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ABSTRACT 1. INTRODUCTION
We proposd3-MAC, a carrier sense media access protocol for wire-  In wireless sensor network deployments, reliably reporting data

less sensor networks that provides a flexible interface to obtain ultraWhile consuming the least amount of power is the ultimate goal.
low power operation, effective collision avoidance, and high chan- One such application that drives the design of low power media ac-
nel utilization. To achieve low power operation, B-MAC employs cess control (MAC) protocols is environmental monitoring. Main-
an adaptive preamble sampling scheme to reduce duty cycle andwaring et. al.|[[12] and the UCLA Center for Embedded Network
minimize idle listening. B-MAC supports on-the-fly reconfigura- Sensing[[2] 6] have deployed wireless sensors for microclimate
tion and provides bidirectional interfaces for system services to op- monitoring that operate at low duty cycles with multihop network-
timize performance, whether it be for throughput, latency, or power ing and reliable data reporting. They show that MAC mechanisms
conservation. We build an analytical model of a class of sensor net- must support duty cycles of 1% while efficiently transferring var-
work applications. We use the model to show the effect of chang- ious workloads and adapting to changing networking conditions.
ing B-MAC’s parameters and predict the behavior of sensor net- These workloads include periodic data reporting, bulk log transfer,
work applications. By comparing B-MAC to conventional 802.11- and wirelessly reprogramming a node. In this paper we discuss the
inspired protocols, specifically S-MAC, we develop an experimen- design of a MAC protocol motivated by monitoring applications.
tal characterization of B-MAC over a wide range of network con- ~ Nodes in a wireless sensor network do not exist in isolation;
ditions. We show that B-MAC's flexibility results in better packet ~ratherthey are embedded in the environment, causing network links
delivery rates, throughput, latency, and energy consumption thanto be unpredictablé [16]. As the surrounding environment changes,
S-MAC. By deploying a real world monitoring application with  nodes must adjust their operation to maintain connectivity. For ex-
multihop networking, we validate our protocol design and model. ample, RF performance may be hindered by a sudden rain storm or
Our results illustrate the need for flexible protocols to effectively the opening and closing of doors in a building.
realize energy efficient sensor network applications. Woo [21] and Zhao[[24] have studied the volatility in link qual-

ity in wireless sensor networks. Zhao shows the existence of “gray

areas” where some nodes exceed 90% successful reception while
Categories and Subject Descriptors neighboring nodes receive less than 50% of the packets. He shows
that the gray area is rather large—one-third of the total communica-
tion range. Woo independently verified Zhao's gray area findings.
In designing a reliable multihop routing protocol, Woo shows that
effectively estimating link qualities is essential. Snooping on traf-

C.2.2 [Computer-Communication Networks]: Network Proto-
cols; D.4.4 Dperating System$: Communications Management

General Terms fic over the broadcast medium is crucial for extracting information
) ) ) about the surrounding topology. By snooping, network protocols
Performance, Design, Measurement, Experimentation can prevent cycles, notify neighboring nodes of unreachable routes,

improve collision avoidance, and provide link quality information.
Since data must ultimately be reported out of the network, the me-
Keywords dia access protocol must be flexible to meet changing network pro-
Wireless Sensor Networks, Media Access Protocols, Energy Effi- tocol demands.
cient Operation, Reconfigurable Protocols, Networking, Commu-  Not only are the networking conditions different, applications
nication Interfaces. for wireless sensor networks have different demands than those de-
signed for traditional ad-hoc wireless networks. Intanagonwiwat et.
al. [8] show how 802.11 is inappropriate for low duty cycle sensor
network data delivery. Idle listening in 802.11 consumes as much
Permission to make digital or hard copies of all or part of this work for energy when the protocol is idle as it does when receiving data. Idle
personal or classroom use is granted without fee provided that copies arelistening occurs when a node is active, but there is no meaningful
not made or distributed for profit or commercial advantage and that copies activity on the channel resulting in wasted energy. is no activity. It

bear this notice and the full citation on the first page. To copy otherwise, to g absolutely crucial that the MAC protocol support a duty cycling
republish, to post on servers or to redistribute to lists, requires prior specific mechanism to eliminate idle listening

permission and/or a fee. . . . L
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community, data must flow from the network predictably and reli- executed in PRNET. CSMA is validated as a way to efficiently use

ably. Scientists determine the sample period and physical deploy-the majority of the channel’s bandwidth while duty cycling nodes.

ment of the nodes. The role of the network is to ensure that data TDMA and slotted ALOHA solutions in PRNET were ultimately

is delivered as expected. A general rule for achieving predictable dismissed due to their inability to scale.

operation is to reduce complexity as much as possible from the Woo and Culler[[20] illustrate the effect of changing the MAC

application and its services. Since each node executes a single approtocol based on the workload. They show that sensor network

plication, it is important to optimize communication performance application scenarios and network traffic characteristics differ sig-

for that application—not for a generic set of users. nificantly from conventional computer networks. Typically data is
To meet the requirements of wireless sensor network deploy- sent periodically in short packets. To achieve fairness and energy

ments and monitoring applications, we translate them to a set of efficient transmission through a multihop network, they design an

goals for the media access protocol. Our goals for a MAC protocol adaptive rate control protocol to that is optimized foto-1 data

for wireless sensor network applications are: reporting and multihop networking. Existing MAC protocols are

simply not suitable due to their failure to efficiently support sensor

* Low Power Operation network workloads in low duty cycle conditions.

e Effective Collision Avoidance Hill and Culler [7] demonstrate a form of preamble sampling to
_ _ _ reduce idle listening cost. In Hill's RF wakeup scheme, the analog
e Simple Implementation, Small Code and RAM Size baseband of the radio is sampled for energy every 4 seconds. By

quickly evaluating the channel’s energy, he reduced the duty cycle
of the radio to below 1%. He demonstrated the use of low power

Efficient Channel Utilization at Low and High Data Rates

e Reconfigurable by Network Protocols RF wakeup on an 800 node multihop network. The ASK radio
) ) N used by Hill allows very brief radio sampling; we develop a related
» Tolerant to Changing RF/Networking Conditions technique that works on more complex radios.

Published concurrently with Hill's work, Aloha with preamble
sampling[[4] presents a low power technique similar to that used in

To meet these goals, we propose B-MAC, a configurable MAC paging systems [13]. To let the receiver sleep for most of the time
protocol for wireless sensor networks. It is simple in both design when the channel is idle, nodes periodically wake up and check for
and implementation. It has a small core and factors out higher layer activity on the channel. If the channel is idle, the receiver goes back
functionality. Factoring out some functionality and exposing con- to sleep. Otherwise, the receiver stays on and continues to listen
trol to higher services allows the MAC protocol to support a wide until the packet is received. Packets are sent with long preambles
variety of sensor network workloads. This minimalist model of to match the channel check period. El-Hoiydi [4] creates a model
MAC protocol design is in contrast to the classic monolithic MAC for Aloha with preamble sampling and presents the effect of delay
protocols optimized for a general set of workloads; however this due to long preambles. He proposes using the long preamble for
paper shows the effectiveness of a small, configurable MAC proto- initial synchronization of nodes; afterwards the nodes transmit and
col that supports low duty cycle applications. receive on a schedule with normal sized packets.

