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Outline of Chapter 5

e 1- Introduction to The Bipolar Junction Transistor
o 2- Active Mode Operation of BJT

o 3- DC Analysis of Active Mode BJT Circuits

e 4-BJT as an Amplifier

e 5-BJT Small Signal Models

» 6- CEA, CEA with Rg, CBA, & CCA

o 7- Integrated Circuit Amplifiers
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Small Signal Model

o Apply small signal
at base: v (t)=v,.(t)
i.(t) =0,V (t)] * Resultsinsignal
current, 1.(t), at

-~_.3 collector
Vc‘f)=Vc  Can we generate a
Jo - small signal model
(£)=Vs+vs(t) | :
SRR 0—v (D) =i R based on what we
S i i know so far
T 3 Ve (t) =~ UnVhe (t)RC
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Small Signal Model: v, controls I,

 In response to signal input between base and emitter
(V,,.), signal current flows in collector (i.)

e (Can describe using hybrid-mt small signal model

C l ] BO_l —OC

gmee

— _be v

el L

E
1. (t) =g,V (t) Hybrid-z small signal model
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Output Resistance and Small Signal Model

Linear dependence on I vs.
Vg for constant Vg
defined as the Early Effect

e For constant Ve and small
Vg, BJT In saturation:

Veel B N - E " Active Mode;
— 14| | EarlyEffect
Vee | —
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Modeling the Early Effect

» Extrapolated curves e V, is the Early voltage
Intersect at common -
. — typically 50 to 100V
point (-V,, 0) YPIEAY
e 1 =1, exp[vﬁ](uvi)
5 - V; V,
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BJT Small Signal Output Resistance

I . * Derivation of r in active
| mode is a small signal
‘ v,. approximation that provides
(/ expression for BJT output
j resistance in the active
mode:

- 4-1

ol V,
° | Ve,

ﬁ
Il
Il

=const. | | C
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BJT Small Signal Model With Output
Resistance r,

e The model is
B@T OC updated to
Include the output
\ 2L resistance, r, ,
between C & E
5 terminals.

E e The resistance IS
In parallel with
the current source

U<+C
@

D 1

<
>
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Small Signal: v, proportional to I,

 Since there is both a voltage and

a current at the base node, there

must be an equivalent resistance c

(VZIR) ig ‘_§ ’/ff
« Small signal base current: i, > +
« Small signal base emitter 27"

voltage: v, R e’/ E

o Define small signal input
resistance at base as v, /1,=r_

BJTs 8
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Derive an Expression for BJT Small Signal
Base Resistance —r

 Define expression forr_: Vie _ r = Ol
T _8VBE or
 Make use of linearity: |, = le _ I—Sexp[vij
g P Vi
 Take derivative and al T [ra. | T pv. g
simplify: 'fﬂ:[@vBE OJ {ﬁ@VBE OJ L g,
g Vi
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Hybrid-r Small Signal Models

VCCS based model CCCS based model

OC

Vb e I'TE v gmvbe ro

E
Y
y - A
I = IB :VT
’ gm IB
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Transistor View: Inclusion of r,and r_
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Small-Signal: v, proportional to I,

 Since there is both a voltage and
a current at the emitter node, S
there must be an equivalent B -
resistance (V=IR) Tﬂ
« Small signal emitter current: i, ) Pl
» Small signal base emitter 7 E l i
A E

voltage: v,

o Define small signal input
resistance at emitter as v, /I,=r,
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Derive an Expression for BJT Small Signal
Emitter Resistance —r,

 Define expression for r: Ve _ r = Ol

- — e —

|, Ve |op
« Make use of linearity: L I—Sexp Ve

" a o« V;
e Take derivative and a |l T [ra.] T av. «
. - . r = = | — = =
simplify: | Ve |- o Noe | . g
a V;

BJTs 13
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VCCS based model

OC

v

g mvbe

T-Models

CCCS based model
OC

ngbe = (gmre )ie — aie
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Hybrid-r Small Signal Model — Summary

B O—‘
| V, V <
Vbe ‘?: T v ImVbe -

_C r=-—*% rﬂ —_ T
VARG |

5
E

OC

WV —s

On =

e Useful to use model wher.

