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Abstract

Device-to-device (D2D) communication underlaying cellular networks can bring significate
benefits for improving the performance of mobile services. However, it hinges on elaborate
resource sharing scheme to coordinate interference between cellular users and D2D pairs. We
formulate a joint mode selection, link allocation and power control optimization problem for
D2D communication sharing uplink resources in a multi-user cellular network and consider
the efficiency and the fairness simultaneously. Due to the non-convex difficulty, we propose a
three-step scheme: firstly, we conduct mode selection for D2D pairs based on a minimum
distance metric after an admission control and obtain some cellular candidates for them. And
then, a cellular candidate will be paired to each D2D pair based on fairness. Finally, we use
Lagrangian Algorithm to formulate a joint power control strategy for D2D pairs and their
reused cellular users and a closed-form of solution is derived. Simulation results demonstrate
that our proposed algorithms converge in a short time. Moreover, both the sum rate of D2D
pairs and the energy efficiency of cellular users are improved.
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[. Introduction

Recently, device-to-device (D2D) communication has gained more and more attention [1],

[2]. It is regarded as an effective method to relieve the traffic load of cellular networks, im-
prove resource efficiency and the local service flexibility [3]. By enabling two users in
proximity to communicate directly without being relayed by a base station (BS), D2D com-
munication guarantees four types of benefits, that is, proximity gain, reuse gain, hop gain and
paring gain [4]. As a result, such a technology has been incorporated into the existing and
future cellular systems to improve the performance of mobile services [5], [6]. However, in-
troducing D2D pairs into cellular systems will cause mutual interference between D2D pairs
and cellular users due to the sharing of links [7]. And furthermore, it may decrease the Quality
of Service (QoS) of both users. Thus, as one of the effective methods to coordinate with the
interference, an elaborate resource sharing which includes mode selection, link allocation and
power control, is of paramount importance [8].

Specifically, D2D communication either chooses cellular mode or reuse mode: i) cellular
mode: the transmission of D2D pairs is relayed to the BS when the D2D direct link is no longer
feasible or beneficial, ii) reuse mode: D2D pairs share links with cellular users which can
further improve the spectrum efficiency [9]. Once a D2D pair chooses reuse mode, link allo-
cation should be considered, that is, which cellular user’s links will be shared. Power control
includes the power control strategy of D2D pairs, as well as the reused cellular users, so as to
achieve optimal network performance with high power efficiency [10].

A lot of resource sharing strategies have been proposed in literature for D2D communica-
tion underlaying cellular networks. In particular, an interference limited area (ILA) is pro-
posed in [11], where the method does not allow the coexistence (i.e., use of the same links) of
cellular users and D2D pairs to avoid strong mutual interference. [12] provides a globally
optimal resource sharing strategy based on the convex optimization, to maximize the rate of
one D2D pair utilizing the links of all possible cellular users in the cell, and meanwhile, the
quality of the cellular communication is guaranteed. However, there is only one D2D pair
considered in [11], [12]. [13] considers the scenario that D2D pairs can share the links with
multiple cellular users and proposes a joint reused partner selection and power allocation
strategy by utilizing the Lagrange relaxation method, while only the transmit power of D2D
pairs is optimized. In [14], a heuristic algorithm is proposed to match D2D pairs and cellular
users, which chooses the cellular users with higher channel gain to share with D2D pairs with
lower interference gain. However, in that case, coordination between both of the users which
can further improve the performance of the network is not considered. [15] proposes an en-
ergy-efficient uplink resource sharing scheme based on coalition formation game for D2D
communication, which derives the solution to the joint problem of mode selection, uplink
reusing allocation and power management. [16] also jointly considers three respects of re-
source sharing to maximize the overall network throughput, while it doesn’t take into account
the total power limit.

