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Antenna and Propagation
“EM Wave Radiation”

Dr. Cahit Karakus, 2019

How electromagnetic waves bending in the atmosphere?



Common Powers

Prefix  Symbol Power of 10 Power of 2 Prefix = Symbol Power of 10

Kilo K 1thousand=10°  2°=1024 | Mill m 1 thousandth = 1073
Mega M 1 million = 108 220 Micro m 1 millionth = 107°
Giga G 1 billion = 10° 2% Nano n 1 billionth = 107°

Tera T 1 trillion = 10'2 20 Pico p 1 trillionth = 10712
Peta P 1 quadrillion = 10'° 250 Femto f 1 quadrillionth = 1071°
Exa E 1 quintillion = 1078 260 Atto a 1 quintillionth = 1078
Zetta Z 1 sextillion = 10? 270 Zepto z 1 sextillionth = 10721
Yotta Y 1 septillion = 1024 999 Yocto y 1 septillionth = 10724




speed of light in a vacuum C 2.997 924 58 x 108 m s~ ! (by definition)

permeability of a vacuum L, 47t x 1007 Hm™! (by definition)
permittivity of a vacuum €q lf,uncz — 8.854 187 817... x 10”2 Fm™}
elementary charge e 1-602 177 33(49) x 10717 C
Planck constant h 6-626 075 5(40) x 1034 s

h/2m f 1-054 572 66(63) x 10734 ] s
Avogadro constant Na  6:022136 7(36) x 10> mol ™!
unified atomic mass constant n, 1-660 540 2(10) x 10~/ kg

mass of electron n, 9.109 389 7(54) x 10731 kg

mass of proton My, 1-672 623 1(10) x 10~%” kg

Bohr magneton el /47, L 9.274 015 4(31) x 10~24 11
molar gas constant R 8:314 510(70) ] K~ mol~!
Boltzmann constant ke 1-380 658(12) x 10723 J K1
Stefan—Boltzmann constant o 5.67051(19) x 1078 W m—2 K—*
gravitational constant G 6-672 59(85) x 10711 N m? kg2

Other data

acceleration of free fall Q 9.806 65 m s~ 2 (standard value at sea level)



All about Energy

Energy — the ability to do work.
Work — what is accomplished when a force was put on an object and that object was moved.
Force — a push or pull that requires energy.

There are two major classes of energy:
1. Potential Energy
2. Kinetic Energy

Potential Energy - The energy of position or stored energy. Objects that are resting have high
potential energy. Objects that are cooler have high potential energy.

Kinetic Energy — The energy of motion. Objects that are moving have a high kinetic energy. High
temperature objects also have a high kinetic energy.

Potential and Kinetic Energies are inverse.

Electromagnetic Energy — energy that travels in the form of a wave. The Sun gives off Electromagnetic Energy



Wireless Communication
Systems
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Block diagram for wireless communication system
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Verici - Alici

* Transmitter: Pt, Gt, Lt
e Radiation: FSL, Fading
* Receiver: Pr, Gr, Lr



Modulation and Demodulation

analog
digital baseband
data R digital signal
101101001 modulation aVaV,
analog
baseband
‘ analog signal

demodulation

>

carrier

/\/\/\/[ radio

/NN

P

analog /\/W
modulation
radio
carrier [ /\/\/\/
digital
synchronization data ,
decision 101101001

radio transmitter

radio receiver



Digital Modulation

Modulation of digital signals known as Shift Keying 1
Amplitude Shift Keying (ASK): |

— very simple

— low bandwidth requirements
— very susceptible to interference

Frequency Shift Keying (FSK):
— needs larger bandwidth

Phase Shift Keying (PSK):
— more complex

— robust against interference
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Electromagnetic Teory




Computational Electromagnetics

Computational Electromagnetics has been successfully applied to several engineering areas, including:
— Antennas
— Microwave devices and circuits
— Surveillance and intelligence gathering
— Communications
— Homeland Security
— Energy generation and conservation
— Biological electromagnetic (EM) effects
— Medical diagnosis and treatment
— Electronic packaging and high speed circuits
— Superconductivity
— Law enforcement
— Environmental issues
— Avionics
— Signal Integrity
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Overview of Computational Electromagnetics

Maxwell's Equations

Faraday’s Law:

— Governed by Maxwell’s Equations O
Y q VxE=——20B

(Faraday’s Law, Ampeére’s Circuital Law, and Gauss’ Laws)

* Engineering Electromagnetics
— The study of electrical and magnetic fields and their interaction

* Maxwell’s Equations relate the following Vector and Scalar Fields
E: the Electric Field Intensity Vector (V/M)
H: the Magnetic Field Intensity Vector (A/m) V-B=0 V -D = Yo,
D: the Displacement Flux Density Vector (C/m?)
B: the Magnetic Flux Density Vector (T)

Gauss’ Laws:

J: the Current Density Vector (A/m?) Ampére’s Circuital Law:

p: the Volume Charge Density (C/m3) o

Lt is the Permeability of the medium (H/m) VxH=Jd+—D
ot

& the Permittivity of the medium (F/m)

Constitutive Equations:

B=u«4H D=c¢cE
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1 Maxwell’s equations

cwrlE

curlB =

divE

divB =

o8
Jt

1 0

+ —2=

Mol ™ 5o
P
€0
0

€y = 8.854:»«:1{}_12 Farads/metre

Faraday’s law

Ampere’s law

Field diverges from
electric charges

No magnetic
monopoles

Wy = 4mx 10~7 Henrys/metre

el = = ¢ = 2.998x10° m/s ~ 300, 000 km/s

3
c*

Conservation of charge

P L divs = 0
a1



James Clerk Maxwell

*1831 -1879
*Scottish theoretical physicist

*Developed the electromagnetic theory of
light
*His successful interpretation of the

electromagnetic field resulted in the field
equations that bear his name.

