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Abstract—We consider scaling laws for maximal energy effi- energy. In [7], achievability schemes were presented fasee
ciency of communicating a message to all the nodes in a random networks, whereas our interest is in order of growth of eperg
wireless network, as the number of nodes in the network becomes requirement for simpler power allocation (uniform) for bot

large. Two cases of large wireless networks are studied —d d tended tworks. A ior diff .
dense random networks and constant density (extended) rando ense and extended networks. major direrence In our

networks. setup from the previous works is our emphasis on minimal
We first establish an information-theoretic lower bound on network and channel state information. This implies, among

the minimum energy per bit for multicasting that holds for  other things, that no centrally optimized transmissionawer
arbitrary wireless networks when the channel state information policies can be implemented.

is not available at the transmitters. These lower bounds are The oroblem of communicating th me m ¢ t
then evaluated for two cases of random networks. Upper bounds € problem or co unicating the same message (o a se

are also obtained by constructing a simple flooding scheme that Of nodes (multicasting) in a network with minimum energy
requires no information at the receivers about the channel stats consumption has drawn a lot of research interest. For vesele
or the locations and identities of the nodes. The gap between networks, there is an inheremtireless multicast advantage

the upper and lower bounds is only a constant factor for dense [10] that allows all the nodes within the coverage range to

random networks and differs by a poly-logarithmic factor for ive th t dditi I t E th d
extended random networks. Furthermore, the proposed upper receive the message at no addiional cost. tven the nodes

and lower bounds hold almost surely in the node locations as the Out of the coverage range can overhear the transmissions

number of nodes approaches infinity. made over the wireless medium. Such an advantage has been
termedCooperative Wireless Advanta@@WA) in [5]. A more
. INTRODUCTION fundamental approach to the modeling and analysis of véisele
A. Prior Work networks may yield better results based on exploiting the

Determining energy efficiency of a point-to-point chanrsel ibroadcast nature of wireless communications.

a fundamental information-theoretic problem. This prable B summary of Results

considerably more complicated for networks. Even when just . o . . .
y P J In this work, our aim is to determine the maximum possible

one helper rglay) node is added to the two terminal AWGN _ . L
channel, the minimum energy per bit is still unknown despi%nergy efficiency for multicasting in wireless relay netusor

many efforts ([4], [11] and references therein). As the nemb esides _developlng converse bounds, we also show how
. cooperative communication is instrumental to approachmthe

of relaysk in a network grows, we can ask whether the energyW first present. in Theorem 1. a lower bound on the ener

efficiency improves and at what rate. It was shown in [3] th?t ier rr? r?tefsi m i egne i ' arb(i)trer \?vlijr | 0 netlis)f 9y

a two hopdistributed beamformingcheme gives very good ef?eun E'Eheere isono cL(I)n(s:;zsiintgon tr?e avgil);ble %zr?fiwigth This

energy efficiency in dense random networks with the eneré\y or bound is inverselv proportional to theffective rad'.s

requirement falling a®(1/v/k). It is not clear, however, how W und is inv y proport v u

to extend this idea to noncoherent or to multicasting séesar (r)1fet\t/\r/10erknaer:\(ljvcc)it' evrzlgjscznltsheac;i?\?]aerlnez:i?sl bpggs):é%’ tk?é r:gges
Cooperation between nodes (also known ca®perative P g '

diversity leads to capacity or reliability gains even withTh's bound is applicable when channel state information

: . S ) . _Is, not available at the transmitters, regardless of whether
simple schemes. A simple cooperation idea in a multlcat%t

Do . . ._the channel state information is available at the receivers
setting involves letting many nodes transmit the same klg%r the achievability part, we propose a simple wideband

(at lower power levels), so that each receiver can Comblﬂgoding algorithm that does not require knowledge of the
several low reliability signals to construct progressivieétter : . .
ty sig prog node locations, identities or channel states. These cemver

estimates. The works of [6], [7], [5] presented such multi- ) S

stage decode and forward schemes to reduce the transmis%no% achievability bounds are then evaluated for two cases of
arge random networks when the same message needs to be
This research was supported in part by the Office of Naval &ebeunder communicated to all the nodes. FOHOW'ng recent trends, our

contract numbers W911NF-07-1-0185 and N00014-07-1-0555. focus is on the order of scaling of the energy efficiency. For
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the cases that we consider, the upper and lower bounds hBldProblem Setup

almost surely in the placements of nodes as the number ofy|| the nodes in the network are identical and are assumed
nodesk — oo and exhibit similar orders of scaling. to have receiving, processing and transmitting capadslifThe

