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Description 

This document describes the electrical characteristics of bipolar transistors. 

Bipolar Transistors
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1.  Transistor characteristics 

Equivalent parameters of a transistor include the device parameters closely related to its 

internal operation and the circuit parameters that are represented as a matrix by treating the 

transistor as a four-terminal network. 

Equivalent circuits are also divided into small-signal and large-signal equivalent circuits, 

depending on the amplitude of signals to be handled. Since there are numerous equivalent 

circuits, circuit designers should carefully consider the scopes and limitations of their 

applications. Table 1.1 categorizes equivalent circuits. Chapter 1 focuses on commonly used 

small-signal equivalent circuits. 

Table 1.1 List of transistor equivalent circuits 

 

 

 

 

Transistor 

equivalent 

circuits 

 

 

 

 

 

 Small-signal equivalent  

 circuits 

 (General linear circuits  

 such as amplifiers,  

 oscillators, modulators,  

 and demodulators) 

 

  Device parameters 

 

 

  Early's T-type equivalent circuit 

  (Common-base circuit) 

  Giacoletto’s π-type equivalent circuit 

  (Common-collector and common-emitter  

  circuits) 

 

  Circuit parameters 

 

  Matrices showing the relationship between the  

  input and output by voltage and current 

       a-b matrixes 

       g-h matrices (low frequency) 

       y-z matrices (high frequency) 

  Matrices showing the relationship between the  

  input and output by power 

       s matrices   

       (ultra-high frequency) 

       (transmittance coefficient and reflection 

       coefficient indications) 

 

 Large-signal equivalent circuits - device  

 parameters 

 (Nonlinear circuits such as pulse, digital, and  

 switching circuits) 

 

  Ebers-Moll current control model 

  Beaufoy-Sparkes charge control model 

  Linvil density control model 

  Other nonlinear models 
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1.1. Device parameters 

(1) Early's T-type equivalent circuit 

   Figure 1.1 shows Early’s T-type equivalent circuit. 

 

Figure 1.1 Early's T-type equivalent 

circuit 

 

(a)  re: Emitter resistance 

   re is the forward-bias resistance across the base-emitter junction, which is calculated as: 

re  = 
k T

 q IE 
 ( Ω ) ･････････････････････････････････････････････････････････････････････  (1–1) 

         k  :  Boltzmann constant (1.38×10
–23

 J/K) 

         T  :  Absolute temperature (K) 

         q  :  Elementary charge (1.602×10
–19

 C) 

         IE  :  Emitter current (A) 

   At room temperature (300 K), Equation 1-1 is restated as follows when the emitter      

   current is given in mA: 

re ≈  
26

 IE  ( mA ) 
 ( Ω ) ････････････････････････････････････････････････････････････  (3–2) 

  

+－－+

e 

α ie 

rc 

re 

rbb’ 

Cc 

Ce 

b 

c 

μ Vcb’ 

b’ 
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(b) Ce: Emitter capacitance (CTe+CDe) 

   The emitter capacitance is the sum of the depletion capacitance CTe and the diffusion    

   capacitance CDe in the base-emitter junction. The depletion layer capacitance in the base-  

   emitter junction can be ignored since it is far smaller than the diffusion capacitance. The   

   depletion layer capacitance CTe and the diffusion capacitance CDe can be calculated using   

   Equation 1-3 and Equation 1-4 respectively: 

CTe = Ae  
√ 
 
1
2

 ε q N 
n

ϕ
0
 - Vb'e 

3

   ( F ) ････････････････････････････････････････････････････････  (1–3) 

        Ae  :  Emitter junction area (m
2
) 

        ε   :  Dielectric constant 

        
n
N  :  Majority carrier density (m

-3
) on the side with higher specific resistance  

              (NPN in this case) 

        Φ0  :  Contact potential difference (potential barrier in thermodynamic equilibrium) (V) 

        Vb'e :  Voltage applied across the base-emitter junction (V) 

CDe = 
 q IE W

2 

2 k T D
 ( F ) ･････････････････････････････････････････････････････････････････  (1–4) 

        W  :  Base width (m) 

        D   :  Diffusion coefficient of minority carriers in the base layer (m
2
/ s) 

 

(c)  µ : Voltage feedback ratio (Early constant) 

   This constant due to the Early effect is a base-width modulation parameter. 

μ = 
k T dC

 3 q W ( ϕ
0
 - Vb'e  ) 

   ( F ) ･･････････････････････････････････････････････････････  (1–5) 

        dC  :  Width of the collector depletion layer (m) 

 

(d) rc : Collector resistance 

   This is a base-width modulation parameter, which is represented as: 

rC  = 
1

 IE  ( 
∂ α

 ∂ Vb'c 
 )

   ( Ω ) 
････････････････････････････････････････････････････････････  (1–6) 

       rc is typically 1 to 2 MΩ. 
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(e)  Cc : Collector capacitance 

   As is the case with the emitter capacitance, the collector capacitance is the sum of the   

   depletion layer capacitance CTC and the diffusion capacitance CDC in the collector-base     

   junction.  

