Questions about Digital to Analog Conversion Using Op-Amps

Fall 2004

Question 4 -- Digital-to-Analog Converter (20 points)

The circuit below converts digital signals into analog signals. This circuit produces an

analog output voltage equal to the binary word DCBA in terms of the four inputs. Please

assume that the input voltage levels for this circuit is 5 Volts for a logic of “one” and 0
Volts for a logic “zero” and that R5 = 6KQ, R6 = 6KQ, R7 = 2KQ, R8 = 20K(, and

R9 = 20KQ.
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a) What kind of circuit is circuit 1? Give an equation for the output of circuit 1 at point Z

in terms of VA, VB, VC, and VD. Substitute numerical values for the known reistances,

but leave in terms of the unknown resistances: R1, R2, R3 and R4. (4 points)

b) What kind of circuit is circuit B? Give an equation for the output of circuit B at Vout
in terms of the input voltage at Z (Vz). Substitute numerical values for the known

resistances. (3 points)




¢) Find an equation relating Vout to the input voltages at VA, VB, VC, and VD.
Substitute numerical values for the known reistances, but leave in terms of the unknown
resistances: R1, R2, R3 and R4. (2 points)

a) Select values for R1, R2, R3, and R4 so that the output voltage will be the decimal
equivalent of DCBA. For example, if DCBA=1010, or equivalently VD=VB=5V,
VA=VC=0 V, then Vout = 10 V. The circuit should work for all possible DCBA
combinations. (8 points)

b) Show that the circuit correctly converts binary input 1001 to an AC voltage. What
decimal number does 1001 represent? (3 points)



Fall 2004 Solution
(none available)



Spring 2004
Question 4 -- Digital-to-Analog Converter (20 points)

For a computer or other digital device to interface with external analog circuits and
devices, a digital-to-analog converter (DAC) is required. The most common DAC is a R-
2R resistor ladder network, which requires only two precision resistor values R and 2R.
A 4-bit R-2R resistor ladder network is shown below:
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The digital input to the DAC is a 4-bit binary number represented by bits b0, b1, b2 and
b3, where b0 is the least significant bit (LSB) and b3 is the most significant bit (MSB).
Each bit in the circuit controls a switch between ground and the inverting input op amp.
When a bit is 1, the corresponding switch is connected to the op-amp; when a bit is zero,
the corresponding switch is connected to ground.

a) If we assume this is an ideal op-amp, we can analyze the voltage levels in the circuit
by removing the op amp. Below is a picture of the circuit when all bits are zero. Use the
simplified circuit below to determine the voltage levels at VO, V1, V2 and V3 in terms of
the source voltage, Vs. (8 points)
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b) If we assume that closing switches has negligible effect on the voltage levels we found
in part a), what will be the output of the DAC circuit, Vout (in terms of Vs), when the
input (b3 b2 b1 b0) is: (10 points)

0001:

0010:

0100:

1000:

1111: [Hint: Use principal of superposition.]

c) In terms of Vs, what is the range of the analog output for a 4 bit binary input? (ie. If
the input ranges from 0000 to 1111, what is the output range?) (2 points)



Spring 2004 solution
Question 4 -- Digital-to-Analog Converter (20 points)

For a computer or other digital device to interface with external analog circuits and
devices, a digital-to-analog converter (DAC) is required. The most common DAC is a R-
2R resistor ladder network, which requires only two precision resistor values R and 2R.
A 4-bit R-2R resistor ladder network is shown below:

v, & Vi V. f V. af
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The digital input to the DAC is a 4-bit binary number represented by bits b0, b1, b2 and
b3, where b0 is the least significant bit (LSB) and b3 is the most significant bit (MSB).
Each bit in the circuit controls a switch between ground and the inverting input op amp.
When a bit is 1, the corresponding switch is connected to the op-amp; when a bit is zero,
the corresponding switch is connected to ground.

a) If we assume this is an ideal op-amp, we can analyze the voltage levels in the circuit
by removing the op amp. Below is a picture of the circuit when all bits are zero. Use the
simplified circuit below to determine the voltage levels at VO, V1, V2 and V3 in terms of
the source voltage, Vs. (8 points)
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See following page for circuit analysis. When you combine 2 2R resistors in parallel, you
get (2R*2R)/(2R+2R) = R. If you do this to the two 2R resistors in parallel at VO, you get
a voltage divider that divides V1 in half. If you add the 2 1R resistors and combine them
in parallel with the 2R resistor at V1, you get another voltage divider that divides V2 in
half. You can continue this process until you get the voltage divider that divides V3 into

half to get V2. You know that V3 is Vs. Therefore, V2 is Vs/2. You can then apply the
relationships in reverse to get all the voltages.
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b) If we assume that closing switches has negligible effect on the voltage levels we found
in part a), what will be the output of the DAC circuit, Vout (in terms of Vs), when the
input (b3 b2 b1 b0) is: (10 points)

