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Abstract—This paper proposes a novel, iterative, distributed
Medium Access Control (MAC) for Multi-Transmit-Receive
(MTR) Wireless Mesh Networks (WMNs). The MAC called PCP-
TDMA aims to construct the shortest possible schedule that
allows nodes to transmit to or receive from all their neighbors
simultaneously over the same frequency. Compared to the state-
of-the-art, namely a centralized algorithm called ALGO-2, and
two distributed approaches, namely JazzyMAC and ROMA, the
results show that PCP-TDMA achieves similar performance to
ALGO-2, and outperforms JazzyMAC and ROMA significantly.
Specifically, in a fully connected network, the superframe pro-
duced by PCP-TDMA is respectively only ; and ; the length of
that generated by JazzyMAC and ROMA.

I. INTRODUCTION

Wireles Mesh Networks (WMNs) have many applications,
ranging from providing connectivity to rural areas [1] to
improving coverage in a city [2]. In these applications, ca-
pacity is of great importance. In this respect, researchers
have recently investigated nodes with Multi-Transmit-Receive
(MTR) capability. According to [3], MTR can be realized
using the following methods: (i) equipping nodes with multiple
directional antennas or 60 GHz radios, and (ii) Multiple-Input
Multiple Output (MIMO) technologies. A key advantage of
MTR is that nodes are able to transmit to or receive from
multiple neighbors over the same frequency simultaneously;
see Figure 1(a)(b). As a result, MTR WMNs have a much
higher network capacity than conventional WMNs. We note
that the interference between links, as in Figure 1(a) and (b),
can be ignored as links are effectively pseudo-wires [4] or
in the case of MIMO, nodes are able to use their antenna
elements to null any unwanted interference [5]. Consequently,
the only interference constraint, labeled as Mix-Tx-Rx, is that
nodes do not transmit and receive concurrently, which means
that nodes are half-duplex; see Figure 1(c).

For MTR WMN s to achieve the maximum network capacity,
a link scheduler that adheres to the Mix-Tx-Rx constraint
is required. The goal is to derive a short schedule; this
ensures links are activated frequently. Unfortunately, deter-
mining the maximum number of links in each transmission
slot is equivalent to solving the NP-complete, MAX CUT
problem [6]. To date, there are a number of approaches that
aim to derive a link schedule for a MTR WMN. In [1],
Raman et al. outlined a spatial Time Division Multiple Access
(TDMA) MAC called 2 Phase (2P) but can only be applied
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Fig. 1. MTR capability of node A: (a) transmissions, (b) receptions, and (c)
illustrates the key MTR constraint; i.e., a node cannot transmit and receive
at the same time.

on bipartite network topologies. This limitation is addressed
in Algo-1 [7], where the proposed algorithm Algo-1 partitions
a WMN recursively into maximally connected bipartite sets.
In [6], Chin et al. improved Algo-1 by applying a MAX-CUT
algorithm to derive maximal bipartite graphs from a general
network topology. Another way to derive an optimum link
schedule for MTR WMN:Ss is via the methods in [8] and [9],
where all Maximal Independent Sets (MISs) for a given WMN
are computed using graph coloring. WiLDNet [10] extends 2P
with a combination of Forward Error Correction (FEC) and
bulk acknowledgments to improve link utilization, reliability,
and end-to-end throughput. These link schedulers, however,
are centralized; a central controller or gateway node is required
to gather topological information, construct a link schedule
and disseminated it to all nodes. Consequently, these link
schedulers will incur many rounds of signaling overheads,
incur large propagation and contention delays. Critically, they
do not adapt well to changes and are impractical for use in
large-scale WMN .

To date, there are only a few distributed link schedulers for
MTR nodes. In [11], the proposed scheduler uses tokens to
control whether a node is transmitting or receiving. However,
the initial token assignment is done centrally. Chu et al.
in [12] propose distributed algorithms to schedule links by
selecting nodes and antennas as per their service priority,
channel condition and queueing delays. The authors exploit
both multiuser and spatial diversity to improve transmission
quality and network throughput. In other works, such as
ROMA [13] and dMaxQ [14], the aim is to give links with
heavier weight a higher priority. However, these algorithms



do not aim to generate the minimal superframe length. In
[15], the distributed link scheduler called Algo-d derives the
shortest superframe that activates every link at least once while
adhering to the MTR constraint. However, data transmissions
cannot commence until the final superframe is generated. In
addition, there is no method to adapt the computed schedule
when there is a topological change.

