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Abstract

In this thesis, we study the resource allocation algorithm for simultaneous wireless
information and power transfer (SWIPT) systems with multiuser. In particular, we focus on
separated receivers which can harvest energy and decode information respectively. We
consider the system performance using average system wireless energy transfer efficiency which
takes into account the maximum transmission power at the transmitters and minimum
required signal-to-interference-plus-noise ratio (SINR) at multiple receivers. The proposed
resource allocation algorithm improves energy transfer efficiency and guaranteeing secure
communication. In particular, we aim at maximizing the average system wireless energy transfer
efficiency via jointly transmit transforming vectors, maximum transmission power, and minimum
requirement SINR. The transform of non-convex optimization problem is achieved via semidefinite
programming (SDP). The solution of transformed convex optimization problem is obtained using SDP
relaxation. In addition, we proofed that our solution can achieve the global optimum of the original

problem. Finally, the performance of the proposed system is illustrated by simulation results.
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Abbreviations

SWIPT Simultaneous wireless information and power transfer
SINR Signal-to-interference-plus-noise ratio

SDP Semidefinite programming

QoS Quiality of Service

EH Energy harvesting technology

ID Information decoding
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1.Introduction

Background

The rapid development of wireless communications has significantly improved people’s
quality of life. Equipment such as smartphones, electronic tablets and sensors, is widely used
in various fields, for example, electronic medical care, fire prevention, automatic control,
environmental monitoring [1]. Under the next telecommunications standard, the
fifth-generation (5G) of wireless communication, it is estimated that at least 100 billion
devices worldwide would be connected into network and approximately 7.6 billion mobile
users in the worldwide enjoying an up to 10 Gb/s individual user experience [2], [3].
Meanwhile, there are great demands on the supplement of energy. However, there are
tremendous problems in the current energy supply. On the one hand, the energy storage of
batteries is limited and has expensive replacement costs or cannot be replaced in some special
scenarios [1]. On the other hand, both green communications and the usage of energy-saving
devices are the vital requirements for future 5G systems, which has
caused an increasing awareness in the industries and academia [4]. Recently, it is expected
that energy harvesting technology (EH) can be used as an available solution to achieve
self-sustainable communication systems, which can satisfy the requirements of future wireless
communications and maintain Quality of Service (QoS) [5]. By applying the EH technology,
base stations capture and convert harvested energy to support their regular operation [6].
These energies come from nature such as wind energy and solar energy, etc. An alternative

solution to overcome the shortages of EH problem is wireless power transform (WPT)



technology [7]. WPT uses time-varying electric, magnetic, or electromagnetic fields rather
than wires to transform electrical energy, which is useful for powering small but massive
amount of wireless communication devices. This electrical equipment usually located in some
special scenarios, where are inconvenient, dangerous or impossible for interconnecting
conductors. From the above, wireless power transfer greatly reduces the cost of equipment

maintenance.

1.1 Literature review

In the past two decades, research on WPT has had significant improvement. In near-field
WPT, power is transmitted by a beam of electromagnetic radiation, such as a microwave or a
laser beam [8], [9], [10]. The far-field WPT technique has become a hot topic recently.
However, there are still many shortages impeding the development of near-field WPT, for
example distance constraints, difficulty in maintaining field strength at a safe level, high
initial cost, difficulty in tuning resonant inductors, and infeasibility of using high frequency
and air ionization techniques in power supplies [11]. Long-distance communication network
is a critical part of wireless communication. Besides, the traditional wireless communication
system only focuses on signal-to-noise ratio (SNR), but ignore systems’ transmission
efficiency importance. As long as the SNR could satisfy the minimum requirements, the
transmit signal could be decoded at the receiver. The aim of traditional wireless
communication is reached. However, the energy transmission efficiency is also an important
indicator in WPT. The low energy transmission efficiency also obstructs the development of

WPT due to the associated path loss. This leads to an urgent improvement of far-field WPT.



An improved technology which have the ability to transfer information and transform power

during this period was proposed [12].

