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Abstract—The tremendously rapid evolution of wireless
networks into the next generation heterogeneous baalband and
mobile networks has necessitated the emergence dfet multi-
radio, wireless infrastructure. These wireless infastructural
technologies have been designed in such a mannertasenable
them to be self-organised, self-configured, reliabl and robust,
with a capacity to sustain high traffic volumes andong “online”
time. However, the desired networking and complexelatures
have resulted in unnecessary network energy consurtipn,
impacting negatively on the economy, environment ahthe ICT
markets. In order to reduce the potential energy casumption in
these networks, this paper proposes a novel energyanagement
scheme based on behavioral ecology. Inspired by thepplied
foraging theory, whereby a solitary forager in a raadom
ecosystem makes optimal decisions that maximizess ienergy
(nutrients) consumption, survival probability and lifetime; a
Foraging-Inspired Radio-Communication Energy Managenent
(FIREMAN) method has been developed. The FIREMAN
method, consisting of optimal transmission energylcation and
energy saving efforts in multi-radio Wi-Fi networks, has as its
aim, the achievement of both optimal network energy
consumption and lifetime. The efficacy of the new ethod has
been extensively validated through computer simulédns of the
energy andthroughput performance.

Keywords—Autonomous foraging radio resource allowat
(AFRRA) protocol; autonomous foraging radio resougcallocation
message (AFRRAM); energy management; FIREMAN; foriag-
inspired; Wi-Fi multi-radio networks.

. INTRODUCTION

In the past decade, the remarkably rapid evolution of wseles,o, the field of behavioral ecology
networks into the regime of the next generation heterogeneoys, i

Such complex functional and structural features steqimin
from the multi-radio networks will however, essentialjuse
unnecessary energy consumption in future networks [1]. Thus,
it follows that the need to reduce the energy consumption
ICT industries becomes relevant in order to mitigate the
adverse impacts of energy consumption on the economy,
environment and ICT markets. To address this challenge,
many studies have proposed several green strategies fo
wireless networking technologies and protocols [3]. For
example, green strategies have been recently exploited
design energy-efficient residential gateways [4]. Theways
employ appropriate home networking interfaces and service
logic to allow home owners to perform personalized,
pervasive programming of the energy consumption of home
devices such as electrical, communication and audiovisual
equipment. The green networking research has also been
considered, in order to address issues of autonomous tmk ra
adaptation, interface  proxying and  energy-aware
infrastructures [3].

In a bid to contribute to the autonomy of energyegffit
architectures capable of supporting green heterogeneous
wireless infrastructures and applications, this paper proposes a
novel energy management solution known as the Foraging
inspired radio communication energy management
(FIREMAN) method. The FIREMAN method integrates the
optimal transmission energy allocation with the enesaying
efforts in multi-radio Wi-Fi networks, so as to ensuae
substantial energy consumption reduction in a random
wireless ecosystem [5]. The main concept has been coined
or foraging theony, i
ich a solitary forager in an ecosystem makes optimal

broadband and mobile networks has triggered the emergengg isions that maximize its rate of energy gain, thereb

of multi-radio wireless infrastructures. Infrastrucsi@ these

types have been expected to integrate the future internet
people, technologies, content, and clouds into a commog,
digital information society [1]. As a result, the moveéllw

likely witness a harmonious co-existence of many wireles

technologies in the same constrained radio

broadband services. To achieve this goal,

improving its survival probability and lifetime in a @om
Shvironment [6]. Using this bio-inspired methodology, a
litary forager represents a foraging-inspired radiorggne
FIRE) resource manager while the so called nutriensey
imic the radio communication energy resources that the

. . . A reSOUrCQgio interfaces need in order to exchange packets in a
environment in order to provide ubiquitous and seamless; ajass

link. The FIREMAN method involves the

the multi-radige, ejopment of a prey model algorithm whereby the radio

networking technologies have to be designed in such a way @8, munication energy resources (energy link costs) are

to ensure that they are self-organised, self-configuedidbie

and robust with a capacity to sustain high traffic volunres a

long “online” time [2].

