IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 15, NO. 7, JULY 2016

4745

Joint Subcarrier and Power Allocation Methods in
Full Duplex Wireless Powered Communication
Networks for OFDM Systems
Hanjin Kim, Student Member, IEEE, Hoon Lee, Student Member, IEEE, Minki Ahn, Student Member, IEEE,
Han-Bae Kong, Member, IEEE, and Inkyu Lee, Fellow, IEEE
Abstract—In this paper, we investigate wireless powered
communication network for OFDM systems, where a hybrid
access point (H-AP) broadcasts energy signals to users in the
downlink, and the users transmit information signals to the H-AP
in the uplink based on orthogonal frequency division multiple
access. We consider a full-duplex H-AP which simultaneously
transmits energy signals and receives information signals. In this
scenario, we address a joint subcarrier scheduling and power allocation problem to maximize the sum-rate under two cases: perfect
self-interference cancelation (SIC) where the H-AP fully eliminates its self-interference (SI) and imperfect SIC where residual
SI exists. In general, the problems for both cases are nonconvex
due to the subcarrier scheduling, and thus it requires an exhaustive search method, which is prohibitively complicated to obtain an
optimal solution. In order to reduce the complexity, for the perfect
SIC scenario, we jointly optimize subcarrier scheduling and power
allocation by applying the Lagrange duality method. Next, for the
imperfect SIC case, the problem becomes more complicated due
to the SI at the H-AP. To solve this problem, we propose an iterative algorithm based on the projected gradient method. Simulation
results show that the proposed algorithm for the case of perfect
SIC exhibits almost the same sum-rate performance compared to
the optimal algorithm, and the proposed iterative algorithm for
the imperfect SIC case offers a significant performance gain over
conventional schemes.
Index Terms—Wireless powered communication network
(WPCN), orthogonal frequency division multiple access
(OFDMA), full-duplex.

I. I NTRODUCTION

R

ECENTLY, energy harvesting (EH) has been regarded
as a promising technique which can replace traditional energy sources (e.g. batteries), since it provides
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more cost-effective energy supplies to wireless networks [1].
Especially, harvesting the radio frequency (RF) signal has
drawn an enormous amount of attention due to its dual usage,
called wireless information transmission (WIT) and wireless
energy transfer (WET) [2]. Among various energy transfer systems, simultaneous wireless information and power transfer
(SWIPT) systems and wireless powered communication network (WPCN) have been widely investigated [2]–[14]. In the
SWIPT system where the WIT and the WET signals are transmitted in the downlink at the same time, several works identified a trade-off between the achievable sum-rate performance
and the harvested energy for various situations [3]–[8].
Unlike the SWIPT system which is confined to the downlink network, in the WPCN, an energy access point radiates the
RF signals intended for the downlink WET, while users harvest those energy to transmit the WIT signals to a data access
point in the uplink. In [9], a single user WPCN was considered,
and the optimal power allocation policy to maximize sum-rate
was proposed. The work in [9] was extended to orthogonal
frequency division multiplexing (OFDM) systems in [10] by
jointly optimizing subcarrier scheduling over time and power
allocation in a single user scenario.
For the multi-user case, the authors in [2] introduced a time
division multiple access (TDMA) based harvest-then transmit
protocol in the WPCN, where the downlink WET and the uplink
WIT are implemented sequentially, and proposed the optimal
time allocation solution for the sum-rate maximization. Also,
in order to maximize the minimum sum-rate of a space division
multiple access WPCN, the optimal energy beamforming, time
allocation, and power allocation method has been developed
in [11].
Meanwhile, full-duplex (FD) wireless systems, where a
transceiver can transmit and receive signals on the same frequency at the same time, have attracted growing interest due
to its potential for increasing spectral efficiency [15]. Although
the FD system is capable of doubling the spectral efficiency in
the ideal case, strong self-interference (SI) generated by simultaneous transmission and reception at the same node degrades
the spectral efficiency in practical systems.
Recently, this FD protocol was applied to the WPCN [12],
[13], where the downlink WET and the uplink WIT are concurrently carried out, and it was shown that the performance
can be significantly improved compared to half-duplex systems. The authors in [12] provided the optimal time allocation algorithms to maximize the sum-rate and minimize
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the total transmission time under an assumption of perfect
self-interference cancelation (SIC). In addition, a joint power
and time allocation scheme for the TDMA based WPCN,
considering both perfect and imperfect SIC cases, has been
investigated in [13]. However, an orthogonal frequency division multiple access (OFDMA) based WPCN has not yet been
studied in the literature to our best knowledge.
In this paper, we study WPCN for OFDM systems where
a hybrid-access point (H-AP) operates in a FD mode and all
users transmit their information signals to the H-AP based on
OFDMA [16]–[18].1 For this configuration, we propose joint
subcarrier scheduling and power allocation algorithms to maximize the sum-rate under two scenarios: the ideal case where
perfect SIC is performed at the H-AP, and the practical case
where the residual SI remains.
First, for the perfect SIC case, the sum-rate maximization
problem is non-convex owing to a subcarrier scheduling function, and thus an exhaustive search method is required to obtain
the optimal solution. Since this incurs high computational complexity for comparing subcarrier candidates, we propose a joint
subcarrier scheduling and power allocation algorithm based on
the Lagrange duality method. The simulation results confirm
that the proposed algorithm shows almost identical performance compared to the optimal exhaustive search method with
much reduced complexity.
Then we examine the practical imperfect SIC case where the
residual SI degrades the sum-rate performance. In this case,
due to the SI, the sum-rate maximization problem becomes
more complicated. To solve the problem, we provide an algorithm which first optimizes the subcarrier scheduling and the
uplink power allocation with given downlink power. Then, we
compute a downlink power allocation solution based on the
projected gradient method with given subcarrier scheduling
and uplink power. The simulation results show that the proposed algorithm provides 41% performance gain compared to
conventional schemes.
The remainder of this paper is organized as follows:
Section II introduces the multiuser WPCN for OFDM systems and formulate the sum-rate maximization problem. In
Sections III and IV, the joint subcarrier scheduling and power
allocation algorithms for the perfect and the imperfect SIC
cases are proposed, respectively. Then, we evaluate the average
sum-rate performance of the proposed algorithms in Section V.
Finally, the paper is ended with conclusions in Section VI.

