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T. Parker and M. Bezemer and K. Langendoen
The AMAC framework 2. Rethinking MAC protocols

Abstract tions do or do not have particular features implemented,
we lose out on the advantage of common functionality:
Most current WSN MAC protocol implementations havthe idea that we can ideally use any given MAC protocol
multiple tasks to perform - deciding on correct timinggs a drop-in replacement. Additionally, because the dupli-
sending of packets, sending of acknowledgements, etation of effort results in both increased bug count due to
However, as much of this is common to all MAC promultiple implementations of the same ideas (e.g. Unicast),
tocols, there is duplication of functionality, which leadand a system that is hard to extend, we conclude that the
to larger MAC protocol code size and therefore increasdrrent design brief for MAC protocols has a number of
ing numbers of bugs. Additionally, extensions to the baignificant problems, and so should be rethought.
sic functionality must be separately implemented in eachin this paper we will set out an improved design brief
MAC protocol. for MAC protocols, and show how these principles can
In this paper, we look at a different way to design lae implemented efficiently by demonstrating our exam-
MAC protocol, focusing on the providing of interfaceple A T-MAC protocol. The same principles will then be
which can be used to implement the common functioshown to work for aA-layers implementation of LMAC,
ality separately, and on the core MAC role of timing. Wand we will show more data gathered from this protocol.
also look at some examples of MAC extensions that this
approach enables. We demonstrate a working implemen-
tation of these principles as a modified implementation &f Rethinking MAC protocols
T-MAC for TinyOS, and compare it with unmodified T-
MAC. We show a 14.8% smaller code size, with the sariiée wish to redesign the process for creating a MAC pro-
overall functionality but increased extensibility, andileh tocol such that the common functionality that does not
maintaining similar performance. We also present resufiscessarily need to be in a MAC protocol itself can be
and experiences from using the same framework to impgeparated out. The first step to achieving this is to deter-
ment LMAC (a TDMA-based protocol). Both are demommine what is common functionality, and what are MAC-
strated with data from real-world experience using our 3pecific requirements.
node testbed.

2.1 Existing concepts

1 Introduction Before we can start rethinking the design process for
MAC protocols, we need to look at the current state of the
Current Medium Access Control (MAC) protocol desigart. Current WSN MAC protocols are usually grouped
for Wireless Sensor Networks (WSNs) covers a wide viar two different groups: TDMA protocols (LMAC [17],
riety of different tasks. A MAC protocol is responsiblerRAMA [13], PEDAMACS [2], etc) and CSMA-based
not only for deciding when to send packets, but also whaiotocols (S-MAC [20], T-MAC [16], B-MAC [11], etc).
to send. For example, generating the standard UnicastBgese two approaches are usually regarded as being very
quence of RTS/CTS/DATA/ACK messages is usually thifferent, and even within each approach we are shown
responsibility of the MAC protocol after the applicatiommany different protocols that all do things in drastically
has provided a data packet to be sent. The MAC mufifferent ways. However, despite all the apparent differ-
maintain an internal state machine monitoring which org@ces, all of these protocols have one thing in common -
of these packets it last sent or received, enabling it to diey are designed to manage the available time in the ra-
termine what packet should be sent/received next. dio medium in order to fulfill certain metrics while send-
Unfortunately, the decision about whether a MAC's iming/receiving messages (latency, energy usage, etc).
plementation of Unicast uses RTS/CTS messages (whiclspecifically, they all do this by managing when a partic-
are seen by some designers as overhead, and by otbktisnode can send messages - TDMA protocols do this by
as required for reliability) tends to be a somewhat hageparating the available time into slots and allowing nodes
hazard affair. Often, whether they are required should bely to send in their slot; CSMA protocols do this by mak-
an application level decision, and so some MAC protirg nodes perform carrier sense before sending (and in the
cols that implement RTS/CTS allow this functionality tgase of protocols like S-MAC, also by waiting until the
be switched off and on at run time. However, this is abeginning of the next “frame”). In total, a MAC protocol
other example of a feature that may or may not be inngust do two things: given an application wishes to send a
given MAC protocol depending on the whims of its depacket, determine what time this node will be able to send
signer. and send the packet at that point; and transmit appropriate
Given that we have a set of functionality that should lntrol packets so that the application layer will be able
common to all MAC protocols, but certain implementao send packets in the future.
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T. Parker and M. Bezemer and K. Langendoen

The AMAC framework 2.3 Design conclusions

2.2 Role separation Application

We then looked at separating the large existing MAC pro-: yj 1o cateTime | :'M'e';'s'a'é'éﬁ‘;;n',';
tocols into 3 parts: below the MAC, above the MAC and }eeeeeaaaaaaaann. ; HRR i
aAMAC layer. This set of layers we refer to collectively | M

as the MAC stack, and together they should do everything;

1

.

1

a traditional monolithic MAC layer would do on its own. | | '
et Jfe!---:

1

1

1

Ouir first task was looking at the modules required “be-
low” the AMAC layer. Working from the conclusions Multiplexer
of Section 2.1, we know that MAC protocols need to :
send/receive packets, and to decide when to send/receive.” ~~~
The first can be achieved with a “dumb” packet layer | AMAC |<-----.
(no queueing, minimal latency, switches radio on/off only [, W !

when told to); the second requires medium activity de-
tection (as part of the “dumb” packet layer) and/or a time Global Time layer
synchronisation layer. Time synchronisation can also then
be used to generate “frames” (periodic timers, as used by $
all TDMA protocols and S/T-MAC), but it would need Packet layer
to be designed such that it will not interfere with pro-
tocols that do not require time synchronisation (e.g. B-
MAC [11]).

