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Abstract—In this paper, we build a unified analytical frame-
work that allows for analysis and comparison of three device-to-
device (D2D) mode selection schemes proposed in the literature
to date, namely the distance cut-off scheme, the link gain scheme
and the guard zone scheme. In the framework we adopt Poisson
point process (PPP) assumptions to model the cellular and D2D
interference, respectively. Using stochastic geometry, we derive
easy to implement expressions for the success probability at a
typical base station (BS) and a typical D2D receiver (RX) in an
underlay in-band D2D-enabled single tier cellular network. Com-
paring the derived analytical results with simulations, we show
that the PPP assumptions are accurate for the success probability
at the BS. Moreover, they provide a good approximation for the
success probability at the D2D RX when the D2D RX is located
close to the cell edge. Furthermore, the distance cut-off scheme
generally outperforms other mode selection schemes.

I. INTRODUCTION

Device-to-device (D2D) communication is envisaged to play
a key role in enabling 5G wireless systems [1], [2]. By allow-
ing two or more user equipments (UEs) to bypass the base
station (BS) and communicate directly with each other, D2D
communication improves the spectrum utilization and overall
throughput [3], [4]. In this paper, we consider underlay in-band
D2D communications, where the D2D transmitters are allowed
to share the same spectrum resources with cellular users. A
key research challenge in underlay in-band D2D networks is
interference management. Due to the concurrent transmission
on the same spectrum, D2D users cause both inter-cell and
intra-cell interference to the cellular users, which can adversely
affect cellular network performance. In this regard, advanced,
sophisticated solutions for interference management have been
proposed, which involve adaptively limiting D2D transmit
power based on local cellular transmitters [5], a centralized
opportunistic access control scheme [6], or a centralized and
distributed power control algorithm [7].

A simple yet effective solution to interference management
in underlay in-band D2D networks is through mode selec-
tion schemes, which govern whether the D2D UEs choose
D2D mode or operate in an alternative transmission mode.
Some research papers have proposed mode selection schemes
(e.g., [8]-[11]), assuming that the location of users is fixed.
However, in practice the location of users is random, which
impacts both the mode selection scheme and the network
performance. Stochastic geometry provides a powerful math-
ematical tool to capture and study the randomness of UEs.
Recently, some papers have proposed mode selection schemes
taking the random user locations into account and analyzed the
resulting network performance using stochastic geometry. A
distance based scheme was proposed in [12]. An instantaneous
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link gain based scheme was proposed in [13], while a guard
zone based scheme was proposed in [14]. However, [12]-[14]
used different system model assumptions and approximations.
Hence, it is important to develop an analytical framework to
allow for a fair comparison of these mode selection schemes.

In this paper, we use stochastic geometry and present a
unified analytical framework for comparison of D2D mode
selection schemes in an underlay in-band D2D-enabled single
tier cellular network. The novel contributions are:

e We use Poisson point process (PPP) assumptions to
model the cellular and D2D interference, respectively, and
derive the success probability at a typical BS and a typical
D2D receiver (RX) for the distance cut-off scheme, the
link gain scheme and the guard zone scheme.

o We use system level simulations to critically assess the
accuracy of the derived analytical results. Our results
show that the PPP assumptions are accurate for the
success probability at the BS. However, for the D2D RX
the PPP assumptions only provide a good approximation
when the D2D RX is located near the cell edge. To the
best of our knowledge, such an analysis on the accuracy
of the stochastic geometry results for D2D networks has
not been reported in the literature to date.

e We compare the performance of the three mode selec-
tion schemes. The results show that the distance cut-off
scheme generally achieves the highest D2D RX success
probability, while maintaining the intensity of D2D UEs
in D2D mode as large as possible, for a given success
probability at the BS.

II. SYSTEM MODEL

We consider a D2D-enabled single (macro) tier cellular
network, where the BSs are regularly placed on a hexagonal
grid. The use of hexagons to model cells in cellular networks
is well established in the literature [12], [14], [15]. The lattice
has intensity ), i.e., the area of each hexagonal cell is /\%, The
cellular UEs are modelled in R? by a homogeneous PPP with
intensity A, where A, >> ). There are also some potential
D2D transmitters, which are modelled by an independent PPP
with intensity A\;. Note that the word ‘potential’ indicates
that these D2D transmitters have the option of bypassing the
BS and communicating directly with their intended receivers
(known as the D2D mode) or the using other transmission
mode, according to the mode selection scheme. The other
transmission mode can be the cellular mode or it can also
be the out-band mode, i.e., D2D operating in the unlicensed
spectrum band. However, the main focus of this paper are
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the D2D transmitters in the D2D mode. Hence, in this paper,
we assume that the D2D transmitters only in D2D mode can
transmit. In the following, we refer to the D2D transmitters in
D2D mode as D2D UEs.

