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Abstract—We investigate the energy efficiency in a wireless the model with an infinite population and moderate traffic load

sensor networks that implements a non-persistent CSMA MAC more appropriate for analyzing random channel access in a
protocol with adaptive MQAM modulation at the physical layer. \ygN

The_system throughput is estimated bas_e_d on the number of In t.his aper. we investigate the enerav efficiency of a non-
received ACK packets. The backoff probability at the MAC layer paper, 9 gy Yy

and the modulation order at the physical layer are jointly adapted ~persistent CSMA MAC for a WSN with infinitely many nodes.

according to the traffic dynamics, leading to improved system To better optimize the energy efficiency, defined as the energy
energy efficiency while satisfying a given constraint on the packet consumption for successfully transmitting a bit, we assume
retransmission delay. Through numerical examples and simula- that at the physical layer a node is capable of adjusting its

tions, we verify the significant energy-efficiency improvements . . - .
achieved by this joint optimization compared to the backoff- modulation order according to the instantaneous traffic load

probability-only and the modulation-order-only adaptations. of the system. By using adaptive modulation, the system can
control the transmission duration of each packet, leading to a
controllable traffic load and packet retransmission probability.
. INTRODUCTION Analytically, we demonstrate that the energy efficiency can be
Wireless sensor networks (WSNs) have recently been thnimized by jointly optimizing the modulation order at the
focus of extensive research [1]. Numerous applications hagpysical layer and the backoff probability at the MAC layer.
been envisioned for such networks, including environmentab the best of our knowledge, this is the first work that jointly
monitoring, data collection, intrusion detection, etc. Due to ttewnsiders the physical and MAC layers in optimizing CSMA
limited battery lifetime of sensing devices, the design of highlyystems.
energy-efficient communication protocols for WSNs has beenThe rest of this paper is organized as follows. We describe
the focus of many recent studies. the system model in Section 2. The energy efficiency is
At the MAC layer, commonly used channel-access apptimized in Section 3. Section 4 presents numerical and
proaches for wireless networks follow the Carrier Sense Muimulation results, and Section 5 concludes the paper.
tiple Access (CSMA) paradigm. Essentially, there are two
variants of CSMA:p—persistent and non-persistent. As shown
in [7], the MAC protocol used in the IEEE 802.11 standard can
be well modeled by a—persistent CSMA scheme. In contrast, We consider the system in Figure 1. It consists of a single
several MAC schemes proposed for WSNs are similar to thatVGN channel, a traffic-load monitor, and a large number of
of non-persistent CSMA.. In this paper, we will focus on nomodes that generate packets independently and share the same
persistent CSMA. channel through random access. The functional abstraction of
Both variants of CSMA have been extensively studied overnode contains three components: a packet generatdr-an
the past three decades. Throughput and delay characteristigsquadrature amplitude modulation (MQAM)-based physical
were derived for slotted and unslotted channels, under finilayer, and a non-persistent CSMA-based MAC layer. Packet
and infinite- population models [2], [4]. However, analyticafjeneration at each node follows a Poisson process. Packets
results related to the energy efficiency were only recenthave the same size, sdy bits. A node only contributes an
reported for a slotted CSMA system with a finite populatiomfinitesimal traffic to the channel. Nodes collectively form
[5], [7]. In these works, the system is assumed to containaaPoisson source with aggregate ratgpackets/second. The
small number of stations (usually less than 100), and eairhffic-load monitor, typically a sink in a WSN, periodically
station is assumed to operate under heavy traffic, i.e., eaamples the traffic load over the channel (e.g., by counting
station always has packets be transmit. The finite-populati8€K packets) and decides on an appropriate modulation order,
and heavy-traffic assumptions best describe the situation isay M, that will be used by the physical layers at all the nodes
WLAN, but do not adequately characterize a WSN. In contraghder the current traffic load. The MQAM modulator at a node
to a WLAN, a WSN typically consists of a large numbemaps a packet fronl. bits to ﬁ symbols. Denote the
(thousands) of nodes. Each individual node contributes orthansmission rate of the channel Eysymbols/second. So the
a small amount of traffic to the network through infrequerttansmission time of a packet I8 = m seconds. As in
access to the channel (i.e, low duty cycle). Such a setup mak&s we consider a slotted system in which the slot duration
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ratio under ideal Nyquist pulses for the modulated symbols.

