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Abstract
Multi-hop cellular networks (MCNs) reduce the transmit power and improve the system
performance. Recently, several research studies have been conducted on MCNs. The mobile
relay selection scheme is a rising issue in the design of MCNs that achieves these advantages.
The conventional opportunistic relaying (OR) is performed on the single factor for maximum
signal-to-interference-plus-noise ratio (SINR). In this paper, a comprehensive OR scheme
based on Bi-Target is proposed to improve the system throughput and reduce the relay
handover by constraining the amount of required bandwidth and SINR. Moreover, the
proposed algorithm captures the variability and the mobility that makes it more suitable for
dynamic real scenarios. Numerical and simulation results show the superiority of the
proposed algorithm in both enhancing the overall performance and reducing the handover.
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1. Introduction

Multi-hop cellular networks (MCNs) have advantages in network coverage and information transmission rate and have become an attractive topic due to its low energy consumption in short distance [1]. The D2D (Device-to-Device) communication functionality of the
MCNs allows the mobile nodes (MNs) to communicate with each other by using multi-hop
forwarding. In order to improve the end-user Quality of Service (QoS) and the link quality of
the MNs, the MNs with good cellular channel quality should directly communicate with the
base station (BS). While the MNs with poor cellular channel quality, especially the cell-edge
MNs, should indirectly communicate with the BS via relay nodes (RNs) in the vicinity [2]
which are MNs with good cellular channel quality. The collaborative communication using
the RNs is capable of efficiently combating wireless impairments and coverage extension. In
a real case scenario, each node is surrounded by some other nodes with different channel
state information (CSI) [3] and relative positions as well as different moving directions. The
proper selection of a node as a relay will influence several aspects of the collaborative communication [4]. In MCNs, the MNs with good CSI are named as one-hop nodes or one-hop
users [5] and the links between the MNs and the BS are labeled as direct links (DLs). The
other nodes with poor channel quality at the cell-edge are named as the double-hop nodes or
double-hop users. In two-hop scenarios, the double- hop nodes select some relays as the cooperation nodes. The link between the double-hop node and the relay node is labeled as the
access link (AL) and the link between the relay and the BS is termed as the backhaul link
(BL)[3] (see Fig. 1).
In fact, the mobile opportunistic relaying (OR) is used to balance the channel quality between the AL and the BL with maximizing the transmission while fulfilling the prioritized
cellular service constraints [1]. Many related studies have been conducted on mobile opportunistic relays due to their advantages of reduced transmit power, improved system capacity
and network coverage [6][7]. While others have been presented to promote the communication rate, enhance the achievable rate or the system throughput [8]. Some research analyzed
spectrum prediction, eg.in [9] [10] [11], which is a challenging problem. The optimizing targets involve two categories: maximal terms such as the system throughput, the signal-to-interference-plus-noise ratio (SINR) [12], the wireless frequency spectrum utilization
[9] [10], and minimal terms such as the energy consumption, the relative interference, the
link error and the number of switching.
Actually, the selection strategy must consider the relay switching as an important issue
especially when the MCNs or mobiles number is huge [13]. Frequent relay switching involves handover from one RN to others that complicates the implementation of the relay selection in two-hop scenarios [14]. Meanwhile, it causes two technical bottlenecks: the system
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throughput and the switching rate. It should be mentioned that in the works aforementioned,
it was assumed that the moving node with low speed will not cause switching [15]. However,
in practical city microcells environments, especially in shadow area, the moving nodes pattern predicting will influence the switching accordingly.
The remainder of this paper is organized as follows: Section II presents the mobile
scenario that constitutes the general elements; A relay selection scheme based on bi-target
selection is proposed and analyzed in Section III, bi-target means optimizing the system
throughput and the relay switching fulfilling the fixed constraints; The functionality of the
proposed strategy is described in Section IV; The performances of schemes are evaluated
through a system-level simulation in Section V; Lastly, this study is concluded in Section VI.

