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Cautious View on Network Coding
— From Theory to Practice

Janus Heide, Morten V. Pedersen, Frank H.P. Fitzek, ancefdrhrsen

Abstract: Energy consumption has been mostly neglected in net- processing unit (CPU), but performance decreases fasteas th
work coding (NC) research so far. This work investigates seral number of packets that are coded together increases. @iffer
different properties of NC that influence the energy consumgion  optimization techniques are described and incorporatede6
and thus are important when designing NC systems for battery ated network overhead as a consequence of utilizing NC is com
driven devices. Different approaches to the necessary imginen- anted and sought to be reduced. Furthermore, the concepts
tation of coding operations and Galois fields arithmetic arecon- of aggressivenesanddensityand its impact of performance are
sidered and complexity expressions for coding operationsi@pro- oy, 4ieq | [9], a coding throughput of 44 Mb/s is reporteel us
vided. We also benchmark our own mobile phone implementatio . . . . )

ing an implementation based on a simple full-size look-inieta

on a Nokia N95 under different settings. Several NC strategis are L .
described and compared, furthermore expressions for transission This is achieved on a 800 MHz Intel Celeron CPU when 32

times are developed. It is also shown that the use of NC intracces Packets, K = 32, of 1500 B are coded together. The observed

a trade off between reduction in transmission time and incrase in  throughput is approximately 10 times higher than that regbr
energy consumption. in [7] at similar settings. The authors conclude that depiegt

is not a problem, however it is mentioned that throughput for
Index Terms. Energy, IEEE802, mobile phones, network coding, &K = 32 is the best case, unfortunately no performance for
performance, wireless networks. K > 32is provided. In [10], tables are not used for Galois field
multiplication, instead a loop based approach is used. imbio
nation with single instruction, multiple data (SIMD) insttion
. INTRODUCTION sets this approach provides a large performance increasepf
. 00% compared to a baseline implementation. The implemen-
, In this W_Ork' we focug on problems anq challenges posed ion is further optimized through parallelization anceding
|mple_ment|ng_ random I|_near n_etvvork coding (RLNC) on _CO”Epeeds up to 43 MBY/s is reported oR.& GHz quad core Intel
mercially available mobile devices and how this affectsutie P4 CPU. Even though these results are promising, they do not

"Za“‘?”_ of netv(;/_(()jrk mfterfaces. RLII\IC ISI con5|de_red ?S It 13 ﬁ‘ecessarilyindicate that NC can be deployed on mobile dsyic
promising candidate for a practical implementation of @& ¢\, a5 mobile phones or wireless sensors, because the hard-

coding (NC) and has prpperties that allow for IOW complem%are resources available on such devices are considecatsy |
control and error correction systems [1]. We consider RLNC fy, ,  t0se of the desktop computers used to obtain thedsresu

deployment in a wireless network and itis therefore natii@ll ., e\ er the throughput needed on such mobile devices can als

the implementation is te§ted on mobile devices. Such devmt?e assumed to be considerably lower than that of a desktop com
are most often battery driven and the energy consumptioBhe, ;o - One additional constraint that these evaluationaato

fore influences the operational time, which is an importaotdr consider is the energy consumption which is an importanofac

for the end-user. T_hus an eff|C|e_nt ut|I|.zat_|on of ywrelenster- _for mobile devices. In spite of the large amount of reseaech r
faces becomes an important design criterion as it can 0wt | 3404 15 NC very little attention has been directed towar@sN
a considerable portion of the energy consumption. Another i effect on the energy consumption. In [11] and [12], the peabl
portant factor is the additional computational resourpestas of minimum energy broadcasting in ad-hoc wireless netwisrks
a result of coding operations, this will inevitable incredke treated. Although this work is obviously related to energy-c
energy consumption. sumption, it focuses on the network layer and the layerswelo

A large body of existing literature [2] treats the benefits af,q takes a theoretical approach by relying on analysisiand s
NC that can be shown theoretically. The costs of implementityation. Our work is directed towards the application lagead

NC in terms computational overhead, memory consumption gfsiders implementation and real life evaluation. To tastb

network usage is often not considered. However, the alentiyt o knowledge there is not any existing work that is digect
towards practical implementation problems of NC is on tke ri .q|5ted to the work presented here.

