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Answers to exercises

1. Measurement systems

System functions

1.1. See page 3.
1.2. See page 4.
1.3. See page 4.

System specifications

1.4.

L.5.
1.6.

1.7.

1.8.

1.9.

The factor % refers to half the power transfer; as the power is the square of the
voltage or current, half the voltage transfer corresponds to %/5 of the power transfer.

See pages 10 and 11.

v.= Y +v)=102V —>v, =50-107-10.2=0.51V
v,=v,-v,=02V >y =50-02=10V

(obviously, the gain for a common mode voltage v. is factor CMRR smaller than that
for a differential mode voltage v,; the polarity of v _is not known).
v,=v,+v,,=10+£0.51 V. Hence, 9.49 <v < 10.51 V.

oc —

(dV /dr),,,. may not exceed the slew rate.

()@Vv /de),,,, = w\}o =2naf-100- 0.1 =20 < 10 V/us = 107 s - f< 107/207 = 160
kHz.
(b)dVv /e, =2x 10° - V, =2 10° -100 V. < 10" Vis — V. < 107/2m- 10%) = 16
mV.

V (max) =V (¢t =20°) + (AT),,,, - (temperature coefficient):
V,i(max) =0.5mV + 60 - 54V =0.8 mV.
x,(linear) = ox, — non-linearity = x, — x, (linear) = fBx;.

Relative non-linearity = Bx/o = 0.02x,. The maximum value is +0.02 - 10 = +20%.
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2. Signals

Periodical signals

2.1.

2.2.

2.3.
2.4.

2.5.
2.6.

4 17 1,5 4 2
(@) x,, = E; xm:|x|m=—E; xrzmsz?'[o xzdtzgjl Ezdtz—E2—>xrms E\E

6 6
b =—F; =—|3-—=2FE |=——F; =—|3.-=+2E|=—E;
(6) xp, = Ex x, 6[ : } E: |, 6[ ‘ } ’
2

1 4(1 6 1 11 11
s = — = _EVarl=2l3.—E2 N )
)Crms_6[J.1 (ZE) dt+J4( E) dt]—6(3 4E +2F )—24E %xrms E 24
(C) XPP:E; xm:|x|m:gJ-O xdl‘:g.(areaA):g_zEng;

1 1 5 1
for 1<t<3ix=1x =—5E+5Et; for 3< tSS:x:xzz—EE——Et ;

1(¢3 5 1
xrzms = EU xlzdt +J x%a’t] = Xy = 3 EV2.

The crest factor is x /x,,; x, = A;
x_=(1/T) jo A2dp)"2 = ATIT = crest factor =T /7.
NT/1<10—> 72T /100.

Sine wave signal: x /x ~ 1.41; x_ /x| = 1.11.

> “¥rms

@ Vi=-15V -V, —I 1.511.11 =1.665 V.

(b) The input is a sine wave, so the indication is V, ,=
() v, =15V->V,  =111'1.5=1.665 V.

d vV],=0515V =V, ,=1110.75=0.8325 V.

p2 v =02, w2 =(0.75)% vE = (6.51)%, hence v, =(6.51)2 — (0.75)* = 6.47 V.

(a) a, = average value = % E; a, =0. This applies to all odd functions.

V. = Y2V, =1.06V.

2 ¢T
b, = ?jo x(sinnwytdt, x(t)= Et/T for 0< t<T;

T . =T -T
j tsinnwytdt=| t- —cosna)ot +J‘ —cosnwotdt— ——cosnwyl +0=——
0 nay, nay nay, nay,

2E -T -FE
(because nwyT =2mn). So: b, =—-——=——,hence
T nwo niw

1 E 1 1
x()==FE ——(sina)t+—sin2wt+—sin3wt+ )
2 b4 2 3

(b) T equals half the period of the sine wave: x(7)= Esin(wt/T) for 0<t<T.
Wy =2n/T=20.

T
T 2F
——J x(t)dt——j sm—tdt— [——coszt} =—.
T 0

T T /8
t 2mnt
=—J x(t)cosnwotdt——J sinﬁ—cos n dt
2FE 1
=—— sin—(1+2n)t+sin—(l—2n)t dt
T 27 T T
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_E [_ cos(z /T)(1+2n)t _ cos(z /T)(1— 2n)tT
r 0

(r/T)YA+2n) (r/T)A-2n)
__E cos(1+2n)mr—1 N cos(1-2nm)mr—1
o 1+2n 1-2n
E( 2 -2 4E 1
R I
n\l+2n 1-2n T 1-4n

2T . 2E(T . w . 2mn
b, = ?J.o x()sinnwytdt = 7_[0 sm¥tsmT udt,

from which it follows that: b, = 0 (for all n). This is true in the case of all even

functions.

2E 4E(1 1 1
(t)————(—c s2wt+—cosdwt+—cosbwir+.. ] (nwy =2nw).

r \3 15 35
2.77. The spectral noise power is P=4kT=4-1.38-1072°-290=1.6-10°W/Hz. The

bandwidth B = 10 kHz, so P-B=1.6- 107'W. This equals V2/R, with V the rms value

of the noise voltage: V=+P-B-R=+1.6- 10716.10% = 1.26uV.

Aperiodical signals
1 (T E (T2 | 21 E
2.8. =— Hdt=— in— tdt =—.
ag J. x(1) _[ sin T -

T/2 27r 2nn
—J s1n— tcos Ttdt

2E 1 T/2 2 21
= sm—(1+n)t+sm—(l—n)t dt
T 2% T T

E [_ cos2m /T)(L+n)t _ cos2r/T)(1- n)t}T/ ’
TT| @uiD+n)  QriD(-n) |,
__ E (cosn’(1+n) 1+cos7t(1—n)—1j

2r 1+n 1-n
With cosz(l + n) =—cosnrn this can be written as:

E( 1 1 E +1
a,=— + (cosnm+1)=— (cosn—ﬂ2) forn>0, n#1.
2e\1l+n 1-n T l1-n

T/2 2 2 E (T2 2 2r
—J sin—tsm%tdt——? o (cos—”(1+n)t—cos—(1 n)t)

_E [sm(27r IT)Y(A+ )t sinr/T)(1- n)tT/ ?
T

Qr/T)1+ n) Q2r /T)A—n)
Which is zero for all n, n # 1.

E[sin@r/T)Y1=n)t sin@r/T)1+n)t]
_{ Qr/T)(1-n) - Qr /T)(1+n) L
g{t_ sin(47t/T)tT/2 1,
T 4r/T) |, 2
From a similar calculation it follows that a, = 0.

With equations (2 8) we find:
E cosmn+1
|C0| — 2

"|_27Z' 1-n?

0

bl = lim
n—1T

and argC, =——

7
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2.9. (a) Apply equation (2.15):
oo oo 1
[ 1x01dr="e™ dr=— hence finite.
oo 0 o
(b) From equation (2.10a) it follows that:
X(w)= J:e_a’e_jwtdt = J:e_(a”w)ldt: S

o+ jo
1 1@
©) 1 X(w)F————; argX(w)=—-tan" —.
o +o° o
lX(m)IT arg X(w)t w
. 0
P S ———
'a)—-—-h-
2.10.
plv)t F(V)W
0,51 14 —
0,4 0,84 |
03{===-=-~--- 0,64
B ¥ 041
[ —
-5 0 5 -5 0 5
\ v
probability density function distribution function
211 E()=]_wpdy= [ “ap(x)dx
=J X o X /20 _ ._J‘ X207 29
0 o+2rm o~N2m 270 21
3. Networks

Electric networks

3.1. a. R, in series with R;: 800 Q; R, in parallel with 800 Q: 5600//800 =
1/(1/5600 + 1/800) = 700 €2, corresponding to a single resistance of 700 2.
b. Similar to (a): single selfinductance of 3 mH.
c. C, in series with C, is equivalent to a capacitance of 235 yF. C,in parallel to
235 uF results in a single capacitance of 236 uF.
d. A single voltage source of 4.9 V.
e. A single current source of 1.2—-125- 107 + (=500- 10_6) =1.0745 A.
f. A single resistance of 200 €: first, combine R, and R,, then (R +R,) parallel to R,,
then {(R+R,)//R,} in series with R, and so on.

3.2.  Due to symmetry, the current splits up into equal parts at each node.
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The voltage drop V,; (along an arbitrary shortest path from A to B) is:

Vap = Reqee(I 13+ 116 +1/3)=(5/6)IRqge; Reuve =Vap /1= (5/6)Regqe =5/6 .
R 1
33, a 2=—"2_—_—_ _001 (voltage divider).
v, R +R, 101
i, R, 1 ..
b. == =——=0.01 (current divider).
li Rl +R2 101
R R R; +R 12
Yoo Ra  RIRHR) s 012 445 067-03.
Vi R3 +R4 R1+R2//R3 +R4 18+3612

(Application of twice the voltage divider rule: once to resistances R, and R, and once
to resistances R, and R,//(R;+R,).
3.4.  Application of the transformation formula to resistances R, R, and R;:

Ra
—
| S |
R4 R3
o | ] — 1 O
+ | SN | | S | +
v; R4 VD
N o O_
RR 2
R,=—12 — =~ kQ: R, =R, =R, =2/3kQ (because of symmetry);
Ri+R,+R; 3
R.+R
Yo_ T4 _ 8 (voltage divider).
v; R,+R.+R,
d R d dv; d? d%v.
3.5. a. v, +RC vO:vi. b. —v, + Yo T, v, +LC ‘;ozLC ‘;’.
dt L dt  dt dt dt
d dv; Ld d*
d v, +RCTC=RCEL. e v+~ oy fy +LCT 2=y,
dt dt R dt dt
dv, 1 1At LAt 107°-100
3.6. I.=C—*< therefore AV,=—I.At+V.(0)=—“—. C=-"—= =5uF.
dt C C AV, 20
Generalized network elements
3.7.  Generalized capacitances
. dT,
- thermal capacitance: q=Cy, djb (see page 43)
d
- mass: F=C Yab (see page 44)

mech dt
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dQ,,
dt

- moment of inertia (ratio between torque and angular acceleration): 7, = J

Generalized selfinductance

1 dF
- stiffness: =—— see page 44
1 Vab = (see page 44)
Generalized resistances
1
- damping: Vo = ZF (see page 44)

- thermal resistance: T, = R,,q.

