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Abstract—It is envisaged that diverse types of short-range of their inadequate performance in time-varying intenfee
wireless systems coexist in shared spectrum in a near future pehavior and highly loaded traffic scenarios [6]-[8]. Thus
For low-power systems, throughput and energy efficiency are gharing of the spectrum resource is assumed to be achieved in

two design objectives that often conflict with each other. Inthis . - .
paper, we investigate the tradeoff between the throughput red the time domain where the low-power network exploits OFF

the energy efficiency for a data-hungry but battery-driven ow- Periods of the high-power network.

power network which opportunistically shares radio spectum in Frame structure, i.e., transmission and sensing durations
temporal domain. We provide a mathematical framework that is one of important parameters to consider in the design of
determines the optimum frame lengths for the different obje- opportunistic system. The objective of the low-power netwo

tives, and analyze the tradeoff. To this purpose, we proposan . t imize its th hout si it i idered dat
energy consumption model that reflects the characteristicef low- IS 10 maximize 1is througnput since It 15 considere ala-

power transceivers including power consumption at the redeer or.ie_nted. At the same time, it is imperative to consume
side. Numerical results show that the optimum frame lengthér ~ minimum energy because the system is usually battery+urive
energy efficiency results in significant loss in throughputand Thus, the frame length of the low power network should be

vice versa. This suggests that the transmission duration dhe  gatarmined to attain both objectives, which are generally i
opportunistic network should be chosen depending on the pme . . ’
tradeoff relationship [9].

system objective. . . .
Index Terms—Temporal spectrum sharing, throughput, energy ~ Optimum design of frame structure for opportunistic net-

efficiency, sensing, power consumption. work has been extensively investigated in the context of
hierarchical spectrum sharing. In [10]-[13], the lengtHs o
l. INTRODUCTION transmission and sensing durations are optimized in order

Wireless data traffic has been increasing exponentially im maximize the throughput of secondary network. However,
recent years and the trend is expected to continue in theergy efficiency has not been considered in these works.
coming years [1]. It is also predicted that more than 70% @&mnergy consumption of low-power nodes has been addressed
traffic will be generated in indoor environments [2]. Theref, mostly in the field of sensor network, e.g. [14], [15]. The
we envisage the coexistence of plethora of short-rangdesse sensors, however, activate on rare occasions with low data
systems in a small area in a near future. Spectrum sharing [3itate requirements. Only a limited study can be found which
considered to be a means to enable the coexistence. The usagdored the energy efficiency of data-oriented low-powetr n
of industrial, scientific and medical (ISM) band can be givework [16], [17]. Overall, throughput and energy consumptio
as a successful example of open spectrum sharing. Currentfyopportunistic system has not been investigated togedhner
there exist several technologies operating in 2.4 GHz IStMus their tradeoff relationship has not been identified yet
band such as IEEE 802.11, IEEE 802.15.4, and Bluetooth [4],In this paper, we investigate the the tradeoff between gnerg
[5]. efficiency and throughput for data-hungry low-power networ

We expect there will be much more diverse types of shothat shares radio spectrum opportunistically in time domai
range systems coexisting in shared spectrum. In partiouar We develop a mathematical framework that takes into account
consider a coexistence scenario of two data-hungry systetns throughput and energy efficiency at the same time. To
with different transmission powers operating close to eathis purpose, first we propose a simple energy consumption
other. Although these systems are assumed to have the samoelel that well captures the characteristics of low-power
access priority, the system of lower power can be easiffansceivers. Our model considers the power consumption at
out-powered by the one with higher power. Thus, the lowthe receiver side, which is often ignored in the literature.
power system can only access the spectrum iogoortunistic Then, the optimum frame lengths are obtained for the differe
manner to protect its own data reception. We also assume tbhjectives. To investigate the tradeoff, we analyze thatired
received signal at the high-power receiver due to the lowsss in energy efficiency when the frame structure is optuiz
power transmitter is always very small, so that they can bber throughput, and vice versa. We also examine the impact
neglected. of traffic characteristics of the high-power network on the

Existing schemes for the coexistence of WLAN and WPANadeoff. The proposed framework will provide insightsoint
type networks, e.g., frequency hopping and adaptive frecpue the design of future low-power networks.
hopping, etc., are of significant practical concern becauseThe remainder of this paper is organized as follows: Section
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The activity of the primary usep is defined as

E[Ton]
P = BT BT PO 2)

On the other hand, the secondary system tries to exploit
the temporal opportunities. To do that, it has to sense the
channel and determine the state of the frequency band. We
consider a fixed-length frame structure of duratibrfor the

; secondary user. In each frame, the secondary user firstssense
i Y the channel in a sensing block with duratieg and will

= k transmit or keep silent during the transmission period-of
based on the sensing decisiar (- 7 = 7). We assume that
the secondary user is heavily loaded and has always data to
transmit. Here, we consider a frame structure with the fixed
75, and aim to optimizer.

