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Abstract—In this paper, we propose an energy-efficient re-
source allocation scheme for a wireless power transfer (WPT)
enabled multi-user massive MIMO system with imperfect channel
estimation. In the considered system, the users who have data to
transmit in the uplink only can be empowered by the WPT in
the downlink from a base station (BS) with large scale multiple
antennas. The problem of optimizing the energy efficiency of the
considered system is formulated with consideration of beamform-
ing design, antenna selection, power allocation and time division
protocol based on the practical consideration, i.e., imperfect chan-
nel state information (CSI) at the BS. In particular, the proposed
antenna selection scheme is intended to find the optimal number
of antennas and then employ the energy beamforming. Moreover,
In order to find the optimal power and time allocation, a scheme
based on nonlinear fractional programming is utilized. Extensive
simulation studies are conducted to demonstrate the effectiveness
of the proposed schemes and their superior performance over
other existing schemes.

Index Terms—wireless power transfer; antenna selection; en-
ergy efficiency; resource allocation; massive MIMO, imperfect
CSI

I. INTRODUCTION
A. Background and Motivation

Many types of wireless networks, such as wireless sensor
networks, are energy constrained, in the sense that the network
elements are empowered by noncontinuous energy supple-
ments (such as batteries, etc.). While the lifetime of these
devices can be extended by replacing or recharging the battery,
sometimes it may be inconvenient and expensive. Another way
to prolong the lifetime of devices is to realize the energy-
harvesting (EH) capabilities and to design energy-efficient
schemes to improve their energy efficiency (EE). The EH
techniques enable the elements in wireless networks to harvest
energy from the surrounding environment. Meanwhile, it is
worth mentioning that most of the EH sources are location-
dependent or weather-dependent (solar, wind, etc). However,
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for wireless elements that cannot easily access these sources,
provision of energy supply is problematic. Recently, apart from
the techniques that harvest energy from sun, wind, or other
physical phenomena, scavenging from electromagnetic signal
offers an interesting idea for addressing the problem of energy
supply. So called simultaneous wireless information and power
transfer (SWIPT) is attracting increasing interests from the
research and industrial communities [1].

Meanwhile, it is widely acknowledged that the current
cellular structure has immense difficulties in satisfying the
increasing demand for data traffic as well as the spectrum
crunch. To further improve the spectrum utilization, massive
multiple-input multiple-output (MIMO) systems make a clean
break with the current practice through the use of a large
number of antennas. When compared to the current MIMO
system, a large number of extra antennas helps bringing
significant improvements in throughput by focusing transmit
energy into smaller regions of space. However, one of the
main disadvantages of employing large scale multiple antennas
is the associated complexity of employing a separate RF chain
for every employed antenna, which also brings a significant
increase in the hardware and energy consumption cost. When
the number of transmit and receive antennas is getting large,
the aggregate power needed to support the corresponding
RF chains can be significant [2]. Currently, most of the
energy-efficient communication techniques typically focus on
minimizing the transmit power only, which is reasonable when
the transmit power is large enough and the number of RF
chains used is small. However, when the transmit power is
relatively small, especially in the system with large scale
multiple antennas where the circuit power consumption can be
comparable to or even dominates the transmit power, it would
be worthwhile and of significant research interest to investigate
whether the massive MIMO systems can outperform the
systems with fewer antennas in terms of the EE [3][4]. In
addition, it is also interesting to find the optimal number of
antennas to further investigate the optimal use of RF chains
and to explore the resource allocation scheme for improving
the system EE performance.

B. Contribution

In this paper, our aim is to investigate an energy-efficient
resource allocation algorithm for a wireless power transfer
(WPT) enabled multi-user massive MIMO system. It is consid-
ered that the users who have data to transmit to the BS can only



be empowered by WPT in the downlink. In particular, a joint
optimization of antenna selection, power allocation and time
allocation are studied with the objective to maximize system
EE. Moreover, we also assume only the imperfect channel
state information (CSI) is available, which is rather a practical
case in the wireless networks. Taking into consideration of
imperfect CSI can also enhance the robustness of the proposed
resource allocation algorithm. Specifically, our contributions
on the existing literature can be summered as follows,

o This paper studies the EE optimization for a multi-
user massive MIMO system empowered by WPT with
imperfect CSI. After presenting the theoretical analysis
of throughput of the system, a novel antenna selection
scheme is presented to find the optimal number of
transmit antennas at the BS to obtain the optimal EE
performance. The introduced antenna selection scheme is
based on a binary searching algorithm to find the optimal
solution. Moreover, the energy beamforming scheme is
applied for the selected antennas to maximize energy
transfer.

o In the system considered, the whole time slot, 7', is
divided into energy transfer time and data transmission
time. If more time is allocated to energy transfer, higher
transmit power is available at the user. However, less
time remains then for data transmission, which leads to
a lower system throughput. Therefore, we also propose
a time allocation scheme to determine the optimal time
allocation. A power allocation algorithm is thus presented
to find the optimal transmit power at the BS.

o We also present the impact of imperfect channel estima-
tion on the proposed schemes in the considered system.
To address the formulated problem, a nonlinear frac-
tional programming scheme is introduced. The proposed
schemes are illustrated and verified through extensive
simulations. The performance evaluation demonstrates
the effectiveness and superior performance compared
with the recent proposed scheme.

C. Organization

The rest of the paper is organized as follows. In Section
II, we briefly overview the recent development in the related
research area. Section III introduces the system model and
problem formulation. Section IV presents the antenna selection
algorithm and resource allocation optimization. Simulation
results are discussed in Section V. Finally, we conclude this
study in Section VI.

