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Abstract

Simultaneous wireless information and power transfer (SWIPT) is an emerging technol-
ogy that has received significant attention recently. In a communication system with
SWIPT capabilities, both of these tasks, information and power transfer is done over
wireless medium simultaneously instead of making these separately. In addition to pro-
viding a reliable alternative to powering communication networks solely with batteries or
with cables, SWIPT capabilities bring increased mobility and prolong network uptime.

In this thesis, SWIPT in a multiple-antenna relay system with multiple users is stud-
ied. The relay is used for increasing communication range for the information receivers
(IRs) as well as powering the energy harvesting receivers (ERs) that demand power. We
focus on the design of the amplify-and-forward strategy at the relay (relay precoder) and
the precoder at the base station. The minimum mean-square error (MMSE) is used as
the performance criterion for information transfer. We consider two main scenarios: i)
one-way relay system and ii) two-way relay system.

For the one-way relay system, the relay amplify-and-forward strategy (relay precoder)
to minimize the MMSE from the base station to the information user while satisfying
energy harvesting constraints at the energy harvesting users is investigated. For the
two-way relay system, minimizing the MMSE from the information users to the base
station while satisfying the signal-to-interference-plus-noise-ratio (SINR) constraints at
the information users and the energy harvesting constraints at the ERs is considered.
Here the precoders at the base station and the relay are optimized jointly.

These problem formulations lead to non-convex optimization problems. Due to limi-
tations of the available approaches for solving these problems, a novel numerical approach
is proposed. Using the proposed technique, the trade-offs between the MMSE and the
energy harvesting constraints are found. The results show that it is important to design
novel transmission techniques in order to deliver information and energy simultaneously
more efficiently. The performance of the proposed designs is also compared with the
performance of the some existing techniques in the literature that is developed for some
special scenarios and it is observed that the proposed designs provide the same perfor-
mance with these existing techniques in these special cases. The rate of the convergence
of the proposed method is also investigated and it is found suitable for solving the men-
tioned problems.

Keywords: MIMO channel, two-way relay systems, simultaneous information and power
transfer (SWIPT), amplify-and-forward strategy, minimum mean square error (MMSE),
non-convex optimization problem
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Introduction

Wireless communication is the fastest growing segment of the communication indus-
try [1]. Laptops, cellular phone, wireless sensor network, remote media and many other
applications and businesses become a critical part of everybody’s life in most countries
of the world. This explosive growth and demand for higher throughput in addition
to the inherent complexity of wireless propagation environments bring more technical
challenges in designing and implementing robust wireless systems.

Multiple antenna techniques improve the performance of wireless connections from
both capacity and reliability aspects. MIMO systems send the same data in different
propagation paths, which is called spatial diversity, to achieve diversity gain and improve
reliability of the system. Besides, these systems transmit different portions of the data,
which is named spatial-multiplexing, to attain multiplexing gain and improve the data
rate [1].

Relaying, in cooperation with base station, is a promising strategy and cost effective
solution to extend coverage range and overcome the losses due to different factors, includ-
ing fading and interference. The most known relaying strategies are amplify-and-forward
(AF), decode-and-forward (DF) and compressed-and-forward. In amplify-and-forward
strategy, relay stations amplify the received signal from the source and forward it to
the destination. Relays with decode-and-forward strategy listen for a transmitted signal
from source and decode it. In the case of correct decoding, relays forward signal to
the destination. The compressed-and-forward strategy allows the relay station to com-
press received signal and forward it without decoding [2],[3]. Amplify-and-forward relay
strategy is promising due to its low complexity compared to other strategies [4].

Two common protocols for relay transmission are one-way (OWRT) and two-way
(TWRT). In one-way relay transmission, one transmission from source to destination
occupies two channels at the same time. Hence, OWRT suffers from the half spectral
efficiency [5]. In two-way relay transmission protocol, source and destination send signals
at the same time to the relay and relay transmit received signals to both source and
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destination, therefore this protocol improves the poor spectral efficiency of OWRT [4].
Two-way relay transmission due to self-interference cancellation by network coding and
improving spectral efficiency has received significant interest [6],[7].

In addition, energy-constrained wireless systems (ECWS) typically use batteries.
Recharging of these batteries is expensive, inconvenient and sometimes impossible. Hence,
recovering energy from other resources is an appropriate, safe and environment-friendly
solution for ECWS. Due to some limitations of natural resources like solar or wind for
ECWS, wireless power transfer looks very promising. Radio frequency (RF) signals can
be a practical source of energy for low power consumption applications such as sensor
networks [8].

Simultaneous wireless information and power transfer (SWIPT) is an interesting area
that has attracted many significant attentions recently [9]. The SWIPT concept was
introduced first in [10] that showed there was a fundamental trade-off between reliable
transferred information and the rate of harvested energy in a single Gaussian channel.
This research has been extended later to frequency selective channels [11]. Practical
schemes in receivers for allowing SWIPT were proposed in [12],[13]. In these papers two
methods of time switching (TS) and power splitting (PS) for this purpose have been
suggested. Getting better efficiency by using multiple antenna techniques was focused
in [8]. In all these studies, channel state information (CSI) was available in transmitter,
but imperfect CSI has also been investigated in [14],[15].

In [16] achievable throughput of SWIPT in relay systems with two TS and PS meth-
ods in the delay-limited and delay-tolerant destinations have been investigated. Energy
harvesting in multiple relay system in an analog network coding based on two-way relay
system has been studied in [17]. In this study, a comparison between SWIPT and sub-
time slot information and energy splitting has been done. In [18], short-term throughput
maximization and transmission completion time minimization as criteria for two-way re-
lay system has been examined. The results showed the importance of TS and PS in
short-term throughput maximization in two-way relay systems. In [19], wireless infor-
mation and power transfer in MIMO channel under Rician fading has been investigated.

In this thesis, SWIPT in a multiple antenna relay system with two-way amplify-
and-forward strategy for multiple users is considered. The main aim of this thesis is
to design precoders for the base station (BSP), for relay (RP) or for base station and
relay jointly (BSRP) to transfer information with minimum error from information users
to base station while requested power transfers from relay to energy harvesting users
(ER) and satisfy signal-to-interference-plus-noise ratio (SINR) demands at information
receivers (IRs).

To achieve this goal, relay systems are modeled and optimization problems for men-
tioned scenarios (BSP, RP and BSRP) are formulated. A new technique to solve these
problems is proposed. Simulations are carried out to demonstrate the performance of
SWIPT in different scenarios by the proposed technique.

The following notation is used throughout the thesis. Uppercase and lowercase letters
denote matrices, and column/row vectors respectively. The complex conjugate trans-
pose and transpose of a matrix A are denoted by A and AT. The operators E(.),
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tr(.), rank(.) and det(.) denote the expectation, trace, rank and determinant operators
respectively. Identity matrix has been denoted with suitable dimensions. C™*™ denotes
the space of m X n matrices with complex entries. Positive semi-definite ordering is
denoted by >, where A = 0 denotes a Hermitian positive semi-definite matrix.
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Linear Precoder and
Amplify-and-Forward Strategies

2.1 Simultaneous Wireless Information and Power Trans-
fer in MIMO Channel without Relay

In this chapter three different scenarios including information transfer, power transfer
and simultaneous information and power transfer in MIMO channel will be modeled,
formulated and optimization problems will be defined. Besides, analytical solutions for
some scenarios and methodologies for solving these optimization problems are intro-

duced.

2.1.1 Information Transfer in MIMO Channel

In this section, the system model for information transfer is introduced and all math-
ematical equations that describe the system are explained. Finally, the optimization
problem and methodologies for solving them are presented.

System Model

In Figure 2.1, the model of the system is shown. In this model, the transmitter uses
a linear precoder (Arp € C"*™s) to precode the input information (s,) and sends it
through MIMO channel (Hjgrorg € C™*™) which is subject to noise (nrgorg € C"*"'r).
The receiver, by using the suitable estimator (Brr € C"*") forms an estimate of sent
information (§,,) from the received signal.
As it has been mentioned before, the transmitter precodes the input information as
follows
Tr = A[R.Sn (2.1)
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Source Channel IR2IR MiR21R Receiver
Sn /\ Sn
7 AR X Hirair \y ¥ Bir >
Figure 2.1: System model for information transfer
Received signal at the input of the receiver is as follows
Yy = Hiporr-AIR-Sn + NIR2IR (2.2)
The receiver forms an estimate of the sent signal
8yn = Brr-(HrRro1R-AIR-5n + NIR2IR) (2.3)

MMSE Estimation Problem

In this section, minimum mean square error (MMSE) estimation to form the estimate
of information data is explained. The target is to minimize the following error

Error = E[||3, — sy ] (2.4)
This error can be written in following format
Error = E[||BIR~(HIR21R~AIR-Sn + n[joR) — Sn”Q] (2.5)

By the using derivative with respect to Brgr, Brr can be obtained as

OFError

=0= Bip=Ky.K," (2.6)

In this equation, Ky, the co-variance of input information and received signal in receiver
and K, the co-variance of received signal can be written as

Ky = Ko AT HEo 1 (2.7)

K, = Hrporp Arp K Ay HBo 11 + K (2.8)

In the two recent equations, Ky and K, are the co-variance of input information and
the co-variance of noise respectively.

By replacing equation (2.6) in (2.5) and considering E[||Z||*] = E[tr(Z.2™)] = tr(E[Z.Z")),
the error can be expressed by

Error = tr(K, — Kg K, ' KL (2.9)
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The delivered power by source can be written as
Ps = E[||z||*] = tr(A1r.K,. AR (2.10)

Now the MMSE optimization problem, by considering limited power of source for sending
information, can be written as

min  tr(K, - KoK KL (2.11a)
IR
st. tr(Arr.Ks. Al < piler (2.11b)

In the next section analytical solution for solving this optimization problem will be
explained.
Analytical Solution

In this section, the analytical solution for solving (2.11) is explained. By using Woodbury
Identity which can be expressed as [11]

A-vctwvyt=at4 A U -vaAatu)ytvat (2.12)
and by replacing equation (2.7) and (2.8) and supposing K,, = afLImm -Tand K, =1,
this optimization problem can be simplified as

. 1 _
min tT’(I-i— 27A?R-HE{QIR'HIR2]R-AIR) 1 (2.13a)
Arr NIR2IR
st. tr(Arr. ARy < pilaz (2.13b)

By considering the following lemma [20]
tT(In*n + An*m-Bm*n)_l = tr(Im*m + Bm*n-An*m)_l +n—m (214)

the optimization problem can be written in the format of

min tT(I + 3 H[RQIR.A[R.A?R.H%HR)_I +ng —ny (2.15&)
Arr NIR2IR
s.t. tr(Arg Al < pMaz (2.15b)

Now by considering K4,, = Ay R.AfR the optimization problem will be expressed as

rﬂ}r}i tr(l + — Hirorr-Ka,n-Hihorp) ™t +ns — 0y (2.16a)
. NIR2IR
st tr(Ka,,) < Pio (2.16b)
Ka,, =0 (2.16¢)
rank(Ka,,) < ns (2.16d)
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This is a non-convex problem due to the rank constraint. Hence, solving this optimization
problem by available tool (CVX tool [21], [22], [23]) is not possible so the relaxed format
of this problem can be formed as

. 1 _
min  tr(] + — Hrrorr KA, -Hbo )™t + 15 — ny (2.17a)
Arr NIR2IR
st tr(Ka,,) < PMa (2.17b)
Ky, =0 (2.17¢)

The optimal solution to the (2.16)problem has the form K4,, = VHIR?IR.AKAIR.VI_%RQIR
1/2 H

where Vi, .., is obtained from Hirorp = UHIRMR'AHIRQIR' Hyporn:
In recent expressions Ap, .., = diag(hi,ha,...;hy,),hi > hy > ... > h,, > 0 and

AKAIR = diag(p1,p2;-.-,Pn, ) Where p; obtained from the standard "Water Filling Method’.

