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ABSTRACT 

Recently, 5G systems are deployed and are in use almost every country in the world. Ever 

since Nikola Tesla invented and demonstrated the concept of the wireless power transfer 

(WPT), people are trying to employ wireless power transfer to power the devices that are 

powered with wired. From last few decades, researchers are investigating for wireless energy 

harvesting (EH) and wireless power transfer (WPT) technologies to deliver energy for various 

applications. After the recent development beamforming-based WPT system is gathering 

important attention to deliver power to devices ranging from lower power smaller IoTs, 

personal gadgets, biomedical implants, etc., to high power appliances like personal computers 

refrigerators, etc. A critical component within these technologies is the rectifier circuit, 

responsible for converting alternating current (AC) harvested from wireless signals into usable 

direct current (DC) power. In most of these rectifiers, the performance parameters like 

efficiency and circuit size are limited by the matching networks that are required at the input 

side of the rectifier circuit. In this thesis, we developed efficient rectification circuits that will 

be applicable for beamforming-based WPT system application that range operation from low 

power to high power within single circuit, self-impedance matching circuit without input 

matching and with compact circuit size using CMOS technology which are discussed below. 

Firstly, a single rectifier that can operate efficiently at both low power and high-power 

conditions is developed which is truly applicable for both beamforming-based WPT whose 

power level varies in wide range from very low (few micro watts) to very high (few watts). A 

frequency-switching technique is proposed for developing dual power band rectifier to 

accommodate both low-power and high-power applications within a single circuit. Two distinct 

operating frequencies: f1 = 900 MHz for low-power and f2 = 2.4 GHz for high-power scenarios 

were chosen. The rectifier ensures stable operation across varying input power levels by 

dynamically switching between these frequencies. To optimize performance, Schottky diodes 

HSMS 2850 and HSMS 2860 are chosen for f1 and f2, respectively, based on their performance 

characteristics relative to input power. Instead of conventional lumped inductors, defected 

ground structure (DGS)-based inductors are utilized in matching circuits to enhance efficiency 

and stability. To achieve maximum RF-to-DC conversion efficiency in both low and high-

power conditions, two different optimal loads are required. This is accomplished using the 

load-modulation technique with Bipolar Junction Transistors (BJTs), enabling efficient power 

conversion across a range of power levels. Measurement results demonstrate that more than 

50% conversion efficiency is achieved across the wide power range of 18 dBm to 2 dBm and 

8 dBm to 20 dBm. Furthermore, the compact circuit size of 35 mm × 30 mm underscores its 

suitability for various applications. 

Secondly, the impedance matching circuit in a rectifier is a crucial factor in determining 

overall performance and circuit size. Traditional matching networks at the input have many 

limitations, such as bulky circuits, higher losses, and narrow bandwidth. The self-impedance 
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matching technique addresses many of these limitations by eliminating the need for additional 

matching networks at the input. A novel concept of self-impedance matching in rectifier design 

is proposed by incorporating a driving rectifier in parallel with a conventional voltage doubler 

circuit. The input impedance of the wideband rectifier is matched using the driving rectifier, 

which includes a half-wave rectifier, a series stub line, and a grounding capacitor. The series 

stub adjusts the operating frequency and the efficiency bandwidth (EBW) of the rectifier. This 

method simplifies rectifier design by removing the need for additional input impedance 

matching networks and allows simultaneous control of EBW and operating bandwidth. A 

Defected Ground Structure (DGS) is used instead of a conventional lossy microstrip line to 

design a high-impedance series stub line, making the circuit more compact and improving the 

quality factor. Measurement results show more than 50% power conversion efficiency (PCE) 

across the frequency range of 3 GHz to 5.8 GHz, covering the entire sub-6 GHz band of the 5G 

network with minimal variation. The fabricated prototype on a Printed Circuit Board (PCB) 

has a circuit size of 0.756 cm².  

Thirdly, to design more compact rectifier circuit that is more feature in miniaturization 

applications like wireless power transfer in biomedical implants a compact size high efficiency 

Complementary Metal-Oxide-Semiconductor (CMOS) rectifier was proposed and designed 

with the resonance control technique employing the concept of parallel rectifier. This topology 

is advantageous to develop a rectifier in the desired frequency by optimizing it for the target 

resonance. The methodology involves the integration of two rectifiers, where one is main 

rectifier, specifically designated for rectification purposes and the other is auxiliary, serves for 

impedance matching, resulting in no matching at input. Furthermore, the auxiliary rectifier 

offers control over resonance of the proposed rectifier. The proposed design achieves more 

than 40% conversion efficiency at 22 dBm of input power for the broadband range from 2.4 

GHz to 3.5 GHz, with an active circuit size of 0.21 mm².   

Finally, an ultra-wideband CMOS rectifier was proposed employing a novel parasitic 

cancellation technique using single inductor (Lp) at the gate side (G) of the transistor (M) along 

with the L-matching at the input. The proposed technique significantly improves the efficiency 

in between the resonances due to L-matching and parasitic cancellation, resulting maximum 

flat efficiency is obtained throughout the ultra-wideband range. The proposed design achieves 

more than 48% conversion efficiency at 18 dBm of input power for the broadband range from 

1.9 GHz to 4.1 GHz, with an active circuit size of 0.51 mm2.  

All these compact and high-performance rectifiers that are proposed and developed in this 

thesis are advantageous for the application in the beamforming based WPT for products 

ranging from the small gadgets and the high-power application and covers all the operating 

frequency bands. Moreover, the operation of these rectifiers in sub-6 GHz band are suitable for 

current 5G bands applications. 
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Chapter 1: Introduction 

1.1 Overview 

1.1.1 Electromagnetic Waves and Wireless Power Transfer 

Electromagnetic waves are oscillations of electric and magnetic fields that travel through 

space. They encompass a wide range of frequencies, from low-frequency radio waves to high-

frequency gamma rays. These waves, which include radio waves, microwaves, and light, carry 

energy through the air from a transmitter to a receiver without needing physical connections 

like wires. These waves are fundamental to various forms of wireless communication and 

energy transfer. Electromagnetic waves are essential for wireless power transfer. 

 

Fig. 1. 1: Basic wireless power transfer technology. 

In the late 19th and early 20th centuries, Nikola Tesla was one of the first to experiment 

with the concept of wireless power transfer (WPT). He demonstrated the transmission of 

electrical energy without wires using his Tesla coil, an invention that could wirelessly transmit 

electricity over short distances. Advancing upon the tesla experiment, in recent decades, 

scientists and companies are developing more efficient and practical methods of wireless power 

transfer technologies such as inductive coupling (used in wireless charging pads) and resonant 
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inductive coupling have become common for charging small devices like smartphones and 

electric toothbrushes. In advanced and long-haul power transfer, researchers are working for 

microwave power transfer for space satellites to power wirelessly. However, in all the overall 

WPT process involves transmission, propagation, and reception all through electromagnetic 

waves (EM) as shown in Fig. 1.1, which is: 

1. Transmission: A power transmitter generates electromagnetic waves using an antenna 

or array of antennas. The transmitter converts electrical energy into electromagnetic 

waves, which are then emitted into the surrounding space. 

2. Propagation: These waves travel through the air or vacuum, carrying energy with them. 

The propagation of electromagnetic waves can be influenced by various factors such as 

frequency, distance, and obstacles in the environment. 

3. Reception: A power receiver, equipped with an antenna, captures the electromagnetic 

waves and converts them back into electrical energy. This energy can then be used to 

power devices or stored for later use. 

1.1.2 Beamforming in Wireless Power Transfer 

Conventional wireless power transfer has lower transmission efficiency due to the spread 

of the EM waves around the resonating coils. Several techniques have been proposed to increase 

the transmission efficiency like using metamaterial-based antennas, reflectors behind the 

transmitter, etc. Also, in high frequencies the power available from the wireless system in 

distance is lower than conventional system. Beamforming is a technique used to focus 

electromagnetic waves in a specific direction, enhancing the efficiency, power level, and 

effectiveness of wireless power transfer. It involves an array of antennas that work together to 

direct the waves towards a target. Multiple antennas emit electromagnetic waves that are 

carefully synchronized in phase and timing. This synchronization ensures that the waves 

combine constructively at the desired location. By adjusting the phase and timing of the signals 

from each antenna, the direction of the beam can be controlled. This allows for the energy to 

be focused on a specific point, rather than spreading out in all directions. When these waves 

meet at the target location, they interfere constructively, amplifying the energy at that point. 

