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Abstract—The wireless communication is an integral part of
the society, however, wireless network infrastructure may not
fully function during post-disaster wireless network scenario in
which we need wireless services even more than normal circum-
stances. In such post-disaster scenarios, the base stations (BS)
could possibly be dysfunctional or overloaded by an excessive
number of user calls or data, whereas user terminals are likely
to be partially connected to or fully isolated from the BS radio
signals. In this paper, we study the network behavior during
the post-disaster when BSs undergo the thinning process due
to the damage to the network infrastructure. During network
recovery phase, we also study the network performance when new
temporary BSs are distributed which will bring the network into
BS superposition phase. Furthermore, Device-to-Device (D2D)
assisted cellular communication helps to increase the link level
network connectivity which is highly appreciated during post-
disaster network scenario because the network coverage is more
desirable than the network throughout in such cases. We also
present the analytical study of D2D and cellular communication
and show that it will effectively increase the network coverage
which may ultimately save many lives during the golden hours
of post-disaster phase.

Index Terms—D2D communication, Poisson point process,
public safety communication, network coverage, base stations
thinning

I. INTRODUCTION

The broadband wireless networks, for instance, long-term
evolution (LTE), and future 5SG communication system have
recently gained tremendous attention due to their capacity,
reliability and spectrum efficiency. Therefore, we need to
investigate how they may fulfill to the mission critical require-
ments of public safety communication, specifically, during and
after the disasters occur [1]. As a result, the post-disaster
communication network requires a robust, reliable, energy
efficient and spectral efficient wireless network infrastructure.
It is therefore obvious that we require advanced technologies
that can efficiently operate under mission critical situations
and retain coverage even when the infrastructure is partially
damaged or completely unavailable during the golden hour of
post-disaster scenario [2].

In LTE, the provision of enhanced multimedia priority
service (eMPS) is available for public protection and disaster
relief (PPDR). According to 3GPP TR 23.854 [3], eMPS
functionality in LTE allows authorized users to obtain and
maintain the radio resource and network components. Such
facilities are provided during eMPS session, i.e., the duration

in which such functionality is enabled in the network, where
priority treatment is applied in resource allocation. Such
priority sessions are basically anticipated on an end-to-end
basis. However, in the post-disaster network scenario, the
cellular services may be unavailable or partially available. In
such cases, there must be fairness in resource allocation and
satisfactory level of network connectivity such that every user
can connect to the scarce radio resources.

One of the several promising technologies that are identified
for 5G is the device-to-device (D2D) communication, where
users are allowed to directly communicate without the base
stations (BSs) involvement. The spectrum resources are shared
between D2D and cellular communications through either
overlay, i.e., orthogonal access to time/frequency resource, or
underlay method, i.e., opportunistic access of time/frequency
resources. It ultimately helps to increase the spectral and
energy efficiencies due to lower transmit power [4]. Such
features make D2D communication a very attractive solution
for post-disaster network scenarios, where there is limited
power supply and efficiency of BSs is critically compromised
(51, [6].

In cases of normal situations, network capacity is expected
to be maximum within the wireless resource constraints. How-
ever, network coverage is critically important than capacity
during the post-disaster for users’ communication to achieve
the effective coordination of the search-and-rescue operations
[7]. Furthermore, there must be absolute fairness on resource
allocation among the end users because every user requires
wireless network connection to the BSs during the post-
disaster. Therefore, the D2D communication features should
be investigated further to increase the coverage area such that
a large number of users are covered within the communication
range. Furthermore, the prototype of multihop D2D commu-
nications, by implementing relay-by-smartphone concept, has
been investigated in [8], where the D2D communication is
integrated with the routing techniques to realize a multihop
communication to improve the network coverage.

