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Abstract. Device-to-Device (D2D) has at-
tracted substantial research attention recently
and has been recognized as an essential approach
to performance improvement in 5G networks,
due to its potential to improve coverage, spec-
trum e�ciency, and energy within the exist-
ing cellular network. In this paper, we refer
to an LTE-A scenario in which the underlay
mode is adopted to allow D2D pairs to communi-
cate directly by sharing sub-channels with Cellu-
lar Users (CUEs) and cellular mode (CELLM),
where two D2D users communicate through the
eNB as conventional CUEs and no direct D2D
link is established. In this case, the eNB is used
as a relay. Our aim is to propose heuristic re-
source allocation schemes to distribute radio re-
sources among CUEs and D2Ds in a cell taking
the interference because of pairing into account.
Finally, an analytical approach is proposed to
characterize CUE and D2D capacity as well as
outage probability for D2D cellular mode.
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1. INTRODUCTION

The increasing popularity of mobile devices
with data-hungry applications has resulted in
a fast-growing demand for high-rate data ac-
cess experiences. It will be challenging for the
currently-deployed Long Term Evolution - Ad-
vanced (LTE-A) systems to satisfy such de-
mand in the future. One promising solution
is represented by Device-to-Device (D2D) com-
munications, in which nearby users can setup
a direct communication link to transmit data
to each other without going through the base
station (eNB) [1]. In a recent report by the
Third-Generation Partnership Project (3GPP),
D2D communications have been considered as
a promising technique in Long-Term Evolution
Advanced (LTE-Advanced) standard since Re-
lease 12 [2],[3] and have many applications, such
as Machine-to-Machine (M2M) and Vehicle-to-
Vehicle (V2V) communications, social discov-
ery, proximity-based services, coverage exten-
sion, tra�c o�oading, and public safety.

There are basically three di�erent communi-
cation modes for D2Ds: cellular mode, overlay
mode, and underlay mode [4]. In the cellular
mode, the D2D pair transmit via the eNB (a
link from D2D Transmitter, D2D Tx, to eNB
and another link from eNB to D2D Receiver,
D2D Rx) using resources just like traditional
Cellular Users (CUEs). However, the network
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spectrum utilization can be boosted only if di-
rect communications are allowed between D2D
Tx and D2D Rx using either a distinct portion
of the spectrum (overlay mode) or even better
the same spectrum (underlay mode) as that for
CUEs. The analytical framework developed in
[5] uses tools from stochastic geometry [20] and
accounts for power control, maximum transmit
power of the CUEs, and mode selection of CUEs
in an uplink cellular network. In [6], this pa-
per presents a framework based on a probabilis-
tic distance and path-loss model to obtain the
distributions of signal, interference, and further
Signal-to-Interference-plus-Noise Ratio (SINR),
based on which, the performance metrics that
are functions of SINR-such as outage proba-
bility and capacity-can be analyzed. However,
they do not provide the analytical framework
to compare with the D2D in cellular mode. In
[7], the authors present a simple, interesting ge-
ometric interpretation of the physical implica-
tions of admission conditions and others. A
distance-constrained resource-sharing method is
proposed to select the CUE for a given D2D pair
to share it the sub-channel, and outage perfor-
mance of D2D communication is also proposed.
The aim of this method is to mitigate the in-
terference from the cellular transmissions to the
D2D pair. The comparison of outage probabil-
ity analysis and numerical are evaluation reveal
that there is an optimal minimum distance be-
tween the D2D receiver and its paired cellular
UE, and the advantage of this method signif-
icantly reduces the outage probability of D2D
communications in [8]. In view of these �nd-
ings, in this paper, we refer to the underlay
mode that poses new challenges for managing
the interference caused by the resource sharing
between D2D pairs and CUEs and develop a
new framework that can help network planners
to e�ectively tune the network parameters, and
thus achieve the optimum system performance
for cellular D2D communications.

The major contributions of this paper are
summarized as below:

• We study the SINR model and resource al-
location for D2D enabled cellular networks.

• A new analytical approach is proposed to
characterize CUE and D2D capacity as well
as outage probability for cellular mode.

The rest of the manuscript is structured as fol-
lows. We describe the system model in Section
2. Section 3 presents the problem formulation
of CUE and D2D capacity and outage probabil-
ity analysis in cellular mode. We present our
numerical results in Section 4 before our con-
cluding remarks in Section 5.

