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Abstract: Technological advances for low-cost Wi-Fi applications such as ‘the wireless sensor network (WSN) 

deployment’ are at an advanced stage of acceptance, especially in smart home environments. The application of this 

kind of network is referred to as a wireless sensor home network (WSHN). In literature, the evaluation of customers' 

home wireless network performance level is usually done via real-time experiment or by experience to test the 

network’s performance, leading to network vendors able to gain reference performance for: improvement of their 

network capacity and the adoption of the emerging requirement of Wi-Fi services. However, the usual practice of 

comparison of  energy consumption in WSHN applications is by developing WSHN systems for information 

transmission and reception in the home network to measure delay, throughput and energy consumption performance 

metrics using heuristics and intuition approaches. This work shows that real-time-based performance measurements 

of WSHN systems should be first carried out using the formal analytical method; before simulation and real-time 

experiments. Use of analytical method in WSHN provides users with a more defined idea of the kind of results to 

expect from their network simulations. To this end, this work presents an analytical method based on energy 

consumption for WSHN grid-based and line-based topology for the same metrics, with a description of each of the 

networks, which is first of its kind in WSHN. The work is further strengthened through simulation results. The 

results of our mathematical analysis show a variation of network energy consumption for single-hop and multi-hop 

communication for reference purposes for future WSHNs. The mathematical analysis results are futher validated by 

the simulation results of WSNs comprising of nodes using ESP32 microcontrolers RF specifications; where it shows 

that in most cases, using single-hop communication might cause excessive energy consumption in the network. This 

being more pronounced when the distance apart of the smart devices is above 50feet or the network nodes is above 

20; more also, when the packet size is above 50 bits. In this case, multi-hop communication it is seen to be of 

preferable communication at a higher number of nodes, larger packet size and longer distance between devices. 

However, if the network size is small, there is little difference in the energy consumption between the two methods 

and it is in such networks where single-hop is preferred due to the reduced complexity of the network structure and 

small delay time of which promotes responsiveness of the network. 

Keywords: Smart home, Wireless sensor networks, Wireless sensor home networks, Grid network, Linear network. 

 

 

1. Introduction 

Advances in wireless sensor home network 

(WSHN) systems have drawn researcher’s attention 

to dependable and embedded smart devices in-home 

network applications. This is partly due to 

advancements in wireless communication 

technologies and Micro-Electro-Mechanical 

Systems (MEMS) technology that have enabled the 

development of smaller and more energy-efficient 

smart sensors.  However, despite these advances, 

numerous challenges are still faced by WSHN. Such 

challenges include converting normal devices into 

smart devices that can integrate with the WSHN, the 

energy consumption of the smart devices, limited 
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storage capacity and limited distance of transmission 

of the communication modules like the Wi-Fi 

modules. Despite these challenges, the demand for 

smart devices in smart homes and smart buildings 

continues to grow as our lives become more 

entangled with technology.  

In the typical establishment of smart homes and 

buildings; wireless sensor network technology used 

in WSHN provides a good framework that can be 

used to easily and inexpensively incorporate smart 

device technology into existing buildings without 

the need for dedicated communication and power 

cables. However, the lack of dedicated wired 

infrastructure for sensors and device communication 

in wireless networks (especially low power 

networks) face problems of reliability and 

transmission range. Unlike wired networks, wireless 

networks particularly those in urban areas 

experience unpredictable wireless environments of 

which affect their reliability. Hence, to assess the 

performance of the proposed system, modeling and 

simulation before prototyping of the WSHN are 

required. 

The next subsections of the paper will present 

the analytical (Mathematical) models and simulation 

environment parameters considered in the design of 

the proposed system. The method of analysis is 

inspired by the works of [1], and as used in [2, 3], 

and hence will proceed similarly. The work 

proceeds as follows: 1. Mathematical analysis of 

node distribution and connectivity; 2. Network 

reliability dependent on network topology and node 

energy consumption; 3. Network simulation. 

There are two main contributions of the paper. 

First being an analytical method for WSHN grid-

based topology based on energy consumption and 

line-based topologies for the same metrics of which 

is the first of its kind. Second being the 

strengthening of the work through simulation of the 

networks.  

The rest of the paper organized as follows: 

Section 2 discusses work related to this research.  

Section 3 describes the wireless home network and 

some of the definitions including node distribution 

and connectivity, energy modeling and network 

reliability. Section 4 shows and explains the network 

simulation and the results obtained. Based on the 

analysis and simulation results, a short discussion in 

the implementation of a WSHN is shown in Section 

5 and the paper is concluded in Section 6, with 

highlights of few remarks. 

