CIRCUITS FOR INTERFACING COMPUTERS TO INSTRUMENTS

The ideal computerized instrument system links the instrument directly to the computer and places the capabilities of the entire system at the disposal of the analyst. In a modern laboratory the tasks associated with chemical analyses are distributed among several types of computers. One or more microcomputers are dedicated to the operation of a single smart instrument, other independent micro- or minicomputers serve as communication controllers and intermediate data pro​cessors, and a large host computer has overall control of the results from all the instruments in one or more laboratories.

At the lowest level, the number of computer-related components of a smart instrument depends on the tasks required of the instrument. In addition to the hardware that makes up the instrument-computer interface, a variety of standard peripheral devices are available to facilitate analyst-computer interaction, storage of data and programs, display of results, and communication with external devices (Figure 4.7). In a smart instrument, each electronic component is linked to a communication bus. Software routines, known as drivers, control the interaction among these components. Since standard peripheral devices such as terminals, printers, and disk drives represent a major expense, it is important to achieve efficient utilization in the overall operation of a laboratory.
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Computer-Instrument Interface 

The focal point of a computerized instrument system is the interface between the computer's buses and the instrument's control and output signal lines (Figure 4.7). Two general methods have been used in computer-instrument interfacing. The older on-line method involves a separate microcomputer system with a general-purpose interface that can be connected to a variety of instruments that have only limited facilities for data processing.  This method is used for the experimental design of instrumentation and in situations where it is difficult to justify the expense of several smart instruments. Several commercial packages that include both hardware and software are available for interfacing instruments to popular microcomputer systems. By contrast, the in-line method places most of the interfacing functions within the instrument but also allows communication with external devices using standard serial and parallel buses.

The interface must provide the facilities for transmitting digital information to and from the computer. If the data from the instrument are in analog form, they must be converted. If the data are already in digital format, the interface needs only to control the flow of information along the data bus. While many modern instruments can be controlled directly by digital data from the computer, some still require analog control signals. In these cases, a digital-to-analog converter becomes an essential part of the interface. The individual components of interfaces are discussed in the following sections.

Multiplexers/Demultiplexers and Decoders

Multiplexers are often referred to as selectors because they function in a manner similar to mechanical selector switches. A 4-input multiplexer "selects" one of the four inputs to appear at the output (Figure 4.8a). Data on the multiplexer input lines(Dl and D2 in Figure 4.8b) may be switched individually to the output using digital control switches SI through S4. Signals on the input data lines may be either digital or analog, depending on the design of the multiplexer chip. Addition of gating logic within the chip allows the number of input lines to be increased and the number of control lines to be reduced. Figure 4.9a gives the block diagram of an 8-input multiplexer with three control lines. A 3-bit binary code at inputs SI, S2, and S3 determines which data input signal appears at the output (Figure 4.9b).
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Two time-dependent factors must be considered when multiplexing. If the switching frequency of the multiplexer is too high, some input data will not be transferred to the output. According to the Nyquist sampling theorem (see Chapter 2), an input signal must be sampled at a rate at least twice that of the highest frequency component of the signal. For example, if the maximum fre​quency component of an input signal is 200 Hz, the switching frequency for this channel (input line) should be 400 Hz (channel sampled every 2.5 msec) in order to prevent any loss of data. At the other extreme, data will also be lost if the switching frequency is too low.

[image: image3.emf]
The other time-dependent multiplexing consideration is the settling time. Since switching is not an instantaneous process, a finite amount of time is required for the multiplexer's output to reach the value of the input once the channel has been selected. Semiconductor switching devices have shorter settling times and thus higher switching frequencies than electromechanical (reed relays) and mechanical switches. In general, the switching times of TTL family ICs are faster than those of either MOS or CMOS ICs (see Chapter 3). Another major limitation of semiconductor switching devices is the requirement of two power supplies, usually + 15 and -15 V. Signal inputs and outputs may not exceed these limits without damaging the device.

The opposite of a multiplexer is a demultiplexer or decoder. A binary decoder produces a unique logic level output for each combination of binary inputs (Figure 4.10). It is a common practice in digital IC circuit design to make the unique output a logic level 0. A demultiplexer may be viewed as a multiplexer with its in​put and output functions reversed. Multiplexers/demultiplexers and decoders are used to implement logic functions in control devices and to route data signals through instruments and communication equipment.

[image: image4.emf]
Digital-to-Analog Converters

Analog output can be produced from digital input using a summing op amp circuit (Table 4.1). For example, a 3-bit digital-to-analog converter (DAC) can be made by applying the total current from a resistor ladder to the input of an op amp (Figure 4.11). The drivers and diodes accurately set the voltage levels applied to the resistor ladder.