This assumption can be made because the op-amp is ideal and it tries to keep the voltages
at the inputs the same. The positive input is grounded, therefore, the negative input is
ground and the input circuit does not change regardless of the position of the switches.
The value of Vout is determined by the inverting op-amp, which is acting on the input
voltage of the corresponding bit with an input resistance of 2R and a feedback resistance
orR.
0001: Vout =-(R/2R)VO = (-1/2)(Vs/8) Vout =-(1/16)Vs
0010: Vout = -(R/I2R)V1 = (-1/2)(Vs/4) Vout = -(1/8)Vs
0100: Vout =-(R/2R)V2 = (-1/2)(Vs/2) Vout = -(1/4)Vs
1000: Vout = -(R/2R)V3 = (-1/2)(Vs) Vout = -(1/2)Vs
1111: [Hint: Use principal of superposition.]

Vout = -(1/16)Vs + -(1/8)Vs + -(1/4)Vs + -(1/2) Vs

Vout = -(1/16+2/16+4/15+8/16)Vs

Vout = -(15/16)Vs
c) In terms of Vs, what is the range of the analog output for a 4 bit binary input? (ie. If

the input ranges from 0000 to 1111, what is the output range?) (2 points)

The range of outputs is from 0 volts to —(15/16)Vs.



Fall 2003
Question 4 -- Digital-to-Analog Converter (20 points)

The circuit below converts digital signals into analog signals. This circuit produces an
analog output voltage equal to the binary word DCBA in terms of the four inputs. Please
assume that the input voltage levels for this circuit is 5 Volts for a logic of “one” and 0
Volts for a logic “zero” and that R5 = 5KQ, R6 = 2KQ and R7 = 30KQ.
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a) Select values for R1, R2, R3, and R4 so that the output voltage will be the decimal
equivalent of DCBA. For example, if DCBA=1010, or equivalently VD=VB=5V,
VA=VC=0 V, then Vout = 10 V. The circuit should work for all possible DCBA
combinations. (12 points)

R1= R2 = R3 = R4 =



b) Show that the circuit correctly converts binary input 0111 to an AC voltage. What
decimal number does 0111 represent? (4 points)

c) Explain one way you could modify the values of the resistors in this circuit so that the
output voltage gives 4*N (rather than N), when N is the digital number at the input . For
example, when the input is DCBA=1010, then Vout = 4*10 V or 40V. You can modify
any of the resistors R1-R7.(4 points)



Fall 2003 Solution
Question 4 -- Digital-to-Analog Converter (20 points)

The circuit below converts digital signals into analog signals. This circuit produces an
analog output voltage equal to the binary word DCBA in terms of the four inputs. Please
assume that the input voltage levels for this circuit is 5 Volts for a logic of “one” and 0
Volts for a logic “zero” and that R5 = 5KQ, R6 = 2KQ and R7 = 30KQ.

Voot

a) Select values for R1, R2, R3, and R4 so that the output voltage will be the decimal
equivalent of DCBA. For example, if DCBA=1010, or equivalently VD=VB=5V,
VA=VC=0 V, then Vout = 10 V. The circuit should work for all possible DCBA
combinations. (12 points)

V1=(-R5)[(VA/RL)+(VB/R2)+(VC/R3)+(VD/R4)]  Vout = (-R7/R6)V1
Vout=(R5*R7/R6)[(VA/RL)+(VB/R2)+(VC/R3)+(VD/R4)]

(R5*R7/R6)=(5K*30K)/2K=75K

Vout VA VB VC VD plug in solve
1 5V 0 0 0 75K(5/R1)=1 R1=375K
2 0 5V 0 0 75K (5/R2)=2 R2=187.5K
4 0 0 5V 0 75K(5/R3)=4 R3=93.75K
8 0 0 0 5V 75K(5/R4)=8 R4=46.875K
R1 = 375K R2 = 187.5K R3 =93.75K R4 = 46.875K




b) Show that the circuit correctly converts binary input 0111 to an AC voltage. What
decimal number does 0111 represent? (4 points)

Vout=(R5*R7/R6)[(VA/R1)+(VB/R2)+(VC/R3)+(VD/R4)]
Vout=(75K)[(5/375K)+(5/187.5K)+(5/93.75K)+(0/46.875K)]
Vout = 1+2+4=7 volts

