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Abstract—This paper considers orthogonal frequency division
multiple access (OFDMA) systems with simultaneous wireless
information and power transfer. We study the resource allocation
algorithm design for maximization of the energy efficiency of data
transmission (bits/Joule delivered to the receivers). In particular,
we focus on power splitting hybrid receivers which are able to
split the received signals into two power streams for concurrent
information decoding and energy harvesting. Two scenarios are
investigated considering different power splitting abilities of the
receivers. In the first scenario, we assume receivers which can
split the received power into a continuous set of power streams
with arbitrary power splitting ratios. In the second scenario, we
examine receivers which can split the received power only into
a discrete set of power streams with fixed power splitting ratios.
For both scenarios, we formulate the corresponding algorithm
design as a non-convex optimization problem which takes into
account the circuit power consumption, the minimum data
rate requirements of delay constrained services, the minimum
required system data rate, and the minimum amount of power
that has to be delivered to the receivers. By exploiting fractional
programming and dual decomposition, suboptimal iterative re-
source allocation algorithms are developed to solve the non-
convex problems. Simulation results illustrate that the proposed
iterative resource allocation algorithms approach the optimal
solution within a small number of iterations and unveil the trade-
off between energy efficiency, system capacity, and wireless power
transfer: (1) wireless power transfer enhances the system energy
efficiency by harvesting energy in the radio frequency, especially
in the interference limited regime; (2) the presence of multiple
receivers is beneficial for the system capacity, but not necessarily
for the system energy efficiency.

Index Terms—Energy efficiency, green communications, wire-
less information and power transfer, non-convex optimization.

I. INTRODUCTION

RTHOGONAL frequency division multiple access
(OFDMA) has been widely adopted as the air interface
in high speed wireless multiuser communication networks,
due to its immunity to channel delay spread and flexibility
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in resource allocation. In an OFDMA system, a wideband
frequency selective spectrum is converted into a number
of orthogonal narrowband frequency flat subcarrier channels
which facilitates the multiplexing of users’ data and the
exploitation of multiuser diversity. On the other hand, next
generation communication systems are expected to support
multiple users and to guarantee quality of service (QoS). The
increasing demand for high data rate and ubiquitous services
has led to a high energy consumption in both transmitter(s)
and receiver(s). Unfortunately, portable mobile devices are
usually only equipped with limited energy supplies (batter-
ies) which creates bottlenecks in perpetuating the lifetime
of networks. Besides, the battery capacity has improved at
a very slow pace over the past decades and is unable to
satisfy the new energy requirements [3]. Consequently, energy-
efficient mobile communication system design has become
a prominent approach for addressing this issue in energy
limited networks [1]-[7]. Specifically, an enormous number of
technologies/methods such as energy harvesting and resource
allocation optimization have been proposed in the literature for
improving the energy efficiency (bits-per-Joule) of wireless
communication systems. Among the proposed technologies,
energy harvesting from the environment is particularly ap-
pealing as it constitutes a perpetual energy source. More
importantly, it provides self-sustainability to systems and is
virtually free of cost. In practice, numerous renewable energy
sources can be exploited for energy harvesting, including solar,
tide, geothermal, and wind. However, these natural energy
sources are usually location, weather, or climate dependent and
may not always be available in enclosed/indoor environments
or suitable for mobile devices. On the other hand, wireless
power transfer technology, which enables the receivers to scav-
enge energy from propagating electromagnetic waves (EM)
in radio frequency (RF), has gained recent attention in both
industry and academia [8]-[14]. Indeed, RF signals carry both
information and energy simultaneously. Thus, the RF energy
radiated by the transmitter(s) can be recycled at the receivers
for prolonging the lifetime of networks. Yet, the utilization
of EM waves as a carrier for simultaneous information and
power transfer poses many new research challenges for both
resource allocation algorithm and receiver design. In [10] and
[11], the fundamental trade-off between wireless information
and wireless power transfer was studied for flat fading and
frequency selective fading, respectively. Specifically, an ideal
receiver was assumed in [10] and [11] such that information
decoding and energy harvesting can be performed on the
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model for wireless information and power transfer.

same received signal which is not possible in practice yet.
As a compromise solution, three different types of receivers,
namely power splitting, separated, and time-switching re-
ceivers, were proposed in [12], [13]. In particular, the power
splitting receiver splits the received power into two power
streams with a certain power splitting ratio for facilitating
simultaneous energy harvesting and information decoding in
the receiver. The authors in [12] and [13] investigated the rate-
energy regions for different types of receivers in two-user and
point-to-point single carrier systems, respectively. However,
the problem formulations in [12] and [13] do not take into
account the heterogeneous data rate requirements of users and
the solutions may not meet any data rate requirements and are
not applicable to multi-carrier systems with arbitrary numbers
of users. On the other hand, the authors in [14] focused on the
resource allocation algorithm design for a point-to-point single
user system with power splitting receiver in ergodic fading
channels. Yet, the assumption of channel ergodicity may not
be well justified for delay sensitive services in practice since
the transmitted data symbols of these services experience slow
fading. Besides, the high power consumption in electronic
circuitries and RF transmission have been overlooked in [10]—
[14] but play an important role in designing energy efficient
communication systems [15], [16]. In other words, the energy
efficiency of systems with energy harvesting receivers remains
unknown. In fact, if a portion of the transmitted RF energy
can be harvested by the RF energy harvesting receivers, the
system energy efficiency may improve. Yet, the system models
adopted in [10]-[14] do not consider the energy recycling pro-
cess from an energy efficiency point of view. Thus, it is unclear
under what conditions energy harvesting receivers improve
the system energy efficiency compared to traditional receivers
which cannot harvest energy. By incorporating the circuit
power consumption and the RF energy harvesting ability of
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the receivers into the problem formulation, we presented in [1]
and [2] two energy efficient resource allocation algorithms for
multicarrier systems employing separated receivers and power
splitting receivers, respectively. Nevertheless, [1] and [2] do
not fully exploit the degrees of freedom in resource allocation
since data multiplexing of different users on different subcar-
riers was not considered. Moreover, the algorithm proposed
in [2] incurs a high computation complexity at the transmitter
since the optimal power splitting ratio is found via full search
over a continuous variable. Furthermore, the power splitting
ratio may take only discrete levels in practice and the results
in [2], which were obtained for continuous power splitting
ratios, are not applicable in this case.

In this paper, we address the above issues. To this end, we
formulate the resource allocation algorithm design for energy
efficient communication in OFDMA systems with simultane-
ous wireless information and power transfer as an optimization
problem. In particular, we focus on the algorithm design for
power splitting receivers and consider both continuous and
discrete power splitting ratios. Besides, data multiplexing of
users on different subcarriers is incorporated into the problem
formulation. The resulting non-convex optimization problems
are solved by iterative algorithms which combine nonlinear
fractional programming and dual decomposition. Simulation
results illustrate an interesting trade-off between energy effi-
ciency, wireless power transfer, and multiuser diversity.

II. SYSTEM MODEL

In this section, we present the adopted OFDMA signal
model and the model for the hybrid information and energy
harvesting receiver.

A. OFDMA Channel Model

We consider an OFDMA downlink system in which a
transmitter services K mobile receivers. In particular, each
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mobile receiver is able to decode information and harvest
energy from the received radio signals. All transceivers are
equipped with a single antenna, cf. Figure 1. The total system
bandwidth is B Hertz and there are np subcarriers. We
focus on quasi-static block fading channels and assume that
the downlink channel gains can be accurately obtained by
feedback from the receivers. The downlink received symbol

at receiver k € {1, ..., K} on subcarrier i € {1, ..., np} is
given by
Yik =/ PirlegeHix Xk + Lik + 27, (1

where X; i, P, and H;j are the transmitted data symbol,
the transmitted power, and the multipath fading coefficient
from the transmitter to receiver k on subcarrier ¢, respectively.
li, and gj represent the path loss and shadowing attenuation
from the transmitter to receiver k, respectively. Z;', is the
additive white Gaussian noise (AWGN) originating from the
antenna on subcarrier ¢ of receiver k. It is modeled as Gaussian
random variable with zero mean and variance aga, cf. Figure
1. I, is the received aggregate co-channel interference on
subcarrier ¢ of receiver k£ with zero mean and variance U%i,k'
I; ;; is emitted by unintended transmitters sharing the same
frequency channel.

B. Hybrid Information and Energy Harvesting Receiver

In practice, the model of an energy harvesting receiver
depends on its specific implementation. For example, electro-
magnetic induction and electromagnetic radiation are able to
transfer wireless power [11], [14]. Nevertheless, the associated
hardware circuitries in the receivers and the corresponding
energy harvesting efficiency can be significantly different. Be-
sides, the signal used for decoding the modulated information
cannot be used for harvesting energy due to hardware limita-
tions [14]. In order to isolate the resource allocation algorithm
design from the specific hardware implementation details, we
do not assume a particular type of energy harvesting receiver.
In this paper, we focus on receivers which consist of an energy
harvesting unit and a conventional signal processing core unit
for concurrent energy harvesting and information decoding, cf.
Figure 1. In particular, we adopt a receiver which splits the
received signal into two power streams [14] in the RF front
end with power splitting ratios' p!, and pf,. Subsequently,
the two power streams with power splitting ratios pfk and
pi{ , are used for harvesting the energy and decoding the
information contained in the signal, respectively. Indeed, by
imposing power splitting ratios* of p/, = 1,pf = 0 and
pl, =0, pF, = 1, the hybrid receiver reduces to a tradition in-
formation receiver or energy harvesting receiver, respectively.
Furthermore, we assume that the harvested energy is used to
replenish a rechargeable battery at the receiver. Besides, each
receiver has a fixed power consumption of Pr, Watts which
is used for maintaining the routine operations in the receiver

!Indeed, p{y 5, and pfk represent the fractions of the received power of
user k£ on subcarrier ¢ used for information decoding and energy harvesting,
respectively. Yet, we follow the convention in the literature [14] and adopt
the term “power splitting ratios” in the paper.

