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Abstract— o causing signal fidelity degradation at destinations. Giolfi
This paper presents the design, implementation and perfor- can happen in any two-hop neighborhood of a node. While

mance evaluation of a hybrid MAC protocol, called Z-MAC, for collision amon _ ;
wireless sensor networks that combines the strengths of TDM g one-hop neighbors can be greatly reduced

and CSMA while offsetting their weaknesses. Like CSMA, Z- by carrier sensing before tran§m|55|0n, carrier Sensirgs do
MAC achieves high channel utilization and low-latency unde Not work beyond one hop. This problem, called thieden

low contention and like TDMA, achieves high channel utilizaion terminal problem, causes a serious throughput degradation
under high contention and reduces collision among two-hop especially in high data rate sensor applications. Although
neighbors at a low cost. A distinctive feature of Z-MAC istha itS  RTS/CTS can alleviate the hidden terminal problem, it iscur

performance is robust to synchronization errors, slot asginment . L
failures and time-varying channel conditions; in the worst case, high overhead (40% to 75% of the channel capacity in sensor

its performance always falls back to that of CSMA. Z-MAC is networks [2], [3]) because data packets are typically vergls
implemented in TinyOS. in sensor networks.

TDMA (time-division multiple access), on the other hand,
can solve the hidden terminal problem without extra message
overhead because it can schedule transmission times di-neig
boring nodes to occur at different times. However, TDMA
has many other disadvantages as documented in [4]. First,

A radio channel cannot be accessed simultaneously fiyding an efficient time schedule in a scalable fashion is not
two or more nodes that are in a radio interference rangetrivial. It often requires a centralized node to find a cadiis
neighboring nodes may cause “conflict” or signal interfeeen free schedule. Furthermore, developing an efficient sdeedu
at some nodes if transmitting at the same time on the samigh a high degree of concurrency or channel reuse is very
channel. In wireless sensor networks, controlling acae$ses hard (the optimal solution is NP-hard [5]). Second, TDMA
channel, generally known amedium access contrdMAC), needs clock synchronization. Although clock synchromdzat
plays a key role in determining channel utilization, netkvoris an essential feature of many sensor applications, tigit s
delays and more important, power consumption, also influerahronization incurs high energy overhead because it reguir
ing congestion and fairness in channel usage. frequent message exchanges. Third, sensor networks may

Sensor networks serve many diverse applications from lamndergo frequent topology changes because of time-varying
data rate event driven monitoring applications to high data channel conditions, physical environmental changesgehatt
real-time industrial applications. Balakrishnan [1] resahat outage and node failures. Handling dynamic topology chenge
some high data rate applications can reach sensing rat®s$ of is expensive, possibly requiring a global change. Fouttls, i
to 10° Hz and consume from a few bytes per seconds up to difficult to ascertain the interference relation among heig
or 100 Mbps aggregate bandwidth; these applications requioring nodes because radio interference ranges are differe
over 5 times improvement on the channel utilization of éxgst from communication ranges and some interfering nodes may
sensor networking technologies. Notwithstanding higmcleh not be in a direct communication range (this phenomenon is
utilization, traditional sensor network requirementstswxs known asinterference irregularity [6]). Therefore, any chan-
power efficiency, scalability, robustness and small fdatpr nel assignment that uses the communication ranges, in pface
must also not be compromised. interference ranges, for building the conflict relationgsloot

CSMA (carrier sense multiple access) is popular in wirelesecessarily yield an interference free schedule. Furtbesm
networks due to its simplicity, flexibility and robustneds. as interference ranges and also channel conditions ardyhigh
does not require much infrastructure support: no clock sytime-varying, it is unlikely that one fixed schedule is suéit
chronization and global topology information are requjread to prevent collision all the time. Fifth, during low contert
dynamic node joining and leaving are handled gracefullywit TDMA gives much lower channel utilization and higher delays
out extra operations. These advantages, however, come atttian CSMA because in TDMA, a node can transmit only
cost of trial and error — a trial may cost accesdlision where during its scheduled time slots whereas in CSMA, nodes can
more than two “conflicting” nodes transmit at the same timigansmit at any time as long as there is no contention.

These difficulties with TDMA suggest that a stand-alone
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chronization errors would diminish the benefits of TDMAsynchronization frequency based on its current data rade an
Nevertheless, we posit that the information provided by aesource budget.
efficient TDMA schedule, in particular, the independenssdt  In what follows, we describe the design, implementation
nodes that can transmit concurrently can be used in cugailiand performance of Z-MAC in detail.
occurrences of collision especially under high contentidrs
position greatly motivates our work. I
In this paper, we present a new hybrid MAC scheme, called
Z-MAC (Zebra MAC), for sensor networks that combines S-MAC [4] and T-MAC [8] are a hybrid of CSMA and
the strengths of TDMA and CSMA while offsetting theirTDMA in that they also maintain the synchronized time
weaknesses. The main feature of Z-MAC is its adaptability &lots, but unlike TDMA their slots can be much bigger
the level of contention in the network — under low contentiothan normal TDMA slots and synchronization failures do
it behaves like CSMA, and under high contention, like TDMARot necessarily lead into communication failure becausg th
It is also robust to dynamic topology changes and time sy@mploy RTS/CTS. Nodes maintain periodic duty cycle to fiste
chronization failures commonly occurring in sensor netgor for channel activities and transmit data. As these protusé
Z-MAC uses CSMA as the baseline MAC scheme, blRTS/CTS, the overhead of the protocols is quite high because
uses a TDMA schedule as a “hint” to enhance contentidhost data packets in sensor networks are small. T-MAC [8]
resolution. In Z-MAC, a time slot assignment is performetinproves the energy efficiency of S-MAC by forcing all the
at the time of deployment - higher overhead is incurred &@nsmitting nodes to start transmission at the beginnihg o
the beginning. Its design philosophy is that the high ihiti¢ach active period.
overhead is amortized over a long period of network opematio B-MAC [3] is the default MAC for Mica2. B-MAC al-
eventually compensated by improved throughput and enelgws an application to implement its own MAC through
efficiency. We useDRAND [7], an efficient scalable channela well-defined interface. They also adopt LPL (low power
scheduling algorithm. DRAND is a distributed implemeruati listening) [9] and engineer the clear channel sensing (CCA)
of RAND [5], a centralized channel reuse scheduling algéechnique to improve channel utilization. CSMA/[10] uses
rithm. After the slot assignment, each node reuses its @asdig the optimal probability distribution in determining theasinel
slot periodically in every predetermined period, calfesime access probability for CSMA when the number of senders
We call a node assigned to a time slotawnerof that slotand N is known. WhenN is unknown, it provides sub-optimal
the others th@on-ownerf that slot. There can be more tharperformance. Sift [11] adapts CSM#/ [10] for a network
one owner per slot because DRAND allows any two nod&gereN is unknown. The result is high success probability for
beyond their two-hop neighborhoods to own the same slot.channel access and reduced collision probability, thuseaeh
Unlike TDMA, a node may transmit during any time slot inng good throughput under both low and high contention.
Z-MAC. Before a node transmits during a slot (not necesgariHowever the optimal probability distribution works only @i
at the beginning of the slot), it always performs carriersieg senders always have data to transmit and they are synchtbniz
and transmits a packet when the channel is clear. However,fanthe channel access, and thus, when data arrivals to a node
owner of that slot always has higher priority over its norare highly random and senders cannot sense each otherdor dat
owners in accessing the channel. The priority is implenentéransmission (as in two-hops), its performance degeretate
by adjusting the initial contention window size in such a wathe case of CSMA with the uniform access probability distri-
that the owners are always given earlier chances to transkition. Sift relies on RTS/CTS to handle hidden terminals.
than non-owners. The goal is that during the slots whereTDMA has long been dismissed as an impractical solution
owners have data to transmit, Z-MAC reduces the chancefof wireless ad hoc networks for its lack of scalability and
collision since owners are given earlier chances to transradaptability to changing environments. However, it pregid
and their slots are scheduled a priori to avoid collision; ba good energy efficiency and collision-freedom. Recently,
when a slot is not in use by its owners, non-owners caeveral proposals [12], [13] are made for TDMA in sensor
steal the slot. This priority scheme has an effect of imfhlici networks. However, these protocols still fail to address th
switching between CSMA and TDMA depending on the levdundamental difficulties that stand-alone TDMA schemesg fac
of contention. An important feature of this priority scheme Seamlessly switching between TDMA and CSMA accord-
is that the probability of owners accessing the channel carg to the level of contention was previously explored by
be adjusted independently from that of non-owners. We shd&phremides and Mowafi [14] for a wireless LAN (or one-
that this feature contributes to increasing the robustoétise hop) environment using a scheme calRbabilistic TDMA
protocol to synchronization and slot assignment failuredav (PTDMA). As in TDMA, real time is slotted and by adjusting
enhancing its scalability to contention. the access probability of owners (“a”) and that of non-owner
By mixing CSMA and TDMA, Z-MAC becomes more (“b"), PTDMA adapts the behavior of MAC between TDMA
robust to timing failures, time-varying channel condispslot and CSMA depending on contention. These probabilities are
assignment failures and topology changes than a stané-aladjusted by a functioru + (M — 1)b = 1 where M is
TDMA; in the worst case, it always falls back to CSMAthe number of senders. While PTDMA and Z-MAC share a
Since Z-MAC needs only local synchronization among sendazsmmon goal, PTDMA, being designed primarily for a one-
in two-hop neighborhoods, we devise a simple local syhop wireless LAN environment, does not deal with many
chronization scheme where each sending node adjustsdifficulties that TDMA faces in ad hoc sensor networks such
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as time synchronization errors, interference irregutagihd Thus, its energy cost is linearly proportional to the sizehef
topology changes. These failures can drastically reduee tbcal neighborhood. When only a small number of new nodes
performance of PTDMA. PTDMA also assumes bufferedre joined late, DRAND can also perform localized time slot
senders where all nodes experience the same statistiallarrassignment without modifying the time slots already assign

