Chapier 5 The Field-Effect Transistor

8.34 The n-channel enhancement-mode MESFET in the circuit shown i Figure
5.64 has parameters &, = 50 pA;V? and Vry =0.15V. Find the value of Vg so that
Ipp = SpA. What are the values of Vs and Vpg? (Ans. Fog = 0516V, Voo = 0,466V,
Vps = 445V)

Vpp=3SV¥

Ry
Ry= 1,2k o
Voo T R =10k
Figure 583 Circuit for Figure 5.64 Circui for
Exercise 5.33 Exercise 5.34

8.33 For the inverter circuit shown in Figure 5.65, the n-channel enhancement-mode
MESFET parameters are X, = 100 A f\«'z and Fry = 0.2V, Determine the valve of Rp
required to produce ¥y = 010V when ¥, =0.7V. (Ans. Rp =267kR2)

Figure5.85 Circuil ior Exercisa 5.35

n

55 SUMMARY

* In this chapter, we have emphasized the structure and e characteristics of the metal-
oxide-semiconductor field-effect iransistor (MOSFET). This device, because of its
small size, has made possible the microprocessor and other high-density VLSI circuits,
50 this device is extremely important in integrated circuit technology.

& The current in the MOSFET is conirofled by an electric field perpendicular to the
surface of the semiconducter. This electric field is a function of the gate voltage. In
the nonsaturation bias region of operation, the drain curzent is a lunction of the drain
voltage, whereas in the saturation bias region of operation, the drain current is
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essentially independent of the drain voltage. The drain current is directly proportional
to the width-to-length ratio of the transistor, se this parameter becomes the primary
design variable in MOSFET circuit design.

¢ The dec analysis and the design of dc biasing of MOSFET circuits were emphasized in
this chapter, Several circuit configurations were analyzed and designed by using the
ideal current-voltage relationships. The use of MOSFETs, both enhancement-mode
and depiction-mode devices, in place of resistors was developed. This leads 1o the
design of all-MOSFET circuits.

® Basic applications of the MOSFET were discussed. These include switching currents
and voltages, petforming digital legic functions, and amplifying time-varying signals.
The amplifying characteristics will be considered in the next chapter and the impo-
tant digital applications will be considered in Chapter 16.

CHECKPOINT

After studying this chapter, the reader should have the ability to:

v Understand and describe the general operation of n-channel and p-chauncl enhance-
ment-mode and depletion-mode _MOSFETS, {Saction 5.1)

¢’ Understand the meaning of the various transister parameters, including threshold
voltage, width-to-length ratio, and drain-to-source saturation voltage. (Section 5.1)

¢ Apply the ideal current-voltage relations in the dc analysis and design of various
MOSFET circuits using any of the four basic MOSFETS. {Section 5.2)

v Understand how MOSFETs can be used in place of resistor load devices 1o create
all-MOSFET circuits. (Section 5.2)

v Qualitatively understand how MOSFETs can be used to switch currents and voltages,
to perform digital logic functions, and to amplify time-varying signals. (Section 5.3}

& Understand the geaeral operation and characteristics of junction FETs, (Section 5.4)

REVIEW QUESTIONS
1. Describe the basic eperation of a MOSFET. Define enhancement mode and deple-
tion tnode.

2. Describe the general cusreni—voltage characteristics for both enhancement-mode
and depletion-mode MOSFETS.

3. Describe what is meant by threshold voltage, width-lo-iength ratio, and drain-to-
source saturation voliage.

4. Define the saturation and nonsaturation bias regions.

5. Describe the channel length modulation effect and define the parameter i
Describe the body effect and define the parameter y,

6. Describe a simple common-source MOSFET circuit with an n-channel
enhancement-mode device and discuss the relation between the drain-te-source
voltage and pate-to-source volliage.

What are the steps in the dc analysis of a MOSFET circuit?
How do you prove that a MOSFET is biased in the saturation region’

9. In the dc analysis of some MOSFET circuits, quadratic equations in gate-to-source
voltage are developed. How do you determine which of ihe two possible solutions
is the correct one?

10. How can the (-point be stabilized against variations in transistor parameters?
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11. Describe the current—voltage relation of an n-channel enhancement-mode
MOSFET with the gate connected to the drain.

2. Describe the current-voltage relation of an n-channel depletion-mode MOSFET
with the gale connected to the source.

13. What is the principal difference between biasing techniques used in discrete tran-
sistor circuits and imtegrated circuits?

14. Describe how an n-channel enhancement-mode MOSFET can be used to switch a
motor on and off.

15. Describe a MOSFET NOR logic citcuit.

16. Describe how a MOSFET can be used to amplify a time-varying voltage.
17. Describe the basic operation of a junction FET.

18. What is the dilference betweer 2 MESFET and a pn junction FET?

............

PROBLEMS

[Note: In all problems, assume the trapsistor parameter A = 0, unless otherwise stated.)

Section 5.1 MOS Field-Effect Transistor

5.1 Consider an n-channel enhancement-mode MOSFET with parameters ¥y = 1.5V
and K, = 0.25mA/V2. Determine £, for: {a) Vs =5V, Fps =6V and (b) Vgg = 5V,
VDS = 2«5 'V'

5.2 The parameters of an n-channel enhancement-mode MOSFET are Viy = 0.3V,
k! =80pA/V:, and W/L=5. (a) Assume the transistor is biased in the saturation
region and fp = 0.5mA. Determine ¥pgisal) and the required Vg (b) Repeat part
(a) for Ip = 1.5mA.

53 For an n-channel depletion-mode MOSFET, the parameters are Vry = —2.5V and
K, = |.1mA/V>, (a) Determine I, for Vg = & and: (i) Vps = 0.5V, {ii} Fpy = 2.3V,
and (i) Mpg = 5V. (b) Repeat patt (a} for Ve =2V.

&4 Consider an n-channel depletion-mode MOSFET with parameters Fpy = -2V
and k! = 80 pA/V?. The drain current is Ip = L.5mA at Vg =0 and Fpy =3V,
Determine the W/ L ratio.

5.5 An n-channel enhancement-mode MOSFET has parameters Vry = 08V, W =
6dpum, L = 4pum, 1, =450 A, and p, = 650 cm®/V—s. (a) Caleulate the conduction
parameter K,. (b) Determine the drain current when Fgg = Fpg = 3 V.

5.8 For a depletion NMOS device, the parameters are: V', = =2V, W =100 pm,
L=5um, /!, =600A, and p, = 500 om? [V—=s. (a) Calculate the conduction parameter
K,. (b) Determine the drain current when: (i) Vgs =0, Fps =5V, and {u} Vgs = 2V,
VDS = I V

57 A particular NMOS device has parameters Vry = I V, L=2.5um, i, = 400 A,
and g, = 600cm’/V-s, A drain current of Jp = 1.2mA is requried when the device 15
biased in the saturation region al Vg = 5V. Determine the necessary channel width of

the device.
B8 For a p-channel enhancement-mode MOSFET, k) = 40pA/V*. The device has

drain currents of Ip =0225mA at Vg =Vsp =3V and fp = L4A0mA at V=
¥sp = 4 V. Determine the W/L ratio and the value of Vrp.

59 For a p-channel enhancement-mode MOSFET, the parameters are Kp = 2mA/V?
and Frp=—0.5V. The gate is at ground potential, and the source and substrate
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erminals are at +5V. Determine [, when the drain terminal voltage is: (a) Vp =0V,
(b) Vp=2V,(c} Fp=4V,and {d) ¥p =5V,

510 A p-channel depletion-mode MOSFET has parameters Frp =42V, &, =
0 pA/Y", and W/L = 6 Determine Fgp(sat) for: (a} Vez = =1V, (b) Fgs =10, and
(c) Vgg =+1V. If the transistor is biased in the saturation region, calculate the drain
current for each value of Fyg.

$.11 Consider a p-channel depletion-mode MOSFET with parameters Kp = 0.5 mA/
V2 and ¥p = +2V. If Vg = 0, determine /p for: (a) Vsp =1V, (b) Fsp =2V, and
{l:) VSI} =13V,

D§.12 Enhan?emcnt-mode NMOS and PMOS devices both have parameters L = 4pm
and 1,, = 500 A. For the NMOS transistor, Mgy = +0.6V, 1, = 675cm’/V—, and the
channel width is W,; for the PMOS transistor, Vrp = =0.6V, i, = 375 cm? j V-5, and
the channel width is W,. Design the widths of the two transistors such that they are
electrically equivalent and the drain cucrent in the PMOS transisior is /p = 0.8 mA
when it is biased i the saration region at Fg; = 3V, What are the values of K,
K, W,, and W2

513 For an NMOS enhancemeni-made transistor, the parameters are: Fpy = 1.2V,
K, = 0.20mA/¥%, and A = 0.01 V", Calculate the output resistance r, for Vgs =20V
and for Vgg = 4.0V, What is the value of V',

5.14 The paramelers of an n-channel enhancement-mode MOSFET are Vo =08,
k! = 80 pA/VE and /L = 4. What is the maximum vatue of 4 and the minimum value
of ¥, such that for Vgg =3V, r, = 200kY?

5.15 An eshancement-mode NMOS tramsistor has parameters Vyyo =03V, y =
0.8V'2 and ¢, = 0.35V. At what vaiue of Vg, will the threshoid voltage change by
2V due to ihe body effect?

518 Consider an NMOS device with parameters Voo =1V and ¢, =037V,
Determine the maximum value of ¥ such that the shift in threshold voltage between Vi,
=0and Fgp = 10V is no more than 1.2V,

5.17 The silicon dioxide gate insulator of an MOS transistor has a thickness of
f,, = 275 A (2) Calculate the ideal oxide breakdown voltage. (b} Tf a safety factor of
three is required, determine the maximum safe gate voltage that may be applied.

5.18 Ina power MOS transistor, the maximum applied gate voltage is 24V. 11 a safety
factor of three is specified, determine the minimum thickness necessary for the silicon
dioxide gate insulatos.

Section5.2  Transistor DC Analysis

518 In the circuit in Figure P5.19, the transistor parameters are Fry =0.8V and
K,= ﬂ.SmA,’Vz, Culcuwlate Fgs, fp. and Vpg.

5.20 For the transistor in the circuit in Figure P5.20. the parameters are Fry =2V.
ko = prj\’z. and W/L = 60, Determine Vs, Ip, and Fps,

§.21 Consider the circuit in Fignre P5.21. The transistor parameters are Frp = -2V
and K, = 1mA/V:. Determing Ip, Vsg, and Vgp,

.22 For the circuit in Figure P5.22, the transistor paramesers are ¥rp = —0.8V and
Kp —, 2001.1.&;’\'2 Determine Vs and VS.D*

*p5.23 Design a MOSFET circuit in the configuration shown in Figure P5.19. The
transistor parametersare Vyy = 1.2V, &, = 60 uA/V?, and A = 0. The circuit parameters
* are ¥pp = 10V and Ry = k. Design thecircuit so that ¥pgg & 5V, the voltage across
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Vpp= 10V

R2=6m

-V -10¥
Figure P5.19 Figure P5.20 Figure P5.21
LK £y
."ﬁ, =04 mA
Ve & = 145K80
R = 50 181 Ry=55K0)
Rp=5kit
-3V -5Y
Flgure P5.22 Figure P5.24

R is approximately equal 1o Fgg. and the corrent through the bias resistors is approxi-
mately 5 percent of the drain current.

5.24 The parameters of the traasistor in the circuit in Figure P5.24 are Vyy = =1V
and K, = 0 SmA/V?. Determine Vgs, {p, and Vps.

*D5.25 Design a MOSFET circuit with the configuration shown in Figure P5.2|. The
transislor parameters are Vep = -2V, &, = 40pA/V?, and A = (. The circuit bias is
410V, the drain current is {0 be 0.8 mA, the drain-to-source voltape is to be approxi-
mately 10V, and the voltage across Ry is to be approximately equal 1o Fgg. Inaddition,
the currend through the bias resistors is @0 be no more than 10 percent of the drain
current.

626 The parameters of the transistors in Figures P5.26(a) and (b)y ure X, =
0.5mA/V:, V= 1.2V, and A = 0. Determine vg5 and vpg for each transistor when
(i} Iy = S0pA and (i) Jp = I mA.

5.27 For the circuit in Figure P5.27, the trapsistor parameters are Vpy = 0.6V and
K, = 200 pA/V. Determine Vg and ¥,

D6.28 Design the circuit in Figure P5.28, such that fp =0.8mA and Fy =1V, The
transistor parameters are K, = 400 pA/VE and ¥y = LTV,
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+9V

+5V
S X Bp=2410 &
o
V ,
fg I 2 ¥
@ ) "
]
© _I Ry =501
19 =0.25 mA Rs
o =
-3V =
() -9V -5y
Figure P5.26 Figure P5.27 Figure P5.28

D8.29 The PMOS transistor in Figure P5.29 has parameters Vpp = —1.5V, &, =
25uA/V?, L=4um, and A = 0. Determine the values of W and R such that [, =
0.l mA and Vep =25V,

D5.30 Design the circuit in Figure P5.30 so that Vg, = 2.5V, The current in the bias
resistors should be no more than 10 percent of the draincurrent. The transistor parameters
ate ¥rp =+1.5V and K, = 1.5 mA/V*.

+9¥
+3V
FDD =9V +5¥ Rs
R=1ki
*“ r
- VD

R R, L Rp

i -5V -5V

Figure
P5.29 Figure P5.30 Figure P5.31

D531 Design the circuil in Figure 5.31 such that /p =0.5mA and Vp = -3V. The
transistor parameters are k, = J0uA VL W/L=20,and Vrp=—12¥.

D5.32 The parameters of the transistor in the circuit in Figure P332 are Vi =
—1.75Vand K, =3 mA,-‘Vz. Dresign the circuit such that fp, = SmA, Vep =6V, and R,,
= 80k

*5.33 For each transistor in the circuit in Figure P5.33, k) = 60uA/V2. Also for M,
WiL=4adand Vi = +08Y, and for M3, W/L =1 and Viy = — 1.8V, Determine the
region of operation of each transistor and the output voltage vy for: (a) v, =1V,
G}y, =3V, and ) v, =5V.
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*D6.34  Consider the circuit in Figure P5.33. The transistor parameters are for M,,
Vey = +08V and k= 40pA/V2, and for My, Vrw= -2V, k)= 40pA/VE, and
W/L = 1. Determine the W/L ratio for M, such that vo =0.15V when v, = 5V,

VDD=5V

-1y

Figure P5.32 Figure P5.33

*8.35 The transistors in the crcuit in Figure P5.35 both have parameters Vyy =
0.8V and k, = 30pA/V? (a) If the width-to-length ratios of M, and A, are
(W/L) = (W/L), = 40, detetrmne Vg, Vggo, Vo, and iy, (B) Repeat part (a) if
the width-10-length ratios are changed 10 (W/L), =40t and (W/L), = |5

D536 Consider the circuit in Figure P5.36. The transisior parametsrs are Fry = LV
and k. = 36 uA/V?. Design the width-to-length ratio required in each transistor such
that fp = 0.5mA, ), =2V, and b, =5V,

D537 The wansistors i the circuil in Figure 535 in the text have paramelers
Ve = 08V, k) = 40pA/V?, and L =0. The width-to-length ratio of M is (W/L),
= 1. Design the width-to-length ratio of the driver transistor such that ¥V, = 0,10V
when ¥, =5V,

Vop = SV ——{ [ &

z
—! :.H, —| _:‘3
-V a ¥,
| e
_I M, —l M,

1 !

Flgure P5.35 Figure P5.36
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D5.38 For the circuit in Fipure 339 in the text, the transistor paramelers are: Vryp =
08V, Vpne = —L.8V, k;, = 40 pA/V?, and A =0. Let Fpp == 5V. The width-to-length
ratio of My is (W /L), = 1. Design the width-to-length ratio of the driver transistor such
that Vo =005V when ¥y =35 V.

539 Al transistors in the circuit in Figure 5.43 in the text have parameters Fry =1V
and & = 0. Assume the conduction parameters are K, = 80pA/V2, K,y = 100 pA/ VY,
K3 = 200pA/V’, and Ky = 400 pA /Y2, Detennine fper, fg. and each gate-lo-source
voltage.

Section5.3 MOSFET Swiich and Amplifier

5.40 Consider the circuit in Figure P3.40. The transistor parameters are Vpy =08V
and k! =30pA/V.. The resistor is Rp = 10kQ. Determine the transistor width-to-
langth ratio (W/L) such that ¥ = 0.1 V when V; = 4.2 V.

D5.41 The transistor in the circuit in Figure P5.41 is used (o turn the LED on and off.
The transistor parameters are Fry = 08V, &, = 40 uA V¥, and A = 0. The diode cut-in
voltage is ¥/, = 1.6 V. Design R and the transistor W/ L ratio such that /p = 12 mA for
V; = EV amd VDS =412V

0542 The circuit in Figure P5.42 is another configuration used to switch an LED on
and off. The transistor patameters are Vrp = —0.8 V. &, = 20pA/V?, and 2 =0. The
diode cut-in voliage is ¥, = 1.6V. Design Ry and the transistor W /L ratio such that
Ip =15mA for ', =0V and Vgp =0.15V.

Vpp=35VY
+5V +5Y
Rp
-*Dl RD J"': _l
Yo Light
=* ootput f[:-| Rp
!
¥ C'—| Light
¥ ——I LED ¥ = utput
Flgure P5.40 Figure P5.41 Figure P5.42

Section54  Junction Field-Effect Transistor

543 The gate and source of an n-channel depletion-mode JFET are connected
together. What value of Fpg will ensure that this two-terminal devace is biased in the
saturation tegion. What is the drain current for this bias condition?

.44 For an n-channel JEET, the parameters are fpg5 = 6mA and Vp = -3V, Cal-
culate VD_S'{S-&[}. H Fpg = V_ps(sa.t), determine [p for: (a) Vs = 0. ib) Fgs = -1V,
{C] VGS = —2 V. d.ﬂd [d) V(:S = —3 Y.

545 A p-channel JFET biased in the saturation region with Vgp = 5V has a dram
current of fp = 28mA at Vgg = L V and fp = 0.30mA at Vos = 3V. Determine /s
and V_p.
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546 Consider the p-channel JFET in Figure P3.46. Determine the range of ¥Vpp that
will bias the transistor in the saturation region. If Jps; = 6mA and Vp = 2.5V _find V.

547 Consider a GaAs MESFET. When the device is biased in the saturation region, we
find that fp = 18.5pA at Ve =035V and Ty = 86.2 pA at o = 0.50V. Determine the
conduction parameter X and the threshold voltage Viy.

5.48 The threshold voltage of a2 GaAs MESFET is Fypy = 0.24V. The maximum
allowable gate-to-source vollage is Fgs = 175V, When the transistor is biased in the
saluration region. the maximum drain current is fp = 250 pA. What is the value of the
conduction parameter k?

i
o T

s
I L AT T IS L A b ]
oy

=i
A

“5.4% For the transistor in the circwil in Figure P5.49, the parameters are: Ipgo
= 10mA and Vp = —5V. Determine ;DQ| V{':'SQ- and VD-T\Q‘

D5.50 Consider the source foilower with the n-channel JFET in Figure P5.50. The
input resislance is 10 be Ry, = 500 ks2. We wish 1o have [pg = SmA, Fpgp =8V, and

Fgsp = —1V. Determine Rg, R,. and R,, and the requred transistor values of Jpys
and Vg,
Vpp =10V
- Vpp =BV
Rp =1k
£ ¥ f_;-_.=2m.f\.
C Ry
—aVy b3 k.
m
!
1
e I
= v Re=50ki} Re=02kQ
&, Ry

"”;n J___—

Figure P5.46 Figure P5.49 Figure P5.50

D6.51 The transistor in the circuit in Figure P5.51 has parameters fpge +~= 8mA and
V; =4V, Design the circuit such that fp = SmA. Assume R, = 100k, Determine
V(r'.‘)' and Vsp_

D5.52 For the circuit in Figure P5.52, the transistor parameters are oo = TmA and
Vp=3¥. Let Ry + Ry = 100k Design the circuit such that fpp = 5.0mA and Fyp
et ﬁ \' "

5.53 The transistor in the circoit in Figure P3.53 has parameters [0 = 8mA and
V'o = —4 V. Determine VG- IBQ" VGSQ* and VD-SQ'

5.54 Consider the circuit in Figure P5.54. The quiescent valug of Fp is found 10 bhe
VﬂSQ =5V. If ;DSS = lOmA.. determine ‘!DQ' VGSQ'- and VP'

D5.55 For the circuit in Figure P5.55, the transistor parameters are Ipss = 4mA and
Fp= =3V Design Ry such that Vs = [Fp|. What is the value of {p”

D5.56  Consider the source-follower circuit in Figure P5.56. The transistor parameters
are .r.').c;.t; = 2 mA a“d V,t = 2 V DcSIgn 'h? Cil'cui.t S'I.I-C].'I thﬂ.t 'rDQ = l mA, VSDQ = ]OV.
and the current through R, and R; is 0.1 mA. :




2

Part 1 Semiconductor Devices and Basic Applications

2.

s

Vpp= 20V Vpp= 12V Vpp=20V

Ry = 140K8}

Figure P5.51 Figure P5.52 Figure P5.53
Vep=11V
Vpp=10¥
&p
Figure P5.54 Figure P5.55 Figure P5.56

D5.57 TheGaAs MESFET inthe circuit in Figure P5.57 has parameters £ = 250 pA/ ¥V
and Vpy = 0.20V. Let R + R, = 150kQ. Design the ciccuit such that /p, = 40 pA and
VDS B 2 V.

5.58 For the circuit in Figure P5.58, the GaAs MESFET threshold voltage is Fyy =
0.15V. Let Rp = 50k§2. Determine the value ol the conduction parameter required so
that Vo = 0.70V when ¥; = 075V,

Vpp=+V

VDD=3"-

Figure P5.57 Figure P5.58
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COMPUTER SIMULATION PROBLEMS

5.59 Generate Lhe i, versus vpg characteristics for an n-channel enhancement-mode
siicon MOSFET at 7= 300°K. Limit the characteristics to vps{max) = 10V and
voe{max) = LOV. Plot curves for: (a) W/L =4, L =0, {(h) W/L=40, L =0 and
(Y WiL=4 2=002vY"

5.860 Consider the NMOS circuit with enhancement load shown in Figure 335
Assume a widith-to-length ratio of W /L = 1 for M,. From a computer analysis, plot
the dc voltage transfer characteristics V,y versus F; for Mp widib-10-length ratos of:
{@)W/L=2,{0) W/L=9(c) W/L =16 and (d} # /L = 100. Consider the case when
the boedy eflect is neglected, and then when (he body effect is weluded.

