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Emergency communication systems play a major role in disaster-relief environments. In terms of the public safety research, the
emergency relief communication system can provide a high system capacity for networks based on the development of Long-
Term Evolution. However, in the event of a disaster, mass traffic information can cause congestion in the core network, and
communications between relief workers may be limited. Consequently, spectrum efficiency can be very weak. This paper
provides a hybrid traffic offloading mechanism combining Device-to-Device (D2D) and Local IP Access (LIPA) modes for the
disaster-resilient network. With receiving power, the distance between relief workers and the distance between relief workers
and the vehicular eNodeB (VeNB) as the LIPA/D2D switching criteria, the network can select an appropriate mode to prevent
core network congestion. This paper also considers the effects of the mobility models (i.e., random walk and random direction)
on the spectrum efficiency of the disaster-resilient communication system. The proposed hybrid LIPA/D2D traffic oftfloading
mechanism can prevent the local communication traffic from flowing into the core network and significantly improve the
system spectrum efficiency when the core network is under congestion. Therefore, the proposed mechanism can effectively
improve the quality of the communication between relief workers served by the same VeNB for performing rescue operations.

Moreover, the hybrid LIPA/D2D traffic offloading mechanism can be applied to the smart city and smart home in the future.

1. Introduction

L.1. Background and Motivation. The evolution of mobile
communication systems from the first generation (1G) to the
third generation (3G) is still essentially based on the philosophy
of conventional telecommunication systems. These mobile
communication systems are stable and reliable for voice
services but lack sufficient bandwidth and operational resil-
ience for multimedia data services. These deficiencies are well
corrected in the fourth generation (4G) mobile communication
system. The 4G mobile communication system effectively
enhances system capabilities and resolves channel effects and
interference to bring a new high-speed Internet experience to
users. In addition to the improved network architecture, the
4G mobile communication system is equipped with advanced
signal processing technology that enhances the effectiveness
of the receiver. In the framework of the IP-based 4G communi-

cation network architecture [1], when a user equipment (UE)
communicates with an adjacent receiver within an evolved
node B (eNodeB or eNB) service area, data packets shall be
transmitted through a radio access network (RAN) to the
evolved packet core (EPC) and should then be transferred to
the receiver along the original path. The disadvantage of such
a transmission link is that all data needs to be transmitted by
many network devices and Internet service providers (ISPs)
during transmission. In this case, an increase in transmission
traffic may lead to high latency and congestion of the core
network.

With the dramatic global climate change, different types of
natural disasters occur more frequently, resulting in serious
social and economic losses and even endangering the lives of
the general population. However, where there are major natu-
ral disasters (e.g., windstorms, floods, earthquakes, tsunamis,
and landslides), buildings, roads, and infrastructure related
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to the livelihoods of the general public may be destroyed, com-
plicating rescue operations. In the Great East Japan Earth-
quake, for example, most eNBs were destroyed, and only a
few eNBs could normally provide communication services.
Thirty minutes after the earthquake, the total number of calls
increased by a factor of eight [2]. The significant increase in
data packets is due to the safety confirmation of the general
public and their families, instant media reports on the network
media, and messages during search and rescue (SAR) opera-
tions. Within a short time, a large amount of communication
traffic was generated and transmitted to the core network,
causing congestion of the core network. Consequently, the
delay of the packets or even the abandonment took place,
reducing the efficiency of the spectrum in the disaster area.

For a disaster-resilient communication network in the
disaster area, an efficient traffic offloading mechanism is
necessary. With a rescue operation, the relief workers in the
disaster area may randomly move to places where there may
be people in help. The relief workers may move by walking
or by car, and the mobilities of the relief workers are different.
The distance between relief workers are changing all the time.
Some messages are passed between workers, and some
messages need to be reported back to the command center.
Not all the traffic needs to go through the core network. The
disaster-resilient communication network needs the traffic off-
loading mechanism to differentiate between the internal mes-
sages and the external messages. In addition, the traffic
offloading mechanism should avoid a large amount of disaster
relief communication traffic passing through the core network
to result in the congestion problem.

This paper considers the use of two traffic offloading
mechanisms [3] to resolve the congestion problem faced by
the emergency communication network. Using the traffic
offloading technology, the communication traffic generated
in the disaster area can be transmitted directly or indirectly
to the receiver, thereby reducing the communication traffic
back to the core network. This can effectively prevent core
network congestion from causing a low spectrum efficiency
in the disaster area and thereby prevent the interruption of
internal communication in the disaster area. One mecha-
nism is Local IP Access (LIPA) [4], in which UE data is
directly distributed (or accessed) from eNBs without being
transmitted to the core networks of ISPs, as shown in
Figure 1. In the case of data transmission between UEs and
other nodes in a near end network, local packets can be
directly routed via the eNB to the receiver (UE), without
being transmitted to the core network. In this way, the trans-
mission delay can be reduced, the traffic can be offloaded,
and the load of the core network and the transmission costs
can be reduced. The other mechanism is the direct Device-
to-Device (D2D) communication [5], in which the devices
communicate directly with each other, without being routed
through the eNB. In D2D mode [6, 7], spectral resources of
the network can be utilized repeatedly to enhance the spec-
trum efficiency and reduce the load of eNB. The D2D mode
is used for communication between adjacent devices. It
enables direct communication between devices in order to
reduce the backhaul traffic and thereby achieve the offload-
ing effect of traffic.
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1.2. Related Works. In recent years, owing to the require-
ments to improve the system data traffic and reduce the core
network load, interest in D2D communication technology
has increased. To respond to the demand for more data
and less delay in next-generation communication systems,
D2D is applied in the existing cellular system, which has
become the trend of future communication systems [8, 9].
However, most studies have not examined the potential
effects of UE mobility models in actual situations on the
transmission rate of communication in the disaster area.

