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ABSTRACT This paper investigates the resource allocation problem in device-to-device (D2D) communica-
tions underlaying a non-orthogonal multiple access (NOMA )-based cellular network with energy harvesting,
where the energy harvesting-powered D2D communications share the downlink resources of the cellular
network. To fully exploit the high-data-rate D2D links in this system, a two-phase framework is proposed
for D2D users. In particular, the D2D users harvest energy from the base station (BS) in the first phase and
then transmit their own information using the harvested energy in the second one. Meanwhile, the D2D
communications could cause severe interference to cellular users (CUs) and hence probably ruin the SIC
decoding order of the CUs. To deal with this issue, joint power allocation and time scheduling scheme is
proposed to maximize the throughput of the D2D links while guaranteeing the quality of service (QoS)
for each CU. Through rigorous derivation, the optimal power control and time scheduling parameters are
analyzed to simplify the optimization problem formulation. The closed-form optimal solution is derived
in some cases. In other cases, a gradient-based algorithm is employed to find an appropriate sub-optimal
solution. The simulation results are demonstrated to validate the superiority of the proposed scheme over the

conventional orthogonal multiple access (OMA) scheme.

INDEX TERMS D2D, NOMA, energy harvesting, resource allocation, cellular networks.

I. INTRODUCTION

The device-to-device (D2D) communications deployed in
wireless cellular networks allow users in close proximity to
communicate directly instead of via base stations (BSs), and
have been considered as a promising way to alleviate the
upcoming traffic pressure on core networks [1]-[3]. The D2D
users can share the same spectrum resources with cellular
users (CUs) under control of the cellular network, which
can effectively improve the spectral efficiency. In general,
the overlay and underlay spectrum sharing techniques are
commonly used for D2D and cellular communication links
[4]. With the overlay spectrum sharing, D2D users can only
employ the idle spectrum that are not currently utilized by
the CUs, whereas the underlay spectrum sharing technol-
ogy allows D2D links to reuse the resource of the cellular
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links. It can further improve spectral efficiency at the cost
of resulting in the co-channel interference between the D2D
and cellular links. Therefore, it is important to investigate
the resource allocation problems in D2D communications
underlaying the cellular networks, which have been exten-
sively studied in [5]-[7]. In [5], the authors proposed a power
allocation algorithm to maximize the sum rate of D2D links,
and guarantee the performance of the cellular link at the same
time. Power allocation for both cellular and D2D links was
studied to maximize the rate of the single D2D link in [6].
In [7], the authors studied the system with multiple cellular
and D2D links.

Apart from invoking the D2D technique to improve the
system spectral efficiency, non-orthogonal multiple access
(NOMA) is also a promising technology to improve the
spectral efficiency, on the standpoint of providing power
dimension for multiple access [8], [9]. Itis considered as a key
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technology to meet the challenging requirements of the fifth
generation (5G) wireless networks. With the aid of NOMA,
multiple CUs are allowed to share the same sub-channels
via different power levels, and successive interference can-
cellation (SIC) is adopted at the receivers for decoding [10].
In [11], the authors considered a general downlink NOMA
transmission scenario in which the BS communicates with
multiple randomly deployed CUs. The power allocation tech-
niques were studied to ensure fairness among the down-
link CUs under the constraints of instantaneous and average
channel state information (CSI) in [12]. In [13], the authors
developed a novel power allocation scheme in the downlink
and uplink NOMA scenarios with two users while the strict
quality of service (QoS) was guaranteed.

Recently, several approaches have been proposed to com-
bine the D2D communications and NOMA technologies
[14]-[17]. In [14], the authors proposed a full-duplex D2D-
aided cooperative NOMA scheme to improve the system
performance of the NOMA-weaker CU. The D2D users were
grouped through the NOMA way in [15] to achieve a better
D2D rate performance using sophisticated power control.
A D2D aided cooperative relaying system with NOMA was
considered in [16], where a power allocation strategy was
introduced to achieve the maximum scaling capacity accord-
ing to the signal-to-noise ratio (SNR) conditions. The power
control and channel assignment problem for D2D commu-
nications underlaying a NOMA-based cellular network was
investigated to maximize the sum rate of D2D pairs subject
to the minimum rate requirements of the NOMA-based CUs
in [17].