5.61 Consider the NMOS arcuit with depletior load shown in Figure 539 Usc a
computer analysis to plot the dc voltage transter chazacteristics Fy versus ¥ lor the
same parameters listed in Problem 5.60. Consider the case when the body effect is
neglected, and then when the body effect is included,

5.62 (a) Correlate the results of Example 5.13 with a compulter analysis. (b} Repeal the
analysis if the width-to-length ratio of M is doubled.

5.63 Correlate the JFET design in Example 5. 18 with a computer analysis.

f— B S i 6 S o s B A 0 S AR . G R B R i o s g i i pim m ...................‘......’ .

[Mote: Ali design should be correlated with a computer simulation. ]

*D5.64 Consider a discrete common-source citcuit with the configuration shown in
Figure 5.29. The circult and transistor paratneters arel Fpp = 10V, Ry =05kQ,
Rp = 4k, and Vyy = 2V, Design the circuit such that the nominal @-point is midway
between the transition point and cutofi, and determine the conduction parameter. The
dc currents im R, and R; should be approximately 2 facior of ten smaller than the
quiescent drain current.

*D5.85 For the circuit shown in Figure 543, the threshold voltape of each transistor ts
Vo = IV, and the parameter value &, = 4ﬂpAfV3 is the same for all devices. If
Rp = 4kQ, design the cicuit such thal the quiescent drain-to-source voltage of M, is
4V and Iy = Biger.

*D5.66 The NMOScircuit with depletion load shown in Figure 5.3% is hiased at Vpp =
5 V. The threshold voltage of Mp is Fryp = 0.8V and that of M 15 Vyyy = =1V, For
each transistor, &, = 40A/V?. Design the transisters such that ¥V, = 0.1V when
¥y =5V and the maximum power dissipated in the circuit is 1.0 mW.

*D5.67 The threshold voitage of the load transistor M; in Figare 33515 Fry = 08V,
All other parameters are the same as given in Problem 5.66. Design the transistors to
meet the same specifications given in Problem 5.66.

*D5.68 Consider the JFET common-source gircuit shown in Figure 5.57(a). The tran-
sistor pinchoff voltage is Fp = —4 V and the saturation current is in the range | < Jpeo
< 2mA. Design the circuit such thai the nominal Q-point is in the center of the load line
and the Q-point parameters do not deviate from the nominal value by more than 10
percent. The value of Ry may be changed, the current in Ry and R, should be approxi-
malely a factor of ten less than the quiescent drain currend, and the standard iolerance
resistance value of 5 percent should be used.







Basic FET Amplifiers

6.0 PREVIEW

In the last chapter, we described the operation of the FET, in particular the
MOSFET, and analyzed and designed the dc response of circuits containing
these devices. In this chapter, we emphasize the use of FETs in linear amplifier
applications. Although a major use of MOSFETs is in digital applications, they
are also used in linear amplifier circuits.

There are ihree basic configurations of single-stage or single-transistor
FET amplifiers. These are the common-source, source-follower. and commen-
gate configurations. We investigate the charactenstics of ¢ach configuration
and show how these properties are used in vartous applications. Since
MOSFET integrated circuit amplifiers normally use MOSFETSs as load devices
instead of resistors because of their small size, we introduce the techmique of
using MOSFET enhancement or depietion devices as loads. These three con-
figurations form the building blocks for more complex amplifiers, so gaining a
good understanding of these three amplifier circuits 1s an mportant goal of this
chapter.

In integrated circuit systems, amplifiers are usually connected in series or
cascade, forming a multistage configuration, to increase the overall voltage
gain, ar to provide a particular combination of voltage gain and output
resistance. We consider a few of the many possible multistage configurations,
to introduce the analysis metheds required for such circuits, as well as their
properties.

JFET amplifiers are also considered. These circuits, again, tend to be
specialized, so the JFET discussion is brief.

6.1 THE MOSFET AMPLIFIER

1n Chapter 4. we discussed the reasons linear amplifiers are necessary in analog
elecironic systems. In this chapter, we continue the analysis and design of linear
amplifiers that use field-effect transistors as the amplifying device. The term
small signal means that we ¢an linearize the ac equivalent circuit. We will define
what iz meant by small signal in the case of MOSFET circuits. The werm linear
amplifiers means that we can use superposition so that the dc analysis and ac

3
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analysis of the circuiis can be performed separately and the total response is the
sum of the two individual responses.

The mechanism with which MOSFET circuits amplify small time-varying
signals was introduced in the last chapter. In this section, we will expand that
discussion using the graphical technique, dec load line, and ac load line. In the
process, we will develop the vartous small-signal parameters of linear circuits
and the corresponding equivalent circuits.

There are four possible equivalent circuits that can be used. These are
listed in Table 4.3 of Chapter 4. The most common equivalent circuit thal is
vsed for the FET amplifiers is the transconductance amplifier, in which the
input signal is a voltage and the output signal is a current. The small-signal
parameters associated with this equivalent circuit are developed in the follow-
ing section.

6.1.1  Graphical Analysis, Load Lines, and Small-Signal
Parameters

Figure 6.1 shows an NMOS common-seurce circuit with a time-varying volt-
age source in series with the de source. Weassume the time-varying input signal
is sinusoidal. Figure 6.2 shows the transistor characteristics, dc load line, and
(-point, where the dc load line and @-point are funcuions of vgs, Vpp, Rp, and
the transistor parameters. For the output voltage 1o be a linear function of the
input voltage, the transistor must be biased in the saturation region. (Note
that, although we primarily use n-channel, enhancement-mode MOSFETs in
our discussions, the same results apply to the other MOSFETs.)

r.l'
vpglsat)
!

common-source circult with Figure 6.2 Common-source iransistor charactenistios, de load
tima-varying skgnal sourcs in kna, and sinusoidal variation in gale-to-source voliage, drain
series wilh gate dc s0urce current, and drain-to-sourca voitage

Also shown in Figure 6.2 are the sinusoidal variations in the gate-to-source
voltage, drain current, and drain-to-source voltage, as a result of the sinusoidal
source v, The total gate-1o-source voltage is the sum of Vg, and v, As v,
increases, the instantaneous value of vgg increases, and the bias point moves up
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the load line. A larger value of vgg means a larger drain current and a smaller
value of v,y. For a negative v, (the negative pertion of the sine wave), the
instantaneous value of vgg decreases below the quiescent value, and the bias
point moves down the load line. A smaller v value means a smaller drain
current and increased value of vps. Once the O-point ts established, we can
develop a mathematical model for the sinusoidal, or small-signal, variations in
gate-lo-source voltage, drain-to-source voltage, and drain current.

The time-varying signal source v; in Figure 6.1 generates a lime-varying
component of the gate-1o-source voltage. In this case, vy, = v, where vy, is the
time-varying component of the gate-to-source voltage. For the FET to operatz
asa linear amplifier, the transistor must be biased in the saturation region, and
the instantaneous drain current and drain-to-source voltage must also be con-
fined to the saturation region.

Transistor Parameiers
The instantanecus gate-to-source vollage is
vis = Vasp + 7, = Visp + v (6.1)

where Vggp 15 the dc component and v, 1s the ac component. The instanta-
neous drain current is

in = Kvgs = VsV (6.2)
Substituting Equation (6.1) into (6.2) produces

in = KalVosp + Ve = Visk = Kol so— Vv )+ vgol? (6.3a))
or

in=K(Fgsp -V )+ 2K Vasp — Vrnhg + K., (6.3(b})

The first term in Equation (6.3(b)} is the dc or quiescent drain current fpg,
the second term is the time-varying drain current component that is linearly
related 1o the signal v,,, and the third term is proportional 1o the square of the
signal voltage. For a sinusoidal input signal, the squared term produces unde-
sirable harmoenics, or nonlinear disiortion, in the output voliage. To minimize
these harmonics, we require

Voo UV i5p — Vrw) (6.4)

which means that the third term in Equation (6.3(b)) will be much smaller than
the second termn, Equation (6.4) represents the small-signal condition that must
be satisfied for finear amplifters.

Neglecting the vg, term, we ¢an write Equation (6.3(b))

in=Ipg+iy (6.5)
Again. small-signal implies linearity so that the total current can be separated

into a dc component and an ac component. The ac component of the drain
current is given by

Iy = ?-Kni V(:'SQ - VTN }”ga !6‘6)

The small-signal drain current is related to the small-signal gate-to-source
voltage by the transconductance g,,. The relationship is

M35
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i
gm — v_ = 2Kn( VGSQ o VTN] (5+T]
s
The transconductance is a transfer coelficient relating putput current to input
voltage and can be thought of as representing the gain of the transistor.
The transconductance can also be obtained from the derivative

i
il v = 2K.Vis0 = Vi) (6.8(a))

Bm =
avGS vs =V asp=const.

which can be written

Em = 2 Kulpg (6.8(b))

The drain cutrent versus gate-to-source voltage for the transistor biased in
the saturation region is given in Equation (6.2) and is shown in Figure 6.3. The
transconductance g, is the slope of the curve. If the time-varying signal v, 1s
sufficiently small, the transconductance g, is 4 constant. With the @-point in
the saturation region, the transistor operates as a current source that is linearly
controlled by v,,. If the @-point moves into the nonsaturation region, the
traasistor no longer operales as a linearly controlled curtent source.

Figure8.3 Drain cumeni versus gate-to-source vollage characteristics, witit superimposed
sinusoidal signals

As shown in Equation (6.8(a)), the transconductance is directly propor-
tional to the conduction parameter K, which in turn is a function of the width-
to-length ratio. Therefore, increasing the width of the transistor increases the
transconductance, or gain. of the transistor.

Example 6.1 Objective: Calculate the transconductance of an n-channel
MOSFET.

Consider an n-channel MOSFET with paramelers Vpy =1V, {(Pu,Cop =
20pA/V?, and W /L = 40. Assume the drain current is fp = | mA.

Solution: The conduction parameter is

Ko = (300Car) (T ) = COCOBANY? = 0.00mA )Y
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Assuming the transistor is biased in the saturation region, the transconductance is
determined from Equation (6.8(b)),

2w = 2K Tng = 2,/08)1) = L. 79mA/V

Comment The transconductance of a bipolar transistor is g,, = (//Fr), which is
318.5mA/JV for a collector current of | mA. The transconductance values of MOSFET:
tend 1o be small compared to those of BITs. However, the advantages of MOSFET:
include high input impedance, small size, and low power dissipation.

M7

AC Equivalent Circuit
From Figure 6.1, we see that the output voliage 15

vos = Vo = Vpp = ipRp (6.9)
Using Equation (6.5), we obtain

vo = Vpp —tpg + i0Rp = (Vop - IngRo} — iuRp (6.10)

The output voliage is also a combination of dc and ac values. The time-
varying output signal is the time-varying drain-to-source voltage, or

Vo = Vg = —.",,JRD (6]”
Also, from Equations (6.6) and (6.7), we have
i'.‘,r = EnVp (612}

In summary, the following relationships exist between the time-varying
signals for the circuit in Figure 6.1, The equations are given in terms of the
instantaneous ac values, as well as (he phasors. We have

Vor = ¥, {6.13(2))
or

V=V {6.13(b))
and

iy = &y, (6.14(a))
o1

L = gV (6.14(b})
Also,

Ve = —4Rp {6.15(a))
or

Vi = —~1;Rp (6.15(b))

The ac equivalent circuit in Figure 6.4 is developed by setting the dc
sources in Figure 6.1 equal to zero. The small-signal relationships are given
in Equations (6.13), (6.14), and (6.15). As shown in Figure 6.1, the drain
current, which is composed of ac signals superimposed on the quiescent
value, flows through the voltage source Vpp. Since the voliage across this

Flgure 6.4 AC equivalent
Gircuit of COMMON-SowWce
amplifier with NMOS ransistor
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source 1s assumed to be constant, the sinusoidal current produces no sinusoidat
voltage component across this element. The equivalent ac impedance is Lhere-
fore zero, or a short circuit. Consequently, in the ac egaivalent circuit. the d¢
voltage sources are equal to zero, We say that the node connecting Rp and Fyp
is at signal grownd.

6.1.2 Small-Signal Equivalent Circuit

Now that we have the ac equivalent circuit for the NMOS amplifier circuit,
(Figure 6.4), we must develop a small-signal equivalent ¢ircuit for the tran-
sistor.

Initially, we assume that the signal frequency is sufficiently low so that any
capacitance at the gate terminal can be negiected. The input (o the gate thus
appears as an open circuit, or an infinite resistance. Equation (6. k4) relates the
small-signal drain current 1o the small-signal input voltage, and Equation (6.7
shows that the transconductance g,, is a function of the Q-point. The resulting
simplificd small-signal equivalent circuit for the NMOS device is shown in
Figure 6.5. {The phasor components are in parentheses. )

{a) )

Figure 8.5 (a) Common-source NMOS transistor with small-signal parameters and
(b) simpiitied small-signal equivatent circuit for NMOS wansisior

This small-signal equivalent circuit ¢an also be expanded to take into
account the finite outpul resistance of a MOSFET biased in the saturation
region. This effect, discussed in the last chapter, is a result of the nonzero
slope in the ip versus vpy curve.

We know that

ip = Kal{vgs — Vel (1 + Avps)] (6.16)

where A is the channel-lengih modulation parameter and is a positive quantity.
The small-signal output resistance, as previously defined, is

- -1
- (ﬂ) .17)
3""03 vy = gp=consL
ot
ro = MNK(Vasp - Vra)]™ = Mpol™’ (6.18)

This small-signal output resistance is also a function of the Q-point parameters.
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The expanded small-signal equivalent circuit of the n-channel MOSFET is
shown in Figure 6.6 in phasor notation. Note that this equivalent circuit is a
transconductance amplifier (see Table 4.3) in that the input signal is a voltage
and the output signal is a current. This equivalent circuit can now be inserted
into the amplifier ac equivalent circuit in Figure 6.4 to produce the circuit in
Figure 6.7. We¢ may note that the small-signal equivalent circuit for the
MOSFET circuit 15 very similar to that of the BJT circuits considered in
Chapter 4.

G
Qe
.'.
- 1 p 0V,
Ve * +
& he Vr' Vgs Em "':g.t fa R o V.is
= o
Figura 86 Expanded smali-
signal equivalent circuit, Figure 6.7 Small-signal equivalent circuit of
including output resistance, for COMMON-$0urce circuil with NMOS wansisior

NMOS transigtor model
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Exampte 6.2 Objective: Delermine the small-signal voltage pain of a MOSFET
circuit.

Far the circuit in Figare 6.1, assume parameters are! Fggy = 212V, Vpp =3V,
and R, = 2.5k$2, Assume Iransistor parameters are: Fry = |V, K, = 0.80mA /v, and
A =002V~". Assume the transistor is biased in the saturation region.

Solutlon: The guiescent values are
Ing= KWasp = Venl = (0.8)212 - 1Y = 1.0mA
and
Vosp = Von— IpgRp =5 — (1)(2.5) = 25V
Therefore,
Vpsg =25V > Vpglsal) = Fgg — ¥y = 182— | =082V

which means that the transistor is biased in the saturation region, as initially assumed,
and as required for a linear amplifier. The transconductance is

gm = 2K,(Visp = Vra) = H08K2.12— 1 = L79mA/V
and the output resistance is

ro = [Mpg)™! = [(0.02K1))™" = 50k
From Figure 6.7 the output volizge is

Vo = —8a Vedrall Rp}

Since ¥V, = V. the small-signal voltage gain is

A, = VF = —gn(ro bR = —(119N5012.5) = —4.26
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Comment: Because of the relatively low value of transconductance, MOSFET circuits
tend to have a lower smali-signal voltage gain than comparable bipolar circuits. Alse,
the small-signal voltage guin condains a minus sign, which means that the sinusoidal
outpui voltage is 180 degrees out of phase with respect 1o the input sinusoidal signal.

Probilom-Solving Technique: MOSFET AC Analysis

Since we are dealing with linear amplifiers, superposition applies, which means
that we can perform the dc and ac analyses separately. The analysis of the
MOSFET amplifier proceeds as follows:

1. Analyze the circuit with only the dc sources present. This solution ts the de
or quiescent solution. The transistor must be biased in the saturation
region in order to produce a linear amplifier.

2. Replace cach ¢lement in the circuit with its small-signal model, which
means replacing the transistor by its small-signal equivalent cicuit,

3. Analyze the small-signal equivalent circuit, setting the dc source compo-

penls equal to zero, to produce the response of the aircuit to the time-
varying input signals only.

Test Your Understanding

&.% For an n-channel MOSFET biased in the saturation region, the paramesers are
K, =05mA/V", Vry =08V, and A= 001 V"', and Jpy = 0.75mA. Determie g,,
and r,. (Ans. g, = 1.22mA/V, r, = 133kQ]

8.2 The parameters of an n-channel MOSFET are: ¥y = [V, 14,0, = 18 HA/V,
and A =0015V"". The wansistor is 1o be biased in the saturation region with Inp =
2mA. Design the widih-to-length ratio such that the transconductance is g,, = 3.4 mA/V,
Calculate r, for this condition. (Ans. W/L =80.6.r, = 33.3k8)

6.3 For the circuit shown in Figure 6.1, Fpp = 10V and Rp = 10kS2. The transistor
parameters are: Fry =2V, K, =05 mA V2, and & =0. (a) Determine Faso such thal
Ipp = 0.AmA. Calculate ¥pqp. (b) Caleulate g, and r,. and determine the small-signal
voltage gain. {c) I( v; = 0.4sinwt, find v . Does the transistor semain in the saturation
region? (Ans. (a) Vogp = 2.8%V. Vigp =6V, {b) g, = 0BIMA/V, r, = 00, 4, = -89
{c) vy, = —3.563I0 @, ves)

The previous discussion was for an n-channel MOSFET amplifier. The
same basic analysis and equivalent circuit also applies to the p-chanpel tran-
sistor. Figure 6.8(a) shows a circuit containing & p-channel MOSFET. Note
that the power supply voltage Vpp is connecled to the source. (The subscript
DD can be used to indicate that the supply is connected to the drain terminat.
Here, however, Vpp is simply the usual notation for the power supply voltage
in MOSFET circuits.) Also note the change in current directions and voltage
polarities compared to the circuit containing the NMOS transistor. Figure
6.8(b) shows the ac equivalent circuit, with the dc voltage sources replaced
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<
® (b)

Figureb8.8 (a) Common-source circuil with PMCS transistor and (b) corasponding ac
equivalent circuit

by ac short circuits, and all currents and voliages shown are the time-varying
components.

In the circuit of Figure 6.8(b), the transistor can be replaced by the equiva-
lent circuit in Figure 6.9. The equivalent circuit of the p-channel MOSFET is
the same as that of the n-channel device, except that all current directions and
voltage polarities are reversed. _

The final small-signal equivalent circuit of the p-channel MOSFET ampli-
fier is shown in Figure 6.10. The cutput voltage is

V.«r = B V.rg("cn" RD" (619)
G g o
—_— o . _Ovn
Ve v 5;; ésm"{m [ Rp
+ + ] ) °
5
Figure 6.9 Small-signal Figure 5.10  Small-signal aquivalent cireuit
equivalent circuii of PMOS of commaon-source amplifier with PMOS
transistor - transisior model
The control voltage ¥,,. given in terms of the input signal voltage, is
V=~V (6.20)
and the small-signal voltage gain is
v
Ar i _gm(rn“ RD] (62‘}

Vi

This expression for the small-signal voltage gain of the p-channel
MOSFET amplifier is exactly the same as that for the n-channel MOSFET
amplifier. The negative sign indicates that a 180-degree phasc reversal exists

between the ouput and input signals, for both the PMOS and the NMOS
circuit.

Kra)
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We may again note that if the polarity of the small-signal gate-to-source
voltage is reversed, then the small-signal drain current direction is reversed and
the small-signal equivalent circuit of the PMOS device is exactly identical to
that of the NMOS device. However, the author prefers to use the small-signal
equivalent circuit in Figure 6.9 to be consistent with the voltage poiarities and
current directions of the PMOS transistor.

6.1.3  Modeling the Body Effect

As mentioned in Section 5.1.7, Chapter 3, the body effect occurs in a MOSFET
in which the substrate, or body, is not connecled to the source. For an NMOS
device, the body is connected to the most negative potential in the circuit and
will be at signal ground. Figure 6.11{a) shows the four-terminal MOSFET with
dc voltages and Figure 6.11(b)} shows the device with ac voltages. Keep in mind
that v;5 must be greater than or equal to zero. The simplified current-voltage
refation is

ip = Kvgs — Vyx) (6.22)

and the threshold voltage is given by

Visw = Vivo + 3’[1# 20y + vep — \/’2;1 ] (6.23)

B | R | e

7
Fas - |+ e |-

5 b
(=) {b)
Figure 6.1 The four-terminal HMOS device with (3) do voltages and (D) ac voltages

If an ac component exists in the source-10-body voltage, veg, there will be
an ac component induced in the threshold voltage, which causes an ac compo-
nent in the drain current. Thus, a back-gate transconductance can be defined as

; g ! p

o il ren” ) Gl 6
Using Equation (6.22), we find

;::q = —2K,(v6s — Vi) = —&a {(6.25(a))
and using Equation (6.23), we find

e Y (6.25(b))

=n
dvse  2/28 + s

The back-gate transconductance is then
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Bt = '(_gm;' (T}J = Egmh (626]
Including the body effect, the small-signal equivalent circuit of the MOSFET is
shown in Figure 6.12. We note the direction of the current and the polarity of

the small-signal source-to-body voltage. If v, = Q. then vy decreases, Fry
decreases, and ip increases. The current direction and voltage polarity are

thus consistent,

G D

o—0 : 5 -

¥ +
Vp r, LY

Bows Ve Bty Ve
o - . | . _
5 <

Flgure 6.12 Smalt-signal equivalent circuit of NMOS device including body eflect

Forg, =035V and y =0.35 V2, the value of 7 from Equation (6.25(b))
is n 2 0.23. Therefore, # will be in the range 0 < p < 0.23. The value of vy, will
depend on the particular circuit.

