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1 Introduction

In this chapter, we present and analyze protocols for time-division multiple access (TDMA) scheduling in ad
hoc networks with omni-directional antennas. These protocols use a neighbor-aware contention resolution
(NCR) algorithm to elect deterministically one or multiple winners in a given contention context based on the
topology information within two hops. In NCR, the identifiers and the current contention context number
are used to derive a randomized priority for each contender in a given contention context. A contention
context corresponds to a time slot in time-division multiple access schemes, and the contenders of a given
node during a contention context are those nodes one and two hops away from the node. Each contender
runs NCR to determine locally its eligibility to access the resource in the contention context by comparing
its priority with the priorities of the rest of the contenders.

Based on NCR, the node activation multiple access protocol (NAMA) elects nodes for collision-free
broadcast transmissions over a single channel. The link activation multiple access (LAMA), the pair-wise
link activation multiple access (PAMA), and the hybrid activation multiple access (HAMA) protocols op-
erate over multiple channels that are orthogonal by codes or frequencies to elect either links or nodes for
collision-free unicast transmissions, or a mix of broadcast and unicast transmissions. The throughput and
delay characteristics of these protocols are studied by analysis and simulation in multihop wireless networks
with randomly-generated topologies. The performance of the new protocols is also compared against a
well-known static scheduling algorithm based on complete topology information, and the ideal CSMA and
CSMA/CA protocols.

After Section 2 reviewing the prior work on schedules channel access in wireless ad hoc networks, Sec-
tion 3 presents the the neighbor-aware contention resolution algorithm (NCR) and analyzes the packet delay
encountered in a general queuing model under certain contention level. Section 4 describes four scheduling
protocols based on NCR, including the packet transmission scheduling based on node activation (NAMA)
suitable for broadcast transmission, link activation (LAMA) and pair-wise link activation (PAMA) for uni-
cast packet transmission, and hybrid activation (HAMA\) for both unicast and broadcast transmissions. Sec-
tion 5 derives the channel access probabilities of the four protocols in randomly generated ad hoc networks,
and compares the throughput of the protocols with that of the ideal carrier sensing multiple access (CSMA)
and carrier sensing multiple access with collision avoidance (CSMA/CA) schemes. Section 6 presents the
results of simulations that provide further insights to the performance differences among the four scheduling
protocols and the corresponding static scheduling approaches based on a unified multiple access scheduling
framework UxDMA [22]. Section 7 summarizes the research and proposes open problems in the area.



2 Background Review

There has been considerable work on cellular networks using the time division multiple access (TDMA) for
data communication. These multiple access protocols allocate reservation slots to resolve contentions and
data information slots to transmit data packets. Examples of this type of approach are D-TDMA (Dynamic
TDMA) [12], PRMA (Packet Reservation Multiple Access) [19], RAMA (Resource Auction Multiple Ac-
cess) [18], and DRMA (Dynamic Reservation Multiple Access) [21]. Despite there are many similarities
between the medium access control protocols for cellular and ad hoc wireless networks, ad hoc networks
present a distinct multi-hop and distributed scenario in nature, and require special considerations in proto-
col designs. We provide a brief survey of related time division multiplexing approaches that handles the
characteristics of ad hoc networks.

Channel access protocols for ad hoc networks can be non-deterministic or deterministic. The non-
deterministic approach started with ALOHA and CSMA [15] and continued with several collision avoidance
schemes, of which the IEEE 801.11 series standards for wireless LANSs [6] being the most popular examples
to date. However, as the network load increases, network throughput drastically degrades in these non-
deterministic approaches because the probability of collisions rises, preventing stations from acquiring the
channel.

On the other hand, deterministic access schemes set up timetables for individual nodes or links, such
that the transmissions from the nodes or over the links are conflict-free in the code, time, frequency or space
divisions of the channel. The schedules for conflict-free channel access can be established based on the
topology of the network, or it can be topology independent.

Topology-dependent channel access control algorithms can establish transmission schedules by either
dynamically exchanging and resolving time slot requests [5] [28], or pre-arrange a time-table for each node
based on the network topologies. Setting up a conflict-free channel access time-table is typically treated
as node- or link- coloring problems on graphs representing the network topologies. The problem of op-
timally scheduling access to a common channel is one of the classic NP-hard problems in graph theory
(k-colorability on nodes or edges) [9] [10] [23]. Polynomial algorithms are known to achieve suboptimal
solutions using randomized approaches or heuristics based on such graph attributes as the degree of the
nodes.

A unified framework for TDMA/FDMA/CDMA channel assignments, called UXxDMA algorithm, was
described by Ramanathan [22]. UXDMA summarizes the patterns of many other channel access scheduling
algorithms in a single framework. These algorithms are represented by UXDMA with different parameters.
The parameters in UXDMA are the constraints put on the graph entities (nodes or links) such that entities
related by the constraints are colored differently. Based on the global topology, UXDMA computes the node
or edge coloring, which correspond to channel assignments to these nodes or links in the time, frequency or
code domain.

A number of topology-transparent scheduling methods have been proposed [4] [13] [16] to provide
conflict-free channel access that is independent of the radio connectivity around any given node. The basic
idea of the topology-transparent scheduling approach is for a node to transmit in a number of time slots in
each time frame. The times when node 4 transmits in a frame corresponds to a unique code such that, for
any given neighbor £ of 4, node 4 has at least one transmission slot during which node & and none of k£’s own
neighbors are transmitting. Therefore, within any given time frame, any neighbor of node i can receive at
least one packet from node 4 conflict-free. An enhanced topology-transparent scheduling protocol, TSMA
(Time Spread Multiple Access), was proposed by Krishnan and Sterbenz [16] to reliably transmit control
messages with acknowledgments. However, TSMA performs worse than CSMA in terms of delay and
throughput [16].

In general, the medium access control protocols in ad hoc networks have to combat two problems,



namely, “hidden terminal problem” [25] and “exposed terminal problem”. The “exposed terminal problem”
is exacerbated in providing reliable broadcast services. The two problems are illustrated in Figure 1.
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Figure 1: The hidden terminal and exposed terminal problems.

2.1 Dynamic Reservation TDMA

TDMA schemes based on dynamic reservations constitute a commonly adopted approach that adjusts the
time slot assignments according the traffic requirements of individual nodes. The reservation can be made
by either in-band signaling or out-band signal, where in-band signals are exchanged in the same channel as
data traffic, and out-band signaling uses a separate channel for control information exchanges. However,
these two methods are equivalent.

Five-Phase Reservation Protocol (FPRP) was designed to produce TDMA broadcast schedule in mobile
ad hoc networks [28].
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Figure 2: The Five-Phase Reservation Protocol .

As shown in Figure 2, FPRP uses a similar scheme as D-TDMA in that the time is separated into two
alternating activities — a reservation period and multiple information transmission periods. A successful
time-slot reservation made during the reservation period lasts for a series of information periods, called
Information Frames (IFs). each information frame contains multiple time slots, called Information Slots
(1Ss), which are assigned to individual nodes according to the result of the reservation. Correspondingly,
FPRP sets aside a Reservation Slot (RS) for each Information Slot during the reservation period for nodes to
contend using five-phase handshakes for M times, as indicated by 1, 2, 3, 4, 5 in Figure 2. Using multiple
five-phase handshakes, an information slot can be allocated with high probability.

The five phases are designated according to senders or receivers. The first phase is called “Reservation
Request (RR)”, where senders send out probes to the receivers of the communication. If the RR reaches the
receiver successfully, the receiver keeps silent in the second phase to indicate a clear channel to the sender.
Otherwise, the receiver replies with a “Collision Report (CR)”. If the sender does not hear anything in the



channel during the second phase, it is assured of the clear channel, and sends out “Reservation Confirm
(RC)” in the third phase so that all the one-hop neighbors know about the reservation. Then the receiver
responds with a “Reservation Acknowledgment (RA)” in the fourth phase, which establishes the connection
with the sender. Note that an isolated node may get into phase three without any channel response, and only
phase four confirms the existence of the receiver. In phase five, called “Packing and Elimination (P/E)”,
the neighbors of the receivers send “Packing Packet” to notify their one-hop neighbors that less nodes will
compete in the next contention phases. In phase five, senders may also probabilistically send “Elimination
Packet” in order to break the tie where two senders are adjacent to each other.