   The diffusion capacitance in the collector-base junction can be ignored since it is far      

   smaller than the depletion layer capacitance. The depletion layer capacitance can be       

   calculated as: 

CTC  = AC 
√ 

 ε2  q  a 
12

ϕ
0 

- Vb'c 

3

   ( F ) 
･･･････････････････････････････････････････････････････････  (1–7) 

        AC   : Collector junction area (m
3
) 

        a    : Dopant concentration gradient (m
-4

) 

        Vb’c : Voltage applied across the base-collector junction (V) 

      CTC is typically 1 to 10 pF. 

 

(f) α : DC current gain 

   This is the only parameter of Early's T-type equivalent circuit that exhibits frequency     

   dependence and can be calculated as: 

α = 
α0

 1 + j ω Ce rc 
 

fα = 
1

 2 π Ce re 
 

   Hence: 

α = 
α0

 1 + j 
f

 fα 
 

 
････････････････････････････････････････････････････････････････････････････  (1–8) 

        α0   : Value of α at low frequency 

        fα    : α cut-off frequency (frequency at which α drops by 3 dB) 
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   Figure 1.2 shows the frequency locus of α. The measurement of α reveals that the       

   difference between theoretical and measured values increases as the frequency            

   approaches fα. This is because Early's T-type equivalent circuit is based on primary        

   approximation of physical phenomena. 

   To correct this error, Thomas-Moll included the excess phase parameter m in the         

   equation: 

α = 
α0

 1 + j
f

 fα 
  

 e - j m 
f

 fα 
 

･･････････････････････････････････････････････････････････  (1–9) 

   This equation matches well with measured values at frequencies lower than fα. 

 

Figure 1.2 Frequency locus of α 

 

(g) rbb’  : Base spreading resistance 

   This is the resistance from the center of the    

   base layer to the external base terminal that   

   contributes to the operation of a transistor and 

   is determined by the shape and dimensions of  

  the transistor and the specific  resistance of the 

   base layer. The comb-shaped base spreading  

   resistance can be  calculated as follows. 

 

 

rbb' ≈ 
1

 12 
 
ρ

B

 W 
 
L

Z
   (Ω) ･･････････････････････････････････････････････････････････････････  (1–10) 

        ρB   Specific resistance of the base layer (Ω·m) 
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π

 4 
 

Im α 

- j0.5 
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fα 

α= 
α0

1 + j 
f

 fα 

  

α = 
α0

 1 + j 
f

fα
 

 e - j m 

f
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   In a common-emitter configuration, the DC current gain (β) of a transistor is            

   represented as follows using π-type equivalent circuit: 

 

β = 
α0

 1 - α0 

 ( 
1

 1 + j ω Cb'e rb'e 
 )  = 

β
0

 1 + j ω Cb'e rb'e 

 

   As is the case with fα, let’s define the β cut-off frequency fβ as the frequency at which   

   the absolute value of β equals β0/     . Then, fβ is calculated as: 

fβ = 
1

 2 π Cb'e rb'e 

 

β = 
1

 1 + j 
f

 fβ 
 

 
････････････････････････････････････････････････････････････････････････････  (1–11) 

 

(2) π-type equivalent circuit 

   Figure 1.3 shows the π-type equivalent circuit, which is essentially the same as the T-   

   type equivalent circuit described above. The π-type equivalent circuit differs from the T-    

   type equivalent circuit only in that, in principle, the parameters of the former have no      

   frequency response. 

   Since the physical meaning of each parameter is easy to understand, the π-type         

   equivalent circuit is widely used. To use it for circuit calculation, it is convenient to simplify 

   the basic configuration shown in Figure 1.3, considering the frequency range. 

   Table 1.2 shows the relationships of the parameters of the T-type and the π-type        

   equivalent circuits. 

 

Figure 1.3 π-type equivalent circuit 

  

+

－

b 

gmVb’e 

Cb’e 

rbb’ c 

e e 

b’ 
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Table 1.2 Relationships between the parameters of the 

T-type and the π-type equivalent circuits 

T-type equivalent circuit π-type equivalent circuit 

Ce Cb’e 

re

 1 - α0 
 rb’e 

Cc Cb’c 

1

 re 
- 
 μ (1 - α0) 

re
 

1

 rb'c 
 

 re 

μ
 rce 

 α0 

re
 gm 

rbb’ rbb’ 
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1.2. Circuit parameters 

(1) Matrices showing the relationships between the input and the output by voltage and 

current 

   This method regards a transistor as a four-terminal circuit network to describe it only with 

   the electrical characteristics of its terminals irrespective of the physical characteristics of the  

   transistor. 