In general, we will neglect g, in our hand analyses and designs, but will
investigate the body effect in PSpice analyses.
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Test Your Understanding

8.4 The parameters for the circuit in Figure 6.8 are Fpp = 12V and Ry = 6kQ. The
iransistos parameters are: Vyp=—1V. K, =2 mA,‘Vz. and . =0, (a) Determine Fg
such that Vypp = 7 V. (b) Determine g, and r,, and calculate the small-signal voltage
gatn. (Ans. (a) Vgg = 1.65V; (b) g,, = 2.6 mA/V. ., =00, A, = —13.6)

8.5 Show that, for an NMOS transistor biased in the saturation region, with a drain
current of fpg, the transconduciance can be expressed as given in Equation (6.8(b)), that is

8m = 24K \ipp

8.8 A transistor has the same parameters as those given in Exercise 6.1. In addition,
the body effect coefficient is y = 0.40V'/* and ¢, = 0.35¥. Delermine the value of 1
and the back-gate transconductance g,,, for (a) vsp= [ ¥ and (b) vsp =3 V.

6.2 BASIC TRANSISTOR AMPLIFIER CONFIGURATIONS

As we have seen, the MOSFET is a three-terminal device. Three basic single-
transistor amplifier configurations can be formed, depending on which of
the threz transistor terminals is used as signal ground. These three basic con-
figurations are appropnately called common source, common drain (Source
follower), and common gate. These three circuit configurations correspond to
the common-emittey, emitter-follower, and common-base conflgurations using
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BJTs. The similarities and differences between the FET and BIT circuits will be
discussed.

The input and output resistance characteristics of amplifiers are important
in determining loading effects. These parameters, as welt as voltage gain, for
the three basic MOSFET circuit configurations will be determined it the fol-
lowing sections. The characteristics of the three types of amplifiers will then
allow us 10 understand under what condition each amplifier is most useful.

Initially, we will consider MOSFET amplifier circuits that emphasize dis-
crete designs, in that resistor biasing will be used. The purpose is 1o become
familiar with basic MOSFET amplifier designs and their charactenstics, using
biasing techniques similar to those used in BJT amplifiers in previous chapters.
In Section 6.7, we will begin to consider integrated circuit MOSFET designs
that involve all-transistor circuits and current source biasing. These initial
designs provide an iniroduction to more advanced MOS amplifier designs
that will be considered in Part II of the text.

6.3 THE COMMON-SOURCE AMPLIFIER

In this section, we consider ihe first of the three basic cireuits—the common-
source amplifier. We will analyze several basic common-source circuits, and
will determine small-signal voltage gain and input and output impedances.

6.31 A Basic Common-Source Configuration

For the circuit shown in Figure 6,13, assume that the transistor is biased in the
saturation region by resistors R, and R;, and that the signal frequency is
sufficiently large for the coupling capacitor to act essentially as a short circuit.
The signal soutce is represented by a Thevenin equivalent circuit, in which the
signal voltage source v, is in series with an equivalent source resistance Rg. As
we will see, Rg; should be much less than the amplifier input resistance,
R; = R([IR;, in order 10 minimize loading effects.

Figure 6.14 shows the resulting small-signal equivalent circuit. The small-
signal variables, such as the input signal voliage V,, are given in phasor form.

Ry

Figura6.13 Common-source ciroult with vollage divider blaging and coupting capacitor
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Figure 8.14 Small-signal equivalent circuit, sssuming coupling capacitor acts as a short
circuil

Since the source is at ground potential, there is no body effect. The output
voltage is

V:* = —8m Vgi(rﬁ‘“ RD) (6‘27)

The input pate-to-source voltage is

R;
Voo = (m) -V (6.28)

so the small-signal voltage gain 15

V{o e Rl'
A= = =gl Re) () ©29)

We can also relate the ac drain current to the ac drain-to-source voltage, as
Vi = —LiARp).

Figure 6.15 shows the dc load line, the transition point, and the @-point,
which is in the saturation region. As previously stated, in order to provide the
maximum symmetrical output voltage swing and keep the transistor biased in
the saturation region, the @-point must be near the middle of the saturation
region. At the same time, the input signal must be small enough for the amplhi-
fier 1o remain hinear.

) Yoo
Ipima) = —
Filt ) R

/ £

!f ¥pglsaty = Vg5 - Vi

Transition paimt

Q-point
de load tine, slope = - —-
r RB

¥nsg Yoo vos

Flgura §.15 DC load kne and transition point separating saturation and nonsaturation
regions
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The input and output resistances of the amplifier can be determined from
Figure 6.14. The input resastance to the amplifier is R;, = R kR, Since the Jow-
frequency input resistance looking into the gate of the MOSFET is essentially
infinite, the input resistance is only a function of the bias resistors. The output
resistance looking back into the output terminals 1s found by setting the inde-
pendent input source ¥, equal to zero, which means that V,, = 0. The ouiput
resistance is therefore R, = Rpllr,.

Example 6.3 Objctive: Determine the small-signal voltage gain and input and
output resistances of a common-source amplifier.

For the circuit shown m Figure 6.13, the parameters are: Vpp =10V, R =
709k, R =29.1k$2, and Rp = 5k The transistor parameters are: My = L3V,
K, =05mA/V? and A =001 V™' Assume Ry = 4kQ.

Solullon: DC Cakulations: The dc or quiescent gate-to-source voltage is

_{_R: _f 291 _
Vaso = (R1 " Rz)i Von) = (————.f.&_gJr 29_5)(10} =291V

The quiescent drain current is
Tpp = KalVisg = Vrw? = (0.5)291 — L5Y = I mA
and the quiescent draip-to-source vollage is
Vose = Voo — IpgRo = 10 = (1)X5) = 5V
Since ¥psp > Vgsp — Vrw. the transistor is biased in the saturation region.
Small-signat Voltage Gain: The small-signal transconductance g, 15 then
B = 2Ka(Fosp — Vrw) = 20.3)(2.91 — 1.5) = 1.4 mA /Y
and the small-signal output ceststance #, is
ro & [Mgp]™ = [{OOIX1)]™" = 100k
The amplifier input resistance is
R, = RIR; = T0929.5 = 206 kR
From Figure 6.14 and Equation (§.29). the stnall-signal voliage gain is

206
2056+ 4)

A, = —gnlr:llRp) - (R. fjks-) = —(i.4l)(lﬂnu5](

or
A, = 562

input and Output Resistances: As already calculated, the amplifier input resistance is
R, = RyIIR; = 70.9]25.1 = 20.6kQ

and the amplifier outpul resistance is
R, = Rpllr, = 500 = 470 kX2

Comment; The resulting (-point is in the center of the Joad line but not in the center
of the saturation region. Therefore, this circuit does not achieve the maximum sym-
metrical outpui voliage swing in this case.
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Discussion: The small-signal input gate-to-source voltage is

R 20.6
CP L LSRR, E) V = 1. J. = R . ;
Vis (R,- + Rs,-) . (20.6 + 4) V= 0847): ¥

Since Rg; is not zero, the amplifier input signal V), is approximately 84 percent of the
signal voltage. This is again called a loading eflfect. Even though the input resistance to
the gate of the transistor is essentially infinite, the bias resistors greatly influence the
amplifier input resistance and loading effect.

3z

Test Your Understanding

8.7 Consider the circuit in Figure 6.1 with circuit parameters Vpp =5V, Rp = 5k,
Vesp =2V, and with (ransistor paramaeters K, =0.25 MA/Y2, iy =08Y, and
4 =90. (a) Calculate the quiescent values Iy and Vpgp. (B) Calculate the transconduct-
ance g,. (c) Determnine the small-signal voltage gain A, = v, /v. (Ans. (a} fpo =
0.36mA, Vpsp = 3.2V; (b) gm = 0.6 MA/Y, 7, = 20; (¢) 4, = —3.0)

8.8 For the circuit in Figure 6.1, the circuit and transistor parameters are given in
Exercise 6.7.1f v, = 0.1 sin et V, determine ip and vpg. (Ans. ip = (0.36 + 0.06 sin wf) mA,
vps = (3.2 ~0.3sinwi) V)

Design Example 6.4 Objective: Design the bias of a MOSFET such that the
(-point is in the middle of the saturation region.

Consider the circuit in Figure 6.16 with transistor parameters Vey =LV, K, =
I mAVE, and L =0015V~". Let R, = R,|R, = 100kQ. Design the circimt such that
Ipo = 2mA and the @-point is in the middle of the saturation region.

VDDI* 12v

Figure6.16 Common-source NMOS transistor drcuit

Solutlon:  The load line and the desired Q-point are given in Figure 6.17, If the @-point
is to be in the middle of the saturation region, the current at the transition point must be
4mA.
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Pt Losd line,siope = -
!
| Vostan = Vs - ¥y

1
Rp

dmA ==
1 Q-point
1 |
L]
:
| 1
I i
T T
I l \
1 i
Vpg o (5al) Vasg=TV ¥pp=11¥ vps

Figure 817 DC koad ine and transtion point for NMOS circuit shown in Figure 6.16

We can now calculate Vpg(sat) at the transiion peint. The subscript ¢ indicates
transition point values. To determine Vg, , We use

Ip,=4= K Vg5, — Vrﬁ)z = W ¥es— n?
which yields

Ves, =3V
Therefore

Fpsi = Fosr—Vey=3-1=2¥

If the O-point is in the middle of the saturation region, then Vpgo = 7Y, which

wonld yield a 10V peak-to-peak symmetrical output voltage. From Figure 6.16, we can
write

Vpso = Voo — IpgRp
or

T -7
Ry = Mr m='22 =2.5kQ
bg

We can determine the required quiescent gate-to-sourse voltage from the current
equation, as follows:

IDQ =2=K,(Vgsg — Vj"}'\')2 = (VFgsp - 1]2

of
Vesp =241V
Then
o R _{1N\_ AR
VGSQ =241 = (m){ypp) = (R;) (Rl T Rz)(yﬂﬂ)
_R; v - (LO0X12)
_FI. pp = R,
which yiekis

R, =498kQ and R;=125kQ

We can then determine the small-signal equivalent circuit parameters from the Q-
point values. The transconductance is g, = 2.82 mA/V, the transistor output resistance
is 7, = 33.3k%2, and the small-signal voliage gain, assuming an ideal signal source, is
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I=

A, = =2 = —g {1 IRp) = ~(2.82133.3)12.5) = ~6.56

=

Comment: Establishing the Q-point in the middle of the saturation regicn allows the
maximum symmetrical swing in the output vollage, while keeping the transistor biased
im the saturation region.

Design Pointer: If the circuit were 1o contain bypass or load capacitors, then an ac
load line would be superimposed on the figure at the Q-point. Establishing the @-point
in the muddle of 1he saturation region, then, nay not be optimal in terms of obtaining
the maximum symmetrical swing.

rd )

6.3.2 Common-Source Amplifier with Source Resistor

A source resistor Rg tends to stabilize the @-point against variations in tran-
sistor parameters (Figure 6.18). If, for example, the value of the conduction
parameter varies from one transistor to another, the Q-point will not vary as
much if a source resistor is included in the circuit. However, as shown in the
following example, a source resistor also reduces the signal gain. This same
effect was observed in BJT circuits when an emitter resistor was included.

The circuit in Figure 6.18 is an example of a situation in which the body
effect should be taken into account, The substrate {(not shown) would normally
be connecled to the -5V supply, so that the body and substrate terminals are
not at the same potential. However, in the following example, we will neglect
this effect.

Figure 6.18 Common-source circut with source resistor and positive and negative supply
voltages

Example 6.5 Objective: Determine the small-signal voltage gain of a common-
SOUFCE CIrcuit containing a SoUrce pegisior.

Consider the circuit in Figure 6.18. The transistor parameters are Fry = 08V,
K,=1mA/V} and 2 = 0.
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Solution: From the do analysis of the circuit, we find that Vggo =130V, Ipg =
0.50mA, and Vpgy = 6.25V. The small-signal transconductance is

gm = 2K (Vg5 = Von) = 201)(1.50 - 0.8) = 1 4mA/V
and the small-signal resistance is
ro 2 [Mpgl ! = o0

Figure 6.19 shows the resulting small-signal equivalent circuit.

< ) ¥,
+ +

vi R " RZ Vgs SMVE-‘ Rn

R

;Isq:t:o! 6.19 Small-signal equivalent circult of NMOS common-50urce ampiitier with source
The output voltage is
Vo= 8mVufp

Writing a KVL cquation from the input around the gate—source loop, we find
¥, = Vi + (g0 Vi )Rs = Vysll +8mRs)

or

¥,
V, =—1
L 1+ng8

The small-signal voltage gain is

(Ve &R0
’ V, l+g,..ﬂs

We may note that if g,, were large, then the small-signal voltage gain would be approxi-
mately

Substituting the appropriate parameters nto the actual voltage gain expression, we find

L4

A,

Comment: A soutce resistor reduces the small-signat voltage gain. However, as dis-
cussed in the 1ast chapter, the Q-pomt is more stabilized against varialions in the
transistor parameters. We may note that the approximate voltage gain gives A, &
—Rp/Rs = —14. Since the iransconductance of MOSFETSs is generally low, the approx-
imate gain expression is a poor one at best.
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Discusslon: We mentioned that inclading a source resistor tends to stabilize the cir-
cuit characteristics against any changes in transisior parameters. If, for example, the
conduction parameter K, varies by 220 percent, we find the following resuits.

K, (mAjYY) Za (MA[V) A,

08 1.17 ~5.17
L0 140 -5.7%
1.2 1.62 —-6.27

The change in K, produces a fairly large change in g,,. The resulting change in the
voltage gain is approximately +9.5 percent. This change 1s larger than might be expecied
because the tnitial valve of g,, is smaller than that of the bipolar circuit

EX) |

Test Your Understanding

8.9 For the circuit shown in Figurz 6.20, the transistor parameters are K, = 1 mA/
v, Vrp = ~1¥, and } = 0. The source-to-drain voltage is vgp = 3 4+ 0.46sinev ¥, and
the quicscent drain current is fpy = 0.5mA. Determine Rp, Fgg, ¥, and the smail-signal
voltage gain, (Ans. Ry = 4kQ, Vg = 129V, 4, = —5.64, v; = +0.0816sin ! V)

€.10 The common-source amplifier in Figure 6.2] has trapsistor pasameiers K, =
2mA/VE, Vyp = =2V, and A = 0.01 V™' (2) Determine Jpg and Vspg. (b) Calculate
the small-signal voliage gain. (Ans. (a) fpg = 4.56MA, Fepp =797V, (b) 4, = —6.04)

+9y

5y

v Yo s
t

®p

i‘ = =

¥

{1

Figure 6.20 Figure for s
Exercise 6.9 Figure .21 Figure for Exercisa 8.10

63.3 Common-Source Circuit with Source Bypass Capacitor

A source bypass capacitor added to the common-source circuit with a source
resistor will minimize the loss in the small-signal voltage gain, while maintain-
ing the Q-point stability. The Q-point stability can be further increased by
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replacing the source resistor with a constant-current source. The resulting
circuit is shown in Figure 6.22, assuming an ideal signal source. If the signal
frequency is sufficiently large so that the bypass capacitor acts essentially as an
ac short-circuit, the source will be held at signal ground.

+3V

¥

-5V
Figure §.22 NMOS common-source clrcuit with source bypass capacitor

Example 6.6 Objective: Determine the small-signal voltage gain of & circuit
biased with a constant-currant souree and incarporating a source bypass capacitor.

For the circuit shown in Figure 6.22, the transistor parameters are: Fry = 0.8V,
K, =1mA/V, and L =0

Solution: Since the dc gate current is zero, the de voltage at the source terminal 15
Vs = =Fgsp. and the gate-to-source voltage is determined from

Ing = Ip = K{¥5s0 - Vrn¥
or
0.5=(1){¥gsp — 0.8)°
which yields
Veso= =Vs =151V
The quiescent drain-to-source voltage is
Vpso = Voo —IpgRp — Vs =5 - (05N —{~151) =301V

The transistor is therefore hiased in the saturation region.
The small-signal egquivalent circuit is shown in Figure 6.23. The output voltage is

< ¥,

R; V RV SRp=T7k

Flgure 8.23 Small-signal squivalent circuit, assuming the source bypess capacitor acts as
a short circuit
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V,= _ngg:RD
Since V', = V,, the small-signal voltage gain 15

V
A. = T’E = ~g.Rp = —(1 4T} = 5.8

Comment: Cornparing the small-signal voltage pain of 9.8 in this exampie 1o the 5.76
caiculated in Example 6.5, we see that the magnitude of the gain increases when a source
bypass capacitor is included.

Test Your Understanding

*D8.11 The common-source amplifier in Figure §.24 has transistor parameters Vry
=15V, 1u,C, =20 uA/V?, and A = 0. Design the circuit such that Ipg = 0.5mA and
the small-signal voltage gain is 4, = —4.0. (Ans. For example: For Vg5 = 25V, then
WL =25, Rp = 4.0k02)

8.12 Consider the common-source amplifier in Figure 6.25 with transistor pa-
rameters Voy = 18Y, K, =0.15mA/V?, and i =0. (a) Calculate Ipg and Vpsp.
{b) Determine the small-signal voltage gain. (¢) Discuss the purpose of R and its effect
on the small-signal operation of the amplifier. (Ans. (a) Ipg = 1.05mA, Vpgo =443V,
(b} 4, = -2.65)

+5¥

5y =
Figure .24 Figure for Exarcise 6.11 Figure 6.2% Figue for Exercise 512

*8,43 For the circuil in Figure 6.26, the n-channel depletion-mode transistor pa-
rameters are: K, = 08mA/V:, Vry =—2V, and & = 0. (a) Caleuwlate [pg. (®) Find
Rp such that Fpgp = 6 V. {c) Determine the small-signal voltage gain. (Ans. (a) /pg =
0.338mA; (b) Rp = 7.83kR; (¢} 4, = -1.58}
6.14 The parameters of the transistor shown in Figure 6.27 are: Vrp=+048V,
=0.5mA/V, and \=002V"". (a3} Determine R and R, such that fpo =
I]EmA and Vgpg =3V. (b) Find the small-signal voltagc gail. (An& (a) Rg=
5.67kS2. Ry = 3.08ki2; (b) A, = =2.73)
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+i¥
Vop= OV
Ep
Cc
¢ % L
vy
¥; Rg =200 kQ
Ry=4%k0 = =
Figure 5.26 Figwe for Exercise 6.13 Figure §.27 Figure for Exercise 6.14

6.4 THE SOURCE-FOLLOWER AMPLIFIER

The second type of MOSFET amplifier to be considered is the common-drain
circuit. An example of this circuit configuration is shown in Figure 6.28. As
seen in the figure, the output signal is taken off the source with respect to
ground and the drain is connected directly {6 Vpp. Since Vpp becomes signal
ground in the ac equivalent circuit, we have the rame common drain. The more
common name is source follower. The reason for this name will become appar-
ent as we proceed through the analysis.

¥pp

v Ci') R
oA 2
&

.|}_

Figure §.28 NMOS source-ollower of common-drain amplifier

€41 Small-Signal Voltage Gain

The dc apalysis of the circuit is exactly the same as we have already seen, 50 we
will concentrate on the small-signal analysis. The small-signal equivalent cir-
cuit, assuming the coupling capacitor acts as a short circuit, is shown in Figure
6.29(a). The drain is at signal ground, and the small-signal resistance 7, of the
transistor is in paralle! with the dependent current source. Figure 6.29(b) is the
same equivalent circuit, but with all signal grounds at a commeon point. We are
again neglecting the body effect. The output voliage is
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oV,

(8) (b}

Figure 6.20 (a) Smal-signal squivalant cireuit of NMOS source follower and (b} small-
signal squivalent circuit of NMOS source lollower wilh ali signal grounds at a common point

Vo = (g Ve X Rlirs) (6.30)
Writing a KVL equation [rom input to output results in the following:
Vin = Vet Vo= Ve + 2n Vil Rslro) (6.31(a))
Therefore, the gate-to-source voltage is
I
V-

v, = ' = L] -V, (6.31(b)
Bl + gl Rslir,) L + (Rglir,) "
3 i

Equation (6.31(b)) is written in the form of a voltage-divider equation, in
which the gate-to-source of the NMOS device looks like a resistance with a
value of 1/g,,. More accurately, the effective resistance looking into the source
terminal (ignoring r,) is 1/g,,. The voltage Vi, is related to the source input
voltage V, by

b = (R_ f‘RS) ¥, (6.32)
] §

where R; = R|||R; is the input resistance to the amplifier.
Substituting Equations (6.31(b)) and (6.32) into {6.30), we have the small-
signal voltage gan:

A.r. s E gt gﬂ(‘Rs'“rn:] . ( R! ) (6.3“3})

Vi 1 +galRsllr,) \Ri+ Ry
or
t=t () (6330)
—+ Rslir, ) Si
&n

which again is written in the form of a voltage-divider equation. An inspection
of Equation 6,33(b) shows that the magnitude of the voltage gain is always less
than unity. This result is consistent with the results of the BJT emitter-follower
circuit.

& —i
K, I ¥
I Tin
F\W—?—J + ¥, - . :
L)
|
"'ro Vi Rl HRJ, ¢‘mvgr RS

o

33
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Example 6.7 Oblective: Calculate the small-signal voltage gain of the source-
follower circuit in Figure 6.28.

Assume the circuit parameters are Vpp =2V, R, = 162kQ, Ry = 463k2, and
R =075k, and the (ransistor parameters are Fry = 1.5V, K, =4mA/V>, and
A=001V"". Also assume Ry = 4%

Solution: The dc analysis results are fyp = 7.57mA and Vggp = 291 V. The small-
signal transconductance is therefore
Em = 2K, Vg0 — Vpa) = 208H2.91 = 1.3 = 11L.ImA/Y
and the small-signal transistor resistance is
ro & [Mpol™! = [(0O0INTIN™ = 125kQ
The amplifier input resistance is
R, = RillR, = 1621463 = 120k
The smali-signal voltage gain then becomss

__BnlRslr) R (IL3N0.I51N2.5) 130
YT L4 gnRslirt R+ Ry U+ (LL3K0.751I2.5) 120+ 4

= ++0.860

Comment: The magnitude of the small-signal voltage gain is less than | An examina-
tion of Equation (6.33(b)y shows thal this is always true. Also, the voltage gaim is
positive, which means that the output signal veltage is in phase with 1he input signal
voltage. Since the output signal is essentially equal to the input signal, the circuit is
called a source follower.