II. S YSTEM M ODEL AND P ROBLEM F ORMULATION
As shown in Figure 1, we consider a WPCN for OFDM systems which employs WET in the downlink and WIT in the
uplink. The FD H-AP, equipped with a dedicated transmit and
a receive antenna, broadcasts energy signals to K users, and at
the same time receives information signals transmitted by the
users. In contrast, each user has a single antenna and operates in
a half-duplex (HD) mode where subcarriers for energy harvesting and information transmission are separated. We assume that
the total bandwidth is equally divided by N subcarriers. The
1 In [19], only perfect self-interference cancelation was considered at the
H-AP.

Fig. 1. The FD WPCN for OFDM system model.
TABLE I
E XAMPLE OF S UBCARRIER S CHEDULING FOR WPCN S YSTEMS BASED
ON OFDMA U PLINK T RANSMISSION

frequency selective channels at subcarrier n of user k for downlink and uplink are given as h D,k [n] and h U,k [n], respectively,
and it is assumed that all the channel information is known at
the H-AP and remains constant within one system operating
block.
In the uplink OFDMA, each subcarrier is scheduled to at
most one user during the same transmission period. Let us
denote (n) as the subcarrier scheduling function which indicates the index of user to which subcarrier n is assigned, and
S(k) as the set of subcarriers assigned to user k. For example,
when the subcarrier scheduling function is given by (1) = 1,
(2) = 2, (3) = 2, and (4) = 2, the subcarrier set can be
defined as S(1) = {1} and S(2) = {2, 3, 4}, as shown in Table I.
In the downlink of the WPCN for OFDM systems, the HAP broadcasts the wireless energy to all users with the transmit
power PD [n]at subcarrier n.2 Let us define the total transmit power and the peak power at the H-AP as PT and Ppeak ,
respectively.
Then, the power constraint can be expressed as
N
P
[n]
≤ PT and PD [n] ≤ Ppeak , ∀n. The received sigD
n=1
nal of user k at subcarrier n can be written as

(1)
yk [n] = PD [n]h D,k [n]x[n] + z k [n], ∀k, n,
where x[n] stands for the transmitted energy signal of the H-AP
at subcarrier n and z k [n] represents the circularly symmetric
2 Throughout this paper, we normalize the time duration to unity, so that the
terms power and energy are used interchangeably.
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complex Gaussian (CSCG) noise at subcarrier n of user k with
zero mean and variance σk2 . We assume that x[n] and z k [n] are
independent over subcarriers and E[|x[n]|2 ] = 1.
Then, the amount of the energy harvested by user k is
given by

