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ABSTRACT 

 

13.56 MHZ MULTI-MODE RECTIFIER CIRCUIT FOR WIRELESSLY 

POWERED IMPLANTABLE MEDICAL DEVICES 

 

 

 

Engür, Yasemin 

Master of Science, Electrical and Electronics Engineering 

Supervisor : Prof. Dr. Haluk Külah 

 

 

September 2020, 100 pages 

 

Implantable devices are becoming popular with the improvements of 

nanotechnology. The implants require huge amount of power for operation within 

limited volume. This power requirement can be satisfied by implantable batteries. 

However, the limited energy of batteries restricts their lifetime, so they need to be 

recharged for long lasting operation. The charging operation can be done wirelessly 

with RF coils. These coils offer certain advantages over other wireless power 

transmission techniques such as high-power transmission and lower area occupancy. 

In this thesis, an interface circuit for wireless power transmission in RF domain is 

designed. The interface circuit is responsible for charging the rechargeable battery 

which is used to power up the implantable devices. For that purpose, a magnet free 

coil pair is designed, and extended coupling range multi-mode rectifier circuits are 

implemented. One of the rectifier circuits is named as double mode rectifier. The 

maximum power conversion efficiency of double mode rectifier is 72.4% for high 

coupling levels (voltage mode operation) and 38.6% for low coupling levels (current 

mode operation) while charging a 3.3 V load. In the improved version of double 

mode rectifier, which is triple mode rectifier circuit, the maximum power conversion 

efficiency of each operation mode is 51.78%, 82.49% and 89.34% for low coupling 
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ratios (current mode), middle couplings (half wave mode) and high coupling ratios 

(voltage mode) respectively while charging a 3.3 V load. 

 

Keywords: Extended Coupling Range, Implantable Medical Devices, Multi-Mode 

Rectification, WPT. 
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ÖZ 

 

KABLOSUZ ŞEKİLDE GÜÇ VERİLEN İMPLANTE EDİLEBİLİR 

MEDİKAL CİHAZLAR İÇİN 13.56 MHZDE ÇALIŞAN ÇOK MODLU 

DOĞRULTUCU DEVRESİ 

 

 

 

Engür, Yasemin 

Yüksek Lisans, Elektrik ve Elektronik Mühendisliği 

Tez Yöneticisi: Prof. Dr. Haluk Külah 

 

 

Eylül 2020, 100 sayfa 

 

İmplante edilebilir cihazlar nanoteknolojideki gelişmelerle popüler hale gelmektedir. 

Bu implantlar sınırlı bir hacimde çalışabilmeleri için büyük miktarda güç 

gerektirirler. Bu güç gereksinimi dahili bataryalar tarafından karşılanır. Bununla 

birlikte, bu piller sınırlı enerjiye sahiptir, bu nedenle uzun ömürlü çalışması için 

sürekli olarak şarj edilmeleri gerekir. Şarj işlemi kablosuz olarak RF bobinleri ile 

yapılabilir. Bu bobinler, diğer kablosuz güç aktarma tekniklerine göre bazı avantajlar 

sunar. Bu avantajlar, yüksek güç aktarımı ve düşük alan kullanımıdır. Bu tez, RF 

bandındaki kablosuz güç aktarımı için bir arayüz devresi tasarlanmasına 

dayanmaktadır. Arayüz devresi, implante edilebilir cihazları çalıştırmak için 

kullanılan şarj edilebilir pilin şarj edilmesinden sorumludur. Bu amaçla, mıknatıs 

içermeyen bir bobin çifti tasarlanmıştır ve genişletilmiş kuplaj aralıklı çok modlu 

doğrultucu devreleri uygulanmıştır. Doğrultucu devrelerinden biri çift modlu 

doğrultucu olarak adlandırılır. Çift modlu doğrultucu devresinin maksimum güç 

dönüştürme verimliliği, 3.3 V’luk bir yük şarj edilirken yüksek kublaj değerleri için 

(voltaj modu operasyonu) 72.4%, düşük kuplaj değerleri için (akım modu 

operasyonu) 38.6%’dır. İki modlu doğrultucu devresinin geliştirilmiş hali olan üçlü 

mod devresinde, her bir modun maksimum güç verimliliği düşük kuplaj değerleri 
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(akım mod), orta kuplaj değerleri (yarım dalga mod) ve yüksek kuplaj değerleri 

(voltaj mod) için sırasıyla 51.78%, 82.49 % ve 89.34%’dur. 

 

Anahtar Kelimeler: Genişletilmiş Kuplaj Aralığı, İmplante Edilebilir Tıbbi Cihazlar, 

Çok Modlu Doğrultma, WPT. 
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CHAPTER 1  

1 INTRODUCTION  

1.1 Motivation 

The use of portable electronic devices and medical implants has become very 

common. While the power consumption of the state-of-the art works are tried to be 

minimized, the batteries are limited in storage, and they need to be recharged for a 

long-lasting operation. Hence, the widespread use of these devices has led to the 

improvements in the wireless power transmission (WPT) systems. For the power 

requirements of the medical applications, inductive and capacitive couplings are 

preferred. In both cases, the maximum amount of power is tried to be transferred 

from the primary side to secondary side.  

In the inductive power transmission link, alignment is one of the biggest challenges. 

In some of the commercial devices, magnets are used to overcome the misalignment 

problems. However, these magnets make these devices magnetic resonance imaging 

(MRI) incompatible. However, the elimination of magnets makes the coupling 

coefficient dependent on the distance change and misalignment. In the literature, the 

received signal is shaped by different type of rectifiers to power up medical implants 

either for low couplings or high couplings. Passive rectifiers, voltage doublers [1], 

voltage/current mode rectifiers and mixed mode rectifiers [2] have been studied from 

different perspectives to power up medical implants.  

The main aim of this thesis is to power up medical devices such as fully implantable 

cochlear implants. In these implants, implanted area is limited by human ear and 

power consumption is determined by the neuron stimulation circuits [3]. For a long-

lasting operation, power consumption of the interface circuits should be minimized. 

Moreover, to increase the comfort level of the patients, rechargeable batteries should 
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be powered up in a short time duration. In a magnet-free charging mechanism, 

interface circuit should cover an extended range to compensate the possible 

misalignment problems in the RF link. In this thesis, inductively coupled custom 

designed coil pair is introduced. These coils aim to transfer power from external 

source to the interface circuit in an MRI compatible way. Also, the design and the 

implementation of the magnet-free extended coupling range mixed- mode rectifier 

circuits are presented.  

1.2  Wireless Power Transmission Techniques 

Wireless power transmission (WPT) is a well-known technique that has been used 

for many years since Tesla validated the WPT theory in the 19th century [4]. Ever 

since, WPT has becomes popular and has been studied by scientists and engineers. 

Throughout these studies, several improvements have been made and WPT has been 

used in various applications. RFID tags [5], electrical vehicles [6], neurological 

implants [7], retinal prostheses [8]-[9] and cochlear implants [10]–[13] are the 

examples to these applications (Figure 1.1). According to the power requirement, 

different WPT techniques are used to power up these devices. According to the 

distance of the power transmission, WPT techniques are divided into two categories 

which are the near field and far field wireless systems.  
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Figure 1.1. (a) Wireless charging system examples [4], (b) neural implants [7], (c) retinal prostheses 

[8], (d) cochlear implants [3]. 

1.2.1 Near Field WPT Systems 

Near field wireless power transmission is a traditional technique and used for many 

purposes. It has advantages in lossy media such as water and biomedical tissues [14]. 

In the far field power transmission, power is lost due to the absorbance in the media 

[15]. This absorption may cause damages depending on the application. However, 

near field technique proposes a reliable power transmission in dielectric [14]-[15]. 

For instance, for power transmission in human body, safety becomes the first 

concern. Near field magnetic systems can transfer power controllably by satisfying 

the predetermined power transmission regulations and specific absorption ratio 

(SAR) limitations [18]. For the near field power transmission, inductive coupling 

and capacitive coupling methods will be investigated. 

Wireless Charging(a)

(b)

(c)

(d)
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1.2.1.1 Resonant Inductive Coupling 

One of the oldest near field wireless power transmission technique is the resonant 

inductive coupling (Figure 1.2). In this method, a transmitter coil (TX) in the primary 

side transfers the input power to the receiver coil (RX) in the secondary side. The 

power transfer ratio is defined as the coupling ratio. Depending the on the coil sizes 

and the distance between them, coupling coefficient varies. 

 

Figure 1.2. Resonance Inductive Link [19]. 

Inductively coupled coil pair can be used in various applications. One of the famous 

application field of the inductive coupling is the medical implants. In the medical 

implants, coil pair is designed according to the dimension limitations [20]. Also, 

human body models are used to optimize the coil pairs [21]. Hence, according to the 

purpose of usage, a proper coil pair can be used with the maximum coupling at the 

desired operation frequency [19]. 

1.2.1.2 Capacitive Coupling 

Capacitive coupling is another near field wireless power transmission method. In this 

technique, an electric field is created between the parallel plates. The field lines 

create the RF energy and transfer power and data. Compared to the inductive 
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coupling, capacitive coupling reduces the electromagnetic interference with the 

electronic circuits [22] (Figure 1.3). 

 

Figure 1.3. Capacitive coupling approach [22]. 

For medical purposes, different studies were reported by the researchers. Biosafety 

considerations were discussed by [23], and it is observed that in a wide frequency 

range capacitive coupling can be used for medical purposes. In [24], 1-10 MHz 

frequency-aware capacitive coupling circuit was proposed. This circuit is used to 

power up medical implants like [25] does.  

1.2.2 Far Field WPT Techniques 

Power transmission components of the transmitter to receiver may not be located 

close to each other all the time. In this case, far field wireless power transmission 

techniques are used for power transmission. For the low power devices, sensor 

networks, space and military applications far field WPT can be used.  

Microwave signals and lasers are the two options used in far-field WPT. In the 

microwave applications, power is transferred from the transmitter antenna. During 

the transmission, different channels may affect the signal. In the receiver side, after 

receiver antenna receives the signal, a matching network is used. Then the signal is 

rectified [26] (Figure 1.4). Also, lasers are used in WPT applications [27]. 
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Figure 1.4. The building blocks in far field WPT system [26]. 

1.3 Rectification Methods in Inductive WPT for Medical Implants 

Among WPT systems, far field power transmission is not suitable for medical 

applications. The frequency range and the power level may harsh the tissues due to 

the power absorption. On the other hand, near field power transmission techniques, 

which are inductive coupling and capacitive coupling, can be utilized in power 

transmission methods of medical implants. While capacitive coupling is mostly 

preferred for ~100 mW power levels with mA current consumption circuits, lower 

power levels can be satisfied by inductive coupling, which is aimed in this thesis as 

wireless power transmission method.  

Pacemakers, neurological implants, retinal prostheses and cochlear implants are the 

successive medical implants. Although these medical applications seem different 

from each other, the power requirement of these devices brings them to the same 

point. These implants are in the human body and cannot be removed to be charged 

for daily use. Hence, they should be powered up wirelessly from outside of the body. 

Among wireless power transmission techniques, near field inductive coupling is the 

commonly used method for this purpose. With the inductive coupling power is 

transferred from the TX to RX. Afterwards, to power up the implant, received AC 

signal should be converted to the DC signal. Besides, if this AC-DC converter is 

used for medical purposes, the operation frequency of the circuit should be either 
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6.75 MHz or 13.56 MHz according to ISM band regulations for medical applications 

[28].  

In the literature, different methods were proposed to be used in AC-DC conversion. 

These methods are passive rectifiers, voltage doublers [29], active rectifiers 

[30]- [31], voltage mode (VM) rectifiers [32]–[37], and current mode (CM) rectifiers 

[37]-[38]. When the passive rectifiers and voltage doublers use passive diodes, they 

suffer from the voltage drop and power loss. Active rectifiers are the improved 

version of the passive ones. Each technique has different opportunities and targets. 

