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ABSTRACT

Wireless powered communication (WPC) is an emerging paradigm where wireless de-
vices are powered over the air while exchanging information with them. This technology
is attractive for various wireless applications, including classical radio-frequency identifica-
tion (RFID) systems, implantable sensors, environmental sensing as found in agriculture
and forestry, and simultaneous charging and telemetry communications for electric vehicles.
While recent studies have shown that inductive coupling provides a more energy-efficient
and robust channel for short and middle-range wireless transmission, most of the previous
analyses on WPC have been limited to far-field transmission models. To this end, this work
provides a comprehensive framework to design and analyze WPC over inductively coupled
circuits. We consider three problems, namely, wireless power transfer (WPT), simultaneous
wireless information and power transfer (SWIPT), and wireless powered communication net-
work (WPCN) using multiple coupled coils. Each configuration is modeled by an abstract
circuit model in which various effects, including mutual coupling and parasitic elements, are
captured by a small number of measurable parameters. This technique allows us to not
only eliminate the need for solving the circuit but also apply well-known signal processing
techniques such as beamforming and channel estimation to inductively coupled models. For
each of the three models, we derive the properties of the optimal source signal. In addition,
we propose methods to design the load impedance of WPCN by taking into account the

nonlinear effects due to impedance mismatches in the circuits.
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1. INTRODUCTION

1.1 Overview

As the number of Internet of Things (IoT) devices increases rapidly, there is an urgent
need for new technology to prolong the lifetime of wireless communication devices by elimi-
nating the manual replacement of batteries. Replacement or wired-charging of the batteries
of IoT devices, including underground sensors, wireless structural sensors, and medical im-
plants, is often very challenging. The conventional approach to supporting these devices was
implementing distinct wireless power transfer (WPT) and wireless communication protocols,
which require two wireless channels and the corresponding pairs of transmitter and receiver
circuits. Therefore, new technologies such as wireless powered communication (WPC) are
desired to jointly design and optimize WPT and wireless communications for IoT devices.

Historically, WPT and wireless communication have evolved as two distinct research
areas. In wireless communications, various intelligent data transmission techniques have
been developed based on signal processing and information theory to implement reliable,
fast, and low-latency wireless communication channels. For WPT systems, on the other
hand, the main focus has been to create an energy-efficient wireless charging system that
transfers large energy with minimal loss. While wireless power transfer and communication
are fundamentally the same physical phenomena, the two research areas had rarely been
jointly studied until recently because of their vastly different objectives.

WPC is an emerging paradigm in which WPT and wireless communication systems are
jointly designed and analyzed [1]. In general, a WPC system consists of one or more ac-
cess points (APs) that supply energy to remote wireless devices over the air. The APs and
wireless devices also exchange information using uplink, downlink, or both channels. This
technique has been extensively studied recently in the signal processing community based on
microwave transmission models. The concept of WPC captures various wireless information
and power transfer configurations, from the traditional WPT to the emerging simultane-

ous wireless information and power transfer (SWIPT) and wireless powered communication

network (WPCN) models.
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While most of the previous work on WPC has been limited to far-field microwave trans-
mission models, near-field inductive coupling is a promising technique to establish an energy-
efficient wireless channel for short and middle-range wireless signal transmission [2]. In con-
trast to far-field transmission models based on the propagating electromagnetic field, an
inductively coupled system primarily uses a near-field magnetic field. Since the invention of
inductive wireless transfer by Tesla [3], the near-field inductive coupling technique has been
used for various wireless charging applications, including wireless chargers for cell phones,
smartwatches, electric vehicles (EVs), medical implants, and underground and underwater
wireless charging systems in which far-field microwave signals suffer from a significant at-
tenuation. Furthermore, a recent breakthrough on inductive WPT, referred to as magnetic
resonant coupling, has shown to significantly increase the range of power transmission while
maintaining a high power transfer efficiency (PTE) by utilizing additional resonant coils [4].

One of the difficulties of using a wireless channel over inductively coupled circuits is
that the channel is sensitive to the misalignment of coils. One approach to compensate for
the performance degradation is to physically adjust the position of the coils using magnets
or other mechanical techniques so that the best wireless channel is obtained [5]. However,
this technique often requires a complex mechanical system to control the position as well
as the orientation of coils. Therefore, this dissertation considers applying multi-antenna
technology, a widely used technique in the signal processing community, to an inductively
coupled system. Specifically, we employ multiple transmit coils to transmit signals, which
are optimized based on the information about the inductive wireless channel.

This dissertation investigates three types of inductive WPC configurations. First, we
consider WPT from a transmitter with multiple transmit coils to a receiver with a single coil
as illustrated in Fig. 1.1a. In contrast to the traditional approach in which a circuit system
is directly solved, the proposed model uses a “black-box” approach in which unknown chan-
nel parameters are estimated in real-time. Secondly, we consider a multiple-input multiple-
output (MIMO) SWIPT in which both information and power are simultaneously transferred
from a multi-coil transmitter to a multi-coil receiver, as illustrated in Fig. 1.1b. The optimal
transmit covariances for three objectives, namely, the maximum data rate, maximum har-

vested power, and maximum data rate subject to the minimum harvested power constraint,
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Figure 1.1. Three inductive WPC operating modes considered in this disser-
tation. (a) MISO WPT. (b) MIMO SWIPT. (¢) MISO WPCN.

are derived. Lastly, we propose an inductive multiple-input single-output (MISO) WPCN
in which energy is transferred from a reader to a passive transponder while information is
transferred to the other direction, as illustrated in Fig. 1.1c. We present methods to design
reflection coefficients and estimate the unknown channel (scattering parameters) based on a

combination of active channel sounding and passive load modulation techniques.
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1.2 Optimizing Wireless Power Transfer from Multiple Transmit Coils

Inductive WPT allows remote devices to receive energy at high power transfer efficiency
using magnetically coupled transmit and receive coils. Traditionally, inductive WPT sys-
tems have been designed and analyzed using the circuit analysis technique, which considers
individual circuit parameters such as self and mutual inductances as well as parasitic compo-
nents in the circuits. While this approach works well if the exact properties and orientations
of the transmit and receive coils are known and fixed, the power transfer efficiency quickly
drops when the coil geometry is altered. Furthermore, it is challenging to correctly model all
of the individual parasitic components that exist in a WPT system. Therefore, this disser-
tation introduces a black-box approach in which the linear circuit interconnections between
the transmitter and receiver are represented by a small number of measurable parameters.
The optimal source currents that maximize the power transfer efficiency are derived using
the proposed black-box model. The experimental results confirmed the improvement in PTE
compared to the conventional beamforming solutions. A short discussion on a method to
estimate the unknown black-box parameters is also provided.

This is joint work with David J. Love, James V. Krogmeier, Matthew A. Swabey at
Purdue University, Sairam Goguri at Qualcomm Inc., Raghuraman Mudumbai, and An-

ton Kruger at the University of lowa.

1.3 MIMO Simultaneous Wireless Information and Power Transfer over Induc-
tively Coupled Circuits

SWIPT is an emerging research topic in the signal processing community to study joint
optimization of power transfer and wireless communication using a common transmit signal.
In particular, MIMO SWIPT has shown to be a promising technique to implement a robust
and efficient SWIPT system using multi-antenna technology [6]. This dissertation extends
MIMO SWIPT to a generic black-box circuit model, which takes into account impedance
mismatches and various parasitic losses. The optimal transmit covariance matrices for three
optimization objectives, namely, maximum delivered power, maximum data rate, and max-

imum data rate under the minimum delivered power constraint, are derived. The tradeoffs
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between the data rate and harvested power are computed for direct-fed and indirect-fed
inductive SWIPT models using finite element method (FEM) analysis.

This is joint work with David J. Love and James V. Krogmeier at Purdue University.
This work was presented in part at the 2019 Asilomar Conference on Signals, Systems, and

Computers [7].

1.4 Near-Field Wireless Powered Communication Network Using a Coil Array

Many IoT devices such as underground sensors and implantable medical sensors transfer
the collected data over an uplink wireless communication channel. This dissertation studies
a simultaneous downlink power transfer and uplink communication system, which is often
referred to as WPCN in the signal processing community [8]. In particular, we consider data
transfer from an inductively coupled single-coil transponder to a multi-coil reader based
on passive load modulation, a widely-used radio-frequency identification (RFID) technique
that does not require any active signal transmission or modulation at the transponder.
The inductive WPCN is modeled using the black-box model, and the optimal source gains
and the receive combiner are derived to maximize the harvested power and receive signal-
to-noise ratio (SNR). In addition, a novel scattering parameter estimation method, which
determines the unknown channel using a combination of active and passive pilot sequences,
was proposed. The numerical analysis confirmed that the proposed multi-coil reader model
yields higher delivered power and receive SNR than the traditional single-coil reader model
in coil misalignment scenarios.

This is joint work with David J. Love and James V. Krogmeier at Purdue University.
This work was originally presented in part at the 2020 Asilomar Conference on Signals,

Systems, and Computers [9].

1.5 Organization of Dissertation

The rest of the dissertation is organized as follows. Chapter 2 discusses optimizations of
WPT from a transmitter with multiple coils to a receiver with a single coil. In Chapter 3,

point-to-point MIMO SWIPT over an inductively coupled circuits is studied. Chapter 4

18



analyzes WPCN with simultaneous downlink WPT and uplink wireless communication over

inductively coupled MISO channel. Chapter 5 summarizes the dissertation.
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2. OPTIMIZING WIRELESS POWER TRANSFER FROM
MULTIPLE TRANSMIT COILS

© 2018 IEEE. Reprinted, with permission, from: T. Arakawa, S. Goguri, J. V. Krogmeier, et
al., “Optimizing wireless power transfer from multiple transmit coils,” IEEE Access, vol. 6,
pp. 23828-23838, 2018. por: 10.1109/ACCESS.2018.2825290.

2.1 Introduction

2.1.1 Overview of Inductive WPT

Inductive coupling has long been recognized as an effective method to transfer power to
remote devices without wires. Unlike radiative far-field power transmission, which uses prop-
agating electromagnetic waves, near-field inductive coupling techniques utilize the magnetic
fields generated by one or more coils [11]. The fundamental idea of WPT using inductive
coupling involves applying an AC voltage to drive current in a transmitter coil that induces
a current in a receiver coil to supply power to a resistive load. This technique dates back
to the 19th century, and there is a long history of attempts to build practical devices for
wireless power transfer based on this principle [2], [12].

The explosion of mobile devices has invigorated industrial work on WPT, driven by
the possibility of eliminating the last remaining wire for mobile computing devices such as
smartphones and watches [13], [14]. Recent applications include mobile device charging [15],
passive RFID tags [16], medical implants [17], [18], and electric vehicles [19]. There are
already several international standards, including the Wireless Power Consortium i stan-
dard [20] and the Alliance for Wireless Power Rezence standard [21], and there are a variety
of commercial products developed from these standards. Despite this significant amount of
work, most present-day WPT devices are still limited by short ranges (e.g., a few millimeters

to centimeters) and/or low efficiencies [22], [23].

2.1.2 The Key Challenge

A common challenge in most of the previous work on WPT systems is the difficulty of

building accurate models that can predict the power transfer efficiency well enough to tune
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and optimize the system. The common approach in previous work is to model a WPT system
as a lumped RLC circuit that is then analyzed using standard circuit-solving techniques.
Some previous work has also used models for WPT systems based on coupled-mode theory
[4], which has been shown to be equivalent to the RLC circuit modeling [24], [25].

There are two major limitations to using standard circuit solving techniques. First, the
self inductance (L) and mutual inductance (M) circuit elements require complex numerical
calculations, and the mutual inductance values are very sensitive to small changes in the
geometry of the system. Second, and more crucially, a realistic circuit model requires a
complex circuit with a large number of lumped circuit elements.

This latter difficulty appears to be fundamental and arises from the fact that there are at
least two dominant loss mechanisms in WPT systems: Ohmic losses in parasitic resistances
and radiation losses, which are often modeled by multiple lumped circuit elements [26], [27].
Furthermore, an accurate analysis requires consideration of small losses, e.g., Eddy currents
in conducting surfaces near the transmitter coils. These losses are physically dispersed and
cannot be modeled with a small number of lumped circuit elements.

The above reasoning leads directly to the fundamental question that motivates this work.
Can we devise an alternative to the lumped element circuit model that captures the cumulative
effect of the various loss mechanisms in a WPT system without explicitly modeling every loss

source individually?

2.1.3 Approach

The approach followed here is most easily explained using an analogy with channel mod-
eling for wireless communication systems. Wireless communication engineers have long faced
the problem of accurately calculating the frequency response of the propagation channel. A
physics-based approach is to apply Maxwell’s equations to intricate models of the propa-
gation environment. While this can be useful in a carefully controlled setting, practical
wireless communication devices must be deployed in innumerable scenarios and perform
real-time channel adaptation. To solve this problem, researchers have long resorted to sig-

nal processing inspired techniques. The channel is viewed as a black box, and the system
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response is typically estimated in real-time at the receiver using a known training sequence.
This omits the need for careful, and usually inaccurate, electromagnetic (EM) modeling,
succinctly captures the mathematical properties of the channel needed for optimization, and
allows for real-time adaptation.