The delay, denoted by, for successfully transmitting a
packet is our quality of service (QoS) metric of interest.
Because of the data redundancy in WSNs, here we consider
a soft delay requirement in the forir{D > Tjjmit} < 9,
whereT};;; andd are given parameters.
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—_— I1l. ANALYSIS OF ENERGY EFFICIENCY
A. Energy Consumption for One Transmission
e In this section, we derive the minimum per-packet energy
vaffic load consumption that guarantees the delay requirement. Figure 2

shows the access process for a tagged packet that is generated
at time tg and is to be transmitted at the next slot. LEt
Fig. 1. System model. be the number of transmission attempts conducted before a

successful transmission and Iéf be the delay due to thih
attempt. We letiVy be the access delay betwegnand the

corresponds to the maximum propagation time in the networkart of the next slot. The packet transmission ddlays the

Leta & 7/T. time between the generation of the packet and the moment it

The processing unit at the MAC layer is a packet with lengils successfully transmitted. It is given by

I = T/t slots. Communication is based on a slotted non- N

persistent CSMA protocol [2]. A tagged node will first sense D= Z W. (2)

the channel before it transmits a packet. The activity of sensing i—0

the channel is referred to agransmission attempDepending |, [8], it was shown that under the assumption of Poisson

on the channel occupancy and noise conditions, there are fgQuiyals and for large backoff period&y can be accurately

possible consequences following a transmission attempt: (i) %proximated by a geometric distribution with success proba-
channel is busy (occupied by other communications), so tBﬁ"lty P,

tagged node conductstemckoff before it senses the channel .
again; (i) the channel is idle and the packet is transmitted, but Pr{N =n} = (1 = Psuccess)"" Psuccess- 3)

a collision occurs during the transmission so the node backs pgr a non-persistent CSMA system with an infinite population
before trying again; (i) the channel is idle and the packet is,qwithout AWGN . Puceess has been derived in [2]:
transmitted, but the transmission is corrupted by AWGN so the G

node backs off before another retransmission attempt; and (iv) Prvecess = _ e (4)

the channel is idle and the packet is successfully transmitted. (1-e) +a

We denote the probabilities of the above four possibilities hyhere G is the offered packet raterepresenting the average
Pyysy, Peottisions Peorruptions aNd Pgyccess, respectively. We number of combined new-and-retransmitted packet arrivals
assume the node learns the result of its transmission immedliring the transmission tim&. Accounting for the effect
ately after it completes this transmission. To make our analysit the AWGN, the probabilities of success and corruption
tractable, we further assume that the backoff duration followsecome:

a geometric distribution with a success probability Later

AWGN channel (transmit by contention)

uccess Iel

ae” (1 — Ppe)

Psuccess = - . 5

in the simulations, we relax this assumption by considering l—e % 4q ®)

more practical backoff policies: the uniform backoff and thand o

binary exponential backoff [4]. We show that the distribution P i ae” """ Ppe ©6)
corruption —

of the backoff has only a minor influence on the energy l1—e % +aqa
efficiency as long as the average backoff duration remains thhereP,. is the packet error probability in an AWGN channel,
same. Because our energy optimization involves physical-laygrd is given by
techniques, our model incorporates the effect of the AWGN on I
random access through the probabilty,,uption- In addition, Ppe =1— (1= Pie)™. (7)

we assume no energy is consumped during backoff, i.e., theDepending on the outcome of a transmission attempt, the
node sleeps during backoff by turning off most of its circuitslelay (in number of slots) due to thih attempt can be

The bit error rate (BER) for coherent MQAM with two-enumerated as follows

dimensional Gray coding over an AWGN channel is given by B, 1<i< N —1 and outcome is ‘busy’
[3]: 1 is B;+ %L 1<i<N -1 and outcome is (‘collision’
_ 1.5y W — T A
Pye(M,7y) = ze M= @ or ‘corruption’)
L ¢ = NN and outcome is ‘success’

wherey £ ff,—i is the received symbol-energy-to-noise-density (8)



D phor For gslm for trans. The packet loss probability due to delay is given by
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New Th B, T |p. By, | = (1 - P@uccessp) . (14)
ket > e ) . -
el W, W, W, Wy, Wy To satisfy an upper bountion the packet loss probability, the
(t0) minimum success probability is given by
Fig. 2. lllustration of the access process. 1—6%
PS?J,CCESS Z p (15)

where B, is the number of backoff steps in theh retrans- A WSNis typically characterized as a low-power, low rate,

mission attempt;B; follows a geometric distribution with and short per-hop communication range application. For such
g apege . . i 1 — T I

success probability. The probabilities associated with eact@” application, the parameter= 7 can usually be ignored.

