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• A diode is a non-linear device.
• Described by the Shockley Diode Equation:

• 𝐼𝐷 = 𝐼𝑆 𝑒
𝑉𝐷

𝜂𝑉𝑇 − 1  where 𝑉𝑇 =
𝑘𝐵𝑇

𝑞

• 𝐼𝑆: Reverse Saturation Current (Order of 10−10 A)
• 𝐼𝐷: Current through diode at steady-state
• 𝑉𝐷: Voltage across diode at steady-state
• 𝜂: Ideality Factor  (Emission Coefficient) (Typically 1-2)
• 𝑉𝑇: Thermal Voltage (≈25.7 mV at Room Temperature 𝑇=298 K)
• 𝑇: Absolute temperature in Kelvin
• 𝑞: Elementary Charge (1.602 × 10−19 C)

• Note: The Shockley equation assumes steady state:
• i.e., it doesn’t take into account how the diode responds when signals

vary in time.
𝑉𝐷

𝐼𝐷
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• Given this non-linearity, how do we simplify calculations?
• Small signal approximation! => Linear Model

• Why do we study about small signals?
• Because they are more susceptible to noise.

𝑉𝐷

𝐼𝐷
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• The small signal approximation:
• For a small signal scenario, we will usually have the diode forward biased.

Forward Biased

𝑉𝐷

𝐼𝐷

𝑉𝐹 ≈ 0.6
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• The small signal approximation:
• For a small signal scenario, we will usually have the diode forward biased.
• If the signal only oscillates very little about the operating point 𝑄, we can approximate the diode’s 

characteristic curve in this small region to be linear.

• Slope of the diode curve: 𝑑𝐼𝐷

𝑑𝑉𝐷
=

𝑑

𝑑𝑉𝐷
𝐼𝑆 𝑒

𝑉𝐷
𝜂𝑉𝑇 − 1 =

𝐼𝑆×𝑒

𝑉𝐷
𝜂𝑉𝑇

𝜂𝑉𝑇

• Substituting diode equation:

•
𝑑𝐼𝐷

𝑑𝑉𝐷
=

𝐼𝐷+𝐼𝑆

𝜂𝑉𝑇

• Slope at the Q-point:

•
𝑑𝐼𝐷

𝑑𝑉𝐷
ȁ𝐼𝐷=𝐼𝐷𝑄

,𝑉𝐷=𝑉𝐷𝑄
=

𝐼𝐷𝑄
+𝐼𝑆

𝜂𝑉𝑇
≈

𝐼𝐷𝑄

𝜂𝑉𝑇

• Since 𝐼𝑆  is in the order of 10−10 A and 𝐼𝐷  has already reached mA levels
during forward bias, we have:

𝑑𝐼𝐷

𝑑𝑉𝐷
ቚ
𝐼𝐷=𝐼𝐷𝑄

,𝑉𝐷=𝑉𝐷𝑄

≈
𝐼𝐷𝑄

𝜂𝑉𝑇 𝑉𝐷

𝐼𝐷

𝑉𝐹

𝐼𝐷𝑄

𝑉𝐷𝑄

Slope at Q-point = 𝑑𝐼𝐷

𝑑𝑉𝐷
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• The small signal approximation:
• Since 𝑑𝐼𝐷

𝑑𝑉𝐷
 has units of conductance, its inverse has units of resistance.

• Therefore, for small signals, a diode in forward bias follows the same current-vs-voltage relationship that a 
resistor would do.

• Therefore, we can model the diode as a simple resistor with resistance:

𝑟𝑑 =
𝜂𝑉𝑇

𝐼𝐷𝑄

• Here, 𝑟𝑑  is called the dynamic resistance

• In addition, we have a junction capacitance (𝐶𝑗) and 
diffusion capacitance (𝐶𝑑) in parallel with 𝑟𝑑.

• These take into account the response of the diode to time-varying 
signals.

𝑣𝐷

𝑖𝐷

𝑉𝐹

𝐼𝐷𝑄

𝑉𝐷𝑄

Slope at Q-point = 𝑑𝐼𝐷

𝑑𝑉𝐷

𝐷1

𝑅𝑑

𝐶𝑗

𝐶𝑑

Small signal Approximation
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• A diode has three main sources of noise.
• It has a PN-junction => Gives rise to shot noise.

• Can be represented as a parallel current noise 𝑖𝑛𝑆
2  across the junction, 

hence across 𝑟𝑑.

• 𝑖𝑛𝑆
2 = 2𝑞𝐼𝐷𝑄

Δ𝑓

• Here 𝐼𝐷𝑄
 is the quiescent current.

𝑃 𝑁

𝑖𝑛𝑆
2

𝑟𝑑

𝐶𝑗

𝐶𝑑

𝑖𝑛𝑆
2
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• A diode has three main sources of noise.
• It is a semiconductor device => Has flicker noise.

• Can also be represented as a parallel current noise 𝑖𝑛𝐹
2  across 𝑟𝑑.

• 𝑖𝑛𝐹
2 = 𝑓𝐿׬

𝑓𝐻 𝐾𝐹𝐼𝐷𝑄

𝛼 ⋅
1

𝑓
𝑑𝑓 = 𝐾𝐹𝐼𝐷𝑄

𝛼 ln
𝑓𝐻

𝑓𝐿
 

• where 𝐾𝐹  and 𝛼 are device dependent constants.

𝑃 𝑁

𝑖𝑛𝑆
2

𝑖𝑛𝑆
2

𝑟𝑑

𝐶𝑗

𝐶𝑑

𝑖𝑛𝑆
2

𝑖𝑛𝐹
2
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• A diode has three main sources of noise.
• It has resistance => Thermal noise.

• The resistance is mainly in the contacts between the external terminals 
and the silicon substrate, and within the substrate itself.

• We can represent this with a resistor 𝑅𝑠 in series with 𝑟𝑑, generating a 
voltage noise 𝑣𝑛𝑇

2 .

• Why don’t we add thermal noise to 𝑟𝑑?
• 𝑟𝑑 is not a real resistor - It is a dynamic resistance that 

we added to resemble the I-V relationship of the diode.

𝑃 𝑁

𝑖𝑛𝑆
2

𝑖𝑛𝐹
2

𝒗𝒏𝑻
𝟐

𝑟𝑑

𝐶𝑗

𝐶𝑑

𝑅𝑆

𝑣𝑛𝑇
2

𝑖𝑛𝑆
2

𝑖𝑛𝐹
2
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• Calculate the total voltage noise generated by a diode.
• For simplicity, ignore 𝐶𝑑 and 𝐶𝑗  (Assume open circuit).

• This is reasonable for frequencies up to the MHz range where the roll-off due to the capacitors have not yet 
begun :

• We have the thermal, flicker, and shot noise sources.
• We cannot add these three sources blindly as they sit in different branches: 𝑅𝑠's thermal noise is a series 

voltage source, and shot + flicker noises are current sources in parallel with 𝑟𝑑.
• Fix: Convert the parallel current sources into an equivalent series (Thevenin) voltage across 𝑟𝑑:

• 𝑣𝑟𝑑
2  = 𝑖𝑛𝑆

2  + 𝑖𝑛𝐹
2 ×  𝑟𝑑

2

• Now everything is in series, hence with the assumptions that noise has zero mean, are uncorrelated, and the fact that 
KVL is applicable:

• 𝑣𝑛𝑇𝑜𝑡
2 = 𝑣𝑛𝑇

2 + 𝑣𝑟𝑑
2 = 4𝑘𝐵𝑇Δ𝑓𝑅𝑠 + 𝑖𝑛𝑆

2  + 𝑖𝑛𝐹
2 ×  𝑟𝑑

2

• Let the bandwidth Δ𝑓 be between 𝑓𝐿 and 𝑓𝐻.

• 𝑣𝑛𝑇𝑜𝑡
2 = 4𝑘𝐵𝑇 𝑓𝐻 − 𝑓𝐿 𝑅𝑠 + 2𝑞𝐼𝐷𝑄

𝑓𝐻 − 𝑓𝐿 + 𝐾𝐹𝐼𝐷𝑄

𝛼 ln
𝑓𝐻

𝑓𝐿
×  𝑟𝑑

2
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• Calculate the total voltage noise generated by a diode.

• 𝑣𝑛𝑇𝑜𝑡
2 = 4𝑘𝐵𝑇 𝑓𝐻 − 𝑓𝐿 𝑅𝑠 + 2𝑞𝐼𝐷𝑄

𝑟𝑑
2 𝑓𝐻 − 𝑓𝐿 + 𝐾𝐹𝐼𝐷𝑄

𝛼 ln
𝑓𝐻

𝑓𝐿
𝑟𝑑

2

• Since 𝐼𝐷𝑄
=

𝜂𝑉𝑇

𝑟𝑑
 and 𝑉𝑇 =

𝑘𝐵𝑇

𝑞

• 𝑣𝑛𝑇𝑜𝑡
2 = 4𝑘𝐵𝑇 𝑓𝐻 − 𝑓𝐿 𝑅𝑠 +

2𝑞×𝜂𝑘𝐵𝑇

𝑞×𝑟𝑑
𝑟𝑑

2 𝑓𝐻 − 𝑓𝐿 + 𝐾𝐹𝐼𝐷𝑄

𝛼 ln
𝑓𝐻

𝑓𝐿
𝑟𝑑

2

• ∴ 𝑣𝑛𝑇𝑜𝑡
2 = 2𝑘𝐵𝑇 𝑓𝐻 − 𝑓𝐿 2𝑅𝑠 + 𝜂𝑟𝑑 + 𝐾𝐹𝐼𝐷𝑄

𝛼 ln
𝑓𝐻

𝑓𝐿
𝑟𝑑

2
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• There are several small signal models for a BJT

BJT Small-Signal Models
Linearizations at a DC bias point Q

Physics-Based Models

Hybrid-π Model
𝑣𝜋 across 𝑟𝜋 drives the output

Simplified

𝑔𝑚, 𝑟𝜋, 𝑟𝑜 only

Complete (Low-Freq.)

Add 𝑟𝑏𝑏

High-Frequency

Add 𝐶𝜋, 𝐶𝜇 , 𝑟𝑏′𝑐

T-Model
𝑣𝑏𝑒  across 𝑟𝑒 drives the output

Low-Frequency

𝑟𝑒 = 𝑉𝑇/𝐼𝐸

High-Frequency

Add 𝐶𝜋, 𝐶𝜇

Two-Port / Black-Box Model
Built from measured terminal I–V behavior

h-Parameter Model
No internal device physics assumed

Full

ℎ𝑖𝑒, ℎ𝑟𝑒, ℎ𝑓𝑒, ℎ𝑜𝑒

Simplified

ℎ𝑖𝑒 ,ℎ𝑓𝑒,only (ℎ𝑟𝑒 ≈ 0, ℎ𝑜𝑒 ≈ 0)
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• Let’s use the high frequency 𝜋 model:

𝐶𝜋

𝑟𝑜𝑟𝜋

𝐶𝜇

𝑔𝑚𝑣𝜋

𝑣𝜋

−

+

𝑖𝑜𝑢𝑡
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• Calculate the DC and AC current gains 𝛽𝐷𝐶  and 𝛽𝐴𝐶  respectively.

