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Abstract— Allowing a Device-to-Device (D2D) communication interference situations resulting from sharing cellulglink or
mode in a cellular network is a feature that might improve the  downlink resources. Some works discuss these mode selectio
system performance due to a better (reJuse of radio resourse ocequres for D2D communication underlaying a cellular
and a reduced congestion when several users located at thevsa twork. | L th D2D icati d
area want to communicate with each other. The design of an ne qu - In-general, three _commumca Ion modes are
efficient D2D communication mode with minimal interferenceto ~ described: a reuse mode, a dedicated mode and the cellular
the cellular network is a key problem for future communication mode [2], [3], [4].
systems. In this work, we study the impact of the distance beteen In [2], by allowing D2D communication to underlay the
communicating and interfering nodes and illustrate the berfits cellular network, the overall throughput in the network may

of D2D communication in a cellular network by comparing its . 0 e
performance in terms of total rate with that of a conventiond increase up to 65 % compared to a case where all D2D traffic is

cellular communication mode. The obtained results show thathe ~ relayed by the cellular network. In [3], semi-analyticaldies
use of D2D communication might provide considerable gainut  showed that D2D communication sharing the same resources

strongly depends on the distances among the involved nodes.  as the cellular network can provide higher capacity (sum)rat
Keywords— Device-to-device communication, distance-based than pure cellular communication. In [4], the Base Station
analysis (BS) decides whether the underlaying D2D pair should reuse
cellular resources, get dedicated resources or commenicat
via BS. It concludes that the optimal communication mode
selection strategy does not only depend on the quality of the
Device-to-Device (D2D) communication represents a pr@2D link and the quality of the link between D2D terminals
mising technique concerning system off-loading in corigast and the BS, but also on the interference situation. In a multi
situations in cases in which a group of people is placed nesll scenario also the interference from other cells wilkeif
from each other and a couple of devices want to communicaite decision. In other words, it largely depends on the joosit
with each other. This short distance allows for direct conof the D2D receiver relative to the cellular terminal when
munication among devices with low transmit power and seusing uplink resources and to the BS when reusing downlink
contributes to reduce interference and load levels in tetesy resources.
improving its performance. This kind of communication can In [5], means for getting optimal communication mode for
happen in a rock concert, in an enterprise building, in avedvi all devices in the system are derived in terms of equations
meeting or even in a political rally. In these kind of siteas that capture network information such as link gains, noise
the distance between two different User Equipments (UES)lévels, and Signal to Interference-plus-Noise Ratios F&IN
not expected to be large. However, it is important to ingedé According to the results, the main factors affecting thefquer
until which distance between a potential pair of nodes, fgmeanance gain of D2D communication are local communication
a potential D2D pair, should use D2D communication or therobability and maximum distance between communicating
common cellular network. nodes, as well as the communication mode selection algorith
D2D communication can use reserved resources for its dataus, the design of an efficient D2D communication mode
communication or eventually can use the same resourcesadth minimal interference to the cellular network becomissa
the cellular system. Thereby the system spectral efficieaoy a key problem.
be increased. Other advantages of D2D communication aréfhe communication mode selection problem is basically
reduced battery consumption, spatial resource reusesadsed guided by chosen metrics used to determine if D2D communi-
rates, and more [1]. cation will provide some gain to the cellular network or ieth
A big challenge is to determine under which conditions theellular network is already the best way to communicate. In
D2D communication underlaying a cellular network enablahkis work, we choose the distance as a possible metric that
local services with limited interference to the cellulatwerk. could help in the communication mode selection decision.
Simple mode selection procedures between D2D or celfe present results that show the impact of the significant
lar communication lead to unsatisfactory results. Instead distances between the communicating nodes in the compariso
communication mode selection procedure should be proposddystem sum rate when using either D2D or cellular modes
that takes into account the D2D link quality and the différerin the uplink. In section Il we detail the proposed scenanio i

I. INTRODUCTION
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where the index stands for the link of interest angdk for
the two interfering links g, », is the channel gain between a
receiving noden and a transmitting node, p,, is the transmit
power of noden, andy is the noise power.

