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What is Frequency?

» Frequency is the number of occurrences in a given amount of time.

- Fregquency =
q y Time

- Hertz (Hz) — The units of Frequency, Cycles per second (1/seconds)
- Named in Honor of Heinrich Hertz

1.0 Hz
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Spectrum As Seen By Physicists

THE ELECTRO MAGNETIC SPECTRUM

1Tmetre =100cm 1em =10mm 1 millimetre = 1000 microns 1 micren = 1000 nanometres (nm) - one nanometre is one hillionth of a metre
107 = 0.00001 10 7 = 100,000
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Electromagnetic Radiation detected by the humam eye is called visible light § and falls approximately between 700 and 400 nanometres

Radio Microwave Infrared Ultraviolet X-Ray Gamma Ray

VISIBLE LIGHT

@ Copyright ColourTherapy Healing 2010 -www.colourtherapyhealing.com
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Spectrum As Seen By Engineers

Maritime Navigation AM Shortwave VHF TV UHF TV Satellite/ Radio astronomy,
navigation aids maritime radio, FM radio, cell phones, microwave radar landing
signals [e.g. loran-(] radio radiotelephony navigation telecommunications  systems
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Spectrum As Seen By Politicians

Wireless Spectrum Auction Raises $19

FCC rakes in $45 billion from BB;”:‘TW &Ehe New ork Times
wireless spectrum auction o

The record-breaking auction highlights the demand for high-speed wireless
service and signals strong promise for the upcoming auction of TV
broadcast spectrum.

by Marguerite Reardon
January 29, 2015 1:07 PM PST
@maggie_reardon

i REUTERS

FCC spectrum auction bidding ends
at $19.6 billion

Fierce\Wireless EX ]]
Verizon to acquire Straight Path for C en.t

$3.1B, ending bidding war with AT&T

by Colin Gibbs | May 11, 2017 10:32am

FCC to hold huge 5G spectrum auction, spend $20B for rural internet
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Spectrum As Seen By Regulators
STATES [Eigsni

Certain blocks of the EM
spectrum are designated

FREQUENCY T for exclusive use by a
ALLOCATIONS : licensee or for a specific
THE RADIO SPECTRUM TR SPRT purpose

uuuuu

Cellular falls in the region
of 300 MHz — 3 GHz

11111

Federal
‘ Communications
Commission
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Metric Prefixes and Scientific Notation
[Prefix | Scale | Decimal | Siang |

peta | 10 1,000,000,000,000,000 | “guadrillion” Abi ek
tera | 10% 1,000,000,000,000 | “trillion” U s B
giga | 10° 1,000,000,000 | “billion”
mega | 10° 1,000,000 | “million” We experience
kl—l 0 1 U _3| 1 r U D D ”-th ousan d ! m i | | i m ete rS to Copyngﬁ.t“'..fi“ 201.0-Cary and Michael Huangj {http‘J'f‘rﬁ'-.;'ins.ne.i]. i
- | 10°=2 1 Kil ® - (.
milli | 100 | 0.001 “thousandth” llometers every N A I S A
micra | 108 0.000001 “millionth” day | 5 N SR
nano | 10°% 0.000000001 “billionth” |
pico | 10*2 | 0.000000000001 “trillionth” 1‘5%?;1”;’;;5 ;
femto | 10 | 0.000000000000001 “quadrillionth” X
Our Local G
I Supercluster,|
Difference in scale between a single proton and gy R
our local galactic supercluster 100,000,0004000,000,008 000,000

 about 1 femtometer vs. 1 Yottameter
« which is 10-'> meters vs. 1024 meters
» this ratio is 1 followed by (15 + 24 =) 39 zeros!