encountered randomly by the radio interfaces since the
wireless links are stochastic in nature. In this manner, the
algorithm maximizes an energy-aware throughput (EAT) or



communication profitability experienced in every linkhe  wireless networks. The FIREMAN method, on the other hand,
profitability is described by a set of feasible foragin seeks to address the energy-efficient issues in mult-iaft
behaviours consisting of optimising resource preference ratés networks wherein a very large percentage of the energy
and allocation times which are capable of improving theconsumption arises. In [5], an opportunistic spectrunessc
energy consumption [7]. The performance of the developednd adaptive power management under the setting of multi-
FIREMAN has been extensively validated through computeradio nodes and multi-channel wireless LANs was proposed.
simulations. To our best knowledge, this work can be viewe@his power-saving multi-channel MAC (PSM-MMAC)
as an early contribution towards the application of thegimg  protocol aimed at reducing the collision probability and the
theory of nutrients optimization to the field of greemaless  waiting time in the ‘awake’ state of a node under the
networking research. distributed coordination function (DCF) mode [11], [18]. The
The remainder of this paper is organized as followsprotocol allowed for the estimation of the number of active
Related work in the field of radio energy management idinks; selection of appropriate channels, radios and power
discussed in Section Il. In Sections Il and 1V the FAUREN states (i.e., awake or doze state), given the listkmates,
protocol and problem are formulated. A correspondingjueue lengths and channel conditions as well as the
FIREMAN algorithm is developed in Section V. Section VI optimisation of the medium access probability in the p-
provides the throughput and energy efficiency performancepersistent CSMA used in the data exchange. However, the
Conclusions and Future Research are given in Section VII. default radio interface consumed a substantial amount of
energy when estimating the number of active links and
Il RELATED WORK communicating the default channel to the rest of a dense
The development of the FIREMAN method has beemetwork. In contrast, the FIREMAN algorithm utilizéise
prompted by a number of experimental results stemming fro link layer protocol [8] to perform the channel negotiatand
measurements of the energy consumption behaviors in retgffic indication with the neighboring nodes during the traffic
Wi-Fi networks [9, 10]. In [9], the actual impact betweba t and radio resource allocation window when the link isdthb
traffic and power consumption for a typical wireless LAN transmit and receive modes. The default radio interfat@)(
access point (AP) was measured experimentally. This enforced to operate in a low power mode to exchange
exploitation of the multi-channel MAC layer to provide an control packets only while other radios use power-controlled
energy and spectrum efficient throughput had stimulated &vels to exchange the application traffic.
flurry of research activities in power saving MAC protocols The implementation of the FIREMAN method is clgsel
and algorithms [8],[10]-[13],[17]. In [10], the SleepWell related to the work in [14] in which the authors presented an
energy saving mechanism that achieved energy efficiency nergy-efficient multi-radio platform. In this case, an
evading the network contention was proposed. In this methogxamination of the efficient interfaces between the meltipl
different access points (APs) adjusted their activitylayto  heterogeneous radios and one or more processors on a single
minimally overlap with others and consequently to regulatsensor node for energy-efficiency was performed. However,
the sleeping window of their clients in such a way thatnlike the FIREMAN approach, the proposed platform did not
different APs were active or inactive during non-overlappingsuggest a unified layer to conceal the complex functions of the
time windows. Anastasi et al., [11] presented an aicaly multiple radio interfaces and MACs from the upper layer
model of a power-saving mode (PSM) aimed at reducing th8tudies in [1], [8], [15] proposed an autonomous transmission
energy consumption caused by the networking activities ienergy adaptation for multi-radio multi-channel wirelegsim
IEEE 802.11 standard technologies. Even though the PSKetworks. The transmission energy was dynamically adapted
reduced the sensing or contention time, the traffic indinati asynchronously or synchronously by each radio interface. The
map (TIM) window was made static and only the energynterfaces were coordinated by a power selection mudidra
consumption in the transmit mode was taken into accountnulti-channel unification protocol (PMMUP) [8]. The
Thus, [12] improved this energy saving scheme to anothdransmission energy adaptations were based on the ylocall
method known as the LESS-MAC where the TIM windowresiding energy in a node, the amount of local queus; tbe
was made dynamic with respect to different payload sizes. quality of the links and the interference conditions in the
Recently, the IEEE 802.11 PSM method has beewnireless medium [16]. In [17], the inter-channel, co-channe
extended by [13] to perform a TDMA based energy-efficientnterference, and energy consumption at the queues were
cognitive radio MAC (ECR-MAC) protocol. In this protocol, modeled as joint queue-perturbation and weakly-coupled
ad hoc nodes were allowed to dynamically negotiate multiiSPWC) systems. A Markov chain model was developed to
channels such that multiple radio communications could takdescribe the steady state probability distribution behasfior
place in the same region simultaneously, each in a @iffer the queue energy and buffer state variations in multi-radio
channel. In this way, the licensed primary users (Rids)d nodes. The impact of such queue perturbations on the
co-exist with non licensed users in an interference-fngeaal  transmission probability using some transmission energy
hoc based multi-channel cognitive radio environment. Thiyalues was analyzed. Although the SPWC system was energy-
goal was achieved by reducing the idle time. aware, it was computationally complex and did not address the
However, such studies have focused on singleo radidynamic channel negotiations jointly with the energy-
based power saving mechanisms and not on the multi-rad@dfficiency. This issue has been resolved by the FIREMAN