It is worth noting that many works have considered non-
MTR wireless networks; e.g., [16][17] and [18]. The key
distinction is that our nodes have MTR-capability, and hence
their links are not activated as per the k-hop, protocol or
physical interference model. Our MAC resembles the one in
[16], where nodes operating over IEEE 802.11 adapt their
backoff counter to minimize idle slots and form a pseudo-
TDMA schedule. We, on the other hand, consider MTR nodes,
aim to shorten an initial TDMA schedule, and do not assume
CSMA/CA.

In this paper, we propose a distributed link scheduler
called Period Controlled Pseudo-TDMA (PCP-TDMA). Nodes
gradually derive the links to be activated in each slot over
time. To illustrate how PCP-TDMA derives a superframe or
schedule, consider Figure 2. We see that the initial superframe
SF, has a length of four slots. All links are activated as per
the no Mix-Tx-Rx constraint. Over time, we see that the links,
e.g., egc and ec g, change their transmission slot with the goal
of reducing the superframe length; i.e., allocating epc into
slot 2 of SF .4, and ecp in slot 1 of SF 4,4, shortens the
superframe length to two, where a, x and y are integers. We
see that PCP-TDMA addresses the following features. Firstly,
nodes improve their reserved random slots over time without
causing collisions. Secondly, nodes determine the last reserved
slot and then update their period to the same value.
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Fig. 2. Example topology and schedule. The final superframe has a length
of two slots

The remainder of this paper has the following structure. In
Section II, we introduce our network model and formalize the
problem. Then in Section III, we describe the design of PCP-
TDMA. Its evaluation is presented in Section IV and Section
V concludes the paper.

II. PRELIMINARIES

We model a WMN as a connected graph G(V, E) with |V|
vertices and |E| edges. Each node v € V represents a static

wireless mesh node, and each edge, denoted as e, or (u,v),
in E corresponds to a directed link from node u to v in G if
and only if the Euclidean distance between u and v is smaller
than or equal to the transmission range r. Here, each link is
supported by a radio and each node u has b,, > |N(u)]| radios,
where N (u) contains the neighbors of node w.

The packets to be transmitted are of equal and unit length.
Time is divided into slots of equal length, which are sized
accordingly to transmit one packet. Nodes are assumed to be
synchronized [19]; e.g., using GPS. The superframe is denoted
as SF and consists of up to P edge sets, where P is the
superframe length; aka the period. We define the ¢-th edge set
in SF as ¢;, which contains transmitting links that adhere to
the no Mix-Tx-Rx constraint; note, €; can be empty. Hence,
a superframe is defined as SF = {¢; | i € {1,...,P}}. In
each superframe, every time slot s is numbered sequentially,
whereby s; represents the i-th slot with ¢ € {1,...,P}. In
addition, we will index the z-th superframe as SF,.

To avoid interference, nodes need to know the slots that
are used by their neighbors for transmitting and receiving
packets. To this end, each node v maintains two sets: Tslot,
and Rslot,; see Section III-A for details on constructing these
sets. As an example, consider Tsloty = {s;, s,;}. This means
node A transmits in slot s; and s;. We assume each node
knows the Tslot, and Rslot, of every neighbor v. This is
reasonable because each node can include this information
in all transmitted data packets. As a result, when selecting a
transmitting slot for its link, say (A4, B), node A can only
choose from the set of feasible slots, which is defined as
Sca,By = {51,---,5p} \ (Rsloty U Tslotg). In words, we
exclude slots used for reception and those used by node B for
transmission.

We are now ready to define the problem. Our aim is to
derive the shortest possible superframe; i.e., the smallest P,
in a distributed manner. Specifically, given an initial P value,
and nodes with MTR capability, design a distributed algorithm
that iteratively reduces the superframe length or P value over
time. Note, how P is determined initially and adjusted will be
discussed in Section IV-B and III, respectively.