They can be preferred in the applications according to the power requirements. For 

the medical purposes, voltage mode and current mode rectifiers are the commonly 

used rectification methods. The operation principle of these rectifiers is described as 

follows:  

1.3.1 Voltage Mode Rectifier 

Voltage mode operation is the rectification of AC signal when the AC (VAC1-VAC2) 

signal in the receiver side becomes larger than the load voltage (VDDR) (Figure 1.5). 

In the VM operation, receiver coil (L2) in the secondary side and the resonance 

capacitance (C2) construct an LC tank. AC signal is captured by this tank and 

transferred to the rectifier to be converted to DC. With this technique, a large amount 

of power can be transferred. However, the distance between the coils, misalignment 

effects decrease the coupling between the coil and the input power. Also, due to the 

high-speed operation, i.e. 13.56 MHz, circuit delays become important, and affect 

the efficiency of the circuit. In the proposed VM circuits, while the power conversion 

efficiency is aimed to be maximized, switching and conduction losses are tried to be 

minimized. 
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Figure 1.5. A generic inductive power link for medical implants [40]. 

When the coupling coefficient between the coils is high, VM can charge the load. In 

[40], a cross coupled PMOS pair and active diode connected NMOS switches form 

the cross-coupled voltage mode rectifier (Figure 1.6). In this circuit, the comparators 

(CMP1,2) compare the AC with ground and turn on and off MN1,2 switches. Hence, 

each oscillation cycle of the sinusoidal signal, IAC1 and IAC2 charge the load (VDD). 

This rectifier switches at 13.56 MHz. To minimize the conduction loss and the 

switching loss, an offset voltage is introduced to the comparators. Hence the delays 

coming from the circuits are compensated and switching time is adjusted. 

 

Figure 1.6. Schematic of the active rectifier in [40]. 

In [41], cross-coupled VM circuit is used. In this circuit, different than [40], an 

adaptive on/off delay circuit is used. The adaptive on/off delay adjusts the on and off 

time of the switches by proposing offset current to the common gate comparator 

adaptively.  
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Figure 1.7. Schematic of the active on/off delay compensation in [41]. 

Another example of the cross-coupled voltage mode circuit is [42]. Rectifier operates 

at 13.56 MHz and designed for biomedical implants. In this circuit, circuit delays 

coming from the comparator and the delays are compensated by changing the switch 

size. Also, on and off time calibrations are applied. As shown in Figure 1.8 with the 

adaptive sizing property, real-time calibration is performed and the maximum 

efficiency is tried to be obtained.  

 

Figure 1.8. Schematic of adaptive sizing rectifier [42]. 

In some of the circuits, VM operation is supported by additional operations. In [43], 

to regulate the output voltage, 1X/2X mode rectifier is used (Figure 1.9). In the 1X 

mode, circuit operates like a cross-coupled voltage mode (VLOAD=V1). However, 

when 2X mode is activated, circuit becomes a voltage doubler (VLOAD=V2). By 
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switching between the 1X and 2X mode periodically, the load voltage is tried to be 

in between V1 and V2. Hence, it is regulated. 

 

Figure 1.9. Schematic of 1X/2X reconfigurable rectifier [43]. 

All  these circuits rectify the AC signal for high coupling ratios. If the coupling level 

drops, the input power requirement cannot be satisfied, and signal cannot be rectified 

in VM. Hence, for the low couplings, another rectification method can be used, and 

this method is called current mode rectification. 

1.3.2 Current Mode Rectifier 

For low coupling ratios, misaligned and rotated coils, current mode operation is 

preferred to rectify the AC signal. In this technique, there are two circuit 

configurations (Figure 1.10). In the first configuration, AC signal is transferred to 

the receiver side and AC signal starts to oscillate through the LC tank. Then, in the 

second configuration, the oscillation is completed, and the power is transferred to the 

load. In VM, each cycle power is transferred to the load. However, in CM, charging 
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cycle is determined. Hence, it should be adjusted properly to maximize the efficiency 

and minimize the losses.  

In [39], a very low power (600 nW) CM rectifier is proposed. In this work, the 

number of the oscillation cycle is selected by the maximum efficiency tracker circuit. 

The operation frequency of the circuit 50 kHz. Very low power applications can be 

powered up by this circuit. However, for relatively high-power applications such as 

cochlear implants the rechargeable battery cannot be charged.  

 

Figure 1.10. Current mode operation principle [39]. 

In [44], a single switch and a single diode circuit structure is used (Figure 1.11). In 

this study, AC signal is oscillated for different number of cycles to store energy. 

With the control switch (SW), power is transferred to the load through the diode (VD). 

Series connected LC tank circuit is used as a current source and load is charged even 

the load voltage is larger than the receiver voltage. The operation frequency of the 

circuit is 1 MHz. 
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Figure 1.11. Current based resonant power delivery circuit schematic [44]. 

[38] proposed a voltage boosted current mode WPT system to charge a low-voltage 

battery. In this work, to decrease the complexity, the voltage on the receiver coil is 

increased and the inductor current is decreased. In this way, the circuit becomes as 

if a high voltage is connected to receiver LC tank and load can be charged directly. 

At 6.78 MHz, low voltage medical implants can be powered up for couplings 

0.02- 0.205.  

1.3.3 Mixed Mode Rectifier 

Voltage mode rectifiers converts AC signal to DC in high couplings (~>0.30). On 

the other hand, current mode rectifiers can rectify the AC signal for low couplings 

(~<0.20). However, neither VM nor CM can cover the all coupling range in a single 

mode to power up an implant. Hence, a mixed mode rectifier circuit is needed.  

[45] proposed a mixed mode idea by switching the VM and CM. Half wave rectifier 

circuit is used as the VM operation. Receiver voltage (VR) is detected by an envelope 

detector. This signal is used in the mode selection unit. In the mode selection unit, 

VR is compared with a reference voltage, and either VM or CM is activated. For the 

CM control, M1 switch is used, and for the VM M2,3 pair is controlled (Figure 1.12). 

Operation frequency of this design is 1 MHz and the TX and RX coils are in ~20 cm 

to 4 cm dimensions, respectively. Although this circuit can be used in wireless power 

transmission applications, it is now suitable for medical implants due to the 

frequency and the area limitations.  
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Figure 1.12. Block diagram of the CM-VM circuit in [45]. 

Same research group was also presented an inductive voltage-current mode circuit 

with an energy recycling option in [46]. In this work, voltage mode and current mode 

operations are used to rectify the AC signal. Also, a recycle capacitor is added. This 

capacitor is charged according to the control mechanism of the circuit. When the 

circuit cannot operate neither VM nor CM, energy recycle capacitor is used to charge 

the load. In this circuit, the dead zone, which is the region where neither VM nor CM 

cannot power up the battery, is eliminated. Like [45], [46] operates at 1 MHz and 

can be used in mW range power applications. Yet, these circuits cannot be used in 

medical applications due to coil sizes and operation frequency limitations. 

 

Figure 1.13. Inductive RF link with energy recycling [46]. 
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1.4 Objective of the Thesis 

The main objective of this thesis is implementing a new multi-mode rectifier circuit 

for powering up medical implants. This multi-mode rectifier circuit aims to operate 

in extended coupling range in a magnet free system to charge the rechargeable 

batteries in medical devices such as cochlear implants. This work is a part of 

FLAMENCO (A Fully Implantable MEMS-Based Autonomous Cochlear Implant) 

Project (www.flamenco.metu.edu.tr). For this specific application, the implemented 

circuit design criteria are listed as follows: 

1. Power consumption of the implantable devices determines the power 

requirement of the rechargeable batteries. The implanted systems consume 

~500 µW power [3], [47]. For 20 hours operation, the total power 

consumption becomes 10 mWh. To charge the battery in the remaining 4 

hours, the minimum power supplied by the rectifier should be 2.5 mW.  

2. The dimensions of the mixed-mode rectifier circuit and the RF link is limited 

by the implantation area. Hence, the circuit volume and the coil sizes are 

restricted. The interface circuit should occupy an area less than 5 mm2 [48].  

3. The distance between the inductive link created by TX and RX coils changes 

from 3-6 mm due to the thickness in the temporal bone near the ears [49]. 

Also, in this magnet free system, misalignment between the coils occur. The 

implemented work should charge the battery for different distances 

(2 mm- 10mm) and misalignments (0º-20º angle variation). 

1.5 Organization of the Thesis 

The rest of the thesis covers four chapters. These chapters are as follow: 

Chapter 2 presents the coil design and measurement for inductive coupling. The coil 

pair is designed in ANSYS EM simulation tool. The coil dimensions are optimized 

according to the maximum power transfer efficiency and minimum area occupancy. 

The printed coils are tested for different distances and alignments. 
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Chapter 3 is about the implementation of the double mode rectifier circuit. The 

double mode rectifier circuit is designed for extended coupling range operation 

purpose. The circuit topology is a 4-comparator rectifier with a shorting switch. The 

4-comparator structure is used with high couplings, and shorting switch is activated 

for low coupling ratios. Also, cross-coupled voltage mode rectifier and current mode 

rectifier are implemented from the literature to compare the performance of the 

double mode rectifier circuit. These topologies are implemented in 180 nm CMOS 

process. Both the simulations and experiments are performed at 13.56 MHz 

frequency with a changing coupling ratio.  

Chapter 4 includes the improved version of the double mode rectifier circuit. This 

improved version is called triple mode rectifier circuit, and it aims to cover an 

extended coupling range with high power efficiency. In this circuit, an extra 

rectification mode is presented to cover medium range couplings with high 

efficiency which is called half wave rectifier mode. Also, the mode selection 

topology is changed, and the comparators of the high coupling and low coupling 

rectifier modes are improved. In this way, the power conversion efficiency of each 

mode is maximized. The implemented circuit charges up the battery from low 

couplings to high couplings without an alignment magnet. Circuit schematics, 

simulations and experimental tests of the implemented work are given. 

Chapter 5 concludes the thesis with brief summary of the designs and possible 

future improvements of the extended coupling range triple mode rectifier circuit. 
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CHAPTER 2  

2 COIL DESIGN 

2.1 Motivation 

One of the commonly used wireless power transfer methods is the inductive 

coupling. The purpose of inductive coupling is to transfer power from one place to 

another wirelessly with a coil pair. Coil size, operation frequency and the area 

limitations are determined by the purpose of usage. In some of the wirelessly 

powered devices, coils are aligned with magnets and the position of the coils is 

preserved. In this way, they always transfer the maximum power with the highest 

coupling ratio. However, for medical purposes the magnetic field created by the 

magnets cannot be ignored during magnetic resonance imaging (MRI). Hence, 

patients with implants need an operation before MRI scanning to remove magnet. 

To avoid this invasive operation, magnet should be eliminated from the RF link. 

In this chapter, a magnet free RF link which occupies a small area and safely transfer 

power through human skin is designed for medical implants. To ensure these 

requirements, commercially used cochlear implants are taken as reference. In 

addition to the commercial devices, the literature is browsed to examine the 

previously published works. As a result, a custom designed coil pair is designed in 

ANSYS EM simulation tool. During the simulations, the coil sizes are kept minimum 

and the coupling coefficient maximum. The coil pairs which give the highest 

coupling coefficients are fabricated in printed circuit boards. The performance of the 

PCB coils is tested for different distances and angles. Design process, simulations 

and the test results are provided in this chapter of the thesis. 
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2.2 Coil Design Description 

Power transmission in an inductive link is managed by the transmitter (TX) and the 

receiver coils (RX). In this link, input power is given by the TX and the power is 

received by the RX. Power transmission rate is defined as the coupling 

ratio/coefficient. For high efficiency power transfer, the coupling coefficient should 

be as high as possible. Coupling coefficient is affected by TX-RX coil sizes, distance 

between the link (d), misalignment and rotations (Ɵ) (Figure 2.1). Hence, as the first 

step of the inductive power transmission system design, transmitter and receiver coils 

should be designed. After the coil design, the obtained inductances are used in the 

high efficiency WPT interface design process.  

 

Figure 2.1. Inductive RF link. 