   There are six types of matrices (a, b, g, h, y and z) that represent the relationships among 

   the input and output voltages and currents. Of the six types, the h and y matrices are used  

   relatively frequently. 

   Figure 1.4 and Figure 1.5 show the definitions of the h and y matrices. The suffixes e and  

   b following the letters i, r, f, and o distinguish between the common-emitter and common-   

   base configurations. 

 

 

 

 

[  
V1

i2
  ]  = [  

h11 h12

h21 h22
  ]  [  

i1
V2
  ]  = [  

hi hr

hf ho
  ] [  

i1
V2
  ]  

Figure 1.4 Circuit network using the h matrix 

 

 

 

 

[  
i1
i2
  ]  = [  

y
11

y
12

y
21

y
22
  ]  [  

V1

V2
  ]  = [  

y
i

y
r

y
f

y
o
  ] [  

V1

V2
  ] 

Figure 1.5 Circuit network using the y matrix 

   The parameters in the matrices have the following meanings: 

        hi  :   Input impedance                  yi  :   Input admittance 

        hr  :   Reverse voltage feedback ratio     yr  :   Reverse transfer admittance 

        hf  :   Forward current gain              yf  :   Forward transfer admittance 

        ho :   Output admittance                yo :   Output admittance 

   The h matrices are often used for low-frequency regions whereas the y matrices are       

   commonly used for high-frequency regions. 

  

+

－

+

－

+

－

V1 
V2 

h21 i1 

i1 i2 i1 i2 

h12 V2 

h11 
h22 V1 

h11 h12 

h21 h22 

i1 

y11 

i2 

V1 V2 

i1 

y22 y21 

y12 

i2 

V2 V1 
y11 y22 y21 V1 y12 V2 

V2 
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(2) Matrix showing the relationships between the input and the output by power 

   The S matrices (scattering matrices) are commonly used to represent the phenomena in   

   microwave circuits such as the reflection and transmission of waves. 

   As the frequency limits of semiconductor devices increase, the S matrices are sometimes  

   used to describe their circuit parameters. 

   Figure 1.6 shows the definitions of the S matrix. 

 

 

 

 

[  
b1

b2
  ]= [  

S11 S12

S21 S22
  ]  [  

a1

a2
  ]  = [  

Si Sr

Sf So
  ] [  

a1

a2
  ] 

Figure 1.6 Circuit network using the S matrix 

 

   Each parameter has the following meaning: 

        S11  :   Input reflection coefficient 

        S12  :   Reverse transmission coefficient 

        S21  :   Forward transmission coefficient 

        S22  :   Output reflection coefficient 

 

   As is the case with the h and y matrices, the suffixes e and b denote the common-emitter  

   and common-base configurations respectively. 

 

 

 

  

a1 

b2 b1 

a2 
1 

1’ 

2 

2’ 

S11 

S22 S21 

S12 



Bipolar Transistors 
Application Note 

13 / 28  
2018-09-21 

© 2018 

Toshiba Electronic Devices & Storage Corporation 

Table 1.3 Interrelation of parameters 

 [h] [y] [s] 

[h] 

hi hr 

1

 yi 
 -

 yr 

 yi 
 

( 1 + si ) ( 1 + so ) - sr sf

 ( 1 - si ) ( 1 + so ) + sr sf 
 

2s r

 ( 1 - si ) ( 1 + so ) + sr sf 
 

hf ho 
 yf 

 yi 
 

 yi yo - yr yf 

yi
 

-2sf

 ( 1 - si ) (1 + so ) + sr sf 
 

( 1 - si ) ( 1 - so ) - sr sf

 ( 1 - si ) ( 1 + so ) + sr sf 
 

[y] 

1

 hi 
 - 

 hr 

 hi 
 yi yr 

 ( 1 - si ) ( 1 + so ) + sr sf 

( 1 + si ) ( 1 + so ) - sr sf 
 

-2sr

 ( 1 + si ) ( 1 + so ) - sr sf 
 

 hf 

 hi 
 

 hi ho - hr hf 

hi
 yf yo 

-2sf

 ( 1 + si ) ( 1 + so ) - sr sf 
 

 ( 1 + si ) ( 1 - so ) + sr sf 

( 1 + si ) ( 1 + so ) - sr sf
 

[s] 

