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ABSTRACT In this paper, we consider a wireless information and energy transfer (WIET) system, which
consists of multiple information transmitter-receiver pairs, and multiple additional energy transmitters to
improve the energy transfer. For such a new WIET system, we investigate the energy efficiency (EE) under
two different setups, respectively: the information transmitters and energy transmitters use the same and
different frequency bands. For each setup, we propose a novel centralized beamformer design method to
solve the EE maximization problem, which can be transformed into a convex optimization problem using
semidefinite relaxation (SDR) technique. Moreover, we develop a distributed optimization algorithm to solve
the SDR approximation formulation for each setup. Simulation results show that the same frequency setup
can achieve larger EE value and less computational complexity, however, suffering from lower sum rate. For
each setup, the distributed scheme has slightly worse performance than the centralized one, while enjoys less
computational complexity, especially when the number of the additional energy transmitters is large.

INDEX TERMS Wireless information and energy transfer, semidefinite relaxation, distributed scheme,

alternating direction method of multipliers.

I. INTRODUCTION

Wireless information and energy transfer (WIET) utilizes
electromagnetic waves as the information and energy carrier,
which has drawn an upsurge of research interests in recent
years. WIET can conveniently and perpetually provide wire-
less information and energy to the mobile users using the
same or different frequency bands.

In general, there exist two crucial issues for realizing WIET
systems in practice. One major practical issue for implement-
ing WIET is the fact that the circuits of the receivers for
harvesting energy are not able to directly decode the carried
information [1]. As a result, the receiver architecture design
plays a significant role in determining the trade-offs between
the end-to-end information versus energy transfer. In [2],
Zhang and Ho proposed time switching (TS) and power
splitting (PS) receiver designs for WIET. The rate-energy
tradeoff for these two architectures are characterized of their
regions may be much smaller than those in the theoretically
ideal case [2, Fig. 8]. In [3], Zhou et al. investigated various

practical receiver architectures for WIET, where a new PS
based integrated information and energy receiver design was
proposed.

The other major issue for implementing WIET is the
significant decay of energy transfer efficiency due to
the propagation pass loss. Compared to the techniques
based on induction and magnetic resonance coupling, radio
frequency (RF) signals can achieve long-distance WET.
However, the energy transferring efficiency is in general low,
thus not catering for the broad practical scenarios. To tackle
this problem, advanced signal processing techniques such as
multiple antennas are employed in order to improve the power
transfer efficiency while still achieving high spectral effi-
ciency for information transmission. The performance limits
of a three-node MIMO broadcasting system has been studied
in [2], which consists of a transmitter and two separated or co-
located receivers: one for harvesting energy and the other
for decoding information from the same transmitted signals.
The works [4], [5] respectively considered the transmission
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strategy for WIET in a two-user and a general K -user MIMO
interference channel (IFC) under the assumption that the
receivers perform either energy harvesting or information
decoding.

Most current researches about MIMO based beamformers
focus on beamforming design under different channel setups
[6]-[8]. One general design problem is to maximize informa-
tion rate under certain power constraints [9]-[11]. However,
the harvested energy cannot be maximized simultaneously
under this design criterion because the harvested energy will
decrease with the increase of information rate and vice versa
[2], [11]-[13]. In addition, most existing works provide only
centralized schemes [11], [14]-[16].

Since WIET is not as efficient as expected at this stage,
people propose to build up power stations that are purely
used for charging purpose. Bi et al. [17] overviewed the
applications of RF-enabled wireless energy transfer (WET)
technologies in wireless power communication networks
(WPCN). Lu et. al. [18] provided a survey about RF
energy harvesting networks, where dedicated RF sources are
reviewed. The works [19]-[21] proposed different energy
transfer schemes for WET in order to harvest more energy.
However, the efficiency for transferring energy is not sat-
isfying [20, simulation therein]. Dedicated RF-based power
transfer which may be implemented by the Powercast com-
pany is suitable for the scenarios where substantial power
consumptions are required [22]. The current WET technol-
ogy can already deliver tens of microwatts RF power to
wireless devices from a distance of more than 10 meters,
which implies that WPCN has great potential for low-power
applications.

In order to provide more reliable and more substantial
power in practice, we aim to propose novel system structure
and beamforming scheme for information and energy trans-
mission in this paper. To be more specific, the new structure
includes several transmitters, of which more than one trans-
mitter are dedicated to transmitting the energy. Moreover,
the joint transmission of information and energy can been
focused on by using the same or different frequency bands
based on PS scheme. The beamformer design algorithms
are respectively proposed in the centralized and distributed
fashions to maximize the energy efficiency of the system.

The main contributions of our paper are summarized as
follows.

Firstly, we propose a new WIET structure. Although there
are existing many WIET structures, the amount of harvested
energy is not as much as expected, as discussed above.
Therefore, we introduce a novel WIET system with multiple
energy transmitters (e.g., wireless charging stations) to effi-
ciently realize information and energy transfer. The proposed
novel architectures are further considered in the two setups,
where the additional energy transmitters (ETs) use the same
frequency bands as those of the original system, and followed
by using different frequency bands.

Secondly, we propose a novel beamformer design method
for the WIET system by maximizing the energy efficiency
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(EE), which is defined as the ratio of the information rate
at the information decoder and the total transmitted energy
at the transmitter side subject to the harvested energy con-
straint. The original formulation is nonconvex which is hard
to solve, and we transform it into a convex optimization one
by some equivalent transforms and semidefinite relaxation
(SDR) techniques [23]. The resultant approximation formu-
lation is convex, which can be efficiently solved by interior-
point methods [24].