*Also developed and explained

— Kinetic theory of gases
— Nature of Saturn’s rings
— Color vision

A changing magnetic
flux produces an Electric
field

Will there still be a magnetic field around
the capacitor? A changing electric

flux produces a Magnetic
field



Fundamental Properties of Electromagnetic Radiation

“Radiation is an energy in the form of electro-magnetic waves or particulate matter, traveling in the air.”

* The three basic ways in which energy can be transferred include, conduction, convection, and radiation

* Energy may be conducted directly from one object to another as when a pan is in direct physical contact with a
hot burner

 The Sun bathes the Earth’s surface with radiant energy causing the air near the ground to increase in
temperature

* The less dense air rises, creating convectional currents in the atmosphere

* The transfer of energy by electromagnetic radiation is of primary interest to remote sensing because it is the
only form of energy transfer that can take place in a vacuum such as the region between the Sun and the Earth



Electromagnetic Radiation Models

To understand how electromagnetic radiation is created, how

it propagates through space, and how it interacts with other

matter, it is useful to describe the processes using two
different models:

 the wave model, and
* the particle model




Radyasyon: Isima - Yaylnim

 Radyasyon, dalga, parcacik veya foton olarak adlandirilan elektromanyetik yayinim yapan enerjidir.
Radyasyon, daima dogada var olan ve birlikte yasadigimiz bir olgudur. Radyo ve televizyon iletisimini
olanakh kilan radyodalgalari; tibta, endustride kullanilan x-isinlari; glines i1sinlari; ginlik hayatimizda aliskin
oldugumuz radyasyon cesitleridir.

* Radyasyonu temel olarak iki sekilde siniflandirabiliriz. Bunlar “parcacik” ve “dalga” tipi radyasyonlardir.
Parcacik radyasyonu; belli enerjiye sahip cok hizli hareket eden minik parcaciklari ifade eder. Bunlar hizla
giden mermilere benzerler, ancak gozle gorilemeyecek kadar kiicuktirler. Dalga tipi radyasyon; belli bir
enerjiye sahip ancak kitlesiz radyasyon cesididir. Bunlar, titresim yaparak ilerleyen elektrik ve manyetik
enerji dalgalari gibidir. Gortunur 1sik dalga tipi radyasyonun bir cesididir. Batun dalga tipi radyasyonlar isik
hiziyla (3x10°8 m/saniye) hareket ederler.

* @Gozlerimizin fark edebilecegi en yliksek enerjili 1stk mor renkli isiktir. Radyasyonun enerjisi arttikca 1sik
rengi mor renk otesine gider ve morotesi olarak adlandirilir. Morotesi 1sig1 goremez veya hissedemeyiz,
ancak ortamda mevcuttur ve eger siddeti buyukse ciltte birakacagi glines yanigina benzer yanik izleri ile
varhgi hissedilir.



lyonize ve lyonize Olmayan Isima

lyonize olmayan dalgalar ise Ses dalgalari, Radyo dalgalari, Mikrodalga, Kizil tesi isik,
Goriinen 1sik, ve Morotesi 1sik olarak siralanir. lyonize olmayan dalgalar girdikleri dokulara
enerjilerini aktararak isisini artirir ya da hucre zarlarinin ¢calisma bicimini degistirir.

lyonize radyasyon, Gamma ve X isinlari olarak siralanir. lyonize radyasyon insan
hiicrelerinin degisimine neden olduklari, kanser olusturduklari ve kromozomlari
degistirdikleri icin tehlikelidir.

lyonize radyasyon kararsiz atomlar tarafindan Uretilir. Kararsiz atomlar kararli atomlardan
farkhidir ciinkd fazla enerjiye veya kltleye veya her ikisine birden sahiptir.

Kararsiz atomlarin radyoaktif oldugu soylenir. Stabiliteye ulasmak icin, bu atomlar fazla
enerjiyi veya kutleyi aciga cikarir veya yayar. Bu emisyonlara radyasyon denir.



lyonlastirici radyasyon

Parcacik ve dalga tipi radyasyonlari da yine iki gruba ayirmamiz mimkutndur. Bunlar,
“iyonlastirici” ve “iyonlastirici olmayan” radyasyonlardir.

lyonlastirici radyasyon, carptigi maddede yikli parcaciklar (iyonlar) olusturabilen
radyasyon demektir.

O halde iyonlastirici radyasyonlar, 6nlem alinmadigi takdirde tim canlilar icin zararl
olabilecek radyasyon cesitleridir.

Baslica bes iyonlastirici radyasyon cesidi vardir. Bunlar, Alfa parcaciklari, Beta parcaciklari,
X 1sinlari, Gama isinlari ve Notronlardir.

lyon meydana gelmesi yani iyonizasyon olayi herhangi bir maddede meydana
gelebilecegi gibi insanlar dahil tim canlilarda da olusabilir.

lyonlastirici radyasyonlar, dnlem alinmadigi takdirde tiim canhlar icin zararli olabilecek
radyasyon cesitleridir.



