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6. FIRST- AND SECOND-ORDER SECTIONS

. r 2 .
6.1 H(jw) = P 5 = qu and [H(jo)| =
2_ 2
$T-20p5+ 1y ww+%m+qu
Taking the derivative with respect to o yields
N_,NS
2 _.w \hSC‘w\ENV+'_um|
TSI PRV "o _ Q
—|H(jo)| = — = where
dw Jw 2D3/2
2 2 Ty \? N ) ) L
D = A_.u —w?) + AIO_WSV . The derivative is zero if the numerator is zero, i.e., if,
2
2 2r o 1 L .
—4(r. - w2)+ —L = 0 which yields wg = ry [1-—. This is a maximum (the second-order
p Om p NON
derivative is a large and have a complicated expression). If Q < 1/V2 we have a maximum. We get
. 2 : 2Q?
[H(Gog)| =2 . Q for large Q values and arg{H(jwy)} = ——=—— =~ —jQ for
mae - fagz-1 1+jJ4Q2-2
large Q values, i.e., the phase is ~ —.
6.2 ItisaBP section with H(s) = _Gs - Gs = Gs |
(s—op+jwp)(s-op—jop) g2 20,541y g2, Fw or?
Q p
We get [H(jo)| = Gjw Nf = |- Gjw | = |Glw _ [Glw
: : : 2 2
(02 -20jj0+1)  |rP-w?-20,jo) (P-w?)?+ (20,02 /D
The derivative with respect to o is WfICSg = 2|G|D - [G|wD’ =
Jw AN_va\N
2/G/((r ~ 0?)* + (20,0)?) - [Glo[(-40(rf — 0?) + (80Zw))]
- 2D3/2 -
44
O 2|G|(ry - w*)
We get after simplifications ——|H(jo)| = > 5 P 35 = 0 for w=r,,
o ((ry— 0% +(20,0)?)
9’ |
The second-order derivative and for w = r,, we get after long simplifications ‘mf H(jw) = Mlm <0.
Jw Qu
Hence a maximum, which is 712137 - |G- Qle| . With o, = —1 rad/s, we estimate from the
max NQU q.ﬁ 14
figure a maximum of about 1.6, i.e., G = 0.8 rad/s.
r . 02r?
63 g =-—L— and [H(G90)| nay = 22— P
m JaQ?-1
2Q2
6.4
6.5 N

The poles for a Butterworth filter are: Spk = qqu cos(0,) +jsin(0,)) fork=1
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_ —-r _
where 0, = % The Q values are: Qg = N|%M = %“_A.exv and for a Chebyshev I
filter: sy = —w.asin(0y) +jo_ bcos(6,) where 6, = %
2qj 2 2 2
—Is a“sin(0,)* +b=cos(6,
The Q values are: Q¢ = E = >\A ( xv. 007
mou 2asin(0,)
6.6 a) The currents into the nodes are.
V,+V
-1 -1 v =21
R (V{=V)+R(V,-V) =0 — 2

A(V,-V_) =V, whichyields |A(V,-V_) =V, and

SC(V, -V, +RH0-V,) = 0 v o SRCVy
* 7 sRC+1
\Y
22 _ SRC-1 — SRC-1 and H(s) = E.w.w.,mmnw?oa@n allpass filter.
A H+mm0+ﬁmx0+5m SRC+1 SRC+1

A
b) The transfer function yields at DC: H(0) = 1 and it has a pole at sp=-1/RC and a zero at s, = 1/RC (in
the right hand side of the s-plane).
¢) The frequency response is

_joRC-1 _ (juRC-1)(joRC+1) _ (wRC)2—1+]j20RC

H(jo) =+ == !
JoRC+1 (joRC+1)(-joRC+1) ((wRC)2+1)
d) The phase response is ®(w) = mﬁmzﬂﬁv and the group delay is
(wRC)2-1
i} __ 1 |2RC[(wRC)2-1]-(20RC)2w(RC)?
T4(w) = —P(w) = =
g9 Ty “_.+A 20RC vm ((0RC)2-1)2
(wRC)2-1
After simplifications we get T (w) = __2RC__ » To(0) = 200 ps and 2RC =200 ps, i.e., RC = 100
9 (wRC)2+1

us. Select for example C = 1 nF and R = 10 kQ.

