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Abspucl- Wireless Ad hoc networks represent a powerful tool 
€or enabling wireless networking where a temporary network 
connectivity is needed. However, a wide deployment of wireless ad 
hoc networks relies on system architectures that provide energetic 
optimization. This paper describes a preliminary proposal of a 
collision free MAC protocol able to minimize energy consnmp- 
tion. The algorithm has been developed starting from the theory 
of Balanced Incomplete BIock Design (BIBD). A simple anaIytica1 
model has been proposed €or evaluating the sj-stem performance 
(channel efficiency, enera saving, etc.), as a function of system 
parameters. The results show that the proposed architecture is 
able to provide, for an appropriate choice of system parameters, 
high channel efficiency and energy saving. 

Index Terms-Ad Hoc Netm'orks, Power Saving, MAC Proto- 
col. 

I. INTRODUCTION 
lRELESS ad hoc networks represent a powerful tool W for enabiing wireless networking in environments 

where a temporary network connectivity is needed, e.g. mil- 
itary applications, sensor networks, vehicular networks, ap- 
plications in case of disaster, etc. They are composed by a 
set of mobile nodes that dynamically build up the network 
and communicate to each other via a shared radio channel. 
The distributed and flexible architecture of wireless ad hoc 
networks is a key strength but, due to the scarce energy 
resources available at each station, requires innovative energy 
efficient clustering techniques, power control mechanisms, and 
MAC algorithms in order to reduce energy consumption while 
providing acceptable throughput and delay [l], [2], [3] .  

In clustering techniques the networks are partitioned in sub- 
sets of nodes, i.e., the clusters, in order to decouple intra- 
cluster communication. Each cluster has a spatial coverage 
smaller than the extension of whole network, so that the 
transmission within each cluster requires a smaller power, 
and helps in reducing interferences. Moreover, the collision 
probability in each cluster is less than the one of the whole 
network. In other words, network clustering achieves energy 
saving by enabling data transmission at low power with a smdl 
amount of packet losses due to interferences or collisions [4], 

Power control schemes, instead, achieve energy saving by 
properly tuning the transmission power of each sending node 
by taking into account both the distance from the receiver and 
the status of the medium [I], 

Improved MAC schemes for wireless ad hoc networks have 
to pursue two main objectives: (1) to reduce as much as 

PI, HI .  

possible packet losses due to collisions; (2) to allow the radio 
network interfaces to be in awake state (i.e.* turned on) only 
for short intervals of time, while keeping them in doze state 
(i.e., turned off) when there is no need for listening the channel 
or transmittinglreceiving data. 

The IEEE 802.11 standard addresses the power saving 
issue in ad hoc networks by introducing two power modes: 
active and power-saving (PS). Stations in PS mode wake up 
periodically for short intervals of time, which are referred 
to as ad hoc Traffic Indication Map ( A m )  windows. It is 
assumed that hosts a-e fully connected and synchronized, so 
that ATIM windows of all hosts will start at about the same 
time. At the beginning of each ATIM window, each mobile 
host contends to send a beacon frame. A n y  successful beacon 
serves to synchronize mobile hosts' clocks. This beacon also 
inhibits other hosts from sending their beacons. After this 
beacon frame, a host that has pending data to transmit sends 
a ATIM frame to the respective receiver. In this way, after 
the ATIM window, all stations that have not pending data to 
transmit or receive transit in PS mode until the beginning of the 
next beacon interval [ 5 ] ,  [6] .  This scheme becomes ineffective 
for multi-hop ad hoc networks because of the lack of clock 
synchronization due to unpredictable delays and node mobility 

To address the inefficiency of the IEEE 802.11 power sav- 
ing, the paper [63 proposes three power management protocols, 
which are referred to as: dominating-awake-interval protocol, 
periodically-fully-awake-interval protocol, and quorum-based 
protocol. The basic idea of the dominating-awake-interval 
protocol is to impose a host to stay awake sufficiently long 
so as to ensure that neighboring hosts can know each other 
and, if desire, deliver buffered packets. The periodicalIy- 
fully-awake-interval protocol improves the dominating-awake- 
interval by using two types of beacon intervals: low-power- 
intervals, which are used for signaling purpose, and fully- 
awake-intervals, which are used for transmitting/receiving 
data. The quorum-based protocol achieves energy saving by 
allowing each host to be awake periodically once every N 
beacon intervals. Results reported in [6] have shown that: 
the dominating-awake-interval protocol is the most power 
consuming, but has the lowest neighbor discovery time; the 
quorum-based protocol is the most power-saving but has the 
longest neighbor discovery time; the periodically-fully-awake- 
interval protocol can balance both power consumption and 
neighbor discovery time. 

