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Public Safety Networks (PSNs) provide assistance before- and post-disaster events. With the help of tech-
nological advances, PSNs are able to cope with both natural and man-made disasters, protecting people,
environment and property. Effective communications, better situational awareness, lower response times and
greater emergency efficiency are essential to an effective response to emergencies and disasters. Long Term
Evolution (LTE) has been chosen to be the key technology for public safety networks. In this study, a
performance model is presented for the PSN frameworks which use cooperative devices with LTE device to
device (D2D) communications features. Mobile stations that are out of cellular network coverage range use
D2D communications, where mobile stations which are in a healthy area can act as relay nodes to provide
information about the location of potential victims to a central system. Since relay nodes have the potential to
become bottlenecks for relatively high scale disasters, the interaction between the relay node and the base
station is critically considered in this study. The analytical model and solution are suitable for assessing
the quality of service for PSNs with similar infrastructures. Results obtained from the analytical model are
presented comparatively with those from discrete event simulations for validation. The maximum discrepancy
between the results obtained from the analytical model and the simulation results is less than 1.4%, which is
within the confidence interval of the simulation.

1. Introduction event of communication outages are proposed in studies such as [5,

8-10], respectively. However, these studies do not consider the bot-

Information and communication technologies provide vital services
and systems for our daily lives, and available technologies should affect
us more with the emergence of IoT in Smart City, Smart home, and e-
health applications [1-7]. Public safety networks (PSNs) are another
very important area that communication technologies can help. Unfor-
tunately, many people around the world are affected by disasters such
as earthquakes, tsunamis, volcanic eruptions and floods. Although com-
munication services and other types of information exchange services
are in high demand for the aftermaths, the communication infrastruc-
ture is generally damaged to a large extent, making services totally
or partially unavailable. Game theory based approaches to energy
harvesting, backup power provision strategies to prolong the commu-
nication services, adoption of new techniques to reduce damage to
large-scale infrastructures, and new frequency allocation techniques in
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tleneck analysis of proposed infrastructures. Recent major disasters
around the world include the earthquake in Haiti (2010), the earth-
quake and tsunami in Japan (2011), the Nepal earthquake (2015),
the Fort McMurray Canada wildfires (2016) and the forest fires in
Athens (2018) [5,9,11-13]. First responders, such as law enforcement,
firefighters and emergency medical personnel, must match emergency
events as well as catastrophic disasters. Apart from first responders,
military organizations, volunteer groups, non-government organiza-
tions and other local and national organizations can also contribute
to disaster response [14,15]. Although processes used for preparations
of disaster scenarios are improving, the annual average of victims
caused by disasters between years 2006-2015 is 69,827 [16]. For most
of these disasters, unfortunately, people could not act as observers
mainly because of the lack of knowledge and distribution of available
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technological advances. Therefore the citizens and teams responsible
from emergency services at the sites could not be alerted, and details
of disasters in respective locations could not be communicated timely.

The technologies that can be used to transmit critical public safety
information must be present, efficient and reliable, since they are
required by the first responders to save lives. It is a challenging task
to provide desired levels of quality of service (QoS) for the scenar-
ios where the numbers of incoming requests may become extensive.
Therefore, bottleneck analysis should be carried out for the proposed
infrastructures in order to clarify their efficiency especially for large
scale disasters.

Over the past decade, the technologies used in commercial networks
have seen significant improvements. Given that many of the current
public safety communication networks, such as terrestrial trunked radio
(TETRA), TETRA for police (TETRAPOL), or Association of Public-
Safety Communications, are lagging in terms of the support for ad-
vanced data rate services, there is a growing interest of governments,
public safety operators and research communities to improve the ca-
pabilities of Public Safety Networks [17]. At the same time, as it is
increasingly adopted by all major operators all over the world, and is
expected to be an important part of the 5G solution for future networks,
Long Term Evolution (LTE), specified by the Third Generation Partner-
ship Project (3GPP), is chosen as the next appropriate communication
technology to support PSN in US and Europe [18].

When state-of-the-art communications infrastructures are consid-
ered to be used in the event of natural disasters, the potential malfunc-
tioning or failure of crucial components (power grids and telecommu-
nication networks) should also be taken into account [8,10]. In cases
where the network infrastructure is completely or partially damaged,
Device-to-Device (D2D) communication lends itself as a candidate to
provide public safety and disaster relief services.

