ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 1
Introduction to Bipolar Junction Transistors (BJTs)

A transistor has three terminals-- the base, the collector, and the emitter. The current flow from the collector to the
emitter (through the transistor) is controlled by the current flow from the base to the emitter. A small base current can
control a much larger collector current.

Bipolar junction transistors (BJTs) consist of three layers of doped silicon. The NPN Anode [: Cothode
transistor has a thin layer of P-doped silicon sandwiched between two layers of N-doped

silicon. Each P-N junction can act like a diode. In fact, this is a fairly good way to check
a transistor with an ohmmeter (set to the diode setting).

The base-emitter junction always acts like a diode, but because the base is very
thin, it makes the other junction act like a controlled valve (details to come later).

Symbols and conventions | \l Colector | J, Emitter
C E
¥e ‘) Ve VEB+
+ +
VB Base " VB e i Y
—lt’ \Q + _CE *ﬂl— Haose _EC
B [V Ve B o g PNP: Replace vgg with vgg and
El wpn Emitter CJ; BNP Collestar y - with v« in equations below

Very High Level Overview of how a transistor works:

¢ A small amount of base current controls a large emitter (collector) current

Analogy:
¢ Think of the transistor as an “electronic” tap able to control a large flow of electrons (from
collector to emitter) with only a small variation in the “handle” (base)
e Water Tap Analogy: (water spigot)
- Large amounts of H,O controlled by very small movement of the tap
BJT Operation

Modes or regions of operation (vgg and v are approximate)

Cutoff (off) Active (partially on) Saturation (fully on)
‘I-BE{“-T-\‘F ‘I-BE: ﬂ_-.'r"‘l': v B]':_" (]_-.'r'\u':
i p=0 i g>0 ig=0
i (=0 v ep207V vep = 02 t0 0.7V
ic = pig= aig i < Pip limited by something
contralled by the transistor outside of the transistor
I 0.0 o2 L4 0.6 0.4 1.0 T"FCE
c 3
mA saturation
_ I=20pA
'd
Iln'lr.l_.-'" ' ! u IE=1: !.L|'I'|'.|.
1 ;, Ig=10uA
i Ig=5pA
cut-off
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Summary of BJT Current-Voltage Relationships in the Active Mode:
i, =1se"PF Vr (n=1 always for BJT) {Ebers-Moll equation}

ip= % — (%)EVBE/VT

. _ic _(IS LVBE/VT
ip=-S=
o o

Note: For the pnp transistor, replace vgg with vgg

le=olg=Bly  Ip=(B+Dly  P=rZ a:%

~

Vr=thermal voltage = ~25mV at room temperature

n-typs ptype, L\ n-type
—g T T
. - .'-O.." s COg® i ':‘2.00 ! ! ]
Temperature dependencies a®y s® 8O . e ro o O. =g -
vge = 0.7V (decreases about 2.1 mV / <C) _ A ee® -.0. S oo go—re b el !
-2.1'mV { e o® Yag Bge iy 'y P i e
atconstant lo: AV pp = E os o0 4 @ O'E;,‘; e = I |
degC : g .ie rﬁ]. & -go O e e
B . . ® e o ORS . i | 1
at constant Vge: 1~ increases by 8% per °C (10x per 30°C) (o} ...D. % O'tbf}ﬁ:_: 2’ o.";) O-:—%i. . ®

|

Method for solving DC voltages and currents of a BJT circuit:
1). Start by assuming transistor is in active mode
Either use given values for base-emitter voltage, or use
Vg =0.7V (npn)
Ves = 0.7V (pnp)
2). Solve for the BJT node voltages and currents

e Voltages: sometimes can read off directly, otherwise use loop equation

¢ Once you have one current, you can get the other two from the active mode

equations
3). Check to see if the solution is consistent!
Vec=2Ve> Vg npn active more explicitly: Veg 20, Vg 2 0.7V
Veg> Vg 2>V pnp active more explicitly: Veg 20, Vgg 2 0.7V

4). If the solution is consistent, stop = you are done
If not, the transistor is either in saturation or cutoff
—> go to 2) however active mode equations do not apply!
- Now use: saturation: vgg = 0.7V and vcg = 0.3V for npn
(vegg = 0.7V and vgc = 0.3V for pnp)

cutoff: set all currents to
approximately O: ot tomd -
iC=0 1E=01B=O saANWares ionvard a Cons wvaloe
NPN ACTIVE AND ON when:
VBE 2 VBE()n (VBEon = O4V)
Vc 2 Vg > Vgand Vee>0.3V

Saturation

tu

PNP ACTIVE AND ON when: mA
Vs 2 Vipon 1 LS

Veg> Vg 2>V and VEc>O.3V |

Dr. Rasmussen
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 3

Example 29:
Find Vg and I, for each circuit. Assume that [Vggl = 0.7V and 8 =40. Both transistors are being

operated in the active mode.