SWIPT provide a promising solution to get rid of the wires for truly future mobile wireless
communication [13], [14]. The authors in [15] provided the basic concept of SWIPT systems
including hardware components of rectenna circuits and practical application in many field. It
also explains the advantages of SWIPT technologies, when 5G networks set about allocating
resource and making radio networks cooperative and cognitive. A fundamental tradeoff
between the energy rate and information reliability for flat fading channel has been studied in
[16]. The concept of capacity-energy function is provided and several experiments have been
done for different channels, which points out that this expression is a non-increasing convex
function [16]. In paper [17], the researchers also studied the balance between the energy
harvesting rate and information processing reliability for frequency selective fading, where a
perfect receiver has been assumed, namely the process of energy harvesting and information
decoding performed at the same time for one received signal. Three types of receivers have
been proposed to meet the requirement as much as possible, that is the power-splitting
receiver, separated receiver, and time-switching receivers [17]. Moreover, the authors in [18]
investigate the way of signal and energy conversion at the wireless link. In particular, it is
assumed that only two endpoints in this link. The channel state is modeled as narrowband
flat-fading. Also, the interference is added to this link. The optimal mode switching rules have
been given in [18], which provide a possible solution for the high performance of future

wireless communication systems. In addition , paper [19] came up with a power allocation



algorithm at a point-to-point wireless link with an energy-splitting receiver, which offers
precious experiment for optimal practical receiver design about SWIPT. The author in [20]
based on power splitting hybrid receivers and studied two different resource allocation
algorithm for receivers who are the power streams are continuous and have arbitrary power
splitting ratios as well as receivers who are the power streams are discrete and have fixed
power splitting ratios respectively. The result shows that this iterative resource allocation
algorithm could reach relevant satisfactory results when there are few iterations. In previous
studies, it is assumed that this model is linear. In particular, it is assumed that the power
conversion efficiency is constant. However, the experiment shows that RF-EH circuits are
nonlinear in practical systems [21]. To restore the real scene, the author in [21] come up with
a EH model which no longer satisfy the ideal linear principle and combined with logistic
function and real data. Also, multi-users resource allocation has been studied in [22]. The
system performance shows a significant increase under the nonlinear energy harvesting model.
paper [23] studies a novel iterative algorithm for the energy harvesting model, in which the
model is assumed as a non-linear one. This algorithm has ability to this difficult question and
get the relatively best result. This robust beamforming design shows the significant benefits in
harvested energy. Moreover, the author in [24] studies resource allocation algorithm for
energy-efficient SWIPT system and proposes that rank-constrained semidefinite program
(SDP) can be used in the non-convex optimization problem. The proper trade-off solution
improves system energy efficiency. Furthermore, as the increasing signal power for SWIPT,
the safety in physical layer becomes attract people's attention. The authors in [25] design a

resource allocation algorithm. This algorithm considers multiple-input-single-output (MISO)



systems and multiusers. Also, the semidefinite programming (SDP) is adopt. The simulation
results show that this algorithm well-performed in secure communication. Paper [26] also
focus on MISO system and solve the anti-eavesdropping problem though obtaining the
optimal beamforming result by the technique of semidefinite relaxation (SDR). Moreover, the
authors also consider the actual situation with adding a fixed signal-to-interference-plus-noise
ratio (SINR) is added. Paper [27] proposes a distributed beamforming design framework for
the imperfect CSI, which has various cells cooperation and artificial noise. The local channel
state information in this system can be obtained by each base station through considering
robustness under different scenarios [27]. The simulation results show the minimum power
can be guaranteed to satisfy the requirement of information decoding and energy harvesting
for authorized users while unauthorized users cannot get information. For the same system
model, the authors in [28] propose using multiple artificial redundant signals (MARSs) when
transmitting signals. Only transmit power maintained at the threshold by combining the
beamforming phase optimization with the covariance matrixes of MARSs. Thus, the
requirement of transmission rate can get guarantee as well as the energy harvesting
requirement, while SINR at Eves is lower than the threshold due to artificial noise. The result
is satisfying for the non-robust design. Gaussian randomization procedure also provides an
approximately optimal solution for the robust design. The paper [29] studied the secure
method to achieve the power and time setting, aiming at maximizing safety and efficiency and
proposed that using Lagrange dual problems to substitute non-convex SEE maximization
problems. This approach can decrease the complexity though solving two SEE resource
allocation algorithms [29].
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1.2 Contributions

The traditional researches usually focus on several information decoding receivers and energy
harvesting receivers. The general results could be given. However, the situation often became
more complicated when the users number increasing. This article discusses the multi-users
system model. Therefore, the simulation results would more reliable. Also, the result would

provide some reference opinions for the future works.

