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AMPLITUDE MODULATION

Not a Constant Envelope (or Amplitude)
Modulation
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(b) Resulting AM Signal

X,, ()= A [1 + m s(t)] cos anf t
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FREQUENCY MODULATION

(Continuous Phase Modulation)
Constant Envelope

Edwin Armstrong, “A method of reducing disturbancesin radio signaling by a
system of frequency modulation”, New York Section bIRE, November 6, 1935.

Transmitted FM Signal, x, (t)
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X, (t)= A cos {2 t+21h | ts(r) dt}

The constant, h, is similar to what is normally cdéed the “maximum frequency
deviation” in analog modulation techniques.



Baseband Filter

(used in PCM)
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Telephone Channel

(C1 Conditioning)
Bandwidth is about 3000 Hz

Rl | I_J—,,’:

|
|

| : | ATTENUATION | -0
| 7 ,

! B I

! B I

{ I

!

DIFFERENTIAL DELAY (MILLISEC)

0 | e

ATTEHUATION (DB

i e e

500 90 1300 1700 2100 2500 2900 3300

Frequency (Hz)



TWISTED-PAIR CHANNEL

 HDSL-High-Speed Digital Subscriber Lines
e ADSL-Asymmetric Digital Subscriber Lines
* VDSL-Very High Rate Digital Subscriber
Lines
* g.lite-An ADSL system operating at
relatively low bit rates, i.e., less than or
equal to about 1.5 Mbps
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Twisted-Pair- ADSL Example
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SPECTRAL OCCUPANCY

TWISTED-PAIR CHANNEL

UPSTREAM

DOWNSTREAM
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System

POTS
ISDN-2B1Q
ADSL (POTS)

HDSL-2B1Q
3 pairs
HDSL-2B1Q
2 pairs
HDSL-CAP
1 pair
SDSL
VDSL

5 25
1.1 MHz

Band

300-3.5 kHz
10-50 kHz
25.875-1.104 kHz
.1-196 kHz
1-292 kHz
.1-485 kHz

10-500 kHz
300 kHz-10/20/30 MHz

128 kHz

Bit Rates

56 Kbps (48 Kbps)
144 kbps

UP-640 kbps
DOWN-8 Mbps

2 Mbps

2 Mbps
2 Mbps

192-2.3 Mbps
ASYMMETRIC

UP 4 Mbps
DOWN 24 Mbps

SYMMETRIC

36 Mbps



Modern Digital Modulation Techniques

CLASSIC MODULATION CPM SIGNALS
TECHNIQUES GMSK

NYQUIST SIGNALING (PAM) MSK

QPSK FQPSK

114-OPSK TFM-GTFM

SQPS

ke DIVERSITY

8PSK- TECHNIQUES
LINEAR GMSK SHAPING MIMO, BLAST

QAM-NYQUIST SHAPING SPACE OR ANTENNA

BFSK, MFSK DIVERSITY

SMART ANTENNAS

CODING TECHNIQUES

VITERBI ALGORITHM
TRELLIS CODING
TURBO-CODING
ITERATIVE DECODING

LDPC CODES

TIME DIVERSITY-CODING
FREQUENCY DIVERSITY
CDMA
OFDM, OFDMA
FREQUENCY HOPPING

MIMO-OFDM-
MULTITONE SIGNALS CODING
DMT SPACE-TIME (-FREQUENCY)
OFDM CODING
UWB_OFDM Al AN ITI NANANNINIC

EQUALIZATION

MULTIPLE ACCESS

TECHNIQUES
TECHNIQUES EDMA 2
TDMA
VITERBI EQUALIZATION CDMA
RAKE RECEIVER WCDMA
DECISION FEEDBACK OEDMA
EQUALIZATION FDD
LINEAR EQUALIZATION DD

TURBO-EQUALIZATION

FREQUENCY HOPPING
UWB-OFDM (Impulse UWB Radio)

ADAPTIVE MODULATION AND CODING
TECHNIQUES




NEW TOPICS

e Adaptive Modulation and Coding

e Antenna Diversity

« BLAST

« MIMO

« OFDM and OFDMA

e MIMO-OFDM-CODING

e Turbo-Coding and LDPC Codes

e Multi-user Communications

e Multi-user Diversity Gain

e |terative Decoding Techniques

e Capacity of Rayleigh Fading
Channels

e Space-Time Coding (Alamouti)

e Time-Space-Frequency Diversity
e Combinations of above

» ACI Cancellation in CPM

« UWB-OFDM

o Cooperative Diversity

10
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Cellular land-mobile radio: Why
spread spectrum-1979

G.R. Cooper, R. W. Nettleton and D. P. Grybos, “Céllar land-mobile radio:
Why spread spectrum”, IEEE Communications MagazineVo. 17, No.2, March
1979, pp.17-23.

