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Range extension is a promising feature offered by cooperative transmission (CT), also
known as virtual multiple-input–single-output (VMISO). Many authors have considered
how the diversity and array gains from CT may benefit a wireless multi-hop network, when
the gains are used for increasing link reliability and reducing transmit power. However,
relatively less attention has been given to the benefits of CT range extension and few
testbed implementations of CT have been demonstrated. In this paper, we focus on how
CT range extension can impact the lower three layers, especially medium access control
(MAC) and routing for ad hoc and sensor multi-hop networks (AHSMNs). We assume
cooperators decode and forward the packets. Various analytical models, performance ana-
lyses, and experimental results using software-defined radios in an indoor office environ-
ment are discussed. For wireless sensor networks (WSNs), we review CT range extension at
the network layer, to eliminate the energy hole that forms around sink nodes in non-CT
networks, and we review cooperator selection and duty cycle scheduling algorithms at Lay-
er 2, to maximize the lifetime of a multi-hop WSN. For ad hoc networks, we emphasize a
family of lightweight broadcasting and unicasting protocols based on a simple form of CT
called the opportunistic large array (OLA). Experimental results, including OLA-based uni-
cast routing and diversity order effects in two-hop CT networks, are discussed.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Cooperative transmission (CT) is a physical layer
communication scheme, in which spatially separated users
or nodes collaborate to form a virtual antenna array. The
collaborating nodes transmit the same source message
through multiple independently faded channels to the
receiver, which decodes the message through physical
layer combining. The cooperative gains provide the recei-
ver with a significant signal-to-noise ratio (SNR) advantage
of 10–20 dB [1]. This is comparable to that of a real array,
which however could be too costly or impractical to build
in a small wireless device. The SNR advantage can be used
to enhance link reliability, reduce transmission power or
achieve a longer transmission range than that of a single
node. This paper focuses on applying CT range extension
to wireless multi-hop ad hoc and sensor networks.

An example of the range extension topology is shown in
Fig. 1. In the first hop, the source, indicated by the red
triangle in the figure, transmits a packet to the four relays,
indicated by blue circles. Then, in the second hop, the
relays decode and forward the received packet to the
destination, represented by the white square in the figure.
We assume that the source cannot reach the destination
directly.
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Fig. 1. The range extension topology.
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Range extension provides a new freedom to the net-
work, which can be exploited to achieve faster broadcast,
balanced energy consumption, and survivability against
network partition. While this paper emphasizes the impact
at Layers 2 and 3 (i.e., on medium access control and rout-
ing), new experimental PHY layer results are presented at
the end of the paper, to show how deployment impacts
two-hop broadcast coverage.

According to the synchronization requirements at the
cooperative node, there are three types of CT schemes:
coherent beamforming (CB), time division CT (TDCT) and
concurrent CT (CCT). Coherent beamforming requires the
channel state information (CSI) and physical layer synchro-
nization at the transmitters to coordinate the phases of the
transmissions. In theory, time-division duplex (TDD) links
can achieve CSI at the transmitter through channel recipro-
city. However, real transceivers have different transmit
and receive path responses, necessitating self-calibrations,
which can be prohibitively costly [2] or require network
overhead in the form of CSI feedback from the receiver to
the transmitter [3]. Synchronization for CB either requires
many iterations of feedback [4] or out-of-band synchro-
nization signals [5]. In TDCT, cooperating nodes transmit
in orthogonal time slots and the receiver synchronizes to
one time offset and one frequency offset at a time. Howev-
er, for range extension, the weak reception of signals in
each slot poses challenges to the receiver in terms of
packet detection and synchronization.

In CCT, nodes fire at approximately the same time. If the
received signals have small relative time offsets and small
relative frequency offsets, the receiver can decode as if pro-
cessing a multi-path signal from a single transmitter.
Diversity and array gains can be harvested at the receiver
either through explicitly created diversity channels or
through self-fading combined with coding or equalization.
Diversity channels can be created by allocating to the dif-
ferent cooperating nodes orthogonal waveforms [6] or dif-
ferent columns of space–time block codes (STBC) [1].
Second order STBC has the advantage of unity code rate
[7]. The allocation can be either deliberate [8], incurring
some network overhead, or random, incurring some per-
formance loss in certain cases [9]. Alternatively, the coop-
erating nodes can be allowed to simply transmit the same
waveform with random time and carrier frequency offsets
between the cooperating nodes; the offsets cause frequen-
cy- and time-selective fading, respectively, which we refer
to as self-fading. Intentional self-fading can be induced
through random phase dithering [10,11] or random time
delays [12] at each cooperating transmitter. If the wave-
form is coded and the code length exceeds the coherence
bandwidth, as in OFDM [13], or the coherence time, as in
single-carrier waveforms [14], of the self-fading, the recei-
ver can extract the diversity gain through normal decod-
ing. Methods involving coding will incur rate loss
because of low code rates. We add that a side effect of
CCT is the increased interference range, which impacts
Layers 2 and 3.

For wireless ad hoc networks, we present a set of broad-
cast and unicast protocols that have an opportunistic large
array (OLA) [15] physical layer to achieve range extension.
OLA is a special form of CCT, with no reliance on cluster
head or overhead of nodes’ addressing and inter-node
coordination. Node autonomy and lack of coordination
overhead distinguish OLA from other cooperative schemes.
It is known that OLA transmissions have the benefits of
robustness against mobility, improved end-to-end delay,
as well as survivability against network partition brought
by range extension [16]. In particular, consecutive OLA
hops have been demonstrated in both FSK and OFDM to
have excellent time and frequency synchronization prop-
erties [17]. Furthermore, their high degree of diversity
makes them very reliable, yielding high packet delivery
rates in multi-hop networks [17]. The light weight of pro-
tocols make them well suited for high mobility multi-hop
networks. In this paper, we emphasize a cooperative rout-
ing protocol called OLA On-Demand (OLAROAD) [18] that
has been developed for unicast applications.

For wireless sensor networks (WSNs), we highlight our
solutions that prolong network lifetime through CT range
extension. Conventional energy efficient routing protocols
based on saving the individual node’s residual energy can-
not overcome the ‘‘energy hole,’’ [19] which occurs when
all the nodes surrounding the Sink deplete their batteries
[19]; this is a key limiting factor for the lifetime for any
SISO multi-hop WSN. We present routing and duty cycle
MAC protocols that apply CT range extension to avoid the
energy hole, yielding substantial gains in terms of
quality-of-service and network longevity.

The rest of this paper is organized as follows. Section 2
provides a literature survey on cooperative protocols. Sec-
tions 3 and 4 present OLA-based range extension protocols
for wireless ad hoc networks and their related analyses,
respectively. Section 5 reviews the routing and MAC proto-
cols that utilize CT range extension for WSNs. Section 6
discusses mathematical models to evaluate the impacts
of CT range extension on WSN lifetime. Sections 7 and 8
address the implementation issues in a testbed and
provide measurement results for CT range extension.
Concluding remarks are given in Section 9.
2. Overview of CT protocols at Layers 2 and 3

CT protocols can be divided into those that recruit
cooperators either deliberately or opportunistically. In
the deliberate category, a cluster head or a node on a pri-
mary route selects cooperators using their addresses,
typically based on some information that is shared, such
as their residual energy or proximity to the destination.
In the opportunistic category, nodes are recruited without
being individually addressed, when they are simply able to



J. Lin et al. / Ad Hoc Networks 29 (2015) 117–134 119
decode a particular packet and they decide autonomously
based on some logical criterion.
2.1. Deliberate category

In the deliberate category, the cooperator selection is
predefined before initiating the CT transmission. At the
routing layer, cooperative routing protocols have been
design to minimize energy consumption [20,21] or to max-
imize decoding probability [21,22]. Specifically, many
other authors have developed energy efficient (EE) CT rout-
ing protocols [23–27], which are power-saving oriented.
However, we note energy-efficient routing protocols can-
not guarantee the extension of lifetime of multi-hop
WSN, because of the following reason. As concluded in
[28], cooperative transmission is not energy efficient when
the SISO decoding range is not long enough; otherwise the
circuit energy consumption is too large of a portion of the
total energy budget. Thus, energy efficient CT routing pro-
tocols still choose non-CT routing for certain pairs of nodes
with short distance, providing no solution to relieve the
burdened nodes. Therefore, EE protocols cannot guarantee
to form CT routes to solve the energy hole [19] caused by
energy imbalance. The works in [29–31] are suitable for
lifetime extension for sensor nodes as they considered
the remaining lifetime of each node after cooperative route
selection, however they do not avoid the energy hole.
While the range extension aspect of CT has been largely
missed in existing works, some authors considered CT
range extension in ad hoc networks [32,33] from the rout-
ing perspective.

