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Abstract—The advent of simultaneous wireless information
and power transfer (SWIPT) offers a promising approach to
provide cost-effective and perpetual power supplies for energy-
constrained mobile devices in heterogeneous cellular networks
(HCNs). As energy efficiency (EE) has been envisioned as a
key performance metric in 5G wireless networks, we consider a
multiple-input single-output (MISO) Femtocell co-channel over-
laid with a Macrocell to exploit the advantages of SWIPT while
promoting the EE. The Femto base station sends information
to information decoding (ID) Femto users (FUs) and transfers
energy to energy harvesting (EH) FUs simultaneously, and also
suppresses its interference to Macro users. We maximize the
information transmission efficiency (ITE) of ID FUs and energy
harvesting efficiency (EHE) of EH FUs respectively with the QoS
of all users, and investigate their relationship. We formulate these
problems as fractional programming, which are nontrivial to
solve due to the non-convexity of ITE and EHE. To tackle these
problems, we devise two beamformers namely zero-forcing (ZF)
and mixed beamforming (MBF), and then propose an efficient
algorithm to obtain the optimal power under both beamformers.
Simulation results demonstrate that MBF provides better ITE
and EHE than ZF, and there exists a tradeoff between ITE and
EHE in general.

Index Terms—Energy efficiency, 5G, heterogeneous cellular
networks, MISO, beamforming, simultaneous wireless informa-
tion and power transfer.

I. INTRODUCTION

With the explosive increase of the smart phones and new
applications, there are huge demands for ubiquitous coverage
and very high data rate in cellular networks [1]. However, this
requirement can not be satisfied by conventional homogeneous
networks such as Macrocell approach due to its poor indoor
and hot spots coverage and the lower data rate for cell edge
users. In order to overcome these shortcomings and provide
a significant network performance leap, heterogeneous cellu-
lar networks (HCNs) have been proposed in LTE-Advanced
standardization [2], [3], which have been envisioned as a key
network architecture for the fifth generation (5G) wireless
communication systems [4]. An HCN consists of conventional
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Macrocell and different types of overlaid small cells, such
as Picocell and Femtocell, to provide seamless coverage and
achieve higher data rate for 5G due to spatial spectrum reuse.
To satisfy the 1,000 times increase of mobile broadband
data for 5G [5], an enormous number of small cells will be
deployed in HCNs [6], [7].

On the other hand, the mobile devices will still be energy-
constrained in 5G due to the limited energy supplies (batter-
ies). Moreover, the battery capacity has improved at a very
slow pace over the past decades [8], thus it cannot satisfy
the high energy consumption due to the increasing traffic
demands in 5G. Fortunately, the advent of energy harvesting
technology provides a promising approach to address this is-
sue, which enables mobile devices to scavenge energy from the
environment. Furthermore, various renewable energy sources
can be exploited for energy harvesting, such as solar, wind,
geothermal and tide. However, all these sources are limited
by weather, location, or climate, thus they cannot be always
available for mobile devices, especially for indoor or hot spots
scenarios. On the contrary, simultaneous wireless information
and power transfer (SWIPT) can enable mobile devices to har-
vest energy from propagating electromagnetic waves in radio
frequency (RF) from its surroundings, such as Wi-Fi access
points, and cellular base stations (BSs) [9], [10]. Therefore,
compared with the near field magnetic induction, this RF-
based wireless power transfer technology becomes a promising
solution to provide cost-effective and perpetual power supplies
for mobile devices in a relatively long range, and has gained a
great deal of attentions in both industry and academia recently
[11]–[14]. Furthermore, the heavy deployment of small cells
makes energy harvesting more efficient for mobile devices to
scavenge energy from its connecting base station (BS) in 5G,
as the distance from mobile devices to the BS will be greatly
shortened in HCNs.

Meanwhile, the SWIPT technology also creates new chal-
lenges to system design and resource allocation in HCNs.
Especially, for the downlink transmission of a Femtocell with
SWIPT, the Femto base station (FBS) needs to deal with
the interference between energy harvesting (EH) Femto users
(FUs) and information decoding (ID) FUs, and balance its
limited transmit power between conveying the information to
ID FUs and delivering energy to EH FUs. Moreover, due to the
cross-tier interference in HCNs, the performance of ID FUs
can be degraded by the interference from MBS. However, such
interference is very beneficial to EH FUs since the energy from
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Macro base station (MBS) can also be harvested.
In 5G wireless networks, energy efficiency (EE) has been

envisioned as a key performance metric due to both econom-
ical and ecological concerns [6], [15]. Especially, there exists
two kinds of efficiency for an FBS with SWIPT: information
transmission efficiency (ITE) and energy harvesting efficiency
(EHE). The former refers to how many bits can be transmitted
by FBS per Joule, while the latter represents how much power
is scavenged by all EH FUs per unit power consumed by the
FBS. We can see that the ITE and EHE are metrics of great
importance to evaluate the efficiency of information transmis-
sion and wireless power transfer for the FBS respectively.
Thus, how to maximize the ITE and/or EHE in a multiple
input single output (MISO) Femtocell with multiples ID FUs
and EH FUs is an interesting topic. Furthermore, what is the
relationship between ITE and EHE in this scenario needs to
be studied.

To address all these issues mentioned above, in this paper
we consider a Femtocell overlaid with a Macrocell in co-
channel deployment. The FBS is equipped with multiple
antennas while all users (FUs and MUs) have single antenna.
To mitigate the interference to MUs, we assume that the FBS
has the cognitive radio capability [16], where FBS can transmit
simultaneously with MBS conditioned that its interference
to MUs is strictly less than a predefined threshold which is
determined by the quality of service (QoS) requirement of
MUs. On the other hand, FBS sends wireless information to ID
FUs and transfers energy to EH FUs simultaneously. Here, we
utilize ITE and EHE to evaluate the efficiency of information
transmission and that of wireless power transfer, respectively.

Aiming at maximizing the ITE and EHE of FBS respec-
tively, we design the beamformers and allocate the transmit
power for FBS while taking the minimal rate requirement
and the minimal harvested power threshold for ID FUs and
EH FUs into account. We formulate these problems as the
fractional programming. Furthermore, we also address a frac-
tional optimization problem to investigate the relationship
between ITE and EHE for FBS. However, these problems
are nontrivial due to the non-convex objective functions and
constraints incurred by the inter-user interference among all
EH and ID FUs. To tackle these optimization problems,
we propose two beamformers namely zero-forcing (ZF) and
mixed beamforming (MBF) schemes. The former cancels
all the interference among FUs; the latter only cancels the
interference among ID FUs while produces interference for
all EH FUs. Then, under ZF and MBF beamformers, we
propose an efficient power allocation algorithm to derive the
optimal power allocation strategies for all these optimization
problems. Simulation results shows MBF scheme provides
better system performance than ZF schemes, namely ITE
and EHE. Interestingly, we find that a tradeoff between them
always exists under ZF scheme, while the tradeoff between
ITE and EHE only exists when EHE is large under MBF
scheme.

The rest of this paper is organized as follows. Related
works are delineated in Section II. The system model is
described in Section III. Then, problem formulations are
presented in Section IV. The beamformer design and optimal

power allocation strategies are discussed in Section V and
VI, respectively. The performance of the proposed scheme
is illustrated with simulation results in Section VII. Finally,
conclusions are drawn in Section VIII.

