Journal of Southeast University (English Edition)

Vol. 29, No. 4, pp. 361 —365

Dec. 2013 ISSN 1003—7985

Resource allocation method for device-to-device communications
in cellular networks

Zhang Yuan'

Wu Wenbin'

Li Xin®

('National Mobile Communications Research Laboratory, Southeast University, Nanjing 210096, China)

(*Department of Information Engineering, Liuzhou Railway Technical College, Liuzhou 545007, China)

Abstract: Based on the conflict graph model which is
formulated as a binary integer optimization problem, a
resource allocation method to support device-to-device (D2D)
communications in cellular networks is proposed. First, a
frequency resource assignment algorithm is presented which
assigns each D2D link one frequency resource block. For this
algorithm, frequency resource blocks are assigned so that the
frequency resource spatial reuse opportunities in the cellular
networks can be fully exploited. Then a slot scheduling
algorithm is presented which schedules time slots among D2D
links assigned the same frequency resource block. For this
algorithm, time slot resources are scheduled so that the
proportional fairness among D2D links which are assigned the
same frequency resource block can be achieved. The
performance of the proposed method is evaluated via computer
simulations. The simulation results show that the proposed
method can well support D2D communications in cellular
networks.
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device-to-device ( D2D)

evice-to-device (D2D) communications refer to the
D technologies that enable devices to communicate di-
rectly. A typical example of D2D technology is Bluetooth
working at unlicensed spectra. Recently, to meet the new
trends in the mobile market, cellular operators are bring-
ing the D2D function into cellular networks, so that user
equipments (UEs) may communicate directly with each
other over the D2D links'".

D2D communications in cellular networks consist of
two phases' ™.
purpose is to identify whether a UE is in proximity of an-
other or not. The design of D2D peer discovery includes
control path establishment and maintenance, beacon, and
access control. After successful peer discovery, the sec-

The first phase is peer discovery whose
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ond phase is data transmission. The design of D2D data
transmission includes synchronization, reference signal
design, mode selection, power control, resource alloca-
tion, and interference coordination. This paper focuses on
the data transmission phase.

During the data transmission phase, the D2D UEs ex-
change data traffic directly over the air.
operators’ view, the most critically challenging problem
of D2D data transmission is the interference caused by
D2D links. Interference occurs not only between D2D
and non-D2D links but also among different D2D links.
The D2D data transmission methods will ensure that the
transmission quality of D2D links is kept on an acceptable
level and at the same time the D2D links have little nega-
tive impact on the existing non-D2D links in cellular net-
works. The D2D data transmission methods proposed in
the literature can be classified into four types: the signal
processing-based method"™",

From the

the power control-based
method™', the interference coordination-based method"”,
1. Each meth-
od achieves different tradeoffs between performance and
complexity.

This paper studies the resource allocation-based D2D
data transmission method and proposes a new hierarchical
resource allocation method. Compared with existing
works in the literature, this work has the following contri-
butions. First, a conflict graph-based theoretical model
for D2D communication resource allocation is proposed,
which is still lacking in the literature. Secondly, a group-
ing algorithm is proposed which evenly allocates the total
D2D traffic load among different parts of the licensed
spectrum. Thirdly, a scheduling algorithm is proposed
which schedules the time resource for all D2D links in

and the resource allocation-based method'

each group in a fair manner. Simulation results verify that
the new hierarchical resource allocation method can well
support D2D communications in the cellular networks.

