Efficient Rumor Spreading: Cooperative

Multicasting in Wireless Networks
Gregory W. Wornell
Dept. Electrical Engineering and Computer Science,

and Research Laboratory of Electronics
Massachusetts Institute of Technology

MSRI Workshop on Mathematics of

Relaying and Cooperation in Communication Networks
April 10, 2006

Based on joint work with Ashish Khisti and Uri Erez

I I I I Massachusetts Institute of Technology



Ad-hoc Wireless Networks

e more attractive than they should be

e performance characteristics a function of
= protocol constraints
* topology
» propagation models
* nature of traffic

 traffic of interest in this talk: multicasting
* one sender, one message, many recipients



Multicasting Model

network of K+1 nodes
node 0 is message

O
source O O
nodes 1,2,...,K are O
recipients O O
transrr_ligsion successful if @
all recipients can decode
©

cf. unicasting: one of the
recipients can decode 0




Channel Model

narrowband, slow-fading channel model
length n message of logM bits
node k at timel1l<i<n receives

V(D)= 2 hyx () +2z,()

€T (i)

where Xx; (i) is the signal sent by node |
multipath rich: h; i.i.d. N(0,1)
noise z,(1) i.i.d. N(O,N,)

channels known at receivers, not at transmitters: node k
knows h;,



System Model — Protocol Constraints

sum power constraint:

ERZ > xk<i)2}SP
i=1 ke7 (i)

half-duplex constraint

nodes cannot revert to receive mode after entering
transmit mode
— precludes protocols in which transmitters learn their channels

node O starts in transmit mode, others in receive mode
cooperation-free protocol: only source node 0 transmits



Main Results

Definition: Rate R is achievable if there exists a sequence
of rate R protocols, indexed by network size K such that

Pr|all nodes can decode] »1as K —
Definition: The capacity is C =supR
Theorem: The multicasting capacity is C =log [1+ I\Fl)j
0

Corollary: The unicasting capacity is the same.

Corollary: The capacity without cooperationis C . =0.



Coding Theorem Converse

Lower bound on outage probability from MISO
channel:
= genie conveys message to nodes 1,2,...,K-1
* nodes 0,1,...,K-1 act as a virtual array to send to node K

Theorem (Boche-Jorswieck): outage capacity
achieved with input covariance

diag(R,P,,...,P),

P

pl:pzz...:PKO:_, =P, =P, =0, some K,

Ko+l ~

Implication:
P >Iog( I\Fl)j lim Pr(error) >0

O+2

K—w



Coding Theorem Achievability

Simple 2-phase protocol:

1. source uses n, channel uses to broadcast message,;
all other nodes attempt to decode.

2. the K, nodes that can decode form a virtual array,
retransmitting over remaining n, =n-n, channel
uses; remaining nodes attempt to decode.

Codebook generation:

= source node generates (logM,n;) code using
codebook with i.i.d. N(O,R,) entries

= other nodes generate independent (logM,n,) codes
using codebook with 1.1.d. N (0, P,) entries



2-Phase Protocol

Phase 1 Phase 2



Rate Analysis

1. Choose Rl(a):log(lJrPlloglj
N a

0

where « Is target fraction of nodes
= P =P meets power constraint

2. Choose P
R,(5)=log (1+ (1—ﬂ)N2j

0

where 3 Is a design parameter
= E[K,|]=aK = P, = meets power constraint
o

: 1 1 1
Effective Rate: == +
R R(a) Ry (5)




Outage Probability Analysis

e From MISO analysis, outage event is

1 & 2
a—KJZ; h,| <1-5

e obtain Chernoff bound:
= outage probability decays exponentially with aK
= identical behavior for unicasting (union bound)



Parameter Selection

1. choose o small soR, > » and R —» R,
2. choose fsmallso R, >C
3. choose aK large so that Pr[outage]—0

Example:

IogK 'BN*

Intuition: for large network, can find many nodes with
large gains so that can be served with negligible
channel uses, then give large MISO diversity gain



Multiple Antenna Extensions

Case of interest: Node k has T, antennas

o N P
Unicasting (destination node k=K): C, =T, log (HN)

0

= use MIMO on Phase 2; source and relay node antenna size
unimportant

Multicasting: C__> min(Tl,TZ,...,TK)Iog[H I\IIDJ

0

= node with fewest antennas limits rate
= lower bounds tight if Teletar conjecture true in general (MIMO)



outage probability

Scaling Behavior of Protocol
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Network Scaling Exponent

e can define reliability function with respect to
network size K

e can define network scaling exponent as
supremum

Fact: network scaling exponent same for both
unicasting and multicasting

Fact: 2-stage protocol has poor reliability function



2-Phase Protocol Reliability Function
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Towards a Better Reliability Function...

MISO channel gives upper bound on exponent

= easy to calculate

= corresponds to serving ~K users in Phase 1
2-phase protocol serves K/logK users in Phase 1 (with
neglible channel uses, i.e., opportunistically)

» Phase 2 results in exponent of zero

3-phase protocol: repeat Phase 2, engaging all
successful users
= Phase 2 serves ~K users, so protocol achieves MISO exponent
= Effective rate halved: R=C/2
= petter than reliability-optimized 2-phase protocol
= can avoid rate loss with simple feedback after Phase 2

(...ongoing broader collaboration including Lizhong Zheng)



Concluding Remarks

can get reliable communication in large network
size limit, any SNR

= cf. large SNR (Zheng-Tse) analysis, any network size
simple 2-phase protocol is capacity-achieving

= doesn’t achieve network scaling exponent

worth trying to understand exponent better
worth extending to other channel models

worth investigating impact of individual power
constraints
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