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Abstract: The performance of the graph-based scheduling for
device-to-device communications overlaying cellular networks
is studied. The graph-based scheduling consists of two stages,
the frequency assignment stage and the time slot scheduling
stage. For such scheduling, a theoretical method to analyze
the average spectrum efficiency of the D2D subsystem is
proposed. The method consists of three steps. First, the
frequency assignment stage is analyzed and the approximate
formula of the average number of the D2D links which are
assigned the same frequency is derived. Secondly, the time
slot scheduling stage is analyzed and the approximate formula
of the average probability of a D2D link being scheduled in a
time slot is derived. Thirdly, the average spectrum efficiency
of the D2D subsystem is analyzed and the corresponding
approximate formula is derived. Analysis results show that the
average spectrum efficiency of the D2D subsystem is
approximately inversely linearly proportional to the second-
order origin moment of the normalized broadcast radius of
D2D links. Simulation results show that the proposed method
can correctly predict the average spectrum efficiency of the
D2D subsystem.
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D evice-to-device (D2D) communications refer to the
technologies that enable devices to communicate di-

1-3 . . .
131 D2D communications in cellular networks con-

rectly
sist of two phases. The first is discovery, which is to
identify that a user equipment (UE) is in proximity of an-
other; the second is data transmission, during which the
D2D UEs exchange data traffic directly over the air. This

paper focuses on the data transmission phase.
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A major concern with D2D data transmission is the in-
terference caused by D2D links, including interference
between D2D transmission and cellular reception, the in-
terference between cellular transmission and D2D recep-
tion, and the interference between D2D transmission and
D2D reception. To mitigate the interference, different
methods can be used, including resource orthogonalisati-

[4-8] [9-11] . .
on or overlay ', power control , signal processing

12-13 14-15
based methods'*™", pamst

and graph based scheduling
and so on. In this paper, we consider cellular D2D com-
munications, in which a combination of resource orthogo-
nalisation and graph-based scheduling is used. The under-
lay case will be considered in our future work.

The graph-based scheduling is one of the effective tech-
niques for interference mitigation, in which the base sta-
tion (BS) can identify parallel non-interfering D2D trans-
missions whenever possible so that the efficiency and ca-
pacity of D2D communications can be improved. Howev-
er, most existing works in the literature evaluate the per-
formance of the graph-based scheduling via simulation
and there is lack of theoretical analysis of the performance
of the graph-based scheduling. Therefore, this work will
provide the theoretical formula of D2D spectrum efficien-
cy under the graph-based scheduling to fill the gap of the
literature in this aspect. Specifically, analysis results
show that the D2D spectrum efficiency under the graph-
based scheduling is inversely linearly proportional to the
second-order origin moment of the normalized broadcast
radius of D2D links. Simulation results validate the cor-
rectness of the proposed theoretical analysis formula. Ad-
ditionally, this work focuses on the overlay scenario and
the analysis method can be directly extended to the under-
lay scenario, which will be included in our future work.

1 System Model

Consider a frequency division duplex (FDD) cell and
assume that D2D communications use the uplink spec-
trum. There is a number of frequency units (FUs) alloca-
ted to the uplink, among which assume that there are J
FUs reserved for D2D communications. In the time do-
main, assume that the time axes are organized into con-
secutive time units ( TUs). The basic resource unit for
data transmissions is denoted as a resource unit ( RU),

which is defined by one FU in the frequency domain and
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one TU in the time domain, respectively. For simplicity,
it is assumed that all RUs of these J FUs can be used by
D2D communications.

Let Q denote the number of D2D links in a cell. For
each D2D link, it is assumed that the discovery phase has
been finished, the D2D link has been established, and the
BS has the knowledge of its existence. There can be in-
terference between D2D links. We call two D2D links
neighbors if the receiver of one D2D link can “hear” from
the transmitter of another.
specified that neighbor D2D links shall not reuse the same
resource. This constraint can be modeled by the interfer-
ence 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 are neigh-
bors. An example is provided in Fig. 1 to illustrate how
to relate D2D networks to graph. In this example, it is
assumed that there are four D2D links, as shown in Fig. 1
(a). Therefore, there are four vertices in the graph, as
shown in Fig. 1(b). Furthermore, since R, is in proximi-
ty of T,, the vertices 1 and 4 are connected with an edge
in the graph; since R, is in proximity of T,, the vertices
2 and 3 are connected with an edge in the graph; and so
on. This paper focuses on the graph-based scheduling and
how to construct the interference graph is out of the scope

[15]

of this paper ™.

