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Abstract—Recently, it has been standardized by the 3rd
Generation Partnership Project (3GPP) [1] that device-
to-device (D2D) communications should use uplink re-
sources when coexisting with conventional cellular com-
munications. With uplink resource sharing, both cellular
and D2D links cause significant co-channel interference.
In this paper, we consider a D2D mode selection criterion
based on the maximum received signal strength (MRSS)
for each user equipment (UE) to control the D2D-to-
cellular interference. Specifically, a UE will operate in
a cellular mode, if its received signal strength from the
strongest base station (BS) is larger than a threshold 5;
otherwise, it will operate in a D2D mode. Furthermore,
in our study, cellular UEs, D2D transmit UEs and D2D
receiver UEs constitute the entire UE set, which is a
more practical assumption than dropping more UEs
for D2D reception only in existing works. The coverage
probability and the area spectral efficiency (ASE) are
derived for both the cellular network and the D2D
one. Through our theoretical and numerical analyses,
we quantify the performance gains brought by D2D
communications and provide guidelines for selecting the
parameters for network operations.

I. INTRODUCTION

In the last decade, there has been a sharp increase in
the demand for data traffic [2]. To address such massive
consumer demand for data communications, especially from
the user equipment (UEs) such as smartphones and tablets,
many noteworthy technologies have been proposed [3], such
as small cell networks (SCNs), cognitive radio, device-
to-device (D2D) communications, etc. In particular, D2D
communications allow direct data transfer between a pair of
neighboring mobile UEs. Due to the short communication
distance between such pairs of D2D UEs, D2D communica-
tions hold great promise in improving network performance
such as coverage, spectral efficiency, energy efficiency and
so on. Recently, it has been standardized by the 3rd Genera-
tion Partnership Project (3GPP) [1] that Proximity Services
(ProSe) should use uplink resources when coexisting with
conventional cellular communications. This means D2D
communications will underlay with cellular networks in the
uplink. For the underlay inband D2D communications, the
most critical issue is to reduce the interference as cellular
links and D2D links share the same radio resources.

In parallel with the standardization effort, there has been
a surge of academic studies in this area [4-8]. In more
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detail, using the stochastic geometry theory, Andrews, et al.
conducted network performance analyses for the downlink
(DL) [9] and the uplink (UL) [10] of SCNs. In which
UEs and base stations (BSs) were assumed to be randomly
deployed according to a homogeneous Poisson distribution.
In [11], Peng developed an analytical framework for the
D2D underlaid cellular network in the DL, where the Rician
fading channel model was adopted to model the small-
scale fast fading for the D2D communication links. In [4],
Liu provided a unified framework to analyze the downlink
outage probability in a multi-channel environment with
Rayleigh fading, where D2D UEs were selected based on
the average received signal strength from the nearest BS,
which is equivalent to a distance-based selection. In [12],
George proposed exclusion regions to protect cellular re-
ceivers from excessive interference from active D2D trans-
mitters.

In this paper, we propose a more generalized framework
which takes into account a novel interference management
scheme which based on the maximum received signal
strength of UEs from BSs and shed new insight on the
interference management of coexistent D2D and cellular
transmissions. The main contributions of this paper are
summarized as follows:

e We study a practical network in which UEs can
adaptively switch between conventional cellular UEs
and D2D UEs. In most previous studies, the authors
have considered D2D receiver UEs as an additional
tier of nodes, independent of the cellular UEs and
the D2D transmitter UEs. Such tier of D2D receiver
UEs without cellular capabilities appears from nowhere
and is hard to justify in practice. In our study, cellu-
lar UEs, D2D transmit UEs and D2D receiver UEs
constitute the entire UE set, which is a more practical
assumption than dropping more UEs for D2D reception
only. Moreover, our framework considers interference
management, the power control of cellular UEs and
shadow fading, which are partly ignored in the existing
studies.

With uplink resource sharing, both cellular and D2D
links cause significant co-channel interference. Hence,
we proposed a tractable interference management
scheme for each user equipment (UE) to control the co-
channel interference. Specifically, a UE will operate in
a cellular mode if its received signal strength from the
strongest base station (BS) is larger than a threshold;
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otherwise, it will operate in a D2D mode. Such max-
imum received signal strength based mode selection
scheme is more practical than the distance-based mode
selection in most existing studies because in practice
it is possible that the strongest received signal strength
is not associated with the closest BS but the one with
the minimum path loss.
o Our results demonstrate that the D2D links can provide
a considerable the area spectral efficiency (ASE) gain
when the threshold parameter is appropriately chosen.
The rest of this paper is organized as follows. In Sec-
tion II, we introduce the system model and assumptions
used in this paper. Section III presents our main results. We
provide numerical results and more discussion in Section IV
and conclude our work in Section V.