_ pMax
- PSou'rce

v 1\ "
pi = N Ji=1,...ng (2.18)

The optimum value of the objective function is Error™™ = Y (1/(h;.p;)). Finally,
12 could simply be found. Depending on ng and rank of K4, ,

Water filling method allocates power in constant level v that makes > 7 p;
when v is obtained by

Arr = VHIRQIR'AKAIR
some zero padding for A;g may be needed.

Methodology

In this section, different methodologies to solve optimization problem are introduced.
Although an optimal solution can be found analytically, these methodologies for solving
the optimization problem support and verify numerical solutions and algorithms for
original relay problem.

‘A and B’ Method [19]

In this method, optimization problem is rewritten in a new format and the algorithm
will be described. The error in (2.5) can be expressed as

Error =E|||Brr-(Hrr2iR-AIR-Sn + NIR2IR) — anz] (2.19a)
=E[||I — Brg-Hrrorr-Argl|*] + tr(Brr.Kn.BH) (2.19b)

=ng + tr(Bigr-Hiporr Arr- Ay HIL, . B
— 2Re[tr(Bir.-Hrrorr-Arr)] + tr(Bip. K. Bi) (2.19¢)

Hence, a new optimization problem with relaxation K4,, = As R.Af]R instead of K4,, =
AIR.A?R can be shown as

min ng+ tT(BIR-HIRQIR'KA[R-HE{QIR-B[}%)

AIR
— 2R€[tT(B[R.H[R2[R.A[R)] + tT‘(B[R.Kn.Bg%) (2.20&)
st. tr(Ka,,) < Pz (2.20b)
Ka,, = Arp. A, (2.20c)
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The algorithm for solving the mentioned optimization problem is:

Algorithm IT(A,B):
e Initialize Choose Arg and update Brgr
e Repeat

- solve optimization problem (2.20) and find Arg
- update Brp

o Until No improvements in objective function

‘A and AH’ Method
In this method, a new fixed variable A;ry as replacement of A?R in optimization problem

is used. The algorithm is illustrated as
Algorithm IT(A,AH ):
o Initialize A, Arra and c4,,

e Repeat

Solve following convex problem and find Argr

. 1 _
min t?“([+ 2 AIRH-HE%ZIR-HIRQIR-AIR) 1 (221&)
Arr Onirarr
s.t. tT(A]R.A[RH) S Pé‘ggfce (221b)
2
||lvec(Arr — AIIY{RH)H <Eap (2.21c)

Change € a,, to get first feasible Arp

Update AIRH = A;IR

- If no improvement in objective function then choose smaller €4,,
. Tg

o Until £4,, < ey,

The value of € 4,, changes adaptively. Initial large value makes the optimization problem
relaxed and final small value (e4,, < EZ‘LIJR) assures that AJILIR = A/rH.

2.1.2 Power Transfer in MIMO Channel

In this section, the system for power transfer is introduced and all mathematical equa-
tions that describe the system are explained. Finally, the optimization problem is ex-
pressed.
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Source Channel ER2ER Receiver
>n y Ener, ER
7 Aer * Gerae ‘m Harvef’!er [
NER2ER

Figure 2.2: System model for power transfer

System Model

In Figure 2.2 | the model of system is shown. In this model, the source or transmitter
uses a linear precoder (Agr € C™*"s) to precode the input information (s, ) and sends
it through MIMO channel (Ggropr € C"*"™) with noise (ngrapr € C" *"). Receiver
by using the energy harvester gathers energy. Received signal at the receiver can be
written as

Y = GERr2ER-AER-Sn + NER2ER (2.22)
By considering E[||Z||?] = E[tr(Z - Z")] = tr(E[Z - Z"]) and supposing 1 = 1 when 7
is the efficiency of energy harvester, harvested power can be expressed by

Pgr =n.E[|ly|*] = tr(Geropr-Apr-Ke. AR GRropr) + tr(Knppopn) (2.23)

Optimization of the Precoder for Power Transfer

In this section finding Agg, that maximizes the harvested power in the receiver, is the
objective function of this optimization problem. Besides, the limited power of source

should be considered also. The optimization problem by supposing tr(Kp,pps) = 0
and K = I can be expressed as

ER

sit. tr(Apg Alg) < pMaz (2.24b)

Analytical Solution

In this section, Ap R.Ag r is replaced by K gy therefore the optimization problem can be
rewritten as

rﬁlax tT(GERQER-KEH-GgRQER) (2.25&)
ER

st. tr(Kgy) < Pile (2.25b)

Kgg =0 (2.25¢)

The optimal solution to such a problem has a form of Kgg = ngﬁfae.vﬂ.vﬁ where

vy1 corresponds to the first column of Vg, pwpr- Veprepr 15 obtained by SVD form of

GEr2BR = UGppopn-NGrropr-VGpronr Where AGyp,pn = diag(g1,92,--.9n),91 2 92 2
... > gn > 0. The optimal value of the objective function is PowerM® = paez 4 and

Source
optimal precoder is Agr = [, / Pé\ggfce.vﬂ 0} 8].

10
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Methodology

The ‘A and AH’ is explained in this section to verify the performance of this method for
transferring power which is a simplified format of the optimization problem of the relay.
‘A and AH’ Method

In this method, a new fixed variable Agry as replacement of AgR in optimization
problem is used. The algorithm is denoted as

Algorithm PT(A,AH ):
o Initialize Apr, Aprm and €Ay,

e Repeat

- Solve following convex problem and find Aggr

IIILllaX tr(GERQER-AER-AERH-GgR2ER) (2.26&)
ER
s.t. tT(AER.AERH) < Pé\ggfce (2.26b)
2
Hvec(AER - AgRH)H < EApg (2.26¢)

- Change €4y, to get first feasible Apg
- Update Agry = AgR
- If no improvement in objective function then choose smaller €,

o Until ca,, < 551%

2.1.3 Simultaneous Information and Power Transfer in MIMO Channel

In this section two models of simultaneous wireless information and power transfer
(SWIPT) are introduced and two possible optimization problems are explained.

System Model

There are two models for simultaneous information and power transfer. In the first
model that is shown in Figure 2.3, information and energy harvesting users are sepa-
rated. The source or transmitter uses a linear precoder (Ag € C™*™s) to precode the
input information (s,) and sends it through two different MIMO channels correspond to
information user and energy harvesting user (Hgorg € C"1r*™ and Ggopr € C"ER*™)
with noise (ngorg € C"1r*"™1r and ngopr € C™Er*™ErR).  Similar to section 2.1.1 and
2.1.2, the received signal after the estimator in the information user and the received
energy in the energy harvesting user is formulated as

5p = Brr.(Hs21r-As.Sn + Ns21R) (2.27)

11
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Channel S2IR

O I

Hsair \|+/

Source Channel S2ER

Receivers
Sn ‘m Y2 Energy ER

— A G
s S2ER \lj Harvester

Ns2er

Figure 2.3: System model for SWIPT (model 1)

S
Bir —
Ns2r
Source Channel HG2ER Receivers
Sn /j\ Ener; ER
X gy
As HGs2x '\:/ y Harvester
Figure 2.4: System model for SWIPT (model 2)
Ppr = tr(Gsopr-As. Ko AL.GEpp) + tr(Kngypr) (2.28)

In the second model that is shown in Figure 2.4, information and energy harvesting users
are co-located. The source or transmitter uses a linear precoder (Ag € C™"*™s) to precode
the input information (s,) and sends it through a MIMO channel (HGgop € C"r*™)
with noise (ngor € C"r*™r). For this model following equations model the system

Sy = B]R.(HGSQR.AS.Sn + nSQR) (2.29)

Ppr = tr(HGgop.-As. K. AY HGp) + tr(Kng, ) (2.30)
Since this model is a particular case of the previous model, only the first model will be
investigated in following sections.
MMSE Estimation Problem

In this optimization problem, minimizing mean square error at the information user
while satisfying energy harvesting and transmission power constraints is the target. This
problem is formulated as

. —1
min  tr(Ks — Ko A HY p (Hsorp As. Ko AS HE  p + K,) .Hgorp.Ag.K)

Ag
(2.31a)
st. tr(Gsopr-As Ks AS.GHypp) > P (2.31D)
tr(Ag. K. A < pMas (2.31c)

12
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In this problem Pg;q is requested power from the energy harvesting user. This problem
is non-convex because of energy harvesting constraint.

Methodology

Two methodologies, ‘A and B’ method and ‘A and AH’ method, are applicable. By

assuming K, = o2 I and K, = I, optimization problem can be rewritten as

NS2IR
. -1
min tr (1 — Al HEp.(Hsarr-As A§ Héyp +on, ) -Hsarr-As) (2.32a)
S
st. tr(Geapr-As. AS.GHpp) > PHed (2.32D)
tr(Ag.AY) < plMaz (2.32¢)

This optimization problem by using Woodbury Identity (2.12), lemma (2.14) and K4, =
AS.Ag can be expressed as

. 1 _
min  tr(I + ——— Hsorp-Kag - Hép) ™" +ns — nppy (2.33a)
Alr ng2IR
st. tr(Gsapr-Kag.Glhpr) > Poc (2.33b)
tr(Kag) < Pogurec (2.33¢)
Kag =0 (2.33d)
rank(Kag) < nsg (2.33e)

It can be shown that lower and upper limits for information error and harvested power
are the limits are calculated for optimization problems in (2.16) and (2.25) [8].

‘A and B’ Method

In this method, by assuming K44 = Ag.Ag instead of K4, = As.Ag, the optimization
problem (2.31) is given by

min 1 + tr(Big-Hsorr-Kag-Hih - Bik)

Asg
— 2Re(tr(Brr.Hsarr-As)] + tr(Bip.K,.BiL) (2.34a)
st. tr(Gsapr-Kag.Ghpp) > PR (2.34D)
tr(Kas) < Ploupee (2.34c)
Ka, = Ag. Al (2.34d)

The algorithm for ‘A and B’ method is expressed as

Algorithm SWIPT(A,B):
e Initialize Choose Ag and update Brp

e Repeat

13
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- solve optimization problem (2.34) and find Ag
- update Brgr

e Until No improvements in objective function

‘A and AH’ Method

This method is very similar to information transfer. In (2.33), the A is replaced by

Agp and algorithm is defined as

Algorithm SWIPT(A,AH) version 1:
o Initialize Ag, Asg and €44
e Repeat

- Solve following convex problem and find Ag

. 1 _
min tr(I + 5 ASH-HSHQ]R-HSQIR~AS) 1
As nS2IR

st. tr(Gsapr-As.Asn.Glhpr) > Pt
tT(AS.ASH) < pllazx

Source

lvec(As — Afy)||” < eas
- Change € a4 to get first feasible Ag
- Update Aasg = Ag
- If no improvement in objective function then choose smaller €

o Until c4, < 52“;

(2.35a)

(2.35b)
(2.35¢)

(2.35d)

This version of optimization problem in recent algorithm by using K, = AS.Ag and

relaxation K4, = Ag.Ag can be rewritten as

Algorithm SWIPT(A,AH) version 2:
o Initialize Ag, Asg and €44
e Repeat

- Solve following convex problem and find Ag

14
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. 1 _

min tT(I + ?ASHHSHQ]RHSQIRAS) 1 (236&)
As nS2IR

st. tr(Gsopr-Kag.Glhpg) > Poct (2.36h)

tr(Kas) < Péguree (2.36¢)

Kag = As.Asn (2.36d)

|vec(Ag — AgH)H2 < eAq (2.36¢)

- Change €44 to get first feasible Ag

Update Apsg = Ag

If no improvement in objective function then choose smaller €44
o Until e4, < e’
As = Ag

Numerical experiments show that both versions of this algorithm lead to the same results
but the second version converges faster.

