ELECTRONICS : FUNDAMENTALS AND APPLICATIONS OF SOLID-STATE DEVICES

DIRECT CURRENT CIRCUITS AND MEASUREMENTS

In this section, we consider some basic direct current circuits and how they are used in making current, volt​age, and resistance measurements. A general definition of a circuit is a closed path that may be followed by an electric current. We begin our discussion of circuits with a survey of four important laws of electricity.

Laws of Electricity

Ohm's Law

Ohm's law describes the relationship among potential, resistance, and current in a resistive series circuit. In a series circuit, all circuit elements are connected in se​quence along a unique path, head to tail, as are the bat​tery and three resistors shown in Figure 2-1. Ohm's law can be written in the form:
V= IR

where V is the potential difference in volts between two points in a circuit, R is the resistance between the two points in ohms, and I is the resulting current in am​peres.

Kirchhoff's Laws

Kirchhoff's current law states that the algebraic sum of currents around any point in a circuit is zero. Kirch​hoff's voltage law states that the algebraic sum of the voltages around a closed electrical loop is zero.

Power Law

The power P in watts dissipated in a resistive element is given by the product of the current in amperes and the potential difference across the resistance in volts:

P= IV

Substituting Ohm's law, gives





P = I2R = V2/R

Basic Direct Current Circuits
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In this section we describe two types of basic dc circuits that find widespread use in electrical devices, namely series resistive circuits and parallel resistive circuits, and analyze their properties with the aid of the laws de​scribed in the previous section.

Series Circuits

Figure 2-1 shows a basic series circuit, which consists of a battery, a switch, and three resistors in series. Applying Kirchhoff's current law to point D in this circuit gives

I4 - I3 = 0
or

I4 = I3
Note that the current out of D must be opposite in sign to the input current. Similarly, application of the law to point C gives

I3 = I2
Thus, the current is the same at all points in a series cir​cuit; that is,

I=I1=I2=I3=I4
Application of Kirchhoff's voltage law to the circuit in Figure 2-1 yields

V - V3 - V2 – V1 = 0

or

V = V1 + V2 + V3
Note that point D is positive with respect to point C, which in turn is positive with respect to point B; finally, B is positive with respect to A. The three voltages thus oppose the voltage of the battery and must be given signs that are opposite to V.

Substitution of Ohm's law into Equation 2-5 gives

V = I(R1 + R2 + R3) = IRs
Note that the total resistance Rs of a series circuit is equal to the sum of the resistances of the individual components. That is

Rs = R1 + R2 + R3
Applying Ohm’s law to the part of the circuit from point B to A

V1 = I1R1 = IR1

Dividing by Equation 2-6 yields


[image: image129.emf][image: image15.emf]
Voltage Dividers

Series resistances are widely used in electrical cir​cuits to provide potentials that are variable functions of an input voltage. Devices of this type are called voltage dividers. As shown in Figure 2-2a, one type of voltage divider provides voltages in discrete in​crements; the second type (Figure 2-2b), called a po​tentiometer, provides a potential that is continuously variable.

In most potentiometers, such as the one shown in Figure 2-2b, the resistance is linear-that is, the resis​tance between one end, A, and any point, C, is directly proportional to the length, AC, of that portion of the re​sistor. Then RAC = kAC where AC is expressed in con​venient units of length and k is a proportionality con​stant. Similarly, RAB = kAB. Combining these relationships with Equation 2-8 yields
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In commercial potentiometers, RAB is generally a wire-wound resistor formed in a helical coil. A movable contact, called a wiper, can be moved from one end of the helix to the other, allowing VAC to be varied contin​uously from zero to VAB.

Parallel Circuits

Figure 2-3 depicts a parallel dc circuit. Applying Kirch​hoff's current law to point A in this figure, we obtain

I1 + I2 + I3 – It = 0
or

It = I1 + I2 + I3
Applying Kirchhoff's voltage law to this circuit gives three independent equations. Thus, we may write, for the loop that contains the battery and R1,

[image: image16.emf]
V – I1R1 = 0


V= I1R1

For the loop containing V and R2,


V = I2R2

For the loop containing V and R3,

V = I3R3
We could write additional equations for the loop con​taining R1 and R2 as well as the loop containing R2 and R3. However, these equations are not independent of the foregoing three. Substitution of the three independent equations into Equation 2-10 yields
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By dividing this equation by V, we obtain
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Current Dividers from Parallel Circuits

Just as series resistances form a voltage divider, parallel resistances create a current divider. The fraction of the total current It that is present in R1 in Figure 2-3 is
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or
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An interesting special case occurs when two resis​tances, R1 and R2, form a parallel circuit. The fraction of the current in R1 is given by
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In a similar way, we can show that
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In other words, for two parallel resistors, the fraction of the current in one resistor is just the ratio of the resis​tance of the second resistor to the sum of the resistances of the two resistors. The equation above is often called the current-splitting equation.

EXAMPLE 2-1

 For the accompanying circuit, calculate (a) the total resistance, (b) the current drawn from the battery, (c) the current in each of the resistors, and (d) the poten​tial difference across each of the resistors.

