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SUMMARY 

The objective of my research was to develop novel techniques for high-

performance wireless power transmission and data interfacing to implantable medical 

devices (IMDs). Several system- and circuit-level techniques are proposed towards the 

development of a novel wireless data and power transmission link for a multi-channel 

inductively-powered wireless implantable neural-recording and stimulation system 

(WINeRS). 

 Such wireless data and power transmission techniques have promising prospects 

for use in IMDs such as biosensors and neural recording/stimulation devices, neural 

interfacing experiments in enriched environments, radio-frequency identification (RFID), 

smartcards, near-field communication (NFC), wireless sensors, and charging mobile 

devices and electric vehicles. In IMDs, due to battery size, weight, and lifetime 

limitations, power transmission across a pair of inductively-coupled coils is commonly 

utilized. The data link is also intended to handle wide bidirectional communication 

bandwidth with the IMD. 

The expected long-term and uninterrupted operation in IMDs outlines the need for 

efficient design of the inductive link and power-management circuits in the power link. 

Low-power data transmission techniques in the presence of power interference become 

especially important for the inductively-powered IMDs where received power is limited. 

Moreover, neural interfacing in enriched environments for behavioral neuroscience 

studies on freely-behaving animal subjects outlines the need for automated instruments 

without the intervention from the human researcher. The proposed techniques in this 

work will address the abovementioned constraints. 

My contributions in this research work are summarized as follows:  

1. Development of an RFID-based closed-loop power transmission system 

2. Development of a high-performance 3-coil link with optimal design procedure 
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3. Development of circuit-based theoretical foundation for magnetic-resonance-

based power transmission using multiple coils 

4. Proposing a figure-of-merit (FoM) for designing high-performance inductive links 

5. Development of a low-power and adaptive power management and data 

transceiver (PMDT) chip to be used as a general-purpose power module for 

wireless electrophysiology experiments 

6. Proposing Q-modulation technique for adaptive load matching and development 

of a Q-modulation power management (QMPM) chip 

7. Development of a new modulation technique called pulse-delay modulation 

(PDM) for low-power and wideband near-field data communication 

8. Development of a pulse-width-modulation impulse-radio ultra-wideband (PWM-

IR-UWB) transceiver for low-power and wideband far-field data transmission 

 

 

 

 

 

 

 

 

 



 

 

 

CHAPTER I 

INTRODUCTION 

 

Near-field power transmission is a viable technique to wirelessly power up 

devices, such as sensors and actuators, with a wide range of power requirements or 

recharge their batteries from a short range without any direct electrical contact between 

the energy source and the device.  Moreover, it is possible to use the same short-range 

wireless link or a separate near-field/far-field link to establish wideband bidirectional 

data communication with those devices. Wireless implantable microelectronic devices 

(IMDs) are good examples of where power and data transmission links can be used 

effectively. IMDs have been significantly improved by going through many generations 

since the invention of the first implantable pacemaker in 1958 and their importance in 

several state-of-the-art medical treatments is on the rise [1]. IMDs have the potential to 

alleviate challenging types of disabilities such as blindness [2], [3], paralysis [4], and loss 

of limbs [5]. These devices need to transmit and receive information wirelessly across the 

skin barrier since breaching the skin with interconnect wires would be a source of 

morbidity for the patient and significantly increases the risk of infection. 

In sensory prosthetic devices, which interface with the central nervous system 

(CNS) to restore a sensory function such as hearing or vision, the quality of perception 

enhances with the number of stimulating sites and electrodes and the rate of stimulation. 

These devices may stimulate the neural tissue by means of tens to thousands of 

stimulating channels and they generally require considerably high power and 

communication bandwidth [6].  

Radio-frequency identification (RFID) takes advantage of inductive links to not 

only power up the ultralow-power RFID tags but also read the tags’ stored information 

through back telemetry [7]. Because of the significant growth of handheld, wireless, and 
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mobile electronic devices and gadgets, such as smart phones, tablets, mobile laptops, etc. 

in recent years, efficient and safe wireless energy transfer to wirelessly charge such 

devices to cut the last cord has gained considerable attention [8], [9]. Fig. 1.1 shows the 

aforementioned applications for wireless power transmission. Using wireless power 

technology makes these devices/systems more convenient, environmentally sound, 

reliable, safer, and in some conditions even cheaper by removing wires, connectors, and 

power cords. 

 

Wireless power and data transmission can also be used in behavioral neuroscience 

research that applies the principles of neurobiology to the study of physiological, genetic, 

and developmental mechanisms of normal and abnormal behavior in humans and non-

human animals [10]. Most typical experiments in behavioral neuroscience involve non-

human animal models, which have implications for better understanding of the human 

nervous system and its pathology. Data from in vivo electrophysiology and behavioral 

neuroscience has helped in the treatment of disorders ranging from schizophrenia to 

epilepsy and depression. Most of these experiments involve multi-modal data acquisition 

during behavioral tasks from the monitoring of vital signs (body temperature, heart rate, 

blood pressure, ECG/EEG signals, etc.) to single and multi-unit neural activities, field 

potentials, concentration of certain chemicals in the blood stream, and tracking of the 

location, head orientation, and behavioral events from the animal subject. Furthermore, 

there are experiments that involve exposing the animal subjects to various stimuli in the 

form of electrical pulses, visual/auditory cues, mechanical/electrical stressors, or injection 

     
           (a)                                       (b)                                        (c)                                 (d) 

Fig. 1.1. Different applications for wireless power transmission. (a) A visual prosthesis device, (b) 

RFID, (c) charging mobile devices, and (d) charging Electric vehicles.  

 
 

 

 
  

 

 

 

 



3 

 

of chemical agents. More recently, optical stimulus is added to the mix in the popular 

field of optogenetics [11]. Conducting this type of research on behaving animal subjects 

requires wireless instrumentation with sensing, stimulation, or actuation components 

attached to or implanted in the animal body.  

There is a large body of research that signifies the effects and importance of the 

environmental enrichment (EE) in behavioral neuroscience [12]-[16]. It is found that EE 

has profound effects on brain neurochemistry and the resulting behavior, suggesting that 

EE has the potential to significantly modify these parameters in rats. It is also identified 

that the duration of the EE as one of the important variables in the EE [17]. A typical EE 

cage is shown in Fig. 1.2 that includes toys, rollers, and even multiple animals to 

resemble the cage to the natural habitat. 

 

The majority of today’s experiments require transferring animals from their home 

cage to the experimental space, one at a time, attachment and detachment of cables or in 

some cases wireless modules, close observation of the animal behavior by one or more 

researchers during the intervention and data collection, and returning the animal back to 

the home cage and eventually to the animal facility as shown in Fig. 1.3. This process 

   
Fig. 1.2. An example of an enriched environment for in vivo animal experiments. 
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needs to be repeated for every single session that creates a stressful and impoverished 

environment for the animal subject and taking considerable amount of researchers’ time.  

 

Wireless power and data transfer technologies can be used to develop a system to 

fully-automate or semi-automate (depending on the experiment) intervention and 

physiologically relevant data collection on a continuous basis over an extended period of 

time to allow enriched environments equipped with the necessary instruments and tools 

for most popular type of species in behavioral neuroscience, i.e. the rodents. 

Despite widespread use of deep brain stimulation (DBS), several aspects of the 

therapy remain controversial [18]. Moreover, multiple pilot studies have begun to 

examine the utility of the DBS for dystonia [19], epilepsy [20], and obsessive-compulsive 

disorder [21]. In dystonia, the beneficial effects of DBS can take weeks to months to 

manifest. Any intervention during this period in pre-clinical trials can compromise the 

results by deviating the experimental conditions from the clinical application. 

One of the modalities employed to address DBS effects within the central nervous 

system (CNS) is neural recording during and after high frequency stimulation to address 

changes in neuronal activity [22]. However, today’s experiments on rats and mice include 

only a few hours of DBS plus neural recording per day and cannot even go for a day. It is 

also very difficult to differentiate between the effects of intended and unintended 

   
Fig. 1.3. Georgia Institute of Technology animal facility with standard home cage. 
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interventions when sessions are interrupted with cable entanglements or 

attachment/detachment of wireless devices. The wireless power and data transfer 

technologies will be able to keep an inductively powered DBS plus neural recording 

system up and running in mice and rats for 24/7/356, if needed. 

Therefore, inductive links have the potential to power up wireless neural 

recording systems for freely behaving small animal subjects in enriched environments. 

Moreover, a key limitation of the current wireless neural recording systems that are 

developed for neuroscience applications is the need for the animal subject to carry a large 

payload of batteries for continuous recording over several hours or even days, which can 

affect the behavior of animals such as rats and mice [23], [24]. Therefore, users of such 

systems always have to make a compromise between the duration of the experiment and 

how much payload the animal can carry. We have used inductive power transfer 

technology in a system called EnerCage that allows neuroscientists to continuously run 

the neural interfacing experiments without replacing the batteries in arbitrary-shaped 

large experimental arenas. The EnerCage system, as shown in Fig. 1.4, is used to power 

up multi-channel neural wireless neural interfacing systems in an in vivo 

electrophysiology experiment [25], [26]. In EnerCage system, a power management and 

data transceiver (PMDT) is required to wirelessly provide a stable power and a robust 

communication link. The EnerCage system includes an array of coils for power transfer 

and either magnetic sensors or Microsoft Kinect for localization. The two key features of 

EnerCage are: 1) The wireless link power transfer efficiency should be increased all the 

way from the power amplifier to the load on the animal side in presence of distance 

variations between transmitter (Tx) and receiver (Rx) coils, load variations on the Rx 

side, and detuning of the Tx and Rx coils, and 2) Wideband and robust data 

communication between Tx and Rx should be established. 
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1.1. Wireless Power Transmission 

Three major techniques for wireless power transmission to IMDs have been 

applied so far: 1) Ultrasound power transmission, 2) High-frequency electromagnetic-

wave transmission, and 3) Inductive-coupling power transmission.  

1.1.1 Ultrasonic Power Transmission 

Since the human body contains approximately 60% water, which attenuates the 

electromagnetic wave greatly [27], wireless power transmission by ultrasound has been 

considered [28]. However, ultrasound wireless power is only promising for the 

applications with low-power consumption because of their low efficiency (39% at 10 

mm) [29]. The size of some ultrasonic systems is still too large to be implanted as shown 

in Figs. 1.5a and 1.5b. Although providing a two degrees-of-freedom device, which is 

shown in Figs. 1.5c and 1.5d, the power absorption of this energy converter is only 21.4 

nW. 

 
Fig. 1.4. The EnerCage system for wireless powering of neural interfacing devices/systems in freely 

behaving animal experiments [26]. 
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1.1.2. High-frequency Electromagnetic-wave Transmission 

The techniques used for wireless power transmission by means of high-frequency 

electromagnetic waves are summarized in [30]. The high-frequency link can offer reliable 

communication, however, the received power by the high-frequency antenna is still small 

(in the order of microwatts) for most IMDs [31]. Furthermore, the significant 

electromagnetic-field absorption in the tissue increases the ohmic losses of the tissue and, 

therefore, increases the tissue temperature, which can cause safety issues. 

1.1.3. Inductive Power Transmission 

In inductive power transmission, which principle is based on the Faraday’s law, a 

primary loop generates the varying magnetic field that results in an induced current in the 

secondary loop as shown in Fig. 1.6. In order to significantly increase the receiver 

voltage (V3) at a certain frequency of interest, fres, a capacitor, C3, is added in parallel 

with L3 to form an LC-tank circuit [32]. The resonance frequency of the L3C3-tank circuit 

should be tuned to match that of the external transmitter carrier frequency, f0. 

  

    
Fig. 1.6. An inductive link with resonance circuits to increase the secondary voltage, V3.  

 
 

 

 
  

 

 

 

 

    
(a)                                         (b)                                 (c)                          (d) 

Fig. 1.5. (a) The ultrasound air transducer (left: open-type, right: enclosed-type), (b) plastic horn for 

transmitter [28], (c) the ultrasonic converter, and (d) the packaged ultrasonic converter [29].  
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The inductive-link power-transfer efficiency (PTE) depends on the coils’ mutual 

inductance, M23, and the quality factors, Q2 = ωL2/R2 and Q3 = ωL3/R3 [32]. It is well 

known that M23, Q2, and Q3 are dependent on the coils’ geometry, which in general can 

also include their relative distance, orientation, and number of turns. The coils could be 

either wire-wound or lithographically defined on a planar conductive surface, such as a 

printed-circuit board (PCB) or micromachined surface. Wire-wound coils are made of 

filament wires in the form of a single or multiple individually insulated strands twisted in 

a circular bundle. The latter type is also known as Litz wire, which helps reducing the 

resistive losses in the coil due to skin effects, especially at higher carrier frequencies [33]. 

Printed spiral coils (PSC), which are lithographically defined on a substrate, such as PCB, 

can be batch fabricated and offer more flexibility in optimizing their geometries and 

aspect ratios, deeming them attractive for IMD and RFID applications [34]. 

A key design requirement of power links for IMDs is to provide sufficient power 

delivered to the load (PDL) while maintaining high PTE. High PTE is required to reduce 

1) heat dissipation within the coils, 2) exposure to electromagnetic field, which can cause 

additional heat dissipation in the power transmission medium, 3) size of the main energy 

source (e.g. battery), and 4) interference with nearby electronics to satisfy regulatory 

requirements [35]. At the same time, the link should provide sufficient PDL while 

considering practical limitations of the power amplifier (PA). Increasing the source 

voltage, Vs in Fig. 1.6, to increase the PDL can reduce the driver efficiency, require larger 

transistors in the PA, and make it more difficult to meet the safety requirements. 

Several methods have been proposed for designing wireless power transmission 

links. In [36]-[38], geometries of the primary and secondary coils, L2 and L3 in Fig. 1.6, 

have been optimized to achieve the maximum voltage on the load, and consequently high 

PDL. PDL is a key design merit when the space is limited and coils need to be 

miniaturized, such as in the IMD applications. Similarly, design and geometrical 
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optimization of inductive links based on the PTE have been widely studied [32], [34], 

[39]-[42]. The approach proposed in [32] is somewhat different by first designing L3 to 

maximize the PTE, and then optimizing L2 to maximize the PDL. Apparently, the 

literature lacks a clear figure-of-merit (FoM) that incorporates both PTE and PDL, and 

guides designers to give proper weight to these important but contrasting parameters.  

1.1.4. Coupled-mode Magnetic Resonance-based Power Transmission 

The coupled-mode magnetic resonant-based power delivery, which has been 

recently proposed by physicists at MIT, is an alternative wireless power-transfer 

technique that typically uses four coils (driver, primary, secondary, and load coils) as 

shown in Fig. 1.7. The proposed method is based on the well-known principle of resonant 

coupling (the fact that two same-frequency resonant objects tend to couple) [43], [44]. 

  This phenomenon, which has been explained by coupled-mode theory, can 

increase the PTE considerably at large coupling distances. The four-coil link has so far 

been studied from a circuit perspective for power transmission to multiple small 

receivers, transcutaneous powering, and recharging mobile devices [45]-[47]. However, 

an in-depth comparison between the coupled-mode and circuit-based theories, which 

would clarify the relationship between these two methods, is still lacking in the literature. 

    
Fig. 1.7. A power link designed based on a coupled-mode magnetic resonance-based power 

transmission. L1 is a coil of the driving circuit. L2 and L3 are the source and device coils, respectively. L5 

is a coil attached to the load [44]. 
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1.1.5. Closed-loop Wireless Power Transmission 

The coupling coefficient, k, between transmitter (Tx) and receiver (Rx) coils, 

which was shown in Fig. 1.6, is the main factor in determining the PDL. Any changes in 

k can drastically change the received power. Misalignments and distance variations 

between the coils as a result of their relative movements are the main causes of variation 

in k. Load changes can also cause variation in the Rx coil voltage. Such variations are 

highly undesired in IMDs because too little power can cause malfunction and extra power 

can increase heat dissipation and damage the surrounding tissue. 

One possible solution to stabilize the received power is to change the transmitted 

power in a closed loop in a way that the received power stays slightly above the 

minimum level that keeps the IMD operational. In such systems, the information about 

the received power is sent from the IMD to the outside of the body either through back 

telemetry based on load shift-keying (LSK) [48], [49] or actively along with data [50]-

[52]. In [48], an analog-to-digital converter (ADC) digitizes the rectifier voltage to 

provide the power bits for digital communication. In [49]-[52], the rectifier voltage has 

been compared with a reference voltage, and a power bit is transmitted to the Rx. In the 

external unit, a detection circuit receives the data and a control unit provides the 

necessary voltage for the PA through a power-efficient DC-DC converter [48]. The Tx 

supply voltage is adjusted utilizing an n-bit digital-to-analog converter (DAC) followed 

by a Darlington-connected BJT pair in [49]. In [51], the IMD received power is regulated 

through a frequency control method in which the power carrier frequency is changed to 

detune the Rx coil and adjust the secondary voltage. It can be seen that these works have 

all developed an application-specific integrated-circuit (ASIC) through a long and costly 

process to close the power loop. Also the stability analysis of such a loop is only 

presented by [48] using a continuous-time model that does not consider the loop speed. 
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1.2. Wireless Data Transmission 

Wideband data telemetry is one of the most important functions in a group of 

IMDs, known as neuroprostheses, which substitute sensory or motor modalities that are 

lost due to an injury or a disease. Well-known examples are the cochlear implants and 

visual prostheses, which need a large volume of data from external sensors to the IMD, or 

invasive brain-computer interfaces, which collect a massive amount of data from the 

central neural system and transfer the data to the outside of the body to control the 

patient’s environment or prosthetic limbs after signal processing [2], [53]-[56].  

In IMDs, high-bandwidth telemetry must be achieved at the lowest possible 

carrier frequencies because of the significant electromagnetic-field absorption in the 

tissue, which exponentially increases with the carrier frequency [57]. This requirement 

rules out the majority of commercially-available wideband wireless protocols, such as 

Bluetooth or WiFi, which operate at 2.4 GHz. There are also specific standards, such as 

Medical Implant Communication Service (MICS), operating in the 402-405 MHz band, 

which can only offer a limited bandwidth (300 kHz) [58]. Therefore, utilizing a pair of 

loosely-coupled coils is the most common method for establishing wideband data 

telemetry in IMDs. Achieving low-power consumption, small size, and wide bandwidth 

while maintaining robustness against external interference, distance variations, and coils 

misalignments, is among major challenges in establishing inductive telemetry links. 

The majority of modulation techniques that have been used in inductive telemetry 

links are carrier based. Amplitude shift-keying (ASK), frequency shift-keying (FSK), 

binary/quadrature-phase shift-keying (BPSK/QPSK), and load shift-keying (LSK) are 

examples of such methods [59]-[65]. These carrier-based methods were attractive in the 

early IMDs because the same low-frequency carrier could be used for powering the IMD. 

In high-performance IMDs that require wider bandwidth, however, the power carrier has 

to be separated from the data carrier because the frequency of the power carrier cannot be 
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increased considering tissue loss at high frequencies. In addition, dependence of all these 

methods on carrier signals has resulted in high-power consumption on the Tx side. 

The use of high-frequency data carriers for wideband communication in the IMDs 

requires complex and power-consuming frequency-stabilization RF circuits, which is not 

desired. Recently, we have devised and reported a new pulse-based data-transmission 

technique, called pulse-harmonic modulation (PHM), to further push the limits of power 

consumption and data rate (DR) in near-field telemetry links [66], [67]. There are also 

other pulse-based near-field data-transmission methods, developed for chip-to-chip 

communication and body area networks (BAN), in which inductive links with low quality 

factors are used to achieve wide bandwidth [68]-[70].  

In 2002, the FCC issued a ruling deregulating the use of ultra-wideband (UWB) 

technique for low-power communications. A variation known as impulse-radio (IR) 

UWB, in which data is transmitted via sub-nanosecond pulses through wideband 

antennas, soon became quite popular for short-range ultra-low-power applications [71]-

[73]. Low-power consumption in the IR-UWB transmitters is mainly because of being 

carrier-less, which leads to the elimination of continuously power-consuming high-

frequency oscillators. These features make the IR-UWB an attractive choice for IMDs. 

However, the caveat is that the ordinary IR-UWB, which is intended for far-field 

interactions in the 3.1-10.6 GHz band, is highly absorbable in water and cannot penetrate 

or pass through tissue [74]. 

Although pulse-based methods offer high bandwidth, the strong power-carrier 

interference can dwarf the weak data-signal on the Rx side and make data recovery quite 

difficult if not impossible. Hence, the power-carrier interference needs to be filtered out 

and minimized, which will add to the power consumption and complexity of the Rx. This 

has motivated us to devise a new dual-band data and power transmission technique for 

near-field wideband applications, called Pulse-delay Modulation (PDM), which takes 

advantage of the undesired power-carrier interference on the wireless data link (as the 



13 

 

result of the proximity of power and data coils) to deliver the data. The proposed method 

saves the power and space needed for filtering out the power carrier interference, and also 

takes advantage of the low-power and low-complexity properties of the IR-UWB, 

particularly on the Tx side, to further reduce the IMD power consumption.  

1.3. Multi-band Wireless Power and Data Transmission 

The main advantage of using a single carrier for both power and data transmission 

is the relatively robust coupling between power coils, which can lead to more reliable 

data transfer. Another advantage is the saving in space by reusing the power coils for 

multiple purposes. However, achieving high PTE and high data-transmission bandwidth 

utilizing the same carrier would be challenging because of their conflicting requirements 

[57]. The primary issue is that modulating the power carrier in any form complicates the 

power Tx circuitry and reduces the PTE. Another important issue is the low frequency of 

the power carrier, which further limits the data transfer bandwidth to levels that are 

insufficient for most wireless applications.  

This has motivated us to investigate the development of a multi-band wireless link 

with innovative system- and circuit-level techniques aimed at wideband, low-power, 

efficient, and robust wireless data and power transmission.  Fig. 1.8 shows the proposed 

multi-band link that uses three carrier signals for power, downlink (forward data 

transmission), and uplink (back telemetry) with each carrier having its own pair of coils 

or antennas to decouple the data from the power link [57].  
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The structure of the dissertation is as follows: In Chapter II, an RFID-based 

closed-loop power transmission system is proposed with measurement and in vivo 

experimental results. Chapter III includes a high performance 3-coil inductive power 

transmission link by introducing the trade-offs in 4-coil links. A design procedure for 

multi-coil links is also presented. Chapter IV describes the circuit theory behind magnetic 

resonance-based power transmission systems. Two, three, and four coil links are analyzed 

based on coupled-mode and circuit theories and proved to be identical. Chapter V 

proposes a novel figure-of-merit (FoM) for high-performance inductive power 

transmission. This FoM could also help designers to choose the optimal link between 2-, 

3-, and 4-coil links. Chapter VI shows the design and test results of the first implemented 

PMDT chip with novel feature of automatic resonance tuning of the Rx coil. Moreover, a 

Q-modulation technique is proposed for adaptive load resistance matching at Rx. Chapter 

VII presents the novel PDM and PWM-IR techniques for low-power, wideband, and 

robust data transmission. Chapter VIII describes the measurement and in vivo results of 

the second implemented PMDT chip on the EnerCage system. Finally, the contributions 

of this dissertation and suggested future works are summarized in Chapter IX. 

  
Fig. 1.8. Simplified block diagram of the wireless transmission of power and data across a multi-band 

inductive link. The wireless link consists of two inductive links, L1-L2 for power transmission and L3-L4 

for forward data transmission using pulse delay-modulation (PDM), and a UWB link for back telemetry. 

The UWB link combined impulse radio (IR) and pulse width modulation (PWM) techniques to further 

reduce the power consumption at the transmitter. The power/data channel could be either skin in case of 

IMDs or air when the EnerCage system is used. 
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CHAPTER II 

RFID-BASED CLOSED-LOOP POWER TRANSMISSION 

 

Passive radio-frequency identification (RFID) tags and certain implantable 

microelectronic devices (IMD), such as cochlear implants, do not include batteries due to 

cost, size, weight, safety, and lifetime limitations. Inductive power transmission provides 

these devices with the required power on a continuous basis [7], [75]. In these systems, 

wireless power transmission across a pair of loosely coupled coils is preceded by a power 

amplifier (PA) in the external unit, and followed by an efficient rectifier in the implanted 

unit to provide the IMD with an unregulated supply [76].  

The coupling coefficient, k, between transmitter (Tx) and receiver (Rx) coils is the 

main factor in determining the amount of power that can be delivered to the IMD. Any 

changes in k can drastically change the received power. Misalignments and distance 

variations between the coils as a result of their relative movements are the main causes of 

variation in k. Changes in the received power can cause large voltage variations across 

the Rx coil. Load changes as a result of stimulation, for example, can also cause variation 

in the Rx coil voltage [32]. Such variations are highly undesired in IMDs because too 

little power can cause malfunction, and extra power can increase heat dissipation within 

the implant and damage the surrounding tissue. Therefore, stabilizing the IMD received 

power over a range of coupling and loading variations is imperative. One possible 

solution is to change the transmitted power in a closed loop in a way that the received 

power stays slightly above the minimum level that keeps the IMD operational [48]. Fig. 

2.1 shows the simplified block diagram of such a closed loop power transmission system. 

A back telemetry circuit based on load shift keying (LSK) has been used to send 

information about the received power to the external transmitter. In the external unit, a 

detection circuit receives the back telemetry data, and a control unit provides the 

necessary voltage for a class-E PA through a DC-DC converter.  
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Unlike previous works [48]-[52], instead of developing a custom application 

specific integrated circuit (ASIC) through a long and costly process, we are taking 

advantage of the built-in capabilities of a commercial off-the-shelf (COTS) RFID reader, 

TRF7960 (Ti, Dallas, TX), in the external unit to not only close the inductive power 

transmission loop through back telemetry, but also drive the transmitter coil. This is a 

novel application for COTS RFID readers to be part of a standalone closed-loop wireless 

power transmission system. Because before this work, RFID systems have often been 

operated open loop for one way data or power transmission. Since motion artifacts occur 

at low frequencies, the bandwidth offered by the COTS RFID back telemetry link (800 

kb/s) is much higher than what is required for regulating the received power. Therefore, 

the excess bandwidth can be used for sending recorded biological information to the 

external unit. 

Despite numerous publications on closed-loop power transmission systems, only 

[48] has presented a control model. However, even in this paper the authors have not 

considered the discrete time nature of the control loop. Hence, the sampling frequency 

has not been considered in the stability analysis. We have derived a discrete time model 

for the closed-loop system, which can more accurately predict the system behavior in 

response to perturbations. 

2.1. System Architecture 

 Block diagram of the proposed RFID-based closed-loop power transmission 

system, which is composed of a power transmitter and a standalone transponder, is shown 

 
Fig. 2.2. Closed-loop inductive wireless power transmission across the skin. 
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in Fig. 2.2. In this system, power transfer takes place across the primary and secondary 

coils, L1 and L2, from the Tx to the IMD (Rx).  The AC voltage across L2 is rectified, 

digitized, and sent back to the Tx using LSK. An ultra-low power MSP430 

microcontroller (Texas Instruments, Dallas, TX) with a 10-bit built-in ADC is used to 

digitize the rectifier voltage. Therefore, the Tx can adjust the transmitted power 

adaptively in order to maintain the rectifier voltage at a designated level with 10 bits of 

accuracy. 

 

2.1.1. Standalone IMD transponder 

The IMD transponder consists of a rectifier, a 3.3 V regulator, LSK circuit, and an 

MSP430 microcontroller with a built-in 10-bit ADC. A wideband full-wave rectifier is 

used to convert the 13.56 MHz power carrier to a DC voltage, Vrec, which is attenuated 

(0.5 × Vrec), sampled, and digitized with respect to a 3.3 V reference voltage at 500 Hz. 

The resulting 10 bits of information about the rectifier output voltage is combined with 

start bits, “01”, and sent back to the Tx by closing M1 switch (BSS138 MOSFET) at a 

rate of 250 kHz with short (375 ns) pulses to prevent unnecessary power dissipation. 

MSP430 microcontroller was operated by its 16 MHz internal clock, which resulted in a 

total power dissipation of 27 mW in the IMD transponder. 

