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SUMMARY

Packet size optimization is a critical issue in Wireless Sensor Networks (WSNs) for improving many
performance metrics (e.g., network lifetime, delay, throughput, and reliability). In WSNs, longer packets
may experience higher loss rates due to harsh channel conditions. On the other hand, shorter packets may
suffer from greater overhead. Hence, the optimal packet size must be chosen to enhance various performance
metrics of WSNs. To this end, many approaches have been proposed to determine the optimum packet size
in WSNs. In the literature, packet size optimization studies focus on a specific application or deployment
environment. However, there is no comprehensive and recent survey paper that categorizes these different
approaches. To address this need, in this paper, recent studies and techniques on data packet size optimization
for Terrestrial WSNs (TWSNs), Underwater WSNs (UWSNs), Wireless Underground Sensor Networks
(WUSNs), and Body Area Sensor Networks (BASNs) are reviewed to motivate the research community
to further investigate this promising research area. The main objective of this paper is to provide a better
understanding of different packet size optimization approaches used in different types of sensor networks
and applications as well as introduce open research issues and challenges in this area. Copyright c© 0000
John Wiley & Sons, Ltd.
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1. INTRODUCTION

Wireless Sensor Networks (WSNs) are utilized in many application areas, such as military, 10

commercial, space, visual surveillance, precision agriculture, and logistic applications [1, 2, 3]. 11

WSNs consist of numerous sensor nodes deployed over a sensing field [4]. These sensor nodes 12

are responsible from acquiring measurements on physical phenomena and conveying the data 13

towards the sink node which collects, filters, aggregates, and transports the refined information 14

to other entities for further processing. Since sensor nodes have limited battery energy, every aspect 15
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of WSNs should be designed with utmost care to dissipate the limited energy to maximize the16

network lifetime [5, 6]. In general, WSNs can be categorized into four broad classes according to17

the deployment environments: Terrestrial WSNs (TWSNs), Underwater WSNs (UWSNs), Wireless18

Underground Sensor Networks (WUSNs), and Body Area Sensor Networks (BASNs). Each of19

these categories has its own unique characteristics due to the type of environment that is used for20

data transmission and have additional challenges because of their unreliable and variable channel21

characteristics in different propagation environments. In the literature, packet size optimization22

studies focus on a specific application or deployment environment.23

The main characteristics of WSNs are scalability, energy efficiency, responsiveness, resilience,24

and quality of service provisioning for applications [7]. Many protocols, which provide these25

features, are proposed in the literature. Most of these studies are performed to reduce energy26

consumption and to mitigate the adverse channel conditions for meeting the requirements of WSN27

applications which have certain quality of service (QoS) requirements, such as energy efficiency,28

throughput, and delay. Requirements for WSN applications are different from each other, since29

some of the WSN applications need high energy efficiency, such as military surveillance systems,30

on the other hand, some of them, such as disaster relief operations and health care applications, need31

low latency. Therefore, packet size optimization approaches should meet the requirements of these32

WSN applications.33

WSNs have considerable challenges in data processing, communication, and management. These34

challenges are the tight resource constraints, variable network topology, dynamically changing35

bandwidth, range, and computation power [8]. Among these challenges, power consumption is the36

most difficult resource constraint to be met for WSNs. Therefore, many power-aware protocols have37

been designed for providing power conservation and power management on both link layer and38

network layer. Although energy is consumed by the sensor nodes while sensing, processing, and39

communicating the data towards the sink node, communication power consumption is the dominant40

term in WSNs [9].41

Recent studies show that packet size has a direct effect on the performance of communication42

between sensor nodes. It is well-known that longer packets experience higher loss rates due to harsh43

channel conditions, while shorter packets cause higher data overhead [10]. To balance the trade-off44

between network reliability and energy efficiency, many approaches are proposed to determine the45

optimum packet size in WSNs.46

In Figure 1 we present a typical link-layer packet format in sensor networks [10]. Note that there47

are three main components (i.e., header, trailer, and payload) of a packet. Header field contains48

information about current segment number, total number of segments, source and destination nodes.49

The trailer field includes parity bits for error control. Payload field includes information bits. Length50

of header, trailer, and payload are given as LH , LT , and LPL, bits, respectively.51

Packet size optimization can be done according to various wireless communication criteria52

[11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 10, 21]. Different optimization metrics, such as53

the throughput efficiency and the energy efficiency, are used as the performance criteria for54

packet size optimization. For instance, energy efficiency is used as an optimization metric by55

Sankarasubramaniam et al. [10] to determine the fixed optimal packet length for increasing56

the energy efficiency. Furthermore, they explore the impact of error control on the packet size57

optimization for energy efficiency. On the other hand, Basagni et al. [22] use the throughput58
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Figure 1. Typical link-layer packet format in sensor networks.

efficiency as the evaluation metric. Basagni et al. present their findings on choosing the optimum 59

packet size in multi-hop Underwater WSNs (UWSNs). Their simulation results reveal that an 60

optimum packet size exists in underwater acoustic communications, however, it is influenced 61

by bit error rate (BER) and offered load. Leghari et al. [23] presents a survey on packet size 62

optimization in Terrestrial WSNs (TWSNs) with limited coverage (i.e., only a few studies on 63

packet size optimization is surveyed). However, there is no comprehensive and recent survey paper 64

that categorizes aforementioned approaches. To address this need, in this paper, recent studies 65

and techniques on data packet size optimization for TWSNs, UWSNs, WUSNs, and BASNs are 66

reviewed to motivate the research community to further investigate this promising research area. 67

The main objective of this paper is to provide a better understanding of packet size optimization 68

approaches used in different types of sensor networks and applications as well as introduce 69

open research issues and challenges in this area. To the best of our knowledge, this is the first 70

comprehensive survey paper on the current state of the art in packet size optimization techniques 71

for different WSN environments and applications. 72

Packet size optimization is intertwined with numerous mechanisms in wireless communications 73

and is affected by a large set of parameters. Therefore, a formal definition of packet size optimization 74

in WSNs which covers all the problem types with all the associated constraints would require a 75

very involved mathematical model. In fact, in its most general form, the problem to be solved is 76

a stochastic non-linear multi-objective optimization problem. Furthermore, the set of constraints is 77

very large. For example, minimization of energy dissipation and delay and maximization of network 78

lifetime and throughput should be the constituents of the objective function. Transmission power 79

control, modulation, coding, medium access control mechanisms among many other components 80

of the system are all affecting packet size optimization. Therefore, efficient solution of such a 81

model is highly challenging. Hence, all solutions proposed in the literature have been constructed 82

by considering limited scope objective functions with limited constraint sets. In the subsequent 83

Sections, we present these optimization approaches in a systematic fashion. Note that a significant 84

portion of the studies on WSN packet size optimization do not propose a formal optimization model, 85

instead, heuristic approaches constitute the majority of these studies. 86

The organization of the paper is as follows. Sections 2, 3, 4, and 5 explore the existing packet size 87

approaches in TWSNs, UWSNs, WUSNs, and BASNs, respectively. In Section 6, some open issues 88

pertaining to the packet size optimization on TWSNs, UWSNs, WUSNs, and BASNs are discussed. 89

Conclusions are drawn in Section 7. 90
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2. PACKET SIZE OPTIMIZATION FOR TERRESTRIAL WSNS

Figure 2. A fixed packet size approach in a linear TWSN.

There are many techniques proposed for the packet size optimization in TWSNs. In this section,91

we present a taxonomy, which categorizes packet size optimization approaches into three major92

groups. These groups are listed below:93

• Fixed packet size approaches,94

• Dynamic packet size approaches,95

• Mathematical optimization frameworks.96

Each of these groups has advantages and disadvantages when compared to each other. Advantages97

of the fixed packet size approaches are that they are easy to implement and create less overhead.98

Disadvantages of the fixed packet size approaches are that they are inefficient to adapt variable99

channel conditions and therefore, they cannot enhance overall throughput and network efficiency.100

On the other hand, dynamic packet size approaches enhance overall throughput and efficiency of101

the network since they generate packets according to channel condition. But dynamic packet size102

approaches cause a large amount of overhead at each node because of the extra control packet103

traffic and computational burden at each node. Furthermore, mathematical optimization frameworks104

are built to increase throughput while minimizing power consumption. However, mathematical105

optimization frameworks are difficult to implement for such resource constrained networks. The106

classification of these proposed techniques is also summarized in Tables I–III and compared in107

Table IV.108

2.1. Fixed Packet Size Approaches in Terrestrial WSNs109

Utilizing a single optimal packet size has the distinct benefit of reduced network management110

complexity in comparison to dynamic packet size utilization [24, 25, 26, 27, 28, 29, 10, 30, 31,111

32, 33, 34]. In Figure 2 we present a possible fixed packet size approach in a linear TWSN. In112

this scenario, two sensor nodes are linearly spaced on a line where the base station is located at113

the right end of the line. Link distances have various BER values and same packet size is utilized114

in all links of this networks with the size L3
P . Sharma [30] analyzes the impact of changing the115

packet size via the proposed multi-hop routing protocol. The main purpose of this protocol is to116

extend the network lifetime by decreasing the power consumption of sensor nodes. Therefore, a117
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cluster head is selected by the algorithm according to remaining energy of each sensor node. A 118

node becomes the cluster head if it has the highest energy and minimum mobility. The proposed 119

protocol determines the clusters first. In this respect, the protocol selects an unvisited node and 120

retrieves its reachable neighbors density according to radius of cluster (i.e., Eps) and minimum 121

number of nodes necessary inside the cluster (i.e., MinPts). A cluster is formed when MinPts is 122

equal to (or less than) the number of neighbors. After the clusters are formed, a Time Division 123

Multiple Access (TDMA) based scheme is utilized by the cluster heads to schedule the sensor nodes 124

in the clusters. Residual energies and mobilities of the cluster heads are continuously observed by 125

the base station. If it is below a certain threshold, another cluster head is selected by the base station. 126

Routing paths are controlled by the cluster heads. A routing path is changed by the base station if a 127

node fails or remaining energy of routing path is less than the threshold. Routing paths are selected 128

according to Received Signal Strength Indication (RSSI) values which are calculated by using two 129

ray ground model. Collected data is aggregated by the cluster heads and sent to helper nodes which 130

have second highest energy. Helper nodes send the aggregated data to the base station via shortest 131

path that is calculated by the base station. Therefore, the proposed protocol increases the network 132

lifetime. The proposed protocol is evaluated with simulations and compared with Assisted Low 133

Energy Adaptive Clustering Hierarchy (A-LEACH) protocol [35]. The effects of varying packet 134

size on the performance of A-LEACH and the proposed multi-hop routing protocol are analyzed. 135

It is shown that throughput increases when the packet size increases and reaches the peak value at 136

the packet size of 256 Bytes. Furthermore, they also show that with the increase in packet size, the 137

energy consumption reduces until a certain point at the packet size of 256 Bytes and remains the 138

same even if the packet size continues to increase. 139

Energy efficiency is chosen as an optimization metric by Sankarasubramaniam et al. [10]. 140

Sankarasubramaniam et al. determine an optimal fixed packet size for a set of parameters to 141

increase the energy efficiency. It is argued that although the dynamic packet size may increases 142

the throughput performance, they are not preferred for WSNs due to costs of extra overhead and 143

resource management. Therefore, the optimal fixed packet size according to the radio and channel 144

parameters is used in [10]. In addition, the effect of error control on energy efficiency is also 145

considered. It is argued that error control techniques such as Automatic Repeat Request (ARQ) 146

consume much more energy when compared to Forward Error Correction (FEC), therefore, binary 147

Bose-Chaudhuri-Hocquenghem (BCH) codes are preferred to be used. Simulations are performed 148

with and without these error control mechanisms. Results show that when error control is not 149

used, optimal packet size and energy efficiency increase with decreasing channel BER. At BER 150

= 10−4 (considered to be a reliable channel condition), energy efficiency reaches the maximum 151

with the optimal packet size of 200 bits. This demonstrates that higher packet lengths can be 152

used when channel quality is good for achieving maximum energy efficiency without error control. 153

Furthermore, two error control techniques, which are BCH codes and convolutional codes, are used 154

to find the maximum energy efficiency with an optimal packet size. Simulations show that binary 155

