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ABSTRACT 1In this paper, we develop a novel resource allocation scheme that aims to improve the system
fairness, with minimum SINR (Signal to Interference and Noise Ratio) constraints and power limits for the
Device-to-Device (D2D) underlay communications. Since the evaluation of the system fairness is different
fort = 1 and t > 2, where ¢ is the scheduling period, we divide our joint optimization problem into
two cases: + = 1 and t+ > 2. For each case, we decompose the joint optimization problem into two sub-
problems: power and channel allocations. We then propose the corresponding power allocation algorithm
for each case. By introducing virtual D2D links, we model the channel allocation as a 3-D (3-Dimensional)
assignment problem, which is effectively solved by our proposed 2-D (2-Dimensional) iterative method.
Simulation results show that our proposed iterative method can produce the close-to-optimal performance
with low computational complexity. Moreover, comparing with existing schemes, our proposed scheme can
not only enhance the system fairness but also improve the overall throughput.

INDEX TERMS D2D underlay communications, V2V communications, resource allocation, proportional

fairness (PF).

I. INTRODUCTION

Device-to-Device (D2D) communications is identified as one
of the technology complements for 5G communications sys-
tem [1]. In D2D underlay cellular network, a D2D pair can
directly communicate with each other by sharing the same
resource used by the traditional cellular user to enhance
the network spectral efficiency and energy efficiency (EE)
[2]-[5]. The mutual interference among cellular and D2D
links is one of the most critical issues in such systems. There-
fore, a well-designed power allocation and channel allocation
scheme is required for D2D underlay communication system.
A number of previous publications have looked into this.
Works in [6] and [7] prove that the maximum throughput
can be achieved when at least one of the users transmit at its
maximum power. Authors in [6] and [8] allocate the channel
by maximizing a weight bipartite matching problem, which
can be solved by the well-known Kuhn-Munkres method
(also called Hungary method in some works). Wang et al.
transform the power allocation into a D.C. programming
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(Difference of Convex functions programming), which can
be solved by the standard convex algorithm [9]. Based on
the assumption that the cellular transmission power is fixed,
[10] uses the convex approximation technique to formulate
the power allocation into a solvable convex optimization
problem. Utilising the properties of fractional programming,
[11] and [12] transform the original non-convex energy effi-
ciency (EE) problem into an equivalent optimization problem
with subtractive form, which is solved by the well-known
Dinkelbach method. In [13], Hoang et al. propose three
channel allocation algorithms: dual-based, BnB (Branch-and-
Bound) and RBR (Relaxation-based Rounding) algorithms
with different computational complexity levels.

However, most of the above works focus on improving
the total system throughput or EE when allocating the power
and channel resource while completely ignoring the fairness
aspect. In order to to ensure all users have equal chance
to access the system resource, fairness should be consid-
ered in resource allocation [14]. Generally, the links with
good channel condition which can improve the whole system
throughput are usually chosen to communicate. The links
with poor channel gain will have lower or no chance to access
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the channel resource. This will lead to an unfair system and
is not acceptable for some applications such as Vehicle-to-
Everything (V2X) communications [15], [16].

Thus, in this paper, we will propose a novel resource
allocation scheme aiming to improve the system fairness to
make sure all users have the same priority to access the
system resource. Normally, the increase of system fairness
lead to the decrease of throughput, vice versa. The pro-
portional fairness (PF) scheduler can offer a better trade-
off between system throughput and fairness comparing with
other schedulers (e.g. Round Robin and Max-Min sched-
ulers) [17], so the PF scheduler is adopted in our proposed
scheme.

There are few studies conducted on how the PF sched-
uler is applied in D2D underlay communications. Authors
in [18] optimize the system sum rate considering the fair-
ness among D2D links only. Work in [19] transforms the
PF scheduler scheme as an assignment problem by apply-
ing the Maclaurin series expansion. But same transmission
power is allocated to all users and the QoS requirements
of all communication links can not be guaranteed, which
will lead to harmful mutual interference between cellu-
lar and D2D links. To simply the system model, work in
[20] assumes that the system is completely fair when allo-
cating the transmission power for both cellular and D2D
links, which is unrealistic and will lead to an unfair sys-
tem. Our work in [21] enhances the system fairness by tak-
ing into account the previous average data rates into power
allocation.

In most of the above works, the channel allocation for
cellular links is assumed to be pre-allocated. However, joint
channel resource allocation for both cellular and D2D links
can result in a better system performance [7]. Therefore,
to further enhance system performance, we consider a more
general scheme that the base station (BS) needs to simultane-
ously allocate the channel resource to both cellular and D2D
links.

Thus, in this paper, we formulate the joint power
and channel allocation for both cellular and D2D links
to maximize the system fairness while guaranteeing the
QoS requirements and power limits of communication
links for all scheduling periods. Since the joint problem
in each scheduling period is a MINLP (Mixed Integer
Non-Linear Programming) problem, which can not be solved
in polynomial-time. We divide it into two sub-problems:
power allocation and channel allocation, and solve them
sequentially.

To the best of our knowledge, this is the first work that opti-
mizes the joint power and channel allocations of the mobile
cellular and D2D links aiming at maximizing the system
fairness. The power allocation is related to control the trans-
mission powers of the cellular link and D2D link to maximize
system fairness while avoiding harmful mutual interference.
The channel allocation is to allocate the appropriate channel
resources using proposed PF scheduler to enhance the system
fairness.
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Our main contributions are summarised as follows.

« We propose the PF scheduler for D2D underlay commu-
nications aiming to maximize the system fairness and
deduce it into a solvable form using Talyor series.

e When ¢ = 1, the system fairness is modelled as the
sum the logarithm of current data rates for the cellular
and D2D links. The optimal power allocation for one
D2D link and one cellular link which reuse the a certain
channel resource can be obtained by comparing at most 4
potential solutions.

o« Whent > 2, the system fairness problem is transformed
into maximizing the sum of the ratios of current data rate
to average data rate. The optimal power allocation for
cellular link and D2D link can be obtained by comparing
at most 6 potential solutions when they share the same
spectrum resource.

« Based on the above power allocation results, we intro-
duce the concept of virtual D2D links and model the
channel allocation as a 3-D assignment problem. A novel
iterative 2-D assignment (/2-DA) algorithm is proposed
to solve it efficiently. Specifically, in each iteration,
we solve a selected 2-D assignment problem by using
the Kuhn-Munkres method. In this way, the system com-
putational complexity is reduced dramatically.

Simulation results show that our proposed scheme can not
only enhance the system fairness but also increase the over-
all system throughput comparing with the existing schemes.
Moreover, the numerical results reveal that our proposed iter-
ative method can produce the close-to-optimal performance
with low computational complexity.

The rest of paper is organized as follows. Section II intro-
duces the system model and the expressions of PF scheduling
scheme for D2D communications. Problem formulations and
the proposed algorithms for# = 1 and ¢ > 2 are shown in sec-
tion III and IV, respectively. The proposed I2-DA algorithm
is described in section V. Simulation results and analysis are
presented in section VI. Section VII concludes this paper.