1 Problem Formulation

Consider a cellular network whose licensed spectrum is
divided into J frequency resource blocks (FRB). We pick
arbitrarily a cell and assume that there are Q D2D links in
it. Let x,[J, ] denote the binary decision variable. If
FRB j is allocated to D2D link ¢ in slot 7, x [j, ] is
equal to 1; otherwise, it is equal to 0. In the case that
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x,[j, 1] is equal to 1, let C, [j, t] denote the throughput
achieved by D2D link ¢ on FRB j in slot . Let R denote
the total throughput of D2D link ¢ and it can be written as

= lim LTZ ¥ L 1€, L1 (1

There are constraints on the value of x,LJ, t]. First,
D2D links will have little negative impact on the existing
non-D2D links in cellular networks. To model this con-
straint, let J C{1,2, ..., J} denote the permission FRB
set associated with D2D link ¢ and contain the FRBs
which are permitted to be used by D2D link g. There-

fore, we have the constraint that

x [0 =0  jelJ, (2)

How to determine J, is out of the scope of this paper and
we just assume that J, is determined for each D2D link g.
Secondly, interference also occurs among different D2D
links and neighbor D2D links will not reuse the same re-
source to avoid interference. Such contention relations
among D2D links can be captured by constructing a con-
flict graph G = (V, E) where each vertex in V represents a
D2D link and each edge in E between two vertices de-
notes that the two corresponding D2D links cannot reuse

the same resource. Therefore, we have the constraint that

x,[j, 1] +x.[j, 1] <1 (g,r) eE (3)

where g and r represent two D2D links which cannot re-
use the same resource. Finally, for simplicity, we as-
sume that each D2D link is allocated at most one FRB
each time. Therefore, we have the constraint that

J
S x i <1 (4)
j=1
A natural rule of resource allocation will be to achieve
proportional fair throughput among D2D links. According
to the theory established in Ref. [ 10], the optimization
mathematical model can be formally stated as

0
max z log,R,

a=1

s.t. Egs. (1) to (4) (5)

2 Resource Allocation Method

The problem of resource allocation for D2D communi-
cations in cellular networks is formulated as an optimiza-
tion problem in (5). We denote this optimization prob-
lem as P. This section presents a method to solve the
problem P. The method consists of two phases. In the
first phase, the problem P is decomposed into J sub-prob-
lems (denoted as P;,, 1<j=<J) via the proposed FRB as-
signment algorithm. In the second phase, each sub-prob-
lem P, is solved via the proposed slot scheduling algo-
rithm. Based on these two algorithms,
source allocation method can be proposed.

a hierarchical re-

2.1 FRB assignment algorithm

Considering any two slots ¢, and ¢,, it is possible that
x,[j.t,] =1 and x,[j,,t,] =1 with j, 5j,.
complexity, we heuristically limit the FRB on which each
D2D link operates is fixed. Therefore, an algorithm
which assigns one FRB to each D2D link is needed. De-
noted by G, = (V,, E,), let the corresponding conflict
graph on FRB j be G,;, where each vertex in V, represents
a D2D link to which FRB j is assigned. A heuristic FRB
assignment algorithm is proposed as follows.

For each D2D link ¢, let the current conflict graph on
FRB jbe G, =(V, . If D2D link g is
assigned FRB j, then the conflict graph on FRB j is upda-
ted to be

To reduce the

E;, ) where jeJ, .

G,,=(V,,Ulq). E ) (6)

where each edge in the graph between two vertices de-
notes that the two corresponding D2D links cannot reuse
the same resource. Define the difference as

= ‘Ef,q ‘ - ‘E.f,q ‘ (7
We find the FRB index j_ which satisfies that

Jj, =arg Ij‘_[lijl;ldj’q (8)
If j, is not unique, we just pick the one with the smallest

‘ V/ q
update

Wwe can

GG, 9)

Joq

Repeat the above steps until all D2D links have been as-
signed one FRB.

The philosophy behind the proposed FRB assignment
algorithm is that, the self interference among D2D links
will be balanced among FRBs so that the resource spatial
reuse opportunities can be fully exploited. The self inter-
ference among D2D links can be captured by the value of
d, , as defined in Eq. (7). Therefore, we suggest to as-
s1gn FRB j with the smallest d; , to D2D link g as formu-
lated in Eq. (8).