The contributions of this paper are not only the design of a ver-  WiseMAC [5] is an iteration on Aloha with preamble sampling
satile MAC protocol for sensor networks. We propose an adaptive specifically designed for infrastructure wireless sensor networks.
bidirectional interface for wireless sensor network applications. The The main contribution of WiseMAC is an evaluation of the power
interface allows middleware services to reconfigure the MAC pro- consumption of WiseMAC, 802.11, and 802.15.4 under low traffic
tocol based on the current workload. We build a model of appli- loads. They show that for the same delay, WiseMAC and pream-
cation performance that may be used to reconfigure B-MAC and ble sampling lowered power consumption by 57% over PSM used
maximize a node’s lifetime. We use a comprehensive set of mi- in 802.11 and 802.15.4. WiseMAC meets many of our goals ex-
crobenchmarks to experimentally characterize wireless sensor net-cept that it has no mechanism to reconfigure based on changing
work (WSN) performance. To validate the model, we built an en- demands from services using the protocol.
vironmental monitoring application and show how its performance  S-MAC [22] is a low power RTS-CTS scheme for wireless sen-
matches our model’s predictions. Our model can be used to iden-sor networks inspired by PAMAS [15] and 802.11. S-MAC peri-
tify the best parameters for an arbitrary low power wireless sensor odically sleeps, wakes up, listens to the channel, and then returns
network application at compile or run time and estimate the ap- to sleep. Each active period is of fixed size, 115 ms, with a vari-
plication’s lifetime. We illustrate the importance of reconfiguration able sleep period. The length of the sleep period dictates the duty
through simple optimizations that extend network lifetime by 50%. cycle of S-MAC. At the beginning of each active period, nodes ex-

change synchronization information. Following the SYNC period,
2. RELATED WORK data may be transferred for the remainder of the active period us-
ing RTS-CTS. In a follow up papefr [23], the authors add adaptive

Most MAC protocols for wireless sensor networks have been listening—when a node overhears a neighbor's RTS or CTS packets
based on conventional wireless protocols, especially 802.11. These 9 9 P '

protocols typically provide a general purpose mechanism that worksga\f;&krre“ssgi%;oé?rs&(g;g ?(ralloirgfnts”rrlli Iag ?ﬁneggtgf geghr;?:gir:]botrhse
reasonably well for a large set of traffic workloads. The previous y - BY ging

efforts serve as building blocks for designing a MAC protocol that duty cycle,.S-MAC can trade O.ﬁ energy for latency. S-MAC USes
meets our goals. fragmentation to deliver each piece of the message. Fragmentation

The DARPA Packet Radio Network (PRNET)]10] was one of uses the RTS-CTS scheme to reserve the channel, then transmit
the first ad-hoc multihop wireless networks. PRNET had two me- pack_ets in a burst. Although S'MAC achieves low power opera-
dia access protocols—Slotted ALOHA [1] and Carrier Sense Multi- tion, it does not meet our goals of simple implementation, scalabil-

ple Access/[P]. Much of the standard MAC protocol functionality— Ittk)lle ir;(tjv:glrirﬁlnc?rz;s)ecshaSn-I%/Ilr,]Agc:nr?]tl\JAgt)rri:]aci(;rt];jilrtll(;nnsinﬁrse;iiengzneu%f-
including random delays, forwarding delays, link quality estima- ' 9

tion, and low duty cycle through node synchronization—were first ber of schedules of surrounding nodes or incur additional overhead

Scalable to Large Numbers of Nodes
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interface MacControl { £
command result_t EnableCCA(); o0
command result_t DisableCCA(); =)
command result_t EnableAck(); §
command result_t DisableAck();
command void* HaltTx();

}

interface MacBackoff {
event uintl6_t initialBackoff(void* msg);
event uintl6_t congestionBackoff(void* msg);

}

interface LowPowerListening {
command result_t SetListeningMode(uint8_t mode);
command uint8_t GetListeningMode();
command result_t SetTransmitMode(uint8_t mode);
command uint8_t GetTransmitMode(); ) )
command result_t SetPreambleLength(uint16_t bytes); 0 20 40 60 30 100
command uintlé_t GetPreambleLength(); Time (ms)
command result_t SetCheckinterval(uintl6_t ms);
command uintlé_t GetCheckinterval(); . .
} Figure 2: Clear Channel Assessment (CCA) effectiveness for a
typical wireless channel. The top graph is a trace of the received
signal strength indicator (RSSI) from a CC1000 transceiver. A
Figure 1. Interfaces for flexible control of B-MAC by higher packet arrives between 22 and 54ms. The middle graph shows
layer services. These TinyOS interfaces allow services to tog-  the output of a thresholding CCA algorithm. 1 indicates the
gle CCA and acknowledgments, set backoffs on a per message channel is clear,0 indicates it is busy. The bottom graph shows
basis, and change the LPL mode for transmit and receive. the output of an outlier detection algorithm.

Threshold

Outlier

through repeated rounds of resynchronization. bitration and hidden terminal avoidance, synchronization with its
T-MAC [19] improves on S-MAC's energy usage by usingavery neighbors for low power operation, and message fragmentation for
shortlistening window at the beginning of each active period. After efficiently transferring bulk data. S-MAC is not only a link proto-
the SYNC section of the active period, there is a short window to Co|7 but also network and Organization protocoL App"cations and
send or receive RTS and CTS packets. If no activity occurs in that services must rely on S-MAC's internal policies to adjust its op-
period, the node returns to sleep. By changing the protocol to have eration as node and network conditions change; such changes are
an adaptive duty cycle, T-MAC saves power at a cost of reduced ppaque to the application. In contrast, the B-MAC protocol con-
throughput and additional latency. T-MAC, in variable workloads, tains a small core of media access functionality. B-MAC uses clear
uses one fifth the power of S-MAC. In homogeneous workloads, T- channel assessment (CCA) and packet backoffs for channel arbitra-
MAC and S-MAC perform equally well. T-MAC suffers from the  tjon, link layer acknowledgments for reliability, and low power lis-
same complexity and scaling problems of S-MAC. Shortening the tening (LPL) for low power communication. B-MAC is only a link
active window in T-MAC reduces the ability to snoop on surround-  protocol, with network services like organization, synchronization,
ing traffic and adapt to changing network conditions. and routing built above its implementation. Although B-MAC nei-
Many of these protocols have only been evaluated in simulation. ther provides multi-packet mechanisms like hidden terminal sup-
Not only must the protocol perform well in simulation, it must also  port or message fragmentation nor enforces a particular low power
integrate well with the implementation of wireless sensor network policy, B-MAC has a set of interfaces that allow services to tune its
applications. Each of the protocols described in this section provide gperation (shown ifi Figurg 1) in addition to the standard message
solutions that meet a subset of our goals. Motivated by monitoring interface$. These interfaces allow network services to adjust B-
applications for wireless sensor networks, we build upon ideas from pAC’s mechanisms, including CCA, acknowledgments, backoffs,
previously published work to create a reconfigurable protocol that and LPL. By exposing a set of configurable mechanisms, protocols

meets all of the goals fropn Sectiop 1. built on B-MAC make local policy decisions to optimize power
consumption, latency, throughput, fairness or reliability.
3. DESIGN AND IMPLEMENTATION For effective collision avoidance, a MAC protocol must be able

To achieve the goals outlined[in Secfidn 1, we designed a CSMA t© accurately determine if the channel is clear, referred to as Clear
protocol for wireless sensor networks called B-MAC, Berkeley Me- Channel Assessment (CCA). Since the ambient noise changes de-
dia Access Control for low power wireless sensor networks. Al- Pending on the environment, B-MAC employs software automatic
though B-MAC is motivated by the needs of monitoring applica- 9ain control fc_Jr estimating the noise fI_oor. Signal strength samples
tions, the flexibility of our protocol allows allows other services 2are taken at times when the channel is assumed to be free-such as
and applications to be realized efficiently. These services include, Immediately after transmitting a packet or when the data path of
but are not limited to, target tracking, localization, triggered event the radio stack is not receiving valid data. Samples are then en-
reporting, and multihop routing. tered into a FIFO queue. The median of the queue is added to an

