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James Clerk Maxwell, "A Dynamical Theory of the Electromagnetic Field", Philosophical
Transactions of the Royal Society of London 155, 459-512 (1865). (This article
accompanied a December 8, 1864 presentation by Maxwell to the Royal Society.)

o A Dynamical Theory Of The Electromagnetic Field — 1865 Maxwell's 1865 paper
describing his 20 Equations, link from Google Books.

J. Clerk Maxwell (1873) A Treatise on Electricity and Magnetism

o Maxwell, J.C., A Treatise on Electricity And Magnetism — VVolume 1 — 1873 — Posner
Memorial Collection — Carnegie Mellon University
o Maxwell, J.C., A Treatise on Electricity And Magnetism — VVolume 2 — 1873 — Posner
Memorial Collection — Carnegie Mellon University
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Major telegraph lines in 1891.
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Cellular Communications

Wireless Information Transmission System Lab.
Institute of Communications Engineering

National Sun Yat-sen University
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Early Wireless Systems

o The first successful use of mobile radio dates from the late
1800s, when M. G. Marconi established a radio link
between a land-based station and a boat sailing the English
channel, over an 18-miles path.

o In 1934, 194 municipal police radio systems and 58 state
police stations had adopted amplitude modulation (AM)
mobile communication systems for public safety in the U.S.

o In 1935, Edwin Armstrong demonstrated frequency
modulation (FM) for the first time. Since late 1930s, FM
has been the primary modulation technique used for mobile
communication systems throughput the world.
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Early Wireless Systems

o The first public mobile phone service was the Mobile
Telephone System (MTS) introduced in the United States In
1946, when FCC granted a licence to AT&T.

o Operation was half duplex.

o Call placement was manual operation.

o Cover distances over 50Km.

o Modulation was FM (frequency modulation).
o 120KHz per channel.

o In 1950, the FCC doubled the number of mobile telephone
channels, but with no new spectrum allocation.

o 60 KHz per channel.

o By mid 1960s, the FM bandwidth of voice transmission was
cut to 30 KHz.
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Early Wireless Systems

o
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Improved Mobile Telephone System (IMTS) was introduced in 1969.

o Full Duplex.
o Automatic switching.
o 450 MHz band.

The cellular concept began to appear in Bell Laboratories proposals

during the late 1940s.

o Cellular concept is introduced because of limited spectrum.
o Channels are reused when there is sufficient distance between the transmitters

to prevent interference.

AT&T proposed the concept of a cellular mobile system to the FCC

In 1968.

Cellular technology wasn’t available to implement cellular telephony

until the late 1970s.
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First Generation Cellular Systems

o Analog Voice Technology

o AMPS (advanced mobile phone service),
Introduced in 1983 in the USA.
o 666 duplex channel.
o 40 MHz of spectrum in the 800 MHz band.
o 30 KHz for one way bandwidth.

o In 1989, the FCC granted an additional 166 channels
(10 MHz) to U.S. cellular service providers.

o The forward and reverse channels in each pair are
separated by 45 MHz.
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First Generation Cellular Systems

o NMT-450 (Nordic Mobile Telephone), introduced In
1981, was adopted by European states. (25KHz)

o TACS (Total Access Communication System) was a
very successful system in Great Britain. (25KHz)

o NTT (Nippon Telephone and Telegraph) was
Introduced in 1979. (25KHz)
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Licensed Spectrum

Frequency Reuse Mobile Network
Cleared spectrum for exclusive use Reusing frequencies without interference Coordinated network for seamless
by mobile technologies through geographical separation

-

access and seamless mobility
()

e
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PSTN
(landline)

Operator-deployed base stations Neighboring cells operate on different Integrated, transparent backhaul
provide access for subscribers frequencies to avoid interference network provides seamless access
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1G 7R

Limited Capacity
Analog transmissions are inefficient at
using limited spectrum

Frequency Division Multiple Access (FDMA)'

Large frequency gap required between users to avoid interference

Limited Scalability

Analog devices are large/heavy, power
inefficient, and high cost

!

