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Abstract— Energy efficiency is widely understood to be one of 1) The communication power consumption is increasing.

the dominant considerations for Wireless Sensor Networks. Based  2) The receiver radio power consumption is growing much
on historical data and technology trends, the receiver energy faster than the transmitter.

consumption will dominate all energy, to the point that for the . s
majority of applications, power management research must focus 3) The CPU active power decreases with time.

on receiver efficiency. Those trends are, in fact, real and fundamental. The modest
By modeling several popular MAC layer protocols, we derive put steady increase in transmitter power is largely caused b

bounds on performance for receiver efficiency. In particular, - ap jncrease in the data rates. The more significant growth
we analyze four abstract models, Synchronous Blinking (e.g. T- in receiver power is due to arowth in r iver comolexit
MAC, S-MAC), Long Preamble (e.g. B-MAC), Structured Time- eceiver power Is due 1o gro eceiver compiexity.

Spreading (also called Asynchronous Wake-Up), and Random We expect the first trend to be restrained by system energy.
Time Spreading. These results strongly suggest that scheduling However, it seems that that second trend may accelerate over
the receiver so as to minimize (or eliminate) the potential for the next 5 to 10 years because of sophisticated despreading
interference (or collisions) could be from 10 fold to 100 fold 5q Forward-Error Correction (FEC), which will dramatlgal

more efficient than current practice. incr the relativ wWer r ired by the r iver. In th
We provide two new receiver scheduling methods, Staggered crease the relative power required by the receiver. e

On and Pseudorandom Staggered Qwoth of which are designed future the receiver power may be 1 to 2 orders of magnitude
to exploit the untapped opportunity for greater receiver effi- higher than the transmitter power because of the cost of
ciency. Compared with the centralized deterministic scheduling receiver computations and dramatic improvements in other
in Staggering On, the decentralized scheduling in Pseudorandom sources of efficiency (as one example, nRF24Z1 by Samsung

Staggered On achieves only slightly lower energy efficiency. L .
In addition, we design a new MAC protocol, calledO-MAC, has50% more power consumption in Rx than in Tx).

based upon Pseudorandom Staggered On that achieves near The domingnce of receiver power ansumPFiOD reguires
optimal energy efficiency. Finally, we describe two variations receiver centric power management design. This is differen

of our O-MAC protocol — with local broadcast channel and from the sender based design that current MAC layer pragocol
preamble-sized slots. have assumed. In the sender centric design, the sender wakes
|. INTRODUCTION up all the potential receivers during the transmission afen

Energy is a fundamental bottleneck of wireless sensq]}e message is unicast. In contrast, receiver centricitgnse

networks. It is widely understood in the literature thaticad ™€ sender must follow the wake-up schedule of receiver. In

communication is the dominant power consumption in all thIQ'S case, it is common that only one receiver will wake up to

components [1]. receive its message in a region at one time.

B. Almost Always Off Communication

A. Receiver Centricity . o _
The following table shows the power specifications for the In.typ_|cal sensor network appllca}tlons such as environment
onitoring, the systems are required to survive for several

historical sequence of radios used by the Berkeley motes 51} -
g y y ars. This means most of nodes must be almost always off

Vendor RFM | Chipcon| Chipcon (AAO) to conserve energy.
Part No. TR1000| CC1000| CC2420 For a MAC protocol in a low duty cycle sensor network,
Rx power (mW)| 11.4 28.8 59.1 energy is wasted due to the following sources of overhead [3]
Tx power (mW) | 36 49.5 52.2 « Idle listening: Since a node does not know when it will
For comparison, the power specifications of CPUs is also be the receiver of its neighbors, it must keep its radio in
listed in the following table [2]. receiving mode all the time.

o Overhearing: Since the radio channel is a shared

Type ATmegal63| ATmegal28| MSP430 medium, a node may receive packets that are not destined
Active (mW) 15 8 3 to it
Sleep (mW) 0.045 0.075 0.015 « Collisions: If two nodes transmit at the same time,

Although the amount of data is small, it suggests three packets may be corrupted. Hence, the energy used during
trends: transmission and reception is wasted.
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« Protocol overhead MAC headers and control packetsthe application’s data rate. Essentially, these prototmisis
are used for signaling (ACK/RTS/CTS). This source obn providing higher throughput by collision avoidance and
overhead can be significant since many applications onthansmission scheduling, energy efficiency is only a seagnd
send a few kilobytes of data per day. consideration. A new energy efficient MAC layer protocol is