Radiation — a quick overview

What is radiation?
Energy in the form of waves or moving particles emitted by an atom or other body as
itchanges from a higher energy state to a lower energy state.
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Alfa parcacigi

e Alfaisinlarinin ozelikleri: Fotograf filmlerine etki ederler. + yukli olduklari icin elektrik ve
manyetik alanda - kutup ‘ a dogru saparlar. Karsilastiklari molekullerden elektron
kopararak , iyonlasmaya neden olurlar.

* Alfa pargacigi iki proton ve iki nétrondan olusmus bir helyum (,He#*) ¢cekirdegidir ve pozitif
yuklidar. a isaretiyle sembolize edilirler. Cekirdegin alfa ¢ikararak parcalanmasi olayi
atom numarasi bluyuk izotoplarda gorulir ve genellikle dogal radyoaktif atomlarda
rastlanir. Alfa parcaciklarini cok kticlik kalinhklardaki maddelerle (6rnegin ince bir kagit
tabaka ile) durdurmak mumkutndir. Bunun sebebi, diger radyasyon cesitlerine gore sahip
olduklari nispeten buyuk elektrik ylkleridir. Sahip olduklari bu elektrik yiku, alfa
parcaciklarinin herhangi bir madde icerisinden gecerken yollari Gzerinde yogun bir
iyonlasma meydana getirmelerine ve bu ylzden de enerjilerini cabucak kaybetmelerine
vol acar. Enerjilerini bu sekilde cabucak kaybeden alfa parcaciklarinin erisme uzakliklari
da dolayisiyla cok kisadir. Bu ylizden de normal olarak dis radyasyon tehlikesi yaratmazlar.
Ancak, mide, solunum ve yaralar vasitasiyla viicuda girdiklerinde tehlikeli olabilirler.



Beta parcaciklari

* Cekirdekteki enerji fazlahgi cekirdek civarinda, E = mc? esitligiyle aciklanabilen, bir kiitle
olusturur. Bu kitle cekirdekteki fazla yuku alir ve disariya bir beta 1sini olarak ¢ikar. Bunlar
pozitif veya negatif yukli elektronlardir. Pozitif yiklu elektronlar “B*” ile, negatif yukli
iyonlar ise “B" isaretiyle sembolize edilirler. Cekirdekteki enerji fazlaligi proton
fazlahgindan meydana geliyorsa B*, notron fazlaligindan meydana geliyorsa B~ cikar.

* Beta parcaciklari da alfa parcaciklari gibi belli bir ytk ve kiitleye sahip olduklarindan
madde icerisinden gecerken yollari lizerinde iyonlasmaya sebep olurlar. Ancak bu
iyonlasma, alfa parcaciklarinin olusturdugu iyonlasmadan daha azdir. Clinkt bu
parcaciklar alfa parcaciklarina gore daha hafif ve yiz kere daha giricidirler. Yine de
bunlardan korunmak icin ince aliminyum levhadan yapilmis bir zirh malzemesi yeterlidir.



Gama isinlari

* Gama isinlarinin kaynagi atomun cekirdegidir. Bu isinlar atom cekirdeginin ener;ji
seviyelerindeki farkliliklardan meydana gelir. Cekirdek bir alfa veya bir beta parcacigi
cikarttiktan sonra genellikle kararh bir durumda olmaz. Fazla kalan ¢ekirdek enerjisi bir
elektromanyetik radyasyon halinde yayinlanir. Gama isinlari, beta isinlarindan daha
yiksek enerijili ve dolayisiyla daha girici (ntUfuz edici) i1sinlardir. y sembolize edilirler.

 Gama ve x Isinlarinin, alfa ve beta parcaciklarina gére madde icine nufuz etme
kabiliyetleri cok daha fazla, iyonlasmaya sebep olma etkileri ise cok daha azdir. Ancak
birkac santimetre kalinligindaki kursun tuglalarla ve sadece belli bir kismi durdurulabilir.
Madde icerisinden gecerken ustel bir fonksiyon seklinde bir siddet azalmasina ugrarlar.
Yuksiz olduklarindan elektrik ve manyetik alanda sapma géstermezler.



X 1sinlari

Rontgen i1sinlari da denilen X isinlari, gérinur 1sik dalgalari ve mor 6tesi isinlari gibi dalga
seklindedir. Bir atoma disaridan gelen veya gonderilen yuksek enerjili elektronlar o atomun ilk
halkalarindan elektronlar koparirlar. Atomdan kopan bu elektronun yerine daha yuksek
seviyelerden (ust halkalardan) elektronlar atlayarak kopan elektronun yerindeki boslugu
doldururlar. Bu sirada ortaya cikan enerji fazlaligi X 1sini seklinde disari salinir.

Cekirdek icerisinde bulunan protonlardan bir tanesi hareketi esnasinda atomun ilk halkalarindaki
elektronu yakalar ve nétrlesir. Yakalanan bu elektronun halkasindaki bosalan yere diger bir
halkadan bir elektron atlamasiyla X i1sini meydana gelebilir.

Bunlarin disinda da X 1sini yapay olarak, rontgen tliplerinde de elde edilir. Tup icerisinde 1sitiimis
katottan yayilan elektronlar, onbinlerce voltluk gerilimle hizlandirilarak karsidaki hedef anota
carptirilir. Bu carpisma sonucu elektronlar durdurulurken elektronlarin kaybettigi enerji X i1sinlari
olarak yayinlanir. Bu olaya Bremmstrahlung (Frenleme isini) olayi, ¢ikan X isinlarinin olusturdugu
surekli spektruma da Bremmstrahlung adi verilir.