1.1 Related work 

 

Some researchers [4-6] propose analytical 

modeling of WSN lifetime particularly focused on 

the remaining energy of nodes as a single unit and as 

a system. In their work, other factors such as 

sensors' positions in relation to other sensors, the 

link quality, connectivity and coverage of the sensor 

network are also taken into consideration in the 

creation of the models. The purpose of the models 

being used is to acquire evaluation metrics for 

efficiency, effectiveness, and performance of the 

designed protocols and algorithms for WSN. 

The authors in [7, 8] researched the analysis of 

reliability in WSN. Both papers model WSN using 

connected graphs but they differ in that [7] focuses 

on a general understanding of how different network 

topology characteristics such as connectivity, 

average degree, diameter, average path length and 

clustering coefficient affect network reliability. 

Whereas [8] strives for a more quantitative 

evaluation of the network reliability with the idea of 

quantifying the importance of nodes in a network 

since depending on the topology, certain nodes have 

a march larger impact or contribution in network 

reliability than other nodes. 

WSN models are also used in the works of [9-

11] to make a comparison between single-hop and 

multi-hop architectures and routing protocols and 

how they impact network throughput, delay, 

reliability and lifetime. The works of [9] place more 

emphasis on analyzing the design constraints of 

each routing method and based on their work, 

further recommend the applications suitable for each 

method. As for [10, 11], importance is placed in 

investigating the differences in the performance of 

the two methods. 

Some research work on energy-aware and 

battery aware WSNs can be found in [12-15] 

respectively. The approach used in [12] is that of 

finding a path from a source node to a destination 

node that minimizes the total consumed energy in a 

network by formulating a constrained programming 

problem that uses both the locations of the sensor 

nodes and data transmission pattern. In [13], the 

proposed analytical model takes into consideration 

the characteristics of batteries used in nodes and 

uses them to find optimal node sleep intervals with a 

trade-off between the energy dissipation used in idle 

listening and sending of a preamble. To support the 

works of energy/battery aware WSNs such as that of 

[12, 13], authors [14, 15] propose software-based 

approach to estimate the state of charge, lifetime and 

voltage of batteries in WSN nodes based on the use 

of a temperature-dependent analytical battery 

models. In other works, such as that of [16-18], 
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Figure. 1 Structure of a wireless sensor home network with a grid of x-y network topology 

 

instead of using the traditional battery-powered 

sensor networks, which exhibit limited lifetime. The 

authors propose the analysis and modeling of solar 

energy harvesting WSNs (EH-WSN) for use in the 

operation of self-powered and self-sustained WSNs. 

Unlike most papers that use minimum hop count 

as a performance metric in route path selection, 

authors in [19] consider the use of rate aware 

routing protocols to minimize network layer 

transmission time as a performance matrix. The 

papers intend to maximize the network lifetime and 

to minimize the total energy cost of a WSN. Other 

works such as that of [20], the author extend their 

previous work of grid-based hybrid network 

deployment approach, in which merge and split 

technique has been proposed to construct network 

topology. In their new work, they use analytical 

network process method for Cluster Head selection 

in a WSN for selection with better understanding of 

the dependencies of different components involved 

in the evaluation process. 

This work shows that real-time-based 

performance measurements of WSHN systems 

should be first carried out using the formal 

analytical method; before simulation and real-time 

experiments. Use of analytical method in WSHN 

provides users with a more defined idea of the kind 

of results to expect from their network simulations. 

Similar to the works before it such as those 

mentioned above, this work uses analytical 

modeling and simulation, but contrary  to other 

works, this work presents an analytical method 

based on energy consumption for WSHN grid-based 

and line-based topology for the same metrics, with a 

description of each of the networks, which is first of 

its kind in WSHN. The work is further strengthened 

through simulation results. 

2. Sensor home network description and 

definitions 

2.1 WSHN description: Node distribution and 

connectivity 

Assuming a network comprising of one (1) sink 

node, S1. N number of sensors nodes ranging from 

N1, N2, N3, ….  up to node NN. The nodes have static 

locations and are uniformly randomly distributed 

over a grid model region of the area, A, comprising 

of perimeter dimensions RX and RY and inter grid 

spacing of RIX, RIY along with the X and Y directions 

respectively. In such a network, the expected 

number of nodes that can be found in a region of the 

network is described by the node density, P, 

expressed as 𝑃 =
𝑁𝑁

𝐴
. Fig. 1 is an illustration of the 

described grid network. 