 

Fig. 2.2. Block diagram of the RFID-based closed loop power transmission system utilizing a 10-bit 

ADC on the transponder side (IMD) to report the actual rectifier voltage to the control mechanism on the 

external transmitter side. 
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2.1.2. Power Transmitter 

The transmitter should not only power up the transponder but also detect the back 

telemetry data, including the transponder power level information, in order to close the 

wireless power transmission loop. An RFID reader is a good candidate for this purpose 

because it can both drive a coil and recover LSK back telemetry data. Due to the short 

distance between Tx and Rx coils in IMD applications, the TRF7960 RFID reader chip 

from Texas Instruments was chosen, which is equipped with a built-in class-D PA that 

can provide up to 200 mW output power. The PA output power was adjusted by changing 

its supply voltage, Tx_VDD, through an efficient DC-DC converter (TPS61070) with 

more than 90% power conversion efficiency.  

The RFID reader detects the back telemetry data and delivers it to the control unit, 

which is composed of an nRF24LE1 microcontroller, a digital potentiometer, and the 

DC-DC converter, as shown in Fig. 2.2. Received raw data is oversampled by the 

microcontroller that operates with an accurate 16 MHz timebase from a crystal oscillator. 

The microcontroller always searches for the start bits, “01”, and when they are detected, 

recovers the rest of the packet, which is the IMD rectifier voltage digitized in 10 bits and 

designated as Vrec,dig in Fig. 2.2. In order to adjust Vrec = 3.8 V, which is 0.5 V above the 

desired regulator output, the decimal value of Vrec,dig is compared with a threshold = 560 

in the microcontroller. If the result is negative, the control unit increases the transmitted 

power and vice versa. The control unit also maintains the transmitted power when it 

receives 560, which implies that Vrec = 3.8 V. In the presence of any external disturbance, 

the control unit reduces or increases the transmitted power according to Vrec,dig value until 

it receives 560. In steady state, the rectifier voltage has negligible ripple due to constant 

transmitted power, which is not the case when only one bit is sent to the Tx. 

The DC-DC converter output voltage is proportional to its resistive feedback 

ratio. A counter inside the digital potentiometer, driven by a 500 Hz clock form the 

microcontroller, normally counts up and increases the resistive ratio of the feedback loop. 
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The 100 kΩ digital potentiometer can change the Tx_VDD from 3.5 to 5 V in 100 steps. 

When microcontroller changes the direction of the potentiometer counter, the feedback 

resistive ratio of the DC-DC converter is decreased and consequently Tx_VDD is reduced. 

2.2. System Modeling 

We have modeled the closed-loop power transfer system in Fig. 2.2 for stability 

analysis. Although all the voltages and currents in the system are continuous in time, the 

closed-loop system operates in discrete time because the digital potentiometer counter 

clock cycles determine the timing of every change in the system variables. In Fig. 2.3, the 

system has been simplified and divided into 4 key building blocks: 1) back telemetry 

circuit, 2) control unit, 3) RFID class-D PA and inductive link, and 4) resistive-capacitive 

(RC) load following the rectifier circuit. Reference voltage, Vref, is the system’s input and 

the rectifier voltage, Vrec, is its output. Back telemetry circuit has been modeled by an 

adder, which compares Vref and Vrec. The control unit either increases or decreases the PA 

supply voltage according to the back telemetry data. Therefore, this unit is represented as 

an integrator, which gain, kI, is determined by the number of digital potentiometer taps, 
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where x[n] is the input to the control unit (i.e. back telemetry data), and y[n] is the output 

of the control unit, which is the PA supply voltage. 

 

 

Fig. 2.3. Closed-loop power transfer discrete time model. 
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Because of the low back telemetry and power update frequencies and for 

simplicity, the class-D PA and inductive link are considered wideband and modeled only 

with a gain factor, KE, which is the ratio of the average current delivered to the rectifier 

RC load (Ir) to the power amplifier supply voltage. The rectifier capacitive load current, 

Ic[n], and resistive load current, IRL[n], are given by, 

 
        

 
 

L

rec
RL

recrec
c

R

nV
nI

T

nVnVC

T

nqnq
nI 





 ,

11
,                                        (2.2) 

where T is the digital potentiometer counter clock period, Vrec[n] is the rectifier voltage at 

time t = nT, and q is the total charge stored in the rectifier capacitor. G(z), the impedance 

of the rectifier RC load can be found from,   

 
 
  11 



z
T

CR

T

CR

R

zI

zV
zG

LL

L

r

rec .                                                                               (2.3) 

Using (2.1), (2.2), and (2.3), the closed-loop system transfer function in the Z-

domain can be written as, 
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which has two poles at  
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From basic control theory, a discrete-time system is stable if and only if every 

pole of its transfer function has a magnitude less than one, i.e. all poles must reside 

within the unit circle on the Z-plane. It can be shown that both poles in (2.5) are inside 

the unit circle, and the system is always stable. However, there are two different 

conditions for the system operation. If 14
2

TkCkR IEL
 then the poles are real and the 

system is over damped. Otherwise, the poles are complex and the system is under 



21 

 

damped. The magnitude of the poles in this case can be found from (2.6), which is 

obviously less than one. 
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Using (2.5), it is possible to predict at what counter clock frequency, 1/T, the 

system is over or under damped. In our design, the loop response is over-damped for 1/T 

< 1.2 kHz. The normalized step responses of the closed-loop system for two clock 

frequencies of 300 Hz and 3 kHz are shown in Fig. 2.4. Our measurements support the 

accuracy of this simplified model. However, it should be noted that increasing the 

potentiometer clock frequency, 1/T, moves the poles closer to the unit circle, and results 

in poor stability of the system. 

 

2.3. Measurement Results 

We used two methods to verify the functionality of the closed loop system. First, 

we looked at variations in k by changing the coupling distance, d, and coils’ alignment. 

Fig. 2.5a shows Vrec and regulator voltage, Vreg, on the transponder and PA supply 

voltage and L1 voltage on the transmitter side. When d = 2 cm, TX_VDD is 5.5 V, Vrec = 

3.6 V, and Vreg = 3.3 V. In about 200 ms after the beginning of the trace, d is suddenly 

 

Fig. 2.4. Step response of the system for two counter clock frequencies. 
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changed to 0.5 cm, while trying to maintain the coils alignment. As a result of this step 

increase in k, Vrec increases, while the closed-loop feedback starts reducing TX_VDD to 

oppose this perturbation.  

It takes ~0.4 s for Vrec to return back to 3.6 V, and TX_VDD to settle in its new 

value, slightly more than 3 V. It can be seen that as a result of increased k, the transmitted 

power has been decreased, and the system behavior is over damped, as predicted by our 

model for 1/T = 300 Hz. ~1.1 s after the beginning of the trace, coils are returned back to 

their original position at d = 2 cm, resulting in TX_VDD to return back to 5.5 V also. 

What is important is that during all these changes, the 1
st
 trace from top in Fig. 2.5a, 

which shows the transponder regulator, Vreg, is maintained constant at 3.3 V. 

Second, we observed the effects of changing the transponder loading, RL, on the 

closed-loop system. This was done by connecting and disconnecting a 1.45 kΩ resistor 

across the regulator output. RL changes the transponder power consumption from 11.2 

mW to 18.7 mW. The transient response in Fig. 2.5b shows that the regulator and 

rectifier voltages decrease slightly by applying the load as the IMD power consumption 

suddenly increases. It can be seen that TX_VDD increases to compensate for higher power 

demand on the transponder side. Conversely, after disconnecting the additional load, all 

voltages return back to their original values. A voltage limiting or detuning circuit is 

needed before the rectifier to avoid large voltages across L2 when the coils move too 

close or when the IMD power consumption drops significantly, which results in a sudden 

increase in the loaded quality factor of L2. 

Power transfer efficiency (PTE) improvement is an added benefit of the closed-

loop power transmission system. In an open loop system, the transmitter power is always 

constant while the received power can change as a result of variations in k and loading. 

To ensure functionality of the IMD in all conditions, the transmitter power should be high 

enough to energize the IMD in the worst case scenarios, such as the largest possible d, 

worst misalignments, or maximum loading. These result in poor efficiency when k is high 
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or loading is low. To make things worse, the extra power is dissipated as heat on both Tx 

and Rx sides, increasing the risk of tissue damage. In a closed-loop system, however, the 

transmitter power is increased only as much as needed based on k value and loading 

conditions. 

  Fig. 2.6a compares the measured and simulated overall power efficiency from 

battery in Tx unit to the transponder loading after the regulator (DC-DC Converter%  PA% 

 inductive link %  rectifier%  regulator%) for the open-loop and closed-loop systems. As 

expected, closed-loop power control has increased % significantly when the coils are 

close to each other. Load regulation capability of the system is demonstrated in Fig. 2.6b. 

The closed-loop system increases the transmitted power to keep the rectifier voltage 

constant for loads up to 8 mA which is the maximum power that Tx can provide in this 

system at d = 1 cm. In the open-loop system, Vrec decreases when the transponder load 

current increases because the transmitted power remains constant. 

   

                                                                                                      (a)                                                                                (b) 

Fig. 2.5. Closed-loop power transmission system measured waveforms: (a) Changing coils’ relative 

distance from 2 to 0.5 cm, and coupling coefficient. (b) Changing the transponder loading from 11.2 to 

18.7 mW. 
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2.4. Experimental In Vivo Results 

Fig. 2.7 shows the RFID-based closed-loop power-transfer experimental setup. 

All experiments were conducted with prior approval from the Institutional Animal Care 

and Use Committee (IACUC) at Michigan State University. A 1 year old adult Sprague 

Dawley rat, weighing 400 g, was the animal model.  A printed spiral coil (PSC) 

fabricated on FR4 printed circuit board and a wire-wound coil fabricated with Litz wire 

(AWG 30) were utilized as the Tx and Rx coils, respectively. Table I shows the optimal 

geometries of these coils for fP = 13.56 MHz and other system specifications [34]. The Tx 

circuitry was placed in a PET box and mounted on the back of the rat using a special 

jacket. The Tx coil, L1, was located at the bottom of the box, as shown in Fig. 2.7 right 

inset. The IMD transponder circuitry was mounted on top of the box and the Rx coil, L2, 

was placed between the jacket and the box at ~7 mm separation from L1 using plastic 

sheets. A 10 cm twisted pair of Litz wires connected the IMD transponder to L2, as shown 

in Fig. 2.7 left inset. 

A dual-axis thermal accelerometer (28017, Memsic, Rocklin, CA) was embedded 

in the box to measure vibrations with 1 mg resolution at 100 Hz. Acceleration in the X- 

and Y-axes indicate the misalignment and distance variations between L1 and L2, 

   

                                                                                                      (a)                                                                                (b) 

Fig. 2.6. (a) Simulated and measured overall efficiencies vs. coils distance in open- and closed-loop 

conditions. (b) Open- and closed-loop load regulation.  
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respectively. The PA supply voltage (Tx_VDD), received rectifier voltage (Vrec,dig), and 

accelerometer X- and Y-axis outputs were oversampled by a data acquisition module 

(USB-6259, National Instruments, Austin, TX) at 500 kHz. During the experiment, the 

operator tried to move the data acquisition module along with the animal. However, the 

tethering effect of interconnects possibly added to the motion artifacts between the two 

coils, which was not a major problem considering the purpose of this experiment. 

 

 

An experiment was conducted to demonstrate the significance and functionality of 

the closed-loop power transmission system in comparison with the same system when it 

was open loop. Considering that open-loop systems need to operate based on the worst 

case conditions, in the first part of this test, we opened the power control loop in Fig. 2.2 

by disconnecting Tx_VDD from the DC-DC converter output and connecting it to a fixed 

 
Fig. 2.7. RFID-based closed-loop power transfer in vivo experimental setup. L2 was placed between a 

special jacket and the Tx box (not implanted). 

  

 

 

 

 

Table 2.1: Optimal coil geometries and system specifications 

Parameters Designed Values 

Tx printed spiral coil (L1) 

Outer/inner diameter = 2.7/1.1 cm 

Line width = 2 mm 

Number of turns = 4 

Rx Litz wire-wound coil (L2) 

Dimension = 1.2 × 1 cm
2
 

Wire diameter = 0.25 mm 

Number of turns/strands = 6/44 

Power transmission frequency 13.56 MHz 

Back telemetry/Power update frequency 250/0.5 kHz 

Weight of the Tx box/IMD transponder 26.1/0.8 g 
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5 V, which was the maximum available supply level. Fig. 2.8 shows Vrec,dig and the fixed 

Tx_VDD vs. time. Here we are only showing a 60 s window of the recorded data, during 

which we observed the largest vibrations, resulting in up to ~1.8 V variations in Vrec,dig. It 

can be seen that Vrec,dig is much higher than the desired 3.8 V because of maximizing 

Tx_VDD, resulting in additional power dissipation in the IMD transponder. 

 

Figs. 2.9a and 2.9b show the acceleration in the X- and Y-axis, respectively. It 

can be seen that when acceleration along the X-axis is negative, the rectifier voltage has 

been reduced, while positive acceleration leads to increments in the rectifier voltage. This 

may be because of an initial misalignment between the coils, with the animal movements 

in positive direction helping to better align the coils while movements in the negative 

direction worsening the misalignment. 

 

   
                                          (a)                                                                               (b) 

Fig. 2.9. Open-loop inductive power transmission system measured waveforms: (a) Acceleration in X-

axis. (b) Acceleration in Y-axis.  

 

 

 

 

 
Fig. 2.8. Open-loop results for Tx power amplifier supply voltage (Tx_VDD) and received rectifier 

voltage (Vrec,dig) in Fig. 2.2.   
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In the second part of the experiment, the closed-loop system was tested in similar 

conditions. Fig. 2.10 shows Vrec,dig and Tx_VDD vs. time. Comparing these waveforms 

with Fig. 2.8 shows that the closed-loop system has maintained the rectifier output 

voltage constant at the designated level (3.8 V) by changing Tx_VDD within 4.2~4.6 V. 

Figs. 2.11a and 2.11b show the acceleration in the X- and Y-axis, respectively. It can be 

seen that the PA supply voltage increased when acceleration in the Y-axis was positive, 

which indicates that the coils’ relative distance increased slightly during those times. 

Nonetheless, the coil vibrations were generally small in this experiment due to the mass 

of the Tx box and its contents. Our next step is to implant the Rx module inside the 

animal body and test the closed loop power transmission system in the most realistic 

condition. 

 

 

   
                                          (a)                                                                               (b) 

Fig. 2.11. Closed-loop inductive power transmission system measured waveforms: (a) Acceleration in 

X-axis. (b) Acceleration in Y-axis.  

 

 

 

 

 
Fig. 2.10. Closed-loop results for Tx power amplifier supply voltage (Tx_VDD) and received rectifier 

voltage (Vrec,dig) in Fig. 2.2.   

 

 

 

 



28 

 

CHAPTER III 

DESIGN AND OPTIMIZATION OF MULTI-COIL INDUCTIVE 

POWER TRANSMISSION LINKS 

 

Inductive power transmission can be used to either continuously power up a 

device or temporarily recharge its batteries without any direct electrical contact between 

the energy source and that device. A high efficiency power amplifier (PA), connected to 

the main energy source on the transmitter side (Tx), often drives the primary coil, which 

is mutually coupled to a secondary coil on the receiver side (Rx),  which is connected to 

the load (RL). The load can cover a wide range of applications from high performance and 

sophisticated implantable microelectronic devices (IMD) with relatively high power 

consumption (>100 mW), such as cochlear and retinal implants, to simple and low power 

radio frequency identification (RFID) tags that cannot use primary batteries due to their 

cost, size, or lifetime constraints [7], [77]-[80].  

The mutual inductance between a pair of coupled coils, M, is proportional to d
-3

, 

where d is the center-to-center spacing between the coils when they are in parallel planes 

and perfectly aligned [7]. A key requirement in all of the above applications is to deliver 

sufficient power to the load with high power transfer efficiency (PTE) when d is 

relatively large or the coils are misaligned, i.e. when M is very small (PTE is already 

large enough for small d). Large PTE is meant to reduce heat dissipation within the coils, 

tissue exposure to AC magnetic field, which can cause additional heat dissipation in 

IMDs, size of the main energy source, and interference with nearby electronics to satisfy 

regulatory requirements [35], [82], [83].  

Design, theoretical analysis, and geometrical optimization of the conventional 2-

coil inductive links have been covered extensively in the literature over the last three 

decades [32], [34], [41], [42], [84]-[91]. More recently, a 4-coil power transmission link 

was proposed in [92] to further increase the PTE, particularly at large d. In the 4-coil 
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arrangement, which schematic diagram is shown in Fig. 3.1a, a pair of coils is used on the 

Tx side, which are referred to as the driver, L1, and primary, L2, coils. A second pair of 

coils is used on the Rx side, which are referred to as the secondary, L3, and load, L4, coils. 

All of these coils are tuned at the same resonance frequency, f0, using capacitors C1 ~ C4. 

The coils’ parasitic resistances are also shown by R1 ~ R4. The 4-coil method has so far 

been adopted for transferring power to multiple small receivers, transcutaneous power 

transmission for d = 10~20 mm, and recharging mobile devices in [45]-[47], respectively. 

However, an in-depth comparative circuit analysis of this arrangement that can guide a 

design and optimization scheme for such applications is still lacking. 

 

We have analyzed the 4-coil inductive link utilizing the reflected load theory [7], 

which is more familiar to circuit designers than the coupled-mode theory used by the 

physicists in [44], and compared it with its conventional 2-coil counterpart. Our analysis 

shows that utilizing the 4-coil method increases the PTE at large d at the cost of a 

significant reduction in the power delivered to the load (PDL). Therefore, unless the 

application requires a small amount of power (10s of mW or less), a high driving voltage 

(Vs) will be required, which can reduce the driver efficiency and lead to safety issues in 

   

(a) 

 

                                                                                                                              (b)                                                    (c)  

Fig. 3.1. Lumped circuit models of (a) 4-coil and (b) conventional 2-coil inductive links for wireless 

power transfer. (c) Equivalent circuit of the reflected load on to the primary loop at resonance (for the 

sake of simplicity, Rs, which is a property of the driving circuitry, has been merged with R2). 
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medical applications. Instead, we have demonstrated that a 3-coil inductive power 

transfer link not only provides as high PTE as the 4-coil method but also offers a PDL 

that is significantly higher than both 2- and 4-coil links at large d.  

3.1. Theory of Multiple Inductively-coupled Coils 

Fig. 3.1b shows the simplified schematic diagram of a 2-coil inductive link. It is 

known that the highest PTE across this link can be achieved when both LC tanks are 

tuned at the same resonance frequency, f0 =1/  √     =1/  √      [32]. The effect of 

the Rx side on the Tx side can be modeled at resonance by calculating the reflected 

impedance, 

LLref QQRkQLkR 322

2

23320

2

23   ,                                                                                  (3.1) 

where         √    , Q2 = ω0L2/R2 , and Q3L = Q3QL/ (Q3+QL), in which Q3 = ω0L3/R3 

and QL = RL ω0L3 [7]. QL is often referred to as the load quality factor, and the value for 

M23 can be calculated from the Appendix. Hence, the primary loop can be simplified at 

resonance as the circuit shown in Fig. 3.1c. It should be noted that R2 in Fig. 3.1c also 

includes Rs, the output impedance of the driver circuitry, Vs.  

To derive an equation for the PTE at resonance, we should consider that the 

power provided by Vs divides between R2 and Rref, and the power delivered to Rref, i.e. the 

power that is received by the secondary loop, divides between R3 and RL, which are the 

only power consuming components on the Rx side. This will lead to [32] 
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1
 .                                                                                        (3.2) 

Note that the first and second terms in (3.2) correspond to the power division between R2 

and Rref, and R3 and RL, respectively.  
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The amount of power delivered to the load (PDL), on the other hand, can be 

calculated by multiplying the power provided by Vs, i.e.    
            , by the PTE from 

(3.2) 
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 .                                                                            (3.3) 

If the simple 2-coil inductive link in Fig. 3.1b is extended to an m-coil link, in 

which 1
st
 and m

th 
coils are connected to the energy source and load, respectively, the 

reflected load from the (j+1)
th

 coil to the j
th

 coil can be found from 

Ljjjjjjref QLkR )1(0

2

1,1,    ,     j = 1, 2, … , m-1                                                                   (3.4) 

where kj,j+1 is the coupling coefficient between the j
th

 and (j+1)
th

 coils and all coils are 

tuned at the same resonance frequency, f0. Q(j+1)L is the loaded quality factor of the (j+1)
th

 

coil which can be found from 
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, j = 1, 2, … , m-1                                 (3.5) 

 

where Qj = ω0Lj/Rj and Rj are the unloaded quality factor and parasitic series resistance of 

the j
th

 coil, Lj, respectively. It should be noted that for the last coil, which is connected to 

the load in series, QmL = ω0Lm/(Rm+RL) and for the first coil, which is connected to the 

source, R1 also includes the source output impedance, Rs. Therefore, assuming that the 

coupling between non-neighboring coils is negligible, the PTE from the j
th

 coil to (j+1)
th

 

coil can be written as 
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 .                                                               (3.6) 

 

Using (3.4), (3.5), and (3.6), the overall PTE in such a multi-coil inductive link 

can be found from  
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and the PDL from, 
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For (3.7) and (3.8) to be valid, all coils should be tuned at the same resonance frequency 

to also achieve the highest PTE and PDL between each neighboring pair of coils [32], 

and maximize the PTE and PDL of the multi-coil link. 

3.1.1. Optimal 2-coil Power Transfer Link 

The PTE profile of the 2-coil inductive link according to (3.2) is a monotonically 

decreasing function of the coils’ coupling distance, d23. However, for a given set of Q2, 

Q3 and k23 values, there is an optimal load, RL,PTE = ω0L3QL,PTE, which can maximize the 

PTE at that particular d23. QL,PTE can be found by calculating the derivative of (3.2) vs. QL 

from 
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The maximum PDL at a certain d23 can be achieved when the reflected impedance 

from (3.1) matches the primary coil impedance, i.e. Rref = R2. It should also be noted that 

in this condition, the PTE is always less than 50%, because half of the power is dissipated 

in R2. Thus, the coupling coefficient which maximizes PDL for a certain RL can be found 

from, 
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Alternatively, by calculating the derivative of (3.3) vs. QL, one can find the optimal load, 

RL,PDL = ω0L3QL,PDL, which can maximize the PDL at a particular d23, where 
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It is important to note that according to (3.9) and (3.11), the maximum PTE and 
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PDL cannot be achieved simultaneously with the same RL or d23. In the 2-coil links, each 

of these conditions requires a specific set of k23, Q2, and Q3, which may not be feasible 

within the designated constraints. On the other hand, a multi-coil solution provides the 

designer with more degrees of freedom to optimize the inductive link based on either one 

of the above requirements. This is the basic idea behind the 3- and 4-coil inductive links, 

despite their potential negative impact on the size-constrained applications. 

3.1.2. Four-coil Power Transfer Inductive Link 

The PTE in the 4-coil inductive link, shown in Fig. 3.1a, can be found by 

reflecting the resistive components to the left from the load coil back to the driver coil 

loop, one stage at a time using (3.4), and calculating the portion of the power that is 

delivered to the following stage, using (3.6), until it reaches RL   
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 .                             (3.12) 

To simplify this equation, k13, k14 and k24 have been neglected in comparison to coupling 

coefficients between neighboring coils, which are k12, k23 and k34 [46]. Using the same 

method, the PDL in the 4-coil inductive link can be found from 
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                                   (3.13)                               

The PTE between loosely coupled primary and secondary coils, L2 and L3, is the 

dominant factor in determining the overall PTE of the 4-coil link at a large coupling 

distance, d23. When RL reflects onto L3 from L4 according to (3.4), it reduces the quality 

factor of L3 from Q3 = ω0L3/R3 to 

L
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 ,                                                                                                 (3.14) 

based on (3.5). In order to maximize the PTE between L2 and L3, Q3L in (3.14) should 

satisfy (3.9). k34 in (3.14) is, therefore, a key parameter in 4-coil links which allows 
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designers to maximize the PTE for any arbitrary RL. This flexibility is not available in a 

2-coil link. Similarly, the total impedance in the secondary coil reflects onto the primary 

coil, based on (3.4), and reduces the primary coil’s quality factor from Q2 = ω0L2/R2 to
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From (3.15) and (3.6) it can be inferred that a strong coupling between the primary and 

secondary coils (i.e. a high k23) reduces Q2L and consequently η12, which is the PTE 

between L1 and L2. It should also be noted that according to (3.15), Q2L is roughly 

proportional to    
- 

, where k23 is further proportional to    
 - 

 [7]. Therefore, Q2L is 

proportional to    
 

, implying that η12 will significantly reduce at small d23 if k12 is not 

chosen large enough. This effect has been demonstrated in Fig. 3.2a, which shows the 

PTE of a 4-coil inductive link as a function of k12 and d23 for the coils used in our 

measurements and specified in Table 3.1. It can be seen that for small k12, near the origin, 

the PTE has dropped at short coupling distances due to the small η12. Therefore, small Q1 

and k12 will result in a significant drop in η12 at small coupling distances according to 

(3.6).  

In order to avoid the above problem, k12 should be kept large, which according to 

(3.4) results in a large reflected load onto L1. This can reduce the available power from 

the source, according to (3.8), unless Vs is increased. However, large Vs can cause safety 

issues in medical applications, and this is a major disadvantage of the 4-coil arrangement 

for inductive power transfer to IMDs, particularly when a high PDL is required.   

Fig. 2b shows the PDL from (4.13) as a function of k12 and d23 for the coils in 

Table 3.1. It can be seen that increasing k12 results in reducing the PDL when Vs is kept 

constant. A comparison between Figs. 3.2a and 3.2b is instructive by observing that the 

high PTE and high PDL areas of these surfaces do not overlap, which means that in a 4-

coil inductive link there is always a compromise between the highest PTE that can be 

achieved while delivering sufficient power to the load without surpassing safe Vs limits. 
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This can be seen in [47] where k12 has been purposely reduced to achieve a high PDL. 

The result of k12 reduction, however, is a drop in PTE from 70% to 10% in short coupling 

distances. Thus, considering the above issues power IMD applications is questionable. 

 

The optimal PTE with respect to d23 in a 4-coil link can be found by 

differentiating (3.12) in terms of k23, which gives   
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This equation helps designers to shift the peak of the PTE profile in Fig. 3.2a towards the 

nominal coupling distance for certain k12 and k34 values. Similarly, the optimal PDL, can 

be found by differentiating (3.13) in terms of k23, which results in 

2/1

32

43

2

3421

2

12
,23

)1).(1(







 


QQ

QQkQQk
k L

PDL .                                                           (3.17) 

3.1.3. Three-coil Power Transfer Inductive Link 

The 3-coil inductive link circuit model, which comprises of the primary coil, L2, 

on the Tx side and the secondary and load coils (L3 and L4) on the Rx side, has been 

shown in Fig. 3.3. The PTE of this link with no simplification can be found from 

   

                                           (a)                                                                               (b)  

Fig. 3.2. Simulated (a) power transfer efficiency (PTE) and (b) power delivered to the load (PDL) for a 

4-coil inductive link as a function of k12 and d23 when k34 = 0.22 for the coils specified in Table 3.1. Vs = 

1 V and RL = 100 Ω. 
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where A, B, and θ are 
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Also the PDL of the 3-coil inductive link can be found from 
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If we ignore k24 due to large separation between L2 and L4, then (3.18) is simplified to 
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Similarly, (3.20) can be simplified to 
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Fig. 3.3. Lumped circuit model of the 3-coil inductive link. 
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The problem with the optimal 2-coil power transfer link was that for a given set of 

Q2, Q3, and k23, the optimal PTE could only be achieved for a certain load, RL,PTE, which 

could be far from the nominal RL. In the 3-coil power transfer inductive link, however, 

L3, L4 and M34 in Fig. 3.3 can play the role of an impedance matching circuit (compare 

with Fig. 3.1b), which can convert any arbitrary RL to RL,PTE. This is equivalent to having 

a load quality factor of QL = QL,PTE in the secondary loop of a 2-coil link, which was 

defined in (3.9).  

