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Abstract-Low-noise is an important consideration in
the application of electronic circuits and systems,
because it provides a fundamental limitations to make
useful signal input that can be propagate and processed
in any electronic system. It is necessary to understand
the sources of noise in circuits, how noise is described
and how low-noise circuits may be designed and used
for any system. This paper is an introductory tutorial
that provides the principle knowledge of random noise
in solid-state electronic circuits. It is treated as
stationary noise methods and theory which are
important to both continuous and discrete behavior of
analog circuits. The basic sources of noise and its
different types are discussed in this paper.
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I. INTRODUCTION

Electronic noise can be described as undesired
disturbances super-imposed on a meaningful signal
that tends to ambiguous its data contents. Low-noise
may be thermally or electromagnetically generated,
that can be minimized by decreasing the temperature
associated with all electronic circuits. It is a random
mysterious concept and many researchers have been
involved to study it over the decades, yet it still remains
a threat to any system [i]. The origin of noise could be
due to undesired signals among different blocks in the
system (e.g., crosstalk noise) or it may be physically
inherited from the system's components as shown in
figure 1. Sometimes, simultaneous switching activities
by the digital circuit can cause noise in sensitive analog
circuits and can exhibits unwanted false
spikes/oscillations/ripples.

Noise always exists in any type of electronic
system. When the electrons move randomly in the
resistive material, the recombination of electrons and
holes in a semi-conductive device, and diffuse through
a potential of the barrier. Mathematically and
theoretically noise presents in all areas of the solid-state
devices [ii], [iii]. The electronic system designer may
be intimidated of these theoretical concepts. Due to this
fact, low-noise system design is the most esoteric and
complex area of the research. However, it is possible if
the device noise macro-modeling technique should be
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followed. These macro-models are could be simple and
complex but no specific information of solid-state
physics or probabilistic theory is needed. The
quantification of random low-noise relies on noisy and
ideal signals. Spectral power density (PSD) is the
important term metrics to measure the quantity of noise
like noise figure (NF) and signal to noise ratio (SNR).

This paper demonstrates a tutorial description to
the area of noise in analog electronic designs. The noise
theory can be useful for integrated and discrete circuits.
The principle characteristics and noise sources are
discussed and macro-models for the sources are
demonstrated. The devices are evaluated by all low
noise sources into an low noise voltage with the input
device. The random noise that we will examine in
analog circuits is treated as stationary noise. That is, the
physical characteristics of the processes generating the
noise are assumed not to change with time, so the
expected properties of the noise (standard deviation,
mean) or ensemble-averaged do not change with time.
When stationary is assumed for a random process,
over-time averages are equivalent to resemble
averages. The analog signal of random noise in voltage
with the related time is shown in Fig. 1.

The paper is described as follows. In Section 2 and
3, we give introductory background of noise
characteristics and discuss its different types in analog
electronics circuits. In Section 4 and 5, we explore
noise measuring system and its fundamentals through
resistances. Noise through linear filters and amplifiers
are focused in Section 6 and 7 respectively. Low-noise
analysis of FET and BJT transistors are performed in
Section 8. Finally, we summarize our work in Section 9.

Voltage [V]

1 12 14 1.6 1.8 2
Time [s] x107

0 0.2 0.4 0.6 0.8

Fig. 1. Analog signal of random fluctuations in
voltage
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II. CHARACTERIZATIONS OF NOISE

Some important theorems related to continuous
and discrete time domain are discussed in this section.

Let V(¢) is a continuous time zero noise signal and
the sequences V(kT) is a sampled of V(¢) sampled at
time 7, 2T,...... The rms value of V(T) can be defined in

(1) [iv]:
Vims = E(Jlimr—m Gh Vz(t)dt)) (1)

and the rms value of the sequence V(kT) is defined in

(2):
Dome = E ( \/limN_m (isy, v2(kr))) )

where the operator E is the expected value operator.
Theorem 1: Assume V(¢) is a continuous time zero
noise source and then V(kT) is a sample of V(¢) at times
T, 2T,...... the rms mean value of the continuous It can
be defined as:

~

Vrms

Vrms

Theorem 2: Assume V() is a continuous time zero
noise source and then V(kT) is a sample of V(7) at times
T 27,...... then the standard deviation of the random

variable V(kT), denoted as 99 satisfies the expression:
05 = Vrms = Vrms

Note: There are some parts of the hypothesis of these
two theorems that have not been stated such as
stationary of the no correlation between samples signal
spaced T and the distribution. Part of this theorem
appearsin[iv].