2. SYSTEM MODEL

AND PROBLEM

FORMULATION

This section �rst introduces our system model
for the D2D cellular mode in LTE-A system,
SINR model and basic scheduling approaches.
The QoS requirements are then speci�ed in
terms of outage probability.

2.1. Assumptions

Our scenario consists of a single-cell system,
where eNBs are located at cell centers, and users
are uniform scatter in the cells. The cellular lay-
out is hexagonal regular with eNBs at the cell
center. There are two types of users in the net-
work, namely CUEs and D2Ds pairs (i.e., D2D
Tx and D2D Rx). CUEs are primary users of
cellular radio resources.

We refer here to the uplink bandwidth for
CUEs transmissions to the eNB that also used
for D2D communications1. The available spec-
trum is divided into N orthogonal sub-channels.
Assuming each sub-channel can be used by both
CUEs and D2D pairs. For the sake of simplic-
ity, we assume that each sub-channel allocated
to a CUE can be shared by (maximum) one D2D
pair of the same cell in the underlaying mode.
We consider a reference eNB denoted by letter C,

1We consider the use of the uplink bandwidth for
D2D underlay communications because of the asymmet-
ric use of uplink and downlink frequencies and because
D2D communications are only causing interference to the
eNB. The SINR model in underlay mode of this paper,
which is proposed in EUCNC 2017 [9] and ICC 2018 [10].
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containing M CUEs and K D2D pairs randomly
distributed. The sets of CUEs and D2D pairs in
the cell are denoted byM = {1, 2, . . . ,M} and
K = {1, 2, . . . ,K}, respectively. Let pm,n, pk,n,
and pc,n be the transmission powers of CUE m,
D2D Tx k, and eNB C on sub-channel n, respec-
tively. N0 and B are the background noise power
spectral density at ambient temperature and the
sub-channel bandwidth, respectively.

The channel power gains of the di�erent links
are determined by the path loss models and are
used to determine the SINR, as described in the
next sub-Section. The Stanford University In-
terim (SUI) path loss model [11] and the WIN-
NER II path loss model [12] are adopted in this
paper as follows: SUI path loss used for the
communication links between CUEs and eNB,
between D2Ds and CUEs, between D2Ds of dif-
ferent cells; WINNER II path loss is used for the
communication links between D2D pairs having
direct communication inside the cell. We include
shadowing margin terms in the path loss models
to take the obstacles to signal propagation into
account.

Resource allocations are performed on a TTI
(Transmission Time Interval) basis, where TTI
= 1 ms in LTE.

2.2. SINR model for cellular

mode

In the cellular mode, two D2D users communi-
cate through the eNB as conventional CUEs and
no direct D2D link is established. In this case,
the eNB is used as a relay. The D2D pairs in
cellular mode perform like familiar CUEs. We
assume necessarily that any other D2D pair and
CUE do not use reuse their sub-channels in the
same cell. Of course, D2Ds and CUEs use the
same transmission power. In this mode, D2Ds
and CUEs are all together in the same group,
and for both of them, we have the same SINR
conditions. In particular, SINR for CUE m (as
well as for D2D Tx k) at eNB C on sub-channel
n can be written as:

SINRC or D,UL
m,n =

pm,n|hm,n|2

N0B
, (1)
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Fig. 1: Illustration of Device-to-Device cellular mode,
showing the channel gains and the transmission
powers of the di�erent links

.

In the D2D case, we also need a downlink
transmission from the eNB to D2D Rx k. Hence,
the SINR in downlink on sub-channel n (down-
link) can be written as:

SINRD,DL
k,n =

pc,n|hn,k|2

N0B
, (2)

where

• |hn,k|2 and |hm,n|2 are de�ned in the same
way;

• N0 = 174dBm/Hz and B = 180kHz are
the background noise power spectral den-
sity at ambient temperature and the sub-
channel bandwidth, respectively.

Then, we consider that the capacity for the
kth D2D pair depends on the minimum of the
capacities of UL and DL (the D2D link, in this
case, is obtained as the cascade of UL and DL)
that in turn depend on the respective SINR val-
ues, according to (1) and (2), using the modi�ed
Shannon capacity formula in (3).

The capacity of a given sub-channel n, Cn,
can be computed according to the SINR value
on the basis of the modi�ed Shannon formula
[9] as:

Cn =


B × log2

(
1 + SINRn

Γ

)
, if SINRn >

SINRmin

0, if SINRn < SINRmin,

(3)
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where Γ = − 2
3 ln(5 × BER), being Γ a con-

stant and BER = 0.00005. The pairing of D2Ds
and CUEs causes some mutual interference that
may lead the CUE and/or the D2D in outage
conditions, when the received SINR is below the
SINRmin threshold value (= −2.1054 dB in our
numerical evaluations).

