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Lab work
STUDY OF COUNTER TYPE ANALOG-TO-DIGITAL CONVERTER
1. THE AIM OF THE WORK
The aim of the work is to study the principles of operation of analog-to-digital converter (ADC) of counter type. The students also should to acquire a habit of ADC accuracy estimation.

2. LABORATORY BENCH DISCRIPTION
The lab work is carried out using the laboratory bench OAVT with P-7 unit and replaceable card VII-2. The functional scheme of P-7 unit is shown in Fig.1. ADC consists of follows components:
1) pulse oscillator (G)(
2) trigger (DD1)(
3) binary counter (DD2)(
4) decoder (DD3)(
5) comparator (DA1)(
6) elementary digital-to-analog converter (DAC) as a resistive R-2R ladder network.

SB3 button resets ADC to prepare it to beginning of conversion. SB1 button serves for forming of clock pulse when operating in manual mode. The selector switch SA5 allows choosing the mode of operation between manual and automatic. At the manual mode clock pulses are applied to ADC with pushing of SB1 button, and the process of conversion is monitored in every clock period. At the automatic mode the clock pulses for ADC are formed by pulse oscillator.

Using the variable resistor R3 the ADC input voltage is set. Its value is measured by digital voltmeter in the point K2. Digital code corresponded to the input voltage is displayed on seven-segment display HG1 in hexadecimal format. For representing of digits from A to F a combination of digit and comma is used. The table 1 presents how the hexadecimal digits are displayed on seven-segment display HG1.

Table 1

	HEX
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	A
	B
	C
	D
	E
	F

	HG1
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	0,
	1,
	2,
	3,
	4,
	5,


3. PRE-LAB EXERCISES
3.1 Study the functional scheme of counter type ADC (fig.1). 
3.2 Give formulas for calculation of conversion errors.

3.3 Give a formula for estimation of ADC full scale voltage.

4. IN-LAB EXERCISES
4.1 Measure the reference voltage and clock pulses frequency.

4.2 Varying the input voltage to take the transfer function

4.3 Estimate ADC errors.

4.4 Measure conversion time depending on the input voltage.
[image: image1.wmf]
Fig.1. The functional scheme of A/D converter of counter type used in the lab work
5. THEORY
General information

Most physical quantities such as pressure, temperature, and flow are analog in nature. ADCs are used for conversion of analog values to digital. They find applications in measuring systems and measuring and computing complex for matching of analog sources of measuring signals with digital processing devices and measuring results displaying. There are usually several steps in producing electrical signals which repre​sent the values of these variables and in converting the electrical signals to a digital form that can be used for example, to drive an LED display or be stored in the memory of a microcontroller or computer.
The first step involves a sensor which produces a current or voltage signal that is proportional to the amount of the physical pressure, temperature, or other variable. The signals from most sensors are quite small, so they must be amplified and perhaps filtered to remove unwanted noise. Amplification is usually done with some type of operational amplifier circuit. The final step is to convert the signal to a proportional binary word with an analog-to-digital converter.
Many systems accept a digital word as an input signal and translate or convert it to an analog voltage or current. These systems are called digital-to-analog converters. The digital word is presented in a variety of codes, the most common being pure binary or binary-coded-decimal. Two types of DAC are distinguished: binary-weighted resistor DAC and DAC using R-2R ladder network. Often DAC is used as a part of ADC. 
There are many different ways to do an analog-to-digital conversion. The method chosen depends on the resolution, speed, and type of interfacing needed for a given application. The main types of ADCs are counter type ADC (also called staircase or simple ramp ADC), successive approximation ADC, parallel comparator (flash) ADC, dual ramp ADC and sigma-delta ADC. 
Two major characteristics of an ADC are resolution and conversion time. The resolution of an ADC is determined by the number of bits in the output word. In other words, the resolution of the converter indicates the number of discrete values it can produce over the range of analog values. An 8-bit ADC, for example, will represent the values of an input voltage with one of 256 possible words. The conversion time of ADC is simply the time required for con​verter to produce a valid output word after it is given a “start conversion” signal. When we refer to an ADC as “high speed” or “fast”, we mean that it has a short conversion time.
Counter type A/D converter

Fig. 2 shows the block diagram of a counter type ADC converter.

