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Abstract—Power consumption in office networks has become where utilization is in the range of 1% to 5% [5][6], and where
a major issue due to its running cost. In order to reduce the faster and faster links are provided in order to improve the
power consumption, several approaches have been proposed sucrhsers’ experience

as Energy Efficient Ethernet (EEE) and Energy Efficient Wireless Th has b t deal of ks d .
aggregation (EEW). In this research, we develop an analytical ere has been a great deal ot works done on conserving

model and apply the model to evaluate and compare performance Power consumed by IT equipment such as Energy Efficient
of the existing technologies. The parameters of interest include Ethernet (EEE) [8][9] which reduces power consumption of

the number and the average throughput of clients. Our analysis ethernet links by dynamically varying link data rate according
results show that EEW is more efficient than EEE with a small to the utilization, or Energy Efficient Wireless aggregation

number of clients or low average throughput. Motivated by this . .
result, we examine the possibility of conserving more power by (EEW) which focuses on the power consumed by office

introducing a combination of EEE and EEW, called EEEW. hetworks and tries to save the power by aggregating low-
EEEW can take advantage of both EEE as well as EEW and utilized users to the wireless network and turning off the

should be very strong against the varying conditions of the switches that do not have active users. However, performance
network. We found that when the average throughput of clients of these technologies strongly depends on several network

is less than0.5Mbps the combination can save more thar66% . .
of the power consumed by EEE. We also describe EEEWS, a parameters such as traffic pattern of the clients or topology

combination of EEEW and link-sleep techniques which presents Of the target network.
a further power saving potential. Evaluating this technologies requires the development of a
Index Terms— Power saving technology, energy efficient eth- POWer consumption model for the specific network we like to

ermet, smart wireless aggregation, wake-up module, network Study. In this paper, we choose office networks as the target
modeling network since it is one of the largest growing area of IT

and is presenting a high level of power wasting due to the
over-provisioning. We make three contributions: 1) developing
an analytical model for office networks, 2) conducting a
Information and Communication Technologies (ICT) havperformance evaluation of existing technologies based on the
become a pervasive fixture in our daily life. The use ahodel, 3) presenting combinations of existing technologies
Internet has grown an impressi8€5.5%in the period 2000- and evaluating the performance of the combinations.
2008 [1]. Such an impressive increase in the number ofThe remainder of this paper is organized as follows. Section
users requires a scaling of the infrastructure to cope withdescribes current power saving technologies. In section lll,
the new traffic demands, which involves a larger number ah analytical model is developed to evaluate performance of
devices in the infrastructure which can also provide fastekisting energy efficient technologies. Performance of EEE
communications speeds. As faster devices always consuamel EEW will be evaluated in section IV. Section V describes
more power than the slower ones, the increase in performa@ceombination of EEE and EEW. We introduce a combination
has caused a substantial increase in its power consumptiohEEE, EEW and a link-sleep technique in section VI and
Current estimates in the U.S.A. [2] saying that aro#¥d summarize this paper in section VIl with the conclusion and
or 74TWh/year of the total electricity consumed is used toture work.
power the Internet, and other studies in Germany [3] projecting
energy consumption of IT equipment to be betw@8f and
5% by 2010. The fastest growing contributor to IT energy
consumption seems to be the IT equipment in office buildingsEnergy Efficient Ethernet (EEE) was first proposed by C.
[4] where high speed links are always deployed to hand@unaratne et al in 2005 as Adaptive Link Rate (ALR). ALR
rarely occurring peak loads but the average utilization is very based on the fact that the already available different rates of
low. This means that most of the energy used is wasted duestbernet links consume different amounts of power, with lower
the energy cost of the IT equipment is not proportional to itates using less power. Its basic idea is to adaptively change
utilization. This is particularly true in office access networkthe link data rate to match the utilization. ALR comprises a