of W's possible values arBy.s,, Prottision + Prorruption, and  FOr example, for a distance of 300 meters, packet length of
Piuccess, respectively. It has tileen shown in [4] t%at 1000 bits, and transmission rate of 250 kbps (this is the largest

data rate supported by IEEE 802.15.4 standard), the value of

_ l—e@ ais 2.5 x 107* ~ 0. From (5), we derive
Pbusy - 1 —aCG (9)
+a—e ) 1_ Ppe
P a(l _ e—aG) (lo) ilir(l) Poyecess = 1+G - (16)
collision = T~ — - . .
1+a—e9G Noting Psyccess = 2, whereS = AT, we can rewriteG by
Substituting (8) into (2) and ignoring/y, we have reformulating (16)
N-1 N S
T T limG=———— a7
D= B; + N < B; + N 11 a—s — _ S
> B+ ces - < > Bi+ ces-  (11) 0 1—Pp—S

=1 =1

) i . Substituting (17) into (16), we get
where Nc¢cs is a random variable denoting the number of
transmission attempts whose consequences are collision, cor- Psuccess =1 — Ppe — S. (18)
ruption, or success. In (11), the inclusionBf; into the sum- I . .
mation is a conservative approach because as long as the @%sttﬁuttmg t(‘lf) |ntt£ %5)| , the m:fmmurrl packet egor proba-
of the equation is less than the required delay bound, its L Ity that satishies the delay requirement 1S given by
equation must also satisfy the delay bound. The distribution of 1—6%
D was derived in [4] by using a recursive numerical algorithm. Ppe <1 -5~ P
However, the results in [4] are non-invertible and not in dinalv. th ) L b
closed-form. By expressing the distribution &f in closed Accordingly, the maximum BER is given by
form, we will be able to derive the minimum per-bit energy 1\ T

. . o 1-0%
efficiency. To proceed with our derivation, here we assume that Pe.<1—|S+ ) (20)
the average backoff periods are sufficiently longer than the p
. . . . T

transmission dyra“on Of_ a packet, L.&Vces, < NE{B%}’_ Substituting (20) into (1), we determine the minimum energy-
such thatNccs- can be ignored. We will verify the validity per-bit for a transmission
of this assumption later in the numerical examples. With this

(19)

assumption, (11) can be further simplified into By = 2(M —1)No n 1 21)
N 3log, M NT]
51— (84 1=2E
D~ B (12) 2
=1
It is easy to obtain the moment generating functionof B. Analysis for Average Number of Retransmissions

o o PyyccessDS Consider a tagged packet when the number of total transmis-
H(s) = ZPr {D=i}s" = —1-P s (13)  sion attempts until a successful transmissiomVigincluding
i=1 suecess the successful transmission), the average number of actual
The structure of (13) reveals that this is the moment generatitmngnsmissions is given by
function of a geometric distribution with success probability
E {NCC§N} = N(Psuccess + Pcorruption + Pcollision)

N(1 = Pyusy)- (22)

Pyyccessp- Let K = {TIT;‘ be the normalized delay bound.



¢From (9), it is easy to derive that case, the optimization problem in (30) is simplified into the
following formulation:

—aG
lim Phs, = lim — G 5= 1 < & @ s
a0 a0 lte T maximize,, (5 - 5:1:M(p)%> 0 ()
Therefore, the unconditional average number of retransmis- such that
sions for a tagged packet is . st 31)
_ _ 1 IM(Lp) B ARlogz 7"
Nees= N1 = Prusy) = 7=~ (24) (B <amlp) <1
0<p<l.

Substituting (19) into (24), we derive the average number of _ _ _
retransmissions for a tagged packet as a function of the traffidt is easy to see that,(p) is an equivalent expression pf

load S and the backoff probability: in the sense that there is a one-to-one mapping between them.
B 1 Therefore, the objective function in (31) is a single-variable
Nees= ——. (25) function inp. Numerical algorithms can be used to solve this
S+ 1=0F optimization problem. Denote the optimal solution to (31) by

p%,. Utilizing the discrete nature of the modulation order, the

C. Optimization for Energy Efficiency optimal modulation order and packoff probability to problem
(30), denoted by M?, p°), are given by

we define the energy efficieneyas the average energy con-
sumption for successfully transmitting a single bit. Formally, (M°,p°) = argmin, . \n(M,p3,), M = 2t 22 .

. 2 M-11 (32)
n=ENees= —5No-—~In5(1-at)  (26)
3 “logo M x
where IV. NUMERICAL EXAMPLES AND SIMULATION RESULTS
N N We conduct numerical experiments using MATLAB to eval-
c¥1-P,=5+ 1-0% L 1-0% (27) uate the efficiency of the proposed joint backoff-modulation

p  Rlog, M p optimization. We also perform simulations using CSim to

For (26) to hold, the following constraint must be satisfiecvalidate our assumptions and analysis. In our numerical ex-
amples, we sef. = 1000 bits, R = 250 Ksymbols/second,

0< Ppe 1—27% <0.2 (28)  Timit = 500 ms, § = 0.01, and the largest distance in the

or equivalently, network d.x = 200 meters, which corresponds to a slot
A\ length of 7 = 0.66us.

