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Abstract—In this paper, we study the problem of energy-
efficient resource allocation in multiuser two-way amplify-and-
forward (AF) relay networks with the aim of maximizing the
energy efficiency (EE) while ensuring the quality-of-service (QoS)
requirements and balancing the EE of the user links. We
formulate an EE-balancing optimization problem that maximizes
the ratio of the spectral efficiency (SE) over the total power dissi-
pation subject to QoS and a limited transmit power constraints.
The problem which maximizes the EE by jointly optimizing the
subcarrier pairing, power allocation, and subcarrier allocation,
turns out to be a non-convex fractional mixed-integer nonlinear
programming problem which has an intractable complexity in
general. We apply a concave lower bound on the achievable
sum rate and a series of convex transformations to make the
problem convex one and propose an iterative algorithm for
iteratively tightening the lower bound and finding the optimal
solution through dual decomposition approach. Additionally, a
low-complexity suboptimal algorithm is investigated. We then
characterize the impact of various network parameters on the
attainable EE and SE of the network employing both EE
maximization and SE maximization algorithms when the network
is designed from the energy-efficient perspective. Simulation
results demonstrate the effectiveness of the proposed algorithms.

Index Terms—Resource allocation, quality-of-service, energy
efficiency, multiuser, multicarrier, two-way, amplify-and-forward,
relay network, non-convex optimization.

I. INTRODUCTION

Cooperative communication is a promising way to enhance
the reliability, coverage and network performance of wireless
communications [1]. Various relaying schemes have been
proposed for cooperative communications, like amplify-and-
forward (AF) and decode-and-forward (DF), of which the AF
scheme is more prominently deployed due to its lower imple-
mentation complexity. Moreover, two-way relaying has been
widely investigated to overcome the drawbacks of half-duplex
relaying and to utilize the spectrum resources more efficiently
[2]-[5]. Additionally, multicarrier multiple access techniques
that allow multiple users to share the same spectrum and avoid
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severe interference from the other users, when combined with
the relay transmission, can significantly improve the system’s
performance, due to their flexibility in resource allocation and
their ability to exploit multiuser diversity, respectively.

A multi-pair two-way relay network where multiple user-
pairs exchange messages using shared relay(s), has extensive
applications in sensor networks, medical electronics, multime-
dia teleconferencing, smart homes and wearable computations
etc., where information exchange between devices is often
required. The multi-pair two-way relay networks, which is a
special class of multi-way relay networks (MWRNs), where
each user exchanges message only with its pre-defined partner,
can be generalized to incorporate multiple users in the form of
MWRNS, in which multiple users can exchange information
with the help of a single relay terminal [6], [7]. In this paper,
we focus multi-pair two-way AF relay network.

The unprecedented increase of mobile devices and escalat-
ing data rate requirements have contributed to the sharp growth
of energy consumption and greenhouse emission. It is reported
in [8], [9] that 2% to 10% of the global energy consumption
and 2% of the greenhouse gas are generated by information
and communication technologies (ICT) and, further predict-
ing that 14% of the worldwide electrical energy will be
consumed by the sector of ICT in 2020 [10]. Hence, more
recently, research focus has shifted towards designing energy-
efficient devices that not only maximize the network’s spectral
efficiency (SE) but also minimize the power consumption
of the network. Furthermore, the efficient power utilization
enables us to reduce carbon footprint and offers a green
solution. Thus, resource allocation in a multiuser relay network
that maximizes the SE while utilizing the minimum power
and simultaneously maintaining the desired QoS becomes a
challenging issue in cooperative communications [5].

Recently, a flourish of works on resource allocation in
orthogonal frequency division multiplexing (OFDM)-based
cooperative relay networks has been investigated in [11]-[14]
from the perspective of SE maximization. In [11], the authors
investigated resource allocation policies for SE maximization
in multiuser two-way AF relay networks only for high signal-
to-noise power ratio (SNR) regime, whereas power allocation
strategies with subcarrier pairing were proposed in [12] for DF
and AF multi-relay networks. The work in [13] was from sum
rate maximization for a single user pair one-way relay network
through the subcarrier pairing and power allocation subject
to a sum-power constraint. In [14], the joint optimization of
power allocation, subcarrier assignment, and relay selection



for enhancing the end-to-end transmission rate of a single user
pair subject to individual or total power constraints was main
objective.

However, the SE maximization problems do not directly
provide the energy efficiency (EE) maximization solution.
From EE maximization perspective, there are only a few works
that have considered the EE maximization as a key metric
for designing the optimal resource allocation policies [15]-
[23]. In [15], a joint power control and antenna beamforming
algorithm was proposed to maximize the EE in very large
multiuser MIMO systems. The trade-off between the EE and
SE was studied for multiuser MIMO systems in [16], whereas
energy-efficient power optimization schemes were investigated
in [18] for interference-limited communications. However, the
relaying was not considered in [15]-[18]. In [19], the joint
optimization of the relay transmit power, user selection, and
the number of transmit antennas in a multi-pair two-hop
amplify-and-forward (AF) relay system were studied from
the EE perspective, while the authors in [20] designed the
beamforming vectors of the source and the relay to maximize
the network lifetime. The authors in [19]-[21] considered only
a single-carrier system model and optimized transmit power
from the EE point of view. A pricing-based power allocation
schemes for multiuser multicarrier AF relay networks were
investigated in [22]. However, [22] only optimized power
allocation without considering the subcarrier pairing and allo-
cation in the network. Therefore, there is a need to revisit the
design of the existing multiuser multicarrier AF relay networks
and further investigate a unified resource allocation policies
considering subcarrier permutation, subcarrier allocation, and
power optimization all together in order to maximize the EE
of the network.

In light of the above discussion, in this paper, we in-
vestigate the joint subcarrier pairing, subcarrier allocation
and power allocation algorithms for multiuser multicarrier
two-way AF relay networks for improving the EE under a
total transmit power, individual QoS, subcarrier pairing and
allocation constraints, while balancing the EE of the two-
way links. The considered network consists of multiple user
pairs and a single relay node. All the users and the relay
node are equipped with single antenna and each user pair
communicates with each other through an intermediate relay
node. Further, the relay node operates in AF manner with two-
stage transmission protocol. The distinctive contributions of
this paper are highlighted as follows:

e We formulate an EE maximization (EEM) problem in
context of a multiuser AF relay networks subject to a
limited total transmit power, minimum QoS requirement,
subcarrier pairing and allocation constraints. In contrast
to [11]-[14], [22], the main focus is to maximize EE
through optimizing the power allocation, subcarrier per-
mutation, and subcarrier allocations within a network
context. It is evident that the original problem is a non-
convex fractional mixed-integer nonlinear programming
(MINLP) [29], which is NP-hard to solve.

e To make the problem tractable, a successive convex
approximation (SCA) method, a variable transformation,
and a relaxation of the integer variables is applied. Next,

it is proven that the relaxed problem is quasi-concave on
the subcarrier pairing, subcarrier allocation, and power
allocation variables. Consequently, by employing the
fractional programming and dual decomposition meth-
ods, the optimal solution is obtained.

e Besides, a suboptimal EE resource allocation algorithm
is investigated to strike a balance between the complex-
ity and optimality as also demonstrated by the simulation
results.

