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Abstract. The article reveals the physical nature of flicker noise for electronic
amplifiers. Experimental examples of the study of flicker noises are given with
justification of the necessary and sufficient conditions for their existence, technical
methods of regulation, forecasting, diagnostics and methods of their numerical
assessment are determined. In order to reveal the physical essence and create a
mathematical model of flicker noise for their numerical assessment, the Ebers-Mole
model and the transport model of a bipolar transistor have been modified.
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1. Physics of the flicker-noise

By definition [1, 2, 3], the flicker noise (aka: 1/f noise, fluctuation noise, pink
noise, flickering noise, excessive noise, low-frequency noise, flickering noise) is a
random signal whose spectral tension density is usually described by the formula:

Si(f) = k/f (1)

Where f -is frequency, k -is a sized constant (V/Hz?

), vy -Is a size less constant,
which in most cases is close to a unit.

In 1925, J. B. Johnson first discovered and described the flicker noise, but its
physical essence is still considered uncertain [1, pages 188-192]. This has been
confirmed since 1968 at numerous (every two years) international noise and
fluctuations conferences (ICNF). The last, 25th ICNF-2019 conference was held in

Neuchatel, Switzerland, from June 18 to June 21, 2019.
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In the article [5], we gave information about the typical level of equivalent
input noise. We had developed several series of galvanic power amplifier chips, and
noted the complete absence of flicker noises. The very fact of such a phenomenon
obliges us to understand the reason for the absence of flicker noises and, if possible,
to determine their physical essence, technical methods of control, regulation and
guaranteed rationing in the construction of amplification Devices. For further
proceedings, we found it convenient to use the electric amplifier scheme "100W" (see
Fig.1), kindly provided by the US firm Linear Technology for free use and analysis.
This electrical scheme is good because it is fully consistent with the classic methods
of building amplifying devices, and each node in it is clear and well analyzed, for
example in [7 - 10], except, the source of active displacement used in it on the V3
element, however, and it is clear and logical. The electric pattern of Fig.1 differs from
the original by reducing the voltage gain to one, as in my power amplifiers [5], which
simplifies and makes the presentation of the material more correct.

LTspiceXVIl of the American corporation Linear Technology is used to
analyze electrical values and characteristics, including noises. This allows you to
eliminate inaccuracies and errors in the method of assessing physical values and
processes, which is especially important for the correct assessment of noise. The
chosen tool LTspiceXVII differs from others in that it is adapted to the most analog
technology and allows you to get the necessary information with the accuracy of E-12
in typical use, and in the mode of refined analysis, up to E-18 and above. In
particular, noise analysis is carried out taking into account the noise contribution of
all elements of the electric scheme of medium integration, including the contribution
of electrical connections. The choice of LTspiceXVII technical tool is additionally
convenient because it will allow me to test my experimental and calculated results
without significant resource costs.

Fig. 2 provides a graph of the equivalent input noise of the amplifier "100W",
here is very clearly visible flicker noises, in general typical for many amplifiers. The
latter circumstance will help to investigate the physics of flicker-noise in electronic

voltage and power amplifiers.
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Fig. 1. Linear Technology's “100W” power amplifier.

When choosing to analyze the amplifier "100W" we noticed that the amplifier
can easily be converted into a galvanic amplifier, amplifying signals starting from
zero hertz, that is, constant signal voltages, as in all my galvanic developments power
amplifiers. This is due to the use in the "100W" of the input differential amplifier on
transistors of the Q7 and Q8 (including its auxiliary devices on transistors of the Q3-
Q6 and Q9, Q10), which continuously compares the input voltage with the voltage of
the load, while shifting the load The working point of the input amplifier is formed
by an active source of V3 voltage. To convert the "100W" amplifier into a galvanic
amplifier, I'll call it "100WG," it's enough to replace the C5 and C7 jumper, as shown
in the Fig. 3.

The new galvanic amplifier "100WG" retains or remains close to the main
characteristics of ARF, FChH, THD, powerful and dynamic characteristics. Once
again, we will analyze the equivalent input noise for the galvanic amplifier "100WG"
and as a result we will get a graph presented on the Fig. 4.

