, a; and b;, of the following z-domain transfer
function in terms of the capacitors of the discrete-time realization.

ag + ajz-! + arz2

H@) = bo + byz-! + byz-2

Solution

The development of a AN

discrete-time

realization of the Tow-

Thomas continuous R Ry &)

time filter is shown to AMN—T MV

the right. /1
Vout

Using z-domain —O

analysis, we can solve
for the desired transfer
function and find the

coefficients. {1
S
Vin Cr4 = () Cr2 %)
°~¢9—19"¢2 F’“@‘(j% v
¢ /91 o1 /91
V() = — - = = yo. T T T Figs9.63
1-z2
CRra CRI Cr3 CRz/Cz
|: C z Vm(z) <V Vour(2) +°C, ¢ 1VZ(Z)} and V(z) =- 1V0ut(z)
1 [Cr4 C CroCr3 z‘l ]
Vourz) = 1 - Z—l |: Cy Z ly Vin(2) - Z Vout(z) + CC 1 -1 out(2)

CRri C 2CR3 CR4

vou,<z)[<1-z-1>2- T U-ah+ g - )}—zl(l o
Vin(Z)

CRr4
Vour(2) (Z_l ") Ci
H@) =7y 7y = o, Cri Cgri , CraCrz | CgroCg3 2

-1 ; ;
1+ 2Z + Z + Cl - Cl Z + C1C2 Z - C1C2
Equating coefficients gives,
Cra CRr4 CRi Cr1  CroCr3 CroCr3
ap = Oal Cl ,a2=—C_1,b0=1+C_1,b1=2— Cl + CICZ andb2 l—FF C1C2
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Problem 9.6-04

Find the z-domain transfer function H(z) = Vgu(z)/Vin(z) in the form of

arz2 + ajz + ap

&) = 22 + b1z + bo

for the switched capacitor circuit shown below. Evaluate the a;'s and bj's in terms of the

capacitors. Next, assume that ®T << 1 and find H(s). What type of second-order circuit is
this?

1
%)m_

Figure P9.6-4

Solution

7\ C1 C, Cy 1\C3
Vi(z2) = (Z-_ljavm(z) (z l)CA Vour(2) - CA Voulz) and V,,(z) = ( jCA Vi(2)

Where V(z) is the output of the first integrator. If o5 = C1/Cy, azg = C3/Cp, 0pp =
C5/Cy, and oy p = C4/C4 then we can write the following.

o O AZ
Vour2) = [Z'_?N: l-A Vin(2) - z—l Vout(Z) 0‘4Avout(z)i|

0rp03BZ O3B 054AZ:| 01A03B2

Vout(z)[l +

+ 7 Vin(2)
(z-1)2 zl @12 "
HE) Vour(2) -0 AO3BZ -0 AO3BZ
Z = . = =
Vin(2) D oppao5pz+E-1)apoys |22 H(0pA0aR+0aR0A-2)7 +(1-03p04 )

If wT= sT<<1, then z = 1 unless there are terms like (z-1) in which case z-1 = sT.
Therefore,

a1 A03B CCs 1
Hs) -0 A0SR T2 CaCp 72
S) = = =
S2T2+ST063BOC4A+O£2AO{3B 2+ 03ROy A 2 C3C4 1 C2C3
ST+S

T+062AOC3B § +SCBCA T + CACB
This circuit is a second-order bandpass transfer function.
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Problem 9.6-05
Find the z-domain transfer function H(z) = Vgu(z)/Vin(z) in the form of

arz2 + ajz + ao}

H(z) = -
@ l:ZZ + bz + by

for the switched capacitor circuit shown below. Evaluate the aj's and bj's in terms
of the capacitors. Next, assume that ®T << 1 and find H(s). What type of circuit is this?

|
C ¢ @) C
D I % q)/2_,, I o Vour
N [ ”CA [ [
Vin /01 p Vi /07 / 01
i A i B o
= = 5 = L= =
ﬁs ! /02
/01 ! /01
-4 -4
Solution

For the output voltage of the first integrator, V 5, we can write,

-Ci(z Cs(z Cy
Va=11(VA.Vin,Vou) = T | 2T | Vin - Ty | 2.1 | Vout- Tx Vout
Similarily for the output voltage of the second integrator, V¢, we can write,
Cr1 Cs
Vout =2(VA.Vin) = @ 71 VA - @ Vin

Combining equations gives,

-z (CoCs z (C1C 1 GGy &
Vout:(Z_1)2 CaCp | Yout- (z-12\CaCg ) Vin~7-T|CaCg Vout - Cg Vin

z (C2Cs 1 (CoCy z (C1Cy C_3
Vouf 1 + (z-1)2 CaCp | * z-1|CACgR )| = - (z-1)2 CaCp )™ Cp Vin

CrCy CoCs Cs CiCy

Vom[(z-l)2 + (z-l)(m) + z(mﬂ = -[(2-1)2 Cg+ z{mﬂ Vin
[C_3 2, (S1C2  Cs C_s}
Vout(2) 1Cg* +(CACB -2 CB)Z + Cp apz2+ajz+ag
Vi@ = (Co(Ca+Cs) ) (i CoC4a ] 224biz+bg
7Z< + CACB - +\1 _CACB
Thus,

CiCy 2C3 Cr(C4+Cs) CoCy

ap=C3/Cp, A1=CACp -~ Cg > agp=C3/Cp, b= T CaCp - 2 and bg=1- CaCp
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Problem 9.6-06

Find the z-domain transfer function H(z) = Vgu(z)/Vin(z) in the form of

2
arz“ + a1z + ag
H(z) = —[ > }
z= + bjz + by
for the switched capacitor circuit shown below. Evaluate the aj's and bj's in terms of the

capacitors. Next, assume that ®T << 1 and find H(s). What type of circuit is this? What
is the pole frequency, ® , and pole Q?

s
AL/(M d2
C== D

Vout

ﬁ e S P
T 11 r

tx

&

~1-

Solution

( jZ T Vout(? - (E) Vout(?)

Vi,
vV Az (G z C\ z
2T= E_l[ (5) Z1 Vi - (5) 2T Vou® - (B) Voul®]

AG z AC AE Vou(®)
“BD (Z—1)2 Vln( z) - BD( 1)2 Vout(z) BD z-1

AE 1 AC z AG z
Out(Z)\:1 + BD Z- 1 + BD (Z 1)2i| “BD ( 1)2 Vln(Z)

AG AG
Vou(@) - BD z L Youl® “BD ?
Vin@ = AC Vin@ =, (AE AC AE
R P z2+(ﬁ+ﬁ-2)z (1- @)
AG AE AC AE

Thus, | a;-=ag=0.a, = gp. b; = BE+ BD - 2. and by =1- §p
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Problem 9.6-07

The switched capacitor circuit shown below realizes the following z-domain transfer
function

2
arz< + ayz + ap
H(z) =-
@) (bzzz + b1z + 1)
where

ag+aj+as 1-(bp/b2) 1+b1+by ]
Ce=as/by, C5=(az-ag)/br(C3, CFW’ C4:C—3 and C>C3 = b, - Design

a switched capacitor realization for the function
-106
524+ 100s + 100

where the clock frequency is 10 kHz. Use the bilinear transformation, s =
2/T)[(z-1)/(z+1)], to map H(s) to H(z). Choose C, = C3 and assume that Ca = Cg = 1.

H(s) =

[|

C, Il o,

cs (1) Cy iﬂz

= n :
Cl q) CA C3 C
R e e T .
+
Vin /o1 /0 b /05 /o _
= - = = C|6(C1) — — _
|

Figure P9.6-7
Solution

Apply the bilinear transformation

2(z-1 z -1
| — — 4 =
S—T(le)—leo (le)

to H(s) to get,
Ho) = -100
4x108 (sz +200X104(ZZ+;11 a 106(%)2
-100(z242z+1)

- 4x108(z2-2z+1)+2x100(22-1)+100(z2+2z+1)

_ -(10z242x100z+100)
" (4x10842x100+100)72+(-8x108+2x100)7+(4x108-2x100+100)




CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 9-48

Problem 9.6-07 - Continued

_ -(1002242x100z+109) _ -(0.00250622+0.005013z+0.002506)
"~ 4.03x10%22-7.98x108z+3.99x108 1.01002522-2.0000z+1
Now equating to the coefficients,

ay 0.002506 dy-ay
Co =D, =T.010025 = 0:002481, C5 =73 ¢ =0,

1+b+by  14(-2)+1.010025
C)C3=""p, =" 1010005  =0009925 = C,=C;=0.099627

agtbi+by  0.002506+0.005013+0.002506

C\="5,C; = 1.010025-0.0099627 = 0.099633

1+(by/b,) 1-(1/1.010025)
C4=7"C; =7 0099627 = 0099627

C,=0.099633, C,=C3=0.099627, C4,=0.099627, C5=0, C¢= 0.002481

Cyd Coin = 1/0.002625 = 403.06

Normalize all capacitors by 0.002625 to get
ZCM = [(403.6)2+(37.953)2+37.953+37.955+1] = 958.9CH
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Problem 9.7-01

Find the minimum order of a Butterworth and Chebyshev filter approximation to a filter
with the specifications of Tpp = -3dB, Tep= -40dB, and 2, =2.0.