Coil design process includes the optimization of the radius of the coils, turn number, 

the distance between each turn and the thickness of the wire. These parameters 

should be optimized both TX and RX coils to obtain the maximum coupling ratio for 

the minimum area occupancy. In the literature, different coil pairs were preferred to 

transfer power wirelessly. For instance, [36] uses two identical coils for the power 

transmission. They have 6 turns and 9.2 mm inner diameter with 2.38 µH inductance. 

These coils are used in 13.56 MHz frequency. Similarly, [40] prefers two identical 

coils in the power link. These coils have 3 turns and 1.5 cm inner diameter with 

310.4 nH inductance. Compared to [36], [40] uses larger coils which are also used 

for data transmission. Some of the other studies use TX-RX pair in different sizes 

[37], [43]. They also use a sense coil for data transmission in their system.  

TX RX TX

DISTANCE VARIATION ANGLE VARIATION

(a) (b)

d

Ɵ
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For our application, coil simulations are performed according to the design 

specifications. First, the receiver coil is inserted to the underneath the skin. In 

commercial devices, the implanted coils have ~3 cm outer diameter (MED-EL). 

Hence, the dimension of this coil should be kept minimum (< 3 cm outer diameter). 

In addition, the turn number of the receiver coils changes from 2-6 in commercial 

devices and mentioned studies. As the turn number of the coil increases, resistance 

of the copper wire also increases. Hence, the balance between the turn number and 

the internal resistance should be satisfied. For the specified internal coil, external 

coil should be designed to maximize coupling ratio between them. 

2.3 Coil Simulations 

In the process of determining our RF link, different coils are simulated in ANSYS 

EM simulation tool. First, in the simulations, TX-RX pair is placed in an air box, 

which means both coils are in air environment (Figure 2.2). Then, the turn number 

of the coils, conductor thickness, space between each turn and the space between the 

coils are assigned to a parameter. Then, using the optimization tool of the ANSYS, 

these parameters are swept. By changing turn number of the coils, conductor 

thickness and space between each turn, coupling coefficient is tried to be maximized 

which is calculated by Eq. 1.1, where M is the mutual inductance between TX and 

RX. 

 

Figure 2.2. TX-RX pair in air box in ANSYS EM. 
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𝐶𝑜𝑢𝑝𝑙𝑖𝑛𝑔 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (𝑘) = 𝑀/√𝐿𝑅𝑋𝐿𝑇𝑋  Eq.(1.1) 

In the air box optimization, approximate dimensions to be used are determined. 

However, in a final product WPT system, the receiver coil will be inserted 

underneath the skin. Hence, the coupling coefficient optimization should be 

performed in a human body modeled system. Using the human skin constitutive 

parameters [50] the human body is modeled by interconnected boxed. These boxes 

correspond to muscle, fat and skin (Figure 2.3).  

 

Figure 2.3. Human body model in ANSYS EM. 

In the simulations, receiver coil is embedded inside the human body whereas 

transmitter coil is covered by the air. Then, the coupling between the coils is 

maximized with the coil dimension optimization. In the optimization, the distance 

between the coils is set to d=5mm, which is the approximate skin thickness in the 

human head between the two coils. Then, the coupling coefficient is maximized. In 

addition to the center to center simulations, misaligned coils are simulated to observe 

the coupling coefficient change (Figure 2.4). At the end of the optimization process, 

in addition to the best coil pair, different coil pairs are obtained (Figure 2.5). These 

coil pairs are fabricated on printed circuit boards to be tested.  

Muscle (10 mm)
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Skin (1 mm)

Air (15 mm)TX
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Figure 2.4. ANSYS simulations with the magnetic field analysis in human body model. 

 

Figure 2.5. Fabricated coils with different properties. 
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2.4 Measurement Setup and Results 

Simulated coils are printed to circuit board as illustrated in Figure 2.6. The coil pair 

which gives the best coupling ratio is selected to be used in our WPT system. The 

selected pair has different dimensions. RX coil is kept small since it will be inserted 

to the human body within a limited volume. Then, TX is chosen according to the RX 

dimensions to obtain the best coupling ratio .  

 

Figure 2.6. The chosen coil pair for the WPT system. 

After the coil pair is chosen among different PCB pairs, coupling coefficient 

measurements are performed for different distances and the angle variations. For that 

purpose, a 3D printed coil holder is used (Figure 2.7 (a)). This holder enables us to 

align the center of the coils by changing the distance. Also, by keeping one of the 

coils stable, an intentional angle can be proposed to the system to simulate the 

misalignment between the coils. Using the printed coils and the holder, coupling 

coefficient measurements are done Figure 2.7 (b). In the measurements, distance 

between the coils is changed from 2 mm to 14 mm. Also, the angle between the coils 

is swept from 0º to 30º. Finally, it is observed that as the distance between the coils 

increases coupling coefficient decreases. Like distance variation, increment in the 
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angle corresponds to misalignment between RX and TX, and causes reduction in the 

coupling coefficient.  

According to the results at these measurements, the proposed wireless power 

transmission interface electronics should operate both under low (~0.10) and high 

couplings (~0.30) to charge the battery. 

 

Figure 2.7. (a) Coil holder, (b) coupling measurement results for the selected coil pair. 

2.5 Conclusion 

In this chapter, a magnet free TX-RX coil pair is presented. This RF link is designed 

in ANSYS EM simulation tool. The designed coil is fabricated on PCB. TX coil has 

the inner radius 8 mm and 6 turns with 1.1 µH inductance. RX coil has 3 turns with 

the inner radius 8.4 mm and 345 nH inductance. After the fabrication of the coils, 

experiments are performed to measure the coupling coefficient. For the 

measurements, a coil holder is used to change the distance and the angle between the 

coils. According to the measurement results, as the distance between the coils 

increases, the coupling coefficient decreases. Similarly, as the angle between the 

coils increases the coupling ratio drops dramatically. Hence, to cover an extended 

coupling range in the wireless power transmission circuit, the proposed rectifier 

should handle both low and high couplings. 
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CHAPTER 3  

3 DOUBLE MODE RECTIFIER CIRCUIT 

3.1 Motivation 

Wireless power transmission concept has been widely used for different applications 

for years. Recently, wirelessly powered medical implants draw attention by the 

industry and academia. In the literature, different rectification approaches for various 

applications were proposed. Among these studies, while some of the people focus 

on loosely coupled inductive links (CM) [39], others present different rectifiers for 

highly coupled coil pairs (VM) [32]. However, neither VM nor CM can cover the all 

coupling range in a single mode to power up an implant. Hence, a mixed mode 

rectifier circuit is needed. Also, for the MRI safe operation, a magnet free WPT 

system is needed. Therefore, this mixed mode magnet free circuit should operate at 

13.56 MHz for medical purposes. 

In this chapter, design and implementation of the double mode rectifier circuit is 

presented. The circuit is used to wirelessly power up medical devices such as 

cochlear implants and retinal prostheses for extended coupling range (both low 

couplings and high coupling ratios) at 13.56  MHz operation frequency. This double 

mode rectifier is based on well-known VM and CM operations. Wireless power 

transmission is achieved by the custom designed inductively coupled coil pairs and 

the implemented rectifier circuit. The challenging part of the design is combining 

two operation mode in a single rectifier circuit with a single receiver coil. 

4- comparator structure is proposed for the two-mode rectifier circuit. 

Section 2 of this chapter is about cross-coupled voltage mode rectifier circuit and its 

operation principle. Section 3 clarifies the current mode operation with simulation 

results. The necessity of the double mode rectifier circuit is discussed in Section 4 

with the circuit design and simulation results. Due to the multiple operation criteria, 
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mode selecting control block is needed and described in Section 5. The implemented 

work is exemplified in Section 6 with experimental results. Finally, Section 7 

discusses the proposed design with the possible improvements. 

3.2 Cross-Coupled Voltage Mode Rectifier 

In wireless power transmission systems, the variations in the coupling ratio causes 

change in the received power level (input power). As the input power changes, 

different rectification methods are required to charge the battery to compensate the 

coupling change. In this study, cross-coupled VM rectifier is selected for highly 

coupled inductive coils due to its circuit simplicity, applicability and high-power 

conversion efficiency characteristics.  

As the first step of the WPT design, cross coupled VM circuit is designed at the 

operation frequency 13.56 MHz inspired by the literature as illustrated [43] in Figure 

3.1. In the cross-coupled rectifier, PMOS switches and active diode connected 

NMOS pair used. In the active diode connection, diodes behave like resistors and the 

voltage drop across it is decreased. These PMOS and NMOS switches operate in 

each cycle one by one in cross-linked way. In this way, this circuit can charge the 

battery which is modeled by a parallel RLOAD//CLOAD circuit for high coupling ratios.  

 

Figure 3.1. Cross Coupled Voltage Mode Circuit. 
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During the operation, MN1&MP2 and MN2&MP1 work as pairs. While the NMOS 

switches, MN1 and MN2, are controlled through their gates with the VM controller 

(Figure 3.2), PMOS pair does not need a control unit for activation. In the NMOS 

pair controller, the AC signal is compared with the ground using a common gate 

comparator (CG CMP) due to its high-speed comparison response. The output of the 

CG CMP is shaped by the current starved delay block and the SR latch. Hence, 

rectangular pulses are generated to control NMOS pairs to charge the load in 

preadjusted charge conduction durations. Charge conduction duration is controlled 

by the current starved delay buffer. 

 

Figure 3.2. Cross-coupled voltage mode controller. 

To illustrate the operation, assume that ACP becomes low and MN1 switch connects 

ACP to ground with the MN1 gate control signal. At the same time MP2 turns on and 

MP1 turns off. Hence, the input power is transferred to load from ACN branch. The 

conduction time is controlled to maximize power conversion efficiency. In the next 

oscillation cycle, ACP becomes high and ACN becomes low and same charging 

process happens with the MN2&MP1 pair. In this way load is charged as shown in 

Figure 3.3 

As depicted in Figure 3.4, zero crossing detection is performed as the AC signal 

becomes less than ground level. With the zero detection, the CMPOUT becomes high, 

and the current starved delay buffer starts the translation. The current starved delay 

buffer is used to control the conduction time. For that purpose, CMPOUT signal is 
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shifted to the right side in the time axis. The time shifted version of CMPOUT, which 

is named as CSDOUT, resets the SR latch and 𝑆𝑁𝑉𝑀̅̅ ̅̅ ̅̅ ̅ switches from zero to one. 

Therefore, CMPOUT becomes low, which indicates that charge conduction is 

finalized for this half cycle. Each half cycle this operation is performed one by one 

for ACP and ACN signals such that the full wave rectification is achieved with 

maximum power conversion efficiency and minimum switching losses. 

 

Figure 3.3. Waveforms of the voltage mode signals: ACP, ACN, MN1, MN2 and VLOAD. 

 

Figure 3.4. Cross-coupled voltage mode operation principle. 
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3.2.1 Common Gate Comparator 

One of the vital parts of the rectifier is the comparator. Different topologies can be 

used to compare two signals. However, as the purpose of use changes, design options 

decrease. In our operation, we are aimed to charge a battery for medical applications 

at the operation frequency 13.56 MHz. Hence, the switching speed should be high. 

At the same time, power loss of the circuits should be minimized to operate at low 

powers with high power conversion efficiency. Considering all these items, common 

gate comparator is used in our design. The circuit of the comparator is given in Figure 

3.5. 

 

Figure 3.5. Common gate comparator circuit for cross-coupled voltage mode rectifier. 

In the circuit, M9-10 transistors are biased by the previous bias circuitry, whose output 
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AC signal with the ground. Once the AC becomes lower than ground level, VGS of 
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of M4 decreases to keep the current constant. Decrease in the gate voltage on M3 
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be another operation to control turn the output from high to low to finalize the 

conduction. For that purpose, M5 transistor is added to the system. When the 𝑆𝑁𝑉𝑀̅̅ ̅̅ ̅̅ ̅ 

becomes high, output is suddenly grounded. The comparator stops the operation until 

the next oscillation cycle. In this way, the comparison between the AC signal and 

ground is achieved. 

