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Abstract— Device-to-device (D2D) communication underlying
cellular networks, allows direct transmission between two devices
in each other’s proximity that reuse the cellular resource
blocks in an effort to increase the network capacity and
spectrum efficiency. However, this imposes severe interference
that degrades the system’s performance. This problem may be
circumvented by incorporating fractional frequency reuse (FFR)
or soft frequency reuse (SFR) in OFDMA cellular networks.
By carefully considering the downlink resource reuse of the D2D
links, we propose beneficial frequency allocation schemes, when
the macrocell has employed FFR or SFR as its frequency reuse
technique. The performance of these schemes is quantified using
both the analytical and simulation results for characterizing
both the coverage probability and the capacity of D2D links
under the proposed schemes that are benchmarked against the
radical unity frequency reuse scheme. The impact of the D2D
links on the coverage probability of macrocellular users (CUs) is
also quantified, revealing that the CUs performance is only
modestly affected under the proposed frequency allocation
schemes. Finally, we provide insights concerning the power
control design in order to strike a beneficial tradeoff between
the energy consumption and the performance of D2D links.

Index Terms—Device to device communication, fractional
frequency reuse, soft frequency reuse, frequency allocation
schemes, power control, coverage probability, capacity.

I. INTRODUCTION

ITH the spread of mobile devices, tablets and mobile

multimedia services, the amount of traffic conveyed by
the cellular networks has been escalating. Hence the macrocell
base stations (MBS) have to handle more traffic in order to
meet the demand of high data rate services. Clearly, there
is a need for enhancing the capacity of the cellular network
in order to accommodate the deluge of multimedia traffic,
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which requires increasing the tele-traffic capacity, employing
more MBSs etc. However, the radio resources available for
cellular communications are limited and the employment of
more MBSs is uneconomical. Therefore, further research is
required for improving the capacity of cellular systems, whilst
relying on the existing infrastructure. In the existing cellular
networks, the data of all the cellular users (CUs) is relayed
through the MBSs, even though the CUs may be closely
located, which in turn increases both the delay as well as the
traffic load imposed on the MBSs due to the high density
of users. The solution to this problem is a promising new
local ad-hoc networking technology, known as Device-to-
Device (D2D) communication, which allows closely located
devices to communicate directly by reusing the frequency
band of the operational cellular network [1], [2].

However, the D2D links impose additional interference
on the communication system. Explicitly, if a D2D link
relies on utilising downlink (DL) resources, then the signals
transmitted by the MBS to CUs may cause interference at the
D2D receivers, while the D2D transmissions would degrade
the DL channel quality of MBSs transmitting to the CUs.
Furthermore, there exist interferences amongst the D2D links
themselves, which reuse the same frequency bands. In order to
maintain the Quality of Service (QoS) target both for the CUs
and the D2D links, beneficial resource reuse schemes have
been proposed for D2D communication, where the macrocell
employed Unity Frequency Reuse (UFR) [3]-[8]. However, the
interference imposed on the CUs can be significantly reduced
by using Inter-Cell Interference Coordination (ICIC) schemes,
such as, Fractional Frequency Reuse (FFR) and Soft Frequency
Reuse (SFR). In FFR and SFR, the interference is eliminated
by carefully coordinating the frequency bands used among the
cells as well as by partitioning the total frequency band of each
cell into a cell-centre region (CCR) and cell-edge region (CER)
frequency-set. These frequency reuse techniques have been
investigated in the literature in the context of different network
models [9]-[13]. Xu et al. [9] derived the optimal radius to
identify the CER and CCR users and quantified the attainable
throughput. Gonzalez et al. proposed [10] to improve both
the network capacity and the cell-edge performance for a
dynamic SFR deployment relying on realistic irregularly
shaped cells. Distributed antenna aided FFR was conceived by
Zhang et al. for maximising both the cell-throughput and the
coverage quality [11]. Kumar et al. [12] analysed the coverage
probability of their proposed frequency allocation schemes for
picocell users, when the macrocell employed FFR and SFR.
As a further development [13], Jin et al. proposed the so-called
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spectrum swapping access strategy for a twin-layer network
relying on FFR.

Furthermore, several resource allocation algorithms have
been conceived for D2D communication in cellular networks
using FFR [14]-[19]. In particular, a novel D2D-aware
dynamic FFR algorithm was proposed in [14]. In [I15],
resource allocation was designed by Wu and Zhang for
D2D communication in an FFR scenario by formulating it as
binary integer optimization problem. Chae et al. [16] observed
a significant improvement in the attainable cell throughput with
the aid of their radio resource allocation scheme proposed for
D2D links based on their specific location in the cell, when
the cellular network was relying on FFR. Kim et al. [17]
proposed a resource allocation algorithm for eliminating the
interferences imposed by the D2D links, while the spectral
efficiency of D2D communication achieved in FFR-aided
OFDMA cellular systems was analytically investigated by
Zhu and Wang [18].

Against this background, we consider a cellular network
employing FFR or SFR in conjunction with D2D commu-
nication relying on downlink resource reuse. The devices of
D2D links are battery-operated, hence it is essential to save
energy at these devices using power control in order to prevent
the batteries from running out as well as for reducing the
interference imposed on the CUs. However, at the same time
it is necessary to ensure that the power control of the D2D
links should not significantly degrade the performance of these
links. The major contributions of this treatise are as follows:

1) We have proposed a pair of fractional frequency allocation

schemes (FFA1 and FFA2) for D2D links, when the

macrocell relies on an FFR scheme, where the D2D links
are classified into two categories based on a signal-
to-interference-ratio (SIR) threshold S;, namely the
short-range (SR) D2D links and the long-range (LR)

D2D links. The frequency allocation schemes are

formulated as':

a) Fractional Frequency Allocation 1 (FFA1): Consider
the macrocell 0 of Fig. 2 as the reference cell, where
Fp is CCR frequency and F; is CER frequency of this
macrocell while CER frequency of the neighbouring
cells is F» and F3. In this scheme, we allocate the
CCR frequency (Fp) of the reference macrocell to
the short-range D2D links and the CER frequency
(F> and F3) of the other macrocells to the long-range
D2D links, as shown in Fig. 1(a).

b) Fractional Frequency Allocation 2 (FFA2): Similar to
FFA1, considering the reference macrocell as macrocell
0 of Fig. 2, in this scheme, we allocate the CER
frequency (F7) of the reference macrocell to the SR
D2D links and the CER frequency (F> and F3) of
the other macrocells to the LR D2D links, as shown
in Fig. 1(a).