At the MAC layer, duty-cycling (DC) MAC protocols are a
popular and effective way for SISO WSNs to save idle-lis-
tening energy [34–37], as idle-listening consumes the
same order of magnitude of energy as in transmission
and receiving [34]. Nodes duty cycle when they switch
between an active mode and a sleep mode. It follows that
duty cycling should be considered with any practical pro-
tocol aimed at network longevity. CT range extension is
known to improve the lifetime of WSNs by alleviating
the energy hole. However, adding duty cycling to a CT
range extension protocol is not trivial, because more nodes
are involved in a CT transmission than in a SISO transmis-
sion, and therefore more duty cycle coordination is neces-
sary. CT has been explored in the MAC layer of ad hoc
networks in [38–41]. However, due to the lack of duty
cycling, these works cannot be applied to WSN where DC
must be jointly designed in the MAC to save energy. Also,
the CT MAC protocols in [38–41] are not energy balancing
schemes. Idle listening [34] and the energy hole [19] are
two distinct problems that limit the network longevity,
whose corresponding promising solutions are DC and CT
range extension, respectively. Therefore, failing to provide
an integrated MAC solution, none of above mentioned
works (both non-cooperative DC and cooperative non-
DC) on MAC layer fully addresses the lifetime of WSNs.
CDC-MAC [42] and ACT-MAC [43] consider CT in a duty
cycle context, however they address only the two-hop net-
work and lack scalability to the multi-hop network. Our
work SCT-MAC [44] and OSC-MAC [45] integrate DC and
CT in multi-hop networks, and will be highlighted in
Section 5.

2.2. Opportunistic category

In this category, the cooperator recruiting is performed
opportunistically. Opportunistic CT-based routing schemes
have been proposed in [46–48], in which cooperator deci-
sion is autonomous. Typical decision criteria include
received signal strength, NACK signals and assigned
priorities. All the above protocols [46–48] assume that a
primary route in the multi-hop network is available or a
cluster is somehow predefined, which introduces network
overhead, especially in dense deployment. In addition,
none of these works has a focus on range extension
aspects. In this paper, we emphasize a particular CT range
extension method, called the opportunistic large array
(OLA) in which recruitment is based primarily and simply
on the ability to decode. OLA is proposed in [15] as an effi-
cient physical layer flooding mechanism, in which a source
transmits a packet and each other node acts as a repeater,
relaying the same packet if it successfully decoded the
packet and has not previously relayed it.

An OLA, which is the collection of relays that transmits
the same packet at approximately the same time [15], was
proposed as the key feature of a broadcast flooding proto-
col, which we call ‘‘Basic OLA.’’ Basic OLA requires no cen-
tralized control, individual node addressing or inter-node
coordination. When the network is reserved for the broad-
cast, Basic OLA eliminates the MAC and routing protocols
that are required in conventional networks. The authors
in [49] presented an asymptotic analysis for a OLA network
with infinite node density. While [50] showed that Basic
OLA consumed less energy than Broadcast Incremental
Power (BIP) algorithm [51], Basic OLA is still not so energy
efficient because nearly all nodes are recruited; alternative
versions that save more energy are discussed in Section 3.1.
Also, the analysis in [49] did not consider the reduction in
broadcast throughput caused by the enlarged interference
range; this reduction is discussed in this paper in
Section 4.3.
3. OLA-based CT range extension in wireless ad-hoc
networks

In this section, we emphasize a family of lightweight
broadcasting and unicasting ‘‘opportunistic’’ protocols
based on OLA. The main advantages of OLA in a routing
context are fast, energy-efficient broadcasts, robust unicas-
ts against node loss and mobility, as well as the scalability
with node density.

3.1. OLA broadcast

In a basic OLA broadcast [52], one source transmits a
packet and all the nodes that can decode the packet form
the first OLA; these nodes will repeat the packet
autonomously at nearly the same time. All nodes that
decode the transmission from the first OLA operate as a sec-
ond OLA, and so forth, entailing large node participation.



Fig. 2. Examples of OLA-based unicast routing protocols.
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The scalability with node density follows from the lack of
node addressing, and that the complexity of the algorithm
is unchanged as node density increases above its required
minimum [15]. It is observed that the distance between
boundaries of consecutive OLAs (step size) grows with
hop index [15]. To control the step size and improve the
energy efficiency of Basic OLA, [18] proposed a collection
of OLA-based protocols. In particular, OLA with Transmis-
sion Threshold (OLA-T) disables the participation from a
relay node if its receiving SNR is above the transmission
threshold, ensuring that only nodes at the forward edge
of the receive cluster relay the message. The Alternating
OLA-T (A-OLA-T) has the load-balancing property, which
optimizes multiple consecutive OLA-T broadcasts. By alter-
nating the participation of different sets of nodes, energy is
drained evenly and uniformly across the network; as a
result, A-OLA-T is most appropriate for static networks.

3.2. OLA unicast

We present three OLA-based unicast protocols: OLA
Concentric Routing Algorithm (OLACRA) [53], OLA Routing
On-demand (OLAROAD) [54], and OLA with Primary Route
SEtup (OLAPRISE) [55].

OLACRA is a upstream routing protocol that enables the
delivery of packet from a source node to a central access
point [53]. It is mainly designed for ‘‘many-to-one’’ data
gathering applications, e.g., multi-hop wireless sensor net-
works. Several approaches, such as ganging of levels, trans-
mit power control and step size control [18], are proposed
to tackle the upstream connectivity problem caused by the
asymmetry (downstream vs. upstream) in OLA step size.

OLAROAD and OLAPRISE are designed to support ‘‘ran-
dom-pair’’ transmission in ad hoc applications, i.e., from
a source node to a random destination. We emphasize
OLAROAD and OLAPRISE in the following subsections.

3.2.1. OLAROAD
OLA Routing On-demand (OLAROAD) [54] is a unicast

protocol that has been designed to provide better coverage,
reliability, delay and packet delivery performance, com-
pared with the conventional Ad-hoc On-demand Distance
Vector (AODV) [56] routing, for isolated flows. A similar
protocol to OLAROAD was independently developed as
the Barrage Relay Network [10]. Fig. 2(a) illustrates an
example of the cooperative route between the source
(filled red triangle) and the destination (filled blue circle)
[57], which is built by OLAROAD.

OLAROAD operates in three phases: (1) the Basic OLA
broadcast of route request (RREQ) from the source, (2)
the unicast of route reply (RREP) from the destination,
and (3) the unicast DATA transmission (DATA). During
the OLA broadcast of the RREQ, the nodes learn their
downstream level, i.e., nodes that decode the i� 1th OLA

transmission form the ith decoding level (DLi) indicated
by the red circles in Fig. 2(a). The destination’s reception
of the RREQ triggers the unicast RREP phase in the reverse
direction. Similar as the downstream RREQ decoding
levels, the RREP phase has upstream decoding levels

indicated by the blue circles with the labels ULj, which
however are complimented by an additional condition:
the nodes must also belong to a certain downstream level.
The RREP phase completes the establishment of the
cooperative route, as shown as the grey shaded areas in
Fig. 2(a). When the source receives the RREP, it starts the
data phase through the cooperative route, i.e., only the
nodes that participate in RREP are eligible to relay the data.
In OLAROAD, the upstream RREP phase is more challenged
than the downstream RREQ phase, especially in a large
network, because the RREP OLAs are smaller; this makes
the CT links less reliable. For this reason, an end-to-end
hand shake is inserted after the RREP to confirm the route.
An demonstration of OLAROAD using a real testbed in [57]
is presented in Section 7.
3.2.2. OLAPRISE
OLA with Primary Route SEtup (OLAPRISE) [55] is more