BCH codes are 15% more energy efficient than the convolutional codes and provide the maximum 156

attainable energy efficiency, which is 0.9485, when the packet size is 2047 bits and error correcting 157

capability equals to 6. 158

A bi-level programming model is presented by Zhao et al. [34] for WSNs in order to find the 159

optimum transmission radius and the packet size for minimizing average delay of flooding with 160
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increasing the energy efficiency. This model requires bi-level programming, since its goals must be161

achieved at two different network layers. Delay of flooding must be minimized at the network layer162

and the energy efficiency must be maximized at the medium access control (MAC) layer. In this163

respect, firstly, an estimation model is presented for calculating the contention time of the Carrier164

Sense Multiple Access (CSMA) and then it is combined with the settling time for finding the delay165

of flooding. Secondly, the energy consumption of CSMA is calculated to model energy efficiency166

in the MAC layer. Finally, all of them are combined in the bi-level programming model as the167

upper level model and as the lower layer model. The upper level model works in the network layer168

and provides the minimum delay flooding. On the other hand, the lower layer model works in the169

medium access layer and aims at achieving the maximum energy efficiency. Although these goals170

are conflicting with each other, they can be achieved when the optimum transmission radii R and the171

optimum packet size are settled. The proposed bi-level programming is implemented in MATLAB172

to determine optimal parameters. First analysis is performed on upper level model and shows that173

how receive time, contention time and settling time are affected with the increase of transmission174

radii (i.e., R) for fixed packet size (i.e., L). The results reveal that the receive time decreases and175

the contention time increases while R is increasing. Furthermore, minimum settling time, which is176

0.12 s, are found at transmission radii ≈ 50 m. Second analysis, in which the R is fixed and the177

packet size varies between the 0 and 400 bits, is done in the lower layer model. According to the178

analysis, the maximum energy efficiency is obtained at the packet size of about 50 bits. Finally, the179

results from these analyses are used to obtain a global optimal solution. Therefore, the algorithm180

iterates with different initial settings. As a result of the iterations, ≈ 50 m and ≈ 39 bits are found181

as the optimum transmission radius and the packet size, respectively for the investigated scenario.182

Abdulhadi et al. [24] proposes an algorithm called α-Branch-and-Bound (αBB) to improve183

energy efficiency in wireless cooperative ad hoc networks for determining the optimal packet size.184

This algorithm provides an efficient solution for the joint packet size and power allocation problem,185

which is a non-linear non-convex optimization problem and hard to solve, of a cooperative wireless186

ad hoc networks. For that, the convex relaxation of the non-convex formulation, which requires to187

find lower and upper bounds for all the non-convex expressions to calculate formulation, is used by188

the proposed algorithm. As a result, all the non-convex terms are replaced with the improved convex189

lower bounding functions and a convex relaxation of the problem is constructed. The purpose of190

this solution is to increase the energy efficiency by obtaining the optimal packet size and power191

allocation for source and relay nodes. Analyzes are done to show the impact of relay node locations192

on the packet size and the power allocation. Numerical results show that BER at destination is193

minimum and the data transmission efficiency is maximum when the packet size is ≈ 570 bits and194

when the relay node is located in the middle of source and destination.195

Reliability of low power wireless links is analyzed by Kilic and Gungor [28] for different196

smart grid environments which are 500 kV outdoor substation environment, indoor main power197

control room, and underground network transformer vaults. This issue is important for wireless198

links because radio signals, which are propagated through these links, are affected from various199

factors such as reflection, diffraction and scattering. Furthermore, effects of them increase due to low200

antenna heights of sensor nodes and obstructions. Log-normal shadowing path loss model is used by201

this study to model the wireless channel with considering these effects. The impact of sensor radio202

parameters, such as modulation scheme (Frequency Shift Keying – FSK, Amplitude Shift Keying203
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– ASK, and Offset Quadrature Shift Keying – O-QPSK), encoding scheme (Non-Return-to-Zero – 204

NRZ and Single Error Correction and Double Error Detection – SECDED) and packet size (frame 205

size=30, 60, 90, 128 Bytes and preamble length=2 Bytes) on the performance of sensor network in 206

smart grid communication environment is investigated. In this respect, performance evaluations are 207

done in different smart grid environments to show the changes of received power when the distance 208

between the receiver and sender increases, the variation of transitional region according to smart 209

grid propagation characteristics and the impact of modulation scheme on the transitional region. 210

Furthermore, the impact of packet size is observed in 500 kV outdoor substation environment on 211

the transitional region and different frame sizes, which are 30, 60, 90, and 128 Bytes, are evaluated 212

with simulations. Results show that received signal strength decreases when the distance increases 213

and O-QPSK is the most efficient modulation scheme which increases the packet reception rate 214

values more than FSK and ASK. In addition, results also show that small frame size must be used 215

to decrease the packet losses in harsh smart grid environments and the high output power must be 216

used to increase the size of the transitional region. 217

Holland et al. [25] proposes an approach to reduce energy loss at physical layer. In this respect, 218

optimum relay distance and transmit power are found depending on the modulation scheme and 219

the channel model to increase the network lifetime. Additive White Gaussian Noise (AWGN) and 220

a block Rayleigh fading are employed as the channel models and the relationships between the 221

physical layer parameters such as modulation scheme, transmit power, hop distance are investigated 222

while the channel parameters are changed. The main goal is to increase the network lifetime by 223

minimizing the energy consumption with using optimum physical layer parameters. In this respect, 224

energy per successfully received bit (ESB) metric, which is a function of hop distance, transmit 225

energy, modulation scheme and distance between the receiver and sender, is defined. A wide range 226

of numerical analysis are done to minimize the ESB by finding the optimal transmission energy and 227

optimum hop distance according to different modulation schemes. The results of the analysis reveal 228

that when the hop distance is fixed, which is 15 m, transmission energy and the optimal ESB increase 229

as the noise level increases with respect to modulation schemes which are Binary Phase Shift Keying 230

(BPSK), QPSK, 8-PSK, 16-PSK, 4-Quadrature Amplitude Modulation (4-QAM) and 16-QAM. 231

Results also show that optimum hop distance decreases and energy per successfully received bit 232

per meter (ESBM) increases as the channel noise increases when the transmit energy is 5 nJ. The 233

impact of packet overhead on energy efficiency in WSNs is also investigated by Holland et al. [25]. 234

Holland et al. propose that the energy efficiency increases when small packets are used without 235

considering the per packet overhead. In this respect, the ESB is measured while the packet size is 236

varied from 200 bits to 1600 bits for different sizes of per-packet overhead. As a result of their 237

measurements, Holland et al. show that when the packet has zero overhead, the energy efficiency 238

becomes maximum. Furthermore, it is also demonstrated that the optimal packet size also increases 239

when the packet overhead increases. 240

Wang et al. [32] propose an energy-balanced routing algorithm on a heterogeneous WSN 241

deployment. The goal of the proposed algorithm is to improve the lifespan of WSN by avoiding 242

the energy hole problem and by providing the energy-balanced routing. In the proposed algorithm, 243

two kinds of nodes, which are ordinary sensor nodes and energy heterogenous sensor nodes, are 244

used. Ordinary sensor nodes are distributed to the area and both collect and route the data. On the 245

other hand, heterogenous sensor nodes are deployed close to the sink node and only route the data. 246
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Two different types of packets including the update packet and the data packet are defined and used247

in their proposed energy-balanced routing algorithm. The update packet includes 6 fields, which248

are packet type, node type, source address, depth, residual energy, and energy density. Several249

number of bits are defined for each of these fields. They are used to control the working state250

of the neighbor nodes, which update these packets with their own state information. As such, a251

more robust and energy efficient communication regime is achieved by reducing the number of252

retransmission. The data packet has 5 fields which are packet type, data, source address, route line,253

and hops. Data packet size is larger than the update packet and used for event-driven and data-254

driven applications. The algorithm starts with the broadcasting of update packets to all nodes by the255

sink node. A node receiving the update packet, creates the routing table after it calculates its depth.256

Then, next hop node is defined to send the data packets through the sink node by considering the257

remaining energy of next hop node. Before the transmission to the next hop, the algorithm updates258

the route line and hops value in the data packet. According to these values, routing table is updated259

again. Simulations are done to find the optimal number of heterogenous sensor nodes (a), optimal260

coverage of heterogenous sensor nodes (b), and optimal initial energy of heterogenous sensor nodes261

(c). The optimal parameter values for a, b, and c are found to be 0.1, 0.3, and 2, respectively. The262

performance of proposed algorithm is also evaluated based on the network lifespan, network delay,263

and energy imbalance factor. Results show that the proposed algorithm extends the network lifespan264

by up to 90.5% on heterogenous deployment and reduces the network delay while achieving energy265

balance when compared with Mini-Hops and Energy-Balanced Routing Protocol (EBRP).266

Variance-based distributed contention control (DCC-V) and packet size optimization are proposed267

by Yaakob et al. [36] to solve the congestion problem in WSNs. The proposed technique is operated268

on MAC layer and uses contention window (CW) in DCC-V to minimize the packet collisions269

by solving resource-sharing problem in WSN. In this technique, CSMA/CA protocol is used270

with considering slot utilization and average collision values while determining CW. Furthermore,271

DCC-V is enhanced by integrating it with packet size optimization. DCC-V firstly guarantees272

the successful allocation of the channel according to probability of successful carrier sense and273

the probability of collision occurred in the channel. These probabilities are predicted based on274

the previous packet transmissions. Simulations are performed to evaluate the performance of the275

proposed technique. Results show that the proposed technique can alleviate the congestion and276

outperform the IEEE 802.15.4 protocol. Because more than 20% packet loss occurs for IEEE277

802.15.4 when the BER is 10−3 and contention window and number of nodes are high. However, in278

the same situation, the proposed method reduces the packet loss rate to approximately 15% when the279

optimum packet size is 60 Bytes and to 12% when the optimum packet size is 30 Bytes. This shows280

that small packet size is useful in decreasing the packet loss rate. On the other hand, results also281

show that the number of collisions increases if the small packet size is used. This is because more282

packets are transmitted through the network when the smaller packet size is used and this yields283

to contention among the packets. Furthermore, throughput and delay evaluations of the proposed284

method show that the proposed method is more efficient when the BER is 10−6 with small number285

of nodes and with the optimum packet size of 30 Bytes. Finally, as a result of the experiments, when286

the BER is low and the congestion is high, higher packet size should be used with the DCC-V. In287

contrast to this, when the BER and number of nodes are high, smaller packet size should be used288

with the proposed protocol since larger packets are more error prone. According to these results,289
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Table I. Literature overview of fixed packet size optimization techniques in TWSNs

Taxonomy Techniques Purpose Performance Met-
rics

Fi
xe

d
pa

ck
et

si
ze

αBB algorithm [24] Improving the energy effi-
ciency in wireless coopera-
tive ad hoc networks.

Energy efficiency

Optimizing physical
layer parameters [25]

Providing energy-efficient
transmission over a noisy
channel by setting up opti-
mal physical layer parame-
ters

ESB

Measuring the impact of
packet size on the perfor-
mance of WSNs [26]

Determining the optimum
packet size to increase per-
formance of WSNs

Energy
consumption,
latency, packet
delivery ratio

Evaluating the
performance of IEEE
802.15.4 standard-based
WSN on star topology for
large scale applications
[27]

Obtaining the optimum
packet size, number of
nodes, and PIT to increase
throughput and to decrease
end-to-end delay

throughput, latency

Analysis the reliability of
low power wireless link
in different smart grid
environments [28]

Investigating the impact of
different radio parameters
on the performance of sen-
sor network.

PRR

Analysis the performance
of IEEE 802.15.4
standard-based WSN on
mesh topology [29]

Maximizing the throughput
for mesh topology.

Throughput

Energy efficiency based
packet size optimization
[10]

Finding the most energy
efficient packet size for
WSNs.

Energy efficiency

Multihop LEACH proto-
col [30]

Analyzing the impact of the
changing packet size on the
proposed routing protocol.

Throughput, average
energy consumption

An energy-efficient trans-
mission recovery algo-
rithm with the optimum
packet size [31]

Reducing the transmission
errors in the channel and
extending WSN lifetime.

Energy efficiency

An energy-balanced rout-
ing algorithm [32]

Improving lifespan of WSN
by balancing energy con-
sumption of sensor nodes

Network lifespan,
delay, energy
imbalance factor

DCC-V with packet size
optimization [36]

Minimizing packet colli-
sions in WSNs.