Editor’s Note

By proposing a land mobile radio system which employs
spread spectrum, the authors have stimulated considerable
interest and controversy. The theoretical capacity of their
scheme is uncertain because some aspects of system perfor-
mance are still the subject of debate. For example, one study
.argues that the authors should reduce their systern cupaciiy
-estimate by a factor of two because their calculation of the
signal-to-noise ratio required to achieve a given bit error-rate
is in error by 3 dB. Another question is the improvement ob-
tainable by using sectoral (instead of omnidirectional) base
station antennas. There is concern that some regions near
the cell boundaries in a multicell system will be exposed to
interference from a large number of sectors, and that this
increased interference may. negate some of the apparent
advantage of sectoral illumination. One analysis of this spread
spectrum system which predicts somewhat poorer perfor-
mance than claimed here will be presented by P. S. Henry at
the 29th IEEE Vehicular Technology Conference in March
1979. ‘

Other critics, including reviewers of this paper, are con-
cerned that readers may give undue credence to the authors’
conclusions and infer that a workable and economically
feasible solution is being proposed. However, the authors
acknowledge the existence of controversy and the fact that
they do not know whether or not their scheme is economically

' viable. Their work is certainly of conceptual interest, at least
“because it is the first spread spectrum approach to land mo-
bile radio. Even if it should not turn out to be a workable
scheme, their proposal may stimulate further exploration of al-
ternative spread spectrum systems for mobile communication.

-—AG.




Two New Standards
For Wireless in Duel

s
v

g
By SETH SCHIESEL
At a cellular telecommunications
convention this spring in Dallas, the
‘head of Primeco Personal Communi-
‘cations made a.bold prediction for
his company’s introduction of -the.
new type of wireless telephone serv-
ice known as P.C.S.
*“We'll have all 11 markets ready
for the Christmas season,” said Ben
" Scott, Primeco’s chief executive.
Nicholas Kauser, chief technology
ofﬁcer for AT&T Wireless Services,

2 'Primeco competitor who attended -

tHe convention, was quick to respond.
“I'll bet a month’s wages. that it
won't happen,” Mr. Kauser was
quoted as saying in Wireless Week a
trade publication. :
*“Mr. -Kauser better get out his
checkbook, Primeco, which takes a
tundamentally different technologi-
cal approach to P.C.S. than AT&T,
iritroduced its service last'week in 15
metropolitan markets mcludmg Chi-
t:ago and Miami,  ”

“There is much more at stake than

2 gentlemen's bet between corporate

Tivals, for the Primeco, rollout was
thi first United States market test in
a raging financial and technical bat-
tle between two rival standards for
personal communications services,
ar P.C.S. On one side is a time-tested
technology-that only AT&T Wireless
plans to deploy on a nationwide ba-
sis On the other is a newer, less-
proven format — but one upon which
Brimeco, Sprint Spectrum and most
of the nation’s other P.C.S. providers .
are staking their futures,

For customers, the technical de-
bate will come down mainly to which
format — if either — offers better
vqnce and data services. But for mak-
ers of P.C.S. handsets and network
equipment, billions of dollars hang in
the balance, as companies like Qual-
comm, Ericsson, Lucent Technol
ogies, Motorola and Northern Tele-
¢om angle for business.:

Mr Kauser’'s wager reflected
wxdespread skepticism* about the

type of P.C.S. technology adopted by -

Primeco: code division multiple ac-
cess, or CDMA. -

. And while it is too early to tell how
well the technology will work as,
&housands of subscribers move onto
these new wireless systems, the fact

Battle Over Next-Generatlon Serv1ce

that Primeco S networks appeared m
be operating without major incident
last week was an early vindication of
* the chosen format.

“If your argument was that
C.D.M.A. was a hoax, well it's here,”
said Gregory S. Geiling, an analyst at
J.P.- Morgan; ~*“The debate over

whether C.D.M.A. is a viable technol-

ogy has been put to rest.”

Both C.D.M.A. and its main alter-
native in this country — time division
multiple access, or T.D.M.A,, chosen
by AT&T Wireless — process calls
digitally. That enables more sub-
scribers to use a network, which
should translate to lower costs for
operators and lower prices for con-
sumers. Digital transmission can

“also offer better voice quality than
traditional analog cellular systems. -

Both technologies support data

communications. (A T.D.M.A. vari- .

ant known as G.S.M., dominates Eu-
rope’s wireless market and is used
by some smaller American opera-
tors including Omnipoint Communi-
cations, which introduced service in
New York last week.)

