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Abstract—In this paper, we establish a new framework for net- communication in contrast to previous models of conneetion
work coding in ad hoc wireless networks. First, we consider a sim- griented traf c. We also model the performance measureh suc
ple wireless network topology to illustrate how network coding ¢ throughput and energy consumption in terms of node costs.

can improve throughput and energy ef ciency objectives beyod . - . . . -
routing solutions. Then, we extend the network coding problem to We analyze wireless network coding in conjunction with

general wireless networks in conjunction with scheduling-based scheduling-based MAC and propose a two-step solution: 1.
medium access control (MAC). For that purpose, we partition the We predetermine a nite set of feasible (con ict-free) wiges

nodes into disjoint sets of transmitters and receivers that resitiin - network realizations, and assign minimum costs (e.g. ppwer
con ict-free network realizations with minimum cost (e.g. power) 4 each node for any network realization, 2. We assign time

assignments. We separately activate distinct network realizatian . N
using a time division mechanism. Then, we specify the content of fractions to network realizations and choose the ows betwe

network ows through network coding and derive transmission  transmitter-receiver pairs (originating at different sms and
schedules to optimize the throughput or energy measures. Next, addressed to different destinations) to optimize the perfo
we present a method of constructing time-varying linear network mance measures (e.g. throughput or energy cost) through net
codes that s"’l‘tiSfy }he r‘:"ireless _netwo][k propertiefs. Atl\zo, &"’e ‘é‘?w work coding. We specify the properties of linear networkemd
\é'\?e?l;gqu?i%air:etselirf; O? f#r%ig%rpzfra?{én gﬂg?gg gfecie?nrcy.co "9 for wireless networ!<s and presen_t a method of constructing
these codes to achieve the resulting network ows. Then, we

present numerical results to evaluate the throughput aadygn

|. INTRODUCTION ef ciency properties of network coding and routing solutso
It is known that coding over networks enables connections
with rates that are superior to those achieved throughicllss  !l. THE MODEL OF WIRELESSAD HOC NETWORK

routing [1]. In routing, nodes simply replicate and forwaing We assume omnidirectional transmissions that are synchro-
received packets, whereas network coding allows relay siodgzed into unit time slots. Each node is equipped with a singl
to combine the information received from multiple links fotransceiver and cannot simultaneously transmit and receiv
subsequent transmissions. As shown in [2]-[3], linear oekw packets. Therefore, it is necessary to partition the nodes i
coding is sufcient to achieve the maximum ow boundsdisjoint transmitter and receiver sets at any time slot. \/aat
between the source-destination pairs in wired networks. allow multiple packet transmissions or receptions by anyeno

To extend network coding to a wireless packet networig a single slot. We consider two different channel models:
we need to impose additional properties such as (P1) omni-1. Classical collision channel model: We assume circular
directional transmissions, (P2) single packet transmissir transmission (reception) ranges with sharp boundaries. No
reception by any node at any given time, (P3) no simultaneosisccessful transmission or interference is possible lkyon
packet transmission and reception by any node (due to tihese ranges. We model each link as a collision channel with
constraint that nodes are equipped with a single transgeivehree possible channel outcomes: idle, success, andianllis
(P4) possible destructive interference effects amonguwoect that occur, respectively, if none, one or more than one packe
transmissions, and (P5) multihop packet propagation irestosimultaneously reach the same receiver in the same time slot
and-forward manner instead of continuous information ow. 2. Physical channel model: A transmission from node
These wireless communication properties introduce nesseronode]j is successfully received at time sloff and only if
layer interactions between MAC and network coding that have Pi ()G

. . . [} )

not been addressed in the context of wired network coding. y P )ga * (1)