It is noted that the system throughput in D2D underlaying
cellular networks is seriously limited by the battery lifetime
budget of users. Hence, in order to prolong the network
lifetime, energy harvesting from radio frequency has been
applied to D2D underlaying cellular networks [18], [19].
In [18], joint time scheduling and power control was con-
sidered for a D2D underlaying cellular network, where the
D2D transmitters were powered by energy harvested from
the uplink transmission of CUs and the signal-interference-
noise ratio (SINR) requirements of CUs were guaranteed. The
resource allocation problem in a D2D underlaying NOMA-
based cellular network was investigated in [19], where both
CUs and D2D users harvested energy from the BS in the
downlink and transmitted their information in the uplink.
Both [18] and [19] considered the communication scenarios
that the D2D pairs reused the uplink spectrum of the CUs
for the transmission. In such cases, the BS performs the SIC
decoding according to the uplink SINR of the CUs. When
the D2D users reutilize the downlink spectrum with NOMA-
enabled CUs, the SIC decoding at the receiver of each CU
becomes complicated, since the excessive co-channel inter-
ference from the D2D link may change the relative SINRO at
each CU and probably destroy the original SIC decoding
order of the CUs. How to protect the SIC decoding order
of the CUs subject to the co-channel interference should be
carefully considered.
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Motivated by the above works, we consider a joint power
control and time scheduling problem for the D2D pair under-
laying NOMA-based cellular networks with energy harvest-
ing. Our target is to maximize the throughput of the D2D
communication while the minimum rate requirements of the
CUs are strictly guaranteed. By power control and time
scheduling, the D2D users can efficiently reuse the downlink
spectrum of CUs without causing any trouble to CUs that
employ NOMA and SIC decoding techniques. In particular,
the contribution of this paper is three-fold:

« A joint power allocation and time scheduling problem is
properly formulated to maximize the throughput of the
D2D link while guaranteeing the minimum rate require-
ment for each CU.

o The corresponding resource optimization problem is
mathematically solved. First, the optimal power control
and time scheduling parameters are analyzed to simplify
the optimization problem formulation through rigorous
derivation. Second, the closed-form optimal solution is
derived in some cases. In the other cases, a sub-optimal
solution with low complexity by employing the gradient
algorithm is obtained.

o The conventional orthogonal multiple access (OMA)
scheme is provided as a benchmark. The simulation
results show that the proposed scheme outperforms the
OMA scheme.

The rest of this paper is organized as follows. In Section II,
we introduce the system model and formulate the problem
of joint power control and time scheduling. The formulated
problem is analyzed and solved to find the optimal solution in
Section III. In Section IV, the conventional OMA scheme is
described. Section V presents the simulation results and the
conclusions are drawn in Section VI.

Il. SYSTEM MODEL AND PROBLEM FORMULATION
Consider a NOMA-based cellular network with one BS com-
municating with K CUs (U;, i € K = {1, --- , K}). The CUs
are uniformly distributed in a disc with radius D, and the BS
is located in the center. There exists one pair of D2D users
that can utilize the downlink spectrum resource of the CUs.
We assume that all the users and the BS are equipped with one
single antenna. A two-phase transmission framework with
time interval of T seconds is adopted. The BS serves all the
CUs by employing the NOMA-based scheme in both two
phases, whereas the D2D transmitter (DTX) harvests energy
from the BS in the first phase and communicates with the
D2D receiver (DRX) during the second phase. The lengths
of the two phases are denoted by t, and t;, respectively. The
time intervals 7, and t; should satisfy

e+u=T. ey

In this paper, we assume that the perfect CSI is available
and constant during each framework. Define h;, hp, hg p,,
hp.p, and hp ; as the channel from the BS to the i-th CU, from
the DTX to the DRX, from the BS to the DTX, from the BS to
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the DRX, and from the DTX to the i-th CU, respectively. The
background noise is modeled as the additive white Gaussian
noise (AWGN) with zero mean and variance o2. Without loss
of generality, we assume |h{| > |hy| > --- > |hk|. Hence,
based on the principle of the SIC process, the cellular user U;
can successfully decode and remove the interference from Uj;
foranyj > i.