PPN >
p AI" B .
To T T oMo T To T2 1= TT=T
kHz ~ kHz kHz kHz kHz kHz kHz kHz

O
Support for only 1 user (analog phone call) per channel
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First Generation Cellular Systems

Evolution of Mobile Communication

TACS
Total Access

Communication
S

1st mobile
generation

AMPS
Advanced Mobile
Phone Services

Nippon Telegraph
& Telephone

Challenges for a 2nd generation
* cellular system

» digital transmission

* ciphering

* services similar to ISDN

* increased transmission quality
* international roaming

* reduced costs
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Second Generation Cellular Systems

o Digital Technology

o US
o A:USDC (1S-54/136), DCS1900, I1S-95 (CDMA)
o B:PACS

o Europe

o A: GSM, DCS1800
o B:CT2 (TDD), DECT(TDD)

o Japan
o A:PDC
o B:PHS (TDD)

o A: high speed, high BS power, low traffic density, few BSs.
o B:low speed, low BS power, high traffic density, many BSs.
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2G a7 )

o TDMA s 5t 7 & guard band k % ¢ + 3§
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Also required potentially
unreliable “hard” handoffs
Switch channels between adjacent
cells — potential for dropped calls
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3% # (GSM)

o Base transceiver station (BTS): A% & » § 58 & %}’}Q =y

o Base station controller (BSC): &k = ¥4 2k Bcip A oo
ek ik S Tt 2 B ]L%E'é’li‘l?p\ti*;xi
7 Handover

o Mobile switching center (MSC): (7% = # # & » T8 R0
fopcallen@ gz > Bl w732 2w MSCBSC - f 7 7
[ BSC2 FF eriHandoff » i@ ##PSTN 2 140 7F T3k 2
o Home location register (HLR): & 48 i ht 3545 % » a4 7 % & =¥
o Visitor location register (VLR):3* & = ht 32458 > 3e4xp 3% =~ =8
o Authentication Center (AUC). &% ¥ & » z45 T Jff» aL’}* = sim—+ l%
o Equipment Identity Register (EIR): % % ID' bR esEWID s TR

PR Fhp e Y
o Public switched telephone network (PSTN): o £ % 4% 7 & 4
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Traditional Cellular Networks (16 & 26) (7%

aloﬂ”’mu nlcatot® % —
S ABS
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Third Generation Cellular Systems

o High Speed Data Service

o Three major standards:

o UMTS (Universal Mobile Telecommunication Standard)
o InJapan - WCDMA.

o ¢dma2000 (1S-95 successor)
o TD-SCDMA: Time-Division Synchronous CDMA
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Third Generation Cellular Systems

o IMT-2000 Services

o Indoor office: 2M bps
o Pedestrian: 384 kbps
o Vehicular: 144 kbps
o Satellite: 9.6 kbps

o Multi-environment operations
o Mega-cell (100-500 km)
o Macro-cell (<=35 km)
o Micro-cell (<=1km)
o Pico-cell (<=50m)
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Core Networ
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Hierarchical Cellular Networks
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2G 3| 3.5G a7 &

Improved performance, decreasing cost of delivery

d 3G- speC|f|c services take _Bro%d band
advantage of higher bandwidth Video sharing In wide area
and/or real-time QoS ., Video telephony

A number of mobile FI Real-time IP
: ultitasking multimedia and games

services are bearer : : :

independent in nature WEB browsing Multicasting
: Corporate data access

I Streaming audio/video

MMS picture / video

XHTML browsing
Application downloading

E-mail
: Presence/location
HEEE E B Push-to-talk
GSM GPRS EGPRS WCDMA HSDPA
0.6 171 473 1-10
kbps kbps kbps Mbps
< AV X
S
N
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However....