( hi - 1 ) ( ho + 1 ) - hr hf 

 ( hi + 1 ) ( ho + 1 ) - hr hf 
  

 ( 1 - yi ) ( 1 + yo ) + yr yf 

 ( 1 + yi ) ( 1 + yo ) - yr yf 
 

si sr 2hr

 ( hi + 1 ) ( ho + 1 ) - hr hf 
 

-2yr

 ( 1 + yi ) ( 1 + yo ) - yr yf 
 

-2hf

 ( hi + 1 ) ( ho + 1) - hr hf 
 

-2yf

 ( 1 + yi ) ( 1 + yo ) - yr yf 
 

sf so 
 ( 1 + hi ) ( 1 - ho )  + hr hf 

 ( hi + 1 ) ( ho + 1 ) - hr hf 
 

 ( 1 + yi ) ( 1 - yo ) + yr yf 

 ( 1 + yi ) ( 1 + yo ) - yr yf 
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Table 1.4 Conversion formulas for h parameters 

  Converted h parameters 

  Common-base Common-emitter Common-collector 

K
n
o
w

n
 h

 p
a
ra

m
e
te

rs
 

C
o
m

m
o
n
-b

a
se

 

  
hib

 1 + hfb 
 

 Δhb - hrb 

1 + hfb
 

hib

 1 + hfb 
 1 

  
-hfb

 1 + hfb 
 

  hob 

 1 + hfb 
 

-1

 1 + hfb 

 
 hob

 1 + hfb 
 

C
o
m

m
o
n
-e

m
it
te

r 

hie

 1 + hfe 

 
 Δhe - hre 

1 + hfe
   hie 1 - hre 

-hfe

 1 + hfe 

 
hoe

 1 + hfe 

   - ( 1 + hfe ) hoe 

C
o
m

m
o
n
-c

o
ll
e
c
to

r 

 -hic 

 hfc 
 

 -Δhrc 

hfc 

 - 1 hic 1 - hrc   

 -( 1 + hfc ) 

hfc
 

 - hoc 

hfc
 -( 1 + hfc  ) hoc   

Δhe = hie hoe – hre hfe 、 Δhb = hib hob – hrb hfb 、 Δhc = hic hoc – hrc hfc 
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Table 1.5 Conversion formulas for y parameters 

  Converted y parameters 

  Common-base Common-emitter Common-collector 

K
n
o
w

n
 y

 p
a
ra

m
e
te

rs
 

C
o
m

m
o
n
-b

a
se

 

  ∑yb -( yrb + yob ) ∑yb -( yib + yfb ) 

  -( yfb + yob  ) yob -( yib + yrb ) yib 

C
o
m

m
o
n
-e

m
it
 

te
r 

∑ ye -( yre + yoe )   yie -( yie + yre ) 

-( yfe + yoe ) yoe   -( yie+ yfe ) ∑ye 

C
o
m

m
o
n
-c

o
lle

 

c
to

r 

yoc -( yfc + yoc ) yic -( yic + yrc )   

-( yrc + yoc ) ∑yc -( yic + yfc  ) ∑yc   

  ∑ye = yie + yre + yfe + yoe 

  ∑yb = yib + yrb + yfb + yob 

   ∑yc = yic + yrc + yfc + yoc 
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Table 1.6 h parameters converted using T-type equivalent circuit 

Common-base Common-emitter 

hib 

 re + rbb'  [ ( 1 - α0 ) + j 
f
 fα 
 ] 

1 + j 
f
 fα 

 hie 
rbb' + 

re

 ( 1 - α0 ) + j 
f
 fα 
 
 

hrb j 2 π f  Cc rbb' hre 2 π f α Cc re  

j 
f
 fα 

 ( 1 - α0 ) + j 
f
 fα 
 
 

hfb 

- α0

 1 + j 
f
 fα 
 
 

hfe 

α0

 ( 1 - α0 ) + j 
f
 fα 
 
 

hob j 2 π f Cc hoe 2 π fα Cc  

 j 
f
 fα 
 ( 1 + j 

f
 fα 
 ) 

( 1 - α0 ) + j 
f
 fα 

 

 

Table 1.7 y parameters converted using T-type equivalent circuit 

Common-base Common-emitter 

yib 

1 + j 
f
 fα 

 re + j rbb' 
f
 fα 
 
 yie 

 ( 1 - α0 ) + j 
f
 fα 

re + j rbb'  
f
 fα 

 

yrb - 2 π fα Cc  

 j 
f
 fα 
 (1 + j 

f
 fα 
) 

re
 rbb' 

 + j 
f
 fα 

 yre - 2 π fα Cc  
re
 rbb' 

 

j 
f
 fα 

 
re
 rbb' 

 + j 
f
 fα
 
 

yfb 
-

α0

  re + j rbb'  
f
 fα 
 
 

yfe 

α0

 re + j rbb'  
f
fα

  

yob 2 π fα Cc  

 j 
f
 fα 
 ( 1 + 

re
 rbb' 

 + j 
f
 f α
) 

re
 rbb' 

 + j 
f
 fα 

 yoe Same as for yob 
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(1) Common-base (1) Common-base 

(a) (b) (a) (b) 