2In this paper, a perfect passive power splitting unit is assumed; i.e., the
power splitting does not incur any power consumption and does not introduce
any power loss or signal processing noise to the system.

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 12, NO. 12, DECEMBER 2013

and is independent of the amount of harvested power. We note
that in practice the receivers may be powered by more than
one energy source and the harvested energy may be used as
a supplement for supporting the energy consumption® of the
receivers [17].

III. RESOURCE ALLOCATION - CONTINUOUS SET OF
POWER SPLITTING RATIOS

In this section, we consider the resource allocation algo-
rithm design for maximizing the system energy efficiency
for the case of a continuous set of power splitting ratios.
The derived solution provides not only a useful guideline for
choosing a suitable number of discrete power splitting ratios
in the power splitting unit, but also serves as a performance
benchmark for the case of discrete power splitting ratios. Now,
we define the system energy efficiency by first introducing
the weighted system capacity and the power dissipation of the
system.

A. System Energy Efficiency

Assuming the availability of perfect channel state infor-
mation (CSI) at the receiver, the channel capacity between
the transmitter and receiver k£ on subcarrier ¢ with subcarrier
bandwidth W = B/np is given by*

Cin W logy (1+ P.xliy) and
oL legr | Hi k]?
itk = 47— 5 =, (2)
pi7k(aza + Uli,,c) +ozs

where o2, is the signal processing noise power at the receiver
and P; ;. I'; ;. is the received signal-to-interference-plus-noise
ratio (SINR) on subcarrier ¢ at receiver k.

The weighted system capacity is defined as the aggregate
number of bits delivered to K receivers and is given by

neg K

UP,S,p)=> > arsixCix [bits/s], 3)

i=1 k=1

where P = {P;, > 0,Vi, k} is the power allocation policy,
S = {sir € {0,1},Vi, k} is the subcarrier allocation pol-
icy, and p = {p{’k,pfk > 0,Vi, k} is the power splitting
policy with variables p{ , and pfk introduced in Section
II-B. a, > 0,VEk, is a n’on-negativ’e weight which accounts
for the priorities of different receivers and is specified by
the application layer. In practice, proportional fairness and
max-min fairness can be achieved by varying the values
of a; over time® [20]. On the other hand, for facilitating
the resource allocation algorithm design, we incorporate the
total power consumption of the system into the optimization
objective function. In particular, the power consumption of the

3In this paper, the unit of Joule-per-second is used for energy consumption.
Thus, the terms “power” and “energy” are interchangeable.

4The received interference signal I; ) on each subcarrier is treated as
AWGN in order to simplify the algorithm design [13], [18].

5Optimizing the value of oy, for achieving different system objectives is
beyond the scope of this paper. Interested readers may refer to [19] for further
details.
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considered system, Urp(P,S, p), consists of five terms and
can be expressed as:

K np
Urp(P,S,p) = Pop + KPoy+ > Y ePirsik
k=11=1
K K
=Y Qp, =Y Qu [oulels], (4
k=1 k=1
where Qp,

ng

K
Z (Z Pmsm)lkglei,k|2nkak

i=1  j=1

(&)

Power harvested from information signal at receiver k

nrg

> (0% + ot )pPine
=1

and ka = (6)

Power harvested from interference signal
and antenna noise at receiver k

The first three terms in (4), ie., Pc, + KPc, +
Zszlz?j 1 €P; isik, represent the power dissipation re-
quired for supporting reliable communication. Pc, > 0 is
the constant signal processing circuit power consumption in
the transmitters, caused by filters, frequency synthesizer, etc.,
and is independent of the power radiated by the transmitter.
Variables K P¢,, and Zszl o eP; ksik denote the total
circuit power consumption in the K receivers and the power
dissipation in the power amplifier of the transmitter, respec-
tively. To model the power inefficiency of the power amplifier,
we introduce a multiplicative constant, ¢ > 1, for the power
radiated by the transmitter in (4) which takes into account
the joint effect of the drain efficiency and the power amplifier
output backoff [15]. For example, if ¢ = 10, then 10 Watts
of power are consumed in the power amplifier for every 1
Watt of power radiated in the RF; the wasted power during
the power amplification is dissipated as heat. On the other
hand, the last two terms in (4), i.e., — Eszl @b, —Zle Qr,.,
represent the harvested energy at the K receivers. The minus
sign in front of Zle ®p, in (4) indicates that a portion
of the power radiated in the RF from the transmitter can be
harvested by the K receivers. Besides, 0 < 7, < 1 in (5)
and (6) is a constant which denotes the energy harvesting
efficiency of mobile receiver £ in converting the received
radio signal to electrical energy for storage. In fact, the term
Nelkgr| Hik|*pf in (5) can be interpreted as a frequency
selective power transfer efficiency for transferring power from
the transmitter to receiver k£ on subcarrier ¢. Similarly, the
minus sign in front of Zle @1, in (4) accounts for the ability
of the receivers to harvest energy from interference signals.
The weighted energy efficiency of the considered system
is defined as the total average number of bits successfully
conveyed to the K receivers per Joule consumed energy and
is given by
U(P,S,p)

Urp (Pv S,p )
It is interesting to note that the weighted energy efficiency

is a quasi-concave function with respect to the power al-
location variables, cf. Appendix A. The quasi-concavity of

Uess(P,S,p) = [bits/Joule]. @)
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Uers(P,S, p) can be exploited to show the quasi-concavity
of a transformed version of the resource allocation problem,
cf. Section III-B, Remark 2. Furthermore, strong interference
can act as an energy source which supplies energy to the
receivers and facilitates energy savings in the system. This
effect is not captured by other system models used in the
literature [18], [21]. Therefore, unlike systems with non-
energy harvesting receivers, systems with energy harvesting
receivers may benefit from interference as far as energy
efficiency is concerned. The energy efficiency gain due to the
introduction of energy harvesting receivers will be evaluated in
the simulation section. On the other hand, we emphasize that
the objective function of the considered problem formulation
does not capture how the receivers utilize the harvested energy.
For instance, if the receivers use the harvested energy for
extending their lifetime, an additional system capacity gain
may be achieved since the receivers have more time to
receive information. In other cases, the receivers may use the
harvested energy for uplink transmission which also results in
a system capacity gain.

Remark 1: Mathematically, it is possible that
Urp(P,S, p) takes a negative value. Yet, Upp(P,S,p)> 0
always holds for the considered system due to the
following reasons. First, it can be observed that

o e ePiksie = 0 Yy Puksig > 2y Qi
where the strict inequality is due to the second law
of thermodynamics from physics. In particular, the
communication channel between the transmitter and the
K receivers is a passive system which does not introduce
extra energy. Besides, the energy of the desired signal
received at the receiver is attenuated due to path loss
and energy scavenging inefficiency. Second, we consider
a system where the transmitter and the receivers consume
non-negligible amounts of power [16] for signal processing
such that Pe, + KPoy > Yoh | Q1.

B. Optimization Problem Formulation

The optimal power allocation policy, P*, subcarrier alloca-
tion policy, S*, and power splitting policy p*, can be obtained
by solving the following optimization problem:

s.t. Cl: Qp, +Qr, > Py,
ng K
C2: ZZH,kSi,k < Phax,
i=1 k=1
ngp K
C3: Po, + Z ZEPi7k5i7k < Ppq,
i=1 k=1
ng K

C4: Z Z Si,kci,k > Rumin,

i=1 k=1

, Vk,

ng
C5: Y " 5ikCik > Ruin,, Yk € D,
=1

C6: Py >0, Vi,k,  CT: sy, € {0,1}, Vi, k,
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K
C8: > six <1, Vi, C9:pf <pfy <pf,Vik,
k=1
C10: p, < pi sik < pir, Vi k,
Cll: plysin +pl < 1, Visk, C12: pFy = p¥y Vk,i # j.