Notronlar

Notronlar ylksuz parcaciklardir.
Bu 6zelliklerinden dolayi herhangi bir madde icerisine kolaylikla nifuz edebilirler.
Dogrudan bir iyonlasmaya sebep olmazlar.

Ancak atomlarla etkilesmeleri, iyonlasmaya neden olan alfa ve beta parcaciklari, gama veya x
Isinlarinin ortaya ¢cikmasina neden olabilir.

Notronlar sadece kalin beton, su veya parafin kitleleriyle durdurulabilirler.



Foton

Foton, elektromanyetik alanin kuantumu, Isigin temel "birimi" ve tim elektromanyetik isinlarin
kalibi olan temel parcaciktir. Foton ayrica elektromanyetik kuvvet'in kuvvet tasiyicisidir.

Foton hem dalga hem de parcacik 6zelligi gbsterir.

Bohr Atom Modeli (Niels David Bohr 1875-1962) :

Elektronlar cekirdek etrafinda belirli uzakhklardaki katmanlarda donerler, rasgele dolanmazlar.
Kararli hallerin tamaminda elektronlar cekirdek etrafinda dairesel yérunge izlerler.

Yuksek enerji dizeyinde bulunan elektron, diisuk enerji diizeyine gecerse fotonlar halinde EM
ISIMa yapar.



Terminology of
Electromagnetic Wave



A few facts:

The Sun produces (radiates) mostly visible light

The Earth gives off (re-radiates) mostly infrared (heat) at night

Red light has the longest wavelength

Blue-Violet light has the shortest wavelength

Gamma rays have the shortest wavelengths of the electromagnetic spectrum
Radio waves have the longest wavelengths of the entire spectrum

Short waves are the most dangerous because there are more crests passing by
Long waves are the safest because there are less crests passing by

Nk WD

Energy can neither be created nor destroyed. It can only be transferred from one form to another.

There are 3 ways to transfer energy:

1. Conduction 2. Convection 3. Radiation


http://oceanexplorer.noaa.gov/explorations/islands01/log/sep29/spectrum.jpg

When visible light hits the ground 4 different things can happen to it:

1. Reflected 2. Refracted 3. Scattered 4. Absorbed g:"
Reflected — light is bounced back in the same direction from which it came S Jr
%
; . ; . —_— %/
Refracted — light is bent as it passes through something —=
Sunlighit
Scattered — the energy is bounced back in many directions 5 A l \;.;}:539

Artmospheric Particles

Absorbed — the light is taken in by the object that the light hits (the l‘
temperature will rise)
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Elektromanyetik Isima
(EMR: Electromagnetic Radiation)

* To understand how EMR is created, how it propagates through
space, and how it interacts with other matter, it is useful to

describe the processes using two different models: the wave
model, and the particle model.



Electromagnetic waves

Electric Field Wavelength

* EM waves are energy transported through space in the form of
periodic disturbances of electric and magnetic fields

* EM waves travel through space at the same speed, ¢ =
2.99792458 x 108 m/s, commonly known as the speed of light

* An EM wave is characterized by a frequency and a
wavelength

* These two quantities are related to the speed of light by the
equation speed of light = frequency x wavelength



Wave Model of Electromagnetic Radiation Electric Field (E)

E is the effect produced by the existence of an electric

The EM wave consists of two fluctuating fields—one electric (E) and the Charge’ €.g.an electron, ion, or prOton’ in the

other magnetic (B). volume of space or medium that surrounds it.
E=F/q F =is the electric force experienced by
The two vectors are in phase and are at right angles (orthogonal) to one the particle

another, and both are perpendicular to the direction of travel. 4
g= particle charge

E= is the electric field where the
R ——— particle is located

| € —— Wayele T
i TR .
,/1'\11“ /ﬂ‘ \ Magnetic Field (B)
1\ "‘ \

B is the effect produced by a change in velocity of an
electric charge q

Flectric




Wave Model of Electromagnetic Energy

* EM waves propagate at the speed of light, ¢, and consists of an electric field E and

a magnetic field B.

* E varies in magnitude in the direction perpendicular to the traveling direction; B is

perpendicular to E.

* E is characterized by: frequency (wavelength), amplitude, polarization, phase.

Wave equation:

E, = E, exp i(wt-kz)

k = 21/A = wave number
w= 271 f =angular frequency
f = frequency

® =phase

T Electromagnetic Wave
) _ |T":“ —— Wavelength, ) —— 5
= ,."- ] :"'-. .-'; | || "‘\..
L[ 1] ‘ \ , ‘ | |\
AT T
hﬂ“th//lﬁ /////////%’é/ || |J :. | |I || | II:II Dista
‘. | . r - ME—I- Speed of
g l || | " | f///%’// .



The Wave Model of
Electromagnetic Energy

Distance s o

L&‘"; <

¢ Frequency: the number of wavelengths that pass a point per unit time
e Wavelength: the mean distance between maximums (or minimums)

e Common units: micrometers (um) or nanometers (nm)

e One cycle per second is termed one hertz (1 Hz)



Electromagnetic Field Orientation

Magnetic Field
Discharging Spark Vector
or

Oscillating Dipole




A wave is usually described by the following terms :

Amplitude
Wavelength ()
Frequency (f)
Period (T)

Wave velocity (v)

Terminology of a Wave

Elektromanyetik 1sima, elektrik ve manyetik alanlarin dalgalar seklinde yayildigi
bir ortamdan veya vakumdan yayilan eneriji seklidir. Dalga, bir ortamda ener;ji
tasiyan bir uyaricidir.