[image: image17.emf]
R2 and R3 are parallel resistances. Thus, the re​sistance R2,3 between points A and B will be given by Equation 2-11. That is,

[image: image18.emf]We can now reduce the original circuit to the follow​ing equivalent circuit.

Here, we have the equivalent of two series resis​tances, and

Rs = R1 + R2,3 = 9.0Ω + 13.3Ω = 22.3 Ω

From Ohm's law, the current I is given by

I= 15 V/22.3Ω= 0.67 A

Employing Equation 2-8, the voltage V1 across R1 is

V = 15 V X 9.0Ω/(9.01Ω + 13.3 Ω) = 6.0 V

Similarly, the voltage across resistors R2 and R3 is

V2 = V3 = V2,3 = 15 V X 13.3 Ω/22.3Ω


= 8.95 V = 9.0 V

Note that the sum of the two voltages is 15 V, as re​quired by Kirchhoff's voltage law.

The current R1 is given by

I1 = I = 0.67 A

The currents through R2 and R3 are found from Ohm’s Law. Thus

I2 = 9.0 V/20 Ω = 0.45 A

I3 =  9.0 V/40 Ω = 0.22 A

Note: the two currents add to give the net current as required by Kirchoff’s Law
SEMICONDUCTOR COMPONENTS

The origins of contemporary integrated circuit (IC) chips can be traced to the transistor, a small low-power amplifier developed more than 30 years ago to replace the large power-hungry vacuum tube. To understand the general concepts of tran​sistor operation, it is necessary to consider briefly the properties of semiconduc​tor materials.

Semiconductor devices are made by introducing controlled numbers of "impurity atoms" into a crystal of semiconductor material (silicon or germanium) by a process known as doping. The impurity atoms usually belong to either group V or group III of the periodic chart and possess atomic radii that allow them to replace individual silicon or germanium atoms without disrupting the crystalline structure. If a group V element, such as phosphorus, is introduced into a pure semiconductor crystal, the resulting material will contain an excess of mobile carrier electrons and is known as an n-type semiconductor.

Conversely, doping with boron, a group III element, yields a p-type semicon​ductor that has a deficiency of carrier electrons. Each electron deficiency is known as a hole, which is not really a particle but merely the absence of an electron at a position where one would normally be found in a pure lattice of silicon atoms. A hole possesses a positive electric charge and can therefore carry electric current. Holes move through semiconductor material in much the same way that bubbles move through a liquid medium and almost as rapidly as a carrier electron.

The principal active components of electronic circuits are transistors and diodes. The diode is the simpler device that allows current to flow in one direc​tion but not the other. There are two major types of, transistors, bipolar and field-effect transistors (FETs). These devices perform two electronic functions, switching and amplification. In nonlinear digital circuits, a transistor typically functions as a high-speed electronic switch, which is opened or closed depending on the applied voltages. In linear circuits, transistors operate as power amplifiers to increase the output voltage or current proportionally to the input.

Bipolar transistors, first constructed in 1948, consist of two p-n junctions formed by sandwiching a thin slice of one kind of semiconducting material between two thicker sections of the other semiconducting material. The FET was conceived in the early 1930s but was not fabricated in quantity until 30 years later. The metal oxide semiconductor field-effect (MOSFET) transistor is widely used in microelectronic circuits. Complementary MOS (CMOS) transistors represent a further advance in transistor technology. CMOS devices offer the advantages of reduced power consumption and excellent noise immunity compared with MOS components. The difference in fabrication methods allows roughly four times more MOS or CMOS transistors to be fitted on a given area than bipolar ones. However, bipolar transistors retain the major advantage of higher response speed.

Transistors may be used as discrete units or as components of a microelectronic circuit. The advent of microelectronics has not affected the functions of the basic components-namely, transistors, resistors, and so on. The major difference is that all these components are available as an electrical functional unit fabricated on a single small IC chip. Many problems of circuit design are solved within the IC, thus simplifying the design, operation, and maintenance of instrumentation.

ICs may function in a linear or nonlinear manner. The output of a linear IC is directly proportional to the input. Linear IC applications include many types of amplification, modulation, and voltage regulation. The operational amplifier is the most important type of linear Ie. Nonlinear ICs include all digital ICs and other circuits where there is not a linear relationship between the input and output signals. Digital ICs, the most important type of nonlinear ICs, usually use some form of bistable (on/off) operation. These ICs are common in computer circuits and in other digital applications such as counters, calculators, and digital data communi​cation equipment.

ICs must be placed in a protective housing and have connections to the outside world. There are three methods of packaging ICs in containers: the TO-5 glass metal can, the ceramic flat pack, and the dual-in-line ceramic or plastic flat packs known as dual-in-line packages (DIPs). The popular, less expensive plastic DIP packages can have 14, 16, 18, 24, or 40 connecting pins. A minimum of two pins is required for connecting the IC to the power supply. The remaining connections are available for use as terminals for input and output signals.

POWER SUPPLIES AND REGULATORS

Generally, laboratory instruments require dc power to operate amplifiers and other reactive components. The most convenient source of electrical power, however, is 110-V ac furnished by public utility companies. As shown in Figure 2-20, laboratory power supply units in​crease or decrease the potential from the house supply, rectify the current so that it has a single polarity, and fi​nally, smooth the output to give a signal that approxi​mates dc. Most power supplies also contain a voltage regulator that maintains the output voltage at a constant desired level.