 

 
 

 

 

 

 

 
 

 

 

 

(c) (d) (c) (d) 

 

 
 

 

 
 

 

 
 

 

 

(2) Common-emitter (2) Common-emitter 

(a) (b) (a) (b) 
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Figure 1.7 Frequency locus of h 

parameters 

Figure 1.8 Frequency locus of y 

parameters 
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   See Table 1.3 to Table 1.5 for the relationships among the circuit parameters and the      

   conversion between the common-base and common-emitter parameters. Figure 1.7 and     

   Figure 1.8 show the frequency loci of the h and y parameters obtained from Table 1.6 and   

   Table 1.7 respectively. The parameters described above vary with the operating point and    

   temperature. Circuit designers should understand their effects on the parameters. 

 

 

1.3. Low-frequency, low-noise amplifiers 

(1) Designing low-noise amplifiers 

   It is necessary to select and use transistors carefully when designing low-noise amplifiers. 

   Voltage, current, and signal source impedance should be considered to ensure that the     

   transistors are used within the ranges that exhibit the best performance of the transistors.   

   To help circuit designers obtain the best performance from low-noise transistors, this section 

   describes the concept of noise characteristics, the optimal conditions of transistors, and the  

   relationships between the noise figures of transistors and the S/N ratios of amplifiers. 

 

(2) Noise characteristics of transistors 

   The noise figure (NF) of a transistor is given by: 

NF = 10 log ( 
Esi

 Eni 
  

Eso

 Eno 

⁄  )

2

 

 = 20 log 

(

  
Esi

√ 4 k T Rg B  

  
Eso

 Eno 

⁄  

)

  ･････････････････････････････････････････････  (1–12) 

 

        Esi   :   Input signal voltage 

        Eni   :   Input noise voltage 

        Eso   :   Output signal voltage 

        Eno  :   Output noise voltage 

        k    :   Boltzmann constant (1.38×10
-23 

J/°K) 

        T    :   Absolute temperature (K) 

        Rg   :   Signal source resistance 

        B    :   Noise bandwidth (Hz) 

        or Eni = √ 4 k T Rg B  
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   Figure 1.9 shows the NF-vs-frequency curve, which is divided into three regions: 1) 1/f    

   region, 2) white noise region, and 3) f2 noise region. 

 

Figure 1.9 Relationship between NF and frequency 

 

Table 1.8 Types of noise 

                Type    

 Item 
1/f noise region White noise region f2 noise region 

Description 

Noise decreases at  

-3 dB/oct in proportion 

to frequency f. 

Noise remains constant 

over a range of frequency. 

Noise increases at 6 dB/oct 

in proportion to frequency 

f. 

Cause Surface fluctuation 

Thermal noise caused by 

the base spreading 

resistance rbb’ 

Fluctuation caused by 

current separation 

Audio applications Noise generated Noise generated  Not noise generated 
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   A transistor can be modeled with a voltage noise source (eN) and a current noise source   

   (iN) as shown below. 

 

eN = √ 4 k T RN B  

iN = √ 2 q Ib B   

   RN  :  Equivalent noise resistance (Ω) 

   q   :  Elementary charge  1.602×10
-19

 (C) 

 

Figure 1.10 Noise source of transistor  

   Considering the ideal transistor without any noise source, the noise figure (NF) is given by: 

NF = 10 log ( 
 4 k T Rg + eN

2 + iN
2
 + Rg

2
 + 2 γ eN iN 

4 k T Rg
 ) ･･････････････････････････  (1–13) 

         B    :   1Hz 

         γ    :   Correlation function of eN and iN 

   Equation 1-13 shows that NF is a function of eN and iN. 

   It is evident from Equation 1-13 that the noise figure NF is dependent on the collector     

   current IC and the signal source impedance Rg. Let the total noise voltage be eNT. Then, 

e̅NT2 = 4 k T Rg + eN
2+ iN

2
 Rg

2
 + 2 γ eN iN ･･･････････････････････････････････････  (1–14) 

   Figure 1.11 shows the relationship between the total noise voltage and the signal source   

   impedance Rg. 

 

eNT - Rg 

 
 

Figure 1.11 Total noise voltage – Signal source resistance 
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   Referring to the curve of Device C in Figure 1.11, the noise figure can be seen as a        

   difference (B) between its noise voltage and the thermal noise at Rg = 100 Ω. 

NF = 20 ( log β - logα )  →  B in Figure 1.11 

   As can be seen from Equation 1-14, voltage noise is more dominant in the small Rg region. 

   However, current noise is dominant in the region where Rg increases. 

   Rg, eNT, and noise figure can be shown by plotting contours of the constant noise figure as 

   shown in Figure 1.12 and Figure 1.13. 

