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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 traffic. We also model the performance measurds suc
ple wireless network topology to illustrate how network coding ¢ throughput and energy consumption in terms of node costs.

can improve throughput and energy efficiency objectives beyah . - . . . -
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 finite set of feasible (conflict-free) leiss

nodes into disjoint sets of transmitters and receivers that restiin -~ network realizations, and assign minimum costs (e.g. power
conflict-free network realizations with minimum cost (e.g. power) 5 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 flows betwe

network flows 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‘t'Sfy }he r‘:" ireless _netwo][k propertlefs. Also, l\<Ne ‘é‘?w work coding. We specify the properties of linear networkemd
via numerical results the superior performance o network co Ing . .
over routing in terms of throughput and energy efficiency. for wireless networks and present a method of constructing
these codes to achieve the resulting network flows. Then, we
present numerical results to evaluate the throughput aadygn

|. INTRODUCTION efficiency properties of network coding and routing solugio
It is known that coding over networks enables connections
with rates that are superior to those achieved throughiclss  !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 sing|
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 sufficient to achieve the maximum flow boundgisjoint transmitter and receiver sets at any time slot. \/aat
between the source-destination pairs in wired networks. allow multiple packet transmissions or receptions by angeno
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 kkyon
packet transmission and reception by any node (due to these 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 amonguwwent 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 flow. 2. Physical channel model: A transmission from nade
These wireless communication properties introduce nesseronodej is successfully received at time sloff and only if
layer interactions between MAC and network coding that have Pi(t)gi
not been addressed in the context of wired network coding. 5 P (1’5) T > 1)
Network coding has been extended in [4] to randomized keV\{ij} SR8 Ihkg T 1]
(but non-wireless) environments with distributed impleme where P;(t) is the power of nodé at time slott, g; ; is the
tation. Network coding in the presence of omnidirectionahannel gain from nodeto j, n; is the additive Gaussian noise
transmissions has been studied in [5] through the use daddingower at receiveyj, v is the common Signal-to-Interference-
programs to optimize network resources based on link cogdis-Noise-Ratio (SINR) threshold, aidis the set of nodes.
As a special case, network coding has been addressed in [6]
for energy-efficient multicasting. In this paper, our olbjez
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
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NETWORK CODING SOLUTION FOR THENETWORK IN FIGURE 1-(A)
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Fig. 1. Wireless network topologies (A) and (B) units per bit ands slots, respectively. Thus, the throughput

and energy efficiency objectives can conflict with each other
This observation suggests the need for joint optimizaticthe

of network coding over routing. We compare two differenterformance 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 ol ot 1 2 3 i

y and z. A packet transmission reaches all nodes connectledt r at egy sbit tby {w,m} | ubs {w,n} | mbry
through a single link (as shown in Figure 1-(A)) to the trans-_ 5 by u sbyt nbs
mitter node. If multiple transmissions reach a node in theesa Ts't”reatsi ot — 5+b . {i} T zw " ml?
time slot, a packet collision occurs. We consider conflieef o wbinzZ ?;E{u ib‘jt nb_fi/

transmission scheduling under the classical collisiomnokh
model. For simplicity of the illustration here, we assumatth
each packet contains one bit and the souwrdsas always a
packet to transmit. Each transmission consumes an amol¥t GENERAL PROBLEM OF WIRELESSNETWORK CODING

of £ energy units. We consider the following performance We consider a network grapfi = (V, E), whereV' is the
objectives: (1): throughput per destination (average numbéet of nodes and’ 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 apurces wishes to send traffic with common rateto each
destination, and (3P,.,: average delay per packet. We denotéestination inD. The information packets cannot continuously
by C?d the transmission of bib from nodec¢ to noded. flow in mUltlhOp wireless netWOka, since (a) paCketS tratel
The throughput and energy-optimal routing solution scheiu most one hop per unit time, (b) simultaneous transmissions
transmissionss b {¢, u} in odd time slots and by, ub z in 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, D,y = 2 Slots and€,., = 3£ energy units per bit. time. Therefore, we need to define time-varying network flows
The conflict-free transmissions (with period of three slotshe total flow on link (i, j) at time slot¢ is z; ;(t). The

after the initial slot) for optimal network coding are givem fraction of z; ;(¢) destined to nodel € D is z; ;(d, ). We