[image: image9.emf]
Transformers

[image: image19.emf]Alternating current is readily increased or decreased in voltage by means of a power transformer such as that shown schematically in Figure 2-21. The varying mag​netic field formed around the primary coil in this device from the 110- V alternating current induces alternating currents in the secondary coils; the potential Vx across each is given by

Vx = 115 X N2/N1
where N2 and N1 are the number of turns in the sec​ondary and primary coils, respectively. Power supplies with multiple taps, as in Figure 2-21, are available com​mercially; many voltage combinations may be ob​tained. Thus, a single transformer can serve as a power source for several components of an instrument.

Rectifiers and Filters
[image: image20.emf]Figure 2-22 shows three types of rectifiers and their out​put-signal forms. Each uses semiconductor diodes (see Section 2C-2) to block current in one direction while permitting it in the opposite direction. In order to mini​mize the clirrent fluctuations shown in Figure 2-14, the output of a rectifier is usually filtered by placing a large capacitance in parallel with the load RL as shown in Figure 2-23. The charge and discharge of the capacitor has the effect of decreasing the variations to a relatively small ripple. In some applications, an inductor in series and a capacitor in parallel with the load serve as a filter; this type of filter is known as an L section. By suitable choice of capacitance and inductance, the peak-to-peak ripple can be reduced to the millivolt range or lower.

Voltage Regulators

Often, instrument components require dc voltages that are constant and independent of the current. Voltage regulators serve this purpose. Figure 2-24 illustrates a simple voltage regulator that utilizes a Zener diode, a pn junction that has been designed to operate under break​down conditions; note the special symbol for this type of diode. In Figure 2-16 it is seen that at a cer​tain reverse bias a semiconductor diode undergoes an abrupt breakdown whereupon the current changes pre​cipitously. For example, under breakdown conditions, a current change of 20 to 30 mA may result from a poten​tial change of 0.1 V or less. Zener diodes with a variety of specified breakdown voltages are available commer​cially.

For voltage regulators, a Zener diode is chosen such that it always operates under breakdown condi​tions; that is, the input voltage to be regulated is greater than the breakdown voltage. For the regulator shown in Figure 2-24, an increase in voltage results in an increase in current through the diode. Because of the steepness of the current-voltage curve in the breakdown region (Figure 2-16), however, the voltage drop across the diode, and thus the load, is virtually constant.

[image: image21.emf]
Modern integrated-circuit voltage regulators em​ploy the properties of Zener diodes to provide stable reference voltages. These voltages are used in conjunc​tion with feedback circuitry and power transistors to create power supplies regulated to :t 10m V or better. Such regulators have three terminals: input, output, and circuit common. The raw output from a rectified and fil​tered power supply may be connected to the three-ter​minal voltage regulator to produce a supply that is sta​ble with respect to temperature fluctuations and that automatically shuts down when the load current ex​ceeds its maximum rating, which is typically one am​pere in the most widely used circuits. Integrated-circuit voltage regulators are found in the power supplies of most electronic devices.

Regulators of this type have the disadvantage of dissipating considerable power; so that with the prolif​eration of computers and other electronic devices, more efficient regulators have become desirable.  The solution to this difficulty has been the advent of switching regulators, which provide power t the load only when it is needed while maintaining constant voltage.  Most computer power supplies contain switching regulators.

OPERATIONAL AMPLIFIERS

The operational amplifier (op amp) circuit is the basic component of most analog signal modifiers. It is a high-gain amplifier that, when connected to other electrical components, can perform a variety of mathematical operations on analog signals. The first op amp circuits were composed of vacuum tube amplifiers and other necessary elements such as diodes, resistors, and capacitors. Discrete transistors later replaced tubes, and finally entire operational amplifier circuits became available on IC chips. About one-third of all ICs are op amps; more than 2000 types are commercially available. These facts attest to the importance and diversity of op amp applications.

In addition to the obvious disparity in size, there are several other important differences between an IC op amp and earlier versions. An IC op amp consumes little power and operates at relatively low voltages (approximately 12 to 15 V) with power supplies that need not be highly regulated. The IC op amps have very low drift with both temperature and time and can withstand short circuits on the output without damage. The major disadvantages of the IC op amps are the limited operational voltage range (approximately 12 to 15 V), relatively low output current (less than 10 mA), and low input impedance (less than 1 MQ). New generations of IC op amps have overcome the problems of low output current and low impedance. For high-voltage outputs, discrete transistors must still be used' but can be controlled by op amps.

Operational Amplifier Characteristics

The desirable characteristics of op amps are derived from two properties of these devices: high-gain dc amplification and the provision for external feedback (returning a fraction of the output signal to the input). This combination of high gain and feedback allows the output to be independent of the internal parameters of the op amps. Thus the output signal can be made to depend primarily on the components in the external feedback circuit. In addition, the properties of high input impedance, low output impedance, and good response to high-frequency input signals are required for op amps to function properly.