In a network where only a subset of nodes is active datia the existing nodes. The detailed performance analysis of
sources (which is a common scenario in sensor networkBRAND can be found in [7].

PTDMA exhibits very low channel utilization and does not
behave like CSMA. This is because “b” cannot be arbitraril
set to a high value without reducing “a” (reducing “a” als
causes MAC not to behave like TDMA) due to the dependencyOnce a node picks a time slot, each node needs to decide
between “a” and “b”. The effect of probability "a” is also noton the period in which it can use the time slot for trans-
clear; it seems that the authors want to adjust "a” for déffér mission. This period is called theme frameof the node.
contention levels but the paper does not mention how this chhe conventional wisdom is that all nodes must keep the
be achieved (Z-MAC does not need to dynamically adjust igame time frame while all nodes synchronize to have their

. Local Framing

parameters to achieve the desired effect). time slot 0 at the same time. But this requires to propagate
the maximum slot number (MSN) to the entire network and
I1l. DESIGN OFZ-MAC is also not adaptive to local time slot changes. When new

nodes are added to the network, DRAND can run local slot
%ssignment while maintaining the existing assignmenthil t

operations in sequenceeighbor _d|scovewslot_ assignment assignment causes the MSN to be changed, that change must
local frame exchangandglobal time synchronizatiarThese . . ) )
e propagated again to the entire network. This could incur

operations run qnly_ once during Fhe setup phase and %h cost for adapting to a small change in the network
not run until a significant change in the network topolog

. . ~topology. (Note that network topology changes by unstable
(such as physical relocation of sensors) occurs. The idea,. " . .
. 7 . ._radio channel conditions are handled by the inherent oiperat
is that the initial upfront costs for running these openmadio

are amortized by improved throughput and energy efficienOf Z-MAC so it does not incur new assignment, but new node

cy .
during data transmission. In this section, we first desdnitg Jé’lmng or node redeployment can cause slot change_s.) L
. . . We present a new scheme where each node maintains its
we implement these setup phase operations and then discuss . o ) :
how they are integrated with transmission control in z-MAaC"! local time ”?‘me ¢ ha_t fits its 'OC"?" nelg_hborhood sizd, bg
avoids any conflict with its contending neighbors. The main
idea is as follows.
A. Neighbor Discovery and Slot Assignment Time frame rule (TF rule). Let a node be assigned to a
As a node starts up, it first runs a simple neighbor discovesipt s; according to DRAND and the MSN within its two-hop
protocol where it periodically broadcasts a ping to its ondgeighborhood beF;. We seti's time frame to bel; = 2°
hop neighbors to gather its one-hop neighbor list. A pinghere a positive integer “a” is chosen to satisfy condition
message contains the current list of its one-hop neighba2é. ' < F; < 2% — 1. That is,: uses thes;-th slot in everyL;
In our implementation, each node sends one ping messagéirae frame ¢’ slots arel - L; +s;, foralll =1,2,3,...). The
a random time in each second for 30 seconds. Through tREIS of the inequality constrains the set of feasible valoes f
process, each node gathers the information received frem thto avoid conflict while the LHS of the inequality forces us to
pings from its one-hop neighbors which essentially comgtit pick the minimum of these feasible values. We now prove why
its two-hop neighbor information. the RHS of the inequality avoids conflict among contending
The two-hop neighbor list is used as input to a time slateighbors.
assignment algorithm. The current implementation of Z-MAC Theorem 3.1:If every nodei uses only slotg - 2 + s;, for
uses DRAND [7], a distributed implementation of RAND [5]alll = 1,2,3,..., then no nodg in the two-hop neighborhood
to assign time slots to every node in the network. DRANDf i uses any slot that uses.
ensures a broadcast schedule where no two nodes within a Proof: We can prove the theorem by contradiction. Let
two-hop communication neighborhood are assigned to thiebe a node that is in the two-hop neighborhood; obut it
same slot. This assignment guarantees that no transmisdiappens to use one of the slots that is used lydoes that at
by a node to any of its one-hop neighbors interferes with atlye m-th time frame ofj. By the TF rule,j is assigned ta;
transmission by its two-hop neighbors. Note that a broaddcésy DRAND andj’s time frame is2® for someb. Then without
schedule can handle any routing changes among its one-hugs of generality, we assume tht < 2° ands; < s;. Note
neighbors. that by DRAND, s; # s;, andi and j are assigned to only
The performance of DRAND is scalable because it does mate slot within F; and F; respectively. Then because of the
depend on the network size, but on the local neighborhow@y thata and b are chosen by the TF rule, it is true that
size of each node. The protocol produces a very efficiemées only one slot within 8* time frame, so doeg within a
time schedule where the slot number assigned to a node ddesime frame. Then for all = 1,2,3,...,1-2% =[.20722¢,
not exceed the size of its local two-hop neighborho®d-« This means that whenevgrstarts its own framej starts its
in most cases, much less than that. The running time atiithe frame, and whenevegrends its own frame, ends its time
message complexity of DRAND is also bounded ©y). frame (i.e., no time frame of starts or ends in the middle