The biggest question regarding how much we can pull

out of a standard MAC layer was deciding Wha®IAC  |ocal node that another node will be performing a packet
layer actually really needs to do. Or in other words, k”O‘@Equence for a short period from now and so the local
ing what a complete MAC stack needs to do, what makggde should not give the radio over to other transmission-
one MAC protocol different from another? Our concluzyer requests for time. Note that when we talk about the
sion was simple: time management. One of the standggbd time to send a packet, we imply that this is a time
opinions about the role of WSN MACs is power managgyith a high probability that the destination node will be

ment, and time management can be considered an exi@le to receive the packet, which is information that the

sion of this - one of the time management roles is dg\MAC layer needs to keep track of as part of its time
ciding when to switch the radio on/off, but the other igyanagement role.

deciding when to start sending a packet sequence. How-

ever, once a node has started a packet sequence (e.g. all

of Unicast after the RTS message), the code becomes2e3 Design conclusions

markably generic and MAC-portable, yet is currently still

embedded within the MAC. What if we could extract thaBiven our new formulation of a MAC protocol stack, we

- let the MAC decide when to initiate packet sequencegsdefine the required modules and connections as follows

but then hand off to a generic module to perform the a(see Figure 1 for an overview of how these interact):

tual sequence itself? This névansmission layer module

could then be reused in other MAC protocols. e Packet layer - responsible for the actual send-
Now that basic packet sending/receiving, time synchro- ing/receiving of a packet, radio state changes

nisation, and the sending of particular packet sequences (Rx/Tx/sleep) and for providing carrier sense func-

have all been separated out, HAC layer only needs to tions (for CSMA-basedA MAC protocols). The

contain time management: that is, the maintenance of the sending/receiving radio state here is “dumb” - it does

knowledge about what time is a good time to send packets; things right now, with no options for delay or smart

allocating blocks of time as required by ttransmission decisions considered. In the case of byte-based ra-

layer modules in order to allow them to both send and re- dios, we also provide a platform-specific byte inter-

ceive data; and switching the radio on/off as appropriate face layer (which can only be talked to via the Packet

for the individual protocol. A block of time is simply an layer), and for packet-based radios the Packet layer

interval during which the radio is exclusively handed over is a slim layer on top of the existing hardware capa-

to a particular transmission module which has previously bilities. This allows us to abstract away from the dif-

requested that th& MAC layer give itn milliseconds in ferences of these two paradigms, as only packet-level

order to send a packet sequence; conversely time blocks information is required for tha MAC implementa-

are also allocated when a packet comes in informing the tion.

Traditional
MAC protocol

Figure 1:AMAC protocol stack
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T. Parker and M. Bezemer and K. Langendoen
The A MAC framework 2.4 A interfaces

e Global Time layer - responsible for storage and gen- Requests time blocks from theMAC layer as re-
eration of global time information to provide cross-  quired, and then sends packets during the allocated
network event synchronisation, e.g. frame timers. time. The transmission layer is fully explored in Sec-
This is not required by alA MAC layers, but given tion 3.
that global time information is useful to a large quan-
tity of WSN MAC layers (due to the energy savThere is one limitation on the choice of MAC protocol for
ings that can be made if nodes are able to agrée A MAC layer - that it is possible to allocate contigu-
when transmit/receive periods should be), that the ious blocks of time that can be used for both sending and
formation is potentially useful to other layers, anteceiving by a node. This is possible for all contention-
doing accurate timing information above the MAMGased MACs, and for some TDMA-based MACs, but this
layer (given the uncertainty of timing in at least thenay require some alterations to the protocols.
10-msec range above most WSN MAC protocols)
is very difficult, we implemented the Global Time .
layer here as a general service to the entire appliz,za-4 A interfaces

tion stack. As we wish to define common connections between the
Responsibility for when to send packets is still thg\mac and Transmission layers to enable reuse of the
province of theAMAC layer, but the Global Time Transmission modules, we need to define some stan-
layer will add its own information on sending. dard interfaces for these connections. We use here the
The Global Time layer will also override tReMAC  terminology of nesC [4] to provide common semantics,
layer's decisions on when to stay awake on a periodifg also because our reference implementation is imple-
basis in order to do neighbour discovery. The ovégsented on top of TinyOS [6]. There should however be
rides will make the radio be in receive mode morg, ohstructions to implementing this with any other WSN
than it would be normally off, but will not switch gsftware platform. The following interfaces are based on
the radio off when the MAC wishes it to be on, ofhe extensions described by the Guesswork routing proto-
switch the radio from transmit to receive mode (Q¢y [10].
vice versa). , ~ We define two separate interfaces, AllocateTime (Ta-
The Global Time layer here provides the same int§fjq 1) and MessageNow (Table 2). AllocateTime defines
faces as the Packet layer in addition to the Globgle necessary functionality for a Transmission module to
Time interface in order to allow altering of packet§jscate time from thé MAC layer, and MessageNow al-
(for the purposes of timing information) on their wayq, s the sending and receiving of messages during the
to/from the Packet layer itself. For more informationy|ocated time. In general, a Transmission level mod-
see Section 2.5. ule requires a single instance of the AllocateTime inter-
« AMAC - responsible for time management. AIIOface, plus one instance of the MessageNow inte_rface per
cates time blocks in response to requests from fpgssage type (e.g. the Broadcast m_odule requires a sin-
Transmission layer, at times that are considered qﬁe MessageNow, and a standard Unicast requires 4 Mes-
“ " ’ ) . ;,ageNow interfaces (RTS, CTS, DATA and ACK)). The
o g0 Tk o el T e 0 o e o 3
rier sense checking in order to d'etermine if the radﬁg}an_Ce of each of AIIocateTlmg and MessageNow _to the
medium is free for sending (for CSMA-bastéMAC ultlp_lexer r_nodu_le. Thg Multiplexer module proyldes_
la . : . eneric multiplexing services to create a parametrised in-
yers), and decides when to switch the radio .
and off. Passes packet send requests/receive ev(gé‘?:{gce to both A_I!ocateﬂmt_a and Mess_aggNow, thus en-
fromito the Transmission layer to/from the GlobaP'ng the capability for multiple Transmission layer mod-

Time layer, possibly altering said packets along tifées to be enabled in a single application, without having

way. Given the roles now allocated to other Iayerﬁc;yi?al with the multiplexing complexity in eagtMAC

the AMAC layer will be considerably smaller than a . . .
traditional MAC layer Individual Transmission layer modules could be imple-
' mented using a single MessageNow interface per mod-
e Multiplexer - (de-)multiplexer to allow for ule. However for modules that require multiple message

the AMAC to only provide a single Allocate-types (e.g. Unicast), the implementers of the Transmis-

