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An experimental setup is described to measure 1/f noise (pink noise) in conductors using a PC

equipped with a sound card functioning as a spectrum analyzer. A simple auxiliary analog

electronic circuit with three operational amplifiers has been assembled to yield the required

amplification, to match the sound card signal levels, and to implement a bridge configuration to

improve dynamical range. Test experiments and data analysis have been conducted using

commonly available software, together with some custom scripts and C code. The whole setup is

technically accessible and economical for both the high school and undergraduate levels. Results

are reported for pink noise of vintage carbon resistors spanning seven frequency decades, from

1 mHz to 10 kHz. VC 2016 American Association of Physics Teachers.

[http://dx.doi.org/10.1119/1.4941305]

I. INTRODUCTION

The historical study of noise in electronic circuits is
marked by three fundamental discoveries. The first happened
in 1918 when Schottky discovered the presence of random
fluctuations in the thermionic current of vacuum tubes and
explained them as due to the discreteness of the electrical
charge (the electron) and to a general law of statistics.1 This
noise component is currently known as Schottky noise or
shot noise. The second discovery took place in 1925 when
Johnson observed and accurately measured an excess of
noise in the low frequency part of the spectrum, while study-
ing the Schottky effect in thermionic emission.2 The spec-
trum of Johnson’s excess noise showed a trend to increase as
frequency f decreased, roughly with a 1/f law. This noise
component has received many names, including excess
noise, 1/f noise, flicker noise, and pink noise. The third dis-
covery occurred in 1928, when the third fundamental noise
component was studied by both Johnson and Nyquist, who
published two joint papers about random voltage and current
fluctuations generated in conductors by random thermal
motion of electrical charges.3,4 This last noise component
became known as Johnson noise or white noise.

Both Schottky and Johnson noise components exhibit a
power spectral density independent of frequency from direct
current (dc) up to some very high limiting frequency, deter-
mined by the system properties or, ultimately, by quantum
mechanics. Both Schottky and Johnson noise soon received a
complete and definitive theoretical explanation on the basis
of very general physical principles, as stated above.

The other kind of noise is characterized by a nonuniform
power spectral density, with an excess of the type 1/fa in the
low frequency part of the spectrum, often with a ’ 1. This is
called “pink noise” from an analogy with optics, where
excess spectral density in the low frequency part of the spec-
trum makes light appear redder, or pink, instead of white.

After some ninety years since its first observation, 1/f
noise still lacks a fully established and convincing theory,
yet seems a universal property of matter. There is a vast liter-
ature on pink noise with both detailed descriptions of the
phenomenon and proposed tentative explanations. Pink noise
appears ubiquitous in a multitude of physical phenomena,
ranging from music to biology to earthquakes.5–11 The
puzzle is that up to now it has not been possible to explain
its existence in a comprehensive and definitive manner, and

perhaps this is the reason pink noise is such an interesting
and active field of study.

The purpose of this paper is to describe a simple experi-
mental setup that uses a normal PC equipped with a sound
card and some ordinary electronics to observe and measure
pink noise in electrical resistances over a seven decade fre-
quency range. The experimental approach is understandable
and affordable both at the high school and the undergraduate
levels. Results obtained are at a level comparable with what
can be made with some professional instrumentation. But
electrical noise most often is a feeble voice of nature: it can
be amplified, observed, and measured, but these kinds of
measurements are not trivial. Proper experimental proce-
dures and attention are necessary, and this makes such a
measurement interesting and instructive, together with a
curiosity for the physical phenomenon.

II. THE MEASURE OF PINK NOISE

There is established experimental evidence that pink
noise in conductors is due to spontaneous fluctuations in
the conductor’s resistance, independent of the current
that may flow through it during measurements.12,13 Hence
when a constant current I flows through a resistance R, the
voltage V generated according to Ohm’s law V¼ IR shows
a tiny random fluctuation vðtÞ ¼ I rðtÞ that strictly follows
the resistance fluctuation r(t).14 The ratio vrms/V between
the rms value of v(t) and V is called the Noise Index (NI)
of the resistor. Typical ranges for NI are lV/V for noisy
resistors. Naturally, the lower the NI the better the resistor
quality. Similarly, a constant applied voltage V with fluctu-
ation g(t) of conductance G induces in current I a fluctua-
tion iðtÞ ¼ V gðtÞ.