Table I. The linear network coding operation consists ofeno@ssume that nodeincurs energy cosk(t) at time slott. Our

w performing the bit additiory,_; + by at slots3k+-1, k = formulation involves (as it should) only node-based costg.(

1,2, ..., and sending the bit sum to nodgsand z in a single transmission power) rather than link-based costs as is tone

transmission. Since bits,,_1 and by, have been delivered Wired networks [5]. For anyl € D, i € V, j € V and time

to nodesy and z in the previous transmissions, nod@and slot ¢, the conditions on wireless network flows are:

z combineby,_1 and by, with b_gk_l + bog, respectively, to zi(d,t) and z; ;(t) € {0,1}, 25 (d,t) < 2z ,(t)  (2)

recover bothby,,_; andby,. As time evolvesy approache% (a) Classical Collision Channet: ;(t) = 1 if

bits/slot, D, approaches?? slots and&,,, approaches;& 05(t) =

energy units per bit. Network coding requires nadéo store Pi(t) = P, j, Pe(t) < Ppj Vk # i and P;(t) =0 (3)
2 bits, whereas the buffer size of one is sufficient for routing (b) Physical Channelz; ;(t) =1 if
Consider the network shown in Figure 1-(B). The trans- Pi(t)gi.,

mission schedule for the best routing solution (in terms of >y andP;(t) =0  (4)

2 Pu(D)gr + 1
throughput and energy consumption) is givensdy,; ¢ (or 2eev (i POk + 1y

K
u) at time slot3k + 1, ¢ (or u) bx1 w at time slot3k + 2, . 1
O, : ; ] - i - i (d,
and w b1 {y,z} at time slot3k + 3 for any non-negative Koso K ;(EVX\:{‘}T” (d,%) ‘eg\:{‘}fj’ (d,))
. . . . . . _ l - J 3 J 7
integerk and bitb.,. This routing solution achieves = 3 —rifi—s —rifieD. or0 otherwise (5)

bits/slot, Dy = 3 slots and&,,y = %5 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, whereag,,, and D, increase toﬁé’ energy reach nodeg over a single hop in a classical collision channel.



If P;; = oo, 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 solutiohéo t 6 f
problem of joint MAC and network coding is given as follows: @ @
Step 1: Assign a transmission power c&stt) to each node \@)

i € V at any time slott. This uniquely determines the flows
z; j(t) from i to any other node 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 P;(t) =0 o Pt o
such thatz; ;(t) = 0 for any other nodej. Hence, the cost Fig- 2 Network realizationsV/ = {Nj, Ny, Ny }
assignment also results into a partitioning of the nodes int

the disjoint sets of transmitters and receivers.

Step 2: Choose the flows; ;(d,t) at each time slot
subject to conditions (2) and (5)) through network codin " b y
Eor r]outing as a special( c)ase) irE g)rder togeither (1) maximi eondltlons ©6) ar'ld'(9)) through T‘e.tWPrk codin 4(or rou?rir;y)
the stable throughput per destinationor (Il) minimize the orde_r to () maX|m|(ze;«, or (IN m|n(|7ry:1)|zea - Z_ 1 T
average cost per time slot= limx .o = > ;- a(t) for fixed for fixed r, wherea'™ =3, .\, P, or (lll) minimize .

r, wherea(t) = 3", Pi(t), or (IIl) minimize the energy cost The optimal solution requires extensive search over all pos

per successfully delivered packet (or equivalently miar). sible network realizations and does not scale with incregsi
number of nodes. This is the classical combinatorial o@mni