For connectivity amongst the nodes of the 

wireless sensor home network, this work adopted a 

model similar to the work in [1-3] as a simple radio 

link, which is used for the analysis of the network. 

The nodes in the network carrying a radio link 

model have a finite transmission range, dtx and are 

fitted with an Omni-directional antenna, allowing 

for equal wireless transmission in all directions. 

Restriction of the node wireless transmission range 

is added to signify the bandwidth limitation 

experienced in sensor networks. 

All nodes in the network are capable of 

bidirectional communication; therefore they can 
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Figure. 2 Wireless sensor network model with an isolated node 

 

both transmit and receive n-bit data packets. Any 

node in the grid network can act as a source node so 

long as it has information to be transmitted to the 

sink node. For communication to occur between 

nodes, only nodes that are within the transmission 

range of each other can establish a successful 

wireless link and communicate. Nodes that are 

completely isolated from others cannot form a 

wireless link and therefore are unable to 

communicate with other nodes. This can be seen in 

Fig. 2, where sink node S1 is within the transmission 

range of nodes N1 and N2, hence communication 

between the nodes is possible. However, node N3 is 

beyond the transmission range of any node. This 

makes it isolated and unable to form a wireless link 

for communication. 

Wireless transmission between nodes occurs via 

wireless channels. The source node transmits a 

signal at power, Ptx at zero distance, d=0 from a 

source node. The transmitted signal power 

undergoes attenuation in wireless channel medium 

and is received at the destination node as power, Prx, 

at distance, d, from the source node. The received 

power, Prx is inversely proportional to attenuation or 

path loss, dγ Ptx of the transmitted signal. Gamma, γ 

represents the path loss exponent and varies between 

2 and 4 depending on the environment [2-4].  For 

successful transmission and reception, it is assumed 

that the transmitted signal, dPtx is greater than the 

receiver sensitivity (Prx). Therefore, Ptx (d = dtx) ≥ 

Prx, for successful reception of a signal.  

Data transmitted by a source node can reach a 

sink node in two ways. Either direct transmission to 

the sink node in a single hop or it can be forwarded 

through other sensor nodes in a series of hops until it 

reaches the sink node. This is also illustrated in Fig. 

2, seeing how data packets from node N1 are 

transmitted directly to the sink node by single-hop 

or reach the sink node by taking the path via node 

N2 of which leads to 2(two) hops. 

For both transmission and reception of data 

packets (event data) from or to other nodes in a 

network, energy is required by a grid node to carry 

out the task. The energy used up by nodes in a single 

hop event forwarding operation can be expressed as: 

 

𝐸𝑇 = 𝐸𝑡𝑥 + 𝐸𝑟𝑥    (1) 

 

Where ET is the total expended energy, Etx is the 

energy used in data transmission, and Erx is the 

energy used when receiving data [5]. 

When nodes of the same communication range 

transit data between each other, the amount of 

transmission energy required is proportional to the 

size of the data and the square of the distance 

between the nodes [1-3]. Since energy is expended 

by nodes when both when transmitting and 

receiving data packets to and from other nodes in a 

network (whether directly to the target node or 

indirectly through a series of hops). An arrangement 

is required that can consider and link energy or 

power consumption when forwarding data to the 

distance between the source and sink node. This 

way, one can compare single hop and multiple hop 

transmission. 

Consider the grid network example in Fig. 3, 

where source node N1 is sending data to sink node S1.  
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Figure. 3 Single hop and multi-hop routing in x-y grid topology wireless sensor network 

 

If the distance between the sink node and source 

node is short and multiple hops are used to transmit 

data, just like data is transmitted from N1 to S1 

through N2 to N5. The number of forwarding hops to 

the sink node will increase energy consumption 

since multiple transmissions and receptions are 

performed. Then again, if the distance between the 

source and sink nodes is too high and a data packet 

is transmitted directly to the sink node, more energy 

will be used by the source node to send the signal 

across the large space. 

In determining the energy costs of using either 

method of data forwarding, whether direct or 

indirect. Information such as distances and the 

number of hops between nodes is required to 

perform the calculations. Again, using Fig. 3 as an 

example, the distance between consecutive grid 

nodes, Rh, such as between nodes N1 and N2 can be 

shown as: 

 

𝑅ℎ = ((𝑅𝐼𝑋1 − 𝑅𝐼𝑋2)2 + (𝑅𝐼𝑌1 − 𝑅𝐼𝑋2)2)
1

2 

(2) 

 

Where RIY and RIX are the grid distance coordinates 

for the nodes in the y and x directions respectively. 

