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PROBLEM SOLUTIONSCHAPTER 4

SOLUTION 4.1. First, find Vy / Vs for each circuit. Then solve for R knowing

Vout =+/PA0 =+14.142V

(&) Writing KCL at theinverting terminal, 1/1k(v. - vg) =1/ R(Vgyt - V- )P Vout / V5 = - R/ 1k, since
the inverting terminal isavirtual short. Solving for R= - Vs X1k / V5 = 2.828KW.

(b) Writing KCL at theinverting terminal, Vg /1.5k = (Vi - Vs)/ RP Vgt / Vs = R/ 1.5k +1, solving
for R=21.5k(Voyt / Vs - 1) = 2.743kW.

(c) From (8) Vout / Vs = - 12k / R, thus R= - 12K % / Vit = 4.243kW.

(d) Thisisthe same circuit as (b) except the output voltage is taken across two resistors. Thus

Vout = /1—2 (10 + 6) =22.627V . Using the general form from (b), R= 400(Vy; / Vs - 1) = 1.410kW

SOLUTION 4.2. (8) Firgt, find the voltage at the non-inverting terminal as v, =1/ 2 %/g. Then write KCL
at theinverting terminal, and make use of the virtual short property,

(Vs /2)/10k =(Vgyt - Vs/12) 130k b Vgt / Vs =30k(1/ 20k +1/ 60k) = 2.

(b) Relating the output of the amplifier to the output of the circuit, Vot = Vamp(500/800) . Then writing
KCL at theinverting terminal, Vg /400 = (Vamp - Vs) /1.2KP Vg / Vg = 1.2k / 400 +1= 4. Therefore
Vout / Vs = (Vamp / Vs) (Vout / Vamp) = 2.5.

(c) Note that since no current goes into the non-inverting terminal of the op-amp, the voltage at that node is
—-V,. KCL at theinverting terminal, - Vg / 4k = (Vo +Vs)/ 20kbP Vgt / Vs = - 6.

SOLUTION 4.3. Write KCL for both terminals,

M -M)1k=(\V- V) /2K

V. 11k=(Vy- V.)/ 3k

Solving and doing the appropriate substitutions, \, / Vi = -8.

SOLUTION 4.4. Thisisessentialy the basic inverting configuration, which is defined as
Vo !V, =-2k/1k=-2.
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SOLUTION 4.5. (a) By voltagedivison V| = 1VX% =0.5v. Using Ohm’s law
1
lg=1 =———= =5mA
100 +100

(b) No current flows in the input terminal of an ideal op-amp, thus Ig = 0A and V| =1V . From Ohm’s
law 15 =1, =V, /100 =10mA.

SOLUTION 4.6. (a) Using voltage division,

_y e 32||(8+24) o6_2
1= Vs === Vg
&[32][(8+24)] +86 3

:V& 24 6:
out 1é24+8ﬂ -IVg

(b) By voltage division,

e 32 5_
Vi =V 0 =08y,

24
Vout = Vlae o= 0.6Vs

€24 +80
(c) Using voltage division, | = ngeszg_ﬂgg =0.8V5, asno current enters the non-inverting terminal of the
: 24 g .
op-amp. Due to the virtual short property, Vot = %gemg = 0.6\4. Thisisindeed the same results as

(b), which should be expected because of the isolation provided by theideal buffers.

SOLUTION 4.7. Write KCL at the inverting terminal,
- Vg1 11K- Vo ! 2k =Vt 14k P Vgt =-4Vgq - 2V =40mV.

SOLUTION 4.8. (a) The voltage at the non-inverting termina is V, =3/2V, KCL at theinverting
termina gives (1.5- 2.5) /10k = (Vg - 1.5)/ 30k PVt =-1.5V. The power is

P=VZ, /500 = 4.5mW.

(b) The voltage at the non-inverting terminal is 3V thistime, thus KCL

(3- 2.5)/ 10k = (Voyt - 3) / 30k P Vgt = 4.5V. The power is P :Vozut /500 = 40.5mW.