Time/MessageNow yet talk to many Transmissio¥on modules would have to both add their own type field
layer modules. to the sent messages, and do de-multiplexing of the differ-

ent types at the receiver side. As the Multiplexer module
e Transmission layer - contains the Unicast, Broadcadtows for multiple instances of MessageNow already (in
and other application-level primitives of this natureorder to allow multiple Transmission modules in a single

3 http://www.st.ewi.tudelft.nl/{parker,koen}/
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T. Parker and M. Bezemer and K. Langendoen
The AMAC framework 2.5 Global Time
Name Type Args Return | Function

requestBlock command| uintl6_t | result_t | Request an AllocateTime period ofisec millisec-
msec onds. A return value of FAIL indicates a persistgnt
failure i.e. the requested period is too long.

requestSafeBlockl command| uintl6_t | result_t | Request an AllocateTime period ofisec millisec-
msec onds, trading off increased latency for a better chance
of success. Should only be called after a previgus
AllocateTime block has run to completion, but has
completely failed i.e. no response has been received
from any other nodes at all. A return value of FAIL
indicates a persistent failure i.e. the requested pefiod
is too long.
startBlock event result_t void Called on the successful start of an AllocateTime pe-
success riod, or when a requestBlock is currently impossib,
Always corresponds to the last call to requestBloc
sleepRemaining | command void Switch the radio off for the remaining length of th
AllocateTime period. This is intended for periods
when there will be packets in the air, but none of them
are destined for this node.

o

D

sendTime command| uint8_t uint8_t | Query how long a packet déngth bytes should take
length to be transmitted with the relevant headers
endBlock event void Called at the end of an AllocateTime period
availableBlock event void After a startBlock(FAIL), this will be called nex

time a good opportunity to call requestBlock occurs
e.g. next time the radio returns from a sleep period.
notifyEndBlock | command void Notify module on end of block. endBloc
events happen by default for locally initiate
blocks (i.e. blocks starting with a startBlock
event), but are switched off by default for mor
non-locally initiated blocks. notifyEndBlock(
switches on endBlock events for the current
active AllocateTime block.

(Dvo_x

y

Table 1: AllocateTime interface

application), the Transmission layer protocol design cZh5 Global Time

be simplified by using multiple MessageNow interfaces,

and this also removes the necessity for the overhead of &/Prder for many MAC protocols to operate correctly,
additional type field. they require a mechanism to synchronise nodes in order

so that differing nodes can agree on events happening at
the same time e.g. synchronised awake times. Addition-
The interface between the packet layer andXMAC  ally, placing this within the packet layer also allows us to
layer is much simpler, and as this is more in keepategrate time synchronisation information into each out-
ing with traditional WSN MAC design, we will not going packet, thus reducing the need for additional con-
cover it in detail here. The Packet layer must prdrol packets whenever we are sending other data packets.
vide interfaces to change the radio state (Tx/Rx/sleepipwever, as we wish the Global Time layer to not over-
and also to send/receive packets - similar to thiele AMAC-layer decisions about when to send packets,
send/sendDone/receive commands and events of Meghe case where we do not have a sufficient rate of outgo-
sageNow. For a CSMA-basedMAC layer, the Packet ing packets to guarantee time synchronisation the Global
layer will also require an interface to carrier sense operéime layer will send a phyRequired event (Table 4) to the
tions. As we stated before, the Packet layer is “dumb’A-MAC layer requesting that it send a packet “soon” in
all of the smart decisions regarding when to send, to listerder to maintain time synchronisation.
and to sleep are decided by the particll&tAC layer in In keeping with the idea of the Global Time layer as a
use. generic layer, and also because we wish to provide infor-

4 http://www.st.ewi.tudelft.nl/{parker,koen}/
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T. Parker and M. Bezemer and K. Langendoen
The AMAC framework 2.5 Global Time
Name Type Args Return | Function
send command| TOS_MsgPtr| result_t | Sends a packet right now. Fails if we are already
msg, uint8_t sending something. Should only be called during
length an AllocateTime period.
sendDone event TOS_MsgPtr| void Called on completion of a send()
msg
setAddressFiltering | command| bool enable void Enables/Disables automatic destination address
filtering for this interface i.e. dropping all incom-
ing packets not destined either for this node or for
the broadcast address. Defaultis not to filter. If fil-
tering is switched on, packets not destined for this
node will cause sleepRemaining() to be called|in
order to avoid overhearing the packet sequence.
receive event TOS_MsgPtr| bool Called when a message comes in that is not fil-
msg, tered (see setAddressFiltering). Implementations
uintl6_t should return TRUE if they wish to stay awake for
fromAddr the rest of the AllocateTime period, and FALSE
otherwise.
reservedBytes command uint8_t | Number of bytes reserved at the beginning of the
data section of the TOS_Msg by lower layers
setPreambleLength| command uint8_t void Set length of packet preamblelemgth bytes. De-
length faults to 1 if not called.
Table 2: MessageNow interface
Name Type Args | Return | Function \
setFrameTime command| uint32_t void Set time between frame timensigec
msec, milliseconds) as well as allowable fuzz time
uint32_t fuzz (fuzz milliseconds)
framelndex command uint32_t | Determine location within the current frame
i.e. milliseconds since last frame timer.
globalTime async globaltime_t | void Get a copy of the current local value of the
command *temp global timer. May or may not be currently
synchronised with other nodes.
frame async SanityState |  void Frame Timer eventsynchronised variable
event | synchronised indicates current synchronisation level with
other nodes: (NOT_)SANE indicates (not)
synchronised with other nodes, TX_SANE
indicates that this node will be “sane” once a
packet has been sent, and that
PhyRequired.PhyRequired() has already
been sent.
frameSkipped async void Indicates that one or more frame() events
event have been skipped due to Global Timer
alterations.