There is no flicker-noise in the "100WG" amplifier. It should also be noted
that all the previously developed galvanic power amplifiers | have developed, for
example in the work of the [5], in the case of installation between the signal source

and the separation tank amplifier, acquire intense flicker-noises.
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Fig .2. The graph of the equivalent input noise of the "100W" amplifier.
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Fig. 3. Converting the “100W” amplifier into a galvanic “100WG” amplifier.
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Fig. 4. The graph of the equivalent input noise of the “100WG” amplifier.

The fact of getting rid of flicker-noise is obvious, and now more research is
needed. | think it is necessary to clarify that the linear dynamic voltage range of the
amplifiers "100W" and "100WG" in my version of their use with a single voltage

gain is 81.0V, and it corresponds to the dynamic range 38.26 mV voltage emitter-

base Uge transistor transition Q7, as shown in Fig. 5.
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612 640
608 - 650
604 660 o
~ 600 L670 O
E 5%+ 680 &
£ 5921 - 690 8
© 588- L700 ©
> 584 AT
c
g 580 Use F720 ©
-
S 576 L7300 2
> 572 Re 740 L
S 568- L750 &
564 - 760
560 L770
556 ; : . 780

T T T T T T T
-40v 32V 24V -16V -8V ov 8V 16V 24V 32V 40V

Fig. 6. Uge and Re dependency schedule from input amplifier voltage.
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Fig. 7. Chart of the equivalent input noise of the "100W" amplifier for different C7
values.
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The zero input corresponds to the Ugg=577.15mV shifting the working point of
the transistor. On the right, the same graph shows the scale of values for Ry, internal
resistance graph. The zero input or the level of its own noise corresponds to the
resistance of Rp.=77kQ. The following graphs of Fig.6, similar to Fig.5, show the
scale of R, emitter transition internal resistance values on the right. The zero input or
the level of its own noise corresponds to the resistance of the R,=743.77 Q. We think
It is necessary to note that the transistor Q7 is used in the signal shoulder differential
amplifier and is powered by the current stabilizer included in the emitter chain. This
explains the significant increase (on the stabilization rate) of the baseline and emitter
resistance of the transistor in comparison with its reference characteristics. Numerical
values will be useful further to assess the compliance of mathematical approximation
with instrumental results.

Expand the range of measurement of equivalent input noise to low frequencies
starting at 0.001 Hz and start by analyzing multiple graphs (see Fig.7) of the
equivalent entry noise of the "100W" amplifier for the conditions of application of
different denominations of capacity C7 capacitor.

On the right side of the chart you can observe the total thermal and fractional
noise - white noise (with an intensity of 7.1 n\V/Hz"?). There is a flicker-noise on the
left side of the chart. Such a configuration of flicker-noise with a flat top has been
repeatedly presented previously on the results of studies of different authors [1,
Fig.2.5 Page.44; Fig.5.5 Page.131; Fig.6.1 Page.161].

For further presentation of the material, it is convenient to present our
understanding of physics and the causes of flicker-noise.

Our judgment on the physical nature of the flicker-noise is based on the fact
that on the nonlinearity of the transistor's non-basic transition Q7, any signals,
including thermal and fractional noises, are distorted with an additional zero release
In their spectrum component. The zero components induced from non-linearity is
integrated, accumulated on the C7 dividing container and held on it for the duration
of the R22, C7 chain integration. The potential accumulated on the C7 leads to an

additional positive shift of the emitter-base transition, which in turn leads to an

6
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increase in the permanent component of the basic and, accordingly, the collector
current of the transistor Q7 and the proportional increase in amplification. As a result,
there is an enhanced ultra-low frequency noise signal - flicker-noise, with all
manifestations of random magnitude, because it is a derivative of random thermal and
fractional noise.

The same can be said differently. The noise brought to the entrance of the
amplifier is separated by the emitting-basic transition of the transistor Q7 from the
cumulative noise generator, the transistor collector Q7, and all subsequent noisy
elements of the electrical circuit, up to the R23 power load. From the cumulative
noise generator, the noise energy through the emitter-base transition and the passive
R21 divider, the R22 gets to the C7 capacitor. This chain is essentially an analog
detector. The C7 capacitor accumulates a constant or zero components from the noise
detector acting on the analogue detector. The level of accumulated zero component is
determined and changed according to the energy of the cumulative noise generator; it
Is an integral derivative of thermal and fractional noise, which is the flicker-noise.