III. PERIOD CONTROLLED PSEUDO-TDMA (PCP-TDMA)

The basic idea is as follows. The initial superframe SF;
has period P. All nodes attempt to reserve a random slot for
each of their links. If a node reserves a slot successfully, it
will use the slot for data transmission in the next superframe.
Otherwise, if there is a collision, a node will attempt to reserve
another random slot in the next superframe. After reserving a
slot, say s;, the node will then attempt to improve its current
slot s; by reserving an earlier slot s;, where j < i, in the next
superframe. This means if the last slot reserved by nodes is
S¢» where ¢ < P, then we can reduce the superframe to ¢; i.e.,
we update P to c.

If the topology changes after the period update, e.g., a
new node joins or dies, then a new superframe will have to
be regenerated. However, we do not expect this to happen
frequently as nodes in a WMN are primarily static. Having



said that, in Section III-C, we will discuss how nodes readjust
the superframe when the topology changes.

PCP-TDMA consists of two parts: slot reservation and
period minimization. In the first part, nodes send RESV
messages to move the activation time of their links nearer to
the start of each superframe in order to fully utilize earlier time
slots of a superframe. In the second part, nodes communicate
with their neighbors to inform each other of idle slots located
at the end of a superframe, and then remove these idle slots
to shorten the period P. Note, due to space limitation, we
have omitted detailed descriptions of PCP-TDMA’s execution
process, analysis of its correctness and some results concerning
its performance. Interested readers are referred to [20] for more
information.

A. Part-1: Slot Reservation

The aim is to improve current transmission slots by attempt-
ing to reserve earlier slots. Figure 3 shows the state diagram of
the slot reservation process. Initially, nodes are in the “Start”
state. Assume link e4p of node A currently has slot s;. Node
A then moves to the state “Transmit RESV” and attempts to
reserve a random slot s; in S( A,B)s where j < 7, by sending
a RESV message to node B in slot s;. The RESV message
is sent with a probability of p = -; recall that i is the slot
index number, and P is the current superframe length. Observe
that p is biased towards links with a bigger slot number; i.e.,
those near the end of the current superframe will have a higher
priority to move to an earlier non-conflicting slot.

— =

Receive RESV
Send GRT
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Fig. 3. State diagram for PCP-TDMA’s slot reservation process

A node, say B, that receives a RESV message moves into
the state “Receive RESV”. Assume node B receives a RESV
message without any conflict. It then replies immediately with
a grant or GRT message. Node B then updates Rslot to record
slot s; as its receiving slot; i.e., it replaces slot s; in Rslotp
with s;. After that node B goes back to the “Start” state.
When node A receives the GRT message from B, it moves to
the “Update Tslot” state to mark slot s; as its transmitting slot
by replacing slot s; with s; in the set Tslot4. It then moves
back to the “Start” state.

If node B experiences a collision, i.e., it did not receive the
RESV message from A, then there will be no GRT message.
In this case, node A concludes that the reservation has failed.
It thus retains the current transmitting slot s; for link e4p.
Node A will either go back to the “Transmit RESV” state to
retransmit a RESV message with probability p in a random slot
from S 4 p) in the next superframe, or go to the “Terminate”
state. The state node A chooses depends on whether it has
tried to transmit a RESV message for a given maximum retry
threshold. We set the retry limit to |S¢a ) \ {si,...,5p}
where s; is the current reserved slot. This allows nodes to try
to reserve in every earlier slot in S(4, p) before it terminates
the slot reservation process. Once in the “Terminate” state, a
node no longer tries to move its current slots.
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B. Part-2: Period Minimization

This part consists of two stages: new P proposal and
its confirmation. The aim is for nodes to learn the shortest
feasible period and to update their current period. Eventually,
all nodes in the network will use the same shortest P, and the
superframe period can no longer be shortened.