Table 3: TimeSync interface

mation to modules other than tAVIAC layer, we need they were switched on, and add this information to their
to define the timing information appropriately. We starteslitgoing packets. If a node sees an incoming packet with
with the work of Li et al [8] on theglobal schedule al- a greater age than the local age, the local age is updated
gorithm (GSA), but then expanded it one step further. ltw be the same as the incoming packet, thus allowing the
GSA, nodes keep track of how much time has passed sine¢work to converge towards a shared timing value based

http://www.st.ewi.tudelft.nl/{parker,koen}/



T. Parker and M. Bezemer and K. Langendoen

The AMAC framework 3.1 Notes on Transmission module design
] Name | Type | Args [ Return | Function \
phyRequired event bool void Indicates that a packet (any packet) should be
slowneigh- sent “soon”. In the case whesmwneighbour
bour is true, this should be immediately in order to

be able to communicate with the neighbour
with a significantly younger Global Time value
that has just been noticed.

Table 4: PhyRequired interface

on the oldest (first switched-on) node’s age. 3.1 Notes on Transmission module design

In the original implementation of GSA, schedule inforB fore we go into a more detailed look at how to build
mation (time since last frame timer) was also distribut%{

ith th lue i der t lculate th ¢ sic Transmission modules, a number of features of
W €age value n order 1o calculate he correct cur, MessageNow and AllocateTime interfaces should be
rent frame timer for the MAC protocol. In th&MAC

. noted:
framework, we have a separate TimeSync module, WhIC%

is used by theAMAC framework as a storage location
for the current local value of thege value. However,
TimeSync provides periodic frame timers (of variable
length up to(23? — 1)ms) to all application modules that
require this capability (not justMAC layers that need it)
- e.g. for experiments that require an entire field of nodes
to make a measurement at the same time (a commonly The AllocateTime period (as marked by a start-
wanted requirement for many biological experiments be-  Bjock() event) is only started when a certain level of
ing proposed for sensor networks). We do this by taking  gyarantee can be given that the radio medium will be
theagevalue modulus the frame length to provide aframe  at |east relatively quiet. In CSMA-based protocols
timer every time(local Age mod FrameTime) = 0. This al- this will be done via a carrier sense mechanism of
lows the creation of multiple frame timers for differentap-  random length (to resolve contention issues between
plication modules, while only requiring synchronisation  muttiple nodes wishing to start AllocateTime), and
on the singleage value. in TDMA-based protocols this is guaranteed by the
All of the periodic frame timers also have an allowable time slot mechanism.
“fuzz” value - if because of updating the local clock, we
jump over the time when we should have fired a frame® The AMAC layer will piggyback information about
timer, but we jump over by less than the “fuzz” value, the remaining AllocateTime period on outgoing
then we fire the timer anyways. This bounds the accept- Packets, in order to place other nodes into the Al-
able jitter in the frame timer event. In the event we jump locateTime state as well.
too far over the event point, the safest approach is usually
just to skip the event entirely and wait for the next one ®
(e.g. not doing & T-MAC awake period that is drastically
out of sync with other nodes). This allows us to cope with
small changes in the global clock due to varying speeds of
clocks on different nodes.

e The point of an AllocateTime period is to grab time
in order to send packets, with a reasonable guarantee
about our neighbours being in a state where they are
able to receive our packets. A node does not need to
be in an AllocateTime period for any other purpose.

Once an AllocateTime period is started, it cannot be
stopped. This is because of the difficulty of telling
other (possibly asleep) nodes of this change of plans.
A node can be told to go to sleep for the rest of the
time period however (via sleepRemaining()).

e Setting setAddressFiltering() is recommended for all
protocols that set the destination address to non-
broadcast addresses, as this will enable XMAC
layer to reduce the level of calls to the Transmission
layer, and will also simplify Transmission layer de-

In this section we will look at how to implement Trans- sign. TheAMAC layer will also be able to use the

mission Iayer modules, with a focus towards the standard transmitted AllocateTime value to avoid overhearing

set of WSN Transmission modules on top of thi’lAC the rest of this packet sequence.

layers i.e. the set of functions that would be expected from

a standard MAC protocol. An exploration of what can be e A receive() event’s return value says whether to stay
done with non-standard modules is in Section 8. awake for the rest of this AllocateTime period or

3 Transmission layer modules

6 http://www.st.ewi.tudelft.nl/{parker,koen}/



T. Parker and M. Bezemer and K. Langendoen
The AMAC framework 4. Integrating existing MAC types

not. This is automatically handled using sleepRe-
maining(), and the Transmission layer will not gen- l’
erally need to call sleepRemaining except in certain

special situations (for example, if you wish to receive
packets for a short period after receive(), then go to

Listen Timing 1

Continual Scheduled

sleep). — . : Y
B-MAC .
: : Send Timin
3.2 Broadcast e £ d 1
Broadcast is simply implemented on top of a single Mes-
sageNow and AllocateTime pair. Sending is implemented Carrier sense Scheduled
as follows
1. Call requestBlock() for sendTime(packet length) ! T-MAC | i L-MAC
milliseconds besmnsreeaneees : bessnoneeaneees :
2. On startBlock(), call send(). Figure 2: WSN MAC protocol division

3. On sendDone(), call sleepRemaining()
out these messages and go to sleep (due to the use of

Receiving is also very simple, as all instances of receivegtAddressFiltering()).
will return FALSE, as we will no longer be receiving ad- This is a simplified description for an example Unicast

ditional packets during this period. module, and our complete implementation includes retries
for lost/missed packets. However, it gives a flavour of how
3.3 Unicast Unicast can be implemented on top of theIAC layer.