In AAO networks, idle listening and overhearing are twéherefore needed for AAO communications. '
major source of power consumption. The protocol overhead!n [11], & receiver based collision avoidance protocol is
should also be minimized because the application traffic iRfroduced. But its primary goal is collision avoidancet no

low. However, the low duty cycle tends to alleviate collisio for energy efficiency. Therefore, the protocol provided @ n
energy efficient. In this paper, we argue that the energy

C. Our Contributions efficient MAC protocol should be designed based on receiver

« Inthis paper, we identify the fact of receiver dominance igentricity.
energy consumption and the design paradigm of receiverThe rest of this paper is organized as follows. In Section
centricity, which is in contrast to the current sender baséd we formally define the system model and an energy
MAC layer design. We believe this new paradigm wilefficiency metric to evaluate the performance of the prdtoco
dominate energy sensitive designs. In Section Ill, by generalizing common MAC protocols into

« We define an energy efficiency metric, using which weeveral abstract models, we compare their energy efficiency
analyze the power management schemes embeddecnd provide theoretically performance bounds for eachatist
current MAC layer protocols. Bounds on the performand®odel. In Section 1V, we explain the highlights of the design
suggest that sender based scheduling suffers inherelya power-conserving based MAC protocol (O-MAC), that
from overhearing and idle listening. These results sho@hieves near optimal energy efficiency.
the Iimits_ of the sendgr based scheduling_. _ Il. DEFINITION AND SYSTEM MODEL

o We provide two receiver based scheduling techniques. _—
One is centralized deterministic scheduling, the othéY Definitions
is decentralized pseudo-random scheduling. Surprisingly We generalize the frame format common in several proto-
the decentralized pseudo-random scheduling achies, such as IEER02.15.4, B-MAC, S-MAC, and T-MAC,
only slightly lower energy efficiency compared with thénto a common logical structure. The schematic view of this
global scheduling. Both of the receiver based scheduli@@straction is described in the next figure:
technigues show orders of magnitude improvement over

(a) Overall schedule structure

current transmitter based scheduling protocols. Frane Frane
o« We design a new MAC protocol (O-MAC) that can ser St
achieve near optimal energy efficiency. Several extensions EPEQEEEE. ]
to the basic scheme are also discussed.
Header Payload
D. Related work @

(b) Slot structure

About 20 power aware MAC layer protocols have been
proposed in recent years. The power management meth- ls\.j——k—l
ods embedded in those protocols fall into three categories:
synchronous blinking (S-MACJ4], T-MACJ5]), asynchronous
wake-up [6], [7], and long preamble (usually called low Fig. 1. Structure of the schedule
power listening in the WSN literature)(B-MACI8]).In the
synchronous blinking case, all the nodes wake up at the same Packet-length slot: A slot is a fixed time interval that is
time periodically; in the asynchronous wake-up case, every long enough to receive (send) a packet, and includes a
node wakes up using a complex pattern designed to ensure “guard region” to allow for small scale time misalign-
that any two neighbor nodes can communicate irrespective of ments.
the time shift between the patterns; in the long preamble,cas « Preamble: A part of a slot that is used by the receiver
the transmitter uses a long enough preamble so that all nodes to identify the start of a transmission. It appears before
are guaranteed to wake-up before it transmits and to remain the header and is used internal to the radio for fine-scale
awake until the transmission completes; time synchronization, carrier acquisition, etc. Usudlg
Because current MAC layer protocols assume that the preamble length is about0% of the packet size. Most
underlying communication between sender and receiver is protocols can achieve better energy efficiency with shorter
local broadcast, the energy wasted on overhearing is substa preambles. On the receiver side, partial slot listening is
tial. All the neighbors around the sender must wake up to used to detect the preamble. If there is no preamble
receive the packet which may be a unicast packet. In contrast detected, the receiver can sleep in the left slot time.
TDMA based approaches (SS-TDMA[9], L-MAC[10]) can « Frame: A frame is the minimum interval over which a
avoid overhearing, but their idle-listening overhead is1no receiver is guaranteed to turn on at least once. Frame
negligible, unless the TDMA duty cycle exactly matches size is closely related to latency requirements.

Preamble Peyload
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We make the following assumptions:
o The cost of transmission and of reception are the same.

This is true in the case of Chipcon CC2420. In fact, all
the analysis we perform can be extended easily to other
ratio models. We normalize the cost of sending in one

determined only by the application and routing policy, not
network reliability. It measures the message generating
forwarding rate, without including the retransmissions.