Although D2D communication improves the energy and
spectral efficiencies, it also negatively impacts the cellular
network performance due to the severe co-channel interfer-
ence. This ultimately degrades the QoS of both cellular and
D2D services in cases when network is already fragile during
post-disaster scenario. There are several transmit power control
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Fig. 1. The system model of the typical post-disaster communication scenario.

algorithms proposed in the literature, see, e.g., [9], [10], [11],
to avoid interference from cellular to D2D network as well as
D2D to cellular network. Such techniques are inevitable for
efficient post-disaster communication framework, however, the
complexity of algorithm should be significantly minimum to
save energy for information processing in both BSs and user
devices during the post-disaster.

There are several approaches to analyze the cellular and
D2D networks. Stochastic geometry is relatively the most
effective way to study the modern heterogeneous networks.
Furthermore, there are very little studies on the behavior of
network during post-disaster communication. The analytical
study presented in this paper contributes to understand the
post-disaster network behavior. Furthermore, it will also help
to mitigate the co-channel interference, user association and
radio resource allocation when the disaster hits the wireless
network infrastructure.

II. SYSTEM MODEL

The network scenario consists of cellular BSs which are
distributed according to the homogeneous Poisson point pro-
cess (PPP), &, € R?, of uniform intensity A\, where ), is
the average number of BSs per unit area and /\% is the area
of the cell. When the disaster occurs, as shown in Fig. 1,
the cellular users can terminate the cellular services in case
of deteriorating quality of service (QoS) on voice and data
applications. The users thereafter can initiate the proximity
services (ProSe) [3] to form a robust D2D communication
among users. The users are assumed to be randomly distributed
according to the stationary PPP, ®, € R?, with the intensity
of A\, as following.

Here, {di};c(. 4 Where c and d indicate cellular and D2D
communication modes, respectively, is the indicator to show
which mode of operation a user prefers when cellular network
is partially available when the disaster occurs. It primarily
depends on the received and threshold values of signal to noise

and interference ratio (SNIR). Also, {Li};¢. 4 is the quality
of radio link and {P;},. . 4 is the transmit power of user
equipment which is a random variable that primarily depends
on {L;} and path loss exponent, c. The users have to initiate
the synchronization in time and frequency among users and
BSs within the D2D hops to share resource blocks for D2D
links. However, the users in D2D mode can also communicate
independently without the BS assistance during post-disaster
scenarios.

The transmit power can be estimated using the channel
inversion technique in time division duplex (TDD) mode. The
cellular network is based on the orthogonal frequency division
multiple access (OFDMA) technology and BSs transmit with
fixed power, P, to the desired user on any optimal time-
frequency resources.

In the considered network scenario, D2D communication
among users is incorporated in cellular networks. The users
can enable the mode selection between D2D and cellular
during the post-disaster communication depending the user
requirements and available resources. The aim of this paper
is to develop an analytical model to study the behavior
of D2D-enabled cellular network specifically for the post-
disaster communication. Considering the complexity of the
D2D communication within the cellular network, the users
select D2D mode only when channel quality indicator (CQI)
of cellular link is below the SNIR threshold (©), thereby
creating a multihop D2D link to the next available BSs.
Therefore, we consider that each D2D mode user is randomly
and independently placed around another D2D mode user.
From the definition of homogeneous PPP, the circular void
probability is P(D > r) = exp(—A,7r?), where D is the
distance from the nearest point of the process from the random
point. Here, the probability distribution function (PDF) of
distance D is obtained as follows.

Fp(r) = 2mAgre ™ 1 > 0. )

For instance, when the mode selection is ideally based on
SNIR, cellular mode is used if SNIR > ©O, where O is
the threshold SNIR. Otherwise, D2D communication mode
is selected when multi-hop or single-hop pair formation is
successfully established.