Unicast is somewhat more complicated than Broadcast, . Lo
partly because it can have variants both with and withofkt ~ INtegrating existing MAC types
RTS/ICTS. For the case with RTS/CTS, an example imple-
mentation runs as follows. During the initialisation ofg¢hiNow that we have shown how we intend to split up ex-
module, we should call setAddressFiltering() with TRUHSting monolithic MAC protocols into a more generic and
and setontrol_length to the return value of sendTime(0)reusable stack (Section 2.3), and described how that stack
as this is the length of a control (RTS, CTS or ACKyvorks (Sections 2.4, 2.5 and 3), we need to go back and
packet, because they contain no data, only MAC headesBow that all of this can work with existing MAC proto-

To send a packet, we first calculapacket_time as cols.
sendTime(packet length) + &ntrol_length plus some  We divide WSN MAC protocols into 3 groups; divid-
platform-dependant allowance for processing and radig first into continual listening vs. scheduled, and then
state transition delays. We needcéntrol_length inter- further divide scheduled listening protocols into how they
vals for the RTS, CTS and ACK packets. We then calecide when to send - carrier sense vs. scheduled (see Fig-
requestBlock() withpacket_time. On startBlock() (as we ure 2 for a diagrammatic view of this). In the next two
have a reasonable guarantee about the time slot, so wesstions we intend to describe our implementations of a
start immediately), we start to cascade through the RTBMAC implementation of T-MAC (Section 5) and LMAC
CTS-DATA-ACK sequence i.e. we send an RTS packébection 6); the latter being an example of a TDMA proto-
using send(), wait to receive a CTS, then send a DAT®I. We will go into further details of the protocol imple-
packet with send(), then wait to receive the ACK. We renentations in the relevant sections, but given the built-in
turn FALSE from the ACK receive in order to sleep foconcept of time allocation due to the scheduler mecha-
any left over processing time. nisms in each MAC protocol, conversion to tAé1AC

At the destination receiver node, we first see a receivégmework was relatively simpleA LMAC caused more
with an RTS packet. As this is destined for us, we réifficulties due to the single-sender semantics of TDMA
turn TRUE from receive(), after first posting a task ttme allocation, but as we will show, was still feasible.
send a CTS with send(). Then, the receiver waits forThe only protocol class that we did not have suffi-
DATA, sends an ACK with send() and calls sleepRemainient time to implement yet was the group of which B-
ing() (in order to go to sleep for any remaining left oveMAC [11] is a prominent example - no consistent schedul-
processing time). Other nodes that are not the destiag, continual sampling of the radio medium (using LPL
tion for this Unicast sequence will automatically filtem B-MAC'’s case), and a complete lack of built-in time

7 http://www.st.ewi.tudelft.nl/{parker,koen}/



T. Parker and M. Bezemer and K. Langendoen

TheAMAC framework 5.2 Testbed data
csma t ) 1t It ] | ROM Size | RAM Size | Max Packet rat¢
Active time T-MAC 22518 2123 9.9 packets/s
| | | AT-MAC 21678 2192 9.3 packets/s
S-MAC Sleep tim
N 1“ | Table 5: Continual sending test
Active time
T-MAC : [
At Sleeptime  Td L ficiency (with longer sleep times between awake periods)
N lﬂ and latency (due to the length of sleep before the next time
) we can send a packet).
Figure 3: T-MAC We took the implementation of T-MAC for TinyOS,

and adapted it to provide AMAC layer, including the

management. One of the challenges forthAC frame- removal of its integrated Broadcast and Unicast function-

work was to be sufficiently flexible to be capable of im@”ty' Adapting the existing T-MAC protocol to provide
e AMAC functionality was relatively simple. We used

plementing such a protocol, while still providing the sal ; . ; he Global Time |
level of functionality as with other MAC protocols. How-t e frame timers rpmt € >lobal Time fayer to remove a
lat of the complexity from T-MAC. A significant part of

ever, despite the differences to other protocols, most i . . .
the issues that we expect to encounter during the imp‘i e existing code was dedicated to schedule synchronisa-

mentation of aAB-MAC have already been dealt Withtion (including discovery of new schedules); a role now
during our creation oA T-MAC. Implementing B-MAC subsumed by the Global Time layer. On a requestBlock()

given our work on T-MAC requires two significant block ‘.”1”’ AT-MAC places the requested amount of Allocate-

of new code - the LPL channel sampling can be implélM€ into a nextAllocateTime variable. When T-MAC

mented like the active/sleep periods of T-MAC, exce ould normally <_:heck if it has a_packet to Seﬂd:'M.AC
much shorter and with a fixed awake time rather than T5t€2d checks if nextAllocateTime is not 0, and if so re-

MAC’s dynamic one; and use of the setPreambIeLengtr‘?geSts that the packet layer do a carrier sense check. If
§ t

. . i turns an idle radio medium, then start-
function of the MessageNow interface (see Table 2) = carrer sense re ) .
needed to allow for the longer preambles required by L ock() is called with SUCCESS aridl-MAC waits until

We believe that by showing that T-MAC, LMAC aan e end of the AllocateTime period before doing anything
B-MAC can be implemented with theMAC fr,amework, else. MessageNow send() and receive()’s pass almost un-

'ghibited through the T-MAC layer. Notably, the send()

and by providing data from our experiments running t t delaved waiting f thi lse t lete. buti
first two on our testbed, we adequately demonstrate g Ot delayed wailing for anything eise to compiete, butis

the AMAC framework is suitably generic to be able to b assed through to the packet layer as rapidly as possible.
a base for implementing a large proportion of current we get a phyRequired event (a request from the Global

proposed WSN MAC protocols. ime layer for a packet to be sen)T-MAC sends out a

Sync packet - a packet with no actual data payload, and
only containing timing information in order to maintain
5 AT-MAC the inter-node time synchronisation.

So far we have mostly looked at generic concepts of5a2 Testbed data
AMAC layer. In this section, we describe our implemen-
tation of theAT-MAC layer, based on T-MAC [16] for In order to test whether th&MAC concept was viable,

TinyOS [6]. we compared T-MAC to the existing T-MAC implemen-
tation. Our testing was done on the TNOde platform, a
5.1 Scheduling WSN node derived from the mica2dot design [5]. We

wished to check whether the switching from a monolithic
T-MAC is a CSMA-based MAC protocol, derived from SMAC protocol to the separatedMAC design had af-
MAC [20], but with adaptive duty cycling. The adaptivdected the code size, generated program size, maximum
duty cycling is based on the idea of going to sleep shorfiacket transmission rate and awake/sleep ratios.
(TA milliseconds, defined by the time needed to receiveTo check how large the implementations of the core
a minimal packet, process it, and send another mininmbdules were in each case, we measured the nesC code
packet) after the last “interesting” event - which can bewvéith SLOCCount [19]. Forr T-MAC, this was not only
message going out, another message coming in or thethe-TMACM module, but also the RadioMessageM mod-
riodic firing of a frame timer every so often (see Figure 3)le that was used to interface between GenericComm
The frame timer length is a trade off between energy épart of the standard TinyOS network stack) ahd-
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T. Parker and M. Bezemer and K. Langendoen
The AMAC framework 6.1 Implementation

