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1. Voltage Summers
Learning Goal: This problem uses basic circuit analysis techniques to find the response of a summer circuit.

Relevant Notes: Note 19 goes different op-amp circuit topology and corresponding derivations.

(a) Calculate V,,, in terms of V| and V,. Assume that Ry = R,. Use superposition.

Vi
—[: : R
%)
= R,

Answer: Let’s first consider the case when only V| is active. We deactivate voltage source V; by
replacing it with a wire:
Vi

R3

We see that u is the middle node of a voltage divider with resistors Ry and R,. We also know that
input current /; = 0. So we can find u.. using:

" RI+R;
Similarly u_ is the middle node of a voltage divider with resistors Rz and R4. We know that input
current /_ = 0. We can find u_ as:

Uy V1 .

R3

= mvam,b

u_
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Now we have to check if the circuit is in negative feedback. If we move the negative input of the
op amp u_ upward, V,,; ;1 = A(us —u_) moves downward and as a result u_ = ﬁ%m, | moves
downward. So the result of the initial stimulus goes in the opposite direction of the initial stimulus,
which is the requirement for negative feedback.

Since the circuit is in negative feedback, we can apply the second golden rule:

M+ = Uu_
R, R;
e 7‘/ _— -
Ri+R, ' R3s+Ry

e Vg = (14 2) By
out,1 — R1+R21

Vout L1

Next we consider the case when only V5 is active. We deactivate voltage source V| by replacing it with
a wire:

= R
Vo U_
= R,
R3
Following a similar process we have:
R v
Uy = —WVW;
T RIAR
R3
U— = mvom.z-
(Note that u is now the voltage across R, while for the previous scenario u#; was the voltage across
R».)
Using the second golden rule we have:
Uy =u_—
By By
Ri+Ry > Ry+Ry 7
R4 Ry
= Vouo=|(1+— | —=V
out,2 < R3> Rl +R2 2

Now using the superposition theorem, we can find V,,;:

Vour = Vout,l + Vout,2

e V= (145 By (B Ry,
our— R; R1+R21 R3 ) Ri+R» .
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Note that a similar expression can be reached by using the equations for the voltage summer
and the non-inverting amplifier. Pattern matching this circuit with the voltage summer and the
non-inverting amplifier and then employing the given equations is a valid technique to solve this
problem.

(b) What values should we select for Ry, Ry, R3, and R4 such that V,,,, = V| +2V,?
Answer: From the last part, we have

v, —<1+R4> %o V+<1+R4> Ry,
o Ry ) Ri+Ry Ry ) Ri+R, *
Comparing with V,,,, = V| +2V,, we have:
R\ R
1+ — =1 1
< R3> Ri+R, )

Ry R
1+ — =2 2
( R3>R1+R2 @

Dividing equation (I)) with equation ) we get:

R, 1
R, 2
R =2R,

Now if we choose Ry = 100Q and R; = 2002, we have
Ry 100

—

= = — 3
Ri+R, 2004100 3 3)
R 200 2
= =3 4)
Ri+R; 200+ 100 3
Plugging in the values of equation (3) in equation (T]) (or equation (@) in equation (@)), we have:
R4\ 1
1+2) =1
(&)
R4
14+ 4 =3
+ R
Re )
R3
Ry = 2R3
We can choose R3; = 100Q2 and R4 = 200€, so that the output voltage is:
200 100 200 200 1 2
Vour=(1+— | —————V I+— )| ——V,=(1+2)=V, 14+2)=V, =V +2V,.
' < +100> 200 + 100 ‘+< +100> 20011002 = IH2)3VH(1+2)3V2 =V +21;

2. Multi-stage Amplifier

Learning Goal: The objective of this problem is to understand how multiple stages of op-amp circuits can
be used to achieve a specific circuit gain.

Relevant Notes: Note 19 Section 19.5 goes over inverting and non-inverting amplifiers.
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(a) What is the range of values that we can scale V;, by when using a non-inverting op amp? (What are
possible values for the gain?)

Answer: Recall that when using a non-inverting op amp, the equation for V,,, is given by

R
Vour = Vin(1 + ==
out zn( Rl )
where R, is the upper resistor and R; is the lower one (connected to ground). The circuit gain G is

represented by

Vin Rl
We can choose any values for resistance from [0, c0); then, the minimum gain would be 1 if we chose
R, = 0; the maximum gain approaches infinity as we choose some very large R, and/or a very small
R;. Hence, the range of gains is from 1 to infinity, and our range of values for V,,; is [Vi,, o).

(b) What is the range of values that we can scale Vj, by when using an inverting op amp? (What are the
possible values for the gain?)