2. Model of Mobile Scenario in MCNs
The MCNs is divided into cells with a BS at the center in a model of mobile scenario. The
location of the mobile relay is changing over time and the mobile users or the MNs can
communicate with the BS via AL, BL or DL [14] (see Fig. 1). However, the dense
distribution of urban buildings will result in the appearance of signal blind area (see grey
region in Fig. 1). Widespread MNs have several choices in relay section. In this paper, the
RN in the cell-shadow regions is chosen as an example.
As shown in Fig. 1, the center node O (0, 0) is the location of the BS and the covering radius is R. The shadow is viewed as an approximate circle with s ( xs , ys ) and rs as the
center and the radius of the shadow, respectively. The node MN1 ( xm , ym ) in the shadow
region has communication range with radius r0. It chooses a free node RN1 ( xr , yr ) nearby
as relay to communicate with the BS. According to the technical report [16] during the 3rd
Generation Partnership Project (3GPP) standards development, the physical layer parameters
will be decided using the system scenarios. The path loss (PL) in the urban macro-cell size of
36.942 is formulated in formula 1 with d in meters [16]:

SINRCell =

PBS .GBS .Gloss −1 PL(d ) −1
N0 + I0

PLdB = 128.1 + 37.6 lg

d
1000

(1)

(2)

KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 11, NO. 11, November 2017

5285

Fig. 1. MNs in the city microcell shadow region.

In formula 1 and 2,
and

are the interference power and the noise power, respectively,

are the transmitting power and the antenna gain of the BS. d is the distance

from RN to BS or from MN to RN. PL is the path loss between RN and BS or between MN
and RN. The

is measured, calculated and compared with the threshold. Then the

one-hop and the double-hop nodes are separated and consequently the radiuses of different
links in Fig. 1 are calculated.
2.1 Node Motion Patters
The motion patters of MN also have two categories: random walk mobility (RWM) and
boundless area mobility (BAM) [17]. For RWM, the moving velocity and the direction of the
MNs are random and they stop or move randomly. In BAM, the MNs’ current state has close
correlation with the previous state. Formula 3 shows the relationship between the moving
velocities and the directions in BAM.
.
(3)
is the maximum velocity of the MN;

Where

is the time increment;

and

are the velocity and the moving direction at the moment of t, respectively. The
probability distribution of nodes’ mobile direction at the next moment is shown in Fig. 2.
Where,

indicates the probability of the direction consisting with the velocity at this

moment and

denotes the largest probability among them, which means that the current
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nodes’ direction remains unchanged. Then, formulation 4 can be deduced.
p0
p1

p2

p1

p2

Fig. 2. Probability distribution of direction.

p0 + 2 p1 + 2 p2 =
1

(4)

2.2 Nodes Working State
A MN’s state list Fi is active or idle and can be formulated in 2-4. Suppose that the service
arrival meets the Poisson distribution with parameter λ at any moment and the service cost
meets the exponential distribution with parameter µ . Thus, the average service time and the
average arrival time are 1 µ and 1 λ , respectively.

1, active
（i 1,..., Ntotal）
=
Fi =
0，idle

(5)

Here Ntotal is the total node number in the system; Nact and Nidl are the numbers of
active and idle nodes, respectively. The service time tact and the interval time tidl are random
variables satisfying the exponent distribution with the average values of 1 µ and 1 λ ,
respectively [18]. The relay handover probability density functions (PDFs) fT (tact ) and
fT (tidl ) are expressed as:

 − µ tact , tact > 0
f (tact ) =  µ e
T
, other

 0

(6)


 − µ tidl , tidl > 0
f (tidl ) =  µ e
T
, other

 0

(7)

3. Mobile Relay Selection Based on Bi-Target Selection
In MCNs, the system throughput and the switching frequency are essential, and a maximal
throughput and minimal switching are expected. Both indicators are affected by the
communication state, the velocity and the relative position of the alternative RN [19].
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3.1 Switching Prediction in City Micro-Cell
While analyzing the relative motion between the MNs and the RNs, the switching
probability can be estimated combined with the probability in shadow boundary. The BS, the
nodes and the relays have the same parameters as mentioned above and are shown in Fig. 3.
In initial time, the velocities of the MN1 and the selected RN1 in the shadow area are
and

, respectively; DOM(t) is the distance from the double-hop user to the

BS at time t and at the same time, DOR(t), DSM(t), DSR(t) and DRM(t) are the distances from the
RN1 to the BS, from the MN1 to the shadow center, from the RN1 to the shadow center and
from the RN1 to the MN1, respectively. DSR(t), DSM(t) and DRM(t) forms a triangle at time t.
are the velocities of the MN1 and the RN1, respectively.

Fig. 3. Dynamic scene in city microcell.

