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Early Wireless Communications
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Beginning of Modern Wireless Networks

Guglielmo Marconi and his wireless telegraph machine.
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First Applications

Photo # NH 100626  USS Tudno underway at Brest. France

OO

Earliest uses of wireless for Broadcast radio begins in 1921.
ship-to-ship, ship-to-shore

communications. Licenses issued by the

Department of Commerce.
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What is Wireless?

Examples of wireless communications systems:

1. Garage door openers 7. Police radio, dispatch
2. Remote controllers 8. Satellite systems
(TV, VCR, etc.) 9. Cordless telephones

3. Walkie-talkies 10. Cellular

4. Broadcast TV, radio 11. Wireless Data

5. Telemetry (RF tags) (data entry, texts, email, internet)

6. Amateur radio, CB 12. Wireless Local Area Networks
(LANSs)

13. Wireless Personal Area Networks

(PANSs)
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Wireless Information Networks (8-14)

Properties:

 Mobility or portability
(“tetherless” communications)

» Access to network resources
- Public Switched Telephone Network (PSTN)
- Internet
- Local Area Network
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Annual Cell Phone Subscribers in the United
States
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Mobile telephone subscribers per 100 inhabitants, 1997-2007

100
—— Developed

80 —@— Developing
—2— World

Taken from http://www.itu.int/ITU-D/ict/statistics/ict/index.html 10
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Comparison of Mobile and Fixed Access

80

—&-—  Mobile cellular telephone subscriptions
70 7 ~&— Internet users - 67.0
60 - —4&#—  Fixed telephone lines r'// An estimated 4.6 bn
~%-  Mobile broadband subscriptions // SUbSCI’ip’[iOﬂS gIobaIIy
50 Fixed broadband subscribers P4 by the end of 2009

per 100 inhabitants

Source: ITU World Telecommunication/ICT Indicators Database.
* Estimates.

& Mobile cellular has been the most rapidly adopted technology in history.
Today it is the most popular and widespread personal technology on the
planet, with an estimated 4.6 billion subscriptions globally by the end of 2009

- Mobile broadband subscriptions overtook fixed broadband subscribers in
2008, highlighting the huge potential for the mobile Internet 11
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Market Trends

« Both cellular and cordless have experienced very rapid growth
(>30% per year during the late 90’s, 24% per year from
2000-2008)

* Number of subscribers exceeded 2B (billion) in 2006,
> 4B in 2008, ~4.6B in 2010.

* Income of wireless industry exceeds income of wired telephone
industry

— Dominated by cellular revenues.

* Penetration exceeds 100% in the U.S., higher in Europe

» Continued growth due to new data services.
— Social networking, video, broadband internet access
— Voice over IP

12



=D NORTHWESTERN

s )z
&7/ U N 1 vV E R S I T Y

MSIT | Master of Science in Information Technology

Migration from 2G to 4G

100%
2c M 3 M 4
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from https://gsmaintelligence.com/ 13
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Why So Much Growth ?

« Technological advancements * Market demand
— VLSI microprocessors, — Higher productivity
Digital Signal Processors (DSPs) (mobile office)

— Increased dependence on
mobile applications

14
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Technological advancements: microelectronics
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Die size: 10X10 mm, 0.8 um technology, 592K transistors

15

Network modem chips
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Microprocessor Transistor Counts 1971-2011 & Moore’s Law

16-Core SPARC T3

Six-Core Core i7.

2’600’000’000 - Six-Core Xeon 7400 s @10-Core Xeon Westmere-EX
Dual-Core Itanium 2@ @ (8)—00&9 POW1E£I;67
AMD K10 “—Quad-core z196 )
1 ’000’000’000 } POWER6® \glggrg)%%rlfﬁgﬁglgﬁg&a
Itanium 2 with 9MB cache ® "\_ Six-Core Opteron 2400
AMD Core i7 (Quad)
Core 2 Duo
Itanium 2 @ Cell
100,000,000 AMD K8
Pentium 4 ®Barton @ Atom
® 2B ke
= curve shows transistor AMD K6
'_5, 10,000,000 count doubling every penmpentium i
8 two years ook
—_ Pentium
O
1)
D 1,000,000 -
C
g
=
100,000
10,000
2,300 -
[ T T T 1
1971 1980 1990 2000 2011

Date of introduction

16



NORTHWESTERN

<=
5y U N I \Y E R S I T

MSIT | Master of Science in Information Technology

Why So Much Growth ?

« Technological advancements: computing

All the Power of a Laptop in Your Pocket !

