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e ® Changing electric
changing perpendicular mag

T /;3 ® These create an electromagnetic wave
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®* Note last term is not inverse square! Without this radio would be useless!



® A signal can be m¢

or time domains

n
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® Can have two perpendiculc
driving them in/out of phase

® Elliptical polarization, and/or all of above




Wavelength Electric field
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field|] Direction

, >

® Phase

®* Polarization




RADIO FREQUENCIES y

ABSORPTION SPECTRA:

* Wireless uses 100kHz to 60 GHz ELECTFEBPEAGNETIC

SPECTRUM

THESE WAVES TRAVEL THROUGH THE
ELECTROMAGNETIC FIELD THEY

® 900 MHz: 902 to 928 MHz \ERE FORMERLY (PRRED BYTHE

AETHER, WHICH WAS DECOMMISSIONED
IN 1897 DUE TO BUDGET CUTS.
®* 2.4 GHz band: 2.400 to 2.483 GHz
(Japan extends to 2.495 GHz)

®* 5 GHZ: 5.150 to 5.350 s
< ‘g‘())%ND !

5.725 to 5.825 MHz, ‘ .N
(some countries + 5.350 — 5.825 GHz)

® Three common unlicensed bands
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100 MHz

® Energy intensity in \ | i d of sin wave

® Attenuation the loss in signal amplitude due to distance, material, other reasons




Incident photon, Eg Transmitted photon, A. TRANSMITTED

A UNAFFECTED
/W'\.r’\/“\/'\.?._/“v’?:‘fa/\,w/\ﬁ Er =E, No interaction
5 T L photoelectron B. PHOTOELECTRIC
' e ABSORPTION
E\ NPV K \1’}’5{3 [} Collision with a tightly
4 d 14 -“J\I; o characteristic X-ray bound inner-shell electron
Mucleus, v ™! L = K transition
C o L C. RAYLEIGH
N N e \;\/\W@-ed photon SCATTERING
°_ 9 e i ’ / Er =E, Elastic collision with a
o . bound outer-shell electron
o g /»0 recoiled electron
D o wiler Sy T D. COMPTON
R T SCATTERING

Inelastic collision with
weakly bound outer-shell
electron

X-ray

The interaction A %y Sionization %,

of radiation with
matter.
Click on any type of

radiation for more Photoionization

information.

jonization [ Compton
Scattering

} Longer
wavelength
X-ray

¥-rays

. . Electron
+ Y level changes

lonization Uhraviolet
energy raviole:

Large number of
available energy
states, strongly
absorbed.

——— Visible
b,

—— Infrared Molecular

I RV, ; vibration

2eV

®* Metals k
Small number of

* Absorb mos i ey

transparent.

Molecular

_ .l
;@e: (}-. rotation

and torsion

0.5eV

0.0001 eV

® Tightly bound electrons, no resonance near
transmission, appears the most “clear”

®* Radio waves deflect like light when changing

Cold
Insulator
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®* Quarter wave monop:

® /4 works with reflective ground plane a
powered end via another mechanism

® Like a VHF antenna on a car or a metal plane on a PCB

®* Most popular in portable devices

AM

FM

Television

Cellular

GPS

Wireless

W band

~1MHz

~100 MHz

~75 MHz
~175MHz
~470-884
MHz

~900 MHz

~1.5 GHz

~2.4 GHz
~5 GHz

~100 GHz




Plasterboard 3dB
Glass wall with metal frame 6dB
Cinder block wall 4dB
Office window 3dB
Metal door 6dB
Metal door in brick wall 12dB

* dBd: antenna gain versus a dipo

* Can add to get total gain/loss (aﬂenuaiion)

%



Whip

Helical

Yagi

Ceramic loop
* PCB trace

/) ® Ex: out of 360 degree, Grid is 7 degrees, Yagi is 36 degrees,
O and the Panel is 34 degrees







Current Maximum (Node)

Feedpoint

‘:Ql\\

Voltage Minimum (Loop) o

- 1/2 wavelength -

®* Ca

®* Impedance matching — ¢ 3 works like RC, need to balance

%
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®* Bandwidth
® Polarization

/




® Multi-use
* Complex signa
multiple users

* 3G, WiMAX

%



® Data «
* Simplex : one

Half duplex : two way, alternate channel use (CB radio)

Full duplex : two way using two channels (mobile phone)

%
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* AM — magnetic antenna T
4 ®* Wavelength 300m
Carrier Amplitude modulated
O ® V4 monopole antenna would be 75m! x

®* FM — electric antenna

Audio signal
b

®* Wavelength 3 m
* /4 monopole antenna 75cm l'l’l'l‘l|l|lll'l'l‘l‘|llil'l’l’I'I‘I'INI

® Simple crystal radio — how works

Crystal Earphone




802.11ac Channel Allocation (N America)

FCC
Domain

DFS Channels

WiFi i O < 0 N WO<TWAN WO < o ;n~ g
Channel# '© © < 0N O O < O 00 A dNNNM®MS < < N N W W T
N S S <N N W W D B I B T R I T B B B | L I B I T B

hannel Width : 4 : £

20 MHz ; I
40 MHz 3 L |

owe: AR AEL A A A A
ey w

*Channels 116 and 132 are Doppler Radar channels that may be used in some cases.