II. SYSTEM MODEL

In this section, we present the system model and assump-
tions that are used in this paper.

A. The Path Loss Model

We consider a D2D underlaid UL cellular network, and
we assume the BSs are spatially distributed according to a
homogeneous Poisson point process (PPP) @, of intensity
Aps 1.e., D, = {X;}, where X; denotes the spatial locations
of the 7¢th BS. Moreover, the UEs are also distributed
in the network region according to another independent
homogeneous PPP @, of intensity \,, each UE choose
operate mode based on the downlink received signal power
from BSs at the first time slot.

We focus on the typical receiver at the origin. The
received power for a typical UE from a BS b can be written
as

P = AgPpHp (b) R, (1

where Ap = 10764% is a constant determined by the
transmission frequency for BS-to-UE links, Pg is the trans-
mission power of a BS which is constant, Hp (b) is the
lognormal shadowing from the BS b to the typical UE.

There are two modes for UEs in the considered D2D-
enabled UL cellular network, i.e., cellular mode and D2D
mode. Each UE is assigned with a mode to operate accord-
ing to the comparison of the received DL power from its
serving BS with a threshold. In more detail,

Cellular, if P* = max {PF} > 8

Mode = ) (2
D2D, otherwise

where the string variable M ode takes the value of ’Cellular’
or 'D2D’. In particular, for a tagged UE, if P* is large than
a specific threshold 5 > 0, then the UE is not appropriate
to work in the D2D mode due to its potentially large
interference, and hence it should operate in the cellular
mode and directly connect with a BS. Otherwise, it should
operate in the D2D mode. The UEs that are associated with
cellular BSs are referred to as cellular UEs (CU) and the
distance from a CU to its associated BS is denoted by RZ.
For a D2D UE, we adopt the same assumption in [4] that it
randomly decides to be a D2D transmitter or D2D receiver
with equal probability at the beginning of each time slot,
and a D2D receiver UE selects the strongest D2D transmitter
UE for signal reception.
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The path loss functions for the UE-to-BS links and UE-
to-UE links can be captured as following

dB
PLcellular = A(g; + O4310 1OglO R+ gB (3)

and

PLpyy = A% + ap10log,, R + &p, 4)

where the path loss is expressed in dB unit, A% and A
are constants determined by the transmission frequency, ap
and ap are path loss exponents for the UE-to-BS links
and UE-to-UE links. Moreover, we denote by Hp and Hp
the lognormal fading coefficients of a CU-to-BS link and
a UE-to-UE link, and we assume that Hp = exp (k&5,)
and Hp = exp (k€D,) are lognormal fading, where
—In10/10 is a constant, i.e., £ ~ N (0,05%) and &5 ~
N (O, g D2) .

Base on the above system model, we can obtain the
intensity of CU A, as A, = g¢\,, where ¢ denotes the
probability of P* > (3 and will be derived in closed-form
expressions in Section III. It is apparent that the D2D UEs
are distributed following another non-homogenous PPP &,
the intensity of D2D UE \; is Ag = (1 — ¢) Ay.

B. The Scenario Description

We assume an underlaid D2D model. That is, each D2D
transmitter reuses the frequency with cellular UEs, which
incurs inter-tier interference from the D2D tier to the cellu-
lar tier. However, there is no intra-cell interference between
cellular UEs since we assume an orthogonal multiple access
technique in a BS. It follows that there is only one uplink
transmitter in each cellular BS. Here, we consider a fully
loaded network with A\, > )\, so that on each time-
frequency resource block, each BS has at least one active
UE to serve in its coverage area. Note that the case of
Au < Ap 1s not trivial, which even changes the capacity
scaling law [13]. Due to the page limit, we leave the study
of A\, < A as our future work.

Moreover, we assume a channel inversion strategy for the
power control for cellular UEs, i.e.,

g
> )

where Ap = 101647 is a constant determined by the
transmission frequency for BS-to-UE links, P, is the trans-
mission power of the i-th cellular UE, R; is the distance
of the i-th link from a CU to the target BS, ap denotes
the pathloss exponent, € € (0, 1] is the fractional path loss
compensation, F is the receiver sensitivity. For BS and
D2D transmitters, they use constant transmit powers Pp
and P, respectively. H., is the lognormal shadowing of
the ¢-th cellular link.

