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We have previously found Eni, En, and In for an amplifier.
We will now do this for a bipolar transistor. We will see that
the noise is both depending on the operating point (current

and voltage), the transistor semiconductor process and
layout parameters.
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The hybrid-t model TE

Before we look at the
noise we will look at a

simple model for P po Al —E W .
bipolar transistors. g ”NQP1N - {Q‘JF V;%ﬂ L, " #m % R_ed:
This model applies , Figure
for both npn and pnp. B

Figure 5-1 Hybrid-rr bipolar transistor small-signal model.

Note that in the figure is B the external connectlon pomt for the base B
while B' is the internal, efficient point that | e wm='227%  Hase.

The hybnd 7 model TEE | .. =Ny

efore we lo k lth

rx: is the stray resistance in the base. S

bipolar transistors. | g @1 g PHe
X [
This model applies *

- - [} . for both npn and pnp. - " .
rjz'. Real pa rt Of I m ped an Ce B - E (N B . NO tr Note that in the figure is B the external connex
while B is the internal, efficient point that | -~
i the stray resistance in the base, 5o
Real part of impedance B'-E (NB: No tF =

cz Imaginary part of the impedance B'-E ¢ @mmmmiiss .

gmV= Current gen l tha IdIrmlnE i ==
ro: Dynamic outpu l istance of C

dC Mdllhdpll b|w n B'and C. Ignored if o

gmVz Current generator that determines /i ==z
ro: Dynamic output resistance of C

ru and Cu: Models the depletion zone between B' and C. Ignored if one
wants a simpler low frequency model.
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Some well-known expressions:

gote &l _ . . [CIE
0

- = 8nlz
Iy Va7, Equation
Presuppose r.=coand all C=0 (i.e. low-frequency consideration.)
Transconductance: gl -
Em = T

NB! Small signal ac-parameters related to a dc-current = Limited
validity range. Emitter resistance:
o1 0025

‘ gm IC
r= in relation to some of the previous mentioned parameters:

Q

7"7[ :&:ﬂore
Em

IN5230 Noise in bipolar transistors 4




21.10.2026

UiO ¢ Department of Informatics
University of Oslo

C, =S _C
2o,
An important value is the gain-bandwidth product fr. We can
rearrange the expression so that we get:

___ g,
fr 27(C,+C,)

frre is the "beta-cut-off frequency"”. This is the frequency where 3
is 1/N2 of its low frequency value (DC-value) /.

Jie = Jp E iy cllow:
ZWE quation
Some example values: e =1.6MQ
= o=1.
Beta: 20-2000 £=2780) r=15MQ
ft: 50GHz (Si), gn=0.0036S Cw=4pF
80GHz (SiGe) B0=350 C-=25pF

fr=19.8MHz fp=56.5kHz

IN5230 Noise in bipolar transistors
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Noise model for the BJT

B-E

Isolation Base depletion Emitter Collector
diffusion contact l contact contact
l | & | N ] /l ] | & |

Epitaxial
collector region

p-Substrate

Figure 5-2 Cross-section diftused npn transistor.

The resistor rx provides thermal noise. /s and /c provide shot-noise.
The current passing through the base-emitter zone closest to the
surface will have some flicker noise.

IN5230 Noise in bipolar transistors 6
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B’ v,
8mVx
<* If (* Inb /§ Iy \—yr— Cu <*>V <* Inc ;O Red:
Figure

}

E
Figure 5-3 Hybrid-m bipolar transistor noise model.

Now we have four noise sources for the transistor. In addition we have the
noise in the source. rrand ro represent real parts of impedances without
having thermal noise. To simplify, Cx and ru have been omitted i.e. we look at
frequencies below fr/vBo. Above this frequency some of the noises become
correlated and we will have more noise than the model indicates.

L 2 _
Thermal noise in rx: E- =4kTr, Red: All

Shot-noise due to /s and /Ic are, respectively: equations

I,, =24, and [;fc =2ql
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The flicker noise can be expressed by:
K]7
[ =—F
/
Often alpha can be set to one and K are replaced by 2qgf. where fi
is a corner frequency typically in the range 3kHz to 7MHz. We will

then get: ,
]2 — 2QfLIB
T
The noise voltage as a result of this current can be found by
multiplying it with the resistance it will get through: rx. However

experimental data shows that the effective rx in this context is
less. We therefore create a new r’x which is about /2.