WPAN type

secondary network

C. Energy Consumption Model for Secondary User

Fig. 1. A deployment scenario for the coexistence of low-posecondary |t j5 essential to capture the comprehensive charactesisti
system with primary system in the same geographical area. . . . . .
of low-power transceivers in the investigation of the setary
system energy efficiency. Power consumption of a transceive

Il describes the system model we consider and gives detaif} €@n Pe divided into the following modes: silent, trarismi

problem description. In Section |1, we introduce the prepo S€NSe: and receive. We 8%, Pr, and P denote the power

energy consumption model and provide a mathematical fran?é’-nsumed na l_m't time for_spectrum sensing, data transmls-
work to maximize throughput and energy efficiency. Sectici{P": @nd reception, respectively. Detailed power consiamp

IV presents the numerical results of tradeoff analysis, arF ments ar;ad the|(rj pﬁram_eteir values can be founhd in [18]—
Section V draws the conclusion of the paper. 20]. It IS observe t at-, in low-power systems, ,t 1€ power
for receiving is usually higher than that for transmittifidnis

Il. SYSTEM MODEL AND PROBLEM DEFINITION allows us to assume thaPs = Pr = 2Pr. It is worth
A. Coexistence Model emphasizing that the receiving power has not been considere

We consider the coexistence of two data-hungry systelw Il'in the literature. .
0 calculate the energy consumption of the secondary

with different power levels where each consists of a trattemi . o

. . . . network, we further make the following assumptions:
and receiver pair located in the same geographical region } ) o
as shown in Fig. 1. Though these systems are assumed t& Power_consumptlon of the secondary transceivers in silent
have the equal right to access the shared spectrum, the low- Mode is negligible [20].
power system will need to prevent its transmission from gein ¢ 1h€ Secondary receiver is aware of the frame structure,
out-powered by the high-power system. Thus, the low-power and therefore it stays_ S|Ient_ during the sensing periods.
system can only access the channel opportunistically where ¢ The secondary receiver tries to receive data at every
orthogonality is assumed to be achieved in time domain. To do frame, and stop receiving aftey; if the secondary activity
that, the low-powerdecondarysystem is required to sense the IS not detected.
radio spectrum and detect the state of high-povpein(ary) Energy consumption within a frame differs based on the
node activity. In the case of primary activity detectione thsecondary user’s decision on whether to transmit or keeptsil
secondary user chooses to stay silent to protect its own d¥¢ien the channel is detected as vacant, the secondary user
delivery. On the other hand, the primary user is not affect&dll decide to communicate with the energy cost of
by the secondary user interference due to its relatively hig
transmission power, and thus does not need to consider the Ep = Pstg + Prmr + Pr7r. 3)

secondary activity. On the other hand, when the activity of the primary user

B. Primary and Secondary Users Activities is detected over the channel, the secondary user stays. silen

The primary system is assumed to operate in an un—slotggsed on the assumptions made above, consumed energy can
written as

manner and alternates ON and OFF states according to a
tionary Markovian process. ON and OFF periods are assumed
to follow exponential distributions with mean durations of Ep = (Ps + Pg)7s. (4)
E[Ton] = an andE[Torr| = o, respectively. Therefore, p. problem Formulation

probability distribution functions of ON and OFF periodsica

be written as follows: The design objective of the secondary system is to find the

optimum frame length maximizes the throughput by consum-
1 ¢ 1 ¢ ing the minimum energy. Therefore, the tradeoff between en-

pon(t) = a—le_a, porr(t) = a_oe_?"' 1) ergy efficiency £ E: number of successfully delivered bits per



PU - OMF | o | OF¥ The effective frame begins with a transmission attempt of

e One effective frame the secondary user. If the primary user activates during the
f : ! frame, it will cause the loss of the secondary user data, lwhic

Secondary I I| 7 we call afailure. It is followed by idle frames of awaiting

X activity the channel being vacant again. The number of failures and
idle frames are denoted b tqiiure and N;qe, respectively.

sl ] [T 111 [ | A successfully delivered frame terminates the effectierfe
after the possible recurrence of the failures and the idle

Is.,.si..g =" ) !:| ing Esriods. Therefore, the length of the effective framis given

Fig. 2.  Activities of primary and secondary users during @ffective
frame The primary user switches between ON and OFF states angordi L =Ny, - Nigio +1) + 1. 7
to Markovian process and the secondary transmitter andvegcstay idle or Y mzwe( idle ) ( )
communicate accordingly.