2.2 Simultaneous Information and Power Transfer in MIMO
Channel with Relay Amplify-and-Forward Strategy

In this chapter, two systems, one-way and two-way information and power transfer
with relay amplify-and-forward strategy in MIMO channel are defined and modeled.
Optimization problems and methodologies to solve them are introduced.

2.2.1 One-Way Information and Power Transfer with Relay Amplify-
and-Forward Strategy

In one-way information and power transfer which is illustrated in Figure 2.5, the base
station sends information to relay and relay precodes, amplifies and forwards this signal
to information user (IR) and energy harvesting user (ER). In this section, the system
model for one-way information and power transfer with relay will be explained. Opti-
mization problem and algorithm for solving it are described.

System Model

In Figure 2.6 and Figure 2.7, the model of system for two different time slots is shown.
In the first time slot, the base station sends signal carrying information to relay. In
the second time slot, relay adopts the amplify-and-forward strategy to forward to the
information user that needs information and the energy harvesting user.

In this model, Hggor € CNre-rXNizBs ig channel matrix from base station to relay,
Hporgp € CNuwrXNrair jg MIMO channel matrix from relay to the information user,
Gropr € CNraerXNir s MIMO channel matrix from relay to energy harvesting user,
Apg € CNwwBs*NsBs ig precoder at the base station, Arg € CNtw-rXNra R ig precoding
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Information
User

—z— [7]

Base Station @

Energy User

Figure 2.5: One-way relay system with base station and information and energy harvesting
users

matrix in the relay, spg € CNsBSXl npeyp € CNrerX1 is additive Gaussian noise

with NV(0,0%g,p-1) distribution in the MIMO channel from base station to relay, nrarg
is additive Gaussian noise with N(0,0%4;p.1) distribution in the MIMO channel from
relay to the information user and ngogg is channel noise with N/ (0,012%2 gr-1) distribution
from relay to energy harvesting user.

Nes2r
Source Channel BS2R Relay
Sgs XRr YR
ABS HBSZR ARS
Figure 2.6: System model for the first time slot
n
Channel R2IR /Rfi IR User
ZRr ;BS
H oo+ > B
Relay R2IR u IR
NR2er
X
R, Ags YR Channel R2ER /l\ ER User
ZeR Energy Per
G o+ > —
RIER \_/ Harvester

Figure 2.7: System model for the second time slot

Following equation expresses the received signal at the relay input in the first time

slot
xr = Hpsar-ABs-SBs + NBs2r (2.37)
In second time slot, relay applies precoding and then forwards xp as follows
yr = Ars-tr = Ars.(Hps2r-ABs-SBs + NBs2R) (2.38)
The relay output power is Pr and it is expressed as
Pg = tr(Ags.(Hpsar-Aps-ABs-Hpsor + 0hsar I)-Alls) (2.39)
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The received signal by the information user is as follows
z1r = Hp21r-YR + NR2IR (2.40)
At the IR user, an estimate of spg is formed as follows
8ps = Bir-(HRr21r-YR + NR2IR) (2.41)

Big is the estimator used in the information user to recover sent information. $gg can
be written as

$ps = Bir.(Hrorr-Ars-(Hpsor-ABs-Sps + nps2r) + Nr2UR) (2.42)
Received signal at the ER user is given by
2grR = GR2ER-YR + NR2ER (2.43)
Expression (2.43) can be rewritten as
2Er = GreER-ARs-(HBs2r-ABs-SBs + NBs2r) + NR2ER (2.44)

Energy harvesting user uses the received signal for accumulating energy. The harvested
power by the ER is given by

Pgr = Egg (|Groer-yr + nr2er|?) (2.45)
Pgr =tr (15" T3) + T4 (2.46)
When T3 and Ty are defined as follows

T3 = Greer-Ars-Hpsar-ABs (2.47)

Ty = tr(ARs-Glopr-GropR-ARS) OhsoR + Ohopr NER (2.48)

MMSE Estimation Problem

In this section, optimization of relay precoder in one-way relay system with amplify-and-
forward strategy is the main focus. IR user aims to minimize mean square error of the
base station sent information and received signal. To achieve this goal, MMSE receiver
at the information user is considered. Therefore, total MSE can be stated as

MSEgpsarr = Err (|3s — sBsll®) (2.49)

With some simple manipulations, minimum total MSE can be rewritten in following
format.

MSEpsarr = tr (I + Ty T1.T3) ") (2.50)

Ty and T, are expressed as

T\ = (Hporr-Ars-Alts-Hio r-0Bsar + 0horp-I) ™" (2.51)
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Ty = Hpair-Ars-Hpsa2r-ABs (2.52)

Hence, an optimal estimator in the information user can be written as
Bir =T (o1 + 1707 (2.53)

Furthermore, relay has restricted transmission power (PA9%) to send signals to the
information and energy harvesting users that should be considered as a constraint for the
optimization problem. Finally, the energy harvesting user requests a certain amount of
power (ngq) that is another constraint. Briefly, the optimization problem is formulated
as (2.54). In this optimization problem, the suitable precoding in the relay is found.
This precoder should be designed to minimize error for sent information from the base
station to the information user while satisfying the power transfer constraint for the
energy harvesting user and relay limited transmission power constraint.

min MSEBS2IR (254&)
ARs
Subject to :
Pr < pMoaz (2.54b)
Pgr > PG (2.54¢)

This optimization problem is not convex because of non-convex objective function and
constraints.

Methodology

Only ‘A and AH’ method is applicable for such an optimization problem. To solve the
problem, K AH = AgS.A Rrs is introduced and (2.54) is rewritten in following format:

Ty = (Hrorr-Aps- AR g HE 1 p.0%60n + 0horp 1) (2.55a)

Ty = Hpojr-Ars-Hpsar-As (2.55b)
min 7 (I + Ty T1.Tx) ") (2.55¢)
ARs

Subject to :

tr(Afs-Hpsop-Kan -Hpsor-Aps + 0bgop-Kan ) < PR (2.55d)

tr(AB g HH oo AR .GH, o Gropr - Ars.-Hpsor-ABs)

+tr(Aly.GYo o G ropR-ARS) 0B gon + Thopr > Phc (2.55¢)

Kn = Alis-Ags (2.55¢)

This problem is relaxed by replacing KAgS = AgS.ARS with KAEIS = AgS.ARS. By
this relaxation, it is possible to make one of the constraints as a convex function. As it
has been mentioned earlier, the inequality K Al AEIS.A rs = 0 denotes positive semi
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definite matrix.

T\ = (Hrorr-Ars-Afs-Hiorp-0B50r + 0korg-I) ™ (2.56a)

Ty = Hrorr-Ars-Hpsar-ABs (2.56b)
min 7 (I + T3 T1.Tx) ") (2.56¢)
ARs

Subject to :

tr(AgS‘HgS2R-AgS-GgQER'GR2ER-ARS‘HBS2R-ABS)

+tr(Afls Glopr-Gropr-Ars)-OBsar + Ohopn > Ppry (2.56e)

Kyp — ARis-Ars = 0 (2.56¢)

Finally, Ags is replaced by a new variable Aggp. The reason for this replacement is the
objective function in (2.56) that is a non-convex function.

Ty = (Hrorr-Aps- A HE, 1 p.0%60n + 0horpI) (2.57a)

Ty = Hrarr-Ars-Hpsar-ABs (2.57b)

Ts = AR HE oop - Aps - Hio n (2.57¢c)
IE;I; tr (I +T6.T1.To) ") (2.57d)

Subject to :

tr(AgS.HgSQR.KAgS.HBSQR.ABS +0Bsar-Kan,) < pMaz (2.57¢)

tr(AB g HE oo Apsi.GHyppn.Gropr.-Ars.-Hpsor-Aps)

+tr(Arsn .G pp-Gropr-ARs) - 0% gon + 0hopr > PR (2.57f)

Kyp — Afig-Ars = 0 (2.57g)

lvec(Ars — Afisu)II” < €aps (2.57h)

In this formula € 4, is an adaptive threshold value with a sufficient small target threshold
value (55‘2 S) that insures to reach AEIS ~ ARSH. €A is adaptively changed throughout
iterations. At initialization, a large threshold €4, is chosen.

Hence, the overall algorithm for solving this optimization problem is demonstrated
below. In this algorithm first Agg is initialized so Arsy = Ags. EApg is set to a
relatively large initial value since larger values for € 4, makes the problem more relaxed.
After finding the first feasible answer for Arg, Arsy is updated by Arsy = Ags. This
procedure continues until no improvement in the objective function can be reached.
Then a smaller value € 4, is selected until it becomes less than targeted value (ei*‘; )

Algorithm SWIPT_ROW (A,AH):

o Initialize ARs, ARSH and EARg
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e Repeat
- Calculate expression
Ty = (Hr2ir-Ars-Afls-Hiorp- 05505 + 0horp-I) ™"
- Define expression
Ty = Hporr-Ars-Hpsar-Aps
Ts = ABs-Hfgop-Arsu-Hi g
- Solve following convexr problem and find Ars
min  tr (I +T6.71.72) ) (2.58a)
ARs
Subject to :
H H 2 Mazx
tr(AgS‘Hgng-ARSH-GII_%IQER-GR2ER-ARS~HBSQR-ABS)
+ tT(ARSH-Gg2ER-GR2ER~ARS)-UQBSQR + O-%ZQER > Pg;q (2.580)
Kyn — Al Aps >0 (2.58d)
lvee(Ars — Afisi)|I* < caps (2.58¢)

- Change €, to get first feasible Apg
- Update Arsy = Ags
- If no improvement in objective function then choose smaller €4,
. Tg
Until €4, < €Ang

2.2.2 Two-Way Information and Power Transfer with Relay Amplify-
and-Forward Strategy

In two-way information and power transfer (Figure 2.8), the information users and base
station send the information to relay that precodes, amplifies and forwards information
of information users to base station and information of base station to the information
users. Besides, power transfers to the energy harvesting users simultaneously. In this
section, the system model and equations for two-way information and power transfer
with relay amplify-and-forward strategy will be explained. Due to possible precoding in
the base station, relay and join base station and relay, different optimization problems
and algorithms for solving them are described.

System Model

In Figure 2.9 and Figure 2.10, the model of system for two different time slots is shown.
In the first time slot, the information users and the base station send information to
the relay. In the second time slot, relay uses a linear precoder to amplify and forward
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nformation
User

Energy Use

Figure 2.8: Two-way relay system with base station, information and power transfer users

received signals. The precoded signal is sent to the base station, the information users
and the energy harvesting users. In this model, spg € CV+8s*! is information data to
the base station, syr; € CNstriX1 is information data at user i, Agg € CNtw-Bs*NsBs
is base station precoder, Ajp; € CNuw1riXNsiri i5 the precoder in the information user
i, Hggop € CNre.rXNixBs ig the MIMO channel matrix from the base station to the
relay, Hrpiop € CNre-rXNiwiri js the MIMO channel matrix from the information user
i to the relay, npgop € CNr=r*1 is additive Gaussian noise with N (0,0%52 r-1) distri-
bution in the MIMO channel from the base station to the relay, nygrior € CNrerx1 ig
additive Gaussian noise with V(0,07 55.1) distribution in the MIMO channel from the
information users to the relay, Agrg € CNwrXNrzk ig precoding matrix in the relay,
Hpopg € CNre-Bs*Niwk is the MIMO channel matrix from the relay to the base station,
Hporgri € CNretriXNiar js the MIMO channel matrix from the relay to the information
user i, Groppi € CNre2Ri*Niz R s the MIMO channel matrix from the relay to the en-
ergy harvesting user i, nrapg is additive Gaussian noise with N (0,0%22 ps-1) distribution
in the MIMO channel from the relay to the base station, ngrerg; is additive Gaussian
noise with N(0,0%;p.I) distribution in the MIMO channel from the relay to the in-
formation user, ngopp; is channel noise with AN (0,0%,5p.I) distribution in the MIMO
channel from the relay to the energy harvesting user and Bpg and Brp, are estimators
of received signals in base station and information user i respectively.