3.8.  [I-variables: force F’; heat flow ¢ and mass flow;
integrated /-variables: electric charge Q= J.Idt and heat (energy) J.th;

V-variables: angular velocity 2 and temperature difference 7
integrated V-variable: angular displacement ¢ = (dt.

d
3.9.  The equation of motion of the mechanical system is: F = kJ-v dt+bv + m;‘;

1
The analog equation of the electrical system is: izzjvdt+Ev+C7‘;. The

corresponding electronic network is given below:

o 3
s

||
ol

d d?
The relation between F and x is: F = kx + bi + md—f
t
3.10.
- v +
iL
O —

The electrical system is described according to the following differential equations:

1 dlL
v=—|icdt, u=ig R+ L—=, ic +i; =i.
C_[C L g4 et
d* d di
Eliminating i and 7 results in: LC—;+RC—V+V = L2 4 Ri.
dt dt dt

The selfinductance and the resistance are equivalent with a mechanical spring and
damper, and are connected in series. The capacitance is equivalent to a mass. The
current source supplies current to the capacitance which in turn is loaded with
(supplies current to) the inductance and the resistance. Analogously, the force is
applied to the mass, which is loaded by the spring and the damper.
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NN\

force, F
- mass, M |——m

7y

spring, k damper, b

-

A\

The mechanical system is described according to the differential equations:

d*x dx, dx

m—=F-F,F =kx,=b—%, x,+x,=x, v=—"m.

dt2 v v v dt v d dt
md® mdv 1dFF F

Eliminating F,, x, and x, results in: ———+——+v=——+—, which is
k di* b dt k dt b

equivalent to the electrical system equation.

4. Mathematical tools

Complex variables

4.1.

4.2.

Apply the rules for series and parallel impedances:
Zi=Z\+Zy+..; Y, =Y+ +...or 1/Z,=1/Z,+1/Z, +...

1 R
a. R/ ——= - .
joC 1+ joRC
1 R,(1+ joR
b. R, /| R, +—— |= FdFJORCO)
joC) 1+ jo(R +R,)C
1 1+ joR
c.—— I R+——|= JO C12 .
joC, JoC ) jo(C,+Cy)—w C,CoR
1
d. R+ja)L+.—C. This is a series resonance circuit, with Z=0 if R =0 and
jo
w0 1
VLC
1 | 1 R .
e. -3 Y¥Y=—+joC+——> Z= - . This is a parallel resonance
Y R JjoL 1+ jR(wC-1/wL)

circuit, with Y =0if 1/R=0 (R > ) and w=1/+vLC.

I R+ joL
£ (R+ jolL) /| ——= =
JoC 1+ joRC—0*LC

. V V4
Apply the voltage divider rule to each network: —% = 2
V. Z,+7,

i
1
a — .
1+ joRC
JjoL
"R+ joL’
. joL  -@’LC
" joL+1/joC  1-@’LC’
JORC
"1+ joRC
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R
c. ——.
R+ joL
1/ joC 1
" joL+1/ joC 1-@’LC’

4.3.  Simplify the circuit to arrive at the next network:
z
+ ° I_1l —0 +
VII 22 ]VD
o —0
R R
Zy= o Zy=———,
1+ ]wRICI 1+ ]@RzCZ
Vo Zy _ R,(1+ jwR,C)) _
V. Zi+Z, R+ joR,G)+Ry(1+ joR C))
_ R2 ) 1+]wR]C] ’ Where R = R]RZ
Rl +R2 1+JCURP(C1 +C2) P Rl +R2
The transfer does not depend on the frequency if R,C, =R (C, + C,), from which
follows: R,C,=R,C,.
RV, Vi
44, V, =—t—V, =—-t—r
R+ joL 1+ joRC
Vo Vo=V, _ R 1 1 1
Vi oV

.~ R+joL 1+ joRC 1+ jwL/R 1+ joRC’
V,/V.=0, irrespective of V, if L/R=RC or L= R*C.
Laplace variables

4.5.  The rules for series and parallel impedances are also applicable in the Laplace domain.

1 R
a. R/l —= .
pC 1+ pRC
1 R,(1+ pR
b | R+ |y Ry = T2U0EPRIO)
1 1 1+ pRC
c. [R1+ ]// = P
pCy) pCy  p(Cy+Cy)+p°CiCyR

1
d. R+pL+—.
pC

-1
1 1
e. (— +—+ pCj .
R pL
1 R+ pL
f. (R+ pL) /| —= =
pC 1+ pRC+ p°LC
Replace jo with p and —@” with p*.
1
a. ; no zeroes, pole p = —-1/RC.
1+ pRC
pL

. ; zero p =0, pole p = —R/L.
R+ pL p=".pokep

4.6.
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4.7.

4.8.

p’LC doubl 0, two pol )
c. ——; ouble zero p =0, two poles p=——.
1+ p’LC P POS P="T1e
RC
i ; zero p =0, pole p = -1/RC.
1+ pRC
R
e. ; no zeroes, pole p = —R/L.
R+ pL
f 1 no zeroes, t les £
. 0 zeroes, two poles p=-—+—=—.
1+ p°LC PORS P=T1ce
V pRC E pRC E E
a. F=——0-Vi(p)=—, V,(p)= e R ——
V. 1+ pRC p 1+pRC p p+1/RC

E. e—t/RC

Inverse transformation: v, (f) = , t>0.

b. The input signal can be seen as being composed of a positive step voltage E att =0
and a negative step voltage —F at t =¢,.

E e P"E
— -
p+1/RC p+1/RC

E _,E
Vilp)=—=e "= > V,(p)=
p p

v,(D=Ee "R 0<r<y,
v, (1) = Ee/RC _ g (—1/RC ;5 4
The step at ¢ = ¢, equals —E volt.

J 8 g &)

[0 7=RC 0 r=RC g -

The differential equation of the system can be deduced from:

2
d Vo
dt*

d
Vto +LC

di d
v, =iR+L% +v, and i=C22: v, =y +RC
dt dt

Using rules (4.10) and (4.13), the Laplace equation is:

V.=V, +RC(pV,-v,0))+ LC(p2V0 — pv,(0)—v,(0)).

The signal's history (v, for # < 0) is not relevant to the course of v, for >0, only the
boundary conditions are relevant:

> .
v,(0)=0, v;(t):% N v;(O):lE”, v; =0 for t > 0.
i /C

p>+pRIL+1/LC
a. For R, >4L/C the denominator of the polynome can be factorized as
(»+a,)p+a,), with R + LS hence
a a,),with a;, = —=* . .[—5——, :
1 2 1,2 2L 4L2 LC

From this it follows that: V,(p) =

e i, 1 ( -1 J
° (pta)p+ay) Ca—-ay\p+a p+a,)
The inverse transformation results in:

(e~ e t>0.

i 1
v, ()=2%
o) Ca —a,
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b. In the case of R? < 4L /C this factorization is not possible. V, can be rewritten as:
B i, /C

- (p+ a)2 +w?’

(one of the terms in Table 4.1, with a= R /2L and @=1/LC — R*/4L*.)

Inverse transformation gives:

o

l —at -
v, ()= w"ce “sinwt, t>0.
i,/C
(p+a)’
Using the transformation 1/ p2 <> t and Equation (4.8), this results in:

L
c. For R = 46’ 0’ = 0, hence V, =

1 —
v(,(t):—éte “t>0.

Conclusion:

a. R =400Q: v (?) is an exponentially decaying voltage.

b. R = 120Q2: v (?) is a sinusoidal voltage with exponentially decaying amplitude.

c. R =200Q: v (¢) first increases with time, and then decreases exponentially down to
ZEero.

5. Models

System models

5.1.  The source resistance is found by disregarding all sources; the source resistance is the
equivalent resistance of the resultant two-pole network.
a.V, = Ry _6v: R, = Ry + R|//R, =10.025kQ.
R+ R,
b.V,=IR=90V; R, =R|+R),+R;=90Q.
c. Apply the principle of superposition with respect to the two current sources and the
rule for the current divider. The result will be:

RiR
V,=I)| ——2— |+ I,(R, //(R; + Ry)) = 34V + 50.4V = 84.4V;
R +R, +R,

5.2. CMRR(DC) =-90 dB, 20 log %: -90, %: 10*° =32 uV/V

l 1

V V
CMRR(1 kHz) =-80 dB, 20 log 70: -80, 70: 107 =100 uV/V

l 1

SVRR =-110 dB, 20 log %: ~110, %: 105% = 3.2 uV/V

l l

R R ~R
53. I,=—>3—1I =|1-=—E|I, > relative error =—% <0.5% — R; <500 Q.
R, +R, R R

S S

R
54, (@ V,=9.6V; —L—.96=8.0V - R, =2kQ
Rs + L

R; R .
(b) V,=—"—-V, =|1-—> |V, — the maximum relative error is — —> =— =-0.02%.
R, +R, R, 1

5.5. See Section 5.1.3.

1
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5.6.

AR Av; AR:i. ' AR
Av:v_O: L ;i0= V; — ili _)Ai:l._oz—l;
v R,tRp R,+R;, R,+R, i, R,+R;
. 2
A B _veo =A A.:—A RiRy
PP v T (R R

Signal models

5.7.

5.8.

The next two systems must be equivalent:

As a criterion for equivalence, take v :

With short-circuited inputs:
Ro = A RL N _ Roan
LR AR, MR +R, T RAC
0 L 0 L L
With open inputs:
v L = Al R R—L Si = M
LR +R, VR 4R, ™ RRA
0 L 0 L L™
In the preceding exercise, the equivalent noise sources depend on R,, as part of the
output voltage divider. In this exercise, all noise sources originate from the system

itself, so the result does not depend on R,. Therefore, we can put R, — cofor the sake

Vo=

v, =

of simplicity.

oo R

nil

Vs
o— /\+ 1 o
N . R +
Jode | [ O .
o 0

Short-circuited input terminals:
v}’lO

v, =V, =Av, = Vv, = A

o

Open input terminals:
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2
. . . . 1%
v2=(Ai R)* +v2 = (Ai R)> —i2 =i’ + (—A’; j .
)

5.9.  The output offset voltage is A(V, + [,R)). At 20 °C, V.= 1 mV and I, = 10 nA, hence
Voo = 10(10° + 10%10*) = 11 mV.

The maximum offset occurs at 7 = 50 °C. At that temperature, the offset is

V. =1mV +30-10 uV=13mV and I, = 10 nA - 2° = 80 nA, thus

Vito = 10(1.3:107 + 80-107°-10*) =21 mV.

5.10. Make a model of the system:

R,

IR

The signal power P, towards the system is vl-2 / R;, hence

2
p R, 1
—_— v . —_
ST\R+R, ¢ R

Both v, and i, contribute to the noise power P,:

R V1 (RR )1
Pn: i Vn — 4 Ll}’l R
R +R, R |\ R, +R, R,

P v2
SIR=—*=——-2->
B, v, + R,

which is independent of R..

6. Frequency diagrams

Bode plots
(O
6.1. a H= .]w 2C ; R,C=0.5ms; (R; + R,)C =1ms
1+ jo(R, + Ry)C
0—0 H — joR,C |Hl — wR,C H is positive
imaginary, so
arg H=m/2
W —> oo R, 1 1 argH — 0
H—>——=7 |H |- —=-6dB
R +R, 2
= iR, /(R; + R 1
0= o p=tf Ry L argH=2"-2-2
1+ 242 2 4 4

Break point: @(R; +R,)C =1, or w; = 10°rad /s.
R, 1+ jor
R +R, 1+ jor,’

RR R 1
2 (€ +Cy) =0.2ms; —2— ~ —; (see Exercise 4.3).
R +R, Ri+R, 20

b. H=

7‘-1 = Rlcl = 2ms,

T2:
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The Bode plot can be composed of the diagrams of R/(R, + R,) (frequency
independent), 1 + jwt, and 1/(1 + jwr,).

