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I ntroduction

Biasing is the operation of setting an operating point within an operating range. This
operating point isthe AC zero point and istypically offset (i.e. biased) from ground
because most devices have only unipolar operation and some offset from ground is
necessary to permit an AC signal to have both positive and negative swing about the
operating point. The purpose of bias design is to set the collector current of atransistor to
a specific value and keep deviations due to temperature and beta variations to a specified
minimum. This note is the derivation of how to perform this design and covers common-
base, common-emitter, and common-collector circuits. Other notes discuss how to
determine proper bias conditions — a complicated process. This noteisonly for the
design implementation of those calculations— an easy process. For this note the given
values are:

v" Vcc  Themain power supply voltage.

v e The chosen value for collector current (only for common-emitter and
common-base designs)

v Vgg A specified value typically for low-gain common-emitter amplifiers — if
not specified then the appropriate value is determined from these notes

v Veg Thetarget value of emitter voltage for common-collector designs only
v Re The chosen value of Re (only for common-collector designs)

v" Tmax The maximum temperature in C that the circuit must operatein

v Tmin The minimum temperature in C that the circuit must operatein

v Kt The maximum allowable ratio of maximum to minimum collector current
over the specified temperature range

v" Bmax The maximum betathat the transistor might have
v Bmin The minimum betathat the transistor might have

v Kg The maximum allowable ratio of maximum to minimum collector current
over the specified betarange

Design israrely aunique calculation. There are anumber of approaches to bias design
which produce somewhat different results. The approach presented here is one way to
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achieve agood design. This particular approach has the advantage of being very
methodical and not requiring any iteration. Considerable explanation is provided to assist
the student in learning the design process. A key point the student should grasp isthe use
of ratios to simplify what would otherwise be some very complicated algebra.

Unfortunately, there are a number of design-by-rule-of-thumb procedures for biasing a
transistor. These procedures may work aright for certain problems but will likely fail in
others. The procedures usually do not provide you with any indication that failureis
occurring so you find out the hard way after the circuit isbuilt and tested. The procedure
presented here does not depend on any rule of thumb. Y ou have complete control over
every aspect and you can follow this procedure with confidence that the result will work
as specified.

This particular method is ssimple and ignores the effects of I (collector to base leakage
current) and Early voltage (finite collector output resistance). These are generally small
effects that this course is too short to have time to consider. When Ico is significant, the
correct action is to reduce the ratio, (Rs/Rg). When the Early voltage isimportant, it will
dightly ater how the collector bias voltage, Vcq, is chosen.

Thecircuit
The circuit used for this procedure will be the simple case where a single power supply,

Ve, isused as shown in Figure 1. It is easy to extend this procedure to handle situations
where more than one power supply voltageis used.

] Vcc,
RB} Re ~ coold be zero
Ve
Veq *
VEQ
Re2 Re

Figure 1: General circuit for BJT biasing
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Definitions:
lc the collector current of the transistor
Is the base current of the transistor
le the emitter current of the transistor
Vc  thevoltage between the collector of the transistor and ground
Vg  thevoltage between the base of the transistor and ground
Ve  thevoltage between the emitter of the transistor and ground
Vge theforward voltage across the base-emitter junction, typically around 0.65 Volts
B the beta of the transistor

Vgg the Thevenin open circuit voltage of the voltage divider, Rg; and Rg;
Rs the Thevenin parallel resistance of Rg; and Rg2

The key analytic equation (see BJT Bias Analysis) we reverse for design is:

Re * (B+1)/B + Re/B

Design for temperatur e stability

Thefirst step in bias design is establishing the temperature stability of the collector
current. At typical operating currents, Vge has atemperature coefficient of about -0.0022
Volts per degree C. It will be higher or lower than this depending on the collector current
but there is not time to consider thisin this course. Thetypica value provides very good
results. Thus, if the temperature of the environment the transistor is operating in
increases 10 degrees C, then Vge will drop by 0.022 Volts. Thisin turn will cause the
collector current to increase and the collector voltage to drop (assuming Rc isnot 0). The
maximum collector current, Icmax, occurs at the maximum operating temperature. The
minimum collector current, Icmin, occurs at the minimum operating temperature. With
the appropriate choice of Vgg, the variation in collector current can be held to within
acceptable limits. The minimum and maximum temperature that the transistor amplifier
will operate in must be specified or established.

Tmin the minimum operating temperature in degrees C
Tmax the maximum operating temperature in degrees C

Y ou may either be given thisinformation or (more likely) you may have to determine it
yourself. The following table provides some rough guidelines to assist you in choosing a
Tmin and Tmax if they are not specified to you.
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Tmin_Tmax_Environment
10 40 if the amplifier will operate only in an environment occupied by people
0 50 if the amplifier will operate indoors only
-40 65 if the amplifier will operate outdoors or in extreme temperature conditions
-55 125  an extreme case sometimes used for military electronics design

The next step isto determine the maximum and minimum Vg values at the temperature
extremes. Thisrequires that you know what Vge is nominally at 25 degrees C — thisis
often available from the data sheet. Thisvalueisafunction of the emitter current but is
typically around 0.65 Volts. Usethisvaluefor Vgeos until you have better information.

