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Analysis of Three-Phase Multiple Access with Continual
Contention Resolution (TPMA-CCR) for Wireless
Multi-Hop Ad Hoc Networks

Yeongyoon Choi and Aria Nosratinia

Abstract: In this paper, a new medium access control (MAC) proto-
col entitled three-phase multiple access with continual contention
resolution (TPMA-CCR) is proposed for wireless multi-hop ad hoc
networks. This work is motivated by the previously known three-
phase multiple access (TPMA) scheme of Hou and Tsai [2] which
is the suitable MAC protocel for clustering multi-hop ad hoc net-
works owing to its beneficial attributes such as easy collision de-
tectible, anonymous acknowledgment (ACK), and simple signaling
format for the broadcast-natared networks. The new TPMA-CCR
is designed to let all contending nodes participate in contentions for
a medium access more aggressively than the original TPMA and
with continual resolving procedures as well. Through the systemat-
ical performance analysis of the suggested protocol, it is alse shown
that the maximum throughput of the new protocol is not only supe-
rior to the original TPMA, but alse improves on the conventional
slotted carrier sense multiple access (CSMA) under certain circum-
stances. Thus, in terms of performance, TPMA-CCR can provide
an attractive alternative to other contention-based MAC protocols
for multi-hop ad hoc networks.

Index Terms: Anonymous acknowledge (ACK), clustering proto-
col, contention resolution, medium access control (MAC) proto-
col, three-phase multiple access (TPMA), wireless multi-hop ad hoc
networks.

I. INTRODUCTION

In the variety of current wireless communication systems, ad
hoc network has been settled to gain more popularity for sup-
porting various wireless communication services, As mobile de-
vices become smaller in size and so shrink their radio coverage
for longer battery life, this ad hoc type of network is gradually
evolved for covering up to the area where is beyond a single-
hop away from the access point of infra-structured networks. In
such ad hoc circumstances, the mobile nodes usually do not
have direct links to all the others including the base stations
geographically dispersed in the service area. Hence it may be
commonly required to relay data packets over many other nodes
before those packets are reached to the destination, resulting in
multi-hop ad hoc networks [5].
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Since a large-scaled ad hoc network connects all the mobile
nodes in a multi-hop fashion, developing the appropriate man-
agement protocols of such network including medium access
control (MAC) and routing schemes has been a great challenge
to network designers. In order to alleviate the perturbation of
such multi-hop ad hoc networks, organizing multi-clusters for
large-scaled ad hoc network has been admitted as one of the
most prospective solutions due to the three main advantages of
clustering, such as the spatial reuse of resources, the easier up-
date of hierarchical topology and the reduced information ex-
changes for routing [1]. And also, the MAC protocols, which
are responsible for coordinating the access from active nodes in
the network, are of significant importance since the wireless ad
hoc networks are inherently prone to errors [3].

In [2], the more efficiently deployed clustering protocol,
called access-based clustering protocol (ABCP), than any other
previous clustering was introduced. ABCP had shown one big
difference from the previous clustering protocols in that the clus-
tering formation is mainly based on the newly proposed MAC
protocol which is different from the conventional IEEE 802.11-
based MAC protocol. Hou and Tsai [2] called their MAC proto-
col for forming clusters as three-phase multiple access (TPMA)
scheme from the fact that the medium access control is per-
formed in three relatively simple phases. And they showed the
whole performance of ABCP can be improved by this efficient
MAC protocol for the control channel that supports faster con-
tention resolutions and brings to high throughput.

In this paper, the new three-phase multiple access with con-
tinual contention resolution (TMPA-CCR) protocol is proposed
as a new MAC layer protocol for wireless multi-hop ad hoc net-
works, The proposed method builds on the ideas of a MAC pro-
tocol known as TPMA [2], which was designed for the purposes
of clustering in wireless multi-hop ad hoc networks. The orig-
inal TPMA has several advantages that are attractive for multi-
hop ad hoc networks, including a simple signalling structure as
well as anonymous acknowledgment (ACK), but does not en-
joy very good throughput performance. We modify this TPMA-
based MAC scheme by letting all the contending nodes continu-
ously participate in contentions until a winner node for an access
arises. The more detailed descriptions of TPMA-CCR protocol
are presented in section 1 with some backgrounds and related
works on TPMA.