MIPS (Millions of Instructions Per Second) Saacann GSDEXES
Dual-Core

2 SOO Custom CPU + ARM @

Up to 2000 MIPS* (1GHz)

2000 ) ) ) ) Snapdragon
Paging, Messaging, Voice Mail QSD8650A
Personal Information Manager
Dual-Core
Custom CPU + ARM 9
1500 Convergence Up to 1.3GHz
Dual-Core
ARMZ + ARM11
Up to 740 MIPS®
(400 MHz)
1 O O O Enhanced Platform
ARMO Snapdragon
Multimedia Platform up ;;,22553‘:2;:3 QS[)8672
ARMO
500 ARMTTDMI  yp 15 160 MIPS® Dual-Core
22 MPS (146 MHz) 2X Custom CPU + ARM 9

(27 MHz) Up to 1.5GHz

2000 2002 2004 2006 2008 2009 17
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Why So Much Growth ?

» Technological advancements * Market demand
— VLSI microprocessors, — Higher productivity
Digital Signal Processors (DSPs) (mobile office)

— Low power Radio Frequency (RF) circuits
— Rechargeable batteries

— Signal processing algorithms
(voice compression)

— Increased dependence on
mobile applications

18
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Why So Much Growth ?

 Technological advancements  Market demand
— Higher productivity
(mobile office)

— Increased dependence on
mobile applications

— System concepts
» Cellular networks
» Coding/modulation
» Multiple-access

— Networking advancements

« Stored program (computer-controlled)
call-setup/switching

* Digital control of wireless links
(channel assignment, handoff, call setup) 19
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Communications Evolution

User applications

Text Games
files Images Multi-media Network computing
voice dB;Jgness Video Entertair)ment
Conference Information access
] o Broadband
Wireless AMPS Digital Wireless,
Cordless E’acket Cellular Cellular, 4G cellular
Teleph t
| | | elephones | ata |1983 CID'V'A  Ultra-wideband
[ I I | | | | >
1940 1950 1960 1970 1980 1990 2000 2010
Mob.ile Improved Paging PCS 3G
Radio  Mobile _ IMT-2000
1946 Telephone \If\'lal\rl\?less Bluetooth
Service S WiFi 5
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Historical Notes

« Original mobile radio systems used a single, high-powered transmitter to
cover a radius greater than 50 km

« Early systems used FM with 120 kHz bandwidth for a 3 kHz voice signal.
This was later reduced to 60 kHz, then to 30 kHz.

» Improved Mobile Telephone Service (IMTS) -- introduced trunking
(Many mobiles shared a single channel)

« Demand for mobile telephony greatly exceeded system capacity:
By 1976, Bell Mobile phone service for NYC market (approximately
10,000 people) had only 12 channels, and could serve 543 paying
customers over 1000 square miles. The waiting list was > 3,700!

 The FCC finally allocated additional spectrum for mobile telephony in the

late 70s by moving UHF TV channels
21
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Low power
Transmitters

Cellular
Switch
(MTSO)

A

Handoff

Location

"| Database

22
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Low power
Transmitters

Cellular
Switch
(MTSO)

A

Handoff

Enables frequency reuse!

Location

"| Database

23
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Cellular Hierarchy

Mega-cell

68 ek
Femto-cell - i e gies
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(80’s)

Wired and wireless networks

Communications between people and/or machines

anytime, anywhere, any place. -
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Personal Communications Services (PCS)

» Originally a vision for the extension and integration of wired and
wireless telecommunications network capabilities (1980s).

— Wireless: cellular, cordless, paging, PBX, satellite, air-to-ground
— Wireline: PSTN, internet, LANs, private networks

* More than wireless (service concept)
— Service profile follows user.

* Provides interoperability among wireline, wireless networks
 Encompasses all cellular hierarchies (pico through macro)

» Integrated services (voice, data, broadcast, multimedia)

26
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PCS Challenges: 1. Spectrum Allocation
THE ELECTROMAGNET
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PCS Challenges:
1. Spectrum Allocation

« Global, transparent service requires that the same
spectrum be available everywhere.

 Must have an international standards body to allocate
spectrum for this purpose.

29
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International PCS Spectrum Allocation

« Task of the International Telecommunications Union (ITU)
— Standards body for United Nations
— Headquarters in Geneva, Switzerland

* International Mobile Telecommunications (IMT) 2000
— Initiative for Third Generation mobile telephony within the ITU

: (WRC)
— Targeted 230 MHz for IMT 2000 in 1992
(1885-2025 MHz, 2110-2200 MHz)

— Targeted additional 329 MHz for 3G networks in 2000
(2500-2690 MHz, 1710-1885 MHz, 806-960 MHz)

— Targeted 255 MHz in 5 GHz band for unlicensed spectrum (WLAN)
in 2003

— Targeted additional spectrum for cellular services in 2015. 32
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Licensed Spectrum: For “Exclusive Use”

« Spectrum owned by government

— Licensed to particular application,
service provider
(e.g., Broadcast TV, Verizon, AT&T, etc.)

— Rigid use rules

e Spectrum is private property

— Applications, technical constraints
decided by markets

33
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Licensed Spectrum: For “Exclusive Use”

« Spectrum owned by government

— Licensed to particular application,
service provider
(e.g., Broadcast TV, Verizon, AT&T, etc.)

