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Chapter 2: Diodes and applications 

In Chapter 1, we learned that many semiconductor devices are based on the pn junction. In this 

chapter, the operation and characteristics of the diode are covered. Also, three diode models 

representing three levels of approximation are presented and testing is discussed. The importance 

of the diode in electronic circuits is its ability to conduct current in one direction while blocking 

current in the other direction, this is essential to the operation of many types of circuits.  

2.1 Diode Operation 

A diode is a two-terminal semiconductor device formed by two doped regions of silicon separated 

by a pn junction. The most common category of diode, known as the general-purpose diode. Other 

names, such as rectifier diode or signal diode, depend on the particular type of application for 

which the diode was designed. We will learn how to use a voltage to cause the diode to conduct 

current in one direction and block it in the other direction. This process is called biasing. 

The Diode 

As mentioned, a diode is made from a small piece of semiconductor material, usually silicon, in 

which half is doped as a p region and half is doped as an n region with a pn junction and depletion 

region in between. The p region is called the anode and is connected to a conductive terminal. 

The n region is called the cathode and is connected to a second conductive terminal. The basic 

diode structure and schematic symbol are shown in Figure 2–1. 

 

 

 

 

 

FIGURE 2–1: The diode. 

Typical Diode Packages Several common physical configurations of through-hole mounted 

diodes are illustrated in Figure 2–2(a). The anode (A) and cathode (K) are indicated on a diode 

in several ways, depending on the type of package. The cathode is usually marked by a band, a 

tab, or some other feature. On those packages where one lead is connected to the case, the case is 

the cathode. 

Surface-Mount Diode Packages Figure 2–2(b) shows typical diode packages for surface 

mounting on a printed circuit board. The SOD and SOT packages have gull-wing shaped leads. 

The SMA package has L-shaped leads that bend under the package. The SOD and SMA types 
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have a band on one end to indicate the cathode. The SOT type is a three-terminal package in 

which there are either one or two diodes. In a single-diode SOT package, pin 1 is usually the 

anode and pin 3 is the cathode. In a dual-diode SOT package, pin 3 is the common terminal and 

can be either the anode or the cathode. Always check the datasheet for the particular diode to 

verify the pin configurations. 

 

 

 

 

 

 

 

 

FIGURE 2–2: Typical diode packages with terminal identification. The letter K is used for cathode to avoid 

confusion with certain electrical quantities that are represented by C. Case type numbers are indicated for each diode. 

Forward Bias 

To bias a diode, we apply a dc voltage across it. Forward bias is the condition that allows current 

through the pn junction. Figure 2–3 shows a dc voltage source connected by conductive material 

(contacts and wire) across a diode in the direction to produce forward bias. This external bias 

voltage is designated as 𝑉BIAS. The resistor 𝑅LIMIT limits the forward current to a value that will 

not damage the diode. The negative side of 𝑉BIAS is connected to the n region of the diode and 

the positive side is connected to the p region. This is one requirement for forward bias. A second 

requirement is that the bias voltage, 𝑉BIAS, must be greater than the barrier potential. 

 

 

 

FIGURE 2–3:A diode connected 

for forward bias. 
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A fundamental picture of what happens when a diode is forward-biased is shown in Figure 2–4. 

Because like charges repel, the negative side of the bias-voltage source “pushes” the free 

electrons, which are the majority carriers in the n region, toward the pn junction. This flow of 

free electrons is called electron current. The negative side of the source also provides a 

continuous flow of electrons through the external connection (conductor) and into the n region. 

The bias-voltage source imparts sufficient energy to the free electrons for them to overcome the 

barrier potential of the depletion region and move on through into the p region. Once in the p 

region, these conduction electrons have lost enough energy to immediately combine with holes 

in the valence band. 

 

 

 

 

 

 

 

 

FIGURE 2–4: A forward-biased diode showing the flow of majority carriers and the voltage due to the barrier 

potential across the depletion region. 

Now, the electrons are in the valence band in the p region, simply because they have lost too 

much energy overcoming the barrier potential to remain in the conduction band. Since unlike 

charges attract, the positive side of the bias-voltage source attracts the valence electrons toward 

the left end of the p region. The holes in the p region provide the medium or “pathway” for these 

valence electrons to move through the p region. The valence electrons move from one hole to the 

next toward the left. The holes, which are the majority carriers in the p region, effectively (not 

actually) move to the right toward the junction, as we can see in Figure 2–4. This effective flow 

of holes is the hole current. We can also view the hole current as being created by the flow of 

valence electrons through the p region, with the holes providing the only means for these electrons 

to flow. 

As the electrons flow out of the p region through the external connection (conductor) and to the 

positive side of the bias-voltage source, they leave holes behind in the p region; at the same time, 

these electrons become conduction electrons in the metal conductor. Recall that the conduction 

band in a conductor overlaps the valence band so that it takes much less energy for an electron to 

be a free electron in a conductor than in a semiconductor and that metallic conductors do not have 
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holes in their structure. There is a continuous availability of holes effectively moving toward the 

pn junction to combine with the continuous stream of electrons as they come across the junction 

into the p region. 

The Effect of Forward Bias on the Depletion Region As more electrons flow into the depletion 

region, the number of positive ions is reduced. As more holes effectively flow into the depletion 

region on the other side of the pn junction, the number of negative ions is reduced. This reduction 

in positive and negative ions during forward bias causes the depletion region to narrow, as 

indicated in Figure 2–5. 

 

 

 

 

 

FIGURE 2–5: The depletion region narrows and a voltage drop is produced across the pn junction when the 

diode is forward-biased. 

The Effect of the Barrier Potential During Forward Bias The electric field between the positive 

and negative ions in the depletion region on either side of the junction creates an “energy hill” 

that prevents free electrons from diffusing across the junction at equilibrium. This is known as 

the barrier potential. 

When forward bias is applied, the free electrons are provided with enough energy from the bias-

voltage source to overcome the barrier potential and effectively “climb the energy hill” and cross 

the depletion region. The energy that the electrons require in order to pass through the depletion 

region is equal to the barrier potential. In other words, the electrons give up an amount of energy 

equivalent to the barrier potential when they cross the depletion region. This energy loss results 

in a voltage drop across the pn junction equal to the barrier potential (0.7 V), as indicated in 

Figure 2–5(b). An additional small voltage drop occurs across the p and n regions due to the 

internal resistance of the material. For doped semiconductive material, this resistance, called the 

dynamic resistance, is very small and can usually be neglected.  

Reverse Bias 

Reverse bias is the condition that essentially prevents current through the diode. Figure 2–6 

shows a dc voltage source connected across a diode in the direction to produce reverse bias. This 

external bias voltage is designated as 𝑉BIAS just as it was for forward bias. The positive side of 

𝑉BIAS is connected to the n region of the diode and the negative side is connected to the p region. 

The depletion region is shown much wider than in forward bias or equilibrium. 
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FIGURE 2–6: A diode connected for reverse 

bias. A limiting resistor is shown although 

it is not important in reverse bias because 

there is essentially no current. 

 

 

 

What happens when a diode is reverse-biased is shown in Figure 2–7. Because unlike charges 

attract, the positive side of the bias-voltage source “pulls” the free electrons, which are the 

majority carriers in the n region, away from the pn junction. As the electrons flow toward the 

positive side of the voltage source, additional positive ions are created. This results in a widening 

of the depletion region and a depletion of majority carriers. 

 

 

 

 

 

 

FIGURE 2–7: The diode during the short transition time immediately after reverse-bias voltage is applied. 

In the p region, electrons from the negative side of the voltage source enter as valence electrons 

and move from hole to hole toward the depletion region where they create additional negative 

ions. This results in a widening of the depletion region and a depletion of majority carriers. The 

flow of valence electrons can be viewed as holes being “pulled” toward the positive side. 

The initial flow of charge carriers is transitional and lasts for only a very short time after the 

reverse-bias voltage is applied. As the depletion region widens, the availability of majority 

carriers decreases. As more of the n and p regions become depleted of majority carriers, the 

electric field between the positive and negative ions increases in strength until the potential across 
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the depletion region equals the bias voltage, 𝑉BIAS. At this point, the transition current essentially 

ceases except for a very small reverse current that can usually be neglected. 

Reverse Current The extremely small current that exists in reverse bias after the transition current 

dies out is caused by the minority carriers in the n and p regions that are produced by thermally 

generated electron-hole pairs. The small number of free minority electrons in the p region are 

“pushed” toward the pn junction by the negative bias voltage. When these electrons reach the 

wide depletion region, they “fall down the energy hill” and combine with the minority holes in 

the n region as valence electrons and flow toward the positive bias voltage, creating a small hole 

current. 

The conduction band in the p region is at a higher energy level than the conduction band in the n 

region. Therefore, the minority electrons easily pass through the depletion region because they 

require no additional energy. Reverse current is illustrated in Figure 2–8. 

 

 

 

 

 

 

 

FIGURE 2–8: The extremely small reverse current in a reverse-biased diode is due to the minority carriers from 

thermally generated electron-hole pairs. 