Motivated by the above literature, we study the problem of joint mode selection, link al-
location and power control for D2D communication underlaying a multi-user cellular network
sharing uplink resources. Our goal is to design a resource sharing scheme to maximize the sum
rate of D2D pairs while guaranteeing the QoS requirements of cellular users and D2D pairs.
The main contributions are summarized as follows:

i) Different from most of the previous works, we target at multiple D2D pairs sharing uplink
resources of multiple cellular users in a cell, rather than only one D2D pair. Besides, we model
a joint mode selection, link allocation and power control optimization problem, where the
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interference suffered by both kinds of users and their QoS requirements are simultaneously
considered to achieve the tradeoff between the mutual interference and the rate. Moreover, the
total power budget of D2D pairs is embedded.

ii) We formulate the uplink resource sharing problem into a non-convex combinatorial op-
timization problem, and then, we transform it into a convex one by deducing step by step.
Firstly, to improve the efficiency of mode selection, we decide an interference limited area
(ILA) for each potential D2D pair and then conduct mode selection based on distance. Then, to
achieve the tradeoff between the efficiency and the fairness of the network, we allocate the
links of cellular users based on a principle of fairness to maximize the sum rate of D2D pairs.
Moreover, since the performance of the network will be dramatically improved by the coor-
dination of two kinds of users, we use Lagrangian Algorithm to simultaneously control the
power allocation for both cellular users and D2D pairs. A closed-form of the solution is pro-
vided by the proposed algorithms. Moreover, the convergence of the proposed algorithms is
discussed and better performance is proved.

The remainder of the paper is organized as follows. In section Il, we describe the network
model and formulate the optimization problem. The joint mode selection, link allocation and
power control scheme is illustrated in Section Ill. Section IV presents the numerical results to
demonstrate the performance of the proposed scheme. Finally, Section V concludes the paper.

Cellular user 3
—>

Cellular-BS link

D2D link
_————— . >

Interference link

Fig. 1. System model of underlaying D2D communication.

Il. Problem Formulation

As shown in Fig. 1, we consider a single cell with one BS, L cellular users and M potential
D2D pairs, and the later form sets ={1....,L}and 2 ={1,...,M}, respectively. We assume

that there are L orthogonal frequency band and each cellular user occupies one of them to
communicate with the BS. Here, we mainly consider the co-existence of cellular mode and
reuse mode. For the latter, the link sharing between D2D pairs and cellular users can dra-
matically improve the spectrum efficiency. Moreover, the link allocation is important for
making the most of the cellular links and alleviating the interference. In this way, we define

the link assignment indicator as @ . If potential D2D pair j reuses the link of cellular user,

o = 1; Otherwise, o= 0. In order to avoid the uncontrollable interference, we here
consider that each D2D pair can only reuse the link of one cellular user and the link of each
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L
cellular user can be reused by at most one D2D pair. Accordingly, Za)w_ <1, Vje2,and
1=1
M
Z% <1, Viel.
j=1
For the reuse mode, the Signal to Interference plus Noise Ratio (SINR) of cellular useri and
D2D pair j are given respectively by

c p% i
V= (1)
2 d
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2 c
GN + Z wh]plghj
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where o, represents additive Gaussian noise variance on each frequency band of cellular users
and D2D pairs. h'is denoted as the channel coefficient from cellular useri to the BS. Simi-
larly, g;;, h;‘ , and gfyi are denoted as the channel coefficients between cellular useri and the
receiver of D2D pair j, between D2D pair jand between the transmitter of D2D pair jto the
BS on frequencyi, respectively. Denote p; and g; as the transmit power of cellular useriand
D2D pair |, respectively.
Thus, the rate of cellular useri and D2D pair j can be expressed respectively as
R® =log, (1+ ) (3
R =log,(L+7}) (4)
In order to maximally achieve the benefits brought by D2D communications and guarantee
the communication quality of the cellular users and potential D2D pairs, we propose an
elaborate resource sharing scheme. That is, we maximize the sum rate of D2D pairs which
reuse the links of cellular users, by means of elegant link allocation for D2D pairs and rea-
sonable power control strategy for both potential D2D pairs and cellular users. And at the same
time, we satisfy the QoS requirements of cellular users and potential D2D pairs. We formulate

the joint mode selection, link allocation and power control optimization problem in D2D
communication underlaying cellular networks as

L M
max ZZCDIJR? (p,q,(D) (5)

Pae i
st R 2R, Viel (5a)
REZRY D o, #0Vje? (5b)
0<p <P, VieC (5¢)
0<q,<Q,, Vje D (5d)

L M
> w,0,<Q (5e)

i=1 j=1

o e{01}, Viel, jeD (5f)
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L
Yo <1 VjieD (59)
=1