This focused energy transfer is much more efficient than traditional omnidirectional methods 

like WPT ensuring proper availability of the EM waves at target application. 
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If we listed out the importance and target that we want to achieve from the beamforming 

based WPT as shown in Fig. 1.2, we have: 

 

Fig. 1. 2: Concept of beamforming based WPT. 

1. Enhanced Efficiency: Beamforming concentrates energy towards the target device, 

minimizing energy loss and maximizing the amount of power received. This is 

especially important for high-power applications. 

2. Extended Range: By focusing the energy, beamforming allows for effective power 

transfer over greater distances, making it practical for various applications, from small 

gadgets to large appliances. 

3. Dynamic Tracking: Beamforming systems can dynamically track moving devices, 

ensuring continuous power delivery even as the devices change positions. This is 

achieved by adjusting the phase and timing of the signals in real-time. 

4. Versatility: Beamforming can be applied to a wide range of scenarios, from personal 

gadgets to industrial machinery, drones, and even remote or disaster-stricken areas 

where traditional power infrastructure is unavailable. 
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1.2 Problem Definition and Conventional Studies 

In any WPT system, to convert the maximum EM waves to electrical energy, a good 

rectification circuit is necessary [1]-[8]. Beamforming based-WPT also requires a highly 

efficient compact rectifier that can work at wide power and the frequency range is crucial to get 

rid of the multiple rectification circuit for each power level and frequency bands. In 

conventional rectification circuits, after the diode losses most of the losses are contributed by 

the matching circuit required for input matching. Due to which, the power conversion efficiency 

(PCE) of the overall beamforming based WPT becomes lower which is undesirable. 

There are many rectification circuits reported in the literature based on the application areas 

[9]-[37], [38]-[45]. Usually, rectification circuits consist of rectifying units, usually 

diodes/switches like semiconductor diodes, silicon-controlled rectifiers, silicon-based 

semiconductor switches, etc. Also, the topologies like half wave rectifier, full wave rectifier, 

bridge rectifier, Dickson Voltage Multiplier, Voltage doubler etc., used as rectifier is different 

for different applications [9]-[21]. So, RF/Microwave designers choose the topologies of 

rectifier which tend to present high rectification efficiency for their WPT systems design. 

In last few decades, researchers targeted to design a rectifier circuit that can provide higher 

rectification efficiency for both low-power and high-power conditions, so that the hybrid 

system of energy harvesting (EH) and WPT can be achieved. In hybrid system, the freely 

available energy can be harvested first and then for the insufficient energy, we can use WPT 

system that helps to achieve energy optimization. Also, the field of wireless power transfer and 

energy harvesting targets the system for multiple frequencies so that the single system can be 

utilized for multiple transmitters and multiple receivers. But usually, a rectifier circuit design 

with matching network at input limited the bandwidth and provides a narrow band with higher 

losses. Using narrow band rectifiers, it is very difficult to cover the wide range of frequency 

because the system becomes complex and bulky. To achieve good efficiency for multiple 

frequencies of rectifier, rectifier with multiband like triple-band rectifier, quad-band rectifier 

and six-band rectifier are reported. However, such multiband rectifiers support only specific 

frequency bands making the overall system bulky. Also, while designing a rectifier the use of 

impedance matching network at input makes the circuit very lossy because the all-input power 

is directly affected by the inductor losses and the very less amount of power will be reached at 
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the output. Therefore, to achieve higher efficiency in a wide range of working frequency of 

rectifier, the concept of self-impedance matching wideband rectifier is proposed.  

1.3 Research Motivation and Objective 

After successful application for one-to-one WPT system, now researchers are dreaming to 

develop a system that offers sustainable energy system on the beamforming-based WPT to 

power inhouse appliances and even supporting ambitious space energy transmission. For such 

driving research there is an urgent need for a robust rectifier solution that would be effective 

for highly efficient system to beamforming-based WPT applications. Generally, the impedance 

matching circuits are designed with big capacitors and inductors and in a traditional way, such 

matching networks are used at input side of the rectifier. While using the big inductor at input, 

there is higher power losses due to the inductor, resulting in poor efficiency. Another significant 

drawback of the traditional matching circuit is the limited operating bandwidth. Therefore, to 

achieve wideband operation usually multiple matching networks are utilized which makes the 

overall circuity too bulky and lossy. 

We developed a highly efficient ultrawide band rectifier without matching circuit in the 

printed circuit board (PCB) [40]. The concept of self-impedance matching addresses many of 

traditional limitations that occur due to the use of matching at input. Self-impedance matching 

technique involves designing the rectifier without additional matching networks at the input 

side, enhancing efficiency by reducing losses associated with inductor and parasitic 

components as well as provide the wide operational bandwidth. The rectifiers designed in PCB 

technology have the drawback of bulky circuits making them questionable for their application 

in compact system design. The availability of newer advanced semiconductor technology like 

low profile complementary metal oxide semiconductor (CMOS) that has good performance 

even at very high frequencies pushed me to utilize it to design compact footprint on-chip 

rectifier circuit working for high frequency and high-power application. This potentially helps 

to easy integration with the system-on-chip development to design a compact and low loss 

beamforming-based WPT system. 

The key objectives and motivations of this research work are listed below: 
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➢ Designing and optimizing high-power rectifiers capable of efficient RF to DC 

conversion under varying operational conditions of load, power, frequencies that are 

primary variables in the beamforming-based WPT system. 

➢ Investigating novel approaches such as self-impedance matching to enhance rectifier 

efficiency, bandwidth, and circuit footprint. 

➢ Evaluating the performance of rectifiers developed in various technologies like PCB 

and CMOS. 

➢ Design of high-quality factor defected ground structured (DGS) inductors to replace the 

low-quality factor lumped inductor to minimize the losses.   

➢ Validating theoretical design equations findings through practical implementation and 

experimental validation. 

 

1.4 Thesis Outline 

The thesis is structured to achieve the above objectives and the major achievements which are 

organized as follows in Chapters 2-5: 

Chapter 2 presents the design of frequency switching dual power band rectifier with load-

modulation technique. This chapter describes the DGS inductor design, load modulation 

technique using BJT and handling of dual-power band by switching the frequency at input. 

Chapter 3 presents the design of miniaturized sub-6 GHz rectification circuit utilizing self-

impedance matching technique. This chapter describes the self-impedance matching technique 

to achieve wideband rectification specifically targeting 5G network as well as discussing the 

technique of resonance control just by changing the inductance value.  

Chapter 4 presents the design of a new rectification technique employing auxiliary 

rectifier for resonance control achieving compact size and high efficiency in CMOS. This 

chapter describes the role of auxiliary rectifier for impedance matching as well as discussing 

the advantages of CMOS design compared to PCBs one. 

Chapter 5 presents the design of a new rectification technique employing parasitic 

cancellation technique for achieving compact size and high parasitic cancellation and the L 

matching for impedance matching to achieve the ultrawideband over 2.2 GHz bandwidth. 
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Chapter 6 summarizes the conclusions of the overall thesis work, highlighting the major 

contributions. It also includes a discussion on future research ideas. 
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Chapter 2: Frequency Switching Dual Power Band Rectifier with 

Load-Modulation Technique  

2.1 Introduction 

In beamforming-based WPT, the available power level can range from much lower 1µW 

to much higher few Watts.  Therefore, for such systems rectification circuits should typically 

need to perform well under both low and high-power conditions, respectively. Consequently, 

individual rectifiers are usually designed for such system for each power levels like in energy 

harvesting (EH) and WPT system [46]-[49]. Some rectifier designs have been developed to 

achieve both low-power and high-power rectification from a single circuit [20], [42]. However, 

these designs generally exhibit low RF-to-DC conversion efficiency. Although rectifiers 

capable of covering a wide range of input power with good conversion efficiency have been 

reported [41], [50], they employ complex impedance matching with long transmission lines, 

resulting in bulky and lossy circuits. Therefore, a dual power-band rectifier circuit that utilizes 

frequency switching at the input is proposed which provides maximum conversion efficiency 

over a wide input power range with a compact design.  

2.2 Working Principle 

The working principle of frequency switching dual power band rectifier with load-

modulation technique is described as: 

• The proposed rectifier utilizes two separate operating frequencies at input i.e., f1 and f2 

aiming low-power and high-power rectifications, respectively. 