This is exactly what we propose to do for multiple coil WPT systems. Specifically, we
assume that the WPT system is represented by an unknown multi-terminal linear circuit.
We consider the transmitter terminals as the inputs, receiver terminal as the output, and
express the input-output relationship between the terminal voltages and currents using a
minimal number of unknown transimpedance and gain parameters. We propose to directly
estimate these parameters using a series of simple measurements based on a predetermined
sequence of input currents. We refer to this technique as circuit sounding. Calculating
the input excitations to this multiple coil system that yield the maximum power transfer
efficiency is then a simple optimization.

Note that this approach is different from impedance matching, which intends to maximize
power transfer by determining optimal circuit parameters which minimize the wave reflec-
tion ratio [28]-[30]. Instead, we aim to find optimal coil excitation currents which deliver
maximum power to a receiver for a given WPT system with fixed circuit parameters.

The specific contributions of this chapter are as follows:

1. We describe an abstract circuit model that captures the coupling between the transmit-
ters and the receiver as well as losses using a minimal number of unknown parameters.

A simple procedure to estimate the unknown model parameters is also described.

2. We present a simple derivation of the input excitations that maximize the power
transfer in terms of the parameters of the abstract model. We demonstrate that it
yields solutions that differ from standard assumptions commonly found in the existing

literature.

3. We describe an extensive set of experiments that we designed to test and validate the

abstract model.
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2.1.4 Survey of Recent Work

Resonant coupling is one recently-developed technique for improving the efficiency and
range of multi-coil WPT systems. A typical configuration used with this method involves
a four-coil system where the transmitter and receiver are designed to resonate with a high
@ factor at precisely the same frequency [4]. Since the performance of resonant coupled
systems is sensitive to coil geometry and the presence of other conducting objects near the
coils [31], [32], maintaining resonance is extremely challenging in practice [31], [33], [34].

A recently proposed technique is to use multiple transmit coils [35]-[37] to focus the
energy of the magnetic field towards the receiver. This idea is superficially similar to beam-
forming from phased array antennas [38]. However, it is important to keep in mind that
the physics of radiative electromagnetic fields from antennas is very different from that of
magnetic near-fields. Indeed, the experimental results in this paper illustrate that phase
coherence at the receiver is not necessarily optimal for WPT systems.

Convex optimization methods have been used to find the optimal reactances and current
excitations that maximize the power transfer efficiency of resonant multiple-input single-
output (MISO) WPT systems [39]. While the optimization problem presented in this paper
is closely related to the one in [39], we do not consider optimizing the impedances, and
our formulation can be applied to non-resonant WPT systems. Recently, [40] presented
an optimization problem for maximizing the efficiency of multiple-input multiple-output
(MIMO) WPT systems. However, this approach relies on a specific lumped RLC circuit
model, which requires prior knowledge of the circuit parameters such as parasitic resistances.
Both [39] and [40] use numerical simulations, instead of experimental validation, to verify
the correctness. In contrast, we present experimental evidence based on direct real-time
measurements to verify the validity of the model and analysis.

The rest of the paper is organized as follows. Section 2.2 presents the abstract model for
MISO WPT systems. The efficiency-maximizing excitation for the transmitters is derived in
Section 2.3. A series of experiments designed to illustrate and verify the model is described in
Section 2.4 and an analysis of the experimental results is presented in Section 2.5. Section 2.6

concludes.
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In this paper, we use the following notation: for a matrix or vector A, A stands for its
Hermitian transpose, A7 means transpose, A~ indicates its matrix inverse, and A* stands
for the conjugate of A. For a complex number ¢, the complex conjugate is written as ¢*, and

the real part of ¢ is denoted by Re(c).

2.2 Model Description

2.2.1 Abstract Circuit Model

Consider an arbitrary MISO WPT system (e.g., WPT model with lumped circuit ele-
ments shown in Fig. 2.1(a)) which can be translated into an abstract circuit model illustrated
in Fig. 2.1(b). In these models, N current sources connected to N input terminals with cur-
rents 71,4, ..., i represent the transmitters. These transmitters aim to deliver maximum
power to a receiver which is modeled as a load as shown. The voltage across source k, for
k=1,..., N, is denoted by v, and the load voltage and current are denoted by vy and 1,
respectively.

It is assumed that all the elements in the circuit are linear and the N sources are the
only active elements. Beyond that, we make no assumptions about the interconnections
between the different terminals, the geometry of the coils, and the complexity of the circuit.
Specifically, the model allows i) arbitrarily weak or strong coupling for the transmitter coils
with each other and with the receiver and ii) applies to both resonant or non-resonant
systems. Since Maxwell’s equations are linear, this model also automatically accounts for all
parasitic resistances and reactances including radiation and skin effects and the presence of
shielding materials.

For simplicity, we limit consideration to a time-invariant single-frequency AC circuit
system, where phasor voltages and currents are represented by complex numbers and the
linear load by a complex impedance Z,. The generalization of the circuit model to arbitrary
time-varying non-sinusoidal voltages and currents is straightforward. However, the general
non-sinusoidal case presents a far richer design space and a variety of interesting optimization

problems. We defer detailed consideration of these to future work.
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inductive WPT systems.
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Under the assumptions of linearity and time invariance, the voltage vy and current i
across the receiver load can be computed using the superposition principle as the sum of

contributions proportional to each of the phasor currents ;’s:

- « - -
Vo = ag 111+ Apole + ...+ ag NiIN = g, (2.1)
TN x - x - N

where i = [iy, g, ...,in]|7 is an input current vector, ag = [ag1,ao2, ..., aon]? is a tran-

T

simpedance vector, and by = [by, b, ...,by]" is a dimensionless current gain vector. Using

(2.1) and (2.2), the power consumed by the receiver load is given by
PL<i) = Re(USio)
=3 (vgio + iguo)
L, .
= §1H (aobgl + b()aéq) 1. (23)

Using Ohm’s law, we can write the current 75 and voltage vy of the load Zj, as

. Vo . .
iy == bili and vy = alli.
0

This gives all = Zyb{! which gives for the load power,

Py(i) = Re (Z)i" (bob{! ) i = i (cc!) 4, (2.4)

where the vector ¢ 2 |/Re (Z;)b.

Similarly for the k-th source terminal, the voltage across transmit coil & can be written

as

Uk = Qg 01+ Qg ola + ..+ ap NiN = 8y, (2.5)
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where ay is a transimpedance vector ay = [ax1, a2, ..., Gk, N]T. The current 1, is trivially
written as i, = JkH i where &y is the k-th column of the N x N identity matrix. The power

Py generated by the transmitter k£ can then be written as
1
Pi(i) = 5i" (axdf! + drafl) i =i A, (2.6)

where A, = % (akékH + draf! ) is a positive semidefinite Hermitian matrix. This allows us to

write for the total power transmitted by all the sources as
N —
Pr(i) = i” (Z Ak> i=i"Ali, (2.7)
k=1

where A is the transmitted power matrix and Pr(i) < Pr for total available transmit power
Pr.
The power loss in the WPT system is defined as

Ploss(i) = i7Bi, (2.8)

using a positive semi-definite Hermitian “loss matrix” B = B = A — cc’!. Therefore, using

(2.7) and (2.8), we can rewrite the total power delivered to the load as
PL(i) = Pr(i) — Pow(i) =i" (A - B) . (2.9)

2.2.2 Real-time Measurement Procedure

We describe a simple method to estimate the unknown “channel” parameters B and c
using least-squares. We define a full-rank matrix Q € CV*¥ to represent pilot sequences,

which is given by

din1 q12 ... Q1K
G211 Q22 ... @K
Q=|" o ' (A), (2.10)
|dN1 N2 .- 4NK|
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where ¢;; is a pilot symbol transmitted from coil ¢ at time instant j. When the pilot symbols

are transmitted, the voltage across the i-th transmit coil can be represented by

X, =a; Q+w; (V), (2.11)

ClxK

where a; are transimpedance vectors and w; € are noise. Similarly, the current of the

receiver load is represented by

y =blQ+wy (A), (2.12)

ClxK

where wq € is the noise. Using the measured transmitter voltages x; and load current

y, we can estimate the parameters a; and by by
& = (xQN", and by = (yQH", (2.13)

where QT is a pseudo-inverse of Q, which is given by Q" = Q¥ (QQ)™. The estimate of the
matrix B can then be calculated as B = iy, (éidfl + 52»@151) —¢&eH | where & = (/Re (Zy)by.
If wo and w; are zero-mean white noise vectors, then the estimation error E [||a; — &;?]
and E Nbo - lA)oHQ} are minimized when Q is constructed by orthogonal rows with the same
norm [41]. Some examples that satisfy this condition include the identity matrix and DFT
matrix.
Note: The above estimation procedure involves measurements only at the input termi-

nals and the load and does not involve any measurements anywhere else in the circuit.

2.3 Problem Formulation and Optimal Solution

2.3.1 Maximizing Delivered Power

To maximize power transfer, we want to find the excitation current vector i that maxi-
mizes the total power delivered to the load given a maximum total transmit power Pp. As

described in Section 2.2.2, B and c are treated as unknown channel parameters and estimated
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directly using real-time measurements. For this section, we assume that these parameters
are known and formulate a general optimization problem for the WPT system.

Formally, we state the WPT optimization problem as

i,y = argmax i”cci, (2.14)

subject to i (ccH + B) i< Pr.

For convenience, we define the efficiency of the WPT system for a given excitation current

vector i as

a o) i ccti

M) = 55 = W (e £B)1

(2.15)
The optimal solution to (2.14) is stated in the following theorem.

Theorem 2.3.1. Assuming that B is non-singular, the optimal solution to the problem (2.14)
is given by

i, = {B7c, (2.16)

where € is a constant determined by the transmit power constraint. In addition, the maximum

achievable transfer efficiency n(iop) is always strictly less than 100%.

Proof. The loss matrix B is assumed to be non-singular. If B is singular, it is possible to
choose nonzero i that satisfies Bi = 0. According to (2.8), such an excitation i produces zero
losses and the resulting power transfer efficiency is unity. This means that it is possible to
excite this system to achieve perfectly lossless power transfer which is physically unrealistic.

We now derive the optimal current excitation vector that maximizes the delivered power
for given total available power Pr. Consider the Lagrangian of (2.14) with Lagrange multi-

plier A € R,

J(i,\) = iec”i — A" (cc” + B)i— Pr)
=i (1= A)ec” = AB) i+ APr.

29



Setting the partial derivatives of the Lagrangian to zero, we get the optimal solution:

8J . "
o = ((1 — Neel — )\B) =0, (2.17)
O _u(. m .
azl (cc +B)1—PT:0. (2.18)
Simplifying (2.17), we get
i (1= A)ee” = AB) =0.
= (1 - A)eci= \Bi. (2.19)

Equation (2.19) represents a generalized eigenvalue problem.

Under the assumption that B is non-singular, we can rewrite (2.19) as

A 1
prem () (L); 22
¢ (1—/\> cHi b (2:20)
and hence, the optimizing vector i,y is a scalar multiple of B 'c,
i, = (Bc, (2.21)

where /¢ is a constant and can be computed using (2.18) as

2B (ccH + B)B_lc = (? (a2 + a) = Pr.

Pr
Vet

where a = ¢#B™'c > 0. Now, using (2.4) and (2.18), we get

i (cc” + B)i= Pu(i) +i"Bi= Pr.
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Wlth i == iopt;

cfB'BB ¢

Pr=Fi+Pr ala+1)
_ «
=P, + Pr——.
L+ Toz(a—l—l)
P
Lo o
PT 1—|—CI

where P;, denotes the maximum delivered load power (i.e., Py, = Py (iop)). O

2.3.2 Suboptimal Power Transfer based on Conjugate Beamforming

A suboptimal method is proposed to find an excitation current vector. When a large num-
ber of transmit coils are employed, calculation of optimal excitation vector, which involves
both B and c, becomes computationally intensive. This method reduces the complexity by
computing the excitation current vector without knowledge of loss matrix B. This scheme
is inspired by the conjugate beamforming, a common precoding technique in multi-antenna
wireless communication systems.

The optimization problem can be written as
H_.H

i=argmax icc”i, (2.22)

subject to i < w.

where w > 0. Note that the units of w are A? but not W.

The problem (2.22) is a well-known optimization problem on maximizing a quadratic

- w

. *

i=4/—c"
clc

form. The solution is given by
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Therefore, the excitation current is chosen to be the complex conjugate of the current gain
at each node. Since the total power consumption for an excitation current vector i is given

by i (ccH + B) i, the current vector can be written as
iconj = 517 (223)

where [ is an excitation gain given by

5_¢ r (2.24)

ifl (ccH + B)i

Note that the gain S is introduced to simply satisfy the maximum power constraint and it
does not affect the overall power transfer efficiency for 5 > 0. Therefore, in practice, the gain
can be determined empirically by real time measurement of transmit power Pr(i) without

computing (2.24).

2.4 Experimental Design

A series of experiments was designed and performed to (a) verify the model for real-
world inductive systems, (b) show that the optimal solution can achieve significantly better
performance than previously known methods, and (c¢) demonstrate the method’s feasibility
for estimating the model parameters from real-time measurements.