Discussion: The expression for the voltage gain of the source follower is essentially
identical to that of the bipolar emirter follower. Since the transconductance of the BJT
is, in general, larger than that of the MOSFET, the voltage gain of the emitier follower
will be closer to unity than that of the MOSFET source follower.

Although the voltage gain is slightly less than 1, the source follower is an
extremely useful circuit because the output resistance is less than that of a
commeon-source circuit. A small output resistance is desirable when the circuit
is to act as an ideal voltage source and drive a load circuit without suffering
any loading effects.

Test Your Undersianding

8.18 For an NMOS source-follower circuit, the parameters are g, = 4mA/Y and
¢, = 50k$2. (3) Find the no load (Rs = o0) small-signal voltage gain and the output
resistance. (b) Determine the smalf-signal voltage gain when a 4k load is connected to
the output. {Ans. (a} A, = 0.993, K, = 0.25kQ; (b} 4, = 0.937)

D8.18 The source-follower circuit in Figure .28 has transistor parameters Fpy =
408V, K, = 1mA/VE, and A=0015V"" Let Vpp=10V, Rg=2009Q, and
R, + R; =400 k2. Design the circuit such thal fpg.=[.5mA and ¥pg =35V,
Determine the small-signal voltage gain and the output resistance. {Ans. Rs=
333k, Ry = 119k82, Ry = 281, k2, 4, = 0.884, and R, =0.36ki2)
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Design Example 6.8 Objective: Design a specific source follower with a
p-channel enhancemert-mode MOSFET.

For the circuit in Figure 6.30, the transistor parameters are Vyp = -2V, k; =
40 pA/V?, and 1 = 0. The circuit parameters are ¥'pp = 20V and Ry = 4ki2.

The circuit is to be designed such that Vspg = 10V, Ipg = 2.5mA, and R; = 50k,
and the transistor width-to-length ratie is 1o be designed such that the small-signal
voltage gain is A, = 0.90.

Figure £.30 PMOS soyrce folower

Solutlon: From the dc analysis, we have

Vﬂ‘D = VSDQ + .rﬂQRS

or
20 =10+ L5Rg

The required source resistance value is therefore
R; =4kQ

The small-signat voltage gain of this circuit is the same as that of a source follower
using an NMOS device. From Equation (6.33(a)), we have

A;:EE.: ngS .( Rl )
"FV S Ttg.Rs \R + Ry

or

__Ea4) (S50
0‘90‘1+g,,,{4} (50+4)

which yields

# Zml4)
o7 = =
09 1+ gm(4}

Therefore, the required small-signal transconductance is
Zn = BOBMA/V

Since the transconductance can be writien as

Em = 2‘;K,IDQ
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we have
8.68 x 107 = 2,/K,(2.5 x 10-%)
which yields

K, =153 x 107 A/¥?

The conduction parameter, which is a function of the width-to-length ratio, is

K, =153 %107 = (%) (%*5) = (%) (;4_0_><2_ffﬁ)

which means that the width-to-length ratio is

W
—=1377
L

This is a relatively large p-channel transistor.
Completing the dec analysis, we have

Ipg = K(Vsgo + VY

or
25=753Vegp - 2

which yields a quiescent source-to-gale voltage of
Vigo= 2.8V

The quigscenl source-to-gate voltage can also be wrilten as

R
Fseo = (Fop - fopRs)— (_L')(Voo)

R+ Ry,
Since
(7)) ww) - (@)~
R +R; RJ\R + R, R/
we have

2.58 = [20 — (2.5)(4)] - (.R_I,)‘m)(m)

the bias resistor R is then found (o be
R, =135kQ

Since
R, = R\[R, = 50k

then
R, = 19.4k82

Comment: In order to achieve the desired specifications, a relatively large transcon-
duetance is required, which means that a Jarge transisior is needed. If the load effect
were reduced. that is, if R, were made larger, the required size of the Lransistor could be
reduced.
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6.4.2 Input and Output Impedance

The imput resistance R; as defined in Figure 6.29{b), for example, is the
Thevenin equivalent resistance of the bias resistors. Even though the input
resistance to the gate of the MOSFET is essentially infinite, the input bias resis-
tances do provide a loading effect. This same effect was seen in the common-
SOUTCE CiTCUItS,

To calculate the output resistance, we set all independent small-signal
sources equal to zero, apply a test voltage to the output terminais, and measure
a test current. Figure 6,31 shows the circuit we will use to determine the output
resistance of the source follower shown in Figure 6.28. We set I; = 0 and apply
a test voltage V. Since there are no capacitances in the circait, the outpu
impedance is simply an oulput resistance, which is defined as

V,
R, =— (6.34)
{,
] RO
-
i e
RylIRy R 5y,

<+

Figure §.31 Equivalent circuil of NMOS souwes follower, lor determining outpat resistance

Writing a KCL equation at the output source terminat produces

V 13 VI

b s Vi 6.35
R3+rp (6.35)

".\' + Em Vm

Since there is no current in the input portion of the circuit, we see that
Ves = — V. Therefore, Equation {6.35) becomes

[ =V ( L & 1) (6.36(a))
-RS fa _
or
{ I | 1
M N St 6.36(b
e Re + o { )

The output resistance is then

R, = i Rslr, (637)
B
From Figure 6.31, we see that the voliage ¥, is directly across the current
SOUICE g Ve This means that the effective resistance of the device is i/g,,. The
output resistance given by Equation (6.37) can therefore be written directly,
This result also means that the resistance looking into the source terminal
(ignoring r,) is /g, as previously noted.
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Example 6.9 Objective: Calculate the output resistance of a source-follower
cireuit.

Consider the circvit shown in Figure 6.28 with circuit and transistor parameters
given in Example 6.7.

Solutlon: The results of Example 6.7 are: Rg =075k, r, = 12.5kQ, and g, =
11.3mA/V. Using Figure 6.31 and Equation {6.37), we find

1 |
R,=—I|R = —[0. :
e IRsllr, = 7y 0-750112.5

R,=00787kQ =875

Comment: The output resistance of a source-follower circuit is dominated by the
transconductance parameter. Also, because the output resistance is very low, the source
follower tends to act like an ideal voltage source, which means that the output can drive
another circuit without significant loading effects.

Test Your Understanding

*8.4T7 Consider the circuit shown in Figure 6.30 with circuit parameters Vpp = 5V,
Rs = 5k, R; = 70.7k82, R; =9.3kQ, and Ry, = 500Q. The transisior parameters are:
Vyp=—08Y, K, = 0.4mA/V:, and A = 0. Caleulate the small-cignal voltage gain
A, = v,/v; and the output resistance R, seen looking back into the circuit. (Ans.
A, =0817, R, =0915k) '

D6.#8 The transistor in the source-follower circuit shown in Figure 632 is biased
with a constant current source. The transistor parameters are: Vry =1V, k=
40pA/V2, and & =0.01V"". The load resistor is Ry = 4kQ. (a) Design the transistor
width-to-length ratio such that g, = 2mA/Y when / = 0.8 mA. What is the correspond-
ing value for V55? (b) Determine the small-signal voltage gain and the output resistance
R,. (Ans. (&) W/L =615, Vs = 2.8V; (b) 4, =0.886, R, =0.5k0)

+9¥

4V

Figure 6.32 Figure for Exercise 6.18

*DB.19 The parameters of the tramsistor in the source-follower circuit shown in
Figure 633 are: ¥7p = -2V, K, = 2mA/V?, and 4 = 0,02V™". Design the circuit such
that Ipo = 3mA. Determine the open-circuit (Ry = o) srnall-signal voltage gain. What
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+3V
Ry
]
Cey ¢ ¢
2
£y
. G
= =5 ¥

Figure6.33 Figure lor Exercise 6.19

value of B, will result in a 10 percent reduction in the gain? {(Ans. &5 = 0.593kS,
A, =077, R = 1.35k2)

M

6.5 THE COMMON-GATE CONFIGURATION

The third amplifier configuration is the common-gate cirenit. To determine the
small-signal voltage and current gains, and the input and output impedances,
we will use the same small-signal equivalent circuit for the transistor that was
wsed previousty, The dc analysis of the common-gate circuit is the same as that
of previous MOSFET circuits.

6.5.1 Small-Signal Voltage and Current Gains

In the common-gate configuration, the input signal is applied to the source
terminal and the gate is at signal ground. The common-gate configuration
shown in Figure 6.34 is biased with a constant-current source fy. The gate
resistor Rg prevents the buildup of static charge on the gate terminal, and the
capacitor Cg ensures that the gate is at signal ground. The coupling capacitor
C¢y couples the signal 1o the source, and coupling capacitor C couples the
output voltage to load resistance R;.

The small-signal equivalent circuit is shown in Figure 6.35. The small-
signal transistor resistance r, is assumed to be infinite. The output voltage is

Figure §.34 Common-gate cicuit
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Figure 6.35 Small-signal equivalent circuit of commaon-gate amplilier

Vo= —@mVeMRollRL) (6.38)
Writing the KYL equation around the input, we find
Vi=LRg =V (6.39)

where i, = —g,, V,,. The gate-to-source voltage can then be written as

.

V, = ——oH 6.40
# =T gnks {6.40)

The small-signal voltage gain is found to be
4 = Lo _EnlRpliRe) 641)

V,- 1 +ng5‘
Also, since the voltage gain is positive. the output and input signals are in
phase,

In many cases, the signal input to a commeon-gate circuit is a current.
Figure 6.36 shows the small-signal equivalent common-gate circuil with a
Norton equivalent circuit as the signal source. We can calkulate a current
gain. The output current 7, can be written

Rp )
={—2_N-gnVp 6.42
At the input we have

Ve
L+g,Ve+-E=0 (6.43)
Rii’

bod T

Figure 8,36 Smalt-signal equivalent circull of comeon-gale amplifier with a Norton
aquivalert signal source
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or

Ry,
Vo= —25__ 6.44
® (I +ngSr) ( )

The small-signal current gain 1s then

ki R!J .ngS.-'
A= == . 6.45
e ) (o .
We may note that if Rp >» R, and g, Rg >» |, then the current gain is essen-
tially unity as it is for an ideal BJT common-base circuit.

6.5.2 Inputand Outputimpedance

In contrast to the common-source and source-follower amplifiers, the common-
gate circuit has a low input resistance because of the transistor. However, if the
input signal is a current, a low input resistance 1s an advantage. The input
resistance is defined as

-V,
Ri=—~ (6.46)
Since {; = —g,, V,,, the input resistance is
Rin (6.47)
g}l:‘

This result has been obtained previously.

We can find the output resistance by setting the input signal voliage equal
to zero. From Figure 6.35, we see that V,, = —g,,V, Ry, which means that
Vs = 0. Consequently, g, },, =0. The output resistance, looking back from
the load resistance, is therefore

R, =R, (6.48)

343

Example 610 Objective: For the common-gate circuit, determine the output vol-
tage for a given input current.

For the circuits shown in Figures 6.34 and 6.36, the circuit paramelers are:
fo = mA, Pt =SV, V" =5V, R; = 100k, ‘Rf =4k, and R, = 10kQ2. The
transistor parameters are: Fpy = 1V, K, = ImA/V", and i = 0. Assume the input
current is 100 sin wf pA and assume Ry = 50kQ.

Solutlon: The quiescent gate-ig-source voltage is determined from
lo = Ing = Ka(Vasg - Vrw)

or
| =1{Vgsg— VY

which yields
Vsg =2V

The small-signal transconductance is
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&m =2K,(Fgsp — Vin) = 21H2 - 1) = 2mA/Y

From Equation {6.45), we can write the output cusrent as

! ——-f( RD )( ngSi'
* T \Rp+ Ry | + g..Rs:
The outpnt voltage is ¥, = I, R, 50 we find
v -I( ReRp ) ( Zn Ry )
e = £ 3
RD -+ RL 1 +g,,|R_g|-

(0X4)] T (2450)
[ |

T+ (2){50)] {0, 1) sin ot

ar

V, =0.283sinaet ¥V

Comment As with the BJT common-base circuit, the MOSFET commaon-gate ampli-
fier is useful if the input signal is a current,

Test Your Understanding

RD6.20 For the circuit shown in Figure 6.34, the circwt parameters are: ¥ = 5V,
V™ =5V, R; = 100kQ, R, =4k, and /5 = 0.5mA. The trangistor paramelers ace
Vry = | ¥ and A = 0. The circuit is driven by a signal current source f;. Redesign Ry
and g, such that the transfer function ¥,/J is 2.4kt and the output resistance is & =
350 Q. Determine ¥go and show that the transistor is biased in the saturatien region.
{Ans. g, = 2.86 mA/Y, Rp = 6kQ, Vggp = 1L.35Y)

6.24 Consider the circuit shown in Figure 6.37 with circuit parameters ¥+ = 5V,
V™= =5Y, R =4k, Ry =2kQ, R, =4kQ and R; = S0kQ. The transistor pa-
rameters are: K, = 1mA/V", Frp= 0.8V, and A = 0. Draw the small-signal ¢quiva-
lent circuit, determine the smallsignal voltage gain 4, = V,/F;: and find the input
resistance R,. (Ans. 4, = 2.41, R; = 0.485k)

Flgure 6,37 Figura for Exarcise 6.21
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6.6 THETHREE BASIC AMPLIFIER CONFIGURATIONS:
SUMMARY AND COMPARISON

Table 6.1 is a summary of the small-signal characteristics of the three amplifier
configurations.

Table 6.1 Characteristics of the three MOSFET amplifier configurations
Configuration Voltage gain Currest gain Inpot resistance  Owiput resistance

Common source A, > | - Ry Maoderate to high
Source follower A, =1 — Ry Low
Common gate A, = 1 A=l Low Moderate (o high

The common-source amplifier voltage gain is generally greater than 1. The
voltage gain of the source follower is slightly less thanl, and that of the com-
mon-gate circuit is generally greater than 1.

The input resistance looking directly into the gate of the commen-source
and source-follower circuits is essentially infinite at low to moderate signal
frequencies. However, the input resistance of these discrete amplifiers is the
Thevenin equivalent resistance R,y of the bias resistors. In contrast, the input
resistance to the common-gate circuit is generally in the range of only a few
hundred chms.

The output resistance of the source follower is generally in the range of a
few hundred ohms or less. The output resistance of the common-source and
common-gate configurations is dominated by the resistance Rp. In Chapters 10
and L1, we will see that the output resistance of these configurations is domi-
nated by the resistance r, when transistors are used as load devices in ICs.

The specific characteristics of these single-stage amplifiers are used in the
design of multistage amplifiers.

6.7 SINGLE-STAGE INTEGRATED CIRCUIT MOSFET
AMPLIFIERS

In the last chapter, we considered three all-MOSFET inverters and plotted the
voltage transfer characteristics, All three mverters use an n-channel enhance-
ment-mode driver transistor. The three types of load devices are an n<hannel
enhancement-mode device, an n-channel depletion-mode device, and a p-
channel enhancement-mode device. The MOS transistor used as a load device
is referred to as an active load. We mentioned that these three circuits can be
used as amplifiers.

Tn this section, we revisit these three circuits and consider their amplifier
characteristics. We will emphasize the smail-signal equivalent circuits. This
section serves as an introduction to more advanced MOS integrated circuit
amplifier designs considered in Part 11 of the text.

6.71 NMOS Amplifiers with Enhancement Load

The characteristics of an n-channel enhancement load device were presented in
the last chapter. Figure 6.38(a) shows an NMOS enhancement load transistor,
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ip |

¥pstsat) = Vg - Vrug .f;

iplmax)

¥pg
(a) {b)
Figure .38 (a) NIMOS enhancement-mode transigtor with gate and dran connecied i &

Inad device confipuration and (b} cument-voltage characteristics of NMOS enhancemant load
fransistor

and Figure 6.38(b) shows the current-voltage characteristics. The threshold
voltage 15 Fryy.

Figure 6.39(a) shows an NMOS amplifier with enhancernent load. The
driver transistor is M, and the load transistor is M;. The characteristics of
transistor M p and the load curve are shown in Figure 6.39(b). The load curve is
essentially the mirror image of the i-v characteristic of the lead device. Since
the i—v characteristics of the load device are nonlinear, the load curve is also
nonlinear. The load curve intersecis the voltage axis at Vpp — Py, which is
the point where the current in the enhancement load device goes to zero. The
transition point is also shown on the curve.

The voltage transfer characteristic is also useful in visualizing the operation
of the ampilifier. This curve is shown in Figure 6.39(c). When the enhancement-
mode driver first begins to conduct, it is biased in the saturation region. For use
as an amplifier, the circuit Q-point should be in this region, as shown in both
Figures 6.39(b) and (c).

We can now apply the small-signal equivalent circuits to find the voltage
gain. In the discussion of the source follower, we found that the equivaient
resistance looking into the source terminal (with Ry = co) was R, = (1/ga)l7,.
The small-signal equivalent circuit of the inverter is given in Figure 6.40, where
the subscripts D and L refer to the driver and load transistors, respectively. We
are again neglecting the body effect of the load transistor.

The small-signal voltage gain is then

-I—“ J’aL) (649)

Vo
A= 7 _gmn(rﬂﬂ Emt.

Since, generally, 1/gnz € ror 8ud 1/gmp <& ryp, the voltage gaim, to a good
approximation is given by '
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Yoo
)
. i
o
* ipfmax)
M "
—'TI L Yosi
szl -
T f— ‘Transition point
+ me
. Mp vpsn ——
¥, = Y<, Laad curve
¥Gso
v+ = - \ |
Gl — v,
[ I J bE vpap=vp
= Vo b
(@) 6]
'L"O
MD MD‘ in H.D in
1 cutoff satluration pongaduration
Yoo = Yrwe =+— Cutoff point

Franstion point

T
I
I
-——-—————-—————1——-—-————-——
!
i

0 ¥rup vuso
{c)
Flgure 8.3% (2} NMOS amyplifier with enhancement load device; (b} driver transistor

charaglerstics and enhancament load curve with ransition point; and (¢) vokage transfer
characterstics of NMOS amplifier with enhanceman load device

[ s 1] a & . Ol’:'a
+ 4
K ¥, &
i ot Lo Bt ol
‘ mepéf
= -
i, TJ 1, 4
v v
Mp M

Figure 6,40 Small-signal equivalent clrouit of NMOS inverter with snhancement load device
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4. = ~Empr = _KnD g2 '(W/L}D
: Lail V K.vL (WI‘L}L

(6.50)

The voltage gain, then, is related to the size of the two transistors,

Design Example 6.1 obwctive: Design the small-signal voltage gain of an
NMOS amplifier with enhancement load, and establish the @-peoint in the middle of
the saturation region.
Consider the circuit shown in Figure 6.3%a) with transislor parameters Foyp =
Vixg =1V, ki, = 30uA/ V2, and (W /L), = |. The circuit parameter is Vpp = 5V.
Design the circuit such that the voltage gain is |A4,] = 10

Solution: From Equation 16.50), we have

(W /L),
A =10= |—r—"
i VL,

Therefore, the width-to-length ratio of the driver transistor must be

WY _ (N _
(T)D”“”’ (.L.)[ (100)( 1} = 100

The conduction parareters are then

K.p= (E) (h:;,) = (100115) = 1.5 mA/Y?

and

Ropeas (f) (h;;) = (IX15) = 0.015 mA/V?

We can determine the Lransition point by setting
vo = vgsp — Vrwp

Therefore,
KI’D
vasp — Venp ={Vpp — Fran) — 5, (vesp = Vrnp)
.
or

1.5
vesp— 1=(5-11— m(”asn- 1)

which yields Lransition peint values of

YGsn = 136V and ¥asp = 0.3V
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Considering the resulting voltage transfer characteristics shown in Figure 6.41, the
middiz of the saturation region is halfway between the cutoff poitt (vegn =
Fyyp = 1 V) and the transition point (¥zsp = £.36V), or

‘asp = LI8Y

valV)
5 -

Cutoff point

Transition point

HEE e

I : I

0 ) L2 HE 15 yoen (V)
Vosp=118Y L&Y

Figurz 6.41 Vollage transier charactonislics and G-point of NMOS amplifier with
enhancemant load, for Example €.11

Comment: These results show that a very large difference is required in the sizes of the
two transistors to produce a gain of 10. In fact, a gain of 10 is about the largest practical
gain that can be produced by an enhancement load device. A larger small-signal gain
can be obtained by using a depletion-mode MOSFET as a load device, as shown in the
next section.

Design Polnter: The body effect of the load transistor was neglected in this analysis.

The body effect will actually lower the small-signal voltage gain {rom that determined in
the example.

Test Your Understanding

6.22 For the enhancement foad amplifier shown in figure 6.3%(a), the parameters
ate: Venp = Vewy =08V k) = 40 pA/V: (W/L)y =80, (W/L), = |, and Vpp = 3V.
Determine the small-signal voltage gain. Determine Vg such that the ¢-point is in the
middle of the saturation region. (Ans. 4, = —8.94, Vg5 = 1.01V)

D6.23 For the enhancement load amplifier shown in Figure 6.3%(a), the parameters
ate: Vonp = Vixe = 1V, &, = J04A V2, (W/L); =2, and ¥pp =10V. Design the
circuit suck that the small-signal voltage gain is |4,| = 6 and the (-point is in the center
of the saturation region, (Ans. (W/L)p = 72, Vgs = 1.645Y)
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6.7.2 NMOS Amplifier with Depletion Load

Figure 6.42(a) shows the NMOS depletion-mode transistor connected as a load
device and Figure 6.42(b) shows the current-voltage characteristics. The tran-
sition point is also indicated. The threshold voltage Vow, of this device is
negative, which means that the vyg value at the transition point is positive.
Also, the slope of the curve in the saturation region is not zero; therefore, a
finite resistance r, exists in this region,

ip
lig vas(sat) = — Yoy
Ipimag) = - — o I ver=1
__I v* SIIJ[’C%= G

42 Transition i
- pairt :

|

YDgr Yis
(a} {b)

Figure 6.42 (a) NMOS depletion-mode transistor with gate and source connectad in a load
device configuration and (b) current-voltage characteristic of NMOS depletion load transistor

Figure 6.43{a) shows an NMOS depletion load amplifier. The transistor
characteristics of Mp and the load curve for the circuit are shown in Figure
6.43(b). The load curve, again, is the mirror image of the i~v characteristic of
the load device. Since the /—v characteristics of the load device are nonlinear,
the load curve is also nonlinear. The transition points for both M and M, are
also indicated. Point 4 is the transition point for Mp, and point B is the
transition point for M; The Q-point should be approximately midway
between the two transition points.

