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° Amplifier design using BJTs 
  - voltage amplifier 
  - voltage transfer characteristics 
  - small-signal voltage gain

°Small-signal parameters of  
     BJTs operating as amplifiers

Textbook material for self-study: 
Sec.7.1-7.2 - BJT small-signal 

operation and models

° Small-signal analysis using 
      small-signal models

° Small-signal BJT models 
    - the hybrid-    model 
    - the T model

π
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Simple voltage amplifier using BJT 

vCE = VCC − iCRC

Vth =
kT
q

= 25.9mV at T ≈ 300KvCE = VCC − RCIS exp vBE
Vth( )

0.5 V

vCE

iC = IS exp vBE
Vth( )
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Biasing the BJT in the voltage amplifier 

Vth =
kT
q

= 25.9mV at T ≈ 300K

Q - the bias point (the 
quiescent point, or the 
dc operating point) of 
the transistor

VCE = VCC − RC IS exp
VBE

Vth( )
IC = IS exp

VBE
Vth( )

The bias point  Q must be located on the active-
mode segment of the voltage transfer curve (VTC)
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Application of the small signal 

the instantaneous value 
of  Base-Emitter voltage

vBE = VBE + vbe t( )
vCE = VCE + vce t( )

the dc value 
(the Q point)

the ac value

The small-signal definition

 

vbe  Vth =
kT
q
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The small-signal voltage gain

vCE = VCC − RC IS exp
vBE

Vth( )

Av =
dvCE
dvBE

vBE =VBE
=
d VCC − RCIS exp

vBE
Vth( )⎡

⎣⎢
⎤
⎦⎥

dvBE
vBE =VBE

=

= − IS exp
VBE

Vth( )⎛
⎝⎜

⎞
⎠⎟
RC
Vth

= − IC
Vth

⎛
⎝⎜

⎞
⎠⎟
RC

Av = − IC
Vth

⎛
⎝⎜

⎞
⎠⎟
RC = −

VRC
Vth

= −VCC −VCE
Vth

Av =
dvCE
dvBE

vBE =VBE

•  The amplifier is inverting  -  there is a 180° 
phase shift between the output and the input

•  The gain of the amplifier is proportional to  the 
collector bias current and the load resistance



ENSC 225 6BJT small-signal models

Graphical method of constructing VTC

vCE = VCC − iCRC

iC =
1
RC

VCC − vCE( )

iC = iRC

iRC

vRC VCC

= VBE

iC = iRC
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Effect of bias-point location on allowable voltage swing

iC =
1
RC

VCC − vCE( )

QB too close to saturation region -
BJT saturation limits the allowable 

negative output voltage swing

QA too close to VCC - 
the allowable positive output 

voltage swing is limited
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Amplifier’s linearity limits

QA

QB

QA too close to VCC - 
the allowable positive output 

voltage swing is limited

QB too close to saturation region -
BJT saturation limits the allowable 

negative output voltage swing
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DC and small-signal analysis

Circuit for dc 
(bias) analysis

Circuit for small-
signal analysis

Amplifier circuit with 
both dc bias and 

signal source

ie

ib

ic

vce

IC = IS exp
VBE

Vth( )
IE = IC

α
I B =

IC
β

VCE = VCC − RC IC

vBE = VBE + vbe

vCE =VCE + vce

iC = IC + ic
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Circuit for small-
signal analysis

Amplifier circuit with 
both dc bias and 

signal source

ie

ib

ic

vce

vBE = VBE + vbe

Small-signal transconductance of the BJT

 

iC = IC exp
vbe
Vth
 IC 1+

vbe
Vth

⎛
⎝⎜

⎞
⎠⎟
= IC +

IC
Vth

vbe = IC + ic

ic =
IC
Vth

vbe = gmvbe gm =
IC
Vth

gm = δ iC
δvBE

iC = IC
Transconductance of the bipolar transistor

iC = IS exp
vBE
Vth

⎛
⎝⎜

⎞
⎠⎟
= IS exp

VBE + vbe
Vth

⎛
⎝⎜

⎞
⎠⎟
=

= IS exp
VBE

Vth
exp vbe

Vth
= IC exp

vbe
Vth
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Circuit for small-
signal analysis

ie

ib

ic

vce

vBE = VBE + vbe

Small-signal transconductance of the BJT

ic =
IC
Vth

vbe = gmvbe gm =
IC
Vth

For small signals: vbe << Vth , the transistor 
behaves as a voltage-controlled current source

Linear operation of 
the BJT under the 

small-signal conditions

BJT transconductance :  gm ≈ 40 mA/V  at IC = 1mA  
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Voltage gain of the BJT amplifier

gm = IC
Vth

Voltage gain of the BJT amplifier shown above is directly proportional  to 
BJT transconductance gm and the load resistance RC .