— Rigid use rules

e Spectrum is private property

— Applications, technical constraints
decided by markets

« “Liberal” licenses (current cellular allocations)

— Spectrum publicly owned, but licenses can be transferred,
liberal use rules

— Secondary markets (2003) 34
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Unlicensed Spectrum:
Open Access (“Commons™)

Open access
(anyone can use the spectrum)

Requires etiquette rules
for sharing (e.g., power limits)

Spectrum owned by government
Etiquette rules part of industry standard (802.11)

35
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Licensed vs Unlicensed Spectrum

« Licensed spectrum (cellular)
— Licenses apply to separate geographic regions
(e.g., “basic/major” trading areas)
— Allocated via auctions managed by FCC

— Substantial source of revenue:
» More than $30 B netted by U.S. government in mid-90s
« England netted $35.5 B (5 licenses); Germany netted $46 B (4 licenses)
» Nearly $20 B for 700 MHz auctions in 2008
» $40B for AWS-3 auction in 2015
» $20B for 600 MHz incentive auction in 2017

* Unlicensed spectrum (WiFi)

— Industrial, Scientific, and Medical (ISM) bands (mid 80’s)
* 902-928 MHz, 2400-2483.5 MHz, 5150-5350 MHz
» Used by Wireless LANs (802.11), Bluetooth, Zigbee

— Unlicensed National Information Infrastructure (UNII) band
(1997)
- Additional 300 MHz in ISM bands 5150-5350 MHz and 5725-5825 MHz 36
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Cellular/PCS Spectrum Allocation (1993)
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PCS Challenges:
2. Interoperability

* Multiple cellular standards
(North American, European, Japanese, Chinese...)

« Multiple vendor-specific air interfaces.

* Heterogeneous network architectures with multiple
vendors complicates control signaling, maintenance,
network management, and security.

39
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Potential Solution: Software Radio

» Radio functions implemented via digital signal processing and
programmable hardware

* Ability to download an air-interface architecture and dynamically
reconfigure the user terminal

» Could support multiple standards/transmission modes.

* Proposed implementations
— Real-time compiler of air-interference software
— Smart cards
— Universal control channel for accessing software

* |ncreases lifetime of handset

« Evolution to cognitive radio

— Automatically selects frequency band and configures transmitter

to avoid interference; adapts to user preferences
40
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Challenges to PCS:
3. Integration of Micro-/Macro-Cells

Macro-cell

(1-2 mile radi High power (expensive)

Transmitters

Micro-cell
(e.g., city block)

Low power (inexpensive) transmitte

Handoffs and interference management are major issues!
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PCS Challenges:
4. Economics

* Providing a density of base stations is expensive!

« Demand for services is uncertain...

42
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Outline

 Qverview of current wireless services and
standards

43
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Wireless Standards: Our Focus

Cellular LAN PAN

GSM WiF1 Bluetooth
CDMA2000 802.11a/ac/b/g/n

WCDMA

UMTS

IxXEVDO

IxEVDV

1G/2G/3G

LTE (4G)

3GPP/3GPP2

5G

45
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Why Have a Standard?

46
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Why Have a Standard?

« Allows equipment from different vendors to work
together in a network.

— Enables competition.
— Provides more choices for service providers.

* Helps small companies (e.g., chip vendors, software
houses) enter large markets.

» Create mass markets for equipment, economies of
scale.

« Can potentially share intellectual property. .
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Standard Development Process

Implementation groups:
IEEE 802, T1

l

Regional organizations:
ETSI (Europe), TIA (U.S.),
ARIB (Japan)

l

Global organizations: ITU

48
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Classification of Wireless Systems

Cellular
Wireless Local Area Networks (WLANS)
* Wireless Personal Area Networks (WPANS)

49
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Classification of Wireless Systems

e Cellular

50



G NORTHWESTERN

ElEzme gz
&) v N 1 vV E R S I T Y
51

MSIT | Master of Science in Information Technology

Four Generations of Cellular Systems
(and counting)

Narrowband AMPS
Analog cellular Digital cellular: IMT 2000
(AMPS, TACS, NTT) 1S-136 (USDC), GSM, Wideband CDMA
Cordless phones 1S-95 CDMA 2000
Paging Digital Cordless: UMTS
CT2, DECT
PHS, PACS
First Second Third
(1970s, 1980s) (early 1990s) (2001)

51
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Four Generations of Cellular Systems
(and counting)

IMT 2000 @ | —"7v7 "7
Wideband CDMA Long-Term ; 277
CDMA 2000 Evolution (LTE) - » :
Third Fourth Fifth
(2001) (2010) (20207?)