The rest of this paper is organized as follows. Section II
describes the system model. The EE maximization problem
subject to a total transmit power, minimum QoS requirement,
subcarrier pairing and allocation constraints is formulated in
Section III, followed by stepwise procedure of transforming
the non-convex fractional MINLP problem into a convex one.
An iterative EE resource allocation algorithm is investigated in
Section IV. The suboptimal algorithm is presented in Section
V and the complexity of proposed and the standard algorithms
are analyzed in Section VI. Section VII presents simulation
results and the paper concludes with Section VIII.

II. SYSTEM MODEL

We consider a relay interference network where an AF
relay assists the two-way communication between K user
pairs formed by odd users denoted by 2k — 1 and even
users represented by 2k, for k € {1,2,..., K}, wherein each
transmission hop has Ng. subcarriers for signal transmission
as illustrated in Fig. 1. All the nodes in the network are
assumed to have a single antenna. For simplicity, the transmit
and receive users are assumed to be well separated so that the
direct links between them can be ignored. We further consider
that all the links experience slow and frequency-flat fading
and the relay node has perfect channel state information (CSI)
knowledge. The relay operates in a half-duplex mode with two
transmission phases [1]. In the multiple access (MA) phase,
all 2K users simultaneously transmit signals to the relay node,
while during the broadcast (BC) phase, the relay node forwards
the amplified signal to the users; meanwhile, the users keep
silent. Moreover, the (2k — 1) and (2k)"" users transmit
signals on the u*" subcarrier in the MA phase whereas in the
BC phase the relay node forwards the am}gliﬁed signal on the
v'™" subcarrier to the (2k)"" and (2k — 1)"" users, respectively.

Define hg“) as the channel coefficient from the i*" user
to the relay node on the u'* subcarrier, for i = 1,...,2K,
u =1,..., Ng. The received signal at the relay node on the
u?" subcarrier can be expressed as

2K
v =D n VRS ) ()
i=1
where s!") is the i*" user’s signal transmitted on the u!" sub-
2
carrier with unit transmission power, i.e. [E sg”) ] =1 and

2
n%) ~ N (O,ag) ) is the complex additive white Gaussian
noise (AWGN) at the relay node on the ut™ subcarrier. The
transmit power level of the i*" user on the u*" subcarrier is
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Fig. 1. A relay-assisted multiuser two-way relay network with K user pairs.

denoted by Pi(u), fori=1,...,2K. The relay node amplifies

the received signal yg) with the normalizing factor expressed

as
=y roi). @

where WI(%U) denotes the transmit power of the relay node on
the v subcarrier, for v =1, ..., Ny..

The signal transmitted by the relay node on the v*"
rier can be given by

2K
2 — a(v)yg) — o™ th@ /Pi(U)Sz(’U) + a(”)ng), 3)
i=1

Finally, the received signal at the (2k— 1) and (2k)"
users after removing self-interference from the received signals
using the well-known analogue network coding method [24],
can respectively be given as

2K P u)
i=1

Ol

subcar-

©)  _ ) [P p

Yor—1 2k—1"2k S2k
Desired Signal
2K
+ Z U)\/ h(U)h 2k—15 z
i=1,i#2k—1,2k
Interference
) ) o) @
Noise
(v) _ (u) () (u)  (u)
Yo, =al PoyZhoy hoy_1 55,

Desired Signal

2K
b R
Interference

i=1,i#2k—1,2k
+ a@pDn( 4l (5)

Noise

where n'?) | and n{?

the (2k — 1) and (2k)™"

(v)? (v)*
variances 05, , and oy,  , respectively.

are zero-mean Gaussian noises at

th

users on the v'" subcarrier with

The total power consumption in the network consists of
two terms namely: transmit power and static power, which
has remarkable impact on system’s SE. Hence, it is important
to take both the transmit and static power into consideration
[17], [25]. The transmitter’s signal processing power and the
receiver’s processing power are collectively referred as the
circuit power which is not related to the sum rate when the
users transmit or receive information and is regarded as static
value here, while the transmit power is exclusively used for
data transmission in order to attain reliable communications. In
general, the transmit power behaves dynamically with respect
to the instantaneous channel gains, but the circuit/processing
power usually remains static, irrespective of the channel con-
ditions. Therefore, the overall required power (in Watts) for
the two-way relay networks is assumed to be governed by a
constant term that covers the static power dissipation of the
nodes and other two terms that vary with the transmit powers
PZ-(") and Wl(%v), which can be modelled as

2K Ns.
P=>%pP" +ZW Y+ (2K +1)P, [Waus],
Zlet Static Power, EXel
Dynamic Power< P, 0
(6)

where P4, is the maximum available transmit power budget
of the two-way relay network and P, denotes the circuit power
of each user or relay node.

Let Ay, € {0,1} denotes the subcarrier pairing binary
variable signifying that A, , = 1 if the u'® subcarrier in
the MA phase is paired with the v'" subcarrier in the BC
phase, while A, , = 0 otherwise. We further define a binary
variable €y, () € {0,1} for the subcarrier allocation such
that Qy () = 1 if the k' user pair is operating on the
(u,v)th subcarrier pair, while € (,,,y = 0 otherwise. Thus,
the power dissipated after subcarrier pairing and allocation is
given as

Pr =
K Nsc Nse

DD M (P2(;:)—1 + Py + Wé”)) +C, (D

k=1u=1v=1

Dynamic Power< Py, 2

III. PROBLEM FORMULATION

In this section, we formulate the optimization problem.
Using (4) and (5), the average signal-to-interference plus noise
ratio (SINR) at the (2k — 1) and (2k)"" users on the (u, v)"
subcarrier can respectively be written in (8) and (9), as shown
on the top of the next page. By substituting (2) into (8) and
(9), the SINR, Té:f)l and Tgfg’v), can be explicitly expanded
as in (10) and (11) shown on the top of the next page.

