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Input-Referred Voltage Noise Source
= Shot Current Noise from Collector CurrentInC

= Shot Current Noise from Base CurrentInB

= Thermal Voltage Noise from Base Resistancevnrb

= Gain from Input Current to Output with ZS=Infinity.Ai

= Gain from Collector Current Noise to Output with ZS=Inf.Acinf

= Gain from Base Current Noise to Output with ZS=Infinity.Abinf

= Gain from Base Resistance Noise to Output with ZS=Infinity.Arinf

= Gain from Input Voltage to Output with ZS=0.Av

= Gain from Collector Current Noise to Output with ZS=0.Ac0

= Gain from Base Current Noise to Output with ZS=0.Ab0

= Gain from Base Resistance Noise to Output with ZS=0.Ar0Note on Gains: 
= X*, the conjugate of X. X

Note on Mathcad Notation:

A Few Notes on Notation
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Input-Referred Voltage Noise Source
vn

ZL

Noiseless

ZS 0=

Vneq
vnrb Ar0⋅ InC Ac0⋅+ InB Ab0⋅+

Av
=

Vneq Vneq


⋅ vnrb vnrb


⋅ Ar0⋅ Ar0


⋅ vnrb InC


⋅ Ar0⋅ Ac0


⋅+ vnrb InB


⋅ Ar0⋅ Ab0


⋅+

InC vnrb


⋅ Ac0⋅ Ar0


⋅ InC InC


⋅ Ac0⋅ Ac0


⋅+ InC InB


⋅ Ac0⋅ Ab0


⋅++

...

InB vnrb


⋅ Ab0⋅ Ar0


⋅ InB InC


⋅ Ab0⋅ Ac0


⋅+ InB InB


⋅ Ab0⋅ Ab0


⋅++

...













1

Av Av


⋅
⋅=

Take Expected Value:  Cross Correlation Terms are Zero.

E Vneq( )2 
4 k⋅ T⋅ rb⋅ Ar0( )2⋅ 2 q⋅ IC⋅ Ac0( )2⋅+ 2 q⋅ IB⋅ Ab0( )2⋅+

Av( )2
=

Rn
E Vneq( )2 

4 k⋅ T⋅
= Equivalent Noise Resistance
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Input-Referred Current Noise Source

ineq

ZL

Noiseless

ZS ∞=

Ineq
vnrb Arinf⋅ InC Acinf⋅+ InB Abinf⋅+

Ai
=

Ineq Ineq


⋅ vnrb vnrb


⋅ Arinf⋅ Arinf


⋅ vnrb InC


⋅ Arinf⋅ Acinf


⋅+ vnrb InB


⋅ Arinf⋅ Abinf


⋅+

InC vnrb


⋅ Acinf⋅ Arinf


⋅ InC InC


⋅ Acinf⋅ Acinf


⋅+ InC InB


⋅ Acinf⋅ Abinf


⋅++

...

InB vnrb


⋅ Abinf⋅ Arinf


⋅ InB InC


⋅ Abinf⋅ Acinf


⋅+ InB InB


⋅ Abinf⋅ Abinf


⋅++

...













1

Ai Ai


⋅
⋅=

Take Expected Value:  Cross Correlation Terms are Zero.

E Ineq( )2 
4 k⋅ T⋅ rb⋅ Arinf( )2⋅ 2 q⋅ IC⋅ Acinf( )2⋅+ 2 q⋅ IB⋅ Abinf( )2⋅+

Ai( )2
=

gn
E Ineq( )2 

4 k⋅ T⋅
= Equivalent Noise Conductance
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Voltage and Current Noise Correlation
Correlation Coefficient:
|γ|=1:  100% correlated
|γ|=0: 0% correlelated

γ
Vneq Ineq


⋅

Vneq
2 Ineq

2⋅
=

Vneq Ineq


⋅ vnrb vnrb


⋅ Ar0⋅ Arinf


⋅ vnrb InC


⋅ Ar0⋅ Acinf


⋅+ vnrb InB


⋅ Ar0⋅ Abinf


⋅+

InC vnrb


⋅ Ac0⋅ Arinf


⋅ InC InC


⋅ Ac0⋅ Acinf


⋅+ InC InB


⋅ Ac0⋅ Abinf


⋅++

...

