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Abstract—We analyze a medium access control (MAC)-
free “alternating sets” transmission strategy for a two-
dimensional strip-shaped network. This may be viewed
as a broadcast strategy if the entire network has a
strip shape, or it may be viewed as a unicast strategy
if there is a set of pre-designated cooperators along a
conventional multi-hop route, which we refer to as a
cooperative route. When there are repeated transmissions,
the key advantage of the approach is that it drains the
energies of the participating nodes uniformly and in an
energy efficient fashion, thereby increasing the network
longevity for energy constrained networks. The strategy is
based on a very low-overhead form of cooperative diversity
called the Opportunistic Large Array (OLA). In the initial
transmission, an SNR (“transmission”) threshold is used
to define mutually exclusive sets of nodes, such that the
union of the sets includes all the nodes in the network
or cooperative route. Only one of the sets is used for the
first transmission. The next transmission uses the next set,
and so on. In other words, for two sets, the proposed
Alternating OLA with Transmission Threshold (A-OLA-T)
basically alternates the transmitting set of nodes (or OLAs)
during each transmission cycle. Previously, we analyzed A-
OLA-T under the continuum assumption (very high node
density) for disc-shaped networks. In this paper, we analyze
the performance of the two-set A-OLA-T for strip-shaped
networks.

I. INTRODUCTION

The ‘Alternating OLA with a Transmission Threshold’
(A-OLA-T) algorithm introduced in this paper uses a
simple form of cooperative transmission (CT) called
the Opportunistic Large Array (OLA) [1], and is an
extension of a previous non-alternating OLA with a
Transmission Threshold (OLA-T) algorithm [2]. Opti-
mization of the transmission threshold of A-OLA-T was
studied under the continuum assumption (very high node
density) for disc-shaped networks [3]. In this paper, we
optimize the A-OLA-T for two-dimensional strip-shaped
networks.
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CT-based strategies leverage the spatial diversity in
a network by having two or more nodes transmit the
same message [4], [5]. This strategy reduces the total
transmission power expended in the network and results
in a signal-to-noise ratio (SNR) advantage in a multipath
fading environment [4], [5]. The Opportunistic Large
Array (OLA) is a simple form of CT wherein a group of
nodes relay without coordination between each other, but
naturally fire at approximately the same time in response
to energy received from a single source or another OLA
[1]. All the transmissions within an OLA are repeats of
the same waveform; therefore the signal received from an
OLA has the same model as a multipath channel. Small
time offsets (because of different distances) and small
frequency offsets (because each node has a different
oscillator frequency) are like excess delays and Doppler
shifts, respectively. As long as the receiver, such as
a RAKE receiver, can tolerate the effective delay and
Doppler spreads of the received signal and extract the
diversity, decoding can proceed normally. Even though
many nodes may participate in an OLA transmission,
total transmission energy can still be saved because
all nodes can reduce their transmit powers dramatically
and large fade margins are not needed. Given that the
node density is sufficient to sustain OLA transmission,
the complexity of these broadcast protocols is abso-
lutely independent of node density, making OLA-based
broadcasting very attractive for extremely high density
wireless networks.

When used for broadcasting in disc-shaped networks,
nodes repeat if they haven’t repeated the message be-
fore, and the resulting OLAs will “propagate,” forming
concentric ring shaped OLAs that will eventually include
all nodes, under a condition on relay power and receiver
sensitivity [1]; we refer to this broadcast scheme as
“Basic OLA.” OLA with Transmission Threshold (OLA-
T) applies an SNR threshold to form an OLA comprising
the nodes at the edge of the decoding range [2], [6].



However, OLA-T has a problem for a fixed source
in a static network, because the same nodes relay in
every broadcast. Therefore, the OLA nodes drain their
batteries first, resulting in network holes in the OLA
areas. Alternating OLA-T (A-OLA-T) was proposed in
[3] to remedy this problem. In A-OLA-T, the trans-
mission threshold is used to divide all the nodes in
the network into two mutually exclusive sets of OLAs.
The first set is used in the initial OLA-T broadcast,
while the second set is used in the second broadcast.
Each succeeding broadcast alternates between the two
sets, thereby saving transmit energy via OLA-T, but
also draining the batteries uniformly across the network.
Conditions for a disc network were derived in [3] to
ensure sustained propagation of both sets of OLAs.