Broadband Internet The Smartphone Mobile Everywhere

. — - ﬂ 1990 2000 2010
b} .&7

-——— Average mobile subscriptions
I .
- xx per 100 people’
J \ —
Consumers introduced to broadband internet Amazing innovations in device technology Thanks to 2G technologies, more and more
access in the home/office resulted in the era of the smartohone people had a mobile subscription
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Global WiMAX vs. LTE Subscrnbars, {23 2005-013 2012
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Mobile 1G
AMPS, NMT, TACS

4G i &

Mobile 2G
D-AMPS, GSM/GPRS,
cdmaOne

Mobile 3G
CDMA2000/EV-DO,
WCDMA/HSPA+, TD-SCDMA

%
‘)&alcu 08
& imunicato®
LAB:

Mobile 4G LTE
LTE, LTE Advanced

Foundation of Mobile
Seamless Mobility

1980s

Mobile for the Masses
More Voice Capacity

i
/\/\/\/\/\/\—H
[ o ]

1010110100111000 | EES

1990s

Mobile Broadband
Data Optimized

ECIAy

b AIDRAL INITIATIVF

RO GEWERATION
PARTHNERSHIP
FPROJECT 2
'agpp2"

2000s
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Faster and Better Mobile Broadband
More Data Capacity

2010s



Operator's IP
Services
(e.g. IMS, PSS etc.)

Non 3GPP
[P Access
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4G LTE Architecture

General LTE Architecture

......... GGk Basic EPS architecture defined in 3GPP TS 23.401

60



Lo R e R “ R * TR e R > R SR SRR * R e S R © S S o

Abbreviations

GPRS: General Packet Radio Service (2.5G)

EDGE: Enhanced Data Rates for GSM Evolution (2.75G)

GGSN: Gateway GPRS Support Node
SGSN: Serving GPRS Support Node

MME: Mobility Management Entity

PGW: Packet Data Network (PDN) Gateway
SGW: Serving Gateway

HSS: Home Subscriber Server

PCRF: Policy and Charging Rules Function
RNC: Radio Network Controller

BTS: Base Transceiver Station

BSC: Base Station Controller

GERAN: GSM EDGE Radio Access Network
RRC: Radio Resource Control
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LTE 73514

Flexible support for wider channels
supporting more users
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Create spatially separated
paths with more antennas

Aggregate channels for higher
data rates




j ——— \

Wider Channels

Flexible support for
channels up to 20 MHz
enabled with OFDMA

I

i ] i |
Simplified Core Network
All IP network with flattened

architecture resulting in less
equipment per transmission

More Antennas
Advanced MIMO techniques to
create spatially separated paths;

2x2 MIMO mainstream

Aggregated
Data Pipe

Up to 100 MHz

Carrier Aggregation
Aggregate up to 100 MHz for
higher data rates — 2 carrier (2C)
commercial; 3C announced’

Low Latencies

Optimized response times for
both user and control plane
Improves user experience
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L TE-Advanced

E-UTRAILTE IMT-Advanced LTE-Advanced
STSIEIAspEC (3GPP Rel-8) requirements (3GPP Rel-10)
327.6 Mbps
(Peak) data DL (4x4 MMO, BAQAM) 1 Ghps (high mobility) 1 Gbps
rates 86 .4 Mbps 100 Mbps (low mobility)
UL {Emmp 500 Mbps
Supportable 40 MHz,
bandwidth ipstoediviis up to 100 MHz Hp:io LOUHIFt
15 bps/Hz 15 bps/Hz
Baal DL (IE n:atpegclr'g.f al x4 EIMO} 30 bpSsz
ea
3.75 bps/Hz 6.75 bps/Hz
E\ UL (LE categnr'g.f a2 (%4 MFI}MO} 15 bpSJ"HZ
@
= 3.7 bps/Hz
£ averags DL | 1.87 bps/Hz 2.2 bps/Hz 8 nﬂmo;.
® 2.0 bps/Hz
- UL 1.4 bps/MHz e S
@
= DL 0.06 bps/Hz 0.06 bps/Hz 0.12 bps/Hz
Cell edge {432 MIMOY 42 MIMO) {434 MIMOY
UL 0.03 bps/Hz 0.03 bps/Hz 0.07 bps/Hz
(24 B MO 2 WO (2w MO
U-plane latency less than 30 ms less than 10 ms less than 10 ms
C-plane latency less than 100 ms less than 100 ms less than 50 ms

65

Carrier
aggregation,
MIMO

Carrier
aggregation
8x8 DL MIMO

4x4 UL MIMO
CoMP, MIMO

CoMP, MIMO

CoMP, MIMO
CoMP, MIMO



Coordinated Muilti-Point (CoMP)