1.3 Thesis Organization

In this article, we adopt the linear energy harvesting model for multiple users SWIPT systems.
The purpose of this article is to obtain optimal the SWIPT system performance by
maximizing the energy transmission efficiency. In particular, the SWIPT system harvests
energy form a variety of energy source, which includes the non-renewable energy source and
the renewable energy source. In our system, we adopt separated receiver structure. In
particular, the receivers are divided in two part. The one is for harvest energy, and the other is

used for decode information.

In the following, we focus on the concept of SWIPT and the system model. In Section 2, we
introduce beaming, receiver structures, and resource allocation in SWIPT system respectively,
which give readers the key points of this article. In Section 3, we show the provided system
model and formulate the resource allocation design as an optimization problem. In Section 4,
we provide the problem solution and the proof process is given. In section 5, we use Matlab to

simulate and the results are shown.
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2.SWIPT Systems

2.1 Multi-Antenna Techniques: Beamforming for SWIPT

Systems

In Long-Term Evolution (LTE) , there are three main multiple antenna techniques, including
diversity processing, spatial multiplexing, and beamforming. Diversity processing is a mature
technology, which has been used in early mobile communication. Multiple antennas can be
set at the transmitter, the receiver or both to increase the received signal power as well as
reduce the amount of fading. Spatial multiplexing is a relatively new technology, compared
with diversity processing. The transmitter use multiple antennas. Also, the receiver both adopt
the multiple antennas technique. In this way the data rate could increase [30], [31]. When
using beamforming in the base station (BS), the more antennas used, the larger cell coverage.
Moreover, the performance of beamforming is better than diversity processing or spatial
multiplexing when the antennas are close together, because of constructive interference and
the high received signal power. This characteristic of beamforming makes it more suitable for

multi-user SWIPT system [32].

In this article, we pay attention to the beamforming for SWIPT systems. The basic principle
of beamforming is that the BS uses multiple antennas to adjust the energy distribution
radiated in the channel. In particular, the angles can be decided by phase ramp coming from

the information. Then, constructive interference can be achieved. It means that the amplitudes
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and phases can be set though adjust the antenna weights. In multi-antenna SWIPT system, all
kinds of antenna weights can be used at different sub-carriers processing, then the synthetic
antenna beams can be produced and send to different directions. As a result, the multi-user

SWIPT system can be achieved by beamforming [33], [34].

There are a variety of hardware circuitries achieving the energy harvesting from the RF. An
improvement voltage double circuit based on complementary metal-oxide—semiconductor
(CMOS) has been proved to a significant increase in output energy compared with traditional
circuits at 0 dBm input energy [35]. The actual receiver architecture, such as separated
versus integrated information and energy receivers, can use dynamic power splitting (DPS) to
achieve optimal receive [36]. Therefore, we ignore the type of energy harvesting circuit and

only consider beamforming design.

Total harvested power at ER;:

Per, = ne{[8%]"} = n i, g Wi (1)

where X is the received signal, g; is the channel gain at channel j, n is power

transmission efficiency.

Total harvested power in the system

SH— |2
PR = Xioy T8 Wi 2)
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2.2 Four types of the basic receiver structure

In general, if received signal is going to information decoding, it cannot harvest energy again.
Special receiver structures are needed and have been proposed in many papers to satisfy the
requirement of the SWIPT system, such as separation receiver structure, time switching
receiver, power splitting receiver, antenna switching receiver and spatial switching receiver.