Solution

For the Butterworth approximation, use Eq. (9.7-7) and for the Chebyshev approximation

use Eq. (9.7-12), both with € = 1. The results are shown below.

N | Tgg(dB) = -10logo(1+2%N) | Tgp(dB) = -10log ;[ 1+cosh*(Ncosh™12)]
1 -6.99 dB -6.99 dB

2 -12.30 dB -16.99 dB

3 -18.13 dB -28.31 dB

4 -24.10 dB -39.74 dB

5 -30.11 dB -51.17 dB

6 -36.12 dB

7 -42.14 dB

The minimum order for the Butterworth is 7 while the minimum order for the Chebyshev 1

5 and in many cases 4 would work.

Page 9-49
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Problem 9.7-02

Find the transfer function of a fifth-order, Butterworth filter approximation expressed as
products of first- and second-order terms. Find the pole frequency, w, and the Q for each
second-order term.

Solution
From Table 9.7-1 we get,
1
" (541)(s240.61804s+1)(s2+1.847765+1)

T(s)
The pole frequency and Q for a general second order term of (s2+a1s+l) is

1
w, =1and Q =4

For both second order terms, the pole frequency is 1 radian/sec.
For the first second-order term, the O = 1.61804.
For the second, second-order term, the O = 0.541196.
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Problem 9.7-03

Redesign the second stage of Ex. 9.7-5 using the high-Q biquad and find the total
capacitance required for this stage. Compare with the example.

Solution

0.9883
T o(s.) = —0.9941 = 5.557
n2n) = 0.1789s, + 0.9883 = 0=09941 and 05 =5.55

For the lowpass high-Q biquad, K] =K, =0 = 03, =0 =0 and K= 0,2

Wpp
Ohy = |OC52| = a)nZTn = 09941T =0.3123
0 22T
0y =—— = w,,T, =0.3123
W2
1
Olyp = Q =0.1800
Schematic of the second-stage:
)\ et
022Cpp ! \¢11_
(XﬁCQ (0%)
/1
e a12C12 Cia ¢ 025C22 Cx €
Yin(2) Y IR L P s e Y Your(2)
) /1 05} /1 1 \ll \ oy [
o\ 01\ ) 01
L L L L

Figure S9.7-03

Total capacitance is:

2(0.3123) 1 1
C=|1+ 0.1880 + 0.1800 +|1 + m =10.027+4.202 = 14'229CH

Note that this value is 17.32 when a low-Q stage is used.
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Problem 9.7-04

Design a cascaded, switched capacitor, Sth-order, lowpass filter using the cascaded
approach based on the following lowpass, normalized prototype transfer function.
1

H, (s )=
ipnSn) (s, +1)(s,2+0.61804s, +1)(s,>+1.61804s,+1)

The passband of the filter is to 1000Hz. Use a clock frequency of 100kHz and design each
stage giving the capacitor ratios as a function of the integrating capacitor (the unswitched
feedback capacitor around the op amp), the maximum capacitor ratio, and the units of
normalized capacitance, C,. Give a schematic of your realization connecting your lowest Q
stages first. Use SPICE to plot the frequency response (magnitude and phase) of your
design and the ideal continuous time filter.

Solution
Stage 1, First-Order Stage (Use Fig. 9.5-1):
Ti(sp) = A1/%1 = 1 = o =0 and o =T,
(suTal0ry) +1 — Sutl =2l 2= n
wpg 20007
oqy =01 =T, =77~ =T00,000 = 0.06283
Cmax 1

1
Coin —0.06283 =15.92  and  2C=2+7706283 =19.92C,

Stage 2, Second-order Stage (Use Low-Q Lowpass Biquad):
1
5,2+1.61804s +1
From the low-Q biquad relationships, K} =K, =0 = o3, =0yr=0

@, T, 0.06283

T5(s,) = ,» = 1 rad/sec and O, = 0.61804

Ohy = |0652| = a)nTn =0.06283 and Ogo = Q2 =061804 = 0.1017
Cmax 1
C,, = 0.1017 =2:837
1 1 0.1017
and  XC=\2 + 7506283 |*|0.06283 * 0.06283 * 1| =36.45C,

Stage 3, Second-order Stage (Use Low-Q Lowpass Biquad):
T5(s,) = ,» = 1 rad/sec and 0, = 1.6180

5,2+0.61804s,+1

From the low-Q biquad relationships, K} =K, =0 = o33=0y3=0
®,T, 0.06283

Oh3 = |0653| = a)nTn =0.06283 and Ogo = Q2 =1.6180 = 0.0391
Cmax 1
C,in = 0.0301 =23.59

1 1 0.06283
and  XC=\2 + 506283 |*+|0.0391 + 0.0391 *+1]|=46.10C,
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Problem 9.7-04 — Continued

Schematic:
21C11

o11Cr

0€12C 12

0(62C22 [/ OC226122

v@n
—5 6%, ¢ %
(0)) ¢1
L L

052Cp = 1 Cr /(bz_-!_

o %?D

(x63(?23 | /(123(723

o13Cy

Fig. $9.7-4A

SPICE File:

*** HW9 PROBLEM2 (Problem 9.7-4)
*** Node 21 and 22 are outputs
VIN 1 0 DC 0 AC 1

* k% STAGEl * k%

XNC11l 1 2 3 4 NC1
XUSCP11l 3 4 5 6 USCP
XPC21 5 6 3 4 PC1

XAMP11 3 4 5 6 AMP

* x % STAGEZ * *x %

XPC1l2 5 6 7 8 PC1
XUSCP1l2 7 8 9 10 USCP
XpC22 7 8 13 14 PC1
XAMP12 7 8 9 10 AMP
XNC52 9 10 11 12 NC1
XUSCP22 11 12 13 14 USCP
XPC62 11 12 13 14 PpC2
XAMP22 11 12 13 14 AMP

* k% STAGE3 * k%

XPC13 13 14 15 16 PC1l
XPC23 15 16 21 22 PC1
XUSCP43 15 16 21 22 USCP1
XUSCP13 15 16 17 18 USCP
XAMP13 15 16 17 18 AMP
XNC53 17 18 19 20 NC1
XUSCP23 19 20 21 22 USCP
XAMP23 19 20 21 22 AMP
*** SUB CIRCUITS ***
.SUBCKT DELAY 1 2 3

ED 4 01 2 1

TD 4 0 3 0 ZO=1K TD=5US
RDO 3 0 1K

.ENDS DELAY

a53C3 == 1\ Co3 /d)z =

* kK

3
¢3;r+ ¢2 ¢1 ¢2 Vout
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Problem 9.7-05

Repeat Problem 9.7-3 for a Sth-order, highpass filter having the same passband frequency.
Use SPICE to plot the frequency response (magnitude and phase) of your design and the
ideal continuous time filter.

Solution
TBD
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Problem 9.7-06

Repeat Problem 9.7-3 for a Sth-order, bandpass filter having center frequency of 1000Hz
and a -3dB bandwidth of 500Hz. Use SPICE to plot the frequency response (magnitude
and phase) of your design and the ideal continuous time filter.

Solution
TBD
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Problem 9.7-07

Design a switched capacitor 6th-order, bandpass filter using the cascaded approach and
based on the following lowpass, normalized prototype transfer function.

H =
o) = s, 2425 42)

The center frequency of the bandpass filter is to be 1000Hz with a bandwidth of 100Hz.
Use a clock frequency of 100kHz. Design each stage given the capacitor ratios as a
function of the integrating capacitor (the unswitched feedback capacitor around the op
amp), the maximum capacitor ratio and the units of normalized capacitance, C,. Give a

schematic of your realization connecting your lowest Q stages first. Use SPICE to plot the
frequency response (magnitude and phase) of your design and the ideal continuous time
filter.

Solution
TBD
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Problem 9.7-08

Design a switched capacitor, third-order, highpass filter based on the lowpass normalized
prototype transfer function of Problem 9.7-7. The cutoff frequency (fpp), is to be

1000Hz. Design each stage given the capacitor ratios as a function of the integrating
capacitor (the unswitched feedback capacitor around the op amp), the maximum capacitor
ratio and the units of normalized capacitance, C,. Give a schematic of your realization

connecting your lowest Q stages first. Use SPICE to plot the frequency response
(magnitude and phase) of your design and the ideal continuous time filter.

Solution
TBD
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Problem 9.7-09

Design a switched capacitor, third-order, highpass filter based on the following
lowpass, normalized prototype transfer function.

