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CHAPTER

4.1 INTRODUCTION

The analysis or design of a transistor amplifiguises a knowledge of both the dc
and ac response of the system. Too often it isnasgduhat the transistor is a magi-
cal device that can raise the level of the appdiedhput without the assistance of an
external energy source. In actuality, the improvatpot ac power level is the result
of a transfer of energy from the applied dc suppliehe analysis or design of any
electronic amplifier therefore has two componerite:dc portion and the ac portion.
Fortunately, the superposition theorem is applicalnid the investigation of the dc
conditions can be totally separated from the apamese. However, one must keep in
mind that during the design or synthesis stagectimce of parameters for the re-
quired dc levels will affect the ac response, aru# wiersa.

The dc level of operation of a transistor is collébby a number of factors, in-
cluding the range of possible operating pointst@device characteristics. In Sec-
tion 4.2 we specify the range for the BJT amplifiénce the desired dc current and
voltage levels have been defined, a network mustdmstructed that will establish
the desired operating point—a number of these n&svare analyzed in this chap-
ter. Each design will also determine the stabiityhe system, that is, how sensitive
the system is to temperature variations—anotherc tpbe investigated in a later
section of this chapter.

Although a number of networks are analyzed in thigpter, there is an underly-
ing similarity between the analysis of each confagion due to the recurring use of
the following important basic relationships forrarisistor:

Vge = 0.7 V 4.1)
le=(B+ Dlg=Ilc 4.2)
lc=Bls (4.3)

In fact, once the analysis of the first few netwoikslearly understood, the path
toward the solution of the networks to follow whikgin to become quite apparent. In
most instances the base currgnts the first quantity to be determined. Orlges
known, the relationships of Eqgs. (4.1) through (£8h be applied to find the re-
maining quantities of interest. The similaritiesanalysis will be immediately obvi-
ous as we progress through the chapter. The egsdtiol g are so similar for a num-
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ber of configurations that one equation can bevddrfrom another simply by drop-
ping or adding a term or two. The primary functiointhis chapter is to develop a
level of familiarity with the BJT transistor thabwid permit a dc analysis of any sys-
tem that might employ the BJT amplifier.

4.2 OPERATING POINT

The termbiasingappearing in the title of this chapter is an atllisive term for the
application of dc voltages to establish a fixecelesf current and voltage. For tran-
sistor amplifiers the resulting dc current and agét establish aoperating pointon
the characteristics that define the region that kél employed for amplification of
the applied signal. Since the operating point fixed point on the characteristics, it
is also called thquiescent poinfabbreviated-point). By definition,quiescenteans
quiet, still, inactive. Figure 4.1 shows a generdpatidevice characteristic with four
operating points indicated. The biasing circuit tendesigned to set the device op-
eration at any of these points or others withindbtve region.The maximum rat-
ings are indicated on the characteristics of Fif.by a horizontal line for the max-
imum collector currentc,_ and a vertical line at the maximum collector-to-teni
voltageVcg, . The maximum power constraint is defined by thevet®c__ in the
same figure. At the lower end of the scales arecthieff region defined bylg =

0 nA, and thesaturation region defined byVce = Ve,

The BJT device could be biased to operate outbieglgetmaximum limits, but the
result of such operation would be either a considler shortening of the lifetime of
the device or destruction of the device. Confiningselves to thactiveregion, one
can select many different operating areas or poliits chose®-point often depends
on the intended use of the circuit. Still, we cangider some differences among the
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Figure 4.1 Various operating points within the limits of operation of a transistor.

144 Chapter 4 DC Biasing—BJTs



various points shown in Fig. 4.1 to present some basic ideas about the operating point
and, thereby, the bias circuit.

If no bias were used, the device would initially dmmpletely off, resulting in a
Q-point atA—namely, zero current through the device (and zeltage across it).
Since it is necessary to bias a device so thartrespond to the entire range of an
input signal, pointA would not be suitable. For poiB if a signal is applied to the
circuit, the device will vary in current and voltafyem operating point, allowing the
device to react to (and possibly amplify) both plositive and negative excursions of
the input signal. If the input signal is properlyosen, the voltage and current of the
device will vary but not enough to drive the devict cutoff or saturation PointC
would allow some positive and negative variatiortredf output signal, but the peak-
to-peak value would be limited by the proximity\éfe = OV/Ic = 0 mA. Operating
at pointC also raises some concern about the nonlinearitiegdiuced by the fact
that the spacing betweég curves is rapidly changing in this region. In gethei is
preferable to operate where the gain of the desidairly constant (or linear) to en-
sure that the amplification over the entire swifignput signal is the same. PoiBt
is a region of more linear spacing and thereforeenimear operation, as shown in
Fig. 4.1. PoinD sets the device operating point near the maximutag® and power
level. The output voltage swing in the positiveedifon is thus limited if the maxi-
mum voltage is not to be exceeded. P&herefore seems the best operating point
in terms of linear gain and largest possible vatagd current swing. This is usually
the desired condition for small-signal amplifie@h@pter 8) but not the case neces-
sarily for power amplifiers, which will be considdrén Chapter 16. In this discus-
sion, we will be concentrating primarily on biasithg transistor fosmall-signalam-
plification operation.

One other very important biasing factor must besatered. Having selected and
biased the BJT at a desired operating point, thecefff temperature must also be
taken into account. Temperature causes the dewi@@meters such as the transistor
current gain 8,9 and the transistor leakage curreliz() to change. Higher tem-
peratures result in increased leakage currentseievice, thereby changing the op-
erating condition set by the biasing network. Thsult is that the network design
must also provide a degree tefnperature stabilityo that temperature changes re-
sult in minimum changes in the operating point.sTimaintenance of the operating
point can be specified by sdability factor S, which indicates the degree of change
in operating point due to a temperature variathohighly stable circuit is desirable,
and the stability of a few basic bias circuits viaid compared.

For the BJT to be biased in its linear or activeraging region the following must
be true:

1. The base—emitter junctianustbe forward-biasedpfregion voltage morgosi-
tive), with a resulting forward-bias voltage of ab&u6 to 0.7 V.

2. The base—collector junctionustbe reverse-biased-fegion morepositive), with
the reverse-bias voltage being any value withinntlaimum limits of the device.

[Note that for forward bias the voltage acrossprejunction isp-positive, while for
reverse bias it is opposite (reverse) withositive. This emphasis on the initial let-
ter should provide a means of helping memorizentigessary voltage polarity.]

Operation in the cutoff, saturation, and linear regiof the BJT characteristic are
provided as follows:

1. Linear-region operation:
Base—emitter junction forward biased
Base—collector junction reverse biased

4.2 Operating Point
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Figure 4.4 Base—emitter loop.
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2. Cutoff-region operation:
Base—emitter junction reverse biased

3. Saturation-region operation:
Base—emitter junction forward biased
Base—collector junction forward biased

4.3 FIXED-BIAS CIRCUIT

The fixed-bias circuit of Fig. 4.2 provides a rélaly straightforward and simple in-
troduction to transistor dc bias analysis. Everugfiothe network employs ampn
transistor, the equations and calculations apphakgwell to apnp transistor con-
figuration merely by changing all current direcsoand voltage polarities. The cur-
rent directions of Fig. 4.2 are the actual curdinéctions, and the voltages are de-
fined by the standard double-subscript notation.tRe dc analysis the network can
be isolated from the indicated ac levels by repladhe capacitors with an open-
circuit equivalent. In addition, the dc supplyc can be separated into two supplies
(for analysis purposes only) as shown in Fig. 4.drmit a separation of input and
output circuits. It also reduces the linkage betwihe two to the base currdgt The
separation is certainly valid, as we note in Fi@. #thatVc is connected directly to
Rs andRc just as in Fig. 4.2.

Figure 4.3 dc equivalent of

= Figure 4.2 Fixed-bias circuit. Fig. 4.2.

Forward Bias of Base—Fmitter

Consider first the base—emitter circuit loop of .Hg4. Writing Kirchhoff’s voltage
equation in the clockwise direction for the loop, al#ain

+Vee — 1sRe — Vee = 0

Note the polarity of the voltage drop acrégsas established by the indicated direc-
tion of Ig. Solving the equation for the currdgtwill result in the following:

_ Vec — Vee

I = S

Equation (4.4) is certainly not a difficult oneremember if one simply keeps in
mind that the base current is the current throRgland by Ohm’s law that current
is the voltage acrod’; divided by the resistand®s. The voltage acrod3g is the ap-
plied voltageVcc at one end less the drop across the base-to-eluittetion {/gg).

(4.4)
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In addition, since the supply volta§k.c and the base—emitter voltalyge are con- J—|
stants, the selection of a base resid®gr,sets the level of base current for the oper:
ating point. K, f

Collector-Emitter Loop

— [+
+ ==
The collector—emitter section of the network appédarFig. 4.5 with the indicated (:] +_
direction of currentc and the resulting polarity acroRs. The magnitude of the col- —I:

lector current is related directly tg through Vs

g 3 -

It is interesting to note that since the base atiriecontrolled by the level d?s
andlc is related tdg by a constang, the magnitude of¢ is not a function of the Figure 4.5 Collector—emitter
resistanceR.. ChangeRc to any level and it will not affect the level tf or Ic as  1oop-
long as we remain in the active region of the devidowever, as we shall see, the
level of R- will determine the magnitude &fcg, which is an important parameter.
Applying Kirchhoff’s voltage law in the clockwisdrdction around the indicated
closed loop of Fig. 4.5 will result in the follovgn

Vee + IcRc = Vee =0
and VCE = VCC - ICRC (46)

which states in words that the voltage across theator—emitter region of a tran-
sistor in the fixed-bias configuration is the syppbltage less the drop acroRs.
As a brief review of single- and double-subscriptation recall that

Vee = Ve — Ve (4.7)

where Ve is the voltage from collector to emitter akgd and Vg are the voltages
from collector and emitter to ground respectiv@wyt in this casesinceVg = 0V, i

we have !ﬂ
gﬁ 1@
Vee = Ve (4.8) _' Ve I
L
In addition, since = ]|
I
Vee = Vg — Ve (4.9) £ -
andVg = 0V, then I‘E
Vee = Vg (4.10) v -

Keep in mind that voltage levels such\as: are determined by placing the red Figure 4.6 Measuring Ve and
(positive) lead of the voltmeter at the collecemntinal with the black (negative) lead Ve
at the emitter terminal as shown in Fig. 4/g.is the voltage from collector to ground
and is measured as shown in the same figure. $nctge the two readings are iden-
tical, but in the networks to follow the two can fQeite different. Clearly under-
standing the difference between the two measuresreamt prove to be quite impor-
tant in the troubleshooting of transistor networks.

Determine the following for the fixed-bias configtion of Fig. 4.7. EXAMPLE 4.1
(@) g, andlc,.

(b) Ve,
(c) Vg andVe.
(d) Vec.
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! - Figure 4.7 dc fixed-bias cir-
L 2 cuit for Example 4.1.

Solution

) _ Vee—Vee 12V -07V
(@ Eq. (4.4): lg, = Ra = 220 kQ
Eq. (4.5): lIc, = Blg, = (50)(47.08uA) = 2.35 mA
(b) EQ. (4.6): Vce, = Vee — IcRe
=12V - (2.35 mA)(2.2 K1)
=6.83V
(€) Ve =Vge=0.7V
Ve =Vee=6.83V
(d) Using double-subscript notation yields
Vgce=Vg—Vc=07V—-6.83V
= —-6.13V

with the negative sign revealing that the junctismeversed-biased, as it should be
for linear amplification.

= 47.08pA

Transistor Saturation

The termsaturationis applied to any system where levels have reatied maxi-
mum values. A saturated sponge is one that caroidtanother drop of liquid. For
a transistor operating in the saturation regionciineent is a maximum valder the
particular designChange the design and the corresponding satudatiehmay rise
or drop. Of course, the highest saturation levelegned by the maximum collector
current as provided by the specification sheet.

Saturation conditions are normally avoided becdusdase—collector junction is
no longer reverse-biased and the output amplifigdas will be distorted. An oper-
ating point in the saturation region is depictedrig. 4.8a. Note that it is in a region
where the characteristic curves join and the ctileim-emitter voltage is at or be-
low Vce_, In addition, the collector current is relativeligh on the characteristics.

If we approximate the curves of Fig. 4.8a by thaygpearing in Fig. 4.8b, a quick,
direct method for determining the saturation ldvatomes apparent. In Fig. 4.8b, the
current is relatively high and the voltayee is assumed to be zero volts. Applying
Ohm’s law the resistance between collector andtentiérminals can be determined
as follows:

Vee _ OV

= =0Q
IC Icsat

Ree =
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Icsat_

lCoat— Q-point
0 T/CE 0 \V/CE
@) (b)
Figure 4.8 Saturation regions: (a) actual; (b) approximate.
Applying the results to the network schematic worddult in the configuration of Q;
Fig. 4.9. £ '

K 20L)

mate maximum collector current (saturation leveh)d particular design, simply in- (Vep =0¥, Fozde )
.  HE A

sert a short-circuit equivalent between collectost amitter of the transistor and cal-
culate the resulting collector current. In short, g = 0 V. For the fixed-bias E
configuration of Fig. 4.10, the short circuit hagbapplied, causing the voltage acros

Rc to be t_he applied voltagé-c. The resulting saturation current for the fixedsbi Figure 4.9 Determining e
configuration is

For the future, therefore, if there were an immedrsed to know the approxi- l:

_ Vec

- (4.11)

lc...

o -
j Figure 4.10 Determining Ic_,
w for the fixed-bias configuration.

Oncelc_, is known, we have some idea of the maximum possiblector current
for the chosen design and the level to stay befowei expect linear amplification.

Determine the saturation level for the network wf. B.7. EXAMPLE 4.2
Solution
Vee 12V
le,, = =5 =—--——=545mA
ST R, 22kQ m
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The design of Example 4.1 resulted ¢ = 2.35 mA, which is far from the sat-
uration level and about one-half the maximum vdbrethe design.

Load-Line Analysis

The analysis thus far has been performed usinged & 8 corresponding with the
resulting Q-point. We will now investigate how the network pareters define the
possible range dD-points and how the actu@-point is determined. The network of
Fig. 4.11a establishes an output equation thatellie variablek- andVcg in the
following manner:

Vce = Vee — IcRe (4-12)

The output characteristics of the transistor aédate the same two variablesand
Vce as shown in Fig. 4.11b.

In essence, therefore, we have a network equatiora &ed of characteristics that
employ the same variables. The common solutiomheftivo occurs where the con-
straints established by each are satisfied simediasly. In other words, this is simi-
lar to finding the solution of two simultaneous atjons: one established by the net-
work and the other by the device characteristics.