To avoid interference, it is

! nk 3 %
(a) (b)
Fig.1  An example of scenario. (a) D2D links; (b) Interference
graph

2 Theoretical Analysis

This section performs the theoretical performance anal-
ysis of the graph-based scheduling for cellular D2D com-
munications. First, a scheduling algorithm“ﬁ],
selected as the example of the graph-based scheduling for

D2D communications, is briefly described for complete-

which is

ness. Let 7,,, denote the average spectrum efficiency of
D2D communications in a cell, bit/(s + Hz). Then, a
theoretical formula to calculate the value of 7, is de-
rived.

2.1 Scheduling algorithm

The scheduling algorithm consists of two stages. The
first is the FU assignment stage, and the second is the TU
scheduling stage. In the FU assignment stage, all Q links

are divided into J groups and each group is assigned one
FU. Let G, = (V,,E;) denote the interference subgraph
on FU j where each vertex in V, represents a link to which
FU j is assigned. Initially, G, is empty. Consider link g.
If this link is assigned FU j, then the subgraph on FU j
shall be updated to be G;.) =(V,Ulq} ,Ef) , where Ef is
the set of edges in the subgraph after link g has joined the
Jj-th group. Define d, , = \ Ef | - | E; | , where E; is the
set of edges in the subgraph before link ¢ joins the j-th
group. Then, we find j(¢q) for which the value of d, , is
the smallest. If j(¢) is not unique, just pick randomly to
break the tie. Having determined to assign FU j(¢g) to
link g, we update the subgraph G, <—G;.) (g), while
keeping other subgraphs G;(j#j(¢q)) unchanged. Re-
peat the above steps for each D2D link. In the TU sched-
uling stage, the following notions are needed to describe
the operations. Let Q, denote the set of D2D links to
which FU j is assigned; x,(¢) denotes the binary decision
variable which is valued 1 if RU (j,¢) is allocated and 0O
otherwise; C, (t) denotes the throughput achieved by
D2D link g on RU (j,#) if allocated; and R, () denotes
the throughput of the D2D link g up to TU ¢. The value
of R, (1) is updated according to R (t) = (1 -¢,)R, (t-
1) —ex,(t)C,(t) where g, is equal to 1/¢ and the initial
value R, (0) is set to be an arbitrary small positive con-
stant. The TU scheduling stage consists of the following
steps.

1) For (j,t), calculate R () for each ge Q;;

2) For (j,t), determine w,(t) =C,(¢)/R, (t~-1) for
each ge Q;;

3) For (j,t), solve the following maximum weight in-
dependent set problem via the greedy algorithm''’ ;

maxqu(l)xq(t)
q€0,
s. t. x,(t) +x,(t) <1, (p,q) € E

4) Repeat steps 1) to 3) until all J FUs have been
treated ;
5) Update t«—t +1 and repeat steps 1) to 4).

2.2 Derivation of 7,,,

First, we analyze the FU assignment stage. Let n; de-
note the number of D2D links which are assigned to the j-
th FU. Since the philosophy behind the proposed FU as-
signment scheme is that the interference among D2D links
shall be balanced among FUs, we make the first approxi-

mation,
Qo
niN \‘ ]

Secondly, we analyze the TU scheduling stage. Pick
arbitrarily a D2D link ¢ (1<¢<(Q) and assume that the
broadcast radius of correct decoding at the given SINR
threshold for the transmitter of D2D link g is r, (unit;

(1)
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m). Define the ratio

@, = (2)
7 R
where R is the radius of the cell, m. According to the
graph theory, the degree of a vertex of a graph is the
number of edges incident to the vertex. Let D, denote the
degree of vertex g in graph G. It can be calculated as

r .
D, = LRZQW = [ 0] (3)

Let D denote the average degree of the interference
graph G. Therefore, we can approximately calculate that