II. RELATED WORK

Recently, the resource allocation problems of wireless pow-
ered communications system have been widely investigated
[5]-[8]. In [5] and [6], when considering single-user and multi-
user cases, the problems of maximizing the throughput of
MIMO WPT systems are studied, respectively. In [7], with the
objective to optimize the EE of a point-to-point MIMO system
with large scale multiple antennas and SWIPT, the authors
present a joint optimization of power and time allocation.
The authors of [8] also propose an energy-efficient resource

allocation scheme for a multi-user MISO system. In order to
improve the energy transfer efficiency of multiple antenna sys-
tem with SWIPT, various beamforming methods are adopted
[9]-[12]. In [9], a beamforming strategy for a secure wireless
information and power transmission system is proposed. In
[10], the authors study a multiuser MISO beamforming scheme
for wireless information and power transmission with the
objective to maximize the weighted sum-power under a series
of constraints. [11] and [12] also propose different robust
beamforming schemes to maximize the WPT in a multiuser
MISO SWIPT system. In [13], the authors focus on the
throughput optimization problem for a multi-user massive
MIMO system, the main objective being to maximize the
achievable data rate of the system by optimizing the time and
power allocation. In [14], the authors examine the feasibility
of wireless energy transfer with multiple antennas array over
fading channels. The authors of [15] focus on the beamforming
design and power allocation method to improve EH gain in a
point-to-point (P2P) MISO system where a receiver harvests
energy from a transmitter. In [16], the authors concentrate on
the design of an efficient CSI acquisition method for a P2P
MIMO WPT system, i.e., the energy transmitter can estimate
the CSI via dedicated reverse-link training from the energy
receiver.

The study of spectral efficiency (SE) in MIMO systems
has received great interests during last decades [17]. Among
these works, [17] has studied the mutual information quantity
optimization problem of the MIMO system, showing that
increasing number of antennas leads to the increment in
spectral efficiency. As a matter of fact, although the use of
MIMO can improve the system’s spectral efficiency, the use
of a large number of antennas brings a significant problem to
the EE design. Therefore, the question of how to improve
EE in a multiple antenna system has received increasing
attentions [4],[19]-[20]. For a massive MIMO system, the
number of selected antennas should be decided in an optimized
manner. In [4], the EE of a large multiple antenna system with
transmit antenna selection is studied, and two antenna selection
algorithms are presented based on the sequential search and
the binary search algorithms. In [18], by elaborating on the
performance of crossing-layer design with antenna selection
under imperfect feedback information in a MIMO system,
the SE and the bit error rate of a closed form are obtained.
In [19], the authors investigate the trade-off between the SE
and EE for massive MIMO systems with linear precoding and
transmit antenna selection. The weighted-sum particle swarm
optimization algorithm and the normal-boundary intersection
particle swarm optimization algorithm are applied to address
the formulated multiobjective optimization problem. The au-
thors of [20] also focus on a similar problem and propose
user association and power coordination schemes to ensure
user fairness.

It can be well observed that most of the aforementioned
works assume that the CSI can be perfectly obtained. However,
in practical wireless communication systems, the CSI cannot
be perfectly obtained due to the imperfection of channel
estimation and feedback. Such imperfection of the CSI can
typically induce system performance degradation. In [21], the
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Fig. 1. A multi-user wireless powered communications system with transmit
antenna selection.
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Fig. 2. Time protocol for wireless information and power transfer.

authors focus on the resource allocation for OFDMA-based
networks with imperfect CSI and multiple classes of services
with diverse QoS requirements. In [22], an energy-efficient
resource allocation for OFDMA relay systems with imperfect
CSI is presented, and a proportional fairness design for the
EE maximization problem is considered. In [23], the authors
formulate a non-convex optimization problem for determining
the training interval of channel estimation, user scheduling,
and power allocation strategies to maximize the EE, and
transform the problem into a tractable convex one. The authors
of [24] investigate the performance of an OFDMA relay
system with imperfect CSI and propose a resource allocation
algorithm to obtain throughput maximization.

III. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

As shown in Fig. 1, we consider a multi-user massive
MIMO system with WPT. In the system, there is one BS, K
mobile users and the set of users is denoted by K. The BS is
equipped with N >> 1 antennas and each user is equipped
with one antenna. In this model, the role of the BS is to
charge the users via downlink WPT, while the users have
the functionality of storing the energy transmitted by the BS
and use the received energy to deliver data to the BS in the
uplink. The users can also deliver the channel state information
(CSI) through a feedback channel to the BS. For the channel
estimation, the BS first sends preambles, and the user performs
channel estimation in an interval of symbol periods. Then, the
MT feeds the CSI back to the BS. Such a process can be
handled in a standardlized way. Since the usually CSI feedback
is general small comparing with the transmit data, we mainly
focus on the energy and data transmission [15].

We assume that the whole transmission process including
WPT in the downlink and data transmission in the uplink is
within a time block 7. In the downlink, BS will use a power
P, transfer energy to all the users and the duration of WPT
time 7, will depend on the individual user k, which should
be further optimized. As shown in Fig. 2, in the first time slot
Tk, the BS charges user k£ via WPT and the user stores the
harvested energy in a rechargeable battery. Then, in the time
duration 7' — 75, user k sends its own data to the BS.