Through the mathematical performance analysis, the normal-
ized throughput of the suggested protocol is carefully derived
and compared to not only that of the original TPMA, but also
those of more conventional MAC schemes in wireless networks
such as additive links on-line hawaii area (ALOHA) and slot-
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Fig. 1. The original TPMA based MAC frame format.
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ted carrier sense multiple access (CSMA). The derivations use
the reciprocal of the average contention resolution time, i.e., the
successful packet interdeparture time as derived in [7], [8]. The
results show that the evolution of this TPMA-based protocol will
provide the improved throughput performance.

II. TPMA AND TPMA-CCR
A. Background and Related Work

The TPMA idea was originally suggested for the control
channel of clustering ad hoc networks [2]. In the original TPMA,
a dedicated control channel is used for disseminating control
messages. As shown in Fig. 1, the control channel is partitioned
into fixed-size frames (also known as control frames) composed
of M mini-slots followed by a designated message slot. The
number of mini-slots is fixed for all control frames, and the sum
of all mini-slots is called as an elimination slot.

Each mini-slot is further divided into three phases, giving rise
to the name of the protocol, Three-Phase Multiple Access. The
three phases are: Request to send (RTS) where nodes make their
request for transmission, collision report (CR) where nodes re-
port collisions that just occurred in the RTS, and receiver avail-
able (RA). In the RA phase, if nodes only receive one RTS in-
dication in phase 1, they send a RA indication to acknowledge
this RTS request.

A contender node transmits an RTS signal during the first
phase and tries to sense the presence of collisions. In the absence
of collision, i.e., no neighbour contender, it checks the presence
of RA signal from a possible receiver node (third phase). If it
senses a RA, the node has won the contention, so it will wait
throughout the remaining mini-slots and transmits control data
message in the designated control message slot.

If there is an active node within 2 hops of this node, the CR
signal will be detected in phase two, and a contention resolution
process will be initiated. At this point, the node knows that at
least one of its neighbours has experienced a collision. The node
will then act as follows: with probability p, the node makes an-
other attempt by sending another RTS in the next mini-slot. With
probability 1 — p, the node backs off from the contention, aban-
dons the entire message slot, and waits for the next frame. Thus,
once a collision has been indicated, the node will be eliminated
from the contention with probability 1 — p. This process contin-
ues until a winner arises and claims the channel.

To summarize, the CR phase detects the collision caused by
neighbouring contenders in the same broadcasting zone, while
the RA phase detects the existence of possible receiver nodes in
the same zone. The RA addresses the issue of receiving erasure
which is named in [2] because of the half-duplex restriction, i.e.,
a node cannot transmit and receive on the same channel simul-
taneously. For instance, if a node sends an RTS but does not
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Fig. 2. The frame format of the new TPMA-CCR.
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detect any CR and RA indication in the following two phases,
this node is either isolated or all its one-hop neighbours send
RTSs too. For this reason, all the three phases RTS, CR, and RA
are essential.

In the interest of efficiency, the signalling of RTS, CR, and
RA should be simple and compact. In each phase, a simple noti-
fication of absence/presence/collision (0/1/c) is enough [2]. The
signal should be only long enough that a receiver can discrimi-
nate between the three states.

A scheme such as TPMA can in principle be competitive with
the conventional exponential backoff in IEEE 802.11, because
it has attributes that are beneficial to broadcast-type networks,
including collision detectible, anonymous ACK, and simple sig-
naling format [2]. However, because nodes are rapidly removed
from contention to avoid consecutive collisions, there is a non-
trivial probability that all contenders may abandon the message
slot before the end of the elimination, so the designated message
slot may be wasted. The designated message slot can also be
wasted when two or more nodes are still in contention until the
final mini-slot, i.e., when no winner arises because of the limited
(fixed) number of elimination slots per control frame. The lack
of a clear winner, either through rapid back-off or because of a
lack of resolution, clearly degrades network performance.

B. The TPMA-CCR Protocol

As mentioned earlier, the basic idea of TPMA includes sev-
eral features that are very attractive for wireless sensor net-
works. However, the removal of colliding nodes from the
contention before a winner has been determined can lead to
some weaknesses in performance. In the new protocol (TPMA-
continual contention resolution (CCR)), the contending nodes
will remain for the continued contention until a clear winner of
the channel has been determined. The issue of excessive colli-
sions is addressed by allowing only a fraction p of the contend-
ing nodes to compete for the channel at each point in time, via
random self-selection. In this way, a varying mixture of nodes
is allowed into the contention pool such that performance is im-
proved. The details of the TPMA-CCR protocol are as follows.