I
|
I a
+6 dB/oct |103 o ! 2 2 '
) | w 1500 15000
I | w
| I I
| T 1 |
| arg (H) | |
| £ [_ L |
: 2 : ! arg (1+jwry)
1 L
L |
| 4 | | arg (H)
[ |
|
| w ™
7

T ]

arg (HJ

1
c. H=——F5—/see also Exercise 3.5f.
1-w°LC
w— 0; H—1 IHl — 1 arg H — 0.

|H —

W —> o, H— arg H — .

W L w’L

1
w— E; H — oo, phase indeterminate.

1 1
62. H= 5= )
1+ joRC-0°LC 1+ j2z0/wy— o0/ w;

1 7
w,=———=10" rad/s
0~ JLC
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2
L _RC—2z=05
()

W, = W0yV1- 272 = %\/2'107 rad /s (see Section 6.1.2)
1
|H(®,,)| = ——=%+/3 (see Section 6.1.2)
" 2z41— 22

1
|H(wm)|:2—Z:1.

6.3. |Hl=1;arg H=-2tan" wt;, T=RC.
w=0:argH=0; o= 1/T. arg H = —71t/2; @ — oo: arg H = —1 (see the figure below)
i
[HI
0dB (1)

S|=
€

Si=

— - - —— = —— b — ]

6.4.  Summing three Bode plots representing the function 1/(1 + jw7).

HT

€l

—18 dB/oct.

6.5. Summing the Bode plots for the functions H,=1+jwr,, H,=1+jwt,. and
H, =1+ jor,.
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,HJ

arg(HJT

Polar plots

6.6.

a. The polar plot is a circle, with starting point 0 and ending point R,/(R, + R,) (both
on the real axis).

The tangent at the starting point makes an angle % -(1 —0)-7, so that the semi-circle
lies in the upper part of the complex plane.

b. The polar plot is a circle. The starting point is R,/(R, + R,) = Y, and the ending
pointis R/(R, + R,) - (1,/T,) = ¥ = C,/(C, + C,)

As the polar plot turns clockwise, it describes of a semi-circle in the upper half plane.
If R,/(R, + R,) > C,/(C, + C,), the semi-circle lies in the lower half plane.

c. The function is real for all @, so the polar plot lies on the real axis. The starting

point is 1, the ending point is 0, and the tangent at the ending point makes an angle of
w+(0-2)(n2)=0.

ol | -

—~—

w=co
w=0 ~

L;l G =1 i~

R, +R, 20 C,+C, 2 Re H
ImHT

W =co /o.)=0
oy -
w 1 w —
Re H
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6.7.  The network is called an all-pass network because the transfer is the same for all
frequencies and it is equal to 1; the polar plot lies on the unity circle. The starting
point is 1, the ending point is —1 and the polar plot turns in a clockwise direction.

ImH

6.8.  The polar plot is a semi-circle, with starting point 1 and ending point 7,/7, (2, 1 and

V4, respectively).

ImH

Im HT

7. Passive electronic components

Passive circuit components

71. i=c¥.o=cv.
dar’?

7.2.  dis a measure of the dielectric losses in a capacitor; tan 6 = I/I. = 1/@RC. (see

Section 7.1.2).
73. v=L—;®=1Li.

74, B=puH ®= [[BdA;[BI=T=V s/ [H] = A/m; [®] =Wb =V s.

7.5.
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V. V.
Ry=-2; Ri=-1.
I I
V. I 1 V
_2: ,_2:_%R2:n2_1:n2R1.
Vl Il n Il

Sensor components

7.6.

7.7.

7.8.

7.9.

7.10

7.11

The absolute error is R,S77; its maximum value (at T = 100 °C) is -0.58 Q. For T =

100 °C is, in the case of a linear characteristic, R =100(1 + 3.9-10710%) = 139 Q.

The non-linearity error is —0.58/139-100% = —0.42%, or —0.58/0.39 = —-1.49 °C (see
Exercise 1.9).

For a Pt-100, 0.39 Q is equivalent to 1 K, so 0.039 Q is equivalent to 0.1 K. The
resistance of each wire is r, so the wire resistance per sensor is 2r: 2r < 0.039 Q, or r
<20 mQ.

The sensitivity of the thermocouple is 40 #V/K (see Table 7.3): 0.5 K <> 20 uV and

this is just the maximum allowable uncertainty in the offset voltage.
The common-mode voltage is yzvi, the differential-mode voltage is (AR/R)v,, hence

the smallest voltage that has to be measured is 10°v,. The maximum allowable output
voltage due to a common-mode voltage is equal to the output voltage produced by an
input differential voltage of 10%,. So: CMRR > ¥, v/10%,=5-10.

i :
(Dvab = o, AT J @ = Rieak jV

e 2

O
I 1s proportional to the derivative of the force on the sensor. The charge produced is
0= SqF ., and Sq is the force sensitivity; I, = dQ/dt.
The slider of the potentiometer divides resistance R into two parts: R and (1 — @)R.
The voltage transfer is:
R; /laR o R

V—Oz L = zo{l—(l—a)a-}

R, lloR+(1-0)R 1+(-0)oR /R, R,
The term (1 — )aR/R; causes non-linearity (with respect to the transfer v /v.= ).

Vi

This term has a maximum for o = %; which is why the non-linearity is
approximately R/4R, = 800/(4:10%) =2-10".

8. Passive filters

First and second order RC-filters

8.1.

IHl = 1/N1+ w’t? , arg H=—tan"' o7, 7= 107 s.
a. o =0.01 - Hl =1 arg H = —0.10 rad;
b. =1 — |Hl = %«E (-3 dB frequency or break point),

arg H =-0.79 rad.
c. @7 =100 - H =~ 1 arg H = -1.47 rad.
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8.2.

8.3.

8.4.

8.5.

IHl = 0t/\N1+ 0°t? , with 7= 0.1 s.

a. For &’ >1IH = 1; w>1/7; 0or ®>>10 rad/s;
b. |HI=0.1 for wt=0.1, or =1 rad/s;

c. |HI=0.01 for wt=0.01, or =0.1 rad/s.

The modulus of the transfer is |H = 1/V1+ w*t> .
For the measurement signal, this must be at least 0.97 (namely 3% less than 1).
Hence: 1 + &’ <(1/0.97), or w7 <0.25.

The largest attenuation occurs at the highest signal frequency ( 1 Hz = 27 rad/s), so
7<0.25/2ms.

The interference signal should be attenuated by at least a factor of 100, so w7 = 100

(w1is the frequency of the interference signal):
100 0.05
T2 =
2r-2kHz 27¢
The limits for the time constants are:
0.05 0.25
<7< S.
2 2
The third-harmonic distortion of a triangular signal is 1/9. The slope of a low-pass
order n filter is 2" per octave (a factor of 2 in frequency), or 3" for a factor of 3 in
frequency.
a. The attenuation of the third-harmonic relative to the fundamental is 3 (for a first-
order filter), so d; (the third-harmonic distortion) after filtering equals
Yo Vo=V =3.7%;
b. The attenuation is (15)%: dy = Y- (J4)* = Y%, =~1.23%;
c. The attenuation is (%)3: dy = %~(%)3 =143 =0.41%.
The frequency ratio between the measurement signal and the interference signal is 5.
A low-pass order n filter attenuates the signal with the highest frequency by a factor
of 5" more than the signal with the lower frequency (see also Exercise 8.4).
Requirement 5" > 100, so n > 3.

S.

Filters of higher order

8.6.

8.7.

The order can be found by counting the number of reactive elements (self-
inductances, capacitances) of the circuit in its most simple form. The filter type is
found by the determination of the transfer for @ — 0 and @ — .

a. Fourth-order low-pass filter;
b. third-order band-pass filter;
c. third-order high-pass filter.

1
|H|= ———.
1+ (1)
1
a. |H|= —=0.970 = —0.263dB;
H]=——— T
b. |H|= L 0992 ~-0.070dB.

+ Vs
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8.8.

8.9.

The transfer function of a network with the structure as shown below is:

I 1 I
1 J 1

+
V;(D Zy Z4 Vo
Y ZyZ4 : -
Vi Z\Zy+(Zy+Z,)(Z5+Zy)
Application of this formula to the given network results in:

-1
R, ‘ L) . Rel (.2
H=| = +1+ jo| RC +RC, +E T (@) LG+ LC; o= |+ (JO)" R, GG L

L L
Substitution of the numerical values produces:
1
H = 2 3> S0
2+4jo+4(jo)” +2(jw)
1 1

4 (2407 + 0?4~ 2w2)2]l/2 1+ 0
As |HI can be written as (1 + @)™, with n = 3, this is an order 3 Butterworth filter.
e JHP - :
1+ joL/R-@*LC’ 1-20°LC + 0*I*C?* + 0°I* | R*
This is a Butterworth filter if the term with & is zero, hence L = 2R*C.

In that case,

|H|2 _ 1 1

4,22 2
1+20°L°C 1+(w/w.)™"

1 = L
C=——=10""F; R=.|— =502Q
2 2C

, where @w,=1/vLC and n=2;

o’ L

9. PN diodes

Properties of pn diodes

9.1.
9.2.

9.3.

94.

9.5.

I= Io(qu/kT ~= Ioqu/kT

ry = kT/ql, g (conductance) = 1/r,. Using the rule of thumb of: r, =25 Q at /=1 mA
and T =300 K, it follows that:

at/=1mA; r;,=25Q, g =40 mA/V

atI= Y% mA; r,=50Q, g=20mA/V

atI=1puA; r,=25kQ, g=40puA/V

The temperature coefficient is about —2.5 mV/K: a temperature increase of 10 K

lowers the diode voltage by 25 mV.
v= Ly Lo pplogllly 092,00 L _005810g.
qg 1, loge 0434 ~1 1

Tenfolding I results in a voltage increase of about 58 mV.

At 0.1 mA, r, can be neglected with respect to r,, but not however at 10 mA. Using
the result of Exercise 9.4, the diode voltage V would be 600 + 58 + 58 =716 mV, if r,
is zero. The measured value is 735 mV, so there is a voltage of 19 mV over r.. Hence:
r,=19mV/1I0 mA = 1.9 Q. At 0.1 mA, r, is about 250 €2, so the assumption that r, <<

r, appears to be valid.

o o
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Circuits with pn-diodes

9.6.

9.7.

9.8.

9.9.

The output voltage is limited either to V, or to the Zener voltage V,. The input voltage
is derived from the output voltage.
a. T
slope %]
Vik
I
i _‘I"’ok Yi
vy =—05V;
v, =(1000/1100)v, as long as the diode is forward biased;
v, = ({11/10)v,, =-0.55 V.
b. The same shape; v, =5.5-0.5=5.0V;
v, =({11/10)v, =55V;
v,=55V;
v, =(11/10)v,, =6.05 V;
v,=-0.5V;
v, =-0.55V;
c. T
Vor1T" — — >
|
a
Via !
l “:i'l e —
| vi
|
T T Yoz
d. The same shape; v, =v, +v,=6.5V;
v, =7.15V;
Vo=-V,,— v, =-10.5V;
v,=—11.55V;
The circuit is sensitive to the negative peak value. For any input voltage, v, — v, < V,.
The output voltage is v, = v, .. + V,, with values -5.4 V, -0.9 V and 0 V, respectively
(in the latter case, the diode remains reverse biased).