 

  

Figure 1.12 NF – Rg, IC (1) Figure 1.13 NF – Rg, IC (2) 

   These noise figure contours can be used to determine the optimal usage condition of an   

   amplifier. 

   Use the signal source impedance of the amplifier to obtain the collector current IC at which 

   the noise figure is minimum from the noise figure contours at f = 1 kHz and f = 10 Hz.      

   When designing a low-noise amplifier, it is necessary to consider the conditions of the        

   circuits preceding and following the amplifier. The next subsection describes an amplifier’s    

   noise, considering the foregoing. 
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(3) Amplifier noise 

   The signal-to-noise (S/N) ratio is an important factor in designing an amplifier. 

S / N = 20 log 
Rate output

 Output noise voltage 
   (dB) ･･･････････････････････････････････････  (1–15) 

   From Equation 1-12, Equation 1-15 can be restated as follows to include NF. 

S / N = 20 log  
Eso

 Eno 

 

         = 10 log  
Eso

2

 Eno
2 

 

        = 10 log  ( 
Esi

2

 Eno
2
 
 10 

 NF 
10  ) 

        = 10 log  
Esi

2

 4 k T Rg B 
 - NF   ( dB ) 

 

 

 

 

 

 

････････････････････････････････････････････ 

 

 

 

 

 

 

 (1-16) 

 

Amplifier’s S/N ratio 

(dB) 
= Input S/N ratio (dB) － Amplifier’s NF (dB) 

 

Noise figure of multi-stage amplifiers 

   The noise figure of a multi-stage amplifier like the one shown in Figure 1.14 can be        

   calculated as follows: 

NFT = NF1 + 
 NF2 - 1 

G1
 + 

 NF3 - 1 

G1 G2
 ･･･････････････････････････････････････････････････  (1–17) 

 

 NFT :  Total noise figure 

NF1 :  Noise figure of the first amplifier 

NF2 :  Noise figure of the second amplifier 

NF3 :  Noise figure of the third amplifier 

G1  :  Power gain of the first amplifier 

G2  :  Power gain of the second amplifier 

G3  :  Power gain of the third amplifier 

Figure 1.14 Noise figure of a multi-stage amplifier 

  

NF1 NF2 NF3 

G1 G2 G3 

NFT 



Bipolar Transistors 
Application Note 

23 / 28  
2018-09-21 

© 2018 

Toshiba Electronic Devices & Storage Corporation 

   The equivalent noise resistance (RN) of this amplifier is: 

RN = RN1 + 
 RN2 

A1
 + 

RN3

 ( A1 A2 )
2 

 ･･････････････････････････････････････････････････････  (1–18) 

 RNT :  Total equivalent input noise resistance 

RN1  :  Equivalent noise resistance of the first    

      amplifier 

RN2 :  Equivalent noise resistance of the second  

      amplifier 

RN3 :  Equivalent noise resistance of the third   

      amplifier 

A1  :  Power gain of the first amplifier 

A2  :  Power gain of the second amplifier 

Figure 1.15 Equivalent noise resistance of a multi-stage amplifier 

   Equation 1-17 and Equation 1-18 indicate that, if the power gain of the first amplifier (A1)  

  is sufficiently large, the total noise figure NFT is: 

NFT ≈ NF1 ････････････････････････････････････････････････････････････････････････････････  (1–19) 

   The total noise figure of the multi-stage amplifier is close to that of the first amplifier. 

 

Calculating the total noise figure NFT of a multi-stage amplifier from the nominal NF 

parameters of transistors 

   The NF values in the transistor datasheets are the measurements taken at spot            

   frequencies (such as 1 kHz, 100 Hz, and 10 Hz). These values cannot be used without       

   adjustment to design a wide-bandwidth amplifier with low-frequency boost. Since the f2     

   noise region lies in the high-frequency region, only the 1/f and white noise regions are       

   related to low-frequency  amplification. 

   Assuming: 

eg
2
     :  Mean square voltage of the thermal noise     

          generated by signal source resistance Rg 

ew
2
     :  Mean square voltage of white noise 

e - 2
1/f   :  Mean square voltage of 1/f noise 

････････････････････････  (1–20) 

   the following equation is derived from the definition of the noise figure: 

NF (white noise region) = 

 eg
2
 + ew

2 

eg
2

 = NF(1kHz) 
･････････････････････････････････････  (1–21) 

         NF(1kHz)   :  NF at the 1-kHz spot frequency 

  

RN1 RN2 RN3 

A1 A2 A3 

RNT 
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   ew
2
 is calculated as follows from Equation 1-21: 

ew
2
 = ( NF( 1kHz ) - 1 ) eg

2
 ････････････････････････････････････････････････････････････  (1-22) 

   Let the noise figure at 10 Hz be NF(10Hz). Then, 

NF( 10Hz ) = 
 eg

2
 + ew

2
 + e   1/f ( 10 Hz ) 

