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ABSTRACT

This literature review examines the fundamental concepts, applications, and advancements in Wireless Sensor Networks
(WSNSs), focusing on energy-efficient communication techniques using Single-Input Single-Output (SISO), Single-Input
Multiple-Output (SIMO), Multiple-Input Single-Output (MISO), and Multiple-Input Multiple-Output (MIMO) systems. It
highlights improvements in MIMO technology, explores energy models with MIMO, and evaluates performance metrics.
The need for Virtual MIMO (VMIMO) is discussed, alongside strategies to make it energy efficient. A detailed comparison
of vMIMO and traditional MIMO in terms of energy efficiency and an analysis of the challenges in implementing vMIMO
in WSNs are provided. Suitable images and diagrams illustrate key concepts.

The evolution of wireless communication technology has led to the development of Multiple Input Multiple Output
(MIMO) systems, which utilize multiple antennas at both the transmitter and receiver ends to improve communication
performance. In recent years, Virtual MIMO (vVMIMO) has emerged as a promising alternative, particularly in Wireless
Sensor Networks (WSNSs), where energy efficiency is paramount due to the limited battery life of sensor nodes. This paper
provides a detailed comparison of virtual MIMO and traditional MIMO in terms of energy efficiency, along with the main
challenges associated with implementing virtual MIMO in WSNs.

General Terms

This paper explores the role of Wireless Sensor Networks (WSNSs) in enhancing real-time monitoring through energy-
efficient communication techniques, including MIMO and vMIMO. It focuses on the advancements in MIMO technology,
need for vMIMO and its benefits and main challenges of implementing vMIMO in WSNs are analyzed. A comparison
between traditional MIMO and vMIMO is provided, highlighting their architectural and operational differences.
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1. INTRODUCTION

Wireless Sensor Networks (WSNs) have become one of the pivoting technologies in numerous areas ranging from
environmental to health care systems [1]. These networks include heterogeneous sensor nodes that gather and send
information to a particular sink or base station. Another important issue in WSNSs is energy consumption, since most of the
nodes in given network are powered with batteries and have restricted energy capacity [4]. This literature review explores
efficient communication approaches in WSNs specifically MIMO and vMIMO, and the possibility of improving the energy
efficiency.

2. WIRELESS SENSOR NETWORKS (WSNs)

WSNs are composed of spatially distributed autonomous sensors that monitor physical or environmental conditions, such
as temperature, sound, vibration, pressure, motion, or pollutants. The acquired data is transferred over the network to a
central place for processing and analysis [1].

2.1 Applications of WSNs

Healthcare: Remote patient monitoring, health status tracking, and elderly care.

Agriculture: Precision farming, soil moisture monitoring, and crop health assessment.
Environmental Monitoring: Wildlife tracking, pollution detection, and weather forecasting [8].
Military: Surveillance, battlefield monitoring, and equipment tracking.

3. ENERGY-EFFICIENT COMMUNICATION TECHNIQUES IN WSNs

Energy-efficient communication is crucial for prolonging the lifetime of WSNs. Techniques such as duty cycling, data
aggregation, clustering, and multi-hop routing are commonly employed to minimize energy consumption [6].
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SISO (Single-Input Single-Output) Systems: In SISO systems, both the transmitter and receiver have a single antenna.
While simple, SISO systems often suffer from limited range and reliability due to fading and interference [7].

SIMO (Single-Input Multiple-Output) Systems: SIMO systems use one transmitting antenna and multiple receiving
antennas. This setup improves reliability and range through techniques like diversity reception, where signals from
multiple antennas are combined to reduce fading [7].

MISO (Multiple-Input Single-Output) Systems: MISO systems employ multiple transmitting antennas and a single
receiving antenna. Beamforming is a common technique in MISO systems, which focuses the transmitted energy towards
the receiver, enhancing signal strength and reducing interference [7].

MIMO (Multiple-Input Multiple-Output) Systems: MIMO systems utilize multiple antennas at both the transmitter and
receiver ends as shown in figure 1. This configuration significantly improves capacity and reliability through spatial
multiplexing and diversity techniques [3].
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Figure 1. SISO, SIMO, MISO and MIMO

Improvements in MIMO Technology MIMO technology has seen several advancements, including:

1. Spatial Multiplexing: Transmitting independent data streams simultaneously over multiple antennas to
increase data rate.

2. Diversity Techniques: Combining signals from multiple antennas to improve reliability.
3. Beamforming: Directing transmission energy towards specific receivers to enhance signal strength [2].
4. ENERGY MODELS WITH MIMO
Energy consumption models are essential for understanding how MIMO systems operate within WSNSs [5]:
E =Etransmission* EreceptionT Eidle
Where:
Eiransmission 1S the energy used during data transmission.
Ereception 1S the energy consumed during data reception.
Eiqie is the energy consumed when nodes are inactive but powered on.

By maximising these components such as MIMO in communication systems, the overall energy losses can be reduced, and
therefore enhancing the life cycle of sensor networks.

MIMO systems performance assessment in WSNSs requires energy models. These models include the energy used in
transmitting, receiving and processing of the signals involved.

5. VIRTUAL MIMO (vMIMO) IN WSNs

vMIMO involves cooperative communication among multiple sensor nodes to effectively simulate the use of multiple
antennas as shown in figure 2.

This approach tries to obtain the advantages of MIMO systems without needing multiple antennas in one device [5].
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« Improves the network strength and stability.
» Minimizes energy demand through utilization of spatial heterogeneity.
« It has the advantage of the ability to offer flexibility in the design of the network [9].

It has communication among multiple sensor nodes to form a virtual antenna array. This approach aims to achieve the
benefits of MIMO systems without the need for multiple antennas on a single device [12].