• From linearizing the transistor 𝐼𝐶  vs  𝑉𝐵𝐸  relation (with 𝑉𝐶𝐸  shorted) (𝐼𝐶 ≈ 𝐼𝑆𝑒
𝑉𝐵𝐸
𝑉𝑇 ) around operating point 

Q, we obtain for small signals:

•  𝑖𝑐 = 𝑔𝑚𝑣𝑏𝑒 where 𝑔𝑚 =
𝐼𝐶𝑄

𝑉𝑇
 where 𝑉𝑇 =

𝑘𝐵𝑇

𝑞
 

• Note: The full form of 𝑖𝑐  is 𝑖𝑐 = 𝑔𝑚𝑣𝑏𝑒 +
𝑣𝑐𝑒

𝑟𝑜
. 

• However, the effect of 𝑟𝑜 only arises when a load is connected at the collector.
• Therefore, to characterize just the transistor, we can short circuit the output.

• Also, 𝑖𝑏 =
𝑣𝑏𝑒

𝑟𝜋

• Therefore, the DC current gain 𝛽𝐷𝐶 =
𝐼𝐶

𝐼𝐵
= 𝑔𝑚𝑟𝜋

𝐶𝜋

𝑟𝑜𝑟𝜋

𝐶𝜇

𝑔𝑚𝑣𝑏𝑒

𝑣𝑏𝑒

−

+

𝑖𝑐
𝑖𝑏
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• Calculate the DC and AC current gains 𝛽𝐷𝐶  and 𝛽𝐴𝐶  respectively.
• Next, we calculate the AC current gain 𝛽𝐴𝐶:

• For AC small signals, the capacitors must be considered.
• With the C-E shorted, we have the total impedance between B-E (𝑧𝑏𝑒) as:

• 𝑧𝑏𝑒 = 𝑟𝜋//𝑧𝐶𝜋
//𝑧𝐶𝜇 

=> 𝑟𝜋//
1

𝑗𝜔 𝐶𝜋+𝐶𝜇
=

𝑟𝜋

1+𝑗𝜔𝑟𝜋 𝐶𝜋+𝐶𝜇

• ∴ 𝑣𝑏𝑒 = 𝑧𝑏𝑒 × 𝑖𝑏 = 𝑖𝑏
𝑟𝜋

1+𝑗𝜔𝑟𝜋 𝐶𝜋+𝐶𝜇

• Since 𝑣𝑏𝑒 =
𝑖𝑐

𝑔𝑚
, we have 𝛽𝐴𝐶 =

𝑖𝑐

𝑖𝑏
=

𝑔𝑚𝑟𝜋

1+𝑗𝜔𝑟𝜋 𝐶𝜋+𝐶𝜇

• Since 𝛽𝐷𝐶 = 𝑔𝑚𝑟𝜋, we have:

• 𝛽𝐴𝐶 =
𝛽𝐷𝐶

1+𝑗𝜔𝑟𝜋 𝐶𝜋+𝐶𝜇

• Note: This formula looks very similar to the transfer function of a R-C low pass filter with 𝑓−3 =
1

2𝜋𝑟𝜋 𝐶𝜋+𝐶𝜇
 

albeit with a gain of 𝛽𝐷𝐶.

𝐶𝜋

𝑟𝑜𝑟𝜋

𝐶𝜇

𝑔𝑚𝑣𝑏𝑒

𝑣𝑏𝑒

−

+

𝑖𝑐
𝑖𝑏
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• We can re-write the above as:
• 𝛽𝐴𝐶 =

𝛽𝐷𝐶

1+𝑗𝜔𝑔𝑚𝑟𝜋
𝐶𝜋+𝐶𝜇

𝑔𝑚

• Since 𝛽𝐷𝐶 = 𝑔𝑚𝑟𝜋, we have
• 𝛽𝐴𝐶 =

𝛽𝐷𝐶

1+𝑗𝜔𝛽𝐷𝐶
𝐶𝜋+𝐶𝜇

𝑔𝑚

=
1

1

𝛽𝐷𝐶
+𝑗𝜔

𝐶𝜋+𝐶𝜇

𝑔𝑚

 

• Define 𝜔𝑇 =
𝑔𝑚

𝐶𝜋+𝐶𝜇

• Then, = 𝛽𝐴𝐶 =
1

1

𝛽𝐷𝐶
+𝑗

𝜔

𝜔𝑇

• Squared magnitude of 𝛽𝐴𝐶:
• 𝛽𝐴𝐶

2 = 𝛽𝐴𝐶 × 𝛽𝐴𝐶
∗ =

1
1

𝛽𝐷𝐶
 +𝑗

𝜔

𝜔𝑇

×
1

1

𝛽𝐷𝐶
 −𝑗

𝜔

𝜔𝑇

=
1

1

𝛽𝐷𝐶
2  +

𝜔

𝜔𝑇

2
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• ∴ 𝛽𝐴𝐶
2 =

1

1

𝛽𝐷𝐶
2  +

𝜔

𝜔𝑇

2 with 𝜔𝑇 =
𝑔𝑚

𝐶𝜋+𝐶𝜇

• When 𝜔 → 𝜔𝑇; 𝜔

𝜔𝑇
→ 1

 ∴ ȁ𝛽𝐴𝐶ȁ2 →
1

1+
1

𝛽𝐷𝐶
2

≈ 1 (∵ 𝛽𝐷𝐶 ≫ 1)

• i.e., as 𝜔 approaches 𝜔𝑇, the current gain drops to 1.
• Therefore, 𝜔𝑇 is called the unity gain frequency.
• Beyond that, the BJT no longer works as an amplifier.

• Since  gm =
𝐼𝐶𝑄

𝑉𝑇
, the unity gain frequency is not merely a static characteristic of the BJT, but changes with 

the quiescent current.
• ∴ 𝜔𝑇  is the maximum operating frequency for a BJT for a given quiescent collector current 𝐼𝐶𝑄

.
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• There are 6 main noise sources in a BJT.
• Three of them are thermal noise sources.
• There are two main shot noise sources.
• There is a flicker noise source.

Emitter – n+ Collector - n

Base - p
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• Thermal noise sources in a BJT:
• Thermal noise sources in the emitter, base, and collector regions due to the terminal and semiconductor 

substrate bulk resistances.
• These are denoted as 𝑅𝐸, 𝑅𝐵, and 𝑅𝐶  and may be added to the small signal model in series with the emitter, 

base, and collector terminals respectively
• The resistances 𝑅𝐸  and 𝑅𝐶  are generally ignored because they are small.

• The emitter is highly doped, hence minimal resistance.
• The collector is lightly doped at the C-B junction but has a wide cross section and a well doped substrate for 

carrying signals outward, hence having low resistance.
• The base resistance however cannot be ignored due to the following reasons:

• The base is a very narrow region => comparatively high resistance => High noise voltage.
• Only moderately doped => comparatively high resistance => High noise voltage.
• Noise at the base will be amplified at the output due to transistor 𝛽 being high.

• Note: The dynamic resistances 𝑟𝜋 and 𝑟𝑜 do not generate noise as they are not real resistors (explained in 
the diode model).
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• Thermal noise sources in a BJT:

𝐶𝜋

𝑟𝑜𝑟𝜋

𝐶𝜇

𝑔𝑚𝑣𝜋

𝑣𝜋

−

+

𝑖𝑜𝑢𝑡

𝑅𝐵𝑣𝑛𝐵
2
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• Shot noise sources in a BJT.
• There are two paths for current in a BJT, both that have to cross potential barriers => Shot noise!
• When BJT operates, the base voltage 𝑉𝐵𝐸  causes the B-E junction to forward bias.

• Therefore, electrons rush from the highly doped emitter to the base region.

• However, since the base is very narrow and only moderately doped, these excess electrons only meet a little 
number of free holes, hence quickly diffuse through the base region and are accelerated into the collector 
region. 

• Therefore, the stream of electrons injected into the base from the emitter 𝐼𝐸  is almost equal to the amount of electrons 
exiting the base into the collector region 𝐼𝐶: i.e., 𝐼𝐶 ≈ 𝐼𝐸.

• Therefore, electrons moving from the emitter to the base and then to the collector can be considered as a single 
motion through a potential barrier, and is modeled as a shot noise source attributed to the collector current.

• This is called collector current shot noise => 𝑖𝑛𝐶
2 = 2𝑞𝐼𝐶𝑄

Δ𝑓 and is modelled in parallel with the C-E junction 
(output) where 𝐼𝐶𝑄

 is the DC collector current at the quiescent point.



Modelling Noise: The BJT
Noise Sources in a BJT

BM3110 Electronic Instrumentation 24

• Shot noise sources in a BJT.
• The difference between 𝐼𝐸  and 𝐼𝐶  is due to the removal of the few charges that recombined in the base 

region, and this is equal to the base current 𝐼𝐵.

• Therefore, 𝐼𝐵  has to cross the base-emitter PN junction, hence will generate shot noise.

• This is called base current shot noise => 𝑖𝑛𝐵
2 = 2𝑞𝐼𝐵𝑄

Δ𝑓 and is modelled in parallel with the B-E junction (input) 
where 𝐼𝐵𝑄

 is the DC base current at the quiescent point.

𝐶𝜋

𝑟𝑜𝑟𝜋

𝐶𝜇

𝑔𝑚𝑣𝜋

𝑣𝜋

−

+

𝑖𝑜𝑢𝑡

𝑅𝐵𝑣𝑛𝐵
2

𝑖𝑛𝐵
2

𝑖𝑛𝐶
2
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• Flicker noise sources in a BJT.
• BJT’s have trap states like any other semiconductor, hence flicker noise.

• Flicker noise is modelled as a current noise source 𝑖𝑛𝐹
2  in parallel with the B-E junction (Input).

