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Abstract

A myriad of applications such as radio frequency identification
(RFID) and smart card networks are emerging in which nodes
are designed for extremely low-cost, large scale applications
such that the replacement of batteries is not feasible. Energy
conservation therefore becomes a major constraint. Classical
access protocols are either not energy conserving or lead to
unacceptable delays. In this paper, we propose a communica-
tion protocol which meets the energy constraints while yield-
ing low access delays.

1 Introduction

A typical identification network (IDNET) is composed of a
number of interconnected base stations communicating over a
shared wireless channel to a large number of small, low-cost,
wireless nodes, also called RFID “tags”. These tags usually
contain some sort of microprocessor, power source in the form
of a battery, capacitor or solar cell, a radio frequency receiver,
possibly a transmitter, and some support logic.

The range of potential uses for RFID tags is extremely large
and is expected to expand to over $5 billion [2] by the year
2000. Some examples of current uses for RFID tags are: tags
attached to the ears or worn around the necks of livestock for
use in location tracking, smart tags used in warehouses to au-
tomatically and quickly track inventory, and the numerous tag
companies targeting the retail market for electronic shelf labels
and automatic purchasing.

There are four fundamental characteristics of RFID wireless
nodes which make RFID networks distinct from other wireless
systems:

1. Scale: There may be a very large number, perhaps thou-
sands, of wireless nodes per base station.

2. Cost: Due to the large number of extremely inexpensive
items to “tag”, nodes must be extremely inexpensive, of-
ten on the order of only a few dollars.

3. Size: Nodes must be very small. The size of a pack of
cards will be the maximum size for many applications.

4. Traffic: Communication is based on typically short, sim-
ple messages.

From these characteristics follow a number of important ob-
servations which further define the unique constraints of an

RFID network. Most importantly, as in all mobile comput-
ing applications, the battery’s energy is a limited and scarce
resource, which is not expected to increase in potential more
than 30% in the near future [4]. Especially demanding of en-
ergy is any uplink transmission as it can typically use twice as
much energy as reception [3]. It is possible to use spread spec-
trum modulation such that the base station indirectly provides
the energy for limited uplink communication, but this requires
that any uplink traffic be base station initiated. Furthermore,
limited unlicensed bandwidth and simplicity of the tag means
that all tags must share the same broadcast band.

For all of the above considerations, these types of systems
require new access protocols which are designed around these
unique constraints and provide a combination of two impor-
tant factors: low delay and low energy requirements. The al-
lowable delay is an application dependent constraint. For ex-
ample, tracking the movement of tags across the cells within
a system requires updates to be performed within a short,
bounded, amount of time. Low energy consumption is the
second requirement that the access protocol must satisfy. The
large number of nodes makes it economically impossible to
replace or recharge the batteries. Therefore tags must be de-
signed so as to require a minimum of energy for operation. In
order to conserve battery life, the tag can enter asleep state
where the CPU is in a low power mode and radio reception is
disabled. In contrast with this, theawake state, in which the
CPU operates at full energy and the radio frequency circuitry
is active, can typically use 100 times as much energy.

No protocols are available today whose objective is to re-
duce the necessary power required while minimizing delay.
Current access protocols, such as those described in [1], have
not been designed with these objectives in mind and are conse-
quently not appropriate for tag systems. Random access pro-
tocols, such as Aloha, applied to the tag network system trans-
late to base stations sending packets at random times and tags
awaking at random times. The probability of a tag being awake
in the same slot in which the base station is transmitting to it,
is extremely low. Therefore, due to repeated transmission at-
tempts, the energy required and the packet delay will be quite
high. Deterministic protocols, such as classical TDMA, as-
sign each tag an individual slot in which it may receive trans-
missions. Although this has the advantage of a low energy
requirement since each tag only needs to be awake�

N
slots,

whereN is the number of tags in the system, in a situation
with a large number of tags and very low transmission speeds,
this access protocol will take a prohibitively long time to de-



From the Proceedings of The International Conference on Communications (ICC-97), June 8–12, 1997. 2

liver each packet.
This paper deals with the design of acommunications pro-

tocol which operates under an energy constraint, in which the
fraction of timeslots in which tags need to be in the active
(awake) state is minimized, and the access delay meets the ap-
plications constraints. We present a new approach to this prob-
lem, apseudo-random protocol, which combines the fairness
from random access protocols with the low energy require-
ments of classical TDMA. Considering an analytical model as
well as simulations of the system behavior for the cases of uni-
formly and non-uniformly distributed traffic destinations, we
show that in addition to fairness, and low energy requirements
the proposed protocol provides low access delays.