Reverse Breakdown Normally, the reverse current is so small that it can be neglected. However, 

if the external reverse-bias voltage is increased to a value called the breakdown voltage, the 

reverse current will drastically increase. This is what happens. The high reverse-bias voltage 

imparts energy to the free minority electrons so that as they speed through the p region, they 

collide with atoms with enough energy to knock valence electrons out of orbit and into the 

conduction band. The newly created conduction electrons are also high in energy and repeat the 

process. If one electron knocks only two others out of their valence orbit during its travel through 

the p region, the numbers quickly multiply. As these high-energy electrons go through the 

depletion region, they have enough energy to go through the n region as conduction electrons, 

rather than combining with holes. 

The multiplication of conduction electrons just discussed is known as the avalanche effect, and 

reverse current can increase dramatically if steps are not taken to limit the current. When the 
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reverse current is not limited, the resulting heating will permanently damage the diode. Most 

diodes are not operated in reverse breakdown, but if the current is limited (by adding a series-

limiting resistor for example), there is no permanent damage to the diode. 

2.2 Voltage-Current Characteristic of a Diode 

As we have learned, forward bias produces current through a diode and reverse bias essentially 

prevents current, except for a negligible reverse current. Reverse bias prevents current as long as 

the reverse-bias voltage does not equal or exceed the breakdown voltage of the junction. In this 

section, we will examine the relationship between the voltage and the current in a diode on a 

graphical basis. 

V-I Characteristic for Forward Bias 

When a forward-bias voltage is applied across a diode, there is current. This current is called the 

forward current and is designated 𝐼F. Figure 2–9 illustrates what happens as the forward-bias 

voltage is increased positively from 0 V. The resistor is used to limit the forward current to a 

value that will not overheat the diode and cause damage. 

With 0 V across the diode, there is no forward current. As we gradually increase the forward-bias 

voltage, the forward current and the voltage across the diode gradually increase, as shown in 

Figure 2–9(a). A portion of the forward-bias voltage is dropped across the limiting resistor. When 

the forward-bias voltage is increased to a value where the voltage across the diode reaches 

approximately 0.7 V (barrier potential), the forward current begins to increase rapidly, as 

illustrated in Figure 2–9(b). 

As we continue to increase the forward-bias voltage, the current continues to increase very 

rapidly, but the voltage across the diode increases only gradually above 0.7 V. This small increase 

in the diode voltage above the barrier potential is due to the voltage drop across the internal 

dynamic resistance of the semiconductive material. 

Graphing the V-I Curve If we plot the results of the type of measurements shown in Figure 2–9 

on a graph, we get the V-I characteristic curve for a forward-biased diode, as shown in Figure 

2–10(a). The diode forward voltage (𝑉F) increases to the right along the horizontal axis, and the 

forward current (𝐼F) increases upward along the vertical axis. 
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FIGURE 2–9: Forward-bias measurements show general changes in 𝑉F and 𝐼F as 𝑉BIAS is increased. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2–10: Relationship of voltage and current in a forward-biased diode. 
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As we can see in Figure 2–10(a), the forward current increases very little until the forward voltage 

across the pn junction reaches approximately 0.7 V at the knee of the curve. After this point, the 

forward voltage remains nearly constant at approximately 0.7 V, but 𝐼F increases rapidly. There 

is a slight increase in 𝑉F above 0.7 V as the current increases due mainly to the voltage drop across 

the dynamic resistance. The 𝐼F scale is typically in mA, as indicated. 

Three points A, B, and C are shown on the curve in Figure 2–10(a). Point A corresponds to a zero-

bias condition. Point B corresponds to Figure 2–10(a) where the forward voltage is less than the 

barrier potential of 0.7 V. Point C corresponds to Figure 2–10(a) where the forward voltage 

approximately equals the barrier potential. As the external bias voltage and forward current 

continue to increase above the knee, the forward voltage will increase slightly above 0.7 V. In 

reality, the forward voltage can be as much as approximately 1 V, depending on the forward 

current. 

Dynamic Resistance Figure 2–10(b) is an expanded view of the V-I characteristic curve in part 

(a) and illustrates dynamic resistance. Unlike a linear resistance, the resistance of the forward-

biased diode is not constant over the entire curve. Because the resistance changes as we move 

along the V-I curve, it is called dynamic or ac resistance. Internal resistances of electronic devices 

are usually designated by lowercase italic r with a prime, instead of the standard R. The dynamic 

resistance of a diode is designated  𝑟′𝑑. 

Below the knee of the curve the resistance is greatest because the current increases very little for 

a given change in voltage (𝑟′𝑑 = ∆𝑉F ∆𝐼F⁄ ). The resistance begins to decrease in the region of the 

knee of the curve and becomes smallest above the knee where there is a large change in current 

for a given change in voltage. 

V-I Characteristic for Reverse Bias 

When a reverse-bias voltage is applied across a diode, there is only an extremely small reverse 

current (𝐼R) through the pn junction. With 0 V across the diode, there is no 𝐼R. As we gradually 

increase the reverse-bias voltage, there is a very small 𝐼R and the voltage across the diode 

increases. When the applied bias voltage is increased to a value where the reverse voltage across 

the diode (𝑉R) reaches the breakdown value (𝑉BR), the 𝐼R begins to increase rapidly. 

As we continue to increase the bias voltage, the current continues to increase very rapidly, but 

the voltage across the diode increases very little above 𝑉BR. Breakdown, with exceptions, is not 

a normal mode of operation for most pn junction devices. 

Graphing the V-I Curve If we plot the results of reverse-bias measurements on a graph, we get 

the V-I characteristic curve for a reverse-biased diode. A typical curve is shown in Figure 2–11. 

The diode (𝑉R) increases to the left along the horizontal axis, and the (𝐼R) increases downward 

along the vertical axis. 
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There is very little reverse current (usually 𝜇A or 𝑛A) until the reverse voltage across the diode 

reaches approximately the breakdown value (𝑉BR) at the knee of the curve. After this point, the 

reverse voltage remains at approximately 𝑉BR, but 𝐼R increases very rapidly, resulting in 

overheating and possible damage if current is not limited to a safe level. The breakdown voltage 

for a diode depends on the doping level, which the manufacturer sets, depending on the type of 

diode. A typical rectifier diode (the most widely used type) has a breakdown voltage of greater 

than 50 V. Some specialized diodes have a breakdown voltage that is only 5 V. 

 

 

 

FIGURE 2–11: V-I characteristic curve for a reverse 

biased diode. 

 

 

 

The Complete V-I Characteristic Curve 

Combine the curves for both forward bias and reverse bias, and we have the complete V-I 

characteristic curve for a diode, as shown in Figure 2–12. 

 

 

 

 

 

FIGURE 2–12: The complete V-I 

characteristic curve for a diode. 
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Temperature Effects For a forward-biased diode, as temperature is increased, the 𝐼F increases for 

a given value of forward voltage. Also, for a given value of 𝐼F, the 𝑉F decreases. This is shown 

with the V-I characteristic curves in Figure 2–13. The blue curve is at room temperature (25°C) 

and the red curve is at an elevated temperature (25°C + ∆𝑇). The barrier potential decreases by 2 

mV for each degree increase in temperature. 

 

 

FIGURE 2–13:Temperature effect on  

the diode V-I characteristic. The 1 mA  

and marks on the vertical axis are given 

as a basis for a relative comparison of 

the current scales.  

 

 

 

 

 

 

For a reverse-biased diode, as temperature is increased, the 𝐼R increases. The difference in the 

two curves is exaggerated on the graph in Figure 2–13 for illustration. The reverse current below 

breakdown remains extremely small and can usually be neglected. 

2.3 Diode Models 

We have learned that a diode is a pn junction device. In this section, we will learn the electrical 

symbol for a diode and how a diode can be modeled for circuit analysis using any one of three 

levels of complexity. Also, diode packaging and terminal identification are introduced. 

Bias Connections 

Forward-Bias A diode is forward-biased when a voltage source is connected as shown in Figure 

2–14(a). The positive terminal of the source is connected to the anode through a current-limiting 

resistor. The negative terminal of the source is connected to the cathode. The 𝐼F is from cathode 

to anode as indicated. The 𝑉F due to the barrier potential is from positive at the anode to negative 

at the cathode. 
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FIGURE 2–14: Forward-bias and  

reverse-bias connections showing  

the diode symbol. 

 

 

Reverse-Bias Connection A diode is reverse-biased when a voltage source is connected as shown 

in Figure 2–14(b). The negative terminal of the source is connected to the anode side of the circuit, 

and the positive terminal is connected to the cathode side. A resistor is not necessary in reverse 

bias but it is shown for circuit consistency. The reverse current is extremely small and can be 

considered to be zero. The entire bias voltage (𝑉BIAS) appears across the diode. 

Diode Approximations 

The Ideal Diode Model The ideal model of a diode is the least accurate approximation and can 

be represented by a simple switch. When the diode is forward-biased, it ideally acts like a closed 

(on) switch, as shown in Figure 2–15(a). When the diode is reverse-biased, it ideally acts like an 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2–15: The ideal model of a diode. 
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open (off) switch, as shown in part (b). Although the barrier potential, the forward dynamic 

resistance, and the reverse current are all neglected, this model is adequate for most 

troubleshooting when we are trying to determine if the diode is working properly. 

