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Noise Modeling and Simulation for BJTS
at Low Frequencies

Pesha D. Petrova’, Dimitar P. Petrov?

Abstract — A BJT noise model with the external base and
emitter circuits modelled by Thévenin sources is synthesized.
Two Vn - In low-frequency noise models are presented, too. The
effect of the frequency, of the BJT small-signal ac current gain
and of the source resistance on the noise is analysed. Noise
simulations are performed. MATLAB simulation results are
presented.

Keywords — BJT noise model, Thévenin source, MATLAB
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I. INTRODUCTION

The noise is among the key parameters of many today’s
communication systems. Therefore, noise modeling is a very
important step for the computer-aided design of electronic
circuits used in the modern communication systems.

In order to predict correctly the noise behavior of such
systems, accurate noise models for semiconductor devices are
required. Without them, the design and optimization of noise
characteristics and parameters cannot be successful.

Since the key element in many circuits is the bipolar
junction transistor, extensive work has been carried out in the
field of noise modeling and analysis of this device. The
existing BJT physical models [1, 2] are too complex and
require many parameters. These models generally show good
agreement with measured data, but some deviations can still
be observed, since the correlation between voltage and current
sources is completely ignored in these models. In many cases
for practical applications, noise modeling for transistors can
be split into a high and a low frequency segment. The low-
frequency noise, dominated by the 1/ f noise, is usually

neglected, that is not correct enough.
On the base of the small-signal BJT models [1] and on the

V,, - 1,, noise sources an analytical approach to overcoming

the above defined problems is proposed in this paper. The
equivalent input noise, as well the correlation coefficient
expressions corresponding to the low-frequency BJT noise
models developed, are obtained. A MATLAB code is created
and it can be used for noise analysis of the BJT electronic
circuits. An example of simulating the BJT noise
characteristics using the modeling expressions is presented as
well.
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I1. Low — FREQUENCY BJT NOISE MODELING

The BJT noise model at the low frequencies can be
synthesized on the base of the BJT small — signal models
which are commonly used to analyze BJT circuits. These are
the hybrid - = model and the T model [2]. The two models
give identical results.

The principal noise sources in a BJT are thermal noise in

the base spreading resistance Iy, , shot noise and flicker noise
in the base bias current |, and the shot noise in the collector

bias current 1. .

The BJT noise model with external base and emitter
circuits is shown in Fig. 1.

Fig.1. Low-frequency BJT noise model Witﬁ base and emitter circuits
modeled by Thévenin sources

The external base and emitter circuits are modeled by

Thévenin equivalent circuits. With V, =0, the circuit

models a common - emitter or CE stage. With V,; =0, it

models a common - base or CB stage. The noise sources

Vipw » Vi1, and Vi, respectively, model the thermal noise in

Iy . Ry and R,. Inthe band Af |, the thermal noises have
the following mean-square values

V,i = 4KTR, Af (2)
V5 = 4KTR, Af (3)
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where K is the Boltzmann’s constant, and T is the absolute
temperature.

The shot noise and flicker noise in the base bias current |
are modeled by Iy, + |, and the shot noise in the

collector bias current |- is modeled by |,.. The mean -
square noise current values are given by

iGp = 201 g Af @)
. K . | 2% Af

if, =——2— fB 5)
i, =2ql.Af (6)

where (| is the electronic charge, K is the flicker noise

coefficient, and Ag is the flicker noise exponent.

The short-circuit output collector current can be described
by

Ic(sc) = GmpVie — GmeVie + lshe- ()
The transconductances G, and G, respectively, can be
expressed as
a roh—R/p
Gmb = ¢ L (8)
re +Ryllry rp +Ry
a h +1e la
me g £ 9)

=I
re +Ry Il ry, 1y +Ry

In these equations, I, is the collector—emitter resistance, /3
is the small-signal ac current gain, & = /(1 + f3), and

rg = (Ry + Ty + e )/ (L + )
where I, is the small - signal base - emitter resistance.