I. INTRODUCTION

II. RELATED WORKS



mechanism, which determines how the data rate is switchéehgth of the blok isRv/2 and the number of the blocks is
and the policies, which determine when to switch the data ra%%.
The simplest policy is a single-threshold policy which based We apply the most widely used Poisson distribution [11]
on the buffer queue length threshold. When buffer occupantty model traffic pattern of clients. Let; be the number of
level equals to or exceeds a threshold value, the link speedarsiving packets of client in an intervalAt, thenz; follows
switched to high rate, and when it drops below the thresholépisson distribution with an expected value)of
the link speed is switched to the low rate. Ple;=a]= i 1)
In [10], Pedro et al focused on the power consumed by office al
networks and proposed a different approach, called Energy For a preliminary evaluation, in this paper we assume that
Efficient smart Wireless aggregation (EEW). Using the faél clients have the same expected arriving packet number and
that the wired communication shows a very low efficienc§ach block is served by one switch. The analysis thus can be
compared to that attainable by using wireless links [7], EEW¢duced to one block. Let be the number of the clients in
reduces the power consumption by moving idling or ligHhie block, then
utilization wired users to the wireless network, and turn off A=A == =A @
wired network switches that do not have active users. In EEW,
clients are moved from wired network to wireless network if
the total throughput of clients is less t.han or quals to thelv_ A PERFORMANCEEVALUATION OF EEW AND EEE
throughput threshold of the access point and switched back . i ) ) i
to the wired network when the total throughput exceeds the”*PPIying the model described in section 1I, we will evalu-
throughput threshold of the access point. ate the power saving possibility of EEW and EEE as a function
The authors in [13] presented a design and evaluation ofhaverage throughput and number of clients.
combination of two power saving approaches. The first focused
on conserving excessive power consumption during idle timds Power Consumption of EEW
by putting idle network components to sleep. The second wagn EEW, we move all clients to the wireless network and
based on adapting the rate of network in response to thgn the switch off if and only if the total throughput of the
offered workload. clients is less than or equal to the throughput threshold of the
Though there are many techniques that have been propogeéess point. This condition can be written as follows:
to reduce power consumed by network devices, currently as k
far as we know there exist no work that fairly evaluates and > thi <Thap ®)
compares the performance of the techniques. In order to do =

that, it is necessary to build a power consumption model baséhereth; denotes throughput of cliertandThp denotes

Assume the average length of packets is constant and denoted
as L, then the throughput of clientcan be written as:
IIl. AN ANALYTICAL MODEL N z - L
th; =
In this section, we describe an analytical model for office At

access networks. We assume that the networks comprise bdtus. (3) can be written as follows :
k

()

wired and wireless access and the users connect to the wired Thap At

. . . ; D owi < —F—— =azap ®)
and wireless network via ethernet switches and access points, = L
respectively.

It._et z = Y* 2 be the total number of arriving packets,

nAsfurmVSiﬂt-]hfhgr?unmihOf Ehenc;fh&e 'Sviiﬁﬁre‘;’s; tij as ahref%enx follows Poisson distribution with expected value equal
anguia € 'engih ok a € ONVY . AS €aCh 4 1y Therefore, the probability of removing all clients to

access point can only connect to clients within its radio ran%\aﬁreless and turning the switch off is represented as follows:
we assume that the network is divided into grid and each bloc '

AP =
in the grid is served by an access point as shown in Fig. 1. Pow—0FF = Y e*“% (6)
DenotesR as the radio range of the access point, then the side *=0 )

Let Esp, Esw be the power consumption of the access point
and the switch. Ler,,; be the power consumption of wireless
NIC and E'" be the power consumption of wired NIC
operating at high data rate on the client side. Then, power
consumption of the block if using EEW is given by:

- L TAP B k)
Eppw = (Bap+kEw) Y e e ()

E H { 0 !
g +(Bo bl <1_z<w>> o

|
=0 x:

w

Fig. 1. Network topology In the above equation(E,p+kE,,;) indicates the power

consumed by the access point and the clients connecting



to the wireless network, whil Esw+kE{gi9h> is the power

consumption of the switch and the clients connecting to the RE kéElmk kSmy;1
x — kX x — kEX)T EEE = =
wired network. 74P e—kx (ENT - gng (1—2 AP o=k (k)7 1— pl Lo . b(1—p1) 1
represent the probab|I|ty of usmg the wireless and the wired 1- 1=p 1-pb 1-p
network, respectively. Equation (7) can be simplified as: 1791
1-p1
Epew = (Esw+kETgh> _ kOB (14)
= 1 1
AP 1+ —
i _ix (BX)® 2 bT—p
— (BowthELT —Eap—kEu) Y e i ') i+<i) n +(i>
g x! p1 \p1 p1