InB vnrb


⋅ Ab0⋅ Arinf


⋅ InB InC


⋅ Ab0⋅ Acinf


⋅+ InB InB


⋅ Ab0⋅ Abinf


⋅++

...













1

Ai Ai


⋅
⋅=

Take Expected Value:  Cross Correlation Terms are Zero.

E Vneq Ineq


⋅( ) 4 k⋅ T⋅ rb⋅ Ar0⋅ Arinf


⋅ 2 q⋅ IC⋅ Ac0⋅ Acinf


⋅+ 2 q⋅ IB⋅ Ab0⋅ Abinf


⋅+

Av Ai


⋅
=
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Bcorr Im Ycorr( )=Gcorr Re Ycorr( )=Ycorr γ
 E Ineq( )2 

E Vneq( )2 
⋅=

E Vneq Ineq


⋅( ) γ Vneq
2 Ineq

2⋅⋅=Substitute the following:

Ycorr
E in Vneq


⋅( ) E in1 Vneq


⋅( )−

E Vneq Vneq


⋅( )=
E Vneq Ineq


⋅( )



Vneq
2

=

E in in1−( ) Vneq


⋅  Ycorr E Vneq Vneq


⋅( )⋅=

in2 Vneq


⋅ Ycorr Vneq⋅ Vneq


⋅=

in2 Ycorr Vneq⋅=E in1 Vneq⋅( ) 0=How do we find Ycorr?

ZS

vneq

in2=Ycorr*Vneq

ZL

Noiseless

in1

ZS

vn

in2

ZL

Noiseless

in1

ZS

vn

in

ZL

Noiseless

Correlation Admittance
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Zcorr γ
E Vneq( )2 
E Ineq( )2 

⋅= Xcorr Im Zcorr( )=Rcorr Re Zcorr( )=

E Vneq Ineq


⋅( ) γ Vneq
2 Ineq

2⋅⋅=Substitute the following:

Zcorr
E Vneq ineq


⋅( ) E in1 Vneq


⋅( )−

E Ineq Ineq


⋅( )=
E Vneq Ineq


⋅( )

Ineq
2

=

E Vneq Vn1−( ) Ineq


⋅  Zcorr E Ineq Ineq


⋅( )⋅=

Vn2 Ineq


⋅ Zcorr Ineq⋅ Ineq


⋅=

Vn2 Zcorr Ineq⋅=E Vn1 Ineq⋅( ) 0=How do we find Zcorr?

ZS

vn1

ineq

ZL

Noiseless

vn2=Zcorr*Ineq

ZS

vn1

ineq

ZL

Noiseless

vn2

ZS

vn

in

ZL

Noiseless

Correlation Impedance
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Uncorrelated Noise Voltage

rn is the noise resistance representing the portion of 
Vneq

2 which is uncorrelated with Ineq
2.  It is always less 

than Rn, and in the case where the noise is 100% 
correlated, it is equal to 0.

Vneq Vneq


⋅ Vn1 Vn2+( ) Vn1


Vn2


+( )⋅=

E Vneq( )2  E Vn1 Vn1


⋅( ) E Vn1 Vn2


⋅( )+ E Vn2 Vn1


⋅( )+ E Vn2 Vn2


⋅( )+=

E vn1( )2  E Vneq
2( ) Zcorr( )2 E Ineq

2( )⋅−=

rn
E vn1( )2 

4 k⋅ T⋅
= Rn gn Zcorr( )2⋅−= rn Rn 1 γ( )2

− ⋅=

Note: Rn<>rn! 
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Uncorrelated Noise Current
Gn is the noise conductance representing the portion of 
Ineq

2 which is uncorrelated with Vneq
2.  It is always less 

than gn, and in the case where the noise is 100% 
correlated, it is equal to 0.