Based on the noise model in Fig.1, the voltages Vy, and V,,
in Eq. (7) are obtained as

Vip =Vq + Vi + Vi + (I + 1o J(Ry + Tyy) (20)
Vie =V, + Vi + (Ishc — Loy — Ifb)R2 G

The equivalent noise input voltage V,; can be expressed as

a voltage in series with V; for CE stage and in series with V,
for CB stage, respectively.

Substituting Egs. (10) and (11) into Eq. (7) and factoring
G, vields

logse) =Gmb { Vi + Vi1 +Vipyr (g + 1 o J(Ry + i)

G
me 1 (12)

[VZ +Vi, (I she —lsho — 1o )RZ ] + CI;ShC

mb mb

The equivalent noise voltage in series with V; is given by all

terms in brackets except the V; and V, terms, i.e. it can be
reduced to

rr+r./a
V.=V, +V,,, —V,>2—¢ —
ni t1 tbb t2 ro_RZ/,B
r+r./a
+(Ishb + Ifb){R1 + lyy + Rz—rO—Re /ﬂ}
o] 2

Shcro_RZ/ﬂ /B IC

where V; =KT / q is the thermal voltage.

| r, {Rl +ry + R, +V_T} )

To express V,; as a voltage in series with V,, Eq. (13) is
multiplied by G, / Gpe -
The mean-square value of V,; is

2
2 o+l
Vi =4KT| Ry +hypy +Ry | ————— Af
ni 1 bb Z[ro —Rzlﬂj

2
K | 5F Af '
+| 2qlgaf +—FB — R1+rbbv+R2M
f rh—R, /B
r ?(Ry+hy +R \ ?
+2qICAf( o j [ 17 b 7 2 +—TJ .14)
h —Ro/ p B I

This expression gives the mean-square equivalent noise input
voltage for the CE stage. To obtain vﬁi for the CB stage, the

expression is multiplied by (Gmb | Ge )2. It follows from

Eq. (14) thatif R, =0, Vﬁi is independent of I, .
Equation (14) can be simplified if it is assumed that
r,>>Ry,/ fand ry>>r, [/ «a, ie. it is assumed the r,

approximations [3] hold. With these approximations Eq (14)
can be written in the next form

VA = 4KT (Ry + 1y +R, ) Af

K | 0% Af
rB J(R1+"bb'+R2)2

+[2qIBAf+

2
R, +r, +R V
Sty ¥ 2+—TJ . (15)

+2qICAf(
lc

This approximation applies to both the CE and the CB stages.
Two forms of the V|, — |, low - frequency noise models
of the BJT are shown in Fig. 2.
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a) b)
Fig. 2. Low — frequency Vn - In BJT noise models

The model of Fig. 2 a) assumes that I, is an external

resistor in series with the base. The asterisk indicates that Iy,
is to be considered noiseless. The model of Fig. 2 b) assumes
that ry, is internal to the BJT.

To determine the values of V,, and |, Eq. (13) is used for
both models. Because V,; given by this equation is the
voltage in series with the base, R; must be considered to be
the resistance of the signal source. In the V,, — |, model, the
I, noise source connects between signal ground and the
input. Therefore, R, must be set to zero in the circuit to solve
forl,,. Otherwise, R, would appear in the model and 1,

would connect from the base to the lower node of R, . In this
case, Eq. (13) becomes

Vii = Vi + Vi + (' sho T 1o )(Rl + Ty )

Ry +ry V
+ Ishc(—l bb +—TJ. (16)
B lc
A. Analysis of the First Vn - In Model
For the first model Eq. (16) can be written in the form
Vi =Vts +Vy + 1, (Rs + rbb’) 17)
where Vig =V, and Rg=R;.
It follows that V,, and I, are given by
V
Vi =Vipty + lsne L (18)
lc
Ishc
Inzlshb+|fb+ ﬂ . (19)

Egs. (18) and (19) can be converted into the next mean -
square forms

v§=4ﬂ%wﬁ+2HYLm
IC

(20)

Ar

K e | 5F Af
i2 = 2ql g Af +F++ 2q'ﬂ—CZAf . @1

Because |g,. appears in the expressions for both V,, and
I, the correlation coefficient is not zero and it is obtained as
2KT Af