efficient than OLAROAD in terms of the number of nodes
participating. OLAPRISE uses the SISO primary-route nodes
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and their one-hop neighbors for route setup, but uses OLA
transmission for data packet transmission. Fig. 2(b) shows
an example of network topology, where the yellow triangle
at the lower left corner indicates the source, while the yel-
low square at the upper right corner is the destination.
Also, the black circles indicate the nodes that are not in
the route. The 22 filled red circles connected by the red line
are the SISO primary-route nodes, corresponding to 23
hops from the source to the destination. The blue filled cir-
cles in the figure represent the one-hop neighbors of the
primary-route nodes. The union of the red and blue circles
is the cooperative route for data transmission with OLAs in
OLAPRISE. Because OLAPRISE uses OLA transmission in the
data transmission phase after the route is constructed, the
membership (OLA level) of OLAPRISE is determined on
the fly, which means the membership can change for dif-
ferent packets. Compared to OLAROAD, OLAPRISE provides
a more energy efficient route in a high node density situa-
tion. In other words, while OLAROAD suffers from exces-
sive node participation, OLAPRISE makes a strip-shaped
route, which forms an idealized version of CT route and
which motivates the analysis of strip shaped OLA networks
in Section 4.

Two challenges with OLAPRISE are foreseen and the
corresponding solutions are proposed. In the case of
network partition preventing the construction of the SISO
primary route, OLAPRISE will trigger OLAROAD to hop over
the partition. In the case of low node density risking the
success of OLA data transmission in the strip route, OLA-
PRISE will trigger ‘‘local ganging,’’ which means it broadens
the strip route locally where the node density is low by
recruiting nodes that are two-hop neighbors. More details
can be found in [55].
3.2.3. Performance comparison
While OLAPRISE is still at early stage of development,

we present some simulation results that compare four
routing protocols: SISO-based routing, two OLAPRISE
schemes (with and without local ganging), and OLAROAD.
The four routing methods are evaluated for a single flow
using three performance metrics: average throughput,
end-to-end latency, and, the number of nodes in the route.
As in Fig. 2(b), we assume a 300� 300 square network,
where 2000 nodes are uniformly and randomly distribut-
Fig. 3. Performance comparison of SISO routing, OLAP
ed. We assume a fixed TX-RX pair, which are located as
in Fig. 2(b). For the traffic model, we assume a constant
bit rate (CBR) with large enough inter-packet separation
to avoid intra-flow interference. Fig. 3 shows the simula-
tion results with 100 iterations of 100 data packet trans-
missions over a random i.i.d. Rayleigh fading realization
for each packet. In each subfigure, the horizontal axis indi-
cates three transmit SNR (TSNR) levels: 40 dB, 42.5 dB, and
45 dB.

Fig. 3(a) shows that the SISO-based scheme incurs the
largest end-to-end delay, while the three CT-based
schemes reduce the latency by almost a half due to the
range extension property.

Fig. 3(b) demonstrates that the SISO-based routing has
the lowest throughput, because SISO links are unstable
with the given transmission range in the presence of ran-
dom Rayleigh fading. On the other hand, OLAROAD shows
the highest throughput, because the route is much wider
with larger number of nodes than the other three schemes.
The second best algorithm is OLAPRISE with local ganging,
which outperforms OLAPRISE without local ganging. The
throughput difference between with and without local
ganging decreases as the TSNR increases, because the num-
ber of one-hop neighbors also increases.

Fig. 3(c) shows the average number of nodes used in the
route, which is proportional to the energy consumption
and possible interference to the other flows in the network.
Interestingly, as TSNR increases, only the SISO-based
scheme shows decreased number of nodes used, while
the three CT-based schemes show increased node par-
ticipation. It is also observed that OLAPRISE schemes sig-
nificantly reduce node participation compared with
OLAROAD. Especially, at TSNR ¼ 45 dB, OLAROAD uses
about 65% nodes of the entire network, while OLAPRISE
schemes use about 11%. More details about the simulation
and discussion can be found in [55].
3.3. Discussions

From the above discussion, we can observe the follow-
ing: The OLA-based network may not always be energy
efficient, but due to its figures of merit in terms of scalabil-
ity, network connectivity, end-to-end delay and mobility
RISE w/ and w/o local ganging, and, OLAROAD.
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robustness, it is still recommended for certain applications
in wireless ad hoc networks.

Non-uniform topologies will support successive OLA
transmissions as long as the node density satisfies the
inequality in Section 4.1 [49], however lower node densi-
ties will produce smaller OLAs and slower progress. If a
network partition makes the primary SISO route impossi-
ble in OLAPRISE, the protocol resorts to ‘‘local ganging’’ to
build up a large enough OLA to hop over the partition
[55]. Similar local ganging methods have been proposed
for OLA unicasting [18]. Since OLAROAD may not need
local ganging to overcome partitions or areas of low node
density, we expect OLAROAD to have less delay in these
situations compared with OLAPRISE.

The energy consumption of OLAROAD and OLAPRISE is
approximately proportional to the number of nodes par-
ticipating in a cooperative route. Since in Fig. 3(c), OLA-
ROAD uses about 6 times as many nodes as OLAPRISE for
the same source–destination pair, we can conclude that
OLAPRISE is more energy efficient than the other OLA-
based schemes. However, an extremely energy efficient
protocol should include duty cycling and such an OLA-
based protocol has not yet been reported.

Because of the considerable challenges in designing a
MAC protocol for OLA-based networks, the existing studies
of OLAROAD and OLAPRISE assume a single traffic flow
with node density satisfying the inequality presented in
Section 4.1. Some work towards multiple concurrent flows
in OLA-based networks has been done by the authors of
the Barrage Relay Network (BRN) protocol, which is similar
to OLAROAD; these authors avoid a MAC protocol and limit
node participation by confining each OLA route to be with-
in one Controlled Barrage Region (CBR). Each CBR is sur-
rounded by ‘‘buffer’’ nodes that do not relay. The buffer
nodes are identified using a similar method (based on
numbers of OLA-hops to source and destination) as what
defines cooperative route nodes [58]. Assuming an infi-
nite-line network of BRNs alternating with segments of ‘‘si-
lent’’ buffer nodes, [11] analyzes the transport capacity.
4. Analysis for CT range extension – a perspective from
OLA broadcast in ad-hoc networks

Two interesting questions arise for OLA: (1) under what
conditions can an OLA broadcast propagate to an arbi-
trarily far distance, and (2) what is the impact of the
increased interference range on the rate that a source can
insert packets into a route? In this section, we discuss ana-
lyses for single-packet transmission and multi-packet
transmission under different node density assumptions.
4.1. Single-packet analysis, continuum assumption

As mentioned, the key property of OLA that distinguish-
es it from other CT schemes is the opportunistic member-
ship definition, i.e, which radios participate in a OLA
transmission is not known a priori. Because of this
opportunistic trait, previous analytical work [49] makes
the continuum assumption, where the node density (per
unit area) goes to infinity q!1, while the sum relay
power in a unit area Pr ¼ qPr keeps fixed.

Considering that the OLAs are formed as consecutive
concentric rings, the authors in [49] have derived the suf-
ficient and necessary condition for an infinite broadcast
to last without packet loss for single-packet (i.e., one-shot)
OLA transmission. For a transmission from a disk shaped
OLA with the radius r, the received power at a node with
a distance p > r to the origin, is:

f ðr;pÞ ¼
Z r

0

Z 2p

0
lðp� r cos h; r sin hÞr dhdr; ð1Þ

where lðx; yÞ ¼ 1
x2þy2. Based on this signal model, it has been

shown [49] that an infinite broadcast is feasible if and only
if l ¼ expðs=pPrÞ 6 2, or in terms of node density,
q P s= pPr ln 2ð Þ, where s is the decoding threshold. In
terms of an asymptotically defined node degree K, the con-
dition is K > 1

ln 2 � 1:44 [18]. It turns out this result holds
for both disk and strip shaped networks. In particular,
the case l < 2 indicates ‘‘ring expansion,’’ where the thick-
ness (width) of OLAs increases with the hop index; and
when l ¼ 2, the area of OLAs holds as a constant, implying
that the OLA widths decease with the hop index.

