Mahesh Balasubramanian

1.1 What would happen to the transfer function analysis results for the circuit in Fig.1.11 if a capacitor
were added in series with R1? Why? What about adding a capacitor in series with R2?

vip  RI 1k

r PV YN Vout

Vin, 1 V{0 R2. 2k

N/ (

il il
Figl.11

Soln: Vout = Vin => *]1 => Vout =0.66V or -3.52dB
R2+R1 1k +2k

-3.51 2 d Brp=mrrrme—rrrm

. R1 -3.514dBey - i i L

Vin Vout -3.516dB -+

Vin -3.518dB] -

1k R2 -3.520dB} -

-3.522dB=t=

2k -3.524dB- -+

1 -3.526dB-}-:

AC 1 -3.528dB-

-3.530dB= -+

.ac dec 1001 1G .

1Hz 10Hz 100Hz1KHz 10KHz 1MHz 100MHz

Case 1: When a capacitor is added in series with R1
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This becomes a CR circuit and hence behaves like a High pass filter. The capacitor attenuates the signal
in low frequency and passes signal in high frequency.
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Case 2: When capacitor is added in series with R2
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This circuit acts like a low pass filter. The circuit passes low frequency signal and attenuates high
frequency signals.
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1.2) Resimulate the op-amp circuit in Fig. 1.15 if the open-loop gain is increased to 100 million
while, at the same time, the resistor used in ideal op-amp is increased to 100Q2. Does the output
voltage move closer to the ideal value.

Sol: - With the configuration of Fig. 1.15
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The open loop gain of op-amp will be given as IMEG x 1 O = IMEG. When circuit is simulated
the transfer function of circuit is given as

Rf 3k --- Transfer Function ---

Ay
Vin_ A 5 ) Transfer function: -2.109043 tranafer
- \deal op-amp L ot vin$Input impedance: 1000 impedance
output impedance at V{vout,0): 3.090%Be-006 impedance

A Vvout, D) Vin

Now when value of G (voltage controlled current source) was changed to 100 MEG and value of
resistor to 100Q2 and circuit was simulated. The output is as shown below

Rf 3k

A Vivout,0) Vin

——— Transfer Function ---

Transfer functiom: -3 transfer
vin#Input impedance: 1000 impedance
output impedance at V(wvout,0): 4e—-008 impedance

Transfer function or the closed loop gain of op-amp is exactly -3 (ideal value) and with the input at
1V; Output = |Gain| x Vin = 3V, an ideal value. The reason behind output or transfer function
going to ideal value is that the open loop gain of op-amp became = 100MEG x 100 Q = 10 Gig
(very large). Also in closed loop inverting configuration the close loop gain of op-amp is related to

RR)
1+(1+R,/R))/ Ay

function or also output) became ideal. -Shantanu Gupta

open loop gain as A, = Thus with very large value of Ao, gain (transfer
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1.3) Simulate the op-amp circuit in Fig. 1.15 if Vin is varied from -1 to +1V. Verify,
with hand calculations, that the simulation output is correct.
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Figure 1.1 An cp-zmp simelation sxampls.

In the op-amp shown, the positive input is grounded and the negative input is
connected to the input voltage, this is the closed-loop inverting configuration of an op-
Vout Rf

Vin Rin

amp. In this configuration, the closed-loop gain is given by

Substituting the values, we get Vout = -3 * Vin. If the input voltage, Vin is swept
from -1V to 1V with an increment of 0.5V, then we get the following results for Vout.

Vin Vout
-1V 3V
-0.5V 1.5V
ov ov
0.5V -1.5V
1V -3V

Hand Calculation results
LTSpice used for Simulation results check:

AeVin 1105

T T
-1.0% -0.6Y -0.2¥ 0.2v 0.6¥ 1.0¥
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1.4. Regenerate the IV curves as seen in Fig 1.18 for a PNP transistor.

Sol: In this simulation we start out by setting the bias currents to -5SuA and sweeping the
collector-emitter voltage from O to -5V in ImV steps. The output data for the particular
simulation is the trace with label Ib=-5uA. Again base current is increased by -5uA and the
collector-emitter voltage is again increased to -10v. This continues until the final iteration

when Ib=-25uA.
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(Problem 1.5): Resimulate the circuit in Fig. 1.20 if the sinewave doesn’t start to
oscillate until 1us after the simulation starts.

Solution: Fig. 1.20 in the textbook is as seen below:

Plot v(Vin) and V(vout)

R1

Vin
Vin

Vout

1k

SINE(0 1 1IMEG 1us)

.tran 3u

In order that the sinewave doesn’t start to oscillate until 1 us after the simulation starts, a
time delay of 1 us was added in the input sinewave. So, the sinewave doesn’t start to
oscillate until 1 us after the simulation starts. The circuit is simulated and the output is

shown in the figure below:
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1.6 At what frequency does the output voltage, in Fig. 1.21, become half of the input voltage? Verify your answer
with SPICE
Solutions:

Vin BRI vow

A
Vin I\ L C. luF

1V (peak) at "/
200 Bz

v

The transfer function for the RC circuit seen in Fig 1.21 can be written by

Vour 1/ joC 1

V., 1 joC+R 1+ joCR

Making the magnitude of this equation equal one half gives

|V0UT|= 1 :l or a)RC=\5

Vi | i+ (wrCY

N
27RC  (27)(1K)(11)
For SPICE verification, there are two ways of doing it. One is transient analysis and the other is AC analysis as are

shown as followin%.
The LTSpice simulation results are shown as below.

