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Abstract—Device-to-Device (D2D) communication underlying ad-hoc networking technology, known as Device-to-Device
cellular networks, allows direct transmission between two devices (D2D) communication, which allows closely located devices

in each others proximity that reuse the cellular resource 4 communicate directly by reusing the frequency band of the
blocks in an effort to increase the network capacity and .
operational cellular network [1], [2].

spectrum efficiency. However, this imposes severe interference
that degrades the system’s performance. This problem may be However, the D2D links impose additional interference
circumvented by incorporating fractional frequency reuse (FFR on the communication system. Explicitly, if a D2D link
or soft frequency reuse (SFR) in OFDMA cellular networks. — rajies on utilising downlink (DL) resources, then the signa
By carefully considering the downlink resource reuse of the . .
D2D links, we propose beneficial frequency allocation schemes,transm'tt(:"_d by the MBS to CUs may C"f‘us‘.e interference at the
when the macrocell has employed FFR or SFR as its frequency D2D receivers, while the D2D transmissions would degrade
reuse technique. The performance of these schemes is quantifiedthe DL channel quality of MBSs transmitting to the CUs.
using both analytical and simulation results for characterising Furthermore, there exist interferences amongst the D2 lin
both the coverage probability and the capacity of D2D links homselyes, which reuse the same frequency bands. In arder t
under the proposed schemes that are benchmarked against the = . "~ . .
radical Unity Frequency Reuse (UFR) scheme. The impact of the Maintain the Quality of Service (QoS) target both for the CUs
D2D links on the coverage probability of macro-cellular users and the D2D links, beneficial resource reuse schemes have
(CUs) is also quantified, revealing that the CUs performance is been proposed for D2D communication, where the macrocell
only modestly affected under the proposed frequency allocation employed Unity Frequency Reuse (UFR) [3]-[8]. However,
schemes. Finally, we provide insights conceming the power wo interference imposed on the CUs can be significantly
control design in order to strike a beneficial trade-off between . o
the energy consumption and the performance of D2D links. reduced by using Inter—QeII Interference Coordinationl@)C
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 band
With the spread of mobile devices, tablets and mobilessed among the cells as well as by partitioning the total
multimedia services, the amount of traffic conveyed by tHeequency band of each cell into a cell-centre region (CCR)
cellular networks has been escalating. Hence the macroaaid cell-edge region (CER) frequency-set. These frequency
base stations (MBS) have to handle more traffic in order teuse techniques have been investigated in the literature i
meet the demand of high data rate services. Clearly, théhe context of different network models [9]-[13]. Xet al.
is a need for enhancing the capacity of the cellular netwof8] derived the optimal radius to identify the CER and CCR
in order to accommodate the deluge of multimedia trafficisers and quantified the attainable throughput. Gonzdlet
which requires increasing the tele-traffic capacity, emiplp proposed [10] to improve both the network capacity and the
more MBSs etc. However, the radio resources available foell-edge performance for a dynamic SFR deployment relying
cellular communications are limited and the employment ai realistic irregularly shaped cells. Distributed anteaided
more MBSs is uneconomical. Therefore, further research i&R was conceived by Zhangt al. for maximising both
required for improving the capacity of cellular systemsjlsth the cell-throughput and the coverage quality [11]. Kurear
relying on the existing infrastructure. In the existinglaeldr al. [12] analysed the coverage probability of their proposed
networks, the data of all the cellular users (CUs) is relaydbquency allocation schemes for picocell users, when the
through the MBSs, even though the CUs may be closefyacrocell employed FFR and SFR. As a further development
located, which in turn increases both the delay as well as tHs3], Jin et al. proposed the so-called spectrum swapping
traffic load imposed on the MBSs due to the high density afccess strategy for a twin-layer network relying on FFR.

users. The solution to this problem is a promising new local Fyrthermore, several resource allocation algorithms have
been conceived for D2D communication in cellular networks
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I. INTRODUCTION



the aid of their radio resource allocation scheme proposed f  as"
D2D links based on their specific location in the cell, when a) Fractional Frequency Allocatioh (FFA1): Consider

the cellular network was relying on FFR. Kimt al. [17] the macrocelb of Fig. 2 as the reference cell, where
proposed a resource allocation algorithm for eliminatihg t Fy is CCR frequency and; is CER frequency of this
interferences imposed by the D2D links, while the spectral macrocell while CER frequency of the neighbouring
efficiency of D2D communication achieved in FFR-aided cells is F;, and Fs. In this scheme, we allocate the
OFDMA cellular systems was analytically investigated by CCR frequency £y) of the reference macrocell to the
Zhu and Wang [18]. short-range D2D links and the CER frequen#y @nd

F3) of the other macrocells to the long-range D2D
(a) FFR links, as shown in Fig. 1(a).
b) Fractional Frequency Allocation (FFA2): Similar to
CCR resources FFAL1, considering the reference macrocell as macrocell
0 of Fig. 2, in this scheme, we allocate the CER
frequency 1) of the reference macrocell to the SR
D2D links and the CER frequency§ 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
SFR scheme. The scheme is specified as follows:

a) Soft Frequency Allocation (SFA): Again considering

Short-Range Link -Fy

Long-Range Link -Fo & F'3

Short-Range Link -F'y

Long-Range Link -Fo & F'3
Reference Cell

D2D Link

CER resources the reference macrocell as macrooelbf Fig. 2, F3
is the CER frequency, whilé’, and F» represent the
(b) SFR CCR frequency. In this scheme, we allocate the CER

frequency §3) to the SR D2D links and the CCR
frequency §; and F3) to the LR D2D links, as shown
in Fig. 1(b).