In the following, the term “excitation signal” (either volt-
age or current) will be used to indicate the applied voltage or
current, but it is to be understood that such a signal does
not excite the resistance or conductance fluctuations, it only
enables their detection.

In a similar way, an alternating current (ac) can be used
instead of dc. In this case, the resistance fluctuations will
impose on the ac voltage generated across the resistor a
slight amplitude modulation of

VðtÞ ¼ ½Rþ rðtÞ� I0 sinð2pf0tþ /Þ; (1)
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where f0 is the ac frequency and / the phase. The time evolu-
tion of such a modulation will be identical to the time evolution
of the v(t) random voltage superimposed on the dc voltage, and
will generate an upper and a lower sideband around f0 with
spectral composition identical to the modulating signal spec-
trum, when plotted as a function of the offset from f0.

In the frequency domain, the random function r(t) is char-
acterized by a spectral density SR(f) that expresses the mean
square value of components of r(t) in a unitary bandwidth
around frequency f. According to Hooge et al.,15

SR fð Þ
R2
¼ SG fð Þ

G2
¼ SV fð Þ

V2
¼ SI fð Þ

I2
/ 1

f
: (2)

The value of these ratios spans several orders of magnitude,
but usually is less than 10�10 Hz�1 (at f¼ 1 Hz), hence volt-
age or current fluctuations to be measured are fractions of
the excitation value as small as 10�5 Hz�1=2 or smaller.

If the excitation current consists of one or several ac tones
with frequencies f1, f2,…, each will be modulated in an iden-
tical manner. The signals in the baseband near dc and in the
modulation sidebands around carrier frequencies f1, f2,… end
up being identical. This is a direct consequence (and also a
confirmation) of the origin of pink noise from autonomous
resistance fluctuations. The replicas of 1/f noise from base-
band to modulation sidebands are referred to as 1/Df noise.

Measurement of pink noise in sidebands is currently a com-
mon practice because it is easier than direct measurement in
the baseband. It is performed in a relatively high-frequency
region, far from the pink noise proper of amplifiers and con-
verters of the measuring instruments.16

Experiments described in this paper are measurements of
pink noise both in the baseband and sidebands, performed on
vintage carbon resistors, a simple system in which pink noise
has been observed and described many times (see, e.g., Refs.
17–20). These resistors were widely used until the end of the
20th century because of their excellent performance in the high-
frequency region. Currently, metal film resistors offer both a low
noise factor and a low stray inductance and have almost com-
pletely replaced carbon resistors. However, use of carbon resis-
tors was so widespread that even today it is very common to find
some among the spare parts of most electronics laboratories.

III. EXPERIMENTAL SETUP

A PC sound card usually contains two Digital to Analog
Converters (DAC) that generate the stereo sound signal for
the speakers and two Analog to Digital Converters (ADC)

through which a signal can be sampled and recorded. These
converters must ensure good sound quality for musical repro-
duction and typically offer very good performance from the
point of view of linearity, noise, and dynamical range. These
are the characteristics necessary to make them into a valid
measuring instrument for signals in the audio band.

The main drawback of these devices as a measuring
instrument is that their input is always ac coupled with a dc
blocking capacitor, hence their frequency range cannot
extend to frequencies below a few Hz. This restriction limits
the possibility of directly measuring pink noise very close to
dc, but does not prevent the possibility of measuring noise in
sidebands down to mHz or below. The tone generation
through the DAC and the signal sampling through the ADC
are driven synchronously from a single reference oscillator,
and this makes the measurement highly immune from the
problem of oscillator phase noise.

In the experiments reported in this paper, a DAC channel
was under software control to generate a voltage signal
containing one or several pure tones. This signal, possibly
with an added dc component, was applied across the noisy
resistor(s). The current through the resistor(s), amplified and
converted to a voltage, was sampled by one of the ADC chan-
nels and recorded, in order to determine its spectral content.