Let N. be the average number of neighbors, this is
determined by the communication range and the node

density. Typically,N, € [2,6].
« Letn be the average number of nodes that would interfere
with a particular transmission. Typically; € [5,50],
because the interference range is significantly larger than
the communication range.
Let ¢ be the overall duty cycle. Typically) € [3%, ﬁ].
Mission lifetime dictates this. Here, the is defined as
number of active slots (sending and receiving) divided by
total number of slots.

slot to unity.

B. Problem Statement

Traditional MAC layers are designed to achieve high
throughput by collision avoidance. However, in the low duty
cycle applications, the primary goal is to maximize goodput e
for a given energy budget, which we propose be measured by
energy efficiency defined as:

J
E= M (1) o Let), be the receiver duty cycle:. is defined as number
> >.(S] + R)) of listening slots divided by total number of slots.
where o Let T" be the cycle time, or the duration of one frame.

Typically, T € [0.1,100]s. The average single hop latency

i — { 1 When node transmits in slotj is half of this number
' 0 Wheh node: sle_eps |_n SIO?_ o Let 4 be the slot time, the time it takes to wakeup
, 2 Node1 succeeds in unicast &t and power up the communications to send one packet.
M! =< 1+ N, Node: succeeds in broadcast At Typically, § € [5, 50]ms.
0 Otherwise o Letc,o the partial slot listening time:, is the percentage
4 1 When nodei listens in slot; of the time that is spent on detecting channel activity.
R] = 0  When nodes sleeps in slotj Note: In a stable network where all communications are

unicast2Nye = S 5" M/ and Ny = 2 57(S7 + RY), where
N, is total number of slots. Then the energy efficiency can be

¢, Otherwise: partial slot listening

(Note: N,. is the number of receivers in the broadcast).
The goal is to achieve maximum energy efficiency by schedlﬁjlc—’mpl"tEOI by:
ing transmission and reception. Note:
« M/ is decided by the sendet’, receiver R/, and the
possibility of collisions.
« If all the transmissions are well scheduled so that colli-
sions are avoided, then for unicast communication:

YyM 2

E=_Ze i
YX(SI+R) ¥
I1l. ENERGY EFFICIENCY ANALYSIS

In this section, we investigate the theoretical perforneanc
, _ _ bounds of several abstract models that represent key ésatur
Z ZM{ =2 Z Z S) = 22 ZRf = Eq: =1 of widely used MAC protocols. The following assumptions

o . ?re made in this section:
Achieving such a schedule would require exact knowl- . . . .
The number of interfering nodesis constant. In Section

edge of the message generation pattern, which is almost T -
never available. III—G.1,.we prove that our analysis is still valid in the case
of varying .

To simplify our analysis, we do not consider CSMA
effects in the analysis. We relax this assumption in
Section lI-G.2.

We assume a node will wake up for a full slot other
than partial slot. In Section 11I-G.3, we will analyze these
protocols with partial slot listening enabled.

We begin with two lemmas.

)

C. Models .

In our analysis, we consider the following models:

1) Communication Model: If a receiver receives more
than two transmissions at the same time, none of them®
can succeed.

2) All communication is unicast.

3) Traffic Model: All the sensor nodes will send messages L 1 A th bability of t ission f
with the same probability, when they are active. If emma 1. Assume the probability of transSmission for any

message is lost, it will be retransmitted with randorﬂOde at slot is p;, then the conditional probability of collision
delay ' p. when a node wants to send at slas:

pe=1—(1—p)"" 3)
Note: this equation is derived from the fact that for any
Before analyzing the performance of different power mageceiver only one neighbor node can send out message. In
agement schemes, we define several variables: addition, all the transmissions are independent. Cledniy,
o Let ¢ be the probability that on average a node needs poobability of collisions depends on the number of intarfgr
transmit in one slot. Typicallys € [107%,1/500], and is nodes.

D. Notations
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Lemma 2: When one packet is sent, the expected humbBr The Long Preamble Case

of transmissions is: In this case, all the nodes wake up periodically. No time

o0 1 synchronization is required. If a node wants to send a messag

E(Trans) = (1 —p.)(1 + Z(k +1)*pk) = T (4) it uses a long preamble. When a receiver wakes up and if it
k=1 ~Pe detects an ongoing preamble, it stays awake for the message;

otherwise it goes back to sleep. B-MAC [8] falls into this
category. There are two cases as shown in Figure 2:
o In case one, a long preamble is used to wake up the
receiver, all the nodes that hear the preamble will wake
In this case, based on the global time, all the nodes wake up. After the long preamble, the payload is transmitted.

up at the same time. During these short on-intervals any, |n case two, the same packet is sent repeatedly during
traditional protocol may be used. S-MAC and T-MAC belong  the frame time and the receiver wakes up.

to this category. o Our analysis focuses on case two since it is more power-
Theorem 1: When p; = % the Synchronous BIinking efficient than the case one 8.