In the first phase, the composite transmit signal x é from the
BS can be expressed as

K
Xllg = Zw/kaBSka 2)
k=1

where sy is the transmit signal for Uy, Pp is the total transmit
power of the BS, wy is the power allocation coefficient for
Uy, and ® = [w1, -, wk] is the power allocation vector.
We assume that the BS broadcasts the signal xé with its maxi-
mum transmit power Pp to maximize the spectrum efficiency,
namely

K
o =1 3)
k=1

At the receiver side, following the principle of NOMA, each
cellular user U; can successfully decode the signal of U; (j >
i), treating the signals of Uy, Up, - - -, Uj_1 as interferences.
Accordingly, the received SINR at U; for decoding the signal
sj (j > i) is given by
wjlhil* pp

Jj-1 ’
kZ] wilhil*pp + 1

SINR; ; = ©)

where pp = i—’; is the transmit signal-to-noise ratio (SNR) at
the BS. Since |h;| > |hj| (i <)), SINRJ!,]. < SINR}’J. holds for
any j > i.

Meanwhile, the DTX harvests energy from the BS when
it transmits with power Pg. The total amount of energy har-
vested by the DTX in the first phase can be calculated as

E} = t.nPglhp.p, |, 5)

where 7 is the energy transformation efficiency.
In the second phase, the transmit signal xlzg from the BS can
be accordingly expressed as

K
xg = Z vk Ppsi, (6)
k=1

where oy is the power allocation coefficient for Uy, and

a = [ag,---,ak] is the power allocation vector. Then «
should satisfy
K
D=1, =0 Vkek. (7
k=1

At the same time, the DTX utilizes the harvested energy to
transmit information with power pp over the downlink spec-
trum. For the DTX, energy consumption should not exceed
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the harvested energy
ep§ + upp + upp < Ep, ®)

where pf, and p;) denote the constant circuit power in the
first and second phases. In practice, considering the fact that
the circuits of signal processing and transmission are more
complex than those of energy harvesting [19], we set p}, >

Pp-
The received SINR at the DRX can be calculated as
h 2
SINR}, = — LRI , )
> aklhgp, > + 1
k=1

where pp = {g is the transmit SNR at the DTX. Meanwhile,
each cellular user suffers interferences from the DTX and
other cellular users. Similarly, when SIC is adopted with the
same decoding sequence at each cellular user Uj, the received
SINR for decoding the signal s; (j > 1) is expressed as

hila;
SINR%J _ |72 ®;jpB

= (10)

Y aklhil>p + |hp,il*pp + 1
k=1

To decode the signal s; successfully, the received SINR at
U; should be no less than the received SINR at Uj; itself,
i.e., SINR?; > SINR; (j > i). From (10), we have

\hp.il*op +1 _ 1hpji*ep + 1

|hi? - IEE

Note that the inequalities in (11) can be equivalently
expressed as

lhpil*op +1 _ |hpis1op + 1
|hi? B lhiv1> 7
According to the theory of Shannon capacity, we can obtain
the achievable rates of U; in the two phases, and the achiev-
able rate of the D2D link in the second phase as

K>j>i>1. (1)

K—1>i>1. (12)

R} = log,(1 + SINR! ),
R} = logy(1 + SINR?)),
R2, = log,(1 + SINR3), (13)

where the bandwidth is normalized. Meanwhile, the mini-
mum rate requirements of the CUs should be guaranteed for
both two phases, namely
Rl >y,

] R} >y, Viek, (14)
where y; denotes the target rate of Uj.

To maximize the throughput of the D2D communication
under the constraint of the QoS for each CU, we can formulate

a resource allocation problem as follows

max Up = rtRzD, (15a)
Te, Tr, 0L, @, 0D
s.t. (1), (3), (7), (8), (12), (14). (15b)

Problem (15) is a non-convex optimization problem, since its
objective and constraints are both non-convex functions of the
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variables. To make it tractable, we then analyze the optimal
solution to (15), and reformulate a simplified optimization
problem just with variables pp and t; in the next section.

Ill. ANALYTICAL FRAMEWORK

In this section, we first discuss the relationship among the
variables so as to simplify the constraints of (15). Then,
the original optimization problem (15) can be reformulated
as an optimization problem just with pp and t; being the
variables. Finally, the optimal solution can be obtained in two
different scenarios according to the feasible values of ;.

A. PROBLEM REFORMULATION
First, from (4) and (10), we can see that R} > Rl? for w = «a.

Therefore, if a* satisfies Ri2 > y; foralli € K, we can set
K

o] =1 —kzza);f,a); =ay, -

that @* naturally satisfies R} > y; for all i € K. Hence,

the constraint (14) can be recast as

, W§ = af, which means

R} >y, Viek. (16)

Accordingly, the problem (15) can be equivalently written as

; rrnz&xp Up = ‘L'tRlz), (17a)
s.t. (1), (7), (8), (12), (16). (17b)

Next, we analyze the optimal solution to (17), and refor-
mulate a simplified problem just with variables pp and ;.