2 Network Model and Protocol De-
scription

We consider a single cell system where a base station commu-
nicates withN tags through a radio channel of bandwidthB.
The communication is packet-oriented. We assume the time to
be slotted and the base station’s transmissions to be synchro-
nized to the beginnings of slots. The packet lengthc is con-
stant, and exactly one packet can be transmitted during each
slot. In this system model, we do not explicitly treat transmis-
sion errors.

We define anaccess protocol as consisting of two compo-
nents: atransmission scheduling strategy at the base station
which in each slot selects a packet for transmission from the
arrival queue, and awake-up schedule at each tag which deter-
mines the slots in which the tag is awake. In general, the trans-
mission scheduling strategy can take into account different pa-
rameters: the number of packets in the queue, the packets’
ages, as well as the wake-up schedules of their destinations.
In the class of protocols presented in this paper the “oldest
packet” criterion is generally adopted to help meet the appli-
cation delay requirements.

2.1 Pseudo-Random Protocols

A pseudo-random protocol uses a deterministic (pseudo-
random) schedule which can preserve the power of random-
ization for fairness, while providing the advantages of deter-
minism, i.e., the base station’s ability to predict tags’ state
in each slot. In this protocol all tags run the same pseudo-
random number generator and determine their state (awake or
asleep) at each slot based on a probabilityp and the stored
state of the random number generator. In order to avoid iden-
tical wake-up schedules, the pseudo-random generator of each
tag is initialized using a unique seed, also known to the base
station. Therefore, it is possible for the base station to deter-
mine which packets in its queue have destinations which are
awake, and then transmit the oldest of these packets. The base
station can also initiate changes to the value ofp as a func-
tion of the load, the number of tags, etc. Lastly, we observe
that different tags can operate with differentp’s based upon

the tags’ individual expected traffic rates, making the protocol
appropriate for handling heterogeneous traffic patterns.

3 Analysis

To evaluate the performance of the pseudo-random protocol,
we consider the behavior of a single cell tag system. Since
the time needed to successfully receive a packet, given that
the tag is awake, is exactly one slot, then the slot duration is
� � b � � , with b denoting the packet transmission time (c

B
)

and� the propagation delay. The presented evaluation utilizes
the following definitions:

T� the average waiting time in slots experienced by a packet
in the system from arrival at the base station to successful
reception at the tag.

E� the average percentage of slots in which a tag is awake.

L� the average number of packets in the system.

The energy measure proposed does not take into account
the contribution during slots where a tag is asleep. The en-
ergy used while in this state is consumed over the lifetime of
the tag, whether the tag is being used or not. Therefore only
the percentage of awake slots is necessary for evaluating the
performance of an energy-saving protocol.

We assume that the packets arrive at the base station according
to a Poisson process with interarrival rate��. Each packet is
addressed to a single destination selected from either a uniform
or a Gaussian distribution. The latter is introduced in order to
model the heterogeneous nature of the traffic which is common
to many tag applications. We use the following notation:

�� the mean arrival rate expressed in packets per slot (� �
���b� ��).

3.1 Approximate Analysis

We analyze the protocol under the assumption that all tags use
the same awake probability parameterp. To obtain an exact de-
scription of the system behavior through a Markov chain, the
states should include the number of packets addressed to each
tag, since the probability of successfully transmitting depends
on the number of unique packet destinations in the queue. It
is therefore impossible to analyze systems of a realistic size.
We solve this problem by making use of Stern’s independence
assumption [5], stating that at the beginning of a time slot each
message draws a new destination from a given uniform distri-
bution. The Markov chain describing the system is then rep-
resented by the total number of packets at the beginning of a
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slot. The transition probability matrix P is given by

P��j � Aj

Pi�j ����������
��������

� j � i� ��

Pmin�i�N�
k�� Ri�k��� ��� p�k�A� j � i� ��

Pmin�i�N�
k�� Ri�k��� ��� p�k�Aj�i��

�
Pmin�i�N�

k�� Ri�k��� p�kAj�i otherwise�

�Ar is the probability ofr messages originated by a Poisson
process during a slot.

