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Chapter 11 Instructor Notes

Chapter 11 introduces field-effect transistors. The material on transistors has been reorganized in
this 4™ Edition, and is now divided into two independent chapters, one on bipolar devices, and one on field-
effect devices. The two chapters are functionally independent, except for the fact that Section 10.1,
introducing the concept of transistors as amplifiers and switches, can be covered prior to starting Chapter
11 if the instructor decides to only teach field-effect devices.

Section 11.1 briefly reviews the classification and symbols for the major families of field-effect
devices. Section 11.2 introduces the fundamental ideas behind the operation of N-channel field-effect
enhancement-mode transistors, and illustrates the calculation of the state and operating point of basic field-
effect transistor circuits. A brief explanation of P-channel devices is also presented in this section.

Section 11.3 briefly outlines the operation of MOSFET amplifiers. Section 11.4 introduces the analysis of
MOSFET switches and presents CMOS gates. The box Focus on Measurements. MOSFET bidirectional
analog gate (pp. 572-573) presents ananalog application of CMOS technology.

The end-of-chapter problems are straightforward applications of the concepts illustrated in the
chapter.

L earning Objectives
1. Understand the classification of field-effect transistors. Section 1.
2. Learn the basic operation of enhancement-mode MOSFETSs by understanding their i-v
curves and defining equations. Section 2.
Learn how enhancement-mode MOSFET circuits are biased. Section 2.
Understand the concept and operation of FET amplifiers. Section 3
Understand the concept and operation of FET switches. Section 4.
Analyze FET switches and digital gates. Section 4.
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Section 11.2: n-channel MOSFET Operation
Problem 11.1

Solution:
Known quantities:

For the transistors shown in Figure P11.1, [VT | =3V.

Find:
The operating state of each transistor.

Analysis
a) This is an n-channel enhancement MOSFET, with VT = - 3 V. To operate in the triode region, the

condition is:Vpg <Vgg —Vy.  To operate in the saturation region, the condition is:
Vps = Vs — Vi . To turn the transistor on, the condition is: Vgg > V7.
We can compute: Vgs = 2.5V Vpg =25V

Ves =V ==2.5+3=0.5V

Vps =2.5V > Vg —Vy =0.5V.

Therefore, the transistor is in the saturation region.
b) This is a p-channel enhancement MOSFET, with VT = 3 V. To operate in the triode region, the

condition is:Vpg > Vgg — V5. To operate in the saturation region, the condition is:
Vps < Vs —VT . To turn the transistor on, the condition is: Vgg < VT .
We can compute: Vgg =2V Vps =1V
Therefore, the transistor is in the saturation region.
¢) This is a p-channel enhancement MOSFET, with VT = - 3 V. To operate in the triode region, the

condition is:Vpg > Vgg — V5. To operate in the saturation region, the condition is:
Vps < Vs —VT . To turn the transistor on, the condition is: Vgg < VT .
We can compute: Vgs =5V Vps =1V
Therefore, the transistor is in the triode region.
d) This is an n-channel enhancement MOSFET, with VT = - 3 V. To operate in the triode region, the

condition is:Vpg <Vgg —Vy.  To operate in the saturation region, the condition is:
Vps = Vs — Vs . To turn the transistor on, the condition is: Vgg > V7.
Wehave:  Vgg =2V >V,

Vgs =V, ==2+3 =1V

Vps =6V >V -V, = IV

Therefore, the transistor is in the saturation region.
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Problem 11.2

Solution:

Known quantities:
The potentials of an n-channel enhancement-mode MOSFET (4, 5, and 10 V respectively).
Find:
The circuit symbol, if the device is operating:
a) Inthe ohmic state.
b) In the active region.
Analysis:
a) To operate in the ohmic region, the condition is: Vpg <Vgg —Vy and V; >0, Vpg >0.
The circuit for operation in the ohmic region is shown below.
- +

c 1
Vep = 10V

<_ VDS = 4V
+ G
®
+ Ves =5V [ J
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b) To operate in the active region, the condition is: Vpg = Vgg —Vr and V; >0, Vg >0.

The circuit for operation in the active region is shown below.
- +

ot
Veb =4V

4_ VDSZIOV
+ G
o
+ Ves=5V @
S
Problem 11.3
Solution:

Known quantities:
The threshold voltage, VT =2 V, of an enhancement-type NMOS that has its source grounded anda 3 V
DC source connected to the gate.
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Find:

The operating state if:
a) Vp=05V.

b) Vp =1V.

¢ Vp =5V
Analysis:

Vps =Vp =0.5V

Vps <Ves ~Vr

The transistor is in the triode region.

Vps =Vp =1V

Vps = Vgs ~Vr

The transistor is either in the triode or in the saturation region.
Vps =Vp =5V

Vps >Vas ~Vr

The transistor is in the saturation region.

Problem 11.4

Solution:

Known quantities:

The threshold voltage, VT = 2 V, of the p-channel transistor shown in Figure P11.4. K = 10mA/V?2.
Find:

Rand Vp for iy =0.4mA .

