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Main seminar course reference- Mazar Wiley book 2016 ‘Radio Spectrum Management: Policies,
Regulations, Standards and Techniqgues’ The Book is already published in Chinese

1. RF Engineering identifier DOI 10.13140/RG.2.2.11529.80488
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5) Short Range Devices
6) Radar Systems

3. RF: Regulation, RFI and Human Hazards identifier DOI 10.13140/RG.2.2.29984.74247

Last updated
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1) RF Regulation: International, Regional and National RF Spectrum Management
2) EMC and RFI
3) RF Human Hazards Not all slides will be presented during the academic course

The man who asks a question is a fool for a minute, the man who does not ask is a fool for life—Confucius
Share your knowledge. It is a way to achieve immortality—Dalai Lama
A good teacher is a teacher whose students surpass him, Janusz Korczak pr'¥11p wiaR', DN721Ta2 "2V D21V PTM72NW MIN KX 12'K 210 MIn
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Engineering
End-to-end wireless communication

Shannon’s 1949 (Communication Theory of Secrecy Systems)
Schematic diagram of a general communication

information

4

destination

transmitter receiver

source : y :
signal received

signal
message message

noise source

This figure is Figure 1.1 at Mazar’s Wiley book on RF regulation

The material in this paper appeared originally in a confidential report "A Mathematical Theory of Cryptography" dated Sept. 1, 1945.
Shannon, C. E., "A Mathematical Theory of Communication," Bell System Technical Journal, July 1948, p, 379; Oct. 1948, p.
623Claude Elwood Shannon (April 30, 1916 - February 24, 2001).

Till the invention of the Fax, military technology lead also the civilian market
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Schematic diagram of wireless communication

up—converslon@

: source channel
Source data input B M It » modulator
el
Transmitter Path \\_’/
radio waves
Receiver Path
3 source channel |
Destination |« data output &— ocnder -« Hecodert | demodulator

)
down-conversion® |

The modulation, and the up-conversion and down-conversion are not always merged; there are
many structures where a signal, that is already modulated, is up-converted in a separate (mixer-
based) stage.

This diagram is Figure 5.1 at Mazar’s Wiley book on RF regulation
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Physical Quantities and their Units (1) International System of Units S|

Symbol Symbol

Angle

(effective) Area
Bandwidth
Boltzmann’s constant
Capacity
Carrier to Noise
logarithmic term

Conductivity

(antenna) Directivity
logarithmic term
Distance
Efficiency (antenna)
Frequency
Electric field strength

logarithmic term

(antenna) Gain
logarithmic term
Impedance, resistance

Impedance (free-space intrinsic)

Dr. Haim Mazar (Madjar) haimmal@ac.sce.ac.il _h.mazar@atdi-group.com

0 (elevation); @
(azumuth)
Q (solid angle)

b

K

c

c/n
C/N, CNR

Q

o
o

o -~ 35 9 O

m

o @«

radian
degrees

square metre
Hertz
Joule per Kelvin
bit per second
dimensionless
dB
Siemens per meter
mho per meter
dimensionless

dBi
metre
dimensionless
Hertz

Volt per metre
dB(V/m)

dimensionless
dBi
Ohm

Ohm

(m?)
Hz
J/IK
bit/s

S/m

Q1l/m

Hz
V/im

1rad=180/1r 9=57.30
Q unit is steradian

interchangeable with s/n and c/n
ratio

n (antenna)=g/d,
vector; yV/m and dB(uV/m) are
practical
E=20log e

dBd is also used

= 1201

Sami Shamoon College of Engineering Advanced Wireless Communications
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Physical Quantities and their Units (2) International System of Units S|

Quantity

Unit

Remarks

Magnetic field strength

Ampere per metre

vector; JA/m and dB(pA/m) are

S practical
logarithmic term H dB(A/m) H=20 log h
Noise factor nf dimensionless
logarithmic term NF dB also termed Noise Figure
Phase [0) Radian &
Phase rate w radian/second O/s w=2T1rf
- at vacuum (free-space)
Permeability M Henry/meter U,=4 T X 107
relative Permeability M, dimensionless =M, Mo
e at vacuum (free-space)
Permittivity € Farad/meter £.~8.854 x 1012
relative Permittivity € dimensionless E=EE
Power p Watts wW kW is practical
logarithmic term P dBW dBm is practical
Power density or Watt per square metre W/m?2 PG UG L=l pql 2e
: used for power density
POUER U oy mWatt per square cm  mW/cm?
Reflection coefficient dimensionless Il = p; _vswr-1
(Return Loss) r vswr +1
logarithmic term dB 20 log |T'=20 log p

Dr. Haim Mazar (Madjar) haimmal@ac.sce.ac.il_h.mazar@atdi-group.com 5 Sami Shamoon College of Engineering Advanced Wireless Communications


mailto:haimma1@ac.sce.ac.il
mailto:h.mazar@atdi-group.com
https://en.sce.ac.il/
https://www.bipm.org/en/measurement-units/

Physical Quantities and their Units (3) International System of Units SI

Unit RENEIES
I
Quantity Symbo S Symbol _

Sensitivity

logarithmic term
signal to noise

logarithmic term  S/N, SNR

Skin depth
Temperature
Time

Velocity of light

Voltage standing
wave ratio
logarithmic term
Wave length
Wavenumber

S
s/n

0
b
t

Co

VSWr

VSWR
A
K

Watts

dBW
dimensionless

dB

metre
Kelvin
second

nw X 3

metre / second m/s

dimensionless

dB
metre m
1/metre 1/m

Dr. Haim Mazar (Madjar) haimmal@ac.sce.ac.il _h.mazar@atdi-group.com
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MW, nanoW are use

MV used, as power—T

dBm is more practical

interchangeable with c/n
and signal to noise ratio

C,=299 792 458~
~ 300 10°

1+p _
vswr—r |—|

VSWR=20 log vswr

k= Jus

Sami Shamoon College of Engineering Advanced Wireless Communications



mailto:haimma1@ac.sce.ac.il
mailto:h.mazar@atdi-group.com
https://en.sce.ac.il/
https://www.bipm.org/en/measurement-units/

Vector presentation of the ¢/* ; relations between sine, cosine & exponent

exponent e =(1+1/n)"for n_
Im https://en.wikipedia.org/wiki/Euler%27s formula

Euler formula, for any real or complex number x A
eX= cos(x)+j sin (x)
e x=cos(x)- j sin (Xx) _ix _
—e™J jx
e +e
cos(X) =
2
. el _g 7K
sin(X) = >
J < » Re
Substituting x = 1, we get Euler's identity
en=-1
Richard Feynman called the Euler identity _]x
"the most remarkable formula in mathematics”
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The RF Spectrum
3 2 1 -1 - -3 -4 -5 - -7 -8 - -10  -11 @ -12
wave length 10 10 10 1 10 10 10 10 10 10 10 10 10 10 10 10
[m]
'longer
i |~ '
magnitude of i o] @ {%
wave length . football :
eleng — umcel.lular
tower of Pisa organism
I S
spectral range radio waves infrared 5: ultraviolet hard X-ray
=3
I e I
micro waves soft X-ray gamma
radioation

sources (®))
:

= 6
=

AM radio terrestrial TV

?

bulp

frequency

6 7 8 9 10 11 12 13 14
[Hz] 100 10 100 10 10 10 10 10 10

lsmaller
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Xray
radioactive
elements

e e e e e e ) e e

15 16 17 18 19 20

10 10

large’

10 10 10
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1

kHz kHz kHz MHz MHz MHz GHz GHz GHz
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Scarcity of RF increases in time (TU-D Resolution 9 report, Fig. 1)

SHF EHF
VHF UHF SHF EHF
VHF UHF SHF EHF
MF HF VHF UHF SHF EHF
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RF Spectrum: including I'TU symbols; see ITU Radio Regulations updated 28/03/24
m 30,000m 3,000m 300m

10kHz 100 kHz 1MHz

THE RADIO SPECTRUM

Im 30cm

100 MHz 1GHz

03cm

10 GHz

Frequency range Metric

3 to 30 kHz
30 to 300 kHz
300 to 3 000 kHz
3 to 30 MHz
30 to 300 MHz
300 to 3 000 MHz
3 to 30 GHz
30 to 300 GHz
300 to 3 000 GHz

Myriametric waves
Kilometric waves
Hectometric waves
Decametric waves
Metric waves
Decimetric waves
Centimetric waves
Millimetric waves

Decimillimetric waves

B.Mam

B.km
B.hm
B.dam
B.m
B.dm
B.cm

B.mm

* Symbol THF was proposed by the Author to ITU CCT/CCV Study Groups , to insert in Rec ITU-R V.431-6 ‘Nomenclature of the frequency and wavelength bands used in telecommunications
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https://www.ntia.doc.gov/files/ntia/publications/january 2016 spectrum wall chart.pdf
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Spectrum map: 87.5MHz to 86GHz
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I'TU structure

Radiocommunication
Conference

Radiocommunication

Assembly Radio Regulations Board

Radiocommunication
Study Groups and Conference Advisory Group

Special Committee Preparatory Meeting

Radiocommunication
Bureau
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Plenipotentiary
Conforonces

World Contarencan
Counail on \Imernational
Telecommunicalions

Radiocommunication Telecommunication
Confarancons Bandardizanon

Ansomblios
Radiocormmunication
Assomblios

Hadio
Reagul s
Board

Advisory Study Advisory Study Advisory Swudy
Group Groups Group Groups Group Groups

General Secretariat |

Secratary-Genaral

Deputy .
Se

crotary-
General

Radiocommunication Telecommunication Telecommunication
Bureau Standardization Development
Bureau Bureau

-16-
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Propagation

http://mazar.atwebpages.com/
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Maxwell Equations Wikipedia

Formulation in International System of Units (SI) convention

Name Integral equations Differential equations
1 P
Gauss's law E.-dS=— pdV V-E=—
0 €0 JJJa €0
Gauss's law for magnetism # B-dS=0 V-B=0
- ' d
Maxwell Faraday.equatllon j{ E.qr— -4 ff B.dS VxE— _8_B
(Faraday's law of induction) o) dt ot

sre's circui ' OE
Ampére's c:|rCL.1|.taI law (with j( B.df — (// S+ e L f/ dS) VxB = (T+e2 ) —
Maxwell's addition) o5 ot

Formulation in Gaussian units (SI) convention

Name Integral equations Differential equations
Gauss's law # E‘dS—47r//f pdV V-E=4np
Y] 0
Gauss's law for magnetism # B-dS=0 V-B=0
oan
MaxweII—Faraday.equatlion % e =9 f/ S VxE— _lB_B
(Faraday's law of induction) c Ot

Ampére's circuital | ith oE
R j{B d£—— 4«/[.1 dS+—/]E ds V><B_— 4nJ + “
Maxwell's addition) o5 ot
In the case of electromagnetic-wave , the current density J=0; in materials with permittivity €, & permeability u,, the phase velocity
of light is ¢, . If we equalize the two red arrows, we get 1 HoX&p=1/cC, ; click here

C,= ———
’ ot
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EM WAVE PROPERTIES

WAVELENGTH

Propagation Theory (Moshe Netzer)

E-ELECTRIC FIELD

LIGHT VELOCITY = 300,000Km/ sec
ELECTRIC FIELD UNITS - V/im
MAGNETIC FIELD UNITS - A/m

POINTING VECTOR UNITS - W/ m? [_l; = EXH]

300
A (m)

f=(MHz) =

H - MAGNETIC FIELD

Dr. Haim Mazar (Madjar) haimmal@ac.sce.ac.il h.mazar@atdi-group.com 20 Sami Shamoon College of Engineering Advanced Wireless Communications


mailto:haimma1@ac.sce.ac.il
mailto:h.mazar@atdi-group.com
https://en.sce.ac.il/

Frits transmission equation & free-space propagation loss: power

Using the international system of units (SI):

P, = transmitter output power (Watts)
g, = transmitter antenna gain (dimensionless, with no units)
d =observation distance from transmitter to receiver (m)
py, = incident power density at the receiver (W/m2)
A. = effective area of receiver’s antenna (m?2)
A = wave length (m)
g, = receiver antenna gain (dimensionless)
p, = received power (Watts)
p, = propagation loss (dimensionless)

pd — ptgt2 Ae _ grﬂ*2 D = P9 v _ P9 X grﬂ’2

r 2 2
4nd 41 4nd 4nd®  4r
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Free-space propagation loss- power (cont.)