0.5(s, >+4)
H =
o) = s 2425, 42)

The cutoff frequency (fpp), is to be 1000Hz. Use a clock frequency of 100kHz. Design

each stage given the capacitor ratios as a function of the integrating capacitor (the
unswitched feedback capacitor around the op amp), the maximum capacitor ratio and the
units of normalized capacitance, C,. Give a schematic of your realization connecting your

lowest Q stages first. Use the low-Q biquad given below for the second-order stage. The
approximate s-domain transfer function for the low-Q biquad is,

S 064 005
1 0r35,2 + T+

Tn2
Hee(sn) -
SnOC6 062065
5,2 + T, + 72
onCq
\ yd
1 ¢\¢1__l_
e o1Cyq C e 0sC —= 062 C 2 e
Vin(z) ! Vi (Z) S 2 V. t(Z)
yd \ \ | \ | pd \ | ou
o ) /I__{z 1 °‘{1 1 % 1 0
o1\ )
i 1
o4 Co
AN = \ 1 e —
L T sy o L
i

Low Q, switched capacitor, biquad realization.
Solution

Perform a normalized lowpass to normalized highpass transformation:

1
0.5|—5 +4
S 0.55,,(4s,2+1) (sn I 5,2+40.25 J

thn(sn)= 1 1 2 = 2y s, +1 2
s_”I_z . _+2] (5, D(1+25,#25,2) ~ ST ) s, 245,40.5

Sn

First-order stage design:

Equating currents at the inverting input of the op \ | 921C11
amp gives, ) ) “) )
e e e C ¢2 ¢1 q)l ¢2
o1 (1-zHV, (@) + a1V, (@) + (1-z DV, (2)=0 il L L,
‘o)
Solving for the H¢¢(z) tranfer function gives, * I ~ ! IC 11
Vin

- J__ +
SO1E3S1A
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Problem 9.7-09 - Continued

e e
Vol(z) '0511(1'2_1) Vol(sn) -0 15,1, -0 15,
Hee(z) = p | = ) ) N Hee(sn) = B = T =
V) 0y + (1-z271) Ve (s) o 1+s,T, - 93
nt T

n
Equating with the normalized highpass transfer function gives,

wpg 20007
a1 =i and Oh1 = Tn = fc = 100’000 =0.06283

2
2C,=0.06283 +1=32.832C,
Next, consider the second-order stage design:

5,2+0.25
Equating Hé¢(s) with m gives,

, 20007 T,?
033 =1, 04p =0, ajp050 = 0.25T,,%, 0t2=T,, = 100,000 = 0:06823 and app 57 =5~

Tn ®pp 20007
Let a5 = 055, then @y = 055 = V2 A2f. A2 100,000
C 2
Tn2 ‘\/ETn

Therefore, o, = @— 7 =0.02221

0.04443 1 0.06283 2
EC, =1+ 72221 *+ 002221+ \1+ 0.04443 *+ 0.04443 || =48.025+47.4287

Total £C,, = 32.832 + 48.025 + 47.429 = 127.84C,  Cypa/ Copiy = 1/0.02221 = 45.025

= 0.04443

Filter schematic:

y | 21C11
Jorks Jo/
. b2 /iy o1/ &2
11C11
\| JT‘\|J; Vol
Nl e,
Vin ]
A J__+
022C12
\| A~
A T \q’l_—l—
el o Ce vig oeGITUE™ G "Ny
T o‘ﬁ\/l % 1 ©
01 o1\ ) ¢1K
L L += L |
L 03222
- I( —  SOIE3SIB
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Problem 9.7-09 — Continued

1234
916

DELAY

0 0.06283
DELAY

0 0.06283
DELAY

0 0.06283
916

916

1234
328

.SUBCKT USCP 1 2 3 4

.SUBCKT NC1
RNC1 1 0 15.
XNC1 1 0 10
GNC1 1 0 10
XNC2 1 4 14
GNC2 4 1 14
XNC3 4 0 40
GNC3 4 0 40
RNC2 4 0 15.
.ENDS NC1
.SUBCKT PC1
RPC1 2 4 15.
.ENDS PC1
.SUBCKT PC2
RPC1 2 4 9.8
.ENDS PC2

R1 1 31

R2 2 41
XUsCl 1 2 12
GUSC1 1 2 12
XUsCcz2 1 4 14
GUSC2 4 1 14
XUSC3 3 2 32
GUSC3 2 3 32
XUsC4 3 4 34
GUSC4 3 4 34
.ENDS USCP

DELAY
01
DELAY
01
DELAY
01
DELAY
01

.SUBCKT USCP1 1 2 3 4

R1 1 3 1.618
R2 2 4 1.618
XUsCl 1 2 12
GUSC1 1 2 12
XUsCz2 1 4 14
GUSC2 4 1 14
XUSC3 3 2 32
GUSC3 2 3 32
XUsC4 3 4 34
GUSC4 3 4 34
.ENDS USCP1
.SUBCKT AMP

EODD 0 3 1 O
EVEN 0 4 2 O
.ENDS AMP
***x ANALYSIS
.AC DEC 1000
.PROBE

.END

1

1
DELAY
0 0.6180
DELAY
0 0.6180
DELAY
0 0.6180
DELAY
0 0.6180

1234
1E6
1E6

* x K

10 99K

Page 9-60
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Problem 9.7-10

Write the minimum set of state equations for each of the circuits shown below. Use
voltage analogs of current (R=1€2). The state equations should be in the form of the state
variable equal to other state variables, including itself.

1 Vin Vl 12
@) Vl = Sncln [ROn ) ROn ) VZ :| Ron

1 Lo 2
. SNASENN
V2 = SnLZI’l (Vl - Vom) Vin J_ R4}’l

Cln t
1 |: Vo Vout Vl :| - T 3”T Vou

Solution

Vour =5,C3,1 V2"~ Ran = Rom Fig. S9.7-10A
1
Sul1pn + SnCin + —> ( 2
Vo h
S Vin Lopn & Copn Vout
n S R3n _
ﬂ[ Vv 1% ] S9.7-10 >
_ _ Fig. $9.7-10B
Sn2 + 1 1 out '8 7
Sn
1 Vout Copn , Vout
Vour = T |\VI''R 2 VIR
4n ) + 1 4n
$pCopn + Sulopn "

The simplest way to work this one is make the following transformation (see pp.
228-230 of Switched Capacitor Circuits, P.E. Allen and E.S. Sanchez, Van
Nostrand Reinhold,1984).

Lon Rop V1 —»
ROn _ YYY\__ [YYY\ 'e)
Loy, +
+ I ( e C1n+C2n C2n+C3n
Vin vV DV' % Vout
(D T & oedw O au
°© CintCop ContCsy -
Fig. $9.7-10C o
Vo 1 [Vm Vi v } Con v
1= sn(Cln + C2n) ROn ) ROn A C1n+ C2n out

1
Vy = S,La, (V1 - Vout)

1 Vout C2n
Vout - Sn(CZn + C3n) V2 ) RSn C2n+ C3n Vout
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Problem 9.7-11

Page 9-62

Give a continuous time and switched capacitor implementation of the following state
equations. Use minimum number of components and show the values of the capacitors

and the phasing of each switch (¢ and ¢,). Give capacitor values in terms of the

parameters of the state equations and £2,, and f.. for the switched capacitor implementations.

1
L) Vi=gg[-o1V1+02V2-03V3)

S
2.) Vi =52T[ -01V1+0Vy - OL3V3]
1

. Vi =3SK[ -1V + OL2V2] + 03V3
Solution
1.)
—~G o
Vi Ri=1/0y o1
52 R R Ro=l/op v, = al
C=K 01 = oyT
| Vi D 02 ay=—"
o} K
V3 R3=1/03 0_62 F @Q="F
° o1 /01 a3 = 231
Fig. $9.7-11A = L L K
2.)
C=1 R=1 R Vl Cl]C C= 1 V]
| ( | (
A W\l W\l 0_62 F'{y Ay / O
qul q_>2/ 01
R v, =@l o1 L/ i
R3= — R=1 T% O_{l F L | q) B
V3 1og——AANN— R|=1/0yy D (o = T,C Co1 T C:\
Va R R R=liol C=1|vy, v _=aCl g %"
—O O_/¢2 F
or /o179 01
L Ll 1L
- = Fig.S9.7-11B air=oqT, a=0T, az=03Ty,
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Problem 9.7-11 - Continued

3.)
cC ¢ aC C
RV VA M VAN A
wrlummiwrsh
: [ c
VID vi =1 _ouTy
01 o = 977K
0)) 0Ty
Vs JT—azc 2="k
—%, a3= a3
o1 /01
L L

Fig. §9.7-11C



Problem 9.7-12

filter shown.
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Find a switched capacitor, realization of
the low-pass normalized RLC ladder Ry,=1Q Li,=1H L3,=2H
The cutoff frequency of AT FYTT 2
the low-pass filter is 1000Hz and the . C J_ Ry
Give the Vin(sn) 2n " < Vour(sn)

clock frequency is 100kHz.
value of all capacitors in terms of the
integrating capacitor of each stage and
show the correct phasing of switches.
What is the C,,,,,/C

= ZFT ZIQ
o

Figure P9.7-12
and the total units of capacitance for this filter? Use SPICE to plot

min

the frequency response (magnitude and phase) of your design and the ideal continuous time

filter.