Here, N;qie and Nyqiiure are random variables that can be
modeled as geometric distribution with the success prdibabi
ties of ¢(mr) andp(7r), respectively. Since the idle period of
the secondary user ends only when the primary user turns to
OFF stateg(rr) is as follows:

joule) and throughputZ{h: number of successfully delivered
bits per second) has to be investigated. Note that Hoth

andTh are the functions ofr. For the performance metrics,
the optimization problems can be mathematically expreased

follows: i Tl . _r
i) Throughput optimization: a(mr) = /0 pon(H)dt = /0 PR dt=1-ec . (8
" —argmax Th(rr). Thus, the probability mass function ;4. is given by
ii) Energy efficiency optimization: Py, (k) = q(rr) (1 = q(rr))". 9)
B — argmax EE(rr). Similarly, p(7r) is represented as below because the failure
Tr will not occur when the primary user stays OFF during
The difference between.” and £ leads to the tradeoffs
which can be expressed as ™ ™l s _r
p(rr) = 1—/ porr(t)dt = 1—/ —e sodt=¢ ®0.
o
_ BEGf") - EB(rf") - ' v (10)
¢ EE(TEP) ’ The probability mass function oWV 4. is then given by

Th(T%h) — Th(TJEE)
Th(T%h) ’

(6) PNy ipure (K) = (1) (1 = p(77))". (11)

- As it can be seen from (8) and (10), the expectation of
weres and p represenenergy efficiency losand throughput the idle framesE[Nya.] — and the expected value of
loss respectively. These indicate the relative losses in gne e Q(T )

efficiency and throughput wheny is optimized for the dif- the failures E[N faitures] = 577, have the opposite charac-
ferent performance metric. teristics with regard to the transmission duration)( This

behavior will affect the energy efficiency and the throughpu
I11. TRANSMISSIONPERIOD OPTIMIZATION AND as will be discussed in the subsequent sections.
TRADEOFFANALYSIS

Q:

In this section, we derive the throughput and the energy Throughput

efficiency of the secondary network, and demonstrate teaeth We assume that a fixed data transmission rate is employed

exist unique optimatL” and 75, by the secondary user, which is denoted /hy. Based on
. our effective frame definition, a successful transmissialy o
A. Effective Frame occurs at the last frame of one effective frame. Therefdre, t

The secondary user has to spend time and sensing endR§gughput of the secondary user is given by
while it waits for the vacant channel. Unsuccessful frame du
to the sudden activation of the primary user will also cabse t reTT reTT
waste of the resource. We introduce the concepteffective E[Th(rr)] = = , , - (12)

. . . E[L] E[Nfazlure (dele + 1) + 1]

frame to account for these events. As illustrated in Fig. 2,
the effective frame is defined as a group of several framgs straightforward to show that the throughput is corntinu
which consists of the unsuccessful transmission atterigles, ously differentiable torr. Thus, the the closed form solution
periods, and one successful frame at the end. of 72" can be obtained by solvm@w =0.
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C. Energy Efficiency

116

Let Er, Ey, Eg denote the energy consumption at a frame
of failure, idle, and success, respectively. Then, thel tot:
energy consumption during an effective fra@€,,, can be
expressed as

114
{12

110

Ectot = Nfailure (EF + NidleEl) + ES- (13)

Max Achievable Energy Efficiency
Max Achievable Throughput

Note that the energy consumed for the failed frame is equi
alent to Eg, which involves the process of the sensing,

transmission, and reception, i.é5s = Er = Er. In the 10" 12
idle frame, the secondary transmitter and receiver areeacti 0
only during the time ofrg as explained in (4). 10" 10°

Energy efficiency can be derived by the expected suc P

cessfully delivered bits and energy consumption during off®@ Maximum achievable throughput and energy efficiencueractivity level.
effective frame. Therefore, the expected value of BN@é(7) _. , , . ,
. . . .. . Fig. 4. Impact of primary traffic activity level on energy eféincy and
is given by (14). The optimal transmission duration for thgoughput of secondary user (=352 msec).
energy efficiencyrZ¥, can be obtained by the same procedure
deriving 71",