• Individual rectifiers with individual matching networks for f1 and f2 are first designed 

and then connected them parallelly sharing the same input source, depicted in Fig. 2.1. 

• When selected frequency at input is f1, Rectifier-I is activated for low-power 

rectification whereas the selected frequency at input is f2, Rectifier-II is activated for 

high-power rectification, respectively. Therefore, by switching the input frequency, 

desired operating power can be achieved. 

• To enhance the efficiency of the proposed rectifier, low quality factor (Q-factor) lumped 

inductors are replaced by high Q-factor defected ground structure (DGS) inductors. 
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Fig. 2. 1: Block diagram to illustrate the working principle of frequency switching dual power 

band rectification circuit. 

2.3 Design of Frequency Switching Dual-power band Rectifier 

The rectifier circuit designed for low-power applications operates at f1  = 900 MHz and 

utilizes rectifying diode D1 (Schottky diode HSMS 2850), referred to as Rectifier-I. Conversely, 

the rectifier circuit aims for high-power applications operates at f2 = 2.4 GHz and employs 

rectifying diode D2 (Schottky diode HSMS 2860), named Rectifier-II, as illustrated in Fig. 2.2. 

The conjugate matching for Rectifier-I at f1, denoted as 𝑍𝑖𝑛1
∗ is achieved employing a series 

capacitor (C1) with value of 0.4 pF and a grounding inductor (L1) with value of 34 nH. Similarly, 

for Rectifier-II at f2, denoted as 𝑍𝑖𝑛2
∗ is obtained utilizing a series capacitor (C2) with value of 

0.4 pF and a grounding inductor (L2) with value of 5 nH. The input source for both Rectifier-I 

and Rectifier-II is the same but they operate at different frequencies. 
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Fig. 2. 2: Schematic diagram of frequency switching dual power band rectification circuit. 

2.3.1 Defected Ground Structure (DGS) Inductors Design 

The required inductance values for input impedance matching of Rectifier-I and Rectifier-

II are 34 nH and 5 nH, respectively, which are relatively high. However, commercially available 

lumped inductors often have lower Q-factors. Rectifiers designed with higher inductance values, 

but low Q-factors tend to exhibit lower RF-to-dc conversion efficiency. To overcome this 

challenge and achieve higher inductance with a high Q-factor for efficient rectification, 

defected ground structure (DGS) inductors can be employed. These inductors are designed to 

disrupt the current grounding path. In this study, the required inductance is achieved with a 

good Q-factor using the DGS topology, achieved by introducing cuts in the ground plate, as 

depicted in Fig. 2.3 and Fig. 2.5. 

The inductance (L) and quality factor (Q-factor) obtained from the DGS layout and their 

equivalent circuit are compared in Fig. 2.4 and Fig. 2.6, respectively. The designed DGS 

inductors achieve an inductance of 33.98 nH with a Q-factor of 110.67 at 900 MHz and an 

inductance of 4.85 nH with a Q-factor of 239.43 at 2.4 GHz, respectively. This demonstrates 

that the simulated Q-factors from the DGS designs for both 34 nH and 5 nH are significantly 

higher than those provided by commercially available lumped inductors with the same 

inductance values. 
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(a) 

 

(b) 

Fig. 2. 3: Design of DGS inductor for 34 nH of inductance. (a) Layout of DGS inductor (b) 

Equivalent circuit diagram. Dimensions are in mm: TL1 = 3.8, TL2 = 3, TL3 = 7, TL4 = 6, TL5 

= 5, TL6 = 3.3, TL7 = 9, TL8 = 11, W1 = 0.5.  
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Fig. 2. 4: Comparison of inductance and quality factor of inductor in Fig. 2.3. At target 900 

MHz it achieved inductance of 33.98 nH with a Q-factor of 110.67. 
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Fig. 2. 5: Design of DGS inductor to obtain 5 nH of inductance. (a) Layout of DGS inductor 

(b) Equivalent circuit diagram. Dimensions are in mm: TL9 = 5.2, TL10 = 4.5, TL11 = 3.5, W2 

= 0.5. 

 

Fig. 2. 6: Comparison of inductance and quality factor of inductor in Fig. 2.5. At target 2.4 GHz 

frequency it achieved inductance of 4.85 nH with a Q-factor of 239.43, 
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2.3.2 Load Modulation Technique   

From simulation, the optimal efficiency load required for Rectifier-I operating at f1 is 5.6 

KΩ, while the load required for Rectifier-II operating at f2 is 550 Ω. To achieve these different 

loads from a single circuit, a load modulation technique is used with an NPN BJT, as shown in 

Fig. 2.7. The NPN transistor turns off when the voltage at point 'a' is below 0.75 V (i.e., the 

transistor is OFF for Va < 0.75V), and it turns ON when the voltage at point 'a' exceeds 0.75 V 

(i.e., the transistor is ON for Va > 0.75 V). 

When the input power is below 0 dBm, the transistor remains OFF, meaning only two 

resistive loads, R1 and R2, are active. The equivalent resistance (Req) in this state is the sum of 

R1 and R2 i.e., Req = R1 + R2. During the simulation, R1 is set to 3.2 KΩ and R2 to 2.4 KΩ, 

resulting in an equivalent resistance of 5.6 KΩ. When the input power exceeds 8 dBm, the 

transistor turns ON, activating all three resistive loads: R1, R2, and R3. In this state, the 

equivalent resistance (Req) is calculated as the parallel combination of (R1 + R2) with (R3 + 

RBJT), i.e., Req = (R1 + R2)// (R3 + RBJT) where RBJT is the resistance of the BJT, and R1 and R2 

remain fixed. Consequently, to achieve an equivalent resistance of 550 Ω, R3 is selected to be 

5 0 Ω during the simulation, with the remaining resistance coming from the NPN B T. 

 

 

Fig. 2. 7: Load modulation for simultaneous low-power and high-power operating using BJT. 

2.4 Fabrication of Frequency Switching Dual-power band Rectifier 

For validation purposes, the proposed idea of frequency-switching dual power band 

rectification circuit is being fabricated on a Rogers3003TM substrate, which has a height of 

0.762 mm and a dielectric constant of 3. The circuit simulation of this rectifier is conducted 
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using Keysight Advanced Design System (ADS), and the layout is designed using Ansys High-

Frequency Structure Simulator (HFSS) software. In this proposed circuit, capacitor C3 is 

employed to filter unwanted AC signals at point 'a', ensuring a pure DC at output. The final 

layout with all the dimensions and the fabricated prototype of the proposed rectifier are shown 

in Fig. Fig. 2.8 and Fig. 2.9, respectively. 

 

 

Fig. 2. 8: Layout of the proposed rectifier with all dimensions (in mm): L1 = 6.5, L2 = 4, L3 = 

3, L4 = 2, L5 = 3, L6 = 2.5, L7 = 4, L8 = 7, L9 = 6, L10 = 3.5, L11 = 2.5, L12 = 4, Wa = 1, L 

= 35, W = 30. 

2.5 Measurement of Frequency Switching Dual-power band Rectifier 

2.5.1 Measurement of Reflection Coefficient (|S11|) 

The measurement was performed using the Keysight PNA series vector network analyzer 

(Part #N5222A), radiofrequency cables, resistors, and breadboard. The input signals for 

different power levels and the frequencies were laid open from PNA using the coaxial cable to 
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the proposed dual power band rectifier prototype, and the reflection coefficient were recorded 

for dual power band conditions. 

 

(a)                                                                              (b) 

Fig. 2. 9: Fabricated device of the frequency switching dual-power band rectifier (a) Front side 

(b) Back side. 

The comparison between simulated and measured |S11| values for frequency band f1, 

intended for low-power applications, is depicted in Fig. 2.10(a) under their optimal input power 

and optimal load conditions (i.e., Pin = -5 dBm, R1 = 3.2 KΩ and R2 = 2.4 KΩ for simulation 

and Pin = -8 dBm, R1 = 3.6 KΩ and R2 = 2.5 KΩ for measurement, respectively). Similarly, Fig. 

2.10(b) illustrates the comparison of simulated and measured |S11| for frequency band f2, aimed 

at high-power applications, also under its optimal input power and optimal load conditions (i.e., 

Pin = 10 dBm, R1 = 3.2 KΩ, R2 = 2.4 KΩ, and R3 = 610 Ω for simulation and Pin = 12 dBm, R1 

= 3.26 KΩ, R2 = 2.5 KΩ, and R3 =750 Ω for measurement, respectively).  