A. Channel capacity and EE

From (10) and (11), the minimum achievable sum rate for
the (2k — 1) — 2k and 2k — (2k — 1) links on the (u,v)*"
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2k—1 2K 2 2 2 ;
S W R O[T P ol (2 ] o)
i=1,i#2k—1,2k
(u,v) W(U)PQ(;: 1 }h 2k 1‘
T, = i 5 - > an
Wi B R+ w2 ()] o + o (52 P [ + o)
i=1,i#2k—1,2k
subcarrier pair with unit bandwidth is given by [26] 25
(uw) _ 1 (u,v) : 2or
Ry = 5log2 (1 + T%’_l) , [bits/s/Hz]; (12) sl
(u,v) 1 (u,v) . 101 log(1+9)

Ry = ilog2 (1+7Y50"), [bits/s/Hz], (13) 0'5 ) ]
where the factor of 1/2 accounts for the fact that transmission g oof - N log(®)+y 1
completes in two hops. In the first step of transforming -05F x=6,/(1+6) 1
the non-convex achievable sum rates in (12) and (13), we —10f y =log(1+6,) —x log(8,)) ,
introduce the following theorem for the lower bound on the st c _ ]

K . R OF ase for 6 =2
logarithmic function log (1 + 6): ook 0 |
Theorem 1: The logarithmic function log(1 + 6) has the e

following lower bound

log(1+0) > xzlog(0) + v, Ve >0; (14)
where * > 0 and y are the coefficients that need to be
determined, and it is assumed that the bound is tight at 6 = 6,

then

to
= (15)

Proof: The proof of Theorem 1 is similar to the proof in
[22, Appendix A]. [ ]
Remark 1: Using Theorem 1, we can find the lower bound of
the achievable sum rate R;Z v)l and R )k, (u,v), defined
in (12) and (13). These lower bound appr0x1mati0ns will
be used for designing the energy-efficient resource allocation
algorithms.

The tightness of the lower bound is demonstrated in Fig.
2. Since a tighter lower bound markedly convergences to a
Karush-Kuhn-Tucker (KKT) point of the original non-convex
problem, we will focus on the lower bound for the considered
problem.

10

@+

Fig. 2. Lower bound (dashed) that lead to convex relaxations, with 0y = 2.

From Theorem 1, the achievable sum rate R\“") in the

underlying two-way relay network can be lower bounded by

u,v 1 u,v
Rék )1 = 510g2(1 + Tgk;)l) ;
1 u,v) u,v u,v) u,v
25 5 {pék 110g2(Tgk7)1) +ﬁ2 } = Rékf)l,lb’ a7
where the two coefficients p{""”) and 8{"") can be selected
as [27], [28]
phit) = obi ) /(L4 o5i™) (18)
ﬁéZfl = log, (1 + Qékl)l) - péZ’f)llogz (lei U)l) (19)
for any given ggfc’vl > 0. The equality in (17) holds when
S TS/ + T4) and BY) = log, (1 +
Tg,i U)l) - péz U)llogQ(Tg,i U)l) and the equality holds for
(péz U)l, g,i Ui) = (1,0) if T(u U) approaches plus infinity.

(u,
2k

v)

Similarly, the lower bound for achlevable sum rate Ry can



be defined as

u,v) 1 w,v)\ |
Ry = Jlogy (14 T5")
o L og, (1) + 7] 2 nig .
where p$) and B are defined similar to p“*) and

ﬁz k_l, respectively. Using (17) and (20), the total achievable
minimum (worst) end-to-end sum rate after subcarrier pairing
and allocation can be written as

K Nsc Nsc )
Rr 237303 Ny min (REEY) 4 BEED) )

k=1u=1v=1
2D

Using (7) and (21), the EE of the network is defined as follows.

Definition 1: The EE for the multiuser two-way AF relay
network is defined as the minimum achievable sum rate of the
transmitted data per unit of energy. By considering the rate
balancing between the (2k — 1) — 2k and 2k — (2k — 1)
links, the EE of the network can be defined as

Ry
NEE = P_T
K Nse Nge (u,v) (u,0)
;::1 u:luz::1 08, (u,0) MID (R% llb’R%,lb)
R e PO 4 PO W) 1o
k§1u:1u:1 w,v k(uv)( ok T o +Wg )+

(22)

B. Optimization problem and transformation

In this subsection, we depict EE optimization problem for
a multiuser two-way relay networks. Here, our objective is
to maximize ngpp of the network subject to the following
constraints: 1) to limit the total transmit power, 2) to guarantee
the SINR requirements for each user, 3) to mandate that the
signal transmission does not takes place on the same subcarrier
in the MA and BC phases; and 4) to validate that a subcarrier
pair is assigned to only one user pair. The QoS-constrained
optimization problem for multiuser two-way relay can be
formulated as

(or1) plax o EE
subject to
Sete @) | )
C 1 ZZZAU UQk s (u, ”)( 2k— 1+P2u +WRU ) <Pmam;
k=lu=1lv=1
(C )Tgli 7j)l > Tmln 2k—1> k’ (U’?U)?
(€3 )T(“ S G VE, (u,0) ;
(C.4) ZAW =1, Vo, (23)
u=1
NSC
Vu;

(05) Z Au,v = 13
v=1

K

(06) Zﬂk,(u,v) =1, V(u,v);
k=1
(C.7) Ay, € {0,1}, Yu,v;
Qk,(u,v) € {07 1}5 Vka (U, ’U) ;
(C8) P >0, P >0, w >0, Vkuow,
where P = {P"}, Wy = {WR”>} A= {Au), Q =

{Q%, (u,v) } and ’I'mm)% , and ’I'mm o+ Vk are the minimum
SINR requirement for odd and even users on the (u,v)"
subcarrier pair, respectively. Physically, the constraint (C.1)
ensures that the sum of the power allocated to users Pz(;:zl and

PQ(;:), Vk, u, and the relay node WI(%U), Vv does not exceed the
maximum power budget of the network, while the constraints
(C.2) and (C.3) ensure the minimum QoS requirement for
odd and even users over the (u,v)*" subcarrier pair. Also, the
constraints (C.4) and (C.5) mandates that each subcarrier in
MA phase can be paired with one and only one subcarrier in
BC phase and vice versa; and (C.6) ensures that a subcarrier
pair (u,v) is allocated to a single user pair only. Since the
relay node is equipped with only a single antenna in this
paper, the design framework can be easily extended to the
scenario with multiple antennas. In this case, the channels from
the source nodes to the relay node and from the relay node
to the destination nodes become SIMO and MISO channels,
respectively. By designing receive and transmit beamforming
weights at the relay node, the SINR can be derived similar
to (8) and (9). In general, an increased number of antennas
can offer better interference suppression capability, but it also
requires more static power consumption, thus leading to an
EE performance tradeoff.

The optimization problem (OP1) is a non-convex fractional
MINLP problem [29], and thus we cannot solve it directly. To
find the optimal solution, an exhaustive search (ES) over all
variables is required and thus the computational complexity
becomes very high, specially for higher number of subcarriers.
The fact that the duality gap between the primal problem and
the dual problem approaches to zero for a sufficiently large
number of subcarriers [30]. Thus, [30] inspires us that instead
of solving (OP1) directly, we will solve the dual problem. By
applying an epigraph method, the (OP1) can be transformed
as

(OP2) max
PWi t.AQ
K N Ne.
b0 SR NETE
K Nso Neo @) ©
kzlzz k(uu)(gk 1+P +W )+C
subject to  (C.1) — (C.8); (24)
(€C.9) RG>t Yk, (u,v);
(C.10) Ry >, Yk, (u,v),
where t = {t"")}, Vk,(u,v). By relaxing the binary

variables and introducing the change of variables P =

2%—1
log(PLY 1), PS = log(P4Y), and W) = log(W), for



ke{l,--- ,K},ue {l,--+ ,Ng},and v € {1,---, N},
the optimization problem (OP2) can be equivalently trans-
formed as