Analysis

The device shown is a p-channel enhancement mode MOSFET, with , VT =2 V and , Vpg =0 V. To
operate in the saturation region we require: Vpg 2 Vg —V-|— .

Since Vpg =Vpg ~Vgg =0> _VT =-2V, the transistor is in the saturation region. Knowing

k =10mA/V?, we can write: 0.4 =10 [ﬁVGS - 2)2 and determine Vp =Vpg =Vgg =2.2V . Rcan

be found as follows:

20-v, _ 20-2.2

R= - = 3 =44.5kQ
Ip 0.400
Problem 11.5
Solution:

Known quantities:
The threshold voltage, VT = 2 V, of an enhancement-type NMOS transistor. ip = 1 mA when Vgs= Vps

=3 V.
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Find:

The value of Ip for Vas=4 V.

Analysis

Because Vpg > Vg —V/ , the transistor is in the saturation region:
ip =kdves -V ) =k3-2)* =0.001A

= k=0.001.

For Vas=4 V we have:

ip =0.001f4-2)° =4mA.

Problem 11.6

Solution:

Known quantities:
Characteristics of an n-channel enhancement-mode MOSFET operated in the ohmic region:

500
Vps=0.4 V,Vr=3.2 V. Effective resistance of the channel, given by: Ryg = 7———
Find:
The value of ip when Vgs=5 V, Rps= 500 Q, and Vgp=4 V.
Analysis
Since Vpg =0.4 <Vgg —V; =5-3.2=1.8V the transistor is operating in the ohmic region. The
500 V
effective  resistance is: Rpg =7—==277.78Q. Since Rpg = —DBS ' we have:
(5 - .2) ip

. V
ip =—25=1.44mA.

DS

Problem 11.7
Solution:

Known quantities:

The threshold voltage, VT = 2.5 V, of an enhancement-type NMOS that has its source grounded and a 4
V DC source connected to the gate.

Find:

The operating state if:

a) Vp =05V

b) Vp =15V.

Analysis

a) Vps=0.5<Vgs-V1=4-2.5=1.5V, therefore the transistor is in the triode region.

b) Vp= 1.5V =Vpg, therefore the transistor is at the border of the saturation and triode regions.




G. Rizzoni, Principles and Applications of Electrical Engineering Problem solutions, Chapter 11

Problem 11.8

Solution:

Known quantities:

The threshold voltage, VT =4 V, of an enhancement-type NMOS. ip = 1 mA when Vgs= Vps=6 V.
Find:

The value of Ip when Vgs=35 V.

Analysis

From 0.001 = K(6 - 4)2, we have k=0.25x10-3

For Vgs= 15 V, and assuming active operation: ip = 0.25X10'3(5 - 4)2 =0.25 mA.

Problem 11.9

Solution:

Known quantities:

The threshold voltage, VT = 1.5 V, of the NMOS transistor shown in Figure P11.9. K = 0.4 mA/V?.
Find:

The voltage levels of the pulse signal at the drain output, if Vg is a pulse with O V to 5 V.

Analysis

Since VT=1.5V, with Vg= 0 V, Vgs < VT, the transistor is cut off. Therefore, Vp =5 V.

When Vg = 5 V, and assuming that the transistor is in the active region:

ip=K(Ves- V)2 = 0.4 (5 - 1.5)2 = 4.9 mA. Therefore, Vp =5 - 4.9x1 =0.1 V.
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Section 11.3: n-channel MOSFET Amplifiers
Problem 11.10

Solution:
Known quantities:
The i-v characteristic of Figure P11.10(a), and the circuit in Figure P11.10(b):
Vo =7V, Vo, =10V, R, =50
Find:
The current ipg the voltage Vpsq, and the region of operation of the MOSFET.
Analysis:
The operating point can be determined using the load line method.
R/ V,
io —_DD _ DS =2-0.2Vg
Ro R
By superimposing the load line on Figure P11.10(a), and by noticing that VGS = VGG =7V, we obtain
0o =0.8A, Vpq, =6V
The MOSFET is in the saturation region.

Problem 11.11

Solution:

Known quantities:

The circuit in Figure P11.10(b):

Voo =7V,Vy, =20V,V; =3V, R, =5Q,K =50mA/V*

Find:

The current ipg the voltage Vpsq, and the region of operation of the MOSFET.

Analysis
Assuming that the MOSFET is in the saturation region, the quiescent drain current is

ine = K(Vegy —V5)? =0.05(7-3) =0.8A
The drain-to-source voltage is

Voso = Voo — Roipg =20-50.8=16V

Since Vpg = Vpg — Vgs = 9V >V, = hypothesis was correct

Problem 11.12

Solution:
Known quantities:
The circuit in Figure 11.12:
Voo =36 V,V; =4V, R, =10kQ,R =R, =2MQ,K =0.1mA/V>
Find:
The current ipg, the voltage Vo, the resistance R, and the operating region of the MOSFET.

