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1. Introduction

Wireless Sensor Networks (WSN) have been attracting great attention recently. They are
relatively low cost to be deployed and to be used in many promising applications, such as
biomedical sensor monitoring (e.g., cardiac patient monitoring), habitat monitoring (e.g., an-
imal tracking), weather monitoring (temperature, humidity, etc.), low-performance seismic
sensing, environment preservation and natural disaster detection and monitoring (e.g., flood-
ing and fire) Lewis (2004); Tubaishat & Madria (2003); Stankovic et al. (2003); Akyildiz (2002);
Rashid-Farrokhi et al. (1998).
The WSN applications analyzed in this chapter have a topology where a large number of wire-
less sensor nodes are spread out over a large or small geographic area (e.g., disaster regions,
indoor factory, large sports event areas, etc.). In this topology, an inefficient use of bandwidth
and transmitter power resources is resulted if each wireless sensor is transmitting its measure-
ment data to the base station (processing central). In this case, each sensor node would have
to be assigned its own frequency channel and, if the base station is located a long distance
from the sensor nodes, it would also demand a higher than average sensor node transmitter
power. By using a coordinating cluster head, for each cluster of wireless sensor nodes, we can
instead use the combined transmitter power of the node cluster through the use of beamform-
ing to increase the transmitter-receiver separation and/or to improve the signal-to-noise ratio
(SNR) of the communication link. Another advantage of using this cooperative transmission
is that we can exert power control to minimize the power consumption of each individual
sensor node, and thus maximizing network lifetime. In addition, in a cooperative network
the measurement data could be sent by using Time Division Multiplexing (TDM) instead of
Frequency Division Multiplexing (FDM) which improves the overall bandwidth efficiency of
the system.
The spatial properties of wireless communication channels are extremely important in deter-
mining the performance of the systems. Thus, there has been great interest in the application
of beamforming and modern spatial diversity techniques (or multiantenna systems) since they
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can offer a broad range of ways to improve wireless systems performance. For instance, di-
versity techniques such as multiple-input single-output (MISO), single-input multiple-output
(SIMO) and multiple-input multiple-output (MIMO) can enhance the capacity, coverage, qual-
ity and energy efficiency of of wireless systems.
Energy efficiency is one of the key requirements in many WSN applications. This is partic-
ularly crucial for WSN deployed in inaccessible or disaster environments in which battery
recharging and replacement is not a viable option. Thus, in this chapter we first propose to
use a cooperative beamforming approach in wireless sensor networks to increase the trans-
mission range, minimize power consumption and maximize network lifetime. This will be of
particular interest for outdoor applications, especially when monitoring remote areas using
aerial vehicle, such as a High Altitude Platform (HAP) or Unmanned Aerial Vehicle (UAV), as
a platform for the data collecting base station. We will investigate how the required transmit-
ter power of each sensor node is affected by the number of cooperating transmission nodes in
the network. In addition, we present a comparison in the use of beamforming with the differ-
ent forms of modern spatial diversity techniques for the same purpose of achieving a longer
transmission distance (or range) while maintaining a low energy consumption. Beamforming
can of course be interpreted as a form of MISO system although it differs from the normal
view of how a diversity system operates.
This chapter is organized as follows: Section 2 presents an overview and analysis of coop-
erative beamforming using a large aperture random array. In section 3, the MISO, SIMO
and MIMO diversity schemes are introduced and analysed using the Rician fading channel
employed in the simulations. Section 4 present numerical results and comparisons of the sim-
ulated beamformer and modern diversity systems. Finally, section 5 concludes the chapter.