Solution

The state equations are:

1 RIIR,, , R ( Vl'Ron
Vs =11R0n+SL1n11+V2% 11= SLln VS - R -V2 Vl = SLlnsz - R -Va
1
11— 13 = SC2nV2 - V]’ -V3’ = SRC2nV2 - V2 = m(vl’ _VS’)
1 , R R4n o
Va=sly, I3+ 3Ry, — B=—(Va-B3Ry) — V' =7 —\Va- "R V3
Ry, Ry
But, Vo =3R4, = V3 g — V3’ = Ry Vour = |Vour = sLs, V2 -Vour)
Normalized realizations:
(04 C ' ’ 1_ ’
‘és—{ )1Il : ({ . )I Vg Vit =57, o Vs - 021V - 031 V2]
1 2
o Comparing with the first state equation:
vy Lol o R RT, R, 120007
0—{ I— T =7.. = O|=T. =F[. =
2¢ n In inJeLin 105-1
1 -
Vs -+ 03104 o1 =50 =0.0628 =
% I_ 031 Rop Ron'Qn
0 o1\ =7 = 77— =0 =0.0628
1 1 T, =L, — ®I=7FL oy =0.
L L Fig. $9.7-12B " " i
. o12Cr Cy R ,
AT R ¥ Va =5 lenaVy - 03Vl
¢2\ Comparing with the second state equation:
Vou = 022C2 @y _ 1 L 9
O—{z T, = RCy, =~ %12 = RCy, ~ RfCyy =
0 O\ = 1-20007

Fig. $9.7-12C  1.2-10°

015 = /100 = 0.0314 = oy,
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Problem 9.7-12 — Continued

‘/02_/ 06\1|3C3 P \C? Vour Vour = slTn Lo3V2 - 023Vl
] T/ o Comparing with the third state equation:
% 3 1
Vout J— 023C3 T, =Rua,ls,
I_ T, Q, 120007
¢1 1\ 013 = RyuL3y - RynfeLan - 1-10°

J_— J_— Fig. S9.7-12D
013 = 750 = 0.0628 = ct3

Connect the above three circuits together to get the resulting filter.

The C,,,/C,,;, = 1/0;> =31.83. The units of capacitances normalized to each integrating

capacitor is 3 + (1/0.0628) = 18.91 for the first stage, 2 + (1/0.0314) = 33.83 for the
second stage and 2 + (1/0.0628) = 17.91for the third stage. The total units of capacitance
for this filter is 70.66 units.

The SPICE simulation file for this filter is shown below.
SPICE File for Problem 9.7-12
*** Node 13 and 14 are Switched Cap outputs
**% Node 23 is RLC ladder network output
VIN 1 0 DC 0 AC 1
*x*% V1' STAGE ***
XNC11 1 2 3 4 NC1
XPC21 9 10 3 4 PC1
XPC31 5 6 3 4 PC1
XUSCP1 3 4 5 6 USCP
XAMP1 3 4 5 6 AMP
**xx Y2 STAGE ***
XNC12 5 6 7 8 NC2
XPC22 13 14 7 8 PC2
XUSCP2 7 8 9 10 USCP
XAMP2 7 8 9 10 AMP
*** YVOUT STAGE ***
XNC13 9 10 11 12 NC1
XPC23 13 14 11 12 PpC1l
XUSCP3 11 12 13 14 USCP
XAMP3 11 12 13 14 AMP
*** RLC LADDER NETWORK **=*
R1 1 21 50
L1l 21 22 7.9577E-3
C2 22 0 6.3662E-6
L3 22 23 7.9577E-3
R2 23 0 50
R I I I I b b b b b b A I b b b b b b b I b 4
**%* SUB CIRCUITS ***
.SUBCKT DELAY 1 2 3
ED 40121
D 4 0 3 0 ZO=1K TD=5US
RDO 3 0 1K
.ENDS DELAY
.SUBCKT NC1 1 2 3 4
RNC1 1 0 15.9155
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Problem 9.7-12 — Continued

XNC1 1 0 10 DELAY

GNC1 1 0 10 0 0.062832

XNC2 1 4 14 DELAY

GNC2 4 1 14 0 0.062832

XNC3 4 0 40 DELAY

GNC3 4 0 40 0 0.062832

RNC2 4 0 15.9155

.ENDS NC1

.SUBCKT NC2 1 2 3 4

RNC1 1 0 31.831

XNC1 1 0 10 DELAY

GNC1 1 0 10 0 0.031416

XNC2 1 4 14 DELAY

GNC2 4 1 14 0 0.031416

XNC3 4 0 40 DELAY

GNC3 4 0 40 0 0.031416

RNC2 4 0 31.831

.ENDS NC2

.SUBCKT PC1 1 2 3 4

RPC1 2 4 15.9155

.ENDS PC1

.SUBCKT PC2 1 2 3 4 0 T T T T
RPC1 2 4 31.831 - e

.ENDS PC2 220 F

.SUBCKT USCP 1 2 3 4 -

R1 1 31 B

R2 2 4 1 -40

XUSCl 1 2 12 DELAY =) - \

GUSC1 1 2 12 0 1 o -60 i

XUSC2 1 4 14 DELAY b= - N Switched  |;
GUSC2 4 1 14 0 1 = . \\\kCapachof_47-
XUSC3 3 2 32 DELAY an -80 F ]
GUSC3 2 3 32 01 S i AR ]
XUSC4 3 4 34 DELAY -100 s

GUSC4 3 4 34 0 1 X Continuous®s
.ENDS USCP - Time AN
.SUBCKT AMP 1 2 3 4 -120 - 3
EODD 0 3 1 0 1E6 -

EVEN 0 4 2 0 1E6 -140 L M M ———
-ENDS AMP 100 1000 10k 100k

*%% ANALYSIS ***
.AC DEC 100 10 199K
.PRINT AC VDB (13) VDB(14) VDB(23) VP(13) VP(l4) VP (23)
.END

Frequency (Hz)
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Problem 9.7-13

Design a switched capacitor realization L —

of the low-pass prototype filter shown 2004 O
in Fig. 9.7-13 assuming a clock QLin=12H R +
frequency of 100 kHz. The passband V;, (s,) G = ::_12121 Vout(Sn)
frequency is 1000Hz. Express each 2F -
capacitor in terms of the integrating 5
capacitor C. Be sure to show the Fig. S9.7-13A

phasing of the switches using ¢ and ¢» notation. What is the total capacitance in terms of
a unit capacitance, Cy? What is Cpax/Cmin? Use SPICE to plot the frequency response
(magnitude and phase) of your design and the ideal continuous time filter.

Solution

The state equations are:

, R VllRon
Vin=1Rop+sLip 14V - Vi'= sLy, Vin - R “Vour

Vout 1 ,
I - R, =5Co,Vour — Vour = sRCznkVI R, Vour)
The normalized realizations for these equations are:
. o C C ' D) L B
Y 3 )lll : 5+ Il 4! Vi =57, [011Vin - 001V1 - 031 Voul
2
o Comparing with the first state equation:
\ 4
vl = 21cl i R _RT, RQ, 120007
¢2¢1 I_ 1 T, ~ Ly, - = Ly, ~felin ™= 105.-\/5
JT— 031C1 ap = 0.04443 = O0h1
VOMI /
¢2 I_ 031 R R ,Q
¢] ¢1\ - = ll - Or1 = ] L = =
L 1 ) Ty Ly, 317 feLyy 11
= - Fig. $9.7-13B  (0.04443
. 012C C 1 :
‘Q_/q,l )1}2 ’ 51 )IZ Vour Vour = 5T, [012V1" - 022V o]
2
0y Comparing with the second state equation:
Vour L 0y o1 1 L2
% I_ Ty ~RCyy 2= RCy, = RfCoy ~
01 o\ = 1-20007

Fig. S9.7-13C 1. 105‘\/5
Oip = 0.04443 = Oh»

Connect the above two circuits together to get the resulting filter.
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Problem 9.7-13 — Continued

The C,,,/C,;,, = 1/0;o =22.508. The units of capacitances normalized to each integrating

capacitor is 3 + (1/0.04443) = 25.51 for the first stage and 2 + (1/0.0314) = 24.51 for the
second stage. The total units of capacitance for this filter is 50.158 units.

The SPICE simulation file for this filter is shown below.
SPICE File for Problem 9.7-13
*** Node 9 and 10 are Switched Cap outputs
**% Node 22 is RLC ladder network output
VIN 1 0 DC 0 AC 1
**xx Y1' STAGE **x*
XNC11 1 2 3 4 NC1
XPC21 5 6 3 4 PC1
XPC31 9 10 3 4 PC1
XUSCP1 3 4 5 6 USCP
XAMP1 3 4 5 6 AMP
*** VOUT STAGE ***
XNC12 5 6 7 8 NC2
XPC22 9 10 7 8 PC2
XUSCP2 7 8 9 10 USCP
XAMP2 7 8 9 10 AMP
*** RLC LADDER NETWORK ***
R1 1 21 50
L1 21 22 11.254E-3
C2 22 0 4.50158E-6
R2 22 0 50
R I I I I b b b b b b A i 2 b b b b b b b I b 4
*** SUB CIRCUITS ***
.SUBCKT DELAY 1 2 3
ED 40121
D 4 0 3 0 ZO=1K TD=5US

RDO 3 0 1K

.ENDS DELAY

.SUBCKT NC1 1 2 3 4
RNC1 1 0 22.5079

XNC1 1 0 10 DELAY
GNC1 1 0 10 0 0.04443
XNC2 1 4 14 DELAY
GNC2 4 1 14 0 0.04443
XNC3 4 0 40 DELAY
GNC3 4 0 40 0 0.04443
RNC2 4 0 22.5079
.ENDS NC1

.SUBCKT NC2 1 2 3 4
RNC1 1 0 22.5079

XNC1 1 0 10 DELAY
GNC1 1 0 10 0 0.04443
XNC2 1 4 14 DELAY
GNC2 4 1 14 0 0.04443
XNC3 4 0 40 DELAY
GNC3 4 0 40 0 0.04443
RNC2 4 0 22.5079
.ENDS NC2

.SUBCKT PC1 1 2 3 4
RPC1 2 4 22.5079
.ENDS PC1

.SUBCKT PC2 1 2 3 4
RPC1 2 4 22.5079
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Problem 9.7-13

.ENDS PC2

.SUBCKT USCP 1 2 3 4
R1 1 31

R2 2 41

XUSC1
GUSC1
XUsC2
GUSC2
XUSC3
GUSC3
XUsc4
GUSC4
.ENDS

.SUBCKT AMP 1 2 3 4

A B WD E NN

n

12
12
14
14
32
32
34
34

DELAY
01
DELAY
01
DELAY
01
DELAY
01

EODD 0 3 1 0 1E6
EVEN 0 4 2 0 1E6

.ENDS AMP

**x*x ANALYSIS ***
.AC DEC 20 10 199K

.PRINT AC VDB (9)

.END

Magnitude dB

-60

-80

-100

VDB (10)

VDB (23)

VP (9) VP(10) VP

(23)

Switched
Capacitor

Continuous™..