Friis transmission equation relates the power delivered to the receiver antenna p, to
the input power of the transmitting antenna p,. Expressing p, and p, in the same units,
the Friis transmission equation expressed numerically looks

pY  9A°
z 2
Pr _ 4nd 4m :gtxgr(
P P

2
This equation is valid also for g, & g, equal 1
4rd

2
4rd is independent of antenna gains; it is called the free-space loss factor.
1 Where d (distance) and A (wave length) are expressed in the same unit

) _(@jz_ 4rdf )
U2 C,

The free-space path loss expressed logarithmically by wavelength or
frequency, where c,(velocity of light)=Axf

R (dB) =20 log(47d/A)=20 log(4xdf /c,)=20 log(4zdf )—20 logc,

R(dB) =32.45 + 20log d (km) + 20 log f (MHz)
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Elements Influencing Propagation L.oss aru-r p.isiz 2019

line-of-sight (need of 3 Fresnel zones to get free space loss; see
National Bureau of Standards NBS 101 *

2. diffraction (embracing smooth-Earth, irregular terrain and sub-
path cases)

3. tropos-pheric scatter

4. anomalous propagation (ducting and layer reflection/refraction)
5. height-gain variation in clutter
6
4
8

=

location variability
building entry losses
Earth Radius =6,371 km

* Transmission loss predictions for tropospheric communication circuits. P.L.Rice,
A.G. Longley, K.A.Norton, and A.P. Barsis. National Bureau of Standards Technical
Note 101; issued May 7 1965; revised May 1966; revised January 1 1967;
Volume 1; June 1 1965 Volume 2
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Free Space loss, Electric Field-Strength

(see also next slides)

P= t, power, g= antenna gain d=distance, p, X g- €.i.r.p. €= field strength h= magnetic field ‘

2
PoyntingVector = pt_g; =(exh) = ©
47d i

0
Where e (V/m), h (A/m), the impedance the impedance Z, (QQ) relates the magnitudes of electric
and magnetic fields travelling through free space. Z, = |E|/|H|. From the plane wave solution to
Maxwell’s equations click here, the impedance of free space equals the product of the vacuum
permeability (or magnetic constant) y, and the speed of light ¢, in a free space.
The numerical equivalent isotropically radiated power is e.i.r.p. (W) and logarithmic E.I.R.P. (dBW)

J30Xp, X g, +/30Xe.ir.p. J30 X e.i.r.p.

e =

e

1

—F——— we may define Z,
€t

= e, = M =1 <1207 ~376.730 313 461~ 3770hm

& &G

Following Maxwell equations; see slide CO —

e’ xd?
30
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Free Space loss, Magnetic Field-Strength (numerical)

(see next slides)

‘ P=t, power, g= antenna gain d=distance, p, X g- €./.r.p. e=field strength h=magnetic field ‘

- 2
PoyntingVector = 29t = S0P _ @ fy = _h2xz, =h?x120%
47rd 47rd Z

As the impedance Z, (Q2) relates the magnitude% of electric and magnetic
fields travelling through free space. Z, = |E|/|H|<120n3770hm

e.i.T.p. e.i.T.p.= h* x 120w X 4md?

yr—r = h® x 1207
2 _ _&Lr.p. i eir.p.  eir.p.
4807°d° hi= 4% = Tano
4807°d 480 x rd
. [ ———— J30xeir.p.  Jeirp. | and e.i.r.p.= 480m% x h? x d*

1207 1207 xd /4807 xd
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Free Space loss, electric field-strength (numeric to log scale)
(see next slide)

o= J?’O'S"'r'p' 20loglel= E =10l0g30 + E.I.R.P.— 20logd =14.8+ E.I.R.P.— 20log d

E (dBV/m)= E.l.LR.P. (dB(W) - 20 log d (m) +14.8, and changing units,
E (dBuV/m)-120= E.I.R.P. (dB(W) - 20 log d (km ) - 60 + 14.8, thus
E (dBuV/m) = E.I.LR.P. (dB(W) -20 log d (km) + 74.8 and
E.I.LR.P. (dB(W)= E (dBuV/m) +20 log d (km) — 74.8
See, isotropically P, received power for a given field strength; see Rec. ITU-R P.525 equation (7)
Received isotropically P, (dB(W) = E (dBuV/m) - 20 log f (GHz) - 167.2; see P.525 equation (8)
Free-space basic transmission loss for a given isotropically transmitted power and field strength:
Lbf (dB) = P, (dB(W) - E (dBuV/m) + 20 log f (GHz) + 167.2; see P.525 equation (9)
Power flux-density for a given field strength: S(dB(W/m?) = E (dBuV/m —145.8 P.525 equation (10)

P, : isotropically transmitted power (dB(W))

P, : isotropically received power (dB(W))

E: electric field strength (dB(uV/m))

f: frequency (GHz2)

d: radio path length (km)

Lbf : free-space basic transmission loss (dB)

S: power flux-density (dB(W/m?2))

Free-space E relative to half-wave dipole for 1 kW e.r.p. is : E dB(uV/m)= 106.9 — 20 log d (km)
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Free Space loss, magnetic field-strength (numeric to log scale)

Ihl= € _ \/30><e.|.r.p. __VELLP. and e.i.r.p.= 480m? X h? x d*
1207z 1207 xd V4807 xd

H (dBA/m) = E.I.LR.P. (dB(W) - 20 log d (m) - 20 log (sqrt 480 x m)=
=E.l.R.P. (dB(W) - 20 log d (m) — 36.8, and changing units,

H (dBuA/m)-120= E.I.R.P. (dB(W) - 20 log d (km ) - 60 - 36.8, thus
H (dBpA/m) = E.I.LR.P. (dB(W) - 20 log d (km) + 23.2 and

E.I.LR.P. (dB(W) =H (dByA/m) +2 0 log d (km) - 23.2

P, : isotropically transmitted power (dB(W))

P, : isotropically received power (dB(W))
H: electric field strength (dB(nA/m))
f: frequency (GHz)

d: radio path length (km)

Lbf : free-space basic transmission loss (dB)

For example: assuming free-space loss, given H=68 dBpA/m @ 10 m, P,dB(W)=H (dBuA/m) +20 log
d (km) — 23.2= 68 (dBuA/m) +20 log 0.01 (km) — 23.2= 68-40-23.2=4.8 dB(W), equivalent to 3 W.
Interesting to compare

E.I.R.P. (dB(W) = H (dBuA/m) +2 0 log d (km) - 23.2 and

E.I.R.P. (dB(W)= E (dBuV/m) +20 log d (km) — 74.8

As h=120Trxe, 20log e/h= 20log(12017)=51.52 ~ (64.8-23.2)
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Radar Free-Space Basic Transmission LLoss Equation

o: radar target cross-section, d: distance from the radar to the target, A: wave length

P9
P target pfd ) Ae = [47;_dt2j><0'

p.g 1 g.A° 2 Y1
" re“”e":(mtzdtzjmx(%dzjx[ A j: p”""”sm“gzxax(mzdzj A
12
(472)3d4

. 2
preceived o ptransmit X g XO X

o:radar target cross-section (m2); d: distance from radar to target (km)
f : transmission frequency (MH2z)

PL=10log(p/p,)=103.4+20logf+40 logd -10logo -2 G  (dB)
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Voltage i . Voltage
or current HERE Gl De Cl be |S or current Po wer
ratio ratio L

1.00 000 0 1.000 1.00¢
0989 0.977 0.1 1.012 1.022
0.977 0.955 0.2 1.023 1.047
0.966 0.933 0.3 1.035 1.072
0.955 0.912 0.4 1.047 1.096
0.944 0.891 0.5 1.059 1.122
0.933 0.871 0.6 1.072 1.148
0.912 0.832 0.8 1.096 1.202
0891 0.794 1.0 1.122 1.259
0.841 0.708 1.5 1189 1.413
0.794 0.631 2.0 1.259 1.585
0.750 (56 1.334 1.778
0.708 7413 1.995
0.668 D - 7.496 2.23%
0.631 0.398 4.0 1.585 2.512
0.596 0.355 4.5 1.679 2.818
0.562 ) 314 i 1.778 3.162
0.501 @ 1.995 3.981
0.447 Q200 g 2.239 5.012
0.398 0.159 8.0 2.512 6.310
0.355 12 Gt 2.818 7.9432
0.316 (o.100) Cio ) | 5ie 10.00
0.282 tonigm? 3.55 i2.6
0.251 0.0631 12 3.98 15.9
0.224 0.0501 13 4.47 20.0
0.200 0.0398 14 5.01 25.1
0.178 0.316 15 5.62 316
0.159 0.0251 16 6.31 39.8
0.126 o7 7.94 63.1
0.100 w @ 10.00 100.0
3.16x i e { 3.16x% 10 10°

10 , 10 40 10 10¢
géréx 167 10'2 50 316 % 107 16°

10 m*T 60 10° it
3.16x 10 107 70 3.16 x 10° 107

10 10 80 10* 10%
3,76 x 107 107 90 3.16 x 10* 10°

10 10 100 10° 1010
3.16x 10°¢ o 110 3.16% 10° 16"

10¢ v 120 10° 1612

VoV
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Correspondance e.i.r.p., e.r.p.; field-strength; ptd

The table is based on € ;=

d
30 xeirp
ST

For d=10 m Open Area Test Site (OATS)
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d

d

E field = pfd ma)'fi‘;f]um
E.lLR.P. e.i.r.p. E.l.LR.P. |[E.l.LR.P.| E.R.P. | free space OATS free space OATS
(dBm) (NW) (dB(pW))| (dBW) | (dBm) | (dB(uV/m)) | (dB(uV/m)) | (dB(W/m?) ,
(dB(W/m?)
at 10 m at 10 m at 10 m
at 10 m
-90 0.001 0 ~120 | -92.15 5.2 1.2 ~151.0 ~147.0
-80 0.01 10 ~110 | -82.15 4.8 8.8 ~141.0 ~137.0
-70 0.1 20 ~100 | -72.15 14.8 18.8 ~131.0 ~127.0
—60 1 30 —90 | -62.15 24.8 28.8 ~121.0 ~117.0
50 10 40 -80 | -52.15 34.8 38.8 ~111.0 ~107.0
~40 100 50 ~70 | —42.15 44.8 48.8 ~101.0 —97.0
-30 1000 60 60 | —-32.15 54.8 58.8 -91.0 -87.0
—20 | 10000 70 50 | —22.15 64.8 68.8 -81.0 ~77.0
~10 | 100000 80 —40 | -12.15 74.8 78.8 ~71.0 —67.0
0 |1000000 90 -30 | -2.15 84.8 88.8 —61.0 -57.0
J30xp xg, /30xeirp /30xerpx1.64 (Table from web)

. 30 1.64
\/0.30xeir :\/ xelrg)x :\/0.30><erp><1.64:\/0.492><erp
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overage for different dete_ction heights
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Coverage for different detection heights
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Far-Field, Near-Field (1)

2 waesengis *

:

. NEAR-FIELD REGION TRANSITION ZONE
, reactve ! radiative
:

#+—  from 2 wawslengins o infinity —

FAR-FIELD REGION

The maximum overall
dimension of the source
antenna "0 i a pnme
factor in determining
this boundary

The far-field generally
stans at a distance

of 204X out to infinity

Dr. Haim Mazar (Madjar) haimmal@ac.sce.ac.il_h.mazar@atdi-group.com 33 Sami Shamoon College of Engineering Advanced Wireless Communications


mailto:haimma1@ac.sce.ac.il
mailto:h.mazar@atdi-group.com
https://en.sce.ac.il/
https://en.wikipedia.org/wiki/File:Field_regions_for_typical_antennas_vector.svg

Far-Field, Near-Field (2)
= Near-field region:

o Angular distribution of energy depends on distance from
the antenna nivax = nvjivn; reactive-field components
dominate (L,C)

a In the reactive near-field (very close to the antenna), the
relationship between the strengths of the E and H fields is
often too complex to predict

o The energy In the radiative near-field is all radiant energy,
although its mixture of magnetic and electric components
are still different from the far field

= Far-field region:
o Angular distribution of energy is independent on distance
o Radiating field component dominates (R)
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Far-Field, Near-Field (3)

Fraunhofer distance: value of 2 D?/A, where D is the largest dimension of the radiator (or the cross-sectional diametre of
the antenna; A is the wavelength of the radio wave. Phase variation over the ant. aperture is less than 11/8 radians

AB = Tx/Rx distance
BC = D/2

BD = D, largest dimension of Ant
Observer Center of Antenna C rectangular in this case

A

AC = X, limit far/near field
AE = AC; EB= N/16

A = wavelength of the radio wave
Observ

E B
Phase difference 21T is equivalent to A; phase diff TT/8 equivalent to A/16.
X2+ (D/2)2 = (X +AN/16)2 = x2 + xXA/8 + (AN/16 )2
(A/16 )2 is relatively small to xA/8 (as x >>A/32), so X2+ (D/2)2 = X2 + x\/8
and (D/2)2 = XA/8 , D2= xA/2 and x & 2D2/N QED

If x >= 2D?/A, far-field region
If 2D2/\ >X> A2T1 radiating near-field region

If NI2TT >X reactive near-field region
For non directive antenna, far field is beyond 3 A
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Wave Impedance (z)of minute dlpole & minute magnetic dipole

pgt

PoyntingVector =
A7rd*®

Source, Dipole Antenna -
electric field is dominant

Source, Loop Dipole-
magnetic field is dominant

6.000
—
~~
a
Nt
+ 1000
w
3
= N
«
=
L
=
L
g 100
«
=
—)
24
10

e

= (e>< h) =2 —h?z relevant for far & near field
VA

N minute dipole
N\
s
------ EEECERLNELE LJ - I.:FI.. L
P 3
A :
i
4 minute .
magnetic | -
[1X03) 1/2» 1 10

D/ A Normalized distance
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Source: Ahn S.
(2017) Magnetic
Field Generation.
In: Suh N., Cho D.

