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ABSTRACT OF THE DISSERTATION 

 

Near-Field Based Communication and Electrical Systems 

 

by 

 

Umar Azad 

Doctor of Philosophy in Electrical Engineering 

University of California, Los Angeles, 2013 

Professor Yuanxun Wang, Chair 

 

 

A near-field power transfer equation for an inductively coupled near-field system is 

derived based on the equivalent circuit model of the coupled resonant loops. Experimental results 

show that the proposed near-field coupling equation is trustworthy as it correctly predicts the 

transferred power versus distance relationship for different values of loaded quality factors at the 

transmitter and the receiver. 

Capacity performance of near-field communication (NFC) links is analyzed for noise 

limited and interference limited scenarios based on information theory. The analytical results 

provide guidelines for design of inductively coupled antenna systems as the power and capacity 

budget of the link is carried out. Examples of inductively coupled VLF NFC links are evaluated 

for different operating scenarios, demonstrating the efficacy and importance of the proposed 

near-field link budget.  
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However, in a conventional setup of inductively coupled NFC link, the power coupled 

through and the bandwidth must be traded off. Direct Antenna Modulation (DAM) is a feasible 

scheme to break this dilemma. With DAM utilized in NFC link, the power and bandwidth 

product limit in a high Q system can be circumvented because the non-linear/time-varying nature 

of the operation allows high speed modulations decoupled from the charging and discharging 

process of the high-Q resonator. In this work, the theory of NFC link with DAM on the 

transmitter is presented and validated with an experimental setup. Improvement in reception of 

the high-speed modulation information is observed in the experiment, implying that a superior 

capacity performance of a NFC link is achieved through DAM versus the traditional scheme. 

 The resonant coupling efficiency is limited by the product of the quality factors Q, of the 

transmitter and receiver and the coupling coefficient k. We observe that in order to achieve 

maximum efficiency, the ratio of the load-to-loss impedances at both the source and load should 

be equal to a prescribed value. This is the same condition that yields simultaneous impedance 

matching at source and load. The efficiency limit is then calculated for single transmitter and two 

uncoupled receivers. In that case, optimal efficiency is obtained when the load-to-loss impedance 

ratio is equal to the same prescribed value for all devices simultaneously. However, this 

condition does not provide for simultaneous matching at the source and loads, which turns out to 

be impossible. The analysis is then generalized for a single transmitter and N uncoupled 

receivers and we find that as the number of receivers increases, the total efficiency limit also 

increases. Finally, we present the efficiency limits and optimal conditions for a system consisting 

of single and multiple repeaters between transmitter and receiver, which have been shown 

previously to relay power to larger distances. 
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CHAPTER 1CHAPTER 1CHAPTER 1CHAPTER 1 

Introduction 

1.1 ADVANTAGES OF NEAR -FIELD BASED SYSTEMS 

Inductively coupled near-field system is a short-range wireless technology which 

allows the devices to communicate through the coupling of magnetic field rather than the energy 

radiation-interception process in far-field based systems. The near-field system is a promising 

alternative to transmit information through challenging communication environments such as 

underground and underwater scenarios, where the propagation medium is no longer air but soil, 

rock and water. In such environments, traditional wireless communication techniques using 

electromagnetic waves suffer high path loss. However, these mediums cause little variation to 

attenuation rate of magnetic field in air since the magnetic permeabilities of each of these 

mediums are similar. Near-field systems offer advantages of low cost, high efficiency, and are 

not affected by large propagation delays, multipath propagation and fading. Furthermore a NFC 

system has better immunity to eavesdropping because of its low range, can provide short-range 

connectivity between mobile terminals and is less likely to interfere with other systems operating 

outside its operational range. 

1.2 APPLICATION AREAS FOR NEAR -FIELD BASED 
SYSTEMS 

Inductively coupled near-field based systems have been used or proposed in many 

application areas such as for wireless power transfer using self-resonant coils in the strongly 
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coupled regime over distances up to eight times the radius of the coils [1-2], contactless power 

and information transmission in drill machines and other professional tools subjected to rough 

working conditions like water and dust where it becomes essential to avoid electrical contacts as 

much as possible [3], telemetric powering of difficult-to-access sensor systems especially bio-

medical implants and neural prosthetic implants offering advantages like no skin penetrating 

wires and absence of harmful materials which are often used in batteries [4-7], wireless-powered 

drug release system designed to deliver drug doses in a controlled manner over an extended time 

[8], a neuro-stimulus chip for retinal prosthetic device in which intraocular system receives data 

and wireless power transfer from extraocular system via telemetric inductive link [9],  RFID 

allowing tagged items to be individually identified by a reader [10], health monitoring by 

allowing short range connectivity between health monitoring devices and mobile terminals due 

to advantages of low price and lesser probability to interfere with another RF system operating 

outside the operational range of  the near-field system compared to other wireless technologies 

like bluetooth and IrDA [11], real time location system by exploiting the phase difference 

information between electric field and magnetic field in the near-field regime [12], inductively 

coupled electric highway system in which energy is electromagnetically transferred from 

powered roadway to moving vehicles [13], seamless coverage of littoral mine warfare operations 

in shallow water, surf and beach zones [14], and under-ground communications [15]. 

1.3 PREVIOUS WORK AND ORGANIZATION OF 
DISSERTATION  

The inductively coupled near-field wireless power transfer (WPT) system consisting of a 

single transmitter and single receiver has been analyzed by various research groups. A power 

transfer efficiency (PTE) expression has been derived for an inductively coupled near-field 
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power transfer system using coupled-mode theory [1-2], and it is observed that resonance plays 

an essential role in power transfer mechanism and improves the efficiency over the case of 

inductively coupled non-resonant objects. A near-field power transfer equation is also proposed 

in [16] in which the path loss concept is introduced to incorporate different rates of path loss of 

the electromagnetic field in a near-field system. Experimental setups are used to find the 

optimum condition for wireless power transmission through resonant coupling and it is observed 

that maximum PTE is achieved in the presence of both the drive loop and the load loop in 

addition to the transmitter and receiver coil [17]. The voltage gain expression for a magnetically 

resonant wireless power transfer system consisting of a transmitter coil and drive loop, and 

receiver coil and load loop, is derived based on the equivalent circuit model [18-19] of the WPT 

system. It is observed that maximizing the coil’s quality factor as well as the proper loading of 

drive and load loops can result in improved range and efficiency. In chapter 3 a simplified 

wireless system, consisting of transmitter and receiver coils connected via appropriate impedance 

matching network to source and load respectively, is analyzed to address how the properties of 

antennas and impedance terminations impact on the performance of such a system. This is 

achieved by deriving the power transfer relationship of inductively coupled resonant loops based 

on its equivalent circuit model. It leads to a concise formulation called near-field power transfer 

equation, which expresses the transferred power as a function of distance between the loops, 

dimension and intrinsic quality factors of the loops and terminating impedances at both the 

transmitter and the receiver. The results for both strong and weak coupling case have been 

reported in [20-22]. With insights gained from the near-field power transfer equation, a 

comprehensive discussion is carried out for both the strong coupling and the weak coupling 

cases, aiming for applications in wireless power transfer systems, and near-field communication 
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systems respectively. It is observed that in the strong coupling case, for a given distance, an 

optimal load termination condition exists which maximizes the power transfer efficiency. For the 

weak coupling case, the received power always reaches its maximum under the conjugate 

matching condition; it falls off inversely with the sixth power of the distance between the coils, 

and increases with improving the quality factor of the transmitting and receiving antenna. The 

experimental results in Chapter 3 validate the proposed near-field power transfer equation. 

 The received power increases with improving quality factors of the transmitting and 

receiving antennas in weakly coupled near-field communication (NFC) link. However, the benefit 

brought by the use of high quality factor coils to the capacity of a NFC system is limited as 

increasing quality factor eventually limits the bandwidth of the communication system. In 

general, a loaded quality factor other than the conjugate matching may provide the best tradeoff 

between the received power and communication bandwidth for the maximum capacity. The 

capacity performance of a NFC link is discussed in Chapter 4 based on Shannon’s information 

theory [23] for both thermal noise and natural interference limited scenarios. A VLF/ULF NFC 

link in air is used as an example and its information capacity versus distance is analyzed with 

numerical simulations for different setups of impedance matching at frequencies 1kHz and 3kHz. 

The NFC link operates at VLF/ULF since attenuation in conductive media due to eddy currents is 

small at low frequencies. Antennas with diameters less than 2 meters that can fit easily on those 

platforms (sub-marines, air-crafts etc) are used. Power supply required is also affordable (less 

than 250 W for small aerial platforms). It concludes that there is an optimum loaded quality factor 

selection for both transmitting and receiving loops that results in the maximum capacity for a 

certain distance of communication for both noise and natural interference limited scenarios [24-

25]. Compact Air-Air NFC link provides coverage of an area of one square miles and is 
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impossible to be intercepted beyond that range. Data rates higher than 1kbps are achieved within 

the coverage area.  

Propagation model and link budget of a NFC system is presented in [26], propagation 

characteristics such as path loss, bit error rate, communication bandwidth and capacity of 

magneto-inductive communication channel versus distance are considered for wireless 

underground sensor networks [15,27] and underwater communication networks [28,29]. The 

ultimate performance index for any communication system is its capacity bound, which depends 

on both the received power and bandwidth according to Shannon’s law [23].  The study of NFC 

link in Chapter 4 [22] concludes that the optimal capacity of the link requires a trade-off between 

the received power and bandwidth, due to the fact that coils with high quality factors increase the 

received power, but reduce the bandwidth of communication. In Chapter 5, it will be 

demonstrated that involving non-linear, time-varying operation in a NFC transmitter can achieve 

capacity performance beyond the conventional limit resulting from the above trade-off. The so-

called direct antenna modulation scheme (DAM) technique has been envisioned for efficient 

radiation of broadband pulses through high-Q electrically small dipole antennas [30-33]. The 

bandwidth of high-Q antennas is often limited due to the great amount of reactive energy stored 

inside the antenna or in the adjacent area of the antenna, which needs to be charged and 

discharged along with the modulation. The essential concept of DAM is to change the path of the 

current flow in real time so that the current through the antenna can be modulated in a switching 

mode, independent of the stored energy in the antenna. In addition, the stored energy is preserved 

approximately as a constant while the modulation is performed at a faster speed than what is 

allowed in the conventional linear mode. If the switching timing is selected properly, broadband, 

efficient transmission of digitally modulated data can be achieved. Chapter 5 presents a discussion 



6 

 

on the conventional capacity performance of an inductively coupled NFC link and how to 

improve the capacity performance through the DAM scheme. Then the transient behavior of the 

transmitter and receiver resonators is analyzed to prove that DAM offers broadband transmission 

capability no longer under the limit set by the antenna quality factor. Finally, the experimental 

results are presented to validate the proposed theory. 

High power transfer efficiency is desired in inductively coupled NFC links [1-15] in 

order to minimize the transmitted power and thus the interference with other electronic devices 

in the vicinity, keep electric and magnetic fields within human exposure safety limits [34-35] and 

avoid excessive heat generation at the transmitter. It was recently shown that there exists an 

upper bound on the resonant coupling efficiency (RCE) (hereinafter simply referred to as 

“efficiency”) calculated for a wireless power transfer system consisting of a single transmitter 

and receiver using the coupled mode theory [1-2], equivalent circuit model [18,36], and Z-

parameters describing the interaction between two small antennas in terms of TE10/TM10 

spherical modes [37]. Previously, the condition for optimum efficiency was derived for the load 

impedance only [18,38-43]. It was observed that impedance matching is important to achieve 

optimum efficiency. However, a critical aspect of wireless power transfer system design is the 

knowledge of the optimal source and load impedances that lead to maximum efficiency, and their 

variation with coupling. This is useful for designing the impedance matching networks at source 

and load, assessing the impact on power amplifier efficiency (due to input impedance variations) 

at the transmitter. The scope of Chapter 6 is to present analytical expressions for the transmitter 

and receiver impedances that lead to maximum efficiency. That is given two or more resonators 

with specific quality factors and coupling coefficients between them, we predict the maximum 

achievable efficiency of the WPT system. First, we derive the efficiency limit for a 2-coil 
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configuration based on the equivalent circuit model. We observe that in order to achieve 

maximum efficiency, the ratio of the load-to-loss impedances at both the source (RS/RL1) and 

load (RL/RL2) should be equal to the same prescribed value. This turns out to be the same 

condition that yields simultaneous impedance matching at source and load. This RCE limit 

agrees well with that previously derived based on the coupled mode theory [1-2]. Then, we 

consider the more practical case of a single transmitter and two receivers. This case was also 

studied in [44], but analytical expressions for the source and load resistances to achieve optimal 

efficiency performance were not presented. It is observed that for a wireless power transfer 

system consisting of single transmitter and two receivers, impedance matching at the source and 

both loads, simultaneously, is not possible. The ratio of source-to-loss resistance (RS/RL1) is 

observed to be same as that of the loads to their respective coil losses i.e., (R2/RL2) and (R3/RL3). 

This analysis is generalized for a single transmitter and multiple non-coupled receivers.  

In Chapter 7, the  optimal source and load impedances that yield maximum efficiency are 

derived for a transmitter, receiver and a repeater (as well as N-repeaters), which can be used to 

relay power to longer distances [45].  

The RCE depends on quality factor of coils and coupling between the coils. The quality 

factor of a coil placed on a PEC platform such as cell phone or laptop etc., drops effectively 

reducing RCE. The coupling between two coils placed on a PEC platform also decreases, further 

reducing RCE. The impact of a PEC platform on the RCE of a WPT system is studied in Chapter 

8. Coupling between the coils is not only a function of dimension of the coils and distance 

between them, but it also depends on the relative orientation of the coils. The receiver coil in 

applications [1-15] needs not be perfectly aligned (co-axially aligned) with the transmitter coil, 

effectively reducing the coupling between coils, and therefore the RCE. Coils in the same plane 
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with their centers displaced are said to be laterally misaligned while coils with coinciding axis, 

whose planes are tilted to form an angle are said to be angularly misaligned. The coupling 

between any two circular conductors has been calculated by snow but the formulas are very 

complicated and there are problems about convergence of the series involved [46]. Mutual 

inductance values for laterally displaced coils have been computed and presented in graphical 

form for laterally misaligned coils in [47]. The coupling values are obtained in an analytical form 

for co-axial coils and coils with lateral and angular misalignment over the complete elliptic 

integrals of the first and second kind and Heuman’s Lambda function [48-50], and for co-axial 

coils in terms of Bessel functions [51-52]. In Chapter 8, a simple expression for coupling 

coefficient is derived using the magnetic field expressions in the near-field of a small loop 

antenna. Special cases of perfectly aligned coils, axially placed angularly misaligned coils, 

laterally displaced coils, and co-planar laterally displaced coils are discussed. Finally, a 

transmitter configuration consisting of orthogonal coils is proposed to solve the problem of drop 

in RCE due to receiver coil misalignment.  
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CHAPTER 2CHAPTER 2CHAPTER 2CHAPTER 2 

Near-Field versus Far-Field Power 

Transmission 

2.1 HISTORY OF WIRELESS POWER TRANSFER 

Power transmission by radio waves dates back to the early work of James Clerk Maxwell, 

who predicted that power could be transmitted from one point to another by electromagnetic 

waves (1873~1889) [53]. Heinrich Hertz experimentally demonstrated the electromagnetic wave 

propagation in free space [54]. Nikola Tesla endeavored to transmit power through space, and 

wrote in a letter to George Westinghouse in 1906, “The transmission of power without wires will 

very soon create an industrial revolution and such as the world has never seen before” [55]. He 

erected a 200 feet tall tower, as shown in Fig. 2.1, and wanted to use it for wirelessly transmitting 

not just signals but also useful amount of electrical power to such things as airships in flights and 

automobiles on the move. However, he failed because his efforts were decades ahead of the 

necessary technology (1899-1910) [56].  