2) We have also proposed a frequency allocation scheme

for the D2D links, when the macrocell has employed a

INote that in Fig. 1, the different frequency reuse zones are shown
only for illustration. However, the specific frequency resources used by the
CUs/D2D links depend on their received SIR, rather than on the geographic
location of the CUs/D2D links.
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(a) FFR

CCR resources

Short-Range Link - Fy

Long-Range Link - Fo & F'g

Short-Range Link - F';

Long-Range Link - Fo & F'g
Reference Cell

D2D Link
CER resources

(b) SFR

Short-Range Link - F'g

Long-Range Link - F'y & Fy
Reference Cell

Fig. 1. Frequency resource allocation in macrocell and D2D links in
FFR and SFR.

SFR scheme. The scheme is specified as follows:

a) Soft Frequency Allocation (SFA): Again considering
the reference macrocell as macrocell 0 of Fig. 2, F3
is the CER frequency, while F; and F> represent the
CCR frequency. In this scheme, we allocate the CER
frequency (F3) to the SR D2D links and the CCR
frequency (F7 and F2) to the LR D2D links, as shown
in Fig. 1(b).

All the proposed schemes defined above are motivated by
the FFR scheme itself, where the CCR users (or SR D2D
links in the proposed schemes) experience more interference
than the CER users (or LR D2D links). We then analytically
derived both the coverage probability and the capacity for
the D2D links corresponding to all the proposed schemes.
Simulation results are provided for validating our analytical
results. Then our proposed schemes are compared to the
benchmark scheme, where the MBS relies on UFR. The results
reveal that the proposed schemes significantly outperform the
benchmark scheme. The impact of the D2D links on the CUs
is also quantified. Moreover, we have provided an intuition
concerning the selection process of the power control factor
in order to strike a compelling trade-off between the energy
consumption and the performance of the D2D links.

The rest of the paper is organized as follows. In Section II,
our system model is presented, which is followed by the
analytical derivation of both the coverage probability and
the capacity of the D2D links for our proposed frequency
allocation schemes in Section III. Our performance results are
discussed in Section IV, whilst our conclusions are offered
in Section V.
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Fig. 2. Hexagonal macrocell structure. The interference imposed by a
UFR system on cell 0 is contributed by all the 18 neighbouring cells, while
in a frequency reuse % system it is contributed only by the shaded cells.

II. SYSTEM MODEL

We considered the cellular network shown in Fig. 2,
supporting both orthogonal downlink cellular users (CUs)
and D2D links where each macrocell is approximated by a
circle of radius R.. Considering the downlink of a cellular
system, we introduced multiple D2D links that reuse the
downlink resources of multiple CUs, where each CU occupies
a dedicated resource block (RB).We assume that each CU’s
RB can be reused by at most one D2D link. This means that a
single D2D link can reuse the resource blocks of several CUs,
but one of the CU’s resource blocks can be reused by only
one D2D link at a time. In essence, this may be interpreted
as a mapping of one D2D link to multiple resource blocks of
different CUs. A similar D2D related constraint was imposed
on the cellular user’s RB in [20] and [21]. All possible
transmission channels in the network are considered to be
independent and identically Rayleigh distributed throughout
this treatise. The D2D communication is incorporated as a
complement to the underlying cellular communication and
thus the CUs generally have a higher priority than the D2D
links in a cell. The BS maintains reliable connection with the
CUs under the power budget of P, while the D2D link reuses
the randomly matched RB of the CU under the power budget
PJ'** along with a power control factor of €. We assume that
all the D2D links use a distance-dependent proportion of the
total power [22]. In other words, the transmit power P, of the
D2D link is formulated as follows:

Py(r) = PInax (Riz) . Vrel[Ri, Ryl 1)

where r is the distance and « is the path-loss exponent
between the D2D transmitter (Tx) and receiver (Rx).
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Ccu

——> Transmission Channel
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Fig. 3.  TIllustration of the interfering links for two adjacent macrocells,
when a D2D link is superimposed on a CU’s RB.

The minimum and maximum distance of the D2D link are
denoted by R; and Ry, respectively. The power control factor
of € € [0, 1] controls the power transmitted by the D2D Tx.
A lower power control factor allows the D2D Tx to transmit
at higher power, which might result in higher coverage quality
and higher capacity for the D2D link. On the other hand, a
higher power control factor reduces the amount of transmit
power used by the D2D link. It is apparent from Eq. (1) that
at ¢ = 0 the transmit power of all the D2D links present in the
macrocell is P(;,"“x, while at € = 1 the transmit power would
be at its minimum. Furthermore, when the D2D Tx and Rx
have the maximum distance of » = R», the transmit power for
that D2D link would be P}'**, regardless of the value of €.

When the MBS relies on UFR, the SIR at the D2D Rx,
which is at a distance of / from the reference MBS and with
a separation of r from the D2D Tx, is given by:

0.7 Py(ryhgr=¢
b r = b
T Ieq + 14
ch = Z Pchcd,ili_a,
iep
Io= > Palrph;d;", )
jew\{0}

Here Py(r) and P, denote the transmit power of the
D2D Tx and of the MBS, respectively. Furthermore, I.4
is the interference experienced by the D2D Rx due to the
downlink cellular communication, i.e. the interference caused
by the MBSs transmitting on the same frequency band in
the network, while I; is the interference imposed by D2D
links in other macrocells that reuse the same frequency band.
The fading-induced attenuation experienced by the channel
between the D2D transmitter and receiver is kg, while that
of the channel spanning from the i"* MBS to the D2D Rx
iS heq,; and that of the j’h D2D Tx in other macrocells to
the D2D Rx is & ;. For the sake of better understanding, these
channel fading gains for two adjacent macrocells are shown
in Fig. 3, which can be easily extended to our network model
of Fig. 2. Furthermore, ¢ is the set of all macrocells present
in the cellular network of Fig. 2, while y is the set of all
the D2D links in other macrocells, operating on the same
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frequency set. Similarly, the SIR of CUs at a distance d. from
the MBS of the macrocell which is using UFR, can thus be
written as:

P.hed
d.) = ——5—
yC( C) IC + Idc )
I. = z Pchc,idc_’;l»
iep\{0}
lic = Z Py(rj)hac,jly’ ;s (3)
JEW

where h. denotes the fading gain of the MBS to CU link,
he,; is fading gain experienced from the i th MBS using the
same frequency band to the CU and hg¢,; is the fading gain
of the j™" D2D Tx to the CU link operating in the same
frequency band, as shown in Fig. 3. Here I, represents the
interference imposed by the MBSs on the CU using the same
frequency band, while 7. is the interference experienced by
the CU due to the superimposed D2D links.

We consider two different frequency reuse schemes, namely
the FFR and SFR regimes. In the FFR scenario, the total
available bandwidth is divided into four orthogonal frequency
bands, obeying F = Fy+ F1 4+ F» + F3. More particularly, the
frequency band Fp is common to all the macrocells for the
CCR region of the network, while F;,i € 1,2, 3 is assigned
to the users in the CER of the three adjacent macrocells, as
shown in Fig. 1(a). The classification of CUs roaming in the
CCR and CER of the macrocell is determined on the basis of
their SIR and the predefined threshold SIR S.. Now, in order
to allocate an adequate frequency band to CU, we have to
categorise them into CCR and CER users. The users that have
an SIR higher than the predefined threshold SIR (y. > S¢)
constitute the CCR users, while the ones with an SIR lower
than the threshold (y. < S.) are the CER users.