In this system, a continuous sequence of equally spaced pulses is passed through a gate. At the start of a conversion cycle, the counter is reset to 0, so the output of the DAC is at 0 V. A positive input voltage applied to the input of the converter will cause the output of the comparator to go high and enable the AND gate. This will let the clock pulses into the counter. Each clock pulse increments the counter by 1 and increases the voltage on the output of the D/A converter by one step. When the voltage on the output of the D/A converter passes the voltage on the unknown V input, the output of the comparator will go low and shut off the clock pulses to the counters. The count accumulated on the counters is proportional to the input voltage. The control circuitry then strobes the latches to transfer the count to the output and resets the counters to start another conversion cycle.

The counter method is slower than flash type converter. The drawback of this type is that it requires a precision DAC. Another drawback of this type is that the counter has to start at 0 and count up until the DAC output passes the input voltage. For an 8-bit converter, then, conversion, may take as long as 255 clock cycles and for a 10-bit converter, a conversion may take as many as 1024 clock pulses.
[image: image2.wmf]
Fig.2. General functional scheme of counter type A/D converter 

Accuracy of A/D conversion

1. Quantization error is due to the finite resolution of the ADC, and is an unavoidable imperfection in all types of ADC. The magnitude of the quantization error at the sampling instant is between zero and half of one LSB (leas significant bit). In case of an eight-bit ADC, an error of one LSB is 1/256 of the full signal range, or about 0.4%.
In the general case, the original signal is much larger than one LSB. When this happens, the quantization error is not correlated with the signal, and has a uniform distribution. Its RMS (root mean square) value is the standard deviation of this distribution, given by
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At lower levels the quantizing error becomes dependent on the input signal, resulting in distortion. This distortion is created after the anti-aliasing filter, and if these distortions are above 1/2 the sample rate they will alias back into the audio band. In order to make the quantizing error independent of the input signal, noise with amplitude of 1 quantization step is added to the signal. This slightly reduces signal to noise ratio, but completely eliminates the distortion. It is known as “dither”.
2. Absolute full-scale error is determined as a difference between ideal VIn.Id and real VIn.Re values of input voltage when the output code N is maximal:
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Relative error of full scale expressed in LSB is given by
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where VRef – reference voltage, n – digit capacity of the ADC.

All ADCs suffer from non-linearity errors caused by their physical imperfections, resulting in their output to deviate from a linear function of their input. Non-linearities reduce the dynamic range of the signals that can be digitized by the ADC, also reducing the effective resolution of the ADC. Non-linearity error for counter type ADC converter on fig.2 is given by

[image: image6.wmf]In.Re.max

LnIn.Re,k

V

VMAXVk

N

éù

D=-

êú

ëû

,
where k – current input code of on-board DAC (0 ( N), N=2n-1 – maximal output code (in this lab work N=15).

Relative non-linearity error expressed in LSB is estimated using the following formula:
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Differential non-linearity is determined as the maximal absolute value of difference between the unit increment of input voltage (quantization level) and average value of these increments (quantization levels)(
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где Vql,k – voltage quantization level( 
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 – average voltage quantization level.

Relative differential non-linearity in LSB is given by
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6. METHODICAL INSTRUCTIONS
For better understanding of counter type ADC operation it’s suggested to take a transfer function of elementary on-board DAC. It’s represented by R-2R ladder network connected to binary counter outputs. Thus, the DAC output voltage is proportional to the binary code of counter. A transfer function of DAC is taken in manual mode when the jumper K3-K4 is absent. Step by step a digital code of DAC is incremented and the voltage in K1 point is registered. The reference voltage of DAC is equal to the voltage of logical “1” on the counter outputs. Actually, this voltage can be considered as a reference voltage of ADC in whole. Practically it’s measured directly between ground lead and one of the counter chip pins. It should remember that the proper binary code needs to be set on the counter outputs when measuring the voltage on the pin. It’s better to make measurements using a digital voltmeter. The clock pulses frequency of counter DD2 (fig.1) can be measured by the stair-shape transfer function of DAC using an oscilloscope. Lab set-up should operate in automatic mode and the jumper K3-K4 should be absent. On the oscilloscope display will be the stair-shape line. The period of these lines corresponds to the maximal conversion time, i.e. the maximal output code of ADC. Duration of one step is the period of pulses on C input of counter. The frequency of pulse oscillator G is higher in twice.
It’s proposed to take a transfer function of ADC in manual and automatic mode. The jumper K3-K4 should be installed. Increasing of input voltage is carried out by variable resistor R3. Before the experiment it’s recommended to set the resistor shaft in leftmost position. In manual mode registration is performed by following way. Input voltage is increased with the step approximately equal to 0.13 V; DAC output code is incremented; code and values of voltages in K1 and K2 points are written down. In automatic mode, simply, input voltage is increased. When a code displayed on HG1 increases its value the value of input voltage and respective code are written down.