Theorem 3: Assume V(f) is a continuous time zero
noise source with power spectral density N,, then the
noise inrms value canbe defined as:

Vs = | J-o Nudlf (3)

A. Probability Distribution Function

Different statistical and probabilistic techniques
were proposed for random low-noise waveforms [v],
[vi]. In this paper, the probability density function
(PDF) approach is adopted to describe noise [vii]. Let
the amplitude statistics of a low-noise voltage
waveform n(?) varies with the required time. The PDF

p(x) is defined as: n(f) is the amplitude of the noise
sampled at some instant of time ¢, then in (4):

Probability x<ns(x+dx)
p(x) = ™

“

The (5) and (6) are the know characteristics/properties
ofthe PDF:

[°, p(x)dx = Prob(n < v) )
I p(x)dx = 1 = Prob(n < x) (6)
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also,
2
22 p(x)dx = Prob(v; < n < ;) 7
PDFs are useful to describe the amplitude properties of

the electrical signal noise. Gaussian or normal density
canbe included in (8) as:

)
=)o [0s()]  ®
The rectangular density in (9) and (10):

p(x)=ifor—a<x<a 9)
p(x) =0 for|x| >a (10)
and using the Rayleigh density in (11):

2
p(x) = (%) exp [—0.5(5) ] (11)

The assumption is made that the electrical circuit
noise can be parameterized by the Gaussian PDF. It is
often a valid approximation for many mathematical
benefits. For example, if noise of the Gaussian is the
input to a valid linear transfer-function. Then it will be

L . 2
observed at the output with different variance, x than

for the input noise. Generally such case is not used for
the noises to describe by other PDFs.

B.  Power Spectral Density (PSD)

The contents of the low-frequency waveform are
the fundamental characteristic which distinguishes a
waveform from one another. Generally, a waveform
may be characterized either a non-zero (finite) average
power with energy infinite signal or as a zero average
power (finite energy). The frequency domain
expression of a finite-energy waveform can be
determined by the Fourier-transform method of the
related time domain function.

The spectral property of a stationary stochastic
signal is determined by evaluating the Fourier-
transform of the auto-correlation function. i.e. power
spectral density [viii]. PSD is another important
descriptor of the noise and normally can be used for the
characterization of noise in the frequency domain,
regardless of the PDF. We present an operational
definition of the PSD that identifies the distribution of
“power” in a noise source as compared to the
frequency.

Let a linear time invariant (LTI) system that is
defined by it's impulse-response 4(¢) whose frequency-
response is A(f). If x(¢) is the input signal to any system S
and if y(¥) is the output signal. The system's output may
be defined in (12):

y(@® = [T h@x(t —1)dr

The PSD of the output signal can be express in the form
of:

(12)
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Ny(f) = Nx(OIH(OI? (13)

where N (f) is is the PSD of the output and N (f) is the
PSD ofinputsignal.

As the theorem 3 says in this section, if V(¢) is a
continuous time zero noise signal source with single-

side PSD N, then the rms value of the noise is given in
(14):

Vims = /f,;io Nndf

III. NOISE CLASSIFICATION

(14)

There are several ways to describe noise and
classified its types such as: internal noise and external
noise.

A. Internal noise

It is generated internally or within the system. It
may be behaved qualitatively and may be minimized by
the optimized design of the system. Internal noise may
have different types:
! Thermal noise, Johnson-Nyquist noise or

noise voltage V, is generated when the thermal
energy is due to the free electrons/holes to move in
random motion in a resistive component [ix], [x].

Vin = JAUTRAf and I, = /‘”‘%"

where M is the Boltzmann's constant (1.38 x 10_23),

(15)

mean-squared voltage in abandwidth Af =2~

f1)=n0rma11y Af =1Hz

e Burst noise is due to manufacturing defect and
causes by the metallic extrinsic elements in the p-n
junction [xi].

e Contact noise or flicker noise /,,, is due to contact
between the two conducting elements when the
conductivity to noise in the existence of the dc-
current [ix]. Such noise is mathematically
modeled by the noise-current-source is parallel
with the element. The rms contact noise in the

frequency-band Af isin (16):

IVA
Ioon = /Vf—f (16)

where [ is a dc current, y = 1, Y¢ is a contact noise
co-efficient, and x is the contact-noise exponent.

e Shot noise is due to discrete arrival times of the
electrons flow across the barrier or pn-junction
[ix]. The rms value of the shot-noise current 7, is
given by the Schottky's equation:

I, = \/2IqAB (17)

Here [ is the dc current source, ¢ is a charge of a
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electron, and AB is a bandwidth.

Transit-time noise is generated when electrons
take time to travel from emitter to the collector and
itis comparable to the time period of the amplified
signal, that is at different frequencies above the
VHF and the beyond, known as transit-time factor
that takes place and the noise admittance increases
for the transistor.