SOLUTION 4.9. (a) Define the point between the two op-amp asV, .. Observe that thefirst op-ampisin
the basic inverting configuration, and the second the non-inverting configuration. By inspection,
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Mnt /Vs =- R/ 1k
Vout / Vint = (1+ Ry /1K)
Cascading the two stages, (Min / Vs)(Vout / Vint) =Vout / Vs =- R /1k(1+ Ry /1K) . Solving for

R, =20k / (1+ R, /1K) = 5kW. The power absorbed is P = (20>0.5) / 8 =12.5W.

(b) Using the same equations as (), solvefor R, = (20 Xtk / 2k - 1)1k = 9KW.

(c¢) Rewriting the equation obtained in (a), R12 +1kR; - 20M = 0, and solving the quadratic equation yields
R = Ry = 4kW.

SOLUTION 4.10. Thisis a cascade of two non-inverting configuration op-amp of the form
V, /' Vg = (1+10k /10k) for each. Therefore 2x2 = 4.

SOLUTION 4.11. This system is made up of a non-inverting stage with again of 1+10k/10k, a voltage
divider of gain 8k/(2k+8k), and a second non-inverting stage of gain 1+10k/10k. The product of all three
yields Vot / Vin =(2)(0.8)(2) = 3.2.

SOLUTION 4.12. (a) By inspection, the gain of the first stage is—1. Then write KCL for the second stage
Vi1 /2R- Vi / R= Vi 1 2RP Vi = Vi1 - 2V =10V,

(b) The first stage gain is—0.5, thus V; = 2R(0.5V41) / 2R - 2R(V5p)/ 0.5R =- 7.5V, using the same
procedure asin (a).

SOLUTION 4.13. (a) Thisisacascade of asumming amplifier with the following transfer characteristic,
V, =-4Vgq - 2Vg, and an inverting stage of gain —1.5. Thus V;; = 1.5(4Vg + 2Vg) =2.25V.

(b) Notice that the only differenceisthe gain of the inverting stage, which is now —2. Therefore

Vout = 2(4Vg +2Vg) =3V.

SOLUTION 4.14. Thiscircuit is a cascade of two summing amplifier where the output of thefirst isan
input of the second stage. The transfer function of thefirst stageis V, = - 2RV / 2R- 2RV / R, which
is subgtituted in the transfer function of the second stage to obtain

Vout = - R- 2RV51 / 2R- 2RV / R]/ R- RVgg/ R=Vg +2Vg - Vg =- 2V.

SOLUTION 4.15. Writing KCL &t theinvertingnode, - Vi / R - Vo I R - V3 / Ry =Vt / Rg , and

ving for Vi = - o Vi + b vy + Ly
solving for t:-e— t— Vo +— 3u
*ER Ry Ry
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SOLUTION 4.16. Referring figure P4.15, the value of the resistance must satisfy the following
R]_ = R2 = Rg, =3R

constrants: Rf =R

These will yield theinverted average. If polarity isaconcern, a second inverting stage should be added
with aunity gain, i.e. both R'sequal.

SOLUTION 4.17. Using the topology of 4.12 the following parameters are chosen,

For the time being assume G¢ = 1. Now we calculate d = (1+3+5) - (2+4) =3, thissets Gy = 3.
(@ Therequirement for Gs = 10N setsthe scaling factor K = 10m/ 1=10m. Thisthen yieldsthe

following set of parameters,
Ga1 =308, G, =50n8, Gy =20n8, Gyp =408, Gy =105, Gy =30n6

(b) The requirement for Gy = 2n, sets the scaling constant to 2uS. So the following parameters are
obtained:

Gy = 618, Gyp =10n6 Gy =4n8, Gy = 81

Furthermore for Gy =12n®, DG = 6nSin order to make the incident conductance equal at both terminal.
(c) Using the starting values from (@), one could choose a scaling constant of 5 s, Thiswill yield the

following resistances.