Basic Operational Amplifier Circuits

Schematically the op amp is represented by a triangle with inputs and outputs (Figure 3.5a). Although the noninverted input is most often connected to ground (Figure 3.5b), it may be connected to an active signal input for certain applications. The gain (G = Vo/Vi) measured in this configuration is known as open-loop gain.
[image: image22.emf]
[image: image23.emf]When the op amp is used for instrumental applications of signal transfor​mation, it is normally used in the closed-loop configuration where the imped​ances Z1 and Z2 generally consist of resistors and/or capacitors external to the op amp (Figure 3.6). Since the input impedance of the op amp itself is large, ia is practically zero and can be neglected. Thus i1 = i2.

Furthermore, normal operation of the operational amplifier requires that the two inputs be at essentially the same voltage, Vd = (V+ - V-) ≈ 0. The allowable difference at the inputs then depends on the gain G and the limiting output voltage Vo. With a differential input, Vo = G(V+ - V-_), that has a maximum of approx​imately 10 V and a very large gain, the input difference, (V+ - V-), must be close to zero.

Operational amplifiers have the following proper​ties: (1) large open-loop gains (A=104 to 106); (2) high-input impedances (Zi ≥ 1013 Ω,); (3) low ​output impedances (Zo ≤ 1 to 10 Ω); and essentially zero output for zero input (ideally < 0.1 mV output). Most operational amplifiers do in fact exhibit a small output voltage with zero input due to circuit characteris​tics or component instabilities. The offset voltage for an operational amplifier is the input voltage required to produce zero output potential. Often operational ampli​fiers are provided with an offset trim adjustment to re​duce the offset to a negligible value.
Circuit Common and Ground Potential

As shown in Figure 3-2a, each of the two input poten​tials, as well as the output potential, of a typical opera​tional amplifier are measured with respect to circuit common; which is symbolized by a triangle (...). Circuit common is a conductor that provides a common return for all currents to their sources. As a consequence, all voltages in the circuit are measured with respect to the circuit common. Ordinarily electronic equipment is not directly connected to earth ground, which is symbolized by::? Usually, however, the circuit common potential does not differ significantly from the ground potential, but it is important to recognize that circuit common is not necessarily at the same potential as ground. Note that in Figure 3.5, a circuit common is not shown, but you may assume that there is a circuit common and that all circuit potentials are measured with respect to it.

Inverting and Noninverting Inputs

It is important to realize that in Figure 3.5, the negative and positive signs indicate the inverting and non invert​ing inputs of the amplifier and do not imply that they are necessarily to be connected to positive and negative signals.  ​Either input may be connected to positive or nega​tive signals depending on the application of the circuit. Thus, if a negative voltage is connected to the inverting input, the output of the amplifier is positive with respect to it; if, on the other hand, a positive voltage is con​nected to the inverting input of the amplifier, a negative output results. An ac signal connected to the inverting input yields an output that is 180 degrees out of phase with the signal at the input. The noninverting input of an amplifier, on the other hand, yields an in-phase sig​nal; in the case of a dc signal at the noninverting input, the output will be a dc signal of the same polarity as the input.

Feedback Circuits

It is often desirable to return the output signal or some fraction of the output signal of an operational amplifier to one of the two inputs. When an output signal of an operational amplifier is connected to one of its inputs, the signal is called feedback. Figure 3.7 shows an oper​ational amplifier with a feedback loop consisting of the feedback resistor Rf that is connected to the input S, which is called the summing point. Note that the feed​back signal is opposite in sense to the input signal Vi as a result of the characteristics of the inverting input and is therefore called negative feedback.
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The output voltage of the operational amplifier v 0 is equal to the difference in voltage between v_and v + mul​tiplied by the open-loop gain of the amplifier, A. That is,


                 Vo = -Avs = -A(v- - v+)


If we solve this equation for v-, we find that
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Equation 3.1
Since A is quite large (104 to 106), 
v- = v+
Because the noninverting input is connected to circuit common, which has a potential of zero volt, the poten​tial at point S must approach the circuit common poten​tial; as a consequence, the summing point is said to be at virtual common, or virtual ground. In other words, al​though virtual common is not a true circuit common, it has the characteristics of common.

This result leads to the following generalization that can simplify the analysis of many operational am​plifier circuits. An operational amplifier circuit with negative feedback (vo connected directly or indirectly to v-), will do what is necessary to satisfy v- = v+. Remember, it is the internal circuitry of the operational amplifier, in conjunction with the circuit's ability to draw power from the supply, that makes it possible for the operational amplifier to function in this way.

From Ohm's law, the input current ii in the circuit shown in Figure 3.6 is given by
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where Vi is the input voltage with respect to common ground.

