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Abstract

Each year, consumers carry an increasing number of mobile devices on their per-
son: mobile phones, tablets, smartwatches, etc. As a result, users must remember to
recharge each device, every day. Wireless charging promises to free users from this
burden, allowing devices to remain permanentl-y unplugged. Tdday's wireless charg-
ing, however, is either limited to a single device, or is highly cumbersome, requiring
the user to remove all of her wearable and handheld gadgets and place them on a
charging pad.

This thesis proposes MultiSpot, a new wireless charging technology that can
charge multiple devices, even as the user is wearing them or carrying them in her
pocket. A MultiSpot charger acts as an access point for wireless power. When a user
enters the vicinity of the MultiSpot charger, all of her gadgets start to charge auto-
matically. It achieves this by tracking multiple receivers and focusing the magnetic
field from multiple transmit coils in a provably optimal way. We have prototyped Mul-
tiSpot and evaluated it using off-the-shelf mobile phones, smartwatches, and tablets.
Our results show that MultiSpot can charge six devices at distances of up to 50 cm.

Thesis Supervisor: Dina Katabi
Title: Andrew and Erna Viterbi Professor
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Chapter 1

Introduction

1.1 Wireless Power Hotspot

Our daily lives rely on a multitude of personal mobile devices, such as phones, tablets,

and wearables. While new devices have made our lives easier in many respects,

having to remember and manage to charge all of our mobile devices is a recurring

and increasingly significant burden. If we could wirelessly charge our devices, it

would alleviate this daily anxiety, and may even allow such devices to be permanently

unplugged. While previous work has taken initial steps towards this goal, it either

remains limited to a single device at a time [55, 82, 3], or requires forms factor that are

too large to fit within mobile devices [661, or is extremely cumbersome requiring the

user to remove all of her wearable and handheld gadgets and place them physically

on top of a charging pad [4, 51, as in Fig. 1-1.

Imagine, however, if one had a single wireless charger that was able to charge all

of its surrounding devices simultaneously, even if they were on the user's body or in

her purse. In some sense, this would be analogous to a short-range WiFi hotspot

-i.e., the wireless charger would act as a power access point; once the user enters the

vicinity of the charger, her devices start receiving power as needed, and if she moves

away the charging stops. One could use such a charger as a desk mat. Whenever

the user sits at her desk, the iPhone in her pocket, the tablet in her purse, and the

smartwatch on her wrist would charge automatically without even thinking of them,
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(a) Nhilti-Phone Charger

Figure 1-1: Today's Wireless Charging: Today's wireless chargers require careful

placement of' each device on the charging pad.

(a) Desktop C'harging Hotspot (b) Airport Charging Hot spot

Figure 1-2: Wireless Power Hotspot: (a) MultiSpot acts as a wireless power
hotspot. Mounted as a (lesk mat. it is able to charge all surroun(ling persoual (lec-
tronics. incbl(ling cellphones, tablets, smartwatches, erea(lers, wireless keyboards and
touchpads. (b) WYireless power hub in an airport charges travelers" electronic (levices
in their pockets or suitcases. Furthermore it allows travelers to continue using their
(levices while simultaneously charging without the encumbrance of a, cable.

as shown in Fig. 1-2a. Power hotspots coul(d also be placed in airports an(d train

stations to eliminate the struggle that users today have as they fight over the plug

and are forced to stop using their favorite (levices while they are tethered to the wall.

Specifically. an ideal wireless power hotspot should have the following properties:

p

(b) Smnartwatch Charger
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1) it can charge multiple devices simultaneously; 2) it is able to charge the device in

any location/orientation combination as they exist in the real world - on the user's

wrist, in the user's pocket or tossed haphazardly on the table. In this thesis, we will

show first that it is possible to create such a wireless power hotspot, second to explore

the numerous challenges encountered in attempting to implement such a system in

the real world and third and in depth examination of a system that addresses these

challenges and delivers on the promise in real world environments - MultiSpot.

1.2 How to Deliver a Wireless Power Hotspot?

As we investigate the answer to this question, we focus on charging via magnetic

coupling because it is the approach already adopted by the wireless power stan-

dards [25, 101, it is the base technology underlying all consumer implementations of

wireless charging to date, and it is deemed safe and compliant with FCC rules 159].1
In magnetic coupling, the power transmitter uses one or more coils. When an AC

current traverses the transmitter's coil, it creates a variable magnetic field. If this

magnetic field traverses a nearby coil, it generates an electric current, hence delivering

power to that device. The stronger the magnetic field is at the receiver, the more

power is delivered. The challenge, however, is that the magnetic field attenuates very

quickly with distance, and hence typical wireless charging devices operate at very

short distances of several centimeters [25, 17].

Our approach builds on a recent idea called magnetic beamforming [55], where

multiple coils on the transmitter act as a multi-antenna system, shaping the magnetic

field in a beam and focusing it on the receiver, in a manner similar to beamforming

in MIMO (Multi-Input Multi-Output) systems. 2 This initial idea has been demon-

In particular, we use magnetic resonance [10]. Some start-ups have advocated the use of RF
radiation [15, 2], ultrasound [26], or lasers [16] for wireless power transfer. None of those approaches
have made it into the standards for consumer electronics. Further, charging consumer electronics,
e.g., phones, using RF or lasers raises safety concerns [48, 99] (for further details see 2).

2 The term "magnetic beamforming" in [55] and this thesis refers to shaping the magnetic flux
in the near field in the form of a beam (or multiple beams). In contrast, traditional beamforming
in wireless communication systems operates over radiated waves in the far field. This difference is
critical to understanding why it is a non-trivial difference in the fundamental physics upon which
the respective systems rely.
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strated for a single receiver, where beamforming of the magnetic field can increase

the charging range up to 40 cm and allow for a flexible phone orientation [551.

At first blush, it might seem that one can beamform the magnetic field to multi-

ple receivers by directly borrowing from multi-user MIMO. Unfortunately, there is an

intrinsic difference between multi-user MIMO in RF communications and the physics

of wireless charging. Specifically, consider the effect of introducing multiple receivers.

In a conventional wireless communication system, each receiver is a passive listener

that only receives signals. In contrast, in a wireless charging system, receivers interact

with each other. A receiver not only accepts power, but also reflects power back to

the transmitters and other receivers. The presence of a receiver affects the magnetic

field observed by other receivers and transmitters. As a result, adding, removing, or

moving just a single receiver in the system affects all of the other receivers, which is

typically negligible in RF communication systems. In fact not accounting for these

interactions can lead to large errors in shaping the magnetic field and consequent

charging failures, as we show in 8.3. One therefore needs to account for these funda-

mental differences between the models of multi-user RF channels and multi-receiver

magnetic channels, while formulating and solving the magnetic charging problem.

This thesis introduces MultiSpot, a multi-coil power transmitter that can beam

its magnetic field toward multiple power receivers simultaneously and is able to cope

with changing real-world environments in real time. MultiSpot formulates the multi-

receiver magnetic charging problem and derives a provably optimal solution whose

equations account for inter-receiver interactions. By shaping the magnetic field into

beams and focusing them towards the receivers, MultiSpot can significantly increase

the range of multi-receiver wireless charging. Further, by steering the beams with

receiver motion and orientation, MultiSpot can accommodate a flexible charging pat-

tern capable of charging a smartwatch on the user's wrist, a phone in her hand, and a

tablet in her purse - simultaneously and even while some of the devices are in motion.
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1.3 The MultiSpot System

As developed in this thesis, the MultiSpot system has the following key features:

1. MultiSpot is analytically proven to maximize the coil-to-coil power delivery ef-

ficiency to the receivers, by minimizing the power loss at the transmitters. Said

differently, given a particular topology of the transmit and receive coils (and

hence their resulting magnetic couplings), MultiSpot delivers a closed-form solu-

tion that sets the charging parameters to guarantee maximum power delivery to

the receivers' coils. In the case that each receiver may require different amount

of power, MultiSpot can maximize the efficiency (i.e., minimizing the power

loss on the transmitters) while delivering the exact amount of power specified

by each receiver.

2. MultiSpot's solution is adaptive. It adjusts to movements of the receivers and

re-converges to the optimal solution. In our implementation, MultiSpot adapts

to receivers' movements in just a few milliseconds.

3. A MultiSpot charger employs a non-interruptive channel estimation method.

Like in the traditional MIMO system, beamforming requires the transmitter to

know the channels. Communication systems use a channel estimation phase,

where the transmitter pauses data transmission and the time is dedicated solely

to estimating the channels 3. In MultiSpot, we will show that this is no longer

necessary. The transmitter can non-interruptedly beamform to the receiver,

without having to stop and dedicate extra time to estimate the channel. This

is critically important where time spent in channel estimate means time not

delivering power and especially in the case of multiple and moving receivers

could result in a dramatic lengthening of charging time.

4. MultiSpot can deliver power simultaneously to a large variety of devices, even if

their power level is orders of magnitude different. For example, MultiSpot can

3 In communication systems, there are commonly two ways: 1) the transmitter transmits known

signals so that the receiver can measure the channel and send it back; 2) the receiver transmits
known signals to the transmitter and transmitter infers reciprocal channels. [90]
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deliver 10W to a tablet and 0.1W to a wearable sensor at the same time, without

overloading the low-power device or underpowering the high-power device. This

requires MultiSpot to have the ability to fine-tune and manipulate the strength

of the magnetic field in space with reasonably high resolution, specifically form-

ing high-density magnetic fields at a high-power device and low-density mag-

netic fields at a low-power device.

5. MultiSpot's design also features several innovative circuit designs.

" Power converters with high efficiency and high reliability, delivering tens

of watts at moderately high frequencies (MHz range frequency), which is

generally considered to be particularly challenging [81].

* Real-time high-accuracy sensing circuits to sense the circuit parameters

in the Tx circuits. This is the key to the accuracy of the whole system.

Specifically, since the circuits themselves are in the magnetic fields gener-

ated by the Tx coils, dealing with the electro-magnetic interferences that

is created is a major challenge.

Implementation and Results: We built a prototype of MultiSpot and evaluated

it with smart phones, a smartwatch, and a tablet. We also compared MultiSpot to

multiple baselines: Duracell Powermat [4], Energizer Qi [51 and LUXA2 [121, and a

reference design by WiTricity called WiT-5000 [17]. Our results show the following:

" MultiSpot can charge 6 devices at distances up to 50 cm, whereas the baselines

are limited to 2 devices at 5cm.

" MultiSpot charges different types of devices simultaneously. When attached to

an office desk, and with the user sitting at the desk, MultiSpot simultaneously

charged a smartwatch on the user's wrist, an iPhone in her pocket, and a nearby

tablet, keyboard, and touchpad.

" MultiSpot's charging time is lower than all wireless charging baselines, for the

same distance. The charging time depends on distance. For distances less than
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20 cm, MultiSpot charges two phones from dead batteries to full charge in less

than 1.5x of the time taken for wired charging. The charging time increases to

3x when the phones are 35cm away from the charger, and 5x when they are

50cm away.

" We also examined MultiSpot's ability to control the amount of power delivered

to each device. We show that MultiSpot can deliver the exact amount of power

within 5%, across a large range of specified power for different kinds of devices

from wearables (<1W) to tablets ( 10W).

* Interestingly, the presence of multiple receivers can increase the range of power

transfer. We show that the maximal range is 10cm larger with two phones than

it is with one phone, and 17cm larger with 4 phones.

" Finally, we compare MagMIMO [551 to MultiSpot in the presence of two phones.

Our results show that MagMIMO's charging time is comparable to MultiSpot

only when the two phones are co-located and hence can be considered as one

device. Otherwise, MagMIMO takes an order of magnitude longer time or

might fail to charge one of the phones altogether. This is because MagMIMO

has no mechanism to disentangle the magnetic couplings of different receivers,

and hence in the presence of multiple receivers it can fail to compute the correct

beamforming solution.

1.4 Contributions & Organization

Contributions: This thesis presents theoretical analysis, algorithms, and power

electronics that name MultiSpot to deliver the features explained in 1.3, including:

* A system that delivers the wireless power hotspot vision, which can charge

multiple devices, including mobile phones and wearables, in any dynamic ori-

entation within a half-meter range from the base.
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" A set of provably optimal solutions to maximize coil-to-coil efficiency of wireless

power delivery to multiple receivers by shaping the magnetic field of a multi-coil

power transmitter. Considered scenarios include 1) maximizing total delivered

power to the receivers; or 2) delivering to each receiver a specified amount of

power that is not necessarily the same among receivers.

" Algorithmic designs and real-time implementations to allow the system to adapt

gracefully to receiving devices' motion in a dynamic environment.

" The ability to deliver power to receiving devices with orders of magnitude differ-

ent power requirements, which is enabled by MultiSpot's ability to strengthen

or weaken the magnetic field at specific location in space and orientation com-

bination with respect to the transmitter.

" Innovative power electronics circuit design, PCB layout and implementation

of the underlying circuit, and empirical evaluation with off-the-shelf devices

including smart phones, a smart watch, a Fitbit, a tablet, a wireless keyboard,

and a wireless touchpad.

" Discussion about how to design transmitter and receiver coils to meet the re-

quirements of range and use case desirable for the office-desk power hotspot

vision.

Organization: The rest of this dissertation is organized as follows: 2 reviews

the existing literature on wireless charging, and provides background to understand

the rest of the thesis. 3 develops the most basic circuit equations and formulations

that are used throughout this thesis. 4 and 5 describe the core system, however

with different focuses: 4 explains the basic magnetic beamforming solution under

the goal of maximizing total power delivered to all receivers; 5 extends this solu-

tion to be able to control the amount of power to each receiver - this is specifically

useful when receivers with very different power requirements exist at the same time.

6 discusses issues and design choices related to transmitter and receiver coils. 7
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describes the power electronics circuit implementation of the system. and 8 presents

the experimental results.

29



30



Chapter 2

Background & Related Work

Wireless power transfer has spread across a vast array of fields expanding the capa-

bilities of devices such as phones [4, 7, 821, wearables [46, 88], medical implants [69,

63, 64], electric vehicles [70, 54], sensors [89, 97, 28, 29, 83], etc. In this chapter, we

will focus on describing the landscape of existing wireless charging technologies and

how they are different from what is proposed in this thesis.

2.1 Wireless Charging via Magnetic Coupling

2.1.1 Basic Inductive & Resonant Charging

The most widespread approach for wireless charging of consumer devices is based on

magnetic coupling. In fact, magnetic coupling is used in all commercial wireless charg-

ers for phones and smartwatches [3, 91, as well as current industry standards [25, 101.

In this approach, the transmitter coil, made of copper or other conductive materials,

is driven by an ac current to generate an oscillating magnetic field. When another

conductive coil is placed within range of the transmitter, some of the magnetic field

passes through the center of its coil. This field induces an ac current on the receiver,

which can be used to power the device, as demonstrated by Fig. 2-la.

This basic methodology of magnetic coupling, which we refer to as magnetic in-

duction, is employed by most earlier products [7]. However, recent products are
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Rx Coil #r L7 LR RR

Magnetic Field

(b) Inductive Charging Circuit

Tx Coil

VT LT LR RR

CT CR

(a) Wireless Power via Magnetic Couplings (c) Resonant Charging Circuit

Figure 2-1: Demonstrations of Basic Wireless Charging Systems: a) demon-

stration of the physics of magnetic coupling; b) k c): resonant charging circuits

have resonant capacitors in series which allows the energy to resonate back and forth

between the coils and capacitors, thus improving the efficiency of' the system.

moving towards a new techinique called magnetic resonance 165]. in which a capacitor

is added to the transmitter and receiver circuits to make them resonate at the same

frequency. The oscillations cause the circuits to resonate back and forth without con-

suming much energy. Specifically. this enables large leakage inipedances as seen at

the ports of the magnetic circuit to be nulled, and in sone cases for magnetizing

current for the magnetic circuit to be delivered using a simple capacitor rather than

the external power electronics. iIproving efficiency. Fig. 2-1 shows the differences

between inductive and resonant charging in terms of circuit schematics. Magnetic

resonance is the underlying power transfer mechanism used in MultiSpot.

However. both inductive and resonant charging suffer from severe range and ori-

entation limit at ions:

Range: niagnetic field attenuates cubically with distance [991 as shown by

Fig. 2-2, where a receiver at any distance from the transmitter that is larger

than the diameter of the transmit coil receives less thani 10% of the magnetic field

at the center of the coil. As a result, charging a receiver using the circuit shown

in Fig. 2-lb and Fig. 2-1c will not yield an effective distance that is sufficient for

most use cases. Practical systems to charge phones and similar consumer devices

are limited to distances of' a few centimeters [4, 5, 121. Example of wireless
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Figure 2-2: Degradation of Magnetic Field vs. Distance: The (legra(lation of

the strength of magnetic field. xvhere the nicasurenienit poinit is vertically above the

center of a current loop. The horizontal axis is the distance froi the receiver to the

ciirreniit loop, norinalized by the ra(lius of the current loop; the vertical axis is the

magnetic field strength noriializedi by the strength at the center ofthe loop.

power delivery over longer distances either rejquires a very big receiver coil that

is impractical to fit in the back of a phione or the strap of a smartwatch 144.

45, 60. 611. or delivers very little power such that it is only useful for small

LEDs 1241 or sensors 1681 that operate at tens to a couple hildri(lred milliwatts.

In contrast. a typical phone battery reqjinres at least a few watts [221.

9 Orientation: magnetic fields have its own directioiialities that result in chargiig

receivers in sonie particular directions very challengiiig. To see why. consider

the cases preseited in Fig. 2-3: in both cases the receiver is at the saie loca-

tion but with different orientations. In the case when the receiver is aligned

with the transmitter (Fig. 2-3a). the magnetic flux goes through the receiver

coil orthogonally thus maximizing the amount of power that the receiver col(1

receive. However. in the case when the receiver is perpedi(licular (Fig. 2-3b),

11o magnetic flux will go through the receiver coil and hence iio power will be

delivered.

2.1.2 Charging Multiple Devices

Coniinercial product that can charge multiple devices to(lav 112, 4, 171 all take a very

siihple approach: they concatenate differenit transmit coils together, and dedicate
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(b) Orthogonal Tx LRx with Almost Zero

Flux Linkage

Figure 2-3: Impact of Different Receiver Orientations: (a) Receiver receives

iaximal power when it is aligned with the Tx: (b) Receiver cannot receive any at all

due to perpendicular Tx iRx (oils.

each transmit coils to a single receiver. In practice. a user has to align each of her

devices carefully to each transimt coil in order to charge her devices. This removes

the key 1eilefit of a wireless power hotspot which is that a user can have her devices

passively charged without any direct actions oii her part to bod a receiving device

to a transmitter.

Academic research has taken important steps towards wirelessly delivering power

to multiple receivers using magnetic coupling. We distinguish betweeii two system

classes:

* The first class can deal with a small receiver coil that fits in the back of a phone

or the strap of a smartwatch and achieve a maximum distance of 10 cm [44, 4O,

60. 61J.