Fig. 4(a) and Fig. 4(b) show the effect of the primary traffic
activity level on7Z” andr5¥. The mean duration of ON state

In this section, numerical results are presented to demamn- is fixed to 352 msec, and the OFF duratiamn, is varied
strate the tradeoff between the energy efficiency and thirougo account for the different levels, i.e.,ag = (=p)or The
put in terms of the relative energy efficiency loss and thisugactivity level ranges fronp = 0.1 to p = 0.9, which captures
put loss ¢ and p) as functions of transmission periodr). various modes of the packet voice such as traditional model
The sensing durations is fixed to 1 msec throughout the(p = 0.35), conversation £ = 0.54), and scripted speech
experiments. (p = 0.88) [22]. It is observed in Fig. 4(a) that both:"

Fig. 3 shows the normalized values of energy efficiengnd 5% decrease ap increases. This is because the data
and throughput as functions af-. The primary user traffic delivery of the secondary user is more likely to be intereapt
is assumed to be based on VoIP with average ON and OB¥ the activation of the primary user as the the primary
durations ofa; = 352 msec andyy = 650 msec, respectively traffic gets heavier. The secondary user needs to shorten the
(p = 0.35) [21], [22]. Tradeoff betweenl” and 7£¥ is transmission duration to avoid the collision between prima
clearly noticeable in the figure. It shows that the throughpand secondary transmissions. Shorter frame length ineseas
loss ¢ is 76% whereas the energy efficiency lasss 46%. the burden of sensing time and energy to the throughput and
This suggests that the throughput is more sensitive to taeergy efficiency. Consequently, both metrics decline with
transmission duratiomy. higherp as depicted in Fig. 4(b).

IV. NUMERICAL RESULTS



E[Th(TT)] E[L] rrTTr

EEE(rr)] = = ) 14
POl = " BBCal ElNyamwre + D(Br + Now Br) B 4
TABLE | ) . ) ) )
TRADEOFFANALYSIS FOR DIFFERENTACTIVITY LEVEL (p) [4] C. Chiasserini and R. Rao, “Coexistence mechanismsritarference

mitigation in the 2.4-GHz ISM band[EEE Trans. on Wireless Com-
mun, vol. 2, no. 5, pp. 964 — 975, sept. 2003.

p p=025 p=035 p=054 p=0288 [5] B. P. Crow, I. Widjaja, L. Kim, and P. T. Sakai, “lEEE 804 Wireless
Th Loss () 80.1% 76.1% 65.4% 27.4% Local Area Networks,”IEEE Commun. Mag.vol. 35, no. 9, pp. 116
EFE Loss ) 46.9% 45.8% 44.2% 43.1% —-126, Sep 1997.

[6] S.Lee and Y. H. Lee, “Adaptive frequency hopping for ihath robust
to WLAN interference,”IEEE Commun. Letterssol. 13, no. 9, pp. 628
—630, Sept 2009.

Table | summarizes the impact pfon o ands. When the [7] L. Stabellini, L. Shi, A. Al Rifai, J. Espino, and V. Magtay “A

i i new probabilistic approach for adaptive frequency hoppiirg Proc.
prlmary_ user has a low or moderate (.;hannel OCCUpayOB_,. IEEE International Symposium on Personal, Indoor and Melfladio
much higher thag, i.e., the throughput is much more sensitive  commun.(PIMRG)Sept 2009.

to a non-optimal transmission duration. On the other hamid, f [8] S. Geirhofer, L. Tong, and B. M. Sadler, “Dynamic spentraccess in

i ; ihi i the time domain: Modeling and exploiting white spad&EE Commun.
heavy primary traffic, the throughput does not exhibit digni Mag. vol. 45, no. 5. pp. 66 72 May 2007,

icant tradeoff. Howeve_r, th_e thrOl_Jghput and energy ?ﬁwen [9] S. Tombaz, A. Vastberg, and J. Zander, “Energy- and effitient ultra-
are already too low in this region as shown in Fig. 4(b), high-capacity wireless acces$EEE Wireless Commun. Magvol. 18,

and thus the temporal spectrum sharing does not bring any, :](?-'c?'L?ghng\ZZzA'én(;Ctg)ePrezhOI;h i A T. Hoang, “Sensibtighput

significant advantage to the secondary user. tradeoff for cognitive radio networksJEEE Trans. on Wireless Com-
mun, vol. 7, no. 4, pp. 1326 —1337, April 2008.
V. CONCLUSION [11] K.W.Sung, S. L. Kim, and J. Zander, “Temporal spectrumaring based