(a) NPN (b) PNP
+12V +10V
Ic
l 1k
+5V
+
0.7

-10V
Thevenin:
Example 31 w8y 4157 | Rep=100klI50k=33.3k
£=100 s Voltage divider for
\ Vs=5V
/ VoS ok
: 100K
: ﬁN +5V \\
: ! ' 333k
E 50k5 RN ’
I . 3K

[
=
[S]
[=)
=
[S]

,

<
=]
&

Temperature Effects:
NPN Transistor Characteristic

Ts T, T T3>T>T,

IC 4
As T T, I T for fixed VBE

»

Ve

Thermal runaway: T T— I T— Py T-17T- Ic T— Py T—..
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 4
DESIGN

Bias BJT in the ACTIVE region
Goals:

e Stable I-for any temperature. (Does not go into saturation region - similar to triode
region for MosFet)

¢ Not dependant on the value of £.

e Not dependant on Vgg.

Configurations: +15V +15V

5k
100k
AN
50k I
Rules of Thumb: 57 D
* PBRg > Rpp
A couple of other bias schemes
Yoo Voo Yoo
R ¢ BR - R Taken to extremes,

IC is now very stable
at:

| :
ke - V ee— 07V I Vo= 07V
Ry Viz Rp IB=CC—“ e 1C=CC—“
Vg Ry+pR ¢ g R ¢
—_— . —
|E| The bigger Re |B \%‘ Seems like a useless
€
E

VE is with respect 1| | ¥e o
L to Rg. the more EJ; circuit, but...
— stable | is =

OR
Use Current Mirror:

Dr. Rasmussen Spring 2012
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Current source bias: We could make the bias current very stable if we had a current source

If we can make current sources (drains), then. ..

Yeg

gain unless we bypass

which has really lousy

Ig
the current source

=

For a perfect current

source, Rg = .
ET® VEE Current Mirror

Current mirrors A way to make a current source (drain)

! ) o Yee
L= Vee-Vee-07V . . Current source
cr- R ~ o et J{ ref (Current drain)
¢ RN

Recall that v is really not exactly 0.7V, from Ebers-Moll eq.: Ie = lge

Because Vg, = Vgga lor = Les

We can get a current source (usually called a current drain in this type of
configuration). | could make a positive source if | used PNP transistors.

But, the transistors must be identical, and at the same temperature, like in an IC.

Dr. Rasmussen
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6
BJT basic amplifier: o
~ .
e . Vb Total (instantaneous -> DC and AC)
VB% T i, =1 eVB%T I,
_ T 1 o c K A
IC - Ise . T (VBE+V,,L,/ VB% vb/
IC L’ !,’) N __;: fo Ic + ic = Ise " = Ise " e "
Ip=— L o
a i+ ™ VbeV Vb I
v { ) } =leXN =] |1+ |=1 +-Sv
IC /. i c c V c V be
Ip=—7 Y T T
ﬁ V) | ek AL
T ! X
Ve =Veg =Vee = 1cRc T expand by € =1+ x for x<<1 (Vpe<<Vr)
. ) alC
Look at signal component only: {a) 8m =3,
BE|; =
. IC V IC iC lC [C
L. =— = - A
/6 VT be 8m VT ‘ Slope = g,,
Transconductance
Dynamic forward resistance of BE junction of
Ief—————————

Input Resistance:

a. Input resistance looking in to base (in terms of

1p) — from base to emitter

VBE

I
From above: i. =1[ +i. =1 +—V,,
T
iB = ‘¢ =17C+ IC Ve
b B b
ip=1Ip+i,
1 1
lb_ﬁ‘; Vbe_ViVbe rﬂ=(,3+l)re
r r if glarge(a=1): good
- _Vr L 1
T~ approximation 18 r,=——
Ip &m
Summary of ac parameters:
I, r Vi _ B .
E8m =7, 7[_[ o le = 8mVbe
~ VA VT < = _ngC
VO = T }"e —_ I_ Vb@
¢ E

Dr. Rasmussen
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING
Small-signal equivalent circuit models

Same concept as that of the MOSFET.