Theorem 1: The optimal solution of problem (17) can be
obtained when the equalities in constraints (1) and (16) hold,
namely

4+ =T, (18)
R¥™ =y, Viek. (19)
Proof: See Appendix A. ]

From (19), the optimal power allocation vector & can be
obtained by the following theorem.
Theorem 2: The optimal a* can be derived as

1 ([ izt
! |: [T (a+ ¢z)i| ¢i¢j(5jpf)+9j)} +i(Sipp, + 0i)
. =1 | L=

o = ,

! PB
(20)

where ¢; =2V — 1,6; = ¥ 0; =

T | ,Vi € K. Note that

™

1
{|: Hl(l +¢t):| ¢z¢](81pD+9)} &5 Oforl =1, and
1 t=j+

J

]_[ A4+¢)=1forj+1>i—1.
t=j+1
Proof: See Appendix B. ]

Theorem 2 represents the relationship between the optimal
oz;k and ,02",. Then, from Theorem 2 and its proof, we can ana-
lyze the feasible region of variable pp. By substituting (20),
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™M=

K

K [|: I1 (1+¢t)]¢j(5jPD+9j)}

we define H(pp) = Y o = ST o8 =
i=1

T=

K
I1 1+¢t)]¢j5j]

7 ,and B =

App + B, where A = H

ZH: [1 (1+¢t)]¢10/}
= . Due to the fact that ¢; > 0, 8; > 0, 6; >
0,Vi € IC we can easily conclude that A >0,B>0,and
H(pp) increases linearly with pp.

Remark 1: From the inequality (7), we have App+B < 1,
and equivalently

1—B
0<pp<—. 21

A
Recall that Eq. (12) can be expressed as

6 —8i+1)pp <6ix1—6;, 1<i<K-1. = (22)

This inequality (22) naturally holds if §; < §;41. Otherwise,
the power variable pp satisfies 0 < pp < g‘“a +91 .

Combing (21) and (22), we can further obtain

. 1-B Oiy1 — 6
0 < pp < min{——, min
A ]EZ d; —3j+1

[

(23)

where Z = {i|§; > 61,1 <i <K — 1}
Furthermore, we discuss the relationship between the vari-
ables 7; and pp. By substituting (18) into (8), we have

0<tupp<D-Cr, (24)
where pp, = 2, pD ';2, C = ply — p§ + noslhs,p,|*, and

D :_Tan|hB,Dt_| — Tp}. As p}, > p§, we can conclude
that C > 0, and D — Ct; decreases with ;.

Based on the above analysis, the resource optimization
problem (17) is reduced to the following one

2
max Up = 7, logy(1 + Imol"pp. pD_) (252)
7. PD Epp +
s.t. (23), (24), (25b)

where E = AlhB,D,_|2pB, and F = B|hB,Dr|2pB + 1. In this
problem (25), the variables pp and t; are still deeply coupled.
In the sequel, we discuss the optimal solution by dividing the
feasible region of 7, into two sub-intervals.

B. THE OPTIMAL SOLUTION TO PROBLEM (25)

First, the feasible conditions of problem (25) are provided.
Theorem 3: The optimization problem (25) is feasible if

and only if B < 1 and 77,OB|hB,D,|2 > pp.

Proof: From Eq. (21), we have lsz > 0, and equiva-
lently B < 1. Meanwhile, from Eq. (24), we can conclude that
D — Ct; > 0should be strictly guaranteed. Hence, we should
set D > 0, namely npglhs.p, |2 > Ph- [ |

Next, the range of t; is divided into two intervals to sim-
plify the constraint (25b). Combing (23) and (24), if D —
Ct, > PppP T, namely 0 < 7, < ﬁ,

(25b) can be reduced as 0 < pp < pm”x.DOtherwise, if 0 <
D

the constraint
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D

D —Ct < pp™1, namely < 1, < %, the constraint

D
C-‘r max —

O

(25b) becomes 0 < pp < TCT’ Hence, the optimal solution
of (25) can be achieved in the following two cases:

1) CASE1 (0 = 1t < &)