The de voltage Vgspo biases transistor My in the saturation region at the
Q-point. The signal voltage v superimposes a sinuoscidal gate-to-source volt-
age on the dc valug, and the bias point moves along the load curve about the
Q-point. Again, both M, and M, must be biased in their saturation regions at
all times.

The voliage transfer characteristic of this circuit is shown in Figure 6.43(c).
Region I1I corresponds to the condition in which both transistors are biased in
the saturation region. The desired Q-point is indicated.

‘We can again apply the small-signal equivalent circuit to find the smali-
signal voltage gain. Since the gate-to-source voltage of the depletion-load
device is held at zero, the equivalent resistance looking into the source ter-
minal is R, = 7,. The small-signal equivalent citcuit of the inverter is given in
Figure 6.44, where the subscripts D and L refer to the driver and load
transistors, respectively. We are again neglecting the body effect of the
load device.
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(m) (b)

Voo - [ Vrng |

-poine

YGso

Figure 6.43 [a) NMOS amptiflar with depietion load device; (b) driver transistor
characteristics and depletion loed curve, with transifion points, and (¢) voltage transfer
characlenstics

o o —ok,
+ +
4 Fer TaD ol
Emdlys
& &
. - 4 L_....._r_"
Mp M

Figure .44  Senal-signal equivalent circuit of NIMOS inverter with deglstion lond device

k.1 :
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The small-signal voltage gain is then

/‘i,, = ?ﬂ = _ng(ruDiIrnL] {65]}
!
1n this circust, the voltage gain is directly proportional to the output resistances
ol the two transistors.

Example 6.12 Objective: Determine the smali-signal voleage gain of the NMOS
amplifier with depletion load.

For the circuit shown in Figure 6.43(a), asseme transistor parameters of Vowp =
+O8V, Fryy = =15V, Kp = ImA/V?, K, =0.2mA/V? and Ap =2, =001 V™"
Assume the transistors are biased at Jpy = 0.2mA.

Solutton: The transconductance of the driver is

gnp = 3 Keplpg = 2/(1N0.2) = 0.3%4 mA/V
Since Lp = A, , the output resistances are

i i
fob = VoL = e (001)0.2) 10

The small-signal voltage gain is then

A, = _ng{ra.D “rm‘_.) = _'(0‘8{)4}(500“ sm) =224

Comment: The vollage gairs of the NMOS amplifier with depletion load is, in general,
significantly larger than that with the enhancement load device. The body effect will
lower the ideal gain [actor,

Discussion:  One aspect of this ciecuil design that we have not emphasized 15 the dc
biasing. We mentioned that boih transistors need to be biased in their saturation
regions. From Figure 6.43(a), this dc biasing is accomplished with the de source
Vespg However, because of the steep slope of the transfer characteristics (Figure
6.43(c)), applying the “correct” voltage becomes difficult. As we will see in the next
section, dc biasing is generaléy accomplishedt with current scurce biasing.

Test Your Understanding

*8.24 For the depletion load amplifier in Figure 6.43(a), the parameters are:
VTND = DSV, VTNL = —L}.' V, Kn.ﬂ = ZSGH-A)"\J’:, K"_L = 25 uA;"vz, ?LD = ;‘.1 =
001V~ and ¥pp = 5V. {ay Determine ¥gg such that the Q-point is in the middle of
the saturation region. (b) Calculate the quiescent drain current. (¢} Determine the smail-
signal voitage gain. (Ans. (a) Fgs = 1.18V; (b} Ipp = 37 pA; (¢} A, = ~157}
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6.7.3 NMOS Amplifier with PMOS Load
Common-Source Ampiifier

An amplifier using an n-channel enhancement-mode driver and a p-channe]
enhancement mode active load is shown in Figure 6.45(a) in a commot-source
contfiguration. The p-charnnel active lead transistor M, is biased from M, and
Igias- This configuration is similar to the MOSFET current source shown in
Figure 5.39 in Chapter 5. With both n- and p-chanme! transistors in the same
citcuit, this circuit is now referred to as a CMOS amplifier.

The i—v characteristic curve for M; is shown it Figure 6.45(b). The source-
to-gate voliage is a constant and is established by M. The driver transistor
characteristics and the load curve are shown in Figure 6.45(c). The transition
points of both A, and M, are shown. Point A is the transition point for M
and point B is the transition point for 3. The Q-point, to establish an ampli-
fier, should be approximately halfway between points 4 and B, so that both
transistors are biased in their saturation regions. The voltage transfer charac-
teristics are shown in Figure 6.45(d). Shawn on the curve are the same transi-
tion points A and B and the desired Q-peint.

We again apply the small-signal equivalent circuits to find the smail-signal

voltage gain. With vg, held constant, the equivalent resistance looking into the

Fop

562 = Va6

vinz

i
b E| }'.9.5’[ {b)
]
— — — "‘{H
(8)

i
vad.l'lt ............... ot Q-poant
A
F Load !
¥osi Yoo
) {d)

Figure 6.45 {(a) CMOS common-gource amplifier, (b) PMOS active load /v charactaristic,
(c) driver iransistor characterstics with load curve, (d) voliage iransfer charactanistics
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drain of M; is just R, = r.,. The small-signal equivalent circuit of the inverter
is then as given in Figure 6.46. The subscripts # and p refer 1o the n-channel
and p-channel transistors, respectively. We may note that the body terminal of
M, will be tied to ground, which i1s the same as the source of M|, and the body
terminal of M, will be tied to Vpp, which is the same as the source of M.
Hence, there is no body effect in this circuit.

The small-signal voltage gain is

Yo
4, = V. = —Zmnl¥on ”rop} {6.52)

Again for this circuit, the small-signal voltage gain is directly propertional to
the output resistances of the two transistoss.

< ;s [
g
Kot B Fw 3
.
-
L

x, - o | S —

]

Figure 6.46 Smal-signal squivalent circult of the CMOS common-source amgplifier

Example 6.13 Objective: Delermine the small-signai voltage gain of the CMOS
amplifier.

For the circuit shown in Figure 6.45(a), assume transistor parameters of ¥ry =
+0.8V, Vrp= 03V, &k, =B0pA/V?, Kk, = 40pA/VE, (W/L), = 15, (W/L), =30,
and A, =}, =001 V™", Also, assume Jg;,, = 02mA.

Sodulion: The transconductance of the MMOS driver is

frenN(wy
i = 2\! KRIDQ =2 ("f)(r).'rma\
=1 ‘i (%%){15){0.2} = (693 mASYV

)

Since A, = A,. the cutput resistances are

i |
fon = Tor = e (00IK0.2)

= 500k5
The small-signal voleage gain is then

Ay = =galFon I} = —{0.693)(500(1500) = —173
Comment The voliage gain of the CMOS amplifier is on the same order of magnitude

as the NMOS amptifier with depletion load. However, the CMOS amaplifier does not
suffer from the body effect.



Chapler & Basic FET Amplifiers

Discussion: In the circuit configuration shown in Figure 6.43(a), we must again apply
a de voltage to the gate of M, to achieve the “proper” ¢-point. We will show in later
chaplers using more sophisticated circuits how the Q-poiag is more easily established
with current-source biasing. However, this circuit demenstrates the basic principles of
the CMOS common-source amplifier.

55

CMOS Source-Follower and Common-Gate Amplifiers

The same basic CMOS circuit configuration can be used to form CMOS
source-Tollower and common-gate configurations. Figure 6.47(a) and (b) show
these circuits.

We see that for the source-follower circuit, the active load (Afy) is an n-
channel rather than a p-channel device. The input is applied to the gate of M|
and the output is at the source of M,. For the common-gate amplifier, the
active load (M) is again a p-channel device. The input is applied to the source
of M, and the outpul 13 at the drain of ;.

We may note that in both the source-follower and common-gate circuits,
the body effect will need to be taken into account. In both circuits, the body
terminal of the amplifying transistor Af, will be connected to the most negative
voltage, which is not the same as the source terminal. We will consider these
types of circuits in detail in later chapters.

¥op

i ]
(D) o[ o oty [T e 10w

40 Vg
—
Maj |__1 ‘:Hz Load Imﬂ(D Vﬂi“o—l I: M) Driver
J__ = Y o—
{;] {b)

Figure 6.47  (a) CMOS source-follower amplifier; (b) CMOS common-gate amplifier

6.8 MULTISTAGE AMPLIFIERS

in most applications, a single-transistor amplifier will not be able to meet the
combined specifications of a given amplification factor, input resistance, and
output resistance. For example, the required voltage gain may exceed that
which can be obtained in a single-transistor circuit.
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Transistor amplifier circuits can be connected in series, or cascaded, as
shown in Figure 6.48. This may be done ¢ither to increase the overall small-
signal voltage gain, or provide an overall voltage gain greater than I, with a
very low output resistance. The overall voltage gain may not simply be the
product of the individual amplification factors. Loading effects, in gencral,
need to be taken into account.

There are many possible multistage configurations; we will examine a few
here, in order to understand the type of analysis required.

Py
]l_.- i A”: :1-4: -ﬂ
R; Ry Rp Ra

Figure 6.48 Generalized two-stage amplifier .

68.1 DC Analysis

The circuit shown in Figure 6.49 is a cascade of a common-source amplifier
followed by a source-follower amplifier. As shown previously, the common-
source amplifier provides a small-signal voltage gain and the source follower
has a low output impedance.

L)
V=3V
Figure6.49 Common-source ampfifier in cascade with source foliower
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Design Example 6.14 Objective:  Design the biasing of a multistage MOSFET
circuit to meet specific requirements.

Consider the circuit shown in Figure 6.49 with transistor parameters X, =
S‘DO”A,I"V‘!, K,,z =200 [.I-Af\‘z, VTNl = VTNE =1.2 V, and 'i‘l Tt )..2 ={. Deslgﬂ the cir-
cuit such that IDQI =0.2mA, IDQg = (1.5 mA, V.DSQI = VDSQ2 =6V, and R; = 100kQ.
Le‘. R& - 4 tg

Solulion: For output transistor M, we have
Vosgz = 5 — (=51~ IpgaRsy
or
6= 10— (0L.5)Rg
which yields Ry = 8kE2. Also,
Ing = Kl Ves2 — V)’
or
0.5=02(Ves; — 127
which yields
Vos; =278V

Since Vpsgr = 6V, the source voltage of M, is Viy = —1 V. With Vg = 2.78Y,
the gate voltage on M, must be

Vs = —1 +278=178V
The resistor Ry 5 then

5-1.78
0.2

For Fpsgi = 6V, the source voltage of M, is

= 16,1k

Rnl -

Vg = 178 =6 = —4.22V

The resistor Rg is then

—4.22 — (-9

03 = 1.9k

Ry =

For transistor M, we have

Togr = Kol Vo — Vem
Qr

0.2 = 0.50(Vegy — 1.2
which yields

Ves: = .83V

To find R, and R,. we can wrile

R
Vos = (R1 :RI)im)—fDmRss
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Since

e (R Lok
Ri+R R \R+R/ R
then

183 = R—l(lmmm — (0909
1

which vields R, = 383k$2. From R, = 100k, we find that R, = 135k,

Comment: Both transisiors are biased in the saturation region, which is desired for
linear amplifiers.

Figure 6.50 shows a cascode circuit with n-channel MOSFETSs. Transistor
M, is connected n a commen-source configuration and M, is connected in a
common-gate configuration. The advantage of this type of circuit is a higher
frequency response, which is discussed in a later chapter.

Vr=5V

Figure 6,50 NMOS cascode circuil

Design Example 6.15  Objective:  Design the biasing of the cascode circuit to
meet specific requirements.

For the circuit shown in Figure 6.50, the transistor parameters are: Fry =
Vige = 1.2V, Ky = Ky = 083mA/V, and &) =2; = 0. Let R+ Ry + Ry = 300kQ
and Rg=10kQ. Design the circuit such that Jpg =04mA and Fpsg =
VDEQI = 25 V

Soluthon: The dc voltage at the source of Af| 15

Vs = IpgRs — 5= {0.4)(10) = 5 = —1V
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Since M| and M, are identical transistors, and since the same current exists in the two
transistors, the gate-to-source voltage s the same for both devices, We have

I = K\(Vgs — Vrn)
or

04 = 08(Vgg—1.21
which yields

Vis =191V
Then,

; Ry _
Vo= (m)lﬂ = Fgs+ Vs

or

73 VP
(m)ﬁ)_l.ol I =091

which yvields
Ry = S4.6kQ
The voliage at the source of A, is
Vsa=Vpspr + Vsa=25-1 =013V
Then,

v R+ Ry
Vor=|————"— 5=V + ¥
o (R, + R+ R;)( ; cs 52

or

R2+R;
b+ Ry sy = =341V
( s )(5} 190 + 1.5 = 340

which yields
R+ Ry = 24.6k8
and
Ry = 150k
Therefore
Ry =954kQ2
The voltage 4t the drain of M is
Vor = Vogpy + Ve =254+ 1.5 =4V
The drain resistor is therefore

5w Vo, -
Z V”~=§’-—-—4=2,5m

XS,

Comment: Since Fpg=215V » Fpg ~ Py =191 - £.2=0.7LV, each transistor is
biased in the saturation region.
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6.8.2 Small-Signal Analysis

The midband small-signal voltage gain of multistage amplifiers is determined
by assuming that all external coupling capacitors act as short circuits and
inserting the small-signal equivalent ¢ircuits for the transistors.

Example 6.16 Objective: Determine the small-signal voltage gain of a multistage
cascade citcuit.

Consider the circuit shown in Figure 6.49 with transistor and circuit parameters
given in Example 6.14.

Solution: The small-signal transconduciance parameters are
Em = 2K,0(Ves — Vrv) = 200.5001.83 — 1.2) = 0.63mA/V
and
Zma = 2KoalVgsy — Vrwab = €A02)2.78 = 1.2) = 0.632mA [V

The small-signal equivalent circuit is shown in Figure 6.51.

R; L
RS' | smlvgsﬂ
i
v : < promS & ﬂ'l"o
+
242
Yi 9 RiliRy Yy Rpy Ry S8

AL

Figure 6.51 Smeil-signal equivalent circuit of NMCS cascade circut

The output voltage is

Vo= gm Ve fs2lRL)
Also,

Vear + Vo = —gm Ven Ry

where
R
=l——1.V
Vpl (RI ik RSI')
Then
R
Vi = =g Rpgl o—1) - ¥, =V,
g2 Bml M1 (R,—+ -RSI') ' I
Therefore

R
V, =gml[_gml Rp (R- 3 Rﬁ) il Vo](RszIIRL)
L

The small-signal voltage gain is then
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gin Yo —smlgmsz(RszERL)_( K, )
W 1+ 2m2(Reall Ry ) R: + Ry,

or

(0630632016 1XBM) [ 100 \
A= =L 063 E (loo+4)‘ Bii2

Commont:  Since the small-signal voltage gain of the source follower is slightly less
than 1, the overall gain is due essentially to the commaon-source input stage. Also, as
shown previously, the output resistance of the source follower is small, which is desir-
able in many applications.

dai

Example 617 Objective: Determine the small-signal voltage gain of a cascode
cireuil.

For the cireuit shown in Figure 6.50, the transistor and circuit parameters are as
given in Example 6.15. The input signal to the circuit is an ideal voltage source.

Solullon: Since the transistors are identical, the small-signal transconductance pa-
rameters of the two transistors are equal. Therefore,

o) = 2 = 2K (s — Vix} = 20.8)1.91 — 1.2) = L14mA/V

The small-signal equivalent circuit is shown in Figure 6.52. Transistor M supplies the
source current of M, with the signal current (g, ¥,). Transistor M, acls as a current
follower and passes this current on to its drain terminal. The output voltage is
therefore :

Vo= =2 VgsIRD

Since ¥y, = ¥, the small-signal voltage gain is
s b e R
e y! gﬂ‘Fl o

ar
A, = —(1,14}2.5) = —285

!nl2"{gs2 =Emi vgsl

2 -
¥
¥ RllRy Yy sml‘ﬁn Rp

Figure 6,52 Small-signal equivalent circuit of NMOS cascode circert

Comment The small-signal voltage gain is essentially the same as that of a single
commeon-source amplifier stage. The addition of a common-gate transistor will increase
the frequency bandwidth, as we will soe in a later chapter. '



ol

Part | Semiconductor Devices an<d Basic Applications

Test Your Understanding

8.28 For the cascade circuit shown in Figure 649, the transistor and circuit pa-
rameters are given in Example 6.13. Calculate the small-signal output resistance R,.
{The small-signal equviaient circuit is shown in Figure 6.51.) (Ans. R, = 1.32kQ)

*‘P8.28 The supply voltages to the cascade circnt shown in Figure 6.49 are changed
to ¥* =10V and ¥~ =—10 V. The transistor parameters are: &, = Kp = | mA/V2,
VTH| = VTNI =2V, and A=k = 0.0l V_., (a:l Let Rt =4k, and dESIgl‘I the cirguit
such that IDQ; = lﬂQz = rmhA, VDSQI = V.D‘SQZ = ]OV, and .Rm = 200 k2. (b) Calculate
the small-signal voliage gain and the output resistance R,. (Ans. {a) Rg =5k, Rp) =
3.3kR Rgy = L7k, Ry = 386 k82, Ry = 304k%; (b} A4, = -8.06, R, = 0.230kRQ)

D8.27 The supply voltages 1o the cascode circuit shown in Figure 6.50 are changed
to ¥* = 10V and I~ = — 10 V. The transistor parameters are: K,,) = K,; = 1.2 mA;‘Vz,
V.TN1 = FTNE =2 V. and ?L| - lz =1, (a} LEt .Rq + R2 + R3 = Smkﬂ. and .R_g' =10k&.
Design the circuit such that Ipg = 1 mA and ¥pgpy = ¥pgps = 3.5 V. {b) Determine the
small-signal voltage gain. (Ans. (a) Ry:= 1455k Ry =175kQ. R =1795kQ
Rp=3k; (b) 4, = -6357)

Vou

Figure 8.53 JFET common-
sourca cirguit with time-
varying signal source in seres
with gate de source

6.9 BASIC JFET AMPLIFIERS

Like MOSFETs, JFETs can be used to amplify small time-varying signals.
Initially, we will develop the small-signal model and equivalent circuit of the
JFET. We will then use the model in the analysis of JFET amplifiers.

6.9.1 Small-Signa! Equivalent Circuit

Figure 6.53 shows a JFET circuit with a time-varying signal applied to the gate.
The instantaneous gate-to-source voliage is

vis = Vas + v = Veg + Ves (6.53)

where v, is the small-signal gate-to-source voltage. Assuming the transistor is
biased in the saturation region, the instantaneous drain current is

5
Vow

fp = fpss(] = Vi,,) (6.59)

where Ipss is the saturation current and Fp is the pinchofl voltage.
Substituting Equation (6.53) into (6.54), we obtain

sy (Y]
o nel(-)-(2)

If we expand the squared term, we have

-

V i B V I ¥ 4 ¥ a :
e ) () o el)

The first term in Equation (6.56) is the dc or quiescent drain current /pg,
the second term is the time-varying drain current component, which is linearly
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related 1o the signal voitage vy, and the third term is proportional to the square
of the signal veltage. As in the case of the MOSFET, the third term produces a
nonhnear distortion in the output current. To minimize this distortion, we will
usnally impose the following condition:

Vs
& 1(! s ) (6.57)

¥

s

vy

Equation (6.57) represents the small-signal condition that must be satisfied for
JFET amplifiers to be linear.
Neglecting the term vf,, in Equation (6.56), we can write

lln = IDQ + f-“l (658)‘
where the time-varying signal current is

. ey Vos

g =+ =V 1 v, Veu 659

The constant relating the small-signal drain current and small-signal gate-to-
source voltage is the transconductance g,. We can wiite

jd = By (660)
where
U pss ( Vcs)
’m =+ ,. ] - 661
I=F AN e L

Since Fp is negative for n-channel JFETSs, the transconductance is positive, A
relationship that applies to both n-channel and p-channel JFETs is

R ( V(is)
Em =75 - ] s (662}
[Vl Vo

We can also obtain the transconductance from

(6.63)

Vi oy

Since the transconductance is directly proportional to the saturation current
I5ss. the transconductance is also a function of the width-to-length ratio of the
transistor.

Since we are Jooking into a reverse-biased pn junction, we assume that the
input gate current i, is zero, which means that the small-signal input resistance
is infinite. Equation (6.54) can be expanded to take into account the finite
output resistance of a JFET biased in the saturation region. The equation
becomes

. 2
in= -"n:;s(' = ‘—Ef) (1 + Avpg) (6.04})

The small-signal output resistance is

My ) 2
== {6.65)
f W pg

Yo =Consi.
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Using Equation (6.64), we obtain

-
Ves\’
"= |:”Dss(l - ;5) ] (6.66(a))
F
G D or
+ L
ro &Aool =2 6.
v, ot 30, [*og) T (6.66(b))
s The small-signal equivalent circuit of the n-channel JFET, shown in Figure
3 6.54, is exactly the same as that of the n-channel MOSFET. The small-signal

Figure6.54 Smalk-signal equivalent circuit of the p-channel JFET is also the same as that of the p-

equivalent circuit of n-channel  channel MOSFET. However, the polarity of the controlling gate-to-source

JFET voltage and the direction of the dependent current source are reversed from
those of the n-channel device.

