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Abstract—We propose a broadcast protocol that is based on a
form of cooperative transmission called the Opportunistic Large
Array (OLA). Multiple SNR (or transmission) thresholds are used
to define mutually exclusive sets of OLAs, such that the union of
the sets includes all the nodes in the network. The new protocol,
termed Alternating OLA with Transmission Threshold (A-OLA-T),
exercises a different set of OLAs on each consecutive broadcast
from the same sink until all sets have transmitted once. Then the
sequence repeats. Thus, broadcasts consume energy efficiently and
uniformly over the network, and A-OLA-T is especially well suited
for static networks. The transmission thresholds are optimized to
maximize the network life if broadcasts were the only transmissions.
In this paper, we first optimize triples of broadcasts, and then extend
the optimization for a higher number of broadcasts.

I. INTRODUCTION

In this paper, we propose and analyze a Medium Access
Control (MAC)-free “alternating sets” broadcast strategy to
increase the network longevity for multihop wireless networks.
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].

By having two or more nodes cooperate to transmit the same
message, CT-based strategies offer the spatial diversity benefits
of an array transmitter enabling a dramatic signal-to-noise ratio
(SNR) advantage in a multipath fading environment [3], [4].
This advantage can be used to save transmit energy [3], [4].
The Opportunistic Large Array (OLA), a simple form of CT,
is a group of nodes that behave 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 computation
times) 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
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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.

When used for broadcasting, nodes repeat if they haven’t
repeated the message before, 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 limit the relaying nodes to
those at the edge of the decoding range [2], [5]. Even though
these “border nodes” must transmit at a higher power than for
Basic OLA to sustain propagation [2], total transmit energy is
still saved because only a fraction of the nodes relay. Basic
OLA and OLA-T share the important feature that no individual
nodes are addressed. Given that the node density is sufficient to
sustain OLA transmission, the complexity of these broadcast
protocols is absolutely independent of node density, making
OLA-based broadcasting very attractive for extremely high
density wireless networks.

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 die (drain their batteries) first and
the network loses sensitivity in the OLA areas. Alternating
OLA-T (A-OLA-T) was proposed in [7] to remedy this
problem. In A-OLA-T, the transmission threshold is used to
divide all the nodes in the network into two mutually exclusive
sets of OLAs. The first set is exercised in the initial OLA-
T broadcast, while the second set is exercised 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
were derived in [7] to ensure sustained propagation of both sets
of OLAs.

The contribution of the present paper is to extend 2-set A-
OLA-T to m-set A-OLA-T where m > 2. The condition for
sustained propagation for m-set A-OLA-T is derived and the
energy savings for m-set A-OLA-T relative to Basic OLA is
shown.



Broadcast 3

Broadcast 1 ‘ Broadcast 2 J

Fig. 1. A-OLA-T with 3 alternating mutually exclusive sets of OLAs.

II. SYSTEM MODEL

For our analysis, we adopt the notation and assumptions
of [2], most of which were used earlier in [8]. Half-duplex
nodes are assumed to be distributed uniformly and randomly
over a continuous area with average node density p. The
originating node is assumed to be a point source at the center
of the given network area. We assume a node can Decode and
Forward (DF) a message without error when its received SNR
is greater than or equal to a modulation-dependent threshold
[8]. Assumption of unit noise variance transforms the SNR
threshold to a received power criterion, which is denoted
as the decoding threshold 7;. The ‘Transmission Threshold,
Ty is used explicitly in the receiver to compare against the
received SNR. The thresholds, 7; and 73, define a range of
received powers that correspond to the “significant” boundary
nodes, which form the OLA. Further, we define the Relative
Transmission Threshold (RTT) as R = :—Z Continuing to
follow [8], we assume a non-fading environment. The nor-
malized path loss function in Cartesian coordinates is given
by I(z,y) = (2® + y?)~L, where (z,y) are the normalized
coordinates at the receiver.

For simplicity, the “deterministic model” [8] 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.
The orthogonality can be approximated, for example, with
Direct Sequence Spread Spectrum (DSSS) modulation, RAKE
receivers and by allowing transmitting nodes to delay their
transmission by a random number of chips [9], [10].

Let the normalized source and relay powers be denoted
by P, and P,, respectively. Let the relay transmit power per
unit area be denoted by P, = pP,. We assume a continuum
of nodes in the network, which means that the we let the
node density p become very large (p — oo) while P, is kept
fixed. We remark that the normalized relay transmit power,
P,, is actually the SNR received by a node at the reference
distance away from a single relay node. We note that non-
orthogonal transmissions in fading channels produce similarly
shaped OLAs [8], therefore the A-OLA-T concept should work
for them as well, although the theoretical results would have
to be modified.

