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Abstract— This paper introduces an energy-efficient Rate Il. RATE SELECTION MODEL

Adaptive MAC (RA-MAC) protocol for long-lived Wireless Sen- . . .
sor Networks (WSN). Previous research shows that the dynamic To reduce radio energy consumption, previous research

and lossy nature of wireless communication is one of the major Shows that it is very important for the radio transceiver € b
challenges to reliable data delivery in a WSN. RA-MAC achieves in sleep mode as much as possible. To wake a receiver from
high link reliability in such situations by dynamically trading off ~ sleep mode, a sender sends a special signal (called a “tone”)
radio bit rate for signal processing gain. This extra gain reduces pefgore transmitting a data packet. For a given link conditio

the packet loss rate which results in lower energy expenditure . . .
by reducing the number of retransmissions. RA-MAC selects the expressed by Receiver Signal Strength Indicator (RSSY, an

optimal data rate based on channel conditions with the aim of @ data bit rate §), the energy consumption to successfully
minimizing energy consumption. We have implemented RA-MAC transmit a data packet is

in TinyOS on an off-the-shelf sensor platform (TinyNode), and ¥ b

evaluated its performance by comparing RA-MAC with state-of- B(RSSI, R) = Po(to + 5) +nPra(to+ 5) + 0 (1)
the-art WSN MAC protocol (SCP-MAC) by experiments'. ) PRR(RSSI, R)

wheret, is the tone transmission duratiofi,is packet frame
size in bits, andh the number of neighbors that overhear the
Previous research shows that the dynamic and lossy natpegket, ;. and P,, are the power consumption for transmit-
of wireless communication is one of the major challenges ting and receiving respectively: is the energy consumed to
reliable data delivery in Wireless Sensor Networks (WSNyvake up the radio chip and to listen on the channel before
The traditional WSN approach is to use sophisticated Mediansmitting. PRR(RSSI, R) is the percentage of packets
Access Control (MAC) and routing protocols to compensathat can be successfully received at the receiver for a given
for poor link quality by using acknowledgments and reRSSI and R. The inverse proportion oPRR(RSSI, R) is
transmissions. However, these introduce extra trafficea®e the number of retransmissions required to successfuliyatel
energy consumption, and increase the size and complexityaopacket.
the node’s software. The optimal bit rateR, given the link conditionRSSI, is
There has been much less work focused on addressthg one that minimizes the energy consumption

h lying link lity. Well k hes incl ~
the underlying link quality. Well known approaches include R(RSSI) = argmin  E(RSSI, R) @
R

I. INTRODUCTION

adding relay nodes, using higher transmit power, applying

freque_:ncy/antenna d|v_er_3|ty_ or spread_ spe_ctrgm modaulatio Ill. RATE ADAPTIVE MAC (RA-MAC) A LGORITHM
techniques. All have difficulties or cost implications. _ ) ) )
Coding and data bit rate are one of the remaining degreed "€ analytical results in Section Il show that, in order

of freedom in this problem. With suitable coding we could® Select the optimal data rates, the sender should monitor
for example halve the data bit rate and achiéveBm of channel characteristics, which includ&S'ST and the function

extra signal processing gain. The resulting increasedaSigHDRR(RSSL R), continuoug'ly_' Our proposed RA-MAC is
to Noise Ratio (SNR) can move us from the lossy link zonél€signed to adapt transmission data rates to the channel
to the good reception zones allowing error free transmissiocharacteristics dynamically for the purpose of minimizing
without the need for multiple retransmissions. transmission energy consumption. o