Ek = ζ
PD [n]|h D,k [n]|2 ,
(2)
n ∈S(k)
/

where 0 < ζ < 1 is the conversion efficiency of the energy
harvesting process. In (2), the downlink power is sufficiently
larger than the noise power so that we ignore it as in [4]. Note
that since users operate in the HD mode, user k cannot receive
the downlink energy signal through the subcarriers included in
S(k).
In the OFDMA-based uplink WIT, each user transmits information signals to the H-AP through the assigned subcarriers
{S(k)} by using the harvested energy E k in (2). The received
signal of the H-AP at subcarrier n after SIC can be expressed as

ȳ[n] = PU,(n) [n]h U,(n) [n]x(n) [n]

(3)
+ β PD [n]h[n]x[n] + z[n], ∀n,
where PU,k [n] stands for the uplink transmit power of user
k at subcarrier n, xk [n] denotes the information signal which
user k transmits through subcarrier n with E[|xk [n]|2 ] = 1, h[n]
accounts for the complex coefficient of the SI channel at subcarrier n, and z[n] represents the CSCG noise of the H-AP
at subcarrier n with zero mean and variance σ 2 . After SIC at
the analog and digital domain, we can model the effect
√ of the
residual SI by multiplying the attenuation factor β on the
downlink signal in (3) and set E[|h[n]|2 ] = 1 as in [13] and
[20]. Subsequently, the achievable rate of user k is obtained by



|h U,k [n]|2 PU,k [n]
,
(4)
log 1 +
Rk =
(σ 2 + β PD [n])
n∈S(k)

where we specify  as the gap between the achievable rate and
the channel capacity due to a practical modulation and coding
scheme (MCS).
In this paper, we investigate a joint subcarrier scheduling and
power allocation problem to maximize the sum-rate, which is
given as
max

{S(k)},{PD [n]},{PU,k [n]}

s.t.

K


Rk

(5)

PD [n] ≤ PT ,

(6)

k=1
N

n=1

0 ≤ PD [n] ≤ Ppeak , ∀n,

PU,k [n] ≤ E k , ∀k,

(7)
(8)

n∈S(k)

where (6) and (7) represent the total and peak power constraint
at the H-AP, respectively, and (8) means that each user cannot
use the power more than the harvested energy E k for the uplink
transmission. In the following sections, we solve problem (5)
for two different cases. First, the perfect SIC is assumed at the
H-AP in Section III. Then, the case where the residual SI exists
is considered in Section IV.
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III. P ERFECT SIC C ASE
In this section, we address the sum-rate maximization problem (5) in the perfect SIC case, i.e., β = 0. Owing to the subcarrier scheduling variable {S(k)}, problem (5) is non-convex.
Therefore, to identify the globally optimal solution, exhaustive search over K N possible subcarrier candidates is required,
and thus the computational complexity burden becomes prohibitively high with large N and K . To reduce the complexity,
we provide an efficient algorithm which jointly optimizes the
subcarrier scheduling and the power allocation in what follows.
Given that the SI is perfectly canceled at the H-AP, the
achievable rate of user k in (4) can be rewritten as



|h U,k [n]|2 PU,k [n]
P−S I C
=
log 1 +
Rk
.
(9)
σ 2
n∈S(k)

By plugging (9) into problem (5), we can reformulate following
optimization problem.
max

K


{S(k)},{PD [n]},{PU,k [n]}

s.t.

RkP−S I C

(10)

(6), (7), and (8).

(11)

k=1

Although this problem (10) is generally non-convex due to
{S(k)}, it has been shown that the duality gap of this problem,
similar to problems in [21] where energy harvesting constraint
is not included, converges to zero as N increases to infinity.
Thus, we solve problem (10) using the Lagrange duality method
with the zero duality gap.3
The Lagrangian of problem (10) is given by
L({S(k)}, {PD [n]}, {PU,k [n]}, {λk }, μ)
 N

K


Rk − μ
PD [n] − PT
=
k=1

−

K


⎛
λk ⎝

k=1

n=1



PU,k [n] − ζ

n∈S(k)



⎞
PD [n]|h D,k [n]|2 ⎠ ,

n ∈S(k)
/

(12)
where μ and {λk } are the non-negative dual variables related
to the constraint (6) and (8), respectively. To obtain the dual
function g({λk }, μ), we need to solve the following problem
max

{S(k)},{PD [n]},{Pu,k [n]}

s.t.

