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Abstract—This paper investigates the energy efficiency of communications. Base station sleep scheduling strategies

base station sleep scheduling strategies in 1-D infrastrtiere-

based wireless communication networks formed by vehicles

traveling on a highway. In certain scenarios, vehicular speds

have been widely studied and considered to be efficient
methods that can realize substantial energy saving [3], [4]

and locations can be measured with a high degree of accuracy, SpeCIflcc_’:lIIy, When the number of use_rs is smaller or_When
and this information can be exploited to reduce the energy the traffic load is low, idle base stations can be switched
consumption of base stations. This paper considers coopaiee  0Off to save a considerable amount of energy. This feature is
base station scheduling strategies where base stations carenabled by the sleep mode commonly available in base sta-
switch between sleep and active modes to reduce the averaggjong where the sleep model mainly contains two types: the
energy consumption, while guaranteeing the connectivity fo . ; L

every vehicle. Analytical results on the expected amount of m'cro sleep mod_e., where base stations suspend transmission
energy saving for a base stations are derived, which reveals in the order of milliseconds, and the deep sleep mode, where

for the first time the existence of a threshold parameter, base station transmitters are shut down for extended period

determined by both the vehicular density and mobility, belav

which base stations can switch off and save energy, but above

which no energy saving can be achieved.
Index Terms—Energy Saving; Vehicular networks; Sleep
mode

I. INTRODUCTION

of time [5]. This paper focuses on the benefits of the deep
sleep mode since it saves a significantly larger amount of
energy compared with the micro sleep mode.

The design of base station sleep scheduling strategies
in vehicular networks is challenging mainly due to the
fact that the network topology of a vehicular network is

Vehicular data communication networks are receivinigighly dynamicThe dynamic network topology is caused by
increasing attention recently, seeing a large number wéhicular mobility, which is random in nature and can only
applications such as improving safety and productivity dfe characterized stochastically [6]. In addition, the dyita
road transport [1]. In such networks, information (such asetwork topology is also attributable to that fact that the
advertisement, news and traffic update) is delivered fromehicle densities can also be very different depending on
base stations deployed along the road to vehicles travelidifferent time-of-day or different day-of-week [7]. Conse
on the road. As improving energy efficiency has become guently, base station sleep scheduling strategies neadté¢o t
important design goal for wireless communication networksoth vehicular density and mobility into account in order to
[2], this paper focuses on the energy efficiency of basgentify the scenarios that are suitable to operate.

stations for infrastructure-based vehicular networks.

In many infrastructure-based wireless communication net
works, such as cellular networks, base stations are usu

In this context, our main contributions are as follows:
we develop a statistic energy saving model for 1-D

arﬁffrastructure-based vehicular networks; 2) analytiealits

the dominant components consuming the Iargest_portiBH the expected energy saving are obtained, for both an
(e.g. 60-80% [3]) of the total energy used in wireles§yine and an offline scheduling strategy, where the offline
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case considers an ideal scenario and gives an upper bound
on the energy saving and the online strategy takes practical
constrains into account; 3) we show the existence of a
threshold parameter, determined by vehicular density and
mobility, below which base stations can switch off and
can save energy, but above which no energy saving can be
achieved; 4) the analysis is validated using simulations.

The rest of this paper is organized as follows: Section
Il reviews related work. Section Il describes the network
model. The analysis on the energy efficiency is presented in
Section IV. Section V validates the analysis using simula-
tions. Finally Section VI concludes this paper and proposes
future work.