The ripple voltage Av satisfies the equation Av /(v; —=V,)=T /7 (see Eq. (9.2)). For

relatively large signal amplitude, V, can be ignored in comparison with to the
Av T

amplitude, hence: — = —=1%; 7=100T = 100-0.2ms = 20ms; R:%:ZOOkQ

T

Vi

The capacitance values are not of relevance here.

a. v, is a sine wave with an amplitude of 5 V. The clamping level is —0.6 V for the
negative peaks, hence v, =-0.6 +5=44V.

b. The same as (a); the clamping level is +5.4 —0.6 =4.8 V, hence v, =9.8 V.
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c. C, and D, form a clamping circuit, C, and D, a peak detector for negative peak
values. The output voltage of the clamping part is a sine wave with amplitude 5 V, the
positive peaks of which are clamped at +0.6 V. Its negative peak is 0.6 - 10 =-94 V,
s0: V,=-94+0.6=-88V.

9.10  For a proper operation the capacitor must be able to charge, so the diode should (at
least once) be forward biased. This happens as soon as v; >V + V,, so for any value
of v, the voltage V must satisfy V < v; — V,. The clamping level is V + V, and there is
no condition for the minimum value of V.

9.11 The bridge (without a capacitor) acts as a double-sided rectifier, not as a peak
detector.

a. The output is a double-sided rectified sine wave.
5, =10V2V; D, =0, -2V, =102 -1.2=12.9V.
This is equal to the ripple voltage
b. V,=|Vi| -2V, =8.8V.
This is a DC voltage, so there is no ripple.
c. Just as in (b), the current flows through both other diodes.
9.12  When loaded with a capacitor, the bridge acts as a peak detector.
a.V,,, =9 -2V, =10y2 1.2 =12.9V.
Av = (v;—2V,)(T/7) with T =10 ms (double frequency) and 7= RC =30 ms. Hence:
Av = (10/30)-12.9=4.3 V.

b. At a DC input voltage, the capacitor is charged up to V. —2V,; the output voltage is
8.8 V (without ripple).
c. Just as in (b).

9.13 The current through the Zener diode should be more than zero, to guarantee a proper
Zener voltage. Hence:

18—5.6>E >5.6-1800

2 - 22—
R, R M7 18-56

10. Bipolar transistors

Properties of bipolar transistors

10.1. 1o = Iy(e? /M 1) = Iy e?se kT
The base-emitter junction must be forward biased, the collector-base junction must be
reverse biased if it is to operate properly as a linear amplifying device. For an npn
transistor: V,; =0.6 Vand V. <0 V.
10.2. I;=1I; +I. and I. = BI;, hence I = (1 + B)I, = 800 pA —
_ 800uA
® 7 1+200
10.3. The Early effect in a bipolar transistor accounts for the effect of V. on I; ideally, this
effect is zero.

~4 pA; I = I - I, = 796 pA.

10
104. V,= 25=10V—->V,=10-0.6=94V;
10+15
4V
I = ) =2mA; .= [, =2 mA;
4700€2

V, =25V -2mA-5600 Q=138 V.
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—-0.6V-(-10V)
10.5. V(T)=-06V =1, = 47000 =2mA, I, = I;, =2 mA;
10V-0.6V
ViT,) =40.6 V=5 [,= —————— =5 mA;
1880Q

L. =1, + I, (Kirchhoff's law) = I, =5-2=3mA, I, = I, =3 mA;
V,=-10V+3mA2kQ=-4V.

Circuits with bipolar transistors

10.6.

10.7.

10.8.

10.9.

r, = 25/I; €, with [, the emitter current in mA.

R 40
a. V=V + 2 _(V'-V)=-20+ — =-1636V;
R +R, 11

V.=V,-0.6=-16.96V;
Ve -V~ —16.96+20
Rg 5600

2
b. VB:le+R2 =7.5V; VE=6.9V;

I =

=0.65mA —>r, = £:38.5 Q.
° 0.65

IE=Z—E6.9mA+re=3.6Q.

E
c.ForT,
R 47
Vo=—2—V+ —75=24V;V,=18V;
R +R, 147
IE—V—E:O.lmA—>re1:ZSOQ.
Ry

ForT,: Vy=V' -1 ,R,=75-0.1122=5.3V;
V=V, +06=59V;

+
- 1.
I.= V -V _ 16 ~1mA —>r,=25Q.
Rs 1500
33k
a. CE-stage: Az—&z——=—5.9.
Rg 5.6k

b. Emitter follower: A = 1.
c. This is a two-stage voltage amplifier with decoupled emitter resistances. As 3 — oo,

the base current through 7, is zero; the first stage is not loaded by the second stage. In
that case: A =AA,.

R R
Aj=——2=-88 A, =——0=-108 = A=+9504.
Te1 Te2
R
The transfer of an emitter follower with B — oo is E_ -l
r, + RE RE
. . . r, 3.6
The relative deviation from 1 is thus — =——=-0.36%.
Rp_ 1000
The transfer of an emitter follower with 8>>1 is
PRe e _
1 +ﬁ(r€ +RE) RE ﬁRE
The relative deviation from 1 is thus ——¢ — —2— = —0.46%.

Ry BRg
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10.10.

10.11.

10.12.

The input resistance is R, // R, // [r, + (1 + B)(r. + R)] =R, /| R, /| BR; =
100 k€2 // 100 k€2 // 100 k€ = (100/3) k€.

In Exercise 10.7, the transfer is A = A-A,, with A| = —(R,/r)).

The input resistance r,, of the second stage thus becomes parallel to R;; so replace R,
in the formulas with R, // r,,. The input resistance is approximately r,, = fBr., = 2500 €,

so R, // r,, = 2240 Q. This is almost a factor of 10 smaller than the value previously
calculated.
First, find Vy, then I,. As B is not infinite, the base current cannot be ignored. A

Thévenin equivalent of the input circuit is depicted below (see Figure 5.2a).

R
Vo= —=2—V'— (R, /I R)I, Ry//Rj

Rl+ o) —
I

+
R
2 +
7'\/
F{1 + H2 C) RE

Obviously, the base current affects the transistor bias. If the second term is small, it
can be ignored; not however in this example:

R I
Vo= —=2 w—megﬁ=n+0an=y@

R +R,
R, //R R S5-0.
Iu| Re + /IRy |_ Ry V+_0,69]E:M:4,6mA,re:5.43Q.
B R, +R, 1000 + 500

Usually the designer ensures that with R, and R, the bias is independent of the base
current.

11. Field-effect transistors

Properties of field-effect transistors

11.1.

11.2.
11.3.

11.4.

11.5.

The gate-source voltage at Vo = 0, for which the channel is non-conducting (see
Section 11.1.1).

In this region there are (virtually) no free charge carriers (see Section 9.1.1).

The gate current of a JFET consists of the reverse currents of the reverse biased
junctions (gate-source and gate-drain). In a MOSFET, the gate is completely isolated
from the rest of the device by an oxide layer, so I is almost zero (smaller than 107"
A).

Ve=0;Vi=—4V >V, =4V;

Vs 4
=—==——; Ip=1Ig (as I5 =0);
ST Ry 1500 P8 (as Ig =0)
4-3300
Vo=V —I R, =20— =112V.
D DTb 1500

The maximum resistance of the network (10 k€2) is obtained for Ry, — o so for
Vs < Ve R=R, =10 kQ.

The lowest resistance (1 k€2) is obtained for V=0, R = 800 Q:
R=R,//(R,+Ry;)=1kQ—> R, =311 Q.
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11.6. To avoid that pn-junctions at the source and drain contacts may affect the signal
behaviour of the transistor (see Section 11.1.2).

11.7. The names refer to the type of charge carriers that are responsible for the conduction

in the material. In a bipolar transistor these are both holes and electrons; in an n-
channel FET only electrons and in a p-channel FET only holes.

Circuits with field-effect transistors

11.8.
11.9.

11.10.
11.11.

11.12.

I, = % Vs +5 (I, in mA).

V=0, thus Vo =-Vg I, = I = VJ/R;

substitution in the equation of Exercise 11.8 results in: I, = ¥ mA.

Similar to Exercise 11.9: [, =2.5mA; V=V = [ LR, =10-2.51.8=55V.

g 5
+

e {

[

d
The power supply voltage has no effect on the calculation of the signal properties.
- voltage transfer (at i, = 0):
8Rs 4

Yo

v =gv. Re=2(v, —v)R. = g(v.— v )R, > —= = =0.8;

o ggsS g(k s)S g(l o)S Vi 1+gRS 1+4
- input resistance (at iO:O):ﬁzri:RG:IMQ;.

L
- output resistance (at v, = 0):
v R

v, =(i,+ gv,OR=(i - gv )R, — 2 =1, =—>—=400Q.

o (0 ggs)S (o go)S . o 1+gRS

a. T, is connected as a source follower. The total source resistance is R in series with
the output resistance of 7, (at the drain). The latter is infinite (current source
character) so the voltage transfer of the source follower is 1: the AC voltages at the
source of 7', and the drain of 7, are both equal to v, The DC (average) value of v, is
Ves(T)) + I R lower than that of v..

b. V(T,) =0 = I, (T,) =2 mA;

I, (T)=1,(T,)=2mA — V (T, =0.

The required voltage drop is 3 V, which is equal to the voltage drop across R: I,R = 3,
so R = 1500 Q.

c. The maximum peak voltage depends on the V.-, characteristic of the FET (Figure
11.2¢); but in any case, all pn-junctions must remain reverse biased. From the
characteristic it follows:

for T,: Vo >0; Vi, . =10V > V. <3V,

for T,: Vouid 1) = Vo T)=3=0V > v . <4V,

Vs(T)) and V(T,) are 0 V. V(T,) = 3 V and V,4(T,) =4 V, hence all pn-junctions
are reverse biased. The condition for 7, is always fulfilled if (for 7)) v, <3V.

From Figure 11.2c it appears that with this large value of the input voltage 7', operates
in the pinch-off region and is no longer linear. For this reason, the input voltage
should be kept lower than the value calculated before.

=V,

Gmax

min

max
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12. Operational amplifiers

Amplifier circuits with ideal operational amplifiers

12.1.

12.2.

12.3.

12.4.