— emitter terminal at signal ground
— Input applied at base

BJTs 15
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T Small Signal Model - Summary

| V, V;
On =" L =7 r.e -
V; | |
o Useful to use model when:
— Input applied at base or emitter

— emitter terminal not at signal ground

* Note:
Vbe = ibrﬂ' = iere
r?Z' = (ie/ib)re : ie = (ﬂ +1)ib
r. = (B +1)r,

L
e
(—e
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PNP Small Signal Model

Small-signal model for n liE
pnp’s identical to npn Ves E\

Re-orient the model to s
reflect direction of current B
flow and voltage polarity ] \ l

Common mistakes:

— Get location of B, E, E
and C terminals wrong ?

— DC current flows one way,
signal current flows other

\'
W ay gm eb

Note: V,, = -V,, BC
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Example: Calculate Common Emitter
Voltage Gain

- H}
(w0
7\
| 8
i
|
— ‘.f"ﬁ /!
| Fv

Use Hybrid-m model, and assume DC operating point is
such that the following small signal parameters apply:

g, =42.4m% r =2.36kQ r,=70.8kQ R, =2k

BJTs 18
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Small Signal Example

Vcc
J \
— R ; Rc
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Small Signal Example

A ="2="__g r|R. =-825V/V

BJTs 20
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Small Signal Analysis — Comments

« Analysis procedure:

— Solve for DC operating
point

— Calculate small-signal

parameters, g, I, I, I,

— Construct small-signal
equivalent circuit

— Compute voltage and
current gains, input and
output resistances.

e What to do about r,?

— Often, including r,
complicates circuit
analysis

— Omitting r, from small
signal model results In
acceptable accuracy

— Sometimes, r, must be
Included

o The often used rule of thumb: if
neither end of r, Is at a signal
ground, you can ignore it

BJTs 21
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Small Signal Approximation

« Small signal analysis requires the use of “small”
signals to be valid; how small is “small enough”?

e BJT based on pn junction, thus v, constraint follows
that for diode

« For linear approximation to be valid:

V
d__ << Vﬁ<<1

n-V; V;

» Works for v, less than approximately 10mV in
amplitude

BJTs 22
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What is the Limit on v, In Order to Remain in
Small Signal Approximation?

B C
+ ; + L ;L . ”‘
V_ (i) Vi = In 7> Vo ;j; r i RC
— {L E —
Vs o Vbe

e For this circuit, since v, = v,,, v, must remain less
than 10 mV in order for small signal model to be valid
 \What modifications can be made to increase
allowable magnitude of v.?

BJTs 23
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Outline of Chapter 5

e 1- Introduction to The Bipolar Junction Transistor
o 2- Active Mode Operation of BJT

o 3- DC Analysis of Active Mode BJT Circuits

o 4- BJT as an Amplifier

o 5- BJT Small Signal Models

« 6- CEA, CEA with R, CBA, & CCA

o /- Integrated Circuit Amplifiers
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The Common Emitter Amplifier (CEA)

+5V
+3V TX
% <
=1 k()
3kQ= l .
T

4':0_1
5Kk ﬂ |

9 < 3k()
\V/ = Common
5V \\/ Emitter
-5V ’

Input at base; output at collector

The emitter has a small-signal
ground and is “common” to
both input and output.

By-pass (red) capacitors and

capacitors are
used to DC-bias transistor and
couple signals.