The total number of vertical and horizontal hops 

taken to reach the sink node from the source node 

will then be Yh and Xh respectively. Leading to: 

 

𝑋ℎ =
(𝑅𝐼𝑋𝑚𝑖𝑛−𝑅𝐼𝑋𝑚𝑎𝑥)2

𝑅ℎ
            (3) 

 

𝑌ℎ =
(𝑅𝐼𝑌𝑚𝑖𝑛−𝑅𝐼𝑦𝑚𝑎𝑥)2

𝑅ℎ
            (4) 

 

Having the distance between consecutive nodes and 

the number of hops between the source and sink 

node. The direct transmission distance, Rd, from the 

source to the sink node, is taken as: 

 

𝑅𝑑 = ((𝑅ℎ𝑋ℎ)2 + (𝑅ℎ𝑌ℎ)2)
1

2 = 𝑅ℎ(𝑋ℎ
2 + 𝑌ℎ

2)
1

2 

(5) 

 

To calculate the average cost of communication, Tavg, 

of forwarding data using multiple hops from the 

source to sink node. Tavg is expressed such that it 

shows the average energy expenditure for every unit 

distance as:  

 

𝑇𝑎𝑣𝑔 =
∑ (𝐸𝑡𝑥+𝐸𝑟𝑥)(𝑋ℎ+𝑌ℎ)ℎ𝑜𝑝𝑠

𝑅𝑑
                 (6) 

 

Assuming a first order radio model as illustrated 

in Fig. 4, per [21-23]. The data transmission energy 

in a node, Etx, can be attributed to two factors. These 

being the energy used by the radio transmitter 

circuitry, taken as radio dissipation, Eelec (J/bit) and 

the transmit amplifier energy, Eamp (J/bit*m2). Hence, 

a single-hop transmission of a data packet of size s-

bits, over R distance, using the first order radio 

model and taking the free space path loss exponent 

as, γ=2, leads to data transmission energy, Etx, of: 

 

𝐸𝑡𝑥(𝑠, 𝑅) = 𝐸𝑡𝑥−𝑒𝑙𝑒𝑐(𝑠) + 𝐸𝑡𝑥−𝑎𝑚𝑝(𝑠, 𝑅)     (7) 

 

𝐸𝑡𝑥(𝑠, 𝑅) = 𝑠𝐸𝑒𝑙𝑒𝑐 + 𝑠𝑅γ𝐸𝑎𝑚𝑝,                    (8) 
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Figure. 4 Single hop transmission first order radio model 

 

Taking alpha, 𝛼 , as an amplification factor, 

where α =
𝐸𝑒𝑙𝑒𝑐

𝐸𝑎𝑚𝑝
  , this gives; 

 

𝐸𝑡𝑥(𝑠, 𝑅) = 𝑠𝛼𝐸𝑎𝑚𝑝 + 𝑠𝑅γ𝐸𝑎𝑚𝑝     (9) 

 

𝐸𝑡𝑥(𝑠, 𝑅) = 𝑠𝐸𝑎𝑚𝑝(𝛼 + 𝑅2)   (10) 

 

On the other hand, when receiving data from a 

single hop transmission of data packets s-bits in size. 

Only the radio dissipation, Eelec (J/bit), by the radio 

receiver circuitry is needed. Hence leading to data 

reception energy, Erx, of: 

 

𝐸𝑟𝑥(𝑠) = 𝐸𝑟𝑥−𝑒𝑙𝑒𝑐(𝑠) = 𝑠𝐸𝑒𝑙𝑒𝑐 = 𝛼𝑠𝐸𝑎𝑚𝑝     (11) 

 

By substituting and expanding both Eqs. (10) and 

(11) into Eq. (6), the average energy expended for 

event forwarding per unit distance can be expressed 

as: 

 

𝑇𝑎𝑣𝑔 =
(𝑋ℎ+𝑌ℎ)[𝛼𝑠𝐸𝑎𝑚𝑝+𝑠𝑅2𝐸𝑎𝑚𝑝+𝛼𝑠𝐸𝑎𝑚𝑝]

𝑅 × (𝑋ℎ
2+𝑌ℎ

2)
1
2

         (12) 

 

𝑇𝑎𝑣𝑔 =  
(𝑋ℎ + 𝑌ℎ) 𝑠𝐸𝑎𝑚𝑝 (2α+ 𝑅2)

𝑅 × (𝑋ℎ
2+𝑌ℎ

2)
1
2

                      (13) 

 

To find the upper bound for energy consumption in 

a static RX by RY grid-based network, where Xh, Yh, n, 

and Eamp are constant, the worst-case scenario of 

Eq. (13) is considered as: 