4.2. Single-packet analysis, finite density

The validity of the ‘‘continuum’’ assumption relies on a
dense deployment of nodes, yet, some applications have a
low to moderate node density. Generally, these cases must
be analyzed numerically. Analytical results are available
for some special cases, namely line networks of equally
spaced nodes [59,60], line networks of unequally spaced
nodes [61], and strip networks with nodes in a 2-D grid
[62]. For the line network with equally spaced nodes, in
[59], a quasi-stationary Markov chain approach was taken
to analyze the network performance, where OLA transmis-
sion is assumed. The absorbing states represent the case
when packets die off. Assuming a wireless channel with
path loss and Rayleigh fading, same transmit power and
equal gain combining (EGC), [59] shows that the received
power at any node in the network, conditioned on a certain
pattern of transmitting nodes in the previous OLA hop, is
always hypoexponentially distributed. In [61], a similar
Markov model is used to characterized the performance
of a line cooperative network of nodes that are randomly
placed according to a Bernoulli process.

Different from the ‘‘continuum’’ case, there is no condi-
tion in the finite-density case to guarantee that the trans-
mission can propagate infinitely [59]. Rather, Ref. [59]
derives the propagation distance for a given packet deliv-
ery ratio (PDR), given the network parameters. To achieve
a certain transmission distance and PDR, one should satisfy
a required SNR margin. This is equivalent to a fade margin
for the nearest neighbors. Similarly, Ref. [60] treats the
case when cooperating nodes are collocated, or ‘‘bunched,’’
and demonstrate that this deployment can provide better
coverage, especially when the path loss exponent is high,
because path loss disparity diminishes diversity gains. In
[62], this model has been extended to analyze a 2-Dimen-
sional grid strip network.



Fig. 4. An illustration of energy hole and VMISO links.

J. Lin et al. / Ad Hoc Networks 29 (2015) 117–134 123
4.3. Multi-packet analysis, continuum assumption

As already pointed out, one negative aspect of OLA
(CCT) is the increased interference. The aforementioned
works mainly address the case of one-shot of single
packet transmission. However, when the broadcast
throughput becomes of interest, such as in large file
broadcast, a question exists on the impact of ‘‘intra-
flow’’ interference, where a single flow carries multiple
packets from the same source to its destination. To
avoid interference, successive packets can be encoded
on orthogonal channels. Therefore, the analysis reviewed
below is a basis for deciding how many, if any, such
orthogonal channels are necessary.

In contrast to [63] where perfect interference cancella-
tion (IC) is assumed, in [64,65] it is assumed that no inter-
ference is canceled; this is practical because of the
limitation on the storage and processing capability of
OLA nodes, as well as the significant challenge in channel
estimation. Based on the continuum assumption and the
deterministic channel model, [64,65] presented asymptotic
analysis for the ‘‘intra-flow’’ interference for OLA broadcast
for disk shaped and strip shaped network, respectively.

Different conclusions have been drawn for these differ-
ently shaped networks. For the unbounded (i.e., infinitely
sized) disk network, it is shown that no co-channel pipelin-
ing of packets is possible [64]. In particular, for the ‘‘ring
expansion’’ case ðl < 2Þ the later-added packets always
suffer decoding failure after a finite number of hops; in
the constant-ring-size case of l ¼ 2, the spatial pipeline
with finite packet insertion rate is also infeasible. For the
finite disk network, the throughput is degraded because
either the packets die off or the delay is increased because
the interference causes smaller OLAs and therefore smaller
step sizes. Therefore, the second packet should not be
admitted until the first packet reaches the network bound-
ary. On the other hand, when a strip-shaped network is
deployed with its length significantly larger than its width,
it is possible to optimize the throughput by inserting a
second co-channeled packet earlier, with an appropriate
inter-packet spacing [65].

4.4. Open issues

We summarize several open issues in OLA-based net-
works as follows.

1. While the single-flow scenarios have been studied in
terms of both protocol design and numerical analysis,
the multi-flow (multiple source–destination pairs) sce-
narios of an OLA network have not been sufficiently
addressed. An efficient method is needed for two or
more flows to share the same resource, such as an over-
lapping OLA cluster. Blair et al. [10] provided a high
level description of multi-flow enabling scheme assum-
ing a globally synchronous TDMA based network. This
scheme [10] brought up the concept of buffer (sentry)
nodes whose relay function is suppressed to construct
a controlled barrage region (CBR), so that external pack-
ets are banned out of the CBR and internal packets are
confined within the CBR.
2. A system-wide energy metric is important for analyzing
the energy efficiency of an OLA network. The aforemen-
tioned studies mainly account for the transmit energy.
A systematic analysis should also include receive pow-
er, circuit power, signal preamble, and protocol signal-
ing overhead. Tradeoffs between energy efficiency and
other network performance (throughput, delay, etc.)
must be made before deploying a protocol.

5. CT range extension in wireless sensor networks

As mentioned in Section 3, OLACRA is applicable to data
collection tasks in wireless sensor networks, as it provides
a upstream OLA unicast routing with range extension.
While OLACRA belongs to the opportunistic category, in
this section, we emphasize CT range extension schemes
that recruit nodes deliberately.

The ‘‘energy hole’’ is a general problem that limits the
lifetime of a multi-hop wireless sensor network [19]. An
energy hole is formed when nodes near the Sinks deplete
their energies faster than other nodes, because these
nodes, in addition to transmitting their own packets, need
to receive and forward packets on others’ behalf. As an
example, in Fig. 4 the energy hole is formed at Node C.
As a consequence of the uneven energy consumption, the
death of the bottle-neck nodes leaves energy outside of
the holes trapped in the network. CT range extension pro-
vides a very effective balancing mechanism, allowing
access to the Sink without burdening the nodes around
the Sink. We note that CT used this way is not a power-sav-
ing strategy – coordinating and executing CT involves extra
control overhead and circuit energy consumption. Howev-
er, because the extra energy required is part of that which
would be trapped anyway after the energy hole, CT can still
increase network lifetime from 80% to 300% [66,67]
depending on the network parameters. Another note is
that most of our results are based on the first-node-death
lifetime definition; while some researchers object to this
definition, we have observed that because energy is bal-
anced so efficiently with CT range extension, there is only
a small difference between first-node-death and last-node-
death or partition of Sink from network. In the reminder of
this section, we present the key findings from our medium
access control (MAC) and routing protocol designs, which
have mitigated the energy hole problem.

5.1. Residual Energy Activated Cooperative Transmission
(REACT)

The earliest application of CT range extension to avoid
the energy hole is a forwarding scheme called Residual
Energy Activated Cooperative Transmission (REACT) [66].



Fig. 5. A scheduling instance of a random topology.

Fig. 6. Seamless scheduling and transmission in OSC-MAC.
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REACT can operate with any tree-type routing protocol,
where each node has at most one parent node, such as
AODV [56]. In REACT, a source node monitors the residual
energy of its next-hop node (parent) and neighboring
nodes. Only when the parent node has lower energy than
itself, the source attempts CT with the assistance of its
neighbors, to transmit directly to the Sink in order to
relieve the burden of the bottle-neck node. Simulations
in [66] show that REACT corrects the energy imbalance
and improves the network lifetime by factors of two or
three. REACT assumes a perfect MAC, i.e., the packet trans-
missions are well scheduled, so there is no consideration
for the overhead due to MAC contention, collisions and
retransmissions.

