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Abstract

The IEEE 802.15.4 standard is a low-power, low-rate MAC/PHY standard

that meets most of the stringent requirements of single-hop wireless sensor

networks. Sensor networks with nodal populations comprised of thousands

of devices have been envisioned in conjunction with environmental, vehicu-

lar, and military applications, to mention a few. However, such large sensor

network deployments necessitate multi-hop support as well as low power con-

sumption. In light of the standard’s extremely limited joint support of the

two aforementioned attributes, this thesis presents two essential contribu-

tions. First, a framework is proposed to implement a new IEEE 802.15.4

operating mode, namely the synchronized peer-to-peer mode. This mode is

designed to enable the standard’s low-power features in peer-to-peer multi-

hop-ready topologies. The second contribution is a distributed Guaranteed

Time Slot (dGTS ) management scheme designed to function in the newly

devised network mode. This protocol provides reliable contention-free access

in peer-to-peer topologies in a completely distributed manner. Assuming

optimal routing, our simulation experiments reveal perfect delivery ratios as

i



Abstract

long as the traffic load does not reach or surpass its saturation threshold.

dGTS sustains at least twice the delivery ratio of contention access under

sub-optimal dynamic routing. Moreover, the dGTS scheme exhibits min-

imum power consumption by eliminating the retransmissions attributed to

contention, which in turn reduces the number of transmissions to a minimum.
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Chapter 1

Introduction

Wireless sensor networks are characterized as low-power, low-cost networks

consisting of radio nodes equipped with sensing devices. The low-cost require-

ment facilitates large deployments, compensating for the extremely limited

transmission range associated with the low transmission power. Wireless sen-

sor networks have a multitude of applications, ranging from environmental to

military domains. These include tracking contaminations, habitat monitor-

ing, traffic monitoring, building surveillance and monitoring, industrial and

manufacturing automation, distributed robotics and enemy tracking in the

battlefield. In light of the large number of sensor nodes, the cost of replacing

their power sources is relatively high. As a result, the low-power require-

ment became a key design objective and a vehicle for lifetime extension. The

lifetime of a sensor network is the time it takes the network to experience a

partition.
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Chapter 1. Introduction

The Medium Access Control (MAC) problem in wireless sensor networks

is more involved compared to other networks. Besides the conventional ob-

jectives of MAC protocols, including minimizing collisions and maximizing

channel utilization, a wireless sensor network MAC protocol must be power-

aware. Sensor nodes have extremely limited power resources compared to

their counterparts in other types of networks. Moreover, sensor nodes have

limited computation and communication resources, thus requiring a simple

yet efficient MAC protocol in terms of both its processing and communication

capabilities.

A number of MAC protocols have been proposed by the research and

development community for wireless sensor networks and a few bear some

similarities to IEEE 802.15.4 [1], the reining standard for the physical and

medium access layers in low-rate Wireless Personal Area Networks (WPAN).

IEEE 802.15.4 is suitable for sensor networks due to, among other factors,

its low-power provisions, reasonable transmission range and low-rate specifi-

cations, which increase the reliability of the radio frequency (RF) links and

hence reduce the probability of transmission failure.

The IEEE 802.15.4 standard defines two topologies, shown in Figure 1.1,

in which a network is capable of operating, namely the star topology and

the peer-to-peer topology. In a star network, a device can only communi-

cate with a (single) central controller called the PAN coordinator. The PAN

coordinator regulates medium access and facilitates low-power sleep periods

primarily by providing synchronization services via periodically transmitting

2
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(a) Star Topology (b) Peer-to-peer Topology

PAN Coordinator

Coordinator

Device

Communication Flow

Figure 1.1: IEEE 802.15.4 Topologies

beacons. In a peer-to-peer network, a device can communicate with any

other device in its neighborhood, which is referred to as its Personal Oper-

ating Space (POS). This prevents any single device from controlling medium

access in peer-to-peer networks. Consequently, either all the devices have

to keep their receivers enabled constantly or synchronization mechanisms

have to be employed. Keeping the receivers enabled constantly as well as

using unslotted CSMA-CA is the simplest form of operating peer-to-peer

networks. Besides being less energy-efficient, a peer-to-peer network does

not support the features available for a star network, such as slotted access,

controlled duty cycle, and, more importantly, contention-free access. Pro-

viding synchronization in peer-to-peer networks achieves significant energy

savings by enabling the nodes to transition to low-power sleep mode period-

ically, providing slotted medium access (using IEEE 802.15.4 energy-aware

slotted CSMA-CA), and supporting contention-free access.

3
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In a wireless sensor network, multi-hop routing is required to transport a

packet to its final destination. To support multi-hop routing in IEEE 802.15.4

networks, medium access must be regulated beyond the radio sphere of in-

fluence of a single node, which is not feasible in the star topology for it is

inherently single-hop. While unsynchronized peer-to-peer networks (using

unslotted CSMA-CA) are multi-hop-ready, providing multi-hop routing sup-

port in their synchronized counterparts depends on how synchronization is

achieved, and is usually more involved.

This work investigates developing efficient multi-hop synchronized peer-

to-peer IEEE 802.15.4-compatible networks. Such networks extend the phys-

ical space covered by the sensor network and its observatory reach. Ad-

ditionally, we herein assert that such networks are more resource-efficient

compared to unsynchronized peer-to-peer networks. Moreover, they provide

much-needed mechanisms to accommodate time-sensitive traffic.

4



Chapter 2

Related Work

2.1 IEEE 802.15.4 MAC

In IEEE 802.15.4 networks, two modes of operation exist, namely the beacon-

enabled mode, in which nodes are synchronized and access is slotted, and the

nonbeacon-enabled mode, in which nodes are not synchronized and access

is unslotted. A coordinator is a device that provides synchronization ser-

vices by transmitting beacons. The IEEE 802.15.4 standard identifies using

beacons only as a means for providing synchronization and, hence, refers to

synchronized networks as being operated in the beacon-enabled mode. We

will use the more generic term slotted mode to refer to synchronized networks

whether they achieve synchronization via beacons or any other means. On

the other hand, we will use the term unslotted mode to refer to unsynchro-

nized networks, reflecting the fact that access is unslotted.

5
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Superframe Duration (Active Period)

Beacon Interval

Inactive Period

1 2 3 4 5 6 7 8 9 10 11 12 13 14 150

Contention Access Period (CAP)
Contention-Free
Period (CFP)

GTS 2 GTS 1Beacon Beacon

Figure 2.1: The Superframe Structure

The superframe structure and the slotted CSMA-CA contention access

mechanism are two important features of the standard and are described in

Section 2.1.1 and Section 2.1.2, respectively.

2.1.1 The Superframe Structure

Superframes are employed in the beacon-enabled mode. They are responsible

for facilitating the power-saving features of the beacon-enabled mode, slotted

contention-based access, and contention-free access. These features as well

as the superframe structure are retained in the more generic slotted mode.

As depicted in Figure 2.1, a superframe starts with the transmission of a

beacon and is Superframe Duration (SD) symbols long, while the beginning

of two consecutive superframes are Beacon Interval (BI) symbols apart. The

channel symbol rate is 62.5 k symbols/second in the 2.4 GHz band, corre-

sponding to a bit rate of 250 kbps. SD and BI are specified using the integers

Superframe Order (SO) and Beacon Order (BO), respectively, according to

6
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the formulas:

SD = aBaseSuperframeDuration × 2SO

BI = aBaseSuperframeDuration × 2BO

0 ≤ SO ≤ BO ≤ 14

If SO = BO, then the node is always active (i.e. 100% duty cycle). If,

however, SO < BO, then the node is active only for the first SD symbols

of every BI, and is in a low-power sleep mode (i.e. inactive) for the rest of

the beacon interval. Note that the inactive period, if present, is at least as

long as (or an integral multiple of) the active period (i.e. the superframe

duration), according to the relation:

Inactive Period = (2BO−SO − 1) SD

The superframe is divided into 16 equal-length time slots. Therefore,

aBaseSuperframeDuration = aBaseSlotDuration×16, where aBaseSlotDuration

is equal to 60 symbols.

The superframe consists of two periods: the Contention Access Period

(CAP) and the Contention-Free Period (CFP). By default, the CAP occu-

pies all the time slots in the superframe, and nodes contend for channel access

using a variant of slotted CSMA-CA (see Section 2.1.2). Furthermore, a node

can request the allocation of a Guaranteed Time Slot (GTS), consisting of

7
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one or more superframe slots, during which it is granted contention-free ac-

cess and can transmit (without CSMA-CA) as soon as the GTS commences.

GTSs are allocated from the end of the superframe and the time slots used

for GTSs constitute the CFP. The PAN coordinator manages GTS allocation

and deallocation.

2.1.2 The CSMA-CA Algorithm

IEEE 802.15.4 defines two low-power variants of the well-known CSMA-CA

random access mechanism, one for slotted access and the other for unslot-

ted access. They are used for transmitting data and MAC command frames

during the CAP. Acknowledgement frames are transmitted immediately after

receiving a frame that requires an acknowledgement, without using CSMA-

CA, as mandated by the standard. This does not corrupt the contention

access mechanism since other nodes will not attempt to access the medium

until sufficient time for transmitting the acknowledgement frame has passed.

Similarly, in the beacon-enabled mode, beacon frames are transmitted with-

out using CSMA-CA.

The IEEE 802.15.4 CSMA-CA algorithms achieve energy savings by keep-

ing the node idle during the backoff procedure. Instead of continuously prob-

ing the medium, a node only performs the Clear Channel Assessment (CCA)

procedure at the end of the backoff duration. A backoff period is the time

unit used by the CSMA-CA algorithms, and is equal to 20 symbols. Con-

sequently, there are 3 × 2SO backoff periods in each superframe slot. Back-

8
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off period boundaries must be aligned with the superframe slot boundaries.

The CSMA-CA algorithms are otherwise very similar to the basic CSMA-CA

schemes used elsewhere: a random backoff timer is started at the beginning of

the backoff procedure and transmission is attempted when the timer expires.

There are differences between the IEEE 802.15.4 CSMA-CA algorithms

used in the slotted and the unslotted modes. First, in the slotted mode,

transmission starts at a backoff period boundary and so does the CCA pro-

cedure. Secondly, the CCA procedure must succeed two consecutive times,

or else a new backoff procedure is initiated (unless the maximum backoff at-

tempts are exhausted). In the unslotted mode, however, a single successful

CCA is required to attempt transmission.

An outline of the IEEE 802.15.4 CSMA-CA algorithms follows, where

• denotes a task performed by nodes operating in the slotted mode only,

and ◦ denotes a task performed by nodes operating in the unslotted mode

only. The unslotted and slotted algorithms are illustrated in Figure 2.2 and

Figure 2.3, respectively.

The algorithms begin by initializing the following variables:

Backoff Exponent (BE): The number of backoff periods a device shall wait

for before assessing the channel is randomly chosen between 0 and

2BE − 1, with equal probability. BE is initialized to macMinBE, where

0 ≤ macMinBE ≤ 3 and macMinBE has a default value of 3.

Number of Backoffs (NB): The number of times the CSMA-CA algorithm

9
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Unslotted CSMA-CA

NB = 0
BE = macMinBE

Delay for
random(2BE − 1)
backoff periods

Perform CCA

Channel idle?

Success Failure

NB > macMaxCSMACABackoffs

NB = NB + 1
BE = min(BE + 1, aMaxBE )

Yes Yes

No No

Figure 2.2: Unslotted CSMA-CA Algorithm

was required to back off in conjunction with the current transmission.

It is initialized to 0 before each new transmission attempt.

In addition, the following variable is used in the slotted mode only:

Contention Window (CW): The number of backoff periods that must be

clear of channel activity before the transmission can commence. It

is initialized to 2 before each transmission attempt and reset to 2 each

time the channel is assessed to be busy.

Then, the algorithm backs off for a random number of backoff periods

between 0 and 2BE − 1.

• The backoff procedure starts at a backoff period boundary, where back-

off periods are aligned with superframe slots.

10
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Slotted CSMA-CA

NB = 0, CW = 2

Battery Life Extension?

BE = macMinBE

Locate backoff period
boundary

Delay for
random(2BE − 1)
backoff periods

Perform CCA on
backoff period
boundary

Channel idle?

CW = 2, NB = NB + 1
BE = min(BE + 1, aMaxBE )

NB > macMaxCSMACABackoffs

Failure

BE = min(2,macMinBE )

CW = CW − 1

CW = 0?

Success

No

No

Yes

No

Yes

Yes

Yes

No

Figure 2.3: Slotted CSMA-CA Algorithm
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When the backoff counter reaches 0, the CCA procedure is performed

to assess the channel. If the channel is found busy, NB and BE are both

incremented, or only NB is incremented if BE = aMaxBE (or, equivalently,

5 in the standard).

• In addition, CW is reset to 2.

If NB > macMaxCSMABackoffs (range: 0–5, default: 4), the algorithm

terminates with a Channel Access Failure status. Otherwise, it transitions

once again to the backoff procedure and waits for a random number of backoff

periods using the new BE.

If the channel is found idle:

◦ The algorithm succeeds and the node attempts transmission immedi-

ately.

• A second CCA is performed at the next backoff period boundary, and

if it succeeds too then the algorithm succeeds and the node attempts

transmission at the next backoff period boundary. If the second CCA

fails though, the algorithm proceeds as if the first CCA has failed.

In the slotted CSMA-CA algorithm, if the CAP ends while the backoff

procedure is being carried out, or if the backoff counter reaches 0 at a point

where the remaining time in the CAP is insufficient to complete the transac-

tion1, the backoff counter is frozen until the next superframe starts. At the
1A transaction is comprised of the transmission of the packet, receiving its acknowl-

edgement, and the appropriate IFS.
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beginning of every superframe, the countdown is resumed, and if the backoff

counter is already equal to 0, the algorithm proceeds as if the counter had

reached 0 during the CAP.

2.2 Contention Access Performance

Most of IEEE 802.15.4-related research has been concerned with its slotted

contention access mechanism, due to its simplicity and yet flexible configura-

bility.

In [2], the performance of slotted CSMA-CA is evaluated in the single-

hop star topology using computer simulations. An IEEE 802.15.4 simulation

model was developed for the OPNET simulator to conduct the study. To sim-

ulate the data dissemination applications in wireless sensor networks, only

unacknowledged broadcast transmissions were considered. Using a 100%

duty cycle (BO = SO), the study shows that very little performance vari-

ation is achieved for SO > 3. For 0 ≤ SO ≤ 3, the success probability is

shown to be more than 70% for offered loads lower than 50% of the net-

work capacity. Also, CCA deference to the beginning of the next superframe

due to the insufficient time remaining in the current CAP is identified as

the cause of the following effects: (1) for high offered loads, lower network

throughput is attained as a result of the collisions between multiple simulta-

neous transmissions carried out after the deference; and (2) for low offered

loads, higher average delays are observed due to the backoff periods wasted

13
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during the CCA deference. Hence, [2] proposes imposing additional backoff

at the beginning of the next superframe if CCA deference is encountered.

Considering a star topology as well, service differentiation mechanisms

are proposed in [3] to improve the performance of slotted CSMA-CA for

time-critical tasks, while maintaining compatibility with the standard. This

is done by fine-tuning a few protocol parameters, namely the backoff ex-

ponent bounds (macMinBE and aMaxBE ) and the size of the contention

window (CW ), differently for different priority classes, and by employing

priority queuing instead of FIFO queuing. For instance, a priority assign-

ment policy may consider data low-priority traffic, while MAC commands

may be considered high-priority traffic. Lower backoff exponent bounds, and

hence shorter backoffs, are used for higher priority traffic and were found to

improve the responsiveness without degrading the throughput. Also, larger

CW values result in longer channel assessment before it can be declared idle,

and hence are associated with lower-priority traffic. Simulations show that

in a fully connected star network, using CW = 2 and CW = 3 for higher-

and lower-priority traffic, respectively results in the most significant effect

on the success probability relative to the other parameters, regardless of the

queueing discipline used. In addition, smaller values of macMinBE are used

for higher-priority traffic, decreasing the average delay without degrading the

throughput; priority queueing further contributes positively. However, in the

presence of hidden nodes, none of the parameters have a significant impact,

with the performance remaining almost unaffected.
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An analytical model for the saturation throughput in a star topology is

presented in [4]. The analysis is based on the model developed in [5] for the

IEEE 802.11 DCF. The authors identify an embedded Markov renewal pro-

cess from which the saturation throughput can be calculated. The saturation

model is verified using ns-2 simulations. It describes a star network in which

devices transmit their measurements to the PAN coordinator. Also, a 100%

duty cycle, contention-based access with no CFPs, and perfect synchroniza-

tion are assumed. The CCA deference effect is ignored (i.e. time is assumed

to consist of an uninterrupted sequence of backoff intervals). The model is

further used to obtain an analytical model for a finite population of arrivals.