Short-Range Link -F'3

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 interferenc
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 anaigti
Figure 1. Frequency resource allocation in macrocell and Digks in results. Then our proposed SChemeS’_ are compared to the
FFR and SFR benchmark scheme, where the MBS relies on UFR. The results
reveal that the proposed schemes significantly outperfoem t

Against this background, we consider a cellular netwof@nchmark scheme. The impact of the D2D links on the CUs
employing FFR or SFR in conjunction with D2D commuis also quantified. Moreover, we have provided an intuition
nication relying on downlink resource reuse. The devices fncerning the selection process of the power control facto
D2D links are battery-operated, hence it is essential te sd order to strike a compelling trade-off between the energy
energy at these devices using power control in order to ptevéonsumption and the performance of the D2D links.
the batteries from running out as well as for reducing the The rest of the paper is organized as follows. In Section II,
interference imposed on the CUs. However, at the same tio@ system model is presented, which is followed by the
it is necessary to ensure that the power control of the D2dhalytical derivation of both the coverage probability and
links should not significantly degrade the performance e$éh the capacity of the D2D links for our proposed frequency
links. The major contributions of this treatise are as foio  allocation schemes in Section Ill. Our performance resaris

. . . discussed in Section IV, whilst our conclusions are offéred
1) We have proposed a pair of fractional frequency allomt'%ection v

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) threshols;, namely the short- 1Note_that in Fig. 1, the different frequency reuse zones drews
SR) D2D link d the | LR) D2 nly for illustration. However, the specific frequency resmes used by the
range ( ) INKS an € long-range ( ) Us/D2D links depend on their received SIR, rather than on the ggaduc

links. The frequency allocation schemes are formulategtation of the CUs/RD links.

Long-Range Link -F; & Fy

Reference Cell



where r is the distance andy is the path-loss exponent
between the D2D transmitter (Tx) and receiver (Rx). The
minimum and maximum distance of the D2D link are denoted
by R, and R,, respectively. The power control factor of
e € [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
ate = 0 the transmit power of all the D2D links present in the
macrocell isP;***, while ate = 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 bePj***, regardless of the value of
€.

' D2D link

Figure 2. Hexagonal macrocell structure. The interferemoposed by a
UFR system on celd) is contributed by all the 8 neighbouring cells, while
in a frequency reus% system it is contributed only by the shaded cells.

IIl. SYSTEM MODEL

—> Transmission Channel

- = » Interference Channel

We considered the cellular network shown in Fig. 2,
supporting both orthogonal downlink cellular users (CUSs)
and D2D links where each macrocell is approximated by Rgure 3. lllustration of the interfering links for two adjent macrocells,
circle of radiusR.. Considering the downlink of a cellularwhen a 2D link is superimposed on a CU's RB.
system, we introduced multiple D2D links that reuse the )
downlink resources of multiple CUs, where each CU occupieshen the MBS relies on UFR, the SIR at the D2D Rx,
a dedicated resource block (RB).We assume that each c¥ylich is at a distance dffrom the reference MBS and with
RB can be reused by at most one D2D link. This means thafa€Paration of from the D2D Tx, is given by:

single D2D link can reuse the resource blocks of several CUs, L) — Py(r)hgr—
but one of the CU’s resource blocks can be reused by only Yol r) = La+1;
one D2D link at a time. In essence, this may be interpreted _ g—a
. . . ch - chhcd 1li )
as a mapping of one D2D link to multiple resource blocks of ey ' 2
different CUs. A similar D2D related constraint was imposed Cu
on the cellular user's RB in [20] and [21]. All possible I = Z Pa(rj)hid; ™.
transmission channels in the network are considered to be J€P\{0}

independent and identically Rayleigh distributed thraugh Here P,;(r) and P. denote the transmit power of the D2D
this treatise. The D2D communication is incorporated asTx and of the MBS, respectively. Furthermorg,; is the
complement to the underlying cellular communication anidterference experienced by the D2D Rx due to the downlink
thus the CUs generally have a higher priority than the D2€ellular communication, i.e. the interference caused By th
links in a cell. The BS maintains reliable connection witk thMBSs transmitting on the same frequency band in the network,
CUs under the power budget &%, while the D2D link reuses while I is the interference imposed by D2D links in other
the randomly matched RB of the CU under the power budgetacrocells that reuse the same frequency band. The fading-
Pje* along with a power control factor ef We assume that induced attenuation experienced by the channel between the
all the D2D links use a distance-dependent proportion of tl¥2D transmitter and receiver is;, while that of the channel
total power [22]. In other words, the transmit pow®y of the  spanning from theé!” MBS to the D2D Rx ishcq,; and that of

D2D link is formulated as follows: the j'" D2D Tx in other macrocells to the D2D Rx is;. For
e the sake of better understanding, these channel fading gain
Py(r) = P (RLQ) , Vr € [Ry1,Rs) (1) for two adjacent macrocells are shown in Fig. 3, which can be



easily extended to our network model of Fig. 2. Furthermorkigher than the target SIR| 3. It is affected by the distance

¢ is the set of all macrocells present in the cellular network between the D2D Tx and the D2D Rx, by the transmit
of Fig. 2, while ¢ is the set of all the D2D links in other power P;(r) of the D2D link as well as the interferendg,
macrocells, operating on the same frequency set. Simiklidy experienced at the D2D Rx due to the cellular communication
SIR of CUs at a distancé, from the MBS of the macrocell and the interferencd; owing to the D2D communication

which is using UFR, can thus be written as: operating in the same frequency band. We would first derive
B the coverage probability of the D2D links, when the MBSs
P.hed>®
Ye(de) = === use UFR.
Ic + Idc s H
j Z Phod° Lemma 1. The coverage probability of the D2D links, when
c et Ted (3) the MBSs use UFR is given by Eq. (4) at the top of the next
i€\ {0} page.
Lie =y Pa(rj)hac,l3,
j€Y Proof. See Appendix A for the proof. O

whereh,. denotes the fading gain of the MBS to CU lirfk, ;
is fading gain experienced from th& MBS using the same
frequency band to the CU ard,. ; is the fading gain of the In UFR, the users roaming close to the MBS experience
jt" D2D Tx to the CU link operating in the same frequency lower co-channel interference than those, who are far from
band, as shown in Fig. 3. Helle represents the interferencethe MBS. However, the FFR relies on a combination of the
imposed by the MBSs on the CU using the same frequenggquency reuse factor dafand that of:, where the cell-centre
band, whilel,. is the interference experienced by the CU dugsers occupy a band having a reuse factot ad the cell-
to the superimposed D2D links. edge users associated with a reuse facto% .oThis implies