(OP3)  max
P.Wg,t,A,Q
K Nse Nsc (u,0)
z_: Z: Z: Au,va,(u,v)tk '
K Nsg Nse O O
Z Z ZA oS () ePils 4 ePi 4 eWh )+C
sub]ect to
K e Blw (v)
Cl ZZZAuUQk (u,v) (6 2k— 1+€ 2k +€W )<Pma;ﬂ
k=lu=1lv=1
(C2) tog (T4:)) = 10g (T4 ) s Vb (w,0);
(C.3) log (T(“ ”>) > log (Tﬁ,j;;;?%), Yk, (u,0); (25)
(C4)—(C6);
(C.8) eP’éE;)l >0,¢ Py >O,eW1(?.U) >0, Vk,v;
c.9) RWY >l Yk, (u,0);
2k—1,1b
C.10) RUY > lwv) Yk, (u,0),
2k,1b

(u

where T%’f)l and Tgfg’v) are respectively defined in (26)
and (27), as shown on the top of the next page, and the
corresponding lower bounded sum rates are given as

~(u,v) 1 u,v) u,v u,v)
Rék—l,lb =3 {Pék 110g, (Ték )1) + Bz }

(u7v)
= mob log(Yp) + =5+ @®)
~(u,v) v) u,v u,v
Rék,lb =3 {Pék log, (T( )) +ﬂék—”
(u,0)
= kpSog (TE)) + 2;71 ; (29)

1 _
where Kk = ——. log (Tgfgf)l) and log (Tg,i’v)) are explic-

itly written as &%) and (31) shown on the top of the next page.

The optimization problem (OP3) is still non-convex due
to the fractional form of the objective function, which is a
concave-over-convex. We introduce the following theorem to
transform the fraction objective function into subtractive form,
as follows:

Theorem 2: The optimal EE £* can be achieved, if and
only if the optimal allocation policy (l_’*,V_V};,t*,A*,Q*)
satisfies the following balance equation:

K Nsc Nsc

Z Z Z AZ.,'UQZ,(u,v)tl(cuyv)*

k=1u=1v=1
K Nse Nse
* * *
=L 222 M
k=1u=1v=1

= (u)*

. (eﬁé}sll P W) ) T c) =0. (32

Proof: The proof is provided in Appendix A. [ ]

Remark 2: The physical meaning of Theorem 2 is that for the
fractional optimization problem (25) for given {A, 2}, there
exists an equivalent objective function in subtractive form.
Thus, the optimization problem (25) with given {A, Q} can
be solved using the Dinkelbach method, which is widely used
in fractional programming [31].

Apply Dinkelbach method to transform the problem (OP3)
into a subtractive form as follows:

K N N

T 22 Rt

k=1u=1v=1

(OP4)

K Nsc Nsc
- £ < Z Z Au,va,(u,v)
k=1u=1 1

=1 v=
P( W(U)
X 2k 1 4e'2e fe )_|_C

subject to  (C.1) — (C.6) & (C.8) — (C.10),  (33)

where £ represents a positive penalty factor or price that is
paid by the users for the resources being utilized and can be
defined as follows:

K NSC NSC (u 'U)
> 2 2 Moty
k=1u=1v=1
£ =
K Ng. Ng¢ P(u) P(u) W(U) ’
> Ao w0y (€261 +ePoe +eWr') 4O
k=1u=1v=1

(34)

For extreme cases when £ — 0 the problem reduces to sum
rate maximization (SEM) problem whereas when £ — oo no
resource allocation policy is a suitable as the penalty is very
high. The optimal penalty factor £* works as the optimal EE
for the network.

Lemma 1: The objective function in (33) is concavified
by the change of variables ]52(;:) L= log(PQ(;:) s ]52(;:) =
log(P( )) Vk,u, and W(”) log(W( )) Yu, for a given £
and fixed subcarrier pairing A and subcarrier allocation €2.

Proof: The objective function in (33) forms the summa-
tion of affine and concave terms (i.e., minus-exp functions)
for a given £ and fixed subcarrier pairing A and subcarrier
allocation €2. This implies that the optimization function in
(OP4) is concavified by the change of variables and thus the
optimization problem (OP4) is a convex problem and it can
be solved by using any standard method [29]. [ ]

IV. OPTIMAL EE RESOURCE ALLOCATION POLICY
A. Dual problem formulation

For given coefficients pl(-“’”), ﬁi("’v), Vi, (u,v), and fixed
subcarrier pairing A, and subcarrier allocation €2, the op-
timization problem in (33) is a convex optimization prob-
lem, which can be efficiently solved using standard convex
optimization tools, e.g., CVX [29]. We derive an iterative
algorithm for solving this optimization problem by applying
the dual decomposition method. The main idea behind this
algorithm is to find the optimal resource allocation policy that
can maximize its lower bound for given coefficients p{""’
and B, followed by an update of these two coefficients
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p(u) | y3-(v) v m
T4 = P i i . (6)
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5) @ [ (o) (u) |2
Tév]z,v) _ €P2k—1+WR hgk)hgk)fl‘ (27)
2K pl AN u v 2 AN v 2 u v plv u 2 u ,
NI P Wy }h§. WO 4 e [ oW 4 o) (szlepf A +a§%>2)
_ _ _ 2 2K () 4 oo
tog (T5:2) =i+ 2 1o ([ ) —tog | D e )|
i=1,i#£2k—1,2k
= (v) v 2 w2 v)2 2K 5(u) “ 2 w)2
SR VN R SR N O S (T R )) : (30)
_ _ _ 2 2K L) (e 2
tog (T4;7) = W8+ Py + 1o ([nnG, [ ) <rog | 30 R g
i=1,i#£2k—1,2k
= (v 2 2K  S(u 2
e ) o + ol (00 e [ +0§§>2)>, (31)

that guarantees a monotonic increase in the lower bound
performance.

Thus, the dual problem associated with the primal problem
(33) can be written as

min
ANHoddsBeven
Ooad;

subject to A > 0, p,44 > 0,
> Oa G)Odd7 eeven >0 )

X (/\7 Moddr Mevens ®0dd7 6871871)

even

p’even (35)
where X (A, fogas Bevens @odds Oeven) presents the dual
function expressed in (36), as shown on the top of the next
page, where £ (P,Wgr, t, A, QX Loga, Beyens Qodds Ocven)
is given in (37) shown on the next page, where A is the
Lagrangian multiplier or the dual variable corresponding to

transmit power constraint (C.1), 45 = {$"")}, VE, (u,v),

and fope, = {M;Z’v)}, Vk, (u,v), are the Lagrangian mul-
tiplier vectors associated with QoS constraints (C.2) and
(C.3), while ©,gq = {081}, Vk, (u,v) and Oppep =
{@;Z’v)}, Vk, (u,v), are the Lagrangian multiplier vectors for
constraints (C.9) and (C.10), respectively.