B. Externalnoise
It is generated externally or outside of the system.

These are analyzed qualitatively. External noise can be

classified such as:

e Industrial noise is mainly due to industrial noise
in high-voltage wires. These are normally caused
by the dis-charge existence in different operations.
Some other reasons are ignition of electric motors
and switching gears, aircraft, auto-mobiles etc.

e Atmospheric noise is a static noise due to some
kind of the natural sources of disturbance like
thunderstorm, lightning, and the disturbances
according to the nature.

e Extraterrestrial noise exists on the basis of their
originating source. They are sub-classified as solar
noise and cosmic noise.

I'V. NOISE MEASURING SYSTEM

Let the system of Fig. 2, a noise voltage source is
connected to the ideal low pass filter (ILPF), the output
is measured with the true rms voltmeter. The true rms
voltmeter operation is shown by a system block

diagram in Fig. 2. The input ¥»(t) is squared
vi (t) given to the filter input, then the dc component in

v () is extracted by a low pass filter (LPF) with a time

—c
constant. At the output of the LPF, Vn , is the mean

squared voltage is square-rooted yielding, in the
operation of inverse order of, the rms voltage value of

v (t) | A true rms voltmeter must be used for noise
measurements due to its only type of ac voltmeter
calibrated for random signals, and for all forms of the
periodic, deterministic waveforms (triangle waves,
sine waves etc.). The operation of true rms meter is
performed with active analog circuit component as
shown in Fig. 3. A vacuum thermocouple can be used

for true rms meter. In such case, the input v, (¥), causes

a temperature rise in a small heater component with
This AT is directly proportional to P,, average power
consumption in R,. . thermocouple is bonded to the
heater, and it generates an emf, £, proportional to
AT square-root scale responds to £, giving an indicated
rms value of v , (f). The digital electronic feedback-

type true rms meters is used to balance the dc power in a
reference thermocouple with the input signal's
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average ac power in an input thermocouple.

Let the circuit of figure 2, perform the following
operations. We started with the variable LPFs cutoff
frequency £, , set to zero. We then increased f,in small
increments and recorded the square of the root mean
square meter's reading, that is the mean squared at
output voltage, along with f.. We found the typical
graph of different measurement values shown in Fig. 4.

It is noticed that Von increases rapidly and then reaches
alimit,

dB A Von ()

1 rms voltmeter

n(t)

»
>

A

ILPF

Fig. 2. rms noise voltage measuring system

Mean-squared
1 voltage
vZ | Squar- Un
» )2 > 3 ms
) _
voltage
0 f

LPF
Fig. 3. True rms voltage

2
Von(max) because the source contains no more noise

power at different high frequencies.
For the further characterization of noise, the one-
sided PSD is used by taking the derivative of the

z
Yon(r) plotinFig. 4. Thatisin (18):

No(f) = 2onD s
v 4
vgn(max) ------------------ N
>
fe (Hz)

Fig. 4. Plot of mean-squared noise voltage
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A graph of a one-sided power density spectrum
based on the curve of frequency versus mean squared
volt (MSV) of Fig. 4 is presented in Fig. 5. Fig. shows
that N, (/) fall-down to zero at high-frequencies. We
noticed that the total mean squared noise voltage in a
specific frequency band is found in (18) and (19):

N.(f) A
MSV/Hz

>
f (H2)

Fig. 5. Plot of one-sided PDS

We observed that normally noise is specified using
root power density spectrums and its graphs of f'versus

VN2 () have the rms units per root hertz. We used root

spectrums to characterize the equivalent current of
transistors, amplifiers etc. and the input noise voltage.
It is further observed that the white noise can be
characterized by a PSD which is linear from 0 to ©0 Hz
as givenin Fig. 6.

Vontfuf) = ff? N.(f)df (19)
1Jgn(mux) = f(;pN(f)df (20)
Jy NP df = @1

Normally Gaussian and white noise are taken and
assumed at the system's input for the simplifications
and justifications where the spectrum of the noise is
linear.