Thirdly, we further develop the distributed optimization
algorithms that can solve the proposed SDR approximation
formulation for both setups (same and different frequency
bands). We consider the so called alternating direction
method of multipliers (ADMM) [25], [26] to tackle this
problem. ADMM was first introduced in [27] and [28]
and has been widely introduced to various research fields
[29], [30]. By introducing Gauss-Seidel iteration scheme [25]
into ADMM, the original optimization problem can be decou-
pled into a series of separate sub-optimization problems,
which leads to the original problem much easier and faster
to solve [26]. Furthermore, under the augmented Lagrangian
framework, ADMM is derived from the idea of the combi-
nation of dual decomposition and the augmented Lagrangian
method [31]. Thus, ADMM is also more numerically stable
than the conventional dual decomposition method [26], [32]
because the augmented Lagrangian method makes the
original problem strictly convex by adding the penalty
term.

The rest of this paper is organized as follows. We describe
the WIET system model under the setups of both the same fre-
quency bands and the different frequency bands in Section II.
The beamformer designs for the two setups are investigated in
Sections III and IV, respectively. Then, in Section V, we illus-
trate the effect and efficiency of our designed algorithms.
Finally, Section VI concludes the paper.

Il. SYSTEM MODEL

Consider a wireless information and energy transmission
(WIET) system where each receiver obtains information and
power using power splitting scheme. Assume that there are
Nj transmitter-receiver pairs in the considered system, and
each transmitter has M; antennas, while each receiver has
only 1 antenna. We use the vector h; € CY1*! to denote
the channel coefficient from the transmitter j to the receiver i.
Thus, the received signal at the front end of receiver i for
i=1,---,Njisdenoted by

Ny
yi = hjlvis + Z hilves, + zi,

r=1,

r#i
where (-)f denotes Hermitian transform, s; € C is a random
transmitted signal with the normalized power ([E[lsi2]1 = 1),
y; € CMx1 js the beamformer at the transmitter i, y; € C
is the received signal at the receiver i, and z; € C is the
complex Gaussian noise at the front end of the receiver i with
distribution CA(0, 07?).
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The corresponding information signal y; € C, i =1, -- -,
N1, using the power splitting scheme is denoted by

Nj
yi = ﬂ(hgws,' + Z hfy,s, + z,') + zii,
r=I,
r#i
where p; denotes the portion of the power split to the infor-
mation decoder at the receiver i, while z;; € C is the complex
Gaussian noise with distribution CN(0, GI%).

The total harvested RF-band energy during a transmission
interval A is assumed to be proportional to the power of
the received baseband signal [2]. Note that the transmission
interval A is inverse proportion to the bandwidth. Thus,
the harvested energy Q;, i = 1, --- , Ny, can be represented
by (ignoring the noise)

Ni
(1 =p) X v/ hir]?
Q= yAIE[yEiyZ-] =y r:BI ,

where 0 < y < 1 is the power splitting factor, a constant
accounting for the energy conversion loss in the transducer.

However, it may not be enough to harvest energy directly
from the signal transmitted by the transmitters in practice [2].
Besides, the whole communication quality could be dramati-
cally deteriorated by this approach as discussed in Section I.
Therefore, we consider to add additional ETs to exclusively
transmit the energy to the receivers in order to satisfy the
quality of service (QoS) of the communication links. Assume
there are additional N> (N2 < Njp) ETs transferring energy to
the receivers and the channel f; € CM2x1 denoting the chan-
nel from the ET j to the receiver i. The whole communication
system is shown in Fig. 1.

ET/AT

FIGURE 1. MIMO WIET system.

Consider the following two setups 1) the additional ETs
use the same frequency bands as the transmitters; 2) the
additional ETs use different frequency bands. In the sequel,
we will establish the expressions of the received signals at
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each information decoder (ID) and energy harvester (EH)
pair, along with the corresponding information rate and the
harvested energy in these two setups.

A. SAME FREQUENCY BANDS

In this setup, each receiver uses 1 antenna to receive the
signal and then split it to the ID-EH pair [2], which is shown
in Fig. 2.

FIGURE 2. Receiver architecture 1.

The received signal y;; € Catthe IDi,i=1,---, Ny, is

N Ny
Vi = JE(h{?viSi + Z hfy,s, + ng'lujSEj + Zi) + ;.
=1, i=1
rr;ﬁi !
Assume the total transmitted bandwidth is B Hz. The infor-
mation rate in bits/second (bps) is achievable at the ID i,
i=1,---,Np (ignoring the noise z;),

H 2
AvHR
1 2
pi 3 Wi 2+ p: 3 1wl f 1 +No
=1, i=1
rr;&i !

where Ny is the single-band power spectral density.
The received signal yg; € Catthe EHi,i=1,---, Ny, is

Ny Ny
e = /1 — Pi( > hflvese +> fluise + Zi)-

r=1 j=1

Thus, the harvested energy Q; atthe EHi,i=1,---, Ny,
can be represented by (ignoring the noise z;)

Nq Ny
(1—- pl-)( > R+ ||u,’~’f,-,-||2)
r=1 j=1

Qi=vy 3

B. DIFFERENT FREQUENCY BANDS

In this setup, owing to different band used for transmitting the
additional energy, the channel for harvesting it is orthogonal
to that for receiving the information, which leads to a different
architecture used to receive the information and the har-
vested energy [18]. Specifically, each receiver uses 1 antenna
to receive the signal mixed information with energy. Then,
a band passing (BP) filter with half the total bandwidth and
some center frequency fi (fi # f>, f> is the center frequency
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used to transmit the additional energy signal) is used to extract
the information signal. Each receiver architecture using dif-
ferent frequency bands is shown in Fig. 3.

i
| Yy

| ® ?
|

FIGURE 3. Receiver architecture Il

The received signal y; € Catthe IDi,i=1,---

Ny
yi = <h€'lvi5i + Z hfly,s, + Zi) + zii.
r=1,
r#i
Also, assume the total transmission bandwidth is B Hz.
Because we use one half bandwidth to transmit the signal,
the information rate in bits/second (bps) is achievable at the
ID i (ignoring the noise z;), i = 1, --- , Ny, is

v hii)|?
Np '

> W7 hir |2 +No B/2

,Ni, is

B
Ry = Elogz (1 +

r=I1,
r#i
The received signal yg; € Catthe EHi,i=1,---, Ny, is
Ny Ny
VEi = ngujSEj + Zh,’ivrsr + zi.
j=1 r=1
Thus, the harvested energy Q; atthe EHi, i=1,---, Ny,

can be represented by (ignoring the noise z;)

Ny ) Ny )
2( > ”u/Hfij” + > v i )
j=1 r=1

B

Qi=vy

lIl. BEAMFORMING DESIGN IN SAME FREQUENCY
BANDS

In this section, we design the beamformers {v;,u;,
i = 1,---,N1,j = 1,--- N>} of the system for the
proposed WIET architecture I using energy efficiency (EE)
function as the performance metric which is defined as the
ratio of the sum information rate to the transmitted power.
Mathematically, it can be expressed by

N
> Rii
i=1

X!