Because of the relative simple meaning of each phase, the handshake packets can be made small enough
to indicate the channel busy state, and the five-phase reservation cycle becomes compact.

FPRP resembles IEEE 802.11 DCF [20] in collision avoidance and HiperLAN [8] in sender deadlock
elimination. The only difference is that FPRP is a synchronous protocol, requiring tight timing between
phases and short propagation delay between nodes, which are stringent in mobile ad hoc networks. In
addition to its complexity, the fixed numbers of information frames and reservation cycles in each reservation
slot are not suitable in mobile and ad hoc environments where the density, and topology of the network
change frequently. Although FPRP successfully avoids the hidden terminal problem, it still suffers from
the “exposed terminal problem” with certain “deadlock” probability as shown in the fifth phase in FPRP.
Therefore, FPRP can only provide reliable broadcast schedules with high probability.

Other approaches in the same reservation-based vein differ in the handshaking procedures and the ar-
rangement of reservation phases with regard to the data transmission phases, such as [5] and [24].

2.2 Graph Theoretic Approaches

Besides the various contention based resource reservation protocols, the channel access problem is often re-
duced to graph coloring problems, where the edge-coloring and node-coloring solutions are directly applied
to the link-activation and node-activation schemes of the channel access problems in ad hoc networks.

In [9], Ephremides and Truong proved that the optimal broadcast scheduling problem (BSP) in ad hoc
networks is NP-complete by showing that the well-known NP-complete problem of finding the maximum
independent set (MIS) in a graph reduces to the broadcast scheduling problem. We briefly describe the
reduction steps.

The basic approach in reducing the maximum independent set of a graph is to add a vertex for each edge
in the graph, and connect the vertex with the end-points of the edge. In addition, the newly added vertexes
are fully connected.
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Figure 3: The Reduction of Maximum Independent Set to Broadcast Schedule.

For instance in Figure 3 (a), the original graph G is place in plane 1, and the added vertexes are in
plane 2. When the original edges are removed, which gives a reduced graph G’ in Figure 3 (b). Because a
broadcast schedule requires the set of broadcasting nodes be separated by at least two hops to avoid hidden
terminal problem, it is easy to see that the maximum broadcast set in G’ consists of vertexes only from the
original graph G. Otherwise there can be only one broadcast vertex if it is selected from plane 2. Then,
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finding the maximum broadcast set in G’ is identical to finding the maximum independent set of graph G,
vice versa.

A distributed implementation of finding the maximal-throughput broadcast schedule was provided in [9],
which starts from a simple and inefficient time slot assignment and iteratively assigns more spatially reusable
time slots. The drawback of the approach is that the convergence of the algorithm is proportional to the
diameter of the network topology. Because the distributed protocol is sensitive to topological change, a
topological change may required computing the broadcast schedule from scratch.

Channel assignment problems in the time, frequency and code domains are studied in other works as
well. Ramanathan explored a set of eleven atomic “constraints” that characterize the assignment prob-
lems within and across these domains, and introduced a unified framework, called UXDMA (Unified T/D/C
Division Multiple Access), for the study of assignment problems using graph coloring algorithms. Most
assignment problems can be represented as various combinations of these atomic constraints. We describe
UxXDMA as follows.

In UXDMA, a wireless network is represented as a directed graph G = (V, A), where V' is a set of
vertexes denoting the nodes in the network, and A is a set of directed edges between vertexes representing
wireless links in the network. A directional edge (i, j) € A means vertex v can receive packets from vertex
u. Communication constraints over the shared wireless media in the frequency, time and code division
domains are shown in Figure 4, which illustrates the eleven atomic relations between vertexes and directional
edges. The solid dots are transmitters, and the circles are receivers. Wide lines indicate that the lines are
activated, and thin lines are interferences.
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Figure 4: Constraints used by UxDMA for channel access scheduling.

A constraint is represented using syntax XY, where X indicates whether the constrained entities are
vertexes or edges, y indicates separation distance between the constrained entities, and z indicates the trans-
mission or reception relation between the constrained entities. For instances, constraints Vi, E° and E}.
forbids hidden terminal problem in the channel access schedules, while V1 and E}; forbids exposed terminal
problem in the channel access schedules, as shown in Figure 1.

Assignment problems are characterized by a set of constraints. For instance, C = {V,2, Vi1, V/l}is a
constraint set for broadcast scheduling. An assignment problem specified by a constraint set requires an
assignment that eliminates all the possible scenarios in the constraint set. For instance, a broadcast schedule
under constraint set C' = {V,2, V;}, V,1} forbids that two vertexes can have the same color if they are either
adjacent (V,2, V;1) or have a common neighbor (V,}).

Given the constraint set of a channel access scheduling problem, the coloring of the graph becomes
an orderly procedure on the vertexes or edges based on certain heuristics, such as “maximum-degree vertex



first” approach. Each step walks through uncolored vertexes in the ordered list of vertexes, and the minimum
unused color is found and assigned to a vertex or an edge, subject to the constraint set with regard to the
already colored vertexes or edges. Such steps repeat until all the entities in the graph are colored. As we can
see, the complexity of the UXDMA for any channel access scheduling problem is polynomial based on the
heuristics.

UxDMA can represent a large class of channel access problems, and provides a theoretic bound for such
problems. However, just like other approaches that studies the channel access problems from a centralized
point of view, the scalability and adaptiveness of such algorithms in mobile ad hoc network are the main
issues.

2.3 Topology-Transparent Scheduling

Schedules based on time division multiplexing (TDM) depends critically on the actual network topology,
so in a mobile environment, due to nodal mobility and potentially rapid change of topology, TDM schemes
may require prohibitive overhead associated with constant updating of schedules.

Several approaches based on the topology-transparent scheduling schemes that are based on different
theories have been proposed [3] [4] [13] [14] to reduce the overheads incurred from the conflict-free schedule
maintenance. However, they require that the maximum number of nodes and the maximum degree of nodes
in the network is known beforehand to guarantee successful transmission of each data frame to all one-hop
neighbors.

The Time-Spread Multiple Access (TSMA) proposed by Chlamtac et al. [3] [4], and further refined by
Ju et al. [13] uses polynomials over Galois fields to produce appropriate TSMA codes, and assigns them to
the network nodes. In addition, Ju and Li proposed another topology-transparent channel access scheduling
approach based on Latin Squares [7] for ad hoc networks with multiple channels [14].

A Latin square of order n is defined as an n x n matrix composed of n symbols {1,2,...,n} such that
symbols in each row and column are distinct. Two Latin squares A = (a; ;) and B = (b; ;) are said to
be orthogonal if the n? ordered pairs (a; ;,b; ;) are all different. For examples, the following two square
matrices A and B using symbols {1, 2, 3,4} are both Latin squares, and mutually orthogonal. Generally,

latex squares A1), A®), .. A" form an orthogonal family if every pair of them is orthogonal.
1 2 3 4 4 1 2 3
2 3 4 1 3 2 1 4
A= 3 4 1 2 B= 1 4 3 2
4 1 2 3 2 3 4 1

The TDMA scheduling algorithm in [14] maps a p x p Latin square onto an M x p time division
multiple channels, where the number of channels is M, and the number of time slots in each frame is p.
Then it assigns a unique symbol from the Latin square to each node, and the positions of the symbol in the
Latin square determines the time slots assigned to the node.

For example, in Figure 5, a network is given four channels, and each frame contains four time slots. The
assignments of time slots are given in the figure according to the symbols 1, 2, 3, 4 in the Latin square A
given above. Therefore, if a node is assigned symbol 2, it can access the first channel in time slot 2, the
second channel in time slot 1, the third channel in time slot 4, and the fourth channel in time slot 3.

In addition, it is assumed that each node is equipped with p receivers for all the channels, and one
transmitter to send data frames in the assigned time slots. Each data frame is transmitted for p times in each
time frame.

However, the available symbols would have been scarce if only p symbols are available to networks with
more than p nodes. This is where the orthogonal Latin matrices come into the solution in [14] by assigning
the same symbol from different orthogonal Latin matrices to nodes. This is explained as follows.
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Figure 5: Multi-Channel TDMA Time Frame Structure.