H

E Wave impedance
I "‘ — = Z,, Wave Impedance) versus distance
H

(eds) _The O_n-line 5 K
Electric Vehicle.
Springer, Cham.
mpsiidoiog1o1 4K Electric field predominant -
S11632 5 Fig 5.1 - Eoc1/r3, H ocl/r?
2K = 3
m
E 1K |— ' Source Plane wave
o) (Dipole Antenna) Eocl/r, H oc1/r
g 20 = Zy=377Q
& 300 — Asymptote =~ S=-----====
2
E Transition
o 100 — “  region _’l
= Source J
< 50 L (Loop Antenn
40 Magnetic field predominant -
30 Hocl/r3, E oc1/r?
20 E_H Near field |
4 ear ne >| Far field —
10 | |
0.05 0.1 0.5 1.0 5.0

Distance from source normalized to \./2n -37-
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Near Field Measurements
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Fresnel Zones

= The Fresnel zone is the ellipsoid that stretches between the two antennas; locus of points such that
the difference between the direct path AB and the indirect path ACB is half the wavelength. A = The
wavelength of the transmitted signal F, is the nt" Fresnel zone radius d ( AB )=d, (PA)+d, (PB),
F gets the same unit as A, d; and d, (e.g. meter). Units: d,, d, , Ain metres

nAd.d
F=|—12% F =F+/n
" d, +d, 1 1

= By deriving Fn, and equating to 0, the max value of F, b, is for d, = d,= d/2 & equals b =

When d (kM) and f (GHz), F (m) F, =17.3 % F, =30 d, d,

The First Fresnel zone The Fresnel Ellipsoid
M A2
\NA P B

S~ ACB-AB =1/2

Dr. Haim Mazar (Madjar) haimmal@ac.sce.ac.il_h.mazar@atdi-group.com Sami Shamoon College of Engineering Advanced Wireless Communications



mailto:haimma1@ac.sce.ac.il
mailto:h.mazar@atdi-group.com
https://en.sce.ac.il/

Calculating the Fresnel Zones, to show

=S s s S s bt 3 =F +/n
" d,+d, d nooo 1

The First Fresnel zone: for PA= d;, p=d,and aB = d1 +d2 =d

A2 A/2 = = A
\KP 3 ACB-AB= = J(d,)? +(F) _Jid,)’+(F) therefore
ACB-AB =4/2

2 2
\/(dl)z +(F1)2 +\/(d2)2 +(F1)2 —d= d1 1+(ij +d2 1+(£;j —d= i Using Taylor series expansion of a function about 0: Maclaurin series
Vg, V" d 2

2 2 2 2 2 2
F 1(F F 1(F 2 2 2 2
1+(_1j z1+_[_1j e 1{_1} z“_H o fe[B) o e[| dea LY, IEF G 1EF 1EF 4
d, 2\ d, d, 2\ d, d, d, 2 d, 2 d, 2.d 2d, 2

(R)? (R)? _ £y2 - Add, _ Add, £ _ [Add, :\/,wldz
) + i -1 (R) d+d, - d and  F=\47 r
Quod Erat Demonstrandum QED
Assuming ACB-AB=n% nA replaces A, to get F — nﬂ'dldz _ nld d \/_ id d \/HF
i "\ d,+d 1
1 70,
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Fresnel Zones (cont.)

_ |nAd,d,
F, = .|—/——— near the 2 sites, d,<< d,and d,+ d,= d,
d, +d,
Fl 2 2
4 isstill small, in order to keep the approximation 1{5} :1+3£5]
1 d, 2\ d,

nAd.d nAd.d
F = |25 |22 - nad
"\ d, +d, d, '

Dr. Haim Mazar (Madjar) haimmal@ac.sce.ac.il h.mazar@atdi-group.com a Sami Shamoon College of Engineering Advanced Wireless Communications


mailto:haimma1@ac.sce.ac.il
mailto:h.mazar@atdi-group.com
https://en.sce.ac.il/

Ditfraction loss for obstructed LoS pwave radio paths (Rec I'TU-R P.530)

Propagation is assumed to occur in line-of-sight

(LoS), i.e. with negligible diffraction phenomena, if =
there is no obstacle within the first Fresnel
ellipsoid; see Rec. ITU-R P.526
P
0
h is the height difference (m) between %'“ _,r";_
most significant path blockage and the = f,.:-""f /
path trajectory; amount of path clearance = ~1 7/
F, is the radius of the first Fresnel ; 10 _,w'"ﬂ s S
ellipsoid given by: (see units other slide) = Pt A/
= B o s !f
v -
= f#_..--"' .-""'l
= -
= -
1 g 2 oy == ;’f
=
F =173 | 1= 8 1, /
fd & x.f
- /
B: Theoretical knife-edge curve 30 X'
D: Theoretical smooth spherical earth /
loss curve at 6.5 GHz Dy
k.= 4/3 /
A, : empirical diffraction loss for 40
intermediate terrain 1 | 0.5 0 0.5 I

Mormalized clearance A/

A,=-20h/F, +10
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Fresnel; protile influenced from topography

ATDI , HTZ

g "
Profile

) |
Gora'Kalwari

Jr

269 m

253 m

238 m

223 m

207m | P

192 m

177m

161 m

l46m

151 m

115m

100 m

[T] PolH

Alfitude: 13400 m

Coord: 2059023 5201254 122 4DMS
Antenna 5000 m

EIRP (max: 25118854 W 24.00 3W 5400 dBm
Radiated power 224 24232 W

Anges - V: -020°(E) H 110.38° OA: 11038
Pattem loss - V:0.03 6B K 040 63

Frequency: 425 50000 Mhz - Propagation losses: 136,848 - Ducting: 0.048
Moset ITUS25 - Deygout 6.5 4B - Subpsth: 15.2 g8 - Ground reflections: 0.0 68 - Cutter: 0.0 68
151172 &fipz75 25 m - Earh- 8500 km (2nc) 8500 e (se3) - R0 8 - Gaz/Fog 0000063

16058 m

[R]

Altitude: 12500 m

Coarg: 21 25208 5155241

Antennz5.00m

Threshold: 30.0 8BuV/m. - 100.0 dBm - Target: 10048
Gain:0.00

0A%000

Partem loss 08

[Path]
i 21632 m

Angular distance: 3208325 m
HL (m): 66.4(G] 65.50W} 64.8 (Oku}

FSR-46.5 dBuV/m, -83 3 dBm, S(uV} 1534
Free space koss: 115 98 - EndToEng: 137368
Model amem 0.0 d8

[ 115 dBuvim

[ 96 dBuV/m

[ 82 dBuV/m

[ 85 dBuv/m

[ 49 dBuV/m

T 33 dBuv/m

16 dBuv/m

0 dBuv/m
o 32163 m

— roadorroofOm

— tem=n
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Profile P2P Maccabim-Jerusalem A1DI, H12)

P MaccabimBait322 A W] N JerualemKnesset [ &
@43 Fx q3%p F3E
+ Point2Point + Point2Point
Lo g0 o) =,
0°33% p%’ Shte
(A

/’;/71» 101 dBu
=eesal /W~\J

/’\/\/\/ o - 86 dBu

- 72 dBu

- 57 dBu

- 43 dBu

- 29 dBu

- 14 dBu

| r T 0 dBu
Om 11206 m 22412m

altitude - Tx: 271 meters, Rx: 760 meters Conversion Formulae

Antennas - Tx: 200,00 meters, Rx: 200,00 meters, H1: -139,04{G) -89.31(W) -70.42 (Oku) / ez g 12
FSR: 18.2 dBu¥/m, -117.7 dBm (gain—=17.00) - FS: 61 dBu¥/m, Model att: 3.8 dB - Rx ant: 10.53 dB - IRF+XPD: 0 dB pr = x =
EIRP (max): 20.04749 Watts , 13,02 dBW 43.021 dBm T freespace 1207  4r
FREQUENCY: 1800.‘DUODIJ Mhz - Radiated power-: 1.77499 Watts - Losses: 152.9 dB @2 (C )2 xg 89.987.551x e? x g 18.97 x &2 (V/m) xg
Deygout - Attenuation: 28.3 dB - Ground reflections: 0.0 dB - Clutter: 0.0 dB p, (V\/) = X 5 0 r == s r — > i
Distance: 22416 meters - Atmospheric fade margin (0.1 %): 1.87 dB [ 52=25.00(*) 120z 4rf (MHZ)lO 4807° f (M HZ) f (MHZ)

Tx: 35.01469 31.53380 271 4DMS 2

Rx: 35.13442 31,47024 760 4DMS p.(MW) = 18.97xe”(uVIim)x g, 10°°
Y-angle: 1.17°, H-angle: 122,98° - loss: 10,53 dB - FSL: 125 dBi f 2 (M HZ)

1st 1/2 ellips.: 30,56 m - Earth radius: 8500 km {land) 8500 km {sea) - Rain att.: 0 dB, Gaz. att.: 0.0000 dB
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Coverage of an FM transmitter: topography intluences

......

Enclosed a useful link to retrieve the Digital Terrain Elevation Data (DTED):
http://gcmd.nasa.gov/records/GCMD _DMA DTED.html; this is the link to
meteorological parameters: http://weather.uwyo.edu/upperair/sounding.htmi
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Measurement vs Prediction; WiMAX (Russia); 3.5 GHz; 2m resolution 3D building data input.
Average error: -0.37 dB, standard deviation 4.94 dB; correlation percentage: 86.39%

Correlation ==
%.0 | Close
Measurs (dBu) | SEAVE...
51.0
| Print
Prediction (dBu)
51.0 W | Faw
@ Best™
Deltz (dB) Spat
0.0 Average®
* pixels around
Distance [m)
845.1 measure

prediction
2.0 Feqg (MHz)  2525.00 "% <E6dB 86.39 Std dev. (dB) 494 Av.err. (dB)  -0.37 Corrdl factor 0,89 dst max: 2337 m

|

13.0

average
differenice
per
dstance

-33.0 H-- “

| Caloilation | | Distrbution... | | Turing... 3333 samplz(s]

Station reference # Cistance step (M) 7.0

CiYcs\BASE\SS ANT Left click = Zoom - Right dick = Marker
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(figure from web)

D~ Range rate fD - _25

A p

Wavelength

for radars and proximity fuses

Doppler shift

C — Velocity of propagation

Carrier frequency
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Doppler shift trajectory in LTE (GPp 18 36.101 V12.1.0 2013-09); reease 12

Given the initial distance of the crossing train from eNodeB is 300 m , and
d.in ic 2 M eNodeB Railway track distance; the velocity of the train is 300
km/h, t is time in seconds f; max at 2.6 GHz is 750 Hz

800
1 B T B 3 (

400

Doppler Shift (Hz)
o

-400

_ . N _ )

0 5 10 15 20
Time (sec)

-800
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Radio Horizon as a Function of Ant Height; Snell’s law

n2 in deX (figure from web)
v, velocity

normal

[+))

T

Y

. Q

(4]

L

c

"y
n = velocity of light in a vacuum / velocity of light in medium n= E
g, is the material's relative permittivity, and y, is its relative permeability. o Vv

p

U, is very close to 1 at optical frequencies.

1 1
C=——|v = _ NE oy
Voo | ° Neeomms VT fom VO
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Effective Radius of the Earth (Rec. [TU-R P. 310)

- Effective radius of the Earth: a Radius of a hypothetical
spherical Earth, without atmosphere, for which propagation paths
are along straight lines, the heights and ground distances being
the same as for the actual Earth in an atmosphere with a
constant vertical gradient of refractivity. Note - For an
atmosphere having a standard refractivity gradient, the effective
radius of the Earth is about 4/3 that of the actual radius, which
corresponds to approximately 8 500 km

 Refractive index n Ratio of the speed of radio waves in vacuo
to the speed in the medium under consideration

 Refractivity, N One million times the amount by which the
refractive index n in the atmosphere exceeds unity: N= (n -1)10°

- Effective Earth-radius factor, k Ratio of the effective radius of
the Earth to the actual Earth radius. Note 1 - This factor k is
related to the vertical gradient dn/dh of the refractive index n
and to the actual Earth radius a by the equation: 1

Kk =

l+a—
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Geometry of radio Propagation 20-33

%

wave propagation

a:propagation in the
troposphere; a
b: path profile construction
c: standard K curves

Lo/Lee Antenna Handbook

b
\+ \4-]\?@ \\q’/xlq’r \”3/
o, 1% % AP 4
\*‘1 & \\ / r \v‘/
)
- k\“\\k_—% / e
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Radio Horizon for a Smooth Earth, function of ant height

S,

-
i I . Straight path,
1 “‘*a\\distan-:e dy i

o,
.
.

Y

To Earth's center
(radius a = iv,= 4r,'3)

(a+h)? =a? +2ha+ h? = x2 +a2 ; 2ha+ h? = x?