2.3. Basic scheduling

approaches

In underlay mode, the resource management
algorithm is divided into two phases. In the
�rst phase, we select CUEs to be serviced in
the current TTI at random, and then we as-
sign sub-channels to these CUEs according to
a random mapping2. Secondly, we also se-
lect D2D pairs to be serviced in the current
TTI at random and then we assign the sub-
channels to these D2D pairs according to a
random mapping (underlay mode). Finally,
we apply the SINR model to calculate the ca-
pacity and outage probability for underlay mode
and next Section we propose a new framework
to calculate the CUE and D2D capacity and
outage probability analysis. Moreover, Algo-
rithm 1 proposes how to assign the resource
(sub-channel) for CUE and calculate the CUE
capacity in the simulation (CELLM case).

3. CUE AND D2D

CAPACITY AND

OUTAGE

PROBABILITY

ANALYSIS IN

CELLULAR MODE

In this section, we propose a novel analytical
approach for both capacity and outage proba-
bility prediction for CUEs and D2Ds based on
an SINR model (single-cell case) and a random

2The meaning of random mapping is de�ned by as-
signing the sub-channel for each CUE and D2D pair ran-
dom sub-channel. Note that, in one TTI, the sub-channel
only can be used for one CUE and D2D pair.

Algorithm 1 Pseudo code to calculate the CUE
capacity for UL and DL in the simulation.

Input:M, N, TTIs, SINRmin, PtxeNB , PtxCUE .
Output: CUE and D2D capacity, and outage
probability.
Step 1: We select CUEs to be serviced in
the current TTI on the basis of Round Robin
scheduling (i.e., cyclic ordering) schemes; re-
sources are here assigned to the selected CUEs
on the basis of random mapping.
Step 2: We calculate the SINR and capacity of
CUEs for both UL and DL as the algorithm,
which is presented below

1: procedure SUB-CHANNEL ALLOCA-
TION (,)

2: for m ∈M do

3: Calculate the SINRULCUE(m) of CUE in UL
by using (1).

4: Calculate the SINRDLCUE(m) of CUE in DL
by using (2).

5: Calculate the CUEUL(m) capacity and
outage probability for UL by using (3),
and set CUEUL(m) is a CUE capac-
ity for UL. Calculate the CUEDL(m)
capacity and outage probability for DL
by using (3). Save it as a vector
[CUEUL(m), CUEDL(m)].

6: Select min(CUEUL(m), CUEDL(m)) set it
is a D2D capacity for cellular mode.

uniform distribution of CUEs and D2Ds cellular
mode.

3.1. CUE and D2D capacity

analysis in cellular mode

Also in the cellular mode, we study the per-
formance of a single cell (no inter-cell interfer-
ence). D2D users and CUEs are all together in
the same group and experience the same SINR
condition. Let us consider a generic CUE at dis-
tance a ∈ [0, R] from the eNB of the reference
cell (having the eNB in the origin) with radius
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Fig. 2: CUE capacity model for circular cells.

R. The SINR values of this CUE in UL and DL
can be calculated as:

SINRULCUE(a) =

PTxCUE
pathloss(a)

N0B
, (4)

SINRDLCUE(a) =

PTxeNB/S
pathloss(a)

N0B
, (5)

where

• PTxeNB is the total transmission power of
eNB c ;

• S is the number of sub-channels in a cell;

• pathloss(a) is the path loss in linear scale of
the communication link from CUE to eNB
and vice versa.

Analogously to (3), the capacity available for
a generic CUE in UL and DL can be expressed as
(when we neglect the SINRmin threshold e�ects
for the capacity derivation):

C
UL(DL)
CUE (a) =

S ×B × log2

(
1 +

SINR
UL(DL)
CUE (a)

Γ

)
, (6)

We have to remove the conditioning on a con-
sidering its distribution that is obtained by tak-
ing the circular symmetry of the problem into
account as follows:

pdf(a) =
2πada

πR2
.

Then, we can express the total cell capacity
for UL or DL as follows:

TUL(DL) =

∫ R

0

C
UL(DL)
CUE (a)×

(
2a da

R2

)
=

2S B

R2

∫ R

0

a

× log2

(
1 +

SINR
UL(DL)
CUE (a)

Γ

)
da. (7)

where we neglect outage e�ects.