From the definition of orthogonal matrix, we know that any pair of order symbol (a, b) appears at most
once in all positions of two orthogonal matrices. Therefore, the symbol/time slot assignments to two nodes
conflict in one position at most. Given that a data frame is transmitted multiple times in multiple channels,
the successful transmission chances between two nodes are guaranteed. By requiring the minimum order of
the orthogonal matrices, which is a function of the nodal degree, the number of collisions at a node from
other neighbors with different symbol assignments is kept below p. Consequently, every data frame from a
node can be successfully received by its neighbors in one of the p transmissions. Given an orthogonal Latin
matrix family of  members, a total of p x r symbols can be assigned in a network.

Overall, the topology-transparent TDMA scheme based on Galois Field needs only a single channel and
multiple frames for each transmission session, while the scheme based on Latin square specifies a multiple
channel TDMA scheduling protocol. It remains to be proved that these approaches based on Galois field
and Latin square are based on the same theory because of their many similarities.

3 Neighbor-Aware Contention Resolution

3.1 Specification

The neighbor-aware contention resolution (NCR) solves a special election problem where an entity to locally
decide its leadership among a known set of contenders in any given contention context. We assume that the
knowledge of the contenders for each entity is acquired by some means. For example, in the ad hoc networks
of our interest, the contenders of each node are the neighbors within two hops, which can be obtained by each
node periodically broadcasting the identifiers of its one-hop neighbors [1]. Furthermore, NCR requires that
each contention context be identifiable, such as the time slot number in networks based on a time-division
multiple access scheme.

We denote the set of contenders of an entity i as M;, and the contention context as ¢. To decide the
leadership of an entity without incurring communication overhead among the contenders, we assign each
entity a priority that depends on the identifier of the entity and the current contention context. Eg. (1)
provides a formula to derive the priority, denoted by i.pr i o, for entity ¢ in contention context ¢.

i.prio=Hash(i®t)®i, )

where the function Hash(-) is a fast message digest generator that returns a random integer in a predefined
range, and the sign ‘@’ is designated to carry out the concatenation operation on its two operands. Note
that, although the Hash(-) function can generate the same number on different inputs, each priority number
is unique because the priority is appended with identifier of the entity.



NCR(i, )

/* Initialize. */
1 for (ke M; U{i})
2 k.prio=Hash(k &t) &k;

/* Resolve leadership. */
3 if(Vk e M, i.prio > k.prio)
4 i isthe leader;
} /* End of NCR. */

Figure 6: NCR Specification.

Figure 6 shows the NCR algorithm. Basically, NCR generates a permutation of the contending members,
the order of which is decided by the priorities of all participants. Since the priority is a pseudo-random
number generated from the contention context that changes from time to time, the permutation also becomes
random such that each entity has certain probability to be elected in each contention context, which is
inversely proportional to the contention level as shown in Eq. 2.

1
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q;
Conflicts are avoided Because it is assumed that contenders have mutual knowledge and ¢ is synchro-
nized, the order of contenders based on the priority numbers is consistent at every participant.

3.2 Dynamic Resource Allocation

The description of NCR provided so far evenly divides the shared resource among the contenders. In prac-
tice, the demands from different entities may vary, which requires allocating different portion of the shared
resource. There are several approaches for allocating variable portion of the resource according to individual
demands. In any approach, an entity, say 4, needs to specify its demand by an integer value chosen from a
given integer set, denoted by p;. Because the demands need to be propagated to the contenders before the
contention resolution process, the integer set should be small and allow enough granularity to accommodate
the demand variations while avoiding the excess control overhead caused by the demand fluctuations.

Suppose the integer set is {0,1,---, P}, the following three approaches provide resource allocation
schemes, differing in the portion of the resource allocated on a given integer value. If the resource demand
is 0, the entity has no access to the shared resource.

3.2.1 Pseudoidentities

An entity assumes p pseudo identities, each defined by the concatenation of the entity identifier and a number
from 1 to p. For instance, entity ¢ with resource demand p; is assigned with the following pseudo identities:
1®1,id 2, -, 1 p;. Each identity works for the entity as a contender to the shared resource. Figure 7
specifies NCR with pseudo identities (NCR-PI) for resolving contentions among contenders with different
resource demands.

The portion of the resource available to an entity 7 in NCR-PI according to its resource demand is as
follows:

Di
= =—". ©)
D keM;u{i} Pk



NCR-PI (i, )

{

/* Initialize each entity k& with demand pg. */
1 for(keM;u{i}and1 <[ <py)
2 (kel)prio=Hash(kdldt) Dk,

/* Resolve leadership. */
if(3k,l: ke M;,1 <l<p,and
Vm:1<m<p;,(kdl).prio> (i®m).prio)
1 isnot the leader;
else
1 isthe leader;
* End of NCR-PI. */
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Figure 7: NCR-PI Specification.

3.2.2 Root operation

Assuming enough computing power for floating point operations at each node, we can use the root operator
to achieve the same proportional allocation of the resource among the contenders as in NCR-PI.

Given that the upper bound of function Hash in Eq. (1) is M, substituting line 2 in Figure 6 with the
following formula generates a new algorithm which provides the same resource allocation characteristic as
shown in Eq. (3).

. Ha
k.prio= (T 4)

3.2.3 Multiplication

Simpler operations, such as multiplication in the priority computation, can provide non-linear resource
allocation according to the resource demands. Substituting line 2 in Figure 6, Eq. (5) offers another way of
computing the priorities for entities.

kprio= (Hash(k@t) pr) @ k. (5)

According to Eq. (5), the priorities corresponding to different demands are mapped onto different ranges,
and entities with smaller demand values are less competitive against those with larger demand values in
the contentions, thus creating greater difference in resource allocations than the linear allocation schemes
provided by Eqg. (3) and Eq. (4). For example, among a group of entities, a, b and ¢, suppose p, = 1,
», = 2, p. = 3and P = 3. Then the resource allocations to a, b and ¢ are statistically % . % = 0.11,
T :4+1.3=028 3 43 -1+ 1.1=0.61 respectively.

For simplicity, the rest of this chapter addresses NCR without dynamic resource allocation.

3.3 Performance

3.3.1 System delay

We assume NCR as an access mechanism to a shared resource at a server (an entity), and analyze the average
delay experienced by each client in the system according to the M/G/1 queuing model, where clients arrive
at the server according to a Poisson process with rate A and are served according to the first-come-first-
serve (FIFO) discipline. Specifically, we consider the time-division scheme in which the server computes



the access schedules by the time-slot boundaries, and the contention context is the time slot. Therefore,
the queuing system with NCR as the access mechanism is an M/G/1 queuing system with server vacations,
where the server takes a fixed vacation of one time slot when there is no client in the queue at the beginning
of each time slot.

The system delay of a client using NCR scheduling algorithm can be easily derive from the extended
Pollaczek-Kinchin formula, which computes the service waiting time in an M/G/1 queuing system with
server vacations [2]

ye V2
_2u—AX)+2V’
where X is the service time, and V' is the vacation period of the server.

According to the NCR algorithm, the service time X of a head-of-line client is a discrete random vari-
able, governed by a geometric distribution with parameter ¢, where ¢ is the probability of the server access-
ing the shared resource in a time slot, as given by Eq. (2). Therefore, the probability distribution function of
service time X is

P{X =k} =(1-¢" g,
where k > 1. Therefore, the mean and second moments of random variable X are:
1 — 2—g¢q

X=1, x2=2219
q q

Because V is a fixed parameter, it is obvious that V' = V2 = 1. Therefore, the average waiting period in the

queue is:
A2—q) 1
W=——"%=+_-.
2q(q—A) 2

Adding the average service time to the queuing delay, we get the overall delay in the system:
24q—2X

T=W+x=2"2"°72
2(q — A)

(6)

Average Packet Delays in the System
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Figure 8: Average system delay of packets.