5.2. Duty cycling MAC for range extension CT

Idle listening to the channel for possible incoming pack-
ets consumes significant energy comparable to the power
required by decoding [34]. Duty-cycling allows a node to
sleep and wake up periodically, which is an effective way
to avoid idle listening and has been exploited by many
MAC protocols [34–37]. Combining range extension and
duty cycle scheduling becomes very challenging for multi-
hop networks, because the cooperative nodes have to agree
on a wakeup rendezvous time to perform CT even if their
schedules might be asynchronous. The CDC-MAC and
ACT-MAC protocols [42,43] are designed to consider CT
in a duty cycle context, however they apply to only the
two-hop network and lack scalability to the multi-hop net-
work. The scheduling algorithms SCT-MAC and OSC-MAC
proposed in [44,45] for multi-hop networks both have
pipelining and orthogonality features, wherein interfering
nodes’ schedules are non-overlapping with each other,
and schedules of nodes along a primary route towards
the Sink are cyclically increased, as illustrated in Fig. 5.
The main difference between SCT-MAC [44] and OSC-
MAC [45] is that the latter supports the on-demand wake-
up rendezvous agreement. The objective of the on-demand
scheduling is to further save idle energy, with the tradeoff
of more MAC signaling overhead. The MAC signaling is
illustrated in Fig. 6.

We compare OSC-MAC [45] with SCT-MAC [44] and
DW-MAC[35] using NS-2 [68] simulations. The simulation
setting is as follows. We consider 100 random networks in
which 50 nodes are randomly distributed in an area of
1000 ⁄ 1000 m and the Sink is located in the center. The
random correlated event (RCE) traffic model is used to
simulate burst traffic triggered by spatially correlated
events [69]. The event location is randomly picked in every
200 seconds. Upon the occurrence of an event, each node,
within the circle centered at the event location with radius
R, generates a packet to the Sink. By varying the radius R
(even sensing range), different traffic loads are applied to
the network, i.e., from non-saturation load (small R) to
saturation load (large R). As shown in Fig. 7, for
R ¼ 400 m (non-saturation), OSC-MAC improves the multi-
hop network lifetime by 80% over the cooperative protocol
SCT-MAC, and 260% improvement over the non-coop-
erative protocol, DW-MAC. The significant gain of OSC-
MAC against DW-MAC is largely driven by the pipelined
duty-cycle scheduling. Since DW-MAC requires network-
wide synchronous duty-cycle resulting in more collisions,
a larger duty-cycle is required to deal with those collisions
and thus longer idle listening periods occur. We note that
other pipelined duty-cycle MAC protocols such as [70],
without data scheduling, are unlikely to outperform



Fig. 9. Interference model.
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OSC-MAC, because the seamless scheduling and transmis-
sion mechanism as shown in Fig. 6 enables minimum
wake-up and activates nodes in the data period only if
there is a data demand.

We also observe the lifetime benefits from the usage of
extended VMISO links, although more control packets have
to be introduced in the MAC layer to support CT range
extension. This reflects a goal-congruence strategy, com-
promising cooperating nodes’ energy levels to achieve
more balanced network-wide energy consumption. Fur-
ther, the extra gain of OSC-MAC compared with SCT-MAC
confirms that duty-cycling design for reducing idle energy
is crucial. In OSC-MAC, the dynamic duty-cycling is
enabled to activate cooperators on-demand by explicitly
exchanging control packets, which are energy-consuming
and even collision-prone in heavy traffic scenarios. Howev-
er, the idle energy saved for the cooperative nodes through
this process far exceeds its cost.

We define the saturation lifetime as the stable lifetime
when the event sensing range R is large enough to saturate
the network, which is R P 1000 m. To quantify the influ-
ence of CT in the OSC-MAC protocol, we compare the
saturation lifetimes achieved by OSC-MAC with CT enabled
mode and CT disabled mode, as in Fig. 8. By ‘‘CT disabled,’’
we mean the scheduling algorithm is the same, while all
transmissions are enforced to be non-CT. Our results
demonstrate that the coexistence of non-CT link and CT
links increases the saturation lifetime by 28% compared
with non-CT-link-only cases, even when the communica-
tion overhead of CT is considered. This suggests that in
collision-limited cases (heavy load), contrasting to duty-
cycle-limited cases (light load), CT still provides 28% gain
over non-CT, both being under the same duty-cycling
operation.

We note that, the scheduling period (TSched, as in Fig. 6)
is of fixed length for all traffic loads; therefore, in the light
load region of Fig. 8, CT provides tiny gain because the idle
listening in TSched dominates the energy consumption.
However, if TSched is adjustable according to different traffic
loads, we can expect, even in the light load region, a perfor-
mance gap between CT and non-CT. We also note that, in
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the heavy load region of Fig. 8, the ‘‘pure’’ gain of CT over
non-CT is much less than those shown in REACT [66]. This
reduction of CT gains in terms of network lifetime is some-
how expected, and we emphasize that this is because
REACT considers only routing layer transmission and
receiving, and ignores idle listening and collisions, which,
e.g., in OSC-MAC, occur during TSched.

We note that idle listening of the main radio can be
greatly reduced by a wake-up radio [71], which draws
extremely low current and is however not economically
available in currently sensors. When wake-up radio is gen-
erally and economically available in the future, then CT
may be done for the main radio at minimum idle listening,
and thus we can expect similar amount of benefits from CT
to those shown in REACT [66], whose analysis considers
only energy consumption in packet transmission and
reception.
5.3. Energy-harvesting with CT range extension

A node in an Energy-harvesting(EH)-WSN gets its
energy from its surrounding environment, through photo-
voltaics, vibration, temperature gradient, wind, or RF ener-
gy [72]. Therefore, if a required service is energy-intensive,
the EH-WSN may not be able to support the service
successfully.

The advantages of using CT range extension in multi-
hop EH-WSNs from the network layer perspective were
studied in [73]. The problem we address is that when the
energy of nodes surrounding the Sink becomes depleted,
they must go offline briefly, creating temporary obstruc-
tion to the Sink. CT range extension increases access to
the Sink by reducing the down time of these nodes and
by providing network connection to the Sink even when
they are down. For periodic reporting applications, we
show the benefits that CT can bring (when compared with
non-CT networks) for the network applications designed
for long-lasting WSNs. Specifically, the benefits are (1) pro-
viding better sensing coverage, (2) collecting more up-to-
date information, and (3) ability to operate with lower
harvested energy [73]. Comparing against the non-CT net-
work, we show that a CT network can fulfill the ‘‘service
requirement.’’ The service requirement indicates that all
data generated by source nodes should be delivered to sink
nodes during a given service duration. If the network can
meet the service requirement for a given network topology
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and a report period TRP (an indicator of data traffic
volume), the service is supportable. For a two-hop toy net-
work, we show that range extension CT can support a
reporting service up to 35% more frequently (i.e., 35% less
in TRP) [73]. Then, we determine, through a linear program-
ming (LP) model, the supportable services that can be
achieved by optimal non-CT or CT routing protocols for
EH-WSNs. With the LP model and network simulations,
we justify that for a given fixed number of sink nodes, CT
networks can support a larger network size or support
more frequent data gathering. For instance, for a 5� 8 grid
network, we show that non-CT networks can only support
TRP ¼ 6 min, whereas CT networks can support 2 6 TRP 6 5
min; also, given TRP ¼ 2 min, in terms of packet delivery
ratio, non-CT can only support 5� 3 networks, while CT
can support as large as 5� 8 networks. Similar conclusions
have been drawn for random networks as well [73].
5.4. Discussions of implementation issues

We make some comments for the above CT routing/
MAC protocols, regarding the implementation challenges
and our solutions, as follows.

1. The above-mentioned routing and MAC protocols
have shown the significant advantage that a network can
benefit from CT. However, those routing protocols have
overlooked several implementation issues that the MACs
address: (1) a VMISO link directly to the Sink requires
the Sink to create a collision free environment through sig-
naling process, which must assume that the Sink can com-
municate directly through SISO transmission to the
cooperating nodes. This challenge is solved in our MAC
protocols by only allowing two-hop CT range extension
and using an intermediate (protected) node to only for-
ward the control packets on behalf of the Sink. (2) What
is the overhead to obtain the channel information between
the cooperators and the Sink, and the residual energy; and
whether the overhead will degrade performance? This is
answered in the MAC packet design by using beacon pack-
ets and/or data packets with energy information embed-
ded. (3) Will relay availability be an issue when multiple
flows compete for the same relay nodes? This is solved
by the efficient seamless scheduling and transmission
design as in Fig. 6, which allows multi-packet transmis-
sions (a mixture of CT and non-CT packets) to perform in
the same data period. Interested readers are referred to
the details in [44,45].