D=E[Dq]zE[a2]Q (4)

where «, is assumed as a realization of random variable «
and E[ - ] is the expectation of a random variable. Ac-
cording to the probability theory, we can calculate E[ o’ ]
=Var(a) + (E[a])’, where Var( - ) represents the
variance of a random variable. Assuming that all D2D
links are uniformly distributed in the cell, we have E[ o]
=(a,, + o, )72 and Var(a) = (a,, - o) /12,
where «,;, and «,,, are the minimal and maximal values

max

max

of «, respectively. Therefore, we have

2
o +a

2
2 min +a
Ela ] =

max (5)

min &

3

max

Assume that the transmitter of this D2D link has u,
neighbor D2D links. Then, we propose to approximate
the value of u, as

m, =D (6)

Now, we consider the j-th FU and the associated inter-
ference subgraph is G,. Let D, denote the average degree
of the interference subgraph G,. Therefore, we make the
approximation,

D_.zf (7)

For any vertex in G;, it cannot be scheduled simultane-
ously with its neighbors in one TU. Therefore, we pro-
pose to approximate the average probability of a vertex in
G, being scheduled in one TU as

1 1

pszj_'_lej (8)

Finally, we analyze the value of 7,,. Let C,, (bit/s)
denote the average transmission capacity of the i-th D2D
link which is assigned to the j-th FU in the ¢#-th TU. Let

Wey(Hz) denote the bandwidth of the FU. We have

J

n; T
IDIDHEIES

— =1 i= 9
TIW,, ®)

Mp2p

where x, , is a binary variable to indicate whether the D2D
link has been scheduled or not. When T approaches infin-
ity, we can approximately have

Nop = e (10)

where E[ C, ] represents the average transmission capaci-
ty of the i-th D2D link which is assigned the j-th FU.
Substituting Eqs. (8), (7) and (4) into Eq. (10),
we have

DI I

~ = 11
Mp2p ow,, E[az] (11)

Let Cpypyi denote the average D2D link-level transmis-
sion capacity over one FU and it can be expressed as

g
E[C,,]
j=1 i=1

Cominke = T (12)

Substituting Eq. (12) into Eq. (11), then we have

- Cropiink 1
M2p W E[ o ]

Let popine = Cropi”’ Wiy denote the average value of
the D2D link-level spectrum efficiency. Then, we have
the approximate formula,

1
MNoep =~ E[ o ] 7 D2Dlink

(13)

Actually, the main purpose of the graph-based schedu-
ling is to avoid interference among D2D links as much as
possible. Therefore, for each TU, all scheduled D2D
links will not or basically not interfere with each other (i.
e., spatial reuse). According to the theoretical analysis
result in Eq. (13), the average number of such D2D
links on each TU is approximately 1/E[ «’]. Therefore,
1/E[ o’ ] measures the spatial reuse gain of the graph-
based scheduling algorithm. This result helps us under-
stand the key factors of the performance of cellular D2D
communications.

3 Simulation Results

In this section, simulation results are reported to vali-
date the correctness of the analytical formula of 7,,, in
Eq. (13).

3.1 Parameter setting

Consider a single cell in which Q D2D links are uni-
formly distributed. The main parameters used in this sec-
tion are listed in Tab. 1. Each simulation run consists of

the following steps.
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Tab.1 Simulation parameters

Parameters Value
Cell radius R/m 500
Bandwidth of one FU Wg,/kHz 180
Maximum transmit power P, /dBm 23
Noise power density N,/ (dBm - Hz~!) -174
Shadowing standard deviation ¢/dB 8
Path loss PL(x)/dB 30. 6 +401g(x)
Number of FU allocated to D2D links J 12
D2D link number Q 100 to 1 000
Maximum distance of D2D link d,,,,/m 35
Target SINR of each D2D link K,,/dB 3

First, Q D2D links are generated. For each D2D link
g, the transmitter is placed according to a uniform distri-
bution into the cell. The distance d, between the transmit-
ter and receiver is selected from 1 to d_, uniformly, and
the direction of a D2D link is also uniformly generated.
For each D2D link g, assume the target SINR K, to be
fixed. Let P, , denote the transmit power of D2D link g.
To satisfy the target SINR at the receiver, the transmitter
devices employ open loop power control and set the trans-
mit power as P;, = min (K, + Py + PL(d,), P, ),
where P is the noise power in dBm. Before scheduling,
the interference graph shall be constructed. Then, the ac-
tual interference graph is constructed. Recall that the
broadcast radius of D2D link g is denoted by r,. For sim-
plicity and without loss of generality, we calculate the
value of r, based on the model r, =wd, , where we set w

=2 in the simulations'"”’.