After
, the relative motion including the velocity and the distance between the
MN1 and the RN1 is shown in formula 8, 9:
(8)

(9)

The RN1 is in white region outside the shadow as shown in Fig. 3. Once the RN1 moves
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out of the communication range, the MN1 needs to handover the current relay. Meanwhile,
the relative position and the communication status between MN1 and RN1 changes and the
following relay switching may occur:
(1) In the first case, the MN1 has changed its location and it has moved out of the BS
scope into the neighbor cells or out of the shadow area into the BS central area. Therefore,
the MN1 can communicate with the BS directly without a relay. Thus, formula (10) can be
obtained.

DOM (t ) < R

(10)

(2) The second case is that the current relay RN1 has moved out of the node’s area and
into the shadow region. Therefore, the MN1 reselects another relay.

 DSR (t ) < rs

 DRM (t ) > r0

(11)

(3) The third case is that the MN1 is hanged up with its communication from active to
idle and RN1 is released.
(4) The last case is that the RN1 becomes busy. When the service is coming, the RN1 is
changed from idle to active and the candidate relay is re-selected.
The relay handover is triggered in the second and the fourth case. In both cases, the
relay is reselected. After a short time interval t, the coordinates of the MN1 and the RN1 are

( xm + vmt cos θ m , ym + vmt sin θ m )

and ( xr + vr t cos θ r , yr + vr t sin θ r ) ,

respectively.

Suppose that the RN1 comes into the shadow area at time t1 and locates in the MN1
communication scope at time t2. Then, the distance from the RN1 to the shadow center is

DSR (t1 )= rs at time t1 according to the formula 11.
Combining the results of 8 and 9, DSR (t1 )= rs can be replaced by the following:

( xr − xs + vr t1 cos θ r ) 2 + ( yr − ys + vr t1 sin θ r ) 2 =
rs

(12)

Solving the equation as:

vr 2t12 + 2vr (( xr − xs ) cos θ r + ( yr − ys ) sin θ r )t1 + (( xr − xs ) 2 + ( yr − ys ) 2 − rs 2 ) =
0 (13)
From the above quadratic equations, t1 has a positive and a negative solution:
t1 =

−(( xr − xs ) cos θ r + ( yr − ys ) sin θ r )

± rs 2 − (( xr − xs ) sin θ r − ( yr − ys ) cos θ r ) 2
vr

vr

(14)
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The intersecting region of relay’s scope and cell must have two cross points on the edge
of the shaded region (see red points in Fig. 4). The nearest cross point is the critical value
into the shadow area. Therefore, t1 should take the smaller root from the two equation roots
(or solutions).
Similarly, t2 can be obtained from DRM (t2 )=r0 as:
(15)
r0
( xr − xm + vrelativet2 cos θ relative ) 2 + ( yr − ym + vrelativet2 sin θ relative ) 2 =
The RN1’s relative speed to MN1 is (vrel , θ rel ) , its relative coordinate to MN1 is

( xrel , yrel ) .
xrel= xr − xm

(16)

yrel= yr − ym

(17)

vrel = （vr cosθ r - vmcosθ m）2 +（vr si nθ r - vmsi nθ m）2

(18)

θ rel =arctan(

vr si nθ r - vmsi nθ m
) ±π
vr cosθ r - vmcosθ m

(19)

Using the above-mentioned method to solve the equation, t2 should take the positive
root since the relay’s left time within the intersecting region is higher. t2 is as follows:

t2 =
+

−(( xr − xm ) cos θ rel + ( yr − ym ) sin θ rel )

vrel

(20)

r0 2 − (( xr − xm ) sin θ rel − ( yr − ym ) cos θ rel ) 2
vrel

The maintain time that RN1 stays in the intersecting region of its scope and unshaded
region is tma i =min(t1 ,t2 ) . The handover occurs when the RN1 moves out of the intersecting
region. So, the RN1’s activation time is greater than maintain time. According to 2-3, 2-5 and
2-6, the probability of Phan (1) is express as follows:
(1)
P=
P(tact > tma i )
han
∞

= ∫ m e-

mtact

dtactive

(21)

ma i

=e- mtmai

During the communication process of MN1, the service/call arrives and relay handover
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occurs. So, the MN’s communication time is longer than idle time. The probability of Phan (1)
is express as follows:
(2)
P=
P(tact > tidl )
han