2. Further, we want to emphasize the relation of CT
decision and its actual execution by the MAC. Our NS-2
simulations show that CT is not always being performed
as the routing algorithm desired. One reason stems from
collisions caused by the control packets exchange. The
failed decoding triggers retransmissions. The other reason
is the failed wakeup rendezvous. Due to many retransmis-
sions and excess delay, the CT attempt must be canceled
and subsequently the non-CT is pursued. These CT cancel-
lations occur more frequently when traffic load is high.
This suggests that the traffic load should be considered
as a factor to regulate CT decisions. This factor has not been
investigated in our previous studies.
6. Analytical models for CT range extension – a
perspective from WSN lifetime

6.1. PROTECT

In [74], we develop an analytical model for range exten-
sion CT for network lifetime extension of multi-hop WSNs
assuming that the nodes are uniformly deployed. We also
assume the traffic burden is shared uniformly across nodes
in each level (i.e., the nth level is all nodes that are n SISO
hops from the Sink). Through this model, we prove that
range extension CT can solve the problem of imbalanced
energy consumption in non-CT multi-hop WSNs. More-
over, we find that, to achieve the balanced energy con-
sumption and maximize the network lifetime, there
exists an optimum rate (frequency) of doing CT for each
node. The rate of doing CT depends on the network size,
physical-layer characteristics, location of the node, and
overall network topology, and the rate can be pre-comput-
ed through the analytical model. In addition, one can pre-
dict the expected extended lifetime of CT compared to
non-CT schemes that use the routing based on the shortest
(minimum) hop. Based on the computed rate of doing CT,
we propose a routing protocol, called Proactive–Coop-
erative-Transmission (PROTECT). For uniformly deployed
circular networks, PROTECT was shown to at least double
the lifetime of the non-CT network when MAC costs are
ignored. In addition, the analysis has been extended in
[74] to show that PROTECT can extend the lifetime of
non-uniform networks and random networks. For non-uni-
form traffic and node densities, we expect PROTECT to still
extend the network lifetime, and the rates or probabilities
of doing CT in different parts of the network must be recal-
culated to achieve energy balance.
6.2. Linear programming model

We formulate the lifetime optimization problem of
cooperative routing using linear programming (LP) in
[67], which considers the unique characteristics and vari-
able definitions for CT. The constraints in the LP include
energy constraint and flow conservation conditions, at
each node. Specifically, the CT energy consumption and
data flow depend on the particular collection of cooperat-
ing nodes. With the LP, one can obtain the optimal lifetime
of multi-hop WSNs with CT, to benchmark existing routing
protocols.

The linear programming (LP) solution [67] is optimal in
terms of lifetime, and therefore has many uses. It has
enabled us to understand the optimal routing behavior,
which is different from REACT, for example; such under-
standing can be very useful for designing CT protocols, in
the network layer. The optimal lifetime gives a benchmark
to compare to existing online cooperative routing proto-
cols that perform CT. We have also utilized LP to determine
the importance of certain design parameters, such as
allowing any node to be a VMISO receiver (VMISO-Any),
vs. allowing only the Sink to be the VMISO receiver
(VMISO-Sink). To include VMISO transmission, the LP
model in [67] extends the lifetime formuation for



0 10 20 30 40
0

1

2

3

4 x 104

Layer Index

S
ta

te
 S

pa
ce

 S
iz

e

m = 4
m = 6
m = 8
m = 10

Fig. 10. State space dimension.

J. Lin et al. / Ad Hoc Networks 29 (2015) 117–134 127
non-cooperative networks [75] by incorporating CT-speci-
fic LP variables. The optimal network lifetimes of coop-
erative routing were compared with those of the non-CT
case to show the non-trivial lifetime improvement that
CT can theoretically achieve. For example, with 40 nodes
randomly distributed in the network of different areas,
the theoretically optimal lifetime of CT networks (where
the Sink is the only VMISO receiver) is 2:8—4:2 times of
the optimal lifetime of non-CT networks [67]. We also find
that our previously developed REACT [66] protocol has
noticeable performance gap with the optimal lifetime per-
formance, e.g., showing 15—33% degradation in cases of
different network sizes according to the results in [67].
Moreover, though VMISO-Any is theoretically superior to
VMISO-Sink, we show that allowing any node to be a
VMISO receiver is not always necessary to achieve the opti-
mal lifetime performance by demonstrating the cases
where allowing only the Sink to be a VMISO receiver is
enough.

In [67], we observe several key routing behaviors in the
LP solutions, and, through testing protocols that approxi-
mate these behaviors, we determine certain factors that
are important in the design of an optimal cooperative rout-
ing protocol. Specifically, we find that by (1) matching the
rate of doing CT, and (2) matching the candidate pools of
cooperators to the LP solution, near-optimal protocol per-
formance can be obtained. For small multi-hop networks
requiring a few number of hops to reach the Sink, it turns
out that the optimal cooperative protocol design can be
simplified because one may use the Sink as a single VMISO
receiver and rely on the existing energy-aware routing for
the primary routing.

6.3. Markovian model

While the LP formulation has the merit of optimality, its
disadvantage is that it ignores all MAC costs. In an effort to
capture these costs in an optimal analytical solution, we
develop a Markovian Decision Process (MDP) model in
[76]. The MDP model calculates the optimal lifetime of
multi-hop wireless sensor networks both with and without
relay cooperation. The network state space, action space
and controlled dynamics in the model are formulated
under the general constraints from medium access control
(MAC) link admission, routing, and energy consumption.
The MAC link admission is modeled using transmission
set, and the packet transfer and energy dynamics are mod-
eled with balance equations. Moreover, we solve for the
optimal solution by exploring the Stochastic Shortest Path
(SSP) nature of the lifetime problem. In particular, different
from some other analyses that are based on a single node
[77], a single link [78] or a single-hop network [79], our
MDP uses a network perspective in order to capture the
energy hole [19] problem.

The model of the whole system can be decoupled into
three subsystems [76]: the transmission set (active trans-
mitting links) L, the queuing status of each node q, and
the residual energy status of each node e. By assuming that
the transmission duration of a packet is exponentially dis-
tributed, we prove that each of the subsystem has the
Markovian property [80], and that the whole system’s
transfer core can be expressed as the following multiplica-
tion form,

P L0;q0; e0jL;q; e; af g ¼ P q0jL0;L;q; af g
� P e0jL0;L; e; af g � P L0jL; af g; ð2Þ

where, the action a is the new link to join the existing
transmission set. Because of the network lifetime defini-
tion, the embedded Markov chain has absorbing states
and all other states are transient, which guarantees that
the optimal lifetime has a unique solution. From numerical
results, the assumption of exponential packet duration is
valid.

A complete model of network lifetime that can capture
the effect of MAC layer should have a proper interference
model. By parameterizing the transmission range, carrier
sensing range and interference range (see Fig. 9), the trans-
mission set that is determined by the MAC can be model as
a matching problem in graph theory; the underlying graph
is determined according to the Carrier Sensing Multiple
Access (CSMA) and the interference model. For a network
with coexistence of SISO and VMISO links, this MAC model
is accurate because the system is considered on a min-
time-slot base, so that the transmission set dynamics can
be captured in each time slot. The model that provides
the optimal lifetime is validated through numerical results
obtained using Matlab and IBM CPLEX [81] packages. In an
example of a two-hop topology, with battery capacity of 10
units, the lifetime improvement factor of CT network is
1.89 with 1 cooperator. The lifetime with larger battery
capacities is obtained by extrapolation to show the trend,
e.g., the lifetime growth rate w.r.t. battery capacity is 1.0
for non-CT, 1.6 for CT with 2 cooperators, and 2.1 for CT
with 1 cooperator [76]; this implies that an efficient proto-
col should select just enough cooperators to avoid energy
overuse. In addition, the model is shown to be accurate
for a large range of normalized packet arrival rates (NPARs)
(< 0:4). For example, if a node generates a packet every
100 seconds, and the packet transmission time is 100 ms,
then the NPAR is 0.001, well below 0.4. In other words,
the queue model assumption is valid as long as the appli-
cation generates less than 4 packets per node per second.