Z-MAC has a setup phase in which it runs the followin



of i's). Because andj are in conflict,s; must be less than C. Transmission Control of Z-MAC

or equal toF;. Because the beginning gfs time frame is ,
always aligned with that of's, and j’s slots occur always at AL th(_a end of the DRAND Phase' every r_10de forwards its
slots[ - 2° + s,. Then by way of the contradiction, in orderir@me size and slot number to its two-hop ne|ghb_0rh00(_j. Thus
for i and; to use the same slot at the-th time frame ofj, & node knows about Fhe slot and frame |.nfo.rmat|on of its one-
s; ands; must be the same singeuses only one slot in the hop and tvvo-hop.nelghbors at the beglnm_ng of the Z-MAC
' phase. At this point, every node synchronizes to slot 0 and

frame and that is;, which is a contradiction. | i e
then they are finally ready to run the transmission control of
Z-MAC.
oA o2 155) - In Z-MAC, a node can be in one of two modelgiw
D‘N =@ contention level(LCL) or high contention leve(HCL). A
t@ e node is in HCL only when it receives axplicit contention
5 (5) < o . y P . Ly
o 1 2 a a4 s 6 = notification (ECN) message from a two-hop neighbor within
~ N = EETE the lasttgcn period. Otherwise, the node is in LCL. A node
e [N HEE (O ; ; : ; -
- . p—— sends an ECN when it experiences high contention. The detalil
> Wl 1 [ on ECN are in next section.
e _mm . In LCL, any node can compete to transmit in any slot, but
F . e — in HCL, only the owners of the current slot and their one-hop
[ . neighbors are allowed to compete for the channel access. In
.  e— . ¥

both modes, the owners have higher priority over non-owners

Fig. 1. An example of the TF rule. The top figure shows a netviopology If a slot does not contain an owner or its owner dpes not

and the numbers indicate the slot numbers assigned by DRANDtee have data to send, non-owners can steal the slot. This éatur

numbers in parenthesis afg. The bottom figure shows the slot schedule ofachieves high channel utilization even under low contentio

all nﬂodes (fhaded slots are ones where each node transvmitdagak slots are as a node can transmit as soon as the channel is available.

the “empty” slots that are not used by any one-hop or two-heighbors). Z-MAC implements LCL and HCL using the backoff, CCA
and LPL interfaces of B-MAC.

The TF rule allows nodes to pick their own time frame sizeBhe transmission rule.As a node; acquires data to transmit,
based on their local two-hop information. This rule makegs checks whether it is the owner of the current slot. If it is
DRAND adaptive to dynamic time frame changes (caused Bye owner of the slot, it takes a random backoff within a fixed
local topology changes) without incurring any global chemg time period7,. When the backoff timer expires, it runs CCA
Figure 1 shows an example of a TDMA schedule obtained ind if the channel is clear, it transmits the data. If the olen
the TF rule. If the global time frame is used, then 6 will bg not clear, then it waits until the channel is not busy and
the time frame size. Then nodesand B can use their slots repeats the above process. If nodés a non-owner of the
only once every 6 slots although their frame sizes2aeach. current slot and it is in LCL, or if it is in HCL and the current
But if the TF rule is used, we can allow them to use framglot is not owned by its two-hop neighbors, then it waits for
size 4. This increases the concurrency in the channel usggeand then performs a random backoff within a contention
and reduces the message delays for nddend B. However, window [T,,T,,,]. When the backoff timer expires, it runs
we find that slots 6 and 7 are not assigned to any node @TA and if the channel is clear, then it starts transmission.
the neighborhood. This is a trade-off, when the network ig the channel is not clear, then it waits until the channel is
uniformly dense, the global time frame would create a smallglear, and repeats the above process. If noidea non-owner
number of empty slots. But if the network contains mangf the current slot and is in HCL (this means that a two-hop
sparse areas with only a few dense areas, then the locahiganieighbor ofi has sent an ECN in the lastcy), postpones
would be more preferable. In Z-MAC, since empty slots arigs transmission (it may sleep) until it finds a time slot that
available for CSMA (more details on Z-MAC's transmissioreither (1) is not owned by a two-hop neighbor or (2) is its
control are given next section), they are not necessarigtena owner. After waking up, it repeats the above process.
Synchronizing on slot 0.The local framing rule implicitly
assumes that every node starts its time slot 0 at the same timé\ccording to the above transmission rules, in the LCL
This can be achieved without any communication, if clockwmode, a node can compete in any slot, albeit with different
are synchronized, by fixing a predetermined absolute time gidorities. In HCL mode, it can compete in the current slot
synchronize slot 0. For instance, we can set the beginniagly if it is the owner of the slot or a one-hop neighbor to the
of the real time (i.e., when the synchronized clock value @mwner of that slot. Note that it is possible that a transroissi
zero) to be the beginning of slot 0. New nodes can eas#yarted in the previous slot crosses over to an HCL slot ngusi
synchronize their slots if they synchronize their clockghe collision with the owner of the slot. One way to prevent tlsis i
global clock. To allow this synchronization, Z-MAC perfosm to restrict a transmission not to cross over an HCL slot. We op
global clock synchronization such as TPSN [15], only onagot to support this because this restriction makes the rsyste
at the beginning. After the initial synchronization, eacide design more complicated especially in a network where tight
runs a low-cost local synchronization protocol discussed fime synchronization is difficult to achieve. Besides paske
Section llI-F. do not come at a regular interval and may not be of the same



size. Another reason for allowing slot “crossing” is duette t D. Explicit Contention Notification

following tradeoff in channel utilization. If such a crosgiis ECN messages notify two-hop neighbors not to act as
not allowed, then even when there is some remaining tiMm@jden terminals to the owner of each slot when contention
in a slot, that time may be unused if a packet transmissign high. Each node makes a local decision to send an ECN
by the owner cannot be finished within that time slot. On theessage based on its local estimate of the contention level.
other hand, if we allow the crossing, then it is possible thatThere are two ways to estimate two-hop contention. One is
packet transmission by the next owner (which could act ag@ receive acknowledgment from the one-hop receiver and
hidden terminal to the current owner) could cause a collisiomeasure the packet loss rate. Since two-hop contentioesaus
thus wasting the time for transmitting the packet. Now thgyjjision, it is highly related to the loss rate. Howevesttéch-
tradeoff is whether we pro-actively prevent such a colfisionigue requires the receiver to send feedback and incura extr
by not transmitting during that remaining time in the slotiangyerhead. Unless the acknowledgment feature is enabled by
thus wasting that time or we make the transmission durif§e application, this overhead can unduly reduce the channe
that time but possibly risking channel wastage due to a gackgjjization. The other technique is to measure the noisel lef/
collision at the next slot. Both cases waste some amountigk channel. When high contention occurs, it tends to iserea
slot time but in the first case, we always waste that time, bife noise level. This technique does not require any extra
in the second case we waste the time only when a collisigferhead as the noise level can be measured passively at the
happens. Our initial test result is consistent with ouritfdd  time of data transmission. In order to measure the noisé leve
in that the second case results in more channel utilization.passive|y without actively sampling the channel, we measur
Specific values ofl;, and T;,, have performance impact.the average number abise backoffthat a sender takes before
The choice off, determines the robustness of Z-MAC in thgransmitting a packet. A noise backoff is the backoff takgn b
face of time synchronization errors or slot assignmentifad 5 ransmitter when it senses the channel using CCA before
which cause some slots to have more than one owner. If {hgcket transmission (it transmits only when the channel is
synchronization error is no more than one TDMA slot sizgjear). When the noise level is higher than the CCA threshold
then there can be at most two to three conflicting owners @ node takes backoff. In order to see the correlation twe
any time. We can analytically obtain the optimal siz€lpfto  {ne noise backoff and two-hop contention, we took a Mica2
handle contention among two to three owners. Based on thigperiment where two clusters of nodes transmit to a common
we setT, to 8 contention window slots (also a power of Zeceiver calledsink The nodes in different clusters are in a
for efficient implementation). We séf,, to 32 slots (which two-hop distance to each other and the nodes in the same
is also the initial contention window size in B-MAC). cluster are one-hop away from each other. In one clusterywe fi
Slot sizes also have a performance implication. If the slghe sender, calleseasurement nodand in the other cluster,
size is too small, clock synchronization errors will havghter e vary the number of senders. We measure the correlation
performance impact because it will allow more nodes {getween two-hop contention at the sink and the noise level at
overlap over slot boundaries. For slot sizems, as long as the measurement node as we vary the number of senders in
the synchronization error is less thaj2 ms, a slot will have gne cluster and their transmission rate. The two-hop ctioten
no more than two conflicting owners. Another way to 100k 8§ measured by the number of times per second that the sink
the problem is that since the effect of clock synchronizatiqeyes the idle state into the receiving state but fails teive
errors will likely occur around the boundaries of slots, age data because of corrupted data or high noise in sampled

the slot size increases, the performance impact of suchserrgata (including loss of sync, CRC fail, and preamble fail).
asymptotically reduces (because within a unit time, thelmem

of boundaries gets smaller). On the other hand, increahimg t Noise relationsi between the ik and node
slot size tends to increase the transmission delay because i ’ ‘ ‘ ‘ ‘
increases the frame size. If a node misses its time slokétsta
one frame size before it becomes an owner again. Therefore,
the choice of the slot size should be a function of the acgurac
of clock synchronization and also the desired network dilay
the network. In our system, the slot size is a system paramete
tunable depending on the application.