Copyright @ 201D"Cary and Michael Huang ghttp‘if‘ﬁl-.vins.net]

http://htwins.net/scale/
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Logarithmic Scales

Logarithmic Scaling is
—|ogarithmic linear square exponential USGfUl for Comparisons
]
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Logarithmic Scales

-10 -10 +10 +10
Linear ~ <
. | ! | -
-20 -10 0 10 20
Bell Telephone
. +10+10=1072 x10x10=10 Laboratories was trying
=10 =10 x10 x10 to quantify the signal loss
Log ) ) in telegraph and
<] ! ! [ | telephone circuits
0.01 0.1 1 10 100
They defined one “Bel”
Bel = log, (ratio) as a ratio of 10x
dB =10 x log,, (ratio) 1 Bel = 10 deciBels [dB]

eg. 100x =2 Bel =20 dB
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20 A

10 4

4 -

10000

1000 1

100 4

Logarithmic Scales, the Bel, and the deciBel

40 -

VIBRATION
(Richter Scale)

RF Fundamentals
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Some Common Log (dB) Values to Remember

1, 10

10 - log =)= —6.02 = —6 dB 10 - log T)= 10 dB
1/ 100

10 - log =)= —3.01 = —3dB 10 - log =)= 20 dB

p—
)
—
O

aQ

What is a factor of 250x?
3.01 ~ 3dB

=IN R -
Il
o
QU
vy

10 - log

6.02 ~ 6 dB 30dB—-6dB =24 dB

/N

D

N——
[l

10 - log
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Logarithmic vs Linear Scales

Ref Level 3.00 dBm 2 RBW S0 kHz

SGL
| Spectrum

ALt 13 dE @ SWT 20 ms VBW 500 kHz Mode Auto Sweep
1 Frequency Sweep

e Y-aXis logarithmic

il § - shows full range of signal,
Bl including the noise floor.

100 dB of range (10 Billion)

Span 5

Ref Level 1.41 m ® RBW S

ALt 11 dB ® SWT 20ms  VEBW !
1 Frequency Sweep

Spectrum 2

® 1Rm Clrw

Y-axis linear

- shows small fraction of signal,
cannot see difference between
Lower level signal and noise

CF 1.0 GHz . 500.0 kHz/ Span 5.0 MHz ﬂoor
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Voltage, Current, and Resistance — Ohm’s Law

V =1IR I =

SIS

S5V

= 5.6 mA- 270 = —
270 Q

=15V = 0.0056 A

c
S8
o8
ol
m
-

= 5.6 mA

ROHDE & SCHWARZ ®
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Resistance vs Reactance

R1 &1
AMN—"
R2 The current through a resistor is
+] V V(’[) g proportional to the voltage across it,
T 0 and the voltage across it is
proportional to the Current through It voltage across capacitor vs applied voltage
R1 s1
AMN——"
+ c1 Capacitors resist any instantaneous
—V, V(t) == changes in voltage.
current through inductor vs applied voltage
R1 s1
ANN—
+ 1 Inductors resist any instantaneous
— VO % changes in current.
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Sinusoidal Signals and Reactance

<
<
WV
©
<
<
AN
/1
<
e

n phase with s the voltage to lag the nt inductance causes current to lag the voltage
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Describing Sinusoidal Signals

Frequency
Amplitude
Phase

\/ /\ \/ /\ V [\ /K\ f(t) = ccos(2mft + &)
W W W Harmonic Addition Theorem

f(t) = acos(2nft) + bsin(2nft)

Introductory Concepts ROHDE & SCHWARZ ®



Phase Angle and the Complex Plane

21

RF Fundamentals

Euler’s Formula
e = cosx +isinx

e/? = cosg +jsing

cosx = Re(eix) = %(eix + e—ix)

. 1, . .
sinx = Im(elx) = Z(elx _ e—lx)

Im‘

e'?=cos ¢ +isin ¢

sin @

ROHDE&SCHWARZ ®




Resistance and Reactance vs Frequency

A A
R1 g1
AN e The voltage/current ratio is o
7 independent of frequency §
"V, 1) V) 2 2
i
>
Freq >
R1 s1 A
l The higher the frequency, the lower ™
L] the voltage, thus higher current. In 3
1 general this means lower =
6/ Vo V) =< impedance. o
i
>
Rt st Freq =2
A
L1 The higher the frequency, the lower ™
N .
the current. In general this means 3
@Vo V(t) g higher impedance. S
S
T
>
Freq =2
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Impedance