MAC. This added together to a total 1247 SLOC (Sourtiene slot assignment and synchronisation, starting from a
Lines Of Code) vs. 1730 lines for T-MAC, a reduction a$ink node (specified by the application). Upon startup, the
27.9%. Adding in the Unicast and Broadcast modules sk node sets a frame schedule and chooses the first slot
AT-MAC added a further 226 SLOC, reducing the savings the frame as its sending slot. Next, one-hop neighbours
to 14.8%, but the reduced code size for the same functioeeeiving the sink’s transmissions, choose their sending
ality is still quite impressive. slots based on the frame schedule of the sink node. This
For our application testing, one of the example T-MAG then repeated for all next-hop neighbours. When an
applications was used - a simple radio testing applicati@pplication wants to send a message, LMAC delays the
All packets in the test application had 10 bytes of dumntsansmission until the start of the node’s next sending slot
data in them, and all experiments were run for 60 sec-
onds. We compiled the application with nesC 1.2.4 a%d]_
gcc 4.0.2 for the AVR. )

To test the the maximum output packet rate, we usegk created a TinyOS implementation ®EMAC based
a version of the application that sends broadcast packsyisthe protocol description and the OMNeT++ [18] code
continually. Notably, T-MAC was not designed as a highvailable from the LMAC authors. For time synchronisa-
data rate MAC, but we felt this was still a useful refereang)n between the nodes, we used the Global Time |ayer,
test. The result of this test are in Table 5, but the reductigRd so were able to use a frame timer to determine the
of the packet rate of only 6%, which for a unoptimisegtart of each slot. This way, all nodes agree on the ex-
reference MAC was we felt an acceptable loss. act start time of all slots. When using a frame timer to
We also tested the active duty cycle of the protocaligtermine only the start of each LMAC frame, intermedi-
while sending 1 test packet every second. The resultagé clock updates during the frame may lead to inaccurate
this test are in Table 6, which shows that the changedgrt times of slots near the end of an LMAC frame.
the AT-MAC implementation resulted in a <1% increase AlthoughAMAC supports sending multiple packets in
in the amount of time that the node needed to stay awak@ingle slot, in LMAC it is only possible for a node to
in order to send the requested packets. The ~14% difshsmit a single message per frame.The authors suggest
cycle is quite high for T-MAC, but this is due to a comgluing together multiple messages to the same destina-
bination of a 610ms frame timer and a 694, giving tion to prevent high latency, but this suggestion is not im-
a minimum duty cycle of ~11% even without any packeffliemented in the available OMNeT++ program code. To
being sent, and optimisation of the core protocol implénake our results comparable to the OMNeT++ implemen-
mentation could improve this significantly. tation we had available, we did notimplement this feature.
Note that for both variations of the test application that On a requestBlock() call LMAC sets a flag indicating
the compiled ROM size foAT-MAC was reduced by that there is a packet waiting to be sent at the node’s next
somewhere at least 840 bytes vs. T-MAC (the exact tne slot. During its time slot, a node will always trans-
duction varies, depending on the level of optimisation thaiit 4 packet. If a node has no data to send, an empty Sync
the compiler was able to do for the particular applicgacket is sent to keep the network synchronised. Other-
tion). This is not as significant as the SLOC reductiagise A LMAC calls startBlock() with SUCCESS and waits
(~3%), but this was becauel-MAC is only one part of yntil the end of the time slot to call endBlock().
the larger application, and so existing code provides mosisince a TDMA-based MAC-protocol does not need
of the used ROM. the full Unicast RTS/CTS/ DATA/ACK sequence to keep
. i other nodes from transmitting at the same time, we created
| | ROM Size | RAM Size | Duty cycle| 5 ynicast module that only sends the DATA packet. As
T-MAC 22726 2133 14.26% the TinyOS message header already contains information
AT-MAC 21798 2202 14.4% about destination node and packet length, this information
was removed from the LMAC-specific header.

Implementation

Table 6: Broadcast cycle time test

7 Testing

6 ALMAC

We performed a series of tests comparingAiAC ver-
LMAC [17] is a TDMA-based MAC protocol, aimedsions of LMAC and T-MAC to earlier 'monolithic’ imple-
at giving WSN nodes the opportunity to communicat@entations. In the case of T-MAC, we had the existing
collision-free, and at minimising the overhead of the physnplementation for TinyOS to compare against. As there
ical layer by reducing the number of transceiver stateas no existing TinyOS code for LMAC, we had to work
changes. The MAC protocol is self-organising in terms &fom simulation data. Our simulation work is based upon
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| Component | Lines of Code| % of MAC Stack |

T e — R — MAC Framework 3961 variable
AT-MAC 1426 26%
o 08 ALMAC 814 17%
©
2001 Table 7:AMAC sizes
S04}
e LMAC (simulation) of LMAC. Both versions of T-MAC illustrate the char-
0.2 LMAC (lambda) acteristic curve of an overloaded network, But-MAC
A AS tionbasy —o appears to be suffering from additional factors reducing
0 0 02040608 1 1214 16 18 2 its capability to transmit and receive packets successfull
Message rate [msg/node/sec] As the packet sizes are relatively unchanged between im-
Figure 4: 'Cloud’ test plementations, and they both require the same amount of
sync packets in order to maintain time consistency, we
1 ~ are currently unsure as to the cause of this drop, but as
0.9 | ALMAC is performing similarly to simulation, we be-
0.8 | lieve that this is an issue withT-MAC, rather than the
-‘% 0.7 the framework.
g The Cloud test was designed as an example of a test
§ 0.6 that LMAC should succeed at, as illustrated by the near-
E 0.5 perfect line of the simulation LMAC. One current issue
0.4  LMAC (simulation) — - with the simulation environment is its lack of detail re-
03| T_Mk@?gélﬁ(;\w“ttﬁig — garding the quali';y of radio links, and this is is probabl_y
T-MAC (lambda) —— why the ALMAC is unable to sustain data rates at this
20 02040608 1 12141618 2 level. AT-MAC on the other hand, outperforms mono-
Message rate [msg/node/sec] lithic T-MAC on this test.