2.2 CLASSIFICATION OF WIRELESS POWER TRANSFER 
TECHNIQUES  

Wireless power transfer techniques can be broadly classified into two categories 

1. Far-field based power transfer. 

i. Directional far-field power transfer 
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ii.  Omni-directional power transfer 

2. Inductively coupled near-field based power transfer. 

       

                            (a)                                                                             (b) 

Fig 2.1      (a) Promise offered by wireless power transfer technology to cut the last wire 
                  (b) Nikola Tesla planned to use this immense tower to transmit power wirelessly 

2.2.1 Far-Field Based Power Transfer  

The modern history of free-space power transmission evolved with the projects of 

developing microwave-powered aircraft and solar-powered satellites [57-58]. These projects 

used propagating electromagnetic waves to transfer energy in the same way as radio waves 

transmit signals. This far-field wireless power transmission (WPT) technique can be used to 

transfer wind energy from sea to land, solar energy from a desert area to an urban area, and to 

remotely power UAV (Unmanned air vehicle) etc., but it requires sophisticated tracking 

equipment and line-of-sight connection. Alternatively, RF broadcast methods, which transmit 

power with an omni-directional pattern, allow for power transmission anywhere in the coverage 

area. In this case the mobility is maintained, however, power density decreases with square of the 

distance implying a drop in power transfer efficiency (PTE), as the distance between transmitter 

and receiver increases.  
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The microwave-powered helicopter was successfully demonstrated in 1964 [57], as 

shown in Fig. 2.2.     

  

Fig 2.2  Microwave-powered helicopter and solar-powered satellite 

2.2.2 Inductively Coupled Near-Field Based Power Transfer 

Wireless power transfer can also be achieved by inductive coupling. Unlike the typical 

RF-links operating at distance of many wavelengths, near-field links usually operate at distances 

much smaller than the wavelength. The interest in inductively coupled WPT systems rejuvenated 

after a research group in MIT successfully transferred power over distance four times the radius 

of the coil [1-2] as shown in Fig. 2.3. 

 

Fig 2.3 Intel’s wireless power system (Left) inspired by MIT’s (Right) 
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A practical wireless power transfer scenario involving multiple transmitters, receivers 

and repeaters is shown in Fig. 2.4. The transmitter coils are made large in order to have more 

coupling range. Orthogonal coils for transmitter are used to charge receivers with different 

orientations. Receiver coils are small in size since they have to fit inside the device e.g., cell 

phone or laptop. Due to small size of receiver coils, mutual coupling between them can be 

ignored. In this dissertation several interesting scenarios involving single transmitter and single 

receiver, single transmitter and multiple receivers, single and multiple repeaters between a 

transmitter and a receiver, and single transmitter consisting of orthogonal coils and a misaligned 

receiver coil are discussed. 

 
Fig. 2.4     An inductively coupled WPT system consisting of multiple transmitters, repeaters and receivers 

2.3 NEAR-FIELD VERSUS FAR-FIELD  

The electric and magnetic field components of an infinitesimal magnetic dipole of length 

l and constant magnetic current Im at a distance r from it, as shown in Fig. 2.5, are given by [59] 

0=== φθ HEEr      (2-1) 

Transmitter
Repeater
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Transmitter

Receiver

Receiver
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Receiver
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where β=2π/λ is the propagation constant, and η is the wave impedance. A magnetic dipole of 

magnetic moment lI m  is equivalent to a small electric loop of radius a and constant electric 

current Io such that  

om IjSlI ωµ=      (2-5) 

where 2aS π= is the area of the loop, µ is the permeability of medium and ω is the angular 

frequency. 

Near-field of an antenna refers to distances r for which 1<<rβ , such that 

( ) ( ) ( )123

111

rrr βββ
>>>> . Applying near-field approximation to (2-2), (2-3) and (2-4), it is 

observed that only the magnetic field exists in the near-field regime of an electrically small loop 

antenna, given by 
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The magnetic field carries the energy in near-field regime of a small loop antenna, unlike the far-

field link in which energy is carried by an electromagnetic wave. Furthermore, the path loss in 

near-field regime is 
6

1

r
∝ compared to path loss 

2

1

r
∝ in the far-field. 
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Fig. 2.5     An electrically small loop antenna 
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CHAPTER 3CHAPTER 3CHAPTER 3CHAPTER 3 

An Inductively Coupled Power 

Transmission System – The Principle and 

Experimental Results 

A near-field system consisting of inductively coupled resonant loops is shown in Fig.3.1 

(a). Two circular coils, coil1 and coil2, of radii r1 and r2 are centered on a single axis at transmitter 

and receiver respectively and separated by a distance R. The coils consist of N1 and N2 closely 

wound turns and carry currents I1 and I2 respectively. As the dimension of coils and distance 

between the two coils under consideration are much smaller than the wavelength of the 

electromagnetic wave, magnetostatic approximations can thus be applied, which lead to the 

equivalent circuit model in Fig.3.1 (b). RL1 and RL2 are the resistances of the coils at the 

operating frequency and include the ohmic loss resistance, radiation resistance and other losses 

such as the absorption by the surroundings. L1, L2 are the self-inductances of the coils and C1, C2 

are the capacitors to make the transmitter’s and receiver’s coil resonate at an identical frequency 

ωo in order to create the maximum coupling sensitivity. RS and RL are the source and load 

impedances respectively. 
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(a) 

 
(b) 

Fig 3.1     (a) Inductively coupled near-field communication system (b) Equivalent circuit model 

3.1 SELF-INDUCTANCE , MUTUAL -INDUCTANCE AND 
COUPLING COEFFICIENT  

Under the assumption of infinitesimal thickness of the coil, the property of inside 

homogeneous magnetic field in a solenoid is used as a coarse approximation to the field 

distribution of a loop antenna. The accuracy of these approximations is to be examined against 

COMSOL simulation results in Chapter 4. An analytical approach for calculating the self-

inductance of planar multi-layer rectangular shaped coils is given in [60]. Curves have been 

plotted for mutual-inductance between coils with parallel planes for a variety of spacing between 

them in [47]. More accurate expressions for mutual impedance for various configurations, shapes 

of single-layer and multi-layer coils, laterally displaced coils, and angularly misaligned coils are 

given in [48,61-64].  

The self-inductance of transmitter and receiver coils and the mutual-inductance between 

the two coils in free space (See Appendix) are given by 

2
,

2
2

2
2

2
1

2
1

1
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L
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L oo πµπµ

==     (3-1) 

VS

RS

C1

L1

RL1 RL2

RL

L2

C2

Rsource RRx

M



17 

 















≤





 +

≤





 +

=

213
2

2
2

2
2

2
121

123
2

1
2

2
2

2
121

,
2

,
2

rr
rR

rrNN

rr

rR

rrNN

M
o

o

πµ

πµ

    (3-2) 

For comparison, the exact expression for mutual-inductance given in [63] is 
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where 

( )[ ] 122
2121

2 4
−

++= Rrrrrp     (3-4) 

K and E are the complete elliptic integrals of the first and the second kind. 

Mutual-inductance between two coils having same radius (2 cm each) and different 

radius (2 cm and 10 cm) aligned along the same axis is evaluated for distance varying from 2 cm 

to 50 cm using the derived mutual-inductance expression (3-2) and exact mutual-inductance 

expression (3-3). The results are plotted in Fig. 3.2, which shows good agreement until the two 

coils are very close to each other. 
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Fig. 3.2     Mutual inductance between two coils using the approximate derived expression (3-2) and 
exact expression (3-3) in the literature 

To quantify the strength of the coupling between the coils, the coupling coefficient k is 

defined as it is in [10] 

21LL

M
k =        (3-5) 

where M is the mutual-inductance induced by the inductive coupling between the two coils.  

Substituting (3-1) and (3-2) into (3-5), the coupling coefficient between the two coils in free 

space is yielded as  
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It shows that the coupling coefficient between two conductor coils in free space is frequency 

independent and varies with inverse cube of the distance i.e., 1/R3 when the distance between 

transmitter and receiver is much larger than the radius of transmitter and receiver coils i.e., R >> 

r1, r2. This coincides with the near-field of an infinitesimal loop, which is in the order of 1/R3. In 

a homogeneous lossy medium, the attenuation effect of the lossy material on the coupling 

coefficient needs to be included. The coupling coefficient between the two coils in a lossy 

medium is then modified to be, 
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where, α is the attenuation constant of the medium. For antennas other than loops, coupling 

coefficient may take different forms but will in general be in the same magnitude unless higher 

order resonant modes [65] are used, in which case, a more directive coupling but a faster 

attenuation rate versus distance is expected as predicted by the spatial distribution of the near 

field of those higher order modes. 

3.2 NEAR-FIELD POWER TRANSFER EQUATION  

To setup the inductively coupled resonant loops, one must use capacitors C1 and C2 to 

resonate with the self-inductances L1 and L2 of the coils at the same frequency 

2211 /1/1 CLCLo ==ω  in both transmitter and receiver respectively. In general, the mutual 

coupling between two coils affects the impedance seen from both the transmitter and the receiver 

side. As the self-reactance of the coils is cancelled out by that of the resonating capacitors, the 

currents i1 and i2 flowing at the transmitter and receiver satisfy the following relationship,  
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where VS is the source voltage. Simultaneously solving the two equations in (3-9) yields the 

current in receiver coil 
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Consequently the generalized expression for received power is  
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where Pt=Vs
2/8Rs is the available power from the source at the transmitter. In Fig.3.1(b), applying 

the definition of quality factors to both the transmitting and receiving resonators yields 
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where Q1 and Q2 are the loaded quality factors of the transmitter and the receiver; Q1,int and Q2,int 

are the intrinsic quality factors of the transmitting and receiving antennas. Substituting (3-12) 

into (3-11), the received power can thus be written as a function of the quality factors, 
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Equation (3-13) is so-called near-field power transfer equation, which reveals the impact of 

impedance terminations, antenna quality factors and the coupling coefficient on near-field power 

transfer. Though the equation was derived based on the equivalent circuit of coupled resonant 

loops, one can generalize this relationship for other resonators coupled through near-field. The 

intrinsic quality factors of antennas are limited by the loss at the coils including both radiation 

and conduction loss. As typically antennas with extremely small electrical sizes are used in near- 

field systems, their radiation loss can often be ignored and the intrinsic quality factors are limited 

by the ohmic loss of the coils, which is determined by the conductivity and the cross-section of 

the wire [5]. 

3.3 POWER TRANSFER UNDER STRONG COUPLING 
ASSUMPTION 

When k2Q1Q2 is close to one, e.g., (ωoM)2 is comparable to (Rs+RL1)(RL+RL2), it implies 

the coupling is strong enough to have a non-negligible effect on the impedance match on either 

the transmitter or the receiver. This is so-called strong coupling region [1-2] in which wireless 
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power transfer often operates. It is evident from (3-13) that a high power transfer efficiency 

requires the use of high Q coils such that Q1,int >> Q1 and Q2,int >> Q2. Equation (3-13) thus 

reduces to  
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It concludes from (3-14) that the received power is maximized when k2Q1Q2 = 1, yielding a 

perfect power transfer efficiency ηR, e.g., 
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P
η                (3-15) 

Theoretically 100% efficient power transfer for lossless coils can be obtained for any distance by 

appropriate impedance transformation such that k2Q1Q2 = 1. This optimum matching condition 

requires adjusting the source or load impedance for different distances, which may be realized by 

inserting variable ratio voltage transformers between the transmitter/receiver and the coils. For 

coils with finite quality factors, the maximum power transfer efficiency ηmax can be 

approximately given by substituting the above mentioned maximum power transfer condition 

k2Q1Q2 = 1 into (3-13), 
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3.4 POWER TRANSFER UNDER WEAK COUPLING 
ASSUMPTION 

For the case of weak coupling, the effect of the mutual coupling between the two coils on 

the impedance seen from the transmitter side can be ignored. The currents i1 and i2 at the 

transmitter and the receiver respectively at the resonant frequency are given by,  
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The received power under weak coupling assumption is  
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The weak coupling case implies k2Q1Q2 << 1 , as (ωoM)2<<( Rs+RL1)(RL+RL2) and as expected 

the generalized power transfer equation (3-13) reduces to (3-18) by applying this approximation.  

Near-field power transfer equation under weak-coupling assumption shows that the 

received power through inductive coupling in near-field communication system is proportional 

to the square of the coupling coefficient k2, the loaded quality factors Q1, Q2 and it rolls off at the 

rate of 1/R6, in contrast to the far-field power rolling off in the order of 1/R2. This rapid rolling 

off behavior provides near-field system more advantages for communications in short range as it 

is less likely to interfere with other systems outside a certain range [11].  

The termination efficiency at the transmitter and receiver is characterized by the coupling 

factor 1- Q1/Q1,int and 1- Q2/Q2,int, respectively. To maximize the received power through the 

coupling, the critical coupling condition [66] should be selected both at the transmitter and at the 

receiver, e.g.  Q1=Q1,int/2 and  Q2=Q2,int/2 and the received power under this condition is thus, 

4
int,2int,12

21
2 QQ

kPQQkPP ttr ==     (3-19) 

It is evident that Q1,int and Q2,int should be made as high as possible to maximize the power 

coupled through under both the strong and weak coupling assumption. 
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3.5 EXPERIMENTAL VALIDATION OF NEAR-FIELD 
POWER TRANSFER EQUATION  

In order to validate the near-field power-transfer equation, two coils of 5cm radius and 24 

tightly packed turns are built using a copper wire of 1mm radius. The self-inductance of the coil 

computed using (3-1) is 58.4µH while the measured value of the self-inductance using the HP 

4342A Q-meter is 60µH. With 330pf capacitors attached to both the coils, the resonant frequency 

is observed at 1.06MHz. The quality factor of both the coils at 1.06MHz measured using the HP 

4342A Q-meter is 59. Therefore the transmitter and receiver coil resistance calculated is 6.75Ω. 

The transmitter is a signal generator with the standard 50Ω output impedance and the receiver is 

a digital oscilloscope with 50Ω input impedance. The source voltage is 10 volts peak-to-peak and 

therefore the maximum available power from the transmitter is 0.25 watts. The experimental 

setup of the near-field power transfer is shown in Fig.3.3. Two coils are placed normal to each 

other with centers aligned in one line, which are connected to the transmitter and the receiver 

respectively through voltage transformers. 

 

Fig 3.3     Experimental setup for near-field power transfer measurements 

By selecting the turn ratio of the voltage transformer among 8:3, 1:1 and 3:8, one can 

obtain source and load terminations with three different loaded quality factors of 29.5, 7 and 1.1 

respectively. The received power is measured for different distances and compared with the 
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calculated received power in Fig. 3.4. The three groups of curves plotted in Fig. 3.4 in different 

colors correspond to high-Q, medium-Q and low-Q terminations, respectively.       