M

Yo <1, Viel (5h)

J=1

where we denote the power vectors of the cellular users in ¢ and the potential D2D pairs in
Dasp= {p‘ 1€ C’} and q = {qi‘ je D} , and o = {a)7‘ 1€l, je D} as the matrix

and R, denote the rate threshold of

cellular useriand D2D pair j, respectively. The objective function in (5) characterizes the

gains for forming the D2D communications, in terms of the sum rate of D2D pairs. (5a) and
(5b) guarantee that cellular users and D2D pairs satisfy their minimum QoS requirements in
terms of rate. (5¢) and (5d) ensure that the transmit powers of cellular users and D2D pairs
cannot exceed the maximum limit Band Q, , respectively. (5e) indicates thatQ is the total

power budget of the D2D pairs sharing all links. (5g) and (5h) guarantee that each D2D pair
can only reuse the link of one cellular user and each cellular user can only be reused by at
most one D2D pair, respectively.

According to the problem in (5), we can obtain @ which indicates the solution to the joint
problem of mode selection and link allocation, that is, potential D2D pair jwill reuse the link

i,min

which contains the link assignment indicator o, . Rf

of cellular useri with o, =1.Not only that, we can determine the mode selection of poten-

tial D2D pair jbased onw. That is, ifa)t_‘j = 0, the potential D2D pair chooses the cellular

mode; Otherwise, it selects the reuse mode. Also, the transmit power of cellular users and
potential D2D pairs is derived according to the values ofp, q.

[1l. Joint Mode Selection, Link Allocation and Power Control Scheme

We formulate the joint mode selection, link allocation and power control problem into a mul-
ti-objective non-convex combinatorial one, which turns out to be strongly NP-hard. Obviously,
it is very hard to obtain the optimal solution to (5) [17]. Besides, we consider the tradeoff
between the efficiency and the fairness for underlaying D2D communication. Most of the
existing literature decompose the optimization problem into a several sub-problems. However,
they ignore fairness among D2D pairs. We will divide the optimization problem into a se-
guence of sub-problems involving mode selection, link allocation and power control respec-
tively. And this way, we can transform the problem in (5) into a convex one. Then, we propose
a resource sharing scheme which can guarantee that the D2D pairs even in bad channel con-
dition can also find a cellular user to reuse the link.

Firstly, we determine whether a potential D2D pair can be admitted to reuse the links of
cellular users or not and obtain a set of cellular candidates according to a minimum distance
metric. Based on this, each potential D2D pair conducts mode selection. The second one is link
allocation, where we find the proper reused cellular partner from the cellular candidates for
each D2D pair while guaranteeing fairness. The last one is the joint power control for D2D
pairs and their reused cellular users based on Lagrangian Algorithm to maximize the sum rate
of D2D pairs.
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A. Distance-Oriented Mode Selection for D2D Pairs

When considering which mode to choose for potential D2D pairs, we first determine whether a
potential D2D pair can be admitted to reuse the uplink resources of cellular users. If a D2D
pair is admitted, it selects reuse mode, and furthermore, we need to find a suitable reused
cellular partner to offer its link for it. If not, it has to choose cellular mode, instead.

If a potential D2D pair is admitted to reuse a cellular user’s link, o, = 1, and the con-

straints in (5a), (5b), (5¢), (5d) must be satisfied, which indicate that D2D pair ; can share the

link with cellular user:only when their QoS requirements are satisfied and their transmit
power are within the maximum requirements. Consequently, we obtain a set of reused cellular

candidates for D2D pair j and denote it asZ_. It is obvious that D2D pair j can choose the

reuse mode if and only iij. # . Since the channel condition and the mutual interference

mainly hinge on distance, we will determine an interference limited area (ILA) for each po-
tential D2D pair based on the distance between cellular users and the potential D2D pair,

outside of where the cellular users in Zare located.
The constraints in (5a), (5b), (5¢), (5d) can be easily transformed into a linear programming
problem, as indicated in Fig. 2. The line/ and/, represent constraints (5a) and (5b) with

equality, respectively. Andp, ., ¢, . are denoted as the minimum power of cellular user:

and potential D2D pair 5 with no link sharing between them, respectively. As a result, there

will be a feasible area, as the shadow part shown in Fig. 2, where both cellular user:and D2D
pair j can manage an appropriate transmit power to coordinate the mutual interference, and

thus, cellular user:can be a reused candidate for D2D pair ;. Then, all of the cellular users
satisfying ILA principle can be included in Z,.

q A )

»

P P P,

Fig. 2. Admission control of D2D pair ;.