* The second class caii deliver power at larger ranges up to 30cm 131. 66, 321.

but they require large receiver oils that could not possibly fit on the back of a

phoile or wearable.

In addition, both classes assume the receiver coil is aligned with the transniitter coil.

and do not deal with different receiver orientations with respect to the transmitter. In

practice., however, the user caIlnot benefit from an increase in charging distance if she
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Work Rx Size Range Orientation Studied

[311 Big (22.5cm x 31.5cm) 30cm Only Aligned

[331 Big (22.5cm x 31.5cm) 70cm Only Aligned
[34] Big (18cm x 16cm) 15cm Only Aligned
1661 Big (30cm Diameter, 18cm Height) 28cm Only Aligned
[441 Small (1.3cm Diameter) 0-1cm Only Aligned
[45] Small (7cm x 8cm) <1cm Only Aligned
1601 Small (4.6cm Diameter) 12mm Only Aligned
[821 Small (Fitted o a phone) 10cm Only Aligned

Table 2.1: Comparison of Selected Research Work on Wireless Charging:
Existing research work either deals with a receiver coil that is too big to fit onto
mobile devices (phones, wearables, etc.), or can only reach a range less than 10cm.

has to hold her device on top of the charging pad and maintain a perfect alignment

with the charger. MultiSpot is unique in that it adapts the shape of the magnetic field

according to the location and orientation of the receivers by constructively combining

the magnetic fields of multiple Tx coils. This allows MultiSpot to reduce the size of

the receiver coil to fit on phones and wearables, while supporting larger ranges and

flexible receiver orientations.

For completeness, Table 2.1 shows a comparative study of what their proposed

system achieves in terms of charging distance, receiver coil size (i.e., whether can be fit

onto a mobile device), and study of different receiver orientations. The technologies

proposed by them include adjusting the operating frequency [821, adjusting impedance

matching networks [96], and designing specific transmit coils 162, 41].

2.1.3 Using Multiple Transmit Coils

Another line of work includes using multiple transmit coils to obtain some flexibility

to manipulate the magnitude of the field in a favorable way. Most of such work is

fundamentally different from this thesis since they do not shape the magnetic field

in a steerable beam and thus do not address the range/orientation limitations. They

fall into one of three categories:

e The first class uses multiple transmit coils but at any time only turn on the one

that is nearest to or best aligned with the receiver [53, 21];
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" The second class simply applies the same voltages or currents to all coils to

simulate the effect of having a larger surface area 1451;

* The third class use passive coils as repeaters to extend the magnetic fields [34,

80, 93, 94].

These proposals are fundamentally inferior to MultiSpot since they still cannot handle

imperfect orientations, moving devices or multiple devices in multiple orientations, all

of which are practical realities. MultiSpot actively reshapes and focuses the magnetic

flux in terms of steerable beams towards multiple receivers to achieve a provably

maximal power delivery. Very recently, another work was accepted for publication,

which also uses multiple transmit coils, and examines the possibility of combining their

fields at up to 2 receivers 195]. While the work demonstrates the potential of multi-

user charging, it presents an optimal solution only for a single receiver, and uses brute

force exploration to determine the optimal solution for two receivers. Further, the

work presents an implementation only for the single receiver case, and uses simulation

for the two-receiver case. In contrast, the work developed in this thesis presents

an optimal solution for any number of receivers. Further, the MultiSpot system is

implemented and empirically evaluated for up to 6 receivers.

MagMIMO: The system that is most similar to MultiSpot is MagMIMO 155]. In

fact, MultiSpot is inspired by MagMIMO's techniques [551. However, as described

earlier in 1, MagMIMO does not work in the presence of more than one receiver, while

MultiSpot is designed to work with any number of receivers. We show experimentally

( 8) that when two receivers are separated from each other, MagMIMO cannot charge

them.

Because having multiple receivers intrinsically changes the system due to the fun-

damental physics 1, it requires the thesis to establish new theoretical framework that

includes more complicated mathematical derivations, as well as more elaborate and

extensive circuit designs. Part of thesis is based on the author's previously published

paper [84].
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2.2 Magnetic Coupling via Other Physics Phenom-

ena

We also note that there have been recent proposals of wireless charging using physical

phenomena other than magnetic coupling.

* Active RF Radiation: i.e., delivering power to mobile devices via RF radiation

at hundreds of MHz to GHz [15, 21. However, the radiation will at the same

time heat up water which composes most of a human body. This is the same

principle that allows a microwave oven to cook food [99]. In order to deliver

power sufficient to charge a phone, a rough calculation tells us that the minimal

amount of radiation is at least 4 times higher than the maximal allowed leakage

of a microwave oven.1 It is also unclear how such technologies can pass FCC

regulations. Consequently, wireless power delivery via RF radiation has been

largely restricted to lower-power (pW-mW) devices such as sensors 187].

" Ultra-Sound: A recent startup [26] has proposed the use of ultra-sound to charge

mobile phones. However, there has been no publication of their technologies

nor an available product. Furthermore, ultrasound charging is limited to line-

of-sight scenarios and will be disrupted if the phone is not directly in front

of the charger [71]. It can also negatively affect pets who hear some types of

ultrasound [42] and will perceive the sound necessary to power a cell phone at

around 120dB (effectively a rock concert in ultra-sound).

" Laser: Wireless power delivery via laser has been explored in industrial and

military settings [52]. However, despite some claims from recent startups with-

out publication/product support [161, it has not been applied to mobile devices

yet. The major barrier is the fact that lasers can cause damage to one's eyesight

or to skin at high intensity [48].

'To see how delivering power via RF radiation to a phone might be dangerous, let us do a rough
calculation. Say that a standard phone requires at least 1W to turn on charging, and it has an
area of 5cmx 10cm, i.e., the power density is 20mW/cm2 . As a comparison, FDA (Food and Drug
Administration) enforces microwave oven leakage to be below 5mW/cm 2 in order to be considered
safe [8].
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* Ambient Power Harvesting: Various forms of ambient power, including ambient

RF power [761, sunlight [791 and mechanical power [981 are used to charge

different devices. However, because of the very low power density (at most

tens of pWs per cm2 [75]), the application is mostly restrained to lower-power

sensors. Of the ones related to consumer mobile devices [43], the energy is only

enough to slow down the discharging of a phone's battery.

In summary, these different technologies either only work for devices whose power

is orders of magnitude smaller than consumer electronic devices, or has significant

safety and regulation concerns. Magnetic coupling is still the standard and most

widely-used technology for wirelessly delivering power to mobile devices.
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Chapter 3

Problem Formulation

In this chapter, we aim to develop basic circuit equations and formulations that are

going to be used throughout the remainder of this thesis.

3.1 From Single-Coil to Multi-Coil

Magnetic coupling and the resulting power transfer can be mathematically described

via basic circuit equations [77].

Single Coil System: Consider the system in Fig. 3-1, which shows a single coil

transmitter and a single receiver. Let us write the equations that describe this system.

As we do so, we will take into account that in magnetic resonance, the inductance and

capacitor are chosen so that their impacts cancel each other at the resonant frequency,

i.e.,
1

j wL+ . = 0 (3.1)
jwC

Thus, we can ignore those terms.

We can describe the system in Fig. 3-1 using two equations. The first equation

determines how a current in the transmit coil, IT, induces a current in the receive

coil, IR, i.e.:

ZRIR = jWMIT (3.2)

where M is the magnetic coupling between the transmit and receive coils, ZR is the
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Figure 3-1: Single-Coil Tx, Single Rx Schematic: Both the Tx and Rx coils
(L and Ln) use resonant capacitors (CT and Cn) to boost efficiency. Zr and ZR

include all of the remaining inipedaices in the Tx and Rx circuits.

inpedance of the receiver and is the resonant frequency.

The above equation would have been sufficient to describe the system if one could

(irectly apply a current to the transmit coil. Unfortunately, in practice. one prefers

to use a voltage source instead. Thus, we need a secomid equation that determinies the

relationship between the voltage one applies to the transmitter, V and the resulting

transnitter current, f1,.

For the circuit in Fig. 3-1. we have:

VT = ZTpT -JWMII? (3.3)

where Z- represents the inpedance in the transnitter. Note in this equation how

the current in the receiver indiuces a voltage 1)ack on the transmitter via the same

magnetic coupling Al. We can further substitute In from Eq. (3.2) to obtain:

/- = (Z + w+ 2 12/Zn) b. (3.4)

Together Eq. (3.2) and Eq. (3.4) describe the single-coil charging system.

Multi-coil Tx, Single-Rx System: Further, these equations can be expanded to

account for multiple transnitters (Fig. 3-2). When niltiple transmitters are on, they

each have current in their coils. Therefore, each transmitter will induce a voltage on

the receiver through magnetic coupling. These voltages will sum at the receiver so
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Figure 3-2: Multi-Coil Tx, Single Rx Schematic

Eq. (3.2) is rewritten as:

ZHI Z I&3 , I (3.5)

from all Iransmilters

In additioii. each transmitter magnetically couples to all other transmitters. so

Eq. (3.4) becomes:

>Z J oh I I Ir As i s

lfm other t raninitters

(3.6)
fjoii )I I J(U(iver

where. coin)pariiig with Equ. (3.4). the new term ZMTIk captures the volt-

ages due to coup)li1ng from the other transmitters.

Multi-Coil Tx, Multi-Rx System: The above derivations can further be gen-

eralized to address the case of multiple transmitter coils aIld nullltiple receiver coils.

shown in Fig. 3-3. The difference is that now in general every pair of coils has mag-

netic coupling between them. Specifically., there are three types of couplinigs: Jr.

betweeni transmitter i a1(d L. Af, between transmitter I a1(d receiver 1. aiId MIs

between receiver v and i.

We can update Eq. (3.2) an(d Eq. (3.4) to account for the additional coupliiig
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Figure 3-3: Multi-Coil Tx, Single Rx Schematic

between transmitter (Oils, anid between ret iver toils. Receiver o's circuit equation

ecoles:

ZRIIH1  + j oI =

from the other receivers

JM 0iJi

from the transinitters

while the transitter voltage at ctil i is:

1 i = Zr;IrI + J> AIFrA Il k

from the other transmiitters

j oll I II

from the receivers

I
3.2 The Transmitter & Receiver Equation

For convenience, we rewrite Eq. (3.7) aid (3.8) in matrix form:

(3.9)

aid

7' = Z iT - )j M' TiR (3.10)
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n Number of Tx coils
m Number of Rx coils

T [VT1, VT2, --- , VT]i Tx voltages

['Ti, Ir2, - ,Innx Tx currents

R i, IR2, - , IRm]nxi Rx currents

ZR1 jWMR12 . jWMRm1 Rx impedance
jwMR2 1 ZR2 ... jWMR2m mx intedanx

ZR and inter-Rx

magnetic couplings
jWMRm1 JWMRm2 ... ZRm . xm

ZT1 jWMT12 .. -- JU)Mrin

jWM2 1  ZT2 - - jwMT2n Tx impedance

ZT ZT2 . T. and inter-Tx

magnetic couplings
jwMrni jWMrn2 -.-. Zrn x

M1 M21 ... Mni

Mim M2m Mnm mxn

Table 3.1: Matrix & Vector

Tx-Rx
magnetic couplings

Denotations

where the matrix and vector denotations are defined in Table 3.1. By inverting ZR

on Eq. (3.9), and plugging it into Eq. (3.10), we can get the following two equations:

Reciever Equation:

Transmitter Equation:

tR = JWZR MiT

VT = (ZT + w 2 MTZylM) ZT

Table 3.1.

Eq. (3.11) and Eq. (3.12) are sufficient to describe the multi-coil system in Fig. 3-3.

Specifically, Eq. (3.11) describes what receiver current IR we will get if a transmitter

current ZT is applied, thus we call it the Receiver Equation. Eq. (3.12), on the other

hand, shows what voltage 'T we need to apply in order to obtain transmitter currents

ZT, so we name it the Transmit Equation. These two equations describe the most

fundamental relationships in our multi-Tx multi-Rx system, and are the basis of all

of the following conclusions of MultiSpot.
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Chapter 4

MultiSpot

MultiSpot is a new technology for charging multiple devices wirelessly via magnetic

resonance. It uses multiple transmit coils, which could be built into a desk mat to

deliver a user experience analogous to a mini hotspot -i.e., when the user sits at her

desk, all of her electronic gadgets start receiving power automatically.

MultiSpot's design is mainly focused on the transmitter side. The receiver design

follows that of standard wireless charging circuits, which can be built into the sleeve

of a phone or the strap of a smartwatch. It is able to deliver power simultaneously

to a range of devices if they are equipped with a receiver, including but not limited

to phones, smartwatches, tablets, ereaders, headphones, wireless mice and keyboards.

Furthermore it is able to deliver power to these devices as they exist in their natural

environments, with no requirement for the devices to physically touch the MultiSpot

transmitter nor any limitation on the orientation of these devices relative to the

transmitter or relative to each other.

At first blush, it might seem that one can build a wireless power hotspot by

beamforming the magnetic field to one receiver at a time using MagMIMO [55], and

iterating between receivers using a TDMA style MAC. Unfortunately MagMIMO

intrinsically assumes only one receiver. If multiple receivers are nearby, they will

couple with each other and the transmitter coils. As a result, MagMIMO cannot

discover the coupling due to each individual receiver (i.e., the magnetic channel to

the receiver 1551) and hence cannot compute the beamforming parameters correctly.
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In fact MagMIMO would not know whether there is a single or multiple receivers.

One could also try to add out-of-band communication (e.g., via WiFi or Bluetooth)

to coordinate receivers, turn some receivers off so that at any point in time there is

coupling only from one receiver, synchronize the receivers as they turn on and off, and

have receivers detect any motion and inform each other so that they can re-estimate

coupling. Such an approach is excessively complex and involves a large amount of

overhead. Furthermore it is not even clear how one can extend this idea into a full

system.

Below we describe a design that requires neither receiver coordination nor out-

of-band communication. It operates entirely on the transmitter allowing it to shape

the magnetic field in multiple beams focused on the receivers, in a manner that is

analytically proven to maximize power delivery.

4.1 Analogy to Beamforming

In this section, we briefly explain the analogy between the conventional beamforming

that is used in communication systems and magnetic beamforming [55].

For the sake of simplicity, we focus only on a single receiver in this subsection.

Also, we use the example of a standard MIMO transmitter with two antennas. Say

that the transmit signal from the two transmit antennas are x1 and x 2, from standard

MIMO equations 190, 39], the received signal y can be expressed as:

y = hixi + h2x 2  (4.1)

where h, and h2 are the wireless channels from the two transmitting antennas to the

receiving antenna.

We also know that we can maximize the SNR of y at the receiver by beamforming

the transmitted signal, by using a beamforming vector (OZi, a2), and transmitting

x, = ajx on the first antenna, and x2 = a 2x on the second antenna. By Maximal-
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Ratio Combining (MRC), the elements of the beamforming vector should satisfy:

ai = c - h* (4.2)

where c is a scalar constant, and h* is the complex conjugate of the channel coefficient

hi. Intuitively, the beamforming vectors above ensure that the signal from each

antenna is rotated and weighted according to the phase and strength of the channel,

such that the signals from all antennas are aligned to maximize the power at the

receiver.

Now, consider the wireless power transfer system. Let us assume that there are

two transmitter coils and one receiver. In this case, Eq. (3.11) becomes

1
IR1 bJW Z MuTI + M21IT2) = mlIT1 + m2IT2 (4.3)

where mi w~ If we analogously define the transmitter currents IT, and 'T2 as the
ZR1

transmit signals, and correspondingly define the receiver current IRi as the received

signal, then Eq. (4.3) has the same format as the MIMO Eq. (4.1). Specifically, mi

is defined as the Magnetic Channel, in the analogy to the wireless channel. Thus,

similar to traditional MIMO beamforming, we can maximize the current induced in

the receiver's coil (i.e., IR1), by scaling the current flowing in the transmitterAAs

coils with a magnetic-beamforming vector (/1, /2), such that

ITi = OJT, where 0, = c - m* (4.4)

We note that maximizing the receiver's current, IRi, naturally translates to magnetic-

beamforming the field toward the receiver's coil, in a manner similar to how maxi-

mizing the received symbol, y, translates to standard MIMO beamforming. This is

because the magnetic field amplitude at the receiver coil is proportional to IRi 199].

The proportionality means that maximizing ILI is identical to maximization of the

local magnetic flux magnitude at the receiver coil. 1

'Nonetheless, we note that shaping the non-radiated magnetic field as a beam while analogous
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4.2 Optimizing Power Delivery to Receivers

In wireless communication systems, such as MU-MIMO, beamforming effectively com-

bines the signals constructively at the receivers so that the received signal gets max-

imized. This is achieved by carefully setting the transmitter signal according to the

wireless channels. Similar concepts can be applied to wireless power delivery systems.

However, to beamform in MultiSpot, we need to answer two questions. What exactly

are the "signals" and "channels"? And how do we maximize the power of the received

signal? This will be addressed in the following two subsections respectively.

4.2.1 Magnetic Channel

The Receiver Eq. (3.11) provides us a way to analogously define magnetic channels.

Specifically, if we analogize currents to signals, the transmitted and received signals

will be iT and i . Therefore, the coefficient between them is the magnetic channel,

i.e.:

iR = HiT, where H = jwZRIM (4.5)

Note that the magnetic channel H is different from the channel matrix in MU-MIMO,

where it is simply a concatenation of individual channels between every pair of trans-

mitter and receiver. Rather, in MultiSpot, it is the multiplication of two parts:

H =H Rx-Hx-Tx where HRx-Rx = ZR1 contains receiver-receiver couplings and

HRxTx = JwM contains transmitter-receiver couplings. Physically, these two sub-

channel matrices describe two processes that occur in multi-TX-coil multi-receiver

power transfer system: HRxTx characterizes the induced power on the receivers

from transmitters, while HRxRx captures the redistribution of transmitted power

among receivers due to receiver-receiver coupling.

to traditional beamforming is also quite different from it and cannot be implemented by simply
using traditional beamforming. These are two different phenomena: the former operates over the
near-field magnetic flux while the latter operates over the far-field propagating waves. Thus, while
the analogy is helpful in understanding and developing the design, MultiSpot requires developing a
new mathematical formalization that optimizes power transfer.

48



4.2.2 Maximizing Received Power

The challenge becomes how to set the transmitter signals, (i.e., ZT), so that the

received power is maximized. This question can be formulated as an optimization

problem that maximizes the received power PR, under the constraint of a total input

power P.

The received power PR can be written as the summation of the power delivered

to each receiver, i.e.:

PR = iRRRiR, (4.6)

where iR is a vector of the receiver currents. The superscript (*) denotes conjugate

transpose, and RR is a diagonal matrix whose entries are the resistances of each

receiver.2

The input power can be written as the total power dissipated on the transmitter

and receivers, i.e., P = PR+PT. This is because power does not disappear, and hence

must either be delivered to the receivers, or be consumed on the transmitters. Thus:

P = PR + PT = iRRiR+ iTRT iT, (4.7)

where RR and RT are diagonal matrices of transmitter and receiver resistances.