6.7 a) The currents into node Vg and V_ and the equation for the amplifier are

YoV, + YoV, + Y,V
YgVg—Y3(Vy—Vg) = Y;(V_=Vg) = Yg(V,-Vg) = 0 Vg = 9727 3717 17—
Yo+ Yg+Y,+Ys
Yo(V_=Vg)+Yg(V_=V,) = 0
v AV, V) We get vV < Y;Vg+ YV,
<N - . + - Yo+ Y
+ V, = -AV_
(YoY,+ zp<mv<N +Y7Y3Vy
V =
and | (Yg+ YNy - Y2 where Ny = Yq+Yg+Ys+ Y,
V, = -AV_
. I<<<w
Finally we get H(s) =
pr +Ng Y- <W
YoY,+ szw + S S—

With Y3 = sC3, Y5 = 5C5, Yo = sCo, Yg = 1/Rg, and Yg = 1/Rg and C3 = C;= Cg = C, Rg = R, and Rg =

2
2 9
R/(9Q%) we get N, = %Zmo and 1, = w%
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s2 .
H(s) = — . A HP section!
2438 9Q? . 2R2C252 + 3CR(3Q2% + 1)s +9Q?2
RC ' (RC)? AR2C?
2
H(s) = - S -
2 2 Ps 4 r2
L ANm +(3Q2+ :mﬁ ;v
Am + =S+, v +
O A
b) Select C = 100 pF which yields R = ww =30kQ, i.e., Rg = 30 kQ, Rg = 30/900 k2 = 33.33 Q. The
r
error function is E(s) = 252+ (3Q2 + Hv%m + ﬂm
6.8  We get by simplifying Equations (6.35) and (6.41) with respect to the circuit elements that are present
=YY
in the LP section H(s) = 73 where Ny = Yq+Yg+ Y, + Y.
NpY,+NyY-Y3
YoY7+N Y+ A
With the following elements we get: Y3 = 1/R3, Y7 = 1/R;, Y9 = 1/Ry, Y¢ = 5C¢, Yg =5Cg and Cg = C, R3
=R;=Ry=R,and C4= L e getr, =39, Insertion above yields N; = sC + 3 and finally we
oON RC R
2 2
- —r
get H(s) = P - — - P when A — o,
2 2 p 2 24 Bgyr?
T ) Am +(3Q +Cmm+m_.uv S +Om+:u
Aw +IS+T v +
O A

69 We mﬂ N _ 9k = kx(k=1) and wH = m@,\ = Xpxtk-1) =
aX Yox Y

The expression for the pole radius is: rp = 1/,/R7RqC¢Cyq, i.e., the sensitivities with respect to these

1
elements are wxu = - W since the exponent for all elements are —1/2. Generally, the possible exponent
for the passive elements, R and C, are +1 or +1/2.

6.10 a) We get with the following selection of the element: C; = Cy=C, Rg=R=rand Ry = hm

4Q
-2r,Qs
H(s) = ]mOl where T, = 1 - MM We select C = 100 pF and get
mN+Avam+«m RaR6C7Co
Q

R=2Q___ 25  _ 7957k
Cr,  100-1012- 45 - 106

b) The gain constant is G = |N_\u0 = —2-5-47-10% = —407-10%. The largest gain, which
QG| _ 5-40x - 106

according to Problem 6.2 is at w = r,,, is E:«Lamx = o I 106 =50
c) We have selected Ry = |xlwu i.e., the spread in the resistor values is M_W = hON = 100 and R3 =
4Q 3

79.58 Q and the spread in the capacitor capacitance values is = 1.

d) For NF sections we have, according to Eq. (6.39) — (6.40). We get with Om =2Q2 =
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r . 6
0=— F|umm>o = - FEmo = -0.1 which is a too large error in the pole radius. The
2Qw, "o 2-5200x - 108
r
ratio - = 0.02 is, hence, too large and an operational amplifier with larger GB must be selected. If
)
t

r
an operational amplifier with twice as large bandwidth is selected, i.e., with -2 = 0.01 we get

o)
t
6 = —0.05 which is a relatively small error. The error in the Q value is, i.e., O =M Q,pina Where
n = Ii[ = 1.087 which also is a relatively large error (8.7%).
1 Q
H+A|mX|||Vom
w, 2Q) Ao
6.11 a) According to Eq. (6.43): H(s) = R HO c 1 and
3R7Cs mAmN+AF+F+.HIVW+ 1 v
_Nw _uw _Nw Om mwmonumomw
2
@ﬂ _ -,
«m = ||H|| Taking the derivative with respect to R; yields N_‘u R N|H||| =P
R;RoCoCy’ IR7  RIR,C,C, N7
which yields the sensitivit w_‘u = m|m -1 In the same way we get mﬂn =1 and m«u =0
yields sens y R, _. iR, 5 S y g Rg 2 Ry

r
since r,, is independent of R3. Check that we according to Eq. (6.25) have meu, = —1. In the same
1
I