Network coding has been extended in [4] to randomized k2vnfij g TkA/Sk T
(but non-wireless) environments with distributed impleme whereP;(t) is the power of node at time slott, g;; is the
tation. Network coding in the presence of omnidirectionahannel gain from nodetoj, ; is the additive Gaussian noise
transmissions has been studied in [5] through the use dadiingower at receivej, is the common Signal-to-Interference-
programs to optimize network resources based on link cogdis-Noise-Ratio (SINR) threshold, amlis the set of nodes.
As a special case, network coding has been addressed in [6]
for energy-ef cient multicasting. In this paper, our objige
is to incorporate realistic interference and delay effeuts I1l.- AN EXAMPLE OF WIRELESSNETWORK CODING
practical constraints of a single transceiver per node. InWe consider the problem of multicasting in the wireless
addition, we consider dynamic operation of multihop packeetwork shown in Figure 1-(A) to illustrate the advantages




TABLE |
NETWORK CODING SOLUTION FOR THENETWORK IN FIGURE 1-(A)

Time Slot 1 ., 2 .3 , 4

Strategy Shyt t'bllfw;yg u’b%fw;zg W:b1+ by
Shhu Shst why + by z

Time Slot 5 .6 L7 ., 8

Strategy t'b?fw;yg u!bqfw;zg W;b3+ by y t'b§fw;yg

Shyu Shst why+ byz Shsu
A)
Fig. 1. Wireless network topologies (A) and (B) units per bit and5 slots, respectively. Thus, the throughput

and energy ef ciency objectives can con ict with each other
This observation suggests the need for joint optimizatithe

of network coding over routing. We compare two differenferformance measures such as throughput and energy costs.
multihop communication strategies: (1) classical routihgt

limits nodes to act as forwarding switches, (2) network ngdi TABLE Il
that allows nodes to code over the received information. NETWORK CODING SOLUTION FOR THENETWORK IN FIGURE 1-(B)
The objective of the wireless multicasting problem is to de-

liver the packets of the source nosléo both destination node5| Time Siot 1 2 3 i

y and z. A packet transmission reaches all nodes connectedtrategy Shy t t'bllfw;mg u’b% fw;ng n? by y
through a single link (as shown in Figure 1-(A)) to the trans-_ Shhu Shyt nhz
mitter node. If multiple transmissions reach a node in tieesa TS':;:teS'Ot W;blf SRR f?N.m 4 :W_n = i
time slot, a packet collision occurs. We consider con icef 9y why + bzz S|b4’u g bgbst g o b ;’

transmission scheduling under the classical collisiomokh
model. For simplicity of the illustration here, we assumatth
each packet contains one bit and the sowsdeas always a
packet to transmit. Each transmission consumes an amol¥t GENERAL PROBLEM OF WIRELESSNETWORK CODING
of E energy units. We consider the following performance We consider a network grapB = (V;E), whereV is the
objectives: (1)r: throughput per destination (average numbé&et of nodes ané is the set of links. We impose the wireless
of packets delivered to each destination per unit time), (2pmmunication properties introduced in sections I-1I. Agie
Eavg: average energy consumed to deliver a packet to adQurces wishes to send traf ¢ with common rate to each
destination, and (Iayg: average delay per packet. We denotéestination irD . The information packets cannot continuously
by ¢b d the transmission of bib from nodec to noded. ©w in multihop wireless networks, since (a) packets trasel
The throughput and energy-optimal routing solutign schesju most one hop per unit time, (b) simultaneous transmissions
transmissions bft;ug in odd time slots and by, U b zin over different links may not be feasible due to interference
even time slots for bib. This routing solution achieves= 1 effects, (c) nodes can either transmit or receive at anyngive
bits/slot, Dayg = 2 slots andEayg = %E energy units per bit. time. Therefore, We_neec_i Fo de ne t|me—vary[ng network aws
The con ict-free transmissions (with period of three slotdhe total ow on link (i;j) at time slott is z;; (t). The
after the initial slot) for optimal network coding are given fraction of z; (t) destined to nodel 2 D is x;; (d;t). We
Table I. The linear network coding operation consists ofenodssume that nodeincurs energy cos®; (t) at time slott. Our
w performing the bit additiof 1 + by at slots3k+1, k = formulation involves (as it should) only node-based costg.(
1;2;:1; and sending the bit sum to nodesandz in a single transmission power) rather than link-based costs as is tone
transmission. Since bith,x 1 and by have been delivered wired networks [5]. For angd 2 D, i 2 V,j 2 V and time
to nodesy andz in the previous transmissions, nodpsind slot t, the conditions on wireless network ows are:
z combineby, 1 and by with by 1 + by, respectively, to xij (d;t) andz (t) 2f0;1g; x5 (dit)  zij (1) (2)
recover bothby, 1 andbyk. As time evolvesr approache% (a) Classical Collision Channet;; (t) = 1 if
bits/slot, Dayg approachess slots andE.,q approaches E WA