A virtual ground is a point that is at ground potential without being connected to
ground. At proper feedback, the voltage between the two inputs of an operational
amplifier is zero. At grounded positive terminal the negative terminal is virtually
grounded. In a non-inverting configuration, none of the input terminals is grounded.

a. Superposition of the separate contributions of V| and V, to the output voltage:
R R
V,=——2V, =2V, =152 - 12.2:(-3) = +6.6 V.
R Ry
b. In the ideal case (equal resistances) V, = 0. In the general case,
R\R, — RyR
L= Mvi (see Figure 12.5);
Ri(R; +Ry)
with R, , 5, = R(1 + €), the maximum output voltage is

4
V.~ §m=2-0.3-10-2-10=60mv

c. V, =—co (in a real situation: limited by the negative power supply voltage).

d. Superposition of the separate contributions of V, and /, to the output:

R
V0=—R—2Vi+R211=—1 0.6+ 15-10°-40-10°=0.
1
e. The current through the negative input is zero, so the voltage across R, is zero too.
The voltage at the negative input is V_; the circuit behaves as a buffer amplifier.

As the output impedance is zero, the load resistor R, does not affect the transfer.
R 120
V= —2—V= +5=2V.
R+ R, 300
f. V,=—(R/R,)V, (inverting amplifier); V, = V (buffer amplifier);
R, R
57 V3 + 2
R, + Ry R, + Ry
Substitution of the numerical values:

18 18 22
Vi=—:03=9V; V.= — - (-9+ —-1=-405+0.55=-35V.

0.6 40 40
R, =R, > 5 kQ; take R, = 5.6 kQ (see Section 7.1.1). R,/R, = 50, so R, = 280 kQ (for
instance two resistances of 560 k€2 in parallel).

The circuit must have two inverting and one non-inverting input. Examine the next

V, (superposition).

configuration.
R R
1 — 1
Vio  S—  E—
R2
Voo— 1} -
VO
VSG +

In this circuit:

R R R
V,=-—2V, - 22V, + | |+ ——>— V5, with the conditions: R,/R, = 10, R/R, =5
R, R, R, /IR,

and R, = R|//R,.
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12.5.

There is no solution: the V /V, gain is always larger than the other two gain factors
V/V, and V /V,. The voltage V, should first be attenuated, for instance with the
voltage divider with resistances R, and R..

R R3

Vio f } I }
1 L | S |

Voo | }

Ra —oV,
V3o | } +

R R R
Now: V, ===V, =3V, +| 1+ —>2 S|,
R ' R R, /IR, \ R, + Rs

We have several options. Take, for instance, R, =100 k€2; then R, = 10 kQ and R, = 20
k€. Furthermore: R,//R, = 20/3 kQ, so 1 + R,/(R,//R,) = 16. The attenuation of the
voltage divider must be 8, and that can be achieved by (for instance) choosing R, = 10
kQ, R, =70 kQ.
Let the two resistances be R,, and R,,. The common-mode transfer remains 1: the
voltage drop across R, is still zero, hence the voltage drop across R, and R,, is zero
too. If the differential amplifier is perfect then, the common-mode transfer will be
zero.
The differential mode transfer is found with:
V=V, + th and V; =V, — @Vd , from which follows:

Ra Ra
Vi=V3 =V, =V, + Ro1 T Roay, (1+—Rbl +Rb2jvd,

Ra Ra

Conclusion: unequal values for R,; and R,, do not affect the CMRR; the resistance

values determine the transfer for differential voltages.

Non-ideal operational amplifiers

12.6.

12.7.

12.8.

12.9.

12.10.

Put a voltage source V . in series with the non-inverting input of the operational
amplifier. Then:

R 10
Vy=|1+—=2 [V = (1 + —).0.4 =2.22mV.
R, 2.2

Without R, the output voltage will be V, = R,[,,, = 10*10"°=0.1 mV.

R,= R//IR,=10-2.2/122=1.8kQ.So V,=14R,=0.01 mV.

As the inverting input-terminal is virtually grounded, R, = V/I. = R, = 2200 Q. The
amplifier has ideal properties, so R, = 0.

At unity feedback, the gain is 1; the bandwidth f, = 1.5 MHz. The gain is A=10/2.2, so
the bandwidth is equal to 1.5 - 10° - 2.2/10 = 330 kHz.

The input resistance has the value of R,. Take R, = 12 k€. The required gain is —-R,/R,
=-30, so R, = 360 kQ. The voltage on the slider of R, may vary from —15 to +15 V;
the compensation voltage at the output should vary from +1.2 to —1.2 V, so the
transfer (for the compensation voltage) must be —15/1.2 = —12.5. As the resistance of
the potentiometer depends on the position of the slider, so too does the transfer. For
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the slider at the extreme ends of the potentiometer, the transfer is —R,/R,, so R, =
12.5- 12 = 150 k€. Take for instance a potentiometer of 100 kQ; the value is not
critical, it mainly determines the current that must be supplied by the power source.

13. Frequency-selective transfer functions with operational
amplifiers

Circuits for time-domain operations

13.1

13.2.

13.3.
13.3.

1 ¢l10
p, = E‘[O (Vogg | R+ Iy )dt +Voe =10°107% /10% +1078)-10=0.2V.

If both bias currents are equal, the contribution of 1,
hence:

1 ¢10
vy = Ejo (Vg / R)dt=0.1V.

to the output will be eliminated,

ias

The output voltage reaches the end value v, = (1 + R /R)V ;= 10.1 mV.
a. The complex transfer function is:
H:—é:—&- JORC, 1 )

Z, R, 1+ joR,C, 1+ joR,C,
The amplitude characteristic is the sum of the next three curves: R,/R, (frequency-
independent transfer 100); jwR C,/(1 + jwR C,) (a first-order high-pass characteristic
with break point at f = 1/27R,C, = 10°) and 1/(1 + joR,C,) (first-order low-pass

characteristic with break point at f= 1/22R,C, = 10%).

[H

l N

1+ jwRoCa

AN
A
N

(The deviation from the asymptotic approximation at the break point is —3dB for the
last two curves, so it is —6 dB (or a factor of 2) for the total transfer, see dashed
curve).

b. The phase shift follows from the argument of the transfer function (we disregard
the inversion minus sign):

arg H = % “tan” @R,C, - tan” @R,C, = % ~2 tan! (10°).
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The deviation from 90° is 2arctan(10~° f); this is more than 10° for > 87 Hz.

13.5. The input resistance has value R,, so take R, = 10 k€. The gain in the P-region (the
region of high frequency, where C can be viewed as a short-circuit) is —R,/R,, so R, =
20 kQ.
The break point between the I- and P-region is at @, = 1/R,C. As f, > 100 Hz, 1/27R,C
> 100 or C < 80 nF. Since near the break point the deviation from the integrating
character is rather great, we will take for instance C = 10 nF.

Circuits with high frequency-selectivity

13.6. Rewrite the transfer function as
_ ayta jo+ az(ja))2
I+ jo/Qwy— w* /a)g'

1 1+2jot—- w’1?

51 R from which follows:
+ jot 0T

=1/7=10’ rad/s
an/12 co/Qco0 wt/Q so O=12;

1 2jor
T3 jot/ 12
__ L JCURzC | _ jort
C Zi+Zy 1+ jo(R,C, + R,C, + R,Cy)— 0*RR,C,C,  1+3j0r— 0t
Compared with the general expression this results in:
= 1/7=100 rad/s or f, = 100/27 = 15.9 Hz.
3a)1 /0w, = wt/Q, or Q = 1/3.
13.8. Replace all the resistors with capacitors and vice versa. The new transfer function
then becomes:
~ —0°R,R,C,C,
1+ jwR,(C; +Cy)— 0*RR,C,C,
1P = (@°RiRyC,Cr)° ‘
(1— 0*R,R,C,C,)* + 0*R(C, + C,)?
The condition for a Butterworth filter is:
—2R,R,C,C,+ R*(C, + C,)’ =0,0r R/R, = (C, + C,)*/2C,C,..
Take C, = C, = C, hence R, = 2R,.
13.9. The output voltage of the differential amplifier is denoted as V,, that of the upper
integrator V., s0 that:

H (0 — o)==

13.7.

1
o . VX 4 Vy -, V()v
JOR,C, JOR,C,

Ry R R R R
V,=——2V +(1+ 4]—6\4 +(1+—4]—5V0,
R3 R; JRs + R¢ R; JRs + R¢

Elimination of V, and V, results in:
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V, _ (+Ry/R)R,

—= jWR,C
7 Rs +Rg JORL Lo
-1
1+ Ry /R,)-R
x| 1+ ijzcz( 3/Ra) > — w”R,R,C,CoR; /R,
Rs + Rq
s0 @y = LYRRyC,CoRy IRy and 0= — 3+ R6 o 6 R TR, CoRs.
0 1842%~1%203 4 (1+R3/R4)R5 1+~15%3 2204

Q can be adjusted independently of @, by R, and/or R,. To vary @, independently of

0, the condition R,C, = R,C, must be fulfilled. If further, for the sake of simplicity, R,
=R,=R,C,=C,=Cand R,=R,, then @, = 1/RC and O = (R, + R,)/2R,.

14. Non-linear signal processing with operational amplifiers

Non-linear transfer functions

14.1. Error due to inaccuracy in V: £2 mV;
error due to loading: about —R,/(R,+ R,) = —1/17 = -6%;
absolute error due to voltage offset: £2 mV + (70-8 uV) = £2.56 mV.
absolute error due to input current: +/, R, = +5 mV.
14.2. The switching levels are determined by the two possible voltages at the plus-terminal
of the operational amplifier; these are:
B ve B poyviBip- si001s.
R+ R, R+ R, R,
E is the absolute value of the power supply voltage. The switching levels are —1.85
and —2.15 V; the hysteresis is 0.3 V.
14.3. \,1

(V)

+15 1

p
~

149

+5

0
\ T
—1,85 ]

B T e N

Bvo + (1 — BIV et
—54

s
ph

149

—-15

14.4. The break point in the transfer characteristic occurs at value v, where the current
through D, (or D,) is zero. This current equals:
Vref,l - Vref,2 + Vi— Vref,2
R; R,

b

. R
so the break point occurs at v; =V, = —R—](Vref,l = Vief2)
3
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The corresponding output voltage is just equal to V,;,. The output voltage in the linear
region (D, is forward biased) amounts to

R, Ry R,y
e VAL RN | DI |/
R3 ref,1 Rl i ( Rl //R3] ref,2

The characteristic is given below.

V)

——
v; (V)

14.5. Vi Vi

Left: signals in the circuit of Figure 14.8. Right: signals in the case of reversed diodes.

14.5. The break points occur for those values of v, where the diodes just become forward

biased; the conditions are:
770 330

———V,=05V; ———— V., =05V and
770 + 2310 33042310

154
;K:O.SV,or:ZV,4Vand8V.
154 +2310

The slope for each separate section equals —1, because they amount to —R./R,, —R./R,
and —R./R, respectively.

The output voltage at the break points is: 0 V; 0 + (-1)'2 =-2 V and -2 + (-2)4 =
—10 V. The transfer looks like this:
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vi (V)

2

=]

o

@

|

-
ORGSR R I S —— 1Y ]

-12 ]

~14 ]
/

slope: —3
—16 A P

Non-linear arithmetic operations

14.7.

14.8.

14.9.