Joint
Processing

Coordinated
Beamforming

eNB 3

Interference Avoidance
Beam-forming

oy
\B 1 \ it e eNB 2
R a.la o
", UE2
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i | 2FE2E | 2153 | ARSI | BEEE | ERE8HE | SEuE

FETE ST

(bps) (bps/Hz)

2G GSM FDMA | GMSK | 200KHz | 9.6K/14.4K | 0.05/0.07

256 | GPRS | TDMA | GMSK | 200KHz | 9.6K/115K | 0.05/0.58

275G | EDGE 8PSK 200KHz | 384K/384K | 1.92/1.92

3G | WCDMA | FDMA | QPSK 5MHz |  64K/2M 0.01/0.40

3.5G | HSDPA | CDMA | 16QAM 5MHz | 384K/14.4M | 0.08/2.88

3.75G | HSUPA QPSK 5MHz | 5.76M/14.4M | 1.15/2.88
4G LTE FDMA | B4QAM 20MHz | 50M/100M 2.5/5
4G LTE-A | OFDM | g4QAM | 100MHz | 500M/1G 5/10
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Connection Density Latency
[#/km?] [ms]



5G Research, Initiatives and 5G 5G Product Cnm:'fzrcial
Partnerships Standardization Technology Deployment

& ITU WRC
& IMT-2020 (5G)
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5G B 4 B T Ak 3

Multi-Gbps Transmission Rate

» Massive MIMO Large Scale MTC

« Millimeter Waves

- New Waveforms + Device-to-Device Communication (D2D)

«Very low power consumption operation modes
« Multi-RAT Integration and Management

« Advanced Multiple Access Schemes

Highly Dense Networks « Optimized operation in lower bands (sub-1GHz)

+ Advanced Small Cells

« Advanced Inter-node Coordination

+ Self Organizing Networks

*Wireless Backhaul/Access Integration

Highly Flexible Architecture

+ Context Aware Networking

+ Software Defined Networks

* Network Function Virtualization
*Moving Networks

Higher Spectrum Usage

« Carrier Aggregation

* Operation on Unlicensed Bands

« Operation on Millimeter Wave Bands
* Cognitive Radio



Massive MIMO

v Arrays with up to hundreds of elements
v Typical operation in higher frequencies (>10 GHz)

v Higher capacity can be achieved with enough elements
72
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Bell Labs Museum

Wireless Information Transmission System Lab.
Institute of Communications Engineering

National Sun Yat-sen University




Alcatel-Lucent = (Murray Hill, NJ)
5 December 2008




WIER A S .
Alexander Graham Bell (1847~1947) <475
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St LEAVE THE BEATEN
TRACK OCCASSIONALLY
SSSessa—ee AND DIVE INTO THE
SSSopmasc—= WOODS. YOU WILL BE
CERTAIN TO FIND
Fid SOMETHING THAT

]
it

Py
L

(L5
ik,

YOU HAVE NEVER
SEEN BEFORE.

IN HONOR OF THE INVENTOR
OF THE TELEPHONE ON THE
CENTENNIAL OF HIS BIRTH
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drattain. and Shacklev won the

Here st Bell Labi, aw December 12, 1947, Joha Burd
Buattgin mude vac of the greatest inventions of 1ll tim
now 4

e ik
i wirtuslly avery slectronic device. William Shockley

tramiitar asd in 1950, built the fundamental areh

Bardeen, Brattain, 18d Shockley won the Nobel Prize in k ————
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Bell Labs Patents

Total number of patents earne

Bell'Laboratories has earned more thana patenta‘day'since it was founded

in 1925. These patents include some of the pivotal inventions of the 20t

century — the transistor, the laser, the solar cell, digital switching, communications
satellites, undersea fiber-optic cable and cellular calling.