In the first time slot, both base station and the information users transmit the infor-
mation to relay. The received signal at the input of the relay is formulated as

xr = Hpsar.ABs.sBs + nps2r + Hrror-Arr-SIR + NIR2R (2.59)

In this equation Hygrorp = |:H[R12R | Hip,or | ..o | HIRNMUQR} where Hrp,or is the chan-
nel matrix from information user i to relay, Ny is the number of users. Arg, and P;
are precoder in information user and transmitted power by user i. The equation can be
rewritten in following format

Nyu

vr = Hpsor-Aps-sps + npsar + Y (Hirar-ArR,-SiR, + NR2R) (2.60)
i=1

In the second time slot, the relay applies amplify-and-forward strategy on received signal
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Ngsar
Base Station Channel BS2R
Sgs
B Ags > Has2r
Relay
y
XR Yr
<+ >_' Ags —>
A
Users Channel IR2R
SIR
—_— AR > Hirzr
Nir2r
Figure 2.9: System model for the first time slot
Channel R2BS Base Station
A
Zps Sgs
> Hrags Bss
Relay Channel R2IRi NRr2Bs IR Users
AN
XRr Yr Z|R SIRi
— Ags > Hrairi Biri —
n .
Channel R2ERi R2IRI ER USers
Zgr Energy Peri
. Graeri —
Harvester

NR2ERi

Figure 2.10: System model for the second time slot

from information users and the base station as
Yyr = Ars- (Hps2r-Aps-sps + nps2r + Hrror-AIR-SIR + NIR2R) (2.61)
The signal received at the base station at the second time slot is given by

2Bs = HraBs-Yr + NRr2BS
= Hpops.Ars.(Hpsar-ABs-sps + nps2r + Hrror-Arr-Sir
+ nrr2r) + NR2BS (2.62)
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A part of the received signal in the base station is related to the sent signal to the
relay by the base station. Therefore, the back propagated self-interference term can be
eliminated

2ps = Hraps-Yr + nNr2Bs
= Hprops.-Ars-(Hrr2r-ArR-SIR + NIR2R) + NR2BS (2.63)

The base station uses estimator Bgg to extract information that has been sent to relay
from information users

$ps = Bps-Hraps-Ars-(Hir2r-ArR-SIR + NIR2R) + NR2BS (2.64)
It should be mentioned that the base station and relay power are given by

(ABS KSBS ABS) (265&)
tr(Ars.(Hps2r-As-Ksps-Afs-Hpsor)-Afls)
+tr(Aps.(Hiror-Arr- K Afp-Higor)-Alls)

(
(

PBS =tr

H
+tr AR ( nB52R+0n1R2R) ARS) (265b)
When the K, is the co-variance matrix of information data at the base station and
K. . is the co-variance matrix of information data at the information users. Information

SIR
users receive the following signal

2R = HRrorr-YRr +NR2IR
= Hporr-Ars-(Hpsar-Aps-sps + npsar + Hrr2r-AIR-SIR
+ nrr2R) + NR2IR

Nyu
= Hporr-ARs. (HBSZR-ABS-SBS +npser+ Y (HirorArr,-sig, + nIRﬂR))
i=1

+ NR2IR (2.66)

The base station transmitted signal is recovered by Bjgr estimator in information users

5rr = Brr. (Hg2rr-Yr + NR2IR)
= Bir.(Hrerr-Ars-(Hps2r-ABs.sBs + ns2r + Hrr2r-ArR-SIR
+ nrR2R) + NR2IR) (2.67)

The received signal by user k is

Nyu

2[R, = Z (Hr2rr,-Ars-Hpsa2r-ABps;-5Bs;) + Hrorr-ArRs-nBs2R
=1
Nyu

+ > Hporr, - Ars-(Hir2r-Arr, -SIR, + NiR2R) + NR2IR (2.68)
i=1
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Here, HRQIR = [HRQIRI;HR2[R2;...;HRQIRN]\/IU} where HRQ[Ri is the MIMO channel

matrix from relay to user ¢ and Aps = [Aps, | Aps, | - | ABSNMU] where Apg, is
the base station precoder for information data belongs to user i. A part of the received
signal at the information user k is related to the sent signal to the relay by the same
user. Therefore, the back propagated self-interference term can be eliminated

ZIR, = HRQIRk .ARS»HBSQR'ABSk -SBS)

+ (Hrair,-Ars-Hpsor - Aps,-$8s,) + Hrarr-Ars-nBs2r
ik

+ Z Hporg,-Ars-(Hig;2r-AIR;-SIR; + NIR;2R) + NR2IR (2.69)
ik

The estimated signal for user k is

Str, = Bir,-(Hr2rr,-Ars-Hps2r-ABs, -SBS, )

+ Big,. | > _(Hroir, - Ars-Hpsar-Aps,-s8s,) + Hrarr-Ars npsar
ik

+ Bir,,. Z Hporr,-Ars-(Hrr2R-AIR,-SIR; + NIR;2R) + NR2IR (2.70)
ik

By supposing Ks,g = I, Ksp = I, Knpgp = O%SQR'I? Knipor = U%RZR‘I and

Knporr, = 0%or R, -1, signal-to-interference-plus- noise ratio (SINR) for user k is defined
by

Sigpsarr, = |Hp2ir,-Ars-Hps2r-Aps,|” (2.71a)
Intpsarr, = Z |Hrorr,-Ars-Hpsar-Aps;|* (2.71b)

itk
Npsarr = |Hr2ir-Ars|® .0, (2.71c)
Intrgrorgr, = Z |Hporr,-Ars-Hir2r-Arr;|? (2.71d)

itk
Nirerr, = [Hporr-Ars|>.0p o + 00 (2.71e)

i

SINR), = Y9552 Ry (2.71f)

Intgsarr + Intrrorr, + NBs2ir + Nirorr,

Finally, the energy harvesting users get the following signal at their inputs

2ER = GR2ER-YR + NR2ER
= Groer-Ars-(Hpsar-Aps-Ss + nps2r + Hrror-Arr-Sir
+ nrr2r) + NR2ER (2.72)
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The received signal by user k is

Nyu

2ER, = Z (GRr2ER,-Ars-Hpsar-ABs,.5Bs;) + GrR2ER-ARS NBS2R
=1
Nyu

+ Z Hrobr, -Ars-(Hrir2r-AIR,-SIR;, + NIR2R) + NR2ER (2.73)
i1

Here, GRQER = [GRQ]Rl; GRQERQ; ceey GRQERn] where GRQERZ- is i row of GRQER. The
power of received signals is formulated as

Per = E(|zer]?)
_ H oH H ~H
= tr(GRQER'ARS'HBSQR‘ABS'KSBS'ABS‘HBSQR'ARS'GRZER)
+tr(Gropr-Ars-Hiror - Arp-Ks; p Ay Hio p A GH o)
+tr(GropRr-ARS Knpeon-ARg.Giopr)
+tr(GropRr-ARS-Knymop- AR g Giopr)
+ tT(KnRQER) (2.74a)
_ H H H ~H
= tr(Greer-Ars-Hpsar-Aps.-Ags-Hpsop- ARrs-GRropr)

(Greer-Ars-Hiror-Arr-Afy - Hiop-Als.Ghapr)

+ tT(GRQER'ARS'AII_%IS'GEIQER)'U?LBSQR
+ tT(GRQER-ARS-Ags-GgwR)-UrzLIRgR

+ NEROp (2.74b)

The received energy by user k can be rewritten as

Pgr, = tr(Groer,-Ars-Hpsor-Aps.-Alls-Hisor-Als-Ghopr,)
+ tr(Greer,-Ars-Hirer- Arr-Alr-Hiror-Afs-Ghopr,)
H  ~H 2 2
+tr(GraER,-ArS - ARs-GRoER,) (Tnpsor T Tninar)

+02

MR2ERy,

(2.75)

In the next section, the optimization problem will be discussed and formulated.

MMSE Estimation Problem

In this section, minimum mean square error (MMSE) to retrieve the sent information
data from information users to base station when the SINR from base station to each
user is more than required SINR and the power in each energy harvesting user is more
than requested power are the target.
The total MMSE from data which has been sent by information users to base station
is given by
MSErreps = Eps (/1385 — sirl*) (2.76)
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This equation is summarized to [ref: (2.9)]

MSE1rops = tr(Kg, — Ko pyps Kot K2 )

YBs SIRYBS

= tr(I + Kaypyss-(Kyss = K pyps Karnyss) " Kijpyss) " (277)

SIRYBS "' SIRYBS
where K, 54 is given by
Ky nyss = ATr-Hiror-Afs-Hiops (2.78)
and Ky, is expressed as
Kyps = Hrops-Ars-Hipaer A Al Hiop Al HE 5o

+ Hrops-Ars-Knpson-Ahs-Hhaps

+ Hrops-ARrs-Knymon-Ahs-Hhaps

+ Knpaps (2.79)
Hence, the total MMSE is equal to
-1

Tl = (HRQBS'ARS'(KnBSQR + KnIRzR)'AgS'HgQBS + KnRzBS)
~1

== (HR2BS'ARS'(U$LBSQR + U%[RQR)'AEIS'HII{{QBS + U”%QBS.[> (280&)
MSErrops = tr(I + Ks,RyBS.TLKgRyBS)—l (2.80b)

Since SINR from base station to each user should be more than SIN Rf‘eq, the received
power for the energy harvesting user must be more than ngi, the base station trans-

mission power is limited to P%M and the transmission power of relay is also limited to
PIJ;‘{I %% the optimization problem is expressed by

i tr(l + Ko pyps TLED )71 (2.81a)
Subject to :

SINRy, > SINR“, Vk=1,..Nyu (2.81b)

Pgr, > Pggl, Yk =1,..Nyy (2.81c)

Ppg < PjLae (2.81d)

Pr < pMoaz (2.81¢)

In this problem, the objective function, SINR and energy constraints are non-convex. In
the next section a new method for solving this non-convex problem is introduced.

Methodology
In this section, ‘A and AH’ method for solving the optimization problem is focused. The
optimization problem with some small manipulations and supposing o2 on = o2 psan T
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072” rop 1S TEWIitten as
2 H prH !
Tl — <HRQBS'ARS'UHXQR'ARS'HRzBS + 0'”%235.[) (2823)
min (] + A HE o AR HY o T1.Hpops. Ars.Hipor-Arr) " (2.82b)
RS>ABS
Subject to :

tr(HgQIRK-HRQIRK-(ARS'(HBSQR-ABSk-Agsk-HgszR
— SINRJ.() "(Hpsar-Aps, Alys,- Hisor + Hiror-Higop- | Arr,?)
ik
I)).A) > SINR.o2 Vk =1,...Nyu (2.82¢)

NR2IR,’

2
+ U”X2R'
tr(GRQERk -ARS-HBSZR-ABS'AgS-HgszR-AgS-GEIQERk)
+tr(Groer,-Ars-Hirer- Arr-Alr-Hiror-Afs-Ghopr,)

+ tT(GRQERk'ARS'AgS'GgZERk)‘ngzR

2 R
T Tnpapr, = PEle%i’ Vk =1,...Nvu (2.82d)
tr(Aps.Allg) < Phlas (2.82¢)

+ tr((HIR2R'AIR‘KSIR-A;IR-HEZQR)‘AgS-ARS)
+ 02 tr(Alg. Aps) < PMa® (2.82f)

NX2R

Three different methodologies and algorithms for base station precoding, relay precod-
ing and joint base station and relay precoding scenarios for this optimization problem
are considered. Therefore the optimization problem methodology for each scenario is
explained separately.