Il. SYSTEM MODEL AND PF SCHEDULER

A. SYSTEM MODEL

We consider an open-air-festival scenario occurred within a
single cell system with a BS in the centre, where K cellular
equipments (CUEs) in the set X = {1,...i,...K}, and
L predefined and configured D2D pairs in the set L =
{1,...j,...L}. Each D2D pair includes a transmitter (DUT)
and a receiver (DUR) as shown in Fig. 1.

In this paper, the available channel resource is 2-D,
i.e. including both frequency and time domains as shown
in Fig. 2, where the uplink frequency bandwidth is divided
into N subbands, with their indices collected in set N/ =
{1,...n,...N}. One subband over one time slot is defined
as one resource block (RB). We assume that each RB can
be allocated to at most one cellular link and one D2D link.
Moreover, we consider a dense system that there is no spare
RB to be allocated to D2D link exclusively, hence D2D links
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FIGURE 1. The system model of the dynamic D2D underlay
communications.

can only reuse the RBs with CUEs. Without loss of generality,
the total number of RBs can be assumed to be equal to the
number of cellular links (i.e. N = K).

In the design of our scheme, we also consider the overhead
in practical use. In this work, a centralised resource plan-
ning and scheduling architecture is employed, assuming BS
has the capability of acquiring perfect channel state infor-
mations (CSIs) of all communication links, which have to
be estimated at the receivers and then fed back to the BS.
However, due to the mobility of vehicles, it is extremely hard
to track the real-time small-scale channel fading coefficients
and updating CSlIs every time slot will generate too much
overhead and consume excessive bandwidth. Considering the
channel coherence time is usually much larger than a time
slot even in fast time-varying scenario [22], it is reasonable
to set the scheduling period much longer than the time slot,
as shown in Figure 2, such as a few hundred milliseconds.
In this way, the CSIs can be updated in every scheduling
period instead of in every time slot, so the overhead can be
greatly reduced. In addition, the investigation in [23] shows
that the system performance degradation caused by averaging
out the small-scale fading is acceptable. Accordingly, we only
consider the large-scale fading phenomenon [24]. Therefore,
the channel gain between node a and b on RB c in scheduling
period ¢ is modelled as

By = dr, (1)

where « is the shadow fading gain whose distribution is
lognormal. « is the path-loss exponent and d,, j is the distance
between node a and b in scheduling period ¢.

When D2D pair j reuses the same RB n with CUE i,
the SINRs (Signal to Interference and Noise Ratios) of cel-
lular link i and D2D link j on RB r in scheduling period ¢ can
be expressed as

1 t
Pe,; i
yh = b . t=1,....T, )
ij.n 2 f t
o +pD,-,., n J.B,n
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FIGURE 2. The Two-dimensional RBs for channel allocation.
t t
Pp; h;
t ijn Jsn
yDi._j,n = #, = l, e .T, (3)
pcl] n LN
in which p’ Ciju and p! Dy ., A€ the transmission powers of CUE

i and DUT j in schedulmg period ¢ on RB n, respectlvely
h; g, is the channel gain between CUE i and BS and ht Bl
the 1nterfer1ng channel gain from DUT j to BS in scheduhng
period  on RB n. ht is the channel gain between D2D pair j
in scheduling perlod tonRBn. it . isthe interfering channel
gam from CUE i to DUR j in schedulmg period ¢ on RB n.
o2 is the noise power. T is the total scheduling periods.
Therefore, the data rates of cellular link i (i.e. rtCi.j,n) and

D2D linkj (i.e. rl’)i ; n) on RB 7 can be expressed as

ré‘i,j.n = ]0g2(1 + y(tfi,j,n)’
t

Dy, = loga(1+vp,. ),

Lj.n

t=1,....T, )
t=1,....T, 5)

where the data rate is calculated in b/s/Hz, which is normal-
ized by channel bandwidth.

When cellular link does not experience any co-channel
interference from D2D links, the maximum throughput could
be achieved when cellular link transmits with its maximum
transmission power (i.e. p$,.). The data rate of cellular link
i on RB n in scheduling period ¢ without reusing can be
expressed as'

C t
pmaxhi,B,n

réi,n =log,(1 + T), t=1,....T. (6)

For convenience, the frequently used symbols in this paper
are listed in TABLE 1.

B. PF SCHEDULING

As mentioned above, a system is fair if it provides equal
average data rates to all links over a long-term service and
each link is activated only if the minimum SINR requirement
is satisfied. According to [25], the PF scheduler scheme F

1We assume that the cellular links without reusing always meet the mini-
mum SINR constraints.
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TABLE 1. The list of symbols.

Symbols Meanings
pci im The transmission power of CUE %, when it shares the RB n with D2D pair j at scheduling period ¢
ptDi im The transmission power of DUT j, when it reuses the RB n with CUE 4 at scheduling period ¢
Vtcl im The SINR of cellular link ¢, when it shares the RB n with D2D pair j at scheduling period ¢
’y},l_’jm The SINR of D2D link j, when it reuses the RB n with CUE ¢ at scheduling period ¢
thi i The data rate of cellular link ¢, when it shares the RB n with D2D pair j at scheduling period ¢
TtD,i i The data rate of D2D link j, when it reuses the RB n with CUE 7 at scheduling period ¢
pgw " The optimal transmission power of CUE %, when it shares the RB n with D2D pair j at scheduling period ¢
p’gi im The optimal transmission power of DUT 7, when it reuses the RB n with CUE ¢ at scheduling period ¢
rtcfi im The optimal data rate of cellular link ¢, when it shares the RB n with D2D pair j at scheduling period ¢
T‘gi i The optimal data rate D2D link j, when it reuses the RB n with CUE ¢ at scheduling period ¢
pdfow’ ijn The low bound of feasible set ph",j‘n when CUE ¢ transmits at it maximum power
pdzp’ ign The up bound of feasible set ptDi im when CUE ¢ transmits at it maximum power

can be expressed as:

= arg max Z In R(S ) (7)

S meU

where U is the user set, and Rg;f) is the average data rate of
user m achieved by scheduling scheme S.

In D2D Underlay communication system, (7) can be
equally transformed into

(S) (S) _

arg;nax(X:ielC In Z In r forr =1,

(S)

F arg max(IT;exc(1 + ri—l)
)1 %s ¢ (t = DRy

xIT; £(1+#)), fort > 2,

/< (t — DR -1
®)
where r(S) and r](S) are the current data rates of CUE i and

D2D pa1r J achieved by scheduhng scheme S in schedul-
ing period ¢, respectively. R ) _, and R(S) | are the average
date rates of of CUE i and D2D pa1r J during previous
(t — 1) scheduling periods. The deviation of (8) is given in
Appendix A. As seen in (8), the scheduling scheme F has
different expressions for + = 1 and # > 2. Thus, they will
be solved separately in the following sections. Noted that the
PF scheduler scheme in t+ = 1 is the initialization of the PF
scheduler scheme when ¢ > 2.

