ELEC 120L
Foundations of Electrical Engineering Lab
Spring 2007

Lab #6:  D/A Converter Based on Summing Amplifier
Introduction

Digital-to-analog (D/A) converters are widely used in many modern communications and instrumentation systems, and they serve as the key element of all musical compact disk playback units.  A D/A converter is a circuit that has multiple inputs and one output.  Each input accepts a voltage that represents one bit of an n-bit binary number.  The circuit then produces a voltage at the output that is proportional to the value represented by the binary number.  One way to implement a D/A converter is to use an op-amp circuit configuration known as a summing amplifier.  This type of circuit also has multiple inputs.  Its job is to produce at its output a scaled (weighted) sum of the voltages applied to its inputs.  In this lab exercise you will see how a D/A converter can be built using a summing amplifier circuit.

Theoretical Background
The basic function of a D/A converter is to translate (convert) a number represented in binary form to an analog voltage value that corresponds to that number.  For example, a 3-bit D/A converter might be designed to produce the output voltages shown in Table 1 for the eight possible binary numbers that can be represented by three binary digits.

Table 1.  Output voltages of a 3-bit D/A converter for all possible inputs.

	Binary

Number
	Decimal

Number
	Output

Voltage (V)

	000
	0
	0.0

	001
	1
	1.0

	010
	2
	2.0

	011
	3
	3.0

	100
	4
	4.0

	101
	5
	5.0

	110
	6
	6.0

	111
	7
	7.0


Although the output voltages shown in Table 1 range from zero to 7.0 V, a D/A converter can be designed to provide any desired range of output voltages.  Most D/A converters are designed to produce equal-sized increments (steps) from one voltage level to the next.  In the example shown in Table 1, the step size is 1 V.  If smaller step sizes are desired for a given output voltage range (that is, if greater resolution is needed), then a larger number of bits must be used to represent the voltage values.

A 3-bit D/A converter designed around op-amps is shown in Figure 1.  Op-amp U1 and resistors R1 through R4 form a circuit called a summing amplifier.  An inverter circuit (op-amp U2 and resistors R5 and R6) has been added to the output of the summing amplifier to produce a positive overall output voltage.  (The output of U1 is negative if the input voltages v1 through v3 are positive.)

[image: image1]
Figure 1.  3-bit D/A converter based on a summing amplifier.  The power supply voltages have to be large enough in magnitude to accommodate the largest expected output voltage.  The small triangles represent connections to ground (the reference node).
The operating principle of the summing amplifier is easily seen by applying KCL to the node labeled va.  Noting that va = 0 because of the virtual short at the terminals of U1,
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Solving this for vb (the output voltage of U1) yields
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Since U2 and its surrounding circuitry form an inverter, the relationship between the overall output voltage vout and node voltage vb is
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Substituting the expression above for vb into this relationship yields
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Typically, R5 and R6 would be set to the same value to simplify the expression for vout.

In the D/A converter circuit the input voltages v1 through v3 are interpreted as representing the three bits of a binary number.  A binary 0 is usually represented by 0 V, and a binary 1 is usually represented by some particular nonzero (usually positive) voltage value.  Input voltage v1 represents the least significant bit (LSB), v2 the second bit, and v3 the most significant bit (MSB).  The input resistors R1 through R3 must be chosen so that a change in state in the bit applied to a given input causes an appropriate corresponding change in the output voltage.  For example, for a converter circuit designed to produce the outputs given in Table 1, if v1 changes from logical 0 to logical 1, the output voltage must rise by 1 V.  Likewise, if v2 changes from 0 to 1, the output voltage must rise by 2 V; and if v3 changes, the output must change by 4 V.  Note that the voltage increments are related to each other by powers of 2.  The value of R4 (and the ratio R6/R5) sets the overall output voltage range obtained for the full range of input binary numbers between 000 and 111.
Experimental Procedure

· Design a 3-bit D/A converter using the summer/inverter circuit shown in Figure 1.  Assume that a logical 0 input bit is represented by 0 V and a logical 1 input bit is represented by +5 V.  The power supply voltages can be ±15 V.  For the input resistors R1 through R3 use values roughly in the 10 k( to 500 k( range.  Choose the value of feedback resistor R4 so that the binary number 111 produces an overall output voltage vout of 7 V.  The output voltage increment will therefore be 1 V with the eight possible output voltages defined in Table 1.  Set the values of R5 and R6 each to the same value somewhere in the 10 k to 100 k range so that the voltage gain of the inverter section is −1.  You may combine resistors in series and/or parallel to obtain non-standard values, but for practical reasons you should limit such combinations to no more than two resistors.  Briefly (but completely) explain how you derived the resistor values.  Remember to include a circuit diagram to make your description easier to follow.
· Construct the D/A converter according to your design, and create a truth table like the one shown in Table 1 by measuring the actual output voltages obtained for each binary input combination.  Use the 0-6 V section of the bench-top power supply to generate the +5 V needed to represent binary 1.  Be sure that all power supplies used have a common ground connection.  Use SPDT (single-pole, double-throw) switches as shown in Figure 2 on the next page to select between a logical 0 (0 V, or ground) and a logical 1 (5 V) for each binary digit.  Present your measurement results in a well-organized, professional-quality data table using Microsoft Excel.  The table should include the desired (target) output voltages for comparison.  Include the percentage error between the desired and measured voltages for each input state.  Also include a descriptive caption and at least a sample error calculation.

[image: image6]
Figure 2.  Method of applying logical 0 (0 V) or logical 1 (5 V) inputs to the D/A converter.  In the positions shown in the figure, the switches would produce the binary number 101.
· Demonstrate your working circuit to the instructor or TA.

Grading

Only one report per lab group is required; however, each member of the group should contribute to its production.  Your group’s written report is due at noon on the day following the lab session.  Each group member will receive the same grade, which will be determined as follows:

20%
Circuit design description – Technical content

10%
Circuit design description – Organization, neatness, and professional style
10%
Circuit design description – Spelling, grammar, and word choice

30%
Data table, with properly labeled and organized columns and descriptive caption
30%
Demonstration of working D/A converter circuit with proper output voltages
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