In [6], a performance evaluation study (consisting of a mathematical

model as well as computer simulations) is conducted for large-scale beacon-

enabled tree networks. The tree topology, as specified in the ZigBee speci-

fication [7], enables multi-hop networks to operate in beacon-enabled mode

with some restrictions. It avoids inter-cluster interference by using non-

overlapping superframes for neighboring coordinators, as explained in Sec-

tion 2.3. As per the ZigBee specification recommendations, the SO and

BO parameters are chosen from the intervals [0, 2] and [6, 10], respectively.

Contention-free access is not considered in the study (no CFPs) and data is

exchanged during the CAP. To simplify the mathematical model, which is

based on [8], unslotted time is assumed in the star network. Furthermore,

simulations were conducted using the WIreless SEnsor NEtwork Simulator

(WISENES), where a complete ZigBee protocol stack was used. The sim-
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ulations produced comparable power consumption and throughput figures

to those obtained from the mathematical analysis. Inconsistencies were ex-

plained by the fact that the analysis ignores network initialization, which is

likely to consume considerable power in a large network to complete associ-

ations.

Devising a TDMA transmission schedule that avoids interference is con-

sidered in [9]. This approach is based on local positioning information in

clustered multi-hop large-scale sensor networks [10]. Different channels are

used for inter-clusterhead and intra-cluster communication. The collision-

free TDMA schedule outperforms CSMA-CA in terms of energy efficiency

and delay [9].

The feasibility of multi-hop beacon-enabled networking is discussed in

[11]. Since beacons neither use CSMA-CA nor get retransmitted, collisions

between beacons are identified as a main problem with such configurations.

Also, multiple coordinators transmit multiple beacons, reducing the efficiency

of the CAP. With the help of some analysis and experimental measurements,

the study concludes that under low traffic loads, BO should be greater than

1 and the coordinator-to-device ratio should be small for the network to

perform reasonably.
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2.3 Synchronization in Peer-to-Peer Networks

To provide synchronization in peer-to-peer networks, an extension to the

standard was developed in [12,13] to utilize beacon frames (the synchroniza-

tion mechanism used in star networks) in peer-to-peer networks. While there

is a single coordinator in a star network responsible for transmitting beacon

frames, potentially many exist in a peer-to-peer network. A beacon-enabled

peer-to-peer network can be implemented by allowing devices associated with

the PAN coordinator to act as coordinators and transmit their own beacon

frames to enable other devices located outside the wireless range of the PAN

coordinator to join the network. This mechanism facilitates quasi-distributed

medium access control among coordinator devices and is hierarchically scal-

able, but it introduces a few complications. Problems primarily arise from

the fact that a node’s operation is not governed by a single beacon. Mostly, a

node must respect two beacons, and, thus, two superframe structures, simul-

taneously: the one it receives from the coordinator with which it is associated,

defining its parent’s schedule, and the one it transmits to nodes associated

with it, defining its own schedule. As a result, the node has to ensure that it

is idle in both schedules when it is time to transmit a beacon in one or receive

a beacon in the other. In addition, superframe slot boundaries and backoff

period boundaries are unaligned in both superframes, reducing the efficiency

of slotted access. Moreover, contention-free access can cause a reduction in

utilization since each schedule must be idle during a GTS in the other. Other
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neighboring coordinators will transmit beacons that are different from both

beacons (and will interfere with possibly the two corresponding schedules).

For example, in a multi-hop simulation scenario consisting of 21 nodes dis-

tributed in a grid that we developed and ran, more than three quarters of the

MAC commands and data generated by the simulation scenario are dropped

as a result of receiving irrelevant beacon frames.

Another approach to realize beacon-enabled peer-to-peer networks is pro-

posed in [14]. In this approach, beaconing coordinators are allowed to adopt

different BIs. To ensure that beacons from coordinators within each other’s

radio range do not collide, they transmit their beacons sequentially within

a common beacon transmission period, TBf . TBf is large enough to contain

a number of sub-slots during which beacons can be transmitted. Sub-slots

within TBf are assigned to beaconing coordinators such that neighboring

coordinators transmit their beacons in different sub-slots. This approach

resolves the issue of collisions between beacons. However, a coordinator A

with shorter BI transmits beacons more frequently, and, hence, will transmit

a few beacons while a neighboring coordinator B with larger BI is in the

middle of its superframe. This takes place unless SDB ≤ BIA (or, more gen-

erally, max(SD) < min(BI) for every pair of beaconing coordinators that

are within radio range of each other), which is a tight restriction. There-

fore, beacon-data collisions are still a potential problem. Scalability is also

an issue. The minimum number of beacon transmissions that fit within one

TBf is dictated by the beaconing coordinator density. Therefore, in a network
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densely populated with beaconing coordinators in a given neighborhood, TBf

must grow large enough, negatively impacting the network efficiency. Fur-

thermore, allowing different coordinators to adopt different BIs prevents the

use of CFPs because a GTS allocated at one coordinator may correspond to

a portion of the CAP at a neighboring coordinator.

The ZigBee specifications [7] supplement the IEEE 802.15.4 MAC/PHY

with a networking stack, providing yet another partial solution to the prob-

lem. The networking stack supports three topologies, namely the star, tree,

and mesh topologies, in-line with the IEEE 802.15.4 topologies. The tree

topology is a special case of the peer-to-peer topology and the mesh topology

is its generic variant. In tree networks, routers (i.e. the ZigBee equivalent of

IEEE 802.15.4 coordinator devices) move data and control messages through

the network using a hierarchical routing strategy. In this hierarchical routing

strategy, the parent-child links are used to route packets along the tree; if

the destination is a descendant of the device, the device routes the packet to

the appropriate child, whereas if it is not a descendant, the device routes the

packet to its parent. Tree networks may operate in beacon-enabled mode,

but mesh networks may not. According to the ZigBee specifications, beacon

scheduling is employed when implementing a beacon-enabled tree topology

to prevent the beacon frames of one device from colliding with either the

beacon frames or data transmissions of its neighboring devices. To facilitate

this, the beacon order is made much larger than the superframe order giving

the routing nodes the opportunity to sleep and conserve power. Since the in-
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active period is an integral multiple of the active period, the beacon interval

is effectively divided into BI/SD non-overlapping time slots, each of which

can be chosen by a device as its superframe upon joining the network. A bea-

coning device uses its own superframe for communicating with its children,

and uses its parent’s superframe to communicate with its parent. Similarly,

a device’s children use their own superframes to communicate with their re-

spective children. To avoid keeping a device receiving for more than one

superframe in the beacon interval, the parent uses the indirect transmission2

mechanism of the IEEE 802.15.4 MAC to transmit to its children, while the

children transmit to their parent directly during the parent’s CAP. Every

beaconing device transmits its beacon at the beginning of its superframe.

The beacon transmission time, which is equivalent to the superframe start

time, is determined relative to the beacon transmission time of its parent.

This time offset is included in the beacon payload of every device in a multi-

hop beaconing network. Therefore, a device receiving a beacon frame can

find out the beacon transmission time of both the neighbor transmitting the

beacon and the neighbor’s parent. This allows the nodes to avoid interfering

with a neighbor, whether a parent or a child.

The previous model exhibits a few limitations. As the density of the

beaconing coordinators in a given neighbourhood increases, the duty cycle

decreases. Additionally, neighbours that are not involved in a parent-child
2In an indirect transmission, the parent indicates in its beacon all pending packets and

their respective recipients, and each recipient is responsible for extracting its packet from
its parent during the parent’s superframe.

20



Chapter 2. Related Work

relationship, such as sibling nodes, whether coordinators or not, cannot com-

municate directly. Instead, they have to go through their closest common

ancestor. Finally, there is no accommodation for contention-free access (us-

ing GTSs).
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Synchronized Peer-to-Peer

IEEE 802.15.4 Framework

In this chapter, a framework is proposed to enable peer-to-peer IEEE 802.15.4

networks to have access to features that are originally feasible only in star

networks. The first objective of the framework is to provide synchronization

services suitable for the peer-to-peer topology. This enables the framework to

achieve its ultimate objective of providing contention-free access in multi-hop

peer-to-peer networks. Contention-free access is provided via a distributed,

reliable and efficient Guaranteed Time Slot (GTS) management protocol,

presented in Chapter 4.

In order to support contention-free access in multi-hop networks, GTS

management has to be localized so that a slot allocated for GTS transmis-

sion in one neighborhood is still available in other neighborhoods, provided
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that there are no common nodes. By neighborhood here, we are referring

to the set of nodes within the radio range of the nodes involved in the GTS

transmission. According to the standard, a GTS is allocated at a coordina-

tor for any of its children and the GTS transmission takes place to/from the

coordinator, resulting in no direct GTS transmission between sibling nodes.

This enlarges the neighborhood affected by the GTS transmission beyond

the one that would be affected if only the GTS source and destination were

involved in the transmission, i.e. if GTS transmission is direct and does not

go through the nodes’ parent coordinator. Therefore, the proposed frame-

work further localizes GTS management by involving only the source and the

destination of a GTS in its allocation/deallocation (i.e. GTS management)

procedures, enabling further slot re-use whether in GTS transmission or via

contention-based access. Furthermore, the standard’s GTS specifications are

relevant to the star topology in particular and do not address the peer-to-

peer topology. For example, it requires that GTSs be managed by the PAN

coordinator only, which is appropriate for star networks, but dictates central-

ized GTS management, making it less practical for multi-hop peer-to-peer

networks.

Our desired behavior mandates that GTS management be completely dis-

tributed, and special roles in GTS management be eliminated, such that ev-

ery node is capable of managing its own GTSs exclusively along with its part-

ner. Thus, we introduce the distributed GTS management protocol (dGTS )

to provide contention-free access in synchronized peer-to-peer IEEE 802.15.4
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networks.

Since GTSs are allocated superframe slots, slots must be identical in

nodes wishing to carry out a GTS transmission, with the GTS starting and

ending at exactly the same times at both nodes. This implies having identical

superframes at both nodes. Hence, they have to share the same beacon order

(BO) (to force their superframes to start at the same time) and the same

superframe order (SO) (to force their superframes as well as their slots to

last for the same duration). However, distributed GTS management implies

a flat peer-to-peer topology, since any two neighboring nodes may conduct

a GTS transmission and for which the intermediary role of a coordinator is

no longer needed. As a result, BO and SO have to be common throughout

the network. We consider this requirement as part of the synchronization

requirement, namely to have a common superframe structure throughout

the network.

The proposed framework consists of two components: the synchroniza-

tion component, whose objective is to employ a single common superframe

structure in a distributed manner, and the dGTS protocol component, whose

objective is to manage GTSs in a distributed manner as well.

Synchronization is required to align the superframes in all nodes across

the network. It basically serves the standard’s beacon frames purpose of

announcing BO and SO, and unifies the clock among nodes. The challenge

is to make all nodes simultaneously recognize global events, including the

beginning and end of superframes. For the purposes of our framework, syn-
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chronization has to be provided by means of a distributed mechanism.

There are several approaches to achieve global synchronization. A pop-

ular classification distinguishes absolute synchronization from relative syn-

chronization. Absolute synchronization refers to synchronization mechanisms

where nodes end up having their local clocks reflecting the same numerical

clock value at any given moment. For example, a packet transmitted at the

boundary of a slot at the source is received after a propagation delay from

that boundary at the destination according to the destination’s clock, which

matches the source’s clock. On the other hand, relative synchronization refers

to synchronization mechanisms where nodes end up having their local clocks

reflecting the same numerical clock value at any given event as it is observed

at each node. For instance, a packet transmitted on the boundary of a slot

at the source is received on the slot boundary at the destination according

to the destination’s clock. In the latter form of synchronization, the source

and the destination clocks are not synchronized to a global clock, but rather

to events. Synchronization protocols based on single messages often provide

relative synchronization as a single message does not reveal the propagation

delay. Some single-message protocols, however, can achieve better accuracy

by correlating multiple synchronization messages from multiple nodes. Al-

though absolute synchronization seems more natural, relative synchroniza-

tion has the advantage of better slot time utilization, since the propagation

delay does not consume any portion of the slot. Instead, the propagation

delay effect is implicitly neutralized and the slot starts just when the trans-
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mission arrives. However, multi-hop networks impose additional challenges

that render using relative synchronization nontrivial. For example, if a node

receives a GTS transmission from a node other than that with which it last

synchronized, their slot boundaries can be a little off, in which case the packet

might arrive slightly before the GTS begins at the receiver and hence will

get dropped.

3.1 Sources of Synchronization Errors

In a wireless system, packet transport is subject to non-deterministic delays

in various components of the transmission as well as the reception systems.

These delays can very well be of higher magnitude than the desired time

accuracy of the synchronization protocol, and hence are considered sources

of error. Therefore, these sources of delay non-determinism have to be iden-

tified so that they can be budgeted for by the synchronization protocol. The

following sources of error have been identified in the literature [15–18] (see

Figure 3.1):

3.1.1 Send Time

The time it takes to construct the packet and process it through the protocol

stack to the MAC sublayer. Packet construction and multi-copying across the

protocol stack as well as other protocol processing are the major contributors

to this delay. Being a software delay, send time is non-deterministic and is
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Figure 3.1: Synchronization Error Components

dependent on the processor speed and its current load and the system call

overhead of the operating system.

3.1.2 Access Time

The time it takes the MAC sublayer to gain access to the channel starting

from the packet arrival at the MAC sublayer until transmission begins. This

time is dependent on the MAC protocol being used. In CSMA-CA-based

MAC protocols, including the IEEE 802.15.4 MAC protocol, and in con-

tention access protocols in general, the access time depends on the current

network traffic load, bit-error ratio, and backoff mechanism, which collec-

tively make the access time highly variable. Often, this is the least deter-

ministic component of packet delay.

3.1.3 Transmission Time

The time it takes the physical layer (PHY) to encode and transmit the packet

over the channel (i.e. the air interface). This delay is mostly deterministic.
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Some delay variations may apply if software implementations of the transmit-

ter are employed. The following two factors contribute to the transmission

time, too.

Interrupt Handling Time

The time it takes the processor to service an interrupt requested by the

transmitter. This delay is usually less than the instruction execution time,

unless interrupts are disabled for a particular task.

Encoding Time

The time it takes the radio chip to encode the packet onto electromagnetic

waves and inject it into the channel [17]. This time is deterministic.

Despite the fact that these two factors apply to many platforms, there

exist transmitter implementations reducing the variations they introduce to

negligible values. In particular, transmitter hardware implementations would

mostly eliminate them.

3.1.4 Propagation Time

The time it takes the packet to transit from the sender to the receiver over the

wireless link. This delay depends on the distance between the two parties,

and is highly deterministic. Moreover, it is almost negligible compared to

other delay components, given the relatively short distances between neigh-

bors in sensor networks.
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3.1.5 Reception Time

The time it takes the PHY layer to receive the packet at the receiver host

and pass it to the MAC sublayer. This delay is the same as the transmis-

sion time and is mainly deterministic. Note that the reception time at the

receiver starts propagation-delay after transmission begins at the sender, as

illustrated in Figure 3.1.

3.1.6 Receive Time

The time it takes to reconstruct the packet and process it through the upper

layers up to the application layer. As is the case for the send time, this

delay includes packet copying and decoding across the protocol stack, and is

affected by software delay non-determinism.

3.2 Synchronization Protocols Overview

Fortunately, there is considerable research in the literature on synchroniza-

tion protocols designed for sensor networks. Here, we present a brief descrip-

tion of some of the candidate protocols that suit our framework.

3.2.1 Reference-Broadcast Synchronization (RBS)

RBS is a synchronization protocol designed for broadcast networks in gen-

eral, with emphasis on wireless sensor networks in particular. RBS pro-
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vides relative synchronization with precision up to 1 µs. It exploits the

broadcast nature of wireless links to achieve better synchronization by in-

troducing the notion of receiver-receiver synchronization, as opposed to the

conventional sender-receiver synchronization used in client-server protocols.