The device characteristics bf versusVcg are provided in Fig. 4.11b. We must
now superimpose the straight line defined by Eqla¥on the characteristics. The
most direct method of plotting Eqg. (4.12) on thdpo characteristics is to use the
fact that a straight line is defined by two poirifsive choose ¢ to be 0 mA, we are
specifying the horizontal axis as the line on whacte point is located. By substitut-
ing lc = 0 mA into Eq. (4.12), we find that

Vce = Vee — (ORc
and Vce = Veclic—=o ma (4.13)

defining one point for the straight line as showrfFig. 4.12.

A I- (mA)
g 50 pA

7]/41.0%

e-rr
30pA

5_-
e T 20 pA
3 L
2! 10pA
Vee f ! Ig=0pA
y | | | .
0 5 b1 15 Vee (V)

@) (b)

Figure 4.11 Load-line analysis: (a) the network; (b) the device characteristics.
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Veg =0V — \
1 \/ Load line
—

~N .

Vee Y,
\M CE Figure 4.12 Fixed-bias

[c=0mA load line.

I

If we nowchoose ¥e to be 0V, which establishes the vertical axis aslithe on
which the second point will be defined, we find thais determined by the follow-

ing equation:
0=Veec— IcRe
VCC
and lc =—= 4.14
¢ Rclv.-ov (4.14)

as appearing on Fig. 4.12.
By joining the two points defined by Eqgs. (4.134g#d.14), the straight line es-
tablished by Eq. (4.12) can be drawn. The resuliimg on the graph of Fig. 4.12 is
called theload linesince it is defined by the load resisig. By solving for the re-
sulting level oflg, the actualQ-point can be established as shown in Fig. 4.12.

If the level oflg is changed by varying the value Rf the Q-point moves up or
down the load line as shown in Fig. 4.13VHc is held fixed andR- changed, the
load line will shift as shown in Fig. 4.14. lif is held fixed, theQ-point will move
as shown in the same figure.Rf is fixed andVc varied, the load line shifts as
shown in Fig. 4.15.

-
(2]

. —L ¥
W,

| Ve Vs

Figure 4.14 Effect of increasing levels of Rc on the load
Figure 4.13 Movement of Q-point with increasing levels of I. line and Q-point.
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Figure 4.15 Effect of lower
values of V¢ on the load line
and Q-point.

EXAMPLE 4.3 Given the load line of Fig. 4.16 and the defiri@gboint, determine the required val-
ues ofVec, R, andRg for a fixed-bias configuration.

Alc(mA)

50 pA

40 pA

30 pA

20 pA

\ o
\ I5=0pA

LNy
= 2 Vee Figure 4.16 Example 4.3
Solution
From Fig. 4.16,
VCE: VCC: 20Vat|c =0 mA
V
|C:%atVCE: ov
Vg 20V
and RC——IC = TomA 2 kQ
g = Vee — Vee
Re
Voc— Ve _ 20V -0.7V
and = = =772 k2
Re s 25 A
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4.4 EMITTER-STABILIZED BIAS CIRCUIT

The dc bias network of Fig. 4.17 contains an emigsistor to improve the stability
level over that of the fixed-bias configuration.eTimproved stability will be demon-
strated through a numerical example later in tletige The analysis will be per-
formed by first examining the base—emitter loop #reh using the results to inves-
tigate the collector—emitter loop.

o madam

Figure 4.17 BJT bias circuit
with emitter resistor.

Base—Emitter Loop

The base—emitter loop of the network of Fig. 4.4 be redrawn as shown in Fig.
4.18. Writing Kirchhoff’s voltage law around thedicated loop in the clockwise di-
rection will result in the following equation:

+Vee —IgRe — Vege — IR =0 (4.15)
Recall from Chapter 3 that
le=(B+ Dlg (4.16)
Substituting forg in Eq. (4.15) will result in
Vec— IsRe = Vee — (B + NIgRe = 0
Grouping terms will then provide the following:
—lg(Re + (B+ 1)Rg) + Vec — Vee =0
Multiplying through by (1) we have |
ls(Re + (B + 1)Re)—Vee + Vee = 0

with ls(Re + (B + 1)Re) = Vee — Vee
and solving forg gives = Vi
VCC — VBE
lo= —Yec— Vee 4.17
°~ Re t (B + DRe @1

Note that the only difference between this equat@rg and that obtained for the
fixed-bias configuration is the terns ¢+ 1)Re.

There is an interesting result that can be derfveioh Eq. (4.17) if the equation
is used to sketch a series network that would resuthe same equation. Such is Figure4.18 Base—emitter loop.

4.4 Emitter-Stabilized Bias Circuit 153



Figure 4.19 Network derived
from Eq. (4.17).

Figure 4.21  Collector—emitter
loop.
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Figure 4.20 Reflected impedance
level of Rg.

the case for the network of Fig. 4.19. Solvingtfer currentg will result in the same
equation obtained above. Note that aside from #se{bo-emitter voltag¥gg, the
resistorRg is reflectedback to the input base circuit by a factgr« 1). In other
words, the emitter resistor, which is part of theleaxbr—emitter loop, “appears as”
(B + 1)Re in the base—emitter loop. Singeis typically 50 or more, the emitter re-
sistor appears to be a great deal larger in the biasuit. In general, therefore, for
the configuration of Fig. 4.20,

R =(B+ 1Re (4.18)

Equation (4.18) is one that will prove useful ir tAnalysis to follow. In fact, it
provides a fairly easy way to remember Eq. (4.Uging Ohm’s law, we know that
the current through a system is the voltage dividgdhe resistance of the circuit.
For the base—emitter circuit the net voltag®/ds. — Vge. The resistance levels are
Rs plus Re reflected by 8 + 1). The result is Eq. (4.17).

Collector-Emitter Loop

The collector—emitter loop is redrawn in Fig. 4.B{riting Kirchhoff’s voltage law
for the indicated loop in the clockwise directioiilwesult in

+1gRe + Vee + IcRc = Vee = 0
Substitutinglg = I and grouping terms gives
Vee = Vect lc(Re + Re) = 0
and Vce = Vee = le(Re + Re) (4.19)

The single-subscript voltagé: is the voltage from emitter to ground and is de-
termined by

while the voltage from collector to ground can feedmined from
Vee = Ve — Ve
and VC = VCE ar VE (421)
or VC = VCC - ICRC (422)
The voltage at the base with respect to groundbeadetermined from
VB = VCC - IBRB (423)
or VB = VBE ar VE (424)
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For the emitter bias network of Fig. 4.22, determine
(a) lg.

®) Ie.
(¢) Vce
(d) Ve. + 200 ¥
(e) Ve. i
() Ve. | I
(9) Vec. g
3 kit
430 I-cfég LI
| .__":_—- v,
inuF
< ij =4

v
i "~

g.’-fﬂ = d0uF

Figure 4.22  Emitter-stabilized

bias circuit for Example 4.4. "I" -
Solution
Vee — Vae 20V - 0.7V
Eq. (4.17): Ig = =
@ Eq- (17 le = o= (35 R. ~ 430 KO + (BL)(1 KY)
19.3V
= = 40.1 uA
481 kQ K
(b) Ic = Bl
= (50)(40.1uA)
= 2.01 mA

(c) Eg. (4.19): Vce = Vee — lc(Re + Re)
=20V— (201 mA)(2 K) + 1 k) =20V —6.03V
=13.97V

(d) Ve = Vee — IcRe

=20V —(2.01 mA)(2 K2) =20V —4.02V
=1598V

(€) Ve = Ve — Vce

=1598V-1397V
=201V

or Ve=IlgRe=IcRe

= (2.01 mA)(1 K2)
=201V

() Ve=Vee+ Ve

=07V+201V
=271V

(9) Vec= Ve — Vc

=271V—-1598V
= —13.27 V (reverse-biased as required)

4.4 Emitter-Stabilized Bias Circuit

EXAMPLE 4.4

155



Improved Bias Stability

The addition of the emitter resistor to the dc washe BJT provides improved sta-
bility, that is, the dc bias currents and voltagewaim closer to where they were set
by the circuit when outside conditions, such as &napre, and transistor beta,
change. While a mathematical analysis is provige8&ction 4.12, some comparison
of the improvement can be obtained as demonstigtdekample 4.5.

EXAMPLE 4.5

R

Figure 4.23 Determining I for
the emitter-stabilized bias circuit.
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Prepare a table and compare the bias voltage anehtsi of the circuits of Figs. 4.7
and Fig. 4.22 for the given value gf= 50 and for a new value ¢gf = 100. Com-
pare the changes Ig andVcg for the same increase

Solution

Using the results calculated in Example 4.1 and teeeating for a value ¢@f = 100
yields the following:

B Iy (uA) Ic (mA) Vee (V)
50 47.08 2.35 6.83
100 47.08 471 1.64

The BJT collector current is seen to change by 180%to the 100% change in the
value of 8. Iz is the same an¥l¢ decreased by 76%.

Using the results calculated in Example 4.4 andh ttepeating for a value of
B = 100, we have the following:

B Iy (MA) Ic (mA) Vee V)
50 40.1 2.01 13.97
100 36.3 3.63 9.11

Now the BJT collector current increases by abo@ 8llie to the 100% increasefn
Notice thatlg decreased, helping maintain the valud @for at least reducing the
overall change ¢ due to the change 8. The change iV-g has dropped to about
35%. The network of Fig. 4.22 is therefore morelgtahan that of Fig. 4.7 for the
same change ip.

Saturation Level

The collector saturation level or maximum collectorrent for an emitter-bias de-
sign can be determined using the same approachedpplthe fixed-bias configura-
tion: Apply a short circuit between the collector-ien terminals as shown in Fig.
4.23 and calculate the resulting collector curréot. Fig. 4.23:

IC — VCC
sat RC 4 RE

The addition of the emitter resistor reduces thiéector saturation level below that
obtained with a fixed-bias configuration using ##ne collector resistor.

(4.25)
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Determine the saturation current for the networlErdmple 4.4. EXAMPLE 4.6
Solution e = Vee
™ Ro+ Re
_ 20V _ 20V
2kQ+1kQ 3kQ
= 6.67 mA

which is about twice the level ¢¢, for Example 4.4.

Load-Line Analysis

The load-line analysis of the emitter-bias netwisrknly slightly different from that
encountered for the fixed-bias configuration. Theel of Iz as determined by Eq.
(4.17) defines the level df on the characteristics of Fig. 4.24 (denotgg.

T Figure 4.24 Load line for the
“*  emitter-bias configuration.

The collector—emitter loop equation that defines libad line is the following:

Vee = Vee — le(Re + Re)
Choosinglc = 0 mA gives

Vce = Vch|C=o mA (4-26)
as obtained for the fixed-bias configuration. Cliogd/cc = 0 V gives
VCC
[~ = —CC 4.27
c Rc + Re [Vee=0V ( )

as shown in Fig. 4.24. Different levelslgf, will, of course, move th&-point up or
down the load line.

4.5 VOLTAGE-DIVIDER BIAS

In the previous bias configurations the bias currgnand voltage/cg, were a func-

tion of the current gaing) of the transistor. However, singeis temperature sensi-
tive, especially for silicon transistors, and theuattvalue of beta is usually not well
defined, it would be desirable to develop a biasuiirthat is less dependent, or in
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Figure 4.25 Voltage-divider bias configuration. Figure 4.26 Defining the Q-point for the voltage-divider

bias configuration.

fact, independent of the transistor beta. The veltdigider bias configuration of Fig.

4.25 is such a network. If analyzed on an exact basis the sensitivity to changes in beta
is quite small. If the circuit parameters are prgpehosen, the resulting levels if,
andVcg, can be almost totally independent of beta. Reoatthfprevious discussions

that aQ-point is defined by a fixed level o¢, andVcg, as shown in Fig. 4.26. The

level of I, will change with the change in beta, but the opegapioint on the char-
acteristics defined ble, andVcg, can remain fixed if the proper circuit parameters

are employed.

As noted above, there are two methods that can fleedgo analyze the voltage-
divider configuration. The reason for the choicenames for this configuration will
become obvious in the analysis to follow. The fistboe demonstrated is thexact
methodthat can be applied tany voltage-divider configuration. The second is re-
ferred to as th@pproximate methodnd can be applied only if specific conditions
are satisfied. The approximate approach permiter mirect analysis with a savings
in time and energy. It is also particularly helpiiulthe design mode to be described
in a later section. All in all, the approximate apgrh can be applied to the majority
of situations and therefore should be examined withsame interest as the exact
method.

Exact Analysis

The input side of the network of Fig. 4.25 can &éédrawn as shown in Fig. 4.27 for
the dc analysis. The Thévenin equivalent networkttie network to the left of the
base terminal can then be found in the followinghnea:

B
0 AA
R,
— Vec Ry "
E
|
J__ Figure 4.27 Redrawing the
input side of the network of
Thévenin Fig. 4.25.
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Rtn:  The voltage source is replaced by a short-circgitiv@lent as shown in ANN o
Fig. 4.28. Ry

Rrh = Ry|R: (4.28) R

E+n: The voltage sourc®c is returned to the network and the open-circuit = =
Thévenin voltage of Fig. 4.29 determined as follows

. - Figure 4.28 Determining Ry
Applying the voltage-divider rule: e clermimng Fu

RZVCC
Em=Vr, =57 4.29
m=Ve, = R, (4.29) )
Ry + o+
The Thévenin network is then redrawn as shown gn 4130, andgq can be de- |, R, Ve, En

termined by first applying Kirchhoff’s voltage law the clockwise direction for the
loop indicated: - -

Ern — IgRrh — Vee — IeRe = 0
Substitutinglg = (B + 1)l and solving for g yields

Figure 4.29 Determining Eqy,.

Iy = Erh — Vee
Rrn + (B + DRe

Although Eqg. (4.30) initially appears different finacthose developed earlier, note
that the numerator is again a difference of twdag® levels and the denominator is
the base resistance plus the emitter resistorctefleby B + 1)—certainly very sim-
ilar to Eq. (4.17).