 

Fig. 3.4.     Measured and calculated received power (dBm) plotted using generalized power transfer 

equation (3-13) and power transfer equation derived under weak coupling assumption (3-18) versus 

distance between same coils (cm) for different values of loaded Q of transmitter and receiver 

Within each group, solid lines, dashed lines and dotted lines are representing the 

measured received power, the calculated received power using the generalized near-field power-

transfer equation (3-13), and calculated received power using the power-transfer equation (3-18) 

derived under the weak coupling assumption. In general, all the curves within each group 

converge at far distances when coupling is weak. The discrepancy between the dotted curves and 

other curves at close distances can be attributed to the weak coupling assumption used in 

deriving (3-18), as the measured result agrees well with the calculated result without such an 

assumption even at close distances. The coupled power increases monotonically when distance 
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draws closer until the coupling is strong enough to affect the impedance matching so that the 

condition of k2Q1Q2 << 1  no longer holds. It is observed that the coupled power indeed reaches 

to the peak at the proximity of the distance satisfying k2Q1Q2 = 1 for all cases except the low-Q 

case where the distance satisfying such a condition is out of the measured range. 

Among the three groups of curves, lower power is observed for lower Q case at far 

distances, while the high-Q case exhibits the highest received power as it operates at the critical 

coupling condition. However, the medium-Q case has greater measured power transfer efficiency 

than that in the high-Q case at close distances as the strong coupling condition kicks in. The 

measured maximum power transfer efficiency for any distance is 72.1% for the medium-Q case 

and 21.1% for the high-Q case versus the theoretical predictions of 77.7% and 25% respectively 

given by Eq. (3-16). 

3.6 APPENDIX 

3.6.1 Derivation of Expression for Self-Inductance of a Coil 

When the radius of a coil is much smaller than the wavelength and its length, one can 

assume the magnetic field inside the coil is uniformly distributed (solenoid approximation).  The 

self-inductance of a coil is defined as the ratio of magnetic flux linkage to the current through the 

coil [67] 
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where φ1 is the magnetic flux through coil1 having N1 turns, and each turn area is S1. The 

magnetic flux density at the center of the coil is B1(z=0)  due to current I1 flowing through the 

coil.  
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Magnetic flux density at a point on the axis of the coil carrying current I1 is given by [67] 
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At the center of the coil (z = 0), 
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Substitute (A-3) and 2
11 ˆ rzS π=  into (A-1), the self-inductance of the coil L is given by 
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3.6.2 Derivation of Expression for Mutual-Inductance between Coils 

The mutual-inductance M21 between coil1 and coil2 is defined as the ratio of flux linkage 

φ21 to coil2 due to current I1 in coil1 [67] 
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where, coil2 has N2 turns, and area of each turn is S2. B1 (z = R), which can be obtained from (A-

2), is the magnetic flux density at the center of the coil2. It should be noted that the magnetic flux 

density through the area S2 is assumed to be uniform and identical to the one at the center in (A-

5). This condition may only be true when either the coil2 is much smaller than coil1 or the 

distance R is far greater than the radius of the coil1. Substitute (A-2) and 2
22 ˆ rzS π=  into (A-5), 

the mutual-inductance M21 under the assumption of infinitesimal thickness of the coil and the 

homogeneity of the magnetic field in the area of coil 2 is given by 
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Notice that (A-6) does not satisfy symmetry in its expression due to the smaller coil2 assumption 

made when (A-5) is derived. Taking consideration of symmetry between the coils, a more 

general form of mutual inductance between two coils is yielded as follows: 
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CHAPTER 4CHAPTER 4CHAPTER 4CHAPTER 4 

Capacity Performance of an Inductively 

Coupled Near-Field Communication Link 

The Shannon-Hartley theorem [23] defines the capacity of a digital communication 

system 
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where Bw is the bandwidth in Hz, Pr is the received power and PN is total noise power at the 

receiver over the bandwidth Bw. Therefore, when a digital communication link is built upon near-

field coupling mechanism, not only the transferred power, but also the bandwidth of the 

communication system is of importance to the capacity performance of such a link. The 

fractional bandwidth of a NFC system can be estimated from the loaded quality factors Q1 and 

Q2 of the transmitter and the receiver respectively through the following equation,   
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where fo is the center frequency. A termination based on critical coupling increases the signal to 

noise ratio by improving the received power, yet it may not offer the optimal system capacity as 

the signal bandwidth may be sacrificed. It suggests that the transferred power and the bandwidth 

of a NFC system must be traded-off for the optimal capacity.  
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The source of noises in the receiver can be either natural interference ��� dominated or 

thermal noise  ���  dominated, and the total receiver noise PN is the sum of natural interference 

and thermal noise. The capacity performance of such a system is further discussed as follows. 

4.1 CAPACITY PERFORMANCE IN THERMAL NOISE 
L IMITED SCENARIO  

According to Planck’s blackbody radiation law, the thermal noise power ��� is 

approximately given by  

wsystem
t

N BKTP =      (4-3) 

where, K is the Boltzmann’s constant having value 1.38×10-23 (J/K) and Tsys is the system noise 

temperature measured in Kelvin. By substituting (3-18), (4-2) and (4-3) into (4-1), the capacity 

of a NFC system in a situation where the thermal noise is the dominant source of noise is 

expressed entirely as a function of loaded quality factors of the transmitter and receiver. 
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  (4-4)                                                                                                        

Hence, one needs to search through all the possible values of loaded quality factors Q1 and Q2 in 

both the transmitter and the receiver respectively for an optimum pair that maximizes the system 

capacity of a NFC link given by (4-4).  
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4.2 CAPACITY PERFORMANCE IN NATURAL 
INTERFERENCE L IMITED SCENARIO  

In many situations, natural interference caused by lightning in the ionosphere may 

become the main source of the receiver noise. This is particularly the case when the system 

operates at low frequencies such as ELF/VLF bands [24]. The received interference power ��� 

from ELF/VLF noise over a bandwidth Bw  is (See Appendix), 
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The capacity performance of such a system is thus given by, 
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The first equation in (4-7) shows that in the case that the transmitter limits the system bandwidth, 

the capacity performance becomes independent of the size and the quality factor of the receiver 

antenna.      
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4.3 COMPARISON OF THERMAL AND NATURAL 
INTERFERENCE                                               

The ratio of natural interference to thermal noise in the receiver is obtained by dividing 

the natural interference noise picked up by receiver in (4-5) by the thermal noise power in (4-3) 
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The natural interference can be comparable to the thermal noise in power depending on the size 

of coil, loaded quality factor, termination efficiency and temperature at the receiver. The noise 

temperature of a receiver can vary between 100K and 400K. Termination efficiency factor (1-

Q2/Q2,int) in general varies between 0.5 for high Q receiver when RL=RL2, and 1 for low Q 

receiver when RL>>RL2. In general, for receivers with low loaded Q2, the thermal noise is 

comparable or higher than the received natural interference since large receiver bandwidth leads 

to more thermal noise, while for receivers with high loaded Q2, the received natural interference 

can be dominant since high loaded Q2 receiver intercepts greater amount of natural interference. 

4.4 SIMULATION RESULTS FOR AIR-AIR L INK  

An inductively coupled NFC air-air link operating at VLF frequencies is examined in this 

section to demonstrate the impact of quality factors to the capacity performance of a weakly 

coupled near-field communication system. The simulations are carried out in the following steps. 

First, the commercial software COMSOL Multiphysics is used to extract the equivalent R, L 

parameters and the coupling coefficient k of the coils by performing quasi-static electromagnetic 

simulations. One can calculate the quality factors from the extracted R and L parameters, which 

are then substituted into (3-18) to lead to the received power versus different distances. Finally, 
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equation (4-1) is used to compute the capacity performance of NFC link for various distances. 

Due to the axial symmetry of the coils, the simulation is performed in the two-dimensional space 

of the wire cross section. In all the simulation scenarios, two identical circular coils made of 

copper with loop radii r1=r2=a=0.5m, and wire radius b=1cm are chosen as the antennas at the 

transmitter and receiver. The coils consist of 50 wound turns and the spacing between two 

windings next to each other is s=2cm. Two identical circular coils centered on a single axis and 

separated by distance R in free space form a communication link in the air. The simulation is 

performed when the coils are operating at two resonant frequency points, f = 1 kHz and f = 3 kHz, 

respectively. The obtained resistance of the two coils from simulations is RL1=RL2=39.32mΩ at 1 

kHz and RL1=RL2=74.81mΩ at 3 kHz. The self-inductance of the two coils from simulation is 

L1=L2=1.0mH at both 1 kHz and 3 kHz. In contrast, the analytic value of the self-inductance, 

obtained from (3-1) is L1=L2=2.5mH at both 1 kHz and 3 kHz. This is because that the 

uniformity assumption of the magnetic field made for inside the solenoids and the loops, leads to 

overestimations of self-inductance for loops than the simulated results. The intrinsic quality 

factor of the coils from the simulation is Q1,int=Q2,int=159.8 at 1 kHz and Q1,int=Q2,int=252 at 3 

kHz.   

Figure 4.1 shows the variations of the simulated mutual inductance M and coupling 

coefficient k versus the separation distance R between the transmitter and receiver in free space 

in the range of 1km to 10km, in comparison to analytical results obtained from equations (3-2) 

and (3-5). The solid blue curve represents the analytic value of mutual inductance and coupling 

coefficient and the asterisk and circle lines are the extracted results from the simulations. The 

analytic and simulation results of the mutual inductance show very good agreements between 

each other within the communication range from 1km to 10km, which verifies the applicability 
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of the assumption of the ignorable thickness of coil at the receiver and homogeneity of magnetic 

field in the area of the coil at the receiver. However, the extracted coupling coefficients k from 

simulations is around 2.5 times of the analytic values due to the discrepancy between the 

simulated self-inductance and those derived analytically. Furthermore, the simulation results 

show that the variation of coupling coefficient k between the two coils in free space is almost 

independent of their operating frequency and it does roll off at the rate of inverse cube of 

communication distance R. The coupling coefficient k drops from 3.1e-10 to 2.5e-13 when R 

increases from 1 km to 10 km. 

To generate the capacity versus distance curves, it is assumed that the available 

transmitter power Pt is 60W and the noise temperature of the system is Tsys=400K. The received 

power is calculated using (3-18) and the noise power is the superposition of the thermal noise 

power (4-3) and natural interference power (4-5). Therefore, the capacity versus the 

transmitter/receiver loaded quality factor is computed for both f=1 kHz and f=3 kHz and plotted 

in Fig.4.2 (a) and (b) for several choices of distances. It shows that there exists an optimal quality 

factors for each distance that maximizes the link capacity as the transferred power and the 

bandwidth of the link must be traded off.  It is observed that the optimal data rate of the system 

operating at f = 3 kHz is approximately 2.5 times that of the system operating at f=1 kHz. For 

example, at R=1.5km, the highest data rate at f=3 kHz is 1900 bps achieved at transmitter and 

receiver Q of 5, while, at f=1 kHz it is only 800 bps achieved at the transmitter and receiver Q of 

4. Fig.4.3 shows the effect of available power from source on the capacity performance of the 

same link with a separation distance of R=3 km. The available transmitter power Pt varies from 

125W to 375W. The maximum data rates for different available power level are 720bps at 375W, 

600bps at 250W and 440bps at 125W. The corresponding transmitter and receiver Q are at 12, 14 
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and 16 respectively. A lower available power from the source leads to a lower optimal capacity 

of the system and a higher loaded transmitter Q requirement. 

 
(a) 

 
(b) 

Fig. 4.1     Variation of (a) Mutual inductance ‘M’ and (b) coupling coefficient ‘k’ versus distance between 
coils 
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(a) 

 
(b) 

Fig. 4.2.     Capacity versus transmitter/receiver Q of the near-field link for three difference distances (a) at 
f=3kHz (b) at f=1kHz 

4.5 APPENDIX 

The voltage ‘vinterference’ received at the receiver due to ELF/VLF natural interference at an 

angular frequency ω can be found using Maxwell’s equation, 
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Where, Binterference is the magnetic flux density due to ELF/VLF Noise floor. N2 is the number of 

turns and A2 is the cross-section area of the loop. The received power at a particular frequency f 

is, 
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Total received power due to ELF/VLF interference is obtained by integrating the received power 

for all the frequencies within the bandwidth 

df
Q

Q
ANfB

R
P

wB

erference
L

E
N ∫ 










−=

2

int,2

22
2

2
2

22
int

2

1
2π

   (A-3)
 

Vertical electric and horizontal magnetic flux density is given in dB in relative to  in [25]. In 

(A-3), B2f2 needs to be integrated over the bandwidth Bω of the system. The value of B2f2 is 

approximately 10-24 for frequencies up to 0.1MHz. Hence the received natural noise power is 

given by 
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Substituting the area �� � �	��, and termination factor 1-Q2/Q2,int = RL/( RL+ RL2 ) in (A-4), the 

received power takes the form 
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Using the definition of self inductance (3-1) and loaded quality factor at receiver (3-12), (A-5) 

takes the form 

z
H
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Fig. 4.3.     Effect of the available power from transmitter on the capacity performance of the near-field link. 
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CHAPTER 5CHAPTER 5CHAPTER 5CHAPTER 5 

Direct Antenna Modulation for Enhanced 

Capacity of Near-Field Communication 

System 

5.1 NFC L INKS THROUGH COUPLED LOOPS 

Shannon’s capacity theorem (4-1) shows that the link capacity is determined by both the 

transferred power and the bandwidth of the communication system. As NFC is often used for the 

lower band of radio frequency spectrum such as ELF/VLF bands, natural interference (e.g., 

caused by lightning in the ionosphere) is often the main source of the receiver noise. The 

capacity of a NFC system in which received noise power from ELF/VLF interference noise is the 

main source of noise, is given by (4-6) [22]. It is evident from (4-6) that the link capacity 

depends on neither the quality factor nor the dimension of the receiver antenna as long as the 

ELF/VLF interference dominates the source of the noise in the receiver. On the other hand, the 

intrinsic quality factor of the transmitting loop determines the capacity performance and it is 

always beneficial if the transmitter coil can be made with its highest possible intrinsic quality 

factor. With a linear, time-invariant termination, the bandwidth of the NFC system Bw is limited 

by the loaded quality factor of the transmitter [22] 

t

o
w Q

f
B ≤       (5-1) 
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The selection of Qt can follow the aforementioned critical coupling condition to maximize the 

received power. However, critical coupling does not necessarily lead to the maximized capacity 

according to (4-1). It suggests that the transferred power and the bandwidth of a NFC system 

must be traded-off for the optimal capacity.  

The primary purpose of introducing DAM here is to remove the constraint of the system 

bandwidth imposed by the quality factor of the transmitter as shown in (5-1). The capacity bound 

of NFC link can thus be improved in a way similar to how an ultra-wide band communication 

system can offer better capacity than a narrow-band communication system. The NFC link with 

DAM differs from the traditional setup by inserting a single pole double throw (SPDT) switch on 

the transmitter side, which connects the inductive loop antenna to either the source or the ground 

at the proper time of the modulation cycle. The equivalent circuit model of a NFC system 

utilizing DAM scheme is shown in Fig. 5.1. 

Assuming a binary data sequence of ‘1’s and ‘0’s is sent with DAM. To transmit bit ‘1’, 

the SPDT switch connects the transmitter coil to the source via an external capacitor C1. Under 

the weak coupling condition, the impact of the receiver on the impedance of the transmitter can 

be ignored. Thus resonance is formed in the transmitter loop in a way similar to any series LC 

resonator. At resonance, the reactive energy alternates between the forms of electric energy 

stored in capacitor and magnetic energy stored in the inductance of the loop antenna. The total 

amount of reactive energy remains approximately as a constant except the dissipation on the 

source and inductor resistance. To transmit bit ‘0’, the SPDT switch connects the loop antenna to 

the ground and disconnects from the source and external capacitor. The transmitter in this case is 

a first order circuit and no longer supports the resonance. The current through the loop antenna is 

re-directed to the ground and remains approximately as a constant. There is no path for current to 
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flow through the source and the capacitor so that the charge stored in the capacitor, if any, also 

remains as a constant. 