In Figure 2–15(c), the ideal V-I characteristic curve graphically depicts the ideal diode operation. 

Since the barrier potential and the forward dynamic resistance are neglected, the diode is assumed 

to have a zero voltage across it when forward-biased, as indicated by the portion of the curve on 

the positive vertical axis. 

𝑉F =0 V 

The 𝐼F is determined by the bias voltage and the limiting resistor using Ohm’s law. 

𝐼F =
𝑉BIAS

𝑅LIMIT
                    Equation 2-1  

Since the 𝐼R is neglected, its value is assumed to be zero, as indicated in Figure 2–15(c) by the 

portion of the curve on the negative horizontal axis. 

𝐼R =0 A 

The reverse voltage equals the bias voltage.  𝑉R = 𝑉BIAS 

We may want to use the ideal model when we are troubleshooting or trying to figure out the 

operation of a circuit and are not concerned with more exact values of voltage or current. 

The Practical Diode Model The practical model includes the barrier potential. When the diode is 

forward-biased, it is equivalent to a closed switch in series with a small equivalent voltage source 

(𝑉F) equal to the barrier potential (0.7 V) with the positive side toward the anode, as indicated in 

Figure 2–16(a). This equivalent voltage source represents the barrier potential that must be 

exceeded by the bias voltage before the diode will conduct and is not an active source of voltage. 

When conducting, a voltage drop of 0.7 V appears across the diode. 

 

 

 

 

 

 

 

 

FIGURE 2–16: The practical model of a diode. 
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When the diode is reverse-biased, it is equivalent to an open switch just as in the ideal model, as 

shown in Figure 2–16(b). The barrier potential does not affect reverse bias, so it is not a factor. 

The characteristic curve for the practical diode model is shown in Figure 2–16(c). Since the 

barrier potential is included and the dynamic resistance is neglected, the diode is assumed to have 

a voltage across it when forward-biased, as indicated by the portion of the curve to the right of 

the origin. 

𝑉F =0.7 V 

The 𝐼F is determined as follows by first applying Kirchhoff’s voltage law to Figure 2–16(a): 

𝑉BIAS − 𝑉F − 𝑉𝑅LIMIT
= 0 

𝑉𝑅LIMIT
= 𝐼F 𝑅LIMIT 

Substituting and solving for 𝐼F, 

𝐼F =
𝑉BIAS−𝑉F

𝑅LIMIT
              Equation 2–2 

The diode is assumed to have zero reverse current, as indicated by the portion of the curve on the 

negative horizontal axis. 

𝐼R =0 A 

𝑉R = 𝑉BIAS 

The practical model is useful when we are troubleshooting in lower-voltage circuits. In these 

cases, the 0.7 V drop across the diode may be significant and should be taken into account. The 

practical model is also useful when we are designing basic diode circuits. 

The Complete Diode Model The complete model of a diode is the most accurate approximation 

and includes the barrier potential, the small forward dynamic resistance (𝑟′𝑑) and the large 

internal reverse resistance (𝑟′R). The reverse resistance is taken into account because it provides 

a path for the reverse current, which is included in this diode model. 

When the diode is forward-biased, it acts as a closed switch in series with the equivalent barrier 

potential voltage (𝑉𝐵) and the 𝑟′𝑑 as indicated in Figure 2–17(a). When the diode is reverse-

biased, it acts as an open switch in parallel with the 𝑟′R as shown in Figure 2–17(b). The barrier 

potential does not affect reverse bias, so it is not a factor. 

The characteristic curve for the complete diode model is shown in Figure 2–17(c).Since the 

barrier potential and the forward dynamic resistance are included, the diode is assumed to have a 

voltage across it when forward-biased. This voltage (𝑉F) consists of the barrier potential voltage 

plus the small voltage drop across the dynamic resistance, as indicated by the portion of the curve 
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to the right of the origin. The curve slopes because the voltage drop due to dynamic resistance 

increases as the current increases. For the complete model of a silicon diode, the following 

formulas apply: 

𝑉F = 0.7V + 𝐼F 𝑟′𝑑 

𝐼F =
𝑉BIAS − 0.7V

𝑅LIMIT + 𝑟′𝑑
 

The 𝐼R is taken into account with the parallel resistance and is indicated by the portion of the 

curve to the left of the origin. The breakdown portion of the curve is not shown because 

breakdown is not a normal mode of operation for most diodes. 

For troubleshooting work, it is unnecessary to use the complete model, as it involves complicated 

calculations. This model is generally suited to design problems using a computer for simulation. 

The ideal and practical models are used for circuits in this chapter, except in the following 

example, which illustrates the differences in the three models. 

 

 

 

 

 

 

FIGURE 2–17: The complete model of a diode. 

EXAMPLE 2–1:  

(a) Determine the forward voltage and forward current for the diode in Figure 2–18(a) for each of the diode 

models. Also find the voltage across the limiting resistor in each case. Assume 𝑟′𝑑=10Ω at the determined 

value of forward current. 

(b) Determine the reverse voltage and reverse current for the diode in Figure 2–18(b) for each of the diode 

models. Also find the voltage across the limiting resistor in each case. Assume 𝐼R = 1 𝜇A. 

 

 

 

 

FIGURE 2–18 
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Solution (a) Ideal model:                    𝑉F = 0 V 

𝐼F =
𝑉BIAS

𝑅LIMIT
=

10V

1.0 kΩ
= 10 mA 

𝑉𝑅LIMIT
= 𝐼F 𝑅LIMIT = (10 mA)(1.0 kΩ) = 10V 

Practical model:                                          𝑉F =0.7 V 

𝐼F =
𝑉BIAS − 𝑉F

𝑅LIMIT
=

10 V − 0.7 V

1.0 kΩ
=

9.3 V

1.0 kΩ
= 9.3 mA 

𝑉𝑅LIMIT
= 𝐼F 𝑅LIMIT = (9.3 mA)(1.0 kΩ) = 9.3 V 

Complete model:      𝐼F =
𝑉BIAS−0.7V

𝑅LIMIT+𝑟′𝑑
=

10 V−0.7 V

1.0 kΩ+10 Ω
=

9.3 V

1010 Ω 
= 9.21 mA 

𝑉F = 0.7V + 𝐼F 𝑟′𝑑 = 0.7 V + (9.21 mA)(10 Ω) = 792 mV  

𝑉𝑅LIMIT
= 𝐼F 𝑅LIMIT = (9.21 mA)(1.0 kΩ) = 9.21 V 

(b) Ideal model:                                           𝐼R = 0 A 

𝑉R = 𝑉BIAS = 10 V 

𝑉𝑅LIMIT
= 0 V 

Practical model:                                           𝐼R = 0 A 

𝑉R = 𝑉BIAS = 10 V 

𝑉𝑅LIMIT
= 0 V 

Complete model:                                         𝐼R = 1 𝜇A 

𝑉𝑅LIMIT
= 𝐼R 𝑅LIMIT = (1 𝜇A)(1.0 kΩ) = 1 mV 

𝑉R = 𝑉BIAS − 𝑉𝑅LIMIT
= 10 V − 1 mV = 9.999 V 

Related Problem: Assume that the diode in Figure 2–18(a) fails open. What is the voltage across 

the diode and the voltage across the limiting resistor? 

 

2.4 Half-Wave Rectifiers 

Because of their ability to conduct current in one direction and block current in the other direction, 

diodes are used in circuits called rectifiers that convert ac voltage into dc voltage. Rectifiers are 

found in all dc power supplies that operate from an ac voltage source. A power supply is an 

essential part of each electronic system from the simplest to the most complex. 
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The Basic DC Power Supply 

All active electronic devices require a source of constant dc that can be supplied by a battery or 

a dc power supply. The dc power supply converts the standard 120 V, 60 Hz ac voltage available 

at wall outlets into a constant dc voltage. The dc power supply is one of the most common circuits 

we will find, so it is important to understand how it works. The voltage produced is used to power 

all types of electronic circuits including consumer electronics (televisions, DVDs, etc.), 

computers, industrial controllers, and most laboratory instrumentation systems and equipment. 

The dc voltage level required depends on the application, but most applications require relatively 

low voltages. 

A basic block diagram of the complete power supply is shown in Figure 2–19(a). Generally the 

ac input line voltage is stepped down to a lower ac voltage with a transformer (although it may 

be stepped up when higher voltages are needed or there may be no transformer at all in rare 

instances). A transformer changes ac voltages based on the turns ratio between the primary and 

secondary. If the secondary has more turns than the primary, the output voltage across the 

secondary will be higher and the current will be smaller. If the secondary has fewer turns than the 

primary, the output voltage across the secondary will be lower and the current will be higher. The 

rectifier can be either a half-wave rectifier or a full-wave rectifier. The rectifier converts the ac 

input voltage to a pulsating dc voltage, called a half-wave rectified voltage, as shown in Figure 

2–19(b). The filter eliminates the fluctuations in the rectified voltage and produces a relatively 

smooth dc voltage. The regulator is a circuit that maintains a constant dc voltage for variations 

in the input line voltage or in the load. Regulators vary from a single semiconductor device to 

more complex integrated circuits. The load is a circuit or device connected to the output of the 

power supply and operates from the power supply voltage and current. 