Packet loss rate,
delay, throughput

SPSA theory based
packet size optimization
algorithm [33]

Increasing the ECE in real-
time of WSN applications

ECE

Bi-level programming
model [34]

Minimizing average delay
of flooding with increasing
the energy efficiency.

Delay, energy effi-
ciency

Copyright c© 0000 John Wiley & Sons, Ltd. Int. J. Commun. Syst. (0000)
Prepared using dacauth.cls DOI: 10.1002/dac



10 M. YIGIT, H.U. YILDIZ, S. KURT, B. TAVLI, V.C. GUNGOR

DCC-V can provide delay and throughput requirements of WSN applications if it is used based on290

network conditions with the optimum packet size.291

Kohvakka et al. [29] analyze the performance of IEEE 802.15.4 standard-based WSN on mesh292

topology for large scale applications, such as industrial automation and intelligent households, by293

considering number of nodes, packet size, and packet interval time. The main objective of this294

study is to maximize the throughput by determining the optimum number of nodes, packet size,295

and packet interval time. Simulations are performed with OPNET simulator. According to the296

simulation results, the maximum throughput for the mesh topology is obtained when the optimum297

packet size, which is 1408 bits, is used with 3 s packet interval time for the 50-node topology.298

These parameters can be used in intelligent household applications and industrial automation for299

increasing the throughput performance.300

Impact of packet size on the performance parameters of WSNs, including energy consumption,301

latency, and packet delivery ratio, is studied by Karthi et al. [26]. It is aimed to determine302

the optimum packet size for increasing the performance of WSN applications, such as habitat303

monitoring, structural monitoring, and data logging, which use IEEE 802.11 MAC for achieving304

higher transmission rates. Simulations are done with ns2 simulator by deploying 25 nodes and one305

sink node on a flat grid topology. Different packet sizes (e.g., 128, 256, 512, and 1024 Bytes), and306

inter-arrival times (from 5 s to 55 s) are used in the simulations. Average end-to-end delay, packet307

delivery ratio, and residue energy of a node parameters are varied. Simulation results show that as308

the packet delivery ratio increases, average end-to-end delay and residue energy of a node decreases309

when considering highly inter-arrival times for small sized packets. The reason behind for such a310

behaviour is the increment in number of packets generated (i.e., growth in network traffic) when311

inter-arrival times are shortened. Therefore, when the network traffic grows, longer packets yield312

more packet drops which results in more retransmissions.313

Another packet size optimization study is reported by Singh et al. [31] for WSN applications,314

such as environmental monitoring, battlefield monitoring, industrial process control, and security.315

In this study, an energy-efficient transmission recovery algorithm with the optimum packet size316

for WSNs is proposed. This algorithm can be computed by using 4 different methods. Method 1317

is that if the packet is corrupted, the entire packet is sent again. Method 2 is that if the packet is318

corrupted, send the corrupted portion of the packet again. Method 3 is that dividing packets into319

small sub-packets and retransmitting only the corrupted sub-packet. Method 4 is that dividing the320

packets into small sub-packets and retransmitting only the corrupted portion of the sub-packet.321

The proposed algorithm is designed to reduce the transmission errors, which occur due to radio322

frequency (RF) interference, fading, and mechanisms related to time-frequency coherence in the323

channel. Simulations are performed to compare 4 methods for three cases. In the first case, fixed324

data packet and sub-packet size are used with varying error occurrence percentage. In the second325

case, data packet size and error occurrence percentage are kept fixed with varying sub-packet size.326

In the third case, fixed data packet size is used with varying sub-packet size and error occurrence327

percentage. For the case 1, method 4 achieves the minimum energy consumption when compared to328

other methods. For the case 2, method 4 provides minimum energy usage with the optimum packet329

size of 50 bits. For the case 3, method 4 performs better in terms of energy usage although it has330

the bigger percentage of error than the other methods. As a result, simulation results for these three331
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Figure 3. A dynamic packet size approach in a linear TWSN.

conditions show that the best sub-packet size is 50 bits which provides more than 30% of battery 332

power savings. 333

A Simultaneous Perturbation Stochastic Approximation (SPSA) theory based packet size 334

optimization algorithm is proposed by Xia et al. [33] for increasing the energy consumption 335

efficiency (ECE) in real-time of WSN applications, such as military, industry, and environment 336

protection applications. In this study, simulations are performed with and without using the BCH 337

scheme for the channel encoding and decoding. The main purpose of using the BCH codes is to 338

measure the ECE during the encoding and decoding phase. Comparative analysis of the numerical 339

evaluations of the SPSA-based optimization model and the simulations results confirms the validity 340

of the SPSA-based optimization model. Results also show that the ECE reaches the maximum with 341

packet sizes of 1888 bits and 456 bits with and without using the BCH codes, respectively. 342

Performance evaluations are done for large scale applications of IEEE 802.15.4 standard-based 343

WSN on star topology by Khalaf and Abdul-Hameed [27]. OPNET simulator is used to evaluate the 344

performance of network with different number of nodes, packet size, and Packet Interval Time (PIT). 345

The main purpose of this study is to obtain the optimum packet size, number of nodes, and PIT to 346

increase throughput and to decrease end-to-end delay by preventing packet drops for IEEE 802.15.4 347

standard-based WSN applications, including building automation systems, logistics, environment, 348

disaster monitoring, and pervasive database systems. Simulation results are performed for different 349

cases. In the first case, optimum number of nodes, which maximizes the throughput, is found by 350

changing the number of nodes from 30 to 260 nodes with the packet size of 1408 bits and the PIT of 351

1 s. The optimum number of nodes is shown to be 230 nodes for the first case. In the second case, 352

different packet sizes (e.g., 1024, 1408, 2048, and 3072 bits) are used to obtain the optimum packet 353

size with 230 nodes. The results of the simulations reveal that the maximum throughput is achieved 354

with the packet size of 2048 bits. In the third case, the optimum PIT is found to be 2 s. 355

2.2. Dynamic Packet Size Approaches in Terrestrial WSNs 356

The use of dynamic packet sizes for increasing performance of WSNs is an approach pursued by 357

many studies [37, 38, 14, 15, 39, 40, 41, 42, 43]. In Figure 3 we present a dynamic packet size 358

approach in the same linear TWSN as in Figure 2. In this case, packet sizes are adjusted according 359

to link BER values. For lower link BER values, higher packet sizes are utilized, and smaller packet 360

sizes are used when link BER is high. (e.g., packet sizes of links (3,2) and (2,1) are higher than 361
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the packet size used in link (3,1) since the BER values of links (3,2) and (2,1) are much lower362

than the BER value of link (3,1)). Jelenkovic and Tan [40] design an algorithm that divides the363

frame into fragments to fit them into available channels by dynamically matching channel failure364

characteristics. This algorithm models the wireless environment as (Ai,Ui)i≥1 which is an on-off365

process. Ai means that channel is available and transmission can be done. On the other hand, Ui366

means that channel is unavailable, transmission is pending for the available channels. When the367

packet of size L comes, the packet is fragmented into several small packets Lf and these fragmented368

small packets are sent. Fragmented packet Lf is successfully transmitted if Lf≤Ai. Otherwise, the369

next available period A(i+1) is waited to retransmit the packet. This process is repeated until all the370

data units are transmitted to the receiver. The proposed algorithm dynamically fragments the packets371

whose size is kth largest value according to previously measured k+m available channel periods.372

When the data unit L is received by the receiver, packet fragment Lm, which has the maximum373

length, is set as the maximum of kth value. If the data unit L≤Lm, the data unit is not fragmented374

by the algorithm. Otherwise, the data unit is fragmented into dL/Lme packets. Simulations are375

also performed to evaluate the performance of proposed protocol. Results show that the proposed376

dynamic fragmentation algorithm reduces the number of retransmissions and decreases the packet377

loss probability when compared to static fragmentation. However, in this algorithm it is necessary378

that the determination of channel availability period be made by the sender and this is influenced379

adversely by the hidden terminal problem.380

Dynamic Packet Length Control (DLPC) scheme is proposed by Dong et al. [14, 15]. This381

algorithm dynamically creates the packet based on the channel condition for maximizing throughput382

and efficiency. If congestion level is high, small packets are created by the algorithm to reduce the383

packet losses. On the other hand, if congestion level is low, the algorithm generates large packets for384

reducing the overhead. To achieve these, DPLC uses a dynamic packet length adaptation scheme, an385

accurate link estimation method and two easy-to-use services. The work flow of DPLC with these386

methods and services is as follows. Message comes from the application for transmission. Sender387

has the DPLC module and firstly it decides to aggregate or fragment the arrived message by using388

two easy-to-use services. DPLC module aggregates the message if the message size is smaller than389

the maximum packet length supported by the radio; otherwise, fragments the message. Optimal390

packet length is estimated by the link estimator, which is inside the DPLC module, according to391

channel conditions. According to the estimation outcome, the number of messages are found to392

be aggregated or to be fragmented. After these operations, frame is transmitted through the MAC393

layer. When the DPLC module of the receiver receives the frame, it aggregates or fragments the394

frame again to obtain the original message. Experiments are done to evaluate the performance of395

DPLC. Results show that DPLC reduces the transmission overhead and energy consumption by 13%396

and by 41.8% respectively when compared to original protocol which does not use link estimation397

algorithm. Furthermore, DPLC is also compared with simple aggregation scheme and comparison398

results show that it achieves 21% less transmission overhead and 15.1% less energy consumption399

than the simple aggregation scheme.400

The solutions proposed by Dong et al. [14] and Jelenkovic and Tan [40] work at link layer. In401

contrast to these approaches, a solution that works at network layer is proposed by Deng et al.402

[38]. Fixed-size packets are used by the traditional transmission in IPv6 networks over networks of403

resource-constrained nodes (6lo) . Using the fixed packet size decreases the network performance404
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when bulk data transmission is required by the applications. Deng et al. [38] propose an adaptive 405

mechanism, which works at IP layer, for dynamically adjusting packet size according to network 406

conditions. Their proposed method uses 6lo fragmentation for creating and sending large packets. 407

The proposed adaptive mechanism has two modules to adjust the packet size. One of these modules 408

is a Unit Discovery Module which finds the unit value by increasing or decreasing the packet size in 409

the mechanism. This module inside the sender sends the Internet Control Message Protocol (ICMP) 410

Echo Request message, which has the size of the current unit value, to receiver before bulk data 411

transmission begins. After the message is received by the receiver, it decides whether the message 412

should be fragmented or not. If the fragmentation is needed, message is not received by the receiver 413

and receiver sends an ICMP message, which contains the Packet Too Big message and the new 414

proper unit value, to the sender. After sender receives this ICMP message, sender retransmits a 415

new ICMP Echo Request message, which has the size of the updated unit value, to the receiver. 416

This is continued until sender sends an ICMP Echo Reply message. In this way, the unit value is 417

found and the process of the second module, which is the Packet Adjustment Module, starts. Packet 418

Adjustment Module adjusts the packet size based on the network conditions by using this discovered 419

unit value. Simulations are performed to evaluate the performance of this proposed mechanism. 420

Results show that transmission time and total transmitted octets decrease until the packet size 421

reaches a specific value. End-to-end transmission time and total transmitted octets are improved 422

from 65 s to 40 s and from 200 KB to 160 KB, respectively. 423

The optimal transmit power and optimal packet length for WSNs in log-normal shadowed channel 424

is investigated by Nandi and Kundu [43]. Both the optimal transmission power and the optimal 425

packet size are important objectives for maintaining network connectivity with minimum BER 426

and for achieving the energy efficiency during transmission. In this respect, simulation studies are 427

performed to determine the optimal transmit power under different network conditions, including 428

node density, data rate, and different levels of shadow fading. Infinite ARQ model is considered 429

to successfully transmit the data from sender to receiver in presence of shadowing. Furthermore, 430

a variable packet size scheme is also performed in order to use the packet size, which maximizes 431

the energy efficiency. The impact of shadowing is also analyzed on the optimal transmission power 432

and packet size. Considered performance metrics are the route BER (i.e., BERroute) as a function 433

of node spatial density, optimal common transmit power as a function of bit rate, energy efficiency 434

as a function of packet length, and the comparison of energy requirement of a file in two cases 435

(fixed packet length and an optimal packet size). These results are evaluated and it is observed that 436

the performance of BERroute increases when the node spatial density increases until a certain node 437

density. This is because the Signal-to-Noise Ratio (SNR) cannot be improved after a certain node 438

density while the interference between the nodes increases with the increase of node density. It 439

is also seen that the performance of BERroute decreases in log-normal shadowed channel. The 440

optimal transmit power as a function of bit rate is evaluated with and without considering the 441

shadowing. It is observed that optimal transmit power and the data rate are directly proportional 442

to each other since they increase together. This is because thermal noise increases when high bit 443

rate exists in the network. It is also seen that the optimal transmit power increases when severity 444

of shadowing increases. It is observed that energy efficiency reaches the maximum value at a given 445

packet size. Packet sizes, which provides the maximum efficiency, differ according to shadowing 446

and the optimum packet size decreases with the increase of shadowing. This shows that the optimal 447
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Table II. Literature overview of dynamic packet size optimization techniques in TWSNs

Taxonomy Techniques Purpose Performance Metrics
D

yn
am

ic
pa

ck
et

si
ze

Adaptive frame size pre-
dictor [37]

Increasing energy effi-
ciency by adjusting frame
size according to channel
quality

energy consumption,
throughput, delay

An adaptive mechanism
at IP layer [38]

Improving 6lo
performance for bulk
data transmission

Reliability, Goodput

DPLC [14] Dynamically creating
packets according to
channel conditions

Energy efficiency, trans-
mission efficiency, relia-
bility

DyPSOCS for CRSNs
[39]

Adapting packet size
according to the selected
channel.