It is important to emphasize that the purpose of this experimental study is to test and
validate the correctness of the abstract model, but not to demonstrate a practical charging
application. This guided design choices some of which may otherwise seem counter-intuitive.
For instance, we used a non-resonant power transfer system, which does not include a ca-
pacitor or additional resonant coils. A resonant WPT system would have allowed increased
power levels delivered to the receiver as well as higher efficiency, but it would have resulted
in a more complex system and less reliable measurements. Also, while this paper is focused
on a MISO WPT system with a single receiver, the experimental setup includes two re-
ceivers to allow us to study the effect of parasitic inductances on the WPT system. Thus,

we can treat one of the receivers as the intended charging device and the other receiver as
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Figure 2.2. Experimental setup.

an undesired loss element. The results confirm the intuitive expectation that optimizing the
power transfer to the desired receiver has the effect of reducing the power transferred to the
undesired receiver.

Specific details are as follows. The setup consists of four transmitter coils, which can
transfer power to any one of two receiver coils. All the coils are fixed to a cardboard base as
shown in Fig. 2.2. Four coils including two transmitter coils and two receiver coils are located
coaxially while the other two transmitter coils are on the same plane (co-planar coils).

The circuit schematics of the experimental setup and locations of the coils are shown
in Fig. 2.3. The receiver coils are connected with loads Z; = 100 € at all times, and
the transmitter coils are connected to a power source only when the coils are used for

transmission. Otherwise, the transmitter coils are open. Note that no converter is used in
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Figure 2.3. Circuit configuration of experimental setup. Dimensions indicate
center-to-center distances of the coils.

this configuration. The coils have a 90 mm diameter, 2 mm coil length, and 7 turns. The
inductance and resistance of the coils are listed in Table 2.1.
The interaction between two coils is represented by a coupling coefficient defined as
s M

ki 2 : 2.25
= LL (2.25)

34



Table 2.1. Inductance and resistance of coils.

i L (WH) R; (Q) | i L; (uH) R; (Q)
1 13.2 0.892 | 4 12.8 0.938
2 12.8 0.888 | 5 12.9 0.885
3 13.0 0.940 | 6 12.7 0.897

Table 2.2. Coupling coefficient between coil ¢ and j.

g ko vog k|t g 0 ki
1 2 0062 3 0113 5 0.19
1 3 01012 4 0043 6 0.12
1 4 0052 5 0084 5 0.22
1 5 0082 6 0074 6 0.05
1 6 0073 4 0095 6 0.09

where L; and L; are self inductances as shown in Fig. 2.3, and M;; is the mutual inductance
of the two coils [42]. The measured coupling coefficients are listed in Table 2.2.

The measurements are performed as follows. First, 200 kHz AC voltages (whose ampli-
tude and phase can be arbitrarily controlled) are applied to one or more transmitter coils.
The operating frequency is chosen to comply with Qi and PMA standards [20], [21]. The
resulting voltages and currents on the transmit and receiver coils are measured. The voltages
are directly measured using an oscilloscope, and the currents are measured by inserting cur-
rent sensing resistors in series to the coils and measuring the resulting voltage drops. Note
that the current flowing through a non-excited transmitter coil is zero since the circuit is
open.

One transmitter coil’s current is used as a common phase reference, and the remaining
phasor voltages and currents are measured with respect to the phase reference. Similarly, the
voltages and currents of all of the receiver coils are measured. Since the loads connected to
the receiver coils are purely resistive and resistances are known, the current can be calculated

from the voltage measurement and vice versa.
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Table 2.3. Single coil excitation measurements.
Index i (mA) 4y (mA) i3 (mA) 4y (mA) vy (mV) vy (mV) v (mV) vy (mV) up (mV) uy (mV)

1 33.220° 0 0 0 550.2/-86.8° 32.9£89.0° 51.9/-85.8° 24.9/-84.2° 39.2/-78.2° 36.24-77.4°
2 0 33.1£0° 0 0 33.2/89.2° 543.4/-85.4° 60.1£-86.2° 23.4/-84.1° 40.0£-78.4° 37.6£-78.3°
3 0 0 32.920° 0 55.6£—-86.4° 60.0£-86.1° 551.4/-86.3° 45.5/-83.4° 92.0£-78.4° 118.3£-78.0°
4 0 0 0 33.2£0° 28.3/-85.3° 27.4/-84.7° 45.7/-83.6° 549.5/-86.8° 118.74/-79.2° 26.5£-75.7°

2.5 Results and Analysis

2.5.1 Overview of Experiment

We performed two sets of experiments. In the first set of experiments, each of the four
transmitter coils is excited one at a time and the resulting voltages and currents of transmitter
coils and receiver load are measured. In the second set of experiments, the transmitter coils

4) = 6 sets of voltage and current measurements.

are excited two at a time resulting in (2

The single coil excitation measurements are used to measure the model parameters and
analyze the efficiency of the WPT system, and the two coil excitation measurements are
conducted for verification. The proposed solutions were compared with the equal power
beamforming, which is the most widely used method in the literature on WPT systems
with multiple transmitters in which the phase of the excitation current is chosen to be the
negative of the phase of the current gain at each transmitter [43]. This ensures that the
contributions from each transmitter to the total load current are aligned in phase and thus

add up coherently at the receiver load.

2.5.2 Computation of Excitation Vectors

The measurement results when a single transmitter coil is excited are shown in Table 2.3.
The pilot symbol ¢;; in (2.10) corresponds to the current ¢; of measurement index j. Since
there are two receiver coils, we use b(()l) and b[()Q) to denote the current gain vectors between

the transmitter coil array and receiver coil 1 and 2, respectively, i.e.,

H H
iV =b{"i and P =b{P i, (2.26)
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Table 2.4. Two coil excitation measurements.

Index i; (mA) iy (mA) i3 (mA) iy (mA) v (mV) vy (mV) vy (mV) vy (mV) uy (mV) uy (mV)
5 32.940° 33.2£2.5° 0 0 525.6/—85.1° 537.24—85.6° 119.4/—85.0° 59.1/-83.9° 88.44—-T77.5° 79.0£-77.0°
6 32.5Z0° 0 32.6Z£1.7° 0 601.54—85.0° 45.2/-82.7° 604.0£—85.6° 71.7£—83.0° 134.94-77.3° 155.7£-78.0°
7 32.7£0° 0 0 32.842.6° 577.9/-85.6° 3.5£—4.9° 99.6/—83.8° 593.34-85.6° 160.94-78.3° 60.94-76.3°
8 0 31.4£0° 32.6£2.0° 0 28.2/—81.0° 597.2/-85.5° 616.5£—85.5° 82.4/—86.4° 138.84-77.4° 153.34—78.0°
9 0 32.520° 0 32.842.2° 4.0442.5° 594.6/—85.4° 114.94-84.2° 600.9£4—86.0° 166.5/—78.1° 68.94-76.3°
10 0 0 32.3£0° 32.6/1.0° 82.4/-85.2° 86.2/-85.5° 614.5/-85.3° 599.1/—-86.5° 206.0£—78.8° 156.3/—77.9°

and calculate the transimpedance gain as
¢ =/Re (Z5") by and ¢ =/Re (Z) b, (2.27)

where Z[gl) and Z(()Q) are the load resistances in receiver coil 1 and 2, respectively.
The estimation procedure described in Section 2.2.2 with four measurements is used to
measure the model parameters. The estimated transmitted power matrix is
0.93£0° 0.02£21.1° 0.13£-30.4° 0.10£-35.6°
0.02£-21.1° 1.31£0° 0.12£4-1.8° 0.10£-—38.8°

0.13£30.4°  0.12£1.8° 1.08£0° 0.16£1.0°
0.10£35.6° 0.10£38.8° 0.16£-1.0° 0.92£0°

K:

and the transimpedance vectors are

[0.12,78.2°] [0.11277.4°]
0.12./78.2° 0.11/78.4°
cM = and c¢® = .
0.28./78.4° 0.36./78.0°
10.36./79.2°) 10.08/75.7°)

The optimal excitation vector for transferring power to coil 5 (receiver coil 1) in Fig. 2.3

is computed as

T
iy = ki [1400; 0.6/-3.2°; 2.24—26.3°;4.04—23.8°] (A).
The corresponding equal power and conjugate beamforming excitation vector are
T
i) = ky [1400; 1/0°120.2°; 141.0°} (A),
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and

T
ifon; = ko [1.0£0° 1.0£0%2.320.2°3.0£1.0° (A),

respectively, where ki, ko, k3 > 0 are determined based on the maximum available transmit
power Pr.
Similarly, if we aim to deliver power to coil 6 (receiver coil 2), the optimal solution is
given by
(2) !
iopt = Ka [140°;0.64—10.4";3.44—15.9°;0.44—35.9°] (A),
©)

Conj) solution for receiver coil 2 are

and the equal power (i?)) and conjugate beamforming (i

" A),

12 = ks [1400; 1/1.0°120.6%1/—1.7°

and

T
i) =k {1.0400; 1.0/1.0°%;3.320.6°; 0.74—1.7°} (A),

where ky, k5, kg > 0 are determined based on Pr.

2.5.3 Comparison of Power Transfer Efficiencies

We first look at maximizing the power delivered to coil 5 (receiver coil 1). As a result
of strong coupling between transmitter coils 3 and 4 to the receiver coil 1, the optimal
solution if,;)t is heavily weighted to these two coils. The maximum achievable efficiency is
19.1% which is significantly better than 14.1% efficiency obtained by using the well-known
method of equal power beamforming and marginally better than 18.3% efficiency achieved
by conjugate beamforming. The phase of the received voltage due to transmitter coils 1, 2,
3 and 4 are 22.5°, 18.2°, —3.2°, and —1.5°, respectively and it can be observed that this is
different from the beamforming excitation. Note that the efficiency degradation due to the
non-optimal phase excitation of the conjugate beamforming solution is small. Most of the
efficiency improvement of the optimal solution as compared to equal power beamforming is

due to the amplitude mismatch, i.e., the power transmitted by coils that are very weakly

coupled to the receiver.

38



This observation highlights an important oversight in previous work. The beamform-
ing solution seems intuitively reasonable following an analogy with beamforming used in
multiple-antenna communications: coherent beamforming allows the individual induced cur-
rents from each transmitter to combine constructively at the intended receiver and therefore
achieves the largest possible signal levels at the receiver for a given set of signal levels at each
transmitter. Thus, beamforming is optimal in a certain sense. The flaw in this reasoning is
that it neglects the effect of coherent excitation on power losses. While the received signal
is enhanced by coherent beamforming, the overall power transfer efficiency may not increase
proportionally depending on what it does to the power losses.

The above intuitive interpretation is supported by the experimental results. When we
attempt to transmit power to receiver 1, receiver 2 acts as a parasitic loss element. The
beamforming solutions are independent of the channels from the transmitters to receiver
2, and depend only on the channels to receiver 1. In contrast, the optimal solution fully
incorporates all the relevant channel information. When we observe the amount of power
transferred to the undesired receiver 2, we find that the optimal solution igﬁ results in a
power loss of 6.9% for receiver coil 2, which is smaller than the 8.9% power loss obtained by
using equal power and conjugate beamforming. In other words, the optimal solution not only
maximizes the power at receiver coil 1 but also minimizes the power delivered to parasitic
receiver coil 2.

Now, we examine the case where the aim is maximizing power delivered to coil 6 (receiver
coil 2). As a result of this strong coupling between transmitter coil 3 and receiver coil 2, the
optimal solution is heavily weighted to transmitter coil 3. The maximum achievable efficiency
is 13.4% which is significantly better than the 8.2% efficiency obtained by using the equal
power beamforming and marginally better than the 12.6% efficiency achieved by conjugate
beamforming. The phase of the received voltage due to transmitter coils 1, 2, 3 and 4
are 15.3°,4.0°, —1.2°, —18.9°, respectively and is different from the beamforming excitation.
Similar to the case of maximizing efficiency to receiver coil 1, the effect of amplitude mismatch
between optimal and equal power beamforming excitation has a more pronounced effect on
efficiency as compared to phase mismatch between optimal excitation and beamforming.

Since most of the received power is due to coil 3, the conjugate beamforming solution, by
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virtue of having roughly the same magnitude on transmitter coil 3 as that of the optimal
excitation, suffers only a small efficiency degradation as compared to the optimal solution.
The optimal solution, ig,?t results in loss of 9.9% to the undesired receiver coil 1 which
is again the smallest as compared to the 14.1% loss obtained by using equal power and
the 11.7% loss obtained by conjugate beamforming. Note that equal power beamforming

solution, igl) delivers more power to the parasitic receiver coil 1 instead of the desired receiver

coil 2, which confirms the intuitive explanation of the sub-optimality of beamforming.

2.5.4 Verification of Results

Additional measurements were made in order to check the reliability of the estimated
model parameters and efficiency calculations. Table 2.4 shows the phasor measurements
which were obtained by simultaneously exciting two of the four transmitter coils. The
measured efficiency is computed as the ratio of measured load power and measured input
power. Using the measurements, the total input power (Pr) and the load power (Pr) can
be calculated as

Pr = Re(ui;) and Pr, = Re(vpi). (2.28)
k

The measured efficiency is compared against the predicted efficiency, where the latter is
computed by using the estimated model parameters to estimate the load and total input
power for the given excitation current vectors using (2.4) and (2.7), respectively.

Figure 2.5 shows the measured and predicted efficiencies in receiver coil 2 for the measure-
ments shown in Table 2.4. It can be observed that the predicted efficiency closely matches
with the measured efficiency (the difference being less than 2%). Similarly, for receiver coil
1 with the measurements in Table 2.4, the predicted and measured efficiencies are shown in
Fig. 2.4 and in this case too, the predicted efficiency matches the measured efficiency for
most of the measurements (to within an error of 2%) expect one measurement (index 9),
where the error is slightly higher at 4%. Hence, we conclude that the measurements are

quite stable. We also observed that the measurements are highly repeatable.
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Figure 2.4. Predicted and measured efficiency for receiver coil 1 when two
transmitter coils are simultaneously excited.