Variable Pt in Cl is a constant which specifies the
minimum required power transfer to receiver k. The value
of Pjhax in C2 puts an upper limit on the power radiated
by the transmitter. The value of P, .x is a constant which
depends on the hardware limitations of the power amplifier.
C3 limits the maximum power supplied by the power grid
for supporting the power consumption of the transmitter to
Ppg, cf. Figure 1. R, in C4 is the minimum required data
rate of the system. Although R, is not an optimization
variable in this paper, we can strike a balance between the
system energy efficiency and the total system throughput by
varying its value. In particular, when R, is increasing,
the resource allocator may increase the transmit power for
satisfying the higher data rate requirement by sacrificing the
system energy efficiency. C5 is the minimum required data
rate Ryin, for the delay constrained services of receiver
k, and is specified by the application layer, and D denotes
a set of receivers having delay constrained services. C6 is
the non-negative orthant constraint for the power allocation
variables. C7 and C8 indicate that each subcarrier can be
allocated to at most one receiver exclusively in conveying
information; inter-user interference is avoided in the system.
Besides, C8 indicates that some subcarriers can be excluded
from the subcarrier selection process for energy efficiency
maximization. Boundary variables pg and pf in C9 denote
the constant upper and lower bounds of the power splitting
ratio for harvesting energy, respectively. The bounds are used
to account for the limited capability of the receivers in splitting
the received power. Similarly, pf; and pf in C10 denote the
constant upper and lower bounds of the power splitting ratio
for information decoding where pZ+pl = 1 and pf+pf, = 1.
C11 is the power splitting constraint of the hybrid information
and energy harvesting receivers. Its physical meaning is that
the power splitting unit, see Figure 1, is a passive device and
no extra power gain can be achieved by the power splitting
process. C12 constrains the power spitting ratio for energy
harvesting, pfk, such that it is identical for all subcarriers
in each receiver. Theoretically, p¥, can be different across
different subcarriers. However, in this case, an analog adaptive
passive frequency selective power splitter is required which
results in a high system complexity. Therefore, we consider
the more practical scenario where p, = pFy,Vk,Vj # i.
We do not explicitly impose pj, = pj,,Vk,Vj # i, in the
problem formulation. We note that it can be deduced that if
both subcarrier ¢ and subcarrier j are allocated to user k for
information decoding, p{‘ = p§ i Will hold eventually due
to the constraint p, = p¥,Vk,j # i. However, imposing
pi{ k= pj{ o> Vk,j # i explicitly at the very beginning in the
problem formulation makes the development for an efficient
solution of the optimization problem more cumbersome.
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C. Solution of the Optimization Problem

The key challenge in solving (8) is the lack of convexity of
the problem formulation. In particular, although the objective
function in (8) is quasi-concave with respect to the power
allocation variables, the objective function is a jointly non-
convex function with respect to {P, S, p}. Besides, constraints
C1-C12 do not span a convex solution set due to the integer
constraint for subcarrier allocation in C7 and the coupled
optimization variables in C1. In general, there is no standard
approach for solving non-convex optimization problems. In
the extreme case, an exhaustive search or branch-and-bound
method is needed to obtain the global optimal solution which
is computationally infeasible even for small K and npg.
In order to make the problem tractable, we transform the
objective function and approximate the transformed objective
function in order to simplify the problem. Subsequently, we
use the constraint relaxation approach for handling the integer
constraint C7 to obtain a close-to-optimal resource allocation
algorithm. Next, we introduce the objective function transfor-
mation via a parametric approach from nonlinear fractional
programming.

D. Transformation of the Objective Function

For notational simplicity, we define F as the set of feasible
solutions® of the optimization problem in (8) spanned by
constraints C1-C12. Without loss of generality, we assume
that {P, S, p} € F and we denote ¢* as the maximum energy
efficiency of the considered system which can be expressed
as

L uPnsten) o UPS ) ©)

= - = a. .
Urp(P*,8%,p*) P.S.p Urp(P,S,p)

Now, we introduce the following important Theorem which
is borrowed from nonlinear fractional programming [22] for
solving the optimization problem in (8).

Theorem 1: The resource allocation policy achieves the
maximum energy efficiency ¢* if and only if

max

U(P,S, p) - q*UTp(P,S, p)
P,S,p
= U8, p") —qUrp(P", 8% p") =0, (10)

for U(P,S,p) > 0 and Urp(P,S, p) > 0.

Proof: Please refer to [7, Appendix A] for a proof of
Theorem 1.

Theorem 1 provides a necessary and sufficient condition in
describing the optimal resource allocation policy. In particu-
lar, for an optimization problem with an objective function
in fractional form, there exists an equivalent optimization
problem with an objective function in subtractive form, e.g.
U(P,S,p)—q¢"Urp(P,S, p) in the considered case, such that
both problem formulations lead to the same optimal resource
allocation policy. Moreover, the optimal resource allocation
policy will enforce the equality in (10) which provides an
indicator for verifying the optimality of the solution. As a
result, we can focus on the equivalent objective function and
design a resource allocation policy for satisfying Theorem 1
in the rest of the paper.

%We assume that the set is non-empty and compact.



NG et al.: WIRELESS INFORMATION AND POWER TRANSFER: ENERGY EFFICIENCY OPTIMIZATION IN OFDMA SYSTEMS

TABLE 1
ITERATIVE RESOURCE ALLOCATION ALGORITHM.

Algorithm Iterative Resource Allocation Algorithm [Dinkel-
bach method]

1: Initialization: L,,,, = the maximum number of iterations

and A = the maximum tolerance

2: Set ¢ = 0 and iteration index j =0

3: repeat {Iteration Process: Main Loop}

4:  For a given ¢, obtain an intermediate resource allocation

policy {P’,S’, p'} by solving the problem in (11)

5: fU(P,S,p)— qUrp(P',S, p') < A then
6: Convergence = true
7: return {P*,S*,p*} = {P,8,p'} and ¢* =
U(P',8'.p")
Urp(P’,S",p")
8: else L
o Setq:%andj:jﬂ
10: Convergence = false
11:  end if

12: until Convergence = trueor j = L4,

E. Iterative Algorithm for Energy Efficiency Maximization

In this section, an iterative algorithm (known as the Dinkel-
bach method’” [22]) is proposed for solving (8) with an
equivalent objective function such that the obtained solution
satisfies the conditions stated in Theorem 1. The proposed
algorithm is summarized in Table I (on the next page) and the
convergence to the optimal energy efficiency is guaranteed if
the inner problem (11) is solved in each iteration.

Proof: Please refer to [7, Appendix B] for a proof of
convergence.

As shown in Table I, we solve the following optimization
problem for a given parameter ¢ in each iteration in the main
loop, i.e., lines 3—12:

max U(Pv Sa p) - QUTP(P, Sa p)
P,S,p
st Cl — CI2. (11

We note that for any value of ¢ generated by Algorithm I
in each iteration, U(P, S, p) — qUrp(P,S, p) > 0 is always
valid; negative energy efficiencies will not occur. Please refer
to [7, Proposition 3] for a proof. In fact, the transformed
objective function, i.e., U(P,S, p) — qUrp(P,S, p), has an
interesting pricing interpretation from the field of economics.
In particular, U(P,S, p) indicates the system profit due to
information transmission while ¢qUrp(P, S, p) represents the
associated cost due to energy consumption. Besides, the terms
Qp, and Qg, in Urp(P,S, p) are the corresponding rebate
and discount to the energy cost via energy harvesting, respec-
tively. The optimal value of ¢ represents a scaling factor for
balancing profit and cost.

1) Solution of the Main Loop Problem (11): The trans-
formed problem has an objective function in subtractive form
and is parameterized by variable g. Unfortunately, there are

7We note that the Dinkelbach method is an application of Newton’s method
for root finding, please refer to [15], [23] for details.
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still two obstacles in tackling the problem. First, the power
splitting variables for information decoding and energy har-
vesting, i.e., pf’ , and pfk, are coupled with the power allo-
cation variables in both the objective function and constraint
C1 which complicates the solution. Second, the combinatorial
constraint C7 on the subcarrier allocation variables creates a
disjoint feasible solution set which is a hurdle for solving the
problem via tools from convex optimization. In order to derive
a tractable resource allocation algorithm, we approximate the
transformed objective function in the following. First, we
approximate the weighted system capacity as

ng K

U(P, S, p) = Z Z a8 kW log, (1 + Pi,kFi,k)
i=1 k=1

~ U(P,S,p) (12)
n K

where U(P,S,p) = izaksi,kWIng (Pi,kri,k)(l?’)
i=1 k=1

which is a tight approximation for high SINR?, ie.,
P; 11" 1 > 1. On the other hand, we adopt a lower bound on
Urp(P,S, p) in the transformed objective function in (11):

UTP(Pasvp)
R ng K
2 UTP(P,S7P):PCT+KPCR+ZZ€Pi7kSi,]€
i=1 k=1
K np K K
- Z (Zpi,jsi,j)lkgk|Hi,k|27]k - ZQIk' (14
k=1i=1 j=1 k=1

where Urp(P,S, p) is obtained by setting pfk = 1 in
Urp(P,S, p). Indeed, ﬁTp(P, S, p) can be interpreted as the
use of a theoretical receiver which is able to fully recycle
and harvest the energy of the signal used for information
decoding’. As a result, the transformed objective function can
be approximated by

U(Pa 87 p) - qUTP(Pa 87 p)

< UP,S,p)—qUrp(P,S,p). (15)

On the other hand, by exploiting constraint C12, we can
rewrite constraint C1 in the following form to remove the
associated non-convexity:

ng K
cl: ) (Zﬂ,jsi,j)lkglei,klzm
i=1 =1
ng pred
+_0f e > ek,
=1 P1k

(16)

where the right hand side of the inequality in (16) is due to
constraint C12: p = pfy = ... = pl = ... = pl_,.

8The high SINR assumption is used to bring the optimization problem
into convex form which makes the problem mathematically tractable. Indeed,
in the proposed problem formulation, a minimum required system data rate
Ruin 18 set to guarantee a desired system data rate. Furthermore, we focus
on a indoor line of sight communication environment, see Section V. Thus,
it is unlikely that a selected receiver has low SINR.

9Note that pfk = 1 is only applied to the received energy harvested from
the information signal, but not to the portion harvested from the interference
signals.