We consider a quasi-static block fading channel model
where the channel between the BS and user is constant for a
given transmission block 7', and can vary independently from
one block to another. In each transmission block, user k£ uses
a minimum mean square error (MMSE) channel estimator to
estimate the channel. The estimated channel is denoted by hy,
and the estimation error is é;. Thus, we have the expression
of imperfect CSI as

flkth—i-ék, (1)

where hy is the channel coefficient and we assume &, ~
CN(OJ?}CIE,C), where I., is the identity matrix. The BS is
equipped with [V antennas, where N is very large. Meanwhile,
each antenna of BS requires a separate RF chain, which
increases the energy consumption and cost of the massive
MIMO system. In order to reduce the energy consumption
and improve the system EE, we propose an antenna selection
algorithm at the BS, that is, L antennas are selected from
the N antennas with the objective to maximize the EE of
the considered system. Meanwhile, we also propose to design
the energy beamforming vector for the selected antennas to
improve the efficiency of WPT. According to the law of
conservation of energy, user k can obtain the received energy
from the BS as follows [6],

Ey, = nri,(aj|bi b2 Py), )

where «y, is the path loss from the BS to user k, ka is a
energy beamforming vector for user k£ at the BS and s is
the transmitted signal. In the system, when L antennas are
selected, we have hy, € C'*L. The transmit power of the BS is
P;. n(0 < 1 < 1) is the conversion efficiency which transfers
the harvested energy into electric energy stored by the user. In
order to maximize the harvested energy, we design the energy
beamforming policy as by, = HE:\ [15], which is named as
maximum ratio transmission (MRT) [12]. According to the
estimated CSI and beamforming strategy, the energy transfer
direction can be adjusted properly to maximize the received

. o;
energy at the user. Denoting Q) = 1 Tor

obtained energy of user k can be reformed as follows [15]:

Ey = n7e(ai Qi) 3)

B. Throughput Analysis

During the second time slot 1" — 74, user k£ can use the
harvested energy to send its data to the BS, and the received
signal at the BS is can be expressed as,
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where y,ﬁD is the received signal at the BS, xj is the trans-
mitted signal at user k, and n, i ~ CAN(0,0?) is the channel
noise. It is also worth noticing that T’i’; — is the transmit power
of user k.

In a massive MIMO system, with the increase of the
number of antennas, the channel hardening effect emerges
[17]. Therefore, in order to obtain the expected data rate
of the considered system with imperfect CSI, we first study
the mutual information distributions with/without antenna se-
lection. To this end, we first arrive at Theorem 1 about
the mutual information distribution of the considered system
without antenna selection.

Theorem 1. Given the imperfect CSI and N > 1 antennas,
a numerical approximation of the mutual information in UL
of the considered system is given as,

(log, 6)2
N 7
where N represents standard normal distribution. The signal

to interference plus noise ratio (SINR) py of user k in the
uplink can be expressed as:

INJ\/(log2 (1+ Npg), 5)

2
Ekak
T—Tk

pr = 5 (©)

Eja? a2’

2 kX -2 Elat}

o+ T—7y aek + Z T—7;
J#k

where o® is noise variance and Jgk is the variance of

estimation error.
Proof. The proof of Theorem 1 is shown in Appendix A. [

Theorem 1 presents the distribution of mutual information
when considering N antennas. Similarly, we can obtain the ex-
pression of mutual information when L antennas are selected
out of N in Theorem 2.

Theorem 2. In the considered system, when L antennas
are selected, the mutual information distribution is given as
follows:

N
Tser ~ ]:N(log2 (1 + (1 +In L> Pch>7

(logs €)*p}L(2 — %) )
(14 (1+In)peL)2/’

where FN represents the folded normal distribution.

)

Proof. The proof of Theorem 2 is shown in Appendix B. [

Obviously, if L = N (N is sufficiently large), the expected
value of the distribution is the same as that of the system
without antenna selection, and the variance is approximately
the same as well. Therefore, adding antenna selection does not
affect the channel hardening phenomenon. Thus, in each time
block, the expected channel capacity under imperfect CSI is
denoted by E[I];m:

EIi, = log, (1 + (1 +1n Jz) pkL). (8)

Correspondingly,
throughput is

when L antennas are selected, the

K
C(P;,m,L) = Z (T — 7%) log, <1 + (1 +In ]Z> pk.L).
k=1
)

C. Energy Consumption Model

Meanwhile, the total energy consumption of the system can
be expressed as:

U<Pthk7L):PC'T+PtIkI)1€a’é(Tk7 (10)

where P, is the constant circuit power consumption, which
can be expressed as [25]

Pch(PDAC"'Pmix'i_Pfilt)
+K(2Psyn+PLNA+Pmix+PIFA+Pfilr+PADC)a
(11

Ppac, Pz, Pritts Psyns PLNas Prra, Prir, Papc
denotes the power consumption of the DAC, the
mixer, the transmit filter, the frequency synthesizer,
the low noise amplifier, the frequency amplifier, the
receiver filter and ADC, respectively. We denote P, ser
as the power consumption of the each wuser, i.e.,
Puser = 2Psyn + Prna + Prie + Prra + Prur + Papc.
Py is expressed as the power consumption for each antenna
on the BS, ie., Ps = Ppac + Pmiz + Prat. Then we
have P, = KP4 + LPys. Since the BS and users have to
be active for the whole time and the transmit power only
exists in the first time slot, in (10), the denominator of EE is
rewritten as:

where

U(Pi, 7k, L) = (K Pyser + LPys)T + Py r]]caa’éwk. (12)
€
D. Problem Formulation

With the above analysis, we can obtain the expressions of
C(Py, 1, L) in [bits/s/Hz] and U(P;, %, L) in [W]. Corre-
spondingly, the objective of EE in [bits/J/Hz] can be defined
as follows,

C(Pt, Tk L)
U<Pt7 Tk L) '
From (3), (9) and (13), II(P;, 7%, L) can be given as follows:

(P, 7, L) = (13)

(P, 1, L)

K
S (T —75) logy (1 + (1 4+ n ¥ p, L) (14)
k=1

(K-Puser + LPbs)T + Pt maxgerc Tk -

With the defined objective, the optimization problem P;
can be formulated as follows,



max H(Pt7Tk7L>7 (15)
Py, 7,
S.t.
Cl1: OSPtSPbs,mamv
Ey
C2: < Puser mazx,
T—1 — ’
C3: 0<7,<T, (16)
Ck
C4: > Rmin7
T*Tk -
C5: L<N.