We consider two different frequency reuse schemes, naméiat there is a reduction in the interference afflicted upon
the FFR and SFR regimes. In the FFR scenario, the tothg cell-edge users due to the neighbouring cells. Let us firs
available bandwidth is divided into four orthogonal freqog Propose a pair of different frequency allocation schemes fo
bands, obeying” = F, + F} + F, + F5. More particularly, the the D2D links, when the MBSs use FFR and then derive the
frequency bandF, is common to all the macrocells for thecoverage probability of each of the proposed scheme. Irrorde
CCR region of the network, whild},i € 1,2,3 is assigned to define these two schemes, recall that we have classified the
to the users in the CER of the three adjacent macrocells, 22D link as SR D2D links and LR D2D links, based on the
shown in Fig. 1(a). The classification of CUs roaming in theredefined threshold SIRS{). The SR D2D link is defined
CCR and CER of the macrocell is determined on the basis@s the link that has an SIR higher than the threshold SIR
their SIR and the predefined threshold SSR Now, in order (Yo > Sg), while the LR D2D link has an SIR lower than
to allocate an adequate frequency band to CU, we haveth¢ threshold SIR threshold{ < S,). It is important to note
categorise them into CCR and CER users. The users that & the SIR of the D2D link is calculated by assuming that
an SIR higher than the predefined threshold SIR % S.) the D2D link experiences interference from all the macrscel
constitute the CCR users, while the ones with an SIR low@s well as from all the other D2D links that are present in the
than the thresholdhy( < S.) are the CER users. other macrocells and using the same frequency. Let us now

On the other hand, when considering SFR, the total availatgScribe our two frequency allocation schemes defined tor th

bandwidth is partitioned into three equal orthogonal fesgry D2D links as follows:

bands according td" = F; + F> + F3, where one of the 1) Fractional Frequency Allocationl (FFA1): In this
frequency bandsr;,i € 1,2,3 is used in the CER of the scheme, we allocate the CCR frequency of the reference
macrocell ensuring that it is orthogonal to the neighbayrin macrocell to the SR D2D link and the CER frequency
CER of the adjacent macrocells, while the remaining two- of the other macrocells to the LR D2D link. Upon
thirds of the frequency band is reserved for the CCR of the considering the macrocell of Fig. 2 as the reference
macrocell, as depicted in Fig. 1(b). Moreover, the MBS would  cell, F;, is the CCR frequency, while the CER frequency

A. Fractional Frequency Reuse

transmit at powerP,, in the CCR and at the power @fP,, of the neighbouring cells i, and Fs. Therefore, in

in the CER of the macrocéill FFA1l, the SR D2D links would reuséj, while the LR
D2D links would reuser, and F3.

[1l. COVERAGE AND CAPACITY 2) Fractional Frequency Allocatior2 (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
FFAL, the reference macrocell is céllof Fig. 2, where

The coverage probability is defined as a probability of
successful communication between the source and destinati
In other words, the coverage probability of the D2D link is
obtained as the probability of the D2D links possessing &h Sl

3The target SIR for all the links is considered to be the same for
2P, = %,ﬁ >1 the analytical derivation of their coverage probability.
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the SR D2D links would reusé’, which is the CER final coverage probability expression of typical D2D links i
frequency of the reference cell and the LR D2D link¢he FFA2 scenario as:
would reuseF;, and Fs.

is the FFR scheme itself. In FFR, the cell-edge users (that ha (7
a low SIR) are assigned the frequencyFfi € 1,2, 3, which
results in a reduced co-channel interference. Correspghyli
the D2D links that have a high SIR are assigred(or F}), o - _
while the D2D links having a low SIR are assign&e or F; where similar toCP(l,T), CP(l,T) can be derived for the
in FFA1 (or FFA2) for the sake of reducing the co-channefl€dUeNcyr.

interference. In other words, initially we try to serve the

link at Fy (or FY), i.e. we find the SIR based oA, (or B. Soft Frequency Reuse

of Interterence, L. whose SIR is low, 5 allocated  new, TS MAcToGels relying on SFR techniques use one-tird

frequency from the set of frequencis or Fy, which are not of the band allocated for the cell-edge users, which is set

contaminated by the strong interference from reference Mé% b? different from t_he neighbogri_ng cells ir_1 order to avoid
as shown in Fig. 1. The coverage probability of the D2D link@"Y interference, while the remaining two-th|r<_:is of the dan
when the MBSs use UFR was given by Eq. (26) of Appendi§ used for the cell-centre users. The MBS imposes power

A and we would now extend the same result to the proposg ntrol for transmitting at the power @, for the CCR USEers,
schemes. while at gP,, for the CER users. In this subsection, using

the previous definitions of SR and LR D2D links, we propose
Lemma 2. The coverage probability of a typical D2D link ina frequency allocation scheme for the D2D links, which is

R,
The motivation behind this definition for the pair of schemes CPrpas = /CTP(Z max{T, Sg})+
0

CP(L,T)[1 - CP(l, Sa)] fr(1)dl,

the network of Fig. 2 using FRAis given by defined as follows:
Re 1) Soft Frequency Allocation (SFA): In this scheme, we
CPrpa = /CP(l,max{T, SaH)+ allocate the CER frequency to the SR D2D link and
) (5) CCR frequency to the LR D2D link. Let us consider cell

- 0 of Fig. 2 as the reference macrocell, where the CCR
CPLTL = CP( Sa)lfr (D, and CER frequency bands aFg and F, F, respectively.
where CP(l,max{T,Sq}) and CP(l,S;) are defined in According to the definition of this scheme, the SR D2D
Eqg. (25) from Appendix A. Similar t&@P(l,T) which is links are allocated s, while the LR D2D links reusé’
defined for the frequency,, C'P(I,T) can be derived for and 5.

frequencyr?, and F. Similar to the previous derivation of the coverage probighil

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.

Proof. See Appendix B for the proof.

Similarly, the coverage probability of a D2D link using
FFA2 in the network of Fig. 2 is given as follows:

OPFFAQ(Z,T) = P[;/U(l,’l“) > maX{T, SdH-F
Py (l,r) > T)PAu(l,r) < Sq.

Lemma 3. The coverage probability of the D2D link in SFA
(6) can be expressed as

RC
It is important to note that in FFA the SR D2D link _/
reuses the CER frequency band for its communication process CPspa= | CPs(l,max{T’ Sa})+ (8)
and since the transmission channels are independent of each 0

other, the D2D links experience different fading gains a#l we CPs(1,T)[1 — CPs(1, Sa)) fr ()L,

as interference, which is characterised by the SIR denoted o . . .
by 5u(1,r). However, for the LR D2D links in FF& the where similar toC' P(I, T') given in Eq. (25) from appendix A,

frequency band reused is the same as that reused by the {5 (l; max{T’ Sq}) and CPs(l,T’) can be derived for the
D2D links in FFAL and hence the SIR is denoted by(l,) CCR frequency and CER frequency.

in the above expression. Using the expression of coverage

probability of the UFR defined in Eq. (26) we can write thé’roof. See Appendix C for the proof. O



C. Capacity

In this subsection, we derive the capacity of all the prodos
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 + SIR)]

= [ P[n(1+ SIR) > t]dt
t>0

©)

= P[SIR > ' — 1]dt.
t>0

for a frequency reuse 0§ Then the capacity of a typical

eD2D link is given by

Re Rs
Crrar= [ [ Cs(l,r)Plyy(l,r) > Sq] +

0, (15)
2 o) Pl () < Sal——dr 2L
3 L\t, T Yult,T d RQ_Rl TR% .