and is increasingly relevant as deployment schemes arg being - contripution is an overview and discussion of practical
proposed and evaluated [3]-{6]. In [7] and [8], implemeioiat 5 jementation of NC and is two-fold. First we consider tire
problems are investigated with focus on the computatiom@-C (o na1aspects of NC on a mobile device, which is related to what
plexity of coding operations. An implementation using l0Gla g executed on the device and its hardware limitations. Sa#igo
anti-log tables is constructed and evaluated. Throughpuou \ye provide arexternalview, which is related to the properties
11 MB/s is reported on a 3.6 GHz dual core Intel P4 centrg} ihe communication links and the network topology. As we

Manuscript received July 21, 2008, prlm_arlly consider deployment on m0b|!eldeV|ces our main fo.

The authors are with the Department of Electronic Systerathakg Univer- CUS IS On energy consumption and how it is affected when NC is
sity, Denmark, email{speje, mvpe, ff, §@es.aau.dk.
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used in a wireless network. As coding operations consume cofl Encoding
putational resources and in turn those increase the energy c

sumption, we consider the computational complexity of RLNCE fth di he first is th ber of oriai
and discuss different implementation approaches. We @eovf y of the encoding process, the first Is the number o0 onk;;ma_
' acketsn, used to generate one encoded packet. In RLNC, this

benchmarks of encoding and decoding on our own |mplemen|?a- : .
tion running on a hiah-end mobile phone. the Nokia N95 Wréumber is commonly refereed to as the size of the batch or gen-
. 9 9 . phone, 0" Teration. The second factor is the length, of the individual
describe different NC strategies and their operation iaitifeir oo . . .

. . .. packets, in this context the length is not necessarily et
two example networks and give expressions for the trangoniss

time of the different strategies. We also show that theretexi bytt_—zs,_bgt d(_apendenton the e_Ie_ment size of the underlygeg al
braic finite field. Commonly finite field elements represehts

a trade off between energy consumption and transmissiaan tiri% or 32 bits, e.g., if each field element I bits and a packet
when NC is deployed in such networks. These findings Sh?¥"i200 bytes'thé Fesulting length &)0 elements
that additional considerations exist when NC is employed on_l_ ¢ ded dat aket origi ' | dat K
battery driven devices and that new strategies therefost bau 0 generate one encoded data pa original data pac

. ets of lengthm are arranged in the matrM = [mm?2 ... m"]
g?g;?(gjnesdui?sﬂz\;aluated both with respect to throughpeand and multiplied with a randomly generated veagoof lengthn.

. , . , ) ) ) The encoding can thus be written as a simple matrix muléplic
This work is organized in the following sections. Section Iion x — M x G. where the resulk — X'x2 - -x"] consists

A presents an analysis of the computational complexity &1d |t the ., encoded data packets aBd= [g'g? - - - g"] contains:

implications. In Section l1I-A, the transmission time ameegy  onqomly generated encoding vectors. The complexity of gen
consumption of different transmission strategies is pESEIN o 41ing a random number is system specific but is assumed to be

a simple_scenario. In Sectilon [1-B, the example is ?Xpandedconstantr, hence generating has the complexity Qur). The
a scenario that is better suited for demonstrating wirdless- -« _vector multiplication has the complexity(@n), when

m|SS|on_an(_j the stra_tegles is described in more detail. Tia¢ fi,5; e multiplication is used [14] and encoding one packet
conclusion is drawn in Section IV. therefore requires @.(r+m)). In order for a receiver to decode
n original packets it must receivelinear independent encoded

data packets. Encoding packets fromM has the complexity
Il. INTERNAL VIEW O(n?(r +m)).

In RLNC, two factors influence the computational complex-

In current research network coding is being evaluated to en- _
hance a wide variety of protocols, services and applicatidn A.2 Decoding

utilize network coding, nodes in the network will have to-per |, order for the decoder to successfully recreate the aalgin

form coding operations on the data-flows traversing thenesgh 454 packets; linear independent encoded packets and encod-

operations incur additional resource consumption on thiezds ing vectors must be received. All received encoded packets a
and can potentially define a lower bound on the type of devic&%(:ed in the matrix = [x'x? - - - "] and that all encoding vec-

capable of utilizing these new ideas. In RLNC, one conceff are placed in the matrx = [g'g? - - - g"]. The original data
is the high computational complexity [7], which limits there  \1 can then be decoded Rk= X x G~ L. Decoding one packet
rently achievable coding bandwidth. This poses not onlyobpr g performed by the matrix-vector multiplicatiofix (g)~", with