Oncelg is known, the remaining quantities of the network && found in the
same manner as developed for the emitter-biasgumafion. That is,

(4.30)

Vee = Vee = le(Re + Re) (4.31)
which is exactly the same as Eq. (4.19). The remgiaquations foNg, V¢, andVg  Figure 4.30 Inserting the
are also the same as obtained for the emitterdmagguration. Thévenin equivalent circuit.
Determine the dc bias voltadke and the currenic for the voltage-divider config- EXAMPLE 4.7
uration of Fig. 4.31.
+2W
1K k52
.‘L.u.ug I, I' I L ml
i

_L' S0l
I Figure 4.31 Beta-stabilized

circuit for Example 4.7.
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Solution

Eq (428) RTh - R1HR2

_ (39kQ)(3.9kN)

39KO + 30Kk0 o0

Eq. (4.29): Ern=——=

_ _(B9kM(22V) _
39 kQ) + 3.9k

I _ ETh - VBE
® R+ (B+ DRe
_ 2V-07V _ 1.3V
3.55 K) + (141)(1.5 K)) 3.55 K) + 211.5 K)

— 6.05 A
lc = Bls
— (140)(6.054A)
= 0.85 mA
Eq. (4.31): Vce= Vee — lc(Re + Re)

— 22V — (0.85 mA)(10 K) + 1.5 K)
=22V —-9.78V
=12.22V

2V

Eq. (4.30):

Approximate Analysis

The input section of the voltage-divider configizatcan be represented by the net-
work of Fig. 4.32. The resistan¢® is the equivalent resistance between base and
ground for the transistor with an emitter residRar Recall from Section 4.4 [Eq.
(4.18)] that the reflected resistance between lzask emitter is defined bR =

(B + DRe. If R is much larger than the resistarieg the currentz will be much
smaller thar, (current always seeks the path of least resistaamoe), will be ap-
proximately equal td,. If we accept the approximation tHatis essentially zero am-
peres compared tq or I,, thenl, = I, andR; andR, can be considered series ele-

i'?l.w-.ﬂ‘;
il K1 5

Figure 4.32 Partial-bias circuit
for calculating the approximate
base voltage V.
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ments. The voltage acroBs, which is actually the base voltage, can be detezchin
using the voltage-divider rule (hence the nametierconfiguration). That is,

_ RoVec

= 4.32
R+ R ( )

B

SinceR, = (B + 1)Re = BRe the condition that will define whether the approxi-
mate approach can be applied will be the following:

BRe = 10R, (4.33)

In other words, if3 times the value oRg is at least 10 times the value R, the ap-
proximate approach can be applied with a high degfeaccuracy.
OnceVg is determined, the level &fz can be calculated from

Ve = Vs — Vge (4.34)
and the emitter current can be determined from
V,
lg = EE (4.35)
and le, = le (4.36)
The collector-to-emitter voltage is determined by
Vce = Vee — IcRe — |eRe
but sincelg = I,
Vee, = Vee = le(Re + Re) (4.37)

Note in the sequence of calculations from Eq. (4tBBugh Eq. (4.37) thaB
does not appear arlg was not calculated. Th@-point (as determined bl and
Vce,) is therefore independent of the valuegof

Repeat the analysis of Fig. 4.31 using the appraténtechnique, and compare solu-
tions forlc, andVce,
Solution
Testing:
BRe = 10R;
(140)(1.5 K2) = 10(3.9 K2)
210 K) = 39 Kk (satisfied

RoVee
R+ R

_ (39KkQ)(22V)
39 kQ + 3.9kQ

=2V

Eq. (4.32): Vg =

4.5 Voltage-Divider Bias
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Note that the level 0¥ is the same aBt, determined in Example 4.7. Essen-
tially, therefore, the primary difference between éxact and approximate techniques
is the effect oRy, in the exact analysis that separdigg andVg.

Eq (434) VE = VB - VBE

=2V-07V
=13V
Ve _ 13V _ 0.867 mA

lee=le = =15k
compared to 0.85 mA with the exact analysis. Fnall
Vee, = Vee — le(Re + Re)
= 22 V — (0.867 mA)(10 kV+ 1.5 k2)
=22V —-997V
=12.03V

versus 12.22 V obtained in Example 4.7.

The results foic, andVcg, are certainly close, and considering the actuat vari
ation in parameter values one can certainly beidered as accurate as the other.
The larger the level dR compared td=,, the closer the approximate to the exact so-
lution. Example 4.10 will compare solutions at gelewell below the condition es-
tablished by Eq. (4.33).

EXAMPLE 4.9 Repeat the exact analysis of Example 4.8 i§ reduced to 70, and compare solu-
tions forlc, andVce,

Solution

This example is not a comparison of exact verspsagmate methods but a testing
of how much theéQ-point will move if the level of3 is cut in half.Ry, andEy, are
the same:

Rin=355K), Epp=2V
Eth — Vee
Rrn + (B + DRe
2V-07V 13V
355 K) + (71)(1.5 KY) _ 3.55 K + 106.5 K2

= 11.81uA

le

lc, = Bl
= (70)(11.81uA)
= 0.83 mA
Vee, = Vee — Ie(Re + Re)
— 22V — (0.83 mA)(10 K + 1.5 K)
=12.46V
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Tabulating the results, we have:

B e, (mA) Verg W)
140 0.85 12.22
70 0.83 12.46

The results clearly show the relative insensitivofythe circuit to the change 8.
Even thoughg is drastically cut in half, from 140 to 70, the levelf I, and Vcg,
are essentially the same.

Determine the levels ot andVcg, for the voltage-divider configuration of Fig. 4.33 EXAMPLE 4.10
using the exact and approximate techniques and @@gwlutions. In this case, the

conditions of Eq. (4.33) will not be satisfied e results will reveal the difference

in solution if the criterion of Eq. (4.33) is igreat.

18%

¥ "_
L0 uF
12 kil
LIk
—_ Figure 4.33 Voltage-divider
w configuration for Example 4.10.

Solution

Exact Analysis

Eq. (4.33): BR==10R,
(50)(1.2 K2) = 10(22 KY)
60 k() # 220 K (not satisfiedl
Rrh = Ry|R, = 82 k1|22 k) = 17.35 K)
RoVec 22 k(18 V)

™7 R+ R, 82kQ + 22kQ

Lo Em—Vee _ 3.81V-0.7V _ 311V

B R+ (B+ DRe  17.35 ) + (51)(1.2 K2) ~ 7855 kQ
=39.6 uA

lc, = Bls = (50)(39.6uA) = 1.98 mA
Veg, = Vee — Ie(Re + Re)
— 18V — (1.98 mA)(5.6 I + 1.2 K)
=454V

4.5 Voltage-Divider Bias
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Approximate Analysis
Vg =Em =381V
VE=Vg —Vge=381lV-07V=311V

|~ Ve _ 311V
ET R 12kQ

Veg, = Vee = le(Re + Re)
=18V — (2.59 MA)(5.6 2 + 1.2 kQ)
=3.88V

Tabulating the results, we have:

= 2.59 mA

I,

I Co (mA) VCEQ (V)
Exact 1.98 4.54
Approximate 2.59 3.88

The results reveal the difference between exacbpptbximate solutionse,, is about
30% greater with the approximate solution, whMlg-_ is about 10% less. The results
are notably different in magnitude, but even tho@Rg is only about three times
larger tharR,, the results are still relatively close to eacheattror the future, how-
ever, our analysis will be dictated by Eq. (4.33gtmsure a close similarity between
exact and approximate solutions.

Transistor Saturation

The output collector—emitter circuit for the voleadivider configuration has the same
appearance as the emitter-biased circuit analyz&ection 4.4. The resulting equa-
tion for the saturation current (wh¥gg is set to zero volts on the schematic) is there-
fore the same as obtained for the emitter-biasefigroration. That is,

— VCC

Icsat— IcmaX: RC + RE (438)

Load-Line Analysis

The similarities with the output circuit of the dtar-biased configuration result in
the same intersections for the load line of theag®-divider configuration. The load
line will therefore have the same appearance dsofhiaig. 4.24, with

Vee
|~ = 4.
€ Rc + Re|Vce=0V (4.39)

and Vce = Vcc||C:0 mA (4.40)

The level oflg is of course determined by a different equationtliier voltage-divider
bias and the emitter-bias configurations.
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4.6 DC BIAS WITH VOLTAGE FEEDBACK

An improved level of stability can also be obtain®dintroducing a feedback path
from collector to base as shown in Fig. 4.34. Alijlo theQ-point is not totally in-
dependent of beta (even under approximate condjtidine sensitivity to changes in
beta or temperature variations is normally less #acountered for the fixed-bias or
emitter-biased configurations. The analysis wilkiagbe performed by first analyz-
ing the base—emitter loop with the results appl@the collector—emitter loop.

Base—Emitter Loop

Figure 4.35 shows the base—emitter loop for theagel feedback configuration. Writ-
ing Kirchhoff’s voltage law around the indicateajoin the clockwise direction will
result in

Vee — IcRc — 1gRs — Vge — IeRe = 0

l Ig + oo =

) \|
Vi o 1] VCE

Figure 4.35 Base—emitter loop for the

Figure 4.34  dc bias circuit with voltage feedback. network of Fig. 4.34.

It is important to note that the current throughis notlc but ¢ (wherels =
Ic + 1g). However, the level of- andl: far exceeds the usual level lgfand the ap-
proximationl¢: = I is normally employed. Substituting = I = Blg andlg = I
will result in

Vee — BleRe — 1sRs — Vee — BlgRe = 0
Gathering terms, we have

Vee — Vee — Blg(Re + Re) — 1gRg =0

and solving forg yields

__ Voc — Vee
Re + B(Rc + Re)

The result is quite interesting in that the forisatery similar to equations fog
obtained for earlier configurations. The numerdgasgain the difference of available
voltage levels, while the denominator is the basestance plus the collector and emit-
ter resistors reflected by beta. In general, theeefine feedback path results in a re-
flection of the resistancB: back to the input circuit, much like the reflectiohRe.

In general, the equation fdg has had the following format:

g (4.41)

VvV
Rg + BR'

le

4.6 DC Bias with Voltage Feedback
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Figure 4.36 Collector—emitter
loop for the network of Fig. 4.34.

with the absence d® for the fixed-bias configuratiorR" = Re for the emitter-bias
setup (with B + 1) = B), andR’ = R + Re for the collector-feedback arrangement.
The voltageV' is the difference between two voltage levels.

Sincelc = Blg,

BV
%" Ret AR’

In general, the larggBR’ is compared tdg, the less the sensitivity o, to varia-
tions in beta. Obviously, iBR' > Rz andRg + BR’ = BR’, then
Bv' BV v

ICQ: RB_i_BR/:BR/_E

andlc, is independent of the value of beta. SiRtés typically larger for the voltage-
feedback configuration than for the emitter-biasfiguration, the sensitivity to vari-
ations in beta is less. Of cour$®,is zero ohms for the fixed-bias configuration and
is therefore quite sensitive to variations in beta.

Collector-Emitter Loop

The collector—emitter loop for the network of R34 is provided in Fig. 4.36. Ap-
plying Kirchhoff’s voltage law around the indicatémbp in the clockwise direction
will result in

leRe + Veg + IcRc = Vee = 0
Sincelé = I andlg = I, we have
lc(Re + Re) + Vee — Vee = 0
and VCE = VCC - IC(RC ar RE) (442)

which is exactly as obtained for the emitter-biad &oltage-divider bias configura-
tions.

EXAMPLE 4.11

Determine the quiescent levelslef, andVcg, for the network of Fig. 4.37.

Solution
Vee — VY,
Eq. (4.41): Ig= R +°E R iERE)
3 10V-0.7V
v 250 K2 + (90)(4.7 K2 + 1.2 k)
47K _ 93V _ 93V
' 250 k) + 531 K) 781 k()
250kQ
rvw I( oVo = 11.91uA
10pF
e " | |) — lc, = Blg = (90)(11.91uA)
10puF = 1.07 mA
Vee, = Vee = le(Re + Re)
1.2kQ
=10V — (1.07 mA)(4.7 ) + 1.2 k)
= =10V-6.31V
Figure 4.37 Network for Example 4.11. =3.69V
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Repeat Example 4.11 using a beta of 135 (50% niane Example 4.11). EXAMPLE 4.12

Solution

It is important to note in the solution fog in Example 4.11 that the second term in
the denominator of the equation is larger thanfitlse Recall in a recent discussion
that the larger this second term is compared tofitkg the less the sensitivity to
changes in beta. In this example the level of ietacreased by 50%, which will in-
crease the magnitude of this second term even owmgpared to the first. It is more
important to note in these examples, however, the¢ dhe second term is relatively
large compared to the first, the sensitivity to af@mnin beta is significantly less.

Solving forlg gives
__ Vec—Vee _

Rs + B(Rc + Re)

10V-0.7V

250 K) + (135)(4.7 K) + 1.2 K))

_ 9.3V _ 93V
250 k) + 796.5 K} 1046.5kQ

— 8.89 uA
and lc, = Bl
= (135)(8.89uA)
=12 mA
and Vee, = Vee = le(Re + Re)
=10V — (1.2 mA)(4.7 K) + 1.2 K2)
=10V —-7.08V
=292V

Even though the level @ increased 50%, the level &, only increased 12.1%
while the level olVcg, decreased about 20.9%. If the network were a fbiad-de-
sign, a 50% increase i would have resulted in a 50% increasddp and a dra-
matic change in the location of tkgpoint.

le

Determine the dc level d§ andV, for the network of Fig. 4.38. EXAMPLE 4.13
18V

91kQ 110kQ 10uF

10uF
vio—| I B=75

n ) I\

5109§ l OpF

5
I Figure 4.38 Network for
= Example 4.13.

4.6 DC Bias with Voltage Feedback 167



168

Solution

In this case, the base resistance for the dc asab/siomposed of two resistors with
a capacitor connected from their junction to graufor the dc mode, the capacitor
assumes the open-circuit equivalence Bad= R; + R.

Solving forlg gives

la = Vee — Vee
B
Rs + B(Rc + Re)
_ 18vV—-0.7V
(91 kQ + 110 K2) + (75)(3.3 K2 + 0.51 K2)
_ 17.3V _ 17.3V
201 K) + 285.75 K) 486.75 k()
= 35.5uA
lc = Blg
= (75)(35.5uA)
= 2.66 mA

Ve = Vee — IcRe = Vee — IcRe
=18V — (2.66 mA)(3.3 €2)
=18V —-8.78V
=922V

Saturation Conditions

Using the approximatiof = I, the equation for the saturation current is the same
as obtained for the voltage-divider and emittesldanfigurations. That is,

V.
I = o = R :ECRE (4.43)

Load-Line Analysis

Continuing with the approximatiolt = I will result in the same load line defined
for the voltage-divider and emitter-biased confagions. The level offg, will be de-
fined by the chosen bias configuration.

4.7 MISCELLANEOUS BIAS
CONFIGURATIONS

There are a number of BJT bias configurations deahot match the basic mold of
those analyzed in the previous sections. In faetettare variations in design that
would require many more pages than is possibleboak of this type. However, the
primary purpose here is to emphasize those chaisiate of the device that permit
a dc analysis of the configuration and to estaldigfeneral procedure toward the de-
sired solution. For each configuration discussed tfar, the first step has been the
derivation of an expression for the base currentethe base current is known, the
collector current and voltage levels of the outgintuit can be determined quite di-
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rectly. This is not to imply that all solutions wilike this path, but it does suggest a
possible route to follow if a new configurationeecountered.

The first example is simply one where the emitésistor has been dropped from
the voltage-feedback configuration of Fig. 4.34eHmalysis is quite similar but does
require droppindR= from the applied equation.

.

For the network of Fig. 4.39:
(@) Determindc, andVce,,.
(b) FindVg, Vg, Vg, andVge.