Similarly, the feedback current, if is given by
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As mentioned earlier, one of the characteristics of an operational amplifier is its very high input resistance. Thus, the current into the operational amplifier is is neg​ligible with respect to ii and if therefore, from Kirch​hoff's current law, the latter two currents must be essen​tially equal. That is ii ≈ if and
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Equation 3.2

We then substitute the expression for v- of Equation 3.1 into Equation 3.2 to obtain

[image: image29.emf]
It is important to appreciate that as a consequence of Equation 3.1, the voltage v_ at the summing point S with respect to the circuit common is necessarily negli​gible compared with either Vi or Vo. In other words, be​cause A is very large (104 to 106), vo/A is extremely small and v+ = 0, the quantity (v+ - vo/A) of Equation 3.1 is very nearly equal to zero, and the foregoing equa​tion simplifies to

[image: image30.emf]
Thus, the gain vo/vi of a typical operational amplifier circuit with negative feedback depends only upon Rf
and Ri and is independent of fluctuations in the per​formance characteristics and gain of the amplifier it​self. The operational amplifier circuit of Figure 3.6 is often referred to as an inverting amplifier or an inverter when Ri = Rf because the sign of the input voltage is inverted.
The Voltage-Follower Circuit

Figure 3.8 depicts a voltage follower, a circuit in which the input is fed into the noninverting input, and a feed​back loop is provided from the output to the inverting input. 
[image: image31.emf]
If we invoke the condition that the operational amplifier will do what is necessary to cause v- to equal v + and note that v- and v0  are connected, we may write the following set of equalities:

vi = v+ ≈ v- = vo
Thus, although this circuit has a unit voltage gain (vo/vi = 1), it can have a very large power gain because operational amplifiers have high input impedances but low output impedances. 

AMPLIFICATION AND MEASUREMENT OF TRANSDUCER SIGNALS
Operational amplifiers find general application in the amplification and measurement of the electrical signals from transducers. These signals, which are often con​centration dependent in analytical instruments, include current, potential, and charge. This section presents ba​sic applications of operational amplifiers to the mea​surement of each type of signal.

Current Measurement

The accurate measurement of small currents is impor​tant to such analytical methods as voltammetry, coulometry, photometry, and the ionization detectors popular in gas chromatography. As pointed out  earlier, an important concern that arises in all physical measurements, including that of current, is whether the measuring process will, in itself, alter significantly the signal being measured, thus leading to a loading error. It is inevitable that any measuring process will perturb a system under study in such a way that the quantity actu​ally measured will differ from its original value before the measurement. We must therefore try to ensure that the perturbation can be kept small. For a current mea​surement, this consideration requires that the internal resistance of the measuring device be minimized so that it does not alter the current significantly.

A low-resistance current-measuring device is read​ily obtained by removing the resistor Ri in Figure 3.6 and using the current to be measured as the signal input. An arrangement of this kind is shown in Figure 3-8, where a small direct current Ix is generated by a photo​tube, a transducer that converts radiant energy such as light into an electrical current. When the cathode of the phototube is maintained at a potential of about -90 V, absorption of radiation by its surface results in the ejec​tion of electrons, which are then accelerated to the wire anode. A current results that is directly proportional to the power of the radiant beam.

If the conclusions reached in the discussion of feedback are applied to this circuit, we may write

Ix = If + Is = If
In addition, the point S is at virtual common so that the potential Vo corresponds to the potential difference across the resistor Rf  Therefore, from Ohm's law

Vo = -IfRf = -IxRf
and
Ix = -Vo/Rf = kVo
Thus, the potential measurement Vo gives the current, provided Rf is known. By making Rf reasonably large, the accurate measurement of small currents is feasi​ble. For example, if Rf is 100 kΩ, a 1 μA current re​sults in an output potential of 0.1 V, a quantity that is easily measured with a high degree of accuracy and precision.
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As shown by the following example, an important property of the circuit shown in Figure 3-8 is its low re​sistance with respect to the current from the transducer. Thus, the meter is driven, not by the transducer, but by the amplified current from the external power supply of the operational amplifier. The result is a minimal mea​suring error.

The instrument shown in Figure 3-8 is called a pho​tometer; it measures the attenuation of a light beam by absorption brought about by a colored analyte in a solu​tion; this parameter is related to the concentration of the species responsible for the absorption.

Potential Measurements


[image: image10.wmf] Potential measurements are used extensively for the de​termination of temperature and the concentration of ions in solution. In the former application, the trans​ducer is a thermocouple; in the latter, it is an ion-sensi​tive electrode.

[image: image33.emf]Accurate potential mea​surements require that the resistance of the measuring device be large with respect to the internal resistance of the voltage source to be measured. The need for a high ​resistive measuring device becomes particularly acute in the determination of pH with a glass electrode, which typically has an internal resistance on the order of tens to hundreds of megaohms. Because of the high resis​tance, the basic inverting amplifier shown in Figure 3.6, which has an internal resistance of perhaps 105 Ω, is not satisfactory for voltage measurements. On the other hand, an inverting amplifier can be combined with the voltage-follower circuit shown in Figure 3.8 to give a high-impedance voltage-measuring device. An example of such a circuit is shown in Figure 3-9. The first stage consists of a voltage follower, which typically provides an input impedance in excess of 1012Ω. An inverting amplifier circuit follows, which amplifies the input by RlRi or 20 in this case. An amplifier, such as this, with a resistance of 100 MΩ or more is often called an elec​trometer. Carefully designed, operational amplifier ​based electrometers are available commercially.
Resistance Measurements

Electrolytic cells and temperature-responsive devices, such as thermistors and bolometers, are common exam​ples of transducers whose electrical resistance varies in response to an analytical signal. These devices are used for infrared absorption and emission measurements, and for temperature control in a variety of analytical applications.