The physical channel is modeled as a fading channel subjgghes can also act as relays to help out with the task of
to Gaussian noise. We operate in the wideband regime, Wh&ﬂnmunicating a message to the whole network.
is essential to maximize the energy efficiency in a point-to- 1q gefine a multicast relay network, we extend the simple
point Gaussian channel. For random networks, the powerffee terminal setting of elay channelto include multiple
channel gain bﬁeatween any two nodes separated by disianGg|ays and multiple destination nodes by providing a relay
is modeled ag~ for o > 2, with a near-field correction that 3nq 5 decoding function at each node. The relay function at a
prevents the gain from becoming arbitrarily large. relay nodei decides the channel input symho), at time ¢

We consider two different kinds of random networks. Ifyaseq on the previous— 1 channel outputs at the node. The
both cases, the network area (of sidg) is assumed t0 be a yecoding function at node decodes a suitable message
square with diagonal coordinates @ 0) and (v/Ax, vVAk).  from the message s containing/ messages, once all the
The source node is fixed at the origin and the remaiirgl  , channel outputs at the node are received. Suppose that only
nodes are placed randomly independently and uniformly oveig ,psef C {2,...,k} (also called thelestination s§tof the
the network area. Inlense random networkehe aready. of  poges s interested in receiving the message from the source
the network grows as(k/ log k). This implies that the density 54e (node 1). An error occurs when any of the node®in

of nodes grows unbounded withIn Theorem 2, we show that 55 1o decode the correct message transmitted by the esourc
the minimum energy per bit of dense networks scales lineagy,o probability of error of the code is defined as

with area and does not depend én In extended random

networks the density of nodes is constant, i.el; grows P2 = Z P[3i € R : 1n; # m|m is the messade (2)
linearly with k. In Theorem 3, we show that the minimum M meM

energy per bit is{2(k), with the constant depending on the pfine the expected total energy expenditure (for all nodes)
node density. A flooding algorithm is shown to come withiR¢ 4o ode to be
a poly-logarithmic factor (irk) of the lower bound. .

In Section Il, we introduce the system model. In Section [o - E e,
lll, we prove a general result about the minimum energy re- total = ZZ “x“t
quirement for multicasting in a wireless network. The floagi o _ )
algorithm is described in Section IV. In Section V, the patiyhere the expectation is over the message, noise and fading.
loss model is covered, and the dense and extended randdi €nergy per bit of the code is defined as

1

] ®3)

i=1 t=1

networks are studied in Section VI. B, & Eiotal @
II. SYSTEM MODEL logy, M
A. Channel Model An (n, M, Eia, €) code is a code oven channel uses,

We deal with a discrete-time complex additive Gaussigfth 4/ messages at the source node, expected total energy

noise channel with fading. Suppose that there faredes in CONsumption at moskiea and probability of error at most

the network, with node 1 being the source node. Let node 0<e<lL . . .
{1,...,k} transmitz; , € C at time¢, and lety;, € C be the In [9], channel capacity per unit cosvas defined for a
received signal at ahy other nogles {1, ... i—i’ i+1, . k) channel without restrictions on the number of channel uses.

The relation between; ; andy; ; is given by Here,.vv'e' are interested in the reciproca} of this qu'antity.
. Definition: Given 0 < e < 1, E, € R, is ane-achievable

o Zh” 4 B energy per bit if for everyy > 0, there exists art, € Ry
Yt = ij,tLit T 2ot such that for everyFiowm > Eo an (n, M, Fioa, €) code can

o o . ._be found such that
wherez;, is circularly symmetric complex additive Gaussian

noise at the receiver, distributed according td/c (0, Ny). The
noise terms are independent for different receivers as agell log,
for different times. The fading between any two distinct @®d £}, is an achievable energy per bit if it ésachievable energy

¢ and j is modeled by complex-valued circularly symmetriger bit for all 0 < ¢ < 1, and theminimum energy per bit
random variables;; ; which are i.i.d. for different times. We Ej,,;, is the infimum of all achievable energy per bit values.
assume thah;; ; = 0 for all nodes: and timest. Also, for Minimal information frameworkOur aim is to achieve low

all (i,7) # (I,m), the pairh;;, and h;,,; is independent energy consumption per bit using no information at the nodes
for all times t. Absence of channel state information at about the actual network realization (i.e., node locajiohs
transmitters implies thatz; ; is independent of the channeladdition, we also assume that the nodes have no information
state realization vecto(rh“’t,hﬂ,t,...,hik’t)T for all time ¢t. about the channel states. All the non-source nodes have
The quantity E[|h;;]?] is referred to as thechannel gain the same relay and decoding functions. On the other hand,
between nodes and . our converse results allow coding schemes to rely on any