7 Ve = 20W
|
®. é-l'- v
R [{EIFTR
- I
—ANy it "
Ly

0 e
I} e F
¥ il

W g l.-'-
¢, b
-

=124

Figure 4.39  Collector feedback
with Rg = 0 Q.

Solution

(@) The absence @& reduces the reflection of resistive levels to siyriplat of R-
and the equation fdg reduces to
- Vee — Vee
Rs + BRc
20V—-0.7V 193V

T 680 K) + (120)(4.7 K)) 1244 MQ
= 15.51uA
lc, = Bl = (120)(15.51uA)
= 1.86 mA
VCEQ = Vee — IcRe
=20 V — (1.86 mA)(4.7 &)

=11.26 V
Vg = Vge= 0.7V
Ve = Vee = 11.26 V
Ve=0V
Vac=Vg—Vec=07V-11.26V
— —10.56 V

le

In the next example, the applied voltage is conmkttighe emitter leg anldc is
connected directly to ground. Initially, it appeammewhat unorthodox and quite dif-
ferent from those encountered thus far, but onei@gjwn of Kirchhoff’s voltage law
to the base circuit will result in the desired basgent.

4.7 Miscellaneous Bias Configurations

EXAMPLE 4.14
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EXAMPLE 4.15

DetermineVc and Vg for the network of Fig. 4.40.

R ; 1.2 kih
[ b3
;_iE ax b
r | [ALET o
- ] _( =48
M i F ‘[
i [{ERLT Y l|||l =Y

Figure 4.40 Example 4.15

Solution

Applying Kirchhoff’s voltage law in the clockwisardction for the base—emitter loop
will result in

—lgRg = Vg + Vee = 0
Vee — V,
and lg = —EERB BE
Substitution yields

L _9v-o07V
B 100 kQ

_ 83V
100 k)

= 83 A
lc = Bls
= (45)(83uA)
= 3.735 mA
Ve = —IcRe
= —(3.735 mA)(1.2 K))
= —4.48V
Ve = —IlgRs
= —(83 1A)(100 k)
—-83V

The next example employs a network referred tonasnaitter-followerconfigu-
ration. When the same network is analyzed on dmaats, we will find that the out-
put and input signals are in phase (one followhng dther) and the output voltage is
slightly less than the applied signal. For the dalgsis the collector is grounded and
the applied voltage is in the emitter leg.
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DetermineVcg, andlg for the network of Fig. 4.41.

|
5 F,J
¥, b= ---—-“ 1=
[OpF L‘q ;
By & 240 k0 H —ii¥,
i J6
-"-'-g:li-.’
Vs =20

Figure 4.41 Common-collector (emitter-follower) configuration.

Solution
Applying Kirchhoff's voltage law to the input cirtuwill result in
—lgRs — Vge — lIeERe + Ve = 0

but le=(B+ Dls
and Vee — Vee — (B + 1)IgRe — IgRs = 0
with o Vee—Vee

® Rs+ (B+ DRe

Substituting values yields

| ___20V-07V
B 240 K + (91)(2 KY)

_ 193V _ 193V
240 KQ + 182 k) 422 kO

= 45.73uA
lc = Bl
= (90)(45.73uA)
=4.12 mA
Applying Kirchhoff's voltage law to the output cuit, we have
—Vege + lgRe + Ve =0

but le=(8+ 1lg
and Vee, = Vee — (B + 1)IgRe
= 20 V — (91)(45.73uA)(2 kQ)
= 11.68V
le = 4.16 mA

4.7 Miscellaneous Bias Configurations

EXAMPLE 4.16
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All of the examples thus far have employed a conmu@mitter or common-
collector configuration. In the next example weeistigate the common-base config-
uration. In this situation the input circuit wilekemployed to determirie rather than
Is. The collector current is then available to perf@an analysis of the output circuit.

EXAMPLE 4.17 Determine the voltag¥.g and the currenitg for the common-base configuration of
Fig. 4.42.

wo—7F

& § Takil

oy T Ry

Vis FRY

s
ﬁ:,-§ 1,2 kil
L

B e
i

|

|

-

Figure 4.42 Common-base configuration.

Solution
Applying Kirchhoff’s voltage law to the input cirtwyields
_VEE + IERE + VBE = O

Vee — V,
and le = —EERE BE
Substituting values, we obtain
4V —-07V
le=————""=275mMA
& 1.2 kQ

Applying Kirchhoff's voltage law to the output cirit gives
—Veg + IcRc = Ve =0

and Veg = Vee — 1cRe with Ie = Ig
=10V — (2.75 mA)(2.4 K)
=34V

-
B
2.75mA

60

45.8 pA

Example 4.18 employs a split supply and will reguire application of Thévenin's
theorem to determine the desired unknowns.
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DetermineVc and Vg for the network of Fig. 4.43. EXAMPLE 4.18

Vo =+20V
ReQ 2.7kQ
ng 8.2kQ c C,
It °Vo
c ; 10 uF
vio ) B=120

10uF

Vee=-20V Figure 4.43 Example 4.18

Solution

The Thévenin resistance and voltage are deternforetie network to the left of the
base terminal as shown in Figs. 4.44 and 4.45.

8.2
0 A'A% ’ iB
R Ry
AN 0B | ! +
8.2kQ R 22 KQ
R, &2.2kQ Vee == 20V - Ern
- —
RTh VEE I+20 \% B
Figure 4.44 Determining Ry, Figure 4.45 Determining Ery,.
Ryh
Rrh = 8.2 K[2.2 k2 = 1.73 K)
S
| Vec+Vee .20V +20V__ 40V
R,+R,  82kQ+22kQ 104kQ
=3.85 mA

Ern = IR2 — Vee
(3.85 mA)(2.2 1)) — 20 V
= —-11.53V

The network can then be redrawn as shown in Fif, 4vhere the application of
Kirchhoff’s voltage law will result in

—Emn — 1gRm — Vee — IeRe + Vee =0
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B=120

Figure 4.46 Substituting the
Ve =-20 V Thévenin equivalent circuit.

Substitutinglg = (B + 1)Ig gives
Vee = Evn — Vee — (B + DIgRe — IgRm =0
Vee — Evn — Vee
R + (B + DRe
20V —-1153Vv-0.7V
1.73 K0 + (121)(1.8 k)

777V
219.53 kQ)

= 35.39uA
lc = Bls
= (120)(35.39uA)
= 4.25 mA
Ve = Vee — IcRe
=20V — (4.25 mA)(2.7 )
=8.53V
Vg = —Eth — IgRm
= —(11.53 V)— (35.391A)(1.73 k2)
= -—=11.59V

and lg =

4.8 DESIGN OPERATIONS

Discussions thus far have focused on the analysixisting networks. All the ele-
ments are in place and it is simply a matter ofiagl for the current and voltage lev-
els of the configuration. The design process iswinere a current and/or voltage may
be specified and the elements required to estathishiesignated levels must be de-
termined. This synthesis process requires a clederstanding of the characteristics
of the device, the basic equations for the netwonkl a firm understanding of the
basic laws of circuit analysis, such as Ohm’s lawgchhoff's voltage law, and so on.
In most situations the thinking process is chaleshtp a higher degree in the design
process than in the analysis sequence. The pa#rdaavsolution is less defined and
in fact may require a number of basic assumptibasdo not have to be made when
simply analyzing a network.
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The design sequence is obviously sensitive to tmponents that are already
specified and the elements to be determined. Itrdnesistor and supplies are speci-
fied, the design process will simply determine tegquired resistors for a particular
design. Once the theoretical values of the resisdoe determined, the nearest stan-
dard commercial values are normally chosen andvarigtions due to not using the
exact resistance values are accepted as part dettign. This is certainly a valid ap-
proximation considering the tolerances normallyoaiged with resistive elements
and the transistor parameters.

If resistive values are to be determined, one ofrtfzest powerful equations is
simply Ohm’s law in the following form:

V
Runk:_R

Ir

(4.44)

In a particular design the voltage across a raststo often be determined from spec-
ified levels. If additional specifications defineet current level, Eq. (4.44) can then
be used to calculate the required resistance I&hel first few examples will demon-
strate how particular elements can be determinamh fpecified levels. A complete
design procedure will then be introduced for twpuar configurations.

Given the device characteristics of Fig. 4.47a,metee V-, Rg, andR: for the fixed-
bias configuration of Fig. 4.47h.

g ] |
lljld = 0 1 §

—@

¥

Ll (mA

=l ]

e |

il o, TV T
11l L Figure 4.47 Example 4.19
Solution
From the load line Vee = 20 V
|~ = VCC
¢ Rc |Vee =0V
Vee 20V
and =——=——=25KkK)
Re le 8 mA
IB — VCC — VBE
Re
with Re = ~co— Vee
Is
_20v-07V _ 193V
40 uA 40 uA
= 482.5 K)

4.8 Design Operations

EXAMPLE 4.19
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Standard resistor values:

Re = 2.4 k)

Rs = 470 K)
Using standard resistor values gives

lg = 41.1 A
which is well within 5% of the value specified.

EXAMPLE 4.20 Given thatlc, = 2 mA andVcg, = 10 V, determineR; and R for the network of
Fig. 4.48.

I8Y

= Figure 4.48 Example 4.20
Solution

Ve =lgRe = IcRe
=2 mA)(1.2K)) =24V
Ve=Vege+Ve=07V+24V=31V
RoVee
R+ Ry
(18 kO)(18 V)
R; + 18 kQ)
324 K) = 3.1R; + 55.8 K}
3.1R, = 268.2 K)

_ 2682kQ
31

Vg = =31V

and =31V

Ry = 86.52 K2

v -
Eq. (4.44); Rg = —= = Yee— Ve

I I
with Ve=Vee+Ve=10V+24V=124V

_18Vv—-12.4v
2mA

= 2.8 k)

The nearest standard commercial valueR,tare 82 and 91(R. However, using
the series combination of standard values of @2akd 4.7 K} = 86.7 K) would re-
sult in a value very close to the design level.

and Rc
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The emitter-bias configuration of Fig. 4.49 has tbkowing specificationsic, =

3l le.,= 8 MA, Ve = 18 V, andB = 110. DetermineR, Rg, andRe.

Figure 4.49 Example 4.21

Solution

le, = 3l = 4 MA

VRC VCC_VC
Co Cao
_ 28V -18V

=25kQ
4 mA

and Rc+ Re = =——=3.5K)

_ _ Vec— Vee
Re + (B + DRe

and Re + (B + 1)Re = vec —Vee

IBQ
_ Vec —Vee _

—VeE (g + DR
Bo

28V — 07V
= ——— —(111)1
6.3 uA (111)(1 K2)

273V
=<2V 111k
36.36 pA

= 639.8 K2

=

with Rg

4.8 Design Operations

EXAMPLE 4.21
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For standard values:

Re = 2.4 K)
Re = 1 kQ
Rs = 620 K)

The discussion to follow will introduce one techuggfor designing an entire cir-
Cuit to operate at a specified bias point. Oftenrttanufacturer’s specification (spec)
sheets provide information on a suggested operaftimy (or operating region) for a
particular transistor. In addition, other system poments connected to the given am-
plifier stage may also define the current swingtagé swing, value of common sup-
ply voltage, and so on, for the design.

In actual practice, many other factors may haveet@dnsidered that may affect
the selection of the desired operating point. Far inoment we shall concentrate,
however, on determining the component values toimlatapecified operating point.
The discussion will be limited to the emitter-bawd voltage-divider bias configura-
tions, although the same procedure can be appliadviriety of other transistor cir-
cuits.

Design of a Bias Circuit with an Emitter
Feedback Resistor

Consider first the design of the dc bias componefitan amplifier circuit having
emitter-resistor bias stabilization as shown in. Big0. The supply voltage and op-
erating point were selected from the manufactuief@mation on the transistor used
in the amplifier.

I 1
| {_ wadpul
i E8 i gF ¥
= 1 - Vop =3
. e = Yo ZMadn) 1: o
i 4F -
z 8= 15| L= .
{,
N p—
: T A gF Figure 4.50 Emitter-stabilized
| bias circuit for design considera-
e v tion.

The selection of collector and emitter resistoranca proceed directly from
the information just specified. The equation thelates the voltages around the
collector—emitter loop has two unknown quantitiessgnt—the resistoiR: andRe.

At this point some engineering judgment must beanadch as the level of the emit-
ter voltage compared to the applied supply volt&gcall that the need for includ-
ing a resistor from emitter to ground was to prevadmeans of dc bias stabilization
so that the change of collector current due todgekcurrents in the transistor and
the transistor beta would not cause a large shithé operating point. The emitter
resistor cannot be unreasonably large becauseottagye across it limits the range of
voltage swing of the voltage from collector to d@srit(to be noted when the ac re-
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sponse is discussed). The examples examined irchhister reveal that the voltage
from emitter to ground is typically around one-fituto one-tenth of the supply volt-
age. Selecting the conservative case of one-teiltlpgvmit calculating the emitter

resistorReg and the resistdR: in a manner similar to the examples just complelied.

the next example we perform a complete designeht#twork of Fig. 4.49 using the
criteria just introduced for the emitter voltage.

Determine the resistor values for the network of Bi50 for the indicated operating EXAMPLE 4.22
point and supply voltage.

Solution
Ve = 1_10Vcc = %(20 V)y=2V
Ve _ Ve_ 2V

Re= E= 5= a-1ke
RCZE:VCC_VCE—VE= ZOV—].OV—ZV= 8V
lc lc 2 mA 2 mA
— 4 kQ
IB='E°=21%OA=13.33MA
RB_V_RB_VCC—VBE_VE_20V—O.7V—2V
g g - 13.33 A
= 1.3 MQ

Design of a Current-Gain-Stabilized
(Beta-Independent) Circuit

The circuit of Fig. 4.51 provides stabilization bhdor leakage and current gain (beta)
changes. The four resistor values shown must keraat for the specified operating
point. Engineering judgment in selecting a valuemitter voltageVe, as in the pre-
vious design consideration, leads to a direct dttbagward solution for all the re-
sistor values. The design steps are all demondtratthe next example.

1 LERY

S

J o
st

an

- " Biminy = E0

Figure 4.51 Current-gain-
stabilized circuit for design
considerations.

4.8 Design Operations
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EXAMPLE 4.23 Determine the levels &k, Rg, Ry, andR; for the network of Fig. 4.51 for the oper-
ating point indicated.