Some studies did not consider the mobility of users in
the disaster-resilient communication network, as shown in
Table 1. In actual situations, relief workers have different
mobility models depending on their operational needs. For
example, when relief workers are informed of the exact loca-
tion of a victim, they perform an SAR operation within the
key area only; when relief workers perform casualty trans-
port or fixed-point movement operation in the disaster area,
they move at a fixed rate and in a fixed direction. However,
in the studies of References [8, 10-14], the simulation
scenarios do not account for the mobility of the relief
workers in the disaster area. To make the simulation scenario
better accord with the actual situation, this paper considered
the possible impacts of UE mobility on the communication
traffic offloading.

Some papers considered the mobility of users for the
D2D communication network, such as [15, 16] and [17,
18], as shown in Table 1. The authors in [15, 16] designed
a suitable group-based data synchronization method and
proposed a mobility-aware data update mechanism to
improve the overhead of maintaining the consistency of
shared data items in an MP2P network. A theoretical analy-
sis of transmission rate on D2D mode selection with user
mobility has been investigated in [18]. However, the papers
[15-18] only considered the D2D mode and did not
consider the other traffic offloading mechanism.

1.3. Objective. This paper proposes a hybrid LIPA/D2D traf-
fic offloading mechanism for a disaster-resilient communi-
cation network. When a disaster occurs that results in a
lack of communication resources in the disaster area, a
vehicular eNodeB (VeNB) enters the disaster area, and each
relief worker is equipped with a UE that can instantly report
his or her global positioning system (GPS) location coordi-
nates. In this case, the hybrid mechanism can switch to a
better mode of traffic offloading from D2D or LIPA depend-
ing on the distance and received power between the VeNB
and relief workers. In addition, this paper investigates the
impact of different mobility models such as random walk
and random direction during rescue operations on the over-
all transmission rate, in order to evaluate the efficiency of the
hybrid LIPA/D2D traffic offloading mechanism.

1.4. Our Contributions. Under the disaster-resilient communi-
cation network proposed in this paper, the hybrid LIPA/D2D
traffic offloading mechanism can switch the suitable traffic off-
loading mode when the core network is congested. Therefore,
the hybrid LIPA/D2D traffic offloading mechanism can avoid
a large amount of disaster relief communication traffic passing
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F1GURE 1: Schematic of the communication model.

TaBLE 1: Application of synthesis between LIPA/D2D and cellular network.

Related works Method Mobility Criterion
Doppler et al. [8] D2D — Throughput
Frlan [11] D2D — Received power
Tang and Ding [14] D2D — Local IP
Sankaran [13] LIPA — —

Khan et al. [12] LIPA — —
Chang et al. [10] LIPA — —
Orsino et al. [17] D2D Random walk —

Lai et al. [15, 16] D2D Random way point Time

Xu et al. [18] D2D Random way point Received power
Our work Hybrid LIPA/D2D Random walk; random direction Received power; distance

through the core network and causing the delay or interrup-
tion of the internal communication network in the disaster
area. In addition, the mobilities of the relief workers may be
different according to the disaster environment. The single
traffic offloading mechanism cannot support the rescue oper-
ation. The hybrid LIPA/D2D traffic offloading mechanism can
provide the proper link for the relief workers for improving
the spectrum efficiency. The simulation results show that the
hybrid D2D and LIPA traffic offloading mechanism can fur-
ther improve the spectrum efficiency of the disaster-resilient
communication system under the core network congestion.
Therefore, the operation of the disaster-resilient communica-
tion network can be maintained, and the transmission of
important information can be achieved in the disaster area.
The hybrid LIPA/D2D traffic offloading mechanism also
can be applied to other scenes, such as smart city and smart
home. When in a crowded area, the traffic for some users
may be within the area. At this time, the network can first
distinguish the traffic within the area or the traffic that needs
to be sent to the core network. If the traffic belongs to the
same coverage of the eNB, our traffic offloading mechanism
can provide the location-based services (LBS) based on the
users’ locations. When the two users are close enough, the
network can switch to the D2D mode for the users, while
the LIPA mode can be switched when the two users are
too far apart. This is a very useful mechanism for smart city
and smart home. In the future, if the traffic can be actually
measured, the traffic offloading model will be trained by

the machine learning and other artificial intelligence tech-
niques for satisfying the demands of various smart cities
and smart homes.

The remainder of this paper is organized as follows. Sec-
tion 2 introduces a disaster relief scenario, channel model,
mobility models, and performance metrics. The proposed
hybrid LIPA/D2D mode is detailed in Section 3. Section 4
shows the simulation results, and the concluding remarks
are given in Section 5.

2. System Model

2.1. System Architecture. A disaster-resilient communication
network is considered as shown in Figure 2. In the event of a
disaster, the terrestrial communication infrastructure in the
disaster area may be destroyed, and the communication
services may be interrupted or unstable. The governmental
organizations (e.g., Executive Yuan in Taiwan) set up the
Central Emergency Operation Center (CEOC) to support
the rescue operations. At this time, a disaster relief team
and a vehicular eNodeB (VeNB) enter the disaster area to
establish a Forward Command Post (FCP) and set up an
emergency communication network as soon as possible so
that the relief workers in the disaster area can perform the
rescue, communication/coordination, and disaster informa-
tion notification. Relief workers can be regarded as mobile
user equipments (MUEs) because they must constantly
perform SAR and provide disaster information. The FCP
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FIGURE 2: A disaster-resilient communication network.

commander will collect all types of disaster information to
develop a common operation picture (COP) and report to
the CEOC in real time, so that the CEOC can effectively
manage the overall situation of the disaster area. In view of
the fact that the wired communication infrastructure has
been destroyed, the emergency communication network in
this context connects to the core network through the wire-
less transmission.