This leverage in the design of the 3-coil links has been provided by    
 
 

 
 

  
   

term in (3.21)-(3.23). Lowering    
 
 

 
 

  
 tends to increase η23 and at the same time 

reduces η34 in (3.22), both of which affect the overall PTE in (3.21). To better understand 

the PTE variations in a 3-coil inductive link, the effects of k34 and d23 on the PTE are 

shown in Fig. 3.4a for the coils specified in Table 3.1. The optimal value for    
 
 

 
 

  
  

that maximizes the PTE for a certain d23 (or k23) can be found by differentiating (3.21) 

with respect to k34, 
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For a certain RL, if the choice of k34 in the design of a 3-coil link satisfies (3.24), then the 

reflected load onto the secondary loop will satisfy (3.9) and maximizes the PTE. 

 Fig. 3.4b shows the effects of k34 and d23 on the PDL of the 3-coil inductive link 

in Table 3.1, based on (3.23). It can be seen that there are optimal values for both k34 and 

k23, which can maximize PDL, and in order to find them, (3.23) should be differentiated 

with respect to k34 and k23, 
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These values result in the reflected load on to the primary coil to be equal to R2, in order 

to satisfy (3.11) for any arbitrary RL. 

 

A comparison between Figs. 3.4 and 3.2 reveals a key advantage of the 3-coil 

links over their 4-coil counterparts, which suffer from poor PDL in areas of the curve that 

PTE is high. Comparing Figs. 3.4a and 3.4b, however, shows that by proper choice of k23 

and k34, which depend on the coil values and their geometries, designers can establish 3-

coil inductive power transfer links that offer both high PTE as well as high PDL. Another 

advantage of the 3-coil links is that they are not affected by the inefficiency between the 

driver and primary coils (12 < 1).  

Fig. 3.5a compares the 2-coil and 3-coil links’ optimal load quality factors, QL,PTE, 

vs. d23 to maximize the PTE for the coils in Table 3.1. Three important points to learn 

from these curves are: 1) The 2-coil link needs an exceedingly higher QL,PTE as d23 

increases, which may not be feasible, particularly small coils. On the other hand, the 3-

coil link satisfies the PTE optimization requirement at various distances with much 

smaller QL,PTE, which is quite feasible by connecting RL in series with L4 as shown in Fig. 

3.3. 2) The optimal QL,PTE in the 3-coil link is adjustable with k34 based on (3.24), as 

shown in Fig. 3.5b, where the optimal PTE has been maintained for the 3-coil link in a 

wide range of RL (10 Ω – 1 k Ω) at d23 = 5 cm. On the other hand, with a 2-coil link the 

   

                                           (a)                                                                               (b) 

Fig. 3.4. Simulated (a) PTE and (b) PDL for a 3-coil inductive link as a function of k34 and d23 for the 

coils in Table 3.1. Vs = 1 V and RL = 100 Ω. 
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optimal PTE has been achieved in these conditions only for a specific RL,PTE = 200 Ω that 

satisfies (3.9). 3) At small d23, the 2-coil link requires smaller QL,PTE, which is relatively 

easy to achieve. Therefore, for short distance inductive power transmission, which is the 

case in most transcutaneous IMD applications, a conventional 2-coil inductive link that is 

properly designed can be very close to the optimal choice [20], [21].  

 

The additional degree of freedom provided by 3- and 4-coil inductive links via k34 

allows designers to increase the loaded quality factor of L3 (Q3L). This leads to better 

immunity to misalignment but at the same time higher sensitivity to carrier frequency 

variations or detuning in multi-coil links. Note that misalignment only happens between 

L2 and L3, because L1 and L2 in 4-coil links and L3 and L4 in 3- and 4-coil links are often 

   

 
(a) 

 
(b) 

Fig. 3.5. (a) Optimal load quality factor, QL,PTE, needed to achieve the highest PTE vs. coils’ spacing in 

2- and 3-coil inductive links (k34 = 0.22, RL = 100 Ω, and other parameters from Table 3.1). (b) k34 

adjustments based on (3.24) to maintain the optimal PTE in a 3-coil link vs. RL at d23 = 5 cm. The 2-coil 

link only reaches the optimal PTE for a specific RL = 200 Ω that satisfies (3.9). 
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housed together in the Tx and Rx sides, respectively. There is also little concern about 

detuning of L4 and L1 because these coils have very small loaded quality factors and 

therefore are much less sensitive to frequency shifts. 

3.2. Optimal Design of Multi-coil Inductive Links 

We extend the design and optimization procedure, which we introduced in [34] 

for maximizing the PTE in 2-coil wireless power transmission links to multiple coils. 

Either (3.18) or (3.21) can be used for the optimization of PTE in 3-coil links. However, 

the former can complicate the procedure, which may not be necessary if k24 is very small. 

As mentioned in [34], most of the design constraints are set by the inductive link 

application, and the rest of them by the coil fabrication process. For instance, in IMD 

applications the size of L3 depends on the IMD location in the body. Because to 

maximize the PTE, the outer diameter of L3, Do3, should be increased to the largest size 

allowed by the application.  

We choose an inductively powered wireless neural recording system for freely 

behaving small animal subjects as our design and optimization example [23], [24]. A key 

limitation of the current wireless neural recording systems that are developed for 

neuroscience applications is the need for the animal subject to carry a large payload of 

batteries for continuous recording over several hours or even days. This may not be a 

major issue for larger animal subjects such as non-human primates [35], [36]. However, 

such a payload can affect the behavior of smaller animals such as rats and mice, which 

are more common in behavioral neuroscience labs due to their lower cost [93], [94]. The 

goal here is to substitute the batteries by L3 and L4 in the animal headstage, and L2 at the 

bottom of the cage. For such an application, we chose Do3, d23, and d34 equal to 4 cm, 12 

cm, and 0.9 cm, respectively, as the starting point of this design example (see Table 3.1).  
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3.2.1. Design Procedure 

It was shown that the optimal 3-coil link can be considered as the loosely coupled 

L2-L3 link when the arbitrary RL is transformed to RL,PTE, utilizing L4 and k34 to satisfy 

(3.9). Therefore, the optimization procedure, shown in Fig. 3.6 flowchart, has two parts: 

First, η23 is maximized in (3.22) by maximizing    
 
 

 
 

 
, which requires optimizing L2 

and L3 geometries like what we did for a 2-coil inductive link in [34]. Second, the 

geometry of L4 is optimized for k34 to satisfy (3.24), and consequently maximize η34 in 

(3.22) by maximizing    
 
 

 
 

  
. 

One of the decisions that should be made early on is whether the coils are 

lithographically defined or wire-wound. Geometrical parameters of the printed spiral 

coils (PSC) that affect circuit parameters such as Q and k, and consequently the PTE, are 

the line width (w), line spacing (s), outer diameter (Do), and fill factor (φ: the ratio 

between the difference and the sum of a PSC’s inner and outer diameters), which are 

described in [34]. In wire-wound coils (WWC) made of single filament solid wires, w is 

the wire diameter, the number of turns (n: integer) is used instead of φ, and s can be twice 

the thickness of the wire insulation. The relationship between circuit parameters and the 

coil geometries in this case can be found in the Appendix. In each step of this 

optimization scheme, the designer should derive k, Q, and other circuit parameters from 

the PSC and WWC geometries using the equations presented in [34] and the Appendix, 

respectively. Moreover, to consider the finite Q of the resonance capacitors and the 

resistance of their connections to the coils, an additional 0.1Ω was added to R1-4 values.  

In step-1, design constraints imposed by the application and coil fabrication 

technology are considered. The former defines the maximum values for Do3 and Do4, 

while the latter indicates the minimum line width and line spacing (wmin, smin) in the case 

of PSC, or the wire specifications in WWC. The nominal values for d12, d23, d34, RL and 

Rs are also required in this step, which are dependent on the application (d12 is needed 
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only for 4-coil links). For instance, d34 will depend on the implant thickness in IMD 

applications if L3 and L4 are going to be housed together. As mentioned earlier, Rs, which 

is a property of the driving circuitry, should be added to R2 and R1 in our procedure for 

the design of 3- and 4-coil links, respectively. 

 

   

 
Fig. 3.6. Iterative multi-coil inductive link design optimization flowchart. 

  

 

 

 

 



43 

 

In step-2, the initial values for L2~L4 geometries are chosen, which are (w2~w4, 

s2~s4, φ2~φ4, Do2) and (w2~w4, s2~s4, n2~n4, Do2) for PSCs and WWCs, respectively. A 

more detailed discussion about how to choose these initial values can be found in [34].  

L2 and L3 geometries are optimized in step-3 for η23,max. In step-3.1, following the 

procedure in [34] provides the optimal values of (w2, w3, φ2, φ3, Do2) for PSCs. Running 

the same iterative procedure while replacing (φ2, φ3) with (n2, n3) in the Appendix 

provides the optimal values of (w2, w3, n2, n3, Do2) for WWCs. In step-3.2, values found 

in step-3.1 are used to sweep s2 and s3 in [34] or in the Appendix for PSCs or WWCs, 

respectively, such that the resulting k23, Q2, and Q3 maximize    
 
 

 
 

 
. The new s2 and s3 

values are then fed back into step-3.1 to improve η23 further. Steps 3.1 and 3.2 are 

repeated iteratively until s2 and s3 values change less than 0.1% and satisfy the condition 

in step-3.3. 

In step-4, the geometry of L4 is optimized using L2 and L3 circuit parameters from 

step-3, such that the resulting k34, R4, and Q4 satisfy (3.24). In step-4.1 for PSCs, φ4 and 

Do4 are swept in [34] for the resulting k34 and Q4 to maximize η3-coil in (3.21). Similarly 

for WWCs, n4 and Do4 are swept for the resulting k34 and Q4 from the Appendix to 

maximize η3-coil. In step-4.2, the new φ4 and Do4 values found in step-4.1 for PSCs are 

used to sweep s4 and w4 in [34] for the resulting k34 and Q4 to further maximize η3-coil in 

(3.21). For WWCs, n4 and Do4 values from step-4.1 are used to sweep s4 and w4 in the 

Appendix for the resulting k34 and Q4 to further maximize η3-coil. Steps 4.1 and 4.2 are 

repeated iteratively until s4, w4 and Do4 values change less than 0.1% and satisfy the 

condition in step-4.3. This step concludes the design of the 3-coil wireless power 

transmission link for maximum PTE, which can be further validated using field solvers, 

such as HFSS (Ansoft, Pittsburgh, PA).  

The rest of steps in Fig. 3.6 are specific to 4-coil links to optimize the geometry of 

L1 for the highest PTE based on (3.12). In step-5, the initial values for L1 geometry, 

which are (w1, s1, φ1, Do1) and (w1, s1, n1, Do1) for the PSCs and WWCs, respectively, are 
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chosen. Step-6 is quite similar to step-4, which determined the optimal geometry of L4. 

The iterative process in steps 6.1 and 6.2, and the condition in step-6.3 will ensure η12,max 

and consequently maximize η4-coil in (3.12), which can be validated by field solvers. 

3.2.2. Design Example 

Table 3.1 summarizes the results of optimization procedure for two sets of 2-, 3- 

and 4-coil inductive links that operate at f0 = 13.56 MHz and deliver power to a load of 

RL = 100 Ω as efficiently as possible from a nominal coupling distance of d23 = 12 cm. To 

discriminate between the losses that are specific to the inductive link and those that are 

related to the driver circuit, we considered a small Rs of only 0.1 Ω in our optimizations 

to account for the driver output resistance. Based on the requirements of our application, 

the coils on the Tx side were considered overlapping hexagonal shaped PSCs, fabricated 

on cost effective 1.5 mm thick FR4 printed circuit boards (PCB) with 1-oz copper weight 

(35.6 µm thick), and those on the Rx side were considered WWCs made of magnet wire 

(enameled copper).  

In these designs, the PCB fabrication process requires wmin and smin to be 150 μm. 

Also in the case of the 4-coil design, the overlapping L1 and L2 determine d12 by the PCB 

thickness. As mentioned earlier, to limit the size of the headstage, Do3 and d34 were also 

limited 4 cm and 0.9 cm, respectively. The first set of coils, designated by “optimal” in 

Table 3.1, are resulted from the iterative optimization process, as shown in Fig. 3.6, with 

no additional constraints. According to the equations, the optimized 3- and 4-coil 

inductive links can achieve PTE of 55% and 54%, respectively, compared to the 2-coil 

inductive link, which PTE is limited to 27.4% at d23 = 12 cm. Despite their similarity in 

PTE, a key difference between the 3- and 4-coil links is that the former has a PDL of 146 

mW for Vs = 1 V, while the latter can only deliver 6.8 mW to the load because of the 

large reflected impedance, Rref, onto the driver coil, L1. The PDL of the 2-coil link in 

these conditions is 160 mW. 
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In the second set of coils, designated by “measurement”, the PSC diameter on the 

Tx side (Do1, Do2) was limited to 16.8 cm due to PCB fabrication constraints. The total 

weight of the Rx coils that are going to be mounted on the animal headstage was limited 

to W3,4 = 1.6 g, which relate to the WWC geometries according the Appendix. Hence, 

WWC wire diameter on the Rx side (w3, w4) was limited to 0.64 mm (AWG-22) to 

observe the headstage weight limitation. This set of coils was fabricated and used in our 

measurements. 

Table 3.1: Optimized geometries for design examples 
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3.3. Simulation and Measurement Results 

Two types of setups have been used in the past for PTE measurements. In the first 

method, shown in Fig. 3.7a, a network analyzer is directly connected to the primary and 

secondary coils to measure the S-parameters. Then the S-parameters are converted to Z-

parameters [95] to obtain, 
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and find the PTE by substituting them in (3.2). This method is straightforward, but it does 

not involve any actual power transfer between the coils. It is bound to the assumptions 

and accuracy of the models within the theoretical PTE and PDL equations. It also 

becomes more complicated and less accurate in multi-coil links, which should be tuned at 

a certain resonance frequency in order to operate properly (see Fig. 3.1a).  

In the second method, shown in Fig. 3.7b, a signal generator or PA drives the 

primary coil, tuned at f0, and the transmitted power is calculated by directly measuring 

the current and voltage waveforms. The received power can also be found in the same 

way by probing the voltage across RL. Even though this method is more realistic than the 

first one, it rapidly loses its accuracy at higher carrier frequencies, such as 13.56 MHz, 

due to the parasitic components introduced by measurement probes. Moreover, the 

oscilloscope ground connections can introduce additional complications due to ground 

loops and interference. Our experiments showed that using different values of R in Fig. 

3.7b for sensing the inductive link input current could result in different values for the 

PTE and PDL.  

We have devised a new method for PTE and PDL measurements, which seems to 

be more accurate particularly in multi-coil inductive links. In this method, resonance 

capacitors and RL are connected to the primary and load coils, which are then considered 

a complete 2-port system along with the multi-coil inductive link, as shown in Fig. 3.7c. 

The network analyzer is then used to measure the S-parameters, and consequently the Z-
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parameters are derived, as in the first method [95]. PTE and PDL are found from 2-port 

equations, 
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where Z22 = V2/I2 and Z42 = V4/I2 are derived when I4 = 0. The I4 = 0 requirement in 

calculating Z-parameters ensures that the network analyzer loading (often 50 ) on the 

inductive link does not affect the results. In this method, as the network analyzer sweeps 

a certain frequency range that includes f0, actual power transfer does take place in the 

form of a small signal injected from Port-1 of the network analyzer to RL. One can also 

measure the entire link power transfer efficiency all the way from the battery to the load 

by adding the equivalent of the source output resistance, Rs, in series with L1 in the 4-coil 

link and L2 in the 2- and 3-coil links. 

 

Figs. 3.8a and 3.9a show the experimental setup for measuring the PTE and PDL 

of the 3- and 4-coil inductive links, respectively. These coils were fabricated based on the 

values listed in the “Measurement” columns of Table 3.1, and held in parallel and 

   

          
(a)                                                                            (b)   

 
(c) 

Fig. 3.7. PTE measurement setups for inductive links: (a) Conventional method using a network 

analyzer, (b) direct method using a signal source and current and voltage probe via oscilloscope, (c) the 

new method using network analyzer with all the coils tuned at the carrier frequency and RL connected. 
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perfectly aligned using non-conducting Plexiglas sheets and plastic screws to prevent 

power loss due to eddy currents. Figs. 3.8b and 3.9b show 3-D models of the same coils 

constructed in the HFSS electromagnetic field simulator for 3- and 4-coil links, 

respectively. In the 4-coil setup, k12 was adjusted for a fixed d12 = 1.5 mm, by changing 

the amount of overlapping between similar L1 and L2 (see Fig. 3.9). L3 and L4 were also 

similar and provided k34 = 0.22 at d34 = 9 mm.  

 

Figs. 3.10a and 3.10b compare the measured, simulated (via HFSS), and 

calculated values of the PTE and PDL, respectively, vs. coupling distance, d23, in 2-, 3- 

and 4-coil inductive links. The curves labeled as “Meas1” show the measurement results 

   

                 
(a)                                                                            (b)   

Fig. 3.8. (a) Experimental setup for measuring the PTE and PDL in a 3-coil inductive link. (b) 3-coil 

inductive link model in the HFSS. Coil specifications are listed in Table 3.1. 

 

                 
(b)                                                                            (b)   

Fig. 3.9. (a) Experimental setup for measuring the PTE and PDL in a 4-coil inductive link. (b) 4-coil 

inductive link model in the HFSS. Coil specifications are listed in Table 3.1. 
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according to the method proposed in Fig. 3.7c, using a ZVB4 network analyzer (R&S, 

Germany). It can be seen that these results are in very good agreement with HFSS 

simulation and calculation results, labeled “Sim” and “Calc”, respectively. 

 

As an alternative, we also measured the PTE and PDL of the inductive links 

according to the method shown in Fig. 3.7b, using a class-D PA with known power 

efficiency (ηPA = 30%) and R = 15  for 2- and 3-coil links, and R = 500  for 4-coil link 

(due to low current levels) in three different distances of 4, 8, and 12 cm, which are 

labeled as “Meas2” in Fig 10. In this case the measurement results are probably less 

accurate because of the parasitic components added by the probes and the fact that the 

PA’s power efficiency has some dependency on the reflected impedance onto the Tx side, 

which changes with d23. Nonetheless they are close to the other values. 

   

 
(a) 

 
(b)                                                               

Fig. 3.10. Comparison between measured, simulated (HFSS), and calculated values of the (a) PTE and 

(b) PDL vs. d23 for 2-, 3-, and 4-coil inductive links specified in the “Measurement” columns of Table 

3.1 (Vs = 1 V). 
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It can be seen in Fig. 3.10a that the 3- and 4-coil inductive link PTEs (37% and 

35%, respectively) are significantly higher than the PTE of the 2-coil link (15%) at d23 = 

12 cm. At the same coupling distance, however, the 3-coil inductive link has achieved a 

PDL of 260 mW from Vs = 1 V, which is 1.5 and 59 times higher than the PDL of 2- and 

4-coil links, respectively, based on Fig. 3.10b. Despite its high PTE, the 4-coil link has 

only been able to deliver 4.4 mW to the load under these conditions, which may not be 

sufficient for most applications. It thus requires a much higher Vs (~7.7 times in this case) 

to become comparable to its 3-coil counterpart. It can also be seen from the 2-coil PTE 

profile in Fig. 3.10a that short and large distances have smaller PTE variation. However, 

there is a certain coupling distance in between where the PTE drops very rapidly. The 

second derivative of (3.2) can correlate       √  
 
 

  
 to this distance. Q2 and Q3L 

should preferably be maximized to move this point to larger distances. 
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CHAPTER IV 

THE CIRCUIT THEORY BEHIND COUPLED-MODE MAGNETIC 

RESONANCE-BASED WIRELESS POWER TRANSMISSION 

 

Design and optimization of inductive power transmission links has been 

extensively studied in the literature over the last three decades [32], [34], [41], [42], [84]-

[91]. The majority of these approaches model and analyze the inductive link from a 

circuit perspective, which differs, at least on the surface, from the coupled-mode theory 

(CMT) that was recently presented in a new form by physicists at MIT [43]. They utilized 

the CMT approach to propose multi-coil inductive links, which can increase the PTE 

considerably at large coupling distances [44], [92]. An in-depth comparison between the 

coupled-mode and circuit-based theories, which would clarify the relationship between 

these methods, often used by physicist and electrical engineers, is still lacking. 

In this chapter, first the inductive link steady-state analysis using CMT is 

reviewed and then it is proved that both CMT and the more conventional circuit analysis 

i.e. reflected load theory (RLT) result in the same formulation for the inductive links’ key 

performance measures, particularly the PTE. For the first time, the PTE equations are 

derived for multi-coil inductive links via CMT. The analysis shows that in the steady 

state mode, contrary to popular belief, both CMT and RLT are applicable to small and 

large coupling distances, d, as long as the coils interact in the near field regime. Because 

they are basically the same! Measurement results are also presented, which show the 

accuracy of both RLT and CMT models in estimating the PTE. On the other hand, the 

comparative transient analysis of a pair of capacitively loaded inductors reveals that CMT 

is accurate only if the mutual coupling, k, is small, e.g. due to large d, and coil quality 

factors, Q, are large, which limits the applicability of the CMT-based transient analysis to 

midrange coupling distances of large coils. It is also shown that utilizing CMT reduces 

the order of the differential equations by half compared to the circuit theory as it only 
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considers a first order equation for each resonant object. Hence, the CMT seems to be 

helpful in analyzing the transient behavior of complicated multi-coil inductive links 

despite being less accurate than its circuit based counterpart. For all other conditions, the 

RLT and similar circuit based methods will do just fine. 

4.1. Coupled-mode Theory (CMT) 

CMT is a framework to analyze energy exchange between two resonating objects 

[43]. Based on the CMT, the time-domain field amplitudes of two objects, a2(t) and a3(t), 

which are defined so that the energy contained in them are |a2(t)|
2
 and |a3(t)|

2
, 

respectively, at distance d23 can be found from [43],  
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  ,                                                            (4.1)                       

where ω2 and ω3 are the eigen frequencies, Γ2 and Γ3 are the resonance widths or rate of 

intrinsic decay due to the objects’ absorption (ohmic) and radiative losses, ΓL is the 

resonance width due to load resistance connected to the second object (proportional to 

1/RL), FS(t) is the excitation applied to the first object, and K23 is the coupling rate 

between the two objects. The CMT method has been recently applied to a pair of 

capacitively-loaded conducting-wire loops, spaced by d23, as shown in Fig. 4.1, forming a 

conventional inductive power transmission link, in which L2 is the power Tx and L3 is the 

power Rx inductors, both tuned at the same frequency, ω2   ω3   ω.  

 

   

 
Fig. 4.1. A pair of capacitively loaded inductors used for efficiency calculation using the coupled-mode 

theory (CMT). 
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4.1.1. Steady-state Analysis via Coupled-mode Theory 

In steady state analysis, which applies to the conventional inductive power 

transmission links, FS(t) in (4.1) is a sinusoidal signal described as Ase
-jωt

. In this 

condition, the alternating field amplitude in the primary inductor is constant, a2(t) =  A2e
-

jωt
, resulting in a constant field amplitude in the secondary inductor, a3(t) = A3e

-jωt
. It can 

be shown from (4.1) that A3/A2 = jK23/(Γ3+ ΓL) [43]. Therefore, the average power at 

different nodes of the power transmission system can be calculated. The power absorbed 

by L2 and the power delivered to L3 are P2 =  Γ2|A2|
2
 and P3 =  Γ3|A3|

2
, respectively. The 

power delivered to RL is PL =  ΓL|A3|
2
 and, therefore, based on the energy conservation 

theory, if we neglect the radiated power in the near field regime, the total power delivered 

to the system from source is PS = P2 + P3 + PL. Hence, the PTE of the 2-coil system can 

be found from 
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where         √Γ Γ  is the distance-dependent figure-of-merit for energy transmission 

systems [44]. To maximize the PTE based on (4.2), fom should be maximized and an 

optimal value should be chosen for ΓL/Γ3. Parameters that affect fom are obviously the 

coupling rate between the two objects, K23, which should be increased and the resonance 

width of each object (intrinsic loss of each inductor), Γ, which should be decreased. 

These are quite similar to the coupling coefficient, k23, and inverse of the quality factor, 

1/Q, used in conventional methods for optimizing inductive links [34]. The other key 

parameter, ΓL,PTE Γ3, which shows the effect of RL in optimizing the PTE, can be found by 

calculating the derivative of η23 in (4.2) with respect to ΓL/Γ3, resulting in [96], 
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4.1.2. Transient Analysis via Coupled-mode Theory 

The CMT can also be utilized in analyzing the transient behavior of the resonant-

coupled inductors in Fig. 4.1 by setting FS(t) = 0 in (4.1) and considering an initial energy 

stored in L2. This analysis provides designers with better understanding of the dynamics 

of energy exchange in such inductively coupled systems. As the first step, we eliminate 

a3(t) in (4.1) to find an expression for the time varying field in the primary coil, 
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For the sake of simplicity, if similar to [97] we assume that the two inductors are 

identical, i.e. Γ2 = Γ3 = Γ, and ΓL = 0 (no load condition, RL = ), then a2(t) can be found 

from (4.4), 
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where b1 and b2 are constants, which values depend on the initial conditions. Similarly, 

a3(t) can be calculated using (4.1) and (4.5) as, 
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where d1 and d2 are also constants with values dependent on the initial conditions. The 

total energy in L2 and L3 can be found from E2(t) = |a2(t)|
2
 and  E3(t) = |a3(t)|

2
, 

respectively. If one starts with 100% of the total energy normalized and initially stored in 

L2, i.e. |a2(t=0)|
2
 = 1 and |a3(t=0)|

2
 = 0, the energy stored in each object over time can be 

found from  

tKetEtKetE tt
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It should be noted that E2 and E3 are not the instantaneous but the peak values (or 

envelopes) of the energy contents stored in L2 and L3, which are in resonance with C2 and 

C3, respectively, at the rate of 2ω. 
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4.2. Reflected-load Theory (RLT) 

Fig. 4.2a shows a pair of inductively coupled coils, which will be referred to as 

the primary (L2) and secondary (L3). It can be shown that the highest PTE across such 

links can be achieved when both LC-tanks are tuned at the same resonance frequency, i.e. 

ω      √         √    .  

 

4.2.1. Steady-state Analysis via Reflected-load Theory 

The inductive link PTE is mainly dependent on the mutual coupling between the 

coils, k23, and their quality factors, Q2 = ω 2/R2 and Q3 = ω 3/R3 [34]. At resonance 

frequency, the secondary loop which is connected to RL can be reflected onto the primary 

loop and represented by Rref [7]. To find Rref, the secondary loop is modeled with a 

parallel load as shown in Fig. 4.2a. R3, the parasitic resistance of L3, can be transformed 

to a parallel resistance equal to       
 

 
   in parallel with RL. Hence, if we define RP = 

RP3 || RL, then we can reflect the secondary impedance onto the primary side (Fig. 4.2b),  
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where Q3L = RP ω 3 is the loaded quality factor of the secondary coil. At resonance, Cref 

resonates out with    
 
  , leaving only the reflected resistance, Rref, on the primary side, as 

   

 
Fig. 4.2. (a) Simplified model of a 2-coil power transmission link with a resistive load. (b) Equivalent 

circuit seen across the driver. (c) Reflected load onto the primary loop at resonance frequency. 
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shown in Fig. 4.2c. In the simplified inductive link model of Fig. 4.2c, L2 and C2 also 

resonate out, and the input power provided by Vs simply divides between R2 and Rref. The 

power absorbed by R2 is dissipated as heat in the primary coil and the power delivered to 

Rref, i.e. the transferred power to the secondary loop, divides between R3 and RL, which 

are the only power consuming components on the secondary side. This will lead to 
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 ,                            (4.9) 

where QL = RL/ω 3 is often referred to as the load quality factor, and Q3L = 

Q3QL/(Q3+QL) [32]. It can be seen from (4.9) that large k23, Q2, and Q3 are needed to 

maximize the PTE. However, for a given set of Q2, Q3 and k23 values, there is an optimal 

load, RL,PTE = ω 3QL,PTE, which can maximize the PTE. QL,PTE can be found by 

calculating the derivative of (4.9) with respect to QL from, 
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4.2.2. Transient Analysis via Circuit Theory 

In this analysis, the primary and secondary loops are considered identical, i.e. L2 = 

L3 = L, C2 = C3 = C, R2 = R3 = R and RL = ∞, similar to the CMT criteria in [97]. We have 

also set VS = 0 V (short circuit) to focus on the transient response while considering an 

initial condition (current) in L2. Primary and secondary loop currents can be found from 
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where M = k23 × L  is the mutual inductance between L2 and L3. Taking the derivative of 

(4.11) after substituting R/L and 1/LC with ω/Q and ω
2
, respectively, result in 
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Utilizing Laplace transform, (4.12) can be written as  
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Characteristic equation in the S-domain can be found by setting the coefficient matrix 

determinant in (4.13) to zero, 
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The roots of (4.14) are, 
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Therefore, I2(t) and I3(t) can be calculated from, 
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In order to find the unknown coefficients in (4.17) and (4.18), one should have at least 

four initial conditions. Two of them are I2(0) = I0, and I3 (0) = 0 A, which indicate that 
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100% of the total energy is initially stored in L2. The other two initial conditions can be 

found from (4.11) when t = 0,  
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4.3. Coupled-mode vs. Reflected-load Theories 

In this section, the formulation derived from CMT and RLT are compared for the 

2-coil inductive link PTE as well as the transient response.  