Notations: We use boldface capital and lower case letters
to denote matrices and vectors, respectively. For a square
matrix S, S ≽ 0, S ≼ 0 and S ≺ 0 mean that S is posi-
tive semidefinite, negative semidefinite and negative definite,
respectively. Diag (x) denotes a diagonal matrix where each
element of vector x is on the main diagonal of this matrix.
For an arbitrary-size matrix M, Rank (M), M†, MH , and
MT denote the rank, pseudoinverse, conjugate transpose and
transpose of M, respectively. ∥A∥p refers to the Lp norm
for matrix A, while ∥x∥ represents the L2 norm or Euclidean
norm for the vector x. CN×M and RN×M denote the space of
N ×M matrices with complex and real entries, respectively.
I and 0 denote an identity matrix and an all-zero matrix,
respectively, with appropriate dimensions.

II. RELATED WORKS

EE has been regarded as a key performance metric for 5G
wireless networks [6] owing to the economic cost and ecolog-
ical responsibilities. Up to now, many achievements have been
made to address this issue in current wireless networks [17]–
[21]. [17] studied the EE maximization in frequency-selective
channels. [18] investigated the tradeoff between spectrum
efficiency (SE) and EE in downlink orthogonal frequency
division multiplexing access (OFDMA) networks while [19]
focused on EE design in this scenario with delay-sensitive
traffic. [20] showed that introducing small cells in Macrocells
to form HCNs can improve both EE and SE. [21] analyzed
the EE performance through the sleeping strategies for MBS
in a multi-tier HCN via stochastic geometry. However, all
these works just concern traditional wireless networks without
energy harvesting.

On the other hand, SWIPT has been investigated recently
in [11]–[13], [22]–[28]. SWIPT in a point-to-point additive
white Gaussian noise (AWGN) channel was first investigated
in [22]. Then, this work was extended to frequency selective
AWGN channels in [23]. Moveover, the authors proposed two
types of EH and ID receivers for SWIPT in [13]: separated
EH and ID receivers [11], [24]–[26], and co-related EH and
ID receivers [12], [27], [28]. They further designed two
approaches to implement co-related EH and ID receivers,
namely time switching and power splitting [12], [27], [28].
Besides, they studied also the tradeoff between information
rate and harvested energy in a three nodes MIMO scenario
under both types of receivers. In the multiple input multiple
output (MIMO) scenario, the sum harvested power of all EH
users was maximized in [25]. As for the multiuser MISO
scenario with the QoS requirements of ID users, [24] also
maximized the harvested power of all EH receivers while [12],
[27] minimized the total transmit power.

However, the power consumption in electronic circuits and
RF transmission have been overlooked in [12], [24], [25],
[27], but play a crucial role in the EE design for wireless
communication systems [18]–[21]. Then, the ITE optimization
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Fig. 1. Two-tier wireless-powered HCN.

in OFDMA system is studied in [28], which cannot be
extended to MISO scenario easily. In a three nodes MIMO
scenario, ITE was maximized in [11]. The EHE was addressed
in [26], however, the circuit power consumption is ignored in
EHE. Moreover, the ITE is paid less attention in [11]–[13],
[24]–[27]. Additionally, the EHE is also ignored in [11]–[13],
[24], [25], [27]. Furthermore, the works [11]–[13], [25], [26],
[28] considered only one ID user in the concerned scenario and
neglected the inter-user interference among the ID users. These
works also pay no attentions to the relationship between ITE
and EHE. In [29], the authors maximized the ITE and EHE
via a multi-objective optimization approach, and investigated
the tradeoff between ITE and EHE in a three nodes MISO
downlink scenario. However, this work did not consider the
interference among multiple ID users and that among multiple
EH users, and thus can not be extended to our concerned
problem directly.

III. SYSTEM MODEL

In this paper, we consider a multiuser MISO downlink
Femtocell overlaid with a Macrocell in co-channel deployment
as shown in Fig. 1. Assume that there exist M FUs in
Femtocell and N MUs in Macrocell, respectively. Here, FBS
is equipped with K antennas and each FU or MU has single
antenna. Furthermore, there exist two types of FUs, namely, ID
FUs which receive information from FBS and EH FUs which
harvest energy from FBS. Let the sets KI = {1, ...,KI} and
KE = {1, ...,KE} denote ID FUs and EH FUs respectively.
Here, we assume K ≥ KI +KE . Furthermore, to mitigate the
cross-tier interference to MUs in Macrocell, FBS coexists with
MUs via the underlay cognitive radio paradigm [30], where
FBS can transmit data with MBS simultaneously provided that
the interference incurred by FBS to MUs is less than a prede-
fined threshold which is determined by the QoS requirement
of MUs. In this paper, we consider linear beamforming at
FBS for SWIPT and each ID/EH FU is assigned with one
dedicated information/energy transmission beam without loss
of generality. Hence, the transmitted signal from FBS can be

expressed as

x =
∑
i∈KI

wis
ID
i +

∑
j∈KE

vjs
EH
j , (1)

where wi ∈ CK×1 and vj ∈ CK×1 represent the beamform-
ing vectors for the i-th ID FU and the j-th EH FU, respectively.
In the meanwhile, sIDi and sEH

j denote the information-
bearing signal intended for the i-th ID FU and the energy-
carrying signal targeted for the j-th EH FU respectively. For
information signals, Gaussian inputs are assumed, i.e., sIDi
is an independent and identically distributed (i.i.d.) CSCG
random variable with zero mean and unit variance, which is
denoted by sIDi ∼ CN (0, 1) , ∀i ∈ KI . For energy signals,
sEH
j can be an arbitrary random signal provided that its

power spectral density satisfies some certain regulations on
microwave radiation since it carries no information. Without
loss of generality, we assume that sEH

j is an independent white

sequence from an arbitrary distribution with E
(∣∣sEH

j

∣∣2) =

1, ∀j ∈ KE . Let Pmax denote the maximal transmit power for
FBS. Thus, based on (1) we have E

(
xHx

)
=
∑

i∈KI
∥wi∥2+∑

j∈KE
∥vi∥2 ≤ Pmax.

We assume a quasi-static fading environment. Denote hi ∈
CK×1 and gj ∈ CK×1 as the channel vectors from FBS to the
i-th ID FU and the j-th EH FU respectively, where ∥hi∥2 =
σ2
h,i and ∥gj∥2 = σ2

g,j with σ2
g,j ≫ σ2

h,i, ∀i ∈ KI , j ∈ KE . In
other words, we assume that EH FUs locate nearer to FBS than
ID FUs due to a higher received power requirement of energy
harvesting for real-time operation [24]. Here, we assume EH
FUs are active devices, which can communicate with FBS
in the uplink and harvest energy from FBS in the downlink.
When FBS is a time division duplexing (TDD) system, it
can estimate the channel state information (CSI) in the uplink
transmission and then acquire the CSI from FBS to EH FUs
via channel reciprocity. As for a frequency division duplexing
(FDD) system, EH FUs can estimate the CSI from FBS to
EH FUs in the downlink transmission and feedback this CSI
to FBS in the uplink transmission. Then, the received discrete-
time baseband signals at the i-th ID FU and the j-th EH FU
can be given by, respectively,

yIDi = hH
i x+ IIDi + nID

i , ∀i ∈ KI , (2)

yEH
j = gH

j x+ IEH
j + nEH

j , ∀j ∈ KE , (3)

where nID
i , nEH

j ∼ CN
(
0, σ2

i

)
are the i.i.d. Gaussian noise at

the i-th ID FU and the j-th EH FU respectively. Besides, IIDi
and IEH

j represent the interference signal generated by MBS
at the i-th ID FU and the j-th EH FU respectively. With linear
transmit beamforming, each ID FU interferes with all other
non-intended information beams and energy beams. Here, we
assume that each ID FU treats all other information signals
and all energy signals as noise [31]. Thus, we can express the
signal-to-interference-plus-noise ratio (SINR) for the i-th ID
FU γID

i as

γID
i =

∣∣hH
i wi

∣∣2∑
k ̸=i,k∈KI

∣∣hH
i wk

∣∣2 + ∑
j∈KE

∣∣hH
i vj

∣∣2 + P I
i + σ2

i

, ∀i ∈ KI ,

(4)
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where P I
i is the interference power caused by MBS at the i-th

ID FU. Furthermore, the data rate for the i-th ID FU can be
expressed as

RID
i = B log2

(
1 + γID

i

)
, ∀i ∈ KI , (5)

where B denotes the channel bandwidth. Besides, let PC and
ζ represent the constant circuit power consumption and the
amplifier coefficient1 for FBS, respectively. Then, the total
power dissipation of FBS is modeled as [32], [33]

Ptot = PC + ζ
(∑

i∈KI
∥wi∥2 +

∑
j∈KE

∥vj∥2
)
, (6)

which contains both the static power and dynamic power
consumption of FBS.