1) Stage-1: New P Proposal: We first explain how nodes
propose a new period. To reduce signaling overheads, only
nodes with the highest ID among all their neighbors have the
right to propose. Assume that node A is such a node. After
reaching the “Terminate” state in Part-1, it searches for the
largest slot sy, that is occupied by a transmitting link. Formally,

P’ = argmax (s N {Tslot, U Rslot, } # () (1)
ke{1,...,P}

where v € {N(A) U A}. Node A compares P’ against the
current period P. If P’ < P, then node A becomes the root
node. It sends a PROP{A, P’} message to its neighbors. The
message includes its ID and the proposed period P’.

In the sequel, we will need the following definition of
parent and child. A parent of a node A is defined as the
neighbour that has transmitted a PROP message to A. All
other nodes in N(A) are known as the children of node A.
For each PROP message, a node will keep a separate record
of the corresponding parent and child nodes. In addition, after
transmitting a PROP to every child, a node starts a timer called
To. The duration of T is a design parameter that can be
changed according to traffic requirements or network topology.

When a node, say C, receives a PROP {4, P’} message
from its neighbor B, node C needs to determine whether
to accept or reject the proposed period P’. This process is
illustrated by the state diagram shown in Figure 4. Upon
receiving a PROP message, node C' will record neighbor B
as a parent. Then node C needs to determine whether it is
a duplicated PROP message. To do this, node C' checks the
following two elements contained in the PROP message: ID
and P’. If the ID of the received PROP message matches the
ID contained in a previously received PROP message, and
these two PROP messages have the same P’ value, then the
newly received PROP message is a duplicate. Node C' discards
the duplicated PROP message and will not reply to parent B.
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Fig. 4. The propagation of a PROP message

On the other hand, if the PROP message is new, then C' will
determine the validity of the proposed period P’ as follows.
Node C first finds the largest occupied time slot sg. That is,

P" = argmax (si N {Tslot, U Rslot, } # () 2)
k'e{1,...,P}

where u € {N(C) U C}. Node C' compares P’ against P”
to determine whether the proposed period P’ can be accepted
by node C. If P’ is smaller than P”, meaning P’ cannot be
node C’s new period, then node C' discards the message PROP
{A, P’} and does not reply to any parent. On the contrary,
if P/ > P”, node C approves P’ and forwards the PROP
message to all its children, if there are any. Node C' then enters
the state “Wait for APRV”, where C expects all its children
to send a message APRV{A, P’} back as an approval of the
proposed period P’. If C' does not receive an APRV message
from every child within a duration of Tp, a Timeout event
occurs. This causes node C' to discard the message PROP { A4,
P’} and not to reply with an APRV message. However, if C
collected every APRV before Ty, then node C' goes to the last
state “Send APRYV to all parents”.

2) Stage-2: New P Confirmation: This stage starts when a
root node, say A, has successfully collected an APRV message
from all its neighbors (or children) in Stage-1. The aim of this
stage is to inform all nodes the approved period and the start
time of the new superframe. The key challenge is to have all
nodes start the new superframe at the same time.

In this stage, any node, say C, uses a message called
UPDATE {A, P’, t, 7¢} to inform its children that the root
node A is going to start a superframe with period P’. Here,
the element ¢ is a time stamp (e.g., unix epoch timestamp) of

when this UPDATE message is generated by the root node, and
T¢ indicates the time slot that node C' begins using the new
P’ instead of the current period P. Here, all four elements
are important because they are also used to guarantee the
uniqueness of each UPDATE message.

Now we explain how node C calculates its starting slot 7¢.
Assume node C sends the UPDATE { A4, P, t, 7} message to
its children in superframe SF,. The value of 7c must satisfy
the following two requirements.

1) Requirement-1: 7c must be a slot in SF 9. This is
because node C requires two superframes, namely SF
and SF 41, to send an UPDATE message and receive
an ACK from all its children.

2) Requirement-2: 7 must be n x P’ slots after the
starting slot of C’s parent, where n € N. This is to
ensure that C' starts the new superframe with period P’
simultaneously with its parent.

Here, the new superframe SF,1o = {¢; | ¢ € {1,...,P'}},
where each edge set €; in SF 2 is equal to its corresponding
edge set in SF,. Note that each edge set ¢;, for > P, in
SF, is empty and thus is not considered.