}/wC_O when C=w

}/wC:oo when @=0

Use Hybrid-t model with the
output resistance, r,,.
BJTs 25
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CEA DC Analysis — Confirm Active

« DC Analysis +%V
_ Thevenin: Vea |l§1k§z

V :(5)( 5K j+(—5)( 3 j:1.25 < c %

= 3k +5k 3k +5k Rz | 50

I
Reo = 3000//5000 =1875 ;r 2
+ ™

— Analysis: o ﬁ |
Veo — IgReo —0.7— I (3kQ) +5 =0 ,lEBKQ L
s = e /(B+]) ] ‘Emitter
Yo 0TS ) gama -
" Re , aay Vour =5 o (1kQ) = 3.18V
&3 Ve =1 (3kQ) -5 =0.515V
lc =—"—1, =1.82mA
p+1 Vg =V +0.7=1.215V

BJTs 26
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CEA Voltage Gain
. O3 -2, e
_—C_ A be&/- %
g =5 =0.0728%, ‘ 7S
. —
I V —T =1359.4Q)
T | Common
B Emitter
V,
Iy = | —A = 54945Q)

Voltage gain analysis

Ve = Vi Vout = ~YmVbe (roHle)
Ao = Y/out = _gm(roH]'kQ)

in

BJTs 27
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CEA Input/Output Resistance

o TR

> m be (>
be; T {% rﬂ < 1 kgl
- | . [
Common
Emitter

Input Resistance: Output resistance: set v;, = 0; thus

V. Ve = 0; leads to g,,vy,. = 0 and thus

Rin = T open circuited; note one node of r
n tied to ground

Ry =T, || Reg = 786Q2 Rour = I, J[IKQ = 9820

BJTs 28
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CEA Summary

Ao

\\I;Ut — _gm(roHRC)

_arge gain
parameters

moderate

Ry & Ryt not
Ideal

for any amplifier
configuration

In practice, not
usually used by
itself for gain

BJTs 29
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CEA with R¢
Y  There 1s NO small-
i signal ground in the
— 1kQ emitter
weo| e Since there is neither
. - collector nor emitter
at signal ground
o — Use T small-
j Rem3ka signal model

5V — Neglect r,

BJTs 30
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CEA with R¢ - Voltage Gain Analysis

* Draw small-signal T-model OV,
equivalent circuit.
* Neglectr, v, InVbe < Re
* Voltage gain v.C
r in
vV, =———V. * —
b
’ I’e + RE " V_be e
Vout = 7~ YmVhe RC Rp
Vv r
A\/O _ _out :_ngC eR —
in re + E

BJTs 31
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R,\: the B+1 Reflection Rule

* The B+1 rule takes advantage V. Vo 4V, il +i R
of the relationship between I¢ Rin = i N i B i,
and ig _ _

 Rule generally applicable I, = (8 +1DI,

only when r, neglected

Oml L g V.. ke i = + LA+ URe
Vin vbe--{ rﬂ:
>
i When looking into the base, the input

Rin i i resistance Is the base resistance plus (B+1)
—R times total resistance in the emitter

L

Vx

BJTs 32
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The B+1 Reflection Rule in Reverse:
Looking Into the Emitter

J Vin = Vep TVy 3 Vi =V =V,
)
RIN — \-/in _ Vep _|-_Vx _ _iere _-ibRB
R, lin — g — 1l
—\VVV\—o— : i R
R L _ — B
— = L=(8+DI. Ry=r+
- §r e (IB ) b IN e (ﬂ+1)
JT‘ Vi, * Rglooks (B+1) smaller from

emitter perspective

* When looking into the emitter, the
Input resistance Is the emitter
resistance PLUS whatever is In
the base divided by (B+1) B Te 33
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CEA with R— Input/Output Resistance

* Neglect rg r

e [nput Resistance %kQ

e Using the B+1 reflection \‘T
rule:

Rin = Reo |l [(,B +1)(re +Re )]‘ =7

e Qutput resistance: set 01
Vi, = 0; tr_1us vbed :thou;slgacés;] R, ; VE .
t:ci)rgcra;i%ed; t())yainnspectioﬁ: = j