In P, the objective is to maximize the overall system EE.
In (16), C1 is the BS transmit power constraint, which shows
that the transmit power of the BS cannot be larger than the
maximum transmit power Ppg q2. C2 is the transmit power
constraint for user k. C3 means that 7 cannot be larger than
T and C4 can ensure that Quality of Service (QoS) R,,;, can
be meet. Because the channel hardening phenomenon after
antenna selection still exists, we can bring (3) into C2, to
arrive at

P, < Puse?",maa:(T; Tk) (17)
WTka;ak
Combining C1 and (17), we can obtain
PUSET mawT
Tk ’ (18)

) = Tmazx-

— 2
(nakas,man + Puser,ma;c

IV. ANTENNA SELECTION AND RESOURCE ALLOCATION

In this section, antenna selection and resource allocation
schemes are introduced to address the formulated problem P .
At first, we propose an antenna selection scheme to find the
optimal number of antennas that the BS can use to obtain EE
maximization. Then, power and time allocation schemes are
presented to find the optimal transmit power and time duration
of WPT.

A. Proposed Antenna Selection Algorithm

The proposed scheme is based on an improved bisection
method to find the solution for antenna selection. The antenna
selection scheme is presented in Algorithm 1. First, we initial-
ize three variables: the lower bound of the number of antennas,
the upper value and the intermediate value, denoted as w;, wy,
and w,,, respectively. Among them, the initial values of w; and
wp, are 1 and N, respectively, and the intermediate values are
calculated as w,, = ““Twh In each cycle, we need to compare
the two values of II(w,,) and II(w,,+1), and determine which
subset of the maximum value is located. If II(w,,) is less than
(W + 1), Wi + 1 is assigned to wy; if TT(w,y,) is bigger than
(W, 4+ 1), wy, is assigned to wp,. Thus, the maximum value
of EE is found by selecting the optimal number of antennas.
At the end of each cycle, the w,, value is updated to the new
w; or wp. When wy, —w; = 1, the search is ended. Finally, the
corresponding L can be obtained.

Algorithm 1 Antenna Selection Algorithm

1: Initialize N, II(N), wy = 1, wp, = N wy, = <598,
2: while (wh — wl) > 1do

30 if I(wy,) < II(w,y, + 1) then

4: set w; = wy, + 1;

5. else if II(wy,) > II(w,, + 1) then
6: set wp = Wps

7. else

8: break;

9: end if

10: end while

11: if wp —w; =1 then

12: H(L) = maa:{H(wl), H(wh)};

13: else

14: II(L) = (wm);

15: end if

B. Power and Time Allocation Schemes

The formulated problem with objective in (15) is a non-
convex fractional programming problem. Based on the Dinkel-
bach’s method [26], we are able to transform it into a subtrac-
tive form. First, given L is obtained, we consider ¢* as the
global optimal solution of EE, i.e.,

* = LP“T’CM R
U(Pt,Tk) Pi=P} ,mp=17}>

where P;" is the optimal transmit power and 7;; is the optimal
WPT time. Then, we can obtain the following Theorem 3,

19)

Theorem 3. q can reach its optimal value if and only if

max C(Py, ;) — qU (P, 1) = 0.

Py,7

(20)

The proof can be found in [26]. Consequently, problem P4
can be transformed into a problem Ps:

max I'(Py, 7x), 21
tyTk
S.t.
C1,C3,C4,
(22)
Tk < Tmaz)

where I'( Py, 7,) = C(Py, ;) — q*U (P, 7). We can see that
I'(Py, 1) is a concave function with respect to P; and 7, as its
Hessian matrix is negative semi-define. Therefore, Py is now
a convex optimization problem and we are able to address it in
dual domain to obtain a closed-form solution. The Lagrange
dual function corresponding to P is

;C(Pt,Tk,Oé,B,M, 30) = C(Pt,Tk) - q*U(Pth)

- )\(Pt - Pbs,ma:c) - B(Tk: - Tmaa:) - M(Tk: - T)
Cr

T— Tk )’

where {\, 8, u, ¢} are the positive Lagrange multipliers as-

sociated with the constraint in (22), respectively. Correspond-
ingly, the dual problem of (23) can be expressed as

(23)

- @(Rmzn -

Ps: min max L(P, 1k, «, B, 14, ). 24)

o, 8,1, PyyT



Optimal transmit power P and the optimal time for WPT 7;;
can be obtained by solving the Karush-Kuhn-Tucker(KKT)
condition:

aﬁ(Pta Tk, )‘7ﬁ7:uv SD)

=0, 25
P, (25)
and
P,
a‘c( taTkaAvﬁa:u7gp) =0. (26)
aTk
From (25), we can obtain
—(Q4 + Q3)0 + \/(93 — Q)22 +4 [ %
. i=1
Py = TeRop . @
where 1 ~ (5 are given as
0 = n7i(aiQ)(L + LIn(N/L)),
Qo = (T —7x)0?,
QB = nTk(aiQ)(Uzk + K — 1)7 (28)
Q3 = Oy + O3,
O = (T — T+ SD)K
> (N ¢ maxpex ) (In2)