Solution

Ve = 1Vec = 10(20 V) = 2V
Ve _Ve_ 2V

= E=_"E_ = 2000
= 1.1, " 10m
R~ VR Vec—Vee— Ve 20V-8V-2V _ 10V
lc lc 10 mA 10 mA
=1kQ

Veg=Vge+Ve=07V+2V=27V

The equations for the calculation of the base t@s&; andR, will require a lit-
tle thought. Using the value of base voltage calad above and the value of the sup-
ply voltage will provide one equation—but there &&® unknownsR; andR.. An
additional equation can be obtained from an undedstg of the operation of these
two resistors in providing the necessary base gelt&or the circuit to operate effi-
ciently, it is assumed that the current throlghand R, should be approximately
equal and much larger than the base current (sit 1€¢l). This fact and the voltage-
divider equation for the base voltage provide the telationships necessary to de-
termine the base resistors. That is,

R, = TloﬁRE
R,
and Vg = —2—V,
B R +R, €

Substitution yields
R, = 15(80)(0.2 K2)

= 1.6 kQ
_ _ (1.6kQ)(20V)
Ve =27V R, + 1.6 kQ
and 2R, +4.32 K) = 32 k)

2.7R; = 27.68 K)

R; = 10.25 K2 (use 10 K2)

4.9 TRANSISTOR SWITCHING
NETWORKS

The application of transistors is not limited spléb the amplification of signals.
Through proper design it can be used as a switckdmputer and control applica-
tions. The network of Fig. 4.52a can be employedramverterin computer logic
circuitry. Note that the output voltadk. is opposite to that applied to the base or in-
put terminal. In addition, note the absence of auwuply connected to the base cir-
cuit. The only dc source is connected to the ctileor output side and for computer
applications is typically equal to the magnitudetiodé “high” side of the applied
signal—in this case 5 V.
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VCC=5V

AV Re & 0.82kQ A Ve
5V 5V
—O VC —
Rs
— o— AAN— hpg =125 et
ov. 68 kQ A oV

,_,
—~Y

@

IC (mA)
60 pA
7
leg 61 ml\e 50 pA
5 40 pA

4

30 pA
3

1 | | i | |\x'B=O“A >

1 2 1 3 4 5 Ver

-

20 A
F \ 10pA
f—

—>
VCESatE ov

Figure 4.52 Transistor inverter.

Proper design for the inversion process requiras the operating point switch
from cutoff to saturation along the load line depitin Fig. 4.52b. For our purposes
we will assume thdl: = Icgo = 0 mA whenlg = 0 wA (an excellent approximation
in light of improving construction techniques), down in Fig. 4.52b. In addition,
we will assume thaV¥ceg = Vg, = 0 V rather than the typical 0.1- to 0.3-V level.

WhenV; = 5V, the transistor will be “on” and the design mesture that the
network is heavily saturated by a levellgfgreater than that associated with tge
curve appearing near the saturation level. In 4&igR2b, this requires thag > 50 uA.
The saturation level for the collector current tioe circuit of Fig. 4.52a is defined by

V,
le., = % (4.45)
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The level oflz in the active region just before saturation rescits be approxi-
mated by the following equation: |
C

I ~ sa
e = B

For the saturation level we must therefore enshaeé the following condition is
satisfied:

lc

g >—= 4.46

B> g (4.46)

For the network of Fig. 4.52b, whé&f = 5V, the resulting level ofg is the fol-
lowing:

_w_ojv_SV—OJV

le= " T eska _ O3HA
Vee 5V
and Icsa‘_ﬁ_m:&l mA
Testing Eq. (4.46) gives
lc, 6.1mA
lg =63 uA > —= == = 48.8 uA
BT T B T 15 K

which is satisfied. Certainly, any level bf greater than 6@.A will pass through a
Q-point on the load line that is very close to thetigal axis.

ForV; =0V, Ilg =0 uA, and since we are assuming thats lcgo = 0 mA, the
voltage drop acrosB: as determined byr_. = IcRc = 0V, resulting inVe = +5V
for the response indicated in Fig. 4.52a.

In addition to its contribution to computer logibettransistor can also be em-
ployed as a switch using the same extremities@fdhd line. At saturation, the cur-
rentl¢ is quite high and the voltagé-g very low. The result is a resistance level be-
tween the two terminals determined by

Vee_,
Rsat |
sa
and depicted in Fig. 4.53.
C * lcsax
+ C
\, RO0Q
VCESHI = ‘ . ~ . .
_ Figure 4.53 Saturation condi-
E E tions and the resulting terminal

resistance.

Using a typical average value @§g_ such as 0.15 V gives

_Vee,,_ 015V
le,, 6.1MmA

which is a relatively low value arel 0 () when placed in series with resistors in the
kilohm range.

Rsat =24.60Q
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Figure 4.54 Cutoff conditions
and the resulting terminal resis-
tance.

ForV; = 0V, as shown in Fig. 4.54, the cutoff condition wékult in a resistance
level of the following magnitude:

Vee 5V
—_— — = Q
lceo O mMA *

resulting in the open-circuit equivalence. For pidgl value oflcgo = 10 uA, the
magnitude of the cutoff resistance is

— VCC — —
Rcutoff_ ICEO 10/JA 500 kQ

which certainly approaches an open-circuit equivedefor many situations.

Reutoff =

DetermineRg andR¢ for the transistor inverter of Fig. 4.551§_ = 10 mA. EXAMPLE 4.24
VCC= v
Y/ A Ve
10V 10V 10V
oV ov_ oV >
t t

Figure 4.55 Inverter for Example 4.24.

Solution

At saturation:

le. = Vee
sat RC
10V
and 10 mA= ——
Re
10V
that = =1 kQ
so tha Re=Toma
At saturation:
e, 10mA

lg = = =40 uA
B~ By 250 H

Choosinglg = 60 nA to ensure saturation and using

V,—07V
IB_T

4.9 Transistor Switching Networks
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V,—07v _10V-07V
lg  60uA
ChooseRg = 150 K2, which is a standard value. Then

_V,—07V _ 10V -07V _
ls = Rs 150k = 62 pA

lc..

ﬁdc
Therefore, usé&g = 150 k) andR: = 1 k.

= 155 K)

we obtain Rs =

and lg = 62 uA > =40 uA

There are transistors that are referred tevéisching transistorslue to the speed
with which they can switch from one voltage lewelthe other. In Fig. 3.23c the pe-
riods of time defined ak, tq, t,, andt; are provided versus collector current. Their
impact on the speed of response of the collecttpubus defined by the collector
current response of Fig. 4.56. The total time nexglifor the transistor to switch from
the “off” to the “on” state is designated &g and defined by

ton - tr + td (4.47)

with ty the delay time between the changing state of thatiand the beginning of
a response at the output. The time elemyestthe rise time from 10% to 90% of the
final value.

Transistor "on" Transistor "off"

100%— —
%~~~ T T

I 4

ton

Figure 4.56 Defining the time intervals of a pulse waveform.

The total time required for a transistor to switobm the “on” to the “off” state
is referred to a% and is defined by

toff = ts + tf (448)

wherets is the storage time artdthe fall time from 90% to 10% of the initial value.
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For the general-purpose transistor of Fig. 3.23g at 10 mA, we find that

ts= 120 ns

tg=25ns

t, =13 ns
and tr= 12 ns
so that ton=1 + ty =13 ns+ 25 ns= 38 ns
and tof = ts + tr = 120 ns+ 12 ns= 132 ns

Comparing the values above with the following pagters of a BSV52L switching
transistor reveals one of the reasons for choasiswitching transistor when the need
arises.

ton =12 ns and tof = 18 ns

4.10 TROUBLESHOOTING TECHNIQUES

The art of troubleshooting is such a broad topat thfull range of possibilities and
technigues cannot be covered in a few sectionshufok. However, the practitioner
should be aware of a few basic maneuvers and nmeasats that can isolate the prob-
lem area and possibly identify a solution.

Quite obviously, the first step in being able toutsteshoot a network is to fully
understand the behavior of the network and to Isawvee idea of the expected volt-
age and current levels. For the transistor in thiseregion, the most important mea-
surable dc level is the base-to-emitter voltage.

For an “on” transistor, the voltage Vgr should be in the neighborhood of
0.7 V.

The proper connections for measuriwig: appear in Fig. 4.57. Note that the pos-
itive (red) lead is connected to the base termfimabhn npn transistor and the nega-
tive (black) lead to the emitter terminal. Any raagtotally different from the ex-
pected level of about 0.7 V, such as 0, 4, or 12 Yiegative in value would be suspect
and the device or network connections should belate For gonp transistor, the
same connections can be used but a negative resldindd be expected.

A voltage level of equal importance is the colled¢tmemitter voltage. Recall from
the general characteristics of a BJT that level¥gfin the neighborhood of 0.3 V
suggest a saturated device—a condition that shmtl@xist unless being employed
in a switching mode. However:

For the typical transistor amplifier in the active region, Vg is usually about

25% to 75% of V.

ForVee = 20V, a reading oWz of 1 to 2 V or 18 to 20 V as measured in Fig
4.58 is certainly an uncommon result, and unlessvikmgly designed for this response
the design and operation should be investigatéd:df= 20 V (withVec = 20 V) at
least two possibilities exist—either the device TBJs damaged and has the

O3 Y = szdpmtion

0 % = shom-cirgis SIHie
(a2 I"'l'"l"'| STINATTHIN
MNormally & fow walls
O IiAe

:—.!_-,:_:_:,ﬂ

Figure 4.58 Checking the dc
level of V.

4.10 Troubleshooting Techniques

i & 07V S
= 03Y e
£
1=
|
gl

Vg

Figure 4.57 Checking the dc
level of V.
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o w20 characteristics of an open circuit between colleetod emitter terminals or a con-

& nection in the collector—emitter or base—emittecudt loop is open as shown in Fig.

- 4.59, establishingc at 0 mA andvg_ = 0 V. In Fig. 4.59, the black lead of the volt-

fo = {hmd l e Ty =0¥ meter is connected to the common ground of thelgupp the red lead to the bot-
e, e tom terminal of the resistor. The absence of a ctltecurrent and a resulting drop

'L:-F.::f.;.m = = acrossRc will result in a reading of 20 V. If the meter isrmected to the collector

/ . terminal of the BJT, the reading will be 0 V sinégc is blocked from the active de-
£ l: izl vice by the open circuit. One of the most commaorerin the laboratory experience

ek is the use of the wrong resistance value for angdesign. Imagine the impact of us-
ing a 680€) resistor forRg rather than the design value of 680.K-orVee = 20 V
and a fixed-bias configuration, the resulting baseent would be

| *

_20V-07V

| = 28.4 mA
B 680 O

Figure 4.59 Effect of a poor

connection or damaged device. rather than the desired 28§wA—a significant difference!

A base current of 28.4 mA would certainly place diesign in a saturation region
and possibly damage the device. Since actual oesiatues are often different from
the nominal color-code value (recall the commorrgoce levels for resistive ele-
ments), it is time well spent to measure a resis&dore inserting it in the network.
The result is actual values closer to theoretmeatls and some insurance that the cor-
rect resistance value is being employed.

There are times when frustration will develop. Yave checked the device on a
curve tracer or other BJT testing instrumentatiod & looks good. All resistor lev-
els seem correct, the connections appear solid fengroper supply voltage has been
applied—what next? Now the troubleshooter mustesttd attain a higher level of
sophistication. Could it be that the internal cartiom between the wire and the end
connection of a lead is faulty? How often has symplching a lead at the proper
point created a “make or break” situation betweemneations? Perhaps the supply
was turned on and set at the proper voltage butuhent-limiting knob was left in
the zero position, preventing the proper level afent as demanded by the network
design. Obviously, the more sophisticated the systbenbroader the range of pos-
sibilities. In any case, one of the most effectivetimods of checking the operation of
a network is to check various voltage levels wibpect to ground by hooking up the
black (negative) lead of a voltmeter to ground &odiching” the important termi-
nals with the red (positive) lead. In Fig. 4.60thé red lead is connected directly to
Vce, it should read/cc volts since the network has one common groundhfersup-
ply and network parameters. Xt the reading should be less, as determined by the
drop acrosfRc and Ve should be less thavi: by the collector—emitter voltagé-g.

o The failure of any of these points to register wivatlld appear to be a reasonable
: level may be sufficient in itself to define the iguconnection or element. Wg_ and
#R Vg, are reasonable values Bge is 0 V, the possibility exists that the BJT is dam-
= aged and displays a short-circuit equivalence betvosllector and emitter terminals.
§

(the difference of the two levels as measured gholre network may be in satura-
tion with a device that may or may not be defective

It should be somewhat obvious from the discusshwva that the voltmeter sec-
T tion of the VOM or DMM is quite important in theotbleshooting process. Current
% B, levels are usually calculated from the voltagelk@eross resistors rather than “break-
w

j As noted earlier, i¥g registers a level of about 0.3 V as definedvy = Ve — Ve
T
"4l

ing” the network to insert the milliammeter sectafra multimeter. On large schemat-

ics, specific voltage levels are provided with refge ground for easy checking and

identification of possible problem areas. Of coufse the networks covered in this
Figure 4.60 Checking voltage chapter, one must simply be aware of typical levatkin the system as defined by
levels with respect to ground. the applied potential and general operation ofréievork.
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All'in all, the troubleshooting process is a trust tef your clear understanding of
the proper behavior of a network and the abilitystiate problem areas using a few
basic measurements with the appropriate instrumenjgerience is the key, and that
will come only with continued exposure to practicatuits.

.

Based on the readings provided in Fig. 4.61, detegmihether the network is oper-
ating properly and, if not, the probable cause.

=1y

|
§ 3.8 kdd

g!.‘:!‘- (4
—

Er # = 100
T LLD
-

The 20 V at the collector immediately reveals that 0 mA, due to an open circuit

or a nonoperating transistor. The leveMgf = 19.85 V also reveals that the transis-

tor is “off” since the difference o¥cc — Vg, = 0.15 V is less than that required to

turn “on” the transistor and provide some voltageMe. In fact, if we assume a short

circuit condition from base to emitter, we obtaim tiollowing current througiRg:
Vee 20V

= R 2mka - (OAKA

which matches that obtained from
| — VR _ 1985V
e Rg  250kQ
If the network were operating properly, the basaanirshould be

Vee — Vee 20v—-0.7V 19.3V
lg = = = = 42.7 uA
Rs +(B+ 1)Re 250 K) + (101)(2 K2) 452 kQ)
The result, therefore, is that the transistor is maaaged state, with a short-circuit
condition between base and emitter.

Figure4.61 Network for Exam-
ple 4.25.

Solution

= 79.4 uA

EXAMPLE 4.25

Based on the readings appearing in Fig. 4.62, datermhether the transistor is “on”
and the network is operating properly.

4.10 Troubleshooting Techniques

EXAMPLE 4.26
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Figure 4.62 Network for
Example 4.26.

Ve
= r,
fa +*
* ' 7
i
Fr
+

Figure 4.63 pnp transistor in an
emitter-stabilized configuration.
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Solution

Based on the resistor values Rf and R, and the magnitude df-c, the voltage
Vg = 4 V seems appropriate (and in fact it is). The\B8.8t the emitter results in a
0.7-V drop across the base-to-emitter junctionhef transistor, suggesting an “on”
transistor. However, the 20 V at the collector révd¢hatl- = 0 mA, although the
connection to the supply must be “solid” or the 2@duld not appear at the col-
lector of the device. Two possibilities exist—thes be a poor connection between
Rc and the collector terminal of the transistor or tfamsistor has an open base-to-
collector junction. First, check the continuity aetcollector junction using an ohm-
meter, and if okay, the transistor should be chedlsiny one of the methods described
in Chapter 3.