Then the frequency can be determined by
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The 6dB loss is because the relationship between dB and magnitude is given by

201log,, G] =—20log,, 2 =—20x0.3 = —64B



Submitted by L. Bollschweiler
Lincolnbollschweiler@gmail.com

1.7 Determine the output of the circuit seen in Fig 1.22 if a 1kQ resistor is added from the output of the
circuit to ground. Verify your hand calculations using SPICE.

*** Figure 1.22 ***

*#destroy all
| cl.wF ) i
fin WVout )
/-l—i—\.-"-.-'"-.-f‘—u— *#plot vin vout
- E 1k . fran 10u 30m
) Vin ) == C2, lnF Vin Win 0 DC 0 SIM 01 200
1V (peak) at R1 Vin Vout 1k
200 Hz C1 Vin Vout 2u
v C2Vout D 1u
end
L s _.-' R B
i o P

Figure 1.22 Ancther RC circuit example.

First show the parallel combination of the capacitors and resistors.

1 R R R
Cl//R:l—(_j =——————— . By the same algebra C,//R , = ——*——.
4 jeC, R) 1+ joRC, 1+ joR ,C,
R
RN out CZ//Rout
To solve for V,, we can use the voltage division = .
" CJIR,, +C/IR
Rout Rout
I/oul _ 1 + ja)RoutC2 _ 1 + ja)Rout CZ
I/m - Rout + R - Rout + ja)RRoutCI + R + ja)RRoutCZ
1+ joR,,C, 1+ jwRC, (1+joR,,C,)(1+ joRC))
R, (1+joR,,C,)(1+ joRC))

1+ joR,,C, R+R,, +joRR,, (C +C,)

~ R, (1+ joRC,)
" R+R, +joRR,, (C +C,)

_ Raut + .] a)RRoutCI
R+R,, +joRR, (C+C,)
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Substituting in values R = R, = 1k, C1 =2p, C, = 1y, © = 2af = 21*200 = 1.26E3

B 1E3+ j-1.26E3-1E3-1E3-2E-6
1E3+1E3+j-1.26E3-1E3-1E3-(2E—6+1E-6)

_1E3+j2.51E3
2E3+ j3.77E3

. ’ 2 2

We knowthatifgzw then Vou :a—+b and &@:‘[anf1 (é)—tanl (i]
in C+_]d V;n Cz+d2 Vin a c
2 2

V| NiEF <25 o

Vol N2E3?+3.77E3
4@=tan"'E—tan"'ﬂ=68.3°—62.1°=6.22°.
V. 1 2

in

Vou leads Vi, by 6.22°. This is

@-T, T'=1/f=1/200=5ms. SoV,_, leads V, by @-Sms = 0.086ms.
360 360

Simulation

VY[vout) V([vin]

2u K

AVAVAN —4>—r Vout

Vin Vin 0 SIN 0 1 200
Vgnd gnd 0 DC 0 [
tran 1u 10m

1 B

Vin
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1.8 Using an AC analysis, verify the time domain results in Figl.22.

C1. 2uF
Vin . Vout
— N ———
i - R. 1k
vin 7N == C2, 1uF
IV (peak) at __~/

200 Hz

N N

*** Figure 1.22 ***
*#destroy all

*Hrun

*#plot vin vout

Aran 10u 30m
VinVin0DC0SINO 1200
R1 Vin Vout 1k

C1 Vin Vout 2u

C2VoutD 1u

Figure 1.22 Another RC circuit example.

Soln:

Plot v(Vin) and V{vout)

1
SINE(0 1 200)
AC 1 v

ac dec 100116

0.0 dBp=rrrom Vivouy —— 2"
-0.6dB=}- ik
-1.2dB=- -2°
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6.6 Bty 20°
1Hz 10Hz 100Hz 1KHz 10KHz 1MHz 100MHz

1. Since the o/p is lagging the input, the phase is negative which is confirmed by the AC analysis.

@200Hz ZLAv=-17°

-17° =$.¢d => 1, =0.236mS
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1.9)

Sol:

If the capacitor in Fig. 1.24 is increased to 1uF simulate, similar to Fig. 1.26 but with a longer
time scale, the step response of the circuit. Compare the simulation results to the hand-
calculated values using Egs. (1.10) and (1.11)

R1. Ik Vout

SNV
Cl. l
1 uF T
V4

~ Cursor 1
Wlwout]

Horz: [1.00361ms

Vet | 3.53145m

i~ Cursor
Wwaut)