energy units per bit. Network coding requires nadéo store Pi(t) Pij;Pk(t)<Py; 8k6iandP(t)=0 (3)
2 bits, whereas the buffer size of one is suf cient for routing (b) Physical Channelz; (t) =1 if
Consider the network shown in Figure 1-(B). The trans- 5 Pi (1) g

mission schedule for the best routing solutiony (in terms of andP;(1)=0  (4)

PO +
throughput and energy consumption) is givensdy., t (or c2vniij g PG |

u) at tjme slot3k + 1, t (or u) b1 w at time slot3k + 2, lim 1)(‘ ( X xii (d: ) X xii (d:1)
andw by fy;zg at time slot3k + 3 for any non-negative ki Ko R Ham - FEAT
integerk and bitb.1 . This routing solution achieves= 1 C s s . ; ;‘Iigz D or Ojothr:arl\?vise )

bits/slot, Dayg = 3 slots andEwg = %E energy units per
bit. The network coding solution given in Table Il extends where P;; is the transmission power required by nodéo
to % bits/slot, wherea&ayg andDayg increase to}E energy reach nodg over a single hop in a classical collision channel.



If Pij = 1, then there is no direct link possible from node

f f
Ny Ny
i to nodej. We assume zero cost for packet reception. Our @ @
analysis, however, can be extended to the case where there is
also an energy cost for reception. The two-step solutioheo t 6 f
problem of joint MAC and network coding is given as follows: @ @
Step 1: Assign a transmission power cBgft) to each node

i 2 V at any time slot. This uniquely determines the ows

zij (t) from i to any other nodg¢ according to the condition b
(3) or (4) depending on which channel model we use. Th @ @ @

cost for any idle or receiver nodeat time slott is Pi(t) =0 o .

such thatz;; (t) = 0 for any other nodg . Hence, the cost F19- 2. Network realizationdl " = N, ;N;:N3g

assignment also results into a partitioning of the nodes int

the disjoint sets of transmitters and receivers. ) , . . M
Step 2: Choose the owsc; (d;t) at each time slot Step 2: Assign the time fractions ,gn-; to network

. . m
(subject to conditions (2) and (5)) through network coding)al'z.a}tmnSfof”gM‘:l and choose the owsgi(;j )(d) (unQer
(or routing as a special case) in order to either (1) maximiz&@nditions (6) and (9)) through network Cfdﬁp% (or rou?nlir;y)
the stable throughput per destinationo,g QJ) minimize the order to (1) maX|m|(zrg, orP(II) m|n(|nr11)|zea B n=1 aa
average cost pgs time slat=lim x 1~ -, a(t) for xed for xed r, wherea™ = ;,, P/, or (Ill) minimize 7.
r,wherea(t) =, Pi(t), or (lll) minimize the energy cost The optimal solution requires extensive search over all pos

per successfully delivered packet (or equivalently miaid). sible network realizations and does not scale with incregsi
number of nodes. This is the classical combinatorial op#mi