A. Spectrum Access Method

The selection of spectrum sharing mode in D2D-enabled
cellular network is very critical in post-disaster network sce-
nario. The overlay mode, i.e., the B subchannels are divided
into nB, where n € [0,1], for D2D communication and rest
(1—n)B for cellular communication. To maximize the spectral
efficiency, 1 can be varied in real-time and OFDMA resource
blocks are managed by centralized system. However, it re-
quires an optimal spectrum sensing techniques to improve the
spectrum allocation efficiency [12]. Though such a mechanism
has a lower sub-band interference, it may not be an ideal
spectrum allocation technique in some situations, e.g., post-
disaster scenario, where central system may be dysfunctional
or partly functioning.



Alternatively, underlay in-band D2D communication would
be suitable for post-disaster communication where D2D users
randomly and independently access part of OFDMA resource
blocks, i.e., B, by calculating the optimal transmit power
such that the interference to the other cellular or D2D users
remains lower than the threshold, ©, which is a system defined
parameter.

III. POST-DISASTER NETWORK BEHAVIOR

We assume that M = (M; : ¢ > 0) is the counting process
which denotes a set of phasing out BSs in the interval (0, t]
when a disaster hits at any arbitrary time ¢ = 0. Similarly,
counting process N = (IV; : t > 0) represents the functional
BSs during interval (0, ¢].

Lemma 1. The random phasing out of BSs, which are
distributed according to homogeneous PPP, will result in a
homogeneous PPP.

Remark 1. I[f M = (M, : t > 0) follows PPP with parameter
pA, where p € [0,1] is the thinning factor which indicates
the probability of any random BS to be phased out during
post-disaster, then N = (Ny : t > 0) follows PPP with the
parameter (1 — p)A.

Theorem 1. The counting processes M = (M; : t > 0) and
N = (N : t > 0) are independent PPP.

Proof. Let us consider j € M, k € N. It is straightforward
to obtain the following, which completes the proof.
o prt)? e (1= p)rt]F
P(Mt = j7 Nt = k) = e_prtg[p’:] - e—(l—p)rtL( kz'))r ] )
J! !
3)
||

Therefore, when the disaster occurs and BSs start phasing
out, the first task is to ensure the public safety by providing the
additional infrastructure, for instance, by deploying the flying
BSs [13] or initiating D2D communication mode to provide
better connectivity irrespective of the exact pattern of phasing
out BSs.

Lemma 2. During the post-disaster network, let us consider
that X = (X; : t > 0) is the current set of working
BSs and Y = (Y; : t > 0) is the union set of additional
BSs deployed and D2D pairs formation, are two independent
counting processes. Here, X and Y follow the homogeneous
PPP with rates \1 and A5 to counteract the BSs thinning effect.
The combination of X and Y during post-disaster recovery
phase will also result in homogeneous PPP with the rate
A1+ Ao, following the superposition property of PPP.

According to Lemma 2, when the new BSs, e.g., aerial
BSs or ground-based vehicular BSs with sufficient backup
power, are deployed to the already existing fragile post-
disaster network, the new network can be analyzed according
to homogeneous PPP.

In a typical post-disaster scenario, network thinning occurs
due to the phasing out BSs, and at the same time, network

superposition occurs due to the added network infrastructures
to improve the network connectivity and throughput. However,
it must be noted that both are independent and random events
in real network because distribution of new BSs does not
consider the actual thinning process in a typical post-disaster
scenario. In the next section, we further investigate how the
network distribution and its behavior change within golden
hour of post-disaster.

Theorem 2. When BSs are phasing out according to homoge-
neous PPP with the parameter pA, p € [0, 1] and superposition
occurs by i = {1,..., K} independent network infrastructure
with the parameter \;, the new network will also follow the
homogeneous PPP with the new parameter (p\ + Zfil Ai)-

Proof. see Appendix A. |

IV. MEASUREMENT OF SUCCESS PROBABILITY

The received SNIR is an important parameter which repre-
sents the strength of the desired signal, S, in comparison to
the sum of interference, I, and additive white Gaussian noise
(AWGN), W, as follows.