2.6 Conclusion

We presented a simple abstract approach to model a WPT system with multiple trans-
mitter coils that seek to transfer power to a single receiver coil. We derived an expression for
the optimal excitation current vector that maximizes the efficiency of power transfer, which
is a function of the abstract model parameters. We presented a simple procedure to estimate
these model parameters. We also presented experimental results with four transmitter coils
and two receiver coils and showed that the optimal excitation vector has significant gains as

compared to sub-optimal alternatives like equal power beamforming.
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transmitter coils are simultaneously excited.
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3. MIMO SIMULTANEOUS WIRELESS INFORMATION AND
POWER TRANSFER OVER INDUCTIVELY COUPLED
CIRCUITS

Reprinted from: T. Arakawa, J. V. Krogmeier, and D. J. Love, “MIMO simultaneous wireless
information and power transfer over inductively coupled circuits,” submitted for publication.

3.1 Introduction

There is an urgent need to develop new ways to power the increasing number of mo-
bile devices. Ideally, any power transfer signal can also be used for data transfer, which is
commonly referred to as SWIPT [1], [45]-[47]. Intuitively, since power transfer and data
transfer are fundamentally the same phenomena, in the sense that they both involve trans-
fer of energy from one device to the other, the data and power transfer should be jointly
optimized. This technique is particularly attractive for applications such as RFID tags and
[oT devices, which require both energy to drive circuits and a communication channel to
transfer data [48].

In most deployment scenarios, SWIPT will suffer from low data rate and low energy
transfer efficiency due to various losses and channel impairments [49]. One approach to
overcoming these challenges is the use of multiple transmit and /or multiple receive elements
coupled with MIMO system design. MIMO SWIPT has been extensively studied for radio
frequency (RF)! scenarios as a natural extension of MIMO wireless communication systems.
In [6], SWIPT for a RF MIMO model was investigated and the optimal transmit waveforms
were derived. The wideband SWIPT over frequency selective RF channel was considered
n [50]. A multiuser MISO beamforming for SWIPT model was discussed in [51].

Among numerous wireless transmission approaches, inductive WPT is an efficient short
and medium distance wireless energy transmission technique [2], [52]-[54]. In contrast to
wireless transmission over an RF channel, inductive WPT primarily uses a non-propagating

magnetic field generated, which results in a significantly higher power transfer efficiency

14We use the term RF to describe a wireless transmission method in which a radiative electromagnetic wave
is primarily used.
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in short and middle distance scenarios [2]. In 2007, it was demonstrated that 60 W of
power can be transferred over a distance of two meters with approximately 40 % power
efficiency [4]. The properties of inductive WPT, including the efficiency, antenna design,
and configurations, have been actively studied recently [39], [55]-[58]. Additionally, it has
been shown that the power transfer efficiency can be increased by using multiple transmit
coils [32]. Recently, a channel-estimation based optimization technique for a MISO inductive
WPT system was proposed [10].

In this paper, a single-user MIMO SWIPT model using inductive coupling is considered.
We refer to this model as MIMO inductively-coupled simultaneous wireless information and
power transfer (IC-SWIPT). Inductive communication allows us to exploit the unique prop-
erties of near-field coupling, including negligible multipath effects and low absorption energy
loss from water [59]-[62]. Because of these properties, inductive communication has been
studied for RF challenging scenarios including underground and underwater communica-
tions [63], [64]. In this paper, however, we consider both communication and charging where
inductively coupled coils offer robust communication channels and high power transfer ef-
ficiency. The rate-energy tradeoff over a frequency-selective inductively coupled channel
was initially studied in [65]. In [66], MIMO SWIPT with a single information receiver and
multiple power receivers was considered.

While inductive coupling suffers from somewhat different impairments than RF channels,
an adaptation of the transmit waveform is an effective way to maintain the performance of
IC-SWIPT. Since RF channels use radiative electromagnetic waves, the signal is largely
affected by fading effects including signal reflection, refraction, multipath, and propagation
delays. In contrast, the inductive channel is generated primarily from near-field coupling,
which will be affected only minimally by the standard causes of wireless channel small-scale
fading. Instead, the main impairment of the channel is primarily due to coil geometry
(i.e., relative location and orientation of mutually coupled coils). To illustrate the effect of
transmitter-receiver geometry on the channel, the gain of 2 x 1 inductive MIMO model for
different receiver angle 6 is shown in Fig. 3.1. By choosing the optimal amplitude and phase
of the transmit signals, the power transfer efficiency can be improved and maintained even

when the geometry changes.
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The main difficulty of analyzing IC-SWIPT is that WPT and wireless communication
are usually analyzed by two distinct approaches. Traditionally, an inductive WPT system

is studied using tools from circuit theory in which signals are represented by voltages and
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currents, and the system is modeled with lumped circuit elements (e.g., [10], [40]). However,
this approach quickly becomes intractable when a multi-coil system is considered. RF wire-
less communication, on the other hand, is represented by a linear communication model in
which the system is given as the canonical multiplicative gain and additive noise model [67].
The wireless channel is treated as a “black box” and estimated by transmitting pilot symbols
instead of directly solving a physical propagation model [41]. While this approach greatly
reduces the complexity of the model and provides an intuitive representation of wireless
communication system, it often fails to capture some important physical phenomena such
as impedance mismatch and signal reflections, which need to be considered when analyzing
inductively coupled circuits. Furthermore, most of the previous studies on inductive wireless
communication have derived the characteristics of wireless channel (e.g., bit error rate and
information capacity) solely based on the transmit and receive power [63], [64], [68]. While
these works present the theoretical communication performance for a given system, they do
not provide the input-output signal relationships, which makes it difficult to analyze and
develop MIMO signal processing techniques such as beamforming?.

To study IC-SWIPT, this paper proposes a new analysis framework by employing tools
from microwave network theory. The properties of coupled circuits are represented by scat-
tering parameters, which allow us to analyze inductively coupled circuits in the same manner
as far-field transmission models. The circuit representation based on scattering parameters
captures effects such as impedance mismatches, which have been overlooked in most signal
processing-oriented work on SWIPT. We then show how the performance of IC-SWIPT is
affected by different configurations of coupled coils using numerical analysis. The framework
and results presented in this paper are readily applicable to various types of SWIPT models
including far-field (microwave) SWIPT with standard RF antennas. The preliminary results
of this method were presented in [7].

Specifically, the contributions of this paper are as follows:

1. To propose a framework to analyze an IC-SWIPT system using traveling waves and

scattering parameters [69]. This notation allows us to describe the characteristics of

24When we use the term beamforming, we are referring to a rank-one transmit signal that is constructed by
sending a common signal on each antenna/coil that is gain and/or phase shifted.
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channels and the flow of signals while utilizing well-developed standard communication

representations.

2. To provide analytical solutions for the optimal transmit covariance matrices for i)
maximum information capacity, ii) maximum harvested power, and iii) maximum in-

formation capacity subject to a minimum harvested power.

3. To provide a simple, real-time estimation procedure to determine unknown scattering
parameters and a noise covariance based on a circuit sounding technique. Unlike
typical wireless communication channel estimation, we have to explicitly impose the

constraint from the law of conservation of energy.

4. To show the average magnetic fields of two simple MIMO IC-SWIPT model for in-
formation transfer and power transfer cases based on FEM computations[70]. The
corresponding rate-energy region is also provided using the results of FEM computa-

tions.

The following notations are used in this paper: for a matrix A, tr(A), AT, A% and
det(A) indicate the trace, transpose, Hermitian conjugate, and determinant of the matrix
A respectively. The conjugate of a complex number c¢ is denoted by c*.

The rest of the paper is organized as follows. Section 3.2 describes the proposed IC-
SWIPT system model based on traveling waves and scattering parameters. Section 3.3
presents the optimization problems and their solutions for information transfer, power trans-
fer, and SWIPT systems. A real-time estimation method to determine the scattering pa-
rameters is given in Section 3.4. In Section 3.5, the scattering parameters for two IC-SWIPT
models are obtained by simulation, and the performances of the information transfer, power

transfer, and SWIPT are analyzed by numerical analysis.

3.2 System Model

3.2.1 Abstract MIMO IC-SWIPT Model

Consider a single-user downlink MIMO IC-SWIPT system in which the transmitter and

receiver are equipped with N, and N, coils, respectively, as shown in Fig. 3.2. In this paper,
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Figure 3.2. An illustration of a downlink MIMO IC-SWIPT system with N,
transmit coils and N, receive coils.

we consider a co-located receiver model in which both of the information and energy are
received by common coils.

Instead of directly solving the circuit system, we translate the model to an abstract cir-
cuit model in which the interconnections are treated as a “black box” as shown in Fig. 3.3.
The interconnection captures the circuit elements and effects between the transmitter and
receiver, including impedance matching circuits, coil shapes, mutual inductance, and par-
asitic losses of the coils. We only assume that the interconnection is linear® and make no
further assumptions. The transmitter is modeled with N, voltage sources, each with source
impedance Ry > 0. The receiver is connected to the information decoding (ID) and energy
harvesting (EH) receivers (denoted by Rip and Rgpy, respectively) via power dividers. This
receiver structure is referred to as power splitting. To illustrate the flow of the signals, an
equivalent block diagram is shown in Fig. 3.4.

Each signal is represented by a traveling wave, which is defined as a function of volt-
age, current, and a reference impedance [69]. The traveling waves a,, and b;,, where

1 = 1,...,N;, are defined as a linear transformation of voltage and current expressed as

ar; 1 1 Rre V 7
T R (3.1)
br, Vet |1 —Ryy It

31The linearity assumption of inductively coupled coils has been experimentally verified in [10].
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Figure 3.3. An abstract circuit model of IC-SWIPT system with a power-
splitting receiver. The interconnections is represented by the scattering matrix

S.

R, is a reference impedance.
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For simplicity, we assume R, =

where Vr; and Ir; are root mean square (RMS) values of the voltages and currents, and
R, in this paper.
traveling waves ag, and by, where i = 1, ..., N,, are defined using Vy; and Ig; in the same
manner. The representation based on traveling waves allows us to directly relate them to

the “signals” commonly used in linear communication models [71]. The power of a; and b;
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Figure 3.4. Block diagram of IC-SWIPT.

are given by |a;|* and |b;|?, respectively [69]. The network’s response to an external incident
wave is described by a scattering parameter, defined as a ratio of incoming waves to the
outgoing waves.

We describe a MIMO system as a vector-input vector-output two-port network. A similar
formulation was used in [72] to analyze an RF coupled antenna array, which we extend to
an inductively coupled circuit. The traveling waves ar € CV*! by € CM*! ap € CNrx!,

and by € CN*! are defined in a vector form as

ar = [aT,l T aT,Nt]T , br= [bT,l b,

. " (3.2)
aR: [aR,l.“aR,Nt] s bR: [bR,l...bR,NT] ,
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respectively. The responses to the incident waves are described by the scattering matrices
Srr € CNoXNe S € CNXNe Spr € CVNe - and Spr € CV*Nr. Using the power waves

defined in (3.2), the full network’s input-output model is

br . Srr Srr| |ar ( 3 3)
br Srr Sgr| |ar
S

For ease of notation, we define S as shown in (3.3).

The power dividers shown in Fig. 3.3 are three-port passive networks which divide the
received signal into two signal streams. We assume that the all ports of the divider are
matched and the loads Rgy and Ryp are also matched to the output of the ports (Ryes = Z1).
This assumption allows us to eliminate the signal reflections at the divider and loads to zero.
The power splitting ratios are denoted by pgy = Pegn/P, > 0 and pyp, = Pip/P. > 0, where
P,, Pgy, and Pp are the total power admitted to the divider, the power harvested by EH

receiver, and the power received by ID receiver, respectively.

3.2.2 Information Transfer Model

The data symbols transmitted from the N; transmit coils are received by the ID receiver

via N, receive coils. The received signal at the ID receiver yp € CN-*! ig

Yr = V/PwoSrrar + W, (3.4)
where wy = [wy, ..., wy,]T ~ CN(0,K,) is zero-mean complex Gaussian noise with covari-

ance matrix K,,. Note that mutual coupling between antennas (coils) results in correlated
noise at the receiver in general [73], [74]. While most of the previous studies on inductive
WPT have ignored the effects of noise, an additive noise term is explicitly given in (3.4)
since the analysis of information transfer requires the noise model. A detailed analysis of

correlated noise resulting from a passive network is given in [75].
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By rewriting H £ /PoSgrr and x £ ap, we can represent the transmission from the

transmit coils to the ID receivers as
yr = Hx + wg, (3.5)

where x € CM*! is the transmit signal and H € CN~*M is the effective communication
channel. The transmit signal x is zero-mean complex Gaussian with covariance matrix
Q. = E[xx] with E[-] denoting the expected value. The maximum achievable rate given an
input covariance Q, (i.e., which some might call the capacity for a fixed input covariance)
is [67]

C' = log, det (I + K, HQ,H"). (3.6)

The capacity expression in (3.6) is highly dependent on the channel matrix H. The structure

of H can be extremely complicated, especially when combined with an optimization over Q.