As for wireless energy transfer, owing to the broadcast
property of wireless channels, the energy carried by all in-
formation and energy beams i.e., both wi’s and vj’s, and the
interference signal from MBS Ij , can be harvested by each
EH FU. Therefore, the harvested power Qj at the j-th EH
FU is proportional to the total received power, which can be
shown as

Qj = ξ

(∑
k∈KI

∣∣gH
j wk

∣∣2 + ∑
k∈KE

∣∣gH
j vk

∣∣2 + P I
j

)
, ∀j ∈ KE ,

(7)
where 0 < ξ ≤ 1 represents the energy harvesting efficiency.
Besides, P I

j denotes the interference from MBS to the j-th EH
FU. Note that some given EH FU k may not scavenge energy
from the MBS due to some practical considerations such as
P I
k is negligible owing to poor wireless channel conditions,

but this can be easily taken care of by setting P I
k = 0.

IV. PROBLEM FORMATIONS

In this section, we provide the problem formations in the
scenario of interest. The first problem is to maximize the ITE
of FBS while the second one concerns the EHE maximization
of FBS. Finally, we investigate the relationship between ITE
and EHE of FBS in the third optimization problem.

A. Information Transmission Efficiency Maximization

Here, we maximize the ITE for ID FUs while guaranteeing
the QoS requirement of all users. We formulate this problem
as the following fractional programming:

P1 : max
{wi,vj}

f1 (wi,vj) =

∑
i∈KI

βiB log2(1+γID
i )

PC+ζ

( ∑
i∈KI

∥wi∥2+
∑

j∈KE
∥vj∥2

)
s.t. C1 :

∑
i∈KI

∥wi∥2 +
∑

j∈KE

∥vj∥2 ≤ Pmax,

C2 : RID
i ≥ ri, ∀i ∈ KI ,

C3 : Qj ≥ ϕj , ∀j ∈ KE ,

C4 :
∑

i∈KI

∣∣lHk wi

∣∣2 + ∑
j∈KE

∣∣lHk vj

∣∣2 ≤ ηk, ∀k ∈ N ,

(8)
where ri and ϕj denote the minimal rate target for the i-
th ID FU and the minimal energy limit for the j-th EH FU
respectively. Moreover, βi denotes the weighting factor for

11/ζ is also known as the power efficiency for the power amplifier.

the i-th ID FU. Meanwhile, ηk represents the permissible
interference threshold for the k-th MU. Besides, lk ∈ CK×1

denotes the vector of channel gains between the transmitter
of FBS and the k-th MU, with lmk refers to the CSI from
the m-th antenna of FBS to the k-th MU. Here, we adopt
N = {1, ..., N} to represent the set of all MUs. In P1,
constraint C1 refers to the maximal transmit power limit for
the FBS while constraints C2 and C3 denote the minimal rate
and harvested power requirements for ID FUs and EH FUs,
respectively. Furthermore, constraint C4 represents the QoS
requirement for MUs’ receptions on FBS.

B. Energy Harvesting Efficiency Maximization

We maximize the EHE for EH FUs while guaranteeing the
QoS requirements of all users in the HCN. Especially, we
adopt the minimum rate requirement and the minimal har-
vested power threshold to represent the QoS of ID FUs and EH
FUs, respectively. Furthermore, to suppress the interference to
MUs, the interference limit is imposed to FBS. We formulate
this problem as follows:

P2 : max
{wi,vj}

f2 (wi,vj)

=

∑
j∈KE

βjξ

( ∑
k∈KI

|gH
j wk|2+ ∑

k∈KE
|gH

j vk|2+P I
j

)

PC+ζ

( ∑
i∈KI

∥wi∥2+
∑

j∈KE
∥vj∥2

)
s.t. C1 :

∑
i∈KI

∥wi∥2 +
∑

j∈KE

∥vj∥2 ≤ Pmax,

C2 : RID
i ≥ ri, ∀i ∈ KI ,

C3 : Qj ≥ ϕj , ∀j ∈ KE ,

C4 :
∑

i∈KI

∣∣lHk wi

∣∣2 + ∑
j∈KE

∣∣lHk vj

∣∣2 ≤ ηk, ∀k ∈ N .

(9)

C. The relationship between ITE and EHE

Then, we investigate the relationship between ITE and
EHE only considering the maximal power limit for FBS. We
formulate this problem as follows:

P3 : max
{wi,vj}

f1 (wi,vj) =

∑
i∈KI

βiB log2(1+γID
i )

PC+ζ

( ∑
i∈KI

∥wi∥2+
∑

j∈KE
∥vj∥2

)
s.t. C1 :

∑
i∈KI

∥wi∥2 +
∑

j∈KE

∥vj∥2 ≤ Pmax,

C5 :

∑
j∈KE

βjξ

( ∑
k∈KI

|gH
j wk|2+ ∑

k∈KE
|gH

j vk|2+P I
j

)

PC+ζ

( ∑
i∈KI

∥wi∥2+
∑

j∈KE
∥vj∥2

) ≥ ε,

(10)
where ε denotes the EHE threshold for all EH FUs. Note that
we should treat ε as a parameter and vary it with various values
to study the relationship between ITE of all ID FUs and EHE
of all EH FUs.

D. Challenges for tackling all these problems

Here, we discuss the technical challenges to solve
all the problems listed above. Firstly, we investigate
the properties of the objective functions f1 (wi,vj) and
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f2 (wi,vj) respectively. For f1 (wi,vj) in P1, the numerator∑
i∈KI

βiB log2
(
1 + γID

i

)
represents the sum rate of all ID

FUs in this scenario. According to (4) and (5), we know that
B log2

(
1 + γID

i

)
is non-convex with respect to wi. In other

words, the numerator of f1 (wi,vj) belongs to the non-convex
function for wi. Note that even the sum rate maximization
problem in MISO cognitive radio networks is known as NP-
hard [31]. Furthermore, if we consider the fractional form of
f1 (wi,vj), we can state that f1 (wi,vj) is non-convex for
both wi and vj . Thus, it is hard to handle P1.

As for the objective function f2 (wi,vj)
in P2, we can see that its numerator

βjξ

( ∑
k∈KI

∣∣gH
j wk

∣∣2 + ∑
k∈KE

∣∣gH
j vk

∣∣2 + P I
j

)
is convex

for both wi and vj . This is because that the term∑
k∈KI

∣∣gH
j wk

∣∣2 = wk
HGjwk is convex with respect to

wk where Gj = gjg
H
j if and only if Gj ≽ 0 [34],

that is, Gj is positive semidefinite. Apparently, we have
Gj = gjg

H
j ≽ 0. Furthermore, the denominator of f2 (wi,vj)

is a convex function. In a word, f2 (wi,vj) is a ratio of
two convex functions. Thus, we can see that the objective
function in P2 is non-convex with respect to wi and vj due
to the fractional form.