6358

Besides, we can further simplify the algorithm design by
replacing C12 with the following equivalent constraint:

C13: pf'), = pFy, Vh,r €{2,...,np}.  (17)

Next, we handle the combinatorial constraint in C7 by
time-sharing relaxation [24], [25]. In particular, we relax the
subcarrier selection variable s; 5, to be a real value between
zero and one instead of a Boolean, i.e., C7: 0 < s;, < 1. Asa
result, s; ,, can be interpreted as a time-sharing factor in allo-
cating subcarrier ¢ to K receivers for delivering information. In
addition, we introduce two new auxiliary variables and define
them as Py = Pigs;p and p!, = p!,s;1. They represent
the actual transmitted power and the power splitting ratio for
information decoding on subcarrier ¢ for receiver k£ under the
time-sharing condition, respectively. On the other hand, we re-

place C; 4 in C4 and C5 in (11) by Gy = W log, ( LT, k)
while C; , > Ci7 k. We note that although

Dip=T; k| A,
i, o= Sik
Cik > CM generally holds, C; ;, ~ C‘i,k is asymptotically
tight in the high SINR regime. Since the feasible solution
set of the problem with CNQ-_, 1 in C4 and C5 is a subset of the
original problem '°, the solution obtained with the Dinkelbach
method for the approximated objective function can be used
as a suboptimal solution to the original optimization problem
in (8). Nevertheless, it will be shown in the simulation section
that the proposed resource allocation algorithm achieves a
close-to-optimal performance in high SINR. Note that by
considering the transformed optimization problem with the
approximated objective function and relaxed constraint C7 in
each iteration of the Dinkelbach method, the proposed scheme
converges to the optimal solution of the problem with the
approximated objective function introduced in (14).
Remark 2:  There is an alternative approach for solving
the optimization problem in (8). Instead of using U (P,S,p)—
qUrp(P,S,p) S U(P,S,p) — qUrp(P,S, p) from (15) in

each iteration, we could exploit the fact that

U(P,S.p)
ﬁTP(P, S,p)

Then, we can use a similar approach as in Appendix A to
U(P.S,p)
Urp(P,S,p)
to (P,S, p) under the time-sharing relaxation. As a result, a

unique global optimal solution exist and can be obtained by
using the bisection method [26]. We note that both approaches
achieve the same optimal value.

The problem with transformed objective function in (15) is
jointly concave with respect to (w.r.t.) all optimization vari-
ables (cf. Appendix B). Besides, it can be further verified that
the primal problem satisfies Slater’s constraint qualification.
As a result, strong duality holds and solving the dual problem
is equivalent for solving the primal problem [26]. Motivated

U(P,S,p) <
UTP(P7 Sa p) ~

prove that is jointly quasi-concave with respect

10Tn general, the constraint relaxation used in C7 may result in a superset
of the feasible solution set. Yet, it will be shown in the next section that the
optimal subcarrier allocation policy with respect to the approximated objective
function takes values of either zero or one on each subcarrier. In other words,
the subcarrier allocation policy is Boolean even though it is allowed to take
any real value between zero and one; i.e., the size of the feasible solution set
does not change with the constraint relaxation in C7.
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by this fact, we solve the primal problem by solving its dual
problem in the following.

F. Dual Problem Formulation

In this subsection, the resource allocation policy is derived
via solving the dual problem of (11) with approximated objec-
tive function. For this purpose, we first need the Lagrangian
function of the primal problem. The Lagrangian of (11) is
given by

L(W7A777/8767U7M7C7P787p) (18)

ngp K ~ ng K
:ZZ(O%+'Y+Uk)5i7kci,k_/\(zz max)
i=1 k=1 i=1 k1
K ngp ~
~4(Por + KPoy + 303 e
K nr K e K
—Z (Zpi,j)lkgk|Hi,k|27]k - Z Qlk) — YRmin
k=1i=1 j=1 h—1
ngp K .
-3 (PPG - Po, + Z Z 5Pi,k)
_ =1 k=1
_Zzéi7k(ﬁ{,k+pfk ) ZQ(ZSm—l)
zI:(l Ien:Fl =1
D>tk (ﬂfk - Pfk) — > vk Ruin,
k=1 i=2 keD
K Proq ngp K ng
> wk( e Z( )lk9k|Hi7k|277k—ZUik77k),
k=1 pl k=1 i=1

Py
Sik

5T .
I 7‘011.1@
Pi k=%,

where C’l r = Wlogy ( BT ) and fi_,k =T

w has elements wy, >0, k € {1,..., K}, and is the Lagrange
multiplier vector corresponding to the individual minimum
required power transfer constraint. A > 0 accounts for the
maximum transmit power allowance P, in constraint C2.
B > 0 is the Lagrange multiplier for C3 accounting for the
power usage from the power grid at the transmitter. «y is the
Lagrange multiplier associated with the minimum data rate
requirement of the system in C4. v denotes the Lagrange mul-
tiplier vector for the minimum individual data rate requirement
of receiver k in C5 and has elements vy, > 0,k € {1,..., K}.
We note that v, = 0,Vk ¢ D, for the receivers requiring
non-delay constrained services. ¢ is the Lagrange multiplier
vector accounting for the subcarrier assignment constraint C8
and has elements (;,7 € {l,...,np}. & is the Lagrange
multiplier vector for the power splitting constraint C11 and
has elements 0; 4,7 € {1,...,np},k € {1,...,K}. p is
the Lagrange multiplier vector for constraint C12 and has
elements ;1,7 € {1,...,nphk € {1,...,K}. On the
other hand, the boundary constraints C6, C7, C9, and C10
on the optimization variables are captured by the Karush-
Kuhn-Tucker (KKT) conditions when deriving the resource
allocation solution in the next section. Thus, the dual problem
for the primal problem (11) is given by

‘C(Wa Aalyaﬁa 67“7 122 Capasa P) (19)

max
W)\’YﬂlS'UC>O/J,'PSp
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G. Dual Decomposition Solution

In this section, the optimal'! resource allocation policy is

obtained via Lagrange dual decomposition [27]. Specifically,
the dual problem in (19) is decomposed into a hierarchy of
two levels. Level 1, the inner maximization in (19), consists
of nr subproblems with identical structure that can be solved
in parallel. Level 2, the outer minimization in (19), is the
master problem. The dual problem can be solved iteratively.
Specifically, in each iteration, the transmitter solves the np
subproblems by applying the KKT conditions for a fixed set
of Lagrange multipliers. Then the solutions of the subproblems
are used for updating the Lagrange multiplier master problem
via the gradient method.

Level 1 (Subproblem Solution): Using standard convex
optimization techniques and the KKT conditions, for a given
q, in each iteration of the Dinkelbach method, the power
allocation policy and the power splitting policy on subcarrier
1 for receiver k are given by

Jr
~ w
P;k = Szkpsz = Sik M , Vi k, (20)
1n(2)(<1>1-_,k)
K
O =qe + Be+ A — Y _(q + wi)lkgkl Hi x>k, 1)
k=1
[ wy, P +]70
plEZ = [ P kg —k nE :| ,(22)
’ o1k —qo2a + Ujlyk)nk + Zj:? Hj.k oF
- L
VEk, and
- pLE]:
pie = |02 + ol Ime =0k + k| (23)
PE

Vk,] S {2,...,71}7},
U k
2¢/In(2)(d; k) (02 407 )

I
Uzs v
- Vi, k,
2(02. + ai‘k)

~I % VES
Pik = Si7kpi,k=8i,kl

(24)

oL,

U= \/4W(ak +y+uR) (0% + 02 )+ (0ix) In(2)02

x /o2, (25)
and p11 = 0. Here, operators [a:]+ and [z] are defined
as [JTL = max{0,z} and [:r}; =c if x > ¢ [3’}; =

x, ifd <z <c [2], =d, if d > , respectively. The power
allocation solution in (20) is known as multilevel water-filling.
In particular, the water-level in allocating power on subcarrier
3 for receiver k, i.e., W, is not only directly pro-
portional to the priority of receiver k via variable oy, but also
depends on the channel gains of the other K — 1 receivers
via the term Ziil(q + wi )k gx| Hi 1 |*nr. Besides, Lagrange
multipliers vy, vy, and wy force the transmitter to transmit
with a sufficiently high power to fulfill the system data rate
requirement, [,,iy, the individual data rate requirements of

n this section, an optimality refers to the optimality for the problem
formulation using the time-sharing assumption and the approximated objective
function.
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the receivers having delay constrained services, Rmin,, and
the minimum power transfer requirement, Prrnci?lk, for receiver
k, respectively. Moreover, as can be observed from (20), the
power allocation solution P}, is independent of s;; which
facilitates a simple allocation design.

On the other hand, the power splitting ratio for information
decoding, pfjc, is also in the form of water-filling and the
water-level depends on the priority of the receiver via ay
in (24). Besides, Lagrange multiplier ;j affects the power
splitting ratio solution for energy harvesting in (22) and (23)
such that pfk will eventually equal pfk,Vj €{2,...,np},
as enforced by consensus constraint C12. Furthermore, when
0% + 07 > o2, the SINR on each subcarrier approaches

2
Py klkgr | Hi,kl
) )

g +U
A P

P wplt ligr|Hix|?
ph(0lato], )t+ol

— and is independent of

pl . Besides, ﬁTp(P,S,p) is a monotonically decreasing
function of pZ;. Therefore, pf; — pf and pl% — pl be-
come the optimal power splitting policy for energy efficiency
maximization. Thus, if 02, —|—O’iy > o2, and the lower bound
of the power splitting ratio for information decoding is zero,
i.e., pL = 0, then the solution suggests that in this case an
infinitesimally small portion of the received power is used at
the receivers for information decoding in order to achieve the
optimal performance; provided that the data rate constraints
C4 and C5 are satisfied. In other words, most of the received
power at the receivers should be used for energy harvesting.
The above considerations indicate that in the interference
limited regime, a hybrid information and energy harvesting
receiver must achieve a higher energy efficiency than the
traditional pure information receiver. This will be confirmed
by simulation in Section V.