As shown in Figure 1, when relief workers perform com-
munication/coordination and disaster information reporting
in rescue operations, there are mainly three communication
modes: cellular mode, Local IP Access (LIPA) mode, and
Device-to-Device (D2D) mode. In the cellular mode, the infor-
mation for intra-area communication/coordination between
two devices must be transmitted to the eNodeB (eNB) and
the core network before being sent back to the destination
device. In the LIPA mode, the information for intra-area com-
munication/coordination between two devices can be transmit-
ted by the eNB directly to the destination device, without being
transmitted to the core network. In the D2D mode, the infor-
mation for intra-area communication/coordination between
two devices can be transmitted directly, without being routed
via the eNB.

2.2. Channel Model. This paper considers the large-scale
fading phenomenon, including two components: (1) path loss
caused by the distance between the transmitter and receiver
and (2) shadowing caused by the obstacles in the channel. In
the simulation scenario of this study, different path losses are
set for the LIPA and D2D modes according to References
[19-24], as shown in Equation (1). There must be path losses,
regardless of the distance between the devices. According to

the technical reports of the Third-Generation Partnership
Project (3GPP), the path loss can be calculated as a function
of the interdevice distance (in km) and can be expressed as

" 128.1 + 37.6 10g,, (9 caitutar) (1)
= > 1
) 148 + 40 log, o (dpop)

where d_ .- is the distance from the VeNB to the device
and dp,p, is the distance between one pair of devices. Gener-
ally, the shadowing effect is represented by a log-normal ran-
dom variable (&), which ranges from 6dB to 10dB. Because
the disaster area selected in this paper is subject to the shadow-
ing effect of the complex terrain, the shadowing effect in LIPA
and D2D modes is set to the maximum value (i.e., 10dB) [19].
In addition to the large-scale fading phenomenon, this paper
also considers the small-scale fading phenomenon in the
channel model. The small-scale fading is considered as the
Rayleigh fading channel.

2.3. Mobility Module. When relief workers are performing
search and rescue (SAR) operations in the disaster area, they
must adapt their mobility models to different terrain con-
straints or operational needs due to the complex terrain of
the disaster area. Therefore, in this paper, a mobility module
has been designed based on the mobility characteristics of
relief workers to simulate the mobility patterns during their
SAR operations in the disaster area. This module supports
two mobility models: random walk model (RWM) and
random direction model (RDM).

The RWM can be used to establish a path along for a
relief worker to move at a fixed rate in a random direction.
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In the beginning, the RWM randomly generates an azimuth
angle from [0, 27] as the initial moving direction for a relief
worker. The relief worker moves to the next search location
at a fixed rate. Then, the RWM randomly regenerates an
azimuth angle again from [0, 27] as the next moving direc-
tion for the relief worker. This paper assumes that the
RWM updates the azimuth angle every second. The RWM
can simulate a scenario where a relief worker may keep
changing the moving direction when the relief worker is
unsure of the key SAR area.

The RDM can be used to simulate that the relief worker
has to change a path owing to the constraint of communica-
tion coverage. Similar to the RWM, the RDM randomly selects
an azimuth angle from [0, 27] as the initial moving direction
for a relief worker at first. However, the relief worker keeps
moving to the boundary of the communication coverage at a
fixed rate. Then, the RDM randomly regenerates an azimuth
angle of reflection within the communication coverage from
[0, 27t] as the following moving direction for the relief worker.
Different from the RWM, the RDM updates the azimuth angle
of reflection whenever the relief worker moves to the bound-
ary of the communication coverage. The RDM can simulate
a scenario in which a relief worker needs to return from the
edge of the disaster area.

Figure 3 illustrates the results of the mobility module
(i.e., RWM and RDM) simulating two relief workers moving
to perform the SAR operation in the disaster area at veloci-
ties of 3km/h in Figure 3(a), 10km/h in Figure 3(b), and
30 km/h in Figure 3(c), respectively. The simulation scenario
is that the VeNB (marked with a diamond) enters the disas-
ter area after the occurrence of the disaster. The area inside
the hexagon represents the service area of the VeNB, and
two relief workers are combined into a team to enter the
disaster area for SAR. The distance between the initial loca-
tions of the two relief workers is set as 10 meters, and they
constantly move to perform SAR operations within one
hour. The movement of the relief workers has been simu-
lated at different speeds of 3km/h, 10km/h, and 30 km/h,
whether by walking or by a vehicle.