The probabilities of the server winning a contention context are different, and so are the delays of clients
going through the server. Figure 8 shows the relation between the arrival rate and the system delay of clients
in the queuing system, given different resource access probabilities. To keep the queuing system in a steady
state, it is necessary that A < ¢ as implied by Eqg. (6).
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3.3.2 System throughput

Because of the collision freedom, NCR guarantees successful service to the clients. Therefore, the through-
put of the server (the entity) over the shared resource is the minimum of the client arrival rate and the
resource access probability. Considering all contenders for the shared resource, the overall system through-
put is the summary of the throughput at individual entities. We have the following system throughput S
combined from each and every entity & that competes for the shared resource:

S = Zmin()\k, qx) (7
k

where ¢ is the probability that £ may access the resource, and A, is the client arrival rate at k.

4 Channel Access Scheduling for Ad Hoc Networks

In this section, we apply the NCR algorithm to derive four channel access protocols in ad hoc networks with
omni-directional antennas.

4.1 Modeling of Network and Contention

We assume that each node is assigned a unique identifier, and is mounted with an omni-directional radio
transceiver that is capable of communicating using DSSS (direct sequence spread spectrum) on a pool of
well-chosen spreading codes. The radio of each node only works in half-duplex mode, i.e., either transmit
or receive data packet at a time, but not both.

In multihop wireless networks, signal collisions may be avoided if the received radio signals are spread
over different codes or scattered onto different frequency bands. Because the same codes on certain different
frequency bands can be equivalently considered to be on different codes, we only consider channel access
based on a code division multiple access scheme.

Time is synchronized at each node, and nodes access the channel based on slotted time boundaries.
Each time slot is long enough to transmit a complete data packet, and is numbered relative to a consensus
starting point. Although global time synchronization is desirable, only limited-scope synchronization is
necessary for scheduling conflict-free channel access in multihop ad hoc networks, as long as the consecutive
transmissions in any part of the network do not overlap across time slot boundaries. Time synchronization
has to depend on physical layer timing and labeling for accuracy, and is outside the scope of this chapter.

The topology of a packet radio network is represented by a graph G = (V, E), where V is the set of
network nodes, and E is the set of links between nodes. The existence of a link (u,v) € E implies that
(v,u) € E, and that node v and v are within the transmission range of each other, so that they can exchange
packets via the wireless channel. In this case, node « and v are called one-hop neighbors to each other. The
set of one-hop neighbors of a node i is denoted as N}. Two nodes are called two-hop neighbors to each
other if they are not adjacent, but have at least one common one-hop neighbor. The neighbor information of
node i refers to the union of the one-hop neighbors of node i itself and the one-hop neighbors of i’s one-hop
neighbors, which equals

N} U(J N)).
JjEN}

In multihop wireless networks, a single radio channel is spatially reused at different parts of the network.

Hidden-terminal problem is the main cause of interference and collision in ad hoc networks, and involves

nodes within at most two hops. To ensure conflict-free transmissions, it is sufficient for nodes within two
hopsto not transmit on the same time, code and frequency coordinates. Therefore, the topology information

11



Table 1: Notation

.prio The priority of node 1.

(u,v).pri o The priority of link (u,v).

i.code The code assigned to node : for either reception or transmission.
i.state The activation state of node ¢ for either reception or transmission.
TX Transmission state.

Rx Reception state.

7.in The sender to node 4.

i.out The receiver set of node ;.

7.Q(i.out) The packet queues for the eligible receivers in i.out .

Nf¢ The set of one-hop neighbors assigned with code c at node .

[ statement | A more complex and yet easy-to-implement operation than an
atomic statement, such as a function call.

within two hops provides the contender information required by the NCR algorithm. When describing the
operation of the channel access protocols, we assume that each node already knows its neighbor information
within two hops. Bao and Garcia-Luna-Aceves described a neighbor protocol for acquiring this information
in mobile ad hoc networks [1].

4.2 Code Assignment

We assume that the physical layer is capable of direct sequence spread spectrum (DSSS) transmission tech-
nigue. In DSSS, the code assignments are categorized into transmitter-oriented, receiver-oriented or a per-
link-oriented schemes, which are also referred to as TOCA, ROCA and POCA, respectively (e.g., [11] [17]).
The four channel access protocols described in this chapter adopt different code assignment schemes, thus
providing different features.

We assume that a pool of well-chosen orthogonal pseudo-noise codes, Cp,, = {c | k=0, 1,---},is
available in the signal spreading function. The spreading code assigned to node 4 is denoted by i.code.
During each time slot ¢, a new spreading code is assigned to node 4 derived from the priority of node ¢, using

Eq. (8).

i.code = ¢, k=14.pri omod |Cp,| . (8)

Table 1 summarizes the notation used in the the chapter to describe the channel access protocols.

4.3 Node-Activation Multiple Access (NAMA)

The node-activation multiple access, hereafter referred to as NAMA, protocol requires that the transmission
from a node is received by the one-hop neighbors of the node without collisions. That is, when a node is
activated for channel access, the neighbors within two hops of the node should not transmit. Therefore, the
contender set M; of node i is the one-hop and two-hop neighbors of node i, which is N} U(UjeNil le) —{i}.
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NAMAC(, ¢)

{
[* Initialize. */
1 M, =N!'U (U].ENE N;) e
2 for (k € M; U{i}))
3 k.prio=Hash(k & t) ®k;
[* Resolve nodal state. */
4 if(Vk € M, i.prio>k.prio){
5 i.state=Tx;
6 iout = N};
7 [ Transmit the earliest packet in i.Q(i.out ) ];
8 }
9 dse{

10 i.state=Rx;

11 [ Listen to the channdl ];
12

} * End of NAMA. */

Figure 9: NAMA Specification.

Figure 9 specifies NAMA. Because only node i is able to transmit within its two-hop neighborhood
when node ¢ is activated, data transmissions from node ¢ can be successfully received by all of its one-
hop neighbor. Therefore, NAMA is capable of collision-free broadcast, and does not necessarily require
code-division channelization for data transmissions.

Figure 10: An example of NAMA operation.

Figure 10 provides an example of how NAMA operates in a multihop network. In the figure, the lines
between nodes indicate the one-hop relationship, the dotted circles indicate the effective transmission ranges
from nodes, and the node priorities in the current time slot are given beside each node. According to NAMA,
there are three nodes A, G and FE able to transmit because their priorities are the highest in their respective
two-hop neighborhood.

4.4 Link Activation Multiple Access (LAMA)

In Link Activation Multiple Access, hereafter referred to as LAMA, the code assignment for data transmis-
sion is receiver-oriented, which is suitable for unicasting using a link-activation scheme. The purpose of
LAMA is to determine which node is eligible to transmit, and find out which outgoing link from the node
can be activated in the current time slot.

Figure 11 specifies LAMA for activating a link from node i in time slot ¢. Node ¢ first initializes the
priorities and code assignments of nodes within two hops (lines 1-5), and determines its eligibility to transmit
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LAMAC(, t)

[* Initialize. */

1 for (ke N!U (U]EN; N}))
2 k.prio=Hash(k & t) ®k;
3 n=kpriomod |Cpxl;

4 k.code =cy;

5

}

/* Resolve nodal state. */

6 if(vke N}, iprio>kprio){

7 i.state=Tx;

8 i.out =0;

9 for (c: 3k € N}, c = k.code) {
10 M; = N'U (UJENf le) yhe
11 if (V5 € M;, i.pri o> j.prio)
12 i.out =7.0ut UNY;

13 )

14 if 3k : k €id.0ut and
[ k& hasthe earliest packet in7.Q(i.out ) ])

15 [ Transmit the packet ini.Q({k}) on k.code ;
6 }
17 edse{

18 i.state =Rx;

19 [ Listen to transmissionson i.code |;
20

} /* End of LAMA. */

Figure 11: LAMA Specification.

(line 6). If eligible, node 7 examines each reception code c assigned to its one-hop neighbors, and decides
whether node ¢ can activate links to the one-hop neighbor subset V7, in which all nodes are assigned code ¢
(lines 9-12). Here, the set of contenders to node ¢ is N and one-hop neighbors of nodes in IV, excluding
node 4 (line 10). Then node i selects and transmits the earliest packet to one of the receivers in i.out (lines
14-15 according to FIFO). If node i is not able to transmit, it listens on the code assigned to itself (lines
17-20).