On the other hand, subcarrier ¢ is assigned to receiver k
when the following selection criterion is satisfied:

1 ifk=argmax M,;,,
51. = . a ) (26)
’ 0  otherwise
where M; & (27)
= W(ak ++ Uk) {bgz (Piklkgk|Hi,k|2)
VES
Pik
+ log ( ” ’ )
N (0% + 03, ) + o2

1 o2, } G
In(2) In(@2)(pl (02 + 0% ) +o2)] ™

is the marginal benefit provided to the system when subcarrier
1 is assigned to serve receiver k. In other words, receiver k is
selected for information transmission on subcarrier ¢ if it can
provide the maximum marginal benefit to the system. Besides,
if receiver k has a high priority or a stringent individual data
rate requirement, it will have high values of aj or v; and
the resource allocator at the transmitter will have a higher
preference to serve receiver k with subcarrier . On the other
hand, it can be observed from (26) that although constraint
relaxation is used in constraint C7 for facilitating the design
of the resource allocation algorithm, the subcarrier allocation
policy on each subcarrier for the relaxed problem remains
Boolean; time sharing does not occur.

Remark 3: The above observation for the optimal power
splitting policy in the interference limited regime is valid for



6360

both the problem with the original objective function and the
problem with the approximated objective function. Indeed, if
the case of an interference limited regime is considered, the
use of the approximated objective function is not necessary.
Instead, we can first set p;’y B —> pU and pI* — pk in the
problem formulation. p% and p % become constants and the
associated non-convexity vamshes Then, we optimize P and
S by following a similar approach as used in (8)-(27).

Level 2 (Master Problem Solution): The Level 2 master
problem in (19) can be solved by using the gradient method
which leads to the following Lagrange multiplier update
equations:

ngp K
A+ 1) = [Aw) = & ()% (P ZZm)} (28)
i=1 k=1
Blu+1)=[Bw) — &) x (Prc — Po 29)
ngp K
> > ePiy) } ;
1=1 k=1
- nrp K _
y(u+1)= |y(w) - (Zzsi,ka,k
_ 22
—Rmm)}f (30
Sig(u+1)=10;x(u) — &alu)
< (1=l 08)] vk, 31)
i+ 1) = ) = &s(w) x (pFx = )| 32
) Vr e {2,...,np},Vk,
wi(u+1)= wk(u) — &6 (u)
(Z (Z )lk9k|Hi,k|277k
i=1  j=1
ng Pre_q +
+;ink - ﬁ)} Yk, (33)
vp(u+1)= [Uk(u) — X (Z S@ka‘,k
N =1
—Rmink)} k€D, (34)

where index w > 0 is the iteration index and & (m),
t € {1,...,7}, are positive step sizes. Then, the updated'?
Lagrange multipliers in (28)—(34) can be used for updating
the resource allocation policy in (20)—(27) by solving the
np subproblems in (19). As the primal problem with the
approximated objective function is jointly concave w.r.t. the
optimization variables, it is guaranteed that the primal optimal
solution can be obtained by solving the problems in Level 1
and Level 2 iteratively, provided that the chosen step sizes,
& (m), are sufficiently small'>. We note that other than the

121t can be observed that updating ¢; is not necessary since it does not
affect the result of the subcarrier allocation solution in (26).

13In the literature, different methods such as exact line search and back-
tracking line search are commonly used for optimizing the step sizes [26],
[28]. In this paper, we adopt a backtracking line search approach in optimizing
the step sizes for fast convergence.
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adopted gradient method, different iterative algorithms such as
the ellipsoid method can also be used for finding the optimal
Lagrange multipliers due to the convexity of the dual problem
[26].

IV. RESOURCE ALLOCATION DESIGN - DISCRETE SET OF
POWER SPLITTING RATIOS

In practice, due to the high complexity associated with a
high precision power splitting unit, the RF energy harvesting
receivers may only be capable of splitting the received power
into two power streams based on a finite discrete set of power
splitting ratios. In this section, we design a resource allocation
algorithm for such receivers. In particular, we assume that
there are IV distinct power splitting ratios for energy harvesting
and information decoding at each receiver. Thus, the power
splitting ratios for energy harvesting and information decoding
on subcarrier ¢ for mobile receiver k£ can be represented by
the following constraints:

Cl4: pfk
CIS: p

En
7pk 7"'7pk }
710]9 }

e {ofof, ...

€ PP P (35)

py" and pi, n € {1,2,...,N}, are the possible power
splitting modes for energy harvesting and information de-
coding adopted in receiver k, respectively. The corresponding
resource allocation algorithm design can be formulated as the
following optimization problem:

U€ b) )
max Uers(P, S, p)

st.  CI-C8, Cl1, C12, Cl4, CI5. (36)

Similar to the case of a continuous set of power splitting ratios,
the objective function of the above problem formulation in-
herits the non-convexity of the fractional form of the objective
function. Therefore, by using Theorem 1, we can transform the
objective function from the fractional form into a subtractive
form and solve the problem via the Dinkelbach method. As
shown in Table I, in each iteration of the main loop, i.e., lines
3-12, we solve the following optimization problem for a given
parameter q:

max U(P,S, p) - QUTP(P,S, p)
P,S,p

st.  CI-C8, Cl1, C12, Cl4, CI5. (37)

The additional difficulty in solving the above optimization
problem compared to the problem formulation in (8) is the
disjoint/discrete nature of the optimization variables pfk and
pl,, cf. Cl4 and C15 in (35). In general, an exhaustive
search is required to obtain the global optimal solution and the
search space grows in the order of N25"" which may not be
computationally feasible for systems of moderate size. In the
following, we transform (37) into an optimization problem
with tractable solution by exploiting subcarrier time-sharing
and the concept of power splitting mode selection. In particu-
lar, different values of pi" can be treated as different operating
modes of receiver k£ with different equivalent SINRs. Then,
we combine the subcarrier selection with the operating mode
selection by augmenting the dimensions of the optimization
variables. To this end, we define the channel capacity between
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the transmitter and receiver k& on subcarrier 7 with channel
bandwidth W by using power splitting mode n as

m W log, (1 + Py ) (38)
n o _ o g | Hi i |?
ik pi (Uza. +U[ k)+U )

and P, I'7", is the received SINR on subcarrier ¢ at receiver
k usmg power splitting mode n for information decoding.
The weighted system capacity is defined as the total average
number of bits successfully delivered to the K receivers via
the N power splitting modes and is given by

ngp K N

=20 > owsixCi

i=1 k=1n=1

UPN,sN) = (39)

where PN = {P, > 0,Vi,k,n} is the power allocation
policy and SN = {s7", € {0,1},Vi,k,n} is the subcarrier
allocation policy for the case of discrete power splitting ratios.
We note that the subcarrier allocation policy in (39) incor-
porates the power splitting mode selection for information
decoding. On the other hand, the power consumption of the
system can be written as

Urp(PN, SN, AN)

ngp K N
= PCT+KPCR+ZZZ€ 'LkS’Lk
- Kz ;Vk 1n=1
=2 Qb - D @, (40)
k=1n=1 k=1n=1

nr
where Q7 —Z(Z ZR’?SZ@)ZMHH@H?%P;@E"@Z (41)

i=1 j=1m=1

Power harvested from information signal
at receiver k with power splitting mode n

ng
and Qf = Z(aﬁa + Ui‘k)pkE"akr]k (42)
i—1

Power harvested from interference and
antenna noise at receiver k with power splitting mode n

Here, AN = {a} € {0,1},Vk,n} is the power splitting ratio
selection policy for energy harvesting. In the above problem
formulation, aj} is the optimization variable which captures the
selection of power splitting mode pkE" for energy harvesting.
Similar to the case of the continuous set of power splitting
ratios, we consider an approximation of the objective function
for facilitating a tractable resource allocation algorithm design
in the following. First, the system capacity between the
transmitter and the K mobile receivers can be approximated
by
N oNy @ 5N oN
UPy,sY)y = UPY,8Y)
ngp K N

= 20> ausiuCil

i=1 k=1n=1

Crty = Wlog, (P47 3)
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and (,2 in (43) is due to the high SINR assumption. On the
other hand, a lower bound for the total power consumption of
the system is given by

Urp(PN, SN, AN)
Urp(PN, 8N, AN)
K neg N

= PCT—I—KPCR—I—ZZZS 71@‘911@

k=1 i=1 n=1

K K N
- Z (Z Z P"s ?Z)lkgk|Hi7k|277k

j:1 m=

vV

=

(44)

where UTP(PN SN, AN) is obtained by setting pE" =1

Then, the objective function for the optimization problem for
discrete sets of power splitting factors is given by

U(PN,8Y) — qUrp(PN, 8N, AV)

S UPN,SN) = qUrp(PN, SN, AN). 45

A. Optimization Problem Formulation

With a slight abuse of notation, we reformulate the op-
timization problem for discrete power splitting ratios to be
solved in each iteration as follows:

UPN,8N) = qUrp(PN, 8N, AN)

max
PN SN AN

N
st. CL Y Qp, +Qf, > Puil, |k,

n=1
ngp K N

CZZZZ 1kszk<PmaX’

i=1 k=1n=1
TLFKN

C3: PC+ZZZe5 esik < Pra,

i=1 k=1n=1
ngp K N

C4. Z Z Z S?kaz’fk > Rmin7
i=1 k=1n=1
ngp K N

C5: Y > sCry > Ruin, Yk € D,

i=1 k=1n=1

C6: P, >0, Vi, k,n, CT: s}, €{0,1},¥4,k,n,

K N
C8: Y > sy <1, Vi, C9: af € {0,1},

Vk,n,
k=1n=1
N
C10: > aj =1,Vk,
n=1
N
Cll: pi"sf’k + Z pkE’"a’,,ZI <1, Vi, k,n,
m=1
ClZ:Zpk P+ pprap < 1, Vi, k,n. (46)