Rour = kO 5 R.=3k(2

BJTs 34
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The CEA With R — Summary

e Moderate

Vou I derate  9@in due to Re
Ao = o OnRe r.+ R, TOTEE Which reduces gain
e Large R,y good for
Ry = (B+1)r, + R )| large voltage and
transconductance
amplifier

configuration

* Moderate Ryt a
problem, but
fixable

ROUT — RC moderate

BJTs 35
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The Common Base Ampllfler (CBA)

- e The inputis v(t)
= % * The output is v(t)
A < _
L —1kQ » The base has a small-
—kQ signal ground and Is
oy “common” to both input
{m and output.
| capacitors and
Common /5kQ = -
Base = = 30 CapaC|t0rS are
y L;% used to DC-bias transistor
Y i and couple signals.

e Use T model without the
output resistance, r,.

BJTs 36
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CBA - Voltage Gain Analysis

I ? ® Vour e Draw small-signal T-model
gﬂ(g \ equivalent circuit.
£ [ g N_egle_ct o |
~ g vl e Circuit analysis - voltage
gain
L+ _
— Vbeére Vbe o Vln
%7 ® Vin VOU'[ — _ngbe (1kQ)
; =3k(2
A

Vv
Ao =2 = g, (k)

In

BJTs 37
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CBA - Short Circuit Current Gain Analysis

_loup e Draw small-signal T-model
L | equivalent circuit.
>
>1KQ e * Neglectrg
L  Circuit analysis - current gain
Vyx :_iere :iXRE iX :ie +iin

—
m

I, = E Re ]i i o
e in out — ~ Ul
r, + Re

e
z
@

5
(vl
-~
o
>
|l
|l
K
A/
J
=
N

><<
WS or Vi~
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CBA - Input/Output resistance

. ’ oV
* Input Resistance L -
§1kQ \
Rin =T |l Re !
- gmvbe -w
LOW input resistance can be useful !! ~
N +%
e Output resistance ez
e Withv,y=-v,,=0 f S
L
— R.=3kQ)
Rour =1kQ T

BJTs 39
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The Common Collector Amplifier (CCA)

8k()>— wa=100 + | , Common
| o0 Collector

The Input is v,(t)
ne output Is v (t)

ne collector has a small-
signal ground and is
“common” to both input
and output.

capacitors and

capacitors are
used to DC-bias transistor
and couple signals.

Use T model with the
output resistance, r,.

BJTs 40
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CCA - Voltage-Gain Analysis

|
Voltage Division: l
r, /1 4kQ gV,
Your = Yinl 4k <
Iy + I Viv @ O =,
;Lo al

. Bkgg Vbeire

Since r, small, Almost v ,=V;, -
— { ® Vour
% R =4k() T
-— B -

BJTs 41
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The CCA - Current-Gain Analysis

lout = e
@)
i +od, =i, ;0 =i —i <> L
L. —1, =1, /(1+ f) W =
- - BkQ{:: fre
v. =1 (8kQ)=1.r, = 5"
=
As =I.°“t=(,3+1)(8kQ 8k§(2 3 1)j ERE=4RQ
in +1,(f+
' |

BJTs 42
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CCA - Input/Output Resistance

* Input Resistance; by
Inspection using 3+1 rule:

Ry =8KQI{(B+1)r, +1, /IR )}

HIGH INPUT RESISTANCE

» Qutput Resistance, v; =0

Yo TR =t lIT, /IR

LOW OUTPUT RESISTANCE

BJTs 43
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CCA Operation — Voltage Buffer

- Common
Collector

e (Good voltage buffer

— The VOLTAGE gain is
almost unity, and the

DC component is only
reduced by 0.7V

— Large short circuit
current gain

— High input resistance

(which reduces loading
to the circuits before)

— Low output resistance

(which reduces the
loading of circuits
after)
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