 

 

 

 

 

 

 

 

 

FIGURE 2–19: Block diagram of a dc power supply with a load and a rectifier. 
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Half-Wave Rectifier Operation 

Figure 2–20 illustrates the process called half-wave rectification. A diode is connected to an ac 

source and to a load resistor, 𝑅L, forming a half-wave rectifier. Let’s examine what happens 

during one cycle of the input voltage using the ideal model for the diode. When the sinusoidal 

input voltage (𝑉𝑖𝑛) goes positive, the diode is forward-biased and conducts current through the 

load resistor, as shown in part (a). The current produces an output voltage across 𝑅L, which has 

the same shape as the positive half-cycle of the input voltage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2–20: Half-wave rectifier operation. The diode is considered to be ideal. 

When the input voltage goes negative during the second half of its cycle, the diode is reverse-

biased. There is no current, so the voltage across 𝑅L is 0 V, as shown in Figure 2–20(b). The net 



39 
 

result is that only the positive half-cycles of the ac input voltage appear across the load. Since the 

output does not change polarity, it is a pulsating dc voltage with a frequency of 60 Hz, as shown 

in part (c). 

Average Value of the Half-Wave Output Voltage The average value of the half-wave rectified 

output voltage is the value we would measure on a dc voltmeter. Mathematically, it is determined 

by finding the area under the curve over a full cycle, as illustrated in Figure 2–21, and then 

dividing by 2π, the number of radians in a full cycle. The result of this is expressed in Equation 

2–3, where 𝑉𝑃 is the peak value of the voltage. This equation shows that 𝑉AVG is approximately 

31.8% of 𝑉𝑃 for a half-wave rectified voltage.  

                                        𝑉AVG =
𝑉𝑃

𝜋
                     Equation 2–3 

 

 

                    

 

 

 

FIGURE 2–21: Average value of the half-wave rectified signal. 

EXAMPLE 2–2: What is the average value of the half-wave rectified voltage in Figure 2–22? 

 

 

FIGURE 2–22 

 

 

 

Solution    𝑉AVG =
𝑉𝑃

𝜋
=

50 V

𝜋
= 15.9 V 

Notice that 𝑉AVG is 31.8% of 𝑉𝑃[(31.8/100) × 50V = 15.9V]. 

Related Problem Determine the average value of the half-wave voltage if its peak 

amplitude is 12 V. 
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Effect of the Barrier Potential on the Half-Wave Rectifier Output 

In the previous discussion, the diode was considered ideal. When the practical diode model is 

used with the barrier potential of 0.7 V taken into account, this is what happens. During the 

positive half-cycle, the input voltage must overcome the barrier potential before the diode 

becomes forward-biased. This results in a half-wave output with a peak value that is 0.7 V less 

than the peak value of the input, as shown in Figure 2–23. The expression for the peak output 

voltage is 

𝑉𝑃(𝑜𝑢𝑡) = 𝑉𝑃(𝑖𝑛) − 0.7 V                      Equation 2–4 

 

 

 

 

 

FIGURE 2–23: The effect of the barrier potential on the half-wave rectified output voltage is to reduce the peak 

value of the input by about 0.7 V. 

It is usually acceptable to use the ideal diode model, which neglects the effect of the barrier 

potential, when the peak value of the applied voltage is much greater than the barrier potential (at 

least 10 V, as a rule of thumb). However, we will use the practical model of a diode, taking the 

0.7 V barrier potential into account unless stated otherwise. 

EXAMPLE 2–3: Draw the output voltages of each rectifier for the indicated input voltages, as 

shown in Figure 2–24. The 1N4001 and 1N4003 are specific rectifier diodes. 

 

 

 

 

 

FIGURE 2–24 

Solution The peak output voltage for circuit (a) is 

𝑉𝑃(𝑜𝑢𝑡) = 𝑉𝑃(𝑖𝑛) − 0.7 V = 5 V − 0.7 V = 4.30 V 

The peak output voltage for circuit (b) is 𝑉𝑃(𝑜𝑢𝑡) = 𝑉𝑃(𝑖𝑛) − 0.7 V = 100 V − 0.7 V = 99.3 V 
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The output voltage waveforms are shown in Figure 2–25. The barrier potential could have been 

neglected in circuit (b) with very little error (error =
100 V−99.3 V

100 V
× 100% = 0.7 percent); but, if 

it is neglected in circuit (a), a significant error results (error =
5 V−4.3 V

5 V
× 100% =14 percent). 

 

 

 

 

FIGURE 2–25: Output voltages for the circuits in Figure 2–24. They are not shown on the same scale. 

Related Problem Determine the peak output voltages for the rectifiers in Figure 2–24 if the peak 

input in part (a) is 3 V and the peak input in part (b) is 50 V. 

Peak Inverse Voltage (PIV) 

The peak inverse voltage (PIV) equals the peak value of the input voltage, and the diode must 

be capable of withstanding this amount of repetitive reverse voltage. For the diode in Figure 2–

26, the maximum value of reverse voltage, designated as PIV, occurs at the peak of each negative 

alternation of the input voltage when the diode is reverse-biased. A diode should be rated at least 

20% higher than the PIV. 

PIV = 𝑉𝑃(𝑖𝑛)                          Equation 2–5 

 

 

 

 

 

 

 

FIGURE 2–26: The PIV occurs at the peak of each half-cycle of the input voltage when the diode is reverse-

biased. In this circuit, the PIV occurs at the peak of each negative half-cycle. 

Transformer Coupling 

A transformer is often used to couple the ac input voltage from the source to the rectifier, as 

shown in Figure 2–27. Transformer coupling provides two advantages. First, it allows the source 
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voltage to be stepped down as needed. Second, the ac source is electrically isolated from the 

rectifier, thus preventing a shock hazard in the secondary circuit. 

 

 

 

 

 

 

 

 

 

FIGURE 2–27: Half-wave rectifier with transformer-coupled input voltage. 

The amount that the voltage is stepped down is determined by the turns ratio of the transformer. 

The definition of turns ratio for transformers given by the IEEE for electronic power transformers 

is “the number of turns in the secondary (𝑁𝑠𝑒𝑐) divided by the number of turns in the primary 

(𝑁𝑝𝑟𝑖).” Thus, a transformer with a turns ratio less than 1 is a step-down type and one with a turns 

ratio greater than 1 is a step up type. To show the turns ratio on a schematic, it is common 

practice to show the numerical ratio directly above the windings. 

The secondary voltage of a transformer equals the turns ratio, n, times the primary voltage. 

𝑉𝑠𝑒𝑐 = 𝑛 𝑉𝑝𝑟𝑖 

If n> 1, the secondary voltage is greater than the primary voltage. If n< 1, the secondary voltage 

is less than the primary voltage. If n = 1, then 𝑉𝑠𝑒𝑐 = 𝑉𝑝𝑟𝑖. 

The peak secondary voltage, 𝑉𝑃(𝑠𝑒𝑐), in a transformer-coupled half-wave rectifier is the same as 

𝑉𝑃(𝑖𝑛) in Equation 2–4. Therefore, Equation 2–4 written in terms of 𝑉𝑃(𝑠𝑒𝑐) is 

𝑉𝑃(𝑜𝑢𝑡) = 𝑉𝑃(𝑠𝑒𝑐) − 0.7 V 

and Equation 2–5 in terms of 𝑉𝑃(𝑠𝑒𝑐) is 

PIV = 𝑉𝑃(𝑠𝑒𝑐) 

Turns ratio is useful for understanding the voltage transfer from primary to secondary. A 

transformer is generally specified based on the secondary voltage rather than the turns ratio. 
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EXAMPLE 2–4: Determine the peak value of the output voltage for Figure 2–28 if the turns 

ratio is 0.5. 

 

 

 

 

 

 

FIGURE 2–28 

Solution                             𝑉𝑃(𝑝𝑟𝑖) = 𝑉𝑃(𝑖𝑛) = 170 V 

The peak secondary voltage is 

𝑉𝑃(sec) = 𝑛 𝑉𝑃(𝑝𝑟𝑖) = 0.5 (170 V) = 85 𝑉 

The rectified peak output voltage is 

𝑉𝑃(𝑜𝑢𝑡) = 𝑉𝑃(𝑠𝑒𝑐) − 0.7 V = 85 V − 0.7 V = 84.3 V 

where 𝑉𝑃(sec) is the input to the rectifier. 

 

Related Problem   (a) Determine the peak value of the output voltage for Figure 2–28 if n= 2 and       

                                         𝑉𝑃(𝑖𝑛) = 312 V. 

(b) What is the PIV across the diode?  

(c) Describe the output voltage if the diode is turned around. 

2.5 Full-Wave Rectifiers 

Although half-wave rectifiers have some applications, the full-wave rectifier is the most 

commonly used type in dc power supplies. We will use what we learned about half-wave 

rectification and expand it to full-wave rectifiers. We will learn about two types of full-wave 

rectifiers: center-tapped and bridge. 