I1me

100

1000

10k

Frequency (Hz)

Page 9-69

100k

Fig. $9.7-13D
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Problem 9.7-14

Design a switched capacitor realization of the low-pass prototype filter shown
assuming a clock frequency of 100 kHz. The passband frequency is 1000Hz. Express
each capacitor in terms of the integrating capacitor C. Be sure to show the phasing of the
switches using ¢ and ¢ notation. What is the total capacitance in terms of a unit
capacitance, Cy? What is Cax/Cin?

Solution

First normalize T by €, =20007 to get T,, =€2,7 = 20007 /100,000 = 0.06283
The state equations are:

1 Roy
Vin = Up+sC,,VDRo, + Vi = Vi=gRoC, [Vin -Vi- Tvz}
and
sLy, R3, ) , R R3, ,
Vl =12SL2n +12R3n —> V] ="R +TV2 — V2 =SL2n V] - TVz
Since V,’ =V,,,;, we can write
R [, R
Vout=sL2n Vi- R Vou
Realization of the first state equation:
C C
e MO 1
01 A I To2T /1 °Vi Vi(2) =( Zn-lj[allvin' 01 Vy - 031Vl
2
. L a0y Let z,, = 1+s,T,, to get
2 - 1 ,
02 == L Vi) =5 T 1001 Vin(sp) -021V2 (s,) -031 V1 (s,)]
01 )
RT Q 20007
J—a C . — n — n — —
Vl q) -- 3|: S0 _ROnCln = fccln —\/5 105 =0.0444
/0 /

Jd_n fl SO1E3S2B Since, R = Ry, then @) = o31 = 071 = 0.4444

Realization of the second state equation:

op2C Ca y= L ’
Vi . ﬁ 2 s \|2 Vo —g/out Vour(2) :( Zn'lj [a2Vy - 095V ]

¢y 0T 71
Jq_)z Let z,, = 1+s,T,, to get
' L (X C 1 ’
Vs - 2252 Vour(s) = 5 1012V1(sn) -022V5 (5]
2 |
01 1 Ol = - = = 0.0444
L 2T Ly, T feloy V2 105 '

SO01E3S2C

QIQ =0hy = 0.4444
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Problem 9.7-14 — Continued
C

max

Cpuin — 0.0444 =22.508

= [(22.508+3) + (22.508+2)]C,, = 50.0158C,

Page 9-71

¢1:|T_

Vout
O

Realization:
\
/|
Y w Yhes
/ :l_ 71
v, Cu | 25. 508Cu ¢z T Cu | 25508C, /%2
i~ \ \
SwimeC el V¢y /|_'fz 1
o /o1 L /o /o
4 L L

-+

SO1E3S2D
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Problem 9.7-15

Design a switched capacitor realization of the low-pass prototype filter shown below
assuming a clock frequency of 100 kHz. The passband frequency is 1000Hz. Express
each capacitor in terms of the integrating capacitor C. Be sure to show the phasing of the

switches using ¢1 and ¢ notation. What is the total capacitance in terms of a unit
capacitance, Cy? What is largest Cyax/Cmin? Use SPICE to plot the frequency response
(magnitude and phase) of your design and the ideal continuous time filter.

Solution
The state equations are:

1 R
Vin=SL1n11+V2 — Il:SLln (Vin—Vz) — Vl’ =SL1n (Vln - Vz)

1 1
Vz = SCZn (Il —13) — V2 = SRCZn (Vl’ —V3’) —

L (. R
V2:SRC2n kvl -EVZJ

1 R4n
I3 = sLs,, Va-Vou) — Vour =3R4y — Vour = sLs,, (Vo - Vour)

The normalized realizations for these equations are:

1
Vin 1€ “ vy Vi =7 [0 Vi - p1 Vo]
o—=" Ve e\ | 1 =T, L&11Vin - ®21V2
T TRt I T1° 8
(o) Comparing with the first state equation:
L
o =4 ) R RT, R, 120007
) I_ T, ~ Ly, — % “ Ly T felin T 103.0.5
Ui O\ =
L L Figs9risB 01 =0.125664 = oy,
. 012C C L ,
4 \1|2 ° < \|2 Vgut Vour = sT, o2V - 2 Voul
N 0T /I o ‘
¢2\ Comparing with the second state equation:
Vour <L 02, O 1 L2
0_{2 Tn _RC2n% alz_RCZn_RfCCZn_
91 O\ = 20007

L L Fig. $9.7-15C  103-(4/3)

Oip = 0.047124 = Oho
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Problem 9.7-15 — Continued

Vs ¢ a\1|3C3 P \C|3 ng Vo‘mzsllTn[OfB‘./z - 0‘23Vom]' |
o—¢, A 0y 11 Comparing with the third state equation:
) o3 1
Vou > L 303 Ty = Ranl3y
¢ |—\ . T, Q, 20007
1 01 137 Ry, L3, = RapfeLsn = 105
J_— J_— Fig. $9.7-15D a3 Slcan 10 G2

O3 = 0.041888 = (05X}
Connect the above three circuits together to get the resulting filter.

The C,,,/C,,;, = 1/0y3 = 23.87. The units of capacitances normalized to each integrating

capacitor is 2 + (1/0.126) = 9.936 for the first stage, 2 + (1/0.0471) = 23.231 for the
second stage and 2 + (1/0.0419) = 25.8671for the third stage. The total units of
capacitance for this filter is 59.03 units.

The SPICE simulation file for this filter is shown below.
SPICE File for Problem 9.7-15
*** Node 13 and 14 are Switched Cap outputs
**% Node 22 is RLC ladder network output
VIN 1 0 DC 0 AC 1
*x*% V1' STAGE ***
XNC11 1 2 3 4 NC1
XPC21 9 10 3 4 PC1
XUSCP1 3 4 5 6 USCP
XAMP1 3 4 5 6 AMP
**xx Y2 STAGE ***
XNC12 5 6 7 8 NC2
XPC22 13 14 7 8 PC2
XUSCP2 7 8 9 10 USCP
XAMP2 7 8 9 10 AMP
*** YOUT STAGE ***
XNC13 9 10 11 12 NC3
XpC23 17 18 11 12 PC3
XUSCP3 11 12 13 14 USCP
XAMP3 11 12 13 14 AMP
*** RLC LADDER NETWORK ***
L1 1 21 3.9789E-3
C2 21 0 4.2441E-6
L3 21 22 11.9366E-3
R4 22 0 50
R e I I I b b b b I b b I b b b b b Sb b b O 3
*** SUB CIRCUITS ***
.SUBCKT DELAY 1 2 3
ED 4 01 2 1
™D 4 0 3 0 Z0=1K TD=5US
RDO 3 0 1K
.ENDS DELAY
.SUBCKT NC1 1 2 3 4
RNC1 1 0 7.957729
XNC1 1 0 10 DELAY
GNC1 1 0 10 0 0.125664
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Problem 9.7-15 — Continued
XNC2 1 4 14 DELAY .SUBCKT PC2 1 2 3 4
GNC2 4 1 14 0 0.125664 RPC1 2 4 21.2206
XNC3 4 0 40 DELAY .ENDS PC2
GNC3 4 0 40 0 0.125664 .SUBCKT PC3 1 2 3 4
RNC2 4 0 7.957729 RPC1 2 4 23.8732
.ENDS NC1 .ENDS PC3
.SUBCKT NC2 1 2 3 4 .SUBCKT USCP 1 2 3 4
RNC1 1 0 21.2206 RI 1 31
XNC1 1 0 10 DELAY R2 2 4 1
GNC1 1 0 10 0 0.047124 XUSC1 1 2 12 DELAY
XNC2 1 4 14 DELAY GUSC1 1 2 12 0 1
GNC2 4 1 14 0 0.047124 XUSC2 1 4 14 DELAY
XNC3 4 0 40 DELAY GUSC2 4 1 14 0 1
GNC3 4 0 40 0 0.047124 XUSC3 3 2 32 DELAY
RNC2 4 0 21.2206 GUSC3 2 3 32 0 1
.ENDS NC2 XUSC4 3 4 34 DELAY
.SUBCKT NC3 1 2 3 4 GUSC4 3 4 34 0 1
RNC1 1 0 23.8732 .ENDS USCP
XNC1 1 0 10 DELAY .SUBCKT AMP 1 2 3 4
GNC1 1 0 10 0 0.041888 EODD 0 3 1 0 1E6
XNC2 1 4 14 DELAY EVEN 0 4 2 0 1E6
GNC2 4 1 14 0.041888 .ENDS AMP
XNC3 4 0 40 DELAY *x% ANALYSIS ***
GNC3 4 0 40 0.041888 .AC DEC 20 10 200K
RNC2 4 0 23.8732 .PRINT AC VDB(13) VDB(14) VDB (22)
.ENDS NC3 +VP (13) VP(14) VP(22)
.SUBCKT PC1 1 2 3 4 .END
RPC1 2 4 7.957729
.ENDS PC1
20 ——T T ——T T ——T T
Or \\\ ]
-20
/M B \
B [
S 40
= R 1
: .
% Sw1tcl?ed_>
= - Capacitor [/
-80 N
- Cf)r tlnuoﬁ,‘k ]
-100 Time \-,
L l,\ 4
: N
-120 T T T T e . |
100 1000 10k 100k
Frequency (Hz) Fig. $9.7-15E
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Problem 9.7-16