L({S(k)}, {PD }, {Pu }, {λk }, μ)
0 ≤ PD [n] ≤ Ppeak ,

∀n.

(13)

For fixed {S(k)} (or equivalently {(n)}), problem (13) is
jointly convex with respect to {PD [n]} and {PU,k [n]}. Based on
this fact, we first compute {S(k)}, and then optimize the uplink
and the downlink power allocation with the given {S(k)}. In the
following lemma, we derive the optimal subcarrier scheduling
solution of problem (13).
3 In our simulations in Section V, we have verified that the duality gap of
problem (10) is negligible at N = 8. Thus, in this paper, we assume that the
duality gap of problem (10) can be ignored for the practical size of N .
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Lemma 1: With a given set of {λk } and μ, the optimal subcarrier scheduling function (n) which maximizes the Lagrangian
(12) is chosen as


|h U,k [n]|2 P̂U,k [n]
− λk P̂U,k [n]
(n) = arg max log 1 +
k
σ 2
⎛
⎞

+ P̂D [n] ⎝ζ
λs |h D,s [n]|2 − μ⎠ ,
(14)
s=k

where P̂U,k [n] and P̂D [n] for ∀n are determined by

+
1
σ 2
P̂U,k [n] =
−
,
λk
|h U,k [n]|2

Ppeak , ζ s=k λs |h D,s [n]|2 − μ > 0,
P̂D [n] =
0,
else.

(15)

Here (x)+  max (0, x).
Proof: See Appendix A.

Now, with the subcarrier scheduling function {(n)}
(or equivalently {S(k)}) computed in Lemma 1, {PU,k [n]} and
{PD [n]} which maximize the Lagrangian (12) can be obtained
∂
∂
by setting ∂ PU,(n)
[n] L = 0 and ∂ PD [n] L = 0, respectively.
Then, the optimal uplink and downlink power allocations for
problem (13) become
P̂U,k [n], k = (n),
(16)
0,
else,

Ppeak , ζ kK=(n) λk |h D,k [n]|2 − μ > 0,
(17)
PD [n] =
0,
else,

Notice that if ζ kK=(n) λk |h D,k [n]|2 − μ = 0, the optimal
PD [n] of problem (13) is not unique and can be any nonnegative value.
 Thus, we take PD [n] = 0 for such n which
satisfies ζ kK=(n) λk |h D,k [n]|2 − μ = 0, only for solving
problem (13). From Lemma 1 and equation (16), and (17),
we can calculate the dual function g({λk }, μ) with given
dual variables {λk } and μ. Then, the dual problem is defined
as min{λk },μ g({λk }, μ) and this can be solved by the ellipsoid method [22]. The sub-gradient of the dual function are
expressed by ν = [νλ1 , . . . , νλ K , νμ ]T , where

PU,k [n] =

νλk = ζ

N


PD [n]|h D,k [n]|2 −

n ∈S(k)
/

νμ = PT −

N




PU,k [n],

∀k,

n∈S(k)

PD [n].

n=1

Then, the optimal solution {S(k)} and {PU,k [n]} for the dual
problem are determined with the optimal {λk } and μ . It is
worth noting that the objective function of problem (10) is an
increasing function of each individual PU,k [n]. Therefore, the
inequality constraints in (6) and (8) hold with equality at the
optimal {PU,k [n]} and {PD [n]}. However, a solution from (17)
may not achieve equality in (6), since it is either Ppeak or 0.

Thus, defining the set D1 = {n|ζ kK= (n) λk |h D,k [n]|2 −
K
μ = 0}, D2 = {n|ζ k= (n) λk |h D,k [n]|2 − μ > 0}, and

Algorithm 1. Joint subcarrier scheduling and power allocation algorithm for perfect SIC
1. Initialize {λk > 0} and μ > 0.
2. Repeat
Compute { P̂U,k [n]} and { P̂D [n]} in (15).
Obtain the scheduling function (n) in (14).
Calculate {PU,(n) [n]} and {PD [n]} in (16).
Update {λk } and μ by using the ellipsoid method.
3. Until convergence
4. Set  (n) = (n) for ∀n.
5. Compute the set D1 , D2 , and D3 .
Ppeak , if n ∈ D2
6. Set PD [n] =
0,
if n ∈ D3
7. Obtain {PU,k [n]} and {PD [n]} for n ∈ D1 by solving (18).