After the output of the CMP is generated, this signal passes through several 

subblocks until it reaches the gate of the MN1,2 switches. In each step, the main control 

signal encounters with delays coming from the digital subblocks and shifted to right 

in the time axis. This delay causes switching time errors, power loss and decrease in 

efficiency. Hence, an intentional mismatch is proposed to the M1,2 and M3,4 

transistors to create an offset voltage to compensate the delay coming from the rest 

of the circuits. When the offset voltage is introduced to system, instead of the ground 

level, the circuit makes a comparison with the predetermined VOFFSET voltage around 

100 mV.  

Figure 3.6 illustrates the AC-ground comparison and generated CMPOUT with offset 

voltage. An AC signal (4 VPEAK amplitude and 13.56 MHz operation frequency) is 

compared with the ground. For the comparison, the load voltage is set to 3.3 V. 

CMPOUT turns low to high at ~70 mV offset voltage. This offset voltage changes as 

the bias of the comparator is changed. Hence, an average ~70-100 mV offset voltage 

is introduced to system to turn the MN1,2 at the correct time.  

 

Figure 3.6. CMPOUT signal with intentionally introduced offset voltage. 
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3.2.2 Voltage Mode Comparator Bias Circuit 

The common gate comparator described above could be biased directly with a PBIAS 

voltage. However, it would be very difficult control it. Hence, a bias circuitry is 

added to the system as shown in Figure 3.7. In this way, the PBIAS voltage is generated 

in a controlled way. Figure 3.8 shows the generated PBIAS voltage for different VIN 

voltages. As the VIN increases PBIAS takes lower voltages to increase the comparator 

current.  

 

Figure 3.7. Cross-coupled voltage mode comparator bias circuit. 

 

Figure 3.8. Bias circuit output for different input voltage (VIN). 
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3.2.3 Current Starved Delay Buffer 

In the voltage mode rectifier circuit, a circuit is needed to control the conduction 

pulse width. For that purpose, a current starved delay buffer is used (Figure 3.9). 

Bias of the circuit is supplied by the first branch, and input signal (IN) is given to the 

current starved inverter. M4-7 charges and discharges the input capacitance of the 

M8,9 (CG). The charging duration is controlled by the bias voltages, i.e. current 

passing through the branch. Inverters add extra delay to the output of the first stage 

and generates the output. Since this circuit shifts the inputted signal in the time 

domain, the amount of time shift is adjusted by the bias voltage VD.  

 

Figure 3.9. Current starve delay buffer for conduction time adjustment. 

Figure 3.10 illustrates the operation of the current starved delay buffer. A rectangular 

pulse at 13.56 MHz is given to the system as CMPOUT signal, and output is observed. 

As the VD voltage increases, the charging and discharging of the input capacitance 

of the next stage becomes faster and the time shift decreases. In the test, VD is 

changed from 1 V to 1.2 V and the time shift is notes as 14 ns-6.5 ns. This means 

that the flexibility of the time adjustment enables us to control the pulse width of the 

conduction time from 14 ns-6.5ns. As the operation condition changes, conduction 

time varies and can be controlled by the designed current starved delay buffer circuit 

to maximize power efficiency by minimizing the conduction losses.  
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Figure 3.10. Simulation results of the current starved delay buffer circuit.  

3.2.4 Driver Circuit 

When the main idea of the rectification is based on switching, driver circuit becomes 

vital for the operation. Although, the circuit consists of end-to-end connected 

inverters, W/L ratios of the transistors play an important role. Figure 3.11 shows the 

designed driver circuit with the optimized transistor dimensions. Output of the 

comparator is driven by this circuit to control 4.5 mm NMOS switch.  

 

Figure 3.11. Voltage mode driver circuit. 
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Figure 3.12 shows the simulation result of the driver circuit with input and output 

voltage waveforms. As it can be seen from the plot, the input signal changes with 

slow rise and fall times. However, the driver circuit sharpens the rising and falling 

edges of the signal. In this way, a rapid response can be observed in the moments of 

switching. 

 

Figure 3.12. Simulation of the voltage mode driver circuit. 
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(coupling>0.20). For the couplings smaller than 0.20, the operation of the circuit is 

corrupted.  

The performance of the design is simulated for different coupling levels with the 

same AC input at (VPEAK=13.5 V at the receiver side) 13.56 MHz frequency. This 

signal is given to the VS in the transmitter side and the power is transferred to the 

receiver through the RF link (Figure 3.13). In the conversion power efficiency 

calculations, IREC represents the rectifier current and the ACP-ACN difference is taken 

to calculate input power of the system (Eq. 3.1). For the output power calculations, 

ILOAD and VLOAD are used (Eq. 3.2). 

𝑃𝐼𝑁𝑃𝑈𝑇 = (𝐼𝑅𝐸𝐶 ∗ (𝐴𝐶𝑃 − 𝐴𝐶𝑁))𝐴𝑉𝐸𝑅𝐴𝐺𝐸    Eq.(3.1) 

𝑃𝑂𝑈𝑇𝑃𝑈𝑇 = (𝐼𝐿𝑂𝐴𝐷 ∗ 𝑉𝐿𝑂𝐴𝐷)𝐴𝑉𝐸𝑅𝐴𝐺𝐸    Eq.(3.2) 

 

Figure 3.13. Simulation setup of the cross-coupled voltage mode rectifier. 
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30- 220 mW (Figure 3.15). These values are calculated by dividing the output power 

to the input power as shown in Eq. 3.3. 

𝑃𝐶𝐸 (%) = (𝑃𝑂𝑈𝑇𝑃𝑈𝑇/𝑃𝐼𝑁𝑃𝑈𝑇) ∗ 100   Eq.(3.3) 
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• Mismatches between the transistors 

• Fluctuations on the threshold voltages (VT) of the transistors  

• Changes in the speed of the circuit due to VT variation 

 

Figure 3.14. Power conversion efficiency of the VM rectifier for different coupling coefficients. 

 

Figure 3.15. Input and output power values of the VM rectifier for different coupling coefficients. 
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Figure 3.16. Voltage mode efficiency histogram for 100 samples. 

In the designed cross-coupled voltage mode rectifier, the idea of the rectification at 

13.56 MHz is examined by maximizing the power conversion efficiency. For that 

purpose, the switch sizes are optimized, enable signals are added to the subblocks 

and appropriate switching moments are adjusted. Accordingly, the power 

consumption of the subblocks are minimized and measured for the coupling ratio 

0.30. At this coupling, the PIN=129 mW and POUT=120 mW are measured. Power 

consumption of the driver circuit, CG comparator and the rest of the system are listed 

in Table 3.1. Power dissipation on switches and driver circuit is due to the high-speed 

operation. Also, the power dissipation on CG CMP is tried to be minimized with 

enable/disable signals. Although, the comparison at 13.56 MHz costs power, power 

efficiency can reach 90% for this operation. 

Table 3.1. Power Consumption Analysis of Cross-Coupled VM Rectifier 

Circuit Blocks Power Consumption (mW) 
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3.3 Current Mode Rectifier 

We have seen that the voltage mode rectifier is suitable for high couplings (> 0.20). 

High coupling corresponds to the higher receiver voltage than the load voltage. 

Hence the VM is preferred to charge the load. However, coupling coefficient 

depends on the distance between the coils and their positions with respect to each 

other. Thus, the received voltage on the receiver coil may not be higher than the load 

voltage all the time. In that case, another rectifier circuit is needed to overcome this 

problem.  

Current mode rectifier which is proposed before [44] is the rectification method in 

which the battery is charged when the input power is not high enough to charge it. 

This means that the AC signal is not high enough to start the charging process. If we 

let the AC signal to grow, then it can charge the load. However, this rectification 

method was not proposed for 13.56 MHz operation frequency at that time 

(April 2019). Then, we have started to work on that method to charge a rechargeable 

battery used in medical applications. 

In our operation, once the received voltage level (ACP-ACN)PEAK is smaller than the 

VLOAD, CM is activated. Figure 3.17 (a) explains the operation of the CM. The same 

capacitor and inductor values are used in the circuit as in VM. ACN is connected to 

ground by S4 and the differential AC signal configuration is eliminated. Hence, a 

reference point is created for the LC tank. S6 switch is used to control the oscillation 

and charging cycles of the operation, which are the two main phases in CM 

operation, with the ENCM signal. The last component of CM circuit is the D1 diode. 

It is on the charging path and prevents the reverse current from load to input. In the 

oscillating cycle, ENCM becomes high and turns on the S6. During the oscillating 

cycle, parallel LC resonator starts the oscillation and AC signal grows as shown in 

Figure 3.17 (b). When the oscillated AC signal grows enough to charge the load, S6 

switch turns off by the ENCM signal and charging cycle starts (Figure 3.17 (c)). In the 

charging cycle, the power accumulated on the LR becomes maximum and the voltage 
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across the capacitor becomes zero. At this moment, the input current flows through 

the D1 diode to load.  

 

Figure 3.17. Operation steps of the current mode rectifier. 

Figure 3.18 summarizes the rectification. AC signal starts the oscillation and grows. 

The oscillation cycle is determined externally. When the predetermined oscillation 

cycle is reached ENCM becomes low and the AC signal makes a peak. Then, during 

the conduction period, load is charged. Oscillation cycle and charge conduction 

duration are controlled externally to be adjusted properly to maximize the power 

conversion efficiency. 

 

Figure 3.18. Voltage waveforms of the AC, ENCM and VLOAD signals in current mode rectifier. 
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3.3.1 CM Comparator 

ENCM is the control signal of the S6, which is the main switch of the current mode 

operation. How this signal is generated is one of the main topics in this operation. 

Since the power level in CM is low compared to VM, the designed circuits should 

consume low power. Therefore, first, the comparator circuit is designed to generate 

ENCM signal by minimizing the power loss of the circuit. A common source 

comparator circuit is used with PMOS bias form as depicted in Figure 3.19. To 

generate the ENCM signal, zero crossings of the AC signal is detected in the 

comparison stage. The circuit is biased through the first branch M1-3 transistors. Each 

branch current is controlled through the M3,9,11. Enable signals are added to the circuit 

to prevent power loss. M6,7 differential pair is used to compare the AC signal with a 

reference voltage, which is aimed to be ground. However, as a backup plan this pin 

is named as reference and it can be controlled externally. The output of the 

comparator circuit is given to the cycle and bandwidth selection units.  

 

Figure 3.19. Comparator circuit of current mode rectifier. 
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logic unit to be used as ENCM signal with the lowest digital delay coming from the 

circuits. 

 

Figure 3.20. Input and output waveforms of the CM comparator. 

3.3.2 Cycle Selection and Bandwidth Selection Units 

The comparator output of the current mode rectifier is not in the suitable for to be 

used in the CM switch gate. Hence, intermediate steps are added to the system 

(Figure 3.21) which are cycle selection and delay selection units.  

 

Figure 3.21. Internal subblocks of the current mode rectifier. 
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The level of the AC signal depends on the coupling coefficient. As the AC signal 

oscillates, we need to be sure that the AC grows enough to charge the load. For that 

purpose, cycle selection unit is added to the design. This unit consists of 2-bit counter 

circuits together with a 2 to 1 multiplexer (Figure 3.22). The cycle selection bit sets 

the oscillation cycle number to 2 or 4. This bit is controlled externally. For the low 

voltage signals, cycle number is set to 4. On the other hand, for larger input signals, 

oscillation cycle number is chosen as 2.  

 

Figure 3.22. Cycle selection unit.  

Cycle selection unit is not enough for a proper operation. Bandwidth selection unit 

is needed to control the charge conduction duration to maximize the power 

conversion efficiency and minimize the conduction and switching losses. The 

bandwidth selection unit is given in Figure 3.23. 4 to 1 multiplexer and 6 buffers are 

used to select the delayed signal. The output of the cycle and bandwidth selection 

circuits are processed in the logic circuit to create the input signal of the driver circuit 

which generates the ENCM signal. 

 

Figure 3.23. Bandwidth selection unit. 
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oscillation cycle is preferred to charge the battery/load. On the other hand, when the 

first peak amplitude is ~0.5V, the AC should grow until the 4th oscillation to charge 

the load. Meanwhile, due to the input and load voltage variations, bandwidth is 

adjusted to maximize the conduction.  