Classical MAC protocols perform channel access arbitration and exponentially weighted moving average with decayrhe median

are tuned for gooq performance Over a set OT workloads thought ! Standard interfaces for message transmission in TinyOS [18] are
to be representative of the domain. S-MAC is an example of a BareSendMsg for transmission,ReceiveMsg for reception,

wireless sensor network protocol designed using a classical ap-and RadioCoordinator ~ for time stamping and start of frame
proach. S-MAC provides an RTS-CTS mechanism for channel ar- delimiter (SFD) information.
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30 If acknowledgments are enabled, B-MAC immediately transfers an
@ | ) | (c) [@ye) @ @ acknowledgment code after receiving a unicast packet. If the trans-
25[ sleep I initradio I radio crystal startup  Tuc Trx TadcT sleep mitting node receives the acknowledgment, an acknowledge bit is
set in the sender’s transmission message buffer.
20 B-MAC duty cycles the radio through periodic channel sampling
that we call Low Power Listening (LPL). Our technique is similar
to preamble sampling in Aloha|[4] but tailored to different radio
characteristics. Each time the node wakes up, it turns on the ra-
dio and checks for activity. If activity is detected, the node powers
10 up and stays awake for the time required to receive the incoming
packet. After reception, the node returns to sleep. If no packet is
5 received (a false positive), a timeout forces the node back to sleep.
Accurate channel assessment (CCA) is critical to achieving low
power operation with this method. We use the noise floor estima-
0 05 p 5 > 25 3 tion of B-MAC not only for finding a clear channel on transmission
Time (ms) but also for determining if the channel is active during LPL. False
positives in the CCA algorithm (such as those caused by thresh-
olding) severely affect the duty cycle of LPL due to increased idle
listening.

To reliably receive data, the preamble length is matched to the
interval that the channel is checked for activity. If the channel is
checked every 100 ms, the preamble must be at least 100 ms long
for a node to wake up, detect activity on the channel, receive the
preamble, and then receive the message. Idle listening occurs when

receive mode (e) and a sample of the received signal energy may the n_ode wakes up to sample the channel_ar_]d there is no act_ivity.
begin. After the ADC starts acquisition, the radio is turned off The interval between LPL samples is maximized so that the time

and the ADC value is analyzed (f). With LPL, if there is no spent sampling the channel is minimized. The check interval and
activity on the channel, the node retums to sleep (g). preamble length are examples of parameters exposed through B-
MAC'’s LowPowerListening interface i Figure]l. Transmit
mode corresponds to the preamble length and the listening mode

is used as a simple low pass filter to add robustness to the noisecorresponds to the check interval. We provide a selection of 8 dif-

floor estimate. Arx value 0f0.06 and FIFO queue size af) pro- ferent modes (correqunding t0 10, 20, 50, 100, 200, 400, 890’ and
vided the best results for a typical wireless channel. Once a good 1?eofrm;;c?;;hfhcgﬁgkcknéilr(v?r&rs;?:ﬁfgis ?;i?iﬁgrfsaeéeth?r';g";g
estimate of the noise floor is established, a request to transmit a?ect of varyinggthe preamble size and chegk interval is diséussed in
packet starts the process of monitoring the received signal from the i ;

radio. A common method used in a variety of protocols, including mgrefa?:ztzlrleljbsiéﬁ(r)r;lple; Oajesr\e/';e;ntgat use the LPL
802.15.4, takes a single sample and compares it to the noise floor. 9 n f.3 ¢ | :

: ; X A trace of the power consumption while sampling the channel
This thresholding method produces results with a large number of . . \ f
false negatives that lower the effective channel bandwidth. Since on a Mica2 mote |17} is shown 3. The procegsin Fighre 3

noise has significant variance in channel energy whereas packet re_applles to essentially any MAC protocol for sensor networks. It

ception has fairly constant channel energy (as shoin in Figure 2), performs initial configuration of the radio (b), starts the radio and

B-MAC searches for outliers in the received signal such that the its oscillator_(c), switch the radio to receive mode (d), and then per-
channel energy is significantly below the noise floor. If an out- form the actions of the protocol. As a result, the cost for powering

lier exists during the channel sampling period, B-MAC declares up the radjo Is the same for a.II protocols. '!'he difference between
the channel is clear since a valid packet could never have an outlierprOtOCOIS is how long the radio is on after it has been started and

L : ) how many times the radio is started.
significantly below the noise floor. If five samples are taken and no In sensor networks, each node typically runs a single applica-
outlier is found, the channel is busy. The effectiveness of outlier de- ' picatly g'e app

tection as compared to thresholding on a trace from a CC1000 [3] :Ircérr;elswl]iﬁittehde IljeAeMir?n?hsgi';ﬂe%\ﬁgzbl\l/leA%ninswerlljr?wre?\?;?osnasrrisi(-
transceiver is shown 2. y , KeEPINg P

The most basic mechanism allows services to turn CCA on or off 'S important. Reducing the complexity of the protocol reduces state

: : : . . and the likelihood of race conditions We implemented B-MAC in
using thel\_/lacControI |nterfa_ce ifFigure]1. By disabling CCA, TinyOS [11] to evaluate its efficacy in meeting our goals. Since B-
a scheduling protocol may be implemented above B-MAC. If CCA MAC does not have the RTS-CTS mechanism or synchronization
is enabled, B-MAC uses an initial channel backoff when sending a . - I yn
packet. B-MAC does not set the backoff time, instead an event is requirements of S-MAE the implementation is b_oth S|mplv_sr ar_1d
signaléd to the service that sent the packet vi,aMIm-:Backoff smaller as shown in_Tablé 1. B-MAC does not hinder efficient im-
interface. The service may either return an initial backoff time or glr?rgigt_agl_(r)g chrﬁ]itnvxgrgﬁéoéoﬁ?zszbOevferaB'mgﬁ;{%:‘mgé?\r/?f;fgn
ignore the event. If ignored, a small random backoff is used. After \ ) 9 9 ; ; 9
the initial backoff, the CCA outlier algorithm is run. If the channel B-MAC's control interfaces that have equivalent functionality to

is not clear, an event signals the service for a congestion backoff S-MAC RTS-CTS and fragmentation services.

time. If no backoff time is given, again a small random backoff

is used. Enabling or disabling CCA and configuring the backoff 2| tests with S-MAC were performed with the implementation

allows services to change the fairness and available throughput.  in tinyos-1.x/contrib/s-mac/ in the TinyOS CVS repos-
B-MAC provides optional link-layer acknowledgment support. itory [18] as of March 30, 2004.