We now use Figure 5 to explain how a new period is
confirmed and updated by every node. Firstly, a root node,
say A, will carry out the steps on the left branch. It sends
the message UPDATE{A, P’, t, T4} to all its children and
waits for their ACK. At time slot 74, if A has received an
ACK from every child, node A goes to the last state in the
left branch; i.e., “Start new superframe with period of P’ in
slot T4”. Otherwise, node A returns to the sending UPDATE
state at the beginning of the left branch after “Recalculate T4 .
Here, the starting slot 74 is recalculated as the first slot after
two superframes; cf. Requirement-1.

START J<
Left branch ) \

—>{Send UPDATE (A, P',t, td to children}< {Receive UPDATE(A, P', 1, 7} from parent)

Wait for ACK from every child Yes Do not send ACK

1No

Right branch’

Collect ACI
from every child before
2

[Start new superframe with
period of P'in slot t¢.

No
(Recalculate t J=-

—Send ACK

Calculate tc

Fig. 5. Confirmation of a new period

Next, we describe how a node confirms and updates the new
period P’ when it receives an UPDATE message. According
to the right branch of Figure 5, if a node, say C, receives an
UPDATE {A, P/, t, 75} message from its parent B, node C
acquires the following information: parent B is going to start
a new superframe with period P’ from slot 75 onwards.

First, node C' compares P’ against the current period P. If
P’ is bigger than P; i.e., P’ > P, node C does not send an



ACK to its parent and it will not change its period. Otherwise,
if P’ < P, node C goes through the remaining states in the
right branch. It first responds to parent B with an ACK to
inform B that the period update event has been noted. Then
node C will calculate its own starting slot 7 for the new
period. If node C has children, it moves to the left branch
to inform its children. Otherwise, if C' has no children, it
goes to the last state in the left branch where C' starts the
new superframe with period of P’ from 7o onwards. With
the propagation of the UPDATE messages, the period update
event occurs at each node in the network. Finally, all nodes
conform to the same period P’.

One question that arises is what if node C receives an
UPDATE message whose P’ value is equal to the current
period P. Although the superframe length does not change, a
different starting slot contained in the newly received UPDATE
message leads to a different starting slot 7o for node C.
Thus, to ensure that every node starts the new superframe
simultaneously, node C' will check the time stamp ¢ of this
UPDATE message. Nodes will adopt this UPDATE message
if it is older because this means it has existed for a longer
time period and thus, covers more nodes. In the event that
the time stamp is the same, nodes will accept the UPDATE
if it contains a higher root node ID. Otherwise, the UPDATE
message will be discarded.

C. Topological change

Whenever new nodes join, the current period may need to be
re-adjusted to ensure that new links can be scheduled without
interference. In addition, we also need to make sure existing
links remain unaffected by new links.

Assume there is a new node F'. Let E be its neighbour that
is already connected to the network. Node E will transmit
its current schedule and current period P to node F' in a
random slot, say s,., in Tslotg. Node I’ will then record s, in
Rslotr. Upon receiving node E’s schedule, node F' inspects
the schedule of F, and sends a RESV message to node F
in a random feasible slot s; in S ). If node F' receives a
GRT message from E, then the slot reservation is successful.
Node F and FE add the reserved slot s; into the set Tsloty
and Rslotg, respectively.

In the case where no feasible slots are available, meaning
every slot has a conflict with node F’s outgoing links, then
node F' needs to expand the current superframe by one slot.
Specifically, the new superframe needs to have a period of
P + 1, where the edge sets {¢;|i € {1,...,P} in the new
superframe are equal to that of the current superframe, and the
one extra edge set epy; contains all /s unscheduled links.

To expand the superframe, node F sends a JOIN{P+1, 7o}
message to an existing neighbor node at random; let it be node
E. Tt then becomes a root node and sends a EXP{FE, P+1, ¢,
T } message to its children, where F is the root node ID, P+1
is the new period, t is the time stamp and 7g is the starting
slot of the new superframe. This message is propagated to all
other nodes in the network; see Figure 6. Observe that the
depicted process is similar to how an UPDATE message is

processed in Section III-B2, except that nodes do not have to
verify the validity of the proposed period P + 1.