Ny ) Ny 2’
2 villz + 2 Nl
i=1 Jj=1

Therefore, the beamformer design optimization problem in
this setup is based on maximizing EE function subject to the
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whole harvested energy constraint at each receiver which can
be formulated as

Ny
Z Rii

(Pp) {max ,
pl 1
1 Nl Z ||Vz||2 + Z ||uj||2
j_

S.t. Eq. (1) > Ty,
0<p =<1

where I'; is the harvested energy limit, the maximum value of
the harvested energy.

Problem (P;) is hard to solve due to the nonconcave
objective function and the first nonconvex constraint [26].
However, by some mathematical manipulations, we can
transform Problem (P1) into a convex problem which is easy
to tackle. In what follows, we will design the beamformer in
centralized scheme, followed by that in distributed scheme.

A. CENTRALIZED DESIGN

Introducing two matrices V; = v,'le and U; = u,-ufq , We can
write the objective function in Problem (P7) as
Ni
> Rii
i=1
Np Ny ’
Y tr(Vi)+ 3 tr(Uj)
i=1 j=1
where
ok V ihj;
Rli = BlOg2 (1 “ )
Pi Z h V rhir 4 pi Zf U}fU+NOB
r;él =
(D
The harvested energy Q; atthe EHi, i = 1,---, Nj, can
be rewritten as
H Doy
(I —pi) <Zh Vhtr"'ZfijU}'fij)
i=1
Qi=vy = ! G
Therefore, Problem (P;) can be reformulated as
Ny
Z Rii
{ max
p,
Z tr(V;) + Z tr(U; )
]=1, -~,N2,} i=1 j=
s.t. Eq. 2) > Ty,
0<p =1,
Vi>=0, U;>0,
rank(V;) =1, rank(U;) = 1. A3)

By discarding rank(V;) = 1 and rank(U;) = 1,7 =
1,---,Ni, j = 1,---, N2, we can relaxedly transform (3)
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as follows:
Ny
_Z Rii
max 3

oy Z (V) + Z tr(U})

] 1 Nz}z j=1
s.t. Eq. (2) >Ty,
0<p =<1,
Vi>=0, U;>0. “)

Problem (4) is nonconvex due to the noncave objective func-
tion, which leads it difficult to solve. In what follows, we will
use some mathematical manipulations to further transform
Problem (P) in order to make it easy to tackle.

Introducing a slack variable ¢, we can reformulate (4) as

Ny
ma t Rii,
{t,0i, VtXu/ Z §
l=1,~-- ,N], =
j=1,+ N2}
Ny Ny 1
s.t. Ztr(V,-) + Ztr(Uj) =
i=1 j=1
Eq.2) = T,
0<pi=<1,
Vi=0, U;>=0. (5)
Assume that p; = el,-* i = 1,---,Njp, the information
rate (1) can be expressed by
WAV hi:
R1i = Blog, <1+ = e )
1 2
Y. BV, ki + Y fHUSf; +6:No B
r=I, j=1
r#i

which, similar to [11], can be lower bounded, i.e.,

Zh Vh,r+2f Uif; + 6;NoB
r=1

Ri; > Blog, [n T
l
M H 1 H [n—1]
2; hir(Vr [n ])htr+2f (U U )fzj
r=1,
r#i
—B
ri["fl]an
x[n—1]
_ B(Qi —0; "“HNoB ©)
[n—1] ’
r; In2
where
N
rir Y ZhHV[” Ui+ Y ROV 07Ny B.
j=1

r;él

It is obvious that the approximation information rate (6) is
a concave function in variables U;, V,, 6;.
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Assume that

‘_/lztvlv i=17"'7N17
U]:tU], jzlv"'vNZ’
— t
0 = — =16;.

pi

Each term in the sum of (6) can be rewritten as

Zh V. hi + Zf U}fl-j+é,-NoB

[t 10g2 [n I,

rl

Zh Vhlr-i-Zf Ujf,'j—l-éiN()B

r;éz 4
- +— |
A" in2 IHZ}

The first term of (7) is concave with respect to ¢, f/,-, U b
and 6; because it is the perspective function of the concave

N _ Ny _
zl nt V,hi,-+_21 FHUf +6iNo B
r= j=

function Blog, Y , while the sec-

ond term of (7) is linear with respect to ‘71', U ;and 6;. Thus,
the objective function of (7) is a concave function.
The first constraint of (5) can be rewritten as

Ny Ny
Do (Vy+ Y o) = 1.
i=1 j=1

Obviously, it is convex.
The second constraint of (5) can be rewritten as

BTt
(1= pi [ZhHV hir + Zf Uf,,] -
Therefore, problem (5) can be reformulated as
(P2) max

{t,0i,0i,
Vi,Uj,}

Zh Vhlr-i-Zf U}'fij—‘rél‘N()B

Ny =
B Z |:t log, r[" m

i

Zh Vh,,+2f UJ,J+0NOB

t

r;ét I t :|
P in2 In2]

Ny Ny
s.t. Z (V) + Z tr(l_Jj) =1,

BT';t
ol ]
-t
0, = —,
Vi=0, U;>0,
0<pi<l, i=1,---,N1,j=1,---, N2
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Problem (P7) is nonconvex due to the nonconvexity of both
the second and third constraints.