. o_ 1 o qs o1 at we ; . " _
way we get momw =3 and mom =3 Check that we according to Eq. (6.26) have Mmo_ =
r r
b) From H(s) we get mum = A%u m“,_.q m“_.ov%m = Q = } Taking the derivative of
Sp =)=
_Nw _uw _uo Om
both sides with respect to R yields
1,1 1\1 9 -1} 1 1,1, 1\1 9 ) 1
=+ =+ = Qv|ﬂ —=|= —+ =+ =)= (r)+|L|=
20 Axm R, vommm p mw Cg Amw R, xmvomm ;P mw Cg
R, 1T 1.1\1\2 - I 2
7 s A p
AAmw R, mov Omv AOV
roy -t r\ 1
Py (P Pl = r 1
R R AoXNN+ L A o
Q@ - f79Q _ 7 7 -Q Q RCy o 1
R7 7 QaR; Q A 2 S R,Cgrpy 2
(@)
With Ry = Ry = Ry = R, Cg = — = C and r, = 30/R sQ Q _RQ _ 1
ith R; = Ry = R3 = R, mlw|ON,QmIQN=~ Q/RC we get IO@‘EIIW,
R _ R
mmo = %m‘%o = 0%. and mmm = %N‘Mm = w which agrees with Eq. (6.27), i.e., the sum of these
three sensitivities is zero. In the same way we get mo = mmb -1 and mo = mulm@ =1
QdiCq 2 Cs ~ QaCy 2

which agrees with Eq. (6.28).

6.14

In order to determine the sensitivities we must first determine the error function E(s). This requires in
general very long and complicated expression, that most conveniently are performed by using a
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symbolic algebra program, e.g., Mathematica™ or Maple™. In Problem 6.8 we derived the following
expression

H(s) = P . and
2 2, 1)L 2
T 2 Am +(30 +tom+m;v
Am +-Ls+r v +
Q ° A
_.m A
e
H(s) = A+l where My = wbl. Note: The coefficients in the error
2 AA>+woN+Cv; A>+Nv 2 RC
§e 4 (———=——t) Lo ("5
A+l Q A+1) P

function, E(s), depends on the selection of circuit elements and differ for LP and HP filters.

r 2 r
We get the new pole radius and the Q value: ﬂw = A>+ mv _.M and £ = AEVB ie.

X \A+1) P Q, A+l Q7

_ _(A+1)Q

Q= ——=—=
A+3Q°+1
ar -2

Taking the derivative of r, with tto A yields 2r  —P* = — P and t

1ng the derivative o \ﬁcf respect to yields uxm) A>+H_.VN and we gel

2

r ar 20r 2 —I 2

Om>uH>W‘u - ATp _ A P ____A i\wiro:>|v8.
rpdA oA Tp2(A+1)? 2(A+1)2 2

The gain-sensitivity product for the pole radius is small, which is necessary for a useful section since A
varies significantly.

For the Q value we have Q, = (A+1)Q . Taking the derivative with respect to A yields
A+3Q2+1
J 2 _ 3
90 _ Q(A+3Q2+1)-(A+1)Q _ 3Q which yields
IA (A+3Q%+1)? (A+3Q2+1)?
- 3A%Q?

Q >mOx >mwa 2
GS; = A=) = =" = ————=_ - 3Q° when A — .
A Ao®>v QoA ~ (A+3Q2+1)2

The gain-sensitivity product for the Q value is large for large Q values!