Ra1 = 66.67KW, Ry = 40kW, Ry =100kKW, Ryp = 50kW, Ry = 200kW, Ry =66.67KW
These are all reasonable vaues for circuit implementation.

SOLUTION 4.18. (a) Choosing the following initial values:

Ga1=3S Gy =5S Gy =11S Gy =4S, Gf =1S
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then calculate d = (1+3+5) - (11+4) =- 6. Thus Gy = 1S, and DG =1+6 = 7S. Scaling everything by

1nS, yidd thisfinal set of parameters, which meet the requirements.

Gy = 318 G =5n8, Gy =11n§ Gy = 406, Gy =16, Gy =1n6 DG = 7uS

(b) The set of parameters remains unchanged, except for DG which now becomes 6uSin order to
maintain the equal termination conductance requirement dueto Gy = 0S.

(c) Scaletheinitia parameters of (a) by 5uS, and get the following set of resistances:

Reg = 66.67KW, Ryp = 40KW, Ry =18.18KW, R, =50KW, Ry =200KW, R, =200KW, DR=28.57KW

SOLUTION 4.19. (a) Choosing the following initial set of parameters:

Ry =1/ (49 =0.25W, Ry =1/ (29 =05W, Ry =1/ (55)=1/ 5W, Ry, =1/ (49 = 0.25W, R¢ = 1W

and d = (1+4+2) - (5+4)=-2, thuschoose Ry =1/ (19 =1W and DR=1/ (1+2) =1/ 3W. To meet
the Ry =50kW requirement, all the parameters must be scaled by 50k, which gives

Ry = 12.5KW, Ryp = 25KW, Ry; = 10kW, Ry, =12.5kW, Ry = 50kW, Ry =50KW, DR=16.67kW
(b) Same as (a) with a100k scaling constant:

Ra1 = 25KW, Rgp = 50kW, Ry =20KW, R,p = 25KW, R =100kW, Ry =100kW, DR= 33.33kW
SOLUTION 4.20. (8) When the op-amp isin its active region Vg / Vg = -5. Thusit will operatein its

activeregion when - 3£ vg £ 3, and will saturate at 15V when vg £ - 3, and at 15V when v 2 3. SPICE
yield the following plot:
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(b) Using SPICE the following plot is obtained:
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SOLUTION 4.21. Thefirst stage isin a summing configuration, thus its output is, assuming it'sin the
active region of operation, -15 V which meansit isjust about to saturate. The second stageisin the
inverting configuration with again of -1.5, which means that the overall output will be saturated at 15V.

k§é’|n+150
€ 100k 9

—15V, whenitisvi, <6, it will saturate at 15 V. The following plot is obtained from SPICE.

15

SOLUTION 4.22. When vi, - 80 >0, or Vi, >6 the output of the comparator saturates at

4,0 5.5l =, = -1 B0 L1 L U

i+ 20¢ .
SOLUTION 4.23. When Vi, - 1Oké'£l—0kog>0, or Vi, > 2 the output of the comparator will be

saturated at -15V. Otherwise when it is< 2V the output saturates at 15V. In SPICE:
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SOLUTION 4.24. Based on the same reasoning as the previous questions,

i . & R+RO__R -
The output will be +V gy, when vi, <V« %l == Vi » and -V for
R o R
& +R,0
Vin = Vief 81_ %‘R R2+='ﬁvre‘-
> 2 R

SOLUTION 4.25. Using the previoudly derived relationship, and the topology of figure P4.24, set
Vig =-1.5V,and R =2KkW and R, = 3KW. Set the power supplies to the Op-amp to +/— 10V to satisfy

the V o4 requirement. Also the input to the inverting and non-inverting terminal are reversed for fig. P4.24.