S
NIR = ——. 4
SNIR I+W @)

The link level successful communication primarily depends on
the received SNIR, which determines the spectral efficiency,
i.e., logy,(1 + SNIR), measured in bps/Hz. Therefore, for
certain applications, the probability of successful transmission,
P, in both cellular and D2D mode is obtained as follows.

P, = P(SNIR > ©). (5)

The SNIR threshold, O, is a system defined parameter which
depends on the traffic pattern and mode of operation, i.e.,
cellular or D2D communication, when a disaster occurs.

As shown in Theorem 2, The post-disaster communication
scenario can be studied following the properties of homoge-
neous PPP. In such cases, when BSs undergo phasing out
mode immediately after the disaster, i.e., ®y(\) = Py (pAlp €
[0,1]), or the superposition mode during the network recover
process, i.e., ®5(A) = (>, A;), the network performance
can be obtained by considering the PPP model. In this paper,
we adopt the path loss and Rayleigh fading propagation model
in the wireless channels. We denote the direct communication
to the cellular network event by C or through a D2D peer by
D. According to PPP network analysis in [14], the probability
of successful transmission during post-disaster when BS and
users in cellular mode can be obtained as follows.

2b
Ps(Cy :t > 0) = exp (—TO@VV) X
Pt:c
F)\]C;/%)F(l =+ %) P o 3
exp | — —7r’0 6
Pl cos(g5) (PT ° ) ©)

Here, C\, is defined as

—loa __ if £1
o-1 A ) T@=a)Cos(marz) ! 7
1/ {2 ifa=1, ™
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where, I'(z) = fooo y* e ¥dy denotes the Gamma function,
b is related to the channel propagation exponent as b = 1/a,
Py is the aggregated interference power and A is the density
of interferer transmitters.

Similarly, the D2D mode is initiated when the SNIR from
the cellular BS is negligible in comparison to the D2D peer.
In such cases, the multihop D2D communication success
probability [7] is obtained as follows.

PS(Dt it > 0) = IP(PT — pT,Oé,PI — P],/\] — ;\[,
0+ 0,1,), (8

Theinew communication parameters for D2D case, i.e.,
A < A as indicated in (8), are selected based on the density
of D2D users, SNIR threshold, fading model and path loss.

A. Post-Disaster Communication Technique

The D2D communication underlying the cellular network
is executed by initiating the D2D peer discovery according to
3GPP Rel-13. During this process, large number of physical
sidelink control signals are exchanged to initiate the discovery,
synchronization, relaying etc. In post-disaster scenario, where
there is significantly limited backup power supply to user
devices, such D2D communication may not be feasible from
the energy efficiency perspective. Therefore, users initiate the
D2D discovery process only when cellular SNIR is sharply
deteriorated. Therefore, our aim in this paper is to obtain
the average success probability for either cellular or D2D
communication in the post-disaster phase.

In normal communication scenario, a mobile device can
connect to multiple networks, for instance, a mobile phone
can have cellular, Wi-Fi and femtocell network simultaneously.
However, this is not an effective communication method dur-
ing the post-disaster phase due to the higher energy efficiency
requirement and there is also very limited backup power
supply available. In this paper, we propose and study the
network performance when cellular and D2D communication
are mutually exclusive for each user inside the disaster zone.
Such a technique can be enforced by mobile network operators
(MONSs) when disaster hits the wireless network infrastructure.
It eventually minimizes the control packet exchange which
ultimately lowers the energy consumption and processing
information in both user terminals and BSs.

Theorem 3. The network selection events will be independent
as well as mutually exclusive when the user terminals are
enforced to communicate in single mode, in either cellular or
D2D communication, during the post-disaster scenario.

Proof. see Appendix B. |

According to Theorem 3, the choice of communication
mode not only lowers the energy consumption in the network
but also increases the fairness on resource allocation among
the users during the fragile stage of communication network.
Therefore, considering the fact P(Cy : ¢t > 0) - P(D; : t >
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Fig. 2. The network coverage probability analysis for independent D2D,
cellular network and the proposed network access method during the post-
disaster scenarios.