 

𝑇′
𝑎𝑣𝑔 =

𝑑(𝑇𝑎𝑣𝑔)

𝑑𝑅  
 = 0     (14) 

  

𝑇′
𝑎𝑣𝑔 =

𝑅𝑑

𝑅 × 𝑅𝑑  
[

(𝑋ℎ + 𝑌ℎ) 𝑠𝐸𝑎𝑚𝑝 (2𝛼+ 𝑅2)

𝑅 × (𝑋ℎ
2+𝑌ℎ

2)
1
2

] = 0  (15) 

 

 That is to say; 

 

(𝑋ℎ + 𝑌ℎ) 𝑠𝐸𝑎𝑚𝑝 

(𝑋ℎ
2+𝑌ℎ

2)
1
2

[
𝑅𝑑

𝑅 × 𝑅𝑑  
[

(2𝛼+ 𝑅2)

𝑅
]] = 0    (16) 

 

or; 

 
𝑅𝑑

𝑅 × 𝑅𝑑  
[(2𝛼𝑅−1 +  𝑅)] = 0     (17) 

 

Leading to; 

 

−2𝛼𝑅−2 +  1 = 0   (18) 

 

−2𝛼 = −𝑅2                (19) 

 

Finally; 

 

𝑅 = (2𝛼)
1

2⁄                  (20) 

 

An output that implies that the average cost of 

transmission happens when R=(2𝛼)
1

2⁄ . 

2.2 Wireless sensor network description: Energy 

modeling and network reliability 

When dealing with energy and reliability of a 

WSN, according to [1, 23-25], [26-32], reducing the 

network energy consumption can improve network 

reliability. This is due to that in most applications of 

WSN, and nodes are battery-powered. High energy 

consumption leads to fast depletion of the node 

batteries of which leads to reduced network lifetime. 

Thus, by analyzing the energy consumed during 

sending and receiving of data between nodes, 

network reliability can be improved by selecting the 

right topologies and protocols. 

In a single-hop communication approach, data is 

sent directly from a source to a sink node. This is 

shown in Fig. 5, where the sensor node (1) is 

sending directly to the sink node. If the distance 

between the two (2) nodes is large, so is the amount 

of energy used by the source node to transmit the 

data to the sink. 
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Figure. 5 A Single hop approach of Wireless Sensor Home Network 

 

 
Figure. 6 A Multi-hop approach of Wireless Sensor Home Network 

 

For a multi-hop communication approach, data 

from a source node reaches the sink node through a 

chain of hops by using other network sensor nodes 

as relays to forward the data until it reaches the sink 

node. This can be seen in Fig. 6, where data from a 

node (1) reaches the sink node by using node (2) to 

a node (4) as relays. If the distance between the 

source and sink node is large; the number of hops 

required to transmit the message also increases, 

hence more energy is used. 

In terms of energy dissipation, the main 

difference between the two approaches is how the 

transmission cost affects the nodes in the network. 

With the single-hop approach, all the energy for data 

transmission is provided by the participating source 

node. Therefore, its battery will reduce at a faster 

rate, leading to a reduction in network lifetime. 

Whereas, for a multi-hop approach, the cost of 

transmission is distributed across the source node 

and the intermediate nodes. However, depending on 

the energy costs of the radio electronics and 

transmitter amplifier, the total energy expended in 

sending data in a multi-hop approach may be higher 

than a direct transmission to the sink node. 

To illustrate the above statement, using Fig. 6, 

consider the energy used in the transmission of s-bit 

of data between a source and sink node with a 

distance of (h)R between them, where h, is number 

of hops from source to sink node and distance 

between adjacent network nodes is represented by R. 

In a multi-hop routing approach, data transmitted 

from a source node to a sink node at a distance (h)R 

is transmitted h times and received h-1 times to 

reach its destination. Therefore, with such an 

approach, the energy consumption can be expressed 

as: 

 

𝐸𝑀𝐻𝑅 = 𝐸𝑡𝑥 + 𝐸𝑟𝑥    (21) 

 

𝐸𝑀𝐻𝑅 = ℎ𝐸𝑡𝑥(𝑠, 𝑅) + (ℎ −  1)𝐸𝑟𝑥(𝑠)  (22) 

 

Substituting Eq. (10) and Eq. (11) into Eq. (22), 

results in: 

 