Right branch
@ceive EXP{E, P+1, t, t¢} from pare@

» Left branch

—>{(Send EXP {E, P+1, t, t} to children J=

Start new superframe with
period of P+1 inslotte J© ~ "7

Fig. 6. Re-adjusting the period when a new node joins

On the other hand, if existing nodes leave the network, we
consider two cases. In the first case, the leaving node, say
Q, is the root node which established the current schedule.
It means that before @ left, its incident links occupied the
largest slot sp of the current period P. Thus the neighbor(s)
of node () propagate(s) a message to notify all other nodes
that the root node ) has left the network. Upon receiving
such a message, the remaining nodes will initiate Part-2 to
propose a new period P’. However, if () is not a root node,
then no action needs to be taken because the largest occupied
slot remains the same, and thus the length of the current period
is not affected.

IV. EVALUATION

We evaluate the performance of PCP-TDMA using Mat-
Graph [21], a Matlab toolkit that works with simple graphs.
Each node is assumed to have a dedicated antenna for every
neighbor. We conduct our experiments over random topologies
where we place 50 nodes randomly on a 100m x 100m square
area in order to study the impact of transmission range. We
vary the transmission range of nodes from 30m to 100m.

We compare PCP-TDMA against ALGO-2 [6], a centralized
MTR link scheduler, and two distributed algorithms: Jazzy-
MAC [11], and ROMA [13]. ALGO-2 generates a bipartite
graph with maximal matching by placing nodes into two sets:
Setl and Set2. Initially, all nodes are included in Setl and Set2
is empty. ALGO-2 then moves a node from Setl to Set2 if
doing so increases the number of active links. After processing
all nodes, in time slot ¢, nodes in Setl transmit to nodes in
Set2. Then, upon removing all activated links from nodes in
Setl to those in Set2 from the network, the above process is
repeated on the revised topology. ALGO-2 terminates when it
has scheduled all links.

JazzyMAC initially assigns tokens to nodes according to a
centralized scheme; i.e., graph coloring. A node becomes a
transmitter when it holds the token of all its incident links.
When a node finishes its transmission, it passes the token to
the other end of the link. ROMA is a distributed scheme where
nodes are synchronized and uses two-hop topology informa-
tion to compute a schedule. ROMA evenly and randomly splits



nodes into transmitters and receivers in each slot, which are
paired together for data transmission. Then ROMA resoles
contention according to node priority, where a node’s priority
is calculated based on its ID. The node with the highest priority
among contending neighbors has the right to transmit.

In our experiments, we measure three metrics: superframe
length, number of concurrent active links, and number of
time slots required for PCP-TDMA to reach convergence. All
presented results are an average of 20 simulation runs; each
with a different topology. The error bars shown in the line
graphs indicate 95% confidence interval of the mean value.

A. Transmission Range

Figure 7 (a) shows that ALGO-2 generates the shortest
superframe length, which gradually increases from 6.2 to 11.5.
The key reason for this increase is because more links are
established between nodes as the transmission range increases.
The superframe length of PCP-TDMA is close to that of
ALGO-2; i.e., PCP-TDMA produces superframes with at most
3.1 additional slots. For ROMA, its superframe length is fairly
high at around 27. This is because ROMA splits all nodes
into transmitters and receivers randomly in each time slot.
The superframe length of JazzyMAC is similar with ALGO-
2 and PCP-TDMA when the transmission range is 30 to
40m. However, from 40m onwards, JazzyMAC shows a sharp
increase in superframe length. This is because in JazzyMAC
a node is allowed to transmit on all its links only after it
has the token of all its links. Consequently, in some cases,
time slots are wasted while waiting for tokens to return. Thus,
JazzyMAC’s performance degrades when nodes need to collect
more tokens from more neighbors.