X =+ 2ha + h? x(when _h<<a)~+/2ha
Ay <28 ()

For k= 1 (Earth Radius =6,371 km), horizon (miles) X= \/heightfeet
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Radio horizon Tx & Rx Antennas

Transmitting Receiving
antenna / antenna

\' e ——y h,
h, ))//t d '——\\..7

\ d=d,+d.=+v2h + +/2h,

d in miles, h; and h, in feet

(a+h;)? =a%2 +2h;a+ h;?2 = x? +a2 ; 2h;a+ h;?2 = x?
(a+h,)? =a? +2h,a+ h,2 = x?2 +a2 ; 2h,a+ h,? = x?

X =+2ha+h? ++2h,a+h,? ~2ha +./2h,a

X=,2ha+,/2h,a when x << a
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Calculating radio horizon for a smooth Earth, as function of ant height

(e
[
T

/
ah\
X =~/ 2hr |

Calculate the radio horizon x (N. miles), k=4/3 (Earth Radius =8500 km), for h in feet

Xp & 7[20, 1, = /2 x 0.3048 x8500 x10° = /518 x10*h,,,, =2,277./h

feet feet

for h=28,000,, X =2277x+/28,000 =381,015_=381,015/1852 =206.7,,,

feet

Prove that for k= 1 (Farth Radius =6,371 km), horizon (miles) Xwu =~ +/height,,

X, = 20,1, = [2h,, x0.3048 x 6371 x10° = /3,884 x10h,,, =1970,/h

feet feet

Xuw =L1970/1,852 . /h.. . =1.07./h. ., = N, QED
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_Example of trans-horizon path pI‘OﬁlG (ITU-R P.1812 2019)

i-th terrain point

Interfering station (T) Interfered-with

Mean sea level station (R)

Or
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Millimeter-wave to Submillimeter-wave MMICs

& Systems for Sensing and Communications; Dr.-Ing. Sébastien
Chartier; Advanced Circuits Research Center (ACRC)

= Millimetre and submillimeter waves penetrate dust,
smoke, fog, clouds, clothes

= Atmospheric windows at 94, 140, 220, 340, 410, 480,
660, 850 GHz

= Millimeter and submillimeter waves enable superior
spatial resolution; reconnaissance, camp protection;

= Small dimensions, therefore UAV applications
= High data rate, such as for point-to-point data links
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Atmospheric Attenuation [dB/m]

Dr.-Ing. Sébastien Chartier; ACRC

A A

o -
N N

pul 1 |

—

o

o
RTTI EEEN

— — —
S T = =
w N —

—
o
A

1 1 bar, 20°C, 43.4% RH

5 H.O H,0
2 480 660 850
ﬂ o 410
2 340
220 Submillimeter Waves

M9140 |

100 200 300 400 500 600 700 800 900 1000

Frequency [GHZ]
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Specific attenuation (dB/km)

10’
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Frequency (GHz)
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Attenuation due to atmospheric gases Rec.

- ITU-R P.676 2022 Fig. 1: specific _
attenuation calculated at 1 GHz intervals, i
including line centres [ l\
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Zenith attenuation (dB)

Dr.
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Attenuation due to atmospheric gases Rec. P.676 2022

Fig. 4: Zenith attenuation due to atmospheric gases,

calculated at 1 GHz intervals, including line centres
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Zenith attenuation (dB)

Attenuation due to atmospheric gases; ITU-R

1 000 g
F Rec. P.676 2019 (4) 1-350 GHz. Inclined
" paths. Pressure = 1 013.25 hPa; Temperature T
100 E i 3 -
E = 15°C; Water Vapour Density = 7.5 ¢/m? E
\
10 ‘jéE
[ l; -
/
1 ) i VR
~ - e mma
N——F [ 7\
/S N -
e
0.01 zf(//’
/’//
0.001 =~
1 10 100 350
Frequency (GHz)
Total
Water vapour
Dry P.0676-11
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Attenuation due to atmospheric gases
J Recommendation ITU-R P.676 2022 Fig. 2: specific V| ;
attenuation 50—70 GHz at the altitudes indicated, ~\u
~calculated at intervals of 10 MHz, including line
centres (0 km, 5 km, 10 km, 15 km and 20 km)

T
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Attenuation from atmospheric gases and rain
Report F.2416 (2018) Fig, 2

92-114.5 GHz 130-174.5 GHz I5|:uz=:tr1um above 275 GHz not yet EI||£ICEItEd:)
: ~— 68GHz —
s TIH THIER \\ |\
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& A m | fﬂlk —] X=F
2 I —— | A \—T.
g 10 i f:ﬂ‘—'_ ~ ] |\ E— j
= & | I =t e
: s / P 100mm/h
5 _.,.f / | 1 / T 50mm/h
E 1 A 1| He —— 20mm/h
;-' _I-':I Il\q_ ’/ I EI'I'iI'I'h"h
: H - ______ ﬂﬂﬂfﬂﬁh
(| a
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Attenuation characteristics by atmospheric gases Revised Report F.2416 (2022) Fig. 4

Specific attenuation due to atmospheric gases.
Eqg. 1 -9 of Annex 1in Rec. P.676-12: 250 - 350 GHz
Dry air pressure: 1013.25 hPa. Temperature: 15C. W ater vapour density: 7.5 gm/m3
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Rep. F.2416 (2018) Fig. 5

Attenuation characteristics by rain rate

Rain rate
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GI‘ Ouﬁd WZIVG Pf Op agaUOﬁ Ground Wave propagation handbook

transmitting E.
¥, . z
antenna direct wave
______________ Eo
- ] / /V
'l > L
llUQ R P
oround-reflected receiving

wave antenna

TPR=r

P

around

GRWAVE generates propagation curves; calculation of ground-wave field
strength in an exponential atmosphere as a function of frequency,
antenna heights and ground constants; approximate frequency range
10 kHz-10 GHz. GRWAVE is most useful for RF 10 kHz to 30 MHz
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Gr OU.Ild WZIVG PI' Op agathIl @ Ground Wave propagation handbook

ITU-R P.368 Fig 1-11 contains field-strength curves as a function of distance with RF as a parameter; this example €= 80; o= 1 s/m

Ground-wave propagation curves; Sea water, low salinity, ¢ = 1 S/m, ¢ = 80

120 T T , : 10°
| [ AP LT LT OO [T TR TTTiTT
! L 1" { L Il 1] IMH: o0mf*
= | T [ | i | NI | L~ 750 kHz (00 ml,
100 [ ITHRE | 1 Z 1T 5 il 1 1P 00 Mz (s00m)f
R, LU HiN i 1IN - gy 400 kHz (750 m)
SHIS i | lI BN ] il | Vi A /7 = 300 kHz (1000 m)f*
SN TN LU (] | ; | | VAL 100 kHz (1 300m)f,
IR 1 HHHHTE H : /‘;“* $ »
= . LN TR L | g 7 VAALS — 150 kHz (2000 m) 10t
HT : b !\\ SRR 1 e Hil ' V//-{ A — 100 kHz (3000 m)
| | LT DA TR ' Hlip%e’e / A — 15wz 4000 m) [°
J ; . NG RN TR | p/’ 7 /j/ AL S0 kHz (6000 m)f
= o T 3 ! RUTTNIR NN TR ¥ //q' ;_/1._ “ xrz (1500m)|
= 5 | LN ] N TR "\>< b 4 { AW 71 30 kHz (10000 =) =
g H | M S ; 2 >j¢;, N S A J— Dunuswom|® &
< | 1 L i (] ™ { E
= U I | ,._%?‘:” 3 )}EE‘F*W/ NN 5\%" 4%@/_ 15wz 0000mil, 3
2 0l % r'/ Al P ',/,>~9< , \\ N ShNNY Al ¥ —— 10 kHz (30000 m) = =
- N i N -~ Lol ™ =
E ‘4‘ 1 / //"" v & <;}K</ \ ‘I & = \\ : \\ \‘ 1 ‘h P -~ ! ! .i
2 ‘ ; ’/1/// pebal B }\ hil o '\\ N RO RN N | Bull* 5
- : l / r ’ ’: 1 ] S—
- - A i i /( *J Ve o V/F ,r"./,r‘/ /N<l —'\ J} ;—:N—'—Jq. H N \b \\\ o ! | : Fl
- (| 30 MM (10m 1 [ ] 1M Pl AN \y \ LLININ NN \“ A NN i |
| i| 20 mre asm LA A AU /;/’ JHIINS IRV N TR 6N f\ ORI 2t -
! 15 MHe (20 ml—i A LM M| A A | 1A ! NN AN IR NN SN AN N \ 1
! 10 Mz o M AL A ALA N ] 'l ! [N A
- 4 A \ N | M \\\I ! 2
: ! | rsme @wom LA M A A A | NN N \M\\ \) &“ | 1
L s Mie eom A AL U AN LTI DAY AR AN 11K
L e e ase AUAUAL A THTHTTHIETY K TN NN TR \ A s
i 3 MHz (100 m)—L L7 A 1 H | | i NI\ b AN
i g (ERL I HURR ALY | B IRVREITIINAY SN L
o6 1H 2 MHz (150 m) A { I , | N IV \ ) | A
H 1.5 MHz (200"-;-_...1._ [LLLL i" ; 1] {1 N \ N YUK AR “‘"\‘4 |
[ T T T | O NN TRTNER R TN NN T
2 3 o 5 86 789 2 3 4« 3 6 TS89 2 3 4 S 6 789 2 3 e S s rea9
1 10 100 1000 10000

Distance (km)
—— = nverse distance curve

Dr. Haim Mazar (Madjar) haimmal@ac.sce.ac.il_h.mazar@atdi-group.com Sami Shamoon College of Engineering Advanced Wireless Communications



mailto:haimma1@ac.sce.ac.il
mailto:h.mazar@atdi-group.com
https://en.sce.ac.il/
http://www.itu.int/pub/R-HDB-59-2014/en
http://www.itu.int/rec/R-REC-P.368/en

Propagation Modes (Ray Grimes, Motorola)

lonosphere

\

-3
o okip Zone / \
. Limit of
A . (Earth) Groundwave
Recelving Range Transmlttlng
Stations Station
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Duct: Temperature Inversion / Troposphere Ducting

COOL AIR

1.Certain weather conditions produce a layer of air in the Troposphere
that will be at a higher temperature than the layers of air above & below it.

2.Such a layer will provide a "duct" creating a path through the warmer
layer of air

3.These ducts occur over relatively long distances and at varying heights
from almost ground level to several hundred meters above the earth

4.This propagation takes place when hot days are followed by rapid cooling
at night. Signals can propagate hundreds of kM up to about 2,000 km

1701'91N0O
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HE Propagation

lonospheric “reflections”
lonosphere is transparent for ywaves but reflects HF waves
Various ionospheric layers (D, E,-F1, F2, etc.) at various
heights (50 — 300 K
Over-horizon co
suffers from fadi
lonospheric reflgct ty-depends on-time, frequency of incident
wave, electron dehsity, solar activity, é‘tc.\
Difficult to predict with precision
Calculation gff propagation loss by free spac

atfon: range: seyveral thousand km;
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Propagation Loss HE (P. 533)

PL(dB) = 20log (%) PL(dB)=32.44+20logd,,, +201log f,,,,

P. 533 5.2.2 Field strength determination
the median field strength is given by:

E, = 136.6 + P, + G, + 20logf - L, dB (pV/m) (17)
where:

f: transmitting frequency (MHz)

P; : transmitter power (dB(1 kW))

Gt : Tx ant gain at the required azimuth & elevation angles relative to an isotropic ant (dB)
L, : ray path basic transmission loss for the mode under consideration given by:

L, = 32.45 + 20logf + 20logp” + L; + L, + L, + L, + L, (18)
P’ : virtual slant range (km)

L;: absorption loss (dB) for an n-hop mode given by

L. “above-the-MUF” loss.

Ly: summed ground-reflection loss at intermediate reflection points
Ly: factor to allow for auroral and other signal losses

L,: term containing those effects in sky-wave propagation

.
Note: 20 log f of E, issubtracted by 20 log fat L,
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HF Propagation; Detfinitions

basic MUF is the highest frequency by which a radiowave can
propagate between given terminals, on a specified occasion, by
lonospheric refraction alone

Optimum working frequency (OWF): the lower decile of the daily
values of operational MUF at a given time over a specified period,
usually a month. That is, it is the frequency that is exceeded by the
operational MUF during 90% of the specified period

Highest probable frequency (HPF): the upper decile of the daily
values of operational MUF at a given time over a specified period,
usually a month. That is, it is the frequency that is exceeded by the
operational MUF during 10% of the specified period

Lowest usable frequency (LUF): the lowest frequency that would
permit acceptable performance of a radio circuit by signal
propagation via the ionosphere between given terminals at a given
time under specified working conditions
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HE Layers

o

B @ ] r'l s

Bending of the signal aTu-r p._676 Fig. 4)

1y T )
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lonospheric Layers (cont’d) (rom web)

F layer

Night  Day
90-250 miles e

A

Radiation
*—*" fiom

sun
-~

A

D layer 25-55 miles
E layer 55-90 miles

/ F, layer 90155 miles

Night Day F, layer < 250 miles
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Ionospheric Layers (cont’d) o el
21 MHz

Critical
angle
for

20MHz/ Angle of

radiation

‘-‘S
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Ionosphere Regions

Hzo0
110

100

Ionosphere
=90

B0 km (S0.mi)

Mesosphere

Ozone layer

800
500

700
440

600
370

500
310

Daytime

Nighttime

Reflected
radio waves

(b)
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/f___—_’——\\\—\

,—/"’/_1—‘\\\

Fregion

F2 layer concentration (night)

F1 layer concentration (day)

T Eme
" ke
//f_—_—_\_\\

== 202020202 ey

(from web)

Magnetosphere
i~ {or Exosphere)
£50-160,000 km

IR

lonosphere
50-850 km
- Stratosphere
- 10-50 km
‘,‘_q_‘___- Troposphere
0-10 km
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Ionospheric Layers (cont’d) (from web)

20 MHz
21 MHz

20 MHz

Maximum usable
frequency for point A

Point A

Pearson Education
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HF Propagation : Australian Space Weather Alert System Educational

Figure 2.2 Hop lengths based on an antenna elevation angle of 4° and E and F region
refraction heights of 100 km and 300 km, respectively

— 3200 km

L — 300 km \
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HF Propagation : Australian Space Weather Alert System Educational (cont.)