IIl. PROBLEM FORMULATION AND PROPOSED
ALGORITHM FOR t =1

As shown in section II, the PF scheduler scheme for ¢t = 1 is
modelled to maximize the sum of the logarithm of the current
data rates for all links. Since the channel allocation of cellular
and D2D links affect each other, we introduce two channel
allocation matrices ®' and x! for cellular and D2D links,?
respectively, where

1, if cellular link i occupies RB n
®;, = exclusively, )
0, otherwise,

2Here, the superscript 1 means ¢t = 1.
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1, if cellular link i and D2D link j reuse
Xil,j,n = the same RB n, (10)
0, otherwise.

Then, our problem in (8) for + = 1 taking into account the
RB allocation can be reformulated into

(PL, ®}, x1)
= argmax Z{(Zd> [lnrc D
@', <I>1,x In=1 i=I
+ZZ%M%MN%MH (11)
i=1 j=1

s.t. yéij”zymin, 0< pr <pS.. VieKk, (lla)
VD,]" Z Vmin» 0= pD,j,, —pﬁax’ Vj e L, (11b)
Z(Z Wi+ ®l)=1, viek, (11¢)
n=1 j:l
ZZX,M_ . VjeL, (11d)
n=1 i=1
Z(in{jyn—i—@},n): 1, VneN, (11e)
i=1 j=1
D} . Xijn €10, 1}, Viek, VjeL,VneN,

(11£)

in which @' is a K x N channel allocation matrix for cellular
links. Both P! and x! are the K x L x N power and channel
allocation matrices. P1 ijn = [(pcl " pD )] is the optimal
power allocated to cellular link i and D2D lmk Jj when they
reuse the RB # in the first scheduling period. ymm and yml-n

the minimum SINR requirements of cellular and D2D links,
respectively. pS . and p?  are the maximum transmission
power of cellular and D2D transmitters. In (11), the first
term is the sum of logarithm cellular link data rates without
reusing, and the second term is the sum of logarithm data rates
of the cellular links and D2D links when they reuse the same
RB.
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Constraints (11a) and (115) show that the minimum SINR
requirement and power limit of individual cellular link and
active D2D link in all transmission intervals. Constraint (11c¢)
shows that each cellular link is allocated one RB and con-
straint (11d) indicates that each active D2D link can only
reuse no more than one RB. Constraint (11¢) shows that each
RB can be either exclusively allocated to one cellular link
or reused by one cellular and one active D2D links. The
final constraint (11f) means the value of channel allocation
indicators are binary.

In order to solve (11) efficiently, we first derive the optimal
power allocation on a given RB for one reuse pair of cellular
and D2D links, which enables us to determine the data rate
of each RB if it is allocated. Based on the power allocation
results, we then transform the original resource allocation into
a 3-D channel allocation problem.

A. POWER ALLOCATION FOR t = 1
The power allocation is to allocate the transmission power to
one D2D link and one cellular link which share the same RB
by optimizing the sum function while meeting their minimum
SINR requirements and power limits. Therefore, we will
present our proposed optimal power allocation algorithm on
one RB basis. Note that this procedure will be repeated for
all channel allocation possibilities that cellular and D2D links
reuse all different RBs.

Mathematically, when cellular link i reuses the RB n with
D2D link j, the power allocation can be simplified as

2
= arg max {In rc + In r[l)i,j,n}
(Pc,” ”n)
= arg max {rcl X ra,,j.n}
(pcz Jn’ z/n)
= argmax {log(1 +VC,,,1)
(pcz/n D j, n)
x log(l + yD,,,)}
= argmax {In Vc x In VDl,v,j_,,} (12)
(pcl]n Dj j, n)
S Ve Z Yoins Vign = Voo (12a)
0<pC,,, <Pyars O =Pb, <Prax- (12b)

Constrain (12a) makes sure the SINRs of both cellular and
active D2D links satisfy the minimum requirements, which
are around 10dB in most cases. (12b) is the transmission
power constraints for both links.

It has been proved in [6] that at least one of the cellular
and D2D links transmit at its maximum power will lead to the
optimal performance, it also can be proved that the following
lemma holds.

Lemma 1: At least one of pC or pD needs to reach its
maximum value in order to maxlmzze the product in (12).

Proof: See Appendix B. |

VOLUME 8, 2020

Lemma I reduces the computational complexity of search-
ing the feasible set by fixing the value of one variable in each
case at t = 1. We define Ql ,, as the feasible set of problem
in (12), Qll , and 921 are the feasible sets when cellular
and D2D users transmlt the maximum power, respectively.
Thus, we have the following proposition.

Proposition 1. If the problem in (12) is feasible, its optimal
power allocation solution belongs to the set Q}j "= Qlllj "

Qzllj 2 Otherwise, the set is empty (QU 0 =)

We first assume pC” = pmax, then problem in (12)
becomes
(pmax’pD,,,,) = argmax f(pmax,pDun) (13)
(Pmux pD,]n)
1
P h; B,
st >y (13a)
o +PD,,n i B.n
1
pDz/n h] n
1 = Ymin> (13b)
1 min
o? +pr§1axhz] n
0< pD’,‘M < pmax, (13c¢)
where
1 1 hl
p h‘B pD, n ' j.n
f(Pmaxva,,,,) In( . mwlc i, ,nl )In( . /C 1 ).
o +pD,-,_,~,,, hj,B,n g +pmaxhzjn

Constraint (13a) shows the minimum SINR requirements
of cellular and active D2D links and constraint (13¢) shows
the D2D transmission power should be positive and less than
the maximum power (i.e. p2 ).

From constraints (13a)-(13¢), the continuous closed
and bounded feasible set of p bi,j.n is obtained as

[pdlzw ; jn,pd,jp iinl, where the lower and upper bounds

pdllow’ i and pd can be calculated as:

up,i,j,n

D 2 Cc gzl
ymin(U +pmaxh1] n)

1
pdlow,i,j,n = max{0,

hi , ’
c 2
1 . D (pmax i,B,n J/mino— )
dup ijn = = min{p,,,,, il 3, (14)
j,B,n mm

respectively. Note that the set Qll i is valid only when

pd! otherwise, Qll is empty (i.e.

1
pdluwijn = upt]n’ i,j.n

QL , =9
As derived in Appendix C, only two solutions are included
in Q1!

ij,n’

leljn {(pmax’pdlowz] n) (pmax’p up,i.j, n)} (15)

Since 2} ; Jun
of 921 ,, is omitted due to the space limitation.
Thereby, the optimal power allocation (pC " pD*
ij.n
be performed by comparing at most 4 feasible solutions in

set Qll o which maximizes (13). The data rates of cellular

can be obtained in the similar way, the deviation
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link i and D2D link j on RB 7 can be calculated by

1* 1

pe,; s
1* ijn LD,
rC,"jﬁ,, = logZ(l + P /1* I’ll )
) o pD,‘yj,n j,B,n
1* 1
* pD,' in J.n
rll),-j,, = logy(1 + ﬁ) (16)
o o“ 4+ ..
Cijn ijn
In the case thathlj = ¢, we set rC = rll)’ . = Q, where

Q is a extremely small value, which means RB 7 can not be
reused by cellular link i and D2D link j.