• 𝑖𝑛𝐹
2 = 𝐾𝐼𝐵𝑄

𝛼 ln
𝑓𝐻

𝑓𝐿
 where 𝑓𝐻 − 𝑓𝐿 = Δ𝑓 is the bandwidth

𝐶𝜋

𝑟𝑜𝑟𝜋

𝐶𝜇

𝑔𝑚𝑣𝜋

𝑣𝜋

−

+

𝑖𝑜𝑢𝑡

𝑅𝐵𝑣𝑛𝐵
2

𝑖𝑛𝐵
2

𝑖𝑛𝐶
2

𝑖𝑛𝐹
2
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• Calculate the input referred noise model for the BJT
• Since the BJT is a 2-port device, the equivalent noise model requires a series voltage noise source AND a 

parallel current noise source across the input port.
• We want to have all the sources transferred to the input side.

• Base bulk resistance thermal noise, the base recombination current shot noise, and the flicker noise are 
already on the input port.

• Only collector current shot noise 𝑖𝑛𝐶
2  remains on the output side.

• Let’s refer any input referred quantity with a ‘−𝑖𝑟’ subscript.
• Ex: If the collector shot current is 𝑖𝑛𝐶

2 , its input referred current noise portion is 𝑖𝑛𝐶−𝑖𝑟
2
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• Calculate the input referred noise model for the BJT
• Collector current shot noise referred to the input:

• We can refer its contribution at the input as an equivalent voltage noise source and an equivalent current noise 
source.

• To calculate the input-referred current noise contribution 𝒊𝒏𝑪−𝒊𝒓
𝟐  of the collector shot noise 𝑖𝑛𝐶

2 , we divide the 
collector current shot noise by the squared magnitude of the AC current gain 𝜷𝑨𝑪

𝟐.

• Note: 𝛽𝐴𝐶  is a complex number because it has phase information. 
• Therefore, it must be converted to a magnitude before doing noise calculations.

• 𝛽𝐴𝐶
2 =

𝛽𝐷𝐶
2

1+ 𝜔𝑟𝜋 𝐶𝜋+𝐶𝜇

2  ⇒ ∴ 𝒊𝒏𝑪−𝒊𝒓
𝟐 =

𝑖𝑛𝐶
2

𝛽𝐴𝐶
2 = 2𝑞𝐼𝐶𝑄

Δ𝑓 ×
1+ 𝜔𝑟𝜋 𝐶𝜋+𝐶𝜇

2

𝛽𝐷𝐶
2

• Since 𝐼𝐶𝑄
= 𝐼𝐵𝑄

× 𝛽𝐷𝐶 , and 𝛽𝐷𝐶 = 𝑔𝑚𝑟𝜋 we have 
𝐼𝐶𝑄

𝛽𝐷𝐶
2 =

𝐼𝐵𝑄

𝛽𝐷𝐶
=

𝐼𝐵𝑄

𝑔𝑚𝑟𝜋

• ∴ 𝒊𝒏𝑪−𝒊𝒓
𝟐 = 2𝑞Δ𝑓𝐼𝐵𝑄

1+ 𝜔𝑟𝜋 𝐶𝜋+𝐶𝜇

2

𝑔𝑚𝑟𝜋
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• Calculate the input referred noise model for the BJT
• Collector current shot noise referred to the input:

• To calculate the input-referred voltage noise contribution 𝒗𝒏𝑪−𝒊𝒓
𝟐  of the collector shot noise 𝑖𝑛𝐶

2 , we divide 
collector current shot noise by the squared transconductance 𝒈𝒎 (Already an AC quantity).

• ∴ 𝒗𝒏𝑪−𝒊𝒓
𝟐 =

𝑖𝑛𝐶
2

𝑔𝑚
2 =

2𝑞𝐼𝐶𝑄
Δ𝑓

𝑔𝑚
2

• Since 𝐼𝐶𝑄
= 𝐼𝐵𝑄

× 𝛽𝐷𝐶, and 𝛽𝐷𝐶 = 𝑔𝑚𝑟𝜋 we have 
𝐼𝐶𝑄

𝑔𝑚
2 = 𝐼𝐵𝑄

𝑟𝜋

𝑔𝑚

• ∴ 𝒗𝒏𝑪−𝒊𝒓
𝟐 = 2𝑞IBQ

Δ𝑓
𝑟𝜋

𝑔𝑚
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• Calculate the input referred noise model for the BJT
• Therefore, the equivalent input referred noise model for the BJT:

• Current noise:

• 𝑖𝑛𝑖
2 = 𝑖𝑛𝐵

2 + 𝑖𝑛𝐶−𝑖𝑟
2 + 𝑖𝑛𝐹

2

• The above addition is possible only when noise sources have zero mean, are uncorrelated, and KVL/KCL permits the addition.
• In reality, the collector noise and base noise are somewhat correlated. However, for the purpose of this course, we consider them 

uncorrelated.

• ∴ 𝑖𝑛𝑖
2 = 2𝑞𝐼𝐵𝑄

Δ𝑓 + 2𝑞Δ𝑓𝐼𝐵𝑄

1+ 𝜔𝑟𝜋 𝐶𝜋+𝐶𝜇

2

𝑔𝑚𝑟𝜋
+ 𝐾𝐼𝐵𝑄

𝛼 ln
𝑓𝐻

𝑓𝐿
 

• ⇒∴ 𝑖𝑛𝑖
2 = 2𝑞Δ𝑓𝐼𝐵𝑄

1 +
1+ 𝜔𝑟𝜋 𝐶𝜋+𝐶𝜇

2

𝑔𝑚𝑟𝜋
 + 𝐾𝐼𝐵𝑄

𝛼 ln
𝑓𝐻

𝑓𝐿
 

• Voltage noise:

• 𝑣𝑛𝑖
2 = 𝑣𝑛𝐵

2 + 𝑣𝑛𝐶−𝑖𝑟
2 = 4𝑘𝐵𝑇Δ𝑓𝑟𝑏 + 2𝑞IBQ

Δ𝑓
𝑟𝜋

𝑔𝑚

• The above addition is possible only when noise sources have zero mean, are uncorrelated, 
and KVL/KCL permits the addition.

𝑖𝑛𝑖
2

𝑣𝑛𝑖
2
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• Calculate the input referred noise model for the BJT
• IMPORTANT:

• The input referred terms of the collector shot current 𝒊𝒏𝑪−𝒊𝒓
𝟐  and 𝒗𝒏𝑪−𝒊𝒓

𝟐  are NOT independent! 
• They are two pieces representing the same noise source!
• Therefore, when calculating total noise at the output, the noise contributions from these two terms can NOT simply be 

added as squared terms!
• Ex: 

• Calculate the total noise at the output of a BJT amplifier operating in common emitter configuration (assume low 
frequency operation) - |𝛽𝐴𝐶ȁ ≈ ȁ𝛽𝐷𝐶ȁ

• We know that 

• 𝒊𝒏𝒊
𝟐 = 𝒊𝒏𝑩

𝟐 + 𝒊𝒏𝑪−𝒊𝒓
𝟐 + 𝒊𝒏𝑭

𝟐  and

• 𝒗𝒏𝒊
𝟐 = 𝒗𝒏𝑩

𝟐 + 𝒗𝒏𝑪−𝒊𝒓
𝟐

• In the above formulae, we never directly add 𝒊𝒏𝑪−𝒊𝒓
𝟐  with 𝒗𝒏𝑪−𝒊𝒓

𝟐  yet.

• Therefore, no issues yet.

• But, to calculate the total noise at the output, we need to combine 𝒊𝒏𝑪−𝒊𝒓
𝟐  with 𝒗𝒏𝑪−𝒊𝒓

𝟐  𝑖𝑛𝑖
2

𝑣𝑛𝑖
2



Modelling Noise: The BJT
Input Referred Noise Model

BM3110 Electronic Instrumentation 31

• Use the input referred noise model to calculate the total noise at the output of the BJT
• Assuming low frequency operation, we can use a low frequency small signal model to calculate the total 

output noise. – Let’s calculate the total output noise current.
• We can use superposition principle to independently analyze each source.

• Then, 𝑖𝑜𝑢𝑡
2 = 𝑖𝐶

2 = 𝑔𝑚
2 × 𝑣𝜋

2 

• Therefore, we need to find the voltage produced at 𝑟𝜋 by each source.
• Assume an ideal signal source (source impedance 𝑅𝑆 = 0) is connected at the input.

• Therefore, you can short circuit the input terminal to ground when doing superposition calculations.
• If you want to be more rigorous, you can leave the 𝑅𝑆  in place, and it will work in series with 𝑅𝐵  and the (𝑅𝐵 + 𝑅𝑆) will 

be parallel to 𝑟𝜋.

𝑔𝑚𝑣𝜋

𝑖𝐶 = 𝑖𝑜𝑢𝑡

𝑟𝜋

𝑣𝜋

−

+

𝑖𝑛𝑐−𝑖𝑟
2

𝑖𝜋𝑣𝑛𝐵
2

𝑅𝐵

𝑖𝑛𝐹
2𝑖𝑛𝐵

2𝑣𝑛𝐶−𝑖𝑟
2
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• Step 1: For base thermal noise:

• 𝑖𝑜𝑢𝑡
2 ȁ𝑛𝐵𝑇ℎ𝑒𝑟𝑚𝑎𝑙

= 𝑔𝑚
2 × 𝒗𝒏𝑩

𝟐 ×
𝑟𝜋

𝑅𝐵+𝑟𝜋

2

≈ 𝑔𝑚
2 × 𝒗𝒏𝑩

𝟐  (∵ 𝑟𝜋 ≫ 𝑅𝐵)

• Step 2: For base shot noise:

• 𝑖𝑜𝑢𝑡
2 ȁ𝑛𝐵𝑠ℎ𝑜𝑡

= 𝑔𝑚
2 × 𝑟𝜋

2 × 𝑖𝜋
2 = 𝑔𝑚𝑟𝜋

2 × 𝑖𝑛𝐵
2 ×

𝑅𝐵

𝑅𝐵+𝑟𝜋

2

• ∴ 𝑖𝑜𝑢𝑡
2 ȁ𝑛𝐵𝑠ℎ𝑜𝑡

≈ 𝑔𝑚𝑟𝜋
2 × 𝑖𝑛𝐵

2 ×
𝑅𝐵

𝑟𝜋

2

 (∵ 𝑟𝜋 ≫ 𝑅𝐵)

• Step 3: For flicker noise:
• Same calculation as the base shot noise.

• ∴ 𝑖𝑜𝑢𝑡
2 ȁ𝑛𝐹𝑙𝑖𝑐𝑘𝑒𝑟

≈ 𝑔𝑚𝑟𝜋
2 × 𝑖𝑛𝐹

2 ×
𝑅𝐵

𝑅𝐵+𝑟𝜋

2

(∵ 𝑟𝜋 ≫ 𝑅𝐵)

• The presence of the bulk resistance at the base reduces the impact of 
the flicker and base shot noises at the output.