Next, 7 can be obtained by addressing (26) numerically.
To obtain the lagrangian multipliers A, 3, u, ¢, the subgradient
method with guaranteed convergence [27] can be applied,

A(n+1) = [An) — AN Pos,maz — P,

ﬂ(n + 1) = [B(TL) - Aﬂ(’rmaas - Tk)]+7

p(n+1) = [a(n) — Au(T — )], 29)
P+ = [p() = B2 = R,

where n is iteration index, [z]T = max{0,z}, AN\, AB, Ay,
and Ay are the step sizes. Based on the optimal value ¢* and
the iterative update of the time allocation and power allocation
parameter, the convergence can be obtained by satisfying the
following relations: |C(P;, 7, L) — ¢*U (P;, 71)| < €, where €
is a sufficiently small positive number. If this condition cannot
be meet, ¢* = g(gji’; j will be updated until the convergence
condition is satisfied. The proposed power and time allocation
scheme is summarized in Algorithm 2.

V. SIMULATION RESULTS

In this section, the performance of the proposed scheme
is presented and illustrated. Some simulation parameters are
given in Table I [25].

In Fig. 3, we present the EE performance of our proposed
schemes and prove the effectiveness of the proposed antenna
selection and time allocation schemes. To illustrate the ad-
vances of the proposed antenna selection scheme, we compare
our proposed scheme with the one without antenna selection,
which is modified from [7]. It can be clearly seen that the
proposed antenna selection scheme can improve system EE

Algorithm 2 Energy Efficient Resource Allocation
1: Initialization:
N, L7 K7 n, 0k, Pb57 Pusers Pbs,maz’ Puser,mams Rmin’
AN, AB, Ap, and Ap.

2: Define ¢ as a sufficiently small positive real number.

3: while (!Convergence) do

4:  Update A, 3, i, ¢ according to (29).

5. Obtaining the P; and 7], by solving the equations (27)
and (26).

6: if |C(Py, i) — qU(Pyt,117)| < e, then

7: Convergence = true,

8: return P; = P/, 7; = 7/, and obtain optimal ¢*

9: else

10: Convergence = false,

11: return ¢ = C(Py/,70) /U (Pyt, 111),

12:  end if

13: end while
14: return Obtain P} and 7.

TABLE I
SIMULATION PARAMETERS

Parameter Value

N 100

K 10

Pys maz 46dBm
Puser,maac 23dBm
Roin 0.1bit/s/Hz
Ao, AB, A, Ap 0.001

c 2

n 0.35

€ 0.001
Pfilt7 Pfilr 2.5mW
Priz 30.3mW
Psyn 50mW
Prna 20mwW
Prra 3mW

by selecting the optimal number of antennas from Fig. 3.
Such observation reveals that the antenna selection has great
influence on the EE performance, especially when the BS is
close to users. At the same time, we also compare our proposed
scheme with the one with equal time allocation, i.e., 7, = 0.5T
and we assume 7" = 1 for simplicity. Obviously, the proposed
algorithm also has the superior performance over the equal
time allocation algorithm, which indicates that proper design
of time allocation is needed for the SWIPT system. Moreover,
It can also be found that as the distance between the BS and
users becomes larger, the EE performance decreases.

In Fig. 4, we present the impact of CSI imperfection on the
system EE performance by varying the variance of channel
estimation error Uzk and the distance between the BS and
the user k. The EE performance of the system with perfect
CSI is compared with the EE performance with estimation

errors o2, = 0.3 and 02, = 0.5. As we can observe,
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the system performance with perfect CSI is higher than that
with imperfect CSI. When the variance of estimation error
increases, the system performance degrades. Also, when the
average distance between the BS and users is longer, the
performance gap between the one with perfect CSI and the
system with the imperfect CSI becomes smaller. For example,
when the distance between the BS and the user is 200m, the
system with the perfect CSI has about 4 times higher EE
than the one with Uzk = 0.5. However, when the distance
becomes 450m, the system with perfect CSI has only 2 times
better performance. From Fig. 4, the EE of the system when

o2 = 0.3 is higher than the one when o2, = 0.5, which

€
co;ﬁrms that the imperfect CSI has significant impact on the
system performance. At the same time, we can also observe
that the EE decreases with the increase of the distance between
the BS and the users, which is similar to the observation in
Fig. 3.

Fig. 5 describes the EE performance when considering a
different transmit power with the change of the number of
antennas. It can be seen that with the increase of the number
of antennas, the EE performance generally first increases and
then decreases after reaching the maximum. For the considered
system, different transmit power allocation leads to a different
optimal number of antennas. For example, when the transmit
power is 30dBm, optimal L = 30 and when the transmit
power is 3bdBm, L = 50. In addition, from the comparison of
the EE performance of a different transmit power allocation,
we can clearly find that increasing transmit power can not
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guarantee any increment of EE. Fig. 5, where the EE of P, =
30dBm is higher than the other two curves of the EE, also
illustrates the effectiveness of the optimized transmit power
allocation.

The EE performance for different transmit powers with the
change of the number of users K is presented in Fig. 6. It
can be seen that with the increase of the number of users,
the EE performance first increases and then decreases after
reaching the maximum. In addition, by comparing the curves,
we can clearly see that proper increase of transmit power can
improve the EE. The EE with P, = 30dBm is higher than the
other two cases, which also illustrates the effectiveness of the
proposed transmit power allocation scheme.