V. JOINT SCHEDULING AND NETWORK CODING tion problem encountered under scheduling. Therefore,sge u

The resulting problem from this formulation is rather comt-he following heuristic to determine the network realinas.
plex, since it involves non-linear optimization at eachdistot.
Instead, we propose a periodic solution with reduced coxaple®- Heuristic to Construct Wireless Network Realizations
ity. We periodically activate distinct network realizat® (i.e. We start by constructing the rst network realization; we
con ict-free link sets) each of which is allocated in a nonehoose a node arbitrarily as receiver, and designate as its
overlapping time interval. Then, we perform the optimiaati transmitter the node with the largest channel gain from the
individually for each network realization rather than farce chosen receiver under the physical channel model or the node
time slot. We deneNf=fNf:m=1;::;Mg as the set of with the smallest power to reach the chosen receiver uneer th
feasible network realizations. The network realizating, classical collision channel model. We choose as the second
(with node se¥/! and link setE[) is allocated in time interval receiver an, until now, unchosen node, and designate as its
Tm over n, fraction of the total time such tha; (t)= Pi(m), transmitter a node that has not been previously activated as
zij (t)= Zi(;jm) andx;; (t;d)= xi(;]-m)(d) forallt 2 T,,. The net- receiver and has the largest channel gain or the smallestrpow
work realizations yield con ict-free transmissions onigated requirement depending on the channel model. We admit this
links and partition the network into disjoint transmittemda transmitter-receiver pair, if the activation of this linbes not
receiver sets at any time slot. For ady2 D,i 2 V,j 2 v destructively interfere with previously admitted transsions.

andm =1;::;M, we have the following ow conditions: Under the physical channel model, we run a power control
(m) (m) (M) (m) algorithm that determines the minimum power for the trans-
xij (d) andz;™” 21 0;1g; x5 (d)  z (6) mitter to reach the intended receivers without destroyh t
(a) Classical Collision Channefi;j ) 2 EIn : Zi(;jm) =1 if transmissions already admitted. Under the classicalsdgnﬂi
pM b .pM p  grsiandp™ =0 Ko channe_:l model, we ghecl_< V\_/hether th_e c_hosen transmitter has
i BTk ki i a non-intended receiver in its transmission range. If senth
(b) Physical Channeki;j ) 2 E:n;zi(;jm) =1 if we choose another transmitter and run the same admissibilit
(m) check algorithm. We proceed in this fashion and determine
= Py 3‘#’) andP™ =0 (8) transmitter-receiver pairs until no link can be admittethaiit
K2V nfij g Pe 'O + distorting the already admitted con ict-free link assigants.
W X X Subsequently, we repeat the same procedure by choosing
m ( x{M (d) x{M(d) ) as receiver a node previously designated as transmitter and
m=1 (i )2EL, i )2E L running the same algorithm to determine the complete set of
—rifi=s rifi2D: orO otherwise ) Nf =fN/ gM_,, until each node is designated as transmitter

and receiver at least once (with the exception of the source
We propose the following two-step solution to the problefgge that should be only activated as transmitter). Each
of joint scheduling and network coding: realizationN/ partitions the nodes into the disjoint transmitter
Step 1: Predetermine the network realizatidh's with the and receiver sef§(™ andR(™) respectively. An example of
minimum transmission power assignments that ensure ¢Bn igireless network realizations for the network in FigureA)-(
free transmissions. The OWi(;jm) for anyi andj is uniquely is shown in Figure 2. Under the classical collision channel
determined byN | andfPi(m)gizv under condition (7) or (8). model, the link setE/ is con ict-free, if the condition (7)



’,’ Cs (s,t)
/ C; (s.)
L Cu(sh)

2 3, (SY) =22 cf (sy) = 1+ 2+ 3 and

c) (s;y)= 1+ 2. The maximum ow from the source to

destinations ismax . :m=1;:m gf MiNg2p Min cEf (s;d)g.

For the network realizationsl " in Figure 2, the maximum

ow from the sources to any destination isnin(2 ;1 1)

. Ca(sh) for 1= 5, and it is maximized by n =3, m=1,2,3. This is

; \ equivalent to the network coding solution in Table I. In gmTt

R A S NG VII, we will derive the wireless network codes that achieive t

A y ’ resulting maximum ows. For the network in Figure 1-(A), we

' Cy(s) also consider the alternative problems of selecfinggM_,

in order to minimizea for xed r or minimize Eyyg.

