








Power from the Sun
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Where does solar spectrum (or solar power

spectral density) matter?

Why do most plants look green?

The photosynthetic pigments absorb much of the spectrum

chlorophyll b

chlorophyll a

R-carotene

:
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Efficiency limit: 33% for a single junction
(Shockley-Queisser)

Wavelength (um)



Common lighting spectra
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:1 2.4 GHz Spectrum Analyzer & 802.11 Network Discovery Tool

Logaging

Help

Spectrum Trace View
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Jr: Mike

This is a spectrum. 7 o
Except it is not RF :

power‘ Vs. fr‘equency' % Secured
but RF power vs. wifi ‘ ;T

Secured

source. (spectrum in L
the broad sense). s
Below are examples of PC-based wifi spectrum analyzer

apps (but not as accurate and sensitive as hardware-based 3
RF spectrum analyzer)

gra
* Secured

g

Airplane mode
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SCIENTIFIC REPg}RTS

Article | OPEN Published: 18 July 2017

Exploring spatial and temporal trends in

the soundscape of an ecologically B i O p h O ny

significant embayment

R. L. Putland , R. Constantine & C. A. Radford

Scientific Reports 7, Article number: ¢ Br}"l:l-E'E- BEEEI'E-' B|UEf|n Jﬂhl‘l T"Im ?pﬂt 3 l..ll'lnidElﬂi‘fiE'I:I Urchins Enapplng Baﬂhm CC:I‘I‘II'I‘]I.‘.II'I
whale guimard Dory demoiselle sounds Shrimp Delphins Dalphins
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Marine environment sound spectrum
(power spectral density)
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Figure 2: The sonobuoys detected a variety of forms in FM (frequency modu'zatec) calls of Antarctic blue whales
within the aggregation. The most common call types are to the left of the spectrogram. (Photo: Brian Miller)
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http://www.antarctica.gov.au/magazine/2011-2015/issue-28-june-2015/science/acoustic-technology-

provides-insights-into-blue-whale-behaviour



A closely related concept of spectrum: spectrogram

Spectrogramm / Short-time Fourier transform:

2im Loy signal f

Sflk,p) = Q™'*)  flnlglAsp —nle” &

‘ window g
frequency time

Computation:
N FFTs of size ()
O(NQlog(Q)) operations.




This is the sound spectrogram Density (darkness) is Log[power]

frequenc

[
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[
[
[
[
[
\

In Mathematica, Fourier[] would generate an array for us to calculate the spectrum
sweep it as a function of time. We have a time-dependent spectrum, or spectrogram.



.. what else can have spectrum
(or spectra)?

any sequential or serial, or ordered
structure numerical data:
time-series or temporal signals
spatial signal such as images (Fourier
optics)



Mw 9.0 Mainshock, 2011.03.11 05:46:24 UTC
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Earth, Planets and Space
- July 2011, 63:62 | Cite as

The resonant response of the ionosphere imaged after the
2011 off the Pacific coast of Tohoku Earthquake

Sat 22 - 0160
Authors Authors and affiliations

Lucie M. Rolland [, Philippe Lognonné, Elvira Astafyeva, E. Alam Kherani, Naoki Kobayashi, Michéle Mann,

Il r’| | s

l_IIJn"

Hiroshi Munekane

|
G ! 5 [ 7
Time (UT) Time (UT)
DSP max = 1.60 TECU'is < DSP max = 3.02 TECU /s

Tsunami and atmospheric
gravity modes

8 7
Time (UT)

Upper panel: two filtered slant TEC time series. Bottom panel: Corresponding
spectrograms. (a) For station 0979 observing satellite 15. It shows the primary gravito-
acoustic pulse and two signals that oscillates with frequencies close to the two
fundamental acoustic resonance frequencies (S, and ,S,¢) at ~3.7 and ~4.4 mHz. (b)
For station 0180 observing satellite 22. It shows a signal that oscillates with a dominant

frequency of ~1.8 mHz.

Observation of Earth natural acoustic resonance. We can say the Earth
has an extreme deep voice, 3.7 and 4.4 mHz. How long is one period of
these resonances?