3.2.3 Power Transfer Model

The transmit power and the harvested power are represented as functions of the scattering
parameters and the transmit covariance matrix. Using (3.3), the reflected signal to the
transmitter is represented by

br = Syrar + wr. (3.7)

where wr ~ CN(0,K;). For the calculation of power transfer, the magnitude of the additive

noise is assumed to be negligible. The total instantaneous generated power is

2 2
Fo = |laz|]” = [[br||

= [lar||* - [|Srrar|?
= aqff (I — S¥TSTT) ar
= al’Aay, (3.8)
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where A = I — S#.S;7 and ||-|| indicates the two-norm. Note that A is positive-definite
since the law of conservation of energy and non-zero coupling coefficients require ||aT||2 >

ISrrar||® for any ap. The average generated power is
Pg = ElalfAaz] = tr(Q.A). (3.9)

It is worth noting that if the network S is matched to the sources (i.e., all entries of Syp
are zero), we get A = I. The average generated power (3.9) simplifies to Py = tr(Q), which
aligns with the standard definition of transmit power of RF communication models.

The total instantaneous harvested power is given by

Pin = pox |zl
= pox ||Srrar|
= PEH a{p{ SgTSRTaT

= al’G"Gar, (3.10)
where G £ | /penSrr- The average harvested power is
Pen = E [||Gx|°] = tr(GQ.G™). (3.11)

Therefore, the harvested power is fully characterized by the channel G and the transmit
covariance matrix Q,. Note that the result (3.11) is equally valid for non-Gaussian transmit

signals (e.g., a single frequency sinusoidal signal).

3.3 Simultaneous Wireless Information and Power Transfer

In this section, we consider optimizing the transmit covariance matrix Q, for each of three
objectives, namely, i) maximizing the information capacity, ii) maximizing the harvested
power, and iii) maximizing the capacity subject to a minimum harvested power constraint.

For all the optimization problems, we assume a total average transmit power of Pr (W).
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. . . . WIT o . .
First, we find the transmit covariance matrix Q‘,(wpt) that maximizes the information

capacity of the MIMO IC-SWIPT link. The optimization problem is
Max Capacity Waveform

arg max log, det <I + K;jHQxHH> : (P1-1)

Q.T
subject to tr(Q.A) < Pr, (3.12)
Q. = 0, (3.13)

where (3.12) represents the total average generated power constraint and (3.13) indicates
that Q. is positive semidefinite.

The problem (P1-1) can be equivalently written as

arg max log, det (I + IN{Q,BIN{H) , (P1-2)

Q.
subject to tr(Q,) < Pr, (3.14)
Q. = 0, (3.15)

~

where fI £ K-1/?2HU,D;"* Q, 2 D/*U#Q,U,DY? and A = U4D,U¥ is the eigen-
value decomposition of the positive-definite matrix A [71]. The solution to (P1-2) is given
by the waterfilling algorithm and therefore omitted for brevity [76]. The optimal solution to

~ k

(P1-1) is QW) = UaD,2Q, D, *UY  where @, is the solution to (P1-2).
Secondly, we consider finding the transmit covariance matrix Q;YEZT) that maximizes the
total harvested power. The optimization problem is

Max Harvested Power Waveform

arg max tr(GQ,G™) (P2-1)
QI
subject to tr(Q.A) < Pr,
Q. = 0.
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The problem (P2-1) can be equivalently written as

o o H
arg max tr (GQIG ) (P2-2)
Q.
subject to tr(Q.) < Pr,
Q. =0,

where G £ GUAD;/Q. The solution to (P2-2) is given by Q, = Prvv where G =
UsDg VY is the singular value decomposition (SVD) of G, and v is the column of Vg
which corresponds to the largest singular value [6]. The optimal solution to (P2-1) is given
by Qe — Prfff | where £ = U,D, v,

This result shows that the harvested power is maximized by generating a common signal
(e.g., a tone) and setting the gain and phase of the i-th transmitter’s incident wave by v/Pr f;,
where f; is the i-th entry of f. From a signal processing point of view, this solution can also
be seen as beamforming.

Lastly, we consider finding the transmit covariance matrix Qisjgtl PT) that maximizes the

capacity subject to the minimum harvested power constraint. The optimization problem is

Max Capacity s.t. Min Harvested Power Waveform

arg max log, det (I + K[UIHQzHH) (P3-1)
Qz

subject to tr(GQ.GY) > Pin, (3.16)

tr(Q.A) < Pr, (3.17)

Q. = 0, (3.18)
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where (3.16) is the minimum harvested power constraint. The problem (P3-1) is then equiv-

alently written as

arg max log, det <I + ﬁQxﬁH> , (P3-2)
QI

subject to tr ((N}Qx(w}H) > Poin, (3.19)

tr(Q.) < Pr, (3.20)

Q. = 0. (3.21)

The solution to (P3-2) is given in [6] and omitted for brevity. The solution to (P3-1) is given
by QU — U,4D,*Q, D, *UX, where @, is the solution to (P3-2).
The performance of SWIPT is characterized by the rate-energy (R-E) region. The region

for the total available generated power Py is defined as

Crp(Pr) ={(R, P) : R < log, det (T + K, HQ,H") ,
P < tr(GQ,G"), tr(Q.A) < Pr,Q, = 0}.

The difference from the R-E region defined in [6] is that the parameters K, and A are
explicitly given in order to capture the correlated noise and signal reflections, respectively.
In general, the maximum harvested power is linearly proportional to pgy, while the capacity

is proportional to log(pyp) in the high SNR regime.

3.4 Estimating S-Parameters and Noise Distribution

The knowledge of scattering parameters and the distribution of received noise is required
to compute the optimal transmit covariance as discussed in Section 3.3. Since the scattering
parameters may vary when the location of coils or the surrounding environment changes, the
system needs to adapt to the channel in real-time. While it is a common practice in nearly
all modern communication systems to obtain receive-side channel knowledge by having the
transmitter send a known pilot sequence, the scattering parameter of an unknown network

is often measured directly using a device such as a vector network analyzer (VNA) [69].
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Figure 3.5. Block diagram of IC-SWIPT model. Sy, Sgr, and K,, are
estimated by received yr[i] and yg[i].

We propose a simple procedure to estimate the unknown scattering parameters and noise
covariance matrix based on channel sounding. This approach is inspired by the RF channel
estimation [41] and the real-time circuit sounding technique proposed for WPT systems in
[10]. The parameters required to compute the optimal transmit waveforms are Sy, Sgr, and
K.,. The scattering matrix Spr is estimated at the transmitter by observing the reflected
signal, and Sgr and K, are estimated at the ID receiver by observing the transmitted signal
as shown in Fig. 3.5.

We incorporate the knowledge that the law of conservation of energy requires that the
sum of power delivered to the receiver and reflected to the transmitter must be less than
the generated power, i.e., |Srr||* + ||Sgr||> < 1. This constraint is physically valid since
the channels are defined based on scattering parameters. However, the constraint requires a
joint estimation of Sy and Sgy, which is not practical for a system in which the channels
are estimated in a distributed manner. Therefore, we relax the constraint to ||Sy7||* < 1 and
ISkr||> < 1. This constraint is usually ignored in the standard channel estimation problems
since the gain of an RF channel is very small and the constraint is almost always satisfied.

At the ID receiver, both the channel Sgr and the noise covariance matrix K, need to
be estimated. We assume a sequence of pilot symbols x [1],x[2],...,x [M] € C¥*! known

by both transmitter and receiver, is transmitted. Using the communication channel defined
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in (3.5), when the i-th pilot symbol x[i] is transmitted, the received symbol at the ID receiver
is

yr[i] = Hx[i] + wgi], (3.22)

where wg[i] is the noise with wg[i] ~ CN(0,K,,). The received pilot sequence can be written
in a vector form as

yvec = thec + Wv&C?

where y... = vec(ygli],...,yr[M]), h... = vec(H), w,.. = vec(wg[l],...,wg[M]), and
V = X" ®1 with X = [x[i],...,x[M]] € CN*M_ The operator ® indicates the Kronecker
product and vec(-) is the vectorization operator.

We consider maximum likelihood (ML) estimation of Sgy and K,, with the constraint of

the law of conservation of energy. A scaled version of the log-likelihood function is

L(Yoel b
- (yvec - thec)H(I ® Ku})71 (yvec - thec)

— In(det(I® Ky)). (3.23)

K,) =

vec)

The optimization problem is

arg max L (yvec
hyec,Ku

h...,K.,) (P5)

subject to ||f1vec||2 < Po- (3.24)

Since the optimization problem (P5) does not have a closed-form solution, we con-

sider solving the problem iteratively similar to the expectation conditional maximization

L(yvec vec
L(Yoe | BEFD KDY for a known h(E+D,

vec vec

(ECM) algorithm [77]. An iteration consists of i) maximization of the likelihood function
h(+) KO for a known K®subject to the constraint (3.24) and ii) maximization of
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First, we obtain flS’ffl) that maximizes the likelihood function for a given Kg) The

optimization problem is

- L (v R, RO 5
At
subject to LD 12 < pyp.

For convenience, let Q) =T ® K{®. Then, the optimal solution to (P5-1) is

W = [V () v + 1] v () Ty, (3.25)

vec

where if [V (20) " V= v (0) Ty, ||

> pip then A > 0 is selected such that ||[h¢+D|[2 =
pip, otherwise A = 0. The proof of the solution is given in Appendix 3.A.
Secondly, we obtain the optimal K+ that maximizes (3.23) for a given h¢+). The

optimization problem is

arg max L(yvec THGR K(t+l)) (P5-2)
K
The optimal solution to (P5-2) is given as
M

where el(t)

= ygli] — H®x[i] and H® = vec™ (h®) € CN*Nt. The estimates (3.25) and
(3.26) are computed iteratively until they converge.

To optimize the transmit covariance matrix, a feedback channel is required to send the
channel and noise covariance estimates to the transmitter. The implementation and perfor-
mance of the feedback channel of communication systems have been extensively studied [78],
[79]. Possible feedback channel implementations include load modulation, an uplink commu-
nication technique for RFID and near-field communication (NFC) systems [11]. A detailed
discussion of the implementation is deferred to future work.

The channel Srr is estimated using ML estimation in the same manner as the previous

estimation procedure. The reflected pilot symbol is yr[i] = Sprx[i] + wr[i] where w[i] is
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the additive noise with wr[i] ~ CA(0,K;) as shown in Fig. 3.5. Note that the estimator
for K; can be treated as a nuisance parameter since the estimation of this noise covariance

matrix is not required for optimizing Q,.

3.5 Simulation

3.5.1 Overview

The performance of IC-SWIPT is investigated by numerical analysis and FEM simulation.
Throughout the simulations, we use the center frequency of f. = 13.56 MHz. The source
impedance R, and the reference impedance Zi are 502 and the total available transmit
power is 1 W. The power splitting coefficients are pgyy; = 0.9 and p, = 0.1. The noise
covariance matrix is generated based on Bosma’s theorem [74], [75] as K, = o%p;p(I —
SrrSEL) where 02 = 1mW. For simplicity, we do not consider impedance matching in this
simulation.?

We consider the direct-fed and indirect-fed inductively coupled models [80]. In the direct-
fed model, each coil is directly connected to a source or a load in series. The indirect-fed
model is often referred to as strongly coupled magnetic resonance, in which secondary coils
are employed for resonance [4].

For each of the models, the simulation is performed as follows. First, the scattering
matrices Str, Sgr, and Sgg are computed using ANSYS HFSS [81]. Then, the maximum
capacity waveform, the maximum harvested power waveform, and the R-E region are numer-
ically computed. Lastly, The average magnitude of magnetic field is computed for each of
the optimal waveforms by averaging field realizations. Each transmitted signal is generated

from a realization of a random vector with distribution Qg op:-

3.5.2 Direct-Fed Resonant 2 x 2 MIMO Model

We first consider a direct-fed resonantly-coupled 2 x 2 MIMO IC-SWIPT model (N; =

N, = 2). This simple setup is intended to show how the magnetic fields change depending

41The framework proposed in this paper is readily applicable to a model with linear impedance matching
circuits by having the scattering parameters capture the matching network as well.
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Figure 3.6. Direct-fed 2 x2 MIMO IC-SWIPT model. (a) Coil geometry. The
shaded plane that goes through the centers of each coil indicates the surface in
which the field strength is to be plotted. (b) Equivalent circuit configuration.

on the optimization objective. The model consists of two pairs of co-planer coils as shown
in Fig. 3.6. The separation distance between the transmitter and receiver is denoted by dgep-
The four flat spiral coils have the same shape, with each having 10 turns. Each coil having

inductance L is connected to a capacitor C' in series for resonance. The inductance and

capacitance satisfy f. =1/(27v LC).
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Figure 3.7. Average magnetic field strength of direct-fed 2 x 2 MIMO model.
(a) Maximum capacity waveform. (b) Maximum harvested power waveform.

The R-E region and the average strength of the magnetic field for dge, = 20 mm are shown
in Fig. 3.7 and 3.8, respectively. With the maximum capacity waveform, a large portion of
the available power is allocated to transmit coil 2, which results in a strong magnetic field
around transmit coil 2. This is because receive coil 2 is distant from both transmitters
and, therefore, has smaller magnitude of the channel compared to receive coil 1. With
the maximum harvested power waveform, almost none of the available power is allocated to
transmit coil 2. Figure 3.7b suggests that most of the power was transferred over the channel

from transmit coil 1 to receive coil 1. This can be justified by the fact that the channel from
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Figure 3.9. Maximum data rate and delivered power for separation distance dgcp.

transmit coil 1 to receive coil 1 has a higher gain than the channel from transmit coil 2 to
receive coil 2.