Base Station Precoding

In this scenario, the precoding is conducted in base station and relay uses an arbitrary
constant precoding. Due to limited transmission power of relay Arg = \/&.ARS with
suitable o > 0 satisfies the power constraint of the relay. By replacing K4, = A BS.Ag g9
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this optimization problem can be expressed as
T1= <a.HR2BS.ARS.UZX2R.AgS.HgQBS + Gngwsl)_l (2.83a)
min tr(I + o AR, HE o A HE oo T1.Hpops. Aps.Hrpor-Arr)™'  (2.83b)
Subject to :

tT(HgZIRK-HRQIRK~(04-ARS-(HBSZR-ABS;€-A}BISk-HgS2R
— SINR{.(> (Hpsan-Aps,- Afs,-Hfsop + Hiran-Hipop | At )
i#k
I)).Aly) > SINR .52 Vk =1,...Nyu (2.83¢)

NR2IRy’

2
+ Tnxar-
A H H AH H
t"'(a-GRQERk~ARS~HBSQR-ABS-ABS'HBSQR-ARS-GRQERk)
A H H AH H
+ tT(CM.GRQERk.ARS.H]RQR.A[R.AIR.HIRQR.ARS.GRQERk)

A AH H 2
+ tT(a.GRQERk.ARS.ARs.GRQERk).O'nXQR

R
+ U721R2ER,C 2 PEle%i,v Vk=1,...Nyu (2.83d)
tr(Ka,g) < PYe® (2.83¢)

tr(a-ARS-HBSQR'ABS-KsBS-AgS-HgSQR-AgS)

+ tT(a.ARs.H[RgR.A[R.KSIR.A?R.H%QR.AEIS)

+ U%XQR'tT(a'ARS‘AgS) < PI]%/[am (283f)
Kaps — Aps.Ag =0 (2.83g)
(2.83h)

By supposing K, = I and K, = I, replacing Ka,, = Aps. Ay with Ka,, =
ABS.AgS for relaxation and substituting Apsy = Ags in ‘A and AH’ method, the
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convex problem is given by
T1 = <a.HR2BS.ARS.UZX2R.AgS.HgQBS + an%mj)‘l (2.84a)
min tr(I + o AR, HE o AB HE oo T1.Hpops. Aps.Hipor-Arr)™' (2.84b)
Subject to :

tT(HgZIRK-HRQIRK~(04-ARS-(HBS2R-ABS;€-ABSHk-HgSQR
— SINR?eq.(Z(HBSQR.ABSi.ABSHZ..HEISQR + HIR¢2R‘H5%Z~2R'|AIR¢|2)
itk
I)).Afy) > SINR .52 Vk =1,...Nyu (2.84c)

NR2IRy’

2
+UHX2R'
tr(a.G Agg.H Aps.Apsi -Higon Al G
r(.GroER,-Ars-Hpsar-Aps-Apsu-Hpsor - Ars-Gropr,)

1 H H AH H
+tT(a.GRQERk.ARS.H[RQR.A[R.AIR.HIRzR.ARs.GRQERk)

+tr(.Gropr, -Ars- Aflls. Giapr, )-on

NX2R
R
+ U§R2ER,€ 2 PEIe%i’ Vk=1,...Nyu (2.84d)
tr(Ka,q) < PYS™ (2.84e)

tr(a-ARS-HBSQR'ABS-ABSH-HgSQR-AgS)
+ tr(a-ARS-HIR2R-AIR-A§{R-H522R-AAgS)

+ol, tr(a.Apg. Allg) < P (2.84f)
Kaps — Aps.Afjs = 0 (2.84g)
lvec(Aps — ABsi)|I* < €aps (2.84h)

An adaptive algorithm for selecting suitable value for €4, with initial large value and
final small target threshold value (5%3 ) guarantees that AB. ~ Apsp. Objective
function is monotonically decreasing function respect to a > 0. Therefore, the problem
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is re-expressed
max « (2.85a)
a,Aps
Subject to :

t"”(H}IgQ]RK-HRQIRK-(OC-ARS-(HBSQR-ABSJC-ABSHk-HgSQR
— SINR*".() "(Hpsar-Aps,- Apsn,-HBsor + Hiror-Hikon-|Arr,|?)
ik
I)).Afy) > SINR.52 Yk =1,...Nyu (2.85b)

NR2IRy’

2
+Uﬂx2R'
tr(a.G Agg.H Aps.Apsi -Higon ALy GH,
r(.GroER,-ARs-Hpsar-Aps-Apsu-Hpsor-Ars-Grorr, )
+tr(a~GR2ERk-ARS-HIRZR-AIR-A?R-HEQQR-ARHS-GgQERk)

A AH H 2

R
+ U72LR2ERk 2 PEEiv Vk =1,..,.Nyu (2.85¢)
tr(Kapg) < Pha® (2.85d)

t’I“(Oz.ARS.HBSQR.ABS.ABSH.HgSQR.AgS)
+ tT(a.ARS.H]RQR.A]R.AIILIR.H%QR.AEIS)

+ O'?LXQR.t’I“(a.ARs.AgS) < P]]%/[‘w (2‘85(3)
Ka,s — Aps. Al =0 (2.85f)
lvec(Aps — Afsu) I < caps (2.85g)
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This optimization problem is convex respect to Apg. By supposing Apg = A—fas the
problem is solved in MATLAB CVX tool easier.

max o (2.86a)

a,Aps
Subject to :
tT(H}I{jQ]RK-HRZIRK-(ARS~(HBS2R-ABS;C-ABSHk-HgSQR
— SINR[.(> (Hpsan-Aps,-Apsn,-Hisop + 0. Higor-Hig o |Arr, [*)
ik
I)).Al) > SINR .52 Vk =1,...Nyu (2.86b)

2
oo NR2IRy’

NX2R’
tr(G Ags.H Aps.Apsy - HHgon Al .GHypr )
T\GR2ER),-AARS-{1BS2R-ABS-ABSH-11Bsap-AARs-UR2ER,

A H H AH H

A AH H 2
+ tT(OZ.GRQERk.ARS.ARs.GRQERk).O'nX2R

+ U721R2ER,€ = ngiv Vk =1,...Nvu (2.86¢)
tr(Ka,g) < a.Phge (2.86d)

tr(ARS-HBSQR-IA(ABS-HgSQR-AgS)

+ tr(Q-ARS-HIR2R~AIR-A§{R~H5%2R-AgS)

+ UT%XQR'tT(a'ARS‘AgS) < PI]{YIMC (2.866)
Kaps — Aps. Ay =0 (2.86f)
lvec(Aps — Afsp)|? < acapg (2.86g)

The algorithm for solving this optimization problem is

Algorithm SWIPT_RTW_BS(A,AH):
o Initialize

- Calculate value ARS = /a.Ags for arbitrary Ars and «

- Initialize ABS, ABSH and €Apg
e Repeat

Solve the convex problem (2.86) to find Aps and «
Change €, to get first feasible Apg
Update ABSH = Ags

If no improvement in objective function then choose smaller €4,

o Until 4,4 < egis

L4 Update ABS = ABs.\/a
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Relay Precoding

In this scenario, the precoding is done in the relay and the base station uses an arbitrary
constant precoding. By replacing K AH = AgS.A Rrs in (2.82), this optimization problem
can be expressed as

-1
T1 = (HRQBS-ARS'UZXQR‘AgS‘HIF%IQBS + O-n%%zBS'I) (287&)
I;‘lin tr(I + A?R-HE%QR-AgS-ngBS-Tl'HRQBS-ARS-HIRZR'AIR)_l (2.87b)
RS
Subject to :

tT(HgQIRK.HRQ[RK.(ARS.(HBSQR.ABSk.Agsk.HgSQR
— SINRJ“.(> " (Hpson-Aps, - Afis, Hison + Hiror-Hipon | A, )
itk
I1)).A%y) > SINR .52 Vk=1,...Nyu (2.87¢)

NR2IRy’

2
+ U"X2R'
tr(Gropr,-Ars-Hpsor-Aps-Als-Hisor-Als-Ghopr, )
+ tr(Gr2ER, -ARS-HIR2R-AIR-A?R-H{§22R-AgS'Gg2ERk)

+ tT(GRQERk 'ARS‘AgS'GgQERk ) 'O-ZXQR

Re
+ UngERk = PER?C7 Vk=1,...Nyu (2.87d)
tr(Aps.Alg) < Phlaw (2.87e)

tr((HBSQR-ABS-KsBS 'AgS'HgSZR)'KAgS)

+tr((Hirer-Arr-Ks - Afp-Hiror)-K 4 )

+ 0ot (K ) < PRI (2.87f)
Kpn = Afls.Ags (2.87g)

. >_ H . — H . ._
By replacing K Al Apg.ARrs instead of K A Apg.Ags for relaxation and substi
tuting Arsy = AEIS in ‘A and AH’ method, it is possible to make the problem convex
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as follows
-1
Tl = (HRZBS'ARS~U721X2R-ARSH-HEIQBS + J”?&BS'I) (2.88a)
min tr(I + A HE  n Apsy HE, 5o . T1.Hpops. Aps.-Hrrop Arg) ™' (2.88b)
RS
Subject to :

tr(HgQIRK'HRQIRK'(ARS'(HBSQR'ABSk'Agsk'HgSZR
— SINRJ.() "(Hpsar-Aps, Alys, Hisor + Hiror-Hikop- | Arr,?)
ik
I)).Agsy) > SINR[ .02 Vk =1,...Nyv (2.88¢)

NR2IR,,’

2
+U”X2R'
tr(G Ars.Hpsor-Aps- AR Hgop Aps.Gapr )
"G R2ER)-ARS-11BS2R-ABS-ABg-11BpsoR-ARSH-UR2ER,
+tr(Grepry,-Ars-Hiror-Arr-Alp-Hiror- Arsu-.Glogr, )

+ tr(Gropry,-Ars-ArsH-GisER,)-Onxan

2 R
+ Tnropr, z PEle%iv Vk=1,..Nyu (2.88d)
tr(Aps.All) < Phlas (2.88¢)

tr((Hpsen-Aps-Ksps-Als-Hisop) K an )

+ tr((HIR?R'AIR'KSIR'AJILIR'HE%ZR)'KAII%S)

+ 0 tr(E an ) < ppaz (2.88f)
K~ AR Aps =0 (2.88g)
lvec(Ars — Affsp)|I* < €aps (2.88h)

Choosing € 4, with initial large value and final small target threshold value (5:";‘;’2 S) as-
sures that Ags ~ Arsm. The algorithm for solving this optimization problem is

Algorithm SWIPT_RTW_RS(A,AH):
o Initialize Ars, Arsy and €4,
e Repeat

Solve convex problem (2.88) to find Ags
Change € to get first feasible Arg
Update Apsy = Ags

If no improvement in objective function then choose smaller €4,
o Until cap, <)

Joint Base Station and Relay Precoding
In this scenario, the precodings are conducted in both base station and relay. The
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optimization problem is composed of (2.86) for the base station optimization and (2.88)
for the relay optimization. The algorithm for solving these joint optimization problems
is outlined as follows.

Algorithm SWIPT_RTW_BSRS(A,AH):
o Initialize ABS, ABSH, ARs, ARSH, €Apg, and €Apg
e Repeat

— Repeat
- Solve convex problem (2.88) to find Ags
- Change €, to get first feasible Agrg
- Update Apsy = AI}%S
- If no improvement in objective function then choose smaller €4,

. Tg
Until €4,, < € Ans

- Calculate value ARS = /a.Ags for Ars and arbitrary «

Repeat
- Solve convex problem (2.86) to find Agg
- Change €44 to get first feasible Aps
- Update ABSH = Ags
- If no improvement in objective function then choose smaller €4,

. Tg
— Until eqpg <€y,

Update Aps = ABS.\/E

e Until no improvement in objective functions
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Numerical Results

3.1 Simultaneous Wireless Information and Power Trans-
fer in MIMO Channel without Relay

In this chapter, numerical results for information and power transfer to information
user and the energy harvesting user without relay will be presented. For some of the
scenarios considered here, optimum analytical results are available. These optimum
analytic values and performance of the known methodology (‘A and B’ method) are
compared to proposed methodology (‘A and AH’ method) to verify it. The stability and
convergence of these methodologies are compared.

