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Abstract

This study investigates utilizing Virtual Multiple Input Multiple Outputs (MIMO) methodologies to
boost energy efficiency in wireless sensor network communication. It proposes an innovative approach
to routing that capitalizes on virtual MIMO technology, scrutinizing its effectiveness across consistent
and adaptable transmission rates. By employing a cluster-based virtual MIMO framework, this study
aims to adjust operational variables to enhance communication energy efficiency significantly. The
research prioritizes optimizing routing paths, specifically tailoring them to minimize the virtual MIMO
communication cost. This strategic focus aims to extend the operational lifespan of the network's initial
node, delaying its energy depletion. Through comprehensive simulation analyses, findings reveal that
the virtual MIMO-based routing strategy significantly surpasses the energy efficiency of traditional
Single Input Single Output (SISO) approaches and various other MIMO configurations, especially
notable when managing communications over extended distances. This advancement holds promising
implications for developing more sustainable and efficient wireless sensor networks.

Keywords Wireless Network, Virtual MIMO, Space-time block code, Diversity Data rate

Introduction

Virtual Multiple-Input Multiple-Output (MIMO) technology has garnered significant attention within
networking due to its potential for enhanced energy efficiency (Jayaweera, 2004). The core concept
involves a group of sensors that collaboratively transmit and receive data, forming a virtual MIMO
network (Sachan et al., 2018a). This cooperative approach enables long-range communications with the
significant benefit of reduced energy consumption (Xiao & Xiao, 2004). However, a key consideration
is that increasing the number of transmitters and receivers within the network also leads to a
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corresponding increase in circuitry power consumption (Bravos & Kanatas, 2005; Yuan et al., 2006).
Consequently, according to Tarokh et al. (1999), optimizing energy utilization requires techniques that
are adaptable to specific environmental conditions. Due to the complexities associated with integrating
separate antennae, virtual MIMO principles are proving invaluable in wireless sensor networks (WSNs).
By applying these concepts, WSNs can realize energy-efficient communication while simultaneously
boosting reliability (Blum et al., 2001). Moreover, Cooperative virtual Multiple-Input Multiple-Output
(MIMO) technology can significantly enhance the energy efficiency of wireless communications by
facilitating the shared transmission and reception of information (Bhavitha et al., 2018). Within a virtual
MIMO framework, multiple senders and receivers collaborate to achieve long-range communication,
bolstering data reliability even in fading channels (Brar et al., 2016). It is important to note that the
performance of virtual MIMO systems implemented within wireless sensor networks (WSNs) is
intrinsically linked to both the network layer and data link layer structures (Kumar et al., 2017;
Malleswari & Rao, 2013; Nake & Chatur, 2016). Researchers have explored several distinct approaches
for implementing virtual antenna arrays within WSNs (Chen, 2016; Duraichi & Suganthi, 2017; Sachan
et al., 2018a). A cluster-based virtual MIMO model offers the flexibility to dynamically adjust
operational parameters, allowing the system to be precisely tailored to meet specific design
requirements (Zhang et al., 2018). This adaptability is essential for optimizing energy consumption,
data transmission rates, and overall network performance.

This research follows a structured organization to present the research findings effectively. It begins
with a comprehensive review of related work in the field, establishing the research context and
highlighting the areas where this study makes a distinct contribution. The article then delves into the
core of the research by detailing the proposed network model and offering a thorough analysis of its
total energy consumption. Subsequently, the focus shifts to the simulation process and the presentation
of results, meticulously outlining the simulation environment, parameters, and evaluation methodology.
The results of the key performance metrics are discussed, offering insights into the model's strengths,
potential limitations, and performance relative to existing approaches. Finally, the paper concludes by
summarizing the main findings and their implications, while also suggesting promising avenues for
future research and potential refinements of the current work.