Our solving algorithm for the MDP problem uses the
Stochastic Shortest Path (SSP) feature of the problem and
the Mixed Integer Linear Programming (MILP) techniques.



Fig. 11. One software-defined radio node.
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Fig. 10 gives an idea of the state space size for each solving
state (layer index), where the layer indexes represent the
sum energy of nodes, and the m is the battery capacity.
The solving process itself also suggests that, although with
the inherent MDP limitation due to large state space, (1)
computer memory storage which could be typical to
MDP is not a big problem here because the SSP allows us
to only store a few past stages, and (2) while the time to
solve large MILP in each stage is minimum using CPLEX,
the access time used by the computer to construct the
MILP in its memory dominates. Therefore, the algorithm’s
efficiency could be possibly improved by reducing the vari-
ables in MILP in the future.

6.4. Comments on LP and MDP models

Considering the key assumptions in the LP and MDP
models for lifetime optimization, we have the following
comments:

1. The LP model assumes a perfect MAC, because it heavily
replies on the traffic balance equation, i.e., the number
of incoming packets of a node must equal the number
of its outgoing packets. Thus the retransmissions and
MAC overhead are overlooked. LP with millions of vari-
ables can be quickly solved by commercial LP solver and
customized optimization algorithms.

2. The MDP model is able to capture the MAC mechanism
in detail. However, MDP has the well-known curse of
dimensionality problem. Our algorithm can efficiently
solve for moderately sized networks, due to the explo-
ration of the SSP structure. From Fig. 10, the size of
the state space for each stage is bell-shaped, so the
computational burden exists mainly in the middle stage
of the chain. More consideration is needed to reduce the
state space.

7. Demonstration of CT range extension

We demonstrate concurrent CT (CCT)-based algorithms
with a real testbed using 20 software-defined radios (SDRs)
in [57,6,82–84], because off-the-shelf radios do not sup-
port the physical-layer signal combining capability, which
is required in CCT. One node of the testbed, shown in
Fig. 11, is implemented with Universal Software Radio
Peripheral 1 (USRP1) and GNU Radio. The USRP1 is a
hardware platform that allows a software radio to be
implemented in a general purpose processor, which con-
sists of a radio frequency (RF) daughter board that func-
tions as an RF front-end and a main board that has an
analog-to-digital converter (ADC), a digital-to-analog con-
verter (DAC), a field-programmable gate array (FPGA),
and universal serial bus (USB) interfaces [85]. GNU Radio
is an open-source software package usually running on a
Linux operating system, providing various signal process-
ing blocks written in the C++ language [86]. In the testbed,
a base-band processing module is implemented using GNU
Radio, which operates on a PC that is attached to the USRP1
via USB interface. In the physical layer, binary frequency
shift keying (BFSK) is used with four orthogonal subcarri-
ers for diversity, which are combined by non-coherent
equal gain combining (EGC) as described in [82]. The
experiments are performed at 2.4 GHz, and the data rate
is 64 kbps.

7.1. Transmit time synchronization for CCT

We propose a cluster transmit time synchronization
(TTS) for CCT and demonstrate using the SDR testbed in
indoor environments in [82]. In this TTS scheme, the nodes
participating in CCT use an embedded time stamp obtained
by the signal reception from the previous hop and wait for
a fixed time duration Tproc before firing. The experimental
results in [82] show the synchronization performance that
the sample root mean square transmit time spreads
(RTTSs) are on the order of 50 ns on average for two-hop
topology. While the experiment in [82] is performed with
the nodes confined to a single room, radios are spread over
much wider area in [6], in which a signal experiences more
variations in path loss and shadowing. As a result, 90% of
RTTSs are less than 300 ns in the experiments in [6], which
implies that CCT can support up to 300 kbps data rate in
narrow band waveforms without inter-symbol interfer-
ence (ISI) degradation. Moreover, in [83,87], we show that
the transmit time error statistics of the proposed TTS
scheme are convergent over consecutive CCT hops through
measurement and theoretical analysis. Synchronization for
distributed MIMO-OFDM is also shown in [17].

7.2. OLA-based routing experiment

The OLA-based routing protocol, OLAROAD, is
demonstrated in [57] and compared with the conventional
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non-CT protocol AODV, which is widely used in wireless ad
hoc networks. The experiment is conducted in a typical
modern office environment with a curvilinear network,
where 18 nodes are placed in the hallways with uniform
spacing. In this curvilinear network, the source and desti-
nation nodes are chosen to be the two extreme ends. The
data packet for the test consists of 100 bytes data, 26 bytes
header, and 2 bytes CRC. While one of four orthogonal
diversity channels is manually assigned to each node in
the physical layer of OLAROAD to achieve diversity, AODV
uses a single channel without CT, which creates the con-
ventional SISO network. Moreover, in the link layer, the
group transmission of multiple cooperators in OLAROAD
is triggered by the TTS algorithm in Section 7.1. In contrast,
a node in the conventional SISO-based network of AODV
transmits a packet with carrier sense multiple access with
collision avoidance (CSMA/CA). Also, AODV has a link-layer
retransmission up to seven times for a packet transmission
error, while OLAROAD has no error recovery algorithm.

In [57], the two routing protocols, OLAROAD and AODV,
are compared in terms of four different metrics: end-to-
end hop count, end-to-end round trip time (RTT), packet
delivery ratio (PDR), and route discovery time. Because
OLAROAD benefits from the CCT range extension, OLA-
ROAD shows smaller end-to-end hop count (6—29% less)
and smaller end-to-end RTT (66—76% less) compared to
AODV. The PDR of OLAROAD is 5—82% larger than AODV
except in the lowest transmit power regime, where OLA-
ROAD cannot collect enough number of cooperators for
CCT (i.e., the route constructed by OLAROAD is almost
the same as AODV). For this reason, in this low node degree
situation, the PDR of AODV with the link-layer error con-
trol is higher than OLAROAD. Lastly, the route discovery
time of AODV is shorter than OLAROAD by 20—67%, since
OLAROAD requires two consecutive end-to-end
handshakes for its randomness in the OLA membership.
8. Two-hop CT range extension experiment

In [84], we demonstrate the two-hop CT range exten-
sion in indoor environments. In this section, we present
some new experimental results, not covered in our previ-
ous work. Specifically, these results consider average PER
(APER) as a function of number of relays, which relates to
number of diversity channels required.
8.1. Experimental design

As in [84], the purpose of this study is to compare the
maximum range reached in two hops by CCT and the con-
ventional non-CT. For non-CT, the two hops consist of two
consecutive single-input–single-output (SISO) links using a
single relay. On the other hand, in CCT, multiple relays
from two to four are used in the second-hop transmission
creating a virtual multiple-input–single-output (VMISO)
link, while the first-hop transmission from the source to
each relay is a SISO link without cooperative reception.
We measure the average packet error rate (APER) at the
second-hop destination, when the source transmits 1000
packets. The APER is the averaged over 120 iterations with
different multi-path channel realizations as described in
[84].
8.2. Measurement campaign

The measurements were conducted on the fifth floor of
the Centergy building, which is a typical academic office
building, of the Georgia Institute of Technology, Atlanta,
Georgia. Fig. 12 shows the floor plan of the building. There
are research laboratories, offices, conference rooms, corri-
dors, and steel-reinforced concrete stairwell and elevator
lobby. We consider three relay topologies shown in
Fig. 12: ðiÞ widely-dispersed (indicated by the squares),
ðiiÞ medium (the circles), and ðiiiÞ tight (the dots). For all
three topologies, the relays are maximally far from the
source such that the first-hop APER from the source to
any relay is less than 0.01 to focus more on the second-
hop decoding range. The second-hop decoding region is
defined as the area where the second-hop APERs are less
than or equal to 0.1.