Then, in uplink the total CUE capacity (one
cell) can be calculated as:

CUEcapacity =
M

(M +K)
× TUL. (8)

Moreover, the total D2D capacity (one cell)
can be expressed as:

D2Dcapacity =

(
2

R2

)
×

K

(M +K)

∫ R

0

min
(
(CULCUE(a), CDLCUE(a))

)
a da.

(9)

These capacity formulas are valid considering
that the cell is saturated, so that M + K ≥ S,
the number of sub-channels of the cell. Next
subsection, we would like to propose the CUE
and D2D outage probability analysis in cellular
mode.
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3.2. CUE and D2D outage

probability analysis in

cellular mode

Let us consider a generic CUE at distance a ∈
[0, R] from the eNB, which is inside the reference
cell (having the eNB in the origin) with radius
R. Referring to Fig. 2, the following formula
is used to characterize the maximum distance
a, amax after which the CUE in the cell experi-
ences outage conditions depending on threshold
SINRmin (here expressed in dBs):

PTxCUE
pathloss(amax)

N0B
= 10

SINRmin
10 , (10)

where pathloss(amax) = SUI(amax).

With some algebraic manipulations, from (9)
we obtain the following formula:

SUI(amax) =
PTxCUE

N0B
× 10

−SINRmin
10 . (11)

For the sake of simplicity, let us assume that
amax > R0 of the SUI model so that (11) can be
solved with respect to amax as follows:

amax =
γ

√
ψ−1 × ω−γ × 10

−φ
10

× γ

√(
PTxCUE

N0
× 10

−SINRmin
10

)
, (12)

and where terms φ, ψ, and ω can be expressed
as follows according to the SUI path loss model
in [7].

The CUE outage probability is determined
considering that all CUEs with distance a from
amax to R are in outage conditions. Considering
the circular symmetry of the problem, then this
probability can be expressed di�erentiating the
case amax ≤ R from the case amax > R. If amax
≤ R, we have:

Otherwise, if amax > R, the CUE outage
probability is equal to 1. Then, the CUE outage
probability can be expressed as follows:

PCUEoutage =

{
1−

(
amax
R

)2
, if amax ≤ R

0, if amax > R.

(13)

Let us now consider the D2D out-
age probability. Let us denote: POUL
= UL outage probability and PODL =
DL outage probability, where POUL is given by
(13) and PODL is obtained by adapting (13) to
the downlink case, where amax is obtained using
SINRDL and considering the eNB transmission
power divided among S = N

F sub-channels of
the cell.

The D2D outage probability can be computed
considering the combination of UL and DL ef-
fects as shown in (14). In particular, we charac-
terize the probability of no D2D outage as the
product of the probability of no UL outage times
the product of no DL outage being these two as
independent events. Then, we have:

PD2Doutage = 1− (1− POUL)× (1− PODL)

= POUL + PODL − POUL × PODL. (14)

This formula can also be justi�ed by means
of the probability of the union of non-disjoint
events A and B: P(A ∪ B) = P(A) + P(B) −
P(A ∩ B), where P(A ∩ B) = P(A)P(B) since
these events are independent.

3.3. Average cell capacity and

outage probability in

cellular mode

In this mode, the scheduler determines the
CUE m∗ of the reference cell that is allocated
on sub-channel n in TTI and the corresponding
SINR values in UL. Then, the capacity of a D2D
pair depends on the minimum of the capacities
of UL and DL (the D2D link, in this case, is ob-
tained as the cascade of UL and DL) that in turn
depend on the respective SINR values. We sum
over all sub-channels of the cell and overall the
TTIs in the simulation, and then we divide by
the simulation length in TTIs in order to achieve
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the average capacity from simulations. Then,
the average (total) cell capacity in uplink can
be computed as follows: where

• M is the number of CUEs in the cell;

• K is the number of D2D pairs in the cell;

• M
(M+K) is the weight of CUEs over the total

number of users (CUEs plus D2D pairs) in
the system;

• K
(M+K) is the weight of D2D pairs over

the total number of users (CUEs plus D2D
pairs) in the system.

We apply the coe�cients M
(M+K) and K

(M+K)

to determine the average cell capacity in (15),
because in the cellular mode (CELLM), one
channel can be only rigidly assigned to a CUE
or to a D2D.