𝑔𝑚𝑣𝜋

𝑖𝐶 = 𝑖𝑜𝑢𝑡

𝑟𝜋

𝑣𝜋

−

+

𝑖𝜋𝑣𝑛𝐵
2

𝑅𝐵

𝑔𝑚𝑣𝜋

𝑖𝐶 = 𝑖𝑜𝑢𝑡

𝑟𝜋

𝑣𝜋

−

+

𝑖𝜋

𝑅𝐵

𝑖𝑛𝐵
2

𝑔𝑚𝑣𝜋

𝑖𝐶 = 𝑖𝑜𝑢𝑡

𝑟𝜋

𝑣𝜋

−

+

𝑖𝜋

𝑅𝐵

𝑖𝑛𝐹
2
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• For the input referred collector shot noise, we cannot individually transmit them to the output side 
because they always act together and are correlated.

• Therefore, we calculate the collective voltage they create across 𝑟𝜋 in time domain (as opposed to 
mean squared domain) and then transmit that collective voltage to the output.

• During this calculation, you will see something very interesting:
• The impact of the correlation between 𝑣𝑛𝐶−𝑖𝑟

2  and 𝑖𝑛𝑐−𝑖𝑟
2  is only visible if the input signal source is non-ideal, 

hence has a source resistance 𝑅𝑆! 
• This will confirm the whole point of the 2-port theory for input referred noise and acts as an example why we 

need both a voltage and a current source at the input when we build the input-referred noise model for a two-
port device.

𝑔𝑚𝑣𝜋

𝑖𝐶 = 𝑖𝑜𝑢𝑡

𝑟𝜋

𝑣𝜋

−

+

𝑖𝜋

𝑅𝐵
𝑣𝑛𝐶−𝑖𝑟

2

𝑖𝑛𝑐−𝑖𝑟
2
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• From superposition principle:
• Step 4: 𝑣𝜋 created by the voltage component of the input referred collector 

current shot noise:

• 𝑣𝜋 𝑡 ȁ𝑣𝑛𝐶−𝑖𝑟 
= 𝑣𝑛𝑐−𝑖𝑟 𝑡 ×

𝑟𝜋

𝑅𝐵+𝑟𝜋

• Step 5: 𝑣𝜋 created by the current component of the input referred collector current shot noise:
• 𝑣𝜋 𝑡 ȁ𝑖𝑛𝐶−𝑖𝑟 

= 𝑖𝑛𝑐−𝑖𝑟 𝑡 × 0

• Since the left leg of 𝑅𝐵  is shorted to ground, the 
current takes this path of least impedance to ground!

• Therefore, the impact of this current component is 
only felt in the presence of a source resistance!

𝑔𝑚𝑣𝜋

𝑖𝐶 = 𝑖𝑜𝑢𝑡

𝑟𝜋

𝑣𝜋

−

+

𝑖𝜋

𝑅𝐵
𝑣𝑛𝐶−𝑖𝑟

2

𝑔𝑚𝑣𝜋

𝑖𝐶 = 𝑖𝑜𝑢𝑡

𝑟𝜋

𝑣𝜋

−

+

𝑖𝜋

𝑅𝐵

𝑖𝑛𝑐−𝑖𝑟
2
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• ∴ 𝑣𝜋 𝑡 = 𝑣𝑛𝐶−𝑖𝑟 𝑡 ×
𝑟𝜋

𝑅𝐵+𝑟𝜋
+ 𝑖𝑛𝐶−𝑖𝑟 𝑡 × 0

• Now calculate the mean square of the whole:

• ∴ 𝑣𝜋
2 =

𝑟𝜋

𝑅𝐵+𝑟𝜋

2

× 𝑣𝑛𝐶−𝑖𝑟
2  

• ∴ 𝑖𝑜𝑢𝑡
2 ȁ𝑛𝐶−𝑖𝑟 = 𝑔𝑚

2 × 𝑣𝜋
2 = 𝑔𝑚𝑟𝜋

2 ×
𝑣𝑛𝐶−𝑖𝑟

2

𝑅𝐵+𝑟𝜋
2

𝑔𝑚𝑣𝜋

𝑖𝐶 = 𝑖𝑜𝑢𝑡

𝑟𝜋

𝑣𝜋

−

+

𝑖𝜋

𝑅𝐵
𝑣𝑛𝐶−𝑖𝑟

2

𝑖𝑛𝑐−𝑖𝑟
2
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• Therefore, total output noise current:
• Since the correlation component of the input referred shot noise was already considered, we can 

simply add the noise mean square terms together.

• 𝑖𝑜𝑢𝑡
2 = 𝑖𝑜𝑢𝑡

2 ȁ𝑛𝐵𝑇ℎ𝑒𝑟𝑚𝑎𝑙
+ 𝑖𝑜𝑢𝑡

2 ȁ𝑛𝐵𝑠ℎ𝑜𝑡
+ 𝑖𝑜𝑢𝑡

2 ȁ𝑛𝐹𝑙𝑖𝑐𝑘𝑒𝑟
+ 𝑖𝑜𝑢𝑡

2 ȁ𝑛𝐶−𝑖𝑟

• 𝑖𝑜𝑢𝑡
2 =

𝑔𝑚𝑟𝜋

𝑅𝐵+𝑟𝜋

2

× 𝑣𝑛𝐵
2 + 𝑣𝑛𝐶−𝑖𝑟

2 + 𝑖𝑛𝐵
2 + 𝑖𝑛𝐹

2 𝑅𝐵
2

• Since 𝑅𝐵 is small, the effect of the 𝑖𝑛𝐵
2 + 𝑖𝑛𝐹

2  terms vanish, and the 𝑔𝑚𝑟𝜋

𝑅𝐵+𝑟𝜋

2

≈
𝑔𝑚𝑟𝜋

𝑟𝜋

2

= 𝑔𝑚
2

• ∴ 𝑖𝑜𝑢𝑡
2 ≈ 𝑔𝑚

2 × 𝑣𝑛𝐵
2 + 𝑣𝑛𝐶−𝑖𝑟

2  

• It is the base shot noise and the voltage component of the input referred collector current shot noise that 
dominates!

• Note however that this is in the presence of an ideal signal source with 𝑅𝑆 = 0.
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• As a homework, repeat the calculation for the total output noise current for BJT connected to a practical 
signal source with non-zero source impedance (𝑅𝑆 ≠ 0).

• You will see that for the base thermal noise, base shot noise, and flicker noise, replacing 𝑅𝐵 with 𝑅𝐵 + 𝑅𝑆 is the 
only required modification to the final output.

• 𝑖𝑜𝑢𝑡
2 ȁ𝑛𝐵𝑇ℎ𝑒𝑟𝑚𝑎𝑙

= 𝑔𝑚
2 × 𝑣𝑛𝐵

2 ×
𝑟𝜋

𝑅𝐵+𝑅𝑆+𝑟𝜋

2

• 𝑖𝑜𝑢𝑡
2 ȁ𝑛𝐵𝑠ℎ𝑜𝑡

= 𝑔𝑚𝑟𝜋
2 × 𝑖𝑛𝐵

2 ×
𝑅𝐵+𝑅𝑆

𝑅𝐵+𝑅𝑆+𝑟𝜋

2

• 𝑖𝑜𝑢𝑡
2 ȁ𝑛𝐹𝑙𝑖𝑐𝑘𝑒𝑟

= 𝑔𝑚𝑟𝜋
2 × 𝑖𝑛𝐹

2 ×
𝑅𝐵+𝑅𝑆

𝑅𝐵+𝑅𝑆+𝑟𝜋

2

• For the and voltage and current components of the input referred collector shot noise the expression will no 
longer be simple.

• Previously, we had time domain 𝑣𝜋 𝑡 = 𝑣𝑛𝐶−𝑖𝑟 𝑡 ×
𝑟𝜋

𝑅𝐵+𝑟𝜋
+ 𝑖𝑛𝐶−𝑖𝑟 𝑡 × 0  (current noise component 

vanished), hence mean square 𝑣𝜋
2 =

𝑟𝜋

𝑅𝐵+𝑟𝜋

2

× 𝑣𝑛𝐶−𝑖𝑟
2  

• Let’s redo this step for when the source resistance 𝑅𝑆 is not zero.
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• From superposition principle, when source impedance is not zero (non-ideal/practical signal source):
• Step 4’: 𝑣𝜋 created by the voltage component of input referred collector 
 current shot noise:

• 𝑣𝜋 𝑡 ȁ𝑣𝑛𝐶−𝑖𝑟 
= 𝑣𝑛𝑐−𝑖𝑟 𝑡 ×

𝑟𝜋

𝑅𝐵+𝑅𝑆+𝑟𝜋

• Step 5’: 𝑣𝜋 created by the current component of the input referred collector current shot noise:
• Now, the left leg of 𝑅𝐵  is no longer shorted to ground.
• Therefore, the current divides among the two branches.
• The current divider rule must be applied.

• 𝑣𝜋 𝑡 ȁ𝑖𝑛𝐶−𝑖𝑟 
= 𝑖𝑛𝑐−𝑖𝑟 𝑡 ×

𝑅𝑆𝑟𝜋

(𝑅𝐵+𝑅𝑆+𝑟𝜋)

𝑔𝑚𝑣𝜋

𝑖𝐶 = 𝑖𝑜𝑢𝑡

𝑟𝜋

𝑣𝜋

−

+

𝑖𝜋

𝑅𝐵
𝑣𝑛𝐶−𝑖𝑟

2

𝑅𝑆

𝑔𝑚𝑣𝜋

𝑖𝐶 = 𝑖𝑜𝑢𝑡

𝑟𝜋

𝑣𝜋

−

+

𝑖𝜋

𝑅𝐵

𝑖𝑛𝑐−𝑖𝑟
2

𝑅𝑆
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• ∴ 𝑣𝜋 𝑡 = 𝑣𝑛𝐶−𝑖𝑟 𝑡 ×
𝑟𝜋

𝑅𝐵+𝑅𝑆+𝑟𝜋
+ 𝑖𝑛𝐶−𝑖𝑟 𝑡 ×

𝑅𝑆𝑟𝜋

𝑅𝐵+𝑅𝑆+𝑟𝜋

• Now calculate the mean square of the whole:

• ∴ 𝑣𝜋
2 =

𝑟𝜋

𝑅𝐵+𝑅𝑆+𝑟𝜋

2

× 𝑣𝑛𝐶−𝑖𝑟 𝑡 + 𝑅𝑆 × 𝑖𝑛𝐶−𝑖𝑟 𝑡
2

•  =
𝑟𝜋

𝑅𝐵+𝑅𝑆+𝑟𝜋

2

𝑣𝑛𝐶−𝑖𝑟
2 + 𝑅𝑆

2 × 𝑖𝑛𝐶−𝑖𝑟
2 + 2𝑅𝑆 × 𝒗𝒏𝑪−𝒊𝒓 𝒕 × 𝒊𝒏𝑪−𝒊𝒓 𝒕  ∵ See simplifications in lecture 1

• ∴ 𝑖𝑜𝑢𝑡
2 ȁ𝑛𝐶−𝑖𝑟 = 𝑔𝑚

2 × 𝑣𝜋
2 =

𝑔𝑚𝑟𝜋

𝑅𝐵+𝑅𝑆+𝑟𝜋

2

× 𝑣𝑛𝐶−𝑖𝑟
2 + 𝑅𝑆

2 × 𝑖𝑛𝐶−𝑖𝑟
2 + 2 × 𝑅𝑆 × 𝒗𝒏𝑪−𝒊𝒓 𝒕 × 𝒊𝒏𝑪−𝒊𝒓 𝒕

• i.e., the cross term does NOT vanish!