Then, we consider the constraints occurring in these prob-
lems. As for C1, it belongs to convex constraints due to the
fact that

∑
i∈KI

∥wi∥2+
∑

j∈KE

∥vj∥2 is a convex function for wi

and vj . However, C2 is very nontrivial since RID
i in (5) is

non-convex. Moreover, we have Qj in (7) is a convex function
with respect to wi and vj . However, C3 requires Qj is no
less than a predefined threshold. Therefore, the set defined
by this constraint is not a convex set. Taking the fact that∑
i∈KI

∣∣lHk wi

∣∣2 +
∑

j∈KE

∣∣lHk vj

∣∣2 is jointly convex for both wi

and vj into account, we can state that C4 defines a convex
set. As for C5, the left hand side (LHS) of C5 is f2 (wi,vj),
which is non-convex as discussed above. Thus, C5 is not a
convex constraint in its current form. In conclusion, constraints
C2, C3 and C5 are non-convex, which make these problems
challenging.

According to the above analysis, we can see that the
aforementioned optimization problems are very challenging
to handle because both their objective functions and some of
constraints are non-convex.

V. BEAMFORMER DESIGN

As mentioned above, it is very nontrivial to derive the
optimal wi and vj directly owing to the non-convexity of
the objective function and some of constraints in these prob-
lems. Even if we can derive the optimal beamforming in the
considered scenario, it may not be applicable to HCNs due
to the prohibitive complexities. Therefore, we separate the
beamformer design and power allocation for possible imple-
mentations in practice. Furthermore, these schemes can serve
as a lower bound for beamforming design in this scenario. In
this section, we devise two beamformers for FBS, namely ZF
beamformer and MBF beamformer.

A. Zero-Forcing Beamforming Strategy

In this part, we design the wi and vj based on the
principle of zero-forcing beamforming strategy, since this
method can be easily implemented in practice for downlink
channels with reduced complexity relative to dirty paper
coding [35], [36]. Under the ZF method, we have wi ⊥
hk, ∀k ̸= i, k ∈ KI and vj ⊥ hk, ∀k ∈ KI . That is, we
have hH

i wk = 0, ∀k ̸= i, k ∈ KI and hH
i vj = 0, ∀j ∈ KE .

Then, we can see that the inter-user interference among ID
FUs

∑
k ̸=i,k∈KI

∣∣hH
i wk

∣∣2 = 0 and the interference from EH

FUs
∑

j∈KE

∣∣hH
i vj

∣∣2 = 0 in (4). Thus, we can avoid all the

interference among EH FUs and ID FUs via ZF beamformer.
Note that there exists a minimum number of antennas under
ZF beamformer for a given number of FUs which equals the
number of FUs, since we try to cancel the interference among
all FUs under ZF beamformer. Denote the information and
energy beamformer for the i-th ID FU and the j-th EH FU
under ZF beamformer as wZF

i and vZF
j . Then, we can rewrite

the objective function of P1 under this strategy as

f1
(
wZF

i ,vZF
j

)
=

βID

∑
i∈KI

B log2

(
1+

|hH
i wZF

i |2
PI
i
+σ2

i

)

PC+ζ

( ∑
i∈KI

∥wZF
i ∥2

+
∑

j∈KE
∥vZF

j ∥2

) .
(11)

Then, we derive the expression for wZF
i and vZF

j , respec-
tively.

Firstly, we define WI = [w1 w2 ... wKI
] ∈ CK×KI as the

beamformer matrix for all ID FUs, VE = [v1 v2 ... vKE ] ∈
CK×KE as the beamformer matrix for all EH FUs. Then
we can express the beamformer matrix for all FUs in
FBS transmitter as W = [WI VE ] ∈ CK×(KI+KE). Be-
sides, we rewrite the signal vectoor for ID FUs as sID =[
sID1 sID2 ... sIDKI

]T ∈ CKI×1 and the signal vector for EH
FUs as sEH =

[
sEH
1 sEH

2 ... sEH
KE

]T ∈ CKE×1. Then,
we can write the total signals of interest for all FUs as

s =

[
sID

sEH

]
∈ C(KI+KE)×1. Then, we can rewrite the

transmit signals of FBS in (1) as follows:

x =
∑

i∈KI

wis
ID
i +

∑
j∈KE

vjs
EH
j

= WIs
ID +VEs

EH

= Ws ∈ CK×1.

(12)

Then, the received signals at the i-th ID FU and the j-th EH
FU can be rewritten as below:

yIDi = hH
i Ws+ IIDi + nID

i , ∀i ∈ KI , (13)

yEH
j = gH

j Ws+ IEH
j + nEH

j , ∀j ∈ KE . (14)

To further express the received signals for all FUs in a com-
pact form, we denote the received signal vectors for all ID FUs
as yID =

[
yID1 yID2 ... yIDKI

]T ∈ CKI×1, and the received sig-
nal vectors for all EH FUs as yEH =

[
yEH
1 yEH

2 ... yEH
KE

]T ∈
CKE×1. Thus, the total received signal vectors for all FUs can

be written as y =

[
yID

yEH

]
∈ C(KI+KE)×1. Similarly, we

can rewrite the interference vector from MBS to all ID FUs as
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IID =
[
IID1 IID2 ... IIDKI

]T ∈ CKI×1, the interference vector
from MBS to all EH FUs as IEH =

[
IEH
1 IEH

2 ... IEH
KE

]T ∈
CKE×1. Then, we can express the interference vector from

MBS to all FUs as I =

[
IID

IEH

]
∈ C(KI+KE)×1.

Furthermore, we denote the white Gaussian noise vector for
all ID FUs as nID =

[
nID
1 nID

2 ... nID
KI

]T ∈ CKI×1, and that
for all EH FUs as nEH =

[
nEH
1 nEH

2 ... nEH
KE

]T ∈ CKE×1.
Thus, we can write the white Gaussian noise vector for all FUs

as n =

[
nID

nEH

]
∈ C(KI+KE)×1. Furthermore, define the

channel gain matrix for all ID FUs as HI = [h1 h2 ... hKI ] ∈
CK×KI , the channel gain matrix for all EH FUs GE =
[g1 g2 ... gKE

] ∈ CK×KE . Then, we express the channel gain
matrix for all FUs as H = [HI GE ] ∈ CK×(KI+KE).

Based on these notations above, we can rewrite the received
signals for all ID FUs and EH FUs together in a compact form
as follows:

y = HHWs+ I+ n. (15)

Then, we can derive the zero-forcing beamformer matrix as

WZF =
(
HH

)†
= H

(
HHH

)−1 ∈ CK×(KI+KE). (16)

If we substitute (15) into (16), we obtain the following result

y = HHWZF s+ I+ n = s+ I+ n. (17)

Then, we derive the ZF beamformers for ID FUs and EH FUs
as follows:

wi = WZF (: , i) ∈ CK×1, ∀i ∈ KI . (18)

vj = WZF (: ,KI + j) ∈ CK×1, ∀j ∈ KE , (19)

Once we derive the form of beamformer for the transmission
of FBS, then we discuss how to allocate the transmit power
on each beamformer. Denote pID =

[
pID1 pID2 ... pIDKI

]T ∈
CKI×1 and pEH =

[
pEH
1 pEH

2 ... pEH
KE

]T ∈ CKE×1

as the power allocation vectors for all ID FUs and
EH FUs, respectively. Thus, we express the power al-

location vector for all FUs as p =

[
pID

pEH

]
∈

C(KI+KE)×1. Since we have HHWZF = I via ZF
scheme, then we can derive that Diag

(√
p
)
HHWZF =

HHWZF Diag
(√

p
)
= I×Diag

(√
p
)
= Diag

(√
p
)
. Rewrite

WZF =
(
w1

ZF ,w
2
ZF , ...,w

(KI+KE)
ZF

)
∈ CK×(KI+KE), we

can derive the whole beamforming matrix for FBS as

WZF
BF = WZF Diag

(√
p
)