Fig. 3. Example of cuts between nodesindy of network in Figure 1-(A) (a) Classical collision channel: Assume unit energy cost
for any transmission. The energy-optimal network coding
solution uses the network realizations in Figure 2 with

holds for all ows on ||nkS(|,] ) 2 Erfn . The cost of node a(l) :a(z) =2, a(3) =1, and achieves the average casii+2 ;

for the network realizatiorNrfn is pi(m) =max;. i yog! Pij . for r=min(2 1;1 ). The assignment of,= % m=1,2,3,

For the SINR-based physical channel model, we de N@iinimizesEag= 2 to % energy units per packet while max-

R(M (i) as the receiver set for the transmitte2 T(™ that imizing r to £ packets per slot. The minimum value Bfiq

has the transmission powé’ri(m) for the network realization for the best routing solution i§ energy units per packet.

N[ . We schedule transmissions to any receiver only from the(b) Physical channel: Assume that the distance between

transmitter node with the largest channel gain to that vecei any connected node pafi;j ) in Figure 1-(A) isd(i;j )=1,

as implemented by the heuristic of section V-A. We de ne thg; =1=d(i;j )> and ;=1 for j2V. If we consider the net-

matrix H(™) such that(H (M);; = hi(;jm) if i 6 j, and0 if work realizations in Figure 2 for throughput-optimal netwo
i = j, whereh({") = max, ;g () 3 We deneP(™ and coding, the non-zero power costs a?él)zps(;)z =2,
_as the power and noise vector such tt@f™); = p.(m PP=pP=_2) and = , where < 3. The best
and(L)i = 1,12 T, where ; =max,,rm iy g The routing solution assigns the non-zero power cost®dt= |,
SINR condition for the activated transmitters can be exqeds p@ =p(? = ——, where < 4. If we have > 0:4291 this
as routing solution is equivalent to the energy-optimal netwo
p(m (HMpM™ 4y (10)  coding solution and achieves smaller value€gf, compared

for each network realizatioNf,. Theorem 1 that follows is to the case of throughput-optimal network coding.

an extension of the one-to-one scheduling result from [7]. \\/ * ppoperTiES OFLINEAR WIRELESSNETWORK CODES
Theorem 1:(a) H (™ is an irreducible non-negative matrix.

(b) If the Perron-Frobenius eigenvalue ™ is strictly In_wireless networks, nodes en(_:ode anc_J trar_13mit packets or
smaller than i, the wireless network realizatiorN |, receive and decode packets at different time instants. éjenc
|5 conict-free and the optimal solution that minimizesVe Need time-varying network coding that distinguisheswhe

) p(M g given byp(m) = (I H(my 1 information is generated or received and when informatgon i

127 A oi tributed sol t_ that ua(m_) . encoded or decoded at any node. In this section, we extend

(gf)) 'S_” u(g) S(?nlf lon tha co?¥?rge§ - 'S linear network coding [2]-[3] to wireless packet networkge
P+ 1) = 17(PT(1)), wherePET(l) is the power oW Ye. onlinke2 E attimet + 1 is encoded as
vector at thdth iteration and ™M (P)= (HMP+ )isa e+l

standard interference function, as de ned in [7]. X X
Ye;t+1 = e%eilit +1 Ye°;l (11)
" . . . . I= 02 E : head (€%)= tail
B. Time Allocation to Wireless Network Realizations Xt‘ : ?t;E(e»ea ()= tal (@)

We de ne thekth cut between nodes andd as Cy(s; d). + fedt +1 X (tail (€):])
For wired networks, the value of a cut is the sum of the o
capacities of the links that cross the given cut. For wireles L . - .
networks, we introduce the average cut v&tﬁé(s; d), which wherehead(e): I, tail (€)= i fore=(i.) gndp IS tg'e length
is the maximum number of successful transmissions (timt%f- coldm% memory. Jge OWYee tha;t argvzs (t)rte ZtE 1at
averaged over all network realizations M') across the _I'_rr?e. tls ma);zpei i ye_°ie?'?t 1 onto§ b adg.? t
cut Cy(s;d) per unit time. To incorporate omnidirectionalt. € llnput ow I ‘3' ée)fj) generat1e 5 é n(: i ! EeJ)rla
transmissions, the contribution of a node to any cut is &ahit Irr?ekth Its rr:apped y&;eg‘ b+1 Oréog v tat' lmte' '
to at mostl per unit time, since a single node can transm}E € output ow decoded by node attimetis