 

Figure 3.24. The voltage waveforms of the cycle and bandwidth selection units. 
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Figure 3.25. Current mode driver circuit with the main control switch and charging path.  

3.3.4 Simulation Results 

Simulations of the current mode rectifier is performed in Cadence. The load of the 

circuit is modeled by a parallel R//C circuit and it is changed during the simulations 

to obtain maximum power conversion efficiency in different coupling levels. This 

rectifier is aimed to be used for the coupling coefficients, less than 0.20. In this way, 

both low and high couplings can be rectified by different modes.  

Like VM, Monte Carlo simulations of the proposed work is done for the extracted 

layout view of the design. Mismatches and fabrication effects are observed, and 

waveforms are recorded. Figure 3.26 illustrates the voltage waveforms of the AC 

signal and the ENCM control signal together with load current (ILOAD). As the 

threshold voltages of the transistors vary, the speed of the transistors changes. 

Consequently, the rising and falling edges of the signals are affected and the load 

current changes. 

M1 5 µm / 0.7 µm M5 30 µm / 0.7 µm

M2 10 µm / 0.7 µm M6 60 µm / 0.7 µm

M3 10 µm / 0.7 µm M7 120 µm / 0.7 µm

M4 20 µm / 0.7 µm M8 240 µm / 0.7 µm

NMOS CM SWITCH 4 mm / 1 µm

PMOS DIODE 10 mm / 0.5 µm



 

 

45 

 

Figure 3.26. Waveforms of the AC, ENCM and ILOAD for different conditions. 

Power conversion efficiency histogram of CM is shown in Figure 3.27. Compared 

to VM, the efficiency of the CM is relatively low. The input voltage is rectified in 
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cycles. Power dissipation continues in each cycle, but the power transfer is limited. 

Hence, the efficiency drops. Also, in low input power levels, the power consumption 

of the rectifier circuit becomes comparable with the rectified power, and the 

efficiency drops. However, thanks to the CM, low coupling ratios resulted by 

possible misaligned and rotated coils can be handled at 13.56 MHz. For the proposed 

CM design, the maximum power efficiency is 38.6% (POUT = 4.5 mW) with the mean 

efficiency 31.4% for 100 samples in Monte Carlo simulations.  
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Figure 3.27. Power conversion efficiency histogram of current mode rectifier. 

The power analysis for the current mode rectifier circuit is given in Table 3.2. For 

the coupling ratio 0.08, when PIN=9.5 mW, POUT becomes 1.15 mW. Power 

consumption of the driver circuit accounts for the large part of the power 

consumption. Also, a huge amount of power is lost on the switch during the 

switching moments which means this power cannot be transferred to load. Hence, 

efficiency becomes low.  

Table 3.2. Power Consumption of the Circuit Blocks in Current Mode Rectifier 

Circuit Blocks Power Consumption (µW) 

Driver Circuit 

CM Comparator 

Other Subblocks 
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misalignments. Hence, the input power range of the proposed rectifier circuit should 

be maximized as much as possible to widen the operation range to eliminate the 

position dependency and the misalignment effects in the RF link. However, as it can 

be deduced from the literature and the proposed VM and CM operations, single mode 

operation is limited by the input power level and cannot meet the demand. Hence, a 

new circuit topology is needed to cover both low and high couplings.  

In this design, based on the mixed mode rectifier idea, the voltage mode and current 

mode rectifiers are combined in a single circuit. The combination of these two modes 

is named as the double mode rectifier circuit as shown in Figure 3.28 (a). In the 

rectifier, cross-coupled VM circuit is modified to the 4-comparator VM circuit. In 

this circuit, both NMOS and PMOS switches are controlled by the comparators. 

These comparators are modified and can be controlled externally (Figure 3.28 (b)). 

The external control property enables us to change the configuration from VM to 

CM. Therefore, we can combine the modified VM and the CM rectifiers in a single 

form. This circuit is capable to operate either in VM or CM under different coupling 

ratios at different voltage levels. Therefore, the coupling range of the overall rectifier 

circuit is extended. In addition, to best of our knowledge, the proposed design is the 

first mixed mode rectifier circuit operating at the operation frequency 13.56 MHz 

and is intended for use in medical applications. 

In the rectification, at the beginning of the charging process, the operation mode is 

decided by the control unit according to the pre-defined threshold levels. If the load 

voltage (VLOAD) is smaller than input voltage (VIN) and VIN>2.5V, VM is activated 

Figure 3.28 (c). In VM, the circuit is simplified to cross-coupled configuration. S1,3 

and S2,4 work simultaneously in cross-coupled manner. Meanwhile, S5 becomes 

always off and S6 turns always on. However, if VLOAD becomes larger than VIN 

(VLOAD> VIN) or VLOAD<VIN & VIN>2.5V, voltage mode cannot be activated to charge 

the load due to the input voltage and the power limitations. At this point, CM 

operation is activated to charge the load in low couplings Figure 3.28 (d). In current 

mode rectification, S1-3 turns off and S4 turns always on to connect ACN to ground. 

S6 switch is controlled by the ENCM and active during the operation. 
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Figure 3.28. (a) Mixed mode rectifier circuit, (b) comparator block diagram, (c) voltage mode and 

(d) current mode circuits and operation criteria. 
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unit. With this configuration each switch can be enabled and disabled.  
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Figure 3.29. Circuit diagram of the 4-comparator voltage mode rectifier. 

Each switch is controlled by the related selection bit (Figure 3.30). If we want to use 

voltage mode rectifier, selection is given as high to let comparator output to reach 

driver and the switch. However, if we prefer CM to operate, selection bit of the MN1, 

MP1 and MP2 becomes low to let external signal to control the gate voltage of the 

switches. They turn off to be eliminated from the overall system. However, MN2 

becomes always on to short ACN to ground.  

 

Figure 3.30. Internal structure of the 4-comparator VM control unit. 
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comparators, drivers and other units are increased. Hence, the power dissipation is 

increased. This means that the power conversion efficiency of the 4-comparator VM 

becomes lower than the cross-coupled version.  

 

Figure 3.31. Waveforms of 4-comparator VM rectifier. 
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Figure 3.32. Power conversion efficiency histogram of 4-comparator VM circuit. 

3.5 Control Block 

Mode selection of the double mode rectifier is performed at the beginning of the 

rectification. Hence, this decision should be taken first. For that purpose, a digital 

control block is added to the overall system. Figure 3.33 shows the subblocks in the 

control block.  

 

Figure 3.33. Control block schematic. 
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There are two parallel branches in the control block. In one of these branches, the 

peak voltage of the AC is detected. The AC detection is performed with a negative 

voltage converter (Figure 3.34). In this circuit, the AC signal is given in differential 

form and converted the DC corresponding VPEAK. During the conversion, a diode 

voltage drop occurs. For a proper and reliable comparison, the same voltage drop is 

created on the load voltage with a diode ladder circuit in the second branch. VPEAK 

and the load voltage is compared in a hysteresis comparator. In this comparison, it is 

decided whether the load voltage is larger or smaller than the AC peak. However, 

this comparison is not enough to decide the mode activation. Hence, the peak 

detection circuit output is followed by a reference comparator. In this block, VPEAK 

is compared with a reference voltage, i.e. 2.5V, and the output is generated. In this 

way, the level of the AC is classified. The output of these two branches are combined 

in the NOR gate and the control block output is generated. 

 

Figure 3.34. Negative voltage converter for AC peak detection.  
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added as an external block to the system and the operation of the digital block is 

observed. 

 

Figure 3.35. The measured voltage waveform of the digital block output. 

3.6 Experimental Results 

The wireless power transfer interface circuit is designed and implemented in 180 nm 

high voltage TSMC process. Figure 3.36 depicts the fabricated chip micrograph. For 

all simulations the extracted view of the layout is used. Hence, all the possible 

capacitances and resistances are added to the simulations. Since the circuit is 

designed separately, area occupancy of each block is given in Figure 3.36. Also, the 

layout symmetry of each circuit is tried to be preserved in maximum level as it is 

preserved in the circuit design.  

 

Figure 3.36. Fabricated chip micrograph. 
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Printed circuit board (PCB) is designed to test the chips (Figure 3.37). Due to the 

operation frequency, 13.56 MHz, all the lines, especially AC lines, are kept short and 

close to the edges of the board. As in layout drawings, symmetry is noted in PCB 

drawing.  

 

Figure 3.37. WPT interface circuit test PCB layout. 

Figure 3.38 illustrate the efficiency and output power measurement results with 
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Figure 3.38. Measurement results of efficiency and output power behavior with respect to the input 

power in CM and VM. 

 

Figure 3.39. Voltage waveforms of CM for 2 cycle and 4 cycle operation. 

 

Figure 3.40. ACP and ACN voltage waveforms of voltage mode in measurements. 
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Compared with the simulation results, current mode rectifier circuit cannot operate 

under lower input powers with 4 cycle oscillation. The oscillation number should be 

increased to rectify AC signal to have an extended input power range. Also, due to 

the process variations, the load voltage is kept at 2.5 V instead of 3.3 V while 

charging the battery with CM. To overcome this problem, a delay independent 

internal blocks should be designed.  

During the measurements it is observed that there is a region with low efficiency 

performance between the CM and VM operations. In this region, instead of CM 

circuit, a single cycle oscillation is needed to obtain higher efficiencies. Hence, a 

third mode can be utilized to improve the overall performance. In 4-comparator 

circuit, drain and source branches of the main switches and bias nodes are connected 

externally in PCB level. Due to the capacitive and resistive parasitic effects, 

unexpected delays and mismatches are occurred. Hence, the VM operation cannot 

be analyzed in detail. Also, CM and VM cannot be combined in a single circuitry 

due to the synchronization problem in the PCB. 

3.7 Discussion 

In this chapter, a cross-coupled voltage mode rectifier, current mode rectifier, 

4- comparator voltage mode rectifier and a control block are presented. These 

circuits are designed and implemented in 180 nm TSMC technology. While the 

circuit diagrams of each subblock are introduced with simulations, Monte Carlo 

histogram results are added to clarify the performance of each circuit. Accordingly, 

the maximum power conversion efficiencies are recorded as 90 %, 38.6% and 72.4% 

for cross-coupled VM, CM and 4-comparator VM, respectively. 

The main purpose of this study is to combine CM and VM in a single circuit. This 

double mode rectifier is designed to operate in two different modes for different 

coupling levels, CM for low couplings and VM for high couplings. Accordingly, 

each mode is designed separately. To combine the modes, cross-coupled voltage 
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mode rectifier is modified to 4-comparator voltage mode rectifier. The connection 

points of CM and VM are taken as pins in the 4-comparator VM design. Our aim 

was to combine these two modes externally on PCB level. However, some points 

were overlooked. Due to the synchronization problems on the PCB, voltage mode 

and current mode circuits could not be combined in a single circuitry. It becomes 

clear that when a connection is used as a pin and controlled by externally, capacitive 

and inductive effects distort the signal and time delays become more common. To 

overcome this problem, all the critical paths should be connected to each other in the 

chip level during the layout drawings. Moreover, this work aims to cover an extended 

coupling range. However, during the tests, it is realized that there are some couplings 

that cannot be covered either by CM or VM. Hence, it becomes obvious that some 

improvements are needed. The power consumption of each circuit can be minimized 

to increase their input power operation range. A third mode might be added to the 

system to cover an extended range to eliminate the dead zone between CM and VM. 

Although, this circuit could not be tested in detail, the working principle of each 

block was observed, and this circuit gave several ideas for the improved version of 

this study. 
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CHAPTER 4  

4 TRIPLE MODE RECTIFIER CIRCUIT 

4.1 Motivation 

Literature overview shows that different rectification approaches are available for 

different applications. These studies differ according to the rectification methods, 

operation voltage and frequency. For medical applications, area limitations, power 

limitations and frequency limitations shape the rectification method. As proposed in 

the previously mentioned double mode rectifier circuit, the combination of the 

multiple rectifier circuits improves the operation range of the WPT system. In this 

way, an extended input power range, i.e. coupling range, can be covered. However, 

as it is explained, the proposed double mode rectifier cannot operate in a single 

circuit and some improvements are needed.  