52



Mobile technologies have evolved from voice focused to
data focused with speeds reaching 170 Mbps with 4G
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Cellular Spectrum

(50 MHz)
835 845 846.5 849
A* A B A* | B”*
869 870 880 890 8915 894
~ downlink N #
* # | N\

30 kHz AMPS (1G) Channels

416 FDD Channels:

* 395 FDD voice channels
« 21 FDD control channels

54
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Problems With First Generation (1G) Cellular

Cellular Cordless
« Limited capacity « Limited range
* Limited roaming « Susceptible to interference

(big problem in Europe due to

patchwork of different systems) + Poor security

- Voice only - Not interoperable

55
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The Multiple Access Problem

How can multiple mobiles access (communicate with)
the same base station?

Frequency-Division (AMPS)
« Time-Division (IS-136, GSM)
e Code-Division (IS-95, 3G)

* Orthogonal Frequency-Division
Multiple Access (OFDMA, 4G)

56
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N time slots

H|l]|2 ° o0 N | H H: Frame Header

A
v

frame

Direct-Sequence (DS) Code-Division Multiple Access (CDMA)

Narrowband
Data B L (14.4 kbps)
Code(chips) ||| [ [ [ J[JL] spread
Transmitted '
Wideband
Signal U ’_‘ ’_‘ U U ’_‘ (1.25 MHz)
57
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Duplexing (Two-way calls)

Frequency-Division Duplex (FDD)

Channel 1 / \

C%

hannel 2

Time-Division Duplex (TDD)

Time slot (frame) 1

/\

Time slot (frame) 2 .
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TDMA Standards
GSM 1S-136

* Global System for Mobile - North Americal Digital Cellular
Communications (NADC)

* Originated in Europe - Fits into existing AMPS standard

* Incompatible with 1G systems . Air-interface only

* More than an air-interface  Another standard, 1S-41, specifies
standard: specifies wireline networking functions
interfaces/functions

- TDMA/FDMA, FDD - TDMA/FDMA, TDD

« Dynamic frequency assignment » Fixed frequency assignment

* 50 MHz allocated « 50 MHz allocated (824-894 MHz)
(890-960 MHz) 30 kHz channels

« 200 kHz channels « 48.6 kbps

« 270.833 kbps 59
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TDMA Standards

GSM
* Global System for Mobile
Communications
« Oiriginated in Europe
* Incompatible with 1G systems

« More than an air-interface
standard: specifies wireline
interfaces/functions

- TDMA/FDMA, FDD
« Dynamic frequency assignment

e 50 MHz allocated
(890-960 MHz)

e 200 kHz channels
« 270.833 kbps 60
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2G CDMA: IS-95 or cdmaOne

* Introduced by Qualcomm (San Diego)

« Direct-Sequence Spread Spectrum signaling
- FDD

 Wideband channels (1.25 MHz)

« Tight, closed-loop power control

« Sophisticated error control coding

« Multipath combining to exploit path diversity
« Noncoherent detection

« Soft handoff

« High capacity

« Air-interface only: uses [S-41

61



Geod NORTHWESTERN

fo = el S B
%;v«*gUNIVERSITY
5

MSIT | Master of Science in Information Technology

Problems with Second Generation Cellular

 Data services
— limited to voice rate
— circuit-switched

 Interoperability

— GSM, 1S-136, CDMA are incompatible
standards

— Solution: multi-mode phones!
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Third Generation Cellular: Objectives

« Data (internet) services as well as voice

« Higher data rates than 2G, depending on mobility
— 144 kbps for users in motor vehicles (high-tier mobility)
— 384 kbps for pedestrians (low-tier mobility)
— 2 Mbps for office use

» Support for both circuit- and packet-switched data services

* Global roaming

» QOperation in all radio environments
— urban, suburban, hilly, mountainous, etc.
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Some 3G Terminology

« CDMA 2000
— 3G standard developed for deployment in the U.S.
— 1.25 MHz bandwidth

- WCDMA (Wideband CDMA)

— 3G standard developed for deployment in Europe,
but also deployed in the U.S.

— also called UMTS
(Universal Mobile Telecommunications System)

— 5 MHz bandwidth

» Third Generation Partnership Project (3GPP)
— International effort to harmonize the evolution of 3G systems
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“1x/3x” Technologies

1XEV-DO
T

Refers to 1.25 MHz  EVolutionary Data Only
unit of bandwidth. (rates up to 2 Mbps)
(“3x” 15 3.75 MHz)

1XEV-DV
\

Data and Voice

1x/3x RTTT

Radio Transmission Technology
65
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Third Generation Standards:
Some Important Acronyms

* ITU: International Telecommunications Union
— Standards body for the United Nations headquartered in Geneva

 IMT-2000: International Mobile Telecommunications-2000
— Initiative for 3G mobile systems within the ITU

* TIA: Telecommunications Industry Association (U.S.)
« ETSI: European Telecommunications Standards Institute

