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VakorganisatieLiteratuur
An accessible approach to learning through clear writing and practical pedagogy has become 
the hallmark of Microelectronics: Circuit Analysis and Design by Donald Neamen. Now in 
its fourth edition, the text builds upon its strong pedagogy and tools for student assessment 
with key updates as well as revisions that allow for fl exible coverage of op-amps. 

Key Features of the Fourth Edition 

Flexible Presentation of Key Topics
Revisions have given the text a level of fl exibility such that ideal op-amps (Chapter 9) can be 
presented as the fi rst topic in electronics; either MOS or Bipolar transistors can be studied as the 
fi rst transistor type; and digital electronics can be covered before analog electronics. This fl exibility 
allows instructors to present topics in whatever order makes the most sense for their students.

New Problems and Text Updates
The fourth edition features a substantial number of new problems. This includes: over 45 percent 
new exercise and Test Your Understanding problems; over 45 percent new end-of-chapter problems; 
and over 70 percent new open-ended design problems and computer simulation problems. In addition, 
coverage of circuit voltage levels and device parameters was updated to more closely match real 
world electronics.

Goal-Oriented Pedagogy
A Preview section introduces each chapter and correlates with learning objectives that head each 
section. Worked examples reinforce the theoretical concepts being developed; all examples are 
followed by exercises to immediately test learning. Test Your Understanding problems are integrated 
at the end of each section to provide additional practice. Problem solving techniques guide students 
through analyzing and solving a problem. 

Focus on Design in the Real World
Students are taught good design by incorporating design exercises that help students get a feel for 
how the design process works in the real world. Each chapter includes a Design Application that 
leads students through the design and development of an electronic thermometer. The various 
characteristics and properties of circuits are explained as the student moves through the analysis. 
Design Pointers appear in examples and throughout the text to help students with tricky design 
issues, and Design Problems are featured in most problem sets.

Computer Tools
Because computer analysis and computer-aided design are signifi cant factors in professional 
electronic design, the text contains a large number of new computer simulation problems. 
These appear both throughout the chapter and at the end of each chapter.

Learning and Teaching Technologies
The website for Microeletronics features tools for students and teachers. Professors can benefi t 
from McGraw-Hill’s COSMOS electronic solutions manual. COSMOS enables instructors to generate 
a limitless supply of problem material for assignment, as well as transfer and integrate their own 
problems into the software. In addition, the website boasts PowerPoint slides, an image library, 
the complete Instructor’s Solution Manual (password protected), data sheets, laboratory manual, 
and links to other important websites. You can fi nd the site at www.mhhe.com/neamen
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VakorganisatiePlek van analoge techniek
signalen buitenwereld
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VakorganisatieInhoud
1. Vakorganisatie
2. Werking
3. Grootsignaalmodel
4. MOSFET als schakelaar
5. MOSFET als versterker
6. Biasing
7. Kleinsignaalmodel
8. Biasspanningen
9. Versterkeranalyse
10. Versterkerschakelingen
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Werkingcondensator

Laten we een condensator maken:
• Twee geleidende platen
• Isolator ertussen
• Materialen?

Hogeschool Rotterdam – Elektrotechniek ANE10 – Week 1-3 – v1.0 8 / 50



Werkingcondensator

Wat zou er gebeuren als . . .
• Een spanning wordt aangesloten
• Deze spanning wordt verhoogd
• De isolatielaag kleiner wordt gemaakt?

−
+
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Werkingcondensator

Laten we nog een voeding aansluiten.
• Wat gebeurt er?
• Wat als de spanning over de condensatorverandert?
• Wat als de spanning over de halfgeleiderverandert?

−
+

−+
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Werkingcondensator

• Waar komen de elektronen vandaan?
• Hoe beschrijven we het gedrag?

−
+

−+
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WerkingPraktijk

Een halfgeleiderwafer
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WerkingStructuur

Chapter 3 The Field-Effect Transistor 129
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Figure 3.5 (a) Schematic diagram of an n-channel enhancement-mode MOSFET and (b) an
n-channel MOSFET, showing the field oxide and polysilicon gate

The channel length L and channel width W are defined on the figure. The chan-
nel length of a typical integrated circuit MOSFET is less than 1 μm (10−6 m), which
means that MOSFETs are small devices. The oxide thickness tox is typically on the
order of 400 angstroms, or less.

The diagram in Figure 3.5(a) is a simplified sketch of the basic structure of the
transistor. Figure 3.5(b) shows a more detailed cross section of a MOSFET fabricated
into an integrated circuit configuration. A thick oxide, called the field oxide, is
deposited outside the area in which the metal interconnect lines are formed. The gate
material is usually heavily doped polysilicon. Even though the actual structure of a
MOSFET may be fairly complex, the simplified diagram may be used to develop the
basic transistor characteristics.

Basic Transistor Operation
With zero bias applied to the gate, the source and drain terminals are separated by the
p-region, as shown in Figure 3.6(a). This is equivalent to two back-to-back diodes, as
shown in Figure 3.6(b). The current in this case is essentially zero. If a large enough
positive gate voltage is applied, an electron inversion layer is created at the
oxide–semiconductor interface and this layer “connects” the n-source to the n-drain,
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Figure 3.6 (a) Cross section of the n-channel MOSFET prior to the formation of an electron
inversion layer, (b) equivalent back-to-back diodes between source and drain when the
transistor is in cutoff, and (c) cross section after the formation of an electron inversion layer
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WerkingStructuur
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The channel length L and channel width W are defined on the figure. The chan-
nel length of a typical integrated circuit MOSFET is less than 1 μm (10−6 m), which
means that MOSFETs are small devices. The oxide thickness tox is typically on the
order of 400 angstroms, or less.

The diagram in Figure 3.5(a) is a simplified sketch of the basic structure of the
transistor. Figure 3.5(b) shows a more detailed cross section of a MOSFET fabricated
into an integrated circuit configuration. A thick oxide, called the field oxide, is
deposited outside the area in which the metal interconnect lines are formed. The gate
material is usually heavily doped polysilicon. Even though the actual structure of a
MOSFET may be fairly complex, the simplified diagram may be used to develop the
basic transistor characteristics.

Basic Transistor Operation
With zero bias applied to the gate, the source and drain terminals are separated by the
p-region, as shown in Figure 3.6(a). This is equivalent to two back-to-back diodes, as
shown in Figure 3.6(b). The current in this case is essentially zero. If a large enough
positive gate voltage is applied, an electron inversion layer is created at the
oxide–semiconductor interface and this layer “connects” the n-source to the n-drain,
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Figure 3.12 The n-channel enhancement-mode MOSFET: (a) conventional circuit symbol,
(b) circuit symbol that will be used in this text, and (c) a simplified circuit symbol used in
more advanced texts

EXERCISE PROBLEM

Ex 3.2: A PMOS device with VT P = −1.2 V has a drain current iD = 0.5 mA
when vSG = 3 V and vSD = 5 V. Calculate the drain current when (a) vSG = 2 V,
vSD = 3 V; and (b) vSG = 5 V, vSD = 2 V. (Ans. (a) 0.0986 mA, (b) 1.72 mA)

Circuit Symbols and Conventions

The conventional circuit symbol for the n-channel enhancement-mode MOSFET is
shown in Figure 3.12(a). The vertical solid line denotes the gate electrode, the verti-
cal broken line denotes the channel (the broken line indicates the device is enhance-
ment mode), and the separation between the gate line and channel line denotes the
oxide that insulates the gate from the channel. The polarity of the pn junction
between the substrate and the channel is indicated by the arrowhead on the body or
substrate terminal. The direction of the arrowhead indicates the type of transistor,
which in this case is an n-channel device. This symbol shows the four-terminal struc-
ture of the MOSFET device.