In general, the simplest way is deploying sensor nodes
in a finite-width strip inside a larger network, one can
cover a large area of any irregular shape. Hence, in
this paper, we consider a two-dimensional strip-shaped
sensor network, which has applications in structural
health monitoring applications (e.g., sensor strip along a
bridge) and detection of disruptive or dangerous events
along a edge (e.g., a chemical spill), just to name a
couple. A CT-based route can be created by recruit-
ing cooperators near an existing conventional multi-hop
route [10], [11]. Another way is by utilizing geographical
information (for example, by using Global Positioning
System (GPS)) in [7]. A third way is by using the
OLACRA with Transmission Threshold (OLACRA-T)
[12]. An analysis of how OLA-T parameters and the
strip width impact route performance using OLA-T for
a strip network was done in [13]. The contribution of
the present paper is to investigate the 2-set A-OLA-
T for a two-dimensional strip network. The condition
for sustained propagation for 2-set A-OLA-T is derived
and network life extension of A-OLA-T relative to Basic
OLA is shown.

II. SYSTEM MODEL

For our analysis, we adopt the notation and assump-
tions of [2], some of which were used earlier in [7].
Half-duplex nodes are assumed to be distributed ran-
domly and uniformly over a continuous strip defined by
S = {(x, y) : |y| ≤ W

2 , 0 ≤ x ≤ L} with average node
density ρ, width W , and length L. The originating source
(assumed to be a point source) and the destination are
assumed to be at the opposite ends of the network strip.

We assume a node can decode and forward (DF) a
packet without error when its received signal-to-noise
ratio (SNR) is greater than or equal to a modulation-
dependent threshold [2]. Assumption of unit noise vari-
ance transforms the SNR threshold to a received power

criterion, which is denoted as the decoding or ‘lower’
threshold, τl. We note that the decoding threshold τl is
not explicitly used in real receiver operations. A real
receiver always just tries to decode a packet. If the
packet was decoded properly, then it is assumed that the
receiver power must have exceeded τl. In contrast, the
‘Transmission’ or ‘upper’ threshold, τu is used explicitly
in the receiver to compare against the received SNR.
This additional criterion for relaying limits the number of
nodes in each hop because a node would relay only if it’s
received SNR is less than τu. So the thresholds, τl and
τu, define a range of received powers that correspond to
the “significant” boundary nodes, which form the OLA.
We define the relative transmission threshold (RTT) as
R = τu

τl
.

For simplicity, the deterministic model [7] is assumed,
which means that the power received at a node is the
sum of the powers from each of the node transmissions.
This implies that signals received from different nodes
are orthogonal. Techniques to induce orthogonality in the
node transmissions by randomly delaying the firing times
(such as in [8]) or transmitting a sufficiently different
carrier frequency (Frequency Division Multiplexing) as
in [9] will work as long as the receivers can extract the
multipath diversity from the wireless channel.

Following the Continuum Model for a strip network
from [7], we assume a non-fading environment and a
path-loss exponent of 2. The path-loss function in Carte-
sian coordinates is given by l(x, y) = (x2+y2)−1, where
(x, y) are the normalized coordinates at the receiver. As
in [2], distance d is normalized by a reference distance,
d0. Let the normalized source and relay transmit powers
be denoted by Ps and Pr, respectively, and the relay
transmit power per unit area be denoted by Pr = ρPr.
The normalization is such that Ps and Pr are actually
the SNRs at a receiver d0 away from the transmitter [2].
Since we assume a continuum of nodes in the network,
we let the node density ρ become very large (ρ → ∞)
while Pr is kept fixed. For any finite node density, it
can be shown that the node degree is K = πPr/τl [12].
Columns 2–6 of Table I give some example values of
our key parameters.