6.15 a) The section has two bridge-7 networks. The two grounded elements in the 7' networks has been lifted

in order to allow the input signal to be injected. From Egs. (6.52) and (6.53) we have
N(s) = KNg+N; Y Y0+ (Y7Y3+ N YN,

NG 2,2
H(s) = - — where D(s) = N Yo+ NoY7+ NNy Yg
D(s) + —=>
A E(s) = -N,

zpu<@+<m+<<+<wumo+o+wo+mumﬁ
Ny = Yy 4 Yo+ Yy + Y0 = 24+0+2452C = N
2~ 13 12 11 “_.olm R -1
Zwu<a+<ﬂ+<m+<b+<wuw+mo+m+o+ou€

2 <H
E = A<<\A<<+<m+<>+<mvzpv2w+A<“:.\ZNVZH<E and K = =0

Y +Yg

We have selected Ny = N, and a pole and a zero cancels, i.e., N, can cancels since the term is present
in both the numerator and the denominator. Furthermore, we get
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2
E = ((Y7-(Y7+Yg+ Y +Y,))Ny+(Yq = Ny)Y )N,

_(2a+1  2(a+2)C 22
|A|mw +|||x m+omvzN
Inserting into the transfer function (BP section) yields
4s HN = Mm|+w
RC RC
H(s) = - RC . where _MO )
r
AmN+AH+m'+Nv|mm+«Nv Q= —2F
2, 2 a/Q P 2a
s2+ Psyr +

Q P A
b) We select C = 100 pF and eliminate the constant a we get

/ 2 / . 202
R = 1+4Q°+1 _ 1+4-20°+1 ~ 81592 O

2CQr, 2-100-10712-20 - 47 - 108
RCr
¢) The spreads are proportional to a, i.e., @ = Mdm =0.025633, i.e., 1/a =39.012
r . 106
d) Weget 6 = - 22GsQ = L 4710° 75055 _ 0039012 and
2Qw; o 2-20200x - 108
n = + = 1.0079 . Hence the deviations are small.
1+(R) (- L)es?
+A§X§ Nov Ao

6.16 a) To get a transfer function of BP type we have: f= b =0, Hence, the resistor R/b and the capacitor fC

1+2a Q- _‘umﬂ

RC "°  2a
=4 kQ, i.e., RC = 0.2 us which yields a = 2.6583. We may freely select the parameter e to, for
example, e = 0 which yields g = 2 and the resistor R/e disappear. We get the elements R/a = 1.5047
kQ and R/g =2 kQ.

disappear and we get o = and g = 2—e. We select, e.g., C = 50 pF and R

. . 2 . .
b) The gain factor is G = — b - 2 = 107 The largest gain occur according to Problem
RC 0.2-106
107
ey = UG = 52107 _ 5780
max " 47 - 106
The element spreads = a = 2.6583 which is low spread.

6.2at w=r,and is 712_‘

C

d

N

. Q 4Q
We get with GS; = —= = 0.7524 =>
0 xoqu

=

17r Q 1 4m-108
0=-—=-LGS; = - — T —_
2Qw, M~ 2-5200x- 106
radius compared with the errors in the corresponding NF1 section and we get for the Q value

n = -1 @ . 1.0012 which also is a small error.

1 (2)(2- e,

0.7524 = —0.0015 which is a much smaller error in the pole

6.17  For the NF1 BP section shown in Fig. 6.21 we have Ommo = 2Q2. We get from Eq. (6.39) and

Eq (6.40): 5~ FA

r 4
% Iu,vowo =1 20710 )5 . 102 = 10 and

Ay ~ .
, 0 2-10{ 9107
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1
20710°) (202107
2x10" )\ 27107
The pole radius will thus decrease with 100% while the Q value increases insignificantly. According to

= 1.087

n=

__1 2(102)

1+ 2(10)

-1 _ 1
P JRRsC,C, RC

must be selected < 3 otherwise the section will be unstable. With this selection of element values the
passive sensitivities with respect to Q are proportional to Q, i.e., high