A full-wave rectifier allows unidirectional (one-way) current through the load during the entire 

360° of the input cycle, whereas a half-wave rectifier allows current through the load only during 

one-half of the cycle. The result of full-wave rectification is an output voltage with a frequency 
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twice the input frequency and that pulsates every half-cycle of the input, as shown in Figure 2–

29. 

 

 

 

 

FIGURE 2–29: Full-wave rectification. 

The number of positive alternations that make up the full-wave rectified voltage is twice that of 

the half-wave voltage for the same time interval. The average value, which is the value measured 

on a dc voltmeter, for a full-wave rectified sinusoidal voltage is twice that of the half-wave, as 

shown in the following formula: 

𝑉AVG =
2𝑉𝑃

𝜋
                        Equation 2– 6 

𝑉AVG is approximately 63.7% of 𝑉𝑃 for a full-wave rectified voltage. 

EXAMPLE 2–5: Find the average value of the full-wave rectified voltage in Figure 2–30. 

 

 

FIGURE 2–30 

 

Solution 

𝑉AVG =
2𝑉𝑃

𝜋
=

2(15 V)

𝜋
= 9.55 V 

𝑉AVG is 63.7% of 𝑉𝑃. 

Related Problem Find the average value of the full-wave rectified voltage if its peak is 155 V. 

Center-Tapped Full-Wave Rectifier Operation 

A center-tapped rectifier is a type of full-wave rectifier that uses two diodes connected to the 

secondary of a center-tapped transformer, as shown in Figure 2–31. The input voltage is coupled 

through the transformer to the center-tapped secondary. Half of the total secondary voltage 

appears between the center tap and each end of the secondary winding as shown.  
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FIGURE 2–31: A center-tapped 

full-wave rectifier. 

 

 

For a positive half-cycle of the input voltage, the polarities of the secondary voltages are as shown 

in Figure 2–32(a). This condition forward-biases diode 𝐷1 and reverse-biases diode 𝐷2. The 

current path is through 𝐷1 and the load resistor 𝑅𝐿, as indicated. For a negative half-cycle of the 

input voltage, the voltage polarities on the secondary are as shown in Figure 2–32(b). This 

condition reverse-biases 𝐷1 and forward-biases 𝐷2. The current path is through 𝐷2 and 𝑅𝐿, as 

indicated. Because the output current during both the positive and negative portions of the input 

cycle is in the same direction through the load, the output voltage developed across the load 

resistor is a full-wave rectified dc voltage, as shown. 

 

 

 

 

 

 

 

 

 

FIGURE 2–32: Basic operation of a center-tapped full-wave rectifier. Note that the current through the load 

resistor is in the same direction during the entire input cycle, so the output voltage always has the same polarity. 

Effect of the Turns Ratio on the Output Voltage If the transformer’s turns ratio is 1, the peak 

value of the rectified output voltage equals half the peak value of the primary input voltage less 

the barrier potential, as illustrated in Figure 2–33. Half of the primary voltage appears across each 

half of the secondary winding (𝑉𝑃(sec)=𝑉𝑃(𝑝𝑟𝑖)). We will begin referring to the forward voltage 

due to the barrier potential as the diode drop.  
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FIGURE 2–33: Center-tapped  

full-wave rectifier with a  

transformer turns ratio of 1.  

𝑉𝑃(𝑝𝑟𝑖) is the peak value of  

the primary voltage. 

 

 

In order to obtain an output voltage with a peak equal to the input peak (less the diode drop), a 

step-up transformer with a turns ratio of n = 2 must be used, as shown in Figure 2–34. In this 

case, the total secondary voltage (𝑉𝑠𝑒𝑐) is twice the primary voltage (2𝑉𝑝𝑟𝑖), so the voltage across 

each half of the secondary is equal to 𝑉𝑝𝑟𝑖.  

 

 

 

 

 

 

FIGURE 2–34: Center-tapped full-wave rectifier with a transformer turns ratio of 2. 

In any case, the output voltage of a center-tapped full-wave rectifier is always one-half of the 

total secondary voltage less the diode drop, no matter what the turns ratio. 

𝑉𝑜𝑢𝑡 =
𝑉𝑠𝑒𝑐

2
− 0.7V                  Equation 2– 7    

Peak Inverse Voltage Each diode in the full-wave rectifier is alternately forward-biased and then 

reverse-biased. The maximum reverse voltage that each diode must withstand is the peak 

secondary voltage 𝑉𝑃(sec). This is shown in Figure 2–35 where 𝐷2 is assumed to be reverse-biased 

(red) and 𝐷1 is assumed to be forward-biased (green) to illustrate the concept. 

When the total secondary voltage 𝑉𝑠𝑒𝑐 has the polarity shown, the maximum anode voltage of 𝐷1 

is + 𝑉𝑃(sec) 2⁄  and the maximum anode voltage of 𝐷2 is − 𝑉𝑃(sec) 2⁄ . Since 𝐷1 is assumed to be 

forward-biased, its cathode is at the same voltage as its anode minus the diode drop; this is also 

the voltage on the cathode of 𝐷2. 
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FIGURE 2–35: Diode reverse voltage (𝐷2 shown reverse-biased and 𝐷1 shown forward-biased). 

The peak inverse voltage across 𝐷2 is 

PIV = (
𝑉𝑃(𝑠𝑒𝑐)

2
− 0.7 V) − (−

𝑉𝑃(𝑠𝑒𝑐)

2
) =

𝑉𝑃(𝑠𝑒𝑐)

2
+

𝑉𝑃(𝑠𝑒𝑐)

2
− 0.7 V 

PIV = 𝑉𝑃(𝑠𝑒𝑐) − 0.7 V 

Since 𝑉𝑃(𝑜𝑢𝑡) =
𝑉𝑃(𝑠𝑒𝑐)

2
− 0.7V  then by multiplying each term by 2 and transposing, 

𝑉𝑃(𝑠𝑒𝑐) = 2 𝑉𝑃(𝑜𝑢𝑡) + 1.4V  

Therefore, by substitution, the peak inverse voltage across either diode in a full-wave center-

tapped rectifier is 

PIV = 2 𝑉𝑃(𝑜𝑢𝑡) + 0.7V                 Equation 2– 8  

EXAMPLE 2–6: (a) Show the voltage waveforms across each half of the secondary winding and 

across 𝑅𝐿 when a 100 V peak sine wave is applied to the primary winding in Figure 2–36. (b) 

What minimum PIV rating must the diodes have?  

 

 

FIGURE 2–36 
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Solution (a) The transformer turns ratio n = 0.5. The total peak secondary voltage is 

𝑉𝑃(𝑠𝑒𝑐) = 𝑛 𝑉𝑃(𝑝𝑟𝑖) = 0.5(100 V) = 50 V  

There is a 25 V peak across each half of the secondary with respect to ground. The output load 

voltage has a peak value of 25 V, less the 0.7 V drop across the diode. The waveforms are shown 

in Figure 2–37. 

 

 

 

 

 

 

 

FIGURE 2–37 

(b) Each diode must have a minimum PIV rating of 

PIV = 2 𝑉𝑃(𝑜𝑢𝑡) + 0.7V = 2(24.3 V) + 0.7 V = 49.3 V 

Related Problem What diode PIV rating is required to handle a peak input of 160 V in Figure 2–

36? 

 

 

Bridge Full-Wave Rectifier Operation 

The bridge rectifier uses four diodes connected as shown in Figure 2–38. When the input cycle 

is positive as in part (a), diodes 𝐷1 and 𝐷2 are forward-biased and conduct current in the direction 

shown. A voltage is developed across 𝑅𝐿 that looks like the positive half of the input cycle. During 

this time, diodes 𝐷3 and 𝐷4 are reverse-biased. 

When the input cycle is negative as in Figure 2–38(b), diodes 𝐷3 and 𝐷4 are forward-biased and 

conduct current in the same direction through 𝑅𝐿 as during the positive half-cycle. During the 

negative half-cycle, 𝐷1 and 𝐷2 are reverse-biased. A full-wave rectified output voltage appears 

across 𝑅𝐿 as a result of this action. 
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FIGURE 2–38: Operation of a bridge rectifier. 

 

Bridge Output Voltage A bridge rectifier with a transformer-coupled input is shown in Figure 2–

39(a). During the positive half-cycle of the total secondary voltage, diodes 𝐷1 and 𝐷2 are forward-

biased. Neglecting the diode drops, the secondary voltage appears across the load resistor. The 

same is true when 𝐷3 and 𝐷4 are forward-biased during the negative half-cycle. 

𝑉𝑃(𝑜𝑢𝑡) = 𝑉𝑃(𝑠𝑒𝑐) 

As we can see in Figure 2–39(b), two diodes are always in series with the load resistor during 

both the positive and negative half-cycles. If these diode drops are taken into account, the output 

voltage is 

𝑉𝑃(𝑜𝑢𝑡) = 𝑉𝑃(𝑠𝑒𝑐) − 1.4V            Equation 2– 9  
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FIGURE 2–39: Bridge operation during a positive half-cycle of the primary and secondary voltages. 