Figure 12 illustrates a contention situation at node ¢ in a time slot. The topology is represented by an
undirected graph. The number beside each node represents the current priority of the node. Node j and &
happen to have the same code x. To determine if node ¢ can activate links on code x, we compare priorities
of nodes according to LAMA. Node 4 has the highest priority within one-hop neighbors, and higher priority
than node j and & as well as their one-hop neighbors. Therefore, node 7 can activate either (4, j) or (i, k) in
the current time slot ¢ depending on the back-logged data flows at node 4. In addition, node e may activate
link (e, d) if node d is assigned a code other than code z.

4.5 Pairwise-link Activation Multiple Access (PAMA)

Pairwise-link Activation Multiple Access, hereafter referred to as PAMA, is different from NAMA and
LAMA in that the link priorities are used in the contention resolution for channel access, instead of the node
priorities. The priority of link (u, v) is computed according to Eq. (9), which is an adaptation of Eq. (1).
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Figure 12: An example of LAMA operation.

PAMAC(, t)
{ o 17 dseif (3j € N}, Vu € N},
/* Initialize. */ 18 ((k,7).pri o> (k,u).prio|u#j) and
1 for (k€ NI U (Ujen: N 19 (k,7)-prio > (u,k).prio)
2 k.prio=Hash(k & t) ®k; 20 kout ={j};
3 n=k.pri omod |Cpnl;
4 k.code =¢,; /* Nodal states. */
5 } 21 if (G.out ={k} andkin=1){
22 istate =Tx;

6 for (ke Nfu{i}){ /* Hidden terminal avoidance. */

/* Link priorities. */ 23 if Gu e N} —{k}, win=wv, v#iand
7 for (j € N){ 24 i.code = v.code and
8 (k,j).prio=Hash(k®jDt)®k® j; 25 ((we N} andu € vout) or (v € N})))
9 (j,k).prio=Hash(jokat)®jak; 26 w.out =0;
10 }

27 if ([ Thereisapacketini.Q(:.out)])

11 kin=-1, 28 [ Transmit the packet on i.code ];
12 k.out =0; 29

/* Activeincoming or outgoing link. */ 30 dseif(tin=k){
13 if (3 € N}, Vu € NE, 31 i.state=Rx;
14 ((7,k).prio> (u,k).prio|u+#j) and 32 [ Listento transmissionson k.code |;
15 (4, k).prio> (k,u).prio) 33
16 kin=yj; } 1* End of PAMA. */

Figure 13: PAMA Specification.

(u,v).prio=Hash(u®v®t) Budv, 9)

Based on the priorities of the incident links to a node, PAMA chooses the link with the highest priority
for reception or transmission at the node. Hence, the set of contenders of a link includes all other links
incident to the endpoints of the link.

PAMA uses POCA code assignment scheme, in which a code is assigned per sender-receiver pair. How-
ever, because a node can activate only one incident link for either transmission or reception in each time
slot, the POCA is equivalent to the transmitter-oriented (TOCA) scheme.

Figure 13 specifies PAMA. Lines 1-5 assign codes to the nodes in the two-hop neighborhood of node
1. Then the priorities of the incident links at node ¢ and its one-hop neighbors are computed (lines 7-10).
The link with the highest priority at each node is marked for active incoming link (lines 13-16) or active
outgoing link (lines 17-20). If node 7 has an active outgoing link, which is also an active incoming link at
the receiver (line 21), node i further examines the hidden terminal problem at other nodes (lines 23-26). If
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node 4 can still transmit, it selects the packet for the active outgoing link and transmits on i.code (lines
28-29). Otherwise, node 7 listens on the code assigned to the active incoming link (lines 31-34).

Figure 14: An example of hidden terminal problem in PAMA.

Figure 14 illustrates a simple example network, in which a collision happens at node b when link (a, b)
and (c, d) are activated using the same code k. However, node c is able to know the possible collision and
deactivate link (¢, d) for the current time slot using PAMA lines 23-26 in Figure 13.

4.6 Hybrid Activation Multiple Access (HAMA)

Unlike previous channel access scheduling protocols that activate either nodes or links only, Hybrid Acti-
vation Multiple Access, hereafter referred to as HAMA, is a node-activation channel access protocol that is
capable of broadcast transmissions, while also maximizing the chance of link activations for unicast trans-
missions. The code assignment in HAMA is the TOCA scheme.

In each time slot, a node derives its state by comparing its own priority with the priorities of its neighbors.
We require that only nodes with higher priorities transmit to those with lower priorities. Accordingly,
HAMA defines the following node states:

R Receiver: The node has an intermediate priority among its one-hop neighbors.

D Drain: The node has the lowest priority among its one-hop neighbors, and can only receive a packet
in the time slot.

BT Broadcast Transmitter: the node has the highest priority within its two-hop neighborhood, and can
broadcast to its one-hop neighbors.

UT Unicast Transmitter: the node has the highest priority among its one-hop neighbors, instead of two-
hop. Therefore, the node can only transmit to a selected subset of its one-hop neighbors.

DT Drain Transmitter: the node has the highest priority among the one-hop neighbors of a Drain neigh-
bor.

Y Yied: The node could have been in either UT- or DT-state, but chooses to abandon channel access
because its transmission may incur unwanted collisions due to potential hidden sources from its two-
hop neighbors.

Figure 15 specifies HAMA. Lines 1-8 compute the priorities and code assignments of the nodes within
the two-hop neighborhood of node 7 using Eg. (1) and Eq. (8), respectively. Depending on the one-hop
neighbor information of node i and node j € N}, node i classifies the status of node j and itself into
receiver (R or D) or transmitter (UT) state (lines 9-14).

If node ¢ happens to be a unicast transmitter (UT), then ¢ further checks whether it can broadcast by
comparing its priority with those of its two-hop neighbors (lines 15-17). If node ¢ is a Receiver (R), it
checks whether it has a neighbor j in Drain state (D) to which it can transmit, instead (lines 18-21). If yes,
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. /* Find dests for Txs, and srcs for Rxs. */
HAMAG, t) 26 switch (i.state){

{ .
/* Every node s initialized in Receiver state. */ 27 caeBT.

. — - % *
1 zst ate =R ;g Caseﬁ(')rl-n = {-1}; /* Broadcast. */
:23 Z.Iozt_:-l(j' 30 for (j € N})
: : 31 if (Vk € Nj,k #1i,iprio>k.prio)
I* Priority altnd code assignlments. */ gg caseDTZ:OUt =dout U{j};
4 for (ke N; U (UjeN} NipA 2 for (j € NY)
5 k.prio=Hash(t ® k), 35 if jstate=DandVk € NJ,k #14,i.pri 0> k.pri o)
6 n=k.priomod |Cpnl; 36 iout =iout U{j};
7 k.code = Cn, 37 case D, R:
8 } 33 if (3j € N} andVk € N}, k #j, j.pri o > k.prio){
39 win=y;
/* Find UT and Drain. */ 40 i.code = j.code;
9 for (Vj e N} U{i}d{ 41 }
10 if (Vk € N}, jprio > k.prio) 2 )
11 j.state=UT,/* May unicast. */
12 dsdf (Vk € Nj, jprio <kprio) /* Hidden Terminal Avoidance. */
13 j.state=D;/* ADrain.*/ 43 if (istate € { UT,DT }and 3j € N}, j.state # UT and
14} 44 3k € N}, k.prio>i.prioandk.code = i.code)
45 i.State=Y;
/* 1f 4 is UT, see further if ¢+ can become BT */
15 if (i.state=UTand /* Ready to communicate. */
16 VkeUjenm Nj, k#i,i.prio>kprio) 46 switch (i.st at e) { /* FIFO*/
17 1.5t at e = BT; 47 case BT:
48 if (2.Q(z.out) # 0)
/* If i is Receiver, i may become DT. */ 49 pkt = The earliest packet in i.Q(i.out );
18 if (i.state=Rand 50 ese
19 Jj € N},jstate =Dand 51 pkt = The earliest packet in i.Q(N});
20 Vk € leJc # 1, 2.pri o> kprio){ 52 Transmit pkt on i.code;
21 1.5t at e = DT, 53 case UT, DT:
54 pkt = The earliest packet in i.Q(i.out );
[* Checkiif ¢ should listen instead. */ 55 Transmit pkt on i.code;
22 if (35 € N}, j.state =UTand 56 case D, R:
23 Vk € N}, k#7, jprio>kprio) 57 Receive pkt on i.code;
24 i.state =R;/* i hasaUT neighbor j. */ 58
25} } /* End of HAMA. */

Figure 15: HAMA Specification.
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before node 7 becomes the drain transmitter (DT), it needs to make sure that it is not receiving from any
one-hop neighbor (lines 22-25).