In [18] discussions are provided for possible directions and chal-
lenges to evolve the LTE network architecture toward 5G in order
to support emerging public safety scenarios. Studies such as [8],
and [19] use simulations for evaluating various measures such as
security throughput and energy price. As part of their future studies, the
authors of [6] propose to use ns-3 discrete-event network simulator to
perform a bottleneck analysis for the cloud head which would expect
to receive high volumes of requests in cases of high scale disasters.
In this study, similar to [8,18,19], and [6] D2D communication is
envisaged in order to present a framework that can be used to relieve
disasters using the advances in mobile device technologies. Unlike
the existing studies, an analytical framework is also proposed for the
scalability analysis. Data management can become a challenging issue
in disaster situations, and distributed databases can be employed under
various connectivity conditions because of their ability to adopt to the
changing environment. Therefore, a distributed database application
is also employed where information is gathered from users in pre-
disaster situations for locating potential victims, and obtaining medical
information using D2D communication. Assessing the performance of
these systems is essential to understand the capacity of the system
under consideration. For example, in the event of a large-scale disaster,
the infrastructure should be able to cope with a potentially high number
of incoming requests. Analytical models and simulations are known to
be very effective in specifying potential bottlenecks for these types of
distributed systems. The proposed framework is therefore modeled as
a queuing system and the scalability as well as QoS-related issues are
studied in detail. A simulation study is also conducted to verify the
results of the analytical model presented. The contributions of this work
can be summarized as follows:

+ In our hybrid approach presented in this study, the location of
users is obtained before the possible disaster (proactive mode),
as well as just after a disaster (reactive mode). Subsequently, the
most available up to date location information is used. The use of
proactive and reactive modes improves the possibility of locating
potential victims.
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Table 1
List of abbreviations.
Abbreviation Explanation
m relay node
bs base station
L, Buffer capacity of the relay node
Ly, Buffer capacity of the base station

c Arrival rate of requests to the relay node
Mean service rate of the base station

Hps

Hyn Mean service rate of the relay node

Prn Traffic load of the relay node

MQL,, Mean Queue Length of the relay node
MQL,, Mean Queue Length of the base station
Rt,, Response Time of the relay node

RT,, Response Time of the base station

Throughput of the relay node
Throughput of the base station

» To the best of our knowledge, this is the first study to conduct
an analysis of scalability and bottleneck analysis by analytical
modeling of distributed D2D PSN services.

A detailed and critical analysis of the characteristics of the system
is presented for the efficient use of PSNs using similar infrastruc-
tures, where the interaction between two systems with different
characteristics should be configured for better scalability. The
threshold analysis carried out allows us to examine the system
load and specify various system characteristics such as buffer size,
and the service capacity both for the relay nodes and LTE.

The model is verified through the use of discrete event simu-
lations. The results obtained from the simulation and analytical
model are in good agreement.

The results obtained show that the utilization of the system (the
intensity of traffic per node) becomes the main dominant factor
instead of parameters such as queuing capacity, since the system
can become unstable very rapidly. In turn, this also shows the
importance of a scalability study, since the potential number of
victims is the main factor for the utilization to raise beyond the
levels that the systems in interaction can cope with.

The abbreviations used in this paper are listed with their expla-
nations in Table 1. The rest of the paper is organized as follows.
Existing related studies on PSNs are considered in Section 2. Section 3
explains the disaster recovery system considered. Section 4 discusses
in detail the modeling approach used for the interaction between the
relay nodes and the base station. The analytical solution approach
employed is considered in Section 5. Numerical results are presented
with discussions in Sections 6 and 7 concludes the paper.

2. Related work

D2D is considered as the key technology to offload traffic from
the network, to extend the coverage of the existing infrastructure and
more importantly to allow communications even when the network
infrastructure is not available due to failures which may be caused by
various types of disasters [6,8,17,20].

In [20], the key requirements, challenges and solution approaches
are discussed for LTE D2D communications, with a focus on PSN
applications. A procedure of clustering-based integration is presented
for operations of both cellular and ad-hoc based communications. Sim-
ulation results are presented for numbers of user equipment increasing
from 20 to 500 and the probability of transmission from 0.1 to 0.5.
Although the results are presented for energy efficiency and the time
required for clustering, the issues related to queuing, capacity analysis
and scalability for each cell have not been considered.

In [6], a software defined network (SDN) based architecture is
presented to support hierarchical D2D communications. The main aim
of this study is to reduce the number of requested LTE communication
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links, in order to improve the system in terms of energy consumption.
For this purpose, a hierarchical D2D communication architecture is
proposed where a central SDN controller takes the responsibility of
communicating with the cloud head. The local and central controllers
also enable the architecture to work in case of infrastructure damage
and hotspot traffic situations, therefore introducing fault tolerance. In
this work the authors propose to simulate the scenarios considered
using the ns-3 discrete-event network simulator as the future work in
order to analyze the computational load incurred by the cloud heads. In
other words, as a part of their future works, authors propose to perform
the bottleneck analysis for the cloud head which would expect to
receive high volumes of requests in cases of high scale disasters. Their
proposed simulation results are presented in the following study [21];
however, their main focus is on energy consumption related issues.

A heterogeneous network communication architecture is presented
in [17], where PSNs and commercial operators share existing infras-
tructures as well as spectrum. The numerical results are presented using
MATLAB simulations. A variable number of commercial users are con-
sidered and using physical layer characteristics, performance measures
such as the normalized rate of unsatisfied requests are presented. Queu-
ing related issues, which are particularly important for the specification
of hotspot situations, especially when relay nodes are used, are not
taken into account in simulations. MATLAB is employed in [22] as well
for vehicular ad-hoc network simulator as well as analytical results used
for validation purposes. Studies such as [22], and [4] also consider
intelligent systems for foreseeing emergency situations. However, the
main focus is on enabling safe driving environments for vehicles using
random multi-hop dynamic topology rather than PSN.