= (
√

pID1 w1
ZF , ...,

√
pIDi wi

ZF , ...,
√
pIDKI

wKI

ZF ,√
pEH
1 w

(KI+1)
ZF , ...,

√
pEH
j w

(KI+j)
ZF , ...,

√
pEH
KE

w
(KI+KE)
ZF )

∈ CK×(KI+KE), ∀i ∈ KI , ∀j ∈ KE .
(20)

In this case, we have

y = HHWZF
BF s+ I+ n = Diag (

√
p)s+ I+ n. (21)

Furthermore, we can derive the SINR for the i-th ID FU as

γID
i =

pIDi
P I
i + σ2

i

, ∀i ∈ KI . (22)

Under the beamforming matrix WZF
BF , we can transform P1

into the following problem:

ZF-P1 : max
{pID

i ,pEH
j }

f1
(
pIDi , pEH

j

)
=

∑
i∈KI

βiB log2

(
1+

pIDi
PI
i
+σ2

i

)
PC+ζP tx

ZF

s.t. C1′ : P tx
ZF ≤ Pmax,

C2′ : RID
i = B log2

(
1 +

pID
i

P I
i +σ2

i

)
≥ ri, ∀i ∈ KI ,

C3′ : Qj ≥ ϕj , ∀j ∈ KE ,

C4′ :
∑

i∈KI

pIDi
∣∣lHk wi

ZF

∣∣2
+
∑

j∈KE

pEH
j

∣∣∣lHk w
(KI+j)
ZF

∣∣∣2 ≤ ηk, ∀k ∈ N ,

(23)

where the total transmit power of FBS under MBF scheme
P tx
ZF can be shown as

P tx
ZF =

∑
i∈KI

pIDi
∥∥wi

ZF

∥∥2 + ∑
j∈KE

pEH
j

∥∥∥w(KI+j)
ZF

∥∥∥2. (24)

Additionally, the harvested energy for the j-th EH FU in this
situation can be expressed as

Qj
ZF = ξ(pEH

j

∣∣∣gH
j w

(KI+j)
ZF

∣∣∣2 + P I
j ). (25)

We can see that constraints in ZF-P1 are convex. However,
the objective function f1

(
pIDi , pEH

j

)
is still nonconvex. Fortu-

nately, f1
(
pIDi , pEH

j

)
belongs to the quasi-concave function.

We can employ the fractional programming technique to
handle ZF-P1.

Furthermore, the EHE maximization problem under ZF
beamformer can be transformed as

ZF-P2 : max
{pID

i ,pEH
j }

f2
(
pIDi , pEH

j

)
=

∑
j∈KE

βjQ
j
ZF

PC+ζP tx
ZF

s.t. C1′, C2′, C3′, C4′.

(26)

Moreover, with the ZF beamformer, we can rewrite the
constraint C5 as ∑

j∈KE

βjQ
j
ZF

PC + ζP tx
ZF

≥ ε. (27)

We can rewrite the above constraint as

C5′ :
∑

j∈KE

βjQ
j
ZF − εζP tx

ZF ≥ εPC . (28)

According to (24) and (25), we can see that the LHS of C5′ is
a linear function with respect to pIDk and pEH

k . In other words,
C5′ belongs to the linear constraint. Therefore, P3 can be cast
as

ZF-P3 : max
{pID

i ,pEH
j }

f1
(
pIDi , pEH

j

)
s.t. C1′, C5′.

(29)

In conclusion, we can see that constraints C1′ − C5′ are
convex constraints while the objective functions in P1, P2
and P3 are difficult to tackle in the current form.
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FBS

EH Subsystem

ID FU

EH FU

ID Subsystem

Information flow Energy flow

Fig. 2. Illustration of the interference in wireless-powered MISO Femtocell.

FBS

Ideal EH Subsystem

ID FU

EH FU

Ideal ID Subsystem

Information flow Energy flow

Fig. 3. Illustration of desired interference control in wireless-powered MISO
Femtocell.

B. Mixed Beamforming Strategy

Firstly, we show the interference in wireless-powered MISO
HCN in Fig. 2. As we can see, the interference is a bad factor
to degrade the data rate for all ID FUs, which is a foe to
the ID subsystem. However, the interference for all EH FUs
is very beneficial since they can scavenge the energy from
the interference. In other words, the interference is a friend
to the EH subsystems. Therefore, to design the beamforming
vectors wi, ∀i ∈ KI and vj , ∀j ∈ KE properly, we should dif-
ferentiate the EH and ID subsystems of Femtocell due to their
contradictory viewpoints on the inter-system and intra-system
interference. In other words, the pros and cons of interference
should be carefully taken into account in Femtocell.

The ideal interference control in this scenario can be shown
in Fig. 3, which can fully exploit the interference. As for
the the ID precoder wi, ∀i ∈ KI , we can adopt the existing
beamforming strategies, such as, zero-forcing and match filter.
However, to devise the EH precoder vj , ∀j ∈ KE , we should
take the fact that the interference helps all EH FUs to scavenge
more energy into account.

Then, we discuss the design of the precoder for ID and EH

subsystem respectively. Firstly, we investigate how to design a
novel beamformer for FBS to handle the interference as a foe
for all ID FUs and fully exploit the interference as a friend
for all EU FUs simultaneously. For better understanding, we
display the received signals for all FUs in a compact form as
follows: [

yID

yEH

]
=

[
HH

I

GH
E

]
[WI WE ]

[
sID

sEH

]
+

[
IID

IEH

]
+

[
nID

nEH

]
.

(30)

We can rewrite the above equation as follows:[
yID

yEH

]
=

[
HH

I WI HH
I WE

GH
EWI GH

EWE

][
sID

sEH

]
+

[
IID + nID

IEH + nEH

]
.

(31)

Then, all the FUs’ received signals can be expressed in a
compact form as[

yID

yEH

]
=

[
HH

I WIs
ID +HH

I WEs
EH

GH
EWIs

ID +GH
EWEs

EH

]
+

[
IID + nID

IEH + nEH

]
.

(32)

In order to utilize the advantage of the interference for all
EH FUs properly while avoid its shortcomings for all ID FUs,
we desire the following result[

HH
I WI HH

I WE

GH
EWI GH

EWE

]
=

[
IKI×KI

OKI×KE

ZKE×KI EKE×KE

]
. (33)

We can see that the interference among all EH FUs is kept
while the interference among all ID FUs are completely
canceled, which is very beneficial to all FUs in Femtocell.
Note that the term IKI×KI and ZKE×KI depend on the design
of WI while the remaining two terms rely on the choice of
WE . Firstly, we design the beamforming matrix WI for all
ID FUs as

WI
MBF =

(
HH

I

)†
= HI

(
HI

HHI

)−1

∈ CK×KI . (34)

Then, we have

ZKE×KI
= GH

EWI = GH
E

(
HH

I

)† ∈ CKE×KI . (35)

On the other hand, we cast the design of WE as the following
optimization problem:

P5 : max
{WE}

h1 (WE) =
∥∥GH

EWEs
EH
∥∥2
2

s.t. C1 : HH
I WE = OKI×KE

.
(36)

In order to make C1 hold, we should choose the vectors from
the null space of HH

I to design WE .
For a given column vector wj ∈ CK×1, ∀j ∈ KE of WE ,

we can rewrite the optimization problem for wj as

P6 : max
{wj}

h2 (wj) =
∥∥GH

Ewjs
EH
j

∥∥2
2

s.t. C1 : HH
I wj = 0KI×1.