2.2 Slot scheduling algorithm

After the FRB assignment, each D2D link ¢ has been
assigned one FRB j, . Therefore, the constraint in Eq. (2)
can be updated to

x,[j, 1] =0 J#J, (10)
Substituting the above constraint into the problem P, we
can find that the problem P is decomposed into J sub-

problems P,(1<j<J) as

max Z log,R,

qe0,
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1«
s. t. R, = lTLr£17;xq[t]C[,[t]

(¢,7) €E, (11)

where Q; is the set of D2D links to which FRB j is as-
signed; x, [7] is the binary decision variable and is equal
to 1 if FRB j,_ is allocated to D2D link g in slot ¢ and 0
otherwise; C,[1] is the throughput achieved by D2D link
g on FRB j in slot 7 in the case that x [ ] is equal to 1.

The problem P, involves a large number of binary vari-
ables. To reduce the complexity, we propose to adopt the
method in Ref. [11] to decompose the whole slot schedu-
ling process into consecutive 7 stages. In the 7-th stage
(i.e., slot#), the network will determine how to allocate
slot t among | 0, | D2D links and then proceed to the

x, 1] +x,[1] <1

next slot.

Let R[] denote the throughput of D2D link g up to
slot ¢, U, [1] denote the logarithm of R [ 7] to base 2, and
Ul 1] denote the sum of U [] over all D2D links in Q..
Using the first-order Taylor approximation, U[¢] can be
expressed as

U = U -1 + ) GRL I

9R (R,[7] = R,[t—-1])
qe0;

q

(12)

By the definition, the throughput of D2D link ¢ up to slot
t can be expressed as

R =(1-g)R,[1-11 +ex,[11C,[1] (13)

where g, is equal to 1/7 and the initial R [0] is set to be
an arbitrary small positive constant. Therefore, for the
sub-problem P,, the optimization problem to be solved in
slot  is

max Y w,[1]x,[1]
s.t.x,[1] +xy[t]qeil (g,1) e E (14)
where
C,[1]
Wl = (15)

is the weight assigned to D2D link ¢ in slot .

It can be readily identified that problem (14) is actual-
ly the maximum weight independent set ( MWIS) prob-
lem in the graph theory field. The MWIS problem has
been well studied in the literature and many algorithms
have been proposed to solve it. To reduce the complexi-
ty, this paper will adopt the greedy principle-based algo-
rithm to solve problem (14) which works as follows.
First, the algorithm will try to find the head vertex whose
weight is larger than the weights of all its neighbor verte-
xes in graph G,. Then, the D2D links associated with
head vertexes will be allocated FRB j in slot . At the end
of slot #, the throughput of each D2D link g will be upda-

ted to be R [+ 1] according to Eq. (13) and the weight
will be updated to be w, [ 7 +1] according to Eq. (15) and
then proceed to the next slot 7 + 1.

2.3 Resource allocation method

Based on these two algorithms, a resource allocation
method for D2D communications in cellular networks can
be proposed as follows.

The base station (BS) of the cell will collect some in-
formation. First, the BS will have the knowledge of J,
for each D2D link g. Secondly, the BS will have the
knowledge as to whether any two D2D links can reuse the
same resource or not. Based on this knowledge, the BS
can construct the conflict graph as needed. Thirdly, the
BS will have the knowledge of C,[j, t] for D2D link g on
FRB j in slot t. The method to obtain the information is
out of the scope of this paper and we just assume that all
the information has been available to the BS.

The proposed resource allocation method is a hierarchi-
cal one. It consists of two phases. In the first phase, the
BS will perform the following steps:

1) For D2D link ¢, the BS determines for each FRB j
e J, the difference d, , according to Eq. (7).

2) For D2D link g, the BS selects the FRB j, accord-
ing to Eq. (8) and assign it to D2D link g.

3) For D2D link g, the BS updates the conflict graph
on FRB j_ according to (9).