3.1.1 MMSE Results

In Figure 3.1, the results for normalized MSE versus requested power for different channel
signal to noise ratio (SNR) for nt = 5 and ns = 4 are shown. The circle and dot
present the ‘A and B’ and ‘A and AH’ methods simulation results. The result illustrates
that both ‘A and B’ and ‘A and AH’ methods give very close results. Hence, the new
introduced ‘A and AH’ method appears promising methodology.

The green line shows the minimum possible MSE that is calculated analytically.
When the requested power is small, results of both methods are very close to minimum
achievable MSE due to all power of source is consumed for transmitting the information
with minimum error.

Moreover, these figures show that there is trade-off between MMSE and energy de-
mands. Besides, by increasing the requested power, the mean square error starts in-
creasing from a knee point that is called K-point. The reason is before this K-point, the
source information signals can deliver power to energy harvesting user. By requesting
more power than K-point, a part of the source power is used for sending power to the
energy harvesting user instead of minimizing MMSE.
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Figure 3.1: Normalized MSE versus requested power

Finally, these results also demonstrate that by increasing the SNR, the K-point shifts
to higher requested power (to the right hand). The reason is that in higher SNR, more
portion of power can be sent to the energy harvesting user before error starts increasing.

3.1.2 Energy Results

In Figure 3.2, the results for harvested power for different channel signal to noise ratio
have been displayed.

The green line, that shows the maximum achievable power, is calculated analytically
therefore the maximum requested power should reach the maximum achievable one.

Besides, minimum harvested powers for different SNRs are the same. It is due to
that harvested power from noise is negligible and ignored, Hence as shown earlier it is
independent of SNR.

Finally, both ‘A and B’ and ‘A and AH’ methodologies produce the same harvested
power results so the new methodology ‘A and AH’ seems promising.
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Figure 3.2: Harvested power versus requested power

The results of normalized MSE versus requested power for different n; is shown in
Figure 3.3. The reason for this difference is that estimating less number of variables (n)
with the same channel (n;) outcomes lower MSE.

3.1.3 Convergence Results

In Figure 3.4, the convergence status of normalized MSE versus iteration number in ‘A
and B’ and ‘A and AH’ methods is given. In this figure each curve presents different
requested power. The ‘A and B’ method is converged with less iterations in comparison
with ‘A and AH’ method but ‘A and B’ Method takes around 198[s] in comparison with
138]s] in ‘A and AH’ method. The reason is that the complexity of ‘A and B’ method is
higher than ‘A and AH’ method.

In Figure 3.5 the convergence process of Agy to Ag for different requested power in
‘A and AH’ method is presented. Some oscillations with different amplitudes in conver-
gence process is due to updating Agy by Ag and adaptive method for updating €.
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The effects of these oscillations in normalized MSE and harvested power are negligible
(Figure 3.4). Many different experiments with different energy demands have been tested
and it has been observed that convergence always happened |Agy — Ag 2 < ezg . It has
been observed that for higher requested power this convergence is faster due to K4 has

a lower rank.

3.2 Simultaneous Wireless Information and Power Trans-
fer in MIMO Channel with Relay Amplify-and-Forward

Strategy

In this chapter, numerical results for one-way and two-way information and power trans-
fer to information and energy harvesting users with relay amplify-and-forward strategy
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will be presented. Convergence results of these strategies are discussed also.

3.2.1 Relay Precoding for One-Way Relay System
MMSE Results for Relay Precoding

In this section, numerical results of relay precoding for simultaneous one-way information
and power transfer with relay amplify-and-forward strategy are presented. All channels
are complex MIMO channels with complex Gaussian noise with zero mean and equal
variances (U% SR = O‘% RoR = 012%2 BS = 012%2 IR = 012%2 pr)- Base station, information user,
energy harvesting user and relay have 2 antennas.

In Figure 3.6a, Figure 3.6b and Figure 3.6¢, MSE at information user versus requested
power for three different relay power are shown. Due to limited power in the relay, if the
relay uses a precoding that deliver more power to the energy harvesting user, the error
at the information user increases.

In Figure 3.6d, MSE in information user versus requested power in the energy har-
vesting user for three different SNR is presented. As SNR increases, since less power
is needed to maintain error in low level, more power of relay can be transferred to the
energy harvesting users when SNR is higher since less power is needed to maintain error
low.

Energy Results for Relay Precoding

In Figure 3.7, the harvested power versus requested power by energy harvesting user
has been presented. At the beginning (flat part of blue curve), although the energy
harvesting user has requested lower power, more power could be harvested by this user
due to signals that transfer information to information user can deliver power to this
user. At K-point, the relay has to use some of its power to send energy to energy
harvesting user even if this results in increasing MSE values at information user. Hence,
as it has been shown in Figure 3.6, error starts to increase. In Figure 3.7a, Figure 3.7b
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Figure 3.6: Normalized MSE versus requested power

and Figure 3.7c, it has been observed that the start of increasing changes in these curves
happen for higher requested power values when Pg is larger. The reason is if the relay
has higher power, it can transfer more power to the energy harvesting users when the
error at information user is low.

Convergence Results for Relay Precoding

In Figure 3.8, the obtained threshold value versus requested power has been shown. This
figure illustrates that optimization procedure has converged for all values of requested
power since obtained threshold value is always lower than its target value (107%).

In Figure 3.9a and Figure 3.9b the elapsed time (Core i7 CPU) and mean square error
for different target threshold value (eﬁi S) have been presented. These figures illustrate
that by choosing a proper target threshold value, an acceptable precision for MSE in less
time is achievable.
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Figure 3.9: Convergence status of normalized MSE

3.2.2 Base Station Precoding for Two-Way Relay System
MMSE and SINR Results for Base Station Precoding

In this section, numerical results of information and power transfer for two-way relay
system with amplify-and-forward strategy, when only base station precoding is imple-
mented, are given. Two information users and two energy harvesting users each has
one antenna is considered as a scenario. All channels are complex MIMO channels with
complex Gaussian noise with zero mean and equal variances (U% SoR = O'% RoR = 0%2 BS =
0}2%21 R= 0%2 gr)- As it has been explained before, the fixed value of Arg and initial
value of Apg are very important to guarantee the high performance of system and fast
convergence respectively. It is supposed that base station knows the channel state there-
fore Apg is optimized for MMSE from base station to relay. Arpg, is optimized for MMSE
from information users to relay when P; is maximum deliverable power of user i. Finally,
P%ax = 10 and ng % =10 are supposed.

The results for normalized MSE and « for two scenarios have shown in Figure 3.10a
and Figure 3.10b. In the first scenario, the fixed Arg is set by identity matrix and in the
second one, it is set by minimizing MSE from information users to the base station. As
it is expected, the normalized mean square error increases and a decreases by requesting
more power by energy harvesting users. The Minimum of MSE and rate of its increment
are directly depended on fixed value of Arg. Apg has limited and indirect effects on
minimum mean square error from information users to the base station since its effects
are on noise portion of this mean square error and a small portion of relay transmission
power.

SINR’s for both users for scenario one are shown in Figure 3.11a and Figure 3.11b.
The same figures for scenario two are demonstrated in Figure 3.11c and Figure 3.11d.
As it has been presented, the SINR constraint is always fulfilled. Increasing requested
power by energy harvesting users causes a larger portion of relay transmission power is
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Figure 3.10: Normalized MSE and « versus normalized requested power

focused on users instead of base station therefore SINR increases.

Energy Results for Base Station Precoding

In Figure 3.12a and in Figure 3.12b, harvested power when Agg is the Identity matrix,
and Figure 3.12c and Figure 3.12d, harvested power when Agrg is specified by the method
in scenario two, are shown. Maximum possible harvested powers are calculated by a
numerical algorithm that is explained in Appendix A.

Delivering more power to energy harvesting users causes the higher MMSE from
information users to base station due to the limited relay transmission power. Further-
more, before K-point, although harvesting users request for lower power, higher power
can be delivered. When Apg is set by scenario two, Although MMSE from information
users to base station increases negligible, by optimizing precoder in the base station,
higher power can be harvested by energy harvesting users.

Convergence Results for Base Station Precoding

In Figure 3.13, the obtained threshold value versus normalized requested power is shown.
This figure shows that optimization problem has been converged for all demanded power
for both Agrg values.

3.2.3 Relay Precoding for Two-Way Relay System
MMSE and SINR Results for Relay Precoding

In this section, numerical results of information and power transfer for two-way relay
system with amplify-and-forward strategy, when only relay precoding is optimized, are
presented. All noise specification and users arrangements are the same as base station
precoding. It is supposed that the base station knows the channel state information
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Figure 3.11: SINR versus normalized requested power

therefore Apg is optimized for MMSE from the base station to the relay. Arp, is set
for MMSE from information user i to relay when maximum transmission power of user
i (P;) constraint is fulfilled (Appendix A).

The result for normalized MSE from information users to base station versus normal-
ized requested power is demonstrated in Figure 3.14a. It is observed that by requesting
more power by energy harvesting users, the mean square errors increases. Moreover,
requesting different ratios of maximum SINR (SINR Ratio) affect the MSE negligibly.

In addition, mean square error from information users to the base station increases if
the power of base station increases since transmitted signals by base station have more
power than transmitted signals by information users when they are received at the relay.

Finally, observation in (Figure 3.14b) demonstrates that MSE when the Ppg = P; = 5
is less than when Ppg = 5, P; = 1 since the received signal from the base station and
information users have the same level of power.

The SINR’s are illustrated in Figure 3.15. Although requested SINR constraint is
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always fulfilled, depending on Arg precoding the SINR can change since the requested
SINR is less than maximum possible SINR for each user.

Energy Results for Relay Precoding

In Figure 3.16a and Figure 3.16b, harvester power for user 1 and user 2 are shown.
Maximum possible harvested powers are calculated by a numerical algorithm that is
explained in Appendix A. As it is expected, delivering more power to energy harvesting
users leads to higher MMSE from information users to base station. Furthermore, before
K-point, although harvesting users request for lower power, higher power can be deliv-
ered. Finally, when the base station power is higher, due to difference between received
signal from the base station and information users at the relay, more power is needed
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to minimize MSE from information users to the base station. Hence, due to the limited
power of relay, delivered powers to energy harvesting users are lower.

Convergence Results for Relay Precoding

In Figure 3.17, the obtained threshold value versus normalized requested power is given
when the eﬁi g 18 10~%. The result shows that this method is converged for all requested
power.
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3.2.4 Joint Base Station and Relay Precoding for Two-Way Relay Sys-
tem

In this section, numerical results of information and power transfer for two-way relay
system with amplify-and-forward strategy when both base station precoding and re-
lay precoding are optimized are described. The same conditions used in base station
precoding section are adopted if something else is not specifically mentioned. Ajg,
is set for MMSE from information users to relay. Apg and Agrg are calculated by
SWIPT_RTW_BSRS(A,AH) algorithm in chapter 2. In this section, the results for
base station precoding, relay precoding and joint base station and relay precoding for
fixed SINR are compared and pros and cons of them are explained.