4.11 PNP TRANSISTORS

The analysis thus far has been limited totallypa transistors to ensure that the ini-
tial analysis of the basic configurations was a&sarchs possible and uncomplicated
by switching between types of transistors. Fortelyathe analysis gbnptransistors
follows the same pattern establishedripntransistors. The level df is first deter-
mined, followed by the application of the approisttansistor relationships to de-
termine the list of unknown quantities. In fact, thiely difference between the re-
sulting equations for a network in which mpntransistor has been replaced byrg
transistor is the sign associated with particulzargities.

As noted in Fig. 4.63, the double-subscript notatontinues as normally de-
fined. The current directions, however, have beeersad to reflect the actual con-
duction directions. Using the defined polaritiesFig. 4.63, bothVge and Ve will
be negative quantities.

Applying Kirchhoff's voltage law to the base—emitteop will result in the fol-
lowing equation for the network of Fig. 4.63:

—lgRe + Vgg — IgRg + Vec = 0
Substitutingle = (B + 1)Ig and solving forlg yields

L= Vee + Vee
® Rst+ B+ DRe

The resulting equation is the same as Eq. (4.169mXor the sign fovgg. How-
ever, in this cas¥ge = —0.7 V and the substitution of values will resultlre same
sign for each term of Eq. (4.49) as Eq. (4.17).Keemind that the direction dg
is now defined opposite of that forpap transistor as shown in Fig. 4.63.

For Ve Kirchhoff's voltage law is applied to the collect@mitter loop, result-
ing in the following equation:

—leRe + Vee — IcRc + Vee = 0
Substitutinglg = I gives

(4.49)

Vee = —Vee + Ie(Re + Re) (4.50)

The resulting equation has the same format as4tP), but the sign in front of
each term on the right of the equal sign has clihn§mceVc will be larger than
the magnitude of the succeeding term, the voldgewill have a negative sign, as
noted in an earlier paragraph.
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DetermineVg for the voltage-divider bias configuration of F§64. EXAMPLE 4.27

Figure 4.64 pnp transistor in a
= voltage-divider bias configuration.
Solution
Testing the condition
BRe = 10R;

results in (120)(1.1R) = 10(10 KY)

132 K) = 100 K) (satisfied
Solving for Vg, we have

RVec _ (10kQ)(—18V) _
Ri+R, 47kQ + 10kQ

Note the similarity in format of the equation witte resulting negative voltage for
V.
Applying Kirchhoff’s voltage law around the base-ien loop yields

+Vg — Vege— V=0
and Ve = Ve — Vge
Substituting values, we obtain
Ve =-3.16 V- (-0.7V)
=-3.16V+0.7V
=—-2.46V

Note in the equation above that the standard siragld double-subscript notation is
employed. For ampn transistor the equatiovlz = Vg — Vge would be exactly the
same. The only difference surfaces when the vaoesubstituted.

The current

VB:

=316V

Ve 246V
= VE — = 2.24 mA
ET R 11KO m

For the collector—emitter loop:
—leRe + Vee — IcRc + Vee = 0
Substitutinglg = I and gathering terms, we have
Vee = —Vee + 1e(Re + Re)

4.11 PNP Transistors
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Substituting values gives
Vee = —18 V+ (2.24 mA)(2.4 I + 1.1 K)
=-18V+7.84V
= -=10.16 V

4.12 BIAS STABILIZATION

The stability of a system is a measure of the eitgiof a network to variations in
its parameters. In any amplifier employing a tratwsithe collector current is sen-
sitive to each of the following parameters:
B: increases with increase in temperature
Vgel: decreases about 7.5 mV per degree Celsius (°C) increase in temperature
Ico (reverse saturation current): doubles in value for every 10°C increase in
temperature

Any or all of these factors can cause the biastpoidrift from the designed point
of operation. Table 4.1 reveals how the level @f and Vge changed with increase
in temperature for a particular transistor. At roeemperature (about 25°QC}o =
0.1 nA, while at 100°C (boiling point of wateldo is about 200 times larger at 20
nA. For the same temperature variatigrincreased from 50 to 80 ante dropped
from 0.65 to 0.48 V. Recall th&f is quite sensitive to the level ¥, especially for
levels beyond the threshold value.

TABLE 4.1 Variation of Silicon Transistor
Parameters with Temperature

T (°O) Ico MA) B Vee(V)
—65 0.2x 1073 20 0.85
25 0.1 50 0.65
100 20 80 0.48
175 3.3x 16° 120 0.3

The effect of changes in leakage currégt) and current gaind) on the dc bias
point is demonstrated by the common-emitter cadlecharacteristics of Fig. 4.65a
and b. Figure 4.65 shows how the transistor coltecharacteristics change from a
temperature of 25°C to a temperature of 100°C. Nuwdé the significant increase in
leakage current not only causes the curves taotis@lso an increase in beta, as re-
vealed by the larger spacing between curves.

An operating point may be specified by drawing tireuit dc load line on the
graph of the collector characteristic and noting ithtersection of the load line and
the dc base current set by the input circuit. Asiteary point is marked in Fig. 4.65a
atlg = 30 nA. Since the fixed-bias circuit provides a baserenir whose value de-
pends approximately on the supply voltage and besistor, neither of which is af-
fected by temperature or the change in leakagewuar beta, the same base current
magnitude will exist at high temperatures as ingidan the graph of Fig. 4.65b. As
the figure shows, this will result in the dc biadnis shifting to a higher collector
current and a lower collector—emitter voltage opegapoint. In the extreme, the tran-
sistor could be driven into saturation. In any ¢dse new operating point may not

Chapter 4 DC Biasing—BJTs
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Figure 4.65  Shift in dc bias point (Q-point) due to change in temperature:
(a) 25°C; (b) 100°C.

be at all satisfactory, and considerable distorti@y result because of the bias-point
shift. A better bias circuit is one that will stibé or maintain the dc bias initially
set, so that the amplifier can be used in a chargingperature environment.
Stability Factors, S(Ico), S(Vgg), and S(f3)

A stability factor,S is defined for each of the parameters affectiras ltability as

listed below:
Slco) = ﬁllc‘; (4.51)

S(Vee) = AA\;;’E (4.52)

8= 45 (4.53)

In each case, the delta symba) Gignifies change in that quantity. The numerator
each equation is the change in collector currerdssablished by the change in the
quantity in the denominator. For a particular cgafation, if a change i fails to
produce a significant change lig, the stability factor defined b§(lcc) = Alc/Alco
will be quite small. In other words:
Networks that are quite stable and relatively insensitive to temperature varia-
tions have low stability factors.

In some ways it would seem more appropriate toidenshe quantities defined
by Egs. (4.51-4.53) to be sensitivity factors because:
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The higher the stability factor, the more sensitive the network to variations in
that parameter.

The study of stability factors requires the knowgedaf differential calculus. Our
purpose here, however, is to review the results efrttathematical analysis and to
form an overall assessment of the stability factorsaa few of the most popular bias
configurations. A great deal of literature is a&hle on this subject, and if time per-
mits, you are encouraged to read more on the subject

S(Ico): EMITTER-BIAS CONFIGURATION
For the emitter-bias configuration, an analysish& hetwork will result in

+ Re/Re
Slco) = (B + 1)(,8 + 1) + Ry/Re

(4.54)

For Re/Re > (B + 1), Eq. (4.54) will reduce to the following:

Slco) =B +1 (4.55)
as shown on the graph 8flco) versusRe/Re in Fig. 4.66.

Al Tl

Stakelity Fachor
(L PR
.--"'_--Fﬂ_ I.
a_,..-"“ 5=,5+L*{m.$!:'. l|]-.']
' E
P
."'-.'
i, Ry
y 'k-—'i{:lur | o = -'EHIJ
P [ £
F
¥ F 4
1 F 'J-F'-’- L] Figure 4.66 Variation of sta-
LI B+l Ry bility factor S(Ip) with the re-
5= 1 (for By . |] sistor ratio Rg/Rg: for the emit-
K, ter-bias configuration.

For Re/Re <€ 1, Eq. (4.54) will approach the following level (asown in Fig.
4.66):

1
Slco) = (B + 1) B -1 (4.56)

revealing that the stability factor will approadh lowest level aR:= becomes suffi-
ciently large. Keep in mind, however, that good biastml normally requires that
Rs be greater thaRg. The result therefore is a situation where thd bidility lev-
els are associated with poor design criteria. QIshg a trade-off must occur that
will satisfy both the stability and bias specificais. It is interesting to note in Fig.
4.66 that the lowest value &lcg) is 1, revealing thak: will always increase at a
rate equal to or greater thhmo.

For the range whergs/Re ranges between 1 anfl ¢ 1), the stability factor will
be determined by

o) = % (4.57)
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as shown in Fig. 4.66. The results reveal thatetinéter-bias configuration is quite
stable when the ratiBg/Re is as small as possible and the least stable wigesame
ratio approaches3(+ 1).

.

Calculate the stability factor and the changédrirom 25°C to 100°C for the tran-
sistor defined by Table 4.1 for the following emitbias arrangements.

(a) Re/Re = 250 Rs = 250Rg)

(b) Re/Re = 10 (Rs = 10Rg).

(c) Re/Re = 0.01 Re = 100RR).

Solution

(2) S(ICO)=(B+1>1+1+[F;B/+RBIRE
_ g 1+250) (251
1(51+25o> 301

= 42.53
which begins to approach the level defineddy 1 = 51.

Ale = [Slco)(Aleo) = (42.53)(19.9 nA)
= 0.85 pA

1+
(b) Sco) =(B+ 1) W%RBCRZERE

e (l+10)_ . /11
_51<51+ 10) _51<61>

=9.2
Alc = [SIcdl(A lco) = (9:2)(19.9 nA)
= 0.18 pA
+ Re/Re

(©) Sleo) =B+ 1775 RyRC
_5 1+0.01 _5 1.01
51 + 0.01 51.01
=1.01
which is certainly very close to the level of 1doast ifRs/Re < 1.

=20.1nA

Example 4.28 reveals how lower and lower levelg-gffor the modern-day BJT
transistor have improved the stability level of thasic bias configurations. Even
though the change il is considerably different in a circuit having idesibility
(S=1) from one having a stability factor of 42.53, theange inlc is not that sig-
nificant. For example, the amount of changedrrom a dc bias current set at, say,
2 mA, would be from 2 to 2.085 mA in the worst castjch is obviously small
enough to be ignored for most applications. Someepdransistors exhibit larger
leakage currents, but for most amplifier circuite thwer levels ol o have had a
very positive impact on the stability question.

FIXED-BIAS CONFIGURATION

For the fixed-bias configuration, if we multiply thep and bottom of Eq. (4.54)
by Re and then plug iRg = 0 (), the following equation will result:

Slco) =B+ 1 (4.58)

4.12 Bias Stabilization
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for the voltage-divider configura-
tion.
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Note that the resulting equation matches the maxinaalue for the emitter-bias
configuration. The result is a configuration witp@or stability factor and a high sen-
sitivity to variations inlco.

Voltage-Divider Bias Configuration

Recall from Section 4.5 the development of the ‘Enév equivalent network ap-
pearing in Fig. 4.67, for the voltage-divider biamfiguration. For the network of
Fig. 4.67, the equation f&lcc) is the following:

. 1+ Rp/Re
’(B+ 1) + Ri/Re

Note the similarities with Eq. (4.54), where it wdetermined tha§(lcg) had its
lowest level and the network had its greatest Bghvhen Rz > Rs. For Eq. (4.59),
the corresponding condition Re > Ry, or Ryy/Re should be as small as possible.
For the voltage-divider bias configuratioRy,, can be much less than the corre-
spondingRg of the emitter-bias configuration and still haveedfective design.

Slco) =(B+1 (4.59)

Feedback-Bias Configuration (Rg5 0 (2)

In this case,

1+ Re/R:
Sco) =(B+1) (B+ 1) + Re/Rc

(4.60)

Since the equation is similar in format to thataofsed for the emitter-bias and volt-
age-divider bias configurations, the same conclisiegarding the rati®z/Rc: can
be applied here also.

Physical Impact

Equations of the type developed above often fagravide a physical sense for why
the networks perform as they do. We are now awhtkeorelative levels of stability
and how the choice of parameters can affect theitsety of the network, but with-
out the equations it may be difficult for us to kip in words why one network is
more stable than another. The next few paragrafiempt to fill this void through
the use of some of the very basic relationshipscated with each configuration.

For the fixed-bias configuration of Fig. 4.68a, #wpiation for the base current is
the following:

g = Vee — Vee
Re

with the collector current determined by

If Ic as defined by Eq. (4.61) should increase due tmemease incq, there is
nothing in the equation fdi that would attempt to offset this undesirable iasee
in current level (assumingse remains constant). In other words, the levdlofould
continue to rise with temperature, withmaintaining a fairly constant value—a very
unstable situation.

For the emitter-bias configuration of Fig. 4.68bwewer, an increase it due
to an increase o will cause the voltag¥e = IeRe = IcRg to increase. The result
is a drop in the level dfz as determined by the following equation:
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S
_;_ Figure 4.68 Review of biasing
" managements and the stability
(m} i ] il factor S(I-p).
Vec — Vee — Ve !
gl = (4.62)
Re

A drop inlg will have the effect of reducing the levellgfthrough transistor ac-
tion and thereby offset the tendencyl gfto increase due to an increase in tempera-
ture. In total, therefore, the configuration is stichit there is a reaction to an increase
in | that will tend to oppose the change in bias coonli

The feedback configuration of Fig. 4.68c operatemiuch the same way as the
emitter-bias configuration when it comes to levafistability. If Ic should increase
due to an increase in temperature, the lev&ofwill increase in the following equa-
tion:

VCC - VBE - VRC 1
Re

and the level ofg will decrease. The result is a stabilizing effextdascribed for the
emitter-bias configuration. One must be aware thataction described above does
not happen in a step-by-step sequence. Rather isiimultaneous action to maintain
the established bias conditions. In other words, v instantlc begins to rise
the network will sense the change and the balareffegt described above will take
place.

The most stable of the configurations is the vatdiyider bias network of Fig.
4.68d. If the conditioBR: > 10R; is satisfied, the voltagez will remain fairly con-
stant for changing levels &§. The base-to-emitter voltage of the configurat®de-
termined byVge = Vg — Ve. If I should increaseyg will increase as described
above, and for a consta¥ig the voltageVge will drop. A drop inVge will establish
a lower level oflg, which will try to offset the increased level k.