Verifying in SPICE we obtain the following,
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SOLUTION 4.26. The design that fulfills the requirement is the same as for P4.25, with the input to the op
amp reversed. The following is obtained from SPICE,
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SOLUTION 4.27. First, for the comparator to give +Vsat for the lower voltages, the inputs to the op amp
in the topology of P4.24 must be interchanged. Then the components are chosen to satisfy the following

_ . & +R,0
relationship, Vgpitch = Vref gl- R 2. =- &vref .Choose vig =-15V,andR; =2k and R, = 1k.

R o R

Verifying in SPICE,
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SOLUTION 4.28. Write KCL at the inverting terminal, noting that the no current flowsinto it:
(M. - vip)! R=(voyt - V.)/ R. Usethefollowing relationship v = A(V4 - V.) =- AV.. Solving
A

using the previous two equationsyields Vgt / Vip = - T

SOLUTION 4.29. (a) By inspection the voltage gain for the ideal caseis—1. When A=1000, the gain
becomes —0.998, thus 0.2%.

. . _ AR¢ .
(b) Repesating the method of P4.28, and setting Vgt / Vip = - m to—1 and solving for
R¢ =10.417kW.

(c) Solving the previous equation when thegainis—1, Rs / R = (A+ 1)/ (A- 1).

SOLUTION 4.30. (&) The first part was obtained in P4.29. Rearranging the equation yields

/ ng 1
Vout ! Vin=- —
MU R g+ 1+R /R A

[exY «?l

o

[
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(b) The error iscaused by (1+ R¢ / R)) / A inthe denominator, and may be defined, in percent, as

e u
100- € ! Ux100. Thusfor the conditions listed in the problem, it will dways be lessthan
&1+(1+ R / Ry)/ Al

2.05%. With A = 10000 it will be lessthan 0.21%.

SOLUTION 4.31. (a) Subgtituting the non-ideal model, and writing KCL at the inverting terminal,
M - vip) RR+V. I Rp=(Vout - V. )/ Rs isobtained. Now observe the following dependencies,

lout = Vout / RL»and Vg == AV. - (igyt + (Vout - V. )/ R¢) Ryt - Using these three equations, substitute

the second into the third and then solve for vg; / Vipusing the last two. Thisyields

&i 1 R)U'[ _ R)Ut (0]
Ri & R 6 ¢ R Rf~
V. = V= ¢c—+—+1:= +
Vout * Vin R %Rl R, b Vouté N Rout :
Ry @
and
<) o}
(; -
& T
¢ H
g H
R N
Vout/Vin:'ﬁfg — - ” 0:
¢ ood+Pou Rl R, RO2
¢ & R RF R Rpas
cl+ LT
¢ ¢ A- Fout ot
R s
¢ § : i

A gain of —9.988
(b) For anideal op-amp thegainis - Ry / R=-10.
(c) Theerror isabout 0.1175%.

SOLUTION 4.32. Thegain is—9.883, and the error 1.16%

SOLUTION 4.33. Thisderivation was performed in P4.31.
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SOLUTION 4.34. Assume that the dliding contact is at the bottom of R,,. Then, writing KCL at the
inverting terminal yields Vi, / Ry = (Vout - Vin)/ Rp- Thisimplies Vo / Vin =1+ Ry / Ry. When the

R
dider isat thetop, it isevident that Vg =Vi,. Therefore 1£ v / Vi, £1+Ei).

SOLUTION 4.35. Writing KCL at inverting input, and making use of voltage division,

R
-Vin /R = [bvout / Rf] where b isthe fraction of v, that appears across R;.. Hence, \s’m =- W%
in
R
When the dider isat thetop b= 1 and % =- ET When the dlider is at the bottom, the fraction of vout
in

. : Ri 1Ry RiRy 1 Ri Ry

appearing across Ry is b= = R = . Hence
Ri//IRp+Ry, Re+Ry _RiRo +R, " R¢Ry+ Ry(R¢ + Ry)
Ri+Ry

RiRy + Ry(Rf + R R ae Ro RpO
1 R *Rp(Rr + ) :1+ﬁ +&. It follows that AT ¢ i -
b RiRo Ro  Rs Vin bR @8 R Rig

