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Abstract In this paper, we analyse the outage probability
of Device-to-Device (D2D) communications in a multi-cell
frequency reuse-1 (FRF-1) system. We derive a formula for
outage probability of a D2D link in the FRF-1 system when
uplink resource sharing between cellular users and D2D
users is enabled in the network. Based on this analysis, we
propose a location-based power control mechanism for D2D
which can enhance the outage performance of the D2D link,
and at the same time, reduce the transmit power required for
communication.

Keywords Device-to-device · Reuse-1 · Outage
probability · Power control

1 Introduction

In recent years Device-to-Device (D2D) underlay in cellu-
lar networks has attracted a lot of attention. It is believed
that it can improve system spectral efficiency, reduce power
consumption and enable a new type of multimedia services
[1–3]. D2D communication was one of the main technolo-
gies that were thoroughly investigated within the UE FP7
METIS (Mobile and wireless communications Enablers for
the Twenty-twenty Information Society) project [4]. Con-
sidering the D2D underlay, it is often assumed that D2D
communications may use radio resources simultaneously
with cellular users. This assumption allows for increasing

� Marcin Rodziewicz
marcin.rodziewicz@put.poznan.pl

1 Faculty of Electronics and Telecommunication,
Poznan University of Technology, Poznan, Poland

the frequency reuse factor (FRF) even above the reuse-1
[3]. However, enabling D2D communications reusing the
cellular spectrum poses new challenges, for instance, new
interference patterns.

The frequency bandwidth is a scarce resource, thus the
need to utilize it in the most efficient way. In this paper
we analyse a D2D underlay reusing cellular uplink (UL)
resources in frequency reuse-1 (FRF-1) network which aims
at maximizing effectiveness of bandwidth use. We derive a
formula for outage probability of a D2D link in a multi-cell
FRF-1 system and propose a location-based power control
mechanism for D2D communication.

The remainder of the paper is organized as follows.
Section 2 gives the background for the considerations of this
paper. Section 3 describes the system model used in evalu-
ation of the proposed concept and presents the closed-form
expression for the outage probability of D2D communica-
tion reusing UL resources in a multi-cell FRF-1 environ-
ment. In Section 4 the outage probability analysis of D2D
communication is contained. Section 4 also presents a pro-
posal of location-based power control mechanism for D2D
communication. The paper is concluded in Section 5.

2 Related work

The mitigation of interference inherent to D2D communi-
cations is a well studied topic [1, 2, 5–10] and the most
common approaches involve power control and resource
allocation solutions. For example, in [5] a D2D power
reduction method was proposed to control the interfer-
ence to cellular users (CUEs). With regards to interference
mitigation solutions based on resource allocation many of
the proposed methods (e.g. [8]) exploit the knowledge of
the slow-scale parameters such as path-loss or shadowing
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to perform interference-aware resource allocation. Several
solutions investigate the possibility of exploiting location
information for resource allocation and sharing user selec-
tion [11–15]. In [11] and [12], apart from a power control
mechanism, an interference limited area (ILA), also referred
to as an interference limited ring (ILR), control strategy is
proposed. The goal of this strategy is to guarantee that the
outage probability of the D2D communication caused by
the interference from CUEs is less than a predetermined
threshold, while maintaining the interference level to CUEs
at satisfactory level. On the other hand, in [13] the inter-
ference limited area control method is applied to restrict
the interference prior to the resource allocation process.
In [14], a distance-constrained resource-sharing criterion
(DRC) is introduced which limits the set of CUEs that
can share resources with considered D2D users (DUEs).
The results show that DRC brings significant reduction of
outage probability of the D2D link. Moreover, the pro-
posed DRC does not require CUE to reduce its transmission
power, and thus avoids degrading the performance of the
cellular link. The work reported in [14] is further extended
in [15], where the proposed user selection mechanism is
evaluated in a multi-cell fractional frequency reuse (FFR)
system. The authors evaluate the use of UL resource shar-
ing for D2D along with strict FFR scheme in a three cell
scenario. Strict FFR assumes that each cell is divided into
inner and outer regions. Inner region of each cell uses the
same frequency band e.g. A, whereas the outer regions use
different bands e.g. B,C and D. In this approach the D2D
communication is allowed to use only the inner region fre-
quency band and the D2D pair has to be located within the
outer region of the cell. The results of the three cell sce-
nario show that the proposed resource sharing scheme can
significantly improve the outage probability performance
of the D2D link. Another paper that investigates the D2D
communication in a FFR system is [16]. In this work a
radio resource allocation is proposed where the DUEs and
CUEs use different frequency bands that are chosen based
on users’ locations. The D2D communication in [16] takes
place in the downlink (DL) and the result show that by using
radio resources selectively (according to users’ positions)
can improve the total performance of the network.