2.4. Efficiency Indicators. The signal-to-noise ratio (SNR) is
commonly used to evaluate the performance of systems. As
shown in Equation (2), if the signal power is large, then
the system efliciency and transmission quality will be high.
The SNR has a direct effect on the bit error rate and also
influences the information capacity. The ratio of the signal
power (S) to the noise power (N,) is shown as

S
SNR= . (2)
NO

For channel characteristics, the large-scale fading (i.e., path
loss and shadowing effect) and small-scale fading (i.e., multi-
path fading) are considered. In this paper, we consider only
one VeNB and the UEs of two relief workers in the disaster area.
For the LIPA mode, the VeNB has no interference in the uplink,
and the UEs have no interference in the downlink. Therefore,
the signal-to-noise ratio (SNR) of the VeNB in the uplink and
that of the UE in the downlink can be expressed, respectively, as

2
b= P210(§y,,/10) |y, | /104 ()10

t N NG

b _ Pp*10(Epy,i/10)e hDL,t‘z/lo(L(dDva)“O) (@)
Vt - N 4
0

where P, and P, respectively, represents the transmit
power of a UE and the VeNB, and both of their units are watts.
t represents the time duration of SAR of relief workers, i.e., the
total simulation time. N, represents the noise power. dy;; repre-
sents the distance between a relief worker and the VeNB in the
uplink, and dp; represents the distance between the VeNB and
a relief worker in the downlink. L represents the path loss calcu-
lated according to Equation (1). &y ; and &p; , are a log-normal
random variable to calculate the shadowing effect in the uplink
and downlink, respectively. h;; ; and hpy; , represent the Ray-
leigh fading channel in the uplink and downlink, respectively.

Similarly, there is no interference in the D2D mode, and
we assume that the D2D mode is only available in the uplink
phase. Therefore, the SNR for D2D communication can be
expressed as

P,+10(£p,,/10)e |y, |*/10(E(00)10)

Ny

D2D _
Vi =

) (5)

where dj,, represents the distance between the devices,
&p, is a log-normal random variable to calculate the shadow-
ing effect, and hy,, represents the Rayleigh fading channel.

According to Equations (3) to (5), the theoretical spec-
trum efliciency of LIPA, D2D, and hybrid LIPA/D2D modes
within the time T is expressed as

1z
SEi1pa = TZlogz(l +min {Y}JL’ V?L})’ (6)
t=1
1¢ D2D
SEpyp = fz log, (1+9,°7), (7)
t=1

T
SEnp = 1. loga(1+max {min {121},
t=1

(8)

In Equations (6) to (8), SE{jps, SEp,p, and SEyyiq Tep-
resent the theoretical spectrum efliciency in the LIPA, D2D,
and hybrid LIPA/D2D modes, respectively. ¢ represents the
start time of SAR, and T represents the end time of SAR.
In the LIPA mode, assuming that the timeslots are divided
into uplink and downlink timeslots, and the total transmis-
sion rate is limited by the minimum transmission rate of
the uplink and downlink. Therefore, the average effective
spectrum efficiency is the lower one between the uplink
SNR and downlink SNR. However, the theoretical spectrum
efficiency in the D2D mode is calculated directly using the
SNR of the D2D link. In the hybrid LIPA/D2D mode, the
higher one between the SNR (LIPA) and SNR (D2D) in each
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FIGURE 3: Simulation trajectory of the mobility module.

timeslot is used as the theoretical spectrum efficiency of the
hybrid LIPA/D2D traffic offloading mechanism.

In this paper, we consider the modulation and coding
schemes (MCSs) to mapping the effective spectrum effi-
ciency instead of Shannon’s Law in the LTE communication
system. That is because the spectrum efficiency calculated by
Shannon’s Law is the theoretical value. The MCSs have three
modulation modes, namely, QPSK, 16-QAM, and 64-QAM
with different code rates. Table 2 lists the considered MCSs,
the corresponding received SNR, and the effective spectrum
efficiency I'. With the information of received SNR, the MCS

and the corresponding effective spectrum efficiency can be
determined according to Table 2. This paper uses the aver-
age effective spectrum efficiency as an indicator for perfor-
mance evaluation.

3. Hybrid LIPA/D2D Mode

As shown in Figure 4, in normal cases, the cellular connection
is performed between UEs through the general cellular com-
munication architecture. When a disaster occurs, a VeNB
enters the disaster area, and an external communication



Wireless Communications and Mobile Computing

TaBLE 2: Modulation and coding schemes.

Modulation Code Received Effective spectrum
Scheme Rate SNR (dB) Efficiency I' (b/s/Hz)
QPSK 172 25 0.25

QPSK 1/2 0.5 0.5

QPSK 172 3.5 1

QPSK 3/4 6.5 15
16-QAM 1/2 9 2
16-QAM 3/4 12.5 3
64-QAM 1/2 14.5 3
64-QAM 2/3 16.5 4
64-QAM 3/4 18.5 4.5

m A

¥

MUE#1 MUE#2 VeNB eNB
C Cellular connection )
IP address
IP address
IP address detection
(_ LIPA/D2Dlink configuration )

MUE#1|measurement

MUE#2 measurement

Mode selection
(switch criteria)

LIPA/D2D mijgration command

LIPA/D2D migration command

( Start (release) LIPA/D2D link )
| |

FIGURE 4: A flowchart of the hybrid LIPA/D2D traffic offloading
mechanism in the cellular communication mode.

network is constructed. Through the local IP address detec-
tion, the VeNB can take over from the destroyed eNB to pro-
vide communication services. Since the communication and
coordination of relief workers occur primarily within the
inside of the disaster area, this paper mainly investigates the
switching of intra-area communication modes. After taking
over the communication services, the VeNB can measure the
reference signal intensity and the GPS location information
of MUEs. Then, the VeNB rapidly evaluates the LIPA/D2D
downlink transmission in every time slot and notifies the
MUE:s of the mode switching to obtain the maximum average
spectrum efficiency.