 

Peak Inverse Voltage Let’s assume that 𝐷1 and 𝐷2 are forward-biased and examine the reverse 

voltage across 𝐷3 and 𝐷4. Visualizing 𝐷1 and 𝐷2 as shorts (ideal model), as in Figure 2–40(a), 

we can see that 𝐷3 and 𝐷4 have a peak inverse voltage equal to the peak secondary voltage. Since 

the output voltage is ideally equal to the secondary voltage, 

PIV = 𝑉𝑃(𝑜𝑢𝑡) 

If the diode drops of the forward-biased diodes are included as shown in Figure 2–40(b), the peak 

inverse voltage across each reverse-biased diode in terms of 𝑉𝑃(𝑜𝑢𝑡) is 

PIV = 𝑉𝑃(𝑜𝑢𝑡) + 0.7V               Equation 2– 10  

The PIV rating of the bridge diodes is less than that required for the center-tapped configuration. 

If the diode drop is neglected, the bridge rectifier requires diodes with half the PIV rating of those 

in a center-tapped rectifier for the same output voltage. 
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FIGURE 2–40: Peak inverse voltages across diodes 𝐷3 and 𝐷4 in a bridge rectifier during the positive half-

cycle of the secondary voltage. 

EXAMPLE 2–7: Determine the peak output voltage for the bridge rectifier in Figure 2–41. 

Assuming the practical model, what PIV rating is required for the diodes? The transformer is 

specified to have a 12 V rms secondary voltage for the standard 120 V across the primary. 

 

 

FIGURE 2–41  

 

 

 

 

Solution The peak output voltage (taking into account the two diode drops) is 

𝑉𝑃(𝑠𝑒𝑐) = 1.414 V𝑟𝑚𝑠 = 1.414 (12V) ≅ 17 V 

𝑉𝑃(𝑜𝑢𝑡) = 𝑉𝑃(𝑠𝑒𝑐) − 1.4V = 17V − 1.4V = 15.6 V 

The PIV rating for each diode is 

PIV = 𝑉𝑃(𝑜𝑢𝑡) + 0.7V = 15.6V + 0.7V = 16.3 V 

Related Problem Determine the peak output voltage for the bridge rectifier in Figure 2–41 if the 

transformer produces an rms secondary voltage of 30 V. What is the PIV rating for the diodes? 
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2.6 Power Supply Filters and Regulators 

A power supply filter ideally eliminates the fluctuations in the output voltage of a half-wave or 

full-wave rectifier and produces a constant-level dc voltage. Filtering is necessary because 

electronic circuits require a constant source of dc voltage and current to provide power and 

biasing for proper operation. Filters are implemented with capacitors. Voltage regulation in power 

supplies is usually done with integrated circuit voltage regulators. A voltage regulator prevents 

changes in the filtered dc voltage due to variations in input voltage or load.  

In most power supply applications, the standard 60 Hz ac power line voltage must be converted 

to an approximately constant dc voltage. The 60 Hz pulsating dc output of a half-wave rectifier 

or the 120 Hz pulsating output of a full-wave rectifier must be filtered to reduce the large voltage 

variations. Figure 2–42 illustrates the filtering concept showing a nearly smooth dc output voltage 

from the filter. The small amount of fluctuation in the filter output voltage is called ripple. 

 

 

 

 

 

 

 

 

 

 

FIGURE 2–42: Power supply filtering. 

Capacitor-Input Filter 

A half-wave rectifier with a capacitor-input filter is shown in Figure 2–43. The filter is simply a 

capacitor connected from the rectifier output to ground. 𝑅𝐿 represents the equivalent resistance 

of a load. We will use the half-wave rectifier to illustrate the basic principle and then expand the 

concept to full-wave rectification. 

During the positive first quarter-cycle of the input, the diode is forward-biased, allowing the 

capacitor to charge to within 0.7 V of the input peak, as illustrated in Figure 2–43(a). When the 

input begins to decrease below its peak, as shown in part (b), the capacitor retains its charge and 
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the diode becomes reverse-biased because the cathode is more positive than the anode. During 

the remaining part of the cycle, the capacitor can discharge only through the load resistance at a 

rate determined by the 𝑅𝐿C time constant, which is normally long compared to the period of the 

input. The larger the time constant, the less the capacitor will discharge. During the first quarter 

of the next cycle, as illustrated in part (c), the diode will again become forward-biased when the 

input voltage exceeds the capacitor voltage by approximately 0.7 V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2–43: Operation of a half-wave rectifier with a capacitor-input filter. The current indicates charging or 

discharging of the capacitor. 
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Ripple Voltage As we have seen, the capacitor quickly charges at the beginning of a cycle and 

slowly discharges through 𝑅𝐿 after the positive peak of the input voltage (when the diode is 

reverse-biased). The variation in the capacitor voltage due to the charging and discharging is 

called the ripple voltage. Generally, ripple is undesirable; thus, the smaller the ripple, the better 

the filtering action, as illustrated in Figure 2–44. 

 

 

 

 

 

FIGURE 2–44: Half-wave ripple voltage (blue line). 

For a given input frequency, the output frequency of a full-wave rectifier is twice that of a half-

wave rectifier, as illustrated in Figure 2–45. This makes a full-wave rectifier easier to filter 

because of the shorter time between peaks. When filtered, the full-wave rectified voltage has a 

smaller ripple than does a half-wave voltage for the same load resistance and capacitor values. 

The capacitor discharges less during the shorter interval between full-wave pulses, as shown in 

Figure 2–46. 

 

FIGURE 2–45: The period of a full-wave  

Rectified voltage is half that of a half-wave 

rectified voltage. The output frequency of  

a full-wave rectifier is twice that of a  

half-wave rectifier. 

 

 

 

FIGURE 2–46: Comparison of ripple  

voltages for half-wave and full-wave  

rectified voltages with the same filter  

capacitor and load and derived from  

the same sinusoidal input voltage. 
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Ripple Factor The ripple factor (r) is an indication of the effectiveness of the filter and is defined 

as 

𝑟 =
𝑉𝑟(𝑃𝑃)

𝑉𝐷𝐶
                  Equation 2– 11  

where 𝑉𝑟(𝑃𝑃) is the peak-to-peak ripple voltage and 𝑉𝐷𝐶  is the dc (average) value of the filter’s 

output voltage, as illustrated in Figure 2–47. The lower the ripple factor, the better the filter. The 

ripple factor can be lowered by increasing the value of the filter capacitor or increasing the load 

resistance. 

 

 

 

 

FIGURE 2–47: 𝑉𝑟 and 𝑉𝐷𝐶  determine the ripple factor. 

For a full-wave rectifier with a capacitor-input filter, approximations for the peak-to-peak ripple 

voltage, 𝑉𝑟(𝑃𝑃), and the dc value of the filter output voltage, 𝑉𝐷𝐶, are given in the following 

equations. The variable 𝑉𝑃(𝑟𝑒𝑐𝑡) is the unfiltered peak rectified voltage. If 𝑅𝐿 or C increases, the 

ripple voltage decreases and the dc voltage increases. 

𝑉𝑟(𝑃𝑃) ≅ (
1

𝑓 𝑅𝐿𝐶
) 𝑉𝑃(𝑟𝑒𝑐𝑡)                     Equation 2– 12  

𝑉𝐷𝐶 ≅ (1 −
1

2𝑓 𝑅𝐿𝐶
) 𝑉𝑃(𝑟𝑒𝑐𝑡)              Equation 2– 13 

EXAMPLE 2–8: Determine the ripple factor for the filtered bridge rectifier with a load as 

indicated in Figure 2–48. 

 

 

 

 

FIGURE 2–48 
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Solution The transformer turns ratio is n = 0.1. The peak primary voltage is 

𝑉𝑃(𝑝𝑟𝑖) = 1.414 V𝑟𝑚𝑠 = 1.414 (120V) = 170 V 

The peak secondary voltage is 

𝑉𝑃(𝑠𝑒𝑐) = 𝑛 𝑉𝑃(𝑝𝑟𝑖) = 0.1(170V) = 17 V 

The unfiltered peak full-wave rectified voltage is 

𝑉𝑃(𝑟𝑒𝑐𝑡) = 𝑉𝑃(𝑠𝑒𝑐) − 1.4V = 17V − 1.4V = 15.6 V 

The frequency of a full-wave rectified voltage is 120 Hz. The approximate peak-to-peak ripple 

voltage at the output is 

𝑉𝑟(𝑃𝑃) ≅ (
1

𝑓 𝑅𝐿𝐶
) 𝑉𝑃(𝑟𝑒𝑐𝑡) = (

1

(120Hz)(220Ω)(1000μF)
) 15.6V = 0.591 V 

The approximate dc value of the output voltage is determined as follows: 

𝑉𝐷𝐶 ≅ (1 −
1

2𝑓 𝑅𝐿𝐶
) 𝑉𝑃(𝑟𝑒𝑐𝑡) = (1 −

1

(240Hz)(220Ω)(1000μF)
)  15.6V = 15.3 V 

The resulting ripple factor is 

𝑟 =
𝑉𝑟(𝑃𝑃)

𝑉𝐷𝐶
=

0.591 V

15.3 V
= 0.039 

The percent ripple is 0.039× 100% =3.9%. 