According to [9], the coverage probability of the typical
receiver which is located in the origin is defined as

RO®
He, An

P, = P0< ®)

PMode (T, )\Mode) =Pr [SINR > T} s (6)
where T is the signal-to-interference-plus-noise ratio
(SINR) threshold, the subscript string variable Mode takes
the value of ’Cellular’ or ’D2D’.
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III. MAIN RESULTS

A. The Probability of UE Operating in the Cellular Mode

In this subsection, we present our results on the probabil-
ity that a UE operates in cellular mode and the equivalence
distance distributions in cellular mode and D2D mode
respectively. The derived results will be used in the analysis
of the coverage probability later.

Lemma 1. The probability that a generic mobile UE
registers to the strongest BS and operates in cellular mode
is given by

AnP 202
q:1—exp(—7r)\3 (BﬂB>2/°‘B-e“§>, @)
Proof: See Appendix A. ]

Note that Eq.(7) explicitly account for the effects of chan-
nel fading, path loss, transmit power, the spatial distribution
of BSs and the RSS threshold (. The probability that the UE
operates in D2D mode is (1 — ¢). From the result, one can
see that the PPP ¢,, can be divided into two PPPs: the PPP
with intensity g\, and the PPP with intensity (1 — ¢)\,,
which consist of cellular UEs and D2D UEs, respectively.
We assume these two PPP are independent.

B. Equivalence Distance Distributions of the D2D tier and
the cellular tier

The distance RP from a typical user to its associated
BS (maximum downlink receive power including lognormal
fading) is an important quantity to calculate the average
power. In this subsection, we derived the pdf of R;, and
then we derived the distribution of the distance of D2D
links. We can also derive the average transmission power of
CUs using this equivalence theorem and a simple validation
is showed in this subsection.

Lemma 2. The probability density function (pdf) of R; can
be written as

202
—_£ 2
2 2
2T ABT- €Xp (—71'/\37“2 -e“B 4+ ;2B>
B

7 (1) = (8)

2/(13 . 64!25

Bp
B

1—exp (—ﬂ')\B (

where Bg = AgPg is a constant.

e )

Proof: The probability density function (PDF) of R;
can be derived using the simple fact that the null probability
of a 2-D Poisson process in area A is exp(—AA), and we
have known that R; < (BL;)’U @5, which leads to Lemma
2. |
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Figure 1. The transmit power of cellular UEs varies with pg.

As a numerical example, we plot cellular users’ transmit
power in Fig. 1. The analytical result is derived from Eq.(??)
and Eq.(8), which valid our analysis. It shows that the
analytical result matched well with the numerical result,
which validates our analysis.

Lemma 3. The typical D2D transmitter selects the equiv-
alent nearest UE as a potential receiver, if the potential
D2D receiver is operating in a cellular mode, D2D TU
must search for another receiver. We approximate the second
neighbor as the receiver under this situation. The approx-
imate cumulative distribution function(CDF) of Ry can be
written as

Pr md < R]

~ /R o:t ( /0 s (Rd)de> Fry(r1)dr
+/tR+t (/Oh_t fry(Ra)dRq

R — [—
+/ (1 — PC) . fRd(Rd)de

R
+ / Pc- fRd2 (Rd) de> fRd (Tl)drl,
r1—t
)

where 11 is the equivalent distance from TU to the strongest
BS,t BiB) —l/as_ Pc is the probability of a D2D

receiver be a CU.

Proof: See Appendix B.

C. The Coverage Probability

Consider an arbitrary BS in cellular mode or UE in D2D
mode. The SINR experenced at the receiver can be located
in an arbitrary location and can be written as

SINR = s

BPHPRLP+ 3
Xa;€dd

>

DD p_%d
Bj Hj RD,j +Ne,d
Xe; €de

7

(10)
where BP = Pl - Ap and BP = Pp - Ap are constants
which based on transmission power of the ith CU and the
TUs, Ap = IOTIOAdg, HiB and HJD are the lognorm fading in
i th cellular uplink link and j th D2D link, Rp; and Rp ;
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are the distance from the ith CU and jth TU to the typical
receiver. The Equivalence distance Rp; = Hy 11 “"Rp,; and
RDJ =H, ﬁ/aDRDJ, ap and ap are path-loss exponent
for cellular links and D2D links, respectively. 7.4 is the
noise for BS or receive UE.

1) Cellular mode: Let us consider a typical uplink, as the
underlying PPP is stationary, without loss of generality we
assume that the typical receiver is located at the origin. This
analysis indicates the spatially averaged performance of the
network by Slivnyak’s theorem [9] of PPP. Henceforth, we
only need to focus on characterizing the performance of a
typical link.