In this paper, we investigated the tradeoff between energy 32,p;'mnagy{’5"*{,3"22‘%pIESEé”BL'iEEOT{S”S‘ on Wireless Commun.

efficiency and throughput for battery-driven low-power-neti2] x. zhou, V. Li, Y. H. Kwon, and A. Soong, “Detection timjnand
work which opportunistically shares the radio spectrum in channel selection for periodic spectrum sensing in cognitadio,” in

; : _ Proc. |IEEE Global Telecom. Conf. (GLOBECONDec 2008.
the temporal domain. We developed a mathematical fran]%] Q. Zhao, S. Geirhofer, L. Tong, and B. Sadler, “Oppoittia Spectrum

work that determines the optimal frame lengths for différen ~ access via periodic channel sensinEEE Trans. on Signal Process.
objectives. To this purpose, we proposed an energy con- Vol 56, no. 2, pp. 785 —796, Feb. 2008.

: o [14] L. Stabellini and J. Zander, “Energy-aware spectrumss® in cognitive
sumption model that captures the characteristics of lowguo wireless sensor networks: A cross layer approach "Pic. IEEE

transceivers, including the power consumption of the xexei Wireless Comm.and Netw. Conf.(WCN&pril 2010.
which was missing in the literature. To investigate theeff] [15] S. Maleki, A. Pandharipande, and G. Leus, “Energy-ieffit distributed

: : - spectrum sensing for cognitive sensor networkSEE Sensors Journal
we analyzed the relative loss in energy efficiency when the °°r 11, no. 3, pp. 565 —573. March 2011,

frame is optimized based on throughput, and vice versag] L. Li, X. Zhou, H. Xu, G. Li, D. Wang, and A. Soong, “Energy
We also examined the impact of the primary user traffic efficient transmission for protection of incumbent usetEEE Trans.

ot on Broadcasting,vol. 57, no. 3, pp. 718 —720, Sept. 2011.
charactensucs on the tradeoff. . . #17] A. T. Hoang, Y. C. Liang, D. Wong, R. Zhang, and Y. Zeng,p‘O
Numerical results show that there exists a significant dif- = portunistic spectrum access for energy-constrained tegmiadios,” in

ference between the optimal frame lengths which maximize Proc. of IEEE Vehic. Technol. Conf. (VTC Sprinl)ay 2008.

s ; ; : 18] V. Shnayder, M. Hempstead, B. Chen, G. W. Allen, and M.I3Ne
energy efficiency and throughput. It is further outlinect tiés “Simulating the power consumption of large-scale sensewowk ap-

tradeoff hlghly depends on the aCtiVity level of the primary plicat-ions,” in Proc_ ACM Embedded Netwqued Sensor S.ySItéﬁ.M_
user. For low and moderate primary user activities whel¥] fG Miao, N-;Ima¥at,_ GI Li, and A. S_we:_ml, “CrOSS-I:g/’ePrtlmplzactlon
. or energy-efiicient wireless communications: a surveayireless Com-
the §econdary user can benefit from the _te_mpqral spectrum munications and Mobile Computingol. 9, no. 4, pp. 529-542, 2009.
sharing, the energy-based frame length optimization @wsts [20] w. Gabran, P. Pawelczak, and D. Cabric, “Multi-channeliti-stage
siderable loss in the throughput. The loss in energy effagien  spectrum sensing: Link layer performance and energy coptony’

3 : : in Proc. IEEE Symposium on Dynamic Spectrum Access Networks
caused by the throughput-based frame duration is alsoesever (DySPAN) May 2011,

but less than the opposite case. [21] Y. C. Liang, Y. Zeng, E. Peh, and A. T. Hoang, “Sensingptighput
The framework proposed in this work provides insights tradeoff for cognitive radio networks,” iRroc. IEEE International Conf.

: ; _ on Comm. ( ICC 07)June 2007, pp. 5330 -5335.
into the design of future low-power networks. However, onl 2] S. Deng, “Traffic characteristics of packet voice,”Rmoc. IEEE Inter-

limited scenarios have been examined here. More extensive national Conf. on Comm.(ICCol. 3, jun 1995, pp. 1369 —1374.
investigation about the energy and throughput tradeoftigho
be done as further studies.
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