< Ep+46 (5)
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such information except for channel state information & th We can lower bound the minimum energy per bit by

transmitters. P
Eppin(R) > inf  max inf
I1l. A LOWER BOUND ON THE MINIMUM ENERGY PER BIT weRk:  JER P>0 SUPE P PI(X;yj\hj)
Theorem 1. In a network withk nodes, where node 1 is the Z,’fiﬁz;l e
source node and the destination setRs C {2,...,k}, the (11)
required minimum energy per bit satisfies . Ny log, 2
£y log, 2 2 ORE. GeR Nk 12700, (12)
= (R) > —°¢ (6) weRy: > iz Ellhi; [w;
No min G(R) Zl_fuﬁi’:l
where( is theeffective network radiusiefined as where (11) follows from Lemma 1 by rewriting (9) in terms
1 of total powerP and by using the fact that min-max is greater
G(R) & — | max Z E[|hi;]?] (7) than or equal to max-min. Inequality (12) is obtained by
IR] 16{1""’k}je7a\{i} upper-bounding, under the given power constraints, theiahut

]nformation term in (11) for the Gaussian channel where the
annel state information is not known at the transmittes a
the channel coefficients are i.i.d. with zero mean. We have
iflso used the fact thabg, (1 + ) < = for all = > 0.

We note that

Crucial to the proof of Theorem 1, we state without prod
Lemma 1 that provides a converse relating the minimu
energy per bit to the channel capacity.

Dropping the time indices, the channel equation (1) for t

received symbo}; at nodej can be rewritten as
k

y; = h?X + zj (8) max min Y E[h;|*w;
) o 'we]R’j'r: JER =1
wherex = (z1, ..., ;)7 is the transmission symbol vector and >0,
h; = (hyj, haj, ..., hi;)T is the vector representing the fading i wi
whereh,; is set to 0.

=1

k
<  max %ZZEHMJP]WZ (13)

Lemma 1. For the destination sek, the minimum energy per weRk : fem o
bit for the network satisfies w; 20,

Z?:l wi:l
Ebmin(R) > = G(R) (14)
k
of  max i b which yields the final result through (12). Step (14) is atéai
Py, P20 jER SUD P, I(x;y;lh;) by interchanging the summations in (13) and maximizing the
2i= Pi>0 Efjzi|*]<P; for i=1,....k resulting expression over all possible valuesuaf [
©) Remark 1:Examples of networks can be constructed for

In lieu of the proof, we offer a brief rationale for Lemma 1which the effective network radius does not always decrease
For the given constraint®;, P, ..., P, on the transmission with the size of destination set. So, it is useful to maximfz
power, pick any nodej belonging to the destination setright hand side of (6) by considering all non-empty subséts o
R. Consider the channel from the set of nodgs...,j — the destination seR. This gives the following tighter bound

1,7+ 1,...,k} to nodej. By the max-flow min-cutbound B, log, 2

[1, Theorem 4], [2, Theorem 15.10.1], the rate of reliable ~— (R) > max — o (15)
. . No min R'CR: G(R )

communication to nodg by the rest of the nodes cannot R4

exceed

Remark 2:For the point-to-point Gaussian channel, the

C;(Py, ..., Py) S sup I(x;y;|h;)) (10) effective network radius is simply the channel gain from the

source to the destination node. The bound is tight in this cas

[8, Theorem 1].

bits per channel use. Therefore, the number of channel uses

per bit is at leastl/C;(P, Py, ..., Py), which implies that IV. FLOODING ALGORITHM

the total energy spent per bit in communicating to ngde We now propose a version of flooding algorithm that, with

at Ieasth:1 P;/C;. Since the minimum energy required tosuitable parameter values, is used to achieve energyeeifici

communicate to nodg¢ does not exceed the minimum energynulticasting for the networks considered later.

required to communicate to all the nodesRn we can lower  Since we operate in the wideband regime, we can assign

bound Ey,;, by the energy spent communicating to any oéach transmitter its own wide frequency band. In this regime

the nodes inR. A complete proof of Lemma 1 uses ideagor the point-to-point case, the knowledge of the chanragkst

from [4, Theorem 1], [9, Theorem 2] along with theax-flow at the receiver does not decrease the minimum energy per bit

min-cut bound. [8]. Furthermore, a necessary condition for reliable dawpd
Proof sketch of Theorem 1: is that the received energy per bit be greater tharog, 2.