Analysis
Using Thevenin equivalent,
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VGG = LVDD =18V
R+R,
We can write the equations
VGG = Ves + RSIDQ =18,
Voo =(Ry + Ry)ipg *+ Vogy = Rplipg 18 = Ve +Vpgy =36 = Ryipg +Vpgy =18+ Vg,
Assuming saturation conditions, the current ip can be written as
L 2 2 _
Ipg = K(Vegy =V1)™ = Vogn + ReK (Vo —V5)™ =18
and
2 —
RoK(Vagy =Vr)™ +Vpg =18+ Vg,

Notice that the problem has more unknown than equations; we can impose the Vpg to ensure saturation
conditions as

Vogo =Vip /2 =18V =
(Voso ~Vr)? = Vag = Vagy ~Negy 16 =0 = Vg, =6.56 V

Remark: The other solution of the algebraic equation is not acceptable because < V7.

The resistance Rsis given by
_ 18-V _ 18-6.56
RS - 2 -3 2
KlVeso =V5 )} 0.1007(6.56 — 4)
and the drain current

g = K(Veg —Vy)? =0.655 mA

=17.45 kQ

Problem 11.13

Solution:

Known quantities:

n-channel MOSFET operating in saturation region with
Vogg =5V, Vggo =3V,V; =1V,K =0.1mA/V?

Find:

The transconductance g,

Analysis
The drain current is

iDQ = K(VGSQ —VT)2 =0.4 mA
The transconductance is

Om = 2,/Kipg =24/0.04 007 = 0.4 mA/V*

Problem 11.14

Solution:

Known quantities:
The circuit in Figure 11.12:

Vop =12V,V; =1V, Ry =R, =10kQ,R = R, =2MQ,K =1mA/V?
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Find:

The current ipg, the voltage Vpgy, and the voltage Veso.

Analysis

Using Thevenin,

Voo =———V,, =6V
GG R+R DD

We can write the equations

Vee =Vesp + RSiDQ =0,
Vo =(Rp + RS)iDQ Vo =2RDiDQ Vo =12

Assuming saturation conditions, the current ip can be written as

Problem solutions, Chapter 11

ino = K(Veso V)’ = Veso + RsK (Vago -V;)’ =6= 10véSQ 19V +4=0=

Vosg =166 V
The other solution is not acceptable because less then V.
It follows
6-V,
g =———> =0.434 mA,

Voso =12 =2Ryip, =3.32V
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Section 11.4: MOSFET Switches
Problem 11.15

Solution:

Known quantities:

The CMOS NAND gate of Figure 11.21.

Find:

Identify the state of each transistor for V1 = Vo = 5 V.

Analysis:
The two transistors at the top are cut off and the two at the bottom are on.

Problem 11.16

Solution:

Known quantities:

The CMOS NAND gate of Figure 11.21.

Find:

Identify the state of each transistor for vi=5V, v,=0V.

Analysis
The transistor at the bottom and the first on the top are off, the other two are on.

Problem 11.17

Solution:
Find:
Draw the schematic diagram of a two-input CMOS OR gate.
Analysis
The output of the circuit of Figure 11.18 is connected as an input to the circuit of Figure 11.14.
Vpp
’j . %
N (L
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. Figure 11.14

Figure 11.18
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Problem 11.18

Solution:
Find:
Draw the schematic diagram of a two-input CMOS AND gate.

Analysis
The output of the circuit of Figure 11.21 is connected as an input to the circuit of Figure 11.14.

VDD
3 e
| - _II—
’J_Ovout
s
L| * -
9 R -
Vr= 1.5V — " L
g _ _
@ o—l:_ —

Figure 11.21 FigLIFE 11.14

Problem 11.19

Solution:

Find:
Draw the schematic diagram of a two-input CMOS NOR gate.

Analysis:
The circuit of Figure 11.18
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Figure 11.18
Problem 11.20
Solution:
Find:
Draw the schematic diagram of a two-input CMOS NAND gate.
Analysis

The circuit of Figure 11.21.
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Figure 11.21
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Problem 11.21

Solution:

Known quantities:
The circuit of Figure P11.21.

Problem solutions, Chapter 11

Find:

Show that the given circuit functions as a logic inverter.

Analysis.

Construct a state table:
Vin Ql QZ Vout
low resistive | open high
high open resistive | low

This table clearly describes an inverter.

Problem 11.22

Solution:

Known quantities:

The circuit of Figure P11.22.

Find:

Show that the given circuit functions as a NOR gate.

Analysis
Construct a state table:

Vi V) Q Q Vout
0 0 off off high
0 high off on low
high 0 on off low
high high on on low
This table clearly describes a NOR gate.
Problem 11.23
Solution:
Known quantities:
The circuit of Figure P11.23.
Find:
Show that the given circuit functions as a NAND gate.
Analysis
Construct a state table:
Vi Vi Q Q Vout
0 off off high
high off on high
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high

0
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off

high
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high
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low

This table clearly describes a NAND gate.
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