For this case, the constraint (25b) can be simplified as

D
0<pp<pi™ 0<7<—=—"—!. 26
PD = Pp SHSE e (26)

Referring to (25a), we can obtain that Up increases with
both pp and t;. Therefore, the optimal solution of (25)

: : * _ max ok o _ D
can be easily achieved as Pp1 = PpLT = T
The corresponding throughput of the D2D communication is
| D‘ pD 1
UD1 =1 ¥ logy (1 + En +F)

Ao

2) CASEIl (5o <1t < $)
. pd .
For this case, the constraint (25b) can be reduced as
D — Cft D
0<pp= ) =7 =
-L—t C + Iomax

27)

o &

As Up increases with pp, we set the optimal pj; , as D;—ICT’.
Then the optimization problem (25) can be rewritten as

max Up(t;) = logz(m), (28a)
T myt; + no
D D
St ————— <7, < —. (28b)
C+pinax C
where m; = F — CE — C|hp|*, ny = DE + D|hp|*, my =

F — CE,and np = DE.

It is still difficult to obtain the closed-form optimal solution
to (28) because the property of function Up(t;) depends on
the parameters (m1, my, n1 and ny). In some cases as presented
in the following theorems, the objective function Up(t;) is
either a concave one or monotone. Thus, the optimal solution
of problem (28) can be easily found.

Theorem 4: If the parameters my, mp, n| and ny satisfy
one of the following two constraints, the function Up(t;) is
concave and the problem (28) becomes a convex optimization
problem, whose optimal solution can be obtained by using
mature algorithms: i) miny +mpny > 0; ii) myny +mpn; < 0
and 2mmdmn) 4 oy 0, > 0,

Proof: See Appendix C. ]

Theorem 5: Assuming that i)F — CE < 0 ii) the circuit
power consumption is small enough compared to the transmit
power consumption, namely pj, = pj, = 0, we can derive
that Up(t;) in Eq. (28a) increases with t;, and the optimal
solution is tt )= %

Proof: See Appendix D. [ |

For the general cases, as the derivation of Up(t;) with
respect to T, exists, we can always find a sub-optimal
solution by employing the gradient method [21], as shown
in Algorithm 1. In this algorithm, € is an accuracy con-
trol parameter, A is the step size, G = VUpkx) =

61446

m [ln(ﬁ; iiﬁ;) +x (m1 T X_le )] Note that if there

exists at most one saddle pomt for Up(t;) in the interval

[ﬁ, C] the solution 7, obtained from the Algorithm I

is 1n(§)eed the optimal solution of the problem (28). Corre-
D—Crt*

spondingly, pp, = 2 and Up, = t)zlogz(l +

IhpI> o} 5 )
Epp,+F
In summary, the optimal solution of (25) can be achieved as
*k * 3 *k * *k * k *
(op,1-Te1)- A Up 1 (op 1 T ) Z Up o(Pp 5:Tr70)
(,ol*)’z, r;fz), otherwise

t,2

(0T =

Algorithm 1 Searching for the Optimal Time Scheduling
Parameter t,*

Input:
{hi,hp,i»vi,i=1,---
1, Pps Pps A, €
Output:
75
1: Initialization:t/ = z + = te, T =
2: Calculate m;, ma, ny, and no;
3: while |7, — 7| > € do
4 Set r,p =1
5:  Calculate 7, = 77 + A % G;
6.
7
8
9

K}, hp, hg.p,, hg.p,, T, Pp, 02,

D .
C+ppe>

. D
if t; > b then

o

Set 1, = %;
end if

D
< —C+p;)"‘” _then

10: Set 7, =
11:  endif

12: end while
13: return ¢ = 745

a

if T

_Db .
C+pp™”’

IV. THE OMA SCHEME

In this section, the conventional OMA scheme is investigated.
For comparison, we adopt the orthogonal frequency division
multiple access (OFDMA) system as the benchmark. As to
the OFDMA scheme, a two-phase transmission framework is
also introduced. The process for the first phase is same with
that in the NOMA-based scheme, while for the second phase,
the total bandwidth is equally divided into K units and each
CU is only allowed to access single unit. Then the energy
consumption constraint of the DTX can be expressed as

(T — t0p% + 1% + TPy < (T — T/ mPplhpp,I*.  (29)

Furthermore, the SINR at the U; and DRX during the second
phase can be respectively calculated as