The first term in Eq. (15) corresponds to the capacity of an
SR D2D link that reuse$y, whereas the second term denotes
the capacity of the LR D2D link that reuses, and F3.

Here the factor% weights the second term due to the fact

Thus, the capacity is equivalent to the coverage probgbilihat among all the cell-edge sub-bandg ,(F», F3), only F,

evaluated atl’ = ¢! — 1 and then integrated ovet. The

and F; are used by the LR link in FFA The capacity of

capacity of a D2D link, which is at a distance bfrom the the other proposed schemes such as FBAd SFA can be
MBS is given by Eq. (10) (see next page). By averaging ov@erived using the process followed for FEASee Appendix
the distance from the MBS and the distance between the D2¥or the expressions of the capacity for the other schemes.

link, the capacity of a typical D2D link is given by

R: R>

o (11)
o ! drz—ldl
Q(Z))\(l)ra(l—e)Rgte Ry — R Rg

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

Now, we derive the capacity of the D2D link for the proposeHlence there is no need for any further classification into CCR
FFAL scheme. The capacity of an SR D2D link is given by and CER users, since all CUs will be using the same frequency

Plyu(l,r) > max{e’ — 1,S4}]

Pholin) > 5

Cs(l,r) = /Oo

t=0

In(1+Sq)
_ Pl (1r)>S4]
= | mhowhssd +

=0
7 Phyy(l,r) > et —1] "
Plyu(l,r) > Sq]

1n(1+Sd)

Cs(l,r)=In(1+S,) +

Ofo ( pyae
. A1) (et—1 ra(l—e)Rae+Pmaz
(s, NOED S+ Py

)0(” dt

(12)

1
Plyu (l,r)>Sa]

After simplification, we arrive at,
Cs(l,r)=In(1+S;) +
P;nuw

2F) [9(l>,0<l>;9(l>+1;<1+sd)*1 (“m)] (pyree)?®
Plyu (L,r)>Sa)((14+Sq) A1) re(1—<) Ry€)ed)

(13)
Similarly, the capacity of a LR link is given by

N Pmax
Crl,r)=-F [1,1;0() +1;1 - ——4 | x
rhr) =2 1( © A(l)ra(l—e)Rgf>
P[}naw
O(1)A(1)ro(1-) Ry

(14)

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 radiks = 1000m
(except for Fig. 5) for ease of exposition. Each macrocedl is
hybrid cell consisting ofl00 CUs and100 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 resoerr
blocks are uniformly shared among the users and D2D links.
In other words, if there ard( users or D2D links andr
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 usersmare i
the CCR region and then compute the SIR. Furthermore, we
compare the SIR t¢, and if the CU’s SIR is higher thaf.,

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 thans,, 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 S;. Now, if the D2D link’s SIR is higher thaib,;, the

Similar tod(1) and A(l) which are given in Eq. (21) and areD2D link is assumed to be an SR link and will continue to
defined for a frequency reude 6(1) and A(l) can be derived use the same sub-band. By contrast, if the SIR is lower than



)= | ( 7 ,)9(” dt = »F (1 1,0(0) + 151 — Lt ) L (10)
) )\(l)rw(l—s)Rge+Pd771am 1 s Ly ) A(l)(etil)ra(l—e)Rge G(Z))\(l)ra(l—F)RgéE

t=0

the coverage probability of the D2D link, where we consider

: 3 . Egﬁ a = 3 andS; = 8 dB. Fig. 4 depicts the coverage probability
0.9z TN T o JFR . of the D2D link for both FFA and FFA2, when the MBS
0.8kt LN > N P uses FFR against the benchmark scheme of UFR. First of

; all, it can be clearly seen that the analytical results ¢jose

207 N U match the simulations. Secondly, UFR results in the lowest
= o6l NN ] coverage probability amongst all the schemes, since the D2D
s | link experiences interference from all the MBSs includihg t

% o N W N reference MBS Interestingly, both the proposed FFAnd

2 } FFA2 schemes provide a significantly better performance than
g O4prmmme A N A N N the UFR scheme. The reason for this trend is as follows:
3 Y|, S RN the LR D2D links which otherwise have a significantly lower

3 SIR in the UFR scheme, experience no interference from
o . U N , the reference MBS and they experience the same amount of
o | L b . « interference as the frequency rel.%pattern. Moreover, FFA

' | | ! provides a better coverage probability than EF8ince FF&
% 5 : 11 >0 utilizes the cell-edge frequency of the reference cell, nwbae

Target sl|c|)q (in dB) 5 FFA1 utilizes the cell-centre frequency of the reference cell.
This means that in FFAthe interference experienced by the
Figure 4. Coverage probability of the D2D link for the propdsschemes SR D2D links is reduced, since it has a frequency reuse
ﬁ%TwQ_OSOdFBFg'SHﬁeSd"ée haver = 3, Re = 1000m, P = 46dBm, ¢ 1 \while in FFAL it obey a frequency reuseé pattern,
d = » Od = ,e=0. 3 . . . .
hence increasing the total interference, thereby decrgake
coverage probability for the latter scheme. This can be show
Sy, the D2D link is considered to be a LR link and henctSing the analytical expressions as well, whgn> T'. The
will use a new sub-band, which is defined for the LR D2[§Overage probability of a typical D2D link, whefi; > T
link according to the proposed frequency allocation scleemé!Sing FFAL is given by Eq. (5),
The distance between the D2D Tx and Rx is also uniformly R, .
distributed in[R;, Re], where the minimum distancg; is set CPrrai = [[CP(l,S2)+CP(, T)(1-CP(l, Sa))]fL (),
to 30 m and the maximum distancR; is set to50 m, i.e. 0 .
r € [30,50]m, except for Fig. 5Similar setting for distance Where the termC'P(l, Sq) denotes the coverage probability
between BD pair has been adopted in [24]-[26]The power Of the D2D link, when it relies on the CCR frequency of
budget of the MBS and D2D links is set t6dBm and the reference cell. Similarly, the terfh— CP(l,S4)] denotes
20dBm, respectively. We assumed random mapping of tfee coverage probability of the D2D link, when it utilise®th
D2D links to the CU’s resource blocks and the transmit pow&ER frequency of the neighbouring cells. Furthermore, the
of the D2D links is a function of the distance as defined in coverage probability of a typical D2D link associated with
Eq. (1) of Section Il. The power control facteris set to zero Sa = 1" using FFA is given in Eq. (7),
for all the results, unless otherwise stated. This mearighlea Re . -
D2D links transmit at the maximum power. The transmission Prraz = [ [CP(l,54)+CP(l,T)(1—-CP(l, Sq))] fr.()dl.
channels experience independent Rayleigh fading and a path 0 ~
loss factor ofo = 3. We have analysed the proposed schemeétere the termCP(l, S;) denotes the coverage probability
and the benefits of power control in the D2D links by dividingf the D2D link when it utilises the cell-edge frequency of