Figure 2.2 Hop lengths based on an antenna elevation angle of 4° and E
and F region refraction heights of 100 km and 300 km, respectively
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HF Propagation; Hops, Skips Zones

web)
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HF Propagation; Abuja-Geneva, IONCAP

JUN
ABUJA
9.17 N
MIN ANG
XMTR 2-

19

3

RCVR 2-3
NOISE

-14

94

i
3.0
B::2=
02
5 dB
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Calculated field strength (within 24 hours) in the measuring point in Moscow region Kaliningrad; Tx (NTIA@
ITU-R doc 6A /360, Transition; 2013)

URSI Coefficients METHOD 30 ICEPAC Version 081227W PAGE 1
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o 3 £
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Advanced Wireless Communications

cademic Course for Eng. Students
Antennas- performance

Gain, Beamwidth, Pattern,
Polarization and VSWR
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Definitions; Isotropic, Omni and Directional

= |sotropic = equal radiation in all angles (41T steradian)
= Omni Directional = equal radiation in one plane
= Directional = the radiation goes to a narrow sector

Left sketch: 3-D radiation pattern of a dipole omni-directional antenna
right sketch: 3-D radiation pattern of a Yagi directional antenna

Gain_Tot[dB] Z

Aerial Collective Systems 121
Gain_Tot[dB] g.g r www.antenna-theory.com

0.0 iz 34
221 05
410 -25
-0 54
B

-8.0
-10.0
-12.0

-14.0

-16.0
-18.0
-20.0

I-n:e
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Antenna is the interface between electro-magnetic waves propagating through space
and electric currents moving in metal conductors, used with a transmitter
or receiver

https://www.researchgate.net/profile/Hong-Ning Dai
4,

= |sotropic =
equal radiation in all angles (41 steradian)

Main lobe ——
Vector r

Side lobes

i

= Omni Directional =
equal radiation in one plan

Azimuth @

X
g Graf, Rudolf F., ed. (1999) "Antenna"

= Directional =
radiation goes to a narrow sector
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Two-dimensional normalized fre/d
pattern (/near scale), power pattern
(linear scale),

and power pattern (in dB) of a 10-
element linear array with a spacing

of 4= 0.251

half-power beamwidth (HPBW ): “In a plane
containing the direction of the maximum of a
beam, the angle between the two directions 0
in which the radiation intensity is one-half
value of the beam; see IEEE Std 145-1983
Definitions of Terms for Antennas

(b) Power pattern (in linear scale)

, 3 dB

Balanis,2008 Antenna Theory, figure 1.2
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Antenna Apertures and Beamwidths

b
a

K
0

r i 7l
¢ 3 dB below heak

Antenna aperture (a) and beamwidths (b)
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Antenna Directivity & Gain
see Author’s: Mazar H. 2016 Wiley Radio Spectrum Management; pp. 177-198

beam area

Directivity (d(8, ¢)) : “the ratio of the radiation intensity in a given direction

from the antenna to the radiation intensity averaged over all directions”.
Balanis, Antenna Theory, 3rd ed., Ch. 2

P(6, qb) 41T Q, = beam area(steradians)

dg,) =

P,,e N P= power density [ Wt/ ,]

do = dmax(e; (P)
For isotropic antenna: d(0,¢) = dy, = 1 = 0dBi

Gain (g(0, ¢)) : “the ratio of the actual intensity, in a given direction, to the radiation intensity that
would be obtained if the power accepted by the antenna were radiated isotropically”.

Prad _ .
n = antena ef ficency,0 <n <1

go =ndy =
7 Pinput

For: n = Aperture efficiency; A = Physical aperture area, A, = Effective aperture

area
d,= max directivity; go= max Ant Gain , G= Ant Gain (dBi), Gd =Gi-2.15; A=

wavelength BW= Ant beamwidth, 6= BW,, ¢= Bw,,
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Ettective Capture Area

Effective aperture (4,): “the ratio of the available power at the terminals of a receiving antenna
to the power flux density of a plane wave incident on the antenna”.

Balanis, Antenna Theory, 3rd ed., Ch. 2

4 = Piot Pt = power delivered to the load [watt]
o =
Pmax (91 ¢) Pmax(e, ¢)) = power denSlty [ Watt/mz]
Ae = nAphysical For aperture antennas
2 2
A= 4 Ae A o = A°
= — e t
° 4 g() T AZ Isotropic — 4

The same equation serves to calculate the gain of a passive reflector
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Ettective Capture Area (2)

Kraus ‘Antennas’ 1988 p. 25 equation (6), for Q, solid angle (steradian, sr), 8 and ¢ azimuth and elevation angles(radian);
Qp= 6pPrp

p. 27 equation (1), for g gain (dimensionless), k efficiency factor (dimensionless) and d directivity (dimensionless);

g= kd and p. 28 equation (4); d=411/Q,

p. 36 equation (1), for &,, efficiency (dimensionless), A, effective aperture (m?) and A, physical aperture (m?2); Ep =A, /Ap
Derived from the Poynting Vector, p. 46 equation (5), for A, maximum effective aperture (losses=0) and A wavelength (m);
A=A, Q, i
p. 47, for simplicity A,,, =A., and using p. 28 equation (4), we get equation (10) e
ch o 477'- /12

See also Kraus ‘Antennas’ 1988 pp. 410-413 ‘reciprocity theorem of antennas’:
antennas work equally well as transmitters or receivers, and specifically that an antenna's
radiation and receiving patterns are identical; see next slide
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Efttective Capture Area (3)

Just as energy conservation implies that all lossless transmitting antennas
have the same average power gain, all lossless receiving antennas have the
same average collecting area. Nyquist: 2kT

Bv = Py

US National Radio Observatory https://public.nrao.edu/

Many antenna properties are the same for both transmitting and receiving. Thus this
receiving/transmitting "reciprocity" greatly simplifies antenna calculations and
measurements. Reciprocity can be understood via Maxwell’s equations or by
thermodynamic arguments. Burke & Smith (1997) state the electromagnetic case for
reciprocity clearly: "An antenna can be treated either as a receiving device, gathering
the incoming radiation field and conducting electrical signals to the output terminals,
or as a transmitting system, launching electromagnetic waves outward. These two
cases are equivalent because of time reversibility: the solutions of Maxwell's equations
are valid when time is reversed."”

Thus energy conservation and the weak reciprocity theorem imply

_gA

° Ar
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Practical Formulas, for ant. Gain

For n=0.7

g=1 A . Ar (360 360):7741,253 :7741,253 N 28,800
(pH(radians) @H(O) 20 21 w(o) w(o) (09(0)

6, (radian) = \/I(ﬂ/b) @, (radian) = \/I(Ma)
7 |
G=44.6 dBi -10log8°-10log?°;

G=44.6 dBi -20log 60 for circular Ant

For circular antennas, where A// is not given, this ratio may be estimated; inserting:

y) A
6(degrees) ~ 7OI— G=44.6 dBi -20log (70 |&) G= 7.7 - 20log (70 I_)
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Elements of Radiation Pattern

(Struzak)
= Galin

= Beam width

= Nulls (positions)

= Side-lobe levels

= Front-to-back ratio

Main Beam

WA

Side Lobe Level

Directivity (dBi)

20 0 0 0 20
Angle (Degrees)

https://www.wikiwand.com/en/Radiation pattern

Main |obe
EmaX
Sidelobes E. . N2
, Nulls

180 <0 180

Beamwidth
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3-Dimensional Antenn

Azimuth Cut: E(o)
Elevation Cut: E(6)

a Pattern (Balanis:6, fig 1.4)
Main lobe
axis
0=0
P
Field
pattern ‘ 0=~ 30°
T Fo
I | Field
components
. —/y
Main
beam Eg
or main
lobe . .
Field in
6, ¢ direction
Sidé W]
lobes \Wi/// fﬂ#l‘:I—uIIs
-
Back — ™%
lobes

¢ = 8K°

~ ions
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Coordinate system for antenna analysis (Balanis 2008, Fig 1.1.)

~

1

dA = r*sin 0 dO do

Elevation plane
Major

lobe —

. \ -
Minor lobes ‘/ \ \ .
¢

Azimuth plane

X
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Geometrical representation of ant patterns ( Rec. ITU-R BS. 1195)

0 : elevation angle from the horizontal (0° < 6 < 90°)
¢ . azimuthal angle from the x-axis (0° < ¢ < 360°)
r . distance between the origin and the observation point

Q : observation point. Relation of the Poynting
vector and the electrical far
A: field components
Q z A

Observation point
|
|
|

| )
0, y
| =
0 \ =
® /
X
Ax/
The reference coordinate system BS.1195-01
BS.1195-02
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Geometrical Representation of Patterns (cont’d)

The antenna directivity d (g) is defined as the ratio of its maximum radiation intensity to the
radiation intensity (or power flux-density) of an isotropic source radiating the same total power;

see BS.1195 and also Balanis (2008:18) (the directions of 6 are different in Balanis and
BS.1195); the maximum directivity d, (g) can be expressed:

2 e(0, ¢) : vector of the source electrical field;
4n ‘e(e’ (p)‘max expressed in spherical coordinate system;

| e (0, ¢) E magnitude of the electrical field ;
2

g:27r

J

€(0.0)|* sin6 d6 dg

O ey

Due to the law of conservation of energy, the total directivity integral equals 1

The equation specifies ant. gain as a function of the source radiation pattern.

For a lossless isotropic source, by definition its ant. radiation e (q,j)=1; setting e (0, ¢))=1:

47t 41 47 41
g = Py = = = = 1

j j sin 0 do d¢ T[—cos(ﬁ)+cos(0)]d¢ 2Td¢ 4n
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Attenuation Pattern
Dividing directivity d by the maximum directivity d,
merely normalizes the directivity (and radiation intensity)

and It makes its maximum value unity. This Is the
relative antenna pattern, it equals d/d,

41 €(0, p)?
2w T
€(0,¢)° sin® do d
H‘ o sin ¢: €(0. p)°
47t |80, 9 80, 9|

27

[ [[e©.#)|*sin6 do dg
0 0
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Otf-Boresight Gain, given azimuth and elevation angles 1339

Az

Q

1336-17

2

max

4t |E (9,g0)|

g = 27 «wl2

[ | [E©.9) cosodode

0 —-x/2
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Off-Boresight Gain, given azimuth and elevation angles (web)

dS = 2nrécos(0)do
rCoso

rdo
AN
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Half wave Dipole Radiation pattern and gain (web)

1 — I” (:)el"t‘ﬁu'

e—ikr _
A=u,[J. e'dz
I3 4 7tr

N2

—ikr
tun!m (2‘71: :)6’ I (of
— COS e dz
47 f A

IU(E) = Imr COS

et 2
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Half wave Dipole Radiation Pattern and Gain  ww

A

+V

max

maXx

7
A

A
4

| >

A
2

dBi scale

Linear scale

N

—>
\D_E*” instantaneous voltage distribution _
- Across a A/2 dipole antenna g \\
-25
"2\ \ w )

X/

1

Max theoretical gain of a A/2-dipole w
is 10 log 1.64 or 2.15 dBi
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Typical 3-sector antenna patterns of cellular base-stations (from web)

270

h .

N /T
4
N N
“Horizontal 60°
N T

N\
N

Theoretical vs. measured base-station cellular patterns

Vertical Polarization
Elgvation Pattern
-5 £

S
; "1"‘:‘ ﬁ,"'ﬂ
\-

g

RS ]

5 ;..4,’
PSSO
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Mathematical Models: Antenna Patterns (Rec. I'TU-R M.1851)
the Author contributed the Rec’s revisions of 2018, and the following figures

To simplify the analysis, ant. current distribution is considered as a function of either the elevation
or azimuth. Patterns are correct only in the case where the current distribution amplitude at the
edge of the ant. aperture is equal to zero & stays within the bounds of the main lobe and first two
antenna side lobes.