Dalganin hizi, dalganin frekansi ile dalga boyunun carpimidir.

The amplitude is the maximum displacement of the medium from its equilibrium
position. Unit : Volt, Amper

The wavelength (1) is the minimum distance between two points which are in
phase. Unit ;. Meter

Dalga boyu ( A ), birbirini izleyen iki tepecigin en alt ya da en st noktalari
arasindaki uzaklktir.

The frequency (f) is the number of complete oscillations made in one second.
Unit : Hz

Frekans ( f ), belirli bir noktadan birim zamanda gecen max veya min sayisidir.
Birimi 1/zaman yani 1/s olup saniyedeki cevrim sayisidir.

The period (T) is the time taken for one complete oscillation. It is related to
frequency by T=1/f, Unit : s



The speed of light in a vacuum.

When Maxwell calculated the speed of propagation of electromagnetic waves, he found:

1 1
eoro \/(8.85 x 1072C2/N-m?)(47 X 107" N-s>/C?)
3.00 X 10°m/s

o
|
|

This is the speed of light in a vacuum.
Over the years, measurements have become more and more precise; now the speed of light is defined to be:

¢ = 2.99792458 X 10°m/s

The frequency of an electromagnetic wave is related to its wavelength: ¢ = Af
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Elektromanyetik Teori

Elektromanyetik Isima

* Maxwell tarafindan 1864-1865’de Biludba, su daludan;  ses

ortaya atilmigtir. dalgalari. 151k dalgalar1 gibi bircok farkli 4 Elektrik alan bilesen:
e 1887'de HertZ'in deneyleri ile tirde olabilirler. 1873’de Maxwell

d Oé rulanm I§t| I. gortiniir 151810 elektromanyetik

dalgalardan olustugunu o6ne stirmiistir.

* Huygens, isik dalgalariile
elektromanyetik dalgalarin ayni

karakterde olduklarini belirten
teorik tahmin ve kurallari alan bilesenmi, bir de manyetik alan Manyetik alan bileseni

Maxwell kuramma gore, bir

elektromanyetik dalganm, bir elektrik

bileseni bulunur.

gelistirmistir.
Bu iki bilesen ayni dalga boyu, ayni frekans ve dolayisiyla ayni hiza sahip olmasina
karsin, birbirlerine dik iki diizlemde yol alirlar. Enerjinin, elektromanyetik dalgalar

halinde yaymlanmasi ve iletilmesi, elekfromanyefik isima olarak adlandirilir.



Electromagnetic Waves

In a vacuum, the EM wave propagates at the speed of light. In the atmosphere, the wave
propagates with a speed slower than the speed of light. The wave’s speed, direction of
propagation, and amplitude are dependent upon several atmospheric variables including
temperature, moisture, and pressure.

Electromagnetic (EM) propagation effects of the lower atmosphere on the radar, electronic
warfare, or communication systems. The effects are optical interference, diffraction,
tropospheric scatter, refraction, evaporation and surface-based ducting, and water vapor
absorption under horizontally homogeneous atmospheric conditions.



Elektromanyetik dalgalar vakumda yaklasik 3.00x10® m/s hizla yol alirlar.
Bu hiz, bir ortamdan bir diger ortama farklilik gostermesine karsin, bu fark
hesaplamalarda ihmal edilir. Elekfromanyetik i1simarmmn lhizi, yanmi 151Kk hiz, c
sembolu 1le gosterilir. Elektromanyetik isimanin dalga boyu i1se, genellikle

nanomeftre cinsinden (nm) verilir.




Electromagnetic waves

« EM waves include radio, microwaves, x-rays, light waves, gamma rays, Infrared radiation

¢ Electric Field Magnetjz Field

. <

electric field of a
positive charge

magnetic field of a
current in a wire




Free space electromagnetic wave



Wave in lossy medium

_ —VZ A JoOU —azZ —jﬂz Jjoot
E, =Ee "e’ ™ = -e
Attenuation Phase varies Periodic time
increases with z with z variation
VY = + j ,8 Propagation constant
o Attenuation constant

Yz i Phase constant



Poynting vector

Average power density

Power flow



EM waves in free space

e C2=1/(g ) s0 C=3x108m/s ¥
— g, = 8.855x 1012 Farads/m
— M, =1.2566 x 10® Henrys/m
 EM waves in free space propagate freely without
attenuation
* What s a plane wave?

— Example is a wave propagating along the x-
direction

— Fields are constant in y and z directions, but vary v
with time and space along the x-direction

— Most propagating radio (EM) waves can be
thought of a plane waves on the scale of the
receiving antenna




E & H fields and
Poynting Vector for Power Flow

 Power flow in the EM field
—P=ExH (PisPoynting vector)
* In free space E and H are perpendicular
* Pis perpendicular to both Eand H

* Plane wave radiated by an antenna
—P=ExH->E_H, Sin%(mt-kx)
— P = [E_?/n] Sin?(®t-kx)
— P, = (1/2) [E,2/n] in W/m?