III. ALTERNATING OLA-T (A-OLA-T)

In this Section, we propose the Alternating OLA-T
(A-OLA-T) for a two-dimensional strip network. The
basic concept of A-OLA-T is that an arbitrary number
of broadcasts could be grouped under the continuum
assumption; however, with finite node density, smaller
group sizes are expected to be the best to ensure that
the OLAs are populated with a sufficient number of
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TABLE I
EXAMPLES OF UN-NORMALIZED VARIABLES

Example Pr Node Density RX sens. K R W ro,∞ d∞ % error in
(dBm) (nodes/area) (dBm) (dB) asymptotic areas

1 -48.00 3 nodes/m2 -90.00 12.56 1.2 10 m 49.6 m 2.89 m 1.12
2 -20.97 2.5 nodes/km2 -90.00 7 1 10 km 54.92 km 4.32 km 6.76
3 -20.97 2.5 nodes/km2 -90.00 7 1 3 km 54.92 km 4.32 km 2.04

nodes. In this paper, we consider just two groups, called
Broadcast 1 and Broadcast 2.

The idea of A-OLA-T is that the nodes that do not par-
ticipate in one broadcast make up the OLAs in the next
broadcast. To ensure that the sets of OLAs during each
broadcast are mutually exclusive, the OLA boundaries
should not change during the two broadcasts. It remains
to determine if there exist OLA radii for A-OLA-T
such that both Broadcasts 1 and 2 are successful, where
success means that the broadcasted message propagates
to the edge of the network. Since the boundaries don’t
change, we will follow the approach of [3] to derive a
necessary and sufficient condition for Broadcast 2 to also
be successful. The sufficient condition for Broadcast 1
to be successful takes the form of a lower bound on R.
An R that satisfies this bound fixes the boundaries. The
condition for Broadcast 2 then gives an upper bound on
R.

A. Broadcast 1 (OLA-T) [13]

This section treats the sufficient condition for Broad-
cast 1 to be successful. Broadcast 1 is just OLA-T
from previous work [13]. So the condition for OLA-T
successful broadcast is also the Broadcast 1 condition
[13] and is summarized as follows. Let the boundary
sequences {ho(dk)} and {hi(dk)} denote the outer and
inner boundary sequences, respectively, for the k-th OLA
formed during the Broadcast 1, where dk is the OLA
length given by dk = ho(dk−1) − hi(dk−1), where the
functions hΩ(dk−1) for dk−1 > 0, Ω ∈ {i, o} are
defined as the unique solutions of∫ hΩ(dk−1)+dk−1

hΩ(dk−1)

2Pr
u

arctan
(
W

2u

)
du = τΓ, (1)

where Γ = u when Ω = i and Γ = l when Ω = o. We
denote ho(·)−hi(·) = g(·), the properties of which have
been proved in [13]. So, dk+1 = g(dk).

From [13], it is learned that a necessary and sufficient
condition to achieve infinite network broadcast with a
constant transmission threshold is the inequality,

2 ≥ exp
(

1
K

)
+ exp

(
−R
K

)
, (2)

which takes the form of the following lower bound for
R

Rlower bound = −K ln
[
2− exp

(
1
K

)]
. (3)

We observe that when R → ∞, OLA-T becomes
Basic OLA, and (2) becomes

2 ≥ exp
(

1
K

)
, (4)

which is the condition for successful Basic OLA broad-
cast [14].

B. Necessary and Sufficient Condition for Broadcast 2
Success

During Broadcast 2, the set of nodes that transmitted
during Broadcast 1 will not transmit and the nodes that
did not participate during the the first broadcast will
transmit. In the previous section, we presented a lower
bound on R. In this Section, we show that an upper
bound on R is required for a successful Broadcast 2.