I/Q Modulation

- e I: in-phase, Q: quadrature

e Sum of two sines is a sine

. In-phas:e

e Show what the carrier looks like compared to a

simple, unmodulated signal

®* Qis 90 degrees out of phase wi

¢ Use I/Q because this is how it’s actually done in

L ®
carner @ = RF
@ X

carrier - 90°

hardware




i Amplitude Shift Keying

Digital ' 0 0 0 0,

information

i 1 | | I ] !
I |
[
ASK : H s ¢
’ | | "
modulated \/\’—'\AN\’—’\/\]—I\/\’—
signal ! ! !

RN IR

0

' '
Amplitude varying

Carrier present Carrier absent "eaUency constant

i Frequency shift keying

Digital |
information |

1

Carrier | |
(frequency #1)
Carrier 2
(frequency #2)
FSK ‘
modulated ‘
signal :

Phase de

Exact phase requires
1 R e———— i Phase Shift Keying
Differential (DPSK): change in phase is symbo

When 2 symbols, called Binary PSK (BPSK) \/\/\/v\/\/\/\/\/\/\/\/\/\

o
cos(opt +07) cos(mgt + 09
cos(agt + 180°)

When 4 symbols, Quadrature PSK (QPSK) e

cos(mgt + 09

Phase No phas Phase  Phase

Differential Phase Shift Keying
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3 0 -
=
E‘E -1l
(squo ,E B "0
EE =30 -
° . = 8 -4+
Used in GSM ce 5 ool GMSK
® BT=0.5)
®* Many, many more.... 0.5 1 1.5

Freguency/Bit rate offset from carrie
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Constellation diagran’ for &

rectangular 16-QAM.

reny

100

0]
Amplitude - G (a.u.)

Amplitudes - Q [2.0.)
Anp|itads - Q (a.1L)

1024-QAM Constellation 10 binary bits) : m A ed 2 y o m

Amplitude - | fa . Amplitude -1 fau Amplifude - | a0,
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SPREAD SPECTRUM

®* Frequency hopping spread spectrum (=)

® Pseudo random frequency hopping, known to transmitter

and receiver

® Bluetooth

® Direct sequence spread spectrum (DS555):

* Spreading factor: code bits/databit = 10-100 commercial
(FCC min 10), 10,000 for military
* Signal bandwidth > 10x data bandwidth

FHSS (Frequency Hopping
Spread Spectrum) I

7!

(3 bits/hop)

hopping
(3 hops/bit)

T,: bit period T, dwell time
08/01/14

DSSS (Direct Sequence Spread Spectrum)

* XOR the signal with pseudonoise (PN) sequence (chipping
sequence)
* Advantages
— Tb—o

— reduces frequency selective
fading | | | user data

- in cellular networks 0 1 XOR
* base stations can use the T
same frequency range F chipping

detect and recover the signal 01101010110101

* But, needs precise power control "
resulting
signal

01101011001010

* several base stations can
sequence

08/01/14 10




Alloy

Used in many L

* Code Division Multiple Access

Each user data XORed with unique pseudorandom code,
all users transmit, decoder pulls out each signal

8-15 times capacity of analog

Spread spectrum single sideband

ULy vuut tuut o
JUP U U ooty Ui Ut

Data signal

Pseudorandom code

Transmitted signal:
data signal XOR with
the pseudor andom




®* Usedin 802.11a/g, 8C DOCSIS, WLAN, 802.11ax, more
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®* Scattering

* QObstacle on order of wo

® If no line of sight (LOS), diffraction and scattering are

primary means of reception

SO

X-RAY DIFFRACTION Y

0 INCIDENT S(Q E\L‘:}Sw {
X-RAYS ¢

LAYERED N
STRUCTURE .

MODIFIED FROM WILSON (1987) \

¥
2,
=

X




Doppler Effects

No Change In Increasing Decreasing
Distance Distance Distance
Batween Source Betieen Source Between Source
and Receiver and Recei ver and Receiwer
Source
Wy weforms
Recei ved
Whveforms

® Carrington even

®* damaged telegraph lines erd wide,

* would cost US ~$1Trillion today



.