𝐸𝑀𝐻𝑅 = ℎ(𝑠𝐸𝑎𝑚𝑝(𝛼 + 𝑅2)) + (ℎ − 1)𝛼𝑠𝐸𝑎𝑚𝑝 

   = ℎ𝑠𝐸𝑎𝑚𝑝(𝛼 + 𝑅2) + (ℎ − 1)𝛼𝑠𝐸𝑎𝑚𝑝 

   = ℎ𝛼𝑠𝐸𝑎𝑚𝑝 + ℎ𝑠𝑅2𝐸𝑎𝑚𝑝 + ℎ𝛼𝑠𝐸𝑎𝑚𝑝  −  𝛼𝑠𝐸𝑎𝑚𝑝 

= 𝑠𝐸𝑎𝑚𝑝(2𝛼ℎ + ℎ𝑅2 –  𝛼)            (22) 

 

If a direct routing approach is used, as seen in Fig. 5. 

The energy consumption for direct routing can be 

expressed as: 

 

𝐸𝐷𝑅 = 𝐸𝑡𝑥(𝑠, ℎ𝑅)   (23) 

 

Substituting Eq. (10) into Eq. (23), results in: 

 

𝐸𝐷𝑅 = 𝑠𝐸𝑎𝑚𝑝(𝛼 + (ℎ𝑅)2) = 𝑠𝐸𝑎𝑚𝑝(𝛼 + ℎ2𝑅2)  

(24) 

 

When comparing the two data transmission 

approaches, for the energy used in a multi-hop 

transmission approach to be smaller than that of a 

single-hop transmission approach, the condition of 

𝐸𝑀𝐻𝑅 < 𝐸𝐷𝑅, has to be met, therefore: 
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𝑠𝐸𝑎𝑚𝑝(2𝛼ℎ + ℎ𝑅2  −  𝛼) < 𝑠𝐸𝑎𝑚𝑝(𝛼 + ℎ2𝑅2) 

(25) 

 

If the linear network is considered in terms of the 

strength of transmitter electronics, receiver 

electronics, and transmission amplifier, starting 

again with the multi-hop transmission approach. The 

expected energy consumption is: 

 

𝐸𝑀𝐻𝑅 = ℎ𝐸𝑡𝑥(𝑏, 𝑅) + (𝑠 − 1)𝐸𝑟𝑥(ℎ) 

       = ℎ(𝑠𝐸𝑒𝑙𝑒𝑐 + 𝑠𝑅2𝐸𝑎𝑚𝑝) + (𝑠 −  1)𝑠𝐸𝑟𝑥 

= 𝑠[(ℎ𝐸𝑒𝑙𝑒𝑐 + ℎ𝑅2𝐸𝑎𝑚𝑝 + 𝑠𝐸𝑒𝑙𝑒𝑐  −  𝐸𝑒𝑙𝑒𝑐)] 

       = 𝑠[2ℎ𝐸𝑒𝑙𝑒𝑐  −  𝐸𝑒𝑙𝑒𝑐 + ℎ𝑅2𝐸𝑎𝑚𝑝] 

       = 𝑠[ℎ𝑅2𝐸𝑎𝑚𝑝 + (2ℎ −  1)𝐸𝑒𝑙𝑒𝑐]   

(26) 

 

The direct transmission approach has the following:  

 

𝐸𝑡𝑥(𝑠, 𝑅) = 𝐸𝑡𝑥(𝑠, (ℎ𝑅))  (27) 

 

Hence direct transmission energy consumption will 

become; 

 

𝐸𝐷𝑅 = 𝑠𝐸𝑒𝑙𝑒𝑐 + 𝑠(ℎ𝑅)2𝐸𝑎𝑚𝑝             (28) 

 

Further simplified to; 

 

𝐸𝐷𝑅 = 𝑠(𝐸𝑒𝑙𝑒𝑐 + ℎ2𝑅2𝐸𝑎𝑚𝑝)             (29) 

 

Also comparing two data transmission approaches, 

for the energy used in a multi-hop transmission 

approach to be less than that of direct transmission 

approach,  𝐸𝑀𝐻𝑅 < 𝐸𝐷𝑅, therefore: 

 

𝑠[ℎ𝑅2𝐸𝑎𝑚𝑝 + (2ℎ −  1)𝐸𝑒𝑙𝑒𝑐] <  𝑠(𝐸𝑒𝑙𝑒𝑐 +

ℎ2𝑅2𝐸𝑎𝑚𝑝)    

(30) 

 

Further simplified to: 

 
 𝐸𝑒𝑙𝑒𝑐

𝐸𝑎𝑚𝑝
>  

ℎ𝑅2

2
     (31) 

 

Where 𝛼 is the amplification factor, such that; 