However, after some mathematical manipulations, the
second constraint can be approximately convex. Taking loga-
rithm operation on both sides of the second constraint, it can
be transformed as follows:

N Na
log(1 — p;) + log I:Zhgvrhir + ng'lUjfgj}
r=I1 Jj=1

BT;
> logt + log 7’ ®)

Using the first-order Taylor expansion, log ¢ can be upper
bounded by
1
logr < logt*~! + tk—_l(t — 57 h,

which makes (8) further approximated as

log(1 — p;) + log [thrv hir + Zf U}fzj:|

BT;
zlogTI—i-logt +—(t—t .

Obviously, this constraint is convex.
Using similar mathematical manipulations to the third con-
straint of (P2), we can approximate it by

_ 1
log 6; + log p; > log AL tk—_l(t — tk_l).

Therefore, problem (5) can be reformulated as

(Py)  max
{r.0i,6i
Vi, U;j.}

Zh Vh,r—l—Zf Ujf; + 6iNo B

Ny
r=1
BZ |:t log, [n m
r; 1

Zh Vh,r+Zf Ujf; + 6iNo B

r;éz t ]
+ Al
ri[n_l] In2 In2

Ny N
s.t. Z tr(V;) + Z”(Uj) =1,
i=1 j=1

Ny N>
log(1 — p;) + log [Zhgvrhir + Zf{,{U}fzj}

r=1 Jj=1
k*l)

BT; 1

5 k—1 1 k—1
log6; + log p; > logt ~|—tk—_1(t—t ),
Vi=0, U;>0,

<1, i=1,--

(e

N, j=1,---,Ny.
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Owing to the concave objective function and the convex
constraints, Problem (P3) is convex. It can attain the global
optimization solution by directly solving it using off-the-shelf
software CVX [34].

In what follows, we analyze the rank property of the solu-
tion of Problem (P3).

Proposition 1: Denote  the optimal solution of
Problem (P3)is V), Us,m=1,--- ,Nj, n=1,--- ,Na.
Both V), and U, have rank greater than or equal to 1.

The proof is relegated in Appendix I.

According to Proposition 1, if rank(f/:n) = 1, we can
obtain the optimal information beamformer by using the
eigenvalue decomposition method. Otherwise, we can run
rank reduction procedure [36] to ‘7:” to get a rank-one solu-
tion to Problem (P3) and then perform eigen-decomposition
on it to obtain the optimal solution to Problem (P1). Similar
process can be applied to U ;

B. DISTRIBUTED DESIGN

For the purpose of distributed implementation, we assume
that the local channel state information is available for each
receiver [33]. Furthermore, in order to use the ADMM to
efficiently obtain the beamformers in this setup, we design
the algorithm in distribution to solve (P»).

As stated in previous subsection, Problem (P;) is non-
concave. Furthermore, when the size of V;, U;, i =
1,--- Ny, j=1,---, N, is large, that is, Problem (P,) is in
large scale, it is very time-consuming to solve Problem (P3)
directly. In what follows, we will design an algorithm based
on ADMM for Problem (P5).

Assume that

N Ny
xi= Y hiV,hi,. yi=> fHUf;.
r=1 j=1

Zi = hg‘_/ihiia X = PiXi, yl = PiYi,
X = {ta tia /Oi’ xla yla xla yl’ Zlv U ’ V Iy

él‘vph i=]1“' 7N11j=]s"' ,NZ}-

Problem (P;) can be reformulated as

0;No B t
mln BZ[[’I w_i__l]

1 In2
l
_Bz[_xl+yl+91NDB Zi i|
p = n2 Ao |

Np Ny
sty r(Vy+ Y o)) =1,
i=1 j=1

. . BT';t;
(xi +yi) — G +y) —pi = >
bipi = ti» t=t, 2 :hH‘_/‘hiia
PG
thrV hir. i —Z 10 .

j=1
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‘_/l‘zo, l_]]i&
0<X<x, O0<3¥ <y,
0<pi<l, pi=0,

which can be further simplified as

Ny =
. Xi+yi+0iNo B 1
(P4) n‘lxl_n —B ; |:ll 10g2 T + m

3] PR B LI |
il r; In2 r; In2
Ni N,
sty r(Vy+ Y o) =1,
i=1 J=1
A [yJ — Az |:§Z:| —as pi = ¢,
a=hjVihi, Gipi=1, t =1,
Vi=0, U;>0,
0<Xxi<xi, 0=<Yy =<y,
0<pi<1l, pi=0,
where
T T
e R R A R
[~ Bl ]
N Y
a3 = [1 0 O]T, ci= ;h’{jvrhir
N
> Uy
j=1

The partial augmented Lagrangian function of (P4) can be
written as fOHOWS'

X +yi + 0;No B ti
L(X) = —B Z [t, log, — 2~ T, +15
Xi +yi+ QiN() B Zi i|
—B —
,; [ P n2 A" in2

Ny .
+D_ni A [x'} —42 [x'] — a3 pi —ci)
i=1 i Yi
N1 _ Ny
+ Z §ibipi — 1)) + Z At — 1)
+M(Ztr(Vl)+Ztr(U)— )
i=1 /—l

Ni Ni B 2
+ > milzi — ki Vili) + Z 5 |: - tl}
i=1 i=1
ﬂ Np ~ Ny _
+ E[Etr(Vi) + ;rr(vj) - 1}
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Ni B _ 2 N B
+Z 5 |:Zi - hgvihii:| + Z E(t — 1)’

tfu [ w i) o e

2

s.t.Viz(), U;>0,
0<Xi<xi, 0<yi<y,0=<p =1,
piZOa i=17"'7N1sj=17"'7N2~

Dividing the set X into four subsets X | = {I_Jj, Vi,
=1 N, j=1-- N}, X2 = {ti, xi, yi, Xi, Vi Zs
0i, pisi = JN1}, X3 = {t}and Xy = {p;, i =
1, .-+, N1}, we can solve the original problem (P1) by solving
the following four subproblems.