The transmission rule of Z-MAC is different from that of
PTDMA. Unlike PTDMA, the owner and non-owner access °f hofopinenierz ¥ |
probabilities of Z-MAC (“a” and “b” in Eq. 1 in [14]) are L v ‘ w?.gnﬁtskn‘zgv.%‘;”f;;‘;gﬁ
independently adjusted b, andT;,, since non-owners can- ’ o o Ko (oise ackoff per packen) o o
not compete during’,. This enhances the ability to increaseig. 2. The correlation between noise level and two-hop exiun.
the robustness of the protocol without affecting the gdnera
behavior of the protocol. For instance, increasifig does Under low transmission rates, even if we increase the
not change the priority between owners and non-owners, thusmber of senders, the average noise level and two-hop
preserving the performance swing between TDMA and CSMeéontention are very low, below 0.1 per packet and 5 per second
depending on contention. In PTDMA, this is not possible duespectively. However, we increase the transmission m@te t

to dependency between “a” and “b”". the full rate (all senders always have data to send), theenois

two hop contender 4 m

Two-hop Contention (corrupted packets per second)
=
5
a




level increases beyond 0.2. Figure 2 shows the correlatitwo-hop neighbors only for the time slot of the ECN originato
between the average noise level and two-hop contentionrundéereas a suppression message suppresses all receivaps exc
the full data rate. Thesimple correlation coefficienfl6], the one designated in the message.

the ratio of co-variance of the two metrics over the product

of the variances of individual metrics, is 0.68 (1 and - Receiving Schedule of Z-MAC

indicate the maximum positive and negative correlationd an

0 |nd|cate_s no co_rrelatlon), indicating h'gh c_orrelatld'me In Z-MAC, a node can transmit in any slot. On the other
exponentially moving average value (with weight 0.5) of th . .
! LT nd, Z-MAC does not define a receiving schedule for nodes.
noise level when the two-hop contention is higher than . . L
er second increases beyond 0.3 backoffs/packet. We eepeart]Stead’ it relies on the LPL mode of B-MAC for receiving
P y | P ' ckets. Therefore, the energy consumption of Z-MAC for

the experiment many times and confirmed that average B listening especially under low duty cvcles is compigab
noise backoffs per packet consistently indicates high iap- o that of B?MACp y y ey P

contention. However, this is only a conservative metricsuse The check period is also a factor in determining the slot

even one-hop contention can cause high noise backoffs §s wel . .
L o : Size because a slot must be big enough to transmit one packet.
but it is clear that low noise indicates low contention.

As a transmitting node detects high contention, the noJé‘“.s' the slot size must be .Iarger than the sum of the CheCk
sends a unicast messagane-hop ECN to a destination périod, T,, T»., the CCA period and one packet propagation

. : Lt . . time. There is a trade-off between the slot size and the m&two
to which the node is experiencing contention. If multiple ) . : .
S : : : delay, especially under high contention. Under low conbent
destinations experience contention, it sends one broadcas ; : .
o . . L e slot size does not affect the delay since a node can tiansm
with information about the multiple destinations. Typlgain

X at any time. But under high contention, a node is in HCL and
sensor networks, since each node has one parent to tran:ﬂ”m

data to, a node has one destination. When a fjageeives a ansmits only during a few designated slots. Thereforargel

: . ... slot size can incur a large delay. We leave the choice of the
one-hop ECN message triggered by its one-hop neighhior : L i
. . L slot size to the application designers who has to evaluate th
first checks whethey is the destination of the ECN MeSSage, 4o ot and find the slot size that fits their needs
If so, it then broadcasts the ECN to its one-hop neighbors '
(these ECN messages are calted-hop ECN. If j is not the ) o
destination, it simply discards the one-hop ECN. When a nofie Local Time Synchronization
receives a two-hop ECN, then it sets its HCL flag. Z-MAC requires clock synchronization under high con-
The HCL flag is only asoft state meaning that unless tention to implement HCL. However, note that synchronizati
another two-hop ECN message is received within thetfast  is required only among neighboring senders and also when
period, the flag is reset. Thus, if nodeontinually experiences they are under high contention. This offers us an excellent
contention, it needs to transmit the ECN message peridgicabpportunity to to optimize the overhead of clock synchraniz
This refresh periodgcn is set by the system. tion because synchronization is required only locally agion
Typically, when a node detects contention, it is likely thateighboring senders, and the frequency of synchronizaton
its neighboring senders will do so at the same time. Theegfobe adjusted according to the transmission rates of senders s
we will have many duplicate ECN messages forwarded tbat senders with higher data rates transmit more frequent
routing nodes. To prevent ECN implosion, we use overheariegnchronization messages. In this scheme, receiversvpbssi
to suppress ECN. When a nodaletects high contention, it synchronize their clocks to the senders’ clocks and do nat ha
takes random backoffs before the transmission of a one-hopsend any synchronization messages.
ECN message. In the mean time, if it receives a one-hop ECNTo implement the local clock synchronization among
intended for another node that has the same destinationsaaders, Z-MAC adopts a technique from RTP/RTCP (real-
i's ECN, then node; suppresses its ECN and cancels thiéme transport protocol) [18]. In this protocol, the corimes-
transmission of the ECN. Aftetgcn, if it still experiences sage transmission rate is limited to a small fraction ofisess
high contention, it schedules another ECN by taking a randdyrandwidth and each session member adjusts its sendingfrate o
backoff and repeats the above process. The same suppressiorrol messages according to the allocated session bdtidwi
rule applies to routing nodes. If a routing node receivesex orin Z-MAC, each data sender limits its bandwidth consumed
hop ECN and it has forwarded an ECN withipcy period, by synchronization messages to a predetermined fractids of
it does not forward a two-hop ECN. data sending raté3syncn (€.9., One synchronization packet per
ECN is similar to RTS/CTS in CSMA/CA. But the differ- every 100 data packets). In fact, each sender can indepéynden
ence is that HCL uses topology information (i.e., slot infer determine this fraction by some function of its energy and
tion) to avoid two hop collision. The cost of ECN is also fabandwidth budget. We currently sd, .., to 1% of the
less than RTS/CTS since it is triggered only when contentionsending rate.
high. Using ECN suppression, only a small number of ECN In our local synchronization protocol, eactata sender
messages need to be forwarded. Since the HCL state nti@nsmits a synchronization message containing its curren
last for a much longer term than a single packet transmissiafock value periodically. When a node receives a synchro-
its cost is amortized over many packet transmissions. EQiization message, it updates its clock value by taking a
can also be viewed similar to thsuppressionmessage in weighted moving average of its current value and the newly
CODA[17]. However the difference is that ECN suppressesceived value. Because only senders transmit synchit@mza

DRAND defines only the transmission schedule of nodes.



messages, it is possible that some nodes located in a Idie trafA. Model and Definitions

area might have clock values drift far away from the other n nhodes are in the system and they are all in a radio range
synchronized nodes. When those nodes start transmissigneach other, i.e., a transmission by a node can be sensed
their clock values are unsynchronized (note that the mam'mtby all other nodesB out of N nodes are sources and the
clock drift rate of Mica2 is around 46; [15] per second). remaining nodes do not send any packets. Sources always have
Thus, their clock values must not be trusted. To avoid howprinackets to send, i.e., applications are continually trattism.