• However, since 𝒗𝒏𝑪−𝒊𝒓 𝒕  and 𝒊𝒏𝑪−𝒊𝒓 𝒕  are perfectly correlated, we can write one as the scalar multiple of the other. 

• This math trick simplifies the 𝒗𝒏𝑪−𝒊𝒓 𝒕 × 𝒊𝒏𝑪−𝒊𝒓 𝒕  to 𝒗𝒏𝑪−𝒊𝒓
𝟐 × 𝒊𝒏𝑪−𝒊𝒓

𝟐  which are both known quantities!

• Therefore,

• ∴ 𝑖𝑜𝑢𝑡
2 ȁ𝑛𝐶−𝑖𝑟 =

𝑔𝑚𝑟𝜋

𝑅𝐵+𝑅𝑆+𝑟𝜋

2

× 𝑣𝑛𝐶−𝑖𝑟
2 + 𝑅𝑆

2 × 𝑖𝑛𝐶−𝑖𝑟
2 + 2 × 𝑅𝑆 × 𝒗𝒏𝑪−𝒊𝒓

𝟐 × 𝒊𝒏𝑪−𝒊𝒓
𝟐
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• Therefore, total output noise current in the presence of a source impedance:
• Since the correlation component of the input referred shot noise was already considered, we can simply add 

the noise mean square terms together.

• 𝑖𝑜𝑢𝑡
2 = 𝑖𝑜𝑢𝑡

2 ȁ𝑛𝐵𝑇ℎ𝑒𝑟𝑚𝑎𝑙
+ 𝑖𝑜𝑢𝑡

2 ȁ𝑛𝐵𝑠ℎ𝑜𝑡
+ 𝑖𝑜𝑢𝑡

2 ȁ𝑛𝐹𝑙𝑖𝑐𝑘𝑒𝑟
+ 𝑖𝑜𝑢𝑡

2 ȁ𝑛𝐶−𝑖𝑟

• 𝑖𝑜𝑢𝑡
2 =

𝑔𝑚𝑟𝜋

𝑅𝐵+𝑅𝑆+𝑟𝜋

2

× 𝑣𝑛𝐵
2 + 𝑣𝑛𝐶−𝑖𝑟

2 + 𝑖𝑛𝐵
2 + 𝑖𝑛𝐹

2 𝑅𝐵 + 𝑅𝑆
2 + 𝑅𝑆

2 × 𝑖𝑛𝐶−𝑖𝑟
2 + 2 × 𝑅𝑆 × 𝒗𝒏𝑪−𝒊𝒓

𝟐 × 𝒊𝒏𝑪−𝒊𝒓
𝟐

• This expression tells us what noise sources to worry about and what sources to not worry about in a BJT 
amplifier circuit if we know the source impedance of our input signal source.

• Remember, the source signal is not always a microphone, or a small signal that you obtain with a sensor.
• It could very well be the output of a pre-amplification stage, or a buffer circuit, a filter, etc.

• This analysis put us in a position to analyze why we needed both a voltage and a current source at 
the input to represent a single collector shot noise current when deriving the input referred noise 
model.
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• Why did we need both a current source and a voltage source at the input to fold a single output 
current source to the input?

• Can’t we just divide the output side current with the current gain 𝛽𝐴𝐶 ? - No. 
• The input-referred noise model must work and yield the same result independent of the source 

impedance of an input signal that we connect.
• Consider the following common emitter transistor circuit operating in the low frequency range, where we only 

consider the collector current shot noise and ignore all other noise sources (𝑅𝐵=0 - no base thermal noise, base 
shot noise=0, flicker noise=0).

• For the input referred noise equivalent for the collector shot noise, suppose we only considered the current 

source portion 𝒊𝒏𝑪−𝒊𝒓
𝟐 =

𝑖𝑛𝐶
2

𝛽𝐴𝐶
2.

• If this is still correct, when we propagate just this current source portion of the input referred noise to the 
output side, we should get the original 𝑖𝑛𝐶

2 .

𝑔𝑚𝑣𝜋

𝑖𝐶

𝑟𝜋𝑣𝜋

−

+𝑖𝜋

𝑖𝑛𝑐−𝑖𝑟
2
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• Output current noise 𝑖𝑛𝑜𝑢𝑡𝑝𝑢𝑡
2 = 𝑔𝑚

2 𝑣𝜋
2 = 𝑔𝑚𝑟𝜋

2 × 𝑖𝜋
2 = 𝑔𝑚𝑟𝜋

2 × 𝑖𝑛𝑐−𝑖𝑟
2  = 𝑔𝑚𝑟𝜋

2 ×
𝑖𝑛𝐶

2

𝛽𝐴𝐶
2

• Since we assumed low frequency, 𝐶𝜇 and 𝐶𝜋 are zero.

• ∴ 𝛽𝐴𝐶
2 =

𝛽𝐷𝐶
2

1+ 𝜔𝑟𝜋 𝐶𝜋+𝐶𝜇

2 =
𝛽𝐷𝐶

2

1+ 0 2 = 𝛽𝐷𝐶
2 = 𝑔𝑚𝑟𝜋

2

• Therefore, 𝑖𝑛𝑜𝑢𝑡𝑝𝑢𝑡
2 = 𝑖𝑛𝐶

2

• This is the expected solution.

𝑔𝑚𝑣𝜋

𝑖𝐶

𝑟𝜋𝑣𝜋

−

+𝑖𝜋

𝑖𝑛𝑐−𝑖𝑟
2
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• Then why did we need an additional voltage noise source for the input referred noise model?
• To understand this, we need to consider a real application where we have a signal source to the input.

• Let’s assume that the source will have an impedance of 𝑅𝑠

• Let’s propagate just the current noise portion of the input referred noise to the output side in the presence of 
a source impedance:

𝑔𝑚𝑣𝜋

𝑖𝐶

𝑟𝜋𝑣𝜋

−

+𝑖𝜋𝑅𝑆𝑣𝑠

𝑖𝑛𝑐−𝑖𝑟
2



Modelling Noise: The BJT
Input Referred Noise Calculation

BM3110 Electronic Instrumentation 44

• Now, the input referred current noise is divided between 𝑟𝜋 and 𝑅𝑠.

• From current divider rule we have 𝑖𝜋
2  =

𝑅𝑠

𝑅𝑠+𝑟𝜋

2

× 𝑖𝑛𝑐−𝑖𝑟
2

• Therefore, output current noise 𝑖𝑛𝑜𝑢𝑡𝑝𝑢𝑡
2 = 𝑔𝑚

2 𝑣𝜋
2 = 𝑔𝑚𝑟𝜋

2 × 𝑖𝜋
2 = 𝑔𝑚𝑟𝜋

2 ×
𝑅𝑠

𝑅𝑠+𝑟𝜋

2

× 𝑖𝑛𝑐−𝑖𝑟
2

• ⇒ 𝑔𝑚𝑟𝜋
2 ×

𝑅𝑠

𝑅𝑠+𝑟𝜋

2

×
𝑖𝑛𝐶

2

𝛽𝐴𝐶
2

• From low frequency assumption: 𝑖𝑛𝑜𝑢𝑡𝑝𝑢𝑡
2 =

𝑅𝑠

𝑅𝑠+𝑟𝜋

2

× 𝑖𝑛𝐶
2

• ∴ 𝑖𝑛𝑜𝑢𝑡𝑝𝑢𝑡
2 ≠ 𝑖𝑛𝐶

2

• This is NOT the expected solution.

𝑅𝑆

𝑔𝑚𝑣𝜋

𝑖𝐶

𝑟𝜋𝑣𝜋

−

+𝑖𝜋

𝑖𝑛𝑐−𝑖𝑟
2
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• Now let’s see what would have happened had we used both the current and the voltage portions of the 
input referred collector shot current:

• Here, 𝑣𝑛𝐶−𝑖𝑟
2 =

𝑖𝑛𝐶
2

𝑔𝑚
2  and 𝑖𝑛𝑐−𝑖𝑟

2 =
𝑖𝑛𝐶

2

𝛽𝐴𝐶
2

• How do we calculate the combined effects of these noise sources?
• From our previous calculations for the propagation of input referred collector current shot noise to the output side:

• 𝑖𝑛𝑜𝑢𝑡𝑝𝑢𝑡
2 =

𝑔𝑚𝑟𝜋

𝑅𝐵+𝑅𝑆+𝑟𝜋

2

× 𝑣𝑛𝐶−𝑖𝑟
2 + 𝑅𝑆

2 × 𝑖𝑛𝐶−𝑖𝑟
2 + 2 × 𝑅𝑆 × 𝒗𝒏𝑪−𝒊𝒓

𝟐 × 𝒊𝒏𝑪−𝒊𝒓
𝟐

• Remember,  we cannot drop the 𝑣𝑛𝐶−𝑖𝑟(𝑡) and 𝑖𝑛𝐶−𝑖𝑟 𝑡  terms - They are components of one and the same source. 