— high
- <E5w+kEwg ) By substituting from (11) in (14), we can easily deduce

Dlzap+1,kN) g that REppp is a decreasing function of. That is the power
lzap]! conserving potential of EEE increases with decreasing of the
I'(xz,y) is the incomplete gamma function.average throughput of clients. The maximum and minimum of

Notice that, (Es.+kEL" is the total power the conserved power can be obtained as follows:

consumption of the block when not using EEW. Thus,

Eew+kERI" B, p— k:Ewl) W gives us the power
reduced by EEWRELgw. Using the characteristics of the
incomplete gamma function, we can prove thzzw iS Power consumption of the block if using EEEg zx, can be

a decreasing function of and A. This means that, with a given by subtracting (13) from the total power consumption
fixed number of clients, the power saving potential of EEWhen not using EEE:

increases when the average throughput of clients decreases )
. 1— 1—pb b -
and with a fixed value of average throughput of cllents,E = (Baw +EMI) kg, Y < PL P ) (16)
EEW can reduce more power when decreasing the number o I=pr\l=p1 1-p
clients. Moreover:

<E5w+l~cE{;i9h —Eap —kEwl)

lim REggpg > REggpg > lim REggE
A—0 A—o00
= kég,;,, = REpgr >0 (15)

lim REppw 2 REppw > lim REppw C. Comparison of EEW and EEE

= Bsw+kE}9" —Esp—kEy > REgpw >0 ) Using the previous analysis results, we proceed to realize
a performance comparison of EEW and EEE with the pa-

rameters of interest including the average throughput and the
number of clients. The switch model used was Cisco Catalyst
2970 with 24 ports and maximum power consumption of

160W In [17], the authors showed that each link operating

at 10Mbpsor 1Gbpsadded an0.3W or 1.8W respectively,

to the power consumption of the switch. The access point
model used was Cisco Aironet 1200 with maximum power

B. Power Consumption of EEE

According to [8], probability of being in low rate of one

client is: =gt (1=pb ot -1 consumption ofL3W and maximum data rate &Mbps The
Piow—rate=1—"2) <1_p1 1_p> (10)  ethernet NICs of clients were Intel Pro/1000MT with power
consumption of4W or 2.7W when operating atLGbps or
Where A\ A\ 10Mbps respectively. The wireless NICs of clients were Cisco
PP T (1) Aironet 350 with maximum power consumption at transmit

ode of2.25W High and low data rate of clients were set to
1, 41 are high data rate, low data rate of the switch, resp(‘e}I
tively andb is the buffer queue length threshold of the client Gbpsand 10Mbps respectively and buffer length threshold

was 30 packets
Therefore, the power reduced by one client is: |) Effects of throughput of clients

-1
- ‘1fp’{ <1p’1’+P?> a2 Fig. 2(a) shows the effects of the average throughput of clients
P l—pr \1=p1 1-p on the performance of EEW and EEE. In the figure, the blue

8z, . denotes the power reduced by one link when varyirdiie indicates the power consumed by the block when do
data rate from the high level to the low level. Hence, the totBPt apply any power saving technique, the red line shows

power reduced by all clients is given by: the power consumption when using EEE and the green line

- L b\ 1 represents the power consumption when applying EEW. We

REppp=kog,,,, ;" i <1_pl+lpl> (13) can see that when the average of total throughput of the
pr\1=p1 1-p

clients is less than the throughput threshold of the access
Itis clear thatREggE is an linearly increasing function éf point, the power reduced by EEW is very large due to the
and the power saving potential of EEE thus linearly increaskigh probability of turning the switch off. It can be observed
when increasing the number of clients. that when the average throughput is less thsibps EEW can