6.9.2 Small-Signal Analysis

Since the small-signal equivalent circuit of the JFET is the same as that of the
MOSFET, the small-signal analyses of the two types of circuits are identical.
For illustration purposes, we will analyze two JFET circuits.

Example 6.18 Objechive: Determine the small-signal voltage gain of a JFET
arnplifier.

Consider the circuit shown in Figure 6.55 with transistor parameters fpgs = i2mA,
Vp=—4V, and A = 0.008 ¥~ Determine the small-signal voltage gain A4, = v./v,.

Vop=20V

]
+ < |
i By =180k j’_ﬂs =271 :[ G

Figure 8.55 Common-source JFET circuit with source resislor and source bypass capacitor

Solutiom: The dc quiescent gate-to-source voltage is determined from

R
= Vo — fpn R
VGSQ (.R. + Rz) et
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where

Veso\’
pg = "Dss(! -“i,ﬂ)

4

) Combining these two equations produces

WLV .
Vaso = (tso +420)‘2°] (12){2.?}(1 - T-'&')")

which reduces to
2025V Esp + 172V 559 +264 =0

The appropriaie solution is
Vosp = -2.01¥

The quiescent drain current is

2 2
Ipg = fm(l —@) = (|2}(| - (-'—229) =297TmA
Vp -4

The small-signal parameters are then

3fpss( Vcs) 2“2)( (*ll]l))
=gl =)= I~ =2.98mA
=V V) T @ 4 LY.
and
. : =421k
T Alpe  (0008Y29T)
o o¥,
+
¥, RiRy V¥ ¥y Sr, SRy 2R

Figure .56 Small-signal equivalent circuit of common-source JFET, sssuming bypass
capacitor acls as a shorl circuit

The smalf-signal equivalent circuit is shown in Figure 6.56.

Since V= V,, the small-signal voltage gain is
v,

A=3F

= ~gulral RpliRL)

of
A, = —(2.98)(42.1]2.7)|4) = —4.62

Commant:  The voltage gain of JFET amplifiers is the same order of magnitude as that
of MOSFET amplifiers.
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Deslgn Example 6.19  Objective:  Design a JFET source-follower circuit with a
specified small-signal voltage pain. '

For the source-follower circuit shown in Figure 6.57, the transistor paramelers are:
Ipss=12mA, ¥p=—4V, and & =001 V"' Determine R; and Ipp such that the
small-signal voltage gain is at least 4, = v, /r, = 090,

0V
Q

C

v l_ o2

iy e v,
-

() Rg=50k0 %RS Ry =10kR
— _ -]{)V 3

Flgure 8.57 JFET source-follower circuit

Solutton: The small-signal equivalens circuit is shown in Figure 6.58. The output
voltage 18
V, =gVl Rs1Rir,)
Also
Vi=Vut+V,
of
V=V, -V,
Therefore, the output voltage is
Vo = Bl Vi = Vo X RslRefir,)
The small-signal voltage gain becomes

4 Ve _8nlRshReliry)
T T gl Rl R L)

As a first approximation, assume r, is sufficiently large for the effect of r; to be
neglected.

Figure 6.58 Smalk-signal equivalent circult of JFET source-followsr circuit
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The transconductance is

¢ = Hoss (1 ,@)_2“2}( “gﬂ)
"T-VaN Ve )T 4 (—4)

1f we pick a nominal transconductance vale of g, = 2mAfV, then Vi = —2.67 ¥V and
the quicscent drain current is

_ Vs 2_ (=2.67) :_
!HQ = [n_'.'s(l _-I-’T) = “2}(] == {_4) ) =1.33mA

The value of Ry is then determined from

oo Vs =19 _26T+10 oo o
A RS

Also, the value of r, is

| 1
rJ

S e T ok

The small-signal voltage gain, incliding the effect of r . is

__EndRARL) __NOSINONTSY o,
YT T4 (R R NIr) T THO53N0N75.2)

Comment: This particular design meets the design crileria, but {he solution is not
unique,

In the last example, we chose a value of transconductance and continued
through the design. A more detailed examination shows that both g,. and Rg
depend upon the drain current fpy in such a way that the product g, R is
approximately a constant. This means the small-signal voltage gain is insensi-
tive to the imitial +alue of the transconductance.

Test Your Understanding

8.28 Reconsider the JFET amplifier shown in Figure 6.55 with wansistor parameters
given in Example’6.19. Determine the smail-signal voltage gain if a 20 k$2 resistor is in
series with the signal source v. (Ans. 4, = -31.98)

RD8.20 For the JFET amplifier shown in Figure 6.55, the transistor parameters are:
Ipss=4mA. ¥V, =—3V, and A=0005Y"" Let R, =4kQ Rs=27k2, and
R, + R, = 500k§. Redesign the circuit such that Ips = 1.2mA and Vygp =12V,
Calculate the small-signal voltage gain. (Ans. Rp==13197k%. R, =453kQ, R; =
47kQ, 4, = -2.87)

*8.30 For the circuil shown in Figure 6.59, the tansistor parameters are: fpgs =
6mA, |Vpl =2V, and X = 0. {a) Calculate the quiesoent drain.current amd ‘drain-to-
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Vop = 0V

Yo

L

Figure 8.59 Figure for Exarcise 6.30

source voltage of each transisior. (b) Determine the overall small-signal voltage gain
A, = FOIPI, (AIIS. (a} fm] = th, VSDQ] = IZV, fpgz = 1.211111\, nggg =149 V;
(b) A, = —2.05)

8.31 Reconsider the source-follower circuit shown in Figure 6.57 with transistor
parameters Ipss = 8mA, Vp = —3.5V, and A =0.01 V™', (a} Design the circuit such
that f35 = 2mA. (b) Calculate the smali-signal voltage gain if R; approaches infinity.
(¢) Determine the value of Ky at which the small-signal gain is reduced by 20 percent
from its value for (b}. (Ans. (a) Rg = SB8Q, (b) 4, = 0.923, R, = 1.64kQ)

6.10 SUMMARY

® The application of MOSFET transistors in linear amplifier circuits was emphasized in
{his chapter. A small-signal equivalent circuit for the transistor was developed, which
is used in the analysis and design of linear amplifiers.

¢ Three basic circuit configurations were considered: the common source, source fol-
lower, and common gate. These three configurations form the basic building blocks
for complex integrated circuits. The small-signal voltage gains and output resistances
for these circuits were analyzed. The circuit characteristics of the three circuits were
compared in Table 6.1.

¢ The ac analysis of circuits with enhancement load devices, with depletion load
devices, and complementary (CMOS) devices were analyzed. These circuits are
examples of all MOSFET circuits and act as an introduction to mote complex all-
MOSFET integrated circuits considiered fater in the text.

® The small-signal equivalent circuit of a JFET was developed and used in the analysis
of several configurations of JFET amplifiers.

CHECKPOINT

Alter studying this chapter, the reader should have the ability to:

v Explain graphically the amplification process in a simple MOSFET amplifier circuit.
(Section 6.1)

¢ Describe the smail-signal equivalent circuit of the MOSFET and 1o determine the
values of the smail-signal pacameters. (Section 6.1)
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v Apply the small-signal equivalent circuit to vartous MOSFET amplifier circuits to
obtain the time-varying circuit characteristics. (Section 6.1)

¢ Characterize the small-signal voltage gain and output resistance of a common-source
amplifier. (Section 6.3)

¢ Characterize the small-signal voltage gain and output resistance of a source-follower
amplifier. (Section 6.4)

¢ Characterize the small-signal voltage gain and ouiput resistance of a2 common-gate
amplifier. {Section 6.5)
Describe the operation of an NMOS amplifier with either an enhancement load, a
depletion load, or 2 PMOS load. (Section 6.7)

v Apply the MOSFET small-signal equivalent circuit in the analysis of multistage
amplifier circuits. (Section 6.8)

v Describe the operation and analyzs basic JFET amplifier circuits. {Section 6.9)

REVIEW QUESTIONS

1. Diseuss, using the concept of a load line superimposed on the transistor charactet-
istics, how a simple common-source circuit can arnplify a time-varying signal.

2. How does a transistor width-to-length ratio affect the small-signal voltage gain of
a common-source amplifier?

1. Discuss the physical meaning of the small-signal circuit parameter r,.

4. How does the body effect change the small-signal equivakent circuit of the
MOSFET?

5. Sketch a simple common-source ampiifier cireuit and discuss the general ac circuit
characteristics {voltage gan and output resistance),

6. Discuss the general conditions under which a common-source amplifier would be
used.

7. Why, in general, is the magnitude of the voltage gain of 2 common-source ampli-
fier smaller than that of a bipolar common-emitter amplifier?

B. What are the changes in the ac characteristics of a cormmon-source amplifier
when a source resistor and a source bypass capacitor are incorporated in the
design?

9. Sketch a simple source-follower amplifier circuit and discuss the general ac circuit
characteristics (voltage gain and output resistance).

10. Discuss the general conditions under which a source-follower amplifier would be
used.

11. Sketch a simple common-gaie amplifier circuit and discuss the general ac circuit
characteristics (voltage gain and output resistance).

12. Discuss the general conditions under which a common-gate amplifier would be
used.

13. Compare the ac circuif charactenstics of the commen-source, source-follower, and
common-gate ¢ircuils.

14. State the general advantage of using transistors in place of resistors in integrated
circuits.

15. Stateat least two reasons why a multistage amphifier circwit would be required in a
design compared to using a single-stage circuit.

16. Give one reason why a JFET might be used as an input device in a circuit as
opposed to a MOSFET. ;

e

(e

Hris

i

e
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PROBLEMS

Section6.1  The MOSFET Amplifier

61 An NMOS transistor has parameters Vry = 0.8V, k] = 40pA/VE, and 1 = 0.
(a) Determine the width-to-tength ratie (W/L) such that g, =0.5mA/V at fp =
0.5mA when biased in the saturation region. (b) Calculate the required value of 5.

6.2 A PMOS transistor has parameters Vpp = —1.2V, k, = 20pA/V, and A =0,
{a) Determine the width-to-length ravio (WL} such that g, =30pA/V at Jp=
0.1 mA when biased in the saturation region. (b} Calculate the required value of Vg,

6.3 An NMOS transistor 5 biased in the saturation region al a constant Vgs. The
drain current is fp = 3mA at Vpg =3V and Ip =34mA at Vpg =10V, Determine 2
and r,.

6.4 The minimum value of small-signal resistance of a PMOS transisior is to be
r, = 100 k2. If 1 = 0.012V 7', calculate the maximumn allowed value of I,

6.5 Calculate the small-signal voltage gain of the circwnt shown in Figure 6.1, for
& = LmAV, r, = 50k, and Ry = 10k,

*D8.6 For the circuit shown in Figure 6.1, the transistor parameters are: Foy =
<08V, A=0015V"" and k., = 60pA/V2. Let Vpp = 10V, (a) Design the (ransistor
width-to-length ratio (W/L) and the resistance Rp such that lpg =0.5mA and
Fpsp =6V. (b) Calculate g, and r,. (c} What is the small-signal voltage gain
A, = v, fv?

*8.7 In our analyses, we assumed the small-signal condition given by Equation (6.4).
Now consider Equation {6.3(b)) and let v, = ¥, sin wf. Show that the ratio of the signal
at frequency 2o to the signal at frequency o is given by Vi /[4(¥gs — Vi) This ratio,
cxpressed in a percentage, is called the second-harmondc distortion. [Hint: Use the trigo-

nometric identity sin® ¢ =1 —Lcos24.|

i m : 6.8 Using the results of Problem 6.7, find the peak amplitude V,, that produces a
%% - second-harmonic distertion of | percent if Vgs =3V and Vyy =1 V.
L
%‘s Ay Section6.3  The Common-Source Amplifier
_ i §.9 Calculate the smail-signal voltage gain of a common-source amplifier, such as that

] shown in Figure 6.13, assuming g, = i mA/V, r, = 50kQ, and Rp=10kQ. Also
ASSUIMC Rs‘: = 2k&2 and R| ||.R“g = 30 kit

'

e

6.10 A common-source amplifier, such as shown in Figure 6.13 in the tex1, has pa-
rameters r, = 100k and Ry = 5kQ. Determine the transconductance of the transistor

L o if the small-signal voliage gain is 4, = —10. Assume Ry =10.

i 641 For the NMOS common-source amplifier in Figure P6.11, the transistor pa-
e:% rameters are: Fpy =2Y. K, = 1mA/VE, and A =0. The circuit parameters are:
ﬁ* VDD = 12V. Rs = Zkﬂ, Rg- - 3kQ, R] = 30[”(9, and .Rz = 20 kE2. Assume RSI' =
el Tk and assume a load resistance R; = 3k is capacitively coupled to the output.
&5‘? ﬁg (a) Determine the guiescent values of fp and ¥pg. (b) Find the small-signal voltage
%%ﬁ S gain. (c) Determine the maxitnum symmetrical swing in the output voltage.

s 4

éﬁf}z;& d .12 In the circuit in Figure P6.11, Fpp =15V, Rp =2kQ, Ry = 5kQ, Rg =0.5kQ,
G and R, =200k (a) Find R, and R; such that [py =3mA for Vpy =2V,
P K, =2mA/V?, and A = 0. {b) Determine the small-signal voltage gain.

o

.13 Repeat Problem 6.11 if the source resistor is bypassed by a source capacitor Cy.
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Figure P6.11

*§.14 The transistor in the common-source amplifier in Figure P6.14 has parameters
Vv =1V, K, =0.5mA/V?, and & =0.01 V™'. The circuit parameters are: ™ = 5V,
¥~ =5V, and Rp = R; = 10k (3) Determine /py to achieve the maximum sym-
metrical swing in the output voltage. (b) Find the small-signal voltage gain.

D818 For the common-source amfliﬁer in Figure P6.15, the tramsistor param-
eters are: Vpy = —1V¥, K, =4mAfV, and & = 0. The circuit paramelers are Fpp =
10V and R, = 2kQ. (a) Design the circuit such that fpp =2mA and Fpsp =6V.
{b) Determine the small-signal voltage gain. (¢} If v, = V; sin o, determine the maximum
value of F, such that v, is an undistoried sine wave.

V"
¥,
Ro DD
T
'l'o R
Ce DC
%, c2
et
W Rg=
* 200k , ~H— | R,
- - I I Ty i Rg=1 M0 R =
= = =
i

Figure P6. 14 Figure P§.15

*6.96 The ransistor in the common-source circuit in Figure P6.15 has the same pa-
rameters as given in Problem 6.15. The circuit parameters are ¥pp =5V and Rp =
R =2kQ (a) Find R; and Fpgp =2.5V. (b) Determine ihe small-signal voltage gain.

*6.17 Consider the PMOS common-source circuit in Figare P6.17 with transistor
paramelers Vrp=—2V and A =0 and circuit parameters Rp = R; = 10kR.
(a) Determine the values of K, and R; such that ¥spy = 6V. (b) Deterine the result-
ing value of Jy, and the small-signal voltage gain. () Can the values of K, and Ry from

in ;
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+5V¥

G
Vi RG =
100 ki

=5V
Figure P17

part (a) be changed to achieve a larger voltage gain, while still meeting the requirements
of part (a)?

D6.t8 For the common-source circuil in Figure P6.17, the PMOS transistor pa-
rameters are: Vrp=—t5V, K, = SmA/V’, and 3 =0. The load resistor is R, =
2kst. (a) Design the circuit such that Jpy = ImA and Vspg = 5V, (b) Determine the
small-signal voltage gain 4, = v,/v;. {c) What is the maximum symmetrical swing in the
autput voltage?

*DB.48 Design the common-source circuit in Figure P6.19 using an n-channel
MOSFET with L = 0. The quiescent values are to be Ip, = 6mA, Vg =18V, and
Vpsg = 10V. The transconductance is g, = 2.2mA/V. Let Ry = 1k§2, 4, = 1, and
Rin = 100 ks2. Find .R|, Rz, Rs, Rp, Kn, and VTN‘

*6.20 For the common-source amplifier in Figure P6.20, the transistor paramelers
are Frp=-13V, K, = 2mA/VE, and A = 0.01V"!, The circuit is to drive a load
resistance of R; = 20k&. To minimize loading effects, the drain resistance should
be Rp <0.1R.. (a) Determine o such that the Q-point is in the cenfer of the
saturation region. (b) Determine the open-circuit (R; = oo) small-signal voltage
gain. (¢) By what percentage does the small-signal voltage gain decrease when R,
is connected?

+3 ¥
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D6.21 For the circuit shown in Figure P6.21, the transistor parameters ate: Ve = 2V,
K, =0.5mA/V?, and A =0. (a) Design the circuit such that Jpp = 2mA and Vpg =
6V. (b) Determine the small-signal voltage gain A, = v, /v,.

*D6.22 Design a common-source amplifier, such as that in Figure P6.22, to achisve a
small-signal voltage gain of atieast 4, = v,/v; = —10for B; = 20kf} and R, =200k2.
Assume the Q-point is chosen at fpp = ImA and Vpgp = 10V. Let Vry =1V, and
A=0,

> &

Ray SR %
— It -V

Cer ! i ?

Ce [yl ! Cor
L 1
¥ w m Y Q . R 3 RI.
i R-=1 i <
G 2 Rs ’|‘C5
—10Vv =
Flgure P8.21 Figura P6.22

Secllon6.4  The Source-Follower Amplifier

623 For an enhancement-mode MOSFET source follower, 2, = 4mA/Y and r, =
50kQ. Determine the eo-load voltage gain and the output resisiance. Calculate the
small-signal veltage gain when a load resistance Ry = 2.5k{ is connected.

6.24 The transistor in the source-follower circuit in Figure P6.24 has parameters
Kﬁ_—_zmA,‘Vl, Vre=—2V, and » =002V~ The circuit parameters are: R; =
4k, Ry =4kQ. R =124MQ, and R, = 396kQ. (a) Caleulate Jpy and VFypp.
(b} Determine the small-signal gains 4, = v, /v; and A; = i /i;, and the output resist-
ance R,

Voo = 0V
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Eptinab ke ikt bh ot
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€.25 Consider the source-follower circuit in Figure P6.25 with transistor parameters
Vry = 12V, K, = ImA/V?, and A =0.01 V7' If Ig = I mA, determine the small-
signal voltage gain 4, = v,/v; and the output resistance R,.

Figure P§.25

6.26 For the source-follower circuit shown in Figure P6.25, the transister parameters
are: Vpw =1V, &, =60pA/V?, and A =0. The small-signal voltage gain is 10 be
A, = v, /v, =095 (a) Determine the required width-to-length ratio (W/L) for ip =
4mA. (b) Determine the required I if (W/L) = 60.

*D6.27 1n the source-follower ciromt in Figure P6.27 with a depletion NMOS transis-
tor, the device parameters are: Vpy = -2V, K, = SmA/VE, and A = 0.01 V¥, Design
the circuit such that I = SmA. Find the smali-signal voitage gan 4, = v, /v; and the
output resistance K,.

&Y
Ce
ca
: Rg= - [
% () 200441 : :
R, =
= Rs 20
WA B
Figurs P6.27

6.28 Consider the circuit in Figure P6.27. Let Rg = 10k and A = (. The open-circuit
voltage gain (R; = oo} is A, = v,/v, = 0.90. Determine g, and R,. Determine the value
of the voltage gain if a load resistor R; = 2k$2 is connected.

DE.28 For the source-follower circuit in Figure P6.27, the transistor parameters are:
Viw = =2V, K, =4mA/V2, and & =0. Design the circuit such that R, <2009
Deternine the resulting small-signal voltage gain.

8.30 The current source in the source-follower circuit in Figure P6.30 is [y = SmA
and the transistor parsmgters are Fpp=-2V, £, =5mA/V®, and A=0.
(a) Determine the output resistance ®,. (b) Determine the value of R that reduces
the small-signal voliage gain to one-half the open-circuit {R; = 00 value.
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Figure P6.30

8.31 Consider the source-follower circuit shown in Figure Pé.3]. The most negative
output signal voltage occurs when the transistor just cuts off. Show that this output
voltage v,(min} i given by

Show that the corresponding input voltage is given by

TR = -g’—ﬂu + 2n(R5IR)

m

D8.32 The transistor in the circuit in Figure P32 has parameters Vey = 1V,
K, = lmA/V?, and A= 0. The circuit parameters are ¥pp =5V and R, = J00kR.
(a) Design the circuit such that /pg =1.7mA and Fpgy =3 V. (b) Determine the
small-signal voltage gain 4, = v, fw and the output resistance R,

Vop
Co2
R; k- ”
Ry R
Flgure P§.31 Flgure P6.32

Section6.5 The Common-Gate Configuration

$.33 For the common-gate circuit in Figure P6.33, the NMOS transistor parameters
are: Vpy = 1V, K, = 3mA/V?, and & =0. (a) Determine Ipp and ¥pyep. (b) Cakulate
£ and r, {c} Find the small-signal voltage gain 4, = v./v;

6.34 Consider the PMOS common-gate circuit in Figure P6.34, The transistor pa-
rameters are: Vyp=-1V, K, = 0.5mA/Y?, and A= 0. (a) Determine Rg and Rp
such that f5y = 0.75mA and Vspe = 6 V. (b) Determine the input impedance R; and
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the output impedance R,. (¢} Determine the load current i, and the output voltage v,, if
i = Ssinwt |.lA

6.35 The parameters of the transistor in the circuit m Figure 6.34 in the text are:
Vig =2V, K, =4mA/V?, and A = 0. The circuit parameters are: V' = 10V, V™ =
-10V, R; = 100kQ, R, =2k, and {y = SmA. {a) Find Ry such that Fpe = 12V
{b} Calculate g, and R;. (c) Determine the small-signal voltage gain 4, = v,/v;.

6.38 For the common-gate amplifier in Figurc 6.37 in the text, the PMOS transistor
parameters are: Frp = =2¥. K, = 2mA/Y~, and A = 0. The circuit parameters are:
V=10V, ¥~ =~10V, Rg = 200kR, and R; = 10kQ. (a) Determine R; and R,
such that fpp = 3mA and Vgpe = 10V, (b) Determine the small-signal voltage gain
Ay = vy

Section6.7  Amplifiers with MOSFET Load Devices

D6.37 Consider the NMOS amplifier with saturated load in Figure 6.3%(a), The tran-
sistor parameters are: Viyp = Vrgr = 2V, k= 60pASVE, 4= 0, and (W/L), = 0.5,
Let ¥pp = 10V, (a) Design the circuit such that the small-signal voltage gain is [4,] = §
and the Q-point is in the center of the saturation region. (b) Determine Ipp and the de
value of r,.