Now, we can re-write the optimization problem that maximizes power transfer by

substituting the received power and the input power by their values from Eq. (4.6)

and Eq. (4.7). We also substitute the received currents from Eq. (4.5), iR = HiT.

Thus, our optimization problem becomes: Find the transmit currents that satisfy:

li = arg max {%HRH* RRHT(8
T ZT iT(4.8)

conditioned on: i"RTiT + iH* RRHiT = P,

where if denotes the set of currents that beamforms.

In 4.8.1, We prove that the solution to this optimization is (see 4.8.1 for the

2 If a receiver is not fully resistive, i.e., its impedance ZRu has an imaginary component, then
RRu = Real(ZRu).

49



proof):

Theorem 4.2.1. The following transmitter current vector will maximize the received

power:
?;bf
ZT = c - maxeig( H*RRH) (4.9)

where maxeig (H*RRH) is the eigenvector of H*RRH that corresponds to the largest

real eigenvalue A, and c is a normalization scalar defined in App. 4.8.1. Specifically,

the maximal delivered power is equal to AA-P.

This theorem guarantees that MultiSpot maximizes the power delivered from the

transmitter coils to the receiver coils. This means that for the same hardware and

any given relative locations of transmitter and receiver coils, no other algorithm can

deliver more power than what is specified by the theorem.

4.2.3 Applying the Beamforming Solution

The solution from Thm. 4.2.1 would be sufficient if one could directly apply the

currents to the coil. However, in practice, one has to use a voltage source instead.

Therefore, we need to convert these currents to their corresponding voltages so that

they are directly applicable to the Tx coils via standard voltage sources.

Fortunately, the Transmitter Eq. (3.12) that relates transmitter currents to volt-

ages was derived in 3.1. Specifically, the set of voltages that we need to apply to the

Tx coils is:

VT = (ZT + w 2 MTZZT M) Ij. (4.10)

In summary, maximizing power delivery requires two steps:

1. Calculate the beamforming currents, lb.

2. Convert the currents to voltages by Vb, and apply the voltages to the trans-

mitter coils.
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50%
Rx2

Txl Tx2

Figure 4-1: Example of Two Phones with Different Battery Levels: Two
transmitters. with two receivers equally distanced to each transmitter and far away

froii the other traiismitter. Receiver 1 has OW battery while receiver 2 has 50%
battery.

4.3 Beamforming Examples

In this sectioi. we explore two representative exaimpl)les of the solutioii given by

Thin. 4.2.1.

4.3.1 Two phones with different battery levels

Please consider the sceari)o with two identical t ransitters (i.e.. Zr1 ZT2), with

two receivers equally iiear to each transmitter while very far away from each other

(Fig. 4-1). Effectively. this leads to Al 12 Al 21 ~. and AIM AI.. wNhlich

for simplification we use AI to denote. Moreover. let us assume that the receiver is

well-tuned such that the equiivalenit impje(dallces are purely real. i.e.. Zr 1 = R1 and

Z ]2 = ?j2. However, the two receivers have different battery levels. e.g., Rx1 has a

dead battery while Rx2 has a 50( battery.

Taking all of the assumpll)tiolls ill Fig. 4-1 into Equ. (4.9). the optinal solution

given by Thin. 4.2.1 that maximizes the total pow'ei received is:

H*RH = 2 2

1
R1 1

(I)

0

1
1, 12 I (4.11)

It has two eigenalues, 1/R1 amid 1/RL2. and the corresponding eigenvectors are

[1 0]T and [0 1]T. By Thin. 4.2.1. the optimal solution is the eigenvector associated
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with the largest eigenvalue, i.e., in this case, it is to always charge the one with lower

equivalent load resistance. Said differently, in this example, MultiSpot will always

charge the receiver with smaller load resistance.

So which receiver has a smaller load resistance? The load resistance itself is a

function of charge level. Common personal electronic devices (e.g., iPhone, iPad,

etc) use lithium batteries. During the charging process, voltages and currents change

with battery percentage. When the battery level is low, the current is big in order to

quickly charge the battery, yielding small load resistance; when the battery level is

high, current gradually reduces to nearly zero until the phone is fully charged, yielding

big load resistance. Therefore, the equivalent resistance grows with the charge level,

a phone with smaller battery percentage has a smaller resistance.

Combining this relationship between battery percentage and load resistance with

our statement that MultiSpot in the example of Fig. 4-1 always charges the receiver

with smaller load resistance, we reach the conclusion that MultiSpot will always charge

the phone with lower battery first. This implies some underlying fairness about power

distributions among receivers, which we will expand on in Sec. 4.6.

4.3.2 Repeater Example

As mentioned earlier, every receiver in our system also works as a transmitter since

it repeats and redistributes the power. In some scenarios, a particular receiver can

extend the range of the transmitters by relaying the power to another receiver. We

call this receiver a "repeater". In the following example, we will show how the solution

in Thm. 4.2.1 works in a repeater scenario.

As shown in Fig. 4-2, we have two transmitters. We define one coil is "reachable"

from the other one if the coupling between them is not negligible. In this example,

one receiver Rx1 is reachable from the transmitters (Mi 0, M2 1 # 0), while the

other receiver Rx2 is far away from the transmitters that it gets very weak couplings

(M1 2 _ 0, M2 2 ~ 0). However, Rx2 is coupled to Rx1 such that their coupling (MR)

is not negligible. For simplicity we also assume the loads are resistive. Applying
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Rx2r

Rx1

Tx 1 Tx2

Figure 4-2: Example of Receiver Repeater: Bx1 is reachable
ters, while Rx2 is not reachalble from the transmitters but reacha

from the transnit-

ble from Rxl.

Thim. 4.2.1. we get:

H*RnH = I 2 2

RuI RH2+o LCAI [ j'J2 11 M~

A111Ak1 A 1 J

It only has one 1non-zero eigenvalue whose eigenvector is [A 11 A11 2]T

the optimal current is I, = C TAI- r2

(4.12)

This neans

cAT 1 . This tunis out to b1e exactly the

beaiformning solution wheln only Rx1 is around. i.e.. we effectively f10(s the power

to form a beani towards Rx1. Moreover. since we use 1x1 as a relay to deliver )ower

to Rx2. maximizing power oil Rx1 also maximizes power on Rx2.

current on the Bx2 is

I'2

Specifically. the

jw A JR

RI?2
(4.13)

which is proportional to the current on Rxl (Ini). Therefore, we maximize the power

lelivered to Rx2 by maximizing the power to Rx1 and using it as a repeater.
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4.4 Eliminating the Need for Receivers' Communi-

cation

In the previous section, we showed how a MultiSpot charger could beamform. How-

ever, two steps are needed to beamform, both of which require information that resides

on the receivers, and is unavailable at the transmitter in the absense of communication

with the receivers.

* In the first step, the beamforming currents, iZ, are calculated via Thin. 4.2.1,

which is strictly dependent on knowing H*RRH. Recall, however, that the

channel contains receiver-receiver couplings, unknown to the transmitter.

* In the second step, the beamforming voltages, bf, are computed using Eq. (4.10),

which depends on knowing (ZT +w 2 MTZiR1M). ZT contains only transmitter

specific parameters (i.e., transmitter to transmitter couplings and impedances)

and hence can be estimated a priori in a factory setting (for details, see 4.7.1).

However, the matrix (w 2MTZ-lM) contains receiver-receiver couplings and

receiver impedances. This matrix which we denote Y = w 2MTZiRJM is un-

known a priori to the transmitter (and changes with time because the coupling

depends on receiver position).

Thus, beamforming requires estimating H*RRH and Y, both of which involve

receiver dependent information. So, how can a MultiSpot transmitter estimate these

matrices without explicit information from the receivers?

4.4.1 Estimating Y

Let us first consider estimating Y. The Transmitter Eq. (3.12) can be rewritten as

VT = (ZT + Y) ZT, where the only unknown coefficient is Y because ZT is measured

during pre-calibration. By applying voltages and measuring the resulting currents on

the Tx coils, we can estimate the coefficient between them. Since both VT and iT

are vectors of length n, we need to repeat the measurement process n times before
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applying matrix inversion, where n is the number of Tx coils. More formally, if

one applies n different sets of voltages VIM, -- ,n) and measures the corresponding
41) 4n)

currents ZT , - , one can estimate Y by:

Y = .) Z - ZT (4.14)

4.4.2 Estimating H*RRH

After obtaining Y, we are still left with the problem of estimating H*RRH. Recall

that H = jwZ-iJM, which means both transmitter-receiver couplings and receiver-

receiver couplings need to be estimated. Unlike the matrix Y however, which can

be estimated at the transmitter using measurements of it and IT, there is no way to

measure H at the transmitter.

Fortunately, MultiSpot does not need to estimate H. Instead, we show that a

MultiSpot transmitter can estimate the matrix product H*RRH as a whole; and

it can do so completely passively. Further, we can relate H*RRH to something

we have already measured, namely Y. Specifically, we prove the following theorem

(proof in 4.8.2):

Theorem 4.4.1. Define Real(-) as the real part of a matrix, then

H*RRH = Real(Y) (4.15)

where H = jwZRJM and Y = w2MTZ RM.

Since we have already shown how to compute Y, the above theorem allows us to

compute H*RRH by taking its real part.

Therefore, we have developed a method to estimate all needed parameters solely

on the transmitter, without any communication or feedback from the receivers.
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Figure 4-3: Framework of the Adaptive Beamforming Algorithm

4.5 Adaptive Beamforming

Next, we would like to ensure that MultiSpot cain snoothly a(lapt to receiver mo-

tion and receivers entering an(1 leaving the system. This is particularly inportant

for wearable receivers which tendI to be highly dynainic. e.g.., a snartwatch on a

user's wrist. Furthermore as users introduce an increasing nublier of (levices into the

MultiSpot's vicinity, the iiiport aiice of handling movement and entry-exit scenarios

increases ral)ily as the likelihood that the user is physically interacting with at least

one device at any given time, causing it to move, ap)roaches certainty (especially if

one (of said (levices is a wireless mouse).

When receivers move (or are a(lde(l removed), the magnetic coujlings change

across all devices. lea(ling to new vales for H and Y. One could address this problei

by1 repeatedly estimating Y an( H*RnH, as explaiied in 4.4. This., however, would

be suboptimal since estimating Y froin scratch requires the- MultiSpot charger to stop

beaiforning and apply other voltages in order to obtain enough measurements as

require(l by Eq. (4.17) thus losing valuable systen time actually delivering power to

(levices.

Furthermore. since the transmitter does not know when receivers move, it is left



Algorithm 1 Beamforming to Multiple Receivers

1: procedure U\IULTIBEAMFOR\IING (Z1 )

2: Y & BOOTSTRAP(Zp)
3: while trie do
4: IT = c - iaxeig(Real(Y))
5: [' uII

11

6: Aply7 V'] (ZT + V) ii >)eamliflI

Nieasure Z1 on the tranismitter

8:- - h8: ASi1 &z - 7
9: if Ai1 # 0 then >i- the dhimil

1 finigs

10: Y - Y + ATIA where Av3Tr (Z 1 + Y)A 1  > l1jnldate Y

11: end if

12: end while

13: end procedure

witi a (ifficilt choice: Eit her it can repeat the estimat ion infrequently. xvhich woil(l

be ineffcieit in scenarios xvith lots of' motion, or it can repeat the estimation. often

leading to frequent ai( unnecessary interrult0i1ons in 1 beaimforniing wlieii the receivers

are static.

Iii this sectioi. we propose an alaptive algorithm. which we (all adaptive b(Nlm-

forming. that a(lIresses the conflict: It liiiiiterriil)te(dly beamformis wheiever the

receivers remain static. an(I seamlessly and (ilnckly adal)ts wheii any receiver moves.

enters or exists the vicinity.

The key ilea is that instead of estiiating Y fron scratch, which would illterrul)t

beamforiing. the a(laptive algonitlii iteratively computes the new Y. Ill each itera-

tion. the algorithm computes an incremental ipdiate to Y that satisfies the fOllowing

two constraints: 1) If no receiver moves, the update is zero; an( 2) If any receiver

moves, the ud)(ate rule is guaranteed to move Y towardl its true value aii(l converge

to the true value witliii a small number of steps.

Alg. 1 outlines MultiSpot's adaptive beamforming. For clarity, we use Y to deiiote

the algorithm's estimate of the true Y matrix. To start the algorithm we need to

initialize the values of Y, by a pro(Aess called bootstrap, which will be explaiiie(l

iii 4.7.2. In each iteratiomi, the algorithmii calculates the beamforming curremits andi

coiNverts them to beamformuing voltages, which it applies to the transmitter coils.
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Next (Line 7), the algorithm measures the currents on the transmit coils. If

Y is accurate, the measured currents should be equal to the currents that beamform

(i). Otherwise the algorithm uses the mismatch between the measured and expected

currents and the resulting mismatch in voltages to update its estimate of Y (Line 9).

It should be clear from the update rule in Line 9 that if nothing changes (e.g., no

receiver moves), no update will occur and the beamforming is unmodified. Further,

the theorem below guarantees that when a change occurs, the algorithm quickly

converges to the optimal beamforming solution.

Theorem 4.5.1. If Y # Y, then Aig. 1 is guaranteed to update Y to Y in less than

n iterations, where n is the number of transmitters.

Thm. 4.5.1 is formally proven in 4.8.3. Thm. 4.5.1 not only proves convergence

but it puts an upper bound on the time to convergence. The convergence time is

bounded only by the number of transmit coils, and is independent of the number

of receivers. In our implementation where the transmitter uses a standard micro-

controller, each iteration in Alg. 1 can be finished in less than ims. When there is

any movement, the algorithm takes about 5ms to converge to the new set of channels.

This speed is more than sufficient for our application.

There are three more points we would like to raise regarding Thm. 4.5.1:

Thm. 4.5.1 only proves an upper bound on the number of iterations that are

needed to converge. However, many scenarios require fewer iterations. For

example, if only one receiver comes into range of MultiSpot while no other

receivers move, then Alg. 1 only needs one iteration to converge. More gener-

ally, the number of iterations needed to converge is bounded by the number of

receivers that move, as described by the following theorem (proof in 4.8.4):

Theorem 4.5.2. If r receiver moves so that Y # Y, then Aig. 1 is guaranteed

to update Y to Y in less than 2r iterations.

Furthermore, this speed can be proven to be the fastest. It is formally stated

in the following theorem and is proven in 4.8.6.
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Theorem 4.5.3. If Y = Y, Alg. 1 takes the smallest number of steps to update

f to be Y by applying the fewest sets of different voltages to the Tx.

* A MultiSpot charger does not need to know the number of receivers to run

Alg. 1. The charger has enough information to infer the number of receivers,

which is equal to the rank of Y.

" Thm. 4.5.1 as well as Alg. 1 assumes the load impedances do not change during

the convergence period. However, in some cases this might not hold. In the next

chapter we will discuss how we can extend the algorithm to deal with varying

receiver impedances.

4.6 Power Distribution Among Receivers

The previous section presents an algorithm that adaptively delivers maximal power

to the receivers. But how does the solution distribute this power among the various

receivers? In order to gain insight into power distribution, we discuss three represen-

tative cases.

" In the first scenario, we consider identical receivers from the perspective of

wireless charging - i.e., receivers with the same battery level, distance, and

orientation with respect to the transmitter, and hence the same magnetic cou-

pling. In this case, all receivers are allocated equal amounts of power. This

is because the system is symmetric with respect to the receivers and hence an

even power distribution yields the optimal solution. For a formal proof, please

refer to 4.8.5.

" In the second scenario, we consider receivers that have the same battery level

(i.e., the same demands for charging), but different magnetic couplings. Physi-

cally, this can be caused by some receivers being placed closer to the transmitter

than others, with more favorable orientations, or simply having a larger coil. Ei-

ther way, the receivers with stronger magnetic coupling will receive more power.
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This property is similar in spirit to resource allocation in typical networking sys-

tems. For example, TCP flows with shorter RTTs and WiFi clients with higher

SNRs receive higher data rates.

e In the final case, we consider what happens as some receivers approach a fully

charged battery while others are still in need for charging. We argue that in this

case the MultiSpot charger naturally reduces the power allocated to the more

charged receivers, diverting that power to those receivers who are still in need

for wireless power. Specifically, consider two receivers with the same magnetic

coupling, one of which is fully charged while the other has a low battery level.

When the battery is charged, the device needs very little power so it does not

accept current. In this case the receiver circuit can be approximated by an open

circuit, i.e., IR ~~ 0 for that receiver 1191. As a result, the receiver does not reflect

power toward the transmitter. Therefore, the MultiSpot transmitter will not

sense this receiver or beamform to it. In general, the progression from accepting

current when the receiver has low battery levels to not accepting current when

it is fully charged is gradual. Therefore, the algorithm gradually allocates less

power to devices that are more charged.

To validate this intuition, we test each of the above situations experimentally

in 8.

4.7 Precalibration and Bootstrap

4.7.1 Pre-Calibration

The goal of pre-calibration is to estimate ZT. Since ZT only contains transmitter-

specific information that is fixed after the transmitter is fabricated, it can be done

immediately after manufacturing the transmitter coils where their relative positions

are hardcoded.

During pre-calibration, there is no receiver around, so the Transmitter Eq. (3.12)

60



is reduced to

VT = ZTZT (4.16)

Now, in order to estimate ZT, we need to apply n different sets of VT and measure the

corresponding i. ZT can be consequently obtained by matrix inversion, i.e., similar

to how we estimate Y in Sec. 4.4:

ZT =[VT ... TI K ... ZT1(4.17)

4.7.2 Bootstrap

4.5 shows how we can iteratively track the receiver and steer the beam: we infer the

magnetic channel and the coefficient matrix passively by measuring the currents in the

transmitter coils, and use this learned information to update the beam. This process

of passively estimating the channel and updating the beam will iterate repeatedly, so

that the system can track a moving receiver.

However, we still need some mechanism to bootstrap this iterating algorithm.

Specifically, the question is, how can the system detect when an Rx comes into range

so that it can then track the Rx?

When there is no receiver around, the system is in detection mode. While in

this mode, the circuit tries to search for possible Rx devices by a technique we call

"diagonalizing the current" which we will expand on later in this section. Once an

Rx comes in, it will impose changes to the currents, which could be captured by our

algorithm. These changes can be then used to infer the magnetic channels in the

same way as in 4.5, and the whole system bootstraps and starts to beamform.

1) Trying to detect possible receiver devices when no Rx is around When

there is no Rx around, the circuit cannot be totally idle since an Rx can come in at

any time and needs to be detected immediately for optimal user experience. Thus,

we wake up the transmitter coils in turn to detect possible receiver devices. When

an Rx comes into range, at least the nearest transmitter should be able to detect this

Rx when awakened. Doing this minimizes power dissipation while no Rx is around

61



and maintains high sensitivity to a possible Rx.