Energy efficiency,
latency, BER, throughput

Dynamic packet
fragmentation algorithm
[40]

Dividing packet into
smaller fragments
dynamically by utilizing
the channel statistics

Number of retransmis-
sion

Optimized dynamic
packet size formulation
[41]

Finding the optimal
amount of smart
metering records to
be aggregated into one
packet to maximize
energy efficiency.

Energy efficiency

Optimized dynamic
packet size with FEC
method [42]

Finding the optimal
amount of metering
records to be aggregated
into a single packet using
FEC schemes.

Energy efficiency

Packet size adaptation for
CRSNs [44]

Improving the energy
efficiency by transmitting
the optimum sized
packets according to the
state-varying channel
conditions

Energy-per-bit

Optimal transmit power
and packet size in WSNs
[43]

Maximizing the energy
efficiency in the shad-
owed channel.

Low BER, Energy effi-
ciency

packet size changes according to network conditions. Furthermore, it is also observed that the energy448

efficiency decreases suddenly when the packet size is smaller than the optimum packet size. This449

is because smaller packets cause higher overhead and consume more start-up energy. In addition,450

performance results show that using the optimum dynamic packet size instead of a fixed packet size451

reduces the energy consumption.452

An adaptive MAC scheme is proposed by Ci et al. [37] which includes the link adaptation453

mechanism, to increase the energy efficiency in WSNs. A variable frame size is used by the454

proposed MAC instead of using a fixed frame size. The proposed MAC algorithm adjusts the frame455

size according to the channel quality and in this way, it reduces the number of retransmissions456

by decreasing frame errors and increases the energy efficiency. Furthermore, using the adaptive457
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frame size also increases the throughput performance of WSNs since large information packets are 458

transmitted when channel quality is good. In this study, Extended Kalman filtering (EKF) approach 459

is used to estimate the channel quality and find the optimal packet size. EKF is based on the Kalman 460

filtering, which estimates the past, present, and future states of the system, and incorporates the 461

latest observations about the system into the filtering. The proposed scheme uses EKF filtering to 462

predict frame size according to history of the system before transmission. Simulations are performed 463

by considering scenarios in which one, two, and three sensor nodes transmit the data at regular 464

intervals. At the first step, simulations are performed for small clusters. Results of simulations for 465

small clusters are as follows. Energy efficiency is measured and compared for two schemes which 466

are the adaptive scheme and fixed scheme. Results show that the energy efficiency is improved up to 467

15% for three nodes with this method. Furthermore, delay and goodput performance of the proposed 468

method is also compared with the fixed scheme. According to results obtained from this comparison, 469

the proposed method decreases delay up to 20% and doubles the goodput when compared the fixed 470

scheme. At the second step, simulations are performed by using large clusters and the performance 471

of the proposed method is evaluated with these clusters. Four network scenarios, which include 2, 5, 472

10, 20, and 50 nodes, are analyzed in these simulations and the proposed scheme is compared with 473

the fixed scheme. Results show that the proposed adaptive scheme improves the energy efficiency 474

of the system more than the fixed scheme. Moreover, the delay and goodput performance of the 475

proposed scheme are also analyzed. Results show that the proposed adaptive scheme provides more 476

goodput and less delay than the fixed scheme. This is because adaptive scheme reduces the optimal 477

frame size when the channel quality is bad and in this way, it reduces the number of retransmissions 478

which occurs due to packet losses. The proposed scheme can be enhanced by including priority- 479

based queuing and data aggregation techniques to provide real-time and reliable communication in 480

WSNs. 481

An improvement in energy efficiency and network lifetime is made by Li et al. [44] for the 482

cluster-based multi-channel cognitive radio sensor network (CRSN). The purpose of this approach 483

is to increase the energy efficiency by transmitting the optimum sized packets based on the channel 484

conditions. Proposed approach includes two techniques which are packet size adaptation technique 485

and channel assignment with awareness of the residual energy of sensors. A set of cluster members 486

(CMs) and an energy-rich sensor with high capabilities named as cluster head (CH) exist in each 487

cluster in the cluster-based multi-channel CRSN. CH senses spectrum and allocates spectrum for 488

the CMs according to idle/busy state of the primary users (PUs) and received signal power. Before 489

allocating the channel, CH senses the channel for a certain time and forms a sample sequence by 490

keeping states of the channel. According to this sequence, behavior model of PU is estimated and 491

then CH decides the packet size and channel assignment. M different data channels in the same 492

bandwidth and one common control channel in each cluster exist in the proposed model. Control 493

channel is used to exchange the control information and at a time a data channel is assigned to 494

one sensor node for transmission. Before transmission CMs sense the channel and send the sensed 495

data to CH. CH collects the data from all the CMs and sends them to the base station through the 496

cluster head backbone. Inter-cluster communication is not considered by this study and therefore, 497

performance of proposed model is only evaluated within a single-cluster. Energy-per-bit (EPB), 498

which is the ratio of the consumed total energy to the amount of transmitted data bits, is used 499

as a performance metric and the performance of the proposed packet size adaptation scheme is 500
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measured and compared with the fixed packet size through simulations. Results show that the501

proposed packet size adaptation scheme provides the lowest EPB and in this way, it provides the502

best energy efficiency when compared to fixed scheme. Number of transmitted information is 122503

Mb with 0.246 mJ/bit EPB as the packet size is increasing when the adaptive scheme is used. On the504

other hand, when the fixed scheme is used with its optimum packet size (60 Bytes), the number of505

transmitted information is 119 Mb with 0.253 mJ/bit EPB. This shows that performance of the fixed506

scheme is still worse than the adaptive scheme. As a result, proposed packet size adaptation scheme507

provides a better energy efficiency than the fixed packet-size scheme since it adjusts the packet size508

adaptively according to the channel behavior.509

A formulation is proposed by Lendvai et al. [41], which finds the optimal amount of smart510

metering records, to aggregate records into one packet in delay tolerant WSNs by considering the511

SNR for increasing the energy efficiency of the system. The aim of this study is to transmit the useful512

information with the minimum energy consumption by considering arrival time of information. The513

structure of the data packets is divided into three parts: the header, the trailer, which are considered514

as fixed length, and the useful data, which is composed of fix length of elements and structures.515

The proposed formula is used to calculate the amount of records that can be incorporated in the516

useful data for maximizing the energy efficiency by considering the channel quality. As a result of517

this study, number of records, which can be aggregated into one packet, for specific SNR values518

are determined to maximize the energy efficiency. Furthermore, Lendvai et al. extend their study by519

creating a method, which calculates the optimal number of records to be aggregated into one packet520

by employing different FEC schemes while considering SNR to maximize the energy efficiency521

in [42]. In this respect, different FEC schemes, which are Repetition code, Hamming codes, Reed-522

Solomon codes, BCH codes, LDPC codes, and Raptor codes, are compared according to their energy523

efficiency through simulations. Simulation results show that the energy efficiency of FEC algorithms524

increases as long as the packet size increases. Furthermore, the study also argues that FEC schemes525

should not be used due to complexity when the channel quality is good because complex error526

control algorithms cause more energy consumption in good channels.527

A dynamic packet size optimization and channel selection scheme (DyPSOCS) for cognitive528

radio sensor networks (CRSNs) is proposed by Jamal et al. [39]. DyPSOCS adjusts the packet size529

according to the selected channel. When PU does not use frequently the selected channel that is530

selected by the secondary user (SU), longer packets can be transmitted efficiently. On the other531

hand, if the selected channel is used by the PUs more frequently, smaller packets can be transmitted532

to prevent collisions between the PUs and SUs. In this respect, the best available channel and the533

optimal packet size are selected by the DyPSOCS to maximize energy efficiency while reducing534

interference level and latency. Furthermore, Markov decision process (CDMP) is used to model535

the optimization problem to satisfy the QoS constraints such as BER, delay and interference. The536

proposed method is evaluated with simulations and also compared with a baseline approach and537

DPLC. Simulation results show that DyPSOCS improves the QoS performance and increases the538

energy efficiency when compared to other schemes.539

2.3. Mathematical Optimization Frameworks in Terrestrial WSNs540

There are many studies [11, 12, 45, 21] that propose some frameworks for finding the optimal packet541

size for increasing the performance of WSNs by reducing energy consumption and by increasing542
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network throughput. Chudasama and Trapasiya [45] proposed a packet size optimization framework 543

for increasing the throughput and reducing the energy dissipation. A cross-layer analysis is done to 544

find optimum packet length and energy consumption per bit by considering effects of channel-aware 545

routing, broadcast channel, and medium access control. The proposed framework firstly determines 546

the hop distance and routes through the sink. Routes are constructed between the source and the 547

sink according to three criteria. These criteria are that the node can be chosen if its SNR value is 548

bigger and its remaining energy is bigger than the SNR threshold and energy threshold, respectively. 549

Moreover, the distance between the next hope and the sink is also considered while determining 550

routes. It must be less than distance D, which is the distance between source and sink, and must be 551

bigger than γmin. Packet error rate is also considered for mica-z nodes, which use O-QPSK with 552

direct sequence spread spectrum (DSSS), and for ARQ and FEC schemes. Optimization results of 553

the proposed solution are also evaluated by analyzing the results in terms of energy consumption, 554

packet error rate of FEC and ARQ, and packet size. Energy consumption performance is firstly 555

measured for ARQ scheme with various payload lengths for three SNR thresholds. This result 556

shows that packet size optimization for decreasing the energy consumption depends on the route 557

decision and thereby on the SNR threshold. Energy consumption per useful bit performance of 558

BCH(128,150,3) is also measured with different SNR thresholds for three power levels (i.e., 0 dBm, 559

-5 dBm, and -15 dBm) and compared with ARQ with 0 dBm. It is shown that end-to-end energy 560

consumption decreases when the SNR threshold is between the 5 dBm and 10 dBm. Moreover, it is 561

also observed that BCH outperforms the ARQ in terms of energy consumption when the transmit 562

power is low. Furthermore, the energy consumption per useful bit comparison between the fixed 563

packet length, which is 250 Bytes, and the optimal packet length is also performed with the various 564

error correcting capability (t) of the BCH codes and ARQ at t = 0. It is observed from the result that 565

the energy efficiency increases up to 20% when the longer packet size is used and has the highest 566

value at t = 7. They conclude that longer packets increase the performance of MAC in WSNs when 567

the channel condition is good. On the other hand, if the channel condition is bad, short packets are 568

chosen because BER probability increases which leads to increase in number of retransmissions and 569

error correcting bits. Chudasama and Trapasiya also obtain the optimal packet lengths with respect 570

to different SNR values. As a result of their findings, the lowest energy consumption can be achieved 571

when the packet length ranges between 200 Bytes and 270 Bytes when SNR is 10 dB. 572

A WSN lifetime optimization framework is proposed by Akbas et al. [11, 12]. Akbas et al. used 573

Mixed Integer Programming (MIP) for investigating the effect of data packet size on WSN lifetime. 574

In this study, whole link-layer handshaking cycle is modeled by selecting optimum transmission 575

power levels for data and acknowledgment (ACK) packets and the effects of path losses are 576

considered by employing log-normal shadowing model. A TDMA based MAC protocol is used 577

in the proposed framework to mitigate the interference. Each time slot is set to 115 ms. Duration 578

of a round is determined as 60 s. Each node generates the si number of packets at each round. 579

According to their link layer model, each node can transmit packets at its own slot; otherwise, 580

enters the sleep mode. Energy dissipation of sensor nodes are modeled according to the energy 581

dissipation characteristics of Mica2 motes. Energy dissipation for ACK packets, for transmitting 582

and receiving the data packets are all considered. MIP framework is used to maximize the WSN 583

lifetime which is defined as the number of rounds × the round duration. Many constraints such 584

as flow balancing constraint, base station flow constraint, total busy time of the node constraint, 585
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Table III. Literature overview of packet size optimization frameworks in TWSNs

Taxonomy Techniques Purpose Performance Metrics
Pa
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MIP framework [11, 12] Maximizing the WSN
lifetime.