0112 2 0
i h
$ SINR?, .= Ihol”p :
Ihp,il*pp +1° T X

- a))lhg.p,1?pp + 1
=
(30)

SINR? =
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where af should satisfy

K
Yoy <la)=0Viek. (31)
i=1
Correspondingly, the transmission rate of U; during the sec-
ond phase should be guaranteed, namely

1
R} = = log(1 + SINR?) > ;. (32)

To maximize the achievable throughput of the DTX,
the resource allocation problem can be formulated as

max Up = 'R ., (33a)
a?,p}, 7 ’
s.t. (29), 31), (32). (33b)

Similarly, by holding the equalities in the constraint (32),
the problem (33) can be equally recast as

h 2 0
max Up = t/loga(1 + ﬂ), (34a)
T[oypg E()pg +F0

0<1t’p)<D-Ct., (34b)

0<pf < B 34
=pPp = Tk (34c¢)

K K
p _ 2¢?5i _ .21455’9,' _

0 _ i o __ i= o __ i= o __
where ¢;° = 2%V 1, A = =5 , B = =5 ,E? =

A°|hp pr*pp, and FO = B°|hg p,|* pp + 1.

The problem (34) is similar to the problem (25), and the
optimal solution of (34) can be achieved by applying the same
algorithm analyzed in the NOMA-based scheme.

V. NUMERICAL RESULTS

In this section, numerical results are presented to evaluate the
performance of our proposed NOMA-based scheme. The cell
is a 100mx 100m disc with BS being located in the center. The
maximum distance between the D2D transmitter and receiver
is 10m. Meanwhile, the channel is modeled as h = gd™ 2,
where g is the Rayleigh fading channel coefficient, d is the
distance, and B is the path loss exponent. We assume that
g follows complex normal distribution with zero mean and
unit variance, namely g ~ CAN/(0, 1). The detailed system
parameters setting are presented in Table 1. Note that all

TABLE 1. Simulation parameters.

Parameter Value
D(radius of the disc) 100 m
K (number of cellular users) 4
B(path loss exponent) 2
pp (circuit power consumption for the energy-harvesting) 5mW
ptD(circuit power consumption for the transmitting) 10 mW
o2 (noise power) 2x107° W
Pp(BS’s transmit power) 2 W
n(energy transformation efficiency) 0.9
T'(time of one frame) 10 s
Yi = Yith, Vi € K(rate requirement of CUs) 0.1 bps/Hz
€e(accuracy control parameter) 10~7
A(step size) Backtracking line search
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—_— NOMA,yth =0.1 bps/Hz
9t —e—NOMA,yth=0.3 bps/Hz —T1
—t— OFDMA,“{‘h = 0.1 bps/Hz
8 —0— OFDMAy, =0.3 bps/Hz
N 7 7
z
3 4
5 e
o 6 1
kT T T
s .- -7
4
-G - === —0— T
— -
3 . .
50 55 60 65 70

The TSNR at the BS Pg (dB)

FIGURE 1. The relationship between Up and ppg.

the numerical results are acquired by averaging over 10°
realizations.

Fig. 1 investigates the relationship between the DTX’s
throughput Up and the transmit SNR (TSNR) pp. The obser-
vations are threefold. First, the throughputs Up of both
the NOMA and OFDMA schemes increases with pp and
decreases with y;;,, which can be easily explained as follows.
From (23) and (24), a larger pp and smaller y;, expand
the feasible range of the variable pp, and thus leading to
a higher throughput Up. Second, the throughput Up of the
NOMA-based scheme is larger than that of the OFDMA
scheme, which demonstrates the superiority of our proposed
NOMA-based scheme over the traditional OMA scheme. The
reason lies on that all the CUs and the D2D pair can share
the entire spectrum resource for the NOMA-based scheme,
which greatly improves the spectrum efficiency. Particularly,
when pp = 70 dB and yy; = 0.1 bps/Hz, our proposed
NOMA-based scheme can achieve 50% throughput gain over
the OFDMA scheme. Third, the throughput gap between the
NOMA and OFDMA schemes increases with pp. This means
that the advantage of our proposed NOMA-based scheme is
more obvious when the SNR pp becomes larger.

Fig. 2 presents the curves of the throughput Up vs yy,.
Similar to Fig. 1, the D2D throughput decreases with the
SNR threshold yy;, since the D2D transmit power should be
lowered to reduce interference to the CUs in this case. Again,
thanks to the advantage of NOMA, our proposed scheme
can achieve 20% throughput gain over the OFDMA scheme
especially when pg = 70 dB and yy, = 0.6 bps/Hz.