But the two technologies accorh-
plish those goals in radically differ,

ent ways, and their partisans see . /

radically different results. )
T.D.M.A., championed by Erics-
son, the Swedish maker of handsets

“and wireless network systems, al-

lows three users to share a single
radio-frequency channel by dividing
each user’s voice or data conversa-
tions into tiny time segments, inter-
spersing the segments and and re-
assembling the trafﬂo at the receiv-
er's end.

AT&T Wireless is the sole national
proponent of T.D.M.A,, which is the
format for the Digital P.C:S. system

the company introduced as updated .

cellular phone service in September
and plans to roll out at higher P.C.S.
frequencies next year. ...

Ins;ead of using time division, i

C.D.M.A. scatters the contents of

voice and data conversation over .

many channels, giving each snatch

of information a unique identifica- -

tion code to allow reassembly on the
receiving end.

Though the San Dlego-based Qual-
comm Corporation introduced the
basic technology in the late 1980’s,
providers have faced daunting tech-
nical challenges in getting C.D.M.A.
from the laboratory to the market-

THE NEW YORK TIMES, MONDAY, NOVEMBER 18, 1996

frequency.

© Multiple @ Each _
users share: . conversation
available : is broken into
radio ..« segments

~ -and coded.

Sources: Qualcofnm, AT&fWirsIm

Competing Standards

There are two main United States standards for digital
wireless phone service: Time Division Multiple Access
(T.D.M.A.) and Code Division Multiple Access
(C.D.M.A.). Both process calls by compressing more
conversations into a given amount of radio space than
an analog signal can. The result is a clearer signal and
better voice quality. The two technologies accomplish
this goal in radically different ways.

T.D.M.A. _ i

—HE D -

. ©Oneto . . @The -
three users - conver-
share each sations are - ..
available divided.into
radio tiny bits of

sound.

v

© When the bits are
reassembied, the ear-
hears a continuous
sound much as the’
eye sees a continuous
image at the movies.

©The  @and then using
conversa- the codes, the
tions travel segments are
along differ-  reassembled on
entpaths.  the receiving end.

A

place. But last Week its supporters
were reveling. -~

“If you go. back and Iook at what
we claimed for this technology,
we've delivered,” said Harvey P.

~ White, Qualcommnt’s president.

Not quite. Originally projected to
offer up to 40 times the capacity of
analog systems, most.analysts now
say the technology will offer at most
a ninefold 1mpmvement over ana-
log.

That is still more of an upgrade
than the three-for-one expansion of
T.D.M.A. And it is why many indus-

* try figures say C.D.M.A. offers long-

term financial benefits — though
T.DM.A: advocates like AT&T
Wireless and Ericsson dispute this.
Scott K. Erickson is a marketing
vice president at'Lucent, which
makes both systems and counts as’

The Ncl York Times

clients both AT&T Wireless and Pri-
meco — a joint venture -of Nynex,
Bell Atlantic, US West and Airtouch
Communications. Even Mr. Erick-
son describes C.D.M.A. as “a much
more economical system to deploy.”
But, like Mr. Kauser, TD.M.A.'s
defenders continue to bet that the
rival technology will fall on its face.
“We're not experimenting on our
customers, which is what is going to
happen with some of these new tech-
nologies,” said Roderick D. Nelson,
an AT&T Wireless vice president.
Over time, many industry experts

expect the relative advantages of the -
two formats to blur, as the providers
with the best marketing plans pre-:

vail. “The consumer is the one who'’s
going to win,” said Matthew J.

Desch, president of Northern Tele- :

com's wireless networks group.



IMT-2000 RADIO INTERFACE
SPECIFICATIONS

Approved —ITU Helsinki
October 25-November 5, 1999

e IMT-DS-Wideband CDMA-UTRA-FDD (3.84Mch/sec)
e IMT-MC-cdma2000-1x and 3x (1.2288Mch/sec)

e IMT-TC-UTRA TDD (3.84Mch/sec)

e IMT-SC-UWC-136 or EDGE-Upgraded TDMA

e IMT-FT-DECT based

e China-1.3542 Mchips/sec-1.36 MHz (May 2000)
(TD-SCDMA)
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Path loss versus distance measured in several
German cities

B. Sklar, “Rayleigh fading channels in mobile digial communication systems —
Part I: Characterization, and Part Il: Mitigation”, |IEEE Comm. Magazine.,
September 1997, pp. 136-146.

. Al measurement locations

T r[rrl.---;l TT eIl T IATTIITT

o EA I:licigr.t °
a Stuttga S
A Dusseldorf /e
V Bank bidg. BN
¢ Kronberg Hag ¥
+ Hamburg B

R separation (km) i

_H Figure 4. Path loss versus distance measured in serveral Ger-
man cities.