E2 2QflL[£r'i
! f

IN5230 Noise in bipolar transistors 8
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Er

Ex B V”

Equivalent input noise

B =
—®
K
R,
<* I <* 1,
E,

o C
%rn
y

A C, *i,,,V,, %1,
Method: % @@
1) Noise at output (NB! Current) |

2) Galn (NB! VOItage to Current) Figure 5-3 Hybrid-r bipolar tranfistor noise model.

3) Equivalent noise on the input = output noise/gain

1) Noise at the output:
First we find the noise at the output. If we ignore all external contributions, we

will have: ]50 _ ]jc n (ngﬂ )2

Here is Ex the noise voltage between B’ and E. After substituting the value for

Ewe get:
o (2, + 2)22( + R )

(rx + RS + Zﬂ' )2

| B2+ EX)7

! (rX+RS+Z7Z')2+

I, =1.+g

2) Gain:

ngSZﬂ' K _[0 ngﬂ
’/;C+RS+Z7Z t I/s rx+Rs+Z7Z

Noise in bipolar transistors 9
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3) Equivalent noise at the Input

2 2
B =t g g (1 Y s R 4 el R Z)

Ktz X Ky
We put in for the noise voltages’andnoise curre nd I\gt Af =1
2ql (r,+ R+ Z_)
gnl;
At low frequencies the last term may be written as: /
2qﬂc(r)C + R + rﬁ)z

By

gz

' 2
B2 k1 (¢ K200+ R} + 2SR

and at higher frequencies up towards f/v/% as )
ZqIC[rx + R, +a)1CJ

T

(1Y
=2ql R, )| —
. it r (4]
’C’
Divided into a low-frequency component and a high frequency we get:

2
Enzl. = 4kT(rx +RS)_|_ 2q]3(’”x +RS)2 N quc(rx ;2RS ""”,[)
0
zqflﬂf(rv +R )2 , f 2
L2V ils fx ST+ 2q1.(r. + Ry) (—j
T
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En and In for bipolar transistors

En:
We find En by setting Rs=0 in the expression for the equivalent
iInput noise.

7 g v2
= 4kTr, +2ql 7 + 2411, + 2QfL; ~+2ql .1’ (/j: j
T

2
0

Since r==pore and rx? K Lore? we can simply to
2= 4kTr +2ql 1} + LB 24/, 15 . ZIF(f)

In: A Jr
We find In by letting Rs be high. We divide all terms by Rs?and let
Rs go against . =2l + 2(1712 2qf, 1, L 24l (f]

B, f fr
Since Ic/fo*« s the first term will dominate the second term which
thus can be removed. We will then have:

2 241,15 Al
[0 =2ql, + L +2¢ql (—J

f \/,

T
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Example
Find Eni? for a 2N4250 transistor where Ic=1mA, Rs=10kQ, A~=10Hz, fc=1kHz

Noise in the source resistance can be calculated:
E? =4kTR, =4-1.38-10 *Ws /K -300K -10kQ = 1.65-10""°WsQ

For further calculation, we use:

El=(E2 + B2+ 2R
Based on the information in the book, we have two alternatives for how we
can find En and In: From reading the figures or by calculation.

1) Reading values from the figure:
In Figure 5-9 we find En to about 2nV/vHz and In to about 1pA/\Hz for 1mA.
Substituted in the equation above we get Eni to be about 51.4nV.

E2 = §.6x107 +(2x107F + (102 10} f10)
E2={.6x10"°+4x10"* +107° }10)

EX=2.64x10")"
E =51.4nV
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10-7 T T T T ,
o fr »°
: L pA -
> 108 )
B~ 10 pA b
o 10 mA 100 pA

10-9 [ —9 1 1

10 i 100 1000 10kHz 100kHz 1 MHz

1 mA
10=10 I I [ I
10 mA
bk I .
10
o 1mA \
T .
=
a 10 -12 100 H.A ———
£ Ay
o % ,—.—-—-—f
s -
10—13 1 uA /“"" —
————— =T
10—14 | | | |
10 100 1000 10kHz 100kHz 1 MHz
Frequency

Figure 5-9 E_ and I, performance of a 2N425() transistor.
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2) Calculation

the values in
table 5-1 and
the known

constants, re

and /B must be ) 2
calculated. 1> =2ql, + 2q/.1 + 2q]c(ij

In addition to the 2 2
specified values, E? =4kTr. +2ql .17 + 2q/, 157", + 2q[Crx2(ij
T

2.70-10"%=248-10"+2.14-10" +1.39-10*' +1.15-107%

These can be
found using the
formulas and the
other values.