V. JOINT SCHEDULING AND NETWORK CODING tion problem encountered under scheduling. Therefore,sge u
mthe following heuristic to determine the network realigas.

m=

Step 2: Assign the time fraction§r,, M(l to network
alizations{ N }M_, and choose the rowsi’;?)(d) (under

m=1

The resulting problem from this formulation is rather co
plex, since it involves non-linear optimization at eachdistot.
Instead, we propose a periodic solution with reduced coxaple® Heuristic to Construct Wreless Network Realizations
ity. We periodically activate distinct network realizat® (i.e. We start by constructing the first network realization; we
conflict-free link sets) each of which is allocated in a norchoose 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 farck chosen receiver under the physical channel model or the node
time slot. We defineN/={NJ m=1,..., M} as the set of with the smallest power to reach the chosen receiver under th
feasible network realizations. The network realizatidff, classical collision channel model. We choose as the second
(with node set/,/ and link setF/) is allocated in time interval receiver an, until now, unchosen node, and designate as its
7,, over,, fraction of the total time such thdt’i(t):P.(m), transmitter a node that has not been previously activated as

Zi’j(t)zzyj’?) andz; (¢, d):%(?)(d) for all t € 7, TheZ net- receiver and has the largest channel gain or the smallestrpow
work realizations yield conflict-free transmissions orivated 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 linkes not
receiver sets at any time slot. For adye D, i € V, j € V  destructively interfere with previously admitted transsions.
andm =1, ..., M, we have the following flow conditions: Under the physical channel model, we run a power control

(m) (m) (m) (m) algorithm that determines the minimum power for the trans-
;; (d) andz; 5" € {0, 1}, 2,57 (d) < ;5 (6) mitter to reach the intended receivers without destroyh t
(a) Classical Collision Channe{i, ;) € Bf M 1 transmissions already admitted. Under the classicalsootii

(m) m) ‘ . (7:;’_2’] channel model, we check whether the chosen transmitter has
B 2 Py, By < Py Vk # i and Pj =0 () a non-intended receiver in its transmission range. If senth
(b) Physical Channeli, j) € ngzl(rjn) =1if we choose another transmitter and run the same admissibilit

plm) ' check algorithm. We proceed in this fashion and determine
i i >~ andP™ =0 (8) transmitter-receiver pairs until no link can be admittethait
DkeV\ (i} P;f;m)gk,j +nj distorting the already admitted conflict-free link assigmts.

M Subsequently, we repeat the same procedure by choosing
Z Tm ( Z :1:57?) (d) — Z :C;T) (d) ) as receiver a node previously designated as transmitter and
m=1 jiig)eEL, (i) EEL, running the same algorithm to de_termir_1e the complete set of
—rifi—s, —rifieD, or0 otherwise @ N’ ={NJ}}_., 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 problegge that should be only activated as transmitter). Each

of joint scheduling and network coding: _ realizationV;, partitions the nodes into the disjoint transmitter
Step 1: Predetermine the network realizationé with the  gnd receiver set&™ and R(™), respectively. An example of

minimum transmission power a)ssignments that ensure confligjreless network realizations for the network in FigureA)-(
= m , .

free transmissions. The flomé}j for anyi andj is uniquely is shown in Figure 2. Under the classical collision channel

determined byV; and{Pi(m)},-ev under condition (7) or (8). model, the link setE/, is conflict-free, if the condition (7)



’,’ Cg (st)
| Cy(st)
e,

Ty + T3, cévf(s,y) = 279, cévf(s,y) =7 + 7 + 73 and

c{,vf (s,y) = 11 + 1. The maximum flow from the sourceto
destinations ismax, =1, a1} {mingep ming c,ICVf (s,d)}.
For the network realization®/ in Figure 2, the maximum
flow from the sources to any destination isnin(27y,1—71)
- Ca(sh for r1=75, and it is maximized byr,,,==, m=1,2,3. This is

1
; \ . equivalent to the network coding solutign in Table I. In gatt
R S A Coe NG VII, we will derive the wireless network codes that achieive t
A y resulting maximum flows. For the network in Figure 1-(A), we
' Cq (s) _also consider_ t_he_ alternative problem_s_of_ selectimg }M_,
in order to minimizeqa for fixed r or minimize &,,,4.