The distance and the received power are typically used as
criteria for mode switching to investigate the differences in
the spectrum efficiency, as shown in Figure 5. After the VeNB
enters the disaster area and an external communication net-
work is built, the distance between relief workers (d;) and
the distances between the VeNB and MUEs (d, and d,) are
calculated according to the location information that
MUE#1 and MUE#2 send back to the VeNB. Then, the dis-
tance information can be used to estimate the received power
of the VeNB and MUE:s for LIPA and D2D links. On the other
hand, the received power of the VeNB and MUEs for LIPA
and D2D links can be measured by the VeNB and MUEs.
Therefore, the received power with estimation and measure-
ment between the VeNB and MUEs (LIPA link) and between
MUEs (D2D link) can be used as criteria for switching the
transmission mode. If the received power of the direct com-
munication between two relief workers (in D2D mode) is
stronger than that in the LIPA mode, the D2D link is selected
for communication; otherwise, the LIPA link is chosen.

In the case of using the received power as a criterion for
LIPA/D2D switching, the received power of the D2D link
(PP?P) is calculated according to the MUE transmit power
and the path loss of the transmission distance. In the LIPA
mode, the uplink received power (P-*4V) and the downlink
received power (PHPAPL) can be estimated based on the large-
scale and small-scale fading channels and the transmission
power of the VeNB and MUEs. Therefore, the received power
of the actual receiver in the LIPA mode (P-*4) is the smaller
received power between the uplink and downlink. Following
the calculation of the received power in the D2D and LIPA
modes, a judgement is made regarding which received power
is greater. If the received power in the LIPA mode is higher
than that in the D2D mode, the LIPA mode is selected; other-
wise, the D2D mode is selected, as shown in Algorithm 1.

In the case of using the distance as a criterion for
LIPA/D2D switching, the distance in the D2D mode is the
distance between MUEs (d,). In the LIPA mode, the uplink
distance is the distance between MUE#1 and the VeNB (d,),
which is calculated according to the location coordinate sent
by MUE#1 back to the VeNB. The downlink distance is the
distance between VeNB and MUE#2 (d,), which is calcu-
lated according to the location coordinate sent by MUE#2
back to the VeNB. The uplink and downlink distances are
calculated in parallel to obtain the reference values of the
reception distance (d* ) in the LIPA mode. After the refer-
ence values of the distances (d*) in the D2D and LIPA
modes are calculated, a judgement is made regarding which
is greater. If the distance in the LIPA mode is greater than
that in the D2D mode, i.e., the distance between MUE#1
and MUE#2 is shorter; the D2D mode is selected; otherwise,
the LIPA mode is selected, as shown in Algorithm 2.

4. Simulation Results and Analysis

In this paper, we use MATLAB to simulate the architecture
of the disaster-resilient communication networks. The simu-
lation scenario consists of one VeNB and two MUES.
Table 3 presents the simulation parameter settings in the
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hybrid LIPA/D2D, LIPA Only, and D2D Only modes. The
service area of the VeNB is set as 500 meters. The SAR team
entered the disaster area in pairs. Therefore, there are two
MUEs in the disaster area, and the initial distance between
the pair of relief workers is set to 10 meters. The mobility
rate ranges from 3km/h to 30 km/h. The transmit power of
the MUEs and the VeNB is set as 23dBm and 36 dBm,
respectively. The white Gaussian noise power is set as
—-174 dBm/Hz.

According to the mode switching criterion, four traffic
offloading modes are simulated and analyzed within the
SAR time, including (1) the hybrid mode based on the
received power, (2) the hybrid mode based on the reception
distance, (3) the D2D Only mode, and (4) the LIPA Only
mode. The user mobility is also considered as shown in Sec-
tion 2.3. According to the simulation results at different
velocities and the SAR time for RWM and RDM schemes,
the hybrid traffic offloading mechanism proposed in this
paper can effectively improve the average effective spectrum
efficiency at different velocities and a constant SAR time.

4.1. The Effect of the Mobility. Figure 6 shows the average
effective spectrum efficiency against the velocity of MUEs
under the RWM scheme for the four traffic offloading
modes. From the figure, we have the following observations:

(1) For the D2D Only mode in RWM, the spectrum effi-
ciency decreases as the velocity of MUEs increases.
This is because the variance of the distance is smaller
when the MUEs move at low speeds. As the speed
increases, the variance of distance increases. The
two MUEs at a low velocity can maintain a shorter
distance than those at a high velocity. Consequently,
the D2D Only mode with low speed has a better
spectrum efficiency than that with a high speed.
However, the spectrum efficiency of the LIPA Only
mode keeps almost the same value, irrespective of
the velocity variation of MUEs. Since the VeNB can
provide the stable signal strength to MUEs with the
LIPA Only mode in the coverage of disaster area,
the average effective spectrum efficiency can stay a

)

3)
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near constant. In this example, the D2D Only mode
can achieve 41.58% more spectrum efficiency than
the LIPA Only mode when the velocity of MUE:s is
at 3km/h. However, as the velocity of MUEs increases
to 30 km/h, the LIPA Only mode can achieve 196.92%
more spectrum efficiency than the D2D Only mode.
Therefore, when the velocity of MUEs is below
8 kmy/h, the D2D Only mode can provide better spec-
trum efficiency than the LIPA Only mode. On the
other hand, the LIPA Only mode can provide better
spectrum efficiency than the D2D Only mode when
the velocity of MUEs is above 8 km/h.