Figure 7 (b) compares the average number of concurrent
links per time slot. ROMA results in the most concurrent links
because of opportunistic links, i.e., links that have transmitted
in earlier slots and are added to a slot for the sole purpose of
increasing the number of activated links [6]. For ALGO-2 and
PCP-TDMA, the capacity can be increased if opportunistic
links are added. Therefore, the result does not indicate that
ROMA has a higher scheduling efficiency. Further, as shown in
Figure 7(a), ROMA has a significantly longer superframe. This
means some links will have a lower throughput as compared
to being scheduled by PCP-TDMA. The number of concurrent
links when using ALGO-2 and PCP-TDMA doubles when
the transmission range reaches 100m. For longer transmission
ranges, the difference between ALGO-2 and PCP-TDMA is at
most 20%. For JazzyMAC, the number of concurrent links is
reduced by half when the transmission range increases from
40m to 100m. Thus, it is not suitable for random topologies
when nodes have many neighbors. Note, at 100m, the network
is almost fully connected. Thus, all results remain the same
after 100m.

B. Impact of initial period on convergence time

In this section, we study how the initial period value P;,
i.e., the length of superframe SJF;, affects the convergence
time of PCP-TDMA. To do this, we compare the convergence
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Fig. 7. Performance of different algorithms under increasing transmission
range, (a) Superframe length, and (b) Number of concurrent links.

time when we set the initial period P; to three different
values. Figure 8 illustrates the average number of time slots
required for PCP-TDMA to reach convergence when using the
following initial periods: P;1, P;o and P;3. Here, we set P;; to
2 X Dypaz, Pia to a constant of 10, and P;5 = [Da./3] + 5,
where D,,,, is the maximum node degree among all nodes.
The value of P;; ensures that all links have at least one feasible
slot to reserve for general topology. The value of P;3 is the
most suitable value found experimentally for this particular
topology. We perform this simulation on a 50-node network,
with node degree increasing from five to 15. Overall, we see
a rising trend in convergence time as node degree increases.
This is because with increasing number of links, PCP-TDMA
requires longer time to schedule every link.

Next, we compare the convergence time when using dif-
ferent P; values. The three curves start around 100 slots.
However, the convergence time when using P;; then rises
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Fig. 8. Convergence time under increasing node degrees

significantly to 370 slots, whereas the number of slots when
using P;o and P;3 rose steadily to reach just 182. The reason is
that, with the increase in node degree, the difference between
the P;; and the final period Py increases rapidly, where P; is
the length of superframes used by nodes when convergence
is reached. This means when links are scheduled initially,
they tend to be randomly scattered in a longer superframe.
Thus nodes require more time to improve their reserved slots
repeatedly, in order to reduce the superframe length from P;;
to Py. Using P;y as the initial value results in the minimum
increase, about 70 slots. The reason is that when node degree
goes up, the difference between Pj; and Py decreases as P
is a constant. However, using a fixed integer as P; is not
practical because Py increases proportionally to the maximum
node degree. This means that if we set P; to a smaller value
than Py, PCP-TDMA can never compute a superframe because
interference between links always exists. Thus we must ensure
that P; is greater than Py. From these results, we configure
P; to be P;3, which ensures a relatively small and constant
difference from Py. We can see in Figure 8, among the three
P;s, the convergence time when using P;3 is the shortest, from
80 to 182 time slots.

V. CONCLUSION

Advances in radio technologies now allow nodes to have
multiple transmit or receive capability over the same fre-
quency. To this end, this paper proposes PCP-TDMA; a
MAC that derives a TDMA schedule using only local in-
formation. This is significant because it reduces the need to
send topological information to a central node/server. Another
distinguishing feature is that nodes can start data transmission
immediately whilst the final schedule is computed over time.
As a future work we plan to consider queue lengths, meaning
instead of activating each link once, we activate links in
proportion to their queue lengths.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]
[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

REFERENCES

B. Raman and K. Chebrolu, “Design and evaluation of a new MAC
protocol for long-distance 802.11 mesh networks,” in ACM MOBICOM,
Cologne, Germany, Aug. 2005.

A. Gore and A. Karandikar, “Link scheduling algorithms for wireless
mesh networks,” IEEE Communications Surveys Tutorials, vol. 13, no. 2,
pp. 258 273, 2011.

L. Wang, K.-W. Chin, S. Soh, and R. Raad, “Novel joint routing and
scheduling algorithms for minimizing end-to-end delays in multi tx-rx
wireless mesh networks,” Computer Communications, vol. 72, pp. 63 —
77, 2015.