Fig. 3. Example of cuts between nodesndy 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 flows on |in|(S(i,j) IS Efn The cost of node a(l):a@):Q, a(3):1’ and achieves the average costl+27

for the network realizationv/, is P = max ;. ; »eps Pij. for r=min(27;,1-m). The assignment of,,=%, m=1,23,

For the SINR-based physical channel mdd)el, ‘We defifginimizes&,,,=- to > energy units per packet while max-

R™)(i) as the receiver set for the transmitiee 7™ that imizing r to 2 packets per slot. The minimum value &f g

has the transmission powé?i(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 paji, j) in Figure 1-(A) isd(i,j)=1,

as implemented by the heuristic of section V-A. We define thg ;=1/d(i, j)* and n;=1 for jeV. If we consider the net-

matrix H(™) such that(H(™); ; = hg?) if i # 4, and0 if work realizations in Figure 2 for throughput-optimal netwo

i = j, whereh{™ = max; c pom i 9.6 We defineP™ and ~coding, the non-zero power costs dPél):PS(Q):”l(i%;//s),

o as the power and noise vector such thet™);, = pP(™ Pf”:ﬂﬁ”:% and P”=y, where y<V/3. The best

and(g); = 03, i € T™), whereo; = maxycpon ;) 2. The routing solution assigns the non-zero power cost®gf =,

SINR condition for the activated transmitters can be exuds pt@)zpf)zlj/él, wherey<4. If we havey> 0.4291, this

as routing solution is equivalent to the energy-optimal netwo

P >y (HM P 4 g) (10)  coding solution and achieves smaller valueggf, compared

to the case of throughput-optimal network coding.

for each network realizatio&V;/,. Theorem 1 that follows is

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 B is strictly In wireless networks, nodes encode and transmit packets or
smaller than L. the wireless network realizationy/ eceive and decode packets at different time instants. ¢jenc
is conflict-free’ and the optimal solution that minimized'e need time-varying network coding that distinguishesiwhe

o P™ s given by PU™" = ~ (T — ~H™)~1 4. information is generated or received andl when_lnformatson i
Lierom By g v 7 7 ) v+ . encoded or decoded at any node. In this section, we extend

istri i (m)

(Sg A d's”'b“(‘g? Sng)JtIOI’I that cor(wr\rlsrge_s B 'S" Jinear network coding [2]-[3] to wireless packet networkge
P+ 1) = I'™(P™ (1)), where PU™(1) is the power flow Y, ;.1 onlink e € E at timet + 1 is encoded as
vector at theth iteration andl (™) (P) = v (H"™ P+0) is a et

t

standard interference function, as defined in [7].
Yve,tJrl = Z Z ﬁe’,e,l,tJrlYe’,l (11)

. . . I=t—p e’ : head(e’)=tail(e
B. Time Allocation to Wireless Network Realizations tt g (tei ’)) dler)=tait(e)
pn(tail(e
We define thekth cut between nodes andd as C (s, d). + - X, (tail(e). i
_ _ ’ el t+1X(tarl(e),
For wired networks, the value of a cut is the sum of the Z Z et Kiltail(e), 5)
capacities of the links that cross the given cut. For wireles . _ o :
networks, we introduce the average cut valfJé (s, d), which Wherehead(e) = j, tail(e)=i for e=(i, j) andp is the length
’ 9 ’ H H /
is the maximum number of successful transmissions (timt%f— coldggt memory. Jge flowye thatt arnv;s (t)rt]? GtE Tt
averaged over all network realizations iN/) across the _'rrr?e - II?I ma;)(pet y we/’:‘"*l*“rl ontozeb adlerz?l N t
cut Cx(s,d) per unit time. To incorporate omnidirectional, € ;ngut ow X ( Zlée)’J) gener?e én? 0 ! (te) ?
transmissions, the contribution of a node to any cut is &uhit Irr?ektﬁ Its rr:aﬂpped Wéleé’tgl ondc;e f/ tat' lmte' +L
to at mostl per unit time, since a single node can transmﬁ € output Tlow decoded by nodec V- at imet 1S