4.3.1. Two-coil Inductive Link Power Transfer Efficiency 

Resonance widths, Γ2,3, and coupling rate, K23, in a pair of capacitively loaded 

inductors in Fig. 4.1 are equivalent in terms of circuit model parameters in Fig. 4.2 to 

ω   2-3 and ω 23/2, respectively [44]. Similarly, the load resonance width, ΓL, is equal to 

ω/2QL. By substituting these in fom and ΓL   Γ3,  
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In the next step, we substitute the CMT parameters from (4.20) in (4.2) and recalculate 

the PTE, 
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After simplification and considering that Q3L = QLQ3/(QL+Q3), the PTE formula in (4.21) 

can be further simplified to, 
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which is the same as (4.9) that was derived via RLT. 

Similarly, it is straightforward to show that the optimum ΓL,PTE in (4.3) can be 
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linked to QL,PTE in (4.10)  by substituting the equivalent circuit parameters in (4.20), 

leading to 
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Thus, we have shown mathematically that the CMT and RLT equations for the PTE and 

optimal loading of 2-coil power transmission links in steady state are basically the same.  

4.3.2. Two-coil Inductive Link Transient Response 

In order to arrive at the CMT transient response in (4.7), two assumptions were 

made. First, the coil quality factors were considered large (Q >>1), resulting in ω 
  ω  

and ω 
   ω   in (4.16). Second, the coupling distance, d23, was considered large, 

resulting in small k23, which simplifies the rest of (4.16) to   
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and (4.19) to 
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Thus, I2(t) and I3(t) in (4.17) and (4.18) can be approximated as, 
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Unknown coefficients in (4.26) and (4.27) can be found by applying the initial 

conditions, which result in a11= a12= I0/2, b11= b12= -I0/4Q, a21= -a22= -I0/2, and b21= b22= 

0. When substituting these in (4.26) and (4.27),  
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                                                                                (4.28) 
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The large Q assumption combined with the expansion of the sinusoidal functions in 

(4.28) and (4.29), 

 sinsincoscos)cos(  ,   sincoscossin)sin(  ,          (4.30) 

can further simplify the primary and secondary currents as 
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Considering that the energy stored in an inductor, L, that carries a current, I, is 0.5LI
2
, the 

normalized envelope of the energy inside L2 and L3 can be expressed as,  
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 .                                                     (4.32) 

By substituting 2Γ = ω  , and K23 = ω 23/2 in (4.32), we can arrive at (4.7), which was 

derived using CMT. Therefore, in calculating the transient response of the inductive 

links, CMT is only valid for midrange coupling distances (small k23) between large coils 

(high-Q), as also indicated in [44].  

In order to validate our theoretical calculations and demonstrate the level of 

accuracy (or lack thereof) in the transient CMT analysis for various coupling coefficients 

and Q factors, the 2-coil inductive link in Fig. 4.2 was simulated in the LT-SPICE circuit 

simulator (Linear Technology, Milpitas, CA), while setting VS and initial L2 current, I2(0), 

at 0 V and 1 A, respectively, for the two conditions summarized in Table 4.1.  Fig. 4.3a 

shows the percentage of the energy stored in primary, L2, and secondary, L3, coils over 

time for a pair of large identical coils that are placed relatively far from each other 

(midrange, low k23, high-Q). It can be seen that both CMT (4.7) and circuit-based (4.12) 

equations, solved in MATLAB (MathWorks, Natick, MA), match the LT-SPICE 

simulation results very well. In Fig. 4.3b, however, which represents a small pair of coils 
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that are very close to one another (short range, high k23, low-Q) the CMT-based formulas 

have become quite inaccurate in predicting the energy exchange, while the circuit 

analysis still matches the LT-SPICE simulation output. In this condition, the inductor 

currents tend to have two harmonics,  and  in (4.17) and (4.18), one of which has not 

been predicted by the CMT. Nonetheless, the simplicity of the CMT in analyzing the 

transient behavior of inductive links can be useful particularly in midrange high-Q 

conditions. This stems from the fact that CMT models each resonant object (e.g. RLC 

tank) with a first-order differential equation, while in the circuit analysis the order of the 

equations increases by each independent energy storage element regardless of being an 

inductor or a capacitor. 

 

4.4. Multi-coil Inductive Power Transfer 

CMT-based analysis took circuit designers by surprise when the group physicists 

at MIT demonstrated a method of achieving high PTE by utilizing multiple coils (3- and 

4-coils) for wireless power transmission [96], [97]. Nonetheless, the closed-form CMT 

formulation presented in the literature was limited to 2-coils. In this section, the closed-

form PTE equations are derived for multi-coil inductive links based on the CMT and 

Table 4.1: Inductive link specifications for transient analysis 
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compared with parallel equations derived from RLT, particularly for 3- and 4-coil links. 

It is proved that both CMT and RLT result in the same set of equations.  

 

Equations for a pair of capacitively loaded inductors in Fig. 4.1 can be extended 

to m inductors, in which the 1
st
 and m

th 
inductors are connected to the energy source and 

load, respectively, while all inductors are tuned at the same resonance frequency, f. The 

time-domain field amplitudes of each inductor, ai(t), can be expressed as, 
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where Ki,i+1 and Γi are the coupling rate between the i
th 

and (i+1)
th

 inductor and resonance 

width of the i
th

 inductor, respectively. For the sake of simplicity, the coupling between 

non-neighboring inductors has been considered negligible. For the 1
st
 and m

th 
inductors, 

the field amplitudes are, 
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In the steady state mode, the field amplitudes in each inductor is considered 

constant, i.e. ai(t) = Aie
-jωt

. Therefore, the differential equations in (4.33) and (4.34) result 

   

   
(a)                                                                                 (b) 

Fig. 4.3. The energy stored in the primary and secondary coils (E2 and E3) vs. time starting from an 

initial condition, I2(0) = 1 A, based on CMT (4.7), circuit theory (4.12), and SPICE simulations for 2-

coil inductive links in: (a) midrange, high-Q, and (b) short range, low-Q conditions, as specified in Table 

4.1. 
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in a set of m-1 equations, 

011,1,1   iiiiiiii AjKAjKA ,          i = 2, 3, … , m-1

 

0)( 1,1   mmmmLm AjKA .                                                                    (4.35) 

One can solve (4.35) to find Ai constants based on the load field amplitude, Am. From 

these values, the average power at different nodes of the inductive power transmission 

link can be calculated. The absorbed power by the i
th

 inductor and the delivered power to 

RL can be expressed as Pi    Γi|Ai|
2
 and PL    ΓL|Am|

2
, respectively, from which the total 

delivered power to the system from source can be found from    = ∑      
 
   , using the 

law of conservation of energy. Finally, the PTE of the m-coil system can be found from, 
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In an m-coil link, the reflected load from the (i+1)
th

 coil onto the i
th

 coil can be 

found from,  
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where ki,i+1 is the coupling coefficient between the i
th 

and (i+1)
th

 coils. Q(i+1)L is the loaded 

quality factor of the (i+1)
th

 coil, which can be found from 
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where Qi   ω i/Ri and Ri are the unloaded quality factor and parasitic series resistance of 

the i
th

 coil (Li), respectively. It should be noted that for the last coil, which is connected to 

the load in series, QmL   ω m/(Rm+RL). Assuming that the coupling between non-

neighboring coils is negligible, the partial PTE from the i
th

 coil to (i+1)
th 

coil can be 

written as, 
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Using (4.37)-(4.39), the overall PTE in such a multi-coil inductive link can be found 

from, 
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4.4.1. Three-coil Inductive Links 

The 3-coil inductive power transfer link, shown in Fig. 4.4a, was initially 

proposed in [97] and analyzed based on the CMT. If K24 is ignored due to large 

separation between L2 and L4, the field amplitudes at each inductor can be calculated by 

solving a set of two equations in (4.35), which leads to 
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PTE of the 3-coil link can then be found by substituting (4.41) in (4.36), which leads to 

(4.42) after some minor simplifications. 
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The lumped circuit model for 3-coil inductive link has been shown in Fig. 4.4b. In 

this type of inductive links, k34 can be adjusted by changing the distance or geometry of 

L4 to match the actual RL with the optimal RL,PTE in (4.10) for the L2-L3 inductive link. It 

should be noted that R2, which is the series resistance of L2, can also include the source 

output resistance. The PTE of this circuit can be calculated by reflecting the resistive 

components of each loop from the load back towards the primary coil loop, one stage at a 

time, using (4.37) and calculating the percentage of the power that is delivered from one 

stage to the next, using (4.39), until it reaches RL. According to (4.40), this procedure 

leads to, 
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where k24 has been ignored due to large separation between L2 and L4, and 
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The resonance widths, Γ2-4, and coupling rates, K23,34, in CMT based on circuit 

parameters are defined as ω/2Q2-4 and ω 23,34/2, respectively. By substituting these 

parameters in (4.42) and multiplying both numerator and denominator with Q2  

 
 

  

 
, the 

3-coil PTE can be found from 
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where 1/Q4L = 1/Q4 + 1/QL. It can be seen that (4.45), which is derived from the CMT is 

the same as (4.43), which is based on the RLT. Therefore, these two formulations are no 

different in the steady state analysis. 

 

4.4.2. Four-coil Inductive Links 

Fig. 4.5a shows an inductive power transfer link consisting of four capacitively 

loaded inductors, in which L2 and L3 are the main coils responsible for power 

transmission, similar to the 2-coil link, while L1 and L4 are added for impedance 

matching. The field amplitudes at each inductor can be found by solving a set of three 

equations in (4.35). A2 and A3 can be found based on A4 from (4.41) and A1 can be found 

from, 

   

   
(a)                                                                     (b) 

Fig. 4.4. (a) Three capacitively loaded, mutually coupled, inductors for wireless power transmission. (b) 

Lumped circuit model of the 3-coil inductive link. 
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To simplify the analysis, K13, K14 and K24 have been neglected in comparison to coupling 

rates between neighboring coils. One can find the 4-coil PTE utilizing CMT by 

substituting (4.41) and (4.46) in (4.36), which after simplification leads to  
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In the 4-coil lumped circuit schematic, shown in Fig. 4.5b, the PTE can be 

calculated from (4.40) if we ignore k13, k14, and k24 in comparison to k12, k23 and k34, 
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It can be proved that CMT and RLT equations in (4.47) and (4.49) are basically the same 

by substituting the resonance widths, Γ1-4, and coupling rates, K12, K23, and K34 in (4.47) 

and (4.48) with their equivalent circuit parameters, ω/2Q1-4, ω 12/2, ω 23/2, and ω 34/2, 

respectively. Once both numerator and denominator of (4.47) are multiplied by 

 
 
 

 

 
 

 

 
 

  

 
, the CMT-based 4-coil PTE leads to,  
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where A and B are 

32

2

23 QQkBA  , LQQkB 43

2

341 .                                                                               (4.51) 

The third and fourth terms of the denominator in (4.50) can be written in terms of B as,   
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By further manipulation of the numerator and denominator, 
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Once A and B are substituted from (4.51) in (4.53), it will be identical to (4.49), which 

was derived from the RLT. 

 

 

 

 

 

 

 

 

 

 

 

 

   

   
(a)                                                                    (b) 

Fig. 4.5. (a) Four capacitively loaded, mutually coupled, inductors for wireless power transmission, in 

which L1-K12 and L4-K34 serve as impedance matching elements to improve the PTE. (b) Lumped circuit 

model of the 4-coil inductive link. 
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CHAPTER V 

A FIGURE-OF-MERIT FOR DESIGNING HIGH-PERFORMANCE 

INDUCTIVE POWER-TRANSMISSION LINKS 

 

A key design requirement in wireless power transfer is to provide sufficient power 

delivered to the load (PDL) while maintaining high power transfer efficiency (PTE). 

High PTE is required to reduce 1) heat dissipation within the coils, 2) exposure to 

electromagnetic field, which can cause additional heat dissipation in the power 

transmission medium, 3) size of the main energy source (e.g. battery), and 4) interference 

with nearby electronics that is necessary to satisfy regulatory requirements [35], [82], 

[83]. At the same time, the link should deliver sufficient power to the load while 

considering practical limitations of the energy source and the PA. When load (RL) is 

constant, the PDL would be equivalent to the inductive link voltage gain all the way from 

the source to the load. Increasing the source voltage, Vs in Fig. 5.1a, to increase the PDL 

can reduce the driver efficiency, require larger transistors in the PA, and make it more 

difficult and costly to meet the safety requirements. 

Several methods have been proposed for designing wireless power transmission 

links. In [36]-[38], geometries of the primary and secondary coils, L2 and L3 in Fig. 5.1a, 

have been optimized to achieve the maximum voltage on the load, and consequently a 

high PDL. PDL is a key design merit when the space is limited and coils need to be 

miniaturized, such as in the IMD applications. Similarly, design and geometrical 

optimization of the 2-coil inductive links based on the PTE have been widely studied 

[34], [39]-[42], [90]. The approach proposed in [32] is somewhat different by first 

designing L3 to maximize the PTE for a given RL, and then optimizing L2 to achieve the 

desired voltage gain from source to the load, and consequently improve the PDL. 

However, the literature still lacks a clear figure-of-merit (FoM) that can incorporate both 

the PTE and the PDL, and guide designers to give proper weight to each of these 
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important but contrasting parameters. A well-defined FoM can provide designers with 

much needed insight on how to optimize their inductive power transmission links based 

on the application requirements. 

 

In this chapter, a new FoM, which serves two purposes, is proposed. First, it 

guides designers towards inductive power transmission links with the highest possible 

PTE and PDL. Second, it helps the designer to choose between the 2-, 3- and 4-coil link 

options for a given application.  

5.1. A New FoM for Inductive Power Transmission 

In Fig. 1a, key parameters that affect the design of this link from the energy 

source to the load, aside from the coils are: Vs, power required by the load (PL), power 

amplifier (PA) supply voltage (VDD), Rs (representing the PA loss), PA transistor 

breakdown voltage, and safety limits for the application [90]. In a class-E PA, zero-

voltage-switching allows for high power efficiency with peak voltages across the primary 

coil and the PA transistor that are 1.07 and 3.56 times VDD, respectively [98]. Therefore, 

when the application requires a large PL, Rs should be reduced to make sufficient power 

available from the source, Pav =   
      , at a reasonable Vs and VDD [47], [90]. 

Unfortunately, to achieve a high PTE, the delivered power to L2 would be much smaller 

than Pav because the impedance matching on the Tx side reduces the PA efficiency to 

50%. Utilizing large transistors to reduce Rs results in increased dynamic switching losses 

   

 
(a)                                                 (b) 

Fig. 5.1. (a) Lumped circuit model for a generic 2-coil inductive power transmission link with the power 

amplifier (PA) loss modeled as Rs. (b) Equivalent circuit at resonance showing the reflected load from 

the secondary loop onto the primary loop. 
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in the PA [32]. Therefore, the power transmission link should be designed in a way that it 

achieves high PTE and also provides sufficient PDL, while considering practical 

limitations of the PA circuit design.   

It can be shown that the highest PTE and PDL for the inductive link, shown in 

Fig. 5.1a, can be achieved when both LC tanks are tuned at the same resonance 

frequency, f0 =1/  √     =1/  √     . At resonance, the effect of the Rx on the Tx can 

be modeled by the reflected impedance, 

Lref QLkR 320

2

23 ,                                                                                                          (5.1) 

where         √    , M23 is the mutual inductance between L2 and L3, and Q3L = Q3QL / 

(Q3+QL), Q3 = ω0L3/R3, and QL = RL ω0L3 for parallel load connection, which is often 

referred to as the load quality factor. At resonance, the primary loop can be simplified to 

the circuit shown in Fig. 5.1b.  

To calculate the PTE at resonance, we should consider that the power provided by 

the PA (Vs) divides between Rs + R2 and Rref, and that portion of the power delivered to 

Rref, i.e. the power that is received by the secondary loop, divides between R3 and RL, 

which are the only power consuming components. These assumptions lead to,  
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where Q2 = ω0L2 / (Rs + R2) [32]. The first and second terms in (5.2) correspond to the 

power division between Rs + R2 and Rref, and R3 and RL, respectively. Therefore, 

according to (5.2), in order to achieve the highest PTE, Rref should be maximized.  

PDL can be calculated by multiplying the power provided by Vs, i.e. 

   
               , with the PTE from (5.2), 
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It can be seen in (5.3) that PDL does not necessarily increase by maximizing Rref. Taking 
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the derivative of (5.3) with respect to Rref, indicates that the maximum PDL at a certain 

coupling distance, d23, is achieved when Rref = Rs + R2. Under this impedance-matched 

condition, PTE  50%, because at least half of the power is dissipated in Rs + R2.  

To better understand and manage the necessary compromise between the PTE and 

PDL when designing an inductive power transfer link, we propose a new FoM, 
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where n depends on the importance of the PTE vs. PDL in a particular application. 

Interestingly, the FoM unit is in Siemens, which implies how conductive the wireless link 

is to electric power transfer. The FoM for a 2-coil link can be derived from other circuit 

parameters in Fig. 5.1 by substituting (5.2) and (5.3) in (5.4), 
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According to (5.2), the PTE profile of a 2-coil link is a monotonically decreasing 

function of the coils’ coupling distance, d23. The PDL and FoM profiles, on the other 

hand, can be maximized at a particular d23 by calculating the derivatives of (5.3) and (5.5) 

with respect to k23, respectively, 
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By substituting k23,FoM in (5.2) and (5.3), one can find the PTE and PDL of the 2-coil link 

when the FoM is maximized at a particular d23, 
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These equations do not consider any additional constraints on the coils’ geometries, 

which may result in further reductions in the PTE and/or PDL in order to meet those 

requirements. The proposed FoM in (5.4) reduces to the PTE or PDL if n  ∞ or n = 0, 

respectively. Therefore, the maximum achievable PTE and PDL at a particular d23 can be 
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calculated from (5.7) by substituting n with ∞ and 0, respectively, 
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Using (5.7) and (5.8), we can calculate the percentage of the PTE and PDL that 

the 2-coil link should forfeit when it is designed based on the optimal FoM, 
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Fig. 2 shows the PTE and PDL losses vs. n, based on (5.9). The key points to be learned 

from these curves are: 1) If the 2-coil link is optimized for the PDL only, i.e. n = 0, it 

loses 50% of the PTE. 2) If the 2-coil link is optimized for the PTE only, i.e. n  ∞, it 

loses 100% of the PDL. However in practice, the application and coil fabrication process 

constraints limit the PTE and allow a small amount of power to be delivered to the load 

(PDL > 0). 3) When n = 2, the PTE and PDL losses are balanced, equal to 25% each. 

 

In a particular application, it is often possible to determine whether the PTE, PDL, 

or both are important. Based on this determination and Fig. 5.2, the designer can choose a 

suitable n for the proposed FoM in (5.4), and proceed with the design of the 2-coil link by 

   

 
Fig. 5.2. PTE and PDL losses in percentage with respect to their maximum possible values vs. n when 

the 2-coil link is designed to maximize the proposed FoM in (5.4) as opposed to the PTE or PDL. It can 

be seen that n = 2 results in similar PTE and PDL losses, equal to 25%. Similar curves can be derived for 

the 3- and 4-coil links. 
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maximizing it. We believe that n = 2 can work well for the majority of applications, in 

which there is a need to achieve a large PDL with the highest possible PTE, while 

considering practical driver limitations. Even though in the rest of this paper we consider 

n = 2, our discussions are applicable to any desired n in the FoM, defined in (5.4). 

It should also be noted that for a given set of Q2, Q3, and k23 values, there is an 

optimal load, RL,FoM = ω0L3QL,FoM, which maximizes the FoM of the 2-coil link at a 

particular d23. Calculating the derivative of (5.5) with respect to QL leads to  
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Similarly, the optimal load values for PTE and PDL can be calculated from (5.10) by 

substituting n with ∞ and 0, respectively [92]. 
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5.2. Comparison Between 2-coil Inductive Links Designed Based on 

FoM, PTE, and PDL 

In this section, the performance of three different sets of 2-coil links, designed 

based on the PTE, PDL and the new FoM for IMD applications is compared. First, a 

design procedure is explained, based on which the optimal coil geometries are calculated. 

This design procedure will also be used for designing multi-coil links based on FoM. The 

effects of d23, Rs and RL, which are often imposed by the application, are studied on the 2-

coil link design with respect to the FoM.   

5.2.1. Two-coil Inductive Link Design Procedure 

All design examples are based on wire-wound coils (WWC) made of single 

filament solid wires. The relationship between the inductive link parameters, such as k 

and Q, and the WWC geometries can be found in the Appendix. The 2-coil optimization 

flowchart in Fig. 5.3 is similar to the design procedure proposed in [34] with the 
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following differences: 1) WWC geometries are optimized here instead of printed spiral 

coils (PSCs). In the WWC models presented in the Appendix, the number of turns, ni, in 

WWCs substitutes the fill factor, Ф, in PSCs while other geometrical parameters remain 

the same. 2) In Fig. 5.3, (5.2), (5.3), or (5.5) can be used to maximize the PTE, PDL, or 

FoM, respectively. The focus in this chapter will be on optimization based on the FoM, 

while [34] optimizes the PTE. 3) Another difference between Fig. 5.3 and [34] is that 

here a weight limit is added for the coils. This will lead to one more 3D surface for the 

weight of the WWC in each step.  

Fig. 5.3 starts with the design constraints imposed by the application and coil 

fabrication technology. The former defines the maximum values for the outer diameter, 

Do3, of the implantable coil, L3, the maximum wire diameters for L2 and L3, w2,max, w3,max, 

and their weights, W2,max, W3,max, respectively. For instance, the size and weight of L3 

depend on the IMD location in the body. The weight of a circular-shaped WWC with ni 

turns and a wire spacing of s between the surface of the conductors can be found from the 

Appendix. The minimum value for s is twice the thickness of the wire insulation. The 

nominal values for d23, RL and Rs are also required in step-1, all determined by the 

application or initial estimation. The nominal distance, d23, is considered the average 

spacing between L2 and L3 during normal operation of the inductive link in every 

particular application.  

In step-2, the initial values for L2 and L3 geometries, such as w2, n2, w3, and n3 are 

chosen. A more detailed discussion about how to choose these initial values can be found 

in [34]. In step-3.1, key geometrical parameters of L2, i.e. Do2 and n2 are swept, using 

(5.5) and the weight equation in the Appendix, leading to two 3D surfaces for the FoM 

and W2. The FoM surface is similar to the PTE surface in [34] when Do2 and Ф2 were 

swept. Do2 and n2 values that result from the maximum FoM are first chosen. If such 

values lead to W2 > W2,max, i.e. the resulting optimal coil being too heavy, an imaginary 

horizontal plane should be drawn over the W2 surface at W2 = W2,max to find the best Do2 
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and n2 pair on the cross section that give the highest FoM.  

Parameters associated with L3 geometry, such as w3 and n3, are swept in step-3.2, 

using Do2 and n2 values from step-3.1. They generate two 3D surfaces for FoM and W3 

using (5) and the weight equation in the Appendix. Similar to step-3.1, the FoM surface is 

similar to the PTE surface in [34] when w3 and Ф3 were swept. The w3 and n3 values that 

result in the highest FoM and W3 < W3,max are then chosen. In step-3.3, w2 and n2 are 

swept to maximize the FoM in (5.5) and still satisfy the W2 < W2,max condition. 

Steps 3.1 - 3.3 are repeated iteratively until w2 and n2 values change < 0.1% from 

one iteration to the next, satisfying the condition in step-3.4. This step determines the 

optimal 2-coil link geometries that would achieve the maximum FoM. This can be further 

validated and fine-tuned using field solvers, such as HFSS (Ansoft, Pittsburgh, PA) or 

through measurements. It should be noted that in steps 3.2 and 3.3, w2 and w3 should be 

limited to w2,max and w3,max, respectively. 

 

For the IMD design example, a retinal implant is considered with the following 

assumptions: L2 and L3 were considered circular-shaped WWCs, operating at 13.56 MHz. 

   

 
Fig. 5.3. Iterative 2-coil inductive link optimization flowchart.     
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The link was designed to deliver 250 mW to an RL = 100 Ω from a nominal coupling 

distance of d23 = 10 mm via a driver (PA) with output resistance of Rs = 0.5 Ω. Moreover, 

Do3 = 10 mm, w3,max = 0.51 mm (AWG24) to reduce the implant thickness, W2,max = 10 g, 

and W3,max = 0.5 g to limit the weights of L2 and L3 with respect to the electronics.  

5.2.2. PTE vs. PDL Tradeoffs 

Table 5.1 summarizes the results of the design procedure in Fig. 5.3 for three sets 

of 2-coil inductive links optimized based on the PTE, PDL, and FoM. It can be seen that 

the link optimized based on the FoM has not only achieved 1.47 times more PTE than the 

one optimized for PDL (71.3% vs. 48.5%) but also provided 16 times larger PDL 

compared to the one optimized for PTE (180.4 mW vs. 11.3 mW for Vs = 1 V). To 

deliver 250 mW to the load with a class-E PA, driving voltages of Vs = 1.18 V, 4.7 V, and 

1.03 V are needed for FoM-, PTE-, and PDL-optimized links, creating peak voltages of 

4.2 V, 16.7 V, and 3.7 V across the PA transistor, respectively [98].  

These results clearly show the disadvantages of the links with low FoM. For 

instance, the PA for the PTE-optimized link cannot be implemented on-chip in most 

standard CMOS fabrication processes due to their lower transistor breakdown voltages. 

On the other hand, the PDL-optimized link, which relaxes the driver design, suffers from 

low PTE. It should be noted that the FoM-optimized link achieves its high ratings at the 

cost of only 24% drop in the PTE and PDL compared to the PTE- and PDL-optimized 

links. This was slightly less than the estimated 25% theoretical level in Fig. 5.2 due to 

WWC fabrication constrains. Hence, unless an application requires very small amount of 

power, an inductive link that is designed based on the proposed FoM would be preferable 

by simultaneously providing high PTE and high PDL. 
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5.2.3. Coupling Distance Variations 

In applications such as IMDs, d23 varies in a wide range and the inductive link 

should provide high PTE and PDL for the entire range. Severe misalignments also have a 

similar effect as increasing d23 by reducing k23. Figs. 5.4a and 5.4b show the PTE, PDL 

and FoM of the links specified in Table 5.1 vs. d23, respectively. Two important points to 

be made in these curves are: 1) The PTE and PDL of the PDL-optimized link are 

significantly reduced at large coupling distances, d23 > 13 mm, while the FoM-optimized 

link provides both large PTE and PDL, and consequently high FoM, over an extended 

range. 2) Within smaller coupling distances, d23 < 10 mm, the FoM-optimized link has 

achieved high PTE and PDL, while the PTE-optimized link suffers from very small PDL. 

