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EXAMPLE 6.18

Determine Ip,,, Vs, and Vpg for the p-channel JFET of Fig. 6.56.

o =HY

Figure 6.56 Example 6.18.

Solution

_ 20kO(-20V) _

0k teskn Y

Vo

Applying Kirchhoff’s voltage law gives

Ve — Vgs + IpRs =0
and Vos = Vg + IpRs
Choosing I/, = 0 mA yields

Vos= Ve = —455V

as appearing in Fig. 6.57.
Choosing Vs = 0V, we obtain

Ve _ _ﬂ=2_53 mA

I = =
P Ry 1.8 kQ

as also appearing in Fig. 6.57.
The resulting quiescent point from Fig. 6.57:
Ip, = 3.4 mA

VGSQ =14V

Vas Figure 6.57 Determining the
QO-point for the JFET configura-
tion of Fig. 6.56.
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For Vpg, Kirchhoff’s voltage law will result in

—IpRs + Vps — IpRp + Vpp = 0
and Vps = —Vpp + Ip(Rp + Ry)
=20V + (3.4 mA)(2.7 kQ + 1.8 k)
—20V + 153V
—4.7V

6.12 UNIVERSAL JFET BIAS CURVE

Since the dc solution of a FET configuration requires drawing the transfer curve for
each analysis, a universal curve was developed that can be used for any level of /g
and Vp. The universal curve for an n-channel JFET or depletion-type MOSFET (for
negative values of Vg,,) is provided in Fig. 6.58. Note that the horizontal axis is not
that of Vg but of a normalized level defined by Vg/ | Vp |, the |Vp| indicating that
only the magnitude of Vp is to be employed, not its sign. For the vertical axis, the
scale is also a normalized level of I,/Igs. The result is that when I, = I, the
ratio is 1, and when Vg = Vp, the ratio Vis/ | Vp |is —1. Note also that the scale
for Ip/lpgs is on the left rather than on the right as encountered for 7, in past exer-
cises. The additional two scales on the right need an introduction. The vertical scale
labeled m can in itself be used to find the solution to fixed-bias configurations.
The other scale, labeled M, is employed along with the m scale to find the solution

Ip
. = M=mx
A Ipss Am= s b m A
1.0 5 1.0
0.8 4 0.8

Normalized curve

V-2
-y 1— 98
of 1, DSS( 7

0.4 2 0.4
/

0.2 1 0.2
pat

et

-1 -0.8 -0.6 -04 -0.2 0

6.12 Universal JFET Bias Curve

Figure 6.58 Universal JFET bias

curve.
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to voltage-divider configurations. The scaling for m and M come from a mathemati-
cal development involving the network equations and normalized scaling just intro-
duced. The description to follow will not concentrate on why the m scale extends from
0to5at Vgg/ | Vp| = —0.2 and the M scale from 0 to 1 at Vg/ | VP| = 0 but rather
on how to use the resulting scales to obtain a solution for the configurations. The
equations for m and M are the following, with V as defind by Eq. (6.15).

| V| (635)
m = .
IDSSRS
i 6.36
M=mx —2 .
A (6:36)
with v, = ReVop
R, + R,

Keep in mind that the beauty of this approach is the elimination of the need to sketch
the transfer curve for each analysis, that the superposition of the bias line is a great
deal easier, and that the calculations are fewer. The use of the m and M axes is best
described by examples employing the scales. Once the procedure is clearly under-
stood, the analysis can be quite rapid, with a good measure of accuracy.
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EXAMPLE 6.19

Determine the quiescent values of I, and Vg for the network of Fig. 6.59.

16y

14kl

005 uF

185k

L 3 Figure 6.59 Example 6.19.

Solution
Calculating the value of m, we obtain

vl =3Vl g,

The self-bias line defined by Ry is plotted by drawing a straight line from the origin
through a point defined by m = 0.31, as shown in Fig. 6.60.
The resulting Q-point:

|
b _ 18  and |V°S| = —0.575
P

DSS
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Figure 6.60 Universal curve for Examples 6.19 and 6.20.

The quiescent values of I, and Vg can then be determined as follows:
and Vaso = —0.575|Vp| = —05753 V) = —=1.73 V

Determine the quiescent values of I, and Vg for the network of Fig. 6.61.

@ |8V

v

1.2 ki2

Figure 6.61 Example 6.20.

EXAMPLE 6.20
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Solution
Calculating m gives

_ el =6V
IpssRs (8 mA)(12 kQ)

m = 0.625

Determining Vg yields

oo RoVop __(20k)A8V) o
9 R +R, 910kQ+220kQ

Finding M, we have

y
M=mx —2 = 062522V = 0.365
| Vpl 6V

Now that m and M are known, the bias line can be drawn on Fig. 6.60. In particular,
note that even though the levels of /g5 and Vp are different for the two networks, the
same universal curve can be employed. First find M on the M axis as shown in Fig.
6.60. Then draw a horizontal line over to the m axis and, at the point of intersection,
add the magnitude of m as shown in the figure. Using the resulting point on the m
axis and the M intersection, draw the straight line to intersect with the transfer curve
and define the Q-point:

v,

That is, dp 53 and -2 = 026
IDSS | VP|

and IDQ = 0-53IDSS = 053(8 mA) = 4.24 mA

with Vaso = —0.26 V| = —0.26(6 V) = =156 V

6.13 PSPICE WINDOWS

JFET Voltage-Divider Configuration

The results of Example 6.20 will now be verified using PSpice Windows. The net-
work of Fig. 6.62 is constructed using computer methods described in the previous
chapters. The J2N3819 JFET is obtained from the EVAL.slb library and, through
Edit-Model-Edit Instance Model (Text), Vto is set to —6V and Beta, as defined by
Beta = g/ | V|2 is set to 0.222 mA/VZ. After an OK followed by clicking the
Simulation icon (the yellow background with the two waveforms) and clearing the
Message Viewer, PSpiceAD screens will result in Fig. 6.62. The resulting drain cur-

4.231mA

VOD —18V g4

1)

910k RD < 2.2k

8.693V

J2N3819 5077V

Figure 6.62 JFET voltage-divider con-
figuration with PSpice Windows results
= for the dc levels.
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rent is 4.231 mA compared to the calculated level of 4.24 mA, and Vg is 3.504 V —
5.077 V = —1.573 V versus the calculated value of —1.56 V—both excellent com-
parisons.

Combination Network

Next, the results of Example 6.13 with both a transistor and JFET will be verified.
For the transistor, the Model must be altered to have a Bf(beta) of 180 to match the
example, and for the JFET, Vto must be set to —6V and Beta to 0.333 mA/V?. The
results appearing in Fig. 6.63 are again an excellent comparison with the hand-
written solution. Vp is 11.44 V compared to 11.07 V, Vis 7.138 V compared to 7.32 V,
and Vggis —3.758 V compared to —3.7 V.

.
VDD —— 16V
11.44V
T RIZ 8
J2N3818
7.138V
RG < 1Meg
3.380V
] [nY)]
. Q2N2222 2 792V

Figure 6.63 Verifying
the hand-calculated solu-
tion of Example 6.13 us-
ing PSpice Windows.

R2 % 24k RE

FEnhancement MOSFET

e

Next, the analysis procedure of Section 6.6 will be verified using the IRF150
enhancement-type n-channel MOSFET found in the EVAL.slb library. First, the de-
vice characteristics will be obtained by constructing the network of Fig. 6.64.

M1 =
| IRF150
. =

GG -
v _I ov Figure 6.64 Network employed to obtain the char-

acteristics of the IRF150 enhancement-type n-channel
- = MOSFET.

Clicking on the Setup Analysis icon (with the blue bar at the top in the left-hand
corner of the screen), DC Sweep is chosen to obtain the DC Sweep dialog box.
Voltage Source is chosen as the Swept Var. Type, and Linear is chosen for the Sweep
Type. Since only one curve will be obtained, there is no need for a Nested Sweep.
The voltage-drain voltage VDD will remain fixed at a value of 9 V (about three times
the threshold value (Vto) of 2.831 V), while the gate-to-source voltage Vs, which in

6.13 PSpice Windows
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this case is VGG, will be swept from 0 to 10 V. The Name therefore is VGG and the
Start Value 0V, the End Value 10V, and the Increment 0.01V. After an OK followed
by a Close of the Analysis Setup, the analysis can be performed through the Analy-
sis icon. If Automatically run Probe after simulation is chosen under the Probe
Setup Options of Analysis, the OrCAD-MicroSim Probe screen will result, with
the horizontal axis appearing with VGG as the variable and range from 0 to 10 V.
Next, the Add Traces dialog box can be obtained by clicking the Traces icon (red
pointed pattern on an axis) and the ID(M1) chosen to obtain the drain current versus
the gate-to-source voltage. Click OK, and the characteristics will appear on the screen.
To expand the scale of the resulting plot to 20 V, simply choose Plot followed by X-
Axis Settings and set the User Defined range to 0 to 20 V. After another OK, and
the plot of Fig. 6.65 will result, revealing a rather high-current device. The labels ID
and VGS were added using the Text Label icon with the letters A, B, and C. The
hand-drawn load line will be described in the paragraph to follow.

:
'ID
:

i
60A 4

;
Zore B2

02y SN | FUS—————E R R 5
ov 5v 74V 1iov 15v 20V
o ID(M1)

Figure 6.65 Characteristics of the IRF500 MOSFET of Figure 6.64 with a load line defined by the
network of Figure 6.66.

The network of Fig. 6.66 was then established to provide a load line extending
from I equal to 20 V/0.4 Q = 50 A down to Vg = Vg = 20 V as shown in Fig.
6.65. A simulation resulted in the levels shown, which match the solution of Fig. 6.65.

3
Vi o,
—a0v
.I RDZ04  7.400v
1 7
R2£10Meg
-
M1 iRF150
'——

Figure 6.66 Feedback-biasing arrangement em-
= ploying an IRF150 enhancement-type MOSFET.
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§ 6.2 Fixed-Bias Configuration
PROBLEMS

. For the fixed-bias configuration of Fig. 6.67:

(a) Sketch the transfer characteristics of the device.

(b) Superimpose the network equation on the same graph.

(c) Determine 15, and Vs,

(d) Using Shockley’s equation, solve for /5, and then find Vjs,. Compare with the solutions

of part (c).
12¥%
1260
'
e F_ﬁ,ﬂ =13 mA
e =—4 Y
L g2
I15W
I Figure 6.67 Problems 1, 35

. For the fixed-bias configuration of Fig. 6.68, determine:

(a) Ip, and Vs, using a purely mathematical approach.

(b) Repeat part (a) using a graphical approach and compare results. 1By
(¢) Find Vps, Vp, Vg, and Vg using the results of part (a).

Toge = 1mA
W =-d5V

Figure 6.68 Problem 2 *
. Given the measured value of Vp in Fig. 6.69, determine:
(@) Ip. FRY
(b) Vps- i j
©) Vea- J' )

1 Micd

- Figure 6.69 Problem 3 207
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4. Determine Vp, for the fixed-bias configuration of Fig. 6.70.

5. Determine Vp, for the fixed-bias configuration of Fig. 6.71.

0V

1 Wl

L

Figure 6.70 Problem 4

§ 6.3 Self-Bias Configuration

6. For the self-bias configuration of Fig. 6.72:
(a) Sketch the transfer curve for the device.

1R W
kil
——i |
fpgp =HmA
Vo= 4%
2 &L
4V

~ =

Figure 6.71 Problem 5

(b) Superimpose the network equation on the same graph.

(c) Determine Ipg and Vs,
(d) Calculate Vpg, Vp, Vg, and V.

||':|.=—1'|.

1 M5k

Tigg = 1P m

Figure 6.72 Problems 6, 7, 36

* 7. Determine I, for the network of Fig. 6.72 using a purely mathematical approach. That is, es-

tablish a quadratic equation for /,, and choose the solution compatible with the network char-
acteristics. Compare to the solution obtained in Problem 6.

8. For the network of Fig. 6.73, determine:

(@) Vgs, and I,
(b) Vps, Vo, Vg, and V.

9. Given the measurement Vg = 1.7 V for the network of Fig. 6.74, determine:

(a) IDQ-
) Vs,
(©) Ipss-
(d) Vp.
() Vps.
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* 10. For the network of Fig. 6.75, determine:
(a) Ip.
(®) Vps.
©) Vp.
(d) Vs.

12% iy my

063 kil

Figure 6.73 Problem 8 Figure 6.74 Problem 9 Figure 6.75 Problem 10

* 11, Find Vg for the network of Fig. 6.76.

-lln:“ =3 s
Vp —=b ¥
MY 441 y
AN o ¥
(3% kL)

Figure 6.76 Problem 11

§ 6.4 Voltage-Divider Biasing

12. For the network of Fig. 6.77, determine:
(@) V.
(b) [DQ and VGSQ- o
(¢) Vpand Vs.
(d) Vbs, 22 k0
Q00 ki1

Figure 6.77 Problems 12, 13

13. (a) Repeat Problem 12 with Rg = 0.51 k() (about 50% of the value of 12). What is the effect
of a smaller R on Ip, and Vg,?
(b) What is the minimum possible value of Ry for the network of Fig. 6.77?
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14. For the network of Fig. 6.78, V), = 9 V. Determine:
(@) Ip.
(b) Vsand Vps.
(¢) Vg and Vs.
(d) Vp.
*15. For the network of Fig. 6.79, determine:
(@) Ip, and Vs,

18V (b) Vps and Vs.
16 v
§ 750 kQ 220k
Vp=9V l :
/o Ipgg =8 mA
DS Dss Tpgs =femA,
Gs eV + Vi =<6V
§ 91 kQ
0.68 kQ
21kl
= b4V
Figure 6.78 Problem 14 Figure 6.79 Problems 15, 37
*16. Given Vpg =4V for the network of Fig. 6.80, determine: 12v

(a) ID

(b) VD and Vs.

©) Vas. Ik

§ 6.5 Depletion-Type MOSFETs 'l i

PR
17. For the self-bias configuration of Fig. 6.81, determine: *
(a) IDQ and VGSQ- a1
(b) Vpsand Vp.
* 18. For the network of Fig. 6.82, determine:
(a) IDQ and VGSQ-
(b) Vpsand Vs. 1k0
1d W gy v

Figure 6.80 Problem 16

1.2k 39 g

'

faes = HmA losg =HmA
- Wp=—1VW Kp=-BY
I MO 8,43 k2 0199 O

—d Y

Figure 6.81 Problem 17 Figure 6.82 Problem 18
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§ 6.6 Enhancement-Type MOSFETs

19. For the network of Fig. 6.83, determine:
(a) [DQ
(b) VGSQ and VDSQ-
(¢) Vpand Vs.
(d) Vps.
20. For the voltage-divider configuration of Fig. 6.84, determine:
(a) IDQ and VGSQ-
(b) VD and Vs.

24V
L W
1.2 k0 § 22kQ
10 MQ
*11)9
i, ; = osam=3 7
T Ipiom =5 MA
| M6 |'—’ Y R Ve =6V
Vs Gliam ~ ! GS(on)
§ :q' i y I ) — 2
i |
o=
051k} 0.75kQ
Figure 6.83 Problem 19 Figure 6.84 Problem 20
8§ 6.8 Combination Networks
“ 21. For the network of Fig. 6.85, determine:
(@) V.
(b) VGSQ and [DQ
(C) [E'
(d) Iy
(e) Vp.
® Ve : a2V
1.1 ki
sﬁ?{l ki
5 ff — |
$ o kil
\ | 4[1 f= 160
Ia + i
-Tnl ;
_J_ gy — BmA
y T 5 sEw
I-
-3
14 ki 13 k0
+ - Figure 6.85 Problem 21

Problems
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* 22. For the combination network of Fig. 6.86, determine:
(a) Vg and Vg. i
(b) V. i
(C) [E, [C, and ID

@ Iy |

(e) Ve, Vs, and V. X ; 2.2 k0t
) Vee

(2) Vos. 3 sz b

Va |—I * n i A,
Rk - . l'1'|"'|'= e
z

L 2 Figure 6.86 Problem 22

§ 6.9 Design
* 23, Design a self-bias network using a JFET transistor with 7,55 = 8 mA and V» = —6 V to have a
QO-point at I, = 4 mA using a supply of 14 V. Assume that R, = 3Ry and use standard values.

* 24, Design a voltage-divider bias network using a depletion-type MOSFET with /55 = 10 mA and
Vp = —4V to have a O-point at /), = 2.5 mA using a supply of 24 V. In addition, set Vi = 4
V and use Rp = 2.5Rg with R; = 22 M(). Use standard values.

25. Design a network such as appears in Fig. 6.39 using an enhancement-type MOSFET with
Vascny =4V, k=05 X 1073A/V? to have a Q-point of Ip, = 6 mA. Use a supply of 16 V
and standard values.

§ 6.10 Troubleshooting

*26. What do the readings for each configuration of Fig. 6.87 suggest about the operation of the

network?
12y 32y
2k0 2kl
& ’
1 MLl Ly 2 1M
1k
LE1] i1} [44]

Figure 6.87 Problem 26
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" 27. Although the readings of Fig. 6.88 initially suggest that the network is behaving properly, de-
termine a possible cause for the undesirable state of the network.

" 28. The network of Fig. 6.89 is not operating properly. What is the specific cause for its failure?

=g iR

350 kKL

F.IJ'H = il mA
Vw6V

—
¥ 5%

Figure 6.88 Problem 27

§ 6.11 p-Channel FETs

29. For the network of Fig. 6.90, determine:
(@) Ip, and Vs,
(b) Vps.
©) Vp.

30. For the network of Fig. 6.91, determine:
(a) Ip, and Vs,
(b) Vs
(c) Vp.

=18V

1.1 kik

By —HmA
K =d¥
050 e

Figure 6.90 Problem 29

8§ 6.12 Universal JFET Bias Curve

nv

2 kid
RE L TF \
ﬁ-’ﬁ" = ¥ ity
kp ==t ¥
75 kbl
I kid
-
Figure 6.89 Problem 28
-l& ¥
2k
1 &5k
= Vagas==3¥%
l" ;u s — Tma
+ H Vospm=-TY

w

Figure 6.91 Problem 30

31. Repeat Problem 1 using the universal JFET bias curve.

32. Repeat Problem 6 using the universal JFET bias curve.

33. Repeat Problem 12 using the universal JFET bias curve.

34. Repeat Problem 15 using the universal JFET bias curve.

Problems
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§ 6.13 PSpice Windows

35. Perform a PSpice Windows analysis of the network of Problem 1.
36. Perform a PSpice Windows analysis of the network of Problem 6.
37. Perform a PSpice Windows analysis of the network of Problem 15.

“Please Note: Asterisks indicate more difficult problems.
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CHAPTER

BJT Transistor
Modeling

7.1 INTRODUCTION

The basic construction, appearance, and characteristics of the transistor were intro-
duced in Chapter 3. The dc biasing of the device was then examined in detail in Chap-
ter 4. We now begin to examine the small-signal ac response of the BJT amplifier by
reviewing the models most frequently used to represent the transistor in the sinusoidal
ac domain.

One of our first concerns in the sinusoidal ac analysis of transistor networks
is the magnitude of the input signal. It will determine whether small-signal or large-
signal techniques should be applied. There is no set dividing line between the two,
but the application—and the magnitude of the variables of interest relative to the
scales of the device characteristics—will usually make it quite clear which method is
appropriate. The small-signal technique is introduced in this chapter, and large-signal
applications are examined in Chapter 16.

There are two models commonly used in the small-signal ac analysis of transis-
tor networks: the », model and the hybrid equivalent model. This chapter not only in-
troduces both models but defines the role of each and the relationship between the
two.

7.2 AMPLIFICATION IN THE AC DOMAIN

It was demonstrated in Chapter 3 that the transistor can be employed as an amplify- r Fow "“]
ing device. That is, the output sinusoidal signal is greater than the input signal or, ,l
stated another way, the output ac power is greater than the input ac power. The ques- £
tion then arises as to how the ac power output can be greater than the input ac power?
Conservation of energy dictates that over time the total power output, P,, of a system T
cannot be greater than its power input, P;, and that the efficiency defined by n = P,/P; L—-— / J
cannot be greater than 1. The factor missing from the discussion above that permits
an ac power output greater than the input ac power is the applied dc power. It is a
contributor to the total output power even though part of it is dissipated by the de- b
vice and resistive elements. In other words, there is an “exchange” of dc power to the
ac domain that permits establishing a higher output ac power. In fact, a conversion
efficiency is defined by 1 = Pjacy/Piac)» Where P, is the ac power to the load and
Piqc) is the dc power supplied.

Perhaps the role of the dc supply can best be described by first considering the
simple dc network of Fig. 7.1. The resulting direction of flow is indicated in the fig-  Figure 7.1 Steady current
ure with a plot of the current 7 versus time. Let us now insert a control mechanism established by a dc supply.

I' {coms1aniL]
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Figure 7.2 Effect of a control
element on the steady-state flow
of the electrical system of Fig. 7.1.
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such as that shown in Fig. 7.2. The control mechanism is such that the application of
a relatively small signal to the control mechanism can result in a much larger oscil-
lation in the output circuit. For the system of Fig. 7.2, the peak value of the oscilla-
tion is controlled by the established dc level. Any attempt to exceed the limit set by
the dc level will result in a “clipping” (flattening) of the peak region of the output
signal. In total, therefore, proper amplifier design requires that the dc and ac compo-
nents be sensitive to each other’s requirements and limitations.

However, it is indeed fortunate that transistor small-signal amplifiers can be

considered linear for most applications, permitting the use of the superposi-

tion theorem to isolate the dc analysis from the ac analysis.

7.3 BJT TRANSISTOR MODELING

The key to transistor small-signal analysis is the use of equivalent circuits (models)
to be introduced in this chapter.
A model is the combination of circuit elements, properly chosen, that best ap-
proximates the actual behavior of a semiconductor device under specific oper-
ating conditions.

Once the ac equivalent circuit has been determined, the graphical symbol of the
device can be replaced in the schematic by this circuit and the basic methods of ac
circuit analysis (mesh analysis, nodal analysis, and Thévenin’s theorem) can be ap-
plied to determine the response of the circuit.

There are two schools of thought in prominence today regarding the equivalent
circuit to be substituted for the transistor. For many years the industrial and educa-
tional institutions relied heavily on the hybrid parameters (to be introduced shortly).
The hybrid-parameter equivalent circuit continues to be very popular, although it must
now share the spotlight with an equivalent circuit derived directly from the operating
conditions of the transistor—the 7, model. Manufacturers continue to specify the hy-
brid parameters for a particular operating region on their specification sheets. The pa-
rameters (or components) of the », model can be derived directly from the hybrid pa-
rameters in this region. However, the hybrid equivalent circuit suffers from being
limited to a particular set of operating conditions if it is to be considered accurate.
The parameters of the other equivalent circuit can be determined for any region of
operation within the active region and are not limited by the single set of parameters
provided by the specification sheet. In turn, however, the r, model fails to account for
the output impedance level of the device and the feedback effect from output to
input.

Since both models are used extensively today, they are both examined in detail in
this text. In some analysis and examples the hybrid model will be employed, while
in others the , model will be used exclusively. The text will make every effort, how-
ever, to show how closely related the two models are and how a proficiency with one
leads to a natural proficiency with the other.

In an effort to demonstrate the effect that the ac equivalent circuit will have on
the analysis to follow, consider the circuit of Fig. 7.3. Let us assume for the moment
that the small-signal ac equivalent circuit for the transistor has already been deter-
mined. Since we are interested only in the ac response of the circuit, all the dc sup-
plies can be replaced by a zero-potential equivalent (short circuit) since they deter-
mine only the dc (quiescent level) of the output voltage and not the magnitude of the
swing of the ac output. This is clearly demonstrated by Fig. 7.4. The dc levels were
simply important for determining the proper Q-point of operation. Once determined,
the dc levels can be ignored in the ac analysis of the network. In addition, the cou-
pling capacitors C; and C, and bypass capacitor C; were chosen to have a very small
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under examination in this intro-
ductory discussion.

v, R Cy - . . S
I Figure 7.3 Transistor circuit
< -

—
|
+ | "
E, E N
T v o Figure 7.4 The network of
¥ l'h Fig. 7.3 following removal of the
; dc supply and insertion of the
—_L. - | short-circuit equivalent for the ca-
b pacitors.

reactance at the frequency of application. Therefore, they too may for all practical
purposes be replaced by a low-resistance path or a short circuit. Note that this will
result in the “shorting out” of the dc biasing resistor Rz. Recall that capacitors as-
sume an “open-circuit” equivalent under dc steady-state conditions, permitting an iso-
lation between stages for the dc levels and quiescent conditions.

If we establish a common ground and rearrange the elements of Fig. 7.4, R, and
R, will be in parallel and R, will appear from collector to emitter as shown in Fig.
7.5. Since the components of the transistor equivalent circuit appearing in Fig. 7.5
employ familiar components such as resistors and independent controlled sources,

i Trastn (I I
'-, wreall gl g o
AU Al CIne LT - i H
& A L 1
R 4
- v . ¥
+ i ;n, Il &, E = R, e
z,
v, l"bu _ _
E -l- - - -l

Figure 7.5 Circuit of Fig. 7.4 redrawn for small-signal ac analysis.
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analysis techniques such as superposition, Thévenin’s theorem, and so on, can be ap-
plied to determine the desired quantities.

Let us further examine Fig. 7.5 and identify the important quantities to be deter-
mined for the system. Since we know that the transistor is an amplifying device, we
would expect some indication of how the output voltage V, is related to the input
voltage V,—the voltage gain. Note in Fig. 7.5 for this configuration that /; = [, and
1, = 1., which define the current gain A; = 1,/I;. The input impedance Z; and output
impedance Z, will prove particularly important in the analysis to follow. A great deal
more will be offered about these parameters in the sections to follow.

In summary, therefore, the ac equivalent of a network is obtained by:

1. Setting all dc sources to zero and replacing them by a short-circuit equiva-
lent

2. Replacing all capacitors by a short-circuit equivalent
3. Removing all elements bypassed by the short-circuit equivalents introduced
by steps 1 and 2

4. Redrawing the network in a more convenient and logical form

In the sections to follow, the r, and hybrid equivalent circuits will be introduced
to complete the ac analysis of the network of Fig. 7.5.

7.4 THE IMPORTANT PARAMETERS:
Zi’ Zo’ AV? Ai

Before investigating the equivalent circuits for BJTs in some detail, let us concentrate
on those parameters of a two-port system that are of paramount importance from an
analysis and design viewpoint. For the two-port (two pairs of terminals) system of
Fig. 7.6, the input side (the side to which the signal is normally applied) is to the left
and the output side (where the load is connected) is to the right. In fact, for most elec-
trical and electronic systems, the general flow is usually from the left to the right. For
both sets of terminals, the impedance between each pair of terminals under normal
operating conditions is quite important.

I, I

— g
————] —0
+ +
T T“I“'p'ﬂ'“ —
- (]

£, System 2,
P I

Figure 7.6  Two-port system.

Input Impedance, Z;
For the input side, the input impedance Z; is defined by Ohm’s law as the following:

_

If the input signal V; is changed, the current /; can be computed using the same
level of input impedance. In other words:

Chapter 7 BJT Transistor Modeling



For small-signal analysis, once the input impedance has been determined the
same numerical value can be used for changing levels of applied signal.

In fact, we will find in the sections to follow that the input impedance of a tran-
sistor can be approximately determined by the dc biasing conditions—conditions that
do not change simply because the magnitude of the applied ac signal has changed.

It is particularly noteworthy that for frequencies in the low to mid-range (typi-
cally =100 kHz):

The input impedance of a BJT transistor amplifier is purely resistive in nature

and, depending on the manner in which the transistor is employed, can vary

from a few ohms to megohms.

In addition:

An ohmmeter cannot be used to measure the small-signal ac input impedance
since the ohmmeter operates in the dc mode.

Equation (7.1) is particularly useful in that it provides a method for measuring
the input resistance in the ac domain. For instance, in Fig. 7.7 a sensing resistor has
been added to the input side to permit a determination of /; using Ohm’s law. An os-
cilloscope or sensitive digital multimeter (DMM) can be used to measure the voltage
V, and V,. Both voltages can be the peak-to-peak, peak, or rms values, as long as both
levels use the same standard. The input impedance is then determined in the follow-
ing manner:

Ve =V,
I, =— : 7.2
! RSCHSC ( )
and Z; = % (7.3)
i
— 2 +
+ 11 sense
V ? v Two-port
s ,\l ‘ System

Figure 7.7 Determining Z,.

The importance of the input impedance of a system can best be demonstrated by
the network of Fig. 7.8. The signal source has an internal resistance of 600 (), and
the system (possibly a transistor amplifier) has an input resistance of 1.2 k(). If the
source were ideal (R, = 0 (1), the full 10 mV would be applied to the system, but

Rsource
600 Q —> -?'_
+ Z;=12kQ
K N\, 10my Vi |  Amplifier
— Figure 7.8 Demonstrating the
o impact of Z; on an amplifier’s re-

sponse.
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with a source impedance, the input voltage must be determined using the voltage-
divider rule as follows:

_ZV,  _ (12kQ)10mV)
Zi + Ruuee 1.2 KQ + 0.6 kKQ

Vv = 6.67 mV

Thus, only 66.7% of the full-input signal is available at the input. If Z; were only
600 , then ¥; =3(10 mV) = 5 mV or 50% of the available signal. Of course, if
Z; = 8.2 kQ, V; will be 93.2% of the applied signal. The level of input impedance,
therefore, can have a significant impact on the level of signal that reaches the system
(or amplifier). In the sections and chapters to follow, it will be demonstrated that the
ac input resistance is dependent on whether the transistor is in the common-base,
common-emitter, or common-collector configuration and on the placement of the re-
sistive elements.
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EXAMPLE 7.1

14

—+

For the system of Fig. 7.9, determine the level of input impedance.

RSCI‘[SC
0 AAY EEmm—
1kQ 7 2
- Two-port
N, 2mv  7=12mv System
o o
Figure 7.9 Example 7.1
Solution
_ V=V, _2mV—-12mV _ 08mV _
=% = 1kQ Tk 08 mA
_ Vi _12mV _
and Z;= 7 =08 MA—I.S kQ

Output Impedance, Z,

The output impedance is naturally defined at the output set of terminals, but the man-

ner in which it is defined is quite different from that of the input impedance. That is:
The output impedance is determined at the output terminals looking back into
the system with the applied signal set to zero.

In Fig. 7.10, for example, the applied signal has been set to zero volts. To deter-
mine Z,, a signal, V,, is applied to the output terminals and the level of V, is mea-
sured with an oscilloscope or sensitive DMM. The output impedance is then
determined in the following manner:

1, = (7.4)

and Z, = % (7.5)
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RSOUI’CC

A%

Figure 7.10 Determining Z,.

Two-port

System

RSCHSC
—o AN
+ <
I, +
V, -<-— ,\I 14
ZO
|l o

In particular, for frequencies in the low to mid-range (typically = 100 kHz):
The output impedance of a BJT transistor amplifier is resistive in nature and,
depending on the configuration and the placement of the resistive elements,
Z,, can vary from a few ohms to a level that can exceed 2 M().

In addition:

An ohmmeter cannot be used to measure the small-signal ac output imped-
ance since the ohmmeter operates in the dc mode.

For amplifier configurations where significant gain in current is desired, the level
of Z, should be as large as possible. As demonstrated by Fig. 7.11, if Z, > R;, the
majority of the amplifier output current will pass on to the load. It will be demon-
strated in the sections and chapters to follow that Z, is frequently so large compared
to R; that it can be replaced by an open-circuit equivalent.

Figure 7.11 Effect of Z, =R,
on the load or output current I;.

For the system of Fig. 7.12, determine the level of output impedance.

Rsense
—o 0 AAY
+ 20kQ
Two-port - +
System Z,
v, =680 mV V=1V
R m ,\I
o
Figure 7.12  Example 7.2.
Solution
V=V, 1V—-680mV _ 320mV _
L= QR =" 20Kk0 20k oA
v, 680mV
and Z”_IO_—16;LA—42'SkQ

Voltage Gain, A,

One of the most important characteristics of an amplifier is the small-signal ac volt-

age gain as determined by

(7.6)

7.4 The Important Parameters: Z;, Z,, A,, A;
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For the system of Fig. 7.13, a load has not been connected to the output terminals
and the level of gain determined by Eq. (7.6) is referred to as the no-load voltage
gain. That is,

V.
A, === 7.7
R V, R, = o () (open circuit) ( )
RSOUI’CC
AAN—o— —o
+ +
+ —
7z
Vs ,\I ' Vi AUNL |4
o—] ———o

Figure 7.13 Determining the no-load voltage gain.

In Chapter 9 it will be demonstrated that:

For transistor amplifiers, the no-load voltage gain is greater than the loaded
voltage gain.

For the system of Fig. 7.13 having a source resistance R,, the level of V; would
first have to be determined using the voltage-divider rule before the gain V,/V; could
be calculated. That is,

Vi= z,-Z lVSRb
with % - JZF Rs
and A, = % - % . %
so that 4, = % = Z -Z/-iRsA"NL (7.8)

Experimentally, the voltage gain 4, or 4, can be determined simply by mea-
suring the appropriate voltage levels with an oscilloscope or sensitive DMM and sub-
stituting into the appropriate equation.

Depending on the configuration, the magnitude of the voltage gain for a
loaded single-stage transistor amplifier typically ranges from just less than 1
to a few hundred. A multistage (multiunit) system, however, can have a volt-
age gain in the thousands.
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EXAMPLE 7.3

For the BJT amplifier of Fig. 7.14, determine:
(@) Vi

(b) 1.

(©) Z.

(d) 4,.

Chapter 7 BJT Transistor Modeling



——— AP & o
] 17 * *
+ —
z, R
y=smv ¥; g lacr V-6V
A, =32
Figure 7.14 Example 7.3.
Solution
_ Vs _V, _ 1768V _
(@) 4,, = v and V; = 4 =30 24 mV
_Vi=Vi_40mV—-24mV _
() ;= R kO 13.33 pA
_Vi__24mV__
(c) Z; = I 1333 pA 1.8 kQ
__ %
(d) AVS - Zi + Rs AVNL
_ 1.8 kQ)
T8kt 12kq G20
=192

Current Gain, A;

The last numerical characteristic to be discussed is the current gain defined by

s
4= (7.9)

Although typically the recipient of less attention than the voltage gain, it is, however,
an important quantity that can have significant impact on the overall effectiveness of
a design. In general:
For BJT amplifiers, the current gain typically ranges from a level just less
than 1 to a level that may exceed 100.

For the loaded situation of Fig. 7.15,

Vi |4
I, =" and l,=—-2
l Zi o RL
I ¢ I,
— p—
o ——
-—
+
BIT -
v T"' amplifier S
p— Figure 7.15 Determining the

loaded current gain.

7.4 The Important Parameters: Z;, Z,, A,, A; 313



314

with A4, = L, _ VR, _ Vol
Ii I/,/Z, I/tRL
and 4= — A2 (7.10)
Ry

Eq. (7.10) allows the determination of the current gain from the voltage gain and the
impedance levels.

Phase Relationship

The phase relationship between input and output sinusoidal signals is important for
a variety of practical reasons. Fortunately, however:

For the typical transistor amplifier at frequencies that permit ignoring the ef-
fects of the reactive elements, the input and output signals are either 180° out
of phase or in phase.

The reason for the either—or situation will become quite clear in the chapters to
follow.

Summary

The parameters of primary importance for an amplifier have now been introduced:
the input impedance Z,, the output impedance Z,, the voltage gain 4,, the current gain
A;, and the resulting phase relationship. Other factors, such as the applied frequency
at the low and high ends of the frequency spectrum, will affect some of these para-
meters, but this will be discussed in Chapter 11. In the sections and chapters to fol-
low, all the parameters will be determined for a variety of transistor networks to per-
mit a comparison of the strengths and weaknesses for each configuration.

7.5 THE r, TRANSISTOR MODEL

The r, model employs a diode and controlled current source to duplicate the behav-
ior of a transistor in the region of interest. Recall that a current-controlled current
source is one where the parameters of the current source are controlled by a current
elsewhere in the network. In fact, in general:

BJT transistor amplifiers are referred to as current-controlled devices.

Common Base Configuration

In Fig. 7.16a, a common-base pnp transistor has been inserted within the two-port
structure employed in our discussion of the last few sections. In Fig. 7.16b, the 7,
model for the transistor has been placed between the same four terminals. As noted
in Section 7.3, the model (equivalent circuit) is chosen in such a way as to approxi-
mate the behavior of the device it is replacing in the operating region of interest. In
other words, the results obtained with the model in place should be relatively close
to those obtained with the actual transistor. You will recall from Chapter 3 that one
junction of an operating transistor is forward-biased while the other is reverse-biased.
The forward-biased junction will behave much like a diode (ignoring the effects of
changing levels of V) as verified by the curves of Fig. 3.7. For the base-to-emitter
junction of the transistor of Fig. 7.16a, the diode equivalence of Fig. 7.16b between
the same two terminals seems to be quite appropriate. For the output side, recall that
the horizontal curves of Fig. 3.8 revealed that /. = [, (as derived from /., = al,) for
the range of values of Vz. The current source of Fig. 7.16b establishes the fact that
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Figure 7.16 (a) Common-base BJT transistor; (b) r, model for the configuration

of Fig. 7.16a.

1. = al,, with the controlling current /, appearing in the input side of the equivalent
circuit as dictated by Fig. 7.16a. We have therefore established an equivalence at the
input and output terminals with the current-controlled source, providing a link be-
tween the two—an initial review would suggest that the model of Fig. 7.16b is a valid

model of the actual device.

Recall from Chapter 1 that the ac resistance of a diode can be determined by the
equation r,. = 26 mV/Ip, where I, is the dc current through the diode at the O (qui-
escent) point. This same equation can be used to find the ac resistance of the diode
of Fig. 7.16b if we simply substitute the emitter current as follows:

Ve
Iy

=26 mV

(7.11)

The subscript e of r, was chosen to emphasize that it is the dc level of emitter
current that determines the ac level of the resistance of the diode of Fig. 7.16b. Sub-
stituting the resulting value of r, in Fig. 7.16b will result in the very useful model of

Fig. 7.17.

Figure 7.17 Common-base .
equivalent circuit.

Due to the isolation that exists between input and output circuits of Fig. 7.17, it
should be fairly obvious that the input impedance Z; for the common-base configu-

ration of a transistor is simply r,. That is,

Z;,=r,

CB

(7.12)

For the common-base configuration, typical values of Z; range from a few

ohms to a maximum of about 50 €.

For the output impedance, if we set the signal to zero, then /[, =0 A and 1. =
ol, = (0 A) = 0 A, resulting in an open-circuit equivalence at the output terminals.

The result is that for the model of Fig. 7.17,

ZUEOOQ

CB

(7.13)

7.5 The r, Transistor Model
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In actuality:

For the common-base configuration, typical values of Z, are in the megohm
range.

The output resistance of the common-base configuration is determined by the slope
of the characteristic lines of the output characteristics as shown in Fig. 7.18. Assum-
ing the lines to be perfectly horizontal (an excellent approximation) would result in
the conclusion of Eq. (7.13). If care were taken to measure Z, graphically or experi-
mentally, levels typically in the range 1- to 2-M{) would be obtained.

A 1. (mA) Slope = ,L
¢ Ip=4mA
4
1y =3mA
3
I;=2mA
2
—
Ip=1mA
L
I;=0mA
0 Ves Figure 7.18  Defining Z,.

In general, for the common-base configuration the input impedance is rela-
tively small and the output impedance quite high.

The voltage gain will now be determined for the network of Fig. 7.19.

Vo= —I,R, = — (—1)R, = al R,

and Vi=1Z;=1Ir,
_ Ve _ alRf
so that A4, = v L7
and A, = Ry Ry (7.14)
r@ re

CB

For the current gain,
— & _ 1 _ _a_IC‘
AL T T

and A= —a=—1 (7.15)

CB

—
P
+

BIT *
. Lo -
¥i T mansisanr Ve

e _  Figure 7.19 Defining A, =

= V,/V; for the common-base con-
I

figuration.
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The fact that the polarity of the voltage V,, as determined by the current /. is the
same as defined by Fig. 7.19 (i.e., the negative side is at ground potential) reveals that
V, and V; are in phase for the common-base configuration. For an npn transistor in
the common-base configuration, the equivalence would appear as shown in Fig. 7.20.

t
t
'l-
-

r 4 Le=al,

Figure 7.20 Approximate model for a common-base npn transistor configuration.

For a common-base configuration of Fig. 7.17 with I; =4 mA, « = 0.98, and an ac EXAMPLE 7.4
signal of 2 mV applied between the base and emitter terminals:
(a) Determine the input impedance.
(b) Calculate the voltage gain if a load of 0.56 k() is connected to the output termi-
nals.
(c) Find the output impedance and current gain.

Solution
26 mV _ 26 mV _
(@) r, = I, 4mA =6.5Q
_ ., _Vi_2mV _
b L=1= 7= 650 307.69 pA
V,=1.R; = ol ,R; = (0.98)(307.69 nA)(0.56 k()
= 168.86 mV
_V, 16886 mV _
and 4, = 7 o mv 84.43

or from Eq. (7.14),
aR; _ (0.98)(0.56 k)

4, = Py 650 = 84.43
(c) Z,= > O
A = II—" = —a=-0.98 as defined by Eq. (7.15)

Common Emitter Configuration

For the common-emitter configuration of Fig. 7.21a, the input terminals are the base
and emitter terminals, but the output set is now the collector and emitter terminals.
In addition, the emitter terminal is now common between the input and output ports
of the amplifier. Substituting the r, equivalent circuit for the npn transistor will result
in the configuration of Fig. 7.21b. Note that the controlled-current source is still con-
nected between the collector and base terminals and the diode between the base and
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i

i) 1]

Figure 7.21 (a) Common-emitter BJT transistor; (b) approximate model for the
configuration of Fig. 7.21a.

emitter terminals. In this configuration, the base current is the input current while the
output current is still 7.. Recall from Chapter 3 that the base and collector currents
are related by the following equation:

1. = Bl (7.16)

The current through the diode is therefore determined by
Ie:Ic+Ib:BIb+Ib

and 1,= (B + DI (7.17)

However, since the ac beta is typically much greater than 1, we will use the follow-
ing approximation for the current analysis:

L= Bl (7.18)

The input impedance is determined by the following ratio:

Vi _ Ve

4T,

The voltage V,, is across the diode resistance as shown in Fig. 7.22. The level of 7,
is still determined by the dc current /. Using Ohm’s law gives

V[: VbezlereEBIbre

| .

l f mAr,

& . Figure 7.22  Determining Z; us-
ing the approximate model.
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Substituting yields

_ Voe - Blpre
AT T

and Z; = PBr, (7.19)

CE

In essence, Eq. (7.19) states that the input impedance for a situation such as shown
in Fig. 7.23 is beta times the value of r,. In other words, a resistive element in the
emitter leg is reflected into the input circuit by a multiplying factor . For instance,
if r, = 6.5 Q as in Example 7.4 and B = 160 (quite typical), the input impedance has
increased to a level of

Z; = Br, = (160)(6.5 Q) = 1.04 kKQ
For the common-emitter configuration, typical values of Z; defined by Br,

range from a few hundred ohms to the kilohm range, with maximums of
about 6-7 k().

For the output impedance, the characteristics of interest are the output set of Fig.
7.24. Note that the slope of the curves increases with increase in collector current.
The steeper the slope, the less the level of output impedance (Z,). The r, model of
Fig. 7.21 does not include an output impedance, but if available from a graphical
analysis or from data sheets, it can be included as shown in Fig. 7.25.

A 1. (mA)
| 50 pA
— Slope = -
10
40 pA
8 30 uA
o>
Uz Ul

6 20 uA
41 10 pA
2 Ig=0pA

[ Figure 7.24 Defining r, for the
0 | 10 20 Ver common-emitter configuration.

For the common-emitter configuration, typical values of Z, are in the range of
40 to 50 k().

For the model of Fig. 7.25, if the applied signal is set to zero, the current /. is
0 A and the output impedance is

(7.20)

Z,=r,

CE
Of course, if the contribution due to 7, is ignored as in the r, model, the output im-
pedance is defined by Z, = o« (.

The voltage gain for the common-emitter configuration will now be determined
for the configuration of Fig. 7.26 using the assumption that Z, = « (). The effect of
including r, will be considered in Chapter 8. For the defined direction of 7, and po-
larity of V,,

Vo= ~LRy

7.5 The r, Transistor Model

Figure 7.23

Impact of r, on
input impedance.

Figure 7.25 Including r, in the
transistor equivalent circuit.
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i
RIT
SR LT
Vo —— e ¥,
I =fir et Figure 7.26 Determining the
' ! gt voltage and current gain for the
- common-emitter transistor ampli-
—

fier.

The minus sign simply reflects the fact that the direction of /, in Fig. 7.26 would es-
tablish a voltage ¥, with the opposite polarity. Continuing gives

Vo= LR, = —IR, = —BL,R,

and Vi=1Z; = 1,Br.
_ Vo _ _BhRL
so that A, v 1,Br.
and A4, = —IfL (7.21)
¢ CE,r, = »Q

The resulting minus sign for the voltage gain reveals that the output and input volt-
ages are 180° out of phase.
The current gain for the configuration of Fig. 7.26:

_ 1L, _ 1. _BhL
A= 71,7,

and A;=B (7.22)

CE,r, = © Q)

Using the facts that the input impedance is Br,, the collector current is /,, and the
output impedance is r,, the equivalent model of Fig. 7.27 can be an effective tool in
the analysis to follow. For typical parameter values, the common-emitter configura-
tion can be considered one that has a moderate level of input impedance, a high volt-
age and current gain, and an output impedance that may have to be included in the
network analysis.

& i

} B, 2

Figure 7.27 r, model for the
common-emitter transistor config-
uration.
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EXAMPLE 7.5

Given B = 120 and /; = 3.2 mA for a common-emitter configuration with r, = o (),
determine:

(a) Z.

(b) A, if a load of 2 k) is applied.

(¢) 4; with the 2 k() load.
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Solution

@ r, = 26mV _ 26mV
a) Te 1, 32 mA

and Z, = Br, = (120)(8.125 Q) = 975 Q

R, 2kQ
r,  8.125Q 246.15

=8.125Q

(b) Eq. (7.21): 4, = —

Common Collector Configuration

For the common-collector configuration, the model defined for the common-emitter
configuration of Fig. 7.21 is normally applied rather than defining a model for the
common-collector configuration. In subsequent chapters, a number of common-
collector configurations will be investigated and the impact of using the same model
will become quite apparent.

7.6 THE HYBRID EQUIVALENT MODEL

It was pointed out in Section 7.5 that the ., model for a transistor is sensitive to the
dc level of operation of the amplifier. The result is an input resistance that will vary
with the dc operating point. For the hybrid equivalent model to be described in this
section, the parameters are defined at an operating point that may or may not reflect
the actual operating conditions of the amplifier. This is due to the fact that specifica-
tion sheets cannot provide parameters for an equivalent circuit at every possible op-
erating point. They must choose operating conditions that they believe reflect the gen-
eral characteristics of the device. The hybrid parameters as shown in Fig. 7.28 are
drawn from the specification sheet for the 2N4400 transistor described in Chapter 3.
The values are provided at a dc collector current of 1 mA and a collector-to-emitter
voltage of 10 V. In addition, a range of values is provided for each parameter for guid-
ance in the initial design or analysis of a system. One obvious advantage of the spec-
ification sheet listing is the immediate knowledge of typical levels for the parameters
of the device as compared to other transistors.

The quantities e, Ay, hy, and h,, of Fig. 7.28 are called the hybrid parameters
and are the components of a small-signal equivalent circuit to be described shortly.
For years, the hybrid model with all its parameters was the chosen model for the ed-
ucational and industrial communities. Presently, however, the r, model is applied more
frequently, but often with the 4, parameter of the hybrid equivalent model to provide

Min. Max.
Input impedance INA400 ) 05 s 0
(e =1mA de, Ve = 10 V de, f = 1 kHz) 2N ie : :
Voltage feedback ratio 4

e . A X

(=1 mA de, Ver = 10V de, £ = 1 kH2) e 01 80 10
Small-signal current gain HNA400 ) 20 250
(e =1mA de, Ver = 10V de, £ = 1 kHz) 2N Ve —
Output admittance | o % s
(Ic=1mA dc, Vg =10V de, /= 1 kHz) oe : [

Figure 7.28 Hybrid parameters for the 2N4400 transistor.
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some measure for the output impedance. Since specification sheets do provide the hy-
brid parameters and the hybrid model continues to receive a good measure of atten-
tion, it is quite important that the hybrid model be covered in some detail in this book.
Once developed, the similarities between the 7, and hybrid models will be quite ap-
parent. In fact, once the components of one are defined for a particular operating point,
the parameters of the other model are immediately available.

Our description of the hybrid equivalent model will begin with the general two-
port system of Fig. 7.29. The following set of equations (7.23) is only one of a num-
ber of ways in which the four variables of Fig. 7.29 can be related. It is the most fre-
quently employed in transistor circuit analysis, however, and therefore is discussed in
detail in this chapter.

— _——
| — Dam— 57
+ +
¥ L]
- H -
|I"'gp—————————— ek — .} '
Figure 7.29 Two-port system.
I/i = hll-li a4 hlZVo (7233)
Iu = h211i A h22Vu (723b)

The parameters relating the four variables are called s-parameters from the word
“hybrid.” The term hybrid was chosen because the mixture of variables (V and /) in
each equation results in a “hybrid” set of units of measurement for the A-parameters.
A clearer understanding of what the various s-parameters represent and how we can
determine their magnitude can be developed by isolating each and examining the re-
sulting relationship.

If we arbitrarily set V,, = 0 (short circuit the output terminals) and solve for 4,
in Eq. (7.23a), the following will result:

hy, = % o ohms (7.24)

The ratio indicates that the parameter 4;; is an impedance parameter with the units
of ohms. Since it is the ratio of the input voltage to the input current with the output
terminals shorted, it is called the short-circuit input-impedance parameter. The sub-
script 11 of &y, defines the fact that the parameter is determined by a ratio of quan-
tities measured at the input terminals.

If Z; is set equal to zero by opening the input leads, the following will result for
h12:

_V
Iz = Volt, =0

i

unitless (7.25)

The parameter /,,, therefore, is the ratio of the input voltage to the output voltage
with the input current equal to zero. It has no units since it is a ratio of voltage lev-
els and is called the open-circuit reverse transfer voltage ratio parameter. The sub-
script 12 of &, reveals that the parameter is a transfer quantity determined by a ra-
tio of input to output measurements. The first integer of the subscript defines the
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measured quantity to appear in the numerator; the second integer defines the source
of the quantity to appear in the denominator. The term reverse is included because
the ratio is an input voltage over an output voltage rather than the reverse ratio typi-
cally of interest.

If in Eq. (7.23b) V, is equal to zero by again shorting the output terminals, the
following will result for 4,;:

i
hyy = =%

unitless
L |y,=o

(7.26)

Note that we now have the ratio of an output quantity to an input quantity. The term
Jforward will now be used rather than reverse as indicated for /,,. The parameter /,,
is the ratio of the output current to the input current with the output terminals shorted.
This parameter, like /,,, has no units since it is the ratio of current levels. It is for-
mally called the short-circuit forward transfer current ratio parameter. The subscript
21 again indicates that it is a transfer parameter with the output quantity in the nu-
merator and the input quantity in the denominator.

The last parameter, h,,, can be found by again opening the input leads to set
I, = 0 and solving for 4,, in Eq. (7.23b):

1,

hy =
V, =0

siemens (7.27)

Since it is the ratio of the output current to the output voltage, it is the output con-
ductance parameter and is measured in siemens (S). It is called the open-circuit out-
put admittance parameter. The subscript 22 reveals that it is determined by a ratio of
output quantities.

Since each term of Eq. (7.23a) has the unit volt, let us apply Kirchhoff’s voltage
law “in reverse” to find a circuit that “fits” the equation. Performing this operation
will result in the circuit of Fig. 7.30. Since the parameter /4, has the unit ohm, it is
represented by a resistor in Fig. 7.30. The quantity /;, is dimensionless and therefore
simply appears as a multiplying factor of the “feedback” term in the input circuit.

Since each term of Eq. (7.23b) has the units of current, let us now apply Kirch-
hoff’s current law “in reverse” to obtain the circuit of Fig. 7.31. Since /,, has the
units of admittance, which for the transistor model is conductance, it is represented
by the resistor symbol. Keep in mind, however, that the resistance in ohms of this re-
sistor is equal to the reciprocal of conductance (1/455).

The complete “ac” equivalent circuit for the basic three-terminal linear device is
indicated in Fig. 7.32 with a new set of subscripts for the /#-parameters. The notation
of Fig. 7.32 is of a more practical nature since it relates the A-parameters to the re-
sulting ratio obtained in the last few paragraphs. The choice of letters is obvious from
the following listing:

hi1 — input resistance — A;

hi, — reverse transfer voltage ratio — 4,

I . iy
h; e
I BV, l"h Bl i, i

7.6 The Hybrid Equivalent Model

# k“ +
§ by W ﬂLr

Figure 7.30 Hybrid input
equivalent circuit.

Figure 7.31 Hybrid output
equivalent circuit.

Figure 7.32  Complete hybrid
equivalent circuit.
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h>1 — forward transfer current ratio — A,
ha> — output conductance — A,

The circuit of Fig. 7.32 is applicable to any linear three-terminal electronic device or
system with no internal independent sources. For the transistor, therefore, even though
it has three basic configurations, they are all three-terminal configurations, so that the
resulting equivalent circuit will have the same format as shown in Fig. 7.32. In each
case, the bottom of the input and output sections of the network of Fig. 7.32 can be
connected as shown in Fig. 7.33 since the potential level is the same. Essentially,
therefore, the transistor model is a three-terminal two-port system. The A-parameters,
however, will change with each configuration. To distinguish which parameter has
been used or which is available, a second subscript has been added to the A-parame-
ter notation. For the common-base configuration, the lowercase letter b was added,
while for the common-emitter and common-collector configurations, the letters e and
¢ were added, respectively. The hybrid equivalent network for the common-emitter
configuration appears with the standard notation in Fig. 7.33. Note that /; = 1,, I, =
1., and through an application of Kirchhoff’s current law, /, = 1, + /.. The input volt-
age is now V., with the output voltage V... For the common-base configuration of
Fig. 7.34,1, = 1,,1, = I. with V,, = V;and V., = V,. The networks of Figs. 7.33 and
7.34 are applicable for pnp or npn transistors.

The fact that both a Thévenin and Norton circuit appear in the circuit of Fig. 7.32
was further impetus for calling the resultant circuit a Aybrid equivalent circuit. Two
additional transistor equivalent circuits, not to be discussed in this text, called the

Ir i
i I i, :
<0y
& + | :
A Iy
ﬁrr L™ 4 [ o
e g T
5 |
- i, * .
u
(1] 2]

Figure 7.33 Common-emitter configuration: (a) graphical symbol; (b) hybrid
equivalent circuit.

i I,
I I, Jl- 'h"

Lal [{:4]

Figure 7.34 Common-base configuration: (a) graphical symbol; (b) hybrid
equivalent circuit.
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z-parameter and y-parameter equivalent circuits, use either the voltage source or the
current source, but not both, in the same equivalent circuit. In Section 7.7, the mag-
nitudes of the various parameters will be found from the transistor characteristics in
the region of operation resulting in the desired small-signal equivalent network for
the transistor.

For the common-emitter and common-base configurations, the magnitude of 4,
and 4, is often such that the results obtained for the important parameters such as Z,,
Z,, A,, and A; are only slightly affected if they (4, and %,) are not included in the
model.

Since 4, is normally a relatively small quantity, its removal is approximated by
h,. =0 and &V, = 0, resulting in a short-circuit equivalent for the feedback element
as shown in Fig. 7.35. The resistance determined by 1/4,, is often large enough to be
ignored in comparison to a parallel load, permitting its replacement by an open-
circuit equivalent for the CE and CB models, as shown in Fig. 7.35.

The resulting equivalent of Fig. 7.36 is quite similar to the general structure of
the common-base and common-emitter equivalent circuits obtained with the r, model.
In fact, the hybrid equivalent and the , models for each configuration have been re-
peated in Fig. 7.37 for comparison. It should be reasonably clear from Fig. 7.37a that

1; 1, i
- - — ——
——  O0——
+ + + | +
o ) -
Vi ‘ hyl; 2 L h l. ket ¥
o
3 | i z | | S
Figure 7.35 Effect of removing h,, and h,, from the Figure 7.36  Approximate hy-
hybrid equivalent circuit. brid equivalent model.
Iy 1 Iy

—_— - —_—

a&‘
AAA
-
k,}‘
t
=
AAA

(a)

—

—_—

(b)

Figure 7.37 Hybrid versus r, model: (a) common-emitter configuration,
(b) common-base configuration.
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hie = Bre
and he = Bac
From Fig. 7.37b,

hip = e
and hp = —a=—1

(7.28)

(7.29)

(7.30)

(7.31)

In particular, note that the minus sign in Eq. (7.31) accounts for the fact that the cur-
rent source of the standard hybrid equivalent circuit is pointing down rather than in

the actual direction as shown in the r, model of Fig. 7.37b.

EXAMPLE 7.6

Figure 7.38 Common-emitter
hybrid equivalent circuit for the
parameters of example 7.6.

Figure 7.39 Common-base 7,
model for the parameters of ex-
ample 7.6.

326

Given Iz = 2.5 mA, hy,, = 140, h,, = 20 uS (umho), and 4,, = 0.5 uS, determine:

(a) The common-emitter hybrid equivalent circuit.
(b) The common-base r, model.

Solution

@ r, = 26mV _ 26 mV
A Te I, 2.5 mA
B = Br. = (140)(10.4 Q) = 1.456 kQ
11

=104 Q

r, = h. ~ 20 uS = 50 k()
Note Fig. 7.38.
bo—m——"— oc
—
i ‘
1
hie §1.456kQ ‘ 1401, gh—=50 kQ
e o ‘ O e
(b) r, =104 Q
- 1 1
a=l == gs s 2 MQ
Note Fig. 7.39.
N — . oL
TI-'
< !
g AR ro=2 M0
:. h.lb :
b + o b
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A series of equations relating the parameters of each configuration for the hybrid
equivalent circuit is provided in Appendix A. In Section 7.8, we demonstrate that the
hybrid parameter /4, (B,) is the least sensitive of the hybrid parameters to a change
in collector current. Assuming, therefore, that 4, = B is a constant for the range of
interest, is a fairly good approximation. It is /,, = Br, that will vary significantly with
1c and should be determined at operating levels, since it can have a real impact on
the gain levels of a transistor amplifier.

7.7 GRAPHICAL DETERMINATION OF
THE h-PARAMETERS

Using partial derivatives (calculus), it can be shown that the magnitude of the A-
parameters for the small-signal transistor equivalent circuit in the region of operation
for the common-emitter configuration can be found using the following equations:*

= ‘Z—f - aav—ll; ~ AAL;’: e | (o) (7.32)
= STV - ‘3% =~ %ﬁ’: C | (nitess) (7.33)
he = % - g—; =~ i—jz e | (unitless) (7.34)
hoo = g‘lz = %’; = AATZZ 1~ comstant (siemens) (7.35)

In each case, the symbol A refers to a small change in that quantity around the
quiescent point of operation. In other words, the A#-parameters are determined in the
region of operation for the applied signal so that the equivalent circuit will be the
most accurate available. The constant values of V- and I in each case refer to a con-
dition that must be met when the various parameters are determined from the char-
acteristics of the transistor. For the common-base and common-collector configura-
tions, the proper equation can be obtained by simply substituting the proper values
of v;, v,, i;, and i,.

The parameters 4;, and 4, are determined from the input or base characteristics,
while the parameters /. and &, are obtained from the output or collector character-
istics. Since /4y, is usually the parameter of greatest interest, we shall discuss the op-
erations involved with equations, such as Eqgs. (7.32) through (7.35), for this para-
meter first. The first step in determining any of the four hybrid parameters is to find
the quiescent point of operation as indicated in Fig. 7.40. In Eq. (7.34) the condition
Vep = constant requires that the changes in base current and collector current be taken
along a vertical straight line drawn through the Q-point representing a fixed collec-
tor-to-emitter voltage. Equation (7.34) then requires that a small change in collector
current be divided by the corresponding change in base current. For the greatest ac-
curacy, these changes should be made as small as possible.

*The partial derivative dv;/9i; provides a measure of the instantancous change in v; due to an instantancous
change in 7.

7.7 Graphical Determination of the h-Parameters
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LY
" L LTS
51— = Lol lipme w40 A
Ve = B W (ooentamt )
44 i —F T
1 o , ;Q-mlnr __J ‘r".' - £ 20 LA
- i Ta = +15 A
4 L
uit: S _ fp, = =1pa
L dg=lpa
i i ] i i
) 3 (5.4 %) W 14 ] —

Figure 7.40 hy, determination.