Figure 5: Unicast test
7.1 Code Size

, ) , , To check how large the implementations of the core mod-
the simulation framework from [7], with various paramy g \were in each case, we measured the nesC code with
eters (byte times, frame times, etc) altered in line Wi@LOCCount [19] (Source Lines Of Code) T-MAC and

the parameters used by théMAC implementation. We | \ac's proportion of the total stack is in Table 7. For
used_two tests_: a Unl_cast test (Figure 5), with all no_dﬁﬁ'-MAC, we had an existing TinyOS implementation,
sending to a single 'sink' node; and a "Cloud’ test (Figsn 56 we could compargT-MAC to the older imple-
ure 4), with two nodes de5|gnat¢d as A and B trying {8entation. The original “monolithic” T-MAC had a total
send packets to each other, while the other nodes sgada67 |ines of code vs. the 1426 lines)of-MAC. mak-
broadcast data around them. In the case of the Cloud tgst. - mac only 32% 6f the original size. Not;ably we
we measure the packet success rate as the success rale b count the lines of code in the MAC framework that
packets betwgen A and B, ignoring all other packets. TQFe required by\ T-MAC, as we only count the code that
testbed data is from our deployed network of 16 nOdQﬁould have to be written by someone building a new im-

with power levels set to create a single-cell network W'g\]ementation of the MAC protocol in each case, which is

"’_‘" 16 ”OF’ES within one hop of each other;_ the simul e point of the code reuse due to the MAC framework.
tion data is also from a single-cell network with 16 nodes.

LMAC was set to a slot time of 50ms, with 32 slots, giv-
ing a 1.6s frame. T-MAC was set to the standard franfe2 Power Tests

time of 610ms in all cases. To further check the performance dT-MAC, we wanted

As can be expected from this form of multito check its power usage. Unfortunately, the existing
environment experiment, we encountered a number of TinyOS T-MAC implementation turned out to have a
teresting results; however, the end data does prove a number of bugs regarding power usage (specifically, it
ber of useful things. The Unicast test showed remarkahiged a lot more than it should), hindering direct compar-
similar numbers for both of the LMAC implementationssons, so instead we decided to stick to scenarios where
- the drop-off curve illustrated on the graph was as vexisting research (i.e. the original T-MAC paper [16]) pro-
expected as we start to exceed the 1 packet/frame linviilded us with examples of how a T-MAC implementation
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x
—x

o —=— 8 Further Transmission modules
Br In this section we look at some Transmission modules that
can be implemented on top of tAdMAC layer that would

20¢ : | not be considered part of a standard MAC protocol, but
| would provide useful additional primitives for other ap-

157 3 1 plications. Notably, these would be non-trivial to add to

‘ most normal MAC protocols, as we would either have to

try and build them out of Broadcast and Unicast opera-

tions, which would be significantly sub-optimal; or we

would need to rebuild the MAC entirely. Our modular

I ; ‘ approach makes these additions not only possible, but rel-

%2 8.4 8.6 8.8 9 92 9.4 96 atively easy.

Time (s)

Figure 6: BasicA T-MAC power trace 8.1 ExOR

ExOR (Extremely Optimistic Routing) is a “one send,

. many replies” approach to reliable multicast for routing

T T
Sender ——

I T o ‘X T e protocols, first explored by Biswas and Morris [1], and
sl il L ' |l I ﬁ; ph i KT ) | anextended version was proposed in the Guesswork rout-
1 “ #}%” “*v‘ T\& kb b X M ing protocol [10]. Both variants can be implemented on
ol \‘W‘\m S il Wﬁ%ﬁ Tx Sl top of the MessageNow and AllocateTime interfaces, but
- \‘M 1 AT VENIWAATURATY would require significant effort to implement inside exist-
< i ‘ .
5t “ ‘ | ing MAC protocols.
<] ‘ !
o . . .
10 Lot Transmission Time
>
°r ] ACKJACK[ACK] ACK
‘ Sender from|from|from| from
08.94 8.2‘)45 8.‘95 8.5‘)55 8.‘96 8.9;65 8.‘97 8.é75 8.‘98 8.&;85 8.‘99 8‘2‘)95 9 3 2 4 1
Time (s)
Figure 7: Detail of send/recieve sequence Figure 8: Example ExXOR packet timeline

An EXOR sending node sends a packet that not only
contains the data for the packet, but also a list of other

should behave in terms of power used. We stuck to a sifibdes that should respond (in the order that they are meant
ple two-node, unicast sender-reciever pair, with the seng¢ respond in). Every node that is in the list that receives
node transmitting 1 packet/second. the packet waits sufficient time for all of the earlier nodes

Fi 6 sh | ds of th d'|j1 ghe list to respond, and then sends an ACK to the sender
'gure © SNOWS Severa; Seconcs of e power readi r:%)de (see Figur@?). This can be used for a number of

from this application, withA T-MAC demonstrating the thi ; le. impl ting Reliable Broadcast
classic T-MAC “awake for short time, sleep for long pe- Ings - for example, Implementing Retiablé broadcast,
the sending node knows that all nodes that it receives

Eg?wgéﬁaﬂéiﬁg rrl])égee: onstrating good synchronisati an ACK from have received the packet; or making a best-
effort next-hop transfer in a routing algorithm (by using
Figure 7 shows a detail from part of the send/receitlee ACKs to implement an election mechanism to pick the
sequence from the nodes. The CC1000 radio used by ‘thest” possible next-hop node that has correctly received
nodes has similar TX and RX power levels, so the detailge original packet).
are difficult to make out, but between 8.945s and 8.962sFrom the point of view of implementing ExOR as a
the DATA packet is being transmitted, and the ACK is b8+ansmission layer, it can be considered as a variant of
ing sent between 8.962s and 8.977s. The amount of poWeiicast, with no RTS/CTS and a series of receiver nodes,
used, and the time spent in transmit and receive modealisof which need to pause a variable amount of time
consistent with our expectations for a T-MAC implemerbefore sending their ACK packets, and then call sleep-
tation, giving us additional confidence in the ability of thRemaining() to avoid overhearing the remaining ACKs.
AMAC framework to correctly implement this protocol. As the destination address field is invalid in this case