During the measurements, frequency f1 deviates from 900 MHz to 880 MHz where the 

frequency f2 deviates from 2.4 GHz to 2.35 GHz, respectively. The input source for both 

Rectifier-I and Rectifier-II is same, therefore, for frequency f1, there is a contribution of some 

losses due to the Rectifier-II circuit and similarly for frequency f2, there is a contribution of 

some losses appeared due to the Rectifier-I circuit, respectively. These losses may be mainly 

appeared from the actual value of the capacitor and the soldering effect that we were not able 

to include during both the circuit and the electromagnetic simulation. Nevertheless, the 

measurement result shows that reflection coefficient |S11| stays well below -10 dB for both 

frequencies f1 and f2 our proposed dual power band rectifier. 
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   (a) 

 

   (b) 

Fig. 2. 10: Comparison of simulated and measured reflection coefficient |S11| (a) For operating 

frequency f1, targeting low-power application (b) For operating frequency f2, targeting high-

power application. 
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(a) 

 

        (b) 

Fig. 2. 11: RF-to-dc conversion efficiency versus input power for different frequencies. (a) 

Simulated (b) Measured. 
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2.5.2 Measurement of RF-to-dc Conversion Efficiency ( ) 

The RF-to-DC conversion efficiency obtained from circuit simulation and post-layout 

simulation of the proposed rectifier, with respect to input power levels for operating frequencies 

of 900 MHz and 2.4 GHz targeting low and high-power rectification, respectively, is depicted 

in Fig. 2.11(a).  

For 900 MHz, the simulated maximum conversion efficiency exceeds 50% across an input 

power range of -15 dBm to 5 dBm with an optimal efficiency load of R1 = 3.2 KΩ and R2 = 2.4 

KΩ, peaking at 68.545  efficiency at an input power of -5 dBm. Similarly, for 2.4 GHz, the 

simulated maximum conversion efficiency is above 50% within an input power range of 5 dBm 

to 17 dBm, with an optimal efficiency load of R1 = 3.2 KΩ, R2 = 2.4 KΩ, and R3 = 610 Ω, 

reaching a peak efficiency of 65.081% at an input power of 10 dBm. 

From the measurement of proposed rectifier, the obtained RF-to-dc conversion efficiency 

with respect to input power levels for different operating frequencies is shown in Fig. 2.11(b). 

For low-power band, the measured maximum conversion efficiency remains more than 50 % 

for the input power range of -18 dBm to 2 dBm at 880 MHz operating frequency with optimal 

efficiency load of R1 = 3.6 KΩ and R2 = 2.5 KΩ, with peak efficiency of 61.547% at Pin = -8 

dBm. Similarly, for high-power band, the measured maximum conversion efficiency remains 

more than 50 % for the input power range of 8 dBm to 20 dBm at 2.35 GHz operating frequency 

with the optimal efficiency load of R1 = 3.6 KΩ, R2 =2.5 KΩ and R3 = 750 Ω, with peak 

efficiency of 59.521% at Pin = 12 dBm. 

2.6 Summary 

In this chapter, by tuning operating frequency at input, dual power bands are obtained from 

a single rectifier circuit with higher efficiency. In this rectifier development, frequency f1 = 900 

MHz is selected for low-power applications whereas f2 = 2.4 GHz is selected for high-power 

applications. For impedance matching of the Rectifier-I and Rectifier-II, the required 

inductance values of 34 nH and 5 nH respectively are realized using DGS topology, resulting 

in reduced inductor loss and improved efficiency. This rectifier covered the input power range 

from -18 dB to 2 dBm and 8 dBm to 20 dBm maintaining more than 50 % of RF-to-dc 

conversion efficiency with overall circuit size of 35mm × 30mm. This dual power band rectifier 
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using a single rectifier circuit is the first development. The features of this single rectifier 

capable of working from as low as 15 µW to 0.1 W shows the bright sight that it a potential 

candidate for beamforming-based WPT that would require to work at the wide input power 

range for powering the target application. 
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Chapter 3: Miniaturized sub-6 GHz Rectification Circuit Utilizing 

Self-Impedance Matching Technique 

3.1 Introduction 

The recent introduction of 5G communication systems has brought about a significant 

transformation in the global telecommunications landscape. The rapid commercial deployment 

of 5G has been witnessed in various regions, including Japan. The 5G network encompasses 

different frequency ranges according to regions, such as 3.4-3.8 GHz in Europe, 3.6-4.2 GHz 

and 4.4-4.9 GHz in Japan, and 3.7-4.2 GHz in the USA. An intriguing characteristic of 5G 

communication signals is their substantial electromagnetic (EM) energy content. This presents 

an opportunity to harness free energy from the surroundings through 5G beamforming systems. 

The harvested energy can be used to power wireless sensor networks (WSNs) and Internet of 

Things (IoT) devices [51]-[54], which offers sustainability, cost efficiency, extended battery 

life, increased flexibility and scalability, and enhanced reliability, making 5G EH a recent 

popular trend. In future to power the high-power devices like laptops and mobiles wirelessly, a 

5G beamforming-based WPT would be a potential area. But to cover the available frequency 

bandwidth, an efficient and compact ultra-wideband EH system is required. The performance 

of such an EH system is highly determined by the rectification circuit, which is essential for 

converting received EM signals into direct current (dc) [55]. 

Conventionally, in 2G/3G EH, low-power rectifiers are designed to convert the energy 

received from the base station located at a longer distance. However, in the case of 5G 

beamforming networks, transmitters are located closer to homes, offices, and workplaces. As a 

result, the available 5G signals exhibit high power density, the high-power rectifiers are 

therefore required to harvest these signals [56], [57]. Previous research has explored various 

rectifier designs for wideband rectifications, but many of them either used multi-band matching 

techniques with multiple long transmission lines [58]-[63] or employed complex matching 

topologies [64]-[68] resulting in bulky circuitry. Additionally, the rectifiers designed for higher 

frequencies exhibit higher losses due to impedance mismatch, parasitic effects, and circuit 

bulkiness, ultimately leading to lower power conversion efficiency (PCE) [69]. Therefore, 

achieving a wideband rectifier covering higher frequency bands with the highest power 

conversion efficiency and compact circuit size is a challenging task. 



22 

  

 

(a) 

 

                                                                            (b) 

 

     (c) 

Fig. 3.1: Comparison of maximum available EBW from voltage doubler circuit with the 

obtained EBW from different rectifier topologies. (a) Ref. [70]. (b) Ref. [40]. (c) Proposed 

rectifier. ** Conditions for Maximum Available Efficiency of Voltage Doubler are, port(z) = 

100 Ohm, Pin = 20 dBm, f = 4 GHz, RL = 800 ohm. 
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The rectifier reported in [70] achieved over 50% of PCE for an ultra-wideband of 200 MHz 

to 3.2 GHz by employing a T-matching network at the input as shown in Fig. 3.1(a). However, 

this design topology used long-transmission lines TL1, TL2, and TL3 to realize the T-matching 

network, resulting in a bulky circuit size of 5.7 cm2. Also, the rectifier reported in [40] utilized 

the concept of a virtual dc voltage source, as shown in Fig. 3.1(b), that helped to eliminate the 

necessity of additional matching at input. This approach resulted in a compact circuit size of 

1.48 cm2 with higher efficiency bandwidth (EBW) of 60 MHz to 3.32 GHz, along with more 

than 50% PCE. Nonetheless, this rectifier lacked the active elements to control the operating 

bandwidth maintaining maximum PCE. To the best of the author’s knowledge, no rectifiers 

have been reported that can simultaneously control both the operating bandwidth and the peak 

PCE while maintaining a compact circuit size. In this work, our approach employs a novel idea 

of self-impedance matching using a driving rectifier as a virtual dc voltage source, as shown in 

Fig. 3.1(c). The driving rectifier has a half-wave rectifier with a series stub as an active element 

responsible for the rectifier’s bandwidth and efficiency. 

3.2 Design of Miniaturized sub-6 GHz Rectification Circuit Utilizing Self-

Impedance Matching 

3.2.1 Design Topologies for Wideband Rectification  

Rectifiers designed with passive matching networks, such as T-matching at the input, as 

depicted in Fig. 3.2(a), can provide ultra-wideband performance within a specific range. 