Related Problem Determine the peak-to-peak ripple voltage if the filter capacitor in Figure 2–48 

is increased to 2200μF and the load resistance changes to 2.2k Ω. 

 

 

 

 

 

 

 

 



57 
 

Surge Current in the Capacitor-Input Filter Before the switch in Figure 2–49 is closed, the filter 

capacitor is uncharged. At the instant the switch is closed, voltage is connected to the bridge and 

the uncharged capacitor appears as a short, as shown. This produces an initial surge of current, 

𝐼𝑠𝑢𝑟𝑔𝑒 , through the two forward-biased diodes 𝐷1 and 𝐷2. The worst-case situation occurs when 

the switch is closed at a peak of the secondary voltage and a maximum surge current, 𝐼𝑠𝑢𝑟𝑔𝑒(𝑚𝑎𝑥), 

is produced, as illustrated in the figure. 

 

 

 

 

 

 

 

FIGURE 2–49: Surge current in a capacitor-input filter. 

In dc power supplies, a fuse is always placed in the primary circuit of the transformer, as shown 

in Figure 2–49. A slow-blow type fuse is generally used because of the surge current that initially 

occurs when power is first turned on. The fuse rating is determined by calculating the power in 

the power supply load, which is the output power. Since 𝑃𝑖𝑛 = 𝑃𝑜𝑢𝑡 in an ideal transformer, the 

primary current can be calculated as 

𝐼𝑝𝑟𝑖 =
𝑃𝑖𝑛

120V
 

The fuse rating should be at least 20% larger than the calculated value of 𝐼𝑝𝑟𝑖. 

Voltage Regulators 

While filters can reduce the ripple from power supplies to a low value, the most effective approach 

is a combination of a capacitor-input filter used with a voltage regulator. A voltage regulator is 

connected to the output of a filtered rectifier and maintains a constant output voltage (or current) 

despite changes in the input, the load current, or the temperature. The capacitor-input filter 

reduces the input ripple to the regulator to an acceptable level. The combination of a large 

capacitor and a voltage regulator helps produce an excellent power supply. 

Most regulators are integrated circuits and have three terminals: an input terminal, an output 

terminal, and a reference (or adjust) terminal. The input to the regulator is first filtered with a 
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capacitor to reduce the ripple to< 10%. The regulator reduces the ripple to a negligible amount. 

In addition, most regulators have an internal voltage reference, short circuit protection, and 

thermal shutdown circuitry. They are available in a variety of voltages, including positive and 

negative outputs, and can be designed for variable outputs with a minimum of external 

components. Typically, voltage regulators can furnish a constant output of one or more amps of 

current with high ripple rejection. 

Three-terminal regulators designed for fixed output voltages require only external capacitors to 

complete the regulation portion of the power supply, as shown in Figure 2–50. Filtering is 

accomplished by a large-value capacitor between the input voltage and ground. An output 

capacitor (typically 0.1𝜇F to 1.0 𝜇F) is connected from the output to ground to improve the 

transient response. 

 

 

 

 

 

FIGURE 2–50: A voltage regulator with input and output capacitors. 

A basic fixed power supply with a +5 V voltage regulator is shown in Figure 2–51.  

 

  

 

 

 

 

FIGURE 2–51: A basic +5.0 V regulated power supply. 

 

Percent Regulation 

The regulation expressed as a percentage is a figure of merit used to specify the performance of 

a voltage regulator. It can be in terms of input (line) regulation or load regulation.  
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Line Regulation The line regulation specifies how much change occurs in the output voltage for 

a given change in the input voltage. It is typically defined as a ratio of a change in output voltage 

for a corresponding change in the input voltage expressed as a percentage. 

𝐋𝐢𝐧𝐞 𝐫𝐞𝐠𝐮𝐥𝐚𝐭𝐢𝐨𝐧 = (
𝑉𝑂𝑈𝑇

𝑉𝐼𝑁
) 100%                Equation 2– 14 

Load Regulation The load regulation specifies how much change occurs in the output voltage 

over a certain range of load current values, usually from minimum current (no load, NL) to 

maximum current (full load, FL). It is normally expressed as a percentage and can be calculated 

with the following formula: 

𝐋𝐨𝐚𝐝 𝐫𝐞𝐠𝐮𝐥𝐚𝐭𝐢𝐨𝐧 = (
𝑉𝑁𝐿 − 𝑉𝐹𝐿

𝑉𝐹𝐿
) 100%      Equation 2– 15  

where 𝑉𝑁𝐿 is the output voltage with no load and 𝑉𝐹𝐿 is the output voltage with full (maximum) 

load. 

EXAMPLE 2–9: A certain 7805 regulator has a measured no-load output voltage of 5.18 V and 

a full load output of 5.15 V. What is the load regulation expressed as a percentage? 

Solution   

𝐋𝐨𝐚𝐝 𝐫𝐞𝐠𝐮𝐥𝐚𝐭𝐢𝐨𝐧 = (
𝑉𝑁𝐿 − 𝑉𝐹𝐿

𝑉𝐹𝐿
) 100% = (

5.18V − 5.15V

5.15V
) 100% = 0.58% 

Related Problem If the no-load output voltage of a regulator is 24.8 V and the full-load output is 

23.9 V, what is the load regulation expressed as a percentage? 

 

2.7 Diode Limiters and Clampers 

Diode circuits, called limiters or clippers, are sometimes used to clip off portions of signal 

voltages above or below certain levels. Another type of diode circuit, called a clamper, is used to 

add or restore a dc level to an electrical signal.  

Diode Limiters 

Figure 2–52(a) shows a diode positive limiter (also called clipper) that limits or clips the positive 

part of the input voltage. As the input voltage goes positive, the diode becomes forward biased 

and conducts current. Point A is limited to +0.7 V when the input voltage exceeds this value. 

When the input voltage goes back below 0.7 V, the diode is reverse-biased and appears as an 
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open. The output voltage looks like the negative part of the input voltage, but with a magnitude 

determined by the voltage divider formed by 𝑅1 and the load resistor, 𝑅𝐿, as follows: 

𝑉𝑜𝑢𝑡 = (
𝑅𝐿

𝑅1 + 𝑅𝐿
) 𝑉𝑖𝑛 

If 𝑅1 is small compared to 𝑅𝐿, then 𝑉𝑜𝑢𝑡 ≅ 𝑉𝑖𝑛. 

If the diode is turned around, as in Figure 2–52(b), the negative part of the input voltage is clipped 

off. When the diode is forward-biased during the negative part of the input voltage, point A is 

held at −0.7V by the diode drop. When the input voltage goes above −0.7V  the diode is no longer 

forward-biased; and a voltage appears across 𝑅𝐿 proportional to the input voltage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2–52: Examples of diode limiters (clippers). 
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EXAMPLE 2–10: What would you expect to see displayed on an oscilloscope connected across 

𝑅𝐿 in the limiter shown in Figure 2–53? 

 

 

FIGURE 2–53 

 

 

 

 

Solution The diode is forward-biased and conducts when the input voltage goes below −0.7V. 

So, for the negative limiter, determine the peak output voltage across 𝑅𝐿 by the following 

equation: 

𝑉𝑃(𝑜𝑢𝑡) = (
𝑅𝐿

𝑅1 + 𝑅𝐿
) 𝑉𝑃(𝑖𝑛) = (

100kΩ

10kΩ + 100kΩ
) 10V = 9.09 V 

The scope will display an output waveform as shown in Figure 2–54. 

 

 

FIGURE 2–54: Output voltage 

waveform for Figure 2–53. 

 

 

Related Problem Describe the output waveform for Figure 2–53 if 𝑅1 is changed to 1kΩ. 
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Biased Limiters The level to which an ac voltage is limited can be adjusted by adding a bias 

voltage, 𝑉BIAS, in series with the diode, as shown in Figure 2–55. The voltage at point A must 

equal 𝑉BIAS+ 0.7 V before the diode will become forward-biased and conduct. Once the diode 

begins to conduct, the voltage at point A is limited to 𝑉BIAS+ 0.7 V so that all input voltage above 

this level is clipped off. 

 

FIGURE 2–55: A positive limiter. 

 

 

To limit a voltage to a specified negative level, the diode and bias voltage must be connected as 

in Figure 2–56. In this case, the voltage at point A must go below −𝑉BIAS − 0.7 V to forward-bias 

the diode and initiate limiting action as shown. 

 

FIGURE 2–56: A negative limiter. 

 

 

 

By turning the diode around, the positive limiter can be modified to limit the output voltage to 

the portion of the input voltage waveform above 𝑉BIAS −0.7 V, as shown by the output waveform 

in Figure 2–57(a). Similarly, the negative limiter can be modified to limit the output voltage to 

the portion of the input voltage waveform below −𝑉BIAS +0.7 V, as shown by the output 

waveform in part (b). 

 

 

 

 

FIGURE 2–57 
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EXAMPLE 2–11: Figure 2–58 shows a circuit combining a positive limiter with a negative 

limiter. Determine the output voltage waveform. 