The straightforward way to implement this round-robin detection would be to add

electrically-controlled switches to the coils and open-circuit them successively. How-

ever, this might interrupt the coils, risk damaging a high-Q, high-power, resonating

circuit, and complicate the circuit design. Instead, we zero out the current in any

given Tx coil by carefully applying a particular set of voltages. The intuition is, if we

drive a Tx coil with the voltage that exactly opposes the total induced voltage from

all of the other coils, we can zero-out the current in this coil.

We call this process "diagonalizing the current" because of the following formu-

lation in matrix form: Say that we repeatedly issue n different sets of voltages, we

get

[7 T -- -.= ZT ---1 (4.18)

Note that we have the freedom to choose what the voltage matrix is. If we set

--T ZT (4.19)

we effectively diagonalize the current matrix .0) 4n - so that each time only

one coil has current and all of the other coils have zero currents. 3

2) Bootstrap once an Rx is detected Without loss of generality, assume an Rx

comes in. In this case, we can use the method as in Alg. 1 to detect its occurrence and

further estimate the channel. Specifically, we compare measured iT with the expected

one, any mismatch between them indicates an Rx is coming in. We can then use the

same form as used in Alg. 1 to estimate the channel, i.e.,

Y = _. AVT(4.20)

Alg. 2 shows the pseudo-code of the bootstrap process.

3In a practical system, we would like to control the amount of power going into the system. In
this case, we set V(JQ to be proportional to the i-th column of ZT, where the scaling factor depends
on the power budget.
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Algorithm 2 Bootstrap

procedure BOUTSTRAP(Z 1 )

3: while true do

Ap~plyN V- x (Iimodl N)-thi molumni of Z71

M\ieasure ir o1 the transmit ter

AV- <- v- zrr

if Air 0 then

n i T

end if

>/ S 1h ( i t tII t olu 1

> )iagonaiw i h litrui

L>if rx Is (etcte(l

> estimal Y

10: / +- I +

11: end while
12: return Y
13: end procedure

4.8 Proofs

4.8.1 Proof of Theorem 4.2.1

Pioof: W\e start with (olnverting the optiiziationi probllellm to another e(tllivalent one.

Specifically. We (efine

x (4.21)

where RT is a (iagonial matrix whose (iagollal (it ries are square root of those of

R1 . Similarly, lRH can be defined. Now the problem becomes that we want to fincd

=)ft (4.22)

wherX- 1) fs the solutioin to the following:

x = arg llax{* Az}. where A R+1H'RRH R

The coist raint correspo(1inigly b ecomiies

* + -*Ax= (4.23)P

Now., since A is a positive semni-(efinlite Hermitian matrix (recall both R, aI RT are
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real positive diagonal matrices), it can be eigen-decomposed to A = QAQ*, where Q
is a unitary matrix and A is a diagonal matrix of the eigenvalues of A. Furthermore,

all eigenvalues, A1 , -- - , An , are real and non-negative. If we define "' = Q*z, then

the objective function Xi*Axi can be written as

X =0 X-' A' = ZAiIv' 2  (4.24)

Similarly, the constraint becomes:

X + = X ( X-.I)* X-' + (..#/) * Ai' = Z(Ai + 1)xi (4.25)

Therefore, we have converted our optimization problem to:

max EZ Ailx'1 2

s.t. EZ(Ai + 1)Jx'J2  p

Since all Ai's are real non-negative, the optimal solution ' is zero in every entry except

the one that Ai is maximal. More formally, say that Ak = arg max{A, , An}, then

x' is zero on entries except the k-th one. In this case, the maximal value that is

achieved is -i-P. Recall that X' = Q*2, or equivalently, X = QX'. Therefore, theAk-i-

optimal solution ' is proportional to k-th column of Q (i.e., the k-th eigenvector of

A). Substituting back X' = RiT, we get the optimal iT:

= c- -R1 maxeig ( R H*RRH Ri)

In this thesis, to simplify the equations, we assume the transmitter coils are iden-

tical, i.e., RTl = .-- = RTn = RT. In this case, RT is proportional to an identity

matrix, thus when multiplied with another matrix, will not change it eigenvectors.

Therefore, in this case, the solution is

= c -maxeig(H*RRH) (4.26)

c is a scalar that captures RT and other terms. It can be solved by substituting
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ZT by ZT to the constraint iTRiT + TH*RRHiT = P. Note

substantially change any of the conclusions in this thesis; plugging back RT into them

Elis straightforward.

4.8.2 Proof of Theorem 4.4.1

Let's first expand H*RRH and Y:

H*RRH = w2 MT (ZRl)* RRZRM

Y = w 2 MTz-lM (4.28)

Recall that M is a real matrix, therefore in order to prove H*RRH = Real(Y),

what we need to prove is

(Zil)* RRZIR= Real (Z. 1 )

which is proved as follows:

Proof: By definition, Rf is the real part of ZR. Therefore, we can denote

(4.29)ZR= RR+ jA, ZR' = B + jC

where RR, A, B, C are all real matrices. Therefore,

ZRZR1 = (RRB - AC) +j(RRC + AB) = I

ZR 1ZR= (BRR -CA)+ j(CRR+ BA) =I
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which leads to

RRB - AC

RRC+ AB

BRR - CA

CRR+BA

=I

=0

=1I

=0O

Since (Zl)* = B - jC (note B and C are both real symmetric matrices),

(ZRl)* RRZR' = (BRRB + CRRC)+ j(BRRC - CRRB)

The real part can be reduced by a series of substitution:

BRRB + CRRC

= B+(BA+CRR)C

B(I + AC) + CRRC

B

as well as the imaginary part:

BRRC - CRRB

= -(BA+CRR)B

Eq. (4.33)

Eq (4.35)

B(-AB) - CRRB

0

(Z )* RRZR = B = Real (ZRI) (4.39)

Thin. 4.4.1 can be then proved by simply plugging this relationship back to H*RRH

and Y respectively.

4.8.3 Proof of Theorem 4.5.1

We prove the theorem by showing that the rank of Y - Y gets reduced in every

iteration, by the following lemma:

Lemma 4.8.1. For any complex symmetric matrix A (i.e., A = AT), any vector77

such that TTA' # 0, define { = A', then rank (A - <; rank(A) - 1.
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(4.35)

(4.36)

Eq. (4.32)

Eq. (4.35) (4.37)

Therefore,

(4.38)
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Proof: Since A is a complex symmetric matrix, there exists an Autonne-Takagi

factorization [86] such that

A = QAQT, where A =
Ao 0

0 0 I
where Q is a n x n unitary matrix, and AO is a r x r diagonal matrix, where r is the

rank of A. Now substitute this as well as = A', we get:

-T

A - _ , =Q A-

Define C = QTj7, and substitute it into Eq. (4.40), we get

[ _Ao ooAoCo -- T
CO A4

0

Since Q is unitary, we have

rank A -
-4T

= rank (Ao -

- -*T
AoC 0Ao\

CO AoC0

where for convenience, we define matrix B =

the first r entries of (, we observe that:

- T

Ao- o o o .
AoCo

If we define CO to be

--4 --#T
- - Ao( CO Ao-

BCO = Ao(O - _#T 0 - (0
(B Ao(O

- AoCO - AoCO = 0 (4.43)

i.e., B is not full rank, such that rank(B) < rank(A) - 1. Therefore,

(4.44)

Since Y is a complex symmetric matrix, we can set A = Y - Y, = ZT, thus
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77TQAQ T
(4.40)

1
Q T

0
(4.41)

rank(B) (4.42)

rank A - #T <rank(A) - 1

F-

T Q
A -+T Q
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= (Y - Y)iT = A\T. Therefore, applying the lemma, we get:

rank (y - - -Z < rank(Y - ) - 1 (4.45)
VTZTi)

This means that the rank of Y - gets reduced by at least 1 in each iteration. Since

the initial rank cannot be larger than n, which is the size of the matrix, then the

number of iterations that is needed cannot exceed n.

4.8.4 Proof of Thm. 4.5.2

To prove the theorem, we first prove the following lemma:

Lemma 4.8.2. When a single receiver comes into range and existing receivers do not

move, Alg. 1 needs only one iteration to converge.

Proof: According to Lemma 4.8.1, we only need to prove that the rank of the

matrix Y - Y is equal to 1. When a new receiver comes into range, the matrices M

and ZR changes to M' and Z' in the following way:

M Z ZR M (.6
' = ,R Z 'R =j4.

where M' contains the couplings between the transmitters to this receiver, MR con-

tains the couplings from the other receivers to this one, and ZR is the impedance of

this receivers. Therefore,

y = w2 M'T (Z') M' (4.47)

Z-1+ Z FRTiz 1  _Zg iR M2[MT R ZR ZR
-wLM ]TR iF'1 -- (4.48)

ZR ZR .

SY + - (MTZ - ) (M T Z-1 id - ) (4.49)
ZRRM _ RMR-M

Consequently, if we define

-7= MT Z-RMR - M (4.50)
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(a) 3 Tx. 3 Rx (b) 4 Tx. 4 Rx

Figure 4-4: Examples of Symmetric Cases: The figure shows top-dowii view of

the Tx Rx layout, where the red circles are Tx coils and blue circuits are Rx coils. In

each case, the layout is rotation-sVimmetric with respect to the (enter point.

then

Y - Y (4.51)

Therefore. Y - Y has rank equal to 1.

Now, the event that an existing receiver leaves can be treated as the recilrocal

event of a new receiver coming. so it also yields a Y - Y matrix of rank 1. The event

that one receiver miloves is equivalent to a sequence of two events: (1) that specific

receiver leaves. then (2) cones back into range with new channels. Since each of these

two events is a rank-I update, so they aold up to at most rank two. Similarly. the

event that r receivers move can be simulated by a series of r events, with each event

involving oiily oiio1' receiver noving. Therefore. the total rank will be at most 2r.

4.8.5 Proof of Equal Power Allocation in the Symmetric Case

Let us consider the case when the transmitters and receivers are synniiietric with

respect to a central 1)oiilt. Fig. 4-4 are examl)les of such cases. Assuming the receivers

are identical, we want to prove that under such scenarios, the amnouint of power

delivere(d to each receiver is the same.

Specifically. in this case, if we look at the couplings froim the Tx coils to each Rx.

they are the saie with some shifts. Said differently, the coupling matrix M can be
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written as

M = [PoM P 1r -.. PnI (4.52)

where r' is the vector of couplings from the first Rx to the Tx coils, and PO, P1, - 1 ,

are the n shift matrices. Pim' effectively shifts M' circularly by an offset of i.

We will first prove the following lemma about the eigenspace of M:

Lemma 4.8.3. The eigen-decomposition of M is

MT = F- 1 AF (4.53)

where F is the Fourier matrix, A = diag(Al, A2, ,An)

the Fourier domain of M.

Proof: Let us consider applying Fourier Transform to

i.e., F(Pi'). The primal domain is a shifted version of ii

will be a phase shifted version of FM, i.e., [A, .-. , An], w

following way:

A1

F(Pi) =

-J
e-j

,_j n

and vector [A ,-- , An ] is

the i-th column of MT,

, thus the Fourier domain

hich can be written in the

=AF (4.54)

where FT is the i-th column of F. Therefore,

FMT = F[Po- P 1 - ... P_1 -] = A[FO F1 ... n- 1 ] = AF (4.55)

or equivalently, MT = F- 1AF. E

For simplicity, let us assume ZR = RR = RI, where I is the identity matrix. Now,

applying Thm. 4.2.1,

H* RH =W2 M TM = 2-- 2T
R R

(4.56)
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Therefore, each eigenvector of H*RRH is a column from Fourier Transform. Without

loss of generality, let us say that it is the k-th column. Now the received current is

zR = HiT = c - -F- 1 AYFk (4.57)

Because of the orthogonality of the columns of the Fourier matrix, F-1 AFF = AkFk,

where Fk is the k-th column of the inverse Fourier matrix, whose entries all have

magnitudes equal to 1. Therefore, all entries in iR have the same magnitude, i.e., all

receivers receive the same power.

4.8.6 Proof of Theorem 4.5.3

As shown in Lemma 4.8.1, if the rank of Y - Y is r, the algorithm will take exactly

r steps (i.e., r different sets of voltages) to converge. Since we know

AVT = (Y - Y (4.58)

By the fundamental theorem of linear algebra [671, the least number of different A'T

needed to uniquely solve the coefficient Y - Y is the rank of the coefficient, i.e., r.

Therefore, Alg. 1 takes the least number of steps.
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Chapter 5

Dealing with Power Circuit

Limitations

5.1 What is the Problem?

In the previous chapter, we developed an algorithm that can maximize the power

delivery to the receivers. It is based on the assumption that the power circuit on the

receiver side can absorb however much power the transmitter delivers. However in

reality there are many cases when this approximation is no longer true, and we are

limited by the receiver's ability of the receiver to receive power. For example:

o Receivers with very different power requirements: Today's mobile devices require

very different power levels in order to charge. On one hand, wearable devices

require a fraction of a watt while a laptop require between 20W to 80W. There

is an order of magnitude difference in the amount of power needed for different

devices. Therefore, when they co-exist in the charging range the transmitter

needs to recognize and acknowledge their huge difference in the expectation of

power. Said differently, if the Tx treats them equally and tries to maximize the

power delivery to both of them, it will end up trying to deliver an overwhelming

amount of power to a device that requires much less power.
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* Near-Far problem: as pointed out by 4.6, without explicit control, the amount

of power delivered to each device is intrinsically tied to the couplings of the

transmitter. This is natural and often acceptable, but in some cases can cause

problems. Specifically, if one device is very near to the base and the other

very far, the algorithm in 4 can easily overdraw the near receiver by exceeding

its ratings but at the same time still cannot deliver enough power to the far

one. The correct approach, however, should be optimizing on improving power

delivery to the far receiver but at the same time making sure the near receiver

is not overdrawn and when necessary even reduce the strength of magnetic field

at the near receiver.

Both of these cases represent important limitations on the transmitter system

architecture imposed by the practical limitations of the receivers' power circuits.

These are limitations we have not yet addressed in the preceding chapters.

Thus it is not always advantageous to blindly maximize the amount of power

the transmitter delivers. In both cases a naive transmitter may fall into the trap of

trying to deliver too much power to the receiver. This is suboptimal and can even be

dangerous. Every standard mobile device has its own charging circuit that controls

how much power it needs at different stages of a charging cycle [471. Trying to deliver

more power than this desired amount will have at best a marginal increase in the

actual power going into the device's battery, if there is any increase at all. At the

same time, any power converter that converts the wirelessly delivered power to charge

the mobile device can only have a limited range of operation with respect to voltage

and current. So as the Tx tries to deliver more power, at some point it's going to

exceed such a limitation, and it will either temporarily force the receiver out of its

normal operation, or even permanently destroys its power circuit.

An alternative approach is to design transmitter with the ability to fine-tune the

amount of power to each receiver to fit its specific requirement, instead of blindly max-

imizing the power delivery capability. In some cases, this might even mean reducing

the magnetic field at some receivers is better than maximizing it. The transmitter

controls this power delivery by either strengthening or weakening the magnetic field
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around the receiver thus manipulating the induced voltage on the receiver. At the

same time, the transmitter should know what the preferred and acceptable input

voltages are for each receiver, such that the transmitter makes sure it does not exceed

any of the receiver's desired parameters.

From a practical standpoint, this approach also requires communication between

the transmitter and the receiver. The receiver locally decides the amount of power

it needs, which it sends to the transmitter. The receiver also monitors how much

actual power it receives as well as its own impedance and provides this feedback to

the transmitter. In other words, this approach achieves the aforementioned benefit

at the cost of increasing the expense and complexity of the receiver circuit. With the

population of low-cost low-power communication modules such as BLE (Bluetooth

Low Energy), in many cases this added complexity is likely worth the tradeoff even in a

mass-produced product. Evidently, existing industrial standards of wireless charging

have already embedded Bluetooth in their receiver module [25, 10]. However there

are cases when we cannot have additional modules, in which case we can simply run

the basic algorithm defined in 4.

This chapter also deals with other problems that are raised due to limitations

of power circuits. One example is the varying receiver impedance. The equivalent

receiver impedance depends on the input impedance of the power converters, which

unfortunately changes dramatically with the input voltage [91]. For example, an ideal

voltage regulator has the input impedance increasing quadratically with the input

voltage [74]. In 5.4, we show how we can make the algorithm adapt to changing load

impedances.

5.2 Fine-Control of Delivered Power

In this section, we will focus on the problem of how to set transmit voltages/currents

to finely control the received power. Specifically, an ideal algorithm should have the

following properties:
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" Power Control: given specified amount of power Pui, Pu2, - , PUmn, the Tx will

deliver the exact amount P to receiver i.

" Optimal Delivery: at the same time, we minimize the loss of the transmitter,

thus maximizing the coil-to-coil efficiency.

In this chapter, we assume the Tx knows all couplings and Rx impedances, and we

assume fixed Rx impedance. We will address these two problems later in this chapter.

5.2.1 How Does the Algorithm Work?

So how does Tx control individual power delivery to Rx? Recall the Receiver Equa-

tion:

ZR = HiT = jwZ 1 MiT (5.1)

which shows the relationship between transmit current and received current. So

intuitively, if we inverse this equation, we will be able to know in order to yield

the set of receiver currents ZR, what transmit currents are needed. This is formally

explained by the following lemma, which is proved in 5.5.1:

Lemma 5.2.1. The solution to the following optimization problem:

min {PT}, where PT = iTRTZT (5.2)

s.t. iR = HiT (5.3)

i.e., minimizing transmit power loss conditioned on the received currents are equal to

%R, Zs

IT= HtiR (5.4)

where .J is the pseudo-inverse operation. Specifically, the condition is reached if and

only if rank(H) < n where n is the number of transmitters. The achieved efficiency

is

'R (HRTH*) t R(

= RRRiR 
(55)
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Note the following:

" The condition of the transmitter having full degree of freedom to control the

receiver is that the number of transmitters cannot be smaller than the number

of receivers. 1 This conclusion is very similar to the degree-of-freedom concept

in MIMO 190].

" When the conditions are met, the Tx theoretically has the ability to provide

any amount of power to the receiver. Of course this is not true in practice, and

the reason is because the achieved efficiency q can be very small thus in order

to deliver such power we have to afford a huge loss on the Tx side. We will

expand on this topic in 5.2.2.