• Since we assumed 𝑅𝐵 = 0:

• 𝑖𝑛𝑜𝑢𝑡𝑝𝑢𝑡
2 =

𝑔𝑚𝑟𝜋

𝑅𝑆+𝑟𝜋

2

× 𝑣𝑛𝐶−𝑖𝑟
2 + 𝑅𝑆

2 × 𝑖𝑛𝐶−𝑖𝑟
2 + 2 × 𝑅𝑆 × 𝒗𝒏𝑪−𝒊𝒓

𝟐 × 𝒊𝒏𝑪−𝒊𝒓
𝟐

𝑔𝑚𝑣𝜋

𝑖𝐶

𝑟𝜋𝑣𝜋

−

+

𝑖𝑛𝑐−𝑖𝑟
2

𝑖𝜋
𝑅𝑆

𝑣𝑛𝑐−𝑖𝑟
2
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• Plugging in values:

• 𝑖𝑛𝑜𝑢𝑡𝑝𝑢𝑡
2 =

𝑔𝑚𝑟𝜋

𝑅𝑆+𝑟𝜋

2

×
𝑖𝑛𝐶

2

𝑔𝑚
2 + 𝑅𝑆

2 ×
𝑖𝑛𝐶

2

𝛽𝐴𝐶
2 + 2 × 𝑅𝑆 ×

𝑖𝑛𝐶
2

𝑔𝑚
2 ×

𝑖𝑛𝐶
2

𝛽𝐴𝐶
2

• =
𝑔𝑚𝑟𝜋

𝑅𝑆+𝑟𝜋

2

× 𝑖𝑛𝐶
2 ×

1

𝑔𝑚
2 + 𝑅𝑆

2 ×
1

𝛽𝐴𝐶
2 + 2 × 𝑅𝑆 ×

1

𝑔𝑚
×

1

𝛽𝐴𝐶

• Since we assumed low frequency operation: 𝛽𝐴𝐶  = 𝛽𝐷𝐶 = 𝑔𝑚𝑟𝜋

• =
1

𝑅𝑆+𝑟𝜋
2 × 𝑖𝑛𝐶

2 × 𝑟𝜋
2 + 𝑅𝑆

2 + 2𝑅𝑆𝑟𝜋 =
1

𝑅𝑆+𝑟𝜋
2 × 𝑖𝑛𝐶

2 × 𝑅𝑆 + 𝑟𝜋
2

• ∴ 𝑖𝑛𝑜𝑢𝑡𝑝𝑢𝑡
2 = 𝑖𝑛𝐶

2

• This is the expected solution.

• Therefore, we need both the current and voltage noise source portions of the input referred noise 
model to get the correct behavior in the presence of source impedance.
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• Suppose the transistor has a current gain of 𝛽=50. Moreover, consider all capacitors to be noiseless and a 
short circuit to AC signals. Similarly, take the inductor to be noiseless and an open circuit to AC signals. The 
effective bandwidth of the amplifier is 100 kHz, and in the BJT model use 𝑔𝑚= 38 mS and 𝑟𝜋=1.33 kΩ.

• Tests performed on this amplifier give that with source impedance, 𝑅𝑠 = 50 Ω the noise figure is 3dB, and with a 
source resistance of 𝑅𝑠 = 500 Ω the noise figure is 9dB.

• Find the transistor input referred voltage and current noise spectral densities (𝑣𝑛
2/Hz and 𝑖𝑛

2/Hz) ) by assuming in 
both cases that the noise sources are white.
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• Noise is fundamentally an AC quantity and is a small signal in itself.
• Begin with small signal models for analysis.
• Dynamic resistances in small signal models do NOT generate noise, because they are not true physical 

resistances, but represent a behavioral relationship between voltage and current. 
• Bulk resistances, terminals, etc. have physical resistance, hence generate thermal noise, and must be 

considered.
• We mostly ignored the capacitances in diode and BJT small signal models during most noise derivations.

• Derive/estimate/think about how including these capacitances would change the noise characteristics.
• Think in terms of the concept of effective bandwidth.

• A diode has thermal noise, shot noise and flicker noise.
• You need to remember where these noise sources should be placed in a small signal model, and why.

• A BJT has several intrinsic noise sources out of which 4 are important.
• You need to be able to calculate the AC current gain 𝛽𝐴𝐶  for a BJT and understand why it is important.
• Refer noise sources to the input so that a generic noise model can be calculated

• Understand how the 2-port nature of a BJT required both an equivalent voltage and current source at the input for a 
complete noise model that works independent of the source impedance.
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• Explain how the source impedance affects the noise flowing through a BJT, and understand how certain 
noise sources (voltage or current) become more prominent when the source impedance is high than 
when low. 

• Calculate the output noise through a BJT amplifier circuit.  
• Use superposition to calculate the effect of individual sources as they pass through a system.
• Understand how input referred noise sources may not always be independent.

• In such situations, the calculations become tricky.
• You do NOT need to derive formulae for the exams, but you need to understand the concepts used 

during derivations.
• For example, you must be able to explain why certain simplification steps are valid in a given derivation.


	Slide 1: Noise and Interference in Instrumentation Part 3
	Slide 2: The Diode Noise Model
	Slide 3: Modelling Noise: The Diode The Diode Equation
	Slide 4: Modelling Noise: The Diode The Diode Small Signal Model
	Slide 5: Modelling Noise: The Diode The Diode Small Signal Model
	Slide 6: Modelling Noise: The Diode The Diode Small Signal Model
	Slide 7: Modelling Noise: The Diode The Diode Small Signal Model
	Slide 8: Modelling Noise: The Diode The Diode Noise Model
	Slide 9: Modelling Noise: The Diode The Diode Noise Model
	Slide 10: Modelling Noise: The Diode The Diode Noise Model
	Slide 11: Modelling Noise: The Diode Total Noise
	Slide 12: Modelling Noise: The Diode Total Noise
	Slide 13: The BJT Noise Model
	Slide 14: Modelling Noise: The BJT The BJT Small Signal Model
	Slide 15: Modelling Noise: The BJT The BJT Small Signal Model
	Slide 16: Modelling Noise: The BJT DC Current gain calculation
	Slide 17: Modelling Noise: The BJT AC Current gain calculation
	Slide 18: Modelling Noise: The BJT Usable frequency range for a BJT
	Slide 19: Modelling Noise: The BJT Usable frequency range for a BJT
	Slide 20: Modelling Noise: The BJT Noise Sources in a BJT
	Slide 21: Modelling Noise: The BJT Noise Sources in a BJT
	Slide 22: Modelling Noise: The BJT Noise Sources in a BJT
	Slide 23: Modelling Noise: The BJT Noise Sources in a BJT
	Slide 24: Modelling Noise: The BJT Noise Sources in a BJT
	Slide 25: Modelling Noise: The BJT Noise Sources in a BJT
	Slide 26: Modelling Noise: The BJT Input Referred Noise Calculation
	Slide 27: Modelling Noise: The BJT Input Referred Noise Calculation
	Slide 28: Modelling Noise: The BJT Input Referred Noise Calculation
	Slide 29: Modelling Noise: The BJT Input Referred Noise Model
	Slide 30: Modelling Noise: The BJT Input Referred Noise Model
	Slide 31: Modelling Noise: The BJT Input Referred Noise Model
	Slide 32: Modelling Noise: The BJT Input Referred Noise Model
	Slide 33: Modelling Noise: The BJT Input Referred Noise Model
	Slide 34: Modelling Noise: The BJT Input Referred Noise Model
	Slide 35: Modelling Noise: The BJT Input Referred Noise Model
	Slide 36: Modelling Noise: The BJT Input Referred Noise Model
	Slide 37: Modelling Noise: The BJT Input Referred Noise Model
	Slide 38: Modelling Noise: The BJT Input Referred Noise Model
	Slide 39: Modelling Noise: The BJT Input Referred Noise Model
	Slide 40: Modelling Noise: The BJT Input Referred Noise Model
	Slide 41: Modelling Noise: The BJT Input Referred Noise Calculation
	Slide 42: Modelling Noise: The BJT Input Referred Noise Calculation
	Slide 43: Modelling Noise: The BJT Input Referred Noise Calculation
	Slide 44: Modelling Noise: The BJT Input Referred Noise Calculation
	Slide 45: Modelling Noise: The BJT Input Referred Noise Calculation
	Slide 46: Modelling Noise: The BJT Input Referred Noise Calculation
	Slide 47: Modelling Noise: The BJT Exercise 1
	Slide 48: Modelling Noise: The Diode and The BJT Important Take Homes
	Slide 49: Modelling Noise: The Diode and The BJT Important Take Homes


   I D =  I S  (  e     V D  𝜂  V T − 1 )


   V T =    k B T q


   I S


   10  − 10


   I D


   V D


  𝜂


   V T


  ≈


  T


  T


  q


  1.602 ×  10  − 19


   V D


   I D


   V D


   I D


   V D


   I D


   V F ≈ 0 . 6


  Q


    d  I D  d  V D =  d  d  V D  I S  (  e     V D  𝜂  V T − 1 ) =    I S ×  e     V D  𝜂  V T  𝜂  V T


    d  I D  d  V D =    I D +  I S  𝜂  V T


    d  I D  d  V D    ​ |   I D =  I   D Q ,    V D =  V   D Q =    I   D Q +  I S  𝜂  V T ≈    I   D Q  𝜂  V T


   I S


   10  − 10


   I D


    d  I D  d  V D    ​ |   I D =  I   D Q ,    V D =  V   D Q ≈    I   D Q  𝜂  V T


   V D


   I D


   V F


   I   D Q


   V   D Q


  =   d  I D  d  V D


    d  I D  d  V D


   r d =   𝜂  V T   I   D Q


   r d


   C j


   C d


   r d


   v D


   i D


   V F


   I   D Q


   V   D Q


  =   d  I D  d  V D


   D 1


   R d


   C j


   C d


     i   n S 2 -


   r d


     i   n S 2 - = 2 q  I   D Q Δ f


   I   D Q


  P


  N


     i   n S 2 -


   r d


   C j


   C d


     i   n S 2 -


     i   n F 2 -


   r d


     i   n F 2 - =   ∫   f L   f H   K F  I   D Q 𝛼 ⋅  1 f d f =  K F  I   D Q 𝛼  ln ⁡   (    f H   f L )


   K F


  𝛼


  P


  N


     i   n S 2 -


     i   n S 2 -


   r d


   C j


   C d


     i   n S 2 -


     i   n F 2 -


   R s


   r d


     v   n T 2 -


   r d


   r d


  P


  N


     i   n S 2 -


     i   n F 2 -


     𝒗   𝒏 𝑻 𝟐 -


   r d


   C j


   C d


   R S


     v   n T 2 -


     i   n S 2 -


     i   n F 2 -


   C d


   C j


   R s


   r d


   r d


     v   r d 2 -   =    (    i   n S 2 -   +    i   n F 2 - ) ×    r d 2


     v   n  T o t 2 - =    v   n T 2 - +    v   r d 2 - = 4  k B T Δ f  R s +  (    i   n S 2 -   +    i   n F 2 - ) ×    r d 2


  Δ f


   f L


   f H


     v   n  T o t 2 - = 4  k B T  (  f H −  f L )  R s +  ( 2 q  I   D Q  (  f H −  f L ) +  K F  I   D Q 𝛼  ln ⁡   (    f H   f L ) ) ×    r d 2


     v   n  T o t 2 - = 4  k B T  (  f H −  f L )  R s + 2 q  I   D Q  r d 2  (  f H −  f L ) +  K F  I   D Q 𝛼  ln ⁡   (    f H   f L )  r d 2