— 1 = impedance of free space
=377 Q)




A wave Is a function of both space and time.

d°E,
o

+ B’E, = 0 (10.3)

where 8 = w/u and E, is the phasor form of E. The solution to eq. (10.3) are

E+ =A£j{mi"ﬂ:] (lﬂ"-‘ﬂ}
E~ = Be“'tFd (10.4b)



E = A/ P9 4 B/ (10.4¢)

where A and B are real constants.
For the moment, let us consider the solution in eq. (10.4a). Taking the imaginary part

of this equation, we have
E = A sin (wt — 82) (10.5)

This is a sine wave chosen for simplicity; a cosine wave would have resulted had we taken
the real part of eq. (10.4a). Note the following characteristics of the wave in eq. (10.5):
Jar

1. It is time harmonic because we assumed time dependence e’ to arrive at

eq. (10.5).
2. Ais called the amplitude of the wave and has the same units as E.
3. (wt — Bz) is the phase (in radians) of the wave; it depends on time ¢ and space vari-
able z.
4, w 1s the angular frequency (1n radians/second); § is the phase constant or wave
number (in radians/meter).



T = 1/f, where f is the frequency (the number of cycles per second) of the wave in
Hertz (Hz). Hence,

w=fN| (10.6b)

Because of this fixed relationship between wavelength and frequency, one can identify the
position of a radio station within its band by either the frequency or the wavelength.
Usually the frequency is preferred. Also, because

w = 2xf (10.7a)
w
B = " (10.7b)
2w
and g = T

= — (10.7¢c)



Light Is a traveling EM wave

So...Maxwell's equations tell us that the velocity of EM wave is equal to
the speed of light = i.e. light travels as an EM wave.

A=c/f

A = wavelength (m)

c = speed of light (m/s)
f = frequency (hz or s-1)
¢ = 300,000 km/s
f=56 GHz; A=5.6 cm
f=1.2GHz; A=24 cm.

A=04 mm;f=750 GHz.

[——>
)
<>
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Light Is a traveling EM wave

Maxwell's equations also tell us that EM waves don'’t carry any material with them.

They only transport energy:
E=hf=hc/A

¢ = speed of light (m/s)
h = Planck’s constant.
f = frequency (hz or s-1)
A=wavelength

High-frequency electromagnetic
waves have a short wavelength
and high energy;

Low-frequency waves have a long
wavelength and low energy

e —>
)
<>
i)
= Y >



The electric field in free space is given by

E = 50 cos (10°t + fx) a, V/m

(a) Find the direction of wave propagation.
(b) Calculate 8 and the time it takes to travel a distance of M2.

(c) Sketch the wave att = (0, 7/4, and T7/2.

Solution:

(a) From the positive sign in (wf + Bx), we infer that the wave 1s propagating along —a,.
This will be confirmed 1n part (c) of this example.



(b) In free space, u = c.

g =

W _10E
¢ 3x 10

8 = 0.3333 rad/m

!
3
or

If T is the period of the wave, it takes T seconds to travel a distance A at speed c. Hence to
travel a distance of A/2 will take

_121 T
2w 10

Iy =

T
'2” : = 31.42ns

Alternatively, because the wave is traveling at the speed of light ¢,

A
_2" = i, or h = i:
2
But A=—=6n
3,
6
Hence, { il = 31.42 ns



(c) At t =10, E,=50cosSx

At t = T4, E, = 50 cos (m * i—: + Ex) = 50 cos (Bx + w/2)
= —50in Bx

At t= T2, E, = 50 cos (m - —;—E + ﬁ.x) = 50 cos(Bx + m)
= —50 cos Bx

E att = 0, T/4, T/2 is plotted against x as shown in Figure 10.3. Notice that a point P (ar-
bitrarily selected) on the wave moves along —a, as ¢ increases with time. This shows that
the wave travels along —a,.



Problem 1: The electric field amplitude of a uniform plane wave propagating in the Z direction in the

free-space is 250V/m. If E=FE X and @=1.00Mrad/s, find:

(a) The frequency:
(b) The wavelength:
(c¢) The period

(d) The wavenumber

(e) The impedance

(f) The amplitude of H

(2) The real instantaneous expression of 1 y

(h) Repeat (a)~(g) for the same EM wave in glass with refractive index 1.5.



Solutions:

@ o=271f=f= ;—“ ~1.59%10° Hz = 159kHz
T

® fA =c= A :?: 1.88x10°m = 1.88km

) IT'= 1 = 6.28x107°s = 6.28 us

f

@ B, = i—” -2 _0.033rad /m
C

0
-7
© n=Li- [t :J 7 10 — =376.7Q
H s \8857x10

O =

Eotho

:3><103f%



Eo 5 _E_
® 7= :>Hy—q—ﬂ—0.664%ﬂ

r"l

_ {106+ _ A
(9) H,=0.664cos(10°—0.033z) %ﬂ
(hy f=159kHz .T =6.28 s (not change) V=

-
Lo

fA =v= i = % — %0 _126x10°m = 1.26km
n

2;'1' 10)

P =

—nﬁﬂ = 0.05rad / m

f ’”ﬂ“ ’ ~251.10
E 5 E ?’}'

,====09964/ H, =0.996c0s(10°t - 0.052) 4/

c_ 8 m
~=2x10 A



Free space loss
Propagation




Free Space Propagation Model

p B P:r" 7o 2 Isotropic power
Di > m density
........................ Po. drd
et P G Power density along
............................ PD — j_r' I" thE dIrECtIDI‘I Df
4 7d z maximum radiation
Power received by
PR PD A eff Antenna
A :
Predict received signal P — P G T A g _
strength when the transmitter R 4 d 2 G 47
and receiver have a clear T
line-of-sight path between them
1 2 Also known
P =P G.G as Friis free
R r =T R 4 7 space formula