Literature Review

In wireless sensor networks (WSNs), exploring Multiple Input Multiple Outputs (MIMO) technologies,
particularly those based on the Alamouti diversity scheme, significantly enhances network efficiency
and performance (Halgamuge et al., 2009; Yao & Giannakis, 2005). These methodologies extend to the
cooperative engagement of individual single-antenna array nodes, which collectively function as multi-
antenna transmitters or receivers, fostering a notable improvement in energy conservation during the
transmission and reception of information. According to recent studies (Anees & Zhang, 2022;
Padmavathy & Chitra, 2010; Suryawanshi, 2016), MIMO systems demonstrate superior performance
over Single Input Single Output (SISO) configurations beyond certain communication distances,
emphasizing the critical role of optimal array size in leveraging long-distance communication
advantages (Cedeno et al., 2019). This cooperative transmission approach facilitates substantial energy
savings and paves the way for innovative routing and link scheduling strategies at the network layer,
contributing to improved end-to-end performance and reduced energy consumption. Further
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investigation into MIMO technologies for WSNs highlights the potential of virtual MIMO to mimic the
efficiency of physical MIMO systems, especially under conditions of low signal-to-noise ratios
(Nowshin et al., 2020). Adopting virtual MIMO, characterized by its strategic management of power
allocation and timing, offers a viable solution for enhancing the network's energy efficiency without
necessitating local information exchange among nodes (Boursianis et al., 2021). This approach
underlines the capacity of virtual MIMO to achieve comparable levels of performance to its physical
counterparts, making it a promising avenue for research and development in the field (Jayaweera, 2006).
Moreover, integrating multiple layers for cooperative transmission within the virtual MIMO framework
underscores this technology's multifaceted benefits, including optimizing energy utilization and
extending network lifespan.

The synergistic effect of combining MIMO with cooperative transmission techniques and advanced
network layer strategies presents a comprehensive method for addressing energy consumption
challenges and communication efficiency in WSNs. As evidenced by empirical studies, implementing
[2x2] MIMO configurations for long-distance communication to base stations without local information
exchange signifies a substantial leap forward in network design (Yuan et al., 2006). By focusing on the
optimal allocation of time and power resources, research in this area continues to unveil the
transformative potential of MIMO technologies in reducing energy consumption and enhancing overall
network performance. The cumulative findings of these studies not only validate the superiority of
MIMO over traditional SISO systems in long-distance scenarios but also spotlight the innovative
applications of virtual MIMO in achieving unprecedented energy savings and efficiency in wireless
sensor networks. The exploration of energy-efficient communication strategies in wireless sensor
networks (WSNs) has led to the adoption of virtual Multiple Input Multiple Outputs (MIMO)
technologies, specifically focusing on optimizing node clusters and transmission strategies to enhance
energy conservation. Studies have underscored the importance of determining the optimal number of
nodes within a cluster and the configuration of transmission points to maximize energy savings in virtual
MIMO communication systems (Asif et al., 2017; Samara & Hosseini, 2017). Furthermore,
incorporating training overhead and orthogonal Space-Time Block Coding (STBC) into MIMO
architectures emerge as a critical component for facilitating accurate channel estimation and effectively
leveraging multiple antennas. This dual focus on structural optimization and advanced coding
techniques is instrumental in refining the virtual MIMO approach, ensuring that it supports robust and
energy-efficient communication across WSNs (Boursianis et al., 2021).