Lastly, we define Decoding Ratio (DR) as D = Td/ﬁ,
because it can be shown to be the ratio of the receiver
sensitivity (i.e. minimum power for decoding at a given data

rate) to the power received from a single relay at the ‘distance
to the nearest neighbor,” d,,,, = 1//p. If p is a perfect square,
then the d,,,, would be the minimum distance between the
nearest neighbors if the nodes were arranged in a uniform
square grid. The respective conditions for successful broadcast
for both Basic OLA and OLA-T are upper bounds on D, and
the transmit energy is optimized for each protocol when D
meets it upper bound.

The strategy in this paper is to assume a certain A-OLA-T
property, namely the “equal area property,” which is true for
the optimized m = 2 case, to also be true for the optimized
m > 2 case. Then, this property is used to derive the upper
bound on D for the m > 2 case.

III. ALTERNATING OLA WITH TRANSMISSION
THRESHOLD (A-OLA-T)

A. A-OLA-T Concept

Fig. 1 illustrates the A-OLA-T concept with 3 alternating
sets of OLAs. Each broadcast is an OLA-T broadcast. The grey
areas in the left of Fig. 1, are the OLAs in “Broadcast 1,” while
the grey areas in the center and on the right, are the OLAs in
“Broadcast 2,” and “Broadcast 3,” respectively. Ideally these
three sets of OLAs have no nodes in common and their
union includes all nodes. In Fig. 1, the sets of OLAs during
Broadcasts 1, 2, and 3 comprise OLA; ; and OLA; ;, OLA;
and OLA; o, and OLA; 3 and OLA, 3, respectively; these sets
do not have any common nodes and their union includes all
the nodes in the network. This increases the network longevity
for broadcast applications because each node participates once
in every three broadcasts, and therefore the load is shared
equally. For the two-set A-OLA-T, Broadcast 1 fixes the radii
for Broadcast 2. The trick then is to choose transmission
thresholds to ensure that the detection boundaries in Broadcast
2 exceed (or match up) with transmission threshold boundaries
in Broadcast 1. In [7], it was established that there exists a
maximum value of D, denoted by D&A;i, and when D > D,(n‘:i,
network broadcast fails for A-OLA-T because the OLAs die
out during Broadcast 2. Dr(nd; implies a minimum value of P,
for a given 74, denoted by PTmm

Compared to Basic OLA, A-OLA-T with two sets extends
the network longevity by about 17% when both OLA-based
protocols operate in their minimum power configuration [7].
This work may be useful for future very large and very
fine-grained monitoring applications, of the type that may be
enabled by sensor nodes that do energy harvesting.

B. Equal Area Property

Let the Ratio of Areas be the ratio of the total area of the
Broadcast 1 OLAs to the total area of the network, and be
given by

Mh

Tdk Tbk
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where 74 ) and 7, denote the outer and inner boundary
radii, respectively, for the k-th OLA ring formed during the



Broadcast 1, and L is the number of OLAs in the OLA-T
network. In [7], it was shown that for the m = 2 case, U =1 /2
when D = D[(rﬁ?(. This implies that the respective accumulated
areas of the two sets of OLAs during Broadcasts 1 and 2 are

equal.

C. m Alternating Sets of OLAs, m > 2

In this section, we show that using m alternating sets of
OLAs (m > 2) extends the life of the network even more
than for m = 2. To show this, we conjecture that the Equal
Area Property applies to the m > 2 case. Assuming that the
conjecture is true implies that U = % for all broadcast sets,
when the system is in its lowest energy configuration, i.e. when
D= D,SQ,)(. We confirm the assumption numerically in the next
section. Based on the assumption, we are able to derive an
expression for Dl(nﬁ,)(, which in turn, allows us to quantify the
relative transmit energy consumption of m-set A-OLA-T to
Basic OLA.

The derivation of Dl(n/:))( is sketched here and the details are in
the appendices. We use the closed-form expressions for OLA-
T ring radii from [2] to put U for Broadcast 1 solely in terms
of R and D. Then setting ¥ = % allows an expression for
R in terms of D and m. Next, assuming the lowest energy
configuration means that R must be equal to its lower bound
(in [2], the upper and lower bounds on R meet at the minimum
energy configuration for m = 2). Solving this equality for D
yields the expression
DA — rln (LH) )

m

max

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
and if only radiated energy is considered. At a first glance,
it might seem that A-OLA-T increases the battery life of the
sensors in the network by a factor of m compared to Basic
OLA. This is true if A-OLA-T and Basic OLA use the same
P,. However, this would not be a fair comparison since Basic
OLA can achieve successful broadcast at a lower P,. 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
E((O). For A-OLA-T with m sets, the time-averaged power is

A .
£ £ —, since each node transmits only every other broadcast.