We assume that individual and orthogonal channels are
assigned to each cellular UE in a macrocell. Thus, there is
no intra-cell interference from cellular UEs within the same
cell. However, there is universal frequency re-use across the
cellular network leading to inter-cell interference. The D2D
UEs coexist in an uplink channel with the cellular UEs.
Hence, they cause both intra-cell and inter-cell interference
at the BSs and other D2D UEs. Therefore, we focus on
one uplink channel experiencing inter-cell interference from
cellular UEs and inter-cell and intra-cell interference from
D2D UEs. Additionally, the density of cellular UEs is far
greater than the density of BSs such that there is at least
one cellular UE occupying the considered uplink channel. For
analytical tractability, we model the location of cellular UEs
using the considered uplink channel in different cells as a PPP
with density A\, [12], [14], denoted as P..

Channel and Link Distance Models: We assume all links
experience path-loss plus Rayleigh fading. In this way, the re-
ceived power at a typical RX can be expressed as p = Pr—“G,
where P is the transmit power from a transmitter, r denotes
the link distance and @ > 2 is the path-loss exponent [15]. Let
o, and oy denote the path-loss exponent on the cellular link
and D2D link, respectively. G represents the independently
and identically distributed (i.i.d.) Rayleigh fading power gain,
which follows exponential distribution with unit mean. All
links also experience AWGN noise with variance o2.

The cellular UEs and D2D UEs are equipped with a
single antenna each and transmit with power P, and Py,
respectively. All UEs use truncated channel inversion power
control [12] to maintain an average signal power equal to p
at the intended RX. The D2D UEs have a maximum transmit
power P,. For analytical convenience, we approximate the
macrocells by disks of radius R, where R is related to area
by )\ib = 7R? [12]. Due to the PPP assumption, both the
cellular UEs and potential D2D transmitters can be regarded
as uniformly distributed in the cell. Hence, the probability
distribution function (pdf) of its distance to the BS r. is given
by

2r.
ﬁa 0 S Te S R. (l)

fro(re) =

For each potential D2D transmitter, we further assume there

is an intended D2D RX surrounding it. In terms of the D2D
link distance 74, it is modelled by a Rayleigh distribution
with pdf f/ (rg) = 2wAgrgexp (—mAqr3). Note that this
distribution generally describes the distance between a point
and its nearest neighbour in a Poisson distribution [16]. Due
to the maximum power constraint and power control, the
maximum distance at whilch D2D UEs can communicate is
given by Ruyax = (£=)@a. It is further assumed that the
intended D2D UE RX is located within this range. Therefore,

the exact pdf is normalised by Ry, ax as

o fra)
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We assume that the D2D UEs have the location information
of the BS and the intended D2D RX. Also, the BS and UEs
have access to perfect channel state information (CSI). This
assumption allows benchmark performance to be determined.

Mode Selection: In this work we consider and compare three
mode selection schemes from the literature. We use M =
1,2, 3 to denote the three schemes.

o The first scheme (M = 1) is a distance cut-off scheme
[12]. A potential D2D transmitter chooses the D2D mode
if rq <y, where +y is a threshold distance;

o The second scheme (M = 2) is a link gain scheme [13].
A potential D2D transmitter chooses the D2D mode if
the biased D2D link quality is at least as good as the
cellular uplink link quality, i.e., if r_“ < Tyr,** where
Ty is a bias factor and r. and r, are defined before (1)
and (2);

o The third scheme (M = 3) is a guard zone scheme [14].
A potential D2D transmitter chooses the D2D mode if
cellular link distance is greater than the guard distance,
ie. r. > Ry, where R, is the guard zone radius.