S(Veg)
The stability factor defined by

Alc

SVee) =

will result in the following equation for the endttbias configuration:

-b

Vo) = R (B + DRe (@64

SubstitutingRe = 0 ) as occurs for the fixed-bias configuration will uksn

Ve =~ (4.65)
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Equation (4.64) can be written in the followingrfor
—BIRe
V =
SVed = RyRc+ (B + D)

Substituting the condition3(+ 1) > Rg/Re will result in the following equation
for Y(Vgp):

(4.66)

_ “BRe -BRe 1
S(VBE)=B+1= 5T R (4.67)

revealing that the larger the resistaigethe lower the stability factor and the more
stable the system.

196

EXAMPLE 4.29

Determine the stability factd®(Vgg) and the change ik from 25°C to 100°C for
the transistor defined by Table 4.1 for the follogvibias arrangements.

(a) Fixed-bias withRg = 240 K} and 8 = 100.

(b) Emitter-bias withRg = 240 K2, Re = 1 k), and8 = 100.

(c) Emitter-bias withRg = 47 k), Re = 4.7 K, and8 = 100.

Solution
(a) Eq. (4.65): YVep) = —é
_ 100
240 kQ)
= —0.417%x 1073
and Alc = [S(Vee)](AVger)

= (—0.417% 10 3)(0.48 V— 0.65 V)
= (—0.417X 10 3)(—0.17 V)
= 70.9 uA
(b) In this case,f + 1) = 101 andRg/Rz = 240. The conditiorf8 + 1) > Rg/Re is
not satisfied, negating the use of Eq. (4.67) awgirang the use of Eq. (4.64)

Eq. (4.64): SVeg) = Wﬁlﬂ

- —100 ___ 100
T 240 K + (101)1 KY T 341 kO
= —0.293x 1073

which is about 30% less than the fixed-bias value tb the additionald + 1)Re
term in the denominator of tH&Vgzg) equation.

Alc = [S(Vep)l(AVeE)
= (—0.293x10 3)(—0.17V)
= 50 uA

(c) In this case,

Rs  47kQ
+1)=101> 2 =
(B+1)=101 Re 4.7kQ

= 10 (satisfied
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Eq. (4.67): YVgg) = _E
1
T T 47kQ
= —0.212x 1072
and Alc = [S(\e)](AVeE)
=(—0.212x 10 3(—0.17 V)
= 36.04 nA

In Example 4.29, the increase of 78 will have some impact on the level of
lc,. For a situation wherk, = 2 mA, the resulting collector current will incredse

lc, = 2 MA + 70.9 uA
= 2.0709 mA

a 3.5% increase.

For the voltage-divider configuration, the levelRy¥ will be changed tdzr, in Eq.
(4.64) (as defined by Fig. 4.67). In Example 4.2@ tise ofRz = 47 K is a ques-
tionable design. HoweveRy, for the voltage-divider configuration can be tragdl or
lower and still maintain good design charactesstithe resulting equation f&Vgg)
for the feedback network will be similar to thatkd. (4.64) withRe replaced byRc..

S(@)

The last stability factor to be investigated istthbS8). The mathematical de-
velopment is more complex than that encountere&fep) andS(Vgg), as suggested
by the following equation for the emitter-bias dgofation:

_ Al _ lc,(1 + Re/Re)
AB  Bi(1+ B>+ Re/Re)

The notationlc; and B, is used to define their values under one set ofiort
conditions, while the notatioB, is used to define the new value of beta as estab-
lished by such causes as temperature change, gariatp for the same transistor,
or a change in transistors.

SB) (4.68)

Determinel, at a temperature of 100°Cli§, = 2 mA at 25°C. Use the transistor EXAMPLE 4.30
described by Table 4.1, whefz = 50 andB, = 80, and a resistance rafy/Rz of

20.
Solution
_ (1 + Re/Re)

= (4.68) = Bt B + RaRD
_ (2X107°)(1+20) 42x10°°
~ (50)(1+80+20) 5050
=8.32x 10°°

and Al = [S(B)][AB]
= (8.32%x 10 %)(30)
= 0.25 mA
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In conclusion therefore the collector current clehfrom 2 mA at room tempera-
ture to 2.25 mA at 100°C, representing a change2d§%.

The fixed-bias configuration is defined B{B) = I /B, andRg of Eq. (4.68) can
be replaced bRy, for the voltage-divider configuration.
For the collector feedback configuration with = 0 (),

_ ICl(RB + RC)
SB) = Bi(Rs + Re(L + B2)

(4.69)

Summary

Now that the three stability factors of importatave been introduced, the total ef-
fect on the collector current can be determinedgistie following equation:

Alc = Slco)Alco + SVee)AVee + SB)AB (4.70)

The equation may initially appear quite complex, falie note that each compo-
nent is simply a stability factor for the configtioam multiplied by the resulting change
in a parameter between the temperature limits tefést. In addition, thdl. to be
determined is simply the changeliifrom the level at room temperature.

For instance, if we examine the fixed-bias configjora Eq. (4.70) becomes the
following:

|
Ale = (8 + DAleo — éAVBE + T%AB 4.71)

after substituting the stability factors as derivedhis section. Let us now use Table
4.1 to find the change in collector current foemperature change from 25°C (room
temperature) to 100°C (the boiling point of wat&Qr this range the table reveals that

Alco=20nA—- 0.1 nA=19.9 nA
AVge =048 V- 0.65V= —0.17V (note the sign)
and AB=80—-50=30

Starting with a collector current of 2 mA with &g of 240 K, the resulting
change in¢ due to an increase in temperature of 75°C is thewing:

50 2 mA
240 kQ( 0.17V) 50

= 1.01pA + 35.42uA + 1200 uA
= 1.236 mA

which is a significant change due primarily to treange inB. The collector current
has increased from 2 to 3.236 mA—but this was ewgen the sense that we rec-
ognize from the content of this section that thedibias configuration is the least
stable.

If the more stable voltage-divider configuration reveemployed with a ratio
Rrw/Re = 2 andRg = 4.7 kQ), then

Slco) =2.89, Ve =-02x10"3  gB)=1.445%x 10 °
and  Alc =(2.89)(19.9 nAy>- 0.2 X 10 3(—0.17 V) + 1.445% 10 5(30)
= 57.51 nA+ 34 uA + 43.4 A
= 0.077 mA

Al = (50 + 1)(19.9 nA)—

(30)
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The resulting collector current is 2.077 mA, or esisdly 2.1 mA, compared to
the 2.0 mA at 25°C. The network is obviously a gl more stable than the fixed-
bias configuration, as mentioned in earlier disaussi In this case&yB) did not over-
ride the other two factors and the effectsSPfsg) and SIco) were equally impor-
tant. In fact, at higher temperatures, the effect§(fo) and SVge) will be greater
thanS(B) for the device of Table 4.1. For temperature®we?5°C, | will decrease
with increasingly negative temperature levels.

The effect ofYI¢o) in the design process is becoming a lesser cortecause
of improved manufacturing techniques that contitwewer the level ofco = lcgo
It should also be mentioned that for a particutansistor the variation in levels of
lceo andVge from one transistor to another in a lot is almasgligible compared to
the variation in beta. In addition, the results of the analysis above support the fact that
for a good stabilized design:

The ratio Rp/Rg or Ry/Rg should be as small as possible with due considera-
tion to all aspects of the design, including the ac response.

Although the analysis above may have been clougedome of the complex
equations for some of the sensitivities, the purgese was to develop a higher level
of awareness of the factors that go into a gooideand to be more intimate with
the transistor parameters and their impact on #teark’s performance. The analy-
sis of the earlier sections was for idealized situs with nonvarying parameter val-
ues. We are now more aware of how the dc respdnige @lesign can vary with the
parameter variations of a transistor.

4.13 PSPICE WINDOWS

Voltage-Divider Configuration

The results of Example 4.7 will now be verifiedngPSpice Windows. Using meth-
ods described in previous chapters, the networkigpf 469 can be constructed. Re-
call that the transistor can be found in ®&€AL.slb library, the dc source under
SOURCE.slb,and the resistor und&NALOG.slb. The capacitor will also appear
in the ANALOG.slb library. ThreeVIEWPOINTS appear in Fig. 4.69 as obtained
from theSPECIAL.slb library. The collector current will be sensed by IRROBE
option, also appearing in tt®PECIAL.slb library. Recall that a positive result is ob-
tained forIPROBE if the direction of conventional current enterstteme of the
symbol with the internal curve representing thdescd the meter. We will want to
set the value of beta for the transistor to maket of the example. This is accom-

- 7~
/
*__ 824 22uA
VCC =22V RC <10k
i R1S 30k 13.76V
1 1.947V a1
_ ¢ Q2N2222 1259V
R2 = 3.9k

Figure 4.69 Applying
l - PSpice Windows to the

voltage-divider configu-
= ration of Example 4.7.
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plished by clicking on the transistor symbol (tadaib the red outline) followed by
Edit-Model-Edit Instance Model (text) to obtain theModel Editor. Then Bf is
changed to 140 to match the value of Example 4igk ©K, and the network is set
up for the analysis.

In this case, since we are only interested in theedponse, thBrobe Setupun-
der Analysis should enabldo not auto-run Probe. It will save us from having to
deal with the Probe response before viewing theuiutle or screen. The sequence
Analysis-Simulatewill result in the dc levels appearing in Fig. 4.8éich closely
match those of Example 4.7. The collector-to-emittdtage is 13.76 V- 1.259 V
= 12.5V, versus 12.22 V of Example 4.7, and the ctlecurrent is 0.824 mA, ver-
sus 0.85 mA. Any differences are due to the faat tte are using an actual transis-
tor with a host of parameters not considered inamalysis. Recall the difference in
beta from the specification value and the valuaioked from the plot of the previ-
ous chapter.

Since the voltage-divider network is one that iedge a low sensitivity to changes
in beta, let us return to the transistor and replhedeta of 140 with the default value
of 225.9 and examine the results. The analysisredult in the dc levels appearing
in Fig. 4.70, which are very close to those of Bigh9.

. 7~
/
M 831.48uA
VCC —22v RC =10k
} R1 < 39k 13.65V
A1 1.955V a1
¢ Q2N2222 1266V
R2 = 3.9k

Figure 4.70 Re-
sponse obtained
after changing 8
from 140 to 255.9
for the network of
Figure 4.69.

e
L

The collector-to-emitter voltage is 13.69-V1.266 V= 12.42 V, which is very
close to that obtained with a much lower beta. ddlkector current is actually closer
to the hand-calculated level, 0.832 mA versus 0.86 There is no question, there-
fore, that the voltage-divider configuration demoatgs a low sensitivity to changes
in beta. Recall, however, that the fixed-bias cornigjon was very sensitive to changes
in beta, and let us proceed with the same type alfyais for the fixed-bias configu-
ration and compare notes.

Fixed-Bias Configuration

The fixed-bias configuration of Fig. 4.71 is fromxdnple 4.1 to permit a compari-
son of results. Beta was set to 50 using the proeedescribed above. In this case,
we will use aVIEWPOINT to read the collector-to-emitter voltage and enadbée
display of bias currents (using the icon with taggé capital). In addition, we will
inhibit the display of some bias currents usingito: with the smaller capitaland
the diode symbol. The final touch is to move sorhthe currents displayed to clean
up the presentation.
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Figure 4.71 Fixed-bias configuration
with a 8 of 50.

A PSpice analysis of the network will result in tlegels appearing in Fig. 4.71.
These are a close match with the hand-written isolutvith the collector voltage at
6.998 V versus 6.83 V, the collector current at 2.274 mA versus 2.35 mA, and the
base current at 47.38A versus 47.08.A.

Let us now test the sensitivity to changes in lbgtahanging to the default value
of 255.9. The results appear in Fig. 4.72. Notedfanatic drop inve to 0.113 V
compared to 6.83 V and the significant risdgnto 5.4 mA versus the solution of
2.35 mA. The fixed-bias configuration is obviouskgry beta-sensitive.

VCC — 12v

RC < 2.2k
RB < 240k 113.25mV

Q2N2222

Figure 4.72 Network of Figure 4.71
= with a B of 255.9.

4.13 PSpice Windows

201



8 4.3 Fixed-Bias Circuit

PROBLEMS
1. For the fixed-bias configuration of Fig. 4.73, detare:
(@) lgg
(b) lcg, R
(©) Vce, i
(d) Ve. '
(e) Ve |
M) Ve 1760
47 kil
b )
s =
Figure 4.73 Problems 1, 4, 11,
47,51, 52,53
12v 2. Given the information appearing in Fig. 4.74, deteen
@) le.
}re (b) Re.
(©) Re.
. Re (d) Vee
? 3. Given the information appearing in Fig. 4.75, defeen
——o V=6V
+ @) lc.
(b) Ve
Vee [B=80 © B
Ig=40uA — (d) Re. T
= g 3 hiE
Figure 4.74 Problem 2
+
'IE‘_ Niah -
L* Ip =4 mA
= Figure 4.75 Problem 3

4. Find the saturation currentic( ) for the fixed-bias configuration of Fig. 4.73.

* 5. Given the BJT transistor characteristics of Fig64.

(a) Draw a load line on the characteristics detegahibyE = 21 V andR- = 3 k() for a fixed-
bias configuration.

(b) Choose an operating point midway between cuwoéf saturation. Determine the value of
Rg to establish the resulting operating point.

(c) What are the resulting valueslgf, andVcg,?

(d) What is the value g8 at the operating point?

(e) What is the value af defined by the operating point?

() What is the saturatiori{ ) current for the design?

(g) Sketch the resulting fixed-bias configuration.

(h) What is the dc power dissipated by the devicihatoperating point?

(i) What is the power supplied By-c?

(i) Determine the power dissipated by the resistianents by taking the difference between
the results of parts (h) and (i).

202 Chapter 4 DC Biasing—BJTs



TN MY

M pa 15 ki
LATTE
Figure 4.77 Problems 6, 9, 11,
20 A 20, 24, 48, 51, 54
ml.m..
| f =0 LA 12V
X e — R T
0 5 10 5 Y 2 w Vg (V) — 1= ] lz""‘

Figure 4.76 Problems 5, 10, 19, 35, 36

8 4.4 Emitter-Stabilized Bias Circuit

6. For the emitter-stabilized bias circuit of Fig. 4, fletermine:
(@) lgg
(b) Ty
(€) Vce,
(d) Ve.
(€) Va. Figure 4.78 Problem 7
® Ve
7. Given the information provided in Fig. 4.78, detammi
(@) Re.
(b) Re.
(©) Re.
(d) Vce
(e) Ve
8. Given the information provided in Fig. 4.79, detemmi
(a B
(b) Vec
(©) Re.
9. Determine the saturation curretg () for the network of Fig. 4.77.

* 10. Using the characteristics of Fig. 4.76, determire ftiilowing for an emitter-bias confi
uration if aQ-point is defined atc, = 4 mA andVcg, = 10 V.

(@) Rcif Vec =24V andRg = 1.2 K.

