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Why study bipolar transistors ?

MOSFETsare now much morecommon, being 99.999% dominant in digital

| Cs, and probably 95% of analog |Cs. Bipolar transistorsare however still

used infaster high resolution analog - digital converters, and used widely inradio
frequency and optical communications|Cs.

Quality mosfetsarealso very difficult to obtainin thediscrete form needed for the
lab projects. Insofar asthey are available, the data sheets give very limited design
Information. Itistherefore very difficult to design satisfactory lab projects using
MOSFETSs. Quality discrete bjtsare widely available, and their charactersitics
aresuch that only limited information is needed for data sheets.
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Terminal Characteristics: NPN bipolar transistor

forV, >0
(collector base junction reverse biased)

$C IE = Ies(eVbe/VT _1)

Vcb + . =1_/p0
Ib - where
>, V. =KT /q=25.8mV at 300 Kelvin (room temperature)
vbe_ * © V. iscalled the" thermal voltage"

k = Boltzmann'sconstant = 1.38(10 *) Joule/Kelvin
T = absolute temperature

q = electron charge = 1.6022(10™*) Coulomb
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Terminal Characteristics: PNP bipolar transistor

For the PNP bipolar transistor , current directionsand
voltage polaritiesare simply reversed. i‘e

Agan,if thecollector base junction isreverse biased

(V.. > 0), then
I =1 (g™ —1)
=118
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Voltage Polarities and Notation

Y ou may have been taught the notation to the

right, whereV,, =V, -V, andV, =V, -V, Veb +
ThisleadstoV, =-V,. +

Although thisisthe standard textbook notation, it isoftendifficult to
keep polaritiescorrect. Instead, | recommend defining the polarity of
voltagesby drawing + and - signson the circuit diagram associated
with any variable defining a voltage. Further, whenever possible,

DC voltageand current variablesare defined so their valuesare
POSITIVE when the transistor isoperated normally.
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Polarities of voltages: NPN and PNP

A diodeisforward biased if

Idiode
the P- sideismore positive — " °
than the N - side. - Viode  +
Vcb + $c —r :
A forward - baised diode L. <. if, <
conductssignificantly. ve_ |y
-Vbe + h - Vcb +
Ib
Conventional (Ben Franklin) i.e - :
veb + . 1 .
current flowsfrom Pto N in b - J ==L B —>
aforward - biased diode. D . o
- +Veb- u‘* Vbce ~

Electrons, being negative,
movefrom N to P
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Polarities of voltages: NPN and PNP
Idiode
¥ 1 N P

Inanormally - operating BJT —
the base- emitter junction . $
Isforward - biased, LN +— '(__ X P c
and the base - collector junction we_ | L g
ISreverse- biased. Ve + h - Veb +

Ib
By thisrule, we can determine ) V_ebji >, N Ly
the correct voltage polarities - ' bcj v
and current directions. ) e u'b e
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Common-emitter current gain 3 or H

The collector voltageV, ismadesufficiently positive, +Ve
forcingV,, > O (reverse- biased collector - base junction). b Veb + ¢ Ic
—>»>  _
Common-emitter current gain @
I
—=p4=H FE
I B
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Common-base current gain o

The collector voltageV, ismade positive,

forcingV, > O(reverse- biased collector - base junction).

Common- base current gain
O P I
I+, (I /1,)+1

P .
,B+1 o 'B_ —a
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Typical values of DC current gain

Thiscan vary tremendoudly.

General - purpose BJTsused in Analog - digital converters
and similar circuits: g = 300—500 —» o = 0.997 - 0.998

Jellybean 2N3904 - 2N3906 BJT s used in lab projects:
£ =50-300—> o =0.95-0.997

Specialized (power, microwave, ...) transistors
£ =20-200—> a =0.95-0.998
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Common-base DC characteristics

A fixed value of emitter current | _ isapplied, andV_,
Isvaried. The collector current | . and the base- emitter
voltageV,,. are measured.

The emitter current isthen changed to a new value,
V_ againvaried and | . andV,. again measured
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Common-base DC characteristics

base-collector
Ic &~ breakdown voltage
A Vbr,cbo

Ic=10 mA /

le=10 mA

Ic=5 mA

le=5 mA

L > eb

~0.5 Volts

AIC

very slight
variation of Vbe
with Vcb

exponential
[-V curve

)Vbe
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Base-emitter voltage

V=V, In[|—+1j ~V. In[ II jcactual relationship
ES

ES

V. =V, < roughapproximation

be,on

V,e.on IStypically intherangeof 0.6-0.7 volts

for 60's- vintage BJTsused in thelab,
0.8- 0.9 voltsfor 2000 - vintagedevices.