(37)
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Since we only need the directions of wj , we can normalize
∥wj∥2 = 1. Furthermore, we can transform the above problem
as

P6′ : max
{wj}

h3 (wj) =
∥∥GH

Ewj

∥∥2
2

s.t. C1 : HH
I wj = 0KI×1,

C2 : ∥wj∥2 = 1.

(38)

We can see that the objective function in P6 is convex, how-
ever, this problem is still very difficult to solve, since we want
to maximize a convex function. Therefore, we adopt the basis
vectors of the null space of HH

I as the beamformer for EH
FUs for simplicity, which is denoted as wj

MBF ∈ Null
(
HH

I

)
.

Let WE
MBF represent an arbitrary set of orthogonal bases of

Null
(
HH

I

)
. Note that WE

MBF only determines the directions
of the beamforming for all EH FUs. More importantly, we
need further allocate the transmit power of FBS in these
directions to promote the energy received by all EH FUs.

According to the analysis above, we can derive the beam-
formers for all ID FUs under MBF scheme as

wi = WI
MBF (: , i) ∈ CK×1, ∀i ∈ KI . (39)

Remark 1. When there exists only one ID FU in the Femtocell,
we choose the beamformer for this ID FU as wMBF

I = h
∥h∥2

in this situation. Here, h ∈ CK×1 represents the channel gain
vector from FBS to this ID FU.

Moreover, the beamformers for EH FUs under MBF scheme
can be expressed as

vj = WE
MBF (: , j) ∈ CK×1, ∀j ∈ KE . (40)

Once we derive the structure of the beamforming of
FBS to all FUs, then we investigate how to allocate the
transmit power of FBS on these beamformers. Denote
pID
M =

[
pIDM,1 pIDM,2 ... pIDM,KI

]T ∈ CKI×1 and pEH
M =[

pEH
M,1 pEH

M,2 ... pEH
M,KE

]T ∈ CKE×1 as the power allocation
vectors for all ID FUs and EH FUs respectively. Then, we
can express the power allocation vector for all FUs under

MBF scheme as pM =

[
pID
M

pEH
M

]
∈ C(KI+KE)×1. Rewrite

the MBF beamformer as WMBF =
[
WMBF

I WMBF
E

]
=(

w1
MBF ,w

2
MBF , ...,w

(KI+KE)
MBF

)
∈ CK×(KI+KE), we can

derive the whole beamforming for FBS as

WMBF
BF = WMBF Diag

(√
pM

)
= (
√
pIDM,1w

1
MBF , ...,

√
pIDM,iw

i
MBF , ...,

√
pIDM,KI

wKI

MBF ,√
pEH
M,1w

(KI+1)
MBF , ...,

√
pEH
M,jw

(KI+j)
MBF , ...,

√
pEH
M,KE

w
(KI+KE)
MBF )

∈ CK×(KI+KE), ∀i ∈ KI , ∀j ∈ KE .
(41)

Based on this result, the received signals for all FUs can be
cast as[

yID

yEH

]
=

[
IKI×KI

sID + 0
ZKE×KI

sID +EKE×KE
sEH

]
+

[
IID + nID

IEH + nEH

]
.

(42)

Then, we can rewrite P1 as follows

MBF-P1 : max
{pID

M,i,p
EH
M,j}

f1
(
pIDM,i, p

EH
M,j

)
=

∑
i∈KI

βiR
ID
i

PC+ζP tx
MBF

s.t. C1′′ : P tx
MBF ≤ Pmax,

C2′′ : RID
i = B log2

(
1 +

pID
M,i

P I
i +σ2

i

)
≥ ri, ∀i ∈ KI ,

C3′′ : Qj ≥ ϕj , ∀j ∈ KE ,

C4′′ :
∑

i∈KI

pIDM,i

∣∣lHk wi
MBF

∣∣2
+
∑

j∈KE

pEH
M,j

∣∣∣lHk w
(KI+j)
MBF

∣∣∣2 ≤ ηk, ∀k ∈ N ,

(43)
where the total transmit power of FBS under MBF scheme
P tx
MBF can be expressed as

P tx
MBF =

∑
i∈KI

pIDM,i

∥∥wi
MBF

∥∥2 + ∑
j∈KE

pEH
M,j

∥∥∥w(KI+j)
MBF

∥∥∥2.
(44)

Besides, the harvested energy for the j-th EH FU in this case
can be shown as

Qj
MBF = ξ(

∑
k∈KI

pIDM,k

∣∣gH
j wk

MBF

∣∣2
+
∑

k∈KE

pEH
M,k

∣∣∣gH
j w

(KI+k)
MBF

∣∣∣2 + P I
j ).

(45)

Furthermore, the EHE maximization problem under the MBF
beamformer can be transformed as

MBF-P2 : max
{pID

M,i,p
EH
M,j}

f2
(
pIDM,i, p

EH
M,j

)
=

∑
j∈KE

βjQ
j
MBF

PC+ζP tx
MBF

s.t. C1′′, C2′′, C3′′, C4′′.
(46)

Moreover, with the MBF beamformer, we can written the
constraint C5 as

C5′′ :
∑

j∈KE

βjQ
j
MBF − εζP tx

MBF ≥ εPC . (47)

Based on (44) and (45), we can see that the LHS of C5′′ is
a linear function with respect to pIDk and pEH

k . Thus, C5′′

belongs to linear constraints. Therefore, P3 can be cast as

MBF-P3 : max
{pID

M,i,p
EH
M,j}

f1
(
pIDM,i, p

EH
M,j

)
s.t. C1′′, C5′′.

(48)

Here, we can also see that constraints C1′′ − C5′′ are all
convex. Moreover, the objective functions in P1,P2 and P3
under MBF scheme have the same structure as those with ZF
beamformer.

VI. OPTIMAL POWER ALLOCATION STRATEGIES UNDER
PRE-ALLOCATED BEAMFORMERS

In this section, we investigate the power allocation policies
under ZF and MBF beamformers, respectively. As mentioned
above, the objective functions in the transformed optimization
problems of P1, P2 and P3 under ZF and MBF beamformers
have the same structure, we take ZF-P1 as an example to
illustrate the power allocation strategy in this section. For
better understanding, we can rewrite this problem as follows
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ZF-P1′ : max
{p}

f1 (p)

=

∑
i∈KI

βiB log2

(
1+

pIDi
PI
i
+σ2

i

)
PC+ζ

( ∑
i∈KI

pID
i ∥wi

ZF∥2
+
∑

j∈KE
pEH
j

∥∥∥∥w(KI+j)
ZF

∥∥∥∥2
)

= UR(p)
UP (p)

s.t. C1′ C2′, C3′, C4′.

(49)

As discussed earlier, all constraints in ZF-P1′ are convex.
For brevity, here we adopt p instead of

(
pIDi , pEH

j

)
to

denote the power allocation vector of FBS. However, f1 (p)
is still nonconvex. Fortunately, f1 (p) belongs to fractional
programming due to the fractional form.

Therefore, we can employ the fractional programming tech-
nique to handle ZF-P1′. Thus, we employ the fractional
programming technique to solve it. As for the solution and
optimal value of ZF-P1′, we have the following result [37] :

Theorem 1. The maximum ITE q∗ is achieved in ZF-P1′

if and only if max
p′

UR (p′) − q∗UP (p′) = UR (p∗) −
q∗UP (p∗) = 0 for UR (p′) ≥ 0 and UP (p′) > 0.