Hurricane Harvey
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Spectra can tell a lot about an object natural
frequencies and properties

Northridge Earthquake (01/17/94, Mw = 6.7), Distance = 31kilometers

\cceleration Seismograms Acceleration Spectra

— Building Resonance

ey

12th Floor

A G cor
Ground Floor ;- MmN I N N A A n

TS T BT T

a7

¥RE
wi01st

wi5th
¥ 40th

390 6M
¥ia2nd
¥ 7ath
319.2M
¥ EEth
¥ 58th
¥alth

¥ 42nd

¥ idth

I

{a)

11-Mar—2011 Tohoku, Japan earthquake Mw3.0

T154 al 30F-NE

T153 at BOF-83W

Ti

S

2

at TAF-SW




Some examples of resonances of natural frequencies

breaking a wine glass using resonance
iflamenko * 1.1M views * 12 years ago

oscillating a wine glass by playing sound at its resonance frequency.

He
Ne
Ar
Kr
Xe

Corde de melde
Frédéric Louradour = 103K views * 11 years ago
Melde.

Hewitt-Drew-it! PHYSICS 116. Atomic Spectra

Marshall Ellenstein * 4.5K views * 4 years ago

The spectroscopes and emission and absorption spectra explai

e |

electron-positron annihilation spectral signature from
the Milky Way
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Bridge Resonance
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https://www.youtube.com/watch?v=17tqXgvCN0E
https://www.youtube.com/watch?v=17tqXgvCN0E
https://www.youtube.com/watch?v=3mclp9QmCGs
https://www.youtube.com/watch?v=3mclp9QmCGs
https://www.youtube.com/watch?v=4BoeATJk7dg
https://www.youtube.com/watch?v=4BoeATJk7dg
https://www.youtube.com/watch?v=lRFysSAxWxI
https://www.youtube.com/watch?v=lRFysSAxWxI
https://www.youtube.com/watch?v=cy2Dg-ncWoY
https://www.youtube.com/watch?v=biPy-DjHODk
https://www.youtube.com/watch?v=biPy-DjHODk
https://www.youtube.com/watch?v=1yaqUI4b974
https://www.youtube.com/watch?v=1yaqUI4b974
https://www.youtube.com/watch?v=PPlrtgilgK8
https://www.youtube.com/watch?v=PPlrtgilgK8
https://www.youtube.com/watch?v=lXKt7UVjd-I
https://www.youtube.com/watch?v=lXKt7UVjd-I
https://www.youtube.com/watch?v=mpIp1oFokNA
https://www.youtube.com/watch?v=mpIp1oFokNA
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https://www.youtube.com/watch?v=I_88S8DWbcU
https://www.youtube.com/watch?v=I_88S8DWbcU
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Spectral analysis (producing spectrum and spectrogram) is
fundamentally a method of mapping/classification that is
very useful for any quantitative science.

Especially for periodic phenomena, Fourier-spectral
analysis is a mapping of power/energy/magnitude (P/E/A)
vs. frequency category. Example: We identify individual
voices of family, friends, acquaintances based on our
supervised learning of classification with audio spectrum.
(in a household, we can even tell whom even with just a
cough or a footstep of the person).

Even for non-periodic phenomena, Fourier spectral analysis
can be useful to classify types of randomness such as white
noise, 1/f, Brownian noise,... (we will touch upon It6
calculus if we have time).



Example of periodic human socio-economic activities

UNIVERSITYof HOUSTON AppbyHanQ.le ©

500000+ ‘ s TR .
Data source ECE Gen APP— Fourier Decomposition & Analyss . Fourier

400000 o e v components of US
consumers

300000+

=
200000} 20010
g 0.005

Retail & Food Serv. ($M)

o
100000+ ] T 2 3 &5 B

frequency (H times/yr)

1995 2000 2005
Year

source

o FEDERAL RESTRVE BANK of ST

-
o

Normalized Retall & Food Serv.
(consumer behavior)

o
[

Normalized Retail & Food Serv
{consumer behavior)
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Year




Stock market is a Brownian “random down Wall Street”

No periodicity
because of market

efficiency ECE generic-PSD analysis of sound
or general data

=
RUN STATUS/CONTROL | & m

Warning: This APP uses 2 GLOBAL variables: Udat and interv,
do not use those

UNIVERSITYof HOUSTON AppbyHanQ.le ©

Dow-Jones index
(1896-2016)

Dow-Jones index
power spectral
density
(Brownian noise)







what a spectrum is not...