lem for low-performance devices, but also battery drivemiteo .oy plexity Qnm), however this requires that the encoding vec-
devices where high CPU utilization affect the standby arer-op i, g has been inverted. Invertir@ has the complexity %),

ational time negatively. In the following, we will detern@ithe |\ hen Gauss-Jordan elimination is applied. Thus, decodimy
computational complexity of performing RLNC and invest®a ged packets has the complexityr®m + 7). It should be
the cost of the underlying algebraic finite field operatiortsese noted that the computational complexity can be loweredhgiig

operations can be implemented in a number of ways, with vagis some lower complexity matrix-matrix multiplication ama-
ous advantages and drawbacks, which will be presented\Fingqiy inversion methods exist [14].

a number of measurement results will be presented showing th ¢ ceen the encoding and decoding operations consist mainly

maximum coding bandwidth and energy consumption of a S&-matrix multiplications and inversions of dense matrivéth

cific RLNC implementation on high-end mobile devices. makes the used algorithms difficult to optimize. Even though
some optimizations exist the resulting improvements aremi
and usually apply only to very large matrices [15]. Since the
amount of operations needed cannot be reduced significantly

In RLNC, source nodes are encoding data packets to be traféther optimizations must target the individual matrierelent
mitted onto the network. This operation must be reversekeat ©Perations.
sink nodes, by decoding the received packets. These opesati
require a certain amount of computational effort. To deteem B. Finite Fields Arithmetics

if the deployment of RLNC is feasible on devices with low com- ) ) ) )
putational resources we consider the computational coritple  11€ @lgebraic operations used in RLNC encoding and decod-

of these operations. For a more detailed description of the &9 &re defined within a branch of mathematics known as a fi-
coding and decoding operations, consult [13]. nite fields or Galois fields. Galois fields are special comrssru

consisting of a finite number of elements, over which stachdar

A. Computational Complexity
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Table 1. Memory consumption of log and anti-log tables used for Galois
field arithmetic’s using different field sizes.

Table type | Field size| Memory consumption
Logarithmic| GF(2®%) 512 B
Logarithmic| GF(2') 128 KB
Logarithmic | GF(23?) 4.2GB

arithmetic operations (addition, subtraction, multiption, and
division) are closed. This essentially means that any metic
operations performed on two elements in the field will result
in an element also in the field. As implementations of various
coding algorithms have to deal with the finite precision aheo
puters, Galois fields have become a key component when im-
plementing arithmetic operations required by e.g., fod\ar

ror correction (FEC) or cryptographic algorithms. As alttar
metics with packets performed in RLNC are computed over a

Fig. 1. The testbed of Nokia N95 mobile phones.

Coding and decoding throughput
140 T T T

Galois field, the performance of the Galois field implemeatat I GF(2%) encoding
is a critical factor in the overall system performance. Esgdly 120} M [T GF(2%) decoding ||
multiplication and division are computationally demargland [ :]GF(Zi:) encoding
therefore often optimized using logarithmic look-up tablé\ 100} [ 1GF(2") decoding | |

comparative study of different techniques is presenteti6ih, jn
which Greenaret al. find that the performance of different Ga-
lois field implementations is highly dependent on the underl
ing hardware. Different platforms might therefore benefint
different representations of the lookup tables. In a repanat

per [10] by Shojaniat al, a standard logarithmic table based 40r ‘ 1
implementation is out-performed by a loop based approach, i
I—m l‘ﬂ Bl = o

80 1

Throughput [kB/s]

plemented using hardware accelerated instructions &laila 201
most modern CPUs. This approach also alleviates the memory
consumptionimposed by the table base approaches, whitd cou 10 20 50 100 200 400
pose a problem on memory constrained devices. To indicate th Packets coded together
memory overhead using tables, the memory consumption of Vﬂ& 2. Measured throughput of our RLNC implementation on a Nokia
widely used logarithmic table based method is presente@din T  N95 using underlying GF(28) and GF(216).
ble 1.