In most applications in this text, we will implicitly assume that the source and
substrate terminals are connected together. Explicitly drawing the substrate terminal
for each transistor in a circuit becomes redundant and makes the circuits appear more
complex. Instead, we will use the circuit symbol for the n-channel MOSFET shown
in Figure 3.12(b). In this symbol, the arrowhead is on the source terminal and it
indicates the direction of current, which for the n-channel device is out of the source.
By including the arrowhead in the symbol, we do not need to explicitly indicate the
source and drain terminals. We will use this circuit symbol throughout the text except
in specific applications.

In more advanced texts and journal articles, the circuit symbol of the n-channel
MOSFET shown in Figure 3.12(c) is generally used. The gate terminal is obvious
and it is implicitly understood that the “top” terminal is the drain and the “bottom”
terminal is the source. The top terminal, in this case the drain, is usually at a more
positive voltage than the bottom terminal. In this introductory text, we will use the
symbol shown in Figure 3.12(b) for clarity.

3.1.6
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WerkingStroom
De stroom tussen de drain en source kan als volgt worden beschreven:

iD = Kn[2(vGS − VTN ) · vDS − v2
DS )]

• VTN : De thresholdspanning van een n-kanaal MOSFET om een kanaal tevoorkomen
• vGS : Spanning tussen de gate en de source
• vDS : Spanning tussen de drain en de source
• Kn: De transconductantieparameter

Bij welke waarde van vDS stroomt de grootste stroom? Gaat de stroom daarnaomlaag?
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WerkingStroom

De stroom tussen de drain en source kan als volgt worden beschreven:
iD = Kn[2(vGS − VTN ) · vDS − v2

DS )]
Gaat de stroom daarna omlaag? Nee!
Wanneer VDS ≥ vGS − VTN dan heeft vDS geen invloed meer:

iD = Kn(vGS − VTN )2
Dit komt door het pinch off effect
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WerkingWerkgebieden
Start Kn = 1
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Chapter 3 The Field-Effect Transistor 133
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Figure 3.10 Family of iD versus vDS curves for an n-channel enhancement-mode MOSFET.
Note that the vDS(sat) voltage is a single point on each of the curves. This point denotes the
transition between the nonsaturation region and the saturation region

In the saturation region, the ideal current–voltage characteristics for vGS > VT N are
described by the equation

iD = Kn(vGS − VT N )2 (3.2(b))

In the saturation region, since the ideal drain current is independent of the drain-to-
source voltage, the incremental or small-signal resistance is infinite. We see that

r0 = �vDS/�iD|vGS=const. = ∞
The parameter Kn is sometimes called the transconduction parameter for the

n-channel device. However, this term is not to be confused with the small-signal
transconductance parameter introduced in the next chapter. For simplicity, we will
refer to this parameter as the conduction parameter, which for an n-channel device
is given by

Kn = WμnCox

2L
(3.3(a))

where Cox is the oxide capacitance per unit area. The capacitance is given by

Cox = εox/tox

where tox is the oxide thickness and εox is the oxide permittivity. For silicon devices,
εox = (3.9)(8.85 × 10−14) F/cm. The parameter μn is the mobility of the electrons
in the inversion layer. The channel width W and channel length L were shown in
Figure 3.5(a).

As Equation (3.3(a)) indicates, the conduction parameter is a function of both
electrical and geometric parameters. The oxide capacitance and carrier mobility are
essentially constants for a given fabrication technology. However, the geometry, or
width-to-length ratio W/L, is a variable in the design of MOSFETs that is used to
produce specific current–voltage characteristics in MOSFET circuits.

We can rewrite the conduction parameter in the form

Kn = k ′
n

2
· W

L
(3.3(b))
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WerkingWerkgebieden
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144 Part 1 Semiconductor Devices and Basic Applications

substrate is common to the two transistors, and the drain of M1 is common to
the source of M2. When the two transistors are conducting, there is a nonzero drain-
to-source voltage on M1, which means that the source of M2 is not at the same
potential as the substrate. These bias conditions mean that a zero or reverse-bias
voltage exists across the source–substrate pn junction, and a change in the source–
substrate junction voltage changes the threshold voltage. This is called the body

effect. The same situation exists in p-channel devices.
For example, consider the n-channel device shown in Figure 3.22. To maintain a

zero- or reverse-biased source–substrate pn junction, we must have vSB ≥ 0. The
threshold voltage for this condition is given by

VT N = VT N O + γ
[√

2φ f + vSB − √
2φ f

]
(3.10)

where VT N O is the threshold voltage for vSB = 0; γ , called the bulk threshold or
body-effect parameter, is related to device properties, and is typically on the order
of 0.5 V1/2; and φ f is a semiconductor parameter, typically on the order of 0.35 V,
and is a function of the semiconductor doping. We see from Equation (3.10) that the
threshold voltage in n-channel devices increases due to this body effect.

The body effect can cause a degradation in circuit performance because of the
changing threshold voltage. However, we will generally neglect the body effect in
our circuit analyses, for simplicity.

Subthreshold Conduction
If we consider the ideal current-voltage relationship for the n-channel MOSFET
biased in the saturation region, we have, from Equation (3.2(b)),

iD = Kn(vGS − VT N )2

Taking the square root of both sides of the equation, we obtain√
iD =

√
Kn(vGS − VT N ) (3.11)

From Equation (3.11), we see that 
√

id is a linear function of vGS . Figure 3.23 shows
a plot of this ideal relationship.

Also plotted in Figure 3.23 are experimental results, which show that when vGS

is slightly less than VT N , the drain current is not zero, as previously assumed. This
current is called the subthreshold current. The effect may not be significant for a
single device, but if thousands or millions of devices on an integrated circuit are
biased just slightly below the threshold voltage, the power supply current will not
be zero but may contribute to significant power dissipation in the integrated circuit.
One example of this is a dynamic random access memory (DRAM), as we will see in
Chapter 16.

In this text, for simplicity we will not specifically consider the subthreshold
current. However, when a MOSFET in a circuit is to be turned off, the “proper”
design of the circuit must involve biasing the device at least a few tenths of a volt
below the threshold voltage to achieve “true” cutoff.

Breakdown Effects
Several possible breakdown effects may occur in a MOSFET. The drain-to-substrate
pn junction may break down if the applied drain voltage is too high and avalanche
multiplication occurs. This breakdown is the same reverse-biased pn junction break-
down discussed in Chapter 1 in Section 1.2.5.
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Figure 3.22 An n-channel
enhancement-mode
MOSFET with a substrate
voltage

iD

VTN vGS

Experimental
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Figure 3.23 Plot of 
√

iD

versus vGS for a MOSFET
biased in the saturation
region showing subthreshold
conduction. Experimentally, a
subthreshold current exists
even for vGS < VT N .
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GrootsignaalmodelModel in saturatie

• iD is in saturatieonafhankelijk van vDS !
• Model is dan een stroombrontussen drain en source
• Dit heet hetgrootsignaalmodel

gate +

−

VGS

source

Kn(vGS − VTH )2
drain

gate
source

drain
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GrootsignaalmodelOefening

Gegeven is Kn = 2mA/V2, VTN = 0,5V en
VDD = 1,8V.
Maak een stroombron van 1mAWat moet VGS zijn?