MMSE Results for Base Station and Relay Precoding

In Figure 3.18, normalized MSE’s versus normalized requested power for base station
precoding, relay precoding and joint base station and relay precoding are demonstrated.
For all scenarios, the same SINR and relay and base station transmission powers have
been considered (P3* = 1 and P} = 10). The results show that MMSE of joint
base station and relay precoding is better than sole base station precoding or only relay
precoding. The MMSE for the relay precoding is closer than the base station precoding

to joint base station and relay precoding.
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Figure 3.18: Normalized MSE versus normalized requested power

The SINR of relay precoding and joint base station and relay precoding for users
is shown in Figure 3.19. Requested SINR for both methods is the same. SINR in
relay precoding is higher than joint base station and relay precoding since base station
precoder in the sole relay precoding is fixed for minimum mean square error from base
station to relay so always maximum power of base station is consumed to minimize this
error. In the joint base station and relay precoding, base station precoder is adjusted to
use optimal base station power based on requested SINR.
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Figure 3.20: Harvested power versus normalized requested power

Energy Results for Base Station and Relay Precoding

In Figure 3.20, the harvested powers for both users and for both relay precoding and
joint base station and relay precoding are shown. In low requested power, the deliverable
energy from joint base station and relay precoding is less than sole relay precoding
since in the joint base station and relay precoding, the relay and base station adjust
their transmission powers to obtain requested SINR at information users and requested
power at energy harvesting users therefore lower relay transmission power implies lower

harvested power.

49



CHAPTER 3. NUMERICAL RESULTS

Requested power 0 | 20]40 |60 | 80| 100

Apgg iteration numbers || 83 | 74 | 61 | 35 | 19| 7

Apg iteration numbers || 25 | 20 | 18 | 6 | 3 1
Table 3.1: The iteration for Agg and Arg calculations

Convergence Results for Base Station and Relay Precoding

In Figure 3.21, obtained threshold values versus normalized requested power for sole
relay precoding and joint base station and relay precoding are illustrated. The target
threshold value is eg?g = eg% = 1073, Due to lower rank of relay precoder in joint base
station and relay precoding when more power is requested, convergence is faster and
threshold value is more stable.
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Figure 3.21: Obtained threshold value versus normalized requested power
In table 3.1 the number of iterations for Aggs and Aprs calculations is presented.
The results in this table show that Agrg convergence is more challenging than Apg

convergence. It is seen that by increasing the requested power, the number of iterations
for Apg and Agrg decreases rapidly especially for Apg.

20



Discussions

In this thesis, SWIPT in a multiple-antenna relay system with multiple users was studied.
The relay was used for increasing communication range for the information receivers (IR)
as well as powering the energy harvesting receivers (ER) that demand power. We focused
on the design of the amplify-and-forward strategy at the relay (relay precoder) and the
precoder at the base station. The minimum mean-square error (MMSE) was used as the
performance criterion for information transfer. Two main scenarios has been considered:
I) simultaneous wireless information and power transfer in MIMO channel without relay
and II) simultaneous wireless information and power transfer in MIMO channel with
relay amplify-and-forward strategy. In information and power transfer without relay,
source directly sent precoded signal that could transfer information to IR and power to
ER.

In simultaneous wireless information and power transfer in MIMO channel with relay
two systems has been considered: i) one-way relay system and ii) two-way relay system.
For the one-way relay system, the relay amplify-and-forward strategy (relay precoder)
to minimize the MMSE from the base station to the information user while satisfying
energy harvesting constraints at the energy harvesting users is investigated. For the
two-way relay system, minimizing the MMSE from the information users to the base
station while satisfying the signal-to-interference-plus-noise ratio (SINR) constraints at
the information users and the energy harvesting constraints at the ERs was considered.
Here the precoder at the base station and the relay precoder was optimized jointly.

These two scenarios led to non-convex optimization problems and needed an approach
to solve them. A novel proposed numerical technique was used to present the trade-offs
between the MMSE and the energy harvesting constraints. Details of systems, their
models and numerical results for these scenarios are explained as follows.

I) Simultaneous wireless information and power transfer in MIMO channel without
relay:

51



CHAPTER 4. DISCUSSIONS

In this scenario, a system with a transmitter, information user (IR) and energy har-
vesting user (ER) was considered. In this optimization problem by using minimum mean
square error (MMSE) method, the error from transmitter to information user was mini-
mized. In the same time, requested power by the energy harvesting user was transferred.
Analytic expressions for extreme values, minimum MSE or maximum harvested power,
were provided. A new method (‘A and AH’) was proposed and compared with other
methods from the literature.

In numerical part, mean square errors (MSE) and harvested power versus requested
power for different signal to noise ratio (SNR) were found by using different methods.
The results presented that MMSE met analytic extreme and by increasing requested
power, MSE was increased due to the limited power of the transmitter. Besides, received
power in low requested power was more than what requested and in maximum met the
analytic extreme.

In addition, when the requested power by energy harvester was low, the MSE was
almost constant. By requesting more power, the mean square error started to increase
from a knee point that was called K-point. It has been observed that the K-point
in MSE and harvested power shifted to more requested power due to more portion of
power can be sent to the energy harvesting user before the error starts increasing. It has
been seen that estimating less number of variables with the same channel resulted lower
MSE. Finally, by comparing the MSE, harvested power of these two methods, the new
introduced method was verified.

II) Simultaneous wireless information and power transfer in MIMO channel with relay
amplify-and-forward strategy

Due to complexity of the problem, the relay problem has been divided into two
systems a) one-way relay system and b) two-way relay system. For both systems, relay
amplify-and-forward strategy has been presented.

a) One-way relay system

In one-way information and power transfer with relay amplify-and-forward strategy,
system has been consisted of a base station that sends information, a relay that received
base station sent signal, amplified and forwarded it, an information user that received the
relay signal and estimated base station sent information and an energy harvesting user
that harvested power from its received signal. The model of this system was presented.
In this problem, the error of received information from the base station to the information
user has been minimized when the energy harvesting user could get the requested power.
An algorithm for solving this optimization problem has been developed.

In numerical part of this investigation, MSE from base station to information user
versus requested power for different relay power and SNR was shown. In this system,
similar to what has been seen in scenario I, when energy harvesting user wanted more
power, MSE to information user increased. Besides, if relay had lower power, MSE
K-Point shifted toward lower requested power since relay had lower power to maintain
MSE constant.
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Furthermore, if channel noise was small (high SNR), more power of relay can be
transferred to the energy harvesting users since less power was needed to maintain error
in low level. This effect could be seen in harvested power due to similar reason. The
obtained threshold value that indicates the precision of (‘A and AH’) method illustrated
that this method converges. Finally, it is observed that by choosing a proper target
threshold value, an acceptable precision for MSE in less time is achievable.

b) Two-way relay system

In two-way information and power transfer with relay amplify-and-forward strategy,
the system consisted of a base station, relay and information and energy harvesting users.
In the first time slot, the information users and the base station sent the precoded infor-
mation to the relay. In the second time slot, the relay amplified and forwarded received
signals to the base station, information users and energy harvesting users simultane-
ously. In this sub-scenario, the data error from multi-users to base station through relay
by choosing suitable linear precoders and MSE method was minimized when obtained
signal-to-interference-plus-noise ratio (SINR) from base station to information users were
more than the requested value and requested power by energy harvesting users could
be harvested. To investigate this system three different scenarios have been considered
b-1) Base station precoding for two-way relay system, b-2) Relay precoding for two-way
relay system and b-3) Base station and relay precoding for two-way relay system.

b-1) Base station precoding for two-way relay system

In the base station precoding model, in the first time slot, base station precoded
input information and send the signal to relay. Simultaneously, information users sent
their signals to relay. In the second time slot, relay only had fixed precoding but it could
amplify the received signal and forward it to base station, information users and energy
harvesting users.

In the numerical results of base station precoding, two scenarios based on the precoder
used in the relay were considered: 1) with fixed precoding that minimizes MSE from
information users to base station and 2) with the identity matrix. Results presented
that choosing initial fixed precoding in relay had a large effect on MSE. Besides, results
have shown that base station precoding had a limited and small effect on MSE from
information users to base station, especially when fixed precoder in relay minimized MSE
from information users to base station. It has been observed that increasing requested
power by energy harvesting users caused a larger portion of relay power focused on users
instead of base station therefore SINR increased.

Besides, requesting more power by energy harvesting users increased the MSE from
information users to base station due to the limited power of relay. When relay was ini-
tialized by optimized fixed precoder, the MMSE from information users to base station
increased negligible when higher power delivered to the energy harvesting users. Har-
vested power when the relay was initialized with optimized fixed precoder was smaller
since the power of relay was concentrated on minimizing MSE from information users
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to base station. Relay precoding has affected the maximum possible harvested power
because of indirect and partial effect of base station precoding on the transmitted sig-
nal from relay. Finally, obtained threshold value versus requested power illustrated the
convergence of (‘A and AH’) method.

b-2) Relay precoding for two-way relay system

In the relay precoding model, base station precoder was fixed and in the first time
slot sent the fixed precoded signal to relay. In the same time slot information users sent
their signals to relay. In the second time slot, relay used linear precoder and amplified
and forwarded received signal to base station, information and energy harvesting users.

In the numerical results of relay precoding, base station precoder was fixed and
initialized to minimize MSE from base station to relay. It has been demonstrated that
by requesting more power by energy harvesting users, the MSE from information users
to base station increased and requesting different SINR affected the MSE negligibly.
In addition, mean square error from information users to base station increased if the
power of base station increases since the power of base station transmitted signal was
more than power of information users and it affected the received signal of information
users in relay input.

Furthermore; It has been presented that for high value of base station power if the
power of information users were increased, the MSE from information users to base
station was decreased. It has been seen that when the requested SINR’s were less
than the maximum possible obtainable SINR’s, the SINR’s can change between users
when requested SINR’s were always fulfilled. In addition, delivering more power to
energy harvesting users caused a high MSE from information users to base station due
to the limited power of relay. Finally, when the base station power was higher, due to
difference between received signal from the base station and information users at the
relay, more power was needed to minimize the MSE from information users to base
station. Consequently, power delivered to the energy harvesting users was lower.

b-3) Base station and relay precoding for two-way relay system

In the base station and relay precoding model, in the first time slot, information in
base station precoded and sent to relay. In the same time slot, information users sent
their information to relay. In the second time slot, relay amplified and forwarded the
received signal to base station, information and energy harvesting users. Three different
optimization problems for these three models were presented. The introduced novel
method (‘A and AH’) for solving these optimization problems were applied.

In the numerical results of base station and relay precoding, two scenarios of fixed
requested SINR and adaptive one have been presented. The first scenario was suit-
able when comparison between different precoding was needed. The second scenario let
information users get higher SINR if it is possible.

In the fixed requested SINR scenario, MSE for base station and relay precoding has
been compared with base station and relay precoding. The results showed that MMSE
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of base station and relay precoding is better than two other ones. This illustrates that
proper relay precoding can compensate for using a base station precoder that has not
developed with full awareness of the system requirements. Additionally, for relay precod-
ing and base station and relay precoding, The comparison between SINR’s was done for
fixed requested SINR. SINR in relay precoding was higher than base station and relay
precoding since base station precoder in the first scenario was fixed for minimum mean
square error from base station to relay so always maximum power of base station was
used to minimize this error but in the second scenario, base station precoder is adjusted
to use optimal base station power based on requested SINR. It was observed that in low
requested power, the deliverable energy from base station and relay precoding was less
than relay precoding since in base station and relay precoding, the relay and base station
adjust their powers to obtain requested SINR for information users and requested power
for energy harvesting users so the lower relay power implies lower harvested power when
it is not requested. It has been observed that for higher requested power, convergence
happened with a smaller number of iterations.

In the adaptive requested SINR scenario, adaptive and fixed requested SINR were
compared. It has been discovered that fixed and adaptive requested SINR didn’t affect
the MSE’s versus requested power. By looking at base station and relay power, it has
been observed that in the adaptive algorithm used power from base station and relay
varied based on how much SINR or power for energy harvesting requested. For fixed
SINR, base station power changes were very small. Relay power for fixed SINR varied
depending on requested power for energy harvesting users. For adaptive SINR, this power
differed due to requested power or SINR. Finally, it has been observed that in harvested
power versus requested power, a rapid change due to relay power change happened.
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Conclusions

In this thesis, linear precoder for SWIPT in point-to-point and relay systems have been
investigated. These problem formulations lead to non-convex optimization problems. A
novel numerical method for solving them was proposed.

