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Abstract. Device-to-Device (D2D) communication has been recognized
as a promising technology in 5G. Due to its short-range direct communi-
cation, D2D improves network capacity and spectral efficiency. However,
interference management is more complex for D2D underlaying cellular
networks compared with traditional cellular networks. In this paper, we
study channel allocation in D2D underlaying cellular networks. A tier-
based directed weighted graph coloring algorithm (TDWGCA) is pro-
posed to solve cumulative interference problem. The proposed algorithm
is composed of two stages. For the first stage, the tier-based directed
weighted graph is constructed to formulate the interference relationship
among users. For the second stage, the maximum potential interference
based coloring algorithm (MPICA) is proposed to color the graph. Dif-
ferent from the hypergraph previously investigated in channel allocation,
our proposed graph reduces the complexity of graph construction signifi-
cantly. Simulation results show that the proposed algorithm could better
eliminate cumulative interference compared with the hypergraph based
algorithm and thus the system capacity is improved.

Keywords: Device-to-Device communication - Channel allocation -
Graph coloring

1 Introduction

Data traffic in cellular network increases significantly in recent years, which gives
large pressure to base stations (BS). Device-to-Device communication, where two
communication devices in proximity communicate directly with each other with-
out relaying by the base station, has been recognized as a promising technique
in 5G. D2D could offload data traffic of base stations. A D2D pair could trans-
mit data on a dedicated channel in the overlay mode or reuse the spectrum of
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cellular user equipment (CUE) in the underlay mode [1]. In this approach, cel-
lular devices can coexist with D2D devices in the same licensed channel. D2D
communication increases overall spectral efficiency, network capacity and energy
efficiency due to its short-range direct data transmission and spectrum reusing
gain. However, underlay D2D causes severe interference to both cellular devices
and other D2D devices sharing the same channel [2]. Interference management
is a challenging problem in D2D underlaying cellular networks. Many existing
researches aim to decrease the mutual interference between devices using the
same channel.

Stackelberg game model was used in [3], where power allocation is modeled as
a noncooperative game. Authors in [4] proposed a channel allocation algorithm
which enables collision-free concurrent transmission. Channel allocation is for-
mulated as one-to-one and many-to-one matching games in [5]. The algorithm
proposed in [6] adopts VGG auction model to sell channels under the constraint
of interference. The authors in [7] changed the resource allocation problem into
a maximum weighted independent set (MWIS) problem and proposed a low
complexity and distributed greedy approximation algorithm, called DistGreedy
algorithm to solve MWIS problem. The DistGreedy algorithm can better exploit
the opportunistic gains under fading channels. The authors in [8] formulate a
multiobjective optimization problem (MOOP) to maximize the energy efficiency.
The MOOP maximizes the rate and minimize the total transmit power of D2D
transmitters simultaneously.

Graph theory is a practical tool in resource allocation. The authors in [9] used
weighted bipartite graph and proposed an interactive algorithm to solve channel
assignment problem. In [10], the authors proposed a heuristic graph-coloring
resource allocation (GOAL) algorithm. An interference graph-based resource
allocation (inGRA) algorithm is proposed in [11]. The authors proposed a novel
greedy-based coloring algorithm based on interference graph in [12].

Traditional graph coloring algorithms only consider pair-wise interference
model. It cannot well model cumulative interference caused by multiple devices.
Hypergraph interference model is adopted in [13] and [14] to formulate cumula-
tive interference relationship. A hypergraph based coloring algorithm was pro-
posed in [13]. Tt first recognizes weak interferers and strong interferers to con-
struct the graph and then colors the graph in a greedy manner. A directed
hypergraph based algorithm in [14] takes asymmetric interference into account
and used a centralized-distributed learning algorithm for channel allocation. In
[13] and [14], the complexity of the algorithms increases significantly as the num-
ber of users increases.

In this paper, we study channel allocation for D2D underlaying cellular net-
works and present a novel tier-based directed weighted graph coloring algo-
rithm. The algorithm is composed of two stages. For the first stage, a tier-based
directed weighted graph (TDWG) is constructed to formulate interference rela-
tionship between user equipments (UEs). Since the structure of our proposed
graph is similar to the traditional graph, the complexity of graph construction is
greatly reduced compared with the hypergraph in [13]. For the second stage, the
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maximum potential interference based coloring algorithm (MPICA) is proposed
to color the graph which considers cumulative interference elimination. We cal-
culate each UE’s maximum potential interference in different channels and select
the UE which might be interfered most severely in the unchecked set to color.
Then we color the UE in a greedy manner. Cumulative interference is eliminated
better compared with the hypergraph algorithm and thus the network capacity
increases.