The circuit shown in Figure 3-4 provides a conve​nient means for measurement of the resistance or con​ductance of a transducer. Here, a constant voltage source is used for Vi and the transducer is substituted for either Ri or Rf in the circuit. The amplified output poten​tial vo, after being rectified and filtered, is then mea​sured with a suitable meter, potentiometer, or a comput​erized data acquisition system. Thus, if the transducer is substituted for Rf in Figure 3-4, the output, as can be calculated by:
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where Rx is the resistance to be measured and k is a con​stant that can be calculated if Ri and Vi are known; al​ternatively, k can be determined by a calibration wherein Rx is replaced by a standard resistor.

Figure 3-10 illustrates an application of op​erational amplifiers for the measurement of resistance. It illustrates how the circuit in Figure 3.4 can be applied to the measurement of a ratio of re​sistances. Here, the absorption of radi​ant energy by a sample is being compared with that for a reference solution. The two photoconductive trans​ducers, which are devices whose resistances are inversely related to the intensity of light impinging upon their active surfaces, replace Rf and Ri in Figure 3.4. A dc power supply serves as the source of power, and the output potential M is calculated by
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Figure 3-10 Two circuits for transducers whose conductance or resistance is the ex​perimental variable of interest. The ratio of the resistances of the photo​conductive cells is proportional to the meter reading.

Typically, the resistance of a photoconductive cell is in​versely proportional to the radiant power P of the radia​tion striking it. If R and Ro are matched photoconduc​tors,
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where C is a constant for both photoconductive cells, giving
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Thus, the meter reading M is proportional to the ratio of

The power of the two beams (Po/P).

Comparison of Transducer Outputs
It is frequently desirable to measure a signal generated by an analyte relative to a reference signal, as in Figure 3.10. A difference amplifier, such as that shown in Fig​ure 3.11, can also be applied for this purpose. Here, the amplifier is used for a temperature measurement. Note that the two input resistors have equal resistances Ri; similarly, the feedback resistor and the resistor between the noninverting input and ground, which are both la​beled Rk are also alike.

If we apply Ohm's law to the circuit shown in Fig​ure 311, we find 
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and
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Because the operational amplifier has a high input im​pedance, I1 and  If are approximately equal.
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Solving this equation for v_, gives
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The potential v+ can be written in terms of V2 vial the voltage divider equation.
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Recall that an operational amplifier with a negative feed​back loop will do what is necessary to satisfy the equa​tion V1 = V2. When these equations are combined, we obtain, after rearrangement,

[image: image44.emf]
Thus, it is the difference between the two signals that is amplified. Any extraneous potential common to the two inputs shown in Figure 3-10 will be subtracted and will not appear in the output. Thus, any slow drift in the out​put of the transducers or any 6O-cycle currents induced from the laboratory power lines will be eliminated from Vo. This useful property accOUnts for the widespread use of a differential circuit in the first amplifier stage of many instruments.

An important characteristic of operational amplifier circuits, such as the difference amplifier described above, is the common mode rejection ratio, or CMRR. The common mode rejection ratio of a difference ampli​fier is a measure of how well the amplifier rejects signals that are common to both inputs; it is the ratio of the dif​ference gain Ad to the common mode gain Acm; that is,

[image: image45.emf]
The larger the common mode rejection ratio of a differ​ence amplifier, the better it is at rejecting common mode signals.

The transducers shown in Figure 3.11 are a pair of thermocouple junctions; one of the transducers is im​mersed in the sample, and the other transducer is im​mersed in a reference solution (often an ice bath) held at constant temperature. A temperature-dependent contact potential develops at each of the two junctions formed from wires made of copper and an alloy called constan​tan (other metal pairs are also used). The potential difference v2-v1 is roughly 5 mV per 100oC temperature difference.​

[image: image46.emf]
APPLICATION OF OPERATIONAL AMPLIFIERS TO VOLTAGE AND CURRENT CONTROL
Operational amplifiers are easily used to generate con​stant-potential or constant-current signals.

Constant-Voltage Sources

Several instrumental methods require a dc power source whose potential is precisely known and from which rea​sonable currents can be obtained without alteration of this potential. A circuit that meets these qualifications is termed a potentiostat.

Two potentiostats are illustrated in Figure 3.12. Both employ a standard potential source in a feedback circuit. This source is generally an inexpensive, com​mercially available, Zener stabilized integrated circuit) that is capable of produc​ing an output voltage that is constant to a few hun​dredths of a percent. Such a source will not, however, maintain its voltage when it must deliver a large cur​rent.

Recall from our earlier discussions that point S in Figure 3.l2a is at virtual ground. For this condition to exist, it is necessary that Vo = Vstd'    That is, the current in the load resistance RL must be such that ILRl = Vstd.  It is important to appreciate, however, that this current arises from the power source of the operational ampli​fier and not from the standard voltage source. There is essentially no current in the feedback loop because the impedance of the inverting input is huge. Thus, the stan​dard cell controls Vo but provides essentially none of the current through the load.
Figure 3-l2b illustrates a modification of the cir​cuit in (a) which permits the output voltage of the potentiostat to be fixed at a level that is a known multi​ple of the output voltage of the standard potential source.
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Constant-Current Sources

Constant-current"dc sources, called amperostats, find ap​plication in several analytical instruments. For example, these devices are usually used to maintain a constant cur​rent through an electrochemical cell. An amperostat reacts to a change in input power or a change in internal resistance of the cell by altering its output potential in such a way as to maintain the current at a predetermined level.