In this section, we outline four common receiver configurations, which has shown as follow

[37]:
i Energy Energ
l harvesting harvesting
Tx : _I
- " Ly
' AL . Information
Information decoding
T decoding
(@ (b)
il harvesting
Y 1-B; Y LQZC
Tx : I : I
: " . Tx . .
g ‘! B ; Lo Information
splitting Information decoding
decoding LQ

Fig. 2-1 Four types of receiver structure [37].

The separated receiver has shown in fig 2-1(a), is can be achieved by two separated receivers
with separated antennas. Also, the common multiple antenna transmitters provide service for
these receivers [38]. There is two information need to collect to achieve the trade-off between
ID receiver and EH receiver, including channel state information (CSI) and the relative

information collected by the receivers [35]. The separated receiver can achieve information
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and energy transmission without time delay, namely the process of information decoding and
energy harvesting will work simultaneously during the information transmission period. The
applications with strict transmission requirements or delays limits would prefer this structure.
This technique is closer to the optimal problem standard of information theory. In this article,

we also use this structure in SWIPT systems.

Fig 2-1(b) shows the time switching receiver. Except for information decoder and RF energy
harvester, the time receiver also need to facilitate antennas’ switch [38]. The function of the
switch is achieving the convert between the signal decoder and the RF power harvester. The
principle about switch is decided by the periodical time switching sequence. Particularly, the
principle about switch can be adjusted based on the different requirement of different system
[37]. Only a simple hardware implementation is required. However, it requires very precise

time synchronization and information or power allocation scheme.

Figure 2-1(c) is power splitting receiver. At the antenna, the RF signals have two directions
based on a certain energy separated ratio [39]. A direction is going to decode the information;
the other goes to harvest power. In particular, the process of ID and EH are facilitated
simultaneously [40]. To obtain the optimal energy, the suitable power splitting ratio is

required.

Figure 2-1(d) shows the antenna receiver. The antennas can achieve dynamic switch between
decoding and rectifying though making use of the form of array which located in the relay
node and carried out the process of decoding and rectifying using the antenna elements, which

results in low complexity. The strongest one is used for signal processing, and the other paths
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are located for rectifying [41]. The antenna receiver technology needs to give the best answer
during the communication process, namely the way of optimal schedule and the arrangement

of the information decoding and energy collection of the antenna elements.

2.3 Resource Allocation Algorithms

The resource allocation in the SWIPT system can achieve the improvement of network
performance as well as the high utilization of network resources under the condition of
satisfying the QoS requirement through flexible allocation and dynamic adjustment of
resources available within the network. In this article, we discuss three resource allocations,
include power allocation algorithm, relay selection algorithm and joint resource allocation
algorithm.

A. Power Allocation Algorithm

Power allocation technology is used to distribute the total available power at the transmitter.
The goal is to guarantee the transmission performance, which relates to power loss,
communication link characteristics and service guarantee etc. Power allocation algorithm
based on game-theoretic can coordinate the question of collaboration and competition during
the power allocation. It can also design the cooperation and competition mechanism, which
can motivate users to participate in network activities [42] [43].

In paper [44], a distributed precoding problem has been proposed, which can be used in
SWIPT system based on decode-and forward MIMO relay networks. A non-cooperative game
model is proposed based on the practical scenario. In particular, two rational game players are

source and relay respectively. Also, the function of signal rate as well as the harvesting power
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IS used to measure the network performance as the game award. Another power allocation
algorithm is related to the signal to interference ratio (SINR). Paper [45] studies multi-link
interference channel with SWIPT. The goal is to get the optimal threshold of SINR with the
limitations of minimum energy harvesting and maximum transmit power. In this paper, the
nonconvex problem is solved a centralized method. Furthermore, power allocation algorithm
based on throughput optimization is also an alternative algorithm for SWIPT. Paper [46]
combines the wireless network with classic cognitive wireless system. In this scenario, it is
assumed that the classic cognitive users can harvest energy form nearby transmitters from a
primary network. The cognitive users can occupy the channel and transmit information using
the harvested energy when they far away from the primary network. The simulation result
shows that the random geometric model can maximize the spatial throughput.