Design a switched capacitor realization of the low-pass prototype filter shown below
assuming a clock frequency of 100 kHz. The passband frequency is 1000Hz. Express
each capacitor in terms of the integrating capacitor C (the capacitor connected from op amp

output to inverting input). Be sure to show the phasing of the switches using ¢1 and ¢;

notation. What is the total capacitance in
terms of a unit capacitance, C,? What is
L
largest Cmax/Cmin? Ron=1Q WH )
Solution + —C>12 R +
Normalize T = 1/f; by Qy = 2000 =V1 5{p—==218< Vout
to get Ty, = Q,T. - -
o
State Equations:
Vil’l - Vl 1 Vln Vl
1.) “Roy " sCipV1 + h=> V| = sC1n (ROn Ron -Ip)
RonV2'
sC1nRon (Vin -ViI- TR )
1 RonV2' ,

or | Vi = sCinRon \Vin—Vl— R where V7' =R

_1 1 —
2) =55 (Vi-Vow) =| V2' =35~ (V1 - Vour)

Vout 1 Vout 1 ,
3.) Ip =sCGnVout + R, Ry, — Vout=5Ca sCap I>- Ra, | = Vout = sC3pR KVZ " Rup

Realizations (Assume R = Ry = Ryp):

o1
L

1.)
0, %G1 o C
Vin o_/ } ” on 1
/‘Pz Vi= Zp-1 [0t11Vin - 01120 V2" - 01127 V1]
0, — 1 1Ci p Assume sTj, <<I and let z, = 1+sT}, to get
2 -
V 'o_/ all
’ /q) = Vi(s) = m(vin -Va2'-Vy)
1
_|_CL Th 20007
) 1|1C_1 11 =CRon = 1051 = 0.0628
Vio—
/

<
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Problem 9.7-16 — Continued

2.)
1
N o1 ,Co Vo'=7 T [012V1 - 01270 Voutl
Vi o—// H OV Assume sTn <<1 and let z, = 14sT}, to get
b2 Vi(s) = T 2 (Vi- Vou
0, = %12C2
RT, 2000m

L}‘
BT

3)
v, o} 0013(|j3 Vout = 1.1 [013V2' - 0132 Voutl
2 o—~
/ 0 Vou Assume sTn <<1 and let z, = 1+sT} to get
2
0, — 03C3 Vout(s) = STn (V2'- Vour)
Vouto—/

- M2=RGC3n =05,

PN T, 2000m
J__ . = = =0.0628

The total capacitance is 70.65C, where Cy is a unit capacitance. The largest Cax/Cmin
ratio is 31.83.
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Problem 9.7-17

Design a switched capacitor Ro=1Q L1,=1H L3,=2H

realization of the low-pass ¢ AT N o
prototype filter shown below + J_ J_ T
assuming a clock frequency of . (o Con= Can=_1 Rs,= Vioul(s)
200 kHz. The passband " 2F T IF T 1Q
frequency is 1000Hz. Express - 5
each capacitor in terms of the FigS9.7-17

integrating capacitor C  (the
capacitor connected from op amp output to inverting input). Be sure to show the phasing

of the switches using ¢ and 07 notation. What is the total capacitance in terms of a unit
capacitance, Cy? What is largest Cax/Crmin?

Solution
First we must normalize the clock period, T, by € =20007 to get T, =€Q T =Q /f .

The state equations for the bold variables above are:

Rop . Shi . .__R Ro ..

n
1
2) V= SRC,, (Vl ; V3)

R
3) V3 = SL3n (VZ - Vout)

Vout 1 . R
4) I3 =5C4, Vo, + Rs, = Vou= SRCy,, V3 - Rs, Vourt
Realizing each of these four state equations is done as follows:
1
L) Vilz) =7 110 Viy - 012,V - 012,V

Vv o11Cq Ci

oy, | in - YA
Vi(s) = 3T Vi - V2 - Vil or ]¢ e ] o
2
T,R  2000n L
. : 011Cy
oy == = 0.0314 =
=Ty, = g5 -0 1 ¢2ﬁ —
1 01 i
2) Valzy) =7 110 Vi- 0512, V3] v Loy
2 /“ -
O ) Ly
V2(S) = STn [Vl— V3] q)l /(I)l
. _L_w_ 0.0159 JT_ JT_
M1 =RG,, T g5, T v 01 &) 1%
| p)
°~¢1)—) %
(0))
ooy

€N
¢2)4:)|_/¢1 B
SR
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Problem 9.7-17 - Continued

. 1 Vo oc31C3 € |4
3) Vizy) = z, -1 (031 V- 0312,V gyt 01 ) I ¢2 ) I °
JQiz
031 031C3
Vi(s) = T Vo Voul XO_M/)_)
TuR  2000n 00159
“ Ly, T 1052
1 ‘
4.) Vout(zn) = z, - 1 [ogy V3- 0412,V 041C4 Cy 1%
out

oc4 ¢1 ] )l_'@ )I
out(s) [V3 2

]
T 2000 O“f
= 00314 ¢2] ”_

~RCy, ™ 1051 /01

L

The actual filter realization is obtained by
connecting the above four circuits as indicated by their terminal voltages.

Total capacitance:
For each stage, make the smallest capacitor equal to C, and sum capacitors.
Stage 1: 3C +(C/0.0314) =31.8C, + 3C, =34.8C
Stage 2: 2C +(C/0.0159) = 63.7C, +2C, = 65.7C
Stage 3: 2C +(C/0.0159) = 63.7C, + 2C, = 65.7C
Stage 4: 2C +(C /0.0314) =31.8C, +2C = 33.8C
Total capacitance = 200C,,

£ € = <

Cmax
= =637
Cmin
SPICE File:

*** HW9 PROBLEM3 (Problem 9.7-17) **x*

*** Node 17 and 18 are Switched Cap outputs
*** Node 23 is RLC ladder network output
VIN 1 0 DC 0 AC 1

***x y1' STAGE ***

XNC11 1 2 3 4 NC1

XPC21 9 10 3 4 PC1

XPC31 5 6 3 4 pC1

XUSCP1 3 4 5 6 USCP

XAMP1 3 4 5 6 AMP

*x% V2 STAGE ***
XNC12 5 6 7 8 NC2
XPC22 13 14 7 8 PC2
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Problem 9.7-17 — Continued

XUSCP2 7 8 9 10 USCP
XAMP2 7 8 9 10 AMP

* k% V3' STAGE * k%

XNC13 9 10 11 12 NC2
XPC23 17 18 11 12 PC2
XUSCP3 11 12 13 14 USCP
XAMP3 11 12 13 14 AMP

*%% YOUT STAGE ***

XNC14 13 14 15 16 NC1
XPC24 17 18 15 16 PC1
XUSCP4 15 16 17 18 USCP
XAMP4 15 16 17 18 AMP

*%%* RLC LADDER NETWORK ***
R1 1 21 50

Ll 21 22 7.9577E-3

C2 22 0 6.3662E-6

L3 22 23 15.9155E-3

C4 23 0 3.1831E-6

R2 23 0 50

KA AN KAk A AR AN XA KA XA AKXk A XA Xk k k%
*%% SUB CIRCUITS ***
.SUBCKT DELAY 1 2 3

ED 40121

TD 4 0 3 0 ZO=1K TD=2.5US

RDO 3 0 1K

.ENDS DELAY

.SUBCKT NC1 1 2 3 4
RNC1 1 0 31.8269

XNC1 1 0 10 DELAY
GNC1 1 0 10 0 0.03142
XNC2 1 4 14 DELAY
GNC2 4 1 14 0 0.03142
XNC3 4 0 40 DELAY
GNC3 4 0 40 0 0.03142
RNC2 4 0 31.8269
.ENDS NC1

.SUBCKT NC2 1 2 3 4
RNC1 1 0 63.6537

XNC1 1 0 10 DELAY
GNC1 1 0 10 0 0.01571
XNC2 1 4 14 DELAY
GNC2 4 1 14 0 0.01571
XNC3 4 0 40 DELAY
GNC3 4 0 40 0 0.01571
RNC2 4 0 63.6537
.ENDS NC2

.SUBCKT PC1 1 2 3 4
RPC1 2 4 31.8269
.ENDS PC1

.SUBCKT PC2 1 2 3 4
RPC1 2 4 63.6537

.ENDS PC2

.SUBCKT USCP 1 2 3 4
R1 131

R2 2 41

XUSCl 1 2 12 DELAY
GUSC1 1 2 12 01
XUSC2 1 4 14 DELAY
GUSC2 4 1 14 0 1
XUSC3 3 2 32 DELAY
GUSC3 2 3 32 01
XUsC4 3 4 34 DELAY
GUSC4 3 4 34 01
.ENDS USCP

.SUBCKT AMP 1 2 3 4
EODD 0 3 1 0 1E6
EVEN 0 4 2 0 1E6
.ENDS AMP

*xx ANALYSIS ***

.AC DEC 1000 10 199K
. PROBE

.END
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Problem 9.7-18

Use the low-pass, normalized prototype filter of Fig. P9.7-14 to develop a switched-
capacitor, ladder realization for a bandpass filter which has a center frequency of 1000Hz, a
bandwidth of 500Hz, and a clock frequency of 100kHz. Give a schematic diagram
showing all values of capacitances in terms of the integrating capacitor and the phasing of
all switches. Use strays-insensitive integrators. Use SPICE to plot the frequency response
(magnitude and phase) of your design and the ideal continuous time filter.