To study the effects of average throughput on the performarsave more tha0% of the total power and more thd&0% of

of EEE, we use the following transformations from (13): the power consumed by EEE. However, when the throughput
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Fig. 2. Effects of average throughput and number of clients on performance of EEW and EEE

increases and the total throughput exceeds the thresholdwbien it consumes less power than EEE. We assume that the
the access point, the power consumption of EEW increasegitches can dynamically turn off the ports with no active
rapidly and becomes more than that of EEE. When averagger. This assumption is acceptable because currently there
throughput is larger thadMbps the power consumption of are numerous of smart ethernet transceivers available that can
EEW almost equals to the total power and using EEW cautomatically power off after a few seconds when no power
not save power consumption any more. is detected on the other end of the link [15][16]. Using the
On the other hand, the turning point of the power consumadsumption, we extend EEW by adding a capability of moving
by EEE is near by the low data rate of the switch. As we canpart of the wired clients to the wireless network and turning
see, power consumption of EEE is small and almost constéim corresponding ports of the switch off. We use a power
when the average throughput is less than the low data ratedel of the switch as described in [12], then the total power
(10Mbpg and increases when the average throughput exceedssumption of the switcl,,,, can be represented as follows:
this point. The reason is because when the throughput is below
the low data rate, the buffer capacity is sufficient to deal with
the arrival packets and thus enlarges the probability of bein§Vhere E,,s. indicates the basic power consumption of
in low rate of clients. As shown in figure 2(a), EEE can redudbe switch with no ethernet link attached; is the power
more tharB9% of the total power when the average throughputonsumed by one link and is the number of active links.
is less tharlOMbps
ii) Effects of number of clients A. Detail of EEEW

From fig. 2(b) it can be observed that, while power saving Fijrst we investigate under which condition EEW consumes
potential of EEE increases with increase of the number pfss power than EEE. Because the total throughput of all
clients, the oppposite is true with EEW. When the numbgfients connecting to the access point is limited by the through-
of clients is small and the total throughput of the clients ISut threshold of the access point, clients said to beable

below the throughput threshold of the access point, the highmoye 1o the wireless netwoikits arriving packet number
probability of turning switch off enlarges the power savingatisfies the following condition:

potential of EEW and makes it more efficient than EEE. In this 2 < VchJ
case, the change of power consumption caused by increasing Lok
the number of clients is also slight. In Fig. 2(b), with< 10, Assume that there are exactlglients which areable to move
power consumption of EEW is less thd$% of the total to the wireless networkconsider the following two cases:
and 20% of the power consumed by using EEE. However,
when the number of clients increases and the total throughplit< &
exceeds the throughput threshold of the access point, the poviiewe apply EEW to movel clients, which have arriving
reduced by EEW decreases rapidly. On the other hand, {iecket number satisfying (18), to the wireless network and
power reduced if using EEE increases linearly with the numbgnn the corresponding ports of the switch off, then the power
of clients and thus when the number of client is large enougtonsumption of one block in the grid is given by:
EEE will become more efficient than EEW. It can be observed
that, withk > 15, the power reduced by EEW is almost zero.
Where E, denotes the total power consumed by remaining
V. EEEW: A COMBINATION OF EEEAND EEW (k —1) clients in the block.

In this section, we present a combination of EEW an@n the other hand, if we use EEE to adjust data rate of the
EEE, called EEEW. In the EEEW, clients ordinarily connectlients, then the power consumption of the block is:
to the wired network and utilize EEE. EEW is only applied eppp(l) = Erase+l (Efo“’+E£§’”)+Eo (20)

Esw = Epase +nk (17)

(18)

egEw () = Epgse HEw+Eap+Eo (19)



Where E°* and E!°“ denote the power consumption of Apply EEE all the time. That is, EEEW is the same as
switch’s link and clients’ wired NIC operating at the low data EEE in this case.

rate, respectively. The condition where EEW consumes legge policy is summarized in Fig. 3.

power than EEE is equivalent to:

Ebase + lE'wl + EAP + EO <Ebase + l (Ellow + Ezll[;)w) + EO .
B. Power Consumption of EEEW

k—1>1> [Zu;#-‘ ,
Eov+ Bl fEsz (21) Let p(l) = P[A(z1, 22, ..., 3;) | o < | AR | (Vi=1,2,...,1)], be the
BoY + 7Y — By > 48 probability of having! clients which areable to move to the
The power that EEEW reduces from EEE when condition (2Wjreless networkThen,p(l) is calculated as follows:
is satisfied can be written as: |24E | l |z4p | k-1
_ k - A - A A"
duwi(l) = eppr(l)—eppw (1) (22) p(l) = <l) Z e 1— Z e
=0 : =0 :