[61. 
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The paper [7] proposes to enhance the standard power 
saving mechanism using variable length beacon intervals, 
which accommodate all the stations that has pending data to 
transmit or receive, and introduce a contention free schedule 
for data packets transfer. 

In this contest this paper describes a preliminary proposal 
of a collision free MAC protocol able to minimize energy 
consumption. The algorithm has been synthesized starting 
from the theory of Balanced Incomplete Block Design (BIBD) 

A simple analytical model has been developed for evaluating 
the system performance (channel efficiency, energy saving, 
etc.), as a function of system parameters. 

The results show that the proposed architecture is able to 
provide, for an appropriate choice of system parameters, high 
channel efficiency and energy saving. 

The paper is organized as follows: Section II summarizes 
the theoretical basis of the B E D  and suggests a new system 
architecture; Section III describes the proposed collision free 
MAC scheme; in Section IV the properties of this protocol are 
theoretically investigated and preliminary performance results 
are shown; finally the last Section draws the conclusions. 

[81-[111. 

11. SYSTEM ARCHITECTURE 
In this section a new system architecture based on the 

theory of Balanced Incomplete Block Design (BIBD) will 
be described. Such an architecture allows the synthesis of 
new adaptive collision free MAC protocols, that are able to 
minimize the energy consumption of wkeless ad hoc networks. 

Definition: A BIBD is an arrangement of ?I distinct object 
into b blocks such !hat each block contains exactly k distinct 
objecrs, each occuring in exactly T direrenr blocks; moreovec 
eveiy pair of distinct object i and j occurs together in exactly 
A blocks IS], [ll]. 

BTBDs have been widely studied in the context of combi- 
natorial mathematics. Generally, the term block design refers 
to an arrangement of distinct objects into a specified number 
of blocks such that each block contiins the same number 
of objects, and all the objects occur in the same number of 
blocks. In particular, as well known, if we consider ‘U distinct 
objects and b blocks each including k distinct objects, the 
whole number of combinations of these objects taken k at 
a time gives ( ) blocks. If the block design may have 

fewer than ( ) blocks, it is called incomplete. Moreover, 
the incomplete block design is also balanced if each pair of 
objects occurs the same number of blocks. 

By definition, a specific BIBD is referred by the 5-tuple 
( v , b , r : k , A ) .  The five parameters are not independent, but 
follows the two basic relations: 

bk = vr (1) 

The proposed system architecture considers a single hop 
wireless ad hoc network and the time axis divided into fixed 
duration slots. We suppose that all stations are synchronized. 

To this aim, we consider a BIBD architecture with parameter 
(U, b, T ,  k, A) as an arrangement of w stations into b slots. Each 
slot contains exactly k distinct stations, i.e., in each slot the 
access to the wireless medium is grant only to k specified 
distinct stations. Each station occurs in exactly T different 
slots, i.e., a given station can transmidreceive only T times 
over b. Moreover, each pair of distinct stations occurs together 
in exactly X slots, i.e., there are always time slots in which 
two distinct stations can communicate together. 

These chokes to assure that, in case of uniform traffic 
condition, each station shares a constant number of time slots 
with all the other stations and that each slot is shared by the 
same number of stations. In case of asymmetric traffic, the 
architecture should be able to assign to each station a quota 
of the total bandwidth proportional to the traffic. 