T

1.19-107* =8.59-107* +3.30-107* +5.11-107

£, = (B + ) + LR
2.867-107"° = (1.65-10—16 +2.70-10" +1.19-10°" -(10-103)2)-10

E_ =52.8nV

IN5230 Noise in bipolar transistors 14
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Midband noise (=minimum noise)

As we see from the expressions En and In are frequency-dependent. At low
frequencies the 1/f-noise will be substantially while at higher frequencies, we will
get an additional frequency dependent part of the shot-noise in the collector. We
can talk about a midband where the noise is not strongly frequency dependent,
and where other contributions than the frequency-dependent is dominant. The
midband indicates in a way the minimum noise level we can achieve.

If we remove the frequency-dependent parts of the expressions for En and In we
end up with: , ,
E° =4kTr +2ql .1,

I;f - quB

When Rs is low, En will dominate and it will be desirable with a small base
resistance.
When Rs is large the Ih?Rs3term will easily dominate. When this is the case it will

and

be important to have a small Is. In order to achieve this, the Ic should be small
and B large.

IN5230 Noise in bipolar transistors 15
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(Noise current at the
Y-axis in the lower
figure!)

IN5230

Noise voltage E,, in V/ Hz1/2

Noise voltage I,, in pA/Hz1/2

10-7 T T T
2 2
E}, = 4kTr, + 2qlcr,
108F -
r,=200Q
109 r 2l r.=50Q
r,=10Q
1uA 10 pA 100 pA 1 mA 10 mA
dc collector current
10 T T T
B =100
B =400
g = 1000
12 = 29I,
01 | | |
1pA 10 pA 100 pA 1 mA 10 mA

dc collector current

Figure 5-4 Limiting noise voltage and noise current.

Noise in bipolar transistors
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Minimizing the noise factor
We found previously the following expressions for optimum noise factor:

— n-n

F,, =1+
2kTAf
(This can only be achieved when Rs=Ro=En/In.)
We insert the frequency independent terms we found for En and /n and get:

F,, =1+\/2r’“ +L
Bor. By
To achieve low noise we must:
Reduce rx
Increase /o
Reduce Ic (re ~ 1/IC)

Normally you will achieve the lowest noise when the collector current is less
than 100pA. If the collector current is very small, we are left with:

F =1+L

opt /ﬂ
IN5230 Noise in bipolar transistors 0
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Optimal Rs:

The optimum condition above 106
presumes that Rs=Ro=En/In. We
insert the expressions for En and In
and get:

105

Optimum source resistance Ry in Q

4
2 _ [0058, (o 025) 3, 10
N 12
C
i 10° - = 200
We see that reduced /C requires s =
larger RS! o2 |7 =10
When the base resistance can be 10-5_ 10-5 10-4 10-3 10-2
neglected, we have: Collector current I in amps
Figure 5-5 Graph of optimum source resistance versus /.
0.025./ 6
R, = 0
0 — ]
c
IN5230 Noise in bipolar transistors 18
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The frequency range dominated by 1/f-noise
(i.e. low frequencies)

At low frequencies the flicker (1/f)-noise will dominate. We return to our original
expression for En and In and retain only the flicker noise. We will then have:

E2 — ZQfLII;;r’)zc
n fa
[2 — 2qfng
n fa

These are the same with the exception of the resistance rix2

and

Optimal Rs will in this case be:
Rs= Ry = En/ln = raé
We see here that Rs is independent of all other values than r'x2

In this frequency range, we have:

Vo
E,pt :1+ QfLIBrx
kTf“

IN5230 Noise in bipolar transistors 19
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How to achieve low noise in this frequency band?
Small rx'
Small /c (and thus small /s).

This provides good conditions also in the frequency range we discussed

earlier. However it does not ensure good high frequency qualities.

IN5230 Noise in bipolar transistors
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Operation Conditions and Noise

Equivalent input noise is expressed by:

E:=E'+E’+IR;
In figure 5-4 we saw that En declined with growing /c while /n grows with growing
Ic. Knowing this, one can expect that noise will be larger for low and high /c and
have a minimum in the middle. (Thermal noise in the source (Et) will not be
affected by Ic.) Since the contribution from /n scale with Rs the minimum value
will move with Rs.
Since In is growing with
growing Ic, growing Rs will
give that the minimum
point moves towards
lower /c. This can be seen
in the figure below where
the horizontal axis is the

current while the curves | WA 104A  100uA 1mA 10 mA m
for some selected

) ) Collector current (1) m
resistors are outlined.