D3 = {n|ζ kK= (n) λk |h D,k [n]|2 − μ < 0} where {λk } and
μ are the optimal solutions of the dual problem and { (n)} is
the corresponding optimal solution obtained from the ellipsoid
method, the optimal downlink power allocation can be set as
for {PD [n]} = Ppeak if n ∈ D2 and {PD [n]} = 0 if n ∈ D3 .
To satisfy the constraint (6) with equality, {PD [n]} for n ∈
D1 can be determined by solving the following problem:
max

{PD [n]}n∈D1 ,{PU,k [n]}

s.t.

K 

k=1 n∈S(k)





|h U,k [n]|2 PU,k [n]
log 1 +
σ 2



PD [n] = PT − Ppeak |D2 |,

n∈D1


n∈S(k)

PU,k [n] = ζ

N


PD [n]|h D,k [n]|2 , ∀k,

n ∈S(k)
/

0 ≤ PD [n] ≤ Ppeak , ∀n.

(18)

With fixed {S(k)}, problem (18) is jointly convex over
{PU,k [n]} and {PD [n]}n∈D1 . This convex problem (18), which
contains the reduced number of the optimization variables,4 can
now be efficiently solved by existing software, e.g., CVX [23].
Our algorithm for problem (10) is summerized in Algorithm 1.5
Note that the iterative procedure in Algorithm 1 is based on the
ellipsoid method, whose convergence behavior has been proven
in [24].
The computational complexity of Algorithm 1 can be computed as follows: The complexity of the loop inside the step 2
is O(K N ), and the convergence rate of it, which is based on
the ellipsoid method, is given by O(K 2 ) [24]. Since the overall complexity is dominated by the loop in step 2, the final
computational complexity of Algorithm 1 becomes O(K 3 N ).
4 Considering the property of the OFDMA user scheduling function [n] and
the fact that the total amount of the harvested energy in (2) is a linear function of
{PD [n]}, we can readily verify that |D1 | is less than K . For the sake of brevity,
we omit the proof.
5 It is possible to happen that the subcarrier n which satisfies P
U, (n) [n] =
0 can be used as the downlink energy harvesting for user  (n), and overall
performance will increase. One possible solution for this case can be obtained
by solving problem (18) with S(k) = {n|PU,k [n]  = 0}.
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(i)
[n] is
where P̂U,k

IV. I MPERFECT SIC C ASE
Next, we consider a more practical case where SI is not
totally canceled at the H-AP, i.e., β > 0 in problem (5). Unlike
the previous perfect SIC case, problem (5) is generally nonconvex even when the subcarrier scheduling function {S(k)} is
fixed, since the objective function is non-convex with respect
to {PD [n]}. Thus, it is more difficult to find the globally optimal solution for problem (5) in an efficient manner. In this
case, we identify a local optimal solution by alternatively updating {PU,k [n]}, {S(k)}, and {PD [n]}. To be specific, we first
update {PU,k [n]} and {S(k)} with given {PD [n]}, similar to
the perfect SIC case, utilizing the Lagrangian duality method.
Then, {PD [n]} are updated with fixed {PU,k [n]} and {S(k)}
based on the projected gradient method. The above procedure
is alternated until the sum-rate converges.
(i)
(i)
Let us denote PU,k [n] and PD [n] as the uplink and downlink power allocation obtained at the i-th iteration, respectively.
Given {PD(i−1) [n]}, problem (5) is simplified as
K


max

{S(k)},{PU,k }

Rk

(19)

k=1



s.t.

PU,k [n] ≤ E k ,

∀k,

(20)

n∈S(k)

PU,k [n] ≥ 0,

L S I ({S(k)}, {PU,k [n]}, {υk })
⎛
⎞
K
K



=
Rk −
υk ⎝
PU,k [n] − E k ⎠ ,
k=1

(21)

n∈S(k)

where υk denotes non-negative dual variable associated with
the constraint (20).
The dual function g({υk }) can be obtained by solving the
following problem
max

{S(k)},{Pu,k [n]}

L S I ({S(k)}, {Pu,k [n]}, {υk })


(i)
P̂U,k [n]

=

(i−1)

(σ 2 + β PD [n])
1
−
υk
|h U,k [n]|2

(22)

Next, we will compute the optimal {S(k)} and {PU,k [n]} of
problem (22). First, we provide the optimal subcarrier schedul(i−1)
ing function of problem (22) with given {PD [n]} in the
following lemma.
Lemma 2: With a given set of {PD(i−1) [n]} and {υk }, the optimal subcarrier scheduling function (n) that maximizes the
Lagrangian (21) can be calculated as


(i)
|h U,k [n]|2 P̂U,k [n]
(i)
 (n) = arg max log 1 +
(i−1)
k
(σ 2 + β PD [n])
⎞
⎛

(i)
(i−1)
− υk P̂U,k [n] + PD [n] ⎝ζ
υs |h D,s [n]|2 ⎠ ,
s=k

(23)

+
,

∀n, k.