−
+ VGS

1mA

RD

−

+
vbelasting

−
+ VDD

Hogeschool Rotterdam – Elektrotechniek ANE10 – Week 1-3 – v1.0 14 / 50



GrootsignaalmodelVoorbeeld

Een MOSFET heeft een thresholdspanningvan 1,2V en een toegepaste vGS = 2V.
Bepaal het type werkingsgebied wanneer:

1 VDS = 0,4V
2 VDS = 1V
3 VDS = 5V

Met vGS < VTN dan
iD = 0

Met vGS ≥ VTN en vDS < vGS − VTN dan

ID = Kn

2(vGS − vTN︸ ︷︷ ︸
vDS (sat)

) · vDS − v2
DS


Met vGS ≥ VTN en vDS ≥ vGS − VTN dan

ID = Kn(vGS − vTN︸ ︷︷ ︸
vDS (sat)

)2
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GrootsignaalmodelVoorbeeld
Een MOSFET heeft een thresholdspanningvan 1,2V en een toegepaste vGS = 2V.
Bepaal het type werkingsgebied wanneer:

1 VDS = 0,4V
2 VDS = 1V
3 VDS = 5VAntwoorden:
1 Nonsaturatie
2 Saturatie
3 Saturatie

Met vGS < VTN dan
iD = 0

Met vGS ≥ VTN en vDS < vGS − VTN dan

ID = Kn

2(vGS − vTN︸ ︷︷ ︸
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) · vDS − v2
DS


Met vGS ≥ VTN en vDS ≥ vGS − VTN dan

ID = Kn(vGS − vTN︸ ︷︷ ︸
vDS (sat)
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GrootsignaalmodelVoorbeeld

Gegeven is Kn = 1,08mA/V2, VTN = 1,2V en
vGS = 2V.
Bereken de drainstroom voor de condities

1 VDS = 0,4V
2 VDS = 1V
3 VDS = 5V

Met vGS < VTN dan
iD = 0

Met vGS ≥ VTN en vDS < vGS − VTN dan

ID = Kn

2(vGS − vTN︸ ︷︷ ︸
vDS (sat)

) · vDS − v2
DS


Met vGS ≥ VTN en vDS ≥ vGS − VTN dan

ID = Kn(vGS − vTN︸ ︷︷ ︸
vDS (sat)

)2
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GrootsignaalmodelVoorbeeld
Gegeven is Kn = 1,08mA/V2, VTN = 1,2V en
vGS = 2V.
Bereken de drainstroom voor de condities

1 VDS = 0,4V
2 VDS = 1V
3 VDS = 5VAntwoorden:
1 ID = 0,518mA
2 ID = 0,691mA
3 ID = 0,691mA

Met vGS < VTN dan
iD = 0

Met vGS ≥ VTN en vDS < vGS − VTN dan

ID = Kn

2(vGS − vTN︸ ︷︷ ︸
vDS (sat)

) · vDS − v2
DS


Met vGS ≥ VTN en vDS ≥ vGS − VTN dan

ID = Kn(vGS − vTN︸ ︷︷ ︸
vDS (sat)

)2
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GrootsignaalmodelOverzicht

Chapter 3 The Field-Effect Transistor 141

In order to fabricate n-channel and p-channel devices that are electrically equiv-
alent, the magnitude of the threshold voltages must be equal, and the n-channel and
p-channel conduction parameters must be equal. Since, in general, μn , and μp are not
equal, the design of equivalent transistors involves adjusting the width-to-length
ratios of the transistors.

Summary of Transistor Operation

We have presented a first-order model of the operation of the MOS transistor. For an
n-channel enhancement-mode MOSFET, a positive gate-to-source voltage, greater
than the threshold voltage VT N , must be applied to induce an electron inversion layer.
For vGS > VT N , the device is turned on. For an n-channel depletion-mode device, a
channel between the source and drain exists even for vGS = 0. The threshold voltage
is negative, so that a negative value of vGS is required to turn the device off.

For a p-channel device, all voltage polarities and current directions are reversed
compared to the NMOS device. For the p-channel enhancement-mode transistor,
VT P < 0 and for the depletion-mode PMOS transistor, VT P > 0.

Table 3.1 lists the first-order equations that describe the i–v relationships in
MOS devices. We note that Kn and Kp are positive values and that the drain current
iD is positive into the drain for the NMOS device and positive out of the drain for the
PMOS device.

3.1.8

Table 3.1 Summary of the MOSFET current–voltage relationships

NMOS PMOS

Nonsaturation region (vDS < vDS (sat)) Nonsaturation region (vSD < vSD (sat))
iD = Kn[2(vGS − VT N )vDS − v2

DS] iD = Kp[2(vSG + VT P)vSD − v2
SD]

Saturation region (vDS > vDS (sat)) Saturation region (vSD > vSD (sat))
iD = Kn(vGS − VT N )2 iD = Kp(vSG + VT P)2

Transition point Transition point
vDS(sat) = vGS − VT N vSD(sat) = vSG + VT P

Enhancement mode Enhancement mode
VT N > 0 VT P < 0
Depletion mode Depletion mode
VT N < 0 VT P > 0

Short-Channel Effects

The current–voltage relations given by Equations (3.2(a)) and (3.2(b)) for the n-channel
device and Equations (3.4(a)) and (3.4(b)) for the p-channel device are the ideal
relations for long-channel devices. A long-channel device is generally one whose
channel length is greater than 2 μm. In this device, the horizontal electric field in the
channel induced by the drain voltage and the vertical electric field induced by the
gate voltage can be treated independently. However, the channel length of present-
day devices is on the order of 0.2 μm or less.

There are several effects in these short-channel devices that influence and
change the long-channel current–voltage characteristics. One such effect is a variation

3.1.9
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MOSFET als schakelaarNMOS als schakelaar
De MOSFET kan worden gebruikt als schakelaarmet de volgende voordelen over een mechanischeschakelaar:
• snelheid
• betrouwbaarheid

Afbeelding 3.45 toont een NMOSinverterschakeling.
Wanneer vI < VTN dan is de FET in cut-off met
vo = VDD en geen vermogensverbruik.Wanneer vI > VTN dan is de FET aan.