Now we know how to control the receiver currents to be exactly i However

our goal is to control the power delivered, not the currents. More specifically, we do

not wish to specify the phase of each receiver current, since controlling amplitudes

of currents is enough to control the power. Of all of the possible combinations of

relative phases among receivers, we want to pick the combination that achieves the

lowest Tx loss. Therefore, we revise the optimization problem in Lemma 5.2.1 to be

the following:

min { PT}, where PT = iRT T (5.6)
ZT

S. t. V, In R12 RRu - Pu (5.7)

The following lemma shows what are the phases that achieves the optimization:

irank(H) is equal to the number of receivers except for very rare singular cases. This is very
similar to the common approach in MIMO where the rank of channel matrix is treated as equal to
the number of either transmitters or receivers, whichever is smaller [90].
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Algorithm 3 Calculate Tx Voltages Needed to Finely Control Rx Power

procedure CALCTXCONTROLVOLTAGE(Zy. M. Pm,1 .*-, Pjar)

H <- JZITM
3: Vi. di - 1-th cobiun of Ht
4: 01 - 0

tipl)I~ed by R,

> We nlycar aboutII rvehtivc hss

VI/ 1, Oi <- rand(0. 2 Y)

Vi, L j<-e di

for / 2 to i do
0; - Z { a, + T

end for
until Changes in 0, s are small
V1, IR, c<j-- , e Ph,/RR,

2<-Hz

>10 11111 ], of, eceiv Crs
> 11bi t t ccordin~g to Leiiiiia ;5.2.2

> ILeiiiiii .-.2.1

Z- I M )rt r + 2M

return V-'/
17: end procedure

Lemma 5.2.2. Define

N/PR 1

RRI

and define di is the i-th colwmntt vcC/or of A A set of receiver current phases

01.0.. . (,, that tiniIxtmizes Tx losses if and only if

Vt. / }
Where Z {} Cs the an Ife of the comnpehx value, (ad ( is defined as

A (5.10)

The lemma is proven in 5.5.2. Although there is 11o closed-form solition to what
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Figure 5-1: Convergence of Alg. 3: NV show the p)ercentage change vs. number

of iterations averaged by simulated data of 6 Txs and 6 Rxs. With 20 iterations the

percentage change is already below 1%.

the phases of the receivers should be, we caii still compute these angles very efficiently

using a technique called alternating minimization 1561. based oil the plroperties given

by Leima 5.2.2. Alg. 3 shows the pseudocode to coilpute what optimal Tx voltages

v- is given any set of Rx power PRi. . PR,,,. The following theorem guaraintees the

convergen('e of this algorithm, which is proven in 5.5.2.

Theorem 5.2.3. Aly. 3 is q'uaranteced to converge to the solution of the optirmizatio'n

p)roblemfl specified by Eq. (5.6).

Thim. 5.2.3 guarantees convergence but does not specify the speed of convergence.

The convergeice speed depends on the number of transmitters alid receivers. In

practice. with inllblier of transinitters aidi receivers not greater than 6. 10-20 iterations

is sufficient for Alg. 3 to converge, as shown by Fig. 5-1.

5.2.2 How Much Control Does The Tx Have?

When the number of, receivers does not exceed the numi)ber of t rarisinitters. theoreti-

cally the Tx has the abilitv drive any set of receivers )ower. However, in some cases

the voltage curreint required by the Tx is too big to be practical. Specifically. it is

bounded by the condition number of the matrix H. The higher that the conditioni

number is (i.e., the singular (ase). the more likely we need high transmitter cur-
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Figire 5-2: Maximal Current Required by the Tx in order to Deliver 1W
& 25W to Two Receivers Respectively: There is a cliff around the diameter of
the receiver. W\hen two receivers are nearer than this distance, practically we cannot
coitrol the amount of power (lelivere(l to them sel)arately.

rents "voltages to achieve a set of Rx currents., thus having low effcieiicy. Practically

the power circuit on Tx only works when its voltage al(I current are within some

range. Therefore. when the reqluired voltage current reach the point of exceedliilg the

rating, Tx would be able to (leliver the power that is (leimai(le(l.

The (questionl we want to ask is, in practical scellarios. when could IH be singu-

lar, and how much control does the Tx have? To answer this., we simulate (liffereit

scenarios to test the Tx's ability to deliver specified aiounts of power to receivers.

Specifically, we pick the two most challenging scenarios to preseit here: 1) two re-

ceivers with very (ifferent power reqinreiments; 2) the near-far scenario.

Receivers Needing Significantly Different Power: In this case, since the two

receivers have very similar coupliigs to the Tx. H can easily go siigular. Tx loses its

ca.)abilitv to separately set the power of the two receivers. To investigate how near

the two receivers Ileedl to be for this problem to occur, we run a simulation where Tx

is asked to deliver 1V to Rxl and 25W to Rx2. This simulates the case when The

result is shown in Fig. 5-2. W\e have two conclusion from this simulation:

9 There is a clear cut-off distance. which is roughly 1.5 times the radius of the

receiver, aiid below which Tx is not able to control power separately to each re-

80



-o 5
Q)

07 (D

x~ 4

C 3
0

4 -
0 2

E E
:3 1

0
1 1.5 2 2.5 3 3.5 4 4.5 5

Distance of Rx2 To Tx, Normalized by Distance of Rx1

Figure 5-3: Maximal Current Required by the Tx when One Receiver Is

Near and Another Is Far The required current on the Tx goes up almost linearly

as Bx2 goes further away.

ceiver. The fact that this (listance is a function of Rx radius is not a coinlci(ence

this call 1)e understood as the ")eanNidth" froi the Tx. Since thme Tx tries

to increase time (lensitY of the magimetic flux through the Rx coil. the effective

l)eamilwidth is closely related to the size of the Rx coil. If two receivers happeni

to 1)e in the same beam. i.e.. their (listallce is smaller than the beamuwidth.

Tx would be able to deliver significantly (lifferent amnouits of power to each of

them.

0 Outside of this cut-off distance. Tx has the ability to reliably (eliver significantly

(lifferelit and pie-specified aumounits of power to each receiver.

Near-Far Scenario: It the iear-far scenario. one receiver is ear to the 1)ase while

the other (a l)e very far. lit the simulation, we ask the Tx to dleliver the same

anmount of power to each receiver. Ve fix Rxl an( increase the dlistailce of' Rx2 until

it's far enough that the couplimg is too weak to (elver the required anmounit of' power.

Fig. 5-3 shows the siimulatioi result. The required currenit on the Tx goes up alniost

linearly as Bx2 goes further away. In the whole range, the Tx currenit remais iii a

reasonable range (less than 5 timies the received (Icurrent). and (hoes not have a cliff

that is too high to be practical. Therefore, the conclusion is that with the solution

proposed ii 5.2, Tx is able to handle the near-far problem reliably.
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5.3 Estimating Magnetic Couplings

Alg. 3 requires us to know H. Therefore, the communicationless channel estimation

method used by 4.4 no longer works because it estimates H*RRH as a whole and

does not have any knowledge of each of the entries of H. So, how can we estimate

H?

Recall that Alg. 3 assumes there are communications between the Rx and Tx,

which we have already used to request receive power. We can also make use of this

communication channel to help in estimating the couplings. Specifically, the Rx can

perform some local measurements, and communicate it back to the Tx, which collects

the information from all Rxs and updates the channel. Ideally, in order for the Tx to

gather as much information as possible, we would like the Rx to be able to measure

the magnitude and phase of its own current/voltages. In 5.3.1 we will show how to

estimate channels with such information.

However, it is practically very challenging to synchronize different receivers and

transmitters so that the phase any of them measures locally is consistent with each

other. Therefore, we would want to remove the requirement for the receiver to measure

its own phase of the voltage or current in a way that is consistent with other receivers'

measurements. In 5.3.2 we will show how we can extend the algorithm in 5.3.1 to

do so. The final algorithm only requires the Rx to communicate back its received

power and impedance.

5.3.1 Estimating with Amplitude & Phase Feedback from Rx

In order to estimate H = jwZ 1M, we will estimate M and ZR separately.

Estimating M: How to estimate M is similar to how we estimate Y in the

previous chapter. Specifically, we want to develop a relationship between two known

parameters where M is the coefficient matrix between them. This can be done via

the following series of substitution: first, we rewrite the transmitter Eq. (3.12):

VT = (ZT +w 2MTZJM) R T = ZTZT - iwMT (wZ Mi) (5.11)
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Algorithm 4 Control Rx Power with Phase Feedback

1: procedure RxPOWERC1 ONTROLPHASEFEEDBACK (Z1 )

2: {M. Z} +- Bo3TSTRAP'(Z-1 ) [>to(ui ap hli be adopjte( floi Alg. 2
3: while trule do
4: Rx requests power PI. PR2 PR
5: G <- CALCTXCONTROLVOLTAGE(ZjM. . Pm -. Pl,) >AIg. 3
6: Apply 'v1  > Io 41 eli \e . v -- / to 1W(1vers

Measnre i 1 on the transmitter

8: Get j , (ollilnlllicated from Rx

9: if {i 1  j 1Z M7i1 } then >1f Ile (b181 1I (1g81

10: M <- M + . where Ji = - li

11: [> u d t
12: Tn <- Z + where y =4 - iZ (Al ) 7 y

13: > 1d)(la81 Z/,
14: end if

15: end while
16: end procedure

secon(l, we phig it the receiver Eq. (3.11) i = j&Z,' MzL to get

V' =M iV2-. wheie vT IT - Z(5.1)

Therefore. M is the coefficieiit between 7 that we can know from Rx feedback. and

Vi' that we caii ineasure an(1 calculate on the Tx. Now we have just redu(ce(d the

I)rol)lemil of estimating M to be something that takes the same nlatlheimlatical forni as

estinlating Y in 44.4. To see why. let's coiiipare Eq. (5.12) to the Tx Eq. (3.12) that

we used to estimate Y:

+ ('3- ZT2) l MT- Eq. (5.12)

VT - ZTiT YiT Eq. (3.12)

The onlhy (ifferences are that Eq. (5.12) hias ani a((litionlal constallt factor on the

left. an(1 it hias in inlstead of Z7 oil tie rigit. Conseqnently, the same algorithmiil

(Alg. 1) that is nsed ill 4.4 call l)e adopted to estiilating M. Alg. 4 shows how we

estimate M.
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Estimating ZR: We can use the same principle to estimate ZR. Specifically, the

transmitter Eq. (3.12) can be rewritten to:

Y= ZR', where ' = (MT T (iT - ZTZT) , = W2MZT (5.13)

Here both X and 9 are known, so we can estimate ZR in the same way as M.

Alg. 4 shows how we can estimate M, ZR thus H, and consequently control

the Rx power. It has the same convergence property as Alg. 1, summarized by the

following theorem (proven in 5.5.3):

Theorem 5.3.1. If M 4 M or ZR $ ZR, then Alg. 4 is guaranteed to update i

to H in less than n iterations, where n is the number of transmitters.

5.3.2 Eliminating the Need for Phase Feedback from Rx

Now the question becomes how we can estimate M and ZR even without knowing

the phase of 1R. More specifically, how can we change line 10 and line 14 in Alg. 4 so

that it does not require knowing the phase of jR?

To answer this, let us first spend a bit more time in understanding the heuristic

meaning of line 10 and line 14 in Alg 4. It is characterized by the following lemma,

which is proven in 5.5.4:

Lemma 5.3.2. Define

AM = -,TA , where AU'= MVT - Zri - (5.14)
A\UZR

i.e., AM is the update that is applied in line 10 of Alg. 4. Then AM is the solution

to the following optimization problem:

min{||AM11 2}, s.t. -U - ZTi' = (M + AM) T R (5.15)
AMW VT/

where || for a matrix stands for Frobenius norm, i.e., entrywise summation of the

squares of the absolute values.
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Algorithm 5 Control Rx Power without Phase Feedback

1: procedure RxPOXERC'ONTROLPHASENOF EEDBACIK (Z 1 )

\I. 2{M. Z1 } <- BOOTSTRAP'(ZI)

while true do

Rx relquests powerH P. P2 PIN
<- CALCTXC'ONTROLVOLTAGE(ZR. M. Pilli- - PHm) >AUg. 31

Apply 'L

i\Ieasuie I- of the transmitter

9:

3:

4:

5:
6:

8:

9:

10:

11:

12:

13:

14:

15:
16:

> if -otihu!e hitiel 11b fl 20

)proceduh r (tfiedlI ini tin 2(

Vr - Z,757

> 1up)bte Z

end if

20:

21:

22:

23:

24:

procedure SOLVEA(. {ui--. -am ,

>1)11I WI' (ui kit IIH lie (it IVWIs( ]I(,l le) 1l
V1. j, <- i-th entry of 9

{l A }. s.A
[>Wtluere Y is kuo'wl.

le of 4r: {(1 - - - (. ,

25: Vi, xi - '.A 0;

26: repeat

27: for i =2 to to do

28: 0i - Z

29: i ; ( ;

30: end for

until Changes iii (9's are siall31:

32:

33:

34:

A <- .
xy

return A
35: end procedure

Said infornmally. in Aig. 4 we try to find the simallest possible incremental update

AAI to Al su1(1h that the measured currents would match the updated value. i.e.,

M + AM. The way we test if the estimation matches the imeasureimeit is via testing
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if {i # j&Z Mi} then

AU , (Iy Zly) -M i?

A 1 SOLVEA(Aii. V - -
Rm Hm

> (l(nb Il I(pdate to NM. tsiig Ole

M + -M +AM

Zu Z- + where AYAy Z

17: end while

18: end procedure

19:

>1 mtsira 1,q (;I he Idopted( fl-min

>T1. 1\ ( (1(l I %-,I Ph). - s~ *o r I " Ieceiv\ (rIs

- u(M T)

>1m Is Ihle lcil )I th (f ()Io x ima d y
+6 +?T
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if substituting M to the estimation M + AM will make Eq. 5.12 holds or not.

Intuitively, since the algorithm iterates rapidly, between each iterations the channel

would not change so much, so a heuristic strategy of picking the smallest change that

is consistent with measurements is likely to work. Even if the channel happens to

change dramatically such that the smallest update is no longer correct, it has the

proven property (Thm. 5.3.1) that when accumulated along different iterations, this

estimation will ultimately be updated to the correct value.

When we do not have the phase information from the Rx, we can adopt this

approach to cope with the lack of this information. In this case, the optimization

problem in Equ. (5.14) can be changed to:

min{||AM1 2 } (5.16)
AM

s.t. E111 I. 11 Vm} T - ZAT) TR

where - -e11 ... I eI

In other words, we still look for the smallest change to make the estimations consistent

with the measurements. However, in this case, we only need the amplitude of the

currents to match. We use a two-step process to solve this problem: 1) we try to find

the angles of ZR via an algorithm very similar to the alternating minimization process

employed in Alg. 3; 2) we update M and ZR once we recover the angles, in the same

way shown in Alg. 5. Algorithm 5 shows the pseudo-code which contains the details

of how we perform the updating process. Its correctness is proven in 5.5.5.

5.4 Dealing with Varying Load Impedance

In the previous sections, we have assumed that the load impedance is stable. However,

the load impedance might change due to two reasons:

e The resistance of the mobile device might change. For the same mobile device,

its resistance is a function of the battery percentage. Typically, the resistance
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is low when the battery percentage is low so that it can charge quickly, and the

resistance goes up as the battery percentage increases.

e The equivalent impedance of the power converter in the receiver circuit changes

with the input voltage. The specific relationship depends on the architecture

of the power converter. For example, the input impedance of a DC/DC voltage

regulator changes quadratically with the input voltage.

Therefore, the load impedance ZR is determined by the input voltage VR and the

battery percentage 77, i.e.,

ZR = f (VR, r) (5.17)

It is worth noting that f is fixed given a particular receiver circuit and a particular

mobile device. Said differently, f can be measured when the receiver is fabricated,

and can then be communicated back to the transmitter so that MultiSpot can use it

in the algorithm to capture varying load impedance.

Specifically, we need to change the algorithm (Alg. 5) to capture the variance of

load impedance in two places:

" Calculating what transmitter voltages to apply (Line. 5 in Alg. 5): We need to

calculate what ZR would be if we want the receiver power to be PR,.-- , PRm.

Specifically, for receiver u, we decide what its impedance would be if the received

power is PRu, in the following way: First, we need the receiver to communicate

back its current battery percentage 7/,. Second, we calculate a lookup table

between receiver input voltage VRu and power PRu as PRu = RVRI fR, 2q1).

From this lookup table, we can then solve VR for a given PRu and r7. Fi-

nally, once VRu is solved, ZRu can be calculated as f(Vu, r/u). After we solve

ZRu for every u, we can recalculate ZR and put it as the input to procedure

CALCTXCONTROLVOLTAGE in Line. 5.

" Estimating magnetic couplings: (Line. 9 to Line. 16 in Alg. 5): We need the

receivers to measure their impedances locally and communicate them back.

Before executing Line. 9, we replace the diagonals of ZR and ZR with these

87



impedances measured on receivers, and then execute Line. 9 to Line. 16 as they

are in Alg. 5.

In summary, to capture varying load impedances, we can simply augment the

system we already have. Specifically, the transmitter needs to augment Alg. 5 before

Line. 5 and Line. 9 as explained above. And the receiver needs to do the following in

addition:

" Measure function f defined by Eq. (5.17) in a factory setting and communicate

f to the transmitter when the receiver comes into the range.

" Measure its impedance repeatedly and communicate it back to the transmitter.

The pseudo-code of the final algorithm is shown in App. A.

5.5 Proofs

5.5.1 Proof of Lemma 5.2.1

If we define

S= RTiT (5.18)

C = H R' (5.19)

Y = IR (5.20)

Then the optimization problem becomes

min { 2} (5.21)

This is a standard min-square optimization problem where the solution is given by

pseudo-inverse [72]. Specifically, as long as rank(C) is smaller than the length of ',

the optimal solution is x = Ct '. Therefore, the optimal is

ZT- = (H R )iR = HtiR (5.22)
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5.5.2 Proof of Lemma 5.2.2 and Theorem 5.2.3

Firstly, the optimization problem of finding {01,02, - , 0,} can be rewritten as

min
Gi m

Now for convenience let's define

C di j, where =

1 a2+ 2 real
2ki

If we do the derivatives, we get

aoi realaoik: k= -2 - imag

And the second order derivative is

-2 - imag kC

I ) } = -2 - real

A necessary condition of 02 being the minima is a zero first-order derivative and

positive second-order derivative, i.e.,

-2 - imag{
k~i )

= 0, -2 - real{Zk} > 0

k~hi

or equivalently,

(5.30)
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C di (5.23)

Therefore,

(5.24)

{

(5.25)

(5.26)

{k:

a02

(5.27)

_ai { (5.28)

(5.29)

Y =

Z~~ 1r *-

k C 7F



Now the sufficient condition is to prove the Hessian matrix of second-order derivatives

are positive definite [38]. Note that

02 1 2

02 j 200

- 2 -real{ k}

- -2 - real E
k7 i

(5.31)

(5.32)

And because we fixed 01 to be 0 since we only care about the relative phases, the

Hessian matrix is a (m - 1) x (m - 1) matrix, denoted by B. It can be written as

B = real { [2

L MI Y 2

(5.33)[2

Now we want to prove B is positive definite, i.e., for any X of length (m - 1),
#T BX X>0

i>2

1
2 X Bz X = real E

(i>2

= -real {ZE
iN2 \ k:i

Note that from Equ. (5.29), real EkA

Ci}

/) ) i

> 0. Therefore, XTB > 0.