=t p j=1

at most one distinct information (packet) over each cut &t an X X

time slot. For the network realizations’ in Figure 2, Figure 3 Z(v;k) = eokilit Yeo (12)
depicts an example of the cuts between nadasdy with the I=t p e%2E:head(e%)=v

cut values:(fzﬁlf (s;y)= 1+ 2, A (s;y)=2 2 & (s;y)=  where ekt Maps the incoming owYe on e’ 2 E at

1+ o A (siy)=2 LA (s;y)= 1+ 3 & (s;y)= timel t to reconstruct thekth ow at time t. We have



the conditions eoe;t+1 = 0, et +1 = 0, ekit =0, if

| >t or heade® 6 tail (6). To minimize the packet delay,

we assume that any packet that will be transmitted at tinte slo

t+1 is generated at time slofi.e. jeit +1 =0 foralll 6 t.
Theorem 2:If we impose omnidirectional transmissions,

we have the following properties for linear network encagdin

elt = eoir fore2 E :tail (e) = head(€”) (13)

et = it (tail (e)) fore2 E (14) _ _ _

Proof: All links out of a single node carry the same™ig- 4. The hypothetical wired network graph?
information at any time slot, i.e. we have

Ye:t = Yi(tail (e)) fore2 E (15) Figure 4 depicts\N ¢ for the network realizations in Figure 2.

: " . . To incorporate omnidirectional transmissions while kegpi
If we impose condition (15), the encoding coef cients musg,q original de nition of cuts and ows, we can connect an

satisfy (13)-(14) so that linear encoding (11) can hold. B 4 cja| node to each transmitting node with an error-fiieex

' Thus, we are better servgd by using node-based (rather t%‘?‘@apacity 1 (as proposed by [6]) such that the maximum ow
link-based) network encoding for wireless networks. over at least one cut has the valueldbr a transmitting node.

In addition to omnidirectional transmissions, we assuré tngead, we propose a new formulation that assigns the value
there is only a single trapscewer per node. Thergfore, 1048 at most 1 (per unit time) to a cut that crosses (possibly)
cannot transmit and receive packets at the same time slot. ﬁﬂjltiple links out of a single node in both networks and
simplicity, we consider the nite eld k for linear encod- N g This approach is preferable, since it allows us to asseciat
ing and decoding operations. Similar extensions to amyitra,;qe-pased costs (e.g. power) with each transmission.

operation elds are possible but omitted for brevity. Lemma 1:The network realizations!! and network graph
Theorem 3:Assume omnidirectional transmissions and sifN g have the same cut values and the same maximum ows.

gle transceiver per node. Consider con ict-free schedytirat Proof: We de ne c'° (s; d) anchf (s:d) as the values
partitions the nodes into the disjoint sets of transmitl®(®) ¢ 1o cutCy(s; d) for the wired network grapiN 9 and for
and. recewersl_?(t) at any time slott. Thg linear ne_tvvork the wireless network realizatiom’ = fNf gM_, (with time
coding operations must satisfy the following properties:  5ocationst =gM_, ), respectively. Since we assign the value

err =0 and jix (v) =0 if v = head(e) 2 R(t) (16) of 1 to a cut that Bas multiple links out of a single node, we

. NUsid) = ,ye 13! Ck(s;d) G andc) (s;d) =
9(e;lj) st ey =1 e (h =1:and (17 genec (s d) i2v e k(S; ;
(e;l;j) st et or it (head(e)) and (17) Mo B 100 Culs: ), whereil Cy(s:d) means

ejit = ejit 1 ejtk = ek =0 if head(€) 2 T(t) 5t 5t leagf one link out of nodecrosses the cuCi(s; d).