B. CHANNEL ALLOCATION FOR t =1

After the power allocation is performed by consider-
ing all reusing possibilities, the channel allocation is
modelled as

(<I> X s ) = arg max Z{(Z <I> olIn rC

(<I>1xl>,z1 P

D) I HITIN

i=1 j=1

+0nrp, D} (A7)

with the same constraints (11¢)-(11f). Note that rgjn and

rll) are obtained from the above power allocation.

Although problem in (17) can be optimally solved by the
standard ILP (Integer Linear Programming) methods (such
as interior-point method and Balas method in [26]), the com-
plexity (i.e. O(KLN)*?) is extremely high. It is necessary
to propose an effective solution to solve the above channel
allocation.

We introduce (K — L) virtual D2D links in set L,;; =
{L+1,L+2,...,K} to construct a cubic K x K x K
3-D channel allocation problem with equal dimension, i.e.
the total number of D2D links is K now and N = K. In
this way, all the possible channel allocation can be modelled
uniformly. Specifically, the cellular link which exclusively
uses a particular RB can be treated as sharing its channel with
a virtual D2D link. Otherwise, cellular link reuses a RB with
an actual D2D link.

In order to distinguish the above actual D2D link index j,
we now use a new index [ € {L, L} to uniformly indicate
the actual and virtual D2D links in the rest of this subsection.
This new 3-D allocation matrix allows us to apply the pro-
posed iterative method with a single channel allocation index

1
F; I where

1, if cellular link i and D2D link / reuse
the same RBnint =1, (18)
0, otherwise.

ilin =

As aresult, the problem in (17) is restructured into

K K K

I‘l _argmaXZZZFlln (19)

n=1 i=1 I=1
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st ZZFW— vie K, (19a)
n= ll 1
erwn— . Ylel{L, Liin},  (19b)
n=1 i=1
erwn— . Vnel, (19¢)

llll

r},,el0.1}, YieK, Vie{L, Lyn)
Vne N, (19d)
where
o Joned V41 1, forle L, 0)
bl = [In ré{_,n], forl € Lyin.

Constraint (19a) ensures that each cellular link occupies
one RB. Constraint (195) shows each D2D link can reuse one
RB with cellular link and constraint (19¢) means that each
RB can be reused by one cellular link and one D2D link.
Constraint (19d) shows the channel allocation index should
be binary. Note that three constraints (19a)-(19¢) correspond
to the (11¢)- (11e). Moreover, (20) makes sure that when
Flll = Lifl € L, cellular and the actual D2D links
share the same RB, otherwise (i.e. [ € L), cellular link
occupies the RB exclusively. In this way, problem in (19) can
be efficiently solved by our proposed 12-DA algorithm, which
will be presented in Algorithm 3 in section V.

Algorithm 1 presents the operational procedure of the pro-
posed joint power and channel allocation algorithm scheme
for t = 1. As shown in Step20 the average data rates of all
cellular and actual D2D links are obtained according to (33)
in Appendix A, and this will be used as the initialization of
the subsequent scheduling periods.

IV. PROBLEM FORMULATION AND PROPOSED
ALGORITHM FOR t > 2

Applying Talyor theorem, the objective function in (8) can
be converted to maximize the sum of the ratios of the current
data rate to the average data rate for ¢ > 2 (see Appendix D).
Thus, in a given scheduling period ¢, the joint problem can be
expressed as

tn Cl]n
o 33 o R
n=1 i=1 i=1 j=1
—i—ZZX”nR @1)
j—l i=1

SV 2 Ve 0 S P, < P Yi€K, (la)
Ybijn = Ymins O =Pp,,, < Praxs Vi €L, (21b)

N L
St =1 VieK o

n=1 j=1
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Algorithm 1 Joint Power and Channel Allocation Algo-
rithm Whent =1

1: Power Allocation for t = 1:

2: forallieleeE ne N do

3: Obtalnpdlow i and pdup ijn from (14).
4: if pdlolw,i, jn = pdup ; ] n then1 . ]
5 Qli,j,n = {(pmax’ pdlow,i,j,n)’ (pmax’pdup,i,j,n)}
according to (15)
6: else
7 Ql;,=¢
8: end 1f
9:  Obtain §22l ,, in the similar way.
10:  Obtain Q;; accordmg to Proposition 1
1 if Q};J.’n = qs then
12: re = =0
ij.n lj n
13:  else
14: ré* and rg can be obtained by (16), where
(pcz g’ le s n) - ) arg] max | (réf,_/,n X réi,_f‘n)
. (pCi,j,n ""Di,j,n)EQi,j,n
15:  end if
1 pr%axhil B.n .
16 re, =logy(1+ =55%) Vie K, Vn € N

17: end for

18: Channel Allocation for r = 1:

19: Based on above power allocation, ;1 and r;1, Vi €
IC,Vj € L can be obtained by solving problem in (19)
through our proposed /2-DA algorithm in Algorithm 3.

20: ObtainR; | =r;1,Rj1 =r1j1,i € K,jeL.

N K
IP I ATERE

Vje L, (211)
n=1 i=1
K L
SO Hyat @)=l eN, el
i=1 j=1
@ xfi. €01}, Viek, VjeL,
VneN. (21h)

where P’ and ' are the K x L x N power and channel
allocation matrices at time t. ®’ is the K x N channel
allocation matrix. The channel allocation index d>f . = L
if cellular link i occupies RB n exclusively, otherwise, dD’

0 in scheduling period z. Xz,;,n = 1, if cellular link i and
D2D link j reuse the same RB n, otherwise, Xi,j,n = 0in
scheduling period ¢. In (21), the first term is the sum of the
ratios for cellular links without reusing; the second term is
the sum of the ratios for cellular links with channel reusing,
and the last term is the sum of the ratios for all D2D links.
Constraints (21a)-(21h) in scheduling period ¢ are equivalent
to (11a)-(11f).

Problem in (21) is to allocate the appropriate transmission
power and RBs for links which have high current data rates
and low previous average data rates. Similar with the case in
t = 1, we divide it into two sub-problems: power and channel
allocations, then solve them sequentially.
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A. POWER ALLOCATION FOR t > 2

When D2D link j shares the same RB n with cellular link
i, the power allocation in a given scheduling period ¢ is
transformed to:

PC,,0 Py
Cijn’ pDL_j,n
t t

,
Di j,n
= g max ( o)
@ ) Rz -1 Rjr—
t._/ n*'Dijn
= argmax {log,(1 + yél.],n)
(ptci,j.n ’p;)i.j.n) L=l

+ &logy(1 +vp, )}

= argmax 1+ VC,M)(I + VD,,,,)E (22)
@Cl] n le/ n)

s.t. yé,-,j,,, > Y, fin- Vlt),.,jﬂ >y (22a)

0 <16, <Poars 0 =Py, < Phaes (220)

where & = ” L. Note that the values of R; ;1 and Rj 1 are

available in schedulmg period ¢.