As seen, tables representing fields larger ttabit are hardly
acceptable even on high-end devices. However implemenidd was coded.
tions usings or 16 bit elements will not take advantage of the Using GF@®) the highest measured encoding throughput was
full 32 or 64 bit data-path on most modern hardware [17]. Thig8 KB/s which is slightly slower than decoding that reached
influences performance since the bits constituting a paiskei83 KB/s. The coding throughput drops quickly as the num-
represented by a number of Galois field elements. Using latger of packets coded increases. The general slower decoding
fields have the additional advantage of reducing the numberi® a result of the higher computational complexity of decod-
elements and thereby calculations significantly. As an gtaming, due to the additional matrix inversion. Using G re-
moving from an 8 bit field to a 32 bit field reduces the numbeults in increased throughput with the highest measured en-
of calculations by 75%. coding throughput reaching 117 KB/s while decoding reached
124 KB/s.

Clearly from these results, this type of basic implementa-
tion yields far from impressive throughput and optimizato

In the following, we present the results from the first impleis needed to match the wireless local area network (WLAN)
mentation of RLNC on a high-end mobile phone, namely thgpeeds achievable on the N95. The low performance of RLNC
Nokia N95. has an additional cost on this type of devices, namely a sub-

The Nokia N95 is one of the fastest mobiles currently avaitantially increased energy consumption, which duringodnc
able equipped with an ARM 11 CPU running at 332 MHz [18]ng and decoding was measured to 0.6 W. As a comparison
These results will serve as an initial indication of the perf this is approximately half the energy spent while using WLAN
mance of a basic RLNC implementation, using standard mattexreceive data. This kind of energy consumption would tesul
calculations and Galois field implemented by logarithmidéa in a noticeable degradation of the phones standby and opera-
lookup. Fig. 2 shows the encoding and decoding throughgianal time. More efficient RLNC implementations is thenefo
measured for two different field sizes, in all tests a tota2@® needed. Software optimization has shown to improve the per-

C. RLNC Implementation
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Table 2. Power levels used in broadcast - 1000 byte.

Power Datarate Lossrate
W] [Mbps] [%0]
Sending 1,629 5,623 —
Receiving @ 3m 1,375 5,379 3,328
Receiving @ 30m 1,213 5,115 8,324

State

1/21/2008 2:09:14 PM

@ (b) ldle @ 3m 0,979 - _
ldle @ 30m 0,952 - —
Fig. 3. Thermal images of the Nokia N95: (a) WLAN is powered down Sleep 0 _ B

and (b) WLAN has been powered on for approx. 15 minutes and the
device is considerably heated from power dissipated from the WLAN
card.

formance considerably which would also decrease the energy
consumption. Another possibility is hardware acceleratpd
proaches, such solutions are still to be seen but could palign
reduce energy consumption further.

[ll. EXTERNAL VIEW

In this section, we consider how the utilization of network
coding affects the energy consumption of a mobile device. En
ergy consumption is becoming an increasingly importanictop
for mobile device manufactures as they face several canfiict
requirements from the users. On one side users demands new
power hungry features such as global positioning systensjGP
large screens and fast wireless network connections while o Fig. 4. The wheel example network.
the other side they want small devices with long standby and
operational time. However as the capacity of batteries ts no
subject to the same exponential growth as processing powler g/ AN [23].

storage [19], energy awareness is becoming an important pafo offer an alternative view we also consider technologies
rameter in the design of new features. Consequential rel$e@ \yhere the idle power consumption is reduced to near zerp e.g.
may have to move focus from performance in terms of througiyital video broadcasting-handheld (DVB-H). This willage
put towards performance in terms of energy consumptionfwhgye resulting energy consumption and is interesting becsursh

future wireless systems are designed. In [20], it is esBehattechnologies could become common in the near future.
that communication and signal processing capabilitiestton