The three topologies are chosen to explore three differ-
ent factors in wireless channels: path loss, multi-path fad-
ing, and shadowing. If the relays are close enough to share
the same path loss and shadowing, yet have sufficient
separations greater than a half wavelength (in an indoor
environment) to achieve uncorrelated multi-path fading
in their channels, then CCT benefits from the maximum
micro-diversity gain, which is identical to a real array
antenna. However, the multiple antennas in CCT are sepa-
rate radios distributed in space. Therefore, if the cooperat-
ing nodes in CCT are separated by more than the
shadowing correlation distance (e.g., about 1.7 m for
indoor NLOS channel [88]), then CCT will achieve macro-
diversity gain, because the MISO links in the second hop
are likely to experience different shadowing outcomes.
However, at the same time, if the inter-element spacing
is very large (e.g., low node density networks), the path
losses would be significantly disparate. In other words,
some relays’ contributions to the diversity gain will be very
small, possibly leading to an effective diversity order less
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than the number of relays doing CT. For this reason, we
consider the three topologies with distinctive channel
effects: micro-diversity only (tight), full-order micro- and
macro- diversity (medium), and reduced effective diversity
(widely-dispersed) because of disparate path losses.
8.3. Experimental results

8.3.1. Coverage area extension
The experimental second-hop decoding regions of the

three relay deployments are shown in Figs. 13(a), 14(a),
and 15(a). The decoding regions are defined as the area
where the second-hop APERs are less than or equal to
0.1. In the figures, the red triangle is the source node,
and the blue circles are the relays. The SISO decoding
regions are indicated by the light-gray areas, and the CCT
decoding ranges with all the four relays NR ¼ 4 are the
union of the light-gray and dark-gray areas. In this cover-
age area comparison, for the conventional SISO, we have
chosen the best (lowest) APER among the four SISO APERs
Fig. 13. Topology I: widely-d

Fig. 14. Topology II: medium
that correspond to the four possible two-hop networks
using a single relay among the four. On the other hand,
the CCT coverage is defined by the APER with all the four
relays. The white-filled circles indexed by the letters from
A to V are some selected destination locations, which give
the APERs in Figs. 13(b), 14(b), and 15(b) that we will cover
in the following section.

Comparing the coverage extension ratios qc ¼
second-hop CCT decoding area
second-hop SISO decoding area, we have qc ¼ 1:589; 2:546, and 2.7

for Topologies 1–3 (widely-dispersed, medium-cluster,
and tight-cluster), respectively. Therefore, the results seem
to favor the tight-cluster topology with the largest exten-
sion ratio q ¼ 2:7, but they hide the fact that the total
CCT second-hop coverage area for Topology 1 (widely-dis-
persed) is larger than that of the other two. Also, the
experimental results would vary, if the source location
were not in the corner of the building. Another consid-
eration is that the widely-dispersed topology shows larger
SISO coverage since the four relays are placed in corridors,
which makes LOS channels, with the largest inter-spacing
ispersed deployment.

-cluster deployment.



Fig. 15. Topology III: tight-cluster deployment.
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among the three topologies. Finally, we observe that in all
three topologies, only the CCT is able to penetrate the
elevator lobby.
8.3.2. APER change with diversity order effects
We demonstrate the diversity order effects in two-hop

CT networks due to path loss disparity among relays. Our
motivation in this study is to identify the smallest number
of diversity channels needed to achieve most of available
diversity benefit, because higher-order diversity coding is
less spectrally efficient. In the case of co-located transmit
diversity antennas (i.e., antennas on the same platform,
but still separated enough to have uncorrelated fading),
diversity is well known to have diminishing returns. In
the case of distributed arrays, path loss disparity exacer-
bates this diminishment [89]. This section investigates this
disparity experimentally.

In the three topologies, we choose some two-hop desti-
nation locations, which are indicated by the white-filled
circles indexed by the letters from A to V in Figs. 13(a),
14(a), and 15(a), and measure the APERs with different
number of relays from one to four. The selected destination
locations are different for each topology, but there are
some common locations, e.g., A, B, C and D are common
for the three topologies, and, E and F are common to the
widely-dispersed and medium-cluster deployments. Last-
ly, 7 measurement locations (L, M, N, O, P, Q, and R) are
common in the last two (medium-cluster and tight-clus-
ter) deployments.

Figs. 13(b), 14(b), and 15(b) show the APERs, which are
indicated by the y-axes, of the different measurement loca-
tions, which are indicated by the x-axes with circled letter
indices from A to V. For each location, the black, dark gray,
light gray, and white bars represent the APERs for NR ¼ 1,
2, 3, and 4, respectively. The four APERs for each location
are obtained by the best case of the possible relay set com-
binations with the given NR, the number of which is

4
NR

� �
¼ 4!
ð4�NRÞ!NR !

. In other words, the vertical-axis values in

the bar graphs are the best APER among four, six, four,
and one possible combination(s), when NR ¼ 1, 2, 3, and
4, respectively.
In all cases, through the diversity and array gains, as
the number of the relays NR increases, the APER at the
receiver decreases. At location C, the reduction of the
APER as NR increases for the tight-clustered deployment
in Fig. 15(b) is more significant than the other two
topologies in Figs. 13(b) and 14(b); this is because loca-
tion C is in the small room outside of the service elevator
and the contribution of an additional relay is higher com-
pared to the other two topologies, i.e., with the other two
relay topologies, the second closest relays propagate
through some walls with larger distances. We also
observe that, for some locations, using more than two
relays has little impact on the APERs. Consider
APER 6 0:1, which is a desirable APER range, for instance.
In Fig. 13(b) at the receiver location of A, after NR ¼ 2 that
has already drives the APER to 0.1, adding third and
fourth relays does not reduce the APER significantly. Also,
at location of E, the third and fourth relays make little dif-
ference. In other words, the third and fourth relays are
too far from the receiver location A, while the first and
second relays are sufficiently close. Comparing only the
effect of the fourth relay (with APER 6 0:1), the locations
that rarely benefit from the fourth relay are: fA;C;E;Hg in
Fig. 13(b), fE;M;N; Sg in Fig. 14(b), and, fC;M;Ng in
Fig. 15(b).

To further show the diversity order effects, and thus the
likelihood of increasing APER by adding an additional
diversity channel, for each of the three topologies we par-
tition the receiver locations into two sets M and its com-
plementary set M’. Specifically, M includes the receiver
locations, where the decreases in APERs by an additional

relay are less than 10% (i.e., APER with ðNR¼kþ1Þ
APER with ðNR¼kÞ > 0:9 for

k ¼ 1, 2, 3), which are indicated by the double-circled letter
indices in Figs. 13–15, while the other measurement loca-
tions are represented by the single-circled letter indices.

For the widely-dispersed topology in Fig. 13,M = {A, B,
C, E, G, I} and its complementary set M0 ¼ fD; F;H; Jg. The
received locations inM suffer from the path-loss disparity,
where the influence of the physically distant relays are
almost negligible. In this case, the use of the additional
relay is not desirable in the context of communication cost
such as the bandwidth (for the additional diversity



132 J. Lin et al. / Ad Hoc Networks 29 (2015) 117–134
channel) and the energy consumption. On the other hand,
the other receiver locations in M0 are in the broadside
areas of the virtual array created by the four relays, where
any additional relays are effective to reduce the APERs at
least by 10%. For the medium-cluster topology in Fig. 14,
M = {E, F, L, T, U} and M0 = {A, B, C, D, M, N, O, P, Q, R, S}.
Lastly, the tight-cluster topology has M = {B, L, O} and
M0 = {A, C, D, M, N, P, Q, R, V, W}. The cardinality ratio of
the two sets jMj=jM0j is an indication of the path loss dis-
parity. The decreasing trend of the cardinality ratio shows
that less dispersed relay topology sees less path loss dis-
parity and thus more likely benefits from an additional
diversity order.

9. Conclusions

From the ‘‘range extension’’ perspective of cooperative
transmission (CT), we present a comprehensive review of
its impact on wireless multi-hop ad hoc and sensor
networks. Mathematical analysis, protocol design and
simulation, as well as testbed experiments demonstrate
that the new design freedom brought by CT range exten-
sion benefits a wireless network significantly.

Many challenges for designing a range extension proto-
col have been addressed in previous research, which
includes real testbed demonstration implemented in USRP
and GNU radio; nevertheless, several other challenges
remain. We highlight the findings from our previous
works, and discuss open problems to fully exploit CT range
extension.
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