We define Qf n s the feasible set of problem in (22).
Qlf;, and Q2;; ijn are the feasible sets when cellular and
D2D links transmit their maximum power, respectively. Then,
we have the following lemma and proposmon

Lemma 2: At least one of pC and pD needs to reach
its maximum value to maximize the ob]ecnve funcnon in (22).

Proof: Since the proof is similar with ¢ = 1, which is given
in Appendix B, we omit it in this paper. ]

Similarly, Lemma 2 can reduce the computational com-
plexity of searching the feasible set by fixing the value of one
variable in each case at r > 2.

Proposition 2. If the problem in (22) is feasible, its optimal
power allocation solution belongs to the set Qf] "= Qlij "
QZf] . Otherwise Qi] =0

As derived in in Appendix E, we get set SZll Jn

(P P ),
if AD ij,n = 0 pdllj n € [pdlow,i,j,n’pdlip,i,j,n]’
T )

lfADzjn >0,pd1};, & [Pdipyi jn> Pyp i jn)s
{(pma)mp up,i,j, n)}
if AD’i’j’n < 0.

(23)

Since 522’ , can be obtained in the similar way, its deviation
is omltted due to the space limitation. Then we can obtain the
feasible set of power allocation as Q; ; , = Q1}; Jin uQ2; .

Thereby, the optimal power allocation (pc D DU”) can be
performed by comparing at most 6 feasible power pairs in set
Qf ” which can maximize (22). The optimal data rates of

cellular link i and D2D link j on RB 7 can then be calculated
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as
* t
pe;; s
* 1,b,n
rtc,_ = log,(1 + # ,
ij.n + hl
Dz/ n J:Bin
r* t
Pp..
* n
b =logy(l 4+ ———n "y (24)
ij.n 0_2 + ! l“
pCijn i,j,n
t _ *
In cases that Q.= ¢, weset rC rDl” = (, indicating

that D2D link j and cellular link zjcan not reuse the same RB
n in scheduling period 7.

B. CHANNEL ALLOCATION FOR t > 2

Once the power allocation is performed, the channel alloca-
tion can be modelled as:

(@, xb) = argmaxZ{Zd>lnR ’"1
Xt p=1 i=1 o

*

I D) DTS 3 DY

i=1 j=1 j=1 i=l1

(25)

with constraints (21e)-(21h).
Similarly, with the use of virtual D2D links, problem in
(25) can also be restructured into
K K K

Iy —argmaxZZZFlln il (26)

nlzlll

s.L. ZZFM: Vie K, (26a)
n=1 Il=1
erzzﬁ Vie{L, Lyin}, (26D)
n=1 i=1
ZZFH,F Vne N, (26¢)

1lll

lln e{0,1}, ViekK, Vle{Ll, L},
VneN, (26d)
where l"fl , = 1, if cellular link i and the D2D link / reuse
the same RB n, otherwise, Ff,l,n =0. And
rt b
RC”'/‘" + R—D"‘/‘" , forlel,
Yia =) St 27)
ITl—nl forl € Lyiy.
Constraints  (26a)-(26d) and (27) are equivalent to

(19a)-(19d) and (20). In this way, problem in (26) can be
solved by the proposed 12-DA algorithm effectively, which
will be discussed in the following section.

Algorithm 2 presents the operational procedure of the
proposed resource allocation scheme for scheduling period
t > 2. Weset T =20, as commonly used for PF scheduling
in practical systems [27]. Note that all the following results
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Algorithm 2 Joint Power and Channel Allocation Algo-
rithm When ¢ > 2
1: Initialization: R;;) | = ri;),1, Vi € K, Vj € £ according
to Algorithm 1.
2: forallt=2:T do

3 Power Allocation for ¢ > 2:
4: forallieK,je L ,ne N do
5 Obtain Q’ , according to Proposition 2
6: 1f§2:]n_¢then
t* _ _
7 rCi,j,n - l] n Q
8 else
9 rg and rg can be obtained by (24), where
<p,, t,p,;‘,j,g = argmax (44, )04+
(ptC,-J n pD,J n)EQtt',j.n
Vb))
10: end iil

11:  end for

12 rf =logy(1 + ”'"”);’B") Vie K,VneN

13 Channel Allocation for ¢ >2:

14:  Based on above power allocation, r;; and rj;, Vi €
K, Vj € L can be obtained by solving problem in (26)
through our proposed 12-DA algorithm in Algorithm 3.

15 ObtainR;; and R;;, Vi € K, Vj € L according to (33)
in Appendix A.
16: end for

are presented and analysed in the scheduling period ¢ = 20 if
not otherwise specified.

In Algorithm 2, the average data rates of all links are
initialized by the results obtained from Algorithm 1. The joint
power and channel allocation for each subsequent schedul-
ing period is then conducted. Specifically, in each subse-
quent scheduling period, we divide the problem in (21) into
two sub-problems: power allocation and channel allocation,
and solve them sequentially as discussed above. After that,
the current and average data rates of all links in scheduling
period ¢t can be obtained as shown in Stepl4-15.

V. 12-DA ALGORITHM

The 3-D assignment problem can be solved by our proposed
iterative three-stage 2-D assignment algorithm. In Stagel,
we group the cellular and D2D links® which share the same
RB as a couple. Then, we reallocate RBs to all the couples to
maximize the system performance. Based on these results,
the D2D link and its RB are treated as a new couple in
Stage2. We then rematch the cellular links with all those new
couples. In Stage3, the cellular link and its RB are coupled,
then remapping is done between the D2D links and those
couples. These three-stage allocation is repeated iteratively
for Y iterations. According to our simulation, the convergence
achieves after 3 iterations.

3 In this section, the D2D links include both the actual and virtual D2D
links.
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In section III and IV, we have modelled the channel alloca-
tion problem in (19) for t = 1 and (26) for ¢ > 2 as the same
3-D assignment problem, so the scheduling period indices are
omitted in this section for brevity. The detailed procedure of
our proposed algorithm is given below.

Initialization: Initialize the allocation matrix as L g x g xx =
I'j. Note that this initial allocation matrix will affect the
performance of 12-DA algorithm. Thus, we apply the heuristic
channel allocation algorithm in [28] for this initialization.

Stagel: Let index t = i denote the cellular and D2D links
couple (i, ) € A1, where A1 = {(i, l)|[I‘(’§],-,17n =1,Vi, 1, n}.
We adopt a 2-D matching matrix Uxxg = [gr ], where
gr,n = 1 if the RB n is assigned to the reusing couple ,
otherwise, g , = 0. Then the design problem becomes

K K
U* = argmaxZqu)n‘lllnn (28)
U

=1 n=1
N K
s.t. Zq,,n= 1, Vr qu= 1, Vn, (28q)
n T

where V1., = {W; ;.| ]) € Ay}. Constraint (28a) shows
each cellular link is allocated one RB. This is a 2-D matching
problem, which can be solved by the Kuhn-Munkres algo-
rithm directly. Now I'f = (A, U™) is a solution to the 3-D
channel allocation problem.