Firstly, the subproblem for X; = {I_J is Vj, i =
l,---,Ni, j=1,---,Na}is
Ps—1)
k92
m1n —[Ztr(Vl) + Ztr(UJ) -1+ ?]
j=1

d Bl x  ,uy n5i 1
+Z§|:Zi —hj; Vihii-i-g]

oxi M [i]-ert et

stV > 0, Uj >0
where
Brytk 7]
N v
ok = | D_HirVohir
N
Y iUy
L Jj=1

We can update each Vm in order assuming other ‘7[, i#m
and U, are fixed and then update each U, in order assuming
other V; and Uj, J # n are fixed.

Secondly, the subproblem for X» = {t;, x;, yi, Xi, Vi, zi» 0;,

plvlz 15“' ,N]}IS
(P4 —2)
N -
. l Xi+yi+6;Ny B t
min —B t; ]Og2 T oo, —
X2 i—1 ri ti In2
N -
—BZII:—Xi+yi+9iNOB+ Zi i|
P =2 r" U2

2

k
Pt N RS

B k+1 k.7
it
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Akq2

+Z [t_” ﬂ]
kA2
o tfut -]

s.t.0<X; 5 Xi,

pi =0,

05)’15)’1)

where
BI';t;

14
k+1
ck+1_ Zh V+h1r

Zf Uk+lfl]
j=1

Problem (P4 —2) can be further decoupled into N;
subproblems

. x; + yi +6:No B L
min —B IilO ZT —
Xo; rin t; In2
_B|:_xi+yi+9_iNoB 7 :|
" n2 P Hin2
Bl & &7
+5_9i,0i _ti-i-Té
2
B X; ke,
Zla —Ay || - —eytt 4 I
+2 Hy, 2 ¥ a3pi—c;  + 8
B[ Hok+1 nk; 2 B K Akq2
—\zi—h;V, hi+-—= A T L
Ik it 5| 3 i+

s.t.0 <X <ux, 055’;‘5)’1‘1
pi>0, i=1,---,Ny.
We can update each {t;,x;, yi, X, Vi, zi, 0;}, followed by
updating p;.
Thirdly, the subproblem X'z = {r} is

Nlﬁ w1 M
(P4 —3) min —|:t—t-+ +—’]
4 X3 ;2 ! B

The close-form solution of (P4 — 3) is
N] k
1 JER

t=— T —— . 9

N ; (’ B ©

Fourthly, the subproblern for X4 ={p;, i=1,---

k+1 k72
(Py — 4) mlnz [ o — t{‘“—}-?],

, N1} is

StOszfl

which can be further decoupled into Nj subproblems for

i=1,---,N
k2
min é 9_ik+1p- thrl -I-S ,
Xy 2 B
st.0<p; <1.
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Finally, the dual variables 3y;, 72, Ai, &, 1 are updated as
follows:

k+1 k x P! kbl _ okl

nlt nli+ <A1|:lk+1j|_A2 |:yk+1] —asp; ¢ )’
k+1

Ny = ﬂ(z H—hV; h,-l->,

k+1_ k+ k+1
o (, )

5 k+1 k+1 k+1>
i ’

k+1
§

i

Ny
L +ﬁ(2tr(f/f“)+ S @it - 1). (10)
i=1 i=1

In short, the new algorithm for solving Problem (P;) based
on ADMM is summarized in Algorithm 1 in Table 1.

TABLE 1.

The Proposed Algorithm 1 for (P2)

1: Inltlallzatlon set the 1n1t1dl values of :Jc y
29,99, 29, 09,02, €2, 19, nY; and 0.

2: Repeat

k=k+1,

4: obtain the solution X1 = { U vE

=1,

70

,N1,j=1,---,Na} by solvmg (P4—1).
5: obtain the solutlon X2 = {t zh 73/57 “f, giﬂ
2k 08 pk o i=1,- Nl}bysolvmg
(Pa—2).

6: obtain the solution X3 = {t*} using Eq. (9).

7: obtain the solution X4 = {p¥, i=1,---,
N1} by solving (P4 —4).

8: updating n’fi, nlgi, )\f, {f,i =1,
1F using (10) respectively.

9: until the stopping criterion is met.

10: Output X1 = {U?, Vf, i=1,---, Ny,
j=1,---, N2} as an approximate solution.

-, Ny and

Recently, Hong and Luo [37] have pointed out that for any
finite K > 0 (K is the number of optimization variable sets
of suboptimization problems), the ADMM algorithm linearly
converges provided some regularity conditions are satisfied
and the dual step size is small enough. However, there exist
two important open problems for ADMM. One is that no
convergence is guaranteed in general when K > 2, and
the other is that how fast the algorithm converges in general
for any K > 1 is still unknown. Therefore, to our best
knowledge, the general convergence and iteration complexity
of our proposed Algorithm 1 which is based on ADMM are
not known, which could be our further study.

IV. BEAMFORMING DESIGN IN DIFFERENT

FREQUENCY BANDS

In this section, we design the beamformers {v;, u;,i =
,---,N1,j = 1,---,Ny} of the system for the pro-
posed WIET architecture II, as described in Section II.B.
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Then, the EE expression can be expressed by

Ny
R
R s

Ny ) N> 2.
2 vills + 3 llujlls
i=1 Jj=1

Thus, the beamformer design optimization problem in this
setup can be formulated as

Ny
Z Rai
Ps) max
"N ZIIVII +Z|Iull
i NJ} P T
s.t. Eq. (1) > T';.

Problem (Ps) is hard to solve due to the nonconvexity of
both the objective function and the constraint [26]. However,
by some mathematical manipulations, we can transform
Problem (Ps) into a convex problem which is easy to tackle.
In what follows, we will design the beamformer in centralized
scheme, followed by that in distributed scheme.