clock values from unsynchronized senders, we adjust t assume that all packets are of the same size. As we
averaging weight by applying @ust factor (5;) that reflects jncreaseB, we vary the level of contention in the system.
the frequency of synchronizations of the message sende{Sposes as the maximum potential number of contenders in
f: is computed by the frequency of transmitted and receivedheighborhood. We assume tHatis the time taken to sense

synchronization messages as below. the radio. We calll’; a contention slat Assuming negligible
Let raiee e the_maX|mum clock drift rate of each sensor a”&opagation delay, collision always occur at the beginmihg
€clock D& the maximum acceptable clock error. Thep.cn = packet transmission. Note that under no delay, collisiomoa

€clock/Tarife determines the minimum synchronization intervgdecyr in other times because it can be sensed by all other
required to achieve the maximum clock error or less.£&8  {ransmitting nodes. Thus, the time wasted because of icallis
the average rate at which a node receives or sends syncon the same as the transmission time of a packet which is
tion messages, andy,cn be_the maximum weight that appliesgengted byT},. Out of T}, let T, the time spent to transmit

to the new clock value received. Then theof the node can be the payload of a packet excluding the time taken to send
computed by3; = min{c, § X Isynch X Asyncn }- The weighted jis header. In our analysis, we measure the effective channe
moving average valu€,,, of a clock can be computed by yjjization expended to transmit data payload, considgtire
taking a weighted moving average of a newly received cloglgader transmission to be overhead. We assusietied-time
value Cewy and Couvg: Cavg = (1 = B1)Cavg + Bt * Crew- model where real time is divided in the unit of a slot time and

In Mica2, to maintain 1 ms clock accuracy with 48 per )| ransmissions occur at the boundary of a slot.
second maximum drift rate and one synchronization packet pe

every hundred packets (packet size 49 bytes), a node needg t%-MAC
maintain its sending and/or receiving data rate to 1.5 Kbps )
or higher. At that rate, the trust factor of the node becomesWe approximate the performance of B-MAC by slotted
(gynen, CONSUMINg only 1% of the sending rate, 150 bps (or 1f@SMA with one backoff yvmdow size. In this _quel, a node
packets per second with 49 byte packets), for synchronizati takes a rgndom bgckoff time before a transmission. When the
If the data rate (sum of sending and receiving rates) goembelPackoff timer expires, it senses the channel. If the channel
this, then the trust factor of that node gets discountedtfiigt IS NOt busy, it starts transmission. If not, it waits untieth
does not pose any threat to throughput because it is likelly tfiransmission is over and then take_another ba}ckoﬁ and tepea
the node does not experience much contention below that d§ @Pove process. The backoff time value is randomly set
rate and CSMA works effectively under low contention. " .the unit of slots W|th|n_ the backoff contention wmdow:
In the above scheme, the nodes that send and recelféS scheme only approximates B-MAC because B-MAC is
synchronization messages more often tend to have a higifaplemented as a non-slotted CSMA protocol and also uses
trust factor and their values will be reflected more heavilyv© different backoff windows: the initial backoff beforbet
in updating clock values. Typically, these nodes on routirf@nSmission of a packet and the backoff after sensing the
paths tend to have higher trust factors because they tend-fi@nnel are taken from two different window sizes. Despite
send more packets than the others. Similarly, source nod@gse differences, we shall see that our analysis is fallgec
that infrequently send data have lower trust factors. Whent&its Simulation result. .
source starts sending data again after a long hibernation, i Nodes pick a random backoff uniformly ovet, CW].
clock could be drifted far apart from other more synchrodizd1ence, the average window size observed by a node would
clocks. But as it increases its rate and its data being raated®® Wavg = (CW + 1)/2. Now, consider a contention time
the sink, its clock value will come closer to the clock valeés SOt 7. Since all nodes pause their backoff timer as soon as
other routing nodes. In our experiment, we find that even if 36y detect that the channel is busy, from the viewpoint f th
island of 30 nodes is not synchronized, it resynchronizeis wihodes, the duration of an entire packet transmission (veneth

the rest of the network within 10 synchronization message§_uccessful or collided) is counted as a single contention sl
Seen this way, contention slétcan be in one of three states:

IV. ANALYSIS OF CHANNEL UTILIZATION Collision(s) occurred during, successful data transmission

In this section, we formulate the closed form expressi&?cu”ed during, or i was idle. Let the proba_bility that is
of channel utilization for various existing MAC schemes fol? €ach of these states ¢, F; and P; respectively. Hence,
wireless sensor networks, namely B-MAC, Sift, PTDMA and P.+P+P=1 (1)
Z-MAC in a one-hop environment where all nodes can sense ) o
the transmission of the other nodes. We do not analyze SCiven B contending nodes, we can calculate utilization
MAC and T-MAC as [3] shows that these protocols perfortk® (B: CW)) achieved as follows:
much worse than B-MAC. These expressions are validated in S(B,CW) = TyPy
the next section by the simulation and experiment. ’ - T,P.+T,Ps+ TP,

)




The probability that a contention slot is idle is the prob- Let the expected lengths of successful and collided trans-
ability that none of the nodes selected that slot. Given missions beF; and E, respectively. Hence:
contending nodes, each with an average backoff window size
of W4, the probability of a node selecting a slotligiV,,,.

cw
Hence, Ee=Y Pur) x ((r—1) x Ts + Tp) (8)
s s S p
b= (1 - 1/Wavg)B ©)) r=1
. . : cw
Along the same lines, the probability of a contention slot B

being used for successful data transmission is the pratyabil Ee = Z_; Pe(r) x ((r = 1) x Ts + T) 9)

of a node selecting a contention slot, and all others chgosin =

different slots. Hence, We can hence calculate the utilizatiéi{B, CTW) as:

Pd =B x (1/Wavg) X (1 — 1/Wavg)Bil (4) S(B, CW) _ % (10)

This system of equations can be solved for P;, and Py,
to get the utilizationS.
D. PTDMA
C. Sift Consider a TDMA time slot whose owner is0;. Note

. . . . that TDMA time slots are different from contention slots and
Sift [11] is a slotted fixed window CSMA protocol. Backoff. I I :

| domlv ch based on the followi b.lln PTDMA, there is no contention slots and all transmissions
values are randomly chosen based on the Toflowing proh),a_ "hre done once at the beginning of each TDMA slot. It does
distribution P(r) wherer is the contention slot number in

i - . not perform any carrier sensing either.(f is a source, then
range_l, .-, CW, andP(r) is the probability that contention it transmits in sloti with probability « while the remaining
slot r is chosen as a backoff value:

B — 1 sources transmit in slat with probability b. If more
(1 - a)aCW than two nodes transmit during the same slot, the TDMA slot
P(r) = ——%w " (5) is wasted with collision.

. . Let P, andP,. be the probabilities that successful packet
Once the slot is chosen, the node transmits at that sIot.tIJ‘; Sa Sin P P

) : s L nsmission occurs in a slot of an active source and a non-
a node finds the channel busy, it waits till the channel is, |d|§ . i
. . . . ource respectively:

and tries again as before by choosing a new slot. This behavio

is different from B-MAC where the backoff timers are paused P, —=a(1 - b)P" 1 +b(1 -a)(1-0)F2(B-1) (11)

when the channel is found to be busy, and later resumed again - B-1
from the last values before the pause. This makes our apalysi
for Sift a little different from that for B-MAC. P,, is calculated as the probability that the owner of the slot
Let the probability of a successful transmission in a slotwins, all otherB — 1 sources loseQR the owner of the slot
be P,(r): loses, one of the non-owners of the slot wins, and all other
r B —2 sources lose (we multiply this b — 1, since there can
Py(r) =B x P(r) x (1— Z P(i))B1 (6) beB—1 suchwinnersP;, is obtained as the probability that
i=1 one source wins with probability, and all otherB —1 sources

which is the probability that any one node chooses slot I0S€ — we again multiply byB since there can b& such
all other B — 1 nodes do not select any slot fromto r, and Winners. Given these probabilities, the utilizaticii.V, a, b)
since any of theB nodes could be the winner, we multiply!'S:
this probability by B to get the desired probability. P;,B+ P, (N —B)