14.10.

14.11.

Vv, = Kgexp(vy,/ V) =Kgexp(v,,/Vy) =KgexplK, In(v,/V,)/ V] =
Ky explIn(v, /V)XtVel v =v if K, =V, and K, = V,.
a.v,=V, =v;v=Kvy, hence v, = Kv>orv, = ,v,/K = \/vil

b. Both input voltages of the operational amplifier are zero, so: —-v/R, = (v /R;) +
Kv /R,
v /10

,=—10"""=-10 —(v; 1O =y /10

The weighted addition of In v, and In v,, the subtraction of In v,, followed by
exponential conversion:

—Avp/10 _ 4 gAlog(vi/10)/10 _

Vi
Vyo—— In R R,
I 1 I 1
. Ro
Vo n F2—[} \
R exp oV,
' : / Vx ’
Vsc In V3
Ra
R, R, R R )
VX———vl——vz 1+ L 4 v with vi, 3 =1In(v;,3)
R, R, R/ /IRy )Ry + Ry = =

The resistance values must satisfy R/R, = 1/3 and R/R, = 2/3, from which follows:
R/(R//IR,) =1, hence R,/(R,+ R,) =1/2, or R, =R,.
If the bias currents are zero, then v, = log 1 = 0. With non-zero bias currents:
10°+107°
10 £10”
For I, = 10 pA and 1,= 100 pA the output voltage at zero bias currents is log 0.1 = -1
V. With bias currents this is:

+10g0.1+log(1 £10™*) +log(1+107°);
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o 10 +107°
21041070

the error is thus about +47.8 uV.

~10g0.1+1log(1£10™*) +log(1 £ 107°);

15. Electronic switching circuits

Electronic switches

15.1.

15.2.

15.3.

15.4.

15.5.
15.6.

In the on-state, v /v,;= R /(R +R,+r,)=1-RJ/R —71,/R,.

R,/R,=0.02%, so the error due to r,, must be less than 0.08%. Hence, r /R, < 8-10™
thus r_, <40 Q.

In the off-state, v /v,= R /(R + R, + 1) = R, /r; this must be less than 107, so 1, >
50 MQ.

In the on-state (switch off), v /v, = R/(RR /r,s + R, + R)) = 1 — R/r — R /R, ; the
error due to the switch must be less than 0.08%, so r ;> 12.5 k€.

In the off-state (switch on), v /v, = r /(R /R, +7, +R) =1 —r1, /R this must be
less than 107, hence r, < 0.01 Q.

In the on-state, v,/vi= 1 — R /r — 1,/ 1 — 1 /R — R/R,. R /R, contributes 0.02% to
the error, so 0.08% remains for the error terms Ry/r g, ro/7,, and r /R, . Asr gz >>r,
the condition is R/r; + 1, /R, < 0.08%. Equal partitioning of these errors over r,, and
ropresults in R /ro <4-10% and r /R, <4:107, 50 r;; >25kQ and r,, <20 Q.

In the off-state, v /v, = r_/r.;, from which follows: r > 10°r_; this requirement is
fulfilled with the conditions found before.

Equivalent circuits for the series and shunt switches:

on,off
I )
iiT Rg Rp Ti @ Rg "on,off R
io /i;= Ry /(R + Ry, + Ty ): io /5= (Ry ! g )1 (Re  Fromsogy + Ry )

For the series-shunt configuration:
-1
. rn R R R
i /i =1+ 3L L Ly L
Rg ) rs2Rg Rg
withr,, =r_,r,=r_ Or vice versa.

Assuming R, >> R, and 7 >>r_, the next table can be derived:

on’

r r

on off
series << R, >> R,
shunt << R, >> R,
series/shunt <<R, >> R,

ro,=2r/2ry=r, At 1 mA, r, =25 €, so at 5 mA this is 5 Q.
When the first circuit is the on-state, r, is in series with the source resistance and V

> “on

is in series with the offset voltage of the operational amplifier. The switch increases
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the offset (V. + 1,,.7,,) of the system and it increases the load error (relative load
error —r_/R). In the second circuit, the offset V_ of the switch is reduced to V /A at
the system output point, and the operational amplifier’s gain is A.. The on-resistance
of the switch only contributes with r_ /A to the output resistance of the circuit. In view
of these parameters, it is the second circuit that is preferred to the first one.

15.7. For i, = 0, v, = 0 (no current through R) so the FET conducts, irrespective of the
resistance R.

For i =2 mA, Vg = —i R; this must be less than -6 V, so R > 3 k(.

15.8. To keep the circuit in the on-state, the current through R must be zero irrespective of
v. This is achieved if the diode is reverse biased, so v, > v, -V, ,orv.>3-0.6 =
24V.

In the off-state, for each value of v, v, must be less than the lowest pinch-off voltage,
hence v, < —6 V. This occurs when the diode is forward biased, so v, <v, ., + v =V,
orv, < 3 6-0.6=-9.6V.

1,max

Circuits with electronic schwitches

15.9. In the on-state, r_,, is in series with R, and r_, is in series with R,. Furthermore, r_,, =
Fon + Aronl’ on2 — roni Ar o and Ar << Vone

on2
The differential gainis A, = R/(R +r,,)
The common-mode gain is

p =Yoo R Ry 415
<y R, +7, Ry + R, +1, R, +71,,

ic onl
— R Ton1 ~ Ton2 ~ R . iAronl iAror12
R+r 1\ 2R+ 1 R+, 2R+ 1,5
2R +
The CMRR is " ‘_I +2A” 2| _ 15050,
r

15.10. In the track mode the output Voltage at v, =0 equals
Vo = Ve + 1L, (r,, + RO =250 pV.

bias

The value of Cy, is not relevant here.
15.11. dv /dt=1/C; =1 V/s. T=1/f=10 ms.
After 1 period (10 ms) v, =8 V + 10 mV; after 100 periods (1 s) v,=8+1=9 V.

16. Signal generation

Sine wave oscillators

16.1. There are three reasons.
a. To start the oscillation: first, & must be negative to let the amplitude increase up to

the required value; then, & should return to zero.

b. To determine the amplitude: the solution of the differential equation does not
depend on the amplitude; it can only be varied by controlling the damping factor a.

c. To stabilize the amplitude; factor o is subject to drift, so the amplitude will change

even when o is very close to zero.
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16.2.

16.3.

16.4.

Each electronic system generates noise; the noise with frequencies close to the
oscillation frequency will be amplified for & < 0, so the oscillation starts on the

system noise.

a. The transfer function of two low-pass RC networks in series and the latter be loaded
with R, (the input resistance of the integrator) can be deduced from the next figure,
where v, is the input voltage of the integrator. The transfer is found by applying two
times the voltage divider rule (see also Exercise 3.3).

+ 1 + 7
= v Hy=—"1—= (T=RC)
! 2 R,+7Z, 2+ jot
Vo —_— p— V; .
c - []Rs H, = Z, _ 2+ jot _
R +Z, 3+4jor-01
z 1
e H=HH,= ‘ )
2 3+4jot-w°T

The transfer of the integrator is —1/jwRC,. The product of both transfers must be 1,
hence: 1/(3 + 4jot — @’ 7)'(-1/jwRC) = 1. The imaginary part of the left-hand side of
this equation is zero, which results in @7 = 3 or f = 3 /217, The real part is 1, so
4@’ TRC,. = 1. This results, together with the expression of @t found before, in the

condition C, = C/12.
b. The voltage at the inverting input terminal of the operational amplifier is j,v,, with

B, = R/(R, + R,); the voltage at the non-inverting input is 3,(@)v,, with B,(®) =
Jot(1 + 3jot— &’ T) (see figure 8.10a). Both voltages are equal, so B, = ,(w). As
B, is real, the imaginary part of 3, must be zero, hence @7 = 1. So 3, = 1/3, which is
also the value of f3,. Conclusion: R, =2R; = 1/7= 1/RC.

c. The transfer function of both RC-sections is found to be H = (1 — joRC)/(1 +

JoRC). The oscillation condition is

[ ene) ()

1+ joRC R,

or: R(1 + 2jwRC — ’R°C*) =R, (1 = 2jwRC — &’R*C?)

From this it follows that: R, = R, (constant amplitude);

wRC =1 (oscillation frequency f= 1/27RC).

From the oscillation condition it follows that: R, = 2R, (see Eq. (16.6), so R, (T) =1
kQ. R, (T) is the resistance value of the NTC when heated up to temperature 7. If T, =
273 K, the thermistor has a resistance value of 1 kQ at 7= 311 K. The temperature
rise which is 11 K, is caused by the dissipated power of AT/100 = 100 mW = v*/R,,

— ¥ =+/Ry, 110107 /+/2 so the output amplitude is 14.8 V.

\oltage generators

16.5.

The amplitude of v, remains the same, as does the slope of v,. The voltage v, increases
(or decreases) up to (or down to) the switching levels of the Schmitt-trigger. At
increasing R, the hysteresis increases too, so the frequency of the output decreases
and the amplitude increases.
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16.6.

16.7.

16.8.

16.9.

During the upgoing part of v , v, is negative hence v, is positive (v, = V' = 15 V);
during the downgoing part v, is negative (v, = V- = =5 V). The slope is —v,/R.C =
+(R,/R;)v,/R,C. The duty cycle is found from the ratio between the charge and the
discharge time intervals, so it is the ratio between the slope values. This is 3; the duty
cycle of v, is 1:4 =25%, that of v, (the inverse of v,) is 75 %.

815'&
0

N

NI NI NN -

t

e e e =
PR P S,
[N P .

<
—_—
1 1

—_—

51 t

Amplitude: the positive peak is BV* = 7.5 V; the negative peak is BV = -2.5 V, which
means that there is a peak value of 10 V.
1

Average value: the mean of the peak values, so v, = 7(BV"+ V) =25 V.

Frequency: the upgoing slope is 3/R,C = 3-10° V/s. The time period of this part is
10(V)/3:10° (V/s) = 10/3 ms. The time interval of the downgoing part is three times as
much, so 40/3 ms. The frequency is 3/40 kHz = 74 Hz.
Vs 1s negative; when the switch is on, v, increases linearly in time up to a positive
value that is determined by the upper switching level of the Schmitt-trigger. This level
amounts to
Ver2 = I—?R TR I—?R ;

171 171
for the upper level, v, = V' = 18 V, hence the peak value of the ramp voltage is v, =
7-(12/15.9) + 18:(3.9/15.9) = 9.7 V. The lower switching level is 2.3 V. The slope is
V_./RC; after 1 ms, the peak value should be reached, hence (V,,/RC)-10° = 9.7, thus
R =10.3 kQ.
When the switch goes on, v, is equal to the voltage at the negative input terminal of
the operational amplifier, which is zero (virtually grounded). For an average ramp
voltage equal to zero, the non-inverting input of the operational amplifier should be
connected to a voltage source the value of which is equal to the average value of the

current situation, hence —%vt =—4.85V.
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16.10.

16.11.

16.12.