The following sections are organized as follows. We introduce the system
model and formulate the problem in Sect. 2. The proposed algorithm is presented
in Sect. 3. Theoretical analysis are presented in Sect.4. Simulation results are
provided in Sect.5 and conclusions are drawn in Sect. 6.

2 System Model and Problem Formulation

2.1 System Model

As shown in Fig. 1, we consider an isolated cellular network. The base station
(BS) is located at the center. There are M D2D pairs and K cellular user equip-
ments (CUEs) randomly located in the network. The set of D2D pairs is denoted
by D = [Dy, D, ..., D). The set of CUEs is denoted by C = [Cy,Cy, ..., Ck].
D! and D[ represent the transmitter and receiver of D; respectively. There are
a total of N RBs, denoted by RB = [RB1, RBs, ..., RBy]. Each RB occupies the
same number of subcarriers. For simplicity, we use D; or i € D to both denote
the same D2D pair, Cy or k € C to denote the same CUE and channel n to
denote RB,,.

-—— Signal
-4 — — Interference
e
7~
7~
7~

Fig.1. System model for D2D communications underlaying cellular networks when
sharing uplink resource.
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If RB,, is allocated to CY, the instantaneous signal-to-interference-plus-noise
Ratio (SINR) of Cy on RB,, is denoted by

o Pls,nhz,b
Ve = 4 1d (1)
’ > P*hd, 402

7,n"'"i,b
1€EPy,i€D

where Pf, represents the transmit power of C} on RB,, h§ , represents the
channel gyain of the cellular communication link from Cj to B’S, ¢y, represents
the set of UEs which RB,, is allocated to, an represents the transmit power of
D! and h;{b represents the channel gain of the interference link from D} to BS.
The thermal noise satisfies independent Gaussian distribution with zero mean
and variance o2.

If RB,, is allocated to D;, the instantaneous SINR of D; on RB,, is denoted

by

d pd
. P his (2)
i > Pihit+ > PlLhd o2
k€gn keC j€bn,GED, ji

where hfz represents the channel gain of D2D communication link from D! to
Dy, hy, ; represents the channel gain of interference link from Cj to D; and h;{i

represents the channel gain of interference link from D; to Dy

2.2 Problem Formulation

We assume that a CUE could utilize at most one RB and different CUEs could
not share the same RB. CUEs wouldn’t interfere with each other due to the
characteristic of OFDM system. Consider the scenario where the number of
D2D pairs is greater than that of CUEs. We investigate the case where a D2D
pair could occupy at most one RB, but one RB could be allocated to multiple
D2D pairs. Denote 3, , and x; ,, as

By = { 1 when RB,, is allocated to Cy, 3)
k=00 otherwise

(4)

Our objective is to maximize the network capacity by designing efficient
algorithm with low complexity. Shannon capacity formula is used here to evaluate
the network capacity.

maz Y [> loga(L+2invl,) + > loga(1+ Brnin)] (5)

neN i€D keC

)

1 when RB,, is allocated to D;
Tin = .
0 otherwise

C1: Zx,n <1 forVieD
neN
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C2:Y Prm<1 forVkeC

neN

C3:Y Brn <1 forVnecRB
keC

where 7; , and ¢, are given in (1) and (2) respectively. C1 and C2 implies
that one D2D pair and one CUE could occupy at most one RB respectively. C'3
means that one RB could be allocated to at most one CUE.

Note that the problem in (5) is NP-hard, which means we could not obtain the
optimal result in polynomial time. We need to design an approximate algorithm
with low complexity to solve the problem. In the following section, an improved
graph coloring algorithm is presented.

3 Tier-Based Directed Weighted Graph Coloring
Algorithm

In this section, we formulate the channel allocation problem as a coloring prob-
lem and propose a tier-based directed weighted graph coloring algorithm. We
first present how to construct the tier-based directed weighted graph to recog-
nize weak interferers with low complexity. Then we color the graph in a greedy
manner which considers cumulative interference elimination. We assume that
each UE only has local information.

3.1 Tier-Based Directed Weighted Graph Construction

The first step is to construct a tier-based directed weighted graph which corre-
sponds to the network interference condition.

The graph is denoted by G(V, E, W). Each CUE or D2D pair is represented
by a vertex in the graph, the set of vertices is denoted by V. E = [e; ;] is the
set of edges and e; ; denotes the directed edge from v; to v;. W is defined as
W = [w; ;], where w; ; is the weight of e; ;. Note that w; ; and w;,; might have
different values due to the asymmetric interference effect.