C —_

BVain
B. Analysis of the Second Vn - In Model

For the second model Eq. (16) can be converted into the next
form

(22)

Vii = Vi + Vy + 11R;. (23)
Visand Rgare the same as in Eq. (17). Thus, the noise
voltage V,, is

Ishc VT
Vi = Vi + [Ishb +1 +_ﬁ Mot + L she .
c

(24)

and the noise current |, is defined by Eq. (19).
The mean-square value of V, is solved for as follows

Kﬂﬁsz
f

v,f = 4KTry, Af +[2q| gAf + Mbby

2
y V.
+ 2ql ¢ Af (ﬂ + —Tj (25)
B e

and the mean-square value of I, noise source is identical
with i2 determined by Eq. (21).
It is clear that for the second form of V, —1I,, model, I, .
| ¢, and |, appear in the expressions for both V,, and I,.
Therefore, the correlation between V|, and |, exists. The
correlation coefficient can be expressed as

K e | 5F Af
— LZqIBAf +F—B}rbbr
Vn'n
+2qI—CAf(M+V—TJ . (26)
B gl

I11. SIMULATION RESULTS

Using the above shown BJT models, the noise in a CE stage
is simulated. The BJT is biased at Ic =1mA and

Vcg =10V. The small - signal parameters are I, =402,
£ =100, r, =40k, ry, =2.5k2, g,, =0.04S.

In Fig. 3 the effect of the frequency on the mean-square
value of the noise voltage is presented. It can be concluded

from the results that the thermal noiseV,and the shot noises
V1 and V. are independent of frequency, while the flicker
noise Vy, is inversely proportional to the frequency. It is
clear from Fig. 3 that close to the frequency f =10Hz the
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equivalent noise input voltage is almost coincides with low-
frequency component and for f > 1000Hz it coincides with

the thermal component.

Mean - Sguare Value of Noise Vaoltage, 2

10 10 10’ iy 10 10
Frequency, Hz
Fig. 3. Noise voltage as a function of frequency

The noise voltage change as a function of small-signal ac
current gain is shown in Fig. 4. It follows from the results, that

the B is not effected on the thermal noise. Although vﬁi
decreases as /3 increases, the sensitivity is not that great for

the range of £ for most BJTs. Most BJTs have a g in the

range 100 < #<1000. As 3 increases over this range, vﬁi
decreases by 2.855dB. Superbeta transistors have a /3 in the

range 1000 < £ <10000. As S increases over this range,

Vﬁi decreases by only 0.345dB. Therefore, only a slight

improvement in noise performance can be expected by using
higher £ BJTs, especially, when the transistor is biased at the
optimum collector current.

Mean-Square Yalue of MNoise Valtage, W2

<
10 10 10 10
Beta

Fig. 4. Noise voltage change as a function of

Fig. 5 demonstrates the simulated input noise voltage, as
well, its components, as a function of the source resistance. It

is clear that for very low values of R, the equivalent noise
input voltage is principally due to the v, noise. As resistance
is increased, the noise is principally due to the flow of the i,
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noise through Ry . For large Ry, the noise voltage is directly

proportional to Ry .

Mean-Square Value of Moise Yoltage, ¥ 2

HHH
10 o’ 10 10t 1’
Source Resistance, Ohms

Fig. 5. Noise voltage components over different source resistances

The effect of the flicker noise coefficient on the input noise
voltage is plotted in Fig. 6. The noise voltages relation

for Kg =5.4x10 ®and Kg =0 is 1.415 forR =102,
10.545 for Ry =10k«2, and 12.644 for Ry =100k(2.

TE
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10 10 10 10° 10t 10°

Source Resistance, Ohms

Fig. 6. Noise voltage as a function of source resistance and K g

IVV. CONCLUSION

An approach for BJT noise modelling and analysis at low
frequencies is developed. Matlab simulation results support an
availability of the approach proposed. The results allow a
wide range of designers to analyze and to predict the effect of
the BJT parameters, source resistance and frequency on the
equivalent noise, as well, on the designing systems noise
behavior.
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