Due to the turn-on delay time of the switch, v, continues rising during 2 ms after
having reached the upper switching level of the Schmitt-trigger, with the same slope
V../RC = 1000 V/s. The peak of 9.7 V is reached after 9.7 ms; the switch goes on
after 11.7 ms, corresponding to a frequency of 85.5 Hz. The amplitude is
1000-11.7-10° = thus 11.7 V.

Take a positive reference voltage V_;,, combined with a voltage source in series with
the non-inverting input terminal of the operational amplifier that acts as an integrator;
the latter should have a value that exceeds the negative switching level of the Schmitt-
trigger. The switch control circuit should turn on the switch at a voltage v, = V* = 18
V, and turn it off for lower values.

Except for the first period after switching on the circuit, v, satisfies the equations (see
section 8.1.1):

upgoing part: v=(V'=BV)(1 -+ BV (1)

downgoing part: v=(BV' -V)e "+ V" (2)

Here, the switching occurs at # = 0. Equation (1) is valid up tov, = BV*; if one assumes
that this happens at 7 = 7,, then: fV* = (V' = BV)(1 — ¢~ /%) + BV, from which
follows:

_ vi-v?® Vi-pv-
—e nlt = ﬂ_ﬁ_—_, or: 7, = Tln+—ﬁ+.
VT -BvV VT -pv
Similarly, in the case of the downgoing voltage:
Vi-v-
Ty = Tln%.
pv--v

The duty cycle is 7,/(7, + 7,), hence, for a duty cycle of 50%, 7, = 7,. Thus V" = V",
independent of f3.

17. Modulation

Amplitude modulation and demodulation

17.1.
17.2.

17.3.

17.4.

See Section 17.1.2 and Figure 17.4; see also Figure 17.1(f)

The frequency spectrum of a symmetrical triangular wave contains the fundamental
frequency and its odd harmonics, so (2rn + 1)-100 Hz (n is an integer). Modulation
produces sum- and difference frequencies of the carrier frequency (5 kHz) and the
input signal, which is why the modulated signal is composed of components with
frequencies 4900 and 5100 Hz, 4700 and 5300 Hz, 4500 and 5500 Hz and so on.

The signal bands may not overlap. The bandwidth of one modulated signal is the
width over the two side bands, so 2:500 = 1000 Hz per channel. The system
bandwidth should be 12:1000 = 12 kHz.

Assume v, = v,cos(wt+¢@). The bridge output voltage is v, = v(AR/R), so
v, =V;(AR/R). After amplification by a factor A and multiplication with the
synchronous signal v = v cos(wr+ @), the result is signal

AV, cos(at + @)v, cos(awt + @) = A(AR / R)v,v, [% (1—cos2(wr + @))]
The DC component is %Aﬁiﬁs(AR /R) =2 V.For AR/R=-107, this is -2 V.
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17.5.

The amplified output signal Av_ is multiplied by s(f). Only the term cos wt produces a

DC voltage (difference frequency zero). This part of the product equals

n 4 4,11
Av,cos@t-—coswt = A—vo{—(l— cosZa)t)}
T T 2

The DC component is (2/m)AV;(AR/R) =2/n V, or -2/m V.

Systems based on synchronous detection

17.6.

17.7.

17.8.

17.9.

17.10.

All components multiplied by the reference signal of 15 kHz and resulting in a
frequency below 100 Hz contribute to the output signal. These are components within
the frequency band of 14900 to 15100 Hz.

s(f)

15000 T ——

e
14900 15100 f

The quality factor of a bandpass filter is defined as the ratio between the resonance
frequency and the bandwidth (Section 13.2.1). According to this definition, the
quality factor of the synchronous detector amounts to 15000/200 = 75.

s(t) contains the fundamental frequency 1/7 = 5 kHz and odd harmonics. All
components in v, multiplied by s(¢) and resulting in a frequency below 200 Hz
contribute to the output signal. These are components within the frequency bands
4800-5200 Hz, 14800-15200 Hz, 24800-25200 Hz, and so on.

.
L 1

5000 15000 25000 *..—f

As the amplitude of the components in s(7) is inversely proportional to the frequency,
the height of the bands is also inversely proportional to the frequency.

At constant VCO frequency, the input signal of H equals v, = v;cos®r, and the output
signal is |[H[V; cos(wt + @), with ¢ = arg H. Synchronous detection with v, produces the

y-signal v, = %|H |\7i2 cos@; synchronous detection with a 7/2 rad shifted input signal
(v, sin @r) produces the x-signal v, = J|H[??sing. As IHI cos ¢ = Re(H) and IH! sin ¢
= Re(H), the screen shows the value of H at frequency @ in the complex plane. When

the frequency of the VCO is controlled by a ramp generator, the spot on the screen
describes the polar plot of H (see section 6.2). A periodic ramp results in a
continuous, stable picture on the screen.

There are no requirements for the reference voltage, because the comparator produces
a fixed output amplitude. If the comparator is omitted, the output of the synchronous
detector depends on the amplitude of V_.. This should have an accurate, stable value.

ref*
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17.11.
s(f)

the signal channel

f
S(f)

input of the
reference channel

f
sof

output of the
reference channel

——
T
S(f)T

] output of the

” input and output of

multiplier

f
o]

‘I output, v

17.12. T
s(f)

‘| input signal, v;

——
f
S(flr

output of the
1 l square wave oscillator

f
S(f)

output of the

multiplier
” (with offset)

f
S(f)

output of the
n band pass filter

f
S(flT

output of the
multiplier in the
‘I |"| ﬂ synchronous detector

f
S(f)

output of the
low pass filter in the
'I synchronous detector, v,

—_—

f
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18. Digital-to-analogue and analogue-to-digital conversion

Parallel converters

18.1 binary 1010111 101111111 100000001 10001111 100010001 1101111 1001001
octal 127 577 401 217 421 157 111
decimal 87 383 257 143 273 111 73
hexadecimal 57 17F 101 8F 111 6F 49

18.2. The MSB is equivalent to 5 V; each next bit is half the preceding bit, sov, =5 + 2.5 +

18.3.

18.4.
18.5.

18.6.
18.7.
18.8.

1.25+0.625 +0.3125=9.6875 V.

1 LSB = 1/2"* = 250 ppm ( = 250-:10°). Over a temperature range of 80° the
inaccuracy amounts to 80-2 = 160 ppm, corresponds to 160/250 = 0.64 LSB.

See Section 18.1.2.

Electronic switches have well-defined and stable on and off states; other electronic
parameters are much less stable.

The acquisition time for 1 bit is about 1/f=15 us; a 10-bit word requires 50 us.

v, =GV, V. ,1s the factor by which G (the input voltage of the DAC) is multiplied.
The two diodes connected in anti-parallel limit the input voltage of the operational
amplifier to +0.6 and —0.6 V, and protect the input circuit against overvoltage.

Special converters

18.9.

18.10.

18.11.

18.12.

18.13.

One bit requires 1 us; ignoring other delay times in the circuit, the conversion time of
a 14-bit word is 14 us.

Vo T
Vref 14

0,751
0625{— — = — — — —
0,50

0,26 —— -

——
t

The output code in the ideal case is 001 (MSB = 0; LSB = 1). The input voltages of
the three comparators are v, = 0.630 V, v{ = 1.260 V and v; = 2.520 V. These

voltages are compared with %V =2.500 V.

ref
a. The comparators are accurate up to +6 mV; in all cases the input voltage difference
is more than 6 mV (minimum 20 mV), hence the code is correct.
b. v =2(v; + Vie); vi=2(v] + Vo) = 4v; + 6Vg; vi can be between (2520 + 36) mV
and (2520 — 36) mV. In the last case the LSB can have the incorrect value of 0.
c. vi=(220.0)vy; vi’=2 0.0 = (4 £0.04)v;.v{ lies between (2520 + 25.2) mV
and (2520 — 25.2) mV. In the latter case the LSB can have the incorrect value of 0.
Apparently, the error depends on the value of v..
During the integration of both v, and V_; the frequency remains the same; the only
requirement is a stable frequency during the conversion time.
The integration period is not exactly a multiple (here 5) of the interference signal
period. There are two extreme cases:
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R \\

—

I
-
100 ms + 1us

J

/\/ A

! | \ —_—
| |
——
100 ms = 1us

The second situation shows the largest hatched area; the error equals one of these
areas (10 Vs) so +107° (a constant input signal of 1 V that is integrated during 100 ms
results in an indication of just 1 V).

19. Digital electronics

Digital components

19.1. a.x+xy = x (absorption law)
b. X +xy =(x+ x)(x + y) (distributive law)
=1-(x+y)=X+y (negation law and modulus law)
c. x+xy=x+(x+y) (De Morgan's theorem)
= X+ y (law of equality)
d. x-(x®y)=x-(xy + xy) (can be proved with a truth table)
xxy + xxy (distributive law)
xy +0-y (law of equality and negation law)
xy (modulus law)
e. x-(y+z)+x-§-2=x-(y+z)+x-(y_+z) (De Morgan's theorem)
= x-(y+z+ y+2) (distributive law)

= x-1=x (negation law and modulus law).

19.2. a.
a b a®b ab(a®b)
00 O 0
0 1 1 0
1 0 O 0
1 1 0 0
b.
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19.3.

19.4.

a b ¢ u=a+b+¢ v=a+b+c w=b+ uwy
0 0 0 1 1 0 0
0 0 1 1 1 1 1
0 1 0 1 1 1 1
0 1 1 0 1 1 0
1 0 0 1 1 0 0
1 0 1 1 1 1 1
1 1 0 1 0 1 0
1 1 1 1 1 1 1

u=1lonlyifa=1land b=0;v=0onlyif v=1,thusif b=1and a =0; w =1 only if
0, thus if @a = b = ¢ = 0. Furthermore, y =0 only if v=w=0,and x =1 only if u =
1.

w=
y=
a
0
0
0
0
1
1
1
1

—_—— O O == OO
—_—O = O = O = OO0
OO = = OO0 o |

v
|
1
0
0
|
1
|
1

cCoococoo o~

Y
|
1
0
0
|
1
|
1

SO == O OO O =

From the truth table it appears that this flipflop only has a set and reset function. So
the input combination j = k = 1 of the JK-flipflop must be made impossible. This can
be achieved, for instance, by making k the inverse of j, using a NOT-gate: D=J = K
(D is the input).

Logic circuits

19.5.

For e = 1 at least one of the inputs of each AND gate is 0, so all outputs are 0; y =0
irrespective of the other input values (indicated by — in the table).

The AND gates act as switches for d . The output is O ford, = 0 and 1 if d, and the
other four inputs are 1. This is only true for e = 1 and just one combination of s, s,
and s,, which is different for each gate.

e S Sy So y
1 — - - 0
0 0 0 0 d,
0 0 0 1 d,
0 0 1 0 d,
0 0 1 1 d,
0 1 0 0 d,
0 1 0 1 d
0 1 1 0 dy
0 1 1 1 d,
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19.6.

19.7.

The number of gates connected in series increases with increasing numbers of bits, so
that the total delay time increases, in particular for the MSB. Further, the signals are
subject to different delay times, so the outputs make several transitions before
reaching the steady state.