Receiver-receiver synchronization is based on the fact that a physical-layer

broadcast will arrive at a set of receivers with very little delay variability [15].

Hence, this mechanism effectively gets rid of the send time and the access

time delay components as sources of delay variability – in fact, the largest

contributors. An interesting feature of this model is that any broadcast mes-

sage can be used to trigger synchronization, and not necessarily a dedicated

synchronization-protocol-specific message, since all the work is done at the

receivers and no timestamping is required at the sender.

The protocol corrects the receiver-side errors by estimating both the phase

offset and the clock skew for each pair of nodes receiving a given reference

broadcast. The RBS protocol does not adjust the local clocks of synchroniz-

ing nodes. Instead, it produces a relation by which the node can estimate

other receivers’ local clocks. Therefore, each receiver has to maintain a rela-

tion for each of the other receivers. Phase offset is estimated by recording the

time at which the reference broadcast is received at each receiver node, and

having all the receiver nodes exchange their observations. The receive offset

of two nodes contributes a point to the relation between their local clocks.

To address the clock skew, however, a node needs a history of phase offset

points from which it can compute an approximation of the skew error specific
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to one of the other receivers. Therefore, RBS performs a least-squares linear

regression on a fixed-size window of the most recent points to find the best-fit

line, where the frequency and phase of the remote node’s clock with respect

to the local node can be recovered from the slope and intercept of the line,

respectively.

Furthermore, the RBS protocol is equipped with a multi-hop extension,

allowing synchronization propagation across broadcast domains. Basically, a

common receiver in two broadcast domains performs clock conversion from

the sender from one domain to its own local clock using the best-fit line

relating its local clock to the sender’s. Then, the common node performs

another clock conversion on the resulting clock value from its own local clock

scale to that of the destination using the best-fit line relating its local clock to

the destination’s. The result is that every node receives timing information

in its own local time scale. The average route error for an n-hop route is

estimated to be σ
√
n, where σ is the average 1-hop error.

3.2.2 Timing-sync Protocol for Sensor Networks (TPSN)

The TPSN protocol [16] provides absolute synchronization for sensor net-

works. It operates in two phases. First, a hierarchical structure is established

throughput the network during the level discovery phase. Secondly, pairwise

synchronization is performed along the edges of this hierarchical structure

in the synchronization phase. Although the creation and maintenance of the

hierarchical structure is addressed as part of the protocol, the fact that some

31



Chapter 3. Synchronized Peer-to-Peer IEEE 802.15.4 Framework

sensor network applications, such as aggregation trees, require this piece of

infrastructure indicates that it is not a TPSN-specific overhead. TPSN pro-

poses creating the hierarchy using level discovery packets, originating from

the network root. The (possibly periodically elected) root node is assigned

level zero. Upon receiving a level discovery packet, each node is assigned

the level of the node from which it receives the packet, incremented by one.

Then, the node transmits a new level discovery packet conveying its level

to its immediate neighbors. Once a node is assigned a level, it ignores all

subsequent level discovery packets it receives.

The synchronization phase is initiated by the root node broadcasting a

time sync packet. Upon receiving this packet, nodes at level one start a two-

way message exchange with the root node after some random delay to avoid

medium access contention and collisions. The message exchange between

level-1 nodes and the root triggers the same exchange between level-2 and

level-1 nodes, and so on propagating the root node’s clock throughout the

network. Nodes at and beyond level two wait for the message exchange at

the previous level to complete before they start theirs.

The two-way message exchange used in the synchronization phase is based

on the conventional sender-receiver synchronization. It synchronizes the

sender’s clock to that of the receiver. Therefore, higher level nodes initiate

the exchange to synchronize their clocks to lower level nodes that are closer

to the root node. The sender starts by transmitting a synchronization pulse

packet, to which the receiver is expected to reply with an acknowledgement
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packet. Each node measures the time at which it sends or receives either of

these two packets using its local clock. During the message exchange, these

times are exchanged too so that the sender acquires them all. If T1 and T2 are

the times at which the synchronization pulse packet is sent and received, re-

spectively, and T3 and T4 are the times at which the acknowledgement packet

is sent and received, respectively, then T2 = T1 +d+ ∆, and T4 = T3 +d−∆,

where d is the propagation delay, ∆ is the clock drift of the two involved

nodes, T1 and T4 are measured using the sender’s clock, and T2 and T3 are

measured using the receiver’s clock. Assuming the propagation delay and

the clock drift are constant in this small span of time, they can be computed

using the following two expressions.

d =
(T2 − T1) + (T4 − T3)

2
, ∆ =

(T2 − T1)− (T4 − T3)

2
(3.1)

Knowing the drift, the sender can correct its clock according to the receiver’s.

Other sources of error are eliminated by performing timestamping at the

MAC sublayer and using the two-message exchange to cancel the delays from

each direction, leaving only the variation in transmission time, propagation

time, and reception time as the valid sources of error. The authors show

that the synchronization error of the TPSN protocol is roughly half that of

the RBS protocol, and support that estimate by experiments involving both

single-hop and multi-hop deployments.
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3.2.3 Flooding Time Synchronization Protocol (FTSP)

The FTSP protocol [17] uses a sender-receiver mechanism to provide abso-

lute synchronization for applications requiring stringent precision in resource-

limited wireless platforms. FTSP synchronizes possibly multiple receivers to

a sender by timestamping periodic synchronization messages at both the

sender and the receiver(s). MAC-level timestamping can eliminate many of

the sources of synchronization errors. Moreover, linear regression is utilized

to compensate for clock drift.

Synchronization messages are broadcast messages timestamped by the

sender to reflect the sender’s estimated global time at the transmission of

a given byte. Each receiver obtains a synchronization point by pairing the

received timestamp with its local time according to its local clock at message

reception. Timestamping can effectively reduce the jitter of the interrupt

handling and encoding/decoding times by recording multiple timestamps

both at the sender and receiver sides. For example, the jitter of interrupt

handling can be eliminated with high probability by taking the minimum of

the normalized1 timestamps.

The difference between the global and local times at a synchronization

point estimates the clock offset of the receiver. This offset changes in a linear

fashion provided the clocks’ short-term stability. Linear regression is used

in FTSP to find the best fit line describing the local clock drift. Only a
1Timestamps are normalized by subtracting an appropriate integer multiple of the

nominal byte transmission time.
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limited number of points can be stored due to the memory constraints of the

evaluation platform. An average absolute error of 1.48 µs was achieved in an

18-hour single-hop experiment where eight points were used to estimate the

drift and the resynchronization interval was 30 seconds.

The multi-hop version of the FTSP protocol assumes a unique per-node

ID, and basically follows the flooding concept. Given a synchronization root,

a node to which the whole network is synchronized, nodes get synchronized

by collecting synchronization points from the root or any other synchronized

nodes. A node is considered synchronized if it has enough consistent syn-

chronization points, and can then broadcast synchronization messages. A

sequence number field in the synchronization messages together with a syn-

chronization root ID field identify a synchronization message so that redun-

dant synchronization points are ignored. In a 60-node multi-hop experiment,

an average error of approximately 2 µs was observed after all nodes became

synchronized. The FTSP protocol was optimized and evaluated for ZigBee

tree networks in [19] using the Telos ZigBee platform.

3.2.4 TSync

TSync [20] is a bidirectional synchronization protocol in the sense that it sup-

ports a push-based as well as a pull-based synchronization model. The push

version is used to synchronize the majority of the network in a lightweight

manner, while the pull version is used for fine-grained on-demand individual

node synchronization. TSync utilizes the same message exchange of TPSN
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(see Section 3.2.2) and uses Equation (3.1) to collect the clock offset of one

child at its parent. In the push version, a reference node initiates the message

exchange to collect the clock offset of one randomly selected child node and

then broadcasts the collected clock offset together with t2 (the time at which

the chosen child had received its parent’s message) to all of its children. By

comparing their respective t2 timestamps (referred to hereafter as t′2) with

the one broadcast by their parent, other children can compute their own

offsets using the following formula:

d′ = t2 − t′2

They can then correct their local time, t, to the synchronized value, T , as

follows:

T = t+ ∆ + d′

Each child can then initiate the same procedure to synchronize its children.

In the pull version, a node wishing to get synchronized initiates the pro-

cedure by sending a query message so that a path to the reference node is

established via the nodes’ parents. Then, the node sends a synchronization

request along that path. The reference node subsequently follows the same

procedure to send the time back to the initiating node. The distance to

which queries are propagated is controlled by a depth variable dictating the

maximum number of hops.

Experimental evaluation shows that the push version results in a little
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more synchronization accuracy than the pull version for both single-hop and

multi-hop scenarios. Also, RBS is found to do marginally better than both

versions in both scenarios, though with noticeably more overhead.

3.2.5 Diffusion-based Global Clock Synchronization

In [21], a fully localized synchronization method called asynchronous diffusion-

based synchronization is proposed. This approach enables a node to synchro-

nize with its neighbors at any time in any order. Moreover, it adapts to lim-

ited node failure, the communication channel’s adversity, and node mobility.

The diffusion method achieves global synchronization by spreading the local

synchronization information to the entire network. To make the algorithm

more robust, it uses the global average value as the ultimate synchronization

clock reading. The main idea is to average all of the clock time readings

and set each clock to the average time. A node with high clock time reading

diffuses that time value to its neighbors. Similarly, a node with low time

reading absorbs some of the values from its neighbors and increases its value.

After a certain number of rounds of diffusion, the clock in each node will

have the same value.

The diffusion synchronization method can be viewed as a high level frame-

work for global synchronization. The low level implementations can be dif-

ferent as long as they provide a way to compare the clock difference among

all the neighbors. For example, RBS can be used as the low level implemen-

tation.
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The asynchronous diffusion-based synchronization method uses an asyn-

chronous diffusion algorithm that collects a number of clock readings and pro-

duces a single representative value. A reasonable algorithm is asynchronous

averaging, in which each node computes the local average value directly by

asking all of its neighbors about their values. It then sends out the computed

average value to all of its neighbors to update their clocks. The average op-

eration should be atomic so that whenever a node is involved in multiple

averaging operations they are processed sequentially. The authors prove the

convergence of the algorithm, showing that the whole network is eventually

synchronized to a single clock reading. However, the convergence speed is

found to be relatively slow.
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dGTS Protocol

The major contribution of this work is the IEEE 802.15.4 MAC extension it

defines to provide support for contention-free access (via GTSs) in multi-hop

peer-to-peer networks in a completely distributed manner. We call this ex-

tension the dGTS protocol, for distributed GTS management. It requires the

network to be synchronized independently and to be operating with common

BO and SO parameters throughout. Here, we assume perfect synchroniza-

tion by means of an independent synchronization protocol that uses the con-

tention access period (CAP) for message exchange. Some synchronization

protocols are reviewed in Section 3.2.

Running the protocol requires devising a new network mode. The new

mode provides slotted access without using the standard’s beacon mecha-

nism. Additionally, unlike the standard’s peer-to-peer mode, the network

must be synchronized. Therefore, to implement the dGTS protocol in a way
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Topology Slotted Mode Unslotted Mode

Star Beacon-enabled Nonbeacon-enabled
ZigBee tree Beacon-enabled Nonbeacon-enabled
Peer-to-peer Synchronized peer-to-peer Nonbeacon-enabled

Table 4.1: Revised IEEE 802.15.4 Modes

compatible with the standard, we introduce a new mode, namely the syn-

chronized peer-to-peer mode, which is a variant of the generic slotted mode.

Procedures and commands defined by the dGTS protocol are not accessed

unless the node is operating in this mode, and received dGTS-related MAC

commands are dropped at the MAC sublayer if the receiver is not operating

in this mode. Having a flat peer-to-peer topology dictates that commands re-

lated to association, disassociation, etc. are irrelevant when operating in this

mode. Table 4.1 presents the revised network modes hierarchy. The generic

slotted mode indicates the use of slotted CSMA-CA for contention access

during the CAP, while the unslotted mode indicates the use of unslotted

CSMA-CA. The slotted mode decouples the fact that access is slotted from

the means by which synchronization is implemented. The beacon-enabled

and the synchronized peer-to-peer sub-modes specify that missing detail,

where the beacon-enabled mode uses beacons as specified in the standard,

and the synchronized peer-to-peer mode uses an independent synchronization

protocol. Although the ZigBee tree topology is a special case of the generic

peer-to-peer topology, the fact that it supports the standard’s beacon-enabled

mode promotes it to be considered as an individual topology. Nevertheless,
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it has some restrictions1 which makes the generic peer-to-peer topology still

attractive for some applications. Hence the dGTS protocol is advantageous

as it enables all the standard’s features on virtually any topology.

In order to properly support the proposed protocol, some structures de-

scribing the GTS had to be modified. We refer to GTSs and modified GTS-

related structures, while the dGTS protocol is active, by dGTS rather than

GTS (dGTS Characteristics, for example) to distinguish them from those in

the standard.

4.1 General Description

Basically, the idea of the dGTS protocol is to allow any node to initiate a

dGTS transaction, i.e. dGTS allocation or deallocation, at any time during

the CAP. Initially, the CAP occupies the whole superframe, and shrinks as

dGTSs are allocated. The CAP ends as the first dGTS in the superframe

starts. A dGTS is allocated at two nodes: the source, which initiates the

transaction and will be transmitting data during the dGTS after it is allo-

cated, and the destination. The source and the destination of a dGTS are

partners in the context of that dGTS. To reliably allow any node to manage

its own dGTSs, all of its transactions have to be announced to its neighbors

so that they do not interfere with its dGTSs. Since transactions are managed
1The ZigBee tree performs routing only along parent-child links, and requires a low

duty cycle, such that, in any given neighborhood, all the coordinators’ superframes fit in
a single beacon interval without overlapping.
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by MAC commands, allowing the neighbors to overhear the dGTS commands

gives them all the information they need to avoid interfering, and prevents

against the hidden terminal problem. Therefore, all dGTS commands are

transmitted as broadcast messages. However, a dGTS command does have a

single intended destination that cannot be addressed in the MAC header any-

more. To work around this, we introduce a destination field in the payload

of all dGTS commands. This means that every node will have to process the

payload to find out whether the command is destined to it. This is not an

additional overhead, since it needs to process the payload anyway to monitor

its neighbors’ transactions.

The hidden terminal problem affecting the standard’s CSMA-CA algo-

rithms is a potential problem with no effective solution. Solutions involving

request-to-send (RTS ) and clear-to-send (CTS ) messages used in the IEEE

802.11 DCF are not appropriate for small packets. Given the small frame size

limit imposed by the IEEE 802.15.4 standard, they will provide no meaning-

ful protection mechanism and will rather increase the overhead. However,

GTSs are intended for long-term regular traffic, making the use of the RTS-

CTS or similar protection mechanisms useful. This is achieved by forwarding

dGTS allocation, deallocation, and related dGTS commands when they are

received so that neighbors of both parties are aware of the transaction.

The dGTS protocol commands are always transmitted during the CAP

per the standard’s slotted CSMA-CA access rules. Furthermore, the dGTS

protocol is fully acknowledged. Every command intended for a particular
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destination, and not for the sole purpose of broadcasting, has to be acknowl-

edged by an acknowledgement frame as specified in the standard. This is

important to ensure reliability and to recognize topology changes without

long waiting times since the timeout duration for acknowledgement frames

is relatively short.

An allocated dGTS is periodically checked for activity by its source and

destination. If a dGTS is found idle long enough, it is automatically deallo-

cated using the deallocation procedure outlined in Section 4.5.4. To identify

idle dGTSs, the same rules defined in the original standard to recognize ex-

pired GTSs are followed. The only difference is that each node checks its

own dGTSs rather than having the coordinator check its children’s GTSs.

However, using the same rules to identify idle dGTSs at both the source and

the destination could cause neither to respond to the other’s deallocation

command, despite the CSMA-CA randomization, for each would be busy

transmitting its command. Figure 4.1(a) illustrates this potential problem.

This could lead to unnecessary retransmissions and ultimately a failed trans-

action. To avoid this situation, the expiration rules are slightly modified for

the destination so that it takes the destination slightly longer to declare the

expiration of a dGTS. This gives the source the priority to start the deallo-

cation process as shown in Figure 4.1(b), but still allows the destination to

perform it in case the source is no longer around or its command was never

successfully received at the destination.