Current (mA)

Figure 3: When turning on the radio, the node must perform

a sequence of operations. The node first starts in sleep state
(a), then wakes up on a timer interrupt (b). The node initial-
izes the radio configuration and commences the radio’s startup
phase. The startup phase (c) waits for the radio’s crystal oscil-
lator to stabilize. Upon stabilization, the radio enters receive
mode (d). After the receive mode switch time, the radio enters
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Protocol ROM | RAM Operation Time (s) I (mA)
B-MAC 3046 166 Initialize radio (b) 350E-6 | tr,,,, 6| Crini
B-MAC w/ ACK 3340 168 Turn on radio (c) 1.5E-3 tron 1 Cron
B-MAC w/ LPL 4092 170 Switch to RX/TX (d) 250E-6 | tro/te || 15 | Cro/ta
B-MAC w/ LPL & ACK 4386 172 Time to sample radio (e)|| 350E-6 tsr || 15 Csrr
B-MAC w/ LPL & ACK + RTS-CTS | 4616 277 Evaluate radio sample (f) 100E-6 tew 6 Cew
S-MAC 6274 516 Receive 1 byte 416E-6 trep || 15 Crab
Transmit 1 byte 416E-6 tezp || 20 Ctab
Table 1: A comparison of the size of B-MAC and S-MAC in Sample sensors 1.1 tdata || 20 | cCdata

bytes. Both protocols are implemented in TinyOS.
Table 2: Time and current consumption (I) for completing

4. CONCEPTS AND TRADEOEES primitive operations of a monitoring application using the

i - ] ) Mica2 mote and CC1000 transceiver. Identifiers on each op-
In this section we describe a framework for analyzing the oper- g ation map back to the activities of acquiring a radio sample

ation of a wireless sensor network application. We build an ana- i, Figure
lytical model for monitoring applications. The model allows us to
calculate and set B-MAC’s parameters to optimize the application’s [ Notation | Parameter [ Default |
overall power consumption. Using the model, we illustrate the ef-
fect of different application variables including duty cycle, network ccfl“p iljegcﬁugfggt({gf)(m/xh) 02288
density, and sampling rate. We show how B-MAC's interfaces may V”““ Vi lp y y 3
be used by network services to adapt to current demands. oltage
. o Lyreambie | Preamble Length (bytes) 271

41 MOde“ng L|fet|me Lpacket Packet Length (bytes) 36

To calculate node duty cycle and lifetime, we examine a periodic t; Radio Sampling Interval (s) 100E-3
sensing application (such as |n [12]) that streams sensor data to a n Neighborhood Size (nodes) 10
base station[_Tablg 2 lists the primitive operations performed by p Sample Rate (packets/s) 1/300
a low power monitoring application and the observed costs when 4 Expected Lifetime (s) -

using a CC1000 transceiver. These operations describe a represen-
tative class of radios for wireless sensor networks. Radios with Taple 3: Parameters for a monitoring application running B-

similar properties are manufactured by Chipcon, Infineon, and Mo- \AC. The first three parameters are specific to Mica2 motes;
torola. We use the notation and value$ in Tafjle 2 throughout the the next three are default values for B-MAC parameters on
remainder of this paper. the Mica2; the remaining parameters are application seman-

~ The node’s lifetime is determined by its overall energy consump- tics affecting B-MAC'’s performance. Each parameter affects
tion. If the lifetime is maximized, then the energy consumption the node’s total energy consumptionf.

must be minimized. All of the energieg;, are defined in units of

millijoules per second, or milliwatts. Calculating the total energy

usage can be done by multiplyidg by the node lifetime,;. For a packet, regardless of the packet's destination. We refer to the

wireless sensor network applications, the energy used by a nodedensity of neighbors surrounding a node asrbgghborhood size

consists of the energy consumed by receiving, transmitting, listen- of the node. Although receiving data from neighbors shortens a

ing for messages on the radio channel, sampling data, and sleepingnode’s lifetime, it allows services to snoop on the channel and make
decisions based on channel activity.

@ We can bound the total time the node will spend receiving and

E= E’r‘z + Etz + Elisten + Ed + Eslecp ..
) i calculate an upper bound on the energy consumed by receiving,
Sensors are an integral part of wireless sensor networks and mustg,

be considered when calculating a node’s lifetime. Sampling sen-
sors is often expensive and affects the lifetime of the node. The
sampling parameters (shown[in Table 2) are based on an applica-
tion deployed by Mainwaring et. al. [12]. In their application, each Erg = trocraV (4)
node takes 1100 ms to start its sensors, sample, and collect data.
The data is sampled every five minutes,ro= 1/(5 * 60). The
energy associated with sampling dakg, is

tra S nr(Lpreamble + Lpacket)tv‘xb

Our analysis is based on a single cell. To analyze a multihop
application, we need to account for the routing traffic through each
node due to its children and its neighbors’ children. Instead of
packets per second flowing through a particular node, the traffic
through the node must also include all the packets routed by the
Eq = tacdataV ) node and its neighbors. The function child@ng defined by the
multihop routing protocol.

tqa = tdata X T

The energy consumed by transmittirg,,, is simply the length

of the packet with the preamble times the rate packets are generated n ) )
by the application. T X Z(Ch”dre’(l) +1)
=0
tix = 7 X (Lpreambie + Lpacket)ttab Up to this point, our model has been independent of the MAC
By = tenciasV protocol in use. The MAC protocol is responsible for minimiz-
oo @) ing idle listening time,tisien. In B-MAC, idle listening occurs

For a periodic application with a uniform sampling rate, the node whenever B-MAC samples the channel for activity but no activity
will detect and receive data when each ofriteeighbors transmit is present.
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Figure 4: Contour of node lifetime (in years) based on LPL
check time and network density. If both parameters are known,
their intersection is the expected lifetime using the optimal B-
MAC parameters.

In order to reliably receive packets, the LPL check interyal,
must be less than the time of the preamble. Therefore we have th
constraint:

Lpreamble Z [ti/tr:cb]

e

0.1 T T yal T
—— 200ms check interval
0.09 —— 100ms check interval [
+ 50ms check interval
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Figure 5: The node’s duty cycle is affected by the network den-
sity and LPL check interval. Typically used LPL check inter-
vals in B-MAC’s implementation are depicted. The best check
interval is the lowest line at a given network density.

4.2 Parameters

In a typical deployment, scientists will determine the physical
location of the nodes (which affects each node’s neighborhood size,
n) and the ideal sampling rate, With this information, we can

Given a check interval and associated preamble length, we cancalculate the parameters to attain the best lifetime that B-MAC can
calculate the time spent sampling the channel. From Figure 3, the@chieve. This also provides the scientist with an estimate for how

power consumption of a single LPL radio samplel s3uJ. The
total energy spent listening to the channel is the energy of a single
channel sample times the channel sampling frequency.

Esampie = 17.3ud

tlisten

1
= (tTinit + tT‘on + t’r‘z/tcc + ts'r) X ?
%
1
Elisten S Esa'mple X —

ti (5)

Finally, the node must sleep for the remainder of the time. The
sleep time{sieep, is Simply the time remaining each second that’s
not consumed by other operations.

tsleep =1—tre —tte — tad — tiisten

Esleep = tsleepcsleepv (6)

The lifetime of the nodet;, is dependent on the total energy
consumedf, and the battery capacit.:.. We must bound the
lifetime by the available capacity of the battery.

_ Chate XV

1 i x 60 x 60 )

long the network will live.

If we fix the sample rate and vary the network density,we
can evaluate the affect of neighbors on node lifetime. Solving the
system of equations from this section with the sample rate equal to
once every five minutes yielfls Figure 4. Taking a few slices across
the figure at realistic check intervals is showi in Figyre 5. To find
the best LPL check interval for an application, find the expected
neighborhood size in Figuré 5 and move up the y-axis to the low-
est line. The check interval corresponding with this line will yield
the maximum lifetime. For example, a check interval of 50 ms is
optimal for a neighborhood size of 20, but if the neighborhood size
is only 5, a check interval of 100 ms is optimal. The size of the
neighborhood affects the amount of traffic flowing by each node.
B-MAC trades off idle listening for a reduced time to transmit and
receive.

If we assume we have a network with approximately 10 neigh-
bors per node, the optimum LPL check interval changes with sam-
ple rate. Increasing the sample rate increases the amount of traffic
in the network (just as increasing the neighborhood size also in-
creases the traffic in a periodic application). As a result, each node
overhears more packets. We must find the optimal check interval
t; such that we maximize the lifetime. Loweringt; also lowers
the preamble length. The time to transmit and receive a packet is
shorter and the radio is sampled more often.