The directivity pattern, F(u), of a given space distribution is found from the finite Fourier

transform as:

1 +1 -
F(,Ll)ZEI_l f (x)-e*dx

f(x)= relative shape of field distribution
) .
= 7l — |SINla
o= Al Jsinte)

| = overall length of aperture

= wavelength

= angle relative to aperture normal

= (a-m®) angle relative to aperture normal and pointing angle;
later main beam at 0, o= 0 and 6 =«

x = normalized distance along aperture -1 < x <1

j = complex number notation.

DR >
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Theoretical antenna directivity parameters (Rec. M.1851 Table 2)

Relative shape of field
distribution f(x)
where -1 <x<1

Directivity pattern F(p)

0; half power beam-
width (degrees)

pasa
function of 03

i .50.8-sin (0
Uniform value of 1 Smu(“) 50.8 (I&J n esm()
3
.68.8-sin (0
COS(n*x/2) 2 :’j(“) 58.3 (I&j n E)Bsm()
il - 2
@ g
n? | sin(w) A n-83.2-sin (0)
COS *(n*x/2) 5 u[ (n2 —uz) 83.2 (Tj 5.
3-m-cos(u) 1 1 A 7-95-sin (0)
COS 3(n*x/2) - R 95 (I—j =
LN IR - SN >
EESGES
37 sin(u) (/Ij 7 -106 -sin (6)
COS*(n*x/2 — 106 | =
(n*x/2) 2u(p’ —7° )’ —4n’) | o,
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Normalized antenna pattern (dB)

[
HS

ITU-R M.1851 Antenna pattern comparison for various linear aperture

distributions, 3 dB beamwidth is 6.0 degrees (pattern is symmetric)

\

[
|

10 20 30 40 50 60 70 30 90
© Angle measured from beam peak

. . 3
Uniform Cosine
i . 4 -107-
Cosine Cosine 107
. 2
Cosine anced Wireless Communications

M. 1851- 03
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Ant attenuation patterns; different distribution functions

For | antenna =20A

Relative Gain (dB)

Attenuation Pattermns

Tamir Lugassi

__________________________________________

__________________________________________

...........................................

Uniform Value of 1
cos(a™x/2)
cnsz(:*xFE}
cns?’(:*xfE}
cns4|:77”:d2}

___________________________________________

p=me(iil)e

sin(8) (radians)

-108-
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Zoomed 7 degrees offset Attenuation Patterns I/ \=35

0 .
BN EEEEEEN - [ § ) & EEEEEEEEEEEEEEEEEEEREEEEEEEEEEEEEEEEEEREEREEEEEREE®DEN Unlform
COS(7X/2)
-10 cos(mx/2)?
cos(mwxs2)’
cos(mxs2)*
ad cos(mx/2)°
ﬁ SEEEEEE 3dB
S
S -30r =
) ‘
E ‘
)
=
_-H‘E -40
)
oY
-50 - “ \
-60 -
-70 1 1 ] ] | 1
0 1 2 3 g4 5 6 7

0 -109- Shlomi Talala
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Spatial and Time domain; square wave (Fourier) transformed to sincx

] SIN X
f (x) =sinc(x) =——
X
Engineering examples:
Pulse radar and uniform
illumination of a reflector

f{x)=sinc(x)

f(t)=1 for O<t<T
f(t)=0 for t<0 or T<t

. wl
51N ——
2

) Sinc function = sinc wl =
Square wave function

Spatial Domain Frequency Domain

laser.physics.sunysb.edu

+10>x>-10 radians

Sinc (x): minima and maxima lobes
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Uniform illumination case:

x (normalized distance along aperture) equals 1 in —1 < x = 1 and 0 outside

Ant. pattern is actually a spatial Fourier transform, converting two orthogonal 6 (elevation)
and ¢ (azimuth) pulse waves (‘1’ inside, ‘0’ outside the rectangular) to two Sinc functions

(sinB/6) and (sing/@), respectively.

Next figure is the numerical attenuation pattern for the uniform distribution on rectangular
reflector; it depicts off boresight (axes in radians) absolute relative attenuation: the three

dimensional isometric projection pattern.

Sinc ‘square’ as the directivity and attenuation in the far-field depend on the square of field

strength.

—l " Lo lHX —l L jux _i i _@-in _Sm:u
F(u)—z_[_lf(X)e dx—zj_le dx 2m(e ) p

1, . . :
Using Euler function Z_j(em —e ") =sinu
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Cosine illumination case  f(x)=cos(7%)
F (1) = %j f(x)- e dx

14 T X .
F(u)=—|cos| — |-e"dx =
()= 3 feos| ]

1 (ew% e

EI } edx =T j o/ g T gy
2 -1 2 4 -1

1 { ej(#+0.57r) ej(ﬂ—O.Sﬂ) j [ e—j(y+0.5;r) e_j(#_O'Sﬁ) ]
4l L —| - + -

4| j(u+057) j(u-057))  j(u+057) j(u-057)
1 _ei(u+0.57z) . e—j(u+o.57z) ej(y—o.sﬂ) . e_j(#_olg,”)
- _ + &
2| 2j(u+0.57) 2j(u—0.57)
E_Sin(y +0.57) N sin(x —0.57)
2| wu+057 u—0.57
1
2

- cos(u)  cos(u) }_1{ —rcos(u) }_n{ cos(u) }
2| @t -(057)° (0.57)" — u’

2 )

u+057 u—-057
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Numerical (non logarithmic ) sincx

In the far-field the antenna pattern is relative to square electric field-strength

f(x)=sinc?(x)

09| T OSSN RN B R S S P SRR |

ol ________________________ . — f(x)__ Smc(x) (x) ______ -

L S TR S SR o S HR. e T S -

B e e e S T O S S S e -
08 s, e, TSP ........................ ke e s R POTR PR UOPURUUPOTE SUTORUUPTPOPOPRPOTS -

g SInCZ(X)deSIgnates ...... th_emlnlma& ................... _ ....................... ......................... ........................ ...................... —

R Fh?...W?X.'m.?...S.'.d.?l.‘?.b?s....'.?.Y?'..S ................ S T ST S N T |

P . S TR S R N W AR S S A |

1st S|delobe Z”d sidelobe

-10 - B -4 -2 0 2 4 B g 10
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Calculating local extremum of ant. pattern

f (X) =sinc*(x) = (

sin X
X

)2

X% 2sin X cos X — 2xsin? x

F'(x)=( i )=0

X (radians)=0 is maximal (main beam);
and xcosx=sinx;

for x+ n/2; x=tanx

Numerical solutions :

x=0,+/- 4.49 (1.5, 4.71);
+/-7.72 (2.5, 7.85) ...

At x= +/- 4.49; 10 log (sinc x)2=

-13.26: first sidelobe attenuation

Series’ expansion of tan(x) is inappropriate
as tan(x) and its derivatives are not

continuous for x= +/-M /2 +nx I

——— y=x —— y=tan(x)

Dr. Haim Mazar (Madjar) haimmal@ac.sce.ac.il h.mazar@atdi-group.com
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Matlab 3D rectangular reflector illuminated e(0,p)=1, relative pattern [(sin u)/u]?

Kobi Aflalo; 25 Nov 2014
Rec. M.1851, fig. 15

1

0.9

0.8

0.8~ 0.7
0.6~ - 0.6

= 5|

g_:i i s

" 04 02
02
0.1~

Dr. Haim Mazar (Madjar) haimmal@ac.sce.ac.il_h.mazar@atdi-group.com 1 Sami Shamoon College of Engineering Advanced Wireless Communications


mailto:haimma1@ac.sce.ac.il
mailto:h.mazar@atdi-group.com
https://en.sce.ac.il/

Rec. I'TU-R F699 radiation patterns 100 MHz —86 GHz
the Author contributed the Rec’s revisions of 2018

D: antennadiameter

expressed in the same units
A:  wavelength

ax

20 Iog%sz — 1.7/ G,. =20 Iog%+ 1.7

D//l ~ 70 / 9 0 Gmax (dBl) ~44.5-20 log H O] where 8 is the beamwidth (-3 dB) (degrees) (& n = 0.7)
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Rec. ITU-R F699 Patterns for 70 GHz to 86 GHz, where D /X =100

D= Ant length or diameter; formulas are the 2018, above 70 GHz, appropriate also 1-70 GHz

G(¢) =Gpay — 2.5%x1073 (% (pjz for 0° < ¢ < Om
G(p) =G for om < @ < Or
G(¢):32—1010g%—25 log ¢ for or< @ < 120°
G(¢)=—-20 for 120° < @ < 180°

G(o) :gain relative to an isotropic antenna; ¢:  off-axis angle (degrees)
D: antennadiameter

expressed in the same units
A:  wavelength

_ 22

G, :gain of the first side-lobe =2 + 15 log D/A Pn = 5 VBnx — G degrees
D —-0.6
¢, = 15.85 (1) degrees
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Rec. ITU-R F699 Patterns for 1 GHz to 86 GHz, where D /A <100

D= Ant length or diameter; formulas are the 2018, above 70 GHz, appropriate also 1-70 GHz

2
G((p):GmaX—Z.5X1O_3 (% (Pj for 0° < @ < Om

A

G(p) =G for om < ¢ < 100 S

D A
G(p) =52 —10 log I—ZS log ¢ for 100 = < ¢ < 120°
D
G(¢):—1010g7 for 120° < ¢ < 180°

G(o) :gain relative to an isotropic antenna; ¢:  off-axis angle (degrees)
D: antennadiameter

A:  wavelength
G, :gain of the first side-lobe =2 + 15 log D/A P

} expressed in the same units

_ 204 - G, degrees
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Vertical pattern of TV ant. 17 dB1 calculated by ITU-R Rec. F.699

o 40 -
o
__________ +37 dBi

(1gp) u

35 -

30

25

20

c ol oaooos +17 dBi

15

10

70 80 90 100 110 120 130 140 150 160 170 180

Off-axis angle (degrees)

0 10 20 30 40
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Dr. Hain

Antenna gain (dB1)

30

20

10

Siklu 1 foot (44 dBi, 72 GHz) D/A=72, 0,=1Y
pattern compared to Rec. F.699

A )
] i
r”' I’.“'"' li m..' + | |, LA
u i
0 20 40 60 80 100 120 140 160 180
Off-axis angle (degrees)
e ReC. [TU-RF 699
~ | foot co-polarization -120-

F.0699- 13
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Pattern approximation by powers of Cosine

Many aperture-type antennas have a single major lobe and the backward is negligible; their far-field
patterns can be approximated by simple and useful analytical functions; see Lo YT and Lee SW

1988:1-28 and Balanis 1997:48.

The normalised/relative numeric gain for elevation (el) 0< 6 <21 & azimuth (az) 0<@=<21 equals:

9(6) =|(cos6)*

and g(p) = |(cos )™

At the half-power angles (antenna beamwidths) 2 65,, and 2 ¢5,,, the numeric gains g(8) and
g(@) equal 0.5; therefore, the exponents g, and q,, can be calculated:

1 1 1 1
g(E 0,,,) = C0s" (E 0,,,)=0.5 and g(E (s, ) = COS" (E Psq,) = 0.5

= =cos’« (= =0.5 G a= and 4 .=
g ( 2 §D3db) (2 ¢3db) |09(COS;‘93db) |09(C05;¢3db)

Actually, cosine patterns are the envelope of the antenna sidelobes
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Real elev. pattern vs. calculated cos®(6-a) for a tilt of 7"

Real = = = Approximated

40 50 60 70 80 90

See ITU-T Recommendation K.52 p. 35, prepared by Agostinho Linhares de Souza Filho, ANATEL, Brazil, 2013
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Typical TV ant ITUR Rec. BS. 1195 2013)

180°

a) Typical Yagi antenna for b) Typical radiation pattern
full Band Il coverage

Pattern in the plane orthogonal

to dipoles

—-——- Pattern in the plane of dipoles
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TV elev. Pattern (ITU-R Rec. BS. 1195

Vertical radiation pageQ 1)r3 a) array of 5 vertical 0.5 A spaced
radiating elements having equal current and phase

1.0
0.9

.- [
0.7
0.6
0.5
0.4

I

0.3 I
l

I

0.2

\

\
0.1 _ /1 VAN
— /| V [V T~

90 60 30 0 30 60 90
Elevation angle, 6 (degrees)

D19
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of a typical cellular antenna
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Typical HF Antenna Pattern (rec. rru-r ss. 50
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Az. and Elev. Patterns of Tx HF Ant. (BS. 80)

IGURE 2 — Azi n
) 12/ b prese
———— Rd
— —— Recommendation ITU-R BS.80  0080-02
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Antenna RF Bandwidth

Balanis (2008 p. 26) defines the ant bandwidth as 'the range of
frequencies within which the performance of the antenna, with
respect to some characteristic, conforms to a specified standard'.
Those parameters may shape the bandwidth: input impedance,
gain, radiation pattern, beamwidth, polarization, side-lobe level,
radiation efficiency, etc. For f, center frequency, the bandwidth
for broadband antenna FBW,, and narrowband FBW,, equal:

FBW,,

fmax B fmin
FBWnb — f 100%

0
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Polarizations (ITU-R Recommendation BS. 1195)

+ Polarization is the orientation of the electrical field vector, which may be in a fixed direction
or may change in time. Polarization is defined in the far-field.