11 http://www.st.ewi.tudelft.nl/{parker,koen}/



T. Parker and M. Bezemer and K. Langendoen
The AMAC framework 10. Conclusions

(as there is a list of destination nodes later on in timeal MAC protocols. This design allowed a lot of control
packet), we need to switch off address filtering (usirg application-level, with the trade-off that an applioati
setAddresskFiltering()) and do the separation between deas able to tweak core parts of the MAC layer that could
tination and non-destination receiver nodes in the Tram®tentially introduce significant instabilities in the MAC
mission layer. unless the application was fully aware of how the partic-
ular MAC would react to those changes. In th®1AC

. . . design, applications have large quantities of controly the
8.2 Priority Queueing and other options can allocate arbitrary blocks of time and do pretty much

Another possibility that arises once tAMAC layer has Whatever they like during this time - butin a way that pre-
been implemented is an option that has been requeste@®fyes the integrity of th&MAC layer, as it is able to de-
various applications, namely priority queueing [9, 15] lay AIIocateT_lme reques_ts l_mtll it is a “good” (f_or values
allowing for messages to be sent out in an order diffe}f “good” defined by the individual MAC layer) time for
ent from that which they were received (either from oth&f€ application to have control. TRMAC separation of
nodes in routing scenarios, or events from local sensof&Ntrol, with most timing control out of the hands of the
In standard MAC protocols, the “send” method is a firéPPlication designer, allows for cleaner, safer, and simpl
and-forget concept i.e. once the “send” has been calld§Sign-
cancelling the message (or even being aware of whethekFe et. al P] attempted similar goals, but for routing
the message is queued or actually being sent right nowfpigtocols. Their approach looked at providing a generic
impossible. toolkit for building routing protocols, and for creating
However, using the MAC layer, a priority queue can modules that could be used to piece together protocols, in-
be implemented. Specifically, that requestBlock() corréluding the possibility of new hybrid protocols built from
sponds to the normal “send” call, and that although tR&rts of earlier protpcols. Their wish to do thi_s as opposgd
corresponding startBlock() would normally be the time #9 & framework design such as we proposed is possibly in-
send the original packet, any other packet can be sent.digative of a wider variety of options in routing protocol
implement a good priority queue, requestBlock() shoufigsign, as opposed to the relatively small set (time man-
be called when there is a packet to send out, but witigement) that we have identified here for MAC protocols.
length appropriate to the maximum size packet that we
may wish to send. On startBlock(), we then send the high- .
est priority packet that we have on hand (which may well0  Conclusions
have arrived since the requestBlock() call), and call sleep
Remaining() on sendDone() to trim the listening time ap¥e set out to redesign and rethink how MAC protocols
propriately to the length of the packet we actually sent.are designed for WSNSs, to create a new and improved
design concept, and to modularise common functionality.
We have managed to do this, and along the way also pro-
9 Related work vide new capabilities and a refocused take on the role of
a MAC in the WSN network stack. The reduction in the
At some levels, the core concepts AMACs vs. tradi- roles of a MAC protocol to its core feature of time man-
tional MAC protocols can be viewed as similar to the magement, by separating out the Global Time layer to pro-
cro vs. macro-kernel debate in more conventional operdide application-wide time synchronisation, as well as the
ing systems. In common with microkernel design [3, 14]ransmission layer modules to allow for clean separation
theAMAC layer is able to separate out parts of a WSN apf# the logic required for features like Unicast, has given a
plication that would normally be considered a very conmew look at an old topic.
plex part of the system (as both MAC layers and oper-From our testing here, we have managed to show that
ating system kernels in general tend to be regarded dayr initial attempt at a referendeMAC layer (A T-MAC)
many programmers as “here be dragons” areas of codggs able to achieve similar performance, both in terms
and these separated parts are then able to be altered wviitthata rates and power usage, to a traditionally designed
a significantly lower chance of affecting the rest of thelAC protocol, but with a significant decrease in com-
codebase. plexity. Lines of code is not always a good indicator of
Polastre et. al [12] proposed the Sensornet Protosgktem complexity, but the reduction of duties required of
(SP) that provided a greater level of control to applica-T-MAC vs. monolithic T-MAC is. We were also able
tions wishing to influence the choices made by lower level show that LMAC, a TDMA-based protocol that we ex-
protocols. Their system created a much more horizgoected to be a difficult case, turned out to be not so hard to
tal design for differing levels of an application stack, amplement. Some modifications to our existing work were
opposed to the more traditional vertical design in narequired, and more work withLMAC is required, but it
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has already managed to show good performance vs. exist- holistic approach to networked embedded systems.
ing work with traditionally designed implementations.

By implementing two significantly different MAC pro-
tocols, we have shown that our framework is sufficiently
generic to be used by the wider community as a generaljé]
purpose MAC creation framework. Especially for exper-
imental platforms, the importance of allowing people to
extend existing work without having to reinvent the wheel

cannot be overemphasised.

(6]

10.1 Further work

Certain adaptions of the AllocateTime interface would al-

low further integration with other MAC protocols, and en-l

able more efficientimplementations of TDMA-based pro-

tocols. Extending the AllocateTime interface to provide

more information about what nodes are the destinations
of the packets to be sent during the interval would allowg] yuan Li, Wei Ye, and John Heidemann. Energy
better allocation by TDMA schemes, and possibly noting
that certain time slots are more reliably allocated tharn oth
ers, as most TDMA protocols have more reliable guaran-
tees about the lack of other nodes transmitting vs. CSMA

protocols with carrier sense.
ways to specify more information about the usage pa{9

In general, finding better

terns for a given AllocateTime slot in a generic way to
the AMAC layer will help smarte’s MAC protocols allo-
cate time more effectively. We would also like to explore
possibilities for more types of Transmission modules.

We hope that one of the side effects of our creation ﬁfO]
the AMAC framework will be the creation of more MAC
protocol implementations for TinyOS, as many new MAC
protocols are currently only implemented in simulation,
and simulation is a poor guide to how something as low-
level and radio hardware dependant as a MAC protodéf]
will behave on real hardware.
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