ITII. UNIFIED ANALYTICAL FRAMEWORK

We consider a typical RX (BS or D2D RX), which is
assumed to be located at the origin'. For a certain mode
selection scheme, the SINR experienced at a typical RX &
(BS or D2D RX) is given by

SINRF — —_PGo

= 3
If 4+ 15 + 0%’ ©)

where I represents the aggregate interference experienced at
RX k from cellular UEs using the same uplink channel in dif-
ferent macrocells, I7 is the aggregate interference experienced
at RX « from D2D UEs located anywhere, including both
inter-cell and intra-cell, and o2 is the power of the AWGN
noise. Note that the average received signal power from
the intended transmitter is always the same due to channel
inversion, and only varies due to the effect of Rayleigh fading
power gain G. Here G| is also exponentially distributed and
the subscript 0 is used to distinguish it from the fading power
gain on the interference link.

In this paper, we examine the network performance using
the success probability, which is defined as the average prob-
ability that the SINR at the typical RX k is greater than a

ISince the location of interfering cellular UEs is approximated by PPP,
by Slivnyak’s theorem, the performance at this typical BS reflects the
performance at other BSs. However, in reality the location of interfering D2D
UEs does not strictly follow the PPP and the success probability at the D2D
RX is location-dependent, especially for the guard zone scheme. For analytical
convenience, we still assume the location of interfering D2D UEs follows a
PPP and we will see the effect of this approximation in Section IV.
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certain SINR threshold 6. It is mathematically written as

Pr,. =P(SINR" > 0) =P (

_ PG >0
In4 15 +02 =

0
:E[(nJ; |:1 —FGO <p (If+ (7+0'2)>:|

= exp (—002) Lyx (0) Lrs <0> , (€]
P p P

where Efx 15 [-] denotes the expectation operator with respect
to the aggregate interference from cellular UEs and D2D UEs,
Lryx(-) and Ly (-) are the Laplace transform of the pdf of I}
and I}, respectively. Note that the last step in (4) comes from
using the exponential distribution of Gy and the definition of
the Laplace transform of a random variable’s distribution. It
can be seen that the success probability is broken down into
three multiplicative components, which can be calculated sep-
arately. Before presenting these success probability results, we
summarize three important lemmas which help to determine
the Laplace transform of the pdf of I7 and I}.

A. Probability of being in D2D mode

Lemma 1: The probability of a potential D2D UE choosing
D2D mode under mode selection scheme M, with D2D link
distance f,,(rq) in (2) and BS distance f,_(r.) in (1), is

1—8Xp(—TFAd"/2)
1—exp(—mAqR2

7nam) ’

20, 2.
l—exp| —mAgmin| R %d Tdad' R?

M =1,

max

1—exp(—7mAqgR2

Tax)

Ppap= Tae 2
v 24+1,mxgmin| R %a T,'4 ,RZ,
M=2

od =
(mXa) @e R2T;* (1—exp(—7AqR2,,.))
1-R2/R?,

where y(s,z) = [; t*"*e~"dt is the lower incomplete gamma
function and min(-,-) denotes the minimum value.

Proof: The probability is determined by finding the ex-
pected value of P(D2D mode condition), where the condition
is provided in the mode selection in Section II. This can
be evaluated by integrating the probability distribution across
the range of r. and ry. For example, for M = 2, the
D2D mode condition is r_ % < Tgr;**. Then Ppop =
Eryr, [P (ro® < Tyr;®*)]. Substituting the distribution of
rq and 7., we can obtain the result shown in (5). | |

B. Transmit Power of UEs

By employing channel inversion power control, the power
of a transmitting UE is always modified such that Pr~—% = p,
or equivalently, P = pr®. As the distance distributions for r
(i.e., rq and 7.) are known, the average transmit power can
be found. Here, the n™ moment of the transmit powers are
characterized, as these form important components of later
calculations.