*6.38 For the NMOS amplifier with depletion load in Figure 6.43(a), the transistor
parameters are: Vynp = 1.2V, Vyyp = =2V, Kop = D.5mA/V, Ky = 0.1mA/ Y, and
Ap=Aip =002V~ Let ¥pp = 10V, (a) Determine Fyg such that the G-point is in the
middle of the saturation region. (b) Calculate [p; and the de value of v,. {¢) Determine
the small-signal voltage gain.

.38 Consider a saturaied load device in which the gate and drain of an enbancement
mode MOSFET are connected together. The transistor drain current becomes zero
when Vpy = 1.5V, When Fyg =3V, the drain current is 0.8 mA. Determine the
small-signal resistance at this operating point.

6.40 The parameters of the transisters in the circuit in Figure P6.40 are Veyp = —1'V,
K.p = 0.5mA/V? for transistor Mp, and ¥y = +1V, K,p = 30 pA/V? for transistor
M. Assume A =0 for both transistors. (a) Calculate the quiescent drain current fp,
and the dc value of the output vohtage. (b) Determine the small-signal veltage gain 4, =
v, /v, about the {-pomt.

B.41 A source-follower circuit with a saturated load is shown in Figure P6.41. The
transistor Pammeters are Vryp=1V, K p = Im:'k.,;"‘ip’2 for Mp, and Vipyr = 2V, Ky =
AmA/V for M. Assume A =0 for both tansistors. Let Fpp =9 V. (2) Determine
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Figure P6.41

Ve such that the quiescent value of vpg is 4V. (b) Show that the small-signal open-

circuit (R; = o) voltage gain about this Q-point is given by A, = I/[1 + VK[ /Kp ]
{c) Calculate the small-signal voitage gain for R; = 4k

642 For the scurce-follower circuit with a saturated lead, as shown in Figure P6.41,
assume the same transistor parameters as given in Problemn 6.41. (a) Determine the small-
signal voltage gain if R; = 10kf. (b) Determine the small-signal output resistance R,.

Section6.8  Multistage Amplifiers

*D6.43 The transistor parameters in the circuit in Figure P6.43 are: K,; = 0§ mA/ V2,
K = LOMA/V?, Fay = +2V, Vrpy = =2V, and &y = Ay = 0. The circuit parameters
are: Fpp =10V, Rg =4k, and R, = 200kR. () Design the circuit such that
Ipp1 = 0.4mA, Ippy =2mA, Vpgp = 4V, and Vgpgy = 5V. (b) Caleulate the small-
signal voliage gain 4, = v,/v,. {c} Determine the maximum symmetrical swing in the
output voliage.

Figure P8.43

DB.44 The transistor parameters in the circuit in Figure P6.43 are the same as those given
in Problem 6.43. The circuit parameters are: Fpp = 10V, Rg = 1 k2, R, = 200k22,
Rpy = 2k, and Rpy = 0.5k, (a) Design the circuit such that the Q-point of M isin
the center of the saturation region and Ipg, = 0.4 mA. (b) Determine the resulting values
of Inga, Vspgn. 2nd ¥ pgpy.- (c) Determine the resulting small-signal voitage gain.
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D645 Consider the circuit in Figure P6.45 with trapsistor parameters K, =K, =
300pA/VE, Vi = Vine =03V, and &, = &, = 0. (a) Design the circuit such that
Vosgr =7V and R, = 400kS$2 (b) Determine the resulting values of /ngy. /pgz, and
Vpsg:r- (¢) Calculate the resulting small-signal voltage gain A, = v,/v; and the output
resistance R,.

6.48 For the ciccuit in Figure P&46, the transistor parameiers are: K, = Ky =
4m.A,"'V2, Vn\,r| = V'rj\rg = EV, and j'-| = lg =D (a) Determine IDQ]t fpgz, VDSQ[: and
¥ psgz- (b) Determine g and g,.;. (¢) Determine the overall sinall-signal voltage gain
"{v — Iro-‘“’i'

Figure PG 45

+10 ¥
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Figure P5.45

D6.47 For the cascode circuit in Figure 6.50 in the text, the transistor parameters are:
Vv = Vowa = 1V, Ky = Kp = 2mA/VS, and A, = 43 = 0. (a) Let Rg = 1.2k and
R| + Rj + .Rj = 500 ks, DCSlg'ﬂ the circuit such that fﬂQ =3mA and VDSQI =
Vpsg: = 2.5 V. (b} Determine the small-signai voltage gain A, = v, /v

D6.48 The supply voltages to the cascode circuit m Figure 6.50 in the text are
changed to ¥ =10V and ¥~ =-10V. The transistor parameters are: K, =
Ko= AmA/V Voy = Vovz = 1.3V, and 4y = &y = 0. () Let Rg = 2k<2, and assume
the current in the bias resistors is 0.1 mA. Design the circuit such that fpg = SmA and
Vosgl = Vosp: = 3.5V. (b) Determine the resulting small-signal voitage gain.

Section8.9  Basic JFET Ampliilers

6.40 Consider the JFET amplifier in Figure 6.53 with transistor parameters fpgy =
6mA, Vp=—3V, and i = 0.01 V™', Let ¥pp = 10V, (a} Determine Rp and Ves such
that Jpp = 4mA and Vpsp =6V {b) Determine g,, and #, at the @-point. (¢) Determine
the small-signal voltage gain A, = v,/v; where v, is the time-varying portion of the
output voltage vp.

6.50 For the JFET amplifier in Figure P6.50, the transistor parameters are: Ings =
2mA, Vp = =2V, and ) = (. Determine g, A, = v,/¥, and A; =i,/i.

D8.51 The parameters of the transistor in the JFET common-source amplifier shown
in Figure P6.51 are: Ipgs =8mA, Vp=-4.2V, and 4 =0. Let ¥pp =20V and
R, = 16k, Design the circuit such that Ps =2V, R + R; = 00k, and the Q-
point is 4t [pg = Ipssfl and Vpso = Voofl.
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Figure PE.50 Flgure P6.51

*D6.52 Consider the spurce-follower JFET amplifier in Figure P6.52 with transistor pa-
rametets Ipss = 10mA, ¥p = -5V, and A = 0.01 V™' Let ¥pp = 12 Vand R, =0.5kQ.
(a) Design the circuit such that Ry, = 100k, and the G-point is at fpp = Fpge/2
and Vpgo = Vpp/2. (b) Determine the resulting small-signal voltage gain 4, = v,/v;
and the output resistance R,.

6.53 For the p-channel JFET source-follower circuit in Figure P6.53, the transistor
parameters are: [pge =2mA, Vp =+1.75V, and & = 0. (a) Determine Ipg and Vspg.
{b) Determine the small-signal gains 4, = v,/v; and A; = i,/ (c) Determine the max-
irtum symmetrical swing in the output voltage.

DB.54 The p-chantel JFET common-source amplifier in Figure P6.54 has transistor

parameters fpgg = 8mA, Vp = 4V, and A = 0. Design the circuit such that ipg = 4mA,
VS.DQ =75V . A, = I"ofl'j =3, and R+ R = 400 kL.

Yop Vpp=10¥
R}-mm .Rs:f’m
Cel
! ' °
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e "1 R =
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+

Figure P§.53
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COMPUTER SIMULATION PROBLEMS »

6.55 Consider the circuit in Figure 6.22 with transistor paramelets given in Example
6.6. Using a computer analysis, investigate the effect of the channel-length medulation
parameter A and the body-effect parameter  on the small-signal voltage gain.

6.56 Using a computer analysis, investigate the effect of the transistor parameters 3
and y on the smail-signal voltage gain and output resistance of the source-follower
circuit in Figure 6.28. The circuit and transistor parameters are given in Example 6.7.

6.57 For the common-gate circuit in Figure 6.34 the circuit and transistor paramelers
are as given in Example 6,10, Using a computer analysis, determine the small-signal
voliage gain, current gain, input resistance &;, and output resistance (looking into the
drain of the transistor). As part of the analysis, investigate the effeet of the transistor
parameters A and y on the circuit characteristics.

6.58 Perform a computer analysis of Exercise 6.22, including the body effect.
Determine the change in the small-signal voltage gain when the body effect is included.
If the de output voltage is approximaiely 2.5 V, determine the required change in the de
bias on the driver transistor when the body effect is included.

6.59 Repeat Problem 6.58 for Exercise 6.24.

DESIGN PROBLEMS e -

[Note: Each design should be correlaied with a computer analysis.]

*D6.60 A discrete common-source circuit with the configuration shown in Figure 6.16
is to be designed to provide a voltage gain of 20 and a symmetrical output voltage swing.
The power supply voltage is Vpp =5V, the output resistance of the signal source is
L k2, and the transistor parameters are: Vry =08V, &k, = 40 uAjV and 3 =001V,
Plot #W/L and Ry, versus quiescent drain current. Determine #/L and Rp for Ipg =
0. I mA.

*D6.61 For a common-gate amplifier in Figure 637 the available power supplies are
£10'V, the output resistance of the signal source is 200 ©, and the input resistance of 1he
amplifier is to be 200€2. The transistor parameters are: &, = 30 HA/YE, Viyp = =2V,
and A = 0. The output load resistance is R, = 5kl Dmgn the circuit such that the
output voltage has a peak-to-peak symmetrical swing of at least 5 V.
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*DB.62 A source-follower amplifier with the general configuration shown in Figure
6.32 is 1o be designed. The available power supplies are £12V, and the transisior
parameters are: Vpy =15V, k= 4OpAsve, and A =0. The load resistance is
R, = 100 5. Design the circuit such that 200 mW of signal power 15 delivered to the
load. As part of the design, a constant-cugrent source circuit is also to be designed.

*P8.63 For an NMOS amplifier with a depletion load, such as shown in Figure
6.43(a), the available power supphes are +5VY, and the transistor paramelers are:
VinMp) = +1V, Ven(M) = -2V, ki = 40pA/¥2 X =001V~ and y = 0.35V'7,
Dasign the circuit such that the small-signal voltage gain is at least | A,| = 200 when the
output is an open circuit. Use a constant-current source to esiablish the quiescent -
peint, and couple the signal source v; directly to the gate of Mp,.

*D6.64 For the cascode circuit shown in Figure 6.50, the transistor parameters are:
Vi = 1V k= 40pA/V?, and A = 0. Design the circuit such that the minimum open-
circuit voltage gain is 10. Determine the maximum symmetrical swing in the output
voltage.







7.0 PREVIEW

Thus far in our linear amplifier analyses, we have assumed that coupling
capacitors and bypass capacitors act as short circuits to the signal voltages
and open circuits to de voltages. However. capacitors do not change instan-
taneously from a short circuit 1o an open circuii as the frequency approaches
zero. We have also assumed that transistors are tdeal in that cutput signals
respond instantanecusly to input signals. However, there are internal ca-
pacitances in both the bipolar transisior and field-effect transistor that affect
the frequency response. The major goal of this chapier is to determine the
frequency response of amptifier circuits due to circui capacitors and transis-
tor capacitances,

Imitially, we derive transfer functions, using the complex frequency s, of
several passive circuits as a basic review of frequency response. We introduce
Bode plots of the wransfer function magtitude and phase, and a time constant
techmque for determining the corner, or 3dB, frequencies of the circuit
response. The goal of this analysis is to help the reader become comfortable
with basic frequency response analysis and sketching Bode plots. When there is
more than one capacitor 1n a circuit, computer simulation becomes an attrac-
tive analysis tool for determining the frequency response.

The frequency response of electronic amplifiers is analyzed, taking into
account various circuit capacitors, to determine the bandwidih of the circusl,
The parameters that affect low-frequency cutoff’ and high-frequency cutofl
are determined. These parameters become imporiant in the design ol ampli-
fiers with specified frequency response charactenstics. By knowing the posi-
tion or function of a capacilor in a circuit, the reader should be able to easily
identily whether the low-frequency or high-frequency characteristics will be
affected.

The capacitances in the transistor structure are identified and the result-
ing frequency response of ihe transistor ttself is analyzed. The combination
of circuit capacitors and transistor effects results in amplifiers with specified
bandwidths, or frequency ranges over which the amplifier can produce out-
put signals. Much of the chapter deals with analysis. However, the results of
the znalyses will aid in the design of amplifiers with specific bandwidth
requirements. ;
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7.1  AMPLIFIER FREQUENCY RESPONSE

All amplifier gain factors are functions of signal frequency. These gain lactors
include voltage, current, transconductance, and transresistance. Up to this
point, we have assumed that the signal frequency is high encugh that coupling
and bypass capaciiors can be treated as short circuits and, at the same time, we
have assumed that the signal frequency is low enough that parasitic, load, and
transistor capacitances can be treated as open circuits. In this chapter, we
consider the amplifier response over the entire frequency range.

In general, an amplifier gain [actor versus frequency will resemble that
shown in Figure 7.1. Both the gain factor and frequency are plotied on loga-
rithmic scales {the gain factor in terms of decibels). Three frequency ranges,
low, midband, and high, are indicated. In the low-frequency range, / < f;, the
gain decreases as the frequency decreases becawse of coupling and bypass
capacitor ¢ffects. In the high-frequency range, / > fi, stray capacitance and
transistor capacitance effects cause the gain to decrease as the frequency
increases. The midband ramge is the region where coupling and bypass capaci-
tors act as short circuits, and siray and transistor capacitances act as open
circuits. In this region, the gain is almost a constant. As we will show, the gain
at f =f; and at f = f is 3dB less than the maximum midband gain. The
bandwidth of the amplifier {in Hz) is defined as frw =y — f1.

4 (4 Hap 4 ‘
Low-frequency High-krequency
range Téange
Mid!:nnd

14,140

n A2
{log scale}

Figure 7.1 - Amplifiat gain versus frequency

For an audio amplifier, for example, signal frequencies in the range of
2 Hz < f < 20kHz need to be amplified equally so as to reproduce the
sound as accurately as possible, Therefore, in the design of a good audio
amplifier, the frequency f; must be designed to be less than 20Hz and [y
must be designed (o be greater than 20kHz.

7.1.1  Equivalent Circults

Each capacitor in a circuit is important to only one end of the frequency
spectrum. For this reason, we can develop specific equivalent circuits that

'In many references, the gain is plotied as a Tunction of the radian frequency w. All curves in this
chapter, for consistency, will be plotied as a funciion of cyclical frequency f (Hz). We note thal
w = 2nf. The amplifier gain is also plotied in terms of decibels (dB), where |4y = W log, |41
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apply to the low-lrequency range, to midband, and te the high-frequency
range.

Midband Range

The equivalent circuits used for cakculations in the midband range are the same
as those considered up to this point in the text. As already mentioned, the
coupling and bypass capacitors in this region are teeated as short circuits. The
stray and transistor capacitances are treated as open circuits. In this frequency
range, there are no capacitances in the equivalent circuit. These circuils are
referred to as midband equivalent circuits.

Low-Frequency Range

In this frequency range, we use a low-frequency equivalent circuit. In this
range. coupling and bypass capacitors must be included in the equivalent
circwt and in the amplification faclor equations. The stray and transistor
capacitatices are lreated as open circuits. The mathematical expressions
obtained for the amplification factor in this frequency range must approach
the midband results as /" approaches the midband lcequency range, since in this
limit the capacitors approach short-circuit condilions.

High-Fraquency Range

In the high-ltequency range. we use a high-frequency equivalent circuit. In this
region, couphng and bypass capaciters are trealed as short circuits. The tran-
sistor and any parasitic or load capacitances must be taken into account in this
equivalent circuit. The mathematical expressions obtained for the amplification
factor in this frequency range must approach the midband results as f
approaches the midband irequency range. since in this limit the capacitors
appreach open-circuit conditions.

7.1.2 Frequency Response Analysis

Using the three equivalent circuits just considered rather than a complete
© circuil is an approximation technigue that produces useful hand-analysis
results while avoiding complex transfer functions. This technique is valid if
there is a large separation between f; and fp. that is fy » f;. This condition
15 satisfied in many electronic circuits that we will consider.

Computer simulations, such as PSpice, can take into account all capaci-
tances and can produce frequency response curves that are more accurate than
the hand-analysis resubts. However, the computer results do not provide any
physical insight into a particular result and hence do not provide any sugges-
tions as to design changes that can be made to improve a particular frequency
response. A hand analysis can provide insight into the “whys and wherefores"
of a particular response. This basic understanding can then lead to a better
circuit design.

In the next section, we tntroduce two simple circuits to begin cur frequency
analysis study. We imtially derive the mathematical expressions relating output
voltage to input voltage (transfer function) as a function of signal frequency.
From these functions, we can develop the response curves. The two frequency

L]
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response curves give the magnitude of the transfer function versus frequency
and the phase of the transfer function versus frequency. The phase response
relates the phase of the output signal to the phase of the nput signal.

We will then develop a technique by which we can easily sketch the fre-
quency response curves without resorting 1o a full analysis of the transfer
function. This simplified approach will lead to a general understanding of
the frequency response of electronic circuits. We will then rely on a computer
simulation to provide more detailed calculations when required. '

7.2 SYSTEM TRANSFER FUNCTIONS

The frequency response of a circuit is usually determined by using the complex
frequency s. Each capacitor is represented by its complex impedance, 1/sC, and
each inductor is represented by 1ts complex impedance, sL. The circuit equa-
tions are then formulated in the nsual way. Using the complex frequency, the
mathematical expressions obtained for voltage gain, current gain, input im-
pedance, or output impedance are ratios of polynomials in 5.

We will be concerned in many cases with system transfer lunctions. These
will be in the form of raiios of, for example, output voltage to input voltage
{voltage transler function) or output current to input voltage (ransconduct-
ance function). The four general transfer functions are listed in Table 7.1.

Once a transfer function is found, we can find the result of a steady-state
sinusoidal excitation by setting s = jw = j2nf. The ratio of polynomials in 5
then reduces to a complex number for each frequency f. The complex number
can be reduced to a magnitude and a phase.

Table?.1 Transter lunctions of the complex

lrequency &

Mame of function Expression
Voltage transfer function Tish = V,[5)/ ¥, (5
Current transfer function Lisk Lis)
Transresistance function Vo (5) Fi5)

Transconductance funclion  f(s)/ F.(s}

7.21  s-Domain Analysis

[n general, a transfer function in the s-domain can be expressed in the form

_ (s =25 —22) s — 2p)
(s=pNs—pa)...(s—pu)

T(s) (7.1)

where K is a constant, z;,2....,2, are the transfer function “zeros,” and
P1. P2 - .-+ Pa ar¢ the transfer Munction “poles.” When the complex frequency is
equal to a zero, 5 = 2,, the transfer function is zero; when the complex frequency
is equal to a pole, 5 = p,, the transfer function diverges and becomes infimite.
The transfer function can be evaluated for physical frequencies by replacing s
with jew. In general, the resulting transfer function T(Je) is a complex function,
that is, its magnitude and phase are both functions of frequency. These topics
are usually discussed in a basic circuit analysis course.
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For a simple transfer function of the form

Tis) = - 5 (7.2(2))
we can reirrange the ierms and write the Monction as
1 1
T(s) = Ku(l +”|) (7.2(b))

where ) 15 a time constant. OQther transfer functions may be written as

5T
Tw= Kﬂ(l +.s'r;)

where 1, t5 also a time constant. In most cases, we will write the transfer
functions in terms of the time constants.

To mtroduce the frequency response analysis of transistor circuits, we will
examine the circuits shown in Figures 7.2 and 7.3. The voltage transfer func-
tion for the circuit in Figure 7.2 can be expressed in a voltage divider format, as
foltows:

b

sy

(7.2(c))

Rp

|
R . Vi
S+RP+.€C_<;

(7.3)

The eiements R and C are in series between the input and output signals, and
the element Rp s in parallel with the cutput signal. Equation (7.3) can be
writlen in the form

l’,,(::) _ SRPC‘S

= 4
I"',{,'.'] 1+ S(Rs + RP]CS g )
which can be rearranged and written as
i:,,i.g - ( Ry ) S(Rs+ Ry _ K:( ST ) (1.5)
Vi) Ry + Rp/ 1 +#Rs + Rp)Cs I +s7

In this equation. the time constant is
1=1{fs+ Rp}(s

Writing a Kirchhofl current law (KCL) eguation at the output node, we
can determine the voltage transfer function for the circuit shown in Figure 7.3,
as lollows:

By Wi K v,
4

[ Ll

it =0
Ry (75C7)

Rgq

{7.6)

In this case, the element Rq is in series between the input and output signals,
and the elements Rp and Cp are in parallel with the output sighai, Rearranging
the terms in Equation (7.6) produces

VA9 ( Ry ) i
V,(.S') B Rh‘ + R_p Rs.Rp )
I+5(RS+RP Z

(7.7(a))

Figure 7.2 Saries coupling
capaciter circuil

Ry

Figure 7.3 Paraflal Icad
capacilor cicuit
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or

Vol3) _ Ry )[ l ]
Vds) ~ (RS + Ref41 4 S(RSURC (7.7(b))

In Equation (7.7(b}), the time constant is
T =(RslIRp}Cp

7.2.2  Firet-Order Funclions

In our hand analysis of transistor ¢ircuits in this chapter, we will, in general,
limit ourselves to the consideration of only one capacitance at a time. We will
therefore be dealing with first-order transfer functions that, in most cases, will
have the general form of either Fquation (7.5) or {7.7(b)). This simplified
analysis will allow us to present the frequency responses of specific capacs-
tances and of the transistors themselves. We will then compare our hand
analysis results with more rigorous solutions, using a computer simulation.

7.23 BodePlots

A simplified technique for obtaining approximate plots of the magnitude and
phase of a transfer funciion, given the poles and zeros or the equivalent time
constants, was dewveloped by H. Bode, and the resulting diagrams are called
Bode plots.