Based on this theorem, we utilize the powerful Dinkelbach
method in [33], [37] known as an efficient algorithm for
fractional programming to obtain the optimal power allocation
policy p∗ and the maximal ITE q∗ of ZF-P1′. Additionally,
the IPA algorithm converges to the optimal solution with a
superlinear convergence speed [38]. The details of Dinkelbach
method are provided as follows:

Algorithm 1 Dinkelbach method for ZF-P1′

1: Choose the error tolerance κ > 0 and the maximum
iteration number Lmax;

2: Set the ITE q = 0 and iteration index n = 0.
3: while (Convergence == false and n ≤ Lmax) do
4: Solve the convex problem ZF-P1′′ for a given q and

obtain the power allocation policy p′.
5: if (UR (p′)− qUP (p′) < κ) then
6: Convergence = true;
7: return the optimal power allocation policy p∗ = p′

and maximal ITE q∗ =
UR(p′)
UP (p′) .

8: else
9: Set q =

UR(p′)
UP (p′) and n = n+ 1;

10: Convergence = false.
11: end if
12: end while
13: return the optimal power allocation policy p∗ = p′ and

maximal ITE q∗ =
UR(p′)
UP (p′) .

Besides, the convex problem ZF-P1′′ in the IPA algorithm
is defined as

ZF-P1′′ : max
p′

UR (p′)− qUP (p′)

s.t. C1′ C2′, C3′, C4′.
(50)

Therefore, we can adopt the Dinkelbach method to tackle
ZF-P2′ and ZF-P3′, respectively. Similarly, all the optimiza-
tion problems under MBF beamformer can be solved via this

Table I
SIMULATION PARAMETERS SETTING

Related parameters Typical values
Number of antennas in FBS K 4
Number of MUs N 3
Number of ID FUs KI 2
Number of EH FUs KE 2
Channel bandwidth B 180 kHz
White noise power σ2 -50 dBm
Constant power consumption PC 100 mW [32]
Maximal transmit power Pmax 1 W
EH FUs energy harvesting threshold ϕ 20σ2

EH FUs energy harvesting efficiency ξ 0.5 [13], [24], [26]
ID FUs SINR threshold γth 0 dB
MUs’ interference threshold η 100σ2

MBS’s cross-tier interference P I
j 20σ2

Error tolerance threshold κ 10−4

Maximal iteration number Lmax 50
Amplifier coefficient for FBS ζ 5 [33]

algorithm. Here, note that the proposed scheme mainly focuses
on the situation of one Macrocell and one Femtocell. However,
this scheme can be extended to the scenario consisting of
one Macrocell and multiple Femtocells provided that the co-
tier interference among all the Femtocells can be avoided by
assigning orthogonal frequency bands to different femtocells.

VII. SIMULATION RESULTS

In this section, we provide the simulation results to evaluate
the performance of our proposed beamforming schemes. We
assume the path loss model is PL = d−α for all users (FUs
and MUs), where d denotes the distance from one given user
to its connecting BS. We choose α = 4 in our simulation.
Moreover, we set the distances from FBS to EH FUs, ID FUs
and MUs as 5 meters, 20 meters and 30 meters, respectively.
As for the small fading, the channel vector gj , hi and lk are
randomly generated from i.i.d Rayleigh fading, where their
average channel powers are chosen according to the average
signal attenuation mentioned above. Besides, we choose the
carrier frequency as 1800 MHz in this paper. Here, we set ηk =
η, ∀k ∈ N and ϕj = ϕ,∀j ∈ KE . Furthermore, we denote
γth as the SINR threshold for all ID FUs, and adopt SINR
requirement to indicate the rate requirement as the QoS of all
ID FUs for better understanding. Then, the related parameters
and their typical values are provided in Table I.

A. Performance evaluation of ITE maximization

In this part, we evaluate the ITE performance of FBS under
both ZF and MBF beamformers. Firstly, we show the ITE
vs. ID FUs’ SINR requirement γth in Fig. 4. ITE under both
schemes is very high and keeps nearly unchanged when γth
is small, since that ITE can achieve its maximal value when
the data rate of ID FUs is small implied by a small SINR
value γth. However, ITE is decreasing with further increase
of γth, because a larger rate requirement needs to consume
more transmit power of FBS which leads to an inefficient
exploitation of FBS’ transmission from the EE perspective.
Moreover, ITE under ZF beamformer always is less than
that under MBF scheme since ZF scheme cancels all the
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interference in Femtocell and should consume more transmit
power to transfer energy to EH FUs since the interference is
beneficial to EH FUs. Meanwhile, the MBF method exploits
the advantage of interference for EH FUs and avoids its
drawbacks for ID FUs.

Then, we display the ITE vs. EH FUs’ harvested power
threshold ϕ in Fig. 5. We can see that ITE under MBF scheme
is firstly unchanged with the augment of ϕ when ϕ is small.
This is due to the fact that EH FUs can harvest energy from the
information signals and easily satisfy ϕ when FBS transmits
information to ID FUs provided ϕ is small. However, ITE
is almost linearly decreasing with further increase of ϕ. This
is due to the facts that EH FUs need more energy and FBS
should increase its transmit power to fulfill this requirement
in this case, which causes to a dropping in ITE. On the other
hand, the ITE under ZF scheme is always decreasing with the
augment of ϕ even at the beginning. This is because that ZF
scheme cancels all the interference even for EH FUs and an
increase in ϕ always leads to an augment of transmit power
for FBS, which leads to a decrease in ITE.

Finally, Fig. 6 illustrates the ITE performance under two
beamforming schemes with the variation of MUs’ tolerable
interference threshold η. We can see that ITE under both
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schemes firstly increases with the augment of η, and keeps
nearly unchanged with further increase of η. This is owing
to the fact that a greater η permits FBS to transmit with a
larger power while ITE achieves its maximal value with further
increase of η. This phenomenon also indicates that the ITE is
not a monotonic increase function with respect to transmit
power and there does exist an optimal ITE value for FBS’s
transmission in this scenario.

B. Performance evaluation of EHE maximization

In this part, we assess the EHE performance of FBS under
ZF and MBF schemes. Fig. 7 shows the EHE comparison
with the change of ID FUs SINR threshold γth. We can see
that EHE firstly keeps still with the increase of γth since the
transmit power for FBS is unchanged in this case, where ID
FUs can achieve the maximal ITE with small γth and EH
FUs can harvest the energy from information signals to satisfy
its harvested power requirement. Then, EHE decreases with
the further augment of γth since more power is consumed to
increase the data rate of ID FUs. On the other hand, EHE under
ZF beamformer is decreasing with the augment of γth, because
EH FUs can not harvest energy from information signals and
FBS spends more power with the increase of γth.

Then, we show the EHE performance vs. different ϕ in Fig.
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8. EHE under both beamforming strategies increases with the
augment of ϕ. This is because that a larger ϕ generally requires
a larger transmit power of EH FUs and EHE is a increasing
function with respective to the transmit power for EH FUs.
Furthermore, we can see that MBF scheme outperforms ZF
one in terms of EHE, since that MBF scheme exploits the
interference from information signals.

At last, we display the EHE performance vs. different η in
Fig. 9. EHE under both strategies firstly increases with the
augment of η and then keeps unchanged with further increase
of η. This is due to the fact that FBS is allowed to send with
a greater transmit power when η is relative small and FBS is
limited by the maximal transmit power constraint with further
increase of η.