[l. RELATED WORK covermge of

. . . . i i BS j+2
A number of studies in this area focused on the connecti <Veh1°le ) (s 31) (_/Jﬁ
ity between base station and vehicles [8]. In particulaf3]n 5 ; : :

—
Marsan et al. considered the both the network with rando Movement
deployment of base stations and the network with reguli § direction
deployment of base stations, by numerical results the 2o

showed that the regular deployment provided the highe
level of connectivity for all densities of the nodes and bas
stations. Motivated by this, this paper considers a regul.
deployment of base stations, which is described in Sectic

Seeing that base stations are the dominant components .. -

energy consumption in wireless Commumcatlon networ_kélgure 1. llustration of the network topology, whef® is the distance
there have been a large number of efforts in reducimgiween BSsX; is the distance between vehiciet+ 1 and vehiclei.

the amount of energy consumption (as well as the CO2tails about the notations are introduced in Section IV.

emission) of base stations [9]. Joo et al. in [10] introduced

a GSM BTS power saving mechanism. Specifically, from a

power-consumption point of view, a GSM transmitter can be o o

split into three parts: digital signal processing, radiovpo |nv0Iv!ng t_rafﬂcs in both d!rect|0ns. Further, as commonly
amplifier (PA) and active timeslots (TS). In [10], the authordone in this f|eI.d, we consider that vehicular speed remains
assumed that there are more than one TCH transceiver (1B@Jstant over time [13].

in a radio cell, and the power used for calls (active TS) A set of base stations (BSs) are regularly deployed with
varies with data traffic load. When data traffic is light, thelistanceD between adjacent BSs [8], as illustrated in Fig.
TX might not have any active timeslots at all, in which case. Typical values ofD can be found in [14], depending
only the “digital” and “PA” parts of the transceiver consueneon practical implementations. Further, it is considereat th
power. The power-savings mode reduces or shuts off powg{ch vehicle is served by its closest BS. Consequently, the
to all but the “digital” part of the transceiver. When trafficcoverageof a BS, as illustrated in Fig. 1, is the road segment
in a cell increases and the amount of idle timeslots fallgherein all vehicles are served by the BS. As shown in Fig.

below a given threshold, the idle TX is immediately put back, vehiclei is served by BSj and vehiclei + 1 is served
into service. This feature enables operators to manage Ba§es j + 1.

Transceiver station (BTS) in a vastly more energy efficient . .
way which on average yields a 15% to 25% reduction in Further, it is assumed that each BS can detect the position
BTS power consumption. and speed of vehicles in its coverage [15] and then transmit

the information to other BSs via wired connections. This

A recent work of Hammad et al. [11] provided a timeslot= - ;
based base station scheduling strategy. Specifically, aheR2Per focuses on the energy efficiency of base stations that
[ ot at the beginning of a road segment, which is a special

vehicle first enters the coverage range area of a road sitle i 4 T : : !
(SU), it transmits its current position and speed to the sase because it does not receive information about incoming

The SU minimizes the downlink infrastructure-to-vehicl¥€NiCles. As introduced in Section |, a BS can be in either of
energy communication by delaying the information trandP€ active mode or It.heﬁ_llee_p n;odel. In the chve mode, ahBS
mission until the vehicle come closer to the SU, becau§8€ates as normal; while in the sleep mode, a BS switches

the power consumption needed when the SU communicaft the transmitter _and amp!lfler tr? save e_nerr?y. 'Il'herefaor((ja, |
to a nearby vehicle can be significantly lower than whep> Gannot transmit or receive when it is in the sleep model.

it communicates with a more distant vehicle. Differently! NS Paper considers sleep scheduling strategy that sssitch

this paper considers a base station sleep sschedulinggeycrat%f?S k?e“"f]e” the acti\;]e mode; and the sleep mode ‘;]Vithf)m
which only switches off idle base stations without affegtina ecting the QoS such as delay and connectivity. That is,

QoS, i.e. without delaying the information dissemination &he n-earest BS to every vehicle is in th,e active mod.e at any
affecting connectivity. time instant. The detailed sleep strategies are descréted |

in Section V.