VI. CONCLUSION

In the future wireless network, massive antennas will be
explored to improve the system capacity. Meanwhile, as an
emerging technique, wireless power transfer offers a potential
solution to prolong the lifetime of mobile devices. This paper
studies the energy efficiency of a wireless power transfer
enabled multi-user massive MIMO system under imperfect
channel estimation. A joint optimization of beamforming
design, antenna selection, power and time allocation is studied.
In particularly, the antenna selection algorithm is based on
an improved bisection scheme to find the optimal number of
transmit antennas at the BS. Moreover, a scheme based on
nonlinear fractional programming is utilized to address the



resource allocation problem and find the optimal power and
time allocation. Extensive simulation results can demonstrate
the effectiveness of the proposed schemes.

APPENDIX A

First, we consider a MIMO system with the dimension of
on ¢
N x M. Let A, A2, Az, - -+ , Ay be the eigenvalues of HNH.

Then in a MIMO system, the mutual information is given by

7 = log, det (IM + ﬁI:IHI:I>

pN HHH
M N

pN pN
= log, <1+/\1)(1+)\2) (14

M
pN
= 1 1+ =—=X\n],
E og2< +M )

m=1

=logy [ Im + =—

N 30
/;wAM) (30)

where p is the SINR in the UL SIMO channel, and Ip; is
a unit array. As for massive MIMO system, N — oo, we
have that HHTH — Im(strong law of large numbers [28].
Since A1, Ao, A3, -+, Ay are continuous functions of @,
it follows that A, — 1 for m =1,2,3,--- , M. Thus, we let
Am = 14 Ay, with the understanding that N — oo, A, — 0.
Then we have

M
pN
1 1 A
E 0g2< +M )

m=1

N N N
— log, <1 n ’;wxl) (1 n pM)\2> (1 n ‘LAM)

all eigenvalues Z% Am 18 the trace of matrix

ZA

m=1

M

=2 (m-1
m=1

HYH
:)\1+)\2+...+)\M_M=t7“<N)—M,

Z )\ has a Zero mean. From Lemma A in [17] we can
see that EM_ 221 = M Therefore, O(Zm L A2) in
(31) has an expected value ,uN, which is O(37) as N — oc.
Thus, the expected value of (31) is Mlogy(1+20)+0(%).
By Lemma A in [17], Z )\ has variance —[, and the
fourth-order moment calculatlons of Wishart matrix show that
the variance of Z (A2 s O(5z)- Therefore, E
N is Op( N2) Wthh is a probablhstlc statement. We have
zn = Op(yn) if for any £ > 0, we can find a ¢ > 0 such
that P[|xN| > cyn] < & for a sufficiently large N [30]. From

Lemma B in [17], /& M X, —N(0,1) as N — oc.
Thus, Z 1 A is O »(%) and is the dominant random term
in (31). The asymptotic dlstrlbutlon of (31) is therefore also

similarly normal [30], too. Using =1+ O(%

1+pN ), we can

see that

M N

mz::llogQ <1 + M/\m> M log, <1 + )
1 M
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= logy e Z Ams
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~ Mlog, <1+
(

As N — oo, we can see that y = O(yn) if |zn]| < cyn
for some ¢ > 0 and N sufficiently large. Note that the sum of

and correspondingly, 1

which equals to

N Zm 1log2 1—|— M)\m)—Mlog2 (1+%)

log,y e

:@;xmmo D

Therefore,

M pN pN
VN[ log, (1 + M)\m> — Mlog, (1 + M)] 35)

m=1

— N(0, M log3e),

(34)

namely, vN[I — M logy (1 + 2)] — N(0, Mlog2 e),

Ny Mlo
~ N (Mlog,(1+ 57), Ngz ).
For the considered system, when M = 1 we have

2
aDgﬁ) . GO
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APPENDIX B

According to [31], We use ©1 > 2 > --- > xy as the
ordered random variables, as N — oo and 1 < L < N. The
distribution of the trimmed sum ZiL:l x; is asymptotically
normal. [32] gives the mean and variance when z; is a chi-
square random variable with two degrees of freedom. Thus,
we get the following observation

L
ZWPNN(L (HIHJZ) ,L<2—]€7>), (37)

i=1

where fzi denotes the subchannel of SIMO channel matrix
H. Note that the left hand side in (37) is approximated
as a random variable of normal distribution which can take
negative values. However, the left hand side in (37) is positive
for sure. This is because the normal distribution is just an
approximation. The approximation is accurate around the
mean but not very precise in the tails of the distribution.
However, in a massive MIMO system with large N, the
mean of the normal distribution increases while the variance
almost remains constant. Therefore, the probability of taking
negative values becomes smaller and the approximation gets
more accurate.
We have the following derivations of antenna selection,

L
I = IOgQ |]- + Pk Z |h1|2|
i=1 (38)
N
= log, <1 + <1 +1In L) pkL> z|,
where | - | denotes the absolute value, and x is given by:
Lo
. Pk (Zi:1|hi‘2*L(1+ln%)> (39)
r=1+
1+ (14+ ) ppL
According to (37), it is very easy to obtain that
L(2- %
z~ N PiL (2~ ) (40)

0 (e m ) )’

Given a normally distributed random variable « with mean
w and variance o, the random variable y = |z| has a folded
normal distribution, i.e. , FN'(u,0?) , the PDF is given by

(y+m)?

1 _(w=mw? 1 _
+ e 22 Jy>0,
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where =1, 0% =

41
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(L D)) Then, (38) becomes
N
Iser = logy (1 + (1 +1In L) pkL> +1log, (1+(y—1)).

(42)
The mean of (y — 1) is zero, and the variance of (y — 1) is

piL (2 - %) 2-L
(1+ (1+ ) p1)? - (1+m)’r

Note that 02 — 0 is almost surely for large N. Then,

(43)
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1)2) can be asymptotically negligible [4].