After that, node < decides its receiver set if it is in transmitter state (BT, UT or DT), or its sources if in
receiver state (R or D). A receiver i always listens to its one-hop neighbor with the highest priority by tuning
its reception code into that neighbor’s transmission code (lines 26-42).

If a transmitter ¢ unicasts (UT or DT), the hidden terminal problem should be avoided, in which case
node 4’s one-hop receiver may be receiving from two transmitters on the same code (lines 43-45).

Finally, node 4 in transmission state may send the earliest arrived packet (FIFO) to its receiver set i.out ,
or listens if it is a receiver (lines 46-58). In case of the broadcast state (BT), ¢ may choose to send a unicast
packet if broadcast buffer is empty.

Figure 16: An example of HAMA operation.

Figure 16 provides an example of how HAMA operates in a multihop network during a time slot. In
the figure, the priorities are noted beside each node. Node A has the highest priority among its two-hop
neighbors, and becomes a broadcast transmitter (BT). Nodes F', G and H are receivers in the drain state,
because they have the lowest priorities among their one-hop neighbors. Nodes C' and E become transmitters
to drains, because they have the highest priorities around their respective drains. Nodes B and D stay in
receiver state because of their low priorities. Notice that in this example, only node A would be activated in
NAMA, because node C' would defer to node A, and node E would defer to node C'. This illustrates that
HAMA can provide better channel access opportunities over NAMA, although NAMA does not requires
code-division channelization.

In contrast to NAMA, HAMA provides similar broadcasting capability, in addition to the extra opportu-
nities for sending unicast traffic with only a little more processing required on the neighbor information.

5 Throughput Analysisin Ad Hoc Networks

In a fully connected network, it comes natural that the channel bandwidth is evenly shared among all nodes
using any of the above channel access protocols, because the priorities of nodes or links are uniformly
distributed. However, in an ad hoc network model where nodes are randomly placed over an infinite plane,
bandwidth allocation to a node is more generic, and much more complex. We first analyze the accurate
channel access probabilities of HAMA and NAMA, then the upper bound of the channel access probability
of PAMA and LAMA in this model. Using the results in [27] and [26], the throughput of NAMA and
HAMA is compared with that of ideal CSMA and CSMAJ/CA.

For simplicity, we assumed that infinitely many codes are available such that hidden terminal collision
on the same code was not considered.

5.1 Geometric Modeling

Similar to the network modeling in [27] and [26], the network topology is generated by randomly plac-
ing many nodes on an infinitely large two-dimensional area independently and uniformly, where the node
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density is denoted by p. The probability of having & nodes in an area of size S follows a Poisson distribution:

k
p(k,5) = POV 05
k!
The mean of the number of nodes in the area of size S is pS.
Based on this modeling, the channel access contention of each node, is related with node density p and
node transmission range r. Let N; be the average number of one-hop neighbors covered by the circular area
under the radio transmission range of a node, we have N; = prr2,

Figure 17: Becoming two-hop neighbors.

Let N, be the average number of neighbors within two hops. As shown in Figure 17, two nodes become
two-hop neighbors only if there is at least one common neighbor in the shaded area. The average number of
nodes in the shaded area is:

B(t) = 2pr?a(t)

where

t ot t\?
t) = oL (1Y) 10
a(t) arccos 5 — o (2) (10)

Thus, the probability of having at least one node in the shaded area is 1 — e ~2®). Adding up all nodes
covered by the ring (r, 2r) around the node, multiplied by the corresponding probability of becoming two-
hop neighbors, the average number of two-hop neighbors of a node is:

2
ng = p7TT‘2/ 2t (1 — e_B(t)) dt .
1

Because the number of one-hop neighbors is N; = pmr2, adding the average number of one-hop and
two-hop neighbors, we obtain the number of neighbors within two hops as:

2
Ny = N1+ n9g =N <1—|—/ 2t (I—G_B(t)) dt) .
1

For convenience, symbol T'(N), U(NN) and W (N) are introduced to denote three probabilities when the
average number of contenders is V.

T(N) denotes the probability of a node winning among its contenders. Because the number of con-
tenders follows Poisson distribution with mean N, and that all nodes have equal chances of winning, the
probability T'( V) is the average over all possible numbers of the contenders using Eq. (2):

< 1 Nt _y eN-1-N
TN =L i me ~ N

Note that & starts from 1 in the expression for 7'(/V), because a node with no contenders does not win at all.
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U(N) is the probability that a node has at least one contender, which is simply
UN)=1-e".
W (N) is introduced to denote

W(N) = U(N) - T(N) =1 — %(1 _e Ny

5.2 Throughput Analysis for NAMA

Because N, denotes the average number of two-hop neighbors, which is the number of contenders for each
node in NAMA, it follows that the probability that the node broadcasts is 7'(N2). Therefore, the channel
access probability of a node in NAMA is

gnama = T(Na) . (11)

5.3 Throughput Analysis for HAMA

HAMA includes the node activation cases in NAMA in the broadcast state (BT). In addition, HAMA pro-
vides two more states for a node to transmit in the unicast mode (UT and DT). Overall, if node 4 transmits
in the unicast state (UT and DT), node 7 must have at least one neighbor j, of which the probability is

Pu = U(Nl) .

In addition, the chances of unicast transmissions in either the UT or the DT states depend on three
factors: (a) the number of one-hop neighbors of the source, (b) the number of one-hop neighbors of the
destination, and (c) the distance between the source and destination.

Figure 18: The unicast between two nodes.

First, we consider the probability of unicast transmissions from node 4 to node 5 in the UT state, in which
case, node i contend with nodes residing in the combined one-hop coverage of nodes i and 7, as illustrated
in Figure 18. Given that the transmission range is r and the distance between nodesiand jistr (0 <t < 1),
we denote the number of nodes within the combined coverage by k; excluding nodes 7 and j, of which the
average is

S(t) =2pr2 [1 —a(t)] .

a(t) is defined in Eq. (10). Therefore, the probability of node 7 winning in the combined one-hop coverage
is:

1SR gy W(S(®)
pl_klz::(]k1+2 ! © S
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Furthermore, because node 4 cannot broadcast when it enters the UT state, there has to be at least one
two-hop neighbor with higher priority than node ¢ outside the combined one-hop coverage in Figure 18.
Denote the number of nodes outside the coverage by k5, of which the average is No — S(¢). The probability
of node 4 losing outside the combined coverage is thus:

o [N2 = SO _(ny—swy K2
- E =W(Ny—S5(t)) .

In all, the probability of node ¢ transmitting in the UT state is:

W (N2 = S(t)) W(S(t))
S(t) '

p3 =pP1-pP2=

The probability density function (PDF) of node j at position ¢ is p(t) = 2t. Therefore, integrating ps on
t over the range (0, 1) with PDF p(t) = 2t gives the average probability of node i becoming a transmitter in

the UT state: . LN S WS
pur = / pa2tdt = / g W2 = S0) W(S(M)) 4,
0 0 S(t)

Second, we consider the probability of unicast transmissions from node ¢ to node j in the DT state. We
denote the number of one-hop neighbors of node j by k3, excluding nodes ¢ and j, of which the average is
N7. Then, node j requires the lowest priority among its k3 neighbors to be a drain, and node 4 requires the
highest priority to transmit to node 7, of which the average probability over all possible values of k3 is:

> N{fse_Nl 1 1 T(N)
k3! k3—|—2k‘3—|—1_ N '

P4 =

In addition, node 7 has to lose to nodes residing in the side lobe, marked by A(t) in Figure 18. Otherwise,
node ¢ would enter the UT state. Denote the number of nodes in the side lobe by k4, of which the average is

™

A(t) = 2012 [5 - a(t)] .

The probability of node 7 losing in the side lobe is thus

A 4y ka
= E =WI(A(t)) .