On Fig.7 the level of flicker-noise is almost ten times higher than the level of
heat and fractional noises generated by it. The top flat area in the flicker-noise
configuration is due to the fact that it is formed as a derivative of heat and fractional
noise (see further (6) and (7)). The energy of thermal and fractional noises, though
random, still has its limits characteristic of white noise, which is reflected in their
integral derivative size - flicker-noise.

To form a flat flicker-noise area, it is necessary and sufficient to allow the
phase shift on the C7 capacitor to be close to 0° at the appropriate ultra-low
frequencies of the range being analyzed. Inside the phase shift interval of 0° - 900,
there is a non-linear change in the level of flicker-noise from the maximum value to
the level of thermal and fractional white-noise. Finally, there is no flicker-noise in the
area where the Phase Shift of the C7 Jet Element is close or 90°. It is impossible to
accumulate integral accumulation of dynamic constant component of thermal and

fractional noises, because the C7 reactive resistance at these frequencies is too small,
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the phase shift is close to 90°, the accumulation of asymmetric charge on the
capacitor linings.

For visibility and a better understanding of physical processes, | find it useful
to consider Fig.8. This shows a family of graphs on the emitter-basic transition from
the input sinusoidal signal to the linear part of the dynamic range of the "100WG"
amplifier with a 1/10 maximum signal level increase. The level of thermal and
fractional noises at the emitter-basic transition of the transistor is certainly
disproportionately small in comparison with the presented level of nominal sinusoidal
signals, but Fig.8 very well represent the nonlinearity of the emitter-basic transition,
and this non-linearity always remains an objective reality and the physical essence of
semiconductor transition, both for small and large signals.

Charts on Fig.8 are expected, according to the known non-linearity of the
emitter-base transition. If we consider each graph separately, it will be difficult to
notice that the negative and positive half-wave, initially symmetrical signal, received
different increments, the upper relative to zero half-wave stretched, and the bottom
narrowed. The analysis of the family of graphs clearly demonstrates the nonlinearity

of the emitter-basic transition of the transistor.
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Fig.8. The family of waveforms on the emitter-basic transition of the transistor is Q7
without C7.

The “100WG” amplifier does not have a C7 dividing capacitor, and if you re-

install it, you get a different family of graphs on the Fig.9. The C7 capacitor now
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accumulates an integral accumulation of non-linear signal symmetry; the C7

capacitor is charged and shifts the transistor's working point by 16.23 mV.

660
650
6404

E 6304
- SN o N 7

& o A A A\
S 610 -\ 77—\
- i ) \ 7 \ \ i/ \
o)) 6001\ / "\ i \ i \ / \‘\
Q
o)) 590+ \ f \ | ( \ \
S 5ol \\// \// \// \\/ \/
© \N '// N / \ // N 7 N\ /)
> 5704 \-7 N o 7 N\
S 560+

550+

5404

530 | T 1 T 1 \ T | | I

0.8 1.2 1.6 2.0 24 2.8 3.2 3.6 4.0 44 (Time, mS)

Fig. 9. The family of waveforms on the emitter-basic transition of the
transistor Q7 with the included capacitor C7.

In this example, for the purpose of visibility of the process, the effects of the
accumulation of a constant charge by the lining of the capacitor when exposed to a
large sinusoidal signal are demonstrated. The noise signal will also continuously
charge the C7 dividing capacitor with varying noise intensity and shift the transistor's
working point with noise. This results in a flicker-noise.

In other words, the impact on a non-linear element by any signal results in the
work point drift controlled by adding its zero components to the electrical power of
constant displacement. In the event that the non-linear element, in addition to the
electric propulsion force of constant displacement, is affected only by thermal and
fractional noises, the noise generated by them is a flicker-noise.

Then we turn to the mathematical approximation of the physical essence of
flicker-noise.