For the hybrid mode, the spectrum efficiency also
decreases as the velocity of MUEs increases due to
the increasing variance of distance. Nevertheless,
the power criterion scheme can achieve higher spec-
trum efficiency than the distance criterion scheme.
This is because the power criterion scheme is based
on the received power measured by the VeNB and
MUEs while the distance criterion scheme is based
on the reception distance estimated by GPS informa-
tion. The estimation of the reception distances exists
some errors from the measurement of the received
power because of the channel effect. However, the
error between the power criterion scheme and the
distance criterion scheme is insignificant, and the
complexity of the power criterion scheme is more
than that of the distance criterion scheme. In this
example, the power criterion scheme can achieve
0.36% and 2.06% more spectrum efficiency than the
distance criterion scheme when the velocity of MUEs
is at 3km/h and 30km/h, respectively.

Both schemes of the proposed hybrid mode can
achieve higher spectrum efficiency than the D2D
Only mode and the LIPA Only mode at an arbitrary
velocity, because the proposed hybrid LIPA/D2D
traffic offloading mode can switch the appropriate
traffic offloading mode based on the current commu-
nication environment. In the example, when the
velocity of MUEs is 3km/h, the power criterion
scheme of the hybrid mode can achieve 43.03% and
1.03% higher spectrum efficiency than the LIPA
Only mode and the D2D Only mode, respectively.
Moreover, the distance criterion scheme of the
hybrid mode can achieve 42.51% and 0.66% higher
spectrum efficiency than the LIPA Only mode and
the D2D Only mode, respectively. As the velocity
of MUEs approaches 30km/h, the power criterion
scheme of the hybrid mode can achieve 6.12% and
215.10% higher spectrum efficiency than the LIPA
Only mode and the D2D Only mode, respectively.
Furthermore, the distance criterion scheme of the
hybrid mode can achieve 3.98% and 208.75% higher
spectrum efficiency than the LIPA Only mode and
the D2D Only mode, respectively.
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Input:

d,//The distance between MUE#1 and VeNB;
d,//The distance between MUE#2 and VeNB;
d,//The distance between MUE#1 and MUE#2;
P//The transmission power;

{L,&, h}//The channel variable.

Output:

LIPA mode or D2D mode.

Pseudocode:

1: Calculate PHPAUL apng pLIPADL

2. p];IPA,UL — Pa . 108uL/10 ‘hULJ|2/10L(dULJ)/10
3: p{:IPAJ)L = Pb . loim,z/lo . ‘hDL,t|2/1OL(dDL’t)/10
4: Determine the received power of the LIPA link (PLP4)
5: PUPA = i {pLPAUL pLIPADLY
6: Calculate P?ZD
2
7: PPP = P 105010 |, |2 1102 )10
8: if PP20 > PLIPA then
9: Switch to D2D mode
10: else
11: Switch to LIPA mode
12: end if

ArcoriTaM 1: Hybrid LIPA/D2D mode selection based on received power.

Input:

Output:
LIPA mode or D2D mode.
Pseudo code:

2dt=d d,/d, +d,
:if d* > d; then

: else

:end if

d, I/ The distance between MUE#1 and VeNB;

d, I/ The distance between MUE#2 and VeNB;

ds I/ The distance between MUE#1 and MUE#2;
d”// The reference values of the reception distance.

1: Calculate the reference values of the reception distance (d*)

2

3

4: Switch to D2D mode
5

6 Switch to LIPA mode
7

ArcoriTHM 2: Hybrid LIPA/D2D mode selection based on reception distance.

TasLE 3: Simulation parameter settings.

Parameters Values
VeNB radius (R,,) 500 m
Initial distance between two MUEs (R;) 10m
Velocity of MUEs 3-30km/h
Transmission power (MUE/VeNB) 23/36 dBm [24]
Noise power (NO) -174 dBm/Hz
Noise figure of VeNB/MUE 7dB

SAR time 1-24 hours
Shadowing (&) 10dB

Figure 7 shows the average effective spectrum efliciency
against the velocity of MUEs under the RDM scheme for
the four traffic offloading modes. From the figure, we have
the following observations:

(1) For the four traffic offloading modes in RDM scheme,
the average effective spectrum efficiency does not vary
too much when the velocity of MUEs increases. That
means the average effective spectrum efficiency is irre-
spective of the velocity of MUEs in the RDM scheme.
In this example, when the velocity of MUEs is 3 km/h,
the spectrum efficiency of the power criterion scheme
of the hybrid mode, the distance criterion scheme of
the hybrid mode, the LIPA Only mode, and the D2D
Only mode is 3.05 bits/s/Hz, 3.01 bits/s/Hz, 2.92
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FIGURE 7: Average effective spectrum efficiency versus the velocity of MUEs under the RDM scheme.

bits/s/Hz, and 0.65 bits/s/Hz, respectively. As the
velocity of MUEs increases to 30 km/h, the spectrum
efficiency of the power criterion scheme of the hybrid
mode, the distance criterion scheme of the hybrid
mode, the LIPA Only mode, and the D2D Only mode
is 2.97 bits/s/Hz, 2.93 bits/s/Hz, 2.90 bits/s/Hz, and
0.43 bits/s/Hz, respectively. It shows that the impact
of the MUE velocity is very small in RDM for the four
traffic offloading modes.

(2) The power criterion scheme of the hybrid mode, the

distance criterion scheme of the hybrid mode, and
the LIPA Only mode have the similar average effec-
tive spectrum efficiency. However, both schemes of
the hybrid mode can perform better spectrum effi-
ciency than the LIPA Only mode. In this example,
the power criterion scheme of the hybrid mode and
the distance criterion scheme of the hybrid mode
can achieve 4.38% and 3.01% more spectrum effi-

ciency than the LIPA Only mode when the velocity
of MUEs is at 3km/h. As the velocity of MUEs
increases to 30 km/h, the power criterion scheme of
the hybrid mode and the distance criterion scheme
of the hybrid mode can achieve 2.42% and 1.31%
more spectrum efficiency than the LIPA Only mode.
It is shown that the LIPA Only is applicable in the
RDM scheme. Nevertheless, the hybrid mode can
achieve more performance.