On the other hand, when considering SFR, the total available
bandwidth is partitioned into three equal orthogonal frequency
bands according to F = Fj + F, + F3, where one of the
frequency bands F;,i € 1,2,3 is used in the CER of the
macrocell ensuring that it is orthogonal to the neighbouring
CER of the adjacent macrocells, while the remaining
two-thirds of the frequency band is reserved for the CCR
of the macrocell, as depicted in Fig. 1(b). Moreover, the MBS
would transmit at power P, in the CCR and at the power of
S P, in the CER of the macrocell.”

III. COVERAGE AND CAPACITY

The coverage probability is defined as a probability of
successful communication between the source and destination.

PPn= B
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In other words, the coverage probability of the D2D link is
obtained as the probability of the D2D links possessing an SIR
higher than the target SIR (7).3 It is affected by the distance r
between the D2D Tx and the D2D Rx, by the transmit
power P;(r) of the D2D link as well as the interference I.4
experienced at the D2D Rx due to the cellular communication
and the interference I; owing to the D2D communication
operating in the same frequency band. We would first derive
the coverage probability of the D2D links, when the MBSs
use UFR.

Lemma 1: The coverage probability of the D2D links, when
the MBSs use UFR is given by Eq. (4) at the bottom of this
page.

Proof: See Appendix A for the proof. 0

A. Fractional Frequency Reuse

In UFR, the users roaming close to the MBS experience
a lower co-channel interference than those, who are far from
the MBS. However, the FFR relies on a combination of the
frequency reuse factor of 1 and that of 1, where the cell-centre
users occupy a band having a reuse factor of 1 and the cell-
edge users associated with a reuse factor of % This implies
that there is a reduction in the interference afflicted upon
the cell-edge users due to the neighbouring cells. Let us first
propose a pair of different frequency allocation schemes for
the D2D links, when the MBSs use FFR and then derive the
coverage probability of each of the proposed scheme. In order
to define these two schemes, recall that we have classified the
D2D link as SR D2D links and LR D2D links, based on the
predefined threshold SIR (S;). The SR D2D link is defined
as the link that has an SIR higher than the threshold SIR
(yu > Sg), while the LR D2D link has an SIR lower than
the threshold SIR threshold (yy < Sz). It is important to note
that the SIR of the D2D link is calculated by assuming that
the D2D link experiences interference from all the macrocells
as well as from all the other D2D links that are present in the
other macrocells and using the same frequency. Let us now
describe our two frequency allocation schemes defined for the
D2D links as follows:

1) Fractional Frequency Allocation 1 (FFAI): In this
scheme, we allocate the CCR frequency of the reference
macrocell to the SR D2D link and the CER frequency
of the other macrocells to the LR D2D link. Upon
considering the macrocell O of Fig. 2 as the reference cell,
Fp is the CCR frequency, while the CER frequency of
the neighbouring cells is F> and F3. Therefore, in FFA1,

3The target SIR for all the D2D links is considered to be the same for
the analytical derivation of their coverage probability.

1
,0(), 1+ ,
— o€ a

1
L0, 1+
— O€

1 —z(z)RgT]

— a€ Py
1 AR “RT | 2
, L= —d. 4)
o — o€ P} R?
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the SR D2D links would reuse Fp, while the LR D2D
links would reuse F, and F3.

2) Fractional Frequency Allocation 2 (FFA2): In this
scheme, we allocate the CER frequency of the reference
macrocell to the SR D2D link and the CER frequency
of the other macrocells to the LR D2D link. Similar to
FFA1, the reference macrocell is cell O of Fig. 2, where
the SR D2D links would reuse Fi, which is the CER
frequency of the reference cell and the LR D2D links
would reuse F> and F3.

The motivation behind this definition for the pair of schemes
is the FFR scheme itself. In FFR, the cell-edge users (that have
a low SIR) are assigned the frequency of F;,i € 1,2, 3, which
results in a reduced co-channel interference. Correspondingly,
the D2D links that have a high SIR are assigned Fy (or F),
while the D2D links having a low SIR are assigned F> or F3
in FFA1 (or FFA2) for the sake of reducing the co-channel
interference. In other words, initially we try to serve the
D2D link at Fy (or Fp), i.e. we find the SIR based on
Fy (or Fp). However, the D2D link that experiences a high
level of interference, i.e. whose SIR is low, is allocated a new
frequency from the set of frequencies F> or F3, which are
not contaminated by the strong interference from reference
MBS as shown in Fig. 1. The coverage probability of the
D2D links when the MBSs use UFR was given by Eq. (26)
of Appendix A and we would now extend the same result to
the proposed schemes.

Lemma 2: The coverage probability of a typical D2D link
in the network of Fig. 2 using FFA1 is given by

R.

CPrra1 :/CP(l,max{T, Sd})
0
+CPU, D1 —CP(U, S fL(Ddl,  (5)

where CP(l,max{T, S;}) and CP(l,Sz) are defined in
Eq. (25) from Appendix A. Similar to CP(l,T) which is
defined for the frequency Fy, CP(l,T) can be derived for
frequency F, and F3.
Proof: See Appendix B for the proof. U
Similarly, the coverage probability of a D2D link using
FFA2 in the network of Fig. 2 is given as follows:

CPrra2(,r) = Plju(l,r) > max{T, Sq}]
+ Plfu,r) > T1P[ju,r) < S4]. (6)

It is important to note that in FFA2, the SR D2D link
reuses the CER frequency band for its communication process
and since the transmission channels are independent of each
other, the D2D links experience different fading gains as well
as interference, which is characterised by the SIR denoted
by ju(l,r). However, for the LR D2D links in FFA2, the
frequency band reused is the same as that reused by the LR
D2D links in FFA1 and hence the SIR is denoted by 7y (/, r)
in the above expression. Using the expression of coverage
probability of the UFR defined in Eq. (26) we can write the
final coverage probability expression of typical D2D links in
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the FFA2 scenario as:
RC

CPrran = /CNP(l,max{T, Sa})
0
+CP(, T)[1 —CP{, SH1fL(DHdl, (7

where similar to CP (I, T), CP(l, T) can be derived for the
frequency Fi.