By substituting from (19) and (20) in (22) we have:

5wl(l)

()vta-ur- 29)

Epase+1 ([ +E™) + Eo— (Epase +UEui+Eap+Eo)

! (E;OM+E§;’”7EM) —Eap (23) Wherey—y L 4" e~ 27 represents the probability of a client
beingable to move to the wireless networRenoteskg g pw
as power consumed by using EEEW an@zyw = Expgp —
zew as the power that EEEW reduces from EEE. In the
ows, we will expressAEgy as a function of the average
oughput and the number of clients for case 1 and case 2
(in case 3 AEgw = 0 obviously) .

i)l =k
In this case, EEW can not only move all clients to the erele§8‘lgI
network but also turn the switch off, therefore the power .
consumption of the block when using EEW is:

lfw = Bap+kEu @9 1) case 1:
On the other hand, the power consumed by the block if we k—1
apply EEE to all clients is: ABgw= Y p)dui(l)+p(k)dosy (30)
ELmin
Wi = Boaseth (Bl + B (25)

» Where L,.;, denotes[’“%P] In (30), the first term
The condition where EEW consumes less power than EEE,. " B+~ By | ( . ) .
thus is equivalent to: indicates the power reduced by moving clients to the wireless

network and the second term indicates the power reduced by
Eap+kEy < Epasetk (Ef°“’+Ef5w) turning the switch off. Substituting from (23), (28) and (29)

- EAP;EbaSS < Blov g plov_p, (26) in (30), we have:
k—1
The power that EEEW reduces from EEE when condition (26) AEsw = Y p(l) [l (Ef“’“”+Eﬁf,”w—sz) _EAP]
is satisfied can be expressed as: Flmin
bors = €Y —cHiw (@7) + 90 [k (BI*" +B" = But) + Bone = Bar|
k
Substituting from (24) and (25) in (27) we have: = 3 p) [l (Ef"w+Ef,§’w—Ewl)—EAp]
— low low) _ ELmin
5off = Epasetk (El +Ew ) (EAP+kEwZ) + p(k)Ezmse (31)

L ( plow Elow_Ew Eppse—FE 28 C . .
( AR l>+ b AP (28) Substituting from (29) in (31), we can get:

k
Consequently, from (21) and (26), the policy of EEEW canAEgzw = > (l;)ylu—y)’H [z (Ellow+Efgw_Ewl) —EAP]
be divided into three cases as follows: ELmin

k
1) Case lE/ov+ElY — B, > AL Y Frase .
k
. . low low ! k-l
« If there are| —.—Z42— | or more clients which = (Ez +Ey —sz) > l(l)y (1-y)
B0+ B =B L min
able to move to the wireless netwgrkhen move X
all of them to the wireless network and turn the ~ Eap > (]l“)yl(l—y)HerkE,,ase (32)
corresponding ports of the switch off. ELmin
« If all clients in the block have been moved to thgye have:
wireless network then turn the switch off. i -
EaAp—FEpas I ! E l( )yl(lfy)k_l :ky( )ylﬁl(lfy)kfl (33)
2) Case 2:=arZtase ¢ plow plow_p,, < ZAD I -1

If all clients in the blockable to move to the wireless Then
network then move them to the wireless network and ' o

. k
turn the switch off. ky ket k=1 4 k1
U, )y (=)™ =ky y(1-y) (34)
3) Case 3;Ellow+Ezlgw_Ewl§% z:LZ. <l) Z ( l >

min I=Lpmin—1
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Fig. 3. Flowchart of EEEW

Substituting from (34) in (32) and using the regularizetike shape. The dropping points are caused by the change
incomplete beta function, (32) can be written as follows: of the throughput threshold of moving clients to the wireless
network, | 242 |, Notice that,| 42 | decreases by a ladder-
like shape wherk increases. Therefore, thLn“];—PJ drops
= Baply(Lmin, k = Lmin +1)+y" Bpase (35 down it decreases the probability of moving clients to the
= f(y) wireless network and thus causes the suddenly decrease of the
Using the characteristics of the regularized incomplete beétgwer reduced by EEEW. Figure 4(b) shows that, with average
function we can prove thaf(y) is an increasing function throughput of clients of 1Mbps, EE.EW can save more than
of y and asy is a decreasing function ok, AEmy is a 32% of thg power consumed by using EEE with number of
decreasing function of\. This means that, the power thaglients raging from 1 to 24.
EEEW reduceq fromEEFE increases when the average 2) Case 2: The power that EEEW reduces from EEE in
throughput of clients decreases and:

AEgw = (E{™"+EL" = But) kyly(Lmin-1,k = Lmin + 1)

case 2 is:
){imo AEgw > AEEW>Alim AEpw AEpw = p(k)(soff (37)
— — 00

Fig. 4(a) and Fig. 4(b) show the effects of the averageAEspw =y” [k (EllowJFEf‘?w*Ewl)+Ebase*EAP} =g(y) (38)

throughput and the number of clients on the performange . . . .
. ; ; tis clear thay(y) is an increasing function af and becausg
of EEEW, respectively. The graphs were obtained using the . . : ) ;
IS, a decreasing function of, AEgyw is a decreasing function

same switch as in section (IV-C), but a different access poin

= (Ellow+Ef;’w—Ewl) k—Esp+FEpgse > AEgw >0 (36)  Substituting from (28) and (29) in (37), we get:

; i . of A. Thus,
and wireless NICs with lower power consumptions. The used
access point is Cisco Aironet 1100 with maximum power lim AEgw 2 AEpw > lim AEgw

consumption of4.9W the wireless NIC is D-Link WDA- low | mlow
1320 with maximum power consumption at transmit mode of (Bi*" 4B =Bt ) k=Bap+Bune 2 ABpw >0 (39)
0.82W In the figures, the blue line indicates the total powdfig. 5(a) and Fig. 5(b) show the effects of the throughput and
consumed by the block when do not apply any power savimgimber of clients, respectively, on the performance of EEEW
technique, the red line represents the power consumptioninifcase 2. The input data is the same as in (IV-C). We can see
using EEE and the green line shows the power that EEEMAat the shapes of the graphs in case 2 are similar to that of
reduces from EEE. the case 1. It is due to the power reduced by moving clients
It can be observed from Fig. 4(a) that, EEEW can save the wireless network is negligible compared with that of
more than66% of the power consumed by using EEE wheturning the switch off. Similar to the case 1, power saved by
the average throughput of clients is less ttaBMbps The EEEW increases when the throughput of clients decreases.
difference between EEEW and EEE decreases when increashvith average throughput of clients being less ttiabMbps

the throughput due to the decrease of probability in movirlGEEW can saved more thadd% of the power consumed
clients to the wireless network. When the average throughfayt EEE and the saved power accounts 28% of the total

is more than5Mbps the difference is almost equal to zergower consumption when do not applying any power saving
and EEEW is not more efficient than EEE anymore. Thoughchnique. Power consumption of EEEW is almost equal to
EEEW is effective only when the average throughput is smathat of EEE when the average throughput of clients is larger
such small throughput values are pervasive in current offittean 2Mbps

networks. Power reduced by EEEW tends to decrease when increasing
Fig. 4(b) shows the effects of the number of clients othe number of clients as shown in Fig. 5(b). The obtained
the power saved by EEEW. We see that, the difference lafider-like shape can be explained by a similar reason as in
power consumption between EEEW and EEE has a laddtre case 1.
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Fig. 5. Effects of average throughput and number of clients on performance of EEEW (case 2)

VI. EEEWS: A COMBINATION OF EEE, EEWAND A. case 1
LINK-SLEEPTECHNOLOGY

Denotesp, (i) as probability of client being in the sleep
We call technologies that enable wireless clients to operafate, Then:

at very low power state during idling period such as [13][14], sap
"link-sleep technology” In this section, we propose and study:®) = © [(“20)” <3($J‘1’$1‘2""’%)|“m < { k J(\m = 1*”)}
power saving potential of EEEWS, a combination of EEE, (k=1 21> Lmin—1; jm #%)