Solution

) @y 1000
1.) Normalize by s =\gWw |P =300 P = 2P

2.) Transform the normalized circuit to bandpass using the transformation,

1
s=p =+ E 1
= 2Ln 2L
The resulting circuit is shown. RO,”. .IQ _rYY\:l’Ll (zn
3.) The state equations for this bandpass I— +
circuit can be written as follows.

. + R3n
2RC [ Vs <> 1 Vi =< ZIQ%VOW

Vi= 241 R,, (Vll’l Vi)- V2} 2C1n 2C1n -
where V)" =1,-Rand R = 1.
SR sR3,
R3, R3, 2LZn 2Ly,
Vour="R V2'=7R (Vl Vour) = 241 V1i-VYour)
4.) The SC realization of each second—order block is given as,
Vi 03Cj C:
o0— d | (I .
01 (1% 1\ oV
)
1 / N
V2 _O‘4J Gj oG T 02, C;

0 His 3
qul /o1 /o1 %%]ﬁl/m /

Fig. $9.7-18D
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Problem 9.7-18 — Continued
If fe10ck>>f)» then Vi(s) of the above realization can be written as,

s %j, %4
Vi(s) = TV -T Vs where T, = Q,T = o, T
(4] 1'0621' n n
s+ 5
T}’l
5.) Comparing the state equations with the above transfer function gives,
_ 5 o, 2mx103
J= 1or Vll o110 = Tn — o11=01 = Tn = CO,.T :fclock = 105 =0.02%
L _of_2mi0 0.0071
031 =041 =051 = R0n2CIH_2\/§_2\/§x105_ ) T
_ 5 o, 2mx103
J= 2 or Vout: 0200y = Tn — Oy =0y = Tn = CO,.T :fclock = 105 =0.02%
L _of_2mi07 0.0071
03 =042=R 2L, = W2 k105 = T
6.) Filter realization:
| { A
I\ h2
N /
01 E (7 o] =001 J_
(0% o1 =0.02n= 0.0628 -
1 |L Gi=C /01
- _1 = /
0.022214C; 0.022214¢,] *2L
Eq)l- T~
= /¢ 012 = 02 d27]
VOM[ 2
o p =0.02n= 0.0628
Ci=C
/%
O.O%%214C2
I\
/01 /01
+ L

Fig. $9.7-18E
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Problem 9.7-18 — Continued
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7.) To create the SPICE input file, the above figure needs to be expanded which is

done below.
o31Cq C
el

Vin

O—@—H Tt
= op1Cy

e

=

T

Vour J;Otslcl 041Cq %
0_61 H’_l o—°
o /S0 ¢

32C

Vi &)
0—67;!( Sl
2

Vout
o

—— Fig. $9.7-18F

8.) The SPICE simulation file for this filter is shown below.

SPICE File for Problem 9.7-18

*##* Node 13 and 14 are Switched Cap outputs
*#* Node 23 is RLC ladder network output
VIN10DCOAC1

##% V1 STAGE ***

XPC119 10 3 4 PC2
XNC311234NC1

XPC41 56 3 4 PC1

XPC51 13 14 3 4 PC1

XUSCPI 345 6 USCP

XAMPI1 345 6 AMP

##% V2 STAGE **%*

XNC21 567 8 NC2

XUSCP2 7 89 10 USCP

XAMP2 7 8 9 10 AMP

*##% VOUT STAGE ***

XPC12 17 18 11 12 PC2
XNC3256 11 12 NC1

XPC42 13 14 11 12 PC1

XUSCP3 11 12 13 14 USCP
XAMP3 11 12 13 14 AMP

##% V4 STAGE ***

XNC22 13 14 15 16 NC2

XUSCP4 15 16 17 18 USCP
XAMP4 15 16 17 18 AMP

##% RLC LADDER NETWORK ***
RO 121 50

C1 21 0 9.0032E-6

L1 21 02.8135E-3
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Problem 9.7-18 — Continued
L2 2122 22.5079E-3

C2 22 23 1.125395E-6
R3 23050

*#% SUB CIRCUITS ***
SUBCKT DELAY 123
ED40121

TD 4 03 0 ZO=1K TD=5US
RDO 30 1K

.ENDS DELAY
SUBCKTNC11234
RNC1 1 0 45.015816
XNC11010DELAY
GNC1 10100 0.022214
XNC214 14 DELAY
GNC2411400.022214
XNC3 4040 DELAY
GNC3 40400 0.022214
RNC2 4 0 45.015816
.ENDS NC1
SUBCKTNC21234
RNC1 1 0 15.91549
XNC11010DELAY
GNC1 10100 0.062832
XNC214 14 DELAY
GNC241 14 00.062832
XNC3 4040 DELAY
GNC3 40400 0.062832
RNC2 4 0 15.91549

ENDS NC2

.SUBCKT PCl 1 2 3 4 O B T T T T LI I B ) T T T T LI I B ) T T T T LENLE ) |-
RPCI 2 4 45.015816 F :
[ENDS PCI 10k /TN :

SUBCKT PC2 1234
RPC1 2 4 15.91549
ENDS PC2 -20

.SUBCKT USCP 123 4

RI1131

R224 1

XUSCI 12 12 DELAY
GUSC1 121201
XUSC2 1 4 14 DELAY
GUSC2411401
XUSC3 3 2 32 DELAY
GUSC3233201
XUSC4 3 4 34 DELAY
GUSC4343401 -70
.ENDS USCP

SUBCKT AMP 123 4 -80
EODD 0310 1E6 100 1000 10k 100k
EVEN 0420 1E6 Frequency (Hz) Fig. $9.7-18E
.ENDS AMP

##% ANALYSIS ***

.AC DEC 20 100 100K

PRINT AC VDB(17) VDB(18) VDB(23) VP(17) VP(17) VP(23)

END

S~
-

Magnitude dB
E
S S

-50

-60

Switched
Capacitor

Continuous Time—»

/
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Problem 9.7-19

Use the low-pass, normalized MM o
prototype filter of Fig. P9.7-13 to +1 Ro=1Q Lin=12H +
develop a switched-capacitor, ladder v, (s ) Cop= —— R, Voud(Sp)
realization for a bandpass filter which 2F =1Q

has a center frequency of 1000Hz, a - -
bandwidth of 500Hz, and a clock ) °
frequency of 100kHz. Give a Figure P9.7-13

schematic diagram showing all values of capacitances in terms of the integrating capacitor
and the phasing of all switches. Use strays-insensitive integrators. Use SPICE to plot the
frequency response (magnitude and phase) of your design and the ideal continuous time
filter.

Solution
TBD
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Problem 9.7-20

Use the low-pass, normalized prototype filter shown to develop a switched-capacitor,
ladder realization for a bandpass filter which has a center frequency of 1000Hz, a
bandwidth of 100Hz, and a clock frequency of 100kHz. Give a schematic diagram
showing all values of capacitances in terms of the integrating capacitor and the phasing of
all switches. Use strays-insensitive integrators. Use SPICE to plot the frequency response
(magnitude and phase) of your design and the ideal continuous time filter.