 

𝛼 >  
ℎ𝑅2

2
     (32) 

3. Computational and simulation 

experiments  

This work considered two different network 

scenarios for the computational and simulation 

experiments, these being the linear based WSHN 

and randomly distributed WSHN. In both network 

scenarios, this work adopted the parameters used in 

[33]. In the first part of the experiment, this work 

observed the variation of the average transmission 

cost of a grid-based WSHN for the distance between 

grid-based Wi-Fi nodes, the packet size of 

information and the number of Wi-Fi nodes in the 

enclosure (room). While in the second phase of the 

experiment, this work considers the comparison of 

the energy consumption of a direct and multi-hop 

communication in WSHM, where this work also 

observed the variation or behavior of different 

network types for number of nodes in the enclosure, 

packet size and the distance apart of the nodes’ 

distribution in the enclosure. In both experiments, 

this work was limited to a maximum of 150 feet for 

the Wi-Fi modules transmission (indoor). However, 

the ESP 32 used can extend to 1kilometer (3,280 

feet) [34], for which this work conducted 

experiments to see the viability in the said range of 

transmission. This is because this work is an 

application-specific to a building. The maximum 

current drawn is 260mA at 2.4GHz operating 

frequency. This is in accordance with [33, 34]. 

3.1 Average transmission cost of a grid-based 

WSHN 

This part of the paper shows the results of the 

average transmission cost for a typical WSHN 

deploying grid-based transmission in a grid network. 

As can be seen in Fig. 7, gotten using Eq. (13), it 

was observed that the cost of transmission measured 

in joules per feet (J/ft), is a function of packet size 

(S) being sent, the distance between the smart 

devices, packet and the total number of hops the 

message makes to reach its destination. In Fig. 7(a), 

the impacts of transmission distance effects on the 

average cost of transmission is observed. For a small 

increase in transmission distance, the energy 

consumed per foot is obvious for each of the smart 

sockets or switches in the network. This justifies the 

relationship as in Eq. (13). In this, it is evidence that 

limiting the transmission distance in the network 

will favor the lifetime of the entire network due to 

the limited energy available per sensor node (smart 

device). For a typical Wi-Fi node (ESP 32) as in 

[34], each module can transmit at 150 feet indoor 

but up to 1km outdoor without obstruction. For a 

high transmitting node, it comes with a high cost of 

energy consumption as can be seen in Fig. 7 (a). In 

Fig. 7 (b), is shown the relationship between average 

transmission cost and information packet size. This 

is like Fig. 7(a), as an increase in bits of information 

directly affects the energy consumed by the smart 
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devices in the network. The effect of the packet size 

on the average transmission cost is also shown in Eq. 

(13), which is translated in Fig. 7 (b). In Fig. 7 (c), is 

shown the effect of the number of smart devices in 

the home network, which also correspond to the 

relationship in Eq. (13) as the average transmission 

cost is directly affected by the density of smart 

devices in the home network.  

 

 
(a) 

 
(b) 

 
(c) 

Figure. 7 Relationships of: (a) Transmission distance (R) 

(b) Packet Size (S), and (c) Number of Smart Devices 

(SW & SO) on the Transmission cost for a grid-based 

wireless sensor home network 

3.2 Energy consumption of a direct and multi-

hop communication in WSHN 

For the comparison of energy consumption for 

direct and multi-hop communication as given in Eqs. 

(23) and (24), for both network communication type, 

the results as shown in Fig. 8 (a)-(c), described the 

variation of consumed energy for the different 

network type: multi-hop and single-hop 

communication in WSHN to (a) packet size (S), (b) 