Fig. 3 illustrates how the D2D throughput Up changes with
the number of CUs that share the same spectrum simultane-
ously. The throughputs of the two schemes both decrease with
K, since the feasible region of the SNR at the D2D transmitter
op becomes narrower when the number of CUs K increases.
Furthermore, our proposed scheme outperforms the OFDMA
scheme for K < 5, and is inferior to the OFDMA scheme
for K > 5. The reason lies on that the scenario with large
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K is typically interference-limited while that with small K
is bandwidth-limited. Thus, the OFDMA scheme achieves
better performance due to the proper interference cancellation
among the cellular users under the large K, and the NOMA-
based scheme shows advantages under the small K due to
the fact that all cellular users can share the entire spectrum
resource.

Fig. 4 analyzes the relationship between the throughput
Up and B. It is easy to find that the throughputs of both
two schemes decrease with 8. As B gets large, the path
loss becomes severe, leading to a small Up. Meanwhile, our
proposed NOMA-based scheme shows great advantages over
the OFDMA scheme. In particular, when pp = 70 dB and
B = 2, the throughput of the NOMA-based scheme is almost
10 percentage higher than that of the OFDMA scheme.

Fig. 5 shows the relationship between the throughput Up
and D. A surprising observation is that the throughput of
the NOMA-based scheme increases with D while that of the
OFDMA scheme decreases with D, which can be explained
as follows. The performance loss of large D results from the
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increasing path loss, and the performance gain of large D
benefits from the interference decrement between the DTX
and the CUs, and between the BS and the DRX. The interfer-
ence decrement is dominated for the NOMA-based scheme
while the path loss is dominated for the OFDMA scheme.
Meanwhile, we can conclude that the NOMA-based scheme
shows great advantages over the OFDMA scheme for D >
40 m. Particularly, when D = 100 m and pgp = 70 dB,
the throughput of the NOMA-based scheme is nearly 10 per-
centage larger than that of the OFDMA scheme.

VI. CONCLUSION

In this paper, we have studied the resource optimization prob-
lem of a D2D underlaying NOMA-based cellular network
with energy harvesting. The throughput of the D2D com-
munication is maximized while the minimum rate require-
ment of each cellular user is guaranteed. We derived the
optimal conditions for power control of cellular users and
time allocation of energy harvesting, and achieved the opti-
mal solution by solving the simplified optimization problem
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under some cases. Otherwise, a suboptimal power control
and time scheduling solution is found using a gradient-
based algorithm. Simulation results show that our proposed
NOMA-based scheme yields larger throughput than the cor-
responding OFDMA scheme.

APPENDIX A
PROOF OF THEOREM 1
First, the optimal solution of (17) satisfies t + ¢/ = T,
which can be demonstrated by the contradiction method. Here
we assume that 7 + 7/ < T, and constraints (7), (8),
(12), (16) are all guaranteed. Then we can construct a new
solution (%,,7;,&,pp) as T, = T*TE;*, T = T*Ti*, a = a*,
e t e 1
and pp = pj. Therefore, it is easy to see R%(&,ﬁp) =
RZD(OL*, pp). From (17a), as T, > 7,*, we can easily conclude
that Up(%, 71, @, pp) > Up(t}, 1, a*, p}), which contra-
dicts our assumption.

Second, we show that the optimal solution of problem (17)
satisfies (19). In the similar way, we assume that for the
optimal solution (z,,7*,e* p})), constraints (1), (7), (8), (12)
are all satisfied, and there exists at least one inequality in
(16). Without loss of generality, we set R% (e*, p}y) > ¥k, and
Riz(a*, Pp) = Vi, i € K\{k}. Correspondingly, we construct a
new solution (%, %;,&,pp) as Tp = 1., T; = T, pp = p},, and

(2?1«—1)(%21 &lhil? op-+1hp k1 pp+1)
& = of Vi € K\{k}, & = S
Note that R,%(Ec, Pp) = Y. Itis easy to find that @; < o, and
thus Rl.z(&, Pp) > Riz(oe*, pp), Vi € K. Therefore, the solu-
tion (7,,7;,a,pp) satisfies all the constraints. Similarly, since
o < oz;f, we can conclude from Eq. (9) that R%)(&, Pp) >
Rp(e*, p}y), and Up(Te, 71, @, pp) > Up(t}, 7', a*, pp),
which contradicts our assumption that (t°,7;",a*,p})) is the
optimal solution.