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

I=t—p j=1

time slot. For the network realizationé/ in Figure 2, Figure 3 Zi(v, k) = Z Z €’ kLt Yer 1 (12)
depicts an exjgmple of the cuts b?tween nOsdadefWith the I=t—p e'€E: head(e')=v
cut valuesey” (s,y) = 11 +72, & (s,y) =272, ¢} (s,y) = where e, 1, maps the incoming flowy,,; on ¢’ € F at

T+ 712, Y (s,y) =27, & (s,y) = 1+ 13, ¢ (s,y) = timel < t to reconstruct theith flow at timet. We have



the conditionsBes ¢ t+1 = 0, Qjeit+1 = 0, €e i = 0, if

[ > t or head(e') # tail(e). To minimize the packet delay,

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

t+1 is generated at time sloti.e.a; . ¢+1 = 0 forall I # ¢.
Theorem 2: If we impose omnidirectional transmissions,

we have the following properties for linear network encadin

Ber et = Perie for e € E : tail(e) = head(e’)(13)

jerr = o (tail(e)) foree E (14 _ _
Proof: All links out of a single node carry the same9:- 4. The hypothetical wired network grapt
information at any time slot, i.e. we have

Y., =Y (tail(e)) fore € E (15) Figure 4 depictaV9 for the network realizations in Figure 2.

. " . - To incorporate omnidirectional transmissions while kegpi
If we impose condition (15), the encoding coefficients mughe original definition of cuts and flows, we can connect an

satisfy (13)-(14) so that linear enchmg (11) can hold. m artificial node to each transmitting node with an error-fiek
_ Thus, we are better served by using node-based (rather tgRapacity 1 (as proposed by [6]) such that the maximum flow
link-based) network encoding for wireless networks. over at least one cut has the valueldbr a transmitting node.

In addition to omnidirectional transmissions, we assuraé 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 networR&' and
simplicity, we consider the finite field )Ffor linear encod- n9 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 fields are possible but omitted for brevity. Lemma 1: The network realizationa’/ and network graph

Theorem 3: Assume omnidirectional transmissions and siny;g have the same cut values and the same maximum flows.
gle transceiver per node. Consider conflict-free scheduhat Proof: We definec’ (s, d) and CNf(S d) as the values
. k ) k )

partitions the nodes into the disjoint sets of_transmittéts) of the cutCj (s, d) for the wired network graphve and for
and. recewers_R(t) at any time slott. Th_e linear ne_twork the wireless network realization§/ = {N/.1M__ (with time
coding operations must satisfy the following properties: allocations{r,, }M_,), respectively. Since we assign the value

m=

Bess =0anda,,(v) =0 if v=head(e) € R(t) (16) of 1 to a cut that has multiple links out of a single node, we

(e, l,j) s.t. Beye =1 0 a1 (head(e)) =1, and (17)

€e it = €ejlia1s€ejik = Pet =0 Iif head(e) € T(t)
Proof: If node v is activated as receiver at tinte i.e.

veR(t), it cannot transmit at time any information that has v

been received or generated at tifhet, i.e. o ((v)=0 and

Be,14=0 if head(e)=v. The conditions for receiver nodes are_
given by (16). Nodev is activated as transmitter, only if there
is at least one node that can successfully receive the Faoket
v. Hence, node € T'(t) uses at least one non-zero encodin
coefficient at timet. Node v € T'(¢t) does not receive any

information to be transmitted later at tinke>t, i.e. 3. ;=0

for head(e)=v. Also, there is no need to change the decodi

coefficients ofveT'(t), i.e. e j11=€c ji,t—1 fOr head(e)=v,

and there is no new information that can be decoded to

any flow j at time k>t, i.e. e. ;. ,=0 for head(e)=v. The
conditions for transmitter nodes are given by (17).