5.5.3 Proof of Theorem 5.3.1

It can be directly proved by applying Lemma 4.8.1. Specifically, to prove the update

of FU is correct, set the following parameters in Lemma 4.8.1 to be:

(5.36)
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(5.35)

E

=2 - real Y 

( -9)f}

Y M

i>2 (k



where AUi is defined as in line 10 in Alg. 4, and then apply the lemma. Similarly, the

parameters need to be set to the following to prove ZR:

A = ZR - ZR,7I = X, = AV (5.37)

where A' and X are defined as in line 14 in Alg. 4.

5.5.4 Proof of Lemma 5.3.2

Can be proven via the following lemma:

Lemma 5.5.1. The solution to the following optimization problem:

min {IA 11 2}, s.t. Ax'= '
A

(5.38)

where 1| -|| standards for Frobenius norm, is

A = ?JX
x x (5.39)

Proof: Can be directly proven by the property of pseudoinverse 172], the solution

to the optimization problem in Eq. 5.41 is

(5.40)A =Y = -Y-
x x

5.5.5 Proof of the Correctness of Ag. 5

We need to prove that the procedure given in line 20 solves the following optimization

problem: Given ', and a set of real positive values {ai,--- , am}, find:

... ejo am T (5.41)
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Proof: from Lemma 5.5.1 we know that for any given set of {01, * - , 0m}, we can solve

A with pseudo-inversion. If we substitute the solution into the objection function,

it's minimized to:

_A Jine= (5.42)

Let's use f to denote this value. Next, we can treat f as a function of Oi's, and try to

find the set of 6i's which minimizes f. Therefore, this set of Oi's and its corresponding

A will be the solution to the original problem defined by Eq. (5.41). Formally, this

new optimization problem is (the denominator of f is omitted since it is constant):

2

min ejoyjai (5.43)

if we compare this problem to Eq. (5.23) in proving Lemma 5.2.2, we will notice that

it is equivalent if we assign dfi to be scalars Vlai. Therefore, after proper variable

substitution, the same algorithm proven in Lemma 5.2.2 and Thm. 5.2.3 will still

work.
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Chapter 6

Coil Design

As in most systems that manipulate electromagnetic fields, the design of the antennas,

which in our specific case are the coils, is fundamental to the performance of the

resulting system. Analysis and fine-tuning of what the optimal antenna should look

like is a problem complicated enough to be its own field [36], so the goal of this chapter

is not to thoroughly study how in general the coils should be optimized, but rather

focus on how to pick the right size/shape of the coil for the specific use case that the

thesis is aiming for.

The shape and form factor of the coils on both the Tx and the Rx side are restricted

in the following way:

" The transmitter is designed to be mat-like such that one can put it on top or

underneath the office table. Because of this, the design of a single coil as well as

the layout of multiple coils is restricted to two-dimensional. Therefore, the mat

can be very thin but at the same time can have enough surface area to support

the range for which we are aiming.

" The receiver coil needs to be small enough to be attached to mobile devices.

For mobile phones this means its surface area needs to be smaller than or equal

to the area of a phone; for smartwatches this means the size of the coil is the

size of band (i.e., we embed the coil in the watch band).

The rest of the chapter is organized in the following way: 6.1 and 6.2 explores
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the basic shape and size of the transmitter coils we want. 6.3 explores how to lay

out multiple Tx coils, i.e., given a specific area, how to pick the desired number of

coils, relative locations of the coils, how many turns of each coil, etc. 6.4 explains

how to pick the right Rx coil design.

6.1 The Shape of the Transmitter Coil

6.1.1 Circular or Rectagular?

The first question we need to answer is what is the most basic shape of the current

loop. In making this decision, the relevant design factor is the strength of magnetic

field that the coil is able to generate with a unit current, versus the amount of copper

(thus resistance) the coil has. We want to maximize the strength of magnetic field

while minimizing the resistance. Assuming a given material and a fixed cross-section

of the wire, the first principle is the following:

Strength of magnetic field < Area

Resistance c Circumference

These relationships are approximate since they do not consider parasitics and other

complications. However they work well as a rule-of-thumb in designing the coils.

As we know, a circle has the largest area given any circumference, so naturally it

aligns well with our goal of maximizing the strength of the magnetic field given any

resistance. Therefore, we use a circular shape as the basic shape of a transmitter coil.

6.1.2 Single loop, multi-turn, or spiral?

As we just said, the best way to create a big surface area (i.e., roughly proportional to

the total amount of magnetic flux generated) with a fixed amount of copper is to use

a single loop. However, in reality we often do not want the transmitter to occupy too

much area due to the realistic form factor that we can afford, so we overlap different
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(a) Single Loop (b) Two Loops (c) Four Loops

Figure 6-1: Visualization of the Magnetic Field of Different Coil Shapes (a)

\Vhen there is only a single loop (centered at 0 with radius 1). the magnetic field

shapes like a dont where the field at the center is weak: (b) When there are two

loops (radius 1/ 2 and 1). the magnetic field in the center starts to add up: (c) When

there are f'our loops (radius 1 4. 1 2, 3,4 and 1). the magnetic field is munch more

smoothly aid evenly distributed.

loops so their effective areas are additive but the occupied area is bonmded by the

biggest loop. Typically there are two ways to do this. mnder the constraint that we

want our (oil to be two-dimensional: (1) mfHlIi-Itrit. where we keep the radius of each

loop the same, and simply repeat the same loop multiple times. and (2) spiral. where

we progressively change the radius of each )loop such that they form a spiral shape.

Different designs exhibit different pros and cons. To determille which design is

better. we consider two different metrics:

" The total amount of magnetic flux generated: iii other words. what the effective

area is con(litioled on the same amount of copper. Simple math can give us

that single-coil multi-turn spiral.

* The evenness of the magnetic field: both single and multi-turn coils have a

donut-like magnetic field (Fig. 6-la). Generally, the magnetic field in the center

of the (oil is weaker thaim that at the edge. This is tnme because there is much

higher current density at the edge around where the circle is than in the (eiter.

Consequently. spiral shapes help to alleviate this problem by distribiting the

current much more evenly across the surface. In (oing so, we have a, more

balanced magnetic field across the space. The effect is shown by Fig. 6-1.

In MultiSpot. we chose the spiral design because it distributes the magnetic field

mch more evenly. This is necessary for M\IultiSpot. since MultiSpot operates by
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combing the magnetic fields from different coils at each location in the space. In

doing so, having the strength of the magnetic field at approximately the same order

of magnitude maximizes MultiSpot's ability to combine fields either constructively or

destructively. Otherwise, the stronger fields would always dominate the weaker fields.

6.2 The Size of the Transmitter Coil

As we said in the previous section, the first principle in deciding the size of the

transmitter coil is that the "strength" of the magnetic field is roughly proportional

to the area of the coil. This works as a reasonable approximation in some cases,

however, it is not true that a bigger coil would always yield a stronger magnetic field

at any location; instead, we need to look at the range and use case for which we are

designing MultiSpot.

6.2.1 An Illustrative Example

As a demonstration of how the size of the transmitter coil affects the magnetic field,

let us start with a simple problem: say that we have a small receiver at distance

d directly above the center of the transmitter coil, thus we want to maximize the

magnetic field at that location. Say that the radius of the transmitter coil is R, the

magnetic strength generated by a unit current at distance d perpendicularly above

the center of the coil is the following [781:

B _ po 2ir R 2

I 47r (d2+ R2)(

This leads to
B- [o 27 (6.2)
I 4 (( 2 2

\R +R3
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Figure 6-2: Magnetic Field Strength at Distance d above the Center of the

Tx Coil The x-axis is transmitter coil radius R inornmalize(d by (. The curve has a

peak at R/d = 2.

Simple derivation from this equation 1 tells us that the best ra(lius for the transmitter

coil is

R = 24d (6.3)

Fig. 6-2 shows the magnetic field at the location that is (listailce (I (ireectly ablove the

(enter of the coil as a function of transmitter coil radius R. As expected. it spikes at

R 24. iiistead of mionotonically icieasing.

One point worth notilig is that Eq. (6.1) also illustrates under what conditions

the approximation that the magiietic field increases with transmitter toil size remains

true. Specifically, when the receiver is reas onably far away from the transmitter, the

strength of the magnetic field at the receiver is roughly plropotioiial to the area of the

transmitter (oil. Particularly, if the (listaice d is much larger thaii the transimitter

coil ra(lius R. Eqi. (6.1) can be appiroxiinate(l by:

B I(p 2w R 2

- ~ 7 (]: (6.4)

i.e.. magnetic field is proportional to the area (2Tr R2) and inversely proportional to

the cube of dlistance 4.

'If we define x =-, then equivalently we want to inimize f(x) = +x. Taking the derivative

of f gives f'(x) = 3 + 1. Therefore. f is minimized when x 2. i.e.. I - /2d.
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Figure 6-3: Efficiency vs. Radius of Each Tx Coil We vary the radius of each

transmitter (oil, and the distance of the receiver to the transmitter. At each distaice.

the efficiencY first increases then decreases when each transmitter coil becomes bigger:

the sweet spot of transmitter size increases with the receiver distance.

6.2.2 Simulation of the Effect of Different Tx Sizes

When xve consider (liffereit possible receiver locations all(l orientations. as well as the

fact that we are using Imltiple transmitter coils, the math of (ecidilig the size of a

single coil starts to be iitractable adi(l there would not be an analytical solution for

the best transmitter size. Instead, we use simulation to see what is the effect of the

size of the transmitter coil.

Fig. 6-3 shows the simulation result. In this simulation. we use 4 transmitter coils,

and vary the size of them. The radius of a single coil is shown as the X-axis. We

measure the efficiency to deliver power to a single receiver. while varying the (istance

of the receiver to the transmitter. At each (listalice. we average over different locations

ai(l orientations of the receiver.

The simulation shows the following:

* As coil size increases, the efficiency increases at first and then decreases. There

is a "sweet spot" where the efficiency is maximize(l. This complies with the

observation in Fig. 6-2 when there is a single coil.

* The "sweet spot increases as the receiver distance increases. Said (liffereitl,.

a bigger coil is beneficial when the receiver is flurther away. However, it might
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Figure 6-4: Efficiency vs. Number of Tx Coils We vary the number of transmit-

ters while keeping the same total area and amount of copper, and record the efficiency

while the receiver is at different distances from the transmitters. The error bars rep-

resents the best/worst efficiency. The result shows 1) more transmitter coils result in

less deviation; 2) more transmitter coils perform better at close range and worse at

long range.

hurt the performance if the receiver is nearby.

e In terms of order of magnitude, the effective radius of the transmitter is at

the same order as the range we want to reach. This is the rule-of-thumb in

choosing the size of the transmitter. Particularly in the simulation, the sweet

spot is when the radius of a single coil is about 0.15m. Since there are 2 x 2

coils, the effective radius of the transmitter in total is around 0.3m, which is at

the same order of the distances we consider, i.e., 0-0.5m.

6.3 Layout of Multiple Transmitter Coils

6.3.1. Number of Transmitter Coils

The first problem we aim to solve in this section is: how many transmitter coils do

we want? The intuition is: we want more transmitter coils so that we have better

flexibility in combing the magnetic fields; we want less transmitter coils because more

transmitter coils means less area for each coil, given that the total area is fixed.

We explore this problem via simulation. Specifically, in the simulation, we fixed
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two constraints: 1) the total area 2) the amount of copper (i.e., the total length of

wires). We vary the number of transmitters. Specifically, we layout the transmitters

in a n x n array and we vary the value of n. We then measure the efficiency of the

transmitter delivering power to a single receiver at different distances.

Fig. 6-4 shows the simulation result. We have two observations:

* More transmitter coils yield less deviation, i.e., better flexibility. Specifically, as

shown in Fig. 6-4, the standard deviation gets smaller as the number of coils

increase. When there is only one coil, there are many location and orientation

combinations in which the receiver receives almost zero power (e.g., receiver

directly above the center of the coil with perpendicular orientation). As the

number of transmitter coils increases, we gain a better ability to combine mag-

netic field at different orientations such that the deviation at the same distance

decreases.

* As the number of transmitter coils increases, average efficiency at near distance

increases while average efficiency at far distance decreases. This is due to the

size of each coil. As said in 6.2, smaller coils perform better at nearer distance

while bigger coils perform better at further distance. As the number of trans-

mitter coils increases, the size of each coil decreases. Therefore, the performance

at near distance improves while the performance at far distance degrades.

6.3.2 Overlapping Between Transmitter Coils

An interesting factor to consider is whether we want different coils to overlap or not.

In this section, we will delve into why having some overlapping between coils might

be helpful, and what amount of overlap would be the best.

Why overlapping coils might be helpful? The amount of overlap between two

coils will change the mutual inductance of them. Particularly, the magnetic flux in the

area where they overlap will have opposing directions to the magnetic flux in the area

where they do not overlap. Therefore, they will cancel each other when calculating
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Figure 6-5: Mutual Inductance vs Overlaps between Two Coils When the

distance between the centers of the two coils is equal to 1.2 times their radius, their

mutual inductance cancels to zero.

the mutual inductance of the two coils. Moreover, there will be a point where they

exactly cancel to zero mutual inductance.

In a practical system, having a big mutual inductance will make it harder to imple-

ment beamforming, in the way that it often requires high voltages on the transmitter

coils. To see why, consider the case of two transmitter coils, and say that their mutual

inductance is M, and impedances are both Z. If we want the transmit current to be

I, and '2, then the voltages required are:

Vi = 1iZ + jWAII2  (6.5)

2 = I- Z + jWMI 1  (6.6)

Specifically, assuming the coils are well-tuned, Z is relatively small. Therefore, the

value of V and V2 are dominated by jwAlI 2 and jwAJI 1 . Consequently, the value of

A1 directly decides how much voltage we need to apply to the coils. For example, a

typical value of AI is 5pH when two coils are just next to each other, and Z is 1Q.

Say we want both I, and I2 to be IA. Now 1iZ is equal to 1V, but jwMI 2 is roughly

30V at 1MHz. If we overlap the coils to make l = OpH, then we only need 1V to

achieve the same current.

What is the best amount of overlap? Now the question is how big the overlap

should be. Specifically, we want to pick the amount of overlap such that the resulting
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mutual inductance is zero. To do that, we run a simulation of the mutual inductance

of two coils while varying their distance. Each coil is spiral with 15 evenly distributed

loops. Fig. 6-5 shows how mutual inductance changes with the amount of overlap.

The sweet spot is when the distance between the two centers is equal to 1.2 times

their radius, the mutual inductance cancels to zero. When the two coils are further

apart, their mutual inductances are negative and the absolute value decreases; when

the two coils come nearer, their mutual inductances are positive and finally converge

to the self-inductance.

6.4 Design of the Rx Coil

The size of the receiver coil: The size of the receiver coil is majorly restricted

by the specific mobile device that the receiver is designed for. Since the receiver coil

is often much smaller than the transmitter coil, we can think that the magnetic flux

going through the receiver adds up constructively, i.e., increasing the size will not

decrease the net flux going through the coil due to cancelation. Therefore, we design

the receiver coil to be as close as possible to the size of the mobile device.

The shape of the receiver coil: Unlike on the transmitter side, where we want

to use spiral coil to make the generated magnetic field as even as possible, on the

receiver side the primary concern is the amount of magnetic flux that it can pick up.

Therefore, we want to maximize the size of each turn in the coil, resulting in the

optimum being a multi-turn coil design.
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Chapter 7

Implementation

We built a prototype of MultiSpot to charge electronics in an office scenario. All

circuits are implemented as Printed Circuit Boards (PCBs) with off-the-shelf compo-

nents. Specifically, the transmitter is composed of 6 copper coils and is mounted to

the bottom of an office desk. Each transmit coil covers an area of 0.05m 2 , which col-

lectively cover an area of 0.38m 2. The transmitter can be attached to a regular office

desk with metallic, plastic and wood contents. The only restriction of the system is

that the desk surface must not be conductive.1 Each phone receiver contains a single

copper coil, of area 0.005m 2, that is embedded into a sleeve that attaches to the back

of the device. As for the smartwatch, we embed the coil into the band of the watch.

We have built receivers for various cellphones, a Samsung smartwatch, a Fitbit, an

iPad 2, a Logitech wireless keyboard, and a wireless touchpad.

In our implementation, the transmitter and receivers resonate at 1MHz, as in [55],

which is within the frequency range of common wireless charging systems [17, 25, 10].

In addition, the setup is compatible with FCC regulations including part 15 and part

18.

We will explain the circuit implementations of the setup in the following sections.

In App. B we include the circuit schematics of the setup.

IConductive materials as large as the desk surface might negatively affect MultiSpot's perfor-
mance. This is a standard assumption required by magnetic wireless power delivery and can be
found in research papers [55] and commercial systems [1].
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Figure 7-1: Tx Diagram

7.1 Transmitter Implementation

The transmitter's architecture is shown in Fig. 7-1. MultiSpot drives 6 transmit coils

to beamform a magnetic field towards the receivers. The output voltage and current

of each coil are measured by the measurement circuit in real time. Specifically, the

measurement circuit measures the amplitude and phase of each signal and outputs

them to the microcontroller. The microcontroller platform, Zynq 7Z010 [181, takes

as input these amplitudes and phases and runs MultiSpot's algorithm. Every time

Alg. 1 receives new measurements, it updates its estimates accordingly, and calculates

the new voltages needed to beamform. It then sends the new set of voltages to the

controller circuits which apply them to the transmit coils. This converter allows the

controller circuit to flexibly control both the amplitudes and phases of the voltages

applied to the transmit coils.

We will expand in detail on how we implement each of the Tx's key components:

the transmit coils, the power converters and the measurement circuits in the following

sections.
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7.1.1 High-Q Transmit Coils

The primary goal when we implement the transmitter coils is to improve the Q-factor

of the resonant circuit. In an L-C resonant circuit (i.e., jwL = 1 ), Q is defined as

wL 1
Q =(7.1)R wCR

where R is the equivalent serial resistance of the circuit, which includes all parasitic

resistances of the inductor, capacitor and other parts. The higher Q is, the sharper

the frequency response is at the resonant frequency, and the circuit is able to deliver

a higher power transfer efficiency. Specifically, theoretical upper bound of the power

delivery efficiency is given by 159]:

k2 QTQR

(1 + 41 + (72277max -- (' + k2QTQR)2

where QT and QR are the Q factors of the transmitter and receiver resonant circuit,

k is the coupling factor determined by the relative location/orientation between the

transmitter and the receiver. When building the setup, we only have control over QT

and QR. Since the receiver has much more constrained requirements with regards to

form factor and cost, it is practically often easier to try to reduce the Q-factor on the

transmit side.