However, using such matching networks results in increased circuit bulkiness and poses a 

challenge in simultaneous optimization of operating bandwidth and PCE of the rectifier. This 

necessitates a trade-off between bandwidth and efficiency. To address this challenge, the 

innovative concept of self-impedance matching is introduced. This approach involves 

incorporating a voltage doubler circuit, referred to as the main rectifier for the actual 

rectification process, and replacing traditional input matching networks by a parallel driving 

rectifier, as shown in Fig. 3.2(b). 

Fig. 3.2(c) shows the EBWs of the rectifier designed with two different approaches: i) 

passive T-matching using two matching capacitors 𝐶𝑀1 and 𝐶𝑀2 and one grounding short-stub 

line 𝑇𝐿𝑀 at the input (as shown in Fig. 3.2(a)), and ii) proposed self-impedance matching (as 

shown in Fig. 3.2(b)). In Fig. 3.2 (a), the values of 𝐶𝑀1, 𝐶𝑀2, and  𝑇𝐿𝑀 used to get the EBW of 

25% and 67% are 0.26 pF, 0.33 pF, 5.5 mm and 0.81 pF, 0.88 pF, 3.5 mm, respectively. From 
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the simulation results, it is evident that the rectifier designed with T-matching at the input 

achieves higher efficiency but only within a narrow bandwidth and, to attain a wideband 

response, must have to compromises in terms of efficiency as shown in Fig. 3.2(c). In contrast, 

the proposed rectifier covers a wide frequency range while consistently maintaining high 

efficiency throughout the wide bandwidth. 
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(c) 

Fig. 3. 2: Wideband rectifier design using (a) Passive T-matching network at input. (b) Proposed 

self-impedance matching technique. (c) Comparison of simulated efficiency bandwidths 

(EBWs) of Fig. 3.2(a) and Fig. 3.2(b). 

 

3.2.2 Self-Impedance Matching Technique for Wideband Rectification 

The schematic circuit diagram of the proposed rectifier is shown in Fig. 3.3. The proposed 

rectifier consists of two branches, the upper branch is a voltage doubler named the main rectifier, 

and the lower branch is a driving rectifier which is designed with a single diode and a stub line. 

Both the main rectifier and the driving rectifier are connected to the same input power. The key 

motivation of this method is to remove the input matching requirement at the input side. The 

equivalent model of the proposed rectifier including the diode parameters are shown in Fig. 

3.4(a) and 3.4(b), respectively. The stub line is represented by the transmission line parameters 

in terms of the impedance (Zo) and the electrical length (). 
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Fig. 3. 3: Schematic diagram of the proposed rectifier with self-impedance matching technique. 
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       (b) 

Fig. 3. 4: Equivalent circuit model of (a) Main rectifier circuit. (b) Driving rectifier circuit. 

 

Diodes D1, D2, and D3 are Schottky diode HSMS 2860 model, which consists of a series 

resistance (Rs), junction resistance (Rj), and junction capacitance (Cj). The incident voltage 

across the diodes D1 and D3 are represented as 𝑉𝑑_𝑟𝑒𝑐𝑡1  and 𝑉𝑑_𝑟𝑒𝑐𝑡2 , respectively, and the 

diode’s junction voltage is  j expressed as: 

𝑉𝑑_𝑟𝑒𝑐𝑡1 = −𝑉𝑜𝑢𝑡 + 𝑉𝑑1_𝑟𝑒𝑐𝑡1 cos𝜔𝑡 (3.1) 

𝑉𝑑_𝑟𝑒𝑐𝑡2 = −𝑉𝐵 + 𝑉𝑑1_𝑟𝑒𝑐𝑡2 cos𝜔𝑡 (3.2) 

𝑉𝑗 = {
−𝑉𝑗0 + 𝑉𝑗1 cos(𝜔𝑡 − 𝜙),       𝐷𝑖𝑜𝑑𝑒 𝑖𝑠 𝑂𝐹𝐹  

𝑉𝑓,                                            𝐷𝑖𝑜𝑑𝑒 𝑖𝑠 𝑂𝑁 
 (3.3) 

where, 𝑉𝑜𝑢𝑡  is output dc voltage, and 𝑉𝐵  is dc voltage generated at point B. Similarly, 

𝑉𝑑1_𝑟𝑒𝑐𝑡1 and 𝑉𝑑1_𝑟𝑒𝑐𝑡2 are peak incident voltages over the diodes D1 and D3, respectively, and 

ω is the angular frequency. 𝑉𝑗0  is the dc component of the diode junction voltage, whereas 
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𝑉𝑗1 is its peak voltage. Additionally, 𝜙 is the phase delay between the incident voltage and the 

junction voltage and 𝑉𝑓 is the build-in voltage when a diode is at ON state, respectively. The 

main SPICE parameters of the HSMS 2860 diode are: 𝐵𝑣 = 7 V, 𝑉𝑓 = 0.35 V, 𝑅𝑠 = 6 V, 𝐶𝑗 = 

0.18 pF. 

The impedance of the main rectifier is  𝑍𝑟𝑒𝑐𝑡1 whereas the impedance of the driving 

rectifier is 𝑍𝑟𝑒𝑐𝑡2, respectively, are calculated by following the similar procedures as of [71]. 

𝑍1 = 𝑍2 = 
1

𝑎2+ 𝜔2𝑏2
 {𝜋𝑎𝑅𝑠 − 𝑗𝜋𝜔𝑏𝑅𝑠} 

(3.4) 

where, {
𝑎 = 𝛼1 − sin𝛼1cos𝛼1                    
 𝑏 = 𝑅𝑠𝐶𝑗  (𝜋 − 𝛼1 + sin𝛼1cos𝛼1)

 
(3.5) 

𝛼1 is turned-on angle for the main rectifier, expressed as, 

tan𝛼1 − 𝛼1 = 
𝜋𝑅𝑠𝑉𝑜𝑢𝑡

𝑅𝐿(𝑉𝑜𝑢𝑡+𝑉𝑓)
 (3.6) 

From (3.4), 𝑍𝑟𝑒𝑐𝑡1 is calculated as, 

𝑍𝑟𝑒𝑐𝑡1 = 𝑍1//𝑍2 = 
1

2(𝑎2+ 𝜔2𝑏2)
 {𝜋𝑎𝑅𝑠 − 𝑗𝜋𝜔𝑏𝑅𝑠} (3.7) 

Similarly, 

𝑍3 = 
1

𝑐2+ 𝜔2𝑑2
 {𝜋𝑐𝑅𝑠 − 𝑗𝜋𝜔𝑑𝑅𝑠} 

 

(3.8) 

where,  {
𝑐 = 𝛼2 − sin𝛼2cos𝛼2                    
 𝑑 = 𝑅𝑠𝐶𝑗  (𝜋 − 𝛼2 + sin𝛼2cos𝛼2)

 (2.9) 

𝛼2 is turned-on angle for the driving rectifier, expressed as, 

tan𝛼2 − 𝛼2 = 
𝜋𝑅𝑠𝑉𝐵

𝑅𝑃(𝑉𝐵+𝑉𝑓)
 (3.10) 

The impedance of the stub line (𝑍0 θ) is calculated as, 
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𝑍4 = 𝑍0 (
𝑍𝑜𝑢𝑡 + 𝑗𝑍0𝑡𝑎𝑛𝜃

𝑍0 + 𝑗𝑍𝑜𝑢𝑡𝑡𝑎𝑛𝜃
) 

(3.11a) 

As,  𝑍𝑜𝑢𝑡 = 0,  𝑍4 =  𝑗𝑍0𝑡𝑎𝑛𝜃 
(3.11b) 

where, 𝑍0 is the characteristics impedance, and 𝜃 is the electric length of the stub. From 

(3.8) and (3.11b), 𝑍𝑟𝑒𝑐𝑡2 is calculated as, 

  𝑍𝑟𝑒𝑐𝑡2  =  𝑍3//𝑍4  =  
𝑍0𝑡𝑎𝑛𝜃 {𝜔𝑑𝑅𝑠+𝑗𝑐𝑅𝑠}

𝑐𝑅𝑠+𝑗 {(𝑐2+𝜔2𝑑2)𝑍0𝑡𝑎𝑛𝜃−𝜔𝑑𝑅𝑠}
 

(3.12) 

From (3.7) and (3.12), the input impedance (𝑍𝑖𝑛) of the proposed rectifier becomes, 