Case attains its the maximal energy efficiency:

wherep, is the probability of collision.

A. The Synchronous Blinking Case

Case 1: Single Packet

% 2(1 _ l)ﬂ ) Slot slot  Slot Slot D Carrier Sense
Egmae = max (*) = K ~ (5) B rreamble
n—1 (n—1e Sender || [ N
Proof: Assuming the probability of transmission when B o

Slot Slot
0 seer

a receiver is awake ip;, then the percentage of time for "

transmission is defined as:

Case 2: Multiple Repeat Packets

Tr=px1 (6) I Frame _
Slot Slot Slot Slot
T'r can also be calculated by: Sender .

€
Tr = E(Trans) x e = = Slot  Slot Slot
1- Pc Receiver j:l
€ € S
- (7) |} Frame

L= =(@=p)rt)  (L—p)r!

. . Fig. 2. Structure of the Long Preamble Case
By solving equation (6) and (7), we can get:

€ = (1= p)i Theorem 2: Whenp; =~ /2, we get the hlghe.zst energy
" efficiency in the Long Preamble case (case two):
By differentiating with respect tg;, we get the maximal Elmas = max(ﬁ) ~ Y —y)"! ~ ¥ (8)

efficiency atp; = 1/7: .2 2
y alp; /n Proof: Assume the probability of transmission at every

% 2(1 — Ly 9 frame isp;, so the probability that a receiver gets messages
Esmae = max (—) = T~ successfully can be calculated by:
(2 n—1 (n—1)e
. L . s =pe(1—2
Note: The approximation in the last step is the asymptote ps = pi(1=2p1)
asn — oo, but it is already a fairly good approximation by Note: The factor of2 is explained by the fact that the

n—1

the timen = 5. transmission in one slot can interfere with transmissions i
m two slots due to slot misalignment.
Remark: Let the receiver duty cycle be, during the long preamble
o If all the senders are well scheduled, they can Sert]r&ansmssmn, the energy efficiency is:
messages sequentially to avoid collisions. The energy £ _ Psr
efficiency under this assumptioft;, .. is 2/7. Thus, L
1 ¢ =pt+ wr
2(1-1) 1_ 1y
Esnza.'c o n—1 o ( 7)) n ~ 1 We can get:
E; 2 -1 e
imax 7 n i =(1- %)pt(l _ 2pt)7771 9)

Because of collisions, onlyi/e of the messages are
successfully transmitted.
o Sincen > e, the maximal energy efficiency in this case .

_ ¥
is dictated by the number of interfering nodes. Pr = Y2+ 1— 20 + b+ 1

Differentiating withp;, we can get the maximumy+y when

%ﬁ
2
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and1 > i, we have the maximal efficiency: by using similar steps as the Synchronous Blinking case, we