2. Modification of the Ebers-Moll model and the transport model of the
bipolar transistor

For the normal mode of use of the transistor [7, page 78-81], with the Ugc < O,

shifted collection-base crossing, the Ebers-Moll transistor model and the transport



ZHURNAL RADIOELEKTRONIKI - JOURNAL OF RADIO ELECTRONICS, ISSN 1684-1719, N7, 2020

model [9] have the same current expressions, as in this case both models do not take

into account the currents of leakage:

, T .
Lok Use (2.1)
B By Ur . _ 2.2)
[= Isexp IE:E ’ '
JT
B 1 ~ Usg (2.3)
Ig Is<1 + BN) exp U

where lg -iIs the current base; Is - current collector; Ig - current emitter; Is - saturation
current (6,016-10"2A, for MJE350 transistor); By - the rate of amplification by the
normal mode (By = 50 ... 500, and for the transistor MJE350, - 100); Uge - voltage

displacement at the emitter crossing (for transistor Q7, in the amplifier "100W" and
its modifications, - Ugg = 577.15 mV); Ut = kT/e, - thermal potential (for silicon at a
normal temperature of Ut = 25.3mV (10, page 87);

k - Boltzmann's constant; T - absolute temperature; €, - electron charge.

Let the electromotive force of the displacement of the operating point of the
transistor Q7 provides the constant component of the Ip displacement current, and the

electromotive force of the signal represents the variable component and, accordingly,
induces the variable component on the emitter-base junction Us " sin mt.

To simplify, then we will assume that the initial phase is zero. In this case, the
transistor's emitter-base transition will be at the total voltage of Ugg = Up + Ug'sint.

For example, the expression (2.1) in this case can be rewritten as:

[ =ls exp Up eXpUg-sin ot
B BN UT UT (3)
Ug-sin Ot
T : o
Decomposition P~ in a sedate row of [11, page 115] gives:
Ug-sin Wt Ugsin Wt | Ugsin®Wt | Ug*sin’ Wt Ug -sin’ Wt
— = > +o =t
=Py, RS TR T Ur3l T gl

(4)

10
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From the expression of the sedate function of Sin"x is known to [12, page 190], that

the permanent component: _Ln Cl;n ﬁ

()
has only even degrees of function. After substitution (5) in (4) there is an original, not
previously found in the works of other authors, the expression of displacement of the
permanent component of the semiconductor transition, taking into account the drift

from the impact on nonlinearity of the signal or noise:

2 4 6 2m 2m
c= 1+ T77+ e i ‘11,6+...+T—,,ln . —Z s .
(21)°2°  (@h=2* (612 ((2m)!)™2° ((2m)!1)*-2°

m=0

(6)

Ux
where: y=-5 .
UT

A modified dynamic transport model or Ebers-Moll model, for the normal (Ugc

< O) mode of using a transistor, taking into account the drift components from the

impact on the nonlinearity of the signal or own noise can now is recorded as:

g = F; UD ' (7.1)
Uy
l|c = é Is exp [ij_) ) (72)
i ,
= % Ig <l + — Jexp I{{% (7.3)
By T

Previously [13], we had to get and use this expression with distinction in that
only the Ebers-Moll model was used as the original mathematical model of the
semiconductor transition of the bipolar low-power transistor. In that work, the
expression (6/ helped to obtain a simple and extremely useful dependence of a > k
for the condition of compliance with the stability of the Raus-Hurwitz criterion in
low-power amplifiers with deep positive feedback, where a is the stabilization factor
the permanent component of the transistor's collector current; k - signal regeneration
factor. The results of this ratio were fully confirmed experimentally in a wide range
of temperature, constructive and other destabilizing factors.