   I   D Q =   𝜂  V T   r d


   V T =    k B T q


     v   n  T o t 2 - = 4  k B T  (  f H −  f L )  R s +   2 q × 𝜂  k B T  q   × r d  r d 2  (  f H −  f L ) +  K F  I   D Q 𝛼  ln ⁡   (    f H   f L )  r d 2


  ∴    v   n  T o t 2 - = 2  k B T  (  f H −  f L )  ( 2  R s + 𝜂  r d ) +  K F  I   D Q 𝛼  ln ⁡   (    f H   f L )  r d 2


   v 𝜋


   r 𝜋


   g m


   r 𝜋


   r o


   r  b b


   C 𝜋 ,    C 𝜇 ,    r   b ′ c


   v  b e


   r e


   r e =  V T /  I E


   C 𝜋 ,    C 𝜇


   h  i e


   h  r e


   h  f e


   h  o e


   h  i e


   h  f e


   h  r e ≈ 0


   h  o e ≈ 0


  𝜋


   C 𝜋


   r o


   r 𝜋


   C 𝜇


   g m  v 𝜋


   v 𝜋


  −


  +


   i  o u t


   𝛽  D C


   𝛽  A C


   I C


   V  B E


   V  C E


   I C ≈  I S  e     V  B E   V T


   i c =  g m  v  b e


   g m =    I   C Q   V T


   V T =    k B T q


   i c


   i c =  g m  v  b e +    v  c e   r o


   r o


   i b =    v  b e   r 𝜋


   𝛽  D C =    I C   I B =  g m  r 𝜋


   C 𝜋


   r o


   r 𝜋


   C 𝜇


   g m  v  b e


   v  b e


  −


  +


   i c


   i b


   𝛽  D C


   𝛽  A C


   𝛽  A C


   z  b e


   z  b e =  r 𝜋 / /  z   C 𝜋 / /  z   C  𝜇  


   r 𝜋 / /  (  1  j 𝜔  (  C 𝜋 +  C 𝜇 ) ) =    r 𝜋  1 +   j 𝜔 r 𝜋  (  C 𝜋 +  C 𝜇 )


  ∴  v  b e =  z  b e ×  i b =  i b    r 𝜋  1 +   j 𝜔 r 𝜋  (  C 𝜋 +  C 𝜇 )


   v  b e =    i c   g m


   𝛽  A C =    i c   i b =    g m  r 𝜋  1 +   j 𝜔 r 𝜋  (  C 𝜋 +  C 𝜇 )


   𝛽  D C =  g m  r 𝜋


   𝛽  A C =    𝛽  D C  1 +   j 𝜔 r 𝜋  (  C 𝜋 +  C 𝜇 )


   f  − 3 =  1  2 𝜋  r 𝜋  (  C 𝜋 +  C 𝜇 )


   𝛽  D C


   C 𝜋


   r o


   r 𝜋


   C 𝜇


   g m  v  b e


   v  b e


  −


  +


   i c


   i b


   𝛽  A C =    𝛽  D C  1 +   j 𝜔  g m r 𝜋  (    C 𝜋 +  C 𝜇   g m )


   𝛽  D C =  g m  r 𝜋


   𝛽  A C =    𝛽  D C  1 + j 𝜔  𝛽  D C  (    C 𝜋 +  C 𝜇   g m ) =


   1   1   𝛽  D C + j 𝜔  (    C 𝜋 +  C 𝜇   g m )


   𝜔 T =    g m   (  C 𝜋 +  C 𝜇 )


  =  𝛽  A C =  1   1   𝛽  D C + j  (  𝜔   𝜔 T )


   𝛽  A C


     |  𝛽  A C | 2 =  𝛽  A C ×  𝛽  A C ∗ =  1   1   𝛽  D C   + j  (  𝜔   𝜔 T ) ×  1   1   𝛽  D C   − j  (  𝜔   𝜔 T ) =  1   1   𝛽  D C 2   +    (  𝜔   𝜔 T ) 2


  ∴    |  𝛽  A C | 2 =  1   1   𝛽  D C 2   +    (  𝜔   𝜔 T ) 2


   𝜔 T =    g m   (  C 𝜋 +  C 𝜇 )


  𝜔 →  𝜔 T


   𝜔   𝜔 T → 1


  ∴   | 𝛽  A C    ​ | 2 →  1  1 +  1   𝛽  D C 2 ≈ 1


  ∵  𝛽  D C ≫ 1


  𝜔


   𝜔 T


   𝜔 T


   g m =    I   C Q   V T


  ∴


   𝜔 T


   I   C Q


   R E


   R B


   R C


   R E


   R C


  𝛽


   r 𝜋


   r o


   C 𝜋


   r o


   r 𝜋


   C 𝜇


   g m  v 𝜋


   v 𝜋


  −


  +


   i  o u t


   R B


     v   n B 2 -


   V  B E


   I E


   I C


   I C ≈  I E


     i   n C 2 - = 2 q  I   C Q Δ f


   I   C Q


   I E


   I C


   I B


   I B


     i   n B 2 - = 2 q  I   B Q Δ f


   I   B Q


   C 𝜋


   r o


   r 𝜋


   C 𝜇


   g m  v 𝜋


   v 𝜋


  −


  +


   i  o u t


   R B


     v   n B 2 -


     i   n B 2 -


     i   n C 2 -


     i   n F 2 -


     i   n F 2 - = K  I   B Q 𝛼  ln ⁡   (    f H   f L )


   f H −  f L = Δ f


   C 𝜋


   r o


   r 𝜋


   C 𝜇


   g m  v 𝜋


   v 𝜋


  −


  +


   i  o u t


   R B


     v   n B 2 -


     i   n B 2 -


     i   n C 2 -


     i   n F 2 -


     i   n C 2 -


  − i r


     i   n C 2 -


     i   n C − i r 2 -


     𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 -


     i   n C 2 -


     |  𝜷  𝑨 𝑪 | 𝟐


   𝛽  A C


     |  𝛽  A C | 2 =    𝛽  D C 2  1 +    (   𝜔 r 𝜋  (  C 𝜋 +  C 𝜇 ) ) 2   ⇒   ∴    𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 - =      i   n C 2 -     |  𝛽  A C | 2 = 2 q  I   C Q Δ f ×   1 +    (   𝜔 r 𝜋  (  C 𝜋 +  C 𝜇 ) ) 2   𝛽  D C 2


   I   C Q =  I   B Q ×  𝛽  D C ,


   𝛽  D C =  g m  r 𝜋


     I   C Q   𝛽  D C 2 =    I   B Q   𝛽  D C =    I   B Q   g m  r 𝜋


  ∴    𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 - = 2 q Δ f  I   B Q  (   1 +    (   𝜔 r 𝜋  (  C 𝜋 +  C 𝜇 ) ) 2   g m  r 𝜋 )


     𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 -


     i   n C 2 -


   𝒈 𝒎


  ∴    𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 - =


       i   n C 2 -   g m 2 =   2 q  I   C Q Δ f   g m 2


   I   C Q =  I   B Q ×  𝛽  D C


   𝛽  D C =  g m  r 𝜋


     I   C Q   g m 2 =  I   B Q    r 𝜋   g m


  ∴    𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 - = 2 q  I   B Q Δ f    r 𝜋   g m


     i   n i 2 - =    i   n B 2 - +    i   n C − i r 2 - +    i   n F 2 -


  ∴    i   n i 2 - = 2 q  I   B Q Δ f + 2 q Δ f  I   B Q  (   1 +    (   𝜔 r 𝜋  (  C 𝜋 +  C 𝜇 ) ) 2   g m  r 𝜋 ) + K  I   B Q 𝛼  ln ⁡   (    f H   f L )  


  ⇒ ∴    i   n i 2 - = 2 q Δ f  I   B Q  ( 1 +  (   1 +    (   𝜔 r 𝜋  (  C 𝜋 +  C 𝜇 ) ) 2   g m  r 𝜋 ) )   + K  I   B Q 𝛼  ln ⁡   (    f H   f L )  


     v   n i 2 - =    v   n B 2 - +    v   n C − i r 2 - = 4  k B T Δ f  r b + 2 q  I   B Q Δ f    r 𝜋   g m


     i   n i 2 -


     v   n i 2 -


     𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 -


     𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 -


   𝛽  A C | ≈ |  𝛽  D C |


     𝒊   𝒏 𝒊 𝟐 - =    𝒊   𝒏 𝑩 𝟐 - +    𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 - +    𝒊   𝒏 𝑭 𝟐 -


     𝒗   𝒏 𝒊 𝟐 - =    𝒗   𝒏 𝑩 𝟐 - +    𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 -


     𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 -


     𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 -


     𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 -


     𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 -


     i   n i 2 -


     v   n i 2 -


     i  o u t 2 - =    i C 2   - =  g m 2 ×    v 𝜋 2   -


   r 𝜋


   R S = 0


   R S


   R B


  (  R B +  R S )


   r 𝜋


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


     i   n c − i r 2 -


   i 𝜋


     v   n B 2 -


   R B


     i   n F 2 -


     i   n B 2 -


     v   n C − i r 2 -


     i  o u t 2 -    ​ |   n   B  T h e r m a l =  g m 2 ×    𝒗   𝒏 𝑩 𝟐 - ×    (    r 𝜋   R B +  r 𝜋 ) 2 ≈  g m 2 ×    𝒗   𝒏 𝑩 𝟐 -         ( ∵  r 𝜋 ≫  R B )


     i  o u t 2 -    ​ |   n   B  s h o t =  g m 2 ×  (  r 𝜋 2 ×    i 𝜋 2   - ) =    (  g m  r 𝜋 ) 2 ×    i   n B 2 - ×    (    R B   R B +  r 𝜋 ) 2


  ∴    i  o u t 2 -    ​ |   n   B  s h o t ≈    (  g m  r 𝜋 ) 2 ×    i   n B 2 - ×    (    R B   r 𝜋 ) 2       ( ∵  r 𝜋 ≫  R B )


  ∴    i  o u t 2 -    ​ |   n  F l i c k e r ≈    (  g m  r 𝜋 ) 2 ×    i   n F 2 - ×    (    R B   R B +  r 𝜋 ) 2 ( ∵  r 𝜋 ≫  R B )