To guarantee the existence of a feasible solution of the linear programming problem, point T,
the intersection of line L and l,,as shown in Fig. 2, must be within the square area. That is, the

coordinate of T, (p,,, qj‘T) , Which represent the transmit power of cellular user:and D2D pair
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7, respectively, must meet constraints (5c) and (5d). Then, there will be a shadow area as
shown in Fig. 2. By computing the intersection point of / and/,, p,,and q,,can be obtained,

which represent the minimum transmit power of cellular user;and D2D pair ; . respectively.
Thus, the admission condition is,

1

0<p,< P ©
0<gq,,< Q].

—-a

.| » we can impose a distance

Combined with the distance based path loss model, h; ; = Kd

control between cellular users and potential D2D pairs to decider - Denote L, -as the distance
between cellular useriand the receiver of potential D2D pair 5. And then the following
proposition characterizes the admission control of potential D2D pair j .

Proposition 1. Potential D2D pair j can be admitted to reuse the uplink resource of cellular
useri, if and only if L _ > L"", where L""is the minimum distance limit between cellular
user i and the receiver of potential D2D pair 5, and it is given by:

R Hd

: KP(2" —1)(27™ -1)g!, , Ph!
I) ti( )( Rl?g],/’ ! If logQ(l + dl - 2 - ;fmin'
Ph! — (2" — D)o [b! + (2" —1)g! ] Q4 +oy ’
RS R
L K@ -1)2U —1)(Qug) o) L Ph
i) [ = J“ . if log,(1+ ———) <R .
Qhth! — (2% —1)oy b Qgistoy

Proof. The proof is given in Appendix A.

Algorithm 1: Mode Selection Algorithm (MSA)

1:forall je 2 do
2. forall ie¢ do
calculate ,_and L

if L >L" then
potential D2D pair ; is admitted to reuse the link of cellular user zand

else
potential D2D pair j chooses cellular mode
end if

10: end for

11: end for

3
4
5
6:  chooses reuse mode andi € 7
, )
8
9
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The mode selection algorithm is given in Algorithm 1 as MSA. For further explanation, a
D2D pair can only share links with the cellular users distributed outside of its ILA, since the
D2D pair must be far away enough from the potential cellular partner, and hence, the mutual
interference between them will not be too serious to decrease their QoS, as shown in line 4 to 6.
However, if all of the cellular users in the network are located within a potential D2D pair’s
ILA, as shown in line 7 to 8, the potential D2D pair has to select cellular mode, instead.

B. Link Allocation for D2D Pairs

We have divided an ILA and obtained a set of cellular candidates for each potential D2D pair
in the previous part. Here, this subsection focuses on how to choose an appropriate cellular

candidate in Z] for each D2D pair with reuse mode to maximize the sum rate of the D2D pairs

while making sure that each of them can share a cellular user’s link.

Without loss of generality, we assume that each cellular user and potential D2D pair
transmit with the same power respectively, which guarantees that each potential D2D pair has
the same possibility to reuse the links of cellular users and as well as the same possibility for
cellular users to be reused in terms of transmit power.

Algorithm 2: Link Allocation Algorithm (LAA)

1: 7 : Setof reused cellular candidates of D2D pair

2: 17 : Set of D2D pairs with ‘]‘ in increasing order

3:forall je 2 do

find|Z | =1

- end for

- if there is more than one D2D pair that satisfies‘Z_}‘ =1 andthe:ie 7 isthe

same then
findj =arg max_, R' and D2D pair j reuses the link of cellular

N 2 9 R~

9: useri, o =1

10: delete :from other D2D pairs’ Z and upgrade‘Zl ‘ and A7

11:end if

12: forall je A7 {;}

13: choose cellular users in Z for D2D pair ; in the order of .47 and determine o
14: end for