method via an autonomous foraging radio resource allocatiggasource of typ'el]{l,Z, L n} , it allocates each link
(AFRRA) protocol implemented at the link layer [1]. )
o} D[O,]] fraction of the encountered energy and channel type
i, and spends an average of=0 time allocating each

selected type. This implies that the complete radio resource

Initially, at least one FIC, say a0 of node A, is awakéha  5jiocation behaviour of the sending link is described by
default to estimate the energy link costs and alloth&e

= A T = A T
frequency channels to the link. At the sending noden the ~ Vectors p= [P.p....p] and 72[r,7,,...7,] for all
autonomous foraging radio resource allocator (AFRRA) hathe resources. The feasible set of behaviours besom
packets destined for another in the network, it wakes up eonvex separable polyhedron [6]:
default foraging interface card (FIC) and tunes the okshe r é{(ﬁ’f)m[oyﬂn xO7 (< s B0 <7 <7, i0{12,. I}} .
interfaces to the doze mode. The awakened FIC selects an )
initial random frequency channel using a low power mode, cQ . . . . (1)_
as a default foraging frequency channel (FFC) from a pool O‘Fhe optimal behavior of the forager is to maxintize generic

channels and an initial lowest possible power setting, p0, frofidvantage-to-disadvantage functioheach radio interface as
a pool of the commodity power levels. The sending FICS inspired by the foraging theory [6],

Il.  THE FIREMAN PROTOCOL

advertises, to all its neighbours listening on all channé a+ z“: na(r)
their FICs: the allocator message called ‘AFRRAM’ s ADPT) & = '
consisting of the selected FFC, the selected powenggethie J (p,r) = D(” f) = n ' @)
residual energy in the awake state and the MAC addrdke of P d+ Z pd (Ti )
i=1

intended receiving AFRRA. If received correctly, the
receiving FICs reply with AFRRAM-ACK indicating to the
sending FIC that they have received the sent AFRRAMvhere a0 and dOJ O are constants andi:[ri*,ri*JHD
containing their own address, the power setting and the . ) ] )
sender’s residual energy. If this does not occur, the Bnk jand d :|:Ti 7 J'—) O are functions of timer, associated
either busy or the selected power setting cannot reach the, type iD{l, 2,_”n}_ If the type is either any radio
intended receiver. If the link is busy, the sending Biitches
to the doze mode and re-advertises after a random back-

period of time. If the power setting is too low, themet L .
AFRRAM is re-sent with a power setting level which is €ommunication energy consumed by that link. Thection

incrementally higher than the previous level. During the reSignifies the profitability of the AFRRA's decisisron energy
advertisements, different commodity power settings ardnk costs and channel allocations and is sucginetliten as