« UMTS: Universal Mobile Telecommunication System
— European version of IMT-2000

« UTRA: UMTS Terrestrial Radio Access
— UMTS without the satellite component

* ARIB: Association of Radio Industries and Businesses (Japan)

* 3GPP: Third Generation Partnership Project (www.3gpp.com)

— International effort to harmonize various air interface proposals
66
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3G Air Interfaces

cdma2000

Wideband (W)-CDMA

1X Radio Transmission Technology (RTT):
1.25 MHz bandwidth (1 carrier)

— Supports 307 kbps instantaneous data rate in
packet mode

— Expected throughput up to 144 kbps

1XEV (Evolutionary): High Data Rate standard
introduced by Qualcomm
— 1xEV-DO: data only, 1xEV-DV: data and voice
— Radio channels assigned to single users
(not CDMA!)
— 2.4 Mbps possible, expected throughputs are a
few hundred kbps
— 1xEV-DV has twice as many voice channels as
1S-95B

Also referred to as Universal Mobile
Telecommunications System (UMTS)

European proposal to ITU (1998)
Backwards compatibility with 2G GSM
Network and frame structure of GSM
Supports packet data rates up to 2 Mbps

Requires minimum 5 MHz bandwidth,
FDD, coherent demodulation

6 times spectral efficiency of GSM
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2.5G Technologies: Evolution to 3G

« HCSCD: High Speed Circuit Switched Data
— Enhancement to GSM which allows multiple time slots/user

« GPRS: General Packet Radio Service
— Provides a packet network on dedicated GSM or IS-136 radio channels.
— ‘“always on”
— Peak data rate of 21.4 kbps per dedicated time slot
— Can assign multiple time slots
— No new Radio Frequency (RF) hardware needed!

« EDGE: Enhanced Data rates for GSM (or Global) Evolution
— More advanced upgrade to GSM
— Adaptively selects modulation and coding scheme (MCS)
— Higher-order modulation (8-PSK) achieves up to 384 kbps

« [S-95B: (2.5G CDMA standard)
— Allows multiple codes per user

— Practical throughput of 64 kbps o8
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3G Enhancement (3.5 G):
High Speed Packet Access (HSPA)

« Set of protocols for enhancing the performance of
UMTS

« HSDPA: High Speed Downlink Packet Access

— Existing deployments provide rates up to 7.2 Mbps with
planned upgrades for rates up to 14.4 Mbit/s.

— Introduces dynamic scheduling of users and adaptive rate
control through adaptive modulation and spreading.

« HSUPA: High Speed Uplink Packet Access
— Rates up to 5.7 Mbps
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Service Providers and Technologies

Verizon Cellular & PCS CDMA 2000; 8-128 Kbps
(850 & 1900 MHz) | 1 X EV-DO; LTE up to 2.5 Mbps

ATT/Cingular Cellular GSM/GPRS/EDGE | up to 512 kbps
(850 & 1900 MHz) | UMTS/HSPA

Sprint; PCS CDMA2000; 8-128 Kbps

Clearwire (1900 MHz) 1 x EV-DO; WiMax | up to 2.5 Mbps

T-Mobile PCS GSM/GPRS/EDGE | 8-350 Kbps
(1900 MHz) HSPA

NexTel’ Public service IDEN (TDMA) & 25-64 kbps
band (800 MHz) | WiDEN?2 near 100 kpbs

U. S. Cellular Cellular & PCS 1 x EV-DO up to 2.5 Mbps
(850 & 1900 MHz)

"Merged with Sprint. 2Wideband version of iDEN.
70
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Service Providers and Technologies

\erizon Cellular & PCS CDMA 2000; 8-128 Kbps
(850 & 1900 MHz) | 1 X EV-DO; LTE up to 2.5 Mbps

ATT/Cingular Cellular GSM/GPRS/EDGE | up to 512 kbps
(850 & 1900 MHz) | UMTS/HSPA

All are transitioning to 4G/Long Term Evolution (LTE):

(1900 MHz) HSPA
NexTel’ Public service IDEN (TDMA) & 25-64 kbps
band (800 MHz) | WiDEN? near 100 kpbs
U. S. Cellular Cellular & PCS 1 x EV-DO up to 2.5 Mbps
(850 & 1900 MHz)

"Merged with Sprint. 2Wideband version of iDEN.
71
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Evolution to 4G

Data rates for wireless technologies
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Fourth Generation Drivers (pre-2007)

Higher data rate services:

 Enhanced video,
multimedia

Ubiquity
« Seamless mobility
between WLAN, cellular

3G (IMT-2000)

4G

File

Download time

10 MB

About 200 s

10 MBl
I About 1 s

Image

Image (resolution)
Bit rate

352 x 288 pixels (CIF) | 1024 x 1920 pixels (Hi-Vision

384 kb/s

24 Mbfs x 2 (stereo)

Awareness

Kinds of
information
Bit rate

Voice
3.4 kb/s

3-D audio-visual-air pressure
50 Mb/s
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Enter the Smartphone
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Demand is Increasing

InternetNews.com >> Mobllity

AT&T Faces 5,000 Percent Surge in Traffic

The nation’s No. 2 carmrier moves to address huge gains in data traffic, mirroring
an industry-wide trend in wireless.

| =2llo] b
October 8, 2009
By Michelle Megna: (Z] More stories by this author:

AT&T's chief technology officer today highlighted how the recently maligned
carrier is addressing skyrocketing demand for mobile data as it experiences a
5,000 percent surge in mobile data traffic.