In the cellular mode, the simulation is divided into two
phases and we only calculate the SINRs and rates aB$he
andBS2. The SINR is obtained as in (1). The difference here
is that in each phase we have just one interfering lidkZ
transmiting toB2).

Shannon’s capacity formula is used to calculate the rates of

the D2D and cellular connections. The sum réatg, in the
D2D mode is calculated as

Cazd = logy(14+vBs1) +10gs(1+Yaraster) +10gs (1+vBs2), (2)

where vps1, Ymaster @aNd ypgo are the SINRs at th&Sl,
Master and BS?, respectively, which are computed using (1).

Fig. 1. Study scenario for the distance-based analysis. )
In the cellular mode, the sum ra€&..;; is calculated as

. : . 1
which we make our study. In section Il we present the main C..;; = = (C

cell

results and discuss them. Finally, in section IV we draw some __ 2 . ) )

i i i watio Ceett = 1082(1 + vps1) +1082(1 + Vps2), i =1,2.
conclusions and perspectives concerning D2D communitatio ~cell 2 BS1 2 B52/ '

underlaying cellular network.

+C2,)), where (3a)
(3b)

whereC’ ,, is the sum rate in the phaseNote that the sum
rate in the cellular mode is obtained by averaging sum rate of
the two phases.

Our study scenario consists of two circular cells, where
each cell has a BS at its center, as illustrated in Figure 1.
One UE and one D2D pair are assigned to the first. This [1l. PERFORMANCEEVALUATION
UE is called UE1 and communicates with the BS of this
cell, which is termedBSl. The D2D pair is composed of N this section, we explain firstly our simulation setup in
two UEs that can communicate with each other direct@ection [lI-A. Then, in section IlI-B we present and discuss
with the transmitting and receiving nodes being terrizve  the obtained results.
and Master, respectively. In the other cell, we model a link
involving one UE, termedJE2, and the BS of that cell, termed
B2 A. Smulation setup

All or some of these links will interfere with each other

. S . In order to evaluate the performance of D2D and cellular
depending on the adopted communication mode. In this work . . .

. L ) modes, we considered a large number of simulations. Our
we consider two communication modes:

) simulation tool is developed in Matld¥. In every run, we
o D2D: the D2D pair uses the same resources as the UEskgbp fixed the positions of the two BSs, namBBL andBS2,

both cells, causing interference to each other. We assug)gy of the cellular device from the interfering cell, namely
that the communication occurs only during the uphnl@EZ as shown in Figure 1. The D2D pair, namely tester
frame whenUEL transmits toBSL, UE2 transmits toBS2 54 9ave nodes, and the cellular devit4E1 are not placed
and Save transmits toMaster. o randomly. They have their positions set deterministicalty
« Cellular: in this kind of communication there are Woysints of a grid covering the cell area. In order to do this,
orthogonal phases. In phase 1, oRlEL transmits 10 ey vary their positions in steps of 20 mdrandy directions
BSL. In the second phase, on§ave transmits t0BSL.  garting from a minimum distance of 10 m froBS&L, which
However, in bc_)th phases the interfering link is modeleg considered as referend®,0). Additionally, we do not
asUE2 transmitting toBS2. allow any two amongUE1, Master or Save to sit at the
In the considered scenario, we should take care on t§g@me position at the same time. All possible combinations
interference created by the communication betw8lame and  of positions for these three devices inside the cell cedtare
Master. In this work, our aim is to compare the sum rates @Sl are considered in our analysis and in this way we can
the D2D and cellular communication modes when the sarsgmple several possible configurations of these 3 nodes over

Il. SYSTEM MODEL

resources are shared. _ the whole area covered by the first cell and characterize the
In the D2D mode, the SINR/, is measured at each BSsperformance of the D2D and cellular communication modes.
and at theMaster, being computed as The channel model considers only path loss. We do not
i = Di - Giyi 1) consider in this work shadowing nor fast fading. The main

Dj-Gij+ Dk Gik+ 1 parameters used in this work are described in the Table I.
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TABLE | 1 S
SIMULATION PARAMETERS 09 " -
| Parameter | Value 0.8
Path loss model | 128.1+37.6log(d), with d in km 07
Inter site distance] 500 m
Noise power -116.4 dBm 0.6
Transmit power 24 dBm 0 0.5
0.4
0.3r
B. Results
) ) . ) 0.2
The first main result _shows the percentage of cases in which | ~ - -D2D Mode
the system sum rate is larger when D2D is performed. To ‘ — Cellular Modg

obtain this result, we compare the sum rate when either D2D
or cellular mode are performed considering all the simarteti
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In almost 22% of the cases (possible position combinatior’fé?- 3. Best rates of D2D mode outperforms best rates of laellmode.

the sum rate obtained by operating in D2D mode is higher
than that obtained when operating in the cellular mode. This
value seems to be small, but when a gain is obtained, it can
be impressive as shown in the sequel.