 2

eg
2

 ････････････････････････････････････････････････  (1–23) 

   From Equation (1-22), 

e  1 / f ( 10 Hz )
 2

 = ( NF ( 10 Hz ) - NF ( 1 kHz ) ) eg
2
 ････････････････････････････････････････････  (1–24) 

   Since the 1/f noise decreases at -3 dB/oct in proportion to frequency, e    1
f⁄

 2
 at a normal    

   frequency can be calculated as follows: 

e   1/f
 2

 = ( NF ( 10 Hz ) - NF ( 1 kHz ) )  eg
2
 
 10 

f
 ･･･････････････････････････････････････････  (1–25) 
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1.4. Switching characteristics 

When a pulse current is applied to the input terminal “IN” of the circuit shown in Figure 1.16, the 

current waveforms of the base and collector become as shown in Figure 1.17. The switching times 

of the transistor are defined as the delay times td, tr, tstg, and tf of the output waveform relative 

to the input waveform. 

 

 

 

 

Figure 1.16 

Switching time test 

circuit 

Figure 1.17 

Switching waveforms 

and the definitions of 

switching times 

Figure 1.18 

IC vs. hFE 

 

   td is a delay time, tr is a rise time, tstg is a storage time, and tf is a fall time. These         

   expressions are obtained as follows: 

tr = τ R hFE  ln ( 
hFE IB1

 hFE IB1 - 0.9 IC 

) ･･････････････････････････････････････････････････  (1–25) 

tstg = τS ln [ 
 hFE ( IB1 - IB2 ) 

IC - hFE IB2
 ] ････････････････････････････････････････････････････････  (1–26) 

tf = τF hFE ln [ 
IC - hFE IB2

 0.1 IC - hFE IB2
 ] ･･････････････････････････････････････････････････････  (1–27) 

   where, 

τR ≈ τF ≈ 
1

 2 π fT 
 + 1.7 RL CTC ･･･････････････････････････････････････････････････････  (1–28) 

τS = 
0.6

 2 π fb 
 + 

 τnc 

2
 ･････････････････････････････････････････････････････････････････････  (1–29) 
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        CTC        :  Base-collector capacitance measured at VCC 

        hFE         :  DC current gain at the end of the saturation region 

        fT          :  Transition frequency 

        fb          :  Base cut-off frequency 

        τnc         :  Lifetime of minority carriers in the collector layer 

 

   Equation 1-25 shows that tr can be reduced by raising hFE to increase the drive capability   

   of the base drive circuit and by increasing fT.  

   Equation 1-27 denotes that tf increases when hFE is increased and decreases when the     

   switching current ratio (IC /IB2) is reduced.  

   Equation 1-26 indicates that the lifetimes of minority carriers in the base and collector     

   layer in relation to the minority carrier recombination process are important factors of tstg.   

   hFE and tstg are in proportion to each other. Therefore, advanced technology is required to    

   reduce all of tr, tf, and tstg. 

   Equation 1-25 to Equation 1-27 are functions of hFE. Although it is desirable to reduce hFE  

   in order to reduce the switching times, hFE should be high enough to reduce the base drive   

   power. Figure 1.18 shows the dependency of hFE on the collector current. hFE has a peak as  

   shown by curve A. The peak of the hFE curve is often located on the low-current side relative 

   to the operating point shown by the dashed line, with hFE at the operating point being lower  

   than the peak hFE value. Regarding the measurement of the switching times at the operating 

   point, the switching times (particularly tstg) depend on the peak hFE more strongly than on   

   the hFE at the operating point. The peak hFE value can be reduced by making the hFE curve   

   shallower and moving its peak toward the large-current side as shown by curve B. By doing  

   this, the trade-off between the hFE and switching times, which was a problem in the above   

   case, is ameliorated. A multi-emitter structure increases the effective area of the emitter and 

   therefore helps flatten the hFE curve. 

   Equations 1-28 and 1-29, which are outer logarithmic terms of Equations 1-25 to 1-27,    

   include fT and fb, i.e., parameters that represent frequency responses of a transistor. To      

   increase the breakdown voltage and the safe operating area, it is unavoidable to increase the 

   width and depth of the base at the expense of frequency responses. 

   Since the transition frequency fT (fT < fb) is a few megahertz, the first term of Equations 1-

  28 and 1-29 is considered to be 10
–6

 to 10
–7

 seconds. The multi-emitter power transistor     

  improves a frequency response an order of magnitude lower than this.  