The tradeoff of more frequently checking the radio in order to

By solving the system of equations (1 through 6) and entering the shorten the packet transmission time is shown in Fighre 6. Notice
parameters i Tablg 3, we can find the minimum energy for a given that the penalty for more idle listening than required by the traffic
network configuration. Lifetime may be estimated at compile time, pattern, left of the maximum lifetime point 6, is much
or computed for a discrete set of values at runtime that provides more severe than the penalty for sending packets that are longer
reconfiguration feedback to network services. than necessary.

100



T ———=—T1— T
e T =< -
4 =~ ~
3.5F 4 - - ]
4 1-min sample period
/ =+ 5-min sample period
3r / X ple period 1
—— 10-min sample period
/ ) h
— — - 20-min sample period
o L / ]
[ 2.5 / \
)
> /
o 2f !/
-G =

'g /I e T
L5t /7 AT 1
- / ~—. -

1 - —<

0.5r J
0 y : :
0 50 100 150 200

Check Time (ms)

Figure 6: The lifetime of each node is dependent on the check
interval and the amount of traffic in the network cell. Each
line shows the lifetime of the node at that sample rate and LPL
check interval. The circles occur at the maximum lifetime (op-
timal check interval) for each sample rate.

4.3 Adaptive Control

Our model shows that it is advantageous to change the parame
ters of the MAC protocol based on changing network conditions.
Since sensor networks consist of low power volatile nodes, it is
likely that links will appear or disappear over time [21] 24]. Nodes
may join and leave the network, or the size of the neighborhood
will change due to changes in the physical environment. The MAC
protocol must be able to adjust for these changes and optimize its
power consumption, latency, and throughput to support the services
relying on it. The analytical model allows the node to recompute
the check interval and preamble length. To address reconfiguration,
we chose not to implement the functionality in the MAC protocol
as Woo and Cullef [20] have done. Instead, we created a set of bidi-
rectional interfaces that allow services to change the MAC protocol
based on their current operating conditions.

By factoring out more complex parts of conventional MAC pro-
tocols, services can decide which situations warrant the use of addi-
tional control. For example, B-MAC's link layer acknowledgment
support may be selected on a per-packet basis. When an acknowl
edgment fails, services may choose to retransmit the packet, chang
the packet’s destination, or reconfigure the LPL parameters.

One scheme implemented above B-MAC is an RTS-CTS channel
acquisition protocol. On each packet transmission, an RTS packet
is sent. A CTS response is sent if the destination node is idle and
not delaying due to other transmissions. The RTS and CTS pack-
ets are sent using LPL. Once the channel is acquired, data and ac
knowledge packets are sent immediately with CCA and LPL dis-
abled. After acknowledgment, both nodes reenable LPL and CCA,
then they return to sleep.

5. EXPERIMENTAL METHOD

To illustrate the effectiveness of a lightweight, configurable MAC
protocol, we compare B-MAC to existing MAC protocols, specif-
ically S-MAC and T-MAC. Each protocol is run through a set of
simple workloads forming an empirical characterization of pro-
tocol performance. The purpose of these microbenchmarks is to
show how WSN protocols react to typical wireless sensor network
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Length (bytes) | B-MAC | S-MAC
Preamble 8 18
Synchronization 2 2
Header 5 9
Footer (CRC) 2 2
Data Length 29 29
Total 46 60

Table 4: B-MAC and S-MAC as implemented in TinyOS have

different protocol overhead when sending a data packet. S-
MAC has a larger header to accommodate timestamp infor-
mation. The data payload is the default payload for TinyOS

applications; however, both B-MAC and S-MAC send only the

length specified by higher level services.

conditions—high contention, low to high throughput, low to high la-
tency, and their correlation with power consumption. We contrast
the use of RTS-CTS and message fragmentation services imple-
mented using B-MAC's interfaces to the same mechanisms that are
part of the S-MAC protocol. These microbenchmarks build an un-
derstanding of how a real application would perform. To validate
the model i Section]4, we look in detail at the performance of a
deployed monitoring application that uses B-MAC. We compare
the actual node duty cycles with those predicted by our model and
show that our empirical characterizations apply to real world appli-

cations.

Both B-MAC and S-MAC were implemented in TinyOS. We
used the Mica2 [17] wireless sensor nodes to perform our tests.
All tests occurred in an unobstructed area with line of sight to ev-
ery other node. To enable multihop networking, we reduced the
RF output power of the node to its minimum value and placed the
nodes with 1 meter spacing. Nodes were elevated 15 centimeters to
reduce near-field effects.

To determine the power consumption of each protocol, we im-
plemented counters in the MAC protocol that keep track of how
many times various operations were performed. For B-MAC, this
includes receiving a byte, transmitting a byte, and checking the
channel for activity. For S-MAC, we count the amount of time that
the node is active, number of bytes transmitted and received, and
the additional time the node spent awake due to adaptive listening.
Since the S-MAC implementation does not actually put the node
into sleep mode, we had to measure the power consumption in-
irectly by multiplying the cumulative time of each operation with
he expected power to operate in that mode. All of our data assumes
that S-MAC actually enters sleep mode even though the implemen-
tation does not. The power consumption of each operation is taken
from[Table 2.

In addition to tests on real sensor network hardware, we simu-
lated T-MAC [19] in Matlab. We calculated the time of each opera-
tion and multiplied by the current consumptiorj in Tafle 2 to get the
overall expected power consumption of the T-MAC protocol. At
the time of our experiments, there was no TinyOS implementation
of T-MAC available to do a direct comparison between B-MAC,
S-MAC, and T-MAC.

To measure latency, each node is connected to an oscilloscope.
Upon submission of a packet to the MAC protocol, we toggle a
hardware pin. When a packet is received, a different pin is tog-
gled. Using an oscilloscope, we capture the time between each pin
toggling to yield the total latency.

In some graphs we show the optimal solution. Found by com-
puting a perfect schedule, the optimal solution is the minimum to-
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Figure 7: Measured throughput of each protocol with no duty
cycle under a contended channel. The throughput of each pro-
tocol is affected by the amount of nodes contending for the
channel and the protocol’s overhead. B-MAC achieves over 4.5
times the throughput of the standard S-MAC unicast protocol
through lower per-packet processing and effective CCA.

Figure 8: The measured power consumption of maintaining
a given throughput in a 10-node network. As the throughput
increases, the overhead of S-MAC’s SYNC period causes the
power consumption to increase linearly. The throughput is the
average node bitrate (number of data bytes sent in a 10 second
time period) in the 10 node network.