EEW and link-sleep technology. EEEWS is the same as — pls,—o/p [3 (12 @90 o3, ) | T < L‘“TPJ (n = 1_4)}
EEEW except that, in EEEWS the clients will utilize link-sleep o

technique to operate at low power state during idle period. We = .=* 37 (kzl) g (1—y)P (40)

call the state that clients operate at low power, a sleep state Elmin~

and the state that client operating at full power, an awake stateh | 248 | 3 awake and B9 be th

Then client; is in the sleep state if and only if the foIIowingW erey = Zm:o. € " ar !_et B and £, e the

two conditions are satisfied: power consumption of the wireless NIC at the awake and sleep
state, respectively, then:

1) Its throughput is equal to O k .
2) It is operating in the wireless network ABws = (E$7’“ke—EZfep)ps(i) (41)
=1

In case 1, the second condition is equivalentta | 42 | and - . .-
existing more thant.,;, —1) other clientsj which also have Substituting from (40) in (41) we obtain:
arriving packet number satisfying; < 242 ]. In case 2, the _ 1 (powake _ gsleep) —A R A PR
second condition means that all clients have arriving packet ~ (7 w)e bsz (v
number being less than or equal|g:2 |. DenotesEpppw s as
the power consumed by using EEEWS axdy s =Epprpw —
Egpews, as the power that EEEWS reduces from EEEW, theks [, is an increasing function of andy is a decreasing

AFEyws can be calculated as follows. function of \, AEy s is a decreasing function of. Therefore:

min

-k (Eﬁ},“a’“tEjfe") e My (Lnin—1,k—Liin+1) (42)



=k (E;Tf“kE—Ejffep)

B. case 2

The probability of clienti being in the sleep state in cas
by the following equation:

P [(wi —0)n (xj < V%PJ Vi=1,2,.. kj# 7,)]

Plai=01P [a; < | 208 | (vj = 1,2, b5 # )]

2 is given
ps(i) =
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Fig. 7. Effects of average throughput and n
AlimO(AEWS) > ABws> lim (ABws)
> AEws>0 (43)

= Yy (44)
The power that EEEWS reduces from EEEW is:
ABws =X, (Bapeke — ELFP) pa(i)
=k (Bapake = BFP) e Ayt (45)

(b) Effects of client number (average throughput =
1Mbps)

umber of clients on performance of EEEWS (case 2)

Fig. 6(a) and Fig. 6(b) show the effects of the average
throughput and the number of clients on the performance
of EEEWS in case 1. The effects of the parameters on the
performance of EEEWS in case 2 are shown in Fig. 7(a) and
Fig. 7(b). In the figures, the blue line indicates the total power
consumed by the block when do not apply any power saving

éechnique, the red line represents the power consumption if

using EEE, the green line shows the power that EEEW reduces
from EEE and the violet line denotes the power that EEEWS
reduces from EEE. The obtained shapes of the figures can
be explained by the same reasons as in section V. It can
be observed that, EEEWS presents a higher power saving
potential compared with EEEW and the saved power increases
when decreasing the average throughput of clients. When the
average throughput is less than 0.5Mbps, the power reduced by
EEEWS is larger than09% of the power reduced by EEEW

in case 1 and larger that28% in case 2. Fig. 6(b) and 7(b)
show that effect of the number of clients on the difference

As y*~1 is an increasing function aof andy is a decreasing between EEEW and EEEWS is negligible.
function of \, y*~! is a decreasing function of. Moreover,

e~ also is a decreasing function af thereforeAEy s is a
decreasing function of, Then:

=k (Bgpere—EF7) > ABwg>0

lim (AEws) > AEwg> lim (AEws)
A—0 A—o0

(46)

VII. CONCLUSION

In this paper, we presented a power consumption model for
office networks and applied the model to evaluate performance

of EEE and EEW. We also explored the possibility of further



conserving power by combining the existing power saving
techniques. Our analysis results showed that for the average
throughput up td).5Mbps, by combining EEE and EEW we
can save more thab6% of the power consumed if using only
EEE and it is even more if we put link-sleep technique into
the combination.

In the future, we first develop the current model to make
it closer to the reality such as applying the exponentia
distribution for the packet length. Next, we will evaluate not
only the power saving potential but also other performance
metrics such as delay, packet loss and so on. Finally, we will
develop a simulation based on real traffic to verify the validity
of the analysis.
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