Proo_f. If nodev is gctlvqted as receiver at time i.e.  gjneac = M:l n @ 2 TM) ang_,T(m) V9, we obtain
V2R(t), it cannot transmit at timé any information that has NS ()= 11 Cu(s.d) M 16 2 T(m)
been received or generated at tifee , i.e. i (v)=0 and Ek P*m pi2ve kA= m=1 ™

K . . = . il . = f . f
et =0 if head(e)=v. The conditions for receiver nodes are deQ:lh m thIZT(m) 1(i .t Clk(s'd)p)\ c{z‘d_(s,td).ﬂ']l'hus,N_
given by (16). Noder is activated as transmitter, only if therg?N0NN = have the same cut values. According 1o the maximum-
ow/minimum-cut theorem, the maximum ow between nodes

is at least one node that can successfully receive the Faoket SRR A - t
v. Hence, noder 2 T (t) uses at least one non-zero encodinﬁfand Sgls lenfk S (ts,d)kfor nﬁzvgor_:fhrea?zatlorflsi\l dilng
coef cient at timet. Nodev 2 T(t) does not receive anyh Nk (t:h (s;d) for rt1e V\llor grag h - here ore,N an
information to be transmitted later at tinket , i.e. ¢k =0 ave the same cut values an € same maximum OwA.

for head(e)= v. Also, there is no need to change the decodir]ﬁ]NeXt' we ckonstéuct thehwwe_lezs netwolr(k COdES using the
coefcients of V2T (t), i.e. ejit = ejix 1 for head@)=v, _?_ﬁr netwoArr.T(;]o es on tl,e wire _ntletwor grelpk. des th
and there is no new information that can be decoded to!'€0r€Mm 4:There exist linear wireless network codes that

any ow | at timek>t, i.e. etk =0 for heade)=v. The Can achieve the maximum ows for the wireless network
conditions for transmitt,er. n.oc‘jsés’ are given by (17) ' realizationsN f , if there exist linear wired network codes that

If we assume periodic operation over predetermined n&eve t?e maximum lows on thle \(wredl ne_tvr\]/ork gralty. J
work realizations, we can replace the time indices in netwoy  Proof: We use a low complexity algorithm [8] to n

coding coef cients with the indices of network realizat®n Ilnear networkN%Odes oN 9 that achieve the maximum - ow
mingzp Ming ¢~ (s; d) between source and destinationd 2

D. By Lemma 1, the value of the minimum cut &P is equal
to the value of the maximum ow for the wireless network
Consider the predetermined wireless network realizatiorsalizationsN. We drop the time indices in the wireless
N = fNf gM_, withtime allocations ngM., . We de nea network coding coef cients to obtain the notation for wired
hypothetical conne§ted (wired) netwokk® = (V%4 E9) with  network coding. We assume the nite eld,For the network
the node sev 9 = mzl Vi and link setE?% = mzl Ef,. coding operations and construct the non-zero wirelessarktw
ThePcapacity of any link(i;j) 2 E® out of nodei 2 V9 is codes from the linear network codes Birf as follows:
= M_, m1(i2TM) wherelis the indicator function.  ji. (tail ())=1 if je=1, t>| and9m:e2E[ , t2Ty

VIl. CONSTRUCTION OFWIRELESSNETWORK CODES
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et =1 if  eeo=1,t>1 and 9m,n: e2Ef ,e2Ef t2T, 12T,
ekt =1 i ex=1, t>l
These codes satisfy the wireless communication properties

and9m : e2E[ , 12T,

VIII. COMPARISON OFNETWORK CODING AND ROUTING

We consider tandem networks with at most two-neighbor
connectivity and enumerate nodes from left to right in in-
creasing order. Network coding in tandem networks consists
of relay nodes adding the bits that arrive from left and right
neighbors and sending the bit sum to both neighbors in single
transmission. Network coding improves throughput andgner
ef ciency over routing, if and only if there exists a nodsuch
that x{™2) (d1)> 0 and x{1?) (d)> 0 for any pair of destina-
tions fd;>i , d,<i g and wireless network realizatiorﬁ:%\lrfnl,
N,ﬁng. Network coding cannot improve routing in tandem
networks with single source or with directional transnossi.