Z=R+jX

/|

Capacitor

Z = X_ = 1/jeC = -J/C

Z = Impedance (ratio of Voltage/Current)
R = Resistance

X = Reactance

23

RF Fundamentals

Inductor

Z =X, = jol
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Impedance is a Complex Quantity
X 4

-
5 ohms (Purely Real)

24 RF Fundamentals
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Impedance is a Complex Quantity

X I
j5 ohms (Purely Reactive)
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Impedance is a Complex Quantity
X 4

® 5+j50hms
(Complex)
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Impedance is a Complex Quantity
X 4

@® 7.071 045° ohms
(Polar format)
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High Frequency Model of Components

Parasitics

Resistor: includes capacitance of the
MM n I :”:j_ structure and lead inductance

Inductor: includes capacitance of the coil

—Wv [ | I and resistance of the wire

Capacitor: includes the lead inductance
_mw }_ and series resistance

* High Frequency Parasitics

28 RF Fundamentals ROHDE &SCHWARZ ®




High Frequency Model of Components

Parasitics
2 Inductive
| | S
L c
S
W g —
L Capacitive
INDUCTOR Frequency 2>
A Inductive
(OO0 amp—]| | o
-
)
(@)
S
CAPACITOR oC

Frequency =
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Power Requires both Current and Voltage

High Voltage High Current Plenty of Both!
(no current) (no voltage)
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Calculating Power and Its Units

P=V-I
Remember?
IV = IR and
I—V SO

R
V2
P=]°R=—
R

32

volts [V] - amps [A] = watts [W] = (1 Joule /' s)

Linear rati():% (eg. “triple”, *half’, 10x, etc.)
0

P
Log scale ratio = 1010g<P—1> dB
0

Saying something is “3 dB” is like saying it's “twice” or “200%”.

RF Fundamentals ROHDE &SCHWARZ ®



dB or Not dB?

Since “dB”s measure a relative difference,
how can we talk about actual, absolute
power levels?

Let's use ', = 1 milliwatt [mW]

P [mW] P [mW]
P [dBm] = 10log| —— | =10log| ————

R&S Application Note TMA98

33 RF Fundamentals

dB or not dB?

Everything you ever wanted to know
about decibels but were afraid to ask...
Application Note

Products:

1 Signal Generators [ Network Analyzers
1 Spectrum Analyzers 1 Power Meters

1 Test Receivers [ Audio Analyzers

True or false: 30 dBm + 30 dBm = 60 dBm? Why doe: 19’ work out to be 40 dB e time but then
0.1 dB or 0.05 dB the next time? Th leave even
scratching their heads. Decibel fo nd everywhere, including power levels, volta g ection
i oise figures, field str uths nd more, wn z a deci h 1 and how should i

our calculations? This Appr cation Note is intended as a refresher on the subject of decibels.

Please find up to date document on cur homepage
hitpfwew.rohde-schwarz.com/appnote! 1 MASS

A Winter

43015 - 1MAGS_128

Apphcation Note

ROHDE&SCHWARZ
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Some dBm Math...

1mw
1mW =10 -log T = 0dBm

10mW=10-log( )—10dBm
1000 mW
1W =10"-log = 30dBm
2W =10-1 2099 mW = 33dB
S T ) T m

34 RF Fundamentals

11mW =10mW + 1 mW

11 mWw
1mWw

= 10-log(

= 10.4 dBm

110 mW = 100 mW + 10 mW

110 mW
= 10 -log T

= 20.4 dBm

ROHDE & SCHWARZ @




Common (Typical) Power Levels
80dBm  100KW  Typial ransmission powerof FM raci stafon with S0-klometre (31 mi) range

62 dBm 1.588 kW 1500 W is the maximal legal power output of a U.S. ham radio station

60 dBm 1 kW Typical combined radiated RF power of microwave oven elements

55 dBm ~300 W Typical single-channel RF output power of a Ku-band geostationary satellite