The BIBD structure may be graphically represented; as an 
example, in Fig. 1 a BIBD system with parameters (7, 7, 3, 
3, 1) is reported. In this simple case, there are seven stations, 
i.e.,(v = 7) in the network. There are seven different time 
slots, i.e., ( b  = 7) and in each of them only three distinct 
stations, i.e., ( k  = 3) accede to the channel; moreover, each 
station can access to the channel in three of these slots, i.e., 
(T = 3) and each pair of stations occurs together in one slot, 
i.e., (A = 1). 
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Fig. 1.  Example of BIBD with parameters (7,7,3,3,1). 

111. COLLISION FREE MAC PROTOCOL 

Starting from the system architecture described above, in 
this section a collision free and energy efficient MAC protocol 
is described exploiting the peculiar characteristics of the BBD 
architecture. 

It is supposed that the geographical coverage of the network 
is limited to a few hundreds of meters and thus a negligible 
propagation delay is experienced, i.e., as said in the previous 
section, a single hop ad hoc network has been assumed. 

We assume that the stations within the network exploit a 
nighbor discovery mechanism [12]. Moreover we assume that 
the protocol inizialization is issued by the station with highest 
MAC address. 
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The generic time slot is divided in two par&s: an access 
window and a data exchange window, as shown in Fig. 2. The 
access window contains k minislots, each one assigned to one 
of the k stations that share the slot (see Fig. I). The other U - k 
stations are supposed to be i n  a doze state. 

If the station assigned to the first minislot in the access 
window has scheduled traffic to transmit, it sends a RTS 
(Request To Send} kame to the destination station, which 
replies, if in awake state, with a CTS (Clear To Send) frame. 
Then the transmission starts immediately and the two stations 
can exchange data for the remaining part of the slot. Obviously, 
the receive station is awake if and only if it is one of the k 
stations that share the slot. 

All other k - 2 stations, listening the RTS/CTS handshake, 
realize that the channel will become busy and, therefore, transit 
in doze state. In case of the first station has no pending 
traffic or the destination station is in doze state, the station 
assigned to the second minislot can transmits its RTS frame 
to its destination, which respond with a CTS frame if it is 
awake, and so on. Thus, the first station that has a scheduled 
transmission to an awake station in the same time slot, gains 
the right to transmit. The above outlined access protocol allows 

1- Access Window + Exchange Window -4 
1 I I" Minislot [ 2" Minislot 3'd Minis101 

Fig. 2. Structure of a Beacon Interval. 

a collision free transmission. However, some unfairness among 
stations can arise due to the proposed mechanism that privilege 
the station in the early minislots. Such an issue can be solved 
rotating the assigned minislots. In particular, a station, that 
in a given time slot s can t ransmit  the RTS frame in the 
minislot m, in the slot (s + b )  will be assigned to the minislot 
(m+ 1) mod k. In Fig. 3 such a round robin rotation is shown 
for a singIe slot. In this way, the fairness is assured. Indeed, 
considering a sequence of k - b slots, each station is awake in 
k T time slots: T times it is assigned to the the fist minislot, 
T times to the second minislot, and so on. 

dot 5 s+l s+b-I s+b 5+3b 

1 2 7  7 1 2  2 7 1  I 1 7  

Fig. 3. Example of round robin access in minislots. 

IV. PERFORMANCE EVALUATION 
In this section, we will show some results about the effi- 

ciency of the proposed MAC protocol in the case of traffic 
saturation, i.e., each station, in each slot, chooses a random 
destination and has always a frame ready to be transmitted. 

A quite simple analitical model has been developed with the 
target to highIight the suitability of the BIBD architecture for 
achiving high channel utilization and substantial power saving. 

In the case of random traffic, i.e., for each slot all the 
stations choose randomly and independently the destination, 
the probability to choose a station in doze state is obviously 
a = (s) and the probability that all the k stations choose 
a destination in doze state is d. Thus, the probability that in 
a generic slot the channel is occupied by a transmission, i.e., 
the probability of channel utilization, is simply given by 

k 
k (Z)  P u = l - a  

In Fig. 4 the probability p v  is reported as a function of I C ,  
for various values of stations, It can be noted that for k greater 
than 20 the probabiIity of channel utilization is very close to 
one. 