We employ the following approaches to build a high-Q transmit circuit:

* Pitch of the Spiral Coil: we face a tradeoff when choosing the pitch of the spiral

coil (i.e., the distance between each concentric loop in the coil): smaller pitch

means higher inductance and potentially stronger magnetic field; however, with

the same surface area, smaller pitch means more copper thus more parasitic

resistance. Not only this, smaller pitch forces two parallel currents to be closer

to each other, yielding superlinearly increasing resistances due to skin effect [781

and proximity effect [491. Both effects are widely recognized as the major source

of parasitic resistance in spiral coils operating in the MHz range 185].
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* Choice of materials: First, we choose copper because of its good conductivity

and affordable price. Second, we choose 1/8-inch general purpose copper so

that it has enough cross-section to allow current flow. Third, as an effort to

reduce the weight of the setup, we use hollow copper tubes since most of the

current is concentrated in the outer ring of the cross section.

* Choice of Resonating Capacitors: It is also important to choose the right res-

onant capacitor that has ultra-low ESR (equivalent series resistance) so that it

does not introduce significant parasitic resistance, and possess low temperature

efficiency so that the temperature of the capacitor will not rise unacceptably

high. In the end we chose AVX Hi-Q ceramic capacitors (3.6KV 5%) [6] to

approximately satisfy all of these constraints.

* Tuning of the coils: For each transmitter coil we made for MultiSpot, because

of slight imperfections in the manufacturing process, they were non-identical

with subtle differences in the length and pitch of each coil. Therefore, there

might be a slight difference in their resonant frequency. To compensate for

this, we always manually tune their resonant frequency back to the desired one

by carefully laying connecting wires to the coil to cancel out any outstanding

inductance or capacitance.

In our implemented system, the Q factor of the transmit resonant circuits is in the

range of a few hundred (>200).

7.1.2 Tx Power Converter

There are two major considerations that guide the design of the Tx power converter:

Real-Time Configurable Output Phase/Magnitude: MultiSpot requires the

ability to set the voltages of the coils, i.e., the output voltages of the Tx power

converters, to any phase and any amplitude (within a predefined range). Because of

this, we consider a Class D Full Bridge Power Converter architecture [58], as shown

in Fig. 7-2.
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Figure 7-2: Class D Full Bridge Converter on Tx

Fig. 7-2b demonstrates how this Full-Bridge structure can freely set the phase and

amplitude of the output. Specifically, Vt is a differential voltage between output A

of the left Half-Bridge and output B of the right Half-Bridge. Driven by digital square

waves, both Half-Bridges output square waves between OV and VDD, whose delay is

controlled by the input wave signal. By controlling the relative delay between A and

B, we can control the amplitude of their difference: if A and B have the same delay,

Vut = 0; if A and B have 180' delay, Vt will have the maximal amplitude in the

fundamental frequency. Since Vt drives a high-Q resonant circuit which itself is a

good bandpass current filter, we do not need to specifically filter out Vt. Any delay

in between yields an amplitude in between, like the one shown in Fig. 7-2b. Similarly,

by controlling the absolute delay of A and B, we can control the phase of the output

voltage.

Mathematically, if we want Vut to have an amplitude of V and phase of 0, we

need to set the delay OA 4B of A and B to be

OA = 0-- arcsin -- - (7.3)
2 4 VDD

1 _r __2

/B = 0+ - arcsin - - (7.4)
2 4 VDD
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Figure 7-3: Key Schematics of the Measurement Circuits: (a) Current trans-
former that relates current I to voltage V, which is much easier to measure; (b)
Envelope detector to measure the amplitude of an ac signal; (c) Phase Detector to
measure the relative phase between two input ac signals.

Low Loss at MHz Operating Frequency: Our operating frequency is 1MHz,

delivering tens of watts at 1MHz requires careful design of the circuit. We choose

enhancement mode monolithic half-bridge GaN transistors from EPC [271, due to

their small switch losses at moderate to high frequencies.

Another challenge to the power converter circuit is the pressure from the High-Q

downstream circuit. Specifically, any non-smooth change in the resonant circuit might

translate to a voltage or current surge to the transistors. We address this problem by

careful PCB layout and adding proper damping components.

7.1.3 Tx Measurement Circuit

The requirement of the Tx measurement circuit is to accurately measure the voltage

over the resonant circuit and the current going through.

1) How to measure current? The typical approach is to transfer the current signal
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to voltage signal, which is much easier to measure. The most straightforward way is

to add a resistor (Rref) in series and measure the voltage V over the resistor - then

the current is equal to V . However, as explained in 7.1.1, we want to minimize the

series resistance in the resonant circuit to optimize the Q-factor. Therefore, adding

additional resistances is not the preferred way.

In MultiSpot, we use a transformer to translate currents to voltages (Fig. 7-3a).

It has two benefits:

" It allows us to measure I accurately by measuring voltage V on the secondary

coil. After applying the transformer equations [51], we can calculate I as

I = N (7.5)
Rref

" The added parasitics are negligible if we carefully selectthe values of N and Rref.

First, since we only have one winding on the primary side, the self-inductance

of the primary coil can be ignored. Second, the imposed resistance from the

secondary coil is only Rref/N2 . In our implementation, we choose N to be a big

number (N = 100) and Rref = 5Q, the added parasitics is only 0.5mQ.

2) How to measure both the amplitude and phase of an ac signal? There are

many ways to measure the amplitude and phase of an ac signal, e.g., using quadrature

mixers [141, RF gain/phase detector [131, or a combination of an envelope detector

(Fig. 7-3b) to measure the amplitude, and a phase/frequency detector (Fig. 7-3c) to

measure the phase. We choose the last option for our MultiSpot implementation.

7.2 Receiver Implementation

The receiver circuit is shown in Fig. 7-4. It has an impedance matching network

designed to maximize the power that gets delivered to the device. This is followed

by an ac/dc rectifier which converts the ac signal into a dc voltage. This dc voltage

passes through a dc-dc voltage regulator that converts the input voltage to a con-

stant 5V that can be accepted by the USB standard [20]. This allows the power to
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Figure 7-5: Schematics of Rx Static Impedance Matching Network We use a

combination of L and Pi network

be distributed across a USB port so that the receiver can support a large variety

of unmodified devices that can be charged via USB, including most phones, tablets

and wearables. Finally, depending on the available space and budget, the Rx can

optionally include a Bluetooth outband communication channel supported by cor-

responding microcontroller. In our implementation, we use Nordic Semiconductor's

nRF51822 [231 chip for the Bluetooth Low Energy protocol. As explained by 5, it

facilitates MultiSpot's ability to finely control the amount of power delivered to each

receiver. If the outband communication module is not included, the Tx will run the

basic algorithm specified in 4.
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7.2.1 Impedance Matching

Impedance matching on the receiver is a challenging problem. This is because the

equivalent impedances change on both sides: on the Rx coil side, the equivalent

impedance changes with the couplings between Tx and Rx; on the converter & load

side, the power converter's input impedance changes dramatically with input voltages

to power converters.

This leaves us with two categories of approaches. The first category is to soft-

tune the impedance matching or other relevant circuits to make sure the impedances

stay well-tuned regardless of the changing impedances on both side. These approaches

often require a fair bit of circuit complication, for example, adding active components

like a switch capacitor network for adaptive tuning [92, 57], or replicating the power

converter in carefully designed ways to cancel out its changing impedances [50, 37].

The second category of approaches is to use a static impedance matching network

and try to pick its parameters so that it is less prone to changing impedances [401.

It is much cheaper than the former approach but cannot guarantee to match the

impedances perfectly.

In MultiSpot, we pick the second approach, since we favor a clean and simple

design on the receiver side so that it can be miniaturized to mobile devices with a small

form factor. The impedance matching network we use is a combination of IH-network

and an L-network, to save us additional degrees of freedom to pick the component

values (Fig. 7-5). In the schematics, Xa, Xb, X1 and X2 can be either inductive or

capacitive. Specifically, for any given source and load impedances Z, = R, + jX, and

Z, = R, + jXi, and when fixing parameter X, and Xb, we can calculate X1 and X2
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(7.9)
Q ,

+ Q2

And then we run a matlab script to search different sets of values of Xa and Xb, and

pick the one that works well with the desired large range of Zs and Z1 .

7.2.2 Rx Power Converter

The power converter on the Rx has two modules in series: 1) an ac/dc rectifier that

rectifies input ac voltages on the Rx coils to a dc voltage; 2) a voltage regulator that

regulates the dc voltage. The challenge of the design of the Rx power converter is that

it needs to work with a relatively large input voltage while keeping mostly constant

output voltage and preferably it is rated for high power.

a) ac/dc rectifier We use a hybrid of a voltage doubler and a full

(Fig. 7-6). The idea is as follows: when the input voltage is relatively

the output voltage; otherwise we simply use a full bridge rectifier.

the output voltage to a Schmitt trigger that controls the switch S1 ,

bridge rectifier

low, we double

By connecting

one can switch
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between the voltage doubling mode and the normal mode.

b) dc/dc regulator We use standard switch-mode buck converter to convert a dc

voltage in a large range to a 5V output rail.

With the combination of the rectifier and regulator, our power converters on the

Rx side works with an input range of 3V-40V and output power up to IOW. We also

add protective Zener diodes at the input to protect against possible high voltage surge

due to delays in the Tx's ability to control the voltage.

113

aim



114



Chapter 8

Evaluation

8.1 Evaluation Environment

8.1.1 Metrics

We define distance as the distance between the nearest point on the receiver coil and

the nearest transmitter coil. For example, if a receiver is in the same plane as the

transmitter but outside the area that the transmitter coils cover, then the distance is

from the edge of the receiver to the edge of the nearest transmitter coil.

We define charging time ratio as the ratio between the time taken to wirelessly

charge a phone from a dead to a full battery, and the time it takes a wall plug to

charge from a dead to a full battery. For multiple phones, the charging time ratio

reported is the largest time ratio of all involved phones, i.e., it is the charging time

of the phone that takes the longest to charge.

We define orientation as the angle between the plane of the receiver coil and the

plane of the transmitter coils.

8.1.2 Baselines

We compare the following systems:

o Commercially available multi-device wireless chargers: Duracell Powermat [4],
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Energizer Qi [5] and LUXA2 [12]. Each of them requires a proprietary receiving

case, which we attach to the phone during the experiments.

" State-of-the-art Prototype. Specifically, we chose the WiTricity WiT-5000 pro-

totype [17] that charges multiple devices. Since the prototype is not publicly

available, we extract the data from their technical sheet [17].

" Idealized Selective Coil: This baseline uses the same six Tx coils as MultiSpot,

but given a set of receivers, it identifies the best Tx coil for each receiver, and

divides the input power equally between the set of best Tx coils. For example,

given two receivers, it identifies the best Tx coil for the first receiver, and the

best Tx coil for the second receiver, and divides the power between those two

Tx coils.

We note that this baseline requires an oracle to decide which Tx coil would de-

liver the maximum power to each receiver. Specifically, one cannot identify the

Tx coil that has the best magnetic coupling to a receiver in the presence of other

receivers. Hence, to implement this system, for each receiver, we physically re-

move the other receivers and measure the receiver coupling to the transmitter.

While this is hard to do in a real-world setup, the baseline provides insights

about how well one can do by distributing the input power between the best

performing Tx coils.

" Single Large Coil: A single transmitter coil that covers the same area as Mul-

tiSpot covers using six coils.

* Our MultiSpot prototype as described in this thesis.

* MagMIMO 155] using the same Tx coils as MultiSpot.

We note that the input powers of Duracell Powermat [41, Energizer Qi [5], LUXA2 [12],

and WiTricity WiT-500 [17] are 15W, 18W, 22W, and 24W, respectively. Since these

baselines have different input powers, we set the input power of MultiSpot, selective

coil, and MagMIMO to the mean of those values, i.e., 20W.
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8.1.3 Setup

All experiments are performed in an office environment. The charger is placed on a

standard office desk. Unless specified otherwise, the charged devices (e.g., phones)

are held using configurable arms which allows us to test different charging distances

and orientations.

8.2 Charging Time vs. Distance

We evaluate MultiSpot's ability to charge multiple phones at various distances from

the transmitter. We run each experiment with two phones because the commercial

baselines are constrained to charging two receivers.

8.2.1 Two Phones with Equal Distance

We first run experiments with two phones having the same distance to the transmitter,

but at different locations and with different orientations. At each distance, multiple
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Figure 8-2: Charging Time Ratio vs. Distance from Charger. Two phones
have different distances to the Tx. From left to right, phone I's distance increases
while phone 2's distance decreases.

experiments are run with different receiver positions and orientations.

Fig. 8-1 shows the charging time ratio of MultiSpot and the baselines as a function

of the distance from the charger. At near distances (0-10cm), MultiSpot's charging

time is comparable to a wired charger. It starts to increase as the receiver moves from

mid-range to long-range. MultiSpot reaches a maximum charging distance of 50cm.

Comparing with the baselines, MultiSpot has much larger range, and shorter charging

time at the same range. The commercial baselines (Energizer, LUXA2, Duracell) and

development prototype (WiT-5000) are constrained to less than 5cm. Even when

compared to the idealized selective-coil and single large coil, MultiSpot reaches a

much larger range. And even within the same range, MultiSpot's charging time is on

average 3x smaller than that of the idealized selective coil.

8.2.2 Two Phones with Different Distances

Having two phones with equal distance to the base does not represent all possible

cases. As mentioned earlier, special care needs to be taken in cases where one phone

is very near to the case thus having a strong coupling, while the other phone is farther

away from the base thus having a much weaker coupling (the near-far problem). In

this experiment, we aim to test MultiSpot's ability to deal with such problems.
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Specifically, we run the experiment with two receivers, where we keep the mean

of the distances between them and the transmitter at 25cm, and vary the difference

of their distances. For example, a difference of 10cm means the two receivers are at

distances of 20cm and 30cm respectively. Fig. 8-2 shows the result. As expected, with

the difference of distances increasing, the near-far problem gets increasingly severe

and charging time increases. However, it only increases very slightly. When one phone

is at 0cm and the other phone at 50cm, the charging time ratio is only 2x slower than

the case when two phones are at the same distance. Therefore, MultiSpot deals with

the near-far problem gracefully.

8.2.3 Two phones at Random Locations

In this experiment, we totally remove the constrains of where the two phones are

in the previous experiment, and evaluate the system's performance with any set of

random receiver locations. Specifically, we put the receivers in randomly sampled

positions where the distances to the transmitters is not larger than 50cm, each with

a random orientation, and draw the CDF (Cumulative Distribution Function) of

the charging time ratio (Fig. 8-3). This experiment shows in the average case how

MultiSpot performs and how it compares to other systems. The 5 0 th percentile of

MultiSpot's charging time ratio is 2, which means half of the time, the phone takes
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Figure 8-4: Comparison with MagMIMO: Scenario 1: two receivers 5jemf apart
and b)0th 23cii away f'rom the transmitter: Scenario 2: two receivers 60cm apart anid

both 10cm away f'rom the transmitter: Scenario 3: twvo receivers 60cm ap~art andl )0th

20cm away. The figure shows that MagMIMO works well for co-located receivers, but
'all completely fail if the receivers are far apart.

twice as lolig as iieeded if pluggedl into the wall. The 90 percentile is 4.3, which

means 90%X of the time the charging cani be finished within 4.5x of the time neededl

by wall charger. Both selective-coil anid single-coil have much larger charging time

ratilos.

8.3 Comparison with MagMIMO

MultiSpot is illspiredl 1y MagMIMO [Sa] w'hich1 prop)oss mlagnetic 1)eamlformnilg to a

siiigle device. This. in this experiment we compare M\agMIiMl( with M~ultiSpot. We

separate this experinmt 1101m the other baseliines sinice M\agMIM\IO is not illteiidedl

for charging mulit iple dlevices. Still one might wonder how MagM IMO1 wouldl performl

when there are multilple dlevices around. and how does it compllare to MultiSpot.

We use the samie hardware to run MultiSpot and MagMIMO. W\e use two receivers

and~ rn both MagMIM() and MltiSpot in three differelnt sceliarios. In the first

sceilariO. the two receivers are co-lo(:ated within Scmi from each other. and 1)0th are

25cm away from the transmitter. In the second1 scenario, the receivers are G0cmn apart.

and both 10cm away from the transmitter. In the third scenario, the two receivers
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Figure 8-5: Charging Time vs. Orientation. We plot the charging time ratio

versus different orientations. Each group of two bars represent a combination of

orientations, where "-" denotes horizontal, "I" denotes vertical, while "/" and "\"

denote 450. All receivers are 25cm away from the charger.

are 60cm apart and both 20cm away from the transmitter.

Fig. 8-4 shows that MagMIMO is comparable to MultiSpot only when the two

phones are co-located and hence can be considered as one device. Otherwise, Mag-

MIMO's charging time becomes an order of magnitude longer than MultiSpot, or it

fails to charge one of the phones all together. The reason is that MagMIMO has

no mechanism for separating the magnetic couplings of the two receivers, and hence

interprets the magnetic channels of both receivers as one channel and tries to cre-

ate one beam to charge both phones. When the phones are adjacent, this technique

works because one beam can charge both receivers, but as this distance increases,

the charging time ratio inevitably goes up. MultiSpot on the other hand, creates two

beams for both receivers and is able to power both phones regardless of the distance

between them.

8.4 Charging Time vs. Orientation

We investigate MultiSpot's performance with different receiver orientations. For all

experiments, the distances of both receivers is fixed at 25cm, while their orientations

are varied. We test four scenarios: both phones horizontal, one horizontal and one

vertical, both vertical, and both at 45' tilt.
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8-6: MultiSpot's Performance with Number of Receivers. (a) \Itil-

tiSpot's charging tine ratio with up to 6 receivers: (1)) MultiSpot's efficiency as a

function of receiver nuiber and distaiice to the charger. (c) M\iltiSpot s iaximal

charging range increases with receivers.

The results in Fig. 8-5 show that the time that MultiSpot's perforiiance is almost

orientation agnostic. Although there are some variations in the charging time ratio

between differeiit orientation scenarios, the difflerelice remains relatively small. For

example. chargiig two horizoital phones takes about 2x the wired chargiig tie.

wile two vertical phones takes 2.3x the wired charging tinie.

8.5 Performance vs. Number of Receivers

Next. we evaluate MultiSpot's perfornaice aloiig a few idieisions as the number of

receivers increases.
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8.5.1 Charging Time vs. Number of Receivers

We evaluate MultiSpot's ability to charge different numbers of receivers. We run

experiments with 1, 2, 4, and 6 receivers. In each experiment, all of the receivers are

placed at the same distance from the charger, but at random positions and orienta-

tions. To show the results we pick three representative distances, 2cm (near range),

25cm (mid range) and 50cm (far range). Fig. 8-6a shows the charging time ratio

versus number of receivers. In all cases MultiSpot is able to charge all of the phones.

However, the charging time increases with distance and number of receivers. This is

because MultiSpot needs to split more beams when there are more receivers, so the

power that is carried in each beam will go down with more receivers.