Conventional Wireless Local Area Networks (WLAN) use YWhen a sender sends a data packet, it first checks the
rate adaptive MAC to optimise throughput, rather than di/eréjej‘l'very stgtus of the last data transmission, which wasstra
transmissiorenergy costTo the best of our knowledge, RA_mltted at bit rateR;,¢:. If the last packet was unsuccesgful,
MAC is the first rate-adaptive Media Access Control protocol'® Node decreases the bit rate level by 1 and transmits the

for WSN with the purpose of minimizing network energyd@t@ packet. Otherwise, the sengeedictsthe RSSI of the
consumption. current packet transmission based on the moving average of

recent RSSI samples, which have been piggybacked on the
IMost of the work was done while Quanjun chen was an intern itRCS previous ACK packets. The sender then uses the predicted
ICT Center, Australia. RSSI and the learne®RR(RSSI, R) to select the current
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transmission bit raté&® according to Eq. (2). Finally, the sender
looks up the number of consecutive packets for which it has
used the currenR? to transmit. If the number is larger than
a certain threshold, the sender increases the curkehy 1
and transmits the packet. Otherwise, the sender transhats t
packet at the curreng.

To adapt to changing channel condition more quickly,
once the channel condition becomes bad (i.e., the last packe
transmission fails), the sender decreases the data tresismi
rate R aggressively. Conversely as the channel improves (i.e., . S N S N
multiple successful recent packet transmissions), thelesen 10pm 11pm 12am 1am 2am j;: 4am Sam Gam 7am Bam
increases the data transmission r&tén order to explore the I .
performance function®RR(RSSI, R)) at a higher bit rate. (8) RA-MAC vs. SCP-MAC with fixed bit rates

The receiver collects curren®SSI and bit rate R after
each received data packet. After the CRC verification pro-
cess, the receiver updates the statistical performanazidnn
(PRR(RSSI, R)). If the packet is correctly received, the
receiver sends an ACK packet which piggybacks m&S1
and the learned performanc& RR(RSSI, R)) so that the
sender can collect these performance values to guide ugsfut
packet transmissions.
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IV. IMPLEMENTATION AND EVALUATION

We implemented RA-MAC in TinyOS on the TinyNode Lo Tiom 2em Tam zam 3am dam Sam am 7am gam
platform [1], which uses the XE1205 radio transceiver (from time
Semtech). This radio is highly programmable, and its playsic (b) RA-MAC vs. ARF
data rates can be adjusted from 9.6kbps to 76kbps. By lower-
ing transmission data rates, we can increase the transseivgfék
sensitivity (processing gain) and extend transmissiogaan

Fig. 1 shows the basic operations of RA-MAC in one duty

cycle. Synchronized nodes poll the channel periodically. By the number of packets received successfully. For ease of
sender firstly transmits a short tone to wake up a receivgmparison, we normalize the energy consumption of differe
before sending a one-byte data rate indicator to the receiv@rategies with respect to RA-MAC.

Both tone signal and data rate indicator are transmitted atrig. 2(a) shows that RA-MAC reduces energy consumption
the base bit rate (i.e., 9.6 kbps). Now that the receiver dggnificantly compared to SCP-MAC. For example, RA-MAC
ready to receive at the specified data rate (i.e., 9.6, 20, @8ly consumes around 50% of the energy of SCP-MAC with
or 76kbps), the sender transmits the preamble and the d@d@ious fixed bit rates, between 3am-4am. We also compared
frame to the receiver at the specified data rate. Finally, tRA-MAC to Auto Rate Fallback (ARF), a popular used

receiver transmits an ACK, together with RSSI aR®R, to  WLAN rate adaptive algorithm. Fig. 2(b) shows that RA-MAC
the sender at the same data rate. To handle the clock driftsiftperforms ARF significantly.
the nodes, a synchronization packet is sent out every minute

normalized energy consumption per received pkt

2. Normalized (against RA-MAC) energy consumption pereiesd
et vs. time

at the base transmission rate. V. CONCLUSION
We have introduced RA-MAC, which employs an adaptive
sender |T |RPre| Data | L] t  approach to select the optimal data rates based on estimated
link conditions to reduce network energy consumption. Our
Receiver [L] Ack|RSSI[PRR t  outdoor experiment evaluation showed that RA-MAC out-

performed both WSN (SCP-MAC) and WLAN (ARF) MAC
Fig. 1. The basic operations of RA-MAC. L: Polling. T: Tone. Pata rate. significantly.
Pre: preamble. Data: data frame. Ack: Acknowledgment bytes.
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