In all, the probability of node ¢ entering the DT state for transmission to node j is the product of p4 and

Ds:
T(Ny)

Ny
Using the PDF p(t) = 2t for node j at position ¢, the integration of the above result over range (0, 1)
gives the average probability of node 7 entering the DT state, denoted by p pr:

P6 = P4 Ps = W(A(?)) .

T

(M) *
1 /OQtW(A(t))dt.

1
= 2tdt =
pbT /0 Pe N
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In summary, the average channel access probability of a node in the network is the chance of becoming
a transmitter in the three mutually exclusive broadcast or unicast states (BT, UT or DT), which is given by

qHAMA = qNAMA + pu(PUT + PDT)

— T(Ny) + U(N,) - (%\1@ /01 2 W(A(t)) dt 12

Ly W2 = S(1) W(S(1))
—I—/O 2t S() dt> .

The above analysis for HAMA have made four simplifications. Firstly, we assumed that the number of
two-hop neighbors also follows Poisson distribution, just like that of one-hop neighbors. Secondly, we let
Ny — S(t) > 0 even though Ny may be smaller than S(¢) when the transmission range r is small. Thirdly,
only one neighbor 75 is considered when making node ¢ to become a unicast transmitter in the DT or the UT
state, although node ¢ may have multiple chances to do so owning to other one-hop neighbors. The results
of the simulation experiments reported in Section 6 validate these approximations.

5.4 Throughput Analysis for PAMA

Figure 19: Link Activation in PAMA.

In PAMA, a link is activated only if the link has the highest priority among the incident links of the head
and the tail of the link. For example, in Fig. 19, link (f,¢g) is activated only if it has the highest priority
among the links with f and g as the heads or tails.

To analyze the channel access probability of a node in PAMA, we simplify the problem by assuming that
the one-hop neighbor sets of the one-hop neighbors of a given node are disjoint (i.e., any two-hop neighbor
of a node is reachable through a single one-hop neighbor only). Using the simplification, the sizes of the
two-hop neighbor sets become identical independent random variables following Poisson distribution with
mean N1, so as to avoid handling the correlation between the sizes of the two-hop neighbor sets.

Suppose that a node i has k; > 1 one-hop neighbors. The probability that the node is eligible for
transmission is k1 /2k; = 1/2 because the node has 2k incident links, and &, of them are outgoing. Further
suppose that link (7, j) out of the k; outgoing links has the highest priority, then node 7 is able to activate
link (4, 7) if link (4, j) also has the highest priority among the links incident to node j. Denote the number of
one-hop neighbors of node j by k2. Then the probability of link (4, j) having the highest priority among the
incident links of node j is a conditional probability, based on the fact that link (7, j) already has the highest
priority among the incident links of node 1.

We denote the conditional probability of link (, ) having the highest priority among the incident links
of node j as P{A | B}, where A is the event that link (7, j) wins among the 2k incident links of node j,
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and B is the event that link (7, j) wins among the 2k incident links of node . We have:

1
2k1 + 2ko ’

P{ANB} Kk
P{B}  kitk’
Therefore, the condition of node 7 being able to transmit is that node ¢ has an outgoing link (4, j) with the
highest priority, of which the probability is % and that link (7, j) has the highest priority among the incident

links of node j, of which the probability is kl’“Tl,Q Considering all possible values of random variables k4
and k9, which follow the Poisson distribution, we have:

P{B} = i P{AN B} =

P{A| B} =

M m L g N

4PAMA = Z e 5 e
N P k1! 2 Py ko! k1 + ko (13)
— 71(6—2N1 + T(2NY)).

qpAMm A 1S the upper bound of the channel access probability of a node in PAMA, because if we have
not assumed that the one-hop neighbor sets of the head and tail of a link are disjoint, the number of one-
hop neighbors of the tail of the activated link, ko, could have started from a larger number than 0 in the
expressions above, and the actual channel access probability in PAMA would be less than gp s a.

5.5 Throughput Analysis for LAMA

In LAMA, a node can activate an outgoing link only if the node has the highest priority among its one-hop
neighbors, as well as among its two-hop neighbors reachable through the tail of the outgoing link. For
convenience, we make the same assumption as in the analysis of PAMA that the one-hop neighbor sets of
the one-hop neighbors of a given node are disjoint.

Similarly, suppose a node i has k; one-hop neighbors, and the number of the two-hop neighbors reach-
able through a one-hop neighbor j is k9. The probability of node 7 winning in its one-hop neighbor set N} is
1/(k1+1). The probability of node 7 winning in the one-hop neighbor set of node j is (k1+1)/(k1+k2+1),
which is conditional upon the fact that node 4 already wins in N}, and is derived in the same way as in the
PAMA analysis. Because ks is a random variable following the Poisson distribution,

o0 N{CQe—Nl kl—l-l

p7:kz_ ko! ki+ko+1
2=0

is the average conditional probability of node i activating link (7, j). Besides node j, node i has other one-
hop neighbors. If node 4 has the highest priority in any one-hop neighbor set of its one-hop neighbors, node
1 i1s able to transmit. Therefore, the probability of node ¢ being able to transmit is
ps=1—(1—pr)™.

Because k; is also a random variable following the Poisson distribution, the channel access probability

of node i in LAMA is: .
My
bo _kz_:l Wl C k1t
=

When k4 increases, pg edges quickly toward the probability limit 1. Since we are only interested in the

upper bound of channel access probability in LAMA, assuming pg = 1 simplifies the calculation of pg and
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provides a less tight upper bound. Let ps = 1, the upper bound of channel access probability in LAMA is

thus:

NP 1
=Y M =T(N
qLAMA = ]{71' € kl 1 ( 1)

5.6 Comparisons among NAMA, HAMA, PAMA and LAMA
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Figure 20: Channel access probability of NAMA, HAMA, PAMA and LAMA.
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Figure 21: Channel access probability ratio of HAMA, PAMA and LAMA to NAMA.

(14)

Assuming a network density of p = 0.0001, equivalent to placing 100 nodes on a 1000 x 1000
square plane, the relation between transmission range and the channel access probability of a node in node-
activation based NAMA, hybrid activation based HAMA, pair-wise link activation based PAMA and link
activation based LAMA is shown in Figure 20, based on Eq. (11), Eq. (12), Eq. (13) and Eq. (14), respec-

tively.

Because a node barely has any neighbor in a multihop network when the node transmission range is too
short, Figure 20 shows that the system throughput is close to none at around zero transmission range, but
it increases quickly to the peak when the transmission range covers around one neighbor on the average,
except for that of PAMA, which is an upper bound. Then network throughput drops when more and more
neighbors are contacted and the contention level increases.
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Figure 21 shows the performance ratio of the channel access probabilities of HAMA, PAMA and LAMA
to that NAMA.. At shorter transmission ranges, HAMA, PAMA and LAMA performs very similar to NAMA,
because nodes are sparsely connected, and node or link activations are similar to broadcasting. When trans-
mission range increases, HAMA, LAMA and PAMA obtains more and more opportunities to leverage its
unicast capability and the relative throughput also increases more than three times that of NAMA. HAMA
and LAMA perform very similarly.

5.7 Comparisons with CSMA and CSMA/CA

Because the analysis about NAMA and PAMA are more accurate than the analysis of PAMA and LAMA,
which simply derive the upper bounds, we only compare the throughput of HAMA and NAMA that of the
idealized CSMA and CSMA/CA protocols, which are analyzed in [27] and [26]. We consider only unicast
transmissions, because CSMA/CA does not support collision-free broadcast.

Scheduled access protocols are modeled differently from CSMA and CSMA/CA. In time-division sched-
uled channel access, a time slot can carry a complete data packet, while the time slot for CSMA and
CSMAJ/CA only lasts for the duration of a channel round-trip propagation delay, and multiple time slots
are used to transmit a data packet once the channel is successfully acquired. In addition, Wang et al. [26]
and Wu et al. [27] assumed a heavily loaded scenario in which a node always has a data packet during
the channel access, which is not true for the throughput analysis of HAMA and NAMA, because using the
heavy load approximation would always result in the maximum network capacity according to Eq. (7).