Hybrid-x model is used for the BJT: ® T-model - uses re instead of 15
o
o
or (&>
i I
o gro
E ib
i,
. £l e
rI = [:B_|_|}_re Ih = _I |E:Jj§
T'n OF
v v
piy, = p— = p—— — .
[ (B+ 1)r, This is equivalent to Hybrid-m:
B o
g = = — ~ — = transconductance re (1 +PB) =1y
(B+1)rg e e

Early Voltage
o The I- vs. Vg corves in the active region have a finite slope to them due to
this i dependence on Vg

o Early showed that these slopes all converge to one negative voltage pomt

a0 -0 0 VeE 1w
e — Ig=20uA
_,r'"f-'
M VAF=20 in SFICE - A Ig=15pA
(WA 11y the book) . e
r
-
T--" ] Ig=10pA
i "
P Ig=5pA
I
- Ig=lpA
A
VA

The actual equation:

. Ybe Vce
i.=IeVr (1 +V—A)
This means that the output resistance between the collector and emitter is not infinite!

Dr. Rasmussen Spring 2012



ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 8
Method for analyzing transistor amplifier circuits:
1). Determine dc operating point, specifically Ic
(Set ac sources to 0!!)
Note: Use method for analyzing BJT circuits at DC
2). Calculate small-signal parameters: g, , Iy, and/or r.
3). Set dc sources to O
4). Replace the transistor with one of the equivalent small-signal models
5). Analyze the circuit as usual = linear circuit analysis

=

«©
IS

Example ic V‘ T
Circuit: S .
S =100, Vgs=3V, Rc=3k T .
Rp=100k, V=10V I
——VWNv—1
—~ = . Na

5 () R c

Y \‘:!—’I iy . : B
Find the voltage gain, vo/v; Ver T -4
1). DC analysis: set vito 0 Assume Vpg=0.7V  Assume active

Redraw circuit with just dc part: Vee

2). Calculate small-signal parameters:

v
L 223 _grmary =Yt B g0 =P 210 g0k
v, 25

" I, (2.3/0.99) g, 92
3). And 4). Set dc sources to 0 and replace transistor with equivalent model

Model:
100k " )

Rc

GND

5). Find requested gain: vo/vi=[ X ]

i

Dr. Rasmussen Spring 2012



ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING

Resistance-Reflection Rule Between Base and Emitter:

Re e
RBI )
}\ Ri

=?

G

RB2

via simultaneous equations:
lx - ll + l2

[

m
D

. 1% . . . . .
11=R—x, Iy =—l, ==, +i.)=—1,(f+1)
E

y_a

Eliminate VCCS
Scale all resistors with 1
through Thevenin by
1

(B+1)

!\’

Ve =Wly, le =8mVr

and

etc.

1, +Rp

(B+1)

R =R, I8N (r, + R) = Ry I (r, +525)
i

I'y

Same problem, but look into base instead: R

ro(B+1)

Re(B+1)

Dr. Rasmussen Spring 2012



ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 10

Summary of Resistance-Reflection Rule between
base and emitter:

Applies only when you want to reflect a resistor
from emitter to base or base to emitter circuit

Review of rule:
1). Temporarily remove dependent source ﬂl pOr

EmVbe
2). When looking into base: Replace resistors on
emitter side with
“‘R"x(B+1) or

When looking into emitter: Replace resistors on
base side with “R” / (B + 1)
3). Treat circuit as a resistive network and find
equivalent resistance

This works because i, = e

B+l

In a nutshell: To reflect a resistor from:
E-> B multiply by (B + 1)
B->E divide by (B + 1)

Things to keep in mind:

Rule does NOT work for impedance looking into
collector — it 1s a reflection rule between base and emitter

It works because i, =_ e

p+1

between the base and emitter current!
Finding R;, or Ry, = this is just finding Thevenin
equivalent resistance, Ry,

Possible methods now that you can use:

1). Using the resistance Reflection Rule

2). Using Thevenin equivalent methods— use

these to double check homework, but on exam

will not likely have time
R;, or R, is always between a node and ground — follow
all paths to ground from that node
Applying the Reflection Rule is like turning off
dependent sources and multiplying resistances by ( + 1)
or dividing resistance by (B + 1) and treating circuit as
just a resistive network = Note that this only works
because the dependent source is being accounted for
through the (B + 1) factor!