A
N (f)

>
f(Hz)

Fig. 6. Plot of white noise PDS
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V. THERMAL NOISE THROUGH RESISTANCE

Any pure resistance R at temperature 7 (room temp

=27°C= 300K) will have a zero thermal noise or noise
voltage associated with it. It is due to the free electrons
randomly move in a resistive element [ix], [x]. This
noise voltage is seen in series with R has a Gaussian
PDF normally called thermal noise and it has white

PSDas givenin (22):
VZ
( / HZ)

-23
where # is the Boltzmann constant (1.38 x 10 ).
Using (18) and (21), gives (22) which is mean-squared

voltage in abandwidth B=(f, - ). Normally B=1Hz

N, (f) = 4uTR (22)

vén = 4UTR(f, - 1) = 4uTRB (23)
Current noise associated with current flow is given in
(24):

4uTB
I, = |—
n R

The resistor noise is limited to thermal (Johnson)
noise. Resistor noise can be kept low-level if the
resistance values as low as possible. It is due to rms
voltage of thermal noise is directly proportional to the
under root of the resistive value. For example, at room
temperature a 1-kQ resistor can have noise of 4
nV/AHz.

Na (f)
MSV/Hz

24

f (Hz)

Fig.7. Plot of PSD from a resistor

It is also observed that during dc current passes
through a resistor, the resistor's voltage noise spectrum
will include a 1/f component whose magnitude is
directly proportional to power dissipation in the
resistor as given in (25):
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N,(f) = 4uTR + “7’2 (25)

where @ is a constant depends on material and
construction of the resistor. Fig. 7 is the plot of PSD
from a resistor taken from (25). The crossover

frequency £, for the resistor is defined in (26):

_ ur
T auTR

fe (26)

VI. NOISE THROUGH LINEAR FILTERS

The behavior of the noise through linear filters is
studied in this section. In a treatment of noise in a linear
system, it may be possible to express how the PSD of a
Gaussian random input is modified by conditioning it
with a linear filter. In general for the system of Fig. 8,
mathematically demonstrated in (27):

No(f) = N(OIHCmjf)I?

That is, the PSD of the filter's output noise is given
by the product of input noise spectrum times the
magnitude squard of linear system transfer function.
This concept may be extended to include in more
cascaded systems as expressed in Fig. 9. Thus in (28):

27

No(f) = N(DIHCOIPIGRTOIF - (28)
or
No(f) = N(DIHCrjf)G2mjf)|? (29)

Note that all PSD functions are always positive
and real. If white noise witha PSD N, (f) = D is a linear

filter input then, by relation of (28), we have

No(f) = DIH2mjf)I? (30)

The total mean squared output of the filter is found
by substituting (30) into (20):

vZ, = [y No(P)df =D [JIHQrjP)|%df (31)

The right-hand integral of (31) may be shown to
be, for any transfer function with more poles than zeros,
equal to the product of the system's mid-band gain
squared times the transfer function's equivalent noise
bandwidth in hertz. In other words:
G*BW = ["|HQ2mjf)|? df (32)

Gain squared-bandwidth products can be
calculated with the help of complex variable theory and

transfer functions for N{( f) ofrange 0 < f< o0 Hz, that
is, for one-sided PDS functions. The units of the noise
bandwidth are hertz, despite the absence of 27 factors.
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The equivalent noise Hz bandwidth for a signal
transmission system can be found from (32). It is
simply equal to the right-hand integral in the equation
divided by the gain magnitude squared (for a dc
system) or the mid-frequency gain magnitude squared
(for aband-pass system).

N.(f)
———»

N (P
—

H(f)

Fig. 8. Noise through a linear filter

N; ()
—

H(f) G(f) No(f)

Fig. 9. Noise through two cascaded linear filters
VII. NOISE IN DIFFERENTIAL AMPLIFIERS

The differential amplifier with noise is shown in
Fig. 10. The amplifier has two inputs, the noise source
arising in each input. The input/output relationships for
the amplifier are given by the basic Middlebrook
equation, presented here in frequency response format
in(33):

_ {Add*Acc Acc—Agq\ |’
v = (M) v, + (M)

Now the total mean squared noise voltage PDS at
the non-inverting input s in (34):

(33)

N;(f) = Urzwise + ifwiseRE + 4uTR; (34)

Thenoise voltage PDS at the inverting inputis in (35)

(35)

N{(f) = vise + irmpiseRE + 4UTR;

Fig. 10. Noise source model for noisy amplifier
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Using (34) and (35) in (33), and assuming that the
root power spectra are white and equal , we find that
total mean squared output noise is expressed in (36):

. A% +A2,
Nout = (v12mise + lrzmiseRs2 + 4ﬂTRs) (%) B (36)

If it is assumed that a purely difference-mode input

signal, V1 = Vs:Vs = —Vs and Vi) = Vs | ysing (33) it is
easy to show in (37):

Noyr = VZAZ, @7

Hence the mean squared SNR at the differential
amplifier's output may be written as in (38):
vi

SNRyur = 7= £

2 2
(”noise“naiseRS+4“TRS>(CMRR—2 +1)
2

(38)

Note that the 1/ CMRR2 term term is much less than one,
and may be neglected.