I1l. NETWORK MODEL We next describe the energy consumption model. gt

This paper considers a 1-D infrastructure-based wirelelss the energy consumption per unit time of an active base
communication network formed by vehicles on a highwagtation and letZ; be the energy consumption per unit time
The spatial distribution of vehicles follows a homogeneows a sleeping base station, as illustrated in Fig. 2. Further
Poisson process with intensity[8]. Speed of each vehicle consider that the energy cost of turning a BS off and then
is considered to be independently and identically distebu back on isE.; and E ., respectively, where typical values
following a common uniform distribution [12]. Specifically of them can be found in [16]. Then the total energy cost
denote byV the vehicle speed, whose probability densitef turning a BS off and later back on B, = E.; + E...
function (pdf) is f(v) = ﬁ whereb > a > 0. Though This extra energy cost can have a significant impact on the
we only consider that vehicles travel in one directiordesign of the base station sleep strategies as can be seen in

the analysis can be straightforwardly extended to the cabe next section.



Power that the next vehicle will enter its coverage at time 7,
goomsumption - then the BS powers off to save energy from tite ¢ + 77,

\Steep) 7 if and only if T, > T}, whereTy, is given by Eq. 1.
Ea

T /N T It is straightforward that the probability that a randomly-

E.[ T T

chosen BS can turn off to save energy is

oo
Pr(Ty > Ty) = / Pr(T, =t)dt
E. Tin
n b [o%S)
e T b by = s
Figure 2. lllustration of two base station duty cycles: eagble consists ab D;UTM
of an active periodTo») followed by a sleep periodi(,; ;). _ / / pexp(fp:r) Pr(V _ v)dzdv
a D+vTyp
b
IV. ANALYSIS OF THE ENERGY EFFICIENCY = / exp(—p(D + Tthu))b ! dv
This section presents analysis of the energy efficiency e;l(p(—pD)(— exp(—pbTun) + exp(—paTin))
of both online and offline base station sleep strategies. An = & —a)pTon - @
- t

offline sleeping strategy assumes a complete knowledge
of the network topology, which gives an upper bound on Denote byE[T,] the expected length of the sleep time
the energy saving; while an online sleeping strategy igterval of a randomly-chosen BS. Then there is

designed according to practical scenarios and results in a f;’o tPr(T, =t)dt
less amount of energy saving compared with that of the B[Toss] = tf’r(T > Ton)
offline counterpart. b roo B ‘=
Jo Jovor, © L pr(X = 2) Pr(V = v)dzdv
A. Offline sleep strategy - exp(—pD)(— exp(—pbTyp ) +exp(—paTin))
As introduced in Section Ill, when a BS is sleeping b 1 bralet. 1
instead of active, the amount of energy saving per unit _ Ja (Tin + 55) exp(=p(D + Tuv)) g dv
time interval isE, £ E, — E,. Further, the energy cost e"p(*PD)(*exf’é:g;’T;hHe"p(*P“Tm”
of turning a BS off and then later back on i&.. Denote ,exp(,pbmHexp(,pr::S)+Ei(,bPTm),Ei(,athh)
by Ty, a threshold time interval, longer than which a BS _ (b—a)p
sleeps resulting in a positive value 8%7T}, — E,, but if a - exP(*Pl(’bTiha);;;’t‘f(*PaTth>
BS sleeps shorter than the threshold cannot save energy (i.e —Bi(—bpTu) + Bi(—apTiy)
has a negative value dfyT;;, — E.). It is straightforward =Twm(14+ , 3)
that the threshold time interval is given by exp(—bpTin) — exp(—apTin)
T, = Ee ' (1) where Ei(.) is the exponential integral function.
E,—Es As shown in Fig. 2, each sleep peri@j; is followed