Let the probability of collision in slot- be P.(r): S(N,B,a,b) = N xTa/T,  (13)

B The factorTy/T,, accounts for the fraction of bandwidth

Pe(r) = Z(Cf X P(r)* x (1 - Z P@@)"7")  (7) ost due to the header.
r=2 i=1

Here, we are counting the probabilities of collisions
occurring in slotr. So literally the probability is that any E. Z-MAC
nodes select the same slgtand the remainindg? — = do not Owners of a slot pick a random backoff uniformly over
select slots fron to r. Since any: out of the B nodes can be [1,T,], while non-owners do so withiifl, T,,,]. Hence the
the nodes involved in the collision, we need to multiply thisverage window size of owners and non-owners would be
probability by CZ. Finally, we need to sum up probabilitiesW, = (T,+1)/2 andW,,, = T,+(T,,+1)/2 respectively. As-

due to2,3,4...B collisions, all occurring in slot. suming strict time synchronization between nodes, the owne
Let the total probability of success and collision for ongrabs the channel every time because of its smaller backoff
trial be Ps and P, respectively. Hence: window. Hence, inB slots out of N slots, the corresponding

owners will always succeed. Z-MAC behaves like a slotted,
P. = Zf:”l/ P.(r), Ps= ZTC:V&/ Py(r), andP;+ P.=1 memory-less CSMA scheme with just one contender. We can
apply the analysis in Section IV-C to this case, with one $mal



I . ” . TinyOS and ns-2 experiment parameter Default
modification — the probability of choosing a slots governed Ozmer ontention v‘\),mdow Sigém 8 Slots
by a uniform distribution, hence: Non-owner contention window siz&}, ) 32 slots

Contention window per-slot duration 400 us
_ ECN refresh periodizcn ) 10 seconds

Py (T) - 1/W0 (14) Averaging weight for time synchronizationx{y ,cn) 0.25

- . . Maximum clock drift rate €qyift) 40 us

Let utilization obtained by owners be denoted$y1, W,,). Maximum clock error (Clock)t Tms

In the remainingN — B slots, all B sources contend with SynchéomzAaéﬂ% md\lmgthﬂsymh) 5%) %

. . . . - slot size ms

a flxed_wmdow of sizelV,,,. Z-MAC behaves like a slotted, Communication range (n5-2) 500 f

fixed window, memory-less CSMA scheme withcontenders. Interference range (ns-2) 300 ft
Communication bandwidth (TinyOS, ns-2) 19.2 Kbps

Applying the analysis in Section IV-C again, with:

Ps (’f‘) _ 1/Wno (15) TABLE |

THE DEFAULT SETTINGS OFZ-MAC PARAMETERS
We denote the utilization obtained in th% — B slots
as S,.(B,W,,). Given S, and S,,,, the average utilization,

S(N,B,T,,T,,) is a weighted average on tii2@ and N — B

! channel utilization, we keep the default window sizes. The
slots respectively:

default values of Z-MAC parameters are shown in Table I.
So(1,Wo)B + Sno(B, Wyo)(1 — B) We use three benchmark setups in our experimarg:hop
N two-hopand multi-hop benchmarks.
(16) One-hop benchmark This benchmark is reproduced from [3]
- n nodes placed equidistant from a receiver in a circle trahsmi
transmit as quickly as possible with full transmission powe
our goal for this analvsis is to ascertain the best erfOB_efore each run, we ensured that all nodes are in a one-hop
mance%chievable by a )i/ven rotocol under idealized ghantgistance to each other so that there are no hidden terminals.
" yag P . is benchmark is used to measure the achievable throughput
conditions when factors such as channel losses and noise e . .
. : ) (? ifferent MAC protocols for different levels of conteati
factored out. We shall show in Section V-B, Figures 6 and /... . .
that the analysis closely follows the simulation resultd Hrat within a one-hop neighborhood. All nodes are placed at Bast
Z-MAC erfo{ms well c{)m ared to other protocols. With thifeet apart and the distance to the receiver was approxiynatel
validatiopn of our design wg roceed to irr? Iement'Z—MAC i% meters. The setup is placed in an open conference room
an, P P without any obstruction. ns-2 one-hop simulation follows t
the real network environment and present the correspondg}gne setup
results in Section V. Two-hop benchmark We create this benchmark to test the
performance of different protocols when hidden terminats a
V. EXPERIMENTAL EVALUATION present. We organize nodes into two clusters where 7 and 8

In this section, we validate the analytical results in the-prsending nodes are located in each cluster respectivelymihe
vious section experimentally and also test the performaficeclusters are placed approximately 5 meters apart in a house

the MAC protocols in more diverse but realistic environnsentWith drywall. A receiver node (or routing node) is placed in
the middle of the two clusters. Nodes within the same cluster

are placed about 2 feet apart. In this environment, we cannot
get a sharp boundary of interference but we ensure that all
senders find the receiver as a one-hop neighbor and all nodes

To evaluate the performance of Z-MAC, we implemented Zare reachable by two hop communications.We also reduce the
MAC in both ns-2 and Mica2/TinyOS. We use ns-2 simulatiotransmission power of senders to 1 dBm (1.3 mW) to control
to compare the performance with existing protocols whosee number of hidden terminals. Since the number of hidden
TinyOS implementation does not exist at the time of pregarinierminals varies with the transmission power, we get more
this work. We compare the performance of Z-MAC withhidden terminals with a low transmission power. On the other
that of PTDMA (ns-2), Sift (ns-2) and B-MAC (ns-2 andhand, ns-2 simulation of the two-hop benchmark can define a
TinyOS). We do not run S-MAC and T-MAC as [3] shows thatlear separation of the two clusters so that they becomeyalwa
these protocols perform much worse than B-MAC. Althougtwo-hop to each other.
our performance evaluation does not cover all the availaléulti-hop benchmark . We consider two multi-hop topologies
sensor MAC protocols, we believe that the evaluated prdsoce- a 10-hop chain topology and a full-fledged wireless sensor
constitute a good representation of existing protocols. network testbed comprising of 42 Mica2 nodes.

Unless specified otherwise, we use the default settings of B-The 10-hop chain experiment is reproduced from [3] to
MAC as described in [3]. Since Z-MAC is implemented on topneasure the latency of different protocols where 11 nodes ar
of B-MAC, we use the same packet format as B-MAC (showlimed up side by side to create a line topology. The source
in Table 4 in [3]). The default initial and congestion badkofand sink are placed at the two different ends of the topology.
window sizes of B-MAC are 32 and 16 slots respectively (eadthe source sends 20 messages with a payload of 100 bytes
slot is 400us). Except the throughput tests where we vary th&ithout any fragmentation. The intermediate nodes forward
backoff window sizes to see the impact of window sizes dhe messages to the sink.

S(N,B,TO,THO) =

F. Discussion

A. Experimental Method
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For a realistic multi-hop scenario, we construct a network _ OrereeThouiiess Beemen
of 42 Mica2 nodes, each placed in faculty offices and class- ur
rooms of our computer science building. Figure 3 shows the 2l
testbed and wireless communication links among nodes. In
this testbed, the maximum two-hop neighborhood size of all
nodes is 27 and the maximum local frame size is 32 (many
nodes have smaller local frame sizes). To remove any effect

10 |

Throughput - Kbps

6F B-MAC-Initial = 0, Congestion = 16 -4~ e

of routing differences, we use fixed routing paths for altges g BMEmdcREEn R .

The paths are taken from one run of Mint [19], the default B I ]
routing protocol of TinyOS. Figure 4 shows the routing paths 2t

we used for 30 nodes in the testbed with node node 36 as the . e
sink. Thicker lines indicate links with more traffic. T earsomesconenges

Fig. 5. The data throughput comparison in the one-hop Migaithmark.

we are not able to reproduce the same performance of B-
MAC as shown in [3]. Our result is significantly less than
what they report ([3] reports approximately the maximum
throughput of 13 Kbps with one sender). We conjecture this
discrepancy could be due to a higher noise floor level in
our experiment environment. B-MAC with congestion window
size 64 performs much better than that with congestion tfacko
window size 16. This happens because the larger congestion
window size reduces the contention among senders.