Path Loss (relative measure)

PR 5
‘ ﬁ*.:GTGR( A J
./ Pr And
P
P 0.57 *10 3 fis in MHz
?R‘zGTGR dis in Km
T

(df )’

P
(_R] =(G;)ipg +(Gr)pg —(32 .5- 20 log ,y d -20 log ,, f)
PT dB

Path Loss represents signal attenuation
(measured on dB) between the effective
transmitted power and the receive power
(excluding antenna gains)



Elektromagnetik dalga yayinim

A

P=PG LG L :
Burada /
Burada

Pr: alis giic seviyesi, (Watt) A: dalga uzunlugu, (metre)

c=isik hizi=3 x 108m/s
f=frekans, (Hz=1/s) dir.

Pa: alis giic yogunlugu, (W/m?)

Pi: verici cikis glic, (Watt)

Gt: verici anten kazanci, (numerik),
Le: verici tarafta hat kaybi, (numerik),

Gr: alici anten kazanc (numerik),

Lr: alici tarafta hat kaybi (numerik),

R: Alici verici antenler arasindaki uzakhk (metre),



Elektromagnetik dalga vavinim

Dtenklem logaritmik olarak duzenlenirse, Pr, dBm cinsinden asagidaki

bicimde yazilir.
Pr=P;+ Gy + Gr - Ly— Ly — FSL (2)

FSL: terim serbest uzay yol kaybi olarak adlandirihr.
FSL= 32.45 + 20log(Rim % finz)

Verici antenden R m uzaktaki guc yogunlugu

PI' GI‘ "E'I' I'F.r ! J’HJ

b= R
& (3)

Serbest uzaydaki uzak alanda elektrpmagnetik dalgarmin tasidigi gtic yogunlugu
elektrik alan siddetinden de hesaplanir.

n, 1207 (4)



Electric and Magnetic Fields

For waves we use the following units:

— Electric field strength E (V/m) Magnetic field strength H (A/m) Power density Py (W/m?)
— Ohm’s law holds if characteristic impedance Z of medium is used

For free space, Z = 377 Ohm

Ohm’s Law in Space Power Density
EZ
Z =E/H Tz
—H?Z

— EH



Attenuation of Free Space

Power stays the same but power density is

reduced with increasing distance r F)
Power density is total power divided by P. = t
surface area of sphere D A v 2
Unit: watts/meter

Free Space Electric Field

Electric field strength is relatively easy to measure

Often used to specify signal strength 30 F)t
Unit: volts/meter E = -



e.l.r.p.

* Equivalent Isotropically Radiated Power (in a given
direction):

e.l.r.p.= PG,

 The product of the power supplied to the antenna and the
antenna gain (relative to an isotropic antenna) in a given
direction

70
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The Electromagnetic Spectrum

The range of electromagnetic signals encompassing all frequencies is referred

to as the electromagnetic spectrum. _ - -
— Assignal is located on the frequency spectrum according to its Wavelength (A) = speed of light
frequency and wavelength. frequency
Speed of light = 3 x 108 meters/second
Frequency is the number of cycles of a repetitive wave that occurin a Therefore:
given period of time. A=3x 108/ f

— A cycle consists of two voltage polarity reversals, current reversals, or
electromagnetic field oscillations.

— Frequency is measured in cycles per second (cps). Example:
— The unit of frequency is the hertz (Hz). What is the wavelength if the

frequency is 4AMHz?

Wavelength is the distance occupied by one cycle of a wave and is
usually expressed in meters. A=3x108/4 MHz

— Wavelength is also the distance traveled by an electromagnetic wave —
during the time of one cycle. 75 meters (m)

— '(I'}Se wavelength of a signal is represented by the Greek letter lambda



The Electromagnetic Spectrum

The EM spectrum is the ENTIRE range of EM waves in order of increasing frequency and
decreasing wavelength.

As you go from left = right, the wavelengths get smaller and the frequencies get higher. This is an inverse
relationship between wave size and frequency. (As one goes up, the other goes down.) This is because the speed of ALL
EM waves is the speed of light (300,000 km/s).

The higher the frequency, the more energy the wave has.
EM waves do not require media in which to travel or move.

EM waves are considered to be transverse waves because they are made of vibrating electric and magnetic
fields at right angles to each other, and to the direction the waves are traveling.

Inverse relationship between wave size and frequency: as wavelengths get smaller, frequencies get
higher.



Radio waves: Have the longest wavelengths and the lowest frequencies; wavelengths range
from 1000s of meters to .001 m

B Used in: RADAR, cooking food, satellite transmissions

Infrared waves (heat): Have a shorter wavelength, from .001 m to 700 nm, and therefore, a
higher frequency.

B Used for finding people in the dark and in TV remote control devices

Visible light: Wavelengths range from 700 nm (red light) to 30 nm (violet light) with frequencies
higher than infrared waves.

B These are the waves in the _ R
EM Spectrum that humans rrE S S >5Fn BHEEE EBE 8 288 8 88

= 3 = = = = 3 = 3 = = =3 = = = = = = = = 3

= = = = = = = = = = = = = = = = = = = = =

1 il ! 1 i
lllll

B Visible light waves are a very
small part of the EM spectrum!
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Ultraviolet Light: Wavelengths range from 400 nm to 10 nm; the frequency
(and therefore the energy) is high enough with UV rays to penetrate
living cells and cause them damage.