8.5.2 Efficiency vs. Number of Receivers

We test MultiSpot's efficiency with different locations and number of receivers. The

distance of all receivers to the transmitter is fixed while the number of receivers is

increased. For a given distance and number of receivers, the positions and orientations

are varied across runs. We evaluate MultiSpot's efficiency. Similar to past work 1551,
we define efficiency as the ratio between the total received power at all receiving

coils divided by the total input power at the transmitting coils. The experiment is

repeated with three different distances: near range (2cm), mid range (25cm) and far

range (45cm). For each range we repeat the experiments for different numbers of

receivers.

Based on Fig. 8-6b, we make a few observations:

e For a single device, MultiSpot has similar or better efficiency compared with

state-of-the-art systems. For example, MagMIMO 155] reports 89% and 34%

efficiency with a single receiver at 2cm and 20cm, while MultiSpot's efficiencies

are 90% and 38% at 2cm and 20cm, At near range, MultiSpot's efficiency is

better than commercial systems. For example, WiTricity WiT-5000 [171 reaches

its best efficiency (90%) at 0.6cm, while MultiSpot has 90% efficiency at a larger

distance (2cm).
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* We also find it interesting that the system efficiency increases with the number

of receivers. For example, at 45cm the efficiency increases from 14% with single

device to 43% with 6 receivers. This effect is more apparent when the receivers

are at mid-range and far-range. The reason is that the more receivers that are

around, the more magnetic flux can be picked up by the receivers. This happens

because the beams are relatively wide, and hence when there are more receivers,

they can collectively pick up more energy.

8.5.3 Maximal Range vs. Number of Receivers

As the number of receivers increases, the efficiency of MultiSpot increases. With

this increased efficiency, it may be possible to charge a receiver at a larger distance

when more receivers are in the system. Therefore, this experiment aims to find the

maximum distance from the transmitter at which a phone receiver can still charge,

given a number of other receivers simultaneously in the environment. To get a feel for

how the range increases with the number of devices, we put all phones horizontally

above the coils and find the maximal z distance. Different phones are aligned and

spaced vertically.

Fig. 8-6c shows the maximal charging range vs. the number of receivers. The

maximum range does indeed increase with the number of receivers. From one receiver

to two receivers, the distance increases by 10cm. With 4 phones, the extension of

range is 17cm.

In particular, because of the magnetic coupling between the receivers, one receiver

might induce power on another receiver. In this case the receiver acts as a power relay,

extending the maximal range of power delivery.

8.5.4 Efficiency When Rxs Have Different Distances to Tx

Previously, we have shown how the efficiency changes when multiple receivers have the

same distance to the transmitter. In this experiment, we want to see how efficiency

changes when receivers have different distances to the transmitter.
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Figure 8-7: Efficiency When Rxs Have Different Distances to Tx: W\e fix the

distanlce betweein Rxl and the Tx to be 2cm. and vary the distance between Rx2 and

the Tx (x-axis).

Specifically, we ru the experiment with two receivers. We fix Rxl to be 2cm

away froi the transmitter, aud vary the distance of Rx2. We record the efficiency

from the trausitter coils to the receiver coils. Fig. 8-7 shows the result.

" As expected. the efficiency goes down as R1x2 is further away from the Tx.

" The efficiency is dlominated by the receiver that is further away from the Tx.

Specifically. the efficiency when both receivers are at 20cm is about 53%/ (Fig. 8-

6b): when Rxl is at 2cm a11d Rx2 is at 20cm, the efficiency is about 58%

(Fig. 8-7). This is because the amouit of transmit current needed is domina ted

by the receiver that is further away (i.e.. having weaker coupling). Therefhre.

the effcieiicy is domiiated by the receiver that is further away.

8.6 User Experiment

The goal of this experiient is two-fold: first, we want to ensure that MultiSpot works

with a diversity of devices: second., we want to show that MultiSpot could charge all

devices while the user is interacting with them or moving thei.

We use the same setup as used by other experiments. However, we involve a variety

of receiver devices. Specifically, we have tested cell phones (iPhone 4s/5s" 6, Nexus

4. Samsung Galaxy S4/S5, HTC Evo and Motorola Droid X2). tablets (Samsung
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Figure 8-8: User Experiment: MultiSpot can charge Lultiple types of devices

coiicurrently in an office desk scenario as shown in (a).

Glaxy Tab 4 anid Kindle Paperwhite). sinartwatch (Samsung Gear Live Smartwatch),

wireless keyboard (Logitech K810) and wireless touchpad (Logitech T650). In each

experiment, we place the keyboard and touchpad flat on the desk., a11d place the tablet

against a stand. We then ask the user to sit in front. of the desk a1nd type on the

keyboard, with a cellphone iii her pocket and a smartwatch on her wrist (see Fig. 8-8a

for a photo while the experimnenit is riuning). We measure the charging time ratio for

each type of devices. We repeat the experiment with three different users.

Fig. 8-81) shows the charging time ratio of the various device types. MultiSpot cali

charge all of the devices. however the charging time ratio of each of them is differ-

eit. The cellphone aid sniartwatch have relatively higher charging time ratios and

standard deviationis. This is because they are carried by the user, while the other

126



devices are static on the desk resulting in them being further from the transmit coils

than the other devices. Also, according to Fig. 8-8b, the cell phone takes longer than

the smartwatch to charge. This is because as the user works, their wrist is moving

above the desk while the phone is in their pocket, so naturally the phone is on average

farther away from the coils.

Finally, we have use a temperature gun infrared thermometer [11] to monitor the

temperature of the devices during the experiment. The maximal temperature increase

we measured was 4'C over a duration of 5 hours.

8.7 Power Distribution among Receivers without Com-

munication

In this section, we select three representative scenarios to show how MultiSpot dis-

tributes power among receivers. We test MultiSpotwithout communication between

transmitter and receivers, i.e., following the solution in 4. We charge two iPhones

5s, in different scenarios:

o Same Distance and Initial Battery: We put each of the two phones 25cm away

from the charger and let them charge from a dead battery. Fig. 8-9a shows

their charging curve, i.e., battery percentage vs. time. Since all factors of these

two phones are almost exactly the same, the phones charge at the same rate,

as shown in the figure.

o Different Distances: We charge two phones with dead batteries but with dif-

ferent distances from the transmitter (10cm and 40cm). Fig. 8-9b shows the

charging rate of the two phones. The figure shows that initially, the phone closer

to the transmitter (i.e., Rx1) charges faster since it has a stronger magnetic cou-

pling with the charger. However, once this phone is fully charged, MultiSpot

transfers the power to the second receiver (Rx2), increasing its charging rate.

Said differently, when one phone is fully charged and has no demand for power,

MultiSpot automatically re-allocates the power to serve the other receiver which
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Figure 8-9: Charging Curves of Two Phones For Three Scenarios: The x-axis

is charge time orimalized by charge time of a wall plug to charge from dead battery
to flull. The scenarios are: (a): Charging two phones from dead batteries, with the

same distance (25cii): (b): Same as (a). but with different distances (Rxl: 10cm,

Rx2: 40cm1). (c): Same as (a) )llt the two phoiies start with ldiffereit battery levels

(0,50%).

still has demands.

SDiffcrent Inlitial Batterics: We repeat the previous exeriment. with different

battery levels (V% an( 50%). The results presented in Fig. 8-9c show that the

phonw wvith a lower battery level charges faster. Thins, when all other factors

are the same. MultiSpot allocates more power to the device that has a lower

battery level, i.e., the device with higher demnands for power.
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Figure 8-10: Normalized Power vs. Motion Speed. We plot the normalized
received power versus differelt mioveinent speed of' the receiver. The reduction of
received power is less than 3% when the speed is less than 50cin s: it goes 1u) to
20%-30% when the receiver moves at 200cm s.

8.8 Performance vs. Motion

In this expeimunent, we aim to evaluate MultiSpot's performance with regar(d to the

motion of the receiver. We use the same setup as other experrients, but add con-

trolled moveients to the receiver. Specifically, we attach the receiver to a motor

which uioves across the table where the chargei is mount ed. aud vary the speeds

across differeit experiments. Duriiig the experiients. the receiver is alvays 1"5cm

above the table.

To measure MultiSpot's performance, we pick five evenly distainced locations in

the motion's path. measure the received power at each location, and average them.

Ve thei iormalize it by the power when there is no motion. Fig. 8-10 shows the

normalized power versus motion speed. We can see that MultiSpot works well with

mild receiver motion, and degrades if the speed increases. Various surveys [73. 35, 301

have suggested that the average speed of natural human arm movements is iiunder

50cm/ s, iM which case the received power is almost unaffected ( 3% degradation). If

the speed reaches 200cm, s, the reduction of pover is around 20%-.30%.
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8.9 Power Delivery Capability vs. Distance

In this experiment, we want to evaluate the power delivery capability of the imple-

meinted MultiSpot plrototype as an enid-to-eid system. We keep 20W as the maximum

iput power: instead of phones, we use a resistor as the load. At each location, we

tune the resistance of the resistor until it receives the maximal amount of power.

which we defined as vowcr delivery capability. We re)eat the same experiment for

different locations. anid across differerit systems.

Fig. 8-11 shows the results. We have the following observations:

" MultiSpot's power delivery has two initervals:

- less than 20cm: The power delvery capability is almost constaiitly lOW.

which is the rating of' the power converter in the receiver circuit. In other

words. the receiver circuit cannot handle more than 10W.

- greater thai 20cm: The power delivery capability degrades rapidly 1)(e-

low O1W with distance. This occurs b)ecause the couplings between the

transmitters and the receivers decay as the distaices becomes larger.

" Comparing with selective coils, MultiSpot ca deliver much more power. This is

)ecause at any time MultiSpot combines the magnetic held from different coils.,
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while selective-coil only activates a single small coil. Therefore, MultiSpot has

a greater effective surface area.

* MultiSpot is also superior to a single-coil system with the same surface area.

This is because for a single transmit coil, even if the receiver is near to the

transmitter, it can still receive almost no power if it's orientation happens to

be misaligned with the transmitter. This can also be evidenced by the much

larger standard deviations of the single-coil system.

8.10 Antenna Pattern Measurements

In order to better understand how power delivery differs with spatial locations, we

define (analogous to RF radiation patterns) the antenna pattern of a wireless charging

system. Specifically, we define it as the isosurface of 3dB power loss, i.e., the surface

in space where if we put the receiver on any point in the surface it receives exactly

half of the total power.

One complication that a wireless power delivery system has is that the received

power is a function of not only location but also orientation. Therefore, when we

measure the antenna pattern, we fix the orientation of the receiver (e.g., parallel

or perpendicular to the transmitter plane) and move it in the 3D space, so that the

measured pattern reflects a specific orientation. We also average different orientations

to get an averaged antenna pattern.

Fig. 8-12 shows our measurement result. 1 The results are organized by rows

(different orientations) and columns (different systems).

We want to highlight the following observations from the result:

* A single big coil has the worst tolerance for different orientations. Visually

its patterns have much more frequent rises and falls and the pattern shapes

between different orientations are very different.

'To make sure the patterns reflect the transmitter's ability to deliver power, we scale down the
total power to be below the ratings of the receiver circuit (10W in our implementation).
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Figure 8-12: Antenna Patterns of Different Systems & Orientations: Different
system per (olulnhl. left to right: MultiSpot. selective (Oil. single coil: Different Rx

orientation per row, top to bottom: parallel to Tx., perpendicular to Tx. averaged by

differeit orientations. The axes are normalized by the transmitter surface area. i.e..

transmitter occupies from -1 to 1 on both x and y axes.

132

Q
bj0



100

80 Requested Power
Po

40

~40
.0
a0- 20 With Feedback

Without Feedback
0 2 4 6 8 10

Received Power (W)

Figure 8-13: CDF of Received Power at 5W Request Power: Having fee(lback

improves the accuracy of power control from 20% to 3%.

* Selective (oils have much better orientation tolerance, however they have inferior

range. Their maximal z projections of' patterns are even smaller than the ones

of a single big coil system. This is because by choosing one of multiple coils the

system loses effective surface area.

e MultiSpot is able to (leliver higher density power than the other systems. This

is because it combines the benefits of both systems: surface area from the single

big coil. and orientation tolerance from the selective coil system.

8.11 Accuracy of Power Control

In 5. we have presente(d how MultiSpot can have control over exactly how much

power it delivers to each receiver. In this experiment we aim to evahiate how accuiate

this control system is. Specifically. we ask the transimitter to (eliver 5W to a resistive

receiver. Ve measure the actuial power that is delivered to the receiver, across (ifferent

locations and orientations. Fig. 8-13 shows the CDF graph of how much power the

receiver actually receives. Without receiver feeding back how much power it actually

receives, the average control error is about 20%; ad(ling feedback vill improve this to

only 3%.
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Chapter 9

Conclusion

This thesis presents MultiSpot, a power hotspot that can charge multiple devices

wirelessly and simultaneously in any orientation in their natural environment, at

distances of up to 50cm without active user intervention. MultiSpot can be attached

to an office desk, and used to charge surrounding electronic devices. It can also charge

devices carried by the user once she is in the vicinity of a MultiSpot charger. This

allows MultiSpot to be used in more practical scenarios, where the area of movement

by the user is relatively constrained, such as desks, bed-stands, car seats, coffee shops,

airports waiting seats, etc. When the user comes into the range, all of her devices

will get charged automatically, including her phone in her pocket, her wearables on

her wrist, and her tablet tossed on her table. We believe MultiSpot delivers the first

wireless charging technology that really allows the user to forget about charging and

delivers the real user experience promised by the vision of wirelss charging.

To achieve this, the thesis sets up a new theoretical framework, designs a new

system architecture and implements a real-time prototype. The theoretical framework

includes algorithms proven to be optimal to deliver maximal amount of power to the

receivers, as well as to adapt to motion in smallest possible number of steps. It

also includes an algorithm to manipulate the exact amount of power delivered to

each receiver. On the system and implementation side, the thesis includes power

circuit and sensing circuit design, coil design, and empirical evaluations that shows

MultiSpot delivers the wireless power hotspot vision.
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We also list a few challenging issues that this thesis does not address. They are

not fundamental issues of MultiSpot, but rather potential improvements or extensive

features that we believe are solvable under the MultiSpot framework. We leave them

as directions for future work.

e Designing transmitter coils in three dimensions: in the thesis we have discussed

the issue of designing the transmitter coils in two dimensions. One interesting

question is, if we allow each coil to be three-dimensional, and we can lay out

these coils freely in the three-dimensional space, what would be the optimal

coil design? And how much improvement can such design have over the two-

dimensional solution presented in this thesis?

e Dealing with large foreign objects: we have assumed in this thesis that there

are no big metallic objects around the transmitter, e.g., the surface that the

transmitter is mounted to is not entirely made of metal. The question is, how

can we detect the existence of such metallic objects and what to do once we

detect them? One possible solution would be, we can compare the total power

transmitted by the transmitter, to the summation of power delivered to each

receiver. If they are not equal, it means there might be metallic objects around.

We could then nullify the magnetic field at their locations.

a Interaction among different transmitters: Imagine there are a few transmitters

co-existing in the same environment. Their magnetic fields will interact with

each other if they are not separated too far away. The best strategy would be

for them to detect the existence of each other and cooperatively add up the

magnetic fields at the receivers. In order to do so, we need to know how to

detect the existence of other transmitters, how to communicate between the

transmitters, and how to collectively decide the currents of all transmitters.

* Soft-tuning of the receiver impedance: the impedance of the receiver circuit is

changing as a function of the mobile device battery percentage and the induced

voltage on the receiver coil. As a result, a passive impedance matching circuit
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used in this thesis can not ensure the impedances are always matched perfectly

at all possible scenarios. An alternative solution is to employ active circuits like

capacitive switching circuit. We propose as future work to address the tradeoff

between the complexity these active impedance matching circuits require and

the improvements of how well the impedances are matched.
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Appendix A

Algorithm Pseudo-Code

I
The following pseudo-code summarizes the final algorithm running on the transmitter.

procedure MULTISPOT(ZT)

{M, ZR} <- BOOTSTRAP(ZT)

while true do
Rx requests power PRi, PR2,- Pm

Rx sends Tx its battery percentage TI, -. -- ?
Rx sends Tx its load function fi,-
VU, solve VRu from PR, V, R 2 VRu qu)
Vu, the u-th diagonal entry of ZR fR~ Gm)
6 <- CALCTXCONTROLVOLTAGE(ZR, M, PRi,---
Apply V" >Try to deliver T) -

Measure iT on the transmitter

Get iR communicated from Rx

Vu, the u-th diagonal entry of ZR Impedance sent

Vu, the u-th diagonal entry of ZR 4- Impedance sent

if {R / jwZ71'MiT} then >if

A (< 6B- Zi) -MZNR

A U- SOLVEA(A - - R })

M&-M +AM
ZR + R where A9 = 2Mir -- Z (.

end if
end while

end procedure

PRm)

- -, rn.

>Alg. 3
ko receivers

back from Rx
back from Rx
the cliannel changes

jT)t (VT - ZTT)
[> tupdate Z?
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procedure SOLVEA (-, {ai, - am7,

>SolviIng linn{ IA ll2}, s.t. A- = Y
>where ' is known,

>b)iit wvc onlY know the eiitrvwise amplitude of X: {1 - .1m}
Vi, y2 +- i-th entry of Y
Vi, zr <- ai

for i = 2 to m do

0, <- Z {k7i

.i*e +- o a

end for

>Io is the length of vector X and 9

Xk V + 7

until Changes in Qj's are small
X <- [ I, - 'M -T ,

A <-
return A

procedure CALCTXCONTROLVOLTAGE (ZR, M, PR1, -

H <- jwZRM

Vz, di +- Z-th column of Ht multiplied by VR,

01 <- 0
Vi. 1, Oi -- rand(0, 27)
Vi*,, ei +-- Cedi

for i = 2 to m. do
02 + {k,4ika 2 } + 7w

(i - eQd

end for
until Changes in 0j's are small
Val IRu -- 0. PRu/Ri,

---<- HtiR
VT <- (ZT + WMTZ M)'T
return VT

RI - PRin)

C> \e only (are about relative phases so fix 01

>m0 is numIber of receivers

> Update according to Lemma 5.2.2

>Lenmma 5.2.1

procedure BOOTSTRAP(ZT)

Apply V' oc (i mod N)-th column of ZT
Measure iT on the transmitter

AVT < V - ZTZT

if AiT 0 0 then
ZR +- impedance sent from the Rx

> is t hIe i tertion coluter

> Diagonalize the current

>if rx is detected
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25:
26:

27:

28:

29:

30:
31: repeat
32:

33:

34:

35:

36:

37:

38:
39:

40: end procedure
41:

42:

43:

44:

45:

46:

47:

48: repeat
49:

50:

51:

52:

53:

54:

55:
56:

57:
58: end procedure

59:

60:
61:
62: while true do
63:

64:

65:
66:

67:



68: M& ZRA -
J

2 
AVT%T V

69: end if
70: i +- i + 1
71: end while
72: return Y
73: end procedure
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Appendix B

Schematics

In this appendix we show the schematics of MultiSpot's implementation.

Figure B-1: Tx Schematics, Part 1
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Figure B-2: Tx Schematics, Part 2
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