50 dBm 100 W Typical maximal output RF power from a ham radio HF transceiver

37 dBm 5W Typical maximal output RF power from a handheld ham radio VHF/UHF transceiver
36 dBm 4 W Typical maximal output power for a citizens band radio station (27 MHz) in many countries
33 dBm 2W Maximal output from a GSM850/900 mobile phone

24 dBm 251 mW  Maximal output from a UMTS/3G mobile phone (Power class 3 mobiles)

15 dBm 32 mW Typical wireless LAN transmission power in laptops

4 dBm 2.5 mW Bluetooth Class 2 radio, 10 m range

-10 dBm 100 pW Maximal received signal power of wireless network (802.11 variants)

-100 dBm 0.1 pW Minimal received signal power of wireless network (802.11 variants)

-127.5dBm  0.178fW  Typical received signal power from a GPS satellite
-174 dBm 0.004 aW Thermal noise floor for 1 Hz bandwidth at room temperature (20 °C)
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What to do with Volts and dB?

e When using dB, ALWAYS think POWER, even if you’re talking about Voltage!!!
- Example: A 1 Volt signal is passed through a 10 dB Attenuator
- What is the resulting voltage on the output, assuming a 50 ohm system?

10dB = 10 LOG (Pin / Pout)

10 dB = 10 LOG [(Vin2/50) / (Vout?/50)]

10 dB =10 LOG [(Vin / Vout)?]

‘ 10 dB = 20 LOG [1V / Vout] ‘

107(10/20) = 1 V / Vout

Vout=1V /10" (0.5) = 0.316 Volts
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Example: Convert dBm to dBuV

e Reminder, ALWAYS think POWER!
- Example: Convert a 0 dBm signal to dBuV for a 50 ohm System

Power Ratio = 10 LOG [ (1 mW) / ( VZ/R)]

Power Ratio = 10 LOG { (1 mW) /[(1uV)?/50] }
Power Ratio = 10 LOG { (1 mW)/ (2E-14 W) }
Power Ratio = 107 dBuV

To convert dBm into dBuV, add 107 dB

37 RF Fundamentals
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What are some other dB terms you will see?

» dBc

— The ratio of a signal to a carrier (c).
— Used for harmonic test, Spurious test ....

Signal . .
~ P [dBc] = 10log (%) =Signal [dBm] — Carrier0 [dBm]

» dBm/Hz

- The power is ratio vs a 1 Hz BW.
- Used for power measurements of Noise like signals.

38 RF Fundamentals
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Time Domain and Frequency Domain

time — frequency —
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What Matters - Magnitude, Frequency, and Sometimes Phase

WY i By

f 2f 3f 4f 5f ef T of of f 2f 3f 4f 5f 6f 7 af of f 2f 3f af it 6f 7t 8f of




Representing a Square Wave

N N :
70 N N :
N N ,
]
/\ /\ " 0 1 2 3 4 5 6 7 8 9
7& N N ,
Wi

e M M I I .
- H =
0 1 2 3 4 5 6 7 8 9
mA mph

—CUATE T

42 RF Fundamentals ROHDE &SCHWARZ ®



Spectrum as seen by a Spectrum Analyzer

MultiView &8 Spectrum X IQ Analyzer X Spectrum 2
Ref Level 10.00 dBm 300 kHz
® Att 10dB SWT 6.6 s 300 kHz Mode Aul
1 Frequency Sweep ® 1Pk Clrw

Reference Level

11 P ‘\.‘
b ‘«.'w,, Wi -','-“w.f u’w,'

1001 pts 596.0 MHz/ 6.0 GHz

Instrument warming up... * Measuring... [[[[][][] 6 30105122:%2

15:20:02 30.01.2020
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Maxwell’s Equations

45

V-E=4np

V-B=0
10B

VXE=———
c Ot

1
VXB:E<4T[]+

RF Fundamentals

OE

dt

)

Gauss’s Law

Gauss’s Law
for Magnetism

Faraday’s Law

Ampere’s Law

James Clerk Maxwell
(1831-1879)

http://en.wikipedia.org/wiki/Maxwell’'s_equations
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Maxwell’s Equations — Gauss’s Law