Ineq Ineq


⋅ in1 in2+( ) in1


in2


+( )⋅=

E Ineq( )2  E in1 in1


⋅( ) E in1 in2


⋅( )+ E in2 in1


⋅( )+ E in2 in2


⋅( )+=

E in1( )2  E Ineq( )2  Ycorr( )2 E Vneq( )2 ⋅−=

Gn
E in1( )2 

4 k⋅ T⋅
= gn Rn Zcorr( )2⋅−=

Gn gn 1 γ( )2
− ⋅=

Note: Gn<>gn! 
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F 1
rn

RS
+

gn

RS
ZS Zcorr+( )2⋅+=

Substitute the following: Vn1
2 4 k⋅ T⋅ rn⋅=Ineq

2 4 k⋅ T⋅ gn⋅=Vsn
2 4 k⋅ T⋅ RS⋅=

F
E Vseq( )2 
E Vsn( )2 

= 1
Vn1

2

Vsn
2

+
Ineq

2

Vsn
2

ZS Zcorr+( )2⋅+=

Noise figure = (Input-referred noise power)/(Source noise power)

E Vseq( )2  E Vn1( )2  E Vsn( )2 + E Ineq( )2  ZS Zcorr+( )2⋅+=

Input-referred noise power (normalized to 1 ohm)

Vseq Vseq


⋅ Vn1 Vsn+ Ineq ZS Zcorr+( )⋅+  Vn1


Vsn


+ Ineq


ZS


Zcorr


+( )⋅+ ⋅=

Vseq Vn1 Vn2+ Vsn+ Ineq ZS⋅+= Vn1 Ineq Zcorr⋅+ Vsn+ Ineq ZS⋅+=

Input-referred noise voltage with arbitrary source impedance ZS.

Vo Vn1 Vn2+ Vsn+( )
Zin

Zin ZS+
⋅ A⋅ in

Zin ZS⋅

Zin ZS+
⋅ A⋅+=

Output-referred noise voltage with arbitrary source impedance ZS

Noise Figure
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Optimal Noise Source Impedance
Set Derivatives of F with Respect to XS and RS equal to 
zero and solve for XS and RS.

F 1
rn

RS
+

gn

RS
RS Rcorr+( )2 XS Xcorr+( )2+ ⋅+=

XS
Fd

d
0= XSopt Xcorr+= XSopt Xcorr−=

RS
Fd

d

rn−

RSopt
2

gn 1
Rcorr

2

RSopt
2

−








⋅+= 0= RSopt
rn

gn
Rcorr

2+=

Znopt
rn

gn
Rcorr

2+ j Xcorr⋅−=
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Optimal Noise Figure
Plug Optimal Noise Source Impedance, Znopt, into Noise 
Figure Equation and Solve for Fmin.

Fmin 1
rn

RS
+

gn

RS

rn

gn
Rcorr

2+ Rcorr+








2

Xcorr− Xcorr+( )2+






⋅+=

Fmin 1 2 gn Rcorr⋅ gn rn⋅ gn Rcorr⋅( )2++



⋅+=

JTW 12 of 18 1/2/2003



Base Emitter Resistancerπ 2.585 kΩ=rπ
β

gm
:=

Base CurrentIB 10 µA=IB
IC

β
:=

Device Transconductancegm 38.679
mA
V

=gm
IC

VT
:=

Thermal VoltageVT 25.854 mV=VT
k T⋅
q

:=

Small Signal Parameters
Charge on an Electronq 1.602 10 19− C⋅:=

Example (Simplified BJT)
rb 10Ω:= Base Resistance

ZS

rb

rπ ibn Icn RLgm*vπVS

β 100:= DC Beta
IC 1mA:= Collector Current
RL 1kΩ:= Load Resistance
T 300K:= Temperature 
Constants 
k 1.3806 10 23−⋅