In Figures 2, 3 and 4 we show results for cases in which
the D2D mode outperforms the cellular mode in terms of sum
rate keeping the exact same positions of the nodes for both
modes.

In Figure 2 we show the Cumulative Distribution Function
(CDF) of the percentage gain of the D2D mode sum rate over
the sum rate obtained with the cellular mode. Therein, we tak
all cases in which the sum rate obtained with the D2D mode
is larger than that obtained with the cellular one. We can see
that in about 40% of the cases the gain is around 25% and
this gain can reach 150% in a few cases, mainly when the
distance between the D2D pair is small.

In Figure 3 we show the CDF of the sum rate for those cases
in which the D2D mode performs better than the cellular mode
and vice-versa. In more details, the dashed curve is the CDF
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Fig. 4. Rates of D2D mode when it outperforms cellular modéhatsame
ositions.

of the sum rate obtained when the D2D is performed in thiban in the dual situation in which the cellular wins. Thisul
cases where the sum rate of the D2D mode is larger than tisa& contribution of this work and gives support to the besefit
obtained by cellular mode. On its turn, the solid curve is thef D2D communication to enhance the efficiency of cellular
CDF of the sum rate obtained by the cellular mode in theetworks.

cases where its sum rate is larger than that obtained by thén Figure 4 we show CDFs of the sum rates when the
D2D mode. We can observe that when the D2D mode wild2D mode outperforms the cellular mode. In this case, it is
compared to cellular mode, the obtained sum rates are highessible to measure how much the D2D can really improve
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Percentage gain of D2D mode rates over the cellulatentates.

the spectral efficiency of the system. The dashed curve is the
CDF of the sum rate obtained when the D2D is performed in
the cases where the sum rate of the D2D mode is larger than
that obtained by cellular mode. On the other hand, the solid
curve is the CDF of the sum rates obtained when the cellular
mode is performed. We can observe that close to 50% of cases
show a gain of~2.25 bps/Hz when D2D communication is
performed. This gain can be converted in different ways by
the operators, e.g., in more users sharing the free resoarce
even higher data rates for the users.

The result expressed in Figure 5 shows the CDF of the
sum rate when the rates of cellular mode outperforms those
obtained in the D2D mode. In this case, the dashed curve is the
CDF of the sum rate obtained when the D2D is performed in
the cases where the sum rate of the cellular mode is larger tha
that obtained by D2D mode. The solid curve is the CDF of the
sum rate obtained when the cellular mode is performed. We
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Fig. 5. Rates of D2D mode when cellular mode outperforms thatsame
positions.
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Fig. 6. Comparison between rates considering only celimlade and mode
selection.

can observe that close to 50% of cases when D2D is performec ¢ 1o}
the gain of the cellular mode is around 3 bps/Hz. This result o
just illustrates that the D2D communication should not be 50
applied all the time, but only in some favorable conditions.

Otherwise, its utilization can bring losses to the sum rate.

for a limiting distance between th8ave and Master. This
figure considers the case in which the sum rate of the D2D
mode is higher than that of the cellular mode. As expected,
the more distant th&8ave is from the Master the less is the
frequency of occurrence of D2D gain in the system capacity.

Finally, to complement the histogram analysis, we have
the Figures 9 and 10. These figures show to some distances
the percentage of cases in which D2D mode outperforms
the cellular mode. The main distance to be analyzed is that
betweenSave and theMaster. It is important to remember
that the larger possible distance between them happens when
they are diametrically opposed, in this work, 500 m. Figure 9
shows that when this distance is less around than 150 m,
the percentage of cases in which D2D mode outperforms the
cellular mode is larger than 50%. It is important to observe
that this distance can substantially influence this redsdt.
an example, when this distance is less than around 50 m, the
percentage of cases in which D2D mode outperforms becomes
larger than 80%.