1 i .
where and P = The gain K

Figure 6.9 is the second-order section significantly more sensitive for errors in the pole radius _A_\N 1
- p - -
compared to the Q value. Hence, ¢ is in this case too large. Since the factor Omm =207 if fixed we H(s) = - r B and K = 3 @ =28
. . . 0 r ) Amm+ﬁ_.+xov|mm+:uv
have only the option to select an operational amplifier with larger GB. s2 4 %w oo+ K i Q
. -~ Q _
For the NF2 BP section shown in Figure 624 we have Om>o = 3Q and we get W. Saraga suggested the following selection of the elements. Select a suitable value for C4 and
4 1 1 . . .
1/ Q 1 (20x10 R, =—,R, = —= C. = /3QC, which gives K = 4/3. We get the transfer function
~——(—+)GS; =-—|——|3-10 = -0.15 and 1 > 13 > 76 4
Nerﬂv Ao~ T 2-10( 5007 " QrpCy N3rpCy
1 4r?
n= 3 3 = 1.0121. The pole radius will be reduced with 15% H(s) = — P
14 moapoq Noa“_.w - “_H.o 3(10) mN+AH+%va+_.M
2710" )\ 2210 2(10) 3(s2+ Bs 4 12 44 BR
while the Q value increases insignificantly. Also in this case we must select an operational amplifier Aw * @w * _‘uv e A
with larger GB. b)
)
6.18  The currents into the nodes V|y and V, are d)
V, = A(V,-V)
2
RV, V : A ; . Kn
V = 772 _ 12 6.20 The transfer function, according to Eq. (6.59), is H(s) = — where
(R,+Rg) K mN+A%vw+qm
Ya(Vg=V)+Ys(V=V,) =YV, =0 r
1 1 1 1-K
Y (Vi=Vg)=Y,Vg—=Ya(Vyg—V,)=Ye(Vyg-V,) = 0 rB=-——=——and £ = ——+_———+ . We select Rj = R3 = R, Cy = Cq = C and
11 0 270 3VY0 6\70 2 3
’ P JR{R3C,Cyq Q RiCs R3Cq R3C,
v, = reV2rYaVitViVy _ 1 _1 V| _ o
0 N, Rs = P and get rp = RC and G = K = w\m . We select C = 10 nF (which in practice may/
P . - . e . P-e
Elimination of V{y and V, yields (N, Yg+ YV )V, + <m<u<w and after simplification we get L .
vV, = should be measured) and we get Ry, = — = ————— = 15.916 kQ. The DC gain G=3 - 1/5
Y5-Ny(Yg+Y,+Ys) rpC  2r10%-10-8
= 2.8, which is too large. We select, e.g., R; = 20 k2 and Rg = 11.11 kQ in order to get G = K = 2.8
—(N;Ye +Y,Y,)K Ny =Yg+ Y3+ Yy+Y, . - S . .
H(s) = 1'57 7371 were and reduce the gain to 2.0 by splitting R into a resistive voltage divider connected to ground, with
2
(N, + KYgYa) + % Ny = Y3—N;(Ys+ Y, +Y5) Ry 1//Rpy = R and KRy /(R 1+Rp;) = 2.0. We may select R, = 22.282 kQ and R;,;= 55.706 kQ.
6.2l a
1 1
6.19a We get from Problem 6.18 N; = Yo+ Yo+ Y, +Y, = sCo+ —+0+ =
1= fet izttt 57 R, R, (V1-Vy) V-V,
m|+A<N|<mvmom+m| =0
ZNu<wwzi<m+<>+<wvHW\AAmOm+|H|+|H|Xo+wO>+|H|vv ! 8
mw Rs Ry Ry 6.22 a) We have for the currents into the nodes | V53—V, V.sCh = 0
TRy 4=
We select Ry =R3=R,Cy=Cs=Cand Cg = L and we get Ny = m0+w and 8
3 rR, R Vy = KV,
No = L (sci2)(scsl) o C2R2%?+3CRs+3 Kr?
2= mm A mVA mv - R2 After elimination of V3 and V, we get H(s) = |_.|_u|| where r =
) s2+ Anmv S+ ﬂw
Hes) = —MNaYs+ YaYpK Kr, Q
s) = = _
(N, + KY,Y,) + 2 24 (1+KRCQr )Rs + 12 I
+ +— se+(1+ r S+ =~
2 67377 A AmN+ e, _.Nv . _AA ( Q UVO uv Q RiCs R3Cs R3C,
Q P A b) We get from the definition of sensitivity
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spoff _Rio 1 Emv RsC4Ce 1

LRy R RRGCCs ot 27 (RiReC,CeTZ 2
In the same way we get for all elements that are part
of the expression for r,):

r r r r 1 R,
Sg.o =S =8 =80 =-3.

Ry Ry Cq Ce 2
The sensitivity with respect to an element, that is +

not in the expression, is, of course, zero. In the Vi
same way we get the sensitivities of 0, with respect -

r
to the passive elements where |an = % =
_ & R, d0 R
% = 3lme 7GRy % = iR, " maRis) © i,
1C6 R3Cg R3Cy 1 0pdRy 0p\2RECy 1~6%

$% _ Re?9y _ Rg(Cy=Cel(1-K)) _Cy=Ce(1-K)

= —=_P= =

3 on@ 3 9 mxmohom waohomqu
o - % Sy1ok) 1k

4 Q%ONF oy mwam mxmohou

Cgio, _ Co( Ry+Ry R, +R,

O,
sP = =0 =
C
6 Qumom Oy NmpwaM Nmpmwomou

c) Note that the gain is here the gain of the amplifier and NOT the gain of the operational amplifier.
Instead it is K = (R7+Rg)/R;. We get

mcu = mmou = RA|“_.|V - K The sensitivities are large if the real part of the pole is
K 7 0,0K ~ 0,\2R3C,)  2R4Cy0,’

small.