this section into three parts as follows: the reference cell. Note that P(l, S;) < C'P(l,S4), where
CP(l,S4) andCP(l,S,) are the coverage probability of the
A. Fractional Frequency Reuse D2D links, when they utilise the CCR frequency and the CER

. . frequency of the reference cell, respectively. In otherdsor
In this section, we analyse the performance-of the proposglje calculatingC'P(l, S,), the interference experienced by
frequency allocation schemgs for the D2D links, when thge pop jinks is reduced, since it has a frequency reuse of
MBS employs FFR. Explicitly, we evaluate the coverage e for calculatingCP(l, ) it obeys unity frequency

probability and capacity of the D2D links as well as theifg,cq pattern. In order to compare the coverage probabflity
impact on the CU’s coverage probability. We commence with

a discussion of the performance of both AFAnd FFA on “Here reference MBS is the one where D2D link is present.
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Figure 5. Coverage probability of the D2D link for the propdsschemes Figure 6. Coverage probability of the D2D link for the propdsschemes

relying on FFR. Here we havee = 3, R. = 500m,r € [20,40], P. = relying on FFR. Here we havex = 3, R. = 1000m, P. = 46dBm,
46dBm, Py*e® = 20dBm, Sq = 8dB, € = 0. Pmaz = 20dBm, e = 0, and T € [2, 8]dB.
both the schemes, we have rearranged the expressions g 26
in Eg. (5) and Eq. (7) as o4
R, | R
CPppa1 = [[CP(I,T)+CP(l,S4)(1 = CP(I,T))] fL(1)d, 2.24
0 —
(16) X
and 2 2
<
Re & - A £ 1.8
CPrraz = [[CP(,T)+CP(,S:)(1—-CP(,T))|fr(Ddl, =
0 =
5 (17) S16
Recall that we have® P(I,S;) < CP(l,S4) and hence it is
apparent from Eq. (16) and Eq. (17) tli@éPrra1 < CPrras, 1.4

which conforms with the results presented in Fig. 4.

In Fig. 5, we present coverage probability of D2D links 1.2
relying on the parameter setting d®. = 500m and r €
[20,40] , which indicates that our analysis is indeed valid fc 10 15
any parameter setting. Moreover, a change in the valug.of Threshold SIR (in dB)
as well asr will not affect the performance trends of the
proposed schemes. In other words, both the proposed FHAgure 7. Capacity of Fhe D2D link for the proposed schemeginglon

. . FFR. Here we havex = 3, R, = 1000m, P. = 46dBm, P"%* = 20dBm,
and FFA2 schemes provide a significantly better performance. d
than the UFR scheme. Furthermore, RFArovides a better
coverage probability than FHA

Fig. 6 provides simulation results, where each D2D linkloreover, FFA provides a better coverage probability than
has a different target SIR. In particular, we have plottedFAL. We have however not derived the coverage probability
the coverage probabmty versus the SIR thresho|d, Whe@@d rate eXpreSSionS, when the D2D links can have different
each D2D link has been randomly assigned different targ@fget SIR. It would be interesting to analytically studye th
SIRs ranging betweer, 8]dB. Interestingly, the behaviour performance of D2D links in our future work, when they have
of the proposed schemes investigated in the scenarios, whéferent target SIRs.
the D2D links have different target SIRs, remain similar to The capacity of the D2D link for the proposed schemes
that of the D2D links having the same target SIR. In othés shown as a function of the threshold SIR in Fig. 7. It
words, both the proposed FEAand FFA schemes provide can be observed that as the threshold SIR increases, the
a significantly better performance than the UFR schemmapacity of FFA first increases and then decreases, but it has

—Simulation

20




a significantly higher capacity than the benchmark scheme. 1
lower value of the threshold SIR may assign too many D2

links from the LR link resources to the SR link resource: 0.9
while a higher value increases the number of LR D2D link

In either case, the capacity will be reduced. The reas
behind this trend is the fact that the capacity of D2D link 207
is influenced both by the SIR of the link as well as by th 5 '
bandwidth allocated for the frequency resources of the CE-g 0.6
and CCR regions in the macrocell. In other words, at a low &
threshold SIR, there would be more SR D2D links, whic & 0.5
would have a higher bandwidth, but would have a lower SIt £
since the interference experienced is increased owingeo '3 04/
employment of the CCR frequency. Hence the overall impa

¥

of both these factors would reduce the capacity of D2D lin} 0-3[[_—FFR without D2D links

at a low threshold SIR. Similarly, at higher threshold SIR: 4 5 i?%ﬁié

there may be more D2D links that are now considered as | TUER g%ggOBtleD%i%kTginks ,
links, that would have provided a higher rate due to a high 0.3, i o : 10
SIR, but at the same time it has a lower bandwidth owir Target SIR (in dB)

to the utilisation of the CER frequency, thereby reducing th
overall rate. On the other hand, the capacity of EfAcreases Figure 8. Impact of the proposed FFAand FFA schemes on the
as the threshold SIR increases. This is due to the fact that 'ﬁizci’vfgggﬁ] "Src’bib:'g"éé :'Er%" = 3,Rc = 1000m, P. = 46dBm,

FFA2 D2D links only reuse the CER frequency resources of emaEm e
the MBS. This means that when the threshold SIR increas=<
the CER frequency resources are increased and hence 4 —.—SFA, 3 = 20

capacity of FFA increases. Moreover, at a higher threshol g o ,,,,,,,,,, o SFA, 3 =4 -