2. Traditional Cooperative Beamforming

In this chapter we use the delay-and-sum beamforming technique which is the oldest and
simplest algorithm for Space-Time processing. This beamforming is done through coherent
excitation/reception of amplitude and phase of the signal transmitted/received from each
individual antenna element in a collection or cluster of similar antenna elements also known
as an antenna array Johnson (1993). Antenna arrays can have different configurations (e.g.,
linear, planar, circular, triangular, rectangular or spherical). Extensive research has been done
on uniform array beamforming using one (linear) or two (planar) dimensional equi-distant
element arrays Johnson (1993); Hansen & Woodyard (1938); Drane (1968). In addition, there
is also work done on beamforming using circular, triangular and rectangular arrays Johnson
(1993); Balanis (1997).
The antenna array formed by individual sensor node antennas is assumed to be a planar ar-
ray, of randomly positioned sensor node antennas, which is parallel with the plane containing
all sensor nodes so that the sensor nodes are only extended in x and y direction and not in z

direction. This is a valid assumption in most cases since the elongation of the networks in z

direction in most cases is very small compared to the distance between the network cluster
and the base station we want to communicate with Jenkins (1973). The design of this type
of cooperative array is similar to the design of large aperture arrays where we have an inter-
element spacing that is random and larger than half the wavelength. There are no known
simplifying techniques for synthesis of randomly spaced arrays, like Schelkunoffs polyno-
mial method Johnson (1993); Balanis (1997) or the Fourier Transform method Johnson (1993);
Balanis (1997). In the random array all properties, e.g., array pattern, beamwidth, sidelobe
level and gain are stochastic variables.
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In figure 1, we show a scenario with N = 50 sensor nodes deployed inside a circular boundary
in the x-y plane with a radius R. The sensor nodes are independent and uniformly distributed
within the cluster area. The nth sensor then has the polar coordinates (rn,φn) .

Fig. 1. The positioning of the employed sensor nodes within a cluster area of radius R accord-
ing to an independent uniform distribution.

The signal yn(t) at the array sensor node n can then be expressed as,

yn(t) = s(t − α0α0α0 · x0), (1)

where s(t) is the signal to be transmitted/received and the nth sensor at location xn trans-
mits/receives the electromagnetic signal yn(t). The slowness vector α0α0α0 is the required delay
for each sensor to steer the array in a specific direction toward the signal source or target, and
is defined as,

α0α0α0 =
d0

c
(2)

where d0 is the direction of the wave propagation and c is the speed of light. The total output
of the delay-and-sum algorithm can be expressed by,

z(t) =
N−1

∑
n=0

wns(t + (ααα − α0α0α0)·x0), (3)

where wn is the amplitude weights of the array tapering and ααα is the slowness vector for the
direction of observation. If we assume that all the sensor nodes are approximately located in
the same plane (i.e., the x-y plane) and the source/target is located at the spherical coordinates
d0 = (d0,φ0,θ0) in the far-field, and we are transmitting a narrow band signal then we can
approximate equation (3) as, (see appendix)

G(φ,θ) =
1

N

N−1

∑
n=0

wnejω(t− rn
c (cos(φn)u+sin(φn)v), (4)

where u = sin(θ)cos(φ)− sin(θ0)cos(φ0) and v = sin(θ)sin(φ)− sin(θ0)sin(φ0) for the direc-
tion of the incoming/outgoing wave (φ0,θ0) and the direction of observation (φ,θ). The func-
tion G(φ,θ) is then one ensemble of the array amplitude gain function for one set of stochastic
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sensor locations. To find the ensemble mean of the array amplitude gain functions, we assume
an independent uniform distribution of the sensor locations within the radius R,

E{G(φ,θ)} =
∫∫

G(φ,θ)pR,φ(rn,φn), (5)

where pR,φ(rn,φn) is the probability density function (PDF) of the sensor locations.

In figure 2 we show the absolute squared average array gain function |E{G(φ,θ)}|2 of 250 re-
alizations of the array amplitude gain function G(φ,θ), and in figure 3 we show the standard
deviation for the distribution of the amplitude sidelobe levels. From figure 2 we can also esti-
mate a mean sidelobe level that will converge toward ≈ −17 dB which is consistent with the
theoretical value, N−1. The average signal-to-noise ratio of the array is defined as SNRarray =
SNRnode · G(φ,θ) which means that the array average SNR is SNRarray = N · SNRnode when
we are aiming the array toward the incoming assumed plane wave. The SNRarray is a Gaus-
sian distributed parameter with a mean of 17 dB, and a 95% confidence that the SNR of the
array will be higher than 7 dB.