We first start by specifying a modified MAC frame format as
in Fig. 2. The TPMA-CCR protocol keeps the three-phase struc-
ture of the original TPMA mini-slots, i.e., each contention mini-
slot has three phases known as RTS, CR, and RA. However, the
overall structure of each message frame is altered compared with
TPMA. To begin with, the mini-slots are not identical; the func-
tion and operation of the odd and even mini-slots will be slightly
different, as explained in the sequel. Each set of two consecutive
mini-slots is grouped together into one contention stage. Also,
the total number of mini-slots is no longer fixed; instead, the
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Fig. 3. The flow diagram of contention resolution procedures at every contention stages.

contention process is continued until a clear winner arises. This
gives rise to a variable-length message frame, which can be sup-
ported by well-known synchronization mechanisms in wireless
communication.

Subject to this frame format, the operation of the protocol is
as follows. At the beginning of the message frame, each node
that desires to use the channel will put itself either in a contend-
ing group (which we shall call type-A) with probability p, or in
a listening group (which we shall call type-B) with probability
1 — p. If a node is type-A, it will be active in the first mini-slot
and will transmit an RTS. All type-B nodes, as well as nodes
that do not wish to contend in the same broadcasting zone, will
listen for collisions.

If any type-B node detects a collision, it will transmit a CR
signal that will be received by type-A nodes, telling them that
there was no clear winner in this mini-slot. It is assumed that
multiple CR signals are not detrimental to each other. If there
exists at least one listening node (either type-B or otherwise)

that does not detect a collision, it will send a RA signal. Upon
receiving the RA signal, the contending transmitter will know
that it has won the channel, and commences transmission.

In the event that no winner arises in the first mini-slot, each
type-A node will revert to type-B and vice versa, the three-phase
operation will be repeated for the second mini-slot.

Finally, if at the end of the second mini-slot no clear winner
of the channel arises, the all contending nodes are repeating the
operation of contention which starts from the beginning. The
nodes will make a random choice (independent of their previous
choice) of being type-A or type-B, and go through the process
of three-phase contention resolution. This overall process con-
tinues until a clear winner arises in the channel.

The flow diagram of this protocol is shown in Fig. 3. Note
the vertical distinction of the three phases of the TPMA-CCR
protocol and the horizontal separation between the type-A and
type-B activities.

There are also receiving erasure problem as in [2], for exam-
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ple, if a CR is not received (no collision has been detected) but
no RA is received either, this can be a sign that there was no
type-B node available to listen and/or check for collisions. In
the new TPMA-CCR protocol, the problem is easily overcome
by having all contenders (type-A) continue the contention at the
following mini-slots by repeating random self-selection as type-
A or type-B node until a winner arises as shown in Fig. 3. The
repeated random self-selections provide the possible type-A and
type-B nodes at the continuing contention stages.

We note that the TPMA-CCR can be considered the evo-
lution of another algorithm known as TPMA alternating con-
tention resolution (TPMA-ACR) [9] developed by a subset of
the present authors.

1II. THROUGHPUT ANALYSIS OF TPMA-CCR

In this section, the careful derivation of the performance anal-
ysis of this new protocol is derived and the comparisons between
the new protocol and rather conventional ones such as ALOHA
and CSMA protocols are done with the average contention res-
olution time and throughput as well.

A. Fundamentals for Analysis

The throughput of the system, in this paper, is defined as the
average number of successful packet transmissions completed
during a given interval[0, 7], essentially the normalized length of
message data packet, which is a classical definition [8].

Let {X(™:n = 1,2,---} be a sequence of packet inter de-
parture times. The starting time is set at the end of the success-
ful transmission of an arbitrary packet. Each interval X (") be-
gins at the end of the previously successful transmitted packet,
and ends at the end of the transmission of the next successful
packet. It is easy to show that for memoryless MAC protocols,
the inter-departure times are independent, identically distributed
(i.i.d.) random variables. The time of the completion of the nyy,
successful transmission is:

s — x4 x@ ... x) = 1,2,--- (1)

Therefore, {S(™);n = 1,2,---} is a renewal process
[10]. For time ¢t > 0, let D(¢) be the number of successful trans-
missions completed during an interval [0, {], i.e.,

D(t) = max{n; $™ <t} @)
Due to the elementary renewal theorem
D 1

m 20 _ L 3)
t—oo  t X

where X is the mean of the packet inter-departure times from
the system. Thus, (3) represents the throughput, S of the sys-
tem according to our definition of the throughput, which is the
reciprocal of the average packet inter-departure times.