Lemma 2: For any cellular UE, the n™" moment of the
transmit power P, is given by
2 pn RN

EP') = ——. 6

[ C ] nac _|_ 2 ( )

Proof: This average transmit power is obtained by eval-

uating the integral E[P?] = E[p"r"®] = fOR plrmee f,. (r)dr

and simplifying. [ ]

Lemma 3: For a potential D2D UE operating in D2D mode,
the n™ moment of the transmit power P, is given by

(TAa) 2 p"
1 —exp (—mAqR2

max

E[P}]= 7 (3 LR ) O
Proof: The average transmit power for D2D UEs is
obtained by evaluating the integral E[P}] = E[p"r"*] =
fORmX predf, (r)dr and simplifying. [
Remark 1: A special case exists for the distance cut-off
scheme. In this scheme, the maximum link distance r4 (and
thus the maximum power) is limited by the cut-off parameter
7. As such, the moments of the transmit power under this

scheme are obtained by substituting Ry,.x = 7y in (7).
C. Success Probability

We now present the two main results in this paper.

Theorem 1: For a D2D-enabled single tier cellular network
operating under any of the three mode selection schemes, the
success probability experienced at a typical D2D RX is given
by (8), which is shown at the top of next page, where the
probability of being in D2D mode Ppsp and the n™ moment
of transmission power are given in (5) and (6)-(7), respectively.
Note that, for the guard zone scheme, we need to replace
PpapAg by A4, since the intensity of interfering D2D UEs is
assumed to be Ay for this case.

Proof: See Appendix A. [ ]

Theorem 2: For a D2D-enabled single tier cellular network
operating under any of the three mode selection schemes, the
success probability experienced at a typical BS for a generic
cellular UE is given by (9) which is shown at the top of next
page, where the value of A, depends on M as shown in (10).
The probability of being in D2D mode Ppop and the n'h
moment of transmission power are given in (5) and (6)-(7)
respectively.

Proof: See Appendix B. [ ]

Remark 2: The result for M = 3 cannot be expressed
in closed-form. However, the values can be easily evaluated
numerically. Also, (8) and (9) are valid for any «., oy values.

IV. RESULTS AND DISCUSSIONS

In this section, we examine the accuracy of the analytical
results derived in Theorem 1 and Theorem 2. We also compare
the performance of the three mode selection schemes. Unless
otherwise stated, the following parameters are used [12], [13]:
Ay = 1.5 BSs/km?, Ay = 25 UEs/km?, P, = 200 mW, p =
—70 dBm, o, = 4, ag = 4.5, 0 = 0 dB and 02 = —130 dBm.

Accuracy of the analytical results: Fig. 1 plots the success
probability versus the SINR threshold # for different mode
selection schemes with v = Ry,.x/2, Ty = 2 and R, = 200.
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Fig. 1. The success probability versus the SINR threshold 8 for different mode selection scheme.

The analytical curves are plotted using Theorem 1 and Theo-
rem 2. We also generate the simulation results to examine the
accuracy of the PPP assumptions for interfering cellular UEs
and D2D UEs. For the D2D RX, the simulation results are
generated for two cases (for a typical D2D RX close to the
BS/guard zone edge and a typical D2D RX is close to the cell
edge). As illustrated in Fig. 1, for the success probability at
the BS, the derived analytical results match closely with the
simulations, which demonstrates the accuracy of the adopted
approximations.

For the success probability at the D2D RX, the analytical
results are close to the simulation results when the D2D RX is
at the cell edge, while they deviate from the simulation results
when D2D RX is close to cell center/guard zone edge. For the
distance cut-off scheme, this gap is mainly caused by the PPP
assumption of interfering cellular UEs. Due to the orthogonal
channel allocation, it is not possible to have more than one
nearby interfering cellular UE for the cell-center-located D2D
RX and the dominant interference is coming from the cellular
UE residing in the same cell. However, the cell-edge-located
D2D RX is likely to experience the dominant interference from
at most three nearby cellular UEs. Since the PPP assumption
allows more than one nearby interferer, it provides a good
approximation for the case where the D2D RX is at the cell
edge. For the link gain and guard zone schemes, the mismatch

comes from both of the PPP assumptions for interfering
cellular UEs (as explained previously) and interfering D2D
UEs. The location of D2D UEs does not follow a PPP since the
interfering D2D UEs are likely to be far away from the BSs.
Hence, the cell-center-located (or guard-zone-edge-located)
D2D RX experiences less interference from D2D UEs.