As ATET (NYSE: T), the exclusive carrier for the Apple (NASDAQ: AAPL) iPhone,
has embraced smartphones and their applications as well as other devices
including netbooks and e-readers, mobile data traffic has grown nearly 5,000
percent on the AT&T network over just the past three years, said AT&T CTO
John Donovan, who was speaking at the CTIA IT & Entertainment conference.

Donovan outlined how AT&T is addressing this unprecedented challenge by
investing $38 billion over two years on its wireless and wired networks. "AT&T
is focused on delivering an ideal combination of more mobile data capacity and
faster 3G speeds, with these capabilities being deployed over a very short
timeframe to maximize customer benefit," said Donovan.

ATET is 90 percent complete in its deployment of high-quality 850 MHz
spectrum for 3G, which adds overall network capacity as well as improved in- 75
building coverage.
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High Profile Issue

The electromagnetic spectrum Aok o
Cellphones, televisions and X-ray machines all harness the \ & / \
same type of natural phenomenon: electromagnetic \ /

waves. A wave's energy can be measured by its frequency,

in megahertz, and is categorized based on this.

Microwaves
3,000 MHz -
300,000 MHz
Radar
Microwave
ovens

Radio waves
Less than 3,000 MHz

Wi-Fi
and mobile
devices

The wireless
sweet spot

300 MHz to 3,000
TV and FM radio
AM radio

Shortwave radio

Most wireless mobile
devices operate within

Infrared light
300,000 MHz
to 400 million MHz

What is a megahertz? Waves are energy and
travel with crests and troughs. The time it takes
to go from crest to crest is known as a cycle.
One cycle per second is called a hertz. One
million cycles per second is 1 megahertz. Waves
with shorter wavelengths have less energy.

Visible light

400 million MHz to

750 million MHz

Most remote
controls

MHz

Ultraviolet light
750 million MHz
to 30 billion MHz

X-rays
30 billion MHz
to 300 billion MHz

Gammarays
More than 300 billion MHz

ﬁ?ﬁ"

Emitted by
radioactive
material

Stronger signal
<€— Longer waves; can penetrate
dense items like walls, storms

By Victor Godinez
MCCLATCHY/TRIBUNE NEWS

Almost every wireless gadget on the
planet, from the lock button on your car
keys to the iPhone in your pocket to the
Wi-Fi in your favorite coffee shop, runs over
the electromagnetic spectrum.

And those invisible signals are worth
tens of billions of dollars to companies such

SOURCES: NASA, Tribune reports.

TRIBUNE

“We need to tackle the
looming spectrum crunch.”

— Julius Genachowski, FCC chairman

paperwork about the planned merger with
the Federal Communications Commission
by the end of next week. The request for a

Weaker signal
Shorter waves; —y»
is less powerful

Wireless carriers try to
scrounge up spectrum

growth by improving quality and expand-
ing wireless service to 95 percent of
Americans. AT&T predicts that by 2015, it
will transmit as much data over its wireless
network every six weeks as it did in all of
2010.

“There’s just going to be a constant need
for additional spectrum,” AT&T Chief
Executive Randall Stephenson said during
a_ presentation after the deal was an-

MSIT | Master of Science in Information Technology

Chicago Tribune
April 15, 2011
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Smartphone Penetration

BEEREF--INA 4. BV TFET - SE T

Projected smartphone )
T 1, e T — bl
PERCENTAGE OF ALL MOBILE PHONES

S50%%

North
America

L O O/O

Latn Amerc

2010 2014
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Mobile Data Forecast

30  ®Latin America (8.4%) |
“ Middle East and Africa (12.5%) 2
25  m(Central and Eastern Europe (14.4%)

57% CAGR 2014-2019

Western Europe (9.9%)
20 wNorth America (15.7%) -
‘)Eeta&zl)t:ti 15 ® Asia Pacific (39.1%) =
10
Bxa 0% s B .
o -

2014 2015 2016 2017 2018 2019

Source: Cisco Visual Networking Index: Global Mobile Data Traffic Forecast Update

2014-2019 White Paper -
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Mobile Devices Forecast

® Other Portable Devices (0.2%,0.2%) ™ Tablets (1%,3%) Il 9% CAGR 2014-2019
12 %Laptops (3%.2%) " M2M (7%,28%)
® Smartphones (29%.40%) ® Non-Smartphones (61%,27%)
10
8
Billions of 6
Devices
4
2
0

2014 2015 2016 2017 2018 2019

Source: Cisco Visual Networking Index: Global Mobile Data Traffic Forecast Update

2014-2019 White Paper -
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Mobile Data Statistics (Cisco)

« Global mobile data traffic grew 69 percent in 2014.