All of the aforementioned papers assume either a single-
cell scenario [1–3, 5–14] or a multi-cell scenario with FFR
[15, 16]. Single-cell considerations cannot be easily applied
to systems exploiting frequency reuse due different interfer-
ence patterns of such networks. In FRF-1 system the D2D
underlay will experience interference from multiple sources
as shown in Fig. 1. On the other hand FFR reduces the
interference mitigation problem at the cost of less efficient
bandwidth utilization compared to FRF-1 systems. Since
the bandwidth is a scarce resource the use of D2D commu-
nications in FRF-1 system emerge as one of the solutions

Fig. 1 Model of D2D communications underlaying a FRF-1 network

for more efficient bandwidth use. The main contribution of
this paper is the analysis of the outage probability of a D2D
communication in a multi-cell FRF-1 system. We derive a
formula for outage probability of a D2D link in FRF-1 sys-
tem when uplink resource sharing between CUEs and DUEs
is enabled in the network. Based on this analysis, we pro-
pose a location-based power control mechanism for D2D
which can enhance the outage performance of the D2D link,
and at the same time, reduce the transmit power required for
communication.

3 System model

We consider an OFDMA-based FRF-1 cellular network
with a D2D underlay (Fig. 1). Base stations (BS) are located
in central positions of hexagonal cells with edge length R

and inter-site distance (ISD) S. For any CUE, noted as Ci ,
its location is given in polar coordinates by a pair (rCi

, ϕCi
).

The angle ϕCi
follows the uniform distribution [0, 2π) and

the distance of the user to its serving BS is limited by
cells’ hexagonal shape, thus rCi

is a random variable with a
probability density function (PDF):

frCi
(rCi

) = 6rCi

√
3

2πR2
(1)

where rCi
∈ (0, S/| sin(ϕCi

)| + √
3| cos(ϕCi

)|] for ϕCi
∈

(−π/3, π/3)∪(−2π/3, 2π/3) and rCi
∈ (0, S/2| sin(ϕCi

)|]
for ϕCi

∈ (−π/3, −2π/3) ∪ (π/3, 2π/3).
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Apart from the cellular users, a D2D pair is deployed in
the cell served by BS1. A D2D receiver (DR) is placed in the
same manner as CUEs with location parameters (rd , ϕd),
while a D2D transmitter (DT ) is deployed on a circle of
radius dD centred at the location of the D2D receiver.

The D2D transmissions take place in the uplink resources
of the cellular communication. As a result, a new interfer-
ence pattern is introduced in the network. The D2D receiver
is a victim of interference caused by CUEs that share their
resources with the D2D transmitter. On the other hand, the
D2D transmitter generates additional interference towards
CUEs. This interference is experienced by the CUEs serv-
ing BSs. In this paper we focus on the performance of the
D2D link, thus we omit the impact of the D2D communica-
tion on cellular users under the assumption that the BS, with
its strong processing capacity, is capable of mitigating the
D2D-to-Cellular (D2C) interference.

Considering the geometry of the system shown in Fig. 1,
and extending it to a generic N cell case, the signal-to-noise
and interference ratio (SINR) at the D2D receiver can be
written as

γDR
= |hD2D|2PDd−α

D

N∑

n=1
|hnR|2PCnd

−α
Cn

+ N0

, (2)

where hD2D and hnR are the fading coefficients of the D2D
link and the link between the DUE receiver and the n-
th CUE transmitter, respectively. Both follow the complex
Gaussian distribution CN (0, 1). The path-loss exponent is
denoted with α, whereas N0 is the additive white Gaussian
noise (AWGN) variance. The transmit power of the D2D
transmitter and the n-th CUE are given by PD and PCn ,
respectively.