The experimental setup is shown in Fig. 1. While the PC
itself is not a critical part, the sound card needs to be of high
quality, because the overall measurement sensitivity and
cleanliness depend on its performance. An external sound de-
vice connected through a USB port is preferable to an internal
sound card because the environment inside a PC is electrically
very noisy (see Ref. 21 for a similar problem). A card
equipped with a 24-bit ADC is highly preferable, while a 16-
bit DAC for tone(s) generation is quite adequate. In this work,
a SoundBlaster SB0490 manufactured by Creative Labs,
equipped with both a 24-bit ADC and DAC was used.22

A good sound card however is not the only requirement
because the tiny noise signal23 we seek to observe occurs in
the presence of a strong excitation (voltage or current) and
requires a dynamic range difficult to obtain directly from an
ADC. The usual solution is the adoption of a bridge configu-
ration in which the excitation is a common signal nulled at
the output with the noise being the differential signal compo-
nent.18 This arrangement is implemented by the A2 stage of
the circuit shown in Fig. 1, reproduced with functional
details in Fig. 2. The operational amplifier is employed in a
true difference amplifier configuration,24 with the excitation

Fig. 1. Electronic circuit used for pink (1/f) noise measurements. The noise bridge is the central stage (A2) and R3 and R4 are the resistors under study.

Amplifier A1 sums and amplifies the ac tone generated by DAC 1 with a dc component (from a small battery, for minimum noise in the excitation voltage);

stage A3 amplifies the bridge output before sending it to ADC 1.
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voltage coming from the preceding stage (Vc), which is then
applied in common mode to both input terminals.

When R3/R4¼R5/R6, common mode amplification is null
and no signal should be present at the stage output. In prac-
tice, this is never exactly true and there is always some signal
spillage through the stage. Using resistors matched within
1%–0.1%, a signal attenuation in the 40–60 dB range is
obtained. The noise signals independently generated in each
of the four resistive bridge legs sum in quadrature at the out-
put, properly amplified.

Measurements can be performed using a fully symmetrical
bridge with four identical noisy resistors, two pairs of equal
resistors (R3¼R4 noisy and R5¼R6 noiseless), or a single
noisy resistor, say R3, with low-noise resistors for R4, R5,
and R6. The second choice is preferred for three reasons.
First, the adopted configuration has the advantage of a lower
noise floor and a lower cost with respect to the use of an
instrumentation amplifier with a fully symmetrical bridge as
in Ref. 18. Second, in each resistor, an independent source of
noise voltage brings an equal contribution, resulting in a 3-
dB increase in the noise signal level at the output. Third,
adopting the same-component model for R3 and R4 makes it
easier to find two samples with values matching at the level
of 1% or better. Pair matching for R3–R4 and R5–R6 can be
made using a simple low-cost (3.5-digit) multimeter; being a
comparison measurement, resolution matters while absolute
accuracy is unimportant.

The first stage of the circuit (A1 in Fig. 1) is a summing
node amplifier, whose purpose is to raise the ac tone(s) from
the sound card DAC to a convenient level, adding a dc compo-
nent if desired. Values of R1a,b and R2 are chosen to have an ex-
citation signal at the output of A1 as high as possible while still
below saturation. Meanwhile, the third stage (A3) amplifies the
signal at the bridge output before sending it into the ADC.
Values of R7 and R8 are chosen to yield a gain (42 dB) of the
order of the expected common mode attenuation in stage A2.

All resistors in the circuit except for R3 and R4 are metal
film low-noise type. The operational amplifiers also are
models with an exceptionally good noise performance. The
LT1028 is certainly the most expensive component of
the electronics, costing around $15. Nevertheless, despite the
high quality required for all the electronic components, the
budget for the entire experiment, apart from the computer,
amounts to no more than $50 for the electronic circuit and
$50–$100 for the sound device.

Practical implementation of the circuit is shown in Fig. 3.
A soldered prototype board has been used with plugs for
resistors in order to enclose the circuit in a good metal-
shielding box, while allowing one to easily change the resis-
tors (as needed).

The second unused audio channel of the sound device—
DAC 2 and ADC 2 in Fig. 1—is connected as a loopback
and used as a monitor. During measurements, both DACs are
driven synchronously to generate identical signals.
Recording is performed in stereo, giving the noise signal on
ADC 1 and the excitation level on ADC 2.