tute roughly 50% of the total power budget for a device. There
fore a reduction in the power consumption of these cap'tmsilitA' The Wheel Network
can have a substantial impact on the overall power usage. Simwe consider the wheel example as introduced in [22]. We use
ply using higher capacity batteries will not necessariignelate this well established example network to achieve a bettéen
this problem as high power consumption can become problestanding of how network coding influences the utilizationhaef
atic as it may result in overheating of devices [21]. Fig. 8w nodes network interfaces. As the example network does m@ot us
thermal images of a Nokia N95 which illustrates the impact @f realistic channel model, the results should not be geinedal
heating due to the power dispatched in the internal WLAN cang general wireless networks. Nevertheless the resultmte
In [22], it was shown how NC can decrease the number e$ting as they demonstrate that deployment of network godin
transmissions necessary to distribute data between a mwhbenay be problematic, when the energy consumed by the wireless
devices and thereby increases the throughput of the indiVidinterfaces in such a network is considered.
links. To calculate the “coding gain” for different topoleg, In the wheelN, nodes are placed on a circle around a cen-
a number of simplified communication scenarios was proposed node. The nodes on the circle will also be referred to as th
and analyzed. In the following we base our studies on one aiter nodes. Two on the circle diametrically oppositelyalec
these topologies, namely thehee| in order to investigate the nodes is a pair and both nodes in such a pair wish to transmit
“energy gain.” one packet to its peer, see Fig. 4. The center node can receive
In the wheelexample network, pairs of nodes attempt to exand transmit packets to all nodes on the circle. Each of tterou
change data via a single center node, thus coding oppaesininodes is within transmission range of all other nodes, exitep
exist in this network. In order to calculate and compare tire epeer.
ergy consumption of different communication approaches, w All packets have the same size and are transmitted in slots. A
have measured the power consumed on a mobile device, in gl is a fixed time in which one node can transmit one packet
case the Nokia N95, during different operation modes usioger the channel. We assume an ideal medium access strategy
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Table 3. Pure relaying. Table 4. Pure network coding.
Sending Receiving Idle Sending Receiving Idle
One outer node 1 1 2(N —-1) One outernode 1 N -1 1
All outer nodes N N 2N(N —1) All outer nodes N N(N-1) N
Center node N N 0 Center node 1 N 0
Sum 2N 2N 2N(N —1) Sum N +1 N? N

) o ) Table 5. Network coding in teams.
without collision. For each slot each node can be in one efhr

states, sending, receiving, or idle. We consider threedifft Sending Receiving Idle

transm|53|0n schemes, pure relaying, pure network codimdg, One outer node 1 % 1 N% s
network coding in teams.
All outer nodes N N(E -1 NNIZ+7T)
A.1 Pure Relaying Center node T N 0
To ensure that all node pairs exchange their packet, alf outeéSum N+T NTz N(N% +7)

nodes transmit their packet to the center node that forwiards
to the destination. Hence, each outer node transmits orgte an
the center node repeats those transmissions. Thus, the nonae team is active at a time, thus all nodes not in the actam te
ber of sending slots equalsV. As each transmitted packetsare idle except for the center node which is always activee Th
is received by only one node, the number of receiving nodesoigeration in an active team is identical to that of pure netwo
equal to the number of sending nodes. When one oMfwiter coding. Hence each of th&/T outer nodes in a team transmit
nodes transmits, the remainiqy — 1) outer nodes are idle andits packet, which is received by the center node and all outer
the center node is receiving. When the center node is sendingdes in the team, except the sending nodes peer. The center
one outer node is receiving afd’ — 1) outer nodes are idle. node then combines all packets and transmit the coded packet
Thus, the total number of idle nodes is givendy (N — 1). Thus, a total ofN/T + 1 transmissions is performed in each
The transmission tim#'is the time until the exchange of packteam. In this way each outer node receives a packet from the
ets have been completed and is given by the number of sendie@ter node and from th& /7" outer nodes in its team, except
slots, as only one node can transmit in each slot itself and its peer, thud&’/T" — 1 packets. Each outer node is
idle in theT — 1 cases where its team is inactive and in one
§=2N. (1) slot when its peer is transmitting, thus each outer noddesind
(T — 1)(N/T + 1) + 1 slots, which can be rewritten & (7" —

A2 Pure Network Coding é()e/r]j(;i:gz;,iotzhe transmission time is given by the number of

Each outer node transmits its packet to the center node, this S—N4+T. 3)

transmission is overheard by all outer nodes except theqfeer

the sending node. Hence, when all outer nodes have tragsginitt By the use of teams, higher transmission time can be traded

the center node holds alN packets and all outer nodes holdsor a lower number of receiving slots. Thus, the number okpac

N — 1 packets. The center node then codesNalpackets to- ets each of the outer nodes needs to overhear can be reduced by

gether and transmit the coded packet which is received by ialbreasingr’.