𝑍𝑖𝑛 = 𝑍𝑟𝑒𝑐𝑡1//𝑍𝑟𝑒𝑐𝑡2  

Real(𝑍𝑖𝑛) = 
 𝑅𝑠𝑍0𝑡𝑎𝑛𝜃 {𝜔𝑀(𝑏𝑐+𝑎𝑑)+𝑁(𝑎𝑐−𝜔2𝑏𝑑)}

 𝑀2+𝑁2
 (3.13) 

Img(𝑍𝑖𝑛) = 
 𝑅𝑠𝑍0𝑡𝑎𝑛𝜃 {𝑀(𝑎𝑐−𝜔2𝑏𝑑)−𝜔𝑁(𝑏𝑐+𝑎𝑑)}

 𝑀2+𝑁2
 (3.14) 

where, 

{
𝑀 = 𝜔𝑍0𝑡𝑎𝑛𝜃 {𝑏(𝑐2+𝜔2𝑑2) + 2𝑑(𝑎2+𝜔2𝑏2)} +  𝑅𝑠(𝑎𝑐 − 𝜔2𝑏𝑑)

𝑁 = 𝑍0𝑡𝑎𝑛𝜃 {2(𝑎2+𝜔2𝑏2) + 𝑎(𝑐2+𝜔2𝑑2)} −  𝜔𝑅𝑠(𝑏𝑐 + 𝑎𝑑)        
 

To eliminate the imaginary part of 𝑍𝑖𝑛 , the following condition should be satisfied in 

(3.14), 

 𝑀(𝑎𝑐 − 𝜔2𝑏𝑑) = 𝜔𝑁(𝑏𝑐 + 𝑎𝑑) 
(3.15a) 

(𝑎𝑐 − 𝜔2𝑏𝑑) = 
𝜔𝑁(𝑏𝑐+𝑎𝑑)

𝑀
 

(3.15b) 

By substituting the values of 𝑀 and 𝑁, (3.15a) can be expressed as, 

𝑍0𝑡𝑎𝑛𝜃 = 
𝑅𝑠

𝜔
 [

𝜔2(𝑏𝑐+𝑎𝑑)+(𝑎𝑐−𝜔2𝑏𝑑)2

𝑂−𝑃
] 

(3.16) 

where, 

{
𝑂 = (𝑏𝑐 + 𝑎𝑑) {2(𝑎2+𝜔2𝑏2) + 𝑎(𝑐2+𝜔2𝑑2)}             

𝑃 = (𝑎𝑐 − 𝜔2𝑏𝑑) {𝑏(𝑐2+𝜔2𝑑2) + 2𝑑(𝑎2+𝜔2𝑏2)}     
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After substituting the condition of (3.15b) on (3.13), 𝑍𝑖𝑛 is calculated as,  

𝑍𝑖𝑛 = Real(𝑍𝑖𝑛) = [
 𝑅𝑠𝜔(𝑏𝑐+𝑎𝑑)

𝑀 
] 𝑍0𝑡𝑎𝑛𝜃 (3.17) 

with the value of 𝑀, (3.17) becomes, 

𝑍𝑖𝑛 = 
 𝑅𝑠 𝜔(𝑏𝑐+𝑎𝑑)𝑍0𝑡𝑎𝑛𝜃

𝜔𝑍0𝑡𝑎𝑛𝜃{𝑏(𝑐2+𝜔2𝑑2)+2𝑑(𝑎2+𝜔2𝑏2)}+ 𝑅𝑠(𝑎𝑐−𝜔2𝑏𝑑)   
 

(3.18) 

The characteristic of the proposed configuration is initially investigated through 

calculations. The values of a and b are obtained from (3.5) using 𝛼1 which is computed from 

(2.6) with  𝑅𝐿 = 450 Ω. Similarly, c and d are obtained from (9) using 𝛼2 which is computed 

from (2.10), assuming  𝑅𝑃 = 1 MΩ large impedance. By substituting these values into (3.16), 

𝑍0𝑡𝑎𝑛𝜃  is obtained. For a perfect 50 Ω impedance, (3.15) is a condition that makes an 

imaginary part of 𝑍𝑖𝑛 equal to 0. Now, the final expression of the real part of 𝑍𝑖𝑛 is calculated 

in terms of ω and θ stated in (3.18). At the desired ω, the value of θ for 𝑍𝑖𝑛= 50 Ω is obtained 

at particular 𝑍0 and 𝑃𝑖𝑛 using (3.16) and (3.18). These calculations can be used to tune the input 

impedance of the proposed rectifier at a desired frequency. So, by a proper selection of 𝑍0 and 

𝜃, the frequency is decided as shown in Fig. 3.5. 

Now, in Fig. 3.5(a), the different values of θ calculated from (3.16) to obtain real part of  

𝑍𝑖𝑛 = 50 Ω from (3.18) for each frequency range from 1 GHz to 6 GHz under the condition of 

different input power levels at fixed  𝑍0 = 50 Ω is shown. Fig. 3.5(a) makes it clear that when 

power level is lower, small value of θ is required to make perfect 50 Ω matching. Similarly, in 

Fig. 3.5(b) the different values of θ calculated from (3.16) to obtain real part of  𝑍𝑖𝑛 = 50 Ω 

from (3.18) for each frequency range from 1 GHz to 6 GHz under the condition of different 

𝑍0 at fixed input power 𝑃𝑖𝑛 = 17 dBm is shown. Fig. 3.5(b) makes it clear that when stub 

impedance (𝑍0) is higher, small value of θ is required, but large 𝑍0 makes the result in narrow 

transmission line which may have poor quality factor and higher losses. Considering these 

factors, we can select the stub line dimension to design the rectifier at the exact frequency and 

the power level that we need. 
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 (a) 

  

       (b) 

Fig. 3. 5: Example design: calculated values of θ to get real part of Zin= 50 Ω. (a) For different 

input power levels at fixed Z0= 50 Ω. (b) For different Z0 at fixed input power Pin= 17 dBm. 
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3.2.3 S h m     S m            h     p                  h  h  C          θ           

the Stub Line 

Using the calculated θ from (3.16), a schematic simulation of the proposed rectifier is 

performed in Keysight Advanced Design Structure (ADS #v2019.1) software. The simulated 

input of the proposed rectifier for different operating frequencies (𝑓0) and their respective 

calculated values of θ. of the stub is shown in Fig. 3.6. 

Similarly, Fig. 3.7 shows the simulated reflection coefficient (|𝑆11|). Therefore, designer 

can carefully select θ at a specific  𝑓0 with corresponding 𝑍0 and 𝑃𝑖𝑛, to design a self-impedance 

matching rectifier which work perfectly for the targeted frequency bandwidth and the target 

input power. Therefore, the guidelines presented from (3.1) to (3.18) best serve for estimating 

the initial parameters for designing the self-impedance matching rectifier. 
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(b) 

Fig. 3. 6: Schematic simulated input impedance of the proposed rectifier with calculated θ for 

different designed f0  of stub line at Z0  = 50 Ω and Pin= 17 dBm (a) Real part (b) Imaginary 

part. 

         

Fig. 3. 7: Example design: schematic simulated S-parameters for different designed ( f0)  by 

changing the stub length (θ) at Z0  = 50 Ω and Pin= 17 dBm. 
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3.2.4 Driving Rectifier as a Virtual dc Source 

In [40], the present authors introduced the concept of a virtual dc voltage source by 

connecting the driving rectifier in parallel with the conventional voltage doubler. This approach 

generated virtual dc voltage from that parallel driving rectifier, which is sufficient to match the 

wide input impedance of the rectifier without the need of an external matching network at the 

input. However, [40] has the limitation of an uncontrolled frequency band and the requirement 

of relatively high input power to achieve peak PCE. 

 

(a)                                                             (b) 

 

                                            (c)                                                                    (d) 

Fig. 3. 8: Simulated virtual dc voltage waveforms obtained at points A and B of the proposed 

rectifier (Fig. 3.3) for different designed (f0) with their corresponding calculated θ at Z0= 50 Ω 

and Pin = 17 dBm. 
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In this work, we utilize the similar concept of a virtual dc voltage source, but this time 

replace the series diode of the driving rectifier with a series stub line (Fig. 3.3). This proposal 

allows us to control both frequency and efficiency bandwidths simultaneously with reduced 

optimal input power required to achieve peak efficiency, as explained in Section II (B). Fig. 3.8 

demonstrates simulated virtual dc voltage waveforms obtained at points A and B of proposed 

rectifier (Fig. 3.3) for different values of designed 𝑓0 with corresponding calculated θ. 