@fpmmunication energy or any frequency channel, then(2)
ecomes the ratio of the expected throughput teefpected

selected, while the FFC and the address of the intended " ) ok + = (7 V- earen
AFRRA are kept the same. Incrementing the transmissionj(pf) s ;ﬂ.p. {[Wklogz(l SNR(T.)) o (T.)}} c
mode power settings increases the chances of reaching the'"™ n KT ok Pow

intended receiver on subsequent re-transmissions. If a izzl:/‘ip' [P (z)-Q (')]

particular FFC has been grabbed, no other neighbouring link 3)

which hears that particular FFC should grab the reddrC )
for the transmission of its AFRRAM until the next AFRRAM Whereby, for each resource typed{1,2,...n} and a
window, thereby avoiding collisions amongst neighbouringcorresponding resource allocation duration several

transmitters. After successful exchanges of the AFRRAM,gtations can be defined|: is the rate of encounter with each
messages, the first task of each sending-receivingpgiCor

link is to find a set of power settings and thus, theress of ~resource typé , w* is the channel bandwidth of resource type
the energy link costs. The second task that they haveiisdto f i associated with the radio interfac&. The channel

a clumped patch of the frequency channel available fo o _ i Pw
occupat[i)on inpthe network. Theqoptim)r;l resource type istfree {JandW|dth is defined aef = 2( fo- fffk)’ where £ = fg )
be chosen, from a set of discrete power levels and tl\g
frequency channel cluster, from the unused spectrum in the
available ISM bands. This is done according to the proceedir:%e
formulated problem and algorithm. r

the lower frequency andf, is the middle frequency
tween the lower and the upper frequency bounds. The
ceived signal to noise ratio from a resource typeis
denoted assNR, O™ is the message overhead;™is the
energy overhead and the“is the radio communication

_ energy. The cost of searching for a certain resounge ity
Suppose that théorager (AFRRA) can complete allocating genoted asC*"" and is assumed fixed. In an analogy with
n D{1,2,..} discrete types of distinct radio resources (i.e.(2), the expression (3) is simplified as follows:

energy link costs and channels) to the radio links. For a as - e,

IV. PROBLEM FORMULATION



g2 AP -G, @

At any given instant in time, an estimaﬁ; of the rate of

set p=0 if a/ @< p/iel @)
set p=1if a/d> p/ e
Here, g, /d, is the profitability that results from processing
resource typei and b,/e, is the alternative profitability

resulting from searching for and processing othesource

types.
In order to process multiple types, the camimation

energy levels are first ranked or sorted accordimgheir
profitability such as that, / d, >a,/ d,>..> g / d. If type |
is included in the AFRRA's “resource allocation foghose

encounter with typei is calculated as the number of timestypes that the AFRRA will process, once encounfertiten
type i has been encountered by the AFRRA divided by thg| types with profitability greater than that gfpe j will be

amount of time the AFRRA has spent searching fauwees
that it should allocate. Once the relationship betwthe radio

resource value and type, the processing time fumctio and

included in this pool as well. After ranking thesoerce types
by profitability, types are included in the pookritively,
starting with the most profitable type (i.e., wherl) until the

the objective function are determined, the FIREMANfollowing condition is attained:

algorithm executes an optimal
management behavior that maximizes (3).

V. THE FIREMAN ALGORITHM

Based on (2), feasible solutions are obtained vihemelevant
assumptions are made. For example, the functibnis

constant and possibly zero; the constd##tO; if d. # 0, then
it has the same sign a$; if d is positive, thena has a
maximum, and ifd is negative, therg, has a minimum (i.e.,

communication energy i

J
A8
i=1 >

Zj:/]idi dj+1
i=1

The highest j that satisfies the equation (8) is the least
profitable resource type which is included in tl®Ip

®)

VL.
To evaluate the performance of the foraging-ingpiradio

PERFORMANCEEVALUATION

function a /d has a maximum). Thus, the AFRRA choosescommunication energy management (FIREMAN) methbe, t

p¥ that maximises) defined in (3). Let] be rewritten as,

J(pr)

_a+pia+h

d+pad+e’ ®)

ol

where b is the summation of all terms in the numerator noﬁ3

involving the energy resource type and g is a similar
variable for the denominator. To obtain the valdegf at
which J is maximum, we differentiatd with respect tgF,

a_J:/‘ia(deWdeﬁ)—/! |d(a" ib’i‘ia"'it)
) (d+p4d+e)

_ Aiae-wbr

(d+pAd+e)