FF, is in the toggle mode (J = K = 1). FF, is in the toggle mode if a, = 0. The modes of
FF, are listed in the table below.

a, a, q a, a, a, decimal value
J K
0 0 0 0 (hold) 1 1 0 3
0 1 0 1 (reset) 0O 0 1 4
I 0 0 0 (hold) 1 0 1 5
1 1 1 0 (set) o 1 1 6
1 1 0 3
0 0 1 4
1 0 1 5

The flipflops are of the master-slave type, so the values of J and K at the start of the
clock pulse determine the output at the end of the clock pulse.

20. Measurement instruments

Electronic measurement instruments

20.1.

20.2.

The three meters are calibrated for the rms value of sine wave voltages. The correcting
factor of meter B is /2 /4 =~ 1.11 (see also Section 2.1.2). Meter C indicates the peak
value of a sine wave, when not corrected for rms values. The correction factor is thus
I3

a. Sine wave: all meters indicate the correct value: %«E -10=7.07 V.

b. Square wave: the rms value, the mean of the modulus and the mean of the
clamped voltage are all equal to the peak value; the indication of the meters is
therefore: A: 10 V; B: 1.11:-10=11.1 V: C: % 2:10=7.07 V.

c. Triangle: A triangular voltage whose peak value is v has an rms value of

(1.3)+/3-7; the mean of its modulus is %\3 and the mean of the clamped voltage

is equal to the peak value. The indicated values are thus: A: (1/3)«5 ‘10=5.77 V;
B: 1.11:5=5.55V and C: % 2:10=7.07 V.

In the two-wire mode, the resistances of the wires are included in the measured value
R + 2r, with r the resistance of a single wire. For small values of R, the error would be
unacceptably large. In the four-wire mode, a current is applied to the resistance
through one pair of wires, whereas the voltage is measured via two other wires. The
current through these latter wires is zero, so their resistance is not relevant; neither is
the resistance of the first pair of wires, because the voltage is measured across the
leads of the resistor.
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20.3.

20.4.

20.5.

See Section 20.1.2. When a large time base period is chosen, the images appear

clearly one after another.
The transfer of the circuit in Figure 20.6a is:
V; R 1

1 1

v, R+R, 1+joRC,’
where R = R//R, =200 kQ and C, = C; + C, =216 pF.
At low frequencies, the transfer is 1/1.25 = 0.8. The break point of the characteristic is

_ _ . 4 . .
o, = 1/R C,=2.3-10" rad/s, corresponding with 3661 Hz.

Vi
Vq

0.8

&
|
(b) A

RN

2,3-10% R ——
w (rad/s)

The transfer of the circuit depicted in Figure 20.6b is, under the condition R, << R:
vi R 1+ joRC

1

ve R+R 1+ joR,C,

with R, =R; //R=0.9 MQ and C{ = Cy +C; +C =240pF.

Apparently, RC = RI’)CS’ , so the transfer does not depend on the frequency, and it
equals R/(R,+ R) =0.1.

Without the attenuator the signal transfer is frequency dependent, corresponding with
a low-pass characteristic. This results in the first of the three pictures (see also figure
8.3). The transfer is compensated by a network with a high-pass characteristic (with
adjustable capacitance). Too high capacitance results in overcompensation, depicted
in the middle of the figure. Only at correct compensation, the transfer is independent

of the frequency; this will correspond to the rightmost picture.
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20.6. v

N/

Y
20.7. Logical circuits produce binary signals (O or 1; high or low). A synchronous noise

signal produces a random value (0 or 1) after each clock pulse. There are also noise
generators with random transition time.
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20.8.
Vilal- — vz
ICIA} — ——
0 / 0 /
! I = | I —t_"
| I t | | |
| | | | I
| | | | |
| | | | |
| | | | |
l | l r I [ |
| I | I i
va I | V3 | I |
B | | 8l - | | |
0 0
—— —l—
=B~ - - — - t B
| |
I |
| |
I |
V3 | ‘
| |
B1- T [
I |
0
T ] ,
—-B I 1 t
| o I
| | [
‘ : I Lo Y
I [
Vs | |l Lo '6
gd— I I |1
0 0
—B L] t Ke t
V‘,rr
[C|A
0
t

Computer-based measurement instruments

20.9.
) amplitude phase rinter
1
oscillator detector meter plotter P
network
under test

b. Four decades, spread over 40 cm with a resolution of 0.4 mm means 1000 steps

for a factor of 10*, or 19%10* =1.01 for each step.
c. 20 cm with a resolution of 0.4 mm means 500 steps; for 40 dB: 0.08 dB per step.
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d. 500 steps to cover 27 rad: 21/500 = 0.0126 rad = 0.72° per step.

20.10. See Section 20.2.1.2.
20.11. See Figure 20.14.
20.10. See Section 20.2.3.

21. Measurement errors

Types of measurement errors

21.1.

21.2.

21.3.

21.4.

a. The absolute error is 0.01-(788 + 742) = 15.3 mV.
153 153 _333%

788742 46
b. The differential voltage is 46 mV; the relative error is 1%; the absolute error is 1%
of 46 mV, which is 0.46 mV.

a. The first measurement value shows a deviation of a factor of 10, probably due to a
reading mistake. This value will be disregarded. As the measurement is performed
repeatedly with the same instrument, systematic errors cannot be recognized.
Obviously there are random errors.

b. The best estimation is the mean (of the four remaining values): I = 24.86/4 = 6.215
mA. A better notation is 6.2 mA, according to the fluctuations.

c. The random error can be lowered by a larger number of measurements. Systematic
errors cannot be reduced by this method.

d. The best estimation of the current value is 6.25 mA, the middle of the tolerance
band. The difference between this and the best estimation from the first series of
measurements is 0.035 mA. Apparently, the first measurement is subject to a

systematic error of about 0.04 mA.
R 100
v,=——2.y;=———0.2=-5.128V.
R, 3.9
The additive error due to V  and [ is:

bias

The relative error is

R
Av, = (1 + R—ZJVOff + IiasRy = 40mV +10 mV = 50 mV.
1

The multiplicative error due to tolerances of v, R, and R, amounts to:

Avy _ ARy + ARy + Avi =0.5+05+02=1.2%.
\%

o R Ry v

The maximum error is 50 + 0.012:5.13:10° = 112 mV. The output voltage has a value
somewhere between —5.242 and -5.018 V. The correct indication of the output
voltage is —=5.13 £ 0.11 V.

a. The measured (nominal) resistance is R =V /I, =75 Q.

The multiplicative error is: AR/R =Av /v, + AI/l =0.5 + 0.5 =+ 1% = 0.75 Q, with

Av /v, the relative error in v,.

The total resistance of the two connection wires is between 0 and 6 €, denoted as 3 =
3 Q.

The additive error is +(AV /) + 2(r + Ar) = 0.5 + 3 £3) =3 £ 3.5 Q, where AV is
the absolute error in V. In total:R =75 -3 £ 4.25 =72 £ 4.25 Q.

b. V, = I1,(R + r,) — L,ry; assuming that I,r, = L,r,, V_ equals I|R, so the (nominal)
resistance is R =V /I, =70 Q.
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The multiplicative error is (as in a.): £1% = +0.7 Q.

The additive error is:
AVO n A(I]rl —127'3) _ AVO " 2(IA7"+ V'AI)
I I L I

A
Yo T2Ar=10.5+£2=42.5Q

I
Thus R=70 Q + 3.2 Q.
c. Nominal value: V. =I,R, thus R=V /[, =71 Q.
Multiplicative error (as in a.): £1% =+ 0.71 Q.
Additive error: +tAV /I, =+0.5 Q,s0R=71 Q + 1.2 Q.

The three measurement methods for the same resistance value have ascending
accuracy, as illustrated by the tolerance bands below.

R (£2)

Measurement interference

21.5.

The transfer from the error source to the input of the measurement system can be
deduced using the circuit model shown below.

| +
QD § ? i"

Applying the rules for the complex variables we find:
R, JORLC )
Vi=— Vi= : Vs, with Ry = R, //R;
1/ joC; + R, 1+ joR,C
In all cases, @R, C, << | (0 =2nf = 314; R, < 10" and C, < 107") so: V, = jwR C,V,

p_s st

The rms value of the input voltage due to V, becomes: V, = 27fR C. V.. As the peak
values are identical to the amplitudes (mean value is zero) the peak value of the input
voltage is V; = 2nfR,CVg

The input voltage due to the signal source V, is
R.

—V,=0.99V,.
R +R, ® £
The signal-to-noise ratio is the ratio between the rms values of the input voltages due
to V, and V,, respectively.
a. In the case of a disconnected signal source, R, = R,. So the peak value of V; is:
. =2m-50-107-107%.4/2.220 mV = 97.7 mV.
b. For a connected signal source, R, = Rg//Ri = 99 kQ. The rms value and the peak
value of V, (due to V) are found to be: 21:50-99-10°107"*220 = 0.68 mV and 0.97

mV, respectively.

0.99-100-107°
The signal-to-noise ratio becomes: e —— = 146.
0.68-10
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21.6.

c. The capacitance is reduced to 0.01C, = 10" F, resulting in an input voltage with
rms value of 27:50-107-107°-220 = 0.69 mV and a peak value of 0.98 mV.
d. Similar to b., the rms value and the peak value of the input voltage (due to V) are
found to be:
21-50-99-10*107°-220 = 6.84 uV and 9.68 uV, respectively. The corresponding
signal-to-noise ratio is
0.99-100-107°

6.84-107°
e. The next figure shows a model of the situation: a capacitance between the error
voltage source and the signal conductor (here 0.01C)); a capacitance between the error
voltage source and the shield (C,) and a capacitance between the shield and the signal
conductor (the cable capacitance C,).
Usually, the dimensions of the shield are much greater than those of the signal
conductor, so C, >>C.. A typical value for C, is 100 pF per meter of cable length.

=144609.

1
R S Lo
9 0,01 C,T ' shield ' :
\
\

When the shield is grounded, C, has no effect: error injection only occurs via 0.01C.
C, is parallel to R, resulting in a low-pass signal transfer V/V, (see also Figure 20.6),
with a break point at 16.1 kHz (for C, = 100 pF). If this is not acceptable, a buffer
amplifier can be connected near to the signal source, or active guarding can be
applied.
When the shield is not grounded, the total capacitance between the error voltage
source and the signal conductor is 0.01C//(C, in series with C,) or:
0.01C, + GG

G+ G
Usually, C, is much larger than C,, so the capacitance between the error voltage
source and the signal conductor is much larger compared to a non-shielded conductor.
Hence, the error voltage of a floating shield is larger than when there is no shield at
all.
a. The mains filter behaves as a low-pass filter for signals between the conductors and
the ground as well as for signals between the conductors. All frequency components
above 50 Hz should be filtered out.
b. Because of the symmetry of the configuration, the voltage between the instrument
case and the ground is just half the voltage of that between the two mains connections,
hence 110 V.