During the CAP, nodes keep their transceivers enabled, in the receive
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Source Destination

dGTS expired dGTS expired
dGTS deallocation command

dGTS deallocation command
BusyBusy

(a) Failed deallocation

dGTS expired dGTS expired
dGTS deallocation command

ACK
...

(b) Successful deallocation

Figure 4.1: Idle dGTS deallocation at the source and the destination

mode; the macRxOnWhenIdle MAC attribute is set to TRUE. Since a trans-

mission should not be started unless its transaction, including completing the

transmission, receiving the corresponding acknowledgement (if required), and

appropriate interframe spacing (IFS), fits into the remaining portion of the

CAP, the transceiver should be idle by the end of the CAP. However, it is

still possible for a neighbor to be receiving at the end of the CAP because,

essentially, the CAP length is not necessarily the same for all nodes, as il-

lustrated in Figure 4.5 (see section 4.4.5 for an explanation). Therefore, a

node with a longer CAP may start transmitting to a neighbor with a shorter

CAP just before the neighbor’s CAP ends, causing its transceiver not to

be idle at the end of its CAP. Moreover, a node may be transmitting at

the end of the CAP if it had to acknowledge a transmission from a neigh-

bor with a longer CAP. As a result, to protect the integrity of dGTSs, the

transceiver is forcibly disabled at the CAP end boundary, interrupting any
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ongoing communication, except for acknowledgement frames already being

transmitted. Acknowledgement frames in transmission avoid retransmitting

correctly received frames, and have relatively small size anyways. During the

contention-free period (CFP), the transceiver remains disabled except during

dGTSs for which the node is either the source or the destination, in which

case the transceiver is switched to the appropriate mode for the duration of

the dGTS only, and then disabled again at the end of the dGTS. While in a

dGTS, a node drops all frames received from all nodes but its dGTS partner.

The transceiver is enabled again at the beginning of the CAP.

Throughout the rest of this thesis, dGTS source refers to the node initiat-

ing the dGTS allocation procedure, which is also the node that will transmit

data in that dGTS after it is allocated. Similarly, dGTS destination refers

to the node that receives data during the dGTS after it is allocated.

4.2 Primitives

The IEEE 802.15.4 MAC protocol defines special primitives for higher lay-

ers to utilize the features it offers. Since these primitives are not standard

802.2 Link Layer Control (LLC) primitives, other means to access them are

needed, hence the need for the Service Specific Convergence Sublayer (SSCS).

As shown in Figure 4.2, IEEE 802.15.4 MAC services can be accessed by

IEEE 802.15.4-aware applications, or through the standard LLC using the

SSCS sublayer. The SSCS sublayer provides higher layers with the primitives
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Upper Layers

LLC

SSCS

IEEE 802.15.4 MAC

IEEE 802.15.4 PHY

Physical Medium

Figure 4.2: IEEE 802.15.4 Node Architecture

required to access the special features of the IEEE 802.15.4 MAC.

The dGTS protocol specifies the following additional service primitives

defining the dGTS-related interface between the MAC sublayer and higher

layers (referred to hereafter as SSCS):

4.2.1 MLME-dGTS.request

This primitive allows a device to send a request to a neighbor to allocate a

new (or deallocate an existing) dGTS for which this node is the source and

the neighbor is the destination. It has one parameter specifying the requested

dGTS characteristics (see Section 4.4.1). When this primitive is received, the

MAC sublayer constructs and transmits a dGTS request MAC command to

the designated destination (see Section 4.3.1 and Section 4.5.1).
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4.2.2 MLME-dGTS.confirm

This primitive reports the results of a request primitive to allocate a new (or

deallocate an existing) dGTS to the SSCS sublayer. It passes two parameters:

the status of the request (dGTS granted, dGTS rejected, channel access

failure, etc.) and the dGTS characteristics (only if the request was granted).

4.2.3 MLME-dGTS.indication

This primitive indicates to the SSCS sublayer that a dGTS request MAC

command has been received at the MAC sublayer. It has a single parameter

specifying the dGTS characteristics of the received request. Upon receiving

this primitive, the SSCS sublayer decides how to respond to the request

(possibly by consulting higher layers) and then conveys its decision to the

MAC sublayer via the response primitive.

4.2.4 MLME-dGTS.response

This primitive is used by the SSCS sublayer to initiate a response to an

indication primitive. It has one parameter reflecting the SSCS sublayer’s

decision about the dGTS request command in the form of a dGTS charac-

teristics structure. When this primitive is received at the MAC sublayer, it

constructs and transmits a dGTS response MAC command to the designated

destination (see Section 4.3.2 and Section 4.5.2).

Figure 4.6 shows how these four protocol primitives are used together
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with some commands to allocate a dGTS.

4.3 Commands

MAC commands of the dGTS protocol are IEEE 802.15.4 MAC commands.

The destination address field is a common payload field in all dGTS com-

mands since the MAC header destination address field is set to the broadcast

address. Due to the lack of association, the dGTS protocol assumes a flat

topology in which there is no notion of local domains or local address spaces,

i.e. no short addresses are assumed. Therefore, the payload destination

address field is a 64-bit extended address. An acknowledgement packet is

expected from the node whose address is in the payload destination field.

For commands intended for broadcast only (no intended destination), no

acknowledgement is expected and the payload destination field holds the

source’s address.

All of the dGTS protocol’s MAC commands are transmitted using slot-

ted CSMA-CA during the CAP. dGTS MAC commands are identified by

their command frame identifiers (command ID). The original standard de-

fines commands with IDs from 0x01 to 0x09. The following MAC commands,

whose formats are also shown in Figure 4.3, are used by the dGTS protocol:
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4.3.1 dGTS Request

This command initiates a dGTS transaction: dGTS allocation or dealloca-

tion. It holds the dGTS characteristics (see Section 4.4.1) of the requested

dGTS. Upon receiving this command, the destination forwards a broadcast

copy of the command to notify its neighbors about the slots being consid-

ered for allocation/deallocation to avoid potential multiple allocations. See

Section 4.5.2 for details.

This command includes five fields in its payload, as shown in Figure 4.3(a).

They are (1) command ID (8 bits) – the command frame identifier equal to

0x0A by which this command is recognized; (2) destination address (64 bits);

(3) dGTS length (4 bits) – the number of superframe slots the dGTS com-

prises; (4) list size (4 bits) – the number of alternative superframe slots the

dGTS may start at; and (5) starting slot list (list size × 4 bits) – a list

of alternative superframe slot indexes, the cardinality of which is equal to

(4) above. The indexes mark the slots at which the dGTS may start. The

command provides a list of starting slots instead of a single one to allow the

destination some choice in case some slots are unavailable at the destination.

If the command is a deallocation request (Figure 4.3(b)), then the list size

field is set to zero and there is a single starting slot in the starting slot list field

indicating the starting slot of the dGTS to be deallocated. The deallocation

request also has a flag indicating whether nodes other than the intended

destination should consider this request or not. This flag is always active

(i.e. all nodes should consider the request), except when a pending dGTS
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Command ID Destination Address dGTS Length List Size Starting Slot List

8 bits 64 bits 4 bits 4 bits List Size × 4 bits

0x0A 1–15 1–15 1–15 each

(a) dGTS Request Command Payload – Allocation

Command ID Destination Address dGTS Length List Size Flags Starting Slot

8 bits 64 bits 4 bits 4 bits 4 bits 4 bits

0x0A 1–15 0 0–3 1–15

(b) dGTS Request Command Payload – Deallocation

Command ID Destination Address dGTS Length List Size Starting Slot

8 bits 64 bits 4 bits 4 bits 4 bits

0x0B 1–15 0/1 1–15

(c) dGTS Response Command Payload

Command ID Destination Address Tx Count Rx Count dGTS List

8 bits 64 bits 4 bits 4 bits (Tx + Rx) × (4 + 4) bits

0x0C 0–15 0–15 1–15, 1–15

(d) dGTS Conflict Command Payload

Figure 4.3: Payload Format of dGTS Commands

allocation request is aborted. In that case, a deallocation request indicates

the abortion of the ongoing dGTS request rather than an actual deallocation

of an allocated dGTS (see Section 4.5.3 and Figure 4.9(a)). Since both the

source and the destination of a dGTS can transmit a deallocation request

command, the deallocation request has another flag indicating whether the

node transmitting the command used to transmit or to receive data during

that dGTS. The remaining two bits of the flags field are reserved for future

use.
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4.3.2 dGTS Response

This command is used by the destination to reply to a previously received

dGTS request command requesting dGTS allocation. If the destination has

granted the request, this command holds the dGTS characteristics of the

allocated dGTS at the destination. If the destination has rejected the re-

quest, this command holds a dGTS characteristics structure indicating that

no dGTS has been allocated.

Upon receiving this command, the dGTS source forwards a broadcast

copy of the command to notify its neighbors about the allocated slot(s), so

that the neighbors avoid using them for CAP and CFP. See Section 4.5.2 for

details.

As shown in Figure 4.3(c), this command includes the same five fields of

the dGTS request command, except that the list size field can only be 0,

indicating request rejection, or 1, indicating the request was granted. Also,

the starting slot field is not a list anymore and has a single starting slot only.

Lastly, the command ID field is set to 0x0B for this command.

4.3.3 dGTS Conflict

This command indicates to its receiver that it is attempting allocation of a

dGTS that conflicts with an allocated dGTS at the command sender. It is

used by a neighbor of either the source or the destination of a dGTS if it re-

ceives a dGTS request or a dGTS response command involving a superframe
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slot (or more) that is already allocated at that neighbor. The neighbor noti-

fies the source or the destination by means of this command about all of its

allocated dGTSs that conflict with their dGTS request/response command.

This command includes five fields in its payload, as shown in Figure 4.3(d).

They are (1) command ID (8 bits) – the command frame identifier equal to

0x0C by which this command is recognized; (2) destination address (64 bits);

(3) tx count (4 bits) – the number of dGTSs included in the command for

which the node transmitting the command is the source; (4) rx count (4

bits) – the number of dGTSs included in the command for which the node

transmitting the command is the destination; and (5) dGTS list ((tx count

+ rx count) × 8 bits, 4-bit starting slot index and 4-bit dGTS length) – the

list of dGTSs, starting with the transmit dGTSs and then the receive dGTSs,

with every dGTS specified by its starting slot index in the superframe and

its length. A transmit dGTS is a dGTS for which the node is the source,

while a receive dGTS is a dGTS for which the node is the destination.

4.4 Data Structures

The dGTS protocol defines and uses the following data structures to provide

its services:
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4.4.1 dGTS Characteristics

This structure holds sufficient information to identify a dGTS. It allows spec-

ifying the dGTS so that it may start at any slot of a list of alternative starting

slots. This allows a dGTS request command to efficiently provide a prior-

itized list of alternative dGTSs of the same length for the destination to

choose from. The first slot in the list has the highest priority (the most

preferred), while the last slot in the list has the lowest priority (the least

preferred). Exchanging dGTS specification is always performed using this

structure, specifically in dGTS request and dGTS response commands. The

last four fields in these commands’ payload constitute this structure. Fig-

ure 4.4 illustrates this fact and presents an instance of the structure for a

node (node 5) wishing to allocate a 4-slot dGTS to another node (node 6),

providing a single starting slot only. Moreover, exchanging dGTS informa-

tion between the MAC sublayer and the SSCS sublayer uses this structure

as a parameter to all protocol primitives (see Section 4.2).

The dGTS characteristics structure consists of four fields. These are (1)

partner address (64 bits) – the address of the node involved in the dGTS

represented by this instance of the structure, besides the one handling it; (2)

dGTS length (4 bits) – the number of superframe slots forming the dGTS;

(3) list size (4 bits) – the number of alternative starting slots provided in

this instance of the structure; and (4) starting slot list (list size times 4 bits)

– the list of the alternative superframe slots at which the dGTS may start.

Note that the partner address field holds the address of the dGTS destination
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in dGTS request commands, MLME-dGTS.request primitives, and MLME-

dGTS.confirm primitives, while it holds the address of the dGTS source in

dGTS response commands, MLME-dGTS.indication primitives, and MLME-

dGTS.response primitives.

Although this structure is capable of holding multiple starting slots, it

is still representing one dGTS, but with multiple possibilities for the slot at

which it may start. This is why it has a single dGTS length field. Also,

there is no need to specify the direction of the dGTS represented by a dGTS

characteristics structure, as this information is usually available from the

context. The direction of a dGTS can be either transmit or receive. For

instance, in a dGTS allocation request command, it is implicitly known that

the dGTS characteristics represented by the command is a transmit dGTS

with respect to the source, since dGTS allocation commands are transmitted

by the node that will transmit the data during the dGTS once it is allocated.

Conversely, a node receiving an allocation request command considers the

underlying dGTS a receive dGTS. This is also the case for dGTS response

commands as the node transmitting the dGTS response command considers

the involved dGTS a receive dGTS, while the node receiving the command

considers it a transmit dGTS. However, this context is unclear in deallocation

request commands since both the source and the destination of a dGTS may

transmit a deallocation request command. Hence, the dGTS deallocation

request command has a direction bit in its flags field.
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4.4.2 dGTS Conflict Characteristics

This structure holds information regarding a number of dGTSs. Unlike the

dGTS characteristics structure, dGTSs represented in this structure do not

necessarily share a common dGTS length, and they can be of any direction:

transmit dGTSs, receive dGTSs, or a mixture of both. This structure is

used to exchange dGTS characteristics for the conflict command. The dGTS

characteristics structure is not suitable for conflict commands as it is intended

to represent a single dGTS, while a conflict command may hold multiple

dGTSs that conflict with a received request or response command.

Since this structure potentially holds a number of dGTSs, it indicates the

number of dGTSs it represents in two counters: one for transmit dGTSs and

one for receive dGTSs. It also lists the dGTSs, starting with all the transmit

ones and followed by the receive ones. Each dGTS is described by two pieces

of information: its starting slot and its length. Obviously, the fields of this

structure are the same as the fields of the payload of the conflict command

(Figure 4.3(d)), excluding the command ID field.

Figure 4.4 shows an instance of this structure where a node (node 1)

needs to notify a neighbor (node 5) that its request involves slots already

used by the node with other neighbors. In this example, one transmit dGTS

and two receive dGTSs (of different lengths) conflict with the request sent

by the neighbor (node 5) and are included in the conflict command. Such

information cannot be conveyed via the dGTS characteristics structure and

requires the more flexible dGTS conflict characteristics structure.
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Figure 4.4: dGTS Characteristics & dGTS Conflict Characteristics Example

4.4.3 dGTS Table

This structure holds the node’s information regarding available and allocated

slots. It consists of two tables: the own table and the neighbor table. Informa-

tion about dGTSs for which the node is either the source or the destination

is stored in the own table, while information about dGTSs for which the

node is neither the source nor the destination is stored in the neighbor table.

In other words, the neighbor table holds the node’s information about its

neighbors’ dGTSs, which it has to keep track of to avoid interfering with

them. A major difference between the two tables is that the neighbor table

allows dGTS overlap. This is because two neighbors of a node may not be

neighbors of each other and hence they can use the same slot. The node
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needs to keep track of both allocations to be able to identify when the slot

is going to be available again after both dGTSs are deallocated. In the own

table, a node can use a slot in at most one dGTS. In addition, the own table

should support flagging dGTSs for deallocation to avoid using them before

they are actually deallocated, as the deallocation procedure is sequential (it

deallocates dGTSs one by one) and not instant (see Section 4.5.4 for details).

The dGTS table structure is not communicated in any of the protocol

procedures, so it is not part of the protocol. It is an internal nodal structure

that is essential to the protocol operation, though. Therefore, it can be

implemented in any form as long as it provides the needed information.

The dGTS table is utilized when constructing allocation request and re-

sponse commands. These commands should not involve any dGTS that

conflicts with any dGTS already in the dGTS table. A conflict is recognized

whenever there is a common slot in a dGTS in the table and a prospective

dGTS. (See Section 4.5.3 for details on how conflicts are handled.) The table

structure should disallow conflicts to be stored in the table. In addition, the

dGTS table is consulted whenever an allocation request command or a re-

sponse command is received, and is updated whenever a deallocation request

command or a conflict command is received. It is worth noting that received

allocation request commands do not change the table, but rather alerts the

node about potential slots for allocation that are available according to the

source’s table.
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4.4.4 dGTS Queue

Whenever a data packet (or any higher-layer packet) arrives at the MAC sub-

layer from the LLC queue, the packet is transmitted and the queue is blocked

until the packet is completely handled. If, however, the packet happens to

be an application-layer data packet to be transmitted during a dGTS, this

model no longer works. This is due to the fact that such a packet cannot

be handled immediately. In fact, it has to wait until a suitable dGTS starts.