Next, we address the problem of multicasting with multiple
number of sources from a s&. We use the heuristic of
section V-A to determine the network realizations, e.g. &ech
transmitter group3 (M=f3j+m;j =0;1;2;:::gform=1;2; 3
in tandem networks. We choose time fractidnsg¥_, to
maximizeminsz s MiNg p (s) minkfc’lz‘f (s;d)g, whereD (s) is
the set of destinations for the sourse2 S. For numerical
results, we consider a tandem network with totalhohodes
and ng source nodes. Each source node independently and
randomly choosem destinations for its packets of one bit. We
consider the classical collision channel model and assuiite u
energy cost for each transmission. For different valuessof
m andn, Figures 5 and 6 depict the throughput and energy cost
per packet, respectively. Numerical results show that oftw
coding outperforms routing in terms of throughput and eyerg
ef ciency. We expect similar results for other topologies.

IX. CONCLUSIONS

In this paper, we extended network coding to wireless packet
networks under the realistic assumptions such as omnidirec
tional transmissions, single transceiver per node andfarte
ence effects among concurrent transmissions. We proposed a
joint scheduling and network coding solution that sepdyate
activates con ict-free network realizations with minimurost
assignments and optimizes the throughput or energy mesasure
through network coding. We speci ed the properties of wire-
less network codes and outlined how to construct linearsode
Finally, we presented numerical results to compare thrpugh
and energy ef ciency of network coding and routing solugon

REFERENCES

Averaged over all network realizatiod$, the constructed [1] R. Ahlswede, N. Cai, S. -Y. R. Li, and R. W. Yeung, “Network

wireless and wired network codes perform the same opegation

and achieve the same maximum ows fdrf andN 9.

Next, we determine wireless network codes for the netwo
realizations in Figure 2. First, we construct the wired roetwv
graphN 9 and nd the non-zero linear network codes brf
2e, =1 and ¢e, =

for the

€1,€3

Attime = 1, 1;0;1(3) =1, (”) Attime 2 Tq, el
forl=1orl = 22Ty, 20 1. (8)=1, &a:;
Attime 2Tz, e; 15 =1, 13 1, (=1, e2;
(IV) Attime 2T3, e: 220 =1, o 1. =1, e:2::
1 g2 20 =1, ei1;; =1, e 1, =1

eld F, as follows:

€2,€4

lies =

€2,eg €3,es €3,€6

€45
eses = 1. Then, we derive the non-zero wireless network
codes using the method given in the proof of Theorem 4: ({5]

=1, (Il

Information Flow,” IEEE Trans. Inform. Theory vol. 46, no. 4, pp.

1204-1216, July 2000.

[2] S.-Y. R. Li, R. W. Yeung, and N. Cai, “Linear Network Codi\ IEEE
Trans. Inform. Theoryvol. 49, no. 2, pp. 1204-1216, Feb. 2003.

m R. Koetter and M. Medard, “Beyond Routing: An Algebraippgroach
to Network Coding,” inProc. IEEE INFOCOM June 2002.

[4] T.Ho, R. Koetter, M. Medard, D. R. Karger, and M. Effro§,He Bene ts
of Coding over Routing in a Randomized Setting,” Rnoc. ISIT, June
2003.

[5] D. S. Lun, M. Medard, T. Ho, and R. Koetter, “Network Cogdiwith a

Cost Criterion,” inProc. ISITA 2004 Oct. 2004.

Y. Wu, P. A. Chou, Q. Zhang, K. Jain, W. Zhu, and S.-Y. Kurigetwork

Planning in Wireless Ad Hoc Networks: A Crosslayer ApprqgadBEEE

J. Select. Areas in Commuol. 23, no. 1, pp. 136-150, Jan. 2005.

[7] R. Yates, “A Framework for Uplink Power Control in Cellul&adio
Systems,1EEE J. Select. Areas in Commwol. 13, no. 7, pp. 1341-1347,
Sep. 1995.

[8] S. Jaggi, P. A. Chou, and K. Jain, “Low Complexity Algeluraiulticast

Network Codes,” inProc. ISIT, June 2003.