=∫

∞

0

=

∫

∞

µ e − µt l e − lt dtact dtidl
acti

tidl

(22)

idl

l
l+µ

According to the distribution of service/call and switching probabilities in above
formula, the whole handover probability can be described as:

Phan = Phan (1) +Phan (2)
=P(tact > tma i )+P(tact > tidl )
=

l
+e- mt
+
lm

(23)

mai

Using 23, the derivative of time is obtained as:

Phan (tma i ) =

dPhan
dtma i

(24)

= -me

- m tmai

According to for 24, reducing the switching should reduce tma i . Using the method
proposed in [2] to calculate the predicted value of tma i , then, the switching prediction

khan (t ) of candidate RNk at time t is as follows:
khan (t )=

Tma i k (t )

(25)

1 n
∑ Tma ii(t )
n i =1
n

where Tma i k (t ) is the maintain time of the candidate RNt at time t, and

∑T
i =1

ma i

i (t ) is

the whole maintain time of candidate relays at time t.
3.2 System Throughput Prediction
The system throughput is proportional to the current relay link transmission rate, but is
inversely associated with other candidate relay link transmission rates. Therefore, the higher
the transmission rate is, the more relay selection probability will be.
The link transmission rate can be calculated through the Shannon expression [20] [21]:
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=
g AL BAL .log 2 (1 + SINRAL )

(26)

=
g BL BBL .log 2 (1 + SINRBL )
let

γγγ
=
=
AL
BL
i , γi
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is RN’s transmission rate, then the balance throughput should be

obtained and the transmission rate of the selecting relay k and the average transmission rate

1 n
∑
n i =1

in the RN set are γ k , γγ
ave =
i , respectively. The system throughput prediction takes the
average transmission rate instead of selecting best one as the CSI factor in the RN set [27]. So,
at moment of t, the throughput prediction of selecting relay k can be expressed as:

kthr (t ) =

γ k (t )

(27)

1 n
∑ γ i (t )
n i =1

4. The MN Selection Model Based on Bi-Target Selection
Both the throughput and the switching affect the relay selection and the switching probability
is correlated with the RN’s activation time in the intersecting region. The longer activation
time is, the more relay selection probability will be. These logarithms are different for
throughput prediction and switching prediction (see formula 3-16, 3-17 and 3-19, 3-20). For
normalization, the judge-function for relay selection can be constructed:

=
Fk (t ) a log kthr (t ) + β log khan (t )

(28)

In the above formula, α and β are the adjustment coefficients with α + β =
1 . The
relay with maximal Fk ( t ) will be selected as the current relay. In essence, Fk ( t ) is a
dimensionless value. The selection strategy of the algorithm can be adjusted by changing α
and β . For example, when α = 0 , the algorithm degrades into selection algorithm based
on the switching probability with kthr (t ) as the throughput function that is equal to

γ k (t )
n

1
∑ γ i (t )
n i =1

using 3-20. Whereas, when β = 0 , khan (t ) is
1

The algorithm implementation process is as follows：

n

Tma i k (t )
n

∑T
i =1

ma i

i (t )

using 3-18.
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(1) Set the SINR threshold γ th .
(2) At the initial state, the practical SINR should be calculated from the path loss in
accordance to the user request.
(3) According to the SINR and the threshold γ th , the MNs can be divided into one-hop
and two-hop nodes/users.
(4) The one-hop node/user communicates directly with the base station, while the
two-hop node/user sends signal to the users around to select the alternative relay based on

γ th .
(5) The alternative relay sends the ACK signal, the two-hop receives it and adds the
relay information into the relay set R (Qi，i = 1,..., M ) .
(6) The users’ radius r0 and the other information are calculated according to formula
4-1 and then the best relay is selected.
After that, the two-hop user can select the best relay based on the bi-target including the
switching probability and the system throughput. The proposed algorithm improves the
system throughput and reduces the switching probability while simultaneously balancing the
bandwidth of AL and BL in the dynamic scenario.