Eimaz = maX(E) N Ry € 1 (1 2 -1 (13)
= (1 =y ——=
- Y
Remark: By varying p;, we can get the maximum energy efficiency.
« To get the maximal energy efficiency, the receiver dutynent < 2y
cycle must be approximately equal to the sender’s duty % (1- %)"
. _ * 0 Vol ok — [ S/
cyclery, =9 —p; ~ 5 ~pj. Eamaz max(w) n—1
C. The Asynchronous Wake-up Case ~ 1 - (14)
In this case, all the nodes wake up according to a schedule e(n—1)
described in [6] and [7]. By using these schedules, it isiptess P = @ _ 1 (15)
to wake up in onlyk slots out of totak? slots and to guarantee 2n  2ny
that for any two nodes at least one slot exists during whighen1 > 211, we have the maximal efficiency:
both nodes are awake, no matter what shift exists between the % 9 9 .
E = —_—) = — 1 E——_
two schedules. We regard thesé slots as one frame. We amazx maX(w) \/ﬁ( \/ﬁ)
Overall schedule structure D Listening - 21/)(1 - 2w)7’]71 (16)
l Transmission p:ﬁk = 1 (17)
Frame eel
s st sor O s In a low duty cycle sensor network, is large enough, so the
MY N D DY [ Y Ml M D maximal efficiency is:
sender [ I B | ]
(26) 2 o
max(— )|~ —— =
Frame w \/,ﬁ
Slot Slot Slot
Pt — PP AP ] -
Receiver ::C;:: [ | \ Remark:
o The energy efficiency of Asynchronous Wake-up method
Fig. 3. Structure view of the Asynchronous Wake-up Case is proportional to total duty cycle, which is very low in
a typical AAO network.
define the frame length as i.e.: « Since no time synchronization is required, the method is
T k 1 1 robust to network uncertainty and mobility.
— — = 2 . ~N — = — = —— . .
"= W= (Note:y K2k \/ﬁ) D. Random Time Spreading Case
Theorem 3: The maximal energy efficiency wheré is In this case, the wakeup schedule is totally random. Every
small andl > 2ny is: time slot, the receiver will wake up with probability.. In
% 9 addition, time synchronization is not required.
Eomar = max (—) & — = 2¢ (20) Theorem 4: The maximal energy efficiency in low-duty-
¥ v cycle random time spreading sensor network is:
whenp; =1 ¢ %h
Proof: Assume the probability of transmission in one Ermas = max (i ~— (18)
frame isp;, then the conditional probability of collision given pe€l0.1] "
transmission is:
pe=1—(1—p* i)nq Proof: Assume the probability of sending a message
(& \/ﬁ

in one time slot isp;, then the probability of successfully

Note: Similarly to the Long Preamble case, fackois used receiving a message is:

to compensate for desynchronized slot. The percentage of _ _
P y P 9 Pou = Ne * &pr(l — )" = pepr(1 — pe)"

transmission timel'r is N,
€ = Psu
TT :pt*¢ (11) 77/1:p7+pt
T'r can also be computed by equation: The energy efficiency can be calculated by:
Tr = E(Trans) = €x/n = 16\/5 - E = max (ﬁ) = max 2pepe(1 = po) ")
—be T peoa) Y pelo] Pe +pr
e\v/n B ev/n (12) %)
1—(1—Q—ppx—2)171) (1 —p % =)L ~—
(1= =pex =1 (I=pix %) n
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where By differentiating with respect tp;,,,, we can get the maximal

. VP tdn—4-n  p efficiency:

Py = pr R —
' 2(n—1) U 0
| Eomaz = max (E) ~ 0.43
Remark: A
i en :
« This fully random wake-up case has the worst powéf . JBNZ AN, N, 062

efficiently because energy is wasted not only in time (duty Dim = ~
cycle ), but also in spacenj. t 2Ne(NeNe — 1) Ne
« Here, we ignore the effect of possibly unaligned slots. If u
we consider this effect, the energy efficiency is reduced Remark: Because of sender collision, we can only success-
by a factor of 2. fully transmit 43% of the ideal capacity. However, compared
with the Synchronous Blinking case, by scheduling the re-

E. The Staggered On Case . - . .
) ) ceiver, the energy efficiency increases by a degres, ofe.
All the solutions we have described so far are sender basgd number of interfering neighbors.

scheduling. They are intended as surrogates of the bulk of

schemes in common use today. We provide one solution, whichPseudo-random Staggered On Case

we call Staggered-On wake-up, in order to highlight the key To overcome the difficulty of implementing and maintain-

difference between this case and the synchronous blinkipg a global schedule in Staggered On case, we relax the

case. constraints by letting every node wake up independentli wit
In this case, all the receivers are scheduled to wake up s@bability . There is no guarantee thaceiver collisions

that no receivers can interfere with each other; we call thige avoided.

receiver collisionavoidance. Specifically, any transmitter that Theorem 6: The maximal energy efficiency in the Pseudo-

is within the communication range of one receiver is outsidgndom Staggered On Case is

the interferences range of the other receiver as shown unéig ¢

4. The four circles in the figure mean the interference regjion Ediomaz = maX(i) ~ Eomaz * (1 = 0.62tp,)"~ N

for four receivers. In this case, receivers that have oppdd D—N.

interference region can not be active at the same time. . ~ 0'_43(1 —0.62¢,)" " (21)

Proof: Similar to the previous case,

- ept'm(l — Ptm — Nept'rrﬂ/}7'/2)NE7l
*(1 - Ne * ptmq/}T)niNa

=g + P = Ng * Do * Y + 2y

This equation is derived by the following observations:
o Assume a node named wakes up as a receiver, since