« The different forms of wave polarization (linear and circular) are special cases of the more

general case of elliptical polarization.
« The field strength vector describes an ellipse whose semi-axes are given by E, and E,

E, = E; sinwt,
Antenna patterns differ for cross polarization E, =E, sin(wt + o)
yA EIIIptlcaI pOIarization If E; = E;and ¢ = 0, 45° slant polarization
l - =t - _ If E, =0, Vertical Pol; If E, =0, Horizontal Pol
P ~
E)’ / E ™ \
X / ' .
Ex— - l I
\
AN //
When Ey = Esin w t and Ex = + E cos w t; I S

when the sign is positive, the rotation of the wave is clockwise in
the positive z-axis direction (right-hand circular polarization). 100

When the sign is negative, left-hand circular polarization OCEM NS5 04

Two arrays of receiving cross-polarized base station antenna improve the up-link cellular
signal up to 6 dB; this receiver polarization diversity also decreases the link un-balance,
derived from higher down-link transmitting power, relative to the handset up-link power
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POlarlzatlon http://hyperphysics.phy-astr.gsu.edu/hbase/phyopt/polclas.html; https: //www.linksystems-uk.com/vsat-polarization

Linear (vertical)

Electric field

.

Magnetic field

twist the feed around so it is transmitting in a
al plane. This is called horizontal polarization.

Reflector

&
Fa
e
7 e
: vy
yd / Feed horn
< / . -
/ P Transmit signal
Y e — Linear (horizontal)
/7 Antenna
directi ; direction of
) irection o .. i
CIFCU|ar 51 pmpagation E”|pt|ca| pmpagatlﬂl"l
direction of direction of
propagation propagation
Electric ap°
Fields p
-~ Note the 90°
phase difference ) )
If this wave were approaching If this wave were approaching
an observer, its electric an observer, its electric
Ty vector would appear to be vectt_:'r would appear 10_ be
p rotating counterclockwise. rotating counterclockwise.
’ This is called right - -130- Th‘IS is calle;l rlght -
circular polarization. D~ elliptic polarization.
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Impedance, Return Loss and VSWR

Tx line

+ At this equivalent circuit, Zg represents Tx and Z, the ant impedance, a complex number.
Z=R+]X=|Z]e® Z = Z, =R gsses + Ryadiation +J XL

+ Atresonance Z, = R, (Radiation Resistance). Max power is transferred to the antenna, when the
generator is conjugately matched to the antenna.

* The ant impedance can be viewed as a load connected to a transmission line with characteristic
impedance of Z,

« The reflection coefficient I' is the ratio of reflected voltage to incident voltage waves at the ant
terminals

+ [ isrelated to the impedances at resonance by: N'=(R—-Z,)/(R,+Z,)

* The returned power from the ant to the generator is the Power Loss (PL) or Return Loss :

PL=RL= |F|2=p?
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VSWR: Voltage Standing Wave Ratio

« The voltage component of a standing wave consists of the forward wave (with
amplitude V;) superimposed on the reflected wave (with amplitude V,).

« The voltage reflection coefficient ' = V./V, p = || Return Loss = p?

¢ Vmax:Vf +Vr :Vf +p Vf = Vf (1+p) Vmin= Vf_ Vr = Vf _pr = Vf (1_p)

vowr _ Vas 10 ,_VSWR -1
Vmin 1_:0 VSWR +1

« p always falls in the range [0,1], so the VSWR is always = +1

« SWR is also defined as the ratio of the maximum amplitude of the electric
field to its minimum amplitude E .. / Enin

SWR — Emax _ 1+p

Emin - 1_p

The bandwidth is a measure of how much the frequency can be varied while
still obtaining an acceptable VSWR (2:1 or less) and minimizing losses in
unwanted directions. A 2:1 VSWR corresponds to a 9.5dB (or 10%) return loss
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The Return Loss (RL) =

20 log p=20 log (VSWR-1) - 20 log (VSWR+1)

Mismatch loss (ML) is the ratio of incident
power to the difference between incident and
reflected power; ML (dB) = -10 log (1- p2)

Y EWE
R ! ! ! ! !
1ok .............. .............. .............. ............. ..............
) OO OO S U0 AU NS SO AU N T 1
= T S S T T ST ST e i

ww.antenna-theory.com

1 1
n.a 1 1.2 1.4 1.6 1.8 2
Frequency w10
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return loss Vs. VSWR

table of return loss vs. voltage standing wave ratio

= Mini-Ci

RETURN RETURM RETURN RETURM RETURN
LOSS  WVEWR LOSS  WSWR LOSS WVEWR LOISS VIWR LOSS W
(dE) (dB) [dB) (dB) [dB)
46064 101 13642 51 G485 201 1.327 251 E.000 K
L0086 1.0¢ 13.70B 1.52 o473 207 1.794 257 E.O7TD
36.E07 1.08 13677 %] 5372 208 1.262 253 EDEE
34.151 1.04 13.445 54 0317 204 1.230 2.54 B 036
32256 1.08 13.324 &E o262 205 1.108 255 E.0714
3074 1.06 13201 &E o208 206 1167 256 E.Bo3
29.417 1.07 13.081 57 BL1E5 2.07 1.135 257 E.BT2
28790 1.08 12664 ] o103 2.08 1,106 ] B BRZ
27.318 1.08 12645 59 5051 2.08 1.074 250 5832
26444 1.10 FRE &0 [EEE] 2.0 .44 ZE0 E_B11
25 E5E 111 12 EZE 161 B.949 211 1004 ZE1 E.191
24043 1.12 12618 162 Bagg 212 E.oed 2E2 E.1T1
24 285 1.13 12412 k] B.349 213 E.554 ZE3 E.151
23 EBE 1.14 12308 1.64 B.a0d 2.14 E.0@L 2E4 E.732
23127 1.16 12207 1.65 B.TE2 215 E.BDE ZE5 B.712
22.E07 116 12107 EB 8705 216 E.BET 2E& EE03
22120 1.17 12,005 1.67 BEET 217 E.B39 ZE7 EET4
21.E64 1.18 11.613 1.68 BETT 2.18 E.BT1 268 E.EEA
21.234 1.18 11LEIE 59 B GES 2.19 E.783 2E9 & B35
20.E2E 1.20 11725 1.70 B519 2.20 E.7EL 2.0 E.E17
20.443 1.21 11.E34 .11 BAT4 .21 E.728 ] £ ROB
20,075 1.22 11.545 1.72 B.A30 .22 E.700 212 E&T9
19.732 1.23 11.457 113 B 386 FIFE] E.ET3 213 5 b1
19.401 1.24 11370 1.74 B.342 2.24 E.B46 274 5542
10085 1.25 11.785 .76 B209 .25 E.E20 275 [+
18.783 1.26 11.202 1.76 B25T 226 E.554 ] 5 506
18.493 1.27 11120 .77 B215 2.27 E.BET 277 E.4BE
18216 1.28 11058 1.78 B.173 Z.28 E.541 278 5470
17540 1.29 10560 1.79 B.138 2.9 E.E1E 279 E4E3
17,650 1.30 10.E81 1.40 B091 2.30 E.450 Z.B0 5.435
17.44E 1.31 10.E04 181 BOET 2.31 E.4E5 2081 E.417
17.207 1.32 10728 1482 BON 2.32 E.440 ZB2 5400
16.577 1.33 10.EE4 1483 14972 2.33 E.415 203 E.383
16. 755 1.34 10.581 1.84 1933 2.34 E.390 254 5 365
16540 1.3 10505 185 7804 2.38 [T 205 E.348
16.332 1.36 10.437 186 1856 Z.36 E.341 ] 5.331
16.131 1.37 10367 187 1418 2.37 E.317 2T E.316
15556 1.38 10.298 1.88 1.781 Z.38 E.293 ] B 798
15747 1.30 10.230 1480 1744 2.30 E.270 289 E.281
15.663 1.40 10153 1.80 1107 .40 E.2456 2580 B.265
15.385 1.47 10.097 191 1871 241 E.223 2581 E.248
15.211 1.42 10,052 192 1635 242 E.200 252 5232
15043 1.43 5.568 1.53 7.588 243 6177 253 5216
14 BTG 144 0.004 184 7 5id 244 G154 204 E 200
14.7189 1.45 5.842 1.55 1.528 245 B.131 2855 £.184
14 KR4 146 8.780 156 7494 [ 6108 206 B 168
14.412 1.47 8.720 .57 7.460 247 G6.086 287 B.162
14 7674 1.48 N 1t8 TAZE 248 G064 208 K137
14920 1.489 S.601 1.58 7.383 249 G042 289 E.121
13876 150 0. R437 200 7360 250 BE.021 300 E.106
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MIMQO  Multiple-input multiple-output) (I'TU-Report M.2038 2004)

MIMO transmitter-receiver concept

Lower rate parallel

data streams \/
—{
T Y Data stream
_ S | Tx Complex _
Single data q scattering Signal output
stream input ’ er:jco Ief environment Vi estimation ——p
ana split | o and decode
—P TX I " RX

MIMO increases system throughput data rate for the same total radiated power & channel bandwidth ,5.0
Array gain to concentrate the AG LTE MIMO POLARISATION DIVERSITY b
signal to one or more directions, We

in order to serve multiple users
simultaneously, so called MIMO
(Multiple-Input  and  Multiple-
Output): increase gain; spatial
multiplexing gain to transmit
multiple signal streams to a
single user. MIMO DL may differ
from UL MIMO

HDoATA STREAM 1
HDATA STREAM 2
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Wireless Communications

Academic Course for Engineering Students
Sami Shamoon College of Engineering

Transmitters and Receivers

http ://maza-r.étwebpaqes.com/

Only part of this section will be presented
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Analog FM Transmitter Ray Grimes, Motorola)

Oscillator Fundamental x 1
Multipliers Multiply to F,
Mid-Amplifier Low=Level Amplify F, Oscillator Hudl"lljl:.::;:.nd Final power Matching
Final Amplifier High=Level Amplify F, amplifier amplifier and filtering
Modulator Modulates the Carrier
Audio N Modulated ‘
amplifier amplifier

Digital Transmitter

antenna

Tx/Rx select \/
gain control
baseband
——
processor e
»|  Synthesizer cﬂ%mpnn;r*
basaband signal {modulator)
+ control

- A

Rx signal

With the help of L.O. o receiver

Ehoud Peleg &
Dr. Oren Eliezer

* antenna combiner is @ switch for TDD systems or duplexer for FDD
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Quadrature Transmitters: Representation of the modulated signal

S = modulated signal; a = amplitude of carrier; f. = frequency of carrier; t = time; b = bandwudth of
modulated signal; ¢ = phase of modulated signal; f = frequency of the modulated S|gnal— —

dt
Polar representation: S(t) = a( ) cos [2z f. t+ o(1)]
Cartesian (or quadrature) representation:

s(t)=a(t)cos ¢(t)cos (27 ft)—a(t) sin ¢(t) sin (27 f.t)
s(t)= x(t) cos (27 f, t)—y(t) sin (27 f; t)

a(t) cos @(t)= x(t) and a(t) sin ¢(t)= y(t). Low-frequency signal components x (t) &
y (t) may be viewed as amplitude modulations impressed on the carrier components
cos (2n f. t) and sin (2n f. t). x (t) and y (t) are the in-phase I (x axis) and
quadrature-phase Q (y axis) components of the baseband signal.

The phase ¢ and the amplitude a of the signal s(t) may be represented
as functions of the quadrature components of the complex envelope:

[ 2 t a(t) and ¢(t) are non-linear
a(t) = \/X (H)+y* (1) €”(t):amta”% conversions that
expand the bandwidth
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Dr. Oren Eliezer .

24 November 2014 The CORDIC Operatlon
Cartesian to Polar Conversion

The CORDIC’s coordinate conversion operations are non-linear

Amplitude: p = \/Iz + Q¢ —

Bandwidth expansion!