A. Calibration and error budget

The two ADC and DAC responses have to be checked
against each other and verified to track closely enough to
make any difference negligible. Were this not the case, a cor-
rection factor should be obtained. Using a laboratory oscillo-
scope, the 3-dB point of the ADC high- and low-frequency
cutoff can be measured and used to introduce some correc-
tions, as illustrated in Sec. IV.

In ac measurements no further calibration is needed. The
voltage V2 at the output of stage A2 is

V2 ¼ VC
R6

R6 þ R4 þ r4

R5 þ R3 þ r3

R3 þ r3

� R5

R3 þ r3

� �
: (3)

When R4¼R3 and R6¼R5, only a small v2 signal remains as
generated by the r3 and r4 fluctuations. Neglecting second
order terms, we have

v2 ¼ VC
r3 � r4

R3

� �
R5

R3 þ R5

: (4)

Taking account of all stages, the noise signal vn at the output
of A3 (and input of ADC 1) is

vn ¼ Vin

R2

R1

r3 � r4

R3

� �
R5

R3 þ R5

� �
R7 þ R8

R7

; (5)

where Vin is either VAC from DAC 1 or VDC from the battery
and, correspondingly, R1 is R1a or R1b. The quantity of inter-
est is the ratio

Fig. 2. Details of the second stage (A2) with respect to the two noise sources

(the fluctuations r3 and r4 in resistors R3 and R4). The fluctuations are fully

independent quantities whose effects sum up at the stage output.

Fig. 3. The electronic circuit of Fig. 1, soldered on a prototype board and

enclosed in a metal box. An effective shielding from environmental electro-

magnetic fields is mandatory, in view of the small level of the measured sig-

nals. The battery on the left is the optional dc source; the power enters from

the multipin connector on the right.
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r3 � r4

R3

¼ vn

Vin

R1

R2

R3 þ R5

R5

� �
R7

R7 þ R8

: (6)

After computing by Fourier Transform the spectral density
SVn
ðf Þ of the function vn(t), one obtains

SR3;4
fð Þ

R2
3

¼ SVn
fð Þ

V2
in

F2; (7)

where F is the product of the three rightmost factors in Eq.
(6), divided by

ffiffiffi
2
p

to account for the presence of the twin
noise sources R3 and R4.

Both vn (i.e., SVn
) and Vin are measured by the sound

card’s ADC, hence the error in their ratio is negligible after
the calibration procedure. The main source of error remains
the gain factor F. If all resistors have a nominal accuracy of
1%, the error in F is 62.4% (or 60.2 dB).

In dc measurements, the 1.5 V nominal battery voltage has
to be expressed in terms of the ADC scale. This can be done
using an oscilloscope and programming the DAC to generate
a signal with an amplitude in a one-to-one voltage ratio with
the battery. This way, the absolute value of the oscilloscope
scale does not matter (as long as it is constant with fre-
quency) and readout error only has to be considered. With
proper care it can be no more than 62% � 3%, or 60.2 dB.

B. Software and experimental procedure

The sox (Sound eXchange) software package25 has been
used both to drive the tone(s) generation and the signal re-
cording for the data acquisition. The sox package relieves
the experimenter from the intricacies of directly dealing with
the audio device, while allowing complete and fine control
of the operations.

A Linux operating system environment (Debian 7.x distri-
bution) was used and the experiments controlled with the aid
of a few simple shell scripts such as

play -r 100k -n -c 1 synth 0 sin 10000

for the 10 kHz tone generation, or

rec -c 2 -r 100k -b 32 data.raw trim 0 1001

for a 1000 s data sampling (with a short 1 s guard time at the
beginning to skip any starting transient).

Frequency spectra were computed from time records
using the Fast Fourier Transform library fftw,26 wrapped
in a short C program that works like a filter, accepting the
time record data as an input stream and giving the fre-
quency spectrum as output. Data rendering was performed
using the gnuplot package.27 All of the software pack-
ages used are available at no cost under an open-source
license.

The measurements were first performed using only metal
film resistors, both with and without the excitation voltage,
to measure the background noise of the measuring system.
Thereafter, R3 and R4 were replaced with carbon resistors of
equal value and the measurements repeated again with and
without the excitation voltage.