0111 = 7 decimal

c) Explain one way you could modify the values of the resistors in this circuit so that the
output voltage gives 4*N (rather than N), when N is the digital number at the input . For
example, when the input is DCBA=1010, then Vout = 4*10 V or 40V. You can modify
any of the resistors R1-R7.(4 points)

The easiest way to do this is to modify one of the gain resistors:
R5 = 4*R5 = 20K

or

R7 = 4*R7=120K

or

R6 = R6/4 = 1.25K

You could also modify the four input resistors:
R1 =R1/4 =93.75 and R2 = R2/4=46.875K and
R3 =R3/4=23.47 and R4 = R4/4=11.73K

A combination which changes the gain would work also:
R5 = R5*2=10K and R6 = R6/2 = 2.5K



Spring 2003
Question 4) Digital-to-Analog Converter (20 points)

The circuit below converts digital signals into analog signals. This circuit produces an
analog output voltage equal to the binary word DCBA in terms of the four inputs. Please
assume that the input voltage levels for this circuit is 5 Volts for a logic of “one” and 0
Volts for a logic “zero” and that R5 = 10KQ2, R6 = 1KQ and R7 = 10KQ.
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a) Select values for R1, R2, R3, and R4 so that the output voltage will be the decimal
equivalent of DCBA. For example, if DCBA=1010, or equivalently VD=VB=5V,
VA=VC=0 V, then Vout = 10 V. The circuit should work for all possible DCBA
combinations. (12 points)

R1= R2 = R3 = R4 =



b) Show that the circuit correctly converts binary input 0110 to an AC voltage. What
decimal number does 0110 represent? (4 pnts)

c) The D/A converter in this question is actually two op-amp configurations you have
already seen combined together. Draw a box around each configuration on the previous
page and identify which type of op-amp configuration it is. (4 pts)



Spring 2003 solution
(none available)



Fall 2002
Question 4) Digital-to-Analog Converter (20 points)

The circuit below is a “Voltage Adder” followed by an “Inverting Op-Amp”, that
converts digital signals into analog signals. This circuit produces an analog output
voltage equal to the binary word ABCD in terms of the four inputs. Please assume that
the input voltage levels for this circuit is 5 Volts for a logic of “one” and 0 Volts for a
logic “zero” and that R5 = 15KQ, R6 = 2KQ and R7 = 10KQ.
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a) Select values for R1, R2, R3, and R4 so that the output voltage will be the decimal
equivalent of ABCD. For example, if ABCD=1010, or equivalently VA=VC=5V,
VB=VD=0 V, then Vout = 10 V. The circuit should work for all possible ABCD
combinations. (12 points)



b) What is the maximum binary input (ABCD="?) to this circuit (4 points)?

c¢) Show that your selection of resistors above is correct by comparing the calculated Vout
with the maximum digital input (4 points)



Fall 2002 Solution
Question 4) Digital-to-Analog Converter (20 points)

The circuit below is a “Voltage Adder” followed by an “Inverting Op-Amp”, that
converts digital signals into analog signals. This circuit produces an analog output
voltage equal to the binary word ABCD in terms of the four inputs. Please assume that
the input voltage levels for this circuit is 5 Volts for a logic of “one” and 0 Volts for a
logic “zero” and that R5 = 15KQ, R6 = 2KQ and R7 = 10KQ.

Touk

a) Select values for R1, R2, R3, and R4 so that the output voltage will be the decimal
equivalent of ABCD. For example, if ABCD=1010, or equivalently VA=VC=5V,
VB=VD=0 V, then Vout = 10 V. The circuit should work for all possible ABCD
combinations. (12 points)

Vout = -(R7/R6)Vz Vz =-(R5/R1)VA - (R5/R2)VB - (R5/R3)VC - (R5/R4)VD
Vout = (R7xR5/R6)[(VA/R1)+(VB/R2)+(VC/R3)+(VD/R4)]

(R7xR5/R6)=10Kx15K/2K=75K

Vout VA VB VC VD Equation Result

0 0 0 5V 1V=75K(5V/R4) | R4=375K ohms
1V
2V 0 0 5V 0 2V=75K(5V/R3) | R3=187.5K ohms
4V 0 5V 0 0 4V=75K(5V/R2) | R2=93.75K ohms
8V 5V 0 0 0 8V=75K(5V/R1) | R1=46.875K ohms

R1 =46.875K ohms R2 =93.75K ohms R3 = 187.5K ohms R4 = 375K ohms




b) What is the maximum binary input (ABCD="?) to this circuit (4 points)?