« Last year's mobile data traffic was nearly 30 times the
size of the entire global Internet in 2000.

* Mobile video traffic exceeded 50 percent of total
mobile data traffic for the first time in 2012.
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Mobile Data Forecast (Cisco)

« Global mobile data traffic will increase nearly tenfold
between 2014 and 2019.

« By the end of 2014, the number of mobile-connected
devices will exceed the number of people on earth,
and by 2019 there will be nearly 1.5 mobile devices

per capita.

* Mobile network connection speeds will increase more
than twofold by 2019.

— The average mobile network connection speed (1.7 Mbps in 2014)
will reach nearly 4.0 megabits per second (Mbps) by 2019.
81
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Long-Term Evolution (LTE)

* Project within 3GPP to improve UMTS
— Not a new standard, but a plan for extending and modifying UMTS

 Goals:
— |P based

— Download rates of 100 Mbit/s,
Upload rates of 50 Mbit/s for every 20 MHz of spectrum

— Increased spectrum flexibility, “carrier aggregation”
(the ability to use spectrum slices from 1.25 to 20 MHz)

— At least 200 active users in every 5 MHz cell.

— Low latency (< 5 ms) for small IP packets

— Cell sizes up to 100 km cell with acceptable performance
— Co-existence with legacy standards (e.g., GSM, W-CDMA)

« Based on Orthogonal Frequency Division Multiplexing (OFDM) "
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Orthogonal Frequency Division Multiplexing
(OFDM)

R Modulate
Carrier f,

substream 1

. .| Modulate
Split into substream 2 , Carior f
SOUrcé |\ substreams 2
bits substream M . OFDM
° Signal
o
.| Modulate

Carrier f,
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Will 4G Satisfy Projected Demand?

100Mbps ¢ WiMax g 10x
LTE § 1S-95 vs. AMPS
HSPA £
§ 8X
10Mbps ¢ o
26 6X
1Mbps ¢
4x
EDGE
GPRS 2X LTE vs.
100Kbps HSPA+ & EV-DO
26 |
! 1994 97 00 '03 06 '09 12
2000 2005 2010
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Increases in Cellular Capacity

Approaching
the theoretical limit

(OFDMA)

[EV-DO & HEPA)

3G (IMT-2000): Voice & Data
{e.g. COMA2000 1X & WCDMA) Next Gen.

Leap

2G

3 |ea3d3ds) Aydede)

2G: Voice Capacity
{Digital 6.g GSM & I5-35)
Next Generation

Leap

1G: Voice
(Analog 8.g. AMPS)
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What About 5G?

* No standard or specifications yet. Most likely will be a
mix of technologies that integrate:
— Small cells with lots of antennas

— Higher frequencies
(including millimeter wave, meaning above 28 GHz)

— Licensed and unlicensed spectrum

« With 4G rates eventually projected to be 1 Gbps what
additional value can 5G offer?
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Mobile communications: from 1G to 5G

-
]
o

©
3]
Re
—f
-
=

o
wn

4G 1
5G is about Communication, Storage, Processing...

|
C s -
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Classification of Wireless Systems

* Wireless Local Area Networks (WLANS)
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Comparison of Wireless Systems

MOEIIIIY WIMAX - Broadband Wireless Access Standards
MBWA - Mobile Broadband Wireless Access
WAVE - Wireless Access for the Vehicular Environment
LTE - 3GPP Long Term Evolution
Vehicular ‘/"’ \ " . 3G+ | BIE
3 f Lae A . MBWA:802.20
= |Pedestri . \ N
) Sk e
3 resze il WAVE : 802.11p
Al | |/ WLAN:802.11
1'| !/,,.-'-“""i‘\.__i\ WIMAX : 802.16 ’l
5|Pedestriany  *~ Cordless \ T i
$ g S
= Fixed (\\-_«:-_"__.___- } WPAN . 802.15 - —’:'”.’1_ _,_/) Mb/s
T T ———— = 2
0.5 2 20 155

Data Transmission Rates Versus Mobility
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Wireless Local Area Networks (WLANS)

* Very high data rates (up to 600 Mbps!)

* Low mobility within confined region (building or campus)

* Unlicensed bands
— Industrial, Scientific, Medical (ISM): 2.4 GHz
— National Information Infrastructure (UNII): 5 GHz

» Must accept interference, therefore uses spread spectrum
signaling, or random access with collision avoidance.

« Family of standards (IEEE 802.11)
90
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WLANSs Take Off (late 90’s)

Routers, access points, WLAN cards are inexpensive.