SIR, the capacity of FFA approaches that of FEAdue to
the fact that both the proposed schemes only use the C 0.8
frequency resources at a higher threshold SIR. Note $hat

) . 2070 NN NN
in FFA1 and FFA can be chosen according to =
R £06 N NN R
CPprai,sr = | CPrpa1,sr(l, Sq)2edl = 22 [ I T U A N N U R
0 ¢ © 05
&
and 0.4 NP\ RN
R, - 3
CPrraz,sk = | CPrraisr(l, Sq)2xdl = £1 O3 OO NN N
0 ¢ I
. 0.2 i NN N
respectively. Her&C'Prra1,95r and CPrpra2 s denote the ! !
specific fraction of D2D links who are categorized into S 0.1f----------- e RRREEEE CRRREEEEEE +
links under FFA and under FF&, respectively. Therefore, 3 3 : A
operators need to carefully choose the value Kf for 00 5 10 15 20
D2D links aided cellular networks sincg; and hence the Target SIR (in dB)

performance of D2D links depends df). ! . )
. . Figure 9. Coverage probability of the D2D link for the propds
We will now analyse the impact of the proposed schemesa scheme . Here we have = 3,R. = 1000m,P. = 46dBm,
on the coverage probability of the CUs in Fig. 8 for five’;"** =20dBm, Sp = 8dB, ¢ = 0.
different cases(:) when there are no D2D links and the CU

uses UFR,(ii) when there are D2D links and the CU uses . o
UFR, (i7) when the D2D links use FFA (iv) when the As expected, the coverage probability of CU operating in the

D2D links use FFA (v) when there are no D2D links and theAPsence of D2D links s the highest followed by the CUs
CU uses FFR. All the results are plotted using simulation¥€n FFAL is used in the D2D links. It is interesting to

It can be observed that the coverage probability of the cu f@te that the coverage probability degradation of CU is lowe
the lowest when FF2 is used in the D2D link, since FEA When the D2D links use FFAthan in the case, when the

only utilizes the CER frequency resources of the MBS. ThiR2D links use UFR.

means that the specific CER users experiencing a low S Soft Frequency Reuse

would now experience an even higher interference owing t0
the presence of D2D links that are reusing the CER user'sin this section, we present the performance analysis of
RB, hence reducing the coverage probability of CER usethe proposed frequency allocation scheme for D2D links,



when the macrocell employs SFR, which is also benchmark 35
against the traditional UFR scheme. We assume that each M
transmits at a power aP,,, (= £) in the CCR and at a power ~ 3:3
of 3P, in the CER, for ensuring that the maximum powe 54
transmitted by any MBS does not exceed its power budg
We would first discuss the coverage probability of D2D link ’I§‘2.9
in the case of the SFA scheme for different values of tt @ 27
power control factor3. It would be fair to compare the UFR &
scheme to the SFA scheme, whén= 1, since the transmit £ 2.5
power of the MBS would be the same for both schemes. %
can be clearly seen from Fig. 9 that our proposed schel 32'3
has a higher coverage probability than the benchmark scher § 5 1¢
Interestingly, the proposed SFA scheme associated @vithl
provides a better coverage probability than the benchme 1.9
scheme. This improvement in the coverage probability of tt 17
SFA scheme over that of the UFR scheme is due to t
resultant sub-band diversity géirachieved by the system, 1.5 P 6
when the D2D link is classified as either an SR or LR D2I Power Control Factor ()
link. Moreover, it can be observed that upon increasing the
value of the power control factg#, the coverage probability Figure 10. Capacity of the D2D link for the proposed schemégng on
of D2D links is improved. The reason behind this phenomen@ﬁ_Ré Here we havex = 3, R = 1000m, P = 46dBm, Pg** = 20dBm,
is that as the value of increases, the transmit powé,, in o
the CCR region decreases and hence the interference imposed
by the reference MBS on the LR D2D links employing SFAactore. It can be clearly seen that as the distance between the
decreases, which results in an increased SIR, hence singporD2D transmitter and receiver increases, the transmit power
a higher coverage probability for the D2D links. required by the link increases, as expected. It can also be
We also analysed the capacity of the D2D links using th@bserved that at = 0, all the D2D Txs would transmit at
proposed scheme, when the MBS employs SFR, as sho@hequal power of?;"** and hence the normalised transmit
in Fig. 10. It is interesting to note that the capacity of theower would bel. However, ate = 1, the power received at
proposed scheme increases upon increasing the value ofth'%DZD Rx would be equal and hence the normalised transmit
power control factor3 of the MBSs. Asj increases, the D2D power is the lowest. Moreover, an interesting observatiat t
links experience a reduced interference, thereby inargastan be made from Fig. 11 is that as the power control factor
their SIR and hence improving the capacity of the D2D link#1creases, the rate at which the transmit power of the D2D Tx
Moreover, it can be clearly seen that our proposed schefiecreases is reducing. For example, at a distanee=080m
performs significantly better than that of the UFR benchmafRr the D2D link, ase varies from0 to 0.2, the normalised
scheme due to the reduced interference at the D2D receivi&ggismit power is reduced from to 0.66. However, whene
and as a benefit of the sub-band diversity gain achieved by gfeganges from0.8 to 1, the normalized power reduces from
proposed scheme at the D2D links. However, for the case®195 t0 0.13.
8 =1, there is only one reason that is the sub-band diversity

. ) ) e | UFR | FFAL | FFA2 | SFA
gain achieved by the proposed scheme as the transmit power 0 [ 178 [ 242 | 201 | 24.7
of MBS is same for all the schemes in the curve and hence 05| 21.0 | 300 | 255 | 304
induce same interference. 1] 238 ‘?jb?e 306 | 352

. ENERGY EFFICIENCY OF OUR FOUR FREQUENCY REUSE SCHEMES

C. Power Control for the D2D links UPON VARYING THE POWER CONTROL FACTORe OF THE D2D LINKS

In this section, we will analyse the effects of distanceeldas

power control on the D2D links defined in Eq. (1) of Section rapie1 shows the energy efficiency of the different schemes
Il using simulations. We will first characterise the impatt O, gifferent power control factors. Energy efficiency idided
the distancer() on the normalised transmit power of a typicals 5 ratio of the total average rate of D2D links to the total

