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ABSTRACT

In this work we propose an energy-efficient cooperative transmission scheme for wireless sensor networks (WSNs)
where data gathered by sensor nodes need to be transmitted toward a far receiver. The scenario consists of sensor
nodes that share a common message that has to be transmitted asynchronously toward a fusion center positioned
onboard an unmanned aerial vehicle (UAV). We assume the communication channel between the sensors and the
fusion center subject to fading and noise. Therefore, the fusion center must be able to receive the weak and noisy
signals and combine them in coherent way to obtain a reliable communication. In our approach the fusion center is
represented by a Rake receiver. The results of simulations show that such approach allows to obtain a throughput
and an energy efficiency directly proportional to the number of nodes.

1. INTRODUCTION

Recent progress in microelectronics and wireless communications have enabled the development of low cost, low
power, multifunctional sensors, which has allowed the birth of a new type of networks named wireless sensor
networks (WSNs) [1]. The main features of such networks are: the nodes are positioned randomly over a given
area with a high density; each node operates both like sensor (for collection of environmental data) as well as router
(to forward the information into the network through the multihop technique); the nodes are not rechargeable [2,3].
Typical applications include a sink, which periodically triggers the WSN, and a large number of nodes deployed
in a given geographical area without detailed planning. An interesting scenario that is receiving great attention
consists of sensors whose information must be transmitted toward a far receiver located onboard of unmanned
aerial vehicles (UAVs) [4], high altitude platforms (HAPs) [5], or low earth orbit (LEO) satellites [6]. The main
problem in this scenario arises when each node does not have enough energy to transmit data reliably to the far
receiver. This is a practical example of reachback communication, characterized by the high density of nodes
that cooperate to transmit data reliably and efficiently towards a far receiver avoiding (or exploiting) interference
among the transmissions.
In the literature a few technical solutions have been proposed. The aggregate transmission of relay nodes is pro-
posed in [7], while a distributed algorithm for a broadcast communication is presented in [8]. In [4], a different
solution based on the ultrawide band (UWB) transmission technique that does not require stringent network syn-
chronization [9, 10], is proposed and analyzed. The problem of transmitting information from a sensor to a far
receiver, lies in the more general framework of cooperative communications. This paradigm has recently attracted
considerable attention in wireless cellular and ad-hoc networks as a way to share resources through distributed
transmission and processing. Through this concept, it is possible to realize a new form of diversity, to mitigate the
effects of fading, that has been termed cooperative diversity. With the aim to increase network capacity and relia-
bility, the cooperation can be realized in various forms: for example through the adoption of distributed space-time
codes in wireless ad-hoc networks [11,12], the use of code division multiple access (CDMA) signaling [13,14], or
by means of practical opportunistic relaying [15].
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Figure 1: The wireless sensor network and the UAV.

This paper considers the scenario in which each node transmits a common shared message directly to the receiver
onboard the UAV whenever it receives a broadcast message (sent for example by the vehicle).1 We assume that
the communication channels between the local nodes and the receiver are subject to fading and noise. The receiver
onboard UAV, which we will refer to as fusion center, must be able to fuse the weak and noisy signals in a coherent
way to obtain a reliable communication. In this work, we analyze a cooperative diversity concept as an effective
solution to the reachback problem. In particular, we propose a spread spectrum (SS) transmission scheme in
conjunction with a fusion center that can exploit cooperative diversity, without requiring stringent synchronization
constraints between nodes. The idea consists in the use of a Rake receiver that acts as a fusion center and combines
the replicas of the shared information, simultaneously transmitted by the nodes. This solution is mainly motivated
by two goals: the necessity to have simple nodes (to this aim we move the computational complexity to the
receiver), and the importance to guarantee high levels of energy efficiency of the network, thus increasing the
network lifetime. While in the paper [16] we have analyzed the performance of the system in terms of probability
of error, in this work we want evaluate the throughput per passage, defined as the maximum amount of data that
can be collected by the fusion center on a single flight over the sensor field. Since we deal with a WSN, this
performance is evaluated taking into consideration the energy efficiency of the network.
The remainder of the paper is organized as follows. In Section 2, we introduce the system model of the WSN and
the fusion center. The average capacity and the throughput of the network are evaluated in Section 3. In Section 4,
some numerical results for throughput are presented confirming the validity of the proposed transmission scheme.
Finally, conclusions are given in Section 5.

2. SYSTEM DESCRIPTION

We consider a WSN with N nodes deployed randomly over a wide planar area (Fig. 1). These nodes can collect
environmental data such as temperature, pressure, humidity, etc. and transmit them to the fusion center onboard
the UAV whenever they receive a message triggered from the vehicle. As previously stated, we assume that all
nodes share the same data.