Comparison of mode selection schemes: We investigate and
compare the mode selection schemes in terms of their effect
on the BS (i.e., the success probability at BS) and the D2D
UEs (i.e., the success probability at the cell-edge-located D2D
RX, which is the worst case scenario). Fig. 2 plots the success
probability at the D2D RX versus the success probability at
the BS. The following approach is adopted to work out the
curves [17]: for each PBS  value, the values of 7, 7' and
R, can be found for different schemes using Theorem 2. By
substituting these values into Theorem 1, PP2D is obtained.
From the figure, we can see that under the same value of PBS |
the distance cut-off scheme has the highest PP2D, followed by
the guard zone scheme and link gain scheme. The main reason
is that less ‘potential’ D2D UEs are in D2D mode, thereby
reducing the interference at the D2D RX for distance cut-off
scheme. We have also examined other system parameters (i.e.,
Abs Ad> O, ag and p) and found that in general this ordering
stays the same, except for very high BS intensity. For very

high ), the guard zone scheme has slightly higher PP?? than

suc
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Fig. 2. The success probability at the D2D RX versus the success probability
at the BS.

the distance cut-off scheme, then followed by the link gain
scheme. These results are not included here for brevity.

V. CONCLUSIONS

We presented a unified analytical framework for comparison
of D2D mode selection schemes using stochastic geometry.
The results showed that the PPP assumptions for interfering
cellular UEs and interfering D2D UEs are accurate for the
success probability at the BS. However, the success probability
at the D2D RX is accurate only when the D2D RX is located
close to the cell edge. Additionally, the distance cut-off scheme
generally outperforms other mode selection schemes.

APPENDIX A
SUCCESS PROBABILITY AT A D2D RECEIVER

In this appendix, we show how (4) can be evaluated for
a typical D2D RX. First, we consider the interference from
cellular UEs. Using the Laplace transform definition, we have

Lo (s)=E [exp (—SI?ZD)]:IE [H exp (—sPe ,Ge 72 )],
Pc
an

with P, . representing the transmit power of the i interfering

cellular UEs, G.., is the fading power gain on the i link and
7c, is the distance of the i™ cellular UE from the RX under
consideration. Due to the fact that the location of interfering
cellular UEs is approximated by PPP with density A\, and all
fading are i.i.d., we can drop the index i. Then using the
mapping theorem in which the Poisson process distributing the
interferers in R? can be mapped to Rt [18], we can rewrite
£]CDZD(S) in (11) as

Elgzo(s):exp< /EPL 1—exp (—sP.Ger™"4)] 27r)\brd7>

o
= exp (—Qﬂ)\bEPC { ( 1+sPr ad)rdr])
= exp (—mbE {PE } sl (1 + 3) r (1 - 3)) , (12)
Qq Qg

where the second step comes from the fact that G, follows
the exponential distribution, and I'(s) = [~ t*"*e~dt is the

gamma function. Note that the mode selection scheme has no
impact on the interference from other cellular UEs, and so
Lo (s) will always be the same for all three mode selection
schemes.

Next, we consider the case of D2D interference. For the
distance cut-off scheme, whether potential D2D transmitters
are in D2D mode depends on their distance to the D2D RXs
only. In other words, the location of D2D UEs can be regarded
as the independent thinning of the underlay PPP. As such,
the density of these D2D UEs is PpapAg4. For the other two
schemes, the selection of D2D mode also depends on the
distance to the BSs, therefore, the location of D2D UEs is
the dependent thinning of the underlay PPP. However, due
to the complexity associated with modelling these D2D UEs,
we assume that for the link gain scheme these D2D UEs
still follow a PPP with density PpopAy, while they follow
a PPP with density Ay under guard zone scheme because the
interference is mainly governed by surrounding D2D UEs [14].
This allows us to maintain model tractability, which has also
been assumed in the literature [13], [14]. The accuracy of this
approximation will be illustrated in Section IV.

Following the same derivation process for £ o (s), we have

Lo (s) = exp [ — / >
d 0 Poin

= 2 2 2
:exp(—ﬂ'PDQD)\dE |:Pdd:| X F(1+7)F<1—;d))

13)

Ep,c, [1 — exp (—sPderﬂ"d)}

2w Aar dr>

Note that, for the guard zone scheme, we need to replace
PpapAg by Ag, since the intensity of interfering D2D UEs is
assumed to be A4 for this case. Finally, substituting £ o (s)
and Lo (s) with s = % /
Theorem 1.