Figs. 1 and 2 illustrate how it is possible to design
OLAs for Broadcasts 1 and 2, to ensure that their
propagation is sustained. Let S be the originating node.
The upper parts of both drawings correspond to Broad-
cast 1 and the boundaries are labeled as {ho(dk)} and
{hi(dk)}. The lower parts of both drawings correspond
to Broadcast 2. In Fig. 1 the OLA radii are relabeled
{vo,k} and {vi,k}, to denote the outer and inner boundary
sequences, respectively for the k-th OLA formed during
the Broadcast 2. The initial conditions for the second
broadcast are vi,1 = 0, and vo,1 = hi(d0) =

√
Ps

τu
. In

the upper part of Fig. 1, the first OLA during Broadcast
1 is denoted by OLA 1,1 and is defined by the boundary
pair, hi(d0) and ho(d0). On the other hand, the first
OLA during Broadcast 2 is denoted by OLA 1,2 and
rectangular block of length vo,1. Let ṽo,2 be the decoding
range of OLA 1,2 during Broadcast 2. The key idea is
that ṽo,2 must be greater than d1 + hi(d1). In Fig. 1,
this inequality is satisfied, while in Fig. 2, it is not.
More generally, the network designer just needs to check
that the decoding range, ṽo,k+1, of the k-th OLA in
Broadcast 2 is always greater than dk + hi(dk), for all
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k. Alternatively, we can compute the received power at
hi(dk) and confirm that it is greater than the minimum.
Mathematically, we express this as

vo,k+1 ≥ dk + hi(dk)⇒ ho(d̃k) ≥ dk + hi(dk). (5)

Intuitively, we observe that as R becomes very large,
the OLAs during Broadcast 1 become larger and the
OLAs of Broadcast 2 become relatively smaller, as
shown in Fig. 2. As a result, the sets of nodes that
did not transmit during Broadcast 1 (or the OLAs
during Broadcast 2), eventually become so small that
their decoding range (indicated by the dashed line in
Fig. 2) cannot reach the next Broadcast 2 OLA to
sustain propagation. In other words, for a very high
value of R, the k-th OLA in Broadcast 2 may be so
weak that some nodes between vi,2 and vo,2 cannot
decode the signal. When this happens, OLA formations
die off during Broadcast 2 and A-OLA-T fails to achieve
network broadcast. Thus, it makes sense for R to have
an upper bound, which is derived as follows. We claim
that as long as d̃k ≥ dk, ho(d̃k) ≥ ho(dk) (because ho(·)
is monotonically increasing) and the inequality (5) will
always be satisfied.

d̃k ≥ dk,

⇒ hi(dk−1) ≥ ho(dk−1)− hi(dk−1),
⇒ 2hi(dk−1) ≥ ho(dk−1).

Since ho(·) and hi(·) start from the origin [13],

2h
′

i(dk−1) ≥ h
′

o(dk−1) ∀ dk−1,

where ′ denotes indicates the derivative. In particular,

2h
′

i(0) ≥ h
′

o(0),

⇒ 2
exp

(R
K
)
− 1

≥ 1
exp

(
1
K
)
− 1

.

Further simplification results in the upper bound for R
that guarantees a successful Broadcast 2, and is given by

Rupper bound = K ln

[
2 exp

(
1
K

)
− 1

]
. (6)

C. Performance of 2-set A-OLA-T

1) Relationship Between the Bounds for R: Fig. 3
is a plot of the upper and lower bounds for relative
transmission threshold, R, in dB for A-OLA-T, as a
function of the node degree, K. First, we observe that as
K increases, the difference between the upper and lower
bounds increases. As an example, as K increases from
10 to 30, the range of R increases from [1.7, 2.4] to

Fig. 1. Illustration of the A-OLA-T with admissibleR.

Fig. 2. Illustration of the A-OLA-T with inadmissibleR.

[1.0, 2.7]. This has two reasons. Increasing K could be
done by increasing the Pr, which enables Broadcast 1 to
be successful with more slender OLAs. Fatter Broadcast
2 OLAs more easily reach across the next pair of
boundaries and so this increases the upper bound. Next,
decreasing τl increases K. Decreasing τl decreases the
lower bounds, because a lower value of τl corresponds
to a lower SNR requirement at the receiving node, and
so in order to meet this power requirement, the OLAs
must include more nodes during Broadcast 1. This is
achieved by increasing R. So, OLAs during Broadcast 1
become thinner but more powerful, and the OLAs during
Broadcast 2 grow thicker.