The Theorem 1 is completely proved.

APPENDIX B
PROOF OF THEOREM 2
The constraint (19) can be further simplified as

PBY;

= =¢i. Viek, (35)
> pBaj + 8ipp + 6;

J=1

i—1
» il 1 |
where ¢i =2V — 1, (Si = |hi|12 s 91' = ek and Z PBYj = 0
j=1

fori — 1 < j. Then oy can be easily obtained as

¢1(810p + 61)
= ——"——".
PB

(36)

Asto Uj, i € K\{1}, a; can be given by

i—1
(D" ajpp + Sipp + 6)
=
o = ! s
PB

iek\1}. (37
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i
Then, we define S; = ) ajpp. A recursive expression of S;
J=1
can be obtained from (37)

Si = Si—1 + aipp = Si—1 + ¢i(Si—1 + ipp + 6))
= 1+ ¢)Si—1 + ¢i(ipp + )

[Ja+e|s

Jj=2

+ 31 TT a+60 | 6600 +6)

j=2 1=j+1
=Y | [Ta+¢)|dGoo+6pp. 38
j=1 1=j+1

where _the last equality comes from that S; = ¢1(810p + 61),

1
and [] (1 +¢;) =1forj+ 1 > i. Therefore, o; = %
t=j+1
(i = 2) can be calculated as

it [ i=1
> { [ I1 (1+¢t):| ¢i$;(8;pp + 9j)} +¢i(8ipp+06;)
=1 || =11
o= ,

OB
(39

i—1
wherei>2and [] (1+¢;)=1forj+1>i—1.
1=j+1
Referring to (36) and (39), the optimal a* can be repre-
sented by (20), and Theorem 2 is completely proved.

APPENDIX C

PROOF OF THEOREM 4

The second derivative of Up(t;) with respect to 7; can be
calculated as

(miny — mony)[(myny + mony)7; + 2n1ny]

VZiUp(t,) =
p(@) (m1t + n1)>(mat, + n2)?

(40)

By substituting m1, ny, my, ny, the expression myny —mpn
can be further derived as mny; — man| = —L_)F|hD|2. Since
D > 0,F > 0,and |hp|> > 0, we can obtain that mny —
mon; < 0.

The concavity of Up(t;) can be analyzed as follows. First,
if minp + myn; > 0,asn; > 0,np > O0Oand 7; > O,
the expression (miny + mpni)t; + 2n1ny is greater than
zero, and v? Up(t;) < 0. Second, if mny + mon; < 0,

S == < T; < D we can find that V2 Up(t;) < 0 for any
C+pl} c

7, when w +2n1ny > 0.

In summary, if mj, mp, n; and ny satisfy one of the
following two constraints, the function Up(t;) is concave:
i) myny +mon; > 0;1il) mynay+mon; < 0and w +
2niny > 0.
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APPENDIX D

PROOF OF THEOREM 5

When pf, = pj) = 0, we can obtain that m; = F — é‘(l_z +
\hp|?), ni = D(E + |hp|?), my = F — CE, and np, = DE.
Note that ny > 0, and np > 0.

Define 51 = ;’T'], s = ;%, and 7 = ;"Tl.AsI:" —CE <0,
we have m; < my < 0. Meanwhile, we can find that nym, —
nymy = DF|hp|> > 0. Correspondingly, the following
inequalities can be derived as

z>1, s1<s <0. 41
Then V., Up(t;) can be calculated as
Vi, Up(t:)
1 T + 51 Inz
In2 " |:Tt n(ztt + 52 :| In2
1 S1 52
— I _ —11 _
+ln2 [ H(Tt+sl) 'L't+S] ] [ H(T[+52) Tt+S2]
L
(42)
Define O(s) = In(t + s) — r—fH s < 0. Deriving Q(s) with
respect to s, we can see that
s
VSQ(S) = m < 0, s < 0. (43)

Hence, Q(s) decreases with s for s < 0. Correspondingly,
Ly > 0and Inz > 0. We can conclude that V;, Up(t;) > 0,
and Up(t;) increases with t;. Therefore, the optimal solution

D-Crt*
e r¥ __ D * 2 _
of (28) is T, =5 and Pho = =
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