tal transmit and receive costs possible. In this solution, all nodes
are perfectly synchronized with no additional overhead. This met-
ric serves to show the effect of overhead in sensor network MAC Up and reprogrammed as quickly as possible. To find the channel
protocols. To calculate the power consumption, the transmit and Utilization under congestion, we placednodes equidistant from
receive times are multiplied by the power to perform those opera- @ receiver. Each node transmitted as quickly as possible with the
tions. MAC protocol providing collision avoidance. We increased the of-
In all cases, we measure thata throughpubf the network. This fered load by adding transmitters. There is no node or radio duty
factors out the protocol-specific overhead to evaluate the amount of€ycling in this test. The throughput achieved by B-MAC and S-
data that can be delivered by each protocol and the cost of deliver-MAC is shown ifFigure 7.
ing that data. In all tests where we mention “packet size”, we are  In general, better throughput is attained with fewer nodes trying
referring to the size of the data payload only, not the header infor- t0 saturate the channel. With one tran.smitter, B-MAC (_)utperforms
mation. The overhead attributed to each protocol is shofi in Ta- S-MAC broadcast mode (RTS-CTS disabled) by 2.5 times and S-
[Ble 4. S-MAC uses a longer preamble and contains time stamping MAC unicast mode (RTS-CTS enabled) by 4.5 times. B-MAC out-
information in the header. Note that control and synchronization Performs S-MAC for broadcast traffic due to more sophisticated
packets in S-MAC are 10 bytes |0ng p|us preamb|e and Synchro_ CCA and lower preamble overhead. For unicast trafﬁC, S-MAC
nization (total 30 bytes). For some tests, we vary the data length. Suffers from the overhead of RTS-CTS exchanges. Instead of us-
shows the default data lengths; however both B-MAC and ing control messages like RTS-CTS for hidden terminal support,
S-MAC only transmit the data length specified by the application B-MAC's relies on higher layer services to send data in accordance

on a per packet basis. with their traffic pattern. These services implement the appropri-
ate hidden terminal support for their workloads. For example, after
6. MICROBENCHMARK ANALYSIS sending a multihop message, all nodes in the cell should refrain

from transmitting until one packet time has elapsed to allow the

In thi? section we use a variety of microbenchmarks to Show how o et 10 retransmit up the tree as proven to be more efficient than
B-MAC's functionality may be used effectively. These benchmarks o) messages for multihop traffic in [20]. By allowing the ser-

show the effect of a wide array of network conditions on the energy ,icq to decide, many costly control message exchanges are elimi-
consumption of B-MAC, S-MAC, and T-MAC. We show the po- | oiaq.

tency of B-MAC's interfaces for building efficient applications and B-MAC exceeds the performance of S-MAC, but does not trade
communications protocols. The results of the microbenchmarks o airmess in the process. The tes{in Figufe 7 uses a short ini-
empirically characterize the performance of B-MAC, providing in- 3| random backoff proven iri [20] to provide fair channel utiliza-
sight on B-MAC'’s expected behavior in real world applications. i By analyzing our dataset, we found that each node in the test
6.1 Channel Utilization achifsves no more than 15% more bandwidth than any other npde.
To yield even higher throughput with B-MAC, we can discard fair-
ness as a requirement. Each transmitter can set its backoff to zero
and take control of the channel. As the number of nodes increases,
channel contention and the capture efteztuses B-MAC's perfor-

Channel utilization is a traditional metric for MAC protocols that
illustrates protocol efficiency. High channel utilization is critical
for delivering a large number of packets in a short amount of time.
In sensor networks, quickly transferring bulk data typically occurs
in network reprogramming or extracting logged sensor data. By 37he capture effect occurs when overlapping packets are sent due

minimizing the time to send packets, we can also reduce the net-to one node sensing that the channel is clear while another node is
work contention. In network reprogramming, the network is woken in the process of switching to transmit mode|[10, 14].
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Figure 9: The effective energy consumption per byte at node C for a network as shown n Figure JLO. Each node generates a message
every 10 seconds (left) and everyl00seconds (right) consisting of 10 fragments of the size given on the x-axis.

mance to converge to S-MAC's performance. Since S-MAC uses throughput we send long preambles with a long check integval
a longer preamble, a larger portion of the channel is dedicated to Because of the tradeoff between idle listening and packet length,
incoming signal synchronization by the receiver. Using B-MAC's the overhead dominates the energy consumption. The overhead
control interfaces, the preamble may be set to the same length af LPL is mitigated by a more frequent check interval when the
S-MAC or scale up as the channel contention increases. throughput exceeds 45 bits per second. Note that B-MAC’s power
To illustrate the effectiveness of a configurable MAC protocol for consumption below 45 bits per second is within 25% of S-MAC's
sensor networks, we implemented the RTS-CTS scheme describecower consumption; however, B-MAC has significantly less state
in Subsection 413. This scheme illustrates one method a serviceand no synchronization requirements. Services using B-MAC may
may employ to mitigate the hidden node problem and increase fair- easily reconfigure the link protocol to change the check interval
ness with B-MAC. Since B-MAC can utilize 2.5 times more of based on the network bandwidth whereas services using S-MAC
the channel using the CCA algorithm frdqm Secfign 3, the RTS- must force it to create a new schedule and resynchronize.
CTS implementation using B-MAC actually provides double the .
throughput of S-MAC. When many nodes compete for the channel, 6-3 ~ Fragmentation
B-MAC with RTS-CTS support provides identical performance to Small periodic data packets are the most common workload in
S-MAC. This test illustrates that system services, like RTS-CTS, sensor networks, but certain cases arise where larger transfers are
built using B-MAC's interfaces does not hinder protocol perfor- needed. S-MAC supports large message fragmentation within the
mance. MAC protocol using an RTS-CTS exchange for channel reserva-
tion. To compare B-MAC directly to S-MAC's design goal of ef-
ficient message fragmentation, we devised an experiment to match
6.2 Energy VS. ThroughpUt ) those done by the authors of S-MAC [n [23]. Using the network
We designed B-MAC to run at both low and high data rates con- configuration iff Figure 10, we transmitted packets from sources A

figured by services relying on it. Low duty cycle applications have 5nd B to sinks D and E by routing through C.
extremely low network throughput; however some application ser-

vices, such as bulk data transfer, stress the high throughput func-
tionality of the MAC protocol. To evaluate how increased through- . r@
put affects power consumption, we vary the transmission rate of Pad
10 nodes in a single cell. We bound the latency such that the data -
must arrive within 10 seconds. For B-MAC, the optimal check in-
tervalt; is calculated for the traffic pattern, the test is run, and the -
energy consumption is calculated. For S-MAC, the optimal duty P g
cycle is calculated for the traffic pattern such that the data arrives @
within the 10 second period. The results are shovjn in Figlre 8.

Atlow data rates, S-MAC can use an extremely low duty cycle to Figure 10: X network configuration used for packet fragmen-
transmit and receive the data. As the amount of data increases, sQation tests.
must S-MAC'’s duty cycle. When the duty cycle increases, there are
more active periods each with a dedicated SYNC period. Duetothe As in [23], our test sent 10 fragments per message. We var-
overhead of the SYNC period at the beginning of each wakeup, the ied the fragment size and measured the energy consumed for that
S-MAC energy consumption increases linearly. In B-MAC, at low transfer. C is the energy bottleneck node in the test network—C will

103



3000 T T T T 550 T T T T
—— B-MAC no sleep - - B-MAC
B-MAC 100ms check B 500 — S_-MAC K
2500 H —* B-MAC 100ms check /w ACK | —— Always On
-7 S-MAC no sleep 450 N 1
—A— S— % i
S-MAC 10% adaptive 400! i
L |
52000 —350H 1
£ 2 I
= S
> =300}, i
81500 & .
o > 250 1
g i
1000} 200p
150
500} 100
50
0 0 :
0 0 2 4 6 8 10
Number of Hops Latency (s)
Figure 11: The end-to-end latency is a linear function of the Figure 12: As the latency increases, the energy consumed by
number of hops in the network. As the overhead of the MAC both B-MAC and S-MAC decreases. The point illustrated on
protocol increases, so does the slope of the latency. the B-MAC line is the default configuration as shown irf Table 3.

The point on the S-MAC line is the default S-MAC configura-
tion at 10% duty cycle with adaptive listening.

cease operation before any other node since it must both receive
and relay packets. We evaluate the energy required to deliver thesource Sink

fragments with S-MAC running at 10% duty cycle with adaptive @)_> o _>@_’@_’®
listening. B-MAC is configured with the default parameters from
able 3] Figure 9(4) shows the energy cost per byte at node C when

a message (consisting of 10 fragments) is sent every 10 secondsFigure 13: 10 hop configuration used for multihop end-to-end

show the energy cost per byte when the message gentatency tests.
eration interval is once every 100 seconds.