Q
* Phase: 0 = arctan - e

* The polar signals are much wider in bandwidth
Amplitude (p) Nﬁ';l DRAC :
I Modulator '
| Cordic E
—P»1 and polar '
_Q> signal E
processing '
| N i
Frequency '
(AB/AL) E
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Dr. Oren Eliezer

24 November 2014 Cartesian to Polar Conversion (CORDIC)

Xo

!

i d

Register 1 _ ]
tan—(27") X —>
; 2 » Zirg
. z >Xi+1 -r
>> —H;)_y
) Register
_sign —» di =+/-1 T
P >> | —)é—;
_ z » Vi1 T T
-IT Zy it — T: — (U X d, % .f)—i)
Register L+ Ly Yq 1 Z
T Yir1 = Ui+ (r; x d; x 277
A . - —170—1
T T Zign = x;— |z X tan” (277)]

Yo

* No multiplier used d; = +1lity <0,

* Iterative operation using adders and shifters — 1 otherwise
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O oren Blezer From Analog RF to Digital RF

Traditional Image-reject Variable-gain Single-sideband
transceiver mixer amplifier I = | modulator
n
H@—»LPF—»{}—»AD—» o DA LPF
©
c
3
0 @
BPF +[>—o - 2
o)
RF power amplifi A/ Q g Qb >
Over a LPF»[}» 51 B 1 0A{Ler
decade
ad0 LO
g Analog Digital Analog
Analog RF baseband/IF baseband/IF , baseband Analog RF
| < > | < > | < > <—>| < 2>
Digital RF Image-reject
transceiver mixer I = I
N
sC e e = =
T—1 2| | & Lo
8 () PA
0 o Q
BPF w 4 2 > e w I>
< o
— < .
i SVC A Q‘ g Q = Digital-to- Digital-to-
/D1 21 frequency _
&)
| today | converter amplitude
(DFC) converter
(DRAC)
Digital  Discrete-time analog Digital o Analog
Analog RF LO | baseband/IF baseband/IF Digital RF RF
< > < > | < > | < >|<—>
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From Analog RF to Digital RF Eliezer, 2 Dec. 2022

Traditional Image-reject Variable-gain Single-sideband
transceiver mixer amplifier = modulator
AL o [ LIp/]
©
C
3
0 [}
BPF % 2
o]
” A0 €|
I traditional I LPF » S D » LPF
D o) A
LO
Analog Digital Analog
Analog RF baseband/IF baseband/IF |, baseband Analog RF
<t P | < » | < » <—>| < »
Digital RF Image-reject
transceiver mixer T
I 1w ||
sC e =
s = 2 LO .
3 o)
0 o Q
BPF 4 3 = @ w |>
- =
T s Q| 8 Q = Digital-to- Digital-to-
SC » /D g > frequency _
: : — converter amplitude
I Discrete-time/digital I (DFC) converter
(DRAC)
Digital  Discrete-time analog Digital o Analog
Analog RF LO baseband/IF baseband/IF Digital RF RF
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Dr. Oren Eliezer

24november 2004 1 NE FUlly Digital Quadrature Tx

A single Digital-to-RF converter is used to realize I+j-Q
Summation operation realized in digital domain

combines functionalities of a
DAC, a mixer and an RF filter

digital /
complex Single Digital |

summatlon\ toRF  —{ RF BPF
Converter :

oL
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Quadrature Transmitter

Dr. Oren Eliezer
24 November 2014

combines functionalities of a
DAC, a mixer and an RF filter

I

digital /

complex Single Digital |
summation\ toRF  ——{ RF BPF

Converter :
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All-Digital vs. Conventional phase locked

Dr. Oren Eliezer, 2

loop (PLL) Dec. 2022
. Phase/  Charge Pump Voltage controlled
Charge-pump PLL: Frequency E \
Suffers from f; e Detector 5 VCO
spurs ; ' | Loop Filter
FREF \V/ymcomsenoonc :
Tradeoff: ——® ——
bandwidth against (%) : A | Ul (fv)
: TS » Voltage
spur level ; o ;
5 (4 7 5

Requires large ] DSCo00CEa00sE Frequency Divider

capacitors
=N [€&—
A"'digital PLIEr.'equency Command Word
.FCWw Reference Digitally controlled
.True pha-se AAEALNY B _I—\IZ_ ta o
domain operation > Z Phase
Digital signal *FREF | \&'"or | Loop
. _. I l’ ) .
processing (fr) S Filter
Noise immunity disitalconverter | TDC .
, > Variable
Configurable phase
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ren Eliezer, 2 Dec

DCO Capacitor Banks (MOS Varactors) " “20

The loop operation is fully digital including the frequency tuning

Linear varactor of conventional Voltage Controlled Oscillator
(VCO) replaced with a large number of binary-controlled
varactors in the digitally-controlled oscillator (DCO)

Smallest varactor size: tens of atto-Farad (aF=1018F)

LC tank | LC tank |
_ | T > — ® ® ® ® | T >
o | S |
= e
- | c |
8 | 8 Co C, C, Cs __CNl I

| -R i _,9 |9 |9 s0e D—— | -R

o qv]
o | o e |
<(_E I l > D & ® ® ® : l '

|
(a) Conventional VCO (b) Digitally controlled LC tank
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ADPLL Operating in Phase Domain oren eiiczer, 2

Dec. 2022

Phase of DCO at output is compared against the desired
reference to produce a phase error that needs to be corrected

Digitally synchronous fixed-point arithmetic
Phase signals cannot be corrupted by noise o oo

/ part
e = Re[K]= (R, [K]+&[k])

Reference de[k] ~ Gainnorm. pco

Frequency 7 CKV
Command —>» >, I = RR
Word (FCW) f DCO
toC |4 ]
g[K] Sampler  Variable
TDC P Z <1—.
> core RyIK] | A
: Period
FREF | norm. e,
o S Retimed FREF (CKR) cpock,.
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Transmitters: Unwanted Emissions (Rec. SM.1540, fig 1)

1. The frequency, output power, the bandwidth and unwanted emissions, consisting of
spurious emissions and out-of-band Emissions; ITU Radio Regulations RR 1.146
detail the important parameters of Tx

2. The ITU RR Article defines spurious emission (RR 1.145), out-of-band emission
(RR 1.144), occupied bandwidth (RR 1.153), necessary bandwidth (RR 1.152),
assigned frequency band (RR 1.147) and assigned frequency (RR 1.148).

Adjacent allocated frequency band Radio frequency band allocated to the service  Adjacent allocated frequency bands

| <t 'M

Channel separation

—

Outermost channel centre frequency | Inner channels centre frequencies

48 spectrum mask

1G)
1) \ 1
(2) ( %—./ = ()
9 kHz 300 GHz
250% By, | 250% By > >
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Spectrum Limit VHF FM sound (Rec. ITU-R SM.1541)

—20

—80

100 / \\

—120
-500 400 -300 -200 -100 0 100 200 300 400 500

Frequency relative to channel centre (kHz)

Limit mask for VHF FM sound broadcasting transmitters, 200 kHz channeling
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Spectrum for 7 MHz DVB-T Rec SM.1541)

4 kHz)
5

(dB) (bandwidth
=S

-17.5 -15 -12.5 -10 -7.5 -5 2.5 0 2.5 5 7.5 10 125 15 17!
Frequency relative to channel centre (MHz)

Spectrum limit mask for 7 MHz DVB-T systems
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CDMA 1895 1,932.55 MHz Ch. Spacing 1.25 MHz

50

—£0

-0

90

—-100

-110

-120

Ref Lvl
—20 dBm
—FXD —23.1 dB 24
Imf\)/}mnm
wawwmwwwkﬂ ol
I
// W27
3
2 //{ Af\ 1
F/yw/lf I%MHLJA LLUWLIVA ) \\%\’\_«L‘
T ca
CO
Center 1.93255 GHz 400 kHz/ Span 4 MHz
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Receiving Conditions

Receiver filter .
J |deal transmitter

1

Assumption

Protection ratio

//
Noise floor v %\\P

| /’ Frequency
Unwanted signal captured

Receiver concept and selectivity (Report ITU-R SM.2028 2017 Fig. 9)
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Typical Rx Schematics (Rami Neuderfer)

LN-A Aml.ll:ifier
TA Te . Mixer LF Filter e
Antenna E

cable Gain = Gm

Gain = Grf Noise = Tm
SRR Gain = Gif
Noise = Tif
- »
Receiver
Noise equivalent circuit
Trf

+

Tm Tif
Gain Grf Gm Gain Gif

R
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Recetver Sensitivity (Watts)
Snin . Sensitivity (W)

K : Boltzmann’s constant = 1.38x10-%3 J/K

t,:  reference temperature (K) (absolute degrees,
OCelsius + 273.15), taken as 290 K

b: power bandwidth of the receiving system (Hz)

The nominal receiver bandwidth equals the channel spacing, such
as 12.5 kHz for simplex, 100 kHz for FM, 6-8 MHz for TV

nf: noise factor of the receiver
s/n: required signal to noise ratio;
s/n is interchanged with c/n: carrier to noise ratio

Shin=K*t, - b-nf -(s/n)
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Recetver Sensitivity Expressed logarithmically

S,in- sensitivity (dBW)

K : Boltzmann’s constant = 10log(1.38 ~ 10-23)=-228.6 dB J/K
T, : reference temperature (K) taken as 10 log (290) dB K

B : RF bandwidth of the receiving system 10log b(Hz) dB Hz

NF . noise figure of the receiver 10 log nf dB
SNR, S/N: signal to noise ratio 10 log (s/n) dB
CNR, C/N: carrier to noise ratio 10 log (c/n) dB

SNR, S/N, CNR and C/N are interchanged

S . =K+T,+B+NF+SNR

Thermal noise power density @ 290 K (16.85 °C)=-204 dBW/Hz=
=-174 dBm/Hz =-144 dBm/kHz=-144 dBW/MHz=-114dBm/MHz
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SINAD and SNIR

Signal-to-noise and distortion ratio (sinad) relates to the quality of a
signal: the ratio of the total received power to the noise-plus-
distortion power.

sinad=  signal + noise + distortion SINAD=10log sinad

noise + distortion
The coverage of wireless communication systems is noise-limited; in
contrast, the urban cellular networks are interference-limited. Thus,
for a given quality, cellular systems operate at the minimum signal-
to-noise-plus-interference ratio (SNIR) or signal-to-interference-plus-
noise ratio (SINR) possible. For a particular receiver:

signal _inr= signal
noise + int erference Int erference + noise

snir=

SNIR=SINR=10log snir=10log sinr
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Noise Figure and Terms to specify noise intensity and inter-relationship

Noise Figure (and Noise Factor) is defined as the ratio of the output
noise power to the portion attributed to thermal noise in the input
termination at standard noise temperature t. (usually 290 K)

o6 _ S, _cn,

snr cnr

out out

If devices are cascaded use with Friis' Formula: where Fn is the noise
factor for the n-th device and Gn is the power gain (linear, not in dB)
of the n-th device. Overall cascading :

nf, _1+ nf, _1+ nf, —1 o nf -1

G 9.9 99,9 919293:--Un

In a well designed receive chain, only the noise factor of the first
amplifier is significant

nf =nf, +
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Noise Figure and Terms to specity noise intensity... (cont’d)

f,:  the external noise factor is defined as
f— Py
kt, b

P available noise power from an equivalent lossless ant
Logarithm F, = 10logf, dB

f=f —1+f f f
Givent. =t =t,
t. . reference temperature (K) taken as 290 K
. actual temperature (K) of the antenna and nearby ground
actual temperature (K) of the transmission line
. Boltzmann’s constant = 1.38 x 10-2® J/K
. noise power bandwidth of the receiving system (Hz)

O X £S48

-

: noise factor of the receiver
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Noise Figure (cont’d)

k : Boltzmann’s constant = 1.38 x 1022 J/K
b : noise power bandwidth of the receiving system (Hz)
f. : noise factor of the receiver

¢ P _ &

a a t
kKt, b 0

external noise factor can be expressed as a temp t_, where, by definition of f_:
t, Is the effective antenna temperature due to external noise

p, fromf,in dB: P, = F, + B — 204 dBW

P,= 10log p, available power (W)

B = 10log b

—204 =10 log k t, (1.38 x 290 = 400.2)

for a half-wave dipole in free space: 629/12 62902
Pr = z,4r 48077 f?

E, = Fa + 20log f(MHz) + B (MHz) — 98.9 dB(u V/m)
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Radio Noise: F, vs RF Rec. [TU-R P. 372 Fig. 2; 10 kHz to 100 MHz

180 2.9 x 1020
™
i 18
160 N 2.9x 10
\\
\\..
140 \\ N 2.9% 1016
\ Na
120 \\ N 29x 1014
~
N N
N
=z 100 <N F 29x102 _
= \"‘.\~\ AN =)
S ASY ™ Y :
30 TN Sy \\ 29x1010
\\ \ C I~ ™
N NN
N\ | TN ~ LN
60 X N ~ X 2.9 x 108
Ty t\
& \ N 2.9 % 106
\\ Q:\:\ \\ \\ - ’
N TN ™
\ TN, s
20 \ L Y\ g 29x%x10
N , \""'\
N L / \\ M
0 = 4 2.9 x 102
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Frequency (Hz)
A atmospheric noise, value exceeded 0.5% of time
B: atmospheric noise, value exceeded 99.5% of time
C: man-made noise, quiet receiving site
D: galactic noise
E: median city area man-made noise

minimum noise level expected

P.0372-02
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Radio Noise: F, vs RF I'TU-R P. 372 Fig. 3; 100 MHz to 100
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minimum noise level expected
P.0372-03
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Signal Selectivity (Rec. ITU-R SM 332)
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Second and third files of the course are found at:

m https://mazar.atwebpages.com/Downloads/Academic Course
Advanced wireless communications Mazar?2 Services 2024.
pdf 2020 version identifier DOI 10.13140/RG.2.2.35017.90722

. Mazar3 Requlation EMC HumanHazards 2024.pdf 2020
version identifier DOI 10.13140/RG.2.2.29984.74247

Dr. Haim Mazar (Madjar) h.mazar@atdi-group.com

More info in my Wiley book 2016 ‘Radio Spectrum Management:
Policies, Requlations, Standards and Techniques’ : policies,
regulations, standards and technigques’

http://mazar.atwebpages.com/
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