Comparing the FoM of the three sets of links in Fig. 5.4b shows that the link that is 

   

Table 5.1. Two-coil inductive link specifications resulted from the PTE, PDL, and FoM-based 

optimizations.     
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optimized based on the proposed FoM maintains the highest performance for a widest 

range of coupling variations.   

 

5.2.4. Source Resistance Effects 

The driver output resistance, Rs, plays an important role in the optimization of the 

inductive link from the energy source to the load because Rs significantly affects the 

available power that the PA can deliver through the inductive link. To study the effects of 

Rs on the 2-coil inductive link design, we have optimized our IMD design example for Rs 

values from 0.1 Ω to 5 Ω. Fig. 5.5a shows that the FoM-optimized link has achieved high 

PTE and PDL especially when Rs is small (i.e. when large PDL is needed). For instance, 

at Rs = 0.1 Ω, the FoM-optimized link has achieved 53 times larger PDL than the PTE-

optimized link and only 24.5% less PDL than the PDL-optimized link. On the other hand, 

the 71.6% PTE of the FoM-optimized link is almost half between the other two designs. 

As a result, the FoM-optimized link imposes ~7.3 times smaller voltage on the PA 

transistor compared to the PTE-optimized link for the same amount of PDL. Moreover, 

Fig. 5.5b shows how the FoM values are higher for the FoM-optimized link vs. Rs.  For 

   

   
(a)                                                                                  (b) 

Fig. 5.4. Comparison between three sets of 2-coil links optimized for the PTE, PDL, and FoM vs. 

coupling distance, d23. Rs = 0.5 Ω and RL = 100 Ω. a) The calculated values of the PTE and PDL for Vs = 

1 V b) The FoM values defined in (5.4) with n = 2. The inductive links’ specifications for the nominal 

distance of d23 = 10 mm are summarized in Table 5.1.     

 

 

 



79 

 

large Rs, which translate to low PDL, the PTE is considered more important, and both 

PDL and FoM are small for all three links. Therefore, the link designed based on PTE is 

optimal. 

 

5.2.5. Series vs. Parallel Connection of the Load Resistance 

Inductive power transmission covers applications with a wide range of power 

requirements. A common question for designers is whether the secondary loop should be 

connected in parallel, similar to Fig. 5.1, or in series (as in Fig. 5.7). In [46], the loaded 

quality factor of the secondary loop, Q3L, which only depends on the L3 geometry and RL, 

has been used to differentiate between parallel and series load connections. In [99], 

however, it is shown that the series or parallel load connection also depends on k23 and 

whether the link should be optimized for the PTE or PDL. Overall, the indication 

between whether the secondary loop should be connected in series or in parallel is not 

very clear.  

The proposed FoM can clearly determine the superior secondary loop topology, 

while considering both PTE and PDL, which are already linked to k23 and coils 

geometries. The IMD design example has been optimized based on the FoM for different 

   

   
(a)                                                                                      (b) 

Fig. 5.5. Comparison between three sets of 2-coil links optimized for PTE, PDL, and FoM vs. the driver 

output resistance, Rs. RL = 100 Ω. a) The calculated values of the PTE and PDL for Vs = 1 V b) The FoM 

values defined in (5.4) for n = 2. The inductive links’ specifications for Rs = 0.5 Ω are summarized in 

Table 5.1.     
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RL and Rs values for parallel and series secondary configurations, and depicted the results 

in Figs. 5.6a and 5.6b, respectively. All equations in this chapter are applicable for the 

series topology, except for QL, which should be defined as ω0L3/RL. It can be seen that for 

RL < 10 Ω the series connection results in higher FoM, almost regardless of Rs, while for 

larger RL the parallel connection is superior. Therefore, for the IMDs, in which RL is often 

larger than 10 Ω, the parallel secondary configuration is preferred. 

 

5.3. Multi-coil Inductive Links 

Multi-coil inductive power transmission in the form of 3- and 4-coil links has 

been proposed based on the coupled-mode theory to achieve high PTE especially at large 

distances. The comprehensive circuit-based analysis of multi-coil links was also 

presented in previous chapters. However, the optimal choice between the 2-, 3-, and 4-

coil links for a particular application is yet another source of confusion for designers, 

which can be addressed by the proposed FoM.  

 In an m-coil link, the reflected load from the (i+1)
th

 coil to the i
th

 coil can be 

found from,  

Liiiiiiref QLkR )1(

2

1,1,    ,    i = 1, 2, … , m-1                                                                 (5.12) 

where ki,i+1 is the coupling coefficient between the i
th 

and (i+1)
th

 coils. Q(i+1)L is the loaded 

quality factor of the (i+1)
th

 coil, which can be found from 

   

                         
(a)                                                                                      (b) 

Fig. 5.6. The FoM comparison for parallel and series load connection vs. RL and Rs: a) Parallel load 

connection b) Series load connection. The inductive links specifications are summarized in Table 5.1.     
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where Qi   ω i/Ri and Ri are the unloaded quality factor and parasitic series resistance of 

the i
th

 coil (Li), respectively. It should be noted that for the last coil, which is connected to 

the load in series, QmL   ω m/(Rm+RL) and for the first coil, which is connected to the 

source in series, Rs should be added to R1.  

Assuming that the coupling between non-neighboring coils is negligible, the 

partial PTE from the i
th

 coil to (i+1)
th 

coil can be written as, 
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Using (5.12)-(5.14), the overall PTE in such a multi-coil inductive link can be found 

from, 
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PDL can be calculated by multiplying the power provided by the source, i.e. 

   
   (           , ), by the PTE from (5.15), 
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5.3.1. Three-coil Inductive Links 

The 3-coil inductive power transmission link, shown in Fig. 5.7, can be used to 

achieve high PTE and PDL by adjusting k34 to transform any arbitrary RL into the optimal 

resistance required in the L2-L3 inductive link. The PTE of this circuit can be calculated 

by reflecting the resistive components of each loop from the load back towards the 

primary coil loop, one stage at a time, using (5.12), and calculating the percentage of the 

power that is delivered from one stage to the next, using (5.14), until it reaches RL. 

According to (5.15), this leads to, 
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where k24 has been ignored due to the large separation between L2 and L4. One can also 

calculate the PDL of this circuit using (5.12)-(5.16),  
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It should be noted that in (5.17) and (5.18), the driver output resistance should be 

considered in Q2   ω 2 / (R2+Rs). 

 

The FoM for a 3-coil inductive link can be found by substituting (5.17) and (5.18) 

in (5.4), 
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It will be shown that, similar to 2-coil links, the PTE and PDL losses in 3-coil links 

follow Fig. 5.2 and (5.9), when optimized for the FoM in (5.4) and (5.19). 

The PTE profile of the 3-coil link according to (5.17) is a monotonically 

decreasing function of the coils’ coupling distance, d23. However, the PDL and FoM 

profiles are maximized at a particular d23 that can be found by calculating the derivatives 

of (5.18) and (5.19) vs. k23, respectively.   
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Fig. 5.7. Lumped circuit model of a 3-coil inductive power transmission link. 
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By substituting k23,FoM in (5.17) and (5.18), one can find the PTE and PDL of the 3-coil 

link when it is designed to maximize the FoM at that particular d23, 
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Additional constraints on the coils’ geometries in order to satisfy the application or 

fabrication requirements may result in further reductions in the PTE and/or PDL. The 

maximum achievable PTE and PDL at a particular d23 can be calculated from (5.21) by 

substituting n with ∞ and 0, respectively, 
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Using (5.21) and (5.22), we can calculate the losses in PTE and PDL when the link is 

designed based on the optimal FoM, 
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The results are exactly the same as those found in (5.9) for the 2-coil links. It should be 

noted that in comparison to 2-coil links, the 3-coil inductive links have an additional 

degree of freedom owing to k34, which allows them to transform any arbitrary RL to the 

optimal values for FoM, PTE, and PDL in (5.10) and (5.11). 2-coil links fail to achieve 

the optimal QLs in (5.10) and (5.11), which become quite large when k23 drops as a result 

of large d23 or severe misalignments. 

5.3.2. Four-coil Inductive Links 

Fig. 5.8 shows a 4-coil inductive power transmission link, which is capable of 

achieving a high PTE by adjusting k12 when there is a large Rs, imposed by a weak driver. 

In 4-coil inductive links there is a tradeoff between the highest PTE that can be achieved 
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at short distances while maintaining sufficient PDL at large distances. The PTE of the 4-

coil link can be calculated using (5.12)-(5.15),  
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where k13, k14, and k24 are ignored in comparison to k12, k23 and k34. Using (5.14)-(5.16), 

PDL of the 4-coil inductive links can be found from, 
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It should be noted that in (5.24)-(5.26), the driver output resistance should be considered 

in Q1   ω 1 / (R1+Rs).  

 

The 4-coil FoM can be calculated by substituting (5.24) and (5.26) in (5.4), 
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The 4-coil PTE, PDL and FoM profiles are maximized at a particular d23 that can be 

found by calculating the derivatives of (5.24), (5.25), and (5.27) with respect to k23, 

respectively,   
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Fig. 5.8. Lumped circuit model of a 4-coil inductive power transmission link. 
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The optimal k23,FoM in (5.28) is too complicated to be used for calculating the PTE 

and PDL losses as a result of FoM-based optimization. Therefore, we apply some 

approximation. In 4-coil links, we know that k12 should be large in order to achieve a high 

PTE between L1 and L2 (η12  1), especially at short coupling distances where L2 is 

strongly loaded by L3 [92]. Assuming    
 
 

 
 

 
>> 1, we can conclude that in (5.25), B >> 

A. Therefore, k23,FoM in (5.28) can be further simplified to, 
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By substituting k23,FoM  in (5.24) and (5.26), and assuming B >> A, one can find 

the PTE and PDL of the 4-coil link when the FoM is maximized at a particular d23, 
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The maximum achievable PTE and PDL at a particular d23 are calculated by substituting 

n with ∞ and 0, respectively, 
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Using (5.30) and (5.31), similar to the 2- and 3-coil links, we can calculate the 

losses in PTE and PDL when the 4-coil link is designed based on the optimal FoM,   
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Interestingly, the results are consistent with those found in (5.9) and (5.23). Therefore, 

designers can use the PTE and PDL loss curves in Fig. 5.2 to find the best n for a given 

application.  

5.3.3. Design Procedure for Multi-coil Links Based on the FoM 

Earlier in this chapter, an iterative optimization procedure for 2-coil inductive 

links based on the new FoM was presented, which has been extended for multi-coil links.  

In step-1 of Fig. 5.9 flowchart, the design constraints imposed by the application and coil 

fabrication technology are applied. Using the weight equations in the Appendix, the 

weight of the coils on the Tx side, Wt, is defined as the weight of L2 or the sum of the 

weights of L1 and L2 for 3- and 4-coil links, respectively. The weight of the Rx coils, Wr, 

also equals the sum of the weights of L3 and L4 for both 3- and 4-coil links. The nominal 

values for Do3, d12, d23, d34, RL and Rs are also required in this step, which are defined by 

the application (d12 is needed only for the 4-coil link). Do3 is often chosen to be the 

maximum allowed by the application, particularly in IMDs. The designer should also 

limit the coils’ wire diameters, w1,max ~ w4,max, to account for the overall thickness of the 

inductors in the given application. The minimum wire spacing between the surface of the 

conductors, s1 ~ s4, are considered twice the thickness of the wire insulation in WWCs. 

In step-2, the initial values for L1~L4 geometries namely w1~w4, n1~n4, Do1, Do2, 

and Do4 are chosen. In step-3, L2-L3 link is optimized using the design procedure shown in 

Fig. 5.3, with (5.19) and (5.27) used instead of (5.5) for 3- and 4-coil links, respectively. 

This step provides the interim optimal values for w2, w3, n2, n3, and Do2 based on the 

initial values for L1 and L4 geometries. 

L4 geometry is optimized in step-4 by sweeping n4 and Do4, followed by sweeping 

n4 and w4 using (5.19) and (5.27) for 3- and 4-coil links, respectively. In each step, two 3-
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D surfaces for FoM and Wr are obtained while n4 and Do4 or n4 and w4 values that result 

in the maximum FoM and Wr < Wr,max are chosen. Steps 4.1 and 4.2 are repeated 

iteratively until Do4 and w4 change less than 0.1% and satisfy the condition in step-4.3. 

 

In step-5, key parameters in the geometry of L2, i.e. n2 and Do2, are swept to 

maximize the FoM in (5.19) and (5.27) for 3- and 4-coil links, respectively, while 

maintaining Wt < Wt,max. Step-5 also verifies whether the L4 geometry resulted from step-

4 is optimal. This is because L4 was optimized in step-4 with respect to L3 to achieve the 

   

 
Fig. 5.9. Iterative multi-coil links optimization flowchart based on the proposed FoM.     
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desired k34 while L2-L3 link had been optimized in step-3 with non-optimized L1 and L4 

geometries. Steps-3 and 4 are repeated iteratively until n2 and Do2 change less than 0.1%, 

and satisfy the condition in step-4.3. This step concludes the 3-coil link design for 

maximum FoM, which can be further validated using field solvers, such as HFSS 

(Ansoft, Pittsburgh, PA). 

The rest of steps in Fig. 5.9 are specific to 4-coil links to optimize the geometry of 

L1 for the highest FoM based on (5.27). Step-6 is similar to step-4, which determines the 

optimal geometry of L1. However, step-7 verifies if the L2 geometry is still optimal for 

the new L1 geometry from step-6. Therefore, Do1 and Do2 are swept in step-7.1 to 

maximize FoM in (5.27) while keeping Wt < Wt,max. The new Do1 along with n1 and w1 

from step-6.2 are used to start a new iterative optimization loop from step-3, as long as 

Do1 and Do2 change more than 0.1% in step-7.2. The 4-coil link is designed for maximum 

FoM if the condition in step-7.2 is satisfied.  

5.4. Discussion 

There are a number of parameters that can guide designers towards the optimal 

inductive power transmission link for their specific application. The amount of power 

delivered to the load (PL), driver output resistance (Rs), source voltage (Vs), nominal 

coupling distance (d23), and the range of coupling distance variations or coil 

misalignments are among important parameters in addition to the application-based 

limitations on the coils geometries. The optimization procedure can be made much 

simpler if it can be shaped around a single measure that would best fit the application. 

Power transfer efficiency (PTE), which has been dominantly used in the past, is a good 

measure when PL is small or Rs is large. However, delivering sufficient PDL becomes 

challenging when there are stringent limitations on the PA driver. Hence, for the majority 

of applications, in which achieving high PTE and PDL are both important, the proposed 

FoM would be a better choice. 
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Another challenge for designers is how to choose between different topologies, 

i.e. 2-, 3-, and 4-coil links, for their given application. As demonstrated three examples 

across a wide range of power levels, most often the proposed FoM can clearly show the 

topology that fits the best. If two different topologies achieve similar or close FoMs, one 

can change the parameter n in (5.4) to give a heavier weight to PTE (higher) or PDL 

(lower). The recommendation is going for a higher PTE because the necessary PDL can 

be achieved by increasing Vs, as long as the PA transistors can handle the higher voltage 

levels. According to FoM, the 2-, 3-, and 4-coil links are suitable for these conditions: 1) 

2-coil links are chosen when the coils are strongly coupled and a large PDL is needed i.e. 

Rs is small. This is because the optimal QLs for FoM, PTE, and PDL in (5.10) and (5.11) 

are easier to achieve with a large k23. Another justification for using a 2-coil link is 

extreme size constraints. 2) 3-coil links are chosen when the coils are loosely coupled, the 

coupling distance varies in a wide range, and a large PDL is needed. 3) Finally, 4-coil 

links are optimal when the PTE is paramount, the load power consumption is very small, 

the coils are loosely coupled, and their relative distance and alignment are stable. 
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CHAPTER VI 

HIGH-EFFICIENCY AND ADAPTIVE POWER MANAGEMENT 

 

Inductive power transmission across the skin is currently the only viable solution 

for providing sufficient power to IMDs such as retinal and cochlear implants without the 

size and power constraints imposed by batteries. The use of inductive power transmission 

is expected to see an explosive growth over the next decade, as engineers try to cut the 

power cord from mobile electronics, small home appliances, and even the electric 

vehicles. Power transfer efficiency (PTE) of the inductive link is highly dependent on 

how accurately the transmitter (Tx) and receiver (Rx) high-Q coils are tuned to the carrier 

frequency, fc. In the above applications, the environment around the Rx LC-tank is quite 

variable, and there is a need for the Rx to automatically tune itself to fc to maintain high 

PTE. Moreover, the load resistance in all abovementioned applications would change 

significantly especially during wireless charging. As shown in multi-coil links, a load 

matching is needed at Rx to maximize PTE for the nominal load. In this chapter, two 

ideas are presented for automatic tuning of the Rx coil and automatic impedance 

matching of the load resistance. 

6.1. Adaptive Power Management and Data Transceiver (PMDT) 

A complete adaptive power-management and low-power data-transceiver 

(PMDT) application-specific integrated circuit (ASIC) has been developed for robust 

wireless power transmission through inductive links. Fig. 6.1 shows the block diagram of 

PMDT, which includes an active rectifier, a battery charger, an adaptive super-cap 

charger (ASCC), a 3.3-V regulator (LDO), an automatic-resonance tuning (ART), and a 

low-power back telemetry (BT) and ASK demodulator as the data transceiver. A power 

amplifier (PA) drives the Tx coil, L1, at the designated carrier frequency (fc=13.56MHz). 

The AC signal across the Rx L2C2-tank, which is tuned at fc, is rectified by the rectifier. 
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The rectifier output, VREC, is then applied to the battery charger and the ASCC. A 

decision circuit connects either VREC or battery voltage (VBAT) to the LDO input if VREC > 

3.6 or < 3.6, respectively. The ASCC charges the super-cap from VREC with the maximum 

current provided from the inductive link when VREC = 3.8V, which leads to fast start-up 

and charging compared to conventional constant current/voltage charging mechanisms 

[100]. The ART ensures that L2C2-tank is always tuned at fc by sweeping two 5-bit 

binary-weighted on-chip (1pF, 2pF, 4pF, 8pF, 16pF) and off-chip (30pF, 60pF, 120pF, 

240pF, 480pF) capacitor banks resulting in 0-480pF capacitance change across L2C2-tank 

with 0.5pF resolution. A hysteresis comparator also detunes L2C2-tank by a Covp=100nF 

when VREC > 4.8V to protect PMDT when coupling distance, d12, is small or RL is large. 

The BT and ASK demodulator can be used to send the Rx power information to the Tx to 

close the power control loop and configure registers in the Rx, respectively.  

 

6.1.1. Circuit Implementation 

Fig. 6.2a shows a simplified schematic diagram of the active rectifier, consisting 

of PMOS and NMOS pass transistors, which are driven by two high-speed offset-

controlled comparators [101]. The start-up circuit monitors VREC and sets CTL = 0 when 

VREC is low. Hence, P1,2 are diode-connected and form a passive rectifier, which charges 

  
Fig. 6.1. Block diagram of the highly efficient and adaptive PMDT ASIC with the unique feature of 

automatic-resonance tuning (ART) of the Rx coil. 
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VREC regardless of the comparators’ status up to the point that VREC reaches a stable 

minimum level (1.6 V). Then CTL toggles to enable the rectifier to operate normally. 

 

Fig. 6.2b shows the detailed schematic diagram of the ART block. The ART 

sweeps two identical 10-bit capacitor banks, which are connected to a 10-bit counter, in a 

certain direction (up or down) until the voltage envelope across L2C2-tank (VENV) reduces 

by 100 mV. Then the sweeping direction changes until VENV again reduces by 100 mV. 

This up and down cycle ensures that L2C2-tank is always tuned at fc with a small offset. In 

the ART, VENV is first detected by a passive rectifier, divided by 1.4, and then buffered 

before being sampled. Two non-overlapping clocks, CLKC and CLKS, are generated from 

the 26.4 kHz (fc/512) signal from the clock recovery block (Fig. 6.1). The first sampler, 

S1, always samples VENV at the rising edge of CLKS while S2 only samples VENV at the 

rising edge of CLKC when VENV increases or reduces by 100 mV. Because CMP1,2, which 

are 100-mV offset comparators, output high and close S3 when the difference between C1 

and C2 voltages is ±100 mV. Therefore, CMP2 output (Dir_Ch) changes the counting 

  
Fig. 6.2. (a) Schematic diagram of the full-wave active rectifier, and (b) detailed schematic diagram of 

the automatic-resonance tuning (ART). 

  

 

 

 

 



93 

 

direction of the counter according to a finite state machine (FSM) because VENV has 

reduced by 100 mV. The FSM starts the counter from the middle (240 pF across L2C2-

tank) when PMDT is powered and avoids any overflows. The counter operates at the 

falling edge of CLKC to be time-separated from VENV samplings, which occur at the rising 

edges. 

In order to avoid Rx power discontinuities in the presence of small RL, large d12, 

or coils’ misalignment and rotation, secondary energy sources such as rechargeable 

batteries and super-caps can be used. For applications such as optogenetics, in which 

instantaneous power levels in the order of watts should be delivered to LEDs, a super-cap 

is preferred because of its higher power density [100]. The ASCC provides the maximum 

charging current available from the inductive link in different conditions to achieve VREC 

> 3.8 V (Fig. 6.3a). In ASCC, 0.31VREC is compared with VBGR = 1.18 V to control the 

two identical current sources, which act as a charge pump. The voltage across C1 adjusts 

the N1 current, which is mirrored onto P2, which in turn charges the super-cap. When 

VREC > 3.8 V, which implies that the received power is high, the UP signal becomes high, 

C1 is charged, and super-cap charging current (IC) increases slowly. The increase in IC 

will eventually lead to VREC < 3.8 V and, therefore, the DN signal becomes high, C1 is 

discharged, and IC reduces to reach VREC > 3.8 V. In this condition, ASCC again increases 

IC. This up and down cycling continues until the super-cap is fully charged. The battery 

charger provides a Li-Ion battery with a constant charging current of 12 mA as long as 

VBA T< 4.2 V, and connects the battery to a 4.2-V LDO when VBAT = 4.2 V as shown in 

Fig. 6.3b.  

The low-power data transceiver includes a back telemetry (BT) circuitry based on 

load-shift-keying modulation and an amplitude-shift-keying demodulation circuitry. The 

BT creates narrow pulses (~250 ns) when data is “1” to short L2C2-tank by closing the 

short-coil (SC) switches in the rectifier as shown in Fig. 6.4a. The schematic diagram of 

the ASK demodulator is shown in Fig. 6.4b. The ASK demodulator detects L2C2-tank 
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amplitude variations using two paths with different time constants, R1C1 < R2C2, which 

are connected to a comparator.  

 

 

6.1.2. Measurement Results 

The PMDT chip was fabricated in the TSMC 0.35-μm 4M2P standard CMOS 

process, occupying 2.54 mm
2
. Fig. 6.5 shows the PMDT chip micrograph with floor 

planning of each block. Fig. 6.6 shows measured input/output waveforms in the rectifier, 

the LDO output (VDD), and the measured rectifier power conversion efficiency (PCE) vs. 

VREC with RL = 0.5 kΩ and 1 kΩ at fc = 13.56 MHz. It can be seen that the active rectifier 

has achieve a high PCE of 76.2% at VREC = 4 V and RL = 0.5 kΩ. 

  
Fig. 6.4. Schematic diagrams of the (a) back telemetry (BT) using LSK modulation, and (b) ASK 

demodulator for forward telemetry. 

  

 

 

 

 

  
Fig. 6.3. Schematic diagrams of the (a) adaptive super-cap charger (ASCC), and (b) battery charger. 
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Fig. 6.7 shows the functionality of ASCC and over voltage protection (OVP) 

blocks. Thanks to adaptive charging mechanism, PMDT started-up ~10 ms after the Tx 

turned on when charging a 0.11 F capacitor at d12 = 7 cm with 1 W Tx output power. The 

start-up time would increase to 70 s if super-cap was directly connected to VREC. The 

measured IC variation was between 0 and 17 mA to maintain VREC around 3.8 V. When 

the super-cap was charged to VC = 3 V, close to VREC = 3.8 V, IC slowly reduced and the 

OVP block turned on to keep VREC < 4.8 V as shown in Fig. 6.7. 

  

Fig. 6.6. Measured input/output voltage waveforms in the rectifier for RL = 0.5 kΩ and PCE vs. VREC for 

RL = 0.5 kΩ and 1 kΩ at fc=13.56 MHz. 

 

 

 

 

  
Fig. 6.5. PMDT die micrograph and floor plan occupying 2.54 mm

2 
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Fig. 6.8 shows the VREC waveform when ART is enabled. The Dir_Ch signal 

periodically became high when VREC reduced by 0.3 V, to reverse the counting direction. 

Hence, VREC has increased after each Dir_Ch high signal. VREC peaks between two 

consecutive Dir_Ch high signals show that ART has reached to the optimal resonance 

capacitance, around which ~16 pF was swept. Fig. 6.8 also shows that PMDT would fail 

with > 20 pF detuning of L2C2-tank if ART was disabled, while ART can maintain VREC 

constant at 4V for > 100 pF detuning. In this measurement, the resonance capacitance of 

L2 was intentionally changed up to 100 pF. 

 

  
Fig. 6.8. Measured waveforms for the auto-resonance tuning (ART) block. It can be seen that the ART 

block can result in high efficiency over a wide span of L2 detuning. 

 

 

 

 

  
Fig. 6.7. The rectifier, super-cap and OVP disable signals with fast start-up when charging a 0.11 F 

capacitor at d12 = 7 cm with 1 W Tx output power. The charging current adaptively changed between 0 

and 17 mA to maintain VREC around 3.8 V. 
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Fig. 6.9a shows the current/voltage profile of the battery charger. A 4.2V 12mAh 

Li-Ion battery was used in this measurement. The 100-kbps OOK-modulated random data 

on the power carrier using an RFID reader (TRF7960) was successfully detected by the 

ASK demodulator as shown in Fig. 6.9b. Table 6.1 summarizes the specifications of the 

PMDT ASIC.  

 

 

Table 6.1. Specifications of the PMDT ASIC 

Power Management and Data Transceiver (PMDT) 

Fabrication technology TSMC 0.35μm 4M2P Std. CMOS 

Die size (mm
2
) 2.54 

Supply voltage (V) 3.3 

Total current consumption (μA) 68 

Rectifier Specifications 

Rectifier efficiency (%) 76.2 

Nominal VREC (V) 4 

Nominal RL (kΩ) 0.5 

Operation frequency (MHz) 13.56 

Automatic-resonance Tuning (ART) Specifications 

Operation frequency (kHz) 26.4 

Tuning capacitance range (pF) 
On-chip : 0-16 (5-bits) 

Off-chip : 15-480 (5-bits) 

Data Transceiver Specifications 

Back telemetry data rate (kbps) 250 

Forward telemetry data rate (kbps) 100 

ASK demodulator sensitivity (mV) 150 

Current consumption (μA) 10 
                   *

when super-cap and battery chargers are off. 

 
(a)                               (b)  

Fig. 6.9. (a) Measured current/voltage profile of the battery charger block, and (b) Measured waveforms 

of the ASK demodulator with a random data bit stream applied to an RFID reader, TRF7960 for RL = 0.5 

kΩ, d12 = 7 cm, and Tx output power = 1 W. 
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6.2. Q-modulated Inductive Link 

Three-coil links were proposed in Chapter III to increase power transfer 

efficiency (PTE) by transforming the load resistance (RL) to the optimal load required by 

the inductive link by adding an additional resonator in the receiver (Rx) side. 

Implementing matching circuits in the Rx with discrete off-the-shelf inductors and 

capacitors have also been proposed to increase PTE [102], [103]. In such systems, a 

matching network transforms RL to the optimal load required by the link. To cover a wide 

range of RL variations, however, this method needs bulky switched networks of capacitor 

and inductors to adaptively adopt the matching circuit to the new RL during operation, 

which occupies a large volume and also adds power dissipations.   

We propose a method that provides flexibility in the Rx side of the conventional 

inductive links in adjusting to changes in RL during operation, without significant loss of 

PTE. It provides a switching mechanism, by which the Rx subsystem controls the quality 

factor (Q) of the Rx LC-tank, and hence limits the system losses when RL changes occur. 