Horz: [1.70361ms

Vet 503,771 miv

r— Diff [Cursor2 - Cursorl ]

Hoiz: I?Uﬂus

Vet [500.235m

Fre: [1.42857KHz

Slope: |714.628

Equations 1.10 and 1.11 states that:-
Vin
tq (delay time) ~ 0.7RC A
"'\.\'
t-(rise time) =~ 2.2RC Cl_/'
v
by hand calculations tg = 0.7x1kx1x10°F
=700 psec or 0.7 msec
t, = 2.2x1kx10°F
= 2.2 msec
From LTSpice simulation
1.0v- ,‘-?l_i'_?_!f,‘l
Plot w(Vin) and V{vout) e [ i s e s R = o R
08V
R1
Vin Vout L e (i S S 1 (R st At Ry this
vin /\1{(\/ JE:1 oy AL
" 05
a4 Sl RACCECEEE EEEREEERS B
td=700us
PULSE(0 1 1m 1p 1p 3m} R I R A S S S
Aran 4.5m D2V
1T e e e
0.0V

L] T L T T L L] L
0.0ms 0.5ms 1.0ms 1.5ms 2.0ms 2.5ms 3.0ms 3.5ms 4.0ms

— Crsnr 1

W[wout)

Harz: [1.00078ms

Vert: | 7641510y

r~ Cursor

W[wout]

Horz: | 3.20742ms

Vert: | 863, 707my

— Diff [Cursar2 - Curzar]

Horz: | 2.20664ms

Vet | 565, 943my

Freq: [453.178Hz

Slope: | 4025843

. ' ' ' '
0.0¥ 1] 1] T

0.0ms 0.4ms 0.8ms 1.2ms 1.6ms 2.0ms 2.4ms 2.8ms 3.2ms 3.6ms 4.0m

-Shantanu Gupta
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1.10) Using a PWL source (instead of a pulse source), regenerate the simulation data seen

in Fig. 1.26.

Figure 1.26 S2ap mponse of an FC cooait.

With a rise time of 10psec, the input starts at 2nsec and goes to 1V. This can be
described using PWL source as PWL(0 OV 2n OV 2.01n 1V). Using that in LTSpice, we

get:

1.0¥

R1

In /\/\, Out

1k

Vin
PWL(0 OV 2n OV 2.01n 1V)
Aran 0 8n On

C1

0.9v+
0.8V~
0.7¥+
0.6¥+
0.5V
0.4¥—
0.3¥+
0.2¥+
0.1¥+
0.0v

1ns Zns 3ns 4ns Gns bns
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1.11. Using the values seen in Fig 1.32 for the inductor and capacitor determine the Q of a series
resonant LC tank with a resistor value of 10 ohms. Note that the resistor is in series with the LC
and that an input voltage source should be used (the voltage across the LC tank goes to zero at
resonance).

Sol: Used LTSPICE for the simulation.
Q= feente/ BW= fcenter/(f 3dBhigh™ f 3dBlow)

feenter = 490MHZ
f 3Bhigh = S6SMHZ
f 3aB1ow = 402MHZ

Q = 490/(565-402)=3.0061
Q=3

Schematic in LTSPICE
R1 L1

Vout

C1

10p
AC1

.ac lin 100 200MEG 800MEG

f 3dBhigh
fcenter /
11dB ¥[vout] / 00
10dB— -
9dB- - -20°
7dB- - 40
6dB- .
5dB
AdB- - -80°
3dB-
2dB- =-100"
1dB-
0dB- —120°
1dB- .
2B 140
3dB- M- f-160°
AdB-
-5dB 180°

] L] ] L]
200MHz 320MHz 440MHz 560MHz 680MHz 800MHz
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1.12  Suppose the input voltage of the integrator in Fig. 1.34 is zero and that the op-amp
has a 10 mV input-referred offset voltage. If the input-referred offset voltage is
modeled using a 10 mV voltage source in series with the non-inverting (+)
op-amp input then estimate the output voltage of the op-amp in the time-domain.
Assume thatat /=0 V, = 0. Verify your answer with SPICE.

Solution:
The output voltage of the given integrator can be determined by using the following formula,
dvu:uut i
— 2 — Voffset — —=
dt RC () or
1
, A\
V= Voifset — | 2o di+¢
o RE (b)

Where,
¢ = output voltage (Vout) at start time.

For the given circuit configuration, Vin = Ov and Voffset = 10mV. Because of offset voltage, att = 0,
Vout transits from 0 to 10mV (from (b)). For every millisecond increase in time, VVout increases by a
factor of 10mV. i.e.

t (mS) VVout (mV)
0 0 ->10mV
1 20mV
2 30mV
3 40mV
4 50mV
And so on.

The Spice simulation circuit and resulting waveforms are shown in the following figures.

c1 V[win] Vivout)

"""""""""""""""""""""""""""""""" sope=10voltslsec | |

Aran 10u 10m
.ic v(vout)=0

-------------------------------------------------------------------------------------------------

Spice verifies the hand calculated results.
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