 

Fig. 5.1     Equivalent circuit model of a NFC link utilizing DAM scheme 

The switching moment can be selected either as the moment when the voltage across the 

capacitor is zero and the current through the inductor is at its maximum or when the voltage 

across the capacitor is at its maximum and the current through the inductor is zero. To simplify 

the discussion, it is assumed in this chapter that the switching is incurred at the maximum 

inductor current. At this moment all the reactive energy of the system is stored in the inductor in 

the form of DC magnetic field and no energy dissipation is caused by the switching action alone. 

However, there will be a small amount of dissipation to the stored inductive energy due to losses 

on the coil resistance and the on-resistance of the switch, which is to be replenished during the 

next cycle of bit ‘1’ transmission. When the transmission of the next bit ‘1’ is initiated by SPDT, 

the LC resonator is already charged at the proximity of its maximum reactive energy state and 

does not require a completely new charging process starting from scratch. Therefore, data rate as 

high as 100% of the carrier frequency can be achieved even with a high-Q transmitter resonator. 

The conventional limit of the modulation bandwidth described by (5-1) is now modified to   

ow fB ≤       (5-2) 
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which indicates that the modulation bandwidth in DAM assisted NFC link is regardless of the 

selection of the transmitter loaded quality factor. Critical coupling condition can thus be applied 

to the transmitter in this case for the optimal capacity. 

5.2 TRANSIENT ANALYSIS OF L INK MODULATION 
BEHAVIOR  

5.2.1 Current in the Transmitter Loop in Traditional Modulation 

The traditional NFC link setup is shown in Fig. 3.1(b). The modulated signal source Vs 

drives the transmitter resonator with a constant source resistance during the transmission of both 

bit ‘0’ and bit ‘1’. The transmitter current i t1,TRAD corresponding to transmission of bit ‘1’ is given 

by (See Appendix A1) 
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where Qt = ωoL1/(Rs+RL1) is the loaded quality factor of transmitter, Vo is the amplitude of the 

sinusoidal voltage source over the bit “1”. The time constant of the series LC second order 

resonant circuit is τ=2Qt/ωo. The initial and steady state currents during the transmission of bit ‘1’ 

are respectively i initialcos(ωot)  and Vo cos(ωot)/(Rs+RL1).  

Similarly, the transmitter current i t0,TRAD corresponding to the transmission of bit ‘0’ is 

given by (See Appendix A2) 
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Equation (5-4) shows that the transmitter current is sinusoidal during the transmission of bit ‘0’ 

with an exponentially decaying envelope. The time constant of the transmitter is τ=2Qt/ωo. If a 
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high Qt transmitter is used to improve the power transfer efficiency as suggested by (3-18), a 

great number of carrier cycles are required before the loop antenna is fully charged or discharged, 

which sets the limit to the modulation bandwidth of the link. The transmitter resonator current 

for traditional modulation scheme corresponding to data sequence 10101010 is simulated and 

plotted in Fig. 5.2. The sequence is modulated on the carrier at the rate of one bit per RF cycle, 

with the modulated signal shown in the dash line in Fig. 5.2. It is assumed that transmitter is with 

a Qt of 25. It is evident from Fig. 5.2 that the transmitter loop current does not follow the source 

modulation well and the modulation information is mostly lost. 

 

Fig. 5.2.    Transmitter resonator current corresponding to the data stream 10101010 [Traditional 
modulation scheme] 

5.2.2 Current in the Transmitter Loop in DAM  

The transmitter loop current i t1,DAM  for DAM scheme during the transmission of bit ‘1’ is 

given by (See Appendix A1) 
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When bit ‘0’ is transmitted, the current of the transmitter loop is (See Appendix A2)   
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where Qto = ωoL1/(Rswitch+RL1) is the quality factor of first order transmitter corresponding to 

transmission of bit '0'. Assuming that switching is incurred at the maximum inductor current, the 

current in the loop antenna decreases exponentially from its peak value. For high Qt0, the time 

constant is far larger than the carrier cycle so that the current can be approximately considered as 

a constant within the time frame of a few carrier cycles. 

A circuit simulation is carried out to illustrate the concept with the simulation results 

plotted in Fig. 5.3, where the solid curve shows the normalized source voltage while the dash 

line shows the switch control signal applied on the SPDT switch for transmission of data stream 

corresponding to 10101010. A high switch control signal corresponds to the transmission of bit 

‘1’, while a low switch control signal corresponds to the transmission of bit ‘0’. From Fig. 5.3, it 

is observed that switching is incurred at the maximum inductor current, which is the same 

moment when the source voltage reaches its maximum.  

 
Fig. 5.3.    Normalized source voltage and switch control signal corresponding to the data stream 

10101010 [DAM scheme] 



44 

 

The corresponding transmitter resonator current is plotted for DAM in Fig. 5.4. It is assumed that 

the loaded quality factor of the transmitter Qt is 25. It can be seen from Fig. 5.4 that the 

monocycle sinusoidal current flows through the transmitter corresponding to bit ‘1’. The current 

decays exponentially during the transmission of bit ‘0’. However, with a large time constant, 

very little change in value change of the current is observed over the period of one RF cycle. 

 
Fig.5.4.    Current of the transmitter loop corresponding to the data stream 10101010 [DAM scheme] 

5.2.3 Current in the Receiver Loop  

The induced voltage on the receiver loop is proportional to the rate of current change in 

the transmitter i.e., 

dt

di
Mv t

rtind −=      (5-7) 

where Mrt is the mutual-inductance between the transmitter loop and the receiver loop. Assuming 

the receiver is terminated with a low loaded quality factor, the current in the receiver loop can 

thus be calculated approximately by dividing the induced voltage with the total resistance, e.g. 



45 

 

dt

di

RR

M
i t

LL

rt
r

2+
−=     (5-8) 

For both traditional modulation and DAM, the receiver current for bit “1” is 
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When the bit “0” is received, the receiver current can be derived in a similar way for both the 

traditional modulation scheme and DAM scheme, which are respectively, 
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In the DAM scheme the receiver current for bit ‘0’ is signficantly smaller than that during bit ‘1’ 

if Qt0>> 1. On the other hand, when the transmitter loaded quality factor is high, there is almost 

no discernible difference in the traditional modulation scheme between the current at both states. 

This implies the transmission of the binary data through DAM is successful while in traditional 

modulation the high speed binary modulation information fails to pass.   

5.3 EXPERIMENTAL SETUP AND MEASURED RESULTS 

In order to validate the improvement in capacity performance offered by DAM over the 

traditional modulation scheme, two coils of 5cm radius and 24 tightly packed turns are built 

using a copper wire with radius of 1mm. The measured value of self-inductance and intrinsic 

quality factor of coils using the HP 4342A Q-meter are 74µH and 35 respectively. 4700pF 

Capacitor is attached to both the transmitter and receiver coil and the resonant frequency is 

observed to be 270 kHz. The transmitter coil is connected to a signal generator with 50Ω output 
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impedance and the receiver coil is connected to an oscilloscope with 50Ω input impedance, both 

with transformers. Using impedance transformer, transmitter is matched to source under critical 

coupling condition with the Qt value of 17.5. The transforming ratio at the receiver is selected to 

obtain a low load Qr value of 0.7. The data sequence to be transmitted is 10101010.  

5.3.1 Measured Results for Traditional Modulation Scheme 

In traditional modulation scheme, the modulated data is applied directly to the transmitter 

high Qt resonator. The data rate is chosen to be the same as the carrier frequency. The 

modulation source in the transmitter and the corresponding receiver current are shown 

respectively in Fig. 5.5 (a) and (b). From (5-3) and (5-4), the transmitter resonator requires 

approximately 6 cycles to charge to 63% of its full energy or discharge to 37% of its full energy. 

Shown in Fig. 5.5, when the modulation is at the rate of 1-bit per RF cycle, the transmitter 

current does not follow the modulation voltage well due to the bandpass effect caused by the 

high transmitter Q. In the receiver, the current is sampled at a sampling frequency of 50MSPS. 

The spectrum of the received signal, computed through DFT, is displayed in Fig. 5.6 where the 

spectral lines at index +/-16 correspond to the carrier frequency. It is evident from Fig. 5.6 that 

while some carrier power is transferred through; the modulation tones are invisible which 

indicates the loss of the modulation information in the link. 

5.3.2 Measured Results for DAM Scheme 

The testing setup for DAM is shown in Fig 5.7. Tektronix arbitrary waveform generator 

AWG 520 generates the carrier signal, while Tektronix arbitrary function generator AFG 3021 

generates the data sequence, which controls the SPDT in the transmitter. Commercially available 

SPDT ISL43L220 is used because of its low on resistance (0.22 Ohm). The frequency of 
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Tektronix AWG 520 and Tektronix AFG 3021 is locked. AFG 3021 contains a digital phase 

shifter, which is used to generate appropriate switching timing. 

 
(a) 

 
(b) 

Fig. 5.5.   (a) Modulated source voltage (b) The corresponding receiver current, for the data stream 
10101010 in traditional modulation. [Data rate = carrier frequency] 

 

The data sequence 10101010 is generated at the data rate equals to the carrier frequency and both 

the RF carrier and the switch control signal are captured on the oscilloscope shown in Fig. 5.8, 
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which indicates that the switching moments are at the maximum RF voltage or the maximum 

inductor current in the transmitter loop. 

 

 
Fig. 5.6.     Spectrum of receiver current corresponding to data stream 10101010 in traditional modulation  

 

Fig. 5.7.     Testing setup for the DAM scheme 

 
Fig. 5.8  The waveform of the RF carrier voltage and the switch control signal captured on screen when 

switching is at the maximum inductor current in DAM 
 

The received current is captured and shown in the blue line in Fig. 5.9, with the theoretical 

prediction made from (5-9) and (5-10) overlaid in the same figure. The data pattern modulating 



49 

 

on the carrier can now be clearly identified. The theoretical results agree very well with the 

measured result.    

 
Fig.5.9.     Measured and analytical receiver currents corresponding to the data stream 10101010 

transmitted using DAM [Data rate= carrier frequency] 

 
The spectrum of the receiver current through DFT is plotted in Fig. 5.10. The modulation tones 

on the two sides of the carrier tone are now clearly visible.  

 
Fig. 5.10.     Spectrum of the receiver current through DFT for DAM 

The same experiment is carried out for different modulation data rates from f0/8 to f0 and the 

amplitudes of modulation tones in the received signal at those data rates are plotted in Fig. 5.11 

for both the traditional and DAM schemes. For low data rates, both schemes show similar 
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performance. However, for higher data rates all the way to the carrier frequency, the link with 

DAM transmits the modulation information for up to 18dB stronger than the traditional scheme 

does, which indicates its potential for a better capacity performance. 

 
Fig. 5.11.     Comparison of the modulation tone amplitudes versus different data rates for traditional 

modulation scheme and direct antenna modulation scheme 

5.4 APPENDIX 

5.4.1 Transmitter Current during Transmission of Bit '1' 

As NFC link is typically established in weak coupling regime, the impact of receiver current on 

the transmitter impedance match is often neglected. The transmitter can thus be considered as a 

resonator in isolation and the current ‘i t1’ through it can thus be calculated. The transmitter 

configuration during the transmission of bit ‘1’ is the same for both traditional modulation and 

DAM. The equivalent circuit of the transmitter corresponding to the transmission of bit ‘1’ is 

shown in Fig. A-1. Applying Kirchoff’s voltage law in time-domain yields, 

( ) ( )tVVdti
C

iRR
dt

di
L oosttLs

t ωcos00
1

1
1

11
1

1 ∫ +=+=+++   (A-1) 
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Fig.A-1 Equivalent circuit of transmitter during transmission of bit ‘1’ for both DAM and Traditional 

modulation scheme 

 
The solution of the differential equation (A-1) for 0 stimulus represents the natural response 

‘ i t1,natural’  of the system, while the  solution to stimulus Vocos(ωt) represents the forced response 

‘ i t1,forced’ . The total response is the superposition of both the natural and forced responses 

forcedtnaturaltt iii ,1,11 +=                         (A-2) 

In Laplace transform domain, (A-1) for zero stimulus can be written as, 

( ) 010
1

2

1
1

2
1 =++








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   (A-3) 

where 2211 /1/1 CLCLo ==ω  and Qt=ωoL1/(Rs+RL1). The variables ωo and Qt are sufficient to 

capture the properties of a second order series LC resonant circuit. The roots of the quadratic 

equation (A-3) are  
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The natural response of the system is thus 

( ) t

o

oo Q

t

tjtj
naturalt eeAeAi 2

21,1

ω
ωω

−
−+=    (A-5) 
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where A1 and A2 are the unknown coefficiencts determined by the intial conditions. 

Equation (A-1) for the forced response can be written as, 

( ) ( )tVi
Cdt

di
RR

dt

id
L ooforcedt

forcedt
Ls

forcedt ωω sin
1

,1
1

,1
12

,1
2

1 −=+++   (A-6) 

Assuming it1,forced = B1 cosωot( )+ B2 sin ωot( ) and substituting the first and second derivatives of 

i t1,forced into (A-6) yields 

( )
0, 2

1
1 =

+
= B

RR

V
B

Ls

o                         (A-7) 

The forced response of the transmitter to a sinusoidal voltage during transmission of bit ‘1’ is 

( )
( )t

RR

V
i o

Ls

o
forcedt ωcos

1
,1 +

=         (A-8) 

The total response of the system is obtained by adding the natural response (A-5) and forced 

response (A-8), 

it1 = A1e
jωot + A2e

− jωot( )e
−
ωot

2Qt +
Vo

Rs + RL1( )
cosω ot( )    (A-9) 

The corresponding voltage ‘VCt1’ across the capacitor ‘C1’ during the transmission of bit 1, 

assuming Qt>>1 ,  is 

VC,t1 =
1

C1

A1e
jωot −A2e

− jωot( ) 1

jωo

e
−
ωot

2Qt +
Vo

ωo Rs +RL1( )
sin ωot( )













   (A-10) 

The state variables here are the current through inductor i t1 and voltage across the capacitor VCt1. 

The initial circuit conditions of state variables are used to determine unknown coefficients A1 

and A2. 
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Assume that switching is done at the maximum current instant. If ‘i initial ’ is the current through 

the resonator at the switching moment for the next bit of information and the corresponding 

voltage ‘VCt1’ across the capacitor ‘C1’ is zero, then the intial conditions of the transmitter 

resonator at the maximum current switching moment are  

( ) ( ) 00,0 11 == Ctinitialt Vii     (A-11) 

The unknown coefficiencts A1 and A2 are determined by substituting initial conditions given by 

(A-11) into (A-9) and (A-10), yielding 

A1 = A2 = iinitial −
Vo

Rs + RL1( )






/ 2     (A-12) 

The current through the transmitter resonator corresponding to the data bit ‘1’ is thus obtained by 

substituting coefficients A1 and A2 from (A-12) into (A-9) 

it1 = iinitial −
Vo

Rs + RL1( )






cosω ot( )e

−
ωot

2Qt +
Vo

Rs + RL1( )
cosω ot( )  (A-13) 

The first term and second term in (A-13) represent the natural response and forced response 

respectively. 

5.4.2 Transmitter Current during Transmission of Bit '0' 

5.4.2.1 Traditional Modulation Scheme 

In the traditional modulation scheme, transmitter configuration remains same during the 

transmission of bit ‘1’ and ‘0’. However, zero voltage source is a generalized short circuit, which 

leads to equivalent circuit of the transmitter shown in Fig. A-2 for the transmission of bit ‘0’. 

