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ﬁxHow can we bhest meet the demand for
= wireless communications capacity?

Does “spectrum” have a capacity?
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Interference” and information loss

Ing capacity scale
al network architectures
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ining vs. Disruptive
ogy in a Regulated
Industry

Useful Wireless Communications
Technology

Adaptive
Novel Sys’éepms
Capabilities SS UWB. DSSS
VLSI

PSN [Internet

Traditional capabilitids

Shannon
1950
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"""" C ommunlcatlons

- Malnframe to PC evolution
4 Lower economic barriers to innovative uses

Enable new computing technologies (sound
and video)

.....

communlcatlons
= '“':' Lower barriers to innovative uses (802.11)
- Enable new capabilities (sociable devices)
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problem: scalability is
arting to matter

~ Pervasive h

computing must

be wireless o h
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' Viral network definition:

each new user preserves or increases
capacity and other economic value to
_ existing users, and

 benefit to new user increases with
ale of existing network

mples:
- Fax machines
~Internet
 “Society of Cognitive Radios”
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f Viral Communications
"~ Architectures

. Dense scalability
{ Adaptation
. i« Cooperation
% Multiuser information theory
photon/wave dynamics
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e
- cUrum have a
 capacity?

i
TR
i

~ The radio tradition evolved from 1900-1950:

Resonance provided a means to use multiple

' radio systems at one time

As new radio based services were invented,
hey were given new freqjLiencies

frequencies worked to send messages

arther than others.
r let you send the same signal farther.
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s answer: bits and
- "channels"

- C=Wlog(1+ ) dueto ClaudeShannon

NoW

C = capacity, bits/sec.
W = bandwidth, Hz.
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ri)ughly proportional |
to bandwidth, and e

« _logarithm of power.
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know the full
_answer.

o =N

' dard” channel capacity is for one sender, one
|\Ver — says nothing about the most important case;
g/senders many receivers.

e capacity of multi-terminal systemsis a subject
died in multi-user information theory, an area of
drmatlon theory known for its difficulty, open problems,
- d sometimes counter-intuitive results.” [Gastpar &

V‘@tterll 2002]
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nce and information
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€. gulatory Interference = damage i /% il
.

o
mformatlon Is actually lost
_elvers may be confused

rmation loss is a systems design
archltectural Issue, not a physical
mtablllty




here is no cat-5"

, not a virtual wire
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: “interference” oceur,

who causes it?

& When a new radio is added to the

} system, does it displace capacity?
i (Does It require new resources
----- n ot already in use?)

hen a new radio is added to the
system does it iImpose costs on

thers even though there is no
|splacement of capacity?
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1ew radio is introduced

stem does it displace
P W capacity?

P ‘4'_ - The waves emitted by a new transmitter at a
TN new point in EM space are mathematically

......

€ o rthogonal to every other such wave.

es the set of receivers in the space provide
 an adequate basis to recover the original
's%ignals?
tial sampling theorem: if there are more
''''' éamples than sources, yes.
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----1t impose net costs on

s “even though there is no
splacement of capacity?

.._._

.....

Per-node cost of encodlng/decodmg

Iutlonary costs”
' Cost of sharing with legacy designs
': Growth rate

.

ik
i
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vartitioning wasteful

Space and @‘

Freguency
Division

RS

' Demand is dynamic
- Bursts capped

Network options:
Selective
addressability &
group-forming
value severely
reduced

itioning in space,
frequency, or time
wasteful
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- port Capacity: One
ant measure of radio
etwork utility

Network of N stations

(transmit & recej
Scattered in a fix
~ space

ich station chooses

randomly to send b, = bitsfromstor

e

d,, =distance fromstor

@)
t is achievable ab, - d,
#4 "~ total transport G




;zeféﬁ_._f}:énonal measures

G
e
e .-:-:-.:.:': g .'..

........

_______

. FIeX|b|I|ty of load handling (given a priori
? probability distribution of traffic arrival,
- what is the probability of successtul

" denvery)

.....

abablllty of meeting latency constraints
_ergy required in xmit & receive
: 'aptability to propagation environment

st for adversary to disrupt selected
subset of communications.
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Capacity (Bit-meters/sec) vs. Station Density

T
Per Station Capacity
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" One ple of an architectural

. repeatmg
//‘ \
i LA

ergy/bit
uced by
hops.

al Is repeater network’ s capacity

. BN . asradios are added?

Many paths can operate concurrently.



St T

Total Capacity

Network Capacity

Capacity (Bit-meters/sec) vs. Station Density

Per Station Capacity




mLippman&Reed

(zero latency
¥ cooperative relay network)

Grosglauser&Tse Topology
Adaptation
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**Need adding new radios impose

.th er costs?

_ ; Three ways forward:
et @ Obsolescence — better systems
N replace old ones

Joward compatible evolution —
newer systems compensate for
old ones

grade existing systems — existing
systems adapt to new ones
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NS0 lefmed and Cognitive

rates and Recogmzes Waveforms
Control Algorithms
ntennas” (configurable structures)

.....

otation and evolution costs drop to
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ecunty robustness?

_; End to end encryption can assure private
?

and authenticated communications as
needed

ynamlc and adaptive reconfiguration

- enhances security against attack,

= robustness against failure

@tlal spreading of signals (lower
energy, more spatial diversity) helps
dramatlcally
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; Vlral network definition:

. _each new user preserves or increases
capacity and other economic value to
i eX|st|ng users, and

R '!:-

Hcale of existing network

gnltlve radios that can cooperate to
ptlmlze value under actual demand,
hlle behaving politely to radio

------
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Viral Communications
LW Principles
B W Version 0.2
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| ‘4'_ ~ Each radio brings its own orthogonal space
N Each radio brings its own computational
¢ capacuty

eperatlon allows the combined capacity of all

dios to be dynamically allocated, and thus
benefits all in available capacity to individuals
- “Cooperation gain”

|sperse communications load widely
operate with legacy systems
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T tur ng a “society of
gmtlve radios”

:Ig:EEE':E

;:?'* Discovery problem — how does a new radio

”’ discover existing “Society” to join

i --f-lnternetworkmg problem — how do two “Viral

$ _ networks” decide to interconnect, and what
'fframework is used for interconnection?

asource Allocation problem — given dynamic
gemand allocating capacity on the fly while
.;f_ inimizing energy costs

‘Ethuette” problem — how does a society of

cognltlve radios know when and how to be
H po||te ggy”!m gac yosrtgggge systems |
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covery problem
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. Dlscoverlng as many options as
~_possible for interoperation

ntroduction-based or encounter-
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orking problem

- Distinct from wired Internet

Potential low cost gateways
“everywhere”

.htIy coupled with problem of
anaging coexistence when
artitioned.
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_ Res a| location problem

'ﬁ* ;

. Analogous to “congestion control”
- In wired networks, but different

Manage dynamic “channelization”
fand distributed buffer load
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uette Problem

;g;%;i‘;??lll_oc'ation, lookup, or signal pattern
- _recognition based
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t are the technical

nities and challenges

"~ " before us?

f'o achieve scalability and evolvability, centrally

. designed/regulated wired must become self-

L regu%ating, wireless and viral
* Radio internetworking creates flexibility of

onfiguration

relop radio system coexistence strategies based
scalability and interoperation, not fixed
ation.

ty of Cognitive Radios that can assist each
r when appropriate and feasible

tect for rapid, technology and demand driven

olution and obsolescence — we don’t know what

+ will be the best technologies, the best
“architectures, and the dominant applications
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