0 5 10 ts  m 5 YO U 40 
k - Numixr of miions shannp the Same s101 

Fig. 4. 
same slot. 

Probability of channel occupation vs. number of stations sharing the 

In the described scenario with random traffic, an estimation 
of the energy efficiency of the proposed MAC protocol is quite 
simple. Let T, be the duration of a minislot, kT, the duration 
of the access window, and T, the duration of the entire time 
slot (see Fig.2. 

When in a generic slot the ith -station starts to transmit 
after the RTSKTS mechanism, the activity time (i.e., the time 
spent in the awake state) of all the stations, Ti, is given by 
the sum of the activity time of the two stations (source and 
destination) that remain active for the entire slot, that is ZT,, 
and the activity time of the remaining ( k  - 2) stations that 
transit in doze state at the end of the i th minislot, that is 
( k  - 2 ) i q n .  Thus, we have: 

Ti = ( k  - 2) - i . Tm + 2T,, with i = 1,. . . k (4) 

The previous value occurs with probability 

In fact, probability that the random destination station is found 
active is independent on the specific minislot and is given by 
(k - l ) / ( v  - l), while [(U - k)/(v - l)li-' represents the 
probabiIity that all the stations that precede the ith station 
have choosen before a doze destination. 
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The probability that all k stations find their random desti- 
nation in doze state is: 

In this last case, the total activity time is given by k2Tm, all 
the k stations are active only during the’ access window and 
are in doze state in the exchange window. 

The average value of the total activity time, T,, is given by 

(6) 
I C ’  

T, = [ ( k  - 2) . i - T, + 2T,] pi -I- k2Xmpo 
1-1 

that is, after a little algebra, 

+ 2kak + 2T,(1 - ak) (7) 1 TI = T, [(’ 2, 
1 - C k  

The previous quantities allows us to evaluate the energy 
. saving of the proposed MAC scheme, E,, compared to the 

simple case of no utilization of power saving mechanisms (i.e., 
the stations are always active). Obviously, when all v stations 
are awake, the total activity time is UT,. 

Thus: 
(8) 

T, &=I-- 
U T ,  

Fig, 5 shows the energy saving of a network with w = 
100 stations for several values of T,, and considering Tm = 
15mus. It is worth to note that the energy saving is insensitive 
to T, for .values of T, other then lms. The worst case is 
obtained for Ts = I ms, where the access window (ICT,) 
is close to T,. Further the energy saving function decreases 
monotonically with k until a constant value as reached. 
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Fig. 5. Energy saving of the proposed MAC scheme. 

The efficiency 7 of the proposed MAC scheme can be 
defined as the ratio between the average values of time for 
the transmission of useful data and the total time. In case 
of random traffic, such an evaluation can be limited to the 
single slot. The ith station, in case of saturation, gains the 
right of transmission with the probability pi defined in eq.5 
and the time occupied for the useful transmission in the slot 
is ui = T, - iT,. Thus, we have 

Fig. 6 shows the efficiency as a function of k far v = 100 
stations, for several values’of T,. For all the considered value 
of T,, the efficiency increases monotonically with k until a 
constant value is reached, which is very close to 1. The reason 
is that the probability that all the destination stations are in 
doze state decreases with k. 

The behavior shown in Fig. 9 can be exploited to choose the 
system parameters (v, b,  T ,  k, A). In fact, ‘given the number v of 
stations within the network, by selecting parameter sets with 
k sufficiently large, it is possible to provide a high efficiency. 
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Fig. 6. Efficiency of the proposed MAC scheme 

V. CONCLUSION 
In this paper, a new collision free MAC algorithm for 

Ad Hoc networks has been proposed. The protocoI has been 
designed starting from the theory of BIBD and its performance 
has been evaluated by a simple analytical model. Results have 
shown that, for an appropriate choice of system parameters, 
the proposed architecture is able to provide a good energy 
saving preserving the transmission efficiency. 

In the future works, the results reported in this paper will 
be extended in several directions. Specifically, the aspects 
that are being investigated comprehend: mobility management, 
extension to multihop networks, adaptive resource allocation, 
comparison with the standard access method, the support of 
Quality of Service, etc. 
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