Figure 3.9 shows how d, affects the maximum harvested power and maximum data rate.
Since power transfer mostly occurs between transmit coil 1 and receive coil 1, the maximum

harvested power decreases as the separation between the coils increases. In contrast, the
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maximum data rate significantly drops near ds, = 11 mm because the location of coils

resulted in a low channel gain between transmitter 2 and receiver 2.

3.5.3 Indirect-Fed Resonant 3 x 2 MIMO Model

We now consider an indirect-fed 3 x 2 MIMO IC-SWIPT model (V; = 3, N, = 2) as shown
in Fig. 3.10. This model is designed to show the performance of a practical [C-SWIPT model
with a larger transmitter-receiver distance. Each primary coil is constructed by a single-turn
circular loop and a connection port for coil excitation. Each secondary coil has five turns and
is connected to a capacitor in series. The secondary coil circuits are tuned to the frequency
of f..

The R-E region and the average field strengths are shown in Fig. 3.8 and 3.11, respectively.
Since the resonant secondary coils are used in this setup, the receive coils are strongly
excited even when they are distant from the transmit coils. Transmit coils 1 and 2 are
both highly excited with the maximum capacity waveform, while the maximum harvested
power waveform allocated a large portion of the available power to transmit coil 3. When
the transmit covariance matrix is optimized for the maximum harvested power, this model
achieves the harvested power of 0.48 W and the capacity of 10.7bits ' Hz™!. When the
transmit covariance matrix is optimized for the maximum capacity, this model gives the

harvested power of 0.36 W and the capacity of 19.6 bits~! Hz 1.

3.6 Conclusion

We proposed a new framework to define the input-output relationship and analyzed the
performance of a MIMO IC-SWIPT system by utilizing the traveling waves and scattering
parameters. The framework represents the unknown channel as a two-port vector-input
vector-output network, which captures properties of coils, inductively coupled channels, and
other linear circuit elements as well as parasitic components. The information capacity and
the harvested power were derived as functions of the scattering parameters and a covariance
matrix of the incident wave to the channel. We showed how to find the transmit waveform

that i) maximizes information capacity, ii) maximizes harvested power, and iii) maximizes
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information capacity subject to a minimum harvested power constraint. In addition, a
simple technique to estimate the unknown scattering parameters that accounts for the law
of conservation of energy was proposed. We computed the rate-energy regions and the
average magnetic field strengths for direct-fed 2 x 2 MIMO and indirect-fed 3 x 2 MIMO

models.
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Figure 3.10. Indirect-fed 3 x 2 MIMO IC-SWIPT model. (a) Coil geometry.
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plotted. (b) Equivalent circuit configuration.
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3.A Proof of Maximum Likelihood Channel Estimation with Constraint

The optimization problem (P5-1) can be rewritten as

a’rg mln (yvcc - \/.:h'vcc)l—ls_271 (yVCC - thcc)
hVeC
subject to [hyeo| |* < pro, (3.27)

where © = I ® K,,. The superscripts “(t)” and “(¢t + 1)” are omitted. The Lagrangian is

L(hoe, A) = (Vhe = ¥ Q7 (Vi = yooo) + A (||

2 - PID) )
where A > 0 is the Lagrange multiplier. Setting VL(h,.., ) = 0 gives

h.. = (VIQ'V+I) viQly,.

Therefore, it follows from the Karush-Kuhn-Tucker (KKT) conditions that if ||h,..

ZSpID

with A = 0, then the solution is equivalent to that of generalized least squares (GLS), i.e.,
h.. = (VIQ'V) vialy,.
Otherwise, A is chosen such that
[(VIQTV + M) VI y  |° = pin.

The parameter A can be found using an iterative algorithm (e.g., the bisection method).
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4. NEAR-FIELD WIRELESS POWERED COMMUNICATION
NETWORK USING A COIL ARRAY

4.1 Introduction

The rapid growth of the IoT has drawn significant attention to WPCN in which remote
devices are powered wirelessly over a downlink channel, while transferring information using
the uplink channel [1], [82]. One of the most well-known WPCN applications is RFID, in
which a reader transmits energy to tags that use the received energy to send information
back to the reader [11], [16], but there are many emerging use cases that accompany the
growing and widespread [oT use cases in agriculture, manufacturing, and daily life. Recently,
WPCN has been extensively studied in signal the signal processing community. The system is
considered from various aspects including the data rate, PTE, network structure, scheduling,
and hardware design of transmitter and receiver mainly based on microwave signals [1], [8],
[83].

In short and middle-range transmission scenarios, near-field inductive coupling, which
primarily uses a non-radiative magnetic field, has various advantages over a far-field model,
which is based on a propagating electromagnetic field. Firstly, inductive coupling achieves
higher PTE compared to RF WPT since inductive coupling primarily uses a non-radiative
magnetic field [2]. The recent progress in near-field wireless power transfer techniques in-
cluding magnetic resonant coupling and multi-coil transmission can provide robust power
transfer at a longer distance [4], [10]. Secondly, uplink information transfer can be easily
implemented over inductively coupled circuits using load modulation (LM) [11]. This is due
to the mutual coupling effect in which the state (e.g., voltages and currents) of one circuit is
affected by the states of the other coupled circuits. Lastly, an inductively coupled link is less
susceptible to surrounding obstacles such as water, concrete walls, and soils than far-field
transmission systems. This property allows near-field WPCNs to be used in traditionally
harsh environments including underground and underwater [64], [84].

Despite the various advantages of inductive coupling, most of the previous studies on
WPCNs are based on a far-field transmission model. Therefore, this paper models a near-

field WPCN over inductively coupled circuits and investigates the optimal strategies for
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wireless information and power transfer. We consider the use of multiple coils at the reader,
and we find that the analysis is similar to that of multiple antenna communication techniques
used in today’s high-rate RF communication systems.

Specifically, the main contributions of this paper are:

e Modeling an inductive WPCN based on the “black-box” approach in which the prop-

erties of the network are captured by a small number of measurable parameters;

» Deriving optimal source signal vectors that maximize the harvested and reflected pow-

ers;
o Presenting methods to design load impedance values for communication;

o Analyzing effects of different load impedance values to the energy and information

transfer performances;

» Proposing a scattering parameter (S-parameter) estimation technique based on the

combination of channel sounding and a sequence of reflection coefficients.

WPCNs over an inductively coupled circuits using a coil array was initially studied in
[9]. The relationship between voltages and currents of the circuits was modeled based on the
black-box approach using a small number of transconductance values, in a similar way to
the technique originally proposed in [10]. While modeling a WPCN using transconductance
values allows us to straightforwardly relate the parameters that appear in the analysis to the
corresponding voltages and currents, it is nontrivial to optimize the circuit parameters such
as load impedance.

In this paper, we utilize the S-parameters to represent the black-box, instead of transcon-
ductance values. By representing the current and voltage by a pair of an incident and re-
flected waves, the tools from signal processing such as beamforming can be directly applied
while preserving the meaningful physical effects.

The model and optimizations presented in this paper are readily applicable to far-field
backscattering, which is a mathematically similar technique that can be used to implement

WPCN, while it is regarded as a distinct physical phenomenon from near-field coupling in
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general [16]. Far-field backscattering is a technique to send back information from remote
devices to an AP using the backscattering effect of microwaves. Backscattering can be seen as
a special case of the model presented in this paper, in which signal reflections from the “black-
box” are zero. The related works of backscattering include MIMO communication [85],
beamforming for power transfer [86], and channel estimation [87].

The following notations are used throughout this paper. A*, AT, A" and tr(A) indicate
the conjugate, transpose, Hermitian transpose, and trace of a matrix A, respectively. Re{a}
represents the real component of complex scalar a. The n x n identity matrix is represented

by I,. Lastly, C denotes the set of complex numbers.

4.2 System Model

In this section, we describe the power transfer and communication set-up we consider in

this paper.

4.2.1 Overview

Consider an inductive WPCN model with a reader denoted by R with N coils and a
transponder denoted by 7 with a single coil as shown in Fig. 4.1. The reader coils are used
for transferring energy to and receiving information from 7 with an average total transmit
power constraint P. The transponder coil is connected to a load, which is used for passive
load modulation and energy harvesting.

The WPCN model is represented by an abstract circuit model in which all the intercon-
nections between R and 7 are treated as a “black-box” as shown in Fig. 4.2. The abstract
circuit model allows us to capture the properties of circuit system by a small number of
measurable parameters [10], [88]. The connection between R and T is fully characterized by
an N + 1 port network. In addition, the modulator and the energy harvester are represented
by a passive variable load with impedance Z;, which is connected to port 0 of the network.
The harvested power is defined to be the power dissipated at the load Z;. The sources of R,
with each having the structure shown in Fig. 4.3, are connected to ports 1 to N. Throughout

the paper, the transponder coil and its related parameters are exclusively denoted by the
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Figure 4.1. Illustration of a near-field WPCN model.

index 0. The reader coils and the corresponding parameters are indexed by 1 to N. Also,
the scattering parameter from port i to j in Fig. 4.2 is denoted by? s, ;.

In this paper, the WPCN is modeled using traveling waves and S-parameters, instead
of voltages, currents, and impedance or admittance values. This representation allows us
to apply tools from signal processing while preserving the properties of the circuits (e.g.,
impedance mismatches). The incident signal x; and reflected signal y; for port i are defined

as
_ Vit Bl Vi Baerls

2 Rref ’ v 2\/ Rref 7

where R, > 0 is a reference impedance, and V; and I; are RMS values of the voltage and

(4.1)

X

current of port i, respectively. The definitions (4.1) can be seen as a special case of power

waves with a real reference impedance [69].

1Note the order of i and j in the subscript. We adopted the standard notation of scattering parameters
from microwave network theory.
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Figure 4.2. Abstract circuit model of near-field WPCN model.

The load impedance Zj, is converted to a reflection coefficient I', rather than directly
using it in the formulation. The reflection coefficient of the load with impedance Z is given

by [69]
o ZL - Rref

=" 4.2
ZL + Rref ( )

73



Signal Information
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Figure 4.3. Circuit model for i-th source. The model was originally proposed in [89)].

Note that |I'| < 1 since the load is passive and the reference impedance is real. The reflection
coefficient I' is dynamically modulated by 7T in order to transfer information. As such, I' is

treated as a random variable that takes one of the values in G, which is defined as
G = {r(l)’lﬂ(?)7 . ’F(M)} ’ (4.3)

where M is the total number of available reflection coefficients. The design methods of G
will be discussed in Section 4.3.2.

We assume that the interconnections between R and 7T are represented by a reciprocal
network, i.e., s;; = s;; fori =0,...,Nand j =0,...,N. It is known that the reciprocity
property is valid for any passive network that contains only isotropic materials [69].

A block diagram representing the flow of the signals in the abstract circuit model is shown
in Fig. 4.4. For notational convenience, we use three parameters, Sz, s, and sy, to denote
partial sections of the scattering matrix that represents the interconnections as illustrated
in Fig. 4.5. Specifically, Sg is an N x N matrix whose (i, j)-element is s;11+1, 8 is a row
vector given by 8 = |55 809 -+ Son |, and Sop is a scalar value. Intuitively, Sg, s, and so

represent R-to-R, T-to-T, and T-to-7T interconnections, respectively.
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Figure 4.4. Block diagram of an inductive WPCN.

4.2.2 Power Transfer

We first consider the downlink channel from R to 7, which is used for power transfer.
Since the interconnection is linear, the signal admitted to the load Z; can be written as a

linear combination of continuous wave (CW) signals supplied by the sources,

Yo = hp(l)x + wr, (4.4)
-
where X = |2, 25... 25| Is the source signal vector which represents a CW applied to the
system by R,
1
hpT) = ———— 4.5
p(D) = T p (15)

is the downlink channel from R to 7. Derivation of (4.5) from the abstract model shown in

Fig. 4.2 is given in Appendix 4.A.
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Figure 4.5. Structure of scattering matrix representing the black-box.

Since the harvested power is defined to be the power dissipated at the load, the harvested
power is given by the difference of the incident and reflected power of the load, which is

written as

Py (T, x) = |yo|* — |T yol*
= (1 - |F|2) Yolo
= (1= 11%) x"hf(I)hp(D)x,

1— T
= %XHSHS X. (4.6)

The average harvested power for the source vector x is
Py(x) = E{Py(I',x)} = ax"s"s x, (4.7)
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where a = E {(1 — T/ 11— 50,0F|2} and the expectation is taken over I'.

The total power supplied to the black-box by transmitting a CW signal x from R is
Pr(x) = |x|* = x"x, (4.8)

which has units of Watts2. Since x is independent of I', the average transmit power with
respect to I is equal to (4.8), i.e., Pp(x) = Pp(x).
The average PTE for Pr(x) > 0 is defined as

M) 2 X , (4.9)

which is independent of the transmit power. Therefore, average PTE is described by a kind

of Rayleigh quotient.

4.2.3 Information Transfer

The information is transferred using the uplink channel from 7 to R by passive LM.
Changing the load impedance Z alters the reflection coefficient I' of 7 as given in (4.2), which
is detected from the reflected signal y by R to extract information. Therefore, information
transfer involves the wireless channel from R to R via 7.