Stage2: Let & = [ denote the D2D link and RB couple
(I,n) € Ay, where Ay = {(I,n)|[T])inn = 1,Vi, 1, n}.
We adopt a 2-D matching matrix Zxxx = [zg,;], where
z9,; = 1 if the cellular link i is allocated to the couple 9,
otherwise, zp ; = 0. The design problem is

K K
7* = argmaxZZza,i‘l’Ze,i (29)
Z g1 i=1

K K
sty zpi=1. Vi Y z9,=1,Y0, (29a)
6 i

where W2g ; = {W;;,|(l, n) € Aj}. Constraint (29a) shows
that each D2D link reuses one RB with cellular link. Sim-
ilarly, problem in (29) can be solved by the Kuhn-Munkres
algorithm and returns the feasible set I'; = (A3, Z*) to the
3-D channel allocation problem.

Stage3: Let v = i denote the cellular link and RB couple
(i,n) € Az, where Ay = ((i,n)|[T3]i1n = 1,Vi, 1, n}.
We adopt the 2-D matching matrix Sgxx = [sy,/], where
sp,; = 1if D2D link [ is allocated to the couple v, otherwise,
sp,1 = 0. The design problem is

K K
S* = arg max Z ZSU,Z\I/?)U,[ (30)
S v=1I=1

K K
st Y syj=1. VL Y syu=1 Vv, (30a)
v j

where ¥3,; = {W¥;;nl(i,n) € A3z}. As discussed above,
constraint (30a) indicates each D2D link reuses a RB with
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cellular link. By solving problem in (30), we can obtain I'} =
(A3, S*), which is the feasible set of the 3-D channel alloca-
tion problem. This three-stage procedure will be repeated Y
times with the updated I')j = I'3.

Algorithm 3 shows the details of the proposed /2-DA algo-
rithm. After all the iterations, the algorithm can converge to
at least a local optimum. The proof of its convergence can
refer to [29]. In Algorithm 3, the final current data rates of
cellular and actual D2D links are obtained from Stepl4-21.
It means when the actual D2D link / reuses the same RB
n with cellular link i, the current data rates of both links
can be obtained directly. Otherwise, it means cellular link
does not share its RB with any D2D links. If the cellular
and D2D links with Q data rates are selected, it means the
cellular link occupies the channel exclusively. In such case,
the D2D link is inactive, so its data rate is set as Q, as shown
in Step16. Meanwhile, in this way, those inactive D2D pairs
will have higher priorities to obtain the RBs in the subsequent
scheduling periods.

Algorithm 3 /2-DA Algorithm
1: Input: The W; ; ,.
2: Output: r; and rj, Vi€ K, Vj € L.
3: Initialization: Suppose I'jj
4: forally = 1:Y do

5:  Stage 1:

6:  Obtain U* by solving problem in (28), I'f =
(A1, U*).

7. Stage 2:

8:  Obtain Z* by solving problemin (29), T4 = (A, Z¥).

9:  Stage 3:
10:  Obtain S* by solving problem in (30), T’} = (A3, §¥).

11:  Then, go back to Step 5 with updated I'j = I'}

12: end for

13: GetT* = r;.

14: forall [T*];;,=1,i e K, 1 €{L, Lyin},n €N do
15:  if/ € L and raj,n = Q then

16: i =rc,, =0
17:  elseif rain > (Q then
. . L e — X
18: N=Te ==
19: else
20: ri=rg,
21:  end if
22: end for

VI. SIMULATION RESULTS AND COMPLEXITY ANALYSIS
A. SIMULATION SETUP

Monte Carlo simulation is used to evaluate the performance
of our proposed algorithms. We consider test case 9 [30]
defined by METIS, which describes an open-air-festival envi-
ronmental model. In our system, the entire region is a cell
with radius of 500 m. The BS is located in the centre, and the
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cellular users and D2D transmitters are distributed uniformly
in the cell. The D2D receivers are distributed uniformly in
a disk centred by the corresponding D2D transmitters with
a radius of dyg.. The cellular users and D2D pairs move
in every scheduling period following the random-waypoint
mobility model, where users choose their speeds and direc-
tions in the range [0 10] (m/s) and [0 277 ] randomly. Our sim-
ulation parameters as summarized in TABLE 2, are chosen
according to [20] for the purpose of comparison.

TABLE 2. Simulation parameters [20].

Maximum distance between D2D pairs dipqq (M) (20.,...,500)
Number of channels N 20
Number of cellular links K 20
Number of D2D links L (L < K) 15 (if fixed)
Maximum cellular transmission power p&. , (W) 0.5
Maximum D2D transmission power p2 (W) 0.5
SINR requirements of cellular links ng (dB) 5 (if fixed)
SINR requirements of D2D links ’7713 i (dB) 15
Noise power o2 (dBm) -110
Pathloss exponent for all communications o 3

We use Jain’s fairness index to measure the long-term
fairness between different users in terms of their average data
rate at scheduling period ¢, which is expressed as:

| K R+ X Ry
1= K L :
(K + L)y R, + 2 Rj2,t)

J; takes the values between 0 and 1. Value 1 means completely
fair at scheduling period ¢ (i.e. all average data rates are
equal), and value 0 means absolutely unfair at time ¢ (i.e.
the divergence of all average data rates is very large). The
decrease in divergence of all average data rates leads to the
increase of J;.

3L

B. RESULTS AND ANALYSIS

We label the proposed joint power allocation and the /2-DA
algorithm scheme as the Iferative-scheme, and compare it
with the following three schemes.

Existing-scheme: The system fairness is researched in [20],
where the RBs of cellular links are pre-allocated. However,
the fairness is only considered in channel allocation in # > 2.
Channel allocation in + = 1 and power allocation in all
scheduling periods are converted to maximize the system
throughput without considering the effect of average data
rates on system fairness. This leads to an unfair system.

Improved-scheme: In [21], we assume that the RBs of
cellular links are pre-allocated as did in [20]. The fairness
is taken into account for both power and channel allocation
in all scheduling periods. In this way, the Improved-scheme
brings better performance than the Existing-scheme in any
scheduling periods. The RB allocation in both the Existing-
scheme and the Improved-scheme are solved by the Kuhn-
Munkres algorithm.

Optimal-scheme: Transmit power is allocated by our pro-
posed optimal power allocation in all scheduling periods. And
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the standard ILP method is applied to optimally solve the joint
cellular and D2D links channel allocation problem.

Note that both the Existing-scheme and the Improved-
scheme assume that the RBs for cellular links have been
pre-allocated, and the Optimal-scheme jointly allocate the
RBs for both cellular and D2D links. Moreover, both the
Improved-scheme and the Optimal-scheme use the proposed
optimal power allocation in all scheduling periods. Hence,
the Improved-scheme is a special case of the Optimal-scheme.
The system performance is evaluated in terms of system sum
rate, the number of active D2D links and the Jain’s fairness
index against different parameters including the maximum
distance between D2D pairs dpgy, the total number of D2D

links L, and the cellular link’s minimum SINR requirement
C

J/min'

1) JAIN’s FAIRNESS INDEX

Fig. 3 shows J; of various schemes for different scheduling
periods. It is shown that J; of any schemes increases with the
scheduling period ¢t when(t < 10). That is because the links
with low average data rates have more chance to improve
their current data rates during the first few scheduling periods,
so the divergence in the links’ average data rates is reduced.
This increase slows down and converges when ¢ > 10.