(3) Moreover, the power criterion scheme of the hybrid

mode has the best spectrum efficiency, and the D2D
Only mode has the worst performance. This is
because the RDM scheme makes each MUE search
in one random direction and then search in another
random direction when the MUE reaches the
boundary of the disaster area. Therefore, the separa-
tion distance between the two MUEs is usually too
far during the rescue operation to benefit from the
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D2D Only mode. In this example, the power crite-
rion scheme of the hybrid mode, the distance crite-
rion scheme of the hybrid mode, and the LIPA
Only mode can achieve 371.04%, 364.86%, and
351.27% more spectrum efficiency than the D2D
Only mode when the velocity of MUEs is at
3km/h. As the velocity of MUEs increases to
30km/h, the power criterion scheme of the hybrid
mode, the distance criterion scheme of the hybrid
mode, and the LIPA Only mode can achieve
581.70%, 574.34%, and 565.61% more spectrum effi-
ciency than the D2D Only mode. The result shows
that the D2D Only mode is not applicable in the
RDM scheme.

4.2. The Effect of the SAR Time. Figure 8 shows the average
effective spectrum efficiency against the SAR time of MUEs
under the RWM scheme for the four traffic offloading
modes. From the figure, we have the following observations:

(1) For the D2D Only mode in RWM, the spectrum effi-
ciency decreases as the SAR time of MUEs increases.
This is because the variance of the distance between
MUEs is small in the beginning of the rescue opera-
tion for RWM scheme. As the SAR time increases,
the region of the rescue becomes more and more
broad and so is the distance of MUEs. Accordingly,
the D2D Only mode cannot effectively achieve a bet-
ter spectrum efliciency with a long SAR time. On the
other hand, the LIPA Only mode has a nearly con-
stant spectrum efficiency no matter how long the
SAR time is. In this example, the D2D Only mode
can achieve 25.39% more spectrum efficiency than
the LIPA Only mode when the SAR time of MUEs
is three hours. However, as the SAR time of MUEs
increases to 24 hours, the LIPA Only mode can
achieve 53.85% more spectrum efficiency than the
D2D Only mode. Therefore, if the SAR time of
MUE:s is below eight hours, the D2D Only mode
can provide better spectrum efficiency than the LIPA
Only mode. However, the LIPA Only mode can pro-
vide better spectrum efficiency than the D2D Only
mode when the SAR time of MUEs is above eight
hours.

(2) Similar to the D2D Only mode, both of the hybrid
mode have the decreasing spectrum efficiency when
the SAR time of MUEs is increasing. Although the
power criterion scheme can achieve more spectrum
efficiency than the distance criterion scheme, the dis-
tance criterion scheme has less complexity than the
power criterion scheme. Furthermore, the difference
in spectrum efficiency between the measurement of
the received power and the estimation of the recep-
tion distances due to the channel effect is slight. In
this example, the power criterion scheme can achieve
1.56% and 3.08% more spectrum efficiency than the
distance criterion scheme when the SAR time of
MUE:s is 3 hours and 24 hours, respectively.

3)
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Since the proposed hybrid LIPA/D2D traffic offload-
ing mode can switch the proper traffic offloading
mode according to the real communication environ-
ment, both schemes of the hybrid mode can achieve
higher spectrum efficiency than the D2D Only mode
and the LIPA Only mode with a given SAR time. In
the example, when the SAR time of MUEs is three
hours, the power criterion scheme of the hybrid mode
can achieve 35.13% and 7.77% higher spectrum effi-
ciency than the LIPA Only mode and the D2D Only
mode, respectively. In addition, the distance criterion
scheme of the hybrid mode can achieve 33.05% and
6.11% higher spectrum efficiency than the LIPA Only
mode and the D2D Only mode, respectively. If the
SAR time of MUEs is 24 hours, the power criterion
scheme of the hybrid mode can achieve 14.18% and
75.77% higher spectrum efficiency than the LIPA Only
mode and the D2D Only mode, respectively. More-
over, the distance criterion scheme of the hybrid mode
can achieve 10.77% and 70.53% higher spectrum effi-
ciency than the LIPA Only mode and the D2D Only
mode, respectively.

Figure 9 shows the average effective spectrum efficiency
against the SAR time of MUEs under the RDM scheme for
the four traffic offloading modes. From the figure, we have
the following observations:

(1)

In light of the figure, the influence of the SAR time
on the average effective spectrum efficiency is insig-
nificant for the four traffic offloading modes in
RDM scheme. In this example, when the SAR time
of MUEs is three hours, the spectrum efficiency of
the power criterion scheme of the hybrid mode, the
distance criterion scheme of the hybrid mode, the
LIPA Only mode, and the D2D Only mode is 2.98
bits/s/Hz, 2.95 bits/s/Hz, 2.90 bits/s/Hz, and 0.49
bits/s/Hz, respectively. As the SAR time of MUEs
increases to 24 hours, the spectrum efficiency of the
power criterion scheme of the hybrid mode, the dis-
tance criterion scheme of the hybrid mode, the LIPA
Only mode, and the D2D Only mode is 2.96
bits/s/Hz, 2.93 bits/s/Hz, 2.89 bits/s/Hz, and 0.43
bits/s/Hz, respectively.