Please note that the game theory based approaches to model com-
petitions among different service providers are becoming popular in
studies such as [1,8] and [19]. Disaster recovery communications
where the cellular network coexists with D2D mobile nodes are also
considered in [8]. This time, the possibility of energy harvesting is also
being explored. While one of the specified cells is considered to be in
a healthy area, the other is located in a disaster zone. Users in the
healthy area are expected to assist those in the disaster area by acting
as energy harvesting relays. In cases where user equipment (UE) may
belong to different service providers, a Stackelberg game formulation
is presented, since the UE may need to pay a price as an incentive to
the base station (BS) causing energy trading and interference pricing.
The simulation results are also presented in [8] to show that the D2D
network is able to obtain higher utilities and lower prices during the
energy trading phase.

In [19], the same infrastructure is considered this time for security
related aspects. Secure wireless-powered D2D communication is inves-
tigated in the presence of multiple eavesdroppers, where a hybrid BS in
a cellular network contributes to the power efficiency of D2D network
and at the same time serves as cooperative jammer to interfere with po-
tential eavesdroppers. Stackelberg equilibrium formulation is employed
in this study as well. Simulation results are provided in terms of security
throughput and energy price to validate the proposed jamming scheme
and highlight the importance of energy trading interaction between
cellular and D2D networks.

Apart from the research works which focus on effective commu-
nications in case of disasters, a number of studies in the literature
such as [3,23], and [24] consider the use of mobile devices and the
advancements in communication technologies in application level to
ease the disaster recovery process. A variety of methods, such as evac-
uation warning and safe-path finding, are employed for the distributed
systems involved. It is possible to classify these studies as proactive
and reactive applications. When proactive approaches are considered,
the information about the potential victims, their location and medical
condition are collected prior to disasters. Instead, reactive approaches
attempt to use the available infrastructure to locate potential victims
during and after the events of the disaster.

When proactive methods are considered where the services are
prepared prior to a disaster for the consequences, many of the existing
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studies mainly focus on informing and alerting users for evacuation.
In [24], an early warning and evacuation application is proposed using
OpenStreetMap, which provides a free editable map of the world. Using
the facilities of the OpenStreetMap, users are informed about disasters
and safe paths outside the disaster zones. Similarly, in [25], a genetic
algorithms based approach is proposed to find the optimum route for
the people in need. An android application named as MyDisasterDroid
is proposed which heavily uses the geolocation feature of Android. The
performance related issues for the distributed applications are not taken
into account in these studies.

The study in [3] improves these implementations further by mini-
mizing the user interactions and introducing a more reactive approach.
The only type of interactions needed in their proposed platform called
TeamPhone is from the rescue team members to check for people in
need. However, in case of a disaster, a rescue team member would
need to walk around the collapsed buildings in order to use TemPhone
platform effectively to find people potentially under a wreckage. This
procedure can significantly slow down the rescuing process and in-
troduce risks for the rescue team members by requiring them to be
around potentially dangerous areas while searching for people. Wi-Fi
Direct is employed to create P2P connections for sending and receiving
emergency messages between mobile devices. A test-bed with mobile
stations is employed for the evaluation purposes. Another reactive
implementation which uses the Google Android platform is presented
in [23]. An ad-hoc cloud solution which also employs the LTE Direct
technology is proposed for disaster recovery. Although the cloud system
proposed is similar to the server side of the system considered in this
study, the collection of information prior to the disaster events is not
considered.

For the queuing related issues of these systems, existing studies
in the literature focus on the D2D communications and underlying
cellular networks rather than the possible PSN scenarios. In [26],
similar to this study, the performance of cellular and D2D integration
is investigated. However, instead of focusing on flows between D2D
and cellular systems, queuing systems are employed for various rout-
ing modes of D2D connections. Exact numerical analysis is supported
with an approximate decomposition and iteration approach. Important
performance measures such as end-to-end average throughput, average
delay, and dropping probability are presented. Since the performance
measures are obtained from an approximate decomposition approach,
an in-house discrete-event simulation framework is used for validation.
The more recent study [27] considers D2D communication together
with relay assistance of cellular systems, enhancing the traffic offload-
ing capacity of the LTE advanced (LTE-A) based infrastructures. This
configuration is very effective for PSNs as well. Especially, when the
BS infrastructure is partially available, D2D assistance can improve
the availability of services. In this study as well the main focus is
on the D2D portion of the integration. The main aim is to present a
relay node selection strategy for D2D communications which would in
turn provide improvements in terms of performance. Queuing theory is
employed in this work as well for an approximation to compute end-
to-end delay. Similar to our work, a tandem system is considered for
the analysis of interaction between a D2D-capable UE which is the
source of the information, and a relay capable UE which is used to
forward the information from D2D-capable UE to a destination. The
solution presented is in product form which requires approximations
unlike the exact solution methods. Therefore, MATLAB simulations
are also employed to verify the results presented using the analytical
approximation.