Figure 3-13 shows two amperostats. The first re​quires a voltage input Vj whose potential is constant while it supplies significant current. Recall from our earlier discussion that
[image: image49.emf]
Thus, the current will be constant and independent of the resistance of the cell, provided that Vi and Ri remain constant.

Figure 3-13b is an amperostat that employs a stan​dard voltage Vstd to maintain a constant current. Note that operational amplifier 1 has a negative-feedback loop that contains operational amplifier 2. In order to satisfy the condition v_ = v+, the voltage at the sum​ming point S must be equal to - Vstd. Furthermore, we may write that at S
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Since Rj and Vstd in this equation are constant, the oper​ational amplifier functions in such a way as to maintain h at a constant level that is detennined by Rj.

Operational amplifier 2 in Figure 3-12b is simply a voltage follower, which has been inserted into the feed​back loop of operational amplifier 1. A voltage follower used in this configuration is often called a noninverting booster amplifier because it can provide the relatively large current that may be required from the amperostat.
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APPLICATION OF OPERATIONAL AMPLIFIERS TO MATHEMATICAL OPERATIONS
As shown in Figure 3.14, substitution of various circuit elements for Rj and Rf in the circuit shown in Figure 3-4 permits various mathematical operations to be per​formed on electrical signals as they are generated by an analytical instrument. For example, the output from a chromatographic column usually takes the form of a peak when the electrical signal from a detector is plot​ted as a function of time. Integration of this peak to find its area is necessary in order to find the analyte concen​tration. The operational amplifier shown in Figure 3-14c is capable of performing this integration automat​ically, thus giving a signal that is directly proportional to analyte concentration.
Multiplication and Division by a Constant

Figure 3-14a shows how an input signal Vi can be multi​plied by a constant whose magnitude is 
–R f /R i. The equivalent of division by a constant occurs when this ratio is less than unity.

Addition or Subtraction
Figure 3-14b illustrates how an operational amplifier can produce an output signal that is the sum of several input signals. Because the impedance of the amplifier is large and because the output must furnish a sufficient current if to keep the summing point S at virtual ground, we may write,
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But If = -vo/Rf, and we can thus write
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If Rf=R1=R2=R3=R4, then the output voltage is the sum of the four inputs but opposite in sign.
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To obtain an average of the four signals, let R1=R2=R3=R4=4Rf.  Substituting into the above equation gives

[image: image55.emf]
And vo becomes the average of the four inputs.  Thus

[image: image56.emf]
In a similar way, a weighted average can be obtained by varying the ratios of the resistances of the input resistors.


Subtraction can be performed by the circuit in Figure 3.14b by introducing an inverter with Ri=Rf in series with one or more of the resistors, thus changing the sign of one or more of the inputs.

Important Operational Amplifier Parameters

Regardless of the function of an op amp, its performance and reliability are determined by a number of parameters that appear as specifications for a particular device. The more important of these are listed here.

Input offset voltage. The voltage that must be applied across the input terminals to drive the output voltage to zero.

Input offset current. The current at the inputs necessary to make the output voltage zero. (This current is usually taken as the difference in the currents at the two inputs.)

Input bias current. The average of the two currents required to obtain a zero output voltage.

Slew rate. The rate at which the output voltage changes to the maximum saturated value (V / j.lsec).

Drift. The gradual change in offset voltage, bias current, and output voltage as a function of time and temperature.

Unity gainJrequency bandwidth. The response of the op amp to signals is usually given as a Bode plot of the log of the open-loop gain versus the log of the frequency of the signal . The amplification is attenuated (reduced) at both high and low frequencies. The difference between 11 and 12 in Figure 3.7 is known as the unity gain frequency bandwidth, the region where maximum stable amplification is obtained. It should be noted that there is no low frequency rolloff for dc amplifiers.

QUESTIONS AND PROBLEMS

3-1 It was desired to assemble the voltage divider shown below. Two of each of the follow​ing resistors were available: 50 Ω, 100 Ω, and 200 Ω

[image: image57.emf]
.

(a) Describe a suitable combination of the resistors that would give the indicated volt​


ages.

(b) What would be the IR drop across R3?
(c) What current would be drawn from the source?
(d) What power is dissipated by the circuit?

3-2 Assume that for a circuit similar to that shown in Problem 3-1, R1 = 200 Ω, R2 = 500 Ω, R3 = 1000 Ω, and Va = 15 V.

(a) Calculate the voltage V3.

(b) What would be the power loss in resistor R2?

(c) What fraction of the total power lost by the circuit would be dissipated in resistor

R2?