B UV isigini gorememize ragmen, arilar, yarasalar, kelebekler, bazi kucuk
kemirgenler ve kuslar gorebiliyor.

E Cildimizdeki UV vicudumuzda D vitamini Uretir. Cok fazla UV gunes yanigi ve cilt
kanserine neden olabilir. UV 1ginlari giysilerle kolayca engellenir.

B Sterilizasyon icin kullanilir cunku bakterileri oldururler.



X-Rays: Wavelengths from 10 nm to .001 nm. These rays have enough
energy to penetrate deep into tissues and cause damage to cells; are
stopped by dense materials, such as bone.

B Used to look at solid structures, such as bones and bridges (for cracks), and for
treatment of cancer.



Gamma Rays: En fazla enerjiyi tasiyan ve en kisa dalga boylarina sahip, metrenin
bir trilyonundan (10-12) daha az.

¥ Gama isinlari cogu malzemeden kolayca gecebilecek kadar enerjiye sahiptir;
onlari durdurmak icin 3-4 ft kalinliginda bir beton duvara ihtiyaciniz olacak!

B Gama isinlari, nukleer santrallerdeki nukleer reaksiyonlar, nukleer bombalar
ve yeryuzunde dogal olarak meydana gelen elementler tarafindan salinir.

B Bazen kanserlerin tedavisinde kullanilir.



The Electromagnetic Spectrum

X-ray Infrared

An electromagnetic wave consists of electric and magnetic fields which vibrate - thus
making waves.

Short wavelengths have a high frequency. Long wavelengths have a low frequency.
High frequency waves have high energy. Low frequency waves have low energy.



The electromagnetic spectrum

10"? meters 10° 10° 103 10° 10°
1 nanometer 1000 nanometer 1 millimeter 1 meter 1 kilometer

Cosmic X-rays Microwaves Broadcast

rays band
Gamma Ultraviolet Infrared Radar

rays (")) (IR)

Short Wavelenghts . Long Wavelengths

Visible Light

Ultraviolet Infrared
(UV) (IR)

400 nanometers 500 nanometers 600 nanometers 700 nanometers



The Electromagnetic Spectrum

Radio wave

1 Radio waves 1 — ic‘?
e - = 38 =
: ' o = =
: — Wavelength - é = =
1 w0 [Ze]
: : = o =
1
= = = = = e = - o coE @E x x
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X-rays,
ELF| VF | VLF | LF | MF | HF | VHF |UHF | SHF | EHF gs;nmr?frf‘))’:'
etc.
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The electromagnetic spectrum.



Freguency Spectrum Range

General Radio Frequency Spectrum

30 - 300 Hz Extremely Low Frequency (ELF)
300 - 3 kHz Voice Frequency (VF)

3 - 30 kHz Very Low Frequency (VLF)

30 - 300 kHz Low Frequency (LF)

300 - 3 MHz Medium Wave Frequency (MW)

3 - 30 MHz Short Wave Frequency (SW)

30 - 300 MHz Very High Frequency (VHF)

300 - 3000 MHz Ultra High Frequency (UHF)

3 - 30 GHz Super High Frequency (SHF)

30 - 300 GHz Extremely High Frequency (EHF)

Microwave Spectrum

0.3 GHz to 3000 GHz

* Depending on the frequency range bands are
designated for operating reasons

L Band 1 to 2 GHz

S Band 2to 4 GHz

C Band 4 to 8 GHz (Satellite TV channels)
X Band 8 to 12 GHz (Lab purposes)

Ku Band 12 to 18 GHz

K Band 18 to 26 GHz

Ka Band 26 to 40 GHz (Water vapour)

Q Band 30 to 50 GHz

U Band 40 to 60 GHz

V Band 46 to 56 GHz

W Band 56 to 100 GHz and even higher (Atmospheric

studies)



BROAD USAGE

«AM radio: 535 - 1,700 kHz (0.535 - 1.7 MHz)
*Short wave - 5.9 - 26.1 MHz
*Citizens band (CB) radio - 27 MHz.
*FM radio: 88 - 108 MHz.
«Television - 54 - 220 MHz.
*Microwave band: 0.3 to 300 GHz
*Mobile phones: 824 - 849 MHz
*Global Positioning System: 1.2 -1.6 GHz
Blue tooth devices: Around 2.4 GHz
‘RADAR: Weather Military
Satellite Communication
Long distance trunk telephone
*Microwave oven: 2.45 GHz

MICROWAVE RADIO

1.7 — 2.7 GHz: Personal Commn. System

3.8 — 4.2 GHz: Public Operator Band (TV
downlink)

5.9 — 7.1 GHz: Public Operator Band (TV uplink)
7.1 — 8.5 GHz: Long distance
10.7 — 11.7 GHz: Public Operator Band

12.7-13.3,14.4—-15.4,21.2 — 23.6, 24.5 —
26.5, 37 — 39.5 GHz: Communication channel

17.7 — 19.7 GHz: Public Operator Band



General Frequency Ranges

« Microwave frequency range
— 1 GHz to 300 GHz
— Directional beams possible
— Suitable for point-to-point transmission
— Used for satellite communications
« Radio frequency range
— 30 MHzto 1 GHz
— Suitable for omnidirectional applications

 Infrared frequency range
— Roughly, 3x10** to 2x10% Hz
— Useful in local point-to-point multipoint applications within confined areas
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