A. CENTRALIZED DESIGN

Similar to the setup 1, introducing V; = vile andU; = uquH,
the information rate in the second WIET architecture can be
expressed by

B hHV'h,‘i
Roi = 5 log, [ 1 + )
Z h vV +hir + No B/2
r;ﬁz

which can be further lower bounded as follows:

Z hV,hi + Ny B/2

Roi > §|:10g2 sl["_l]
2 RV, — VI,
r;ﬁl :|
sl["_l]an ’
where

sin= 1] ZhHV[" Yhir + Ny B/2.
r;él

The second constraint in Problem (P5) can be expressed by

thrv h,,+Zf Uy > 21“

VOLUME 6, 2018

Introducing a slack variable ¢, we can approximately refor-
mulate Problem (Ps) as

Zh V., hiy + No B/2

max lo
{[ V U Z [ g2 S[n—l] ]

i=1,- i
JlNz}

ZhHV —vin=lhp,

N r=1,
B r;éi i|
_t — s
[Z 2 s U2

i=1

Ny Ny 1
s.t. Ztr(V,') + Ztr(Uj) ==

thrv hlr+2f U}fl] — 2

Vl : 05 U] z 07
rank(V;) =1, rank(U;) =1. (11

Discarding rank(V;) = 1 and rank(U;) = 1, we can
approximately reformulate problem (11) as

N
Mg > hiV.hi + No B/2
max tZ —|:log2 =1 =y

] t,V,‘,Uj, i1 2 Sil
i=1,--,Ny, -
Jj=1,+ N2}

AR 1

Y v, — v,

r=I1,

_¢ % b |: r;ét :|
i1 2 sl[n—ll In2 ’
N Ny |
s.t. Ztr(V,-) + Ztr(Uj) =

thrv hl’+Zf Ulflj — 2

V, =0, U;> 0. (12)
Letting
‘_/l=tvl’ i=15""N11
Uj=1tU;, j=1, N

Each term in the sum of the objective function in (12) can
be rewritten as

Ni _
> hiV,hi +tNy B/2
d |:t log, ~=, =y

t

Z RV, b, + Ny B/2

r;tl t i|
s n2 Tina)
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The corresponding harvested energy constraint can be
rewritten as

BLit
ZhHV h,r—}-Zf,/ Uf; > i=1,--- N

Therefore, the problem (12) can be reformulated as

N _
M " WV, hi, + tNo B)2
(P¢)  max B Z [t log, == =y ]
11,0 V, P st
i=1,-
j:]’...’N2’}

Z [hHV chir +1NgB/2 ¢ }
sl[." Uin2 In2 ]’
r;él

Np _ Ny _
sty r(Vy+ Y U =1,
i=1 i

Since the first item in each term in the objective function
in Problem (P@) is the perspective function of the concave

Zh”v’ " iNg B2
function log o + Mo B/
S: Si

), it is also a concave

function [24]. The second term and the third term in the
objective function in Problem (P¢) are respectively linear
in variables ‘7, and ¢. Therefore, the objective function in
Problem (P¢) is convcave. In addition, the constraints are a
convex set. Thus, Problem (Pg) is convex, which can attain
its global optimal solution by directly solving it using off-
the-shelf software CVX.

In what follows, we analyze the rank property of the solu-
tion of Problem (P¢), which is written in the theorem.

Proposition 2: Denote the optimal solution of
Problem (Pg) is V Un, m=1,---,Nj, n=1,---,Ns.
Both f/; and U, n have rank greater than or equal to 1.

The proof is relegated in Appendix II.

According to Proposition 2, if rank(f/;) = 1,
we can obtain the optimal information beamformer by
using the eigenvalue decomposition method. Otherwise, if
rank(V ) > 1, we can run rank reduction procedure [36] to
V to get a rank-one solution to Problem (Pg) and then per-
form eigen-decomposition on it to obtain the optimal solution
to problem (Ps). Similar process can be applied to U ;

B. DISTRIBUTED DESIGN

Similar to Problem (P3), we design an algorithm based on
ADMM to solve Problem (Pg) in the following in order
to attain the solution more numerically stable and faster in
convergence.

65854

Assume that

Ny N>
xi= Y hiIV,hip, yi=Y LU
r=1 j=1

i = hfVihi,
X = {tstisxisyis Vla U_]aplsiz 17"' »vajz 11"' 1N2}'

Problem (Pg) can be reformulated as
Ni

. B xi + t;No B/2 t;
P —— tilogy ———— + —
(P7) min —— ; [l 0g, NI +t 12

Ny
B Z |:
2 =1
Ny N
sty or(Vy+ ) o)) =1,
i=1 j=1

I';Bt;
2y

Ni
He
Xi = Zhir V. hi,
r=1

N
vi= Y fHUf
j=1
zi = hVihy,
Vi=0, U;>0,
t=t, pi=0.

x; + NoBt;/2 Zi :|
s 2 o ]

Xi+yi—pi=

The partial augmented Lagrangian function of

Problem (P7) can be written as follows:

Nj
B Xx; + tiNg B/2 t;
L) = —3 Z |:ti1082 . T
i=1 S
N
_E xi+t,-N0 B/2 Zi i|
24 D NP ) )

xi — ZhHV h,,)
Nz

+> (yl i
1

i=1 j=

Ny
+Z 13i <Zi — bl Vihi;

i=1

I'iBt;
+Z§z(xz+)’z Pi — 2yl>

i=1

+M(Ztr<vl>+2tr(v>— )

i=1 j=1

Ni B Ni _ 2
D5 <xl~ > nll V,hi,>
i=1 r=1

.
z:iUf'fij)
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Ny B N _ 2
DI WL

i=1 j=1

- B3 Y
+Z > (Zi - hgvihii>

i=1

Ny 2

Ba I';Bt;

+> 7(9@ +yi—pi— #)

i=1

Bs Ny _ Ny _ 2
+5 <Z tr(Vi)+ > tr(U)) - 1)

= =

+Z

S.t. Vl‘ >0,

=t — 1),

U;j>0, p;>0.