It is assumed that Cj have local information and D; is within its sensing

range.

Pih, |
Ned < Sara <Nelg+1) fori€eD (6)
Pihiy,

where 7. denotes the SINR threshold of CUE. Py is the transmit power of Cj
and P¢ is the transmit power of D!.

q= floor(%) is derived from (6). If ¢ € [0,Q — 1], let D; € L’; and
form a directed eofge ei . from v; to vy with weight w; ) = ﬁ. LY is defined
as interference g-tier. If we randomly select (¢ + 1) UEs from L; and let them

share the same channel with Cj, they together would cause strong cumulative
interference to C}.
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( X0

Fig. 2. A demonstration of directed edge formulation between UE1 and its neighboring
nodes

Two CUEs could not share the same channel. For VI € C,[ # k, always form
an edge from v; to vy, with weight w; , = 1 and let C; € L.

Define L* = | q LZ . The set of neighboring nodes of vertex v; is defined as
N (i) = {jlwi; > 0} U{jw;q > 0}.

For the receiver of a D2D pair, denoted by D}, we define the following equa-
tions,

Pdhd

Naq < Pldhd <nalg+1) forjeD (7)
Pdhd

Naq < Pehe <nalg+1) forkeC (8)
k,i

where 74 denotes the SINR threshold of a D2D pair.

d .
From (7), we could calculate ¢ = floor(PI:ihd ) Ifq€[0,Q—1],let D; € L,

and form a directed edge e;; from v; to v; w1th welght Wy =

1
q+1°
Pand .

Likewise, ¢ = floor(P(;lp nd) is derived from (8). If ¢ € [0, Q—1], let C € Ly,
and form a directed edge e;M from vy, to v; with weight wy,; = qT11-

Figure 2 shows an example of edge formulation between UE1 and its neigh-
boring nodes vo, v3, v4, v5. Neighboring nodes of vy are the strong interferers or
weak interferers to vy. vg is out of the sensing range of v;.

It is worth mentioning that Q is a constant and the value of Q is optional.
The network capacity will increase as Q increases. Different from the hypergraph
based algorithm in [13], which goes through all the combinations of  UEs to
determine whether they cause cumulative interference to the specific UE, the
proposed graph has a similar structure as the traditional graph. The complexity
of graph construction wouldn’t increase significantly as Q increases, thus reduces
the complexity. Detailed complexity analysis is presented in Sect. 4.
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Algorithm 1. Tier-based Directed Weighted Graph Construction
1: Initialize L' = @, for Vi € C'|JD.

2: for each ¢, € C do

3: for each d; € D do

pepe
4 Calculate ¢ = floor( P;i’;?:f]c)

5 if ¢€[0,Q—1] then

6: Let D; € L and form an edge e; with weight w;, = ﬁ.
7 end if

8 end for

9: Let | € L§, forVl # k,1 € C and form an edge e, with weight wy , = 1.
10: end for

11: for each d; € D do

12: for each d; € D do

Pihd,
13: Calculate ¢ = floor( P;ih;{i"’ld)
14: if ¢€[0,Q—1] then
15: Let D; € L% and form an edge e;,; with weight w;,; = ﬁ.
16: end if
17: end for
18: for each ¢, € C do
Ppdpd .
19: Calculate ¢ = floor( P;S;Lz,l,;;m)
20: if ¢€[0,Q—1] then
21: Let Cy € Lfl and form an edge ey ; with weight wy; = q%.
22: end if
23: end for
24: end for

3.2 Coloring Algorithm

After the tier-based directed weighted graph being constructed, we present the
coloring algorithm to color G(V, E,W). The set of RB = [RBy, RBs, ..., RBN]
is represented by a set of colors ( = [c1, ¢, ..., cn]. Each RB,, is represented by a
color ¢,,. Coloring vertex v; in ¢, is equivalent to allocating RB,, to UE i. Some
definitions are formulated below.

Definition 1. WP, ,, is defined as

WH,n = Z U)j,i (9)
JEL*N(PUYn)

where @ is the set of UEs which are waiting to be colored and ), is the set of
UEs which have been allocated to RB,,. WP; = [WP, 1, WP, 2, ..., WP, y] is the
vector that stores WP, ,.