VDD

iD RD

vO

vI

+

–

vDS
+

–
vGS

Figure 3.45 NMOS inverter
circuit

Chapter 3 The Field-Effect Transistor 165

Test Your Understanding

TYU 3.7 The transistor in the circuit shown in Figure 3.25(a) has parameters
VT N = 0.25 V and Kn = 30 μA/V2. The circuit is biased at VDD = 2.2 V. Let
R1 + R2 = 500 k�. Redesign the circuit such that IDQ = 70 μA and VDSQ = 1.2 V.
(Ans. R1 = 96 k�, R2 = 404 k�, RD = 14.3 k�)

TYU 3.8 Consider the circuit in Figure 3.43. The transistor parameters are
VT N = 0.4 V and k ′

n = 100 μA/V2. Design the transistor width-to-length ratio such
that VDS = 1.6 V. (Ans. 2.36)

TYU 3.9 For the circuit shown in Figure 3.36, use the transistor parameters given in
Example 3.9. (a) Determine VI and VO at the transition point for the driver transistor.
(b) Calculate the transistor currents at the transition point. (Ans. (a) VI t = 2.236 V,
VOt = 1.236 V; (b) ID = 76.4 μA)

TYU 3.10 Consider the circuit shown in Figure 3.44. The transistor parameters are
VT N = −1.2 V and k ′

n = 80 μA/V2. (a) Design the transistor width-to-length ratio
such that VDS = 1.8 V. Is the transistor biased in the saturation or nonsaturation re-
gion? (b) Repeat part (a) for VDS = 0.8 V. (Ans. (a) 3.26, (b) 6.10)

TYU 3.11 For the circuit shown in Figure 3.39, use the transistor parameters given in
Example 3.10. (a) Determine VI and VO at the transition point for the load transistor.
(b) Determine VI and VO at the transition point for the driver transistor. (Ans. (a)
VI t = 1.89 V, VOt = 3 V; (b) VI t = 1.89 V, VOt = 0.89 V)

3.3 BASIC MOSFET APPLICATIONS: SWITCH,
DIGITAL LOGIC GATE, AND AMPLIFIER

Objective: • Examine three applications of MOSFET circuits: a switch
circuit, digital logic circuit, and an amplifier circuit.

MOSFETs may be used to: switch currents, voltages, and power; perform digital logic
functions; and amplify small time-varying signals. In this section, we will examine the
switching properties of an NMOS transistor, analyze a simple NMOS transistor digi-
tal logic circuit, and discuss how the MOSFET can be used to amplify small signals.

NMOS Inverter

The MOSFET can be used as a switch in a wide variety of electronic applications.
The transistor switch provides an advantage over mechanical switches in both speed
and reliability. The transistor switch considered in this section is also called an in-
verter. Two other switch configurations, the NMOS transmission gate and the CMOS
transmission gate, are discussed in Chapter 16.

Figure 3.45 shows the n-channel enhancement-mode MOSFET inverter circuit.
If vI < VT N , the transistor is in cutoff and iD = 0. There is no voltage drop across
RD, and the output voltage is vO = VDD . Also, since iD = 0, no power is dissipated
in the transistor.

If vI > VT N , the transistor is on and initially is biased in the saturation region,
since vDS > vGS − VT N . As the input voltage increases, the drain-to-source voltage

3.3.1

Figure 3.43 Circuit for
Exercise TYU 3.8

VDD = 3.3 V

RS = 10 kΩ

VDS

+

–

Figure 3.44 Circuit for
Exercise TYU 3.10

+

–

VDS

VDD = 3.3 V

RS = 8 kΩ
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MOSFET als schakelaarNMOS als schakelaar
Naarmate de ingangsspanning toeneemt, neemt
vDS af en gaat de transistor van saturatie naarnonsaturatie.
Met vI = VDD wordt de transistor ingesteld innonsaturatie, bereikt vO een minimumwaarde en
iD een maximale waarde.
De uitgangsspanning wordt gegeven door
vO = VDD − iDRD en de stroom door
iD = Kn(2(vI − VTN )vO − v2

O ).

VDD

iD RD

vO

vI

+

–

vDS
+

–
vGS

Figure 3.45 NMOS inverter
circuit
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The transistor switch provides an advantage over mechanical switches in both speed
and reliability. The transistor switch considered in this section is also called an in-
verter. Two other switch configurations, the NMOS transmission gate and the CMOS
transmission gate, are discussed in Chapter 16.
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If vI < VT N , the transistor is in cutoff and iD = 0. There is no voltage drop across
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MOSFET als schakelaarLogische poort

M1 enM2 staan parallel.
1 Beide mosfets in cut-off:

VO ≈ VDD
2 M1 in nonsaturatie,M2 in cutt=off:

VO = VDD − iD1RD ≈ 0V
3 M1 in cut-off,M2 in nonsaturatie:

VO = VDD − iD2RD ≈ 0V
4 Beide mosfets in nonsaturatie:

VO = VDD − (iD1 + iD2)RD ≈ 0V

Chapter 3 The Field-Effect Transistor 167

Digital Logic Gate

For the transistor inverter circuit in Figure 3.45, when the input is low and approxi-
mately zero volts, the transistor is cut off, and the output is high and equal to VDD .
When the input is high and equal to VDD , the transistor is biased in the nonsaturation
region and the output reaches a low value. Since the input voltages will be either high
or low, we can analyze the circuit in terms of dc parameters.

Now consider the case when a second transistor is connected in parallel, as shown in
Figure 3.46. If the two inputs are zero, both M1 and M2 are cut off, and VO = 5 V. When
V1 = 5 V and V2 = 0, the transistor M1 turns on and M2 is still cut off. Transistor M1 is
biased in the nonsaturation region, and VO reaches a low value. If we reverse the input
voltages such that V1 = 0 and V2 = 5 V, then M1 is cut off and M2 is biased in the non-
saturation region. Again, VO is at a low value. If both inputs are high, at V1 = V2 = 5 V,
then both transistors are biased in the nonsaturation region and VO is low.

3.3.2

VDD = 5 V

VO

V2V1

RD

M1 M2

ID1

IR

ID2

Figure 3.46 A two-input NMOS NOR logic gate

Table 3.2 NMOS NOR logic
circuit response

V1(V) V2(V) VO(V)

0 0 High
5 0 Low
0 5 Low
5 5 Low

Table 3.2 shows these various conditions for the circuit in Figure 3.46. In a pos-
itive logic system, these results indicate that this circuit performs the NOR logic
function, and, it is therefore called a two-input NOR logic circuit. In actual NMOS
logic circuits, the resistor RD is replaced by another NMOS transistor.

EXAMPLE 3.13

Objective: Determine the currents and voltages in a digital logic gate, for various
input conditions.

Consider the circuit shown in Figure 3.46 with circuit and transistor parameters
RD = 20 k�, Kn = 0.1 mA/V2, VT N = 0.8 V, and λ = 0.
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MOSFET als schakelaarLogische poort

M1 enM2 staan parallel.Neem RD = 20 kΩ, Kn = 0,1mA/V2, VTN = 0,8V en VDD = 5V.
Bepaal de stromen en spanningen in een digitale logischepoort voor verschillende ingangsspanningen van 0V en 5V.