2.1. Channel Model
The channel for each communication link between a node and the fusion center is modelled with path-loss and
fading. In particular, we consider a free-space path-loss model for the link between the ith node (with i = 1, . . . ,N)

1This common message can be obtained by a “Gossip Phase” where the information is shared among sensors via efficient flooding [4, 8].
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and the UAV, given by

PL(di) =
1

GTGR

(
4πdi f0

c

)2

(1)

where GT and GR are the transmitting and receiving antenna gains, respectively, c is the speed of light, and f0 is
the carrier frequency. The distance di between the ith node and the receiver can be written as

di =
√

(xi− xUAV)2 +(yi− yUAV)2 + z2
UAV , (2)

where (xi,yi,0) are the coordinates of the ith node and (xUAV,yUAV,zUAV) are the coordinates of the UAV with
respect to a reference coordinate system.
Aeronautical channel models usually have a propagation scenario characterized by a strong direct line-of-sight
(LOS) component and many random weaker components due to local scattering [17]. Accordingly, it has been
shown recently that Rician fading is a good model for aeronautical communications channels [18]. The Rice
fading is characterized by a Rice factor K which is the ratio of the power of the LOS and that of the non-line-of-
sight (NLOS) components.
Therefore, in our analysis we consider independent frequency-flat Ricean fading channels between the nodes and
the UAV. In particular, the equivalent low-pass representation of the channel between the ith node and the UAV
is modelled by a complex gain hi = |hi| · e jθi with phases θi uniformly distributed between 0 and 2π , and Rice
distributed amplitudes |hi|.
For the sake of convenience we include the path-loss in the fading model as2

Ωi = E
{|hi|2

}
=

1
PL(di)

, (3)

and we consider the scenario in which all the N channels have the same Rice factor K [19].

2.2. Transmission Technique
To guarantee simultaneous transmissions between nodes and the fusion center, we propose a direct-sequence
spread-spectrum (DSSS) transmission scheme such as in CDMA. In this case, the equivalent low-pass (ELP)
representation of the transmitted signal from the ith node can be written as

s(i)(t) =
√

2∑
j

a j C(t− jTs−δi) , (4)

where a j is the jth transmitted symbol with E
{|a j|2

}
= PT, and the delays δi, i = 1, . . . ,N, account for the asyn-

chronism among the nodes. The spreading waveform is composed of M chips with duration Tc as

C(t) =
M−1

∑
k=0

ck g(t− kTc) , (5)

where ck ∈ {−1,1}. The symbol duration is thus Ts = M Tc and g(t) represents the chip waveform with energy∫ +∞
−∞ g2(t)dt = Tc. We assume that each node transmits with the same power and same spreading sequence {ck}M−1

k=0 .
In the following, we denote by Es = PT/Rs the transmitted energy per symbol of each node, where Rs = 1/Ts is the
symbol rate.
Now, considering the channel model adopted, the ELP received signal at the fusion center can be written as

sr(t) =
N

∑
i=1

his(i)(t− τi)+ν(t) , (6)

where hi is the complex channel gain between the ith node and the fusion center, τi is the propagation delay between
the ith node and the UAV, and ν(t) is the complex additive white Gaussian noise (AWGN) with two-sided power
spectral density 2N0. The instantaneous received power at the fusion center from the ith node is P(i)

R = PT|hi|2, and,

due to (3), the average received power is therefore P(i)
R = PT/PL(di).

It is clear from (6) that the received signal sr(t) is the result of the superposition of the common message transmitted
from different nodes. Since all nodes use the same spreading sequence this composite signal can be thought as the

2We use E{·} to denote the expectation operator.
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Figure 2: ELP representation of the Rake receiver adopted as fusion center.

signal received from a single node through a “virtual” frequency-selective multipath channel. That is, the received
signal is composed of replicas of the same transmitted signal with different amplitudes, delays, and phases. As a
result we can employ a Rake receiver as fusion center to combine these replicas to decode the data as shown in
Figure 2.
In order to keep the complexity low, we propose two solutions depending on the specific application of the network.
The first one is devoted to applications where an instantaneous detection of the signal is not required. In fact, some
applications can tolerate great delays, so in principle data can be collected by the UAV and decoded “off-line”. In
this case, the fusion center can be implemented via software. Therefore, the receiver complexity could be overcome
by a software implementation of the receiver (including channel estimation, synchronization, combining, etc.) at
the expense of a non real time availability of the data. Conversely, if the application requires stringent delay
constraints, it is possible to use a Rake with a limited number of fingers (equals to Nsel) that combines only the Nsel
signals, namely Partial Rake (PRake) [20].