M I
15: find max ) > o R/ (p.q.0)
=

The link allocation algorithm is summarized in Algorithm 2. Three steps are developed in
the algorithm. Firstly, we calculate‘]j.‘ , the number of cellular users inZ]., and then obtain
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1, which contains the D2D pairs With‘z;‘ in increasing order. Based on this, we allocate

cellular users preferentially to those with less cellular candidates to reuse and make sure each
D2D pair will find a partner. However, different D2D pairs may have only one cellular can-
didate which may be the same. Thus, if there is more than one D2D pair that can only reuse the

link of cellular candidate i, we allocate cellular useriand its link to D2D pair ;° which denotes

the D2D pair achieving the maximum rate compared to others, as shown in line 4 to 11. Finally,
we pair the rest of D2D pairs with their cellular candidates in the order of A7 , as line 12 to 15
indicate. Then, we will find a union of D2D pairs with their reused cellular users which can

maximize our optimization objectzz @ ] (p,q,®) . Therefore, we guarantee the fairness for
i=1 j=1

D2D pairs, and also achieve the maximum benefit in terms of rate in that case.
C. Optimal Power Control for D2D Pairs and Reused Cellular Users

In previous subsections, we have paired D2D pairs with proper cellular users and obtain o .
Then, for the paired cellular useriand D2D pair j, o, =1, and we denote a,, = hJ /o;,
B, = h‘j /o, B = g/l /oy, andd =g /o, as the normalized channel coefficients.
And the rate of cellular user;and D2D pair j are respectively expressed as,

~ log, (1+ %1 (9)
iHi
q;5
=1 14 10
09,1+ ) (10

This subsection will illustrate an optimal power control strategy for all these paired users to
solve the problem in (5).

Proposition 2. Denote (pj,q;) as the optimal power control strategy for problem (5) ,and

k,=2%= —1 Then, for all j=1,..,M , we define A =ku 0 (a, B
@ 150 ~a p
B =(a, +k0 )2ku b +a p) ., C =l +kf )———=—") and renew

VAN

1] 2])

a P -k L M
Q, = min {QWL}' We can get the optimal solution as, i) if Y’ > w,_Q. <@, then,

kj’ui,y‘ i=1 j=1
* k(0 uQ) A
g =Q p = Ja—»” . i) if Z:‘Z‘wi’j@j >Q then,
ij i=1 j
[
g = 214 w8, -y =% whereH " signifies the projection

i\j 2%
0

onto the interval [0, Q].] .

Proof. The proof is given in Appendix B.
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Algorithm 3: Power Control Algorithm (PCA)

1:forall cellular userie ¢ and D2D pair j € 72 do

a P -k
2. calculate) = min<(Q ,————=
3: end for
L M
4:if 3> Q <@ then
i=1 j=1 o
) .ok (I+u €
5© ¢ =Qandp = A+ 4.9)
6: else
7: use Lagrangian Algorithm and establish the following
& a B e . .
8: l(q,A)=In2) log (1+ — +AQ- to calculate ¢ and p
(q.2) Z ( TR '9,_,."1,.) ( Zz) j,and p
9:end if

The power control algorithm is illustrated in Algorithm 3 as PCA. For those paired D2D
pairs and cellular users, we control the transmit power of them simultaneously to achieve our
ultimate optimization object towards the benefits brought by the entire D2D pairs.

We can see that the optimal solution illustrated in Proposition 2 is highly bound up with the
Lagrangian multiplier A, which is extremely difficult to obtain with direct computing. We can

a.p

i,j

primarily determine an interval [O,/I ‘ ] where 4 =max. {’—
max max jes

, according to
a.+ kﬂ_j

Cm.(/i) < 0, which guarantees Bz]. - 4A7.,]CM(2) in Proposition 2 positive, indicating there is

a feasible solution. Besides, considering that q; is monotonically decreasing with the increas-
ing of 4, and that we can certainly find a positive solution in the feasible region, we exploit
bisection method to obtain the optimal 1" . Hence, we can finally decide an optimal 1" to get
the optimal joint power control strategy as(p, ,q, ) .