The ratio ofJ%goadcast lives of Basic OLA to A-OLA-T is
therefore m%, and the ‘Fraction of Life Extension’ (FLE),

may be defined as

E(O)

E(A) N

FLE =m

1. 3)

FLE can be evaluated for any powers that satisfy

WY > MWty & B > O @)

max max

From [8], D.(]f;,)( = 7ln 2. Substituting the values of Dy, in
both the inequalities, we have

|:7T In (mn—l—lﬂ 717d, and

0.467'd.

Y >

7Y >

So E(A) increases with m. When the the minimum powers
from (4) are substituted, then (3) becomes

__ PO DA
FLE:mii(“Z‘;—lzm ‘(“5‘) —1~0.44 as m — o0, (5)
PTmin Dmax

where FLE represents the FLE achieved by A-OLA-T relative
to Basic OLA when both protocols operate in their minimum
power configurations.

IV. NUMERICAL RESULTS

First, the conjecture on the asymptotic convergence of the
ratio of the accumulated areas of the mutually exclusive sets of
OLAs to 1 is verified numerically in Fig. 2 for m = 3. Fig. 2
is a plot of the ratio of areas versus k for the three successive
broadcasts. As seen in the figure, these curves overlap, i.e.,
the ratio of areas for Broadcasts 1 and 2, Broadcasts 2 and
3, and Broadcasts 3 and 1 grow in the exact same way as a
function of the OLA index. Convergence of ratio of areas to
~ 1 implies that the widths of adjacent OLAs from Broadcast
1, 2, and 3 become equal.
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Fig. 2. Ratio of areas versus k form = 3.

Next, we establish the network lifetime extensions using
m-A-OLA-T. Fig. 3 is a plot of the FLE versus the number
of alternating sets, m, on a logarithmic scale. We observe
that as m increases, the FLE increases (solid line), and for
a large number of alternating sets, it reaches its asymptotic
value (shown by dash-dot line) of around 0.45. This means
that m-set A-OLA-T can offer a maximum life extension of
about 44% when both protocols are optimized. When m = 2,
FLE = 0.17, which is consistent with the findings in [7].

Finally, it remains to check if infinite network broadcast
can be achieved when the m-set A-OLA-T is operating in
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Fig. 3. FLE as a function of the number of alternating sets, m.

the minimum power configuration, i.e., at D = Dr(n/:))(, which

is given by (2). For our example, we use Matlab simulations
and choose m = 3. Let v4 and vy, denote the outer and
inner boundary radii for the k-th OLA ring formed during the
Broadcast 2, respectively. If w4 and uyp 5, denote the outer
and inner boundary radii, respectively, for the k-th OLA ring
formed during the Broadcast 3, and if g ;41 represents the
decoding range of the (k + 1)-st OLA, then @4 k+1 > b k+1
must hold to guarantee infinite network broadcast. The inner
and outer boundaries have been simulated using the closed
form expressions given by (7). It is remarked that even
though the continuum assumptions of [2] are used for these
simulations, it has been shown in [2] using Monte-Carlo
simulations that the continuum and deterministic assumptions
can be approximated well by networks of finite density with
Rayleigh fading channels. We test infinite network broadcast
numerically at D = D,(nﬁl. The shaded background in Fig. 4
is a plot of the 3-set A-OLA-T normalized radii at Dr(n/:,)( for
the 999-th and 1000-th levels as a function of normalized
distance. The white circle in the foreground is a magnified
version of the region enclosed by the smaller dotted circle.
The normalized Source power, Ps was chosen to be 5 and
using (2), D,(np;l = 0.9038. We now explain the plot in the
foreground. Continuing to follow the notations from the
previous paragraph, Broadcast 3 boundary radii for the 999-th
level, up 999 and wug 999, are represented by the solid and
dashed lines, respectively. The dashed line (second from
the right) is the Broadcast 2 inner boundary radii for the
1000-th level, vy 1000. The right-most dotted line represents
the decoding range of the 1000-th OLA, 4 1000. From Fig. 4,
we observe that g 1000 > ¥b,1000, and so this is indicative
of infinite network broadcast at D,(n'?&. It was observed that
for D > Dr(,ﬁl, Broadcast 3 OLAs die out (not shown in the

paper).

Practical Issues: The analysis in this paper has assumed a
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Fig. 4. 3-set A-OLA-T radii growth in the minimum power case. The 999-th
and 1000-th levels are shown in the figure.

continuum of nodes and that all nodes transmit orthogonal
signals, neither of which is true in practice. However, results
based on these assumptions have been shown to be closely
approximated with high densities and limited orthogonality
in fading channels [2], [8]; in [2], several examples of
un-normalized variables (i.e. relay powers in dBm, densities
in number of nodes per m?, etc) are given that are consistent
with the high density assumption.