(> <z<l. (29) In Figure 3, we compare the energy efficiency for

joint  modulation-order-and-backoff-probability adaptation,

In a CSMA-based network, the receiver confirms a sueaodulation-order-only adaptation, and backoff-probability-
cessful reception by sending a positive ACK packet to thenly adaptation. In the modulation-order-only adaptation, we
transmitter. Due to the sharing nature of the channel, the chaibitrary fix the backoff probability ap = 4.2539 x 1076
nel traffic-load monitor, typically a sink in a WSN, can alsqany other fixed value op gives a similar behavior). In the
overhear this packet. Therefore, the monitor can estimate tssckoff-probability-only adaptation, we fix the modulation
instantaneous channel throughpuby sampling the number order atM = 16. From Figure 3, we first note that the
of overheard ACK packets. Given the availability of traffigoint A/-andp adaptation provides the best energy-efficiency
load information, our optimization minimizegby controlling among the three schemes. Furthermore, we observe that the
the modulation ordef/ and the backoff probability. More backoff probability has a big impact ap Specifically, under

specifically, the optimization problem is formulated as a fixed modulation order/ = 16), p can be adapted to the
. o Mol 1 traffic load such that the system energy-efficiency remains
minimizey ,, n=—2Nor—7 7 i ; i iar i i
{M.p} { 34'0Tog, M z(Mp) constant irrespective ok. This behavior is valid as long as
xIn5 (1 - x(M,p)%)} the traffic load is within the capacity region of the current
such that (30) modulatlor_1 order. In contrast, # is fixed, the turnmg p0|r_1t
DL < ) < 1 of the traffic load where the system needs to shift to a higher
(()5<) —<”i( D) < order modulation to save energy is about 100 packets/second
<p<

i smaller than that whep is adaptive.

Me{2li=1,2,.} A key approximation in our analysis is thdfccst <

where z is notated as a function of/ andp, as defined in NE{B;}, so that (12) holds. We justify this approximation

(27). using Figure 4, where thg” (the optimal backoff probability)
Because variablé/ is discrete, we can apply a variableis plotted as a function of. For illustration purposes, consider

decomposition method to solve the optimization problem (3Ghe segment of the graph whelW = 2. When A < 200

1

For a given)M, denote the conditionat by z(p). In this p° < 107°. It is easy to verify that EB,} = -5 > 107.
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Fig. 5. Energy efficiency vs. backoff probability under different distributions
for the backoff duration.

V. CONCLUSIONS

In this work, we developed a cross-layer design for non-
persistent CSMA, typically used in wireless sensor networks.
Our design combines adaptive modulation at the physical layer
and adaptive backoff at the MAC layer for the purpose of
maximizing the communication energy efficiency. The mod-
ulation order and the backoff probability at each node are
periodically adapted according to the traffic load. Numerical
results demonstrated the significant energy-efficiency improve-
ment of this joint optimization over the backoff-probability-
only and the modulation-order-only adaptations. Although a
geometric distribution for the backoff process was used in
our analysis, our simulations verified that the performance is

not significantly impacted by the distribution of the backoff
processes.

Noting Nccs < N, it can be asserted thafccst < NE{B;}.

On the other hand, asapproaches the capacity region, Figuref1]
4 shows that EB;} is comparable to the length of a packet.

It can be verified from (23) that.s, approaches 1 in this 5
case. According to (22), it is expected thEgcs < N. This
makes our approximation still accurate. Similar observations
can be made for other modulation order because of the similg
behaviors ofp® and P,y .

Finally, to validate our analysis, we compare our energy#l
efficiency expression (26) with the simulation results in Figure
5. Using CSim, we simulate a non-persistent CSMA systens
consisting of 500 nodes distributed overl@ x 100 square
(in meters). We seir = 400 packets/second and/ = 8. (6]
Three backoff policies are simulated: a geometric backoff, a
uniform backoff, and a binary exponential backoff [4]. The
parameters for the latter two policies are set in such a way thed
their average backoff steps are equal to that of the geometric
policy with a givenp. From Figure 5, it is noted that the [8]
analytical expression well approximates the simulation results.
In addition, we can observe that the distribution of the backoff
policy has a minor impact on the energy efficiency as long as

the average backoff periods are the same. Similar observations

were also reported in [4].
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