The transmitter current i t0,TRAD for bit ‘0’ is thus described by the differential equation, 

( ) 0
1

,0
1

,01
,0

1 =+++ ∫ dti
C

iRR
dt

di
L TRADtTRADtLs

TRADt
   (A-14) 
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Fig.A-2 Equivalent circuit of transmitter during the transmission of bit ‘0’ for traditional modulation scheme 

The solution for the current contains only the natural response of the second order LC resonant 

circuit in (A-5), 
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The corresponding voltage VCto,TRAD  across the capacitor C1 during transmission of bit ‘0’, 

assuming Qt>>1 , is 
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Assuming that the switching action is performed at the maximum inductor current and zero 

capacitor voltage, the initial conditions at the switching instant are 

( ) ( ) 00,0 ,0,0 == TRADCtinitialTRADt Vii     (A-17) 

The initial conditions at the switching instant given by (A-17) are now substituted into (A-15) 

and (A-16) to determine the unknown coefficients ‘E1’ and ‘E2’, which leads to 

t

o
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=      (A-18) 
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5.4.2.2 DAM Scheme 

In DAM, during the transmission of bit ‘0’, the inductor is short  circuited, while the capacitor is 

disconnected from the circuit such that there is no closed loop path for the capacitor to discharge. 

Assuming that the switching is incurred at the maximum current moment, the inductor stores all 

the energy at the switching moment while the stored energy in the capacitor is zero. The 

equivalent circuit of DAM transmitter during the transmission of bit ‘0’ is shown in Fig.A-3. 

 
Fig.A-3  Equivalent circuit of transmitter during transmission of bit ‘0’ for DAM Scheme 

RON is the switch ON resistance. Ideally RON will be of very small value. The energy stored in 

the inductor will decrease exponentially during the transmission of bit ‘0’ due to losses on coil 

and switch resistances. The transmitter current can be described by the differential equation 

( ) 0,01
,0

1 =++ DAMtLON
DAMt iRR

dt

di
L     (A-19) 

In Laplace domain (A-19) can be written as, 

L1s+ Rs + RON( )= 0      (A-20) 

which leads to the time-domain solution of the transmitter current for DAM, 

to

o

Q

t

initialDAMt eii
ω

−

=,0     (A-21) 



56 

 

where i initial is the current through the inductor at the switching instant, Qt0 is the quality factor of 

transmitter during the transmission of bit ‘0’, defined by Qt0=ω0L1/(RL1+RON).  
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CHAPTER 6CHAPTER 6CHAPTER 6CHAPTER 6 

Resonant Coupling Efficiency Limit for 

Single and Multiple Receivers in a 

Wireless Power Transfer System 

6.1 RCE L IMIT FOR SINGLE TRANSMITTER AND SINGLE 
RECEIVER BASED ON COUPLED MODE THEORY  

The expression for the efficiency,η, based on the coupled mode theory [1-2] is 


 �  Г
Г� ��Г�Г�����Г
Г� � ��Г�Г�������Г
Г� ���               (6-1) 

where,                  Г�� � ���	��� ����� 	� � �  !��� � "#�$� �  Г� % Г&; 
Г� � (�)	�� *�+� ����� 	� � � ,-2/�,12�  ;  
Г� � !��� *�+� ����� 	� � � ,-2/�,12�  ;  

3 � *�)4�+56 7�� �	 �  ,-2 89!�!� � ,-2 k 

Q1,int, and Q2,int are the intrinsic quality factors of source coil and load coil respectively, Q2 is the 

loaded quality factors of load coil, ωo is the operating frequency in radians, L1 and L2 are the 

self-inductances of source and load coils, M is the mutual inductance, and k is the coupling 

coefficient.  
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Assuming perfect matching at the source side, the load resistance which yields upper 

bound efficiency was given as 

Г
Г� � ;1 % =�Г�Г�  +. �, ?@?@� � 91 % A�/�,12�/�,12� � ;1 % B"#CD�?@�?@�  (6-2) 

Here, RL, RL1, and RL2 are the load, source coil and load coil resistances respectively. Impedance 

matching was achieved by varying the coupling coefficients KS and KD at source and load 

respectively, using the 4-coil configuration shown in Fig. 6.1. 

 

Fig. 6.1.     An inductively coupled WPT system consisting of loop-coil at both source and load side (4-coil 

configuration) 

6.2 RCE L IMIT FOR SINGLE TRANSMITTER AND SINGLE 
RECEIVER BASED ON EQUIVALENT CIRCUIT MODEL  

6.2.1 Resonant Coupling Efficiency (RCE) 

Resonant coupling efficiency (RCE) for a single transmitter and receiver is obtained by 

dividing received power expression (3-11) by transmitter power. 


 � EFEG � HB"#CD�?I?@JB?I�?@�DB?@�?@�D�B"#CD�K�   (6-3) 

K
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Г1

Load Coil

Г2

Source 

loop

Load 

loop

KS KD



59 

 

6.2.2 Input and Output Impedances 

Using (3-9), current i2 in the receiver resonator is expressed as a function of current i1 

flowing in the transmitter resonator, 

+� � L"#C1�B?@�?@�D            (6-4) 

Input Impedance seen by the source Rsource is calculated by substituting i2 from (6-4) into (3-9) 

and calculating Vs/i1 

MNO % +�BPO % PQ�D % B"#CD�1�B?@�?@�D � 0                (6-5) 

PO-STUV � WI1� M PO � PQ� % B"#CD�?@�?@�      (6-6) 

Similarly, it can be proved that output impedance seen by the load RRx is 

P?X � PQ� % B"#CD�?I�?@�           (6-7) 

6.2.3 Optimal RCE and Conditions to Achieve Optimal RCE 

The efficiency expression (6-3) is differentiated with respect to source and load resistance 

RS and RL and the derivatives are set to zero to obtain source and load resistance values that yield 

maximum efficiency. 

Y
YPO � JBPO % PQ�DBPQ % PQ�D % B,-8D�K�4B,-8D�PQJBPO % PQ�DBPQ % PQ�D % B,-8D�KH  M 

HB"#CD�?I?@�[B?I�?@�DB?@�?@�D�B"#CD�\B?@�?@�DJB?I�?@�DB?@�?@�D�B"#CD�K]                    (6-8) 

Setting the derivative to zero yields, 

[B?I�?@�DB?@�?@�D�B"#CD�\HB"#CD�?@^_B"#CD�?I?@B?@�?@�DJB?I�?@�DB?@�?@�D�B"#CD�K` � 0     (6-9) 
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The source resistance which gives optimal efficiency is 

PO � PQ� % B"#CD�B?@�?@�D    (6-10) 

Similarly, it can be shown that load resistance which leads to optimal efficiency is 

PQ � PQ� % B"#CD�B?I�?@�D    (6-11) 

Equation (6-10) and (6-11) show that source and load resistances which yield optimal efficiency 

are same as the input and output impedance seen by source and load respectively.  

Source and load resistances can be written as a function of mutual inductance M and coil 

resistances RL1 and RL2 only, by simultaneously solving (6-10) and (6-11). Using (6-10), 

PQ % PQ� � B"#CD�B?I^?@�D    (6-12) 

Substituting load resistance for optimal efficiency given by (6-11) into (6-12) yields 

2PQ� � B"#CD�B?I^?@�D M B"#CD�B?I�?@�D                                       (6-13) 

Pa � PQ�;1 % B,�8D2?@�?@�             (6-14) 

Similarly, it can be shown that 

PQ � PQ�;1 % B,�8D2?@�?@�     (6-15) 

For coils having different coil resistances the ratio of source and load resistances RS/RL should be 

same as the ratio of respective coil resistances RL1/RL2, 

?b?@ � ?@�?@�     (6-16) 

Furthermore, the ratio of source to source coil resistance (RS/RL1), load to load coil resistances 

(RL/RL2)  should be same and equal to the value specified in (6-17) to provide optimal efficiency 

for a wireless power transfer system consisting of single transmitter and receiver,  
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?b?@� � ?@?@� � ;1 % B,�8D2?@�?@� � 91 % A�/�12�/�12�    (6-17) 

The load impedance which results in optimal efficiency performance given by (6-17) is equal to 

the load impedance derived based on coupled mode theory in (6-2).  

The corresponding optimum efficiency under simultaneous impedance match at source and load 

is then 


-c� � �
def�� �g�h�ijGh�ijGk� �g9h�ijGh�ijGl�         (6-18)   

6.2.4 Comparison of Optimal RCE derived based on Coupled Mode Theory and 

Equivalent Circuit Model 

The optimal efficiency expression based on equivalent circuit model (6-18) is compared 

against the efficiency derived based on coupled mode theory given by (6-1), when load 

impedance satisfies (6-2), in Fig. 6.2. It is observed that upper bound on efficiency derived based 

on coupled mode theory is same as that derived using equivalent circuit model. For a certain 

coupling between coils with a given quality factor, this curve sets the limit on maximum 

achievable efficiency. 

Optimal efficiency is plotted versus A9/�12�/�12�, which is equal to ,-8/9PQ�PQ� in 

Fig. 6.2. As seen, the higher the value of ,-8/9PQ�PQ�, the higher is efficiency. This is why 

coils used in wireless power transfer are preferred to have very small loss resistance. Therefore, 

the equivalent series resistance (ESR) of the capacitors used to resonate the system, or any 

additional resistances introduced due to interconnecting wires and solder will lower the system 

efficiency. Efficiency is degraded more when the system is operating at lower ,-8/9PQ�PQ� 
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values. As an example, assume that coils are designed such that ,-8/9PQ�PQ�= 4; then looking 

at Fig. 6.2 the maximum efficiency is expected to be 60%. However, if ESR of capacitor, 

possible interconnects, and soldering on both transmitter and receiver add resistance equal to the 

coil resistance, then the value of ,-8/9PQ�PQ�  drops from 4 to 2, and the corresponding 

efficiency drops from 60% to 40%.  

 

Fig. 6.2.     Comparison of efficiency limit for a wireless power transfer system consisting of single 

transmitter and receiver derived using coupled mode theory and equivalent circuit model. 

 

Fig.6.3     Optimal RCE versus distance for perfectly aligned coils 
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The coupling coefficient between the co-axially aligned coils is given by (3-6). Using (3-

6) and (6-18), optimal RCE, under the condition of simultaneous impedance match at source and 

load, is plotted for two co-axially aligned coils of equal radii versus the spacing R between the 

coils, for realistic values of intrinsic quality factor of coils in Fig. 6.3.  

6.3 TUNING MECHANISM FOR OPTIMAL RCE 
PERFORMANCE IN 2-COIL AND 4-COIL CONFIGURATIONS  

 

The mutual inductance between source and load coil changes as the distance between the 

two coils changes. Effectively, impedances seen by the source (6-6) and the load (6-7) change. A 

dynamic impedance matching network is required to match the source and load resistance, RS 

and RL, to varying input impedances Rsource and RRx respectively. 

6.3.1 Impedance Matching Technique for 2-Coil Configuration 

 In a 2-coil configuration, a transformer with variable turn ratio can be inserted between 

source and source coil, load and load coil respectively as shown in Fig. 6.4 to provide dynamic 

impedance matching capability. 

6.3.2 Impedance Matching Technique for 4-Coil Configuration 

A 4-coil configuration is analyzed based on equivalent circuit model, shown in Fig. 6.5, 

in [18]. The ratio of load voltage VLoad to source voltage VSource for the same source and load 

resistances, and the same coil and loop parameters at both source and load side is  

n W@#opWb#qFrsn � "`tur� trrQr#iu� Qu##v?u#op
w tur] Qr#iu� Qu##v� "]�xr#iu� xu##v� �"���tur� Qu##vQr#iuxu##vxu##v�trr� Qr#iu� xu##v� �y (6-19) 
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Fig. 6.4     Impedance matching scheme for 2-coil configuration: Impedance transformers with variable turn ratios 

 

Fig. 6.5   Equivalent circuit model of 4-coil WPT system (Each antenna is modeled as series resonator) 

where, 

z{--c � PO-STUVB�	 PQ-|}  D % P{--c % ~,!{--c M ~,*{--c 

zU-1{ � PU-1{ % ~,!U-1{ M ~,*U-1{  A�� � A�H � A{U   �5� A�� � AUU 

6.3.2.1 Frequency Tuning 

If the coupling between loop and coil klc is stronger than the critical coupling value kcritical, 

then the system is said to be over-coupled and frequency tuning can be done to achieve optimal 

performance.  

AUT1�1U|{ � �$r#iu % A{U� /{--c               (6-20) 

and the corresponding optimal RCE at the critical coupling point is  
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�TV�SV2U��S212� � � ��� �gur� hu##vhr#iu�
�

        (6-21) 

6.3.2.2 Coupling Tuning 

However, frequency tuning might not be a very practical option if the wireless power 

transfer frequency band is narrow. Alternatively in 4-coil configuration, optimal RCE can also be 

achieved by varying the coupling between the loop and the coil in order to provide an impedance 

match. If the applied frequency is same as the resonant frequency of the circuit and Rload>>Rloop, 

then the ratio of load to source voltage is  

n W@#opWb#qFrsn"�"� � tur� trr$r#iu� $u##v[trr� $r#iu� �B��tur� $u##v$r#iuD�\        (6-22) 

The optimum coil-loop coupling coefficient that yields optimal RCE is obtained by 

differentiating (6-22) with respect to klc and setting the derivative to zero  

[AUU� /U-1{� %B1 % A{U� /{--c/U-1{D�\2A{UAUU/U-1{� /{--c M A{U� AUU/U-1{� /{--c�4 A{U/U-1{/{--c��1 % A{U� /{--c/U-1{� � 0 

(6-23) 

2A{UAUU�/U-1{H /{--c % B1 % A{U� /{--c/U-1{D�2A{UAUU/U-1{� /{--c M 2A{U� AUU/U-1{� /{--c� � � 0 (6-24) 

2A{UAUU�/U-1{H /{--c % 2A{UAUU/U-1{� /{--c B1 M [A{U� /{--c/U-1{\�D � 0       (6-25) 

AUU�/U-1{� % B1 M A{UH/U-1{� /{--c� D � 0                                  (6-26) 

�$u##v ;AUU� % �$r#iu� � A{U,-c�1�S��
                                             (6-27) 

The corresponding optimal RCE achieved by varying the coupling between loop and coil in a 4-

coil configuration is expressed by substituting the optimum loop-coil coupling factor klc,optimum 

given by (6-27) into (6-22),  
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Btur�S212�D � �
d �grrhr#iu�e�� �grr�hr#iu� l�       (6-28) 

The optimal RCE (6-28) derived for 4-coil configuration, assuming same source and load 

coils and loops parameters, is exactly same as RCE limit provided for 2-coil configuration in (6-

18). Hence, in 4-coil configuration, optimal RCE performance can be achieved by varying the 

loop-coil coupling which has the same effect as varying the turn ratio of impedance matching 

transformer in 2-coil configuration. However, variable loop-coil coupling tuning in 4-coil 

configuration requires a mechanism to mechanically displace coils to vary coupling between 

them. 

6.3.2.3 Comparison of frequency tuning and coupling tuning 

In order to compare performance of a 4-coil WPT system which has frequency retuning 

capability to a system which has loop-coil coupling coefficient tuning capability, the parameters 

assumed for source and load are given in table 6.1. 