In the meantime, according to this model, the MAC sublayer will be un-

able to retrieve any further packets from the LLC queue and the rest of the

superframe will be wasted until a dGTS suitable for the received packet is

reached. To work around this situation, a MAC-level queue is introduced for

holding data packets that are to be transmitted during a dGTS. This queue,

namely the dGTS queue, holds all such packets irrespective of their possi-

bly different destinations/dGTSs. Immediately prior to the beginning of a

transmit dGTS, the node checks its dGTS queue for the first packet whose

destination is the destination of the current dGTS, and that fits within the

dGTS time together with its acknowledgement packet (if one is required).

After handling that packet, the dGTS queue is repeatedly searched again

for an appropriate packet until there is none or the remaining time of the

dGTS does not suffice to complete the transaction for any packet intended

for transport to the dGTS destination.

Equivalently, this queue can be implemented in the LLC layer, in which

case the LLC layer has to be able to identify dGTS packets upon receipt from
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higher layers and append them to the dGTS queue instead of the standard

LLC queue.

Although this queue does not necessarily belong to the MAC sublayer,

it requires a special interface if it is to be implemented in the LLC sub-

layer for example. In particular, it should support the search-by-destination

function described above. Also, it should support retrieving packets without

dequeuing them. This is required to check whether the transaction fits in the

remaining time of the dGTS or not. If the transaction does not fit in the re-

maining time of the dGTS, the packet is kept in the queue and a subsequent

packet is sought until one is found or the end of the queue is reached. If the

transaction does fit within the dGTS boundaries, the packet is dequeued.

As is the case for the dGTS table structure, the dGTS queue is required

to provide the aforementioned interface only. It is not part of the commu-

nication protocol and, hence, any implementation providing this interface is

acceptable. The maximum queue size is a protocol/implementation param-

eter that can be tweaked for better performance. For example, a very large

queue reduces packet dropping and improves delivery ratios for bursty traf-

fic, but results in longer delays (depending on the size of the average queue

occupancy).

4.4.5 Retransmission Queue

The synchronization component of the framework guarantees a common su-

perframe structure throughout the network. However, it has no control over
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Figure 4.5: Example of neighbors with different CAP lengths. A and B are
neighbors. B and C are neighbors. A and C are not neighbors.

the subdivision of the superframe into CAP and CFP periods. This subdi-

vision is merely a result of which dGTSs are allocated at each node (and its

neighbors) and, hence, can be different for every node in the network. An

undesirable result of this system is that although the CAP always starts at

the same point in time for all nodes, some nodes may have shorter CAPs

than their neighbors. Figure 4.5 demonstrates an example of neighbors with

different CAP lengths. Consequently, there exists a period for every two

neighbors (in Figure 4.5) with different CAPs in which one is still in its CAP

and the other is in its CFP. During that period, any CAP transmission (from

the node with the longer CAP destined to the node with the shorter CAP,

i.e. during the latter’s CFP) will fail since it will be ignored by the intended

receiver. Note that transmissions during that period will always be from the

node with the longer CAP. Also, note that such a transmission will never

interfere with the receiver’s own transmit/receive dGTSs, for if the receiver

were in the CFP due to an own dGTS, the node would be in its CFP too to
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avoid interfering with its neighbor’s dGTS.

This behavior negatively impacts the efficiency of the protocol. To recover

from such failures, a MAC-level retransmission queue is introduced. When-

ever an acknowledged transmission is attempted during the CAP without

receiving any acknowledgements and all retransmission attempts (referred

to hereafter as simple retransmissions) are exhausted, the packet is queued

into the retransmission queue instead of being dropped, and the status of

the transmission is withheld from the higher layers. This queue is checked at

the beginning of every superframe, and a packet is dequeued and attempted

for transmission, or secondary retransmissions. This mechanism is applica-

ble only to packets that are transmitted during the CAP and that require

acknowledgement.

The retransmission queue is not part of the protocol either, although it

boosts its performance. It has to meet a simple interface allowing the MAC

sublayer to retrieve packets from the queue, but not to dequeue them im-

plicitly. Instead, packets should be explicitly dequeued upon the protocol’s

request. This is basically needed in case the retrieved packet causes task over-

flow given the current status. For example, if the retrieved packet happens

to be a dGTS request command and there is a dGTS allocation procedure

in progress, the request command is not dequeued and the queue is queried

for another packet, since carrying out two dGTS allocations simultaneously

is not permitted. If the packet can be handled, then it is dequeued.
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4.5 Protocol Procedures

In this section, we describe how the protocol performs the individual tasks

that collectively achieve the ultimate objective of contention-free medium

access in a flat peer-to-peer topology. A task or procedure involves one or

more MAC commands and is performed by a single node, but usually requires

some interaction with other nodes. While another node’s interaction may be

required, it is part of another task performed at that other node.

4.5.1 Requesting dGTS Allocation

We first define superframe slot and dGTS properties pertinent to dGTS al-

location. A superframe slot is said to be available if it is not allocated in

either of the own or neighbor dGTS tables. A valid dGTS is one that starts

and ends within the superframe, does not start at the first superframe slot,

and is made up of available superframe slots. A dGTS is suitable for a given

packet if it is valid, allocated to the destination of that packet, and the packet

transmission transaction fits in the dGTS duration.

When a higher layer decides that a dGTS is needed, it instructs the

MAC sublayer to initiate the allocation procedure using the SSCS interface’s

MLME-dGTS.request primitive, and passes along the required dGTS char-

acteristics. Alternatively, an allocation procedure can also be automatically

initiated by the MAC sublayer upon receiving a data packet to be transmit-

ted in a dGTS while there are no allocated dGTSs suitable for the packet
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transmission, for instance. This may happen if a suitable dGTS has expired,

if the packet is too large to fit in allocated dGTSs, or if this is the first packet

in its flow and allocation is data-triggered (see Section 4.5.5 and Section 4.6

for details).

When the MAC sublayer of the source node receives the MLME-dGTS.request

primitive, it first makes sure the requested dGTS is valid and the correspond-

ing slots are available in its dGTS table. Otherwise, the procedure is termi-

nated with an INVALID PARAMETER return code. After that, the source con-

structs and transmits a dGTS request command to the destination, the node

to which it wishes to transmit during that dGTS. The command specifies the

requested dGTS by specifying its length (the number of slots it spans) and

its starting slot. Since available slots may be different from node to node, the

source may specify a set of starting slots to increase its chances of matching

available slots at the destination. The command is transmitted as a broad-

cast frame enabling the source’s neighbors to make note of involved slots

that are available according to the source. After consulting its own dGTS

table, if a neighbor finds out that a slot is involved in the command and is

allocated to itself, it follows the dGTS conflict procedure to notify the source

about the conflict. The source then notifies the destination, as explained

in the dGTS conflict procedures in Section 4.5.3. Neighbors never allocate

any slots in their tables upon receiving dGTS request commands. Next, the

source awaits an acknowledgement frame from the destination within an ac-

knowledgement timeout period, namely macAckWaitDuration (54 symbols
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long), as per the standard. Retransmission procedures, too, are identical to

those in the standard.

The source then waits for a relatively long period of time during which the

destination makes its decision. The exact duration is a protocol parameter

that can be manipulated, depending on network conditions, to achieve bet-

ter performance. The period may span multiple superframes and does not

have to fit within the superframe during which the allocation request was

transmitted by the source. A potential value for this period is the standard’s

aResponseWaitTime (i.e. 32 × aBaseSuperframeDuration). The source ex-

pects to receive a dGTS response from the destination within this period.

Otherwise, the MAC sublayer reports to the SSCS sublayer (and, in effect,

to higher layers) that a response has not been received (via the NO DATA

return code) and the procedure terminates, as far as the MAC sublayer is

concerned. Higher layers may choose to reattempt the allocation later. This

ensures that a node that is no longer a neighbor is ignored, rather than

needlessly attempting to reach it.

If a dGTS response command is received within its timeout, the com-

mand’s list size field is checked. A value of zero indicates that the request

has been rejected by the destination, while a value of one indicates that the

request has been granted and the starting slot field holds the index of the

first slot of the allocated dGTS (since the request could have had more than

one starting slot). If the request is granted by the destination (as illustrated

in Figure 4.6), the source checks the received dGTS characteristics against

64



Chapter 4. dGTS Protocol

Source
SSCS

Source
MAC

Destination
MAC

Destination
SSCS

MLME-dGTS.request

dGTS request command

ACK

dGTS request command

(copy)

IFS

aMaxFrame
ResponseTime

MLME-dGTS.indication

MLME-dGTS.response
dGTS response command

ACK

MLME-dGTS.confirm
dGTS granted dGTS response command

(copy)

IFS

aResponseWaitTime

Figure 4.6: Successful dGTS allocation message sequence diagram

its dGTS table to make sure that the involved slots are still available (since a

neighbor of the source only could have had a conflict and notified the source

about it after receiving its dGTS request command). If the dGTS is found

valid, it is allocated in the source’s own dGTS table and the source forwards

a copy of the dGTS response command it received to its neighbors to have

them allocate the involved slots in their neighbor dGTS tables, successfully

terminating the procedure. The forwarded dGTS response is not acknowl-

edged since it is targeted to all of the source’s neighbors. This is achieved by

using the source’s own address in the destination address field of the com-

mand. If the dGTS is found invalid though, the source deallocates the dGTS

as per the deallocation procedure (see Section 4.5.4).
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Figure 4.7: Denied dGTS allocation message sequence diagram

4.5.2 Responding to dGTS Allocation Request

When a node receives a dGTS request command requesting the allocation of

a dGTS, the node first filters out all starting slots in the command that will

cause a conflict with the node’s dGTS table if they were to be erroneously

used. If this step results in filtering out all the starting slots included in

the dGTS request command, the node constructs and transmits a dGTS

response command whose list size field is zero indicating a denied request (as

illustrated in Figure 4.7), and the procedure terminates. Otherwise, the node

forwards a modified copy of the dGTS request command to its neighbors, in

which (1) the destination address field is the node’s own address to indicate

that this is a forwarded copy; and (2) the starting slot list field contains the

filtered list rather than the original one. The node’s neighbors handle this

forwarded copy in exactly the same way the source’s neighbors handle the

dGTS request command; no actual allocation is performed, and the node is
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notified about conflicts.

The node then waits for a period of time shorter than that for which

the source awaits the dGTS response command, providing sufficient room

for retransmissions, if necessary. A potential value for this period is the

standard’s aMaxFrameResponseTime (i.e. 1220 symbols long). The purpose

of waiting for this period is to ensure all conflicts have been reported (by the

neighbors) by the end of the period. Afterwards, the node checks the list of

starting slots against its dGTS table again in case any conflicts were received.

If no starting slots are left, a dGTS response whose list size field is zero is

constructed and transmitted, indicating that the request has been denied.

Otherwise, if there are remaining valid starting slots, the new list is passed

to the higher layer via the SSCS interface using the MLME-dGTS.indication

primitive to choose one or more starting slots from the new list (if such a

feature is desired).

The SSCS sublayer then calls the MAC sublayer’s MLME-dGTS.response

primitive and passes along the chosen starting slot(s). If the MAC sublayer

receives more than one starting slot from the SSCS sublayer, it picks the

first. The convention is that nodes construct their starting slot lists with the

first entry designated as the most desired and the last as the least desired.

The node constructs and transmits a dGTS response command containing

the single chosen starting slot together with the other dGTS characteristics to

the source, and waits for an acknowledgement frame, following the standard’s

retransmission rules. Upon receiving the acknowledgement, the node updates
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its own dGTS table to reflect the allocation of this receive dGTS. If the dGTS

response command is not acknowledged, the source is assumed to be no longer

a neighbor and the allocation is ignored.

4.5.3 dGTS Conflict Handling

Whenever a node receives a dGTS request or a dGTS response command, it

reacts differently depending on whether it is the intended destination whose

address is in the destination address field of the payload or not. If it is the

intended destination, it checks the command for conflicts against its dGTS

table (both own table and neighbor table). A conflict is declared whenever

two different dGTSs have at least one superframe slot in common. If a conflict

is detected and the command is a dGTS request, the starting slots causing

the conflict are removed from the list and the remaining starting slots only

are considered when processing the command (see Section 4.5.2). If a conflict

is detected and the command is a dGTS response, the response is considered

invalid since it has a single starting slot and the deallocation procedure is

conducted to deallocate the dGTS at the destination (see Section 4.5.1).

Higher layers can decide whether to reattempt the allocation.

If the node receiving the command is not the intended destination, it

checks the command for conflicts against its own dGTS table only. The

neighbor dGTS table contains information about slots the node cannot use

for its own dGTSs because they are being used by some of its neighbors.

However, the neighbor dGTS table cannot be used to judge whether a neigh-
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bor can use a particular slot or not; a node cannot decide for any other

node which slots are available and which are not, but can tell which slots

cause conflicts with itself (by consulting only its own dGTS table). On the

other hand, both tables are used to assess slot availability when a node is

considering allocating slots for its own dGTSs.

If a dGTS conflict is detected, whether triggered by a dGTS request or

response command, the node constructs and transmits a dGTS conflict com-

mand containing a list of all of its own dGTSs that have at least one slot in

common with any of the dGTSs included in the command that triggered the

conflict checking. Additionally, if the command triggering the conflict check-

ing is a dGTS response command, and a conflict is detected subsequently,

the dGTS in the command will not be stored in the dGTS neighbor table.

The address of the node that transmitted the problematic dGTS request or

dGTS response command is copied into the destination address field in the

dGTS conflict command.

When a dGTS conflict command is received by a node, regardless of

whether it is destined to it or not, each dGTS included in the command is

checked individually as follows. First, if the dGTS is an own dGTS and the

received command was transmitted by the partner node, the dGTS is ig-

nored because it is already in the own dGTS table. Otherwise, the following

steps apply. If the dGTS is not found in the neighbor dGTS table, the node

inserts it there. Note that the neighbor dGTS table is capable of storing

identical dGTSs by counting them. Nevertheless, if the dGTS in the dGTS
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conflict command is found in the neighbor dGTS table, the counter is not

incremented and the dGTS is ignored. This is to avoid reallocating already

allocated dGTSs whenever they are re-declared in a conflict command. The

counter is incremented only upon receiving dGTS response commands where

there is no chance the dGTS is already in the table. Finally, the own dGTS

table is checked to see if it conflicts with the dGTS in case it just got allocated

in the neighbor dGTS table. This can happen if the source of the conflict

command has just joined the neighborhood or the former commands through

which the dGTS was allocated were not correctly received at the node pro-

cessing the conflict command. If a conflict is found, the neighbor’s dGTS

takes precedence and the own dGTS is deallocated using the deallocation

procedure.

If the node happens to be in the middle of a dGTS transaction (i.e.

requesting a dGTS or responding to an allocation request) as it receives the

dGTS conflict command, a few extra checks are carried out. If the node

is undergoing a dGTS allocation request procedure and a conflict command

is received, the dGTS characteristics used in the dGTS request command

are checked against the dGTSs in the conflict command. If a conflict is

found, the node constructs and transmits a new dGTS request command

with an updated starting slot list field holding only valid starting slots after

considering the conflict command – a request update. The destination then

discards the original starting slot list and considers the updated one only

when making its decision with respect to which starting slot(s) to use (see
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Figure 4.9(b)). If none are left, the node transmits a deallocation request

indicating to the destination that the allocation procedure is aborted (see

Figure 4.9(a)). This deallocation request should be ignored by other nodes,

and thus has the corresponding ignore flag active. This is because there is no

allocated dGTS for the request to deallocate. Note that the request update

command is discarded if a response is received any time before the command

is relayed to the physical layer. This is because the transaction would have

already been terminated at the destination.

If the node is undergoing a response procedure and a dGTS conflict com-

mand is received, it removes the starting slots in the request it is processing

for which the requested dGTS conflicts with any dGTS in the conflict com-

mand. Upon the conclusion of the waiting period associated with receiving

potential conflicts from neighbors, the node chooses a starting slot from the

updated starting slot list (see Figure 4.8).