Ar � e��
���r

r�
�

�Ri�k is the probability thati packets are addressed tok dif-
ferent destinations and is given by

Ri�k �

�
N

k

�Pk��
j�� ����

j

�
k

j

�
�k � j�i

N i
�

The steady-state probabilities�i are the solutions of the fol-
lowing set of equations

�
� � P T�P

i� � ��

We can now compute the average numberL of packets in the
system

L �
X
i

i�i

and, using the Little’s result:

T �
L

�
�

Finally, from the definition of energy consumption given in the
previous section it follows thatE � p.

4 Performance

For validation purposes we simulated the reception of��� ���
packets for the proposed protocol in a system ofN � ����
tags with interarrival rate parameters equal to����, ��	 and
���. We considered the cases of uniform and heterogeneous
destination distributions. The latter was simulated using a
Gaussian with meanN� and varianceN . To validate the ap-
proximate analytical model described in the previous section,
we compared computationally derived results of the analysis
with the results of the simulations. The infinite Markov chain
of the pseudo-random protocol was approximated by truncat-
ing the transition probability matrix after the first��� states.
We verified the values of both the average waiting timeT in
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Figure 1: Classical Access Protocols
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Figure 2: Pseudo-Random Protocol, Uniform Destination Dis-
tribution



From the Proceedings of The International Conference on Communications (ICC-97), June 8–12, 1997. 4

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 5 10 15 20 25 30 35 40 45 50

A
vg

. E
ne

rg
y 

P
er

 S
lo

t (
E

)

Avg. Delay Per Packet (slots)

l = 0.05
l =  0.2
l =  0.5

Figure 3: Pseudo-Random Protocol, Gaussian destination dis-
tribution (� � N

� � �
� � N )

the system and the average energy consumptionE. For both
these performance measures the comparison of the simulations
with the analytic results showed an excellent approximation
with error under 2%.

The simulation results are shown in Figs. 1–3. Fig 1 de-
picts the energy vs. delay behavior of the random access and
classical TDMA protocols. Notice that it is necessary to have
a much coarser scale in order to show the results for these two
protocols. The random selection criterion adopted by the base
station in the random access protocol makes unlikely a syn-
chronization of the two schedules and leads to extremely poor
performance of the protocol. It is stable only for high val-
ues ofp and therefore a high energy consumption (� � is a
necessary condition). On the other hand, the classical TDMA
shows a very good energy consumption (����� for N � ����)
but an extremely long delay (� ��� slots) since the cycle time
increases as the numberN of tags.

Fig.2 shows the energy vs. delay graph for the pseudo-
random protocol given a uniform destination distribution. The
performance of the pseudo-random protocol is a dramatic im-
provement over the classical protocols. We note that the differ-
ence between the pseudo-random and the random access pro-
tocols reflects the different conditions for successful reception.
The former requires at least one destination to be awake dur-
ing the current slot, while in the latter the packet is randomly
selected by the base station. Also, it is easy to see that the
classical TDMA protocol performs even worse and becomes
rapidly unstable when the destination distribution is clustered.
Fig.3 depicts the pseudo-random protocol performance for the
case of heterogeneous traffic. Non-uniform traffic affects the
behavior of the pseudo-random protocol, since a higher con-
centration of packets decreases the probability of successful
transmission. However, this effect can only be seen for ex-
tremely high loads (or very narrow Gaussian destination dis-
tributions) and is barely significant.

5 Conclusions

In this paper, we addressed the problem of wireless access pro-
tocols which include an energy constraint. Since classical mul-
tiple access protocols do not satisfy the dual requirement of
low energy and acceptable delays, we have proposed a new
protocol class and developed analytical and simulation models
for its evaluation. We showed that the pseudo-random protocol
performs extremely well for various loads and its behavior is
only slightly affected by the use of heterogeneous destination
distributions.
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