We assume that the broadcast
radius of both the transmitter and the receiver of D2D link
q are the same and equal to r,. For any two D2D links ¢
and j, let d; denote the distance between the transmitter
of link g and the receiver of link j. If d;, <r,, there is an
edge connecting the two corresponding vertices in the ac-
tual interference graph. Additionally, after obtaining the
values of r,, we can calculate the values of «, according
to Eq. (2) and then the value of 1/E[ &’ ] according to
Eq. (5), which is used for the calculation of %, accord-
ing to Eq. (13).

After constructing the interference graph, we perform
the scheduling algorithm. During the simulation, for each
D2D link g, the received power P, is determined by
P, ,=P; ,—PL(d,) - B, where B represents the shadow
fading. The SINR of D2D link ¢ is calculated according
toy, =P, /(P,, +Py),where P,
power caused by D2D links which are scheduled in the
same RU as D2D link g. Finally, the link level spectrum
efficiency of D2D link ¢ is calculated according to the
Shannon formula log, (1 +v,).

is the interference

3.2 Validation of theoretical analysis

First, we validate the analysis of the FU assignment
stage. For this stage, it is expected that the values of
| 17 | (i.e., the number of D2D links which are as-

signed the j-th FU) are approximately the same for differ-
ent j, respectively, where G, =V, E,) is the interference
subgraph on FU j. The simulation results are plotted in
Fig.2(a). Observing the values in the figure, we can
find that the values of | v, | are approximately the same
for different j for different Q. Furthermore, we plot the
theoretical values predicted by Eq. (1) in Fig. 2 (a),
which match the simulation results well. This shows that
the approximation we made in Eq. (1) is accurate. We
then validate the analysis of the TU scheduling stage. For
this stage, we have made an approximation in Eq. (8).
To validate the correctness of the theoretical analysis, the
simulation results and theoretical values of scheduling
probability p;(i. e. the average probability of a vertex in
G, being scheduled in one TU) are plotted in Fig.2(b).
Simulation results show that the prediction error increases
with the increase of Q. This is due to the fact that the to-
pology of the interference graph becomes complicated
with the increase of Q so that the accuracy of the approxi-
mation made in Eq. (8) is decreased.
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Fig.2  Validation of theoretical analysis. (a) Performance of FU

assignment ; (b) Performance of TU scheduling

Secondly, we validate the analysis of spectrum effi-
ciency np,,- In Fig. 3 (a), the distribution of p,pm
(i.e. link level spectrum efficiency) is plotted, where
the values are distributed around log, (1 + K,;) =1.585.
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In Fig. 3(b), the simulation results of the number of
D2D links which are simultaneously scheduled are plot-
ted, where the red dotted line represents the average val-
ue. In Fig.3(c), the theoretical values predicted in Eq.
(13) and simulation results of the D2D spectrum effi-
ciency 7 are plotted. The performance of the random
scheduling algorithm is also plotted for comparison purpo-
ses. Simulation results show that for the considered pa-
rameters, the prediction error is no more than 10% . Fur-
thermore, the prediction error decreases with the decrease
of Q.
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Fig.3 The performance of resource scheduling. (a) Spectrum
efficiency of D2D links; (b) Number of D2D links scheduled simultane-
ously; (c¢) Spectrum efficiency of D2D subsystem

4 Conclusion

This paper focuses on the interference graph-based re-
source scheduling for overlay cellular D2D communica-
tions. The theoretical performance analysis of the schedu-
ling algorithm is performed. Simulation results show that
the theoretical performance analysis is accurate and the in-
terference graph-based resource scheduling algorithm
works well with the D2D link number as large as 1 000.
Our future work will extend this to the underlay case.
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