(b) B at the operating point.

(¢) Re.

(d) Power dissipated by the transistor.

(e) Power dissipated by the resisRy. Figure 4.79 Problem 8
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Figure 4.80 Problems 12, 15,
18, 20, 24, 49, 51, 52, 55
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*11.

12.

13.

14.

(a) Determindc andVg for the network of Fig. 4.73.

(b) ChangeBto 135 and determine the new valud @and Vg for the network of Fig. 4.73.

(c) Determine the magnitude of the percent chande end Vg using the following equa-
tions:

IC(pan b) |C(parl a) VCE(par( b) VCE(pan a)

%Al = ‘ X 100%

X 100%, O/UAVCE = ‘

I Cepart a) VCE(pan a)

(d) Determinelc and Vg for the network of Fig. 4.77.

(e) ChangeB to 150 and determine the new valud @&ndVg for the network of Fig. 4.77.

(f) Determine the magnitude of the percent changk: iand Vg using the following equa-
tions:

IC(parl e IC(pan d) VCE(par( e VCE(par( d)

%Al = X 100%

| C(part d) VCE(parl d)

X 100%,  YAVee = ‘

(g) In each of the above, the magnitudeBafas increased 50%. Compare the percent change
in Ic andVcg for each configuration, and comment on which seentsetless sensitive to
changes inB.

§ 4.5 Voltage-Divider Bias

For the voltage-divider bias configuration of Fg80, determine:
@) gy
(b) e,
(€) Vece,
(d) Ve
(e) Ve
(f) Ve
Given the information provided in Fig. 4.81, detammi
@ le.
(b) Ve
(€) Ve.
(d) Ry
Given the information appearing in Fig. 4.82, detaen
@) lc.
(b) Ve
(€) Vee
(d) Vce.
(e) Ve.
f R
— T —i 1R W 2.7 ki
4.7 kbl ; ! ; W
§ + ik L
+—u|.;_—..|_1"-.' —_— |:'l.:illl
—n §|, 2 kL)
4 k0 § i.2 kik
g LI k]
Figure 4.81 Problem 13 Figure 4.82 Problem 14
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15. Determine the saturation currem¢ () for the network of Fig. 4.80.

» 16. Determine the following for the voltage-divider digiration of Fig. 4.83 using the approxi-
mate approach if the condition established by E®J) is satisfied.
@) lc.
(b) Vce
(c) lg.
(d) Ve
(e) Ve
* 17. Repeat Problem 16 using the exact (Thévenin) appread compare solutions. Based on the
results, is the approximate approach a valid arabgsihnique if Eq. (4.33) is satisfied?

18. (a) Determindc,, Vce,, andlg, for the network of Problem 12 (Fig. 4.80) using #pgorox-
imate approach even though the condition estaldislyeEq. (4.33) is not satisfied.
(b) Determinelc,, Vcg, andlg, using the exact approach.

standing by Eq. (4.33) when determining which apphoto employ.

II':"'.

I; i
R

(c) Compare solutions and comment on whether tiferdiice is sufficiently large to require =

«19. (a) Using the characteristics of Fig. 4.76, deterniRaeand Re for a voltage-divider network gilgure 4.83  Problems 16, 17,

having aQ-point of Ic, = 5 mA andVcg, = 8 V. UseVec = 24 V andRc = 3Re.

(b) Find V.

(c) DetermineVg.

(d) FindR, if Ry = 24 k() assuming thaBRg > 10R,.

(e) Calculateg at theQ-point.

(f) Test Eg. (4.33), and note whether the assumpifgpart (d) is correct.

* 20. (@) Determindc andVcg for the network of Fig. 4.80.

(b) ChangeBto 120 (50% increase), and determine the new valtigsandVcg for the net-
work of Fig. 4.80.

(c) Determine the magnitude of the percent chande &nd Vg using the following equa-
tions:

VeEpan = VeEpan o

VeEpan o

lC(pan by IC(pan a)

%Alc = X 100%, YAV = X 100%

l Cpart a)

(d) Compare the solution to part (c) with the s@n$ obtained for parts (c) and (f ) of Prob-
lem 11. If not performed, note the solutions prodidie Appendix E.
(e) Based on the results of part (d), which confijarais least sensitive to variations @7

* 21. (a) Repeat parts (a) through (e) of Problem 20Herrtetwork of Fig. 4.83. Changkto 180
in part (b).
(b) What general conclusions can be made about retvio which the conditioBRg > 10R,
is satisfied and the quantitiegsandVg are to be determined in response to a change in

§ 4.6 DC Bias with Voltage Feedback

22. For the collector feedback configuration of Fig84i.determine:
@) lp. v
(b) lc.

(c) Ve
23. For the voltage feedback network of Fig. 4.85, deiee: 2" 2l
o
@) le. FUFkL 23 kel b

(b) Ve. AAA
(c) Ve

(d) Vce iuF

5uF | -

WHi+

1.5 ki —_— 0l

4

Figure 4.85 Problem 23

Problems

L

Figure 4.84 Problems 22, 50,

56
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* 24,

25.

* 26.

470 kil
AR

+ Y

¥
%'JI kgl
JE

. K] L
S0 kll
Figure 4.86 Problem 24
27.
* 28.
2 AW
A5 kD
a6 k0
I—W——u V=AY
¥

=

Figure 4.89 Problem 27
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Determine the level dt and Ve for the network of Fig. 4.86.
ChangeB to 135 (50% increase), and calculate the new lesfels and V.
Determine the magnitude of the percent chande amdVg using the following equations:

(a)
(b)
(c)
VCE(parl by VCE(parl a)

IC(par[ by IC(pan a)

%Alc = X 100% %AV g = X 100%

I Cpart a) VC Epart a)

Compare the results of part (c) with those atifems 11(c), 11(f ), and 20(c). How does
the collector-feedback network stack up againstatfier configurations in sensitivity to
changes irg?

Determine the range of possible values\grfor the network of Fig. 4.87 using the 1¢Mpo-
tentiometer.

(d)

GivenVg = 4V for the network of Fig. 4.88, determine:
(@) Ve
(b) lc.
(c) Ve
(d) Vce
(e) lg.
® B
AT
4.7 Kk Pl ¥
e |
—Ay—t——0
- o
A — s Vp=d W
|
At Ak § 1.2 ki
¥

Figure 4.87 Problem 25 Figure 4.88 Problem 26

§ 4.7 Miscellaneous Bias Configurations

GivenV¢ = 8 V for the network of Fig. 4.89, determine:
(@) ls.

0) lc.

(c) B.

(d) Vee

For the network of Fig. 4.90, determine:

@) lg.
(b) lc.
(€) Vce
(d) Ve.

o+IBY

12 ki

Figure 4.90 Problem 28
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* 29.

* 30.
* 31.

IR ¥

550 kil

For the network of Fig. 4.91, determine:

@ le

(b) lc.

(c) Ve

(d) Vce.

Determine the level 0¥z andlg for the network of Fig. 4.92.
For the network of Fig. 4.93, determine:

@) lg
(b) Vc.
(¢) Vce By

130 kil -‘I.- 8V

A=t 2.2kQ

le
% 1.2 kLl 1.8k0Q

a-h¥ 0V

— Ve +

Figure 4.91 Problem 29 Figure 4.92 Problem 30 Figure 4.93 Problem 31

32.

33.

34.

§ 4.8 Design Operations

DetermineR: andRg for a fixed-bias configuration ¥ec = 12V, 8 = 80, andlc, = 2.5 mA
with Vcg, = 6 V. Use standard values.

Design an emitter-stabilized networklat = 3lc., andVce, = Ve UseVee = 20V, I, =
10 mA, B = 120, andR: = 4Re. Use standard values.

Design a voltage-divider bias network using a sympl24 V, a transistor with a beta of 110,
and an operating point 0f, = 4 mA andVcg, = 8 V. ChooseVg = $Vcc. Use standard val-
ues.

. Using the characteristics of Fig. 4.76, design daga-divider configuration to have a satura-

tion level of 10 mA and &-point one-half the distance between cutoff andratitn. The
available supply is 28 V, and: is to be one-fifth ofVcc. The condition established by Eg.
(4.33) should also be met to provide a high stighififictor. Use standard values.

§ 4.9 Transistor Switching Networks

. Using the characteristics of Fig. 4.76, determireeappearance of the output waveform for the

network of Fig. 4.94. Include the effects\tfe_, and determinég, lg__, andlc_, whenV; =
10 V. Determine the collector-to-emitter resistaatsaturation and cutoff.

. Design the transistor inverter of Fig. 4.95 to epemwith a saturation current of 8 mA using a

transistor with a beta of 100. Use a levelgpéqual to 120% ofg__ and standard resistor val-

ues. oV >V
AV, 2.4kQ AV Re
Vo
10V 180 kQ 5V Vo
i Re
Vi B =100
ov R oV
Y = -
t =
Figure 4.94 Problem 36 Figure 4.95 Problem 37
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38. (@) Using the characteristics of Fig. 3.23c, deteemin andt.¢ at a current of 2 mA. Note
the use of log scales and the possible need to teféection 11.2.
(b) Repeat part (a) at a current of 10 mA. How higy@ndt,; changed with increase in col-
lector current?
(c) For parts (a) and (b), sketch the pulse wavefoftfig. 4.56 and compare results.
§ 4.10 Troubleshooting Techniques
* 39. The measurements of Fig. 4.96 all reveal that #tevark is not functioning correctly. List as
many reasons as you can for the measurements edbtain

a3 Y & 0y eIy

e - PEE A

; ga'n; e 4 TELD
200 ki 17 kD 40 kLl

g (1 7% '
%I.‘k!! 12 kid
.

&) thi (v
Figure 4.96 Problem 39

* 40. The measurements appearing in Fig. 4.97 reveattieabetworks are not operating properly.
Be specific in describing why the levels obtaineflect a problem with the expected network
behavior. In other words, the levels obtained réfeewery specific problem in each case.

TlGV TlGV

3.6kQ 3.6kQ
91kQ

§91 kQ

Vg=9.4V

B =100 2.64 \/ B =100

4V
g 18kQ g 18kQ
© ) #as m 16 Y 1.2ka 1.2kQ
i
b Ap kil -l— -l—
40 kil - -
(a) (b)
Lnt Figure 4.97 Problem 40
41. For the circuit of Fig. 4.98:
T (&) DoesVc increase or decreaseRf is increased?
; (b) Doeslc increase or decreaseffis reduced?
= (c) What happens to the saturation currerg i§ increased?
(d) Does the collector current increase or decrdaggc is reduced?
Figure 4.98 Problem 41 (e) What happens tdcg if the transistor is replaced by one with smaper
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42. Answer the following questions about the circuitFad. 4.99.

open?
(e) What voltagé/ce would result if the transistor base—emitter junetiails by becoming a
short?
Hipgp= Y
L]
—_—
I*I
[ 10k
75 ki | Vop=»18¥
— V- &
¥
—_— = &0 R
| #y 37kl
Ry 1Y 10 ki
10 ki Rz — AP —
1.2 kg2
t g—wn
- Figure 4.99 Problem 42
* 43. Answer the following questions about the circuitFad. 4.100. 7"
(@) What happens to the voltage if the resistorRg is open? R
(b) What should happen ¢ if 8 increases due to temperature?
A . o . 1.8 k£
(c) How will Vg be affected when replacing the collector resistith wne whose resistance
is at the lower end of the tolerance range? +
(d) If the transistor collector connection becompsrg what will happen tvg?
(e) What might caus¥.g to become nearly 18 V? Figure 4.100 Problem 43
8§ 4.11 PNP Transistors
44. DetermineVg, Vg, andlc for the network of Fig. 4.101.
45. DetermineVc andlg for the network of Fig. 4.102.
46. Determinelg andV for the network of Fig. 4.103.
1V
- | g 11 %10
E & 810
r—i- " bz
| & L. [
g‘liili -2 +H ¥ 3.5 kil M
i e A ——
§FI.IE1! | " E= i
|_ 1 o 10 075 kid {
14 Rl
| - 1 b 13
- !
Figure 4.101 Problem 44 Figure 4.102 Problem 45 Figure 4.103  Problem 46

(@) What happens to the voltafe if the transistor is replaced by one having a lakgdue
of g?

(b) What happens to the voltaygg if the ground leg of resistd®s, opens (does not connect
to ground)?

(c) What happens th- if the supply voltage is low?

(d) What voltageVce would occur if the transistor base—emitter junctfaits by becoming
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47.

* 48,

* 49,

* 50.

* 51,

* 52.

53.
54.
55.
56.

8 4.12 Bias Stabilization

Determine the following for the network of Fig. 3.7

(@) Slco)-

(b) Veg)

(c) §(B) usingT, as the temperature at which the parameter valgesparcified ang(T,) as
25% more tharB(Ty).

(d) Determine the net changelinif a change in operating conditions resultddg increas-
ing from 0.2 to 1QuA, Ve drops from 0.7 to 0.5V, and increases 25%.

For the network of Fig. 4.77, determine:

(@) Hlco)-

(b) XVep)

(c) S(B) usingT; as the temperature at which the parameter valgesparcified an@(T,) as
25% more tharg(Ty).

(d) Determine the net changelinif a change in operating conditions resultddg increas-
ing from 0.2 to 1QuA, Vge drops from 0.7 to 0.5V, anfl increases 25%.

For the network of Fig. 4.80, determine:

(@) Hlco)

(b) SVep).

(c) S(B) usingT; as the temperature at which the parameter val@esparcified ang@(T,) as
25% more tharB(Ty).

(d) Determine the net changeligif a change in operating conditions resultddg increas-
ing from 0.2 to 1QuA, Vge drops from 0.7 to 0.5V, anf increases 25%.

For the network of Fig. 4.89, determine:

(@) Slco)-

(b) SVeg).

(c) §(B) usingT, as the temperature at which the parameter valgesparcified ang(T,) as
25% more tharB(Ty).

(d) Determine the net changelinif a change in operating conditions resultddg increas-
ing from 0.2 to 1QuA, Vge drops from 0.7 to 0.5V, and increases 25%.

Compare the relative values of stability for Proide47 through 50. The results for Exercises
47 and 49 can be found in Appendix E. Can any @géreemclusions be derived from the re-
sults?

(@) Compare the levels of stability for the fixe@dbiconfiguration of Problem 47.

(b) Compare the levels of stability for the voltadjeider configuration of Problem 49.

(c) Which factors of parts (a) and (b) seem to haeemost influence on the stability of the
system, or is there no general pattern to the &&ult

§ 4.13 PSpice Windows

Perform a PSpice analysis of the network of Fig34That is, determink., Vg, bandlg.
Repeat Problem 53 for the network of Fig. 4.77.
Repeat Problem 53 for the network of Fig. 4.80.
Repeat Problem 53 for the network of Fig. 4.84.

*Please Note: Asterisks indicate more difficult pevbs.
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