An in-depth analysis of these virtual MIMO systems reveals the strategic advantage of utilizing a
consistent group of nodes as transmitters and receivers in a relay configuration. This methodological
choice is pivotal for enhancing the efficiency of data transmission processes, thereby minimizing energy
expenditure and extending the operational lifespan of the network. Research indicates that the synergy
between optimized cluster formation and the deployment of orthogonal STBC significantly improves
the network's resistance to signal degradation and interference, thereby bolstering the reliability and
quality of communication (Tarokh et al., 1999). Moreover, such strategies effectively reduce energy
consumption and achieve higher data rates and improved coverage, thereby addressing the multifaceted
demands of modern WSN applications. The increasing body of research on virtual MIMO in WSNs
highlights the transformative potential of these technologies in overcoming traditional barriers to
efficient and reliable communication. By prioritizing the optimization of node clustering, transmission
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point configuration, and the implementation of advanced coding mechanisms, virtual MIMO systems
offer a promising avenue toward achieving unprecedented levels of energy efficiency. This holistic
approach to network design and operation, characterized by meticulous structural and procedural
optimization, underscores the critical role of virtual MIMO technologies in setting new benchmarks for
performance and sustainability in wireless communication networks (Gai et al., 2007). As such,
advancements in this field continue to pave the way for developing more resilient, efficient, and scalable
WSN infrastructures capable of accommodating the evolving demands of digital communication
landscapes.

Proposed Model and Solution

In the realm of wireless sensor networks (WSNs), the incorporation of virtual Multiple Input Multiple
Output (MIMO) systems presents a revolutionary step forward from the traditional Single Input Single
Output (SISO) paradigm, vastly enhancing the efficiency of energy utilization in long-distance
transmissions. The complexity of integrating multiple physical antennas on miniature sensor nodes due
to spatial and circuit constraints necessitates the adoption of virtual MIMO configurations that emulate
the benefits of actual MIMO systems (Goldsmith, 2005). The schematic presented in Figure 1
exemplifies a network where a sender node exploits multiple transmitters to convey messages to a
destination node through intermediary receivers, showcasing a shift from singular to collective
transmission and reception processes. This strategic multiplicity not only provides diversity gains
through techniques like Space-Time Block Coding (STBC) but also invokes a careful balancing act
between diversity and multiplexing, thereby optimizing the data transmission rate and robustness of
communication links (Anees et al., 2020; Cheour et al., 2017). The decision matrix for the appropriate
transmission mode—whether it be MIMO, SIMO (Single Input Multiple Output), MISO (Multiple Input
Single Output), or retaining SISO—becomes a function of variable determinants such as transmission
distance, data rate, and the number of transmitters and receivers engaged in the communication process
(Sachan et al., 2018b). Within this framework, the bit rate of transmitters, denoted as bits per symbol,
is pivotal in dictating the data transmission rate for each link within the network. By coordinating the
operations across various network layers, virtual MIMO systems not only streamline energy
expenditure but also consolidate data throughput, transcending conventional transmission modes'
limitations. The collective optimization across layers is central to maximizing energy savings, which is
critical for the sustainability and extended operational capacity of WSNs (Blum et al., 2001; Nakamura
et al., 2007). As the WSNs evolve, the fusion of virtual MIMO systems with sophisticated coding and
signal processing techniques emerges as a cornerstone for future advancements in wireless
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communication, promising to augment sensor networks' reliability, efficiency, and scalability in an
increasingly connected world (Anees et al., 2020; Xiao & Xiao, 2004).

Figure 1: Virtual MIMO example

Due to space limitations and circuit complexity. This study assumes network is synchronized. For
MIMO communication, this study uses STBC coding for diversity with a tradeoff between diversity
and multiplexing. Based on the number of transmitters and receivers, this study may get the following
combinations: MIMO (multiple multiple output), SIMO (single input, multiple output), MISO (multiple
input, single output), and SISO (single in- put single output) (Fineberg et al., 2013; Yamsanwar & Sutar,
2017). Further, depending on the transmission distance, data rate, and number of transmitters and
receivers, the appropriate mode of transmission, MIMO, SIMO, MISO, or SISO would be determined
(Cedeno et al., 2019; Yamsanwar & Sutar, 2017). The transmitters’ bit rate, b, is defined as bits per
symbol. As a result, each link will have its data transmission rate. The cooperation of each layer
optimizes the energy savings for virtual MIMO communication.