In this chapter, an improved version of the double mode rectifier is presented. The 

circuit to be introduced in this section is a novel extended range magnet-free triple 

mode rectifier circuit operating at 13.56 MHz and three operation modes are 

combined in a single circuit. The implemented circuit charges up the battery from 

low couplings to high couplings without an alignment magnet. For that purpose, in 

addition to voltage mode and current mode circuit, an extra rectification mode is 

presented. This mode covers medium range couplings with high efficiency which is 

called half wave rectifier mode (HWM). These rectifiers cover an extended coupling 

range (0.10-0.42) without alignment magnets. Also, the mode selection topology is 

changed, and the comparators of the high coupling and low coupling rectifier modes 

are improved. Hence, the power conversion efficiency of each mode is improved. 

Section 2 of this chapter is about the design of the triple mode rectifier. Each 

subblock of this design is explained in detail with schematics and layout simulations. 

In Section 3, experimental results of the implemented work are presented with the 
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state-of-the-art comparison. Finally, Section 4 discusses the proposed extended 

range triple mode rectifier circuit . 

4.2 Circuit Design and Description 

The triple mode rectifier schematic which is aimed for medical implants is illustrated 

in Figure 4.1. In the design, the main schematic is created by the cross-coupled 

PMOS switches, active diode connected NMOS pair and the current mode switch 

(SWCM). To get the maximum power conversion efficiency, different modes are used 

in different coupling levels. Also, to improve the cross-coupled VM efficiency, the 

circuit symmetry is preserved. To this end, the resonance capacitance is divided into 

two equal capacitances CRP and CRN. Also, a dummy grounding switch (SWGD) is 

added to the system when the main grounding switch (SWG) is activated in CM. Also, 

pass transistors are used to configure the main circuit to the required operation mode. 

 

Figure 4.1 Circuit schematic of the triple mode rectifier circuit. 
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until the end of the charging process. MODE and HW signals control the circuit 

operation mode, which is controlled by the input voltage level. For the high voltages, 

i.e. couplings, MODE signal becomes low and VM is activated. On the other hand, 

if control block generates MODE signal as high, either CM or HWM is activated. 

HW signal determines the operation mode according to the coupling coefficient. If 

the inductive link is loosely coupled, CM is activated to charge the battery. However, 

if the coupling is high but not enough to activate VM, the intermediate mode, HWM, 

is used. By three operation modes, an extended coupling range is covered (Figure 

4.2 (b)) and the dead zone between CM and VM is eliminated. 

 

Figure 4.2. (a) Mode signal generation from the decision unit, (b) operation modes, (c) VSS 

generator, (d)-(i) mode changer switches. 
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HWM. Optimization of each switch is performed to maximize the efficiency and 

minimize the switching losses. Thus, a bulk regulation circuit added to the PT1,2 pass 

transistors to prevent leakage due to the AC voltage variation.  

4.2.1 Voltage Mode Rectifier 

When the coupling coefficient is high (k>0.26), the receiver voltage becomes high 

enough to charge the 3.3 V battery/load. Hence, the voltage mode is activated. Pass 

transistors PT1,2 connect the AC signals to the gate of the MP1,2. Meanwhile, PT3,4 

disconnect the link between the LOAD and MP1,2 gates. In addition, SWCM turns 

always on and the grounding switches are deactivated (SWG & SWGD). Therefore, the 

cross-coupled rectifier circuit is created. Figure 4.3 shows the simplified version of 

the triple mode rectifier for voltage mode operation. 

 

Figure 4.3. Schematic of voltage mode operation for high coupling ratios. 
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With the simplification of the triple mode rectifier to VM, MN1&MP2 and MN2&MP1 

pairs start to work synchronously in crosslinked states. In the first half cycle, assume 

that ACP drops below the ground level. At the same time, ACN becomes high and 

MP1 turns off. MN gate control of the VM circuit forces ACP signal to go to ground 

during the half period of the operation frequency (Figure 4.4). When the ACN voltage 

becomes larger than the LOAD voltage (VLOAD), the input power is transferred to the 

LOAD through the ACN-MP2-LOAD path. In the next cycle, MN2 and MP1 pair charges 

the load in the same procedure. This operation mode can be named as full wave 

rectifier circuit. The battery, which is modeled by a R//C and called LOAD, is 

charged each cycle with maximum efficiency. 

 

Figure 4.4. Voltage waveforms of the voltage mode operation. 
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gate voltages of MN switches are controlled externally to change the configuration of 

the signal. 

 

Figure 4.5. Voltage mode operation control block. 
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Figure 4.6. The bias circuit and the common gate comparator circuit used in VM rectifier. 
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comparator are changed. In the previous work, the dimension of these two circuits 

were 200 µm x 140 µm. However, in the new version dimension of the circuits is 

125 µm x 100 µm, which is smaller, more compact and have less parasitic effects.  

 

Figure 4.8. Comparator bias voltage for different BIAS voltages. 
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The output of the common gate comparator is shifted in the time axis with the pulse 

width adjustment block. This bias signal changes the current passes through the M4- 7 

transistor and is controlled by VPULSE signal. With the current change, the rising and 

falling response of the signal differs. Hence, as it can be seen from Figure 4.10, the 

signals can be controllably shifted. Compared to the previous design, modifications 

on the pulse width adjustment block, which are given in red in Figure 4.9, improve 

the pulse width range. The pulse width of the signal can be set to 21.5 ns-4.25 ns. 

Also, the shifted signal is used to generate the PW signal, which corresponds to the 

reset signal, in the SR latch. With the generation of this reset signal, one cycle 

charging is completed.  

 

Figure 4.10. Pulse width adjustment block outputs for different VPULSE voltages. 
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circuit stage (Figure 4.11), inverters are connected to each other with increasing 

dimension. Since the bulks of the MN1,2 are connected to VSS voltage, the source of 

the driver circuit is also supplied by VSS. The output of the comparator, which is 

driver input, is strengthen by the driver circuit and the gate voltage of the MN signal 

is formed with the minimum delay (1.2 ns between the input and output of the driver 

circuit.).  

 

Figure 4.11. Driver circuit used in VM.  

 

Figure 4.12. Input and output voltage waveforms of driver circuit. 
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4.2.1.4 Power Analysis in Simulations 

Compared to the cross-coupled VM circuit, modifications on the subblocks increase 

the power consumption of the circuit as expected. Hence, the maximum power 

efficiency in simulations is ~85-90% which is less than the previously proposed 

cross-coupled VM efficiency (~90%) and higher than the 4-comparator VM rectifier. 

Power consumption of the subblocks are measured for the analysis. When the 

coupling ratio is 0.35, PIN=62.01 mW and POUT=51.22 mW. As shown in Table 4.1, 

different than the previous work, power is mostly dissipated on the comparator and 

bias circuit due to the increased dimensions. Also, the CM circuit is responsible for 

0.50 mW power consumption, and the switching losses cost 2.60 mW. 

Table 4.1. Power Consumption of VM Circuit in Triple Mode Rectifier 

Circuit Blocks Power Consumption (mW) 

Driver Circuit 

CG Comparator & Bias Circuit 

Current Mode Circuit 

2.50 

5.00 

0.50 

Other Circuit Blocks 0.20 

Switching Loss  2.60 

4.2.2 Current Mode Rectifier 

Inductive link may not result in high coupling all the time. The misalignment and 

angle change between the coils vary the coupling coefficient. As the coupling drops, 

the voltage and the transmitted power on the receiver side decreases. When the 

received signal becomes lower than the LOAD voltage, voltage rectification cannot 

be performed in cross-coupled VM. Yet, low coupling coefficients should be 

considered to have a wide range functional system. Hence, for loosely coupled coils 

(0.10<k<0.20), CM is activated in the triple mode rectifier as shown in Figure 4.13. 
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Figure 4.13. Schematic of current mode operation for low coupling ratios. 

In CM, the triple mode rectifier is reshaped by the pass transistors and the MODE 

controlled gate voltages of MN switches. Accordingly, PT1,2 are deactivated, and the 

cross coupled connection is broken. At the same time, MP2 is deactivated with PT4 

pass transistor, and PT3 converts MP1 switch to diode connection. This diode 

connected transistor creates the charging path in CM. On the other hand, the gate 

voltage of the MN1 is controlled externally with the MODE controlled multiplexer in 

VM circuit, and MN1 is turned off during the CM operation. Hence, the AC signal is 

not distorted. Also, MN2 switch is turned on by the gate control  and creates a 

grounding path from CRN to ground. This grounding path is required for AC signal 

to oscillate and charge the LOAD. This grounding path is completed by the grounding 

switch of the mode (SWG), which grounds the right side of the inductor and switch 

by by-passing the CRN capacitor. With the modifications on the circuit, the multi-

mode rectifier circuit becomes ready to charge the load in current mode 

configuration.  
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The current mode operation is mainly controlled by the CM switch (SWCM), driver 

circuit, comparator circuit together with the digital control blocks. Figure 4.14 shows 

the control block of the CM. First, AC signal is compared in the comparator 

(CM CMP), then the output of the CM CMP is modified by the operation cycle 

selection unit, current starved delay buffer and the following digital control blocks. 

Finally, the signal is converted to the suitable version to drive the 4 mm CM switch 

(SWCM). 

 

Figure 4.14. Current mode control block consisting of CM comparator, cycle selection and 

bandwidth selection units, digital control blocks and the switch with its driver. 

When the CM switch is on, AC signal starts to oscillate across the inductor LR and 

the capacitor CRP with an increased amplitude. During the oscillation, AC signal 

grows, and power is stored on LR. When the predetermined oscillation cycle is 

reached and the voltage on CRP becomes zero, the contact between each side of the 

control switch (SWCM) is disconnected. Thus, the maximized inductor current is 

transferred to the LOAD during the charge conduction.  

Figure 4.15 depicts the operation of the CM with simulation waveforms. AC signal 

oscillates and each zero crossing is detected with the comparator. Operation cycle is 

determined by the cycle selection unit and SWCM is turned off for the charge 

conduction duration. Finally, the LOAD is charged. 
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Figure 4.15. Simulation result of the CM to visualize the operation.  

4.2.2.1 CM Comparator 
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branch biases the comparator and M6 and M7 differential pair compares the AC with 
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of the comparator, the mismatch is not proposed to the differential pair. Transistor 

dimensions are changed to strengthen the circuit, M11-12 pair is added for DC offset 

voltage adjustment and matching. Also, an inverter stage is added to obtain the 

correct form at the output.  

 

Figure 4.16. Current mode comparator. 

4.2.2.2 Cycle Selection and Bandwidth Adjustment Blocks 

In the cycle selection unit, oscillation cycle number is adjusted according to the AC 

signal level. In the bandwidth adjustment block, the charge conduction duration is 

decided and the SWCM control signal is generated. 

In the previous design, cycle number could be 2 or 4 depending on the AC signal in 

the receiver side and controlled by a 2-bit counter. In the new version, the cycle 
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of the comparator output instead of the rising edges. In this way, time delay coming 

through each circuit until the switch is minimized. In the circuit design, 3 bit 

externally controlled digital signal determines the cycle number and AC signal can 

be oscillated from1 to 7 cycle as shown in Figure 4.17. When the oscillation cycle is 

reached, circuit is reset, and the counter starts the counting operation again from the 

beginning.  
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Figure 4.17. AC signal oscillation for 1 to 7 cycle number. 

After the oscillation number is decided, it is processed in the delay unit and in the 

digital blocks. Delay unit is the bandwidth adjustment block, and the same current 

starved delay buffer is used as in VM. This circuit is used to adjust the charge 

conduction duration. In the previous work, time delays coming from each subblock 

distorted the signal. Hence, in this design, the digital control unit is changed and the 

delays coming from each block is minimized. Figure 4.18 shows the cycle selection 

and bandwidth selection units with the digital control blocks.  