The probability of channel access at each time slot in CSMA and CSMA/CA is parameterized by the
symbol p’. For comparison purposes, we assume that every attempt to access the channel in CSMA or
CSMAJ/CA is an indication of a packet arrival at the node. Though the attempt may not succeed in CSMA
and CSMA/CA due to packet or RTS/CTS signal collisions in the common channel, and end up dropping
the packet, conflict-free scheduling protocols can always deliver the packet if it is offered to the channel. In
addition, we assume that no packet arrives during the packet transmission. Accordingly, the traffic load for
a node is equivalent to the portion of time for transmissions at the node. Denote the average packet size as
liata, the traffic load for a node is given by

_ ldata _ p/ldata
1/17/ + ldam 1+ p,ldata

because the average interval between successive transmissions follows Geometric distribution with parame-
ter p/.

The network throughput is measured by the successful data packet transmission rate within the one-hop
neighborhood of a node in [26] [27], instead of the whole network. Therefore, the comparable network
throughput in HAMA and NAMA is the sum of the packet transmissions by each node and all of its one-hop
neighbors. We reuse the symbol N in this section to represent the number of one-hop neighbors of a node,
which is the same as /Ny defined in Section 5.1. Because every node is assigned the same load A, and has
the same channel access probability (¢zaara, gvaara), the throughput of HAMA and NAMA becomes

Saama =N -min(\, ggana) -

SnNama =N -min(\, gyana) -

Figure 22 compares the throughput attributes of HAMA, NAMA, the idealized CSMA [27], and CSMA/CA
[26] with different numbers of one-hop neighbors in two scenarios. The first scenario assumes that data
packets last for /4,4, = 100 time slots in CSMA and CSMA/CA, and the second assumes a 10-time-slot
packet size average.
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Figure 22: Comparison between HAMA, NAMA and CSMA, CSMA/CA.

The network throughput decreases when a node has more contenders in NAMA, CSMA and CSMA/CA,
which is not true for HAMA. In addition, HAMA and NAMA provide higher throughput than CSMA and
CSMAJCA, because all transmissions are collision-free even when the network is heavily loaded. In contrast
to the critical role of packet size in the throughput of CSMA and CSMA/CA, it is almost irrelevant in that
of scheduled approaches, except for shifting the points of reaching the network capacity.

6 Simulations

The delay and throughput attributes of NAMA, LAMA, PAMA and HAMA are studied by comparing their
performance with UXDMA [22] in two simulation scenarios: fully connected networks with different num-
bers of nodes, and multihop networks with different radio transmission ranges.

In the simulations, we use the normalized packets per time slot for both arrival rates and throughput.
This metric can be translated into concrete throughput metrics, such as Mbps (megabits per second), if the
time slot sizes and the channel bandwidth are instantiated.

Because the channel access protocols based on NCR have different capabilities regarding broadcast and
unicast, we only simulate unicast traffic at each node in all protocols. All nodes have the same load, and the
destinations of the unicast packets at each node are evenly distributed over all one-hop neighbors.

In addition, the simulations are guided by the following parameters and behavior:

e The network topologies remain static during the simulations to examine the performance of the
scheduling algorithms only.

e Signal propagation in the channel follows the free-space model and the effective range of the radio is
determined by the power level of the radio. Radiation energy outside the effective transmission range
of the radio is considered negligible interference to other communications. All radios have the same
transmission range.

e Each node has an unlimited buffer for data packets.
e 30 pseudo-noise codes are available for code assignments, i.e., |Cpy,| = 30.
e Packet arrivals are modeled as Poisson arrivals. Only one packet can be transmitted in a time slot.

e The duration of the simulation is 100,000 time slots, long enough to collect the metrics of interests.

We note that assuming static topologies does not favor NCR-based channel access protocols or UXDMA,
because the same network topologies are used. Nonetheless, exchanging the full topology information
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required by UXDMA in a dynamic network would be far more challenging that exchanging the identifiers of
nodes within two hops of each node.

Except for HAMA, which schedules both node- and link-activations, UXDMA has respective constraint
sets for NAMA, LAMA and PAMA. Table 2 gives the corresponding constraint sets for NAMA, LAMA and
PAMA. The meaning of each symbol is illustrated by Figure 4.

Table 2: Constraint Sets For NCR-Based Protocols.

Protocol Entity Constraint Set
UxDMA-NAMA  Node {vo vy
UXDMA-LAMA  Link {E2. ED}

UXDMA-PAMA  Link {E° EY EY E}}
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Figure 23: Packet throughput in fully-connected networks

Simulations were carried out in four configurations in the fully connected scenario: 2-, 5-, 10-, 20-node
networks, to manifest the effects of different contention levels. Figure 23 shows the maximum throughput of
each protocol in fully-connected networks. Except for PAMA and UXDMA-PAMA, the maximum through-
put of every other protocol is one because their contention resolutions are based on the node priorities, and
only one node is activated in each time slot. Because PAMA schedules link activations based on link pri-
orities, multiple links can be activated on different codes in the fully-connected networks, and the channel
capacity is greater in PAMA than in the other protocols.

Figure 24 shows the average delay of data packets in NAMA, LAMA and PAMA with their corre-
sponding UXDMA counterparts, and HAMA with regard to different loads on each node in fully-connected
networks. NAMA, UXDMA-NAMA, LAMA, UxDMA-LAMA and HAMA have the same delay character-
istic, because of the same throughput is achieved in these protocols. PAMA and UXDMA-PAMA can sustain
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Figure 24: Average packet delays in fully-connected networks

higher loads and have longer “tails” in the delay curves. However, because the number of contenders for
each link is more than the number of nodes, the contention level is higher for each link than for each node.
Therefore, packets have higher starting delay in PAMA than other NCR-based protocols.

Figure 25 and 26 show the throughput and the average packet delay of NAMA, LAMA, PAMA, HAMA
and the UXDMA variations.

Except for the ad hoc network generated using transmission range one hundred meters in Figure 25,
UXDMA always outperforms its NCR-based counterparts — NAMA, LAMA and PAMA at various levels.
For example, UXDMA-NAMA is only slightly better than NAMA in all cases, and UXDMA-PAMA is 10-
30% better than PAMA. LAMA is comparatively the worst, with much lower throughput than its counterpart
UxDMA-LAMA. One interesting point is the similarity between the throughput of LAMA and HAMA,
which has been shown by Figure 22 as well, even though they have different code assignment schemes and
transmission schedules. Especially, the network throughput of NAMA, LAMA, PAMA and HAMA based
on Eq. (7) and the analysis in Section 5 is compared with the corresponding protocols in the simulations.
The analytical results fits well with the simulations results. Note that the analysis bars with regard to PAMA
and LAMA are the upper bounds, although the analysis of LAMA is very close to the simulation results.

In Figure 26, PAMA still gives higher starting point to delays than the other two even when network
load is low due to similar reasons as in fully connected scenario. However, PAMA appears to have slower
increases when the network load goes larger, which explains the higher spectrum and spatial reuse of the
common channel by pure link-oriented scheduling.

7 Research Challenges

We have introduced a new approach to the contention resolution problem by using only two-hop neigh-
borhood information to dynamically resolve channel access contentions, therefore eliminating much of the
schedule exchanging overhead in prior collision-free scheduling approaches. Based on this approach and
time-division channel access, four protocols were introduced for both node-activation and link-activation
channel access scheduling in ad hoc networks. Nonetheless, the several problems remain open for further
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discussions and improvements:

1. Traffic-adaptive resource allocation: Section 3.2 discussed the dynamic resource allocation provision-
ing in the contention resolution algorithm. However, the protocol that can quickly lead to a resource
allocation equilibrium remains an open issue.

2. The priority computation is based on a hash function using the node identity and the time slot number
as the randomizing seed. Therefore, the interval of successive node or link activations is a random
number, which cannot provide delay guarantee required by some real-time applications. Prolonged
delay in channel access may even impact regular best-effort traffic, such as TCP connection man-
agement and congestion control. Therefore, the choice of an optimum hashing function remain a
challenge.

3. The duration of a time slot is based on the transmission time of a whole packet in TDMA schemes.
When a network node does not have traffic to send in its assigned slot, the time slot is wasted in
TDMA scheme. A mechanism that conserves the channel bandwidth is needed in such scenarios.

4. The hash function computing the priorities was originally proposed to use a pseudo-random num-
ber generator, which is computationally expensive, especially for mobile devices with limited power
supply. A more simplified hash function with sufficient random attribute is needed.
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