Lemma 4. The complementary cumulative distribution
function (CCDF) of the SINR at a typical BS (located in
the origin)

Pr [SINR > T]

= fo S |

1(w) denotes the conditional characteristic

iw/T

_1} Fsinp-1(w)dwfg (r)dr, (11)

2miw

where ]:SINR*

. 1
function of SINE-

Fsinr-1(w)

o) t
exp{ <1/ exp (—1x
t 0

iw ape —aB
7(7]%3 ~an D rOBE (1) ) le(r)dr> Td’]'}
)\ueg/ (1 —exp(—1x
t

X exp {—w(l —q)
(L)‘“B) LdL}

twAL Py
Py (Rp)ose=1)

) . (12)
|

202
p)
—2wApe*B

wn
. (RB’O)O(B(Efl)

Py
(Ap)eT

X exp (—

Proof: See Appendix C.

2) Coverage Probability of D2D Mode: From [4], one
can see that in order to derive the coverage probility of
a generic D2D UE, we only need to derive the coverage
probaility for a typical D2D UE receiving signal. Similar to
the analysis in section III-C1, we focus on a typical D2D UE
which is located at the origin o and scheduled to receive data
from another D2D UE. Following Slivnyak’s theorem for
PPP, the coverage probability result derived for the typical
D2D UE holds also for any generic D2D UE located at
any location. We use the result in Lemma 3 as the distance
distribution of D2D links, then we have Lemma 5.

Lemma 5. The CCDF of the SINR at a typical D2D UE
(located in the origin)

iw/T

Pr[SINR > T
= I [ Fsovner (@)dw fry(r)dr
(13)

where Fsrnp-1(w) denotes the conditional characteristic
function of ﬁ.
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Fsinp-1(w)

= exp {—27r/\Be"‘?3 fooo (1 - fot exp (—1x
Py AL° C”35(7')_‘3”3> fE(r)dr) TdT}

Py(R 0) ad

2
2(72d
“d

X exp {—7‘(‘(1 — @) e ;j’o (1 —exp(—1x

M(L)”) LdL} exp (-W”d)
(Rg,0) o PyAp(Rg0)
(14)
and
. _ OPr md > R]
fay(r) = —m (15)

Proof: The proof is very similar to that for the cellular
mode, and hence we can see Appendix C. ]

IV. SIMULATIONS AND DISCUSSION

In this section, we use numerical results to validate our
results on the performance of the considered D2D-enabled
UL cellular network. According to the 3GPP LTE specifica-
tions [14], we set the BS intensity to A\, = 5 BSs/km?, which
results in an average inter-site distance of about 500 m. The
UE intensity is chosen as A, = 300 UEs/km?, which is a
typical value in 5G [15]. The transmit power of each BS
and each D2D transmitter are set to Pg = 46dBm and
10 dBm, respectively. Moreover, the path-loss exponents are
set to o, = y 3.75, and the path-loss constants are
Ap =107329 Ap = 1075578, The threshold for selecting
cellular mode communication is 5 = —65dBm. The log-
normal shadowing standard deviation is 8 dB between UEs
to BSs and 7dB between UEs to UEs. The noise powers
are set to —95dBm for a UE receiver and —114 dBm for a
BS receiver, respectively.

A. The Results on the Coverage Probability

In Fig.2, we plot the coverage probability for both a
typical cellular UE and a typical D2D UE. From this figure,
we can draw the following observations:
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Figure 3. The ASE performance with various densities of UEs.

o Our analytical results match well with the simulation
results, which validates our analysis and shows that the
adopted model accurately captures the features of D2D
communications.

o The coverage probability decreases with the increase
of SINR threshold because a higher SINR requirement
implies more difficulty in satisfying the coverage cri-
terion in Eq.(6).

¢ In the D2D mode, the analytical results are shown to
be larger than the simulation results. This is because
we approximate the distance from a typical D2D TU to
a typical D2D RU as that from a second nearest D2D
UE to such typical D2D RU, when the nearest D2D
UE to such typical D2D RU selects the cellular mode.
However, the real distance from a typical D2D TU to a
typical D2D RU could be larger than the approximate
distance used in our analysis addressed in section III-B.