The reflected signal received by R is given by

y = H(I) x + wg, (4.10)

N
, H(T') € CN*¥ represents a channel from R to R via 7, which is

where y = [yl Y2... YN

a channel matrix as a function of the load reflection coefficient T', and wy ~ CN(0, 0?Iy) is

zero-mean complex Gaussian noise with covariance matrix o2I,;.

21Signal processing oriented papers usually do not consider the units. An advantage of scattering parameter-
based approach is being able to relate each quantity to measurable physical units.
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The channel matrix H(I") can be explicitly written in terms of scattering parameters and

the load reflection coefficient. The channel is given by

H(T) s's + Sg. (4.11)

- 1-— 80701—‘
—_———
()

Derivation of (4.11) is given in Appendix 4.A. For ease of notation, we define ¢ (I') as shown
in (4.11).

The transmitted data symbols are detected by R using the received (reflected) signal y.
By plugging (4.11) into (4.10), the noisy received signal is

y = [¢(1)s"s + Sg| x + we. (4.12)

Recall that the transmitted information is embedded in the value of I To detect the
transmitted symbol, the receiver cancels out the self interference (i.e., tones) and generate

Y as

y=1(y —Srx)
=((I)fs'sx + f wg, (4.13)

where f is a receive combiner.

The instantaneous receive SNR of the combiner output y is defined as

‘C(F)fsTsx‘Q

4.14
€707 (4.14)

(T, x) =

The SNR (4.14) represents the ratio of 7T’s reflected power associated with ((I") to the noise

power. Since symbol detection is performed based on the combiner output y, the detection
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performance is directly related to the SNR defined in (4.14). The instantaneous SNR given
I' and x is bounded by

CO)sx [T oy sxp )P

[ o? ’

7<F7X) =

where equality holds if and only if

*

s

-5 (4.15)
sl

which is the maximum ratio combining (MRC) [90]. The combiner (4.15) is independent of

x because sx is a scalar.

The average receive SNR is
2
B ‘fsTs x‘

4.16
€70 (4.16)

7(x)
where 8 £ E{|C(D)[*} = E{|T]*/[1 = so0l*}.

Remark. In general, the received signal y is nonlinear in I' due to the nonlinear structure of
function ((I'). A common assumption in far-field (RF) models is that the ports are matched
(i.e., so0 = s11="---=syn =0). Under this assumption, y is linear in I", since {(I') =T

This result aligns with the widely-used far-field backscattering models (e.g., [87]).

4.3 Wireless Powered Communication Network

In this section, we discuss optimizing the source signal vector, methods to design the
reflection coefficients of the transponder, and a SNR-power region to characterize the per-

formance of an inductive WPCN system.

4.3.1 Optimizing Source Signal Vector

The harvested power and the received signal at R are both functions of the transmit CW
vector x, according to (4.6) and (4.10). Therefore, the optimization problems to find the

optimal x are considered in this section.
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We start with showing that the receive the SNR + is a scalar multiple of the harvested
power, and therefore the optimal x that maximizes SNR also maximizes the harvested power,
and vice versa. The instantaneous receive SNR (4.14) can be rewritten as

T
Y(I,x) = "—5—-x"s"'sx. (4.17)
I£]" o

By comparing (4.6) and (4.17), we conclude that
v(I',x) =€ Py (T, x),

where ¢ > 0 is a scalar.
We now consider optimizing the source signal vector x that maximizes both the harvested

power and the receive SNR. The optimization problem is formally written as

Xopt = argmax xHsHsx (P1)
X

subject to x"x < P, (4.18)

where (4.18) is the maximum average source power constraint. The positive scalar of the
cost function is omitted since it does not change the result of a maximization problem. The
optimal solution to (P1) is a an eigenvector with magnitude VP that corresponds to the
largest eigenvalue of sM's, which is X,p. = v/Ps"/||s||. Therefore, this solution can be seen
as beamforming from R to 7. It is worth noting that the optimum solution also maximizes
the PTE (4.9). This is not to be confused with the maximum power transfer theorem in

circuit analysis, which is the result of impedance matching.

4.3.2 Load Design Methods

A choice of reflection coefficients G defined in (4.3) affects the harvested power and the
receive SNR of information transfer, since both (4.7) and (4.16) depend on G. The fact that
y is nonlinear in I' as can be seen in (4.10) provides us with two approaches to design G,

namely, a direct design and predistortion-based design, which we present in this section.
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Since the load is passive (i.e., the reflected power does not exceed the incident power),

every G must satisfy G C g’?, where G is a set of all of the “valid” reflection coefficients,
defined as
G={I:TeC,|<1}. (4.19)

For a given G, the reader observes the constellation C = {c(l), e ,c(M)} where ™ =
¢ (F(m)). Since every C must generate a valid G, we have C C C where C is the set of all

constellation points that generate the valid reflection coefficients, defined as
¢={cr):reg}. (4.20)

While it can be easily seen that G is a disk centered at zero with radius 1 from the definition
(4.19), the region that is defined by C is relatively difficult to observe. As such, we provide
the following theorem that provides the constraint on C in order for it to be a “valid”

constellation.

Theorem 4.3.1. Assume |soo| < 1. If a constellation point ¢ € C satisfies |c —a| < r

where v = |p1 — pa| /2, a = (p1 + p2)/2, pr = C([s00l /S0,0), and p2 = ((—|s00] /s00), then

o) < 1.
Proof. See Appendix 4.B.

Theorem 1 provides a useful property that any constellation C that is confined to a circle
with center a and radius r generates a valid set of reflection coefficients G = {(*(¢) : c € C}
where (7 (¢) = ¢/(1 4 s c).

We now present two approaches to designing the reflection coefficients.

Direct load design

Since G is a disk, a straightforward but naive approach is to design G directly. For
example, a binary phase shift keying (BPSK) constellation can be directly defined as a set
of reflection coefficients G = {—1,1}, which clearly satisfies G C G. Note that while the

distance between the two symbols (—1 and 1) is maximized under G in this example, it does
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Figure 4.6. Illustration of transformation of QPSK constellation to reflection coefficients.

not imply the maximum distance under C due to the nonlinearity of ¢(-). This approach
does not require channel state information (CSI) and is best suited for low-cost transponders
that need to be manufactured with a fixed set of reflection coefficients. This approach can

be seen as constellation design based on 7’s perspective.

Predistortion-based load design

If the transponder’s reflection coefficients are reconfigurable, G can be designed in a
way that a desired constellation appears at R by predistorting the reflection coefficient.
Specifically, a constellation C = {c(l), oM )} where C C C is designed using the property
from Theorem 1 and the corresponding G = {('(c) : ¢ € C} is generated. An illustration of
transformation of quadrature phase shift keying (QPSK) to a set of reflection coefficients is

shown in Fig. 4.6 as an example.

4.3.3 SNR-Power Tradeoff

There is a fundamental tradeoff between the downlink energy transfer and uplink infor-
mation transfer performances. The tradeoff arises from the fact that a portion of the power
received by 7 is used for uplink data transfer. To observe the tradeoff, consider reflection

coefficients G = {—a, a}, which can be used for binary transmission. When a = 1, no power
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is harvested by 7 according to (4.6) since 1 — |T|* is always zero. When a = 0, T does
not reflect any energy to R since ((I') is always zero and therefore no information can be
transferred.

To characterize the performance tradeoff, we define an SNR-power region [91]. The

SNR-power region for an inductive WPCN is defined as

Csne—p(Pr) = {(p, P) : p < y(I',x), P < Py(T', x),

xx < Pp, I < 1} (4.21)

An SNR-power pair (p, P) € Cr.g(Pr) is interpreted as, the transponder is able to harvest
P Watts of power while transferring information to R at the SNR of less than or equal to p.

4.4 Circuit Estimation

The knowledge of scattering parameters is required for the source signal optimization,
receive signal combining, and predistortion-based reflection coefficient designing, as discussed
in the previous sections. This section proposes a novel method to estimate the unknown
scattering parameters sg o, s, and Sg.

Determining unknown scattering parameters of a multi-port network usually involves
the transmission of CW and measurement of reflected signal at each port (e.g., measure-
ment using a vector network analyzer). However, this technique is not suitable for the
proposed WPCN model since active signal transmission or reflected signal measurement at
the transponder is not feasible. Therefore, we propose an S-parameter estimation method
that does not require active transmission or signal measurement at the transponder.

The channel estimation uses a active pilot sequence X = |:X1 SeeX L] € CV*F and a passive

load sequence g = [Fl e FL}, both having L symbols as illustrated in Fig. 4.7. The first
Ly symbols of the passive load sequence, I'y,...,I's, are all zeros, where N < Ly < L. The
active pilot symbols x, and the passive load symbols I'; are transmitted and selected in a

synchronized manner. The reader’s (-th received signal y, € CV*! is written using (4.10) as
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Figure 4.7. Illustration of pilot sequence for channel estimation.

= S . 4.22
Y 1—80701—‘48 S+ OR| Xp+ Wy ( )
The received signals (4.22) can be written in a matrix form Y = [y; -+ y] € CV*F as
Y = STSXF (IL - 8070]:1)71 + SRX + W, (423)
where I' = diag(g) € CL*L is a diagnonal reflection coefficient matrix and W = [wl W L} CNxL

1S noise.

The least squares (LS) channel estimation problem can now be formally written as

argmin |[Y — §T8XT (I — 3,) " — $zX|| . (4.24)
Sw,8,80,0
To solve this problem, we use an iterative method in which each iteration consists of the
following initialization and three estimation steps.
Initialization: Find an initial estimate of Sg. For a faster convergence, the initial
estimate of Sg is obtained using the first Ly estimation symbols. The received signal (4.22)

for the first Ly estimation symbols is simplified to y, = Sgx; + wy since I'y = 0 where
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¢ =1,---,Ly. Therefore, the received signals for the first Ly symbols can be written in a

matrix form as

Y, = SrXo + W, (4.25)

where Yo = [y; - yz,] € CV*Fo X, = {xl ~--XL] € CNV*fo and Wy, = [Wl "'WL0:| €

0

CN*Lo_ The problem to compute the initial estimate of Sg is

argmin HYO — SRXOH; ) (4.26)
Sr

The optimal solution to (4.26) is [92]
Sr = YoX§ (XoX§)

Step 1: Optimize S given S and 50,0- In this case, we consider the following

optimization problem.

argmin Y — 8T$XT (I, — 500T) " (4.27)

2
P’

where

Y, =Y - SzX

is the received signal after self-interference cancellation. Note that this optimization problem
leaves a m-phase ambiguity in § since (—8)T(—8) = 878. However, the phase ambiguity can
be practically ignored in the system discussed in this paper.

T§ with a new matrix S € C¥*V and the optimal § is

To solve (4.27), we first replace §
obtained from S by enforcing the rank-one constraint. Specifically, we consider the following
relaxed problem of (4.27).

argmin HY1 — SQH?7 ) (4.28)
s

where

Q = XI' (I — 80,0T)".
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The optimal solution to (4.28) is
A —1
S=Y.Q"(QQ") .

2 N
, where S is a sufficient

The optimal solution to (4.27) is obtained by minimizing HS - éTé‘
statistic to estimate S [87]. A rank-one approximation algorithm to find § from S is provided
in [87]. Therefore, the procedure to find § is omitted for brevity.

Step 2: Optimize 5, given Sk and 8. To optimize 3y, we consider the following

optimization problem.

2
argmin Y1 — §T8XT (I, — 80,T) ||,

30,0

(4.29)

It can be seen from (4.29) that §yp is nonlinear in X and I'. The optimal value of 5, can
be found by a simple grid search by noting that |sqo| < 1 since the network is passive.
Step 3: Optimize SR given § and 35y9. Given the previous estimates § and 3¢,

compute a new estimate Sk. The optimization problem is
N 2
argmin HY2 - SRXH ) (4.30)
Sk F

where

Yo=Y —8T8XT (I — 30,0)".

The optimal solution to (4.30) is
Sr = Y, X" (XX") "

Note that the main difference between (4.26) and (4.30) is that all of the L estimation
symbols are used to optimize Sk in (4.30) while only the first Ly estimation symbols are

used in (4.26).

The three estimation steps described above are iteratively performed until it satisfies a

predetermined stopping condition (e.g., the difference in the squared error). Also, the least-
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squares error (i.e., the cost function of (4.24)) is monotonically decreasing in the iterations
since each of the optimal solutions to (4.27), (4.29), and (4.30) always reduces or keeps the

previous error.

4.5 Simulation

In this section, the performances of the proposed wireless communication and power

transfer methods are numerically analyzed using a practical inductive WPCN model.

4.5.1 System Setup

We consider a MISO inductive WPCN model in which a multi-coil reader communicates
with a transponder equipped with a single coil. The model consists of four reader coils (coils
1 to 4) and a transponder coil, which is placed 25 mm below the reader coils, as shown in
Fig. 4.8. This configuration is intended to simulate communication and power transfer with
an agricultural sensor buried in the soil.

All of the reader coils have the same shape, with each having four turns and 42 mm in
radius. The transponder coil has four turns and a 22mm radius. Each of the five coils
is connected to a compensating capacitor in series to make the coil resonant at the center
frequency f. = 13.56 MHz. The scattering parameters are computed using ANSYS High
Frequency Structure Simulator (HFSS). Throughout the simulation, the total transmit power

and the receiver noise power are assumed to be Pr = 1 W and 02 = 1 pW, respectively.