Av = −
IC
Vth

⎛
⎝⎜

⎞
⎠⎟
RC = −gmRC

Av = −gmRC

ie

ib

ic

vce

Circuit for small-
signal analysis

vce = −icRC = −gmvbeRC

Av =
vce
vbe

= −gmRC
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Small-signal input resistance at the Base

rπ  -  small-signal input resistance between 
Base and Emitter, looking into the Base.

ie

ib

ic

vce

Circuit for small-
signal analysis iB =

iC
β

= 1
β

IC +
IC
Vth

vbe
⎛
⎝⎜

⎞
⎠⎟
= IC

β
+ IC
βVth

vbe = IB + ib

ib =
IC
βVth

vbe =
gm
β
vbe

rπ ≡
vbe
ib

=
β
gm

rπ =
β
gm

=
β
IC
Vth =

Vth
I B
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Small-signal input resistance at the Emitter

re  -  small-signal input resistance between 
Base and Emitter, looking into the Emitter.

ie

ib

ic

vce

Circuit for small-
signal analysis

iE =
iC
α

=
IC
α

+
ic
α

= IE + ie

ie =
ic
α

= gmvbe
α

= IC
αVth

vbe =
IE
Vth

vbe

re ≡
vbe
ie

= Vth

IE

 

re =
Vth
IE

= Vthα
IC

= α
gm

1
gm

vbe = ibrπ = iere

rπ = ie
ib
re =

ic + ib
ib

re =
β + 1( )ib
ib

re = β +1( )re
Relation between 

rπ  and re 
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Small-signals in the BJT amplifier

Circuit for small-
signal analysis

In the circuit for small-signal 
analysis, all dc voltage 
sources must be replaced 
with  short circuits, and all dc 
current sources must be 
replaced with open circuits

In the small-signal analysis, 
the bipolar transistor must be 
replaced with  its small-signal 
model
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Small-signal hybrid-π model of the BJT 

Voltage-Controlled Current Source 
BJT representation

Current-Controlled Current Source 
BJT representation

ie = ib + ic =
vbe
rπ

+ gmvbe =
vbe
rπ
1+ gmrπ( ) = vbe

rπ
1+ β( ) = vbe

rπ
1+ β( )

=
vbe
re

gmvbe = gm ibrπ( ) = gmrπ( )ib = βib

gm =
IC
Vth

rπ =
β
gm
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Small-signal T model of the BJT 

Voltage-Controlled 
Current Source BJT 

representation

Current-Controlled 
Current Source BJT 

representation

ib = ie − ic =
vbe
re

− gmvbe =
vbe
re
1− gmre( ) = vbe

re
1−α( ) = vbe

re
1− β

β +1
⎛
⎝⎜

⎞
⎠⎟
= vbe
re

β +1− β
β +1

⎛
⎝⎜

⎞
⎠⎟
= vbe
1+ β( )re

= vbe
rπ

gmvbe = gm iere( ) = gmre( )ie = α ie

gm =
IC
Vth

re =
Vth
IE

=
α
gm
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Small-signal analysis procedure

1. Eliminate the signal sources and determine the dc operating point of the BJT (      )

2. Eliminate the dc sources by replacing each dc voltage source with a short circuit and 

    each dc current source with an open circuit

3. Replace the BJT with one of its small-signal models

4. Calculate the values of small-signal model parameters

5. Analyze the resulting small-signal circuit to determine the required quantities

    (voltage gain, input and output resistances, etc.)

gm =
IC
Vth

rπ =
β
gm

re =
Vth

IE
=

α
gm

IC
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Small-signal hybrid-π model of the BJT 
including the output resistance

Voltage-Controlled Current Source 
BJT representation

Current-Controlled Current Source 
BJT representation

ro =
VA
IC

gm =
IC
Vth

rπ =
β
gm
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Small-signal T model of the BJT including 
the output resistance

Voltage-Controlled Current Source 
BJT representation

Current-Controlled Current Source 
BJT representation

ro =
VA
IC

gm =
IC
Vth

re =
Vth
IE

=
α
gm