E[|z:|?|<P; for i=1,...,k
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S

FLOOD(E} 1, Eps)

1) The source node transmits only in th& time slot with R
energy per bitEy; .

2) At the beginning of time slot = 2,...,7, each node
(except the source node) executes the following <. o

« Ifthe node was able to decode a message for the first
time in the previous time slot, then it retransmits the
same message in the current time slot with enefgy
per bit Ey.

« Else, keep quiet. e S

Fig. 1. The Flooding AlgorithmFLOOD(E} 1, Eps)

5(809228 Node

Various wideband communication schemes can be constructed VA

which let the receivers reliably decode a message if the tota Fig. 2. Dense Random Network
received energy per bit exceells log, 2 [8]. We use one such
repetition-code based scheme for our setup.

1) Description of the algorithm:The flooding algorithm
consists of two parts: an outer algorithm and an inner codi
scheme. The outer algorithRLOOD(E},,, Ey) is the descrip-
tion at thetime slotlevel using thedecodingand encoding g9(0)<g (18)
functionalities provided by the inner scheme. See Fig. 1 for
the description of the outer algorithm.

Time is divided into slotsi1,?2, ..., T, each slot consisting This section is devoted to the analysis of dense and extended
of enough time to let a node transmit one codeword. Multipf@hdom networks, when the number of noéleges to infinity.
nodes can transmit simu|taneous|y ina S|0t, albeit in tbein The destination set is the set of all the non-source nodes.
mutually orthogonal frequency bands. The total number @f

slotsT" in the algorithm is a design parameter which dependsA d d work with > 2 nod ists of
on the size of the network. ense random network witlk > 2 nodes consists o

The decoding process and the determination of the codk->°1"€ r_10de at the origin ar_fdf 1 non-source nodes
word to be transmitted is handled by the inner codin istributed independently and uniformly over a square efar

scheme which is a repetition code. Ttiansmit operation in Ay = o(k/logk) (19)
FLOOD(Ey, Eyo) uses identical codebooks for all nodes. The .

task for each decoder is to observe transmissions overpieultii™ addition, we also assume thet < 84, for all & > 2.

time slots and frequency bands. Using these observatibnsTheorem 2. With probability 1, the node placement is such
forms a reliable estimate of the source message. At the end@dt the following hold
each slot it determines whether it has enough information to

Here,ry > 0 anda > 2 are constants of the model. To deal
with the near-field case, we also put an upper bound on the
IE;%in function, i.e., there is a constapt> 0 such that

VI. LARGE RANDOM NETWORKS

Dense Random Networks

1 Ep

decode the message. If not, it keeps quiet and waits for more g < —— (20)
transmissions. If it is able to decode a message, it re-ascod Ak Nomin
the decoded message and transmits it in the next slot for the 1 By <e 1)
benefit of its peers, and remains quiet after that. Ak Nofiood — 2

2) Energy consumptionin a network withk nodes, the
source node transmits with energy per Bjt; and each of the
remainingk—1 non-source nodes transmit either never or on
with energy per bitE,,. Therefore, the total energ¥yiooq Proof sketch: Partition the areal;, into square cells with
consumed per information bit byLOOD(E,, E,) satisfies ~ side length0 < s < ry/+/8. For simplicity, we assume that

VAy is a multiple ofs. (See Fig. 2). For any > 0, define a
Ebfiood < By + (k = 1) By (16) good placemengventD;, as the collection of node placement
V. PATH LOSS MODEL realizations for which all the cells contain at leést- ) (k —

s? /Ay nodes and less thdiil +§)(k — 1)s?/Ax)+1 nodes.

gan be shown that the evef, occurs almost surely as

— o0. Therefore, we only need to prove the statements (20)
and (21) conditioned o®y.

First, the converse. The first step is to evaluate
Doje2, KR\ {i} E[\l_zij|2_] for any nodei. This quantity can be
bounded by considering a sum indexed over the cells rather
g(r)y=r—¢ (17) than the nodes. Care needs to be exercised, treating thitse ce

for all but a finite number ok, wherec, co > 0 are constants
éjeepending only on the parameters of the path loss model.