VIII. LOW-NOISE IN FETS AND BJTS
TRANSISTORS

JFET transistors are widely used in the design of
discrete low-noise head-stages where signals
containing energy in the subsonic and audio regions of
the spectrum frequency amplifiers, oscillators and
mixers where low noise is required.

The theoretical noise is generated in the
conducting channels of a JFET has a white spectrum
which can be referred to the input of the JFET, that is,
put in series with the gate lead. The PSD of this noise
voltage can be written in (39) and (40):

4uT 4uT I
Vhoise = o=~ = | (39)
9m 9mo Ipg
2 Vp(4uT/9mo)
2 . = Y@/ 9mo) 40
noise Vp—Veso ( )

where Imo is the FETs transconductance measured for
Ip = Ipss at Vg =0, and |Vpg| > |Vpl, Ipss is the de-drain
current measured at Vos = 0 and [Vps| > [Vpl. Ipg is the
quiescent drain-current at the JFETs operating point,

where Ves = Veso:

Normally, the observed or measured device v, ;..
in the flat or white region may differ significantly from

that predicted from (40). All measured v, ;. spectrum
show a rising trend with decreasing frequency. This
low-frequency behavior can be modeled by a 1/f'given
in(41):

Vhoise () = 2 (14 2) @)

where the exponent » has the range 1 <» < 1.5 and is
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device and lot-oriented. Normally it is taken » =1 for
simplicity and speak of the low-frequency portion of

thev,,...spectrumas 1/f.

JFET gate current noise is largely shot noise,
which results from random fluctuations in the average
dc component of gage leakage current / ;. The noise in

I, are due to the random occurrence of charge carriers
having enough energy to cross the reverse-biased gate-
channel diode junction. The PDF of shot noise can be
expressed to have a Gaussian form. The gate current
noise in the JFET has a white PSD and is given in (42):

irzwise = quGL (42)
where ¢ is electron charge of the value 1.602 x 10_19, I
is the dc gate leakage current in amperes.

The low-frequency variation in (43):

fitf
Votse = 2ales (A7) (43)
A conventional discrete, grounded emitter, BJT

amplifier is expressed in Fig. 11 and the hybrid-pi
amplifier is shown in Fig. 12. The base spreading

resistance, 7, is included in the model R’ =R _+r. Itis
assumed that R, =[R R ,/(R,+ R,)] >> r, and may be
neglected its thermal noise and effect on the circuit's
gain. R; and R’ are assumed to make thermal noise.
Current noise PSDs are associated with the base and
collector nodes in the small-signal model. They are
assumed to be white spectrums of the shot noise origin
and can be written in (44):

(44)
(45)

2 —
lhoise—b = ZqIBQ

irzwise—c = 2qICQ = zqﬁIBQ
The mean-squared output signal voltage is given in
(46):

N, = v_sz('r_nz) ' (ngl)z

Rs+1m

(46)

where 9m = B/Tx There are four terms in the mean-
squared output noise voltage.

Fig. 11. BJT amplifier operated at mid frequencies
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. o
Th T,ib ImVbe p B
$ l

¢ > 4 . \0)

Fig. 12. Amplifier has white noise current source at
base-collector node

o

B (ZqﬁIBQRlZ + 4uTR, + HTRER)®
(RS+VT/,BQ)

(THR.;)Z(ngl)qu,BQ
(ra+R)”

(47)

In the BJT small-signal model, ™ = Vr/lze- The

mean-squared output voltage SNR can be found from
(46)and (47)in (48):

v2/B
SNRour = (ve/1 S+R’)z 2
, v .
AUTR,+4uT R~ ;ﬁ, 5 :ZnglquBQRsz (48)
1

Equation (48) demonstrates that it has a maximum
for some optimum /p,. The denominator can be
differentiated and set to zero to find the /5, for peak
output SNR. If we denominator neglect the term for the
noise from R, due to small value in (49):

~_Vr

oo = 7

we neglect high-frequency effects and the
presence of low-frequency 1/f noise. It also assumes
BJT betais constant.

(49)

IX. CONCLUSION

In this paper, we have examined some sources of
random noise arising in active and passive linear
circuits. Our approach has been from the standpoint of
the noise power spectrum density. We have shown how
the spectrums arising from various noisy circuit
components can be added in a mean-squared sense and
them integrated over a certain noise bandwidth to find
the total-squared noise output voltage. The concept of
gain squared-bandwidth for white noise sources was
introduced. The input stage of an amplifier was shown
to be the critical portion of the circuit in the design of a
low-noise signal conditioning system the system'
overall sign-to-noise ratio is generally set by input
stage performance.
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