The physical essence of constant drift in different semiconductor devices is

similar and can be analyzed using a staid series /6/ and /8/. Degree row /8/ includes

11



ZHURNAL RADIOELEKTRONIKI - JOURNAL OF RADIO ELECTRONICS, ISSN 1684-1719, N7, 2020

only dynamic drift components, without taking into account static bias:

6 7111

4
. l}j l}] . ll}...ln
Ac=c-1= 2 292 +(4!)2-24+(6I)2~26+” +((7m)')‘ 3 Z (Cm))P2

= m=1

(8)

Full expressions of the dependence of dynamic drift constant component of

transistor's ducts from the impact of the signal or internal noise take the form:

Aly=(E-1) 5 —e p Url’ (9.1)
. : 9.2
ATe=(G—1)Isexp U[?r ((9 3))

Alpg=(& - 1) 15 (1 + —) U”

On the Fig.10 the equivalent diagram of the amplifier's input chains is
"100WZ" taking into account the internal structure of the transistor in accordance
with the [7, page 78-81], [14, page 162, Fig.15], (7.1 —7.3).

Before it moves to the numerical calculation of drift of the constant component
of shifting the working point of the transistor Q7 from the allocation on its non-
linearity of zero components of thermal and fractional noises, we will make the
following observation. The transistor Q7 is used in the signal shoulder differential
amplifier and is powered by an electric stabilizer included in the emitter chain. This
explains the significant increase (on the stabilization rate) of the baseline and emitter

resistance of the transistor in comparison with its reference characteristics.

~g 18 p D
R31 L= 8; N exp U,l.
— [ | —
| I | | S | UI)
Ry=Ru.-R. Lg= g I(1+—= e\p —

C7 A
— Ry TBE lic= glxe\ptijn l = <>

Fig. 10. The equivalent scheme of the "100W" amplifier input chains.

Next,wel use the expression of Nikvist [14,Ch.2,(90)], [15, (3.11)], [16], [17]

to determine the equivalent, current noise level. As a result, | will receive the

12
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expression ¥ for experimentally measured total thermal and fractional noise, in the

AF range of the ARF amplifier:

_ Uy (AR)?

Now, using the expression /9.1/, | will get an increment of flicker noise from

Y

the non-linear emitting-base transition of the transistor Q7 and integrated on the
reactivity of C7, zero component, derivative of thermal and fractional noise, taking

into account the bypass elements of R22, R21 input chains of the amplifier "100WZ":
AUFN = A||B| . Rbe'(Rgg + Rgl) / (Rbe + R22 + R21) = 71,6 nV (11)

where: Ry = 77,0 kQ; Is = 6,016:10%A; By = 100; Up= 577,15 mV; U;=
25,3mV; R, = 47 KQ: Ry = 2.2 kQ: Un=7,1 nV/HzY? : AF=1,0 MHz.

The flicker noise level on the flat section will be:
Uen =AUgy +Up = 78,7 nV/HZY? (12)

The result is fully consistent with the experimental schedule of flicker noise on
Fig.7.

The modified Ebers-Moll mathematical model and the modified transport
mathematical model of the transistor confirm my assertion that the physical essence
of the flicker noise is that the nonlinearity of the transistor's emitter transition is Q7
any signals, including thermal and fractional noises are distorted with the release in
its spectrum of an additional zero component. The zero components induced from
non-linearity is integrated, accumulated on the C7 dividing container and held on it
for the duration of the integration of the R22, C7 chain. The potential accumulated on
the C7 leads to an additional positive shift of the emitter-basic transition, which in
turn leads to an increase in the permanent component of the base and, accordingly,
collector's current.

As a result, there is an enhanced ultra-low frequency noise signal — flicker
noise, with all manifestations of random magnitude, because it is a derivative of

random thermal and fractional noise.

13
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The resulting modified Ebers-Moll mathematical model and the modified
transport mathematical model of the transistor accurately correspond to the physical
processes of normal transistor use, with the transistor back shifted Ugc < O
collection-base transition, in the mode of small signals and noises.

For large signals, in the entire linear dynamic amplifier range, the resulting
modified mathematical model significantly improves compliance with physical
processes and near-describes the drift of the transistor's work point from zero
component of the affective signal. A further modification will be required to more
accurately match, in particular to take into account the dependence of the By gain
factor change from the level affecting the signal transistor. The need for this
correction is demonstrated by the experimental graph BN Transistor Q7, in the

dynamic range of the amplifier "100WZ" that is shown in the Fig.11.
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Fig.11. By transistor Q7 amplification chart, in the dynamic range of the “100WG”
amplifier.
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