B. Relay Selection Algorithm

Relay communication plays a vital role in long-distance SWIPT to overcome Multipath
effects, path loss, shadow fading etc. Relay selection algorithm is proposed to trade off the ID
and EH. A relay selection algorithm based on outage probability optimization is proposed in
[47]. Three relay selection mechanisms are used to trade off the throughput and outage
probability according time, threshold or weight. Based on the algorithm in [47], the author in
[48] studies how to make use of side information to improve the performance in SWIPT
system, including energy side information and channel side information. The simulation result
shows a significant improvement of throughput can be achieved using this algorithm.

C. Joint Resource Allocation Algorithm

17



To improve the total network performance, Multiple factors should be considered, namely
achieving the joint resource allocation. In particular, the power allocation algorithm with the
channel information or relay selection.

a) Joint channel information and power allocation algorithm

The paper [49] proposed the joint optimal power and subcarrier allocation strategy based on
orthogonal frequency division multiplexing (OFDM). The goal is optimizing the weight
information rate.

b) Power allocation algorithm combining with relay selection

The bisection search method can be used as a solution to the suboptimal scheme in a relay
SWIPT system. At first, the power allocation in the source node and relay node processes
using extensive search method, which assumes that the single relay participates in information
transmission. The aim relay is chosen as the one which has the maximum instantaneous
information rate based on the power allocation scheme. The objective to maximize is

throughput [50].
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3.System Model

3.1System Model

A multi-user MIMO broadcast system for SWIPT has been built and the system model has
been provided in Fig.3-1. As the system shown, the renewable energy source has been
collected and storage in the battery. Only the battery power is insufficient, would the grid
network be used as an optional solution of energy supplement. In the downlink of this system,
it is assumed that there are K numbers information decoding receivers and J numbers energy
harvesting receivers. It is assumed that the BS has NT antennas and users are equipped with
single antenna devices. The transmitter sends RF signals to the energy harvesting receivers
only for harvesting energy, while the information receivers split RF signal to decode

information [51] - [60].
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Fig 3-1. Multi-user MIMO system for SWIPT system model.

In a downlink SWIPT system, the received signal at the information decoding receiver k and

energy harvesting receiver j are given by, respectively,

Yir, = hilX + z, 3)
_ =Hz
Yer; = 9j X T Z; 4)

where ¥ represents the transmitted symbol vector. The channel vectors are represented by
R and g#, where R} means the vector from the transmitter to the information receiver k
and y’,’.’ means the vector from the transmitter and the energy harvesting receiver g. It is
assumed that both multipath fading and path loss in related channels are included by the
variablesfi,’f and g" We also add the additive white Gaussian noises in receive antennas at

IR and ERg, which has z,~N (0, 04y:2) and zj~N (0, aant]"f).
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3.2 Energy beamforming

Beamforming is used for directional signal transmission in sensor arrays, which is a signal
processing technique. It can achieve spatial selectivity through emit signals at particular
angles. In this system, random signals are chosen as the energy carrier, and transmitted

-

symbol vector x shows as follow:

X = leg=1 WSk (5)

The wj, represents information beamforming vector, which is the pseudo-random transmit
signal. s, means the information bear of IR, and is also the pseudo-random transmit signal

and satisfies £{|s;|?} = 1.

3.3 Transmission efficiency

The performance metric of this system is transmission efficiency, namely maximizing the

transmission efficiency as well as maintain the requirement of SINR.
The received signal r, at information decoding receiver K is:
e = hAWys; + Y our RIW,s, + 1 (6)
k k YWk°k t=k "¢k WitoL k

where hiw,s, is the desired part, while Y., hiiw,s, represents interference part, ny is

noise.

To maximize the transmission efficiency in this system, we need to satisfy the minim signal

to interference ratio (SINR), then maximize the power we get from the transmitters.
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The SINR in information decoding receiver K is:

SINR, = @L"' (7
Seaklhfwe| +2¢
Total transmission power in the system
Pr = XK., [Wy |2 ®)
The power dissipation of the system as
TP(w, Wg) = Py + P, (9)
PEial = TK | giwi|” (10)

where Pp is amplifier power consumption. Nt stands for the number of antennas. P,

represents the fixed power consumption, which caused by the baseband signal processing.