4.5.2 SNR-Power Regions for Coil Misalignment Scenarios

An advantage of a multi-coil reader is that misalignment of reader and transponder coils
can be tolerated by adapting the transmit signal. In a conventional single-input single-
output (SISO) inductively coupled model, a small coil misalignment may cause significant
performance degradation. This section compares SNR-power regions of the proposed the
multi-coil reader model against a conventional SISO model.

In this simulation, we consider two coil misalignment scenarios shown in Fig. 4.9, using

MISO and SISO models. A conventional SISO WPCN is modeled by removing reader coils
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Transponder Coll

Figure 4.8. Reader and transponder coils for simulation. All coils are acti-
vated for the four-coil reader model. For a single-coil reader model, coils 2 to
4 are removed.

2, 3, and 4 from the configuration shown in Fig. 4.8. The first misalignment model is a
non-coaxial coil scenario where the transponder coil is shifted by 40 mm to the y-direction
with respect to the reader coil 1, as shown in Fig. 4.9a. The second scenario considers a case
where the transponder coil is rotated 60° counterclockwise, as shown in Fig. 4.9b. For both
scenarios, full CSI (S-parameters) at the reader is assumed.

The computed SNR-power regions are shown in Fig. 4.10. In both misalignment scenarios,
the proposed multi-coil reader model achieved higher receive SNR and harvested power than
the conventional single-coil reader model. Specifically, the multi-coil reader model harvests
3.5 times larger power and provides 11.6dB higher receive SNR compared to the single-
coil model in the 40 mm offset scenario. The performance improvement in the 60° rotation
scenario is slightly smaller and the multi-coil reader model harvests 21 % more energy and

gives 1.73dB higher SNR than the single-coil reader model.
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Figure 4.9. Front views of two misalignment scenarios. (a) The transponder
coil is shifted by 40 mm in the y-direction. (b) The transponder coil is rotated
60° counterclockwise.

4.5.3 Channel Estimation

The performance of the proposed S-parameter estimation method was evaluated using

the four-coil reader model shown in Fig. 4.8. Specifically, we computed the least-squares

T T

/\A2
s—8§ s‘ ,
F

error (i.e., the cost function of (4.24)) and the squared errors |[Sr — Sg||%,

s

Ts instead of s to evaluate the error of § since there

and |spo — §070\2. Note that we use s
exists a m-phase ambiguity in § as discussed in Section 4.4.

In this simulation, we used an estimation sequence with length L = 40, which is generated
from the first N rows of the L x L discrete Fourier transform (DFT) matrix. The first Ly = N
symbols of the passive pilot sequence are all zeros, and the remaining L — Ly symbols are

generated by I'; = exp(jb,), where 0, = 27 (¢ — Lo)/(L — Lo) and ¢ = Lo+ 1,...,L. The

grid search in the channel estimation used a set of complex numbers, which was generated
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Figure 4.10. SNR-Power regions for two misalignment scenarios.

by incrementing each of the real and imaginary parts of a reflection coefficient from —1 to 1
by 0.01 step.

The simulation result is shown in Fig. 4.11. It can be seen that the squared errors
reached less than 107 within the first ten iterations. The squared error in 8¢ significantly
dropped in the first three iterations and remained at approximately 6 x 10> for the rest of
the iterations. This behavior is due to the grid search in which only a discrete set of s¢ ¢
values are evaluated. The loss in the maximum harvested power and receive SNR due to the

estimation error at iteration 20 are 1.4 % and 0.13 dB, respectively, compared to the full-CSI

case.

4.5.4 Comparison of Load Design Methods

The symbol error rates (SERs) of the direct and predistortion-based load design meth-
ods are analyzed by Monte Carlo simulation. In this simulation, BPSK, QPSK, and 16-
quadrature amplitude modulation (QAM) constellations are used, and the ratio of total

signal source power Pr to the noise power o2 is varied from 0dB to 25dB. The result is
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Figure 4.11. Least-squares error and the estimation errors in Sg, §

shown in Fig. 4.12. For all three constellations, the predistortion-based design method out-
performed the direct design method. In particular, the error rate performances of the direct
design method for QPSK and 16-QAM constellations are significantly worse than those of
the predistortion design method.

To observe the cause of the significant SER degradation of the direct load design method
with higher-order modulation schemes, the reflection coefficients and receive constellation of
16-QAM are shown in Fig. 4.13. The predistortion-based load design method generates equi-
spaced 16-QAM constellation points, as can be seen from Fig. 4.13b. The direct load design
method results in smaller distances between constellation points than the predistortion-based

design method, making the constellation more vulnerable to additive noise.

4.6 Conclusion and Future Research Directions

An inductive WPCN was modeled based on the black-box approach, in which the channel
and properties of coils are represented by a small number of scattering parameters. The op-
timal source signal vector that maximizes both the harvested and reflected powers is derived

as a function of the scattering parameters. Since the inductive channel introduces a non-
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Figure 4.12. Symbol error rates for BPSK, QPSK, and 16-QAM.
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Figure 4.13. 16-QAM reflection coefficients G and receive constellation C of
direct and predistortion-based load design methods.

linear transformation of the reflected signal, we proposed a method to design the reflection

coefficients by predistorting the reflected signal by the load. A circuit estimation method
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that simultaneously uses the active and passive pilot sequences was presented. The simula-
tion showed that the proposed multi-coil reader model achieves higher SNR and delivered
power than a single-coil reader model in coil misalignment scenarios. The performances of
the proposed circuit estimation method and two load design methods were evaluated by
numerical analysis using the multi-coil reader model.

The system model and analysis techniques for inductive WPCN discussed in this chapter
provide various future research directions. Some of the potential research problems are listed

below.

« DC offset in receiver constellation. The predistortion based load design often
results in a receiver constellation with a constant DC offset from the origin. However,
a DC offset is undesirable in standard wireless communication systems since it “wastes”
the transmit signal power without improving communication performances. Therefore,
the effect of DC offset in the receive constellation on the communication and power

transfer performances should be further investigated.

e Definition of signal power. We defined the SNR as the ratio of the “signal power”
associated with ((I") to the noise power. However, unlike conventional digital commu-
nication models in which the signal power is fully controlled by a transmitter, the signal
power in the inductive WPCN model is determined by both the transponder, which is
the source of the information, and the reader, which is the power source. Therefore,
the definition of the “signal power” is somewhat vague in inductive WPCN. For a
rigorous analysis of communication and power transfer performances, the definition of

the signal power should be further discussed.

o Error in load impedance. As shown in the simulation on the predistortion-based
load design, accurate control of the load reflection coefficient is essential. Since produc-
tion tolerance or other environmental factors (e.g., ambient temperature) may cause
a change in the load impedance value, performance degradation due to the error of

impedance as well as methods to compensate for the error should be studied.
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4.A Derivation of Channel Matrices

The channels hp(I") and H(I'y) are derived from the scattering matrix of the N + 1
port network shown in Fig. 4.2. The channels are obtained by solving the input-output
relationship from the definition of the scattering parameters.

To find hp(T') from the definition of scattering parameters, first recall that the signal y;

can be written as

N
Yi = Z S; ;T (4.31)
§=0

Since the reflection coefficient of the load is I', the relationship between the incident and
reflected signals of port 0 is

zo = L'yo. (4.32)

Using (4.31) and (4.32), the incident signal to the load (yy) can be written as

N
Yo = Z 50,575 + S0,01'Y0

j=1
= sx + S0,0['yo, (4.33)
T
where s = |50 509 - - - 307N:| and x = [$1 To .. ,xN} . Solving (4.33) for yo, we get
! (4.34)
= ———SX. .
Yo 1— 8070F
—_———
hp(T)

Therefore, the channel hp(I") is obtained as shown in (4.34).
To find H(I"), write for the incident signal to the i-th port, where i = 1,2,..., N, using
(4.31), (4.32), and (4.34) as

N

Yi = 8;0l'yo + Z S;i;Tj
i=1

Si7or

N
= ———8X+ ) 8;;%;.
1 _ SO,OP Z J7]

j=1
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Noting the reciprocity assumption s; ; = s,,;, we can write y;’s in a vector form as

r T
= S 4.
y <1 — So,oFS s+ 72) X, (4.35)

H(T)

.
wherey = {yl . -yN] and Sg is an N x N matrix whose (i, j)-element is s, j41. Therefore,

the channel H(T") is obtained as shown in (4.35).

4.B Proof of Theorem 1

Proof. ((-) is a Mobius transformation [93]. Since |sgo| < 1 and |I'| < 1, we have 1—soI" # 0.
Thus, ((-) transforms a disk D; = {I" € C : |T'| < 1} to another disk Dy = {z € C: |z —a| <
r}, where a and r are the center and radius of the disk Dy. To find @ and r, first consider
antipodal points % |sgo| /00 on the boundary of D;. Since these two points are also on a line
that passes through both the center of D; and the center of inversion 1/s¢ g, the transformed
points p1 = ((|s0,0| /S0,0) and pa = ((— |s00| /s0,0) are also antipodal points on the boundary

of Dy. Thus, a and r are given by r = |p; — pa| /2 and a = (p1 + p2)/2. O
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5. SUMMARY

In this dissertation, three types of inductive WPC operating modes, namely, WPT, SWIPT,
and WPCN, were considered. The black-box model, a well-known technique in the wireless
communications and signal processing community to represent unknown channel properties
by a small number of measurable parameters, is applied to the inductively coupled circuit
systems. This approach eliminates the necessity of solving a complex circuit system that
involves self and mutual inductances of coils and parasitic components that exist in various
parts of an inductive WPC system. Furthermore, this approach allows us to apply well-
studied signal processing techniques, including beamforming, receive combining, and channel
estimations, to inductively coupled systems.

First, we studied PTE optimizations for WPT from multiple transmit coils to a single
receiver coil that is connected to a passive load. We applied the black-box approach to a
MISO inductive WPT model. Based on the proposed model, the optimal source current
vector that maximizes the power transfer efficiency was derived. Also, a simple estimation
method to determine the unknown channel parameters was proposed. An experimental
model consisting of four transmit and two receive coils showed an improvement in efficiency
compared to the conventional equal power and conjugate beamforming solutions.

Secondly, an inductive MIMO SWIPT system, in which both data and energy are trans-
ferred from a multi-coil transmitter to a multi-coil receiver, was considered. The system was
modeled based on the black-box approach in which the unknown channel was represented
by scattering parameters. We derived the optimal transmit covariance matrices for the
maximum harvested power, maximum data rate, and the maximum data rate with the min-
imum harvested power constraint. We modeled direct-fed and indirect-fed inductive MIMO
SWIPT configurations and presented a rate-energy region for each of the models using FEM
simulations.

Lastly, we investigated an inductive WPCN where energy is transferred from a multi-
coil reader to a single-coil transponder while data is transferred from the transponder to
the reader. The information is transferred by a complex passive load modulation which

dynamically changes the transponder’s load impedance to embed information to the reflected
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signal. The black-box circuit system is represented by scattering parameters, similar to the
SWIPT model. We derived the optimal transmit signal vector and receive combiners that
maximize the harvested energy and the receive SNR. Furthermore, we proposed a least-
squares channel estimation method that does not require signal measurement or active signal
transmission at the transponder. The improvements in the harvested power and receive SNR
were shown by comparing the proposed multi-coil reader model to the conventional single-coil
reader model in coil misalignment scenarios. Furthermore, the performance of the proposed
channel estimation technique was evaluated by numerical analysis.

The inductive WPC systems proposed in this dissertation open up various research op-

portunities. Some of the open research problems on inductive WPC are listed below.

o Stochastic channel modeling. Throughout the dissertation, inductive wireless
channels (i.e., the parameters that define the properties of black-boxes) are assumed
to be deterministic. However, the wireless channels in practical deployment scenar-
ios involve impairment due to mobility or random coil misalignments, which may be

stochastically modeled in analogous to far-field channel modeling techniques.

e Multi-user WPC. Wireless charging and communication for multiple devices would
be of interest in order to make the proposed WPC systems more scalable. This may
require changes to the black-box network models. Note that all three proposed models
can be used without any modifications in a scenario where a transmitter (or a reader)
communicates with or transfers energy to one of the multiple devices at a time. This

can be done by treating all the other devices as loss elements of a wireless channel.

« Wideband channel analysis. Wireless communication requires nonzero bandwidth
to transfer information. In the SWIPT and WPCN analyses of this dissertation, it was
assumed that the bandwidth was sufficiently narrow and the gain was constant over
the bandwidth of interest. However, it is known that the inductively coupled circuits
form a frequency selective channel since the inductors (and capacitors for resonant
coupling systems) act as an analog filter [88], [94]. Therefore, a performance analysis
that takes into account the frequency selectivity of the inductive channels would be

necessary, especially when a high data-rate communication channel is considered.
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o Coil design. The mutual inductances of coils are affected by the shape and geometry
of inductors. While this dissertation did not consider optimizations of coil shapes or

placements, careful consideration of coil properties is necessary to deploy the system.

o Experimental verification. The information and power transfer performances of the
proposed SWIPT and WPCN systems are analyzed using the coil models designed on
FEM software. In order to confirm the validity of the proposed schemes, it is desirable

to implement the WPC hardware and obtain the experimental results.

Inductive WPC is a new research area with great potential to achieve robust and energy-
efficient wireless power transfer and communication using the near-field inductive coupling
technique. In order to utilize the proposed systems in practical deployment scenarios, further

analysis of models and performances of inductive WPC is desired.
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