Thus, the distribution of I,; is given by

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

N
Iye; ~FN | log, (1 + (1 +1In L) pL) ,

(logy €)?p?L (2 — %)
(1+ 1+ ) per)?

(45)

REFERENCES

R. Zhang and C. Ho, "MIMO broadcasting for simultaneous wireless
information and power transfer," IEEE Transactions on Wireless Com-
munications, vol.12, no.5, pp.1989-2001, May 2013.

Y. Pei, T.-H. Pham and Y. C. Liang, "How many RF chains are optimal
for large-scale MIMO systems when circuit power is considered?," 2012
IEEE Global Communications Conference (GLOBECOM), Anaheim,
CA, 2012, pp. 3868-3873.

Z. Chang, Z. Wang, X. Guo, Z. Han, and T. Ristaniemi, "Energy Efficient
Resource Allocation for Wireless Power Transfer Enabled Massive
MIMO System," IEEE Globecom’16, Washington DC, US, Dec. 2016
H. Li, L. Song, and M. Debbah, "Energy efficiency of large-scale multi-
ple antenna systems with transmit antenna selection", IEEE Transactions
on Communications, vol.62, no.2, pp.638-647, February 2014.

H. Ju and R. Zhang, "Throughput maximization in wireless powered
communication networks," IEEE Transactions on Wireless Communica-
tions, vol.13, no.1, pp.418-428, January 2014.

D. Hwang, D. Kim and T. Lee, "Throughput maximization for multiuser
MIMO wireless powered communication networks," IEEE Transactions
on Vehicular Technology, vol. 65, no. 7, pp. 5743-5748, July 2016.

X. Chen, X. Wang, and X. Chen, "Energy-efficient optimization for
wireless information and power transfer in large-scale MIMO systems
employing energy beamforming," IEEE Wireless Communications Let-
ter, vol.2, no.6, pp.667-670, December 2013.

C. Peng, Q. Shi, W. Xu, and M. Hong, "Energy efficiency optimization
for multi-user MISO SWIPT systems," 2015 IEEE China Summit
and International Conference on Signal and Information Processing
(ChinaSIP), Chengdu, China, July 2015.

D. Ng and R. Schober, "Robust beamforming for secure communication
systems with wireless information and power transfer", IEEE Transac-
tions on Wireless Communications, vol.13, no.8, pp.4599-4615, August
2014.

J. Xu, L. Liu, and R. Zhang, "Multiuser MISO beamforming for
simultaneous wireless information and power transfer," 2013 IEEE
International Conference on Acoustics, Speech and Signal Processing
(ICASSP), Vancouver, Canada, May 2013.

W. Wu and B. Wang, "Robust secrecy beamforming for wireless infor-
mation and power transfer in multiuser MISO communication system,"
EURASIP Journal on Wireless Communication Networking, June 2015.
doi:10.1186/s13638-015-0378-2.

H. Son and B. Clerkx, "Joint beamforming design for multi-user
wireless information and power transfer," IEEE Transactions on Wireless
Communications, vol.13, no.11, pp.6397-6409, November 2014.

G. Yang, C. K. Ho, R. Zhang, and Y. L. Guan, "Throughput Optimization
for Massive MIMO Systems Powered by Wireless Energy Transfer,"
IEEE Journal on Selected Areas in Communications, vol. 33, no. 8, pp.
1640-1650, August 2015.

S. Kashyap, E. Bjornson and E. G. Larsson, "On the Feasibility
of Wireless Energy Transfer Using Massive Antenna Arrays," [EEE
Transactions on Wireless Communications, vol. 15, no. 5, pp. 3466-
3480, May 2016.

G. Yang, C. K. Ho, and Y. L. Guan, "Dynamic Resource Allocation
for Multiple-Antenna Wireless Power Transfer," IEEE Transactions on
Signal Processing, vol. 62, no. 14, pp. 3565-3577, July 2014.



[16] Y. Zeng and R. Zhang, "Optimized training design for wireless energy
transfer," IEEE Transactions on Communications, vol. 63, no. 2, pp.
536-550, February 2015.

B. Hochwald, T. Marzetta, and V. Tarokh, "Multiple antenna channel-
hardening and its implications for rate feedback and scheduleing,"
IEEE Transactions Information Theory, vol.50, no.9, pp. 1893-1909,
September 2004.

D. Ng, E. Lo, and R. Schober, "Energy-efficient resource allocation in
OFDMA systems with large numbers of base station antennas," /IEEE
Transactions on Wireless Communications, vol. 11, no. 9, pp. 3292-3304,
Sep. 2012.

Z. Liu, W. Du, and D. Sun, "Energy and spectral efficiency tradeoff
for massive MIMO systems with transmit antenna selection," [EEE
Transactions on Vehicular Technology, vol.PP, n0.99, 2016, pp.1-1 doi:
10.1109/TVT.2016.2598842.

Y. Hao, Q. Ni, H. Li and S. Hou, "Energy and spectral efficiency tradeoff
with user association and power coordination in massive MIMO enabled
hetnets," IEEE Communications Letters, vol. 20, no. 10, pp. 2091-2094,
Oct. 2016.

M. Awad, V. Mahinthan, M. Mehrjoo, X. Shen, and J. Mark, "A dual-
decomposition-based resource allocation for OFDMA networks with
imperfect CS1," IEEE Transactions on Vehicular Technology, vol.59,
no.5, pp.2394-2403, June 2010.

X. Wang, F. Zheng, P. Zhu, C. Meng, and X. You, "Energy-efficient
resource allocation for OFDMA relay systems with imperfect CSIT,"
Science China Information Sciences, vol.58, pp.1-13, August 2015.