Then, we can get the total transform efficiency:

g N
.ueff - TP(W,WE) ( )

3.4 Problem Formulation

The target of this report is to maximize the efficiency of the given SWIPT system. In order to
achieve this goal, the value of SINR should as low as possible under the constrain of

requirement, which can be expressed as C1.:

SINRy = fhyequ Vk € {1 ...k} (12)
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Where pyeqq, is requirement of SINR,.

On the other hand, the received power should be as large as possible under the constrain of

the Maximum power P,,,., Which is a constant value. This can be expressed by C2:

Ik{=1”w)k”2 < Pmax (13)

2
K —
maximise = maxm (14)
Wk Heff Wk ZE=1|Wk|2+Pc

St. C1l: Zf:llwklz < Pmaxf

|ntiw|”
g L7 -
Y| hwe| +22

> Urequ VK E {1..,k}.
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4. Problem Solution

There are two challenges to solving this problem. The main difficulty is non-convex problem.
The objective function and C2 are non-convex expressions, which are hard to obtain the
optimal solution. In addition, the objective function with the form of fraction is difficult to
solve. In this part, we introduce the SDP and fraction programming transforming non-convex

function to convex function, respectively.

4.1 SDP Relaxation

— 2
According to (14), we can know that Y1, | g} Wi ? and |hiwy| are non-convex part. This

problem might produce multiple local optimal solution. Semidefinite programming provides a

feasible method to transform these non-convex expressions into the following part.

T N N TN He —H
Zlgj Wi = Z g WxWy g; = Z Z Tr(g; wywy gj) =
&= j=14=dk=1 j=14=k=1

Y YK TrWovl gigh) = T S Tr(Wiegigt)  (15)
Set Wy, = vT’/ka’).
[BEwe| = hfwawlhy = Tr (WawEhihl!) = Tr(Wihh) (16)
Similarly,
KIWll2 = B, Tr (Wwf) = SKL Tr(w) (17)
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— 2 —T4
hiw;| +72 =) hiwwlh,+ 22 =) Tr(W hih}) + Z2
k

t+k t+k t+k

Therefore, the equivalent function can be expressed as follow:

Zle Yi=1 TrWigjg)
Sh=1 Tr(Wi)+Pc

maximize

(18)
St. C1: ZI]¢(=1TT(WR) < Pmaxa
: Tr(Wichihj)
c Ytk Tr(Wichichf)+ 22 = Hrequ vk e {1 ---,k},

C3: Rank(Wy)< 1, Vk.

After conversion of SDP, only C3 is non-convex expression. Theorem 2 reveals a feasible

solution related to the tightness of the SDP relaxation [61] - [63].

Theorem 1. If channel H and G are independent and the transformed problem in (17) is
possible, then the optimal information beamforming matrix W, is rank one at the most

situations. The proof process will be shown at the end of this part.

Therefore, the SDP relaxation is very efficient to solving this problem. In particular,

constraint C3 is removed and yield:

B Xk Tr(Wig;g))
maximise e
Wi Yi=1 Tr(Wi)+P¢

(19)

St. ClL: XX, Tr(Wy) — Ppax <0,
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C2: trequ(Zeer Tr(Wehihyl) + Z2) — Tr(Wihihil) <0 Vk € {1..,k},

C3: W, >0, Vk

4.2 Transformation of the objective function by fraction

programming

We define q* as the maximum transform efficiency for the given system. According to the

(17), we can get:

2 2
K w K Ho
. _ Zk=1|gj Wi, = maxy, u — max Zk:l‘gj wk|
=X oz = W = maXog—————
Tiea Wil +Pc Wi Freff Wi TR Wil 2+P¢

(20)

We use an important theorem of nonlinear fractional programming to get the optimal solution.
According to [64] - [66], the information beamforming vector achieves the maximum energy
efficiency g if and only if

K K
— 2 * —
max E lgf'Wi|” — q (E |Wk|2+Pc>
k
k=1

k=1

— 2 — 2
= 2K lgiwil - ¢ (T wil +R) =0 (21)
for TK.,|g#W | = 0 and (ZL,|Wil? + P.) > 0.