Nevertheless, finite density might mean that higher than
minimum powers will be needed to ensure successful broad-
cast for both Basic OLA and A-OLA-T. The additional power
needed might be called the “density margin,” and is a subject
of ongoing research. Finite density and multipath fading will
limit the number of sets that could be used by A-OLA-T to
some relatively low number.

Another practical issue is that radiated energy is not the
only energy consumed by a relay. There is usually “base”
of energy required by the electronics [11], and sometimes,
the energy required by the receiver electronics exceeds that
of the transmitter electronics [11]. Since radiated and circuit-
consumed energies are added in a “total energy” model of a
node, then, the total energy Fraction of Energy Saved (FES)
will be lower in comparison to Basic OLA than what is shown
in this paper, since both protocols would have the same circuit-
consumed energies.

V. CONCLUSIONS

In this paper, we proposed and analyzed a novel same-
source broadcast strategy that extends the life of a static
wireless ad hoc or sensor network by alternating between
mutually exclusive sets of Opportunistic Large Arrays (OLAs)
in groups of broadcasts. In this strategy, all participating nodes
transmit with the same power. We showed that the Alternating
OLA with a Transmission Threshold (A-OLA-T) with m sets,
m >> 1 extends the network life by a maximum of 44%
relative to the Basic OLA when both protocols operate in
their minimum energy configuration. Potential extensions of
this work include an analysis of A-OLA-T for finite densities



of nodes, other path-loss exponents, fading environments,
radiated versus non-radiated energy, and a consideration of the
limitations of practical synchronization and SNR estimation.

APPENDIX
A. Ratio of Areas

We first derive a simplified expression for the ratio of
accumulated OLA areas in a OLA-T broadcast to the total
network area, denoted as W in (1). Thus, the expression will
apply to Broadcast 1 of A-OLA-T. For simplicity of analysis,
consider the term

2 .2
Tak — Tk
- (6)
Tak — Tdk—1
which is the ratio of the k-th OLA in OLA-T to the k-th step-
size. From [2], the closed-form expressions for OLA-T radii,
which apply to Broadcast 1 in A-OLA-T, are given by

2 mAT — Ay 2 AT~ GAY!
d,k Al 7 A2 > Tbk Al 7A2 )

(N
where

A1 = Oé(Td) - Oé(Tb), AQ = 1a Al - A2 7é 07

w= {14+ o] = - atr 2

Td To

Td Ty

G= {u Fa(m) 2 4 14— a(m) — 1) P}
i€ (1,2}, a(r) = [B(r) — 1", B(r) = exp [r/(x )] .

Substituting the closed-form expressions from (7) into (6), we
get
T(Qi,k - T}?,k 1 a()
o a(ra)

®)

r?i,k - 7}21,1671

We observe that this ratio is independent of OLA index k.

Solving (8) for 7'?1, & —ri i and substituting into (1), and noting
L

that Z (rip —Tig_1) = T35, yields ¥ =1 — o(m) e

a(rq)

k=1
observe tha}t the ratio of areas i(sA)invariant )to the network size
L. When U is evaluated at P." * = P,;, for the A-OLA-T

with two alternating sets [7], it is found that U~ 0.5.
B. D,(,% for m-set A-OLA-T
Still focussing on Broadcast 1, which is an OLA-T broad-

cast, set U = i Substituting the definitions of «(-) into the
expression for ¥ yields

- mexp (%) -1
- (5)s[" 2]
This expression tells us that for a given D (i.e. a given data
rate and relay power density) there will be exactly one value of
transmission threshold that will yield a ratio of areas of 1/m.
There is no guarantee, however, that the transmission threshold
is sufficiently high to ensure sustained OLA propagation (i.e.
that the step sizes do not approach zero). That guarantee is

provided by the following bound for OLA-T [2]. From [2], the
condition for a successful OLA-T broadcast takes the form of
a lower bound on R given by

mln [2 — exp (%)}

Riower bound = (_ 1) D

Here is where we make our conjecture. In [7], we found for the
m = 2 case that the upper and lower bounds for R converged
at the maximum possible value of D, denoted D,(n/:?(. Therefore,
the value of D that we get when we set R equal to Rigwer bounds
is assumed to be the maximum D (corresponding to the lowest
P, and consequently the lowest energy, since eventually every
node transmits in A-OLA-T).

R = Rlower bound s

{m;(_fl)—j oo ()] -1

Replacing exp (%) with ¢, we can re-write the above as a
quadratic equation in ¢ as follows:

mg? — (2m +1)g + (m + 1) = 0,

. A
the roots of which are ¢ = ’"Tfl So, Dl(na))( =mln (mTfl)
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