It is provided as:

_ _L _ B
b=, =7 (1)
Where:
. b is the bit rate (bits per symbol),
o L is the packet size in bits,

. B is the bandwidth (Hz),

Transmitrers

Receivers

-\-\-\-"-\_
e
| S () D
Sender Mestnation
12
3
-~
. Ton is the time duration the transmitter is on (seconds),

. Ry is the data rate (bits/second).
In WSNss, the sensor node has a low-duty cycle, and the node is often off to conserve energy. The energy
consumption is computed by adding the on, sleep, and transient states, as given below.

E = Py X Ton + Psleep X Tsleep + Piransient X Lirans
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The energy consumption model for a sensor node in a Wireless Sensor Network (WSN) can be refined
to account for the active and transient states, excluding the sleep state, as follows:

E = (Hrmmnit(l + CE) + Pci:cuit) X Ton + 2P:syn X TLrau:sienL

Here, Piransmit 1S the power consumed during transmission, a represents the amplification factor related
to the power amplifier efficiency (where a=5—1), and Peircuir represents the power consumed by the
sensor node's circuitry. The power consumed by the synthesizer during transient states is approximately
twice the power (2Psy,). This yields an energy consumption equation for active and transient states:

E = (Pi.mn:smiL(l | Oﬂ) f PC) ® Ton

The transmit power Prransmit 1S derived from the average energy consumption per bit (Ea), the data rate
(Rb), and other factors such as the distance and the link path loss:

_ EyRyx (4?1‘]2 i s
Preansmit = LM, Ny —

Finally, the average energy consumption per bit (Ea) can be calculated by summing the contributions
of all the transmitters and receivers in the network, adjusted for the distance and path loss between each
transmitter-receiver pair (djk;), and normalizing it by the bit rate and bandwidth. The total circuit power
consumption (Pc) is the sum of the transmitter and receiver circuit power consumptions, multiplied by
the number of transmitters (Nr) and receivers (Nz), respectively:

By = ¢ Y0 Y3t (disksy) + 1%
In this context, {'serves as a constant of proportionality, dj and k; are distance and path loss coefficients,
b represents bits per symbol, and B represents the bandwidth. This model provides an intricate view of
the energy dynamics in WSNs, which is essential for optimizing energy consumption and extending the
network's lifespan.

In the literature, uniform path loss factors have been traditionally used when analyzing the power
requirements for multiple transmitters and receivers in a network (Jayaweera, 2006; Samara & Hosseini,
2017). The current approach deviates from this by incorporating distinct path loss factors for each
transmitter-receiver pair, which allows for the calculation of individualized transmit power levels
corresponding to the unique path loss experienced on each link (Cedeno et al., 2019; Gai et al., 2007,
Guo et al., 2019). Contrasting with studies that examine multiple transmitter systems with uniform path
loss under fixed rate systems (Boursianis et al., 2021), this methodology extends the analysis to variable
rate systems, accommodating unique path loss factors for a diverse set of transmitters and receivers.
The model in question suggests that reducing the average energy consumption per bit is feasible by
either increasing the bits per symbol, which involves expanding the constellation size or by decreasing
the distance between communicating nodes, which potentially reduces or stabilizes the path loss (Sinha
& Lobiyal, 2013; Yamsanwar & Sutar, 2017). However, it is critical to recognize that while the latter
strategy is quite straightforward, enlarging the constellation size is not without its challenges (Cedeno
et al., 2019; Singh et al., 2019). As spectral efficiency goes up with a larger constellation size, so does
the energy required for transmission.

32
Copyright@ Global Mainstream Journal of Innovation, Engineering & Emerging Technology, 2024



Volume: 03
Issue: 02

Global Mainstream Journal of

GM J Innovation, Engineering & ISSN ONLINE: 2834-2739
Fmeraging Technolo March, 2024
g g gy Texas, USA

Strategic placement of transmitters and receivers can substantially affect the distances between nodes
and, consequently, the energy efficiency of the network. Yet, there are practical limits to increasing the
constellation size because it is proportionally linked to the energy consumed during transmission (Guo
et al., 2019). Determining the optimal constellation size thus becomes a complex task that must be
carefully calibrated to the specific transmission distances, recognizing the non-linear complexities of
this optimization challenge (Sinha & Lobiyal, 2013). These considerations form an integral part of the
design calculus for wireless sensor networks, where the imperatives of energy conservation,
communication range, and data throughput must be carefully balanced.