@ |J 1, is the set of UEs which might cause interference to v; on channel n.
The vertex with higher WP, ,, has higher probability of being strongly interfered
by its neighboring nodes on channel n.
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After constructing the graph, initialize WP, ,, = > wj,;, for Vn € RB. If
jeL?
v;’s neighboring node v; is colored in ¢, before coloring v;, v; updates

WP, o1, = WP, o, — wj 4, for Vch # n,ch € RB (10)

Definition 2. Awvailable color set (ACS) is represented by A; = [a1,,a2,,
an,|. an; € [0,1] represents the availability of channel n on v;.

ceey

an,; = 0 means v; would suffer strong cumulative interference if RB,, is
allocated to UE i. Thus ¢, is not available to v;. a,, ; = 1 means v; is not interfered
by its neighboring nodes on channel n. Before coloring, initialize a,, ; = 1. If v;’s
neighboring node v; is colored in ¢, before v;, v; updates

an,i = maz(0, a,,; — max(w; j,w;;)) (11)

The pseudo code of the proposed algorithms are presented in Algorithm 1
and Algorithm 2.

In the graph construction stage, each UE senses it’s neighboring nodes and
uses (6), (7) or (8) to determine Li. A tier-based directed weighted graph could
be constructed using Algorithm 1.

For each vertex in the graph, initialize a,; = 1 and use (9) to calculate
WP, ,, for Vi € C|JD,V¥n € RB.

Algorithm 2. Maximum Potential Interference based Coloring Algorithm
1: Initialize an,; =1, for Vi € C|UD,n € RB.
2: for each i€ C|UD do

3: Calculate WP; ,, using (9), for Vn € RB
4: end for
5: Initialize r = 1, ¢, = @.
6: repeat
T if ¢r # @ then
8: Use (12) to determine z,
9: else
10: Use (13) to determine z,
11: end if
12: if Ay, == 01.n then
13: leave vertex z, uncolor.
14: else
15: n = argmax(an .. ).
16: Color vertex z, in c¢y.
17: end if
18: Use (10) to update WP; and use (11) to update A;, for i € N(z,)
r—1 r—1
19: Update ¢, = | N(zn) — U .
20: r=r+1 =

21: until r > M + K
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Let z, denotes the rth vertex to be colored. Different from the hypergraph
based algorithm in [13] or the traditional graph-based algorithm which chooses
the node having maximum degree in the subgraph as the next node to be colored,
we select the node which might receive maximum potential interference to color.

r—1 r—
Define ¢, = |J N(zp)— U zr. ¢ is the set of unchecked neighboring nodes
h=1 h=1
of the previously colored vertices.

When ¢, # @, z, is determined by

z, = argmax(max WP, ,,) (12)
i€pn neo;

When ¢, = @, z, is selected from the rest of the unchecked vertices.

z, = argmax (maxWP,) (13)

1 neo;

€D U C— U Th
h=1

where o; = {n|ay,,; > 0} is denoted as the available channel of v;.

When vertex x, is chosen, check A, . If a,, 5, = 0, for Vn € N, leave vertex
2, uncolor. Otherwise, select the color with maximum value in A, . If A, has
multiple maxima, randomly select one of them and color vertex x, using the
corresponding color. If vertex x,. is colored in ¢, the neighboring nodes of vertex
x, update their ACS vectors and WP vectors. For example, assume vertex z,
and v; are neighbors, then update a, ; = max(0, a, ; — maz(w; 4, , W, ;)) and
WP cr, = WPj en, — Wy, 5, for ch #n,ch € VRB.

After x, is checked. Let r = r 4+ 1. Repeat the process until all the vertices
are checked.

4 Theoretical Analysis

The tier-based directed weighted graph coloring algorithm is processed in a
greedy manner. There is no accurate complexity analysis for greedy based graph
coloring algorithm. We focus on the worst case complexity of the algorithm.

The algorithm is composed of two stages, i.e. the graph construction stage
and the coloring stage.

For graph construction stage, each UE calculates the SIR with its neighbor-
ing UEs. Note that two CUEs could not share the same channel and any two
CUEs automatically form an edge. It’s unnecessary for a CUE to calculate the
interference from other CUEs. The complexity is proportional to O(M K + M?).

For graph coloring stage, we first need to initialize each vertex’s A; vector and
WP; vector. The time complexity is O(M + K). When a specific vertex is colored
in ¢, its neighboring node should update a;, and WP, ,,. The time complexity
is proportional to the number of edges. The worst case is that any two vertices
form two directed edges. The maximum number of edges is (M + K)(M + K —1).
In the coloring process, the complexity is proportional to O((M + K)?).