In Fig. 7.40, the change in i, was chosen to extend from /z, to /5, along the per-
pendicular straight line at V. The corresponding change in i, is then found by draw-
ing the horizontal lines from the intersections of /5, and Iz, with Vr = constant to
the vertical axis. All that remains is to substitute the resultant changes of i, and i.. into
Eq. (7.34). That is,

s Alb Vi = constant (20 - 10) IJ’A Vep = 84V

e
10X 10°°
In Fig. 7.41, a straight line is drawn tangent to the curve /p through the Q-point
to establish a line /3 = constant as required by Eq. (7.35) for 4,.. A change in v¢g
was then chosen and the corresponding change in i determined by drawing the hor-
izontal lines to the vertical axis at the intersections on the /z = constant line. Substi-

tuting into Eq. (7.35), we get

T 50 A

=100

! _’._-_‘-___-_____.—-—'—'_-_-_-_-_. b
4 + WA
Nl 2-prime 220 uA
i — / e m +15 pA (conssant)
e | -|-||-r"'ﬁ
Y = fa=iipa
-
(i) i T Y 1 13 i Opg [V

Figure 7.41 h,, determination.
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|h ‘ _Ai _(22-21)mA
o Avce Is = constant (10 - 7) \% Is = +15 pA
Ax107° B
=%=33MA/V=33X10 S =33 uS

To determine the parameters 4, and #,, the Q-point must first be found on the in-
put or base characteristics as indicated in Fig. 7.42. For #,,, a line is drawn tangent
to the curve V¢ = 8.4 V through the Q-point to establish a line V; = constant as
required by Eq. (7.32). A small change in v,, was then chosen, resulting in a corre-
sponding change in i,. Substituting into Eq. (7.32), we get

‘h ‘ _ Avbe _ (733 - 718) mV
e Alb Vep = constant (20 - 10) :qu Vep = 84V
15x 1073
=——=15kQ
10 X 107°

ﬂal,p.‘l.!-
=
i
15
10
2k L 1
L1 LT 0nr ns toger W)
- |-4— Ay, =Y

Figure 7.42 h;, determination.

The last parameter, 4,., can be found by first drawing a horizontal line through
the Q-point at Iz = 15 wA. The natural choice then is to pick a change in v and
find the resulting change in vz, as shown in Fig. 7.43.

Substituting into Eq. (7.33), we get

Avy, (733 —725)mV _ 8 X 10~ _
h,| = ——t< = = =4x107*
| | Avce I, = constant (20 - 0) \Y% 20

For the transistor whose characteristics have appeared in Figs. 7.40 through 7.43,

the resulting hybrid small-signal equivalent circuit is shown in Fig. 7.44.

7.7 Graphical Determination of the h-Parameters
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iglpAl Vepm i W
Vip= 10V

| |I Vipm MV
I

| ]
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|
|
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||I A, =2V
15 f:/ Fa = 15 WA [oowesiant)
1
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Figure 7.43  h,. determination.

! !
! 15 kL2 ch ) <
] H * 1 o
-
: a0 L, 33 Ay ;
L] o k
™ (LA v hply) ik} "
o2 _| | o Figure 7.44 Complete hybrid
£ o +

# equivalent circuit for a transistor
having the characteristics that
appear in Figs. 7.40 through 7.43.

As mentioned earlier, the hybrid parameters for the common-base and common-
collector configurations can be found using the same basic equations with the proper
variables and characteristics.

Table 7.1 lists typical parameter values in each of the three configurations for the
broad range of transistors available today. The minus sign indicates that in Eq. (7.34)
as one quantity increased in magnitude, within the change chosen, the other decreased
in magnitude.

TABLE 7.1 Typical Parameter Values for the CE, CC, and CB
Transistor Configurations

Parameter CE cC CB

h; 1 kQ 1 kQ 20 Q

h, 25%x107% = 30x1074
hy 50 —-50 —0.98

o 25 pA/NV 25 pAN 0.5 pA/V
1/h, 40 kO 40 kO 2 MQ
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Note in retrospect (Section 3.5: Transistor Amplifying Action) that the input re-
sistance of the common-base configuration is low, while the output resistance is high.
Consider also that the short-circuit current gain is very close to 1. For the common-
emitter and common-collector configurations, note that the input resistance is much
higher than that of the common-base configuration and that the ratio of output to in-
put resistance is about 40: 1. Consider also for the common-emitter and common-base
configurations that 4, is very small in magnitude. Transistors are available today with
values of 4, that vary from 20 to 600. For any transistor, the region of operation and
conditions under which it is being used will have an effect on the various A-parame-
ters. The effect of temperature and collector current and voltage on the A-parameters
is discussed in Section 7.8.

7.8 VARIATIONS OF TRANSISTOR
PARAMETERS

There are a large number of curves that can be drawn to show the variations of the
h-parameters with temperature, frequency, voltage, and current. The most interesting
and useful at this stage of the development include the A-parameter variations with
junction temperature and collector voltage and current.

In Fig. 7.45, the effect of the collector current on the #-parameter has been indi-
cated. Take careful note of the logarithmic scale on the vertical and horizontal axes.
Logarithmic scales will be examined in Chapter 11. The parameters have all been nor-
malized to unity so that the relative change in magnitude with collector current can
easily be determined. On every set of curves, such as in Fig. 7.46, the operating point
at which the parameters were found is always indicated. For this particular situation,
the quiescent point is at the intersection of Vcr = 5.0 V and /- = 1.0 mA. Since the
frequency and temperature of operation will also affect the A-parameters, these quan-
tities are also indicated on the curves. At 0.1 mA, A, is about 0.5 or 50% of its value
at 1.0 mA, while at 3 mA, it is 1.5 or 150% of that value. In other words, if 4, = 50
at Ic = 1.0 mA, hy, has changed from a value of 0.5(50) = 25 to 1.5(50) = 75, with

§ Relatrve magninade of paramncicrs

|
50 =

il ’_’_,-"'/ b,

Ig=1ma = i
e . plp——
iy = 8y ] i I"_'_,_,:"’F"—--_-._\__\_\_

T2 ot “--.,_l
I= 1 kH# I 5§ 3
] 15 e
|'|]_f’f.-"'-f "“\-\._\_\_\_\_\_
———
Y T
15 0S =
g =
' |
o = > -
(W] [ 0.5 | ¥ ] 5 il Hi k) | I imA]

Figure 7.45 Hybrid parameter variations with collector current.
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Figure 7.46 Hybrid parameter variations with collector—emitter potential.

a change of /- from 0.1 to 3 mA. Consider, however, the point of operation at
Ic = 50 mA. The magnitude of 4,, is now approximately 11 times that at the defined
Q-point, a magnitude that may not permit eliminating this parameter from the equiv-
alent circuit. The parameter 4,,, is approximately 35 times the normalized value. This
increase in /,,, will decrease the magnitude of the output resistance of the transistor
to a point where it may approach the magnitude of the load resistor. There would then
be no justification in eliminating /4, from the equivalent circuit on an approximate
basis.

In Fig. 7.46, the variation in magnitude of the /4-parameters on a normalized ba-
sis has been indicated with changes in collector voltage. This set of curves was nor-
malized at the same operating point of the transistor discussed in Fig. 7.45 so that a
comparison between the two sets of curves can be made. Note that 4, and /4, are rel-
atively steady in magnitude while %,, and 4,, are much larger to the left and right of
the chosen operating point. In other words, 4,, and 4, are much more sensitive to
changes in collector voltage than are 4;. and /.

It is interesting to note from Figs. 7.45 and 7.46 that the value of 4, appears to
change the least. Therefore, the specific value of current gain, whether /4, or B, can,
on an approximate and relative basis, be considered fairly constant for the range of
collector current and voltage.

The value of 4;, = Br, does vary considerably with collector current as one might
expect due to the sensitivity of 7, to emitter (/[ = I¢) current. It is therefore a quan-
tity that should be determined as close to operating conditions as possible. For val-
ues below the specified Vg, A, is fairly constant, but it does increase measurably for
higher values. It is indeed fortunate that for most applications the magnitude of 4,
and A, are such that they can usually be ignored. They are quite sensitive to collec-
tor current and collector-to-emitter voltage.

In Fig. 7.47, the variation in h-parameters has been plotted for changes in junc-
tion temperature. The normalization value is taken to be room temperature: 7' = 25°C.
The horizontal scale is a linear scale rather than a logarithmic scale as was employed
for Figs. 7.45 and 7.46. In general, all the parameters increase in magnitude with tem-
perature. The parameter least affected, however, is 4,,., while the input impedance #;,
changes at the greatest rate. The fact that /,, will change from 50% of its normalized
value at —50°C to 150% of its normalized value at +150°C indicates clearly that the
operating temperature must be carefully considered in the design of transistor circuits.
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§ 7.2 Amplification in the AC Domain PROBLEMS

1. (a) What is the expected amplification of a BJT transistor amplifier if the dc supply is set to
zero volts?
(b) What will happen to the output ac signal if the dc level is insufficient? Sketch the effect on
the waveform.
(c) What is the conversion efficiency of an amplifier in which the effective value of the cur-
rent through a 2.2-k() load is 5 mA and the drain on the 18-V dc supply is 3.8 mA?

2. Can you think of an analogy that would explain the importance of the dc level on the resulting
ac gain?

§ 7.3 BJT Transistor Modeling

3. What is the reactance of a 10-uF capacitor at a frequency of 1 kHz? For networks in which the
resistor levels are typically in the kilohm range, is it a good assumption to use the short-circuit
equivalence for the conditions just described? How about at 100 kHz?

4. Given the common-base configuration of Fig. 7.48, sketch the ac equivalent using the notation
for the transistor model appearing in Fig. 7.5.

L-f\J . U

Figure 7.48 Problem 4
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. (a) Describe the differences between the 7, and hybrid equivalent models for a BJT transistor.

(b) For each model, list the conditions under which it should be applied.

§ 7.4 The Important Parameters: Z;, Z,, A,, A;

. (a) For the configuration of Fig. 7.7, determine Z; if V; = 40 mV, Rynee = 0.5 kQ, and /1, =

20 pA.
(b) Using the results of part (a), determine V; if the applied source is changed to 12 mV with
an internal resistance of 0.4 k().

. (a) For the network of Fig. 7.10, determine Z, if V' = 600 mV, Ry = 10 kQ, and 1, =

10 pA.
(b) Using the Z, obtained in part (a), determine /, for the configuration of Fig. 7.11 if R, =
2.2 kQ and I’dmpliﬁcl‘ = 6 mA.

. Given the BJT configuration of Fig. 7.49, determine:

() Vi
(b) Z:.
(©) Ay
(d) 4,
[ =10 pA
—
WAYAY DN
0.6 kQ ¥ 3
- BJT
,\l 18 mV Zi Vi transistor /,=36V
amplifier
- ADNL _
o

Figure 7.49 Problem 8

9. For the BJT amplifier of Fig. 7.50, determine:

(a) I,.

(b) Z.

(c) V,.

(d) L,

(e) A; using the results of parts (a) and (d).
(f) 4; using Eq. (7.10).

1; 1,
AN— =9
1kQ _, 4 +
Zi BIT
,\/ 12mV V;=4mV transistor v, R; g 0.51kQ
amplifier
_ A, =180

Figure 7.50 Problem 9
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10.

11.

12.

13.

14.

15.

16.

8§ 7.5 The r, Transistor Model

For the common-base configuration of Fig. 7.17, an ac signal of 10 mV is applied, resulting in
an emitter current of 0.5 mA. If @ = 0.980, determine:

(a) Z,.

(b) V,if R, = 1.2 kQ.
(c) 4,=V,/V,

(d) Z, with r, = o ().
(e) 4, = 1,/1.

® 1.

For the common-base configuration of Fig. 7.17, the emitter current is 3.2 mA and « is 0.99.
Determine the following if the applied voltage is 48 mV and the load is 2.2 k().

(a) ..

(b) Z.

(c) L.

(d) 7,

(e) 4,.

(f) [b-

Using the model of Fig. 7.27, determine the following for a common-emitter amplifier if
B =80, I (dc) = 2 mA, and r, = 40 k().

(a) Z;.

(®) 1.

(c) 4;,=1,/1; = I, /1, it R, = 1.2 k).

(d) 4, if R, = 1.2 kQ.

The input impedance to a common-emitter transistor amplifier is 1.2 k() with 8 = 140,

r, = 50 k), and R; = 2.7 k(). Determine:

(a) 7.

(b) I, if V; =30 mV.
(c) I.

(d) 4; = 1/I, = I/1,.
(e) 4, = V,/V.

§ 7.6 The Hybrid Equivalent Model

Given I; (dc) = 1.2 mA, B = 120, and r, = 40 k(), sketch the:

(a) Common-emitter hybrid equivalent model.

(b) Common-emitter 7, equivalent model.

(c) Common-base hybrid equivalent model.

(d) Common-base 7, equivalent model.

Given h;, = 2.4 kQ, hy, = 100, h,, = 4X 107%, and h,, = 25 uS, sketch the:
(a) Common-emitter hybrid equivalent model.

(b) Common-emitter r, equivalent model.

(¢) Common-base hybrid equivalent model.

(d) Common-base 7, equivalent model.

Redraw the common-emitter network of Fig. 7.3 for the ac response with the approximate hy-
brid equivalent model substituted between the appropriate terminals.

Problems
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17. Redraw the network of Fig. 7.51 for the ac response with the 7, model inserted between the ap-

propriate terminals. Include r,,.

18. Redraw the network of Fig. 7.52 for the ac response with the 7, model inserted between the ap-

propriate terminals. Include r,.

LE

l‘ﬂ. 'Il:l\.
RJ e = =]
| :

Figure 7.51 Problem 17

Figure 7.53 Problems 19, 21
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—

/

* iy

-

Figure 7.52 Problem 18

19. Given the typical values of /;, = 1 kQ, h,, =2 X 107, and 4, = — 160 for the input config-

20.

21.
22.

uration of Fig. 7.53:

(a) Determine V, in terms of V.
(b) Calculate 7, in terms of V.

(c) Calculate 1, if 4.V, is ignored.

(d) Determine the percent difference in /, using the following equation:

I(without 4,.) — I,(with h,,)
I,(without 4,,)

% difference in 1, = X 100%

(e) Is it a valid approach to ignore the effects of 4,,V, for the typical values employed in this
example?

Given the typical values of R, = 2.2 k() and 4,, = 20 uS, is it a good approximation to ignore
the effects of 1/h,, on the total load impedance? What is the percent difference in total loading
on the transistor using the following equation?

Ry = Ry |(1/hoe)

L

% difference in total load = X 100%

Repeat Problem 19 using the average values of the parameters of Fig. 7.28 with 4, = —180.
Repeat Problem 20 for R; = 3.3 k() and the average value of 4,, in Fig. 7.28.

§ 7.7 Graphical Determination of the h-Parameters

23. (a) Using the characteristics of Fig. 7.40, determine /4y, at Ic = 6 mA and Ve = 5 V.

(b) Repeat part (a) at Ic = 1 mA and Vg = 15 V.

Chapter 7 BJT Transistor Modeling



24.

25.

26.

*217.

* 28.

*29.

30.

31.
32.

33.

34.

* 35.

36.

(a) Using the characteristics of Fig. 7.41, determine 4, at /c = 6 mA and Ve =5 V.
(b) Repeat part (a) at Ic =1 mA and Vg = 15 V.

(a) Using the characteristics of Fig. 7.42, determine 4;, at [z = 20 nA and Vg = 20 V.
(b) Repeat part (a) at Iz =5 pA and Vg = 10 V.

(a) Using the characteristics of Fig. 7.43, determine 4,, at [z = 20 uA.

(b) Repeat part (a) at Iz = 30 pA.

Using the characteristics of Figs. 7.40 and 7.42, determine the approximate CE hybrid equiva-
lent model at Iz = 25 pA and Vg = 125 V.

Determine the CE r, model at Iz = 25 uA and Ve = 12.5 V using the characteristics of Figs.
7.40 and 7.42.

Using the results of Fig. 7.44, sketch the r, equivalent model for the transistor having the char-
acteristics appearing in Figs. 7.40 through 7.43. Include r,.

8 7.8 Variations of Transistor Parameters

For Problems 30 through 34, use Figs. 7.45 through 7.47.
(a) Using Fig. 7.45, determine the magnitude of the percent change in 4y, for an /. change from
0.2 mA to | mA using the equation

h(0.2 mA) — Ay (1 mA)
0, e 0,
% change = 7(0.2 mA) X 100%

(b) Repeat part (a) for an /- change from 1 mA to 5 mA.
Repeat Problem 30 for 4;, (same changes in /).

(a) If h,, =20 uS at Ic = 1 mA on Fig. 7.45, what is the approximate value of /4, at I =
0.2 mA?

(b) Determine its resistive value at 0.2 mA and compare to a resistive load of 6.8 k). Is it a
good approximation to ignore the effects of 1/4,, in this case?

(a) If h,, =20 uS at Ic = 1 mA on Fig. 7.45, what is the approximate value of /4, at I =
10 mA?

(b) Determine its resistive value at 10 mA and compare to a resistive load of 6.8 k(). Is it a
good approximation to ignore the effects of 1/4,, in this case?

(a) If h, =2 X 10"* at I = 1 mA on Fig. 7.45, determine the approximate value of /,, at
0.1 mA.

(b) Using the value of #4,, determined in part (a), can 4,, be ignored as a good approximation
if 4, =210?

(a) Reviewing the characteristics of Fig. 7.45, which parameter changed the least for the full
range of collector current?

(b) Which parameter changed the most?

(c¢) What are the maximum and minimum values of 1/4,.? Is the approximation 1/4,,
more appropriate at high or low levels of collector current?

(d) In which region of current spectrum is the approximation 4,7, = 0 the most appropriate?

R, =R,

(a) Reviewing the characteristics of Fig. 7.47, which parameter changed the most with increase
in temperature?

(b) Which changed the least?

(c) What are the maximum and minimum values of /.? Is the change in magnitude signifi-
cant? Was it expected?

(d) How does r, vary with increase in temperature? Simply calculate its level at three or four
points and compare their magnitudes.

(e) In which temperature range do the parameters change the least?

*Please Note: Asterisks indicate more difficult problems.

Problems
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8.1 INTRODUCTION

The transistor models introduced in Chapter 7 will now be used to perform a small-
signal ac analysis of a number of standard transistor network configurations. The net-
works analyzed represent the majority of those appearing in practice today. Modifi-
cations of the standard configurations will be relatively easy to examine once the
content of this chapter is reviewed and understood.

Since the r, model is sensitive to the actual point of operation, it will be our pri-
mary model for the analysis to be performed. For each configuration, however, the
effect of an output impedance is examined as provided by the 4, parameter of the
hybrid equivalent model. To demonstrate the similarities in analysis that exist between
models, a section is devoted to the small-signal analysis of BJT networks using solely
the hybrid equivalent model. The analysis of this chapter does not include a load re-
sistance R; or source resistance R,. The effect of both parameters is reserved for a
systems approach in Chapter 10.

The computer analysis section includes a brief description of the transistor model
employed in the PSpice software package. It demonstrates the range and depth of the
computer analysis systems available today and how relatively easy it is to enter a com-
plex network and print out the desired results.

8.2 COMMON-EMITTER FIXED-BIAS
CONFIGURATION

The first configuration to be analyzed in detail is the common-emitter fixed-bias net-
work of Fig. 8.1. Note that the input signal V; is applied to the base of the transistor
while the output V,, is off the collector. In addition, recognize that the input current
1; is not the base current but the source current, while the output current 7, is the col-
lector current. The small-signal ac analysis begins by removing the dc effects of V¢
and replacing the dc blocking capacitors C; and C, by short-circuit equivalents, re-
sulting in the network of Fig. 8.2.

Note in Fig. 8.2 that the common ground of the dc supply and the transistor emit-
ter terminal permits the relocation of Ry and R in parallel with the input and output
sections of the transistor, respectively. In addition, note the placement of the impor-
tant network parameters Z;, Z,, I;, and I, on the redrawn network. Substituting the 7,
model for the common-emitter configuration of Fig. 8.2 will result in the network of
Fig. 8.3.



Common-emitter fixed-bias con-

Figure 8.1
figuration.

Figure 8.2 Network of Figure 8.1 following
the removal of the effects of V¢, Cy, and C,.

11 1[’ Ic
—_— -

o ° o
+, b c T ; t
1 C

—
Vi Ry pr, Ty R Vo

Figure 8.3 Substituting the r, -
model into the network of Fig. i
8.2. = -

n
[ KT

The next step is to determine S, r,, and r,. The magnitude of 3 is typically ob-
tained from a specification sheet or by direct measurement using a curve tracer or
transistor testing instrument. The value of r, must be determined from a dc analysis
of the system, and the magnitude of r, is typically obtained from the specification
sheet or characteristics. Assuming that 3, r,, and r, have been determined will result
in the following equations for the important two-port characteristics of the system.

Z;: Figure 8.3 clearly reveals that

Z; = Rg||Br. | ohms

(8.1)

For the majority of situations Ry is greater than Sr, by more than a factor of 10
(recall from the analysis of parallel elements that the total resistance of two parallel
resistors is always less than the smallest and very close to the smallest if one is much
larger than the other), permitting the following approximation:

Z; = Br, ohms (8.2)

Rs=10Bre

Z,: Recall that the output impedance of any system is defined as the impedance
Z, determined when V; = 0. For Fig. 8.3, when V; = 0, [, = [, = 0, resulting in an
open-circuit equivalence for the current source. The result is the configuration of
Fig. 8.4.

Z, = R, ohms (8.3)
If r, = 10 Ry, the approximation R(||r, = R is frequently applied and
Z,= R¢ (8.4)

ro=10R.

8.2 Common-Emitter Fixed-Bias Configuration

|
L1

Figure 8.4 Determining Z, for
the network of Fig. 8.3.
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B

A,: The resistors r, and R are in parallel,

and Vo = —=BIy(Rc|lro)
Vi
but -Ib = B}"
v,
so that Vv, = _B(B >(RC||r0)
Vo (RC”ru)
and A, = V.S T (8.5)
If Fo = loRc,
R,
4,=——= (8.6)
e ro=10R.

Note the explicit absence of B in Eqgs. (8.5 and 8.6), although we recognize that 3
must be utilized to determine r,.

A;: The current gain is determined in the following manner: Applying the cur-
rent-divider rule to the input and output circuits,

(ra)(BIb) 10 roB
10 = and _— =
ro + RC Ib I’a + RC
th _ (Rp)(1y) ; ﬁ _ Ry
v TRyt Bre O L R+ pre
The result is
A . Iu o 10 Ib o raB RB
L (1)(1;) B (ru + RC)<RB + ,Bre)
. Iu _ BRBro
and A " Gt RGBT B &7

which is certainly an unwieldy, complex expression.
However, if r, = 10R and Rz = 108r,, which is often the case,

_ I_U . BRBro
L (r)(Rp)
and A;=p (8.8)

ro=10R., Rs=10pre

The complexity of Eq. (8.7) suggests that we may want to return to an equation such
as Eq. (7.10), which utilizes 4, and Z,. That is,

(8.9)

Phase Relationship: The negative sign in the resulting equation for 4, reveals
that a 180° phase shift occurs between the input and output signals, as shown in Fig.
8.5.

Chapter 8 BJT Small-Signal Analysis



B
J ¢
L
Vee
Vo
R(
RB
Vi I) lo 0 t
e, e
0‘ NS o
Figure 8.5 Demonstrating the
180° phase shift between input
= and output waveforms.
For the network of Fig. 8.6: EXAMPLE 8.1
(a) Determine r.,.
(b) Find Z; (with r, = o ().
(¢) Calculate Z, (with r, = o ().
(d) Determine 4, (with r, = « ().
(e) Find 4; (with r, = o Q).
(f) Repeat parts (¢) through (e) including r, = 50 k) in all calculations and compare
results.
12V
3kQ
g 470 kQ I
10 WF
o ~
10 uF A B =100 Z
. r,= 50 kQ
Z/
= Figure 8.6 Example 8.1.
Solution
(a) DC analysis:
VCC - VBE 12 V - 07 V
Iz = R, = a0k 24.04 nA
Iz = (B + iz =(101)(24.04 nA) = 2.428 mA
_26mV._ 26 mV 10710
e =1 " 248ma 107
(b) Br.=(100)(10.71 Q) = 1.071 kQ
Z; = Rg||Br. = 470 kQ1.071 kQ = 1.069 kQ
(¢) Z,=Rc=3kQ
@ =Ko 3K e
(d) 4, = r. 1071 Q %
(e) Since Rz = 108r,(470 kQ > 10.71 k)
A4;= =100
8.2 Common-Emitter Fixed-Bias Configuration 341
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(D Z, = r,|Rc = 50 kQ|3 kQ = 2.83 kQ vs. 3 kQ)

_ _rofRe 283K —264.24 vs. —280.11
v re 10710 T
BRyr, (100)(470 kQ)(50 kQ)
A= G F RO, + Bro) — (50 KQ + 3 kKO)(#70 kQ + 1.071 kQ)
= 94.13 vs. 100
As a check:
7, —(—264.24)(1.069 k()
4= A= Tk o416

which differs slightly only due to the accuracy carried through the calculations.

8.3 VOLTAGE-DIVIDER BIAS

The next configuration to be analyzed is the voltage-divider bias network of Fig. 8.7.
Recall that the name of the configuration is a result of the voltage-divider bias at the
input side to determine the dc level of V.

Figure 8.7 Voltage-divider bias
configuration.

Substituting the r, equivalent circuit will result in the network of Fig. 8.8. Note
the absence of Ry due to the low-impedance shorting effect of the bypass capacitor,
Cr. That is, at the frequency (or frequencies) of operation, the reactance of the ca-
pacitor is so small compared to Ry that it is treated as a short circuit across Rz. When

= 4+ 9
~| f
AN\
=
AN\
=
~
N o>
= <—J
Q‘ Q:\
-———
=
=
e‘:
Q
AN\
&g
=~ 40

|
i N T

Figure 8.8 Substituting the r, equivalent circuit into the ac equivalent network of Fig. 8.7.
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Ve is set to zero, it places one end of R; and R at ground potential as shown in Fig.
8.8. In addition, note that R; and R, remain part of the input circuit while R is part
of the output circuit. The parallel combination of R; and R, is defined by

R =R|R, = e (8.10)
2 R+ R, '
Z; From Fig. 8.8,
Z = R|Br. (8.11)

Z,: From Fig. 8.8 with V; set to 0 V resulting in /, = 0 pA and BI, = 0 mA,

Z, = Rcllr, (8.12)

If r, = 10R,,

Z,=Rc (8.13)

r,=10R.

A,: Since R¢ and r, are in parallel,

Vo = =(BIn)(Rc]r,)

d I, = Vi
an b= B}"e

h VvV, = Vi ) R
so that o= B Br (Rellro)

d 4= Lo - Rl 8.14
an v I/I - re ( . )

which you will note is an exact duplicate of the equation obtained for the fixed-bias
configuration.
For r, = 10R,

Rc

Ve

N

(8.15)

A—V”
7

r,=10R.

A;: Since the network of Fig. 8.8 is so similar to that of Fig. 8.3 except for the
fact that R = R,||R, = Rj, the equation for the current gain will have the same for-
mat as Eq. (8.7). That is,

1, BR'r,

4= 7 = 0, T ROR + fro) (®.16)
For r, = 10R,
1, R'r,
i TR+ Bre)
d A4, = L __BR 1
an i _[ = m (8. 7)
ro=10R¢

8.3 Voltage-Divider Bias

B
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R
L
And if R" = 108r,,
I, PR
Ai - 1_1 R/
I,
and A,-ZTE,B (8.18)
- ro=10Rc, R'=108;,
As an option,
4= a2 8.19
i VRC ( : )
Phase relationship: The negative sign of Eq. (8.14) reveals a 180° phase shift
between ¥V, and V..
EXAMPLE 8.2 For the network of Fig. 8.9, determine:

344

(@) re.
(b) Z.
(©) Z, (ro = Q).
(d) 4, (r, = = ).
(€) 4; (r, == ).

(f) The parameters of parts (b) through (e) if r, = I/h,. = 50 k() and compare re-

sults.
2V
b
6.8 kQ
g 56 kQ 10 uF
. |
10 uF -
o I—t—— B 4
—_— A
I;
. §8'2 kQ
Z 1.5 kgi I20 WF
Solution

(a) DC: Testing BRr > 10R,
(90)(1.5 k€) > 10(8.2 k)
135 kQ > 82 k) (satisfied)
Using the approximate approach,

R _ (82kM(22V)
R +R, ¢ 56kO +82KkO

Ve

=281V

Chapter 8 BJT Small-Signal Analysis
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o Ve 211V
E7 Ry 15kQ
_26mV _ 26mV
Iy 14l mA
(b) R = Ry|R, = (56 kQ)||(8.2 kQ) = 7.15 kQ

Z; = R’||Br, = 7.15 kQ|(90)(18.44 Q) = 7.15 kQ|1.66 kQ

= 1.41 mA

=18.44 QO

Ve

= 1.35 kQ
() Z, = R¢c = 6.8 kQ
Re 6.8 kQ
@ 4=~ = ~Tgagq = ~I6876

(e) The condition R’ = 108r, (7.15 k2 = 10(1.66 kQ) = 16.6 k() is not
satisfied. Therefore,

BR’ (90)(7.15 kQ)
Aj=— = = 73.04
R+ Br, 715k + 1.66 kQ
(f) Z = 135 kQ
Z, = R|lr, = 6.8 kQ|50 kQ = 5.98 kQ vs. 6.8 k)
g Rl SO8KY e 36876
L T Y R :
The condition
r, = 10R. (50 kQ = 10(6.8 kQ) = 68 kQ)
is not satisfied. Therefore,
BR'r, (90)(7.15 kQ)(50 kQ)
A= GoF ROR + Bro — (50 KQ + 6.8 KQ)(7.15 kQ + 1.66 kQ)

= 64.3 vs. 73.04

There was a measurable difference in the results for Z,, 4,, and A4; because the

condition r, = 10R was not satisfied.

8.4 CE EMITTER-BIAS CONFIGURATION

The networks examined in this section include an emitter resistor that may or may
not be bypassed in the ac domain. We will first consider the unbypassed situation and
then modify the resulting equations for the bypassed configuration.

Unbypassed

The most fundamental of unbypassed configurations appears in Fig. 8.10. The r,
equivalent model is substituted in Fig. 8.11, but note the absence of the resistance r,,.
The effect of 7, is to make the analysis a great deal more complicated, and consider-
ing the fact that in most situations its effect can be ignored, it will not be included in
the current analysis. However, the effect of r, will be discussed later in this section.

Applying Kirchhoff’s voltage law to the input side of Fig. 8.11 will result in
Vi = IbBre + IeRE
Vi=1pBre + (B + DIRg

8.4 CE Emitter-Bias Configuration 345



Figure 8.10 CE emitter-bias configuration. Figure 8.11 Substituting the r, equivalent circuit into the ac equivalent net-
work of Fig. 8.10.

Zy Rg

Figure 8.12  Defining the input
impedance of a transistor with an
unbypassed emitter resistor.
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and the input impedance looking into the network to the right of Rp is

Vi
Zb:E:B”e"'(B"'l)RE

The result as displayed in Fig. 8.12 reveals that the input impedance of a transis-
tor with an unbypassed resistor Ry is determined by

Z, = Br. + (B + DR, (8.20)

Since B is normally much greater than 1, the approximate equation is the following:
Zb = B}" e + BRE

and Zy = B(r. + Rg) (8.21)

Since Rf is often much greater than r,, Eq. (8.21) can be further reduced to

Z, = BRy (8.22)

Z;: Returning to Fig. 8.11, we have

Z; = Rg||Z, (8.23)

Z,: With V; set to zero, I, = 0 and B/, can be replaced by an open-circuit equiv-
alent. The result is

Z,=Re (8.24)
A,z
/- Vi
and V,=—1,Rc= —Bl,Rc
2
= =Bl | Re
b
v, R
with 4,=—2=— PR (8.25)
i Zy

Chapter 8 BJT Small-Signal Analysis



Substituting Z, = B(r, + Rg) gives

A,==2=——" (8.26)

and for the approximation Z, = BRp,

Va RC
Vi Rg

I

4, = (8.27)

Note again the absence of 8 from the equation for 4,.
A;: The magnitude of Ry is often too close to Z, to permit the approximation
1, = I.. Applying the current-divider rule to the input circuit will result in

RBIi
Iy = ——
Ry + Z,
. I, Ry
an I, Rsz+2,
In addition, 1, = BI,
d Lo _
an L B
, 4 I, I, 1,
so that i_fl_fbft
Rp
=B
Ry + Z,
Iu IBRB
and A, = T[ = m (8.28)
Z;
or A= —A,~ (8.29)
Re

Phase relationship: The negative sign in Eq. (8.25) again reveals a 180° phase
shift between V, and V.

Effect of r,: The equations appearing below will clearly reveal the additional
complexity resulting from including r, in the analysis. Note in each case, however,
that when certain conditions are met, the equations return to the form just derived.
The derivation of each equation is beyond the needs of this text and is left as an ex-
ercise for the reader. Each equation can be derived through careful application of the
basic laws of circuit analysis such as Kirchhoff’s voltage and current laws, source
conversions, Thévenin’s theorem, and so on. The equations were included to remove
the nagging question of the effect of r, on the important parameters of a transistor
configuration.

Z;:

B+1+ Rc/ru}
E

Zp = Pre + [1 T (Re + Ry, (R (8.30)

8.4 CE Emitter-Bias Configuration

B

347



348

B

Since the ratio Ro/r, is always much less than (8 + 1),

_ (B + DRg
Zy=Pret 17 (Re + Rp)/r,

For r, = 10(R¢ + Ry),
Zp=Pre+ (B+ DRg

which compares directly with Eq. (8.20).
In other words, if 7, = 10(R¢ + Ry), all the equations derived earlier will result.
Since B + 1 = 3, the following equation is an excellent one for most applications:

Zy = B(r. + Rp) (831)
ro=10(R+R,)
Z,:
B rO + re
Z,=Rd|| , + ¥ (8.32)
1+ Pre
Rg
However, r, >=> r,, and
Za = RC“ra I+ B
1+ Pr.
RE
which can be written as
1
Za = RC”ra 1+ ﬁ
B Rg

Typically 1/8 and r. /Ry are less than one with a sum usually less than one. The
result is a multiplying factor for r, greater than one. For 8 = 100, r, = 10 ), and
RE =1 kQ

1 1 1
1 1 00 o002 0
— - — +
B Rg 100~ 1000
and Z, = Rc|51r,
which is certainly simply Rc. Therefore,
Z, = R¢ (8.33)
Any level of r,
which was obtained earlier.
A,
R e R
_B C[l + —} + =<
Vo Zb ro T
A, =—= R (8.34)
Vi I +-=
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J ¢
, L
The ratio r—L <1
¢ BRc = Rc
- +
Va Zb ry
and A4, == |+ e
For r, = 10R,
Vo BPRc
A, = V. =72 (8.35)
r,=10R.
as obtained earlier.
A;: The determination of 4; will be left to the equation
4= a2 8.36
i VRC ( - )
using the above equations.
Bypassed
If R of Fig. 8.10 is bypassed by an emitter capacitor Cy, the complete r, equivalent
model can be substituted resulting in the same equivalent network as Fig. 8.3. Egs.
(8.1 through 8.9) are therefore applicable.
f;)r ;he network of Fig. 8.13, without Cr (unbypassed), determine: EXAMPLE 8.3
(b) Z.
(d) 4,.
(e) A, &
22kQ
g 470 kQ 10 uF
CZ -~
10 uF Z,
V; o—| B =120, r, = 40 kQ
T q X
=z §0.56 kQ l Cp
IIO UF
= = Figure 8.13 Example 8.3.
Solution
Vee — Ve 20V—-07V
@ DC: L= 3 =BT DR, 470 kQ + (121)0.56 ko — >89 mA
I = (B + DIz = (121)(46.5 nA) = 4.34 mA
d _26mV 26 mV Q
an e = T T a3amA >
8.4 CE Emitter-Bias Configuration 349



(b) Testing the condition r, = 10(R¢ + Rg),
40 kQ = 10(2.2 kQ + 0.56 kQ)
40 kQ = 10(2.76 kQ) = 27.6 kQ (satisfied)

Therefore,
Z, = B(r. + Rg) = 120(5.99 Q) + 560 Q)
= 67.92 kQ)
and Z; = R||Z, = 470 kQ[67.92 kQ
= 59.34 kQ)

(¢) Z,=Rc=22KkQ
(d) r, = 10R is satisfied. Therefore,

Vo BRe _ (120022k0)

v, Zy, 67.92 kO
= —3.89
compared to —3.93 using Eq. (8.27): 4, = —R/Ry.
Z; 59.34 k)
(©) 4=~y pm=—(= 9)<m)
= 104.92

compared to 104.85 using Eq. (8.28): 4, = BRy/(Rp + Z,,).

EXAMPLE 8.4 Repeat the analysis of Example 8.3 with Cy in place.

Solution

(a) The dc analysis is the same, and r, = 5.99 ().
(b) Rg is “shorted out” by Cr for the ac analysis. Therefore,
Z; = Rgl|Z, = Ry||Br. = 470 kQ|(120)(5.99 Q)
=470 kQ|718.8 Q = 717.70 Q
(¢) Z, =Rc=22kQ

Rc

@ 4=~

_ 22k 367.28 ignificant i

=399 367 (a significant increase)

4 = _ BRp __ (120)(470 k)
© 4=p T7 =40kQ + 7188 Q
= 119.82
EXAMPLE 8.5 For the network of Fig. 8.14, determine (using appropriate approximations):

(@) re.
(b) Z.
(c) Z,.
(d) 4,.
(e) 4,

350 Chapter 8 BJT Small-Signal Analysis



*117
2.2kQ
g 90 kQ
Il
It °
oy *
Vio— B =210, r, = 50 kQ
i 1 7
 — o,
Z 10 kQ
0.68 kQ T Cy
-L_ Figure 8.14 Example 8.5.

Solution
(a) Testing BRr > 10R,
(210)(0.68 k) > 10(10 k)
142.8 k) > 100 kQ (satisfied)
R, 10 kQ
:m Vcczm(léV)z 1.6
Ve=Vg— V=16V —-07V=09V

Vg 09V
-IE ==
Ry 0.68 kO

_26mV _ 26mV
Iy 1324mA

(b) The ac equivalent circuit is provided in Fig. 8.15. The resulting configuration is
now different from Fig. 8.11 only by the fact that now

Vg v

= 1324 mA

=19.64

Te

RB = R, = R1||R2 =9 kQ

1; o
i . | +
O [” ~—
+ Z,
4’ 22kQ V,
V. 10 kQ & 90 kQ
! 0.68 kQ
> : : o
H_/
Rl

Figure 8.15 The ac equivalent circuit of Fig. 8.14.

The testing conditions of , = 10(R¢ + Rg) and r, = 10R are both satisfied. Using
the appropriate approximations yields

Z, = BR; = 142.8 k)

Z; = Rg|Z, = 9 kQJ[142.8 kQ
= 8.47 kQ

8.4 CE Emitter-Bias Configuration
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R
L
() Z, = R =22 kQ
R¢ 2.2 kQ
@ A= %"= "Gk~ M
Z; 8.47 k()
(e) 4; = _A”R_C = —(—3.24) (W)
= 12.47
EXAMPLE 8.6 Repeat Example 8.5 with Cr in place.

352

Solution

(a) The dc analysis is the same, and r, = 19.64 ).
(b) Z, = Br.=(210)(19.64 Q) = 4.12 kQ)
Z; = Rgl|Z, = 9 kQJ4.12 kQ

= 2.83 kQ
() Z,=Rc=22KkQ
Rc 2.2 kO o )
(d) 4, = T = 06K —112.02 (a significant increase)
Z; 2.83 kQ)
(e) 4,= _AVR_L = —(—112.02) (W)

144.1

Another variation of an emitter-bias configuration appears in Fig. 8.16. For the dc
analysis, the emitter resistance is R, + Rp,, while for the ac analysis, the resistor R
in the equations above is simply Rz, with Ry, bypassed by Cg.

Figure 8.16 An emitter-bias
configuration with a portion of
the emitter-bias resistance by-
passed in the ac domain.

8.5 EMITTER-FOLLOWER
CONFIGURATION

When the output is taken from the emitter terminal of the transistor as shown in Fig.
8.17, the network is referred to as an emitter-follower. The output voltage is always
slightly less than the input signal due to the drop from base to emitter, but the ap-
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Figure 8.17 Emitter-follower
configuration.

proximation 4, = 1 is usually a good one. Unlike the collector voltage, the emitter
voltage is in phase with the signal V. That is, both V, and V; will attain their posi-
tive and negative peak values at the same time. The fact that V,, “follows” the mag-
nitude of V; with an in-phase relationship accounts for the terminology emitter-
follower.

The most common emitter-follower configuration appears in Fig. 8.17. In fact, be-
cause the collector is grounded for ac analysis, it is actually a common-collector con-
figuration. Other variations of Fig. 8.17 that draw the output off the emitter with V, =
V; will appear later in this section.

The emitter-follower configuration is frequently used for impedance-matching pur-
poses. It presents a high impedance at the input and a low impedance at the output,
which is the direct opposite of the standard fixed-bias configuration. The resulting ef-
fect is much the same as that obtained with a transformer, where a load is matched
to the source impedance for maximum power transfer through the system.

Substituting the r, equivalent circuit into the network of Fig. 8.17 will result in
the network of Fig. 8.18. The effect of r, will be examined later in the section.

Figure 8.18 Substituting the r,
equivalent circuit into the ac
=  equivalent network of Fig. 8.17.

Z;: The input impedance is determined in the same manner as described in the
preceding section:

Z; = Rg|Z, (8.37)

with Zy, = Br. + (B + DR (8.38)
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Figure 8.19 Defining the out-
put impedance for the emitter-fol-
lower configuration.

354

or Z, = B(r. + Rg) (8.39)

and Z, = BRy; (8.40)

Z,: The output impedance is best described by first writing the equation for the
current /:

Vi

.Ib:Z_b

and then multiplying by (8 + 1) to establish /,. That is,

V;
le=(B+1)Ib=(ﬁ+1)Z—b

Substituting for Z, gives

(B D
¢ Bret (B+ DR
. v,
or T 1BrJB+ DI+ Re
but B+H=p
Br. PBr.
and B+ 1 = B3 Te
o
so that I, = " TR, (8.41)

If we now construct the network defined by Eq. (8.41), the configuration of Fig.

8.19 will result.

To determine Z,, V; is set to zero and

Zu = RE”re

(8.42)

Since Rf is typically much greater than r,, the following approximation is often ap-

plied:

Py = [

(8.43)

A,: Figure 8.19 can be utilized to determine the voltage gain through an appli-

cation of the voltage-divider rule:

y Rl
RE + e
d PR 8.44
o YTV, T Retr. (844)
Since Rf is usually much greater than r,, Rg + r, = Ry and
A4,= o 1 8.45
7 = (8.45)
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A;: From Fig. 8.18,

RB-Ii
Ly=———
Ry + 7,
I, Ry
or 1.~ Rs+ 2,
and 1I,=—1,=—(B+ I
Lo _ +1
or Ib - (B )
h g = Io _ Io Ib
so that P = i_Iin
Rp
Bt DRz,
and since B+1)=p,
~ __PRg
A4, = R, + 7, (8.46)
Z;
or A, = —A4, (8.47)
Rg

Phase relationship: As revealed by Eq. (8.44) and earlier discussions of this
section, V,, and V; are in phase for the emitter-follower configuration.

Effect of r,:

Z,':

(B+ DRg
Zp=Pre+ R (8.48)
1+—

o

If the condition r, = 10R; is satisfied,
Zy = Bro+ (B+ DRy

which matches earlier conclusions with

Zb = B(re aF RE) (849)
r,=10R,;
Z,:
Bre
Z, = 1| Rl ———~ 8.50

Using B+ 1 = S,
Zo = ro”RE”re

and since r, > r,,

Z,= Rillr. (8.51)

Any ro
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B
R
L
A,z
(B + DRg/Z,
A, = 7RE (8.52)
1+ —
r()
If the condition r, = 10R; is satisfied and we use the approximation 8 + 1 = (3,
o BRe
Zy
But Zy = B(r. + Rp)
BRg
so that A4, =———
B(re + RE)
d pp—
an VETTR, (8.53)
ro=10Rx
EXAMPLE 8.7 For the emitter-follower network of Fig. 8.20, determine:
(a) re.
(b) Z.
(©) Z.
(d) 4,.
(e) 4
(f) Repeat parts (b) through (e) with r, = 25 k() and compare results.
12V
220 kQ
10 uF
v, o—) B =100,r,=Q
— RN
1; 10 uF
.
ti
? g 3.3kQ
4—
le
= Figure 8.20 Example 8.7.
Solution
Vee — Ve
@ Ig=5— = 1n
Rz + (B + DRy
12V-07V
= 220kQ + (10133 ko 2042 KA
I; =B+ Dl
= (101)(20.42 pA) = 2.062 mA
26 mV 26 mV
Fo = =12.61 Q

356

I,  2.062mA
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(®) Z,=Pr. + (B + DRe
= (100)(12.61 Q) + (101)(3.3 k()
= 1.261 kQ + 333.3 kQ
= 334.56 kQ = BR,
Z; = Rp|Z, = 220 kQ|334.56 kQ

= 132.72 kQ
(©) Z, = Rellr. = 3.3 kQ)[12.61 Q
=1256 Q =r,
v, Ry 3.3 kQ
(d) AV = — = =
Vi Rp+r. 33kQ+12610Q
= 0.996 = |
BRj (100)(220 k)
(e 4;j=—F—F=— = —39.67
Ry + 7, 220 kQ + 334.56 kQ
Versus
_ Zi 13272 kQ\ s

(f) Checking the condition r, = 10R, we have
25 k) =10(3.3 k) =33 kQ
which is not satisfied. Therefore,
(100 + 1)3.3 kQ)

Zy = Pro + % = (100)(12.61 Q) +

33k0
L+ 1+ 5510
= 1.261 kQ + 294.43 kQ
= 295.7 kQ

with  Z, = Ry|Z, = 220 kQ[295.7 kQ
= 126.15 kQ vs. 132.72 k) obtained earlier
Z, = Rgllr. = 12.56 Q as obtained earlier

_ (B+DRZ, (100 + 1)(3.3 k2)/295.7 kO

4
v Ry 33 kO
[1+r_0} [”251(9]

= 0.996 = 1

matching the earlier result.

In general, therefore, even though the condition r, = 10R; was not satisfied, the
results for Z, and 4, are the same, with Z; only slightly less. The results suggest that
for most applications a good approximation for the actual results can be obtained by
simply ignoring the effects of r, for this configuration.

The network of Fig. 8.21 is a variation of the network of Fig. 8.17, which em-
ploys a voltage-divider input section to set the bias conditions. Equations (8.37)
through (8.47) are changed only by replacing R; by R’ = R\||R..

The network of Fig. 8.22 will also provide the input/output characteristics of an
emitter-follower but includes a collector resistor Rc. In this case R is again replaced
by the parallel combination of R; and R,. The input impedance Z; and output imped-
ance Z, are unaffected by R since it is not reflected into the base or emitter equiv-
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Vee
4;
—_—
Vi o—)
G N G
R e
Z, 2 T L,
R -
£

Figure 8.21 Emitter-follower Figure 8.22 Emitter-follower
configuration with a voltage- configuration with a collector
divider biasing arrangement. resistor Re.

alent networks. In fact, the only effect of R will be to determine the Q-point of op-
eration.

8.6 COMMON-BASE CONFIGURATION

The common-base configuration is characterized as having a relatively low input and
a high output impedance and a current gain less than 1. The voltage gain, however,
can be quite large. The standard configuration appears in Fig. 8.23, with the common-
base r, equivalent model substituted in Fig. 8.24. The transistor output impedance r,
is not included for the common-base configuration because it is typically in the
megohm range and can be ignored in parallel with the resistor R.

Figure 8.23 Common-base configuration.

Figure 8.24 Substituting the r, equivalent circuit into the
ac equivalent network of Fig. 8.23.

Z;:
Z; = Rg|r. (8.54)

Z,:
Z,=Rc (8.55)

A,

Vo= —I,Rc= —(—1.)Rc = al.R¢
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-
kil
. Vi
with 1, =—
re
Vi
so that V, =« - Re
Vo —aic K¢
and A, = 71 = = " (8.56)
A;: Assuming that Ry >> r, yields
1(3 = Ii
and 1, = —al, = —al,
. l()
with 4i=5=—a=-1 (8.57)

Phase relationship: The fact that 4, is a positive number reveals that 7, and V;
are in phase for the common-base configuration.

Effect of r,: For the common-base configuration, r, = 1/, is typically in the
megohm range and sufficiently larger than the parallel resistance R to permit the ap-
proximation r,||R¢ = Re.

For the network of Fig. 8.25, det :

(;)r h .e network of Fig , determine EXAMPLE 8.8

(b) Z.

(c) Z,.

(d) 4,.

(e) 4,

10 uF I, 10 uF
N W i It o
+ 1—»" L ?[ n +
' 1kQ =098 5kQ
e ry=1MQ -~
2V 8V 0

| T
Figure 8.25 Example 8.8.

Solution

Vg — Ve 2V—-07V 13V
(a) Ip= R, = kO “Tr0 1.3 mA
_26mV. 26 mV 200
e =T T3 mA
(b) Z: = Rgr. = 1 kQJ]20 Q
=19.61 Q =,
(¢) Z,=Rc=5kQ
a4, =R 3K g
(d) 4, = re  20Q
() 4;=—098 = —1
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8.7 COLLECTOR FEEDBACK
CONFIGURATION

The collector feedback network of Fig. 8.26 employs a feedback path from collector
to base to increase the stability of the system as discussed in Section 4.12. However,
the simple maneuver of connecting a resistor from base to collector rather than base
to dc supply has a significant impact on the level of difficulty encountered when an-
alyzing the network.

Figure 8.26  Collector feedback
configuration.

Some of the steps to be performed below are the result of experience working
with such configurations. It is not expected that a new student of the subject would
choose the sequence of steps described below without taking a wrong step or two.
Substituting the equivalent circuit and redrawing the network will result in the con-
figuration of Fig. 8.27. The effects of a transistor output resistance r, will be dis-

cussed later in the section.
«[H
> O
' +
=
Re 7,
Figure 8.27 Substituting the r,

equivalent circuit into the ac
equivalent network of Fig. 8.26.

zZ p=te
i - RF
with V,=—1,Rc
and 1,=Bl,+1T
Since I, is normally much larger than /',
1, = Bly
and Vo= —=(BI,)Rc = —Bl,Rc
b 1, = Vi
ut b= Br.
d v, = Vg = Ry,
an (e} - B Bre C‘ - re l
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Therefore,

I =

Rp :RF RF:_VeRF_R_F:_R_F

Vo=Vi Vo Vi RV W 1 Rc
1+ =<1y

The result is

Vi = IbBre = (Il + Il)Bre = IiBre + I,Bre

1 Re
ViZIiIBre_R_F 1 +r_e BrVi

7, R
or V,—[l + B—[l + ‘} = I,Br,
RF e
Vi Br.
and Z;=—=
‘ ; 7, R
RRIE C‘J
RF R I'e
but R is usually much greater than 7, and 1 + €= rc
so that Z; = -
4 PRe
Ry
,
or Zi=1 Rr. (8.58)
—_ 4+ =€
B Ry

Z,: If we set V; to zero asrequired-to—define Z,, the network will appear as
shown in Fig. 8.28. The effect of Br, is removed and Ry appears in parallel with R
and

Z, = R|R; (8.59)
Ry
0 A'A% o
L,=0A l

-+

V=0 Br., Bl,=0A Re 2,
i Figure 8.28 Defining Z, for the

= = = = collector feedback configuration.

A,: Atnode C of Fig. 8.27,
1,=Bl,+1T
For typical values, B1,>>1" and I, = BI,,.
Vo= —1, Rc = —(Bly)Rc
Substituting 1, = V,/Br, gives us

VU__BﬂVeRC
d g =te_ _Re 8.60
an V_V,-_ v, ( )
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A;: Applying Kirchhoff’s voltage law around the outside network loop yields
Vit Ve, —V,=0

and LBro+ Uy — I[)Rr + I,Rc =0

Using I, = BI,,, we have

LBr. + I,Rr — LRr + BL,R- =0

and 1(Br. + Rr + BR¢) = IRy

Substituting 7, = 1,/B from I, = BI, yields

I,

E(ﬂ”e + Ry + BRe) = LRy
L~ BRA,

¢ Bre + Rp+ BRc

and

Ignoring Br, compared to R and SR, gives us
10 BRF

Y7L T Rt pRe ton

For BRc > Ry,

ol BRe

I,  PBRc
d g =t B 8.62
an i I[ :RC ( . )

Phase relationship: The negative sign of Eq. (8.60) reveals a 180° phase shift
between ¥, and V..
Effect of r,:
Z; A complete analysis without applying approximations will result in
KCiiro
Rp
Zi= 1 1 Rellr, (8.63)
+

1+

_l’_
Bre Rr Rgr,

Recognizing that 1/R; = 0 and applying the condition r, = 10R,
Rc
+ _
1 R,
Zi = 1 RC

+
Bre RFre

but typically R/Rr <<'1 and

+
Bre RFre
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-
J ¢
L
z e (8.64)
or = .
S | . Re
B Rr
ro=10Rc
as obtained earlier.
Z,: Including r, in parallel with R¢ in Fig. 8.28 will result in
Z() = ra||Rc||RF (865)
For r, = 10R,
Z, = Rc|Rr (8.66)
ro=10R¢C
as obtained earlier. For the common condition of Ry >> R,
Z,=R¢ (8.67)
ro=10Rc, Rp=>Re
A,
s
&t (ro|Rc)
A, = —
T+ e (5.69)
Rr
Since Ry > r,,
ro”RC
e
A,=— r 0||RC
1+ R
For r, = 10R,
2l
R
re
=— R 8.69
4, | 4+ 2e (8.69)
Rr
r,=10R,.
and since R/R;- is typically much less than one,
R
4,=— rc (8.70)
¢ r,=10R¢, RF=>R¢
as obtained earlier.
EXAMPLE 8.9
For the network of Fig. 8.29, determine:
(a) r..
(b) Z.
(©) Z,.
(d) A,.
(e) A;
(f) Repeat parts (b) through (e) with r, = 20 k() and compare results.
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9V
27 kQ
180 kQ L v
F\W—l(—oh,
I, 10 UF
>
V,-C 11| ¢ [3=200,r0=oo§2
10 uF A -
— Z,
Z/
Figure 8.29 Example 8.9.
Solution
Ve = Vee _ 9V —07V
@ I3 =% AR, — 180 kQ + (200)2.7 kQ2
= 11.53 pA

Iz = (B + DIz = (201)(11.53 pA) = 2.32 mA

26 mV 26 mV

I,  232mA
7, 11.21 Q 1121 O

1 Re 1 27kQ  0.005+0.015

=11.21 Q

Ve =

(b) Z;=

B ' Ry 200 180 kO

11210
0 0.02

(©) Z, = RJIRr = 2.7 kQ|180 kO = 2.66 kQ

Re 27 kQ
() A= === 57 = ~240.86
BR; (200)(180 kQ)
Ry + BRc 180 kQ + (200)(2.7 k)
=50

Z;:  The congdition r, = 10R is not satisfied. Therefore
® |+ RER c 2.7 KQ|20 kO

Re T TR0 KO

=50(11.21 Q) = 560.5 Q2

() 4=

z=1 1 R = 1 1 2.7 kQ |20 kQ

+—+
Br. Ry Re. (200)1121) ' 180kQ ' (180 kQ)(11.21 Q)
2.38 kO
180 kQ

= 045X 1077 +0.006 X 107> + 1.18 X 1077 =

1+

1 +0.013
1.64 X 1073
= 617.7 Q vs. 560.5 () above
Z,:
Z, = r0||RC||RF =20 kQ||2.7 kQHlSO kQ
= 2.35 kQ vs. 2.66 k() above
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11 1 1
{R_F+ rj("’”RC) _[180 O 11.210}(2'38 kO

rllke T 2.38k0
I+ 7R, I T80k0
—[5.56 X 107° — 8.92 X 1072](2.38 k)
1+0.013

—209.56 vs. —240.86 above

42

MR
617.7 Q
~(F209305 75

47.94 vs. 50 above

For the configuration of Fig. 8.30, Egs. (8.71) through (8.74) will determine the

variables of interest. The derivations are left as an exercise at the end of the chapter.

Voc
Re
Rp w,
.
I G
V.o - H
Cy -
— Zn
Z/
Re Figure 8.30 Collector feedback
configuration with an emitter re-
= sistor Rg.
R
7. = 8.71
‘ [1 (RE+RC)} ®.7D)
_ + .
B Ry
Z,=Rd|Rs (8.72)
Re
4,= "R, (8.73)
1
4, = (8.74)
1 N (Re + Re)
Rp
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8.8 COLLECTOR DC FEEDBACK
CONFIGURATION

The network of Fig. 8.31 has a dc feedback resistor for increased stability, yet the ca-
pacitor C; will shift portions of the feedback resistance to the input and output sec-
tions of the network in the ac domain. The portion of R, shifted to the input or out-
put side will be determined by the desired ac input and output resistance levels.

Vee
Re
Re, R, *11,
— AN 7,
1 c
G
v, 0—)} -
— N Z,
1
-
Z Figure 8.31 Collector dc feed-
= back configuration.

At the frequency or frequencies of operation, the capacitor will assume a short-
circuit equivalent to ground due to its low impedance level compared to the other el-
ements of the network. The small-signal ac equivalent circuit will then appear as
shown in Fig. 8.32.

1

1
—_
-

° J 1, | .
Z RFl Bre * ﬁ Ib o RF2 RC %
J_ < Figure 8.32  Substituting the r,

+o0

—»‘
:’\.
+0

N

equivalent circuit into the ac
= = = = equivalent network of Fig. 8.31.

Z;:
Z; = Rp|Br. (8.75)
Z,:
Zy = Rc|Rr o (8.76)
For r, = 10R,
Z, = Rc|Rp, (8.77)
ry=10R¢
A,
R' = r,|Rp|IRc
and V,= —BI,R’
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-V
but Ib = B}"e
_ Vi g
and V,= —p Br R
so that
Vo TdRFfRe
ATV T T
For r, = 10R,
A _ & = _RFZHRC
" i Ve
ry=10R¢
A;: For the input side,
Rr I I, Rr
Iy = —5—"—— or — =t
RF1+Bre Ii RFl +ﬁre
and for the output side using R’ = r,|Rp,
R'Bl, 1, R'B
l,=——1— or — =
R + R¢ I, R +Rc
The current gain,
1, 1, 1
4,="2==2. b
Il Ib Il
R'B Ry

TR +Rc R+ Bre

D!

LD
[ S2ZAVZARA

~

o

and A== R BrO® + RO

R’ =ro||RF

Since Ry, is usually much larger than Br,, Ry + Br. = Ry,

1, Ry (1,||IR
and Aj=—= BRy, (|Rr)
I Rp,(7 /R + Re)
e
so that A== B
I Re
ra”RFz
R =10Br,
PREE
. LT TR

(8.78)

(8.79)

(8.80)

(8.81)

(8.82)

Phase relationship:  The negative sign in Eq. (8.78) clearly reveals a 180° phase

shift between input and output voltages.
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EXAMPLE 8.10 For the network of Fig. 8.33, determine:
(@) re
) Z, 2y
(©) Z,.
(d) 4,. 3KO
(e) A
120 kQ 68 kQ V”
— AN 7,
J_ 10 uF
0.01 uF
-
I; I Z,
ek | B - B = 140, r, = 30 kQ
i 1 =140, r,=
10 uF A
—
Z/
= Figure 8.33 Example 8.10.
Solution
. — Vee = Vi
(a) DC: IB RF + BRC
- 12V 07V
= (120 kKQ + 68 kQ) + (140)3 kKQ
11.3V
T o0s kO [SOmA
Ir = (B + Dig = (141)(18.64)
= 2.62 mA
, 2 26mV _ 26mV g0

I 2.62mA

(b) Br.=(140)(9.92 Q) = 1.39 kO

The ac equivalent network appears in Fig. 8.34.
Z; = Ry ||Br. = 120 kQJ[1.39 kQ

1.37 kQ

—>
I
120 kQ
Vi
—
Z/

Figure 8.34 Substituting the r, equivalent circuit into the ac equivalent network of
Fig. 8.33.

I

+o0
+0

I : ,
oo r
Br ' BL, o 8KkQ Q3K
1.395 kQ 1407, 30 kQ v,
-
Z

o

(c) Testing the condition r, = 10R., we find
30 kQ =103 kQ) = 30 kQ2
which is satisfied through the equals sign in the condition. Therefore,

Z, = R Ry, = 3 k68 kQ
= 2.87 kQ
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(d) r, = 10R, therefore,
Rr[Re 68 kO[3 KO

Ay = 9.92
_ 287kO
T 9920
= —289.3

(e) Since the condition R. => Br, is satisfied,
= B _ 140 _ 140 _ 140
Clp R L 3KkO 14014 114
ro||Rr, 30 kQJ68 kO

= 122.8

8.9 APPROXIMATE HYBRID EQUIVALENT
CIRCUIT

The analysis using the approximate hybrid equivalent circuit of Fig. 8.35 for the
common-emitter configuration and of Fig. 8.36 for the common-base configuration is
very similar to that just performed using the r, model. Although time and priorities
do not permit a detailed analysis of all the configurations discussed thus far, a brief
overview of some of the most important will be included in this section to demon-
strate the similarities in approach and the resulting equations.

bo——m——— oc
-
1
§ hie * hfe ]b § hae
Figure 8.35 Approximate
eo oe common-emitter hybrid equiva-
lent circuit.
eo———— oc
—_——
Ie
§ hip ; hpp L, § Pgp
Figure 8.36 Approximate
bo ob common-base hybrid equivalent

circuit.