ABCD = 1111 (15 in decimal)

c¢) Show that your selection of resistors above is correct by comparing the calculated Vout
with the maximum digital input (4 points)

Vout = (R7XR5/R6)[(VA/R1)+(VB/R2)+(VC/R3)+(VD/R4)]
Vout = 15V = 75K[(5V/46.875K)+(5V/93.75K)+(5V/187.5K)+(5V/375K)] ?
15V = 75[0.107+0.053+0.027+0.013] = 75Kx0.2m = 15 ?

15=15 It checks.



Spring 2002

4) Digital-to-Analog Converter (20 points)

a) Infigure below, R5 = 20KQ, R6 = 1KQ and R7 = 5KQ. This configuration of op-
amps and resistors can produce an analog output voltage equal to the binary word
ABCD input at the left. Assume that you are working with TTL devices, so the
voltage levels for ones and zeros are TTL levels (OV and 5V). Select values for R1,
R2, R3, and R4 so that the output voltage will be the decimal equivalent of ABCD.
For example if ABCD=1010, or equivalently VA=VC=5v, VB=VD=0v, Vout = 10v.
The circuit should work for all possible ABCD combinations. (12 points)

R1= R2 = R3 = R4 =

b) Your choices of resistors should work for any number, but specifically show that your
values work for the two binary numbers ABCD =0010 and ABCD = 1011. (8 points)
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Spring 2002 solution

4) Digital-to-Analog Converter (20 points)

b) In figure below, R5 = 20KQ, R6 = 1KQ and R7 = 5KQ. This configuration of op-
amps and resistors can produce an analog output voltage equal to the binary word
ABCD input at the left. Assume that you are working with TTL devices, so the
voltage levels for ones and zeros are TTL levels (OV and 5V). Select values for R1,
R2, R3, and R4 so that the output voltage will be the decimal equivalent of ABCD.
For example if ABCD=1010, or equivalently VA=VC=5v, VB=VD=0v, Vout = 10v.
The circuit should work for all possible ABCD combinations. (12 points)

R1= R2 = R3 = R4 =

b) Your choices of resistors should work for any number, but specifically show that your
values work for the two binary numbers ABCD =0010 and ABCD = 1011. (8 points)
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a) Answer:

Vout = -R5 x [VA/R1 + VB/R2 + VC/R3 + VD/R4] x -(R7/R6)
Vout = [VA/R1 + VB/R2 + VC/R3 + VD/R4] x [(R7XR5)/R6]

(R7XR5)/R6 = (5Kx20K)/1K = 100K

input | bit Vout | VA VB VC VD Equation R

0001 |1 1V 0 0 0 5V Vout=100KxVD/R4 | R4 = 500K
0010 |2 2V 0 0 5V 0 Vout=100KxVC/R3 | R3=250K
0100 |3 4V 0 5V 0 0 Vout=100KxVB/R2 | R2=125K
1000 |3 8V 5V 0 0 0 Vout=100KxVA/R1 | R1=62.5K

Therefore, R1=62.5K ohms, R2=125K ohms, R3=250K ohms, R4=500K ohmes.




(Show your work here for question 4.)
b) Answer:

ABCD = 0010 (binary) = 2 (decimal)
Vout = 2V =? [VA/R1 + VB/R2 + VC/R3 + VD/R4] * (R6*R5)/R7
2V =? [5/250K]*100K = 2V (checks)

ABCD = 1101 (binary) = 11 (decimal)
Vout = 11V =? [VA/R1 + VB/R2 + VC/R3 + VD/R4]* (R6*R5)/R7
11V =? [5/62.5K + 5/250K + 5/500K]*100K
11V =? [.08+.02+.01]*100 = 11V (checks)



Fall 2001 Solution
ENGR-4300 Electronic Instrumentation Test 44
Fall 2081
Marme Sevlien

answer is required.