Therefore the range of achievable voltage gainis

E3M3_Rfai+Rp F\’pO
R Vin RE& R Rip

SOLUTION 4.37. At first glance, one might use two inverting configurations, figure 4.5, in cascade.
However, such would not have infinite input resistance. To circumvent this problem we add a buffer
amplifier as per figure 4.7 at the front end of a cascade of two inverting configurations. The resulting
aRt 0aRf 20

_Q%Rlzﬂ

overdl ganism= Indeed, such a configuration can achieve theoretically any gain greater

than zero.
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SOLUTION 4.38. Using asingle inverting amplifier configuration, figure 4.5, preceded by abuffer stage

R
of figure4.7. Thegainis m=- ﬁf

SOLUTION 4.39. By KVL for figure P4.39%, V, = - i1R¢ . Thusto achieve \j, = - iyryin figure P4.39D,

weset Ry =ry,.

SOLUTION 4.40. Writing KCL at theinverting node of theideal op ampyields || =\ / Ry, whichis
indeed independent of the load resistor which has no effect on the load current.

SOLUTION 4.41. Thecurrent throughthe LED is || = 10281%1‘(2/ 3.8k, sofor (a) itis1.32mA and for

(b) 2.11mA.

SOLUTION 4.42. Applying KCL at theinverting termind, || = v,/ R. Again, ideally, R, does not
affect 1.

SOLUTION 4.43. (a) Defining atemporary voltage \, at the output of the op-amp, we can write KCL at
the inverting and non-inverting terminal:

M -2)/k=(Vo- V.)/2k

V. /100 + (V. - V) /200 = I gyt
Substituting the first equation into the second and simplifying causes \;, to drop out and 15, = 20mA.

(b) The answer remains the same as the value of the load resistance was not used for finding the load
current.

SOLUTION 4.44. Using the same approach as for the previous question, but with resistor labels instead,
the following equations are obtained from KCL :
— R2Vs + FiVo
Ro+ Ry
R, +RO
lout = V- - =2
U ERR, 7 R

Substituting the first into the second yields |5 =Vs/ Ry.
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SOLUTION 4.45. (a) Vg=5V, (b) lgyt =10mA sets R =Vg/ It = 500W. (c) From KVL and Ohm's
law, I =(Vs+ R lgyt) / aR . Werequirelg < 0.5 mA. Thismeansthat in theworst case, R, =500 W,

(Vs + R lgy) _ 5+500° 0.01

—3 =40<a.
05" 10 "Ry 0.25

(d) From KVL and Ohm's,

Vo =- Rilout - (lout *(RUlout)/ ROR 2 -20V
Hence
20- R loyt __ 20-5 — 750
(lout +(R_lout) / R) 0.01+5/500

R £

Hence onedesignisto pick R, = 750Wand a = 40 whichimpliesaR, = 30 kW.

SOLUTION 4.46. The exact same design as P4.45 can be used with the isolation buffer of figure 4.7
placed at the input of it in order to provide the infinite input resistance needed by P4.46b.

SOLUTION 4.47. The general expression for this summing circuit is

Ry Ry Ry Rt

Vout:'gVo'ng'g Re’

(8) Using the expression above |Vt F|-1- 0- 0- 8| E=9E.

() |Vout FI-0- 2- 4- O] E=6E.

(c) It hasto be alinear combination of 8, 4, 2, 1, thus[1 1 0 1] would yield 13E.
(d) With the same approach, [0 1 1 1].

SOLUTION 4.48. For thisimplementation we add an extra R-2R branch aong with an extra summing
input to the op amp. From the theory developed in Example 4.9 the total resistance seen by the sourceis
2

2(0.02)

= 2.5 kW.

2R. For thetotal power supplied by the source to be lessthan 0.02 W, we require R3
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SOLUTION 4.49. The same steps as in the previous questions are repeated. Because the resistance seen
by the source is unchanged no matter how many branches are added to the R-2R network,
E2

R 3
2(0.01)

=5 kW.