0.02 f———
0.01—= ]
10_4: % 0.015- n
) I ]
s NS
S 10° § 001 o
5 - 3 .
3 10°= z 0.005- -
10'1"% : |
0 L
12 3 1 f f f f
oy 05 05 04 05 s o7 os 0005
' ' ' ' ' ' ' ' -0.2 0 0.2 0.4 0.6 0.8

V| I
be, volts Vbe, volts

class notes, ECE137A, rodwell, University of California, Santa Barbara, copyrighted page 13




Common-base curves measured on a microwave BJT

breakdown

E le= 35 m/
Q I B
T i T T i T T i T T i T T
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PNP Transistor:

common-base DC characteristics

Alc

~0.5 Volts —3p»| - Veb
c

Ic=10 mA
-
/ Ic=5 mA

base-collector
breakdown voltage
Vbr,cbo

Plotsof PNP characteristicsare standard in texts.

In practice, we use them infrequently.

The most important point isto remember the correct
polaritiesof voltagesand the correct directionsof currents.
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Common-Emitter DC characteristics

Inthelinear region, |, = §-1, +Vee
Thereisalso somevariation of |_with collector voltage. ¢ Ic
Thisiscalled the Early effect.
Theslopeof thecurved! . /dV, ~ le Ib @

Vi, +V,

V,, the Early voltage, istypically 50-100V

A Ic
saturation region
Vcb<0
\\ increasing
Ib
>
-Va linear region Vce

Vce,sat Veb>0
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Common-emitter curves measured on a microwave BJT

Ic, mA

0 0.5 1 15
VCE, V VCE, V

Above curves are for 150,300,450,600,750 uA base current
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Modes of operation: Linear Active

The BJT has2 PN junctions. Each can beforward or

reverse- biased. The4 combinationsgive us4 modes of
operation

Linear Active Mode:

Normal modeof operation for linear amplification
BE junction forward biased
BC junction reverse biased

A Ic
saturation region
Vcb<0 \ T
increasing
[~ Ib
% g
-Va

linear region Vce
Vce,sat Vcbh>0

N
L I P
Vcb
b ~ |77ttt
) P
+
LN E——
N
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Modes of operation: Saturation

Saturated

BE junction forward biased

BC junction forward biased
Sometimesused deliberately when we want
alow - voltageswitch.
Saturation isonelimit on the maximum voltage
swing of thetransistor used asan amplifier

Alc

Vcb
saturation region
Vch<0 +

\\ increasing
Ib
+
Vbe
>
-Va linear region Vce

Vce,sat Vcb>0
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Modes of operation: Cutoff

Cut off
BE junction reverse biased, or not sufficiently
forward biased to turn junction on.
BC junction reverse biased
If the base- emitter voltageistoosmall (barely forward
biased) then the emitter current will be near zero.
Thetransistor is off.

Cutoff isasecond limit on the maximum voltage
swing of thetransistor used asan amplifier.

Thereisalso areverse active mode, in which the BE
junctionisreverse biased and the BC junction isforward
biased. The transistor then operatessimilarly to theforward
active mode, but with very low current gain.
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DC model for bias analysis

Useeither
V., =V (quick)

be(on)

V., =V In(l_ /1) (moreaccurate)

the 2nd relationship isnecessary for
current mirrorsand for bias currents
In push - pull and similar stages.

~|-J v’

ox
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AC small-signal model

. . gmee
Firstfind g_ : b
ﬂlgm B —> or B(Ib) .
gmvbe — b +
R
ol S Ve S Ree
g. = c orR, - or R
m
avbe Ve CONStant l
butl =a (""" - =zal _e>"" E
hence
ol e
avbe Ve CONStant VT

g.=1./V;=alr, =1/,
Note we have defined r_ the" small signal emitter resistance”
rr=V,/1_=26mV /I_ a roomtemperature.
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AC small-signal model

Nowfind R or R : b ImVbe
B —> or B(Ib)
ol

avbe Ve CONStant e § Vbe § Ree
Butl, =1/ and |_=9gV,_sol =gV, /p '

m " be

(R)*=

Now find R or R :

Ll
(R.) ==

ce

Ve cONnstant

Best tofind from acurve- tracer or from a data sheet
Estimatefrom:

ol
oV,

ce

Vje CONstant CE,bias

N Rce — VCE,Ibias +VA

c,bias
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