Since the various parameters of the hybrid model are specified by a data sheet or
experimental analysis, the dc analysis associated with use of the r, model is not an
integral part of the use of the hybrid parameters. In other words, when the problem
is presented, the parameters such as k., hg, h;, and so on, are specified. Keep in
mind, however, that the hybrid parameters and components of the », model are re-
lated by the following equations as discussed in detail in Chapter 7: h;, = Br,, h, =
B, hye = 1/, by, = —a, and h;, = r, (note Appendix A).

Fixed-Bias Configuration

For the fixed-bias configuration of Fig. 8.37, the small-signal ac equivalent network
will appear as shown in Fig. 8.38 using the approximate common-emitter hybrid equiv-
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Figure 8.37 Fixed-bias configu-
— = — ration.

I, I,
—_— -
o O
+ _’4 I } T .t
V. Ry § § By, ; hy 1 § hy, g Re 7,
~—
_ Z, _
O O

Figure 8.38 Substituting the approximate hybrid equivalent circuit into
the ac equivalent network of Fig. 8.37.

alent model. Compare the similarities in appearance with Fig. 8.3 and the r, model
analysis. The similarities suggest that the analysis will be quite similar, and the re-
sults of one can be directly related to the other.

Z; From Fig. 8.38,

Z; = Rg|h. (8.83)
Z,: From Fig. 8.38,
Z, = R|1/hy, (8.84)
A,: Using R' = 1/h,|R¢,
V,=—I,R = —I.R'
= ~he I, R
and 1y = }z/l
with Vo= ~h Zt R
so that 4, = % - _%}:/h“) (8:85)

A;: Assuming that Rz > h;, and 1/h,, = 10R., then [, =1; and [, = 1. =
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J ¢
L
For the network of Fig. 8.39, determine: EXAMPLE 8.11
(a) Zi-
; o8V (b) Zo.
o (©) 4.
27kQ (d) 4,
§ 330 kQ
7.
v, -
ci \1 hfe =120 Z,
—- I b= 1.175kQ
L hyp= 20 LAV
—_— —
Z = Figure 8.39 Example 8.11.
Solution
(@) Z = Ryllh. = 330 kQ[1.175 kQ
= h;,, = 1.171 kQ
b1
®) 7o =5 =50 pay ~ 0K
Z,= hl [Rc = 50 kQ2.7 kQ = 2.56 kQ = R
 hRUR,) (120027 kQ50 kD)
(C) Av = — hie = - 1.171 kQ = —262.34
Voltage-Divider Configuration
For the voltage-divider bias configuration of Fig. 8.40, the resulting small-signal ac
equivalent network will have the same appearance as Fig. 8.38, with Rp replaced by
R = R1||R2
1;
o=
Cl
—_—
Z
Figure 8.40 Voltage-divider
bias configuration.
Z;: From Fig. 8.38 with Rz = R/,
Z; = R (8.87)
Z,: From Fig. 8.38,
Z,=R¢ (8.88)
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A,z
A, = _hfe(R(i;.l/]’loe) (8.89)
A,':
_ R
A4;= R + I (8.90)

Unbypassed Emitter-Bias Configuration

For the CE unbypassed emitter-bias configuration of Fig. 8.41, the small-signal ac
model will be the same as Fig. 8.11, with fr, replaced by &, and I, by h.l,. The
analysis will proceed in the same manner.

Vee

Figure 8.41 CE unbypassed
emitter-bias configuration.

Z;:
Z,= hy, Ry (8.91)
and Z; = Ry|Z, (8.92)
Z,:
Z,=Rc (8.93)
A,
_ hfe RC ~ _ hfeRC
" Zy  heRg
and 4,= e (8.94)
Ry
A
a4, = 7Rﬁﬁfé b (8.95)
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Z;
or

A= A" (8.96)

Emitter-Follower Configuration

For the emitter-follower of Fig. 8.42, the small-signal ac model will match Fig. 8.18,
with Br, = h;. and B = hy. The resulting equations will therefore be quite similar.
Zi:

Ly = hp R (8.97)
Z; = R4z, (8.98)
Vee
Ry
1; p
—_— ie
Vio— I
= B
A
11,, Z,
R
Figure 8.42 Emitter-follower
= configuration.
Z,:

For Z,, the output network defined by the resulting equations will appear
as shown in Fig. 8.43. Review the development of the equations in Section 8.5 and

Z, = R e
o T A by
or since 1 + Ay, = hy,
hie
Z, =R (8.99)
hye
|'|u_
L+ by
.ﬂ" Fal
- &

Figure 8.43 Defining Z, for the
emitter-follower configuration.

A,

For the voltage gain, the voltage-divider rule can be applied to Fig. 8.43 as
follows:

R
Rg + hid(1+ hy)

Vo
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but since 1 + Ay, = hyg,

PRI 8.100
v i=RE+hie/hfe (8.100)
Ai:

he Ry

s (8.101)
4

or A= A~ (8.102)
Ry

Common-Base Configuration

The last configuration to be examined with the approximate hybrid equivalent circuit
will be the common-base amplifier of Fig. 8.44. Substituting the approximate com-
mon-base hybrid equivalent model will result in the network of Fig. 8.45, which is
very similar to Fig. 8.24. From Fig. 8.45,

hy, h

li ibr b lc

—_— —
o 5 o
+ hu T10 +

— R R, -
v, Z £ ‘ v Z
1 o

T VEE T VCC
; —

7 -~
LV g Rg § hip ; hy I, g Re Vo ¢

Figure 8.45 Substituting the approximate hybrid equivalent circuit into the ac
equivalent network of Fig. 8.44.

Z;:
Z; = Ryl (8.103)

Z,:
Z,=Re (8.104)

A,

I/o = _IURC = _(hjble)RC
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i
ith 1, = Vi d V,=—h Vi R
wit e = hib an o= jbh[-b C
Vs g Re
so that A, = 7 I (8.105)
A,':
Lo
Ai:T,-zhﬂ’E_l (8.1006)
For the network of Fig. 8.46, determine: EXAMPLE 8.12
(a) Z.
(b) Z,.
(c) A,
(d) 4.
Ii
N || : I
S 1] It 0
+ X tlu pe
7 Q22K gy = —0.99 33kQ -
i 4 V4
Vi hy = 143 Q Vo Lo
4v hop= 0.5 pAIV 10V
T T .
Figure 8.46 Example 8.12.
Solution
(@) Z; = Rellhy, = 2.2 k0143 Q = 14.21 Q = hy,
1 1
®) ro=5" =05 parv ~ 2 MO
1
ZO - ||RC = RC - 3.3 kﬂ
hob
hg, R (—0.99)(3.3 k)
(c) 4, = — o 221 = 229.91
The remaining configurations of Sections 8.1 through 8.8 that were not analyzed
in this section are left as an exercise in the problem section of this chapter. It is as-
sumed that the analysis above clearly reveals the similarities in approach using the r,
or approximate hybrid equivalent models, thereby removing any real difficulty with
analyzing the remaining networks of the earlier sections.
8.10 COMPLETE HYBRID EQUIVALENT
MODEL
The analysis of Section 8.9 was limited to the approximate hybrid equivalent circuit
with some discussion about the output impedance. In this section, we employ the com-
plete equivalent circuit to show the impact of 4, and define in more specific terms the
8.10 Complete Hybrid Equivalent Model 375
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impact of 4,,. It is important to realize that since the hybrid equivalent model has the
same appearance for the common-base, common-emitter, and common-collector con-
figurations, the equations developed in this section can be applied to each configura-
tion. It is only necessary to insert the parameters defined for each configuration. That
is, for a common-base configuration, /4, h;, and so on, are employed, while for a
common-emitter configuration, /4, 4., and so on, are utilized. Recall that Appendix
A permits a conversion from one set to the other if one set is provided and the other
is required.

Consider the general configuration of Fig. 8.47 with the two-port parameters of
particular interest. The complete hybrid equivalent model is then substituted in Fig.
8.48 using parameters that do not specify the type of configuration. In other words,
the solutions will be in terms of %;, 4,, hj; and h,. Unlike the analysis of previous sec-
tions of this chapter, the current gain 4; will be determined first since the equations
developed will prove useful in the determination of the other parameters.

~—
—>1 + +
RS 4—
: , Z,
+ 7 V; Transistor v, g R,
AV
Figure 8.47 Two-port system.
I;
—_— A A A Ib ﬂ 1“
+ h; i I +
R, +
+ Z, Vi hV, ,\/ ; hy 1y § 1/ho Yo Z, R
AV -
— — -

Figure 8.48 Substituting the complete hybrid equivalent circuit into the two-port sys-
tem of Fig. 8.47.

Current Gain, A; = I,/I;
Applying Kirchhoff’s current law to the output circuit yields

o

10 :hflb +1:hf1[+ l/ha

= hf]l + hOVO

Substituting V, = —1,R; gives us

1, = hyl; — hoR, 1,
Rewriting the equation above, we have

I, + hoR, 1, = hyl;
and 1,(1 + h,Rp) = hyl;

Chapter 8 BJT Small-Signal Analysis



h a=lao 0 8.107
so that A (8.107)

Note that the current gain will reduce to the familiar result of 4; = A if the factor
h,R; is sufficiently small compared to 1.

Voltage Gain, A, = V,/V;
Applying Kirchhoff’s voltage law to the input circuit results in

Substituting /; = (1 + h,R,)I,/h, from Eq. (8.107) and I, = —V,/R, from above re-
sults in

I/[ — _(1 + hORL)hl VU + hrVU
h/RL
Solving for the ratio V,/V; yields
v, — Ny
A== 1 (hhy — hyh)R, (8.108)

In this case, the familiar form of 4, = —h/R,/h; will return if the factor (hh, —
hrh, )R, is sufficiently small compared to 4;.

Input Impedance, Z; = V/I;

For the input circuit,

Vi=hl, + h.V,
Substituting V,=—I1,R;
we have Vi=hl; — h.R;1,
Since A;= 1—0
Ii
1, = A4;1;

so that the equation above becomes
Vi=hd; = h.Rp A;l;

Solving for the ratio V;/I;, we obtain

Vi
Zl = Tl = hi - hrRLAi
and substituting
h,
A, = _
1+ h,R;
. _ i = AR,
yields Z; = I h; 1+ R IR, (8.109)

The familiar form of Z; = h; will be obtained if the second factor is sufficiently smaller
than the first.

8.10 Complete Hybrid Equivalent Model
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Output Impedance, Z, = V, /I,

The output impedance of an amplifier is defined to be the ratio of the output voltage
to the output current with the signal V; set to zero. For the input circuit with V; = 0,

—hV,

L=%7n

Substituting this relationship into the following equation obtained from the output cir-
cuit yields
Io = hfli + hoVo
_hj hr Vo

T RoER

Vo 1
I, hy, = [heh/(h; + R))]

and Z, = (8.110)

In this case, the output impedance will reduce to the familiar form Z, = 1/h, for the
transistor when the second factor in the denominator is sufficiently smaller than the
first.
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EXAMPLE 8.13

For the network of Fig. 8.49, determine the following parameters using the complete
hybrid equivalent model and compare to the results obtained using the approximate
model.

(a) Z;and Z].
(b) AV‘ = R
(¢c) 4;=1,/1;and 4] = 1,/1]. [
(d) Z, (within R) and " g
Z,, (including R(). l
d.7 kb
ATELD
E &
';-' | —
— = 4
B &1l ¢ i
+ - T
—_—

- : ’
P g = 100, B [ AREE b, =2 x 107, R, =2 o]
Figure 8.49 Example 8.13. % " e SR i hv‘_

Solution

Now that the basic equations for each quantity have been derived, the order in which
they are calculated is arbitrary. However, the input impedance is often a useful quan-
tity to know and therefore will be calculated first. The complete common-emitter hy-
brid equivalent circuit has been substituted and the network redrawn as shown in Fig.
8.50. A Thévenin equivalent circuit for the input section of Fig. 8.50 will result in the
input equivalent of Fig. 8.51 since Er, = V; and Ry, = R, = 1 k() (a result of Rz =
470 k€ being much greater than R; = 1 k(). In this example, R, = R and /, is de-
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I’ I, 1,
—_— —_— jlb - o
— + — 1.6 kQ - - +
Z; Z; Z, Z,
R, Q1kQ +
v, g 470 kQ N, 2x10y, { 1101, § S50kQ  47kQ g v,
Y -
¥k ;
Thevenin
Figure 8.50 Substituting the complete hybrid equivalent circuit into the ac
equivalent network of Fig. 8.49.
1] I; h 1,
—_— —_— e ﬁ
—_— t+ — 1.6 kQ -~ | -~
Z Z Z, Z,
R, Q1kQ + .
=50kQ
+ 1% hre Va 4 ; hfe Ib hae 47kQ
i 2x107° ), 110 1, h,e =20uS
nny, -

“+o0

Figure 8.51 Replacing the input section of Fig. 8.50 with a Thévenin equivalent circuit.

fined as the current through R, as in previous examples of this chapter. The output
impedance Z, as defined by Eq. (8.110) is for the output transistor terminals only. It
does not include the effects of R.. Z', is simply the parallel combination of Z, and
R;. The resulting configuration of Fig. 8.51 is then an exact duplicate of the defining
network of Fig. 8.48, and the equations derived above can be applied.

Vi hsh, R,
Eq. (8.109): Z,=— = h,, — ==
(a) Eq.( ) 7 L+ ARy
X 10~ (4.
L6k - (110)(2 X 10~ %)(4.7 kQ)

1 + (20 uS)(4.7 kQ)
= 1.6kQ — 9452 Q
= 1.51 kQ

versus 1.6 k() using simply /,,.
7 =470 kQ|Z, = Z; = 1.51 kQ

b) Eq. (8.108); A, =2 = P
( ) 4 (8 08) v 7, B hie + (hiehoe - hfehre)RL
—(110)(4.7 kQ)

T L6 kQ + [(1.6 KQ)(20 uS) — (110)(2 X 10-)]4.7 kQ

—517 X 10° Q
= 1.6 kQ + (0.032 — 0.022)4.7 kQ
_ —517x10°Q
1.6 kQ + 47 Q

= —-313.9

8.10 Complete Hybrid Equivalent Model
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versus —323.125 using 4, = —h. R, /h,.

I, hy. 110
(©) Bq. B107): A =" = 1 = T (20 1S)4.7 kQ)
110
= 110004 10055
versus 110 using simply /. Since 470 k() >> Z;, I; = I, and 4 = 100.55 also.
g 1
(@& B G110 20 =77 = b, — Uhehn(hie + R)]
1
T 20 uS — [(110)(2 X 10~ /(1.6 kQ + 1 kQ)]
1
T 20 S — 8.46 uS
1
" 11.54 S
— 86.66 kQ

which is greater than the value determined from 1/4,, = 50 k().
Z!, = Rz, = 4.7 k()||86.66 k) = 4.46 kQ
versus 4.7 k() using only R

Note from the results above that the approximate solutions for 4, and Z; were very
close to those calculated with the complete equivalent model. In fact, even 4; was off
by less than 10%. The higher value of Z, only contributed to our earlier conclusion
that Z, is often so high that it can be ignored compared to the applied load. However,
keep in mind that when there is a need to determine the impact of #4,, and 4,,, the
complete hybrid equivalent model must be used, as described above.

The specification sheet for a particular transistor typically provides the common-
emitter parameters as noted in Fig. 7.28. The next example will employ the same tran-
sistor parameters appearing in Fig. 8.49 in a pnp common-base configuration to in-
troduce the parameter conversion procedure and emphasize the fact that the hybrid
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EXAMPLE 8.14

1o, 4
© He-rayoue

For the common-base amplifier of Fig. 8.52, determine the following parameters us-
ing the complete hybrid equivalent model and compare the results to those obtained
using the approximate model.

(a) Z;and Z'.
(b) 4, and 4.
hie=16kQ  hy=110
he=2x10"% h,,=20uS ,
| L
+ — | — +
| 7 RS
Ry Q 1kQ 3kQ 22kQ
+ v, — — - ) v
z; Z Z, Z,
Vs ,\I 6V 12V
| S T T .

Figure 8.52 Example 8.14.
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(c) A,
(d) Z,and Z,,

Solution

The common-base hybrid parameters are derived from the common-emitter parame-
ters using the approximate equations of Appendix A:
hie 1.6 kQ

hip = thé: 1+110=14.419

Note how closely the magnitude compares with the value determined from

b=, = e 2 O 550
ib_re_ B - 110 - .
hiche (1.6 kQ)(20 uS) i
e T T S T
=0.883 x 1074
py = e 1O o9
= 1+h, 1+110
hoo 20 uS
hyp = = =0.18 uS

1+h, 14110

Substituting the common-base hybrid equivalent circuit into the network of Fig.

i» i» e hip c ﬁln
NN
— | — T — 14410 — |-
Z Z I, Z, z
R, 1kQ 4
+ 3kQ o 0.883x 1074, ; —0.9911, h, =018 uS 22kQ
§ / hrqu ’ ,\I hﬂ’Ie o :
i, -

“+o

v,

Thévenin

Figure 8.53 Small-signal equivalent for the network of Fig. 8.52.

8.52 will then result in the small-signal equivalent network of Fig. 8.53. The Thévenin
network for the input circuit will result in R, = 3 kQ||1 kQ = 0.75 kQ for R, in the
equation for Z,.

Vi hyph bRy
(a) Eq. (8.109)1 Z,- = T: = h,—b - ThchL
(—0.991)(0.883 X 107%)(2.2 k()
1 + (0.18 uS)(2.2 k)
= 1441 Q + 0.19 Q
= 14.60 Q

1441 Q —

versus 14.41 Q) using Z; = hy,.
Z,=3k0|Z = Z = 14.60 Q

b) Eq. (8.107): 4, =22 — o
() q( ) i [_1+h0bRL

8.10 Complete Hybrid Equivalent Model
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—0.991
~ 1+ (0.18 uS)(2.2 k)
= _0.991 = hjb

Since 3kQ) >>Z, I;=1and A; = 1,/I;= —1 also.
Vo _ —hpRy
Vi ha + (hishoy — hphp)R,
—(—0.991)(2.2 k)
T 1441 Q + [(14.41 Q)(0.18 uS) — (—0.991)(0.883 X 10~ H]2.2 kQ
= 149.25
versus 151.3 using 4, = —hgR,/hyy,.
1
hop=[hsphp/(hip + R,)]

(c) Eq. (8.108): 4, =

(d) Eq. (8.110): Z,=

1

~ 0.18 1S — [(—0.991)(0.883 X 10 /(1441 Q + 0.75 kQ)]
1

~ 0295 S

=339 MQ

versus 5.56 MQ) using Z, = 1/h,,,. For Z/, as defined by Fig. 8.53:
Z! = Rd|Z, = 2.2 kQ|]3.39 MQ = 2.199 kQ
versus 2.2 k) using Z/, = R.

8.11 SUMMARY TABLE

Now that the most familiar configurations of the small-signal transistor amplifiers
have been introduced, Table 8.1 is presented to review the general characteristics of
each for immediate recall. It must be absolutely clear that the values listed are sim-
ply typical values to establish a basis for comparison. The levels obtained in an ac-
tual analysis will most likely be different, and certainly different from one configu-
ration to another. Being able to repeat most of the information in the table is an
important first step in developing a general familiarity with the subject matter. For in-
stance, one should now be able to state with some assurance that the emitter-follower
configuration typically has a high input impedance, low output impedance, and a volt-
age gain slightly less than 1. There should be no need to perform a variety of calcu-
lations to recall salient facts such as those above. For the future, it will permit the
study of a network or system without becoming mathematically involved. The func-
tion of each component of a design will become increasingly familiar as general facts
such as those above become part of your background.

One obvious advantage of being able to recall general facts like the above is an
ability to check the results of a mathematical analysis. If the input impedance of a
common-base configuration is in the kilohm range, there is good reason to recheck
the analysis. However, on the other side of the coin, a result of 22 () suggests that
the analysis may be correct.
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TABLE 8.1 Relative Levels for the Important Parameters of the CE, CB, and CC Transistor Amplifiers

Configuration Z Z, A, A;
Fixed-bias: v Medium (1 kQ) Medium (2 kQ) High (—200) High (100)
cc
:’ R RC = RB”Bre = RC”ro _ _ (RC”ro) BRBro
‘P B Fe (ru + R(.)(RB + :Brc)
o—d = Bre = RC
(Rp = 10Br,) (r, = 10R0) _| _Re =| B
e (ra = 10RC;
(r, = 10R() Rp=10Br.)
Voltage-divider Vee Medium (1 k() Medium (2 k€2) High (—200) High (50)
e $ N ~[ rirle =[ & &d
g el el | —Edre B[R},
Te (ro + RO@RIR, + Br)
o— =| &,
> R,
R, 3 b (ro = 10RQ) =| - _ | _Bl&ilr)
R =g ¢ Ri|lR> + Bre.
b (r, = 10R)
- (r, = 10RQ)
U"by.ﬁa“;@ Vee High (100 k) Medium (2 k) Low (—5) High (50)
cmitter pias:
R
2 C
Rp @ =| Rgl|Z, =| Re _| _ Re _ BRg
Zp = B(re + Rp) (any level Te t Re Ry + 2y
of r,)
=| Ryl|BRg _ Re
R, (Rg >> 1) | Re
(Rg>>r,)
Emitter- . )
follower: [ Vee High (100 k() Low (20 Q) Low (= 1) High (—50)
<
Ry
s j’ Rgl|Z, =| Relr. _ Rg | BRy
Z,= Bl + Ry) fevre A
=| R R =
Rg Rz (Re>> 1) =
(Rg >>r,)
bC;rzmon- Low (20 Q) Medium (2 kQ) High (200) Low (—1)
‘ O
2 < =| Relr. =| Rc _ R¢ =| -1
$Re $ ke e
- Vg = Vee =|r
O
(Rg>>r,)
Collector . . ) .
feedback: Vee Medium (1 k€) Medium (2 k() High (—200) High (50)
R
Rp ¢ _ e =| RJRFr _ Re _ BRx
1 R - T Ry + BR¢
= 4F R_ (ro = IORC)
- B Re (r, = 10R)
Rp>>R() ~ | Re
= =
(ro = 10RC) R

8.12 Troubleshooting
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8.12 TROUBLESHOOTING

Although the terminology troubleshooting suggests that the procedures to be described
are designed simply to isolate a malfunction, it is important to realize that the same
techniques can be applied to ensure that a system is operating properly. In any case,
the testing, checking, or isolating procedures require an understanding of what to ex-
pect at various points in the network in both the dc and ac domains. In most cases, a
network operating correctly in the dc mode will also behave properly in the ac do-
main. In addition, a network providing the expected ac response is most likely biased
as planned. In a typical laboratory setting, both the dc and ac supplies are applied and
the ac response at various points in the network is checked with an oscilloscope as
shown in Fig. 8.54. Note that the black (gnd) lead of the oscilloscope is connected
directly to ground and the red lead is moved from point to point in the network, pro-
viding the patterns appearing in Fig. 8.54. The vertical channels are set in the ac mode
to remove any dc component associated with the voltage at a particular point. The
small ac signal applied to the base is amplified to the level appearing from collector
to ground. Note the difference in vertical scales for the two voltages. There is no ac

TVCC
v, (V)
Re
Rp
C
Ilz UU
o
[} \ 0 ‘
C
1 \
) )
~~ Uy \ —
~< A \
v; (mV) T~ v N
] AN
i \\‘\\V\\ 0| t N
~ > N
~lo~ N B
t § ~T~_ SO Oscilloscope
Ry @ Cpm= ~~I>o N
.. | eee
T e ®
> 2

GND-DC switch on AC)

|||-J
z

_L Ground strap

Figure 8.54 Using the oscilloscope to measure and display various voltages of a BJT amplifier.

response at the emitter terminal due to the short-circuit characteristics of the capaci-
tor at the applied frequency. The fact that v, is measured in volts and v; in millivolts
suggests a sizable gain for the amplifier. In general, the network appears to be oper-
ating properly. If desired, the dc mode of the multimeter could be used to check Vpg
and the levels of Vg, Vg, and Vi to review whether they lie in the expected range.
Of course, the oscilloscope can also be used to compare dc levels simply by switch-
ing to the dc mode for each channel.

Needless to say, a poor ac response can be due to a variety of reasons. In fact,
there may be more than one problem area in the same system. Fortunately, however,
with time and experience, the probability of malfunctions in some areas can be pre-
dicted and an experienced person can isolate problem areas fairly quickly.

In general, there is nothing mysterious about the general troubleshooting process.
If you decide to follow the ac response, it is good procedure to start with the applied
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Figure 8.55 The waveforms resulting from a malfunction in the emitter area.

signal and progress through the system toward the load, checking critical points along
the way. An unexpected response at some point suggests that the network is fine up
to that area, thereby defining the region that must be investigated further. The wave-
form obtained on the oscilloscope will certainly help in defining the possible prob-
lems with the system.

If the response for the network of Fig. 8.54 is as appears in Fig. 8.55, the network
has a malfunction that is probably in the emitter area. An ac response across the emit-
ter is unexpected, and the gain of the system as revealed by v, is much lower. Recall
for this configuration that the gain is much greater if Ry is bypassed. The response
obtained suggests that Ry is not bypassed by the capacitor and the terminal connec-
tions of the capacitor and the capacitor itself should be checked. In this case, a check-
ing of the dc levels will probably not isolate the problem area since the capacitor has
an “open-circuit” equivalent for dc. In general, a prior knowledge of what to expect,
a familiarity with the instrumentation, and most important, experience are all factors
that contribute to the development of an effective approach to the art of trou-
bleshooting.

8.13 PSPICE WINDOWS

Voltage-Divider Configuration Using the Software Transistor
Parameters

Now that the basic maneuvers for developing the network on the schematics grid have
been introduced, the current description will concentrate on the variations introduced
by the ac analysis.

Using schematics, the network of Fig. 8.9 (Example 8.2) is developed as shown
in Fig. 8.56. Note the ac source of 1 mV and the printer symbol at the output termi-
nal of the network.

The sinusoidal ac source is listed in the SOURCE.slb library as VSIN. Once

8.13 PSpice Windows
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.
Voo —22v RC = 6.8k AC=0k
R1 § 56k MAG=0k
PHASE=0k
= C i 2.624v
[}l -
‘ 10uF

+
vs(")mv  R2Z a2
~ Figure 8.56 Using PSpice Win-
dows to analyze the network of
Figure 8.9 (Example 8.2).

placed on the diagram, double-clicking the symbol will result in the PartName: VSIN
dialog box with a list of options. Each choice can be made by double-clicking the de-
sired quantity, which will then appear in the Name and Value rectangles at the top
of the box. The cursor appears in the Value box, and the desired value can be en-
tered. After each entry, be sure to Save Attr to save the entered attribute. If done prop-
erly, the assigned value will appear in the listing.

For our analysis, the following choices will be made:

VAMPL = 1mV (the peak value of the sinusoidal signal).
FREQ = 10kHz (the frequency of interest).

PHASE = 0 (no initial phase angle for the sinusoidal signal).
VOFF = 0 (no dc offset voltage for the sinusoidal signal).
AC = ImV.

If you want to display the value of the ac signal, simply click on Change Dis-
play after saving the attribute. For instance, if AC = 1mV was just saved and Change
Display was chosen, a Change Attribute dialog box would appear. Since AC is the
name and 1mV the value, choose Value Only, and only the ImV will be displayed
after the sequence OK-OK.

The printer symbol on the collector of the transistor is listed as VPRINT1 under
the SPECIAL.slb library. When placed on the schematic, it dictates that the ac volt-
age at that point will be printed in the output file (*.out). Double-clicking on the
printer symbol will result in a PRINT1 dialog box, within which the following choices
should be made:

AC = ok.
MAG = ok.
PHASE = ok.

After each entry, be sure to Save Attr or the computer will remind you. The above
choices can be listed next to the printer symbol on the schematic by simply clicking
the Change Display option and choosing the Display Value and Name for each item.

The transistor is obtained through the sequence Get New Part icon-Libraries-
EVAL.sIb-Q2N2222-OK-Place & Close. Since we will want the parameters of the
transistor to match those of the example as closely as possible, one must first click
on the transistor to put it in the active mode (red) and then choose Edit-Model-Edit
Instance Model (Text). Next, the beta (Bf) is set to 90 and Is is set to 2E-15A to re-
sult in a base-to-emitter voltage close to 0.7 V. This value of [ is the result of nu-
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merous runs of the network to find that value of /g that provided a level of Vg clos-
est to 0.7 V. For the remainder of this text, however, this chosen level of Ig will re-
main the same. In most cases, it provides the desired results.

VIEWPOINTSs have been inserted to display the three dc voltages of interest.
Since it has been used recently, VIEWPOINT can be found in the scroll listing at
the top right of the menu bar rather than by returning to the library listing.

Choosing the Setup Analysis icon will result in the Analysis Setup dialog box,
in which the AC Sweep must be chosen because of the applied ac source. Clicking
on AC Sweep will result in an AC Sweep and Noise Analysis dialog box, in which
Linear is chosen along with Total Pts: 1, Start Freq: 10kHz, and End Freq: 10kHz.
The result will be an analysis at only one frequency. Our initial interest will simply
be in the magnitude of the quantities of interest and not their shape or appearance.
Therefore, we should turn to Analysis-Probe Setup and choose Do not auto-run
Probe to save time getting to the desired results.

Clicking the Analysis icon will result in a PSpiceAD dialog box that will indi-
cate the AC Analysis is finished. Note also the listing of the frequency applied at the
bottom of the dialog box. Within this box, if we choose File followed by Examine
Output, we will obtain a lengthy listing of input and output data on the analyzed net-
work. Specific headings are duplicated in Fig. 8.57. Under Schematics Netlist, the
nodes assigned to the network are revealed. Note that ground is always defined as the
0 node and the assumed node of higher potential listed first. The transistor is listed
in the order Collector-Base-Emitter. Under BJT MODEL PARAMETERS, the defin-
ing parameters of the device are listed with the set values of /g = 2E-15A and B =
90. Under SMALL-SIGNAL BIAS SOLUTION, the dc levels at the various nodes
are revealed, which compare directly with the VIEWPOINT values. In particular,
note that Vpg is exactly 0.7 V.

The next listing, OPERATING POINT INFORMATION, reveals that even
though beta of the BJT MODEL PARAMETERS listing was set at 90, the operat-
ing conditions of the network resulted in a dc beta of 48.3 and an ac beta of 55. For-
tunately, however, the voltage-divider configuration is less sensitive to changes in beta
in the dc mode, and the dc results are excellent. However, the drop in ac beta had an
effect on the resulting level of V,: 296.1 mV versus the hand-written solution (with
r, = 50 kQ) of 324.3 mV—a 9% difference. The results are certainly close, but prob-
ably not as close as one would like. A closer result (within 7%) could be obtained by
setting all the parameters of the device except /g and beta to zero. However, for the
moment, the impact of the remaining parameters has been demonstrated, and the re-
sults will be accepted as sufficiently close to the hand-written levels. Later in this
chapter, an ac model for the transistor will be introduced with results that will be an
exact match with the hand-written solution. The phase angle is —178° versus the ideal
of —180°—a very close match.

A plot of the output waveform can be obtained using the Probe option. The
sequence Analysis-Probe Setup-Automatically run Probe after simulation-OK
will result in a MicroSim Probe screen when the Analysis icon is chosen. How-
ever, if we follow this procedure without setting the horizontal scale, we will sim-
ply end up with a plot point of 296 mV at a frequency of 10 kHz. The horizontal
scale is set by the sequence Analysis-Setup-Transient with the AC Sweep dis-
abled. Clicking the Transient option will result in a Transient dialog box, in which
a number of choices have to be made based on the waveform to be viewed. The
period of the applied signal of 10 kHz is 0.1 ms = 100 us. The Print Step option
refers to the time interval between printing or plotting the results of the transient
analysis. For our example, we will choose 1 us to provide 100 plot points per cy-
cle. The Final Time is the last instant the network’s response will be determined.
Our choice is 500 us or 0.5 ms to provide five full cycles of the waveform. The
No-Print Delay was chosen as 0 since all the capacitors are essentially short cir-
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SIS CIRCUIT DESCRIPTION
L T e s R e el L

* Schematics Netlist *

v_vl $N_0001 0 22

R_R1 $N_0001 $N_0002 56k

R_R4 $N_0002 0 8.2k

R_R2 $N_0001 $N_0003 6.8k
R_R3 $N_0004 0 1.5k

ccl $N_0004 0 20u

Cc_C2 $N_0005 $N_0002 10u

v_Vv2 $N_0005 0 AC 1m

+SIN 0 1m 10k 0 0 O

. PRINT

+ VM([$N_0003])

+ VP ([$N_0003])

Q Q1 $N_0003 $N_0002 $N_0004 Q2N2222-X

**** RESUMING edcB8a.cir ****

*REH BJT MODEL PARAMETERS
Ak Rk kA Rk kR kA k Ak h ok r ko k ko k ok h ko khk ke hdk ok kkkhkhkdd
Q2N2222-X
NPN
Is 2.000000E-15
BF 90
NF 1
VAF 74.03
IKF .2847
ISE 14.340000E-15
NE 1.307
BR 6.092
NR 1
RB 10
RC 1
CJE  22.010000E-12
MJE .377
cac 7.306000E-12
MJC .3416
TF 411.100000E-12
XTF 3
VTF 1.7
ITF .6
TR 46.910000E-09
XTB o3
Hkkk SMALL SIGNAL BIAS SOLUTION TEMPERATURE =  27.000 DEG C
P R R R R R R R R R R e S e e S S S e 2 S s et )
NODE  VOLTAGE NODE  VOLTAGE NODE  VOLTAGE NODE  VOLTAGE
($N_0001) 22.0000 ($N_0002) 2.6239
($N_0003) 13.4530 ($N_0004) 1.9244

($N_0005) 0.0000

VOLTAGE SOURCE CURRENTS
NAME

CURRENT
v_vli -1.603E-03
V_V2 0.000E+00

TOTAL POWER DISSIPATION 3.53E-02 WATTS
SO OPERATING POINT INFORMATION TEMPERATURE = 27.000 DEG C

dedede e e ek e e e R R R K R K KRR R R R AR AR A A AKX AR RNk R I I AR AR R kR R AR AR AR Ak kA hhh ok kK

**%*%* BIPOLAR JUNCTION TRANSISTORS

NAME Q Q1

MODEL Q2N2222-X

1B 2.60E-05

ic 1.26E-03

VBE 6.99E-01

VBC -1.08E+01

VCE 1.15E+01

BETADC 4.83E+01

aM 4.84E-02

RPI 1.14E+03

RX 1.00E+01

RO 6.75E+04

CBE 5.78E-11

CBC 2.87E-12

cJs 0.00E+00

BETAAC 5.50E+01

CBX 0.00E+00

FT 1.27E+08

Wk AC ANALYSIS TEMPERATURE =  27.000 DEG C

P e e e S 222 22 2SS EEE EE L EE s
FREQ VM ($N_0003) VP ($N_0003) Figure 8.57 Output file for

the network of Figure 8.56.
1.000E+04  2.961E-01 -1.780E+02
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cuits at 10 kHz. If we felt there was a transient phase between energizing the net-
work and reaching a steady-state response, the No-Print Delay could be used to
effectively eliminate this period of time. The last choice of Step Ceiling sets a
maximum time period between response calculations for the system, which we will
set at 1 us. The time between calculations will be adjusted internally by the soft-
ware package to ensure sufficient data at times when the response may change
faster than usual. However, they will never be separated by a time period greater
than that set by the Step Ceiling.

After Simulation, a MicroSim Probe screen will appear showing only the hori-
zontal scale from 0 to 500 us as specified in the Transient dialog box. To obtain a
waveform, one can either choose Trace on the menu bar or the Trace icon (red pat-
tern on a black axis). If the Trace on the menu bar is chosen, one must follow with
Add, and the Add Traces dialog box will appear. Using the icon results in the dia-
log box immediately. Now one must choose the waveform to be displayed from the
list of Simulation Output Variables. Since we want the collector-to-emitter voltage
of the transistor, V(Q1:¢c)—an option under Alias names—will be chosen, followed
by an OK. The result is the waveform of Fig. 8.58, with the waveform riding on the

L3 LBV o o oo
:

|
f
13.6V-
'

|
13.4V4
|

Figure 8.58 Voltage v, for the network of Figure 8.56.

dc level of 13.45 V. The range of the vertical axis was automatically chosen by the
computer. Five full cycles of the output waveform are displayed (as we expected) with
100 data points for each cycle. If you would like to see the data points (as shown in
Fig. 8.58), simply turn to Tools-Options-Probe Options and choose Mark Data
Points. Click OK, and the data points will appear. Using the scale of the graph, the
peak-to-peak value of the curve is approximately 13.76 V — 13.16 V=0.6 V =
600 mV, resulting in a peak value of 300 mV. Since a 1-mV signal was applied, the
gain is 300, or very close to the values displayed above.

If a comparison is to be made between the input and output voltages on the same
graph, the Add Y-Axis option under Plot can be chosen. After it is triggered, choose
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1 13.8V} Py
13.6V
13.4V
13.2V -0.5mVT
13.0V =1.0mV 4 ---mmmmmmm e e Mo Foccoommssm o Goocooosooooboog Fooccococsooo

Os 100us
o V(Ql:c) [2] ® V(Vs:+)

Figure 8.59 The voltages v, and v; for the network of Figure 8.56.

the Add Trace icon and select V(Vs:+). The result is that both waveforms will ap-
pear on the same screen, each with their own vertical scale. Labels can be added to
the waveforms as shown in Fig. 8.59 using Tools-Label-Text. A Text Label dialog
box will appear, in which the desired text can be entered. Click OK, and it can be
placed with the mouse in any location on the graph. Lines can also be added with
Tools-Label-Line. A pencil will appear, which can be used to draw the line with a
left-click at the starting point and another click when the line is in place. Each plot

Figure 8.60 Two separate plots of v, and v, in Figure 8.56.
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can be printed with File-Print-Copies-OK.

If two separate graphs are preferred, we can choose the Plot option and select
Add Plot after V has been displayed. Upon selection, another graph will appear, wait-
ing for the next choice. The sequence Trace-Add-V(Vs:+) will then result in the graphs
of Fig. 8.60. The labels Vs and V¢ were added using the Tools option. If further op-
erations are to be performed on either graph, the SEL’+ defines the active plot.

The last waveform of this section will demonstrate the use of the Cursor option
that can be called up using the Tools menu choice or the Cursor Point icon (having
a graph with an arrow drawn from the graph to the vertical axis). The sequence Tools-
Cursor-Display will result in a line at the dc level of 13.453 V, as shown in the di-
alog box at the bottom right of the graph of Fig. 8.61. Left-clicking on the mouse
once will result in a horizontal and vertical line intersecting at some point on the
curve. By clicking on the vertical line and holding it down, the vertical line and cor-
responding horizontal line (on the graph) can be moved across the waveform. At each
point, the vertical and horizontal intersections will appear in the dialog box. If moved
to the first peak value, A1 will be at 13.754 V and 74.825 us. By right-clicking
on the mouse, a second intersection, defined by A2, appears, which also has its loca-
tion registered in the dialog box. These intersecting lines are moved by holding down

* C:\MSimEv_8\Projects\edc8a.sch
Date/Time run: 11/21/97 19:30:24 Temperature: 27.0

(A) edc8a

{Biv(Ql:c)

Time

A1l:(74.825u,13.754) A2:(125.175u,13.162) DIFF(A):(-50.350u,591.999m)

Figure 8.61 Demonstrating the use of cursors to read specific points on a plot.

the right side of the mouse. The remaining information on the third line of the box
is the difference between the two intersections on the two axis. If A2 is set at the
bottom of the waveform as shown in Fig. 8.61, it will read 13.162 V at 125.17 us,
resulting in a difference between the two of 591.999 mV, or 0.592 V vertically and
50.35 ws horizontally. This is as expected, because the peak-to-peak value matches
the 2 X 0.296 V = 0.592 V obtained earlier. The time interval is essentially 1/4 of
the total period (200 ws) of the waveform. The labels A1 and A2 were added using
the Tools-Label-Text sequence or the ABC text icon.

The peak and minimum values for the graph of Fig. 8.61 can also be found us-
ing the icons appearing in the top right region of the menu bar. Once the desired wave-
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form is obtained and the sequence Tools-Cursor-Display applied or the Toggle cur-
sor icon (the icon in the center region of the menu bar with the black dashed axis and
red curve passing through the origin) is chosen, the six icons to the right of the Tog-
gle cursor icon will change to a color pattern indicating they are ready for use. Click-
ing on the icon with the intersection at the top will automatically place the A1l inter-
section at the top of the curve. Clicking the next icon to the right will place the
intersection at the bottom (trough) of the curve. The next icon will place the intersec-

e B c B GAIN=j C

————+o o—"A\ANN— ———o F1 ,—o

pr. pr.

<D T llb Q B, — L) @m

i |

E

Figure 8.62 Using a controlled source to represent the transistor of Figure 8.56.

tion at the steepest slope and the next at the minimum value (matching the trough value).

Voltage-Divider Configuration—Controlled Source Substitution

The results obtained for any analysis using the transistors provided in the software
package will always be different from those obtained with an equivalent model that
only includes the effect of beta and r,. This was demonstrated for the network of Fig.
8.56. If a solution is desired that is limited to the approximate model, then the tran-
sistor must be represented by a model such as appearing in Fig. 8.62.

For Example 8.2, B is 90, with Br, = 1.66 k(). The current controlled current
source (CCCS) is found in the ANALOG:.slb library as Part F. When you click on
F, the Description above will read Current-controlled current source. After OK-
Place & Close, the graphical symbol for the CCCS will appear on the screen as
shown in Fig. 8.63. Since Br, does not appear within the basic structure of the CCCS,
it must be added in series with the controlling current indicated by the arrow on the

il l
Voo —= "
22V R T RC é

58k 6.8k
- AC=0nk
GAIN=9( ., MAG= ok
C beta—-re  F1 1" PHASE=ok
| A
10UF 1.66k
e Ro
= ’9 8.2k %R‘E CE
TS T [1.5k 20uF

Figure 8.63 Substituting the controlled source of Figure 8.62 for the transistor
of Figure 8.56.
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§ 8.2 Common-Emitter Fixed-Bias Configuration

1. For the network of Fig. 8.64:
(a) Determine Z; and Z,.
(b) Find 4, and 4;.
(¢) Repeat part (a) with r, = 20 k().
(d) Repeat part (b) with r, = 20 k().

12V

2.2 kQ

§ 220 kQ LA

B
Vo— Z,
I N B=e60
—_ r, =40 kQ
Z;
= Figure 8.64 Problems 1 and 21

2. For the network of Fig. 8.65, determine V- for a voltage gain of 4, = —200.

7
L((

4.7kQ

- Figure 8.65 Problem 2

* 3, For the network of Fig. 8.66:
(a) Calculate Iz, Ic, and r,.
(b) Determine Z; and Z,.
(c) Calculate 4, and 4,.
(d) Determine the effect of , = 30 kQ on 4, and 4,.

10V
43kQ
1 I,
Hge—e.
-
V,0—) Z,
- A B=100
' 390 kQ r,=60kQ
-
Z/ ——
+10V ) Figure 8.66 Problem 3

Problems

i
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§ 8.3 Voltage-Divider Bias

4. For the network of Fig. 8.67:
(a) Determine 7.
(b) Calculate Z; and Z,,.
(c) Find 4, and 4,.
(d) Repeat parts (b) and (¢) with r, = 25 k(.

Vee =16V

§39kQ

N

ile

5. Determine V¢ for the network of Fig. 8.68 if 4
6. For the network of Fig. 8.69:

(a) Determine r,.

(b) Calculate V3 and V.

(c) Determine Z; and 4, = V,/V;.

g 4.7kQ
Z

Figure 8.67 Problem 4

Vee =20V

Figure 8.69 Problem 6

§ 8.4 CE Emitter-Bias Configuration

7. For the network of Fig. 8.70:
(a) Determine r..
(b) Find Z; and Z,.
(c) Calculate 4, and 4,.
(d) Repeat parts (b) and (c) with r, = 20 k().
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33kQ
gsz kQ
ST
Cc
Vi o—)— B=100
Ce A r,=oQ
§5.6 kQ

o

-II—)

Figure 8.68 Problem 5

, = —160 and r, = 100 kQ.

Figure 8.70 Problems 7 and 9



8. For the network of Fig. 8.71, determine R; and Ry if 4, = —10 and r, = 3.8 (). Assume that

Z, = BR,.

9. Repeat Problem 7 with R bypassed. Compare results.

* 10, For the network of Fig. 8.72:
(a) Determine 7.
(b) Find Z; and 4,.
(c) Calculate A4;.

20V

R

Figure 8.71 Problem 8

§ 8.5 Emitter-Follower Configuration

11. For the network of Fig. 8.73:
(a) Determine r, and Br.,.
(b) Find Z; and Z,.
(c) Calculate 4, and 4,.
% 12. For the network of Fig. 8.74:
(a) Determine Z; and Z,.
(b) Find 4,.

8.2 kQ

B=120
r, =80 kQ

E

(c) Calculate V, if V; =1 mV.

16V

270 kQ

o—) )
—_— r
1;

—

Z

Figure 8.73 Problem 11

Figure 8.72 Problem 10

12v
[e)
1;
—_—
)| B=120
Vi N r, =40 kQ
-,
s 390 kQ 1 I,
1
S6KQ
Z,
= -8V

Figure 8.74 Problem 12

Problems
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# 13, For the network of Fig. 8.75:
(a) Calculate Iz and /.
(b) Determine r.,.
(c) Determine Z; and Z,,.
(d) Find 4, and 4,.

Vee=20V

1

§56 kQ

Vo A——

$

§ 8.6 Common-Base Configuration

B=200
\ r0=40kQ

kQ

14. For the common-base configuration of Fig. 8.76:

(a) Determine r,.
(b) Find Z; and Z,.
(c) Calculate 4, and 4,.

-10V
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-5V

_“—o v,

8.2 kQ T Lo
2

Figure 8.75 Problem 13

Figure 8.76 Problem 14

Figure 8.77 Problem 15



§ 8.7 Collector Feedback Configuration

16. For the collector FB configuration of Fig. 8.78: 2v
(a) Determine 7. l I
(b) Find Z; and Z,.
(c) Calculate 4, and 4;. 3.9kQ
220 kQ
— .
V4
Vi o—’ o
— A B=120
ki r, =40 kQ
—
7z
Figure 8.78 Problem 16 ' =

* 17, Given r, = 10 Q, B = 200, 4, = —160, and 4; = 19 for the network of Fig. 8.79, determine
RC, RF, and Vcc.

Ry

Figure 8.79 Problem 17

* 18. For the network of Fig. 8.30:
(a) Derive the approximate equation for A,.
(b) Derive the approximate equation for 4,.
(c) Derive the approximate equations for Z; and Z,.
(d) Given R =2.2kQ, Rr= 120 kQ, Rz = 1.2 kQ, B =90, and V¢ = 10V, calculate the
magnitudes of 4,, 4,, Z;, and Z, using the equations of parts (a) through (c).

§ 8.8 Collector DC Feedback Configuration

19. For the network of Fig. 8.80:
(a) Determine Z; and Z,.
(b) Find 4, and 4,.

9V
}
1.8 kQ
39 kQ 22 kQ
——
10 UF I RE
1
1 =
—
l B=80
Vo—)— r,=45kQ
1 uF A
—
Z/
- Figure 8.80 Problem 19

Problems
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§ 8.9 Approximate Hybrid Equivalent Circuit

20. (a) Given B =120, r, = 4.5 Q, and r, = 40 k{), sketch the approximate hybrid equivalent

circuit.

(b) Given h;, = 1 kQ, h,, = 2X 1074, hg = 90, and h,. = 20 uS, sketch the r, model.

21. For the network of Problem 1:
(a) Determine 7.
(b) Find £y and A;,.

(¢) Find Z; and Z, using the hybrid parameters.

(d) Calculate 4, and A4; using the hybrid parameters.

(e) Determine Z; and Z, if h,, = 50 uS.

(f) Determine A4, and 4; if h,, = 50 uS.

(g) Compare the solutions above with those of Problem 1. (Note: The solutions are available

in Appendix E if Problem 1 was not performed.)

22. For the network of Fig. 8.81:
(a) Determine Z; and Z,.

(b) Calculate 4, and A4;.

(¢) Determine r, and compare Br, to A;.

Problems 22 and 24

“+o

I I\
— MM =180
n ~~ ¢
S AL 7 he=275kQ
hye=251S
— § 12 kQ
Z; §1.2 kQ =< 10uF
';' Figure 8.81
% 23. For the common-base network of Fig. 8.82:
(a) Determine Z; and Z,.
(b) Calculate 4, and A4;.
(c) Determine «, B, r., and r,,.
hyy=—0.992
By =9.45 Q
, hyy=1 LAV
i
| T
+ 10 pF L Lo 10 pE
1.2kQ 2.7kQ
Vi
z T 4v _‘, v 4
> . .
Figure 8.82 Problem 23
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§ 8.10 Complete Hybrid Equivalent Model

# 24, Repeat parts (a) and (b) of Problem 22 with /,, = 2 X 10~ * and compare results.

% 25, For the network of Fig. 8.83, determine:
(a) Z.
(b) 4,.
(c) 4;=1,/1.
d) Z,.

20V

I ,
1€ oV,
1kQ . H

hy, = 140
¢ e 7 hy, = 0.86 kQ
5 UF A 0
H ) h,=15x107*
. hye=25US
1.2kQ

4
10 uF
—
I

+
Vs

Figure 8.83 Problem 25

* 26. For the common-base amplifier of Fig. 8.84, determine:

(@) Z
(b) 4,
(©) 4,
) Z,
By =9.45 Q
hyy=—0.997
I, =0.5 WA/V
By =1x 107
1
0.6 kQ Ly
A . ;
5 uF + \. 5 UF +
+
1.2kQ 22kQ
V.) — I/ - ln
A Z Z,
_ 4v 14V
| 1 .

Figure 8.84 Problem 26

§ 8.12 Troubleshooting

# 27, Given the network of Fig. 8.85:
(a) Determine if the system is operating properly based on the voltage-divider bias levels and
expected waveforms for v, and vg.
(b) Determine the reason for the dc levels obtained and why the waveform for v, was obtained.

Problems 399



400

B

Vee=14V

Rc g 2.2kQ v, (V)

|||—

Figure 8.85 Problem 27

§ 8.13 PSpice Windows

28. Using PSpice Windows, determine the gain for the network of Fig. 8.6. Use Probe to display
the input and output waveforms.

29. Using PSpice Windows, determine the gain for the network of Fig. 8.13. Use Probe to display
the input and output waveforms.

30. Using PSpice Windows, determine the gain for the network of Fig. 8.25. Use Probe to display
the input and output waveforms.

“Please Note: Asterisks indicate more difficult problems.
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FET Small-Signal
Analysis

—
Em

CHAPTER

9.1 INTRODUCTION

Field-effect transistor amplifiers provide an excellent voltage gain with the added fea-
ture of a high input impedance. They are also considered low-power consumption
configurations with good frequency range and minimal size and weight. Both JFET
and depletion MOSFET devices can be used to design amplifiers having similar volt-
age gains. The depletion MOSFET circuit, however, has a much higher input imped-
ance than a similar JFET configuration.

While a BJT device controls a large output (collector) current by means of a rel-
atively small input (base) current, the FET device controls an output (drain) current
by means of a small input (gate-voltage) voltage. In general, therefore, the BJT is a
current-controlled device and the FET is a voltage-controlled device. In both cases,
however, note that the output current is the controlled variable. Because of the high
input characteristic of FETs, the ac equivalent model is somewhat simpler than that
employed for BJTs. While the BJT had an amplification factor B8 (beta), the FET has
a transconductance factor, g,,.

The FET can be used as a linear amplifier or as a digital device in logic circuits.
In fact, the enhancement MOSFET is quite popular in digital circuitry, especially in
CMOS circuits that require very low power consumption. FET devices are also widely
used in high-frequency applications and in buffering (interfacing) applications. Table
9.1, located at the end of the chapter, provides a summary of FET small-signal am-
plifier circuits and related formulas.

While the common-source configuration is the most popular providing an inverted,
amplified signal, one also finds common-drain (source-follower) circuits providing
unity gain with no inversion and common-gate circuits providing gain with no inver-
sion. As with BJT amplifiers, the important circuit features described in this chapter
include voltage gain, input impedance, and output impedance. Due to the very high
input impedance, the input current is generally assumed to be 0 nA and the current
gain is an undefined quantity. While the voltage gain of an FET amplifier is gener-
ally less than that obtained using a BJT amplifier, the FET amplifier provides a much
higher input impedance than that of a BJT configuration. Output impedance values
are comparable for both BJT and FET circuits.

FET ac amplifier networks can also be analyzed using computer software. Using
PSpice, one can perform a dc analysis to obtain the circuit bias conditions and an ac
analysis to determine the small-signal voltage gain. Using PSpice transistor models,
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one can analyze the circuit using specific transistor models. On the other hand, one
can develop a program using a language such as BASIC that can perform both the dc
and ac analyses and provide the results in a very special format.

9.2 FET SMALL-SIGNAL MODEFEL

The ac analysis of an FET configuration requires that a small-signal ac model for the
FET be developed. A major component of the ac model will reflect the fact that an
ac voltage applied to the input gate-to-source terminals will control the level of cur-
rent from drain to source.
The gate-to-source voltage controls the drain-to-source (channel) current of an
FET.

Recall from Chapter 6 that a dc gate-to-source voltage controlled the level
of dc drain current through a relationship known as Shockley’s equation: I, =
Ipss(1 — Vs/Vp)?. The change in collector current that will result from a change
in gate-to-source voltage can be determined using the transconductance factor g,
in the following manner:

Alp = Em AVgs 9.1

The prefix trans- in the terminology applied to g,, reveals that it establishes a re-
lationship between an output and input quantity. The root word conductance was cho-
sen because g,, is determined by a voltage-to-current ratio similar to the ratio that de-
fines the conductance of a resistor G = 1/R = I/V.

Solving for g, in Eq. (9.1), we have:

Alp

=—= 9.2
AVGS ( )

Em

Graphical Determination of g,

If we now examine the transfer characteristics of Fig. 9.1, we find that g,, is actually
the slope of the characteristics at the point of operation. That is,

Ay _ Alp

=2 9.3
Av  AVes ©-3)

Em =M

Following the curvature of the transfer characteristics, it is reasonably clear that
the slope and, therefore, g,, increase as we progress from Vp to Ipgs. Or, in other
words, as Vs approaches 0 V, the magnitude of g, increases.

Alp

4 IDSS

Al .
gy = FGS (= Slope at Q-point)

> Figure 9.1 Definition of g,
Vp 0 Vos using transfer characteristic.

Chapter 9 FET Small-Signal Analysis



Equation (9.2) reveals that g,, can be determined at any Q-point on the transfer
characteristics by simply choosing a finite increment in Vg (or in /p) about the
Q-point and then finding the corresponding change in I, (or Vg, respectively). The
resulting changes in each quantity are then substituted in Eq. (9.2) to determine g,,,.

o
Sm

Determine the magnitude of g, for a JFET with Igg = 8 mA and Vp = —4 V at the
following dc bias points:

(a) VGS =—-05V.

) Vgs=—1.5W.

) Vgs= —25V.

Solution

The transfer characteristics are generated as Fig. 9.2 using the procedure defined in
Chapter 6. Each operating point is then identified and a tangent line is drawn at each
point to best reflect the slope of the transfer curve in this region. An appropriate in-
crement is then chosen for Vg to reflect a variation to either side of each Q-point.
Equation (9.2) is then applied to determine g,,,.

A, _2.1mA
= = —35mS
@ &n = =06V m
A, _ 18 mA
b = = = 2.57 mS
®) &n =2y = 0av m
- - ~ 1.5 mS
© &=y "= Tov m

Note the decrease in g, as Vg approaches Vp.

AI, (mA)

gnat=05V 6 ¢ 2.1 mA

I,=8 A(l Vs )2
= m —
D=3 v

-4 -3 -2 -1 0 Vs (V)
Vp - Figure 9.2 Calculating g, at
JKIAY various bias points.

Mathematical Definition of g,

The graphical procedure just described is limited by the accuracy of the transfer plot
and the care with which the changes in each quantity can be determined. Naturally,
the larger the graph the better the accuracy, but this can then become a cumbersome

9.2 FET Small-Signal Model
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problem. An alternative approach to determining g,, employs the approach used to
find the ac resistance of a diode in Chapter 1, where it was stated that:
The derivative of a function at a point is equal to the slope of the tangent line
drawn at that point.

If we therefore take the derivative of I, with respect to V¢ (differential calculus) us-
ing Shockley’s equation, an equation for g,, can be derived as follows:

o = Alb|  _dy|  _ d [1 (1 - VGSﬂ
" AVeslop  dVeslop.  dVas oS Vp
d Vas '\ Vas| d [ Vas
= Ipss—o—(1 - 2G8) = 27,001 — 1 -
DSSdVGS< Vp ) P e Javes\ Ve
VGS d 1 dVGS VGS 1
=21 1 ——=—0)———2| =21 SENRACAN | ) J—
DSS[ Vp }[d VGS( Ve dVgs oS Vp Vp
21DSS|: VGS}
and = 2pss| | Vas 9.4
7] oD

where |Vp| denotes magnitude only to ensure a positive value for g,,.

It was mentioned earlier that the slope of the transfer curve is a maximum at
Ves = 0 V. Plugging in Vg = 0V into Eq. (9.4) will result in the following equation
for the maximum value of g,, for a JFET in which /pgs and Vp have been specified:

_ 21DSS|: 0 j|
= sy~ 9
&y Ve
21
and gm0 = S8 9.5)
P

where the added subscript 0 reminds us that it is the value of g,, when Vg =0 V.
Equation (9.4) then becomes

Ve

404

EXAMPLE 9.2

For the JFET having the transfer characteristics of Example 9.1:

(a) Find the maximum value of g,,,.

(b) Find the value of g,, at each operating point of Example 9.1 using Eq. (9.6) and
compare with the graphical results.

Solution

@) gmo = 2Upss _ 28 mA) _ 4 mS (maximum possible value of g,,)
V| 4V

&m = gm0|: - @} =4 mS{l ~ =03 V} =3.5mS (versus 3.5 mS
& 4V graphically)

Chapter 9 FET Small-Signal Analysis



o
Sm

At VGS =-—15 V,

&n = gm0|: - h} =4 mS{l S V} =2.5mS (versus 2.57 mS
& —4v graphically)
At VGS =-=-25 V,

&n = gm0|: - @} =4 mS{l - _Z'SV] =15mS (versus 1.5 mS
& 4V graphically)

The results of Example 9.2 are certainly sufficiently close to validate Eq. (9.4)
through (9.6) for future use when g, is required.

On specification sheets, g, is provided as y, where y indicates it is part of an ad-
mittance equivalent circuit. The f signifies forward transfer parameter, and the s re-
veals that it is connected to the source terminal.

In equation form,

For the JFET of Fig. 5.18, y; ranges from 1000 to 5000 uS or 1 to 5 mS.

Plotting g,, vs. Vgs

Since the factor < — %) of Eq. (9.6) is less than 1 for any value of Vg other than
P

0 V, the magnitude of g,, will decrease as Vg approaches Vp and the ratio Yas

P
increases in magnitude. At Vs = Vp, g, = €,0(1 — 1) = 0. Equation (9.6) defines a

straight line with a minimum value of 0 and a maximum value of g,, as shown by the
plot of Fig. 9.3.

A8 (S)

» Emo

. 8Emo

0 Vos (V)
Figure 9.3  Plot of g, vs. Vgs.

Figure 9.3 also reveals that when Vg is one-half the pinch-off value, g,, will be
one-half the maximum value.

Plot g,, vs. Vs for the JFET of examples 9.1 and 9.2. EXAMPLE 9.3
Solution
Note Fig. 9.4.

9.2 FET Small-Signal Model 405



Agn (S)

» 4 mS

2 mS

Figure 9.4 Plot of g, vs. Vs for

> a JFET with Ipss = 8 mA and
0 Vs yi- gy

Impact of I, on g,

A mathematical relationship between g, and the dc bias current 7, can be derived by
noting that Shockley’s equation can be written in the following form:

Vis _ Ip

VP IDSS

1— (9.8)

Substituting Eq. (9.8) into Eq. (9.6) will result in

Vgs | Ip
= = =5 = —= 9.9
Em ng( VP ) &mo IDSS ( )

Using Eq. (9.9) to determine g,, for a few specific values of /p, the results are

(a) If Ip = Ipgs,

1
Em = &mo IDSS = 8mo
DSS

[Ipss/2
Em = 8mo LI)SS = 0'707ng
DSS
[Ihsdd g,
Em = &mo D53 = o = O'ng()
Ipss 2

(b) If Ip = Ipsg/2,

(C) IfID = IDSS/45

406

EXAMPLE 9.4

Plot g, vs. I for the JFET of Examples 9.1 through 9.3.

Solution

See Fig. 9.5.