*Rayleigh Distribution

12162
f(r)=(r/ 02) e ;>0

*Rician Distribution

-(r2+A2) 1262

fr)=(r /o) e " LrA/c?)] ;r=0

I,[x]= (1/2m) Je***° dO

*The plot below is a plot of f(v), where
v=r/c and a=A/c

, fW=cf()

0.6
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Rayleigh Probability Density Function

j f(r)=(r/62)e'r2/ 2"2; r>0

0.606538 | |

0.6~ ]
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Rayleigh Fading Amplitude as a

function of time

-Carrier frequency=900 Mhz
-Velocity=50 Mph (80 Km/h)

Fading envelope (decibels)

20

-20

-40

-60

ik

)

=
! 1

1 1 l

100

200 300 400 500

Time (milliseconds)

AT&T Technical Journal
July/August 1993
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e Sixth Ave. and 23 rd St.

Delay Spread Measurements
 New York City

-Carrier Frequency-2 GHz (BPSK)

-Chip Rate-24 Mchips/sec

1/R =40 ns

_Tch:

InterDigital (D. Schilling)

4000ns

(4000 ft)

- 6th Ave. and 23rd St.



Fading Channel and Diversity

Figures

20
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“Digital Communications”-Fourth Edition, 2000,
by John G. Proakis, McGraw-Hill Co.
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PROBABILITY OF OUTAGE

Pr{outage}

In many cases we may also look at the performancé o
fading channels by considering the so-called outage

probability, Pr{outage}.

The outage probability, Pr{outage}, is defined ashe
probability that a certain desired “instantaneous”

probability of error is not attained.

For example, let’s consider the Rayleigh fading chanel
shown previously and redrawn below.

envelope (decibels)

——

Fadiny

200 300
Time (milliseconds)

X

Desired
Value of
Hrl'l

0606531 08

0.6

f(r) 04

0.2

Desired
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[13 rl'l
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Suppose we would like the “instantaneous” error prbability
to be less than some desired threshold value, Rdshoid €}
e.g.,10°. In other words we require that the received
instantaneous value of Ej.san/No,dB be greater than some
required threshold value, e.g., for the case of Tthe
required value would be E,,instam/No:rZ Ew/No,dB equal to 9.6
dB.

The instantaneous received value ofkj,iqstam/No:r2 Ex/No.

Therefore, we would have to find that value of “r’which
guarantees that

_ 2
Eb,instantll\lo—rthreshold Eb/NO> Eb,threshold/NO .

The probability that “r” is_not greater than the
required ryeshoiq IS the outage probability,
Pr{outage}.

Pr{OUtage}:Pr{ Eb,instant/NO < Eb,threshold/NO }




Probability of Outage

Single Diversity (SISQO)

Pr{OUtage}:1'exp{'[Eb,required/NO] /[E b,averagelNO ]}

Dual Diversity (MRC-SIMOQ)

Pr{outage}:1[1+ B required/No :| exp[_ Ereq -,[ed/NQ:|
0 NO

b,Evg, one arr{N E,avg,one an‘
Pr{OUT}
| i
/f
/
08 / =
/
/
jf
06 -
SISO /
02 / \ .
/ MRC
0 _— Lo |
=20 ~10 0 10

Eb/NO, Total Req / Eb, avJNO, per one antenna dB
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Probability of Outage

Single Diversity (SISO)

PI’{OUtagE}:1-6Xp{'[Eb,required/N0] /[Eb,average{NO ]}

Dual Diversity (MRC-SIMO)

» Ereguired/NO ] EXF__ Ereguired/NO N
E,avg,one an{NO

Pr{outage}=1- 1
Eb,avg, one an{NO

Dual Diversity (MRC-SIMO-Received Power Remains th&Same)

Prioutage}=1- 1§ Breqied/No | exff _ _ Eequed/No |
Eb,avg, tota/NO lE,avg,tota/NO
I
Pr{OUT}
0.8
06
04

02} \ MRC-

’ / /  Same Total Receive:
—l ”/f v i Power
—20 s - |

Eb/NO, Total Req / Eb, avg/NO, per one antenna dB

(Eb/NO, Total Req / Eb adeO, total received power dB' fOf the case
in which total received power remains the same)
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Slow Flat Rayleigh Fading Channel
e Antenna Diversity

-Selection Combining
-Equal Gain Combining
-Maximal Ratio Combining-MRC

Antenna 1: x=r,VE+n,
Antenna 2: %= r,vE+n
|__, 2 2 2
I

-
TN

COS ATt

Receiver 1 % - X
Jat [——

COS ATt

X
Receiver 2 % T
fdt F——
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Probability Density Functions, f(x)
The variable “x” represents total instantaneous
received energy