Three digital data bits are simultaneously applied to inputs A, B, and C, producing an output voltage v., given by the following equation:

[image: image5.emf]
V; is the voltage level of the logic 1 state from any of the binary input bits A, B, or C. Note that the relative values of the resistors determine that A will be the least significant bit and C the most significant bit. The operational amplifier sums the input currents and converts them to a scaled output voltage (Table 4.1). The range of the scale is determined by the value of the feedback resistor. The number of input bits may be increased by expanding the weighted resistance ladder. DACs with 4 to16 bits are common
[image: image6.emf]
A monolithic 4-bit DAC contained on a single chip latches a 4-bit data word onto the chip inputs (Figure 4.12). When the strobe line undergoes a I-to-O transition, the latch presents a new data word to the DAC inputs. The strobe pulse also triggers a monostable, which delays the signal before it changes the logic state of the end-of-conversion pulse. This delay allows the DAC to perform its conversion, after which the end-of-conversion output indicates that the analog output has reached a stable value (settled). The DAC is then ready to make another conversion.

Important DAC parameters are resolution, accuracy, settling time, and analog outputs associated with the least significant and most significant bits (LSB and MSB). The resolution is determined by the number of input bits the converter will handle; for example, a lO-bit DAC has 210 or 1024 output levels and therefore a resolution of 1 part in 1024. Accuracy is a measure of the deviation of the analog output voltage from its predicted value for a given input combination. The reference voltage is critical in determining accuracy. The settling time is the time required for a new, stable output value to be registered in response to a change in digital inputs.

DACs are used to operate any device that requires an analog input signal and that is interfaced to a digital source such as a computer. Applications include the display of digital data stored in computer memory on analog peripherals, such as plotters and graphics terminals, and the control of chemical instrumentation using computers to generate analog voltage signals, such as ramps and waves.

Analog-to-Digital Converters

An analog-to-digital converter (ADC) produces a digital representation of an analog input signal. Since most input transducers initially produce analog signals, ADCs find many applications in digital instrumentation. Resolution and'sampling rate are two important parameters in interfaces that require analog-to-digital converters. The resolution of an ADC is defined as the smallest change in analog signal that can be observed at the digital output. Resolution is determined by the number of bits in the digital signal: 10 bits, 1 part in 1024; 16 bits, I part in 65,536. Thus for an A/D converter with a maximum range from 0 to 5 V dc and 12 bits of output, the smallest change that can be detected in the digital output is 5/4096 = 4.88 m V. Sample rates should be selected so as not to accumulate unnecessary data or bias the results. The Nyquist frequency rule (see Section 2.6) for sampling rates should be applied when necessary, The rule states that the rate of sampling must be greater than twice the highest frequency component of the A/D input.

The most important characteristics of ADCs are speed and accuracy of conversion. These parameters are determined by the particular method used for the analog-to-digital conversion, which, like digital-to-analog conversions, may be achieved by several methods. The voltage comparator is the heart of any ADC. The analog voltage to be converted is compared with a variable reference voltage. When the two voltages are equal, the comparator changes state and a digital output is registered. ADCs vary in the methods used to generate variable reference voltages and in the components used to register output data.

Counter Converters. The simplest ADC is the counter converter (Figure 4.13), which uses a binary up-counter latched to a DAC to produce a linear voltage ramp at the reference input of the converter. When the ramp voltage equals the analog input voltage, the comparator changes state, stopping the counter and allowing the digital outputs to be recorded by an output device. The size of the count is proportional to the magnitude of the analog input voltage. For example, if the 4-bit ADC (Figure 4.13) is set to cover analog inputs ranging from 0 to 1.0 V and a voltage of 0.40 V is placed on the input, the digital output will be 0110, corresponding to a value of 7/16 times the full-scale output. When the digital outputs have been recorded, the counter is reset to zero by a start-conversion pulse and the process is repeated. The conversion time is directly proportional to the magnitude of the analog input voltage, a limiting factor in most applications of computer interfacing.
[image: image7.emf]
Successive Approximation Counter. The popular successive approximation con​verter replaces the simple up-counter with a digital pattern generator and mor complex control logic. This converter uses a series of logical guesses (approxi​mations) to determine the digital equivalent of the analog input. Table 4.2 lists the sequence of approximations that a 4-bit ADC might use to digitize an analog input signal. A 4-bit binary number results from the series of approximations, with the most significant bit corresponding to the result of the first approximation, the next bit matching the result of the second approximation, and so on. Thus the mag​nitude of the analog signal in this example yields a binary 11012 corresponding to 1310, This means that the analog input voltage is 13/16 of the full-scale voltage of this DAC.

Successive approximation counters require N approximations for an N -bit conversion. Ten approximations would therefore be required to determine the value of an analog input to an accuracy of 1 part in 1024 (210). The previously described counter ADC could require up to 2N trials to produce an N-bit digital number. Successive approximation converters are widely used because they have fast conversion times, which are independent of the magnitude of the analog input signal. The input signal for both the counter and successive approximation converters is usually in the high-level voltage range, 0-10 V maximum.

Voltage-to-Frequency Converters. In situations that require the conversion of small analog input signals (millivolt magnitudes), low-level ADCs are used. These converters are much slower (by factors of 100-1000) than the successive approxi​mation converters, and they trade speed for the ability to represent accurately low​level input signals. These low-level ADCs integrate the analog signal and then compare it to a reference voltage to produce the digital output.