B. Soft Frequency Reuse

The macrocells relying on SFR techniques use one-third
of the band allocated for the cell-edge users, which is set
to be different from the neighbouring cells in order to avoid
any interference, while the remaining two-thirds of the band
is used for the cell-centre users. The MBS imposes power
control for transmitting at the power of P, for the CCR users,
while at f P, for the CER users. In this subsection, using the
previous definitions of SR and LR D2D links, we propose
a frequency allocation scheme for the D2D links, which is
defined as follows:

1) Soft Frequency Allocation (SFA): In this scheme, we
allocate the CER frequency to the SR D2D link and
CCR frequency to the LR D2D link. Let us consider
cell 0 of Fig. 2 as the reference macrocell, where the
CCR and CER frequency bands are F3 and Fj, F»
respectively. According to the definition of this scheme,
the SR D2D links are allocated F3, while the LR D2D
links reuse Fj and F».

Similar to the previous derivation of the coverage probability
for the FFR technique, we now continue by deriving the
coverage probability for the proposed scheme, when network
relies on SFR. We now derive the coverage probability of SFA.

Lemma 3: The coverage probability of the D2D link in SFA

can be expressed as

R
CPspa = /CPS(I,HI&X{T, Sa})
0
+CPs(, T)[1 — CPs(l, SH1fL(Ddl,  (8)

where similar to CP (I, T) given in Eq. (25) from Appendix A,
CPs(l,max{T, Sq}) and CPs(l,T) can be derived for the
CCR frequency and CER frequency.

Proof: See Appendix C for the proof. 0

C. Capacity

In this subsection, we derive the capacity of all the proposed
schemes as well as of the benchmark scheme. We commence

with the benchmark scheme. The capacity is given
by [12], [23],
C = E[In(1 4+ SIR)]
:/ P[In(1 4+ SIR) > t]dt
t>0
:/ P[SIR > ¢' — 1]dt. O)
t>0
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0 P[;nax () pmax Pé;nax
Cl,r)y= dt =>F | 1,1;0()+1;1— .
¢ / (i(l)r““f)Rgf + P;,"“x) 2 ( O+ A(l) (et — 1)ra<le>Rgf) 0(1)A(1yr* (01— Rg€
t=0
(10)
) . —1(1_ Py max~\0(l)
2F1 6(1)7 9(1)7 9(1) + 1a (1 + Sd) 1 /l(l)r“(l_‘)Rgf (Pd )
Cs(l,r)y = In(1+ Sy) + 13
s( r) ( d) P[Vu(l, r) > S41(0 + Sd)i(l)ra(lfe)Rgze)H(l) (13)
Thus, the capacity is equivalent to the coverage probability D2D link is given by
evaluated at T = ¢’ — 1 and then integrated over 7. The Re Ry
capacity of a D2D link, which is at a distance of / from the _
MBS is given by Eq. (10) (see top of this page). By averaging Crrar = Cs(,r)Plyv s r) > Sal
over the distance from the MBS and the distance between the 0 Ry
. . . . . . 2 1 21
D2D link, the capacity of a typical D2D link is given by +2CL0, )Py, r) < Sil———dr —di.
3 Ry — Ry Rg
R Ry max (15)
//QF1 (1’ Lo +1;1 - A(D)r a(l e)Rae) The first term in Eq. (15) corresponds to the capacity of an SR
0 Ry D2D link that reuses Fp, whereas the second term denotes the

pmax 1 2
dr 2 di
H(Z)A(Z)r“(l IR R, — Ry R2

Y

Now, we derive the capacity of the D2D link for the proposed
FFA1 scheme. The capacity of an SR D2D link is given by

Cs(l,r) = 70

Plyu(,r) > max{e’ — 1, Sd}]d
Plyy(,r) > S4l

=0
In(1+S,)
_ / Plyu(l,r) > Sql
. Plyu(,r) > S4l
1=

N 7 Plyu(,r) > e — 1]dt
Plyu(,r) > Sq4]
In(14-S4)
Cs(l,r) = In(1 + Sy)

o]

1
B e ———
Plyu(l,r) > S4] /

r=In(1+S,)

0]
) (12

After simplification, we arrive at, (13), as shown at the top of
this page.
Similarly, the capacity of a LR link is given by

Pmax
(/l(l)(e’ - 1)r"‘(1 RYE 4 prax

max

P
—_— 0 ; - d—
Crl,r) =2F (1’ oo i(l)r““f’R%E)

Pmax

* 0 Alyrai-oRse

(14)

Similar to 6(I) and A(l) which are given in Eq. (21) and are
defined for a frequency reuse 1, #(I) and A(l) can be derived
for a frequency reuse of % Then the capacity of a typical

capacity of the LR D2D link that reuses F> and F3. Here the

factor % weights the second term due to the fact that among
all the cell-edge sub-bands (F1, F2, F3), only F, and F3 are
used by the LR link in FFAl. The capacity of the other
proposed schemes such as FFA2 and SFA can be derived
using the process followed for FFA1. See Appendix D for the
expressions of the capacity for the other schemes.

IV. SIMULATION RESULTS

In this section, we study the performance of the proposed
schemes benchmarked against the scheme, when the MBS
relies on UFR. In the scenario when the MBSs employ UFR,
the frequency is reused according to a reuse factor of 1 and
hence there is no need for any further classification into CCR
and CER users, since all CUs will be using the same frequency
band. Furthermore, a random frequency allocation scheme is
assumed for the D2D links, which means that a random
D2D-CU association is considered for the resource reuse in
the benchmark scenario. Furthermore, we analyse the impact
of the proposed schemes on the CU coverage probability along
with that of our benchmark scheme. We have considered the
network of 19 hexagonal cells seen in Fig. 2, where each
macrocell is approximated by a circle of radius R, = 1000m
(except for Fig. 5) for ease of exposition. Each macrocell is a
hybrid cell consisting of 100 CUs and 100 D2D links, where
the MBS is located at the centre of the macrocell, while the
CUs and the D2D links relying on downlink resources are
distributed uniformly in the cell. Furthermore, all resource
blocks are uniformly shared among the users and D2D links.
In other words, if there are K users or D2D links and R
resource blocks, then each user or each D2D link is assigned
% resource blocks. Furthermore, for each user we compute
the SIR, which is used for classifying the users into the CCR
and CER. Note that the SIR is evaluated based on the CCR
region. In other words, we first assume that all the users are in
the CCR region and then compute the SIR. Furthermore, we
compare the SIR to S, and if the CU’s SIR is higher than S,
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then the user will continue to rely on the same sub-band and
will assumed to be a CCR user. By contrast, if the CU’s SIR
is lower than S, the user is assumed to be a CER user and
hence will camp on new sub-band. Similarly, in a D2D link
scenario, we first evaluate the SIR of the D2D user assuming
that the D2D link is an SR D2D link and then compare the
SIR to S4. Now, if the D2D link’s SIR is higher than Sy, the
D2D link is assumed to be an SR link and will continue to
use the same sub-band. By contrast, if the SIR is lower than
S4, the D2D link is considered to be a LR link and hence
will use a new sub-band, which is defined for the LR D2D
link according to the proposed frequency allocation schemes.
The distance r between the D2D Tx and Rx is also uniformly
distributed in [R;, R>], where the minimum distance R; is set
to 30 m and the maximum distance R, is set to 50 m, i.e.
r € [30, 50]m, except for Fig. 5. Similar setting for distance
between D2D pair has been adopted in [24]-[26]. The power
budget of the MBS and D2D links is set to 46dBm and
20dBm, respectively. We assumed random mapping of the
D2D links to the CU’s resource blocks and the transmit power
of the D2D links is a function of the distance r, as defined in
Eq. (1) of Section II. The power control factor € is set to zero
for all the results, unless otherwise stated. This means that the
D2D links transmit at the maximum power. The transmission
channels experience independent Rayleigh fading and a path
loss factor of o = 3. We have analysed the proposed schemes
and the benefits of power control in the D2D links by dividing
this section into three parts as follows:

A. Fractional Frequency Reuse

In this section, we analyse the performance of the proposed
frequency allocation schemes for the D2D links, when the
MBS employs FFR. Explicitly, we evaluate the coverage
probability and capacity of the D2D links as well as their
impact on the CU’s coverage probability. We commence with
a discussion of the performance of both FFA1 and FFA2
on the coverage probability of the D2D link, where we
consider o = 3 and S; = 8 dB. Fig. 4 depicts the coverage
probability of the D2D link for both FFA1 and FFA2, when
the MBS uses FFR against the benchmark scheme of UFR.
First of all, it can be clearly seen that the analytical results
closely match the simulations. Secondly, UFR results in
the lowest coverage probability amongst all the schemes,
since the D2D link experiences interference from all the
MBSs including the reference MBS.* Interestingly, both the
proposed FFA1 and FFA2 schemes provide a significantly
better performance than the UFR scheme. The reason for this
trend is as follows: the LR D2D links which otherwise have
a significantly lower SIR in the UFR scheme, experience no
interference from the reference MBS and they experience the
same amount of interference as the frequency reuse % pattern.
Moreover, FFA2 provides a better coverage probability than
FFA1, since FFA2 utilizes the cell-edge frequency of the
reference cell, whereas FFA1 utilizes the cell-centre frequency
of the reference cell. This means that in FFA2 the interference
experienced by the SR D2D links is reduced, since it has

4Here reference MBS is the one where D2D link is present.
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Fig. 4. Coverage probability of the D2D link for the proposed
schemes relying on FFR. Here we have a = 3, R, = 1000m, P, = 46dBm,
PJ'%* =20dBm, Sy = 8dB, € =0.

a frequency reuse of %, while in FFA1 it obey a frequency
reuse 1 pattern, hence increasing the total interference, thereby
decreasing the coverage probability for the latter scheme. This
can be shown using the analytical expressions as well, when
Sq > T. The coverage probability of a typical D2D link, when
Sq > T using FFA1 is given by Eq. (5),

CPrrai
R

= /[CP(I, S4) + CP(I, T)(1 — CP(, S,)]fL(D)dl,
0

where the term CP(l, Sz) denotes the coverage probability
of the D2D link, when it relies on the CCR frequency of
the reference cell. Similarly, the term [1 — C P(l, S;)] denotes
the coverage probability of the D2D link, when it utilises the
CER frequency of the neighbouring cells. Furthermore, the
coverage probability of a typical D2D link associated with
Sq¢ = T using FFA2 is given in Eq. (7),

CPrra2
R.
= /[c”P(z, Sy)+ CP(, TY1 — CP(l, Sy)) fL()dl.
0

Here the term CP(l, S;) denotes the coverage probability
of the D2D link when it utilises the cell-edge frequency of
the reference cell. Note that CP(l, S;) < CP(l, Sy), where
CP(l,Sy) and CP(l, S;) are the coverage probability of the
D2D links, when they utilise the CCR frequency and the CER
frequency of the reference cell, respectively. In other words,
while calculating CP (I, Sy), the interference experienced by
the D2D links is reduced, since it has a frequency reuse
of %, while for calculating C P(/, S;) it obeys unity frequency
reuse pattern. In order to compare the coverage probability of
both the schemes, we have rearranged the expressions given
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Fig. 5. Coverage probability of the D2D link for the proposed
schemes relying on FFR. Here we have a = 3, R, = 500m, r € [20, 40],
Pc = 46dBm, P7'* =20dBm, S; = 8dB, € = 0.

in Eq. (5) and Eq. (7) as

CPrrai

Rc
= /[CAP(I, T)+ CP(,S)(1 —CP(, TH]fL()dl, (16)
0

and

CPrra2
Re

= /[CAP(I, T)+CP(,So)(1 — CP(, THfL(DHdl, (17)
0

Recall that we have CP(l, S;) < cprd, S4) and hence it is
apparent from Eq. (16) and Eq. (17) that CPrra1 < CPrra2,
which conforms with the results presented in Fig. 4.

In Fig. 5, we present coverage probability of D2D
links relying on the parameter setting of R. = 500m and
r € [20,40], which indicates that our analysis is indeed
valid for any parameter setting. Moreover, a change in the
value of R, as well as r will not affect the performance
trends of the proposed schemes. In other words, both the
proposed FFA1 and FFA2 schemes provide a significantly
better performance than the UFR scheme. Furthermore, FFA2
provides a better coverage probability than FFATL.

Fig. 6 provides simulation results, where each D2D link
has a different target SIR. In particular, we have plotted
the coverage probability versus the SIR threshold, where
each D2D link has been randomly assigned different target
SIRs ranging between [2, 8]dB. Interestingly, the behaviour
of the proposed schemes investigated in the scenarios, when
the D2D links have different target SIRs, remain similar to
that of the D2D links having the same target SIR. In other
words, both the proposed FFA1 and FFA2 schemes provide
a significantly better performance than the UFR scheme.
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Fig. 6. Coverage probability of the D2D link for the proposed
schemes relying on FFR. Here we have o = 3,R. = 1000m,
P, = 46dBm, P&”“x =20dBm, € =0, and T € [2, 8]dB.
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Fig. 7. Capacity of the D2D link for the proposed schemes relying on
FFR. Here we have a = 3, Rc = 1000m, P = 46dBm, PJ'"* = 20dBm,
e =0.

Moreover, FFA2 provides a better coverage probability than
FFA1. We have however not derived the coverage probability
and rate expressions, when the D2D links can have different
target SIR. It would be interesting to analytically study the
performance of D2D links in our future work, when they have
different target SIRs.