2) Minimum Relay Power for Successful Broadcast:
We also observe from Fig. 3 that the upper and lower
bounds converge as K decreases. This also implies a
lower bound on K for A-OLA-T, K(A)

min = πPr
(A)
min

τl
, where

Pr
(A)

min is the minimum value of Pr for a given τl. We
were not able to obtain an exact value of K(A)

min , however,
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Fig. 3. RTT, R, in dB, versus node degree for A-OLA-T, K. The K
corresponding to the intersection of the two curves is the K(A)

min .

using numerical analysis we found K(A)
min ≈ 2.45. We

note from (4) that the minimum K for Basic OLA,
K(O)

min = 1/ ln(2) ≈ 1.44. For K < K(A)
min , network

broadcast fails for A-OLA-T because the OLAs die out
during Broadcast 2. For A-OLA-T, we have from K(A)

min

that Pr
(A)

min ' 0.78τl. For Basic OLA, the minimum Pr,
denoted by Pr

(O)

min as a function of τl can be found directly
from (4): Pr

(O)

min = 0.46τl. We observe that A-OLA-T
requires slightly less than double the power of Basic
OLA, because it is using fewer nodes.

3) Broadcast Life Extension: Next, we compute the
“broadcast life” extension of A-OLA-T compared to
Basic OLA. By broadcast life, we mean the lifetime of
the network if only broadcasts were transmitted. At a first
glance, it might seem that A-OLA-T doubles the battery
life of the sensors in the network compared to Basic
OLA. This is true if A-OLA-T and Basic OLA use the
same Pr. However, this would not be a fair comparison
since Basic OLA can achieve successful broadcast at a
lower Pr. Since for a given protocol, all nodes use the
same amount of power in broadcasts, we assume the
broadcast life of the network is inversely proportional to
the time-averaged power transmitted by each node. For
Basic OLA, the time-averaged power is Pr

(O)
. For A-

OLA-T with two sets, the time-averaged power is Pr
(A)

2 ,
since each node transmits only every other broadcast.
The ratio of broadcast lives of Basic OLA to A-OLA-T
is therefore 2Pr

(O)

Pr
(A) , and the ‘Fraction of Life Extension’

(FLE), may be defined as FLE = 2Pr
(O)

Pr
(A) − 1. FLE can

be evaluated for any powers that satisfy Pr
(A) ≥ 0.78τd

and Pr
(O) ≥ 0.46τd. However, when the the minimum

powers are substituted, then we have

F̂LE = 2
Pr

(O)

min

Pr
(A)

min

− 1 = 2
K(O)

min

K(A)
min

− 1 ≈ 0.17, (7)

where F̂LE represents the FLE achieved by A-OLA-T
relative to Basic OLA when both protocols operate in
their minimum power configurations. This means that
A-OLA-T when deployed in a strip-shaped network can
offer a 17% life extension when both protocols are
optimized, the same factor of lifetime extension as in
a disc-shaped network. This should not be surprising
because the performance of A-OLA-T only depends on
the number of mutually exclusive sets into which the
nodes in the network are divided.

IV. CONCLUSIONS

In this paper, we analyzed a novel same-source broad-
cast strategy for a strip-shaped network that extends the
life by alternating between two mutually exclusive sets of
opportunistic large arrays (OLAs) in pairs of broadcasts.
It was shown that A-OLA-T extends the network life
by a maximum of 17% relative to the Basic OLA
when both protocols operated in their minimum power
configurations. Further, when A-OLA-T is compared to
OLA-T, the battery-life of the nodes is doubled In sensor
networks where the same node is the “source” node all
the time. The key parameter is the transmission thresh-
old, which was assumed constant for the whole network.
Analysis of transmissions from multiple sources will be
more complicated and involves considering issues such
as collisions and medium access. A detailed analysis of
the interplay between the various system parameters of
interest on achieving network broadcast was presented
in the paper. From the future analysis standpoint, work
is needed in terms of a detailed analysis of the number
of levels (m > 2) each OLA can be decomposed into for
a broadcast phase and lifetime extension benefits. Also,
the success of A-OLA-T in general path-loss and fading
environments needs to be carried out. From the imple-
mentation point of view, issues of synchronization and
timing need to be considered and a thorough protocol
analysis needs to be carried out.
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