The theory and circuit implementation of this method, which is termed Q-modulated 

inductive link, will be presented in this Chapter.  

The proposed Q-modulated inductive link consists of one coil at the Tx side as 

shown in Fig. 6.10. An additional Tx coil (L1) can be added to the link similar to the 

conventional 4-coil links to decouple the high-Q coil, L2, from the power amplifier (PA) 

source resistance (Rs) and enhance the overall PTE. However, the Rx only consists of one 

high-Q coil (L3) but with a unique switching mechanism, an automatic resonance tuning 

(ART) block, and an adaptive duty cycle control (ADCC). The rectifier, regulator, and 

DC load resistance (RL,DC) can all be modeled with an AC resistance (RL). The proposed 

link in Fig. 6.10 is similar to conventional 3-coil links. 
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In the proposed link, a switch control block monitors the Rx coil (L3) current and 

controls a switch in parallel with the L3C3-tank via VSW signal. The onset and duty cycle 

of VSW are determined based on RL. The ADCC block monitors the rectifier output and 

changes the switching duty cycle (D) such that the rectifier voltage maintains at its 

maximum (highest PTE) at each RL.  

In the proposed technique, during half period of the power carrier cycle (Tp/2), the 

Rx LC-tank is shorted or opened, which depends whether series or parallel Rx resonance 

is used, for a certain time (TON) to establish a high-Q link by disconnecting RL from the 

Rx coil. For the rest of the time in each Tp/2, i.e. Tp/2-TON, the coil is connected to RL to 

deliver the stored energy inside the LC-tank to RL.  By connecting RL to the Rx LC-tank, 

Q3 is reduced and, therefore, the Rx LC-tank experiences an average Q3, which can be 

controlled by the switching duty cycle, D = 2TON/Tp. This degree of freedom (D) in 

modulating Q3 or RL, which could be controlled electronically, is not present in multi-coil 

links, in which the physical distance or relative geometries of the two Rx coils determine 

the transformed RL.  

While this technique can improve the PTE of loosely-coupled inductive links, the 

resonance frequency of the Rx coil changes when the Q-modulation is applied. Therefore, 

an automatic resonance tuning (ART) method, which introduced earlier in this Chapter, is 

needed to achieve the highest possible PTE using the proposed technique.  

 
Fig. 6.10. Proposed Q-modulated inductive link to enhance PTE.  
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6.2.1 Effect of Q-modulation on an RLC Network 

To simplify the analysis, the inductive link in Fig. 6.10 is simplified to a series 

RLC-network as shown in Fig. 6.11. If L3C3-tank is tuned at ɷp, the current in L3 can be 

found from, 
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                                                              (6.1) 

where Q is the quality factor of L3C3-tank that would be different when the switch mode 

changes. The general solution for (6.1) when the switch with internal resistance of Rsw 

turns on at t = 0 (phase-I in Fig. 6.12) can be written as,  
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where Q3 = ɷpL3 / R3, Rsw = 0 for simplicity, and the damping frequency 
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The inductor current when the switch turns off at t = TON (phase-II in Fig. 6.12) 

can be found in a similar way as, 
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where Q3L = ɷpL3 / (R3+ RL), Rsw = 0 for simplicity, and the damping frequency 

 
Fig. 6.11. Schematic diagram of a series RLC tank, in which RL is switched or Q is modulated. 
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Using the current in L3 and the voltage across C3 at the end of each phase, the two 

unknown parameters i.e. a1 and b1 in phase-I and a2 and b2 in phase-II could be found. It 

can be seen from (6.2) and (6.4) that I(t) is still a sinusoidal signal in each phase. 

Fig. 6.12 shows the proposed switching diagram that switch is turned on at the 

zero crossing of I(t) in the phase-I and turned off after a certain time, TON, in phase-II. 

The same pattern is periodically repeated every Tp/2, where Tp = 1/fp is one cycle of the 

excitation signal. Therefore, the duty cycle of the switching is D = 2TON/Tp. Fig. 6.13 

shows the Spice simulation results for the RLC-network shown in Fig. 6.11 for D = 50%. 

There are three important points to learn from Fig. 6.13: 1) Although L3C3-tank is tuned 

to the excitation frequency (fp = 1MHz), there is a 30.6 degrees phase shift between the 

Vs(t) and I(t) that implies that the resonance frequency of the switched L3C3-tank has 

shifted to 1.05 MHz. Therefore, the L3C3-tank needs to be re-tuned. 2) The equivalent Q 

of the switched L3C3-tank is 6.3 according to the amplitude and phase of I(t), which is 

different from Q3 = 157 and Q3L = 3. Therefore, we have been able to change the Q or 

equivalent RL of the RLC network by switching the load. 3) The current in the inductor 

can safely be approximated with a sinusoid. 

 

 
Fig. 6.12. The switching diagram that the switch turns on at the zero crossing of the current in the 

inductor, I(t), for a certain time of TON in each Tp/2. This results in switching duty cycle of D = 2TON/Tp. 
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Although the onset of switching is the zero crossing of I(t) in the following 

analysis, a similar theory  could be developed for any switching onset relative to I(t). The 

equivalent Q of the switched-RLC network in Fig. 6.11 can be found by calculating the 

ratio of the energy inside the LC-tank to the average power dissipation in steady state, 

RLRRsw

m
peqL

PPP

IL
Q




3

2

3
,3

||5.0
                                                                                             (6.6) 

where Im is the peak current in the inductor (L3), and PRsw, PR3, and PRL are the average 

power dissipations in the switch (Rsw), R3, and RL, respectively. Because, the current in R3 

was approximated to be a sinusoid, PR3 can be written as, 

2

33 ||5.0 mR IRP  .                                                                                                          (6.7) 

However, current flows in Rsw and RL only for 2TON and 2×(Tp-TON) portion of time in 

each Tp cycle (see Fig. 6.12). Therefore, the power dissipation in Rsw and RL could be 

calculated as, 

 
Fig. 6.13. Spice simulation results for the switched RLC-network in Fig. 6.11. It can be seen that there is 

a phase difference between I(t) and Vs(t) that implies that the switched L3C3-tank has been detuned from 

fp = 1 MHz to 1.05 MHz. L3 = 5 µH, C3 = 5 nF, R3 = 0.2 Ω, RL = 10 Ω, fp = 1 MHz, Rsw = 0, and D = 

50%. 
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Using the power dissipations in (6.7) and (6.8), one calculate Q3L,eq as, 
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                                     (6.9)  

It can be seen from (6.9) that for D = 0, in which switch is always off and L3C3-tank is 

loaded by RL, Q3L,eq = ɷp×L3 / (R3 + RL). On the other hand for D = 1 or 100%, in which 

switch is always on and RL is short circuit, Q3L,eq = ɷp×L3 / R3 = Q3.  

To verify the accuracy of (6.9), the calculated and Spice simulated Q3L,eq values of 

a switched RLC-network are compared in Fig. 6.14. It can be seen that there is a fairly 

good match between calculated and simulated Q3L,eq values. The small discrepancies are 

because we assumed that I(t) is a perfect sinusoid while it is not 100% accurate according 

to (6.2), (6.4), and Fig. 6.13.       

 

 
Fig. 6.14. Calculated vs. Spice simulated Q3L,eq in (6.9) for the switched RLC-network in Fig. 6.11. It 

can be seen that there is a good match between the calculation and simulation results, which validate the 

accuracy of (6.9). L3 = 5 µH, C3 = 5 nF, R3 = 0.2 Ω, RL = 10 Ω, Rsw = 0, and fp = 1 MHz. 
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6.2.2 Q-modulation Effect on the Power Transfer Efficiency (PTE) 

The PTE of the Q-modulated inductive link in Fig. 6.10 can be written as, 
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where k23 is the coupling between coils, Q2 = ɷp×L2 / R2, and Q3L,eq was defined in (6.9). 

QL,eq in (6.10) is defined as, 
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Therefore, similar to conventional 2-coil links, to maximize the PTE, QL,eq need to match 

an optimal QL,PTE, which can be found from 
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Therefore, the optimal duty cycle, D, for switching can be found by solving, 
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As seen from (6.13), the Q-modulated inductive link can achieve high PTE for a wide 

range of RL by choosing the proper D.  

Fig. 6.15 compares the calculated and Spice-simulated PTE of the proposed Q-

modulated inductive link with a conventional 3-coil link, in which two coils are used in 

the Rx for impedance matching. There are four important points to learn from Fig. 6.15: 

1) The Q-modulated link archives the highest PTE at D = 80%. This implies that the 

optimal QL,PTE condition in (6.12) is satisfied at D = 80%. 2) At D = 0, in which switch is 

always off, the Q-modulated link is basically a 2-coil link without impedance matching 

and, therefore, PTE is low. 3) The Q-modulated link needs a retuning at each D to 
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achieve the highest PTE. This is the reason that an automatic resonance tuning (ART) is 

required. 4) For a constant RL, the conventional 3-coil link and proposed Q-modulated 

inductive link achieved the same PTE at D = 80%. This further validates the theory that 

the proposed switching mechanism changes the Q of the Rx coil, which is proportional to 

RL.  

 

In order to show the advantage of the proposed Q-modulated inductive link over 

conventional 3-coil links, RL has been swept from 1 Ω to 100 Ω in Fig. 6.16. It can be 

seen that the 3-coil link achieves highest PTE at RL = 10 Ω because k34 is optimal at this 

condition. However, the Q-modulated link achieves high PTE in a wide range of RL by 

adjusting D. This degree of freedom is not provided by the traditional 3-coil link, in 

which k34 depends on the relative distance and geometries of the L3 and L4 coils. 

 
Fig. 6.15. PTE comparison between the conventional 3-coil link and proposed Q-modulated inductive 

link. At D = 80% maximum PTE is achieved because optimal QL,PTE is achieved. Retuning the Rx coil in 

the Q-modulated link has significantly increased the PTE. L2 = 12 µH, C2 = 2.1 nF, R2 = 0.3 Ω, L3 = 5 

µH, C3 = 5 nF, R3 = 0.2 Ω, k23 = 0.01, RL = 10 Ω, Rsw = 0; and fp = 1 MHz. In the 3-coil link, L4 = 5 µH, 

C4 = 5 nF, R4 = 0.2 Ω, and k34 = 0.08. 
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6.2.3. Q-modulation Power Management (QMPM) 

A power-management ASIC based on the proposed Q-modulation technique 

(QMPM) has been developed for efficient recharging of mobile electronics consuming 

power as large as 5 kW. Fig. 6.17 shows the block diagram of QMPM, which includes a 

full-wave passive rectifier, a 3-V regulator (LDO), an automatic duty-cycle control 

(ADCC) to adaptively perform the load transformation, and over-voltage protection 

(OVP) circuitry. A power amplifier (PA) drives the Tx coil, L2, at the designated carrier 

frequency (fc = 2 MHz). The AC signal across the Rx L3C3-tank, which is tuned at fc, is 

rectified by the rectifier. The rectifier output, VREC, is then applied to the LDO input to 

create a constant 3-V output for the rest of the system. The ADCC ensures that the 

inductive link experience the optimal load resistance in the presence of load variation by 

adjusting the duty cycle of shorting the switch in parallel with the series L3C3-tank. A 

hysteresis comparator also detunes L3C3-tank by a Covp = 100 nF when VREC  > 4.8V to 

protect QMPM when coupling distance, d23, is small or RL is large. A clock recovery 

detects the carrier frequency i.e. fc = 2 MHz and divides it by 64 for the ADCC operation. 

 
Fig. 6.16. PTE comparison between the conventional 3-coil link and proposed Q-modulated inductive 

link vs. RL. It can be seen that the proposed Q-modulated link achieves high PTE for a wide range of RL 

by adjusting D, however, the 3-coil link only achieves highest PTE at RL = 10 Ω , in which k34 is 

optimal. Inductive link specifications are the same as those of Fig. 6.14. 
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Fig. 6.18 shows the schematic diagram of the full-wave passive rectifier, 

consisting of NMOS transistors (N1-4) for AC voltage rectification and PMOS pass 

transistors with threshold-voltage cancellation technique to reduce the drop voltage of the 

main pass transistors i.e. P1 and P4 [104]. Diode-connected P2 and P5 transistors are used 

for start-up. The width of transistors are chosen large enough (38.4 mm for NMOS and 

54.1 mm for PMOS) to reduce the voltage drop when a large current pass through the 

rectifier. In post-layout simulations, for a 14 W output power, the rectifier shows 0.8 V 

drop with the power conversion efficiency of 78 %. 

 

  
Fig. 6.18. Schematic diagram of the full-wave passive rectifier with threshold-voltage cancelation. 

  

 

 

 

 

  
Fig. 6.17. Block diagram of the adaptive QMPM ASIC with the unique feature of automatic impedance 

matching of RL. 
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Fig. 6.19 shows the detailed schematic diagram of the ADCC block. The ADCC 

control charge/discharge of a charge pump in a certain direction (up or down) until the 

voltage envelope across L3C3-tank (VENV) reduces by 100 mV. Then the charge/discharge 

direction changes until VENV again reduces by 100 mV. This up and down cycle ensures 

that RL is transformed to an optimal resistance needed by the inductive link with a small 

offset. In the ADCC, VENV is first detected by a passive rectifier, divided by 1.4, and then 

buffered before being sampled. Two non-overlapping clocks, CLKC and CLKS, are 

generated from the 30 kHz (fc/64) signal from the clock recovery block. The first 

sampler, S1, always samples VENV at the rising edge of CLKS while S2 only samples VENV 

at the rising edge of CLKC when VENV increases or reduces by 100 mV. Because CMP1,2, 

which are 100-mV offset comparators, output high and close S3 when the difference 

between C1 and C2 voltages is ±100 mV. Therefore, CMP2 output (Dir) changes the 

charging or discharging direction of a charge pump according to a finite state machine 

(FSM) because VENV has reduced by 100mV. The charge pump output, VCP, adjusts the 

reference voltage (VREF) of two comparators inside mono-stable circuits. By adjusting 

VCP, the duty cycle of short coil signal, SC, can be adjusted. Two inverters connected to 

the L3C3-tank terminals detect the zero crossings of the tank voltage, which are the same 

as those of the current waveform. The SC signal includes two pulses with variable width 

at the zero crossing of the voltage across L3C3-tank. The pulse width, which is 

proportional to the duty cycle of the signal, is determined by the comparators in the 

mono-stable circuits. Therefore, charge pump output goes high and low to find the 

optimal duty cycle, in which the arbitrary RL is transformed to the desired load. The 

QMPM chip was fabricated in the TSMC 0.35-μm 4M2P standard CMOS process, 

occupying 4.8 mm
2
. Fig. 6.20 shows the QMPM chip micrograph with floor planning of 

each block. Full characterization of the QMPM chip is our future plan. 
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Fig. 6.20. QMPM die micrograph and floor plan occupying 2×2.4 mm

2
. 

 

 

 

 

  
Fig. 6.19. Schematic diagrams of the ADCC block. 
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CHAPTER VII 

LOW-POWER WIDEBAND DATA COMMUNICATION 

 

In this chapter two novel modulation techniques are presented for low-power, 

wideband data communication in near-field and far-field regions. The pulse delay 

modulation (PDM) technique that takes advantage of impulse-radio ultra wideband (IR-

UWB) in near-field domain offers a robust dual-band power and data transmission link. 

The novelty is to use the power carrier interference in such dual-band link to transmit 

data. A pulse-width modulation (PWM) IR-UWB technique is also presented to further 

reduce the power consumption of the far-field UWB transmitters. 

7.1. Pulse-delay Modulation (PDM) 

  The majority of modulation techniques that have been devised for near-field data 

transmission modify the amplitude, frequency, or phase of a sinusoidal carrier signal 

based on the data to be transferred across the inductive link. Amplitude shift keying 

(ASK), frequency shift keying (FSK), load shift keying (LSK), and binary/quadrature 

phase shift keying (BPSK/QPSK) are examples of such methods [56], [59], [62]-[65], 

[105]. The use of power carrier signal along with these methods was attractive in the 

early IMDs because the same inductive link could be used for both power and data 

transmission.  

In high-performance IMDs that require wider bandwidth, however, a separate 

power carrier from the data carrier is preferred because increasing the frequency of the 

high amplitude power carrier can lead to unsafe temperature elevation due to excessive 

power loss in the tissue. To achieve high power transfer efficiency (PTE) and high data 

rate, a high frequency carrier (> 50 MHz) is required for the data link while the power 

carrier frequency should be kept below 20 MHz [57]. This has led to the use of dual-

carrier power/data links with each carrier linking a separate pair of coils [62]-[64], [105].  
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A major challenge in dual-carrier designs is the cross-coupling between the two 

pairs of coils, which need to be miniaturized and co-located inside the IMD. In particular, 

the strong power carrier interference can dwarf the weak data signal on the receiver (Rx) 

side and make data recovery quite difficult, if not impossible. In other words, to achieve a 

low bit-error-rate (BER), a large signal-to-interference ratio (SIR) is needed. While 

innovative coil designs can help with reducing the coils’ cross-coupling [106]-[108], it is 

still necessary to filter out the power carrier interference at the Rx input electronically at 

the cost of adding to the power consumption and complexity of the IMD [109]. 

Moreover, achieving high data rates via traditional modulation schemes requires power 

consuming frequency-stabilization RF circuits, such as phase-locked loops (PLL), which 

are not desired on the IMD side. 

The data carrier was recently substituted with a series of narrow pulses in near-

field, similar to far-field IR-UWB, to further reduce the transmitter (Tx) power 

consumption and increase the data rate [66]-[70]. Unfortunately, none of these methods 

are robust against strong power carrier interference, i.e. they operate only when the SIR 

at Rx input is high. Hence, there is a need for low-power, wideband, and low BER data 

transmission links that can withstand simultaneous power transmission within the small 

space available inside the IMD. 

This was the motivation behind a new carrier-less data transmission scheme, 

called Pulse Delay Modulation (PDM), for near-field simultaneous data and power 

transmission. PDM saves the power and space needed for filtering out the power carrier 

interference on the Rx side, and at the same time enjoys power saving properties of the 

near-field IR-UWB, particularly on the Tx side, by eliminating the data carrier. The key 

improvements of PDM compared to the state-of-the-art in simultaneous wireless data and 

power transmission across an inductive link include: 1) increasing data rate, 2) reducing 

both Tx and Rx power consumption and die area, and 3) improving robustness against 

power carrier interference by reducing the required SIR to achieve the same BER.  
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7.1.1. PDM Theory and Operation 

Inside the PDM Tx, shown in the left dashed box in Fig. 7.1, a clock generator 

block creates two non-overlapping clocks from an external master clock signal, Tx-Clk, 

at the desired carrier frequency, fp, for a class-D power amplifier (PA), which generates 

the power carrier signal at a desired output power level that can be adjusted by its supply 

voltage, PA_VDD. The power carrier is delivered to L1 after passing through a 50  

matching circuit to induce current in L2. Using the same Tx-Clk, a pulse pattern generator 

(PPG) generates two narrow pulses, which are in sync with the power carrier and spaced 

by half a power carrier cycle, Tp/2, for each Tx-Data bit “1”. No pulses are generated for 

Tx-Data bit “0”. The LC driver circuit transmits each pulse across L3-L4 data link. Each 

data pulse generates a decaying ringing response at a carrier harmonic frequency that the 

L4C4-tank is tuned at. Within every data bit “1” period, ringing from these two pulses 

alter the timing of the power carrier interference zero-crossings across L4C4-tank, which 

is induced through k14 and k24 cross couplings.  

 

Inside the Rx block, which is the right dashed box in Fig. 7.1, a passive full-wave 

rectifier is followed by a 1.8 V low drop-out (LDO) regulator to provide the IMD power 

 
Fig. 7.1.  Block diagram of the wireless power and data transmission circuit across a dual-band inductive 

link using the Pulse Delay Modulation (PDM) scheme. The first prototype PDM transceiver ASIC includes 

all the blocks inside the Tx and Rx dashed boxes. Direct (k12 and k34) and cross (k13, k14, k23, and k24) 

couplings across two pairs of coils are also presented. 
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supply, VDD. A clock recovery circuit extracts the internal IMD clock, CLKR, from the 

received power carrier across L2C2-tank. VR is the Rx input signal across L4C4-tank and 

the superposition of the power carrier interference through k14 and k24 and PDM pulses 

through k34. VR is amplified to create a square waveform, VA, and then a pulse delay 

detector integrates the time shifts between VA and CLKR to recover the received data bit 

stream.  

In the PDM data link in Fig. 7.1, since k34 is relatively small, we can neglect the 

effect of the L4C4-tank on the L3C3-tank to simplify the inductive link equations. The 

pulse generator in Fig. 7.1 can be modeled by a voltage source in series with output 

resistance, Rs, driving L3C3-tank. L4C4-tank is tuned at fd, while the L3C3-tank can be 

either tuned at fd or left at its self-resonance frequency (SRF), in which case C3 in Fig. 7.1 

represents the parasitic capacitance of L3. The inductive data link transfer function in the 

S-domain i.e. the ratio of the voltage across the L4C4-tank, VR, to the LC driver output, 

VT, can be described as, 
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where all circuit parameters are the lumped elements in Fig. 7.1 and M34 = k34 × (L3L4)
0.5

 

is the mutual inductance between L3 and L4. H34(s) is composed of two 2
nd

-order terms, 

one originating from the data Tx and the other from the data Rx tanks, each of which can 

be expressed as,  
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where  is the damping ratio, n is the natural frequency, and d = n × (1-2
)
1/2

 is the 

natural damping frequency of the system. From (7.1) and (7.2), these 2
nd

-order system 

parameters can be expressed in terms of the lumped circuit elements in Fig. 7.1,  
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Assuming both 2
nd

-order systems are under damped, 1 < 1 and 2 < 1, which is 

often the case for LC-tanks used in data telemetry links, (7.1) can be rearranged as, 
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Now we can break H34(s) up into the sum of its first order components, 
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where, 
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and apply the inverse Laplace transform to find the impulse response for the inductive 

link, 
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This response is a ringing, which envelope builds up rapidly with 1/1n1 but decays 

slowly with 1/2n2 [66]. 

The impulse response of the power interference link due to k14, i.e. H14(s), can be 

found from (7.5) by substituting L3C3-tank circuits parameters and M34 with L1C1-tank 

parameters and M14, respectively. Because the voltage across L1 is much larger than that 

of L2, we can safely neglect the effect of L2C2-tank on the L4C4-tank through k24. 

Therefore, the amplitude and phase of the power carrier interference across the L4C4-

tank, i.e. the power carrier component of VR, can be calculated using |H14(jɷp)| and 

H14(jɷp), respectively, where ɷp = 2fp.   
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Considering that L1C1 and L2C2 are both high-Q and tuned at fp, the induced 

power carrier on the L2C2-tank is much stronger than that of the low-Q L4C4-tank. 

Therefore, the transmitted data pulses do not have any noticeable effects on the power 

transmission link. Since no pulses are transmitted for a bit “0”, any delay between signals 

across L4C4- and L2C2-tanks represent a bit “1”, which can be easily detected using a 

simple phase detector circuit after sharpening the received waveforms. 

Using the inductive link impulse responses, one can calculate VR in Fig. 7.1. 

Instead of a data carrier for each data bit “1”, two narrow pulses, equal but opposite in 

amplitudes with t   √      and spaced by Tp/2 = 1/2fp, are transmitted across L3C3-tank. 

These pulses initiate ringing patterns across L4C4-tank based on (7.9), as shown in Fig. 

7.2. To minimize inter-symbol-interference (ISI) within consecutive “1”s, it is important 

for these ringing to dampen quickly. It can be seen from (7.9) and (7.4) that increasing 

2n2, which is proportional to R4, helps damping the ringing faster. Therefore, Q4 of the 

L4C4-tank in Fig. 7.1 is intentionally reduced by increasing R4. 

When present, the abovementioned data pulse ringings change the shape of the 

received power carrier interference across L4C4-tank. To facilitate the detection of these 

changes, our solution is to select the timing of the data pulses at VT in a way that they 

alter the zero-crossing times of the interfering sinusoidal power carrier, which are the 

most sensitive points of the signal to an external disturbance. Hence, the Tx pulses for 

every bit “1” are applied at the beginning and in the middle of every bit period in sync 

with the power carrier, and after a specific delay, td, which is selected such that the 

voltage peaks of the data ringing at VR coincide with the original zero-crossing times of 

the power carrier interference at VR. The result is a shift in the VR zero-crossings in a 

certain direction for bit “1”, as shown Fig. 7.2. The PPG block in Fig. 7.1 sets td at,  
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where n is an integer number, H14(jɷp)/ɷp and H34(jɷd)/ɷd are the delays for power 
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carrier interference and data pulses from L1 to L4 and L3 to L4, respectively, and tPA is the 

total delay from the Tx-Clk to the power carrier across L1C1-tank in Fig. 7.1.   

 

Fig. 7.2 shows the transient simulation results of the simplified PDM model in 

Fig. 7.1, based on (7.9) and the dual-carrier inductive link specifications in Table7.1. The 

power carrier across L1C1-tank in this simulation was a 50 VP-P sinusoid with 90

 phase 

shift at fp = 13.56 MHz. VT in Fig. 7.1 is shown on the top trace in Fig. 7.2 with two tpw = 

5 ns pulses with equal but opposite 2.5 V amplitudes at t1 = td = 1.6 ns and t2 = td + Tp/2 = 

38.4 ns delay times with respect to the negative peak of the power carrier interference. 

The resulting signal across L4C4- tank, shown in dashed gray, demonstrate how these fd = 

50 MHz ringings dampen rapidly by t = ~35 ns and t = ~70 ns before the beginning of the 

next pulse due to the lowered Q4 = 5. 

Without data pulse ringing, the induced power carrier interference across L4C4-

tank is a clean sinusoid, which is the dashed black waveform labeled as Power Carrier 

Interference in Fig. 7.2. The actual received signal, VR, however, which is shown in solid 

black, results from the superposition of the data and power components.  It can be seen 

  

 
Fig. 7.2. PDM key waveforms simulated in MATLAB. The inductive link specifications can be found from 

Table 7.1.  
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that PDM has shifted the zero-crossings of the superimposed waveform, VR, for a bit “1” 

by 2.5 ns to the left from tzc1(0) = 18.4 ns and tzc2(0) = 55.3 ns in the dashed waveform to 

tzc1(1) = 15.9 ns and tzc2(1) = 52.8 ns in the solid waveform, respectively.  

Considering that L1C1 and L2C2 tanks are both high-Q and tuned at fp for efficient 

power transmission, the induced power carrier on L2C2-tank is much stronger than that 

from L3C3 and L4C4 tanks. Therefore, the transmitted data pulses do not have any 

noticeable effects on the power link and the recovered clock signal, CLKR. Since no 

pulses are transmitted for data bit “0”, the delay between zero-crossings of signals across 

L4C4 and L2C2 tanks would be a clear representation of data bit “1”, which can be 

detected by the pulse delay detector circuit in Fig. 1 to recover the serial data bit stream, 

Rx-Data. 

7.1.2. PDM Transceiver Architecture 

The PDM transceiver prototype was designed to operate at 13.56 MHz within the 

industrial-scientific-medical (ISM) band. In the PDM power Tx, a class-D power 

amplifier (PA), which schematic diagram is shown in Fig. 7.3, drives L1 through a 50 Ω 

matching circuit. The PA is driven by a pair of non-overlapping clocks to avoid 

instantaneous large currents in the output stage transistors, N1 and P1, which operate as 

switches with 4 Ω on resistance. The PA supply, PA_VDD, is adjustable from 1.8 V to 5 

V to control the PA output power up to 340 mW. A pair of level shifters at the PA input 

converts the non-overlapping clocks from 1.8 V to the PA_VDD level.  

The PDM data transmitter, which schematic is shown in Fig. 7.4, includes a pulse 

pattern generator (PPG) and an LC driver. During each Tp period, the PPG block in Fig. 