5. Simulation Results
In this paper, MATLAB is used to simulate the MCN’s dynamic environment. The main
parameters are: shadow radius = 150m, link radius = [100,300], average service time 1 µ
= 100s, idle time = 1000s and the number of users in micro cell = [50,500]. In the simulation
process, the MN number, the maximal velocity and the communication radius are varied and
the proposed algorithm is compared with bi-target selection and other algorithms in terms of
the system throughput and the handover. The other algorithms include the shortest path
algorithm [22], the traditional BRS algorithm [23,23] and the handover/switching probability
algorithm [25]. In the shortest path scheme, the AL and the BL are labeled as DMN and DON ,
and the relay with the min { DON + DMN } is selected. The traditional BRS (Bidirectional
Relay Selection) algorithm selects the relay according to the two-way SINR and channel
Gain. The handover algorithm is introduced in the proposed algorithm when α = 0 .
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5.1 Switching with Single Factor
The Switching/handover is observed by only taking the MN number into account in the
simulation. When the maximal velocity is 15m/s and the communication coverage is 150m,
the number of handover in the micro cell shadow is shown in Fig. 4:

Fig. 4. Cumulative handover under 3 algorithms.

Usually, the handover increases with the MNs number. However, the proposed
algorithm has successfully reduced the handover number by using the handover probability
prediction in the dynamic scene. The handover probability algorithm should be excluded in
the experiment.

5.2 System Throughput under Multiple Parameters
The simulations in this section consider the system throughput and the handover by
comparing the four different algorithms mentioned above: the shortest path algorithm, the
traditional BRS algorithm, the handover probability algorithm and the proposed algorithm.
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Fig. 5. Throughput under 4 algorithms.

The throughput changes with the MN/user number, the maximal velocity and the
communication coverage. When the maximal velocity is 15m/s, the communication coverage
is 150m and α = 0.7 , the user throughput changes with the MN/user number. But, the
system has a fixed bandwidth and bandwidth of each MN decreases with the increase of MN
number. Therefore, the system throughput remains unchanged. The proposed algorithm has
higher throughput and quantity of experience (QoE) than the other three algorithms as shown
in Fig. 6.

Fig. 6. Handover number in 4 algorithms.
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When the parameters remain unchanged, the number of handover changes with the MN
number (see Fig 6). The general trend of handover is increasing with the MN number. Both
the shortest path and the BRS algorithms have large handovers because they do not predict
the MN location and its mobile status. Whereas, the other two algorithms have better
performance. Moreover, the handover probability algorithm has the smallest handover
because it is similar to the proposed algorithm with α = 0 .
5.3 Under the Condition of MN Velocity
In order to analyze the system throughput under the condition of changing MN velocity, the
performances of the four algorithms with different velocities are compared in Fig 7. The
system throughput does not change significantly with MNs velocity especially in the shortest
path algorithm and the handover probability algorithm. The proposed algorithm has higher
throughput in the beginning, which then decreases with the increase of MN velocity because
the MNs maintain time affects the handover prediction according to the formula 3-18.
Moreover, the handover number is increasing with the increase of the MN velocity in
Fig. 8. Since, the communication coverage of the relay is fixed, the faster the MN moves, the
more the handover probability will be. Thus, the shortest path and the BRS algorithms have
larger handover numbers. The handover probability algorithm has the smallest handover
number, which is the optimization goal of the algorithm proposed in this paper.

Fig. 7. System throughput under 4 algorithms.
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Fig. 8. Handover number under 4 algorithms.

5.4 Under the Condition of Communication Coverage
In this section, the system throughput under the condition of changing MNs communication
distance or coverage using 4 different algorithms is analyzed. The MN number is 200,

Vmax =10m/s and α = 0.7 .
According to Fig. 9, the total throughput in shadow area is decreasing with the increase
of MN communication coverage because the access link is the bottleneck. With the increase
of communication coverage, some two-hop MNs will not require the handover anymore, so
the communication quality is slightly decreased. The mobile relay selection algorithm based
on the bi-target selection has the largest throughput, the BRS algorithm takes the second
place and the shortest path algorithm has the lowest throughput. The performance of the
handover probability algorithm is between the BSR and the shortest path algorithms.
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Fig. 9. Throughput under 4 algorithms.

6. Conclusion and further research
In this paper, a mobile relay selection scheme based on the bi-target selection under the
dynamic scene is proposed to effectively improve the system throughput and reduce the
switching. The expressions are derived for the bi-target and relay motion patterns are used in
the dynamic scene to select the appropriate RN. The proposed scheme analyzes the work
status of the MNs and the RNs, and predicts the system throughput and handover
probabilities. Then the relay selection function is implemented based on the bi-target
selection mechanism. The validity of the proposed scheme has been verified by comparing
its performance with three traditional algorithms under the dynamic simulation environment
build by using MATLAB toolbox.
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