Fig. 2. The absolute squared average array pattern of 250 realizations of the random sensor
locations. Only a small part around the main lobe is shown in the figure.

3. Modern Spatial Diversity Techniques

Another recently popular technique to improve the signal to noise ratio of the long range
transmission is to use some form of spatial multiantenna diversity system. In this chapter,
we employ modern diversity techniques which have gained great interest in the past decade
or so. These are: multiple-input single-output (MISO), single-input multiple-output (SIMO)
and multiple-input multiple-output (MIMO) antenna systems. Multiple transmit and receive
antenna systems allow increased data rates and enhanced link reliability of wireless com-
munication systems while reducing the transmission power requirements. In the following
analysis of these diversity techniques, we will assume a perfect knowledge of the propagation
channel.

3.1 Cooperative Multiple-Input Single-Output

Consider a frequency flat fading propagation model with Ntx antenna elements at the trans-
mitter and one antenna element at the receiver. To take full advantage of the antenna transmit
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Fig. 3. A plot showing a cross-section of the main lobe of all 250 realizations of the array
amplitude gain pattern.

diversity we send multiple weighed copies of the signal sample through all the transmitting
antenna elements. The received baseband signal sample can then be expressed as,

r[m] =

√

Es

Ntx

L−1

∑
l=0

hlwls[m] + n[m], (6)

where r[m] ∈ C is the received sample, s[m] ∈ C is the transmitted sample and n[m] is a noise
sample with n[m]∼ CN (0,σ2

n). The coefficient wl is the channel weight for channel l and Es is
the transmitted average symbol energy. This can be expressed in vector notation as,

r =

√

Es

Ntx

hws + n, (7)

where h ∈ CNtx×1 is the frequency of flat fading channel vector with a Rice distribution. The
normalized Rician channel vector h can then be defined as, (McKay et al., 2006)

h �
√

c1l +
√

c2Rtxhn, (8)

where l is the line-of-sight (LOS) component represented as a mean value that satisfies the
condition |l|2 = Ntx , and Rtx is the transmit correlation vector. Rtx is assumed to be pos-
itive definite full rank matrix. hn ∼ CN Ntx

(0Ntx
,1Ntx

) is a complex valued Gaussian vector
representing the non line-of-sight (NLOS) component. The coefficients c1 = K/(K + 1) and
c2 = 1/(K + 1) are normalizing factors, where K is the Rice factor which represents the power
ratio between the LOS and NLOS components. The weight vector w that maximizes the re-
ceived SNR is given by,

w =
√

Ntx

hH

‖h‖ , (9)

which is the transmit maximum ratio combining (MRC) method and is also known as matched
beamforming. The SNR of the received signal can then be expressed as,

γrx =
Es · |h|2

N0
. (10)
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3.2 Cooperative Single-Input Multiple-Output

The second type of spatial diversity is receive diversity in which we are utilizing a single-input
multiple-output (SIMO) frequency flat fading propagation channel model with Nrx receiving
antenna elements and a single transmitting antenna element. To fully exploit the receive di-
versity we will receive multiple copies of the transmitted signal through all the Nrx receiving
antenna elements. The received baseband signal sample can then be expressed as,

r[m] =

√

Es

Nrx

L

∑
l=1

(wlhl)s[m]+
L

∑
l=1

wlnl [m], (11)

where rl [m] ∈ C is the received sample from receiving antenna element l, s[m] ∈ C is the
transmitted sample and nl [m] is a noise sample at receiving antenna element l with nl [m] ∼
CN (0,σ2

n). the coefficient wl is the channel weight at receiving antenna element l and Es is the
transmitted average symbol energy. This can be expressed in vector notation as,

r =
√

Esw
H

hs + w
H

n, (12)

where h ∈ CNtx×1 is the frequency flat fading channel vector with a Rice distribution. The
normalized channel vector h can then be defined as, (McKay et al., 2006)

h �
√

c1l +
√

c2Rrxhn, (13)

where l is the line of sight (LOS) component represented as a mean value that satisfies the
condition |l|2 = Nrx , and Rrx is the receive correlation vector. Rrx is assumed to be a positive
definite full rank matrix. hn ∼ CN Nrx