4.5.4 dGTS Deallocation

The dGTS deallocation procedure can be initiated by the source or the desti-

nation of an allocated dGTS. Whenever a node needs to deallocate a dGTS,

whether due to instructions from higher layers, to resolve conflicts, or be-

cause a dGTS has expired according to the own dGTS table, it constructs

and transmits a dGTS request command whose (1) destination address field

is the address of the partner node for that dGTS according to the dGTS

table; (2) list size field is zero; and (3) starting slot list field contains a single
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Figure 4.8: dGTS conflict resolution at the destination

starting slot – the starting slot corresponding to the dGTS to be deallo-

cated. The node then waits for the acknowledgement. Upon receiving the

acknowledgement, the dGTS is deallocated from the own dGTS table. If

the command is not acknowledged after exhausting all the retransmissions

attempts, the dGTS is deallocated and the partner node is assumed to be no

longer a neighbor.

Receiving a dGTS deallocation request destined to the node triggers the

node to forward a copy of the command whose destination address field

is the node’s own address, to prevent further forwarding. The forwarded

copy is not acknowledged and is used to notify the node’s neighbors about

the deallocation so that they can free the involved slots in their respective

neighbor dGTS tables.

If a node receives a deallocation request that is not destined to it, it first
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Figure 4.9: dGTS conflict resolution at the source
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checks the ignore flag. If it is active, the request is ignored. Otherwise,

the dGTS is deallocated from the neighbor dGTS table. As the neighbor

dGTS table supports allocating multiple identical dGTSs, the counter for

the corresponding dGTS is first checked. The table has a counter for every

possible dGTS, characterized by its starting slot and dGTS length pair. If

the counter is greater than one, it is decremented by one. If it is equal to

one, the dGTS is completely removed from the node’s neighbor table.

A node may not be able to deallocate a dGTS immediately when it de-

cides it needs to be deallocated, since only a single deallocation transaction

can take place at the same time. This can take place if there is another

dGTS still undergoing the deallocation procedure, a conflict command with

multiple conflicting dGTSs is received, multiple dGTSs expire within the

same superframe, or a higher layer requested the deallocation of multiple

dGTSs at once. To avoid using these dGTSs while they are waiting for the

deallocation of one of them to finish, or while in the CFP, the dGTS table’s

deallocation flag feature is utilized. Consequently, all own dGTSs that are

to be deallocated are flagged as such and treated as if they are not allocated,

and the deallocation procedure starts for only one of them. Once it termi-

nates, it checks the own dGTS table for further flagged dGTSs and continues

deallocating them until there are none left or the end of the CAP is reached.

Also, at the beginning of every superframe, dGTSs flagged for deallocation

are retrieved and the deallocation resumes. Note that only own dGTSs can

be flagged for deallocation since they are the only dGTSs that can be actively
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deallocated by the node. Neighbors’ dGTSs are managed by the neighbors

and are only kept in the table to avoid interfering with them.

4.5.5 Transmitting Data

Data packets are packets generated by the application layer as well as any

higher layer relative to the MAC sublayer. To avoid ambiguity, in the con-

text of the dGTS protocol, data packets represent application layer packets

only. This distinction is necessary since the dGTS protocol handles its data

packets in a way different from the rest of the higher-layer packets: it may

transmit them during the CFP. This is not applicable to all higher-layer

packets because some are required to setup the dGTSs that constitute the

CFP, and hence have to be transmitted during the CAP. Obvious examples of

such higher-layer packets are routing packets and Address Resolution Proto-

col (ARP) packets. Also, some application layer packets generated by IEEE

802.15.4-aware applications may be transmitted during the CAP.

As demonstrated in Figure 4.10, whenever a higher-layer packet is re-

ceived by the MAC sublayer, the MAC sublayer decides whether the packet

is to be transmitted during the CAP or the CFP, depending on its type

(or possibly using a flag in the packet set by IEEE 802.15.4-aware applica-

tions). If it decides that the packet is to be transmitted during the CAP,

the slotted CSMA-CA algorithm is initiated, and upon the completion of the

packet handling (including simple retransmissions), whether with success or

failure, the higher layer (i.e. LLC) is notified and the next packet in the
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Figure 4.10: Transmitting Data Packets
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LLC queue is retrieved. The LLC queue is blocked while the current packet

is being handled. If, however, the MAC sublayer decides that the packet

is to be transmitted within a dGTS, i.e. during the CFP, the dGTS queue

is checked for available space. If the dGTS queue is found full, the packet

is dropped, for lack of dGTS queue space. If there is room in the queue,

the own dGTS table is searched for (1) a transmit dGTS such that (2) the

destination of the dGTS matches the data packet’s destination, and (3) the

packet transmission transaction (packet transmission, acknowledgement re-

ception, and appropriate IFS) fits in the dGTS duration. If no such dGTS is

found, a dGTS allocation procedure is initiated with the appropriate dGTS

characteristics and the packet is appended to the queue. If a suitable dGTS

is found, the packet is appended to the queue too. In all cases, packet han-

dling is considered complete as far as the LLC queue is concerned, although

the packet has not been transmitted yet. Hence, the MAC sublayer reports

completion of the packet handling and the next packet, if any, in the LLC

queue is retrieved.

Figure 4.11 outlines an outgoing packet’s journey across the MAC sub-

layer, and shows the roles of various queues encountered by the packet.

At the beginning of every active transmit dGTS2, the transceiver is set

to transmit mode and the dGTS queue is searched for the first data packet

whose destination matches the destination of the current dGTS, and whose
2An active transmit dGTS is a dGTS that is not flagged for deallocation and during

which the node transmits one or more data packets.
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transaction fits in the dGTS duration. If none is found, nothing is done. If a

packet for which the dGTS is suitable is found, it is transmitted immediately

(i.e. without CSMA-CA). Unlike protocol commands, acknowledgements are

optional for data packets. If acknowledgements are required for data packets,

the node waits for at most macAckWaitDuration, as is the case for MAC

commands. If an acknowledgement is received, or if one is not required, the

packet is removed from the dGTS queue. Otherwise, it is kept in the queue

until it is transmitted successfully. In any case, these steps are repeated until

there are either no packets left in the dGTS queue or until none of the packets

left in the dGTS queue are suitable for transmission in the remaining time of

the dGTS. If the next slot does not belong to an own dGTS, the transceiver

is shutdown at the end of the current dGTS, unless the current dGTS ends

at the next superframe boundary.

4.5.6 Secondary Retransmission

Due to the fact that the CAPs can be of different lengths in neighboring

nodes (see Figure 4.5), a node may attempt transmission to a neighbor that

is no longer in the CAP, and hence may never receive an acknowledgement.

As discussed in Section 4.4.5, we introduce the retransmission queue as a

recovery mechanism from this problem. This mechanism exploits the fact

that although CAPs may end at different times in neighboring nodes, they

always start simultaneously. Therefore, if no acknowledgements are received

for a CAP transmission and having exhausted all retransmissions, the packet
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is queued in the retransmission queue and its transmission is reattempted

at the beginning of the next superframe, as outlined in Figure 4.11. How-

ever, this is not the only transmission attempted at the beginning of the

superframe. In particular, there could also be a pending CSMA-CA trans-

mission whose backoff timer was started in a previous CAP, a packet (or

more, of different types) waiting for CSMA-CA to finish transmitting a pre-

vious packet, and/or one or more own dGTS(s) flagged for deallocation (but

not yet deallocated) awaiting a deallocation request to be constructed and

transmitted at the beginning of a superframe. These four types of packets

are checked for at the beginning of every superframe, and one of them is

attempted. Priorities are assigned to these four types based on how critical

they are for the protocol performance. As per our performance experiments,

pending CSMA-CA transmissions and packets waiting for CSMA-CA are the

most critical, so they are always handled first if there are any. If no pending

CSMA-CA transmissions are found, any pending deallocations are started.

If none are found, the retransmission queue is checked and if any packet that

does not cause task overflow is found, it is dequeued and transmitted.

Note that a packet whose backoff timer has been started previously has a

higher priority compared to packets waiting for CSMA-CA to finish handling

other packets. This is essential to keep packet handling strictly sequential

without any interleaving. Interleaved packet handling corrupts duplicate

packet detection at the destination if both packets are destined to the same

node. For example, consider the case where a packet is first transmitted
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and received correctly at the destination, but its acknowledgement is not

received. Then, another packet is transmitted to the same destination, and

the first packet is retransmitted afterwards. In this case, the destination

will not be able to detect that the retransmitted packet is a duplicate of

the first since duplicates are identified using the sequence number of the last

packet received from a given neighbor, which is no longer the same packet

in this scenario. Proper duplicate packet detection is important because

whenever a duplicate packet is received it is acknowledged again to suppress

further retransmissions. Therefore, erroneous duplicate packet detection may

cause numerous unnecessary retransmissions, and can lead to transaction

corruption in some scenarios.

When a packet is retrieved from the retransmission queue, it is transmit-

ted normally as if it were the first time. This includes the simple retransmis-

sions, provided that no acknowledgement frames are received. However, if the

packet remains unacknowledged after exhausting the simple retransmissions,

no more retransmissions are attempted and the packet is dropped.

4.6 Integrated dGTS and Routing

Being part of the MAC sublayer, the dGTS protocol is independent of the

routing protocol. However, exchanging some information with the routing

protocol allows both protocols to achieve better performance. The following

subsections outline our proposed optimizations as well as their advantages
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and limitations. Basically, dGTSs can be allocated in a forward order or in a

backward order. Using the forward order of allocation, dGTSs are reserved

at the source first, followed by the next hop, and so on and so forth until

the final hop. In the backward order of allocation, dGTSs are reserved at

the last hop first, followed by the next-to-last hop, and so on and so forth

until the first hop. If the allocation triggering mechanism results in dGTSs

being allocated in the forward order, the source will start by allocating the

latest available slots in its superframe, forcing subsequent hops to use earlier

slots. This increases the delay between every two subsequent hops along the

route, as shown in Figure 4.12(a). On the contrary, dGTSs allocated in the

backward order may incur next-to-none delay as shown in Figure 4.12(b),

subject to slot availability.

4.6.1 Forward (Data-Triggered) dGTS Allocation

The dGTS protocol’s internal allocation mechanism basically triggers the

dGTS allocation procedure whenever a data packet, received from higher

layers, is to be transmitted during the CFP, but there is no allocated dGTS

suitable for that packet’s transmission. This implies that all routing decisions

are made independently of dGTS availability along candidate routes, and

it is only when the packet arrives at the MAC sublayer that the dGTS is

allocated. This usually works because dGTS transmissions are designed for

regular traffic; if the first packet triggered an allocation task that did not

succeed, there will be subsequent packets that belong to the same flow that
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Node 3
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(a) Forward allocation

Node 1

Node 2
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(b) Backward allocation

Transmission Unused Transmit dGTS

Figure 4.12: End-to-end delay. Node 1 is closest to the source and node 3 is
closest to the destination, but is not the destination.
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will eventually establish the dGTS. The major advantage of this approach is

that it is an OSI-model-compliant solution. However, this dGTS assignment

policy will inadvertently result in the forward allocation of dGTSs (as shown

in Figure 4.12(a)), likely contributing to enlarging the route’s end-to-end

delay.

4.6.2 Backward (Route-Triggered) dGTS Allocation

In contrast to forward dGTS allocation, consider the case where a node at-

tempts the dGTS allocation whenever it receives a route reply message, and

only forwards that route reply to its downstream neighbor if a dGTS is suc-

cessfully allocated. Obviously, the route’s destination readily constructs and

transmits, as per slotted CSMA-CA, the route reply packet as soon as it re-

ceives the route request. Now every route reply received at the route’s source

node is guaranteed to have a dGTS path along its route. Such a guarantee

is not present when dGTS data triggered allocation is used. In effect, this

mechanism deals with dGTS allocation as part of the route discovery process,

and a route is not discovered if dGTSs could not be allocated along its hops.

Another major advantage is the fact that dGTSs are allocated at the destina-

tion first and backwards along the discovered route to the source [22]. dGTSs

are usually allocated slots from the end of the superframe, so this reversed

order of allocation along the route significantly minimizes end-to-end delay

[22], as illustrated in Figure 4.12. These built-in guarantees come at a cost

though. First, if a dGTS gets deallocated at a later time due to some conflict
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for example, a secondary mechanism is required to reallocate it, or else pack-

ets that use that dGTS will get stuck in the dGTS queue and consume the

queue space while other packets with active routes may get dropped for lack

of queue space. Second, when a route request packet reaches a node that is

already on a dGTS route that traverses, or ends at, the route request’s des-

tination, that node will most likely be the first to reply to the route request.

In particular, it will send its route reply packet sooner than any node with

no dGTS routes to the route request’s destination. Consequently, routes will

tend to aggregate at such nodes, which will be overused for routing. Besides

negatively affecting the network lifetime, this behavior may result in consid-

erable packet dropping. This is because that node will not need to receive

a route reply since it is already aware of the route to the destination, and

hence will not allocate a separate dGTS for the new route. It will just send a

route reply to its downstream neighbor and, in effect, use its existing dGTS

for both the old and new routes; it will have a single transmit dGTS handling

the traffic coming from two (or more) receive dGTSs. Obviously, a dGTS

allocated initially for a single flow will not be able to accommodate multiple

flows. Expanding such dGTSs to accommodate multiple flows requires more

sophisticated MAC-routing cooperation (since the MAC sublayer is unaware

of route destinations) that is better considered for avoiding route aggrega-

tion and promoting multiple routes instead. Multiple-route capability is a

routing protocol feature [23]. Hence, the dGTS protocol should be used with

a multiple-route-capable routing protocol that can evaluate multiple routes
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instead of one as a result of broadcasting a single route request message, and

then choose one (or more) based on some criteria [23]. One such criterion

could very well be dGTS availability.

4.6.3 Choosing dGTS Superframe Slots

In a MAC-only decision regarding which slots a dGTS should consist of, a

reasonable policy is echoed in the standard: start allocating dGTSs from

the end of the superframe. Although on the surface this may seem efficient,

it suffers the short-sight problems of greedy algorithms, with nodes being

likely to better utilize their superframe slots, but more likely to significantly

worsen end-to-end delays. However, this is highly dependant on the adopted

allocation triggering mechanism as well. In essence, dGTS allocation is a

critical section whose resource is superframe slots. Thus, dGTSs along a

route have to be allocated in sequence to avoid slot collisions. Note that

the slot reuse distance is three. The worst-case delay scenario illustrated in

Figure 4.12(a) applies to three subsequent hops only. The fourth hop, whose

source is three hops away from the first source, has to pick slots that do not

intersect with the second and third hops only, which could be the slots of

the first hop. As illustrated in Figure 4.13, the third hop cannot use the first

hop’s slots because the source of the third hop, node C, is a neighbor of the

destination of the first hop, node B, and its transmission will collide with

the first hop’s transmission by node A.

Nevertheless, in a dense network with relatively long routes, slot availabil-
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A CB DHop 1 Hop 2 Hop 3

Collision

Figure 4.13: Slot reuse distance is equal to three

ity is very likely to be the dominant factor in deciding which slots are allo-

cated to a dGTS. This may cause both allocation policies to converge to the

same average delay. Sensor networks, the main application for IEEE 802.15.4

and, in turn, the dGTS protocol, do, by convention, meet these characteris-

tics and, hence, the issue can safely be considered of moderate significance.
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Performance Evaluation

In this chapter, we present various performance experiments characterizing

the dGTS protocol. Special interest is paid to how well the dGTS protocol

performs relative to both slotted and unslotted IEEE 802.15.4. While we

consider IEEE 802.15.4 nonbeacon-enabled mode for the unslotted version

(referred to as unslotted mode), the standard’s slotted access (beacon-enabled

mode) performance is dependent on the network topology in terms of coordi-

nator and non-coordinator, beaconing and non-beaconing devices. Hence, we

use our framework’s synchronization mechanism to provide a single super-

frame structure and identical slot timing throughout the network, eliminating

the need for special-role nodes. Special-role nodes are avoided in the anal-

ysis because for a single given network topology there could be numerous

role configurations, each resulting in potentially different performance. More

importantly, special-role nodes cause multiple beacons and multiple super-
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frame schedules to be used simultaneously at different nodes in the network,

which means that time is slotted in a local sense only, and transmissions to

different beaconing coordinators behave, relative to each other, as if unslot-

ted access is used. Therefore, to evaluate slotted random access we use our

framework’s global synchronization mechanism to implement a flat topology

that will behave consistently without further configuration. This mode of

operation is referred to hereafter as slotted mode.