Denote byX the Euclidean distance between two adjaceRY an active periodl,,,. We next studyl,,. A BS needs
vehicles (say vehiclé and vehiclei + 1 as illustrated in t0 keep active if the time gad, between vehicles is
Fig. 1 at a randomly chosen time instant. Due to Poiss§faller thanTy,, which happens with probability,, =
distribution of vehicles X follows an exponential distribu- 1 — Pr(Zy > Tis). Further, denote bys,, the number of
tion with pdf Pr(X = z) = pexp(—pz). Denote byT, the CONSecutive time gaps t_hat are sn_1aller tﬁlan_. Because
time gap of vehicleswhich is defined as the time periodOf the Poisson distribution of vehicles and independence
from the time when a vehicle+ 1 leaves the coverage of a©f vehicle mobility, it can be shown thak’,, follows a
BS j but next vehicle has not enter the coverage of the Bgeometric distributionPr(K,, = k) = pj,' (1 — pon)-

j, to the time when the next vehicleenters the coverage Consequently, there B[F,,] = ;——. Denote byE|T,]

of the BSj. ThenT, is the time period when BS is idle the expected length of the active period. There is

and can be switched off to save energy. Recall thas the LTW% (t + 2)Pr(T, = t)dt
- 1 E[Ton] ~ E[Kon] = z

speed of a randomly-chosen vehicle. It can be shown that 1—Pr(T, > Tup)
Tg = ¥ Tthres D 5

We first consider an ideal scenario where BSs have a _ 1 oo+ ) Pr(Ty = t)dt
complete knowledge of the network topology. If each BS 1 — pon 1 —Pr(Ty > Tin)
knows exactly the distanc& between adjacent vehicles at fT*h(t + DY pr(T, = t)dt
any time, then a BS can power off to save energy during = — - (4)

. ; : . > — ’
the period where the time gap of vehicles is larger than the Pr(Ty = Tin)(1 = Pr(Ty = Tin))

thresholdT}, given by Eq. 1. Specifically, the offline basewhere
station sleep strategy is described as follows Ten D
_ . _ / (t+ —)Pr(Ty =t)dt (5)
Definition 1 (Offline Sleep Strategy)Suppose at time a —o v
vehicle leaves the coverage of a BS and there is no other b pD+oTen o
vehicle in its coverage range. Suppose that the BS knows = /a /0 S Pr(X = 2) Pr(V = v)dzdv



pv rem.
—p(D + vTi) exp(—p(D + vTin))

_ /b(l —exp(—=p(D + vTin)) Based on the above result, we have the following Theo-

) Pr(V = w)dv Theorem 3. In a network with density and vehicular speed
v uniformly distributed in[a, ], let a(p,a,b) & £P=2
- M Then using the online sleep strategy described in Defini-
p(b—a) tion 2, a positive value of energy saving can be achieved
_ (14 pD)(Ei(=bpTin) — Ei(—apTin)) exp(—pD)  if a(p,a,b) < Zo, otherwise no energy saving can be
p(b—a) achieved. ‘
(exp(—bpTin) — eXp(*athh))eXp(*pD), Proof: Note a BS is in either the active mode or the
p(b—a) sleep mode. In active mode, no matter how long a BS keeps

where Ei(.) is the exponential integral function. active, the energy saving is 0. In a sleep period with length

Finally, because the vehicles follow a Poisson distributiol o7+ the amount of energy saved %, = To Lo — Ee.

and move independently, the operation of a typical BS catpcording to Eq. 7, the expected energy saving in each sleep

ind i _ Ilnb-1l i i
be modeled by a renewal reward process, where each cﬂ:‘?émd ISEors = E(b—g)alEbOl_Ec' Itis straightforward that
no—ina

consists of an active period followed by a sleep period arfebss > 0 if and only if Z7Z="5 > e "
the reward is the energy saving. Recall that the amount of T0 characterize the expected amount of energy saving
energy saved as a BS is given iy, = T,;;Ey — E.. Overalongrun, we nextstudy the length of the active period.