Both schemes of the hybrid mode and the LIPA Only
mode have the similar average effective spectrum effi-
ciency. Nevertheless, the power criterion scheme of
the hybrid mode has the best spectrum efficiency, and
the distance criterion scheme of the hybrid mode has
better spectrum efficiency than the LIPA Only mode.
In this example, the power criterion scheme of the
hybrid mode and the distance criterion scheme of the
hybrid mode can achieve 2.97% and 1.80% more spec-
trum efficiency than the LIPA Only mode when the
SAR time of MUEs is three hours. As the SAR time
of MUEs increases to 24 hours, the power criterion
scheme of the hybrid mode and the distance criterion
scheme of the hybrid mode can achieve 2.35% and
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FIGURE 9: Average effective spectrum efficiency versus the SAR time of MUEs under the RDM scheme.

1.24% more spectrum efficiency than the LIPA Only
mode. Although the LIPA Only is applicable in the
RDM scheme, the hybrid LIPA/D2D traffic offloading
mode can achieve more performance.

(3) The power criterion scheme of the hybrid mode has

the best spectrum efficiency, while the D2D Only
mode has the worst performance. Because the
distance between the two MUEs during the rescue
operation in RDM scheme cannot be kept within
an acceptable range, the D2D Only mode cannot
provide the satisfactory quality of service for the
disaster-resilient communication network. In this
example, the power criterion scheme of the hybrid
mode, the distance criterion scheme of the hybrid
mode, and the LIPA Only mode can achieve
508.03%, 501.10%, and 490.50% more spectrum effi-
ciency than the D2D Only mode when the SAR time
of MUEs is 3 hours. As the SAR time of MUEs

increases to 24 hours, the power criterion scheme
of the hybrid mode, the distance criterion scheme
of the hybrid mode, and the LIPA Only mode can
achieve 503.55%, 497.02%, and 489.69% more spec-
trum efficiency than the D2D Only mode. It is
shown that the LIPA Only mode is more applicable
than the D2D Only mode in the RDM scheme, and
the hybrid LIPA/D2D traffic oftfloading mode can
improve more spectrum efliciency.

4.3. Summary. The RWM scheme can simulate a scenario of
user mobility in which the SAR of relief workers is narrowed
or expanded within a fixed area, while the RDM scheme can
simulate the linear movement of relief workers (fixed-point
movement or casualty transport). The distance between
relief workers changes with respect to the velocity or SAR
time. In the D2D Only mode, the average effective spectrum
efficiency depends on the reception distance or received
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power between relief workers. In the LIPA Only mode, mes-
sages are forwarded by the VeNB to the receiver, therefore
the average effective spectrum efficiency is less likely to be
affected by the reception distance or received power. Since
the initial locations of relief workers are adjacent, the aver-
age effective spectrum efficiency in the D2D Only mode is
higher than that in the LIPA Only mode. However, the dis-
tance between relief workers increases with the user mobility
and SAR time, and the average effective spectrum efliciency
in the LIPA mode may be higher than that in the D2D
mode. In addition, the spectrum efficiency of the RDM
scheme is lower than that of the RWM scheme for the
D2D Only mode.

According to the characteristics of the two aforemen-
tioned mobility models and the mode switching standards,
the hybrid traffic offloading mode can select a better mode
(D2D or LIPA) for obtaining the highest average effective
spectrum efficiency. That is, when the distance between
relief workers is short enough to provide adequate signal
quality with velocity or SAR time, the average effective spec-
trum efficiency of the hybrid mode can exhibits a similar
trend to that of the D2D Only mode. However, the average
effective spectrum efficiency of the hybrid mode can exhibit
a similar trend to that of the LIPA Only mode if the distance
between relief workers is too long to provide adequate signal
quality with velocity or SAR time. Therefore, the average
effective spectrum efliciency in the hybrid mode changes
depending on whether LIPA mode or D2D mode is selected.
In addition, when the received power is used as the criterion
for mode switching, the average effective spectrum efficiency
is slightly higher than that when the distance is used as the
criterion for mode switching. However, the relative com-
plexity is higher. Therefore, by sacrificing a little perfor-
mance, the distance is a good choice as the criterion for
mode switching.

5. Conclusions

This paper investigated the effect of user mobility on the
spectrum efficiency with four traffic offloading modes for
disaster-resilient communication networks. The LIPA Only
mode needs the eNBs surviving in the disaster area or the
VeNB entering the disaster area to provide communication
services for relief workers in the disaster area. If eNBs in
the disaster area are destroyed or the VeNB cannot enter
the disaster area owing to terrain constraints, the LIPA link
is interrupted. In the D2D Only mode, because the transmit
power of communication devices such as mobile phones is
small, the communication quality deteriorates owing to the
complex terrain or distance between relief workers in the
disaster area. The hybrid LIPA/D2D traffic offloading mode
can overcome the limitations of both LIPA Only mode and
D2D Only mode to provide a more stable emergency com-
munication system. This is because the proposed hybrid
LIPA/D2D traffic offloading mechanism can switch LIPA
link or D2D link based on the criterion of the received power
or reception distance between MUEs of relief workers and
the VeNB. In addition, the overall average effective spectrum
efficiency is evaluated according to the different mobility
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characteristics (i.e., RWM and RDM) of the relief workers.
When the hybrid LIPA/D2D traffic offloading mechanism
is used, the local communication traffic generated during
the rescue operation is not sent back to the core network,
reducing the load of the core network. In this manner, the
quality of communication from the disaster area to the out-
side network is ensured, which is beneficial to the implemen-
tation of disaster relief.
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