The voltage-to-frequency converter is a simple converter for transforming the analog input voltage into a series of digital pulses whose frequency is proportional to the magnitude of the input (Figure 4.14). The circuit, composed of resistor R, capacitor C, and op amp A, is used to produce an integral of the input voltage at the inverting input of the comparator (operational amplifier B). When the voltage of the integral output exceeds the value of the reference voltage, the comparator changes state, which turns on transistor Ql and allows the capacitor to discharge. When the output of op amp A reaches ground, op amp B again changes state, turning off the transistor and allowing C to recharge again. Thus a series of pulses is generated at the output of op amp B. The rate at which the integrator op amp A charges is a function of the input analog voltage signal. The larger the input voltage, the faster the integrator ramp and, therefore, the higher the frequency of output pulses.

The output pulses go to the input of a binary counter, which counts pulses for a period of time determined by the monostable. The start-of-conversion input pulse resets the counter to zero and initiates the counting time interval by triggering the monostable. The monostable output, connected to one input of gate G, controls the counting time for pulses.
[image: image8.emf]
Dual Slope Converters. Dual slope ADCs (Figure 4.15) increase the accuracy of conversion over that of voltage-to-frequency converters by measuring a single integral rather than a series of integrals. An analog input voltage, Vi is applied to the input of the integrator for a fixed period of time, t (Figure 4.16). At the end of this time a constant reference voltage, Vref, of opposite polarity to Vi is applied to the input of the integrator by switch S1.   The counter is also cleared to zero at the end of time period t. It then begins counting up, recording the time (t1) required for the reference voltage ramp (slope = Vref/RC) to reach zero. When the comparator senses this zero crossing, the counter is halted, its output is registered, and the analog circuitry is reset by switches Sl and S2. A larger analog input voltage V2 requires a proportionally longer time, t2, to cross the zero axis (Figure 4.16).
[image: image9.emf]

[image: image27.emf]
Since the total charge gained by the capacitor C and Vin applied to the integrator is equal to the charge lost by the capacitor with Vref  applied,
[image: image10.emf]
If t and Vref are constants for a given ADC, then the output of the counter (t1) will be a binary representation of the analog input voltage (V;). The conversion time must be greater than 2t, and, therefore, the conversion frequency is limited to less than (2t)-1 conversions per second.

Sample-and-Hold Amplifiers

These devices sample the analog signal and retain it at the input of the ADC for the time required to make the conversion. A sample-and-hold amplifier can be considered as a pair of voltage followers connected through an electronic switch (Figure 4.17a). The device has an analog input, a control input, and an analog output, which is in one of two operating modes: the sample mode in which the output tracks the input or the hold mode in which the output retains the value of the signal at the time of the mode change (Figure 4.l7b). This circuit behaves as an analog switch, which can sample the instantaneous input voltage and retain it at a constant dc level.

The track-and-hold amplifier is similar to the sample-and-hold amplifier, differing only in the relative amount of time it spends in the sample and hold modes. If the sampling time is long compared with the hold time, the device is known as a track-and-hold amplifier. Conversely, if the sampling time lasts only for the short period necessary to fully charge the capacitor (Figure 4. 17b), the device is classified as a sample-and-hold amplifier.
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Hybrid Data Acquisition Systems

The individual circuits described in the preceding sections can be combined into a single system for the purpose of acquiring data from analog devices and converting them to a digital format to be processed by computers. A typical data acquisition system combines active filters for noise reduction, a multiplexer for sampling data from a number of devices, a sample-and-hold amplifier, an ADC, and finally a latch for temporary storage of the digitized data before transfer to the data bus of the computer (Figure 4.18). The system may be constructed from several medium- or large-scale integrated circuit chips or it may be contained on a single very large integrated circuit chip (Figure 4.19). This 80-pin chip includes all the component circuits necessary to multiplex and convert analog signals ranging from 0 to 5 V into equivalent digital outputs. Sampling rates can be varied from 18 kHz with 12-bit resolution to 40 kHz with 8-bit resolution. A low-drift instrumentation amplifier with a selection of gains from 2 to 1000 can be configured to accept either 8-channel differential or 16-channel single-ended inputs from analog devices.

Differential input devices use common rejection to eliminate grounding problems and to minimize environmental noise. Each input device is connected to the data acquisition system with two wires that are subjected to the same environmental conditions. The system measures the difference in potential between these two wires as input voltage and rejects the ground potential between the signal source and the system chip. Furthermore, any voltage caused by sources of environmental noise common to both wires is rejected.

This system provides the complete signal conditioning required for interfacing an input transducer directly to a computer. The analog input signal channel is selected by the multiplexer; the signal is amplified by the instrumentation amplifier and transformed to a digital output using the S/H coupled to the dual slope ADC. Tri-state outputs allow the data to be conveniently transferred to the data input of a computer (Figure 4.20). Digital control signals from the computer can be used to select the analog input channel, to set the gain of the instrumental amplifier, and to transfer data from the ADC output to the computer.
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