54
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FIGURE 3. Jain’s fairness index J; of overall system versus different
scheduling period t with dmax = 20m, L = 10.

Fig. 4 shows the J; of overall system with various schemes
for different parameters. Fig. 4 (a) shows the comparison of
J; of various schemes for different d,,,,. We observe that J;
first increases and then decreases with the increase of d;qy
for all schemes. This is because the current data rates of D2D
links are larger than that of cellular links due to the short
transmission distance when d,;,,, is small. This leads to a
large data rate divergence between cellular and D2D links.
However, with the increase of d,,,y, the current data rates
of D2D links decrease. When d,;,,y, = 100m, the current
data rates of D2D and cellular links are close to each other.
Therefore, J; of those various schemes reach the peak values
at this point. With the continuous increase of d;;,4y, the current
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FIGURE 4. J; of overall system with various schemes (a) versus different
dmax when L = 15; (b) versus different L with dmax = 20m and

dmax = 400m; (c) versus different y W|th dmax = 20m and

dmax = 400m, when L = 15.

data rates of active D2D links become smaller than that of
cellular links. In addition, the number of active D2D links also
decreases with the increase of dpy (as proved in Fig. 5 (a)).
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FIGURE 5. The number of active D2D links with various schemes

(a) versus different dpmax when L = 15; (b) versus different L when
dmax = 20m and dmax = 400m; (c) versus different y when L=15
under dmax = 20m and dmgx = 400m.

Thus, the difference between the average data rates of cel-
lular and D2D links increases again, leading to the decrease
of J, I
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Fig. 4 (b) shows J; decreases slightly with the increase of L
when d,,,x = 20m. This is because more D2D links are active
with the increase of L, and the active D2D links have higher
current data rate than that of cellular links due to the short
transmission distance. However, J; decreases dramatically
when d,,;x = 400m. This is because more D2D links are
inactive when d,, is large. Thus, the ratio of active D2D
links and inactive D2D links becomes small with the increase
of L, leading to high divergence of all links.

Fig. 4 (c) shows the comparison of J; between various
schemes for different ynfin. With the increase of y,fm, J;
first increases and then decreases when d,,;,, = 20m, and
decreases dramatically when djq = 400m. When dy;0x =
20m, the current data rates of cellular links get close to that
of D2D links with the increase of yﬂfl.n. Thus, with large
number of active D2D links, the divergence of current data
rates between cellular and D2D links becomes smaller. When
ymcin becomes large enough, the number of active D2D links
decreases dramatically as shown in Fig.5 (c), which directly
results in lower J;. When d,,,,, = 400m, the increase of yﬂfm
leads to the decrease of active D2D links. This results in the
increased divergence of current data rates between cellular
and D2D links.

All the above results show clearly that our proposed
Iterative-scheme produces higher system fairness than that of
the Improved-scheme and the Existing-Method in any scenar-
ios, and approaches the performance of the Optimal-scheme
closely.

2) SYSTEM SUM RATE

Fig. 6 shows the system sum rate in various schemes for
different parameters. As shown in Fig. 6 (a), with the increase
of dax, the system sum rate decreases. This is because the
contribution of D2D links’ current data rates become smaller
with the increase of dy,,4, due to the poor channel gain. Also,
the number of active D2D links decreases with the increase
of djqx as shown in Fig. 5 (a).

Fig. 6 (b) shows that when dy,;x = 20m, the system sum
data rate increases dramatically for various schemes with the
increase of L. Observing this result together with Fig.5 (b),
we find that when d,,;x = 20m, the number of active D2D
links increases notably with the increase of L, leading to the
dramatical increase in system sum data rate. However, when
dmax = 400m it decreases slightly for the Iferative-scheme
and keeps stable for both the Improved-scheme and Existing-
Method. This is due to the low ratio of active D2D links
and inactive D2D links. Moreover, the proposed Iferative-
scheme sacrifices the system sum data rate to maintain the
high system fairness,

Fig. 6 (c) shows that the system sum data rate decreases
with the increase of ynfin when d,,; = 20m. This is because
fewer cellular links can meet the minimum SINR requirement
with the increase of ynfm. This results in the decrease of the
number of active D2D links as shown in Fig. 5 (c). However,
the system sum rate first increases slightly and then stays
stable with the increase of y”(fin when d,,,, = 400m. Since we
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FIGURE 6. The system sum rate with various schemes (a) versus different
dmax; (b) versus different L with dmax = 20m and djmax = 400m;

(c) versus different y;in with dmax = 20m, dmax = 400m.

have assumed that cellular links without reusing always meet
the QoS requirements, the number of cellular links which
exclusively use the RBs increase with the increase of the y”(fi -
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leading to the increase of the system sum rate. In addition,
with the continuous increase of yrfm, none of the D2D links is
activated. Therefore, the network only contains cellular users
leading to stable sum data rate.

In summary, the system sum data rate of the Iferative-
scheme is significantly better than that of both the Improved-
scheme and the Existing-Method, and approaches closely to
the performance of the Optimal-scheme.

C. COMPLEXITY ANALYSIS

The computational complexity is analysed in terms of number
of operations required in the power allocation and channel
allocation. The complexity of the power allocation is to select
among a few solutions, so it is indeed negligible in this paper.
Since the computational complexity of the Kuhn-Munkres
method is O(K3) for a 2-D assignment problem, then the
complexity of the proposed three-stage I2-DA algorithm in
each iteration is O3 x K?).

Therefore, the overall complexity of the proposed algo-
rithm is O(Y x 3 x K3) = O(K?). The standard ILP
method used in the Optimal-scheme requires O(KLN )3
[31], which is significantly higher than the /2-DA algorithm
(O(KLN)*? > O(K?)), even with a small L value. For
example, in a typical D2D underlay communication system,
with K = 20,L = 10,N = 20, the complexity of the
proposed algorithm is K3 = 203, and the Optimal-scheme
requires O(KLN)> = (4000)3 =

VII. CONCLUSION

In this paper, we have formulated the joint power and chan-
nel allocation for D2D underlay communications aiming to
maximize the system fairness while guaranteeing the QoS
of all cellular and active D2D links. Based on the optimal
power allocation solutions for all possibles of cellular and
D2D links on any channels, we introduced virtual D2D links
and constructed a 3-D channel allocation with equal dimen-
sions, and proposed the 12-DA algorithm to efficiently solve
the channel allocation with greatly reduced computational
complexity. The performance results reveal that the pro-
posed channel allocation algorithm outperforms the existing
method and produces the close-to-optimal performance with
low computational complexity. Moreover, numerical results
show that the proposed scheme not only dramatically enhance
the system fairness but also improve the system throughput
comparing with the existing schemes.