Network lifetime, energy
consumption

Packet size optimization
using a cross-layer design
approach [45]

Optimizing the packet
size for decreasing
energy consumption and
increasing the network
lifetime.

Packet throughput,
energy consumption

Analytical framework in
CDMA-based WSN [46]

Optimizing the packet
length for maximizing
energy efficiency
for different channel
conditions.

BER, energy efficiency,
delay

Analytical framework
with nearest neighbors
based routing in CDMA-
based WSN [47]

Increasing resource
utilization by finding
optimal packet size in
CDMA-based WSN.

Energy consumption,
delay, BER, resource
utilization

Packet size optimization
framework for resource
utilization [48]

Increasing resource
utilization with channel
aware routing protocol
by finding optimal packet
size in CDMA-based
WSN.

Resource utilization,
delay, energy
consumption, BER

A joint optimization
framework for CRSNs
[49]

Supporting more users Energy efficiency, packet
reliability

A cross-layer solution for
packet size optimization
[21]

Determining the optimal
packet size in underwater
and underground sensor
networks

Packet throughput,
energy consumption,
resource utilization

energy balance constraint, bandwidth constraint, and the interference are all considered while586

designing MIP framework. According to these constraints, optimal packet size is determined by587

the MIP framework. Numerical evaluations are used to analyze the proposed framework. In this588

respect, packets, which consist of 1024 Bytes information bits and 20 Bytes overhead, are used589

for evaluations. ACK packet size is set to 20 Bytes. In order to show the effects of packet size590

on the network lifetime, data packet is divided into several packets and its effects are investigated591

for different number of nodes such as 15, 20, 25 and area per node values such as 1 m2, 4 m2,592

16 m2, and 32 m2. Results show that normalized lifetime difference becomes lager as the number593

of nodes and areas per node get higher. Further it is observed that as the packet size increases the594

network lifetime decreases. This shows that the energy consumption for overhead is the main issue595

in data packet length optimization. Moreover, effects of energy dissipation of the ACK packets on596

the energy dissipation are also investigated. In this respect, ACK packets with different sizes such597

as 1 Byte and 20 Bytes are chosen to evaluate the results. As a result, it is found that the number of598

overhead bits directly affects the energy dissipation and the normalized network lifetime with the599

1 Byte ACK packet is higher than the normalized network lifetime with the 20 Bytes ACK packet.600

This is because ACK packet is sent for each successful transmission and if the number of packets601
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Table IV. Comparison of packet size optimization techniques based on their taxonomy

Taxonomy Study Energy
efficiency

Reliability Network
lifespan

Latency

Fi
xe

d
pa

ck
et

si
ze

Sharma [30] Yes Yes No No
Sankarasubramaniam
et al. [10]

Yes No No No

Zhao et al. [34] Yes No No Yes
Abdulhadi et al. [24] Yes No No No
Kilic and Gungor
[28]

Yes Yes Yes Yes

Holland et al. [25] Yes No No No
Wang et al. [32] Yes No Yes Yes
Kohvakka et al. [29] Yes Yes Yes No
Karthi et al. [26] Yes Yes Yes Yes
Singh et al. [31] Yes Yes Yes No
Xia et al. [33] Yes No Yes No
Khalaf and Abdul-
Hameed [27]

No Yes No Yes

Yaakob et al. [36] No Yes No Yes

D
yn

am
ic

pa
ck

et
si

ze

Jelenkovic and Tan
[40]

No No No Yes

Dong et al. [14] Yes Yes Yes No
Deng et al. [38] No Yes No Yes
Nandi and Kundu
[43]

Yes Yes Yes No

Ci et al. [37] Yes Yes Yes Yes
Li et al. [44] Yes No Yes No
Lendvai et al. [41] Yes No Yes No
Lendvai et al. [42] Yes No Yes No
Jamal et al. [39] Yes Yes No Yes

Pa
ck

et
Si

ze
O

pt
im

iz
at

io
n

Fr
am

ew
or

k

Vuran and Akyildiz
[21]

Yes Yes Yes No

Chudasama and Tra-
pasiya [45]

Yes Yes Yes No

Akbas et al. [11, 12] Yes No Yes No
Datta and Kundu
[46]

Yes Yes No Yes

Datta and Kundu
[47]

Yes Yes Yes Yes

Datta et al. [48] Yes Yes Yes Yes
Majumdar et al. [49] Yes Yes Yes No

increases, the energy dissipation of the ACK packets with higher size consume more energy. Finally, 602

a key result of this study is that the maximum possible network lifetime can be achieved when the 603

maximum allowable packet size is utilized. 604

An analytical framework is presented to evaluate the optimal packet size in code division multiple 605

access (CDMA)-based WSNs with layered architecture by Datta and Kundu [46]. Many channel 606

conditions, which are node density, power control error (PCE), and correlation, are considered 607

while determining the optimum packet size and the energy efficiency is used as an optimization 608

metric. Simulations are performed to analyze the impact of node density, PCE, and correlation on 609
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the optimal packet size. Results show that optimum packet size increases as node density and PCE610

increase. The proposed framework chooses optimal packet size based on the channel parameters611

to increase the energy efficiency. Furthermore, delay of file transmission is also investigated in612

this study. Performance evaluations show that when the optimum packet size is chosen under613

different network conditions, energy efficiency of a WSN is maximized. This study is extended614

by developing and employing nearest neighbors based routing by Datta and Kundu in [47]. To615

assess the resource utilization performance of the multi-hop data delivery scheme in CDMA based616

WSNs, several network parameters are investigated such as node density, delay, packet size on the617

energy efficiency and search angle. Different optimal packet sizes are found under various network618

conditions. Paths between the sink and source nodes are constructed among the relay nodes which619

are selected according to the nearest node within a sector angle. The performance of proposed620

framework is measured by investigating the impact of packet size under different search angles621

on resource utilization. Results of performance evaluations show that the best resource utilization622

performance is achieved with optimized packet size at low search angle. This finding is important623

since resource utilization is critical for providing the energy efficiency in CDMA-based WSNs.624

Datta et al. [48] present a framework for packet size optimization to reduce the energy625

consumption and delay in WSNs. In this respect, a new routing protocol for a multi-hop CDMA-626

based WSN is proposed. The proposed protocol selects the intermediate nodes for multi hop627

transmission according to the probability of detection and maximum advanced distance by628

considering the wireless channel conditions such as, path loss and shadowing. Furthermore, the629

performance of this routing protocol is compared with nearest neighbor based routing scheme,630

which is proposed by Tsai [50], and optimal packet size for optimizing the resource utilization631

is found under these routing schemes. Two forwarding protocols are used to model the WSN632

in the proposed framework. These are a routing protocol which is based on search angle and a633

forwarding protocol which is based on probability of detection with maximum forwarding distance.634

Network architecture of the routing protocol based on search angle is modeled similar to nearest635

neighbor based forwarding protocol in which the N number of nodes are randomly deployed over a636

predetermined area (A). However, finite A causes the edge effects in this protocol. Therefore, while637

designing the routing protocol based on search angle, network surface is assumed to be the surface638

of a torus. The proposed framework uses a CDMA-based MAC protocol. Optimal packet size is639

estimated in order to optimize resource utilization which is a metric and consists of the combination640

of energy consumptions and delay of packet transmissions. Simulations are performed to evaluate641

the performance of forwarding protocol and routing protocol. Different optimum packet sizes are642

found according to routing protocols with the search angle and probability of detection. For instance,643

69.59 bits/packet and 141.69 bits/packet are respectively found as optimized packet lengths for the644

search angles of 40
◦

and 60
◦

in routing protocol based on search angle. Further 164.09 bits/packet645

and 127.8 bits/packet are defined as the optimized packet lengths for the probabilities of detections646

of ≥ 0.99 and ≥ 0.8 in routing protocol based on probability detection. Results of all performance647

evaluations also show that channel-aware protocol with high probability of detection achieves the648

best resource utilization, when optimum packet size is used.649

A joint optimization framework is proposed to find optimal packet size by Majumdar et al. [49]650

by using variable rate m-QAM based modulation scheme for the CRSN. The proposed framework651

is also extended to a Multiple Input Multiple Output (MIMO) CRSN to find the optimal packet652
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size under bad channel conditions. Sensor node, which has the channel sensing capacity, is called 653

as a secondary user (SU); otherwise it is called as primary user (PU) in CRSN. The proposed 654

framework determines the optimal packet size with formulating and numerically analyzing the joint 655

optimization problem by considering end-to-end delay. As a result, the optimization problem is 656

formulated to determine the optimal packet size with variable rate m-QAM for point to point link 657

for M cognitive secondary users in the system. In this formulation, constraints are determined as 658

the total transmission time, transmit power, and total average BER. Performance evaluations are 659

done with simulations for finding the optimal packet size for different users under various operating 660

scenarios. Furthermore, simulations are also performed to show the performance of point to point 661

scheme with variable rate m-QAM modulation. Firstly, it is shown that the optimal packet size 662

increases as the number of secondary cognitive users and as the number of Industrial Scientific 663

Medical (ISM) channels such as 10, 20, and 30 increases with the fixed rate FSK. Furthermore, 664

FSK cannot provide the goal in the proposed CRSN design settings since it only supports 3 users 665

and 8 users when the signal bandwidths are 20 KHz and 5 KHz, respectively. Moreover, the 666

performance of m-QAM is also evaluated with the number of ISM channels 10 while the other 667

parameters are kept same and the optimal packet size is determined by using the proposed joint 668

optimization problem. Results show that the performance of variable m-QAM is better than the 669

fixed rate FSK system. Optimal packet size increases as the signal bandwidth increases because 670

the optimal transmission time decreases as the signal bandwidth increases. Therefore, the energy 671

efficiency throughput reaches the maximum value as the signal bandwidth and optimal packet size 672

increases. Furthermore, it is also shown that cost function value decreases and the optimal packet 673

size increases as the signal bandwidth increases. For instance, optimal packet size is 125 at 5 KHz 674

for 2 users with the maximum cost function value which is 0.75, however, it is 230 at 20 KHz with 675

the cost function of 0.57. As a result of these evaluations, it is found that optimal packet size value 676

increases by 20% since the optimal packet size for 3 users is 230 when the proposed framework 677

is used; otherwise, its value is 190 when the fixed rate FSK is used. Further optimal packet size 678

values are found when the proposed variable data rate point to point CRSN framework is extended 679

to MIMO+CRSN architecture. It is observed that optimal packet size value is 150 at 20 KHz for 7 680

users with MIMO+CRSN, however, it is 100 when point to point scheme is used. This shows that 681

50% increase in the optimal packet size value can be achieved with the MIMO+CRSN scheme with 682

the minimum cost function value. 683

3. PACKET SIZE OPTIMIZATION FOR UNDERWATER SENSOR NETWORKS

UWSNs consist of autonomous sensor nodes which are spatially deployed underwater to measure 684

quality, temperature and pressure of the water. These autonomous sensor nodes are connected 685

wireless to transmit various data. Communication is performed by using acoustic transceivers in 686

UWSNs. Acoustic waves, which are transmitted by these transceivers, provide small bandwidth and 687

long wavelengths. UWSNs are used by many applications such as monitoring marine environments 688

for coastline protection, underwater pollution monitoring, etc. [51]. Although UWSNs facilitate an 689

encouraging solution to these applications, they also present certain challenges for communication 690
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Figure 4. Packet size optimization model for a typical UWSN.