J
K

⋅:= Boltzman's Constant 
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Input Current Gain with ZS=inf.Ai 100 kΩ=Ai rπ gm⋅ RL⋅:=

Collector Current Gain with ZS=inf.Acinf 1 kΩ=Acinf RL:=

Base Current Gain with ZS=inf.Abinf 100 kΩ=Abinf rπ gm⋅ RL⋅:=

Base Resistance Gain with ZS=inf.Arinf 0=Arinf 0:=

Input Voltage Gain with ZS=0Av 38.53=Av
rπ

rπ rb+
gm⋅ RL⋅:=

Collector Current Gain with ZS=0Ac0 1 kΩ=Ac0 RL:=

Base Current Gain with ZS=0Ab0 385.298 ohm=Ab0
rb rπ⋅

rπ rb+
gm⋅ RL⋅:=

Base Resistance Gain with ZS=0Ar0 38.53=Ar0
rπ

rπ rb+
gm⋅ RL⋅:=

Gain Calculations for Example
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Input Noise Calculations
Equivalent Input Noise Voltage

Vneq 4 k⋅ T⋅ rb⋅ 2 q⋅ IB⋅ rb
2⋅+ 2 q⋅ IC⋅

1
gm









2
⋅

rπ rb+

rπ









2

⋅+:= Vneq 0.618
nV

Hz
=

Equivalent Input Noise Resistance

Rn
Vneq

2

4 k⋅ T⋅
:= Rn 23.046 Ω=

Equivalent Input Noise Current

Ineq 2 q⋅ IB⋅
2 q⋅ IC⋅

gm rπ⋅( )2
+:= Ineq 1.799

pA

Hz
=

Equivalent Input Noise Conductance

gn
Ineq

2

4 k⋅ T⋅
:=

1
gn

5.12 kΩ=
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Optimal Noise Figure 

Correlation Conductance1
Gn

5.175 kΩ=Gn gn 1 γ( )2
− ⋅:=

Correlation Resistancern 22.799 Ω=rn Rn 1 γ( )2
− ⋅:=

Correlation ImpedanceZcorr 35.598 Ω=Zcorr γ
Vneq

2

Ineq
2

⋅:=

Correlation Conductance1
Ycorr

3.314 kΩ=Ycorr γ
 Ineq

2

Vneq
2

⋅:=

Correlation Guess
 (gm*rb<<1, β>>1)

γguess 0.1=γguess
1

β
:=

Correlation Coefficientγ 0.104=γ
VIconj

Vneq
2 Ineq

2⋅
:=

VIconj 1.152 10 22−×
W
Hz

=VIconj
2 q⋅ IC⋅ rπ rb+( )⋅

gm rπ⋅( )2
2 q⋅ IB⋅ rb⋅+:=

Noise Correlation
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Optimal Noise Figure 
and Source Impedance

Optimal Source Impedance for Minimal Noise Figure

Znopt
rn

gn
Re Zcorr( )2+ j Im Zcorr( )⋅−:= Znopt 343.495 ohm=

Optimal Noise Figure

NFmin 10 log 1 2 gn Re Zcorr( )⋅ gn rn⋅ gn Re Zcorr( )⋅( )2++



⋅+



⋅:= NFmin 0.6 dB=

Noise Figure Plots
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Noise Figure Plots
NF ZS( ) 10 log 1

rn

Re ZS( )+
gn

Re ZS( ) ZS Zcorr+( )2⋅+








⋅:=

i 1 20..:=

RSi

i
20

600ohm⋅:= ZSi
RSi

j Im Znopt( )⋅+:= Sweeping RS

XSi

i
20

400ohm⋅ 200ohm−:= ZS2i
Re Znopt( ) j XSi

⋅+:= Sweeping XS

0 100 200 300 400 500 6000.5

1

1.5

2

2.5

3

NF ZSi( )
NFmin

RSi

200 100 0 100 2000.58

0.6

0.62

0.64

0.66

0.68

0.7

NF ZS2i( )
NFmin

XSi
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