Chapter 3 The Field-Effect Transistor 167
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MOSFET als versterkerVersterker
Laten we een versterker bouwen. . .
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MOSFET als versterkerVersterker
Laten we een versterker bouwen. . .
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MOSFET als versterkerCurves Chapter 3 The Field-Effect Transistor 133

vDS

vGS1 > VTN > 0

vGS2 > vGS1

vGS3 > vGS2

vGS4 > vGS3

vGS5 > vGS4

vDS (sat) = vGS – VTN

Saturation region

vDS > vDS (sat)

Nonsaturation

region,

vDS < vDS (sat)

iD

Figure 3.10 Family of iD versus vDS curves for an n-channel enhancement-mode MOSFET.
Note that the vDS(sat) voltage is a single point on each of the curves. This point denotes the
transition between the nonsaturation region and the saturation region

In the saturation region, the ideal current–voltage characteristics for vGS > VT N are
described by the equation

iD = Kn(vGS − VT N )2 (3.2(b))

In the saturation region, since the ideal drain current is independent of the drain-to-
source voltage, the incremental or small-signal resistance is infinite. We see that

r0 = �vDS/�iD|vGS=const. = ∞
The parameter Kn is sometimes called the transconduction parameter for the

n-channel device. However, this term is not to be confused with the small-signal
transconductance parameter introduced in the next chapter. For simplicity, we will
refer to this parameter as the conduction parameter, which for an n-channel device
is given by

Kn = WμnCox

2L
(3.3(a))

where Cox is the oxide capacitance per unit area. The capacitance is given by

Cox = εox/tox

where tox is the oxide thickness and εox is the oxide permittivity. For silicon devices,
εox = (3.9)(8.85 × 10−14) F/cm. The parameter μn is the mobility of the electrons
in the inversion layer. The channel width W and channel length L were shown in
Figure 3.5(a).

As Equation (3.3(a)) indicates, the conduction parameter is a function of both
electrical and geometric parameters. The oxide capacitance and carrier mobility are
essentially constants for a given fabrication technology. However, the geometry, or
width-to-length ratio W/L, is a variable in the design of MOSFETs that is used to
produce specific current–voltage characteristics in MOSFET circuits.

We can rewrite the conduction parameter in the form

Kn = k ′
n

2
· W

L
(3.3(b))
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MOSFET als versterkerVersterker

Laten we een versterker bouwen....
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MOSFET als versterkerVersterker bouwen

1 kΩ
Rbron

vbron
+
−

5mV
+
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vGS Kn(vGS − VTH )2 RD

−

+
vUIT

Met vGSpiek = 5mV, Welke RD is nodig om een vUIT van 50mV te krijgen? Neem
Kn = 1mA/V2 en VTH = 0,4V.

Hogeschool Rotterdam – Elektrotechniek ANE10 – Week 1-3 – v1.0 22 / 50



MOSFET als versterkerVersterker bouwen

1 kΩ
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Welke RD is nodig om een vUIT van 50mV te krijgen? Neem Kn = 1mA/V2 en
VTH = 0,4V.
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MOSFET als versterkerVersterker bouwen

Welke instelling van VGS zou het beste zijn voor deversterker?
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MOSFET als versterkerVersterker bouwen
Is de mosfet in saturatie met VTN = 0,4V?
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MOSFET als versterkerVersterker bouwen
Is de mosfet in saturatie met VTN = 0,4V?

Poging 1:
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MOSFET als versterkerVersterker bouwen
Is de mosfet in saturatie met VTN = 0,4V?

Poging 2:
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BiasingInstellen MOSFET

1 Kies een IDQ . Dit bepaalt het vermogensverbruik en gm

2 Bereken benodigde vGSQ voor de gekozen iDQ . vGSQ is te genereren met eenspanningsdeler.
3 Kies een drain weerstand om de loadline op de ideale plek te zetten.
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BiasingLoad lines MOSFET Chapter 3 The Field-Effect Transistor 169

We can establish a particular Q-point on the load line by designing the ratio of
the bias resistors R1 and R2. If we assume that vi = Vi sin ωt , the gate-to-source volt-
age will have a sinusoidal signal superimposed on the dc quiescent value. As
the gate-to-source voltage changes over time, the Q-point will move up and down the
line, as indicated in the figure.

Moving up and down the load line translates into a sinusoidal variation in the
drain current and in the drain-to-source voltage. The variation in output voltage can
be larger than the input signal voltage, which means the input signal is amplified. The
actual signal gain depends on both the transistor parameters and the circuit element
values.

In the next chapter, we will develop an equivalent circuit for the transistor used
to determine the time-varying small-signal gain and other characteristics of the
circuit.

Test Your Understanding

TYU 3.12 The circuit shown in Figure 3.45 is biased at VDD = 10 V, and the transistor
parameters are VT N = 0.7 V and Kn = 4 mA/V2. Design the value of RD such that the
output voltage will be vO = 0.20 V when vI = 10 V. (Ans. 0.666 k�)

TYU 3.13 The transistor in the circuit shown in Figure 3.48 has parameters Kn =
4 mA/V2 and VT N = 0.8 V, and is used to switch the LED on and off. The LED
cutin voltage is Vγ = 1.5 V. The LED is turned on by applying an input voltage
of vI = 5 V. (a) Determine the value of R such that the diode current is 12 mA.
(b) From the results of part (a), what is the value of vDS ? (Ans. (a) R = 261 �,
(b) vDS = 0.374 V)

TYU 3.14 In the circuit in Figure 3.46, let RD = 25 k� and VT N = 1 V. (a) Deter-
mine the value of the conduction parameter Kn required such that VO = 0.10 V when
V1 = 0 and V2 = 5 V. (b) Using the results of part (a), find the value of VO when
V1 = V2 = 5 V. (Ans. (a) Kn = 0.248 mA/V2, (b) VO = 0.0502 V)
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Figure 3.47 (a) An NMOS common-source circuit with a time-varying signal coupled to the
gate and (b) transistor characteristics, load line, and superimposed sinusoidal signals
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R

vI

LED

Figure 3.48
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De werkgebieden van een de schakeling van figuur 3.47 zijn te bepalen door de loadline te tekenen.
VDS = VDD − iDRD
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BiasingLoad lines MOSFET
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We can establish a particular Q-point on the load line by designing the ratio of
the bias resistors R1 and R2. If we assume that vi = Vi sin ωt , the gate-to-source volt-
age will have a sinusoidal signal superimposed on the dc quiescent value. As
the gate-to-source voltage changes over time, the Q-point will move up and down the
line, as indicated in the figure.

Moving up and down the load line translates into a sinusoidal variation in the
drain current and in the drain-to-source voltage. The variation in output voltage can
be larger than the input signal voltage, which means the input signal is amplified. The
actual signal gain depends on both the transistor parameters and the circuit element
values.

In the next chapter, we will develop an equivalent circuit for the transistor used
to determine the time-varying small-signal gain and other characteristics of the
circuit.