Component Value Component Value 

L loop 0.965 uH L coil 39.1 uH 

Cloop 449.8 pF Ccoil 11.04 pF 

Rloop 0.622 Ohms Rcoil 6.19 Ohms 

Rsource 50 Ohms Rload 50 Ohms 

Qloop 0.91 Qcoil 304.3 

fo 7.65 MHz fo 7.65 MHz 

Table 6.1.     Loop and coil parameters for comparing loop-coil coupling tuning and frequency tuning 

The performance of frequency tuning for different loop-coil coupling values is compared against 

the loop-coil coupling tuning for 4-coil configuration in Fig. 6.6. 
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Fig. 6.6.     Optimal RCE comparison for frequency tuning and Loop-Coil coupling coefficient tuning 

 

6.4 RCE L IMIT FOR SINGLE TRANSMITTER AND TWO 
RECEIVERS 

The RCE limit is now evaluated for a WPT system consisting of two receivers. Both the 

receivers are coupled to the transmitter; however for simplicity, coupling between receivers is 

assumed to be negligibly small. This is the case when there is a large transmitter and small 

receivers or small receivers on opposite side of the transmitter, as shown in Fig. 6.7 

6.4.1 Impedance seen by Source and Loads 

A wireless power transfer system consisting of a single transmitter and two non-coupled 

receivers can be represented in the matrix form given below, 

wPO % PQ� ~,8�� ~,8��~,8�� P� % PQ� 0~,8�� 0 P� % PQ�y w+�+�+�y � ��O00 �   (6-29) 
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where, Rs, R2, R3 are source and load’s resistances, RL1, RL2, RL3 are source and load coil 

resistances, M12 and M13 are mutual inductances between source coil and first receiver coil, and 

second receiver coil respectively. The current through the transmitter and two receivers is i1, i2 

and i3 respectively. The input impedance seen by transmitter and receivers is 

PO-STUV � BPQ�D % B"C��D�B?@��?�D % B"C�`D�B?@`�?`D   (6-30) 

P?X� � BPQ�D % B"C��D�
B?@��?ID� B���`D���@`��`�   (6-31) 

P?X� � BPQ�D % B"C�`D�
B?@��?ID� B����D���@�����   (6-32) 

We report that it is not possible to simultaneously match the transmitter and both 

receivers. Under low loss assumption i.e., Rs>>RL1, R2>>RL2 and R3>>RL3, and matching the 

impedance seen by the receivers to their respective loads i.e., RRx2 = R2 and RRx3 = R3 in (6-31) 

and (6-32) 

P� � B"C��D�
?I�B���`D��`

�1V{}O����� B,8��D� � P� �PO % B"C�`D�?` �  (6-33) 

P� � B"C�`D�
?I�B����D���

�1V{}O����� B,8��D� � P� �PO % B"C��D�?� �  (6-34) 

Now, substituting the conditions (6-32) and (6-33) for impedance matching at receivers into (6-

30)  

PO-STUV � 2PO % B"C��D�?� % B"C�`D�?` � PO                             (6-35) 
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Fig.6.7.     Single transmitter and two receivers with negligible mutual coupling, Equivalent circuit model, 

Impedance seen by the source, and Impedance seen by receiver Rx2 

This clearly shows that if the loads are matched then the source cannot be matched 

simultaneously. Either source will be matched or two receivers will be matched. For practical 
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reasons and because the power levels at the transmitter are multiple times those at the receiver, 

any mismatch at the source side will lead to excessive heat generation. On the other hand a 

mismatched receiver will not receive power. Therefore, to maximize efficiency we assumed that 

source is matched to the input impedance (6-30) and found the load impedances which lead to 

optimal efficiency. 

6.4.2 Efficiency expression for each receiver and total efficiency 

The efficiency for receivers Rx2 and Rx3 using matrix model in (6-29) are 


�� � HB"C��D�?I?��B?I�?@�DB?��?@�D�B"C��D�������@��B���`D���`��@`� ��    (6-36) 


�� � HB"C�`D�?I?`�B?I�?@�DB?`�?@`D�B"C�`D����`��@`�B����D������@�� ��    (6-37) 

Matching the source resistance RS to the input impedance seen at the source port Rsource, 

efficiency expressions given by (6-36) and (6-37) can be written as 


�� � ���� � ���  ��g���h�ijGh�ijG�� ��¡���¢g�`�h�ijGh`ijGg���h�ijGh�ijG£¤  (6-38) 


�� � ¥¥�� � ��� ¡��g�`�h�ijGh`ijG��¡�� ���¢g���h�ijGh�ijGg�`�h�ijGh`ijG£¤  (6-39) 

¦§�	� ¨ � P�PQ� , © � P�PQ� 
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/�12� � ,!�PQ� , /�12� � ,!�PQ� , /�12� � ,!�PQ�  

The total efficiency is obtained by adding the efficiencies at Rx2 and Rx3, 
�-�|{ � 
�� % 
��     (6-40) 

6.4.3 Optimal RCE for Single Transmitter and Two Receivers 

Total efficiency expression given by (6-40) is differentiated w.r.t α and β and derivative 

is set to zero. Two equations are simultaneously solved and values of α and β which yield 

optimal efficiency performance are 

 ¨ªVO� � ©ªVO� � ;1 % A���/�12�/�12� % A���/�12�/�12�  (6-41) 

Substituting α and β for optimal efficiency performance into (6-30), 

?I?@� � ?�?@� � ?`?@` � ;1 % A���/�12�/�12� % A���/�12�/�12�  (6-42) 

Hence optimal efficiency is obtained when the ratio of source resistance to source coil resistance, 

and ratio of load resistances to their respective coil resistances are same and equal to the value 

specified in (6-42) which is consistent with the observation for a wireless power transfer system 

consisting of a single transmitter and receiver. The corresponding efficiencies at two receivers 

are 


�� � ;1 % A���/�12�/�12� % A���/�12�/�12�
;1 % A���/�12�/�12� % A���/�12�/�12� % 1 « 

�
��;��g���h�ijGh�ijG�g�`�h�ijGh`ijG��g���h�ijGh�ijG �¢g�`�h�ijGh`ijGg���h�ijGh�ijG£    (6-43) 
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�� � ;1 % A���/�12�/�12� % A���/�12�/�12�
;1 % A���/�12�/�12� % A���/�12�/�12� % 1 « 

�
��;��g���h�ijGh�ijG�g�`�h�ijGh`ijG��g�`�h�ijGh`ijG �¢g���h�ijGh�ijGg�`�h�ijGh`ijG£ (6-44) 

 

6.4.4 Validation of Optimal RCE Expression using ADS 

In order to validate the results, efficiency at Rx2 and Rx3, and total efficiency given by (6-

43), (6-44) and (6-40) respectively are plotted under optimal source and load conditions given by 

(6-42), for a fixed coupling between transmitter and Rx3 in Fig. 6.8(b). Coupling between 

transmitter and Rx2 is varied as shown in Fig. 6.8(a). The efficiencies are also calculated from 

equivalent circuit model in ADS software and the theoretical and simulated (ADS) results 

exactly correspond to each other. It is observed that if one of the receivers is coupled much 

strongly to the transmitter compared to the other receiver, then almost all the power goes to the 

strongly coupled receiver. When both the receives are equally coupled to the transmitter, then 

they share the received power equally. 

6.4.5 Optimal RCE Contours 

Efficiency contours are plotted for efficiency at Rx2, Rx3 and total efficiency in Fig. 

6.9(a), (b) and (c) respectively. The vertical and horizontal axis represent the varying coupling 

between transmitter and Rx2, and transmitter and Rx3 respectively. It is observed that if Rx2 is 

strongly coupled to Tx compared to Rx3, then most of the transmitter power is coupled to Rx2. 

Conversely, if Rx3 is strongly coupled to Tx compared to Rx2, then most of the transmitter 
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power is coupled to Rx3. The total power coupled, which is sum of power coupled to receivers, 

increases if both the receivers are strongly coupled to the transmitter. 

 
  (a) 

 
(b) 

Fig.6.8.     Efficiency for single transmitter and two receivers using ADS and equations. 

 
(a) 
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(b) 

 
(c) 

Fig.6.9.     Efficiency at (a)Rx2 (b) Rx3 (c) Total efficiency. 
 

6.5 RCE L IMIT FOR SINGLE TRANSMITTER AND 
MULTIPLE RECEIVERS 

The efficiency analysis can be extended to multiple receivers, which are coupled directly 

to the transmitter and their mutual couplings are ignored. Such a wireless power transfer system 

consisting of single transmitter and (n-1) non-coupled receivers is shown in Fig. 6.10. 
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Fig 6.10.     Wireless power transfer system consisting of single transmitter and multiple non-coupled 

receivers and impedance seen by source and loads 

6.5.1 Impedance seen by Source and Loads  

The input impedance seen by transmitter and receivers is 

PO-STUV � PQ� % B"C��D�B?@��?�D % B"C�`D�B?@`�?`D % ¬ % B"C�jD�B?@`�?jD  (6-45) 

P?X� � PQ� % B"C��D�
B?@��?ID� B���`D���@`��`�� B���]D���@]��]��¬� B���jD���@j��j�  (6-46) 
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P?X� � PQ� % B"C�`D�
B?@��?ID� B����D���@������ B���]D���@]��]��¬� B���jD���@j��j�  (6-47) 

¯ P?X2 � PQ2 % B"C�jD�
B?@��?ID� B����D���@������ B���`D���@`��`��¬� ����Bj°�D��

��@Bj°�D��Bj°�D�
        (6-48) 

6.5.2 Optimal RCE for Single Transmitter and Multiple Receivers  

The optimal efficiency is obtained when the transmitter and load resistances follow the 

following criteria, POPQ� � P�PQ� � P�PQ� � ¬ � P2PQ2 � ±
� ;1 % A���/�12�/�12� % A���/�12�/�12� % ¬ % A�2�/�12�/212� 

(6-49) 

The ratio of source resistance to source coil resistance should be equal to the ratio of load 

resistances to corresponding load coil resistances. The efficiency expressions for each receiver 

under optimal efficiency conditions at source and loads are 


�� � ²²�� � �³��g���h�ijGh�ijG�¢g���h�ijGh�ijGg���h�ijGh�ijG£�¬�¢g�j�h�ijGhjijGg���h�ijGh�ijG £¤   (6-50) 


�� � ²²�� � �³��g�`�h�ijGh`ijG�¢g���h�ijGh`ijGg�`�h�ijGh`ijG£�¬�¢g�j�h�ijGhjijGg�`�h�ijGh`ijG £¤   (6-51) 

 ¯ 
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2� � ²²�� � �³��g�j�h�ijGhjijG�¢g���h�ijGh`ijGg�j�h�ijGhjijG£�¬�¢g�j�h�ijGhjijGg�j�h�ijGhjijG£¤   (6-52) 

6.5.3 Efficiency Limit for Multiple Receivers Equally Coupled to Transmitter  

As the number of receivers increases, it is observed from (6-49) that ratio of source and 

load resistances to their respective coil resistances increases, effectively reducing the losses 

across the coil resistances in wireless power transfer system. Therefore, overall efficiency 

improves as the number of receivers increases as shown in Fig. 6.11. 

 
Fig.6.11     Efficiency limit for mutually non-coupled receivers equally coupled to the transmitter. 

6.6 IMPACT OF MUTUAL COUPLING BETWEEN 
RECEIVERS ON RCE 

So far, we based our analysis on non-coupled receivers. This is the simplest case, because 

the input impedance at the transmitter and receivers is real at the resonance frequency. However, 

if the coupling between the receivers is not zero as shown in Fig. 6.12(a), then the impedance 
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seen by the transmitter and receiver is complex. As such, the capacitor used to cancel out the 

inductance of each coil and create resonance is not enough, and a more complex matching circuit 

is needed. The mathematical derivation of that case is tedious and explicit solutions could not be 

found at this point, regarding the maximum efficiency and optimal load conditions. The input 

and output complex impedances are 

zO-STUV � BzaD % B"C��D�x@`B"C�`D��x@�x@` % B"C�`D�x@�B"C�`D��x@�x@` M ~ �B"C��DB"C�`DB"C�`DB"C�`D��x@�x@`  (6-53)  

 z?X� � Bz�D % B"C��D�x@`B"C�`D��xbx@` % B"C�`D�xbB"C�`D��xbx@` M ~ �B"C��DB"C�`DB"C�`DB"C�`D��xbx@`  (6-54) 

 z?X� � Bz�D % B"C�`D�x@�B"C��D��xbx@� % B"C�`D�xbB"C��D��xbx@� M ~ �B"C��DB"C�`DB"C�`DB"C��D��xbx@�  (6-55) 

 
(a) 

 

(b) 
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(c) 

 
(d) 

 
(e) 

Fig.6.12     (a) Coupled receivers (b) Input impedance for coupled receivers (c) Efficiency limit for 

mutually coupled receivers equally coupled to the transmitter (d) Relatively weak inter-receiver mutual 

coupling (e) Strong inter-receiver mutual coupling 

 

However, it is interesting to assess the effect of mutual coupling between the receivers, in 

a system tuned for maximum efficiency under the non-coupled receiver assumption. Let us 

Tx Rx3

Rx2

Tx
Rx3

Rx2
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assume a system of a single transmitter and two coupled receivers. If the load impedance of each 

receiver is chosen based on the non-coupled receivers assumption, and an impedance match is 

done at the transmitter, then the efficiency (maximum only when coupling between receivers is 

zero) obtained in such a case for different values of coupling between receivers is plotted in Fig. 

6.12(c).  It is observed that for strong coupling between transmitter and receiver compared to the 

inter-receiver coupling as depicted in Fig. 6.12(d), efficiency is close to the optimal efficiency. 

However for stronger inter-receiver coupling compared to the coupling between transmitter and 

receivers as depicted in Fig. 6.12(e), the efficiency drops below the optimal efficiency value 

derived for non-coupled receivers. 
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CHAPTER 7CHAPTER 7CHAPTER 7CHAPTER 7 

RCE Limit for Single and Multiple 

Repeaters between a Transmitter and a 

Receiver in a NFC System 

7.1  SINGLE REPEATER BETWEEN TRANSMITTER AND 
RECEIVER  

Repeaters have been used between transmitter and receiver to enhance the power transfer 

efficiency and the transmission distance from single transmitter to single receiver [45]. A single 

repeater is introduced between the transmitter and the receiver as shown in Fig. 7.1. It is 

observed that repeater should only be a resonant coil at the resonance frequency of transmitter 

and receiver with no external resistance attached to it, since any additional resistance increases 

the power loss at repeater. The direct coupling between transmitter and receiver is neglected. 

Such a wireless power transfer system can be represented by the following matrix 

wPO % PQ� ~,8�� 0~,8�� PQ� ~,8��0 ~,8�� P� % PQ�y w+�+�+�y � ��O00 �   (7-1) 

The source is matched to the input impedance so that no power fed to the coil is reflected back to 

the transmitter. 

Pa � P12cS� � PQ� % B"C��D�
?@�� B���`D���@`��@�    (7-2) 



82 

 

 

 

Fig. 7.1     WPT system consisting of a single repeater between transmitter and receiver 

The receiver coupling efficiency under the condition of impedance match at source is 


 � ¥�t���$�ijG$�ijG��t�`�$�ijG$`ijG�
B¥��D�µ�� g���h�ijGh�ijG��g�`�h�ijGh`ijGB¡��D ¶���g�`�h�ijGh`ijGB¡��D ��  (7-3) 
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where, β is the ratio of load to loss resistance of the coil at receiver i.e., RL/RL3. In order to find 

optimum load which leads to the highest resonant coupling efficiency, above expression is 

differentiated w.r.t β and the derivative is set to zero.  