In the cellular mode (CELLM), the outage
probability for CUEs and D2Ds has been es-
timated from simulations according to the ap-
proaches by equations (16) and (17).

4. NUMERICAL

RESULTS

4.1. Simulation settings

We have implemented a Matlab simulator to
compare D2D communication underlay mode
and cellular mode. We repeat 20 times each sim-
ulation run of 2000 TTIs with di�erent random-
ized CUE and D2D pair positions and shadowing
margin (Monte Carlo approach). The settings of
the simulator are provided in Table 1. Results
are obtained only from a central (reference) cell,
even if we also simulate adjacent cells to achieve
realistic interference conditions.

In our simulations, CUEs and D2D Txs are
uniformly distributed in the cells that have a
circular shape with eNB at the center. CUEs
and D2D Txs positions are determined as uni-
formly distributed inside circularly-shaped cells
with radius R. The positions uniformly dis-
tributed in the circle can be characterized in po-
lar coordinates (r, θ) according to the following

Tab. 1: Simulator settings.

System parameters Values

Cell radius (uplink), R 500m

System bandwidth 10 MHz

Transmission power of
an eNB, PtxeNB

46 dBm

Transmission power of
an CUE, PtxCUE

24 dBm

Transmission power of
an D2D, PtxD2D

10−24 dBm

Background noise power
spectral density, N0

−174
dBm/Hz

RB (sub-channel) band-
width, B

180 kHz

Number of sub-channels,
N

50

Length of a simulation
run in #TTIs

2000

Number of cells simu-
lated

1

Number of CUEs and
D2D

50

Min and Max distance
between D2D Tx and
D2D Rx, L1 and L2

0 m and 60 m

Outage threshold,
SINRmin

− 2.1054 dB

Shadowing margins
SCUE and SD2D (path
loss)

16 dB for
CUEs and
5 dB for D2D
links

pdfs of independent variables:

pdf (r) =
2

R2
r, pdf (θ) =

1

2π
,

where r ∈ [0, R] and θ ∈ [0, 2π]. Moreover, for
each D2D Tx, we have to determine the position
of the corresponding D2D Rx considering that
the D2D Rx is uniformly distributed around the
D2D Tx in a ring within a distance from L1 to
L2. Then, taking the D2D Tx position as a ref-
erence now, we determine the relative position
of the D2D Rx in polar coordinates (D,ϕ) as:

pdf (D) =
2

L2
2 − L2

1

D, pdf (ϕ) =
1

2π
,

where D ∈ [L1, L2] and ϕ ∈ [0, 2π].

In each scheme for both of D2D underlay
mode and cellular mode, �rstly we apply the
Algorithm 1 to select the CUE and D2D pairs
to be served and assign sub-channel allocation,
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Average cell capacity = S ×


∑#TTI
t=1 ( M

M+K )Blog2

(
1+

SINR
C,UL
m∗,n(t)

Γ

)
+

∑#TTI
t=1 ( K

M+K )Bmin

[
log2

(
1+

SINR
C,UL
k∗,n (t)

Γ

)
, log2

(
1+

SINR
C,DL
k∗,n (t)

Γ

)]


# TTI
,

(15)

OutageProbCUE =

∑#TTI
t=1

Number of scheduled CUEs in outage condition in TTI t
Total number ofCUEs allocated in TTI t

#TTI
. (16)

and determine capacity and outage conditions
for both CUEs and D2D pairs. At each TTI,
we determine the new capacity value and a new
outage probability cases. Then, we take the av-
erage for the capacity and the outage probability
for both CUEs and D2D pairs all over the runs.

4.2. Analysis results and

comparison with

simulations

In this paper, we show simulation results com-
pared with analysis ones (according to Section
3. ) for the cellular mode (CELLM) and
the underlaying case with a random scheduler
and random pairing (Rnd2), and the scheduled
D2Ds are paired with the CUEs at the far-
thest distance (RR − FAR) [9] in the simula-
tion. We refer to the system settings in Table
1. In this study (single-cell case), cells have
a circular shape in both analysis and simula-
tion. In this scenario, the reuse factor is equal
to 1. The results are shown in Figs. 3 and 4
for what concerns capacity and outage probabil-
ity as a function of the D2D transmission power
level for 50 CUEs, 50 D2D pairs, and 50 sub-
channels. It can be observed that as the D2D
power increases, the D2D capacity increases as
well and the D2D outage probability decreases in
the underlaying mode Rnd2 and (RR − FAR).
Especially, the D2D capacity in (RR − FAR)
is higher than the (Rnd2), because we select
the farthest distance of CUEs to share the sub-
channel with the D2D pairs, that means the
interference of CUEs are smallest. Moreover,