So far we can transform (17) to the following form:

ming; q" (ko Tr(Wi) +P) — Yo 2K, Tr(Wi g;97) (22)
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St. Cl: XX . Tr(Wy) —Ppax <0

C2: Urequ(Deer Tr(Wehihyl) + Z2) — Tr(Wihihl) <0 Vk e {1..,k}

C3: —W, <0, Vk

By applying the Dinkelbach method to solve (22). We following a similar approach as in [56]

for proving Dinkelbach method. The algorithm is shown as following:

TABLE |

ITERATIVE RESOURCE ALLOCATION ALGORITHM (Dinkelbach method ) .

1. Initialization L,,,, = the maximum number of iteration and A = the maximum tolerance
2. Set g =0 anditerationindex i = 0
3. Repeat {lIteration Process: Main Loop}

4. Solving the problem (15), then obtain each feasible information beamforming vector ch
for the given g

— 12 — 2
5. If ZE=1|g]’-’w;(| — q(ZE=1|w;(| +PC) < A then
6. Convergence = True

2
K | Ho
Zk=1|gj wi

2§=1|W}“|2+Pc

7. Return wj, = w}, and q* =
8. Else

2
K | Hl
Zk=1|gj Wi

—————andi=i+1
2¥=1|W;(|2+PC

9. Set q' =

27




10. Convergence = false
11. endif

12. until Convergence =true or i = Ly,qx

4.3 Proof theorem 1

We use Karush—Kuhn-Tucker (KKT) conditions and dual function to verify the theoreml.

Now, we introduce KKT conditions, generally.

For a given minimization problem:

minyegn f (X) (23)

subject to hj(x) <0,i=1,..m

lJ(X) = O,] =1,..r

Then, we can define the Lagrange function:
Lx,u,v) = f(x) + X2 u hi(x) + Xhoq v [(x) (24)
and Lagrange dual function can be shown as follow:
g(u, v) = min,egn L(x,u, v) (25)
The subsequent dual problem is
max,egm perr g(U, V) = maXueRm,veRTyell}g}l L(x,u,v) (26)

The KKT conditions are:
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v stationary: 0 € 0f(x) + X%, u; 0h;(x) + XY=, v; 9L ().

v' complementary slackness: u;h;(x) = 0 foralli

v' primal feasibility: h;(x) <0, [;(x) = 0 foralli,j

v dual feasibility: u; >0 foralli

According to above, we can define the Lagrange function for (18):

L= q*(21k(=1 Tr(Wk) + Pc) - Z§=1 ZIk(:l Tr(Wk Gj) + Z§=1/1k{.urequ(2t¢k Tr(WtHk) +

Z) — Tr(WeH )} + BIERa Tr(Wy) — Puax] = XRaa Tr(MWy) Ve € {1..,k}  (27)
Let H, = hihy, G; = g;9].

Where Y, and A, are dual variables, g is dual constant. The constraints C3, C2 and C1
directly depends the value of Y, A; and S. The dual problem of (19) can be expressed as

follow:

maxy, 1, ifxern L (28)

Deriving L, we can get:
s = 4" = By G+ Temi Aebtrequl = MeHi +BI =Y =0 (29)
Yo = q" +pI— Zle Gj + Xexk Aetreque — AxHy (30)

We define B = q* + BI — Ti_, G; + T ActhrequHe.