IV. Numerical Results

In this section, we carry out several numerical simulation and presents some results to evaluate
the performance of our proposed algorithms. The simulation setup is as follows: consider a
hexagonal cell with a radius of 250m, where the BS is centered, and multiple cellular users and
potential D2D pairs are randomly distributed. Each potential D2D pair is uniformly distributed

at a distance of 50m. The channel power gain is modeled ash; ; = Kd; |, where K, « are setto

10 and 4, respectively. The power spectral density of additive white Gaussian noise is10™®
W/Hz, and the QoS threshold of cellular users and D2D pairs in terms of rate is

‘=R =1bit/s. It is verified in [12] that the maximum SNR of cellular useriisa, P,

i,min
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and without loss of generality, in order to reach the same maximum SNR, we set corre-
sponding P, for each cellular user according to their channel condition. Moreover, we denote

the total D2D SNR asQ / o, defined in [12].

A. Convergence

We give one realization of the single cell system with 16 cellular users and 4 potential D2D
pairs, where all of the 4 potential D2D pairs are finally admitted to reuse the links of their
cellular partners, according to the simulation result. We plot their transmit power with iteration
times in Fig. 3. The transmit power is adjusted by our proposed scheme illustrated in Section

I1l and the stopping parameter is set to be10”. One can see that the transmit power of two
kinds of users converges to equilibrium in approximately 6 iterations and the tendency of them
to converge is roughly the same. From Fig. 3 and Fig. 4, we can see that the transmit power, as
well as the rate of D2D pairs is close to each other in our proposed algorithms. Since each D2D
pair chooses an appropriate cellular partner, the mutual interference can be coordinated and a
kind of balance in terms of the channel condition is achieved. Thus, limited to a total power
budget, the whole process of resource sharing for those D2D pair guarantees fairness between
them, which contributes to an average performance for them.

0.2

—

0.18 /

0.16 —6—D2D pair 1

{ —O©—cellular user 1

0.14 —— D2D pair 2
s / —*—cellular user 2
‘q_‘)’ 0.12 —4A— D2D pair 3
H / —4A— cellular user 3
2— 0.1 —8&— D2D pair 4
£ —H&— cellular user 4
S 0.08
g A

0.06 H—

/ —s— S " N S -
0.04
0.02

0 1 2 3 4 5 6 7 8 9 10 11
Iteration times

Fig. 3. Transmit power of two kinds of users with iteration times.

2
" I\
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4
B 12 k\ . —
a — 3
r 1 7
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o 08 //
N
fa)
0.6 /
0.4 D2D pair 1
/ —%— D2D pair 2
0.2 D2D pair 3
—&— D2D pair4
0 1 2 3 4 5 6 7 8 9 10 11

Iteration times

Fig. 4. D2D pair rate with iteration times.
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To characterize the fairness of our proposed algorithms in a quantitative way, we formu-

o (X, R

late Jain’s fairness index as. 7 (R',R;,...,R!,...,Ry) = ———"—
] N R

j=1""77

sents the rate of D2D pair 5, and N is the total number of D2D pairs. The result ranges from

[18], where R repre-

L (worst case) to 1 (best case). Table. 1 illustrates the fairness performance towards the rate
n

of D2D pairs and we obtain Jain’s fairness index with iteration times. From Table. 1, we can
see that Jain’s fairness index in our proposed algorithm is very close to 1, which corresponds
to the best case. It indicates that with the proposed link allocation algorithm, together with
our appropriate mode selection and power control algorithms, the performance of each D2D
pair is balanced.

Table 1. Jain’s fairness index with iteration times

Iteration times | Jain’s fairness index | Iteration times | Jain’s fairness index
1 0.9974 6 0.9980
2 0.9986 7 0.9980
3 0.9983 8 0.9980
4 0.9979 9 0.9980
5 0.9981 10 0.9980

B. Performance with Different Numbers of Cellular Users

14

i
N

/‘//;/*/‘/‘

2 10

g B P [
"

.5 8 ‘/

o ?/

: S

s © P

& ‘/"’r

ug) 4~

8 cellular users
—¥— 16 cellular users
2 —4&— 32 cellular users
—+— 64 cellular users

128 cellular users
60 65 70 75

Total D2D SNR (dB)

Fig. 5. The sum rate of D2D pairs with total D2D SNR for different number of cellular users.
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Fig. 6. The sum rate of D2D pairs with D2D power limit for different number of cellular users.