D2D link shown in Fig. 11, parametrized by the power contra}yerage power of D2D links corresponding to a particular

c ) ) ) ) value of the power control factarfor the different frequency

A D2D link using the CCR frequency will now be assigned a new . . .
sub-band that corresponds to the CER frequency of otherifcé SIR allocation schemes. Therefore, the unit of energy effigieac
is lower than the threshold SIRy{ > S;), implying that this D2D link nats/s/Watts. Observe that all the proposed schemes provid
will now experience a new fading power, since the fading isua®ed to 5 petter energy efficiency than UFR, whilst FFAttains a
be independent across the sub-bands. Therefore, theranisagaieved by | . .. . .
the system due to allocation of a new sub-band and we callktmand hlgher energy eff|C|ency than FEAsince FFA uses a hlghel’
diversity gain. bandwidth compared to FPA Moreover, SFA achieves a

10
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Figure 11. Normalised transmit power versus the D2D link lbnfgr Figure 12. D2D coverage probability versus the target SIR tlwe
different values of the power control factor. Here we have- 4. proposed schemes parametrized by the power control factoe We have
a = 3, R = 1000m, P. = 46dBm, P7"%* = 20dBm, Sp = 8dB,.

higher energy efficiency than both FFAand FFA, since it

can use all the available bandwidth for D2D communicatioghat(.5 is a good choice for striking a compromise in terms of
Let us now analyse the impact of the power control fact@hergy efficiency at the D2D links for all proposed schemes.

on the energy efficiency. It can be observed that as th@ereforec = 0.5 can be preferred over other valuescof
power control factor increases, the energy efficiency mses.

Interestingly, the increase in energy efficiency is higkndren
e changes fromD to 0.5 than when it changes fror.5 to
1. For example, the energy efficiency improvemeng4s3% V. CONCLUSIONS
whene changes frond) to 0.5, whereas it is only7.3%, when

it changes from.5 to 1 for FFAL. In this treatise, we proposed three frequency allocation

Finally, we characterise the impact of the power contr@chemes, namely FAAand FFAR2 when MBS uses FFR,
factor e on the coverage probability of our proposed schem@gijle SFA when the MBS employs SFR. These schemes
and of the benchmarker in Fig. 12. It can be clearly seen thafpose less interference on the D2D links, while at the
as the value ot increases, i.e. the transmit power of the D2[3ame time satisfying the QoS requirement of the CUs in
links decreases, the coverage probability of the D2D linkfe macrocell. We analytically derived both the coverage
decreases for all the schemes, owing to the reduced SIRpgbability and the capacity of D2D links, when they rely
the D2D links. However, the coverage probability reductiopn distance-proportional power control under the proposed
of UFR is higher than that for FFAand FFA in the lower schemes and found that the simulation results confirm our
target SIR region. This is due to the fact that the D2D linknalysis. It was revealed by our performance results that
that has a low SIR due to its high power control factor cagur frequency allocation schemes significantly outperform
be treated as a LR D2D link and thus it will experience the UFR benchmark scheme. Moreover, the impact on the
low interference, which in turn would enhance the coverag®verage probability of CUs was also studied. Finally, iswa
probability of D2D links in the proposed schemes. shown that the power control factor should be ab@ut in

As mentioned previously, the primary motivation obrder to strike an appealing trade-off between the energy
proportional power control of the D2D links is to utilizeconsumption and the performance of D2D links. Future work
its energy efficiently. It can be concluded from Fig. 11 andould analyse the performance of the proposed schemes, when
Fig. 12 that when the power control factor is aroutd, the D2D links rely on energy harvesting [27]. It would be
a significant amount of power can be saved at a margirabso interesting to study the performance of these schemes,
coverage probability degradation, especially for a lovgéar when multiple antennas are employed at the D2D transmitter
SIR in case of FFA and FFA. Moreover, Table | suggestedand receiver, when MBS uses ICIC schemes [28].

11



APPENDIX A Therefore, the coverage probability of a typical D2D linknca
be formulated as:

The coverage probability of a D2D link as defined in R. Rs
Section Il is given by cP /P['yU(l,r) > T]fr(r)dr fr (D)

o 0 R,
Phu(l,r)>T] =P [Pd(r)hdr T] R, Ry o
ch + Id (18) // ( Pl;nax ) @) 1 q 2l d
=P |ha> F5e . WSS R VRV S
(24)
Since the fading gain of the D2D link is exponentiallywherefr(r) and f1 (1) denote the probability density function
distributed, i.e.hq ~ exp(1), we get, of » and l. In this treatise we assume that the distamce

between the D2D Tx and Rx pair is uniformly distributed in
Plyo(l,r) > T) = Eny o, {exp (7 T(chﬂ(j,)ﬂ . (19) (R1, R2) and these D2D pairs can be located at a distance

Pa(rjr= [ from MBS, which is also distributed uniformly in the
. cell of radius R.. Therefore, we havg'r(r) = R;Rl and
Recall from Eq. (2) thatl, = 4% Peheail; ® 1 = f(1) = 2L in Eq. (24). Furthermore, upon solving the inner
>° Py(r)h;d;* as mentioned in Section Il. Since we havdntegral in the above expression given by,
JEY Ro

Rayleigh channelsp.q; ~ exp(l) and h; ~ exp(l) are CPU,T) = [ ( pyes )9(1) L g
considered, hencd,.; + I; is the sum of the weighted ’ g, \MOTretm9Rget pyres Ro—Ry
exponential variates. By exploiting the fact that the wéagh ) )
exponential variatesh,, = wheg; (w is the weight of we arrive at Eq. (25) given at_ _the top of_the _next page.
the exponential random variable,, ;) can be written as Therefgre, the coverage probability of D2D links in the UFR
exponential variates associated with a weighted scalif§enario can be written as :
parameter, we haveh,; ; ~ exp(w). Thus, I.q + 14 is the R
sum of independent and non-identical exponential variates CP = /C’P(I,T);—idl. (26)

0

Let us now use the moment matching technique for

evaluating the equivalent distribution dof.; + I;, namely

that of the total interference experienced by the D2D linlSubstituting the value af' P(I, T') from Eq. (25) into Eq. (26),
Explicitly the moment matching technique states that thee will obtain CP as given in Eq. (4).