The distance ofJE1 from BSL should be also analyzed. A
similar behavior is expected once this link is also a link of
interest in the calculation of the system sum rate. In Figure
is also possible to see that when this distance is around 100 m
the percentage of success of the D2D mode is larger than 50%.
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Thus, in Figure 6 we show a result concerning the rates Limiting distance [m]
obtained when only the cellular mode is performed armg. 7. Limiting distanceSave-to-BSL.
also another curve illustrating the rates if a mode selactio
algorithm were apllied. This mode selection curve represen

the best rates found in each case, considering cellular 2 D 30
modes. We can conclude that if the D2D is chosen in some

occasions, it will be a gain in the system capacity.

In order to take some conclusions concerning distances, we ¥
investigate in which possible cases the D2D mode brings a ’%20
gain in the sum rate as function of the main distances ineblve
in the problem. In Figure 7 we can see the frequency of 7
occurrences among all simulations performed concernieg th &
distance between th8lave and theBSl. It is possible to see o

the more distant th&lave is from the BS1 the more often

D2D mode is used. In this case, the extreme possible distance
betweenBSl and any device located inside a cell centered at

BSL' position is 250 m.

On its turn, Figure 8 shows the histogram of the frequen
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Limiting distance [m]

% 8. Limiting distanceSave-to-Master.

of occurrence when D2D mode outperforms the cellular mode
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10 T

o when operating in the cellular mode and in about 40% of
90r e ' - ' the cases the D2D increases the capacitg%%. However,
80 v gains can reach 150% in a few cases.
700 * - © - Slave-to-Master As expected, the key distance in D2D communication
—e— UE1-to-BS1

analysis is that fronSave to Master. It is possible to say
that when the this distance is less taB0 m, the percentage
of cases in which D2D mode outperforms the cellular mode
becomes larger than 80%. Another strong result (not predent
in this work) is when th&JE1 is near from theéBS1 associated

to the cases when the distance fr@ave to Master is less

60-
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10t than ~50 m. The gain obtained in such situation can be
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ considerable. The first perspective of this work is anothefys
O S0 A g astance tn 0 30 40 concerning how we can potentialize the D2D gain, finding

certain scenarios where the D2D is better than the cellular
mode helping in a possible mode selection algorithm.
The interference is a key problem when we consider D2D

. ) . communication underlaying a cellular network. We have also
It is important to remember that the extreme possible degtan, . ja 4 study about the distance betw&kave and BSL and

betweenBSl and any device located inside a cell centered glo jistance betweedE1 andMaster. Both results show that
BSl's position is 250 m. The more distablEl is from BSL o percentage of success is almost zero when these distance
the lower is the probability of the D2D mode outperforming e ‘cose to zero, thus illustrating the D2D communication
the cellular mode. ) should not be applied all the time, but only in some favorable

. On the o_ther han(_JI, Figure 10 aqalyzes the case of 8nditions. As perspectives of this work, we intend to edten
interfering link. The |mpact of the distance betweSiave i ¢, 5 scenario considering shadowing and fast fading inta se
andBSl and also the distance betwedlEl and Master are ¢ fiyeq positions and so perform a stochastic analysis. As no
analyzed. Both results show that the probability of the DZBower control strategy is adopted in this paper, a powerrobnt

mode outp_erforr_mng the cellular mode is almost zero Whe@.ﬂgorithm helping a communication mode selection algarith
the respective distances are very small. Although, we c&n no',iso foreseen

take an strong conclusion when these distances increase sin
the highest probability verified is less than 25%, we can stil
observe that the more distant tBeve is from BS1 the larger

is the percentage of cases in which D2D mode outperforms! Nis work is supported by a grant from Ericsson of Brazil -
the cellular mode. Research Branch under ERBB/UFC.30 Technical Cooperation

Contract. We would also like to thank Dr. Gabor Fodor for his
comments about this work.

Fig. 9. Limiting distance betweefave-to-Master and UE1-to-BSL.
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