("spectral range” is often colloguially - or in general language-
synonymous with "spectrum.” But strictly and technically, do
not be confused of spectral range vs. spectrum)

spectrum noun

spectrum | \'spek-trem@\

plural spectra \ 'spek-tra @ \ or spectrums

Merriam-
Definition of spectrum

1 a :acontinuum of color formed when a beam of white light is dispersed (as by
passage through a prism) so that its component wavelengths are arranged in
order

Webster

: any of various continua that resemble a color spectrum in consisting of an
ordered arrangement by a particular characteristic (such as frequency or
General usage energy): such as
(1) : ELECTROMAGNETIC SPECTRUM
(2) : RADIO SPECTRUM
Technical usage (3) : the range of frequencies of sound waves

4) : MASS SPECTRUM
(plot of power/ 4

energy/magnitude

VS. frequency : a continuous sequence or range
/1 a wide spectrum of interests

/1 opposite ends of the political spectrum

: the representation (such as a plot) of a spectrum




VOCALS OCALS, FEMALE

FULLNESS - 120 Hz, BOOMINESS - 200-240 Hz VOCALS, MALE (PRESENCE 5k, SIBILANCE 7.5-10k)

FLUTE
LARINET

(SAX CLOSE MIC'D I
KEY NOISE SEfT HPF @ 200 Hz)| IELLTITTCTH SQUAWK 2k ALTO SAX (REED BUZZ &-Tk)

P I ST O SO T R
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ACOUSTIC GUITARS (MARSHNESS - 2k, CUT 7k-10k)

BOOMINESS - 120-200 Hz
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s RlN Gs FULLNESS - 240 Hx“ ELEC GUITARS (BITE ; 2.5k, AIR 8k)

4 STRING BASS
5 STRING BASS (ArrmI( 700-1k, u'rulnr NOISE 2.5k)

LSl CYMBALS

708D Hz

HORNS/TWHETERS

MID-RANGE SPE#
UPPER ULTRA-HIGH
B-BASS 3 4 BASS BAND LOW-MID HIGH FREQ |/ FREQUENCIES
FREQUENCIES 3 ! 5 160 - 300 BRIGHTNESS ‘}Dlt' = zorl‘t
20 - 40 " (warmth, or a (this ra 5 . Ars g 3 Ul ears S5k - 10k (mot muc
(Maore felt than heard, -y G muddy, woody b " s f (lots of energy or
a > sound. fundamental g ink of ! brittle  harmonics. plus musicality)
! ol for snare, toms, AGT feedback) : E 5 s) wvocal sibilance.
quitars, male vox) and cymbals)

Frequen ec’rr'al range is not P/E/A spectrum - it is
only the "frequency-axis range” of a P/E/A spectrum




(how loud various things can be)

Typical Range of Common Sounds

Chain saw

Snowmobile including wind effects
Diesel locomotive at 150 ft
Heavy truck at 50 ft
Motorcycle

Power Lawnmower

Subway including screech noise
Pleasure motorboat

Train passenger

Food disposer

Automobile at 50 ft
Automobile passenger

Home shop tools

Food blender

Vacuum Cleaner

Air conditioner (window unit)
Clothes dryer

Washing machine

Refrigerator

Snoring

Measurement Location
Outdoors | —|
Operator/passenger [
In home —

70 80 90

Maximum A-Weighted SPL

Amplitude range is NOT spectrum




This really means the spectral
range of EM waves

This really means the
human-eye visible
spectral range

This is the reason why we use a
more specific and accurate
expression: “power/energy/
magnitude spectral density,” and
“spectrum” for short.

It’s OK to mix general language
and technical usage of word
“spectrum” as long as we know
what it means.