The capacity of the D2D link for the proposed schemes
is shown as a function of the threshold SIR in Fig. 7.
It can be observed that as the threshold SIR increases, the
capacity of FFAL first increases and then decreases, but it has
a significantly higher capacity than the benchmark scheme.
A lower value of the threshold SIR may assign too many D2D
links from the LR link resources to the SR link resources,
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while a higher value increases the number of LR D2D links.
In either case, the capacity will be reduced. The reason
behind this trend is the fact that the capacity of D2D links
is influenced both by the SIR of the link as well as by the
bandwidth allocated for the frequency resources of the CER
and CCR regions in the macrocell. In other words, at a lower
threshold SIR, there would be more SR D2D links, which
would have a higher bandwidth, but would have a lower SIR,
since the interference experienced is increased owing to the
employment of the CCR frequency. Hence the overall impact
of both these factors would reduce the capacity of D2D links
at a low threshold SIR. Similarly, at higher threshold SIRs,
there may be more D2D links that are now considered as LR
links, that would have provided a higher rate due to a higher
SIR, but at the same time it has a lower bandwidth owing
to the utilisation of the CER frequency, thereby reducing the
overall rate. On the other hand, the capacity of FFA2 increases
as the threshold SIR increases. This is due to the fact that in
FFA2 D2D links only reuse the CER frequency resources of
the MBS. This means that when the threshold SIR increases,
the CER frequency resources are increased and hence the
capacity of FFA2 increases. Moreover, at a higher threshold
SIR, the capacity of FFA2 approaches that of FFAI due to
the fact that both the proposed schemes only use the CER
frequency resources at a higher threshold SIR. Note that Sy
in FFA1 and FFA2 can be chosen according to

Re
21 Fy
CPFrFA1SR = / CPrraisr(l, Sa)—5dl = —
R~ F
0
and
R,
21 F
CPrraz2,sk = | CPrraisr(l, Sa)—5dl = —,
RO~ F

0

respectively. Here CPrrai,sg and CPrraz sg denote the
specific fraction of D2D links who are categorized into SR
links under FFA1 and under FFA2, respectively. Therefore,
operators need to carefully choose the value of F; for
D2D links aided cellular networks since S; and hence the
performance of D2D links depends on F;.

We will now analyse the impact of the proposed schemes
on the coverage probability of the CUs in Fig. 8 for five
different cases: (i) when there are no D2D links and the CU
uses UFR, (ii) when there are D2D links and the CU uses
UFR, (iii) when the D2D links use FFAl. (iv) when the
D2D links use FFA2 (v) when there are no D2D links and the
CU uses FFR. All the results are plotted using simulations.
It can be observed that the coverage probability of the CU is
the lowest when FFA2 is used in the D2D link, since FFA2
only utilizes the CER frequency resources of the MBS. This
means that the specific CER users experiencing a low SIR
would now experience an even higher interference owing to
the presence of D2D links that are reusing the CER user’s
RB, hence reducing the coverage probability of CER users.
As expected, the coverage probability of CU operating in the
absence of D2D links is the highest followed by the CUs
when FFA1 is used in the D2D links. It is interesting to
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Fig. 8. Impact of the proposed FFAl1 and FFA2 schemes on the
CU’s coverage probability. Here a = 3, R, = 1000m, P = 46dBm,
PJ'%* =20dBm, S¢ = 3dB, € = 0.

note that the coverage probability degradation of CU is lower,
when the D2D links use FFA1 than in the case, when the
D2D links use UFR.

B. Soft Frequency Reuse

In this section, we present the performance analysis of
the proposed frequency allocation scheme for D2D links,
when the macrocell employs SFR, which is also benchmarked
against the traditional UFR scheme. We assume that each MBS
transmits at a power of P, (= %) in the CCR and at a power
of fP, in the CER, for ensuring that the maximum power
transmitted by any MBS does not exceed its power budget.
We would first discuss the coverage probability of D2D links
in the case of the SFA scheme for different values of the
power control factor £. It would be fair to compare the UFR
scheme to the SFA scheme, when f = 1, since the transmit
power of the MBS would be the same for both schemes.
It can be clearly seen from Fig. 9 that our proposed scheme
has a higher coverage probability than the benchmark scheme.
Interestingly, the proposed SFA scheme associated with f = 1
provides a better coverage probability than the benchmark
scheme. This improvement in the coverage probability of the
SFA scheme over that of the UFR scheme is due to the
resultant sub-band diversity gain® achieved by the system,
when the D2D link is classified as either an SR or LR D2D
link. Moreover, it can be observed that upon increasing the
value of the power control factor S, the coverage probability
of D2D links is improved. The reason behind this phenomenon

SA D2D link using the CCR frequency will now be assigned a new
sub-band that corresponds to the CER frequency of other cell if its SIR
is lower than the threshold SIR (yy > Sy), implying that this D2D link
will now experience a new fading power, since the fading is assumed to
be independent across the sub-bands. Therefore, there is gain achieved by
the system due to allocation of a new sub-band and we call it sub band
diversity gain.
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Fig. 9. Coverage probability of the D2D link for the proposed SFA

scheme . Here we have a = 3, R, = 1000m, P, = 46dBm, P(;"‘”‘ = 20dBm,
Sp = 8dB, € = 0.
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Fig. 10. Capacity of the D2D link for the proposed schemes relying on
SFR. Here we have a = 3, R. = 1000m, P, = 46dBm, Pé”‘” = 20dBm,
e =0.

is that as the value of f increases, the transmit power P, in
the CCR region decreases and hence the interference imposed
by the reference MBS on the LR D2D links employing SFA
decreases, which results in an increased SIR, hence supporting
a higher coverage probability for the D2D links.

We also analysed the capacity of the D2D links using the
proposed scheme, when the MBS employs SFR, as shown
in Fig. 10. It is interesting to note that the capacity of the
proposed scheme increases upon increasing the value of the
power control factor f of the MBSs. As f increases, the D2D
links experience a reduced interference, thereby increasing
their SIR and hence improving the capacity of the D2D links.
Moreover, it can be clearly seen that our proposed scheme
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Fig. 11. Normalised transmit power versus the D2D link length for
different values of the power control factor. Here we have a = 4.

performs significantly better than that of the UFR benchmark
scheme due to the reduced interference at the D2D receivers
and as a benefit of the sub-band diversity gain achieved by the
proposed scheme at the D2D links. However, for the case of
S = 1, there is only one reason that is the sub-band diversity
gain achieved by the proposed scheme as the transmit power
of MBS is same for all the schemes in the curve and hence
induce same interference.

C. Power Control for the D2D Links

In this section, we will analyse the effects of distance-based
power control on the D2D links defined in Eq. (1) of Section
IT using simulations. We will first characterise the impact of
the distance (r) on the normalised transmit power of a typical
D2D link shown in Fig. 11, parametrized by the power control
factor €. It can be clearly seen that as the distance between
the D2D transmitter and receiver increases, the transmit power
required by the link increases, as expected. It can also be
observed that at € = 0, all the D2D Txs would transmit at
an equal power of P7'“* and hence the normalised transmit
power would be 1. However, at € = 1, the power received at
the D2D Rx would be equal and hence the normalised transmit
power is the lowest. Moreover, an interesting observation that
can be made from Fig. 11 is that as the power control factor €
increases, the rate at which the transmit power of the D2D Tx
decreases is reducing. For example, at a distance of r = 30m
for the D2D link, as e varies from O to 0.2, the normalised
transmit power is reduced from 1 to 0.66. However, when ¢
changes from 0.8 to 1, the normalized power reduces from
0.195 to 0.13.