3.2.5 Design of High-impedance Stub Line using DGS Topology 

The use of large stub line will make the proposed circuit bulky and lossy. As an alternative, 

the DGS topology is employed to design high-impedance stub (𝑍0, θ), which supports compact 

and low-loss circuits. In this work, DGS is achieved by making a small cut with the dimension 

of 2.5 mm × 2 mm in the ground plane. The current distribution in the stub for with and without 

DGS is shown in Fig. 3.9(a), which demonstrates that the DGS structure creates a disturbance 

in the current flow of the ground plane. Thus, with the DGS topology, the required stub length 

(l) becomes smaller with the improved quality (Q) factor, as shown in Fig. 3.9(b) and 3.9(c), 

respectively. 

  

 

(a) 
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(b) 

  

(c) 

Fig. 3. 9: Performance comparison of the stub line design with and without DGS. (a) Current 

distribution. (b) Stub length vs. impedance graph. (c) Quality factor vs impedance graph. 

2

3

4

5

6

7

8

9

50 60 70 80 90 100

L
en

gt
h
 (

 l
) 

[m
m

]

Impedance (Z) [Ω 

Without DGS

With DGS

50

100

150

200

250

300

350

400

50 60 70 80 90 100

Q
u
al

it
y

 F
ac

to
r 

[Q
]

Impedance (Z) [Ω 

Without DGS

With DGS



37 

  

3.3 Fabrication and Measurement of Miniaturized sub-6 GHz Rectification 

Circuit Utilizing Self-Impedance Matching 

3.3.1 Layout Mask Preparation and Fabrication Prototype 

All the simulation tasks of the proposed rectifier are performed in the ADS software. For 

the EM simulation and the layout preparation, the Ansys High-Frequency Structure Simulator 

(HFSS) software is used. The final layout of the proposed rectifier is shown in Fig. 3.10 and its 

dimensions are presented in Table 3.1. In the proposed rectifier, four lumped capacitors:  𝐶1= 

𝐶2= 𝐶3= 𝐶4 = 100 pF are used where 𝐶1 and 𝐶3 for dc block and 𝐶2 and 𝐶4 for ac grounding. 

Similarly, three HSMS 2860 Schottky diodes 𝐷1 , 𝐷2 , and 𝐷3 are used for the rectification 

purposes. To provide the ground during the measurement, the visa is necessary. In this work, 

multiple vias are used at a single place instead of a single via to reduce the effect of the via’s 

inductance. The front and back side of the fabricated prototype of the proposed rectifier is 

shown in Fig. 3.11, which has the dimension of only 12mm × 6.3mm. 

Table 3. 1: Design dimension of the Miniaturized sub-6 GHz Rectification Circuit Utilizing 

Self-Impedance Matching 

𝑳 𝑾 𝑳𝟏 𝑳𝟐 

12 mm 6.3 mm 3 mm 1.8 mm 

𝑳𝟑 𝑳𝟒 = 𝑳𝟗 𝑳𝟓 𝑳𝟔 

1 mm 1.5 mm 1.4 mm 1.8 mm 

𝑳𝟕 𝑳𝟖 𝑳𝟏𝟎   𝑳𝟏𝟏 

3.65 mm 1.6 mm 3.75 2.3 mm 

𝑾𝟏 𝑳𝑫𝑮𝑺   𝑾𝑫𝑮𝑺 𝑫 

0.8 mm 2.5 mm 2 mm 0.25 mm 
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Fig. 3. 10: Layout preparation of the Miniaturized sub-6 GHz Rectification Circuit Utilizing 

Self-Impedance Matching. 

 

Fig. 3. 11: Fabricated prototype of the proposed rectifier 
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3.3.2 Simulation and Measurement Results  

The setup for the measurement of reflection coefficient (|𝑆11|) and RF-to-dc PCE (η) of 

the proposed rectifier is shown in Fig. 3.12. |𝑆11| is measured with a Keysight PNA series 

vector network analyzer (Part #N5222A). The simulated and the measured |𝑆11| for different 

input power levels at their optimal efficiency conditions is shown in Fig. 3.13, where the 

measurement result accurately traces the simulation and stays well below -10 dB throughout 

the targeted bandwidth. For the output voltage measurement, an Anritsu vector signal generator 

(Part #MG3710A) and a digital multimeter were used.  

 

 

Fig. 3. 12: Measurement setup of the proposed rectifier. 

The RF-to-dc PCE (η) of the proposed rectifier is calculated using: 

     𝜂 = 
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
 × 100 % = 

𝑉𝑜𝑢𝑡
2

𝑅𝐿×𝑃𝑖𝑛
 × 100 %  (3.19) 
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where, 𝑃𝑖𝑛 is input power, 𝑃𝑜𝑢𝑡 is output power, 𝑉𝑜𝑢𝑡 is output dc voltage, and 𝑅𝐿 is load. 

The simulated and the measured PCE for different input power levels at optimal efficiency 

conditions is shown in Fig. 3.14.  

 

Fig. 3. 13: EM model simulated and measured  |𝑆11| for different input power levels at 𝑍0= 50 

Ω, 𝑓0 = 4 GHz and θ = 66.2°. 

The maximum PCE achieved from overall EM simulation layout is 70.564% at optimal 

efficiency input power of 17 dBm and optimal efficiency load of 1.1 KΩ at 4 GHz optimal 

efficiency operating frequency, whereas the maximum PCE obtained from the measurement of 

fabricated prototype is 65.561% at the optimal efficiency input power of 18 dBm and the 

optimal efficiency load of 1.3 KΩ at 3.  GHz optimal efficiency operating frequency, 

respectively. The measurement result shows that the proposed rectifier achieved a flat 

efficiency of more than 60% for the frequency bandwidth of 3.2 GHz to 5 GHz and 50% for 

the frequency bandwidth of 3 GHz to 5.8 GHz, respectively. Similarly, the simulated and the 

measured conversion efficiency for varying resistive loads are plotted at different input power 

levels shown in Fig. 3.15, which demonstrates that maximum efficiency is achieved at 1.3 KΩ 

of load for all input power levels during the measurement. The simulated and measured PCE 

for varying input power levels at optimal efficiency load and frequency conditions is shown in 

Fig. 3.16. The measurement results confirm that more than 50% of PCE is achieved for the 
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input powers from 10 dBm to 22 dBm. Similarly, the simulated and measured output dc voltage 

at optimal efficiency load and frequency conditions is shown in Fig. 3.17. 

 

Fig. 3. 14: EM model simulated and measured PCE for different input power levels at 𝑍0 = 50 

Ω, 𝑓0 = 4 GHz and θ = 66.2°. 

 

Fig. 3. 15: Simulated and measured PCE at 4 GHz and 3.9 GHz, respectively at different input 

power levels for varying loads. 
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Fig. 3. 16: Simulated and measured PCE at optimal load and frequency condition for varying 

input power levels. 

       

Fig. 3. 17: Simulated and measured PCE at optimal load and frequency condition for varying 

input power levels. 
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The measurement result of the proposed rectifier is compared with other related state-of-

arts, as shown in the Table 3.2. The rectifier reported in [40] achieved ultra-wideband with 

higher PCE and compact circuit size, but it doesn’t cover the targeted 5G frequency bands. 

Similarly, the rectifier presented in [71] obtained higher PCE for high frequencies but it has 

very narrow bandwidth and does not cover any frequency of 5G network. In [36], the rectifier 

achieved a good PCE for 3.7 GHz band of 5G, however, its circuit is bulky (approximately 

eleven times bigger than the proposed circuit) and does not cover 4.5 GHz band of the 5G. The 

rectifier reported in [72] covered the targeted frequency bandwidth with good PCE but its 

bandwidth for 50% efficiency is still lower and circuit size is approximately two times bigger 

as compared to the proposed rectifier. 

 Similarly, references [30] and [73], provided the maximum peak efficiency maintaining 

good PCE throughout the bandwidth but their circuits are bulky, approximately sixteen and 

seven times bigger than proposed rectifier, respectively and does not cover total available 

bandwidth of 5G.  