A conversion time can be estimated experimentally using oscillogram of voltage in K3 point (fig.1). While a voltage corresponds to high logic level the count is continuing. Low level indicates that count has already finished and conversion has completed.          
7. QUESTIONS
7.1. Give A/D converters classification.
7.2. How to determine the conversion time of counter type and successive approximation ADC? 
7.3. Synthesize the scheme of successive approximation ADC.

7.4. Specify the advantages of dual ramp A/D converter.

7.5. What is the principle of operation of R-2R ladder network?
7.6. What is the voltage quantization level(
7.7. What are the main drawbacks of counter A/D converter?

7.8. How many comparators does the counter A/D converter contain?
7.9. What is the output signal of the digital-to-analog converter?

7.10. What is the input to a digital-to-analog converter?

7.11. Why the flash ADCs have the high speed of conversion?

7.12. Calculate the voltage increment from a 10-bit resistor-string DAC with 10V applied.

7.13. The device which adds binary-weighted constant currents to produce the analog output?
7.14. Why the digital-to-analog output must be filtered?

7.15. What is the principle used to design a resistor-string DAC?

7.16. What is the equivalent resistance between VREF and ground of the R/2R ladder DAC?

7.17. What is the digit position current in the R/2R ladder DAC?
9. REPORT CONTENT
The report should contain the functional scheme of counter ADC, experimental results, calculated data, transfer function diagram and conclusion. 
10. DIFINITIONS
	ADC 
= A/D converter
	analog-to-digital converter is a device that converts a continuous quantity to a discrete digital numbers

	alphanumeric display
	a display device for visual presentation of numeric and alphabetic characters

	aliasing
	the distortion or artifact that results when the signal reconstructed from samples is different from the original continuous signal

	anti-aliasing filter
	a filter used before a signal sampler, to restrict the bandwidth of a signal to approximately satisfy the Nyquist–Shannon sampling theorem

	binary-weighted D/A converter
	a D/A converter which contains one resistor or current source for each bit connected to a summing point; these precise voltages or currents sum to the correct output value

	DAC 
= D/A converter 
	digital-to-analog converter is a device that converts a digital (usually binary) code to an analog signal (current, voltage, electric charge).

	DIP
	dual-in-line package is an electronic device package with a rectangular housing and two parallel rows of electrical connecting pins

	dual-slope ADC 

= dual ramp ADC
	a type of integrating ADC, applies the unknown input voltage to the input of an integrator and allows the voltage to ramp for a fixed time period (the run-up period); then a known reference voltage of opposite polarity is applied to the integrator and is allowed to ramp until the integrator output returns to zero (the run-down period); the input voltage is computed as a function of the reference voltage, the constant run-up time period, and the measured run-down time period

	flip-flop
	a bistable multivibrator, a circuit with two stable states which can be used to store a one bit of information

	full subtracter
	a combinational circuit which is used to perform subtraction of three bits. It has three inputs, X (minuend) and Y (subtrahend) and Z (subtrahend) and two outputs D (difference) and B (borrow)

	half subtracter
	a combinational circuit which is used to perform arithmetic subtraction of two bits; it has two inputs X (minuend) and Y (subtrahend) and two outputs D (difference) and B (borrow)

	ladder type D/A converter

= R-2R ladder DAC
	a binary-weighted DAC that uses a repeating cascaded structure of resistor values R and 2R; this improves the precision due to the relative ease of producing equal valued-matched resistors (or current sources).

	LSB / MSB
	least significant bit / most significant bit 

	parallel comparator ADC  = flash ADC
	a direct conversion ADC, it has a bank of comparators sampling the input signal in parallel, each firing for their decoded voltage range; the comparator bank feeds a logic circuit that generates a code for each voltage range.

	reference voltage
	constant voltage irrespective of the loading on the device, power supply variations, temperature changes, and the passage of time

	sampling rate 

=sampling frequency
	the rate at which new digital values are sampled from the analog signal

	shift register (SR)
	cascade of flip flops, sharing the same clock, which has the output of any one but the last flip-flop connected to the "data" input of the next one in the chain, resulting in a circuit that shifts by one position the one-dimensional "bit array" stored in it

	simple ramp ADC 
	counter type ADC, also called “staircase ADC”
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