3.1 Outage probability

To analyse the performance of the D2D link in an FRF-1
network, we derive an expression for outage probability of
the D2D receiver, which is defined as the probability that
instantaneous SINR γDR

falls below a predetermined SINR
threshold γ0. The outage probability of a D2D receiver con-
ditioned on the locations of the CUEs (LCn) selected for
resource sharing can be expressed as:

Pr[γDR
< γ0|LC1 , . . . , LCn] = FγDR

(γ0), (3)

where FγDR
(· ) is a cumulative distribution function (CDF)

of γDR
. To obtain the outage probability of the D2D link,

we use the following Lemma.

Lemma 1 Let |h0|2 follow an exponential distribution and
s = ∑M

m=1 |hm|2/λm + ∑L
l=1 |hl |2/λe be the sum of N =

M + L exponential random variables, M of which has a
distinct mean 1/λm and L has the same mean 1/λe. Let x =

|h0|2/λ0, y = s + δ, and λ0, λm, λe, δ > 0, then the CDF
of z = x/y is:

Fz(z) =
M∑

m=1

Em

(

1 − λm exp(−λ0zδ)

λ0z + λm

)

+
L∑

l=1

Al

[

1 − λl
e exp(−λ0zδ)

(λ0z + λe)l

]

. (4)

The definition of Em and Al can be found in [17], whereas
δ is a constant.

Proof With the help of [18, eq. (5-18)], the PDFs of x and y

are expressed as fx(x) = λ0 exp(−λ0x)U(x) and fy(y) =
fs(y − δ)U(y − δ), respectively. From [17] the PDF of
fs(s) is:

fs(s) =
M∑

m=1

Emλm exp(−λms)

+
L∑

l=1

Al

sl−1λl
e exp(−λes)

�(l)
, (5)

where

Em =
(

λe

λe − λm

)L M∏

u=1,u �=m

λu

λu − λm

. (6)

The coefficients Al can be found by solving a system of L

equations. The equation system is established by randomly
choosing L distinct values of λ but not equal to λm and λe.
Denoting L values of λ as Bp with p = 1, 2, . . . , L.

(
λe

λe − Bp

)L M∏

m=1

λm

λm − Bp

=
M∑

m=1

Emλm

λm − Bp

+
L∑

l=1

Alλe

(λe − Bp)l
. (7)

Al is an element of matrix A = C−1D = [A1, A2, , AL]T .
Where C is an LxL matrix with elements Cuv =
((λe/(λe − Bu))

v and D = [D1, D2, , DL]T with ele-
ments Du = (λe/(λe − Bu))

L
∏M

m=1 λm/(λm − Bu) −
∑M

m=1(λmEm)/(λm − Bu).
Next, the PDF of z = x/y can be evaluated as [18, eq.

(6-59)]:

fz(z) =
∞∫

δ

yfx(yz)fy(y)dy

= λ0 exp(−λ0zδ)

M∑

m=1

λmEmΦm(z)

+
L∑

l=1

λl
eAlΦl(z). (8)
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Where:

Φm(z) = δ

λ0z + λm

+ 1

(λ0z + λm)2
, (9)

Φl(z) = δ

(λ0z + λe)
l
+ l

(λ0z + λe)
l+1

. (10)

The CDF of fz(z) can be expressed as:

Fz(z) =
z∫

0

fz(x)dx

= λ0

M∑

m=1

λmEm

z∫

0

exp(−λ0xδ)Φm(x)dx

+
L∑

l=1

λl
eAl

z∫

0

exp(−λ0xδ)Φl(x)dx. (11)

Both integrals of Eq. 11 can be solved by substitution,
hence:

Fz(z) =
M∑

m=1

Em

(

1 − λm exp(−λ0zδ)

λ0z + λm

)

+
L∑

l=1

Al

[

1 − λl
e exp(−λ0zδ)

(λ0z + λe)l

]

. (12)

Considering that the channel of each link in the network
can be modelled by Rayleigh fading, we can assume that
the sum representing interference in Eq. 2 is a sum of M

exponential random variables with a distinct mean 1/ρm =
PCmd−α

Cm
and L exponential random variables with the same

mean 1/ρe = PCl
d−α
Cl

:

N∑

n=1

|hnR|2PCnd
−α
Cn

=
M∑

m=1

1

ρm

|hmR|2 +
L∑

l=1

1

ρe

|hlR|2. (13)

Let 1/ρd = PDd−α
D . Using Lemma 1 in Eq. 2 and inserting

it in Eq. 3 we obtain the outage probability:

Pr[γDR
< γ0|LC1, . . . , LCn] = FγDR

(γ0)

=
M∑

m=1

Em

(

1 − ρm exp(−ρdγ0N0)

ρdγ0 + ρm

)

+
L∑

l=1

Al

[

1 − ρl
e exp(−ρdγ0N0)

(ρdγ0 + ρe)l

]

. (14)

4 Outage performance analysis

4.1 DRC analysis

One approach to interference mitigation is to use a distance-
constrained resource-sharing criterion (DRC) proposed in
[14]. In this approach, the interferences from cellular users
towards the D2D receiver (C2D) are controlled by the BS by
selecting a resource sharing CUE, whose distance to D2D
receiver meets predefined minimum distance requirements,
further referenced as the DRC size. Although originally the
DRC approach was proposed for a single cell scenario, it
can be easily extended to a multi-cell case by using the DRC
in each affected BS.

In this section, we present an analysis of the DRC
approach in a scenario consisting of 19 hexagonal cells with
ISD S = 500 m and hexagon edge lengthR = S/

√
3 m. The

power control scheme, for both the CUEs and DUEs, is the
target SNR power control (TSPC), where the transmit power
is selected to reach a fixed average SNR target σ0, i.e., P =
σ0N0r

α
c . Other relevant parameters are: dD = 100 m, N0 =

−174 dBm/Hz, α = 4, γ0 = 0 dB, Pmax = −46 dBm/Hz
and bandwidth B = 1 MHz. This set of parameters repre-
sents a typical settings for a macro BS in LTE networks and
is aligned with the values in [14].

Outage probability analysis in a multi-cell environment
can be computationally demanding. To evaluate the aver-
age outage probability, we should consider all valid CUEs
positions in each cell separately. Thus, the number of cal-
culations in the case of the considered 19-cell scenario, and
1 m resolution, would be: C = [(3√3/2)(R/(1[m]))2]19.
Therefore, we limited the simulations to 105 independent
random realizations of LCn and limited the analysis area
by considering only the cells, and the CUEs, that are
located within a predefined circle-shaped search area cen-
tred at the location of the D2D receiver. The size of this
area in these considerations was 2R. For a baseline we
compared the multi-cell scenario to a single-cell case. All
the simulations were carried out with a dedicated C++
simulator.

We evaluated the outage probability for various locations
of the D2D receiver. In the presented results, we assumed
that the D2D receiver was located in the central cell, at
the angle ϕD = π/4 with variable radius rD ∈ (1, rmax

D )

where rmax
D = S/| sin(ϕD)| + √

3| cos(ϕD)|. From the anal-
ysis performed in [14], we know that the SNR target value
of CUEs in TSPC scheme has a big impact on the out-
age probability performance of the D2D receiver. Thus, the
selection of the TSPC settings for the D2D transmitter and
CUEs is not a trivial task. In the following analysis, based
on the results of [14], we assumed that the SNR target is
σC = 20 dB and σD = 40 dB for CUEs and the D2D
transmitter, respectively.
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Fig. 2 D2D outage probability
for different DRC sizes and
DUE receiver positions:
rd = 0.3rmax

D , . . . , 0.9rmax
D for a

single cell scenario (N=1) and a
multi-cell scenario (N=19)
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Figure 2 presents the outage performance of the D2D
receiver against the size of the DRC region and the location
of the D2D receiver. The results show that the DRC-based
solution proves to be effective in reducing the outage prob-
ability in the FRF-1 systems. Considering the D2D receiver
location, we can notice that the further away from the BS,
the lower the outage probability. However, at a certain point
the outage probability increases due to the increased impact
of inter-cell interference. When comparing the outage per-
formance of the FRF-1 scenario to the single cell sce-
nario we notice a substantial increase in outage probability.
Therefore, to enhance the performance of D2D communica-
tions in the FRF-1 system, a proper power control scheme
should also be applied on top of the interference manage-
ment solution such as DRC. In the next section, we propose
and analyse a location-based power control mechanism for
D2D communications.