Constraints C1-C6 have the same physical meanings as in the
problem formulation in (8). Constraints C7-C12 are imposed
to guarantee that in each receiver only one power splitting
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mode can be selected for information decoding and energy
harvesting. Besides, C11 and CI2 indicate that no extra
power gain can be achieved in the power splitting process.
On the other hand, the non-convexity of the above problem
formulation is caused by the coupled optimization variables in
C1 and the combinatorial constraints in C7 and C9. In analogy
to the techniques used for solving the optimization problem in
(11), we solve problem (46) in the following two steps. In the
first step, we relax constraints C7 and C9 such that variables
si and @, can assume any value between zero and one, i.e.,
C7 0<s”k<1 Vi, k,nand C9: 0 < aj, < 1,Vi, k,n.Then
siy and @', can be interpreted as the time sharing factors for
receiver k in utilizing subcarrier ¢ with power splitting mode 7.
We also define a new variable 151‘71@ = 57 B, for facilitating
the design of the resource allocation algorithm. In fact, P,
represents the actual transmit power of the transmitter for
receiver k in subcarrier ¢ if power splitting mode n is used
under the time sharing condition. In the second step, we

replace constraint C1 in (46) by
Cl:

ng K
=1

> (

N
> Pﬁr})lkgk|Hi7k|277k
=1 j m=1

o ap Pred
+> (0% 407 )k > 5 Yk n. (47)
i=1 ’ P

Although CI’ is equivalent to CI in (46) only if a} takes
a binary value, i.e., a} € {0,1}, and Zle ap =1, it will
be shown in the next section that the optimal solution for aj}
has a binary form under constraint C1°, despite the adopted
constraint relaxation. Consequently, the optimization problem
with the approximated objective function and the constraint
relaxation is now jointly concave w.r.t. all optimization vari-
ables'*. Besides, it satisfies Slater’s constraint qualification.
Therefore, we can apply dual decomposition to solve the
primal problem via solving its dual problem. The Lagrangian
function of the primal problem in (46) is given by

LW, \,7,8,8,v, ¢k, PN, SV, AY) (48)
ngp K N
= ZZZ a + v+ vk)s HCC
i=1 k=1n=1
e e 35S
PR k=1n=11i=1 -
S (S At 3o n)
k=1i=1n=1 j=1 k=1n=1
ng K N
Rmin_Z;Ci(z:lz_:ls'k )
ngp K _N ~ -

“The concavity of the above optimization problem can be proved by
following a similar approach as in Appendix B for the case of continuous
power splitting ratios.
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np K N
S ) D) AT +z%%4)
an:[l(k:;[n_l
—ZZZ (ZP i+ PR aZ—l)
Z;{1 k; - anP::q ' ng K N B
SO wi (e =37 (30D P ) tgel Hul e
k=1n=1 Pk i=1  j=1m=1
—ZF(oga + 01 Z Vg Rmin,,
i=1 keD
K N ne K N
> ox (Z ay — 1) - 5(PPG —Porty Y > ¢ ka),
k=1  n=1 i=1 k=1n=1

where A, (5, and v are the scalar Lagrange multipliers as-
sociated to constraints C2, C3, and C4 in (46), respectively.
w,v,, §, and k are the Lagrange multiplier vectors for
constraints C1°, C5, C8, C10, C11, and C12 which have
elements w) > 0,n € {1,..., N}, ke {1,...,K}, v >0,
G >0,i€{l,...,np} @i 0, and kI, respectively. We
note that there is no restriction on the value of ; since it
is associated with equality constraint C10. Thus, the dual
problem is given by

min (49)
w,A,7,83,8,v,(,k>0,

N N N
PNI,E%%AN E(W7A7775767U7¢7K7C7P 78 7“4 )

B. Dual Decomposition Solution

By using dual decomposition and following a similar ap-
proach as in Section III-G, the resource allocation policy
can be obtained via an iterative procedure. For a given set
of Lagrange multipliers {w, \,v, 3,8, v, ¢, k, }, the power
allocation policy, power splitting policy, and subcarrier allo-
cation policy for receiver k using power splitting mode n on
subcarrier ¢ are given by

+
~ w
ne = s P = i | ST | g g (50)
’ ’ In(2) ((I)Lk)
1 if n = argmax T,f ,VEk,
ay” = . b (51)
0 otherwise
ng ng ng
T2 = o (am S (0% 0, )= Z 5=kt
=1 i=1 m=1 =1
bprcq
ming
—ka — Pk (52)
1 if n,k=argmax M¢S, ,Vi,
S = ) b ’ (53)
’ 0 otherwise
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and ®; j is defined in (25). The power allocation solution in
(50) has a similar multi-level water filling interpretation as in
(20). The difference between (20) and (50) is that the power
allocation in (50) is performed w.r.t. each power splitting
mode. On the other hand, it can be observed from (51) and
(53) that the optimal values of aj; and s, are binary numbers,
although time sharing relaxation is used for facilitating the
algorithm design.

Now, since the dual function is differentiable, we can update
the set of Lagrange multipliers for a given set of PV, SV, AN
by using the gradient method. The gradient update equations
are given by

Au+1)= [A(u

nrg

&1(u) x (Pmax

K N
ZZP&)}

i=1 k=1n=1
ﬁ(u+1)=[ﬁ(u — &(u) x (Ppg—Pc

ng N
eP }
1

K
-2
Yu+1)= () = &) X (Ruin

i=1 k=1n=
N
i)

(55)

(56)

i=1 k=1n=1
melu+ 1) = [07(0) = &4(w)

X ( I" Sig —
R+ 1) = R (w) = &5(u)
X (1 - Z 0" S

m=1

51 C 57

Z pEmam )r,w, k,n,(58)

pfkaz)r,vm,n, (59)

wi(u+ 1) = [ (u) = () (60)
ng K
(Z (Z ZJ)lkgk|Hi,k|277k
=1 j=1
k pred
+ ;(aia +of, )~ %,)F,Vk,n,
v+ 1) = [00(w) = r(w) x (Bunin,
ng N
DI e k)r,wcep. 1)

i=1n=1
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Similar to the case of continuous power splitting ratios,
updating (; and ¢; is not necessary since they will not affect
the power splitting mode selection and subcarrier allocation
in (51) and (53), respectively.

V. RESULTS

In this section, simulation results are presented to demon-
strate the energy efficiency and system capacity of the pro-
posed resource allocation algorithms. We consider an indoor
communication system with K receivers and the correspond-
ing simulation parameters are provided in Table II. We note
that the 470 MHz frequency band will be used by IEEE
802.11 for the next generation of Wi-Fi systems [31]. Besides,
the wavelength of the carrier signal is 0.6 meter which is
smaller than the minimum distance between the transmitter
and receivers. Thus, the far-field assumption of the channel
model in [29] holds. Furthermore, in practice, the value of
circuit power consumption depends on the specific hardware
implementation and the application. On the other hand, we
assume that all receivers have the same priority oy = 1, Vk,
for illustrating the maximum achievable energy efficiency of
the system. The shadowing of all communication links is set
to g = 1, Vk, to account for the line-of-sight communication
setting. Unless specified otherwise, we assume that there is
only one receiver requiring delay constrained service with a
minimum data rate requirement of Ry,i,, = 10 Mbit/s. In
the sequel, the total number of iterations is defined as the
number of main loop iterations in the Dinkelbach method.
For the case of continuous power splitting ratios, we set
pg = pIU =1and pf = pi = 0. Besides, there are five power
splitting ratios for the resource allocation with the discrete
set of power splitting ratios: pfk € {1,0.75,0.5,0.25,0}
and pf, € {0,0.25,0.5,0.75,1}. Moreover, to ensure fast
convergence, the step sizes adopted in (28)—(34) and (55)—
(61) are optimized via backtracking line search, cf. [26, page
464] and [32, page 230]. Note that if the transmitter is unable
to meet the minimum required system data rate Ry, the
minimum required individual data rate R,yin, , or the minimum
required power transfer Prrncl?lk, we set the energy efficiency
and the system capacity for that channel realization to zero
to account for the corresponding failure. For the sake of
illustration, the performance curves of the proposed algorithms
for the continuous and discrete sets of power splitting ratios
are labeled as “Proposed algorithm I and “Proposed algorithm
II” in Figures 2-7. The average energy efficiency of the
system is computed according to (7) and averaged over 100000
independent realizations of multipath fading and path loss
attenuation.