Chapter 9 FET Small-Signal Analysis
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4 mS
A ST
|
|
3ig 28mS 1
| |
L 2mS 1 |
2 | | |
I I I
| | |
1+ | | |
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| | |
[N AR N R RN NN N RN B B
0 1 2 3 4 5 6 7 8 9 10 I,(mA)
Ipss Ipss Ipss
4 2

Figure 9.5 Plot of g, vs. I, for a JFET with Ipss = 8 mA and Vs = —4 V.

The plots of Examples 9.3 and 9.4 clearly reveal that the highest values of g,, are
obtained when Vg approaches 0 V and I, its maximum value of /pgs.
FET Input Impedance Z;

The input impedance of all commercially available FETs is sufficiently large to as-
sume that the input terminals approximate an open circuit. In equation form,

Z, (FET) =  Q (9.10)

For a JFET a practical value of 10° ) (1000 MQ) is typical, while a value of 10'*
to 10" Q is typical for MOSFETs.

FET Output Impedance Z,

The output impedance of FETs is similar in magnitude to that of conventional BJTs.
On FET specification sheets, the output impedance will typically appear as y,, with
the units of uS. The parameter y,,, is a component of an admittance equivalent cir-
cuit, with the subscript o signifying an output network parameter and s the terminal
(source) to which it is attached in the model. For the JFET of Fig. 5.18, y,, has a
range of 10 to 50 wS or 20 kQ (R =1/G = 1/50 wS) to 100 kQ) (R=1/G =
1/10 uS).
In equation form,

Z, (FET) = r, = - (9.11)

os

The output impedance is defined on the characteristics of Fig. 9.6 as the slope of
the horizontal characteristic curve at the point of operation. The more horizontal the
curve, the greater the output impedance. If perfectly horizontal, the ideal situation is
on hand with the output impedance being infinite (an open circuit)—an often applied
approximation.

In equation form,

(9.12)

AID V s=constant

9.2 FET Small-Signal Model
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I (mA)
Vgs=0V
AVpg
= Vg = constant at —1 V/
g AID GS
\ Vos Q-point v
— ]
< » D AL
AVpg
-2V
0 Vps (V)

Figure 9.6  Definition of r,; using FET drain characteristics.

Note the requirement when applying Eq. (9.12) that the voltage Vg remain constant
when r,; is determined. This is accomplished by drawing a straight line approximat-
ing the Vg line at the point of operation. A AV or Al is then chosen and the other
quantity measured off for use in the equation.

EXAMPLE 9.5 Determine the output impedance for the FET of Fig. 9.7 for Vg =0V and Vg =
—2V at VDS =8V

I, (mA)
8 . Ves=0V
. v ’\A1D=0,2mA
AVps=5V
Vs =—1V
- Vs =-2V
v j\AI[,:O,lmA
AVps =8V
Vs =—3V
L1001 1 177 Ves==4V
6 7 8 9 10 11 12 13 14 Vs (V)

Figure 9.7 Drain characteristics used to calculate r, in Example 9.5.

Solution

For Vs = 0V, a tangent line is drawn and AV is chosen as 5V, resulting in a A/,
of 0.2 mA. Substituting into Eq. (9.12),

AV _ 5V
Alp |y oy 02mA

=25 kQ

For Vs = —2 'V, a tangent line is drawn and AV is chosen as 8 V, resulting in a
Al of 0.1 mA. Substituting into Eq. (9.12),

408 Chapter 9 FET Small-Signal Analysis



_ AVps __8V

re= = = 80 kQ
Alp |y - 5y 0.1 mA

revealing that r; does change from one operating region to another, with lower val-
ues typically occurring at lower levels of Vg (closer to 0 V).

FET AC Equivalent Circuit

Now that the important parameters of an ac equivalent circuit have been introduced
and discussed, a model for the FET transistor in the ac domain can be constructed.
The control of 1, by V,, is included as a current source g, V,, connected from drain
to source as shown in Fig. 9.8. The current source has its arrow pointing from drain
to source to establish a 180° phase shift between output and input voltages as will
occur in actual operation.

Go—o oD

Vgs ; &Em Vgs § ]

Figure 9.8 FET ac equivalent circuit.

The input impedance is represented by the open circuit at the input terminals and
the output impedance by the resistor r, from drain to source. Note that the gate to
source voltage is now represented by V,, (lower-case subscripts) to distinguish it from
dc levels. In addition, take note of the fact that the source is common to both input
and output circuits while the gate and drain terminals are only in “touch” through the
controlled current source g,,Ves.

In situations where r, is ignored (assumed sufficiently large to other elements of
the network to be approximated by an open circuit), the equivalent circuit is simply
a current source whose magnitude is controlled by the signal V,, and parameter g,,—
clearly a voltage-controlled device.

o
Sm

Given y; = 3.8 mS and y,, = 20 uS, sketch the FET ac equivalent model.

Solution
[E— 1
Yos 20 S

resulting in the ac equivalent model of Fig. 9.9.

gn=Ys=38mS and r;= = 50 kQ

G o oD

+ O

v ; 3.8% 103 V), 50 kQ

AN

So oS5

Figure 9.9 FET ac equivalent model for Example 9.6.

9.2 FET Small-Signal Model
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9.3 JFET FIXED-BIAS CONFIGURATION

Now that the FET equivalent circuit has been defined, a number of fundamental FET
small-signal configurations will be investigated. The approach will parallel the ac
analysis of BJT amplifiers with a determination of the important parameters of Z;, Z,,
and 4, for each configuration.

The fixed-bias configuration of Fig. 9.10 includes the coupling capacitors C; and
C, that isolate the dc biasing arrangement from the applied signal and load; they act
as short-circuit equivalents for the ac analysis.

+Vpp

Figure 9.10 JFET fixed-bias configuration.

Once the level of g, and r,; are determined from the dc biasing arrangement, spec-
ification sheet, or characteristics, the ac equivalent model can be substituted between
the appropriate terminals as shown in Fig. 9.11. Note that both capacitors have the
short-circuit equivalent because the reactance X = 1/(27fC) is sufficiently small com-
pared to other impedance levels of the network, and the dc batteries Vi and Vpp are
set to zero volts by a short-circuit equivalent.

XCIzOQ XCZzOQ
G D
Vo oV,
— R R
7 G ; 8m Vg.s § Iy D -

' Z,
Battery Vg — Battery Vpp
replaced by S replaced by

short short

Figure 9.11  Substituting the JFET ac equivalent circuit unit into the network of Fig. 9.10.

The network of Fig. 9.11 is then carefully redrawn as shown in Fig. 9.12. Note
the defined polarity of V,,, which defines the direction of g, V,,. If V,, is negative,
the direction of the current source reverses. The applied signal is represented by V;
and the output signal across Ry by V,,.

Z;: Figure 9.12 clearly reveals that

Z, =R, (9.13)

because of the open-circuit equivalence at the input terminals of the JFET.

Chapter 9 FET Small-Signal Analysis



o— ¢ o
+ + +
—_— -

Z,
V; 4 § RG Vgs * nggs § Ta g RD c ) 0
— —|s —
O O

Figure 9.12 Redrawn network of Fig. 9.11.

Z,: Setting V; = 0V as required by the definition of Z, will establish V,, as 0
V also. The result is g, V,, = 0 mA, and the current source can be replaced by an
open-circuit equivalent as shown in Fig. 9.13. The output impedance is

Z, = Rp|ra (9.14)

If the resistance r, is sufficiently large (at least 10:1) compared to Rp, the approxi-
mation 74|Rp = R, can often be applied and

Z,=R, (9.15)
ry=10R,
! °P
<
nggs =0mA § ra g RD Z,
f 0§ Figure 9.13 Determining Z,.

A,: Solving for V, in Fig. 9.12, we find
Vo = _nggs(rd“RD)

but Ves = Vi
and V, = —g.VirdlRp)
so that
e
4,= 2 = =g,(rallRp) 9.16)

If ry = IORD:

4, = % = —g,Rp (9.17)

! ra=10Rp

Phase Relationship: The negative sign in the resulting equation for 4, clearly re-
veals a phase shift of 180° between input and output voltages.

9.3 JFET Fixed-Bias Configuration
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EXAMPLE 9.7

The fixed-bias configuration of Example 6.1 had an operating point defined by Vs,
= =2V and Ip, = 5.625 mA, with Ipgy = 10 mA and Vp = —8 V. The network is
redrawn as Fig. 9.14 with an applied signal V;. The value of y, is provided as 40 uS.
(a) Determine g,,,.

(b) Find r,.

(c) Determine Z,.

(d) Calculate Z,.

(e) Determine the voltage gain 4,.

(f) Determine 4, ignoring the effects of r,.

20V
2kQ
D CI(Z
el +

G Ipgs=10 mA
+ ) Vp=-8V

1 MQ S -
V. _> Zn

1 Z/,
_|_ 2V

O O

Figure 9.14 JFET configuration for Example 9.7.

Solution

() g, = 2oss _ 200mA)

Vel 8V

=2.5mS

y, _
g, =gl — 22 =25ms(1 - T2V~ 188 ms
Ve (=8V)

1 1
b = — =
()rd Vs 40/-LS

(©) Z;=Rs =1 MQ
(d) Z, = Rp|lrs = 2 kQ|25 kQ = 1.85 kQ
© A, = ~gu(Rplra) = —(1.88 mS)(1.85 k)
= —3.48
® 4,=—g,Rp=—(1.88 mS)(2 k) = —3.76
As demonstrated in part (f), a ratio of 25 k€):2 kQ) = 12.5:1 between r, and Ry
resulted in a difference of 8% in solution.

=25 kQ

9.4 JFET SELF-BIAS CONFIGURATION

Bypassed Rg

The fixed-bias configuration has the distinct disadvantage of requiring two dc volt-
age sources. The self-bias configuration of Fig. 9.15 requires only one dc supply to
establish the desired operating point.

Chapter 9 FET Small-Signal Analysis
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p
Vi o—) G
S P
——
Z

' z,
Rg
Rg Cs

Figure 9.15  Self-bias JFET configuration.

The capacitor Cg across the source resistance assumes its short-circuit equivalence
for dc, allowing Ry to define the operating point. Under ac conditions, the capacitor
assumes the short-circuit state and “short circuits” the effects of Rg. If left in the ac,
gain will be reduced as will be shown in the paragraphs to follow.

The JFET equivalent circuit is established in Fig. 9.16 and carefully redrawn in
Fig. 9.17.

X, =0Q Xc,=0Q

; &m Vgs § ry

Rgbypassed

S
- by X

Figure 9.16 Network of Fig. 9.15 following the substitution of the JFET ac equivalent circuit.

G D
Lo — )
+ + +
—— -

Z Zy
v § Rg Vgs * Em Vgs § ] § Rp v,
— — s —
O O

-

Figure 9.17 Redrawn network of Fig. 9.16.

Since the resulting configuration is the same as appearing in Fig. 9.12, the re-
sulting equations Z;, Z,, and A, will be the same.

Z,':

Z, =R, (9.18)

9.4 JFET Self-Bias Configuration 413
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Z,:

Z, = rd||RD (9.19)
If r, = 10Rp,
Z,=R
° 2 | =10r0 (9.20)
A,z
A, = —gu(rdRp) (9.21)
If Iy = IORD,
4, = —guRp (9.22)
ra=10R,,

Phase relationship: The negative sign in the solutions for 4, again indicates a
phase shift of 180° between V; and V,,.

Unbypassed Rg

If Cy is removed from Fig 9.15, the resistor Rg will be part of the ac equivalent cir-
cuit as shown in Fig. 9.18. In this case, there is no obvious way to reduce the net-
work to lower its level of complexity. In determining the levels of Z;, Z,,, and 4,, one
must simply be very careful with notation and defined polarities and direction. Ini-
tially, the resistance r; will be left out of the analysis to form a basis for comparison.

+o
<L
+o

(o)
o

Figure 9.18  Self-bias JFET configuration including the effects of Rg with r; = ().

Z;: Due to the open-circuit condition between the gate and output network, the
input remains the following:

Z,=Rg (9.23)

Z,: The output impedance is defined by

7,
Io Vi=20

Setting ¥; = 0 V in Fig. 9.18 will result in the gate terminal being at ground poten-
tial (0 V). The voltage across Rg is then 0 V, and Rs has been effectively “shorted
out” of the picture.

Chapter 9 FET Small-Signal Analysis
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Applying Kirchhoff’s current law will result in:
10 + ID = 8m VgS

with Ves = —(, + 1,)Rs
so that 1I,+1,=—-g,U,+1)Rs= —g,l,Rs — .l ,Rs
or L[l +g,Rs]l = —1,[1 + g,Rs]
and 1,=—1, (the controlled current source g,,Vy, = 0 A
for the applied conditions)
Since V,=—1,Rp
then V,=—(—1,)Rp = 1,Rp
and Z,= % =Rp (9.24)
rq = =<Q

If r, is included in the network, the equivalent will appear as shown in Fig. 9.19.

a D

o o
+ < 1 +

— ID

Z, -~

ZG
v, §RD v,
_ _  Figure 9.19 Including the
o J_ 5 5 0 effects of r; in the self-bias JFET
= 1,+1, 1, configuration.
. V, 1,
Since Z,=—2 = LR
Ia Vi=0V Io

we should try to find an expression for /, in terms of /,,.
Applying Kirchhoff’s current law:

10 = &m Vgs + Ird - 'ID

but Vi, = Vo Vs
Vo + Vs
and I, =g, Vg + —5 — 1,
Ta
or 1, = <gm + L) Vs — LRy _ 1, using V, = —1,Rp
I I
Now, Vgs =—(,+1,)Rs
so that 10 = _<gm + L)(ID + Io) RS - IDRD - ID
d T'q

with the result that 10[1 + g,R, + &} = —]D{l + g, Rs + Ry + &}

Ta rq  Tq

—10[1 + gnRs + 25 4 R—D]

T'a T'a

or I, = R

1 +ngS + =
rq

9.4 JFET Self-Bias Configuration 415
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Vo

—I.Rp

and Z,=—2%=

Lo —ID<1 + g R+ R
raq

R
+ =D
Tq

|

Rs

1+ngs+_

Tq

I

+ ngS + &:|
Ta

and finally,

Z, =
|:1 I ngS aF

Ry Rp
ra Ya

E

For r; = 10 Rp, (1 + g,Rs + &> >> R—D and 1 + g,,Rg +

ra

=] +ngS+&and
Ta

ra

gy =

Rp

ry = 10R,

Rs | Rp

ra

ra

(9.25a)

(9.25b)

A,: For the network of Fig. 9.19, an application of Kirchhoff’s voltage law on

the input circuit will result in
I/l_ —
V,

g5

Vgs_ VR:O

S

=Vi— IR

The voltage across r; using Kirchhoff’s voltage law is

and r

Vu - VRS
Vo = Vs

Ta

so that an application of Kirchhoff’s current law will result in

Io = nggs +

Substituting for Vg, from above and substituting for V, and Vy, we have

1, = gLV, = LRs] + LRl = o)

Tq

Vo — Vry

_l’_
so that ID{I + g,.Rs + M} =gV
Ya
mVi
or lo= - Rp+ R
1 +ngS+M

The output voltage is then

Tq

RpV;
Vo= —IRp=— S
1+ngs+ D S
ra
R
and Av=%=— e DR TR
! 1+ g,Rg + 2—=5
ra

Chapter 9 FET Small-Signal Analysis
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Again, if r; = 10(Rp + Ry),

R
A, = Yo — __8&nf'p (9.27)
Vi 1+ ngS

rZ10(R), + Ry)

Phase Relationship: The negative sign in Eq. (9.26) again reveals that a 180°
phase shift will exist between V; and V,,.

o
Sm

The self-bias configuration of Example 6.2 has an operating point defined by Vs, =
—2.6 V and Ip, = 2.6 mA, with Ipgg = 8 mA and Vp = —6 V. The network is re-
drawn as Fig. 9.20 with an applied signal V;. The value of y,, is given as 20 uS.

(a) Determine g,,,.

(b) Find r,.

(c) Find Z,.

(d) Calculate Z, with and without the effects of r,. Compare the results.

(e) Calculate 4, with and without the effects of ;. Compare the results.

20V

C2
(—O Ve
Cl
Ipgs=10 mA
Ve To=6v
7 Z
’ 1kQ
= = Figure 9.20 Network for Example 9.8.
Solution
2lpss  2(8 mA)
= = = 2.67 mS
(a) Emo |Vp| 6V m,
Vas, (—2.6V)
m = Zmol 1 — 2)=2.67mS[1 — ———| = 1.51 mS
¢ g“( V,,) m( (—6V)> "
1 1
b =—= =50 kQ
TS
(©) Z;=Rs =1 MQ
(d) With r:
rg = 50kQ > 10 R, = 33 k)
Therefore,
Z,=R;,=33kQ
If Vg = ® Q
Z,=R;,=33kQ
(e) With r:
4 = —&nRp _ —(1.51 mS)(3.3 k)
’ Rp + Rs 33KkQ + 1 kO
1+ + 1+ (1.51 mS)(1 kQ) + ——F——
8mRs » (1.51 mS)(1 kQ) 010
= —1.92

9.4 JFET Self-Bias Configuration

EXAMPLE 9.8
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Figure 9.22  Network of Fig. 9.21 under ac conditions.

418

Without r,:
_ —guwRp  —(1.51 mS)(3.3 kD) _

" 1+g,Rs 1+ (1.51 mS)1 kQ)

—1.98

As above, the effect of r, was minimal because the condition r;, = 10(Rp + Ry)

was satisfied.

Note also that the typical gain of a JFET amplifier is less than that generally en-
countered for BJTs of similar configurations. Keep in mind, however, that Z; is mag-
nitudes greater than the typical Z; of a BJT, which will have a very positive effect on

the overall gain of a system.

9.5 JFET VOLTAGE-DIVIDER
CONFIGURATION

The popular voltage-divider configuration for BJTs can also be applied to JFETSs as
demonstrated in Fig. 9.21.

-II—)

TTEET

Substituting the ac equivalent model for the JFET will result in the configuration
of Fig. 9.22. Replacing the dc supply Vpp by a short-circuit equivalent has grounded
one end of R, and R),. Since each network has a common ground, R, can be brought
down in parallel with R, as shown in Fig. 9.23. R, can also be brought down to ground
but in the output circuit across r,. The resulting ac equivalent network now has the
basic format of some of the networks already analyzed.

Figure 9.21 JFET voltage-divider configuration.

|
.

gm gs

D
’ oV, Vio : ; X x :
e ‘ ——
R - Zr Z“
b Zu Rl RZ ; gm gs Ta RD

Figure 9.23 Redrawn network of Fig. 9.22.

Chapter 9 FET Small-Signal Analysis



Zi: R, and R, are in parallel with the open-circuit equivalence of the JFET re-
sulting in

Z,= Ry|IR; (9.28)

Z,: Setting V; = 0V will set V, and g,,V, to zero and

Zo = rd”RD (929)
For r; = 10Rp,
Zo=Rp (9.30)
ra=10R0
A,z
Ves = Vi
and Vo= —8m Vgs(r d”RD)
— G Vas(rglR
so that a,=Vo = —2nVe(rdIRp)
Z Ve
Vo
and Av = 7 = _gm(rd”RD) (931)
i
If Iy = IORDs
4,=e=—g.Rp 9.32)
Vi
ra=10R,

Note that the equations for Z, and A, are the same as obtained for the fixed-bias
and self-bias (with bypassed Rg) configurations. The only difference is the equation
for Z;, which is now sensitive to the parallel combination of R; and R,.

9.6 JFET SOURCE-FOLLOWER
(COMMON-DRAIN) CONFIGURATION

The JFET equivalent of the BJT emitter-follower configuration is the source-follower
configuration of Fig. 9.24. Note that the output is taken off the source terminal and,
when the dc supply is replaced by its short-circuit equivalent, the drain is grounded
(hence, the terminology common-drain).

Figure 9.24  JFET source-follower configuration.

9.6 JFET Source-Follower (Common-Drain) Configuration

o
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Figure 9.25
substitution of the JFET ac equivalent model.

420

Substituting the JFET equivalent circuit will result in the configuration of Fig.
9.25. The controlled source and internal output impedance of the JFET are tied to
ground at one end and Rg on the other, with V, across Rs. Since g,,Vy,, 74, and Ry are
connected to the same terminal and ground, they can all be placed in parallel as shown

in Fig. 9.26. The current source reversed direction but V,, is still defined between the
gate and source terminals.

D

<

I
G ) L -~
—————ov, + ¥, - +

ZU

~— 2 Vas
D
Network of Fig. 9.24 following the ) ) )
Figure 9.26 Network of Fig. 9.25 redrawn.
Z;: Figure 9.26 clearly reveals that Z; is defined by

Z; = Rg (9.33)

Z,: Setting V; = 0V will result in the gate terminal being connected directly to
ground as shown in Fig. 9.27. The fact that V,, and V, are across the same parallel

network results in V, = — V.
1
S o
O
- +
——
Z,
Vg5 f nggs § Ty § Rg v,
+ -
©  Figure 9.27 Determining Z, for

the network of Fig. 9.24.

Applying Kirchhoff’s current law at node s,
I(} + nggS = Il‘d + IRS

ANA
Tq Rg
. 1 1
The result is L, =Vo|—+ — | — Vs
| Ta Rg
-, L+i]—gm[ V]
Iy RS
=y L+ gm}
Ta Rs
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and Z,=-—-%= = =
¢ 1 1
Lo V({—+—+gm} I i I
ra Rs ra Rs ra  Rs lg,
which has the same format as the total resistance of three parallel resistors. Therefore,
Z, = ra|lRs|| Vg, (9.34)
For r, = 10Rg,
Z, = R4|1/g,, . (9.35)

A,: The output voltage V, is determined by

Vo = &m Vgs(rd”RS)

and applying Kirchhoff’s voltage law around the perimeter of the network of Fig. 9.26
will result in

Vi=Ve+ Vs
and Vs =Vi—=V,
so that Vo = gu(Vi = Vo)(rdllRs)
or Vo = guVilralRs) — gmVo(ralRs)
and Voll + gu(rallRs)] = gnVilrallRs)
5o that a,="o = _8ulraRs) (9.36)

Vi 1+ gu(rallRs)

In the absence of r, or if r;, = 10R,

4,=To=_Enfs (9.37)
Vi 1+ guRs
Ya=10Rs

Since the bottom of Eq. (9.36) is larger than the numerator by a factor of one, the
gain can never be equal to or greater than one (as encountered for the emitter-fol-
lower BJT network).

Phase Relationship: Since 4, of Eq. (9.36) is a positive quantity, V, and V; are
in phase for the JFET source-follower configuration.

A dc analysis of the source-follower network of Fig. 9.28 will result in V5, = —2.86 V EXAMPLE 9.9
and Ip, = 4.56 mA.
(a) Determining g,,.

(b) Find r,.
(c) Determine Z;. L9V
(d) Calculate Z, with and without r,;, Compare results. o
(e) Determine 4, with and without r,. Compare results. Ipgs=16 mA
Vp=—4V
I: Yos =25 1S
+ 0.05 uF
v Ny Z §1 MQ 0.05 uF +
§2,2 kQ —<— /,
°
Figure 9.28 Network to be analyzed in Example 9.9. =

9.6 JFET Source-Follower (Common-Drain) Configuration 421
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Solution

_ 2IDSS _ 2(16 mA) _

= 8 mS
(a) ng |VP| 4 V m
7 B
g, = g1 — %) =g ms(1 - TZ8OVI) _ 28 ms
Vp (—4V)
) ry=—=—1_—40k0
Yos 25 uS
©) Z=R;=1MQ
(d) With r

Z, = rdRy|/g,, = 40 kQ||2.2 kQJ|1/2.28 mS
= 40 k2.2 kQ|[438.6 Q
=362.52 Q

revealing that Z,, is often relatively small and determined primarily by 1/g,,. With-
out 7y

Z, = Rg|1/g,, = 2.2 kQJ[438.6 Q = 365.69 Q

revealing that r, typically has little impact on Z,.
(e) With ry:

_ 2n(r4llRs) _ (2.28 mS)(40 kQ2.2 kQ)
"1+ g(rRe) 1t (2.28 mS)(40 kQ[2.2 k)
(228 mS)(2.09kQ)) 477 _ 0.83
1+ (228 mS)2.09kQ) 1+477
which is less than 1 as predicted above.
Without r:
__gRs _ (228 mS)(2.2 k)
" 1+4+g.,Ry 14 (2.28 mS)(2.2 k)
- 02 0.83
1+5.02

revealing that r, usually has little impact on the gain of the configuration.

9.7 JFET COMMON-GATE
CONFIGURATION

The last JFET configuration to be analyzed in detail is the common-gate configura-
tion of Fig. 9.29, which parallels the common-base configuration employed with BJT
transistors.

Substituting the JFET equivalent circuit will result in Fig. 9.30. Note the contin-
uing requirement that the controlled source g, V,, be connected from drain to source
with r; in parallel. The isolation between input and output circuits has obviously been
lost since the gate terminal is now connected to the common ground of the network.
In addition, the resistor connected between input terminals is no longer R but the
resistor Ry connected from source to ground. Note also the location of the control-
ling voltage V,, and the fact that it appears directly across the resistor Rg.

Chapter 9 FET Small-Signal Analysis
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AN\,
Cl D b CZ
a_ s
o) - l—
v, ~ -
T 8Em gs Z,o Z”
v, R Vs Rp v,
s *¢ 5
=
Figure 9.29 JFET common-gate configuration. Figure 9.30 Network of Fig. 9.29 following substitution of
JFET ac equivalent model.
Z;: The resistor Ry is directly across the terminals defining Z;. Let us therefore
find the impedance Z; of Fig. 9.29, which will simply be in parallel with Ry when Z;
is defined.
The network of interest is redrawn as Fig. 9.31. The voltage V' = —V,,. Apply-
ing Kirchhoff’s voltage law around the output perimeter of the network will result in
V="V, — Vg, =0
and V., =V = Vg, =V —IRp
I I
e}
T fl.
e et
Em Vgs f Td V,.d
Vi Ves _
+
RpVip
- + 1 I _ . o,
Figure 9.31 Determining Z; for
° the network of Fig. 9.29.
Applying Kirchhoff’s current law at node « results in
I, + nggS = IT‘(/
V' —I'R
and r=1,— gV =U"LR) gy
Ta
V' I'R
or ' =——-"—"L g [-V]
T'a T'a
R 1
so that I'[l + —D] = V'[— + gm}
Ta Ta
[1 + R—D}
VI ry
and Zi=—= 1 (9.38)
Ta
! + R
or Z, = L, =taT XD
1 1+ Eml'a

9.7 JFET Common-Gate Configuration 423
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and

results in

Z; = RS”Z;
A
Eml'd

(9.39)

If r, = 10Rp, Eq. (9.38) permits the following approximation since Rp/r; << 1 and

<< g,

and

[1 + ﬁ]
Tq

/ 1
Zi = n 1 = —
8Em rs Em

Zi ERS”l/gm

r=10R,,

(9.40)

Z,: Substituting ¥; = 0V in Fig. 9.30 will “short-out” the effects of Rg and set
Ves to 0 V. The result is g,V = 0, and r, will be in parallel with Rp. Therefore,

For r; = 10R),

Zo = RD”rd

Z,=Rp

r=10R,

A,: Figure 9.30 reveals that

and

The voltage across r, is

and

vi= -7,

85

Vo =1LRp

Vs = Vo= Vi
Vo=V,

Ta

1 =

d

Applying Kirchhoff’s current law at node » in Fig. 9.30 results in

and

so that

and

1, +1,+ g,V

os =0

1,= _Ird - ng

as
Va — Vt
ST R
ra

L=tiYe, .y
raq

%=Lﬂo={ﬁfl;+gJ1&)
d

_VRo _ViRp

raq Ta
Vo[l + ﬁ] - V,-[R—D + ngD}
ra raq

Chapter 9 FET Small-Signal Analysis
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|:ngD + R_Dj|
Ta

. vV,
th A4,=—2= 9.43
w1 Vv, [1 H RD] ( )

ra

For r, = 10Rp, the factor Rp/r; of Eq. (9.43) can be dropped as a good approxima-
tion and

Ay = gmRp (9.44)

r=10R,,

Phase Relationship: The fact that A4, is a positive number will result in an in-
phase relationship between V,, and V; for the common-gate configuration.

o
Sm

Although the network of Fig. 9.32 may not initially appear to be of the common-gate
variety, a close examination will reveal that it has all the characteristics of Fig. 9.29.
If Vs, = —2.2 V and Ip, = 2.03 mA:

(a) Determine g,,,.

(b) Find r,.

(c) Calculate Z; with and without r,. Compare results.

(d) Find Z, with and without r,. Compare results.

(e) Determine ¥V, with and without r,. Compare results.

+12V

3.6kQ

10 uF

.

Ipss=10 mA
_,_—»I: Vp=—4V
Yos =508

R
+ 10 uF
vi=40mv M\, il.lkﬁ

Figure 9.32  Network for Example 9.10. =
Solution
21DSS 2(10 Il’lA)
mo = = =5mS
(@) gmo V) RV, m
Vas (—2.2V)
m=gmo| 1 ——%|=5m8(1 - —"—=) =225 mS
g & 0( A ) m ( —av) ) m
1 1
) ry=—= =20 kQ
Yos 50 uS
(¢) With r,:
1+ gura 1 + (2.25 ms)(20 kQ)

= 1.1 kQJ[0.51 kQ = 0.35 kQ

9.7 JFET Common-Gate Configuration

EXAMPLE 9.10
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Without r:

Z, = Ry|l/g,, = 1.1 kQ|1/2.25 ms = 1.1 k€Jj0.44 kO
= 0.31 kQ

Even though the condition,
rg = 10R, = > 20 kQ = 10(3.6 kQ) = > 20 kQ) = 36 k)

is not satisfied, both equations result in essentially the same level of impedance.
In this case, 1/g,, was the predominant factor.

(d) With r:
Z, = Rp||rs = 3.6 kQJ20 kQ = 3.05 kQ
Without r,:
Z,=Rp = 3.6 kQ

Again the condition r; = 10Rp is not satisfied, but both results are reasonably
close. Rp is certainly the predominant factor in this example.

(e) With ry:

R 3.6 kQ
wRp + =2 2.25 mS)(3.6 kQ) + =
[g S I S )+ 20k0
A, =" Rpa =
4 Ro | 4 36K0
ry 20 kQ
_81+018 .
1+0.18
and A, = % = >V, = AV, = (7.02)(40 mV) = 280.8 mV
Without r:

A, = g.Rp = (225 mS)(3.6 k) = 8.1
with V, = A,V; = (8.1)(40 mV) = 324 mV

In this case, the difference is a little more noticeable but not dramatically so.

Example 9.10 demonstrates that even though the condition r; = 10R, was not sat-
isfied, the results for the parameters given were not significantly different using the
exact and approximate equations. In fact, in most cases, the approximate equations
can be used to find a reasonable idea of particular levels with a reduced amount of
effort.

9.8 DEPLETION-TYPE MOSFETs

The fact that Shockley’s equation is also applicable to depletion-type MOSFETS re-
sults in the same equation for g,,. In fact, the ac equivalent model for D-MOSFETs
is exactly the same as that employed for JFETs as shown in Fig. 9.33.

The only difference offered by D-MOSFETs is that Vg, can be positive for
n-channel devices and negative for p-channel units. The result is that g,, can be greater
than g, as demonstrated by the example to follow. The range of 7, is very similar to
that encountered for JFETs.

Chapter 9 FET Small-Signal Analysis
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G I » Vgs ; Em Vgs § Tq

So oS

Figure 9.33 D-MOSFET ac equivalent model.

The network of Fig. 9.34 was analyzed as Example 6.8, resulting in Vs, = 0.35 V EXAMPLE 9.11
and Ip, = 7.6 mA.

(a) Determine g,, and compare to g,,0.

(b) Find r,.
(c) Sketch the ac equivalent network for Fig. 9.34.
(d) Find Z;.
(e) Calculate Z,. 18V
(f) Find 4,.
g 1.8 kQ
g 110 MQ <
Ipgs =6 mA
¢ IE Vp=-3V
Vi o—H— yui= 10 pS
—_—
Z -
Zl7
ilo MQ Elso Q
Figure 9.34 Network for Example 9.11. = =
Solution
2lpgs  2(6 mA)
(a) 8mo |VP| 3V m
Vs, (+035V)
= l——>)=4mS(l ———"|=4mS(l +0.117) = 4.47 mS
1 1
b =—= =100 kQ
T

(c) See Fig. 9.35. Note the similarities with the network of Fig. 9.23. Equations (9.28)
through (9.32) are therefore applicable.

G D
O
a5

+o
+0o

z,
1.8 kQ Vo

}

7,
v, 7 §10MQ §110MQ Vo ;4.47><10—3I{g5 100 kQ

[e]
(o]

—_— S S

Figure 9.35 AC equivalent circuit for Fig. 9.34.
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(d) Eq. (9.28): Z; = R||R, = 10 MQ|[110 MQ = 9.17 MQ
(e) Eq. (9.29): Z, = r|Rp = 100 kQ)|1.8 kQ = 1.77 kQ = R, = 1.8 kQ
) ry = 10R, — 100 kQ) = 18 k)

Eq. (9.32): 4, = —g,Rp = —(4.47 mS)(1.8 kQ) = 8.05

9.9 ENHANCEMENT-TYPE MOSFETs

The enhancement-type MOSFET can be either an n-channel (nMOS) or p-channel
(PMOS) device, as shown in Fig. 9.36. The ac small-signal equivalent circuit of ei-
ther device is shown in Fig. 9.36, revealing an open-circuit between gate and drain-
source channel and a current source from drain to source having a magnitude depen-
dent on the gate-to-source voltage. There is an output impedance from drain to source
74, which is usually provided on specification sheets as an admittance y,,. The device
transconductance, g,,, is provided on specification sheets as the forward transfer ad-
mittance, yy.

e

G D
o———0 O
P00
; Em Vgs Ta
Ves
D - i 0
S

G | H nMOS
S

Figure 9.36 Enhancement MOSFET ac small-signal model.

In our analysis of JFETSs, an equation for g,, was derived from Shockley’s equa-
tion. For E-MOSFETs, the relationship between output current and controlling volt-
age is defined by

Ip = k(Vgs — Vasern)®
Since g, is still defined by
g = —AA]D
Vas

we can take the derivative of the transfer equation to determine g,, as an operating
point. That is,

dl d d
&n = des = Vs k(Vas = Vasam) = k TGS (Vs — Vasem)”
d
= 2k(Vgs — VGS(Th)) W (Vgs — VGS(Th)) =2k(Vgs — VGS(Th))(l - 0)
GS
and Em = 2k(VGSQ - VGS(Th)) (9.45)

Chapter 9 FET Small-Signal Analysis



Recall that the constant £ can be determined from a given typical operating point on
a specification sheet. In every other respect, the ac analysis is the same as that em-
ployed for JFETs or D-MOSFETSs. Be aware, however, that the characteristics of an
E-MOSFET are such that the biasing arrangements are somewhat limited.

9.10 E-MOSFET DRAIN-FEEDBACK
CONFIGURATION

The E-MOSFET drain-feedback configuration appears in Fig. 9.37. Recall from dc
calculations that R; could be replaced by a short-circuit equivalent since /; = 0 A
and therefore V', = 0 V. However, for ac situations it provides an important high im-
pedance between V, and V;. Otherwise, the input and output terminals would be con-
nected directly and V, = V.

Rp
I;
— D
+ Z/
Em Vgs Td
vy s \
L 5
Figure 9.37 E-MOSFET Figure 9.38 AC equivalent of the
drain-feedback configuration. network of Fig. 9.37.

Substituting the ac equivalent model for the device will result in the network of
Fig. 9.38. Note that Ry is not within the shaded area defining the equivalent model
of the device but does provide a direct connection between input and output circuits.

Z;:  Applying Kirchhoff’s current law to the output circuit (at node D in Fig.
9.38) results in

V,
L= g,V + —2
and Ves = Vi
so that L=g,V;+ Vs
rdHRD
V.
or L, —g,V,=—%—
B Ry
Therefore, Vo = (ralRp)U; = guV)
- Vi—= (rallRp); — gnVi
with =Y Ve _ (rdll Ig)( gn??)
RF F
and LR =V — (ral|Rp)L; + (ra Rp)gmV:
so that Vil + gu(ralRp)] = LRy + r4||Rp]

Vv R+ rdRp
and finally, Z; = T, =T+ g, rdRp) (9.46)

9.10 E-MOSFET Drain-Feedback Configuration
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Typically, Rz >> r,||Rp, so that

Rp

[ E—
1+ gm(rd”RD)

For r; = 10R),

Z,:

Vi=Vga=0V 8mVgs=0mA gl‘d

== —RF
B I+ ngD

i

Rr=>ry||Rp, ry=10Ry,

(9.47)

Substituting ¥; = 0 V will result in V,, = 0V and g, V,, = 0, with a short-
circuit path from gate to ground as shown in Fig. 9.39. Ry, r;, and Ry are then in
parallel and

Z, = RFH”d”RD

}

I

Figure 9.39 Determining Z, for the network of Fig. 9.37.

Normally, Ry is so much larger than r,||R, that

Zo = rd”RD

and with r; = 10Rp,

A,z

but

so that

and

so that

and

Z,=Rp

R>=>r,||Rp, ry=10R,,

~—

(9.48)

(9.49)

Applying Kirchhoff’s current law at node D of Fig. 9.38 will result in

V,
L,=g,V,+ ¢
& “ rd“RD
Ve =Viand 1,= Vi Veo
Ry
VimVo_y oy Vo
Ry ’”d”RD
ﬁ - E = ngt + VO
Rr  Rp rd“RD
3]l
’”d”RD Ry Ry

Chapter 9 FET Small-Signal Analysis
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rdRp ~ Rr RelrdlRp
and g == €
Rr
so that 4, = _gm(KFiirdiiKD) (950)
Since Ry is usually >> r,||R, and if r, = 10R,
A, =—g,Rp (9.51)

R;=>r||Rp, ra=10R,,
Phase Relationship: The negative sign for 4, reveals that V,, and V; are out of
phase by 180°.

o
Sm

lhe E-MOSFET ot Fig. 9.40 was analyzed m Example 6.11, with the result that
k=1024X10"° A/V? Vg, = 64V, and Ip, = 2.75 mA.

(a) Determine g,,,.

(b) Find r,.

(c) Calculate Z; with and without r,. Compare results.

(d) Find Z, with and without r,. Compare results.

(e) Find 4, with and without r;. Compare results.

12V
§2k§2

.
e~
oMoy o
N I'* Ip(omy= 6 MA
Vio—l H  Vesom=8V
| UF Vos(m =3V
Yos =20 US
e

Z; =

Figure 9.40 Drain-feedback amplifier from Example 6.11.

Solution
@) gn = 2k(Vis, — Vasem) = 2(0.24 X 107 A/V)(6.4V — 3 V)
= 1.63 mS
(b) rdziz L _s50k0
Yos 20 uS
(c) With r
 Re+rlRy 10 MQ + 50 kQ]2 kQ

T 1+ g0 fRy) 1+ (1.63 mS)(50 kQ2 k)

_ 10 MO + 1.92 kQ
1+3.13

= 2.42 MQ

9.10 E-MOSFET Drain-Feedback Configuration

EXAMPLE 9.12
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Without r,:
7 = Rp  _ 10 MQ
" 1+g,Rp 1+ (1.63mS)2kQ)
revealing that since the condition ;= 10R, = 50 k() = 40 k() is satisfied, the
results for Z, with or without r, will be quite close.
(d) With r:

= 2.53 MQ

Z, = RAlrJRp = 10 MQ|50 kQ2 kQ = 49.75 kQJ|2 kQ
= 1.92 kQ
Without r,:
Z,=Rp,=2KkQ
again providing very close results.
(e) With ry:
4, = =guRerdRp)
= —(1.63 mS)(10 MQ||50 k]2 k)
= —(1.63 mS)(1.92 k)
-3.21

Without r,:
A, = —g,Rp = —(1.63 mS)(2 k)
= —=3.26

which is very close to the above result.

9.11 E-MOSFET VOLTAGE-DIVIDER
CONFIGURATION

The last E-MOSFET configuration to be examined in detail is the voltage-divider net-
work of Fig. 9.41. The format is exactly the same as appearing in a number of ear-
lier discussions.

Substituting the ac equivalent network for the E-MOSFET will result in the con-
figuration of Fig. 9.42, which is exactly the same as Fig. 9.23. The result is that Egs.
(9.28) through (9.32) are applicable as listed below for the E-MOSFET.

1
¢ |
1
Vi© I b ,
S Vio 0 0 ¥¢ 0 0 oV,
— +
Z, R —— ‘ -
2 Z/ Zﬁ
RS T CS Rl RZ Vgs ; Em Vgs Ta RD
= -
= S
Figure 9.41 E-MOSFET
voltage-divider configuration. Figure 9.42 AC equivalent network for the configuration of Fig. 9.41.
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Z, = R||R 9.52)
Z,:
Z, = rdRp (9.53)
For r; = 10R),
Z,=Rp (9.54)
ra=10R,,
A,z
Vo
Av = 7 = _gm(rD”RD) (955)
and if r;, = 10Rp,
A== —g,Ry (9.56)

9.12 DESIGNING FET
AMPLIFIER NETWORKS

Design problems at this stage are limited to obtaining a desired dc bias condition or
ac voltage gain. In most cases, the various equations developed are used “in reverse”
to define the parameters necessary to obtain the desired gain, input impedance, or
output impedance. To avoid unnecessary complexity during the initial stages of the
design, the approximate equations are often employed because some variation will
occur when calculated resistors are replaced by standard values. Once the initial de-
sign is completed, the results can be tested and refinements made using the complete
equations.

Throughout the design procedure be aware that although superposition permits a
separate analysis and design of the network from a dc and an ac viewpoint, a para-
meter chosen in the dc environment will often play an important role in the ac re-
sponse. In particular, recall that the resistance R could be replaced by a short-circuit
equivalent in the feedback configuration because I; = 0 A for dc conditions, but
for the ac analysis, it presents an important high impedance path between V, and
V.. In addition, recall that g,, is larger for operating points closer to the I, axis
(Vs = 0 V), requiring that Ry be relatively small. In the unbypassed Rg network, a
small Rg will also contribute to a higher gain, but for the source-follower, the gain is
reduced from its maximum value of 1. In total, simply keep in mind that network pa-
rameters can affect the dc and ac levels in different ways. Often a balance must be
made between a particular operating point and its impact on the ac response.

In most situations, the available dc supply voltage is known, the FET to be em-
ployed has been determined, and the capacitors to be employed at the chosen fre-
quency are defined. It is then necessary to determine the resistive elements necessary
to establish the desired gain or impedance level. The next three examples will deter-
mine the required parameters for a specific gain.

9.12 Designing FET Amplifier Networks
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EXAMPLE 9.13

Design the fixed-bias network of Fig. 9.43 to have an ac gain of 10. That is, deter-
mine the value of Rp.

Vpp (130°V)
Rp
oy,
G Ipss=10mA
DSS

v, 0—) Vp=—4V

0.1 uF R s =20 1S

G
10 MQ
Figure 9.43  Circuit for desired
= = voltage gain in Example 9.13.

Solution

Since Vs, = 0V, the level of g, is g,0. The gain is therefore determined by

Av = _gm(RD”rd) = _ng(RD”rd)
_ 2IDSS _ 2(10 mA) _

ith mo = 5 mS
W &mo =y 4V m
The result is —10 = —5 mS(Rp|ry)

10

d R =——=2kQ
an ol =1
From the device specifications,

N IO B

Vo 20X 10°°8
Substituting, we find
Rpllra = Rp||50 kQ = 2 kQ
Rp(50 k)

d =2 kO
an Rp + 50 kO
or SORp = 2(Rp + 50 kQ) = 2R,, + 100 kQ
with 48R, = 100 kQ
and Rp = 10(4)18kQ =2.08 kQ)

The closest standard value is 2 k€2 (Appendix C), which would be employed for this
design.
The resulting level of Vps, would then be determined as follows:

VDSQ = VDD - -IDQRD =30V — (10 mA)(Z kQ) =10V
The levels of Z; and Z, are set by the levels of Rg and Rp, respectively. That is,

Z;=Rg =10 MQ
Z, = Rpllra = 2 kQJ|50 kQ = 1.92 kQ = R, = 2 kQ.
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Choose the values of Rp and Rg for the network of Fig. 9.44 that will result in a gain
of 8 using a relatively high level of g, for this device defined at Vs, = V.

VDD
+20V

Vo
Cl
,o— 5,
0.1 uF 10 MQ
= IDSS=10mA} o
CS VP=*4 v 8Emo

Ry I 40UF Yoy =20uS

Figure 9.44 Network for desired voltage gain in Example 9.14.

Solution

The operating point is defined by

1 1
VGSQ = ZVP = Z(_4 V) =-1V

Vas, \2 —1V)\?
and -ID = IDSS<1 - I/};‘) = 10 mA (1 - ﬁ) = 5.625 mA

Determining g,,,,

Vas,
= 1 —_ Q
&Em ng( ZD )

=5mS<1 —w>=3.75ms
(—4V)

The magnitude of the ac voltage gain is determined by
|4, = gu(Rplira)
Substituting known values will result in

8 = (3.75 mS)(Rplry)

so that Rp|ra = — 8 _s3k0
3.75 mS

The level of r, is defined by
1 1

rd=;= 20 1S = 50 kQ
and Rp|[50 kQ = 2.13 kQ
with the result that
Rp =22kQ

which is a standard value.

9.12 Designing FET Amplifier Networks

EXAMPLE 9.14
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The level of Ry is determined by the dc operating conditions as follows:

VGSQ = —IpRs
—1V = —(5.625 mA)R;
and RS = 56;% =177.8 Q

The closest standard value is 180 (). In this example, Rg does not appear in the ac
design because of the shorting effect of Csg.

In the next example, Ry is unbypassed and the design becomes a bit more com-
plicated.

436

EXAMPLE 9.15

Determine Ry and Ry for the network of Fig. 9.44 to establish a gain of 8 if the by-
pass capacitor Cg is removed.

Solution

Vs, and Ip , are still =1V and 5.625 mA, and since the equation Vs = —IpRg has
not changed, Ry continues to equal the standard value of 180 € obtained in Exam-
ple 9.14.

The gain of an unbypassed self-bias configuration is

A4 = — ngD
I+ ngS

v

For the moment it is assumed that », = 10(Rp + Ryg). Using the full equation for
A, at this stage of the design would simply complicate the process unnecessarily.
Substituting (for the specified magnitude of 8 for the gain),

= | —GISmSRy | _ (.75 mS)R
1+ 375mS)(180 Q)| 1+0675
and 8(1 + 0.675) = (3.75 mS)R,,
13.4
that Ry=—2%  —3573kQ0
so tha 57375 ms

with the closest standard value at 3.6 k(2.
We can now test the condition:

Iy = IO(RD + RS)
50 kQ = 10(3.6 kQ + 0.18 kQ) = 10(3.78 k)
and 50 kQ) =37.8 kQ)

which is satisfied—the solution stands!

9.13 SUMMARY TABLE

In an effort to provide a quick comparison between configurations and offer a listing
that can be helpful for a variety of reasons, Table 9.1 was developed. The exact and
approximate equation for each important parameter are provided with a typical range
of values for each. Although all the possible configurations are not present, the ma-
jority of the most frequently encountered are included. In fact, any configuration not
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TABLE 9.1 Z;, Z,, and A, for various FET configurations

: . V.
Configuration Z Z, A, = 7“
i
Fixed-bias
[JEET or D-MOSFET]
Medium (2 k€) _
Medium (—10)
High (10 MQ _
c 18 ( ) = RD“rd - _gm(rdHRD)
1
Vi o—' = RG
? = |Rp = | & ko (ry; = 10 Rp)
. (rg = 10 Rp)
Scif-bias
bypassed Ry
[JEET or D-MOSFET]
+7, :
DD Medium (2 k() Medium (—10)
High (10 MO) = | ~gurdiRo)
= | Rplra "
=| R
= = “—8m RD
= |Rp (= 10 R,)
(rg = 10 Rp)
unbypassed Rg
[JFET or D-MOSFET]
Low (—2)
R
+Vpp {1 + guRs + r_SJ Rp gnRp
. =
Rp + Rs
R : 8 1+ ngs t=
b ¢, High (10 MQ) [1 g Rst+ B 4 ILD] ra
——ov, ra  ta
G =| Rg
Vi ) 4?0 =~ | _ &nRp
? Rp r4=10 Rp or ry =) 1+8.Rs
! Rg Iy = 10(R, + R
Ry
Voltage=divider bias
[JFET or D-MOSFET]
+¥pD
3 Medium (2 k€) Medium (—10)
>
Sk, 3 o High (10 MQ) _
R LR S - [ — (el
1
VeI ~Z =| RillR,
—_— S = RD = —8m RD
Z; b (ra=10Rp) (4 = 10 Rp)
l' RS ICS

9.13 Summary Table
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TABLE 9.1 (Continued)

V,
Configuration Z Z A, = 7(:
Source-follower
[JFET or D-MOSFET]
Low (< 1)
o Low (100 k)
¢ High (10 MQ) IRs||1/ - | Rt
! 1g = | rallRslI1/gm 1+ g,(rdRs)
v— . s
2
- v, = | R¢
Z 7, -
' RG R - o RS”Ugm (ry = 10 Ry) = gmiRS
s Z, I+ guRs
= = (ry = 10 Ry)
Common-gate
[JFET or D-MOSFET]
Medium (2 k) Medi +10
+V edium
DD Low (1 kQ) ( )n
5. Rp + —2
R =| R D”r 4 EmD -
D —| & ”|: rg + Rp ] P
=| R LT _ Ry
V. o_" “_oV 1+ gura _ 1+
=| Rp |(,=10Ry) ta
1
= Rs“g_
" (ry =10 R}) _
=1 gulp |¢, = 10Ry
Drain-feedback bias
E-MOSFET
Medium (1 MQ)
+Vpp Medium (2 kQ) Medium (—10)
_| RetrdRp
Ry Rp &) 1+ g,(raRp) = | Rdlrdlrp = |=gnRelralRp)
'—o Vo
G
R = | R = | —9o R
Vo—)|——| ~7 = | —SF D | Ry 1y = 10 Ry 8mftp
I :ﬂ_ ¢ 1 +g.Rp . ” (R 1y = 10 Rp)
— L (ry =10 Rp)

Voltage-divider bias
E-MOSFET

Medium (2 kQ)

Medium (—10)

Medium (1 MQ)
= RD”rd = _gm(’”d”RD)
G = R1||R2
Vi—I—
=| Rp = | —gufp
—_— (Ry=10Rp) (r, = 10 R,)
Zi
438
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listed will probably be some variation of those appearing in the table, so at the very
least, the listing will provide some insight as to what expected levels should be and
which path will probably generate the desired equations. The format chosen was de-
signed to permit a duplication of the entire table on the front and back of one 8% by
11 inch page.

9.14 TROUBLESHOOTING

As mentioned before, troubleshooting a circuit is a combination of knowing the the-
ory and having experience using meters and an oscilloscope to check the operation
of the circuit. A good troubleshooter has a “nose” for finding the trouble in a
circuit—this ability to “see” what is happening being greatly developed through build-
ing, testing, and repairing many different circuits. For an FET small-signal amplifier,
one could go about troubleshooting a circuit by performing a number of basic steps:

1. Look at the circuit board to see if any obvious problems can be seen: an area
charred by excess heating of a component; a component that feels or seems too
hot to touch; what appears to be a poor solder joint; any connection that appears
to have come loose.

2. Use a dc meter: make some measurements as marked in a repair manual contain-
ing the circuit schematic diagram and a listing of test dc voltages.

3. Apply a test ac signal: measure the ac voltages starting at the input and working
along toward the output.

4. If the problem is identified at a particular stage, the ac signal at various points
should be checked using an oscilloscope to see the waveform, its polarity, ampli-
tude, and frequency, as well as any unusual waveform “glitches” that may be pre-
sent. In particular, observe that the signal is present for the full signal cycle.

Possible Symptoms and Actions

If there is no output ac voltage:

1. Check if the supply voltage is present.

2. Check if the output voltage at V), is between 0 V and V).

3. Check if there is any input ac signal at the gate terminal.

4. Check the ac voltage at each side of the coupling capacitor terminals.

When building and testing a FET amplifier circuit in the laboratory:

1. Check the color code of resistor values to be sure that they are correct. Even bet-
ter, measure the resistor value as components used repeatedly may get overheated
when used incorrectly, causing the nominal value to change.

2. Check that all dc voltages are present at the component terminals. Be sure that all
ground connections are made common.

3. Measure the ac input signal to be sure the expected value is provided to the circuit.

9.15 PSPICE WINDOWS

JFET Fixed-Bias Configuration

The first JFET configuration to be analyzed using PSpice Windows is the fixed-bias
configuration of Fig. 9.45, which has a JFET with Vp= —4 V and Ipgs =
10 mA. The 10-M() resistor was added to act as a path to ground for the capacitor

9.15 PSpice Windows
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but is essentially an open-circuit as a load. The J2N3819 n-channel JFET from the
EVAL.slb library will be used, and the ac voltage will be determined at four differ-
ent points for comparison and review.

ol
VOO L
QOV_I [l AC=0k Al =0k
7k WMAG=ok AGZOk
AC=ok AC=DK é"‘ 2 —"
MAG= ok MAG =0l p _| I—n
Lglf C1 I‘— 2uF
- I J1
1 JZNIE1S > RL
0.02uF a6 u—— ; 10Meg
10Meg
LR
r}’ 10my -
VGG
== 1.5V
I* Figure 9.45 Fixed-bias JFET

= = configuration with an ac source.

The constant Beta is determined by

Beta = —10552 ~ 10 TA = 0.625 mA/V?
1V, 4
and inserted as a Model Parameter using the sequence Edit-Model-Edit Instance
Model (Text). Vto must also be changed to —4 V. The remaining elements of the net-
work are set as described for the transistor in Chapter 8.

An analysis of the network will result in the printout of Fig. 9.46. The Schemat-
ics Netlist reveals the nodes assigned to each parameter and defines the nodes for
which the ac voltage is to be printed. In this case, note that Vi is set at 10 mV at a
frequency of 10kHz from node 2 to 0. In the list of Junction FET MODEL
PARAMETERS, VTO is —4 V and BETA is 625E-6 as entered. The SMALL-
SIGNAL BIAS SOLUTION reveals that the voltage at both ends of Rg is —1.5V,
resulting in Vg = —1.5 V. The voltage from drain to source (ground) is 12 V, leav-
ing a drop of 8 V across Rp. The AC ANALYSIS at the end of the listing reveals that
the voltage at the source (node 2) is 10 mV as set, but the voltage at the other end of
the capacitor is 3 wV less due to the impedance of the capacitor at 10 kHz—certainly
a drop to be ignored. The choice of 0.02 w F for this frequency was obviously a good
one. The voltages before and after the capacitor on the output side are exactly the
same (to three places), revealing that the larger the capacitor, the closer the charac-
teristics to a short circuit. The output of 6.275E-2 = 62.75 mV reflects a gain of 6.275.
The OPERATING POINT INFORMATION reveals that I, is 4 mA and g, is
3.2 mS. Calculating the value of g, from:

g, = 2 s (1 B VGSQ>

Vel Vo
_ 2(10mA) (1 B (—1.5V)>
4V (—4 V)
=3.125 mS

confirming our analysis.
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GRS CIRCUIT DESCRIPTION
HR AR IR KRR R KRR I I AR R IR K IR KK A AR IR IR K KA ARRRK KRR RR KA IR RN AN

* Schematics Netlist *

V_VDD $N_0001 0 20V

cci $N_0002 $N_0003 0.02uF
R_RG SN_0004 $N_0003 10Meg
R_RD $N_0005 $N_0001 2k
vV_VGG 0 $N_000471.5V

.PRINT

+ VM([$N_0003])

.PRINT
+ VM([$N_0002])

KR AR KA AR AR AR A IR IR KRR AR IR AR KRR KRR ARR KRR KRR AR KA R KA R A AR AR ARk ke h ko hdk

+PRINT AC
+ VM([$N_0005])
.PRINT AC
+ VM([$N_0006]})
c_c2 $N_0005 $N_0006 2uF
V_Vi $N_0002 O AC 10mV
+SIN O 10mV 10kHz 0 0 O
R _RL 0 SN 0006 10Meg
I $N_0005 $N_0003 O J2N3819-X
*hkx Junction FET MODEL PARAMETERS
J2N3819-X
NJF
VvTO -4
BETA 625.000000E-06
LAMBDA 2.250000E-03

Is 33.570000E-15
ISR 322.400000E-15
ALPHA 311.700000E-06

VK 243.6
RD i
RS 1

CGD 1.600000E-12
CGS 2.414000E-12

M .3622
VTOTC —-2.500000E-03
BETATCE )
KF 9.882000E-18
RS SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27.000 DEG C
e 2 2 R R e S RS S A S A S A A AR SRR R i
NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE

($N_0001)  20.0000 ($N_0002) 0.0000

($N_0003)  -1.5000 ($N_0004)  -1.5000

($N_0005) 12.0020 ($N_0006) 0.0000

VOLTAGE SOURCE CURRENTS

NAME CURRENT
V_VDD -3.999E-03
v_VGG -1.366E-12
Hkkk OPERATING POINT INFORMATION = 27.000 DEG C
***tx*#*************t*'h***ﬁ****x**********k*’l**ii*#***k*****!*****it********t*
*%x*x* JFETS
NAME J J1
MODEL J2N3819-X
ID 4.00E-03
vGSs -1.50E+00
VDS 1.20E+01
oM 3.20E-03
GDS 8.76E-06
ces 1.73E-12

07E-13

CGD 6. .
*x*x%% 10/08/97 11:23:59 ****x*x** NT Evaluation PSpice (October 1996) *****x*xx**

TOOG AC ANALYSIS
Sk dkkkk kR kIR I IR R IR R IR I IR IR R Rk ok ok ko kkkkkkk kA hhdhk ko ke khkkhhkkkk

FREQ

VM($N_0003)

1.000E+04 9.997E-03

FREQ

VM($N_0002)

1.000E+04 1.000E-02

FREQ

1.000E+04

FREQ

1.000E+04

VM($N_0005)

6.275E-02

VM($N_0006)

6.275E-02

= 27.000 DEG C

9.15 PSpice Windows
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Figure 9.46  Output file for the

network of Figure 9.45.
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JFET Self-Bias Configuration

The self-bias configuration of Fig. 9.47 will be analyzed using the J2N3819 JFET
from the library and then using an approximate equivalent circuit. It will be interest-
ing to see if there are any major differences in solution.

AC=ok
MAG=0k
A=l
Cc2 —:"
|1
1
J1 10uF
I o> oN3g1g o
0.1uF
u RL S 10Meg
\ﬁ@mv RG = 10Meg cs
}' RS <2 510 —[ZUUF
j_ & * Figure 9.47  Self-bias

= configuration with an ac source.

Again, Vp = —4 V and Ipgs = 10 mA, resulting in a Vto of —4 and a Beta of
6.25E-4. The Analysis is run and the results of Fig. 9.48 obtained. The nodes are
identified in the Schematics Netlist and the parameters in the Junction FET MODEL
PARAMETERS. The SMALL-SIGNAL BIAS SOLUTION reveals that Vg =
—1.7114 V and Vp = 14.228 V—results that are very close to a hand-written solu-
tion of —1.68 V and 14.49 V. The OPERATING POINT INFORMATION reveals
that I is 3.36 mA compared to a hand-calculated level of 3.3 mA and that g,, is 2.94
mS compared to a hand-calculated level of 2.90 mS. The AC ANALYSIS provides
an output level of 13.3 mV at an angle of —179.9°, which compares well with a hand-
calculated level of 13.63 mV at an angle of —180°. The results for JFETs are a lot
closer than those obtained for transistors when we used the provided elements be-
cause of the special feature of having essentially infinite input impedance so that the
gate current is zero ampere. Recall that for the transistor, V' is a function of the op-
erating conditions.

We will now investigate the self-bias configuration using the approximate model
as done for the transistor and see if there is an improvement in the results (compared
to the hand-calculated levels). In this case, we need the voltage controlled current
source (VCCS) found in the ANALOG.slb library as G. When selected, the De-
scription reads Voltage-controlled current source. When placed on the schematic,
it will appear as shown in Fig. 9.49. The sensing voltage is between the plus and mi-
nus sign, while the controlled current is between the other two external terminals.