Test Your Understanding

TYU 3.12 The circuit shown in Figure 3.45 is biased at VDD = 10 V, and the transistor
parameters are VT N = 0.7 V and Kn = 4 mA/V2. Design the value of RD such that the
output voltage will be vO = 0.20 V when vI = 10 V. (Ans. 0.666 k�)

TYU 3.13 The transistor in the circuit shown in Figure 3.48 has parameters Kn =
4 mA/V2 and VT N = 0.8 V, and is used to switch the LED on and off. The LED
cutin voltage is Vγ = 1.5 V. The LED is turned on by applying an input voltage
of vI = 5 V. (a) Determine the value of R such that the diode current is 12 mA.
(b) From the results of part (a), what is the value of vDS ? (Ans. (a) R = 261 �,
(b) vDS = 0.374 V)

TYU 3.14 In the circuit in Figure 3.46, let RD = 25 k� and VT N = 1 V. (a) Deter-
mine the value of the conduction parameter Kn required such that VO = 0.10 V when
V1 = 0 and V2 = 5 V. (b) Using the results of part (a), find the value of VO when
V1 = V2 = 5 V. (Ans. (a) Kn = 0.248 mA/V2, (b) VO = 0.0502 V)
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Figure 3.47 (a) An NMOS common-source circuit with a time-varying signal coupled to the
gate and (b) transistor characteristics, load line, and superimposed sinusoidal signals
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Als vGS verandert in de loop van de tijd, zal het Q-punt op en neer bewegen langs delijn, zoals in de afbeelding is te zien.
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BiasingDC analyse
Chapter 3 The Field-Effect Transistor 147

enhancement-mode MOSFET. The source terminal is at ground potential and is
common to both the input and output portions of the circuit. The coupling capacitor
CC acts as an open circuit to dc but it allows the signal voltage to be coupled to the
gate of the MOSFET.

The dc equivalent circuit is shown in Figure 3.25(a). In the following dc ana-
lyses, we again use the notation for dc currents and voltages. Since the gate current
into the transistor is zero, the voltage at the gate is given by a voltage divider, which
can be written as

VG = VGS =
(

R2

R1 + R2

)
VDD (3.12)

Assuming that the gate-to-source voltage given by Equation (3.12) is greater
than VT N , and that the transistor is biased in the saturation region, the drain current is

ID = Kn(VGS − VT N )2 (3.13)

The drain-to-source voltage is

VDS = VDD − ID RD (3.14)

If VDS > VDS(sat) = VGS − VT N , then the transistor is biased in the saturation
region, as we initially assumed, and our analysis is correct. If VDS < VDS(sat), then
the transistor is biased in the nonsaturation region, and the drain current is given by
the more complicated characteristic Equation (3.2(a)).

The power dissipated in the transistor, since there is no gate current, is simply
given by

PT = IDVDS (3.15)

EXAMPLE 3.3

Objective: Calculate the drain current and drain-to-source voltage of a common-
source circuit with an n-channel enhancement-mode MOSFET. Find the power
dissipated in the transistor.

For the circuit shown in Figure 3.25(a), assume that R1 = 30 k�, R2 = 20 k�,
RD = 20 k�, VDD = 5 V, VT N = 1 V, and Kn = 0.1 mA/V2.

R1

VDD

R2

RD

vO

vi

iD

+

+
–

–

vDS

vGS

vG
CC

+
–

Figure 3.24 An NMOS common-
source circuit
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–
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       = 3 V
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ID = 0.1 mA

VG =          (5)( )20
50

= 2 V

(a) (b)

Figure 3.25 (a) The dc equivalent circuit of the NMOS common-source
circuit and (b) the NMOS circuit for Example 3.3, showing current and
voltage values
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enhancement-mode MOSFET. The source terminal is at ground potential and is
common to both the input and output portions of the circuit. The coupling capacitor
CC acts as an open circuit to dc but it allows the signal voltage to be coupled to the
gate of the MOSFET.

The dc equivalent circuit is shown in Figure 3.25(a). In the following dc ana-
lyses, we again use the notation for dc currents and voltages. Since the gate current
into the transistor is zero, the voltage at the gate is given by a voltage divider, which
can be written as

VG = VGS =
(

R2

R1 + R2

)
VDD (3.12)

Assuming that the gate-to-source voltage given by Equation (3.12) is greater
than VT N , and that the transistor is biased in the saturation region, the drain current is

ID = Kn(VGS − VT N )2 (3.13)

The drain-to-source voltage is

VDS = VDD − ID RD (3.14)

If VDS > VDS(sat) = VGS − VT N , then the transistor is biased in the saturation
region, as we initially assumed, and our analysis is correct. If VDS < VDS(sat), then
the transistor is biased in the nonsaturation region, and the drain current is given by
the more complicated characteristic Equation (3.2(a)).

The power dissipated in the transistor, since there is no gate current, is simply
given by

PT = IDVDS (3.15)

EXAMPLE 3.3

Objective: Calculate the drain current and drain-to-source voltage of a common-
source circuit with an n-channel enhancement-mode MOSFET. Find the power
dissipated in the transistor.

For the circuit shown in Figure 3.25(a), assume that R1 = 30 k�, R2 = 20 k�,
RD = 20 k�, VDD = 5 V, VT N = 1 V, and Kn = 0.1 mA/V2.
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Figure 3.24 An NMOS common-
source circuit

VDD

VG

RDR1

R2

+

+

0

–

–

VDS

VGS

ID

VDD = 5 V

RD = 20 kΩR1 = 30 kΩ

R2 = 20 kΩ

+

+
–

–

VDS = 5 – (0.1)(20)

       = 3 V

VGS = 2 V

ID = 0.1 mA

VG =          (5)( )20
50

= 2 V

(a) (b)

Figure 3.25 (a) The dc equivalent circuit of the NMOS common-source
circuit and (b) the NMOS circuit for Example 3.3, showing current and
voltage values
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BiasingGrootsignaalmodel
• De gatespanning wordt gegeven door despanningsdeler

VG = R2
R1 + R2

VDD

• Als de transistor is ingesteld in saturatie dan isde drainstroom
iD = Kn(vGS − VTN )2

• Er loop geen DC-stroom door de gate. Hetvermogensverbruik van de MOSFET is dan
PT = IDVDS

VDD

RDR1

VG

R2
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KleinsignaalmodelLinearisatie

• Wat is ID als Vbron = Vm sin(ωt)?
ID = Kn(VGS − VTH + Vm sin(ωt))2

• Als Vm ≪ VGS −VTH , is dit te vereenvoudigen?

1 kΩ
Rbron

+
−
Vm sinωt

+
−

V0

ID

RD

+
−
Vhulp

−

+

vUIT

Hogeschool Rotterdam – Elektrotechniek ANE10 – Week 1-3 – v1.0 29 / 50



KleinsignaalmodelLinearisatie
• Wat is ID als Vbron = Vm sin(ωt)?

ID = Kn(VGS − VTH + Vm sin(ωt))2
• Als Vm ≪ VGS −VTH , is dit te vereenvoudigen?

ID = Kn

(
(VGS − VTH )

(
1 + Vm sin(ωt)

VGS − VTH

))2

ID = Kn(VGS − VTH )2
(

1 + Vm sin(ωt)
VGS − VTH

)2

1 kΩ
Rbron

+
−
Vm sinωt

+
−

V0

ID

RD

+
−
Vhulp

−

+

vUIT
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KleinsignaalmodelLinearisatie
• Als Vm ≪ VGS −VTH , is dit te vereenvoudigen?