R. Mudumbai, S. Singh, and U. Madhow, “Medium access control for
60 GHz outdoor mesh networks with highly directional links,” in JEEE
INFOCOM, Rio de Janeiro, Brazil, Apr. 2009.

Y. Shi, J. Liu, C. Jiang, C. Gao, and Y. T. Hou, “An optimal link layer
model for multi-hop mimo networks,” in JEEE INFOCOM, April 2011,
pp. 1916-1924.

K.-W. Chin, S. Soh, and C. Meng, “Novel scheduling algorithms for con-
current transmit/receive wireless mesh networks,” Computer Networks,
vol. 56, no. 4, pp. 1200 —1214, Mar. 2012.

K. Chin, S. Soh, and C. Meng, “A novel spatial TDMA scheduler for
concurrent transmit/receive wireless mesh networks,” in IEEE AINA,
Perth, WA, Australia, 2010.

H. Dai, S. Liew, and L. Fu, “Link scheduling in multi-transmit-receive
wireless networks,” in /EEE LCN, Bonn, Germany, Oct. 2011.

Y. Xu, K.-W. Chin, S. Soh, and R. Raad, “Scheduling links with air-time
in multi transmit/receive wireless mesh networks,” Wireless Networks,
pp. 1-14, 2015.

R. Patra, S. Nedevschi, S. Surana, A. Sheth, L. Subramanian, and
E. Brewer, “WiLDNet: design and implementation of high perfor-
mance WiFi based long distance networks,” in ACM NSDI, Cambridge,
MA,USA, Apr 2007.

S. Nedevschi, R. Patra, S. Surana, S. Ratnasamy, L. Subramanian,
and E. Brewer, “An adaptive, high performance mac for long-distance
multihop wireless networks,” in ACM MOBICOM, New York, NY, USA,
Sep 2008.

S. Chu and X. Wang, “Opportunistic and cooperative spatial mul-
tiplexing in MIMO ad hoc networks,” IEEE/ACM Transactions on
Networking, vol. 18, no. 5, pp. 1610-1623, Oct. 2010.

L. Bao and J. Garcia-Luna-Aceves, “Transmission scheduling in ad
hoc networks with directional antennas,” in ACM MOBICOM, Atlanta,
Georgia, USA, Sep. 2002.

Y. Xu, K. W. Chin, R. Raad, and S. Soh, “A novel distributed max weight
link scheduler for multi-transmit/receive wireless mesh networks,” IEEE
Transactions on Vehicular Technology, vol. PP, no. 99, pp. 1-13, 2016.
H. Wang, K.-W. Chin, S. Soh, and R. Raad, “A distributed maximal link
scheduler for multi tx/rx wireless mesh networks,” IEEE Transactions
on Wireless Communications, vol. 14, no. 1, pp. 520-531, 2015.

M. Lee, Y. Kim, and C.-H. Choi, ‘“Period-controlled mac for high perfor-
mance in wireless networks,” IEEE/ACM Transactions on Networking,
vol. 19, no. 4, pp. 1237-1250, Aug. 2011.

A. Das and T. Zhu, “A reservation-based TDMA MAC protocol using
directional antennas (RTDMA-DA) for wireless mesh networks,” in
IEEE GLOBECOM, Washington, DC, USA, 2007.

E. Modiano, D. Shah, and G. Zussman, “Maximizing throughput in
wireless networks via gossiping,” SIGMETRICS Perform. Eval. Rev.,
vol. 34, no. 1, pp. 27-38, Jun. 2006.

N.-C. Wang, Y.-F. Huang, and J.-C. Chen, “A stable weight-based on-
demand routing protocol for mobile ad hoc networks,” Information
Sciences, vol. 177, no. 24, pp. 5522 — 5537, May 2007.

Y. Xu, K.-W. Chin, and S. Soh, “A distributed pseudo TDMA protocol
for multi-transmit-receive wireless mesh network.” [Online]. Available:
http://arxiv.org/abs/1607.02045

E. R. Scheinerman, “Matgraph: a MATLAB toolbox for graph theory,”
Department of applied mathematics and statistics, the Johns Hopkins
University, Baltimore, Maryland, pp. 1- 7, 2008.