For SWIPT in point-to-point systems, a new method (‘A and AH’) was suggested.
Trade-offs between the energy harvested and the MMSE were quantified. Results were
compared with a recent work from the literature (‘A and B’ method). It has been
observed that proposed approach obtains the same results with the literature method.
Convergence of the proposed method was investigated through numerical experiments
and it has been observed that by adjusting the threshold value of (‘A and AH’) method,
faster convergence with no significant change in the results was possible. Moreover, it
was seen that (‘A and AH’) method was faster than (‘A and B’) method.

For SWIPT in one-way relay systems with amplify-and-forward strategy, the earlier
method from the literature (‘A and B’ method) didn’t apply for these systems but the
proposed approach (‘A and AH’ method) was applicable. The trade-offs between energy
harvesting demands and the MMSE was quantified. Effects of different SNRs and relay
transmission powers have been investigated.

For SWIPT in two-way relay systems with amplify-and-forward strategy, sole base
station precoding, sole relay precoding and joint precoding were compared. It has been
observed that for obtaining the best trade-offs between the MMSE and energy harvested,
joint base station and relay precoding was needed. It was observed that the trade-offs ob-
tained by sole relay precoding were close to the trade-offs obtained by joint optimization.
Hence, it was conducted that optimization of the relay precoding was more important
than optimization of the base station precoding. Finally, it was observed that conver-
gence of the relay precoder was more challenging than that of base station precoder in
joint optimization problem.

For future work, SWIPT in two-way relay systems with amplify-and-forward strat-
egy when channel state information (CSI) is imperfect or outdated should be explored.
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Moreover, multi-relay systems when users and multiple relays determine how to cooper-
atively transfer energy and information can be studied. Finally, extracting experimental
results by implementation of these scenarios in actual hardware can be investigated.
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Other Optimization Algorithms

In this appendix four algorithms for optimization of precoder in users and base station,
maximum obtainable power and maximum SINR which have been used in some scenarios
are explained.

A.1 Users Precoding Optimization Algorithm

In this section the optimization problem and algorithm of A;r, when each user has
limited power P; are discussed. The optimization problem is sending the information to
relay with minimum error when the power is limited. It means that each user knows the
channel state and adjusts its linear precoder for minimum mean square error from user
to relay. The optimization problem for user i is expressed as (A.1).

: 1 _
min t’l”(I + giAﬁRi'Hﬁ%ﬂR‘HIRi?R'AIRi) 1 (A.la)
ArR; NIR;2R

st tr(Ag, AfR,) < PMo (A.1b)

This problem can solve analytically or ‘A and AH’ algorithm which is given by:

Algorithm Arg,(A,AH):
o Initialize Arg,, ArrH, and €4,,,
e Repeat

- Solve following convex problem and find Ajp,
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Figure A.1: A;p, optimization results
i I L g B H Arg,)™! A2
min - tr(l + — r;-Hrgor-Hir2r-AlR;) (A.2a)
IR; NIR;2R
s.t. tT(A[Ri.A[RHi) S PiMax (A2b)
H 2
|vec(Arr, — ATru,)||” < €ayn, (A.2c)

- Change €4,y to get first feasible Arpg,
- Update AIRHi = A?Rz
- If no improvement in objective function then choose smaller €Arg,

. T
o Until c4,, < sA‘jR_

The numerical results including normalized MSE and convergence are shown in Fig-
ure A.1. The comparison between analytic results, algorithm results and convergence
process show that results are correct. In two-way relay amplify and forward strategies ,

this optimization affects MMSE from users to base station.

A.2 Base Station Precoding Optimization Algorithm

In this section the MMSE from base station to relay optimization problem and algorithm
are explained. If the base station knows the state of channel between base station and
relay, it can use a linear precoder to optimize transmitted signal to have minimum error

from base station to relay. The optimization problem is formulated as

. 1 _
min tr(l + 5 AgS.HgSQR.HBSQR.ABS) 1

A
BS NBS2R

s.t. tT(ABs.AgS) < Pé/{gaz
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Figure A.2: Apg optimization results
For this purpose the MMSE algorithm has been used

Algorithm Aps(A,AH):
o Initialize Aps, Apsu, and €a,q
e Repeat

- Solve following convexr problem and find Apg

. 1 _
min tT(I + 5 ABSH‘HgSQR-HBSQR-ABS) 1 (A.4a)
Abs nBS2R
s.t. tT(ABS-ABSH) < PiMax (A4b)
2
Hvec(ABS - AgSH)H < €Eaps (A.4c)

- Change €44 to get first feasible Apg

Update Apsy = Ags

If no improvement in objective function then choose smaller €4,

. Tg
Until eapg <€y,

Results are given in Figure A.2a and Figure A.2b. The effect of this optimization is seen
in SINR when two-way relay system is used.
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A.3 Maximum Power Optimization Algorithm

In this section, the optimization problem and algorithm for maximum power that can be
transferred to users are explained. This algorithm is needed for numerical reason when
specific percentage of maximum transferable power is requested. The maximum power
depends on channel and the power of source that in one-way and two-way relay systems
is relay. The optimization problem for Agrg is written as (A.5). Similar optimization
problem can be written for Apg.

T1 = tT(GRQERk -ARS-HBSZR-ABS-AgS-HgSQR~ARSH-GgQERk)
+tr(Grapr,-Ars-Hiror Arr-Alr-Hiron-Arsn -Gispr,)

+tr(Graer,-Ars-ArsH-GhopR,) - Tnxon

+ a?LRQERk (A.ba)
max «.T'1 (A.5b)
ARs,a

Subject to :
Nyvu
> () =1 (A.5¢)

=1
tr(Hi p, - Hrorry -(Ars.(Hpsar-Aps,-Aps, -Hbsor
— SINR{.(Y " (Hpson-Aps, - Afis, Hfisop + Hinor-Hik2r-|Arr,|”)
ik
I)).Arsw) > SINR, .52 VEk =1,...Nyu (A.5d)

"UNMR2IRY

+ U721X2R'
H o
tr((Hps2r-Aps-Aps-Hpsar) K an_)

+ tr((HIRZR'A[R'AIILIR'HE%QR)'KAES)

+ O o (K an ) < PRI (A.5e)
K — Afig-Aps = 0 (A.5f)
HUGC(ARS - AJI’L%I.S'H)H2 < €Aps (A'5g)

The algorithm is outlined as follows.

Algorithm PY.*(A,AH):
o Initialize o, Ars, Arsy and €4,
o Repeat

— Repeat
- Solve convex problem (A.5) to find Ars
- Change €4, to get first feasible Agrg
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- Update ARSH = A%S
- If no improvement in objective function then choose smaller € s,
— Until £4,,, < ezis

— Solve convex problem (A.5) to find «

e Until no improvement in objective functions

In Figure A.3, for specific case, the variations of power between two users is presented.
This variations depend on MIMO channel matrix. Small variations for harvested power
for user 1 and 2 exist that are not seen in this figure.
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Figure A.3: Variation of user powers and weighted power

A.4 Maximum SINR Optimization Algorithm

In this section, main part of optimization problem and algorithm for maximizing SINR’s
for users are explained. The actual algorithm with minimum requested SINR is more
complex. This algorithm is used for numerical reason. The optimization problem for
Apg is written as (A.6).
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tr(HgQIRK-HRQIRK-(ARS-(HBSQR'ABSk-Agsk'HgSQR
— SINRy.() (Hpsar-Aps,-Afs, Hisor + Hiroor Higon-|Arr, )

i#k
+ UiXQR.I)).ARSH) > SINRk'U?IRQIRk’ Vk=1,...Nyu (A.6a)
max [ (A.6b)
Ags
Subject to :
SINR, > B, Vk=1,..,Nyy (A.6¢)

tr(Groer, -Ars-Hpsor-Aps-Abs-Hisor-Arsi-Ghopr,)
+ tr(Greer,-Ars-Hirer-Arr-Afr-Hiror-Arsu - Giapr,)
+tr(GRroER, -ARS-ARSH-G{%IQERk)'szzR

+ 0 o, 2 PR Wk =1,..Nyu (A.6d)

tr((Hpsar-Aps-Alls-Hfisor)-K a1

+ tr((HIR2R~AIR-A?R-Hﬁ%2R)~KA§IS)

+ O ot (K am ) < PRI (A.6e)
Ky~ Ay Aps =0 (A.6f)
lvec(Ars — Afs)|I* < €apg (A.6g)

The algorithm is similar to what has been presented in maximizing power for users.

Algorithm SINR¥§%(A,AH):
o Initialize Ars, Arsy and €4,

e Repeat

Solve convex problem (A.6) to find Agrs

Change € a4 to get first feasible Apg
Update ARSH = AgS

If no improvement in objective function then choose smaller €4,
. Tg
o Until cppy < ey,

e Update SINR's
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SINR Adaptive Algorithm for
Joint Base Station and Relay
Precoding

In this appendix, an adaptive algorithm for calculating maximum obtainable SINR in
each iteration of base station and relay precoding for two-way relay algorithm is ex-
plained. This algorithm is needed when power transferring higher priority than SINR.
Users can get maximum possible SINR (not fixed one) when precoders in base station
and relay change in each iteration. This adaptive SINR is calculated by method which
was mentioned in Appendix A and should not be less than specific value.

The algorithm of base station and relay precoding for two-way relay system is rewrit-
ten as follows.
Algorithm SWIPT_RTW _BSRS(A,AH):

o Initialize Aps, Apsu, Ars, ARSH, €Apg, and €4 pg
e Repeat

— Repeat

Solve convex problem (2.88) to find Agrs
Change €A to get first feasible Apg
Update ARSH = A%S

- If no improvement in objective function then choose smaller €,

. Tg
— Until eapg < ey,

- Calculate value Apg = Va.Ags for Ars and arbitrary «
— Repeat
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Solve convex problem (2.86) to find Aps
Change €ag4 to get first feasible Apg
Update ABSH = Ags

- If no improvement in objective function then choose smaller €4,

. T

— Until €4, < ‘SA%S

— Update Agg = /135.\/&

— Update SINR to mazimum obtainable value respect to Ars

e Until no improvement in objective functions

In Figure B.1, normalized MSE versus normalized requested power for fixed and
adaptive requested SINR are presented. It is observed that this adaptation doesn’t
affect the MMSE.

*  Adptive SINR
O Fixed SINR

Normalized MSE

o6 6666500 6 & &

0 0.2 0.4 0.6 0.8 1
Normalized Requested Power

Figure B.1: Normalized MSE versus normalized requested power

In Figure B.2, SINR’s for fixed and adaptive methods are demonstrated. Minimum
requested SINR is supposed to be 0.25. Since the SINR threshold value is adaptive,
higher SINR can be achieved when different power is requested.

In Figure B.3, the power of base station and relay are shown. In adaptive algorithm
based on how much SINR or power for energy harvesting requested, used power from
base station and relay vary. For fixed SINR, base station power changes are very small.
Relay power for fixed SINR varies depending on requested power for energy harvesting
users. For adaptive SINR, this power differs due to requested power or SINR.

In Figure B.4, the harvested power in fixed and adaptive scenarios are shown. After
certain amount of requested power, obtained power changes rapidly, it is due to rapid
changes in relay power.

Finally, in Figure B.5, obtained threshold values versus requested power for both
fixed and adaptive SINR are illustrated. Although for both fixed and adaptive SINR,
the (A,AH) method has converged, obtained threshold value for adaptive SINR is higher
due to higher power of base station.
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