ID = Kn

(
(VGS − VTH )

(
1 + Vm sin(ωt)

VGS − VTH

))2

ID = Kn(VGS − VTH )2
(

1 + Vm sin(ωt)
VGS − VTH

)2

• Wanneer |x| ≪ 1

(1 + x )2 = 1 + 2x + x2 ≈ 1 + 2x

en dus
ID ≈ Kn(VGS − VTH )2

(
1 + 2Vm sin(ωt)

VGS − VTH

)

1 kΩ
Rbron

+
−
Vm sinωt

+
−

V0

ID

RD

+
−
Vhulp

−

+

vUIT
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KleinsignaalmodelLinearisatie
• Als Vm ≪ VGS − VTH , is dit te vereenvoudigen?
• Wanneer |x| ≪ 1

(1 + x )2 = 1 + 2x + x2 ≈ 1 + 2x

en dus
ID ≈ Kn(VGS − VTH )2

(
1 + 2Vm sin(ωt)

VGS − VTH

)

ID ≈ ID0︸︷︷︸bias-stroom
+ 2ID0
VGS − VTH

Vm sin(ωt)︸ ︷︷ ︸signaalstroom

1 kΩ
Rbron

+
−
Vm sinωt

+
−

V0

ID

RD

+
−
Vhulp

−

+

vUIT
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KleinsignaalmodelTransconductance
De MOSFET zet een spanning om naar stroom

gm = δID
δVGS

De afgeleide geeft de versterking aan
ID = Kn(VGS − VTH )2
gm = 2Kn(VGS − VTH )

gm = 2ID
VGS − VTH

gm = 2
√
KnID

0.5 1 1.5
0

1

2
·10−3

VGS

I D
S

0.5 1 1.5
0

0.5

1

1.5·10−3

VGS

g
m
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KleinsignaalmodelNiet ideaaliteit
In saturatie is de MOSFET niet een ideaale stroombron en toch deels afhankelijk van
VDS .

iD = Kn(vGS − VTN )2(1 + λvDS )
λ is de kanaallengtemodulatie-parameter en is typisch te verwaarlozen voor discreteMOSFETs. Voor kanaallengtes vanaf 1µm begint het een impact te hebben. Effectiefgezien geeft dit het effect van een weerstand in het groot- en kleinsignaalmodel.

ro = δvDS
δiD

|vGS=const. = 1
λIDQ

Chapter 3 The Field-Effect Transistor 143

The parameters λ and VA are related. From Equation (3.7), we have
(1 + λ vDS) = 0 at the extrapolated point where iD = 0. At this point, vDS = −VA ,
which means that VA = 1/λ.

The output resistance due to the channel length modulation is defined as

ro =
(

∂iD

∂vDS

)−1
∣∣∣∣∣
vGS=const.

(3.8)

From Equation (3.7), the output resistance, evaluated at the Q-point, is

ro = [λKn(VGSQ − VT N )2]−1 (3.9(a))

or

ro ∼= [λ IDQ]−1 = 1

λ IDQ
= VA

IDQ
(3.9(b))

The output resistance ro is also a factor in the small-signal equivalent circuit of the
MOSFET, which is discussed in the next chapter.

Body Effect
Up to this point, we have assumed that the substrate, or body, is connected to the
source. For this bias condition, the threshold voltage is a constant.

In integrated circuits, however, the substrates of all n-channel MOSFETs are
usually common and are tied to the most negative potential in the circuit. An exam-
ple of two n-channel MOSFETs in series is shown in Figure 3.21. The p-type

iD

vDS0

Slope =
1
ro

–VA = – 
λ
1

Figure 3.20 Family of iD versus vDS curves showing the effect of channel length
modulation producing a finite output resistance

p-substrate

VO VDDVIS1

S2D1 D2

M1

n+ n+ n+

M2

Figure 3.21 Two n-channel MOSFETs fabricated in series in the same substrate. The source
terminal, S2, of the transistor M2 is more than likely not at ground potential.
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KleinsignaalmodelModel
gate +

−

Vgs

source
gmVgs

drain
ro

gate
source

drain
ID ≈ ID0︸︷︷︸bias-stroom

+
gm︷ ︸︸ ︷

2ID0
VGS − VTH

Vm sin(ωt)︸ ︷︷ ︸signaalstroom
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KleinsignaalmodelModel
gate +

−

Vgs

source
gmVgs

drain
ro

gate
source

drain De intrinsieke versterking is de versterking zonderload weerstand.
Vuit = −gmro · Vgs → Av = −gmro
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KleinsignaalmodelIntrinsieke versterking

+
−1V

+
−2V Gegeven is Kn = 1,08mA/V2, VTN = 0,5V,

λ = 0,2/V. Bereken de intrinsiekeversterking van deze mosfet.
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KleinsignaalmodelSuperpositie

+
−

Vm sinωt

+
−

V0

iD

RD

+
−
Vhulp

−

+

vUIT

groot

+
−

V0
IDQ

RD

+
−
Vhulp

klein

+
−

Vm sinωt
Id

RD
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KleinsignaalmodelSuperpositie

+

−

vGS Kn(VGS − VTN )2 gmVgs

RD

ro

+

−

VGS Kn(VGS − VTN )2
RD

ro

+

−

Vgs gmVgs RDro
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KleinsignaalmodelVoorbeeld
Stel de schakeling in voor een gm van tenminste 1mS en een drainstroom vanmaximaal 20mA. VTN = 0,4V, λ = 0,01/V en Kn = 0,5mA/V2. Bepaal de benodigde V0,
Vhulp en teken het kleinsignaalmodel.

+
−

Vm sinωt

+
−

V0

iD

RD

+
−
Vhulp

−

+

vUIT
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BiasspanningenStabilisatie DC punt

R1

R2

RD

Met een spanningsdeler kunnen we degatespanning instellen. Een kleine variatiein weerstandswaarde heeft een grotevariatie in de drainstroom.
Met VDD = 3,3V,VTN = 0,4V, λ = 0/V en
Kn = 0,342mA/V2, bereken de drainstroomvoor:

1 R1 = 35 kΩ, R2 = 62 kΩ en RD = 1,5 kΩ
2 E12 waarden: R1 = 33 kΩ, R2 = 68 kΩ
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BiasspanningenStabilisatie DC punt

R1

R2

RD

RS

Gegeven VDD = 3,3V,VTN = 0,4V, λ = 0/Ven Kn = 0,342mA/V2.
Gewenst is een stroom van 1mA en eenspannings val over RS en van 1,1V.Bereken de gewenste weerstandswaardenom deze stroom te krijgen.
Gebruik nu weerstanden van de E12 reeksen bekijk het verschil in drainstroom.E12: 10, 12, 15, 18, 22, 27, 33, 39, 47, 56,68, 82 (kΩ)
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VersterkeranalyseVersterkermodel
Vsignaal

Rsignaal

Rin

+

−

vin
Ruit

−
+Avin RL Vsignaal

Rsignaal

Rin

+

−

vin gmvin Ruit RL

Een versterker heeft een versterking (A), ingangsimpedantie (Rin) enuitgangsimpedantie Ruit . De spanningsdelers beinvloeden hierdoor de totaleversterking van Vsignaal tot RL.
Beide de bron en de versterker kunnen gemodelleerd worden met een thevenin ofnorton model. Dit hangt af van de fysische eigenschappen. We zijn dan ook niet altijdgeinteresseerd in spanningsversterking maar soms ook in stroomversterking ofspanning/stroom , stroom/spanning.
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VersterkeranalyseVersterkermodel

Vsignaal

Rsignaal

Rin

+

−

vin
Ruit

−
+Avin RL Vsignaal

Rsignaal

Rin

+

−

vin gmvin Ruit RL

Opdracht: Bereken de (spannings)versterking
Atotaal = VRL

Vsignaal

Tip: Bereken eerst VRL
en werk naar de ingang toe.
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VersterkeranalyseVersterkermodel
Vsignaal