© � e���t�`�$�ijG$`ijG����t���$�ijG$�ijG�t�`�$�ijG$`ijG����t���$�ijG$�ijG�   (7-4) 

Efficiency contours for a wireless power transfer system consisting of a single repeater between 

transmitter and receiver are plotted in Fig. 7.2, which give the efficiency for a given pair of 

coupling between transmitter-repeater and repeater-receiver. It is worthwhile to note here that the 

repeater does not need to be placed exactly between transmitter and receiver. 

 

Fig. 7.2    RCE for WPT configuration consisting of a repeater between transmitter and receiver. 

Another interesting comparison is to compare the performance of a WPT system 

consisting of a repeater placed halfway between transmitter and a receiver, with the case of 

single transmitter and receiver without a repeater.  The coupling between transmitter and receiver 

decreases with 1/R3 for distances much larger than the individual radii of coils.  For distances 

comparable to the radius of the loops, the coupling coefficient decreases approximately with 1/R2. 
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The improvement in efficiency provided by the repeater over the case without repeater is shown 

in Fig. 7.3. 

 

Fig. 7.3     Comparison of efficiency for single transmitter and receiver with and without repeater. 

7.2 TWO REPEATERS BETWEEN TRANSMITTER AND 
RECEIVER  

For the scenario involving two repeaters between transmitter and receiver, as shown in 

Fig. 7.4, the input impedance, RCE and optimal β are 

Pa � P12cS� � PQ� % B"C��D�
?@�� B���`D�

�@`�B��`]D��@]��@
    (7-5) 


 � ¥�t���$�ijG$�ijG��t�`�$�ijG$`ijG��t`]�$`ijG$]ijG�
B¥��D�

·̧̧
¸̧¹�� g���h�ijGh�ijG�� g�`�h�ijGh`ijG��g`]�h`ijGh]ijGB¡��D º»»

»»¼µ�� g�`�h�ijGh`ijG��g`]�h`ijGh]ijGB¡��D ¶����g`]�h`ijGh]ijGB¡��D ��
 (7-6) 

 



85 

 

© � ½���t���$�ijG$�ijG�t�`�$�ijG$`ijG�t`]�$`ijG$]ijG�t���$�ijG$�ijGt`]�$`ijG$]ijG����t�`�$�ijG$`ijG�t`]�$`ijG$]ijG����t�`�$�ijG$`ijG����t���$�ijG$�ijG�t�`�$�ijG$`ijG�    

 (7-7) 

 

 Fig. 7.4     WPT system consisting of two repeaters between transmitter and receiver 

7.3 THREE REPEATERS BETWEEN TRANSMITTER AND 
RECEIVER  

For the scenario involving three repeaters between transmitter and receiver, as shown in 

Fig. 7.5, the input impedance, RCE and optimal β are 

 
Fig. 7.5     WPT system consisting of three repeaters between transmitter and receiver 
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Pa � P12cS� � PQ� % B"C��D�
?@�� B���`D�

�@`� B��`]D�
�@]�B��]¾D��@¾ � �@

  (7-8) 


 �¥�t���$�ijG$�ijG��t�`�$�ijG$`ijG��t`]�$`ijG$]ijG��t]¾�$]ijG$¾ijG�
B¥��D�

·̧̧
¸̧̧
¸̧¹�� g���h�ijGh�ijG�� g�`�h�ijGh`ijG�� g`]�h`ijGh]ijG��g]¾�h]ijGh¾ijGB¡��D º»»

»»»
»»¼

·̧̧
¸̧¹�� g�`�h�ijGh`ijG�� g`]�h`ijGh]ijG��g]¾�h]ijGh¾ijGB¡��D º»»

»»¼
�

µ�� g`]�h`ijGh]ijG��g]¾�h]ijGh¾ijGB¡��D ¶����g]¾�h]ijGh¾ijGB¡��D ��

 (7-9) 

 © �

¿ÀÀÀ
ÀÀÀÀÀ
ÀÀÀÁ¢ ��t���$�ijG$�ijG�t�`�$�ijG$`ijG�t`]�$`ijG$]ijG�t]¾�$]ijG$¾ijG�t���$�ijG$�ijGt`]�$`ijG$]ijG�t���$�ijG$�ijGt]¾�$]ijG$¾ijG � t�`�$�ijG$`ijGt]¾�$]ijG$¾ijG£

¢��t�`�$�ijG$`ijG�t`]�$`ijG$]ijG�t]¾�$]ijG$¾ijG� t�`�$�ijG$`ijGt]¾�$]ijG$¾ijG £
���t���$�ijG$�ijG�t�`�$�ijG$`ijG�t`]�$`ijG$]ijG�t���$�ijG$�ijGt`]�$`ijG$]ijG����t�`�$�ijG$`ijG�t`]�$`ijG$]ijG�

 

 (7-10) 

7.4 GENERALIZED CASE OF (N-2) REPEATERS BETWEEN 
TRANSMITTER AND RECEIVER  

The above analysis can be extended to multiple repeaters inserted between transmitter 

and receiver as shown in Fig. 7.6. Assuming there are n resonators. Resonator 1 is connected to 

the source and resonator n is connected to the load. Resonators 2…n-1 are the repeaters. 

Repeaters consist of coils resonant at the resonance frequency of transmitter and receiver. Coil 

resistance is the only source of loss at the repeaters. Such a wireless power transfer system can 

be represented by the following matrix 
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·̧̧
¹̧ PO % PQ� ~,8�� 0~,8�� PQ� ~,8��0 ~,8�� PQ� ¬ 000¯ Â ¯0            0             0 ¬  PQ % PQ2º»»

»¼
·̧̧
¹̧+�+�+�̄+2º»»

»¼ � ·̧̧
¹̧�O00̄

0 º»»
»¼

  (7-11) 

The source is matched to the input impedance so that no power fed to the source coil is reflected 

back to the transmitter. 

Pa � P12cS� � PQ� % �,812�2
P!2% �,823�2

P!3% �,834�2
P!4% �,845�2

P!5% Â         ¯
P!B5M1D%¢,8B5M1D5£2

P!5%P!

  (7-12) 

The receiver coupling efficiency under the condition of impedance match at source is 


 � ©���������������H�� … . ��B2^�D2��1 % ����
1 % ����

1 % ��H�
1 % �HÆ�

�� Â         ¯��{Bj°�Dj�B¥��D

« 1

ÇÈ
ÈÈÈ
ÈÈÈ
ÈÈÉ

1 % ����
1 %  ��H�

1 %  �HÆ�
�� Â         ¯��{Bj°�Dj�B¥��D ÊË

ËËË
ËËË
ËËÌ

� « 1

ÇÈ
ÈÈ
ÈÈ
ÈÉ

1 %  ��H�
1 %  �HÆ�

�� Â         ¯��{Bj°�Dj�B¥��D ÊË
ËË
ËË
ËÌ

� 

« 1

ÇÈ
ÈÈÈ
É

1 %  �HÆ�
�� Â         ¯��{Bj°�Dj�B¥��D ÊË

ËËË
Ì� « … .« 1

¢1 % �B2^�D2�B© % 1D£� « B© % 1D� 

(7-13) 



88 

 

where   �B2^�D2� � AB2^�D2�/B2^�D/B2D 

The value of β that maximizes the efficiency for a general case of  ‘n-2’ repeaters is  

© � ;B2S��DB2S��DB}V2�DB}V2�D     (7-14) 

where 

 

5)Í1 � 1 %  Î �1,1���2^�
1�� %  Î �1,1��� �L,L���

2ÏLÏ1��Ï� %  Î �1,1��� �L,L��� �t,t��� % ¬ 2ÏtÏL��ÏLÏ1��Ï�  

5)Í2 � 1 %  Î �1,1���2^�
1�� %  Î �1,1��� �L,L���

2ÏLÏ1��Ï� %  Î �1,1��� �L,L��� �t,t��� % ¬ 2ÏtÏL��ÏLÏ1��Ï�  

��51 � 1 %  Î �1,1���2^�
1�� %  Î �1,1��� �L,L���

2^�ÏLÏ1��Ï� %  Î �1,1��� �L,L��� �t,t��� % ¬ 2^�ÏtÏL��ÏLÏ1��Ï�  

��52 � 1 %  Î �1,1���2^�
1�� %  Î �1,1��� �L,L���

2^�ÏLÏ1��Ï� %  Î �1,1��� �L,L��� �t,t���
2^�ÏtÏL��ÏLÏ1��Ï� % ¬ 

�1,1��� � A1,1���/B1D/B1��D 

 

Fig. 7.6     WPT system consisting of multiple (n-2) repeaters between transmitter and receiver. 
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CHAPTER 8CHAPTER 8CHAPTER 8CHAPTER 8 

Impact of PEC Platform and Receiver 

Coil Misalignment on RCE 

8.1 IMPACT OF PEC ON QUALITY FACTOR OF 
ELECTRICALLY SMALL LOOP ANTENNA  

A single-turn  loop of dimensions 4.4cm x 6.8cm and copper thickness of 1.5mm is 

simulated for three scenarios in HFSS, as shown in Fig. 8.1. 

1. A free Standing Loop. 

2. A loop placed on top of a PEC. The dimensions of the PEC are 6cm x 12cm. 

3. Ferrite placed between the loop and the PEC. The ferrite sheet is of 0.6mm thickness 

and its magnetic loss tangent is 0.00884. A ferrite sheet with hole in the center is used in an 

attempt to reduce the weight of the device. 

 
(a) 
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(b) 

 

(c) 
Fig. 8.1.  Pictures of (a) A free standing loop   (b) A loop placed over a PEC   (c) Ferrite inserted between 

the loop and the PEC 

The inductance, resistance and quality factor for three scenarios are plotted in Fig. 8.2.  

  

(a) Resistance 
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(b) Inductance (nH) 

  

(c) Quality Factor 

Fig. 8.2. The resistance, inductance and quality factor of a free-standing loop, a loop placed over a PEC, 
and a loop placed over a PEC with ferrite inserted between the loop and the PEC 

It is observed that when the loop is placed above a PEC, the current induced in PEC is 

such as to oppose the magnetic field generated by the loop itself and this lowers the inductance 

of the loop. Also due to losses on the PEC, the resistance of the loop also increases, hence 

lowering the Q value. The eddy current phenomenon is depicted in Fig. 8.3. When a ferrite sheet 

is inserted between the loop and the PEC, it isolates the PEC from the magnetic field of the loop, 

and hence restores the Q value of the loop.  



 

Fig. 8.3.     For clockwise current on loop, the current induced on PEC is anticlockwise 

92 

.3.     For clockwise current on loop, the current induced on PEC is anticlockwise 

 

 

 

 

 

 

 

 

 

 

 

 

.3.     For clockwise current on loop, the current induced on PEC is anticlockwise  
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8.2 IMPACT OF M ISALIGNMENT ON COUPLING 
COEFFICIENT  

8.2.1 Near-Field Magnetic Flux Density of an Electrically Small Loop Antenna 

Magnetic field due to a small loop antenna (of radius r1 and N1 turns) in xy plane carrying 

current I1, at point P (position vector of point makes an angles θ1 with z-axis) at a distance R << 

λ from the loop, as shown in Fig. 8.4(a) is [59] 

ÐT � ~ Ñ#��¥T��Ò� ÓÔÕ Ö��T� ×1 % �L¥TØ    (8-1) 

 ÐÖ � M Ñ#��B¥T�D�Ò� ÕÙÚ Ö�HT ×1 % �L¥T M �B¥TD�Ø                                 (8-2) 

where β=2π/λ  is the wave number. For distances much smaller than the wavelength βr<<1 , the 

magnetic flux density expressions can be simplified as 

 ÐT � Ñ#��T��Ò� ÓÔÕ Ö��T`                                                                (8-3) 

 ÐÖ � Ñ#��T��Ò� ÕÙÚ Ö�HT`                                                              (8-4) 

8.2.2 General Case of Laterally and Angularly Misaligned Coils 

A general scenario involving a misaligned receiver coil is shown in Fig. 8.4(b). Receiver 

coil is displaced laterally by distance d and vertically by distance R, where 

� � 9Û�� % ���                                                                    (8-5) 

The position vector and the area vector of the receiver coil are described by angles (Ф1, θ1) and 

(Фo, θo) respectively. 
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The calculation of mutual inductance between the transmitter and the receiver coil requires 

evaluation of magnetic flux through the receiver coil due to magnetic field generated by the 

transmitter coil. The magnetic field due to the transmitter coil is expressed in spherical co-

ordinates in (8-3) and (8-4). The rectangular components of area vector A2 can be written as  

��X � �� sin ß- cos Ф-         ,        �� � �� sin ß- sin Ф-      ,        �ã � �� cos ß-       (8-6) 

The area vector A2 is expressed in spherical co-ordinates by rectangular-to-spherical vector 

transformation 

w�T�Ö�Фy � wsin  ß� cos Ф� sin  ß� sin Ф� cos ß�cos  ß� cos Ф� cos  ß� sin Ф� M sin ß�M sin Ф� cos Ф� 0 y w�� sin ß- cos Ф-�� sin ß- sin Ф-�� cos ß- y                    (8-7) 

Therefore Ar and Aθ are  

�T � ��Jsin ß- sin ß� cosBФ- M Ф�D % cos ß- cos ß�K                                  (8-8) 

�Ö � ��Jsin ß- cos ß� cosBФ- M Ф�D M cos ß- sin ß�K                                   (8-9) 

The flux through the receiver coil is  

´�� � ��Jsin ß- sin ß� cosBФ- M Ф�D % cos ß- cos ß�K ä-å�å��	��	��æ� cos ß�2	�% ��Jsin ß- cos ß� cosBФ- M Ф�D M cos ß- sin ß�K ä-å�å��	��	��æ� sin ß�4	�  

(8-10) 

´�� � Jsin ß- sin ß� cos ß� cosBФ- M Ф�D % cos ß- cos ß� cos ß�K ä-å�å��	��	��æ�2	�%  Jsin ß- cos ß� sin ß� cosBФ- M Ф�D M cos ß- sin ß� sin ß�K ä-å�å��	��æ�4	�  

(8-11) 

´�� � Jsin ß- sin ß� cos ß� cosBФ- M Ф�D % cos ß- cos ß� cos ß�K ä-å�å��	��	��æ�2	�%  �sin ß- cos ß� sin ß� cosBФ- M Ф�D2 M cos ß- sin ß� sin ß�2 � ä-å�å��	��	��æ�2	�  

(8-12) 

where N2 is the number of turns of the receiver coil. 
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The mutual inductance between the coils is obtained using [Ch3 Eq (A-5)] 

8 � Ñ#����çT��T���T` ��� sin ß� sin ß1 cos ß1 cosBФ� M Ф1D % cos ß- ècos� ß� M �� sin� ß�é�             

(8-13) 

The coupling coefficient is obtained by substituting the mutual inductance between the 

transmitter and the misaligned receiver coil (8-13) and the self-inductance of the transmitter and 

the receiver coil (3-1) into the formula for coupling coefficient (3-5) 

A � �√T�T�T �� �32 sin ß- sin ß� cos ß� cosBФ- M Ф�D % cos ß� ècos2 ß1 M 12 sin2 ß1é�       (8-14) 

where 

	 � ëì
í;P� % �� % 	�� M 2�9P� % 	�� cos f90 %  �5^� �T�? �k  , 	�  ï  	�

;P� % �� % 	�� M 2�9P� % 	�� cos f90 %  �5^� �T�? �k , 	�  ï  	�
ð                 (8-15) 

The coupling coefficient expression for the misaligned receiver and the transmitter coil is 

analyzed for special cases of misalignment to gain an insight into the impact of misalignment on 

the coupling. 