-One Receiving Antenna (SISO)
f(x)=(1/20" ) exp(-x/2°)
(x=r*)
-Two Receiving Antennas —-MRC
f(x)=[(1/20%)]* x [exp(-x/20%)]
(F°=ry 2 + 1, ° = X=X+Xo)




Probability ol a bit error, P,

Slow Flat Rayleigh Fading Channel
Antenna Diversity-SIMO
Maximal Ratio Combining

1 ‘ <
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ey b @0 105 l\_ \‘, . §‘ \\ \\ Eb/NoZ 4§_ dB
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DIVERSITY COMBINING

G. Pottie, “System Design Choices in Personal
Communications”, IEEE Communications
Magazine, October 1995

e Selection Combining
 Maximal Ratio Combining-MRC

4th™s

T T irrmr T 3T

! * G L B X Feei ] L BIT W ACTLIY . 2e, RS e .-2_15
. Selection diversity and maximal ratio combining for coherent PSK

BT - g
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MPSK
Probability of Symbol Error

ZZ _

3-5\\

\?\ \ ?\ |\

Ew/No,dB

* R is the same for all the modulations.
* The bandwidth, W, decreases as M increases.



QAM AND MPSK SIGNALS

Probability of Symbol Error, Pr {€}
lO"ri. \ \\\ \\‘. v

]
N
s - h-
i i \ i \
I : v\ |
: \ - \ \\9 \
- . ) \
] i i

b . e | ———
-

Py, prohabibity of a symbol
/
/

. i
107° 1 \‘ ‘.F” '
5 i g r\
: | ;\ i\‘\
; | = ?%
i K i N :
b r b i
10 - =t 0 2 8§ 10 12 14 1 18 20

FIGURE 4.2.28 : ,
Probability of a symbal estor for QAM and PSK.

. 16-QAM IS about 3.7 dB better than

16-PSK (at 10
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SOUARE ( AND CROSYS)
CONSTELLATIONS
- up to 256 POINTS

128-Cross
QAM
b ¢ X X X X b X X X x b X X X X X
X X X X X X X X X X X X X X x
-
X X X x Ix X X X X X X b4 X X X X
1
X x X X Jx Xx X X X X X X! X X X X
]
FEEsmm—— L et (]
X X X X X X X X X X X X X X} x x
r ) :
i ! i
X X X ¢ XI X4 X X X X X.,X X x! x X
i =
X X X X X iX IX X X xXi{xix X X| X X
: : ‘
I
X x Jx x x !x |x x X x| x }x x x! x X
]
: 5 !
X X X X X iX IX X X X! X ;X X Xi X X
] i :
] : i 1
b ¢ X X X X | x §x X X X X | x X X} X X
[ I )
! L | i
L_-_. I"'"J ]
X 4 X X X X7 x X X X X X ¢ xi x X
L-- :
X X X X X X X X X X X b ¢ X x| X X
[ I . pommmmmme 1
1 [}
X b ¢ x X |x X S { X X X X} x x x X
]
! E
b X x x Ix X X X X X X X! x X X X
X X X X X X X X X X b x X X x X
X X X X X X X X X X b X X b ¢ X X

Notice that the minimum distance “d” is the
same for all the constellations.

The “price” for increasing the number of bits
per sec/Hzfor Square QAM Constellations is
about 6 dB/ 2 bits per symbol!
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Multi-ring Amplitude Phase Shift
Keying Constellations

S. Benedetto, R. Garello, G. Montorsi, C. Berrou, CDouillard,

D. Giancristofaro. A. Ginesi, L. Giugno and M.Luise “MHOMS: High-speed
ACM modem for satellite applications”, IEEE Wireless Communications
Magazine, Vol. 12, No.2, April 2005, pp. 66-77.

An example of a_non-squar€)AM
constellation, for use in deep space
communications.

3:3#“37‘

B
s A

I
. i z i

Flgure 1. ulti-ri A nstéll tions: a) Euclid ah«dist'ances; b) 16-point
4-12-APSK; c) 32-point 4-12-16-APSK; d) 64-point 4-12-20-28-APSK.

R, R




OPTIMUM CONSTELLATION
16 QAM

About a .5 dB improvement over a
Square- 16-QAM Constellation

G.J. Foschini, R. D. Gitlin, and S. B. Weinstein, Optimization of
two-dimensional signal constellations in the presee of gaussian
noise”, IEEE Trans. on Communications, Vol. 22, Nol, January
1974, pp. 28-38.