(24)

Proof: The proof is similar as that of Lemma 1, and thus
is omitted.

With the subcarrier scheduling function (i) (n) determined
(i)
in (23), {Pu,k [n]} maximizing the Lagrangian (21) can be found
∂
by setting
L = 0. Then, the optimal uplink power
(i)
∂ PU,(n) [n]

allocation is given by
(i)

PU,k [n] =

(i)
[n], for k = (i) (n),
P̂U,k
0,
else.

(25)

Subsequent to identifying the dual function g({υk }) by using
Lemma 2 and (25), the dual problem is then defined as
min{υk } g({υk }) and this can be solved by the ellipsoid method
where the sub-gradient of the dual function can be computed as
ν = [νυ1 , . . . , νυ K ]T with


(i−1)
(i)
PD [n]|h D,k [n]|2 −
PU,k [n], ∀k.
νυk = ζ
n ∈S
/ (i) (k)

∀n, k.

With fixed {PD(i−1) [n]}, the above problem (19) is similar to
that of the perfect SIC case. Although problem (19) is nonconvex due to the subcarrier scheduling function {(n)}, we
can solve it by exploiting the Lagrange duality method with the
zero duality gap. The Lagrangian of problem (19) is written by

k=1
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n∈S (i) (k)

After the ellipsoid method converges, the optimal {S (i) (k)} and
(i)
{PU,k [n]} of problem (22) is obtained corresponding to the
optimal dual variable {υk }.
(i)
(i)
Once {S (i) (k)} and {PU,k [n]} are found, {PD [n]} can be
identified by exploiting the projected gradient method [22]. The
(i−1)
gradient of the objective function R({PD [n]}) is expressed
as ∇r = [r1(i) , . . . , r N(i) ]T , where
R({PD(i−1) [n]}) =

K



log 1 +

k=1 n∈S (i) (k)

(i)

|h U,k [n]|2 PU,k [n]
(i−1)

(σ 2 +β PD



[n])

and
(i)
2
−PU,
(i) (n) [n]|h U,(i) (n) | β
(i−1)

(σ 2 + β PD

rn(i) =
1+

[n])2

(i)
PU,(i) (n) [n]|h U,(i) (n) |2
(i−1)
(σ 2 + β PD [n])
(i)

(i)

,

∀n.

(26)

(i)

For simplicity, we denote P D = [PD [1], . . . , PD [N ]]T .
Then, by applying the above gradient in (26) as a descent
(i)
direction, P D can be updated as
(i−1)
+ t (i) ∇r)
P(i)
D = PE (P D

(27)

where t (i) is a small step size and PE (x) represents
 N the projection operation of x onto a feasible set E = {P D | n=1
PD [n] =
PT and 0 ≤ PD [n] ≤ Ppeak , ∀n}.6
6 In general, the total power constraint (6) may not hold with equality at the
optimal {PD [n]}, but this is usually desirable since there is no energy waste at
the H-AP [13].
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Algorithm 2. Subcarrier scheduling and power allocation
algorithm of WPCN for imperfect SIC
(0)