sum of N independent and non-identical Gamma variates

X; ~ G(a;,b;) can be approximated by a single Gamma APPENDIX B
variate of Y = Zf’:l X; ~ G(A, B), where A and B are
defined as We would first like to derive the coverage probability of
the D2D link corresponding to FBAby defining it for both
A= (Z%l(;f;z)z and B — ZZ:IZ;: (20) the SR and LR D2D links individually.
= = The coverage probability of the SR D2D link is given by
Therefore, the distribution of the total interference &t ED_QD CPrsr(l,r) = Plyu(l,r) > Thu(l,r) > S
link, obeysI.;+ I, ~ G(8,)\), wheref and \ are defined _ Ply(l,r) > max{T, S,}] 27)

based on Eq. (20) and are given by: Pho(l,r) > Sy
U\t, d

(%li+j§wdj)2 %l?Jrgwdf The above conditional probability expression follows from
00) = sy andMD) =555 (21)  the fact that the SIR of the SR D2D link is higher thap.
e e e ey Similarly, the coverage probability of the LR D2D link is
The expression in Eqg. (19) can then be simplified and writtgﬁven by
as, CPF,LR(lvr) = P[’?g(l,?’) > T"YU(lar) < Sd} (28)
0(1)
Pho(l,r) > T] = (A(I)leii(ﬁpd(r)) . (22) Note that the LR D2D link reuses the different frequency

bands and hence it experiences a new fading power and new

Using the relationship defined in Eq. (1), we can re-write tHgterference, which yields a new Sig (i, ). Since the fading
above expression as: gains are independent of each other, he6dér 1 r can be

simplified as

maz o)
Plyw(l,r) >T] = (A<1)T,,a(ffi)Rgf+P£w) . (23) CPrrr(l,r) = PAE(1,7) > T). (29)
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CP(L,T) =

2F1 [m, (9([), 1 + Oz—lae’ 7)}:(’27)1{3571 _ Rz}ilRl 2F1 0(1)7 1 —+ 1 —A(Z)R}*O&R?5T:| ) (25)

a—aoe? P&""”

Thus the coverage probability of a D2D link at a distaricecan define the coverage probability of the SR D2D link in
from the MBS of the reference cell employing FE#s given SFA as:

b
y CPssr(l,r) = Plys(l,r) > Tlys(l,r) > S
P, =CP P — Plys(r)>max{T,54}]
CPrrarll,r) = OPrsr(l,r)Pho(lr) > Sa + (30) = P> 54
CPrrr(l,m)Plhu(l,r) < Sal . o
By contrast, the coverage probability of the LR D2D links in
Note thatP[yy (I, r) > Sg4] denotes the percentage of SR D2L5FA is given by
links in the macrocell and thus the first term of Eq. (30) gives
the coverage probability contribution due to the SR D2Ddink CPs pr(l,r) W p PlAs(l,r) > T|ys(l,r) < Sql
Similarly, P[yy(l,r) < S4] gives the probability of the D2D

(34)

Y pls 35
links being LR links and hence the second term in Eq. (30) = Plis(l,r) > T} (35)
defines the contribution of the LR D2D links to the overall © p {Pdl fid[r > }
d d

coverage probability of D2D links in the reference macrbcel
By substituting Eq. (27) and Eq. (29) into Eq. (30), we can

reformulate Eq. (30) as : where I.g =Y BPuheail;y *+ Y Prheail; ®,
i€y’ i€EP\ ¢’
CPFFAl(l,’I“) :AP[’)/U(Z,T) > maX{T, Sd}] + (31) I, = Z‘Pd h d o
P['yU(l,r) >T]P[7U(l,r) <Sd]. =)

Exploring the process used in Appendix A, the coverageere we havey’ = {2,4,6,7,11,15} in (c) of Eg. (35), i.e.
probability of a typical D2D link in the network of Fig. 2 the set of macrocells that transmit at a power3dt,,, when
using FFAL is given by using the CER frequency df}. It is important to note that in

R case of the LR D2D links, the SFA scheme allocafgsand

F; to these links and since the channels are independent, the
CPppar = /CP(l,max{T, Sa}) + (32) fading experienced is also independent, hence the new SIR is
0 denoted byys (I, ). Referring to Eq. (35)ys(l,r) andvys(l,r)
CP(I,T)(1 — CP(l,Sq)) fr(1)dl, correspond to the SIR of the D2D link, when they are using

_ ~different frequency bands. Thus, we arrive at (b) of Eq. (35)
where CP(l,max{T,5;}) and C'P(l,S;) are defined in due to the independent fading experienced by the D2D links
Eq. (25) and similar toC'P(I,T), CP(l,T) can be derived and hence the corresponding probabilities, Pgys (1, ) > T

for a frequency reuse factor df. and P[ys(l) < Sq] are independent probabilities. Therefore,
similar to the FFR scenario, the coverage probability of the
APPENDIX C D2D link in the SFA can be obtained as
The SIR of an SR D2D link that usdg in an SFR scenario B Ha
can be written as: CPspa = //(P[Vs(lﬂ“) > max{T, Sa}] +
Pd(T’)hd’l’ia 0 Ry
rs(lr) = =7 P[s(l,r) > TIPlys(l,r) < Sal fr(r)dr fL(l)d(léG)
Ia= Zﬂpmhcd,ilfa + Z Prheail; ©, (33) Using tr_le process of Appendix A, the coverage probability
i€p i€p\p of a typical D2D link in the network of Fig. 2 using SFA is
Ig=Y_ Pa(r)h;d;*, given by
JjEY R,
wherep = {0, 8,10,12, 14,16, 18} denotes the specific cells CPspa = /CPs(l,max{ﬂ Sal) + 37
that interfere the desired signal with the power @F,,, 0 (37)
when usingF3 in their CER. Hence, there is a change in the CAPS(Z T)(1 — CPs(l,Sq)) fr(l)dl

interference inflicted upon the D2D link in SFR, since the

MBS uses power control for cellular communication, whiclvhere  similar to CP(I,T) given in Eq. (25),
results in a different interference power arriving from eacC Ps (1, max{T, S;}) and C'P(I,T) can be derived for both
cell. Therefore, corresponding to this definition of SIR, wéhe CCR frequency and for the CER frequency.
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APPENDIX D [14]

The capacity of the D2D link employing FRAS :

R. R>

Crras ://%Cs(l,’l“)P[’yU(l,T) > Sa| +

0 Ry
20107 (7)< Sal 7 dr 2l

(18]

(38)
[16]

The capacity of the D2D link employing SFA is :

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

(20]

[11]

(12]

(23]

R. R» [17]

Csra Z//Cs(laT)Phs(laT) > Sa] +

0 R:
OL(LT)P[’YS(LT) < Sd] R2iR1

(39)
[18]

dr%dl.
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