[ l
2N4250 R, =
f=1kHz

I O I

Noise figure in dB

|

O = NWHMhOOOEIOOOO

Figure 5-6 Effect of collector current and source resistance on noise figure.
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In the curve below we switch and let the horizontal axis be the
resistance while the curves for some selected currents are outlined.

| I I I
2N4250 Io= 1 mA I-= 100 uA
f=1kHz

Noise figure in dB

O = N W dH O O N O © O

Figure 5-7 Noise figure variation with source resistance versus collector current.

Conclusion:

* For a given Rs there is a minimum noise.

* For a given Ic, there is a minimum noise.

» To be optimal decreasing Rs requires increasing /c.

IN5230 Noise in bipolar transistors

100 1000 10 k 100 k 1M m
Source resistance (R ) m
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The figure shows an
alternative way to present
the curves. The six
images are six different
frequencies. For a given
frequency a combination
of Rs and /c should be
found that provides the
greatest noise figure
"1dB-area" around the
point of the selected Rs
and /c.

IN5230

Source resistance in Q Source resistance in Q

Source resistance in @

100 K
10 K

f
4
%
<
0.01

1.0 10

Collector current in mA

100

0.001

~
0.01 0.1 1.0 10

Collector current in mA

100

0.001

Noise in bipolar transistors

0.01 0.1 1.0 10

Collector current in mA

Figure 5-8 Contours of constant narrowband noise figure.

[

T10 kHz
’00_
‘; &
7 0’0 S

%

0.01 0.1 1.0 10

Collector current in mA

100

| 100 kHz
‘o
O’@_
00‘
S
, \%
O'@ —

’T b

0.001

a3

0.01 0.1 1.0 10

Collector current in mA

1M

100 K

100

11 MHz

0.001

N

0.01 0.1 1.0 10
Collector current in mA
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Often it will be useful to consider
the noise as a function of
frequency.

At low frequencies increases the

noise (with reduction in frequency)
as 1/+f while for high frequencies it
is proportional to 7. In the middle
area the noise is flat and the
curves have their minimum as
discussed earlier.

IN5230

Noise in bipolar transistors

1, in A/HzI2

Figure 5-9 FE, and I, performance of a 2N4250 transistor.

-7
10 T l T T 7
o fr »
R La =
S 10-8F -
=10 10 pA _
$ 10 mA 100 uA
<) .
10-9 LR T I I I
10 100 1000 10kHz 100kHz 1 MHz
1 mA
1010 | ] | |
10 mA
SN fﬂ =
10
1mA k
v
-12 100 uA /--
1072 " p 7
7 e
% e
7’ -
10~ 1B 1 uA — - N
.
10 14 ] | | |
10 100 1000 10kHz 100 kHz 1 MHz

Frequency
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Popcorn noise

(Telegraph noise,
burst noise.)

Observed in:
tunnel diodes,
diode transitions,
film resistors,
transistors and
integrated circuits.

The spectral
density of the
effect of this noise

Figure 5-11 “Popcorn noise” is shown in the oscilloscope traces. The top trace is
where a is considered to represent a moderate level of this noise. The bottom trace is a low
level. Some devices exhibit popcorn noise with five times the amplitude shown in the

between 1 and 2 top trace. Horizontal sensitivity is 2 ms/cm.

IN5230 Noise in bipolar transistors
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In a normal pn-junction is the pulses maximum a few dozen micro
ampere, and with a length of few micro seconds.

A simple popcorn current noise generator can be modelled as:
K!
F
where K'is a dimension constant with Ampere as designation.

A more accurate expression is:
5 Kl,

I3 =
v 1+7z2f2/4az2
where K is a constant with Ampere per Hertz as designation and
the constant a represents the number of bursts per. seconds.

2 _
Ibb_

IN5230 Noise in bipolar transistors 26
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Decomposition of rx

The base resistance rx can be divided into two parts:

1) from the contact (metal) to the nearest base-emitter junction and ii)
the effective resistance for the distribution of base current along the
base-emitter junction. The first is named as ri while the other is named

la.

1/f noise that is related with the crystal surface shall only be related to ri
while 1/f noise that is related to the active base region shall be related

to the entire rx.
Popcorn noise is related only to ri.

IN5230 Noise in bipolar transistors 27
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<

Figure 5-10 Expanded hybrid-m bipolar model with excess noise mechanisms.

A new noise model, where rx is split
in two is shown above. Here we
have two 1/f-noise sources Ir7 and Ir2
and a popcorn noise source Ibep.