3-3 For a circuit similar to the one shown in Problem 3-1(a), R1 = 1.00 k Ω, R2 = 2.50 k Ω, R3 = 4.00 k Ω, and Va = 12.0 V. A voltmeter was placed across contacts 2 and 4. Cal​culate the relative error in the voltage reading if the internal resistance of the voltmeter was (a) 5000 Ω, (b) 50 kΩ, and (c) 500 kΩ.
3-4 A voltmeter was used to measure the potential of a cell with an internal resistance of 750 Ω. What must the internal resistance of the meter be if the relative error in the measure​ment is to be less than (a) -1.0%, (b) -0.10%?

3-5 For the following circuit, calculate

(a) the potential difference across each of the resistors. 
(b) the magnitude of each of the currents shown.

(c) the power dissipated by resistor R3.

(d) the potential difference between points 3 and 4.
[image: image58.emf]
3-6 For the circuit shown below, calculate

(a) the power dissipated between points 1 and 2.

(b) the current drawn from the source.

(c) the potential difference across resistor RA.

(d) the potential difference across resistor RD.

(e) the potential difference between points 5 and 4.

[image: image59.emf]
3-7 The circuit that follows is for a laboratory potentiometer for measuring unknown poten​tials Vx. Assume the resistor AB is a slide wire whose resistance is directly proportional to its length. With the standard Weston cell (1.018 V) in the circuit, a null point was ob​served when contact C was moved to a position 84.3 cm from point A. When the Weston cell was replaced with an unknown voltage, null was observed at 44.3 cm. Calculate the potential of the unknown.

[image: image60.emf]
3-8  The current in a circuit is to be determined by measuring the potential difference across a precision resistor in series with the circuit.

(a) What should be the resistance of the resistor in ohms if 1.00 V is to correspond to


50 μA?


(b) What must be the resistance of the voltage-measuring device if the error in the cur​rent



   measurement is to be less than 1.0% relative?
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3-9 An electrolysis at a nearly constant current can be performed with the following


arrangement:

The 90- V source consists of dry cells whose potential can be assumed to remain con​stant for short periods. During the electrolysis, the resistance of the cell increases from 20 0 to 40 0 owing to depletion of ionic species. Calculate the percent change in the current, assuming that the internal resistance of the batteries is zero.

3-10 Repeat the calculations in Problem 3-9, assuming that VB = 9.0 V and R = 0.50 kΩ.

3-11 Draw an operational circuit for each of the following: (a) to integrate the areas under gas chromatographic peaks, (b) to determine the equivalence point of a potentiometric titration, (c) to convert the output of an amperometric titration to voltage, (d) to generate a voltage ramp for a polarograph, and (e) to sum currents necessary for a digital-to-analog conversion.

3-12. Calculate the minimum voltage that can be detected at the input of an opera​tional amplifier with a gain of 1000 and a maximum output voltage of 12 V.

[image: image12.png]3-1 Alow-frequency sine wave voltage is the input to the following circuits. Sketch the an-
ticipated output of each circuit.
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v,

3-2 Assume the following values for the components of the circuit in Figure 3-4: R; = 1.00
k), Ry = 30.0 k2, A = 200, and V; = 0.910 mV de. Calculate (a) v, (b) ; () I

3-3 Calculate the slew rate and the rise time for an operational amplifier with a 50 MHz
bandwidth.

3-4 Determine the relative error that results from using Equation 3-6 to calculate v, rather
than using the more exact expressions if R; = 2.00 M), Ry = 40.0 M(}, and A =
5% 10%

3-5 Design a circuit having an output given by
Vo =3V + 5v — 6v3

3-6 Design a circuit for calculating the average value of three input voltages multiplied by
1000.

3-7 Design a circuit to perform the following calculation:

1
= 2060 + 3





[image: image13.emf]3-13. A low-frequency sine wave voltage is the input to the following circuits. Sketch the anticipated output of each circuit.​
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3-14. Design a circuit having an output given by
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3-15. Design a circuit for calculating the average value of three input voltages multiplied by 1000.
3-16.  Design a circuit to perform the following calculation:
[image: image64.emf]
3-17. Design a circuit to perform the following calculation:

[image: image65.emf]
3-18.  For the following circuit

[image: image66.emf]

(a) write an expression that gives the output voltage in terms of the three input volt​ages and


 the various resistances.


(b) indicate the mathematical operation performed by the circuit when R 1 = Rf1= 200


koΩ; R4 = Rf2 = 400 kΩ; R2 = 50 kΩ; R3 = 10 kΩ.

3-19. Show the algebraic relationship between the voltage input and output for the following


circuit:

[image: image67.emf]

[image: image14.emf]
3-20.  For the circuit below, sketch the outputs at v oA and v oB, if the input is initially zero, but


is switched to a constant positive voltage of time zero.

[image: image68.emf]
3-21. Derive a relationship between Vin and Vout for the following circuit:
[image: image69.emf]
3-22. In the following circuit, R is a variable resistor. Derive an equation that describes vout as a function of vin, and the position of the movable contact of the voltage divider (x). Per​form the derivation such that x is zero if there is zero resistance in the feedback loop
[image: image70.emf]
3-23. Show that when [image: image71.emf]the four resistances are equal, the following circuit becomes a sub​tracting circuit.
3-24. The linear slide wire AB has a length of 100 cm. Where along its length should contact C be placed in order to provide a potential of exactly 3.00 V? The potential of the We​ston cell is 1,0183 V.
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