 

Figure 4.18. Schematic of the current mode operation with cycle selection unit, bandwidth 

adjustment block and other digital control signals. 
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Figure 4.19. Description of the current mode operation through the simulation waveforms. 

Figure 4.18 and Figure 4.19 illustrate the CM operation in detail. Comparator output 

is labeled A and it consists of a rectangular signal. For this example, the oscillation 

number is set to 6. As shown in B, cycle selection unit detects the falling edges of 
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edge of the desired cycle. Hence, the conduction duration time can be determined. It 

is controlled by VPULSE and the delayed version of the C signal becomes D. To 

generate the conduction pulse, the falling edge of the signal is generated in E signal 

from the B and D signals in AND gate. After all these signals, E signal and A signal 

generates the F signal in AND gate. As it can be seen, the inverse of the F signal, G, 

is the output of the driver circuit and the control signal of the SWCM.  

This control block is designed to minimize the time delay. For that purpose, the 

comparator output is used in the digital blocks and the original signal is preserved. 
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To activate the half wave mode, HW signal is added to the digital block, which is 

low in CM operation. Also, a multiplexer is used in the system which is controlled 

by the MODE signal. With this circuit, the gate voltage of the SWCM is controlled 

and the VM operation is preserved by deactivating the CM. 

4.2.2.3 CM Driver 

There are three identical NMOS switches in the design. These switches are MN1, MN2 

and SWCM. Therefore, the same driver circuit, which is used in VM, is also used in 

CM operation. In this way the CM switch is driven, and the battery/load is charged. 

However, the bulk of the SWCM is connected to ground rather than VSS voltage. 

4.2.2.4 Power Analysis in Simulations 

Like it is performed in all operations, the power dissipation of each block in CM is 

tried to be minimized. The consumed power is observed when the coupling of the 

system is 0.10 and the oscillation cycle is 3 (PIN=8.75 mW and POUT=5.10 mW). As 

given in Table 4.2, most of the power is dissipated on the switching losses. Due to 

the improvements on the comparator circuit, power consumption is increased 

compared to the previous design.  

Table 4.2. Power Consumption of CM in Triple Mode Rectifier 

Circuit Blocks Power Consumption (mW) 

Driver Circuit 

CS Comparator & Bias Circuit 

Other Digital Blocks 

0.40 

0.25 

1.00 

Switching Loss  2.00 
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4.2.3 Half Wave Rectifier Mode 

While VM works in high couplings, CM operates at low ratios. However, as the 

coupling increases, multiple cycle oscillation idea loses its high-performance results 

due to the power consumption of the overall circuit. Thus, VM should be used to 

obtain better efficiencies and output powers. However, the increase in coupling may 

not be high enough for VM to start working. Hence, the third mode becomes a need 

as an intermediate step to eliminate the dead zone between CM and VM to charge 

the load.  

In CM, increase in coupling ratio causes decrease in oscillation cycle. As the 

oscillation cycle number is decreased, the circuit reaches a point where it will start 

operating with a single cycle oscillation. Although, just a single cycle oscillation is 

needed, zero crossing detection comparator, cycle selection & bandwidth adjustment 

blocks, and the digital control unit consume unnecessary power and decrease the 

power efficiency. Hence, a simpler mode called half wave rectification is preferred 

to charge the LOAD as an intermediate step with lower power consumption and 

higher efficiencies. 

HWM rectifier is obtained from current mode using the HW signal between the 

coupling ratios 0.20<k<0.26. In CM, HW is low, and it becomes high in half wave 

mode, as its name implies. Once the HW becomes one, CM is switched to HWM 

(Figure 4.20) In this way, CMP2 becomes always on and SWCM connects CRP to 

ground. Half wave rectification is performed with LC tank and current flows through 

the MP1 diode to power up the LOAD. With the activation of this mode, the 

complexity of the system and the number of circuits used are decreased. Hence, the 

power consumption drops and HWM gives higher power efficiencies compared to 

CM. However, the diode connected MP1 transistor causes a voltage drop, and limits 

the power efficiency. Also, the peak-to-peak voltage of the received signal increases. 

This high voltage oscillation limits the lifetime of the transistors and creates an 

unsafe condition. Hence, the switching from the intermediate step to VM is done for 

the larger coupling ratios to increase the lifetime of the chip and obtain better 
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efficiencies and higher output powers. Figure 4.21 shows the simulation waveform 

of the half wave mode with the input ACP voltage and the load voltage VLOAD. 

 

Figure 4.20. Schematic of half wave mode. 

 

Figure 4.21. Simulation waveform of half wave mode. 
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Power consumption of half wave mode circuit is analyzed in simulations for the 

coupling coefficient 0.20 (PIN=48.02 mW and POUT=39.12 mW). In HWM, AC 

signal oscillates from positive to negative voltages. Hence, power consumption of 

the negative voltage generator and other subblocks consume the most of the power 

as shown in Table 4.3.  

Table 4.3. Power Consumption of HWM in Triple Mode Rectifier 

Circuit Blocks Power Consumption (mW) 

Switching and Conduction Loss  2.55 

Other Circuit Blocks 6.35 

4.2.4 Negative Voltage Generator Circuit 

In the proposed triple mode rectifier, different operation modes are combined in a 

single circuity. As it is observed, AC oscillates and takes negative values in CM and 

HWM. Due to this oscillation, possible leakage and reverse current to the bulk of the 

transistors should be prevented. Hence, a bulk regulation is required. To this end, a 

negative dynamic supply generator (NDSG) is added to the overall system based on 

a standard bulk regulation circuit (Figure 4.22 (a)). The NDSG circuit operation is 

controlled by the MODE signal. The circuit operates as a standard bulk regulator at 

the CM and HWM. However, in VM, transition time of the switches are less than 

the delay of the standard bulk regulation circuit. Hence, due to time difference 

between the speed of the operation and the bulk regulation response, the power 

efficiency drops significantly. Also, in VM, the AC voltages are clipped by the 

circuit operation and does not take negative values. Hence, to prevent the power loss, 

the NDSG circuit shorts the negative supply to ground in VM. By mode dependent 

dynamic supply, negative supply voltage is generated according to the input voltage 

level. 
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Figure 4.22. (a) Circuit schematic of negative dynamic supply generator, (b) experimentally 

measured VSS and AC signal waveforms for CM and VM modes. 

In CM and HWM, the NDSG circuit compares AC signal with ground and follows 

the lowest voltage. M5-6 turn off with MODE signal and M3,4 control the gate voltages 

of M1,2. The measurement result of the NDSG circuit in CM can be seen from Figure 

4.22 (b). The generated negative signal (VSS) follows the most negative signal and 

prevents the bulk leakage. In the full wave rectification mode (VM), M5,6 are 

activated, and M3,4 turn off. M2 becomes always on, and M1 turns off. As a result, the 

NDSG follows ground. Figure 4.22 (c) shows the experimental results of the AC 

signal and the generated negative signal for VM. With the NDSG circuit, the VM 

efficiency is not affected from required bulk regulation for the other modes.  
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proper mode should be selected. The control block (Figure 4.23) is responsible for 

the mode activation. For that purpose, MODE and HW signals are generated using 

the voltage levels of the LOAD and AC signals. The floating ACP and ACN 

differential pair are used to detect the peak voltage of the AC signal. A negative 

(b)(a)
0

-4

0

4

0.1 0.2

VSS Signal

VM

time (µs)

V
O

L
T

A
G

E
 (

V
)

-5

0

5

0 0.2 0.6 0.8
time (µs)

AC Signal

CM

V
O

L
T

A
G

E
 (

V
)

0.3



 

 

81 

voltage converter is used to obtain the DC correspondence of the received AC 

voltage. During this voltage conversion, a voltage drop occurs in the peak voltage 

due to the diode connected transistors. To compensate this drop and have a precise 

comparison with the LOAD voltage, a diode ladder is used to drop LOAD voltage 

down.  

 

Figure 4.23. Block diagram of the control unit. 

After the peak detection and diode ladder steps, the LOAD voltage and the peak 

detection output is compared in a hysteresis comparator. If the LOAD becomes larger 

than AC, MODE signal activates CM. On the other hand, if LOAD voltage becomes 

smaller than AC signal, MODE and HW signals are adjusted according to the 

coupling level, i.e. voltage level of the AC signal. Accordingly, the peak detector 

output is compared with a reference voltage, VREF. The output becomes one for the 

signals < VREF and zero for > VREF. In other words, if the LOAD is smaller than AC 

signal and VPEAK-AC<VREF, HW and MODE signals become one. It means the 

activation of the half wave mode in our novel triple mode rectifier. Otherwise, 

VLOAD<VPEAK-AC and VPEAK- AC>VREF, HW and MODE signals become zero, and VM 

is activated to charge the battery/load. For the proposed design, the control block is 

not combined to the circuit and it is analyzed externally.  

4.3 Experimental Results 

The triple mode rectifier circuit is designed and implemented in TSMC 180 nm High 

Voltage BCD technology. Figure 4.24 shows the chip micrograph of the design with 
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the floor plan. In this chip, voltage mode rectifier, current mode rectifier which 

includes the half wave mode, VM-CM switching circuits and the control block of 

the system cover 0.9 mm2 active area. 

 

Figure 4.24. Fabricated chip micrograph of the proposed triple mode rectifier occupying 0.9 mm2 

active area (1.15 mm2 with test circuitry and 2.56 mm2 with pads). 

In the chip tests, the test PCB is used to monitor the signals (Figure 4.25). The 

experimental setup which is shown in Figure 4.26Figure 4.25 (a) is used. In the test 

setup, a custom designed coil pair is used for power transfer. A signal generator is 

used to give input to TX coil. Also, the DC supply is used for bias and ESD voltage 

adjustment. The chip is tested with the printed board coil pair in different coupling 

ratios. Coil holder helps to change the position of the coils horizontally. Also, 

intentional angle can be introduced to the system to observe misalignment effect. 

Coil and the holder are given in Figure 4.26 (b). In this section, resonance 

capacitance selection, experimental waveforms and the efficiency measurement 

results will be explained. 
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Figure 4.25. Test PCB for the triple mode rectifier circuit. 

 

Figure 4.26. (a) Experimental setup of the triple mode rectifier operating at 13.56 MHz, (b) TX and 

RX coil pair with the coil holder. 

4.3.1 Resonance Capacitance Selection 

In this design, two CR capacitors are used to preserve the symmetry of the system. 

However, while two capacitors are used in VM operation, a single oscillation 
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capacitor exists in the CM. Hence, the resonance capacitance at CM becomes the 

twice of the resonance capacitance at VM. This idea is used to increase the efficiency 

of the CM and preserve the symmetry of the VM by sacrificing the VM efficiency.  

As shown in Figure 4.27 the normalized resonance voltage at the receiver side makes 

a peak at 13.56 MHz for the perfectly matched resonance capacitor (156 pF). 

However, in the proposed system, single CR is used for CM and HWM, and two 

series connected CR is used for VM operation. Hence, the resonance capacitor CR is 

chosen as 220 pF. In this way, the peak resonance capacitance is the geometric mean 

of the two operation capacitances, which are 220 pF and 110 pF. Hence, by taking 

the 12% total efficiency drop into account, we have minimized the switching losses 

while combining the three different modes in a single circuit. This single circuit 

contains three different modes, working at extended coupling coefficient ratios and 

can charge the load for a wide operation range in a symmetric manner at the operation 

frequency 13.56 MHz. 

 

Figure 4.27. Resonance capacitance selection for the triple mode rectifier. 
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4.3.2 Measurement Results 

In the triple mode rectifier measurements, 13.56 MHz sinusoidal signal is given to 

the transmitter coil and the power is transferred to the receiver side. In the receiver 

side, resonance capacitors are captured the AC signal. For the fully symmetric 

operation, two capacitors are used with the same capacitance values. According to 

the signal level of the AC, related operation mode is activated by controlling the 

MODE and HW signals. For this design, the control block output is not integrated to 

the overall system. Hence, mode selection is controlled externally with preadjusted 

signals.  