Before analyzing random networks, we still need to defi
the channel gains between all the node pairs. We assu
that the channel gain of the link between nodeand j is
determined only by their distaneg; through a monotonically
decreasingower gainor path lossfunctiong(r) : Ry — R,
i.e., E[|hi;|?] = g(ri;), where for allr > rg
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falling in the near-field separately from those in the faldfie Proof sketch: Partition the network area into square cells
After some manipulations,_ ; E[|h;;]?] can be shown to grow with side lengthA=1/2. Next, right at the center of each cell,
as O(k/Ay,) for all nodesi. Hence, the effective network consider a small squargindowof side length3\~'/2, where
radius grows a€)(1/A;) which immediately implies (from 0 < 8 < 1 is a constant. Define a non-origin cell to geod if
Theorem 1) that the minimum energy per bit grow<X4sl;). it contains exactly one node @ood nodg within its window

For the achievability part, set= r,/+/8 and consider the and no nodes outside the window. We take the set of good

algorithm nodesR; C {2,...,k} of cardinality k;, to be our destination
. When) is large enough 1/(9r2)), we set3 = 1. The
Nylog, 2 (1 + €2) ANy log 2) set ‘ . o S .
FLOOD (e + e, < (22) calculation of the effective network is now similar to thathe
g(VBs) (k= 1)g(VBs)

proof of Theorem 2. When < 1/(9r), set3 < 1 in which
case any good node is at ledst— 5)\~1/2/2 > 0 distance
away from any other node. The calculation of the effective
network radius is now simplified since we only need to deal
horizontally, vertically or diagonally adjacent cells Buthat with the distances in far-field. In either case, the effectiv
C1 is the cell containing the source node afid = C. From network radius grows a®(k; '), where the constant depends
(22), the initial transmission by the source node is reckivgn ). It can also be shown that, = ©(k) for both cases,
with enough energy> Ny log, 2) by all the nodes in cell§’y  almost surely asc — oo. Using Theorem 1, this directly
andC». Thus, the nodes ity andC» are able to decode theimplies the converse part of Theorem 3.

message with arbitrarily small probability of error [8, Tlem  The main idea of the achievability part is similar to that
1]. Suppose that, by the end of slot- 1, all the nodes in of Theorem 2. Dividing the network into square cells of area
C; decode the message successfully and thus, transmit the- 5)\~'log, A, for any § > 0, it can be shown that no

message by the end of slo(possibly earlier). Since the gaincell is empty almost surely a — oo. Thus, the point-to-
from any node in celC; to any node in cell’;, is at least point multihopping scheme

g(v/8s) = ry® and, conditioned on the evef,, there are

ag least(1 —05)(k — 1)s2 /A nodes inC;, the total received FLOOD <N010g62 + E, Nolog, 2 + 6)
energy per bit at any node i, is greater thanV, log, 2 g(V8sk) k' g(v8sk) K
for any d < e2/(1 + €2). This allows for successful decodingreaches all the nodes Withygoeq = O (k(log k)*/?), where

of the message at all the nodes@hy, by the end of time g, s the side length of the cells ard> 0 is arbitrary. m

slot ¢. By induction, all the cells in the network are served Remark:Note that the flooding algorithm is inherently fair

by our scheme. Finally, the total energy per bit of the schem¢ the sense that all the non-source nodes expend the same
(22) grows asO(Ay) with k. B amount of energy. Moreover, in both (22) and (27), the source

Remark 1:Consider asingle shot transmissioscheme in node spends at least as much energy as each of the other nodes.
which the source tries to broadcast the message in a single

transmission. Its energy requirement is proportionahﬁtp.
Remark 2:If o = 2, the converse bound becomes

Vo~ (1)
Nomin log Ay,
This order of growth was shown achievable in [7] in a différen

setting (as mentioned in Section I-A).
minimum energy-per-bit for AWGN relay channel$EEE Trans. Inf.
B. Extended Random Networks Theory vol. 52, no. 4, pp. 1545-1561, Apr. 2006.

The extended random network case differs from the dend& Y. Hong and A. Scaglione, “Energy-efficient broadcagtimith cooper-

; ; . ative transmissions in wireless sensor networkSEE Trans. Wireless
case because the density of the nodes is now a constant: Commun, vol. 5, no. 10, pp. 2844-2855, Oct. 2006.
A =k/A, (24)

for any ey, e > 0.
Suppose that a non-source nadeelongs to cell”. For any
cell C, there is a sequendg,Cy,...,Cr) of T < /Ay/s

(27)
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