   The second term of Equation 1-28, a time constant determined by the collector            

   capacitance and the load resistance, is normally as small as 10
–7

 to 10
–8

 seconds. The       

   second term of Equation 1-29 is of the order of 10-6 seconds. The first and second terms     



Bipolar Transistors 
Application Note 

27 / 28  
2018-09-21 

© 2018 

Toshiba Electronic Devices & Storage Corporation 

   were almost equal in conventional transistors. However, the switching characteristics of a    

   transistor can be improved by improving the multi-emitter structure because this helps make 

   the first term  negligibly small compared with the second term. 

   In addition, τnc in the second term can be controlled by diffusing heavy metals called       

   “lifetime killers” into the collector layer. The lifetime can be made more controllable by       

   making the first term negligible. 

   As described above, the switching times of a transistor can be reduced by improving the   

   large-current characteristics of hFE (i.e., the hFE linearity) and the high-frequency response.  
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programs, algorithms, sample application circuits, or any other referenced documents; and (c) validating all 
operating parameters for such designs and applications. TOSHIBA ASSUMES NO LIABILITY FOR CUSTOMERS' 
PRODUCT DESIGN OR APPLICATIONS. 

 PRODUCT IS NEITHER INTENDED NOR WARRANTED FOR USE IN EQUIPMENTS OR SYSTEMS THAT 
REQUIRE EXTRAORDINARILY HIGH LEVELS OF QUALITY AND/OR RELIABILITY, AND/OR A MALFUNCTION 
OR FAILURE OF WHICH MAY CAUSE LOSS OF HUMAN LIFE, BODILY INJURY, SERIOUS PROPERTY DAMAGE 
AND/OR SERIOUS PUBLIC IMPACT ("UNINTENDED USE"). Except for specific applications as expressly stated in 
this document, Unintended Use includes, without limitation, equipment used in nuclear facilities, equipment used 
in the aerospace industry, medical equipment, equipment used for automobiles, trains, ships and other 
transportation, traffic signaling equipment, equipment used to control combustions or explosions, safety devices, 
elevators and escalators, devices related to electric power, and equipment used in finance-related fields. IF YOU 
USE PRODUCT FOR UNINTENDED USE, TOSHIBA ASSUMES NO LIABILITY FOR PRODUCT. For details, please 
contact your TOSHIBA sales representative. 

 Do not disassemble, analyze, reverse-engineer, alter, modify, translate or copy Product, whether in whole or in 
part. 

 Product shall not be used for or incorporated into any products or systems whose manufacture, use, or sale is 
prohibited under any applicable laws or regulations. 

 The information contained herein is presented only as guidance for Product use. No responsibility is assumed by 
TOSHIBA for any infringement of patents or any other intellectual property rights of third parties that may result 
from the use of Product. No license to any intellectual property right is granted by this document, whether express 
or implied, by estoppel or otherwise. 

 ABSENT A WRITTEN SIGNED AGREEMENT, EXCEPT AS PROVIDED IN THE RELEVANT TERMS AND 
CONDITIONS OF SALE FOR PRODUCT, AND TO THE MAXIMUM EXTENT ALLOWABLE BY LAW, TOSHIBA (1) 
ASSUMES NO LIABILITY WHATSOEVER, INCLUDING WITHOUT LIMITATION, INDIRECT, CONSEQUENTIAL, 
SPECIAL, OR INCIDENTAL DAMAGES OR LOSS, INCLUDING WITHOUT LIMITATION, LOSS OF PROFITS, LOSS 
OF OPPORTUNITIES, BUSINESS INTERRUPTION AND LOSS OF DATA, AND (2) DISCLAIMS ANY AND ALL 
EXPRESS OR IMPLIED WARRANTIES AND CONDITIONS RELATED TO SALE, USE OF PRODUCT, OR 
INFORMATION, INCLUDING WARRANTIES OR CONDITIONS OF MERCHANTABILITY, FITNESS FOR A 
PARTICULAR PURPOSE, ACCURACY OF INFORMATION, OR NONINFRINGEMENT. 

 Do not use or otherwise make available Product or related software or technology for any military purposes, 
including without limitation, for the design, development, use, stockpiling or manufacturing of nuclear, chemical, 
or biological weapons or missile technology products (mass destruction weapons). Product and related software 
and technology may be controlled under the applicable export laws and regulations including, without limitation, 
the Japanese Foreign Exchange and Foreign Trade Law and the U.S. Export Administration Regulations. Export and 
re-export of Product or related software or technology are strictly prohibited except in compliance with all 
applicable export laws and regulations. 

 Please contact your TOSHIBA sales representative for details as to environmental matters such as the RoHS 

compatibility of Product. Please use Product in compliance with all applicable laws and regulations that regulate 

the inclusion or use of controlled substances, including without limitation, the EU RoHS Directive. TOSHIBA 

ASSUMES NO LIABILITY FOR DAMAGES OR LOSSES OCCURRING AS A RESULT OF NONCOMPLIANCE WITH 

APPLICABLE LAWS AND REGULATIONS. 
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