®* Thermal noise =

(f ®* In dBW = 10log_10 of above = -133.9 dBW
J



First 3 most impo

el

Don’t block first when placing antennas

n)ldl d2

T g Where d; are distances to end, 1 is wavelength
1 2

Radius F,, =

Multipath Propagation

Transmitted Transmitted
pulse pulse

Inter-symbol lntertlé"}eence

Received Received  poceived Received
LOS pulse mulipath | 08" oise multipath
pulses pulses
Time

O Delay Spread = Time between first and last versions of signal
0 Fading: Fluctuation in amplitude, phase or delay spread
O Multipath may add constructively or destructively

= Fast fading

Washington University in St Louis

CSES74s £2006 Raj Jain

By the ground

1y =
L =

i

= TITITTT
'j-h.l 1
T

By an obstacle
Several examples of how Fresnel zones can be =

disrupted




* Capacity C = Blog,
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®* Modt

®* Ex: V.92 phone modem: phc

56000/3100=18.1 bps/Hz

U AY

2G cellular
3G

4G

WiFi a/g
WiFi ac

0.5-1.3
0.07-2.5
2.7-7.3
2.7

5-43

ror correction, etc.

d other requirements

400Hz, 56,000 bps down,




1.0E-01

~ N
1.0E-02 \\
1.0E-03 | \
MSK, PS | \
m L 1 1 \ \ K
W 1.0E-04 ———1 \
DBPSK, DQPSK —| \
1.0E-05 COHERENT OOK, OFSK 1\1\ \
_ XN \
1.0E-06 INCOHERENT OOK, OFSK —_|
* Classico ‘ ‘ ‘ ‘ ‘ ‘ ‘
1.0E-07

01 2 3 45 6 7 8 9 10 11 12 13 14 15
Ep/No (dB)
* Developed in 1993

® 2 codes with interleaver

* 3 gen cellular uses






Mono Stereo Audio

Audio Left - Right
Left + Right
19kHz
stereo
pilot DirectBand Audos subcarrier
(10%) RBDS (10%) (10%)
(5%)
0 57
kHz
30 15 23 38 53 58.65 67.65 76.65 92 99
Hz kHz kHz kHz kHz prie kHz KkHz kHz kHz

sivers, radio text, at

* OFDM and .‘foop ;

* Gives 100, 112, 125, or 150 kbits/s data depending on power.

® Can split into multiple channels



luma chroma audio
cayrrier ca rr'ler carrie

1

luminance

uard band

® Luma (brightness) c

® Color subcarrier at 315/88 MHz . ' 1.5 MHz
. 3.579545 MH
uses QAM (I and Q) to encode chrominance 5

4.5 MHz
* Audio FM modulated 4.5 MHz higher than base freq

Total: 6 MH=z
Spectrum of a System M television channel with NTSC color



® Packet usually around 50 bits, often manufacturer prefix, then data for key pressed

-5.0ms
| |

Channel-0

Channel-1




802.11 1997 2.4 20 DSSS,FHSS 2 Mb/s 20/100
802.11b 1999 2.4 20 DSSS 11 Mb/s  35/140
802.11a 1999 5 20 OFDM 4Mb/s  35/120
802.11¢g 2003 2.4 20 DSSS,OFDM 54 Mb /s 38/140
802.11n 2009 25,5 20,40 OFDM MIMO 900 Mb/s 70/250
802.11ad 2010 60 2160 DSSS,OFDM, BPSK Beamforming 7.2 Gb/s 3/120

802.11ac 2013 5 40,80,160 OFDM (MU-)MIMO 2 Gb/s 35/120
802.11ax 20,40,80,160 OFDMA, 1024 QAM  (MU-)MIMO 14 Gb/s 35/120

/O
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Antenna Removed from Plastic Cover
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Antenna Inside Plastic Cover

e T e e—

2.4 GHz Half-wave Dipole



BPSK for

QPSK doubles to
16-QAM for 24 Mbps
64-QAM gives 54 Mbps

1 2 3 4 8 67 8 9 10 4112 13 14
2412 2437 2462 2484

{ L L L L H:FT'UHW'\TT"‘T TITTITITT WW""?'HI]UV?"H\"

2400 2410 2420 2430 2440 2450 2460 2470 2480 2490 2500
GHz GHz GHz GHz GHz GHz GHz GHz GHz GHz GHz

22 MHz

'_| I|'_'II ||_|| I|'_||I B II'_'|I '— _'I
|I 1 L §
L !.' Y i 1 i

_*TFT

L |




For each single input bit, there are two possible 11 chip sequences that can be transmitted

*1. =dy #Lly #1, =L #1s #1o ®+l, =1, =1l =1
= B, =l Sl By e =Ly e Bls Bl EL

One sequence is simply the inverse of the other

Barker sequence
+1, =1, *1, +1, -1, +1, +1, +1, -1, =1, =1

1 bitin —»| Map —>®—> 11 complex chips out

DBPSK
Data | Phase change (deg)