Table 1 shows the energy efficiency of the different schemes
for different power control factors. Energy efficiency is defined
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TABLE 1
ENERGY EFFICIENCY OF OUR FOUR FREQUENCY REUSE
SCHEMES UPON VARYING THE POWER CONTROL
FACTOR € OF THE D2D LINKS
€ UFR | FFA1 | FFA2 | SFA
0 17.8 24.2 20.1 24.7
0.5 | 21.0 30.0 25.5 30.4
1 23.8 35.0 30.6 | 352
UFR SFA
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Fig. 12. D2D coverage probability versus the target SIR for the

proposed schemes parametrized by the power control factor. Here we have
o =3, Rc = 1000m, Pc = 46dBm, PJ'* =20dBm, Sp = 8dB,.

as a ratio of the total average rate of D2D links to the total
average power of D2D links corresponding to a particular
value of the power control factor € for the different frequency
allocation schemes. Therefore, the unit of energy efficiency is
nats/s/Watts. Observe that all the proposed schemes provide
a better energy efficiency than UFR, whilst FFA1 attains a
higher energy efficiency than FFA2, since FFA1 uses a higher
bandwidth compared to FFA2. Moreover, SFA achieves a
higher energy efficiency than both FFA1 and FFA2, since it
can use all the available bandwidth for D2D communication.
Let us now analyse the impact of the power control factor
on the energy efficiency. It can be observed that as the
power control factor increases, the energy efficiency increases.
Interestingly, the increase in energy efficiency is higher, when
€ changes from 0 to 0.5 than when it changes from 0.5 to 1.
For example, the energy efficiency improvement is 24.3%
when € changes from 0 to 0.5, whereas it is only 17.3%,
when it changes from 0.5 to 1 for FFAL.

Finally, we characterise the impact of the power control
factor € on the coverage probability of our proposed schemes
and of the benchmarker in Fig. 12. It can be clearly seen
that as the value of € increases, i.e. the transmit power of the
D2D links decreases, the coverage probability of the D2D links
decreases for all the schemes, owing to the reduced SIR of

the D2D links. However, the coverage probability reduction
of UFR is higher than that for FFA1 and FFA2 in the lower
target SIR region. This is due to the fact that the D2D link
that has a low SIR due to its high power control factor can
be treated as a LR D2D link and thus it will experience a
low interference, which in turn would enhance the coverage
probability of D2D links in the proposed schemes.

As mentioned previously, the primary motivation of
proportional power control of the D2D links is to utilize its
energy efficiently. It can be concluded from Fig. 11 and Fig. 12
that when the power control factor is around 0.5, a significant
amount of power can be saved at a marginal coverage
probability degradation, especially for a low target SIR in
case of FFA1 and FFA2. Moreover, Table I suggested that
0.5 is a good choice for striking a compromise in terms of
energy efficiency at the D2D links for all proposed schemes.
Therefore, € = 0.5 can be preferred over other values of €.

V. CONCLUSIONS

In this treatise, we proposed three frequency allocation
schemes, namely FFA1 and FFA2 when MBS uses FFR,
while SFA when the MBS employs SFR. These schemes
impose less interference on the D2D links, while at the
same time satisfying the QoS requirement of the CUs in
the macrocell. We analytically derived both the coverage
probability and the capacity of D2D links, when they rely
on distance-proportional power control under the proposed
schemes and found that the simulation results confirm our
analysis. It was revealed by our performance results that
our frequency allocation schemes significantly outperform
the UFR benchmark scheme. Moreover, the impact on the
coverage probability of CUs was also studied. Finally, it was
shown that the power control factor should be about 0.5 in
order to strike an appealing trade-off between the energy
consumption and the performance of D2D links. Future work
could analyse the performance of the proposed schemes, when
the D2D links rely on energy harvesting [27]. It would be
also interesting to study the performance of these schemes,
when multiple antennas are employed at the D2D transmitter
and receiver, when MBS uses ICIC schemes [28].

APPENDIX A

The coverage probability of a D2D link as defined in
Section III is given by
> T:|

T (lea + 1a)
Py(ryr=— |’
Since the fading gain of the D2D link is exponentially
distributed, i.e., hg ~ exp(1l), we get,

T(lea + 1)
P[}/U(l,r) > T] = Ehcd,i’hd,j [exp (_W . (19)
Recall from Eq. (2) that Iy = Zie¢ Pehea il 7, 1q =
2 jey Pa(r)h jd;“ as mentioned in Section II. Since we
have Rayleigh channels, hcq; ~ exp(l) and h; ~ exp(l)
are considered, hence I.; + I; is the sum of the weighted

Pi(r)hgr=¢

P l T)=P
[}’U(,r)> ] |: Ioa + I

_p [hd . (18)
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exponential variates. By exploiting the fact that the weighted
exponential variates h’ di = wheqi (w is the weight of
the exponential random variable h.4 ;) can be written as
exponential variates associated with a weighted scaling
parameter, we have, h/cd,i ~ exp(w). Thus, I.g + I is the
sum of independent and non-identical exponential variates.
Let us now use the moment matching technique for
evaluating the equivalent distribution of I.;4 + I;, namely
that of the total interference experienced by the D2D link.
Explicitly the moment matching technique states that the
sum of N independent and non-identical Gamma variates
X; ~ G(aj, b;) can be approximated by a single Gamma
variate of ¥ = ZIN=1 X; ~ G(A, B), where A and B are
defined as

Zz 14 b2
>0l aibi
Therefore, the distribution of the total interference at the
D2D link, obeys I.q + Ig ~ G(0,1), where 8 and 1 are
defined based on Eq. (20) and are given by:

2
and B = (20)

L+ X dj)? S+ Y d;

i€ jey iep jey
Hl:le—and/ll—i. 21
R T S SR S TA

icg jew icp J€y

The expression in Eq. (19) can then be simplified and
written as,

Pa(r) 0

ADTr* + Py(r) '

Using the relationship defined in Eq. (1), we can re-write the
P‘;nax

above expression as:
0]
i(l)Tra(lff)RgE + Pénax) . (23

Therefore, the coverage probability of a typical D2D link can
be formulated as:
R: R>

CP = // [yu(,r) > T1fr(r)drfL()dl

)e(z)

Plyy(,r)>T]= ( (22)

Plyu(,r) > T] = (

R, R2
pmax

d
//(A(I)Tra(lf)Rgf_i_P:inax

0 Ry
1 21
X ———dr—dI
R, — R R?
where fr(r) and f7 (I) denote the probability density function
of r and [. In this treatise we assume that the distance r
between the D2D Tx and Rx pair is uniformly distributed in
(R, Ry) and these D2D pairs can be located at a distance /

(24)
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from MBS, which is also distributed uniformly in the cell of
radius R.. Therefore, we have fr(r) = ﬁ and fr(l) = ;—é
in Eq. (24). Furthermore, upon solving the inner integral in
the above expression given by,
o) 1
) Ro — Ry

we arrive at Eq. (25) given at the bottom of this page.
Therefore, the coverage probability of D2D links in the UFR
scenario can be written as:
Re
21
CpP = /CP(I, T)—5dl
RC
0
Substituting the value of CP(l, T') from Eq. (25) into Eq. (26),
we will obtain CP as given in Eq. (4).