6.23 a) The sections are the type PF2. The HP section to the left and an LP section to the right. For the PF2

. _.N 1 RCr .
LP section we have H(s) = "ﬂwlln where My = RC’ Q = 3 P and for the HP section
2,(p 2
S +onw+_.U
2 r 1 1 2
H(s) = — S Where =T 4= = 2,
mN+Avam+qm Q R4,C; R,C3 RC
Q P

b) At the crossover frequency, the power is divided equally between the two filters, i.e.,

: 1
ICQo: = 7
and the attenuation is A(wg) = |No_omQIC.EOVC =3.01 dB.

Hence the 3-dB edge = r;, and we select, e.g., C = 10 nF which yields R = 9362 Q. Both the LP and HP
sections Q value are Q =0.5.

624 a

6.25 The section is a UG section where the resistor n have been replaced by a resistive voltage divider, R,
_u“_. _uN

and Ry to reduce the gain of the section, i.e.,n=Rj = AR The transfer function is
+
1 2

66
RoR,Cer R
Iﬁmvn+ iro_.oqun 1 ,Q = MMMU.OH_~+NN _.w.s\orwé
mm+ﬂmuvm+ﬂm /RoR3C4Ce oS trre
00 _ o RoRaCely Ry i e oers? = G000 _ CoRoRyfy
dC¢ dCg Ry+Ry  Ry+Rg %% QaCs QRy+Ry
ar -RyR3C r Cgor,
g%mmmamém%éommﬂ.u =9 1 = 03 bm\w msam% =80 =
daCq  Cq RoR3C4Cs 2(RyR4C,4Cs) 6 :umom
C -RyR;C
= 6 0 374 =_1 . Compare with Problem 6.9 where ry AOmVL\N.
1 mAmommOAOmvw\m 2
JRoR3C4Cq
If the element (C¢), for which we want to determine the sensitivity appear as a rational function with
a power of 1 or —1, then the sensitivity is 1 or —1, respectively. For example, the sensitivity of Q with
xoxwom_‘u
respect to Cg is +1 since Q = IR If the element appears as a square root, then the sensitivity
0 3
is either 0.5 or -0.5. For example, the sensitivity of r, with respect to Cq is —0.5 since
_.u =
6.25
6.26
6.27

6.28  Select, e.g., C; = C; = C=5nFand we get R = 1/(r,C) = 10.0 kQ and Ry = R, = R4 = Rs = R and
R3=Q R =7.072kQ. The DC-gain = 2.

<,

6.29  The gyrator has the input impedance Z;(s) = = 6.75107% , i.e., it corresponds to an inductor

g
with the inductance L = 67.5 nH. The admittance for the whole circuit is ¥ = 1/R + sC| + 1/sL =>

8
7z = - 10%s =>r, = J1.481510%5 = 338.49 Mradss,
¢ s2+10%+148151015

Q = —2 = 3849 which is a high Q value.
104 £

1
Crp
Furthermore, we select R4 = 10 kQ which yields Ry = (20-1)R4; =390 kQ and G=2-1/Q = 1.95.

b) R/R, =245

c) We get 8 =-0.04 and n = —1.6667 which is a too large error and the section is not useful in practice.
Note that w/r, = 50. Obviously, an operational amplifier with larger bandwidth is required. for
example, with w,/r, =250 we get n=-1.0331.

d

6.30 a) We select C; = C, = C =50 pF and R, = Rs = 10 kQ we get Ry = Rg = = 1.5915kQ.



67 68

c) The element spread is Ry/R5 = 20.

§2_ 1 s+ 1 d) The Tow-Thomas section has about the same sensitivity as the KHN section, i.e., much too large
2RC 2¢2 sensitivity for thes i ts and with thes ational amplifiers.
6.31 We get H(s) = 3% 2R°CT , i.e., an AP section. Generally for an AP filter we have fﬁ._! tvity for these an—.:_.ﬂ:o: s andwi ese operational amphifiers
2 1 s+ 1 e) Suitable element for tuning is
s 2RC " 2R2c? rp is tuned with Rs
H 7 p(s) = P(-s)/P(s) where P(s) is a Hurwitz polynomial. Qz is tuned with R,.