due to unique characteristics of UWSNs such as unpredictable nature of water environment, multi-691

path propagation, fading, shadow zones, low bandwidth, and low signal propagation speed. Many692

studies are performed to improve the capabilities of UWSNs. In Figure 4 we show a packet size693

optimization model for a typical UWSN. In this scenario, several underwater nodes (with various694

depths) are anchored to the bottom of an ocean and there is a floating base station on the sea surface.695

There is also an underwater glider acting as a relay node to reduce the propagation delays. Each696

node in this network operates at various frequencies (i.e., f1, f2, and f3). Since the nodes near to697

the bottom of the ocean experience higher losses, smaller packets are preferred. On the other hand,698

nodes close to the sea level (and thus to the floating base station) utilize longer packet sizes since699

the path loss in these acoustic links are much lower when compared to the previous case.700

There are several packet size optimization techniques deployed for UWSN environment. The701

goal of these approaches is to ensure a successful transmission based on critical performance702

metrics. Throughput efficiency is defined as an efficiency metric by Basagni et al. [52]. Basagni703

et al. present their findings obtained from simulations for choosing the optimum packet size in704

UWSNs. According to their simulations, there is an optimum packet size in underwater wireless705

acoustic (UWA) communications. However, it is highly influenced by the BER and offered load.706

They consider the selective ARQ and packet fragmentation for random access UWSNs. Delay-707

aware collision avoidance protocol (DACAP) is used as a MAC protocol. The purpose of using this708

protocol is to prevent the destructive effect of collision by reducing the number of retransmission,709

hence decreasing network traffic. In addition, fragmentation is used to increase the throughput710

efficiency which is especially high at low BER values. In the proposed solution, each packet is711
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divided into k fragments and each node sends these fragments with ACK bits. If a fragment is 712

delivered successfully, the receiving node sends back 1 as a success indicator otherwise sends 0 713

and failed fragments are re-transmitted. Simulations are performed with two BER values (i.e., 10−6 714

and 10−4). 10−6 BER value performs better than 10−4 BER value when fragmentation is not done 715

and their performance are close to each other when the number of fragmentations increases. As a 716

result of the simulations, optimal fragmentation for both BER values is range of between 20 and 50. 717

Simulation results show that there exist an optimal packet size in UWSNs for increasing throughput 718

efficiency. However, simulations do not demonstrate the power efficiency of the finding packet size 719

since no power control mechanism exists in their proposed approach. 720

The impact of packet size selection on CSMA and DACAP are investigated by Basagni et al. 721

[53] for UWSNs. Simulations with ns-2 are performed by considering BER and interference to 722

make a comparative analysis. Two different BER values (i.e., 10−6 and 10−4) are chosen for their 723

experiments. Results from these experiments are evaluated by using three performance metrics: the 724

throughput efficiency, the end-to-end packet latency, and the energy consumption. It is observed 725

from the obtained results that packet latency increases depending on increase of packet size for 726

both BER values. When the selected BER value is 10−6, energy consumption reaches the minimum 727

value with the packet size of 500 Bytes. On the other hand, when the BER value is 10−4, energy 728

consumption increases. As a result of these analysis, it is shown that the suitable packet size can be 729

selected for UWSNs based on the data rate, BER, packet arrival rate, and the chosen MAC protocol. 730

Furthermore, their comparative analysis also shows that although performance of CSMA is better 731

when the short packet size is used, DACAP is more efficient with longer packet size. 732

Another study is proposed by Jung and Abdullah [54] to increase the energy efficiency in UWSNs 733

by finding the optimal data packet size. In this study, the relationship between the energy efficiency 734

and the optimal packet size is investigated through UWSN simulations. The optimal packet size, 735

providing the optimum energy efficiency, is specified with a look-up table located in a database. 736

Jung and Abdullah choose the energy efficiency as a performance metric to meet power constraints 737

of power-limited underwater sensor nodes. This study is only done for UWSNs at very warm 738

shallow tropical waters (50 m to 200 m) with medium transmission range (100 m to 2 km). ns-2 739

miracle package, Ubuntu platform, and ns-2 network simulator are used for network setup. 100 740

nodes are deployed in the middle of a 2 km×2km×200 m area. Shallow water environment is 741

simulated in the depth of 200 m. A sink node is deployed at the center of the cluster to collect 742

the data packets from other nodes. Distance between the sink node and the source node is varied 743

from 100 m to 1 km. One transmitter and one receiver are created at a time with constant bit rate 744

(CBR) in the simulation. From transmitter to receiver the CBR packet flow is started using the ns-2 745

miracle layered framework. The CBR module of the transmitter generate the required packet size. 746

BPSK modulation is used to transmit the packets through the underwater channel by the MIRACLE 747

physical layer (MPHY). Packets have 10 bits of header and the payloads change from 10 bits to 1000 748

bits. ALOHA protocol is used to send the packets through the network. It retransmits the packets 749

if a packet collision occurs; otherwise, it sends the ACK for successful transmission. Simulations 750

are performed to measure the energy efficiency and the obtained results put into a database. Firstly, 751

energy efficiency is measured as packet size increases under different BER values (0.0001, 0.001, 752

and 0.01). It is shown that an optimum packet size, which maximizes the energy efficiency, can 753

be found for each BER. For instance, the optimum packet size is 100 bits, which provides the 754
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maximum energy efficiency of 84%, with the 0.001 BER value. Further it is also found that energy755

efficiency decreases as the BER value increases because more data packets are corrupted and more756

retransmissions are needed when the link quality is bad. In addition, it is also observed from the757

simulations that energy efficiency does not sharply reduce with low BER after its peak value and758

optimal packet size decreases as the link quality reduces.759

Data link protocols are developed and analyzed for UWA system by Stojanovic [55]. The aim760

of this study to develop an efficient protocol at data link layer for UWSN with formatting of data761

packets controlled with ARQ protocol. The ARQ is a Stop-and-Wait (S&W) protocol that is affected762

from low throughput efficiency in UWA channel because of the high BER and the long propagation763

delay. In this study, the basic S&W protocol is improved to solve this problem by transmitting data764

packets in groups and performing selective acknowledgement method. The throughput efficiency765

can be maximized with this modified S&W protocol if the optimum packet size, which is influenced766

from range, rate and error probability, is selected. In this respect, three types of S&W protocols are767

employed which are the basic S&W protocol called as S&W-1 and two S&W protocols proposed768

in [56] and in [57] called as S&W-2 and S&W-3, respectively. S&W-2 and S&W-3 provide group769

transmission by sending up to M packets. In the proposed protocol, it is assumed that each packet770

has a total number of N = Nd+Noh bits. The number of data bits is defined as the Nd, and the771

packet overhead is defined as the Noh. Tp = N × T is determined as the packet duration. T is the772

bit duration and defined as T = 1/R, where R is defined as the bit rate. By combining this formula773

with the acknowledgment time (Tack) and with the total waiting time (Tw) the formula of total774

transmission time for sending M packets is: TM = M(Tp+Tack)+ Tw. Throughput efficiencies of775

protocols such as S&W-1, S&W-2, and S&W-3 are formulated by using this total transmission time776

formula. All these efficiency formulas are combined and an upper bound of throughput efficiency777

expression is obtained, which is
lim

M →∞ η2,max ≈ 1 -
√
Noh × Pe, where Pe is the packet error rate.778

Performance evaluations are done to show the throughput efficiency of S&W protocols. Firstly,779

throughput efficiency of them are shown as the packet size increases for several values of rate-780

range product such as 5×104, 5×105, and 5×106 meter-bits/second. The Noh and M are set to 8781

and 16, respectively. It is shown that S&W-2 and S&W-3 outperform the S&W-1 with the optimal782

packet size since throughput efficiency of S&W-1 is low in all rate-range products. Further it is also783

observed that the performance of the S&W-2 is better than S&W-3. In addition, the optimal packet784

size values for S&W-1 and for S&W-2 are shown under different Pe which are 10−3 and 10−4 and785

various rate-range products such as 5×104 and 5×105. Further optimal packet size of the limiting786

case of S&W-2 with M→∞ is also shown. As a result, it is seen that the optimal packet size highly787

varies according to BER value. However, S&W-2 protocol can improve the throughput efficiency788

by reducing sensitivity of optimal packet size with respect to BER.789

An algorithm is proposed by Ayaz et al. [58] to determine optimum packet size for increasing790

the transmission reliability in UWSN. The proposed algorithm uses a two-hop acknowledgement791

(2H-ACK) model where the same copy of a data packet is maintained by the two nodes in the792

UWA network. The aim of this algorithm is to increase energy efficiency and throughput with793

decreasing BER by reducing channel impairments such as path losses and fading in UWSNs. 2H-794

ACK algorithm follows the data forwarding and acknowledgment method. Each node in the network795

has its own HopID. A source node, which has the data packet to send, firstly asks its neighbors for796

their HopIDs before transmission, then its neighbors reply their HopIDs to the source node. HopIDs797
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are compared and the neighbor node, which has the smallest HopID, is selected as the next hop 798

by the source node. After this selection, source node sends the packet to the selected neighbor 799

node, the neighbor node does not send ACK to source node, immediately. It firstly tries to find 800

next hop node for sending the data packet through the sink node by repeating the same process as 801

the source node. After it finds the next hop, it sends the ACK packet and the data packet to the 802

source node and its next hop node, respectively. When the source node gets the ACK, it removes the 803

sent packet from its buffer. This is continued until all data packet transmitted to the sink node. In 804

this way, this algorithm provides reliability for UWSNs which are highly affected from sparseness 805

and continuous node movements. Simulations are performed to evaluate the performance of the 806

proposed algorithm. In the first analysis, impact of packet size on the BER is analyzed with various 807

header sizes (i.e., 30, 40, 50, 60, 70, 80, 90, and 100 bits) when the proposed algorithm is used. It 808

is observed that optimum packet size increases as the BER decreases. Further it is also shown that 809

header size does not effect the optimal packet size when the BER is high, however, optimal packet 810

size with the higher header size increases as the BER decreases. Furthermore, energy efficiency of 811

the proposed algorithm is also shown under different BERs such as 0.01, 0.001, 0.0001, 1e-005, 812

and 1e-006. Results show that high energy efficiency is achieved when the BER is low, however, 813

energy efficiency sharply decreases for high BER if the packet size is continued to increase after the 814

maximum energy efficiency value. According to these results, it is found that an optimum packet 815

size, which maximize the energy efficiency, can be defined for each BER value. For instance, 100 816

bits is found as the optimum packet size, which provides the maximum energy efficiency about 84%, 817

for 0.001 BER. Moreover, the simulations are also performed to compare the proposed 2H-ACK 818

scheme with the hop-by-hop ACK method (HbH-ACK) which uses one ACK during hop-by-hop 819

transmission. Performance of these methods are shown with number of delivered data packets as 820

the number of nodes increases. Results show that the proposed 2H-ACK scheme outperforms the 821

HbH-ACK method. Further it is observed that the number of delivered packets increased as the 822

number of nodes increases. 823

4. PACKET SIZE OPTIMIZATION FOR UNDERGROUND SENSOR NETWORKS

WUSNs are used in a wide range of applications, such as agricultural applications for monitoring 824

soil properties and environmental monitoring applications for surveillance of toxic substances [63]. 825

Existing underground monitoring applications use many sensors, which are connected to the surface 826

via wires. On the other hand, WUSNs have sensors which are completely deployed under the 827

ground and do not require wired connections. Wireless communication under the ground is much 828

more challenging than the communication through the air because of the nature of the underground 829

environment. Therefore, this factor plays a crucial role to determine the optimum packet size for 830

WUSNs together with redesigning the communication protocols to increase the performance of 831

monitoring applications. There are only a few studies are done on WUSNs [64, 65, 66]. Similarly 832

there are a few studies on the packet size optimization for WUSNs [67, 68, 21]. 833

Lin et al. [67] propose a distributed cross layer optimization framework, Xlayer, that conserves 834

energy with a gain of throughput for magneto-inductive WUSNs which satisfies a pre-defined 835

level of QoS. Authors compare the performance of Xlayer with current layered protocols in the 836
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Table V. Literature overview of packet size optimization techniques in UWSNs, WUSNs, and BASNs

Environments Techniques Purpose Performance Metrics

UWSNs

Optimal packet size
selection [52]

Improving the through-
put efficiency, latency,
and energy consump-
tion in UWSNs.

Throughput efficiency,
latency, energy
consumption

Measuring impact of
packet size selection on
the CSMA and DACAP
protocols [53]

Determining the
optimum packet size
according to the BER
value.