The PSN concept attracts a lot of attention and interest from engi-
neers and researchers since it can significantly change the way we deal
with natural and man-made disasters. Improving their implementation
can practically mean increasing the likelihood of saving more lives.
Issues related to the performance of these infrastructures should be
studied very carefully to identify potential weaknesses, bottlenecks,
and congestion zones. Most existing studies in the literature which use
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simulations and analytical models for evaluation of PSN, and the D2D
related infrastructure do not consider queuing related issues which may
be critical in especially for scenarios where a relay node is to deal with
traffic generated in a specific region. Studies that use queuing theory
related approaches primarily provide product form expressions for com-
putation of specific parameters instead of the complete representation
of BS state space to relay node interaction. In our study, the focus is
on the interaction between the BS and the underlying relay nodes that
can become responsible for the large-scale transmission of emergency
messages in the event of natural disasters. Unlike existing studies, a
two-dimensional continuous Markov chain is used to model both the BS
and the relay node at the same time. Although the solution approaches
employed in this study are accurate, discrete event simulation results
are also provided for validation of the model similar to the existing
attempts [26,27] on queuing analysis of D2D systems.

3. Disaster recovery system under study

The disaster scenario illustrated in Fig. 1 is considered in this study.
Since in public safety scenarios, large areas may lose cellular coverage,
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D2D communications may be a good way to expand coverage of these
sites. In this way, the region of interest can remain at least partially
active during the periods in which rescue teams and the public need
it the most. In such critical conditions, timely response and network
connectivity are important factors for reliable communication. For
example, D2D features can enable direct communication between first
responders and rescue teams, even if they are outside the coverage
areas of the LTE system which may be caused by power failures or
damages that the BSs may encounter.

LTE technology, is considered to be the basis for the next-generation
public safety broadband networks [18]. LTE comes with certain key
features and functionalities to support D2D communications such as
direct broadcast. For PSNs, the proximity service (ProSe) of D2D is
very useful especially for the cases of safety and emergency situations,
since these services have the potential of recognizing use cases and
potential requirements for discovery and communications between UEs
in proximity. With all these features of LTE, it is possible to specify
three main scenarios as possible states of the infrastructure. In the first
scenario the whole infrastructure in the region considered can be fully
operative providing the UEs all the services. In the second scenario the
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infrastructure is completely damaged and none of the UEs have access
to the services. Finally, in the third scenario some of the BSs are heavily
damaged while the others are fully or partially functional which means
that some UEs can be within the coverage area and some of them are
outside. The main focus of this study is the third scenario.

The application considered, collect information from mobile users
to aid the rescue teams by locating victims. To this end, the available
means of communications are employed. Mobile stations in the cov-
erage area can send information directly to the control center, which
is accessible by rescue teams. Fig. 2 provides the perspectives of the
central control system and the mobile application. Stations which has
no access to the infrastructure start discovering the neighbor stations.
Subsequently, if a neighbor which has connection to infrastructure
is discovered, it can begin to act as a relay node transmitting the
information to the control center. In an attempt to provide the most
up-to-date location information to the control center, there are two
ways to obtain location information. We can call the first one as the
reactive approach which start collecting information after the disaster
event, while, in the proactive approach, location related information is
collected prior to the disaster. A hybrid approach is proposed in [7],
which uses the proactive as well as reactive modes. In proactive mode,
the control system can get information from users in specific time
periods, or can use a control channel to trigger the transmission of
information centrally. On the other hand, in the event of a disaster,
the reactive mode of the application is enabled and different roles are
assigned to the mobile stations based on their available connections.
The flow chart of the system implemented is presented in Fig. 3.

+ In case the mobile station has connection to BS, it tries to help
nearby stations by acting like a relay node sending the collected
information, including its own location to the centralized server.

+ In the event that the mobile station does not have connection
due to some damage to existing infrastructure, it begins to store
information in a local database as if it were in the proactive
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mode and transmits the latest data to the nearby devices using
D2D communication facilities. If one of the stations can reach
one of the relay nodes, this information eventually reaches the
centralized database.

In this study, the evaluation of the performance of the interaction
between the relay nodes and the BSs is considered, as they may present
significant bottlenecks in the event of a relatively large-scale disaster.

4. The performance model for BS and relay node interaction

D2D communication has attained significant amount of attention
from researchers in this decade. Thousands of efficient schemes under
various D2D research domains have been proposed [28]. Ad Hoc On-
Demand Distance Vector (AODV) has been one of the most popular
routing algorithms with a significantly high number of varieties in-
troduced in the literature [28,29]. In [29], for the first time, the
investigations on performance characteristics of ad-hoc routing algo-
rithms were brought up to 550 nodes. Studies prior to [29], mainly
consider simulations of scenarios involving up to 100 nodes (usually
50 nodes) and relaxed (unrealistic) data traffic conditions. In addition,
among a large number of varieties of modified versions for AODV,
AODV with Route Identification and RREP Capturing (AODV-RIRC) is
applied to large scale networks with nodes up to 10000 in [30].