» The electric field flux emanating from an enclosed surface is
proportional to the electric charge within the surface

V-E=4np
Gaussian
: \ | / surface
W
X- : :“xi dA
9.
x %
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Carl Friedrich Gauss
1777 - 1855
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Maxwell’s Equations — Gauss’s Law of Magnetism

» the magnetic field flux emanating from an enclosed surface is zero
» magnetic monopoles do not exist; every North has a South

Repulsion

V-B=20

MNorth Pole

N Magnet

Magnetic .
Field Neutral Line

| Field Line

South Pole

S Attraction

www.sciencewithme.com
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Maxwell’s Equations - Faraday’s Law

» A changing magnetic field induces an electric field

10B
VXE=———
c Ot

Faradays Law of Induction Michael Faraday
1791-1867

Kieran Mckenzie
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Maxwell’s Equations — Ampere’s Law

» An electric current creates a magnetic field
» A changing electric field also creates a magnetic field

|7><B—1 4 +aE
CC ) ot

Gy

49 RF Fundamentals

Andre-Marie Ampere
1775-1836

ROHDE & SCHWARZ ®




Laws of Faraday and Ampere (with Maxwell’s Observation)

10B
VXE-=-— _E A changing magnetic field creates a perpendicular electric field
C
1 JE . L . L
VxB=—|4n] + E A changing electric field creates a perpendicular magnetic field
C

Oh, and an electric current will also
create a magnetic field

RF Fundamentals ROHDE &SCHWARZ ®




Creating ElectroMagnetic Fields and Waves

An electric current in a wire creates a
magnetic field in the space around it

A changing electric current creates a
changing magnetic field

An antenna converts conducted RF
into electromagnetic waves and vice-
versa.

RF Fundamentals




Antenna Basics

-

ﬁ_ i
Magnetic field strength Radiated wave

Electric field strength

propagated in space

T—) Conductive wave

Figure 1: Basic antenna functionality

Figure 2; Heinrich Hertz's antenna model

R&S White Paper 8GEO1

RF Fundamentals

Antenna Basics
White Paper

Thas white paper describes the bassc functionality of antennas. Starting with Hertz's Antenna model
followed by a short introduction to the fundamentals of wave propagation, the important general
characteristics of an antenna and #s associated parametsrs are sxplained.

A more detailed explanation of the functonality of some selected antenna types concludes this white
paper.

BES
£33
8
]
g3
2
=
ROHDE&SCHWARZ
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Transverse Waves and Polarization

Wavelength (M)

Electromagnetic wave

RF Fundamentals ROUDE S S hnans ®



Free Space Path Loss

» A signal transmitted by an isotropic radiator
into free space will propagate outwards in
the form of a sphere (A = 411d?)

» As the sphere expands, the intensity of the
signal over the surface area of the sphere
decreases as per the inverse square law

» Thus, FSPL increases with increasing
distance

S=P —1
— I'rx
47Td2 S = power density
Py = total radiated power
d = distance from antenna (radius of sphere)
55 RF Fundamentals

Gaussian

\ : / surface
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Attenuation

All objects will absorb (or attenuate) RF. The amount of absorption depends primarily on
the frequency of the signal and the composition and density of the object.

« Wood, plastic, (non-tinted) glass : low attenuation

« Bricks, organic material, liquids : medium attenuation

« Concrete, metal, tinted glass, soil : high attenuation
Note that RF signals can propagate through very small openings in these materials.
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Reflection

1 Highly radio-opaque objects such as concrete
and metal will also reflect RF signals.

57 RF Fundamentals
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Diffraction and Refraction

» RF signals can be refracted or bent by objects in
their path.

» At lower frequency this causes signals to “wrap
around” objects.

ROHDE & SCHWARZ ®
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Multipath

» Particularly in urban environments, reflections
can cause a signal to be received from
different directions simultaneously — this is
referred to as multipath.

» Multiple signals can add together
constructively or destructively to create peaks
and nulls known as fading

» Have you ever had bad FM reception sitting at
a stoplight and fixed it by rolling forward a few
inches?

59 RF Fundamentals
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