Then the expected energy saving per unit time for a typic@imilarly as Section IV-A, lep,,, = 1—Pr(T,; > 0). Denote
BS can be calculated by by E[T,,] the expected length of the active period. There is

/0 (t+ g) Pr(T, =t)dt (8)

ElEors]  _ E[Toss]Eo — Ee
E[TOff + Ton] E[TOff] + E[Ton] ,

(6)

ES(IUG ~

b D
= / / ad Pr(X = z) Pr(V = v)dadv
whereE[T,;;] and E[T,,] are given by Eq. 3 and Eq. 4 aJo v

; b
respectively. _ / 1 — exp( pD)pv pDexp(—pD) Pr(V = v)du
B. Online sleep strategy _ (Inb—Ina)(1 — exp(—pD) — pD exp(—pD))

In practical, there may not be a perfect information about p(b—a) '
the distanceX between vehicles. Consequently, a BS mayhen,
not know \_Nhether or not.the next time gap will satigfy > ) 1 ff) tPr(T, = t)dt
T Consider the following online sleep strategy. E[T,,] = - o (9)
1-— Pon 1-— PI‘(Tg Z 0)
Definition 2 (Online Sleep Strategy)A BS switches to (Inb—1In @) (1—exp(—pD)—pD exp(—pD))
sleep mode as soon as there is no vehicle in its coverage, = plb—a)
and the BS switches to active mode as soon as the next Pr(Ty = 0)(1 = Pr(Ty > 0))
vehicle enters its coverage. ~ (Inb—Ina)(1 —exp(—pD) — pD exp(—pD))

. b— —pD)(1 — —pD
Note that though a BS does not know the exact distéhice plb— a)exp(=pD)( eXp.( pD)) o
between vehicles, the adjacent BSs can work cooperativeQiVn”a”y.aS above, the expected energy saving per unit time
to inform the event of incoming vehicles, allowing enougfP" @ typical BS can be calculated by

time for a BS to be prepared to switch to the active mod% _ ElEgf] Eop — ’i,(lbl:ll),ﬂc
in time. save ™ E[T T o 1—exp(—pD)—pDexp(—pD) *
_ o _ _ i+ Ton] 1+ = e
This scenario is different from that in Section IV-A. ’ o exp(=pD)(1=exp{ pD))(lo)
Specifically, if the time gap between vehicles is small, then
a BS may need to turn on and off frequently, which may V. NUMERICAL EVALUATION
cost even more energy consumption. This section present numerical evaluation of the results

Denote by]E[Toff] the expected length of the sleep timgresented in the previous section, followed by discussions
interval of a randomly-chosen BS under this scheme. Thand conclusions. The parameters are taking typical val-

there is ues reflecting certain practical scenarios. Specificallg, t
. [t Pr(T, = t)dt distance between base stationslis= 0.8km [14]. The
E[T,r;] = =2 Pr(T g> 0 energy consumption model uses paramefays- 1kw and
, 1Ty 20) E. =87 [8].
Jo o 5P Pr(X = 2) Pr(V = v)dadv Fig. 3 shows the expected energy saving of a BS using
B [ Pr(Ty = t)dt the offline sleep strategy described in Section IV-A. It can

b1 1 be seen that the energy saving decreases as vehicle density

— Ja pv exp(—pD)g—gdv increases. Because the scenario is ideal where BSs have a
ff [ Pr(X =2)Pr(V = v)dzdv complete knowledge of the network topology, the energy
Inb—1na saving is always non-negative and it is an upper bound on

= m- () the energy saving using the online strategy shown in Fig. 3.
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Figure 4. Energy saving using the online sleep strategy

VI. CONCLUSION AND FUTURE WORK

This paper analyzed the energy efficiency of base station
sleep strategies in 1-D infrastructure-based wirelesscveh
ular networks. Analytical results on the expected amount
of energy saving for base stations were derived for both an
offline and an online sleep strategy. We provided a threshold
parameter, determined by vehicular density and mobility,
below which base stations can switch off and save energy,
but above which no energy saving can be achieved.

In a future work, we plan to verify our results in a network
simulator driven by real world vehicular trace. To better
reflect the real world scenario, the impact of time-varying
vehicular speed on the sleep strategy needs to be evaluated.
Moreover, multi-hop communication via ad-hoc connections
between vehicles can be employed, which is expected to
yield a more significant energy saving when combining with
the strategies studied in this paper.
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