Set i = 0 and {PD [n]} = 0, ∀n.
Repeat
Set i ← i + 1 and initialize the dual variables {υk }.
Repeat
Compute { P̂U,k [n]} in (24).
Obtain the scheduling function (i) (n) in (23).
(i)
Compute {PU,i (n) } for n = 1, . . . , N in (25).
Update {υk } by using the ellipsoid method.
Until {υk } converges.
(i)
Update {PD [n]} by applying the projected gradient method
(27).
(i)
(i)
Until R({PU,k [n]}, {S (i) (k)}, {PD [n]}) converges.
For the imperfect SIC case, the above procedure is repeated
until the sum-rate
R({PU,k [n]}, {PD [n]}, {S(k)})
converges. Note that this method yields a local optimum solu(0)
tion, depending on the choice of initial values of {PD [n]}. To
improve the performance of the solution, we randomly gen(0)
erate M feasible {PD [n]} as the initialization points, and the
final solution can be chosen as the one that achieves the best
sum-rate. We summarize the proposed algorithm which solves
problem (5) for the imperfect SIC case in Algorithm 2.
It is worthwhile to note that the proposed Algorithm 2 guarantees convergence since the sum rate is upper bounded by a
certain value and increases monotonically in each step where
an outer loop is based on the projected gradient method [24].
We will further verify the convergence of Algorithm 2 in
Section V from numerical results. Next, we briefly examine the
complexity issue. In a similar manner as in Algorithm 1, the
complexity of the inner loop of Algorithm 2 can be expressed
as O(K 3 N ). Also, O(N 2 ) computations is required for the
outer loop where the projected gradient method is applied.
Considering M initialization points, the total computational
complexity of Algorithm 2 becomes O(K 3 N M + N 2 M).
V. S IMULATION R ESULTS
In this section, we evaluate the average sum-rate performance
of the WPCN for OFDM systems in the perfect and imperfect
SIC cases. Throughout simulations, the total bandwidth is set
to be 10 MHz, which is equally divided by N subcarriers. The
frequency selective uplink and downlink channels for different
users are independently generated by the 6 tap exponentially
distributed power profile. Also, the distance from the H-AP to
all users is 1 meter which results in −30 dB path-loss for all
subcarrier channels and the noise power spectral density equals
−112 dBm/Hz as in [6]. In addition, the energy harvesting efficiency, the MCS gap, and the number of initializations M are
set to be ζ = 0.5,  = 9 dB, and M = 20,7 respectively.
7 We confirm through our simulation that M = 20 is sufficient for achieving
good performance.

Fig. 2. Average sum-rate of the proposed algorithm and the exhaustive search
2P
for the perfect SIC with K = 2, N = 16, and P peak = NT .

In this section, we compare the average sum-rate performance with the following two conventional schemes.
• Equal downlink power allocation: the downlink power
is evenly assigned, i.e., PD [n] = PNT , ∀n. Then, the subcarrier scheduling function {(n)} is obtained by applying our solution with given {PD [n]}, and the uplink power
allocation is computed by the water-filling algorithm.
• Channel-based subcarrier scheduling: the subcarrier
scheduling function {(n)} is chosen by selecting the
user with the largest uplink channel gain at subcarrier
n, i.e., (n) = arg maxk h U,k [n], ∀n. Then, the downlink and uplink power allocations are implemented by
employing the proposed algorithms.
Figure 2 illustrates the average sum-rate of the WPCN for
OFDM systems in the perfect SIC case with K = 2, N = 16
T
and PPeak = 2P
N . Here, we also plot the performance of the
optimal scheme which finds the optimal subcarrier scheduling
function { (n)} by the exhaustive search. Then, the downlink
and uplink power allocation can be identified from the proposed
algorithm with given { (n)}. As shown in Figure 2, no performance difference is observed between the exhaustive search
and the proposed algorithm, which verifies the zero duality gap.
Note that the exhaustive search method requires K N comparison for the subcarrier scheduling, while the proposed algorithm
only compares K N candidates. Therefore, when N = 16, the
number of candidates for the subcarrier scheduling for the proposed algorithm and the exhaustive search become 216 and
2 × 16, respectively, which indicates that the proposed scheme
requires only 0.05% of the number of candidates compared to
the exhaustive search. It is clear that our proposed algorithm
exhibits a near-optimal performance with dramatically reduced
complexity.
In Figure 3, the average sum-rate of WPCN for OFDM systems with N = 64 is demonstrated for the perfect SIC case.
We can observe that the proposed algorithm outperforms the
conventional equal downlink power allocation schemes, and
the performance gap increases as the available total power at
the H-AP grows. With PT = 35 dBm, the proposed algorithm
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2P

Fig. 3. Average sum-rate comparison for the perfect SIC with P peak = NT
and N = 64.