5.1 The Simulator

Due to the availability of its source code, the Network Simulator (ns-2) [24]

implementation of IEEE 802.15.4 (referred to as the wpan module) [13] is

widely used by the research community. The dGTS protocol is implemented

on top of the wpan module.

5.1.1 Limitations and Proposed Solutions

A few inconsistencies between the wpan module and the standard have been

reported in [4]. We revisit a previously reported problem, discover a new

problem, and provide efficient solutions for both. In particular, note the

following two problems:

1. Sometimes, slotted CSMA-CA remains idle for an additional backoff

period following the second clear channel assesment (CCA) (see Fig-
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Time

Backoff Timer Expired

CCA CCA
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aTurnaroundTime = 12 symbols

Backoff Period

20 symbols
(A) (B)

Figure 5.1: CCA in slotted CSMA-CA – idle channel. Transmission should
start at (A). In ns-2, it sometimes erroneously starts at (B).

ure 5.1), while it is supposed to start transmission immediately after

the second CCA is completed.

2. For large BO and SO values (BO = SO = 14, for example), networks

perform extremely poorly because very few transmissions are carried

out.

As for the first observation, the transceiver turnaround should finish no

later than the backoff period boundary of the previous CCA. The standard

dictates that the transceiver turnaround time is at most 12 symbols. The sim-

ulator uses that maximum value, which means that the turnaround time ends

at exactly the backoff period boundary. This should work just fine. How-

ever, in the simulator, time is modeled as a double-precision floating-point

number (C++ double) [25], which is subject to floating-point approximation

errors. Hence, the absolute time at which the transceiver turnaround actu-

ally finishes in the simulator may sometimes be approximated to a slightly

greater value than the upcoming backoff boundary, in which case the closest

next backoff period boundary is another backoff period away. Note that in
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slotted CSMA-CA, transmissions are required to start at a backoff period

boundary. The approximation error is of the order of magnitude of 0.1 fem-

tosecond (10−16 second). Since the approximation may result in a slightly

smaller value as well, it is not always the case that there is an idle backoff

period prior to the transmission.

There are two simple solutions for this problem: (1) in the simulation,

use a value smaller than the maximum aTurnaroundTime for the actual

transceiver turnaround, say 10 symbols; or (2) compare the difference be-

tween the current time and the time corresponding to the next backoff period

boundary to a logical zero instead of an absolute zero, where a logical zero

is a very small number that is close to zero but not exactly zero, such as 1

picosecond.

The second observation is due to underestimated integer values. In the

CSMA-CA implementation, there are a couple of 16-bit integer variables that

hold the number of remaining backoff periods in the current CAP so that the

algorithm can decide whether a transaction would fit in the remaining time

of the CAP or should be deferred to the next superframe. For large BO

and SO values, the number of remaining backoff periods can get too large

to fit into a 16-bit integer variable, causing an overflow and, in turn, an

unpredictable behavior. For example, at the midpoint of a superframe where

BO = SO = 14, the number of remaining backoff periods until the end of
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the superframe is:

aBaseSuperframeDuration × 214

2× aUnitBackoffPeriod
= 393 216 > 65 536 = 216

Simply changing these variables from 16-bit to 32-bit integers fixes the prob-

lem and significantly boosts the performance of large BO/SO configurations.

While implementing the dGTS protocol for the ns-2 simulator, a few

modifications had to be made to the wpan module. For example, the dGTS

protocol broadcasts its messages but requires acknowledgements based on a

secondary destination address field. Also, since it operates in a flat topology,

the addresses are always 64-bit long and short addressing is not used. How-

ever, frames with 64-bit destination addresses received by a node whose ad-

dress does not match the destination address are dropped in the original wpan

module implementation, even if they are broadcast frames. An exception had

to be implemented to allow dGTS commands only to be received when in

the synchronized peer-to-peer mode. A modification related to logging the

simulation events to ns-2 trace files was also required. The wpan module

implementation shares the same MAC headers as the IEEE 802.11 ns-2 im-

plementation for trace support purposes. This causes some of the additional

commands introduced by the dGTS protocol to be logged as 802.11-specific

packets that do not exist in 802.15.4 such as RTS. To correct this behavior,

we created a wpan-specific packet type space and added the required code

to distinguish wpan from IEEE 802.11 packet types.
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While observing the network behavior in the simulations, the number of

packets being dropped by ARP was rather not negligible. In ns-2, the ARP

protocol is implemented in BSD style, where only a single packet may be

buffered for each destination hardware address until the address is resolved.

If an additional packet for the same destination is received by the ARP

module, the buffered packet is dropped and replaced with the recent one

[25]. Therefore, following the wpan module authors’ recommendation [13],

we disabled the ARP protocol for performance evaluation purposes.

5.1.2 Protocol Implementation

Although the dGTS protocol is built on top of the IEEE 802.15.4 standard, it

merely uses a few of its infrastructural features, namely the superframe struc-

ture and the CSMA-CA algorithm. Unlike the standard’s nonbeacon-enabled

mode, in our proposed synchronized peer-to-peer mode (which is designated

for dGTS operation), access is slotted and superframes are used. Synchro-

nized peer-to-peer mode is also unlike the standard’s beacon-enabled mode;

there is no association and nodes operate independently in a flat topology

without assuming special roles. We implement the synchronized peer-to-peer

mode with nodes maintaining a beacon-less superframe structure while be-

ing part of a peer-to-peer topology. A node transits to this mode by setting

the superframe parameters BO and SO manually at the simulation scenario

creation time. The node is not started as a coordinator or a non-coordinator

device, as that would initiate association/PAN creation, which are no longer
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Parameter Range Default Description

BO 0–14 3 The beacon order; controls the beacon interval.
SO 0–BO 3 The superframe order; controls the superframe duration.

txOption* 0, 2 0 Set to 2 to use dGTS for data transmission.
dGTSAllocateUponData on/off off Automatically allocate dGTSs upon arrival of data packets

from higher layer (i.e. forward allocation).
dGTSAllocateUponRouteReply on/off off Automatically allocate dGTSs upon receiving RouteReply

packets (i.e. backward allocation).
dGTSLength 1–15 1 The number of superframe slots in automatically allocated

dGTSs.
ack4data* on/off on Acknowledge data packets.
verbose* on/off off Show significant events while the simulation is running.

* Original wpan module parameters, but extended to support the synchronized peer-to-peer mode.
For example, txOption = 2 originally means “use GTS”, whereas in the synchronized peer-to-peer mode it
means “use dGTS”.

Table 5.1: dGTS Simulator Parameters
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$node sscs setP2PSuperframeSpecs 〈BO〉 〈SO〉
$node sscs dGTSAllocate 〈destination〉 〈length〉
〈startingSlot1〉 〈startingSlot2〉 ...

$node sscs dGTSDeallocate 〈destination〉 〈startingSlot〉
$node sscs resetdGTSTable

Mac /802 _15_4 wpanCmd dGTSAllocateUponData [on/off]
Mac /802 _15_4 wpanCmd dGTSAllocateUponRouteReply [on/off]
Mac /802 _15_4 wpanCmd dGTSLength 〈length〉

Listing 5.1: dGTS Simulator User Commands

required. Like peer-to-peer nonbeacon-enabled networks, none of the stan-

dard’s MAC commands are used. Instead, a few dGTS-specific commands

are used only to setup dGTSs, if required. If no dGTSs are used, the node

uses the slotted access and controlled duty cycle features of superframes, in

which case it is considered to be operating in the slotted mode described

above. We simulate the dGTS protocol component of our framework only.

As for the synchronization component, perfect synchronization is assumed

hereafter. The synchronization protocol overhead can be modeled at each

node as a constant bit-rate (CBR) traffic flow, but is neglected in the per-

formance evaluation experiments.

The synchronized peer-to-peer mode is configured using the few simu-

lation parameters shown in Table 5.1. These parameters are set through

the simulator commands in Listing 5.1. The first four commands are ap-

plied to the node from which they are called ($node is a reference to a

node object). For instance, different nodes can be instructed to allocate
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different dGTSs. The resetdGTSTable command is implemented for debug-

ging purposes. The last three commands in Listing 5.1 are applied globally

to all nodes, and control the dGTS protocol behavior, especially with re-

spect to routing integration (see Section 4.6). The dGTSAllocateUponData

and dGTSAllocateUponRouteReply commands control forward and backward

dGTS allocation along the route, respectively. They can be both enabled,

in which case backward allocation on route reply messages takes precedence

since the route reply is received before the data packet gets to the MAC

sublayer, but whenever a packet is encountered at the dGTS queue with no

allocated suitable dGTS (one could have been deallocated), a new one is allo-

cated. Similarly, both parameters can be disabled, in which case static dGTS

allocation should be manually setup using the dGTSAllocate command, oth-

erwise no dGTSs are ever allocated. The dGTSAllocateOnRouteReply mode

recognizes AODV route replies only in the current implementation.

The dGTS implementation required designing some components that are

not part of the protocol, yet are essential for proper protocol operation.

The dGTS table (Section 4.4.3), the dGTS queue (Section 4.4.4), and the

retransmission queue (Section 4.4.5) are examples of such components. The

dGTS and retransmission queues are simple queues with a custom dequeue

operation. In the dGTS queue, the packet to be dequeued is first searched

for based on the destination address. The retransmission queue distinguishes

queued packet types and may be requested to dequeue a packet of a particular

type to avoid transaction overflow (i.e. conducting two dGTS allocations
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simultaneously). The dGTS table, however, is a more interesting structure,

especially the neighbor table.

The own dGTS table is implemented as a number of arrays with aNum-

SuperframeSlots elements, where each element corresponds to a superframe

slot. The arrays are (1) transmit dGTS flag – set if the corresponding slot

is part of an own transmit dGTS; (2) receive dGTS flag – set if the cor-

responding slot is part of an own receive dGTS; (3) dGTS length – if the

corresponding slot is the starting slot of an own dGTS, regardless of its di-

rection, then this entry is set to that dGTS’s length in slots, otherwise it is

set to zero; (4) partner address – if the corresponding slot is the starting slot

of an own dGTS, regardless of its direction, then this entry holds the address

of the partner node for the dGTS; (5) idle superframes – if the corresponding

slot is the starting slot of an own dGTS, regardless of its direction, then this

entry holds the number of superframes for which that dGTS has been idle,

to enable the detection and expiry of abandoned dGTSs; and (6) deallocate

flag – set if the corresponding slot is the starting slot of a dGTS awaiting

deallocation (i.e. not yet deallocated) to avoid using it.

The neighbor dGTS table holds less data about a dGTS, but is tasked

with the additional requirement of keeping track of multiple identical dGTSs

and non-identical dGTSs starting at the same superframe slot. To meet

this requirement, this table is implemented as two triangular matrices: one

for transmit dGTSs and one for receive dGTSs. Each matrix consists of

aNumSuperframeSlots − 1 rows and an equal number of columns. The row
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index in each matrix represents the starting slot index, while the column

index represents the dGTS length. The starting slot index is greater than 0

since the first slot (whose index is equal to 0) is reserved for the CAP. The

value stored at row i and column j is the current number of dGTSs starting

at slot i whose length is j slots. Thus, each matrix entry corresponds to the

number of multiple identical dGTSs allocated to neighbors, while different

entries belonging to the same row correspond to dGTSs starting at the same

slot but having different lengths. A dGTS starting at slot 1 can be anywhere

from 1 to aNumSuperframeSlots − 1 slots long, while one starting at slot

aNumSuperframeSlots − 1 can be 1 slot long only. Therefore, each row i in

the matrix is a vector of aNumSuperframeSlots − i elements representing all

possible lengths of dGTSs starting at slot i. Hence, the two matrices are

triangular.

5.1.3 Performance Evaluation Scenarios, Parameters, and

Metrics

We consider two basic traffic scenarios in the performance evaluation study.

As shown in Figure 5.2, the network consists of 121 sensor nodes distributed

in an 11 × 11 grid spanning a 100 × 100 square meters area with 10 meters

separating adjacent nodes. The nominal wireless transmission range is set to

12 meters, enabling each node to have at most four neighbors.

The first traffic scenario, referred to as the sink scenario, simulates the
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(a) The parallel scenario
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(b) The sink scenario
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Figure 5.2: Simulation scenarios
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behavior of wireless sensor networks around the network sink, where all sen-

sory data is eventually collected. As depicted in Figure 5.2(b), it involves

four 5-hop routes ending at the same destination. On the other hand, the

second traffic scenario, referred to as the parallel scenario, simulates the be-

havior of wireless sensor networks far from the network sink, where virtually

all network traffic flows towards the same direction, in an attempt to get

closer to the sink. As illustrated in Figure 5.2(a), four 5-hop routes are used

in the parallel scenario as well.

Radio propagation is modeled using the two-ray propagation model [26,

27]. Nodes use the IEEE 802.15.4 PHY along with our modified MAC and

the link layer queue size is set to 50 packets. CBR traffic is generated by

the application layer at the source nodes and each packet is equal to 80

bytes. Given its recurrent nature, CBR traffic adequately simulates sensory

data. A superframe structure for which BO = SO = 3 is used with the

dGTS protocol. Also, the dGTS queue size is set to 100 packets and the

retransmission queue size is set to 5 packets. Data packets (and all other

higher-layer packets) are assumed to require acknowledgements.

In our simulations, we start the traffic generation at the source nodes

sequentially (about 3 seconds apart). This is done to minimize the chances

of routing packet collisions during route discovery when the first data packets

are generated at the traffic sources. Unsuccessful route discovery drastically

degrades the performance of the network regardless of the MAC protocol

being used.
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The performance of the network is presented in the form of statistical

plots. Performance metrics of interest include: (1) packet delivery ratio –

the percentage of application layer data packets received at the routes’ des-

tinations relative to those generated at the routes’ sources; (2) aggregate

network throughput – the number of kilo bits successfully transferred over

all routes per second; (3) end-to-end delay – averaged over all routes and all

frames successfully received by the routes’ destinations, the time it takes a

packet in milliseconds to reach the route’s destination from the route’s source;

(4) number of data MAC-level transmissions – summed over all routes, the

number of transmissions and retransmissions performed by the MAC sub-

layer for application layer data packets only; and (5) number of data packets

dropped – summed over all routes, the number of application layer data pack-

ets dropped by the MAC sublayer. The packet delivery ratio measures the

reliability of the network, while the aggregate throughput and the number of

dropped data packets measure how efficiently the bandwidth is used. Since

transmission accounts for most of the power consumption in IEEE 802.15.4

nodes [28], we use the total number of MAC transmissions (including re-

transmissions) to measure the energy efficiency of the network. We vary the

offered load (i.e. the number of 80-byte packets generated per second by the

application layer at the route’s source) and plot each of the aforementioned

performance metrics accordingly. Each point in the plot is the average of a

20-run sample, which is a fair estimation of the population mean – the true

expected value corresponding to the metric. Also, we represent the sample
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standard deviation by error bars where appropriate, to reflect the stability of

the performance metric across runs. The sample mean and standard devia-

tion are computed, as estimators for the corresponding population statistics,

according to the formulas [29,30]:

X =
1

n

n∑
i=1

Xi

S2 =
1

n− 1

n∑
i=1

(Xi −X)2

where X is the sample mean, S is the sample standard deviation (the positive

square root of the sample variance S2), n is the sample size (20 in our setup),

and Xi is the ith measurement in the sample.

5.2 Performance with Manual Routing

To evaluate the dGTS protocol independently of routing, we setup manual

routing using the NO Ad-Hoc Routing Agent (NOAH) ns-2 extension, which

enables creating manual routes at simulation scenario creation time [31].

Static routes are set up along the shortest path, as shown in Figure 5.2.

5.2.1 Parallel Scenario

Figure 5.3 shows how the delivery ratio reacts to varying the offered load

when manual routing is used along the shortest paths in the parallel scenario.

Under light network load, both slotted and unslotted CSMA-CA work
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well. They also result in a relatively few dropped packets as Figure 5.7 shows.

The increase in the number of MAC transmissions shown in Figure 5.6 con-

firms that the dropped packets are accounted for by retransmissions. Despite

the increased retransmissions, as the offered load increases and approaches

20 packets per second (pps), however, slotted CSMA-CA loses packets at a

fast rate due to collisions. Also, the few dropped duplicate packets shown in

Figure 5.7 reflect the fact that some packets get delivered but their acknowl-

edgements are lost. As the offered load increases further, slotted CSMA-CA

loses more packets due to the LLC queue being full, indicating that slotted

CSMA-CA is saturated under the given scenario.