Tests are performed from the low coupling to high couplings and voltage waveforms 

are observed. For each condition, LOAD voltage is set to 3.3 V by changing the load 

resistance of the system, and input and output powers are recorded. While the load 

resistance is changed, the load capacitance (CL) is set to 4.7 µF. Consequently, power 

efficiency values of each mode are recorded. At the same time, voltage waveforms 

are monitored and examples are given in Figure 4.28 for CM for different oscillation 

cycles. Figure 4.29 is the experimental waveform of the VM operation. Differential 

probe is used to monitor AC signal (ACP-ACN). Also, gate voltage of the MN signal 

shows the on/off times of the switch to charge the load.  

 

Figure 4.28. Experimental waveforms of the oscillating AC signal in CM for 2-7 cycle. 
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Figure 4.29. Experimental waveform of the voltage mode operation. 

During the input power measurements (Figure 4.30), two differential probes are used 

to observe the AC signal and the rectifier current which is inspired from [40]. 10 Ω 

resistor is used to sense the input current passing through the rectifier (IREC). Also, 

the differential AC signal (ACP- ACN) is observed. Using the measured current and 

the voltage values the input power is calculated. At the same time, output power is 

measured using the LOAD voltage and current. As a result, the power conversion 

efficiency is obtained. 

 

Figure 4.30. Input and output power measurement setup. 
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Figure 4.31 shows the measured output power and power conversion efficiency of 

the triple mode rectifier circuit with different received signal powers. The power 

conversion efficiency tests are performed with a constant TX power for different 

coupling coefficient values. The implemented system can operate with different coil 

distances (2 mm to 10 mm) and misalignments (0º to 20º angle). The received power 

range is divided into three according to the operation modes. The performance of 

each mode is observed in detail and the input/output power range covered by each 

mode is obtained. 

 

Figure 4.31. Measurement results of output power and power conversion efficiency of the triple 

mode rectifier circuit for different received power values, and the AC voltage waveform examples 

for each operation. 
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low power and 8.8 mW output power with 51.78% efficiency becomes important 

when there is not another rectification method. On the other hand, when the boundary 

between the current mode and the half wave mode is reached, AC signal grows 

enough to charge the LOAD in each oscillation cycle. Hence, half wave mode is 

activated to obtain higher power efficiencies. This mode constructs a bridge between 

the CM and VM. Thus, HWM enables the overall system to cover the power range 

and the coupling range without a dead zone. For HWM, input power changes from 

18 mW to 29 mW with 10.58-24.11 mW output power. Also, the efficiency of HWM 

circuit changes from 58.81% to 82.49% for the measured output power range.  

The increase in coupling range and the received power lead VM to start operation. 

The full wave rectification mode gives the best efficiency values compared to the 

two modes. The VM efficiency changes from 82.30 % to 89.34%. At the same time 

output power takes values 25.32- 51.54 mW for the received signal 30.77- 57.7 mW. 

With the proposed triple mode circuit, a wide output power range 

233 µW – 51.54  mW is covered. This output power is obtained for the received 

power range 4 mW– 57.7 mW at the operating frequency 13.56 MHz.  

The comparison with the state of the art WPT systems are given in Table 4.4. 

Although, the current mode and voltage mode operations were studied for different 

applications before, none of them combines these two operations at 13.56 MHz for 

medical applications. Also, some of the previously studied WPT systems are 

presented with a specific operation point. Hence, the operation is limited with a 

single output power. This limitation corresponds to a single point optimization in the 

inductive link. This is not a desired operation for wireless power transmission when 

the coupling between the coils may change. However, the implemented work 

presents a triple mode operation with 4 mW– 57.7 mW input range to charge an 

implantable battery without an alignment magnet at 13.56 MHz. Hence, instead of a 

single point operation, an extended range is covered. 
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Table 4.4. Comparison with the State of the Art 

 
[39] 

2016 

[38] 

2019 

[40] 

2014 

[36] 

2018 

[46] 

2018 

[51] 

2019 

This Work 

2020 

Tech (µm) 0.18 0.18 0.35 0.13 0.35 0.18 0.18 

Area (mm2) 0.544 0.22 0.0651 0.102 2.4 1.71 0.9 

Freq. (MHz) 0.05 6.78 13.56 13.56 1 13.56 13.56 

RX Type CM CM VM VM SVCM2 
Mixed 

Mode3 

Triple 

Mode4 

Output (V) 1.2 1-1.2 1.2-3.5 2-3.46 3 3.3 3.3 

POUT Range 

(mW) 
- - - - 0.09-18 - 0.233-51.54 

POUTMAX (mW) - 15.9 24.8 89 18 112* 51.54 

PCE (%) 

(@POUT (mW)) 

67.71 

 

84.7 

(15.9) 

82.2-

90 

(24.8) 

88-92 
75 

(18) 

VM:72.4 

(112) 

CM:38.6 

(4.5) 

CM:51.78 

(8.8) 

HWM:82.49 

(24.11) 

VM:89.34 

(51.54) 
1Calculated from PIN (POUT=2.84 µW) 

2Seamless-voltage-/current-mode                       

3Mixed Mode: Voltage Mode & Current Mode 

4Triple Mode: Voltage Mode & Current Mode & Half Wave Mode 

*Simulation Results 

4.4 Discussion 

In this chapter, a novel triple mode rectifier circuit with extended coupling range 

operation for wirelessly powered implantable medical devices is presented. In this 

triple mode rectifier, coupling range is extended with three mode operation without 

using an alignment magnet in the RF link. The performance of each rectifier is 

improved compared to the previously described double mode rectifier circuit. In the 

implemented work, voltage mode rectifier, current mode rectifier and half wave 

rectifier correspond to the three operation modes. These modes charge the load in 
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different coupling levels: CM for low couplings (0.10<k<0.20), HWM for middle 

couplings (0.20<k<0.26) and VM for high couplings (k>0.26). Also, the control 

block of the system is added to the triple mode rectifier to decide the operation mode 

at the beginning of the charging process.  

The proposed design is implemented in 180 nm TSMC technology and chip tests are 

performed to observe the performance of the circuit. According to test results, the 

maximum power efficiency of each operation mode is 51.78%, 82.49% and 89.34% 

for CM, HWM and VM respectively while charging a 3.3 V load. Also, with the 

proposed triple mode circuit, a wide output power range 233 µW – 51.54 mW is 

covered. This output power is obtained for the received power range 

4 mW– 57.7 mW at the operating frequency 13.56 MHz.  

In the previous work, two operation modes were tested separately and tried to be 

combined in PCB level. However, due to the synchronization problems, capacitive 

and inductive effects, they could not be merged in a single circuit. Considering these 

problems, in the new design, all three modes are combined in a single circuit in the 

design level. Also, all modes can be switched from one to other with two control 

signals, HW and MODE. For the tests, observation pins are minimized not to distort 

the signals. Also, it is realized that the passive probes cannot monitor the AC signal 

at 13.56 MHz with high resolution. Hence, active differential probes are used to 

observe the AC signals by keeping the all external connections short and close to the 

PCB.  

Every work is open to improvements and an additional work can be done on the 

implemented chip. As an example, the control block of the system can be added to 

the triple mode WPT to obtain a fully assembled circuit. Also, the cycle selection 

and bandwidth adjustment blocks can be automized to present an autonomous triple 

mode extended coupling range WPT circuit. Like the missing parts on the double 

mode rectifier shed light to the triple mode circuit, these improvements may shape 

the new version of the WPT system.
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CHAPTER 5  

 

5 CONCLUSION AND FUTURE WORK 

5.1 Conclusion 

In this thesis, magnet free extended coupling range multi-mode rectifier circuits have 

been designed and implemented. These designs are double mode and triple mode 

rectifier circuits. The aim of these circuits is to power up medical devices, especially 

cochlear implants, under different coupling ratios which depend on the distance and 

alignment of the coils. Performance of the implemented circuits are observed in 

measured tests. 

The accomplishments earned with this thesis can be listed as follows: 

1. Previous works from the literature are examined in detail to understand the 

operation principle of different type of rectifier circuits. According to the 

drawbacks and missing parts of these studies, a new rectifier design is aimed 

to be proposed to power up medical implants. 

2. Inductive coupling is used to transfer the power form TX to RX. For that 

purpose, transmitter and receiver coils are designed in ANSYS EM. During 

the design period, optimizations are performed to maximize the coupling 

ratio by changing the coil sizes. 

3. A new mixed mode rectifier circuit operating at 13.56 MHz is introduced. 

The major advantage of this design is being able to operate at 13.56 MHz 

both for voltage mode and current mode rectifier circuits. In this work, 

cross- coupled voltage mode and current mode rectifiers are examined. Using 

the modified version of the cross-coupled VM circuit, a 4-comparator voltage 

mode rectifier circuit is designed. The proposed circuits are designed and 

implemented in TSMC 180 nm high voltage process. The maximum power 
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conversion efficiencies of the rectifiers in simulations are 90 %, 38.6% and 

72.4% for cross-coupled VM, CM and 4-comparator VM, respectively. The 

aim of this work is to combine VM (high coupling operations) and CM (low 

coupling operations) in a single circuit externally on PCB level. The 

operation principle of each circuit is circuit is observed during the tests. 

4. Another mixed mode rectifier circuit is designed for powering up the 

rechargeable battery. This design is called triple mode rectifier circuit. The 

triple mode circuit is the improved version of the previous design. In this 

circuit, three operation modes are proposed. VM is activated for the 

couplings k> 0.26, and CM for 0.10<k<0.20. In between these modes, a third 

operation mode, called half wave rectifier mode, is implemented. In this way, 

an extended coupling range is covered (k>0.10) without using alignment 

magnets for the operation frequency 13.56 MHz for all modes. With the 

proposed triple mode rectifier circuit, 233 µW–51.54 mW output power 

range is covered for the 4 mW– 57.7 mW input power. The maximum power 

efficiency of each mode is measured as 51.78%, 82.49% and 89.34% for CM, 

HWM and VM respectively while charging a 3.3V load.  

5. In conventional cochlear implants, daily recharge is needed. However, with 

the improvements in the interface circuits of fully implantable cochlear 

implants, the power consumption of the system is decreased. The daily power 

consumption of the fully implantable cochlear implant introduced in [3] is 

~8 mWh. This device can be used more than 50 days with a rechargeable 

150 mAh battery. With the implemented novel triple mode circuit, fully 

implantable cochlear implant [3] can be recharged after 50 days usage, in 

different time periods as given in Table 5.1. With the average output power 

of 5 mW (current mode) , 16 mW (half wave mode) and 40 mW (voltage 

mode), the battery can be recharged in 3.5 days, 1 day and 11 hours, 

respectively. 
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Table 5.1. Battery Rechargement after 50 Days with Triple Mode Rectifier 

Operation Mode Average Output Power (mW) Recharging Time 

Current Mode 5 3.5 days 

Half Wave Mode 16 1 day 

Voltage Mode 40 mW 11 hours 

5.2 Future Work 

Future improvements can be performed in these mixed-mode rectifier circuits. The 

following items can be given as the examples: 

1. The implemented rectifier circuits are aimed to be used in medical devices. 

In medical implants, after implementation process, all the circuit blocks 

should operate autonomously in the human body. Hence, as a future work, 

the control unit of the triple mode circuit can be autonomously select the 

proper operation mode. In this way, external control can be eliminated, and 

the rectifier circuit can utilize the proper mode for power rectification. 

2. In power transfer circuits, the power is tried to be transferred with the 

maximum power conversion efficiency. Hence, each operation mode is 

calibrated with the proper signals. In current mode operation, there are more 

than one signals that should be adjusted accurately. Instead of external 

control, cycle and bandwidth selection blocks can be automized. Hence, they 

can decide the oscillation cycle and the charge duration adaptively to have 

the maximum power conversion efficiency 

3. After all the design process is completed, in vivo tests can be performed with 

the animal subjects for the validation of the RF link and the rectifier circuit. 

In this way, one of the first steps of being a commercial device is taken. 
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