(0Nrx
,1Nrx

) is a complex valued Gaussian vector repre-
senting the nnon-line-of-sight (NLOS) component. The weight vector w that maximize the
received SNR at each antenna element is given by,

w =
√

Nrx

hH

‖h‖ . (14)

The SNR of the received signal after we have performed a maximum ratio combining (MRC)
can then be expressed as

γrx =
Es · |h|2

N0
. (15)

3.3 Cooperative Multiple-Input Multiple-Output

By combining the MISO and SIMO diversity techniques we create a system of (Ntx and Nrx)
transmitting and receiving antenna elements, respectively, which is known as a multiple-input
multiple-output (MIMO) system. If we consider a frequency flat fading (Ntx × Nrx) MIMO
propagation model, the received signal can be written in vector notation as,

r =

√

Es

Ntx

w
H
rxHwtxs + wrxn. (16)

In the MIMO case, the Rice distributed channel matrix H can be derived as,

H �
√

c1L +
√

c2R

1
2
rxHnR

1
2
tx

, (17)
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where L represents the LOS component and is the arbitrary rank mean value matrix with the
condition that Tr(LL

H) = Nrx · Ntx , Rrx and Rtx are the correlation matrices on the transmitter
and receiver side respectively. Hn ∼ CN Nrx ,Ntx

(0Nrx×Ntx
, INrx

⊗ INrx
).

To maximize the combined SNR at the receiver antenna elements we maximize,

γrx =
Es

N0
·
∥

∥w
H
rxHwtx

∥

∥

2

Ntx ‖wrx‖2
. (18)

γrx is then maximized when wrx and wtx/Ntx are equal to the singular input and output
vectors of the channel matrix H corresponding to the maximum singular value of the channel
matrix H. Equation 16 can then be written as,

r[m] =
√

Esσmaxs[m] + n[m]. (19)

where σmax is the maximum singular value of the channel matrix H and since σ2
max is the

same as the maximum eigenvalue λmax of HH
H . We can now express the received SNR of the

MIMO diversity technique as,

γrx =
Es

N0
· λmax. (20)

4. Simulation Results

In this section we assess the performance of beamforming technique and modern spatial di-
versity techniques and compare the results with the nondiversity single antenna (or SISO)
system. If we consider a base station mounted on an aerial platform such as a HAP or a UAV
to collect data from remote sensor networks, then the amount of obstructions in the trans-
mission path would depend on the type of environment at the sensor locations, although it
can still generally be assumed that the number of obstructions will increase with a decreasing
antenna elevation angle. Therefore, the propagation effect of the change in elevation can be
translated into a change of the Rice distribution K-factor.
In the presented simulations, the Rician K-factor was varied over an interval of K ∈
[

1 · 10−8,1 · 10+8
]

, where the low value represents a channel with no LOS component and
very little correlation between the different signal paths and therefore resembles a Rayleigh
fading channel. When the Rician K-factor is gradually increased the correlation between the
signal paths will increase and the Direction of Departure (DoD)/Direction of Arrival (DoA)
of the signals will narrow into a smaller and smaller angular sector, until the K-factor asymp-
totically goes toward infinity and all signal paths will be correlated and pointing in the same
direction.
In figure 4 we see the comparison between the ordinary random array beamformer perfor-
mance and the MISO/SIMO diversity systems performance. Inspecting figure 4, we can see
that the MISO/SIMO diversity system seems to maintain a constant low node transmitter
power Ptx even in a NLOS scenario by spreading the energy over multiple paths instead of
transmitting it all in one direction. Furthermore, we can see from figure 4 that if the distance
between the transmitting nodes and the basestation is increased from 1 km to 10 km, the nodes
need a 100 fold increase of the total transmitted power to maintain the same capacity. This is
independent of whether we are using the nodes as a beamforming array or a diversity system,
which is consistent with the inverse square law of the free space loss.
Finally, we assess the performance of the full multiantenna diversity system (or MIMO) where
we have multiple antenna nodes on both the transmitting and receiving end of the link. In
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addition, we compare the results with the conventional array beamformer, with its subsets
(SIMO/MISO) and the nondiversity single antenna (or SISO) system. In the results shown
in figure 5 we increase the number of receiving antenna nodes to be equal to the number of
transmitting antenna nodes to get a (50× 50) MIMO system which will increase the array and
diversity gains even further. This effect can clearly be seen in figure 5 where the performance
of the MIMO system outperforms the other systems in both LOS and NLOS scenarios. It is also
clear from this figure that the nondiversity SISO system and the conventional beamformer will
not function properly in this setting and in particular in NLOS conditions. These initial results
suggest that the application of modern spatial diversity systems is expected to improve the
energy efficiency, lifetime and the overall performance of the wireless sensor network.