outer nodes. This enables each outer node to decode the one

packet it did not receive, because it now holds— 1 packets A4 Performance Evaluation

and a combination of alNV packets. In this way the center node ™

is never idle and the outer nodes are only idle when theirigseer We are now able to compare the performance of the three

transmitting. The transmission time is given by the number given schemes in terms of transmission time and energy in the

sending slots wheel topology. We set the number of outer nodes to 96 as it al-
S=N+1. (2) low us to test many different team sizes. Allowing many diffe

Pure network coding decreases the transmission time, it team sizes provides |mportan_t m_s!ght into how the céffe
ever the number of idle slots is reduced and the number of firategies changes operations of individual nodes aneliyexf-

ceiving slots is increased. If the power consumption whele r,e‘flf ebr?erzgyé:ons(l;mptlhqn. hWe use the powerco_nsur?pﬂorg:jglvg
ceiving is larger than the consumption while idle, this may ¢IN Table 2. Based on this the energy consumption of all naties |

sult in higher energy consumption. We therefore proposgan e cluster is calculated for pure relaying, pure networting

proach that decreases the number of receiving slots wtillle szlmd_ network coding in t?""ms of 2 to 48' '_I'hes_e results are nor-
using network coding. malized and plotted against the transmission time of therseh

in Fig. 5(a). It can be seen that the energy consumption af pur
network coding is lower than that of pure relaying. Interest
ingly the energy consumption is reduced when a small number
The pairs of nodes is divided into a number of tedmbience of teams are used. However, if the number of teams becomes
a team constitute a subset&¥27T pairs orN/T nodes. Only too large the energy consumption increases. The redugtion i

A.3 Network Coding in Teams
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Team size ('1\‘,
2 8 16 24 32 48
1 T T T T T )= ? !
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. K]
5 0.7+ 7 ’ TN,
: . D0 0
T o6f .7
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© - 4
£ [
5 05 pad B
Z2 s .
7 x } ;
0.4F e o
+ 3 =+ Pure network coding ; i
03r a2 Network coding in teams N
Pure relaying f6)
02 L L L L L N -
100 120 140 160 180 200
Spend time slots Fig. 6. The wheel++ example network.
@
Team size
1—fro 18 28 32 48 transmission time compared to pure network coding.
<+ Pure network coding .
0o Network coding in teams These results demonstrate the advantages and disadvantage
0sl Pure relaying of pure relaying and network coding when deployed in WLAN.

They also indicate that network coding in teams provide algoo
trade off between transmission time and energy consumption
The calculations for a future ideal technology shows thaepu
network coding can result in a significantly increased eyerg
consumption if the idle power of the used wireless technplog
is very low.

o o
> o
: T

Normalized energy
o
[6)]
T

o
w
T

02F B. An Expanded Wheel Topology
N
o1r X oo —mmmmmm = For the wheel scenario we showed that a team approachto NC
05 0 0 60 180 200 is be_neficial for the energy consumption. One scena_rioef_élat
Spend time slots to this approach, which is often used as an example in wseles
(b) cooperation, is a network consisting of a number of noded-hol

ing disjoint data that is to be distribute among themsel2d$. [
Fig. 5. Energy consumption versus transmission time for pure relaying, | cooperative wireless networks, this technique can bel use
pure network coding and network coding in teams: (a) When WLAN . . . .
power consumption is assumed and (b) when an ideal technology with €.g., mUIt'ple deSC”pnon COd'ng (MDC) [25]’ whereeth
power consumption (Piq;. = 0) is assumed. use of cooperation can improve quality of service (QoS) avhil
decreasing energy consumption. We combine this scenattio wi
the wheel to form thevheel++ scenario illustrating cooperative
energy consumption comes at the price of a slightly increasgireless networks (CWN) combined with NC. Theheel++
transmission time. consists of two clusters where each cluster contains trodes
To investigate how NC could perform in combination with hat all cooperate to use the same service. Each node haids on
future wireless technology, we assume an ideal wireleds tepacket which it wishes to transmit to the two other nodessn it
nology where the idle power consumption is zero. Assumir@duster. The three nodes in a cluster is arranged on a lins, th
such a technology is relevant because the idle power iswaliat the center node of both clusters are located in the middleeof t
high for state of the art IEEE802.11 chipsets, however &utuwheel, as illustrated on Fig. 6. Both center nodes can receid
chipsets may reduce this as energy consumption becomestignsmit packets to all other nodes. Each of the outer nades i
creasingly important (e.g., driven by the use of VoIP on rleobiwithin transmission range of all other nodes, except theerind
devices). We use the same receiving and transmission poi@eluster that s located diametrically opposite to ftsghus, it
values as found for WLAN. Again we calculate the normalizeghould be noted that nodes can overhear transmissions eénod
power consumption and plot it against the transmission,téme in other clusters.
Fig. 5(b). Note that the transmission time is the same asan th To illustrate the cooperative nature of the schemes predent
previous example. Because pure NC increases the time spentfar the wheel scenario we elaborate their operation in the
ceiving considerably, while decreasing the idle time, iréases wheel++scenario. We use the same assumptions as in the wheel
the amount of energy consumed significantly. When teams aenario and consider the same transmission schemes namely
used the energy consumption is reduced considerably, exengure relaying, pure network coding, and network coding in
low pure relaying, this however comes at the cost of incréasieams.
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Fig. 7. Operation and number of actions performed in the wheel++ sce-
nario when pure relaying is used.
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Fig. 10. Normalized energy consumption for pure relaying, network cod-