To study the effect of total power budget, we plot Fig. 5 to display the sum rate of D2D pairs
with different total D2D SNR, which represents the total power budget normalized with white
Gaussian noise. Besides, we compare the performance for different number of cellular users
(8,16,32,64 and 128) in a single cell, where 4 D2D pairs are potential to be introduced. We can
see that all curves go up with higher total D2D SNR, since higher total D2D SNR means
higher power allocated to all D2D pairs. Thus, it can lead to higher rate. With the increasing of
the number of cellular users, the sum rate of D2D pairs also increases, which indicates that the
number of cellular users has positive impacts on the performance of D2D pairs. However, the
speed of the increasing becomes fairly slower gradually. When there are only 8 or 16 cellular
users for the 4 potential D2D pairs we set in the cell, the sum rate of these D2D pairs increases
obviously. However, when the number of cellular users is up to 32 or above, the performance
towards the sum rate is inclined to approach. Note that, for a certain number of potential D2D
pairs, if there are only a few cellular users available, there is a larger space for them to improve
their performance, and their sum rate will increase remarkably as the number of cellular users
increases. While if they already have well enough cellular users to reuse, they can achieve a
relatively high rate on the whole. Thus, the influence of increasing the number of cellular users
will be less obvious.

As Fig. 6 shows, we take D2D power limit for the research subject, which is also a crucial
parameter in D2D communication. One can see that the sum rate of D2D pairs is almost lin-
early increased by increasing the power limit of each D2D pair. And at a fixed power limit, the
D2D pairs with more cellular users to reuse perform better. Actually, with the increasing of
D2D power limit, D2D pairs will choose different cellular users to reuse and they are more
likely to obtain higher rate. As such, if there exist enough of cellular users in a cellular network
to reuse, we can certainly achieve the reuse gain of the D2D pairs.

C. Performance of Different Algorithms

As a comparison, we compare our proposed algorithms with two other algorithms,

i) Global search algorithm + PCA: It does not determine an ILA for each D2D pair and
consider fairness in the process of matching D2D pairs and corresponding cellular users. It
conducts global search when choosing a cellular user for a D2D pair. For comparison, we
incorporate our mode power control algorithm into it.
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ii) MSA + LAA + Suboptimal power control algorithm [12]: Based on waterfilling algo-
rithm, it simply exploits the maximum power for the reused cellular users. And then, suitable
power is allocated to the paired D2D pairs according to the channel state and the constraints in
(5). Our proposed mode selection algorithm and link allocation algorithm are also incorpo-
rated to compare the proposed power control algorithm with the suboptimal power control
algorithm.

We consider a cell, where 16 cellular users and 4 potential D2D pairs are distributed. Fig. 7
illustrates that our proposed algorithm can achieve higher D2D rate than suboptimal power
control strategy, while lower than global search algorithm. After determining an ILA for each
D2D pair in the first step, our proposed algorithm behaves better than global search in the
process of pairing, with regards to computational complexity. Moreover, the suboptimal power
control only optimizes the power of D2D pairs with a fixed cellular users’ power, where the
coordination of these two kinds of users is not considered. As indicated in Fig. 8, our algo-
rithm can also bring benefits for the cellular users. The average energy efficiency of cellular
users decreases as the total D2D SNR increases, since D2D pairs transmit with a higher power
which causes more serious interference to their paired cellular users. As a result, the cellular
users have to increase their transmit power to reach the QoS threshold. The simulation result
displays that, our proposed algorithm can perform better than two other algorithms. In global
search, D2D pairs are inclined to choose cellular partners which are far away from them and
also the BS, and it may generate less interference. Thus, cellular users have to use a higher
transmit power to satisfy their QoS requirement. Moreover, in the suboptimal power control
strategy, cellular users simply exploit their maximum power, contributing to relatively low
energy efficiency. Therefore, by jointly optimizing the power of D2D pairs and cellular users
while satisfying the total SNR constraint, the proposed algorithms achieve better performance.
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Fig. 7. The sum rate of D2D pairs with total D2D SNR.
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From Fig. 9, one can see that we obtain a higher sum rate of D2D pairs than suboptimal
power control when D2D power limit increases, while a slightly lower one than global search.
In Fig. 10, the performance of suboptimal power control strategy towards average energy
efficiency of cellular users is closer to the proposed algorithm. However, the performance of
global search remains the worst and still maintains at a low level, and the performance gap
remains with larger D2D power limit. Note that, when D2D power limit is small, which also
means low transmit power for D2D pairs, the transmit power of cellular users cannot be too
high to affect D2D pairs in the proposed scheme. And then cellular users will achieve a low
rate. In the suboptimal power control strategy, cellular users use a fixed power and their rate
keeps at a fairly high level. Compromising with the effect of suboptimal power control, our
proposed algorithm achieves a close performance with suboptimal power control strategy.
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Fig. 9. The sum rate of D2D pairs with D2D power limit.
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Fig. 10. Average energy efficiency of cellular users with D2D power limit.