° ®
® . ) .
* *— 5 <+
° ° l o )

Notice the asymmetric constellation and the use
of triangular spacing between points
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V.34 CONSTELLATIONS
*960 Points
*1664 Points

This is one-quarter (240) of the total number of
points, in the 960 point QAM constellation, used
in the V.34 modem.
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QAM CONSTELLATION
(64-QAM)
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PROBABILITY OF ERROR-
M-ARY MODULATIONS

PAM o
Pr£}=2[1- (1/M)] Q{d/V2Ng}

where E=[(M?-1)/12]df
and E=nE,= (log,M) E,.
QAM

Pr{e}=4[1- (LWM)] Q{d/ V2Ng}- 4[1- (LNM)]? Q¥d/vV2Ny}

where E=[(M -1)/6] &
and Es=nE,.

ORTHOGONAL MESK

Prye}=1- [ (LN2m) exp{- (y- v 2E. INo Y 12} [1-Q)" dy

MPSK
M

Prde}=1- | f(e) do
M

00

#(6)= (L/2) exp{-E/ No sin 6} JV exp{-(V-v 2E4 No co®)?2} dV
0




SOME GOOD UPPER BOUNDS

MPSK
Simple upper (and lower) bounds

Q(drmin / V2No) < Pr{€} < 2Q(Chyin / V2No)

drin?=2 VE.sin® M
E=E, (log:M)=nE,
QOAM
Prie}<4Q[d_ v2N,]
For Square- Constellations

din"=6 E/(2"-1)

ORTHOGONAL MESK

Pr{e} < (M-1) QVE,/ N



41

BPSK
-No longer Constant Envelope
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BPSK
-No longer Constant Envelope

c(t)
\/,' e - |
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N YT
SQPSK

-Not Constant Envelope -BUT envelope
never completely closes

N
SN A
S

This represents the quadrature branch of an
SQPSK transmitter.
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Power Spectral Densities
SQPSK, MSK, SFSK
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MEAN-SQUARE CROSSTALK
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A=1( 0 dB) means interfering user is at same powdevel as

desired signal
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Claude Shannon, Mathematician, Dies at 84

By GEORGE JOHNSON

Dr. Claude Elwood Shannon, the
American mathematician and com-
puter scientist whose theories laid
the groundwork for the electronic
communications networks that now
lace the earth, died on Saturday in
Medford, Mass., after a long fight
with Alzheimer’s disease. He was 84,

Understanding, before almost any-
one, the power that springs from
encoding information in a simple lan-
guage of 1's and 0's, Dr. Shannon as a
young man wrote two papers that
remain monuments in the fields of
computer science and information
theory. ’

““Shannon was the person who saw
that the binary digit was the funda-
mental element in all of communica-
tion,” said Dr. Robert G. Gallager, a
professor of electrical engineering
who worked with Dr. Shannon at the
Massachusetts Institute of Technol-
ogy. “That was really his discovery,
and from it the whole communica-
tions revolution has sprung.”

Dr. Shannon’s later work on chess-
playing machines and an electronic
mouse that could run a maze helped
create the fieid of artificial intelli-
gence, the effort to make machines
that think. And his ability to combine
abstract thinking with a practical
approach - he had a penchant for
building machines — inspired a gen-
eration of computer scientists.

Dr. Marvin Minsky of M.L.T., who
as a young theorist worked closely
with Dr. Shannon, was struck by his
enthusiasm and enterprise. “What-
ever came up, he engaged it with joy,
and he attacked it with some surpris-
ing resource — which might be some
new kind of technical concept or a
hammer and saw with some scraps

| of wood,” Dr. Minsky said. “For him, .

the harder a problem might seem,

the better the chance to find some- .

thing new.”
Born in Petoskey, Mich., on April
30, 1816, Claude Elwood Shannon got

= chalar’s Jacwan dem i
a bachelor’s degrec in mathematics

Dr. Claude E. Shannon in 1972.

was largely motivated by the teje-
phone industry’s need to find a math-
ematical language to describe the
behavior of the increasingly complex
switching circuits that were replac-
ing human operators. But the impli-
cations of the paper were far more
broad, laying out a basic idea on
which all modern computers are
built.

George Boole, the 19th-century
British mathematician who invented
the two-symbol logic, grandiosely
called his system “The Laws of
Thought.” The idea was not lost on
Dr. Shannon, who realized early on
that, as he once put it, a computer is

A scientist who saw
the potential of a
series of 1’s and 0’s.

and electrical engineering from the
University of Michigan in 1936. He
got both a master’s degree in electri-
cal engineering and his Ph.D. in
mathematics from M.I.T. in 1940.

While at M.1.T., he worked with Dr.
Vannevar Bush on one of the early
calculating machines, the “differen-
tial analyzer,” which used a precise-
ly honed system of shafts, gears,
wheels and disks to solve equations
in calcuius.