Virtual MIMO node selection
In a cluster, some nodes are selected as transmitter and receiver nodes. The same node can be chosen
as both transmitter and receiver (Samara & Hosseini, 2017). The cluster head (CH) selects the

Chuster ) Clusnee |
@]
L O -
o) ’ {
— 5
Y 5 8
U . B
Lo
Nocmal Node
&} C 0 ) () Transmres Node
- . . Recenver Node
—d X
© .
' Chanter Head
r
Chaster 3 Clos 4
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Figure 2: Virtual MIMO network

transmitter and receiver nodes to minimize the distance between transmitters and receivers. The
proposed virtual MIMO framework has four types of nodes: normal nodes, transmitter nodes, receiver
nodes, and

cluster heads. The normal nodes sense and collect data regarding the environment (Jayaweera, 2006).
The Cluster head (CHs) collects data from the normal nodes and uses transmitter nodes to transmit their
data to the receiver nodes of the neighboring cluster or send data directly to the base station. All the
nodes in the

cluster will transmit data to the CH.

procedure MIMO “ RoutingPath(List)
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/* List contains all the cluster heads
*/

4. while List =0 do

5. CHmin ¢~ Extract Min(List)

6. Estimate MIMO Energy(CHmin)
7. CHmin(T¥ (tl ... tn)

8. CHmin(Ry—(r1 . .. rm)

9. End while

Energy consumption analysis

The analysis of energy consumption in Wireless Sensor Networks (WSNs) encompasses both
transmission energy and the energy consumed by the electronics within the sensor nodes (Marinho et
al., 2016). The total energy expenditure for transmitting and receiving a single bit can be bifurcated into
the analog and digital components of the node's circuitry. The overall energy consumed per bit (£3) is
the sum of the energy consumed by the transmission process (Euans) and the energy consumed by the
circuitry (Ecirc):

Ey = Eirans + Eeire
The energy associated with the transmission (Euqns) 1s dependent on the transmission power and the
time the node is active (7o), normalized by the number of bits (L) transmitted:

Eﬁ'rans = (C}i } ]_) . -PL . 1}[};;
Where:

o is the amplifier efficiency factor,

P, is the transmit power,

T, is the duration of transmitting L bits.

The energy consumed by the node's circuitry (Ecirc) involves the power dissipation of various
components within the node during the transmission of L bits and the energy consumed during the state
transition (7tr):

E{.‘i!‘(.‘ - (Pf,' ana | P{.Ft:!c:f.‘f.m' I ‘P( {.Hy) : I'rm | 2- P\syu ’ Ef'

Where:

o P, uais the power dissipated by the analog circuitry,

e Pueector 1s the power dissipated by the detector,

e P, 4gis the power dissipated by the digital circuitry,

e Py, is the power dissipated by the frequency synthesizer,

e T is the time required for the node to transition from 'sleep’ to 'awake' mode.

Now, the importance of the power dissipated on the circuitry on the total performance of the MIMO
system, which depicts the total energy consumption for MIMO 2x2 and SISO architectures versus the
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distance of the long transmission, based on the parameters shown in

Table 1: Power Dissipation Parameters

Parameter Value Units
Bits per Packet (L) 1000 bits
Frequency (f) 2500 MHz
P_filters 7 mW
P syn 25 mW
P _ADC 7 mW
P_mix 4.7 mW
P LNA 7.2 mW
P_IF 3 mW
T tr 5 us
P_detector 5 mW
n 2
P c dig 1 mW
Result Analysis