B-MAC without fragmentation control is simply the B-MAC pro-
tocol with the default parameters. Each fragment is an independent
packet with a long preamble. But, the middleware service could
adjust the MAC protocol to minimize the energy consumed during fragmentation on any message.

Enuél;st;zrésifggrlrretnr::tircr)]r?asseurrﬁgeigtimltttgﬁgrge:/ltzg:?;iﬁ?;tfr;)clés The latency at each hop of the network is measured with the
ore . § : > method described ip_Secfiof 5. S-MAC is tested at a 10% duty
provided ir[Figure[L.. The first fragment of the message is sent with cycle with adaptive listening. B-MAC is tested with the default

LPL enabled and extra bytes to inform the receiver of the number i Figur

of fragments. The remain)iln fragments are sent with LPL disabled parameters. The results are sh(_)w In_IguTe 11 We_ are able to
9 ' g'rag : -~ reproduce the latency data from [23] and it fits the previously pub-

After the last fragment, the sender and receiver reenable LPL. With lished results

this flexibility, we achieve significant power savings and efficiency o latency of B-MAC and S-MAC increase linearly. When duty
essgntlally identical to S-MAC without the additional overheaq, in- cycling is disabled, the effect of RTS-CTS exchanges in S-MAC
cluqllng_ RAM and ROM usage. When the message trans_,mlssmn result in a much steeper slope than B-MAC. For low power com-
ﬁemd IS Iargeh(as ip Figure (b)), Fhe overt?ead ?LS-QASA(;AI,:(;eadé munications, B-MAC has a slope almost identical to S-MAC with
|Ty,\?2;c):qrent,t € ener|g|;¥ consump_tlon pﬁr éteMOACOt_ hf- an adaptive listening, however the y-intercept is much lower. Since
) Is greater at all fragment sizes than B- with fragmen- e it packet cannot be sent until an S-MAC active period, it is

:ation s#?port. The.r'ilr(aje BF_IMAC approach with Iong.preamglﬁ/lsAC delayed by at most 1150 milliseconds. Through adaptive listening,
or each fragment yields the same power consumption as S- S-MAC does not incur an expected 1150 milliseconds additional

without the additional complexity. When there is no activity on dela :
. y at each hop. One protocol feature of B-MAC, link layer ac-
the channel, T-MAC removes the overhead incurred by S-MAC by knowledgments, increases latency by an insignificant amount.

usm adaptive active periods to return to S'?e"’ much quifket, Fig- To better evaluate the effect of increasing the latency to reduce
shows that the energy cost .Of b_reakmg up a short meSS"j_‘gepower consumption, we fixed the throughput to one 100 byte packet
Into even shorte_r fragme_nts IS S0 high in all of our protocols that it per 10 second interval. We measured the end-to-end latency of the
is simply not a viable option in sensor networks. 10 hop network and varied the duty cycle of S-MAC. We also chose

the optimalt,; for B-MAC given the latency and throughput. The
6.4 Latency results are shown [n Figure]12.

The authors of S-MAC argue that when the MAC protocol is For latencies under 6 seconds, B-MAC performs significantly
permitted to increase latency, S-MAC can reduce the node’s duty better than S-MAC. As S-MAC approaches the 10 second latency
cycle and conserve energy. A test for evaluating end-to-end latencylimit, its power dips below B-MAC. When the latency exceeds
was devised in [23]. We have reproduced their tests to provide a 3 seconds, B-MAC’s power consumption is bounded by the cost
direct comparison between B-MAC and S-MAC. The test is run of idle listening. In contrast, the best case performance of S-MAC

on a 10-hop network shown [n Figure]13. In each test, the source
node sends 20 messages with a payload of 100-bytes. There is no
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) ] ) Figure 15: The position in the network dictates the amount of
Figure 14: As the traffic around a node increases, so does the  {raffic flowing through that level. As we approach the base sta-
duty cycle when using the B-MAC protocol with LPL. The node tion, nodes handle an increasing number of packets. The av-
one-hop from the base station forwards 85% of the packets in  grage duty cycle is computed by finding the average for nodes
the deployment yet achieves a lower duty cycle by minimizing 4t 3 given hopcount. Fractional hopcounts are correlated with
the preamble length for packets sent to the base station. nodes that oscillated between two levels of the network. Note

that nodes one-hop away from the base station can achieve a
lower duty cycle because the base station is always on. By re-

shown infFigure T relies on S-MAC synchronizing the entire 10- configuring B-MAC to use short packets, nodes one-hop from
hop network and using adaptive listening to transmit the data throughne pase station survive up to 50% longer.

the network in one active periofl._Figure] 12 shows the importance
of reconfiguration in wireless sensor networks. If the application’s
required latency is relaxed, S-MAC could achieve lower energy
consumption than B-MAC; however S-MAC operates at a single and check interval with a neighborhood size of 10. Using a larger
setting, is not reconfigurable, and thus cannot realize these energyneighborhood may cause us to overshoot the optimal configuration,

savings. but[Section } and Figuré 5 show that using a longer check interval
is less detrimental to the overall lifetime than checking the channel
too often.

7. MACROBENCHMARK ANALYSIS Since the most important thing in a monitoring network is re-

The application model ip Section 4 predicts the performance of liably reporting the data, we must confirm that B-MAC success-
a monitoring application for wireless sensor networks using the B- fully supports multihop data reporting. Our implementation uses
MAC protocol. In this section, we examine the behavior of a real- the default multihop routing protocol from the TinyOS distribution,
world monitoring application called Surge. We examine Surge’s called MintRoute. After integrating B-MAC with MintRoute, the
duty cycle and compare the results to predictions from the ana- routing layer enables B-MAC's link layer acknowledgments. Upon
lytical model. The empirical characterizations frpm Secfipn 6 are a failed acknowledgment, MintRoute retransmits the message up to
evaluated with the networking results from Surge. We also examine five times. The Surge application was run for a period of 8 days.
the use of B-MAC's interfaces for simple optimizations that have a We collected over 40,000 data packets profiling the performance of
large impact on the network’s lifetime. a real world wireless sensor network.

Surge is a periodic data collection application that acquires sam-  During the Surge deployment, the network yielded over 98.5%
ples from the node’s sensors, sends the readings, and sleeps. It wagacket delivery while some nodes achieved an astounding 100%
deployed by placing 14 nodes throughout a 30 meter by 20 me- success rate. In our deployment, there were a total of 71 times
ter home. The nodes automatically configured themselves into anwhere a node decided to change its parent—and consequently changed
ad-hoc routing network. Surge collects data from each node oncethe routing tree—as a result of environmental changes altering the
every three minutes. Instead of collecting sensor data, we acquiredcommunication topology. In confirmation of Woo and Zhao's iden-
statistical information from B-MAC about its performance (se€|Sec- tification of gray areas, high-quality links that were stable for hours
for the energy indicators implemented in B-MAC). Each were intermittently broken due to environmental changes.
node transmits its energy usage, battery voltage, estimated link The base station was placed at a convenient location to install in-
quality to surrounding nodes, and its current parent. Data from frastructure in a corner of the network. From the data collected by
Surge is used to verify that the network performance matches thethe Surge application, we can determine the actual duty cycle of our
microbenchmarks frofn_Sectioh 6. deployed network. Surge reports the values of our instrumented op-