Divide the set ) into three sets Y|, = {‘71', U 2
i=1,-,N,j = N2}, Yo = {ti, X0, yis 2, Pis
i =1,---,Ni}and Y3 = {t}. Since (P7) is convex, it is
convex for each set block variables. In the sequel, we will
design an algorithm based on ADMM technique to solve each
subproblem alternatively.

Firstly, the subproblem for computing Y| = {1_/,~, U 2
i=1,---,Ny,j=1,---, Ny} is as follows:

Ny
. /31 Mi
(P7 -1 Halzlln§ 2( § hHVh,r+—ﬁ1>

N1 B Nz n 2
2
(St )
i=1 Jj=1
Ni kN2
3 n
+ Z % <Zf - thzhu + i)
i=1
Ny _ Ny _ kN 2
+%(Ztr(vi)+2tr([]j)—l+;—) ,
; ; 5
i=1 j=1
S.t. ‘7,-50, l_]jz().

We update each f/m, m = 1,---, N, followed by each

L_,ns Vl:]:"'sNZ-

Specifically, we first update each Vm, m=1,---,Nj.
(P7 — 1a)
Ni _ 1 2
min Z ( Z hV Vin, — RV ki + /3_1>
Vi “— 1
i=l r;ém
B3 H '72 g
+Z ( — BV + 22 )
B3
i
133 k X/ n3m :
? Zm — mm Vinhtmm + E
B[ 2
?<Z ir(V; )—i—tr(Vm)—i—Ztr(U )= 1+ E)
’,z =l

s.Vz
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Then we update each l_],,, n=1,---,Ns.
(P7 — 1b)

Ny B> _ 77k' 2
min Y 22 (o4 Zf Olf, ~ 00+ 32 )
[ P p2

k 2
ﬂs(z; Wt )—I—Ztr(U )+tr(U,1)—1+/3 )

_ J#n
s.t. U, > 0.

Secondly, the subproblem with set Y» = {t;, xi, yi, i, Pi,

i=1,---,Np}is to solve the following problem
(P7 —2)
. B xi + tiNo B/2
min  —— tilogy ————— [
(i) 25 "z
FLIRRG

s 2

_xi+t,'N()B/2 ]

In order to lower the computational complexity, Problem
(P7 —2) can be further decoupled into the following N
subproblems withi =1, --- , Ny

. B 1 xi + t;No B/2 ti
min - —— |1 ngs[k—]ti -
i

{ti‘l;fazy?v’zis} In2
_E _xi—i-l‘,'N()B/z 7
2 s#m2 s#n 2
Bi k+1 7\ 2
+ i - Zh vV, hi + ,311
B2 ! 75\
+ = Yi Zfllj fl/ Zl
2 = / ﬁz
B ey Ty
2 1 il ﬁ
Ba LB ¢’
+ 2 Xi +yi — pi 2 2y Ba
A
4B (tk — i+ )
2 Be
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We can update x;, z;, t;, followed by updating p; and y; in
order.
Thirdly, the subproblem Y3 = {r} is

Ny

. Be TR
(P7 —3) min — R A LA I
Vs 2 IZ ' Be

=1
where the close-form solution ¢ is

Ny

1 Ak
t=— (r{‘“ — —’). (13)
Nt = Be

1

Fourthly, the dual variables {A;, &, n1i, mi, M3, i =
1,---, N1} are respectively updated as follows:

k+1
m; —n1,+ﬂ1< k1 Zh v h)
k > k+1
! —n2,+ﬂz<k“ > riu; f,,)
j=1
k+1
= n'§i+ﬂ3<zf“ hi{ Vi h”)
gl = ¢k +,34< kL ettt

Np N>
—k+1 k41
ur! =Mk+ﬁ5<§ (VT4 Y@ )—1),
J=1

i=1

;B!
2y ’

As such, the new algorithm for solving (P7) based on
ADMM is summarized in Algorithm 2.

TABLE 2.

The Proposed Algorithm 2 for (P7)

1: Initialization: set the initial values of U?, V?,
N, pQand€0,i=1,---, Ny.

2: Repeat:

Bk=k+1

4: obtain the solution Y1 = {Uf, V?,i =1,
-++,N1, 5=1,---,Na} by solving (P7—1a)
and (P7—1b) in turn.

5: obtain the solution Yo = {t x; ,yl ) 25 ,pZ R
i =1,---, N1} by solving (P7— ).

6: obtain the closed-form solution Y3 = {t*} by
using Eq. (13).

7: update )\f, Cf, nfi, né“i, ”I?fi’ i=1,---,Ny
and % by using Eq. (14).

8: until the stopping criterion is met.

9: Output Y| = {U?, Vf, i=1,---,N1, j=
1, -+, N2} as an approximate solution.

The general convergence and iteration complexity results
of this setup are shown as fOHOWS'

1) Residual convergence: Z tr(V )+ Z lr(U )—1—
i=1
B k k
O,xi +yl pl — Oand " -1 — Oask — oo.
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2) Objective convergence: 11m h(tk, vV

where p* is the optimal Value of (P7)

k —
l

)=p,

3) Iterate convergence the iterates U V ik, tk Xk "g“
’71 i 7721’ n31 and ¥ converge to thelr respectlve optlmal

solutions.
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FIGURE 4. Improving ratio ~ harvested energy.
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FIGURE 5. Energy efficiency ~ harvested energy and Information
transmission rate ~ harvested energy.
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FIGURE 6. Energy efficiency ~ harvested energy.