into (4), we obtain the result in

APPENDIX B
SUCCESS PROBABILITY AT THE BASE STATION

In this appendix, we show how (4) can be evaluated for
a typical BS. Similar to the interference experienced at the
D2D RX, the interference experienced at the BS is the same
for any mode selection scheme. Moreover, it is worth noting
the closest a cellular interferer can be is distance R (i.e.,
the cellular residing in a neighbouring macrocell) due to
orthogonalization of the channels. Taking into account this
limit, £7ss(s) for the typical BS is given by

(—/ Ep,.c [1 — exp (—SPCGJ*O‘C)} 2T \T dr)

sPooFi (1,1 252 = 25 —sP.R™°)
=exp | 21 \Ep, °

(e — 2)Re—2

£IBS S

RaFy (11 = 252 Z5—spreeR7o) o,
=exp 727r/\b - e T2 dr.
(o 2)(Sp) Te O Re
7r)\bR 0 2 2
= 2t ae)eFh (1,1 - 20— 2.
e’“’(z—ac ey (@ adn (1 o)

1730



2015 IEEE 26th International Symposium on Personal, Indoor and Mobile Radio Communications - (PIMRC): Mobile and
Wireless Networks

2 - ad) Py (1,1+3;2+3;—9))), (14)

c Qe

where the third step comes from the fact that P, = prZe and
oFy(+,+;+;+) is the hypergeometric function.

Now we calculate the value of Ljss (%) exp{Am}
for different M = 1,2, 3. Since for certain mode selection
schemes (i.e., M = 2,3), whether the potential D2D trans-
mitters will generate interference to the BS or not also relies
on their distance to the BS, we need to analyze the interference
from D2D UEs separately.

Under the distance cut-off scheme, there is no limit on
the distance between a D2D interferer and the typical BS.
Following the same derivation procedure as (13), we obtain

2
EISS(S)ZGXP (—WPD2D>\dE[Pda° } sa%l“(l + O%) F(l — O%)) )
(15)

Under the link gain scheme, the D2D UE will generate
interference to the typical BS if and only if Tgr; “ > r_ .
This implies that the distance of a D2D interferer from the

1

s I
BS has a lower bound given by 7. > (Tﬁj) = ( = ) hE

Tap
Considering this bound, we have

~ Eg,[1-exp(-sPuGar™) d])

['155 (s)=exp (EPd [_/ (27rIPD2D)\d)71

1
( Pg )ai
Typ

oo 2
- (‘Em[_/( o () epomoast dyD

1
sTyp

2 2 [
=exp (—QﬂPmD)\dE{PdQC} el )ae (ﬁ) dy)

sT,
S

)

2

(25
2 1— -2 1
2P pap AE |:Pda°:| Td acp T ac

=exp —1 )
(e —2) (2F1 (1, 1-— 0%;2 — C%; —spo))
(16)

where the third step comes from using the property
Eg,lexp(—sG4)] = 135 and the substitution of y =
(SP d) B O%c T.

Under the guard zone scheme, the D2D interference can be
modelled by splitting the region into two regions [14]. The first
comprises the ring from the edge of the guard zone (r. = R,)
to the edge of the guard zones of the adjacent macrocells
(rc = 2R — R,) with D2D density \4. The second part covers
the rest of the area outside this ring and has intensity PpopAg.
Then, we have

2R-R,
£15s (s) =exp (—/ Ep,,a, [1 — exp(—sPderfa”)] 2w A\grdr

Rg
f/ Ep, ¢, [1 —exp (—sPaGar™*¢)] 2nPpap Agrdr )
2R—Rg

> SPd
=€ —2mAqE |:/ ———7rdr
Xp < TAdL P, R, rac 4+ gPy

o0 SPd
_(1—P _ Std
( DQD)/2R—RQ vae 1 sp" dr])

2.9_

e’

Rmax [ 2F1 (1,17 2 a%;fsprng;“C)
= exp 727r)\d/ - e
0 (e ) (sprg®) g

sprgd2F1(1, 1-— a%; 2 — a%; —spri?(2R — Rg) ¢
(e —2) (1 = Ppap) ™' (2R — Ry)oc—2

>frd(rd)drd ;
(17)

where the third step comes from P; = pr{“. Substituting the

distribution of f,,(rq) given in (2) leads to the value of Ag
presented in (9). Combining (14)-(17), we obtain the results
in Theorem 2.
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