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


     v   n B 2 -


   R B


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


   R B


     i   n B 2 -


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


   R B


     i   n F 2 -


   r 𝜋


     v   n C − i r 2 -


     i   n c − i r 2 -


   R S


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


   R B


     v   n C − i r 2 -


     i   n c − i r 2 -


   v 𝜋


   v 𝜋  ( t )    ​ |   v   n C − i r   =  v   n c − i r  ( t ) ×  (    r 𝜋   R B +  r 𝜋 )


   v 𝜋


   v 𝜋  ( t )    ​ |   i   n C − i r   =  i   n c − i r  ( t ) × 0


   R B


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


   R B


     v   n C − i r 2 -


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


   R B


     i   n c − i r 2 -


  ∴  v 𝜋  ( t ) =  (  v   n C − i r  ( t ) ×    r 𝜋   R B +  r 𝜋 ) +  (  i   n C − i r  ( t ) × 0 )


  ∴    v 𝜋 2 - =    (    r 𝜋   R B +  r 𝜋 ) 2 ×    v   n C − i r 2   -


  ∴    i  o u t 2 -    ​ |   n C − i r =  g m 2 ×    v 𝜋 2 - =    (  g m  r 𝜋 ) 2 ×      v   n C − i r 2 -     (  R B +  r 𝜋 ) 2


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


   R B


     v   n C − i r 2 -


     i   n c − i r 2 -


     i  o u t 2 - =    i  o u t 2 -    ​ |   n   B  T h e r m a l +    i  o u t 2 -    ​ |   n   B  s h o t +    i  o u t 2 -    ​ |   n  F l i c k e r +    i  o u t 2 -    ​ |   n C − i r


     i  o u t 2 - =    (    g m  r 𝜋   R B +  r 𝜋 ) 2 ×  (    v   n B 2 - +    v   n C − i r 2 - +  (    i   n B 2 - +    i   n F 2 - )  R B 2 )


   R B


   (    i   n B 2 - +    i   n F 2 - )


     (    g m  r 𝜋   R B +  r 𝜋 ) 2 ≈    (    g m  r 𝜋   r 𝜋 ) 2 =  g m 2


  ∴    i  o u t 2 - ≈  g m 2 ×  (    v   n B 2 - +    v   n C − i r 2 -   )


   R S = 0


   R S ≠ 0


   R B


   R B +  R S


     i  o u t 2 -    ​ |   n   B  T h e r m a l =  g m 2 ×    v   n B 2 - ×    (    r 𝜋   R B +  R S +  r 𝜋 ) 2


     i  o u t 2 -    ​ |   n   B  s h o t =    (  g m  r 𝜋 ) 2 ×    i   n B 2 - ×    (    R B +  R S   R B +  R S +  r 𝜋 ) 2


     i  o u t 2 -    ​ |   n  F l i c k e r =    (  g m  r 𝜋 ) 2 ×    i   n F 2 - ×    (    R B +  R S   R B +  R S +  r 𝜋 ) 2


   v 𝜋  ( t ) =  (  v   n C − i r  ( t ) ×    r 𝜋   R B +  r 𝜋 ) +  (  i   n C − i r  ( t ) × 0 )


     v 𝜋 2 - =    (    r 𝜋   R B +  r 𝜋 ) 2 ×    v   n C − i r 2   -


   R S


   v 𝜋


   v 𝜋  ( t )    ​ |   v   n C − i r   =  v   n c − i r  ( t ) ×  (    r 𝜋   R B +  R S +  r 𝜋 )


   v 𝜋


   R B


   v 𝜋  ( t )    ​ |   i   n C − i r   =  i   n c − i r  ( t ) ×    R S  r 𝜋  (  R B +  R S +  r 𝜋 )


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


   R B


     v   n C − i r 2 -


   R S


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


   R B


     i   n c − i r 2 -


   R S


  ∴  v 𝜋  ( t ) =  (  v   n C − i r  ( t ) ×    r 𝜋   R B +  R S +  r 𝜋 ) +  (  i   n C − i r  ( t ) ×    R S  r 𝜋   R B +  R S +  r 𝜋 )


  ∴    v 𝜋 2 - =    (    r 𝜋   R B +  R S +  r 𝜋 ) 2 ×      (  v   n C − i r  ( t ) +  R S ×  i   n C − i r  ( t ) ) 2 -


    =    (    r 𝜋   R B +  R S +  r 𝜋 ) 2  (    v   n C − i r 2 - +  R S 2 ×    i   n C − i r 2 - + 2  R S ×    𝒗   𝒏 𝑪 − 𝒊 𝒓  ( 𝒕 ) ×  𝒊   𝒏 𝑪 − 𝒊 𝒓  ( 𝒕 ) - )        ( ∵ See simplifications in lecture 1 )


  ∴    i  o u t 2 -    ​ |   n C − i r =  g m 2 ×    v 𝜋 2 - =    (    g m  r 𝜋   R B +  R S +  r 𝜋 ) 2 ×  (    v   n C − i r 2 - +  R S 2 ×    i   n C − i r 2 - + 2 ×  R S ×    𝒗   𝒏 𝑪 − 𝒊 𝒓  ( 𝒕 ) ×  𝒊   𝒏 𝑪 − 𝒊 𝒓  ( 𝒕 ) - )


   𝒗   𝒏 𝑪 − 𝒊 𝒓  ( 𝒕 )


   𝒊   𝒏 𝑪 − 𝒊 𝒓  ( 𝒕 )


     𝒗   𝒏 𝑪 − 𝒊 𝒓  ( 𝒕 ) ×  𝒊   𝒏 𝑪 − 𝒊 𝒓  ( 𝒕 ) -


      𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 - ×     𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 -


  ∴    i  o u t 2 -    ​ |   n C − i r =    (    g m  r 𝜋   R B +  R S +  r 𝜋 ) 2 ×  (    v   n C − i r 2 - +  R S 2 ×    i   n C − i r 2 - + 2 ×  R S ×     𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 - ×     𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 - )


     i  o u t 2 - =    i  o u t 2 -    ​ |   n   B  T h e r m a l +    i  o u t 2 -    ​ |   n   B  s h o t +    i  o u t 2 -    ​ |   n  F l i c k e r +    i  o u t 2 -    ​ |   n C − i r


     i  o u t 2 - =    (    g m  r 𝜋   R B +  R S +  r 𝜋 ) 2 ×  (    v   n B 2 - +    v   n C − i r 2 - +  (    i   n B 2 - +    i   n F 2 - )    (  R B +  R S ) 2 +  R S 2 ×    i   n C − i r 2 - + 2 ×  R S ×     𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 - ×    𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 - )


   |  𝛽  A C |


   R B


     𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 - =      i   n C 2 -     |  𝛽  A C | 2


     i   n C 2 -


   g m  v 𝜋


   i C


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


     i   n c − i r 2 -


     i   n  o u t p u t 2 - =  g m 2    v 𝜋 2 - =    (  g m  r 𝜋 ) 2 ×    i 𝜋 2   - =    (  g m  r 𝜋 ) 2 ×    i   n c − i r 2   - =    (  g m  r 𝜋 ) 2 ×      i   n C 2 -     |  𝛽  A C | 2


   C 𝜇


   C 𝜋


  ∴    |  𝛽  A C | 2 =    𝛽  D C 2  1 +    (   𝜔 r 𝜋  (  C 𝜋 +  C 𝜇 ) ) 2 =    𝛽  D C 2  1 +    ( 0 ) 2 =  𝛽  D C 2 =    (  g m  r 𝜋 ) 2


     i   n  o u t p u t 2 - =    i   n C 2 -


   g m  v 𝜋


   i C


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


     i   n c − i r 2 -


   R s


   g m  v 𝜋


   i C


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


   R S


   v s


     i   n c − i r 2 -


   r 𝜋


   R s


     i 𝜋 2   - =    (    R s   R s +  r 𝜋 ) 2 ×    i   n c − i r 2 -


     i   n  o u t p u t 2 - =  g m 2    v 𝜋 2 - =    (  g m  r 𝜋 ) 2 ×    i 𝜋 2   - =    (  g m  r 𝜋 ) 2 ×    (    R s   R s +  r 𝜋 ) 2 ×    i   n c − i r 2 -


  ⇒    (  g m  r 𝜋 ) 2 ×    (    R s   R s +  r 𝜋 ) 2 ×      i   n C 2 -     |  𝛽  A C | 2


     i   n  o u t p u t 2 - =    (    R s   R s +  r 𝜋 ) 2 ×    i   n C 2 -


  ∴    i   n  o u t p u t 2 - ≠    i   n C 2 -


   R S


   g m  v 𝜋


   i C


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


     i   n c − i r 2 -


     v   n C − i r 2 - =      i   n C 2 -   g m 2


     i   n c − i r 2 - =      i   n C 2 -     |  𝛽  A C | 2


     i   n  o u t p u t 2 - =    (    g m  r 𝜋   R B +  R S +  r 𝜋 ) 2 ×  (    v   n C − i r 2 - +  R S 2 ×    i   n C − i r 2 - + 2 ×  R S ×     𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 - ×     𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 - )


   v   n C − i r ( t )


   i   n C − i r  ( t )


   R B = 0


     i   n  o u t p u t 2 - =    (    g m  r 𝜋   R S +  r 𝜋 ) 2 ×  (    v   n C − i r 2 - +  R S 2 ×    i   n C − i r 2 - + 2 ×  R S ×     𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 - ×     𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 - )


   g m  v 𝜋


   i C


   r 𝜋


   v 𝜋


  −


  +


     i   n c − i r 2 -


   i 𝜋


   R S


     v   n c − i r 2 -


       i   n  o u t p u t 2 - =  (    g m  r 𝜋   R S +  r 𝜋 ) 2 ×  (      i   n C 2 -   g m 2 +  R S 2 ×      i   n C 2 -     |  𝛽  A C | 2 + 2 ×  R S ×       i   n C 2 -   g m 2 ×       i   n C 2 -     |  𝛽  A C | 2 )


    =  (    g m  r 𝜋   R S +  r 𝜋 ) 2 ×    i   n C 2 - ×  (  1   g m 2 +  R S 2 ×  1     |  𝛽  A C | 2 + 2 ×  R S ×  1   g m ×  1   |  𝛽  A C | )


   |  𝛽  A C |   =  𝛽  D C =  (  g m  r 𝜋 )


  =  1     (  R S +  r 𝜋 ) 2 ×    i   n C 2 - ×  (  r 𝜋 2 +  R S 2 + 2  R S  r 𝜋 ) =  1     (  R S +  r 𝜋 ) 2 ×    i   n C 2 - ×    (  R S +  r 𝜋 ) 2


  ∴    i   n  o u t p u t 2 - =    i   n C 2 -


  𝛽


   g m


   r 𝜋


   R s


   R s


   v n 2 / Hz


   i n 2 / Hz


   𝛽  A C