CUE capacity also decreases and CUE outage
increases because of the interference from D2D
transmissions increases and are equivalent for
all the algorithm in underlay mode (Rnd2 and
RR − FAR). Note that the outage probabil-
ity for CUEs in underlay mode with the simple
Rnd2 and (RR − FAR) scheme too high. We
also present the capacity and outage probability
of D2Ds and CUEs in cellular mode (CELLM),
where CUE and D2D transmission powers are
the same. In this case, the capacity values for
CUEs and D2Ds increase with the transmission
power. On the other hand, outage probabilities
are zero, because there is no interference in the
cellular mode (CELLM) single-cell scenario. In
all the cases of Figs. 3 and 4, there is a good
agreement between analysis and simulation re-
sults for CELLM case. Moreover, from Fig.
3 We see that RR − FAR is the best scheme
in terms of capacity and outage probability for
D2Ds.

We also analyze the capacity and outage prob-
ability of CUEs and D2Ds for CELLM cases
as functions of the number of D2D pairs K,
with K increasing from 20 pairs to 70 pairs, 120
CUEs and 50 sub-channels (N), and compare
with the underlay mode (Rnd2 and RR−FAR).
Let us refer to Figs. 5 and 6. It is interest-
ing to note that the D2D capacity in under-
lay mode increases as the number of D2D pairs
grows since more D2D pairs have channels allo-
cated and D2D outage probability increases as
well. Besides, when K ≥ N , D2D capacity, and
D2D outage probability do not vary because the
use of sub-channels by D2Ds is saturated. As
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OutageProbD2D =

∑#TTI
t=1

D2D pairs numbers in outage condition at TTI t
Total number ofD2D pairs allocated at TTI t

#TTI
. (17)
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Fig. 3: D2D and CUE cell capacity as function of
the D2D transmission powers in underlay mode
scheme) and cellular mode (CELLM).
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Fig. 4: D2D and CUE outage probability as function of
the D2D transmission powers in underlay mode
scheme) and cellular mode (CELLM).

for CUEs, capacity in underlay mode decreases
and outage probability increases with the num-
ber of D2Ds. Moreover, CUE capacity and out-
age probability saturate when K ≥ N .

Let us now comment the results for CELLM
case in Figs. 5 and 6. We can see that D2D ca-
pacity increases with the number of D2D pairs

because according to ((9)) this capacity is pro-
portional to K

M+K , where the numerator K is
the D2D pair numbers, and the denominator
(M+K) is the total number of users (both CUEs
and D2D pairs) in the system. On the other
hand, CUE capacity decreases with the increase
in the number of D2D pairs, because on the basis
of ((10)), this capacity is proportional to M

(M+K) ,

whereM is the number of CUEs in the reference
cell. Then, we have no outage probability for
CUEs with CELLM case because there is no
interference with a single cell and background
noise has not impact because of the small cell
range.

Unfortunately, with current settings and the
use of the simple Rnd2 and RR − FAR scheme
the outage probability of the underlay case is too
high.

Finally, we can see that there is good agree-
ment between analysis and simulation results,
thus cross-validating both the implemented sim-
ulator and the analytical approach for a cellular
mode. And the advantages of D2D communi-
cation in underlay mode, since the capacity is
higher than the traditional cellular network.

5. CONCLUSION

This paper presented an analytical framework
based on a distance and path-loss model for
the performance analysis in a cellular network
with cellular D2D communications. Based on
the obtained results, the interference and out-
age probabilities for both the cellular and D2D
communications in an uplink reusing scenario
are thoroughly investigated. The accurate anal-
ysis demonstrated the promising potentials of
the proposed framework, which we believe is
a signi�cant complementary work to the ex-
isting approaches and results, and can provide
meaningful insights and guidelines for the de-
sign and optimization of D2D communications
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Fig. 5: D2D and CUE cell capacity as function of the
number of D2D pairs in underlay mode scheme)
and cellular mode (CELLM) for CUE (D2D)
transmission power of 24 dBm (21 dBm).

in the next-generation cellular networks. Based
on the proposed framework, further investiga-
tion can be done for modeling and analyzing the
uplink reusing scenario, the multi-cell scenarios,
and considering other channel impairments such
as log-normal shadowing and fast fading.
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