4, IMgital-to-Anelog Comverter {20 points)

a) In figure below, B3 = 100KS, RS = 1K& and R7 = 2KE2. This configuration
of op-amps and re4istors can produce an snalog output veltage equal to the
binary word ABCD input at the left. Assume that you are working with TTL
davices, sor the volags levels for ones and rseres are TTL levels (0 and 5V}
Seleet values for R1, R2, R3, and R4 so that the cutput voltage wall be the
decimal equivalent of ABCD. For example if ABCD=101{, ot equivalently
VA=VC=5v, VB=VD=0v, Vout = L0v. The siteuit shoukd work forall
possibie ABCD combinations. {16 poiats)

' Please show alf work on all questions for full eredit, some explanation of your

| Rl= 136, R2I= 150, Ri= SCGC Ra=1fro

) Your choices of resistors should work for any number, but specifically show
that your values work for the two binary numbers ABCD =0110 and ABCD =
L1041, {8 points)
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ENGR-4301 Electronic Instrumentation Test 44

Fall 20301
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4, {continued)

wilead Clrcpmid dawg

F-..-' Mg Aderiatd e S ﬂm [P Y- W B}

[ —

e £ 2 r o, By JA_A i 11,

ax — —_— i _.—1'.-_:._. 1._{" I =k B, euks g Ko
ﬂ.g'EILE:.FE:LE-!. i EH,:__‘;_' 0 " T "_E’ zll

—_—

-
b ‘_l ARitz Oowe =& \rn. ﬂ'j”%““;‘vlf"c.: §&M

ay Na-Fe_ _E
b X :.G Ii?f-%“;'\r_eﬁ

1ag
i _'_'___'_-5_; - L=
gy Y 38x YT Eoaw Y f T W hmmby
~ = - W
s 1% o \Soresan)
BB 2 0oy 2> Vs SyNge ou,temoy, You iy
R, - 2 I
e A e = B jaa .
2, E2.F T e Ea .- ”".'gv-, il e Y= S IR X 4
v = Ry ¥ (EX=I Tr Y v v
:—-Hngv
o i ()
K. A Cemnor ] Bevised:
J 2042001 -
Renxrelaer Palvtechuic Iertitire
it

Troy, New York,




Fall 2000

2. Digital-to-Analog Converter

The configuration of op-amps and resistors shown below can produce an analog output
voltage (across the last 100kQ resistor on the right) equal to the binary word ABCD input
at the left. Assume that you are working with TTL devices, so the voltage levels for ones
and zeros are TTL levels (OV and 5V). Select values for R1, R2, R3, and R4 so that the
output voltage will be the decimal equivalent of ABCD, for any choice of ABCD.

R1= R2 = R3 = R4 =
Your choices of resistors should work for any number, but specifically show that your

values work for the two binary numbers ABCD =0110 and ABCD = 1001.

R5 R7

R8
100k

|0 |w|>

$r323R%2

R6

25k




Fall 2000 Solution

2. Digital-to-Analog Converter

The configuration of op-amps and resistors shown below can produce an analog output
voltage (across the last 100kQ resistor on the right) equal to the binary word ABCD input
at the left. Assume that you are working with TTL devices, so the voltage levels for ones
and zeros are TTL levels (OV and 5V). Select values for R1, R2, R3, and R4 so that the
output voltage will be the decimal equivalent of ABCD, for any choice of ABCD.

R1= R2 = R3 = R4 =
Your choices of resistors should work for any number, but specifically show that your

values work for the two binary numbers ABCD =0110 and ABCD = 1001.

RS

AN
20k
A R1
AN\
B R2
AN\
C R3
AN\
D R4 R6
AN\ A
25k
20v
20v
—_ L
=0 =0
a) Answer:
Vout = -R5 x [VA/R1 + VB/R2 + VC/R3 + VD/R4] x -(R7/R6)
Vout = [VA/R1 + VB/R2 + VC/R3 + VD/R4] x [(R7xR5)/R6]
(R7xR5)/R6 = (100Kx20K)/25K = 80K
input | bit Vout | VA VB VC VD Equation R
0001 |1 1V 0 0 0 5V Vout=80KxVD/R4 | R4 = 400K

0010 2V 0 0 &\ Vout=80KxVC/R3 | R3= 200K

2 0
0100 |3 4V 0 S\ 0 0 Vout=80KxVB/R2 R2=100K
1000 |3 8V 3\ 0 0 0 Vout=80KxVA/R1 R1=50K

Therefore, R1=50K ohms, R2=100K ohms, R3=200K ohms, R4=400K ohmes.



ABCD = 0110 (binary) = 6 (decimal)
Vout = 6V =? [VA/R1 + VB/R2 + VC/R3 + VD/R4] * (R6*R5)/R7
6V =? [5/100K + 5/200K]*80K = 6V (checks)

ABCD = 1001 (binary) = 9 (decimal)

Vout = 9V =? [VA/R1 + VB/R2 + VC/R3 + VD/R4]* (R6*R5)/R7
9V =? [5/50K + 5/400K]*80K
9V =? [.08+.02+.01]*80 = 9V (checks)