For the Z-MAC tests, we fix the frame size to 20 for
all experiments and vary the number of senders. HCL is
disabled because the performance of HCL and LCL is the
same when all nodes are in a one-hop distance to each other.
Before running Z-MAC, we run DRAND and TPSN to get
slot assignments and to synchronize the clocks of the sender
The data throughput is obtained after these protocols finish
The data throughput of Z-MAC with one sender is about 40%
less than that of B-MAC with window sizes (0,16) and (32,16).
This happens because Z-MAC uses a larger congestion backoff
window size. With one source, it sends as non-owners at most
times except for its own slot. Therefore, it incurs the cost
of waiting for T, for the non-owner slots. The throughput
of Z-MAC is almost independent of the number of senders.
When the number of senders is small, most senders are sending
as non-owners. Thus, they can utilize the unused slots that
belong to the other nodes. As the number of senders increases
so does the number of senders transmitting during their own
slots. Thus, when contention is high, it can maintain good
throughput since it works more like TDMA. The throughput
with 20 senders is much higher than that of B-MAC (in fact,
B. Throughput higher than that shown in [3].

In this experiment, we measure and compare the effectiveWe also run Z-MAC with no clock synchronization. At
channel utilization of each MAC protocol. We measure onlghe beginning of the run, we randomize the clock values
data throughput as done in [3] where the data portion of eash all nodes. We turn off the local clock synchronization
packet consists of 36 bytes (29 bytes for the data payloadpftocol as well. This allows some slots to be overlapped
bytes for the header, and 2 bytes for CRC). with each other so that several nodes consider themselves
One-hop Benchmark.In this test, all senders are transmittingas owners at the same time. Thus, this scenario essentially
at their full transmission power and the receiver has itsorademulates slot assignment failures as well. We observe that
on always (i.e., no duty cycle). The effective maximum datthough the Z-MAC performance drops in the presence of
throughput on Mica2 is 15.6 Kbps (excluding preamble artdne sycnhronization errors, it does no worse than CSMA,
sync bytes). Figure 5 shows the data throughput of B-MA&nd under high contention gives comparable performance to
and Z-MAC from Mica2 one-hop benchmark. UnfortunatelyZ-MAC with synchronized clocks. This is becaudg is

i

fiees
i
)
L

il
i 5‘}% /

|

Fig. 3. NCSU testbed with 42 Mica2 nodes.

240 t.

Fig. 4. Routing paths used in the multi-hop Mica2 benchmark.
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One Hop Utilization; Simulation Two Hop Throughput; Mica2 Experiment
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Fig. 6. The data throughput comparison in the one-hop nsa2hieark. Fig. 8. The data throughput comparison in the two-hop Mica@chmark.

One Hop Utilization; Analytical Two Hop Utilization; Simulation
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Fig. 7. The analytical data throughput comparision in the-bap benchmark Fig. 9. The data throughput comparison in the two-hop ns+Zhmark.

sufficiently large to handle multiple owners within a slohi§ the data throughput when hidden terminals are present. We
shows that when the information about interference I’GhatiQ'ary the number of senders while fixing the number of
and synchrony are inaccurate, the performance of Z-MAggighbors. As in the one-hop benchmark, all senders always
gracefully degrades to that of CSMA. When this informati®n ihave data to send. Each additional sender is chosen from
accurate, Z-MAC performs really well under high contentionthe alternating clusters. For Z-MAC tests, we set the frame
Figure 6 shows ns-2 simulation results for one-hop invavirsize to 16. In this test, we run Z-MAC with HCL disabled
PTDMA, Sift, B-MAC and Z-MAC - which agree closely (marked as Z-MAC-LCL) and with HCL enabled (marked
with the analytical utilization shown in Figure 7. For PTDMAas Z-MAC-HCL). Both cases run along with the local clock
and Z-MAC, we set the number of statiodd to be 21. synchronization protocol in which each sender sends one
For PTDMA, we report utilization for access probability(ya synchronization packet in every 100 packets transmittéa. T
values of 0.5, 0.8 and 1. The slot size for PTDMA is salata throughput reported by Z-MAC includes the overhead of
to 20 ms which is enough to send one packet. For Sifhe clock synchronization and ECN.
the probability distribution parameter is set to 0.9 and the  Figure 8 shows the results of the two-hop Mica2 bench-
contention window size is set to 24 slots. PTDMA, for anynark. Since the transmission power is low (1.3 mW), the
value of “a”, shows very low utilization under a small numbefmaximum achievable throughput also gets lower. As the num-
of sources. As the number of senders increaséd tit shows per of hidden terminals increases along with more senders,
its maximum channel utilization. But under lower values ohe throughput of LCL drops more than that of HCL. On
“a”, its performance becomes close to that of CSMA (whicthe other hand, HCL performs relatively well maintaining
is B-MAC in this figure). Only when the number of senderaround 6 Kbps even under high contention. According to
is equal to)M, it becomes closer to TDMA as “a” increaseg3], the protocols with RTS/CTS (S-MAC and B-MAC with
(these data points can be verified from the results in [14] ®FS/CTS) achieve around 2 Kbps when more than 15 nodes
well). The B-MAC simulation result closely follows that in(even when no hidden terminals are present). This confirms
[3]. The good performance of Sift is because all nodes afigat the overhead of ECN is much lower than that of RTS/CTS.
one-hop and data are always available for transmissioneso iMAC shows high sensitivity to hidden terminals as its
senders are synchronized with each other to the boundarytiffoughput drops to 1 Kbps under high contention. Z-MAC-
packet transmissions. HCL when run under unsynchronized clocks, shows a drop in
Two-hop Benchmark. In the two-hop benchmark, we measur@erformance but is still better than B-MAC.
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Utilization Variation with Time Synchronization Error Multi-hop Throughput; Mica2 Experiment
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Fig. 10. The data throughput in the two-hop ns-2 benchmarkweasdd Fig. 11. The data throughput in the multi-hop Mica2 benchoes we vary
clock drifts. The figure reports throughput when the numbesemders is 18 the transmission rate of each sender. In this experimdntodes except the
as we vary the drift rate (shown in a logarithmic scale). sink (node 36) are sending.

Figure 9 shows the results of the two-hop ns-2 benchmavkilti-hop Benchmark. Figure 11 shows data throughput
tests. We make sure that the two node clusters do not seafeZ-MAC-HCL and B-MAC under the multi-hop Mica2
each other, thus maximizing the number of hidden terminakgnchmark of 42 nodes. Under transmission rate less than
To be fair, we add RTS/CTS and data acknowledgment f3rl2 packets/sec, both protocols deliver all the packets an
the CSMA techniques (B-MAC and Sift). The size of RTSichieve about the same throughput. B-MAC shows slightly
and CTS including the TinyOS default preamble and synchrbetter throughput than Z-MAC. This is because the backoff
nization bytes is set to 15 bytes and the acknowledgment st@ngestion window value of Z-MAC for non-ownerg,(+ 15,
is 5 bytes. the throughput of B-MAC and Sift inmediatelr 8 + 32 = 40) is larger than B-MAC (16). The backoff
dropped to zero without RTS/CTS because of hidden terminaglue make difference because contention is low and most
so we did not plot them. The utilization of B-MAC and Sifttransmissions in Z-MAC are done as non-owners. As the
with RTS/CTS reaches around 10 to 12% as RTS/CTS/AQransmission rate increases beyond 3 packets/sec, wevebser
incur high overhead. These results are similar to the redultthat Z-MAC achieves about 20 to 30% higher throughput
B-MAC with RTS/CTS in [3]. The performance of PTDMA than B-MAC. Under the full data rate (50 packets/sec), Z-
does not change much from the one-hop benchmark redMIAC achieves about 7.2 Kbps while B-MAC achieves about
since time is completely synchronized and they use DRAND2 Kbps. These figures are slightly higher than the values
time slots (note that in PTDMA, senders always send at tfi®@m the two-hop benchmark under low contention. This is
beginning of a slot without sensing the channel). Z-MACkecause as the network is so densely populated, nodes can
HCL shows a good sustained performance independent of g&fse each other very well so one-hop contention dominates
number of senders. Its performance degrades slightly fhan ttwo-hop contention.
in the one-hop ns-2 benchmark because nodes can compete
only during their own slots and the slots of their one-hog. Fairness