Though analog computers like this
turned out to be little more than
footnotes in the history of the com-
puter, Dr. Shannon quickly made his
mark with digital electronics, a con-
siderably more influential idea.

In what has been described as one
of the most important master’s the-
ses ever written, he showed how
Booiean logic, in which problems can

. be solved by manipulating just two

symbols, 1 and 0, could be carried out
automatically with electrical switch-
ing circuits. The symbol 1 could be
represented by a switch that was
turrned on; 0 would be a switch that
was turned off.

The thesis, “A Symbolic Analysis
of Relay and Switching Circuits,”

“a lot more than an adding ma-
chine.”” The binary digits could be
used to represent words, sounds, im-
ages — perhaps even ideas.

The year after graduating from
M.LT., Dr. Shannon took a job at
AT&T Bell Laboratories in New Jer-
sey, - where he became known for
keeping to himself by day and riding
his unicycle down the halls at night.

‘“Many of us brought our lunches
to work and played mathematical
blackboard games,” said a former
colleague, Dr. David Siepian.
“Claude rarely came. He worked
with his door closed, mostly. But if
you went in, he would be very patient
and help you along. He could grasp a
problem in zero time. He really was
quite a genius. He’s the only person I
know whom I'd apply that word to.”

In 1948, Dr. Shannon published his
masterpiece, “‘A Mathematical The-
ory of Communication,” giving birth
to the science called information the-
ory. The motivation again was prac-
tical: how to transmit messages
while keeping them from becoming
garbled by noise.

To analyze this problem property,
he realized, he had to come up with a
precise definition of information, a
dauntingly slippery concept. The in-
formation content of a message, he
proposed, has nothing to do with its
content but simply with the number
of I's and 0’s that it takes to transmit
it.

This was a jarring notion to a
generation of engineers who were
accustomed to thinking of communi-
cation in terms of sending electro-
magnetic waveforms down a wire.
“Nobody had come close to this idea
before,” Dr. Gallager said. “This
was not something somebody else
would have done for a very long
time.” .

The overarching iesson was that
the nature of the message did not
matter — it could be numbers,
words, music, video. Ultimately it
was all just 1’s and 0's.

Today, when gigabytes of movie

“trailers, Napster files and e-mail

messages course through the same
wires as telephone calls, the idea
seems almost elemental. But it has
its roots in Dr. Shannon’s paper,
which may contain the first pub-
lished occurrence of the word “bit.”

Dr. Shannon also showed that if
enough extra bits were added to a
message, to help correct for errors,
it could tunnel through the noisiest
channel, arriving unscathed at the
end. This insight has been developed
over the decades into sophisticated
error-correction codes that ensure
the integrity of the data on which
society interacts.

In later years, his ideas spread
beyond the fields of communications
engineering and computer science,
taking root in cryptography, the
mathematics of probability and even
investment theory. In biology, it has
become second nature to think of
DNA replication and hormonal sig-
naling in terms of information.

And more than one English gradu-
ate student has written papers trying
to apply information theory to litera-
ture — the kind of phenomenon that
later caused Dr. Shannon to com-
plain of what he called a *“bandwag-
on effect.”

“Information theory has perhaps
ballooned to an importance beyond
its actua! accomplishments,” he la-
mented. - '

After he moved to M.LT. in 1958,
and beyond his retirement two dec-
ades later, he pursued a diversity of
interests — a mathematical theory
of juggling, an analog computer pro-
grammed to beat roulette, a system
for playing the stock market using
probability theory.

He is survived by his wife, Mary
Elizabeth Moore Shanrion; a son, An-
drew Moore Shannon; a daughter,
Margarita Shannon; a sister, Cather-
ine S. Kay; and two granddaughters.

In the last years of his life, Alz-
heimer’s disease began to set in.
“‘Something inside himn was getting
lost,”” Dr. Minsky said. “Yet none of
us miss him the way you’d expect —
for the image of that great stream of
ideas still persists in everyone his
mind ever touched.”
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CODING RESULTS
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IEEE Communications Magazine, Vol. 22, No. 5,-Mayd84,pp.8-21
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CAPACITY
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IEEE 802.11a-1999

OFDM
STANDARD

Part 11:Wireless LAN Medium Access
Control (MAC) and Physical Layer
(PHY) specifications:
High-speed Physical Layer in the
5 GHZ Band

Operating Bands Maximum Power

5.15 GHz-5.25 GHz 40 mw
5.25 GHz-5.35 GHz 200 mw
5.725 GHz-5.875 GHz 800 mw



IEEE 802.11a
Frequency Domain

For example - 16-QAM

RN

f
Af

« Channel spacing Af)=.3125 MHz
» Spacing between two outermost frequecies
=.3125 MHz x 52=16.25 MHz