Unslotted CSMA-CA outperforms slotted CSMA-CA. Given offered loads

of up to 25 pps, 100% delivery ratios are observed. Further increasing the

offered load reduces the delivery ratio because retransmissions become in-

capable of recovering all the packets dropped due to collisions. The loss of

acknowledgements is present here as well and triggers unnecessary retrans-

missions.

Note that under heavy load unslotted CSMA-CA performs significantly

better than slotted CSMA-CA. This is attributed to the small packets used

herein. With small packets (sub 100 bytes long), unslotted random access is

more likely to find the medium idle since the probability of two neighboring

nodes accessing the channel at the same time is very small. On the other

hand, slotted access forces attempts taking place within the same backoff

period to be conducted at the same time – the next backoff period boundary.
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As for dGTS, there is no dropping due to collisions, as expected of a

contention-free access scheme. When a single superframe slot is used for the

dGTSs, saturation is reached relatively quickly (at around 9 pps) due to the

short time available for transmission. However, as shown in Figure 5.6, there

is no increase in the number of transmissions as the load exceeds saturation,

since, besides limiting the throughput, saturation limits the transmission

attempts in dGTS. On the other hand, saturation has no effect on the number

of transmissions when unslotted CSMA-CA is used and limited effect in the

slotted CSMA-CA case, but it still limits the throughput and degrades it in

some cases, as seen in Figure 5.4.

As the number of slots in the dGTS increases, the throughput increases

accordingly until saturation is reached. Saturation forces more packets to be

stored in the dGTS queue, ultimately resulting in packet dropping. While

a single-slot dGTS reaches saturation at around 9-pps offered load and 20

kbps throughput, a 2-slot dGTS reaches saturation at 25-pps offered load

and above 60 kbps throughput – more than three times the single-slot dGTS

throughput. A 3-slot dGTS does not reach saturation for the values of the

offered load used in the simulations.

In general, when BO = SO = 3, the end-to-end delay for 5-hop routes

is larger for dGTS than CSMA-CA. Moreover, as the number of slots con-

stituting the dGTS increases, the average delay increases provided that the

load is below saturation. This is because with a longer dGTS a packet may

wait longer at a node before it is transmitted, although it is transmitted in
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the same superframe in both cases. For example, for two dGTSs starting at

the same slot where one is 1 slot long and the other is 2 slots long, a packet

received at the beginning of the dGTS may wait for at most 1 slot in the

1-slot dGTS case while it may wait for 2 slots in the 2-slot dGTS case, given

that it is to be forwarded within the same superframe. Note that the average

delay of a dGTS of a given length can be manipulated by changing BO and

SO, where smaller BO and SO values yield shorter average end-to-end delay,

but less throughput.
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5.2.2 Sink Scenario

In contrast to the parallel scenario, the sink scenario involves a bottleneck

at the sink node, where all routes end.

Figure 5.8 shows how the delivery ratio reacts to changes in the offered

load when manual routing is used along the shortest paths in the sink sce-

nario. CSMA-CA-based MAC (both slotted and unslotted) exhibits the worst

performance for most offered loads. Our observations reveal that CSMA-

CA-based MAC is extremely sensitive to the packet generation times in the

application layer; packets transmitted at the same time often do collide, de-

spite the MAC randomization. Therefore, we chose the start times such that

there is at most one packet generated at the application layer within any 2 ms

period throughout the entire simulations time in the whole network. Nev-

ertheless, CSMA-CA continues to perform poorly mainly due to the hidden

terminal problem at the sink. Each of the sink’s four neighbors falls outside

of the nominal wireless transmission range of the remaining three neighbors.

Hence, each neighbor is a hidden terminal with respect to the other three.

As a result, each neighbor’s random backoff and carrier sensing mechanisms

are only useful for reducing collisions with its previous hop only and are of no

value with respect to transmissions initiated by the sink’s other neighbors.

The fluctuations reported for small values of the offered load are indicative

of the unpredictable effect of multi-hopping on timing and CSMA-CA’s con-

sequential ability to detect transmissions, achieving high delivery ratios for
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some offered loads, but not others. The fluctuations disappear gradually as

the offered load increases because all (large) values of the offered load result

in performance degradation. Slotted CSMA-CA handles high load relatively

well compared to unslotted CSMA-CA. Figure 5.9 confirms these observa-

tions from the throughput standpoint.

As the delivery ratio of unslotted CSMA-CA drops severely to below 0.1

at 7 kbps, the number of transmissions continues to increase and so does the

number of collisions. However, packet dropping (from the LLC queue) does

not take place. In contrast, slotted CSMA-CA converges to a 0.25 delivery

ratio and a 20 kbps throughput (at 30 pps). Also, 75–80% fewer collisions

are reported for slotted CSMA-CA, but some LLC queue packet dropping

occurs, indicating saturation. This is because slotted CSMA-CA finds the

channel busy more often than unslotted CSMA-CA. Thus, the former backs

off more often while the latter transmits and causes collisions requiring it to

retransmit. This leads unslotted CSMA-CA to exhaust its retransmissions

faster than slotted CSMA-CA, causing it to declare more failed transmis-

sions (as shown in Figure 5.12) and, hence, drop the corresponding packets

from the LLC queue. This behavior frees more space in the LLC queue and

explains the increase in the number of transmissions shown in Figure 5.11.

The performance of dGTS in the sink scenario is consistent with its per-

formance in the parallel scenario, demonstrating its inherent congestion tol-

erance features. Larger dGTS lengths accommodate higher traffic loads with

little delay penalty, as demonstrated in Figure 5.10. As expected, the delay
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increases drastically when the traffic exceeds the saturation load, depending

on the size of the dGTS queue. The larger the dGTS queue, the higher the

average end-to-end delay for beyond-saturation offered loads. Furthermore,

for beyond-saturation offered loads, the shorter the dGTS, the larger the

average end-to-end delay, since queued packets have shorter periods of time

(the dGTSs) during which they may be dequeued and transmitted.

According to Figure 5.11, nodes running dGTS will dissipate the least

amount of energy in association with data (re)transmissions, regardless of

the dGTS length in use as long as it accommodates the traffic load. This is

consistent with fact that there are no dropped packets for below-saturation

offered loads. Advantageously, for beyond-saturation offered loads, no addi-

tional transmissions take place either; excess traffic is efficiently discarded.

This is contrary to unslotted CSMA-CA’s sharp increase of the number of

transmissions.

5.3 Performance with Dynamic Routing

In this section, we evaluate the performance of dGTS and CSMA-CA in

conjunction with dynamic routing using the Ad-hoc On-demand Distance

Vector (AODV) routing protocol [32, 33]. AODV enables nodes to operate

as routers. Being a reactive protocol, routes are obtained as needed, or on

demand. AODV offers quick adaptation to dynamic link conditions, low

processing and memory overheads, and low network overhead.
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As explained in Section 4.6, dGTSs are allocated along the discovered

routes using forward (data-triggered) allocation or backward (route-triggered)

allocation. Here, we study the performance of unslotted CSMA-CA, slotted

CSMA-CA with global synchronization, dGTS with data-triggered dGTS

allocation, and dGTS with route-triggered dGTS allocation. However, the

only dGTS length considered in the remainder of this performance evalu-

ation study is two, since 2-slot dGTS outperforms 1- and 3-slot dGTS for

BO = SO = 3.

Ideally, when using dGTS with a dynamic routing protocol such as AODV,

at each node belonging to a set of (one or more) routes as a source or an

intermediate node, a number of dGTSs equivalent to the number of routes

are assigned. However, as will be shown in the following figures, almost all

dropped packets are attributed to the dGTS queue being full, which has two

causes. First, if a single route traverses an intermediate node (i.e. no dGTS

overloading) and saturation is reached, the dGTS queue will become full.

Secondly, if multiple routes traverse an intermediate node and dGTS over-

loading takes place, saturation will result and the dGTS queue will become

full. dGTS overloading is the result of using the same dGTS for multiple

routes instead of allocating additional ones. This happens whenever there

are common nodes in two or more routes. This behavior is difficult to over-

come because dGTSs are managed in the MAC sublayer, which is unable to

distinguish between flows pertaining to different routes.
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Figure 5.13: Delivery ratio, parallel scenario, AODV

5.3.1 Parallel Scenario

As shown in Figure 5.13, both CSMA-CA and dGTS perform well under

light traffic loads. Both CSMA-CA variants fail to discover routes to some

destinations, but this problem is more visible in unslotted CSMA-CA, as can

be seen in Figure 5.17. Moreover, unslotted CSMA-CA results in significantly

more collisions than slotted CSMA-CA. On the other hand, slotted CSMA-

CA encounters LLC queue overflows more often.

These observations are consistent with the behavior observed for manual

routing; unslotted CSMA-CA consumes its retransmissions faster resulting

in more failed transmissions (Figure 5.17), while slotted CSMA-CA backs off

more often and, hence, is more conservative with its retransmissions at the
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Figure 5.16: MAC transmissions, parallel scenario, AODV

118



0

50

100

150

200

250

0 5 10 15 20 25 30

N
um

be
r
of

D
at
a
D
ro
ps

—
×

1
0
3

Offered Load (pps)

Unslotted Slotted 2-Slot dGTS (Data) 2-Slot dGTS (Route)

Collisions Failed Transmission Duplicate No Route LLC Queue dGTS Queue Other

Figure 5.17: Dropped data packets, parallel scenario, AODV



Chapter 5. Performance Evaluation

expense of more LLC queue overflows.

Figure 5.14 shows that data-triggered dGTS reaches saturation before

route-triggered dGTS. Since data-triggered dGTS employs forward dGTS al-

location, nodes process route reply packets faster. The backward allocation

policy used in conjunction with route-triggered dGTS means that it takes

nodes longer to complete the processing of incoming route reply packets due

to awaiting the allocation of suitable dGTSs. Consequently, data-triggered

dGTS is more prone to dGTS overloading compared to route-triggered dGTS.

Hence, the saturation load and throughput of route-triggered dGTS are al-

most identical to the saturation load and throughput of dGTS with manual

routing.

Expectedly, compared to data-triggered dGTS, route-triggered dGTS achieves

shorter end-to-end delays as shown in Figure 5.15, which is consistent with

the analysis presented in Section 4.6.

Figure 5.16 reveals that the number of transmissions performed by dGTS

exceeds the number of transmissions carried out by CSMA-CA. There are two

reasons for this. First, CSMA-CA drops some packets without carrying out

any corresponding transmission attempts. Figure 5.17 shows that unslotted

CSMA-CA drops a relatively large number of packets because no routes are

found to their destinations or because the LLC queue is full. Similarly, the

majority of the dropped slotted CSMA-CA packets are due to LLC queue

overflows. The second reason explains the fewer CSMA-CA transmissions

under light load and has to do with an implementation artifact. When a
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dGTS is first allocated, it is not used until the next superframe. However,

a node that already has another dGTS allocated in a slot earlier in the

superframe than the new dGTS will start its CFP before the new dGTS.

After (potentially) using the earlier dGTS and reaching the new dGTS, the

node will use the new dGTS and will not wait for the next superframe. The

node’s partner, however, where the new dGTS is probably the first one,

will have to wait until the next superframe. Hence, the sender will keep

transmitting the first packet in its dGTS queue and will not receive any

acknowledgements.

5.3.2 Sink Scenario

This is the most challenging among all the scenarios considered in this study.

It involves a bottleneck where four nodes, all hidden from each other, are

transmitting to the same destination. Also, dynamic routing further compli-

cates the situation, especially for dGTS.

As Figure 5.18 shows, dGTS still outperforms CSMA-CA. Unlike the par-

allel scenario, unslotted CSMA-CA achieves higher delivery ratios compared

to slotted CSMA-CA at the expense of more transmissions (see Figure 5.21).

However, the delivery ratio (in Figure 5.18) increases disproportionately to

the number of transmissions.

Essentially, dividing the superframe into time slots limits the transmis-

sion opportunities available for slotted CSMA-CA. The aforementioned fact

coupled with the increased contention under heavy offered loads dictate that
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Figure 5.20: End-to-end delay, sink scenario, AODV
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Figure 5.21: MAC transmissions, sink scenario, AODV
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slotted CSMA-CA refrains from transmission more so than unslotted CSMA-

CA, reducing the number of slotted CSMA-CA collisions. Figure 5.22 shows

that the number of slotted CSMA-CA collisions is a fraction of the colli-

sions attributed to unslotted CSMA-CA. Consequently, slotted CSMA-CA

has almost no failed transmissions, but more frequent LLC queue overflows.

Packet loss due to failing to manage to discover routes to the destinations is

reported for unslotted CSMA-CA.

Unlike route-triggered dGTS, data-triggered dGTS achieves 100% deliv-

ery under light traffic load. This is due to the fact that route-triggered dGTS

is subject to deallocating dGTSs after they have been successfully allocated

at the time of route discovery, and it cannot get them reallocated again after-

wards. This happens whenever a node receives a conflict command declaring

a conflict with a dGTS of its own, forcing the deallocation of the dGTS caus-

ing the conflict. Since dGTSs are allocated at the time routes are discovered,

and since a route has already been computed, the node cannot allocate a new

dGTS. This problem has been also discussed in Section 4.6. Data-triggered

dGTS is not subject to this problem because dGTSs are allocated when-

ever a data packet requires one (that does not exist). The effect of this

problem is more visible in this scenario than in the parallel scenario due to

the bottleneck at the sink node, where more allocations are likely to cause

conflicts. Besides this distinction, data-triggered dGTS and route-triggered

dGTS perform almost identically.

The dGTS sharing and overloading problem is visible in this scenario as
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well. The fact that all four routes have a common destination causes route

requests to be more likely to come across nodes belonging to other routes

that are aware of the required destination.

As can be seen in Figure 5.18 and Figure 5.19, dGTS manages to out-

perform CSMA-CA with a remarkable margin. Figure 5.20 shows that the

delay margin, however, is not as steep as it is with manual routing.
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Conclusion

Peer-to-peer topologies provide the flexibility required for large wireless sen-

sor network deployments. Nevertheless, most of the IEEE 802.15.4 low-power

and contention-free features are exclusive to star networks.

In this thesis, we have seen that beacons are not suitable for multi-hop

networks due to the drastic increase in the collision probability in sensor

networks with large beaconing coordinator densities. Therefore, we propose

a framework to implement global synchronization with high accuracy in a

distributed manner. This is achieved by devising a new IEEE 802.15.4 op-

erational mode, namely the synchronized peer-to-peer mode, where global

synchronization is achieved by means of an independent synchronization pro-

tocol. In this mode, all the features of the standard’s beacon-enabled mode,

such as the superframe structure and slotted access, are preserved without

being restricted to the use of beacons and its limitations.
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Distributed global synchronization provides the required infrastructure to

implement and deploy distributed GTS management in peer-to-peer IEEE

802.15.4 networks, which, in turn, provides self-managed contention-free ac-

cess. Contention-free access in multi-hop sensor networks can be very useful,

especially in applications involving transmitting regular sensory data. Our

distributed GTS management scheme enables any two neighboring nodes in

the sensor network to allocate an agreed-upon number of interference-free

superframe slots (in the form of a dGTS).

Assuming a perfectly synchronized network, our performance evalua-

tion study shows that dGTS outperforms unslotted and slotted CSMA-CA

contention-based access in wireless sensor networks, with remarkable mar-

gins in some cases. Our simulation experiments reveal that dGTS achieves

100% delivery ratios when routes are disjoint and maintains at least twice the

CSMA-CA delivery ratio in the presence of dynamic routing using AODV

– a dynamic routing protocol for ad hoc networks. Packet loss in dGTS

is mostly attributed to dGTS overloading, which is usually caused by non-

disjoint routes. While route-triggered dGTS (backward) allocation minimizes

the inter-hop delay, further improvements are required to recover from broken

routes caused by deallocating conflicting dGTSs.

Packet dropping in dGTS does not take place for below-saturation offered

loads. Advantageously, for beyond-saturation offered loads, no additional

transmissions take place either; excess traffic is efficiently discarded. Conse-

quently, sensor nodes running dGTS dissipate the least amount of energy in
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association with data (re)transmissions.

Our future work entails investigating the dGTS integration with vari-

ous routing protocols and technologies. The elevated integration and design

complexity aside, we anticipate that this will have a favorable impact on the

end-to-end network performance.
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