B. The Results on the ASE

In Fig.3, we display the ASE results with v = 0dB.
Since AASE(\y, Ay, o) is a function of the coverage prob-
ability, which has been validated in Fig.2, we only show
analytical results in Fig.3. From Fig.3, we can draw the
following observations:

o The total ASE increases with the increase of the
intensity of UE. This is because the spectral reuse
factor increases with the number of UEs in the network.

o When the intensity of UE is around A = 100 UEs/km?,
the enabled-D2D links have a comparable contribution
to the total ASE as the cellular links. This is because
there are around 1/3 UEs operating in cellular mode
so that the density of cellular links and D2D links
are similar, and base on the coverage probability in
D2D tier and cellular tier which are operating above
a given threshold (SINR > 0dB), we can see almost
same proportion in this two modes. Hence they make
roughly equal contributions to the ASE performance.

e When the network is dense enough, ie., A, €
[50, 250] UEs/km?, which is the practical range of the
UE intensity for the existing 4G network and the future
5G network [3], the total ASE performance increases
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quickly, while the ASE of the cellular network stays on
top of 5 bps/Hz/km?, providing a decent and ubiquitous
coverage.

C. The Performance Impact of B on the ASE

In this subsection, we investigate the performance impact
of 3 on the coverage probability on both the cellular tier
and the D2D tier, which is shown in Fig.4. From this figure,
we can see that the coverage probability performance of
the cellular mode is a concave function, and the optimal
beta in this scenario is around -72 dBm, which achieves
the best coverage probability performance for cellular users.
This means that with a proper choice of (3, enabling D2D
communications not only improves the ASE of the network,
but also benefits the coverage of cellular users. This is
because the cell edge UEs in the conventional UL cellular
network will be offloaded to D2D modes to enjoy a better
coverage performance.

V. CONCLUSION

In this paper, we proposed an interference management
method in a D2D enhanced uplink cellular network, where
the location of the mobile UEs and the BSs are modeled as
PPP. This mode selection method mitigates large interfer-
ence from D2D transmitter to the cellular network. Using
a stochastic geometric approach, we analytically evaluated
the coverage probability and the ASE for various values of
the mode selection threshold . Our results showed that
enabling D2D communications in cellular networks can
improve the total ASE while having a minor performance
impact on the cellular network.

APPENDIX A: PROOF OF LEMMA 1

The probability of the RSS large than the threshold is
given by
P="Pr [max (ABPB/HBR_O‘B) > 5] s (16)

where we use the standard power loss propagation model
with path loss exponent ap (for UE-BS links) and ap (for
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UE-UE links). The the probability that a generic mobile UE
operates in cellular mode is

g = 1-Pr [max (ABPB’HBR ‘XB) <
_ _ _ B —1/ap
=1 exp< A<|:07(ABPB

1—exp (_77)\3 (ABﬂPB) 2/ap | e

which concludes our proof.

> ;A7)

APPENDIX B: PROOF OF LEMMA 3

If there is no difference between CUs and D2D UEs, the
pdf of the distance between UEs is

202

D 2 2
fry(r) = 2w Ay r- exp — AT - € °D —;D (18)
D

According to [16] , the second neighbor point is distributed

as
202 2
L 4o
2
fRdg(r)—27r2/\ r3oexp | —mAr? e D + a2D ,
D

19)
where Pc is the probability of the potential D2D receiver
operating in cellular mode, and it can be calculated as

)/

APPENDIX C: PROOF OF LEMMA 4

RdJr’l’%ft

— 20
2Rd7’1 ( )

Pc = arccos (

which concludes our proof.

Condition on the strongest BS being at a distance Rp
from the typical CU, the Equivalence distance Rp
Hg”“BRBp (m < (%) *1/0‘5), probability of cov-
erage averaged over the plane is

pe(T,\) =Pr[SINR > T]
1 1
Plgrve < 7

¢ 1
:/ sivg < T’RBO]

where ¢ = +/—1 is the imaginary unit; The inner intergral
is the conditional PDF of 7i7: Fsrnr-1(w) denotes the
conditional characteristic function of ﬁ which can be
written by

+(w)

(r)dr, 2y

R;

FSINR-

= FE, |exp|— I
e p (AISOE . (RB,O)QB(E 1)( c)
W
x E exp | — I
"\ B Ry p o)
x exp| - n , 22)
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and using the definition of the Laplace transform yields from
Eg. [exp(—slc)]

[9], we have
t
exp{ (1 —/ exp (—1x
0

L1 (s)
sPoAgfs)ro‘Bs(T)faB) fRfi(r)dr) TdT} .(23)

20
—27A\Be “B

2 oo
[e3 /
Rp.o

Plugging in s = iw ives
gging (ABP)E (Rp.o)°BCED g
Eg, [exp(— —pm—————— (Ic))
%%«RB,O) B(e—1)
20
= exp{ —2mABe°B ( / exp (
77%} rOBE(r)TYE ) fr(r)dr | TdT » (24)
(Rp,o)oB(=D) i
which concludes our proof.
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