B. Throughput of TPMA-CCR

Following [8], the successful packet interdeparture time X is
composed of the contention period and the successful transmis-
sion period. The contention period in turn is divided into idle
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Fig. 4. Packet interdeparture times X (a) Generic protocol, (b) TPMA,
(c) TPMA-CCR, and (d) slotted CSMA.

and unsuccessful transmission periods (identically distributed)
as shown in Fig. 4(a).

Now, let K be the number of transmission periods (successful
or unsuccessful) included in X . Clearly the last transmission is
the only successful one. Let 1) and F(¥) be the duration of the
kyp, idle period and unsuccessful period respectively, and T be
the duration of the successful transmission period. Then,

K-1
X=)Y W4+ 418 41
k=1

4

where 1) and F®*) are i.i.d. Thus, the sequence of renewal
cycle durations {I(k) +F0 =12 ... } are independent and
identically distributed, and furthermore I5) 4 Tis independent
of the previous cycles. Hence, the mean of X is:
X=K~-D)I+F)+I+T (5)
where it is assumed that F(*) and T are independent of (%),
Let w be the probability of successful transmission, then it is
clear the K has a geometric distribution [8], i.e.,
PriK=k = (1-wftw k=12,
K = 1l/w. 6)
Therefore, given a specific MAC protocol, X can be easily
computed by (5) and (6) if w and the mean of 1, F, and T’
are known. These mean values depend on the particulars of the
MAC protocol.

B.1 The Original TPMA [2]

As shown in Fig. 4(b), in TPMA no idle period exists between
unsuccessful transmissions. Furthermore, the length of both
successful and unsuccessful transmissions during contention is
fixed via the format of the MAC protocol which has exactly M
elimination mini-slots followed by one message data slot. For
easier exposition, the size of mini-slot ¢ is normalized by the
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data slot.

Hence, the successful packet interdeparture time of the origi-
nal TPMA based MAC protocol is

K-1
X=> F®4r 7
k=1

where F'¥) and T are fixed deterministic variables with F(*) =
Ma+1andT = Ma + 1 respectively. So, the mean of X, i.c.,
the average contention resolution time of the protocol is

X=Mao+1)/w (8)

with the probability of the successful transmission

M k=2 "k !
W= Z npk—l(l _p>n—1 (z pz> _ (Z pz> 9)
k=1 =0 i=0

where . 18 the total number of contenders in the same broad-
casting zone. The results up to this point follow {2].

B.2 The TPMA-CCR Protocol

In this new protocol, the contention period consists {possi-
bly) of a series of unsuccessful transmission periods whose sizes
are fixed with two alternative contention mini-slots as shown in
Fig. 4(c). Similarly to the previous case, there are no idle peri-
ods between unsuccessful or successful transmission periods.

Hence, the successful packet interdeparture time of the new
TPMA-CCR MAC protocol is same as in (7). For the new pro-
tocol, however, F(%) takes fixed deterministic values F*) = 24
and 7" is random variable due to the randomness of having win-
ner at the first mini-slot or pair-wise mini-slot of the last con-
tention stage. Consequently, the mean of X for the new protocol
is

X=2a-(K-1)+T (10)

where T = 1 + 32—“ , which can be trivially shown since the
possibilities for a winner to arise at each mini-slots of the last
contention stage are equal to 1/2.

The probability of successful transmission w = 1/K for this
protocol can be derived by considering the probability of the
event that a winner arises at a given contention stage. A mo-
ment’s reflection will show that a successful transmission is pos-
sible under two scenarios: if exactly one of the contending nodes
is classified as type-A, and all others are type-B, or alternatively
if exactly one node is type-B, and all others are type-A. At each
mini-slot, denote the number of type-A nodes with random vari-
able V4 and the number of type-B nodes with random variable
Ng. It follows:

Pr {a winner arises at the contention stage}

= Pr{Ns=1}+Pr{Ng=1}-Pr{Ns=1,&Np=1}

= nCp(1=p)" 4+ nCi(L=p)p" ™ = w, (11
since Pr{ N4 =1 & Ng =1} =0forn > 2.