C. Relationship between ITE and EHE

In this part, we investigate the relationship between ITE
and EHE of FBS under ZF and MBF schemes. We show the
change of ITE with the EHE requirement ε of EH FUs in
Fig. 10. Note that the constraints C5′ in ZF-P3 and C5′′ in
MBF-P3 are both tight since EHE is an increasing function
of transmit power for EH FUs. In other words, the EHE
threshold in the x-axis of Fig. 10 is equal to the EHE of FBS
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Fig. 10. Relationship between ITE and EHE.

in this situation. We can see that ITE under MBF scheme
firstly keeps still with the increase of ε, because EH FUs can
harvest enough energy from information signals when ε is
small. Then, ITE in this case decreases with further increase
of ε. This is due to the fact that a larger ε demands for a greater
transmit power for EH FUs which leads to a decrease of ITE.
On the other hand, ITE under ZF scheme decreases with the
augment of ε, since that a larger ε requires a greater transmit
power of FBS. Here, we can see that ITE firstly achieves the
optimal value and then decreases with the increasing EHE
under MBF scheme. In other words, under MBF scheme, EHE
and ITE are not conflicting objectives when EHE is small,
but become conflicting with each other when EHE further
increases. This is because the information-bearing signals can
also be scavenged by the EH FUs under MBF scheme While
ITE and EHE are conflicting system design objectives under
ZF scheme. This is mainly due to the fact that both the
information-bearing signals and the energy-carrying signals
share the transmit power of FBS.

For better understanding, we also illustrate the change of
FBS total transmit power with the variation of ε in Fig. 11.
We can see that the total transmit power under MBF scheme
keeps unchanged when ε is small, since EH FUs can scavenge
enough energy from information signals and FBS can achieve
the maximal ITE in this case. With further increase of ε, FBS
needs spend more power to satisfy the EHE requirement of
EH FUs. However, the total transmit power under ZF scheme
always increases with the augment of ε, because EH FUs can
solely harvest energy from energy beamforming in this case.

To verify the performance of the proposed algorithm, we
compare the proposed algorithm with some other baseline
schemes, namely throughput maximization (TM) scheme and
equal power allocation (EPA) scheme where we allocate equal
transmit power for each FU and try to minimize the total power
consumption of FBS. For ease of understanding, we compare
the performance of our scheme, TM scheme and EPA scheme
under ZF and MBF beamformers respectively.

Particularly, Fig. 12 displays that the proposed scheme
can achieve the best ITE performance with the variation of
EHE threshold ε compared with TM and EPA schemes. This
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is due to the fact that TM scheme and EPA scheme do
not focus on the transmission efficiency such as ITE and/or
EHE of FBS. Furthermore, the ITE of TM scheme and the
proposed scheme decreases with further increase of ε. This
is because, in TM scheme, FBS always uses the maximal
transmit power Pmax in order to maximize the throughput
of ID FUs. Meanwhile, EH FUs can only scavenge energy
from energy-carrying signals with ZF beamformer. Thus, the
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Fig. 13. ITE Comparison with MBF under different schemes.

higher EHE threshold, the larger transmit power for EH FUs,
and the smaller transmit power for ID FUs. Therefore, the
ITE is decreased. In the proposed scheme, the total power
consumption for FBS increases with the augment of ε, as
shown in Fig. 11. Furthermore, the transmit power for ID FUs
is non-increasing with the augment of ε. Therefore, ITE under
our proposed scheme decreases with the increase of ε. When
ε = 4× 10−4, the ITE of the proposed scheme is the same to
that of TM scheme, because the transmit power of FBS in the
proposed scheme increases to Pmax which is always utilized
in TM scheme.

Furthermore, we compare the proposed scheme with TM
and EPA schemes under MBF beamformer, which is shown
in Fig. 13. We can see that the proposed scheme is obviously
more advantageous compared with TM and EPA ones. Be-
sides, we can see that ITE under the proposed scheme keeps
nearly unchanged when ε is small, since EH FUs can scavenge
enough energy from information-bearing signals under MBF
scheme. Meanwhile, ITE under TM scheme also keeps still
when ε is small. This is owing to the facts that TM scheme
always adopt Pmax to all FUs and EH FUs can harvest
enough energy from information-bearing signals in this case.
Furthermore, we can see ITE under TM scheme decreases with
further increase of ε, since FBS needs allocate more transmit
power for EH FUs and decrease the transmit power for ID FUs.
Meanwhile, ITE under our proposed scheme also decreases
with further increase of ε, because FBS needs consume more
transmit power to satisfy the EHE requirement for EH FUs
with the increase of ε. Finally, the TM scheme under MBF
also achieves nearly the same performance as the proposed
scheme with ε = 6.5×10−4. This is due to the facts that FBS
should allocate nearly the same transmit power under both
schemes to EH FUs in this case with ε = 6.5× 10−4.

In addition, we compare the proposed scheme with the
scheme when we set sEH = 0 which can be treated as a
baseline scheme. Here, we term this scheme with sEH = 0
as information transmission only (ITO) scheme. Note that we
choose MBF beamformer in this case, because EH FUs under
ITO scheme cannot harvest any energy with ZF beamformer
where EH FUs can only scavenge energy from sEH signals.
Fig. 14 demonstrates that when ε is small, MBF and ITO
schemes have the same performance, since EH FUs can
scavenge enough energy just from the information-bearing
signals intended for ID FUs. With further increase of ε, the
ITE under MBF decreases slowly since EH FUs can harvest
energy from both information-bearing signals for ID FUs
and energy-carrying signals for EH FUs. However, the ITE
under ITO scheme drops rapidly because EH FUs can only
scavenge energy from energy-carrying signals for EH FUs in
this case. Therefore, we can sate that the ITE performance
can be degraded if we set sEH = 0. Interestingly, we can
perform information beamforming only for ID FUs without
performance degradation even when EH FUs are passive
devices provided that ε is less than some given critical value.

Moreover, we assess the relationship between ITE and EHE
under MBF scheme with the variation of the number of ID FUs
KI in Fig. 15. We can see that ITE increases with the augment
of KI when the EHE threshold ε is small, which is mainly
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owing to the increasing amount of data rate in this case. On
the other hand, the unchanged regions of these curves diminish
with the augment of KI . This is due to the fact that a greater
KI leads to a smaller number of EH FUs KE , which indicates
that FBS should consume more transmit power to ensure the
EHE requirement ε due to the decrease of KE .

In a word, we can see that it is very beneficial to exploit
the different properties of interference in the ID and EH
subsystems for FBS. Our proposed MBF scheme can achieve
better system performance than ZF scheme, such as ITE and
EHE. Interestingly, We can gain the high ITE when EHE is
small under MBF scheme. Moreover, we can see that there
exists a tradeoff between EHE and ITE in general.

VIII. CONCLUSIONS

In this paper, we investigated the energy efficient beamform-
ing design in wireless-powered two-tier MISO HCN, consider
the rate requirement for ID FUs and minimal harvested power
for EH FUs and the interference requirement for MUs, ad-
dress the ITE maximization and EHE maximization problems.
We found the different properties of interference for all ID
FUs and EH FUs in Femtocell and designed two kinds of
beamformers, namely ZF and MBF. Then, we proposed an

iterative power allocation algorithm to gain the optimal power
allocation strategies for these optimization problems under
both beamformers. Furthermore, we investigated the relation-
ship between ITE and EHE. Simulation results validated our
analysis and demonstrated that MBF scheme can achieve better
system performance than ZF scheme with respect to ITE and
EHE. Moreover, we found that FBS can increase both ITE and
EHE when EHE is small. Generally, there exists a tradeoff
between EHE and ITE under both beamformers. There is
many avenue for future work and extensions. One aspect is
the imperfection of CSI, which is very crucial to the EHE and
ITE performance. Another important aspect is the extension
to multi-cells with co-channel deployed Femtocells, which is
more realistic scenario for 5G wireless networks. Finally, the
EHE and ITE performance with massive MIMO which has
been regarded as one promising technique in 5G is also an
interesting topic.
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