VBEmin = Vges - (Tmax - 25) * 0.0022 Eq 2
Veemax = Vggos + (25 - Tmln) * 0.0022 Eqg. 3

The goal of bias stability design isto keep the collector current constant within an
acceptable factor over the entire specified temperature range. In many designs, +-10
percent variation istolerable. In some cases the variation must be limited to +-5 percent.
In other cases a +-20 percent variation can be tolerated. An aternate way to express this
that is very convenient for our useisto specify theratio of Icmax / Icmin. We call this
ratio Kt becauseit is a specified constant pertaining to temperature stability.

Kt =Icmax /Icmin Eq. 4

Note that a collector current variation of +-5 percent would correspond to a Kt of about
1.1, a+-10 percent variation would correspond to a K+ of about 1.2, and avariation of +-
20 percent would correspond to aK+ of 1.5. In addition to being told or determining the
operating temperature range, you must also either be told or determine for yourself an
appropriate value for K+. For most cases aK+ value of 1.2 is adequate unless thereis a
reason to use something different.

Now we are ready to solve Equation 1 for the minimum Vgg that will give us the required
collector current stability with temperature. For this problem, the denominator of
Equation 1 will not be changing so it will be referred to as denominator. We can now
write:

S —— Eq. 5

The only unknown isVgg. Thereason for expressing Kt as aratio is now obvious. We
solve for Vgg noting that thisis the minimum value that will meet the K+ specification.
We can always use a higher value and frequently will in common-collector designs.
Solving Equation 5 for the minimum value of Vgg to use gives:
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Kt * Vgemax - VBEmin
VEBMIN = —mmmm e Eq. 6
Kr-1

Now you may either choose Vgg = Vggmin or round up the calculation to a higher value.
At any rate, you now have avalue for Vgg.

The average value of Vg over the given temperature range will be used in subsequent
calculations and is calculated by Equation 7.

Vgenom = (Vgemin + Vgemax) / 2 Eq.7

Design for beta stability

Onefact of life we haveto live with is that the beta of one transistor compared to another
of the same type may vary over awide range (80 to 240 would be typical). Itisdesirable
for the bias design to be such that the collector current is the target value plus or minus a
small percentage regardless of what the beta actually is. Unlike the issue of temperature
stability, betais not varying (at least very much) in a particular transistor. But the beta of
individual transistors in a production run of the circuit can be expected to vary
considerably. All the circuits should work the same regardless of beta.

The design solution will be to form aratio involving Equation 1 such that we can solve
for aratio of the maximum to minimum collector current. This time the numerator of the
eguation will not matter so it will be referred to as numerator. We will cal thisratio Kg
because it is a specified constant pertaining to stability with beta. Kg will be a specified
value just like K+ was for temperature stability. The nomina choice for Kg will be 1.2
unless there is areason to choose a different value. Looking at Equation 1 it is observed
that the maximum collector current would occur at the highest beta and the minimum
collector current would occur at the lowest beta. So, knowing Bmax and Bmin for a
particular transistor type, we can write:

numerator

Re* (Bmin + 1)/Bmin + Rg/Bmin

The numerator terms will cancel. At this point, Kg, Bmax, and Bmin are known. We do
not yet know Rg or Re. With this one equation we can not solve for either. But we can
solve for the ratio of thetwo. Equation 8 is now modified to make (Rg/Rg) asingle
variable.



BJT BiasDesign

(Bmin + 1)/Bmin + (Rs/Rg)/Bmin
Kpg = = Eq 9
(Bmax + 1)/Bmax + (Rg/Rg)/Bmax

Now it is possible to solve for the quantity (Rs/Rg) even though we do not yet know the
individual values— thisiswhy ratios are so useful. What we are actually solving for is
the maximum ratio that will meet the given Kg specification. We can aways use a
smaller ratio in an actual design. However, in common-emitter and common-collector
designs, Rg isin parallel with the input and we generally want to maximize Rg so that it
does not make the input impedance of the amplifier any lower than necessary. So, we
will calculate the maximum and then use that value in subsequent calculations. Solving
Equation 9 for (Rs/Rg) gives:

Kg * (Bmax + 1)/Bmax - (Bmin + 1)/Bmin
(RB/RE)MAX = mmmmmmmmm e o Eq. 10

(/Bmin) - (Kg/Bmax)

Since beta can vary over awide range, the geometric mean of betawill be used in
subsequent calculations as given by Equation 11.