neighbors and also because of the overhead of ECN MessageR,. measure the fairmess index [20] of delivered packets
To see more effect of time synchronization errors to th

performance of PTDMA and Z-MAC, we add some cloc& all the senders. As the number of packets delivered to the

arift | wo-h 2 benchmark. A domized ¢l ink is more uniformly distributed among all the senders, th
rit In our two-nop ns-c benchmark. A randomized cloci (]Jex approaches one. We compute fairness index from the

drift value is added at every 1 s and the average thrc_)ughputa erage number of packets delivered per sender within 10
PTDMA and Z-MAC measured over 600 seconds is plotte cond intervals

in Figure 10 as we increase the drift rate. We fix the numberFigure 12 shows the faimess index from the multi-hop

of senders to 18. For Z-MAC, we trn off the local CIOClﬁ\/li(:az experiment. Under low transmission rates, both Z-

synchronization feature. The results are that PTDMA ShOVKI?AC—HCL and B-MAC show high fairness. However as the

.rtng?hsensglvntyéo evetn a3;$all fciﬁCk dh”ft ratle (&1 s),.tlosi:g transmission rate increases, their fairness indices drape
IS throughput down to o OT'the channel capacily. AS w recipitously for B-MAC). This is because in the testbed som

increase the drift rate, the channel utilization of PTDM nks are so unreliable that under high load, we see highetack

quickly drops to 25%. This is because PTDMA relies on Bsses from the links. Z-MAC still shows about 40% hi
. e . . Z- gher
high value of “a” to get the effect of TDMA under high Ioadfairness index than B-MAC, under the full rate.

and with a high “a” value, any overlapping with neighboring
slots increases the chance of collision among the owners of

neighboring slots. In contrast, Z-MAC shows good robustne®- Latency

to the synchronization errors as it sustains its superidiope  We replicate the same latency experiment in [3] using the
mance until the drift error becomes larger than 1 ms/s evewnlti-hop benchmark. [3] uses the sending rate of one packet
without its local clock synchronization. in every 10 second to measure the latency. We perform the
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0.9 T T T

! : ‘ same battery used in Table 3 [3]). Although DRAND and the
. a2, Congeson 16 -+ other operations are not optimized for energy saving, this i
ot T 1 still a substantial amount of energy consumption compaved t
T, the per-transmission energy cost. However, the idea ishisat
N upfront energy cost is later compensated by increased gnerg
efficiency during the regular transmission of Z-MAC. In this

section, we summarize our energy efficiency result from the

Faimess Index
o
>
L

o

os | 1 Mica2-based benchmarks.
0.4 ... T Power Consumption in the One Hop Mica2 Experiment
e 1 B-MAC - Initial = 32, Congestion = 16 - i
T Z-MAC-LCL-To=8,Tno =32 ---o-- B
03 L ‘ ‘ ‘ ‘ ‘ ol |
05 1 2 4 8 16 32 -
Packets per second p =
14+ B
Fig. 12. Fairness index from the multi-hop Mica2 benchmark g Ll o,
= o R )
Operation Average (J) | StdDev E 0 1
Neighbor discovery 0.73 0.0018 S
DRAND 4.88 3.105 3 o°r 1
Local Frame Exchange 1.33 1.39 . .. e
TPSN 0.28 0.036 I el |
4+ 4
TABLE Il .
AVERAGE ENERGY CONSUMPTIONIN JOULE) DURING THE SETUP %0 %0 100 150 200 250 200 350
OPERATIONS IN THE MULTFHOPMICA2 TESTBED. Average Per Node Throughpt (Bis/Secanc)

Fig. 14. The power efficiency in low-data rate applicationshvow duty
cycle.

same experiment with Z-MAC with HCL enabled (but at this
source rate, ECN is never sent; the result is the same as. Z-Z"vIAC uses the CCA and LPL features of B-MAC. Thus,

MAC LCL). We run TPSN at the beginning to synchronize thiS energy efficiency is no better than B'MACS under Ioweda_it
clocks of all the nodes in the line topology and take the wenappllc?_tlong.zwi rém th_e s?hme ener:gy T\z)l‘f_lmeznl():y teﬁt d&id:”bd
measurement of each packet using the timestamps taken at %ec 10N 5.2 of [ ]. using the one-hop Mica< benchmark, an
source and sink. Both B-MAC and Z-MAC are tested undéyOt the results in Figure 14. As we vary the transmissioa,rat
LPL with 100ms check interval, and with full duty cycle. we compute the optimal check interval for the traffic pattern
' The power consumption of Z-MAC is slightly worse than that

et Hop Latency: a2 Expenment of B-MAC. This is because in Z-MAC, (1) nodes tend to wake
1000 Eync g —— ‘ ‘ — up longer for transmission since their backoff window siaes
| -no sleep —--x--- . . . .
1000 RS Ho0ms Cheek memal 5 ST larger and (2) clock synchronization messages are peéilbgic
o0 |- P 1 sent. In this test, data rates being low, all nodes are in LCL
1200 | T ) and no overhead for ECN is incurred.
§ 1000 - e T Throughput/Energy in the Multi-hop Mica2 Experiment
% 800 = 1 o3 - " Z.MACHCL-To =8, Tno =32 =
o N B-MAC - Initial = 32, Congestion = 16 e~
! 03 . ! 7
z o®r - - = B
2: 0.26 " 4
2 3 4 5 6 7 8 9 10 1 5 T
Number of Sources/Contenders g 024 ]
Fig. 13. The end-to-end latency on the 10-hop chain topology E 022 . J
Our result is very similar to that in [3]. Both protocols show e2r T o
very similar latency in all tests. This indicates that thetpcol o1 L - . . . :
overhead of Z-MAC is quite comparable to B-MAC's. packets per second

Fig. 15. The power efficiency in the multi-hop Mica2 benchknar

E. Energy Efficiency

Table V-E shows the itemized energy cost of the Z-MAC We measure the energy efficiency of Z-MAC and B-MAC
setup phase operations in the multi-hop benchmark. We rimthe multi-hop Mica2 benchmark. For each sending rates,
the setup phase for 30 times and report the average values aedvary the duty cycle from 20% to 60% and measure the
standard deviations. Total 7.22 J/node on average is catburanergy efficiency in terms of throughput over power. Figuse 1
for the setup phase which constitutes about 0.03% of thé topeesents the best ratio of throughput over power for a given
energy available per node with 2500 mAh and 3 V battery (tteending rate among all duty cycle runs. As we observe in



the multi-hop throughput test, under low data rates, B-MAQG4]
has slightly higher throughput. Also we observe in the eperg
efficiency test, that B-MAC also has slightly less powes; 5
consumption (up to 10%) under low transmission rates. This
is again because as B-MAC has a smaller contention wind i’é’]
size than Z-MAC, its idle time is less under low transmissio
rates. But as the transmission rate increases beyond 3tpacke
per second, Z-MAC's energy efficiency improves and bedfs]
that of B-MAC by about 40% under the full rate. This higher
energy efficiency under high transmission rates is attaiblgt [18]
to the efficiency in the contention resolution of Z-MAC-HCL.

[19]
V1. CONCLUSION

This paper presents Z-MAC, a new MAC protocol for sensé°)
networks that can dynamically adjust the behavior of MAC be-
tween CSMA and TDMA depending on the level of contention
in the network. The protocol uses the knowledge of topology
and loosely synchronized clocks as hints to improve MAC
performance under high contention. Under low contention,
and when these hints are not reliable, the protocol behaves
like CSMA. Z-MAC is useful for applications where expected
data rates and two-hop contention are medium to high.
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