which is a relationship

Example: Assume the transistors below have a finite /# and an infinite Early voltage.
e Write an expression for the input resistance Ry in the circuit shown below. Your expression should
include only real resistances (R, Ra, Ri, or a subset of these) and possibly [, 1 or 171, and re or g,
{Assume both transistors have the same f5.) Circle your answer. Hinf: Use Resisiance-Reflection rule

Vee

Dr. Rasmussen
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 11
Common-Base

C,=10pF, C,=10nF, B=100

Ignore 1,

A Ino
B+1

Dr. Rasmussen Spring 2012



ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 12
2 Stage = Common Collector/Common Base

G
Vo
I
2 gm2VTc2 RZ RL
V. \% R — -
sig 3
R r aYAAY
— in
Reql R4
Vin
Il
Vi

Dr. Rasmussen Spring 2012
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2 Stage = Common-Emitter/Common-Collector

Cl L C3 V1

: 1 _E_’ + (]
| ;
Rgig | Rs \ﬁd M Em1 Vnl Ri

RlIl

This is disconnected
when finding Rout.! —

+ Vi \ ngVJtZ
VTEZ I'n2 VO
R AN %Rout ||RL
RyROG+) 1

Dr. Rasmussen
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENC™WFERING 14

Common collector (CC)
The circuits shown are typical arrangements. Note that Vg is often 0 V (ground). The equations below are for
these circuits, adapt them as necessary to fit your actual circuit.

Voltage gain about 1. Good for current gain, or to match a high impedance source to a low impedance load.

The small-signal emitter resistance is right in the emitter of the Yer
transistor ( where the arrow is).

Recall that the emitter resistor looks [ times as big from the base's
point-of-view. That's also true for signals

Input impedance: R; = Ry IR g2 ||B-(re+1{h- IR )

The opposite effect also works, resistors at the base look [ times A
smaller from the emitter's point-of-view.

Outputimpedance: R ;= Rl r.+Rp[I[RpgalIRg

E' —

Low frequency corner frequencies
< ¢ out

| 1 0\, VL
feLr = 2R oy RVC L fera = 2R, LR ).C
= { s+ |) in = = ( L+ 0) out
Ry

From the signal analysis, the only thing between the base
signal and the output signal is re. To find the output, just use
the voltage divider equation. —
Vo Rg|lRp
Voltage gain: A, = — = ~ 1 volts

Yb ra+REllRy T
OR: VYo _ R ReliRL vy
v R + R. ) _W difference ~ 0.7V
s stRi r +Rg|IRL e
You could think of the ouput as simply 0.7V DC less than the input,
which doesn't make the AC signal any less. Of course this doesn't
account for the r_ effects. ; | time
iy RellRp R, R; R;
Currentgain: A; = — = — = A— ~—
i r +RgRp RL Ry Ry

Common emitter (CE)

MNow let's add a resistor in the collector (Rg). Mearly the same
current that flows through R flows through Re..

1. ~ 1 so:  — = —— gain

Dr. Rasmussen Spring 2012
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Common emitter (CE)

Commen Emitter amplifier, example:

Bias:

R
o B2
VBB

==V C
Rpa+Rp

Rpps——

What if we putin an AC input signal:

v E[ [:l

iplt) =
R
E

Re

Rg

400-0
100-Q

4

Vi is 4 times bigger and inverted

Actually, to be more correct,
we should account for the
small-signal resistance of the
base-emitter junction.

Vo
Ie ::I— [o=2.5'0Q
C
gain is really:
R
¢ =3.902
Rp+r,

Dr. Rasmussen

15
V ei=10V
'=400-Q
R g:=500-Q Vo
/ = pEAY
V pg=1.782+V B =180
RBB= 1.479-k0 RBZ REl:]UU-ﬂ
Vs - 1.8kQ
: BRE=18k
I =0.056"mA Vg =lg(PRE] Ve=1V
V=V pt+07V V=17V
I =10'mA
\?C:=Vcc—|c'RC \"C:b'\‘?