Figure 3 clearly compares the energy consumption patterns of Single Input, Single Output (SISO), and
Multiple Input Multiple Output (MIMO) architectures across various communication distances. The
graph indicates that the non-transmission power-related energy consumption, mainly associated with
circuit components like filters and mixers, is the predominant energy-consuming factor in MIMO
systems. This suggests that with the rapid advancements in micro-electronic efficiency, MIMO
architectures stand to benefit significantly, potentially reducing their overall energy usage as more
efficient circuitry becomes available. On the other hand, the SISO architecture's total energy
consumption is more heavily influenced by the transmission power (Eyans), which becomes increasingly
prominent with longer distances. The current trend points towards a future where the efficiency gains
in electronic circuitry are expected to lower the energy consumption of MIMO systems to the extent
that they could surpass SISO systems in energy efficiency across a broad spectrum of operational
scenarios. This potential shift could render MIMO architectures more favorable for various applications,
especially those involving longer-distance communication where energy efficiency is paramount.
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Figure 3:Energy Consumption for SISO and MIMO Architectures Vs Distance
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Figure 5: Virtual MIMO Performance on Different Channel Conditions
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Figure 6: Virtual MIMO Performance for Different Network’s Node Densities
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In the analysis portrayed by the figure, scenarios with larger values of Dy, representing lower network
density, are scrutinized, revealing that when Dy is less than 1 meter, its impact on total energy
consumption is considered negligible. However, as Dy increases, there is a corresponding uptick in total
energy consumption; this is attributed to the heightened transmission power required to maintain
connectivity across the expanded distances between nodes. Despite this, the application of Virtual
MIMO technology appears to be resilient to these changes, consistently delivering substantial
improvements in energy efficiency. The figure further allows exploration into various scenarios
characterized by different node density values, indicated by the variable dm, which signifies the average
inter-node distance. This variable serves as a key determinant of network density, directly influencing
the overall energy dynamics of the system.

Effect on Network's lifetime

...................................................................... T T TR
. = . b~ .

No Virtual MIMO
Virtual MIMO

0 2 4 6 8 10 12
Figure 7: Effect on Network’s Lifetime

Conclusion

The swift advancements in micro-electronics technology have set the stage for Multiple Input Multiple
Output (MIMO) structures to eclipse the traditional Single Input Single Output (SISO) schemes in terms
of energy efficiency and overall performance. The trajectory of these technological developments
suggests that soon, MIMO configurations will become the standard for wireless communication, largely
due to their superior capacity for managing energy consumption and their ability to maintain robust
communication links over various distances. This progression aligns with the underlying goal of
wireless networks to achieve optimal operational efficiency without compromising quality or
connectivity. The anticipated dominance of MIMO structures is predicated on their inherent design,

38
Copyright@ Global Mainstream Journal of Innovation, Engineering & Emerging Technology, 2024



Volume: 03
Issue: 02

Global Mainstream Journal of

GM J Innovation, Engineering & ISSN ONLINE: 2834-2739
Fmeraging Technolo March, 2024
g g gy Texas, USA

which allows for the strategic distribution of energy usage across multiple transmission and reception
points, thereby enhancing the network's longevity and reliability.

Implementing Virtual MIMO is particularly promising, as it is strategically designed to minimize
energy consumption by carefully selecting neighboring nodes to compose a virtual multiple-input
antenna array. This scheme is aligned with energy-saving imperatives and simplifies the deployment
process by requiring minimal hardware or software modifications. Integrating Virtual MIMO into
existing network infrastructures offers a cost-effective path to harness additional energy savings while
bolstering network resilience. Such a scheme is poised to deliver significant benefits, particularly in
dense network environments where energy resources are a premium. Consequently, as Virtual MIMO
technology matures, it stands to offer a transformative impact on the landscape of wireless sensor
networks, driving them towards unprecedented levels of efficiency and effectiveness.
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