V. Conclusion

In this paper, we studied D2D communication underlaying cellular networks in a multi-user
cell by jointly considering mode selection, link allocation and power control. We proposed a
joint mode selection, link allocation and power control optimization scheme to solve the re-
sulting non-convex problem and consider the tradeoff between the efficiency and the fairness
of the underlaying D2D communication. Finally, we provided a closed-form solution. In par-
ticular, we maximized the sum rate of D2D pairs with guaranteed QoS requirements of cellular
users and limited power resources. Moreover, to improve efficiency in the process of mode
selection, we firstly conducted admission control based on a minimum distance metric. And
we set a fairness principle to ensure that each D2D pair can share the link with a cellular
partner. Joint power control strategy was also proposed to coordinate between cellular users
and D2D pairs. Simulation results demonstrated that the proposed scheme brings substantial
performance improvements towards the sum rate of D2D pairs and also the energy efficiency
of cellular users with limited resources. Besides, our algorithms can converge to a stable
equilibrium within a fairly short time.

APPENDIX A
Proof of Proposition 1

According to the constraint (6), we can simplify it into the following
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Finally, we can obtain the distance limit as
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Then, we get Proposition 1.

APPENDIX B
Proof of Proposition 2

As defined in (10), the rate of D2D pair j is monotonically decreasing as p. increases for fixed

q;-In the first place, we have to determine the reasonable range of p. . To satisfy the constraint

k(1+u.q,)

in (5a), we can getp, > , and it is obvious that the optimal p; is obtained when

0]

p, =p,, =-———""4" Then, we substitute it into (10) and it can be further expressed as
’ a.
i
: a, ﬁzq
R;(p,; 7qj) = log,(1+ S0t ) 1)
@ J + k]elvj + k]’tlz]g@]q]

Now, the center of our investigation is how to allocate q, in (11) to finally solve the problem
in (5).
5,4,
a, + kjﬁi‘j + kj,u 0 q.

YRR

Denoteh(q;) = , and it can be easily confirmed thath'(qj) >0 and

h"(qj) < 0. We can obviously see thath(q.) is a concave function and increases with the in-

J
creasing of q; which leads to that R]‘_’ (p;,qj) is also concave and increases by increasing q;-
Until now, we have transformed the non-convex problem in (5) into a convex one by deducing
step by step.
To maximize Rf(pf,qj) in (11), it is essential to determine the feasible region oqu , since

Rf (pj, qj) expressed in (11) is monotonically increasing in q; - The power constraint in (5¢) is

. I, )
equal to qjﬁ%, therefore, we can renew the power limit of q; as
M
JLg
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Q. =min{ @ ,—"—=4. Given the total power budget, we should consider two different
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situations, i) if ZZ@_JQy_ < @, which means the total maximum power of the D2D pairs
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are within the power budget , then, we can take qj = Q].for each D2D pair to maximize
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Algorithm to solve the optimization problem, instead. And we can write the problem as

l(q,4) =1n 22 log, (1 +

N
)+ AQ-q,) withA>0. Then, we will inves-
j=1

N
tigate to find the optimal power allocation strategy with the constraintz q: =Q.

J=1

The first partial derivative of /(q, 1) with respect to 4 is given as,
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Then, the solution of problem (5) is obtained When@ = 0and it is apparent that there
q

j
will be a feasible root only when A > 0, since the first half part on the right-hand side in (12) is
always positive. Thus, we can get a quadratic equation about qj expressed as

Ai,jqj2 +B .q,+C (1)=0 , with A =k 0 (a B +ku0.) ,
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