SOLUTION 4.50. (a) If theinput is v / 8, then the first comparator will give -V o, keeping S, down.
The next comparator will output +V o, causing S; to go up. After subtraction, the input to the last

comparator is Vg / 8 yielding +Vg at its output since itsinput is sightly above the reference input
level. Thusthelogic output valuesare[0 1 1].

(b) Putting in 6vgx / 8, Will cause +V 4 and S, to go up. Theinput to the second comparator will be
2Vmax ! 8, which will cause +V g, and S; to go up. The input to the last comparator will be O, thus it will

output -V ;. The corresponding logic output is[1 1 Q].

SOLUTION 4.51. Smply add a subtractor and switch to the last comparator, followed by an additional

comparator. The referencelevel to the new (additional) comparator will be vy, /16, and its output will be
the new least significant bit.

SOLUTION 4.52. (a) Writing the node equation for figure P4.52c,

ﬁl& + (Vout - M) - A- M) - Vout

R 10k Rout
which implies that
x1 A0
810k Ry &
Vout / V4 = ut
out / V1 21 1 16
—
§R 10k Ry o

For figure P4.52a, the corresponding node equation is

Vout — A0 - Mn) - Vout
R Rout
which leadsto



Thevenin Probs, 7/11/01 - P4.17 - @R.A. Decarlo & P. M. Lin

Note that i = é L , which when subgtituted into the later equation make both of them

approxi mately the same since the 1/10k term in the numerator of Vi, ; / V4 has anegligible contribution.
(b) Writing the node equation for figure P4.52d, yields

_o'lg Mout - Vo) - A0- M) - Vout
R 10k Rout

Hence

© 100|Ry, 6 Vp
~ Y2§(100||R,)) +10ks 101

21 A 6
810k 101R, &
@1 1, 16

[ N

§RT 10k Ry

Solving produces V1 / Vo = . Notethat asin (a) the 1/10k term in the numerator is

negligible; after eliminating this negligible term, one sees that \@”t is101 time smaller than \\/c/’“t
2 in

SOLUTION 4.53. (a) Using the equation just derived, after substituting in the values, the gain is—980.392
(b) From the previous equation, Vg / V4 = - 980.382; write KCL at the non-inverting terminal to obtain,
Vin-M V4 -V, : . ,
I;Ok 1 = Rl +% ; substitute Vs = - 980.382\4 ; solvefor \j / i,,, and then multiply both gains
n

toobtain (Vout / ViY(M / Mn) = Vout / Vi = - 0.9979.
(c) They only differ by about 0.01%, thusthey are very similar.

» : R .
SOLUTION 4.54. Writing out the transfer equation, Vgt = %VsZ - ﬁzvsl, thus R, / Ry =4.Using

R, =100kw, Ry = 25kW. As expected SPICE shows to noticeable difference in outputs when the source
resistances are varied.

SOLUTION 4.55. Dueto theideal nature of the op-amp, the voltage Vg = - Vg1. By KVL
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Vo =Vg + Ra(Ve2 - V) Ry
M =Va1- Ra(Vs2- Vo)) /' Ry

Next, Vi - V5 = (Vi - Veo)(1+ 2R,/ Ry).

Ry

\¥
R12

SOLUTION 4.56. (a) Noticing that the final stageis asumming op-amp in which Vg = %Vl -
From the previous question, Vgt = %(Vl -Vy) = % (1+ 2Ry / Ry)(V1 - Vg) . Thus

a= % (1+ 2R,/ Ry). Thegaina can bevaried by adjusting the single resistance R;,.

(b) Picking the set of values below will satisfy the requirement:

R, =100kW, R =100kW, R, =20kW, R, = 10kW.

(c) Doing the SPICE simulation using the parameters from (b) yield 5V at the output for
Vg - Voo =2- 1V. Setting R, arbitrarily to 20 kW, the output now becomes 3 V, which agrees with the
relationships developed earlier.