+

VDD —/—30v AC=0k
i RDZ 4.7k MAG=0k
L 2=L
GAIN=2.20mS C2 =%
C1 G1 il
A * 10uF
0.1uF
V() imv  RGE tom RL < 10Meg
- 0 s 2
RS = 510 20uF Figure 9.49 Network in
T Figure 9.47 following substitution
ht ¢ i ¢ of a VCCS for the JFET in the ac
= domain.
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s CIRCUIT DESCRIPTION
Jede sk de e dede ek ke sk de et ok ek e Rk Rk R R R R R R R R KRR KRR KRR KKK AR IR AR KNI NI KRR R Rk *

* Schematics Netlist *

V_vi $N_0001 0 AC 1mV
+SIN 0V 1mv 10kHz 0 0 0

Cc_Cl $N_0001 $N_0002 0.1uF
R_RG $N_0002 0 10Meg
V_VDD $N_0003 0 30V

R_RD $N_0003 $N_0004 4.7k
R_RS $N_0005 0 510

C_Cs $N_0005 0 20uF

c_c2 $N_0004 $N_0006 10uF
R_RL $N_0006 0 10Meg

J_Jl $N_0004 $N_0002 $N_0005 J2N3819-X
. PRINT AC

+ VM([$N_0006])
+ VP([$N_0006])

R Junction FET MODEL PARAMETERS

e 222 SRS SRS 2 a s i 2 st st

J2N3819-X
NJF
VTO -4

BETA 625.000000E-06
LAMBDA 2.250000E-03
Is 33.570000E-15
ISR 322.400000E-15
ALPHA 311.700000E-06

VK 243.6
RD 1
RS 1

CGD 1.600000E-12
CcGs 2.414000E-12

M .3622
VTOTC -2.500000E-03
BETATCE

D)
KF 9.882000E-18

GG SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27.000 DEG C

D R S R RS S S S RS SRR A R At

NODE  VOLTAGE NODE  VOLTAGE NODE  VOLTAGE NODE  VOLTAGE
($N_0001) 0.0000 ($N_0002) 13.95E-06
($N_0003) 30.0000 ($N_0004) 14.2280
($N_0005) 1.7114 ($N_0006) 0.0000

VOLTAGE SOURCE CURRENTS

NAME CURRENT
V_Vi 0.000E+00
V_VDD -3.356E-03

TOTAL POWER DISSIPATION 1.01E-01 WATTS

OO OPERATING POINT INFORMATION TEMPERATURE = 27.000 DEG C

D s e eSS SR a2 a i sl s et t s

**k%x% JFETS
NAME J_Jl
MODEL J2N3819-X
D 3.36E-03
VGS -1.71E+00
VDS 1.25E+01
GM 2.94E-03
GDS 7.34E-06
CGS 1.68E-12
CGD 5.97E-13 =«
5000 AC ANALYSIS TEMPERATURE = 27.000 DEG C

e 222 S SRR AR S E e e R Rl bl bl

FREQ VM ($N_0006) VP($N_0006)

1.000E+04 1.330E-02 -1.799E+02

9.15 PSpice Windows

Figure 9.48 Output file for the
network of Figure 9.47.
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AC=ok

MAG=0k
oo PHASE=ok
6V — R1S21Meg RDZ24k
I {10,189 ©2
[N
L 1our 0BV

o (823 31— vp = 4y

+
Vi@ 24myv  R2 2270k

FREQ=5kHz \

RL§ 10Meg

Figure 9.50 JFET voltage-divider
configuration with an ac source.

Double-clicking on the schematic symbol will result in a PartName: G dialog box,
in which the GAIN(g,,) can be set to the hand-calculated level of 2.90 mS.

The result of an analysis is a gain of 13.62—almost an exact match with the hand-
written gain. This approach is certainly valid for an ac analysis, but if we examine
the SMALL-SIGNAL BIAS SOLUTION, we find that the results are meaningless.
Therefore, the equivalent appearing in Fig. 9.49 is only valid for the ac gain since the
only parameter defined is the ac transconductance factor.

JFET Voltage-Divider Configuration

The last network to be analyzed in this PSpice Windows presentation is the voltage-
divider configuration of Fig. 9.50. Note that the parameters chosen are different from
those employed in earlier examples, with V; at 24 mV and a frequency of 5 kHz. In
addition, the dc levels are displayed and a plot of the output and input voltages will
be obtained on the same screen.

After setting up the network, the source V; must be set to the indicated parame-
ters by double-clicking on the source and then sequentially double-clicking on each
parameter and typing in the correct values. Each must be saved and then the display
changed to print the magnitude of the ac voltage and the applied frequency. In this
example, the JFET parameters were printed on the screen using the ABC icon. BETA
is of course calculated from I,,5¢/|Vp|*. Under Analysis-Probe Setup, the option Do
not auto-run Probe was chosen, and under Setup, AC Sweep was chosen and the
frequency of 5 kHz entered. Finally, since we want the dc levels to be displayed, the
Display Results on Schematic option is chosen under Analysis, and Enable
Voltage Display is enabled. The resulting dc levels of Fig. 9.50 reveal that Vg is
1.823 V — 3.635V = —1.812 V, comparing very well with the —1.8 V calculated in
Example 6.5. Vp is 10.18 V compared to the calculated level of 10.24 V, and Vg is
10.18 V — 3.635 V = 6.545 V compared to 6.64 V.

For the ac solution, we can choose Examine Output under Analysis and find un-
der OPERATING POINT INFORMATION that g,, is 2.22 mS, comparing very
well with the hand-calculated value of 2.2 mS, and under AC ANALYSIS that the
output ac voltage is 125.8 mV, resulting in a gain of 125.8 mV/24 mV = 5.24. The
hand-calculated level is g,,Rp = (2.2 mS)(2.4 kQ) = 5.28. The ac waveform for the
output can be obtained by first applying the sequence Analysis-Probe Setup-
Automatically run Probe after simulation. Then, return to Setup under Analysis,
and enable Transient, disable AC Sweep, and double-click Transient to obtain the
Transient dialog box. For the frequency of 5 kHz, the period is 200 ws. A Print Step
to 2 ps would then give us 100 plot points for each cycle. The Final Time will be
5 X 200 ws = 1 ms to show five cycles. The No-Print Delay will be Os and the Step
Ceiling 2ps. Then, click the Trace icon, choose V(J1:d), and the output waveform
of Fig. 9.51 will appear. Choose Plot-Add Plot-Trace-Add-V(Vi:+), and both wave-
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forms will appear as shown. Shift SEL>> to the bottom waveform by simply bring-
ing the pointer to the left of the lower waveform and left-clicking the mouse once.
Click the Toggle cursor icon, and a horizontal line will appear at the dc level of the
output voltage at 10.184 V. A left click of the mouse and an intersecting set of lines
will appear. Choose the Cursor Peak icon, and the intersection will automatically go
to the peak value of the waveform (Al in the dialog box). The difference appearing
in the dialog box is 125.496 mV, comparing well with the printed value in the output
file. The difference is simply due to the number of points chosen for the plot; an in-
creased number of plot points would have brought the two levels closer together.

(A) edc9c

O I R it e b e e e 1
.

NIVANANWANWA /\

VVV\/

Time

Al:(150.563u,10.310) A2:(0.000,10.184) DIFF(A):(150.563u,125.496m)

Figure 9.51 The ac drain and gate voltage for the voltage-divider JFET
configuration of Figure 9.50.

§ 9.2 FET Small-Signal Model

1. Calculate g, for a JFET having device parameters /pgs = 15 mA and Vp = —5 V.
2. Determine the pinch-off voltage of a JFET with g,,0 = 10 mS and /55y = 12 mA.

3. For a JFET having device parameters g,,0 = 5 mS and Vp = —3.5 V, what is the device cur-
rent at Vg = 0 V?

4, Calculate the value of g, for a JFET (Ipgs = 12 mA, V= —3 V) at a bias point of Vgg =
-1V

5. For a JFET having g,, = 6 mS at Vas, = —1V, what is the value of Igq if Vp = —2.5V?

6. A JFET (Ipss = 10 mA, Vp = —5V) is biased at [p = Ipgs/4. What is the value of g,, at that
bias point?
7. Determine the value of g, for a JFET (/pss = 8 mA, ¥» = —5 V) when biased at Vs, = Vp/4.

8. A specification sheet provides the following data (at a listed drain—source current)

Vi = 4.5 mS, Vos = 25 uS
At the listed drain—source current, determine:
(a) gﬂl'
(b) ra

9. For a JFET having specified values of y5 = 4.5 mS and y,; = 25 uS, determine the device out-
put impedance, Z,(FET), and device ideal voltage gain, 4,(FET).

Problems

o
Sm
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10. If a JFET having a specified value of r, = 100 k() has an ideal voltage gain of 4(FET) =
—200, what is the value of g,,?

11. Using the transfer characteristic of Fig. 9.52:

(a) What is the value of g,,0?

(b) Determine g, at Vs = —1.5 V graphically.

(c) What is the value of g,, at Vs, = —1.5 V using Eq. (9.6)? Compare with the solution to
part (b).

(d) Graphically determine g, at Vgg = —2.5 V.

(e) What is the value of g,, at Vs, = —2.5 V using Eq. (9.6)? Compare with the solution to
part (d).

AIp (mA)

—
S

— N W A LN 0O

> Figure 9.52 JFET transfer
Vos (V) characteristic for Problem 11

S

12. Using the drain characteristic of Fig. 9.53:
(a) What is the value of r, for Vgg =0 V?
(b) What is the value of g,,¢ at Vpg = 10 V?

1p (mA)
A

101
Vos=0V

-1V

I S S A S S S [ N —
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 Vg (V
DS

Figure 9.53 JFET drain characteristic for Problem 12

13. For a 2N4220 n-channel JFET (y4(minimum) = 750 uS, y,(maximum) = 10 uS):
(a) What is the value of g,,?
(b) What is the value of r,?

14. (a) Plot g, vs. Vs for an n-channel JFET with /53 = 8 mA and Vp = —6 V.
(b) Plot g, vs. Ip for the same n-channel JFET as part (a).

Chapter 9 FET Small-Signal Analysis



15. Sketch the ac equivalent model for a JFET if y; = 5.6 mS and y,, = 15 uS.

16. Sketch the ac equivalent model for a JFET if Ipgg = 10 mA, Vp = —4 'V, Vs, = =2V, and
Yos = 25 uS.

§ 9.3 JFET Fixed-Bias Configuration

17. Determine Z;, Z, and A4, for the network of Fig. 9.54 if Ipge = 10 mA, Vp = —4 V, and r,; =
40 kQ.

18. Determine Z;, Z,, and A4, for the network of Fig. 9.54 if Ip5s = 12 mA, Vp = —6V, and y,, =
40 uS.

+18V

1.8 kQ

b,

Vio—y)
Z,
1 MQ
e
ZI —_—
1.5V
+L

Figure 9.54  Fixed-bias amplifier for Problems 17 and 18

§ 9.4 JFET Self-Bias Configuration

19. Determine Z;, Z,, and 4, for the network of Fig. 9.55 if y,; = 3000 uS and y,, = 50 us.

20. Determine Z;, Z,, and 4, for the network of Fig. 9.56 if [pgs = 6 mA, Vp= —6V, and y,, =
40 uS.

21. Determine Z,, Z,, and 4, for the network of Fig. 9.55 if the 20-uF capacitor is removed and
the parameters of the network are the same as in Problem 19. Compare results with those of
Problem 19.

22. Repeat Problem 19 if y,, is 10 wS. Compare the results to those of Problem 19.

+12V

20V
33kQ 2kQ
—A—— ——— .
Vio—) -~ ve—) -

o
7 1 MQ

AR

Figure 9.56  Self-bias configuration for
Figure 9.55 Problems 19, 21, and 46 Problems 20 and 47

Problems
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§ 9.5 JFET Voltage-Divider Configuration

23. Determine Z;, Z,, and V, for the network of Fig. 9.57 if V; = 20 mV.

+20V
o)

ngQ
82 MQ

It Y
[y oV,
Ipgs=12 mA
Vi 1l ’ I: Vp==3V
, rg=100 kQ
Z ) -
11 MQ R Z,
6100 Cs
I Figure 9.57 Problems 23-26
= = = and 48

24, Determine Z,, Z,, and V,, for the network of Fig. 9.57 if V; = 20 mV and the capacitor Cy is
removed.

25. Repeat Problem 23 if r, = 20 k() and compare results.
26. Repeat Problem 24 if r, = 20 k€ and compare results.

§ 9.6 JFET Source-Follower Configuration

27. Determine Z;, Z,, and A, for the network of Fig. 9.58.
28. Repeat Problem 27 if r, = 20 k().
29. Determine Z;, Z,, and A4, for the network of Fig. 9.59.

20V
+20V 3.3kQ
Ipgs=6 mA
Vp=—6V
| ~ P
vio— > ry=30kQ
e (—o v,
Z; 10 MQ
33k
Figure 9.58 Problems 27 and 28 Figure 9.59 Problem 29

§ 9.7 JFET Common-Gate Configuration

30. Determine Z;, Z,, and V, for the network of Fig. 9.60 if /; = 0.1 mV.
31. Repeat Problem 30 if r, = 25 k().
32. Determine Z;, Z,, and A, for the network of Fig. 9.61 if r, = 33 k().

Chapter 9 FET Small-Signal Analysis



+15V
3.3kQ
1 Il
vie—)| 1y
e Ipss=8 mA
7, 15kQ Vp=—28V
ry =40 kQ

Figure 9.60 Problems 30, 31, and 49

§ 9.8 Depletion-Type MOSFETs

-

o

o |/

o

+22V

I 11 MQ

Figure 9.61 Problem 32

33. Determine V, for the network of Fig. 9.62 if y,; = 20 uS.

o
Sm

91 MQ 22kQ

\ I :

Vie—h |(_°l“

s .
" 1kQ Ipss=71.5 mA
Vy =—4V

+16 'V
1.1 kQ
I¢ oV,
I Ipgs=8 mA
H Vp=-3V

34. Determine Z;, Z,, and 4, for the network of Fig. 9.63 if r, = 60 k().

Figure 9.62 Problem 33

+22V
1.8 kQ
; oV,

I Ipgs= 12 mA
Vo ) Vp=-35V
—
Z Z,

10 MQ

100 Q

Figure 9.63

Problems 34, 35, and 50
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35. Repeat Problem 34 if r, = 25

kQ.

36. Determine V, for the network of Fig. 9.64 if V; = 4 mV.
37. Determine Z;, Z,, and A4, for the network of Fig. 9.65.

+18V
6.8 kQ
91 Mgg It
n
I yus=35 MS
H Vs = 6000 pS

Q
15 M i 3.3kQ

Figure 9.64 Problem 36

450

+20V

Figure 9.65 Problem 37

§ 9.10 E-MOSFET Drain-Feedback Configuration

38.
0.3 X 1073,

39.

Determine Z;, Z,, and 4, for the amplifier of Fig. 9.66 if k = 0.3 X 107

+16 V
2.2kQ
7,
10 MQ - 47
<
V;o—) 1 Vosny =3V
ry= 100 kQ
—
Z/

40.
41.
42.

VGS(un) =7V and Yos = 20 /J.S

22 MQ

Repeat Problem 39 if k drops to 0.2 X 107>, Compare results.
Determine V,, for the network of Fig. 9.67 if V; = 20 mV.
Determine V,, for the network of Fig. 9.67 if V; = 4 mV, Vgerny = 4V, and Ipon) = 4 mA, with

+20V

TTT

10 kQ
——.

VGS(Th)= 35V
k=0.3x10-3
Yo =3041S

- Figure 9.67

Chapter 9 FET Small-Signal Analysis

Ipss=12mA
Vp=-3V
ry=45kQ

v

-
1.1kQ 7

0

Determine g, for a MOSFET if Vggrm =3 V and it is biased at Vs, = 8 V. Assume k =

Figure 9.66 Problems 39, 40, and 51

Problems 41 and 42
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§ 9.11 E-MOSFET Voltage-Divider Configuration

43. Determine the output voltage for the network of Fig. 9.68 if 7; = 0.8 mV and r, = 40 k().

30V

3.3kQ

+o0

Figure 9.68 Problem 43

§ 9.12 Designing FET Amplifier Networks

44. Design the fixed-bias network of Fig. 9.69 to have a gain of 8.
45. Design the self-bias network of Fig. 9.70 to have a gain of 10. The device should be biased at

VGSQ = %VP-
+Vpp(+22V)
o
+Vpp (+20'V)
Rp

§ RD

oy, ) |( v,
Ipgs=8 mA

.o_) _ Ipgs= 12 mA
Vi Vo=—25V Vie—) 2
o=

Yos =258 ry=40kQ

10 MQ 10 MQ -
é I

Figure 9.69 Problem 44 Figure 9.70 Problem 45

§ 9.13 PSpice Windows

46. Using PSpice Windows, determine the voltage gain for the network of Fig. 9.55.
47. Using PSpice Windows, determine the voltage gain for the network of Fig. 9.56.
48. Using PSpice Windows, determine the voltage gain for the network of Fig. 9.57.
49, Using PSpice Windows, determine the voltage gain for the network of Fig. 9.60.
50. Using PSpice Windows, determine the voltage gain for the network of Fig. 9.63.
51. Using PSpice Windows, determine the voltage gain for the network of Fig. 9.66.
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Systems Approach—
Effects of R, and R;

I I,
— | | -~
+ — - T
V; “ A"NLAiNL % v,
— = —

Thévenin

Figure 10.1 Two-port system.
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10.1 INTRODUCTION

In recent years, the introduction of a wide variety of packaged networks and systems
has generated an increasing interest in the systems approach to design and analysis.
Fundamentally, this approach concentrates on the terminal characteristics of a pack-
age and treats each as a building block in the formation of the total package. The con-
tent of this chapter is a first step in developing some familiarity with this approach.
The techniques introduced will be used in the remaining chapters and broadened as
the need arises. The trend to packaged systems is quite understandable when you con-
sider the enormous advances in the design and manufacturing of integrated circuits
(ICs). The small IC packages contain stable, reliable, self-testing, sophisticated de-
signs that would be quite bulky if built with discrete (individual) components. The
systems approach is not a difficult one to apply once the basic definitions of the var-
ious parameters are correctly understood and the manner in which they are utilized
is clearly demonstrated. In the next few sections, we develop the systems approach
in a slow deliberate manner that will include numerous examples to make each salient
point. If the content of this chapter is clearly and correctly understood, a first plateau
in the understanding of system analysis will be accomplished.

10.2 TWO-PORT SYSTEMS

The description to follow can be applied to any two-port system—not only those con-
taining BJTs and FETs—although the emphasis in this chapter is on these active de-
vices. The emphasis in previous chapters on determining the two-port parameters for
various configurations will be quite helpful in the analysis to follow. In fact, many of
the results obtained in the last two chapters are utilized in the analysis to follow.

In Fig. 10.1, the important parameters of a two-port system have been identified.
Note in particular the absence of a load and a source resistance. The impact of these
important elements is considered in detail in a later section. For the moment recog-
nize that the impedance levels and the gains of Fig. 10.1 are determined for no-load
(absence of R;) and no-source resistance (R,) conditions.

If we take a “Thévenin look™ at the output terminals we find with V; set to zero
that

ZTh = Za = Ra (101)




Ery, is the open-circuit voltage between the output terminals identified as V,,. How-
ever,

4, = Lo
VNL Vl
and Veo=4,.V:
so that Em=4,V: (10.2)

Note the use of the additional subscript notation “NL” to identify a no-load voltage
gain.

Substituting the Thévenin equivalent circuit between the output terminals will re-
sult in the output configuration of Fig. 10.2. For the input circuit the parameters V;
and [; are related by Z; = R;, permitting the use of R, to represent the input circuit.
Since our present interest is in BJT and FET amplifiers, both Z, and Z; can be rep-
resented by resistive elements.

A I,
E
[ LA
i i | R,
>
L . ;
3 :: f m "l‘ltbl T ¥,
wt - Figure 10.2  Substituting the in-
" | & ternal elements for the two-port

system of Fig. 10.1.

Before continuing let us check the results of Fig. 10.2 by finding Z, and 4, in
the usual manner. To find Z,, V; is set to zero, resulting in 4,  V; = 0, permitting
a short-circuit equivalent for the source. The result is an output impedance equal to
R, as originally defined. The absence of a load will result in /, = 0, and the voltage
drop across the impedance R, will be 0 V. The open-circuit output voltage is therefore
4,V as it should be. Before looking at an example, take note of the fact that 4;
does not appear in the two-port model of Fig. 10.2 and in fact is seldom part of the
two-port system analysis of active devices. This is not to say that the quantity is sel-
dom calculated, but it is most frequently calculated from the expression 4; =
—A,(Z/R;), where R; is the defined load for the analysis of interest.

Rs / RL

For the fixed-bias transistor network of Fig. 10.3 (Example 8.1), sketch the two-port
equivalent of Fig. 10.2.

- Figure 10.3  Example 10.1.

10.2 Two-Port Systems

EXAMPLE 10.1
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Solution

From Example 8.1,

Z, = 1.069 kQ
Z,=3%kQ
A, = —280.11

VNL
Using the information above, the two-port equivalent of Fig. 10.4 can be drawn. Note
in particular the negative sign associated with the controlled voltage source, reveal-
ing an opposite polarity for the controlled source than that indicated in the figure. It
also reveals a 180° phase-shift between the input and output voltages.

| R,=3kQ +

Loeoke N\, -2s0.11%, ¥,

_I o Figure 10.4 Two-port equiva-
_L lent for the parameters specified
= in Example 10.1.

In Example 10.1, R = 3 k) was included in defining the no-load voltage gain.
Although this need not be the case (R could be defined as the load resistor in Chap-
ter 8), the analysis of this chapter will assume that all biasing resistors are part of the
no-load gain and that a loaded system requires an additional load R, connected to the
output terminals.

A second format for Fig. 10.2, particularly popular with op-amps (operational
amplifiers), appears in Fig. 10.5. The only change is the general appearance of the
model.

Figure 10.5 Operational ampli-
fier (op-amp) notation.

10.3 EFFECT OF A LOAD IMPEDANCE (R;)

In this section, the effect of an applied load is investigated using the two-port model
of Fig. 10.2. The model can be applied to any current- or voltage-controlled ampli-
fier. 4, is, as defined earlier, the gain of the system without an applied load. R; and
R, are the input and output impedances of the amplifier as defined by the configura-
tion. Ideally, all the parameters of the model are unaffected by changing loads or

Chapter 10 Systems Approach—Effects of R, and R;



source resistances (as normally encountered for op-amps to be described in Chapter
14). However, for some transistor amplifier configurations, R; can be quite sensitive
to the applied load, while for others R, can be sensitive to the source resistance. In
any case, once 4, , R;, and R, are defined for a particular configuration, the equa-
tions about to be derived can be employed.

Applying a load to the two-port system of Fig. 10.2 will result in the configura-
tion of Fig. 10.6. Applying the voltage-divider rule to the output circuit will result in

RLAVNLVI'

y, = e L

R, + R,
d 4=t R, 10.3
o YTV, T R tR, (10.3)

Figure 10.6 Applying a load to
the two-port system of Fig. 10.2.

Since the ratio R;/(R; + R,) will always be less than 1:
The loaded voltage gain of an amplifier is always less than the no-load level.

Note also that the formula for the voltage gain does not include the input impedance
or current gain.

Although the level of R; may change with the configuration, the applied voltage
and input current will always be related by

I—Vi—Vi 10.4
i_Zi_Ri ()

Defining the output current as the current through the load will result in

1, = L 10.5
o~ RL ( )

with the minus sign occurring due to the defined direction for /, in Fig. 10.6.
The current gain is then determined by
L, VR, —V, Z

A=V T TR

and

Zi

A,’ = _AVR_L

(10.6)

for the unloaded situation. In general, therefore, the current gain can be obtained from
the voltage gain and impedance parameters Z; and R;. The next example will demon-
strate the usefulness and validity of Egs. (10.3) through (10.6).

10.3 Effect of a Load Impedance (R;)

RJ/R,
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In Fig. 10.7, a load has been applied to the fixed-bias transistor amplifier of Exam-

ple 10.1 (Fig. 10.3).

(a) Determine the voltage and current gain using the two-port systems approach de-
fined by the model of Fig. 10.4.

(b) Determine the voltage and current gain using the ., model and compare results.

Figure 10.7 Example 10.2.

Solution
(a) Recall from Example 10.1 that
Z; = 1.071 kQ (with r, = 10.71  and B = 100)

Z, =3k
A, = —280.11
Applying Eq. (10.3) yields
Ry
A= R R, A
2.2 kQ

= 22Kk0 13 K0 (—280.11)
= (0.423)(—280.11)
= —118.5
For the current gain,
Zi
-4, R,

In this case, Z; is unaffected by the applied load and
1.071 kQ
A; = —(—118.5) k0 T 57.69

(b) Substituting the », model will result in the network of Fig. 10.8. Note in partic-
ular that the applied load is in parallel with the collector resistor R defining a
net parallel resistance

R} = R(|R;, = 3 kQ|2.2 kQ = 1.269 kQ
The output voltage
Vo = _BIBRi

Chapter 10 Systems Approach—Effects of R, and R;



/; 1y 1,
o —_— —_— - o
+ — | - +
Z Z,
Vv, Ry 470kQ Br. ; Bl,  RcQ3kQ R, Q22 KkQ /,
- : : | : : o
%(—/
= R;

Figure 10.8 Substituting the r, model in the ac equivalent network of Fig. 10.7.

ith I, = d
w1 b= 'Bre
d V,= iR,
an o BBre L
Vo Ry R|R,
so that 4, = 7[ = - P = e (10.7)

Substituting values gives

1.269 kQ)

A= o T TS

as obtained above. For the current gain, by the current-divider rule,

(470 kQ)J,
L= 770 k0 T 1071 ka = 09977 =,
3 kO(BLp)
and L=310 1220
= 0.5769p1,
_ 1, 0.5769BI, 057691,
so that A; = 7" T _ 7

= 0.5769(100) = 57.69

as obtained using Eq. (10.6).

Example 10.2 demonstrated two techniques to solve the same problem. Although
any network can be solved using the r, model approach, the advantage of the systems
approach is that once the two-port parameters of a system are known, the effect of
changing the load can be determined directly from Eq. (10.3). No need to go back to
the ac equivalent model and analyze the entire network. The advantages of the sys-
tems approach are similar to those associated with applying Thévenin’s theorem. They
permit concentrating on the effects of the load without having to re-examine the en-
tire network. Of course, if the network of Fig. 10.7 were presented for analysis with-
out the unloaded parameters, it would be a toss-up as to which approach would yield
the desired results in the most direct, efficient manner. However, keep in mind that
the “package” approach is the developing trend. When you purchase a “system” the
two-port parameters are provided, and as with any trend, the user must be aware of
how to utilize the given data.

10.3 Effect of a Load Impedance (R;)

RJ/R,
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The AC Load Line

For a system such as appearing in Fig. 10.9a, the dc load line was drawn on the out-
put characteristics as shown in Fig. 10.9b. The load resistance did not contribute to
the dc load line since it was isolated from the biasing network by the coupling ca-
pacitor (C¢). For the ac analysis, the coupling capacitors are replaced by a short-cir-
cuit equivalence that will place the load and collector resistors in a parallel arrange-
ment defined by

R, = RC“RL

The effect on the load line is shown in Fig. 10.9b with the levels to determine the
new axes intersections. Note of particular importance that the ac and dc load lines
pass through the same Q-point—a condition that must be satisfied to ensure a com-
mon solution for the network under dc and/or ac conditions.

For the unloaded situation, the application of a relatively small sinusoidal signal
to the base of the transistor could cause the base current to swing from a level of I,
to I, as shown in Fig. 10.9b. The resulting output voltage v, would then have the
swing appearing in the same figure. The application of the same signal for a loaded
situation would result in the same swing in the /5 level, as shown in Fig. 10.9b. The
result, however, of the steeper slope of the ac load line is a smaller output voltage

VCEQ IC
leo* 77
Lo B ac load line
e Iy
6
/AN
/ z:s i
// QQ Bs
V. /
CEg /
R} Vee : /
Re N // IB4
/ /
// // I
\ / S / B,
I
P
[~ o e = Q-point /7
I Iy
| | | // 2
P I
P
I \ I ;
ICQ l | } | _— dc load lin¢ IBI
P [ |
\ [ [
T \ \
0 I /—-}'— I R, V. v,
I Voo | coiL e CE
ri CEQ7—+—O>H—$—T—>“ 0 cc
| N +1- RJ
} ) I Verg* leyRi
: N
I

(b)

Figure 10.9 Demonstrating the differences between the dc and ac load lines.
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swing (v..) and a drop in the gain of the system as demonstrated in the numerical
analysis above. It should be obvious from the intersection of the ac load line on the
vertical axis that the smaller the level of R;, the steeper the slope and the smaller the
ac voltage gain. Since R; is smaller for reduced levels of R;, it should be fairly clear
that:

For a particular design, the smaller the level of R;, the lower the level of ac
voltage gain.

10.4 EFFECT OF THE SOURCE IMPEDANCE (Rg)

Our attention will now turn to the input side of the two-port system and the effect of
an internal source resistance on the gain of an amplifier. In Fig. 10.10, a source with
an internal resistance has been applied to the basic two-port system. The definitions
of Z; and 4, are such that:

The parameters Z; and A, of a two-port system are unaffected by the inter-
nal resistance of the applied source.

VNL

———AAN——————
- | HJ +* + Hﬂ +
v ﬂU L R, ﬁ# Ay ¥, '
- | - - _
|
-
However:

The output impedance may be affected by the magnitude of R;.

Recall Eq. (8.110) for the complete hybrid equivalent model. The fraction of the
applied signal reaching the input terminals of the amplifier of Fig. 10.10 is determined
by the voltage-divider rule. That is,

_ RJ;
R, +R,

v, (10.8)

Equation (10.8) clearly shows that the larger the magnitude of R;, the less the volt-
age at the input terminals of the amplifier. In general, therefore:
For a particular amplifier, the larger the internal resistance of a signal source
the less the overall gain of the system.

For the two-port system of Fig. 10.10,

Vo=4, Vi
d y, = K
an iTR TR,
o i
so that Vo=4, R TR Vs
d A'—n— % 10.9
an vy_V_s_Ri'i'Rb Vi ( )

10.4 Effect of the Source Impedance (Ry)

RJ/R,

Figure 10.10 Including the
effects of the source resistance R,.
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The result clearly supports the statement above regarding the reduction in gain with
increase in R,. Using Eq. (10.9), if R, = 0 Q) (ideal voltage source), 4, = 4, , which
is the maximum possible value.

The input current is also altered by the presence of a source resistance as follows:

Vs

L=% TR

(10.10)

EXAMPLE 10.3

460

In Fig. 10.11, a source with an internal resistance has been applied to the fixed-bias

transistor amplifier of Example 10.1 (Fig. 10.3).

(a) Determine the voltage gain 4, = V,/V,. What percent of the applied signal ap-
pears at the input terminals of the amplifier?

(b) Determine the voltage gain 4, = V,/V, using the r, model.

P12 ¥
R4

470 k0

| e
| 05 kO 4+ ! -
Z
— -
'L' Figure 10.11 Example 10.3.

Solution

(a) The two-port equivalent for the network appears in Fig. 10.12.

RO
NN o
+ | 3KQ +
Ay Vi .
Lo71kQ A\, e v,
_ Figure 10.12 Substituting the
| o Ltwo-port equivalent network for
_L ' the fixed-bias transistor amplifier
= of Fig. 10.11.
g R, 1.071 kQ
EBq- (10.9): A =5 = g g 4w = T071 kQ + 0.5 ko (728010
= (0.6817)(—280.11)
= —190.96
RV (1.071 kQ)V;
Eq. (10.8): V, = = 0.6817V,

R, + R, 1071kQ + 0.5 kQ

or 68.2% of the available signal reached the amplifier and 31.8% was lost across the
internal resistance of the source.
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(b) Substituting the ., model will result in the equivalent circuit of Fig. 10.13. Solv-
ing for V, gives

V, = —(1001,)3 kQ

v, v,

with Z; = Pr.and I, = I, TR+ B, 1571kQ

Vs
and V,= —100 (m)?) kQ
v, (100)(3 k)
so that 4, = 73 =TT 157k
= —190.96
as above.
I, A
— & —
NN )
+ ‘ 500 Q +
v, ,\I RpRAT0KQ Br,@1.071 kQ 1130[81,, §3 kKQ
| | -

Figure 10.13  Substituting the r, equivalent circuit for the fixed-bias transistor
amplifier of Fig. 10.11.

Throughout the analysis above, note that R; was not included in the definition of
Z; for the two-port system. Of course, the resistance “seen” by the source is now R
+ Z,, but R, remains a quantity associated only with the applied source.

Note again in Example 10.3 that the same results were obtained with the systems
approach and using the r, model. Certainly, if the two-port parameters are available,
they should be applied. If not, the approach to the solution is simply a matter of pref-
erence.

10.5 COMBINED EFFECT OF R; AND R;

The effects of R, and R, have now been demonstrated on an individual basis. The
next natural question is how the presence of both factors in the same network will af-
fect the total gain. In Fig. 10.14, a source with an internal resistance R, and a load
R, have been applied to a two-port system for which the parameters Z;, 4, , and Z,
have been specified. For the moment, let us assume that Z; and Z, are unaffected by
R, and R, respectively.

Figure 10.14 Considering the effects of R; and R; on the gain of an amplifier.

10.5 Combined Effect of R; and R,

RJ/R,
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At the input side we find

iVs
Eq. (10.8)2 V= m
A 10.11
or V. "R TR (10.11)
and at the output side,
y o R
R, + R,
V, Ry

or Av = 71 = RLTRO (1012)

For the total gain 4, = V,/V,, the following mathematical steps can be performed:

v, V.,V

AVS:7S—7I'7S (10.13)
and substituting Eqgs. (10.11) and (10.12) will result in
4 = RL*AvNL Ri
“ R, +R, R+ R,
and
PR e 10.14
"V, R +R, R +R, (10.14)
Since I; = V;/R,, as before,
d=—a, 10.15
i v RL ( . )
or using I, = V,/(R; + R)),
R, + R,
A4; = —A4, R (10.16)
/L,

However, I; = I, so Egs. (10.15) and (10.16) will generate the same result. Equation
(10.14) clearly reveals that both the source and the load resistance will reduce the
overall gain of the system. In fact:

The larger the source resistance and/or smaller the load resistance, the less
the overall gain of an amplifier.

The two reduction factors of Eq. (10.14) form a product that has to be carefully
considered in any design procedure. It is not sufficient to ensure that R; is relatively
small if the impact of the magnitude of R; is ignored. For instance, in Eq. (10.14), if
the first factor is 0.9 and the second factor is 0.2, the product of the two results in an
overall reduction factor equal to (0.9)(0.2) = 0.18, which is close to the lower factor.
The effect of the excellent 0.9 level was completely wiped out by the significantly
lower second multiplier. If both were 0.9-level factors, the net result would be
(0.9)(0.9) = 0.81, which is still quite high. Even if the first were 0.9 and the second
0.7, the net result of 0.63 would still be respectable. In general, therefore, for good
overall gain the effect of both R, and R; must be evaluated individually and as a
product.
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RJ/R,

For the single-stage amplifier of Fig. 10.15, with R, = 4.7 kQ) and R, = 0.3 k(), de- EXAMPLE 10.4
termine:

(@) A,

(b) 4, =V,/V.

(c) 4,

The two-port parameters for the fixed-bias configuration are Z; = 1.071 kQ, Z, =

3kQ,and 4, = —280.11.

VNL

12V

3kQ
470 kQ
It oV

R,  10pF 20 uF
’—’VW—O—"——I B =100
+ 03kQ + -—
47kQ

z, B
AV Vv, —
_ J_ Z
= — = = Figure 10.15 Example 10.4
Solution
g, (10.14) 4, = 2 = - %,
(@) Eq- (10.19): 40, = 5= 2R R, + R, T

1.071 kQ 4.7 kQ
“|T071kQ + 03 kO || 47 kQ + 3 kQ>(_280-11)
= (0.7812)(0.6104)(—280.11)
= (0.4768)(—280.11)
= —133.57
V, RA,,  (47kQ)(—280.11)

O A= =R TR T 47kQT3KQ
= (0.6104)(—280.11) = —170.98
R 1.071 kQ
(c) 4;,= —A4, R, = —(—170.98) (m)
= 38.96
R, + R, 1.071 kQ + 0.3 kO
or 4; = —4,, R, = —(—133.57)( 27 K0 )
= 38.96

as above.

10.6 BJT CE NETWORKS

The fixed-bias configuration has been employed throughout the analysis of the early
sections of this chapter to clearly show the effects of R, and R;. In this section, var-
ious CE configurations are examined with a load and a source resistance. A detailed
analysis will not be performed for each configuration since they follow a very simi-
lar path to that demonstrated in the last few sections.
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Fixed Bias

For the fixed-bias configuration examined in detail in recent sections, the system model
with a load and source resistance will appear as shown in Fig. 10.16. In general,

" R, +R,

Vo A, Vi

VNL

Figure 10.16 Fixed-bias
configuration with R; and R;

Substituting Eq. (8.6), 4,,, = —R¢/r. and R, = R,

Ri(=Rc/r)V;

VNL

o~ R, + Re
v, RR. 1
n A=Y T TRk
R.R¢
but RL”RC —m
R.|Rc
and 4,=—", (10.17)

If the . model were substituted for the transistor in the fixed-bias configuration, the
network of Fig. 10.17 would result, clearly revealing that R and R; are in parallel.

N

A,_
ol

Figure 10.17 Fixed-bias
= configuration with the
RellR, substitution of the r, model.

V_ ZiVs
" Z+ R,
; vz
an V.  Z +R,
" Ve _ Vil
it A A7
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Z;
so that A4,

S Z+ R

(10.18)

Since the load is connected to the collector terminal of the common-emitter config-

uration,

and Z,= R¢

as obtained earlier.

Voltage-Divider Bias

(10.19)

(10.20)

For the loaded voltage-divider bias configuration of Fig. 10.18, the load is again con-

nected to the collector terminal and Z; remains

and for the system’s output impedance

Zu =RC

Z;=R'|Br. (R" = Ri|R>)

-+

ol

Figure 10.18 Voltage-divider bias configuration with Ry and R;.

(10.21)

(10.22)

In the small-signal ac model, R¢ and R; will again be in parallel and

Rc|R,

with Ay = 4,

CE Unbypassed Emitter Bias

(10.23)

(10.24)

For the common-emitter unbypassed emitter-bias configuration of Fig. 10.19, Z; re-

mains independent of the applied load and

Z; = Ry|BR

(10.25)

10.6 BJT CE Networks
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+
nny

o|

Figure 10.19  CE unbypassed emitter-bias configuration with R; and R;.

For the output impedance,

(10.26)

For the voltage gain, the resistance R will again drop down in parallel with R; and

with

and

ZOZRC
Va_ RC”RL
V_V[__ RE
A Ve __ 4 A
BV, Zi+RTY
A L _ A Zi
i Ii_ VRL

but keep in mind that 7, = I, = V,/(R; + Z;) = V,/Z.

Collector Feedback

(10.27)

(10.28)

(10.29)

To keep with our connection of the load to the collector terminal the next configura-
tion to be examined is the collector feedback configuration of Fig. 10.20. In the small-
signal ac model of the system, R and R; will again drop down in parallel and

i
—_—

i

—AW

. ,\lr“"’”—":"—gli — 3«

Rp

Ve

Rc

“+ o

<

Figure 10.20 Collector feedback configuration with Ry and R;.
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 RdR
v T (10.30)
ith 4 ==y 10.31
Wlt vy - Z,' + 1{S v ( . )

The output impedance
Z, = R¢|Ry (10.32)

Rr

and Z; = Bre”m (10.33)

The fact that 4, [Eq. (10.30)] is a function of R; will alter the level of Z; from the
no-load value. Therefore, if the no-load model is available, the level of Z; must be
modified as demonstrated in the next example.

RJ/R,

The collector feedback amplifier of Fig. 10.21 has the following no-load system pa-

rameters: 4, = —238.94, Z, = R||R = 2.66 kQ, and Z, = 0.553 kQ, with r, =
11.3 Q, and B = 200. Using the systems approach, determine:
(a) 4,.
(b) 4.,
(c) 4. 9V
2.7kQ
I
180 kQ o
=
[/
0.6 kQ —
B =200

33kQ

a4y ¢
K

Figure 10.21 Example 10.5.

Solution

(a) For the two-port system:

Rc||R, 2.7 kQJ3.3 kQ
v, T 113 Q
1485k
= -—13q - "13142

, Ry 180 k)
with Z, = 'Br“”A—V] = (200)(11.3 D) 53723

=2.26 k137 kQ
= 0.853 kQ)

10.6 BJT CE Networks

EXAMPLE 10.5
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Figure 10.22 The ac equivalent
circuit for the network of Fig.
10.21.

Figure 10.23  Emitter-follower
configuraton with R; and R;.

468

The system approach will result in the configuration of Fig. 10.22 with the value of
Z; as controlled by R; and the voltage gain. Now the two-port gain equation can be
applied (slight difference in 4, due to approximation B8/, > I, in Section 8.7):

RA,. — (3.3k0Q)(—238.94)
A, = = = —132.3
R, + R, 33KkQ+2.66kQ
I I
’ 2.66 <
[ ——AA—0— AN
06kQ + +
+ +
v, N\y v, §0.853 Kk N\, -23894% v §3.3 kQ
Z 0.853 kQ
®) 4 = 7R A= 0853 k0 + 0.6k (71323
= =717.67
- Z 0.853 kO  (132.3)(0.853 k)
© A=Ay =2 TF350 )= 35k
= 34.2
Z; + R, (0.853 kQ + 0.6 kQ
or A;=—A, R, —(=77.67) 33 kO
=34.2

10.7 BJT EMITTER-FOLLOWER
NETWORKS

The input and output impedance parameters of the two-port model for the emitter-
follower network are sensitive to the applied load and source resistance. For the emit-
ter-follower configuration of Fig. 10.23, the small-signal ac model would appear as
shown in Fig. 10.24. For the input section of Fig. 10.24, the resistance R is neglected
because it is usually so much larger than the source resistance that a Thévenin equiv-

T Vee

!
fa
-
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where R =R || R,
Figure 10.24 Emitter-follower
configuration of Fig. 10.23
following the substitution of
the r, equivalent circuit.

alent circuit for the configuration of Fig. 10.25 would result in simply R, and V as
shown in Fig. 10.24. Of course, if current levels are to be determined such as /; in the
original diagram, the effect of Rz must be included.

Applying Kirchhoff’s voltage law to the input circuit of Fig. 10.24 will result in

Vi = LRy — IpPre — (B+ DI,RE =0
and Ve — IR, + Br. + (B+ DRg) =0
Vs

so that I, = R+ Br.+ (BT DRL

Establishing /., we have

(B+ 1V,
fe= B Db =R 5 Br.+ (B + iz

v,
LR+ Bro)/(B+ D]+ R

and 1,

Using B + 1 = B yields

_ 2
RJB+r) + R

1 (10.34)

Drawing the network to “fit” Eq. (10.34) will result in the configuration of Fig.
10.26a. In Fig. 10.26b, R and the load resistance R; have been separated to permit
a definition of Z, and /,.

o+

iy N
- L - L

(a) (b)

The voltage gain can then be obtained directly from Fig. 10.26a using the voltage
divider rule:

RV,
Vo= Ri + RJIB + 1)

V. R
or A =5 = RIF RIB+ 1)

10.7 BJT Emitter-Follower Networks

RJR,

Thévenin

Figure 10.25 Determining the
Thévenin equivalent circuit for
the input circuit of Fig. 10.23.

Figure 10.26 Networks result-
ing from the application of Kirch-
hoffs voltage law to the input cir-
cuit of Fig. 10.24.
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Y, R.|R,
and A= = R, + RJB + 1o

Setting ¥, = 0 and solving for Z, will result in

R,
Za:RE” F—i—re

For the input impedance,
Zb = B(re + RJI’E)
and Z: = Ry|l2,

or Z= Rg|B(r. + Rg|Rr)

For no-load conditions, the gain equation is

4, =—"F
NE RE +r e
while for loaded conditions,
v, Ry|R,

4, =

V. T RellR, + e

(10.35)

(10.36)

(10.37)

(10.38)

470

EXAMPLE 10.6

For the loaded emitter-follower configuration of Fig. 10.27 with a source resistance
and the no-load two-port parameters of Z; = 157.54 kQ, Z,=21.6 Q, and 4, =

0.993 with r, = 21.74 () and B = 65, determine:

VNL

(a) The new values of Z; and Z, as determined by the load and R, respectively.

(b) A4, using the systems approach.
(c) 4, using the systems approach. 15V
(d) 4, = 1,/1,.

560 kQ

Figure 10.27 Example 10.6.

Solution

Eq. (10.37):  Z; = Rg|B(r. + Rel|R,)
= 560 k65(21.74 Q + 3.3 kQ|2.2 k)
= 560 k87.21 kQ 1.32 kQ)
= 75.46 kQ)
versus 157.54 k() (no-load).
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RJ/R,

2= o[+ r
B
0.56 kQ)
=33 kQ||<765 + 21.74 Q)
= 3.3 kQ)[30.36 Q
= 30.08
versus 21.6 ) (no Ry).

(b) Substituting the two-port equivalent network will result in the small-signal ac
equivalent network of Fig. 10.28.

RidnV,  (22K0)0.993)7,
Vo= R ¥R, ~ 22KkQ+30.080Q

= 0.987;

- =098

with 4, = v,

30.08 Q 4
+ +
; 7546kQ N\, 09937, Vo g 22kQ

N
<
M

Figure 10.28 Small-signal ac equivalent circuit for the network of Fig. 10.27.

_zv, (1546 kQ),
© V=77 R = 7546k + 056 k@ 9975
h A Ve Yo V"—098 0.993) = 0.973
so that V&_Vs_ViVs_(‘)(. )=0.
d) 4 L A Zi
( ) i ; - VRL
75.46 kQ
=~ 098551
= —33.61

10.8 BJT CB NETWORKS

A common-base amplifier with an applied load and source resistance appear in Fig.
10.29. The fact that the load is connected between the collector and base terminals
isolates it from the input circuit, and Z; remains essentially the same for no-load or
loaded conditions. The isolation that exists between input and output circuits also
maintains Z, at a fixed level even though the level of R; may change. The voltage
gain is now determined by
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Figure 10.29 Common-base configuration with R, and R;.

RAR;

Ve

v

and the current gain:

A[E _1

(10.39)

(10.40)
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EXAMPLE 10.7

For the common-base amplifier of Fig. 10.30, the no-load two-port parameters are

(usinga=1)Z,=r,=200,4
alent model, determine:

VNL

(a) 4,
(b) 4,
(c) 4.
I; 1,
—_—
’—'VW—)I—° I
N 02kQ jouF + / 10 uF +
Ny v, Hhe wE e 8.2k§2§ v,
- _ 2V 8V _
| T T :
Figure 10.30 Example 10.7.
Solution
(a) The small-signal ac equivalent network appears in Fig. 10.31.
R/ A,V (8.2 kO)(250)7;
Vo= R, +R, _ 82kQ+s5kQ 19337
1
T O
+

Figure 10.31  Small-signal ac equivalent circuit for the network of Fig. 10.30.

Chapter 10 Systems Approach—Effects of R, and R;

= 250, and Z, = 5 k(). Using the two-port equiv-



d A—V"—1553
an V_Vi_ .

RAR, S5kQB2kQ 37106 kO
or A=TrT S 00 Txa

= 155.3

"R +R, 20 Q + 200 Q
= 14.12

R, 20 O
A, = (—)(155.3)

Note the relatively low gain due to a source impedance much larger than the input
impedance of the amplifier.

Z 20 Q)
(©) 4= —d, 7= = —~(155.3) (8_2 kQ)

= —-0.379

which is significantly less than 1 due to the division of output current between R
and R;.

10.9 FET NETWORKS

As noted in Chapter 9, the isolation that exists between gate and drain or source of
an FET amplifier ensures that changes in R; do not affect the level of Z; and changes
in R, do not affect R,. In essence, therefore:
The no-load two-port model of Fig. 10.2 for an FET amplifier is unaffected by
an applied load or source resistance.

Bypassed Source Resistance

For the FET amplifier of Fig. 10.32, the applied load will appear in parallel with R,
in the small-signal model, resulting in the following equation for the loaded gain:

A4, = —g.(Rp|R;) (10.41)
VDD
RD
I R
+
-
+ Rie o Z R,
VS ,\l . 0

gk ol

Figure 10.32 JFET amplifier with Ry, and R;.

10.9 FET Networks

RJ/R,
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Figure 10.33 JFET amplifier
with unbypassed Rs.

The impedance levels remain at

Unbypassed Source Resistance

(10.42)

(10.43)

For the FET amplifier of Fig. 10.33, the load will again appear in parallel with Ry,

and the loaded gain becomes

_ E _ _gm(RD”RL)
VST T4 gRs
with Z;=Rg
and Z,=Rp
VDD
Rp

)

~

g,
E!

(10.44)

(10.45)

(10.46)

EXAMPLE 10.8

Figure 10.34 Example 10.8.

474

For the FET amplifier of Fig. 10.34, the no-load two-port parameters are 4, 6 =
—3.18, Z; = R|||R, = 239 kQ), and Z, = 2.4 kQ), with g,, = 2.2 mS.
(a) Using the two-port parameters above, determine 4, and 4,,.

(b) Using Eq. (10.44), calculate the loaded gain and compare to the result of part (a).

o Vpp

Chapter 10 Systems Approach—Effects of R, and R;

VNL



Solution
(a) The small-signal ac equivalent network appears in Fig. 10.35, and

V., RA,,  (47kQ)(=3.18)
AV‘?,-_ R, + R, 47kQ+24kQ

= —2.105
L Ve _WiVe_ R
. V) VA Vl Ri + Rsig Y
_ (239 kQ)(—2.105)
239 kQ + 1 kQ

= —2.096 = 4,

+0o

2.4kQ .

+ Z,
29k N\, -318/, §4.7k§2 v,

ol

|
o

Figure 10.35 Small-signal ac equivalent circuit for the network of Fig. 10.34.

_gm(RD”RL)

—(2.2 mS)(2.4 k4.7 kQ)  —3.498
= 1+@22mS)03k0) T 166

—2.105 as above

Source Follower

For the source-follower configuration of Fig. 10.36, the level of Z; is independent of
the magnitude of R, and determined by

Z, =Rg (10.47)

Vee

=
Q
A

=

(o5}
e
N

=

2

_,\/ —
I

Figure 10.36  Source-follower configuration with Ry, and R;.

10.9 FET Networks
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The loaded voltage gain has the same format as the unloaded gain with Rg replaced
by the parallel combination of Rg and R;.

v, gn(Rs||Rr)

A= T T g RsR) (10.48)
The level of output impedance is as determined in Chapter 9:
1
Z,= RS”g_ (10.49)

revealing an insensitivity to the magnitude of the source resistance Rg,.

Common Gate

Even though the common-gate configuration of Fig. 10.37 is somewhat different from
those described above with regard to the placement of R; and Rg;,, the input and out-
put circuits remain isolated and

7= 10.50
i 1 + ngS ( . )
Z,=Rp (10.51)
The loaded voltage gain is given by
4, = gn(Rp|Ry) (10.52)
VDD
RD
It °
I\
G, +

Ryig = o )
C

n, 71’ 1% ER 5
L - ] .

Figure 10.37 Common-gate configuration with Rg;; and R;.

+

o

10.10 SUMMARY TABLE

Now that the loaded and unloaded (Chapters 8 and 9) BJT and JFET amplifiers have
been examined in some detail, a review of the equations developed is provided by
Table 10.1. Although all the equations are for the loaded situation, the removal of R,
will result in the equations for the unloaded amplifier. The same is true for the effect
of R, (for BJTs) and Ry, (for JFETSs) on Z,. In each case, the phase relationship be-
tween the input and output voltages is also provided for quick reference. A review of

Chapter 10 Systems Approach—Effects of R, and R;



the equations will reveal that the isolation provided by the JFET between the gate and
channel by the SiO, layer results in a series of less complex equations than those en-
countered for the BJT configurations. The linkage provided by /, between input and
output circuits of the BJT transistor amplifier adds a touch of complexity to some of

the equations.

RJ/R,

TABLE 10.1 Summary of Transistor Configurations (A,, Z;, Z,)

N

I8

Including r,:

I

Configuration A, =V, /V; Z Z,
_RL”RC)
e Rg|Br. Rc
e (R.|Rc) Rz Re
|+ Including r,:
) (Al Ralr. relr,
re
L —(RIRo)
CC Liikc
re Ry[|R,|Br Re
,hfc
hie (R.|Rc) Ry[lRo e Re
Including r,:
—(R|IRA|rs
—dtdr) RIR| &elr,
Ri = R/JIRe R{ = R,R\[|R>

Ri[[Ro|B(r. + Re)

RulRo(ie + heRi)

Ri[|R:[IB(re + Re)

’

kel )

R+ hy,
rl(= )

k!
wll 5+,

K K,
i nv
-
]
. T
-

&R

Te

hﬂ,
T (RIRC)

Including r,:
 ~(RJrdr)

Te

REH”e

Rl

REH”e

Re

Re

RCHrO

10.10 Summary Table

477



Rs / RL

TABLE 10.1 Summary of Transistor Configurations (4,, Z;, Z,) (Continued)

Configuration A, =V,/V, Z -
~RIR)
Rg R[IR:|IBre + Rp) Re
I”’H
' _(RL”RC)
Re Ry[IRo|(ie + hyeREg) R
+
Vs
- Including r,:
—(RIRo)
Rg Rl”RZHB(rc + Rg) =R
—Ri|IR¢
Vfc R, RgllB(r. + Re) Re
0,
v v ~(RiRo)
Rg, R|\(hie + hpRE,) Re
+ R,
ALY
- Including r,:
J —Ri|Rc
N = Rp, Ry|lB(r. + Rg,) =R
—(RIRo) Re
Vee Ie BrcH |Av| Re
: e Re
g i, RellR) hidlq ) Re
Including r,:
~(RelRdlro) R
e B 14, Re|Re|lr,
v, —(ReJR) Re
cc Rp BRE|||AV| = R IR~
Re
Re §
’ ~(R|Ro) Re B
R |-]°-Av— Pa Ry heRe]| ) = R|Rr
+ R,
V) —
B J- % e Including r,:
—(RIRo) R
= = = 7RE = BRE” ‘Av| = RC”RF

478
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TABLE 10.1 (Continued)

Configuration A, =V,/V, Z Z,
VoD
Rp /\
°V, —gu(RplIR,) R¢ Rp
Including r,:
= gn(RolR.lra) Rg Rplra
—gm(Rp|Ry) Rp
1 +g.Rs Rg 1+ g,.Rs
Including r:
_gm(RD!eRL) — P Rp
+ Ry ; =
1+ngS+# ¢ 1+ g,Rs
ra
—gm(Rp|Ry) Ry[R, Rp
Including r,:
—gn(RolR.lra) Ri[|R: Rolra
1+ g,(RIR,) Rg Ry[l/g,,
Including r:
la(Rs|[RL) R
s
= r4+ Rp + gura(Rs|Rp) Rg - 2,7 aRs
ry+ Rp
Ry|R Ks R
&l DH L) 1+ g,Rs D
Including r;:
= ¢,(Rp|Ry) Z; 2 Rs Rollra
ra + Rp|R,

10.10 Summary Table
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10.11 CASCADED SYSTEMS

The two-port systems approach is particularly useful for cascaded systems such as
that appearing in Fig. 10.38, where 4,, 4,,, 4,,, and so on, are the voltage gains of
each stage under loaded conditions. That is, 4, is determined with the input imped-
ance to 4,, acting as the load on 4,,. For 4,,, 4, will determine the signal strength
and source impedance at the input to 4,,. The total gain of the system is then deter-
mined by the product of the individual gains as follows:

A, =4, A4, A, (10.53)

and the total current gain by
4y = —a, 2 10.54
ir VTRL ( . )

No matter how perfect the system design, the application of a load to a two-port
system will affect the voltage gain. Therefore, there is no possibility of a situation
where 4, , 4,,, and so on, of Fig. 10.38 are simply the no-load values. The loading
of each succeeding stage must be considered. The no-load parameters can be used to
determine the loaded gains of Fig. 10.38, but Eq. (10.53) requires the loaded values.

Vo= Vi Vo= Vi
/ (] / 2
|
+o— e S +
/ / : :
Vi Aul ADZ An3 I ADn i RV,
_ 1. [ 1 [] [ .
I ]
4= Zoy Ziy Zo, Zis Zo Z, Zo,=%,
Figure 10.38 Cascaded system.

EXAMPLE 10.9 The two-stage system of Fig. 10.39 employed a transistor emitter-follower configu-
ration prior to a common-base configuration to ensure that the maximum percent of
the applied signal appears at the input terminals of the common-base amplifier. In
Fig. 10.39, the no-load values are provided for each system, with the exception of Z;
and Z, for the emitter-follower, which are the loaded values. For the configuration of
Fig. 10.39, determine:

(a) The loaded gain for each stage.

(b) The total gain for the system, 4, and 4, .

(c) The total current gain for the system.

(d) The total gain for the system if the emitter-follower configuration were removed.

K " i A gy

¥ —— _.__ll
s | -II lﬂl " i Emiizerfoibower Cammon-hase i 1 2
? . Z= 10k o e z=20 |~ b
= P'u 1 Za=128 ) ':|_'_ Z,=51kid "2 7
| A ! | - A =3 [ &
I=l 2o %y Ty =g,

Figure 10.39 Example 10.9.
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Solution

(a) For the emitter-follower configuration, the loaded gain is

_ ZizAVNLVil _ (26 Q)(I)I/ll _
Vo= 7 %2, — 260+ 120 - 068,

and A, = v = 0.684
For the common-base configuration,

RA, V. (8.2 kQ)(240)V;,

V.= R 7R, ~82KQ+s51k0 14797V
d 4, = 22 = 14797

an WSS .

i

(b) 4,, =4, 4,,

— (0.684)(147.97)
= 101.20
Z (10 KQ)(101.20)
4= 75k = TI0KQ + 1RO
~ 92
Z, 10 kO
© 4, = —A 7" = —(101.20)(8_2 kQ)
- —123.41
Zi, Vs (26 YV,
@ Vi =7 TR =260+ 1k0 - 00DV

7

lcs

Vi Vo
and 7 = 0.025 with A = 14797 from above
ViV,

and 4,, = 7= 5= = (0.025)(147.97) = 3.7

In total, therefore, the gain is about 25 times greater with the emitter-follower con-
figuration to draw the signal to the amplifier stages. Take note, however, that it was
also important that the output impedance of the first stage was relatively close to the
input impedance of the second stage or the signal would have been “lost” again by
the voltage-divider action.

10.12 PSPICE WINDOWS

Loaded Voltage-Divider BJT Transistor Configuration

The computer analysis of this section includes a PSpice Windows evaluation of the
response of a loaded BJT and FET amplifier with a source resistance. The BJT net-
work of Fig. 10.40 employs the same unloaded configuration examined in the PSpice
analysis of Chapter 8, where the unloaded gain was 369 (Example 8.2, r, = 18.44 Q).
For the transistor, all the parameters listed under Model Editor were removed except
I and beta, which were set to 2E-15A and 90, respectively. In this way, the results
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RJ/R,

Figure 10.40 Loaded
voltage-divider BJT transistor
configuration.

482

will be as close to the hand-written solutions as possible without going to the con-
trolled source equivalents. Note the placement of the VPRINT1 option to pick up the
voltage lost across the source resistance and to note if there is any drop in gain across
the capacitor. The option Do not auto-run Probe was chosen, and under Analysis
Setup, the AC Sweep was set at a fixed frequency of 10 kHz. In addition, Display
Results on Schematic under Analysis was chosen and the Voltage Display enabled.

* i 2.00 i
VCC — 22v 2 AC=0k AC=ok
) MAG=0k MAG=0k
- :\n%o:ok R1 =z 56K RCS 6.8k PHASE=0k PHE—ok
~ PHASE=ok

2=
Rsig 1

69 oo BV 10
V5691 my
|z

An Analysis resulted in the dc levels appearing in Fig. 10.40. In particular, note
the zero volt levels at the left side of C; and the right side of C,. In addition, note
that Vg is essentially 0.7 V and the dc levels of each terminal of the transistor are
very close to those calculated in Example 8.2 (using the approximate approach). Re-
viewing the output file following Analysis-Examine Output will result in the data
listings of Fig. 10.41. The nodes are defined in the Schematics Netlist, and the BJT
MODEL PARAMETERS reveal our choices for this run—although the last three
are default values. The SMALL-SIGNAL BIAS SOLUTION simply confirms the
levels printed on the schematic, and the Operating Point Information reveals that
beta (dc and ac) is 90, that Vpg is 0.7 V, that /- is 1.32 mA, and that /g is 14.7 pA
(in addition to a host of other levels). The AC ANALYSIS reveals that the voltage
on the other side of R, is about 0.7 mV, resulting in a drop of about 0.3 mV (30%
loss in signal voltage) of the applied signal across Rg;,. The remaining two ac levels
are the same, revealing that the capacitor is an effective short circuit for ac. The loaded
gain from source to output is 144.9. The gain from the base of the transistor to the
output is 144.9 mV/0.7 mV = 207. Both levels are certainly significantly less than
the no-load level of 369. If we return to the network and change R; to 10 M(), the
output voltage will rise to 243.3 mV, resulting in a gain 0of 243.3 mV/0.7 mV = 347.57,
which is quite close to the hand-calculated, approximate level of 369.