Bode Flot for Figure 7.2

For the transfer function in Equation {7.3), for example, if we replace 5 by ju
and define a time constant 1, as

T, = (Rs+ Rp)Cs
we have

, s Vu‘fw) L -RP jw'IS
=t (RS e RP)[I n jwrs] (7.8)

The magnitude of Equation (7.8) is

-

: Rp T
IT(jeo) = ( ) 7.9(a))
Rs+ Rp o |+ o't
or
; Rp 2:rfr5 .
= 7.9
T (RS+RF) (7.9(b))

J1+@rf1s)

We can develop the Bode plot of the gain magnitude versus frequency. We
may note that |T(j g = 20log, |T(§}. From Equation (7.9(b)}, we can
write
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rnmida=2mos.e( = ) ki (7.10(a))

Rst+Re/ 1 4 @nfeep

or

; R
TG s = Wloguo( 7o) + 20lotuanf 5

- 20kogy, \/ I+ (2nf15)

We can plot each term of Equation (7.10(b}) and then combine the three plots
10 form the final Bode plot of the gain magnitude.

Figure 7.4{a} is the plot of the first term of equation (7.10(b)), which is just
a constant independent of frequency. We may note that, since [Rp/{Rs + Rp)]
is less than unity, the dB value is less than zero.

Figure 7.4(b} is the plot of the second term of Equation (7.10(b}). When
f = 1/2rts, we have 20log, (1) = 0. The slopes in Bode plot magnitudes are
described in units of either dBjoctave or dB/decade. An octave means that
frequency is increased by a factor of two, and a decade implies that the

(7.10(b})

dB
S log scale)
o pi
R
ot g5
{a)
aB
6 dB/octave
or
20 dB/decade
0
rm sl J (log scale)
2nrg
{b)
9B -l
; = B, / (log sale)
~3dBf- - - .
- & dBloctave
o
- 20 dB/decade

{c)

Figure 7.4 Piots of {a) the first term, (b) the sacond term, and (c) the thid teem of Equation
(7. 10(bY
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frequency is increased by a factor of 10. The value of the function 2¢log,,{2x
ft5) increases by a factor of 6.02=6dB for every factor of 2 increase in
frequency, and the value of the function increases by a factor of 20dB for
every lactor of 10 increase in frequency. Hence, we can consider a slope of
6 dB/octave or 20dBfdecade.

Figure 74{c) is the piot of the third term in Equation (7.10(b}). For
f « |/2nrg, the value of the function is essentially 0dB and when [/ =
I /2715, the value is —3dB. For f >» 1/2r7s. the function becomes —201ogy,
(2xf15). sc the slope becomes —6 dB/octave or —20 dBfdecade. A straight-line
projection of this slope passes through 0dB at f = /2715, We can then
approximate the Bode plot for this term by two straight line asymptotes inter-
secting at 0dB and f = |/2n7s. This particular frequency is known as a break-
point frequency, corner frequency, or —34B frequency.

The complete Bode plot of Equation (7.19(b)) is shown in Figure 7.5. For
f 3 1/2mts, the second and third terms of Equation (7.10(b)) cancel, and for
f &« 1/2mrg, the large negative dB value from Figure 7.4(b) dominates.

ITUf)ldB Asymplotic
o aApproximation
| R

Re
Dlogm{m;) ge /L."M\
* Actoal curve
+ 6 dBloclave

of

+ 20 dBidecate
|

i
L
t

o al
5 =y S log scale)

Figure 7.5 Bode piot of the voltaga transfer funclion magnilude for the circuit in Figure 7.2

The transfer function given by Equation (7.9) is [or the circuit shown m
Figure 7.2. The series capacitor Cs is a coupling capacitor between the input
and output signals. At a high enough frequency, capacitor Cs acts as a short
circuit, and the output voltage, from a voltage divider, is

V,=[Rp/{Rs+ Rp)V,

For very low frequencies, the impedance of Cg approaches that of an open
citcuit, and the output voltage approaches zere. This circuit is called a high-
pass network since the high-frequency signals are passed through to the output.
We can now understand the form of the Bode plot shown in Figure 7.5.

The Bode plot of the phase function can be easily developed by recalling
the relation between the rectanguiar and polar form of a complex number. We
can write 4 + jB = Ke” where K = JA* + B2 and 0 = tan"{BjA). This rela-
tionship is shown in Figure 7.6.

For the function given in Equation (7.8}, we can wrile the function in the
form
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Imagipary

e m e

1
1
1
1
1
1
3
1
'
¥
1

A Real pani
Figure 7.6  Relalon belween reclangular and polar forms of a complex number

ey Rp _ i2afg
Ha= (Rs + Rp) [l +j2:'l‘f1's:| .
_ [ Re |, ﬁ,] [li27f Tsle™] (7.11(2)}
 LIRs + R [I1 + j2xfrsle™]
TGN = [Ke™)

or

(K2 ™) _ KK oata-on
The net phase of the function T(jf) is then 8 =86, + 8, - 6.

Since the first term, [Rp A{Rs + Rp)], 1s a positive real quantity, the phase is
8, = 0. The second term, (j2mfts), is purcly imaginary so that the phase is
8y = 90°. The third term is complex so that its phase is 8; = tan*(2f t5). The
net phase of the function is now

8 =90 — tan”'(2mf o) (7.12)

For the limiting case of f — 0, we have tan™'(0) = 0, and for £ — o0, we
have tan~' (00} = 90°. At the corner frequency of f = 1/(2rrty), the phase is
tan'(1) = 45°. The Bode plot of the phase of the function given in Equation
(7.11{a) is given in Figure 7.7. The actual plot as well as an asymplotic
approximation is shown. The phase is especially important in feedback circuits
since this can influence stability. We will see this effect in Chapter 12.

Asymptotic
approximation

NTATER PR} s
f_(lﬂ}(lrr ‘f-bu; ! Iar; Hegscrl)

Figura 7.7 Bode plot of tha voltage transfer function phase for the clrouit in Figure 7.2

k|
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Bode Plot for Figure 7.3

The transfer function given by Equation (7.7(b)) is for the circuit that was
shown in Figure 7.3. If we replace s by s = jo = j2x/ and define a time con-
stant Tp as 1p = (Rgl| Rp}Cp, then the transfey function is

o~ Rp 1 ,
T = (\RS +RF)[1 + jzrrfz,.] W)

The magnitude of Equation (7.13) is

= (e ) | — 14

Rs+ Rel | 1 v Qnfep

A Bode plot of this magnitude expression is shown 1 Figure 7.8. The low-
frequency asymptoie is a horizontal line, and the high-frequency asymptote is 2
straight line with a slope of —20dB/decade, or —6 dB/octave. The two asymp-
totes meet at the frequency /= 1/2xrp, which is the comer, or 3dB, frequency
for this circuit. Again, the actual magnitude of the transfer function at the
corner frequency differs from the maximum asymptotic value by 3 dB.

|Tiif Man Asymplotic
3 approximation
LA
mhgm(fs* 'RP} i

Filog scale)

Figure 7.8 Bode plot of the voltage transfer hunction magnitude for the circuit in Figure 7.3

Again, the magnitude of the transfer function given by Equation (7.13) is
for the circuit shown in Figure 7.3. The parallel capacitor Cp 15 a load, or
parasitic, capacitance. At low lrequencies, Cp acls as an open circuil, and the
output voliage, from a voltage divider, is

Vo = Rp/(Rs + Rpl]V,

As the frequency increases, the magnitude of the impedance of Cp decreases
and approaches that of 2 short circuit, and the cutput voltage approaches zero,
This circuit is called a low-pass network, since the low-frequency signals are
passed through to the ocutput.

The phase of the transfer function given by Equation (7.13) is

- Phase = —/tan™'2xf 1p) _ (7.15)
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The Bode plot of the phase is shown in Figure 7.9. The phase is —45 degrees at
the corner frequency and 0 degrees at the low-frequency asymptote, where Cp
is effectively out of the circuit.

Phase el 1 i
j_[IO'ZJm; T
0 2 .

|
|
|
l
7. L] S !
|
1
|
|

S - Arymptotic i

approximation

Figure 7.9 Bode plct of the voltage transfer funchon phase for the circuit in Figure 7.3
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Example 7.1 oObjective: Determine the comer frequencies and maximum-
magnitude asymptotes of the Bode plots for a specilied circuit.

For the circuits in Figures 7.2 and 7.3, the parameters are: Rg = 1kQ, Rp = [0k12,
Cy = 1uF, and Cp = IpF.
Solution: (Figure 7.2) The time conslant is

1y = (Rs + Rp)Cs = (10° 4 105 [01(107%) = 1.1 = 107%s
Or

t, = lims
The comer frequency of the Bode plot shown in Figure 7.5 is then

g b ]

T2mrg (2mil x 107Y

The maximum magnitude is

Re 10 _
Re+Rp 141077

= [4.5Hz

or

zologm(ﬁ-g—f_‘"—R;) = —0.884B

Solution: (Figure 7.3) The time constant is

o= (Rell Rp)Cp = (101010 x 103 x 107 =273 ¢ 10775
O

Tp=273ns

The corner {requency of 1he Bode plot in Figure 7.8 is then

_ | _ 1
f= 1, (202.73 % 107%)

The maximum magnitude is the same as just caicuiated: 0.909 or —0.828dB.

= 5§.3MHz
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Comment: Since the two capacitance values are substantially different, the two time
constants differ by orders of magnitude, which means that the two corner frequencies
also differ by orders of magnitude. Later in this text, we will take advantage of these
differences in our analysis of transistor circuits.

Test Your Understanding

7.1  For the circuit shown in Figure 7.2, the paramelers are Ry = Rp = 4kQ (a) If
the corner frequency is / = 20 Hz, determine the value of C. (b) Find the magnitude of
the transfer function at f = 40Hz, 80Hz. and 200Hz. {Ans. {a) Cs=0.9954F (b)
|T(jew) = 0.447, 0485, and 0.498)

7.2 Consider the circuit shown in Figure 7.3 with parameters R; = R, = 10k&2. If
the corner Mequency is £ = 500 kHz, determing the value of Cp. (Ans. Cp = 63.7 pF)

7.2.4  Short-Circuit and Open-Circuit Time Constanis

The two circuits shown in Figures 7.2 and 7.3 each contain only one capacitor.
The circuit in Figure 7.10 is the same basic configuration but contains both
capacitors, Capacitor Cy is the coupling capacitor and is in series with the
input and output: capacitor Cp is the load capacitor and is in parallel with
the output and ground.

Figure 7.10 Circuit with both a series coupling and a parallel Yoad capactor

We can determine the voltage transfer function of this circuit by wriling a
KCL equation at the output node. The result is

208 1

o &) L B @) ]

Re+ Rp J\Cs $Tg

(7.16)

where 15 and 1, are the same time constants as previously defined.

Although Equation (7.16) is the exact transfer function, it is awkward to
deal with in (his form.

We have seen in the previous analysis, however, that Cy affects the low-
frequency response and Cp affects the high-frequency response. Further, if Cp
& Cs and if Rg and Ry are of the same order of magnitude, then the corner
frequencies of the Bode plots created by Cs and Cp will differ by orders
of magnitude. (We actually encounter this siiuation in real circuits.) Con-
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sequently, when a circuit contains both coupling and load capacitors, and when
the values of the capacitors differ by orders of magnitude, then we can deter-
mine the effect of each capacitor individually.

At low frequencies, we can treat the load capacitor Cp as an open circuit.
To find the equivalent resistance seen by a capacitor, set all independent
sources equal to zero. Therefore, the effective resistance seen by Cg is the series
combination of Ry and Rp. The time constant associated with Cg is

Ty = {RS + RP)CS (717)

Since Cp was made an open circuit, t5 is called an open-circuit time constant.
The subscript § is associated with the coupling capacitor, or the capacitor in
series with the input and output signals.

At high frequencies, we can treat the coupling capacitor Cs as a short
circuil. The effective resistance seen by Cp is the parallel combination of Ry
and R, and the associated time constant is

tp = (RslIRp)Cs (7.18)

which is called the shori-circuit time constant. The subscript P is associated with
the load capacitor, or the capacitor in parablel with the output and ground.
We can now define the comer frequencies of the Bode plot. The lower
corner, or 3dB frequency, which is at the low end of the frequency scale, is a
function of the open-circuil ume constant and is defined as
i . (7.19(1))

. 2nre
The upper corner, or 3dB, frequency., which is at the high end of the frequency
scale. is a function of the short-circuit time constant and s defined as
_ I
= 2ty

Ju (7.19(b))
The resulting Bode plot of the magnitude of the voltage transfer function for
the circuil in Figure 7.9 is shown m Figure 7.11.

This Bode plot is for a passive circuit; the Bode plots for transistor ampli-
fiers are similar, The amplifier gain is constant over a wide frequency range,
called the midband. In this frequency range. all capacitance effects are negligi-
ble and can be neglected in the gain calculations. At the high end of the
frequency spectrum, the gain drops as a result of the load capacitance and,
as we will see later, the transistor effects. At the low end of the frequency
spectrum, the gain decreases because coupling capacitors and bypass capaci-
tors do not act as perfect short circuits.

T (max)yp /_\

|
|
|
b
L

i Tu !

Figure7.11 Bode plot of tha voliage transier lunction magnitude for the dauit in Figure 7.10
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The midband range, or bandwidth, is defined by the corner frequencies f;
and fy, as follows:

Jaw =fu— 11 (7.20)

Since fy 3 f;. as we have seen in our examples, the bandwidth is essentially
given by

Jow =y (7.21)

Example 7.2 Obieciive: Determine the corner frequencies and bandwidth of a
passive circuit containing two capacitors.

Consider the circuit shown in Figure 7.10 with parameters Ry = 1 kQ, R, = 10kQ,
Cs=1pF, and Cp = 3pF.

Solution: Since Cp is less than Cg by approximately six orders of magnitude, we can
treat the effect of each capacitor separately. The open-circuit time consiant is

ts = (R + Rp)Cs = (10° + 10 x 1FPH107%) = L1 x 107%s
and the short-circuit time constant is

tp = (RgllRp)Cp = [10'H10 x 10M)3 » 107y = 273 x 1077 s
The corner frequencies are then

1 1

= Iats In(lLx 1077) ke
and
] 1
fu = $8.3MHz

= Ity (273 x 107%)
Finally, the bandwidth is
Sow =y -S1 = 583MHz - 145 Hz = 58.3MHz

Comment: The corner frequencies in this example are exactly the same as those deter-
mined in Exaniple 7.1. This occurred because the two comer frequencies are far apart.
The maximum magnitude of the voltage transfer function is again

Re (0

B T 0909 = -0.8284dB
Rs+ Rp 1410 =

The Bode plot of the magnitude of the voltage transfer function is shown in Figure 7.12.

We will continue, in the following sections of the chapter, to use the con-
cept of open-circuit and short-cir¢uit time constants 1o determine the corner
frequencies of the Bade plots of transistor circuits. An implicit assumption in
this technique is that coupling and load capacitance values differ by many
orders of magnitude.
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;‘2 4B fo=145Hz i Sy=383 MHz
ol o L P

otk -20 Asympiotes

0oL [ -40

0.001 | —60{

FigureT.12 Bode plot of the magnilude of the vollage transler function for tha circuit in
Figura 7.10

Test Your Understanding

7.3 For the equivalent circuit shown in Figure 7.13, the parameters are: Rs = | k2,
r, =2k8% R; =4k, g, = 50mA/V, and Co = 1pF. (a) Determine the expression for
the circuit time constant. (b} Calculate the 1dB frequency and maximum gain asymp-
tote. (¢) Sketch the Bode plot of the ransfer function magnitude, (Ans. (2} T ={r, +
Rs)YCc. (b) fran = 3.1 Hz {T(folpus = 1330

Ry Cc
+
V' "JJI fx
Figure 7,13 Figure for Exarcise 7.3 Figure7.14 Figure for Exercise 7.4

7.4 The equivalent circuit in Figure 7.14 has circuit parameters Rg = 0.5k, rp =
LSk g, = 75mASY. B, = 5ki2, and C; = 10pF. (a) Determine the expression for
the circuit time constant. (b} Calculate the 3dB frequency and maximum gain asymp-
tote. (c) Sketch the Bode plot of the transfer function magnitude. (Ans. (a) t = R; €,
(b} f1ga = 3.18 MHz, [T(jw)|max = 281)

7.5 The value of Ry in the circuit in Figure 7.10 is Ry = | k2. The midband gain is
~1dB, and the corner [requencies are f/; = I00Hz and f; = | MHz. (a) Determine Rp,
Cs. and Cp. (b) Determine the open-circuit and short-circuit time constants. (Ans.
(a) Rp = 817K, Cs = 0174 pF, Cp = 179pF. (b) 75 = 1.60ms, rp = C.160 s5)

7.6 The parameters in the circuit in Figure 7.15 are Rg = 025k, rp = 2ki2. By =
4kl g, = 85mAJY, C- = 2pF, and C; = 50pF. (a) Find the open-circuil and short-

Figure 715 Figure for Exercise 7.6
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circuit time constants. (b) Calculate the midband voliage gain. (¢) Determine the upper
and lower 3 dB frequencies. (d) Verify the results with a PSpice analysis. {Ans. (a) 7¢ =
4.5ms, Tp=0.2ps, () A, = —231. {¢} /. = 354 Hz, f5; = 0.796 MHz)

7.3  FREQUENCY RESPONSE: TRANSISTOR AMPLIFIERS
WITH CIRCUIT CAPACITORS

In this section, we will analyze the basic single-stage amplifier that includes
circuit capacitors. Three types of capacitors will be considered: coupling ca-
pacitor, load capacitor, and bypass capaciter. In our hand analysis, we will
consider each type of capacitor individually and determine its frequency
response. In the last part of this section, we will consider the effect of multiple
capacitors using a PSpice analysis.

The frequency response of multistage circuits will be considered in Chapter
12 when the stability of amphifiers 15 considered.

7.3.1  Coupling Capacitor Effects
Input Coupling Capacitor: Common-Emitier Circuit

Figure 7.16{a} shows a bipolar common-emitier circuit with a coupling ca-
pacitor. Figure 7.16(b) shows the corresponding small-signal equivalent circuit,
with the transistor small-signal output resistance r, assumed to be infinite. This
assumption is valid since r, > R and r, » Rg in most cases. Initially, we will
use a current—voltage analysis to determine the frequency response of the
circuit. Then, we will use the equivalent time constant technigue.

Yoo
O

(a) (b)

Figure 1.6 (a) Common-emitler circuit with coupling capacitor and (b) small-signal
equivalant circuit

From the analysis in the previous section, we note that this circuit is a high-
pass network. At high frequencies, (he capacitor Cc acts as a short circuit, and
the input signal is coupled through the transistor to the output. At low frequen-
cies, the impedance of C becomes large and the cutput approaches zero.
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Current=VoHage Analysis The input current can be writien as

= (7.22)
R + E(“ +R;
whete the input resistance R; is given by
R, = Rylilry + (1 + BYRE] = Rl Ry (7.23)

In writing Equation (7.23), we used the resistance reflection rule given n
Chapter 3. To determine the input resistance to the base of the transistor, we
multiplied the emitter resistance by the factor {1 + 8).

Using a current divider, we determine the base current to be

Ry
I, = i 71.24
b (RB + Rih) ( )
and then
V, = I, (7.25)
The output voltage is given by
V,=—guVeRe (7.26)
Combining Equations (7.22) through (7.26) produces
Rg
V- ] A s B[ e,
el ngf[fhrﬂ) gmrJIRf(RB_I_RIb)II
7.27
I ( R, ) v (7.27)
= —Bmfp iy
Ry+Re/\ p. s+ L L&,
JC(‘
Therefore, the small-signal voltage gain is
Vl$) Ry ) ; sCe )
($)= —t = R 7.28
A= = T8 ”(RB+ Ra (l +s(Rg + RYCo 2
which can be written in the form
Vis)  —gmriRe ( Ry ( STy )
= — 7-
Ads) Vis) (R + R)\ Rz + Ry J\) + 575 (720

where the time cotslant is
75 =(Rg + R)Ce (7.30)

The form of the voltage transfer function as given in Equation (7.29) is the
same as that of Equation (7.5), [or the coupling capacitor circuit in Figure 7.2,
The Bode plot is therefore similar to that shown in Figure 7.5. The corner
frequency is

i I 1
LT ot T Mn(Rg + R)Ce

and the maximum magnitude, in decibels, is

relic’ R
| 4,(max)|sp = 20 Iogm(:; :_ ;f) (RB _:R") (7.32)

(1.31)
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Example 7.3 Objecilve: Calculute ibe corner frequency and maximum gain of
bipolar common-emitter circuit with a coupling capacitor.

For the circuit shown in Figure 7.16, the parameters are: R, =351.2kQ. R, =
G6kQ Re =22, R =04k, Rg, = 0.1k}, C; = 1pF. and Ve = 10 Y. The tran-
sistor paramcters are: Peplon) = 0.7¥, A= 100, and V, = o0,

Solution: From a dc analysis, the quiescent collector current is /g = 1.81 mA. The

transconductance is therefors

g 181

and the diffusion resistance is

_ BVr _ (100)0.026]

= = = 1.4 k2
T LAl
The input resislance is

R = RlR:[r. + (1 + B1RL]
= $1.2119.60[1.44 + (10 1)(0.4)] = 6.7TkQ

and the time constant is therelore

vs = (Rs, + RICe =401 x 10" +6.77 « 1PH1 x 107%) =687 x 10775

ot

1 = 0.87ms

The corner ftequency is

fu= 2:::5 " 2ni6 8?]x TR

Finally, the maximum voliage gain magnitude s

7 - Ry ( Rg )

(R, + R \Ra+ R

where

Ry=r+(1+ B8R =144+ (10140.4) = 4].8kQ
Therefore,

1 Avloex = :ﬁ?% (B.t);fsu,s) =k

Comment: The coupling capacitor produces a high-pass network. In this circuit, if the
signal frequency is approximately two octaves above the corner frequency, the coupling
capacitor acls as a short circuil.

Time Constant Technique In general, we do not need to derive the complete
circuit transfer Function including capacitance effects in order to complete the
Bode plot and determine the frequency response. By looking at a circuit with,
initially, only one capacitor, we can determine if the amplifier is a low-pass or
high-pass circuit. We can then specify the Bode plot if we know the time
constant and the maximum midband gain. The time constant determines the