In order to perform a bottleneck analysis of the D2D scenario, it is
possible to consider that the D2D communications in ad-hoc fashion are
scalable for each relay node. Critical flows are the incoming requests to
the relay node and its ability to transmit them to the base station should
be investigated. To study these interactions, a tandem queuing system
is considered in this study with an analytical modeling approach. The
abstract model of the interaction considered is presented in Fig. 4.

Please note that our main objective is to study the scalability
of applications similar to the ones presented in studies such as [6—
8,18,19], which use D2D communication in conjunction with the use of
some mobile stations that can serve as relay nodes between the mobiles
in disaster areas and the base stations [19]. In turn, the base station
can update the relevant servers (usually cloud application) with the
location information for the access of the rescue teams. In our model:

» Ad hoc communication between mobile nodes is not considered.
The existing studies on the evaluation of large-scale routing pro-
tocols are quite advanced, so the main focus is on the bottleneck
analysis which may occur at the relay node and the base station.
For the framework and the application considered, the use of the
relay node is one of the new contributions.

The superposition of incoming traffic from the mobile nodes will
be used to represent the scale of the users that only one relay node
can cope with. In this study exponential distribution is employed
for inter arrival and service times similar to [26,27], and [31]. In
case a single node can generate on average ¢ messages per second
and there are K nodes in disaster areas, the superposition of all
the incoming arrival streams would become K X ¢ messages per
second. For the performance analysis of BSs and relay nodes, it is
possible to study the blocking probability, response time and sim-
ilar performance measures for various K values. In other words,
it is possible to present a comprehensive study of scalability.
The only traffic transmitted to the associated BS resources will
come from the relay node. In this sense, the resulting continuous
time Markov chain (CTMC) is quite interesting. The only type of
arrival to BS is from relay.

» The analytical modeling approach is validated by simulations.

The queuing system at the left-hand side of Fig. 4 represents the
relay node which is a UE within the coverage area of a base station
assisting the users outside the coverage area. Therefore, the arrivals
to the first stage of the tandem system are from the users that do not
have any coverage since they are within the radius of an affected base
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station. These users try to reach to the backbone through the relay
node. Incoming requests from the users outside the coverage area join
the queue of the relay node, and once they are at the front of the queue
they are forwarded to the base station (BS) which is functional. Since
there will be dedicated resource allocation in the BS for safety-related
applications, the possible arrival transitions to this queuing system
(right-hand side of Fig. 4) are caused by the messages forwarded from
the relay node. The two-dimensional continuous time Markov chain for
this process can be given as in Fig. 5. Here o is the arrival rate of packets
from the mobile stations which are in the connectionless disaster areas,
1/u,, is the time it takes to process incoming packets to the relay node
and send them to BS, and finally 1/4u,, is the time it takes to process the
incoming requests on the base station and forward them to the cloud
for the authorities and rescue teams to access.

5. The analytical solution approach

The Fig. 5 shows the two dimensional Markov process on a finite
lattice strip which can be used in order to represent an abstraction
for the interactions between the relay node and the base station. Two
integer valued state variables, I(r) and J(¢), are used to describe the
state of the system considered at time ¢. I(r) is used to represent the
number of packets in the relay node, and J(r) specifies the number
of packets in the base station at time 7. The minimum and maximum
values of I(¢) are 0 and L,, respectively. For the number of packets
in the base station (state variable J (7)), the minimum and maximum
values are 0 and L, respectively. The total number of packets that can
be accommodated in the base station at time ¢, includes the one(s) in
service. The system considered is modeled using a Markov process that
can be denoted by Z = {[I(),J()];¢ = 0} and the model is used for
performance evaluation of the interaction under study. We assume that
Z is irreducible with a state space of {0,1,...,L,,} X {0,1,..., L, }. It
is also assumed that the number of packets in the relay node (I(r)), is
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represented in the lateral or horizontal axis and the total number of
packets in the base station (J(¢)) is represented in the vertical axis of
a finite lattice strip. For the model Z there are three types of possible
transitions. The first type are purely lateral from state (i, j) to state (k, j).
The second type is one-step upward transitions from state (i, j) to state
(k,j + 1). The final type are one-step downward transitions from state
(i, j) to state (k,j — 1).

5.1. Spectral expansion solution

The performance modeling of multi-server systems with multiple
queues usually leads to multi-dimensional models. In particular, the
analysis of Markov processes whose state space is the N-dimensional
set of lattice points [32-34]. The functional equations arising in the
analysis of N-dimensional processes usually present analytic difficul-
ties. Because of this, various analytic-algorithmic methods have been
developed to solve the multidimensional state space representation of
various systems. Once a quasi-birth-death (QBD) Markov model such as
the one presented in Fig. 5 is obtained, it can be solved for its steady
state probabilities by using several different methods. These methods
are Seelen’s method, Matrix-geometric solution, Gauss-Seidel iterative
method, and the Spectral Expansion method.