0) = 0, the communication success probability in the proposed
method is obtained as following.

P(CUD) =P(Cy:t >0)+P(Dy : t > 0) ©9)

Here, P(CUD) is bounded to 1 when the BSs are phasing
out. However, when the network comes towards the original
state, P(CUD) does not bound to 1 in which case Theorem 3
will no longer be enforced by MNOs.

V. PERFORMANCE ANALYSIS

In this section, the performance of the network is evaluated
considering various post-disaster communication scenarios,
for instance, BS thinning, network recovery process, and
formation of D2D links. The Rayleigh fading channel model is
considered with the thermal noise of -105 dBm and path loss
exponent 3.68. The SNIR thresholds are taken to be 5 dB and
10 dB for user equipment and BS, respective, and the average
transmit power, i.e., EIRP, of 23 dBm and 46 dBm, respec-
tively. The BSs and user terminals are distributed according
to the PPP model with densities A\, and A, respectively. All
other network parameters are taken according to 3GPP and
WINNER-II models.

Here, we study the behavior of post-disaster wireless net-
work in cases the BSs are phasing out which is determined
by thinning factor p € [0, 1], where p = 0 is the worst case
scenario where no BSs are functioning and only D2D links
are available for proximity service communication. First of all,
we study the cellular communication without newly added BS
or D2D communication pair. Secondly, the performance of
the proposed network recovery methods will be investigated.
The connectivity of the network is primarily measured due to
the fact that the network connectivity is more important than
network throughput during post-disaster phase from public
safety perspective.
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Fig. 3. The network coverage probability analysis for D2D communication
in underlay mode, cellular communication with BS phasing out and BS
superposition during the post-disaster scenarios.

As shown in Fig. 2, when there are no phasing out BSs,
the coverage probability of cellular network decreases when
the transmitter to receiver distance increases. Similarly, the
coverage probability of D2D communication within the similar
user distribution sharply decreases and reaches approximately
null when the average distance is about 500 m due to the
lower transmit power, higher D2D path-loss and fading effects.
In this scenario, the D2D and cellular communications are
independently working which indicates that there is presence
of interference between cellular and D2D networks.

It is obvious that the coverage probability of Rayleigh fading
channel is lower than Gaussian channels due to multiple fading
states. When the disaster occurs, BSs thinning probability, p,
is set to be 0.5, indicating half of the BSs are dysfunctional or
partly functioning. At the same time, 40% of total users initiate
the D2D communication independently. When the proposed
algorithm is implemented, it can be observed in the Fig. 2 that
the overall coverage probability will be significantly improved
such that a large number of users get temporary coverage
during post-disaster. The complexity of the proposed algorithm
is very low because users have to measure the received SNIR
only from cellular downlink signal to decide whether it should
initiate the device detection for possible D2D communication
or not.

The performance in terms of network connectivity in the
proposed post-disaster scenario has been presented in Fig. 3.
When the BSs are phasing out, it is obvious that the probability
of a user within the network coverage range decreases under
any channel fading condition as shown in the figure. For
instance, when 20% BSs are phasing out, approximately 70%
cellular users can communicate with a predefined SNIR,
whereas when BSs phasing out rate is doubled, the coverage
probability further decreases to 45%. The coverage degra-
dation rate is almost similar for both fading and non-facing

wireless channels.

The new BSs are distributed, according to PPP with pa-
rameter A > 0, to provide the communication services to the
disconnected users as indicated by point B in Fig. 3. At this
instant of post-disaster network, the channel fading is con-
sidered to be the Rician distribution assuming the flying BS,
or unmanned aerial vehicles (UAVs), provide such coverage
where there is a better chance of line-of-sight communications
[15]. As shown in the Fig. 3, when BSs superposition occurs
at point B, the user coverage probability can be improved from
0.4 to 0.6. However, it primarily depends on the number of
added BSs and their distribution patterns. Similarly, the D2D
communication is enabled when BSs phasing out occurs at
20%, D2D communication, being independent of the cellular
communication, remains constant at around 80% irrespective
of BSs thinning process as described in the previous section.