Using our estimate of lifetime versus check interval for a given eration counters. These counters translate into a duty cycle based
sample period (s€e Figuré 6), we selected a 100ms check inter-on a 12mA constant current consumption while active. From the
val ¢;. By evaluating the node communication range and overall duty cycle, we can extrapolate the network lifetirfe._Figurg 14
size of the network, we expected a maximum neighborhood size shows the measured duty cycles of each node in the network. The
of 5 nodes. To be conservative, we calculated the preamble lengthworst case duty cycle of 2.35% indicates that the first node should
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1100 — é MACA ot : Stdb ' ' ' nodes two-hops exhaust their supply in 542 days (1.48 years). For
1000 — B_MAG Axg thzzg & 1 a line, the expected lifetime of the node one hop from the base
sooll== B-MAC Min Expected Latency | station is 391 days (1.07 years). Unfortunately the nodes in our
deployment did not form a balanced tree, nor did they form a line.
8001 1 Our measured power consumption data shows that a node one hop
— 700} ] away will survive for 1.13 years, slightly higher than our 1.07 year
g estimate for a line. At two hops in the Surge application, the worst
E 6001 1 case lifetime of 1.01 years is directly between our estimates of
S 500( 1 1.48 years for a balanced tree and 0.71 years for a line. This
I 400l | data validates the model; however, protocol designers must care-
fully build network services that uniformly distribute routing (and
3001 1 thereby uniformly distribute energy consumption) throughout the
200} i network.
Without the one-hop to base station optimization, worst case
1001 1 power consumption is up to 50% higher. The powered base station

is a simple example of network heterogeneity; one could imagine
much more heterogeneity with a hierarchy of devices. The dif-
ferences between devices dictate other optimizations that may be
implemented through bidirectional communication with the MAC
Figure 16: The average latency of packets being delivered by  protocol.
the Surge application is dependent on the traffic in the network In addition to predicting the power consumption of the network,
and reliability of each link. The average exceeds the expected  oyr empirical model also predicts the network latency that is intro-
latency because retransmissions add additional latency to each  duced by the B-MAC protocol illustrated[in Figure]11. Since Surge
packet. is a periodic application, message latency was measured by evalu-
ating the variations in packet delivery rates. The latencies measured
in our Surge deployment along with the predicted values are plotted
in[Figure T6. The average latency is slightly higher than the predic-
tion. However the minimum latency for each network level exactly
matches the predicted value. The difference between the average
less than our maximum estimate of 10. Additionally, some nodes and minimum latencies is due to. unexpected net_vvork conge_stiq_n
and packet loss. Surge retransmits messages to increase reliability

on the edge of the network have less than a 1% duty cycle. We T .
attribute the lower duty cycle to the significant reduction in traffic wher) B-MAC |nd|cate§ an acknoy\{ledgment failed. Upon retrans-
mission, the message incurs additional latency.

at the edges of the network as compared to central nodes routing a
large amount of data. The variance in leaf node duty cycle is due to
differences in local neighborhood size. 8. DISCUSSION

Although the network is homogeneous, we can exploit that the  Our benchmarks have shown that a small amount of information
base station runs with a different duty cycle (since it is always on) from services using B-MAC can provide significant power savings.
than the data collection network. Instead of sending packets with Additional power savings can be achieved through more informa-
long preambles, nodes one hop away send packets with only antion about the application and its operation. In this section, we
8 byte preamble to the base statipn. Figure 14 shows the node dutydiscuss the implications and other uses of these ideas.
cycle versus number of packets routed through the node. There Because B-MAC is lightweight and configurable, many sensor
was one node that despite forwarding almost 35,000 packets (abounetwork protocols may be implemented efficiently using its prim-
85% of all data packets), had a duty cycle equal to nodes forward- itives. S-MAC and T-MAC may be implemented as services that
ing less than 10,000 packets. This node was critical to reliable use B-MAC as the underlying link protocol. S-MAC and T-MAC
data delivery—by forwarding most of the packets, it would have ex- are more than just link protocols; they perform synchronization, or-
hausted its battery supply first and caused a network parjfiorj. Fig- ganization, fragmentation, and hidden terminal support and could
shows the duty cycle vs. multihop level in the routing tree. benefit from B-MAC's flexibility. These protocols could be built on
The node routing 35,000 packets one hop from the base station wasB-MAC in a modular way to allow applications and other services
able to alter its MAC behavior (send short preambles) based on its to use only necessary subsets of the mechanisms they provide.

2 3 4 5 6
Number of hops

exhaust its battery supply approximately 369 days (1.01 years) into
the deployment.
Our data shows that each node has an average of 5 neighbors

position in the network and optimize performance. To mitigate the cost of reception incurred with B-MAC with
To validate our model, we calculated the expected lifetime based LPL, a packet could be sent cyclically with a short preamble. Al-
on the parameters of our deployment. For the functioidren (i) though this does not reduce the transmission cost, it reduces the

in our model, we performed two calculations: the first assumes time of receiving a packet to:

that the routing algorithm produces a balanced binary tree, the sec-

ond assumes the worst case routing tree—a line topology where all tra < 2% (Lpreambie + Lpacket) X trav

traffic must be forwarded by the node one hop from the base sta- Note thatL,,camuie is reduced from the long LPL preamble to only

tion. With a balanced tree and no routing protocol reconfigura- 8 bytes. The node can return to sleep for the check interval after

tion of B-MAC, the first node should exhaust its battery supply in receiving a packet or can perform early rejection much quicker than

385 days (1.06 years). For aline, the worst case lifetime is 256 dayspackets sent with the long preambles.

(0.71 years). We showed irf Secfion] 7 that using the node’s level in the tree
In the presence of the one-hop optimization and a balanced tree,can assist in reducing the duty cycle. To reduce transmission en-

we expect that nodes one-hop from the base station will exhaustergy consumption, each node may learn the offset of the check in-

their battery supply 549 days (1.49 years) into the deployment, tervalt; that their parent wakes up to sample the channel. Knowing
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the point at which the parent wakes up allows the node to create a [4] A. El-Hoiydi. Aloha with preamble sampling for sporadic traffic in

communication schedule to its parent without any message over-
head. By starting transmission at the parent’s sample time, the
preamble can be significantly reduced in size. This optimization
reduces both the transmission and reception costs. A similar opti-
mization is proposed by the authors of WiseMAC [5]. Broadcast
packets would still be sent using the long preambles such that other
nodes can snoop on a significant portion of the network traffic. If
the schedule fails due to a change in link quality or parent node fail-
ure, retransmission of the data can fall back to the long preamble
method.

9. CONCLUSION

In this paper we presented a flexible MAC protocol that features
a simple, predictable, yet scalable implementation and is tolerant
to network changes. B-MAC effectively performs clear channel
estimation. At its core, B-MAC exceeds the performance of other
protocols though reconfiguration, feedback, and bidirectional inter-
faces for higher layer services. B-MAC may be configured to run at
extremely low duty cycles and does not force applications to incur
the overhead of synchronization and state maintenance.

We presented an analytical model for predicting an application’s
lifetime and setting B-MAC's parameters. Using microbenchmarks
we showed that B-MAC can outperform existing wireless sensor
network media access protocols with only a small amount of in-
formation from the services using it. With the default B-MAC pa-
rameters and no additional information, B-MAC surpasses existing
protocols in terms of throughput, latency, and often energy con-
sumption. The performance of B-MAC under various workloads
gave us enough information to make accurate predictions of how a
real world application runs. The Surge application operated within
the realm of our model and reported a significant amount of data
with over 98.5% packet delivery.

Media access reconfiguration is essential for dynamic systems
like wireless sensor networks. Interfacing with services using the
MAC protocol is necessary to meet the demands of protocols and
applications. Optimizing protocol performance for system services
application in a predictable manner proves the feasibility of this
technology for long-term deployments.
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