Seleen’s method gives an approximate solution for QBD and Quasi
Simultaneous-Multiple Birth and Death (QBD-M) systems. The Markov
Chain is truncated to a finite state, which is an approximation of the
original process. Then, it is used together with a dynamically adjusted
relaxation factor in an efficient iterative solution algorithm [32]. The
main drawback of this approach is the lack of a definite method to
determine the optimal value of the relaxation parameter which is
important to obtain accurate results.

Block Gauss-Seidel iterative method can be used for solving all
kinds of simultaneous equations iteratively [32]. The possible infinite-
state problem is reduced to a linear equation involving vector generat-
ing functions and some unknown probabilities. The main drawback of
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Fig. 5. Two dimensional state space representation of the system.

this method is the serial computations in which each component of the
new iterate depends upon previously computed components. Because
of this, the updates cannot be performed simultaneously.

The most important methods we can use to solve the system con-
sidered in this study are well known matrix geometric and spectral
expansion methods [32,35]. In the matrix-geometric solution method
first, a non-linear matrix equation is formed from the system parame-
ters. Then the minimal non-negative solution R is computed by using
an iterative algorithm. The main drawback of this method is that the
number of iterations for computing R cannot be predetermined and
there is a great computational requirement to obtain R. Instead, the
spectral expansion method offers considerable advantages in terms of
efficiency, with no penalties in terms of numerical stability. The speed
gains of spectral expansion are demonstrated in [35] especially for the
cases where the system approaches saturation.

In this study, the spectral expansion approach is used for the steady
state solution of the two-dimensional Markov chain. Matrix A is the
matrix of purely lateral transitions with zeros on the main diagonal,
where the transitions one step forward and one down are represented
in matrices B and C respectively. In the spectral expansion method, we

87

assume that the process has a threshold M (M > 1), which has an
integer value [32-35] such that the transition rate matrices, A, B, and
C, do not depend on j for j > M.

A, B and C are square matrices each of size (L,, + 1) X(L,, + 1). The
elements of matrix A depend only on the arrival rates of the packets
to the relay node, ¢. The transition rate matrices A, B and C are given
in the following equations. The matrix C represents the departure of
the packets from the base station. If there are no requests in the base
station, there will be no downward transitions (Fig. 5). Therefore, C;
matrix is the same as C for j = 1, ..., L,,. In other words, the threshold
M is taken as M = 1.

0O ¢ 0 O 0O O O O
0O 0 0 0O O O 0 O
0O 0 0 ¢ O O O O
a=a,=| 0 0 0 0 0 000 )
0O 0 0 O 0 o O
O 0 0 0 0 O 0 o
O 0 0 0 O O o0 o
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Following spectral expansion solution, the steady-state probabilities
of the states presented in Fig. 5 can be expressed as:

P = lim PUI0)=i.J()=)).0<i<L
— 0

ij Osjsl-’bs

rn>

It is then possible to obtain all state probabilities in the form of:

Ly,

= Y (a4 M

=0
+biy (l')ﬂ,L"S_j),M —1<j<Lbs

where, 1 and y are eigenvalues and left-eigenvectors of Q(4) respec-
tively, and y is a row-vector defined as:

Yy = WO’II/17~~~7WL”11A' =Ags Ay oes Ap
yO() =00 =0

p and ¢ are eigenvalues and left-eigenvectors of Q(f) respectively and
¢ is a vector defined as:

¢ = o155 b1, 8= bos P -5 B,

Let us define certain diagonal matrices of size (L,,+1)x(L,,+1) as
follows:

B
rn

Ly, Lyy
DRG0y = Y Aj.1: DA i) = Y AGLD)
1=0 1=0
Ly, Ly
DB, i) = Z B, (i, 1); D2(i, i) = Z BG, 1)
1=0 1=0
Ly, Lyn
DSG,i) = Y C;0,1; DG, i) = ) CGi, 1)
1=0 1=0

and Q) = B, Q; = A— DA — D? — D, Q, = C. Then, the state
probabilities in a row, can be defined as:

v; =Py Py Py ) j =01, Ly

For 0 < j < L,,, the balance equations are:

ol Dy + DE) = vyAg +v,C %)
(D +DP + D1 =0, By +0;A; + 0, Cpys 1 S j <M — 1 (6)
v;[D*+DP + D =0, |B+v;A+v;;,C; M < j < Ly, %)
vy, [D*+D =0, B+uy, A (8)
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The normalization equation is given as:

Ly Lps Lyy

Z ve=2 2P,
Jj=0i=0

From Eq. (7)

UjQ() + Uj+1Q1 + Uj+2Q2 =0M-1)<j<(Ly;—2)

and the characteristic matrix polynomials can be expressed as [32]:

0() =0y + 014+ Q0,2 0(f) =0, + 0, + Qpp?

where

wO(A) = 0; |Q(A)] = 0; O(B) = 0; |0(H)| =0
Furthermore,

0 -Z(a,w’ MH L by M =1 < < Ly,
1=0

;U =0,1,...,L,)and g( =0,1,...,L,,) are L,, + 1 eigenvalues,
each that are strictly inside the unit circle, and a; (! = 0,1,...,L,,),
b( = 0,1,...,L,,) are arbitrary constants which can be scalar or
complex-conjugate. v; vectors can be obtained using the process in
[32]. The state probabilities can be used to compute important per-
formance measures, such as the mean queue length for relay node
(MQL,,), the mean queue length for base station (M QL,,), throughput
for relay node (y,,), throughput for base station (y,,), response time for
relay node (RT,,) and the response time for the base station (RT},).