If we assume periodic operation over predetermined n
work realizations, we can replace the time indices in networ

coding coefficients with the indices of network realization

VIl. CONSTRUCTION OFWIRELESSNETWORK CODES

definecy’ (s,d) = Y seys 1(i—Cr(s,d))-¢; ande}” (s,d) =
S T Sierom 1(i—C(s, d)), wherei—Cy (s, d) means
that at least one link out of nodecrosses the cuf’y (s, d).
Sincec; = Z%Zl Tm1(i € T™) andT(™) C V9, we obtain
e (5,d) = Yieve 1 (i — Ci(s,d) Sm_, 70 1 (i € TOW)
=N Yo 1(i — Ci(s,d)) = ¢l (s, d). Thus,N/
and N9 have the same cut values. According to the maximum-
flow/minimum-cut theorem, the maximum flow between nodes
§ and d is ming c{c\’f(s,d) for network realizationsV/ and
tning, ¢’ (s, d) for network graph\9. Therefore, N/ and N9
have the same cut values and the same maximum floves.
Next, we construct the wireless network codes using the

qﬁ]ear network codes on the wired network grapl.

Theorem 4: There exist linear wireless network codes that
can achieve the maximum flows for the wireless network
realizationsN/, if there exist linear wired network codes that

&(_:hieve the maximum flows on the wired network graph.

Proof: We use a low complexity algorithm [8] to find

linear network codes o9 that achieve the maximum flow
. . N!l . .

minge p ming ¢ (s, d) between source and destinationg €

D. By Lemma 1, the value of the minimum cut & is equal

to the value of the maximum flow for the wireless network

Consider the predetermined wireless network realizationsalizations Nf. We drop the time indices in the wireless

N/ = {NJ}M_, with time allocations{7,, }’_,. We define a
hypothetical connected (wired) netwokd = (V9, E9) with
the node se¥/ = UY_, v/ and link setes = JN_, E,.
The capacity of any linki,j) € EY9 out of nodei € V9 is
;="M 7,,1(i € Tt™), wherel is the indicator function.

network coding coefficients to obtain the notation for wired
network coding. We assume the finite fielg fer the network
coding operations and construct the non-zero wirelessarktw
codes from the linear network codes &/ as follows:
ajit(tail(e))=1 if aj =1, t>l and3Im:eck},, teT,
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Ber=1if Beo=1t>1 and Im,n: ¢’ €E/, ec B} teT,,,1€T,

€ekii=1 if ecp=1, t>l and3Im:ecE}, €T,

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 andggner
efficiency over routing, if and only if there exists a nadguch
that xf;f‘ll,)i(dl)>0 and ngf7)i(d2)>0 for any pair of destina-
tions {d, >4, d2<i} and wireless network realizatioqsV;, ,
Nr’:u}- 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 group§ (™) ={3;+m, j=0,1,2, ...} for m=1,2,3
in tandem networks. We choose time fractiops}?._; to
maximizemin,ec s minge p(s) mink{c{ff (s,d)}, whereD(s) is
the set of destinations for the sourgec S. For numerical
results, we consider a tandem network with totalohodes
and n, source nodes. Each source node independently and
randomly chooses: destinations for its packets of one bit. We
consider the classical collision channel model and assunite u
energy cost for each transmission. For different values of
m andn, Figures 5 and 6 depict the throughput and energy cost
per packet, respectively. Numerical results show that ogtw
coding outperforms routing in terms of throughput and eperg
efficiency. 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 conflict-free network realizations with minimgost
assignments and optimizes the throughput or energy mesasure
through network coding. We specified the properties of wire-
less network codes and outlined how to construct linearsode
Finally, we presented numerical results to compare thrpugh
and energy efficiency of network coding and routing soligion
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