Throughput efficiency,
latency, energy
consumption

Finding the optimal
packet size with using a
lookup table [54]

Increasing the energy
efficiency by finding the
optimal packet size

Energy efficiency

A cross-layer optimiza-
tion framework [21]

Finding the optimal
packet size in TWSNs,
UWSNs, and WUSNs.

Packet throughput,
energy per useful bit,
resource utilization

Developing data link
protocols for UWA
system [55]

Developing an efficient
data link layer protocol
with formatting the data
packets.

Throughput efficiency

An optimum packet
size algorithm with
2H-ACK [58]

Increasing the energy
efficiency and through-
put by reducing channel
impairments

Energy efficiency,
throughput

WUSNs A cross-layer optimiza-
tion framework [21]

Finding the optimum
packet size for all
TWSNs, UWSNs, and
WUSNs

Packet throughput,
energy per useful bit,
resource utilization

BASNs

Analysis of packet size
optimization for BASNs
and applying hop-length
extension to FEC block
codes [59]

Finding the most
appropriate error
control scheme to
increase energy
efficiency with the
optimal payload packet
size.

Energy efficiency

Optimizing the MAC
frames in IEEE
802.15.6 UWB [60]

Increasing the energy
efficiency by optimizing
MAC frames.

Energy efficiency

A flexible non-layered
and application-
oriented role-based
architecture for BASNs
[61]

Increasing the energy
efficiency with the error
control schemes for an
optimal packet size.

Energy efficiency

A solution to prevent the
congestion problem in
BASNs [62]

Minimizing the
retransmission attempts
by determining the
optimum packet size.

Packet delivery ratio,
average end-to-end
delay, number of
retransmissions,
overhead

literature. On the physical layer, authors investigate two modulation/FEC combinations (i.e., BPSK837

or BFSK modulations / no FEC or BCH(63,57,1)) to determine the amount of energy consumed for a838
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Table VI. Comparison of packet size optimization techniques based on their environments

Environment Study Energy
efficiency

Reliability Network
lifespan

Latency

UWSNs

Basagni et al. [52] Yes Yes Yes No
Basagni et al. [53] Yes Yes Yes Yes
Jung and Abdullah
[54]

Yes Yes No Yes

Vuran and Akyildiz
[21]

Yes Yes Yes No

Stojanovic [55] Yes Yes No No
Ayaz et al. [58] Yes Yes No No

WUSNs Vuran and Akyildiz
[21]

Yes Yes Yes No

BASNs

Domingo [59] Yes Yes No No
Mohammadi et al.
[60]

Yes Yes No No

Domingo [61] No Yes No No
Yaakob and Khalil
[62]

No Yes No Yes

successfully decoded payload bit. Authors reveal that proposed framework performs better for short 839

transmission distances. At MAC and network layers authors examine the energy and throughput 840

performance of Xlayer against two popular centralized cross layer protocols (i.e., Geographical 841

Routing – GEOR and Transmitted Power Level-based Greedy Routing – TPL-GR). Proposed 842

framework performed better than GEOR and TPL-GR with a minimum energy saving of 40% and 843

8 dB of throughput gain. The authors expand their work in [68] and reported that energy saving can 844

be up to 50% with a 6 dB of throughput gain. In addition, a two-phase decision game is developed 845

to determine the best energy savings and throughput gain with a low computation complexity. 846

Vuran and Akyildiz [21] developed a cross-layer optimization framework to optimize the packet 847

size for WSNs, UWSNs, and WUSNs. While designing this solution, broadcast feature of the 848

wireless, underwater, and underground channel, the cross-layer effects of multi-hop routing, and 849

error control techniques effects are all considered. Relationship between the packet size and routing 850

decision and requirements of different types of applications are also considered in this study. Three 851

different objective functions such as throughput, energy per useful bit, and resource utilization are 852

formalized in the proposed optimization solution. Each of these functions can be used according to 853

the application requirements. Moreover, reliability and delay effects are investigated. 854

For WSNs perspective, a log-normal shadowing path loss model is employed. The optimal packet 855

size is determined by the framework based on the medium access collisions and routing decisions. 856

Optimization results show that packet size and the SNR threshold value directly affect the energy 857

consumption, end-to-end packet error rate, and end-to-end delay. SNR threshold is used to construct 858

the routes because it checks minimum quality of wireless channel at each hop for transmission. If 859

this value is small, low quality links are chosen and the average hop length decreases. This causes 860

high energy consumption due to retransmissions. Therefore, small packet size should be chosen 861

when the SNR threshold is low. This shows that SNR threshold value directly affects the size of the 862

optimum packet. In this respect, the optimum packet sizes and the optimum SNR threshold values 863
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Figure 5. Packet size optimization model for a typical WUSN.

are found with the energy consumption per useful bit, end-to-end latency, throughput, and end-864

to-end success rate for maximizing throughput, for minimizing energy consumption and resource865

utilization. Two error control mechanism, ARQ and FEC, are used to prevent the packet errors.866

Therefore, these error control mechanisms are also considered while deciding the optimal values.867

For instance, it is found that when the energy per bit minimization problem is considered, ARQ868

scheme with a payload length of 473 Bytes achieved the minimum energy consumption. For UWSNs869

perspective, Urick path loss formula and Rayleigh fading channel model are used to characterize the870

underwater channel model. Deep water environment and shallow water environment for UWSNs are871

also investigated for determining the optimum packet size. Analysis is done with various optimal872

packet lengths (50, 100, 150, and 200 Bytes) with different forward error control capabilities in873

which the error correcting capabilities (t) are 2, 3, 5, 7, and 9. Results show that FEC schemes874

provide higher energy efficiency with longer packet length than the ARQ scheme at a certain packet875

length. Furthermore, latency, energy consumption, and expected BER are also analyzed through876

simulations. As a result, it is found that 547 Bytes is obtained as an optimum packet size for877

throughput maximization in deep water environment when ARQ scheme is used. On the other878

hand, 616 KB is found as an optimal packet size for maximizing throughput in deep water when879

reed-solomon (RS) (255,239,8) code is used. RS(255,239,8) increases the throughput by 9% when880

compared to ARQ scheme since it sends larger packet size than ARQ scheme.881
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For WUSNs perspective, the underground channel is modeled based on the findings reported 882

in the study of Li et al. [69] to determine the optimum packet size. They present the path loss 883

function depending on the soil properties, the volumetric water content of the soil, the BER based 884

on the error function, and SNR. ARQ and BCH(128,78,7) error control techniques are considered 885

for the simulation results. Authors demonstrate that there is a significant dependence between the 886

volumetric water content and the packet size. Further energy consumption increases by 60% and 887

packet throughput decreases by 37% when the volumetric water content increases from 5% to 888

20%. Moreover, it is found that if the volumetric water content increases, the optimum packet 889

size decreases. Therefore, communication protocols must adapt the changes in the water content 890

of the soil and change the packet size accordingly to increase the performance of underground 891

monitoring applications. In Figure 5 this result is visualized by using several underground nodes 892

that are located in various depths. The sink for this network is chosen as a surface base station. 893

Similar to the underwater case, each node operates at various frequencies. Deeper nodes are located 894

in a soil where the volumetric content of water is higher than the soil near to the surface. It is seen 895

that deeper nodes opt to utilize smaller packets since the water content of the soil is high and nodes 896

closer to the surface (which is assumed to have lower water content) use larger packets. 897

As a result of analysis in [21], it is shown that the optimal packet sizes are varied according 898

to wireless sensor network types (i.e., TWSNs, UWSNs, and WUSNs) and should be determined 899

according to application requirements. 900

5. PACKET SIZE OPTIMIZATION FOR BODY AREA SENSOR NETWORKS

BASN devices can be embedded inside the human body or mounted on the surface of the body 901

to monitor body motions and to track physiological parameters. Most of the BASN applications 902

are related to health-care for continuous monitoring of patients who have chronic diseases. There 903

are also other applications where BASNs are commonly used such as emergency response, disaster 904

victim monitoring, and performance evaluation of the athletes [70, 71, 72, 62]. 905

Even though TWSNs and BASNs have similar architectures, BASNs have some different 906

requirements, including smaller scales and different frequency bands for body monitoring. 907

Furthermore, sensor nodes used in BASNs have also different operational characteristics and 908

channel characteristics of in-body and on-body environments are very different compared to TWSNs 909

[73]. Human movements and dynamic propagation environments make realization of reliable and 910

energy-efficient BASNs a challenging task. In addition, the body shadowing, which occurs when 911

the signal path between the implant wireless device and the transceiver is obstructed, is also another 912

challenging issue for BASN communication [74]. Energy consumption is the most critical issue in 913

BASNs [75, 76]. Existing TWSN-based packet size optimization techniques may not be directly 914

applied to BASNs due to the aforementioned differences between BASNs and TWSNs. Packet 915

size optimization for BASNs is analyzed for increasing the energy efficiency by Domingo [59]. 916

Different error control mechanisms including ARQ, FEC block codes such as BCH, RS, and FEC 917

convolutional codes are analyzed. The hop-length extension technique with FEC block codes are 918

applied. Longer distances can be reached by the FEC block codes with the hop-length extension 919

technique because this technique extends the transmission range for the same transmission power. 920
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Figure 6. Packet size optimization model for a typical BASN.

This result is illustrated in Figure 6, where three sensor nodes are used to monitor EEG, motion,921

and blood pressure. These sensor nodes are conveying the acquired data to the central gateway node922

which can be monitored by a mobile monitoring device (such as a smart phone or tablet). Since the923

distance between motion sensor and gateway sensor is higher, by using a FEC mechanism, longer924

distances can be reached with less errors hence longer packets are favored in this case. On the other925

hand, sensor nodes do not use a FEC mechanism, thus smaller packets are used.926

This study is done by considering health-care monitoring. In this respect, the physiological states927

of a person is monitored with in-body and on-body sensors and the collected states are transmitted928

through a gateway with single-hop transmission. Then, this data is transmitted through a monitoring929

station by the gateway. In this study, energy efficiency and optimal packet size are formulated930

with different error control schemes for in-body and on-body sensor networks. Simulations are931

performed by considering different scenarios for in-body and on-body propagation environments.932

Numerical evaluations are performed to show the energy efficiency performance of ARQ and FEC933

codes. Firstly, impacts of modulation schemes such as On-off keying (OOK) and BPSK on the BER934

for on-body and in-body sensor networks are analyzed as the distance between the gateway and the935

body surface get increased. Line-of-sight (LOS) and Non-Line-of-Sight (NLOS) channel models936

are used in this simulation. NLOS model has higher path loss than the LOS model and therefore,937

lower hop-length extensions are supported by the NLOS model. It is found that BPSK can extend938

the hop-length more than the OOK for a specific BER value and for all NLOS and LOS channel939

models in both in-body and on-body sensor networks. Further it is shown that BPSK achieves940

lower BER than OOK modulation for a specific distance. In addition, the impacts of packet size941

optimization on the energy efficiency for the error control schemes such as ARQ and convolutional942
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code with Rc = 1/2 are investigated with different BER values which are 10−3 and 10−5. The 943

energy efficiency is higher and decays lower with the increase of packet payload for in-body sensor 944

networks than the on-body sensor networks. This is because on-body sensor networks are affected 945

from the variation of fading. As a result, the optimal packet payload lengths are obtained for both in- 946

body and on-body sensor networks according to the different BER values. Results show that optimal 947

packet size is smaller for on-body sensor networks than the in-body sensor networks because of 948

the fading effects. Further, it is also shown that ARQ scheme provides more energy efficiency as 949

the payload length increases than the convolutional code with Rc = 1/2 for both in-body and on- 950

body sensor networks. Moreover, energy efficiency is analyzed as payload length increases with 951

FEC block codes such as BCH(127,8,31), BCH(127,12,1), BCH(127,120,10), BCH(127,120,1), 952

and BCH(127,120,5) for an in-body and on-body sensor networks. It is found that FEC block 953

codes provide more energy efficiency than the other error control schemes. If the payload length 954

k of the block code increases, the optimal packet size and energy efficiency increase for the same 955

error correcting capability and same block length because packet error rate decreases. Moreover, 956

when the error correcting capability decreases, Packet Error Rate (PER) increases, however, the 957

energy efficiency increases because energy consumption of decoding decreases. For this reason, 958

energy efficiency of BCH(127,120,5) is 20.3% lower than BCH(127,120,1) for 3600 bit payload 959

length. Finally, the hop-length extension is analyzed between the gateway and the sensor nodes 960

for providing high energy efficiency. Evaluations are done for the energy efficiency as the distance 961

increases for payload lengths of 2000 bits and 350 bits for in-body and on-body sensor networks. 962