Lps Ly
MOQL,, = Z Z ©
Ly Lps
MQLy =Y i) P (10)
i=0 j=0
Lps Lyy
Z Z l”rn i.j (11)
Jj=0i=
Lyy Lips
Zme g (12)
i=0 j=0
RT. = Yrn (13)
rn = MQLm
Vbs
RT,, = —0 14
bs MQLbs ( )

5.2. Simulation

Simulation modeling is used in this study to validate the analytical
model in terms of accuracy. For this purpose, a simulation software is
developed in C++ language and validated to simulate the real system.
The results obtained from the analytical model are in turn presented
comparatively with the results of the simulation software.

The program developed is a discrete event simulation program,
where an event-based scheduling approach is used which depends
on the events and their effects to the system state. As the stopping
criterion, the relative precision which is known to be one of the most
commonly used approaches is employed for the simulation. At the first
checkpoint where the condition 6§ < §,,, is satisfied, the simulation
is stopped. Here §,,,, is the maximum acceptable value of the relative
precision of confidence intervals at the 100 (1 — &) % significance level,
and 0 < 6,4, <

The default values for a and 6 are set to 0.05 to make sure the results
obtained from the simulation program are within the 5% confidence
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Fig. 6. Queueing size estimation for L,, and L,, for optimum BP,, and BP,,.

Table 2
Realistic LTE Throughput Measurements [38].

Throughput LTE 5MHz 10MHz 20 MHz
Measurement (2 x 2 MIMO) (2 x 2 MIMO) (2 x 2 MIMO)
Realistic Median 0.5-4.0 2.0-7.5 2.0-12.5

Mini-Maxi Subscriber
Data Rate (Mbps)

Table 3
Summary of parameters used.
Parameter Value
Hyn from 10 packets/s to 100 packets/s
His 86 packets/s for 1 Mbps
205 packets/s for 2.4 Mbps
402 packets/s for 4.7 Mbps
616 packets/s for 7.2 Mbps
702 packets/s for 8.2 Mbps
813 packets/s for 9.2 Mbps
Prn [0.1 - 0.99]
c from 1 packets/s to 10 packets/s
L, from 10 packets to 70 packets
Ly, from 2 packets to 4 packets

interval with a 95% confidence level. These confidence levels and
intervals are quite commonly used for discrete event simulation [32—
34,36,37]. The developed simulation program is also validated using
well-known queuing theory models such as M /M /1, and M /M /c as
well as results from the literature [36,37].

6. The accuracy of the analytical approach

The numerical results are presented in this section to evaluate the
interaction between the mobile station which can act like a relay
node and the base station. The parameters used for computations are
carefully chosen to reflect the characteristics of the real systems. The
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Mean Queue Length (MQL,,)

Mean Queue Length (MQLys)

(b) L,, =56

Fig. 7. Mean queue length results for real node and base station as a function of p,,
and subscribe data rates.

results of our simulation are also presented comparatively for accuracy
verification.

6.1. Computation of system specific parameters

This section presents the system parameters and assumptions used
for LTE cellular networks. Average realistic data rates of LTE is selected
as 1 and 2.4 Mbps for 5 MHz bandwidth, 4.7 and 7.2 Mbps for 10 MHz
bandwidth and 8.2 and 9.5 Mbps for 15 MHz from Table 2 for numerical
calculations. The analytical model and solution approaches are flexible
and can be used for the analysis of systems with various data rates and
bandwidth related characteristics.

For 1 Mbps, the system can support up to about 38 users and up
to 450 data packets, with each packet size totaling 1460 bytes. The
number of users can be increased up to 800 in case 10 MHz is used
and only 1 Mbps is provided per user, which can be an acceptable rate,
especially in case of a disaster since location related information will be
the main communication. The servers are used in terms of Radio Blocks
(RB), where 25 RB can be considered as 1 server for 1 Mbps realistic
throughput rate. Therefore y,, can be calculated using subscriber data
rate and packet size. This is given in Eq. (15).

Hps = Data Ratesuhscriher/PQCket Sizexubscriber (15)
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Fig. 8. Response time results for real node and base station as a function of p,, and
subscribe data rates.

Following this computation, it is possible to specify the parameters
used for the evaluation of the considered systems as presented in
Table 3. Note that p,, represents the traffic intensity of the relay node,
which is also equal to the utilization for a single server system.