Fig. 4. Average sum-rate with respect to the iteration number of the proposed
algorithm for the imperfect SIC case.

provides 64% and 50% gains over the downlink equal power
allocation scheme at K = 2 and K = 4, respectively.
In Figure 4, we illustrate the convergence behavior of the
proposed algorithm for the imperfect SIC case with different
system parameters. We can see that for all cases, the average sum-rate converges within 30 iterations. In addition, it is
shown that the average sum-rate converges faster for small K
and PT , while N does not affect the number of iterations for
the convergence.
T
Next, by fixing K = 2, PPeak = 2P
N , and N = 64, Figure 5
depicts the average sum-rate performance for the imperfect SIC
case with different β, which indicates the level of the SIC. The
performance of our proposed algorithm for perfect SIC is plotted for β = 0 case. It is observed that the average sum-rate
increases as β decreases and the performance gap between the
perfect and imperfect SIC cases increases as PT grows, since
SI significantly degrades the achievable sum-rate performance
at a high PT regime.
Figure 6 compares the average sum-rate of the proposed
algorithm with conventional schemes in the imperfect SIC case.
First, we can see that the proposed algorithm exhibits a 41%
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Fig. 5. Average sum-rate of the proposed algorithm for different values of β
2P
with K = 2, N = 64, and P peak = NT .

Fig. 6. Average sum-rate of WPCN for OFDM systems with β = −60 dBm,
2P
N = 64, and P peak = NT .

performance gain at K = 5 and PT = 32 dBm compared to
the channel-based subcarrier scheduling scheme, which does
not consider SI when determining subcarrier scheduling. In
addition, it is observed that our proposed algorithm provides
a significant performance enhancement compared to the equal
downlink power allocation scheme. The performance of the
equal downlink power allocation scheme does not improve as
PT increases, which is different compared to the perfect SIC
case in Figure 3. This is due to the fact that the SI has more
impact on the sum-rate than the uplink power allocation.
VI. C ONCLUSION
In this paper, we have investigated joint subcarrier scheduling
and power allocation algorithms of WPCN for OFDM systems where a FD H-AP is employed. We have considered two
different scenarios according to the level of the SIC. First,
for the perfect SIC case, a joint subcarrier scheduling, downlink and uplink power allocation algorithm has been proposed
based on the Lagrange duality method, and we have proven that
it achieves the near-optimal performance with much reduced
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complexity. Next, for the practical imperfect SIC case, an iterative algorithm has been introduced by using the projected
gradient method. Simulation results have confirmed that the
proposed algorithm outperforms the conventional schemes, and
shown that the downlink power allocation plays a key role when
maximizing the sum-rate of WPCN for OFDM systems with the
FD H-AP.
A PPENDIX A
L EMMA 1

PROOF OF

To obtain the dual function of problem (13), we consider the
following Lagrangian maximization problem as
max

{S(k)},{PD [n]},{PU,k [n]}

L({S(k)}, {PD [n]}, {PU,k [n]}, {λ}, μ)

 

N

|h U,(n) [n]|2 PU,(n) [n]
=
max
log 1 +
{(n)},{PD [n]},{PU,k [n]}
σ 2
n=1
⎛
⎞⎞
K

− λ(n) PU,(n) + PD [n] ⎝ζ
λk |h D,k [n]|2 − μ⎠⎠
k=(n)

+ μPT




|h U,k [n]|2 PU,k [n]
=
max
log 1 +
max
k
{PD [n]},{PU,k [n]}
σ 2
n=1
⎫
⎛
⎞
K
⎬

+PD [n] ⎝ζ
λs |h D,s [n]|2 − μ⎠ − λk PU,k [n] + μPT
⎭
N


s=k

=

N

n=1

=

N

n=1

=

N


max
k



max

{PD [n]},{PU,k [n]}

L̃n,k + μPT

max Ln,k + μPT
k

Ln + μPT ,

n=1

where L̃n,k , Ln,k , and Ln are defined as


|h U,k [n]|2 PU,k [n]
L̃n,k  log 1 +
− λk PU,k
σ 2
⎛
⎞
K

+ PD [n] ⎝ζ
λs |h D,s [n]|2 − μ⎠ ,
s=k

Ln,k 

max

{PD [n]},{PU,k [n]}

L̃n,k

Ln  max Ln,k .
k

As we can see, Lagrangian (12) can be expressed as a sum of
individual Ln which is determined by finding the maximum
value of Ln,k over ∀k. To calculate Ln,k , we first set (n) = k,
∂
and then applying the zero gradient condition ∂ PU,k
[n] L̃n,k =
0, and

∂
∂ PD [n] L̃n,k

= 0. Finally, we can respectively identify

P̂U,k [n] and P̂D [n] that maximize L̃n,k as shown in (15).
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