Rsignaal

Rin

+

−

vin
Ruit

−
+Avin RL Vsignaal

Rsignaal

Rin

+

−

vin gmvin Ruit RL

Antwoord:
VRL

= AVin
RL

RL + Ruit

Vin = Vsignaal
Rin

Rsignaal + Rin

Atotaal = A
Rin

Rsignaal + Rin

RL

RL + Ruit

Antwoord:
VRL

= −gmVin
(
RL ∥ Ruit

)
Vin = Vsignaal

Rin

Rsignaal + Rin

Atotaal = −gm
Rin

Rsignaal + Rin

(
Ruit ∥ RL

)
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VersterkeranalyseVersterkermodel

Vsignaal

Rsignaal

Rin

+

−

vin
Ruit

−
+Avin RL Vsignaal

Rsignaal

Rin

+

−

vin gmvin Ruit RL

Atotaal = A Rin
Rsignaal+Rin

RL
RL+Ruit

Atotaal = −gm
Rin

Rsignaal+Rin

(
Ruit ∥ RL

)
Wat zijn de ideale Rin en Ruit voor deze spanningsversterkers?
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VersterkeranalyseVersterkermodel

Vsignaal

Rsignaal

Rin

+

−

vin
Ruit

−
+Avin RL Vsignaal

Rsignaal

Rin

+

−

vin gmvin Ruit RL

Atotaal = A Rin
Rsignaal+Rin

RL
RL+Ruit

Atotaal = −gm
Rin

Rsignaal+Rin

(
Ruit ∥ RL

)
Wat zijn de ideale Rin en Ruit voor deze spanningsversterkers?
Rin = ∞ en Ruit = 0! Rin = ∞ en Ruit = ∞!

Herhaal de opgave voor het norton model van de bron.
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Versterkeranalysecascade

We maken een versterker voor een antenne. De ingangsimpedantie moet 50Ω zijn ende uitgangs impedantie 4Ω. We hebben een spanningsversterking nodig van 100. Debeschikbare versterkers hebben een maximale versterking van 10 en een mogelijkein- en uitgangsimpedanties tussen de 4Ω en 25 kΩ. Bepaal de meest optimaleserieschakeling voor dit doeleinde.
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VersterkeranalyseBerekenen van...

Bij het berekenen van de versterkereigenschappen gebruik je altijd hetkleinsignaalmodel. Om de in- of uitgangsimpedantie van een versterker te bepalengebruik je de volgende stappen:
• Sluit een testspanningsbron vx aan op de in- of uitgang, en bereken R = vx

ix

• Voor de ingangsimpedantie neem je de load weerstand mee
• Voor de uitgangsimpedantie neem je de bronweerstand mee en zet je deonafhankelijke signaalbron uit.
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VersterkeranalyseVoorbeeld

Bereken de uitgangsimpedantie van de volgende schakeling. De testbron is alvastaangesloten. De signaalbron is nog niet uitgezet.
R1

− +
vy

ix

−
+ vx−

+vs Kvy R2
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VersterkerschakelingenTypen

Transistorschakelingen worden ingedeeld op basis van welke plek de in- enuitgangsspanning worden aangesloten.
• Common-source. De source is gemeenschappelijk voor de ingang en uitgang.Hoge spanningsversterking.
• Common-gate. De gate is gemeenschappelijk voor de ingang en uitgang. Lageingangsimpedantie.
• Common-drain. De drain is gemeenschappelijk voor de ingang en uitgang. Wordtook de source-follower genoemd. Lage uitgangsimpedantie.
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VersterkerschakelingenOntkoppeling van AC signaal
Om een AC signaal te koppelen aan een DC spanning kunnen we een condensatorgebruiken. Deze condensator vormt dan een pool in de overdrachtsfunctie metkantelfrequentie fc = 1

2πRtotaalCkoppel
. Waarbij Rtotaal de totale weerstand is die decondensator ziet.

Vsignaal

Rsignaal
Ck

Rin

+

−

vin
Ruit

−
+Avin RL

Ck ziet Rsignaal + Rin. Het geeft dus eenpool bij frequentie 1
2·π·Ck (Rsignaal+Rin) . Despanningsdeler Rsignaal en Rin geeft nog

steeds een demping van Rsignaal

Rsignaal+Rin
over

alle frequenties.
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VersterkerschakelingenCommon-source

Rbron
Vsig

Vbias

RD

Vuit

• Vervang de DC bron met een spanningsdeler en koppelhet signaal met een condensator
• Teken het kleinsignaalmodel
• Bereken de in- en uitgangsimpedanties van deversterker
• Bereken de spanningsversterking van de versterker
• Bepaal de poolfrequentie van de koppelcondensator
• Herhaal de opgaven met een weerstand aan de sourcevoor stabilisatie.
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VersterkerschakelingenCommon-source kleinsignaalmodel

R1

R2

RD

Ck
Rbron

vin

Neem VDD = 3V, RD = 10 kΩ, R1 = 140 kΩ, R2 = 60 kΩ,
Rbron = 400Ω. De transistorparameters zijn VTN = 0,4V,
λ = 0,02/V en Kn = 0,5mA/V2.

Ck
Rbron+

−
Vin R1 R2

G
gmVgs

D
ro RD

S
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VersterkerschakelingenCommon-source kleinsignaalmodel

R1

R2

RD

Ck
Rbron

vin RS

Neem VDD = 3V, RD = 10 kΩ, R1 = 140 kΩ, R2 = 60 kΩ,
Rbron = 400Ω. De transistorparameters zijn VTN = 0,4V,
λ = 0,02/V en Kn = 0,5mA/V2.

Ck
Rbron+

−
Vin R1 R2

G
gmVgs

D
ro RD

RS

S
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VersterkerschakelingenCommon Source ontwerp

We hebben beschikking over een AA batterij met een spanning van 1,5V en eenMOSFET met VTN = 0,4V, λ = 0/V en Kn = 100mA/V2. De schakeling mag maximaal
1,5mW verbruiken en de drainstroom moet minimaal 0,5mA zijn. Geef deweerstandswaarden voor een maximale spanningsversterking voor de gegeven eisen.
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VersterkerschakelingenCommon-gate

Vbias
RS Vsig

RD

Vuit
• Teken het kleinsignaalmodel
• Bereken de in- enuitgangsimpedanties
• Bereken de spanningsversterking en
de stroomversterking Iuit

Iin
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VersterkerschakelingenCommon-drain / Source follower

Vsig

Vbias

RS

Vuit

• Teken het kleinsignaalmodel
• Bereken de in- enuitgangsimpedanties
• Bereken de spanningsversterking
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VersterkerschakelingenCascade

Met de gevonden in- en uitgangsimpedanties en spanningsversterkingen kunnen weeen cascade schakeling maken. Gegeven een spanningsbron met een interneweerstand Rbron = 2Ω en een belasting met een impedantie van RL = 16Ω.
Welke samenstelling van versterkerconfiguraties zou de grootste versterking geven?
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VooruitblikVolgend onderwerp. . .

• Opamps en filters
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