Electromagnetic Spectrum

Buildings People  Ant

Pinpoint Bacteria Molecules Atoms Atomic

Muclei

10® 10" 10" 10 10% 10%

Frequency (Hz)

< Increasing Frequency (v)

10% 10" 10" 10" 10" 10" 0% 10° 10° 10° "

1 1 1 1 I ] I | | |

Microwave |FM AM

Radio waves

| ) | ol i | | . ) | | | |
1w ® ) ot 10 107 10° 10° 10° 10° 10*
LI

X rays uv | IR

___ Increasing Wavelength (A) —

Visible spectrum

o =] o
- @ o
G 5 Yg Og

Example: What is the solar spectrum? In the technical context, it means solar

irradiance spectral density, and not a light wavelength range from far-IR to UV.

Long radio waves

v (Hz)

(m)




How to obtain the spectrum of a signal?

e Use an analog spectrum analyzer (filters,
heterodyne detectors, frequency-dispersive
devices, ... that can separate frequencies)

e If the signal is digitized, do numerical Fourier
transform (aka discrete Fourier transform).



Example of analog spectrum analyzer we all have

retina

agueous

humor nerve

;‘--c'iliary fibers
~ muscle
light —£%

lens

cornea J
ciliary
~ muscle

vitreous humor

nuclei

optic nerve ganglion horizontal

large cells cells

retina

Awfully low
spectral
resolution, but it
works great!

Relative sensitivity

500 550
Wavelength A (nm)

564 nm

Fig. 16.3. Normalized
spectral sensitivity of
retinal rod and cone
cells of the human eye
(adopted from Dowling,

1987).




Example of analog spectrum analyzer we all have

The cochlea maps sensing neurons to log of frequency.

Stapes Semicircular R
(attached to Canals 1,500 Hz
oval window) .
Vestibular ! : 3,000 Hz
¢ base apex
high-frequency yaves
cochlaar duct {1,500-20,000 Hz)
C  basilar membrang

n AR

base apex

medium-Trequency waves
{600 -1,500 Hz)

D basilar membrang

; : - — basilar basa apex
Tympanic N FA00:He MEMBrAnE | 1ow-frequency waves
5,000 Hz (200-600 Hz)

BN F3T Encyolopaedia Britannica, Ing.

o Left AC Right AC i
Log of frequency is mapped ~ g Auditory Cortex (AC) Response Maps, M57U

linearly to the auditory cortex «\O

7 Best Frequency (Acoustic Stimulation)

.'.o

Left ear Right ear Left AC Right AC

Selective Neuronal Activation by Cochlear Implant 9
Stimulation in Auditory Cortex of Awake Primate ’

lateral .~
Luke A. Johnson,! Charles C. Della Santina,'* and ©Xiaogin Wang' sulcus
Departments of 'Bromedical Engineering and ‘Otolaryngology-Head and Neck Surgery, Jahns Hopkins University Schoul of Medicine, Baltimore, Marylan

Best Frequency (kHz)

# Did not test
O Non-responsive (NR)




How to obtain the spectrum of a signal?

e Use an analog spectral analyzer (filters, heterodyne detectors,
frequency-dispersive devices that can separate frequencies)

e If the signal is digitized, do numerical Fourier transform (aka discrete
Fourier transform).

This is what we do in this class

We define the power-spectral-density (PSD) function of a signal s(t) as:

I B 1 T i2nft g4+ |2 s—unit?
P(f) = limge = | [ s@) €7/ " dt | &=
If it is an energy signal, i. e. finite in time, then the ESD is:
_ 00 i2nft g4 |2 s—unit®x sec
E(f) = |f_mS(f)E dr | ( Hz )

Power or energy here 1s not the real physical power or energy; they are
used only as analogous concepts to the real ones.



Now, we are ready to try some exercises
(open and run the app)

time domain 29 frequency domain _J9

Power spectral density

f= 1048.4 period = 0.000953839




Conceptual relationship between

spectrum and spectral response:

e spectrum of a signal coming from a source

* spectral response of an object given a
stimulus






	ECE3340�Review of Numerical Methods for Fourier Transform Applications 
	Outline
	Introduction: spectrum concept, periodic phenomena
	Power from the Sun
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Marine environment sound spectrum (power spectral density)
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Gravitational-wave spectra/spectrogram
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Example of analog spectrum analyzer we all have
	Example of analog spectrum analyzer we all have
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40