£
Uy

Fig. 4. The spatial view of Staggered On Case its neighbors know the schedule df they will only act
§ ) as senders. In addition, if some neighboring nodes are re-
Theorem 5: When pj,,, ~ 0.62/N., we get the highest ceivers, they may also transmit. In sum, the transmission
energy efficiency in the Staggered On case: probability is pe + Ne * pembr /2.
2e o For any other node that is not a neighbor, but in the
Eomazr = —) ~0.43 19 . - N
max(q/)) (19) interference range, the possibility of being active as a
wherep;j, . is the possibility of transmission when the neigh- sender isNe * pym -
boring receiver is on. we can get:
Proof: Assume when any neighboring receiver is on, € N1
the probability of transmission ig;, then the probability of i ePtm (1 = Ptm — Nepimr/2)7°
transmitting to one particular receiveriig,, = p:/N.. (1= N # prmthy)1=Ne
Let the receiver duty cycle bg,, then the sender duty cycle * c T otm T (22)
ws iS Neptm + 1
By differentiating with respect tp;,,, we get the maximal
s = Ne * prm * ¥y effic)i/ency' ’ pee ’
€ No—1 '
J == eptm(l 7ptm) ¢ % N
" Eomax:InaX* %Eoma:r* ]-_Ne* mrn_e
Y = Ps + Uy = Nok prm * Pr + U ‘ &) ( Pomr)
we can get: ~ 0.43(1 - 0.62¢,)"~ ™ (23)
€ Nepim(1 — Pogn) Ve D) (20) whenp;, =~ 0.62/N,
’(/J B Neptm + 1 u
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Remark: In this case, the energy efficiency decreases with
the number of interferers. In addition, at very low duty eycl

the Pseudo-random scheduling can be as good as global
Staggered On case.

o
3

o
o

o
o

o
I

G. Extensions to the Analysis

1) Adaptation to interference range variatiorthe value
of n is decided by interference range. In this section, we
focus on its influence on the energy efficiency. We evaluae th
influence of variation using two standard distributionsfanm
distribution and normal distribution to show that our ais&y
is still valid even under those variations. Here, we onlyvsho
the Synchronous Blinking Case with uniform distribution as
an example. . . _— . Fig. 5.  The loss of efficiency due to the mismatch between message
Assume is uniformly distributed infno — o,70 + o].  generation rate and receiver duty cycle.
However, the wakeup schedule uses the average ygliéen
the expected efficiency can be calculated by:

* *%**ﬂ

The energy efficiency
o
w

o
N
=R TR %

o
[

=)

0.05 0.1 0.15 0.2
The transmission probability when a receiver is on (pl/q,l[)

o

« Random Time Spreading Case: no change since the node

no+o
E(ey) = / 2—p(1 —p)Tdn needs to wake up for a full slot to listen to any possible
no—o +;7 . traffic.
_p (=—pmr-(A-p)" « Staggered On Case:
1—p 20 log(1 —p)
Compared to the efficiency of the network with constagt E= 2Nep (1= p)™ (26)
(1 - Cp)Nept +cp + Nepy
_ —1
E(es,) = p(1 —p)™ « Pseudo-random Staggered On Case:
Eley) _(A-p)"-(1-p)"" o v
E(ey,) 20 log(1 —p) Eq =2Nepi(1 —pr) N (1 — Nepety)" N .
1. =(1-c¢ —(1— e(1 — yn—Ne
( Whenp - is Sma") Eb (1 Cp)(l (1 pt) (1 N(’ptq/)r) )
Mo “+cp + Nepy
2) Carrier Sensing and Collision AvoidanceTo avoid po2Ea @7)
collisions, carrier sensing can be applied in all the presio v By

cases. Howeyer, this may increase th_e idle Iis_tening tinne_. ! 4) Matching Duty Cycles:All of the efficiencies reported
addition, carrier sensing can not _av0|d the h|dde.n.term|nl%l this section have been computed for ideally chosen mes-
proplem cor.nple.tely_. S.O’ the benefit f_or energy e_fhmency b age rates. In each case, the derivation considers a range
carrier sensing 1s I!mlteq. From previous angly5|s, we ha\(/)? communication load levels and selects the load level that
seen the channel utilization can be uad; by swnply letting . maximizes the efficiency. Table | summarizes the relatigmsh
every node access the chan_nel ra_ndomly with pmbab'“k%tween message rate and duty cycle corresponding to dptima
1/n. In other words, the maximum improvement of eNergy e ionc

efficiency by using carrier sensing is or8¥%, which is less Y.