K. Lee and J. Hong, "Energy-efficient resource allocation for simultane-
ous information and energy transfer with imperfect channel estimation,"
IEEE Transactions on Vehicular Technology, vol. 65, no. 4, pp. 2775-
2780, April 2016.

Z. Chang, T. Ristaniemi, and Z. Niu, "Radio resource allocation for
collaborative OFDMA relay networks with imperfect channel state
information," IEEE Transactions on Wireless Communications, vol.13,
no. 5, pp 2824-2835, May 2014.

S. Cui, A. J. Goldsmith, and A. Bahai, "Energy-efficiency of MIMO
and cooperative MIMO techniques in sensor networks," IEEE Journal
on Selected Areas in Communications, vol. 22, no. 6, pp. 1089-1098,
June 2004.

W. Dinkelbach, "On nonlinear fractional programming," Management
Science, vol. 13, pp. 492-498, March 1967.

S. Boyd, and L. Vandenberghe, Convex Optimization , Cambridge UK:
Cambridge University Press, 2004.

P. Billingsley, Probability and Measure, 2nd ed. New York: Wiley, 1986.
A. Gupta and D. Nagar, Matrix Variate Distributions. Boca Raton, FL:
Chapman & Hall, 2000.

Y. S. Chow and H. Teicher, Probability Theory: Independence, Inter-
changeability, Martingales. New York: Springer-Verlag, 1988.

S. Stigler, "The asymptotic distribution of the trimmed mean," The
Annals of Statistics, vol.1, no.3, pp.472-477, May 1973.

P. Hesami and J. Laneman, "Limiting behavior of receive antenna
selection," in Proc. 2011 Annual CISS, Baltimore, MD, pp.1-6, 23-25
March 2011.

[17]

[18]

(19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

(28]
[29]

(30]
[31]

[32]

Zheng Chang received the B.Eng. degree from
Jilin University, Changchun, China in 2007, M.Sc.
(Tech.) degree from Helsinki University of Technol-
ogy (Now Aalto University), Espoo, Finland in 2009
and Ph.D degree from the University of Jyviskyla,
Jyviskyld, Finland in 2013. Since 2008, he has held
various research positions at Helsinki University of
Technology, University of Jyviskyld and Magister
Solutions Ltd in Finland. He was also a visiting
researcher during June to August in 2013, at Ts-
inghua University, China and during May to June
in 2015 at University of Houston, TX. He has been awarded by the Ulla
Tuominen Foundation, the Nokia Foundation and the Riitta and Jorma J.
Takanen Foundation for his research work. Currently he is working with
University of Jyviskyld and his research interests include cloud computing,
radio resource allocation, IoT, vehicular networks, security and privacy, and
green communications.

Zhongyu Wang received the B.Eng. degree in Elec-
tronic Information Science and Technology from
College of Information technology of Yanshan Uni-
versity, Qinhuangdao, China. She is currently a
M.Eng. candidate in College of Information tech-
nology of Yanshan University, Qinhuangdao, China.
Her research interests include resource allocation in
massive MIMO networks, energy efficiency design
and its optimization

Xijuan Guo received a PhD degree from Yanshan
University. She is now a professor at College of
Information Science and Engineering, Yanshan Uni-
= versity, Qinhuangdao, China. Her research interests
include high performance computing, cloud comput-
ing, image processing, wireless communications.

Zhu Han (S’01-M’04-SM’09-F’14) received the
B.S. degree in electronic engineering from Tsinghua
University, in 1997, and the M.S. and Ph.D. degrees
in electrical and computer engineering from the
University of Maryland, College Park, in 1999 and
2003, respectively.

From 2000 to 2002, he was an R&D Engineer of
JDSU, Germantown, Maryland. From 2003 to 2006,
he was a Research Associate at the University of
Maryland. From 2006 to 2008, he was an assistant
professor at Boise State University, Idaho. Currently,
he is a Professor in the Electrical and Computer Engineering Department as
well as in the Computer Science Department at the University of Houston,
Texas. His research interests include wireless resource allocation and man-
agement, wireless communications and networking, game theory, big data
analysis, security, and smart grid. Dr. Han received an NSF Career Award
in 2010, the Fred W. Ellersick Prize of the IEEE Communication Society
in 2011, the EURASIP Best Paper Award for the Journal on Advances in
Signal Processing in 2015, IEEE Leonard G. Abraham Prize in the field of
Communications Systems (best paper award in IEEE JSAC) in 2016, and
several best paper awards in IEEE conferences. Currently, Dr. Han is an IEEE
Communications Society Distinguished Lecturer.

Tapani Ristaniemi received his M.Sc. in 1995
(Mathematics), Ph.Lic. in 1997 (Applied Mathemat-
ics) and Ph.D. in 2000 (Wireless Communications),
all from the University of Jyviskyld, Jyvéskyld,
Finland. In 2001 he was appointed as Professor in
the Department of Mathematical Information Tech-
nology, University of Jyviskyld. In 2004 he moved
to the Department of Communications Engineer-
ing, Tampere University of Technology, Tampere,
Finland, where he was appointed as Professor in
Wireless Communications. In 2006 he moved back
to University of Jyviskyld to take up his appointment as Professor in Computer
Science. He is an Adjunct Professor of Tampere University of Technology. In
2013 he was a Visiting Professor in the School of Electrical and Electronic
Engineering, Nanyang Technological University, Singapore.

He has authored or co-authored over 150 publications in journals, confer-
ence proceedings and invited sessions. He served as a Guest Editor of IEEE
Wireless Communications in 2011 and currently he is an Editorial Board
Member of Wireless Networks and International Journal of Communication
Systems. His research interests are in the areas of brain and communication
signal processing and wireless communication systems research.