In the following subsections, we solve the dual problem
(35) using dual decomposition approach [32] which alternates
between a subproblem (inner problem), updating the resource
allocation variables P, Wr.t, A and Q by fixing the La-
grangian multipliers, and a master problem (outer problem),
updating the Lagrangian multipliers for the obtained solution
of the inner problem'. The dual decomposition approach is
outlined as follows.

IThe optimal solution obtained for the dual function in (35) is equal to that
of (33), i.e., a zero duality gap between the optimal and dual solutions [30].

B. Subproblem Solution

The optimization problem in (33) is in a standard concave
form for given subcarrier pairing and subcarrier allocation,
hence by using standard optimization techniques and KKT
conditions [29], which are first-order imperative and sufficient
conditions for optimality, the optimal solution can be found.
Thus, to obtain the optimal power allocation for (2k — 1)th
and (2k)" users, and the relay node, we take the partial
derivative of (37) with respect to P |, P{*) and W) and
equate the results to zero, thus the power allocation at the
(m + 1)th iteration is updated as follows:

Py (m+1) =

(u,v) (u,v) (u,v) +
In o~ + KOy Py .
Nse !
Z Au,va,(u,v) (£ + )‘) + 10 + Il + I3 + 11y
v=1
(38)
PQ(;:) (m+1)=
u,v) u,v) (u,v +
| :uék—l + ””@ék—ﬂ’ék—)l ,
n N )
> Ao (u) (£ 4+ A) + T + Do + 113 + 114
v=1
(39)
ng) (m+1)=
+
K u,v u,v u,v u,v u,v u,v
| Z (Mgkl + Mgk )+K®§k—)1pgk7)1+’€®gk )Pék ))
n N s
k=1 Z Au,qu,(u,’U) (£ + /\) +1II; + 11>
u=1
(40)

where the relevant terms are explicitly given by (41)-(50), as
shown on the next page, where [x]* = max (0, x). By using a



X ()\a Hodd> Peven ®0dda ®even) =

Nse Nse
a L(P,Wg,t, A, Q,\ , , O0dd; Ocven Auow =1, Vo, Ayw=1,Vu,
?,WIEJ,)E\,Q ( R Hodds Peven dd ) ; > v 1; ’ v
K
> Qe =1, ¥ (u,0); (36)
k=1
L (Pa WR7 tu Au Qa )\7 Hodds Beven s ®Odd7 eeven) —
K Nsc Nsc K Nsc Nsc -
33 S e 2 (3355 b (¢ e o) 1 )
k=1lu=1v=1 k=1lu=1v=1
K Je Jeg p(w) B(w) (@) R
s (ZZZAMQMW (5550 el ) W) SO IPIP I
k=1lu=1v=1 k=1u=1v=1
_ K Nsc Nge
o (£5) -t )+ 3255555 o () (120
k=1u=1v=1
S RE S ) () (W0)) 4 SRR gu0) () _ )
OSSO (R, - ) + YD > el (Rl - ) (37)
k=1u=1v=1 k=1u=1v=1
sub-gradient method [30], the optimal value of t,(cu’v)* canbe W 1(%”) (m+1)=
found as SN RCEO B ) (u0) ) wan ]
(u,v) >0 (b1 + pay” +“@2112U1F’21;9U1+ @ i uv)
" (m41) = In |£=1
u,v u,v £+A ’
1 (m) = em) (Mo — OF) 5D
() (54)

where €(m) is a positive step size. P\, P\ and W
are appear in the denominator of each SINR terms, thus it
forms the basis for our iterative resource allocation solution
of the Lagrange maximization (37) whereby the right-hand
side can be used to update the power of (2k — 1) and
(Qk)th users on the subcarrier u, and the relay power on
vth subcarrier. The power updates in (38)—(40) reveal some
interesting interpretations: 1) the power update of the user and
the relay node not only depends on A but also on the penalty
factor £; and 2) the transmit power is allocated in such a way
so that it takes other users into account on a subcarrier-by-
subcarrier basis, rather than a selfish allocation.

In general, when the u!” subcarrier in the MA phase is
allocated to the k' user pair, the transmit power assigned on
the u'" subcarrier by other user pairs practically approaches
to zero. Further, a similar explanation can be drawn for the
BC phase. Therefore, {II5,114} = 0, {1:[2,1:[4} = 0. For
asymptotically high SNR at the end user, i.c., o4 | = o0t =
0,Vk,v, the update equations in (38)-(40) can be further
simplified as
)+ rOle
£+ A

Péi‘)_l(mH)—l[ ] L (52

o +“®2k 1P gzi U)l

pQ(Z)(m—Fl):l lu% L T

] ;o (53)

From (52)-(54), it can be noticed that the inverse of the
Lagrangian multiplier A plus the network price £ can be
regarded as a water-filling level which has to be chosen to
meet the total transmit power constraint.

To derive the optimal subcarrier pairing A, and allocation
€, we substitute (38)—(40) and (51) into (36), we obtain the
following optimization problem:

K Nse Nsc
XD DD Ay Vi (uo)
k=1u=1v=1

+7Z ()\a Hoddr Meven s eodda eeven)

subject to (cn, (55)

(C.4) —

where Yk,(u,v) and 7 (/\Hu’oddap‘evenv G')Odda 661/6”) are re-
spectively given by

+eVV§’”)) . (56)
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The first term in (56) denotes the achievable minimum sum
rate of the k" user pair for the allocated subcarrier pairing

=1

o
o5 (RS (57)

A
K
K
K
k=1
K

zzz
DI
$¥ e

k

(u,v), whereas the second term works as the penalty for
the resource dissipation. Furthermore, it is observed that
Z (A Peogds Pepen s @odds Oecven ) derived in (57) remains con-
stant for any subcarrier pairing A and allocation 2.

To determine the optimal subcarrier allocation €2 for
given subcarrier pairing A and the optimal power allocation
(f’*,V_V};) and a fixed Z (A, logds Hepens @odd, Ocven ), We
solve the following optimization problem:

K Nse Nsc
mg%x Z Z Z Au,va,(u,v) Yk,(u,v)
k=1u=1v=1

subject to (C.6), (58)

Straightforwardly the optimal subcarrier allocation £2* is
the k' user pair that maximizes Y, (4, for given (u,v)™



subcarrier pair and the optimal power allocation. Thus, the
optimal subcarrier allocation £2* can be obtained as

1, fork =argmax Y} (40,
* _ gme ks (u,v) (59)
k,(u,v) 0

otherwise ,

Finally, to find the optimal subcarrier pairing A for
the optimal power allocation (f’*,V_V};) and the opti-
mal subcarrier allocation €* given in (59) and a fixed
Z (A, Bodgds Mevens @odds Oeven ), We rewrite the optimization
problem (55) as follows:

K Nsc Nge
Hl/éxlX Z Z Z Auvaz,(u,v) Yk*,(u,v)
k=1u=1v=1
subject to  (C'4) & (C.5), (60)

where Yi- (4.0) = max Y (u0) VK, (u,v). Let Y be a Ny, x
Ny, matrix such that
Yir (1,1) Yie (1,N.0)
Yir (N.o)1)

(61)
Vi (Noe.No)

Notice that the matrix Y can be treated as a profit matrix where
rows and columns represent different operators and machines,
respectively, and each element denotes the profit gain by
operating a particular machine by a particular operator. Thus,
the maximizing the total profit gained by selecting the best
policy where each operator (u) operates only on one machine
(v) is equivalent to the solving the problem (60). Furthermore,
this optimization problem can be solved efficiently by using

the standard assignment algorithms such as Hungarian method
[33].