The overall complexity of the proposed algorithm is O((M + K)?)).
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Our proposed algorithm takes quadratic polynomial time, which is similar to
the graph based channel allocation algorithm. This is because the structure of
our proposed graph is similar to the traditional graph. The complexity of the
hypergraph based channel allocation algorithm in [13] is cubic given by O((M +
K)3) when Q = 2, and the complexity increases significantly as Q increases.
While the time complexity of the proposed algorithm is still O((M + K)?))
when Q increases. The proposed algorithm reduces the complexity significantly
compared with hypergraph based algorithm.

5 Simulation Results

Table 1. Simulation parameters

Cellular layout Isolated cell
Cell radius 500 m

D2D pair distance 20 m—60 m
D2D pair transmit power 13dBm
CUE transmit power 23 dBm

Noise power spectral density | —174 dBm/Hz
Channel bandwidth per RB | 1.25 MHz

Pathloss model (UE to UE) | 1484 401g(d(km))
Pathloss model (UE to BS) |128.1+ 37.61g(d(km))
Threshold 7. 10dB

Threshold nq 20dB

To evaluate the performance of the proposed tier-based directed weighted graph
coloring channel allocation algorithm, we conduct the simulations in this section.
Consider an isolated cell. D2D pairs and CUEs are randomly distributed in the
cell. Each D2D pair or CUE has a fixed transmit power. The distance between the
transmitter and receiver of one D2D pair is uniformly distributed between 20 m
to 60 m. The channel is frequency flat. The simulation parameters are presented
in Table 1.

In Fig. 3, we show the network capacity as a function of D2D pairs M with
K = 10 CUEs and N = 20 channels. The hypergraph based resource sharing
method (HBRSM) in [13] is evaluated with @ = 2, while our proposed algorithm
is evaluated with both @ = 2 and @ = 10. The network capacity increases as
M grows. When @ = 2, our proposed algorithm and the hypergraph based
algorithm could both eliminate the independent interference generated by one
neighboring UE and cumulative interference generated by two neighboring UEs.
The network capacity gain of our proposed algorithm is due to the change of
coloring order. In our proposed algorithm, the UE chosen to be allocated next
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is selected from the neighboring set of the previously allocated UEs and the UE
who might be interfered most in the set is colored. Further growth of network
capacity when @ = 10 is due to cumulative interference being eliminated more
accurately.

In Fig. 4, we show the number of UEs whose SINR are less than SINR thresh-
old n after channel allocation. For our proposed algorithm, the number of UEs
whose SINR are less than 7 is approximate zero when M < 60. Graph based
algorithm has the worst performance, because it doesn’t consider cumulative
interference. When M > 70, the number of UEs which receive strong cumulative
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interference using the hypergraph based algorithm increases rapidly. Our pro-
posed algorithm shows better performance due to better cumulative interference
elimination method.

In Fig. 5, the network capacity as a function of the number of channels N is
presented. As the number of channels grows, cumulative interference decreases.
The capacity gap between the hypergraph based method and graph based algo-
rithm is decreased. When N > 40, the performance of the hypergraph based
algorithm and graph based algorithm is nearly the same. When N = 40, the
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network capacity of our proposed algorithm with @ = 2 is 16.4 bit/s/Hz higher
than the hypergraph based algorithm, the gap increases to 44.5bit/s/Hz when

Q=10.

Figure 6 shows the outage probability of CUEs as a function of the number of
channels. The outage probability of CUEs decreases as the number of channels
increases. The hypergraph based algorithm has the highest CUE outage proba-
bility when few channels are available. Combine Figs. 5 and 6, when few channels
are available in the network, the CUEs in the hypergraph based method are least
likely to be allocated a channel compared with the other two algorithms. D2D
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pairs usually contribute more to the network capacity compared with CUEs
because of its short-range direct communication. The hypergraph based algo-
rithm sacrifices some of the CUEs in exchange for DUEs in order to gain high
network capacity. While the proposed algorithm guarantees that most of the
CUEs would be allocated a channel.

In Figs. 7 and 8, when 7. and 1y increase simultaneously, the network capacity
first increases then becomes saturated using the graph based method and the
proposed method. Network capacity increases as n grows using the hypergraph
based method, but the outage probability of CUEs also increases.

6 Conclusion

In this paper, we studied channel allocation in D2D underlaying cellular net-
works. The neighborhood interference was formulated as a tier-based directed
weighted graph. We proposed maximum potential interference based coloring
algorithm to color the graph in a greedy manner. The proposed algorithm aims
to eliminate cumulative interference and thus increases network capacity. Com-
plexity of the proposed algorithm also reduce significantly compared with the
hypergraph based algorithm. Simulation results showed that our proposed algo-
rithm has better performance compared with the graph based algorithm and the
hypergraph based algorithm.
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