From (10) and (11), the average packet interdeparture times
for this new new TPMA-CCR protocol is

2
a/n %

X =
pl—p)"t 4+ (1 —-ppn-t 2

12)

where n > 2 is the total number of contenders. Therefore, the
throughput of the new protocol can be followed as the reciprocal
of (12).

B.3 The Slotted CSMA Protocol

For the purpose of comparison, we also derive the through-
put analysis of Slotted CSMA protocol where the slot size is
equal to a, the ratio of the signal propagation delay to the packet
length. Most procedures for an analysis in this section follow the
steps shown in (8] ’

The packet interdeparture time X for Slotted CSMA can be
depicted in Fig. 4(d). Fig. 4(d) shows the unsuccessful trans-
mission period for CSMA without collision detection (CD) lasts
b + a, where b is the unsuccessful packet length and a <
b = 1. Thus, the average packet interdeparture time for Slot-
ted CSMA can be represented as

X=K-1)T+1+a)+T+1+a

=K(I+1+a) (13)
since the transmission periods are of constant length as
T=F=1+a. (14)

In this protocol, it is obvious that a transmission is successful
when only one user starts to transmit with the fact that none of
the other users have started transmission at the same time. Thus,
we have the probability of successful transmission for this pro-
tocol as follows[8]:

w=U/1-E (15)
where
E=]Ja-p), U=>p [[(-p) (6
i=1 i=1  j=1
(3#1)

with the assumption that user ¢ starts to transmit(after sensing
any idle slot) with probability p; independently of all others.

And the channel idle period [ of this protocol has also a geo-
metric distribution as

PriIl =mal=E™ - (1-E), m=10,1,2,-- a7
which leads the average idle period
- E
= . 1
1 5" (18)

Hence, the average packet inter-departure times for Slotted
CSMA protocol can be simply derived from (6), (13), and (18)

follows:
as follows "X_=1+(L_E‘

U

B.4 Numerical Results and Remarks

(19)

The throughput for the original TPMA protocol depends crit-
ically on the appropriate choice of the number of elimination
slots M and the probability of remaining in contention p, as
shown in (8) and (9). The new TPMA-CCR MAC protocol is
more balanced in that throughput is the function of probability



48

JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 13, NO. 1, FEBRUARY 2011

Snax !

0.5+
04| S-ALOH
0.3}
02 ALOHA
’ "
0.1 W
0 3 : 2 : 4
10~ 10~ 10° 10°

(b)-1

1
Smax

0.9}
o8}
07}

0.6}
os}
04}

031

107 10

L qagg oy
—

T Rerfect scheduling

N
~

TPMA\(\:CR

0.4f

.
3

*

*

0.3F
0.2k

0.1f

0 n i " 1
107°
(b)-2

Fig. 5. The maximum throughput curves for various MAC protocols: (a)-1 Origianl TPMA MAC, (a)-2 new TPMA-CCR MAC, {b)-1 n = 3, and (b)-2

n = 63.

to be contended at the one of alternative slots. Fig. 5(a) shows
throughput values that are optimized with respect to the pa-
rameters (€.g., M and p). The optimal throughput is depicted
for varying number of contenders. Fig. 5(b) shows the max-
imum throughput curves for the various MAC protocols in-
cluding conventional ones studied in [8]. To perform a fair
comparison, the throughputs for ALOHA systems and perfect
scheduling are scaled by 1 + a since practical ALOHA systems
are assumed to be in an environment of nonzero propagation
delay(a > 0) [8]. And also, the case of all identical users(p; = p,
for all ¢) are considered for Slotted CSMA protocol to obtain the
maximum allowable throughput.

IV. CONCLUSION

We have proposed a new MAC scheme entitled Three-
Phase Multiple-Access with Continual Contention Resolution
(TPMA-CCR) which is suitable for wireless sensor networks
due to its beneficial features such as the simple format and pro-
cedures of signaling and collision delectability with anonymous
ACK, which are suitable for broadcast-type wireless multi-hop
networks. The performance of the TPMA-CCR protocol was an-
alyzed, and it was shown that the maximum throughput of the

new protocol is superior to the original TPMA, and furthermore
it is also better than conventional slotted CSMA under certain
circumstances, e.g., relatively small-sized mini-slots. The attrac-
tive throughput performance of TPMA-CCR implies that it is
quite competitive compared with other MAC protocols that are
designed only with energy-efficiency in mind, which has some-
times led to sacrificing their classical performance parameters
such as throughput {4].

Future work involves improvements to obtain better through-
put for larger-sized mini-slots.
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