C. Master Problem Solution: Updating the dual variables

Since the dual problem in (35) is differentiable, the gradient-
descent method [30] can be used to update the dual variables
A b)) ele)  eltt) ik (u, v), as shown in (62)—
(66) on the top of the next page, where €,(m),a € {1,--- 5},
are sufficiently small step sizes associated with calculating
the Lagrangian multipliers and m is the iteration index.
The updated Lagrange multipliers in (62)-(66) are used for
updating the power allocation policy. We repeat this process
until convergence. Next, we provide a theorem to describe
the update procedure of the network penalty factor £ as well
a theorem regarding convergence of the network penalty as
follows.

Theorem 3: If (P™(1), Wr (1), t*(1), A* (), *(1)) is the
optimal solution of the problem (OP4) with respect to £(1) at
the I*” iteration and if we update £([) as

K Nsc Nse )*
23 3 AL O8O

£(1+1) = (67)

PT (P*(l)v WR(Z)v A*(Z)v Q*(l))
then £(l) increases monotonically with each iteration, .
Proof: The detailed proof is relegated in Appendix B. B
Theorem 4: The optimal penalty factor £* is obtained when
the sequence {£(1)} has converged and £* = lim;_, . £(l)
satisfies the balance equation in (32).

10

Proof: The proof is provided in Appendix C. [ |
Remark 3: We update the network penalty/price £ iteratively
for obtained {P*, Wp, t*, A*, 2*} in the last iteration. Theo-
rem 3 and Theorem 4 ensure that £ increases monotonically
and converges within a finite iteration, respectively.

We first initialize the maximum number of iteration for the
outer and inner loop as Ip,qz, and I., with the iteration
counter [ = 0 and m = 0, respectively, along with the
network penalty factor £(l) = 0.001. Then, we initialize the
step sizes €5(m),a € {1,---,5}, followed by the coefficients

(P51 (0), 851 (0)) = (1,0) and (p§ (0), 8 (0)) =
(1,0). From the sub-gradient method [30], the dual variables
NO), 15} (0), psi ™ (0), ©5:1(0), O (0), k, (u,v),
are initialized for finding the resource allocation policy
(P Wg,t, A Q) using (38)—(40), (51), (59) and (60), re-
spectively. Then with the obtained (P Wg,t, A, Q) the dual
variables at (m + 1) iteration are updated using (62)—

(66). The coefficients (p{%"), B3 vi) and (p(“ V) L)

are updated after obtaining the optimal resource allocation
(P", W}, t*, A", Q"). The above procedure is repeated until

ngg’f)l, éZfi (u-) é}é’v) have converged or the

iteration counter m reaches to maximum limit /,,,44,. In the
next step, we update the network price £(I 4+ 1) using (67)
and increase the iteration counter by one. We continue this
procedure until the convergence or [ < I,,44,. The iterative
EE maximization (EEM) algorithm is briefly summarized in
Algorithm 1.

) and (p

V. SUBOPTIMAL RESOURCE ALLOCATION ALGORITHM

The computational complexity of the EEM algorithm pro-
posed in Section IV becomes humongous for a large value
of Ng. (discussed in more detail in the next section). Thus,
we propose a low-complexity suboptimal algorithm, and the
stepwise procedure of the suboptimal algorithm is described
as follows:

Step 1: Optimal Subcarrier Allocation for Given Power
Allocation: In the first step, the available transmit power is
equally distributed among all the users over all the subcarriers
as

Pma;ﬂ

PQ(;:)fl :PQ(;:) :W}(%U) = 4(21(4_1) X Nsc y Vk,u,v;
(68)
Next, we compute SINRs for the (2k — 1) and (2k)™" users

on (u,v)!" subcarrier pair. Define K x (Ns. x N,.) matrix
according to SINRs. Then, we can select the k! user pair in
the following manner:

. 1, for k = argmaxSINRg(u,v);
Qk,(u,u) = . k
0, otherwise,

Step 2: Optimal Subcarrier Pairing for Given Subcarrier
Allocation: In this step, the N, subcarriers of the MA phase
and BC phase are arranged in ascending order and matched

(69)



A(m+1) =

pSp A (m+1) =

pi (m+ 1) = /éZ’v) (m) — es(m) - (log (75"

o5\ (m +1) =

O (m+1) =

11

e Noo +
Ao ) (Pé,j L+ P W}({J))ﬂ ; (62)
lv=1
) - (log’rr:{:z?Qkfl))]Jr , VE; (63)
) ~log (r;:;;?%))r .Yk (64)
— )] v (65)
+
(66)

Algorithm 1 Iterative EEM Algorithm

1: Set the maximum number of iterations I, gz, ;
2: Initialize the iteration counter / = 0 and network penalty

£(1) =0.001;

3: repeat (Outer Loop)

4: Set the maximum number of iterations /a4, ;

5: Initialize the iteration counter m = 0 and the step
sizes €,(m) ;

6 nitalize (p§i), 84 ) and (ol 851) by
(1,0), Vk, (u,v);

o nitalize Alm). pe) (m). S (m). O (m),

04" (m). V. (u.v)
Initialize P(m), Wr(m),t(m), A(m), and Q(m);
: repeat (Inner Loop)
10: repeat (Solving problem (OP4))

11: Update P, Wy and t using (38)—(40) and
(51), respectively ;

12: Update and A us1n% (59) and (60);

13: Update A ;L;;C (uw , 22 vl and
ol vk, (u, ), usmg (62)—(66);

14: until convergence to the optimal solution

15: P",Wx t, Q" and A*;

16: Update the coefficients (pgfC ”)1, ék i) and

17: (pék , Bl ) using (18) and (19);

18: Set P(m + 1) « P, Wgr(m + 1) « Wp,

19: t(m+1) «t,Q2(m+ 1) « QF,

A(m+1)+ A" and m < m +1;
20: until convergence or m > Ipqz, ;
21: Update £(I 4 1) using (67) and [ + 1+ 1;

22: until convergence or | > 1,44, .

in best-to-best and worst-to-worst fashion. After this arrange-
ment, we update the subcarrier pairing matrix as follows:

for u'" subcarrier paired with v subcarrier ;

otherwise ,
(70)

Step 3: Optimal Power Allocation for Given Subcarrier
Fairing and Allocation: For given subcarrier allocation and
pairing matrices A and €2, we update the power PQ(k) 1

P, Wi and £ using (38)—(40) and (51), and dual

TABLE I
COMPLEXITY ANALYSIS FOR DIFFERENT ALGORITHMS

Complexity Comparison

Algorithm
EEM

Complexity

O (2UGNsc(2K)¥ (K Nye(V3 4+ 3) + N2))
Suboptimal | O (2UGNsc(2K)Z (K Nse(V3 +2) + K + 2)
Optimal ES | O (2UG(2K)® KN+c!(V3 4 2))
ESPA O (AUGNsc(2K)¥ (K Nye(V3 4+ 5) + N2))

variables )\, ugfg U)l , u% v) @2: v)l, and @ u;v) using (62)—(66),
respectively.