7.4a generates two pulses (S1 and S2) with adjustable width and delay for data bit “1”, 

which are spaced at Tp 2, and none for bit “0”. Therefore, the data rate (DR) in this PDM 

implementation is always the same as fp. The width of data pulses, tpw, is continuously 

adjustable from 3-8 ns via the PW input node. The data pulse delay, td, is accurately 



118 

 

adjustable from 5-71 ns to compensate for process variations by a combination of a 

coarse delay, controlled by three binary-weighted bits (PD0-2) from 0-56 ns with 8 ns 

steps, and a fine delay, controlled by an analog input (PD), from 5-15 ns. The coarse 

delay is generated by accumulating propagation delays of a series of capacitively- loaded 

inverters. The parasitic capacitances of two PMOS transistors, MP, which vary with their 

gate voltage, PD, generate the fine delay. S1 and S2 are combined in an OR gate to 

generate Sm in Fig. 7.4a, which is used for monitoring. 

 

Fig. 7.4b shows the schematic diagram of the novel LC driver, which is capable 

of quadrupling the supply voltage, VDD, across the Tx data coil, L3, which is twice the 

conventional H-bridge drivers. For each data bit “0”, S1 = S2 = 0, T1,2 and P1,2 turn on, 

and N1,2 turn off. Therefore, both L3 nodes are connected to VDD and off-chip CD1 and CD2 

capacitors are charged to VDD via P1,2, as shown on the top of Fig. 7.4c. In this condition, 

no current passes through L3 and no voltage change is induced across the L4C4-tank. For 

each data bit “1”, after a delay of td, S1 toggles to “1” for tpw, during which P2 and T1 turn 

off, N1 turns on, and CD2 is in series with L3 while the left node of L3 is connected to 

ground via N1. Therefore, as shown in the middle of Fig. 7.4c, the voltage across L3 

increases to 2×VDD and its current, i3, starts ramping up (from right to left) at a rate of 

di3/dt = 2×VDD/L3, if we ignore the voltage drops across N1 and T2 in this simplified 

analysis. The di3/dt is responsible for inducing a voltage across L4C4-tank, which is the 

 

Fig. 7.3. Schematic diagram of the class-D PA followed by the level shifter. The maximum PA output 

power is 340 mW when PA_VDD = 5 V.  
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data part of VR = M34di3/dt  2×VDD. To end the first pulse, S1 is toggled back to “0”, at 

which time T1 shorts the left node of L3 to VDD and provides a path for i3 to return back to 

zero without causing undesired ringing. After a delay of Tp/2, S2 toggles to “1”, resulting 

in a current pulse in L3, similar to that of S1 but in the opposite direction (left to right), as 

shown in the bottom of Fig. 7.4c. In the driver circuit, P3-6 dynamically bias the bulks of 

P1,2 to the highest voltage to avoid current flow in the bulk.      

 

By doubling the voltage across L3 in each direction, the proposed LC driver can 

 
(a) 

 
         (b)                                                                (c) 

Fig. 7.4. Schematic diagram of the data Tx block in the PDM transceiver. (a) The pattern pulse generator 

(PPG) block generates two pulses with Tp/2 spacing, which width (tpw) and delay (td) are adjustable. (b) The 

LC driver applies narrow pulses across L3, which amplitudes are twice the conventional H-bridge drivers. 

(c) Three operating phases of the proposed LC driver. CD1 and CD2 are 100 pF off-chip capacitors. 
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improve the communication range and robustness of inductively powered telemetry links, 

especially those designed in low-voltage technology nodes. It should be noted that in this 

design, since S2 is already out-of-phase with respect to S1, resulting in i3 flowing in 

opposite directions, the induced data pulse ringings across L4C4-tank also have opposite 

polarity, and change the zero-crossing times of power carrier interference in the same 

direction, as shown in Fig. 7.2. 

Fig. 7.5 shows the schematic diagram of the full-wave passive rectifier in the 

PDM power receiver with self-threshold-cancellation scheme [102]. In this scheme, 

initially VREC reaches VINR - VTh(P2) through P2, leading to VC = VREC - VTh(P3) = VINR - 

2VTh(P2,3). Since VSG(P1) = VINR - VC = 2VTh(P2,3) > VTh(P1), P1 is pushed into triode, and VREC 

is charged up until VC becomes VINR - VTh(P1). Therefore, VREC finally reaches VINR - VTh(P1) 

+ VTh(P3), which means that P1-3 play the role of a diode with effective voltage drop of 

VTh(P1) - VTh(P3). This significant reduction in the threshold voltage improves the power 

conversion efficiency (PCE). N1, N2, P4, and P5 are used for full-wave rectification.  

 

In the data Rx block in Fig. 7.1, VR is amplified by a high gain amplifier followed 

by two inverters to create a square   waveform, VA. A pulse delay detector is then used to 

detect the phase shift (delay) between VA and the recovered clock from the L2C2-tank 

(CLKR) to detect “1”s and “0”s in the data bit stream. Fig. 7.6 shows the schematic 

diagram of the pulse delay detector with its key internal node waveforms. First, the delay 

 

Fig. 7.5. Schematic diagram of the full-wave passive rectifier with self- threshold-cancellation scheme.  In 

this circuit, P1-3 play the role of a diode with effective voltage drop of VTh(P1) - VTh(P3), which improves the 

PCE. 
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between VA and CLKR is detected by an XOR gate, which is represented by VPD. During 

one Tp, an integrator accumulates the energy inside VPD pulses by charging a capacitor, C 

= 1.1 pF, with I = 100 µA. The integrator output, VINT, is then compared with an 

externally-adjustable reference voltage, Vref, to detect data bit “1”. Vref is adjusted such 

that the integrator output is greater than Vref for “1”s and smaller than Vref for “0”s. VA and 

CLKR are also combined in a NOR gate to generate the reset signal, VRST, to discharge C 

and prepare the integrator for the next data bit. To recover short pulses at the comparator 

output, a D-type flip flop is clocked at the rising edge of VRST. Therefore, Rx-Data is 

ready to be sampled at the rising edge of the Rx-Clk. 

 

Figs. 7.7a and 7.7b show the schematic diagrams of the PDM Rx amplifier in Fig. 

7.1 and the high speed comparator in Fig. 7.6, respectively. Because nMOS differential 

pair is used in the comparator, a small delay between CLKR and VA, tR in Fig. 7.6 inset, is 

required for the data bit “0” to set VINT within the input common mode range (ICMR) of 

the comparator. A controllable delay with a circuit diagram identical to the one in Fig. 7.4 

 

Fig. 7.6. Schematic diagram of the pulse delay detector with its operating waveforms to recover the data bit 

stream and clock. Rx-Data is ready to be sampled at the rising edge of the Rx-Clk as shown in the 

waveforms. A small delay (tR) between CLKR and VA is required to set the integrator output, VINT, within the 

input common mode range of the comparator. tR is continuously adjustable from 5-71 ns to compensate for 

process variations by a combination of fine and coarse delays, controlled by CD and CD[0:2], respectively. 
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generates tR. The amplifier gain is 22.5 dB at fd = 50 MHz and the static power 

consumptions of the amplifier and comparator are 156 µA and 127 µA, respectively.   

 

7.1.3. Measurement Results 

The PDM transceiver prototype, shown in Fig. 7.8, was fabricated in a 0.35-µm 

2P4M standard CMOS process, occupying 1.6 mm
2
 of chip area. Two PDM chips were 

used in our experimental setup, shown in Fig. 7.9. They were wirebonded to QFN 

packages mounted on 2-layer FR4 printed circuit boards (PCBs). Each PCB included a 

planar figure-8 coil for data transmission as shown in Fig. 7.9 inset [105]. The geometries 

of a printed spiral coil in the Tx and a wire-wound coil in the Rx were optimized at 13.56 

MHz for power transmission [34]. L1 and L2 were glued onto L3 and L4, respectively, 

following careful alignment to minimize undesired cross couplings between power and 

data coils, k13 and k24. The specifications of power and data coils are summarized in 

Table 7.1. 

At PA_VDD = 5 V, which is the maximum voltage in this  process, the class-D PA 

delivered 340 mW to a 50 Ω load with measured 61.8% power efficiency at fp = 13.56 

MHz. Fig. 7.10a shows the passive rectifier measured input and output voltage 

waveforms when loaded by CL = 10 µF and RL = 0.4 kΩ. In this condition, for VREC = 2.5 

            

                                         (a)                                                                  (b) 

Fig. 7.7. Schematic diagrams of (a) Rx amplifier in Fig. 1 with 22.5 dB gain at fd = 50 MHz. (b) Rx 

comparator  in Fig. 7.6. The static power consumptions of the amplifier and comparator are 156 µA and 

127 µA, respectively. 
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V, the peak of the 13.56 MHz carrier was 3.6 V. Fig. 7.10a also shows the regulator 

output, VDD = 1.8 V, across a 10 µF capacitor. The maximum ripple on VDD was  50 mV, 

which was acceptable in our digital-based Rx. Fig. 7.10b  shows the rectifier measured 

PCE vs. RL at 13.56 MHz for different VREC values. As RL increases, the voltage drop 

across rectifier pass transistor i.e. P1 in Fig. 7.5 reduces, which decreases the rectifier 

power loss and, therefore, increases the PCE. At high VREC values, PCE is slightly 

increased because the rectifier voltage drop is relatively smaller. For a wide range of RL, 

the rectifier PCE is > 50%.  

 

 

To measure the wireless link BER, the coils were held in parallel and perfectly 

aligned using Plexiglas sheets, as shown in Fig. 7.9. The surface-to-surface distance, d, 

between the two PCBs, each of which had 1.5 mm thickness, was 10 mm. Thus, the 

 

Fig. 7.8. PDM transceiver chip microphotograph occupying 1.6 mm
2
.  

Table 7.1. Measured power and data coils specifications
 

Link Coil 
Size 

(mm) 
#Turns 

Line Width 

(mm) 

L 

(nH) 

**
R 

(Ω) 

f  

(MHz) 
Q 

SRF 

(MHz) 

Mutual Coupling (k) ×10
-3

 

L1 L2 L3 L4 

Power 
L1 32 × 32 5 2 500 0.5 13.56 85.2 116 - 37 9 6.4 

*
L2 10 × 10 3 0.255 195 0.34 13.56 48.8 237 37 - 4.2 8.5 

Data 
L3 30 × 30 1 1 165 0.48 50 108 255 9 4.2 - 19 

L4 10 × 10 1 0.4 56.8 0.44 50 
+
40.5 550 6.4 8.5 19 - 

            * 
L2 was an AWG30 wire-wound coil.   

** 
From measurements at the operating frequency, f.  

       
+
 Q4 was reduced to 5 by adding RP = 100 . 
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coupling distances for the data and power links were 10 mm and 13 mm, respectively. A 

pair of Tektronix GB1400 (GigaBERT) were used to generate the random serial data bit 

stream and synchronized clock, Tx-Data and Tx-Clk in Fig. 7.1, and measure the wireless 

link BER of the recovered data, Rx-Data, in real time. 

 

 

In order to test the link in a truly wireless setup and avoid any ground loops, we 

used a dual channel voltage isolator (Si8620, Silicon Labs, TX), which was supplied at 

2.5 V on the Rx side, to deliver Rx-Data and Rx-Clk to the GigaBERT for BER 

measurements. The PDM Rx was inductively powered through the on-chip power 

    
                                    (a)                                                                                      (b) 

Fig. 7.10. (a) Passive rectifier measured input and output waveforms at 13.56 MHz when loaded by CL = 

10 µF and RL = 0.4 kΩ. The regulator output at VDD = 1.8 V has also been shown. (b) Rectifier PCE vs. RL 

for different VREC values.  

 
Fig. 7.9. PDM transceiver measurement setup. Inset: inductive links made of printed-spiral and wire-wound 

coils for power transmission (L1 and L2 in Fig. 7.1) and a pair of planar figure-8 coils on FR4 PCB for data 

transmission (L3 and L4 in Fig. 7.1). L1 was carefully aligned and glued behind L3 to minimize k13. L2 was 

also glued over L4 with careful alignment to minimize k24. 
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management block, which generated the regulated VDD for the rest of the chip. Hence, the 

Rx PDM chip was completely isolated from the Tx chip. To avoid probing the inductive 

link directly in observing the effects of PDM on the Rx signal, we used the discrete 

custom RF amplifier in [66] in addition to the PDM receiver in Fig. 7.9. 

In order to achieve the high data rate (DR) of 13.56 Mbps, the data ringing across 

L4C4-tank initiated by each Tx pulse had to be suppressed within Tp/2 = 36.8 ns. With a 

large Q4, the data ringing will have a slow decaying pattern and multiple cycles should be 

dedicated during Tp/2 by tuning L4C4-tank at fd >> 2fp. However, this method makes 

PDM more sensitive to variations in td as will be discussed later.   

Q4 was reduced to 5 by adding RP = 100 Ω in parallel with L4C4-tank (tuned at fd 

= 50 MHz), as shown in Fig. 7.1, to limit the number of data ringing and avoid ISI. Fig. 

7.11 from the top shows the transmitted data bits “1” and “0” at 13.56 Mbps, the PPG 

output (Sm in Fig. 7.4), and different waveforms across the L4C4-tank after 20 dB 

amplifications: data ringing when power carrier was not present, power carrier 

interference when data ringings were not present, and the superposition of data and power 

components in the received signal when both power carrier and data pulses are present. 

The data ringings have shifted the zero-crossings of the power carrier to the left by 2.3 ns. 

In this measurement, d = 10 mm, td = 28 ns, and PA_VDD = 4 V, power link was able to 

deliver 42 mW of regulated power to the Rx and measured SIR was -18.5 dB. It should 

be noted that SIR is defined as the ratio of the energy inside data pulse ringings for the 

data bit “1” to that inside the power carrier interference during one data bit period (Tp). 

Fig. 7.12 shows a snapshot of the key measured waveforms in the PDM 

transceiver setup of Fig. 7.9. From top, the transmitted serial data bit stream at DR = 

13.56 Mbps, PPG output (Sm in Fig. 7.4), recovered serial data bit stream, and recovered 

clock are shown at d = 10 mm and SIR = -18.5 dB, when 42 mW of regulated power was 

delivered to a resistive load.  
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Fig. 7.13a shows the measured BER at 13.56 Mbps for various amounts of power 

delivered to the load (PDL), while changing d from 4 to 10 mm. These results indicate 

that if the acceptable BER limit is considered 10
-6

, this PDM transceiver achieves DR = 

13.56 Mbps while delivering 42 mW at d = 10 mm. Fig. 7.13b shows the measured BER 

values vs. PDL for different d. At d = 10 mm, for PDL > 42 mW, the SIR decreases and 

leads to higher BER. In these measurements, the data Tx and Rx supply voltages were 

 
Fig. 7.12. PDM transceiver waveforms from the top: Transmitted serial data bit stream at 13.56 Mbps, the 

PPG output signal (Sm in Fig. 7.4), recovered data bit stream, and recovered clock. Rx-Data and Rx-Clk 

were measured through an isolator that was supplied at 2.5 V. d = 10 mm, td = 28 ns, tpw = 5 ns, PA_VDD = 

4 V, VREC = 2.5 V, Vdd = 1.8 V, Vref = 0.9 V, tR = 4 ns, and SIR = -18.5 dB. 

 

 
Fig. 7.11. Transmitter waveforms for data bits “1” and “0” at 13.56 Mbps and PPG output (Sm in Fig. 7.4), 

and L4C4-tank waveforms after a 20 dB amplification by a discrete RF amplifier. 
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constant at 1.8 V while the PA_VDD was swept between 3.3 V and 5 V to achieve 

different PDL values. The   PDM data Tx and Rx power consumptions were 960 pJ/bit 

and 162 pJ/bit, respectively. Key specifications of the prototype PDM transceiver ASIC 

are summarized Table 7.2. 

 

 

Fig. 7.14a shows the changes in the BER due to coil misalignments along the X 

and Y axes at d = 10 mm and PDL = 42 mW. These curves show that figure-8 coils are 

more robust against misalignments along the X-axis (lower BER at the same 

misalignment) compared to the Y-axis, which is in agreement with our earlier 

observations in [106], based on variations in the coils’ coupling. Fig. 7.14b shows the 

measured BER vs. SIR across L4C4-tank, indicating that for an acceptable BER of 10
-6

, 

   
  (a)                                                                                    (b) 

Fig. 7.13. Measured BER at 13.56 Mbps vs. (a) coupling distance, d, for different amounts of power 

delivered to the load (PDL); (b) PDL for different values of d. PA_VDD was swept between 3.3 V and 5 V 

to adjust PDL, while data Tx supply was constant at 1.8 V and DR = 13.56 Mbps. 

 

Table 7.2. PDM-based transceiver specifications 

Technology (TSMC) 0.35-µm 2P4M CMOS 

Data transceiver supply voltage, Vdd 1.8 V 

Class-D PA supply voltage, PA_VDD 1.8-5 V 

Power carrier frequency, fp 13.56 MHz 

Data rate, DR 13.56 Mbps 

Pulse specs: td / tpw 28 ns / 5 ns   

Bit-error-rate (BER) 4.3×10
-7

 

Nominal coils distance, d 10 mm 

Nominal delivered power to the load 42 mW 

Power consumption (Data) 
Tx 960 pJ/bit 

Rx 162 pJ/bit 

Area on chip (Power and Data) 
Tx 0.88 mm

2
 

Rx 0.72 mm
2
 

 

 



128 

 

minimum required SIR for this PDM receiver is about -18.5 dB. At lower SIR, data 

ringings across L4C4-tank have less effect on shifting the zero-crossings of the power 

carrier interference, leading to smaller variations on the integrator output in Fig. 7.6 for 

the data bit “1” and higher BER. 

Table 7.3 benchmarks PDM against recent methods for simultaneous power and 

data transmission. To the best of our knowledge, PDM is the first pulse-based technique 

for simultaneous power and data transmission at high data rates. Our current PDM 

transceiver can achieve a data rate of 13.56 Mbps with a BER of 4.3×10
-7 

across a 10 mm 

inductive link. Data Tx and Rx power consumptions under these conditions are only 960 

and 162 pJ/bit, respectively, while a separate power link delivers 42 mW of regulated 

power to the load. Compared to the state-of-the-art [109], we have not only increased the 

data rate by a factor of 6.7 but also reduced the data Rx power consumption 19 folds. It 

should be noted that in [63], a first order off- chip low-pass filter (LPF) has been used to 

improve the SIR to -6 dB while the required SIR for the PDM receiver is -18.5 dB. A 2
nd

-

order LPF has also been used in [109] to further suppress the power carrier interference. 

The LSK data link in [65] achieved 2.8 Mbps with smaller Tx power consumption. 

However, LSK can only be used for the uplink while PDM can be used for both up and 

downlink. Moreover, LSK consumes low power for data transfer at the cost of reducing 

the PDL by up to 50% at high data rates. 

 

Table 7.3. Benchmarking of recent inductively-powered data telemetry links 

Reference Mod.  
d 

(mm) 

Data 

Carrier 

(MHz) 

Power 

Carrier 

(MHz) 

Data 

Rate 

(Mbps) 

Tx/Rx 

Power 

(pJ/bit) 

CMOS 

Tech. 

(µm) 

SIR 

(dB) 

Die Area 

(mm
2
) 

(Data Tx/Rx) 

VDD 

(V) 
BER 

2004, [59] pcFSK 5 5/10 5/10 2.5 -/152 1.5 - -/0.29 5 10
-5

 

2005, [62] BPSK 15 10 10 1.12 -/625 0.18 - -/0.2 1.8 10
-5 

2008, [65] LSK
++

 20 25 25 2.8 35.7/1250 0.5 - 2.2/2.2
**

 2.8 10
-6 

2012, [105] FSK 20 -/5 5 1.25 - 0.8 - - 2.7 - 

2012, [105] BPSK 20 48 5 3 1962/- 0.8 - 2.3
**

 2.7 2×10
-4

 

2010, [64]
 

QPSK 5 13.56 1 4.16 - - - - - 2×10
-6

 

2008, [63] BPSK 15 20 2 2 -/3100 0.35 -12
*
 -/4.4 4.5 10

-7 

2013, [109]
+
 DPSK - 20 2 2 - 0.18 - - 1.8 10

-7
 

This Work PDM 10 50 13.56 13.56 960/162 0.35 -18.5 0.34/0.37 1.8 4.3×10
-7

 
*
 A 1

st
-order off-chip filter was used to improve SIR to -6 dB.    

** 
Including pads.    

+ 
Second-order filter was used to improve SIR.      

++
 LSK is only used for uplink.     
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7.2. PWM-IR-UWB Communication 

To address the limitation of high power consumption in wideband neural 

interfacing, IR-UWB transmission has become more popular recently [110]-[112]. This 

scheme enables short-range telemetry at high data rates using simple Tx architectures 

with low-power consumption and small die area. The IR-UWB transmission has been 

combined with well know modulation techniques such as on-off keying (OOK), pulse-

position multiplexing (PPM), and binary-phase shift keying (BPSK), in which a short 

pulse represents data bit “1” and either nothing in OOK or another short pulse in PPM 

and BPSK represents data bit “0”. Among these modulations, PPM and BPSK are more 

popular because they maintain synchronization between Tx and Rx especially when 

many consecutive “0”s need to be transmitted.  

In order to further reduce the Tx power consumption, a PWM-IR-UWB is 

proposed, in which digital data bits are converted to time (digital-time conversion) to 

create a PWM signal and one pulse per edge is transmitted similar to our WINeR system 

in [23]. This leads to n times smaller power consumption compared to PPM and BPSK if 

the PWM signal has n bits of accuracy. We have designed and fabricated a low-power 

wideband PWM-IR-UWB transceiver in UMC 0.13-µm CMOS process. The IR-UWB 

    
(a)                                                                                   (b)          

Fig. 7.14. Measured BER vs. (a) misalignment along X and Y axes (see Fig. 7.9) at d = 10 mm and DR = 

13.56 Mbps while 42 mW was delivered to the Rx via L1-L2 link, and (b) SIR across L4C4-tank. For an 

acceptable BER of 10
-6

, minimum required SIR for this PDM receiver is about -18.5 dB. 
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transceiver includes a low-power all-digital Tx and a wideband Rx based on a non-

coherent energy-detection (ncED) scheme, which the block diagram is shown in Fig. 

7.15. The floor-plan of the chip occupying 1.5 mm
2
 is also shown in Fig. 7.16. This 

chapter focuses on the characterization of the PWM-IR-UWB Tx and the Rx 

characterization is our future work. 

 

 

In Tx, a digital circuit detects the edges of the PWM signal and a pattern of 

oscillations is created using a pulse generator. Fig. 7.17 shows the pulse generator 

schematic diagram including a string of delay-controlled current-starved inverters. In the 

pulse generator, the input square-wave signal is delayed in 9 steps and the edge of the 

  
Fig. 7.16. PWM-IR-UWB transceiver micrograph occupying 1.1 × 1.4 mm

2
. 

  
Fig. 7.15. PWM-IR-UWB transceiver block diagram including a low-power Tx and a wideband Rx 

based on a non-coherent energy detection (ncED) scheme with PWM input. 
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signal after each delay step is combined to create a sharp pulse. The current resulted from 

8 sharp pulses are then summed in a resistor to create 4 oscillations and amplified by two 

stages of properly-sized inverter to drive 50-Ω antenna. By adjusting the “Pulse Width 

Ctl” signal, which controls the current in current-starved inverters, the oscillation 

frequency could be adjusted. 

 

Figs. 7.18a and 7.18b show the measured transient and spectrum of the Tx output loaded 

by a 50 Ω, respectively. The Tx circuit generated 4 oscillations per edge of the PWM 

input signal with the frequency of 10-MHz (period: 100 ns). The 4 oscillations per one 

edge are also shown in Fig. 7.18a. The center frequency of the oscillations could be 

adjusted between 700-MHz to 4.2 GHz.  In these measurements, the center frequency 

was adjusted to 4.2 GHz. The amplitude of the oscillations is ~ 200 mV in average. The 

power consumption of the Tx circuit for a 10-MHz PWM signal was 0.96 mW from a 

1.2-V power supply when the oscillations were tuned to 4.2 GHz. This results in 48 pJ/bit 

of energy consumption for a digital transmission. Combining the proposed UWB Tx with 

the PWM-based WINeR system in [23], which has 8 effective number of bits, leads to the 

energy consumption of 12 pJ/bit, which is two times and four times smaller than that of 

digital transmission using OOK, and PPM/BPSK, respectively. 

  
Fig. 7.17. The pulse generator schematic diagram that generates 4 oscillations for the input signal. 
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Fig. 7.18. Measurement results of the PWM-IR-UWB Tx (a) The transient waveform of the 10-MHz 

PWM signal and the Tx output with the 4 oscillations per edge, and (b) The frequency spectrum of the 

UWB output with 10-MHz PWM signal as the input. 
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CHAPTER VIII 

GENERAL-PURPOSE POWER SUPPLY FOR WIRELESS 

ELECTROPHYSIOLOGY EXPERIMENTS 

 

The proposed techniques in previous chapters could lead to the design and 

development of a general-purpose power supply for any wireless electrophysiology 

experiment on small freely-behaving animal subjects to eliminate batteries for continuous 

operation. The wireless power supply can be used in the EnerCage system [25], [26] that 

include an array of coils and power drivers for power transmission and either magnetic 

sensors or Microsoft Kinect for subject localization as shown in Fig. 8.1. 

The proposed general-purpose power supply in the EnerCage system can be used 

in many experiments that require collecting real-time biological information, such as 

neural signals, body temperature, blood pressure, physical activities, blood chemical 

concentrations, and neurotransmitters as well as experiments that require applying 

uninterrupted electrical, chemical, or mechanical stimulation. 

 

   
Fig. 8.1. The EnerCage system for wireless powering of neural interfacing devices/systems and any 

electrophysiology bio-instrument in freely behaving animal experiments [26]. 
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8.1. General-purpose Wireless Power Supply 

  Although the proposed power supply can be used for any electrophysiology 

experiment, in this dissertation we have specifically designed and developed the power 

supply for a multi-channel wireless implantable neural recording and stimulation system 

called WINeRS-7, which the block diagram is shown in Fig. 8.2. The WINeRS-7 system 

includes three main blocks: 1) A high-efficiency power management and data transceiver 

(PMDT) block, 2) 8-channel neural recording analog front-end, and 3) 4-channel 

switched-capacitor-based stimulation (SCS) with stimulus artifact rejection. As shown in 

Fig. 8.2, the 25-mm
2
 WINeRS-7 system-on-chip (SoC) has been designed by combining 

three chips. The focus of this dissertation is on the PMDT block. 

  Fig. 8.3 shows the block diagram of PMDT, which includes an active 

positive/negative rectifier, a battery charger, three regulators (LDOs) at 2.1 V, -0.3 V, 

and -2.1 V, an automatic-resonance tuning (ART), a low-power PWM-IR-UWB 

transmitter (Tx), a 915-MHz FSK Tx, PWM-ASK demodulator and PDM transceiver. A 

power amplifier (PA) drives the Tx coil, L2, at the designated carrier frequency, which 

   
Fig. 8.2. WINeRS-7 block diagram and chip micrograph including three main blocks: 8-channel 

recording front-end, 4-channel switched-capacitor-based stimulation (SCS), and power-management and 

data transceiver (PMDT). 
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can be either fc=13.56MHz or 2 MHz in this design by controlling the rectifier. The AC 

signal across the Rx L3C3-tank, which is tuned at fc, is rectified by the positive/negative 

rectifier. The rectifier outputs, VRECP = 2.3 V and VRECN = -2.3 V, are then applied to the 

battery charger. A decision circuit connects the battery output (VBAT) to the LDO input if 

VRECP < 2.1 V. Three LDOs create constant VDD = 2.1 V, VDDA = -0.3 V and VSS = -2.1 V, 

which VDD and VSS are used for stimulation and FSK Tx while VDDA and VSS provide a 1.8 

V supply for the recording blocks, UWB Tx, and PDM transceiver. The ART ensures that 

L3C3-tank is always tuned at fc by sweeping a 5-bit binary-weighted on-chip (3 pF, 6 pF, 

12 pF, 24 pF, 48 pF) and a 3-bit binary-weighted off-chip (100 pF, 200 pF, 400 pF) 

capacitor banks resulting in 0-800 pF capacitance change across L3C3-tank with 3 pF 

resolution. A hysteresis comparator detunes L3C3-tank by a Covp = 1 nF when VRECP  > 2.4 

V to protect PMDT from large input voltages.  