By viewing equation (6), it is noted that if themerator is
negative, then Jis maximized by choosing the lowest

possiblep® . Alternatively, if the numerator is positive, theén

(6)

is maximized by choosing the highest possiple However,
we know thatp<pf<1. Thus, p,.k that maximizesJ is either
p‘=1 or p‘=o0 for each iO{12,...n}.
depends directly on the sign ofie—db. This type of

decision is referred to as theero-one rule which is
summarized as,

The decision

above algorithm was validated using computer sitiaria of
ten stationary wireless multi-radio nodes. Eachenlogd up to
4 radio interfaces with one interface acting agfault FIC for
exchanging control messages and others operatinthes
NFICs for exchanging the application traffic. Feliag the
roposed FIREMAN algorithm, the interfaces werehetamed
to non-overlapping frequency spectrum availablewben
2.412 GHz and 2.484 GHz [18]. The orthogonal chknne
numbers 1, 6, 11 and 14 of channel-widths of 20 MHEeh in
the IEEE 802.11 b/g were considered [18]. At tletsif each
beacon interval, all nodes stayed awake via thé@sHor
duration of an AFRRAM window. During the AFRRAM
window, the FIC executed traffic indication, theREHMAN
algorithm, and the channel negotiation mechanism.

The radio communication energy in a link lie transmit
mode was considered as the energy link cost. Aviak said
to be in the transmit state if the sending intexfasas
transmitting packets (control or data) to a recgjvinterface
connected to it on the same physical link. Thathis, sum of
the radio transmit, receive and the device-paictedaics’
energy constitutes the transmit energy consumpifoe link.
The energy per link in the receive mode was the stithe
receive and device-pair electronic energy. A linksvsaid to
be in the receive, idle, or doze state, respegtivielany two
devices were receiving or idle listening or dozwith respect
to the neighbor transmissions in the direction lod same
virtual link. The performance evaluation concernitige
energy consumption after executing the FIREMAN &thmn



was performed for a duration sufficiently long fble output zones have higher profitability than the FIC zosdle energy
statistics to stabilize (i.e., 60 s). Each daturimpim the plots cost increases, because the NFIC zones perfornhesgifree,
was the result of averaging four data points froourf data exchanges with the controlled radio commuitinat
simulation runs, whereby each run represented ferdiit energy, while the FIC zone exchanges overhead aontr
randomly generated network topology of the samebmimof  messages. Specially, at 10 mJoules, the NEDe provides

the nodes. 70% more throughput profitability than that of tREC zone,
In Fig. 1, the average energy types and lodsts on the average.
distributions at the four radio interface zonessrewn with a Fig. 2b portrays the effect of the radianoounication

95% level of confidence. As the encountered linkstco energy on the foraging energy efficient (FEE) perfance.
increases, the energy types drop from some highesahnd The FEE performance mimics the foraging loss fumgti
become constant thereafter. Conversely, the inereasypes where the biological forager decreases or wastesl k@
causes the link cost to show an inverse respongethé link  spending its time searching for certain prey oriant types
costs. This is because, given the available trassor energy which can only provide low nutrient contents. A tradio
settings of a commodity Wi-Fi device, the exporantypes communication energy increases, the FEE chargegdses
distribution function provides an inverse relatiaith the linearly, rapidly, due to the increase in the casit
energy settings. For example, at the third zonenJdules communicating packets in the network. The NFICsezoare
(type 11) to 100 mJoules (type 1) of the multi-cadlEEE  more energy-efficient than the FIC zone, becauseNRIC
802.11b/g. Type 11 signifies the least energy cosisumed zones not only use the controlled energy levelsasd stay
by the link, while Type 1 shows the highest enempst awake only on demand (when there are applicatiarkgia
consumed by the same link. The exponential typeiloigsion  destined to a certain receiver). Otherwise all NF§@&y in the
function was chosen because of its ability to definlarge  doze mode throughout the beacon interval. In cehtthe FIC
number of energy types for energy link costs witta order zone stays awake to coordinate the exchange ofratont
of magnitudes (i.e., mJoules) as compatible with thost packets between the AFRRA pairs and only staysendobze
wireless LAN commercial devices. The exploitatidradarge  mode for short intervals when application data &nb
number of types gives the forager a set of altereathoices exchanged. Specifically, at 60 mJoules, the NFl@somes
for making more accurate decisions in the foragimgpired 67% less energy than that of the FIC zone, onvtkeage.
resource optimizations [7].
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Fig. 1: Average energy link cost types for multieirfiace zones: (a) energy

types and (b) energy link costs. Fig. 3 illustrates the impact of the trafficatb offered to