For interest’s sake, let us now calculate the loaded voltage gain and compare to
the PSpice solution of 144.9.

i@

r,=18.44 Q
and Z; = Ry[IR,||Br.
= 56 kQJ8.2 kQJ|(90)(18.44 Q)
= 1.35kQ
ZV, (1.35 k¥
Vi 7 7R T 135K+ 06ka 009
and E =0.69
Vs
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CRAK CIRCUIT DESCRIPTION
Kk kA AR Ak kA kA kA kA kA k Ak ke kkk ko k Ak ko k ko k ko ke k kok ko ok
* Schematics Netlist *

V_Vs $N_0001 0 AC imv
+SIN 0V 1mv 10kHz 0 0 0O

R_Rsig $N_0001 $N_0002 600
.PRINT AC

+ VM([$N_0002])
+ VP ([$N_0002])

Cc_Cl $N_0002 $N_0003 10uF
v_vcC $N_0004 0 22V

R_R1 $N_0004 $N_0003 56k
R_R2 $N_0003 0 8.2k
R_RC $N_0004 $N_0005 6.8k
R_RE $N_0006 0 1.5k

C_CE $N_0006 0 20uF
R_RL $N_0007 0 10k

cHC2 $N_0005 $N_0007 10uF
PRINT AC

+ VM([$N_0005])
+ VP ([$N_0005])

. PRINT AC
+ VM([$N_0007])
+ VP([$N_0007])

Qo1 $N_0005 $N_0003 $N_0006 Q2N2222-X
VIS BJT MODEL PARAMETERS
KR AR I KKK AR AR R AR AR AR A A AR AR KRR R A AR AR IR AR AR AR AR A ARk A AR AR Ak ko ok ok
Q2N2222-X
NEN
IS 2.000000E-15
BF 90
NF 1
BR 1
NR 1
ALK SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27.000 DEG C

Y

NODE  VOLTAGE NODE  VOLTAGE NODE  VOLTAGE NODE  VOLTAGE
($N_0001) 0.0000 ($N_0002) 0.0000
($N_0003) 2.7051 ($N_0004) 22.0000
($N_0005) 13.0280 ($N_0006) 2.0012

($N_0007) 0.0000

VOLTAGE SOURCE CURRENTS

NAME CURRENT
V_Vs 0.000E+00
v_vcc -1.664E-03

TOTAL POWER DISSIPATION 3.66E-02 WATTS

LAAR OPERATING POINT INFORMATION TEMPERATURE = 27.000 DEG C

D R R L L

**%* BIPOLAR JUNCTION TRANSISTORS

NAME Q01
MODEL Q2N2222-X
1B 1.47E-05
Ic 1.32E-03
VBE 7.04E-01
VBC -1.03E+01
VCE 1.10E+01
BETADC 9.00E+01
GM 5.10E-02
RPI 1.76E+03
RX 0.00E+00
RO 1.00E+12
CBE 0.00E+00
CBC 0.00E+00
CJs 0.00E+00
BETAAC 9.00E+01
CBX 0.00E+00
FT 8.12E+17
LI AC ANALYSIS TEMPERATURE = 27.000 DEG C

D Y

FREQ VM ($N_0002) VP ($N_0002)

1.000E+04 7.025E-04 -5.801E-01

FREQ VM($N_0005) VP ($N_0005)

1.000E+04 1.449E-01 -1.782E+02

FREQ VM ($N_0007) VP ($N_0007)

1.000E+04 1.449E-01 -1.782E+02

Figure 10.41  Output file for
the network of Fig. 10.40.

RJ/R;
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Figure 10.42 Loaded self-bias
JFET transistor configuration.

484

Vv, R, (10kQ)(—3504)
A=Y =R TR T 10KO + 68kQ
= —208.57
ith 4 = V; 5
wit W=7 = (0.609)(-208.57)

= —-144

which is an excellent comparison with the computer solution.

Loaded JFET Self-Bias Transistor Configuration

The network of Fig. 10.42 is a loaded version of the network examined in Chapter 9,
which resulted in a no-load gain of 13.3. In the Model Editor dialog box, Beta was
set to 0.625mA/V? and Vto = —4V. The remaining parameters were left alone to per-
mit a close comparison with the Chapter 9 solution and because they have less effect
on the response than for a BJT transistor.

Again, note the effectiveness of the capacitors to block the dc voltages. In addi-
tion, note the small voltage at the gate, indicating that the input impedance to the de-

= =g
AC=ok  VYDPD-=-30v PHASE=ok

MAG=0k - .
e il

Rsng

‘@ 600 BV 0AuF

Vs ®1mv RG
2 =

vice is in reality not infinite (although for all practical purposes it is an excellent as-
sumption.) Again, the frequency was set to 10 kHz and an Analysis called for with-
out the Probe option. The sequence Analysis-Examine Output will result in the list-
ing of Fig. 10.43. The Schematics Netlist provides a listing of assigned nodes, and
the OPERATING POINT INFORMATION reveals that the drain current is 3.36
mA, that Vggis —1.71 V, and that g, is 2.94 mS. The AC ANALYSIS reveals that
there is negligible drop across either capacitor at this frequency, and the short-circuit
equivalency can be assumed. The output voltage is 5.597mV resulting in a loaded
gain of 5.597 compared to the unloaded gain of 13.3. Note also that the drop across
Rsi, 1s negligible due to the high input impedance of the device.

Using the value of g,, hand-calculated earlier, the equation for the loaded gain
will result in a gain of 5.62 as shown below—an excellent comparison with the com-
puter solution.

RL§ 3.3k

9

Av _gm(RDHRL)
—(2.90 mS)(4.7 kQJ3.3 k)

= —5.62

The results obtained above have clearly substantiated the analysis and equations
presented in this chapter for a loaded amplifier.

Chapter 10 Systems Approach—Effects of R, and R;



A CIRCUIT DESCRIPTION
Fokkkokk ok ke ok ke Rk kR K K Kk kR R R R Kk kR R R kR Rk Kk kAR KRR R R KKK KRR KRR Rk Rk k ke

* Schematics Netlist *

V_Vs $N_0001 0 AC 1mVv
+SIN OV Imv 10kHz 0 0 0

R_Rsig $N_0001 $N_0002 600
. PRINT

+ VM([$N_0002])
+ VP([$N_0002])

(oli(e § $N_0002 $N_0003 0.1uF
R_RG $N_0003 0 10Meg

c_c2 $N_0004 $N_0005 10uF
.PRINT AC

+ VM([$N_0006])
+ VP ([$N_0006])

.PRINT
+ VM([$N_0005])
+ VP ([$N_0005])

V_VDD $N_0007 0 30V
R_RD $N_0007 $N_0004 4.7k
R_RS $N_0006 0 510
c_Cs $N_0006 0 20uF
J_J1 $N_0004 $N_0003 $N_0006 J2N3819-X1
R_RL $N_0005 0 3.3k
*Rx® Junction FET MODEL PARAMETERS
Fokkk e e ek kK K K K Kk Rk R K Kk kR ke ok ke ke ek kR ko ke sk ok ok ok ke e e ok ok
J2N3819-X1
NJF
VTO -4
BETA 625.000000E-06
LAMBDA 2.250000E-03

is 33.570000E-15
ISR 322.400000E-15
ALPHA 311.700000E-06

VK 243.6
RD i
RS 1
CGD 1.600000E-12
CGS 2.414000E-12
M .3622
VTOTC -2.500000E-03
BETATCE =.5
KF 9.882000E-18
S SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27.000 DEG C
******tit*******t***t***i*t*i**ﬁ**********2!t***************************A‘****ﬁ
NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE
($N_0001) 0.0000 ($N_0002) 0.0000
($N_0003) 13.95E-06 ($N_0004) 14.2280
($N_0005) 0.0000 ($N_0006) 1.7114

($N_0007) 30.0000

VOLTAGE SOURCE CURRENTS
NAME

CURRENT
V_Vs 0.000E+00
V_VDD -3.356E-03

TOTAL POWER DISSIPATION 1.01E-01 WATTS
I OPERATING POINT INFORMATION TEMPERATURE = 27.000 DEG C

b S e S R T ]

*%*% JFETS

NAME J_Jl

MODEL J2N3819-X1
iD 3.36E-03

VGS -1.71E+00

VDS 1.25E+01

GM 2.94E-03

GDS 7.34E-06

CGS 1.68E-12

CGD 5.97E-13 -

LI AC ANALYSIS TEMPERATURE = 27.000 DEG C

R R L R R R R g g grgrprpngnge ey

FREQ VM ($N_0002) VP ($N_0002)

1.000E+04 9.999E-04 -1.213E-02

FREQ VM ($N_0006) VP ($N_0006)

1.000E+04 2.297E-06 -8.979E+01

FREQ VM ($N_0005) VP ($N_0005)

1.000E+04 5.597E-03 -1.799E+02

RJ/R;

Figure 10.43  Output file for
the network of Fig. 10.42.
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PROBLEMS § 10.3 Effect of a Load Impedance (R;)

1. For the fixed-bias configuration of Fig. 10.44:
(a) Determine 4, , Z;, and Z,.
(b) Sketch the two-port model of Fig. 10.2 with the parameters determined in part (a) in place.
(c) Calculate the gain 4, using the model of part (b) and Eq. (10.3).
(d) Determine the current gain using Eq. (10.6).
(¢) Determine A4,, Z,, and Z, using the r, model and compare with the solutions above.

TISV

§3.3 kQ
§680 kQ

L8uF I,
n__—~—
It ' oV,
1.8 uF
V.o ) I B =100
Ji I\ <— R, &47kQ
i z

Figure 10.44 Problems 1, 2, and 3

# 2. (a) Draw the dc and ac load lines for the network of Fig. 10.44 on the characteristics of Fig.
10.45.

(b) Determine the peak-to-peak value of /. and V,, from the graph if V; has a peak value of

10 mV. Determine the voltage gain 4, = V,/V; and compare with the solution obtained in

Problem 1.
1~ (mAd
EsTe—— ’_!|-||‘:L-"| x e =
IEEITRE) '_Jflll'lu.'u'r ______ {
B i RO LA — =~ — b
i i
HH {
- __,7.!—'-""-!|-|-"‘- =
EE 1 1
] ! LT RS
| : _l]]u_'i. I |
{{1EEE P
_ s VA
= R 30
¥ F ] i
3  ERER= S u i
1 | J Iy — 1A
aa 1 i
SR R R e
s kit L Ve (V)

Figure 10.45 Problems 2 and 7
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3.

* 4,

5,\1 Z/

(a) Determine the voltage gain 4, for the network of Fig. 10.44 for R, = 4.7, 2.2, and 0.5 k().
What is the effect of decreasing levels of R, on the voltage gain?
(b) How will Z;, Z,, and 4, change with decreasing values of R,?

§ 10.4 Effect of a Source Impedance (Ry)

For the network of Fig. 10.46:

(a) Determine 4, , Z;, and Z,.

(b) Sketch the two-port model of Fig. 10.2 with the parameters determined in part (a) in place.
(c) Determine A4, using the results of part (b).

(d) Determine 4,,.

(e) Determine 4, using the », model and compare the results to that obtained in part (d).

(f) Change R, to 1 k) and determine A,. How does 4, change with the level of R,?

(g) Change R, to 1 k) and determine 4, . How does 4, change with the level of R,?

(h) Change R, to 1 k() and determine 4, _ , Z;, and Z,. How do they change with change in R,?

VNL?

TIZV

§3kQ
glMQ

Jf- = Figure 10.46 Problem 4

8§ 10.5 Combined Effect of R, and R;

. For the network of Fig. 10.47:

(a) Determine 4, , Z;, and Z,.

(b) Sketch the two-port model of Fig. 10.2 with the parameters determined in part (a) in place.

(c¢) Determine 4, and 4,,.

(d) Calculate 4,.

(e) Change R, to 5.6 k() and calculate 4, . What is the effect of increasing levels of R, on the
gain?

(f) Change R, to 0.5 k() (with R, at 2.7 k()) and comment on the effect of reducing R, on 4,,.

(g) Change R; to 5.6 kQ) and R, to 0.5 k() and determine the new levels of Z; and Z,. How are
the impedance parameters affected by changing levels of R; and R,?

24V
4.3kQ
§ 560 kQ LOUF )
u f
H ] o ]
I; R 10puF % I
U
’ —— B =80
1kQ A
<«— R, Q27kQ
,\1 — Z,
L7
= = = Figure 10.47 Problems 5 and 17

Problems
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8 10.6 BJT CE Networks

6. For the voltage-divider configuration of Fig. 10.48:
(a) Determine 4,,,, Z;, and Z,.
(b) Sketch the two-port model of Fig. 10.2 with the parameters determined in part (a) in place.
(c) Calculate the gain A, using the model of part (b).
(d) Determine the current gain 4,.
(e) Determine 4,, Z;, and Z, using the r, model and compare solutions.

&Y

2.2}

CETT I
[ =} o

i A - 1
a5 pF -—
- I

L
075 kil = l0EF
- l‘

Figure 10.48 Problems 6, 7, and 8

5.6 ki

* 7. (a) Draw the dc and ac load lines for the network of Fig. 10.48 on the characteristics of Fig.
10.45.
(b) Determine the peak-to-peak value of /. and V., from the graph if V; has a peak value of 10
mV. Determine the voltage gain A, = V,,/V; and compare the solution with that obtained in
Problem 6.
8. (a) Determine the voltage gain 4, for the network of Fig. 10.48 with R, = 4.7, 2.2, and 0.5
k(. What is the effect of decreasing levels of R, on the voltage gain?
(b) How will Z,, Z,, and 4, change with decreasing levels of R,?

9. For the emitter-stabilized network of Fig. 10.49:
(a) Determine 4, , Z;, and Z,,.

VNLY

(b) Sketch the two-port model of Fig. 10.2 with the values determined in part (a).

(c) Determine 4, and 4,,.

(d) Change R, to 1 k(). What is the effect on 4, , Z;, and Z,?

(e) Change R, to 1 k() and determine 4, and 4, . What is the effect of increasing levels of R,
on 4, and 4,? &Y

Figure 10.49 Problem 9
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§ 10.7 BJT Emitter-Follower Networks

% 10. For the network of Fig. 10.50:

(a) Determine 4,,,, Z;, and Z,.

(b) Sketch the two-port model of Fig. 10.2 with the values determined in part (a).

(c) Determine A4, and 4,,.

(d) Change R, to 1 k{) and determine 4, and 4, . What is the effect of increasing levels of R,
on the voltage gains?

(e) Change R, to 1 k() and determine A
of R, on the parameters?

(f) Change R, to 5.6 k() and determine 4, and 4, . What is the effect of increasing levels of
R; on the voltage gains? Maintain R, at its original level of 0.6 k().

Z;, and Z,. What is the effect of increasing levels

VNL?

20V

LR e
91 il

K, !

[_q:- B = 130
| 0.6 k2 S_LF Luﬁ Ilﬁ.ﬁ;.u-' s

1 — 120 i
lﬂu gl’?kﬂ

L & 1.2 k01 L
Figure 10.50 Problems 10 and 18

8 10.8 BJT CB Networks

* 11, For the common-base network of Fig. 10.51:

(a) Determine Z;, Z,, and 4, .

(b) Sketch the two-port model of Fig. 10.2 with the parameters of part (a) in place.

(c) Determine 4, and 4,,.

(d) Determine 4, and 4,_using the r, model and compare with the results of part (c).

(e) Change R, to 0.5 k{) and R, to 2.2 k() and calculate 4, and 4, . What is the effect of chang-
ing levels of R, and R; on the voltage gains?

(f) Determine Z, if R, changed to 0.5 k() with all other parameters as appearing in Fig. 10.51.
How is Z, affected by changing levels of R?

(g) Determine Z; if R; is reduced to 2.2 k€). What is the effect of changing levels of R; on the
input impedance?

LR -1 %
22k0 47k
' R AT iy 1l
l—i:— . J 11 | r' |

Figure 10.51 Problems 11 and 19
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8 10.9 FET Networks

12. For the self-bias JFET network of Fig. 10.52:

(a) Determine 4, , Z;, and Z,,

(b) Sketch the two-port model of Fig. 10.2 with the parameters determined in part (a) in place.

(c) Determine A4, and 4,,.

(d) Change R, to 6.8 k() and Ry;, to 1 k() and calculate the new levels of 4, and 4,,. How are
the voltage gains affected by changes in Ry, and R, ?

(e) For the same changes as part (d), determine Z; and Z,. What was the impact on both im-

pedances?
12V
2.7kQ
10pF
{ oY
Rslg ’,
|_0_4,I: Ipgs = 10 mA
0.6k 1ouF Vp=—6V
—

Figure 10.52 Problems 12 and 20

13. For the source-follower network of Fig. 10.53:

N

(a) Determine 4, , Z;, and Z,.

(b) Sketch the two-port model of Fig. 10.2 with the parameters determined in part (a) in place.

(c¢) Determine 4, and 4,,.

(d) Change R; to 4.7 k() and calculate 4, and 4, . What was the effect of increasing levels of
R; on both voltage gains?

(e) Change Ry, to 1 kQ (with R, at 2.2 k(}) and calculate 4, and 4, . What was the effect of
increasing levels of R;, on both voltage gains?

(f) Change R, to 4.7 k() and Ry;, to 1 k() and calculate Z; and Z,. What was the effect on both
parameters?

Ipgs = 6 mA
Vp=—6V
It oV,
2 MO 8.2 uF
- 3.3kQ 7 2.2kQ

,\I Z
l. ,

Figure 10.53 Problem 13
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# 14, For the common-gate configuration of Fig. 10.54:

(a) Determine 4, _, Z;, and Z,.

(b) Sketch the two-port model of Fig. 10.2 with the parameters determined in part (a) in place.

(c) Determine A4, and 4,,.

(d) Change R, to 2.2 k() and calculate 4, and 4, . What was the effect of changing R, on the
voltage gains?

(e) Change Ry, to 0.5 k€ (with R, at 4.7 k()) and calculate 4, and 4, . What was the effect
of changing R;, on the voltage gains?

(f) Change R, to 2.2 k) and R, to 0.5 k() and calculate Z; and Z,. What was the effect on
both parameters?

sig

18V
o
g 3.3kQ
5.6 uF
It
I\ oV,
Ipgs = 5 mA
Vp=-4V
- -
Rgig 5~6IHF , Z, § 4.7kQ
I
+ 1kQ
Vy — 1.2kQ

-

Figure 10.54 Problem 14

§ 10.11 Cascaded Systems

% 15, For the cascaded system of Fig. 10.55 with two identical stages, determine:

(a) The loaded voltage gain of each stage.

(b) The total gain of the system, 4,, and 4, .

(c) The loaded current gain of each stage.

(d) The total current gain of the system.

(e) How Z; is affected by the second stage and R;.
(f) How Z, is affected by the first stage and R,.
(g) The phase relationship between V, and V.

R Luf 1uF %

0“‘6 quu )I CE amplifier CE amplifier I
Z;=1kQ Z;=1kQ

,\/ - Z,=33kQ Z,=33kQ <« R Q27K

z, 0 =5 0 =3 z,

% n

Figure 10.55 Problem 15

Problems
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% 16. For the cascaded system of Fig. 10.56, determine:
(a) The loaded voltage gain of each stage.
(b) The total gain of the system, 4, and 4, .
(c) The loaded current gain of each stage.
(d) The total current gain of the system.
(e) How Z; is affected by the second stage and R;.
(f) How Z, is affected by the first stage and R,.
(g) The phase relationship between V, and V.

R, '
|—’V\A/\'—"—lo/— Emitter - follower CE amplifier
1kQ o Z,= 50 kQ Z;=12kQ
s 7’ Z,=20Q Z,=4.6kQ
- 4, = 1 ) —~ 4, =-640
J?_ Z”1| | ) J?_

Figure 10.56 Problem 16

§ 10.12 PSpice Windows

17. Using PSpice Windows, determine the level of V, for V; = | mV for the network of Fig. 10.47.

For the capacitive elements assume a frequency of 1 kHz.

18. Repeat Problem 17 for the network of Fig. 10.50 and compare the results with those of Prob-

lem 10.

19. Repeat Problem 17 for the network of Fig. 10.51 and compare with the results of Problem 11.
20. Repeat Problem 17 for the network of Fig. 10.52 and compare with the results of Problem 12.

*Please Note: Asterisks indicate more difficult problems.
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BJT and JFET
Frequency Response

f E—

CHAPTER

11

11.1 INTRODUCTION

The analysis thus far has been limited to a particular frequency. For the amplifier, it
was a frequency that normally permitted ignoring the effects of the capacitive ele-
ments, reducing the analysis to one that included only resistive elements and sources
of the independent and controlled variety. We will now investigate the frequency
effects introduced by the larger capacitive elements of the network at low frequen-
cies and the smaller capacitive elements of the active device at the high frequencies.
Since the analysis will extend through a wide frequency range, the logarithmic scale
will be defined and used throughout the analysis. In addition, since industry typically
uses a decibel scale on its frequency plots, the concept of the decibel is introduced
in some detail. The similarities between the frequency response analyses of both BJTs
and FETs permit a coverage of each in the same chapter.

11.2 LOGARITHMS

There is no escaping the need to become comfortable with the logarithmic function.
The plotting of a variable between wide limits, comparing levels without unwieldy
numbers, and identifying levels of particular importance in the design, review, and
analysis procedures are all positive features of using the logarithmic function.

As a first step in clarifying the relationship between the variables of a logarith-
mic function, consider the following mathematical equations:

a=>b", x = logy a (11.1)

The variables a, b, and x are the same in each equation. If @ is determined by tak-
ing the base b to the x power, the same x will result if the log of « is taken to the base
b. For instance, if » = 10 and x = 2,

a=0b"=(10)* = 100
but x = log, a = logyy 100 =2

In other words, if you were asked to find the power of a number that would result in
a particular level such as shown below:

10,000 = 10"

493



the level of x could be determined using logarithms. That is,
x = log;y 10,000 = 4

For the electrical/electronics industry and in fact for the vast majority of scientific re-
search, the base in the logarithmic equation is limited to 10 and the number e =
2.71828. . . .

Logarithms taken to the base 10 are referred to as common logarithms, while
logarithms taken to the base e are referred to as natural logarithms. In summary:

Common logarithm: x = log a (11.2)
Natural logarithm: y = log, a (11.3)

The two are related by
log, a = 2.3 log,p a (11.4)

On today’s scientific calculators, the common logarithm is typically denoted by the
key and the natural logarithm by the (In] key.

EXAMPLE 11.1

Using the calculator, determine the logarithm of the following numbers to the base
indicated.

(a) log;o 10°.

(b) log, €.

(c) log;o 1072

(d) log, e .

Solution
(a) 6 (b) 3 (c) =2 (d) —1

The results in Example 11.1 clearly reveal that the logarithm of a number taken
to a power is simply the power of the number if the number matches the base of the
logarithm. In the next example, the base and the variable x are not related by an in-
teger power of the base.
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EXAMPLE 11.2

Using the calculator, determine the logarithm of the following numbers.
(a) log;, 64.

(b) log, 64.

(c) log;o 1600.

(d) log, 8000.

Solution
(a) 1.806 (b) 4.159 (c) 3.204 (d) 3.903

Note in parts (a) and (b) of Example 11.2 that the logarithms log;( a and log, a
are indeed related as defined by Eq. (11.4). In addition, note that the logarithm of a
number does not increase in the same linear fashion as the number. That is, 8000 is
125 times larger than 64, but the logarithm of 8000 is only about 2.16 times larger
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than the magnitude of the logarithm of 64, revealing a very nonlinear relationship. In
fact, Table 11.1 clearly shows how the logarithm of a number increases only as the
exponent of the number. If the antilogarithm of a number is desired, the 10" or ¢* cal-
culator functions are employed.

TABLE 11.1
log, 10° =0
logio 10 =1
log;o 100 =2
logo 1,000 =3
logio 10,000 =4
log;o 100,000 =5
logio 1,000,000 =6
logio 10,000,000 =7
log;o 100,000,000 =8
and so on
Using a calculator, determine the antilogarithm of the following expressions: EXAMPLE 11.3
(a) 1.6 = logyg a.
(b) 0.04 = log, a.
Solution
(a) a= 10'°
Calculator keys: (1] (] (6]
and ¢ = 39.81
(b) a= e0.04

Calculator keys: 1 g JU1 |

and a = 1.0408

Since the remaining analysis of this chapter employs the common logarithm, let
us now review a few properties of logarithms using solely the common logarithm. In
general, however, the same relationships hold true for logarithms to any base.

loglo 1=0 (115)

As clearly revealed by Table 11.1, since 10° = 1,

loglo % = lOglO a — loglo b (116)

which for the special case of @ = 1 becomes

1
loglo E = —loglo b (117)

revealing that for any b greater than 1 the logarithm of a number less than 1 is al-
ways negative.

logyg ab = log¢ a + log b (11.8)

In each case, the equations employing natural logarithms will have the same format.
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EXAMPLE 11.4

Using a calculator, determine the logarithm of the following numbers:
(a) log;o 0.5.

4000
(b) logio 250 -

(c) logio (0.6 X 30).

Solution

(a) —0.3
(b) log;p 4000 — log;o 250 = 3.602 — 2.398 = 1.204

Check: log;g % = log;o 16 = 1.204

(c) logyp 0.6 + logyg 30 = —0.2218 + 1.477 = 1.255
Check: log;o (0.6 X 30) = log;, 18 = 1.255

The use of log scales can significantly expand the range of variation of a partic-
ular variable on a graph. Most graph paper available is of the semilog or double-log
(log-log) variety. The term semi (meaning one-half) indicates that only one of the two
scales is a log scale, whereas double-log indicates that both scales are log scales. A
semilog scale appears in Fig. 11.1. Note that the vertical scale is a linear scale with
equal divisions. The spacing between the lines of the log plot is shown on the graph.
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Figure 11.1  Semilog graph paper.
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The log of 2 to the base 10 is approximately 0.3. The distance from 1 (log;o 1 = 0)
to 2 is therefore 30% of the span. The log of 3 to the base 10 is 0.4771 or almost
48% of the span (very close to one-half the distance between power of 10 increments
on the log scale). Since log;o 5 = 0.7, it is marked off at a point 70% of the distance.
Note that between any two digits the same compression of the lines appears as you
progress from the left to the right. It is important to note the resulting numerical value
and the spacing, since plots will typically only have the tic marks indicated in Fig.
11.2 due to a lack of space. You must realize that the longer bars for this figure have
the numerical values of 0.3, 3, and 30 associated with them, whereas the next shorter
bars have values of 0.5, 5, and 50 and the shortest bars 0.7, 7, and 70.

about halfway (0.3) 3) (5) (7) (30) (50)(70)
—

L1 L1 L1 R
0.1 0.7 1 10 100 log
%—/

almost three-fourths (0.5)

Figure 11.2  Identifying the numerical values of the tic marks on a log scale.

Be aware that plotting a function on a log scale can change the general appear-
ance of the waveform as compared to a plot on a linear scale. A straight-line plot on
a linear scale can develop a curve on a log scale, and a nonlinear plot on a linear scale
can take on the appearance of a straight line on a log plot. The important point is that
the results extracted at each level be correctly labeled by developing a familiarity with
the spacing of Figs. 11.1 and 11.2. This is particularly true for some of the log-log
plots that appear later in the book.

11.3 DECIBELS

The concept of the decibel (dB) and the associated calculations will become increas-
ingly important in the remaining sections of this chapter. The background surround-
ing the term decibel has its origin in the established fact that power and audio levels
are related on a logarithmic basis. That is, an increase in power level, say 4 to 16 W,
does not result in an audio level increase by a factor of 16/4 = 4. It will increase by
a factor of 2 as derived from the power of 4 in the following manner: (4)> = 16. For
a change of 4 to 64 W, the audio level will increase by a factor of 3 since (4)° = 64.
In logarithmic form, the relationship can be written as logy 64 = 3.

The term bel was derived from the surname of Alexander Graham Bell. For stan-
dardization, the bel (B) was defined by the following equation to relate power levels
P, and P;:

G = logg i—? bel (11.9)

11.3 Decibels

497



498

It was found, however, that the bel was too large a unit of measurement for prac-
tical purposes, so the decibel (dB) was defined such that 10 decibels = 1 bel.
Therefore,

P
Gas = 10 log;o 7? dB (11.10)

The terminal rating of electronic communication equipment (amplifiers, micro-
phones, etc.) is commonly rated in decibels. Equation (11.10) indicates clearly, how-
ever, that the decibel rating is a measure of the difference in magnitude between two
power levels. For a specified terminal (output) power (P,) there must be a reference
power level (P;). The reference level is generally accepted to be 1 mW, although on
occasion, the 6-mW standard of earlier years is applied. The resistance to be associ-
ated with the 1-mW power level is 600 (), chosen because it is the characteristic im-
pedance of audio transmission lines. When the 1-mW level is employed as the refer-
ence level, the decibel symbol frequently appears as dBm. In equation form,

P
Gapm = 10 logio 7| dBm (11.11)

There exists a second equation for decibels that is applied frequently. It can be
best described through the system of Fig. 11.3. For V; equal to some value V', P, =
V3/R;, where R;, is the input resistance of the system of Fig. 11.3. If ¥, should be in-
creased (or decreased) to some other level, V5, then P, = V3/R,. If we substitute into
Eq. (11.10) to determine the resulting difference in decibels between the power
levels,

P2 %/R, VZ 2
Ggg = 10 log,y =—=101log;,p ——=10 1o —
dB 210 P, g10 V%/R,- gw(lﬁ)
Va
and Gas = 20 logg A dB (11.12)
1
4 —— ]
[ T I
N S—

Figure 11.3  Configuration employed in the discussion of Eq. (11.12).

Frequently, the effect of different impedances (R; # R5) is ignored and Eq. (11.12)
applied simply to establish a basis of comparison between levels—voltage or current.
For situations of this type, the decibel gain should more correctly be referred to as
the voltage or current gain in decibels to differentiate it from the common usage of
decibel as applied to power levels.

One of the advantages of the logarithmic relationship is the manner in which it
can be applied to cascaded stages. For example, the magnitude of the overall voltage
gain of a cascaded system is given by

|AV1| = |AV1||AVZ||AV3|”"AV,,| (1113)
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Applying the proper logarithmic relationship results in
G, =20 logyo |Avr| = 20 logyo |Av1| + 20 logyo |sz
+ 20 logyo |4, + === + 20 logyo |4,,| (dB) (11.14)

In words, the equation states that the decibel gain of a cascaded system is simply the
sum of the decibel gains of each stage, that is,

G,=G, + G, + G, ++G, dB (11.15)

In an effort to develop some association between dB levels and voltage gains,
Table 11.2 was developed. First note that a gain of 2 results in a dB level of +6 dB
while a drop to 3 results in a —6-dB level. A change in V,/V; from 1 to 10, 10 to 100,
or 100 to 1000 results in the same 20-dB change in level. When V, =V, V,/V; =1
and the dB level is 0. At a very high gain of 1000, the dB level is 60, while at the
much higher gain of 10,000, the dB level is 80 dB, an increase of only 20 dB—a re-
sult of the logarithmic relationship. Table 11.2 clearly reveals that voltage gains of
50 dB or higher should immediately be recognized as being quite high.

TABLE 11.2
Voltage Gain,

V,/V; dB Level
0.5 —6
0.707 -3
1 0
2 6

10 20

40 32
100 40
1000 60
10,000 80

cte.

Find the magnitude gain corresponding to a decibel gain of 100.

Solution
By Eq. (11.10),
P, P,
Ggg = 10 log,o = = 100 dB — log;p 5 = 10
P, P,

so that
Py — 1010 —
o 10" = 10,000,000,000
1
This example clearly demonstrates the range of decibel values to be expected from
practical devices. Certainly, a future calculation giving a decibel result in the neigh-

borhood of 100 should be questioned immediately.

EXAMPLE 11.5

The input power to a device is 10,000 W at a voltage of 1000 V. The output power
is 500 W, while the output impedance is 20 ().

(a) Find the power gain in decibels.

(b) Find the voltage gain in decibels.

(c) Explain why parts (a) and (b) agree or disagree.

Solution
@) Gas = 10 Togio = 10 Togio 30y = 10 Togio 5 = —10 logis 20
P 10 kW 20
= —10(1.301) = —13.01 dB -
(b) G, = 20 logo 2% = 20 Io VPR _ o V(500 W)20 ©)
' s, #1100 8107 000 V

100 _
1000

V2 1 kV)? 6
o ( )" 10

P 10 KW —1—04210099&R0=209

= 20 log,o 20 log,q % = —20 log;o 10 = —20 dB

(©) R, =

11.3 Decibels

EXAMPLE 11.6
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EXAMPLE 11.7

An amplifier rated at 40-W output is connected to a 10-) speaker.

(a) Calculate the input power required for full power output if the power gain is
25 dB.

(b) Calculate the input voltage for rated output if the amplifier voltage gain is 40 dB.

Solution
. 3 AW = o, _ 40 W _ 40w
_40W _
= —316 = 126.5 mW

v, v,
(b) G, =20 logo 57 = 40 = 20 log,, A

v, )
—- = antilog 2 = 100

Vi

V,="VPR =\V(40 W)(10 V) =20V
_ Vo _20V _ _

Vi=106 = 100" = 02 V =200 mV

11.4 GENERAL FREQUENCY
CONSIDERATIONS

The frequency of the applied signal can have a pronounced effect on the response of
a single-stage or multistage network. The analysis thus far has been for the midfre-
quency spectrum. At low frequencies, we shall find that the coupling and bypass ca-
pacitors can no longer be replaced by the short-circuit approximation because of the
increase in reactance of these elements. The frequency-dependent parameters of the
small-signal equivalent circuits and the stray capacitive elements associated with the
active device and the network will limit the high-frequency response of the system.
An increase in the number of stages of a cascaded system will also limit both the
high- and low-frequency responses.

The magnitudes of the gain response curves of an RC-coupled, direct-coupled,
and transformer-coupled amplifier system are provided in Fig. 11.4. Note that the hor-
izontal scale is a logarithmic scale to permit a plot extending from the low- to the
high-frequency regions. For each plot, a low-, high-, and mid-frequency region has
been defined. In addition, the primary reasons for the drop in gain at low and high
frequencies have also been indicated within the parentheses. For the RC-coupled am-
plifier, the drop at low frequencies is due to the increasing reactance of C, Cj, or Cy,
while its upper frequency limit is determined by either the parasitic capacitive ele-
ments of the network and frequency dependence of the gain of the active device. An
explanation of the drop in gain for the transformer-coupled system requires a basic
understanding of “transformer action” and the transformer equivalent circuit. For the
moment, let us say that it is simply due to the “shorting effect” (across the input ter-
minals of the transformer) of the magnetizing inductive reactance at low frequencies
(X, = 27/L). The gain must obviously be zero at /= 0 since at this point there is no
longer a changing flux established through the core to induce a secondary or output
voltage. As indicated in Fig. 11.4, the high-frequency response is controlled primar-
ily by the stray capacitance between the turns of the primary and secondary wind-

Chapter 11 BJT and JFET Frequency Response
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Figure 11.4  Gain versus frequency: (a) RC-coupled amplifiers; (b) transformer-
coupled amplifiers; (c) direct-coupled amplifiers.

ings. For the direct-coupled amplifier, there are no coupling or bypass capacitors to
cause a drop in gain at low frequencies. As the figure indicates, it is a flat response
to the upper cutoff frequency, which is determined by either the parasitic capacitances
of the circuit or the frequency dependence of the gain of the active device.

For each system of Fig. 11.4, there is a band of frequencies in which the magni-
tude of the gain is either equal or relatively close to the midband value. To fix the
frequency boundaries of relatively high gain, 0.7074, . was chosen to be the gain at
the cutoff levels. The corresponding frequencies f| and f, are generally called the cor-
ner, cutoff, band, break, or half-power frequencies. The multiplier 0.707 was chosen
because at this level the output power is half the midband power output, that is, at
midfrequencies,

— |V20’ |A"midVi|2

Omid Ro Ro

and at the half-power frequencies,
0.7074, Vi . 4, Vi

Py, = z = 05—

11.4 General Frequency Considerations
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= 0.5P,

Omid

and P

Ourr

(11.16)

The bandwidth (or passband) of each system is determined by f; and f5, that is,

bandwidth (BW) = f> — fi (11.17)

For applications of a communications nature (audio, video), a decibel plot of the
voltage gain versus frequency is more useful than that appearing in Fig. 11.4. Before
obtaining the logarithmic plot, however, the curve is generally normalized as shown
in Fig. 11.5. In this figure, the gain at each frequency is divided by the midband value.
Obviously, the midband value is then 1 as indicated. At the half-power frequencies,
the resulting level is 0.707 = 1/V2. A decibel plot can now be obtained by applying
Eq. (11.12) in the following manner:

A, A
— |48 = 20 log;o —— 11.18
4, |dB 210 4, . ( )
4,
A‘)mid
1
0.707
| | | | |
10 100 1000 10,000 100,000 £, 1MHz 10MHz  f(log scalc)
Figure 11.5 Normalized gain versus frequency plot.
At midband frequencies, 20 log;o 1 = 0, and at the cutoff frequencies, 20 log;o
1/V2 = —3 dB. Both values are clearly indicated in the resulting decibel plot of Fig.
11.6. The smaller the fraction ratio, the more negative the decibel level.
4,
A“mid|(dB) 100 1000 10,000 100,000 1 MH: 10 MH:
oas L L | N i f L LY f(log scale)
-6dB
-9dB
-12dB L

Figure 11.6 Decibel plot of the normalized gain versus frequency plot of Fig. 11.5.

For the greater part of the discussion to follow, a decibel plot will be made only
for the low- and high-frequency regions. Keep Fig. 11.6 in mind, therefore, to permit
a visualization of the broad system response.

It should be understood that most amplifiers introduce a 180° phase shift between
input and output signals. This fact must now be expanded to indicate that this is the
case only in the midband region. At low frequencies, there is a phase shift such that
V, lags V; by an increased angle. At high frequencies, the phase shift will drop be-
low 180°. Figure 11.7 is a standard phase plot for an RC-coupled amplifier.
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Figure 11.7 Phase plot for an RC-coupled amplifier system.

11.5 LOW-FREQUENCY ANALYSIS—
BODE PLOT

In the low-frequency region of the single-stage BJT or FET amplifier, it is the R-C
combinations formed by the network capacitors C¢, Cy, and C; and the network re-
sistive parameters that determine the cutoff frequencies. In fact, an R-C network sim-
ilar to Fig. 11.8 can be established for each capacitive element and the frequency at
which the output voltage drops to 0.707 of its maximum value determined. Once the
cutoff frequencies due to each capacitor are determined, they can be compared to es-
tablish which will determine the low-cutoff frequency for the system.

Our analysis, therefore, will begin with the series R-C combination of Fig. 11.8
and the development of a procedure that will result in a plot of the frequency response
with a minimum of time and effort. At very high frequencies,

N S
Xe=q.2 =00
and the short-circuit equivalent can be substituted for the capacitor as shown in Fig.
11.9. The result is that V,, = V; at high frequencies. At f= 0 Hz,

1 1

= 3mC " 2w - 28

Xe

and the open-circuit approximation can be applied as shown in Fig. 11.10, with the
result that 7, = 0 V.

Between the two extremes, the ratio 4, = V,,/V; will vary as shown in Fig. 11.11.
As the frequency increases, the capacitive reactance decreases and more of the input
voltage appears across the output terminals.

0707 [ -———————— -

N S

Figure 11.11 Low frequency response for the R-C circuit of Figure 11.8.

11.5 Low-Frequency Analysis—Bode Plot

f(log scale)

c +
P:' R IL)a
° °

Figure 11.8 R-C combination
that will define a low cutoff fre-
quency.

o—O0——0—9¢—0
+ +
Vi g R V,
> o

Figure 11.9 R-C circuit of Fig-
ure 11.8 at very high frequencies.

o—C
+

i
o

G}

Figure 11.10 R-C circuit of
Figure 11.8 at f = 0 Hz.
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The output and input voltages are related by the voltage-divider rule in the fol-
lowing manner:

vV = RV,
° R+ X¢
with the magnitude of ¥V, determined by
v, = S
= VR T X2
For the special case where X = R,
V_RV,—_RV,— _RV,-_RV,-_IV
* VR V2R? V2R V2
d |4, L . 0.707| (11.19)
an J===—==0. g .
Vi V2 e

the level of which is indicated on Fig. 11.11. In other words, at the frequency of which
Xc¢ = R, the output will be 70.7% of the input for the network of Fig. 11.8.
The frequency at which this occurs is determined from

1
Xe = 27, C -k
d - 11.20
an f1_27TRC ( . )

In terms of logs,
1
GV =20 logw Av =20 lOglO \/E = —-3dB

while at 4, = V,/V; = 1 or V, = V; (the maximum value),
G, =20 log;, 1 = 20(0) =0 dB

In Fig. 11.6, we recognize that there is a 3-dB drop in gain from the midband
level when f'= f]. In a moment, we will find that an RC network will determine the
low-frequency cutoff frequency for a BJT transistor and f; will be determined by

Eq. (11.20).
If the gain equation is written as
V, R 1 1 1
A,=—=

V. R—jX. 1-—j(XJR) 1—j(l/wCR) 1—j(1/2afCR)

and using the frequency defined above,

1
4, =——— 11.21
=D (12
In the magnitude and phase form,
v, 1 .
A, =— = —F7———= stan / 11.22
=T G A D (1122)

magnitude of 4, phase < by which
V, leads V;
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For the magnitude when 1 = f;,

1 1
4,| = = =0.707 — —3 dB
4. 1+ (1?2 V2

In the logarithmic form, the gain in dB is

= o £i\2]2
Ayapy = 20 log;o \/H—(fl/f)z = -20 1Og10[1 + (f) }
~()(20) loglo[l T (/‘7)]
_1010&0[1 N (%)2]

For frequencies where f < f; or (f;/f)* > 1, the equation above can be approximated
by

2
Av(dB) =—-10 10810(%)
and finally,

Si

Ayasy = —20 log;, 71 (11.23)

JS<Ji
Ignoring the condition /<< f; for a moment, a plot of Eq. (11.23) on a frequency
log scale will yield a result of a very useful nature for future decibel plots.

At f=f: j%z 1 and —20 log;o 1 = 0 dB
Atf= %flz ]% =2 and —20 log,p 2= —6 dB
Atf: %fl: ]% =4 and —20 lOglO 4=-12dB

At =15 fi: J% =10 and —20 log,, 10 = —20 dB

A plot of these points is indicated in Fig. 11.12 from 0.1f; to f;. Note that this re-
sults in a straight line when plotted against a log scale. In the same figure, a straight

b Ay (lEear scoke)
| low-frequency region.

=0 lagy, | ={hdB
.;;I iy h4  nn fi ¥OMN L
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-
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Figure 11.12 Bode plot for the



line is also drawn for the condition of 0 dB for /> f;. As stated earlier, the straight-
line segments (asymptotes) are only accurate for 0 dB when /> f; and the sloped line
when f; > f. We know, however, that when f = fi, there is a 3-dB drop from the mid-
band level. Employing this information in association with the straight-line segments
permits a fairly accurate plot of the frequency response as indicated in the same fig-
ure. The piecewise linear plot of the asymptotes and associated breakpoints is called
a Bode plot of the magnitude versus frequency.
The calculations above and the curve itself demonstrate clearly that:

A change in frequency by a factor of 2, equivalent to 1 octave, results in a
6-dB change in the ratio as noted by the change in gain from f,/2 to f;.

As noted by the change in gain from f1/2 to fi:

For a 10:1 change in frequency, equivalent to 1 decade, there is a 20-dB
change in the ratio as demonstrated between the frequencies of f;/10 and f;.

In the future, therefore, a decibel plot can easily be obtained for a function hav-
ing the format of Eq. (11.23). First, simply find f; from the circuit parameters and
then sketch two asymptotes—one along the 0-dB line and the other drawn through f;
sloped at 6 dB/octave or 20 dB/decade. Then, find the 3-dB point corresponding to
/1 and sketch the curve.

EXAMPLE 11.8

C
*  01pF
¥ R&5kQ VY,

G|

Figure 11.13 Example 11.8
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For the network of Fig. 11.13:

(a) Determine the break frequency.

(b) Sketch the asymptotes and locate the —3-dB point.
(c) Sketch the frequency response curve.

Solution
@) fi = 5o = 1
'U2@RC T (6.28)(5 X 10° Q)(0.1 X 107° F)
= 318.5 Hz
(b) and (c). See Fig. 11.14.
‘.'J'l-ulrll
(3185 1z (3145 Hr) (637 Ha) (1145 Hep
fif1o A2 fi A T A 3 10}
u 7 - — 7
= e e !
A, = 1B
-

Figure 11.14 Frequency response for the R-C circuit of Figure 11.13.
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The gain at any frequency can then be determined from the frequency plot in the
following manner:

Vo
Av(dB) =20 10810 7

A, ap) V,
but 20 logig v
A,y
7
and == 10( 20 ) (11.24)

For example, if 4,4s) = —3 dB,

V,
A, =—-2=10729 = 100919 = 0,707 as expected

Vi

The quantity 10~ %' is determined using the 10" function found on most scientific
calculators.

From Fig. 11.14, 4,(4s) = —1 dB at f'= 2f; = 637 Hz. The gain at this point is

V (A\'(dB) >
4. =—2=10 20 / _ 10717200 — 10(=095) — () 91
v Vl -

and v, =0.891V;

or V, is 89.1% of V; at f= 637 Hz.
The phase angle of 6 is determined from

ah
6 = tan 1 11.25
7 (11.25)
from Eq. (11.22).
For frequencies /< f1,
6 =tan"! f71 — 90°

For instance, if f; = 100f,

6=tan"' L tan”'(100) = 89.4°

S
For /= f1,

1 h 1

f=tan ' = = tan 'l = 45°
S
For /> f;,
6=tan ' - 0°
A
For instance, if = 100f],
6 =tan ' /% =tan ' 0.01 = 0.573°

11.5 Low-Frequency Analysis—Bode Plot
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A plot of 8 = tan™ '(f,/f) is provided in Fig. 11.15. If we add the additional 180°
phase shift introduced by an amplifier, the phase plot of Fig. 11.7 will be obtained.
The magnitude and phase response for an R-C combination have now been estab-
lished. In Section 11.6, each capacitor of importance in the low-frequency region will
be redrawn in an R-C format and the cutoff frequency for each determined to estab-
lish the low-frequency response for the BJT amplifier.

V, beada v,
H,u-._..‘..___l__ _.. -
-‘--‘-"-\.

-

.
T ol T —— Y

n.._“.
-\-'1-

| "1._‘._'-‘-
ﬂ.-l 1 1 i |y B
Baf 03, 0.3, 0% £ T i

Figure 11.15 Phase response for the R-C circuit of Figure 11.8.

11.6 LOW-FREQUENCY RESPONSE —
BJT AMPLIFIER

The analysis of this section will employ the loaded voltage-divider BJT bias config-
uration, but the results can be applied to any BJT configuration. It will simply be nec-
essary to find the appropriate equivalent resistance for the R-C combination. For the
network of Fig. 11.16, the capacitors Cy, C¢, and Cj; will determine the low-frequency
response. We will now examine the impact of each independently in the order listed.

——
—

oV,

o+

% i1

Figure 11.16 Loaded BJT amplifier with capacitors that affect the low-frequency response.

C,

Since C; is normally connected between the applied source and the active device, the
general form of the R-C configuration is established by the network of Fig. 11.17.
The total resistance is now R, + R;, and the cutoff frequency as established in Sec-
tion 11.5 is

Chapter 11 BJT and JFET Frequency Response



— t
Jos =50 (R, + R)C, (11.26)

At mid or high frequencies, the reactance of the capacitor will be sufficiently small
to permit a short-circuit approximation for the element. The voltage V; will then be
related to V, by

_ IV
e (11.27)

i

At f; ., the voltage V; will be 70.7% of the value determined by Eq. (11.27), as-
suming that C; is the only capacitive element controlling the low-frequency response.

For the network of Fig. 11.16, when we analyze the effects of C; we must make
the assumption that C and C are performing their designed function or the analy-
sis becomes too unwieldy, that is, that the magnitude of the reactances of C; and C¢
permits employing a short-circuit equivalent in comparison to the magnitude of the
other series impedances. Using this hypothesis, the ac equivalent network for the in-
put section of Fig. 11.16 will appear as shown in Fig. 11.18.

The value of R; for Eq. (11.26) is determined by

[
\

o

+
=
=
NN
=
o
=
N~
AN\N
=
A
Il
=
=

o

J?_ Figure 11.18 Localized ac equivalent for C.

R; = R\[|R,||Br. (11.28)

The voltage V, applied to the input of the active deyice can be calculated using the
voltage-divider rule:

_ RiVS
TR, TR —jXc,

(11.29)

CC

Since the coupling capacitor is normally connected between the output of the active
device and the applied load, the R-C configuration that determines the low cutoff fre-
quency due to C¢ appears in Fig. 11.19. From Fig. 11.19, the total series resistance
is now R, + R; and the cutoff frequency due to Cc is determined by

f, = 1
27w (R,  R)Cc

(11.30)

Ignoring the effects of C, and Cg, the output voltage V,, will be 70.7% of its midband
value at f; . For the network of Fig. T1.16, the ac equivalent network for the output
section with ¥; = 0 V appears in Fig. 11.20. The resulting value for R, in Eq. (11.30)
is then simply

R, = Re|lr (11.31)

11.6 Low-Frequency Response—B]JT Amplifier

System

Figure 11.17 Determining the
effect of C; on the low frequency

response.

System

gm

Thévenin

Figure 11.19 Determining the
effect of Cc on the low-frequency

response.

Figure 11.20 Localized ac

equivalent for Cc with V; =0 V.
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Figure 11.21 Determining the
effect of Ci on the low-frequency
response.

Figure 11.22  Localized ac
equivalent of Cg.

Figure 11.23 Network employed
to describe the effect of Cr on
the amplifier gain.

Ce

To determine f;,, the network “seen” by Cr must be determined as shown in Fig.
11.21. Once the level of R, is established, the cutoff frequency due to Cy can be de-
termined using the following equation:

1

Jr, = I7R.Cy (11.32)

For the network of Fig. 11.16, the ac equivalent as “seen” by Cg appears in Fig. 11.22.
The value of R, is therefore determined by

R;
R, = RE||<— + re) (11.33)

B

where R, = RJ|R,||R,.
The effect of Cr on the gain is best described in a quantitative manner by recall-
ing that the gain for the configuration of Fig. 11.23 is given by

_RC

4,=—5
v Ve‘i'RE

The maximum gain is obviously available where Ry is zero ohms. At low frequen-
cies, with the bypass capacitor Cy in its “open-circuit” equivalent state, all of Ry ap-
pears in the gain equation above, resulting in the minimum gain. As the frequency in-
creases, the reactance of the capacitor Cyp will decrease, reducing the parallel
impedance of Ry and C; until the resistor R, is effectively “shorted out” by Cg. The
result is a maximum or midband gain determined by 4, = —R(/r.. At f;_the gain
will be 3 dB below the midband value determined with R “shorted out.”

Before continuing, keep in mind that C,, C, and Cp will affect only the low-
frequency response. At the midband frequency level, the short-circuit equivalents for
the capacitors can be inserted. Although each will affect the gain 4, = V,/V; in a sim-
ilar frequency range, the highest low-frequency cutoff determined by C;, C¢, or Cy
will have the greatest impact since it will be the last encountered before the midband
level. If the frequencies are relatively far apart, the highest cutoff frequency will es-
sentially determine the lower cutoff frequency for the entire system. If there are two
or more “high” cutoff frequencies, the effect will be to raise the lower cutoff fre-
quency and reduce the resulting bandwidth of the system. In other words, there is an
interaction between capacitive elements that can affect the resulting low cutoff fre-
quency. However, if the cutoff frequencies established by each capacitor are suffi-
ciently separated, the effect of one on the other can be ignored with a high degree of
accuracy—a fact that will be demonstrated by the printouts to appear in the follow-
ing example.

EXAMPLE 11.9

510

(a) Determine the lower cutoff frequency for the network of Fig. 11.16 using the fol-
lowing parameters:

C,=10 uF, Cp=20puF, Cco=1 pF
Rs =1 kQ, Rl =40 kQ, R2 =10 kQ, RE =2 kQ, RC =4 kQ,
B=100, r,=xQ, Vee=20V

(b) Sketch the frequency response using a Bode plot.
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Solution
(a) Determining r, for dc conditions:
BR; = (100)(2 kQ) = 200 kQ > 10R, = 100 k()

The result is:

RVee — 10kQQ20V) 200V

V=Rt R 10kQ+40kQ 50 4V

. _ Ve 4V-07V 33V _

with Ir = Ry KO =5kQ 1.65 mA
_ 26mV__
so that T, = 1.65mA_15'76ﬂ
and Br. = 100(15.76 Q) = 1576 Q) = 1.576 kL
Midband Gain
V. —R|IR 4 k0)[|(2.2 kO

Vi Te 15.76 Q)
The input impedance

Z; =R, = R\||R,||Br.
= 40 kQ||10 kQ[1.576 kQ

=132 kQ
and from Fig. 11.24,
, _ R
" R+ R,
Vi R 1.32 kO B
or V. R+R 132k + 1k 03
that A Ve e Vi —90)(0.569
SO tha w_Vs'_I/iVs_( )( )
= —51.21
R,
A\ +
+
v, Ny R v,

Figure 11.24 Determining the
effect of R; on the gain A, .

R: = Ry||R,||Br. = 40 kQ||10 kQ||1.576 kQ = 1.32 kQ

_— 1 . 1
Jis= 50 (R, + R)C,  (6.28)(1 kQ + 1.32 kQ)(10 uF)

f1.=6.86 Hz

11.6 Low-Frequency Response—B]JT Amplifier
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The results just obtained will now be verified using PSpice Windows. The net-
work with its various capacitors appears in Fig. 11.25. The Model Editor was used
to set /, to 2E-15A and beta to 100. The remaining parameters were removed from
the listing to idealize the response to the degree possible. Under Analysis Setup-AC
Sweep, the frequency was set to 10 kHz to establish a frequency in the midband re-
gion. A simulation of the network resulted in the dc levels of Fig. 11.25. Note that
Vg is 3.9 V versus the calculated level of 4 V and that Vi is 3.2 V versus the calcu-
lated level of 3.3 V. Very close when you consider that the approximate model was
used. Vpg is very close to the 0.7 V at 0.71 V. The output file reveals that the ac volt-
age across the load at a frequency of 10 kHz is 49.67 mV, resulting in a gain of 49.67,
which is very close to the calculated level of 51.21.

. AC=0k
VCC =20V MAG=ok
PHASE=ok
RC S 4k
R § 40k

. L
[}l
PV Rs Cs Q- Q2n2222  1uF

M 11
1k 10uF
. RL
Vs 6;\1 mv R2S 10k 2.2
ey RE S 2k

20uF

e e [ 1 (&

Figure 11.25 Network of Figure 11.16 with assigned values.

A plot of the gain versus frequency will now be obtained with only Cs as a de-
termining factor. The other capacitors, Cc and Cg, will be set to very high values so
they are essentially short circuits at any of the frequencies of interest. Setting C and
Crto 1 F will remove any affect they will have on the response on the low-frequency
region. Here, one must be careful as the program does not recognize 1F as one Farad.
It must be entered as 1E6uF. Since the pattern desired is gain versus frequency, we
must use the sequence Analysis-Setup-Analysis Setup-Enable AC Sweep-AC Sweep
to obtain the AC Sweep and Noise Analysis dialog box. Since our interest will be in
the low-frequency range, we will choose a range of 1 Hz (0 Hz is an invalid entry)
to 100 Hz. If you want a frequency range starting close to 0 Hz, you would have to
choose a frequency such as 0.001 Hz or something small enough not to be noticeable
on the plot. The Total Pts.: will be set at 1000 for a good continuous plot, the Start
Freq.: at 1 Hz, and the End Freq.: at 100 Hz. The AC Sweep Type will be left on
Linear. A simulation followed by Trace-Add-V(RL:1) will result in the desired plot.
However, the computer has selected a log scale for the horizontal axis that extends
from 1 Hz to 1 kHz even though we requested a linear scale. If we choose Plot-X-
Axis Settings-Linear-OK, we will get a linear plot to 120 Hz, but the curve of in-
terest is all in the low end—the log axis obviously provided a better plot for our re-
gion of interest. Returning to Plot-X-Axis Settings and choosing Log, we return to
the original plot. Our interest only lies in the region of 1 to 100 Hz, so the remain-
ing frequencies to 1 kHz should be removed with Plot-X-Axis Settings-User De-
fined-1Hz to 100Hz-OK. The vertical axis also goes to 60 mV, and we want to limit
to 50 mV for this frequency range. This is accomplished with Plot-Y-Axis Settings-
User Defined-0V to 50mV-OK, after which the pattern of Fig. 11.26 will be ob-
tained.
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30mv 4 °
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20mv 4 :
i .
: 0 '
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i .
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OV 4= = mmmmmmm e B T LR e 1
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{O.W(RL:1}
L L Fraguency
j1:(6.7411,35.177m) A2z (1.0000,7.3077m) DIFF(AY: (5.7411,27.E630)

Note how closely the curve approaches 50 mV in this range. The cutoff level is
determined by 0.707(49.67 mV) = 35.12 mV, which can be found by clicking the
Toggle cursor icon and moving the intersection up the graph until the 35.177-mV
level is reached for Al. At this point, the frequency of the horizontal axis can be read
as 6.74 Hz, comparing very well to the predicted value of 6.86 Hz. Note that A2 re-
mains at the lowest level of the plot, at 1 Hz.

Cc
fro= 3 EeS
Le ™ 2m(Re + R;)Ce

_ 1
T (6.28)(4 kQ + 2.2 kQ)(1 uF)

= 25.68 Hz

To investigate the effects of C¢ on the lower cutoff frequency, both Cy and C; must
be set to 1 Farad as described above. Following the procedure outlined above will re-
sult in the plot of Fig. 11.27, with a cutoff frequency of 25.58 Hz, providing a close
match with the calculated level of 25.68 Hz.

BOlff ccoccooccocoscooccoooscoocooas oo o coSSSSe et e im e e emmmmmeemmemmmmmmmmmmm—m——ee e .
| ' —
) .f/.-.”
.//
! : g -
40mv ! s o ./,/ B
{351 . . !
i i e e i i i i+ o Y o am p— 1
. : * i Effect of Ceo onl H
30mY o
20w - -
i s
| o
1 /"
i 1 /
10my 4 P o
H -
I -
0 T
: o - { flo = 25.58Hz
[ I T T - T T ca a 1
1.0 3. bHz 10Hz 20Hz 1004z
= _ Fregquency o ]
Bl:(25.577,35.0793m)  A2:(1,0000,1.9383m) DIFF(AY: (24.577,33.139m) -

Figure 11.26 Low-frequency
response due to Cs.

Figure 11.27 Low-frequency
response due to Cc.
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Cr
R, = RJ|IR,||R, = 1 kQ||40 kQ[|10 kQ = 0.889 kQ
_ Ry _ 0.889 kQ
R, =Ry ( 5 + re> =2 kQH( oo 1576 Q)

=2 kQ|(8.89 Q + 15.76 Q) = 2 kQ|24.65 O = 24.35 Q

1 1 _10° _
Ju, = 27R.Cr  (6.28)(24.35 Q)(20 uF) 305836 327 Hz

The effect of Cy can be examined using PSpice Windows by setting both Cg and
Cc to 1 Farad. In addition, since the frequency range is greater, the start frequency
has to be changed to 10 Hz and the final frequency to 1 kHz. The result is the plot
of Fig. 11.28, with a cutoff frequency of 321.17 Hz, providing a close match with the
calculated value of 327 Hz.

! -
: -
i L
1 1
: P
10mv - Y A
i e
i __,./"'.
R fFLe = 321.17%Hz
T T T L e ™ o somcooooomcooooo
av . B T T T L TP 5o
LoHz 30Hz 1b0Hz 300Hz L.CKHz
o, ViEL:1}
Freguency

[A1:(371.177, 36 120m) AZ:[10.000,1.6677my DIFE(Al: (331 171,33.455m)

Figure 11.28 Low-frequency response due to C.

The fact that f; is significantly higher than f;_or f; = suggests that it will be the
predominant factor in determining the low-frequency response for the complete sys-
tem. To test the accuracy of our hypothesis, the network is simulated with all the ini-
tial values of capacitance level to obtain the results of Fig. 11.29. Note the strong sim-
ilarity with the waveform of Fig. 11.28, with the only visible difference being the
higher gain at lower frequencies on Fig. 11.28. Without question, the plot supports
the fact that the highest of the low cutoff frequencies will have the most impact on
the low cutoff frequency for the system.

(b) It was mentioned earlier that dB plots are usually normalized by dividing the volt-
age gain A, by the magnitude of the midband gain. For Fig. 11.16, the magnitude
of the midband gain is 51.21, and naturally the ratio |4,/4, | will be 1 in the
midband region. The result is a 0-dB asymptote in the midband region as shown
in Fig. 11.30. Defining f;, as our lower cutoff frequency f}, an asymptote at —6
dB/octave can be drawn as shown in Fig. 11.30 to form the Bode plot and our

Chapter 11 BJT and JFET Frequency Response
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Figure 11.29 Low-frequency response due to Cs, Cg, and Cc.

envelope for the actual response. At f;, the actual curve is —3 dB down from the
midband level as defined by the 0.7074,__ level, permitting a sketch of the ac-
tual frequency response curve as shown in Fig. 11.30. A —6-dB/octave asymp-
tote was drawn at each frequency defined in the analysis above to demonstrate
clearly that it is f;, for this network that will determine the —3-dB point. It is not
until about —24 dB that f; . begins to affect the shape of the envelope. The mag-
nitude plot shows that the slope of the resultant asymptote is the sum of the as-
ymptotes having the same sloping direction in the same frequency interval. Note
in Fig. 11.30 that the slope has dropped to —12 dB/octave for frequencies less

Silng

acale

i dhand
kel

h I
-8 dBjectave | A
h?
b

=12 dBjocieve ~ ;

Figure 11.30 Low-frequency plot for the network of
Example 11.9.
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Figure 11.31 dB plot of the low-frequency response of the BJT amplifier of Fig. 11.25.

than f; _ and could drop to —18 dB/octave if the three defined cutoff frequencies
of Fig. 11.30 were closer together.