7, is tuned with R;
Q. is tuned with R and Ryg.
G is tuned with the ratio of Cy and Cj.

6.32  We get from the figure by using the superposition
principle three cases, i.e., one for each input signal

when the other signals are = 0. The parameters of the sections can thus be tuned independently of each other.

\%
For the case when V, p is the input signal and Vgp= " *
Vi =0 we get an inverting amplifier with the gain (the 6.35
R
resistors R and R, are grounded) Vy,p = \_~N<_._u - 6.36
5

For the case when Vpp is the input signal and V;p =V, 6.37a) The pole are the same for all outputs, only the zeros differ. When the switches are open we get

. . . . Ry+Rg Adder/subtracter IV,I2 + 1V412 = 1V 12. The attenuation at the crossover frequency is 3 dB. The crossover filter is thus
= 0 we get a noninverting amplifier the gain Rs power complementary and suitable when the speakers are relatively far away from each other and the

listener.

and the input signal has been divided between Ry and Ry We get therefore the contribution b) When the switches are closed, only the Barker-output is effected. We get V5| + V5l + [V4l = IV}1. The

<| x\_xﬁrxm
I_u|m+mA R
1 4 5

Finally for the case when V| is the input signal and V; p = Vgp = 0 we get a noninverting amplifier and

v< attenuation at the crossover frequency is 6 dB and this setting is suitable when the speakers are
BP relatively close to each other and the listener.

input signal has been divided between R, and R;. We get therefore the contribution 638
R R, +R
Vip = Irﬂtv V, . By adding the three contributions we get 639
R;i+R4\ Ry
R, Ry+Rs 6.40
o = )
Ri+R4\ Ry 6.41
6.33 6.42
6.34 a) By superposition of the output signals from the three (ideal) operational amplifier 6.43
-Z,V.  -Z,V —V: -V -R,V.  -R,V
2%in 272 in out 4%in 474
Vout = + V, = + and V, = ———— + ——— where Z, = R|//C5 = 6.44
t > '3 2 1 1 3
ou Rg R7sC,  RgsC, Rg
Ry R, 6.45
% and Z, = Ry//C = % . Elimination and simplification yields
6.46
Awf?‘pvw%v
z
H(s) = - _N“_. Imxm Ow where q.m - _ua F _ 1 6.47 «\Q:N\S:HA%Sw%EN%EOV\A%EN_%Eu%§w+wsw%§m%5_ +wNAQsNﬁn_%Ew+ﬁnwﬁmmw§_v+
! Amw + gy %v PORRRCIC, Q- RCy +5(Ce38magma+Ce18mamr+Cea8mgm)) + Ce3CeaCeps?
Q P Very long calculations! Not an interesting problem
2 Ry r; 1 Ry
r, = ——2—and %2 = =2 _ 6.48
z xwmmmqopﬂw Q, RyC; RgRgCy
b) A BP section is obtained if C3 = 0 and Rg = « which yields H(s) = xlwm.ulqlml We select C; 649 1y =gmVin
! HA% + By ﬂwv b =—guVpp
Q °F I3 =g,3Vpp
r 1 ly==8uaVip

= C, = 20 pF and with 2 =
O NNOH

“_.\AON_.WV we get with equal resistors Rs = Rg = 3.97887 kQ. We select R to get the desired

yields Ry = 79.5775 kQ. With Ry = Ry = 20 kQ and I+ L+ 1y =sCVpp

I3=5CVyp
RsRe

= Vpp=—C3 81 Vil (C1Ca5% + Co8p § +83 &ua) ad
gain constant G = -5 1010/R, = Vip = 8m1 8m3 Vin (C1Co5> + Co8un § +8m3 8ma)