APPENDIX A

THE DERIVATION OF (8)

According to (7) a PF scheduler scheme F at scheduling
period ¢ should satisfy

Y R+ mRD =Y mR + 3 mRS. (32)

ek jeL ickC jeL

where R(F) and R(F) are the average date rate of cellular user
and D2D hnk jin scheduhng period ¢ with scheduling scheme
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F, R(S) and R( ) are the average date rate of cellular user i and
D2D hnk jin scheduhng period ¢ with scheduling scheme S.
Rgi) and R](-i) can be obtained as
(S) —
i t=1

)
t — DR; ) 1—1 + 1y (33)
t=D l’(/)['t LU0 s,

For t = 1, (32) can be rewritten as

Yo +Y =S Y+ Y e 34

iekC jeL iekC jeL

For ¢t > 2, (32) can be transformed to
F F s S
MR, x e cRY > MiekRS) x i RS, (35)
According to (33), (35) can be rewritten as

(t = DRiyo1 + 1) (t = DRj -1 + 7))

Miex p x Ijer :
(t = DRi1 +1f) (t = DRj—1 +7))
> Iiex : x jer " .
(36)
By multlplylng HielCm X Hjeﬁm on both
sides of (36), we can obtain
(F) A
Mkl 4 —— ) X Mep(1 4+ —2
T DR T T T = DR
(S) (S)
> Myl + — ) x Mjep(l 4+ — ).
© (t — DR /e (t — DR}
(37)

In summary, the PF scheduler scheme F for D2D commu-
nication underlay network can be expressed as (8).

APPENDIX B
Let ¢ > 1, we have the following inequality:
1 1 1 1
ln( O[pc,'vj_nhi,B,n ) % ln( Dl_] nh] n
o2+ apl, k! o2+ apl. h!
Di.j,n J,B.n Cl]n ij.n
1 1 1
In( pCi,j,nhi,B,n ) x In( pDi,_j,n J.n
] +pl 1 o2 Lpl
a T Pp;;,"YBn o Cijn'tijin
1 hl 1 W
Cijn"li.B PDi;",
> In(——2 ) x In( — ). (38)
o+ Dijn''j,B.n o +pci.j,nhivjs"

From the inequality, larger « leads to larger multiplication.
Therefore, maximum multiplication can be achieved when at
least one of plcl,j and plDl_j _ achieves its maximum value.

APPENDIX C

THE DERIVATION OF (15)

The maximum value of f (p,%ax, pll)[, .
solving the following equation B

f(pmax’pD ) =

ij.n

) can be obtained by
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which always has two roots

pdll} n— h!—v
hil,B nprglw - 02
pdzlj n = hl—
j.B.,n
Combining with (14), we find that pdl! ijn = pd}ow’ i and
pd2} Jn > pdup ij,n always hold. It means these two roots do

not belong to the set [pdlow ij, w pd]

pdup ij.n’
[pdlow iJ, n,pdulp i, ,J- The max1mum value off(pmax,pD )

ij,n

|
upi, ], where pdlow, ijn =
Thus, the f (pmax, pD ) is monotonous in the set

is obtained on the boundary i.e. pd 11 or pd2!. | so there

ij.n
are only two possible solutions in the set Qll g

ij,n’

APPENDIX D
From (8), the optimal PF scheduling for t > 2 can be
rewritten as

S
I
F = argmax() In(1+ —
gs IGX,C: (t — DRi -1
S
+ ) In(l+ —2——)). (39

jel ( _I)le 1

Since Maclaurin series is a special case of Taylor series
S S

centred at 0, and as ¢ increases, [(r ]r)R ] and [(t ])R — 1]
will approach 0. Thus, (39) can be further wrrtten as

—argmax{zz (— l)m ’ist 1ot D)
o (m41) (t—l)Rzz 1

+ZZ( bt ), @o)
¢ (m+1) (t—l)R - ’

with infinite terms. In this paper we only take the first sig-
nificant term to express F (i.e. m = 0). It can be simplified
as

Y R—r’ ). 41)
Jj€ ’

APPENDIX E
We assume p’Ci‘j.n = pS,.» so the problem in (22) with
constraints can be written as

(prcnax’ ptDi_jY,,) arg max f(pmax’ pD,J ,1) (42)
(pmax p]) )
ij,n
t
pmaxhi B,n C
st e bBn o, Co (40g)
2
o +p[Di.j,nh;,B,n "
t 1
pDijnhj n D
T o = Ymin (42b)
o2 +prCnaxh:J . min

143800

t D

0<Pb,;, = Pmax (42¢)
. . C t pmax an
in which /() = (1 ) x (1
pD, n o Jn
T M’ ).

Accordlng to constraints (42a)-(42¢), we can get the con-
tinuous closed and bounded feasible set of pbl_jn, which is
[pdlow ij,n’ pdbttp,i,j,n]’ where

D (.2 C gt
Viin @™+ PruaxPi j )
Pdl(,w”n _ max{ i min ht max"i,j.n }’ (43)
2 — V50
pdt, ;i = min{ph,  — ’f M) (44)
j,B.,n " min

Problem in (42) is valid only when pd’

otherwise, the set Ql’ , 1s empty.
When problem in (42) is valid, the optimal value of

f (pmax P Dy, ) can be found by solving the following equation

low,i,jjn — pdup i, n

2 ! t t
D i, n(pD ) + BD,i,j,npD,;_,;,, + VD,i,j,n

f/(pglax?pt[)iﬁjyn) -

Wh.ijn
=0, (45)
where
Apijn = EN (] ,
Bb,i,j,n =@ - I)Pmath,B nthnht,n
+2&H, 07K 5 s
Vpijm = i, 2(" + Pt 5.)
_pmaxhi,Bn jBn(U +Prcnath] )
Whiin = 07+ Pkt )5 @7+, g, (46)
AL iw = Bh i) —4Ah W Vhija = 0, then (45)
has two solutions:
. e
ijn 2L ,
pd2;, = D”;; [ Zossn (48)
D.ijn
A’D ion is always positive, so pd 1! . Jn and pd2§’ o are the local

maximum and minimum points of function f (pncmx, ptD,, ),
respectively. prdll] . € [pdlow lj n,p up ij, Wl pdlu , 18 the
optimal solution of function f (pmax , pD ) If not, the bounds
pdup ijn OF pd’ low.i.j.n is the optimal solutron This is because
f(pmax,pD ) is a convex functlon in [pdlow ij, n,pdup ijn ]
when pdll g g [pd" low i pd up ij, »]- Therefore, the optimal
solution of f (pmax P Dy,
If AtDl/n < 0, 1t means f(pmax,pD
positive, so f (pmax, P Dy, n) increases monotonically in

[pdlow ij, n P up i,j.n is the
optrmal solution.

) can be either pd;p ijn OF pd! low.i jn*
) is always

]. Therefore upper bound pd;p i
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