transmission distance (R) (ft), and (c) network size 

(Hops). It was observed that there is a high network 

energy consumption when using single-hop 

communication compared to using multi-hop 

communication as the packet size is increased. This 

is shown in Fig. 8(a).  In Eq. (23), it is evidence that 

the energy consumption of single-hop transmission 

is proportional to the square of the number of bits 

transmitted in the network during reception and 

transmission phase, which is an indicator of many 

bits transmitted per unit joule exhausted in the 

network. This refers to the fact that, for multi-hop 

communications, energy is saved due to the 

transmission of bits at a shorter distance. As can be 

seen in Fig. 8 (a), when the packet size value rises to 

500bits, the energy consumption per smart device 

for the single-hop communication approaches 50 J 

per second and rises to the value of 70 J per second 

at 700bits, while it is at 12J per second and 17J per 

second for multi-hop communication. There is not 

much difference for the multi-hop (2J) as against 

20J between 500bits and 700bits for direct 

communication. Furthermore, it is evident as can be 

seen in Fig. 8 (b), that, even with an increase in 

number of smart devices in the home network, the 

energy consumed using the multi-hop 

communication has no significant variation as it 

tends to remain almost the same value as the initial 

consumption for fewer smart devices in the home 

network,  whereas, using the direct communication 

in the network, it is observed that, there is much 

consumption in the network as number of hops vary 

from 4 to 20, the energy consumption is 79J and 

1986J respectively. But for multi-hop, it is 20J and 

99J respectively. There is a huge difference in the 

said number. This is to be expected to be that as the 

network size increases, there is an increase in 

transmission range, which does not favor single-hop 

home network communication. The multi-hop 

achieved this reduced energy conception as most of 

the smart devices are then engaged in helping other 

devices to route the information, hence, serving 

transmitters and routers in the network. In Fig. 8 (c), 

the impact transmission distance has on energy 
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(a) 

 
(b) 

 
(c) 

Figure. 8 Variation of Consumed Energy for the different 

network type: Multi-hop and Direct Communication in 

WSHN to: (a) Packet Size (S) (b) Network Size (Hops), 

and (c) Transmission distance (R) (ft) 

 

consumption for the two-transmission type in a grid-

based sensor home network is shown. This scenario 

does not differ from that of Fig. 8(a-b), as the 

variation of energy consumption, is also high for 

single-hop communication as compared to multi-

hop for the variation of distance between the smart 

devices. 

 

 

 
Figure. 9 Star topology (single hop) wireless sensor 

network 

4. WSHN implementation discussion 

Taking into consideration, the mathematical 

analysis and simulation results on wireless sensor 

networks carried out in sections three (3) and four 

(4). A single hop or star topology network is more 

suitable for the implementation of the proposed 

smart home system WSHN. Taking from the graphs 

of  Fig.  8, it is evident that in most cases, using 

single-hop communication might cause excessive 

energy consumption in the network and that multi-

hop communication is seen to be of preferable 

communication due to its lower energy consumption 

at a higher number of nodes, large packet size and 

longer distance between device. 

However, it is also evident that at small 

distances, such as below 50ft, the differences in 

energy consumption between the two methods is 

less pronounced. Hence for applications of WSHN 

in houses and buildings where distances are 

typically small, using the single-hop topology and 

routing approach over multi-hop will not only have 

little comparable energy consumption but it will also 

reduce the complexity of the network and promote 

the responsiveness of the network since messages 

will travel directly to the sink node. Fig. 9 gives an 

example of the general structure and network 

topology to be implemented. All the network sensor 

nodes, these being the smart devices, will connect 

and communicate directly with the sink node, which 

is the smart hub. 

For such a mostly event-driven application, the 

advantage of reduced delay time in direct 

communication will provide users with a 

satisfactory response of the system since there will 

be a little pause from the time a user initiates an 
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event and when the system responds to the event or 

stimuli. 

5. Conclusion 

This paper, analytically modeled a home-based 

wireless sensor network for application in smart 

switches and sockets, serving as sensor nodes, and 

smart hub as a sink node. Each of the nodes (smart 

switches/sockets and or hub) is embedded with Wi-

Fi enable communication technology. However, the 

current practice in comparing energy consumption 

in the WSHN systems is by measuring delay, 

throughput and energy consumption performance 

through experience and real-time measurement 

approach. This work carefully covered models of 

node distribution and connectivity, energy and 

network reliability model and the computation and 

simulation of the home network. The analytical 

method used in the WSHN topology in a line-based 

and grid-based sensor home network is on energy 

consumption for varying network parameters, with a 

description of each of the network. The results of 

our analytical model show a variation of network 

energy consumption for single-hop and multi-hop 

communication for reference purposes in future 

WSHNs planning. It was evident that, in most cases, 

using single-hop communication might cause 

excessive energy consumption in the network. It 

becomes more pronounced when the distance apart 

of the smart devices is above 50feet or the network 

nodes is above 20; more also, when the packet size 

is above 50 bits. In this case, multi-hop 

communication is seen to be of preferable 

communication at a higher number of nodes, large 

packet size and longer distance between devices. 

However, if the network size is small, there is little 

difference in the energy consumption between the 

two methods and it is in such networks where 

single-hop is preferred due to the reduced 

complexity of the network structure and small delay 

time of which promotes responsiveness of the 

network. In future, we intend to simulate WSHN 

using emerging wireless technologies such as BLE, 

LoRa and Wi-Fi 6 to contrast and compare their 

energy consumption in WSHNs. 
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