VI. CONCLUSION

Since wireless communication infrastructure plays very
important role in public safety during post-disaster scenario
to save more lives, the analytical studies of such cases are
critically imperative for 5G and beyond. In this paper, we
analyzed the network behavior during a typical post-disaster
scenario where BSs undergo the thinning process due to
the damage to the network infrastructure. During network
recovery phase, we also investigated the network performance
when new temporary aerial or ground-based BSs are deployed
which transform the network into the BS superposition phase.
Furthermore, D2D assisted cellular communication helps to
increase the link level network connectivity which is highly
appreciated during post-disaster phase because the network
coverage is more desirable than the network throughout in
such cases. We also described the analytical study of D2D
and cellular communication in underlay mode and revealed
that it can effectively increase the network coverage.

APPENDIX A: PROOF OF THEOREM 2

Proof. Here, we consider the interference model for both
BSs phasing out and superposition processes. Let I; =
Zze% Pp(z,y) is the aggregate interference power at the
random user, where ® 4 is the set of locations of active BSs
and Py, (z,y) is the average path loss function between points
x and y. Similarly, When network superposition occurs, either
due to added BSs or new D2D link formation, the interference
to the user at point z is I = Y1, > vew, Prr(z,y). The
interference to a particular user irrespective of network mode
of operation, the total interference is

K
I=L+ILi= )Y Pux,y)+Y Y Puklx,y). (10

€D 4 k=1zedy,

The Laplace transform of (10) is obtained as following.

K
I(s) = Eg, [e—szze@A PL(YJ):|_H Es, [eisZwE‘% P (2) ’
k=1

(an



which can be reduced to

[1 — e_SPL(”)} dx

I(s) =exp —p)\/

R2

K
_  e—sPLa(o)
;Ak/wh e 5Pk }daz. (12)

Here, Py (z) and Pp, x(z) follow PPP. There are two new
networks in post-disaster phase, i.e., k = 1,2, for new D2D
networks and added cellular networks. Therefore, based on
the superposition property of PPP, we can generalize Pr(x),
Pr1(xz) and Ppo(z) into a single link vector. Then, (12)
becomes

K
I(s) = exp| — |pA+ Z)\k / [1 fe*SPL(x)] dz |,
k=1 R?

(13)
which is a PPP (distribution with new parameter
(p)\ + Zszl )\k). This completes the proof. ]

APPENDIX B: PROOF OF THEOREM 3

Proof. Assuming C = (Cy : t > 0) is the PPP which under-
goes thinning when disaster occurs and D = (D; : ¢t > 0)
is the formation of D2D pairs which is superimposed within
the same cellular network area during post-disaster phase.
As shown in Theorem 1, counting processes C and D are
independent to each other. According to the proposed method,
the selection of communication mode is mutually exclusive.
Now, we will find the condition in which this is true. Since
they are independent events, the following is true.

(14)
Since selection mode is assumed to be mutually exclusive,

P(Ci:t>0)NP(D;:t>0))=0. (15)

According to (14) and (15), following should be true.

(16)

Therefore, P(Cy : t > 0) - P(D, : ¢ > 0) = 0 is true only
when 1) P(C; : ¢ > 0) =0 if P(D; : ¢t > 0) #£ 0, ii) P(D; :
t>0)=0if P(Cy : t > 0) # 0, oriii)) P(C; : t > 0) =
P(D; : t > 0) = 0. During the post-disaster phase, When user
terminals are enforced to choose one mode of communication,
then two events will be independent and mutually exclusive.
This completes the proof. ]
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