Vgl =V g +U.5-\’-c05(15230-£d- r] VR(D =vg() - 0TV
sec

vl =V ee-iclR e

- —————"—"—— - — — —— — —— — — — — —

valts
91

difference ~ 07V

I time
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Inputimpedance: R; = Rp|IRp2 ﬁ-(l'e +R E) -
. ‘;‘FC J_‘
Qutputimpedance: R ;= Re¢llr, S
_ \% A IlEarh,' valtage. y 1< Vi =
Often neglected Ip= — (guess W, =~ 100V or T | ‘ .
e if no data) I i_,,‘?' .
i 1 % R
g | S [
AC collector resistance: ro= RellRp llrg ' by L Vs(rb)
A, “}5 . I
Mare correct, use: ro— 1E —
Aptl R
instead of r, very rarely done. 1
Clipping Cutoff clipping: i;=0
e cutoff
Vg I volts
Voltage gain: A= —= = BT
V Io+ .
) b Re E R st 'C saturation
i r : : ' . _
Currentgain: A; = — - € LAt 4T VCE =0
1 i ]'e =+ R E R L R L 2

Low frequency corner frequencies o

feLr = 2 (R s+R{)C;
!
fa - (R LtR ) out

With bypass capacitor (Cg)

This basically makes the Rg dissapear at signal frequencies
(If the cap is big encugh).

Input impedance: R; = Ry [IRgalIBry  Much lower

Same as above, but no
r, correction needed
AC collector resistance: ro= RellRpllrg

Outputimpedance: R ;= Rllr,

Voltage gain:. A, = —= — e
Vi e
R = == L
Currentgain: A, = A\,-R— - - -
L If the output swing is too big you'll get
Ancther low frequency corner freguency distortion because r, varies with i
i 1 1 ‘ 1
3 = B
L 2nCg Rg

Because 1, is so small, this will usually
dominate, even when Cj is big.

1 | time

Dr. Rasmussen Spring 2012



ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 17
Example:
Use [Vapt=0.7. f=100, V1=25mV (Vs is an ac source), ignore 1,,

Will this circuit work as an amplifier? Why or why not?

+15

Dr. Rasmussen Spring 2012



ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 18
Example:

V2 =0 tonsin(mt) and B can vary from 20 to 200, The circuit shown below 1s supposz to amplify but docs
not. You expect the output at Vo 10 amplify V2, When youare testing the circuti, you find tha! 1t does not
amplify. Explain why it does aol and what exag resistor can be changed 10 allow it to amplify. Il 15 not an

ideal current sowrce and can have & voltage drop across it

+10V +10V

§ R1 R4
50

k 10k CZ2

Vo
R5 C1 f00
YT u RS
1k ¢ 1 Tk
Ve 100U
§ R2 1 =
50k 1mA

Dr. Rasmussen Spring 2012
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Example

AN ——1- s Vo Yo = 1O%
1k :
- iu :%hu lan.™ A0
_ . 0wt = QA
B Ro o~ WA
g 1a0 \_.‘_'D_.-z‘-? \Jo - %I
gy g
Ii Wa
Vo
)
2 i*’i‘_‘i— +%ﬁn '
©  IRin Lo Nay 57,

Dr. Rasmussen Spring 2012
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Example:

Use [Wpgp=0.7, =20, ¥r=25mV (Vs is an 2c source), Ignore 1.

This small-slgnal model clrcat 15 drawn Delow, The orlginal cireudt is also shown below. 1L was foumd

through a DC analysis that =50 and 1 =250

() Find the & parameters
RN
@ poln)= gL < LU0

Tz (3 poinis)= F%ma.‘mﬂm = 0L )
em (3 points)- Loy, = Moz = T200
g 3 peins)_ gy o 2 A Magy, =
{ Find that input reststance, Ry, (lgnore the AC input sparce s, include the 100 obm) {12 points)
{c) Find the output resistanee, B, (Ignore the load regiswor of 15 to the right of amow) (6 polits)
i3 Find the overall pain, Va/Va (25 paint)

+15

=0 op

T v,
100
1 R
1K
} ¥
A o =
Ro
]
5 100
l |
o |
i
A5 [Rim

Dr. Rasmussen
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 21

Example:

" i - 'F' = == rl 4 = _
o= 2 W p FEs TGS e DTS (Gha)

Dr. Rasmussen Spring 2012



ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 22

Example:
Use [Vpe=07, p=100, V;=25mV (V2 15 an ac source}. 10V 10V
+  Find the DC values for the following
a. Tg (15 points)
b. Il:'.‘ {3 F“iﬂ“‘] § [=E ] § R4
€. Vi ( poinis)
d. Vo {6 pointy) 150 & G2
g Ve IS Fl(:ill ts} - u—-\_{
K 0ou
a R&
1k
"2
R3 1oy
S0k
% Ak
=10V
Travenin OF RiexdRa: i
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