Pmax

2
_ d
CP(I) T)_/(i(l)Tra(le)Rgé‘f‘P;mX
R

1

dr

(26)

APPENDIX B
We would first like to derive the coverage probability of
the D2D link corresponding to FFA1 by defining it for both
the SR and LR D2D links individually.
The coverage probability of the SR D2D link is given by

CPpsr(l,r) = Plyu(,r) > Tlyu(l,r) > S4l
Plyy(l,r) > max{T, S4}]
Plyu(l,r) > S4]
The above conditional probability expression follows from
the fact that the SIR of the SR D2D link is higher than S,.
Similarly, the coverage probability of the LR D2D link is
given by

27)

CPpLr(,r)=P[p; (U, r) > Tlyu(,r) < Sql.  (28)

Note that the LR D2D link reuses the different frequency
bands and hence it experiences a new fading power and new
interference, which yields a new SIR §4(l, r). Since the fading
gains are independent of each other, hence CPr ;1 can be
simplified as

CPr,rr(,r)=P[

Thus the coverage probability of a D2D link at a distance
[ from the MBS of the reference cell employing FFAL is
given by

CPrrai(,r)

pEl,r) > TI. (29)

= CPrsr(l,r)Plyu,r) > S4l

+ CPpLr(,r)Plyu(,r) < Sal  (30)

Note that P[yy(l,r) > S4] denotes the percentage of SR
D2D links in the macrocell and thus the first term of
Eq. (30) gives the coverage probability contribution due

R 1 1 —ADRST
CP(,T) = F ,0(),1 )
@T) Rz—Rl2 1[a—ae @ +a—ae Py
Ry 1 1 —i(l)R‘f_‘“Rg’fT
— F 0,1 . 25
Rz—R12 1|:0(— 6’ ()’ +0(—0(6’ P:inax ( )
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to the SR D2D links. Similarly, P[yy(l,r) < Sq] gives the
probability of the D2D links being LR links and hence the
second term in Eq. (30) defines the contribution of the LR
D2D links to the overall coverage probability of D2D links in
the reference macrocell. By substituting Eq. (27) and Eq. (29)
into Eq. (30), we can reformulate Eq. (30) as :

CPrra1,r) = Plyy(l,r) > max{T, Sg}]
+ Plju(l,r) > TIP[yu(,r) < Sql.

Exploring the process used in Appendix A, the coverage
probability of a typical D2D link in the network of Fig. 2
using FFAI is given by

(€19

RC
CPrrat = / CP(, max{T, S,1)
0
+CPW, TY(1 = CP(, S) fudl,  (32)
where CP(l,max{T, S;}) and CP(l,S;) are defined in

Eq. (25) and similar to CP(l, T), CP(l,T) can be derived
for a frequency reuse factor of %

APPENDIX C

The SIR of an SR D2D link that uses F3 in an SFR scenario
can be written as:

) Py(r)hgr=¢
’r == b
' leg + 1g
Iea = Zﬁpmhcd,ili_a + Z thcd,ili_a,
icp icp\p
Ia =) Pa(r)h;d;*, (33)
JEW

where ¢ = {0, 8, 10, 12, 14, 16, 18} denotes the specific cells
that interfere the desired signal with the power of f P,, when
using F3 in their CER. Hence, there is a change in the
interference inflicted upon the D2D link in SFR, since the
MBS uses power control for cellular communication, which
results in a different interference power arriving from each
cell. Therefore, corresponding to this definition of SIR, we
can define the coverage probability of the SR D2D link in
SFA as:

CPs sp(l,r) = Plys(,r) > Tlys(l,r) > Sq4]

_ Plys(l,r) > max{T, S4}] )
Plys(l,r) > Sal
By contrast, the coverage probability of the LR D2D links in
SFA is given by

CPsir(,r) 2 Plist,r) > Tlys(l,r) < Sql

b N
© pras,r) > T
Py(r)hgr—
@ p| PaWhar™ ] (35)
Iea + 14
where Ig = Z,Bpmhcd,ili_a + z thCdaili_a’
icp’ iep\g’
1y = ZPd(r)hjd;a.
JEy
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Here we have 9" = {2,4,6,7, 11, 15} in (¢) of Eq. (35), i.e. the
set of macrocells that transmit at a power of  P,,, when using
the CER frequency of Fi. It is important to note that in case
of the LR D2D links, the SFA scheme allocates F; and F»
to these links and since the channels are independent, the
fading experienced is also independent, hence the new SIR is
denoted by 7s(l, r). Referring to Eq. (35), ys(l, r) and ys(l, r)
correspond to the SIR of the D2D link, when they are using
different frequency bands. Thus, we arrive at (b) of Eq. (35)
due to the independent fading experienced by the D2D links
and hence the corresponding probabilities, i.e. P[7s(l,r) > T]
and P[ys(l) < S;] are independent probabilities. Therefore,
similar to the FFR scenario, the coverage probability of the
D2D link in the SFA can be obtained as

Re Ry

CPspa = //(P[)’S(l,’”) > max{T, Sq}]
0 Ry
+ Plis(l,r) > T1Plys(l,r) < Salfr(r)drfr(D)dl.
(36)
Using the process of Appendix A, the coverage probability

of a typical D2D link in the network of Fig. 2 using SFA is
given by

R
CPsra Z/CPS(l,maX{T, Sa})
0
+CPs(, T)(1 = CPs(, Sa)) fr(hdl,  (37)
where similar to CP(,T) given in Eq. (29),

CPs(l, max{T, Sq}) and CPs(l, T) can be derived for both
the CCR frequency and for the CER frequency.

APPENDIX D
The capacity of the D2D link employing FFA2 is :
R. Ry
Crena = [ [ 36500 PUur) > s
0 R
21

2 1
~Cr(,r)Plyul Sal——dr—dl.

+3CLlnPhulr) < d]RZ_R1 e
(38)

c
The capacity of the D2D link employing SFA is :
R: R»

Csra = //CS(Z,V)P[VS(Z,V) > Syl

0 Ry

1 21
lL,r)P l ——dr—di. 3
+Cr(,r) [)’S(,f”)<Sd]R2_Rl ng (39)
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