VI. COMPLEXITY ANALYSIS

In this section, to get a better insight into the complexity
of various proposed algorithms, we perform an exhaustive
complexity analysis, by assuming that the network penalty
factor £ convergences in U iterations.

A. EEM Algorithm

The optimization problem in (33) consists of K x N2,
subproblems due to K user pairs operating on Ng. subcarriers
in each hop. Since, the optimal solution (P*, W, t*, A*, Q*)
is obtained under the total transmit power constraint (C'.1) and
the QoS constraints (C.2) and (C.3), and thus the complexity
resulted due to these three constraints is O (V3 + 2), where
V' denotes the power level for each user and the relay node
on each subcarrier. Further, each maximization in (58) adds
a complexity of O(K) and therefore, the total complexity for
finding the subcarrier allocation € for each (u, v)*" subcarrier
pairing is O (K x NZ). Moreover, the Hungarian method
[33] is used to obtain the subcarrier pairing matrix A in
(60) has complexity of O (N S?’C) and the total complexity for
updating dual variables is O (2(2K)%) (for example, ww = 2
if the ellipsoid method is used [34]). Let us suppose if the
dual objective function (36) converges in G iterations, then
the total complexity for the EEM algorithm Vk, v, v becomes
O (2UGNc(2K)? (K Nyo(V? 4 3) + N2,)). The complexity
of the EEM algorithm under equal subcarrier power allocation
(ESPA) is O (AUGN(2K)® (K Nyo(V3 + 5) + N2.)).



B. Suboptimal Algorithm

The complexity for obtaining the subcarrier allocation ma-
trix € in the step 1 for K user pairs is O (K X Ng.),
whereas the complexity for finding subcarrier pairing ma-
trix A in step 2 is O (2N,.). However, the power alloca-
tion and updating the dual variables add a complexity of
O (V3+2) and O (2(2K)%), respectively. Let us suppose
if the dual objective function (36) converges in G itera-
tions (without loss of generality let G = G), then the
suboptimal EEM algorithm produces a total complexity of
O (2QUGN,(2K)Z (K Nge(V3 +2) + K + 2).

C. Optimal ES Algorithm

In this algorithm, we exhaustively search over all vari-
ables for finding the optimal resource allocation solution
for all the nodes on each subcarrier in the pool of all
the possible feasible solutions to the optimization problem
(OP4). Thus, the total complexity for this algorithm becomes
@ (2UQ(2K)WKN“!(V3 + 2))

VII. SIMULATION RESULTS AND PERFORMANCE
DISCUSSIONS

In this section, we present Monte-Carlo simulation results
to demonstrate the effectiveness of the proposed resource
allocation algorithms and to show the trade-off between the
EE and SE for various network parameters.

A. Simulation Setup

In the considered multiuser two-way relay networks, the
circuit and processing power per antenna at each node is set
to be equal to 14 dBm [22], whereas the maximum available
transmit power budget is 25 dBm. In simulation, we adopt the
Third-Generation Partnership Project (3GPP) path loss model
with path loss 131.14-42.8 xlog,,(d) dB where d is distance in
kilometers [35]. We consider both the Rayleigh fading effects
~ CN(0,1) and the log-normal shadowing ~ In A/(0,8dB).
The thermal noise density is set as —174 dBm/Hz while the
subcarrier spacing is 12 kHz. The convergence tolerance value
is set as 1075 and the maximum number of iteration for
solving the inner and outer optimization problems is set as
10. The distance from all the odd users to the relay node is
denoted by dsg, while drp indicates the distance from the
relay node to all the even users. The QoS requirement for each
user on (u,v) subcarrier pair is T%Z?i = —20 dB, Vi, (u,v).
As a benchmark, we also simulate the following algorithms
for comparison:

o Optimal ES algorithm: This algorithm gives the globally

optimal solution of the problem (OP1) by performing
an exhaustive search over all variables [33].

o« EEM algorithm without (w/o) subcarrier pairing and
allocation (SPA) algorithm: The optimal solution of the
problem (OP1) is found without considering SPA.

o SEM algorithm: By setting £ = 0, the optimization
problem (OP1) is transformed into the sum rate maxi-
mization problem.

o ESPA algorithm: The available transmit power is equally
distributed among all the users over all the subcarriers.
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B. Convergence of EEM and Suboptimal Algorithms

O.1€t
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T
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Fig. 3. Convergence behavior of the proposed algorithms (K = 2, Ng. = 6
and dsrp = drp = 200 m).

Fig. 3 illustrates the convergence behavior of the proposed
EEM and suboptimal algorithms for a single channel realiza-
tion, where K = 2, Ny,. = 6, and dsg = drp = 200 m. The
maximum allowable transmit power is Py,q, = {0,10} dBm.
Due to small problem size, the exhaustive-based solution can
also be found within a reasonable computation time. It can be
observed that the EE performances of the proposed algorithms
are monotonically increased with the number of iterations,
and the proposed algorithms are converged in less than four
iterations. Even through solving the relaxed problem, the EEM
algorithm indeed finds the optimal power, subcarrier pairing
and subcarrier allocation, and it provides the performance
identical to the optimal ES.

C. Performance comparison of various resource allocation
algorithms

Fig. 4 shows the EE and SE performance comparison of
different algorithms, where K = 2, Ny, = 6, and dggp =
drp = 200 m. As can be seen in Fig. 4(a) that our proposed
algorithms yield best performance and provide a significant
power saving compare to the SEM and EEM algorithm w/o
SPA and ESPA. The average EE performance of the SEM
algorithms significantly drops as P, increases. On the other
hand, in a poor power regime, i.e. P4, < 10 dBm, the
SE performance of the proposed algorithms is identical to
that of the ES and SEM algorithms as shown in Fig. 4(b).
The SE performance of the EEM and suboptimal algorithms
is gradually saturated when P,,,, > 10 dBm, whereas the
performance of the SEM algorithm is continuously improved
as P,,.. increases. This is because all the users utilize the
maximum resources in order to improve their sum rate. The
EEM w/o SPA exhibits worst performance than the proposed
optimal and suboptimal algorithms, while it performs better
than ESPA.
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Fig. 4. Comparison of different resource allocation algorithms (K =
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D. Effect of the number of subcarriers Ny, on the EE and SE

Fig. 5 shows the impact of increasing N, on the attainable
average EE and SE of the proposed algorithms for K = 2 and
dsr = drp = 200 m. The average EE and SE performances
of both algorithms is remarkably enhanced as FP,,,, increases
and becomes constant in a rich power regime, e.g., Pyq > 10
dBm. Additionally, as expected, upon increasing Ny, the aver-
age EE performance for both algorithms can be significantly
improved due to the frequency diversity. Furthermore, Fig.
5(b) shows that the average SE performance of both algorithms
decreases as N,. increases, which shows a reverse trend as
compared with the result in Fig. 5(a), which implies that the
subcarriers are utilized effectively only from the EE point of
view, when more subcarriers are available. Both the proposed
algorithms rapidly improve the average EE at the cost of a
slight degradation in the average SE.