5.1 Need and Benefits of Virtual MIMO (vMIMO)

Enhances network capacity and reliability.

Reduces energy consumption by leveraging spatial diversity.

Provides flexibility in network design. Measures to Increase Energy Efficiency of vMIMO

Cluster-Based vMIMO: Having a formation of nodes where each cluster will have its head that is responsible for the
communication of the nodes in that cluster.

Relay Selection: Selecting the best relay nodes that would help reduce energy expenditure [13].

Energy-Aware Routing: A system of routing protocols that take into consideration the level of energy and costs of
communication [10].
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Figure 2. Virtual MIMO [15]

The increasing demand for efficient wireless communication has led to the exploration of vMIMO as an alternative to
traditional MIMO systems:

Resource Constraints: In most cases, using many antennas is even impossible due to size or cost limitations In vMIMO,
many nodes can cooperate without extra antennas [12].

Dynamic Environments: Thus, vMIMO works better in environments that are dynamic in that, availability of nodes can be
often dynamic due to mobility or battery exhaustion.

Improved Coverage: Compared to the traditional MIMO strategies, vMIMO can improve the coverage and reliability by
using cooperative strategies among nodes distributed over the area.

6. COMPARISON OF TRADITIONAL MIMO AND vMIMO

MIMO and vMIMO are compared below in table 1 on various aspects
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TABLE 1: Comparison Traditional MIMO and vMIMO

Aspect

Traditional MIMO

Virtual MIMO

Architecture

Each node needs a number of physical
antennas.

Eliminates the need for physical antennas at each node by using cooperating
nodes to generate a virtual antenna array [12].

Network Flexibility

Restricted by the actual antenna

arrangement

Uses cooperative nodes to create a virtual antenna array, doing away with
the requirement for real antennas at each node.
High flexibility with virtual antennas

Energy Consumption

Increased energy usage as a result of several
active antennas.

Utilizing cooperative communication, it lowers energy usage by eliminating
the requirement for several active antennas.

Signal Processing

Centralized processing with shared clock
and timing

Distributed processing requiring coordination between WSN nodes

Distance Efficiency

Long-distance communications are less
effective than short- to medium-distance
ones.

Because it can combine signals from several nodes to enhance transmission
range without appreciably increasing power, it is more energy-efficient for
long-distance communications.

Scalability

constrained scalability because of hardware
limitations and the complexity that comes
with adding extra antennas.

High scalability because it doesn't require extra hardware to support more
nodes through cooperation and clustering.

Routing Efficiency

The complexity of routing techniques
increases when numerous antennas are
taken into consideration.

In order to maximize energy utilization, simplified routing protocols that
concentrate on cluster heads and collaborative tactics can be created
[11][14].

Signal Quality

Because of specialized antennas, it typically|
offers higher signal quality.

Cooperation between nodes can improve signal quality, albeit this can vary|
depending on node spread and cooperation effectiveness.

7. MAIN CHALLENGES IN IMPLEMENTING VIRTUAL MIMO IN WSNs
The following, therefore, represents main challenges that may arose when implementing Virtual MIMO in WSNS.

a)

b)

d)

€)

9)

Node Cooperation: To realise virtual MIMO systems, nodes must employ synergistic cooperation among sensors,
which is fundamental. The nodes have to receive and transmit their data within a certain time-frame, that could be
a problem in situations where the availability of nodes is limited.

Synchronization Issues: Virtual MIMO involves coordination between cooperating nodes for transmission and
reception of signals in order to occur perfectly. Overlapping disrupts interaction and hampers information
exchange, and thus, the timing differences needs to be ruled out [12].

Channel Estimation: Effective channel estimation which involves estimation of the channels carrying data from
the transmitter to the receiver is critical to the functional effective of virtual MIMO based systems. However, in
WSNs, the characteristics of wireless channels can make this process difficult and if not well addressed may result
in reduced performance.

Energy Management: On the other hand, virtual MIMO has been designed to improve energy efficiency;
however, the control and management of the energy of cooperating nodes are difficult. Nodes needs to regulate
energy consumption with the same level of effective communication within a network.

Protocol Design: Formulating appropriate strategies that enable the use of virtual MIMO while at the same time
seem to have some drawbacks in their usage is not easy. Within such protocols, optimized routing paths and
strategic management of node cooperation should be achieved.

Interference Management: In cooperative communication, interfaces can present a serious challenge as many
nodes join the process. Interference effects are known to occur whenever simultaneous transmission originates
from several nodes; hence, there must be the development of corresponding strategies for handling these effects.

Scalability Concerns: Virtual MIMO, thereof, enjoys scalability benefit whereby on the other hand, the
management of large number of cooperating nodes can complicate the network management as well as add
overhead.
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h) Implementation Complexity: The latter is complicated by the requirement for more complex algorithms and co-
ordination arrangements characteristic of virtual MIMO systems.

8. CONCLUSION

In wireless sensor networks, when energy conservation is vital, virtual MIMO offers a strong substitute for conventional
MIMO systems. Virtual MIMO can save a significant amount of energy while preserving or improving signal quality over
greater distances by utilizing cooperative communication between sensor nodes. To reach its full capabilities, however,
issues including node cooperation, synchronization, channel estimate, and protocol design need to be resolved. Subsequent
investigations ought to concentrate on creating resilient algorithms that enable efficient collaboration between sensor nodes
and maximize energy management tactics in virtual MIMO systems. Virtual MIMO has the potential to greatly improve
wireless sensor networks' efficiency and long-term reliability across a range of fields by addressing these barriers. This
paper highlights the key challenges encountered during deployment in WSNs plus offers a fundamental examination of
energy efficiency between virtual and traditional MIMO systems. The development of wireless communication systems
suited for energy-constrained contexts, such as WSNs, will be encouraged by more research into these fields.
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