The excitation signals used were dc, a single tone
(10 kHz), two tones (8 kHz and 16 kHz), or some combina-
tion of these. Several noisy resistors were tested, with results
reported for 0.68-kX, 1.2-kX, and 1.5-kX samples. In all
measurements, the maximum available sample rate of

100 kHz has been used in order to obtain the best signal-to-
noise ratio. Other experimental conditions are summarized
in Table I.

Spectra with frequency resolutions from 1 Hz to 1 mHz
have been obtained through brute force FFT of data records
from 1 to 103 s long and decimation to no more than 100
points per frequency decade through averaging, using an
average procedure. A finer frequency resolution can be
obtained using a longer time record, but only using a better
algorithm, such as subsampling or digital down conversion,
because of the limits imposed by the available PC RAM.
Recording for 1000 s, for example, required a transformation
lasting about 85 s using a 2-GHz CPU, requiring 3 GB of
RAM.

IV. RESULTS

Excess noise recorded for the three resistor values is shown
in Fig. 4 (top three curves), for the frequency range 0.1–104Hz
(a: 0.68 kX, b: 1.5 kX, and c: 1.2 kX). Excitation was a dc volt-
age alone. Spectral densities are expressed in dBc, i.e., as the
rms value of voltage noise in a 1-Hz bandwidth with respect to
the rms value of the excitation voltage. The low frequency
portion of the spectra are affected by the dc blocking capacitor
at the ADC input, which introduces a frequency cutoff at
fH¼ 4.3 Hz; the curves have been corrected to account for the
high pass response jHðf Þj ¼ ð1þ f 2

H=f 2Þ�1=2
.

The 1.2 kX-resistor spectrum is reported twice, both
before and after the frequency compensation (curves c0 and c
in Fig. 4, respectively). Without compensation the low
end of the useful measured range is limited to 10 Hz. With
compensation the range extends down to about 1 Hz, but no
reliable spectral distribution can be obtained below this fre-
quency because, as can be seen in the figure, the correction
contribution increases rapidly and it is hard to compute it
with enough accuracy.

Measurements on the 0.68-kX resistors were repeated
applying both a dc voltage and a sinusoidal ac voltage of fre-
quency 10 kHz. The spectrum obtained has been split into
three parts, from dc upward and from 10 kHz both upward
(upper side band, USB) and downward (lower side band,
LSB) and reported as a function of Df, the frequency shift
from the excitation frequency (0 for dc and 10 kHz). Figure 5
compares these three spectra in three frequency intervals, each
0.4 Hz wide, and starting at 0, 10, and 100 Hz, respectively. A
full 100 s-long time record was used to obtain an FFT with
10-mHz resolution.

The two spectral densities around 10 kHz are 3 dB lower
than the one that starts at dc, because they share the total
power in the two side bands, as can be seen from Eq. (1).

Table I. Working conditions during measurements when Vin consists of

either a dc voltage of 1.57 V or a 10-kHz ac signal with a peak voltage of

1.46 V; the ADC full scale was 63.76 V. The last line reports the F2 factor

of Eq. (7).

(Noisy) carbon resistor R3,4 0.68 kX 1.2 kX 1.5 kX
(Low-noise) metal film resistor R5,6 7.5 kX 10 kX 10 kX
Temperature �C 29 6 0.5 27 6 0.5 24 6 0.5

Voltage across R3,4 (mVrms) dc 395 509 620

10 kHz 320 412 502

F2 (dB) dc �51.4 �51.2 �50.9

ac �53.3 �53.1 �52.8
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When summed together, they coincide with the dc plot. In the
figure they have been raised by 3 dB to make the comparison
between them and their counterpart around dc easier to visual-
ize. In the middle plot, the three spectra completely overlap:
the average difference in the 10–20 Hz band between the
quadratically summed USB and LSB and the dc noise is
0.2 dB with a standard deviation of 0.6 dB. In the right plot
some divergences begin to appear; these are due to the
increasing influence of the background white noise, which is
uncorrelated at the different frequencies. Going further, in the
1000–1010 Hz segment, the average difference increases to
1.8 dB with standard deviation 3.5 dB. In the left plot the spec-
tra diverge because of the dc blocking capacitor, but it can be
clearly appreciated that the fluctuations are strictly correlated
down to 0.1 Hz. Below this frequency data around dc become
unreliable. Similar results have been obtained from measure-
ments with two carriers (8 kHz and 16 kHz) with and without
a dc component (results not shown).