4.2 Location-based power control for D2D

We propose a location-based target Signal-to-Interference
Ratio (SIR) power control (LTSIPC) scheme for D2D

communications. This power control mechanism utilizes
users information about users locations to estimate the inter-
ference experienced by the D2D receiver. The SIR of the
D2D receiver is given by:

ξDR
= |hD21|2PDd−α

D

N∑

n=1
|hn1|2PCnd

−α
Cn

. (15)

Based on this equation, the transmit power of the D2D
transmitter can be derived by setting an SIR target ξ0:

PD =
ξ0

N∑

n=1
|hn1|2PCnd

−α
Cn

|hD21|2d−α
D

. (16)

Since we are using only location information to determine
the interference, the knowledge on instantaneous channel
coefficients hD21 and hn1 is not available to the power con-
trol mechanism. Therefore, to simplify (16), we assume that
the mean value of both |hD21|2 and |hn1|2 is equal to 1.

Fig. 3 CDF of DUE transmit
power
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Fig. 4 D2D outage probability
for different DRC sizes and
power control mechanisms
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Taking this assumption into account, and setting the upper
limit on transmit power Pmax , we obtain:

PD = min

(

Pmax, ξ0d
α
D

N∑

n=1

PCnd
−α
Cn

)

. (17)

The performance of the LTSIPC was evaluated in
the same scenario as the DRC sharing user selection
scheme, with additional assumptions that the location of
the D2D receiver is fixed and close to the cell border, i.e.,
(0.8rmax

D , π/4) with respect to the central cell BS. Cellular
users are using TSPC as a power control mechanism and the
DUE transmitter is using LTSIPC.

We compared the LTSIPC with TSPC for various DRC
sizes, and the results are presented in Fig. 3. The LTSIPC
is more flexible than the TSPC and allows for a dynamic
adjustment to the changes in the network. We can see that
for ξ0 = 20 dB and no DRC scheme, the transmit power
resulting from the LTSIPC is lower than the one resulting
from TSPC in around 60 % of situations. Increasing the
ξ0 value to 25 dB reduces this percentage to around 33 %.
However, by applying the DRC mechanism on top of the
LTSIPC, we can shift the CDF of the transmit power to
lower values. For instance, for the DRC size of 100 m and
ξ0 = 20 dB, the resulting transmit power setting of the
LTSIPC is lower than of the TSPC in around 70 % of sit-
uations. By increasing the size of the DRC to 300 m this
percentage can be increased to 93 % of situations.

Finally, we compared the LTSIPC and TSPC in terms of
outage performance. In Fig. 4, we present the outage perfor-
mance against the DRC size and different ξ0 values of the
LTSIPC. We can see that the LTSIPC alone can reduce the
outage probability. The joint application of the DRC user
selection scheme and LTSIPC can further enhance the out-
age performance. The LTSIPC with ξ0 = 25 dB has the best
outage performance for all considered DRC sizes. However,

increasing the size of the DRC exclusion region has a greater
impact on the outage probability in the TSPC scheme and
for the case of a DRC radius of 200 m, the TSPC outper-
forms the LTSIPC with ξ0 lower than 25 dB. Nevertheless,
if we consider the fact that the transmit power of D2D com-
munications is lower in 84 % of situations in the case of
LTSIPC (ξ0 = 20 dB) compared to the TSPC, then wemight
still opt to use the LTSIPC for the reduced power benefit.
Another aspect that has to be considered is the selection of
the DRC size. By making the DRC exclusion area bigger,
we decrease the number of potential cellular users for shar-
ing, thus reducing the transmission opportunities of D2D
communications. With this in mind, the LTSIPC has advan-
tage over TSPC with a better outage performance for lower
DRC sizes.

5 Conclusion

In this paper, we analysed the outage probability of D2D
communications in a multi-cell FRF-1 system that shares
the uplink cellular resources. We proposed a power con-
trol mechanism that, based on locations of the users and
SIR target value, estimates the power setting for D2D com-
munications. The results show that the D2D interference
management in the FRF-1 network is not a trivial task.
However, the location based approach for both selection
of sharing CUEs and power control is a viable and simple
solution to enable D2D communications in FRF-1 systems.
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