* 64 frequencies (only 52 are used)
» 48 frequencies for data
* 4 frequencies for pilot tones
» Modulations-BPSK, QPSK,
16-QAM or 64-QAM
. 1 to 6 bits/symbol

. 6 to 54 information Mbps

52



Time Domain

There are 64 complex samplem the time
domain

3.1+ j4.3

ol 1 2| 34 62 63l

'Tblock = 1/Af =1/.3125 MHZ:3.2U.S
'fsampling:]-/Tsample:l/-05US =20 Mhz

Cyclic Prefix= 800 ns

Cyclic prefix (16 samples)

v v

“800 ns 8(0 ns

«—32us —»

(-lglock)

«— 40puys —»
(Tblock + cyclic prefix)

* Rpock=1/ 4.0us= 250 kblocks/sec



|[EEE 802.11a

(T oFpm Block= 4HLS)

Info Data Modulation Coding Coded bits Total Bits per Total Info

Rate Rate per subcarrier  ORD symboal Bits per OFDM
(Mbps) Symbol
6 BPSK 1/2 1 48 24
9 BPSK 3/4 1 48 36
12 QPSK 1/2 2 64 48
18 QPSK 3/4 2 96 72
24 16-QAM 1/2 4 192 96
36 16-QAM 3/4 4 192 144
48 64-QAM 2/3 6 288 192
54 64-QAM 3/4 6 288 216

Information data rate = 36 Mbps

* 16-QAM = 4 bits/frequency bin
48 bins x 4 bits/symbol=192 bits/OFDM Symbol
* Rate % code=
Total Number of info bits/ OFDM Symbol=
3/4 x192=144 info bits /OFDM Symbol

 Total info bit rate
144 info bits/OFDM Symbol x 250 Ksymbols/sec
= 36 Mbps
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VITERBI ALGORITHM

Computation of d * for

Duobinary Signal

min
a=+1___

q=-1___

Transmitted
Signal

State
-1

Received

Signal

(including
noise)

1.1

VITERBI
ALGORITHM
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Capacity for Rayleigh Fading Channels
(One antenna at transmitter and receiver-SISO)
A. J. Goldsmith and P. P. Varaiya, “ Capacity of faling channels with

channel side information”, IEEE Transactions on Information
Theory, November 1997, pp. 1986-1992.

10~ — T T — —
’9_ *  AWGN Channel Capacity e
—— Optimal Adaptation (4) : 'yl

CavdW 3} {— ~ Receiver Side Information (8) R e S RSP Ay
(bpS/ HZ) + Truncated Channel Inversion (12) ; :

7'l © Channel Inversion (9)

AWGN

OPTIMAL

C/B (Bits/Sec/Hz)
[5,)
T

4._ ........................................................ —
; : .~ | ADAPTION
gk ............... A “Water- cod]
: : ; | Pouring in
2k I g Time,, -4
L ™J caow | (solid line) | |
: (dashedline) : _
00—0-0-0-0-0-5—5— o—6-6-0-0-0-6-0-0-0-8-0-0
0 5 10 15 20 25 730
Average SNR dB)
Pavg/NoW, dB
Fig. 4 Capacity in Rayleigh fading (m=1) °‘;
Pavg=/ r*P f(r) dr
0

C=W log, [1+ (rP/NJW)] bps
cavgzof W log » [1+ (rPINgW)] f(r) dr  bps
f(N= (r/o® exp{-r’/26*}; r=0.

The variable “r" represents the Rayleigh fading vatiable at the receiver. The
expression PP is the received power for a given value of “r".
Payg =20°P, is the average received power. If& equals one then Rq =P.
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Capacity of Fading Channels and Diversity
Schemes

e Classic WGN Channel (WGN)

* SISO Channel (SISO)

 MRC (Dual Antenna Diversity) —Total Received
Power is Constant (CMRC-RC)

« MRC (Dual Antenna Diversity) —Transmit Power is
Constant (MRC-TC)

(The difference between the two MRC curves is 3 dB)

Average Capacity/ Bandwidth (Gyg/W)
(bps/Hz)

© 8

Pavg NoW, dB



58

Recent Results on the Capacity of Wideband
Channels in the Low-Power Regime-SISO

S. Verdu, “Recent results on the capacity of widelral channels in the low-
power regime”, IEEE Wireless Communications, Vol. 9No. 4, August 2002
pp.40-45.

Spectral Efficiency of Rayleigh Fading Channels

CadW
(bps/Hz)

Ew/No, dB

. Spectral efficiency of the AWGN channel and the Rayleigh flat fad-
ing channel with and without receiver knowledge of fading coefficients.

Notice that the spectral efficiencies, which are
being discussed, are very low.