8.2.3 Perfectly Aligned Coils (Co-Axially Placed Coils) 

Perfectly aligned coils are shown in Fig. 8.4(c). This is a special case when ß- � 0- , ß� �
0- , �5� � � 0. Equation (8-14) and (8-15) simplify to give, 

A � ëì
íf √T�T�9?��T��k� , 	�  ï  	�

f √T�T�9?��T��k� , 	�  ï  	�
ð                                            (8-16) 

A � �√T�T�? �� , P ññ  	�,  	�                                                (8-17) 
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Equation (8-17), same as Eq. (3-6), shows that the coupling coefficient between two perfectly 

aligned conductor coils in free space is frequency independent and varies with inverse cube of 

distance 1/R3 when the distance between the transmitter coil and the receiver coil is much larger 

than their radii i.e., R >> r1, r2. This coincides with the near field of an infinitesimal loop, which 

is in the order of 1/R3.  

8.2.4 Axially Placed Angularly Misaligned Coils 

Axially placed angularly misaligned coils are shown in Fig. 8.4(d). This is the special 

case when ß- � ¨, ß� � 0- , �5� � � 0. Simplifying (8-14) and (8-15) results in, 

A � ëì
íf √T�T�9?��T��k� cos ¨ , 	�  ï  	�

f √T�T�9?��T��k� cos ¨ , 	�  ï  	�
ð                                       (8-18) 

For α=0, (8-18) reduces to (8-16) i.e., the coils are perfectly aligned. When α=90°, the coupling 

coefficient reduces to zero and the coils are completely misaligned. Therefore, for co-axially 

placed coils, as the misalignment angle α increases from 0 to 90 degrees, the coupling coefficient 

value decreases from that of perfectly aligned co-axially placed coils to zero coupling.  

8.2.5 Laterally Displaced Coils 

Laterally displaced coils are shown in Fig. 8.4(e). This is the special case when ßò � 0-. 

The coupling coefficient  for this case is 

A � �√T�T�T �� B��ó�ß� M 0.5 ó+5�ß�D                                  (8-19) 
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                                                 (a)                                                                                (b) 

           
                         (c)                                (d)                                                        (e) 

 
(f) 
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Fig. 8.4      (a) Magnetic field at point P due to small loop antenna (b) A misaligned receiver coil

 (c) Perfectly aligned coils (d) Axially placed angularly misaligned coils (e) Laterally 

displaced coils (f) Co-planar laterally displaced coils 

8.2.6 Co-planar Coils 

Co-planar coils is a special case of the laterally displaced coils such that ß� � 90- ,
�5� P � 0 i.e., the coils are placed in the same plane and are laterally displaced as shown in Fig. 

8.4(f). Then the coupling coefficient is 

|A| � ëì
í�� f √T�T�9?��T��k� , 	�  ï  	�

�� f √T�T�9?��T��k� , 	�  ï  	�
ð                                          (8-20) 

 |A| � �� �√T�T�? �� , P ññ  	�,  	�                                                    (8-21) 

Equation (8-21) shows that for the laterally displaced coils, the coupling coefficient (8-21) is half 

that of the coupling coefficient for perfectly aligned coils (8-17) separated by the same distance. 

Therefore, the power received by laterally displaced receiver coil will be one-fourth of the power 

received by a perfectly aligned receiver coil separated by the same distance. 

8.3 COUPLING BETWEEN ORTHOGONAL TRANSMITTER 
COILS AND A RECEIVER COIL  

8.3.1 Coupling Coefficient between a Transmitter Coil in xy Plane and a 

Misaligned Receiver Coil 

The magnetic field components of an electrically small loop in xy plane, as shown in Fig. 

8.5(a),  in its near-field are expressed in spherical co-ordinate system by (8-3) and (8-4). The 
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magnetic field can be represented in cartesian co-ordinate system by using the vector 

transformation from spherical to cartesian co-ordinate system 

dÐX,X�Ð�,X�Ðã,X� l � wsin ß cos Ф cos ß cos Ф M sin Фsin ß sin Ф cos ß sin Ф cos Фcos ß M sin ß 0 y wÐTÐÖÐФy                                   (8-22) 

where Bx,xy, By,xy and Bz,xy are the x, y, and z components of the magnetic field due to an 

electrically small loop in xy plane. 

ÐX,X� � �Ñ#��T��Ò�HT` sin �tan^� f9X����ã k � cos �tan^� f9X����ã k � cos ×tan^� ��X�Ø   

(8-23)         

Ð�,X� � �Ñ#��T��Ò�HT` sin �tan^� f9X����ã k � cos �tan^� f9X����ã k � sin ×tan^� ��X�Ø  

  (8-24)             

Ðã,X� � Ñ#��T��Ò��T` �cos� �tan^� f9X����ã k � M �� sin� �tan^� f9X����ã k ��                    (8-25) 

The position vector and the area vector of the receiver coil are represented by angles (Ф, θ) and 

(Фo, θo). The area vector of the receiver coil can be expressed in terms of its cartesian co-

ordinate components. 

�X � � sin ß- cos Ф-        ,        �� � � sin ß- sin Ф-      ,        �ã � � cos ß-              (8-26) 

Mutual inductance and coupling coefficient is calculated using Eq(A-5) [Ch 3], and (3-5),  

  AX� � �√T�T�T �� d�� sin dtanM1 �;Û2%�2÷ ¤ l cos dtanM1 �;Û2%�2÷ ¤ l sin θÔ cos ×Ф- M
tanM1 ��Û�Ø %  cos θÔ dcos2 dtanM1 �;Û2%�2÷ ¤ l M 12 sin2 dtanM1 �;Û2%�2÷ ¤ ll l                            

(8-27) 



100 

 

8.3.2 Coupling Coefficient between a Transmitter Coil in xz Plane and a 

Misaligned Receiver Coil 

In order to calculate the coupling coefficient due to a coil in xz plane, the coil and the 

observation point are kept fixed while the co-ordinate axes are rotated as shown in Fig. 8.5(b). 

Bx,xz, By,xz and Bz,xz are the x, y, and z components of the magnetic field due to an electrically 

small loop in xz plane 

ÐX,Xã � Ð�,X�    ,   Ð�,Xã � Ðã,X�    , Ðã,Xã � ÐX,X�                                  (8-28) 

Furthermore in (8-23), (8-24) and (8-25),  

Û +ó 	�4����� ø� ÷   ,   � +ó 	�4����� ø� Û,   ÷ +ó 	�4����� ø� �                (8-29) 

Therefore, the magnetic field expressions for the loop in xz plane are given by, 

  
    (a)     (b)     

Fig. 8.5.      (a) Transmitter coil in xy plane (b) Transmitter coil in xz plane  

 ÐX,Xã � �Ñ#��T��Ò�HT` sin �tan^� √ã��X�� � cos �tan^� √ã��X�� � sin ×tan^� XãØ                    (8-30) 

Ð�,Xã � Ñ#��T��Ò��T` �cos2 �tanM1 �√ã��X�� � � M 12 sin2 �tanM1 �√ã��X�� � ��                 (8-31) 

Ðã,Xã � �Ñ#��T��Ò�HT` sin �tan^� √ã��X�� � cos �tan^� √ã��X�� � cos ×tan^� XãØ                    (8-32) 
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The mutual inductance is calculated using Eq(A-5) [Ch 3], and coupling coefficient is evaluated 

using Eq (3-5) 

                                          AXã � �√T�T�T �� ��� sin �tanM1 �√ã��X�� � � cos �tanM1 �√ã��X�� � � ×sin ×tan^� XãØ sin ß- cos Ф- %cos ×tan^� XãØ cos ß-Ø %sin ß- sin Ф- �cos2 �tanM1 �√ã��X�� � � M 12 sin2 �tanM1 �√ã��X�� � �� Ø          (8-33)       

8.3.3 Coupling Coefficient between a Transmitter Coil in yz Plane and a 

Misaligned Receiver Coil 

         Similarly, the coupling coefficient between a transmitter coil in yz plane and a 

misaligned receiver coil is given by, 

                                          A�ã ��√T�T�T �� ��� sin �tanM1 f9���ã�X k � cos �tanM1 f9���ã�X k � ×cos ×tan^� ã�Ø sin ß- sin Ф- %sin ×tan^� ã�Ø cos ß-Ø %
sin ß- cos Ф- �cos2 �tanM1 f9���ã�X k � M 12 sin2 �tanM1 f9���ã�X k �� �          (8-34)        

8.3.4 Simulation Results 

The simulations are carried out for transmitter and receiver coils of radii 2cm each. The 

receiver coil is centered on z-axis and located at a distance of 10 cm from the transmitter. The 

simulations are carried out for three different cases as shown in Fig. 8.6. 

 It is observed that as the receiver coil rotates, the coupling between a single transmitter 

coil and the receiver coil may drop from maximum coupling to zero coupling. The advantage of 

using multiple transmitter coils is that one of the transmitter coils will always be coupled to the 

receiver coil and all power can be fed to that transmitter coil. For example in Fig. 8.6 (a) as the 

coil rotates, the coupling coefficient between the receiver and the transmitter coil in xy plane 
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decreases, while the coupling between the receiver coil and the transmitter coil in yz plane 

increases. Initially all the transmitter power is fed to the transmitter coil in xy plane. Beyond the 

tilt angle of 65 degrees, the transmitter coil in yz plane is more strongly coupled to the receiver 

coil and all the power is fed to it.  

 

(a) 

 

(b) 
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(c) 

Fig. 8.6     kxy, kxz and kyz as the orientation of the receiver coil changes 

8.4 TRANSMITTER COIL CONFIGURATION TO IMPROVE 
RCE OF A WPT SYSTEM CONSISTING OF A M ISALIGNED 
RECEIVER COIL  

A simple scenario involving two orthogonal transmitter coils in xy and xz planes 

respectively is considered. To setup the inductively coupled resonant loops, one must use 

capacitors to resonate with the self-inductance of both the coils in the transmitter and the coil at 

the receiver at the same resonant frequency ωÔ � �9ú�û� � �9ú�û� � �9ú`û`, as shown in Fig. 8.7 (a). 

The equivalent circuit model is shown in Fig. 8.7 (b). The transmitter coils are orthogonal and the 

mutual coupling between them is zero. Both the transmitter coils are coupled to the receiver coil. 

where, RS1, RS2, RL are source and load resistances, RL1, RL2, RL3 are source and load coil 

resistances, M13 and M23 are mutual inductances between the first transmitter coil and the receiver 

coil, and the second transmitter coil and the receiver coil, respectively. The currents through the 

two transmitter coils and the receiver are i1, i2 and i3 respectively. 
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(a)                                                                                      (b) 

Fig. 8.7     A transmitter consisting of orthogonal coils and its equivalent circuit model 

Applying KVL to the three resonators, 
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If both the transmitter coils have the same parameters and the sources connected to the transmitter 

coils have the same source resistance i.e., RL1 = RL2= RLt , L1 =L2= Lt and RS1 = RS2 = RS , the 

received power can thus be written as a function of the quality factors, 
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Applying the definition of quality factors to both the transmitting and receiving resonators, the 

received power eq (8-36) can be written as 
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Qt and Qr are the loaded quality factors of the transmitter and the receiver; Qt,int and Qr,int are the 

intrinsic quality factors of the transmitting and the receiving antennas.  

As show in Fig. 8.13, area vector of the receiver coil is in yz plane and is in same direction as its 

position vector. The power Pt1 and Pt2 fed to the transmitter coil1 and coil2 respectively are related 

to the total transmitter power Pt by 

2 2
1 2cos , sint t t tP P P Pα α= =                                                  (8-38) 

Substituting Eq (8-38) into (8-37), 
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(8-39)   

Consider the special case of the receiver coil in yz plane i.e., ,0 90o
ox φ= =  , which is perfectly 

aligned with the position vector i.e., ß � θÔ, (8-27) and (8-33) simplify to 

                     AX� � �√T�T�T �� cos ß                                                               (8-40) 
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                              AXã � �√T�T�T �� sin ß                                                 (8-41) 

Substituting (8-40) and (8-41) into (8-39) and setting the first derivative of the received power 

with respect to α to zero, the maximum power transfer condition is given by, ¨ �  ß                                                        (8-42) 

Hence instead of mechanically steering the transmitter coil to be aligned to receiver coil, the 

power ratio can be adjusted in the orthogonal transmitter coils which is equivalent to rotating a 

single transmitter coil to be in perfect alignment with the receiver coil. 
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CHAPTER 9CHAPTER 9CHAPTER 9CHAPTER 9 

Conclusions 

The near-field power transfer equation for inductively coupled resonant loops is derived 

and validated by experimental results. It has been demonstrated in the strong coupling case, for 

each distance there is an optimum impedance matching condition that maximizes the power 

transfer efficiency over this distance. In the weak coupling case the received power in the near-

field system goes down inversely with the sixth power of distance and improves with increasing 

loaded Q at transmitter and receiver, i.e., improving matching at the source and the load side. 

 This work also presents the theoretical analysis of the capacity performance of an 

inductively coupled near-field communication system based on the derived near-field power 

transfer equation and the information theory. It is concluded that the capacity is limited 

respectively by thermal noise for low-Q receiver and natural interference for high-Q receiver. 

The capacity performance of an inductively coupled NFC link operating at VLF is evaluated. It 

is observed that higher operating frequency provides greater optimal capacity than that at a lower 

frequency in the air, but requires higher transmitter and receiver Q. 

The theory of DAM for NFC link is presented, which shows its potential to break the 

dilemma of power and bandwidth trade-off in NFC systems with high-Q transmitters. Successful 

transmission of broadband binary modulation sequence is experimentally demonstrated on a 

DAM assisted NFC link, which implies an enhanced capacity performance of the NFC link over 

the traditional scheme.  

The RCE limit is evaluated for a single transmitter and receiver. It is observed that 
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maximum efficiency is achieved under simultaneous matching at both the transmitter and the 

receiver. Further, the ratio of source resistance to source coil resistance is same as ratio of load to 

load coil resistance in order to transfer power most efficiently. Efficiency limit is then evaluated 

for two receivers and condition other than simultaneous match at source and loads leads to 

optimal efficiency. In particular, ratio of source resistance to source coil resistance should be 

same as ratio of load resistances to corresponding load coil resistances. Remarkably, it is also 

observed that efficiency limit improves as the number of receivers increases. Then, we 

considered the case of single and multiple repeaters between transmitter and receiver. We report 

that a repeater between transmitter and receiver improves the efficiency and can be used to 

extend the range of wireless power transfer. 

Resonant coupling efficiency is limited by the product of quality factor and coupling 

coefficient. It is observed that a PEC platform reduces the Q value of coil, however a ferrite sheet 

can be inserted between the coil and platform to recover the same Q value as is in free space. 

Coupling coefficient decreases with inverse cube of distance between the coils for perfectly 

aligned coils, decreases from maximum coupling to no coupling as the angular misalignment of 

perfectly aligned coils increases, and for laterally displaced coplanar coils, the coupling 

coefficient is half that for perfectly aligned case separated by the same distance. In practical NFC 

systems, the transmitter and receiver coils can be angularly or laterally misaligned, thereby 

reducing the coupling between the coils and hence RCE. In this work, we propose a transmitter 

having three orthogonal coils. Depending upon the orientation of the receiver coil, power can be 

fed only to the transmitter coil which is best coupled to the receiver coil. Alternatively the ratio 

of power fed to three coils can be adjusted to rotate the magnetic field such that the coupling 

between transmitter and misaligned receiver is maximized. 
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