Using PROBE, a plot of 20 log,o|4,/4,_ | = A,/A,_ |4 can be obtained by
recalling that if ¥, = 1 mV, the magnitude of |4,/4,_ | is the same as |V,/4,_ |
since V,, will have the same numerical value as 4,. The required Trace Expres-
sion, which is entered on the bottom of the Add Traces dialog box, appears on
the horizontal axis of Fig. 11.31. The plot clearly reveals the change in slope of
the asymptote at f; . and how the actual curve follows the envelope created by the
Bode plot. In addition, note the 3-dB drop at f;.

Keep in mind as we proceed to the next section that the analysis of this section
is not limited to the network of Fig. 11.16. For any transistor configuration it is sim-
ply necessary to isolate each R-C combination formed by a capacitive element and
determine the break frequencies. The resulting frequencies will then determine
whether there is a strong interaction between capacitive elements in determining the
overall response and which element will have the greatest impact on establishing the
lower cutoff frequency. In fact, the analysis of the next section will parallel this sec-
tion as we determine the low cutoff frequencies for the FET amplifier.

11.7 LOW-FREQUENCY RESPONSE — FET
AMPLIFIER

The analysis of the FET amplifier in the low-frequency region will be quite similar
to that of the BJT amplifier of Section 11.6. There are again three capacitors of pri-
mary concern as appearing in the network of Fig. 11.32: Cg, Cc, and Cy. Although
Fig. 11.32 will be used to establish the fundamental equations, the procedure and con-
clusions can be applied to most FET configurations.
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Figure 11.32  Capacitive elements that affect the low-frequency response of a JFET amplifier.

Ce

For the coupling capacitor between the source and the active device, the ac equiva-
lent network will appear as shown in Fig. 11.33. The cutoff frequency determined by
C; will then be

_ 1
fLG ; 27T(Rsig + Ri)CG (1 134)
which is an exact match of Eq. (11.26). For the network of Fig. 11.32,
R, =R; (11.35)

+

System

e
-}

Figure 11.33 Determining the
effect of Cg on the low-frequency
response.

Typically, R > R, and the lower cutoff frequency will be determined primarily by
Ri and Cg. The fact that R is so large permits a relatively low level of Cg; while
maintaining a low cutoff frequency level for f; .

Cc

For the coupling capacitor between the active device and the load the network of Fig.
11.34 will result, which is also an exact match of Fig. 11.19. The resulting cutoff
frequency is

_ 1
Ji.= 2R, + R)Co (11.36)
For the network of Fig. 11.32,
R, = Rp|lr, (11.37)

11.7 Low-Frequency Response—FET Amplifier
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n
C¢
System - § R, System - = Cq
R, Reg
Figure 11.34 Determining the effect of Cc on Figure 11.35 Determining the effect of Cs
the low-frequency response. on the low-frequency response.

Cs

For the source capacitor Cy, the resistance level of importance is defined by Fig. 11.35.
The cutoff frequency will be defined by

1
e 11.38
J(L‘S 27TReqCS ( )
For Fig. 11.32, the resulting value of R.g:
R
Ry = 3 (11.39)
9 1+ Rs(1 + gura)/(ra + Rpl|Ry)
which for r; = « () becomes
Rey = Rl (11.40)

518

EXAMPLE 11.10

(a) Determine the lower cutoff frequency for the network of Fig. 11.32 using the fol-
lowing parameters:

Cs = 0.01 uF, Ce= 0.5 uF, Cg=2 uF
Rie =10kQD, Rs=1MQ, Rp=47kQ, Rs=1kQD, R, =22k
Ipss = 8mA, Vp=—4V ry = (), Vpp =20V

(b) Sketch the frequency response using a Bode plot.

Solution

(a) DC Analysis: Plotting the transfer curve of I, = Ipgs(1 — Vis/Vp)? and superim-
posing the curve defined by Vg = —IpRg will result in an intersection at Vg, = —2
V and I, = 2 mA. In addition,

_2]Dss_2(81nA)_4 S
0= Ty T ey TR

Vas, 2V
gm—g,,,()(l - v, )—4mS(1 ——V>—2mS
Co

_ B 1
B (AL39: o = 5770 k0 + 1 MO)0.01 uF)

= 15.8 Hz
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1
27 (4.7 kQ + 2.2 kO)(0.5 uF)

Eq. (11.36): fo.= = 46.13 Hz

Cyg
1 1
Reg = RS||—gm = 1 kOl < = 1 k005 k2 = 333.33 0

o 1
B (1138): [0, = 533333 )2 o)

Since f;, is the largest of the three cutoff frequencies, it defines the low cutoff fre-
quency for the network of Fig. 11.32.
(b) The midband gain of the system is determined by

= 238.73 Hz

— VU

=57 = —gn(RpllR) = —(2 mS)(4.7 kQI|2.2 k)

Vmid

—(2 mS)(1.499 k()
-3

Using the midband gain to normalize the response for the network of Fig. 11.32 will
result in the frequency plot of Fig. 11.36.

e phin
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12 dBdsclave

Al dBbdec e

Using PSpice Windows, the network will appear as shown in Fig. 11.37, with the
JFET parameters Beta set at 0.5mA/V? and Vto at —4 V (all others set to zero) and
the frequency of interest at a midband value of 10 kHz. The resulting dc levels con-
firm that Vg is —2 V and place V) at 10.60 V, which should be right in the middle
of the linear active region since Vg = 1/2(Vp 4V)and Vps = 12(Vpp =20V).
The 0-V levels clearly reveal that the capacitors have isolated the transistor for the dc
biasing. The ac response results in an ac level of 2.993 mV across the load for a gain
of 2.993, which is essentially equal to the calculated gain of 3.

11.7 Low-Frequency Response—FET Amplifier

Figure 11.36 Low-frequency
response for the JFET configura-
tion of Example 11.10.
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Figure 11.38 dB response for
the low-frequency region in the
network of Example 11.10.
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Figure 11.37 Schematic network for Example 11.10.

Returning to Analysis and choosing Automatically run Probe after simulation
followed by Setup-AC Sweep-Decade-Pts/Decade = 1000, Start Freq.: 10Hz, and
End Freq.: 10 kHz will setup Simulation-Trace-Add-Trace Expression: DB
(V(RL:1)/2.993mV)-OK, which will result in the plot of Fig. 11.38, with a low cut-
off frequency of 227.5 Hz primarily determined by the source capacitance.

STW§ cocewocccooeos Focsccocsscocooos pooocmooos somoeqEoscsoooos0e Soooap cosocsos
10Hz ELLE 100Hz I00H2
O DB(V{RL:1] /2. 993wV}
. Frequency
[Rl:1227.510,-2.9935) A2:({l0.000,-75.456) DIFF{A}:(217.510,25.462)

11.8 MILLER EFFECT CAPACITANCE

In the high-frequency region, the capacitive elements of importance are the inter-
electrode (between terminals) capacitances internal to the active device and the wiring
capacitance between leads of the network. The large capacitors of the network that
controlled the low-frequency response have all been replaced by their short-circuit
equivalent due to their very low reactance levels.
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For inverting amplifiers (phase shift of 180° between input and output resulting
in a negative value for 4,), the input and output capacitance is increased by a capac-
itance level sensitive to the interelectrode capacitance between the input and output
terminals of the device and the gain of the amplifier. In Fig. 11.39, this “feedback”
capacitance is defined by Cy

Ty 1
I
L4
i !
— | —
af L
‘Iﬂ
B — —p Ay —— §
b R, v :
= = TFigure 11.39 Network employed in
e e —
the derivation of an equation for the

+ Miller input capacitance.

Applying Kirchhoft’s current law gives
I[ - 11 + 12
Using Ohm’s law yields

d L=
an 2 X, X, X,
Substituting, we obtain
Vi _ v (A - ANV
Z: R, Xe,
1 1 1
and ===+ —-
Z; i ch/(l —4,)
XC/‘ 1
but =4, o(-4)c,  Jewu
%—J
Cu
1 1 1
and — =+
Z R, X,

establishing the equivalent network of Fig. 11.40. The result is an equivalent input
impedance to the amplifier of Fig. 11.39 that includes the same R; that we have dealt
with in previous chapters, with the addition of a feedback capacitor magnified by the

Io

S
=
\|

~ Cy=01-4,)C
Figure 11.40 Demonstrating
the impact of the Miller effect
capacitance.

o

11.8 Miller Effect Capacitance
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gain of the amplifier. Any interelectrode capacitance at the input terminals to the am-
plifier will simply be added in parallel with the elements of Fig. 11.40.
In general, therefore, the Miller effect input capacitance is defined by

Cy, = (1 — 4,)C; (11.41)

This shows us that:

For any inverting amplifier, the input capacitance will be increased by a
Miller effect capacitance sensitive to the gain of the amplifier and the inter-
electrode capacitance connected between the input and output terminals of the
active device.

The dilemma of an equation such as Eq. (11.41) is that at high frequencies the
gain 4, will be a function of the level of C,,. However, since the maximum gain is
the midband value, using the midband value will result in the highest level of C,, and
the worst-case scenario. In general, therefore, the midband value is typically employed
for 4, in Eq. (11.41).

The reason for the constraint that the amplifier be of the inverting variety is now
more apparent when one examines Eq. (11.41). A positive value for 4, would result
in a negative capacitance (for 4, > 1).

The Miller effect will also increase the level of output capacitance, which must
also be considered when the high-frequency cutoff is determined. In Fig. 11.41, the
parameters of importance to determine the output Miller effect are in place. Apply-
ing Kirchhoff’s current law will result in

Iazll+12

. Va Vo - Vl
with 1, =— and L, = T

J

The resistance R, is usually sufficiently large to permit ignoring the first term of the
equation compared to the second term and assuming that

Voo Vi

Substituting V; = V, /A, from 4, = V,/V; will result in
Vo — VA4, V(1 —1/4,)

o
XC o XC/

q 1, 1—1/4,

arn - = T v
Vo X(,j
f
p
i i,
e
+ +
| Ay 2
v, U -~ v,
— L Tigure 11.41 Network employed in
the derivation of an equation for the
- Miller output capacitance.

Chapter 11 BJT and JFET Frequency Response



Ve X o 1 1
I, 1—-14, oCr(1—14,) oCy,

or

resulting in the following equation for the Miller output capacitance:

1
Cyr = (1 -~ A—v)cf (11.42a)

For the usual situation where 4, > 1, Eq. (11.42a) reduces to

Cu, =Cr (11.42b)

l4,] > 1

Examples in the use of Eq. (11.42) will appear in the next two sections as we in-
vestigate the high-frequency responses of BJT and FET amplifiers.

11.9 HIGH-FREQUENCY RESPONSE — BJT
AMPLIFIER

At the high-frequency end, there are two factors that will define the —3-dB point: the
network capacitance (parasitic and introduced) and the frequency dependence of

hye(B).

Network Parameters

In the high-frequency region, the RC network of concern has the configuration ap-
pearing in Fig. 11.42. At increasing frequencies, the reactance X, will decrease in
magnitude, resulting in a shorting effect across the output and a decrease in gain. The
derivation leading to the corner frequency for this RC configuration follows along
similar lines to that encountered for the low-frequency region. The most significant
difference is in the general form of 4, appearing below:

A, (11.43)

_ 1
L+

which results in a magnitude plot such as shown in Fig. 11.43 that drops off at
6 dB/octave with increasing frequency. Note that f, is in the denominator of the
frequency ratio rather than the numerator as occurred for f; in Eq. (11.21).

In Fig. 11.44, the various parasitic capacitances (Cp., Cp., C..) of the transistor

Filiog scale)

Figure 11.43  Asymptotic plot
as defined by Eq. (11.43).

have been included with the wiring capacitances (Cy,, Cy,) introduced during con-
struction. The high-frequency equivalent model for the network of Fig. 11.44 appears
in Fig. 11.45. Note the absence of the capacitors C,, Cc, and Cg, which are all as-
sumed to be in the short-circuit state at these frequencies. The capacitance C; includes

11.9 High-Frequency Response—BJT Amplifier

&,
+

V.

i

-
I

+ 0

V,

£

=,

0

Figure 11.42 R-C combination
that will define a high cutoff fre-

quency.
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Figure 11.44 Network of Fig.

11.16 with the capacitors that
affect the high-frequency
response.

Figure 11.45 High-frequency
ac equivalent model for the
network of Fig. 11.44.
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the input wiring capacitance Cy, the transition capacitance Cp,, and the Miller ca-
pacitance C,,. The capacitance C, includes the output wiring capacitance Cy, the
parasitic capacitance C,,., and the output Miller capacitance C,, . In general, the ca-
pacitance Cy, is the largest of the parasitic capacitances, with C,., the smallest. In fact,
most specification sheets simply provide the levels of C,, and C,,. and do not include
C.. unless it will affect the response of a particular type of transistor in a specific area
of application.

Determining the Thévenin equivalent circuit for the input and output networks of
Fig. 11.45 will result in the configurations of Fig. 11.46. For the input network, the
—3-dB frequency is defined by

1

= 11.44
I 27R1,C; (11.44)
RThl:RS||R1||R2||R,- RTh2:RC||R,_||r0
0 "A"AY NN
+ +
Em, F\y = Em, 0\, =,

Figure 11.46 Thévenin circuits

for the input and output networks

(a) (b) of the network of Fig. 11.45.
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with Run, = R[R\[[R2|IR; (11.45)

and C,' = pr‘ + Cbe + CM = pr‘ + Cbe + (1 - AV)Cbc (1146)

At very high frequencies, the effect of C; is to reduce the total impedance of the par-
allel combination of Ry, R,, R;, and C; in Fig. 11.45. The result is a reduced level of
voltage across C;, a reduction in /,, and a gain for the system.

For the output network,

_ 1
fo. = TaRe (11.47)
with RTh2 = Rc| |RL||I'0 (1 148)
and C, = Cy, + Cop + Car. (11.49)

At very high frequencies, the capacitive reactance of C, will decrease and conse-
quently reduce the total impedance of the output parallel branches of Fig. 11.45. The
net result is that V,, will also decline toward zero as the reactance X becomes smaller.
The frequencies f, and f;; will each define a —6-dB/octave asymptote such as de-
picted in Fig. 11.43. If the parasitic capacitors were the only elements to determine
the high cutoff frequency, the lowest frequency would be the determining factor. How-
ever, the decrease in /. (or B) with frequency must also be considered as to whether
its break frequency is lower than f; or fy .

hy. (or B) Variation

The variation of /. (or B) with frequency will approach, with some degree of accu-
racy, the following relationship:

..,

T 1+

The use of hy, rather than B in some of this descriptive material is due primarily
to the fact that manufacturers typically use the hybrid parameters when covering this
issue in their specification sheets, and so on.

The only undefined quantity, fz, is determined by a set of parameters employed
in the hybrid m or Giacoletto model frequently applied to best represent the transis-
tor in the high-frequency region. It appears in Fig. 11.47. The various parameters war-
rant a moment of explanation. The resistance r,,- includes the base contact, base bulk,
and base spreading resistance. The first is due to the actual connection to the base.
The second includes the resistance from the external terminal to the active region of

hy (11.50)

Tpe
—AAA—
b’ C
&—ann . §
—_ Iy I b'c
7 : i
Py = ﬁ § — P h_1§ ; 2 Ve = ey =l Ty
oe
o o
E E

11.9 High-Frequency Response—BJT Amplifier

Figure 11.47  Giacoletto (or
hybrid ) high-frequency transistor
small-signal ac equivalent circuit.
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the transistors, while the last is the actual resistance within the active base region. The
resistances 7, I, and r, . are the resistances between the indicated terminals when
the device is in the active region. The same is true for the capacitances C,-. and Cy,
although the former is a transition capacitance while the latter is a diffusion capaci-
tance. A more detailed explanation of the frequency dependence of each can be found
in a number of readily available texts.

In terms of these parameters,

. . _ Eb'e
Jp (sometimes appearing as f;,.) = 27Cyr, + Cprl) (11.51)
or since the hybrid parameter 4y, is related to g, through g, = Az . Qs
= Ein (11.52)
P b 2(Chre + Cpre) '
Taking it a step further,
hy _
_ _ 1 ~ S mia _ Bmld _ L
m = hfemid Epre = hfemid Fbe N hie a ﬁmidre Te
and using the approximations
Cb'e = Cbe and Cb’c = Cbc
will result in the following form for Eq. (11.50):
fy= ! (11.53)
P 2 BmiarCre + Che) '

Equation (11.53) clearly reveals that since 7, is a function of the network design:
fp is a function of the bias conditions.

The basic format of Eq. (11.50) is exactly the same as Eq. (11.43) if we extract
the multiplying factor %, __, revealing that 4, will drop off from its midband value
with a 6-dB/octave slope as shown in Fig. 11.48. The same figure has a plot of %,
(or @) versus frequency. Note the small change in /4, for the chosen frequency range,
revealing that the common-base configuration displays improved high-frequency char-
acteristics over the common-emitter configuration. Recall also the absence of the
Miller effect capacitance due to the noninverting characteristics of the common-base
configuration. For this very reason, common-base high-frequency parameters rather
than common-emitter parameters are often specified for a transistor—especially those
designed specifically to operate in the high-frequency regions.

The following equation permits a direct conversion for determining fg if f;, and «
are specified.

Je=/1 — ) (11.54)

A quantity called the gain—bandwidth product is defined for the transistor by the
condition

‘ .., .

1+ j(ffp)
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|hfe| |hjé|1|hjb|

hj émid

40 dB
Midband value for hfe

LT
0707 - 30 aptE

20dB [~

10dB —

|hje|=1
\odB
-3dB >
[ Ay |

e Midband value for 4y,

-10dB

_ Jp ,(ﬁ,.e) S i
2(I)dB | Il3 ' Iﬂ fr\l /fhjb(fo()l

0.1 MHz 1.0 MHz 10.0 MHz 100.0 MHz 1 kMHz 10 kMHz

Figure 11.48 hy, and hy, versus frequency in the high-frequency region.

so that |hselas = 20 logyo =20 log,, 1 =0 dB

hf €mid
1+ j(f1fp) ‘

The frequency at which |A.|qs = 0 dB is clearly indicated by frin Fig. 11.48. The
magnitude of /4, at the defined condition point ( f7> fp) is given by

hfemid - hfemid -1
Vi1 +(plfy? frils

(=BW)
‘—’—J
so that Jr=he. I (gain—bandwidth product) (11.55)
or J1= Bmia [ (11.56)
. Jr
with = — 11.57
fB Bmid ( )

Substituting Eq. (11.53) for fg in Eq. (11.55) gives

. 1
fT B Bmid 2’n-ﬁmidre((-—:be + Cbc)

B 1
1= Y r(Cr + Cr)

and (11.58)

11.9 High-Frequency Response—BJT Amplifier
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EXAMPLE 11.11

528

For the network of Fig. 11.44 with the same parameters as in Example 11.9, that is,
R, =1kQO, R, =40kQ, R, = 10kQ, Rz =2 kO, Rc =4 kQ, R, =2.2 k()
C, =10 uF, Cc =1 pF, Cr =20 uF
B=100,r,=00 Q, Vee =20V
with the addition of
Cpe = 36 pF, Cp. = 4 pF, C.. = 1 pF, Cy, = 6 pF, Cy, = 8 pF

(a) Determine f;; and fy .

(b) Find fz and f7.

(c) Sketch the frequency response for the low- and high-frequency regions using the
results of Example 11.9 and the results of parts (a) and (b).

(d) Obtain a PROBE response for the full frequency spectrum and compare with the
results of part (c).

Solution
(a) From Example 11.9:
R; = 1.32 kQ, 4, (amplifier) = —90

and Rrn, = RJ||IR1|IR,|[R; = 1 k|40 k|10 k€Q|1.32 kO
= (0.531 kQ
with Ci=Cy, + Cpe + (1 — 4,)Cye
=6 pF + 36 pF + [1 — (—90)]4 pF
= 406 pF
fo = 1 _ 1
" 2@R,,C; 2m(0.531 kQ)(406 pF)
= 738.24 kHz

Run, = R(||R, = 4 kQ2.2 kQ = 1.419 kQ

COZCWO+Cce+CMO=8pF+1pF+<1 —_L%>4pF
= 13.04 pF
[P R 1
fo = 2mR,,C,  2m(1.419 kQ)(13.04 pF)
= 8.6 MHz
(b) Applying Eq. (11.53) gives
P 1
P 277-Bmidre(cwbe + Cbc)
27(100)(15.76 Q)(36 pF + 4 pF)  2a(100)(15.76 Q)(40 pF)
= 2.52 MHz
Jr = Bmia fp = (100)(2.52 MHz)
= 252 MHz
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(c) See Fig. 11.49. Both f;z and f; will lower the upper cutoff frequency below the

level determined by f7. /5 is closer to fy; and therefore will have a greater impact
than fz; . In any event, the bandwidth will be less than that defined solely by fz.
In fact, for the parameters of this network the upper cutoff frequency will be rel-

atively close to 600 kHz.

A
A‘A L
“mid|dB
fito J T I
1 L10 7L 100 YLp 1 kHz 10kHz 100 kHz IMHz / 10MHz 100 MHz
0 - I - Il | || 1 >
/ / f(log scale)
) //7777//7 777777 4
! !
! !
-5 !
5 ) | BW
!
! / \
/ ! \_—6dB/octave
// //
! !
-10 |, /
! !
! !
! !
! !
! !
! !
—15 |+ I
/ !
!
/ 120 dB/decade
20— —12 dB/octave \ ! |
/ \ \ \
_ ! \ \
25 — Figure 11.49 Full frequency
response for the network of
Fig. 11.44.
general, therefore, the lowest of the upper-cutoff frequencies defines a max-

In

imum possible bandwidth for a system.
(d) In order to obtain a PSpice analysis for the full frequency range, the parasitic ca-

pacitances have to be added to the network as shown in Fig. 11.50.

. AC=0k
. MAG=ok
vCC—=—-20V 4 al PHASE=0k
g 40K RC Q2N2222 =]
R1 CBC cc —
| & | |
I 11
1uF

RL§ 2.2k

Rs Cs
—
1k 10uF
Y CW2 |
Vs @1 mv R2 8pF T
. 10k 20

Figure 11.50 Network of Figure 11.25 with parasitic capacitances in place.
11.9 High-Frequency Response—BJT Amplifier
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An Analysis will result in the plot of Fig. 11.51 using the Trace Expression ap-
pearing at the bottom of the plot. The vertical scale was changed from —60 to 0 dB
to —30 to 0 dB to highlight the area of interest using the Y-Axis Settings. The low
cutoff frequency of 324 Hz is as determined primarily by f; , and the high cutoff fre-
quency is near 667kHz. Even though f;; is more than a decade higher than f;;, it will
have an impact on the high cutoff frequency. In total, however, the PSpice analysis
has been a welcome verification of the hand-written approach.

=S e
'\ I .
£2 =6mks{z'\
H 1 '\
i R
Lo
| \\
1
! 4
I
I
|
i
|
|
|
: P - \ :
1
1 i - Y :
_______________________________________________________ pocobono: saoos]
10Hz 100HE 1.0KHz 10KHz LO0KHZ 1.0MHz 10MHz 100MHz
iOiOB(V{RL:1) /0.0497V)
_ Fraquency _
P1:{223.5034,-3,0620) B2:(666.A07K,-3.0677) CIFF(B]:{-666.403K,5.6525m) e

Figure 11.51  Full frequency response for the network of Fig. 11.50.

11.10 HIGH-FREQUENCY RESPONSE —
FET AMPLIFIER

The analysis of the high-frequency response of the FET amplifier will proceed in a
very similar manner to that encountered for the BJT amplifier. As shown in Fig. 11.52,
there are interelectrode and wiring capacitances that will determine the high-frequency
characteristics of the amplifier. The capacitors C,, and Cy,y typically vary from 1
to 10 pF, while the capacitance C,, is usually quite a bit smaller, ranging from 0.1 to
1 pF.

Since the network of Fig. 11.52 is an inverting amplifier, a Miller effect capaci-
tance will appear in the high-frequency ac equivalent network appearing in Fig. 11.53.
At high frequencies, C; will approach a short-circuit equivalent and V,, will drop in
value and reduce the overall gain. At frequencies where C, approaches its short-
circuit equivalent, the parallel output voltage ¥V, will drop in magnitude.

The cutoff frequencies defined by the input and output circuits can be obtained
by first finding the Thévenin equivalent circuits for each section as shown in Fig.
11.54. For the input circuit,
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11.10 High-Frequency Response—FET Amplifier

‘V:/g\, " 0 : oV,
+
B ,\[ Rg ¢ Vgs ‘ &Em Vgs Ta Rp Ry G,
| =1l o ]
fi = 5 (11.59)
! 27TRTh1C,' ’
and RThl = Rsig“RG (1 160)
with Ci=Cp,+ Cg + Cy, (11.61)
and Cy, = (1 —4,)Cqqy (11.62)
and for the output circuit,
o=l (11.63)
Ho " 2Ry, C, :
K -.H'I.: B M . o ﬁ'n Il 13 Fa
M A M
+ —-—
tn, My =0 En, Py - I
- +
Lal 1}

Figure 11.52 Capacitive ele-
ments that affect the high fre-
quency response of a JFET ampli-
fier.

Figure 11.53 High-frequency
ac equivalent circuit for
Fig. 11.52.

Figure 11.54 The Thévenin
equivalent circuits for the

(a) input circuit and (b) output
circuit.
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with RThz = RDHRLHrd (1 164)
and C,=Cy, + Cy+ Cy,

1
and Cyy = (1 - E)Cg" (11.65)

EXAMPLE 11.12

532

(a) Determine the high cutoff frequencies for the network of Fig. 11.52 using the
same parameters as Example 11.10:

Cs = 0.01 uF, Ce = 0.5 uF, Cy=2 uF
Ri, =10k, R;=1MQ, R,=47kQ, Rg=1kQ, R, =22k
IDSSZSmA, Vp:_4\/, I”d:wﬂ, VDD:20V
with the addition of
Coa=2pF, Cg=4pF, C4=05pF, Cy =5pF Cy, =6pF

(b) Review a PROBE response for the full frequency range and note whether it sup-

ports the conclusions of Example 11.10 and the calculations above.
Solution

(@) R, = RygllRe = 10 kQJ|1 MQ = 9.9 kQ
From Example 11.10, 4, = —3.

Ci=Cy, + Co + (1 — 4,)Cyy
= 5pF + 4 pF + (1 + 3)2 pF

9 pF + 8 pF

17 pF

1
Ju, = 27R,,C,

_ 1 _
= IO K17 pFy 24567 kHz

RTh2 = RD”RL
=47 kQ||2.2 kQ
= 1.5 k)

c0=CWO+cdS+cMD=6pF+0.5pF+<1—_%)2p1:=9.17pF
i

i, = 5015 kKY©.17 pF)

= 11.57 MHz

The results above clearly indicate that the input capacitance with its Miller effect ca-

pacitance will determine the upper cutoff frequency. This is typically the case due to

the smaller value of C, and the resistance levels encountered in the output circuit.

(b) Using PSpice Windows, the schematic for the network will appear as shown in
Fig. 11.55.
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AC=0k
MAG=ok
PHASE=0k
) b
Rsig CG .
10k D.01uF RL
* RG CW. ;5 F $22k
o\ 6p
Vs (CO)tmv 1MegS CW[5pF

|

Figure 11.55 Network of Figure 11.52 with assigned values.

Under Analysis, the AC Sweep is set to Decade with Pts/Decade at 1000, Start
Freq.: at 10 Hz, and End Freq.: at 10 MHz. Under the Add Traces dialog box, the
Trace Expression is entered as DB(V(RL:1)/2.993mV), and the plot of Fig. 11.56
is obtained. Just for a moment, consider how much time it must have taken to obtain
a plot such as in Fig. 11.56 without computer methods for a network as complicated
as Fig. 11.55. Often, we forget how computer systems have helped us through some
painstaking, lengthy, and boring series of calculations.

f2 = Yl2kHz :.‘\

ﬁ LT :

/ i
! ;
-5t o
cefffldbcccocconcsooosogoosooasooos Soos S Foooos as o aa oo csoop coooo = = _:

o, . oooErequency
[Bl:(225.424,-3.0617) &Bo:{912.011K,-3.0610) OiFF(al:{-011.7d5K,¥.2201m)

Figure 11.56 Frequency response for the network of Example 11.12.

Using the cursor, we find the lower and upper cutoff frequencies to be 225 Hz
and 921 kHz, respectively, providing a nice match with the calculated values.

11.10 High-Frequency Response—FET amplifier 533
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Even though the analysis of the past few sections has been limited to two con-
figurations, the exposure to the general procedure for determining the cutoff fre-
quencies should support the analysis of any other transistor configuration. Keep in
mind that the Miller capacitance is limited to inverting amplifiers and that £, is sig-
nificantly greater than fg if the common-base configuration is encountered. There is
a great deal more literature on the analysis of single-stage amplifiers that goes be-
yond the coverage of this chapter. However, the content of this chapter should pro-
vide a firm foundation for any future analysis of frequency effects.

11.11 MULTISTAGE FREQUENCY EFFECTS

For a second transistor stage connected directly to the output of a first stage, there
will be a significant change in the overall frequency response. In the high-frequency
region, the output capacitance C, must now include the wiring capacitance (Cy,), par-
asitic capacitance (C,,), and Miller capacitance (C,,,) of the following stage. Further,
there will be additional low-frequency cutoff levels due to the second stage that will
further reduce the overall gain of the system in this region. For each additional stage,
the upper cutoff frequency will be determined primarily by that stage having the low-
est cutoff frequency. The low-frequency cutoff is primarily determined by that stage
having the highest low-frequency cutoff frequency. Obviously, therefore, one poorly
designed stage can offset an otherwise well-designed cascaded system.

The effect of increasing the number of identical stages can be clearly demon-
strated by considering the situations indicated in Fig. 11.57. In each case, the upper
and lower cutoff frequencies of each of the cascaded stages are identical. For a sin-
gle stage, the cutoff frequencies are f; and f; as indicated. For two identical stages in
cascade, the drop-off rate in the high- and low-frequency regions has increased to
—12 dB/octave or —40 dB/decade. At f; and f5, therefore, the decibel drop is now
—6 dB rather than the defined band frequency gain level of —3 dB. The —3-dB
point has shifted to f7 and f% as indicated, with a resulting drop in the bandwidth.
A —18-dB/octave or —60-dB/decade slope will result for a three-stage system of iden-
tical stages with the indicated reduction in bandwidth (f7" and £3).

Assuming identical stages, an equation for each band frequency as a function of
the number of stages (n) can be determined in the following manner: For the low-
frequency region,

Viow, (overall) View V2w V3iow Miow

LA,

| R i N T i R .

(nw (e 2)inm 1} mm g 2idmm 1)

Figure 11.57 Effect of an increased number of stages on the cutoff frequencies
and the bandwidth.
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but since each stage is identical, 4,, = 4,, = etc. and
AVlow, (overall) = (Avlh,w)n

Avl 11 AV1 n 1
or = (overall) = =\ = o
4 (A ) (I =Jhif)

Setting the magnitude of this result equal to 1/\/5(—3 dB level) results in

Vmid Vmid

1 1
Vi+ T V2

Tl e
- T

2
and 1+ (J/F—l,) =l
1

with the result that fi=—" (11.66)

In a similar manner, it can be shown that for the high-frequency region,
fo= (V2" = 1)f (11.67)

Note the presence of the same factor V27 — 1 in each equation. The magnitude of
this factor for various values of n is listed below.

n \ /21/n -1
2 0.64
3 0.51
4 0.43
5 0.39

For n = 2, consider that the upper cutoff frequency f5 = 0.64f, or 64% of the value
obtained for a single stage, while f] = (1/0.64)f; = 1.56f,. For n = 3, 5 = 0.51f, or
approximately } the value of a single stage with f{ = (1/0.51)f; = 1.96f, or approxi-
mately twice the single-stage value.

For the RC-coupled transistor amplifier, if f; = fj, or if they are close enough in
magnitude for both to affect the upper 3-dB frequency, the number of stages must be
increased by a factor of 2 when determining f5 due to the increased number of fac-
tors 1/(1 + jfify)-

A decrease in bandwidth is not always associated with an increase in the number
of stages if the midband gain can remain fixed and independent of the number of
stages. For instance, if a single-stage amplifier produces a gain of 100 with a band-
width of 10,000 Hz, the resulting gain—bandwidth product is 10°X10* = 10°. For a
two-stage system the same gain can be obtained by having two stages with a gain of
10 since (10 X 10 = 100). The bandwidth of each stage would then increase by a fac-
tor of 10 to 100,000 due to the lower gain requirement and fixed gain—bandwidth
product of 10°. Of course, the design must be such as to permit the increased band-
width and establish the lower gain level.

11.11 Multistage Frequency Effects
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f=1

Figure 11.58 Square wave.

Figure 11.59 Harmonic content
of a square wave.
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11.12 SQUARE-WAVE TESTING

A sense for the frequency response of an amplifier can be determined experimentally
by applying a square-wave signal to the amplifier and noting the output response.
The shape of the output waveform will reveal whether the high or low frequencies
are being properly amplified. The use of square-wave testing is significantly less
time-consuming than applying a series of sinusoidal signals at different frequencies
and magnitudes to test the frequency response of the amplifier.

The reason for choosing a square-wave signal for the testing process is best de-
scribed by examining the Fourier series expansion of a square wave composed of a
series of sinusoidal components of different magnitudes and frequencies. The sum-
mation of the terms of the series will result in the original waveform. In other words,
even though a waveform may not be sinusoidal, it can be reproduced by a series of
sinusoidal terms of different frequencies and magnitudes.

The Fourier series expansion for the square wave of Fig. 11.58 is

4
v=— Vm<sin 2m i+ % sin 27311 + % sin 27(SL)1 + % sin 27(7L)1

+ & sin 2m(9f) + -+ sin 277(;11;.):)) (11.68)

The first term of the series is called the fundamental term and in this case has the
same frequency, f;, as the square wave. The next term has a frequency equal to three
times the fundamental and is referred to as the third harmonic. Its magnitude is one-
third the magnitude of the fundamental term. The frequencies of the succeeding terms
are odd multiples of the fundamental term, and the magnitude decreases with each
higher harmonic. Figure 11.59 demonstrates how the summation of terms of a Fourier
series can result in a nonsinusoidal waveform. The generation of the square wave of
Fig. 11.58 would require an infinite number of terms. However, the summation of just
the fundamental term and the third harmonic in Fig. 11.59a clearly results in a wave-
form that is beginning to take on the appearance of a square wave. Including the fifth
and seventh harmonics as in Fig. 11.59b takes us a step closer to the waveform of
Fig. 11.58.

Since the ninth harmonic has a magnitude greater than 10% of the fundamental
term [5(100%) = 11.1%], the fundamental term through the ninth harmonic are the
major contributors to the Fourier series expansion of the square-wave function. It is
therefore reasonable to assume that if the application of a square wave of a particu-
lar frequency results in a nice clean square wave at the output, then the fundamental

. Fundamemal Fundamesas + 3pd,

" Mh, Tth hamvonics

Fundamenial +
o~ third harmaasiz

Square wave

/

-~

P

&) ihi
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through the ninth harmonic are being amplified without visual distortion by the am-
plifier. For instance, if an audio amplifier with a bandwidth of 20 kHz (audio range
is from 20 Hz to 20 kHz) is to be tested, the frequency of the applied signal should
be at least 20 kHz/9 = 2.22 kHz.

If the response of an amplifier to an applied square wave is an undistorted replica
of the input, the frequency response (or BW) of the amplifier is obviously sufficient
for the applied frequency. If the response is as shown in Fig. 11.60a and b, the low
frequencies are not being amplified properly and the low cutoff frequency has to be
investigated. If the waveform has the appearance of Fig. 11.60c, the high-frequency
components are not receiving sufficient amplification and the high cutoff frequency
(or BW) has to be reviewed.

AV AV
of I 7| 31| 2r ¢ of I 37| 2 :
2 2 2 2
(a) (b)
AV AV
ol | 7| 3| 2r] ol z\ 1 31\ 21 ‘r
2 2 2 2

(c) (d)

The actual high cutoff frequency (or BW) can be determined from the output
waveform by carefully measuring the rise time defined between 10% and 90% of the
peak value, as shown in Fig. 11.61. Substituting into the following equation will pro-
vide the upper cutoff frequency, and since BW = f; — f; = fy, the equation also
provides an indication of the BW of the amplifier.

v Lt
s
]
1
1 —_
1
1
|
L
| - Figure 11.61 Defining the rise
0 | i ! time and tilt of a square wave
S— fa——— response.

11.12  Square-Wave Testing

Figure 11.60 (a) Poor low frequency
response; (b) very poor low-frequency
response; (¢) poor high-frequency
response; (d) very poor high-frequency
response.
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0.35
t,

BW =/, = (11.69)

The low cutoff frequency can be determined from the output response by care-
fully measuring the tilt of Fig. 11.61 and substituting into one of the following equa-
tions:

="
14

% tilt = P% = X 100% (11.70)

% (decimal form) (11.71)

The low cutoff frequency is then determined from

Ji, = %fs (11.72)

EXAMPLE 11.13

Figure 11.62 Example 11.13
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The application of a 1-mV, 5-kHz square wave to an amplifier resulted in the output

waveform of Fig. 11.62.

(a) Write the Fourier series expansion for the square wave through the ninth har-
monic.

(b) Determine the bandwidth of the amplifier.

(c) Calculate the low cutoff frequency.

Solution
_ 4 mV . 3 1 . 3 1 . 3
(a) v, = — (s 27 (5 X 10°) + 3 sin 27(15 X 107)t + 5 sin 2m(25 X 107)t

+ % sin 27(35X10%)z + é sin 27(45 X 10°)¢

b) t,=18 us —2 us =16 us

Bw =233 _ 035 _ 5y 895 gy =44
t, 16 us
V=V 50mV-—40mV _
©FP="=""50mv 2

. P, (02
fr=f= (7)(5 kHz) = 318.31 Hz

11.13 PSPICE WINDOWS

The computer analysis of this chapter was integrated into the chapter for emphasis
and a clear demonstration of the power of the PSpice software package. The com-
plete frequency response of a single-stage or multistage system can be determined in
a relatively short period of time to verify theoretical calculations or provide an im-
mediate indication of the low and high cutoff frequencies of the system. The exer-
cises in the chapter will provide an opportunity to apply the PSpice software pack-
age to a variety of networks.
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§ 11.2 Logarithms

PROBLEMS
1. (a) Determine the common logarithm of the following numbers: 10°, 50, and 0.707.
(b) Determine the natural logarithm of the same numbers appearing in part (a).
(c) Compare the solutions of parts (a) and (b).
2. (a) Determine the common logarithm of the number 2.2 X 10°.
(b) Determine the natural logarithm of the number of part (a) using Eq. (11.4).
(c) Determine the natural logarithm of the number of part (a) using natural logarithms and
compare with the solution of part (b).
3. Determine:
(@) 20 log;o ¥ using Eq. (11.6) and compare with 20 log;, 5.
(b) 10 logyo 55 using Eq. (11.7) and compare with 10 log;, 0.05.
(c) log;0(40)(0.125) using Eq. (11.8) and compare with log;g 5.
4, Calculate the power gain in decibels for each of the following cases.
(a) P,=100W, P,=5W.
(b) P, =100 mW, P, = 5 mW.
(¢) P, =100 uW, P, = 20 uW.
Determine Gygyy, for an output power level of 25 W.
Two voltage measurements made across the same resistance are }; =25V and V, = 100 V.
Calculate the power gain in decibels of the second reading over the first reading.
7. Input and output voltage measurements of V; = 10 mV and ¥, = 25 V are made. What is the
voltage gain in decibels?
" 8. (a) The total decibel gain of a three-stage system is 120 dB. Determine the decibel gain of
cach stage if the second stage has twice the decibel gain of the first and the third has 2.7
times the decibel gain of the first.
(b) Determine the voltage gain of each stage.
“ 9, If the applied ac power to a system is 5 uW at 100 mV and the output power is 48 W, de-
termine:
(a) The power gain in decibels.
(b) The voltage gain in decibels if the output impedance is 40 k().
(c) The input impedance.
(d) The output voltage.
§ 11.4 General Frequency Considerations
10. Given the characteristics of Fig. 11.63, sketch:
(a) The normalized gain.
(b) The normalized dB gain (and determine the bandwidth and cutoff frequencies).
A,
* 2 1D E——— —FFh
‘__. - e ——HH
t T =
1 8| =i i
1 .:;L ....... ) i o | 1 1
I | | 1 | \ - T
T T T 11 B
T i NG| i
1t == 1
EEasin FEHHE D
1 | i i T I - [Tl
11 Hz Ly He 1 kbie l0kiie 10 ke 1 MHz filog scale)

Figure 11.63 Problem 10

Problems
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Figure 11.64 Problems 11, 12,
and 32
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11.

12.

13.

14.

15.

§ 11.5 Low-Frequency Analysis—Bode Plot

For the network of Fig. 11.64:

(a) Determine the mathematical expression for the magnitude of the ratio V,/V;.

(b) Using the results of part (a), determine V,/V; at 100 Hz, 1 kHz, 2 kHz, 5 kHz, and
10 kHz, and plot the resulting curve for the frequency range of 100 Hz to 10 kHz. Use
a log scale.

(c) Determine the break frequency.

(d) Sketch the asymptotes and locate the —3-dB point.

(e) Sketch the frequency response for V,/V; and compare to the results of part (b).

For the network of Fig. 11.64:

(a) Determine the mathematical expression for the angle by which ¥, leads V.

(b) Determine the phase angle at f = 100 Hz, 1 kHz, 2 kHz, 5 kHz, and 10 kHz, and plot
the resulting curve for the frequency range of 100 Hz to 10 kHz.

(c) Determine the break frequency.

(d) Sketch the frequency response of 0 for the same frequency spectrum of part (b) and com-
pare results.

(a) What frequency is 1 octave above 5 kHz?

(b) What frequency is 1 decade below 10 kHz?
(c) What frequency is 2 octaves below 20 kHz?
(d) What frequency is 2 decades above 1 kHz?

§ 11.6 Low-Frequency Response — BJT Amplifier

Repeat the analysis of Example 11.9 with r, = 40 k€). What is the effect on 4,__. f1.. fL..
/1, and the resulting cutoff frequency?

For the network of Fig. 11.65:

(a) Determine r.,.

(b) Find 4, = V,/V.

(c) Calculate Z;.

(d) Find 4, = V,/V,.

(e) Determine f;, f; , and f; .

(f) Determine the low cutoff frequency.

(g) Sketch the asymptotes of the Bode plot defined by the cutoff frequencies of part (e).
(h) Sketch the low-frequency response for the amplifier using the results of part (f).

14
3 c, = SpF € = 12pF
Cn, = ApF Cp = 41 pF
- Corm BpF
13k

L

Figure 11.65 Problems 15, 22, and 33
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“16. Repeat Problem 15 for the emitter-stabilized network of Fig. 11.66.

= Tpk Coo = 6pF
= Il g Ly, = Hip#
€, = lipF
14F
It #l
4.7 k1
63 uF
- -

Figure 11.66 Problems 16 and 23

“17. Repeat Problem 15 for the emitter-follower network of Fig. 11.67.

14V
Cy, = 8pF Cpe = 20 pF

Cy = 10pF  Cpe = 30pF

120 kQ 4 C, = 12pF

1kQ V; B =100

0.1uF

I
+ 1y

Ny P §30 KQ
’ 22kQ 82kQ

SR S

Figure 11.67 Problems 17 and 24

N

“18. Repeat Problem 15 for the common-base configuration of Fig. 11.68. Keep in mind that the
common-base configuration is a noninverting network when you consider the Miller effect.

::"_11; pav TR o:
-3 | g
.rh- 12 pE r:‘.' = |-|]IJ I
o P 1.2kl 13k W, P
. LaF
0l kL ¥;
; | 10 pF

N —
+

Figure 11.68 Problems 18, 25, and 34

Problems
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§ 11.7 Low-Frequency Response — FET Amplifier

19. For the network of Fig. 11.69:
(a) Determine VGSQ and IDQ.
(b) Find 8mo and 8Em-
(c) Calculate the midband gain of 4, = V,/V,.
(d) Determine Z;.
(e) Calculate 4, = V,/V..
(f) Determine fL(J_, fL(_, and ﬁs'
(g) Determine the low cutoff frequency.
(h) Sketch the asymptotes of the Bode plot defined by part (f).
(1) Sketch the low-frequency response for the amplifier using the results of part (f).
IF;-..- {-". = 3pF .-;:“. 4 pF
Cy,=3pF C,, = 6pF

Oy = 17F
gam

4.7 @F

It e

1 kL1 b
] fose = SmA
i Vp= =Y, ry==1012
A

iF
¥ ' 19k0
v, My — gl M
= ; 1.1k00 1k
Figure 11.69 Problems 19, 20,
26, and 35 - - -

“ 20. Repeat the analysis of Problem 19 with r, = 100 k€. Does it have an impact of any conse-
quence on the results? If so, which elements?

“ 21. Repeat the analysis of Problem 19 for the network of Fig. 11.70. What effect did the
voltage-divider configuration have on the input impedance and the gain 4, compared to the
biasing arrangement of Fig. 11.69?

Cw, = dpll oy HpF
Cg =dpl Cor = 12 pF

l £y = 3pF
g.'-.:f kiCh
okl | Ak uF
fipm = 1mA
V= =8¥
| S.‘hﬁ kil
‘l
= 10l
Figure 11.70 Problems 21
and 27 - -

§ 11.9 High-Frequency Response — BJT Amplifier

22. For the network of Fig. 11.65:
(a) Determine fz, and fz .
(b) Assuming that Cp, = Cpe and Cp. = Cp, find f and f7.
(c) Sketch the frequency response for the high-frequency region using a Bode plot and de-
termine the cutoff frequency.
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*23.
©24.
© 25,

26.

©27.

28.

29.

30.

“31.

32,

33.

34.
35.

Repeat the analysis of Problem 22 for the network of Fig. 11.66.
Repeat the analysis of Problem 22 for the network of Fig. 11.67.
Repeat the analysis of Problem 22 for the network of Fig. 11.68.

§ 11.10 High-Frequency Response — FET Amplifier

For the network of Fig. 11.69:

(a) Determine g, and g,,.

(b) Find 4, and 4,_in the mid-frequency range.

(c) Determine fy, and fz .

(d) Sketch the frequency response for the high-frequency region using a Bode plot and de-
termine the cutoff frequency.

Repeat the analysis of Problem 26 for the network of Fig. 11.70.

§ 11.11 Multistage Frequency Effects

Calculate the overall voltage gain of four identical stages of an amplifier, each having a gain
of 20.

Calculate the overall upper 3-dB frequency for a four-stage amplifier having an individual
stage value of £, = 2.5 MHz.

A four-stage amplifier has a lower 3-dB frequency for an individual stage of /; = 40 Hz. What
is the value of f} for this full amplifier?

§ 11.12 Square-Wave Testing

The application of a 10-mV, 100-kHz square wave to an amplifier resulted in the output wave-
form of Fig. 11.71.
(a) Write the Fourier series expansion for the square wave through the ninth harmonic.
(b) Determine the bandwidth of the amplifier to the accuracy available by the waveform of
Fig. 11.71.
(c) Calculate the low cutoff frequency.

AV, (mV)

100
90 7~

80 I/
70 I
60 1
50

40
30
20
10

O 1 2 3 4 5 6 (L) Figure 11.71 Problem 31

§ 11.13 PSpice Windows

Using PSpice Windows, determine the frequency response of V,/V; for the high-pass filter of
Fig. 11.64.

Using PSpice Windows, determine the frequency response of V,,/V, for the BJT amplifier of
Fig. 11.65.

Repeat Problem 33 for the network of Fig. 11.68.
Repeat Problem 33 for the JFET configuration of Fig. 11.69.

“Please Note: Asterisks indicate more difficult problems.

Problems
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Linear-Digital ICs
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CHAPTER

17

17.1 INTRODUCTION

While there are many ICs containing only digital circuits and many that contain only
linear circuits, there are a number of units that contain both linear and digital circuits.
Among the linear/digital ICs are comparator circuits, digital/analog converters, inter-
face circuits, timer circuits, voltage-controlled oscillator (VCO) circuits, and phase-
locked loops (PLLs).

The comparator circuit is one to which a linear input voltage is compared to an-
other reference voltage, the output being a digital condition representing whether the
input voltage exceeded the reference voltage.

Circuits that convert digital signals into an analog or linear voltage, and those that
convert a linear voltage into a digital value, are popular in aerospace equipment, au-
tomotive equipment, and compact disk (CD) players, among many others.

Interface circuits are used to enable connecting signals of different digital voltage
levels, from different types of output devices, or from different impedances so that
both the driver stage and the receiver stage operate properly.

Timer ICs provide linear and digital circuits to use in various timing operations,
as in a car alarm, a home timer to turn lights on or off, and a circuit in electro-
mechanical equipment to provide proper timing to match the intended unit operation.
The 555 timer has long been a popular IC unit. A voltage-controlled oscillator pro-
vides an output clock signal whose frequency can be varied or adjusted by an input
voltage. One popular application of a VCO is in a phase-locked loop unit, as used in
various communication transmitters and receivers.

17.2 COMPARATOR UNIT OPERATION

A comparator circuit accepts input of linear voltages and provides a digital output
that indicates when one input is less than or greater than the second. A basic com-
parator circuit can be represented as in Fig. 17.1a. The output is a digital signal that
stays at a high voltage level when the noninverting (+) input is greater than the volt-
age at the inverting (—) input and switches to a lower voltage level when the nonin-
verting input voltage goes below the inverting input voltage.

Figure 17.1b shows a typical connection with one input (the inverting input in this
example) connected to a reference voltage, the other connected to the input signal
voltage. As long as V5, is less than the reference voltage level of +2 V, the output re-
mains at a low voltage level (near —10 V). When the input rises just above +2 'V, the
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Figure 17.1 Comparator unit:
(a) basic unit; (b) typical
application.

Figure 17.2  Operation of 741
op-amp as comparator.

722

+V +V (+10V)
—Input = T Vg ———— —
+2V)
Output Output
+Input aF l Vip —— + l
-V -V (=10V)

(a) (b)

output quickly switches to a high-voltage level (near +10 V). Thus the high output
indicates that the input signal is greater than +2 V.

Since the internal circuit used to build a comparator contains essentially an op-
amp circuit with very high voltage gain, we can examine the operation of a com-
parator using a 741 op-amp, as shown in Fig. 17.2. With reference input (at pin 2) set
to 0V, a sinusoidal signal applied to the noninverting input (pin 3) will cause the out-
put to switch between its two output states, as shown in Fig. 17.2b. The input V; go-
ing even a fraction of a millivolt above the 0-V reference level will be amplified by
the very high voltage gain (typically over 100,000) so that the output rises to its pos-
itive output saturation level and remains there while the input stays above V. = 0 V.
When the input drops just below the 0-V reference level, the output is driven to its
lower saturation level and stays there while the input remains below Vs = 0 V. Fig-
ure 17.2b clearly shows that the input signal is linear while the output is digital.

N/
'/ “\/ﬁ

(2 a
— LI
B =
- .\_I'l-___ : :
T41 | mrpin, &
_-'-t\. E
(LR
S +
||||'||I ¥ e &
L]
o

In general use, the reference level need not be 0 V but can be any desired posi-
tive or negative voltage. Also, the reference voltage may be connected to either plus
or minus input and the input signal then applied to the other input.

Use of Op-Amp as Comparator

Figure 17.3a shows a circuit operating with a positive reference voltage connected to
the minus input and the output connected to an indicator LED. The reference voltage
level is set at

10 kQ)

Vip=———o
0 kQ + 10 kQ

(+12V) = +6V
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+12V
o)

10 kQ
VO
10 kQ
470 Q
LED on when
X% LED < V;goes above
Vrcf (: +6 V)
(a)
+12V
10 kQ
VO
741
470 Q
10 kQ 12V LED on when
% LED < V; goes below
Viet (=+6V)
Figure 17.3 A 741 op-amp
(b) used as a comparator.

Since the reference voltage is connected to the inverting input, the output will switch
to its positive saturation level when the input, V;, goes more positive than the +6-V
reference voltage level. The output, V,, then drives the LED on as an indication that
the input is more positive than the reference level.

As an alternative connection, the reference voltage could be connected to the non-
inverting input as shown in Fig. 17.3b. With this connection, the input signal going
below the reference level would cause the output to drive the LED on. The LED can
thus be made to go on when the input signal goes above or below the reference level,
depending on which input is connected as signal input and which as reference input.

Using Comparator IC Units

While op-amps can be used as comparator circuits, separate IC comparator units are
more suitable. Some of the improvements built into a comparator IC are faster switch-
ing between the two output levels, built-in noise immunity to prevent the output from
oscillating when the input passes by the reference level, and outputs capable of di-
rectly driving a variety of loads. A few popular IC comparators are covered next, de-
scribing their pin connections and how they may be used.

311 COMPARATOR

The 311 voltage comparator shown in Fig. 17.4 contains a comparator circuit that
can operate as well from dual power supplies of =15 V as from a single +5-V sup-
ply (as used in digital logic circuits). The output can provide a voltage at one of two
distinct levels or can be used to drive a lamp or a relay. Notice that the output is taken

17.2  Comparator Unit Operation
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Figure 17.4 A 311 comparator (eight-pin DIP unit).

from a bipolar transistor to allow driving a variety of loads. The unit also has balance
and strobe inputs, the strobe input allowing gating of the output. A few examples will
show how this comparator unit can be used in some common applications.

A zero-crossing detector that senses (detects) the input voltage crossing through
0V is shown using the 311 IC in Fig. 17.5. The inverting input is connected to ground
(the reference voltage). The input signal going positive drives the output transistor on,
with the output then going low (—10 V in this case). The input signal going negative
(below 0 V) will drive the output transistor off, the output then going high (to +10
V). The output is thus an indication of whether the input is above or below 0 V. When
the input is any positive voltage, the output is low, while any negative voltage will
result in the output going to a high voltage level.

F140 y
-

3
3l 2 kLl
2
Inpui —
. - — Lluipui
el o
.'H.:.-'I
N
L
it
| N, !_-
_.-:-;l ot

Figure 17.5 Zero-crossing detector using a 311 IC.

Figure 17.6 shows how a 311 comparator can be used with strobing. In this ex-
ample, the output will go high when the input goes above the reference level—but
only if the TTL strobe input is off (or 0 V). If the TTL strobe input goes high, it
drives the 311 strobe input at pin 6 low, causing the output to remain in the off state
(with output high) regardless of the input signal. In effect, the output remains high
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Figure 17.6 Operation of a 311
comparator with strobe input.

g (LU} ¥
wr

unless strobed. If strobed, the output then acts normally, switching from high to low
depending on the input signal level. In operation, the comparator output will respond
to the input signal only during the time the strobe signal allows such operation.

Figure 17.7 shows the comparator output driving a relay. When the input goes be-
low 0V, driving the output low, the relay is activated, closing the normally open (N.O.)
contacts at that time. These contacts can then be connected to operate a large variety
of devices. For example, a buzzer or bell wired to the contacts can be driven on when-
ever the input voltage drops below 0 V. As long as the voltage is present at the input
terminal, the buzzer will remain off.

=L +_"' MnnEclh apeii

1 '|' — N8R E TG O
s e «.I B
W |:_:.| :
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! |
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—_— 'H._.:l
1
- 0
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Figure 17.7 Operation of a 311 comparator with relay output.

339 COMPARATOR

The 339 IC is a quad comparator containing four independent voltage compara-
tor circuits connected to external pins as shown in Fig. 17.8. Each comparator has in-
verting and noninverting inputs and a single output. The supply voltage applied to a
pair of pins powers all four comparators. Even if one wishes to use one comparator,
all four will be drawing power.

17.2  Comparator Unit Operation
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IC (339).

To see how these comparator circuits can be used, Fig. 17.9 shows one of the 339
comparator circuits connected as a zero-crossing detector. Whenever the input signal
goes above 0V, the output switches to V. The input switches to V"~ only when the
input goes below 0 V.

A reference level other than 0 V can also be used, and either input terminal could
be used as the reference, the other terminal then being connected to the input signal.
The operation of one of the comparator circuits is described next.

y+(5V)

Input, V; & + S5.1kQ \/ Time
339 Output, V,

ONS
V,Cf=ov_r l@ N v,

) V(=5 V)

(a)

Time

V-

Figure 17.9 Operation of one 339 comparator circuit as a zero-crossing detector.
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The differential input voltage (difference voltage across input terminals) going
positive drives the output transistor off (open circuit), while a negative differential in-
put voltage drives the output transistor on—the output then at the supply low level.

If the negative input is set at a reference level V., the positive input goes above
Vier and results in a positive differential input with output driven to the open-circuit
state. When the noninverting input goes below V., resulting in a negative differen-
tial input, the output will be driven to V.

If the positive input is set at the reference level, the inverting input going below
Vet results in the output open circuit while the inverting input going above Vs re-
sults in the output at V. This operation is summarized in Fig. 17.10.

V+
V+
Inpl'lt ar Vref ar T
Input > V. — output open circuit Input < Vo = output open circuit
339 - 339 -
Input < V¢ — output =)'~ Input > V¢ = output =V~
Viet — l Input = l
V= V=
(@) (®)

Figure 17.10 Operation of a 339 comparator circuit with reference input: (a) minus input; (b) plus
input.

Since the output of one of these comparator circuits is from an open-circuit col-
lector, applications in which the outputs from more than one circuit can be wire-ORed
are possible. Figure 17.11 shows two comparator circuits connected with common
output and also with common input. Comparator 1 has a +5-V reference voltage in-

+9V

® O 5.1kQ

7.5kQ 1 ——— Output

+9V
8.2 kQ
Output low
Ve =+1V @ SV

Output high
@
+1V
- @ Output low

®)
Figure 17.11  Operation of two

= 339 comparator circuits as a
window detector.

Input
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put connected to the noninverting input. The output will be driven low by compara-
tor 1 when the input signal goes above +5 V. Comparator 2 has a reference voltage
of +1 V connected to the inverting input. The output of comparator 2 will be driven
low when the input signal goes below +1 V. In total, the output will go low when-
ever the input is below +1 V or above +5 V, as shown in Fig. 17.11, the overall op-
eration being that of a voltage window detector. The high output indicates that the in-
put is within a voltage window of +1 to +5 V (these values being set by the reference
voltage levels used).

17.3 DIGITAL-ANALOG CONVERTERS

Many voltages and currents in electronics vary continuously over some range of val-
ues. In digital circuitry the signals are at either one of two levels, representing the bi-
nary values of 1 or zero. An analog—digital converter (ADC) obtains a digital value
representing an input analog voltage, while a digital-analog converter (DAC) changes
a digital value back into an analog voltage.

Digital-to-Analog Conversion

LADDER NETWORK CONVERSION

Digital-to-analog conversion can be achieved using a number of different meth-
ods. One popular scheme uses a network of resistors, called a ladder network. A lad-
der network accepts inputs of binary values at, typically, 0 V or Vs and provides an
output voltage proportional to the binary input value. Figure 17.12a shows a ladder
network with four input voltages, representing 4 bits of digital data and a dc voltage
output. The output voltage is proportional to the digital input value as given by the
relation

_ Dy X2°+ D X2'+ Dy X2*+ Dy X 2°

v, 2 Viet (17.1)
R R R V, (analog
output)
2R 2R 2R 2R 2R
-
V;(0) Vi(1) Vi(2) Vi(3)
Dy D, D, D,
AN )
Y
Digital input
(@
10 kQ 10 kQ 10 kQ
V,=6V
20kQ 2 20kQ 20 kQ 20kQ 20kQ
= D?— 0 +16 V +16 V D - 0
0~ D =1 D,=1 3=

(b

Figure 17.12 Four-stage ladder network used as a DAC: (a) basic circuit;
(b) circuit example with 0110 input.
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In the example shown in Fig. 17.12b, the output voltage resulting should be

C0X1+1X2+1X4+0X8
N 16

v, (16 V)y=6V
Therefore, 0110,, digital, converts to 6 V, analog.

The function of the ladder network is to convert the 16 possible binary values
from 0000 to 1111 into one of 16 voltage levels in steps of V,.¢#/16. Using more sec-
tions of ladder allows having more binary inputs and greater quantization for each
step. For example, a 10-stage ladder network could extend the number of voltage steps
or the voltage resolution to V,.#/2'° or V,./1024. A reference voltage of V,.; = 10 V
would then provide output voltage steps of 10 V/1024 or approximately 10 mV. More
ladder stages provide greater voltage resolution. In general, the voltage resolution for
n ladder stages is

Vet
= 17.2
= (172)

Figure 17.13 shows a block diagram of a typical DAC using a ladder network.
The ladder network, referred in the diagram as an R-2R ladder, is sandwiched be-
tween the reference current supply and current switches connected to each binary in-
put, the resulting output current proportional to the input binary value. The binary in-
put turns on selected legs of the ladder, the output current being a weighted summing
of the reference current. Connecting the output current through a resistor will pro-
duce an analog voltage, if desired.

Digital inputs
A
il B
Current switches ————— 1,
R-2R ladder
Vo | Reference
ref
current )
Figure 17.13 DAC IC using
R-2R ladder network.