Awards

=

e i

6 Nobel Prizes in Physics shared by 11 scientists

9 U.S. Medals of Science

7 U.S. Medals of Technology

1 Draper Prize

6 Marconi International Fellowship Awards

7 C&C Prizes shared by 12 scientists and engineers
27 IEEE Medal of Honor winners



Nobel Prizes




Noozl| Prizes

1937 Clinton Joseph Davisson, New York, "for their experimental discovery of
the diffraction of electrons by crystals"

1956 John Bardeen, Walter Houser Brattain, William Bradford Shockley,
Murray Hill, "for their researches on semiconductors and their discovery of the
transistor effect"

1977 Phillip Warren Anderson, Murray Hill, "for their fundamental theoretical
Investigations of the electronic structure of magnetic and disordered systems"

1978 Arno Allan Penzias and Robert Woodrow Wilson, Holmdel, "for their
discovery of cosmic microwave background radiation*

1997 Steven Chu, "for development of methods to cool and trap atoms with
laser light"

1998 Robert B. Laughlin, Horst L. Stormer, Daniel C. Tsui, "for their
discovery of a new form of quantum fluid with fractionally charged
excitations"
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Innovation Timeline 1869~1930s
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*In 1864, James Clerk Maxwell has formulated the electromagnetic
theory of light and predicted the existence of radio waves.

*The existence of radio waves was established experimentally in
1887 by Heinrich Hertz.

*The first successful use of mobile radio dates from the 27 March
1899, when M. G. Marconi established a radio link between a
land based station and a boat sailing the English channel.

1869 Gray & Barton
(becomes Western Electric in 1872)

1876 First Telephone

“Mr. Watson, come here, | want you!” The
Telecommunications revolution begins when Alexander
Graham Bell speaks these words into his prototype
telephone on March 10, 1876.

1914 Vacuum Tubes

1916 Condenser Microphone
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1916 Two-Way Radio Telephony

1917 Electric Wave Filter

1924 Statistical Process Control Charts

1924 Facsimile Services
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1926 Sound Movies

11927 Negative Feedback Principle

1927 Wave Nature of Matter
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1927 Television Transmission

1929 Artificial Larynx (v&=i)

1932 Nyquist Rate & Signal
Sampling Theorem

1933 Radio Astronomy
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1933 Stereo Recording

1936 Speech Coding & Synthesis

1939 Electrical Digital Computer

88






1939 Radar Research
| 1936 Closed-Spaced Triode

1939 Traveling Wave Tube
Amplification

1947 Cellular Concept

90




1947 The Transistor

1948 Information Theory

91



1948 Pulse Code Modulation (PCM)

1948 Error-Correcting Codes

1951 Whiskers

1951 Zone Refining
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1954 Solar Cell

1954 Superconductors
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1954 Oxide Masking

1956 Polyethylene Coating

1956 Submarine Telephone Cable

1957~58 Masers & Lasers

94






1959 Artificial Neuron (# & )

1959 Time Assignment Speech
Interpolation

1959 Macros
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1960 Epitaxial Film Transistors

1960 Random Dot Stereogram
(= % PR )
1960 Computer Generated Music

1962 Foil-Electret Microphone
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1963 Touchtone Telephone
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1964 Support for the Big Bang Theory

1964 Picturephone
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1965 Echo Canceller

1965 IESS Switch

1966 Magnetic Bubbles
1967 Linear Predictive Coding (LPC)

1968 Molecular Beam Epitaxy (MBE)
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1969 Charged Coupled Device (CCD)

1969 UNIX System

1970~71 Heterostructure &
Distributed Feedback Lasers
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1973 C Language

1974 Computerized Axial Tomography
(CAT) Algorithm

1974 Lithium Niobate for Lightwave
Modulation

1974 Modified Chemical Vapor
Deposition (MCVD)
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1975 Speaker-Independent Voice
Recognition

1977 Commercial Lightwave System

1978 Cellular Trials

1980 Solitons
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1979 Text-to-Speech Voice System

1981 S Language

1980 Master-Rated Chess Machine
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1982 Fractional Quantum Hall Effect

1983 Hidden Markov Models

1983 C++ Language
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1984 Karmarkar Algorithm

1985 Atom Trapping

1986 SEEDs

1986 High-Temperature
Superconductors
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1986 Erbium-Doped Fiber Amplifiers

1988 Digital Cellular
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1988 Undersea Fiber Optic Cable

1989 High Definition Television
(HDTV)

1991 Microdisk Laser

1992 Magneto-Optic Data Storage
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1992 Video Codec Chip Set

1994 Quantum Cascade Laser

1996 360-Degree Camera
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