A. Convergence and Optimality of Iterative Algorithm

Figure 2 depicts the average system energy efficiency of the
proposed iterative algorithms for different levels of received
interference versus the number of iterations. Specifically,
we are interested in the energy efficiency and convergence
speed of the proposed algorithms. We plot the upper bound
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TABLE 11
SYSTEM PARAMETERS

Maximum service distance dmax

10 m

Reference distance dg

1 m

Users distribution

Uniformly distributed between do and dmax

Multipath fading distribution

Rician fading with Rician factor 6 dB

Channel path loss model

TGn path loss model [29]

Carrier center frequency

470 MHz

Number of subcarriers n g

128

Total bandwidth B and subcarrier bandwidth W/

20 MHz and 156 kHz

Thermal noise power and antenna noise power per subcarrier

—112 dBm and —115 dBm

Quantization noise (12-bit uniform quantizer) per subcarrier —47 dBm

Minimum system data rate requirement Rpip 50 Mbit/s

Minimum data rate requirement for delay constrained service Rmin, 10 Mbit/s

Class A/B power amplifier [30] with a power efficiency of 16% e =6.25

Maximum power supply Ppg 50 dBm

Minimum required power transfer P:;‘Ci?lk 0 dBm

Energy harvesting efficiency 7y, 0.8

Circuit power consumptions: Po.. and P, 30 dBm and 20 dBm
Effective antenna gain 12 dB

8
x 10
R S S

Upper bound performance

)
T

o
T

2
|

N
:

— + — Upper bound performance, 6 = -50 dBm

.
—©— Proposed algorithm I, afk =-50 dBm

N 2
—>— Proposed algorithm I, O‘IM =-50 dBm

&)

Average system energy efficiency (bits/Joule)
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«
A Proposed algorithm I, G‘Qk =40 dBm
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L

| . . . I I I I I
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Number of iterations

Fig. 2. Average system energy efficiency (bits-per-Joule) versus number of
iterations with different levels of interference power, a%i ,and Pyax = 30
dBm. There are K = 3 receivers in the system. The dashed solid lines
represent the upper bound of energy efficiency after algorithm convergence.

performance!> of the system after convergence to illustrate the
sub-optimality of the proposed algorithms. The dashed lines
refer to the average energy efficiency upper bound for each
case study. After only 5 iterations, the iterative algorithms
achieve over 95% of the upper bound value for all considered
scenarios. Besides, the convergence speed of the proposed
algorithms is invariant to the interference levels, ai’k, which
is desirable for practical implementation.

In the following case studies, the number of iterations
is set to 5 for illustrating the performance of the proposed
algorithms.

5The upper bound system performance is obtained by directly evaluating
the upper bound objective function via replacing the energy consumption
function Urp (P, S, p) in (14) by U(P, S, p) for the continuous set of power
splitting ratios. We note that the approximation in (12) is asymptotically tight
for high SINR.

B. Energy Efficiency versus Maximum Allowed Transmit
Power

Figure 3 shows the average system energy efficiency versus
the maximum transmit power allowance, P, for different
received levels of interference, ai’k. We first focus on the case
of a small number of receivers and moderate interference level.
It can be observed that the average system energy efficiency
of the proposed algorithms is a monotonically non-decreasing
function of P, ax. In particular, starting from a small value
of Pax, the energy efficiency first quickly increases with an
increasing Pp,,x and then saturates when P, > 18 dBm.
This is due to the fact that the two proposed algorithms strike
a balance between the system energy efficiency and the power
consumption of the system. In fact, once the maximum energy
efficiency'® of the system is achieved, a further increase in
the transmit power would result in a degradation in energy
efficiency. As expected, proposed algorithm I outperforms
proposed algorithm II in all cases since the latter algorithm is
designed based on discrete sets of power splitting ratios which
span a smaller feasible solution set compared to algorithm I.
Besides, Figure 3 reveals that although interference signals
can act as a viable energy source to the system, cf. (5) and
(7), strong interference impairs the energy efficiency of the
system; the energy harvesting gain due to strong interference!’
is unable to compensate the corresponding capacity loss. For
comparison, Figure 3 also contains the energy efficiency of
two baseline resource allocation schemes. For baseline I, we
maximize the weighted system capacity (bit/s) with respect
to {P,S, p} subject to constraints C1-C12 in (8), instead
of the energy efficiency. Specifically, baseline I focuses on
a system with hybrid energy harvesting receivers which split
the received signal into two power streams for a finite discrete
set of power splitting ratios. On the other hand, baseline II
maximizes the weighted energy efficiency of the system with
respect to {P,S} for receivers which do not have energy

19The maximum energy efficiency refers to the “maximum” w.rt. the
corresponding problem formulation.

17Nevertheless, we would like to emphasize that the use of hybrid infor-
mation and energy harvesting receivers provides a better energy efficiency to
the system compared to pure information receivers, as can be observed from
baseline II.
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harvesting capability. Since the receivers of baseline II are
unable to harvest energy, we do not impose constraint C1 for
baseline II since a minimum power transfer to the receivers
is not required. Figure 3 reveals that in the low transmit
power regime and for a small number of receivers, the system
with power splitting receivers achieves a small performance
gain compared to the system without energy harvesting re-
ceivers. This is because in the low transmit power regime,
the received power of the desired signal at the receivers
may not be sufficiently large for simultaneous information
decoding and energy harvesting. As a result, power splitting
occurs for fulfilling constraint C1. On the other hand, the
energy efficiency gain achieved by the proposed algorithm
attains its maximum in the high transmit power allowance
regime. It can be observed that approximately a 5% gain
in energy efficiency can be achieved for K = 3 receivers
and a moderate interference power level. We emphasize that
in the high transmit power allowance regime, the maximum
energy efficiency achieved by the system with hybrid energy
harvesting receivers cannot be attained by the system without
hybrid energy harvesting receivers (baseline II) via increasing
the transmit power.

Now, we focus on the system with a moderate number
of receivers and moderate interference levels in the high
transmit power allowance regime. Figure 4 illustrates the av-
erage system energy efficiency versus the number of receivers
for different interference power levels, U%i,k’ and different
resource allocation algorithms. The maximum transmit power
allowance is set to P,x = 25 dBm. In particular, we compare
the proposed algorithm II, i.e., energy efficiency maximization

Average system energy efficiency (bits-per-Joule) versus maximum transmit power allowance, Pmax, for K = 3 receivers and different levels of

with discrete power splitting ratio receivers, with baseline
II. It can be observed from Figure 4 that the performance
gain provided by energy harvesting depends on the number of
receivers and the interference power level for a fixed maximum
transmit power allowance P .. Indeed, when there is only
one receiver, the performance gain due to energy harvesting
is small since only a small portion of radiated power can
be harvested by the receiver. However, when there are more
receivers in the systems, more receivers participate in the
energy harvesting process and thus a larger amount of energy
can be harvested from the RF signals. As a result, a larger
performance gain in terms of energy efficiency can be achieved
by the proposed algorithm over baseline II when there are
more receivers in the system. Furthermore, it can be seen that
the performance gain achieved by the proposed algorithm over
baseline II increases with the interference power level. The
reason behind this is twofold. First, the increase in interference
power level provides some extra energy to the system for
potential energy harvesting. Second, the strong interference
tends to saturate the SINR on Ieach subc%mer such that it is

P; kP k ka‘sz klkgk‘H k‘
independent of ie., 1= i :
p p”@’ > pln(o za+011‘k)+oz. oZatof,

for 02. 407 > oZ.. Thus, using more of the received power
for 1nf0rmat10n decoding does not provide a significant gain in
channel capacity. Consequently, more received power is used
for energy harvesting to reduce the total energy consumption
of the system (see also Figure 6), which enhances the system
energy efficiency. On the other hand, we would like to empha-
size that although the energy efficiency gain of algorithm II
compared to baseline II depends on the system settings, energy
harvesting may be necessary in some applications where other
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power sources are not available for the receivers regardless of
how much can be gained in energy efficiency.

C. Average System Capacity versus Maximum Allowed Trans-
mit Power

In Figure 5, we plot the average system capacity versus
the maximum transmit power allowance, P, ., for different
levels of interference power, Ui,k' We compare the two
proposed algorithms with the two aforementioned baseline
schemes. For P,.x < 18 dBm, it can be observed that the
average system capacities of the two proposed algorithms
scale with the maximum transmit power allowance Py ax.
Yet, the system capacity gain due to a larger P, begins
to saturate in the high transmit power allowance regime,
i.e., Pnax > 18 dBm. Indeed, the proposed algorithms do
not further increase the transmit power in the RF if the
system capacity gain due to a higher transmit power cannot
neutralize the associated energy consumption increase required
for boosting the transmit power. Baseline II has a similar
behaviour as the proposed algorithms with respect to the
maximum transmit power allowance, since baseline II also
focuses on energy efficiency maximization. On the other
hand, as expected, baseline II achieves a system capacity
gain over the other algorithms in the low transmit power
allowance regime. Indeed, the SINR of each subcarrier is
monotonically increasing with respect to pfk In other words,
the SINR (capacity) on each subcarrier is maximized when
there is no power splitting, i.e., p/, = 1,p, = 0, which

Average system energy efficiency (bits-per-Joule) versus number of receivers, K, for Pmax = 25 dBm and different levels of interference power,

is the setting for baseline II. We note that although baseline
I focuses on system capacity maximization, power splitting
occurs for fulfilling constraint C1 which results in a lower
system capacity compared to baseline II in the low transmit
power regime. However, the system capacity of baseline I is
higher than that of the other algorithms in the high transmit
power regime, e.g., Ppax > 18 dBm. This is attributed to the
fact that in order to maximize the system capacity for baseline
I, the transmitters always radiate all the available power. Yet,
the higher system capacity of baseline I comes at the expense
of a low system energy efficiency, cf. Figure 3. In addition,
we observe from Figure 5 that all the considered algorithms
are able to fulfill the system data rate requirement in C4 on
average.