31.7% higher energy efficiency is achieved with the payload length of 2000 bits when compared 963

with the payload length of 350 bits. Further it is observed that the energy efficiency of the ARQ 964

scheme and the convolutional code with Rc = 1/2 are the lowest for in-body and on-body sensor 965

networks, respectively. In addition, energy efficiency of convolutional code with Rc = 1/2 with a 966

payload length of 2000 bits and BPSK modulation is 7.6% and 6.2% lower than RS(63,55,4) and 967

ARQ, respectively, for on-body sensor networks. As a result of all simulations, it is observed that 968

the maximum hop length can be extended with the FEC block codes and with BPSK modulation. 969

MAC frames are optimized to increase the energy efficiency in IEEE 802.15.6 ultra-wideband 970

(UWB) BASNs by Mohammadi et al. [60]. In order to achieve this goal, the probability of packet 971

detection and the successful reception of the packet are computed for the two QoS modes: the 972

default mode and the high QoS mode, of UWB. The default mode uses BCH(63,51) code for FEC 973

and on-off signaling for general WBAN applications. On the other hand, the high mode is used 974

for high priority and medical applications and exploits type II hybrid automatic-repeat-request (H- 975

ARQ) with differential signaling. In this study, energy efficiency is modeled by combining energy 976

consumption costs of uplink and downlink channels and reception and transmission energies. In the 977

proposed system model, IEEE 802.15.6 UWB physical layer protocol data unit (PPDU) is used. 978

PPDU consists of three parts such as physical layer (PHY) service data unit (PSDDU), a physical 979

layer header (PHR), and a synchronization header (SHR). Packet detection and synchronization 980

are provided by SHR. Formulations are done in order to find the probability of successful packet 981

detection (PSHR), the probability of successful reception of PHR (PPHR), and the probability of 982

success of transmission of packets (PPPDU ). Theoretical results are compared with the simulated 983

results for default mode and high QoS mode as the SNR increases. As a result, it is found that 984

minimum SNR values must be 15.5 dB and 9.8 dB to achieve 99% packet success probability 985
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(PPPDU ) for energy detection with default mode and for autocorrelation with high QoS mode,986

respectively. Furthermore, energy efficiency is measured for various frame lengths and bit error987

probabilities such as 7.3 × 10−2, 1.2 × 10−2, 8.8 × 10−3, 5.2 × 10−3, and 3.4 × 10−3 as the frame988

length increases. Results show that the optimal packet size increases as the bit error probability989

decreases. For instance, the optimal packet size is 300 octets when the bit error probability is 5.2990

× 10−3 for default mode and it is 76 octets when the bit error probability is 1.2 × 10−2. Finally,991

optimal frame length to maximize energy efficiency in IEEE 802.15.6 UWB BASNs is also found992

according to a closed form expression for the default mode.993

A flexible non-layered and application-oriented role-based architecture for BASNs is presented994

by Domingo [61]. Various scenarios such as health care tracking, emergency case, entertainment,995

sport, and military are given as potential applications for BASNs. Monitoring movements of996

pregnant women or people who has psychological problems can be given as examples of health care997

scenario. In addition to this, real time data transfer is crucial for emergency cases such as fire and998

natural disasters. In this scenario, BASN network can supply key information as condition, location,999

and injury of victims and officers. Game systems are changed by using wearable technology.1000

Nowadays, gamers are more interacted with games, some of the games let users to control their1001

character with their whole body by wearable technology. Gamer sends their control command to1002

system over BASN network. In the military scenario, soldier protection is done with monitoring1003

the soldier vital sings and send them to medical personal through the BASN network. Based on the1004

observation that requirements of each BASN application is different from each other, the proposed1005

architecture assigns three functional roles which are basic roles, specific roles, and particular roles.1006

Basic roles include context-aware information role, QoS role, routing role, error-free delivery1007

role, security and privacy role, and fragmentation role. On the other hand, applications, which are1008

under the same scenario, share the specific roles and the particular roles, separately. Role data of1009

application is put into the role headers and can be used by the other applications. Therefore, other1010

roles do not need to be inserted and the network load decreases with the role selection. Furthermore,1011

throughput efficiency of error control schemes, such as ARQ, BCH(127,20,1) and convolutional1012

code Rc=1/2, are evaluated for the proposed role-based architecture. The optimal packet size for each1013

of these error control schemes are also found to increase the throughput performance. For instance,1014

optimal packet size, which maximizes the throughput efficiency, is 211 bits for ARQ scheme with1015

10−3 BER. Performance evaluations show that the proposed role-based architecture outperforms1016

the traditional layered architecture in terms of throughput efficiency. In addition, the throughput1017

efficiency performance of the proposed role-based scheme is also evaluated with the same error1018

control scheme under various BER values (i.e., 0.001 and 0.00001) as the payload length increases.1019

It is shown that throughput efficiency and the optimal payload length increase as the BER value1020

decreases. Moreover, throughput efficiency with several payload lengths such as 350 bits and 20001021

bits are measured as the distance increases with the same error control schemes for in-body and on-1022

body sensor networks with LOS channel model and on-body sensor networks with NLOS channel1023

model. It is observed that larger payload provides higher throughput efficiency (e.g., throughput is1024

12.8% higher with 2000 bits payload length than with 350 bits payload length). Further it is also1025

shown that throughput efficiency of the error control schemes is good as the payload size increases.1026

It is also observed that FEC block codes combined with the hop-length extension technique and1027

BPSK modulation achieves the highest throughput with the optimal packet size.1028
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Table VII. Optimum packet sizes according to WSN applications

WSN Application Requirement Optimum Packet
Size

Health-care & military applications High energy effi-
ciency & error-free
transmission

640 bits [62]

Industrial automation & intelligent
households & intelligent households

High throughput 1408 bits [29]

Habitat and structural monitoring &
data logging

High energy effi-
ciency, low delay &
high packet deliv-
ery ratio

1024 bits [26]

Environmental and battlefield monitor-
ing & industrial process control and
security

High energy effi-
ciency

50 bits [31]

Military, industry and environment
protection applications & industrial
process control and security

High energy effi-
ciency

456 bits without
BCH codes & 1888
bits with BCH
codes [33]

Building automation systems, logistics,
environment and disaster monitoring &
pervasive database systems

High throughput 2048 bits [27]

A solution to prevent the congestion problem in BASNs is presented by specifying the optimum 1029

packet size, which minimizes the retransmission attempts when error conditions occur by Yaakob 1030

and Khalil [62]. In BASNs, sensor nodes are deployed over a human body for health-care or military 1031

applications. Vital signals from the human body are collected by these sensor nodes and are sent 1032

to the base station (or the sink node). However, high BERs occur in BASNs due to lossy links, 1033

noise, interference, and fading. Furthermore, congestion occurs during the emergency situations 1034

when the network load is high which decreases the channel quality as well as energy efficiency 1035

and causes increased transmission delays. All of these problems should be solved by handling the 1036

congestion problem for efficient data transmission in an emergency situation. As a remedy for such 1037

situations, the effects of varying packet sizes on the performance of BASNs under different BERs 1038

are investigated and evaluated with simulations by considering packet delivery ratio, end-to-end 1039

delay, number of retransmissions, overhead, total packet sent, and received over time [62]. Results 1040

show that the packet delivery ratio decreases, end-to-end delay and the number of retransmissions 1041

increases when longer packet size is used in high BER environments due to contention occurring 1042

at high traffic. On the other hand, using the smaller packets can cause large amount of overheads 1043

in low BER environments. The optimum packet size, which is 640 bits, is obtained by considering 1044

these issues. To this end, the performance of military and health-care applications using BASNs is 1045

increased by preventing congestion. 1046

Based on these existing studies, which are summarized and compared in Tables V and VI, 1047

respectively, from the UWSNs, WUSNs, and BASNs perspective, it is observed that the optimum 1048

packet size significantly changes according to WSN application requirements and also varies 1049

between the topology and the method. Therefore, application requirements (e.g., high throughput, 1050

high energy efficiency or low end-to-end delay) must be considered before specifying the optimum 1051
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packet size. As a concise summary, optimum packet sizes based on the requirements of some specific1052

WSN applications are listed in Table VII.1053

6. MAIN OPEN RESEARCH ISSUES

Most of the research to determine the optimum packet size in WSNs are conducted for the energy1054

efficiency, high throughput, and low latency. However, such studies face many challenges due to1055

specific application requirements and propagation characteristics of deployment environments. In1056

this section, we highlight these open research issues and the challenges for determining the optimum1057

packet size in WSNs.1058

• Service provisioning: QoS requirement of each WSN application varies from each other.1059

Hence, the packet size optimization technique should meet the specific application1060

requirements (e.g., energy efficiency and low delay). While specifying the optimum1061

packet size, wireless channel conditions must be considered to develop realistic solutions.1062

Furthermore, the optimum packet size can be adjusted according to the traffic types, which1063

can be real-time, non-real-time or best effort. Real-time packets need low latency and thus,1064

small packet size can be used. On the other hand, longer packet sizes can be preferred for1065

non-real-time and best effort packets.1066

• Transmission power control: Power consumption is an important issue due to limited-1067

battery budget of the sensor nodes. Many studies explored the design space to determine1068

optimum packet size to increase the energy efficiency. Most of works in the literature use the1069

small packet size for decreasing transmission power. However, if the transmission power is1070

controlled according to the channel conditions, the optimum packet size can be found more1071

accurately.1072

• Cross-layer design: The design of a complete cross-layer approach from the physical layer to1073

the application layer for the packet size optimization in WSN is not addressed in the literature1074

for different WSN applications. For example, different antenna models (e.g., omnidirectional1075

or directional antennas) at physical layer, or different MAC protocols (e.g., TDMA, CSMA,1076

hybrid) at the link layer can be considered to determine the optimum packet size.1077

• Reliable communication: Error control is another critical issue in WSNs, since the number1078

of retransmission decreases when the error-free transmission is achieved. In the literature,1079

some error control mechanisms, such as ARQ, FEC, and hybrid techniques, are applied while1080

obtaining the optimum packet size. However, the performance of these mechanisms are not1081

fully compared with each other for different WSN applications and deployment fields to1082

obtain the corresponding optimum packet size.1083

• Cognitive spectrum access: Recently, CRSNs have been proposed to address the spectrum1084

scarcity issues of WSNs. However, the existing optimal packet size solutions devised for1085

WSNs are not directly applicable to CRSNs [20]. To improve network throughput and energy-1086

efficiency while maintaining acceptable RF interference level for licensed users, spectrum-1087

aware optimal packet size solutions are required.1088

• Energy-harvesting WSNs: Energy harvesting may enhance the performance of WSNs with1089

its self-charging capability. Available energy in the environment, such as solar, thermal, and1090
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magnetic, can be scavenged to power wireless sensor nodes. However, the existing packet size 1091

optimization studies for WSNs cannot be directly applied to energy-harvesting WSNs. This 1092

is because the available energy fluctuates with time, instead of monotonically decreasing in 1093

energy-harvesting WSNs. To this end, optimal packet size solutions are required for energy- 1094

harvesting WSNs to balance the trade-off between energy consumption and QoS. 1095

7. CONCLUSION

Packet size is an important parameter for increasing the performance of WSNs. Different packet 1096

size optimization techniques are proposed by the researchers to improve the network performance 1097

in terms of the energy-efficiency, throughput, and delay (among other performance metrics). These 1098

approaches are classified into different taxonomies since some of them offer to utilize the fixed 1099

packet size or the dynamic packet size, while others offer to use different packet formats or 1100

optimization frameworks. Different types of WSNs (e.g., underwater, underground or body area 1101

sensor networks) must also be considered while specifying the packet size due to the change in 1102

specific channel characteristics, such as the path loss and interference, according to the nature 1103

of the WSN. In this context, packet size optimization techniques with respect to different types 1104

of the WSNs are also reviewed. Each of these WSN types has various requirements, such as the 1105

energy efficiency, low delay or high throughput. We also overview the state of the art packet size 1106

optimization studies, which are done to meet the requirements of specific applications to determine 1107

the optimum packet size. Finally, we stated the main open research issues in the area of packet size 1108

optimization for fostering future research avenues. 1109
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