Answer: Recall that when using an inverting op amp, the equation for V,,, is given by

Ry
Vour = VmRil
. The circuit gain is represented by
R
G=--=
R

Again, we can choose any values for resistance from [0, o0); then, the minimum absolute value scaling
would be 0 if we chose R, = 0; the maximum absolute value scaling approaches infinity as we choose
some very large R, and/or a very small R;. Hence, the range of gains is from 0 to -co, and our range of
values for V,,; is also (—oo, 0].

(c) Can you design a single inverting/ non-inverting amplifier with circuit gain G = 0.5? If not, what range
of gain values is not reachable using a single inverting op amp or a single non-inverting op amp?
Answer: From part (a), we found that a non-inverting op amp can only reach gain values from [1,
o), From part (b), we found that an inverting op amp can only reach gain values from (-co, 0]. So using
only a single op-amp, we cannot reach values between (0, 1), specifically G = 0.5.

(d) How would you construct a circuit using inverting/ non-inverting amplifiers so that the overall circuit
gain is G = 0.5?

Answer: We can use two inverting op-amps to achieve overall gain G = 0.5. Say the first op-amp

has gain G; and the second op-amp G», so G = G1G,. From part (b), these gains can take on values
from (-o0, 0], so multiplying them together helps reach G = 0.5.

W

! R, W
Vin Vo1 Vin2 R4

R A ;

o
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For the first inverting op-amp, we have G| = —IR%, and for the second, G, = —[R%. Plugging these into
the equation for G: '
RoR4
G=G,G,=—7-=0.5
RiR3
RiR; =2RoR,

To reach out desired gain, we can pick any combination of Ry, R», R3, and R4 that satisfies this equation.
One such solution is R; = 20022 and R, = R3 = R4 = 100Q2.

3. Op Amps as Buffers

Learning Goal: This problem helps understand the operating principle of an op-amp buffer and how it
helps with loading.

Relevant Notes: Note 19 Section 19.7 goes different op-amp circuit topology and corresponding deriva-
tions.

Now we will revisit a problem that you might have seen before, with our new knowledge of op-amps. We
have access to a circuit inside a “black box’ as shown below, with two terminal coming out of it.

(a) We need a voltage of 6V power a light bulb with resistance R;. Design R; and R; inside the black box
so that the voltage across R, is exactly equal to this required voltage when the bulb is not connected;
i.e. ‘/R2 = VYour = 6V.

o e
Answer: The voltage across R, is given by
Vie = -2 1oy

B RIER,

If we set Vg, = 6V, we get
R,
6V = x 12V
R+ Ry
— R =R,

For example, we can choose R; = R, = 1kQ.
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(b)

(©
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Now let us connect the bulb R; across R,. What is the voltage across R, R, and R; when the bulb is
connected when Ry = R>? Use the values of R; and R, from the last part. Will the light bulb turn on?

What happens if R, = 2R;?

Answer: When we connect the bulb across R,, the equivalent circuit is the following:

§R1
Om |

§ R2 | ‘RL Vout

The voltage V,,; given by

Ry||R.,

— —  x 12V
R +Rz2||RL

Voul -

When R;, = Ry:
R,

Hence V,,,; is:

Ry||RyL Ry Ry
Vou = ————— x12V=—2_ x12V=—2_ x 12V =4V <6V
Ri+Ry||RL Ri+% R+ %
So the bulb will not turn on.
When R;, = 2R»:
2R,

RZHRL :R2H2R2 — T

Hence V,,, is:

2R 2R,

R||R % :
Vou = 2H L X 12V = 32R x 1 32R
Ri+Rof|Re Ry + %2 Ry+ %2

Although, V,,,, is now closer to 6V, the bulb will still not turn on.

Using your knowledge of op-amps, how could you resolve this issue of V,,,; changing based on the

value of R;? Think about how you might use an op-amp buffer.
Answer: We can introduce a ’buffer’ op-amp as shown below:

V=—="71-X12V =48V <6V
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A buffer op amp effectively "decouples’ its input and output, It does this by preventing the bulb from
drawing current from the black box circuit. Remember that the input currents of an ideal op-amp:

1+:I_:0,

while the output current /;, can adjust itself to any extent, depending on the demand placed by V.
Let us use nodal analysis and the golden rules to formally solve this circuit. Firstly, we observe that the
op-amp is in negative feedback configuration. Using the golden rules, we have thatV, =V_ =V, =6V.
Also, because the feedback connection is a short, V,,, = V_. Therefore, V,,, = V;, = 6V. This is exactly
what we want! The voltage across Ry, equals V,,, = 6V, which is above the required voltage.
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