 

 

FIGURE 2–58 

 

 

 

Solution When the voltage at point A reaches +5.7 V, diode 𝐷1 conducts and limits the waveform 

to +5.7 V. Diode 𝐷2 does not conduct until the voltage reaches −5.7 V. Therefore, positive 

voltages above +5.7 V and negative voltages below −5.7 V are clipped off. The resulting output 

voltage waveform is shown in Figure 2–59. 

 

FIGURE 2–59: Output voltage  

waveform for Figure 2–58.  

 

 

 

Related Problem Determine the output voltage waveform in Figure 2–58 if both dc sources are 

10 V and the input voltage has a peak value of 20 V. 

 

Voltage-Divider Bias The bias voltage sources that have been used to illustrate the basic operation 

of diode limiters can be replaced by a resistive voltage divider that derives the desired bias voltage 

from the dc supply voltage, as shown in Figure 2–60. The bias voltage is set by the resistor values 

according to the voltage-divider formula. 

𝑉BIAS = (
𝑅3

𝑅2 + 𝑅3
) 𝑉SUPPLY 

A positively biased limiter is shown in Figure 2–60(a), a negatively biased limiter is shown in 

part (b), and a variable positive bias circuit using a potentiometer voltage divider is shown in part 

(c). The bias resistors must be small compared to 𝑅1so that the forward current through the diode 

will not affect the bias voltage. 
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FIGURE 2–60: Diode limiters implemented with voltage-divider bias. 

A Limiter Application Many circuits have certain restrictions on the input level to avoid 

damaging the circuit. For example, almost all digital circuits should not have an input level that 

exceeds the power supply voltage. An input of a few volts more than this could damage the circuit. 

To prevent the input from exceeding a specific level, we may see a diode limiter across the input 

signal path in many digital circuits. 

EXAMPLE 2–12: Describe the output voltage waveform for the diode limiter in Figure 2–61. 

 

 

FIGURE 2–61 

 

 

 

 

 

Solution The circuit is a positive limiter. Use the voltage-divider formula to determine the bias 

voltage. 

𝑉BIAS = (
𝑅3

𝑅2 + 𝑅3
) 𝑉SUPPLY = (

220Ω

100Ω + 220Ω
) 12V = 8.25 V 

The output voltage waveform is shown in Figure 2–62. The positive part of the output voltage 

waveform is limited to 𝑉BIAS + 0.7 V. 

                                                  FIGURE 2–62 
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Related Problem How would you change the voltage divider in Figure 2–61 to limit the output 

voltage to +6.7 V? 

 

Diode Clampers 

A clamper adds a dc level to an ac voltage. Clampers are sometimes known as dc restorers. 

Figure 2–63 shows a diode clamper that inserts a positive dc level in the output waveform. The 

operation of this circuit can be seen by considering the first negative half-cycle of the input 

voltage. When the input voltage initially goes negative, the diode is forward biased, allowing the 

capacitor to charge to near the peak of the input (𝑉𝑃(𝑖𝑛) − 0.7V), as shown in Figure 2–63(a). Just 

after the negative peak, the diode is reverse-biased. This is because the cathode is held near 

𝑉𝑃(𝑖𝑛) − 0.7V by the charge on the capacitor. The capacitor can only discharge through the high 

resistance of 𝑅𝐿. So, from the peak of one negative half-cycle to the next, the capacitor discharges 

very little. The amount that is discharged, of course, depends on the value of 𝑅𝐿. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2–63: Positive clamper operation. 
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If the capacitor discharges during the period of the input wave, clamping action is affected. If the 

RC time constant is 100 times the period, the clamping action is excellent. An RC time constant 

of ten times the period will have a small amount of distortion at the ground level due to the 

charging current. 

The net effect of the clamping action is that the capacitor retains a charge approximately equal to 

the peak value of the input less the diode drop. The capacitor voltage acts essentially as a battery 

in series with the input voltage. The dc voltage of the capacitor adds to the input voltage by 

superposition, as in Figure 2–63(b). 

If the diode is turned around, a negative dc voltage is added to the input voltage to produce the 

output voltage as shown in Figure 2–64. 

 

 

 

 

 

 

FIGURE 2–64: Negative clamper. 

EXAMPLE 2–13: What is the output voltage that you would expect to observe across 𝑅𝐿 in the 

clamping circuit of Figure 2–65? Assume that RC is large enough to prevent significant capacitor 

discharge. 

 

FIGURE 2–65 

 

 

 

 

Solution Ideally, a negative dc value equal to the input peak less the diode drop is inserted by the 

clamping circuit. 

𝑉𝐷𝐶 ≅ −(𝑉𝑃(𝑖𝑛) − 0.7V) = −(24V − 0.7V) = −23.3V 
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Actually, the capacitor will discharge slightly between peaks, and, as a result, the output voltage 

will have an average value of slightly less than that calculated above. The output waveform goes 

to approximately +0.7 V, as shown in Figure 2–66. 

 

 

 

FIGURE 2–66: Output waveform  

across 𝑅𝐿 for Figure 2–65. 

 

 

Related Problem What is the output voltage that you would observe across 𝑅𝐿 in Figure 2–65 for 

C= 22 𝜇F and 𝑅𝐿 = 18 kΩ? 

2.8 Voltage Multipliers 

Voltage multipliers use clamping action to increase peak rectified voltages without the necessity 

of increasing the transformer’s voltage rating. Multiplication factors of two, three, and four are 

common. Voltage multipliers are used in high-voltage, low-current applications such as cathode-

ray tubes (CRTs) and particle accelerators. 

Voltage Doubler 

Half-Wave Voltage Doubler A voltage doubler is a voltage multiplier with a multiplication 

factor of two. A half-wave voltage doubler is shown in Figure 2–67. During the positive half-

cycle of the secondary voltage, diode 𝐷1 is forward-biased and 𝐷2 is reverse-biased. Capacitor 

𝐶1 is charged to the peak of the secondary voltage (𝑉𝑃) less the diode drop with the polarity shown 

in part (a). During the negative half-cycle, diode 𝐷2 is forward-biased and 𝐷1 is reverse-biased, 

as shown in part (b). Since 𝐶1 can’t discharge, the peak voltage on 𝐶1 adds to the secondary 

voltage to charge 𝐶2 to approximately 2𝑉𝑃. Applying Kirchhoff’s law around the loop as shown 

in part (b), the voltage across 𝐶2 is 

𝑉𝐶1 − 𝑉𝐶2 + 𝑉𝑃 = 0 

𝑉𝐶2 = 𝑉𝑃 + 𝑉𝐶1 

Neglecting the diode drop of 𝐷2, 𝑉𝐶1 = 𝑉𝑃. Therefore, 

𝑉𝐶2 = 𝑉𝑃 + 𝑉𝑃 = 2𝑉𝑃 
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FIGURE 2–67: Half-wave voltage doubler operation. 𝑉𝑃 is the peak secondary voltage. 

Under a no-load condition, 𝐶2 remains charged to approximately 2𝑉𝑃. If a load resistance is 

connected across the output, 𝐶2 discharges slightly through the load on the next positive half-

cycle and is again recharged to 2𝑉𝑃 on the following negative half-cycle. The resulting output is 

a half-wave, capacitor-filtered voltage. The peak inverse voltage across each diode is 2𝑉𝑃. If the 

diode were reversed, the output voltage across 𝐶2 would have the opposite polarity. 

Full-Wave Voltage Doubler A full-wave doubler is shown in Figure 2–68. When the secondary 

voltage is positive, 𝐷1 is forward-biased and 𝐶1 charges to approximately 𝑉𝑃, as shown in part 

(a). During the negative half-cycle, 𝐷2 is forward-biased and 𝐶2 charges to approximately 𝑉𝑃, as 

shown in part (b). The output voltage, 2𝑉𝑃, is taken across the two capacitors in series. 

 

 

 

 

 

 

 

 

 

 

FIGURE 2–68: Full-wave voltage doubler operation. 
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Voltage Tripler 

The addition of another diode-capacitor section to the half-wave voltage doubler creates a voltage 

tripler, as shown in Figure 2–69. The operation is as follows: On the positive half-cycle of the 

secondary voltage, 𝐶1 charges to 𝑉𝑃 through 𝐷1. During the negative halfcycle, 𝐶2 charges to 2𝑉𝑃 

through 𝐷2, as described for the doubler. During the next positive half-cycle, 𝐶3 charges to 2𝑉𝑃 

through 𝐷3. The tripler output is taken across 𝐶1 and 𝐶3, as shown in the figure. 

 

 

 

 

 

 

 

 

FIGURE 2–69: Voltage tripler. 

Voltage Quadrupler 

The addition of still another diode-capacitor section, as shown in Figure 2–70, produces an output 

four times the peak secondary voltage. 𝐶4 charges to 2𝑉𝑃 through 𝐷4 on a negative half-cycle. 

The 4𝑉𝑃 output is taken across 𝐶2 and 𝐶4, as shown. In both the tripler and quadrupler circuits, 

the PIV of each diode is 2𝑉𝑃. 

  

 

 

 

 

 

 

 

 

FIGURE 2–70: Voltage quadrupler. 