Bnom = sgrt(Bmin * Bmax) Eg. 11

Special biasing for common-collector amplifiers

The collector resistor, R¢, is normally zero in common-collector amplifiers. Any value
that might exist does not affect biasing. Given the specified Veg and Rg, then g is
calculated as:

le=Veq/Re Eq. 12
Then, I is calculated as:

g = Ig/(B+1) = Veo/((B+1) * Re) Eq. 13
Then, Rg is calculated as:

Rs = Re * (Re/Re) Eq. 14
The voltage drop across Rg is then:

Vre = lg * Rs = Veg/((B+1) * Rg) * Re * (Re/Rg)
=Veo* (Re/Rg) / (B+1) Eq. 15
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Now, using Kirchoff’s voltage law, we can calculate the required value of Vgg. This
value generally supersedes the calculation performed previously for temperature stability
asthisresult is usually significantly larger thus providing very good temperature stability.
However, we would use the larger of the two results.

Vg = VEQ + Vgegnom + VEQ * (RB/RE)/(B+1) Eq. 16
Finally, the collector current is:

lc = (B/B+1) * Veo/Re Eq. 17
Use the specified value of Rg and calculated value for Vg in this section and the
maximum value for (Rg/re) as determined previously and go to the section below on
calculati ng Rg1 and Rg>.

Special biasing for common-base and common-emitter amplifiers

For this case the collector current, I¢, is either specified or determined from Equation 18
if Vo and Re are known.

lc=(Vcec-Veo) / Re Eqg. 18
At this point, Ic is now known. We now proceed to calculating Re.

All of the previous steps now come together to enable usto calculate Rg. For this
calculation, we will factor Re out of Equation 1:

Vgg - Vgenom
| = mmmm e s Eg. 19
[(Bnom + 1)/Bnom + (Rg/Rg)/Bnom] * Re

Equation 19 isamaodified form of Equation 1 that has the quantity, (Rs/Rg). Solving
Equation 19 for RE gives:

Re=- e Eq 20
[(Bnom + 1)/Bnom + (Rg/Rg)/Bnom] * I¢

The calculation for Re is not likely to produce a standard resistor value. So, we will
round the calculated value of Re to the nearest standard value and use this standard value
in the subsequent calculations for Rg to minimize accumulative errors.

For low-gain amplifiers Vgo may be specified (from complicated calculations in another
note) to optimize the linear dynamic range. If so then thisvalue istypically significantly
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higher than the Vggmin determined previoudly for temperature stability. Thus, a specified
Vo supersedes that calculation. If Vg was specified then determine Vg from Equation
21. The student should derive this equation — it comes from the analytical equation
derived in the note for bias analysis but has been inverted and equivaent terms for Ig and
Rs have been substituted.

Vg = VBQ + (IC/ Bnom) *Reg* (RB/RE) Eqg. 21
Use the chosen value for Rg, the appropriate value for Vg, and the maximum value for
(Rs/Rg) as determined previously and go to the section below on calculating Rg; and Rg..
Calculating Rg: and Rg>

First, we calculate Rg by multiplying the standard value chosen for Re by the ratio
(Rs/Reg).

Rg = Reg* (RB/RE) Eq 22

We do not round thisvalue. Our goa now isto determine a voltage divider composed of
Rs1 and Rg; such that we obtain the Vgg determined earlier and Rg as just determined.

The voltage division to obtain Vgg is:
Ve =Vce* Rez2/ (Re1 + Re2) = Ve / [(Re1/Re2) + 1] Eq. 23

Knowing Vgg from earlier calculations and knowing Vcc, we can solve for (Rg1/Rg2)
even though we do not yet know the individual values.

(Re1/Re2) = (Vcc/Ves) - 1 Eq. 24

We know that RB isthe parallel combination of Rg; and Rg,. S0, we can write:

O — Eq. 25
Re1+Rez  (Rei/Rgz) +1

Equation 25 is then simply solved for Rg;.

Re1=Rs * [(Rs1/Rg2) + 1] Eq. 26

If we factor in Equation 24, then we can express Equation 26 as:

Re1=Rs* (Vcc/Ves) Eq. 27
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The calculated value for Rg; is not likely to be a standard resistor value. So, we will
round the calculated value to the nearest standard value and proceed. Rg, will be based
on this rounded value rather than the original calculated value to minimize error
accumulation.

Since we now know Rg; and the quantity (Rg1/Rs2), then we can calculate the value of
Rs2 using the just determined standard resistor value for Rgi:

Re2=Rg1/ (Re1/Rg2) Eq. 28
Again, we will round the calculated value of Rg; to the nearest standard resistor value.

The bias design is now complete. Thelast step in any design is checking or verification.
Analyze your design to seeif it produces the required collector current.

It isleft as an exercise for the student to produce their own summary of the information in
this note for use in solving design problems on tests.