8 5| idle ing within a cluster, and pure NC for two clusters scenario.
g > receiving slot
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S s | . B.1 Performance Evaluation

£ s sending coded slot

We calculate the energy consumption in order to deter-
mine how the different transmission strategies performghén
wheel++ scenario. The energy consumption is calculated from
the number of sending, receiving and idle slots and the power
consumptions for WLAN given in Table 2. The ratio of idle and

Fig. 8. Operation and number of actions performed in the wheel++ sce-
nario when pure network coding is used.

receiving slots for the different approaches can be seem-by i
specting Figs. 7, 8, and 9. The normalized energy for pure re-
laying, pure network coding and network coding within a team

idle for thewheel++with six nodes is illustrated on Fig. 10. The en-
ergy consumption is lowest when pure network coding is used,
. followed by NC within a cluster and with pure relaying consum
sending slot X .
HH s , ing the most energy. It should be noted that pure NC provides
s | s sending coded slot the best performance in terms of transmission time.
If we assume a more battery friendly technology where the
Fig. 9. Operation and number of actions performed in the wheel++ sce-  idle power is considerably reduced compared to the reagivin
nario when network coding in teams is used. and/or sending power, in the ideal caBg;. = 0, the result is
not surprisingly, very different. To obtain the resultingeegy
consumptions observe Figure 10 but ignore the top box fdr eac

In pure relaying to exchange the three packets, the centef the bars, as this bar represent the idle consumption. With
node broadcasts its own packet. The outer nodes in each chigsh a technology NC within a team will consume the least en-
ter transmit their packet to the center node which forwaes¢h ergy, pure relaying will consume slightly more and pure NC wi
packets. While one cluster is active the other cluster & ilhe consume the most energy, almost 30% more than NC in teams.
actions needed to performed the exchange s illustrateyiryF  The results for the wheel andheel++ illustrates whyop-

In pure network codingall center nodes broadcasts theiportunistic listening advocated in [22] and [26], might per-
packet. Each of the outer nodes transmit its packet whick-is form poorly from an energy perspective in some scenarios, es
ceived by one of the center nodes and all outer nodes exseppicially if future technologies minimizes the idle powemeo
peer. The center node which overhear all transmitted packstimption. Opportunistic listening is to overhear all surrd-
from the outer nodes, codes the packets from all outer n@desihg traffic which can be used to create coding opportunities a
gether and broadcast this. This packet is received by afirouthus create a more efficient packet transmission scheme. The
nodes, that now hold¥ — 1 packets and a combination of &l authors demonstrate in a real life implementation thatgisjm
packets, which enables them to decode the packet they hadpwtunistic listening can increase the throughput. Howéve
received. performance evaluation did not include the energy cost lansl t

In network coding with teamghe center nodes broadcastmcreased energy consumption as a consequence of a continu-
their own packets followed by each outer node transmit itaisly receiving wireless interface was not observed. Theze
packet which is received by the center node of its clustee Tthis approach may be problematic when it is combined with bat
center node then codes the two received packets and broadieayg driven device and thus it should be used wisely on sueh de
the result. This enables the outer nodes to decode the gheket vices. To conserve energy we should instead seek to minimize
did not receive. the use of the wireless interface instead of continuouste-

receiving slot
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