important than scheduling receivers properly. TABLE |
3) Partial Slot Listening: Partial slot listening can reduce Case Name | Message Ratd Receiver duty cycle
the idle listening because receiver can quickly go backeeys! Sync Blinking 0 KN
. . . . . . n+1 n+1
if there is no traffic. The energy efficiency for the different Long Preamble 02 /2 p/2
cases can be computed by the following equations: ASync Wakeup wi/z 1/;/2
« Synchronous Blinking Case: Fully random S pER]
Staggered-On 0.38¢ /N, 0.627)
2 2, (1 — n—1 Random-Staggered 0.38¢ /N, 0.627)
g2 pe(1—pi) (24)
Vo p(l=p)T+1—(1—p)"
o Long Preamble Case: Figure 5 shows how the efficiency varies with the ratio of
_ message rate and receiver duty cycle.
2 2pi (1 — pg)" L (2 — )
- P ]it) (wl P 7 (25 The network should pick a duty cycle that meets the needs
o et @ =) (1) (1 —p)T+1) of the application in the most efficient manner, i.e., actad

« Asynchronous Wake-up Case: no change since the nddethe formula in the Table I. Unless the message generation
needs to wake up for a full slot to listen to any possibleate of application can be adjusted, the receiver shouldsadj
traffic. in situ to the needs of the application.
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H. Results

1) Full Slot Listening: The energy efficiency comparison
for all the methods is shown in Figure 6. For clarity, we
translate these values into dB(og(E)), show in the Figure
7. The figures are drawn undéfs total duty cycle and the
number of neighbors i§.
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The analysis of the previous section indicates that it is pos

or sible to achieve one or two orders of better energy efficiency

than current best practice.
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neering issues such as time-synchronization, managenfient o
neighbor tables.
1) Time SynchronizationBoth Staggered On and Pesudo-
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P N . random Staggered On require time synchronization. For typ-
T, . ical physical clock, the period of time synchronization2is
- Bl 0] minutes. Considering the typical slot length isus,
or T to 10 tes. Consid the t | slot length i
80 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ the duty cycle for time synchronization is less thaf04%,
1 15 The a%/(;rage nLZJ:‘lber of::()ndes th:tswould iﬁ?erfere 45 * WhICh iS neg“glble Many tlme SynChronization prOtOCGlE:IS
as [12][13][14][15] can be combined with O-MAC.
Fig. 7. The Energy Efficiency Comparison with Full Slot Listen In addition, there is no need to transmit timestamps because

the time difference can be calculated by the receiver based o
« Staggered On achieves the highest energy efficientlye expected receiving time and real receiving time.
followed by Pseudorandom Staggered On, Synchronous?) Asynchronous Neighbor Discovery®-MAC includes
Blinking, Asynchronous Wake-up, Long Preamble, and neighbor discovery mechanism based on load balanced
Random Time Spreading. beaconing. There are two kinds of nodes in the network:
» Pseudorandom Staggered On achieves slight worse ansynchronized nodes and synchronized nodes. We regard
ergy efficiency than Staggered On, but still far better thahose unsynchronized nodes as one virtual node that has a
other approaches. schedule associated with it, at which it listens. The job of
« The energy efficiency of the Synchronous Blinking caséhe networked(synchronized) nodes is to wakeup and beacon
Random Time-Spreading and Pseudo-Random Staggewdten the virtual node is awake. This beaconing happens at
On case decrease with the number of interfering nodethe beginning of the frame and the networked nodes should
2) Partial Slot Listening: The maximal energy efficiency randomly listen to the beacon to maintain the neighborhood.
comparison for these methods is shown in Figure 8 whefée virtual node will wake up for one frame length to find the
cp =0.1. network and then join the network via this beacon channel.
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B. The Core Protocol In this example, the seed defines which slot within the ctdirren

We propose a basic link layer abstraction where each nd§@me is to be used. Computing the next slot in the schedule
may communicate directly with each of its neighbors. |gonsists of advancing the frame-start to the first slot, faest

this protocol the synchronous mode of operation employseQd of the current frame, and incrementing in thg seed. i thi
Pseudo-random Staggered On approach. scheme the schedule allocates exactly one slot in everyefram

1) Interfaces: A skeletal form of the interface is: The control algorithm may perform fine grain adjustment of
duty cycle even for very low duty cycles.