0 0
1 180

®* Channel bonding aggregc wo 20 MHz channels into one 40 MHz channel

* MIMO (Multiple input /output) — uses multipath signals to the advantage of the receiver



ISM 2.4GHz band FUjiTsu

B WiFi/Bluetooth frequency allocation

Wireless LAN
Channel 1 clunndﬂ
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Cr T IIIZIEIIIIEIZEZEZZEEEZTETZZEEZZZZIIZZZIZZTE
PSS SSS55555555555555555555555555555555555
o IeE e NI eI EEe 3883539380388 388 s
Ue 3 rrrr .“""“:3 :3""‘399331“"8
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w

http:/Awww.digikey.com/es/articles/techzone/2013/jun/shaping-the-wireless-future-withdow-energy-applications-and-systems

® Duplx ¢

® 1/3 or 2/3 rate Forwe
Automatic Repeat Request (ARQ) 100 20 ~100

* Packets exchanged on master clock 25 4 ~10
* 312.5 us/tick 1 0 ~1

0.5 -3 ~0.5

/O



® 0-2 Adb

® Duty cycle for power say

* 128 bit key for security

%




SIRIUS I

8-ki|obi’r-prec |
4 MHz of radio spectrum

®* Audio compressed by proprietary methods

%



* Want 20-3

* GPS signals are Right
® Less vulnerable to destructive interference due to reflections

* Difficult to read in small devices, which are usually vertically polarized

%


https://en.wikipedia.org/wiki/File:GPS24goldenSML.gif

® Spec atellite clock as slower, adds
about 7 ms pe

* General relativity: Earth mass curves space, satellites tick faster than ground by 45 ms per

day.

{ ® Net is 45-7=38 ms per day needs added at ground, else off by 10km/day

%




AMPS, NMT, TACS
N/A
Analog voice

Large freq gap
between users

D-AMPS, GSM/GPRS,

cdmaOne

<0.5 Mbps

Digital voice + Simple
data

> 1 user per channel
via TDMA

CMDA2000/EV-DO,
WCDMA /HSPA+, TD-
SCDMA

63 Mbps
Mobile Broadband

~14x user capacity
per channel

LTE, LTE Advanced

300+ Mbps

Faster and better

1*" global standard

0, 5200 MHz




Cell Cluster

= Acluster is a group of cells
= No channels are reused within a cluster

’ Cell Frequency
BS2 ‘ (MHz)
BS7 i BS3 1 900
< ; 2 900.3
BS¢ i RSl 3 900.6
5 4 900.9
BSS /
' 5 901.2
6 9001.5
Power distribution A 7 ce"s CIUSter 7 9001.8

Prof. Z Ghassem oy

om neighbors

- -

* Cell splitting — as cell ¢ t and more cells added

®* Handoff — mobile, moving between cells. Cell network hands cell new channels as it moves

® Channels, antenna




® Portable

® Transportable: (1.6 watts)
@






® Link spectral e

( ® LTE peak download 1Gbps, upload 500 Mbps
@




®* 10-

® 20 Gbps throughput



® Chip antenna — blue chig

® High permittivity constant sets up standing wave in tiny space

®* Smaller than traditional antenna




® Know laws to transmit

WHAT MAKES OUR RTL-SDR V3 BETTER THAN OTHERS?

ENTIRE PCB REDESIGNED
REDESIGNED THERMALS FOR LOWER NOISE
(HELPS FIX LBAND HEAT VCO
IMPROVED FRONT END DESIGN LOCK PROBLEM)
(HIGHER SNR IN L-8AND)

N\ 4.5V BIAS TEE
(SWITCHABLE IN SOFTWARE)

BETTER LDO
(LOWER VOLTAGE OPERATION)

1PPM TCXO SV LINE
072

FERRITE CHOKE

SMA FEMALE
CONNECTOR

ADDITIONAL ESD,

TR,
£oa

PROTECTION CLK SELECTOR USB RF CHOKE
DIRECT SAMPLING CIRCUIT JUMPER  GPIO EXPANSION (REMOVES USB NOISE)
FOR HF RECEPTION PORTS
winemriter)  EXPANSION
PORTS STANDARD/OTHER BRAND RTL-SOR
(NOISE FLOOR FULL OF SPURS)
RIL-SDR.COM = TOUGH METAL ENCLOSURE
- VBT 04k Mo 5L (REDUCES INTERFERENCE)
o S
i
w
THERMAL PAD COOLING
(REMOVES HEAT FROM PCB AND
TRANSFERS IT TO THE METAL CASE

RESULTING IN NO HEAT RELATED RTL-SDR V3 NOISE FLOOR
\CO LOCK PROBLEMS) (SIGNIFICANTLY REDUCED
SPURS/BIRDIES)
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