E. Effect of number of user pair’s K on the attainable EE

The effect of increasing user pairs K on the average EE is
depicted in Fig. 6, where Ny, = 6 and dsr = drp = 200
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Fig. 5. Effect of number of subcarriers on the average EE and SE (K = 2
and dsp = drp = 200 m).

m. Fig. 6 shows that the average EE performance of both
algorithms can be significantly increased upon increasing
Pqr and gradually saturates when P, > 10 dBm. In Fig.
6, it is noticeable that the average EE performance of the
proposed algorithms deteriorates upon increasing the number
of user pairs K from 2 to 3. The deterioration in the EE
performance occurs because of the commensurate increase in
the static power.

VIII. CONCLUSION

In this paper, we studied the problem of joint subcarrier and
power allocation for multiuser multicarrier two-way AF relay
networks in order to enhance the energy utilization among
users. The objective function was to maximize the EE of the
network through joint subcarrier pairing, subcarrier allocation,
and power allocation, subject to a total transmit power and
minimum QoS requirement for each user. The formulated
primal problem was a non-convex fractional MINLP problem
that was difficult to solve. To make it tractable, the problem
was converted into an equivalent convex optimization problem
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by applying SCA method, change of variables and a series of
transformation and then solved from the dual decomposition
techniques to attain an energy-efficient optimal solution. The
resulting optimal subcarrier and power allocation policy served
as a performance benchmark due to its high computational
complexity. In order to further reduce the complexity, a sub-
optimal EE resource allocation algorithm was also proposed.
We compared the performance of the proposed EEM and
suboptimal algorithms with that of the SEM and EEM without
SPA algorithms through computer simulations and show the
merits of the proposed EE resource allocation algorithms.

APPENDIX A
PROOF OF THEOREM 2

Let (]:T’*,V_V;,t*, A*, %) be the optimal solution of opti-
mization problem (OP4) with respect to the optimal EE £*
and A be the feasible set of the problem, it implies that

K Ni N, ()
Z Z k ,(u, v)t
£*=  max  A=lusteal . (A.D
B.Wh.t,AQcA Pr (P,Wg,t,A,Q)

where Pr (P,WR,t, A, Q) is defined as

(A2)
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From (A.1) and (A.2), we have

K Nie Nie e
£ é =lu=1lv=
Pr (P WR,t*,A*,Q*)
K Nsc N sc u’u)
Z Z Z Au va (u,v)
=lu=1v= : (A3)
Pr (P,WR,t, A, Q)
From (A.1)—-(A.3), we have the following observations:
[ K N Nao
Z Ay Qlc,(u v)t( )
_k:l u=1v=1
—£*Pp (P,Wp, t, A, ) ]
F(L)y=<Xr KON N wor (A4)
Z AZ Qk ,(u,v) k
_k:l u=1v=1
—£*Pr (I—’ WR,t* A* Q*) = O]

From (A.4), we can observe that the maximum of F (£) is
zero and is achieved when the optimal resource allocation
solution (P*,W%,t*, A", Q") is adopted and the maximum
EE is obtained. On the other hand, let (P*, W}, t*, A*, Q")
denotes the optimal solution of the problem (OP4) such that
it satisfies the balance equation, it yields

K Nsc Nse

PIPBPIEL

k=1u=1v=1

— £*Pp (P*, Wg, t*, A", Q") = 0;
Au,va,(u,v)tggmv)

1

t(uﬂ))*

u'u)

(A.5)

=
=

sc

33

k=1wu

— 7Py (P, W t,A.9) |
1o

(A.6)

The equations (A.5) and (A.6) implies that

Nsc Nsc
Z Z Z Aquk uv)t(u )

=1lu=1lv= <£*
PT (P7WR7t7A7Q) N

K Nse Nse

(w0)*
Z Z ZAU’LN k;(uv)t

=lu=1v=1

Pr (P*,WR,t*,A*,Q*) (A7)
Hence, it is demonstrated that £* which fulfills the
balance equation is the optimal EE and the solution
(P, Wk, t*, A*, 2*) obtained corresponding to the optimal
EE £* is also the optimal solution of the problem (OP1). This
concludes the proof of Theorem 2.

APPENDIX B
PROOF OF THEOREM 3
(u,v) (u,v)
2k—1° P2i >
for given subcarrier pairing A and subcarrier

Let us initialize the lower bound coefficients p

ﬁzz vl’ and ﬁzk



allocation € at the (I — 1) iteration. Then we get

K Nse Nge
SN TS AL D9 0y ET (1)
k=1u=1v=1
— £(1)Pr (P*(1), Wg(1),t*(1), A*(1), 2*(1))
K Ngse Nse
>3 S AL 0095, (l—l)t(“”) (1-1)
k=1u=1v=1

— £()Pr (15*(1 1), Wh(l— 1),
t*(l—l),A*(l—l),Q*(l—l)) =0]);

2 F(£(1), (B.1)

From (67) and (B.1), we have

K Ng. Nge .
=3O3N AL D9y (D)
k=1u=1v=1

- £(Z)PT (p*(l)v W;%(l)v t*(l)v A*(l)v Q*(l))
= Pr (P*(1), Wr(1), t*(1), A*(1), 2" (1))
X (£(14+1) = £(1)) >0,
Since Pr (P*(1), Wg(1),t*(1), A*(1),2*(1)) > 0, therefore,

we have £(1+1) > £(1). This implies that the network penalty
increases monotonically. The proof is completed.

(B.2)

APPENDIX C
PROOF OF THEOREM 4

From Theorem 3, we know that the penalty factor £(I)
increases monotonically and remains bounded and the con-
verged penalty factor is the optimal penalty. Assume that the
penalty factor £(1) converges at £, i.e., £(1) = £(1+1) = £.
However, £ is not the optimal penalty factor. From Theorem
2, we have

K Nsc Nse
k=1u=1v=1
—£@&(PWYmWﬁ*mmﬁYmAwmnw0#o,
(C.1)

From (67), we know that

K Nie Nie (w)*

> 2 ZA oD, oy (Ot (1)
£(1+1) = k=tuzte= (C.2)

Pr (P (l)va( )7 *(l)vA*(l)v Q*(l)) ’
According to (C.1) and (C.2), (C.3) can be obtained, given as

K Nse Nse

2 2 LA

() k=1u=1v=
Pr (P*(l)va( ).t

(0,8 (OB (1)
(1), A* (1), 2" (1))

= £(1+1)
(C.3)

This contradicts our assumption £(I) =
concludes the proof of Theorem 4.

£(1 + 1). This
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