802.11 standards enable a public LAN (publan)
— Wireless Internet Service Provider (WISP) (MobileStar, Wayport)
— Product interoperability (Wireless Ethernet Compatibility Alliance)
— Always-on internet access with a public service fee

Advantages for the enterprise
— Enables mobility
— Easy to maintain (no wiring)

Advantages for the residence
— Provides broadband services
— Home media gateway appliance
« 802.11a/g from gateway to home electronics/devices

Spectrum sharing model works for wireless data.

Concerns
— Security, interference
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Overview of 802.11 Standard

[IEEE 802.11 }

{2.4 GHz } [850 to 950 nm
I J

FHSS [ DS-SS } [ Diffuse IR
|
2 Mbps 1 Mbps 2 Mbps 1 Mbps | | IEEE 802.11b
4GFSK 2GFSK DQPSK DBPSK | | Extension

5.5 Mbps 11 Mbps
DQPSK-CCK DQPSK-CCK
BPSK-PBCC QPSK-PBCC ¢
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WLAN Family of Standards: 802.11

« 802.11:
2 Mbps (with fallback to 1 Mbps), 1997 & 1999

« 802.11b:
provides additional 5.5 and 11 Mbps rates in the 2.4 GHz band

« 802.11a:
provides up to 54 Mbps in the 5 GHz band

- 802.11g:
Supports roaming, higher rate, backward compatible with 802.11b

 802.11n:
High throughput amendment using multiple antennas
(Multi-Input Multi-Output (MIMO))

« 802.11ac:
High throughput in 5 GHz band (> 1 Gbps) using wider bandwidth,
multi-user MIMO 93
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Additional 802.11 Standards

« 802.11ad (WiGig): up to 7 Gbps in 60 GHz band

« 802.11e: QoS & Security Enhancements

« 802.11f: Inter Access Point Protocol (IAPP)

« 802.11h: Power Management for 5 GHz in Europe

« 802.11i: Security enhancements

« 802.11j: Enhancements to 802.11a for operation in Japan.

« 802.11k: Radio resource management

« 802.11m: Technical corrections and clarifications

« 802.11u: Interfacing with external networks

« 802.11v: Upper layer interface for managing 802.11 equipment
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802.11 Comparison
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Integrated WLAN-Cellular Network

Application
Servers

Internet a

.@' ==

ﬁ‘iﬁ‘l‘

AP
AP Ethernet
segments
Home WISP/Operator Enterprise
Hotspot
_________________________________________________________________________________________________ .’

As the user moves, different access choices become available.
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802.11 Extension to Cellular

Handoff to 802.11
| e

Cellular (LTE) connection

~ 7
el BN
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Integrated WLAN/Cellular Network

High data rates at hot spots covered by WLANSs.
Lower data rates elsewhere provided by cellular.
Single account; single bill

Roaming

Session mobility

Common applications and services
Cellular traffic - WiFi offload

Google £
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Classification of Wireless Systems

* Wireless Personal Area Networks (WPANS)
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Ly

PDA

Personal Area Networks (PANS)

Wide area Position sensor
cellular network

o, (alarms, remote
sateway ! : control \
s + . Intelligent wireless Wimlcs)s s -
- Wide area area network (IVWWAN) , + ‘%.J -

s cellular network

sensor

Monitor . : :\K“{_ Position
Camcorder -~ Wireless ’ Position
1 . Prigter - bridge ! sensor
. “ i’ Desktop * ?

computer
AU(!IO TV ) %‘%2“,‘, ! n
‘ Internet x\g{\i}g?i ?\?V%);\ijr)ea Mot sensor Position |’ * Position
Laptop | Sensor ® sensor S"nSOY. sensor

d

High-data-rate wireless personal
area network (HDR-WPAN)

o ¥
“ -
” Sensor, positioning, and
" identification network (SPIN)
Internet access : ¥
Fixed line ’ ¢
Opt.
g 3G core ' ! it
network e ‘ P

Ad hoc
connection option

UWB connection

PDA"“Z. PDA

Outdoor peer-to-peer
network (OPPN)

ngh -data-rate
data exhchange
(gaming)
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Bluetooth: A Global Specification for
Wireless Connectivity

LAN
Access point
-

A\ 2

N . =
Mouse _ -

* Wireless Personal Area Network (WPAN).

* Provides wireless voice and data over short-range radio links via low-cost,
low-power radios (“wireless” cable).

» Initiated by a consortium of companies (IBM, Ericsson, Nokia, Intel)

« |EEE standard: 802.15.1 101
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Bluetooth Specifications

« Allows small portable devices to communicate together in an ad-hoc
“piconet” (up to eight connected devices).

* Frequency-hopped spread-spectrum in the 2.4 GHz ISM band.
 Range set at 10m.

* Interferes with 802.11 b/g/n

« Second generation (Bluetooth 2.0+) supports rates up to 3 Mbps.
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