×

Fig. 4. Comparison between of the Array Beamformer and MISO/SIMO system for different
K-factor values for a distance from the base station of 1 km and 10 km, respectively.

×

Fig. 5. Performance of the Array Beamformer, MISO/SIMO and MIMO systems for different
K-factor values and compared with a single antenna SISO system. The performance results
are normalised against SISO in this figure.
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5. Conclusions

In this chapter we have investigated how the required transmitter power of each sensor
node is affected by the number of cooperating transmission nodes in a traditional random
beamformer array. Due to the randomness of the sensor node positions, there is no simple
algorithm for mitigation of interference from a fixed direction. This is because the sidelobe
levels and the sidelobe positions are random. A comparison in the use of beamforming with
modern diversity systems such as MISO/SIMO and MIMO for the same purpose of achieving
a longer transmission distance or maintaining a low energy consumption is also presented.
It is clear from these investigations that the MISO/SIMO and MIMO diversity systems are
superior in performance to both the SISO link and the traditional form of array beamforming,
especially when the LOS component is small or non-existent. Even one extra antenna at the
receiving base station will increase the performance of the system two-fold in a LOS scenario
and give an improved performance in NLOS as well. The best performance though, is given
by the MIMO system where we have multiple antenna nodes on both the transmitting and re-
ceiving end of the link. Initial results suggest that the application of modern spatial diversity
systems is expected to improve the energy efficiency and lifetime of wireless sensor network.

Appendix: Derivation of Equation (3)

The slowness vector ααα in (2) is defined as,

ααα =
d

c
. (21)

The d vector represents the direction of observation and can be expressed in cartesian coordi-
nates as,

d = d · {−sin(θ)cos(ϕ), −sin(θ)sin(ϕ), cos(θ)} . (22)

Assuming that the sensor nodes are only distributed in the x − y plane. In addition, if we
assume a far-field plane wave solution, then the individual propagation induced time delay
∆tn is calculated from the slowness vector ααα and the position vector xn of each node n as,

∆tn = ααα · xn =
rn

c
(−sin (θ)cos (ϕ)cos (ϕn)− sin (θ)sin (ϕ)sin (ϕn)− 0) (23)

∆tn = −
rn

c
(sin(θ)cos(ϕ − ϕn)) (24)

The actual direction of propagation d0 is used to calculate the slowness vector ααα0 of the centre
point of the array,

∆t0 =
rn

c
(sin(θ)cos(ϕ0 − ϕn)) (25)

Substituting (24) and (25) into (3) results in,

z(t) =
N−1

∑
n=0

wns(t −
rn

c
((sin(θ)cos(ϕ − ϕn))− (sin(θ)cos(ϕ0 − ϕn)))). (26)

Denoting u = sin(θ)cos(φ)− sin(θ0)cos(φ0), v = sin(θ)sin(φ)− sin(θ0)sin(φ0) and assuming
a sinusoidal signal s(t), (26) can be expressed as a time harmonic solution,

G(φ,θ) =
1

N

N−1

∑
n=0

wnejω(t− rn
c (cos(φn)u+sin(φn)v). (27)
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