2.3. Fusion Center Model
Since all nodes transmit the same message toward the UAV, the transmission scheme can be represented conve-
niently as a single-input single-output (SISO) system where a single transmitting “virtual” source, transmits over
a single “virtual” frequency-selective multipath channel to the fusion center, represented by a Rake receiver. The
virtual frequency-selective fading channel can be represented by a channel impulse response (CIR) with N paths,
and the corresponding power dispersion profile (PDP).
For the spreading waveforms with ideal correlation properties, intersymbol interference (ISI) and self-interference
are negligible, and thus the Rake receiver can be represented as a maximal ratio combiner (MRC). Such a repre-
sentation is depicted in Fig. 3. In the figure, ni with i = 1, . . . ,N, represent the noise terms at the output of each
finger.

3. PERFORMANCE LIMITS FOR UNCONSTRAINED INPUT SIGNALING

The signal at the output of the Rake combiner at the sampling instant will be

Y = X ·
N

∑
i=1
|hi|2 +

N

∑
i=1
|hi|2ni , (7)

where X is the transmitted signal and the second term represent the thermal noise at the combiner output with
power

σ2 =
N

∑
i=1
|hi|2E

{|ni|2
}

= σ2
n ·

N

∑
i=1
|hi|2 , (8)
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Figure 3: Compact representation of the ELP transmission system. For simplicity, without loss of generality the
matched filter and spreading/despreading blocks are not shown in the figure. The ideal Rake is represented as a
MRC.

and σ2
n = E

{|ni|2
}

= N0Rs is the noise power of each path before the MRC. For a given instantaneous channel
gains h , (h1,h2, . . . ,hN), the transmission scheme considered is equivalent to a SISO system affected by AWGN
with power σ2, and the instantaneous capacity, when channel state information (CSI) is available at the receiver, is

C(h) = log2 (1+SNR(h)) , [bits/s/Hz] (9)

where SNR(h) is the instantaneous signal-to-noise ratio (SNR) given by

SNR(h) = ρ ·
N

∑
i=1
|hi|2 , (10)

with ρ = E
{|X |2}/(N0Rs) = Es/N0. Since the channel gains depend on the relative positions between the nodes

and the UAV, i.e., h = h(s,p) with s the distance covered by the UAV from the beginning of the trajectory and
p = (x1,y1,x2,y2, . . . ,xN ,yN) the vector of nodes positions3, the expression of the instantaneous capacity can be
rewritten as

C(s,p,h) = log2
(
1+ρ‖h(s,p)‖2) , (11)

where ‖ · ‖2 denotes the norm squared of a given vector.
Another interesting metric related to the capacity is the throughput defined as the total amount of bits per unit
bandwidth that the sensors network can reliably transmit to the UAV in a single passage over the sensor field. In
particular, our goal is to evaluate the average capacity and throughput where averages are over random fluctuations
of the channel and random positions of the nodes. The approach used to achieve this goal consists in three steps:

1. Compute the local ergodic capacity (averaging over fading),

C(s,p) = Eh{C(s,p,h)} [bits/s/Hz] (12)

for a fixed s and p;

2. For a uniform UAV speed v [m/s] over the trajectory, we can integrate the local ergodic capacity over the
pass in order to calculate the throughput per pass as [21]

T (p) ,
∫

flying time
C(v·t,p)dt =

∫

trajectory
C(s,p)

ds
v

[bits/Hz] (13)

i.e., the total amount of data transmitted per unit bandwidth4;
3For the sake of convenience, the position is denoted by s instead of the coordinates (xUAV, yUAV, zUAV).
4In this paper we define the throughput according to [21], as volume of data transferred; other possible definitions are in terms of transfer

rate.
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3. Compute the average throughput per pass

T = Ep{T (p)} [bits/Hz] (14)

over random positions of nodes.

In general, the term ‖h(s,p)‖2 that appears in (11) represents a random variable (r.v.) for a fixed position of the
UAV and nodes, and it can be viewed as a random process in time (or space) as the UAV moves along its trajectory,
i.e., by varying s. Looking at the geometry of the scenario considered and the finiteness of the sensor field, we note
that the instantaneous capacity (11) is not a stationary process when the UAV moves along its trajectory. Despite
this, it is reasonable to assume that the instantaneous capacity is ergodic in a certain temporal (or spatial) interval
around a given UAV position.
Once the local ergodic capacity is evaluated in the first step, we can then integrate the capacity over the trajectory,
i.e., by varying the position s, in order to obtain the throughput. In practice, we decompose the UAV trajectory
into a number of segments in which the capacity is assumed ergodic. Note that, the throughput is a r.v. due to the
random position of the nodes.
We can also analyze the outage throughput, namely the probability that the throughput is below a certain threshold.
It will be apparent that the average throughput, instead of its outage, is sufficient as the number of nodes becomes
large (N > 10), i.e., the variance of the throughput becomes small, and thus its average becomes representative of
the performance of the system.
Similarly, it is interesting to evaluate the average capacity at a given UAV position, s, averaged over the fading and
nodes positions as

C(s) = Ep
{

C(s,p)
}

. (15)

We will use (14) and (15) in Section 4 to investigate the maximum attainable capacity.