V. NUMERICAL SIMULATIONS

In this section, we will give several experiments to evaluate
the performance of our proposed two setups. Setup 1 is that
the additional ETs use the same frequency bands as the
transmitters, whereas setup 2 is that the additional ETs use
different frequency bands. The channel vectors h;; and f;
are randomly generated according to Rayleigh fading with
the average channel powers set as (1 x 1073) x d=2 W,
with d denoting the corresponding link distance in meters.
The distances between the transmitters and the receivers are
assumed to be 10 m, whereas those between the energy
transmitters and the energy receivers are assumed to be 5 m.
The symmetric energy to be harvested is set to change from
0.5 mW to 1 mW, where the stepsize is set as 0.1 mW. We
assume that the total used bandwidths in two setups are set
as 1 MHz and 0.5 MHz, respectively, the energy conversion
efficiency at each receiver is 7 = 0.8 and the noise power at
each information receiver is o> = —50 dBm.

Scenario 1: In this scenario, we simulate the ratio of the
maximum EE value of Problem (Pg) to that of Problem (Py).
In WIET system, assume that there are 6 information
transmitter-receiver pairs with 3 antennas at each information

VOLUME 6, 2018
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FIGURE 7. Energy efficiency ~ harvested energy.

transmitter side and 1 antennas at each information receiver
side. Also, assume that there are 3 additional energy transmit-
ters to transmit the energy. The number of antennas at each
energy transmitter side and at each energy receiver side is
the same as that at each information transmitter side and at
each information receiver side. The simulation result is shown
in Fig. 4.

Although the ratio of the maximum EE value of
Problem (Pg) to that of Problem (P;) is gradually decreasing
with the increase of the harvested energy, the EE value of
setup 2 is much larger than that of setup 1.

Scenario 2: In this scenario, we simulate the maximum
EE and the corresponding information rate with different
harvested energy value using the two setups in centralized and
distributed schemes, respectively. In WIT, assume that there
are 2 information transmitter-receiver pairs with 2 antennas
at each information transmitter side and 1 antennas at each
information receiver side, respectively. In WET, the number
of energy transmitters, antennas at each energy transmitter
side and at each energy receiver side is respectively the same
as that in WIT. The simulation result is shown in Fig. 5.

Itis obvious that the maximum EE value is decreasing with
the increase of the harvested energy, while the corresponding
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FIGURE 8. Running time ~ the number of antennas at each transmitter
side.

rate is increasing with the increase of the harvested energy
for both the setups. Moreover, the maximum EE in setup
2 is better than that in setup 1, whereas the corresponding
information rate in setup 2 is better than that in setup 1.
Compared with the EE value and the rate value obtained from
centralized scheme, the value of distributed scheme using the
same setup is a little bit worse.

Scenario 3: In this scenario, we simulate the maximum
EE value with the different number of additional energy
transmitters using the centralized schemes in two setups,
respectively. Consider the different two settings of the param-
eters in the two setups. The number of the information
transmitters is set as 10 and that of the additional energy
transmitters is set to change from 1 to 8 in the first setting,
whereas the number of the information transmitters is set
as 13 and that of the additional energy transmitters is set to
change from 1 to 11 in the second setting. The number of the
antennas at both each information transmitter side and each
energy transmitter side is set as 3. The simulation results are
shown respectively as follows.

From the simulation results shown in Fig. 6 and Fig. 7,
it is obvious that the maximum EE value is increasing
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FIGURE 9. Running time ~ the number of additional energy transmitters.

with the increasing number of addition energy transmit-
ters. Although it seems that the two lines in the cases of
N; = 10, N = 3 and Ny = 10, N = 1 are the same
both in Fig. 6(a) and Fig. 6(b), the values in the case of
N1 = 10, N> = 3 are alittle bit larger than those in the case of
N1 = 10, N> = 1. Also, from each (a) and (b) of Fig. 6 and
Fig. 7, the EE values of setup 2 are much larger than those
of setup 1 in the same number of each information-energy
transmitter pair and each additional energy transmitter.
Moreover, the EE value increases with the increasing number
of the information-energy transmitter pairs.

Scenario 4: In this scenario, we simulate the computational
complexity of the two setups in centralized scheme and dis-
tributed scheme, respectively. The symmetric energy to be
harvested is set as 0.7 mW. We consider the two settings of the
parameters in the two setups. In the first setting, the number
of the information-energy transmitter pairs is set as 20 and
that of the additional energy transmitters is set as 15 The
number of antennas at each energy transmitter side is set to
change from 2 to 10. In the second setting, the number of the
information-energy transmitter pairs is set as 20 and that of
antennas at both each information transmitter side and each
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energy transmitter side is 3. The number of the additional
energy transmitters is set to change from 8 to 18.

From the simulation result shown in Fig. 8, it is obvi-
ous that the computation complexity is increasing with the
increasing number of antennas of both each information-
energy pair and each additional energy transmitter. Although
it seems that the two lines are almost the same from the begin
in both Fig. 8(a) and Fig. 8(b), the computation complexity of
distributed scheme increases more slowly compared with that
of centralized one. From the simulation result shown in Fig. 9,
it is obvious that the computation complexity is increasing
with the increasing number of addition energy transmitters.
Moreover, the computation complexity of distributed scheme
is much smaller than that of centralized one, especially when
the number of the additional energy transmitters is large.

VI. CONCLUDING REMARKS

In this paper, we introduce a novel structure for the WIET
system based on two receiver structures: (a) PS with same
frequency band and (b) BPF with different frequency bands,
where additional energy transmitters (e.g., wireless power
stations) are placed to enhance the efficiency of the wireless
charging. Moreover, we investigate the EE maximization
problem when additional energy transmitters use the same
and different frequency bands, respectively. For each case,
we propose both the centralized and distributed beamformer
design. Our numerical results show that the WIET system
with the different frequency bands can achieve a higher EE,
while the WIET system with the same frequency bands can
achieve a higher information transmission rate. Besides, for
each case, the centralized beamformer can achieve slightly
higher performance than the distributed one, while suffering
from the higher computational complexity, especially when
the number of the additional energy transmitters is large.
Note that the time-splitting (TS) receiver structure is another
widely studied setup, which is not discussed in this work. For
this structure, we plan to consider its design as our future
work.

APPENDIX |
Proof: The lagrangian function of (P3) can be written as
follows:
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