interface Ovac { Because the schedules are random, this protocol avoids
comand i nt NunOf Nei ghbors(); most of the common issues associated with local changes
conmand QueueSend(nei ghborI D, eventID); o schedules. The protocol simply accommodates a small
event Receive(eventlD, xneighborlD); percentage of collisions.
event AckResult(eventID, *result);

} C. Variations

« Neighbor list: A neighbor table is maintained in O-MAC  This section discusses two variations on the core protocol.
using underlying asynchronous discovery approach. This1) Local Broadcast Channellf a nontrivial portion of
table provides information about number of neighborie network traffic is logical broadcast, implementing this
and their next active slots. traffic using a series of unicasts may be slightly inefficient

» Sending When a node wants to send message to one such cases, it makes perfect sense for each node to have
particular neighbor, the message will be queued into tebroadcast schedule and a unicast schedule. The broadcast
sender buffer first, then it will be transmitted when thagchedule defines slots in which all of the node’s neighbors
neighbor is awake. One special ID™is defined to let the should wakeup. The unicast scheduled defines slots on which
node send out message immediately without bufferinthe node will wake up. However, for most applications theydut
This special case can make higher layer more flexibtgcle of the broadcast schedule is dramatically lower than t
when neighbor ID is unknown. duty cycle of the unicast schedule.

« Receiving: In O-MAC, each receiver wakes up and listen 2) Preamble-Sized Slot€ne variation on O-MAC allows
for the preamble. If the preamble is not detected, the nogereduction in latency at the expense of some reduction in
will go to sleep, otherwise it keeps listening until the endnergy efficiency. Specifically, i’, < 1 then it is possible
of the slot. Because the partial slot listening time is shot shorten the length of each slot to correspond to the length
very little energy is consumed. of the preamble. When a preamble is detected, the rest of the

« Synchronous ACK: After a unicast, the sender will staypacket will be transmitted over succeeding slots.
up for a while to receive the receiver's ACK. In contrast For example, a frame of preamble-sized slots might be 25
to other MAC protocols that are based on local broadcasgines shorter than a frame of packet-sized slots. As a résilt
O-MAC is based on unicast. Therefore, the ACK can bgtency would be shortened 25-fold. However, when a packet
sent reliably because of few collisions. is received it would “wipe-out” 26 slots, 1 for the preamble

2) Pseudo-random ScheduleB8chedules need to be com-and 25 for the packet. As a result the duty cycle would have

municated in a highly compressed format to save commumd be raised slightly to account for the higher collisiorerat
cation cost. We propose an extreme form of this, generating

the schedule from a small amount of state simultaneously B Performance Evaluation

both the sender and the receiver. When a node discovers &g verify our protocol and analysis, two simulations are
new neighbor, it must receive that neighbor’s state fordole yesigned. All the nodes are deployed onl@x 10 grid
generation. In order to minimize storage space associated Wonology as shown on Figure 4 withV, = 4, 5 = 8, andy, =
maintaining schedules of neighbors, a node will incremiBntag 1. n the first simulation, the partial slot listening(PSL) is
generate the next few steps in each of its neighbors scredygapled. By varying message generation yatg), we can get
with the passage of time. In order to vary the duty-cycle, thfiferent energy efficiencies. The result is shown in Figare
duty cycle must explicitly exposed as part of the schedulg the second simulation, PSL is enabled with= 0.1. All

generator state. _ the other settings are as in the previous simulation.
We experimented with several pseudo-random schedg@mark:

generators. But an especially simple example can be based on When pu, = 0.62/Ne = 0.155 in without PSL case
a linear-congruent random number generator where the state m : e
shown in figure 9, we get the maximal energy efficiency.

representation Is « By using PSL, the maximal energy efficiency is very close

typedef StateT { to the upper bound of energy efficiendy although a
i nt Seed; gap still exists. The gap is introduced by the cost of idle
int FraneStart; listening and transmission collisions.
int FranelLen; « Increasing the message generation rate beyond the max-
} imal energy efficiency point hurts energy efficiency
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to two typical traffic patterns: local gossip and convergéca
We will also work on the stability issues in the receiver cent
scheduling and the theoretical analysis of adaptive dutliray
protocol.
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because of collisions. But energy efficiency decreasds]
slowly with traffic increases.

o PSL can improve the energy efficiency up@a% with
¢p = 0.1.
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V. CONCLUSION (11
In this paper, we have argued that the receiver radg&]
dominates the power consumption. By deriving the bounds
on energy efficiency for various models, we have shown
that receiver scheduling can increase the energy efficiert&yd
by orders of magnitude. In addition, we have provided two

their helpful comments and suggestions.
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