4) Repeat the above steps until there is no unassigned
D2D link.

In the second phase, the BS will perform the following
steps:

1) For FRB j in slot #, the BS calculates R [ 7] for each
D2D link g e Q; according to Eq. (13).

2) For FRB j in slot ¢, the BS determines the w [ #] for
each D2D link g € Q; according to Eq. (15).

3) For FRB j in slot ¢, the BS determines the value of
x,[#] according to the greedy algorithm.

4) Repeat the above steps until every FRB j has been
treated.

5) Update <t + 1 and repeat the above steps.

3 Performance Evaluation

In this section, we evaluate the proposed resource allo-
cation method via computer simulations. We first de-
scribe the simulation methodology and then present and
analyze the simulation results.

We develop a simulator based on Matlab. The assump-
tions taken in the simulator are as follows.

1) The spectrum is divided into J =20 FRBs.

2) For each D2D link g, the permission FRB set J,
consists of FRBs which are randomly selected from the set
{1,2, ..., J}. The number of FRBs in J, is assumed the
same for all D2D links. For the purpose of convenience,
this value is denoted as J;,. The value of J, is set to be 5,
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10, and 15 during the simulation.

3) For any two D2D links, if the distance between the
transmitter of any one D2D link and the receiver of the
other D2D link is less than the threshold, these two D2D
links are not allowed to reuse the same resource. Based
on this assumption, the conflict graph can be constructed.
This threshold is denoted as d. The value of d is set to be
10, 20, and 30 m during the simulation.

4) For each D2D link ¢, if FRB j is allocated in slot ¢,
it will gain the throughput of C [j, r]. Without loss of
generality, we simply assume that C, [, 7] is the same for
different ¢, j, and ¢ is equal to C.

5) We assume that a total of Q D2D links are randomly
located in a cell with a radius of 80 m. The value of Q is
set to be 100, 200, and 300 during the simulation.

For the generated topology, we use the proposed meth-
od to allocate the radio resource among D2D links. For
comparison purpose, we also use the Matlab function
“bintprog” to solve the optimization problem (14). We
collect the average throughput per D2D link of each FRB
and then normalize the value with respect to the C bit/s.
The procedure is repeated 20 times for each value of Q,
each time with a new generated topology, and the results
are averaged out. Finally, the simulation time for the sec-
ond phase is set to be 7'=10" slots.

The simulation results are plotted in Fig. 1. First, it
can be observed that the throughput performance of D2D
links is almost the same for different FRBs. It shows that
resources can be evenly allocated for D2D links and the
loads of different FRBs can be balanced under the pro-
posed method. Secondly, it can be observed that the
curves labeled with “greedy” have little difference from
the curves labeled with “optimal”, in which the curves la-
beled with “greedy” are generated by the proposed greedy
slot scheduling algorithm while the curves labeled with
“optimal” are generated by the Matlab function “bint-
prog”. It shows that the proposed greedy slot scheduling
algorithm can well approximate the optimal solution. Fi-
nally, it can be observed that, for different values of J,,
d, and Q, the normalized average throughput of each
D2D link is no less than 0. 8. For example, if J, =5, d

=30 m, and Q =300, the average throughput of each
D2D link is about 0. 8C. In other words, if J, =5, d =
30 m, and the throughput requirement of each D2D link
is no less than 0. 8C, about 300 D2D links can be suppor-
ted in the cell under the proposed resource allocation
method. It shows that the proposed resource allocation
method can well support D2D communications in cellular
networks.

4 Conclusion

This paper studies the resource allocation method to
support D2D communications in cellular networks. First,
the resource allocation problem is modeled as a binary
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integer optimization problem. To solve this problem, two
algorithms are proposed, in which the FRB assignment
algorithm decomposes the original optimization problem
into smaller sub-problems and the slot scheduling algo-
rithm solves the sub-problems in a proportional fair man-

ner. Based on these two algorithms, a hierarchical re-
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