 

Fig. 8.4 shows a simplified schematic diagram of the active positive/negative 

rectifier, consisting of PMOS and NMOS pass transistors, which are driven by two high-

speed offset-controlled comparators, for positive and negative outputs, respectively. The 

start-up circuit monitors VRECP/VRECN and sets CTL = 0 when VRECP/VRECN are low. Hence, 

P1 and N1 are diode-connected and form a passive rectifier, which charges VRECP/VRECN 

  
Fig. 8.3. Block diagram of the highly efficient and adaptive PMDT block of the WINeRS-7 system. 
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regardless of the comparators’ status up to the point that VRECP/VRECN reaches a stable 

minimum level. Then CTL toggles to enable the rectifier to operate normally. Fig. 8.5 

shows the simplified schematic diagram of the VRECP comparator i.e. CMP1 in Fig. 8.4 

with the focus on dual frequency operation. For 13.56 MHz operation, S2 is closed to 

minimize the comparator delay, however, S1 is closed for 2 MHz operation to increase the 

comparator delay and reduce its speed. CMP2 in Fig. 8.4 is the dual of the CMP1 by 

swapping the PMOS and NMOS transistors. 

 

 

  
Fig. 8.5. Schematic diagram of the comparator for positive rectifier switch i.e. CMP1 in Fig. 8.4. The 

delay of the comparator can be increased for 2 MHz operation by closing S1 and opening S2. CMP2 in 

Fig. 8.4 is the dual of CMP1.  

  

 

 

 

 

  
Fig. 8.4. Schematic diagram of the active positive/negative rectifier operating at 13.56 MHz/ 2 MHz.  
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Fig. 8.6 shows measured input/output waveforms in the positive/negative rectifier 

for both 13.56 MHz and 2 MHz operations. The measured rectifier power conversion 

efficiency (PCE) for RL = 250 Ω was 74.3% and 81% for 13.56 MHz and 2 MHz 

operations, respectively. It can be seen that the active rectifier has achieve a higher PCE 

at 2 MHz because the dynamic power dissipation is less and the requirements for 

comparator switching are more relaxed at lower frequencies. 

 

Fig. 8.7 shows the detailed schematic diagram of the ART block, which is very 

similar to the one discussed in Chapter VI. The ART sweeps an 8-bit capacitor bank, 

which is connected to an 8-bit counter, in a certain direction (up or down) until the 

voltage envelope across L3C3-tank (VENV) reduces by 100 mV. Then the sweeping 

direction changes until VENV again reduces by 100 mV. These up and down cycles ensure 

that L3C3-tank is always tuned at fc with a small offset. In the ART, VENV is first detected 

by a passive rectifier, divided by 1.4, and then buffered before being sampled. The first 

sampler, S1, always samples VENV at the rising edge of CLKS while S2 only samples VENV 

at the rising edge of CLKC when VENV increases or reduces by 100 mV. Because CMP1,2, 

which are 100-mV offset comparators, output high and close S3 when the difference 

between C1 and C2 voltages is ±100 mV. Therefore, CMP2 output (Dir_Ch) changes the 

counting direction of the counter according to a finite state machine (FSM) because VENV 

   
(a)                                                                                    (b) 

Fig. 8.6. Measured input/output voltage waveforms in the rectifier for (a) 13.56 MHz operation and (b) 2 

MHz operation. RL = 250 Ω. 
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has reduced by 100 mV. One difference between this system and the one presented in 

Chapter VI is that the total amount of tuning capacitance can be selected in this design by 

two bits. This design offers four conditions: 1) Only on-chip capacitors are used, 2) On-

chip and 100 pF off-chip capacitors are used, 3) On-chip, 100 pF, and 200 pF off-chip 

capacitors are used, and 4) All capacitors are used. These four conditions help to make 

the system more stable when the detuning is negligible by using less capacitance. 

 

The FSK transmitter consists of a voltage-controlled oscillator (VCO) with an off-

chip inductor followed by a power amplifier (PA), as shown in Fig. 8.8. A nonlinear 

class-AB PA is used to help with the transmitter output matching with miniature 50 Ω 

antennas, and extend the transmission range. Complementary negative-Gm structure is 

used for the VCO core due to its low power and superior phase noise performance [113]. 

Coarse and fine VCO tunings are done with the choice of off-chip inductor and a 2-bit 

on-chip capacitor bank (VC0:1), respectively. The VCO varactors are PMOS transistors, 

in which the gates are connected to the VCO outputs, bulks are tied to VDD, and sources 

and drains are tied together and connected to the PWM signal from the recording block to 

generate the FSK signal. The FSK index can also be adjusted using 2-bit varactor bank, 

which the control signal can be connected to the PWM signal through a switch. The PA 

can be configured in single and differential mode operations. In differential mode 

operation, two antennas with 180 degrees orientation could be used to increase the 

coverage. In single mode, gate of M7 is connected to VSS to turn off the left branch of PA. 

The maximum single-tone output power of the PA in single mode 0.4 dBm (3.4 dBm in 

 
Fig. 8.7. Schematic diagram of the automatic-resonance tuning (ART) block. 
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differential mode) when the FSK Tx consumes 12 mA current. Fig. 8.8 also shows the 

FSK spectrum at two frequencies i.e. f1 = 903 MHz and f2 = 916 MHz with the output 

power of -17 dBm. 

 

Fig. 8.9 shows the schematic diagram of the sub-GHz-range PWM-IR-UWB. 

Since 0.35-µm process is not suitable to design a 3-5 GHz range UWB Tx, therefore, we 

have reduced the frequency to < 1 GHz. In this Tx, the PWM rising and falling edges are 

first detected and three pulses per edge with ns delay are created shown as S1 in Fig. 8.9 

inset. A simple all-digital pulse generator creates three sharp pulses. The reason that three 

pulses are used is to increase the transmitted power for each edge to make it easier for the 

receiver to detect such small pulses over long communication distances. Fig. 8.10 shows 

the measurement results of the UWB Tx when the output was connected to the 

oscilloscope terminated by 50 Ω. The input is the PWM signal directly fed by the 

recording chip on the same die. It can be seen that a pulse is generated per each edge of 

the PWM signal. Considering that the WINeRS-7 effective number of bits is ~8, the 

proposed PWM-IR-UWB reduces the power consumption by 4 times compared to UWB 

digital communication using pulse-position modulation (PPM).  

 
Fig. 8.8. Schematic diagram of the 915-MHz FSK transmitter with the measured FSK spectrum. 
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The WINeRS-7 chip was fabricated in the TSMC 0.35-μm 4M2P standard CMOS 

process, occupying 25 mm
2
 while the PMDT occupies only 2.54 mm

2
. Fig. 6.5 shows the 

PMDT chip micrograph with floor planning of each block. 

 
Fig. 8.10. Measurement results of the sub-GHz-range PWM-IR-UWB. 

 

 

 

 

 
Fig. 8.9. Schematic diagram of sub-GHz-range PWM-IR-UWB. 
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8.2. Animal Experiment Results 

  Today’s technologies [100], [114]-[117] cannot create an automated enriched 

environment for long-term experiments on small animal subjects because of either 

imposing severe limitation on the size of the cage or being too bulky to fit inside standard 

animal facility racks. Such systems need to be detached from the animal before returning 

the animal back to the animal facility, which creates a stressful and impoverished 

environment for the animal subject, limits the experiment duration to couple of hours, 

and takes considerable amount of researchers’ time.  

The EnerCage system, however, could eliminate most of abovementioned issues 

for long term electrophysiology experiment [26]. The key components in the EnerCage 

system are: 1) A geometrically optimized array stationary overlapping coils unit that are 

designed based on the 3- and 4-coil coupling. Unlike today’s technologies, the EnerCage 

system concentrates the magnetic field at the position of the animal without wasting 

power anywhere else in the cage. 2) RFID-based driver unit with closed-loop power 

control. 3) Either magnetic or optical-based tracking unit: capable of accurately tracking 

  
Fig. 8.11. PMDT die micrograph and floor plan in the WINeRS-7 system occupying 2.54 mm

2
. 
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the position of the animal subject in < 1 cm resolution, using either multiple axial 

magnetic sensors distributed under the coils or a Microsoft Kinect installed above the 

experimental arena. 4) A coin-sized general-purpose highly integrated closed-loop 

inductive data and power management unit, which was presented earlier in this chapter. 

The detailed design and characterization of the EnerCage system is out of the scope of 

this dissertation and have completely been discussed in detail in [25], [26]. 

 In order to demonstrate the functionality of the system in a real-world experiment, 

the PMDT ASIC was tested in vivo in a 30 × 28 × 18 cm
3
 standard home cage. Fig. 18.12 

shows the simplified block diagram of the system used in the animal experiment. A 

Microsoft Kinect was installed above the cage to localize the animal position to turn 

on/off the Tx coils. The images taken by Kinect every 33 ms were processed and the 

position of the animal was found by subtracting the images taken from the cage with the 

animal from the one before the animal was placed in the cage. An IGLOO FPGA 

received the localization data via a WLAN link and controlled the switches in series with 

the coils based on the position of the animal. On the mobile unit, an nRF24LE1 

microcontroller, which equips a 2.4 GHz wireless transceiver and a 10-bit analog-to-

digital converter (ADC) was used for two main tasks: 1) The positive rectifier voltage 

(VRECP) was digitized by the ADC to be used as a measure of how well the system is 

operating and also for closing the power loop. It should be noted that the goal of the 

experiment was to show that a constant 20-mW power can be delivered to the mobile unit 

in presence of normal behavior of the animal subject. 2) The wireless transmitter (Tx) 

tuned at 2.4 GHz was used to send the VRECP digitized data to the PC every 100 ms to 

close the power loop. At the Tx side, the VRECP digitized data is received by an nRF-based 

wireless receiver and delivered to PC through USB port. In a custom-designed LabVIEW 

program, VRECP was compared with 2.35 V, which was the nominal value in the design of 

PMDT, and a single bit that shows whether VRECP > 2.35 V or VRECP < 2.35 V was sent to 

the closed-loop power control unit (CLPC) through XPORT communication. In the 
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CLPC unit, the data is received by an MSP430 microcontroller and a digital 

potentiometer in the resistive feedback of a DC-DC converter controls the supply voltage 

of a class-C PA from 5 V to 20 V similar to the closed-loop system described in Chapter 

II. Two Cs = 220 mF super capacitor were connected to the positive and negative rectifier 

outputs (VRECP, VRECN) to supply the mobile unit when the inductive coupling is weak due 

to large distance or rotation of the coil in the mobile unit. 

     The in vivo experimental setup including the fabricated mobile unit and coils is shown 

in Fig. 8.13. All experiments were conducted with prior approval from the Institutional 

Animal Care and Use Committee (IACUC) at the Georgia Institute of Technology. The 

animal subject was a one-year-old Long-Evans Rat weighing 300 g. Table 8.1 shows the 

optimal geometries for the inductive link and system specifications. The geometry of the 

coils in the mobile unit i.e. L3 and L4 were optimized based on the design procedure in 

Chapter III to maximize the PTE at 7 cm coupling distance with AC load resistance of 

300 Ω, which related to 20 mW output power. The maximum diameter of L3 was limited 

to 2.5 cm to reduce the weight and size of the mobile unit. The maximum supply voltage 

for the PAs, VDD_Tx, was 20 V to provide a maximum of 10 W while the minimum 

 

 
Fig. 8.12. Simplified block diagram of the EnerCage system and proposed general-purpose power 

supply used in the animal experiment in a standard home cage. A Microsoft Kinect was used during the 

experiment to localize the animal position. A wireless microcontroller was used to digitize the VRECP and 

send the information back to the PC to close the power loop. 
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VDD_Tx was 5 V to provide 0.7 W. The PA efficiency was 46% to 49% in the whole 

VDD_Tx range. 

 

The animal experiment was conducted for 30 minutes without interruption, and the 

results are shown in Figs. 8.14 and 8.15. During the experiment, the PA voltage 

(VDD_Tx) ranged from 5-20 volts and the positive rectifier voltage (VRECP) at the mobile 

unit designated at 2.35 V were monitored. It can be seen in Fig. 8.14 that during 30 

minutes, VRECP was maintained around 2.35 V with small changes due to the animal 

  
Fig. 8.13. The experimental setup to test the general-purpose wireless supply in the EnerCage system on 

a freely-behaving animal subject. A Kinect installed above the cage was used to localize the animal 

position. 
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movement. It should be noted that because VDD = 2.1 V, the goal was to keep VRECP  > 2.1 

during the experiment. This was achieved except in a small portion of the time, in which 

VRECP reduced to 2.1 V but closed-loop system increased VDD_Tx to compensate for this 

reduction. Overall, an average VDD_Tx = 9 V was enough to power up the mobile unit in 

this experiment. 

 

Fig. 8.14 shows two time periods of the results, in which notable variations were 

observed on both VRECP and VDD_Tx. The voltage variations during “A” period are shown 

in Fig. 8.15a. At t = 6.5 min when the first drop in VRECP occurs, the PA voltage starts 

increasing to increase VRECP to reach 2.35 volts. At t = 8.5 min, VRECP has increased > 

2.35 V that has caused VDD_Tx to reduce to decrease the VRECP. These waveforms show 

the true operation of the system. The voltage variation for “B” period has shown in Fig. 

8.15b. At t = 21 to 22 min, VDD_Tx has increased to keep VRECP constant at 2.35 V. The 

Table 8.1: Optimal coil geometries and system specifications 

Parameters Designed Values 

Tx wire-wound coil (L1) 

Diameter = 23 cm 

Wire width = 2.59 mm (AWG10) 

Number of turns = 1 

Inductance = 0.7 µH 

Quality factor = 193 

Tx wire-wound coil (L2) 

Diameter = 30 cm 

Wire width = 2.59 mm (AWG10) 

Number of turns = 1 

Inductance = 0.89 µH 

Quality factor = 204 

Rx wire-wound coil (L3) 

Diameter = 2.5 cm 

Wire width = 0.64 mm (AWG 22) 

Number of turns = 2 

Inductance = 0.48 µH 

Quality factor = 136 

Rx Litz wire-wound coil (L4) 

Diameter = 1 cm 

Wire diameter = 0.25 mm 

Number of turns/strands = 6/44 

Inductance = 5.8 µH 

Quality factor = 12 

Power transmission frequency 13.56 MHz 

Power update frequency 10 Hz 

Weight of the mobile unit box/electronics 7/6 g 
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sudden voltage drop in VRECP due to the low coupling has been compensated by sudden 

increase in PA voltage at t = 22.3 min. However, the rat quickly moved to a high PTE 

region and VRECP was significantly increased because VDD_Tx voltage was high. To 

compensate for this, the PA voltage has reduced again to make VRECP around 2.3 V. 

Overall, the experimental results showed that the PMDT chip accompanied with receiver 

coils and nRF wireless transmitter operated well to receive 20 mW inside EnerCage 

system in a real-world experimental setup. 

 

  
Fig. 8.14. The in vivo results for the PA supply voltage (VDD_Tx) and rectifier positive voltage (VRECP) 

during 30 min. The closed-loop system has maintained VRECP around designated 2.35 V by changing 

VDD_Tx adaptively with animal movements. 
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(a) 

   
(b) 

Fig. 8.15. (a) Time period “A” in Fig. 8.14: Sudden movement by the rat to a non-efficient area resulted 

in VDD_Tx to reach its maximum. (b) Time period “B” in Fig. 8.14: A high-efficiency area, in which 

VRECP > 2.6 V and closed-loop compensated for it by decreasing the VDD_Tx. 
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CHAPTER IX 

CONCLUSIONS AND FUTURE WORKS 

This dissertation focuses on developing the system- and circuit-level techniques 

for high-performance wireless power and data transmission to biomedical Microsystems, 

which has resulted in several conference and journal publications [23], [25], [26], [67], 

[118]-[136]. Several techniques such as multi-coil power transfer, closed-loop power 

transmission, high-efficiency adaptive power management, and Q-modulation power 

management could significantly increase the PTE of power transfer link. The pulse-

delay-modulation (PDM) and PWM-IR-UWB techniques also offers wideband and low-

power data communication in presence of strong power-carrier interference. To further 

validate the feasibility of the power and data transfer techniques, such methods have been 

combined in an ASIC and tested on a freely behaving animal subject inside the EnerCage 

system as the power transmitter. This Chapter summarizes the results and scientific 

contributions of this dissertation and the future works. 

9.1. Conclusions 

9.1.1. High-efficiency Adaptive Inductive Power Transmission 

A standalone closed-loop wireless power transmission system was proposed to 

maintain the delivered power to a transponder, representing an IMD, constant over 

loading or coupling variations. Instead of designing a custom ASIC, we have taken 

advantage of a single-chip 13.56 MHz commercial RFID reader to send power and detect 

back telemetry data.  

We have presented detailed formulation for calculating the PTE based on circuit 

and physics (coupled-mode) theories for a conventional 2-coil inductive power 

transmission link, and extended the solutions in the steady state to 3-, 4-, and m-coil 

systems. We proved that both physics and circuit theories lead to the exact same set of 
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equations, and therefore, both are applicable to short- and mid-range coil arrangements. 

Moreover, we have derived equations describing the transient behavior of the 2-coil 

inductive power transmission links. Theoretical analysis and simulation results show that 

in this case, coupled-mode theory only accurate when coils have small coupling and large 

quality factors. However, it simplifies the analysis by reducing the order of the 

differential equations by half, compared to the circuit-based approach.  

A design procedure was also presented to maximize the PTE in 2-, 3-, and 4-coil 

inductive links. We have shown that the 3-coil inductive links can significantly improve 

the PTE and delivered power to the load (PDL), particularly at large coupling distances 

by transforming any arbitrary load impedance to the optimal impedance needed at the 

input of the inductive link. We showed that the recently proposed 4-coil inductive links 

transform the load impedance to a very high reflected resistance across the driver coil, 

which limit the available power from source and drastically reduce PDL, particularly at 

large coupling distances.  

A new figure-of-merit (FoM) was also proposed to design high-performance 

inductive power transmission links. We have demonstrated the tradeoffs between 

maximizing the PTE and PDL, simultaneously, to help designers choose the best measure 

for a particular application. We have proposed a design procedure based on the new FoM 

for 2-coil links and extended it to multi-coil arrangements for designing state-of-the-art 

inductive power transmission links. The FoM guides designers to choose 2-coil links for 

strongly-coupled coils used in applications that need large PDL, 3-coil links for loosely-

coupled coils where the coupling distance varies considerably, and 4-coil links when 

small PDL is required at high PTE and the coils are loosely-coupled but have a stable 

coupling distance and alignment. 
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9.1.2. Adaptive and High-efficiency Power Management 

A complete adaptive power-management and low-power data-transceiver 

(PMDT) ASIC with automatic receiver (Rx) coil resonance frequency tuning capability 

was presented. PMDT also includes an adaptive super-cap charger, which reduces the 

start-up and charging time, a battery charger and an active rectifier with measured power 

conversion efficiency (PCE) of 76.2 %. In an exemplary setup, PMDT successfully 

compensated for > 100 pF detuning in Rx coil and adaptively charged a 0.11 F super-cap 

with 0-17mA current allowing for ~10 ms start-up time. 

A new method for enhancing wireless power transmission through an inductive 

link was presented called Q-modulated inductive link, which uses only one coil at the 

receiver (Rx) side. The Rx has been equipped with a switch that would control the quality 

factor (Q) of the Rx coil. This technique offers two main advantages compared to multi-

coil coupling: 1) The physical size of the Rx is reduced by using only one coil, and more 

importantly, 2) The PTE can be maintained at the highest possible level for a wide range 

of load values by adjusting the switching duty cycle of the Rx coil. A Q-modulation 

power management (QMPM) ASIC was also developed that includes a high-efficiency 

passive rectifier operating at 2 MHz with > 5 W output power. A novel automatic duty-

cycle control (ADCC) was also developed to adaptively adjust the quality factor of the 

Rx coil during the operation in presence of load variations. 

The PMDT chip was also modified to inductively provide a constant power for a 

wireless implantable neural recording and stimulation system (WINeRS-7). An active 

positive/negative rectifier provides 2.3 V and -2.3 V for three low-dropout regulators 

(LDO) to create constant 2.1 V and -2.1 V for stimulation and -0.3 V for recording 

blocks. The WINeRS-7 chip also includes 915-MHz frequency-shift keying (FSK), sub-

GHz ultra-wideband (UWB) transmitters, and a pulse-delay modulation (PDM) 

transceiver for data communication. The WINeRS-7 was tested in the EnerCage system 
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on a freely behaving animal subject. The in vivo results showed that PMDT received a 

closed-loop constant 20-mW power during half an hour of experiment.  

9.1.3. Wideband and Low-power Data Communication 

A new modulation technique, called pulse delay modulation (PDM), has been 

proposed to solve two key issues in near-field wireless data and power transmission links. 

First, it significantly increases the bandwidth while simplifying the Tx and Rx circuitry 

and, consequently, their power consumptions. Second, it addresses the problem of power 

carrier interference with received data in multi-coil transcutaneous inductive links 

without affecting the power transfer efficiency. We have also presented the first ASIC 

implementation of a low-power PDM-based transceiver. The PDM transceiver achieved a 

data rate of 13.56 Mbps with a BER of 4.3×10
-7 

across a 10 mm dual-band inductive link, 

while delivering 42 mW of regulated power to the load. To the best of our knowledge, 

this is the best overall performance for near-field simultaneous data and power telemetry.  

I have also developed a 3-5 GHz range UWB transceiver in UMC 0.13-µm 

process for low-power far-field data communication. The novelty in this system is to 

combine pulse-width modulation (PWM) and impulse-radio (IR) techniques to further 

reduce the power consumption in conventional IR-UWB transmitters. In the proposed 

PWM-IR-UWB Tx only two pulses are transmitted for 8-10 digital bits that results in 4-5 

times power reduction. 

9.2. Future Works 

Several research groups have considered using meta-materials to further increase 

the PTE by focusing the Tx magnetic field on the Rx and, therefore, increasing the 

mutual coupling. However, these efforts are still at early stages and their possible 

applications in IMDs have not been explored. Moreover, designing efficient coils, 

inductive links, and antennas inside and around the body, while considering the complex 

implant and body environment, still needs additional work. 
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The Q-modulation power management (QMPM) and automatic-resonance tuning 

can be utilized as a new generation of power management with on-chip load modulation 

and resonance tuning. The QMPM chip will be tested and the effect of load switching on 

the PTE of the link as well as the link resonance frequency could further be studied in a 

realistic measurement setup.  

The neural signal acquisition scheme in brain machine interface (BMI) can be 

categorized into three levels: 1) Electroencephalogram (EEG), which is taken from 

sensors which are on top of head. Although this is simple method, the spatial resolution is 

poor, because one EEG recording represents the summation of electrical activity of a 

large number of neurons, and brain and bone act as a low-pass filter resulting in the 

degradation of information. 2) Electrocorticogram (ECoG) is obtained by implanting the 

electrodes under the skull. This allows higher spatial resolution due to the reduced 

filtering effect of tissue and bone. However, the resolution obtained from ECoG is still 

very limited. 3) The highest spatial resolution can be obtained by recording single unit 

activity (SUA), where the electrode is directly attached to a single brain cell. Another 

problem of aforementioned signal acquisition schemes is that only limited brain area 

could be covered because traditional methods have relied on a single centralized implant. 

Therefore, there is a need for development of a wireless system for acquisition and 

transmission of multichannel SUA signal all over the brain area using mm-sized 

implants. There are two main challenges in so-called distributed implants. First, the 

optimal frequency for powering mm-sized implants is different from large implants 

powered in near-field domain. For small implants, sub-GHz frequencies have been shown 

to be optimal and, therefore, a lot of work should be done for optimization of these links 

form the power Tx to the load. Second, communication with such small implants in the 

presence of power interference and small power budget is another challenge. 

In PDM, the future goal is to add mechanisms to adaptively adjust delays to 

increase the PDM robustness against the coils’ distance variation and misalignments. 
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Automatic gain control (AGC) is needed in most wireless transceivers intended for 

communications under conditions of fading and distance variation, such as in IMDs to 

avoid voltage saturation at small distance or weak signals at large distance. Although the 

PDM transceiver does not require AGC, because received signal is amplified to create a 

square waveform, a similar mechanism can adaptively adjust delay in the Rx. In this 

condition, delay values that are too small or too large will result in recovered data to be 

continuously “0” or “1”, respectively. What is needed in this case is a local feedback 

mechanism that monitors a certain parameter in the recovered data, e.g. cyclic 

redundancy checking (CRC), and compensates for delay variations. 

There are multiple tests that should be conducted for the PWM-IR-UWB to 

measure its robustness against power interference and the animal tissue. The UWB 

antennas have been optimized for air, however, at high frequencies, electromagnetic 

power absorption in the tissue can increase the antenna losses and the design optimization 

should be reconsidered in saline and other tissue simulants. Furthermore, in order to 

miniaturize the size of the implantable devices, the micromachining (MEMS) technology 

with smaller feature size could be used to further shrink the volume of the implantable 

coils and antennas. The MEMS technology could also offer a flexible substrate to 

conform the IMD to the body curvatures.  

The animal body could affect the Tx coil resonance frequency and, therefore, 

another tuning loop at the Tx could be used. Combining this loop with closed-loop power 

and automatic resonance tuning, and even automatic duty-cycle control in QMPM is 

another challenge. Finally, there are many experiments that require collecting real-time 

biological information, such as neural signals, body temperature, blood pressure, physical 

activities, blood chemical concentrations, and neurotransmitters. Even more challenging 

is experiments that require applying uninterrupted electrical, chemical, or mechanical 

stimulation, which are more power consuming, over long periods of time. 
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APPENDIX 

WIRE-WOUND COILS (WWCS) MODELING 

 

Wire-wound coils (WWCs) are often modeled as distributed RLC networks with a 

self-inductance in series with a resistance, both of which are in parallel with the coil 

parasitic capacitance [91]. An analytical expression for the self-inductance of a one turn 

circular conductive loop can be found from [137], 
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where μ0 and μr are the permeability of space and of the conductor, respectively. Do is the 

diameter of the loop and w is the diameter of the wire. For mutual inductance, M, a WWC 

can be considered a set of concentric single-turn loops with various diameters, all 

connected in series. Using Maxwell equations, Mij between a pair of parallel single-turn 

circular loops at radii ri = Di/2 and rj = Dj/2 can be found from [34], 
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In this equation, dij is the coupling distance between the two coils and i ≠ j.   α  and E α  

are the complete elliptic integrals of the first and second kind, respectively [34]. 

Therefore, the mutual inductance between two coils with ni and nj number of turns can be 

found from, 
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Hence, the self-inductance of a WWC can be found from 
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To model the series parasitic resistance of the WWC, its DC resistance should be 

calculated from 
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where ρc is the resistivity of the conductive material, s is the wire spacing between the 

surface of the conductors, and ni is i
th

 coil total number of turns. As the operating 

frequency increases, the skin effect increases the series resistance, which can be modeled 

as [138] 
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When the wire spacing, s, is smaller than the wire diameter, w, the AC resistance of the 

coil in (A.7) increases due to the proximity effect at higher frequencies [139]. 

The parasitic capacitance between two turns of a WWC can be found from [91] 
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where εr is the relative permittivity of the insulation material, ς is the thickness of the 

insulation layer, θe is the effective angle between turn i and turn j, i.e. 90, and s' is the 

wire spacing between the surface of the insulation layers. Hence, the sum of the turn-to-

turn parasitic capacitance from (A.9) leads to the total parasitic capacitance, CP. 

Finally, considering RS in series with Lself and CP in parallel with both, the quality 

factor of a WWC at operating frequency, ω0, can be found from [34] 
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which is valid for low frequency and small CP. 

The weight of a circular-shaped WWC with ni turns, wire spacing of s between 

the surface of the conductors, and wire diameter of w can be written as  
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,                                                                         (A.11) 

where ρ is the density of the conducting material, which is  8.96 g/cm
3
 for copper. In 

(A.11) we have ignored the weight of the insulating material. 
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