) each link on the energy-aware throughput (EAT) grenince

In Fig. 2, the average performance of the FIREM and on the corresponding foraging energy efficie(EE)
method with a 95% confidence level, when appliedttte  performance. Fig. 3a suggests that more traffiditap onto

radio communication energy allocation in multi-m@di the |ink leads to a better energy-aware through(EAT)
netWOfk, is depiCted. F|g 2a illustrates the dffefcthe radio performance per each link. The performance rea@[ee with
communication energy on the energy aware througfipAT)  the theory that the offered load per link is dikegroportional

performance. The EAT performance mimics the forggin to the throughput in a lightly loaded network. TRREMAN
profitability function, where the biological foragéncreases method was compared with the PSM-MMAC protocol i [
its nutrient value (kCal) by spending its time sbémg for  and the SPWC-PMMUP in [17]. It has been found it
certain prey or nutrient types which can providghhnutrient  FIREMAN method for a three radio interface link petforms

contents. As the radio communication energy in@gathe  the SPWC-PMMUP and PSM-MMAC methods tested under a

EAT drops linearly, rapidly, due to the increasetia energy  similar number of the radio interfaces, on the ager

cost of communicating packets in the network. ThHEION  gpecifically, at 10 packets, on the average, tHREMAN



method records 20% and 60% more EAT performance tharesearch involves the extension of the FIREMAN rodtio
those of the SPWC-PMMUP and PSM-MMAC methods,the solution of joint dynamic energy and channaigrsment

respectively. The findings are attributed to thasan that the
FIREMAN algorithm is capable of making optimal d@ons
in a random wireless environment. It forces the RIC
exchange the control messages, while the NFICsasgehthe
application data packets on separate radio linkd aon

overlapping channels. In contrast, the PSM-MMACtgpcol

executes the RTS/CTS handshake at a full radiatedgg
when attempting to reduce the hidden terminal mois, at
the expense of the increased message overheadSPWE-

PMMUP method imposes some computational complexity

when evaluating the queue perturbation and wealplocau
coefficients. Increased computational time intesMahve less
time available for the exchange of application détstead,
the FIREMAN method has a quasi-static channel assgnt
whereby channels are assigned in every beaconvétsebut
which dynamically changes with respect to the epdigk
costs (the link with the least energy cost is assiga
channel).

In Fig. 3b, a corresponding average forggamergy-
efficiency (FEE) performance

other conventional methods. Specifically, at 2 gaskon the
average, the FIREMAN method has 35% and 42% bE&Eé&r

performance than the SPWC-PMMUP and PSM-MMAC

methods, respectively. The reason is that the FIREM

method forces the control messages’ intervals tasbghort as

possible to allow longer intervals for the applicat data
exchanges and to reduce the idle time of the FAlisthe
NFICs are switched off until the energy is allochtnd the
channel is negotiated to save significant amouftsnergy.

Nodes stay awake only on demand; otherwise they algg] 3. Manweiler, and Choudhury, R. R.

switched off in the network.
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Fig. 3: (a): EAT and (b): FEE versus Offered taféiad per beacon interval.

VIL.

In conclusion, this paper has presented the FIREN#gthod
in multi-radio Wi-Fi networks. It involves the pamol and
algorithm designs which are inspired by the behagioof
biological foragers. Computer simulations have smadwat

CONCLUSION AND FUTURE WORK

this method demonstrates better throughput and ggner

efficiency performances than conventional methddsture

is shown whereby the
FIREMAN method indicates the best FEE comparedht® t [6]

in green wireless broadband networks. In such &deghe
modified link layer firmware will execute the crosayer
energy management for lifetime maximization, wiitesuring
that the available frequency channels are dynahypiaakigned
to the active communication links. The results @uwmill be
applied to large scale heterogeneous networks.
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