Ron Loy,
_10 = —VW—
=1Q =2H Ry _C|2 %
Cip| Can | Rand +
VinsI ) = = = 7~= S Vouls)
IFT IF | 197 Ry R4 1 _
o VioMATMAT=————0,
- + (%)RSC / Ry C; I—
Vo_ Vo 1740 V- 1 +
2= 2= 20 AN~ —o V.
Vi Vi og@24..8 4 1 0
R4C1 RoR3C1C2
- Tow-Thomas—
Bandpass Filter
Solution
The bandpass normalized filter is Ron Lopn  Copn=
shown using the values of f,. = 10 —20H 0.05F
1000 Hz and BW = 100 Hz to V1 i

scale the elements by 10. The
state variables and the input
voltage are shown in bold. Vin(s)

The state equations are:

1.)
V. -V V. VA
in 1 1 in 2
Ry, -~ L+ 6Cu+s Vi 2 R, "R =|R,,
S
Ci. R V.
1bn . in 0.1s .
o Ni=y s |2 ROn)=Sz+O ts+1 V2 Vin)
+ + .
5 ROnClbn lenclbn
2.)
S
V3 V,-V L
2 2 out 2bn . 0.05s
12 =R = L 1 = ) 1 (Vl B Vout) - V2 = 2 + 1 (Vl B Vout)
S520n ¥ 5Cyp, 37 T Ly, Copy
V5
a 0.1V}
3 Vou= ! L 76240.01s + 1

sC + 37, +
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Problem 9.7-20 - Continued

Now we need to design each Tow-Thomas bandpass circuit. If Ry =R; =1Qand C| = C,
= 1F of the Tow-Thomas circuit then the transfer function becomes,

S
Vo Ri
V. =" < Wwherei corresponds to the i-th stage
Vl gee S
7+ R_.4 + 1
1

Therefore the design of each stage is:

Next, denormalizing by 2000% and impedance denormalizing by 10° gives,

where

and

SPICE File:

*** HW9 PROBLEM4 (Problem 9.7-20) ***

*** Node 13 and 14 are Switched Cap outputs
*** Node 23 is RLC ladder network output
VIN 1 0 DC 0 AC 1

***x Y1 STAGE ***

XNC41 1 2 3 4 NC41

XPC411 9 10 3 4 PC41

XPC412 5 6 3 4 PC41

XLOBQ1 3 4 5 6 LQBIQUAD
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Problem 9.7-20 — Continued

*k% V2! STAGE ***
XNC42 5 6 7 8 NC42

XPC421 13 14 7 8 PCA42
XLOBO2 7 8 9 10 LQBIQUAD
*%% VOUT STAGE ***

XNC43 9 10 11 12 NC41
XPC431 13 14 11 12 PC4l
XLOBO3 11 12 13 14 LOBIQUAD
*%* RLC LADDER NETWORK ***
R1 1 21 50

C11 21 0 3.1831E-5

L11 21 0 7.9577E-4

121 21 22 0.1592

C21 22 23 1.5915E-7

C31 23 0 3.1831E-5

131 23 0 7.9577E-4

R2 23 0 50

R IR IR I 2 dh Ib e db Ib b dh db b b db b b S S b b db b 4
*%% SUB CIRCUITS ***
.SUBCKT DELAY 1 2 3

ED 4 0121

TD 4 0 3 0 ZO=1K TD=5US

RDO 3 0 1K

.ENDS DELAY

.SUBCKT NC5 1 2 3 4
RNC1 1 0 15.916

XNC1 1 0 10 DELAY

GNC1 1 0 10 0 0.06283
XNC2 1 4 14 DELAY

GNC2 4 1 14 0 0.06283
XNC3 4 0 40 DELAY

GNC3 4 0 40 0 0.06283
RNC2 4 0 15.916

.ENDS NC5

.SUBCKT NC41 1 2 3 4
RNC1 1 0 159.1596

XNC1 1 0 10 DELAY

GNC1 1 0 10 0 0.006283
XNC2 1 4 14 DELAY

GNC2 4 1 14 0 0.006283
XNC3 4 0 40 DELAY

GNC3 4 0 40 0 0.006283
RNC2 4 0 159.1596
.ENDS NC41

.SUBCKT NC42 1 2 3 4
RNC1 1 0 318.2686

XNC1 1 0 10 DELAY

GNC1 1 0 10 0 0.003142
XNC2 1 4 14 DELAY

GNC2 4 1 14 0 0.003142
XNC3 4 0 40 DELAY

GNC3 4 0 40 0 0.003142
RNC2 4 0 318.2686

.ENDS NC42
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Problem 9.7-20 — Continued

.SUBCKT PC2 1 2 3 4
RPC1 2 4 15.916
.ENDS PC2

.SUBCKT PC41 1 2 3 4
RPC1 2 4 159.1596
.ENDS PC41

.SUBCKT PC42 1 2 3 4
RPC1 2 4 318.2686

.ENDS PC42

.SUBCKT USCP 1 2 3 4
R1 1 31

R2 2 41

XUSC1l 1 2 12 DELAY
GUsSCl 1 2 12 0 1
XUsSC2 1 4 14 DELAY
GUSC2 4 1 14 0 1
XUSC3 3 2 32 DELAY
GUSC3 2 3 32 01
XUSC4 3 4 34 DELAY
GUSC4 3 4 34 01
.ENDS USCP

.SUBCKT AMP 1 2 3 4
EODD 0 3 1 0 1lE6
EVEN 0 4 2 0 1E6
.ENDS AMP

.SUBCKT LOBIQUAD 5 6 7 8
XpC2 7 8 1 2 PC2
XUSCP1 1 2 3 4 USCP
XAMP1 1 2 3 4 AMP
XNC5 3 4 5 6 NC5
XUSCP2 5 6 7 8 USCP
XAMP2 5 6 7 8 AMP
.ENDS LQOBIQUAD

**xx ANALYSIS ***
.AC DEC 1000 10 99K
. PROBE

.END
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Problem 9.7-21

Use the low-pass, normalized prototype filter

shown to develop a switched-capacitor,

ladder realization for a bandpass filter which

has a center frequency of 1000Hz, a
bandwidth of 100Hz, and a clock frequency Vin(s)
of 100kHz. Give a schematic diagram "
showing all values of capacitances in terms of

the integrating capacitor and the phasing of all .

switches. Use strays-insensitive integrators. Figure P9.7-21

Use SPICE to plot the frequency response (magnitude and phase) of your design and the
ideal continuous time filter.

Solution
TBD
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Problem 9.7-22

A second-order, lowpass, Sallen and Key
active filter is shown along with the transfer
function in terms of the components of the

filter. R, R, ©

a.) Define n = R3/Rj and m = C4/C; and  V;, o—AAA—LAAN, | K o Vout
let R1 =R and Cp = C. Develop the design C J_ | /—I

equations for Q and w, if K= 1. 4 j_: 1

b.) Use these equations to

design for a second-order, K

loyvpass, Bptterworth anti- Vout RIR3C.Cq

aliasing filter with a V. =

bandpass frequency of "M ) +s[ 1 + 1 + 1 ) K } + 1
10kHz. Let R = R = R3C4 ™ R1C2 ™ R3C2 7 R3C4 | ™ R1R3CC
10k€2 and find the value of

C», R3, and C4.

Solution

a.) The expressions for Q and ®, are

1 (O8N 1 1 1 K
D= R0 M4 Q TR3Cy TRIC; TR3C; “R3Cy

IfK=1,th = —,—1 d L = '\/R3C4 '\/RIC4
=1, then my = RIR3C.Ca an Q= R(C, + R3C, -
R3 Cq
Define n = Ry and m = (&) and let Ry =R and Cy = C. Therefore,

1 1 1
2 = - = =
®o mn(R;Cp)? = @o Ay/mnR;C; ~ 4/mnRC

md | G = v AR = vam (14 )

b.) A normalized Butterworth second-order lowpass function is

Vout 1
Vi, = 52+'\/§s+1 = My = 1 rad/sec and Q = 0.707

1 1
LetRi=R=1QandCo=C=1F. .. Afmn =1 and\2 :1-(1+ H) =1+7

1 1
From the above, n = \/5_1 =2.4142 and m =5 7777 = 0.4142

. R3=2.4142Q and C4 = 0.4142F
Denormalizing by 104Q and 20,0007 (rads/sec) gives
R1 = 10kQ, R3 = 24.142kQ, C; = 1.59nF and C4 = 0.659nF
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Problem 9.7-23

The circuit shown 1is to be
analyzed to determine its

capability to realize a second- Vids) R Vout(s)
order transfer function with O—VW— —O
complex conjugate poles. Find
the transfer function of the circuit
and determine and verify the
answers  to  the following =
questions: Figure P9.7-23

1.) Is the circuit low-pass, bandpass, high-pass, or other?

2.) Find H,, w,, and Q in terms of Ry, C2, R3, and Cy4.

3.) What elements would you adjust to independently tune Q and @,?
Solution

(1/sCy) vy
) Vou=|R+(1isCy V1 =5R;C,+1
R, (1/sC5) SR{CyV ., Vi,
Vi=\RF(55Cy) Vour ¥\ RF(Cy) [Vin = SC,R+1T T 5C,R+1
1 SR 1C2V0ut Vin
Vour = |5R;C,#1 | SCR+1 + SCoR +1
Vo, ulSR3C+1)(sR Cy+ 1) =sRC,V,  + V.
1
R C.C. 2
Vour 1 RR3C,Cy ~ H,w,

Vin = 2R RyCoC4+sRyCy+1

1 —
2,3 )
+ +
SHR,C, T RiRC.Ch 2, (UOJS o,

Filter is low-pass.

1 « /Rlcz
b.) F th i Its, H =1, =————— and O =w_ R,C, = —_—
) From the previous results, H o, R.R, o0, and Q= w, R,C, RiC,

c.) To tune @, but not Q, adjust the product of R R; (C,C,) keeping the ratio R;/R;
(C,/Cy) constant.

To tune Q but not @,, adjust the ratio R/R5 (C,/C,) keeping the product of R;R; (C,Cy)
constant.