According to KKT condition, we can get
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Ye>0,1,>0,8>0 (31)

Yk Wk == O (32)

Ysz—Hk (33)

The complementary slackness characteristic results in the equation (31). That means the
columns of matrix W, fall into the null-space spanned by Y, for Wy # 0. Therefore, if the
beamforming matrix W is a rank one matrix or a zero matrix, we must have Rank(Y) >
Ny — 1.
Let us analysis the function (33):
Firstly, we suppose B is a positive semi-definite matrix. Then, we must have at least one zero
eigenvalues which has the associated eigenvector v. According to eigenvector, we define a
matrix V = vvH. Now, we multiple the matrix H and add trace operation on (30), we obtain:
Tr(Y,V) = —Tr(H,V) + Tr(BV) = —Tr(H,V) (34)

It is known that Hy and G; are independent, so we can get Tr(H,V) > 0. Also, we
already know Tr(YyV) = 0, which leads to a contradiction. Therefore, us suppose is invalid.
Hence, we indirectly prove that matrix B is a positive definite matrix, Rank(B) = Nr.
The basic inequality rule for the matrix rank tell us that Rank(4 + B) > Rank(4) —
Rank(B) under the same matrix dimension. Because Rank(4 + B) + Rank(—B) >
Rank(4) and Rank(—B) = —Rank(B). Using this basic rule on function (25):

Rank(Y}) = Rank(—Y,) = Rank(—B + Hj) = Rank(—B) — Rank(H,) =Ny —1 (35)

From now, we proof Rank(Yy) = Nt — 1, then Rank(W;) < 1 can be confirmed.

30




5.Simulation Results

In this section, we demonstrate the relationship between the average system wireless energy
efficiency and SINR requirement and the maximum transmit power via simulation. The basic
simulation parameters are listed in Table 1. Figure 5-1 shows that the average wireless energy
transfer efficiency depends on the requirement SINR. The stricter SINR requirement, the
lower average wireless energy transfer efficiency. This is caused by the constraint of transmit
power. Moreover, the number of antenna also has an important impact on energy transfer
efficiency. As the increasing of antennas, the average wireless energy transfer efficiency is
increased under the same maximum transmit power. It is worth mentioning that energy

transfer efficiency is more sensitive to the change in SINR in the case of a larger number of

antennas.
TABLE 1

SIMULATION PARAMETERS
Carrier center frequency 915 MHz
Bandwidth 200 kHz
Single antenna power consumption P =1 W
Static circuit power consumption F. = 150 W [19]
Power amplifier efficiency £=0.2
Transmit antenna gain 18 dB1
Noise power o2 = —95 dBm
Transmitter-to-ERs fading distribution | Rician with Rician factor 6 dB
Transmitter-to-IR fading distnbution Rayleigh
Energy conversion efficiency n; = 0.5
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fig.5-1 Average system wireless energy efficiency (%) versus SINR (dB)

32

/
pict



0 6 T T T T T T T T T T /?I‘x
: /
//
2 /
505 / ]
& /
© /
E /
(0]
3 /K
& D 7 il
< g
> —o—N; = #
2 osl 4 N_=10 / A
A N, =12 /
o — A N_=16 /.( o /
g i 7 Vi i
2 // ; &
9’53 0.2} A F. E
2 / &
(2] ,A/ - //
> v 4
© P s
%01 o Al .
< =
| | | | |
36 38 40 42 44 46
(dBm)

max

fig. 5-2 average system wireless energy transfer efficiency (%) versus maximum transmit power

(dBm)

Figure 5-1 shows the trade-off between the average system wireless energy transfer efficiency and the
maximum transmit power for the given SWIPT system model under proposed optimal beamforming
scheme. By comparing the y-axis under the same x-axis for different transmit antenna numbers, it is
obvious that with increasing number of transmitter antennas, the average system wireless energy
transfer efficiency increases. This is because the multiple transmit antennas provide the extra spatial
degrees of freedom, which improve the accuracy in beamforming. Furthermore, with the increasing of
the maximum transmit power, the average system wireless energy transfer efficiency increases sharply

under the same antenna number.
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6. Conclusion

In conclusion, we address the performance of the given multi-user SWIPT system by the average
system wireless energy transfer efficiency. Firstly, SDP and SDP relaxation is introduced to solve
non-convex problem. Then, optimization problem is solved by using fraction programming and the
property of duality. In addition, iterative resource allocation algorithm is given to get the optimal result.
Finally, we present the simulation results to show the good performance of the given system via

energy transfer efficiency.
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