D. Average Harvested Power versus Maximum Allowed
Transmit Power

Figure 6 depicts the average harvested power of the pro-
posed algorithm II versus the maximum allowed transmit
power, Pax, for different levels of interference power, U%i,k'
It can be seen that in the high transmit power regime, the
amount of average harvested power in all considered scenarios
is saturated. This is because for the proposed algorithm II, the
transmitter stops to increase the transmit power for energy
efficiency maximization. Meanwhile, the average interference
power level remains unchanged and no extra energy can be
harvested by the K receivers. On the other hand, a higher
amount of power is harvested by the receivers in the system
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Fig. 5. Average system capacity (bits-per-second) versus maximum transmit power allowance, Pmax, for different power levels of interference, o% T and
ik

K = 3 receivers.

when the interference power level increases as the SINR is
independent of p]},iyk on each subcarrier. Thus, splitting more
received power for energy harvesting improves system energy
efficiency and increases the average harvested power.

E. Average Energy Efficiency and System Capacity versus
Number of Receivers

Figure 7(a) and Figure 7(b) illustrate the average system
capacity and the average system energy efficiency of the
proposed algorithm II versus the number of mobile receivers
for different interference power levels, U%i,k’ and different
receiver circuit power consumptions, FPc,. In Figure 7(b), it
can be observed that the average system capacity increases
with the number of receivers in the system since the proposed
algorithm is able to exploit multiuser diversity. Specifically,
the transmitter has a higher chance of selecting a receiver
with good channel conditions when more receivers are in the
system, which results in a system capacity gain. In addition,
although a higher interference power level impairs the average
system capacity, it does not decrease the performance gain due
to multiuser diversity as can be concluded from the slopes of
the curves. Besides, a higher circuit power consumption in the
receivers does not have a large impact on the average system
capacity.

On the contrary, Figure 7(a) shows that the average sys-
tem energy efficiency does not necessarily monotonically
increase/decrease w.r.t. the number of receivers. In fact, for
a moderate value of receiver circuit power consumption, e.g.
Pc,, > 15 dBm, for the considered system setting, the energy

\e
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ik
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Fig. 6. Average harvested power (dBm) of proposed algorithm II versus the
maximum transmit power allowance, Pmax, for different interference power
levels and K = 3 receivers. The double-sided arrow indicates the power
harvesting gain due to an increasing interference power level.

efficiency of the system first increases and then decreases
with an increasing number of receivers. The enhancement
of energy efficiency is mainly due to the multiuser diversity
gain in the channel capacity when having multiple receivers.
Besides, if more receivers participate in the energy harvesting
process, a larger portion of energy can be harvested from the
RF signals. Nevertheless, an extra circuit energy consumption
is incurred by each additional receiver. Indeed, when the
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number of receivers in the system or Pc, are large, the
system performance gain due to multiuser diversity is unable
to compensate the total energy cost of the receivers since
K Pc,, increases linearly w.r.t. the number of receivers. Hence,
the energy efficiency of the system decreases with the number
of receivers. As a matter of fact, the energy efficiency gain due
to the additional receivers depends on the trade-off between
multiuser diversity gain, the amount of harvested energy, and
the associated cost in having multiple receivers in the system.
In the extreme case, when Pc,, — 0, the energy efficiency will
monotonically increase w.r.t. the number of receivers, provided
that the optimization problems in (8) and (46) are feasible.

VI. CONCLUSIONS

In this paper, the resource allocation algorithm design
for simultaneous wireless information and power transfer in
OFDMA systems was studied. We focused on power splitting
receivers which are able to split the received signals into
two power streams for concurrent information decoding and
energy harvesting. The algorithm design was formulated as a
non-convex optimization problem which took into account a
minimum system data rate requirement, minimum individual
data rate requirements of the receivers, a minimum required
power transfer, and the total system power dissipation. We
first focused on receivers with continuous sets of power
splitting ratios and proposed a resource allocation algorithm.
The derived solution served as a building block for the design
of a suboptimal resource allocation algorithm for receivers
with discrete sets of power splitting ratios. Simulation results
showed the excellent performance of the two proposed sub-
optimal algorithms and also unveiled the trade-off between
energy efficiency, system capacity, and wireless power transfer.
In particular, wireless power transfer enhances the system
energy efficiency by harvesting energy in the radio frequency,
especially in the interference limited regime.

APPENDIX

VII. PROOF OF QUASI-CONCAVITY OF THE OBJECTIVE
FUNCTION WITH RESPECT TO THE POWER ALLOCATION
VARIABLES

For facilitating the following presentation, we first provide
a definition for quasi-concave functions. Consider a function
g(+) with input vector x. g(x) is a strictly quasi-concave
function if and only if its super-level set [26]

L,={xeR"|g(x) >v}, veR, (62)

is concave, where R denotes the set of real numbers. Suppose
U(P,S,p)

g(P,S,p) = TrrP.5.p) - Now, we focus on the following set:
Uuwp.s.e) -
Urp(P,S.p) —

When v < 0, the set is empty since U(P,S,p) > 0 and
Urp(P,S,p) > 0. As a result, L,, is an affine(/concave) set
[26] for v < 0. Then, for v > 0, we can rewrite set L, as

uP.s.p
UTP(P,S,p) o
U(P,S,p) —vUrp(P,S,p) > 0.

Since U(P, S, p) > 0 and Urp(P,S, p) > 0 are concave
and affine functions with respect to the power allocation
variables P, respectively, (64) is a concave function and L,
represents a concave set for v > 0. Therefore, the objective
function is a strictly quasi-concave function with respect to
the power allocation variables. In other words, the objective
function is either 1) first monotonically non-decreasing and
then monotonically non-increasing or 2) monotonically non-
decreasing with respect to the power allocation variables.

In the following, we show that the objective function is first
monotonically non-decreasing and then monotonically non-
increasing with respect to the power allocation variables. For
facilitating the following analysis, we assume that subcarrier

i is allocated to receiver k, i.e., sj, =1, while p;";" and p;

(63)

<= (64)
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are given. Then, we take a partial derivative of the objective
function with respect to P; ;, which yields

0P, 1, B; 1
K
where A; ), = Fi,k<Qi,kPi,k + Pe, + KPcp, — Z Ql,k)
i
— Qi k(1 + P il 1) In(1 + P x5 1),
Bi,k = 1n(2)(Pi’kFi’k —|—1)
K 2
X (Qi,kpi,k + Por + KPoy — Y QI,k) ;and
k=1
K
QiJc = &— Zlk9k|Hi7k|2Pfg- (66)
k=1
We note that €;, > 0 holds since P, > eFr >

P; i Zle lkgr|H; x|* where the strict inequality is due to
the second law of thermodynamics from physics. Then, we
have

d9(P, S, p)
0P, 1,

WT i
— PCT

S5 >0 (67)
k=1 <1k

due to Pe, + KPco, > ZszlQIk' In other words, the
objective function is increasing when P;; increases from
zero. On the other hand, when P, is sufficiently large, e.g.,
P; 1, — oo, the first partial derivative of the objective function
with respect to P; j is given by

Pi,kao — KPCR

_— = 1m
8R k P; j,—o0 P; j,—o0 Bi7k
@ —Q; 1T i logo (14 P kT )
Pix=00 (T 1 (3% 1 Pog+ Pop+ K Pop— 0, Qr)+2% 1)
1
x K
(QurPix + Pop + KPop—> 1, Q1)
<0, (68)

where (a) is due to the use of L’Hospital’s rule. Thus,
the objective function is monotonic non-increasing for large
increasing P; ;. By combining (67) and (68), we conclude
that the objective function is a quasi-concave function with
respect to the power allocation variables. Specifically, it is first
monotonically non-decreasing and then monotonically non-
increasing with respect to F; .

A. Proof of Concavity of the Transformed Problem with Ob-
Jjective Function Approximation

The concavity of the optimization problem with approxi-
mated objective function can be proved by the following few
steps. First, we consider the concavity of function U(P, S, p)
on a per subcarrler basis w.r.t. the optimization variables
PZ k» pZ > and pl - For notational simplicity, we define a

vector X; , = [PZ,;.C ol pl k] and a function f; x(x;%) =
B ! o legr | Hy k)° .
Way log, (p ) k)+a - which takes vector x; j as

input. Then, we denote. by H(fi r(xix)), and 71, T2, and 73
the Hessian matrix of function f; ;(x; ) and the eigenvalues
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of H(f; r(x:,x)), respectively. The Hessian matrix of function
fiw(xi k) is given by
H(fir(xix))
I S
(B2 In(2) 0 0
_ 0 70'30. (a’ a+2p1k017k) _
(7,02 m(@) (0% t5! 03, )
0 0 0

0(69)

and the corresponding eigenvalues are 7, = W;m(z)’ Ty =

—o2, (gga+2 Al "i,k)
(AL ,)? ln(2)(02a+ﬁ5k02 .
{1,2,3}, H(fix(xi, k)) is a negative semi-definite matrix.
In other words, function f; x(x; %) is jointly concave w.r.t.
P, . p!,. and pZ.. Then, we can perform the perspective
transformation on/fi,k(xi,k) which is given by w; p(x; 1) =
Sik fik(Xik/Si k). We note that the perspective transformation
preserves the concavity of the funct1on [26] and wu;. k(xl k)
is Jomtly concave W.r.t. sz, plk, sz’ and s; . Subse-
quently, (P,S,p) = > szl Wy u; ,(Xi ) can be
constructed as a non-negative weighted sum of w; (X %)
which guarantees the concavity of the resulting function.
Besides, UTp(P S, p) is an affine function of the optimiza-
tion variables. Thus, U(P, S, p) — qUrp(P,S, p) is jointly
concave w.r.t. the optimization variables. On the other hand,
constraints C1-C11 (with relaxed constraint C7), C14, and
C15 span a convex feasible set. As a result, the transformed
problem with the approximated objective function is a concave
maximization problem.

5, and 73 = 0. Since 7, < 0,a €
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