4. NUMERICAL RESULTS

The scenario considered to validate the proposed solution consists of a square area with side L = 1Km, N = 100
nodes randomly positioned, and an UAV that flies with speed v = 100Km/h for a trajectory with length S = 3Km at
a constant altitude zUAV = 1Km over the area. Fig. 4 shows an example of the sensors field and the UAV trajectory.
The carrier frequency of the transmission is f0 = 2.4GHz. The free space path-loss model in (1) and Ricean fading
with K = 10dB are assumed. The antenna gains are GT = 0dB for the nodes and GR = 6dB for the receiver. The
one-sided power spectral density of the AWGN at the fusion center is N0 = KBTsys, where KB = 1.38 · 10−23 J/K
is the Boltzmann constant and Tsys = T0 F is the noise temperature with T0 = 290K and a receiver noise figure
F = 5dB. Supposing that all the nodes transmit with the same energy per symbol Es, the total energy per symbol
spent by the WSN is E tot

s = N ·Es. Unless otherwise stated, we assume Es = 10pJ and a Rake receiver with a
number of fingers equal to the number of nodes N.
As explained, the capacity expression in (12) is conditioned on the PDP, or more explicitly on the power of each
path, (3), that depends on nodes positions, the scenario geometry, etc. This profile can be evaluated numerically
for a given sensor field, UAV altitude and trajectory, the number and positions of the nodes, and the path-loss
model adopted. Figs. 5 and 6 show two normalized PDPs for two different UAV positions. In these figures the
normalization is carried out with respect to the first path indexed by i = 1, which has the maximum power and
minimum delay, i.e., PDP is given by α2

i , Ωi/Ω1 as a function of the excess delays τi− τ1 with i = 1, . . . ,N.
Comparison between these figures shows that the second profile has powers roughly equal in amplitude, while in
the first one, differences are much more pronounced. The reason behind these differences is related to the position
of the UAV, and in fact Fig. 5 corresponds to the UAV that is far from the sensors field while Fig. 6 corresponds to
the UAV above the network, xUAV = yUAV = 0.
Following the approach developed in Section 3, we plot the capacity along the UAV trajectory for the signaling
schemes considered. In particular, as shown in Figs. 7, C(s) is plotted as a function of UAV position s = xUAV for
different number of nodes, fixing the energy per transmitted symbol Es. Due to the symmetry of the scenario, the
curves presented are symmetric.
The average throughput as a function of the energy per transmitted symbol Es is plotted in Fig. 8 for different
number of nodes. As shown in Fig. 8, the amount of information bits per unit bandwidth for a given number
of nodes, is directly proportional to the transmit energy Es, and approaches a linear behavior for large energy
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Figure 4: The sensors field with random positions of nodes (+) and the UAV trajectory (dashed line).

values. This linear behavior is justified by the fact that, as shown in equation (11), the capacity has a logarithmic
dependence with Es and the energy plotted in Fig. 8 is in logarithmic scale. Note that for a given Es, equivalently
the node (or network) lifetime, there is a significant improvement in throughput obtained by increasing the number
of nodes. Alternatively, it is possible to keep constant the average throughput and reduce the transmit energy, by
simply increasing the number of nodes. For instance, a throughput of 440bits/Hz can be obtained by a single node
with energy Es = 1nJ or by 10 nodes with energy Es = 83pJ, thus increasing the network lifetime considerably.
This throughput, with a symbol-rate equal to Rs = 1Msymbols/s, means that it is possible to collect data volumes
up to 55Mbytes/pass. Obviously, this result is derived under an information-theoretic framework, thus it should be
considered as an upper bound of practical attainable performance.

5. CONCLUSIONS

In this work, we have proposed a new approach for cooperative transmission for reachback communications in
wireless sensor networks. In particular, we have considered a scenario with sensor nodes, randomly scattered over
a given area, transmitting a common information to the an UAV. For such a scenario, we have introduced a co-
operative communication concept to guarantee energy efficiency and communications reliability. The cooperation
has been obtained by means of a spread spectrum technique, combined with a Rake receiver that acts as a fusion
center, to collect multiple repetitions of the same information transmitted by the nodes.
The proposed idea has been validated in terms of a trade-off between information-theoretic throughput and energy
consumption. We have demonstrated that the use of a Rake receiver as a fusion center gives large advantages in
terms of performance and energy efficiency as the number of nodes increases.
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