Assuming that noise spectra around the 10-kHz carrier and
around dc are identical, the pink noise of the 0.68-kX resistors
has been measured down to 1 mHz, obtaining in a single shot
a spectrum that spans over seven frequency decades (Fig. 6).
The bottom curve (c) is the spectrum obtained using metal
film resistors instead of carbon ones and represents to a good
approximation the instrumentation noise floor, both Johnson
and pink, including the contribution, if any, of the two metal
film resistors. The top curves, (a) and (b), are, respectively,

the LSB and USB spectra as a function of “distance” Df from
the carrier, with the noise floor subtracted (the LSB spectrum
is raised by 5 dB for clarity). The two side bands are identical
with the exception of a slight excess in the LSB spectrum
when Df approaches 104 Hz, or when f approaches zero. This
is partially due to the unavoidable presence of some excess
noise from the electronics near dc and partially to the phenom-
enon of noise downconversion.15

The straight line through the USB spectrum (b) was
obtained by a least squares fit on a log-log plot of the data
that extended undisturbed up to 10 kHz. The slope of the line
is 10.6 dB per decade of frequency with an intercept at 1 Hz
of �104.6 dBc.

V. FINAL REMARKS

Observing the plot in Fig. 6, it can be seen that the
described setup has a potential dynamical range of more than
100 dB, meaning that in principle measurements might be
extended down to the 10 lHz-frequency region. In practice,
one has to consider two hindering problems in addition to
the long duration of the experiment. First, as described in the
Experimental Section, the use of better software algorithms
is necessary to handle the huge data sets acquired. Second,
environmental stability becomes a concern. All experimental
results described in this paper have been obtained for reason-
ably stable environmental conditions. This is easily accom-
plished over a time scale of minutes, but difficult for a time
scale of days without some active control.

Apart from this, the wide dynamical range leaves room for
measuring smaller effects in different kind of conductors.
The electronic circuit can be easily adapted to work with
samples with a geometry other than the usual resistor.

a)Electronic mail: carla@fi.infn.it
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Fig. 4. Excess noise recorded with three carbon resistors in the presence of a

dc current for resistance values of (a) 0.68 kX, (b) 1 kX, and (c) 1.2 kX. The

three curves labelled (d) show the noise floor of the instrumentation in the

same operating conditions as for (a), (b), and (c), with no dc current flowing

through the resistors (the lowest curve is for the 0.68-kX resistor; the other

two are practically overlapping). The frequency resolution is 0.1 Hz,

obtained from time records 10 s long; one hundred time records have been

averaged to reduce data spread and improve plot quality. Curve (c’) shows

curve (c) before compensating for the dc blocking capacitor; see text for

details.

Fig. 5. Details of excess spectral densities near 0, 10, and 100 Hz away from

the carrier, with a frequency resolution of 0.01 Hz obtained from a single

100 s-long record. The solid line is the noise spectrum starting from dc, cor-

rected for the fH frequency cutoff; the dashed line and the crosses are the

noise spectra in the upper and lower side bands, respectively, around the 10-

kHz carrier. The sideband spectra have been raised by 3 dB to aid in compar-

ing the data.

Fig. 6. Spectrum of excess noise in a 0.68-kX carbon resistor around a 10-

kHz carrier, spanning seven decades from 1 mHz to 10 kHz. The top curves

are, respectively, the LSB (a) and the USB (b) around the carrier, with (a)

raised by 5 dB for clarity. The straight line through (b) is the result of a least

squares fit of the USB data. The bottom curve (c) is the spectrum obtained

under identical operating conditions, using two low-noise metal film resis-

tors instead of the carbon resistors; the amount of excess noise that can be

seen in this line very close to the exciting frequency (Df< 1 Hz) is inextrica-

bly due to the two metal film resistors and the whole electronic setup. All

plots were obtained by averaging ten 1000 s-long spectra and decimation as

described in the text.
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