Analog-to-Digital Conversion

DUAL-SLOPE CONVERSION

A popular method for converting an analog voltage into a digital value is the dual-
slope method. Figure 17.14a shows a block diagram of the basic dual-slope converter.
The analog voltage to be converted is applied through an electronic switch to an in-
tegrator or ramp-generator circuit (essentially a constant current charging a capacitor
to produce a linear ramp voltage). The digital output is obtained from a counter op-
erated during both positive and negative slope intervals of the integrator.

The method of conversion proceeds as follows. For a fixed time interval (usually
the full count range of the counter), the analog voltage connected to the integrator
raises the voltage at the comparator input to some positive level. Figure 17.14b shows
that at the end of the fixed time interval the voltage from the integrator is greater for
the larger input voltage. At the end of the fixed count interval, the count is set to zero
and the electronic switch connects the integrator to a reference or fixed input voltage.

17.3 Digital-Analog Converters
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Analog input L
Digital input
A
4
v Integrator ~——— Count ‘
e | Stop | pulses
d C count | Control Digital
| T omparator logic Clear counter
| it pulse
N :
| \ Reference ///
| .
: J__ input Viet / it Count over
! ' e ' Clock
R H g
Linear Linear/Digital Digital
(@)
Fixed
discharge
rate
Smaller Digital Larger
digital count digital
count count
Fixed time >
Je—— . —_—
interval >
>
Count interval

(b)

Figure 17.14  Analog-to-digital conversion using dual-slope method: (a) logic diagram;
(b) waveform.

The integrator output (or capacitor input) then decreases at a fixed rate. The counter
advances during this time, while the integrator’s output decreases at a fixed rate un-
til it drops below the comparator reference voltage, at which time the control logic
receives a signal (the comparator output) to stop the count. The digital value stored
in the counter is then the digital output of the converter.

Using the same clock and integrator to perform the conversion during positive and
negative slope intervals tends to compensate for clock frequency drift and integrator
accuracy limitations. Setting the reference input value and clock rate can scale the
counter output as desired. The counter can be a binary, BCD, or other form of digi-
tal counter, if desired.

LADDER-NETWORK CONVERSION

Another popular method of analog-to-digital conversion uses a ladder network
along with counter and comparator circuits (see Fig. 17.15). A digital counter ad-
vances from a zero count while a ladder network driven by the counter outputs a stair-
case voltage, as shown in Fig. 17.15b, which increases one voltage increment for each
count step. A comparator circuit, receiving both staircase voltage and analog input
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Figure 17.15 Analog-to-digital conversion using ladder network: (a) logic dia-
gram; (b) waveform.

voltage, provides a signal to stop the count when the staircase voltage rises above the
input voltage. The counter value at that time is the digital output.

The amount of voltage change stepped by the staircase signal depends on the num-
ber of count bits used. A 12-stage counter operating a 12-stage ladder network using
a reference voltage of 10 V would step each count by a voltage of

Ve ~ 10V _ 5 4y

212 4096

This would result in a conversion resolution of 2.4 mV. The clock rate of the counter
would affect the time required to carry out a conversion. A clock rate of 1 MHz op-
erating a 12-stage counter would need a maximum conversion time of

4096 X 1 us = 4096 us ~ 4.1 ms

The minimum number of conversions that could be carried out each second would
then be

number of conversions = 1/4.1 ms = 244 conversions/second

Since on the average, with some conversions requiring little count time and others
near maximum count time, a conversion time of 4.1 ms/2 = 2.05 ms would be needed,
and the average number of conversions would be 2 X 244 = 488 conversions/second.
A slower clock rate would result in fewer conversions per second. A converter using
fewer count stages (and less conversion resolution) would carry out more conversions
per second. The conversion accuracy depends on the accuracy of the comparator.

17.3 Digital-Analog Converters
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Figure 17.16 Details of 555
timer 1C.

Figure 17.17 Astable
multivibrator using 555 IC.
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17.4 TIMER IC UNIT OPERATION

Another popular analog—digital integrated circuit is the versatile 555 timer. The IC is
made of a combination of linear comparators and digital flip-flops as described in
Fig. 17.16. The entire circuit is usually housed in an 8-pin package as specified in
Fig. 17.16. A series connection of three resistors sets the reference voltage levels to
the two comparators at 2V /3 and Vc/3, the output of these comparators setting or
resetting the flip-flop unit. The output of the flip-flop circuit is then brought out
through an output amplifier stage. The flip-flop circuit also operates a transistor in-
side the IC, the transistor collector usually being driven low to discharge a timing ca-
pacitor.

Vee Threshold

:

2
Control @ (5 Veo) _ 1
voltage

— FF Output Output
1 stage
3 Ve @
2 | Discharge
R ’(_ 1 [.
- Trigger
input @
Reset Viet

Astable Operation

One popular application of the 555 timer IC is as an astable multivibrator or clock
circuit. The following analysis of the operation of the 555 as an astable circuit in-
cludes details of the different parts of the unit and how the various inputs and out-
puts are utilized. Figure 17.17 shows an astable circuit built using an external resis-
tor and capacitor to set the timing interval of the output signal.
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[ . .
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Capacitor C charges toward V¢ through external resistors R4 and Rpg. Referring
to Fig. 17.17, the capacitor voltage rises until it goes above 2V /3. This voltage is
the threshold voltage at pin 6, which drives comparator 1 to trigger the flip-flop so
that the output at pin 3 goes low. In addition, the discharge transistor is driven on,
causing the output at pin 7 to discharge the capacitor through resistor Rz. The ca-
pacitor voltage then decreases until it drops below the trigger level (V¢/3). The flip-
flop is triggered so that the output goes back high and the discharge transistor is turned
off, so that the capacitor can again charge through resistors R, and Rp toward Vc.

Figure 17.18a shows the capacitor and output waveforms resulting from the astable
circuit. Calculation of the time intervals during which the output is high and low can
be made using the relations

Thigh = O7(RA F RB)C (173)
Tiow = 0.7R3C (17.4)

The total period is
T= period = Thigh + Tlow (175)

The frequency of the astable circuit is then calculated using™

1 1.44

T=7 7R, + 2R,)C (17.6)

{:
 dlischarpe © eliarge
II 1
a3 % __,-II"' i 1 :
7.5 kil
i : \'\/ _

15 k0 ¥ et LA 10T ZES
s 1 Ciantpui (1)

11 pl I.:' : ii!mlul .!: s

L%

Figure 17.18 Astable multivibrator for Example 17.1: (a) circuit; (b) waveforms.

*The period can be directly calculated from
T=10.693(Ry + 2Rp)C = 0.7(R4 + 2Rp)C
and the frequency from

1.44

I= R, +2R,)C

17.4 Timer IC Unit Operation
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EXAMPLE 17.1

Determine the frequency and draw the output waveform for the circuit of Fig. 17.18a.

Solution

Using Egs. (17.3) through (17.6) yields

Thigh = 0.7(R4 + Rg)C = 0.7(7.5 X 10° + 7.5 X 10°)(0.1 X 107°)
= 1.05 ms
Tiow = 0.7RzC = 0.7(7.5 X 10°)(0.1 X 107%) = 0.525 ms
I = Thigh + Tiow = 1.05 ms + 0.525 ms = 1.575 ms
f= 1 ! =~ 635 Hz

T 1575%x10°°

The waveforms are drawn in Fig. 17.18b.

Monostable Operation

The 555 timer can also be used as a one-shot or monostable multivibrator circuit, as
shown in Fig. 17.19. When the trigger input signal goes negative, it triggers the one-
shot, with output at pin 3 then going high for a time period

Thigh = IIRAC (177)

Referring back to Fig. 17.16, the negative edge of the trigger input causes compara-
tor 2 to trigger the flip-flop, with the output at pin 3 going high. Capacitor C charges
toward V¢ through resistor R . During the charge interval, the output remains high.
When the voltage across the capacitor reaches the threshold level of 2V /3, com-
parator 1 triggers the flip-flop, with output going low. The discharge transistor also
goes low, causing the capacitor to remain at near 0 V until triggered again.

Figure 17.19b shows the input trigger signal and the resulting output waveform
for the 555 timer operated as a one-shot. Time periods for this circuit can range from
microseconds to many seconds, making this IC useful for a range of applications.

: .
&
. T 4 Hi
I'mgzzer t | Inpin iNgge r= CIMEr
. ; pin irgge E
!'-."-.l_ ol 1 nepdive edpe
| ESOY 1 LT

j (-

Trigpe
il

Figure 17.19 Operation of 555 timer as one-shot: (a) circuit; (b) waveforms.
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Determine the period of the output waveform for the circuit of Fig. 17.20 when trig-
gered by a negative pulse.

=1
= —

. i 1 Chrpui

1
i 1' Figure 17.20 Monostable cir-
. cuit for Example 17.2.

Solution
Using Eq. (17.7), we obtain
Thigh = L.1R,C = 1.1(7.5 X 10°)(0.1 X 10™°) = 0.825 ms

17.5 VOLTAGE-CONTROLLED
OSCILLATOR

A voltage-controlled oscillator (VCO) is a circuit that provides a varying output sig-
nal (typically of square-wave or triangular-wave form) whose frequency can be ad-
justed over a range controlled by a dc voltage. An example of a VCO is the 566 1C
unit, which contains circuitry to generate both square-wave and triangular-wave sig-
nals whose frequency is set by an external resistor and capacitor and then varied by
an applied dc voltage. Figure 17.21a shows that the 566 contains current sources to
charge and discharge an external capacitor C; at a rate set by external resistor R, and
the modulating dc input voltage. A Schmitt trigger circuit is used to switch the cur-
rent sources between charging and discharging the capacitor, and the triangular volt-
age developed across the capacitor and square wave from the Schmitt trigger are pro-
vided as outputs through buffer amplifiers.

Figure 17.21b shows the pin connection of the 566 unit and a summary of for-
mula and value limitations. The oscillator can be programmed over a 10-to-1 fre-
quency range by proper selection of an external resistor and capacitor, and then mod-
ulated over a 10-to-1 frequency range by a control voltage, V.

A free-running or center-operating frequency, f,, can be calculated from

_ 2 V'_ - VC
Jo= R.C, <7V+ ) (17.8)

with the following practical circuit value restrictions:

1. R, should be within the range 2 kQ) = R; = 20 k().
2. V¢ should be within range V" = Vo = V™.

17.5 Voltage-Controlled Oscillator

EXAMPLE 17.2
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3. f. should be below 1 MHz.
4. V" should range between 10 V and 24 V.

Figure 17.22 shows an example in which the 566 function generator is used to
provide both square-wave and triangular-wave signals at a fixed frequency set by R;,
Cy, and V. A resistor divider R, and Rj sets the dc modulating voltage at a fixed
value

V{412 ¥V

"
& Ih kg2
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Figure 17.22  Connection of
566 VCO unit.
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Ry 10 kQ

V = —- =
€ R, + Ry 1.5kQ + 10 kQ

(12Vv) =104V
(which falls properly in the voltage range 0.75V" = 9V and V" = 12 V). Using Eq.
(17.8) yields

_ 2 (12— 10.4
(10 X 105820 x 10~ )| 12

fo ) ~ 32.5 kHz

The circuit of Fig. 17.23 shows how the output square-wave frequency can be ad-
justed using the input voltage, V, to vary the signal frequency. Potentiometer R; al-
lows varying V. from about 9 V to near 12 V, over the full 10-to-1 frequency range.
With the potentiometer wiper set at the top, the control voltage is

Ry + R, 5kQ + 18 kQ

e iR R ) TS0+ 5k0 + 1skn(TIZV) T LAY
resulting in a lower output frequency of
. 2 (12 —11.74
0= = ~19.7 kH
/ (10 x 10)220 x 10- )| 12 ) ‘

A

Figure 17.23 Connection of
= 566 as a VCO unit.

With the wiper arm of R; set at the bottom, the control voltage is

B R, 7y = 18 kQ)
_R2+R3+R4( T 5100 +5kQ+ 18k

Ve Q(-i-12 V)=9.19V

resulting in an upper frequency of

_ 2 12 -9.19
(10 X 10)(220 X 10~ '?) 12

/o ) ~ 212.9 kHz
The frequency of the output square wave can then be varied using potentiometer R;
over a frequency range of at least 10 to 1.

Rather than varying a potentiometer setting to change the value of V, an input
modulating voltage, V;,, can be applied as shown in Fig. 17.24. The voltage divider
sets V¢ at about 10.4 V. An input ac voltage of about 1.4 V peak can drive V' around
the bias point between voltages of 9 and 11.8 V, causing the output frequency to vary
over about a 10-to-1 range. The input signal V;, thus frequency-modulates the output
voltage around the center frequency set by the bias value of V=104 V (f, =
121.2 kHz).

17.5 Voltage-Controlled Oscillator
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VCO with frequency-modulating

=
a3 I.'ll % Figure 17.24  Operation of
= input.

17.6 PHASE-LOCKED LOOP

A phase-locked loop (PLL) is an electronic circuit that consists of a phase detector,
a low-pass filter, and a voltage-controlled oscillator connected as shown in Fig. 17.25.
Common applications of a PLL include: (1) frequency synthesizers that provide mul-
tiples of a reference signal frequency [e.g., the carrier frequency for the multiple chan-
nels of a citizens’ band (CB) unit or marine-radio-band unit can be generated using
a single-crystal-controlled frequency and its multiples generated using a PLL]; (2)
FM demodulation networks for FM operation with excellent linearity between the in-
put signal frequency and the PLL output voltage; (3) demodulation of the two data
transmission or carrier frequencies in digital-data transmission used in frequency-shift
keying (FSK) operation; and (4) a wide variety of areas including modems, teleme-
try receivers and transmitters, tone decoders, AM detectors, and tracking filters.

An input signal, V;, and that from a VCO, V,,, are compared by a phase comparator
(refer to Fig. 17.25) providing an output voltage, V., that represents the phase differ-
ence between the two signals. This voltage is then fed to a low-pass filter that pro-

AL W LLY comter
reguency. |

1 L
' r : e Lluipat
niput Phinse LA.'\l'ﬂ. s Armplificr : -|

SHETEL ] e I+ [ tileer - szl

VO -
% M

Figure 17.25 Block diagram of basic phase-locked loop (PLL).
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vides an output voltage (amplified if necessary) that can be taken as the output volt-
age from the PLL and is used internally as the voltage to modulate the VCO’s fre-
quency. The closed-loop operation of the circuit is to maintain the VCO frequency
locked to that of the input signal frequency.

Basic PLL Operation

The basic operation of a PLL circuit can be explained using the circuit of Fig. 17.25
as reference. We will first consider the operation of the various circuits in the phase-
locked loop when the loop is operating in lock (the input signal frequency and the
VCO frequency are the same). When the input signal frequency is the same as that
from the VCO to the comparator, the voltage, V,, taken as output is the value needed
to hold the VCO in lock with the input signal. The VCO then provides output of a
fixed-amplitude square-wave signal at the frequency of the input. Best operation is
obtained if the VCO center frequency, f,, is set with the dc bias voltage midway in
its linear operating range. The amplifier allows this adjustment in dc voltage from that
obtained as output of the filter circuit. When the loop is in lock, the two signals to
the comparator are of the same frequency, although not necessarily in phase. A fixed
phase difference between the two signals to the comparator results in a fixed dc volt-
age to the VCO. Changes in the input signal frequency then result in change in the
dc voltage to the VCO. Within a capture-and-lock frequency range, the dc voltage
will drive the VCO frequency to match that of the input.

While the loop is trying to achieve lock, the output of the phase comparator con-
tains frequency components at the sum and difference of the signals compared. A low-
pass filter passes only the lower-frequency component of the signal so that the loop
can obtain lock between input and VCO signals.

Owing to the limited operating range of the VCO and the feedback connection of
the PLL circuit, there are two important frequency bands specified for a PLL. The
capture range of a PLL is the frequency range centered about the VCO free-running
frequency, f,, over which the loop can acquire lock with the input signal. Once the
PLL has achieved capture, it can maintain lock with the input signal over a somewhat
wider frequency range called the lock range.

Applications

The PLL can be used in a wide variety of applications, including (1) frequency de-
modulation, (2) frequency synthesis, and (3) FSK decoders. Examples of each of these
follow.

FREQUENCY DEMODULATION

FM demodulation or detection can be directly achieved using the PLL circuit. If
the PLL center frequency is selected or designed at the FM carrier frequency, the fil-
tered or output voltage of the circuit of Fig. 17.25 is the desired demodulated volt-
age, varying in value proportional to the variation of the signal frequency. The PLL
circuit thus operates as a complete intermediate-frequency (IF) strip, limiter, and de-
modulator as used in FM receivers.

One popular PLL unit is the 565, shown in Fig. 17.26a. The 565 contains a phase
detector, amplifier, and voltage-controlled oscillator, which are only partially con-
nected internally. An external resistor and capacitor, R; and Cj, are used to set the
free-running or center frequency of the VCO. Another external capacitor, C,, is used
to set the low-pass filter passband, and the VCO output must be connected back as
input to the phase detector to close the PLL loop. The 565 typically uses two power
supplies, V" and V.

17.6 Phase-Locked Loop
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Figure 17.26  Phase-locked loop
(PLL): (a) basic block diagram:
(b) PLL connected as a frequency
demodulator: (c) output voltage
vs. frequency plot.
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Figure 17.26b shows the PLL connected to work as an FM demodulator. Resis-
tor Ry and capacitor C; set the free-running frequency, f,,

0.3

RICI

Jo= (17.9)

_ 0.3
(10 X 10)(220 X 107 '2)

with limitation 2 kQ) = R, = 20 k(). The lock range is

= 136.36 kHz

_ 8
fo=2

3
_ . 80136.36 X 10°)
6

= *+181.8 kHz
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for supply voltages V' = =6 V. The capture range is

1 [2@f;
= +— [ =J=
fC N 2 R2C2

2m(181.8 X 109)
= +— -
\/(3 6 X 10°)(330 x 10~ 12) — 1561 kHz

The signal at pin 4 is a 136.36-kHz square wave. An input within the lock range of
181.8 kHz will result in the output at pin 7 varying around its dc voltage level set
with input signal at f,. Figure 17.26¢ shows the output at pin 7 as a function of the
input signal frequency. The dc voltage at pin 7 is linearly related to the input signal
frequency within the frequency range f; = 181.8 kHz around the center frequency
136.36 kHz. The output voltage is the demodulated signal that varies with frequency
within the operating range specified.

FREQUENCY SYNTHESIS

A frequency synthesizer can be built around a PLL as shown in Fig. 17.27. A fre-
quency divider is inserted between the VCO output and the phase comparator so that
the loop signal to the comparator is at frequency f;, while the VCO output is Nf,. This
output is a multiple of the input frequency as long as the loop is in lock. The input
signal can be stabilized at f; with the resulting VCO output at Nf; if the loop is set

Input Phase Low-pass Amp.
N comparator filter
fO [ // __________ h _/7
7] F
Output
N,
(a)
501 g 272
Op+4 \3
9 /

7490 Oc+8

/
8—/0/

) C J.g Op+16 /
220 pF 7T v IIM
/
/ l l 0 (2) R9<1) @

(b)

Figure 17.27 Frequency synthesizer: (a) block diagram; (b) implementation using 565 PLL unit.

17.6 Phase-Locked Loop
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up to lock at the fundamental frequency (when f, = f7). Figure 17.27b shows an ex-
ample using a 565 PLL as frequency multiplier and a 7490 as divider. The input V;
at frequency f; is compared to the input (frequency f,,) at pin 5. An output at Nf, (4f,
in the present example) is connected through an inverter circuit to provide an input
at pin 14 of the 7490, which varies between 0 and +5 V. Using the output at pin 9,
which is divided by 4 from that at the input to the 7490, the signal at pin 4 of the
PLL is four times the input frequency as long as the loop remains in lock. Since the
VCO can vary over only a limited range from its center frequency, it may be neces-
sary to change the VCO frequency whenever the divider value is changed. As long as
the PLL circuit is in lock, the VCO output frequency will be exactly N times the in-
put frequency. It is only necessary to readjust f, to be within the capture-and-lock
range, the closed loop then resulting in the VCO output becoming exactly Nf; at lock.

FSK DECODERS

An FSK (frequency-shift keyed) signal decoder can be built as shown in Fig. 17.28.
The decoder receives a signal at one of two distinct carrier frequencies, 1270 Hz or
1070 Hz, representing the RS-232C logic levels or mark (=5 V) or space (+14 V),
respectively. As the signal appears at the input, the loop locks to the input frequency
and tracks it between two possible frequencies with a corresponding dc shift at the
output.
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Figure 17.28 Connection of
565 as FSK decoder.
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The RC ladder filter (three sections of C = 0.02 uF and R = 10 k() is used to
remove the sum frequency component. The free-running frequency is adjusted with
R, so that the dc voltage level at the output (pin 7) is the same as that at pin 6. Then
an input at frequency 1070 Hz will drive the decoder output voltage to a more posi-
tive voltage level, driving the digital output to the high level (space or +14 V). An
input at 1270 Hz will correspondingly drive the 565 dc output less positive with the
digital output, which then drops to the low level (mark or —5 V).

17.7 INTERFACING CIRCUITRY

Connecting different types of circuits, either in digital or analog circuits, may require
some sort of interfacing circuit. An interface circuit may be used to drive a load or to
obtain a signal as a receiver circuit. A driver circuit provides the output signal at a
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voltage or current level suitable to operate a number of loads, or to operate such de-
vices as relays, displays, or power units. A receiver circuit essentially accepts an in-
put signal, providing high input impedance to minimize loading of the input signal.
Furthermore, the interface circuits may include strobing, which provides connecting
the interface signals during specific time intervals established by the strobe.

Figure 17.29a shows a dual-line driver, each driver accepting input of TTL sig-
nals, providing output capable of driving TTL or MOS device circuits. This type of
interface circuit comes in various forms, some as inverting and others as noninvert-
ing units. The circuit of Fig. 17.29b shows a dual-line receiver having both inverting
and noninverting inputs so that either operating condition can be selected. As an ex-
ample, connection of an input signal to the inverting input would result in an inverted
output from the receiver unit. Connecting the input to the noninverting input would
provide the same interfacing except that the output obtained would have the same po-
larity as the received signal. The driver-receiver unit of Fig. 17.29 provides an output
when the strobe signal is present (high in this case).
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Figure 17.29 Interface units: (a) dual-line drivers (SN75150); (b) dual-line
receivers (SN75152).

Another type of interface circuit is that used to connect various digital input and
output units, signals with devices such as keyboards, video terminals, and printers.
One of the EIA electronic industry standards is referred to as RS-232C. This standard
states that a digital signal represents a mark (logic-1) and a space (logic-0). The def-
initions of mark and space vary with the type of circuit used (although a full reading
of the standard will spell out the acceptable limits of mark and space signals).

17.7 Interfacing Circuitry
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RS-232C-to-TTL Converter

For TTL circuits, +5 V is a mark and 0 V is a space. For RS-232C, a mark could be
—12 V and a space +12 V. Figure 17.30a provides a tabulation of some mark and
space definitions. For a unit having outputs defined by RS-232C that is to operate
into another unit operating with a TTL signal level, an interface circuit as shown in
Fig. 17.30b could be used. A mark output from the driver (at —12 V) would be clipped
by the diode so that the input to the inverter circuit is near 0 V, resulting in an out-
put of +5 V (TTL mark). A space output at +12 V would drive the inverter output
low for a 0-V output (a space).

Current Loop | RS-232-C TTL

& i
RS- 23R TTL
—AASy— . T O— .
MARK | 20mA -2V | 45V output Wy T impen
SPACE 0 mA +12V ov
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- currenl hssp o
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Figure 17.30 Interfacing signal standards and converter circuits.

Another example of an interface circuit converts the signals from a TTY current
loop into TTL levels as shown in Fig. 17.30c. An input mark results when 20 mA of
current is drawn from the source through the output line of the teletype (TTY). This
current then goes through the diode element of an opto-isolator, driving the output
transistor on. The input to the inverter going low results in a +5-V signal from the
7407 inverter output so that a mark from the teletype results in a mark to the TTL
input. A space from the teletype current loop provides no current, with the opto-
isolator transistor remaining off and the inverter output then 0 V, which is a TTL
space signal.

Another means of interfacing digital signals is made using open-collector output
or tri-state output. When a signal is output from a transistor collector (see Fig. 17.31)
that is not connected to any other electronic component, the output is open-collector.
This permits connecting a number of signals to the same wire or bus. Any transistor
going on then provides a low output voltage, while all transistors remaining off pro-
vide a high output voltage.
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Figure 17.31 Connections to data lines: (a) open-collector output; (b) tri-state output.

17.8 PSPICE WINDOWS

Many of the practical op-amp applications covered in this chapter can be analyzed
using PSpice. Analysis of various problems can display the resulting dc bias, or one
can use PROBE to display resulting waveforms.

Program 17.1—Comparator Circuit Used to Drive an LED

Using Design Center, draw the circuit of a comparator circuit with output driving an
LED indicator as shown in Fig. 17.32. To be able to view the magnitude of the dc
output voltage, place a VPRINT1 component at V,, with DC and MAG selected. To
view the dc current through the LED, place an IPRINT component in series with the
LED current meter as shown in Fig. 17.32. The Analysis Setup provides for a dc
sweep as shown in Fig. 17.33. The DC Sweep is set, as shown, for V; from 4 to 8 V
in 1-V steps. After running the simultation, some of the resulting analysis output ob-
tained is shown in Fig. 17.34.
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Figure 17.32 Comparator circuit used to drive an LED.

—
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Comparator Circuit Driving LED

**+*  DC TRANSFER CURVES
V_Vi V(Vo)
4.000E+00 -1.161EH01
5.000E+00 -1.161E+01
6.000E+00  1.145E+01
7.000E+00 1.161E+01
8.000E+00 1.161E+01

**+++ DC TRANSFER CURVES
V_Vi I(V_PRINT3)
4.000E+00 1.312E-11
5.000E+00 1.312E-11
6.000E+00 -1.953E-02
7.000E+00 -1.987E-02
8.000E+00  -1.987E-02

Figure 17.34

(edited) for circuit of Fig. 17.32.
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Analysis output

Figure 17.33  Analysis Setup for a dc sweep of the circuit of Fig. 17.32.

The circuit of Fig. 17.32 shows a voltage divider which provides 6 V to the mi-
nus input so that any input (V;) below 6 V will result in the output at the minus sat-
uration voltage (near —10 V). Any input above +6 V results in the output going to
the positive saturation level (near +10 V). The LED will therefore be driven on by
any input above the reference level of +6 V and left off by any input below +6 V.
The listing of Fig. 17.34 shows a table of the output voltage and a table of the LED
current for inputs from 4 to 8 V. The table shows that the LED current is nearly 0 for
inputs up to +6 V and that a current of about 20 mA lights the LED for inputs at +6
V or above.

Program 17.2—Comparator Operation

The operation of a comparator IC can be demonstrated using a 741 op-amp as shown
in Fig. 17.35. The input is a 5 V, peak sinusoidal signa. The Analysis Setup provides
for Transient analysis with Print Step of 20 ns and Final Time of 3 ms. Since the
input signal is applied to the noninverting input, the output is in-phase with the in-
put. When the input goes above 0 V, the output goes to the positive saturation level,
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near +5 V. When the input goes below 0 V, the output goes to the negative satura-
tion level—this being 0 V since the minus voltage input is set to that value. Figure
17.36 shows a PROBE output of input and output voltages.

5OV - oo oo,
1
1
1
1
|
'

SEL>>!

o V(Vi:+)

Time

Figure 17.36 Probe output for the comparator of Fig. 17.35.

Program 17.3—Operation of 555 Timer as Oscillator

Figure 17.37 shows a 555 timer connected as an oscillator. Equations (17.3) and (17.4)
can be used to calculate the charge and discharge times as follows:

Thigh = 0.7(R4 + Rp)C = 0.7(7.5 kQ + 7.15 kQ)(0.1 uF) = 1.05 ms
Tiow = 0.7R5C = 0.7(7.5 kQ)(0.1 uF) = 0.525 ms
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|
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| TRIGGER Ve
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GND
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c1 -
| 0.01uF I 1| S5S5D

Figure 17.37 Schematic of a 555 timer oscillator.
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Figure 17.38 Probe output for the 555 oscillator of Fig. 17.37.

The resulting trigger and output waveforms are shown in Fig. 17.38. When the trig-
ger charges to the upper trigger level, the output goes to the low output level of 0 V.
The output stays low until the trigger input discharges to the low trigger level, at which
time the output goes to the high level of +5 V.
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PROBLEMS 8 17.2 Comparator Unit Operation

1. Draw the diagram of a 741 op-amp operated from *15-V supplies with V(=) =0 V and
V{+) = +5 V. Include terminal pin connections.

2. Sketch the output waveform for the circuit of Fig. 17.39.

3. Draw a circuit diagram of a 311 op-amp showing an input of 10 V rms applied to the invert-
ing input and the plus input to ground. Identify all pin numbers.

4. Draw the resulting output waveform for the circuit of Fig. 17.40.

12 W -

[ B
| k4
= T41 - k

Figure 17.39 Problem 2 Figure 17.40 Problem 4

5. Draw the circuit diagram of a zero-crossing detector using a 339 comparator stage with =12-V
supplies.
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6. Sketch the output waveform for the circuit of Fig. 17.41.
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Figure 17.41 Problem 6

7. Describe the operation of the circuit in Fig. 17.42.
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Figure 17.42 Problem 7

8 17.3 Digital-Analog Converters

8. Sketch a five-stage ladder network using 15-k() and 30-k() resistors.
9. For a reference voltage of 16 V, calculate the output voltage for an input of 11010 to the cir-
cuit of Problem 8.
10. What voltage resolution is possible using a 12-stage ladder network with a 10-V reference volt-

age?

Problems
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11.

12.
13.

14.

15.

16.

17.

“18.
19.

20.

21.

22.

23.
24.
25.

“26.

“27.

©28.

For a dual-slope converter, describe what occurs during the fixed time interval and the count
interval.

How many count steps occur using a 12-stage digital counter at the output of an ADC?

What is the maximum count interval using a 12-stage counter operated at a clock rate of
20 MHz?

§ 17.4 Timer IC Unit Operation
Sketch the circuit of a 555 timer connected as an astable multivibrator for operation at
350 kHz. Determine the value of capacitor, C, needed using R, = Rz = 7.5 k().

Draw the circuit of a one-shot using a 555 timer to provide one time period of 20 us. If R, =
7.5 kQ, what value of C is needed?

Sketch the input and output waveforms for a one-shot using a 555 timer triggered by a 10-kHz
clock for R, = 5.1 kQ and C = 5 nF.

§ 17.5 Voltage-Controlled Oscillator

Calculate the center frequency of a VCO using a 566 IC as in Fig. 17.22 for R, = 4.7 k),
R, = 1.8k, R; = 11 k), and C; = 0.001 uF.

What frequency range results in the circuit of Fig. 17.23 for C; = 0.001 uF?

Determine the capacitor needed in the circuit of Fig. 17.22 to obtain a 200-kHz output.

8 17.6 Phase-Locked Loop

Calculate the VCO free-running frequency for the circuit of Fig. 17.26b with R, = 4.7 kQ and
C, = 0.001 uF.

What value of capacitor, C,, is required in the circuit of Fig. 17.26b to obtain a center fre-
quency of 100 kHz?

What is the lock range of the PLL circuit in Fig. 17.26b for R, = 4.7 k) and C, = 0.001 uF?

§ 17.7 Interfacing Circuitry

Describe the signal conditions for current-loop and RS-232C interfaces.
What is a data bus?

What is the difference between open-collector and tri-state output?

8 17.8 PSpice Windows

Use Design Center to draw a schematic circuit as in Fig. 17.32, using an LM111 with V; =5V
rms applied to minus (—) input and +5 V rms applied to plus (+) input. Use Probe to view
the output waveform.

Use Design Center to draw a schematic circuit as in Fig. 17.35. Examine the output listing for
the results.

Use Design Center to draw a 555 oscillator with resulting output with 74, = 2 ms, fpign =
5 ms.

*Please note: Asterisks indicate more difficult problems.
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Sinusoidal Alternating
Waveforms

13.1 INTRODUCTION

The analysis thus far has been limited to dc networks, networks in
which the currents or voltages are fixed in magnitude except for tran-
sient effects. We will now turn our attention to the analysis of networks
in which the magnitude of the source varies in a set manner. Of partic-
ular interest is the time-varying voltage that is commercially available
in large quantities and is commonly called the ac voltage. (The letters
ac are an abbreviation for alternating current.) To be absolutely rigor-
ous, the terminology ac voltage or ac current is not sufficient to
describe the type of signal we will be analyzing. Each waveform of Fig.
13.1 is an alternating waveform available from commercial supplies.
The term alternating indicates only that the waveform alternates
between two prescribed levels in a set time sequence (Fig. 13.1). To be

N\ N

Sinusoidal Square wave Triangular wave

FIG. 13.1
Alternating waveforms.

absolutely correct, the term sinusoidal, square wave, or triangular must
also be applied. The pattern of particular interest is the sinusoidal ac
waveform for voltage of Fig. 13.1. Since this type of signal is encoun-
tered in the vast majority of instances, the abbreviated phrases ac volt-
age and ac current are commonly applied without confusion. For the
other patterns of Fig. 13.1, the descriptive term is always present, but
frequently the ac abbreviation is dropped, resulting in the designation
square-wave or triangular waveforms.
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One of the important reasons for concentrating on the sinusoidal ac
voltage is that it is the voltage generated by utilities throughout the
world. Other reasons include its application throughout electrical, elec-
tronic, communication, and industrial systems. In addition, the chapters
to follow will reveal that the waveform itself has a number of charac-
teristics that will result in a unique response when it is applied to the
basic electrical elements. The wide range of theorems and methods
introduced for dc networks will also be applied to sinusoidal ac sys-
tems. Although the application of sinusoidal signals will raise the
required math level, once the notation given in Chapter 14 is under-
stood, most of the concepts introduced in the dc chapters can be applied
to ac networks with a minimum of added difficulty.

The increasing number of computer systems used in the industrial
community requires, at the very least, a brief introduction to the termi-
nology employed with pulse waveforms and the response of some fun-
damental configurations to the application of such signals. Chapter 22
will serve such a purpose.

13.2 SINUSOIDAL ac VOLTAGE
CHARACTERISTICS AND DEFINITIONS

Generation

Sinusoidal ac voltages are available from a variety of sources. The
most common source is the typical home outlet, which provides an ac
voltage that originates at a power plant; such a power plant is most
commonly fueled by water power, oil, gas, or nuclear fusion. In each
case an ac generator (also called an alternator), as shown in Fig.
13.2(a), is the primary component in the energy-conversion process.

(a) (b (© (d (©

FIG. 13.2
Various sources of ac power: (a) generating plant; (b) portable ac generator;
(c) wind-power station; (d) solar panel; (e) function generator.

The power to the shaft developed by one of the energy sources listed
will turn a rotor (constructed of alternating magnetic poles) inside a
set of windings housed in the stator (the stationary part of the
dynamo) and will induce a voltage across the windings of the stator,
as defined by Faraday’s law,
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e=N dr
Through proper design of the generator, a sinusoidal ac voltage is
developed that can be transformed to higher levels for distribution
through the power lines to the consumer. For isolated locations where
power lines have not been installed, portable ac generators [Fig.
13.2(b)] are available that run on gasoline. As in the larger power
plants, however, an ac generator is an integral part of the design.

In an effort to conserve our natural resources, wind power and solar
energy are receiving increasing interest from various districts of the world
that have such energy sources available in level and duration that make the
conversion process viable. The turning propellers of the wind-power sta-
tion [Fig. 13.2(c)] are connected directly to the shaft of an ac generator to
provide the ac voltage described above. Through light energy absorbed in
the form of photons, solar cells [Fig. 13.2(d)] can generate dc voltages.
Through an electronic package called an inverter; the dc voltage can be
converted to one of a sinusoidal nature. Boats, recreational vehicles (RVs),
etc., make frequent use of the inversion process in isolated areas.

Sinusoidal ac voltages with characteristics that can be controlled by
the user are available from function generators, such as the one in Fig.
13.2(e). By setting the various switches and controlling the position of
the knobs on the face of the instrument, one can make available sinu-
soidal voltages of different peak values and different repetition rates.
The function generator plays an integral role in the investigation of the
variety of theorems, methods of analysis, and topics to be introduced in
the chapters that follow.

Definitions

The sinusoidal waveform of Fig. 13.3 with its additional notation will now
be used as a model in defining a few basic terms. These terms can, how-

e

Ty ———> r444444775—444444>
Max

Max

FIG. 13.3
Important parameters for a sinusoidal voltage.

ever, be applied to any alternating waveform. It is important to remember
as you proceed through the various definitions that the vertical scaling is
in volts or amperes and the horizontal scaling is always in units of time.

Waveform: The path traced by a quantity, such as the voltage in
Fig. 13.3, plotted as a function of some variable such as time (as
above), position, degrees, radians, temperature, and so on.
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< 1 cycle

T

Instantaneous value: The magnitude of a waveform at any instant
of time; denoted by lowercase letters (e, ;).

Peak amplitude: The maximum value of a waveform as measured
from its average, or mean, value, denoted by uppercase letters (such
as E,, for sources of voltage and V,, for the voltage drop across a
load). For the waveform of Fig. 13.3, the average value is zero volts
and £, is as defined by the figure.

Peak value: The maximum instantaneous value of a function as
measured from the zero-volt level. For the waveform of Fig. 13.3,
the peak amplitude and peak value are the same, since the average
value of the function is zero volts.

Peak-to-peak value: Denoted by £, , or V, , the full voltage
between positive and negative peaks of the waveform, that is, the
sum of the magnitude of the positive and negative peaks.

Periodic waveform: A waveform that continually repeats itself
after the same time interval. The waveform of Fig. 13.3 is a periodic
waveform.

Period (7): The time interval between successive repetitions of a
periodic waveform (the period 7| = 7, = T3 in Fig. 13.3), as long as
successive similar points of the periodic waveform are used in deter-
mining 7.

Cycle: The portion of a waveform contained in one period of time.
The cycles within 77, 75, and 75 of Fig. 13.3 may appear different in
Fig. 13.4, but they are all bounded by one period of time and there-
fore satisfy the definition of a cycle.

< 1 cycle > |¢————1 cycle —»]
T, > - 75 >
FIG. 134

Defining the cycle and period of a sinusoidal waveform.

(@)

4—.| >

Frequency ( /): The number of cycles that occur in 1 s. The fre-
quency of the waveform of Fig. 13.5(a) is 1 cycle per second, and
for Fig. 13.5(b), 2% cycles per second. If a waveform of similar
shape had a period of 0.5 s [Fig. 13.5(c)], the frequency would be 2
cycles per second.

v LY

T=045s T=05s
(b) (c)

T=1s Is

FIG. 135

Demonstrating the effect of a changing frequency on the period of a sinusoidal

waveform.



QU

The unit of measure for frequency is the hertz (Hz), where

| 1 hertz (Hz) = 1 cycle per second (c/s) | 13.1)

The unit hertz is derived from the surname of Heinrich Rudolph Hertz
(Fig. 13.6), who did original research in the area of alternating currents
and voltages and their effect on the basic R, L, and C elements. The fre-
quency standard for North America is 60 Hz, whereas for Europe it is
predominantly 50 Hz.

As with all standards, any variation from the norm will cause dif-
ficulties. In 1993, Berlin, Germany, received all its power from east-
ern plants, whose output frequency was varying between 50.03 and
51 Hz. The result was that clocks were gaining as much as 4 min-
utes a day. Alarms went off too soon, VCRs clicked off before the
end of the program, etc., requiring that clocks be continually reset. In
1994, however, when power was linked with the rest of Europe, the
precise standard of 50 Hz was reestablished and everyone was on
time again.

Using a log scale (described in detail in Chapter 21), a frequency
spectrum from 1 GHz to 1000 GHz can be scaled off on the same
axis, as shown in Fig. 13.7. A number of terms in the various spec-
trums are probably familiar to the reader from everyday experiences.
Note that the audio range (human ear) extends from only 15 Hz to 20
kHz, but the transmission of radio signals can occur between 3 kHz
and 300 GHz. The uniform process of defining the intervals of the
radio-frequency spectrum from VLF to EHF is quite evident from the
length of the bars in the figure (although keep in mind that it is a log
scale, so the frequencies encompassed within each segment are quite
different). Other frequencies of particular interest (TV, CB, micro-
wave, etc.) are also included for reference purposes. Although it is
numerically easy to talk about frequencies in the megahertz and giga-
hertz range, keep in mind that a frequency of 100 MHz, for instance,
represents a sinusoidal waveform that passes through 100,000,000
cycles in only 1 s—an incredible number when we compare it to the
60 Hz of our conventional power sources The new Pentium II chip
manufactured by Intel can run at speeds up to 450 MHz. Imagine a
product able to handle 450,000,000 instructions per second—an
incredible achievement.

Since the frequency is inversely related to the period—that is, as one
increases, the other decreases by an equal amount—the two can be
related by the following equation:

f=Hz

1
= 13.2
T T = seconds (s) (13.2)

f=

or T= (13.3)

1
/
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German (Hamburg,
Berlin, Karlsruhe)

(1857-94)

Physicist

Professor of Physics,
Karlsruhe
Polytechnic and
University of Bonn

Courtesy of the
Smithsonian Institution
Photo No. 66,606

Spurred on by the carlier predictions of the English
physicist James Clerk Maxwell, Heinrich Hertz pro-
duced electromagnetic waves in his laboratory at the
Karlsruhe Polytechnic while in his carly 30s. The
rudimentary transmitter and receiver were in cs-
sence the first to broadcast and receive radio waves.
He was able to measure the wavelength of the
clectromagnetic waves and confirmed that the ve-
locity of propagation is in the same order of magni-
tude as light. In addition, he demonstrated that the
reflective and refractive propertics of electromag-
netic waves are the same as those for heat and light
waves. It was indeed unfortunate that such an inge-
nious, industrious individual should pass away at the
very carly age of 37 due to a bone discase.

FIG. 13.6
Heinrich Rudolph Hertz.
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VHE [ 300 MHz — 3 GHz (Ultrahigh Freq.)
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FM
':' 88 MHz — 108 MHz

TV channels (2 - 6)
54 MHz — 88 MHz

TV channels (7 — 13)
l:l 174 MHz — 216 MHz

TV channels (14 — 83)
I:' 470 MHz — 890 MHz

CB Countertop microwave oven
26.9 MHz - 27.4 MHz | | 2.45 GHz
Shortwave

1.5 MHz - 30 MHz

Cordless telephones
|:I 46 MHz — 49 MHz

Pagers VHF
l:l 30 MHz — 50 MHz

Pagers UHF
l:l 405 MHz — 512 MHz

FIG. 13.7
Areas of application for specific frequency bands.
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EXAMPLE 13.1 Find the period of a periodic waveform with a fre-
quency of

a. 60 Hz.

b. 1000 Hz.

Solutions:

o T=1=_1
f  60Hz

= 0.01667 s or 16.67 ms

(a recurring value since 60 Hz is so prevalent) e

- A A

b.I=—=—"——=10"s=1ms

5 15 25 35 f(ms)
EXAMPLE 13.2 Determine the frequency of the waveform of Fig.
13.8.

f 1000 Hz
Solution: From the figure, 7 = (25 ms — 5 ms) = 20 ms, and FIG. 13.8
Example 13.2.
1 1
f e gp——

T 20x10 s

NS

=50 Hz

EXAMPLE 13.3 The oscilloscope is an instrument that will display
alternating waveforms such as those described above. A sinusoidal pattern \
appears on the oscilloscope of Fig. 13.9 with the indicated vertical and
horizontal sensitivities. The vertical sensitivity defines the voltage associ- T
ated with each vertical division of the display. Virtually all oscilloscope \ / /
screens are cut into a crosshatch pattern of lines separated by 1 cm in the T
vertical and horizontal directions. The horizontal sensitivity defines the

time period associated with each horizontal division of the display. N ] J
For the pattern of Fig. 13.9 and the indicated sensitivities, determine Vertical sensitivity = 0.1 V/div.
the period, frequency, and peak value of the waveform. Horizontal sensitivity = 50 us/div.
Solution: One cycle spans 4 divisions. The period is therefore FIG. 13.9
50 Example 13.3.
. ps
T=4di|—: =200 ps
< div, ) K
and the frequency is
1

1
=—=—" - 5kH
S =TT 0% 10°s ‘
The vertical height above the horizontal axis encompasses 2 divisions.
Therefore,

. {01V
v, =2div[——] =02V

Defined Polarities and Direction

In the following analysis, we will find it necessary to establish a set of
polarities for the sinusoidal ac voltage and a direction for the sinusoidal
ac current. In each case, the polarity and current direction will be for an
instant of time in the positive portion of the sinusoidal waveform. This
is shown in Fig. 13.10 with the symbols for the sinusoidal ac voltage FIG. 13.10

and current. A lowercase letter is employed for each to indicate that the (a) Sinusoidal ac voltage sources;
quantity is time dependent; that is, its magnitude will change with time. (b) sinusoidal current sources.
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=
IS
8
a
=

FIG. 13.11
The sine wave is the only alternating
waveform whose shape is not altered by the
response characteristics of a pure resistor,
inductor, or capacitor.

4 Sine wave

4 Cosine wave

/
/ !
/

SN~
[

0° 907 1

o0

0° 0° 360°

FIG. 13.12
Sine wave and cosine wave with the
horizontal axis in degrees.

/i

1 radian

FIG. 13.13
Defining the radian.

The need for defining polarities and current direction will become quite
obvious when we consider multisource ac networks. Note in the last
sentence the absence of the term sinusoidal before the phrase ac net-
works. This phrase will be used to an increasing degree as we progress;
sinusoidal is to be understood unless otherwise indicated.

13.3 THE SINE WAVE

The terms defined in the previous section can be applied to any type of
periodic waveform, whether smooth or discontinuous. The sinusoidal
waveform is of particular importance, however, since it lends itself
readily to the mathematics and the physical phenomena associated with
electric circuits. Consider the power of the following statement:

The sine wave is the only alternating waveform whose shape is
unaffected by the response characteristics of R, L, and C elements.

In other words, if the voltage across (or current through) a resistor,
coil, or capacitor is sinusoidal in nature, the resulting current (or volt-
age, respectively) for each will also have sinusoidal characteristics, as
shown in Fig. 13.11. If a square wave or a triangular wave were
applied, such would not be the case. It must be pointed out that the
above statement is also applicable to the cosine wave, since the waves
differ only by a 90° shift on the horizontal axis, as shown in Fig. 13.12.

The unit of measurement for the horizontal axis of Fig. 13.12 is the
degree. A second unit of measurement frequently used is the radian
(rad). It is defined by a quadrant of a circle such as in Fig. 13.13 where
the distance subtended on the circumference equals the radius of the
circle.

If we define x as the number of intervals of r (the radius) around the
circumference of the circle, then

C=2wr=x-r
and we find
x =27

Therefore, there are 27 rad around a 360° circle, as shown in Fig.
13.14, and

27 rad = 360° (13.4)

7 radians
(3.14 radians)

w 27r radians

(6.28 radians)

FIG. 13.14
There are 2 radians in one full circle of 360°.
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with

1 rad = 57.296° = 57.3° (13.5)

A number of electrical formulas contain a multiplier of «. For this
reason, it is sometimes preferable to measure angles in radians rather
than in degrees.

The quantity w is the ratio of the circumference of a circle to its
diameter.

« has been determined to an extended number of places primarily in
an attempt to see if a repetitive sequence of numbers appears. It does
not. A sampling of the effort appears below:

m = 3.14159 26535 89793 23846 26433 . . .

Although the approximation = = 3.14 is often applied, all the calcula-
tions in this text will use the 7 function as provided on all scientific cal-
culators.

For 180° and 360°, the two units of measurement are related as
shown in Fig. 13.14. The conversion equations between the two are the
following:

Radians = [——) X (degrees) (13.6)
180°
Degrees = (180 ) X (radians) 13.7)
T

Applying these equations, we find

90°: Radians = — (90°) = T rad
180° 2
. ™ ™
O: R — oy — —
30 adians 180° (30°) 6 rad
T rad: Degrees = 180°(m) _ 60°
3 T \3
3m rad: Degrees = 180°(3m) _ 270°
2 T 2

Using the radian as the unit of measurement for the abscissa, we would
obtain a sine wave, as shown in Fig. 13.15.

It is of particular interest that the sinusoidal waveform can be
derived from the length of the vertical projection of a radius vector
rotating in a uniform circular motion about a fixed point. Starting as
shown in Fig. 13.16(a) and plotting the amplitude (above and below
zero) on the coordinates drawn to the right [Figs. 13.16(b) through (1)],
we will trace a complete sinusoidal waveform after the radius vector
has completed a 360° rotation about the center.

The velocity with which the radius vector rotates about the center,
called the angular velocity, can be determined from the following
equation:

distance (degrees or radians)
time (seconds)

Angular velocity = (13.8)
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v, 1, etc.

Sine wave

e
N
B N it

FIG. 13.15
Plotting a sine wave versus radians.
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(a) @ \ L
a Oo 00 o
Note equality.
A 4517
o =
(b)
0° 45°

0° 90° o

0° 45° 90° 135° «

0° 180° o

(h)

Sine wave

a = 360° N
225°270° 315° 360°

o @—
0° 45° 90° 135°18 o

L—T(period)—»

FIG. 13.16
Generating a sinusoidal waveform through the vertical projection of a
rotating vector.
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Substituting into Eq. (13.8) and assigning the Greek letter omega (w)
to the angular velocity, we have

(13.9)

and o= ot (13.10)

Since w is typically provided in radians per second, the angle «
obtained using Eq. (13.10) is usually in radians. If « is required in
degrees, Equation (13.7) must be applied. The importance of remem-
bering the above will become obvious in the examples to follow.

In Fig. 13.16, the time required to complete one revolution is equal
to the period (7) of the sinusoidal waveform of Fig. 13.16(i). The radi-
ans subtended in this time interval are 2«. Substituting, we have

w=—" (rad/s) (13.11)

In words, this equation states that the smaller the period of the
sinusoidal waveform of Fig. 13.16(i), or the smaller the time interval
before one complete cycle is generated, the greater must be the angu-
lar velocity of the rotating radius vector. Certainly this statement
agrees with what we have learned thus far. We can now go one step
further and apply the fact that the frequency of the generated wave-
form is inversely related to the period of the waveform; that is, f =
1/T Thus,

(rad’s) (13.12)

This equation states that the higher the frequency of the generated
sinusoidal waveform, the higher must be the angular velocity. Equations
(13.11) and (13.12) are verified somewhat by Fig. 13.17, where for the
same radius vector, w = 100 rad/s and 500 rad/s.

EXAMPLE 13.4 Determine the angular velocity of a sine wave hav-
ing a frequency of 60 Hz.

Solution:
w = 2af = (2m)(60 Hz) = 377 rad/s

(a recurring value due to 60-Hz predominance)

EXAMPLE 13.5 Determine the frequency and period of the sine wave
of Fig. 13.17(b).

Solution: Since w = 27/T,

2w _ 27 rad _ 27 rad
w 500 rad/s 500 rad/s
1 1

and f=—=—————="7958Hz
T 1257X10°s

= 12.57 ms

THE SINE WAVE [l 519

Decreased w, increased 7,
decreased f
w = 100 rad/s 4

@A\/ -

4_..%7‘—»
(a)

Increased w, decreased 7,
increased f
w = 500 rad/s

(b)
FIG. 13.17

Demonstrating the effect of w on the
frequency and period.

e
i
T
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EXAMPLE 13.6 Given w = 200 rad/s, determine how long it will take
the sinusoidal waveform to pass through an angle of 90°.

Solution: Eq. (13.10): o = wt, and

t=—
w

However, o« must be substituted as 7/2 (= 90°) since w is in radians per
second:

o 7/2 rad __T
w 200rad/s 400s

t= = 7.85 ms

EXAMPLE 13.7 Find the angle through which a sinusoidal waveform
of 60 Hz will pass in a period of 5 ms.

Solution: Eq. (13.11): a = wt, or
o = 27ft = (27)(60 Hz)(5 X 10 7s) = 1.885 rad

If not careful, one might be tempted to interpret the answer as
1.885°. However,

180°
7 rad

a(®) = (1.885 rad) = 108°

13.4 GENERAL FORMAT FOR THE SINUSOIDAL
VOLTAGE OR CURRENT

The basic mathematical format for the sinusoidal waveform is

s

where 4,, is the peak value of the waveform and « is the unit of mea-
sure for the horizontal axis, as shown in Fig. 13.18.

T, 180° 247, 360°

a (° or rad)

FIG. 13.18

Basic sinusoidal function.

The equation o« = wt states that the angle o through which the rotat-
ing vector of Fig. 13.16 will pass is determined by the angular velocity
of the rotating vector and the length of time the vector rotates. For
example, for a particular angular velocity (fixed w), the longer the
radius vector is permitted to rotate (that is, the greater the value of /),
the greater will be the number of degrees or radians through which the
vector will pass. Relating this statement to the sinusoidal waveform, for
a particular angular velocity, the longer the time, the greater the num-
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ber of cycles shown. For a fixed time interval, the greater the angular
velocity, the greater the number of cycles generated.

Due to Eq. (13.10), the general format of a sine wave can also be
written

s

with wt as the horizontal unit of measure.
For electrical quantities such as current and voltage, the general for-
mat is

i=1,sinwt=1,sna
e=E,sinwt=FE,sina

where the capital letters with the subscript m represent the amplitude,
and the lowercase letters 7 and e represent the instantaneous value of
current or voltage, respectively, at any time 7. This format is particularly
important since it presents the sinusoidal voltage or current as a func-
tion of time, which is the horizontal scale for the oscilloscope. Recall
that the horizontal sensitivity of a scope is in time per division and not
degrees per centimeter.

EXAMPLE 13.8 Given e = 5 sin «, determine e at « = 40° and o =
0.87.

Solution: For a = 40°,
e = 5sin40° = 5(0.6428) = 3.214V
For o = 0.8,
180°

(="

and e = 5 sin 144° = 5(0.5878) = 2.939 V

(0.87) = 144°

The conversion to degrees will not be required for most modern-day
scientific calculators since they can perform the function directly. First, be
sure that the calculator is in the RAD mode. Then simply enter the radian
measure and use the appropriate trigonometric key (sin, cos, tan, etc.).

The angle at which a particular voltage level is attained can be
determined by rearranging the equation

e=FE,sin«a

in the following manner:

. e
siha = ——
which can be written
o =l &
= —_ 13.15
o = sin £, ( )
Similarly, for a particular current level,
a=sin' (13.16)

The function sin” ! is available on all scientific calculators.
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v (V)
4 _____________
I
i
i
0 o 90° a, 180° 4
0 )
FIG. 13.19
Example 13.9.
Y
i 180° 270° 360°
0° | 30° 90° a )
10
FIG. 13.20

Example 13.10, horizontal axis in degrees.

@ (r;d>)

(=)
ol f—=

FIG. 13.21
Example 13.10, horizontal axis in radians.

QU

EXAMPLE 13.9

a. Determine the angle at which the magnitude of the sinusoidal func-
tion v = 10 sin 377t is 4 V.

b. Determine the time at which the magnitude is attained.

Solutions:
a. Eq. (13.15):

.. -1 U -1 4V -1
= — = — = 0.4 = 23.578°
o = sin £ sin - -5y = sin
However, Figure 13.19 reveals that the magnitude of 4 V (posi-
tive) will be attained at two points between 0° and 180°. The second
intersection is determined by

o, = 180° — 23.578° = 156.422°

In general, therefore, keep in mind that Equations (13.15) and
(13.16) will provide an angle with a magnitude between 0° and 90°.

b. Eq. (13.10): a = wt, and so 1 = a/w. However, a must be in radians.
Thus,

™

d) = ——(23.578°) = 0.411 rad
a (rad) 1800( ) ra
and —o_ Odllrad g
w 377 rad/s
For the second intersection,
T
d) = ——(156.422°) = 2.73 rad
« (rad) 1800( ) ra
a 2.73 rad
=—=————=1724
W  377radls ms

The sine wave can also be plotted against time on the horizontal
axis. The time period for each interval can be determined from 7 = «/w,
but the most direct route is simply to find the period 7 from 7" = 1/fand
break it up into the required intervals. This latter technique will be
demonstrated in Example 13.10.

Before reviewing the example, take special note of the relative sim-
plicity of the mathematical equation that can represent a sinusoidal
waveform. Any alternating waveform whose characteristics differ from
those of the sine wave cannot be represented by a single term, but may
require two, four, six, or perhaps an infinite number of terms to be rep-
resented accurately. Additional description of nonsinusoidal waveforms
can be found in Chapter 24.

EXAMPLE 13.10 Sketch e = 10 sin 3147 with the abscissa
a. angle («) in degrees.

b. angle («) in radians.

c. time (f) in seconds.

Solutions:

a. See Fig 13.20. (Note that no calculations are required.)

b. See Fig. 13.21. (Once the relationship between degrees and radians
is understood, there is again no need for calculations.)
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27 2w
. ° [="=—="———=2
c. 360 » 314 0 ms
1800 L =20 _ 1406
2 2
90°: 1— 20 ms = 5ms
4 4
T 20 ms
o === =1.
30 2 B 67 ms

See Fig. 13.22.

EXAMPLE 13.11 Giveni = 6 X 10~ sin 10007, determine i at ¢ =
2 ms.

Solution:
o = wt = 10007 = (1000 rad/s)(2 X 10> s) = 2 rad
a () = 89 (3 rad) = 114.59°
7 rad

~.

= (6 X 107 %)(sin 114.59°)
= (6 mA)(0.9093) = 5.46 mA

13.5 PHASE RELATIONS

Thus far, we have considered only sine waves that have maxima at /2
and 37/2, with a zero value at 0, =, and 27, as shown in Fig. 13.21. If the
waveform is shifted to the right or left of 0°, the expression becomes

| 4, sin(wr = 0) | (13.17)

where 6 is the angle in degrees or radians that the waveform has been
shifted.

If the waveform passes through the horizontal axis with a positive-
going (increasing with time) slope before 0°, as shown in Fig. 13.23,
the expression is

| 4, siner +60) | (13.18)

At wt = a = 0°, the magnitude is determined by 4,, sin 0. If the wave-
form passes through the horizontal axis with a positive-going slope
after 0°, as shown in Fig. 13.24, the expression is

| 4, sin(r — 6) | (13.19)

And at wf = a = 0°, the magnitude is 4,, sin(—80), which, by a trigono-
metric identity, is —4,, sin 6.

If the waveform crosses the horizontal axis with a positive-going slope
90° (w/2) sooner, as shown in Fig. 13.25, it is called a cosine wave; that is,

sin(wt + 90°) = sinwf + =) = cos wt (13.20)
2
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¢ T = 20 m§ ——»

o
G
™
(=)

o

1.67 5 t (ms)

FIG. 13.22
Example 13.10, horizontal axis in
milliseconds.

L A m

A, sin6 @0
i \\/\ ‘
Q2m —0)
FIG. 13.23

Defining the phase shift for a sinusoidal
function that crosses the horizontal axis with
a positive slope before 0°.

Am
Q2w + 60)
l 0 (r +0) l
e
7AmSin0 \/ «
FIG. 13.24

Defining the phase shift for a sinusoidal
function that crosses the horizontal axis with
a positive slope after 0°.

FIG. 13.25
Phase relationship between a sine wave and a
cosine wave.
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+cos o
—sin o +sin o

—Cos

FIG. 13.26
Graphic tool for finding the relationship

between specific sine and cosine functions.

or sin wt = cos(wt — 90°) = Cos<wt - %) (13.21)

The terms /ead and lag are used to indicate the relationship
between two sinusoidal waveforms of the same frequency plotted on
the same set of axes. In Fig. 13.25, the cosine curve is said to lead
the sine curve by 90°, and the sine curve is said to lag the cosine
curve by 90°. The 90° is referred to as the phase angle between the
two waveforms. In language commonly applied, the waveforms are
out of phase by 90°. Note that the phase angle between the two
waveforms is measured between those two points on the horizontal
axis through which each passes with the same slope. If both wave-
forms cross the axis at the same point with the same slope, they are
in phase.

The geometric relationship between various forms of the sine and
cosine functions can be derived from Fig. 13.26. For instance, starting
at the sin « position, we find that cos « is an additional 90° in the coun-
terclockwise direction. Therefore, cos o = sin(oe + 90°). For —sin o
we must travel 180° in the counterclockwise (or clockwise) direction so
that —sin o = sin(« = 180°), and so on, as listed below:

cos o = sin(a + 90°)
sin « = cos(a — 90°)

—sin o = sin(a = 180°) (13.22)
—cos o = sin(a + 270°) = sin(a — 90°)
etc.

In addition, one should be aware that

sin(—a) = —sin «
cos(—a) = cos (13.23)

If a sinusoidal expression should appear as
e = —F,, sin wt

the negative sign is associated with the sine portion of the expression,
not the peak value E,,. In other words, the expression, if not for conve-
nience, would be written

e = E,(—sin wt)
Since
—sin wt = sin(wt = 180°)
the expression can also be written
e = E,, sin(wt £ 180°)
revealing that a negative sign can be replaced by a 180° change in

phase angle (+ or —); that is,

e =E, sin ot = E,, sin(wt + 180°)
= FE,, sin(wt — 180°)

A plot of each will clearly show their equivalence. There are, there-
fore, two correct mathematical representations for the functions.