69 70

-2.42351427257513 + 6.03077642498262i

6,50 Extra -4.84702854515027
Reealize an active filter of type Chebyshev I that fulfills the specification given below. -2.42351427257513 - 6.03077642498262i1
A = 0.1 dB . = 4,5 krad/s Q values: 1.341 and 0.5
max s Put the 1st-order section first, followed by the 2nd-order PF1 section, with a voltage follower as a
>3m3 =35 dB 0. = 3 krad/s buffer in between.
. . R, +R
Use PF2 mow:o:w_ 2 kohm resistors, and calculate the other component values. xH _ mw - R O» _ Om -ccC-= 1 K=3_ 1 K = 7 8
Nomogram gives N=6.86 =>N=7. ﬂnx Q R,
Sp1,7 =—251.5229 £ j 3125.500 rad/s Q| =6.233238 1
$pn.6=—T04.751 + j 2506.456 rad/s Q, = 1.847212 Select the resistor and capacitor in the 1st-order section so that RC = 4.848028 .
8p3,5 =—1018.395 £/ 1390.978 rad/s Q3 =0.846397
sp4 =—1130.334 rad/s Q=05 6.53 Extra
Place the section in the order Qq4, Q3, Q,, Q. Select Ry = R3 =R, =2 kohm The following circuit is found in the paper:
Qg: R =2 kohm C=442347e-TF Enrique Mario Spinelli, Pablo Andrés Garcfa, and Dardo Oscar Guaraglia: A Dual-Mode
Qy: Cg = 4.90968 uF C4=145017c-7TF Conditioning Circuit for Differential Analog-to-Digital Converters, IEEE Trans. on Instrumentation
Qy: C = 7.094699 uF C,=9.60190 e-8 F and Measurements, Vol. 59, No. 1, pp. 195-199, Jan. 2010
Q: C¢=1.98789 uF C4=797294 ¢-8 F 047yF
11
6.51 Extra o N En
Calculate the component values of an active lowpass filter without finite zeros that fulfills the —AM s
specification below. The order should be as low as possible.
>3mx = 0,1dB o, = 5 krad/s 1, AN+
Aqin =22 dB wg = 15 krad/s TLCI202 SADG
Use PF1 sections, 10 kQ resistors, and draw the schematic of the filter. m 500€2 ADS1256
Chebyshev I, N=3 TLCZ 02
Find the normalized poles: L{3
-0.191020 + 0.927074i | AlN -
—0.38203944
k
Denormalized poles: ,_m_. _“___w__. T%I. _
—955.1 +4635.37i rad/s n Vg
—1910.1972 rad/s 1 25%
Q values: 2.477617 and 0.5 ) ) ) ) 0.47F )
r, = 4732744557 rad/s a) Determine the transfer function for the interface, i.e., from the bridge terminals to the analog-to-
Put the Ist-order section first, followed by the 2nd-order PF1 section, with a voltage follower as a &m:m_ converter. Hint, the 50 Q and 500 Q resistors can be split into two resistor in order to create a
buffer in between. Snc&. ground. .
R.+R b) What is the DC gain.
Ry = Ry = R=10 kohm, C, = Cg = C,=>C = 1 =2129 nF. K = 3— 1 K = 1 g - ¢) What is the advantage of using a differential circuit?
’ ’ rR ’ ’ Q R
p 7
2.596386 a) The gain of the first stage, i.e., the two OP27 amplifiers, is G = (4990 + 25)/25 = 200.6
Select the resistor and capacitor in the Ist-order section so that I/RC = 1910.1972 => R = 10 kQ and C The second stage is an NF1 section with the transfer function
=52.351nF.
<H
6.52 Extra N(s) = qzm+<q<m+zp<w
Realize an active filter of type Chebyshev I that fulfills the specification given below. NF1 12
2
Apax = 01 dB wg =1 krad/s D(s) = Y7+N;Yq
Amin = 50 dB w, =9 krad/s Np = Yg+Yg+Ys+Yg
Use PF2 sections, InF capacitors, and calculate the other component values. 2
Chebyshev IN =3 Ny = Y7=(Y7+Yg+Y,+Y2)N;
Find the normalized poles:
-0.48470285451503 + 1.20615528499652i Ny = G3+G7+Gg+Gy
-0.96940570903005 N, = G72~(G7+s C)N,
-0.48470285451503 - 1.20615528499652i N =G5G3+N |G,
Denormalized poles: D = G7+N(sC¢)

1.0e+03 * H = N/D = (G7G3+G,N )/(G,2+N;sCq) =



b)

71
= (G7G3+HGy+Gg+G7+G3)Gp)/(G72+5C(Go+Gg+G7+G3)) = 10.53297/(s+105.3297)
Hence a first-order anti-aliasing filter in front of the ADC. The DC gain is
Gainpc =200.6¥10.53297/(0+105.3297) = 20.06
A differential circuit is used to suppress common mode noise and it reduces the effect of nonliniari-
ties. See Chapter 9.
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