(These apply to 1Hz bandwidth.)

IN5230 Noise in bipolar transistors

Shot:
Shot;
Thermal:

Burst:

1/f:

1/f;

]}12b =2ql,
Inzc = 2q]C

E? = 4kTr,
K[B
1+7°f*/4a’
K}
f

K15

2 _
Iy =

2 _
If2_
8
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Measurement of popcorn noise.
Popcorn noise is primarily a problem at low frequencies in the audio

area.

The schematic below shows a way to measure this noise. The threshold
voltage VR must be chosen so that the thermal noise does not trigger.
This also means that the lowest values of popcorn-noise are not

measured.

High
gain
R, DUT amplifier

LPF

l R, 30 dB 50 dB

+ VR

>

>

_VR

:D— Counter

Latch }— Pass-fail
indicator

EnableT t—r_—_T Reset

Timer

e

Counter

Figure 5-12 Block diagram of system for measuring popcorn noise.
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Rsl

w h 30 dB High-gain amplifier
100 k DUT

WB
/ -0 Vout
€ RsZ § /
- 100 k
R2 R3
3.6k
Rl § R4 1M
120 3.15k §
— Cl —
= 50 uF -1~

Figure 5-13 Amplifiers used in system for measuring popcorn noise.
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Flicker noise and reliability

It turns out that the size of the flicker noise in a component gives
a good indication of the component's condition. Comparing two
similar components, one could assume that the one with most
flicker noise is the least reliable and have the shortest life.
Measurement of flicker noise and measurement of the change in
flicker noise will thus be able to say something about a system.
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Reverse voltage and noise

If the reverse voltage over the base-emitter junction passes the breakdown
voltage the transistor characteristic will change. o will decline somewhat while
the 1/f-noise will increase dramatically. The change will depend on the size of
the reverse current and how long time it is present.

. 70
By adding a large 2N4250 Reverse Anneal with
forward currentthe 6o Inat25Hz current Ip = 400 mA
—- IC =1mA
N
damage may > SO s00mA Yellow:
partlally be 2- m
corrected as shown .= “° =
above. S 30
(1E4s = 02:46:40, 3 |
R
1E5s = 27:46:40) 2
10 10 uA
. 0 | L | ] ] | | |
Annealing needed 10 100 1E3 1E4 1E5 1 10 100 1E3  1E4
i i Seconds Seconds
n rgvgrse biased Pulsed reverse base current Continuous forward base current
radiation pn- Figure 5-14 Increase in noise current with avalanching and the decrease resulting
detectors. from current annealing.
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Examples of accidental transgression of reverse voltage # 1

+100 V
L,
C
@) Red:
== Figure

Figure 5-15 Demonstration of avalanching problem.

If point A is short-circuited accidentally or intentionally against the
voltage supply or the ampilifier is turned off, the charge over C
may lead to that the amplifier input transistors experiences too
large reverse voltage.

Connecting the diodes as shown will prevent that the voltage
becomes too large and that the amplifier becomes damaged.
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Examples of accidental transgression of reverse voltage # 2

_J_ o + Ve
33 %’“ ») T
Q>

G
In o—]{}— /;1 \ 2

Figure 5-16 Direct-coupled complementary amplifier with single supply.

Before VCC is connected, the voltage across C2 and Cs will be zero volts. This
will also be the case immediately after VCC is connected to the power supply. We
can then consider R+ and Rs to be short circuited. Q7 and Qs will carry large
current and Q2's base will have a low voltage while the Q2' emitter will have high
voltage. Hence Q2 may have a reverse voltage larger than the breakdown voltage
and properties will be worsened.
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This may be counteracted in several ways. Common to all approaches is that
they protect Q2 at power up and then provide normal function.

L%, JF

¢y I/ Rg
In ' Q
- et Figure

D,
éRz Ry ==C; éRs out

o+ Vec

O-

= (@)
 Csis connected to the ground instead of against VCC. At power up the current
will now flow through Rs and not through Q3. Q3 will not draw as large current
and the Q2" emitter will remain low.

» The diode D+ will ensure that the reverse voltage over the Q2's base-emitter is
not too large. At normal operation the diode will have virtually no effect.
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« If Q2 can be a pnp instead of an npn we can have this solution
and Q2 will not be able to be reverse voltage biased.

______ o+ Vee
R6 —— C3
2,
Qs Figure
o Out
e Q,
R,
——————— o

(b)

IN5230 Noise in bipolar transistors 36

36

2R