6.2. Results and discussions

Fig. 6 shows the effects of L,, and L, on blocking probabilities of
the relay node and the base station (BP,, and BP,,) for different p,,
values. In Fig. 6(a) and Fig. 6(c), the results show a decrease in BP,,
as L,, increases for different L, values, when y,, = 10 packets/s and
ups = 86 packets/s. Increasing the L,, value up to 10 does not affect
BP,, significantly. Figs. 6(a) and 6(c) also show that the L, value does
not affect the BP,, significantly for queue sizes more than 2. Although
the relay node stops sending to the BS when the buffer of the BS is
full, the main factors affecting the blocking of the relay node are the
arrival rate and the queue capacity of the relay node L,,. When L,,
is increased further than 10, BP,, does not change anymore for both
pm = 0.98 and p,, = 0.56 values as shown in Figs. 6(b) and 6(d). On
the other hand, BP,, decreases as L, increases in Figs. 6(b) and 6(d).
However, the effect of L,; on BP,, can change depending on the system
load. While in Fig. 6(a) for p,, = 0.98, increasing L, up-to three has
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Fig. 9. MQL,, and y,, results for different traffic loads.

a significant effect on BP,, for high traffic load, for the system where
pm = 0.56, BP,, does not change significantly for different L, values as
shown in Fig. 6(c). Therefore, keeping L, relatively small (L,;=4) for
higher L,, (L,, = 56) reduces both BP,, and BP,, to reasonable values
where blocking probabilities for both systems are less than 0.01 even
for relatively high traffic loads.

MQL,, and MQL,, results are given as a function of p,, and
subscriber data rates for different L,; values in Fig. 7. MQL,, and
MOQL,, increase together with p,, as shown in Figs. 7(a) and 7(b).
However, there is a sharp increase in MQL,, when p,, > 0.8 in
Fig. 7(a). Even though both MQL,, and MQL,, decreases as subscriber
data rate increases, increasing subscriber data rate further than 4.7
Mbps does not affect the system performance for MQL,, while L, =3
and L,, = 4. It is evident that increasing L,, up-to four reduces the
MQL,, and has a significant effect on system performance, especially
when the system is highly utilized. This is mainly because the relay
node does not send the messages to the BS in case the buffer of BS is
full.

Fig. 8 is given for different p,, and subscriber data rate values but
this time for RT,, and RT,,, taking into account different L, values.
As p,, increases, the RT,, and RT,, in Figs. 8(a) and 8(b) increase as
well. Therefore, RT,, and RT,, increase up-to around 5 s and 0.078 s
respectively for highly utilized systems while the subscriber data rate is
2.4 Mbps. These results clearly show that the buffer capacities of relay
node and base station play a significant role for the optimization of
the interaction. Furthermore, there is a trade-off between the buffer
capacities of two systems in terms of response times. For example,
although the RT) increases as L, increases for highly utilized systems,
increasing L,, up-to four significantly reduces the RT,, to around 2.30
s for 9.5 Mbps subscriber data rate.

In Fig. 9, MQL,, and throughput of the base station (y,,) are given
as a functions of traffic loads. The numerical results are validated
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with the simulation results considering optimum L,, and L, values
obtained from the previous results in Figs. 9(a) and 9(b). Increases
in the traffic load are expected especially for emergency situations
with large numbers of victims. In turn, this can significantly affect
both MQL,, and y,,. However, there is no linear correlation between
MQL,, and y,,. The main reason for this is different system constraints
especially in terms of service times and queueing capacities.

The numerical results presented in this section clearly show the
importance of correct configuration for the relay node and BS based on
the potential numbers of victims in an event of a disaster which directly
affects the expected traffic loads on the infrastructure. The major trends
of the results presented can be summarized as follows:

+ Based on the analysis of the buffer management, it is evident that
retaining a small amount of buffer for the base station, around
L,, = 4, reduces the blocking probability to an acceptable value
for a larger buffer capacity of the mobile node (L,, = 56).

These results clearly show that the relay node can become the
main bottleneck for heavily loaded systems rather than the base
station.

The bottleneck also affects the response time and reduces it to
about 0.078 s and 2.30 s for RT,, and RT,, respectively, where
the subscription data rate is about 9.5 Mbps.

7. Conclusions

This paper presents a modeling study that takes into account queu-
ing issues for applications developed for D2D PSN services. It is always
preferable from the point of view of network engineers and emergency
teams, to avoid dropping data packets with reasonable latency, espe-
cially in the event of a disaster. In addition, resource optimization
efforts considering different performance metrics (MQL, BP and RT for
the base station and the mobile node) such as the one in this study are
important for seamless communication.

In this study, a two-dimensional Markov chain model is developed
and the results of the exact solution approach are validated by the
simulation results. The models and solution approaches presented in
this paper are useful for the bottleneck analysis of similar applications.
Models can be used for the analysis of various performance-related
issues and, more importantly, the scalability of relay node-base station
interactions that can indeed become essential for the first responders
in the event of a disaster. At the same time, the analytical model and
simulation results presented can provide a solid basis for the network
operators for better planning and organization before catastrophic
events occur.

This study can be used to specify system characteristics of PSNs for
disaster cases, as it can provide the necessary guidance for analyzing
network capacity in detail alongside location-related issues. In future
studies, the model presented for detailed performance analysis of relay
node at the BS interaction can also be used in larger-scale modeling
attempts where similar interactions are expected.
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