Therefore, by employing new self-impedance matching technique, the miniaturized 5G 

rectifier is designed to cover total available frequency bandwidth of sub-6G band of the 5G 

network. The proposed rectifier covered 3 GHz to 5.8 GHz with fractional bandwidth (FBW) 

of 63.63 %. Beside this more than 50% of PCE is maintained in this bandwidth with the overall 

circuit size of only 0.756 𝑐𝑚2 which is most compact due to the elimination of the matching 

circuit at input side which is usually done in traditional circuits. 

The fractional bandwidth (FBW) is calculated using the following formula, 

𝐹𝐵  = 
𝑓𝑢,η− 𝑓𝑙,η

(
𝑓𝑢,η+𝑓𝑙,η

2
)
 × 100 % 

(3.20) 

where, 𝑓𝑢,η and 𝑓𝑙,η  are upper and lower frequency, respectively for greater or equal to 

specified PCE. 
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Table 3.  2: Performance Comparison of the proposed rectifier with other state-of-arts 

N/A is not specified, ** Estimated from graphs. 

3.4 Summary 

In this chapter, a novel rectifier that employs the concept of self-impedance matching by 

connecting a driving rectifier in parallel with the conventional voltage doubler circuit is 

Ref. 
Diode 

Type 

Frequency 

[GHz] 

RF-to-dc 

Conversion 

Efficiency 

() 

Fractional 

Bandwidth 

(FBW) 

Peak 

Efficiency 

(𝛈𝒎𝒂𝒙) 

Size 

(cm2) 

[30] HSMS286 

2.0 – 3.05 

@ 10 dBm 

1.8 – 3.3 @ 

10 dBm 

> 70% 

 

> 50%** 

41.5% 

 

58.8% 

75.8% 

@ 14 dBm 
12.6 

[36] HSMS286 

1.75 – 3.55 

@ 10 dBm 

1.4 – 3.7 @ 

10 dBm 

> 70% 

 

> 50% 

67.9% 

 

90.196% 

75%** 

@ 10 dBm 
8.75 

[40] HSMS286 
0.06 – 3.32 

@ 10 dBm 
> 50% 192.9% 

77.3% @ 23 

dBm 
1.48 

[71] 
BAT15-

03W 

2.38, 

4.99 

1.78, 

2.35, 

4.97 

@ 5 dBm 

69.73%, 

55.28% 

60.95%, 

71.37%, 

54 % 

 

N/A 

69.73%, 

55.28% 

60.95%, 

71.37%, 

54% 

@ 5 dBm 

N/A 

[72] HSMS286 
3.0 – 5.1 @ 

5 dBm 
> 50% 51.8 % 

55%** 

@ 5 dBm 
1.5** 

[73] HSMS286 

2.1– 3.3 @ 

14 dBm 

2– 3.3 @ 4 

to 16 dBm 

> 70% 

 

> 50% 

44.4% 

 

49.0% 

76.3% 

@ 14 dBm 
5.58 

This 

work 
HSMS286 

3.2 – 5 @ 

18 dBm 

3 – 5.8 @ 

18 dBm 

> 60% 

 

> 50% 

43.9% 

63.63% 

65.56% @18 

dBm 
0.756 
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proposed. The driving rectifier is designed with a half-wave rectifier and a series stub line 

realized as a virtual dc voltage source. The high-impedance stub line (𝑍0, θ) of the driving 

rectifier is responsible for the frequency bandwidth adjustment of the proposed rectifier. The 

proposed concept makes the rectifier a most compact design by removing additional matching 

networks at the input and have simultaneous control on the frequency bandwidth and the peak 

efficiency. Such rectifier helps to effectively tune to design a desired rectifier at the target 

frequency band of the used 5G beamforming-based WPT system. The measurement result 

shows that the proposed rectifier covered all the accessible bandwidth of both 3.7 GHz and 4.5 

GHz bands of 5G (from 3 GHz to 5.8 GHz) with more than 50% PCE with a circuit size of only 

12mm × 6.3mm. Also, the use of DGS topology makes the proposed rectifier more compact 

and low-loss circuit. Such rectifiers can be applicable for beamforming-based WPT system of 

sub-6G signals from 5G network. 
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Chapter 4: Implementation of Self-Impedance Matching Rectifier 

in CMOS Technology 

4.1 Introduction 

For wireless power transfer in biomedical implants and some low power handheld gadgets 

like watches, IoTs devices, etc., compact size circuits are desired. The work presented in chapter 

2 and chapter 3 which were designed in PCB technology are bulky comes int the cm2 range and 

are lossy when the frequency comes to the GHz band. Complementary Metal-Oxide-

Semiconductor (CMOS) circuits are more compact and present lower loss even at several GHz 

making them good for millimeter wave applications. The high-power CMOS rectifiers therefore 

are good candidates for the wireless power transfer system in biomedical and smaller gadgets 

applications. Especially, CMOS rectifier designed to cover a broadband with maximum 

efficiency, are applicable in harnessing energy from closer nano base stations that deliver high 

output power [74]. For such high-power rectifiers, achieving simultaneous high efficiency and 

circuit compactness in broadband range is challenging, primarily due to the requirements of 

input impedance matching network. Despite numerous reported ideas for high power CMOS 

rectifier, compromises often need to be made in terms of size, efficiency, or bandwidth. The 

CMOS rectifiers discussed in [75]-[78] present several rectification topologies suitable for 

higher frequencies; however, they are hindered by bulky circuits.  

The rectifier presented in [79] offers circuit miniaturization but necessitates a compromise 

in efficiency. A rectifier with higher efficiency is reported in [80], [81], but they require off-

chip external matching and cover a single frequency. Furthermore, the rectifier discussed in 

[40] employing the concept of a virtual dc source that demonstrates the ability to cover a 

broadband range with higher efficiency using discrete diodes. However, rectifier [40] was 

fabricated on Printed Circuit Board (PCB) technology, which makes the circuit bulky. To 

address this issue, same rectifier topology can be design in CMOS technology referred as Idea-

I, depicted in Fig. 4.1(a), but this rectifier faces challenges such as i) no control over resonance 

due to the absence of passive matching element, ii) big inductor and iii) reduced efficiency. To 

achieve control over resonance, impedance matching network can be employed at input 

designed with 𝐶𝑀 and 𝐿𝑀 as Idea-II, depicted in Fig. 4.1(b); however, efficiency is still not 

improved a lot. 
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(c) 

 

(d) 

Fig. 4. 1: Performance comparison of different rectifier topology. (a) Rectifier circuit of Ref. 

[40] by replacing discrete diodes with CMOS transistors (b) Rectifier circuit of Fig. 4.1(a) 

substituting inductor (L) with input matching network (𝐶𝑀 and 𝐿𝑀 ) (c) Proposed CMOS 

rectifier (d) Comparison of simulated efficiency of Fig. 4.1(a), Fig. 4.1(b), and Fig. 4.1(c). 
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Till today, there are no reports of a CMOS rectifier capable of achieving broadband 

operation maintaining both maximum efficiency and compact circuit with control on resonance. 

Therefore, we proposed a novel rectifier design a solution to the problems arising from Idea-I 

and Idea II. In this work, a similar concept of a virtual dc source as in [40] is utilized, but with 

a major modification is to replace the series transistor of auxiliary rectifier with an inductor (L), 

as depicted in Fig. 4.1(c). In the proposed work, the key motivation of moving the inductor to 

the middle are:  

i) Resonance Control: Using impedance matching network at input (Idea -II) i.e., Fig. 

4.1(b), the control over resonance can be achieved, but such technique limits the operating 

bandwidth of the rectifier. But by moving the inductor to the middle, control over resonance 

is achieved maintaining the broadband operation, demonstrated through the impedance 

graph in Fig. 4.2. 
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(b) 

Fig. 4. 2: Performance comparison of impedance of Idea-II (Fig. 4.1(b)) and proposed topology 

(Fig. 4.1(c)). (a) Real Impedance (b) Imaginary Impedance. 

ii) Reduction in Losses due to Transistor: The rectifier circuits presented in Fig. 4.1(a) and 

Fig. 4.1(b) utilized four PMOS transistors (𝑀1, 𝑀2, 𝑀3, and 𝑀4), but the proposed rectifier used 

only three PMOS transistors (𝑀1, 𝑀2, and 𝑀3), which means the voltage required to turn-on 

the transistors in proposed topology is less as compared to Idea-I and Idea-II, resulting more dc 

voltage generate at output, consequently improved the efficiency. 

iii) Reduction in Losses due to Inductor: The design presented in Idea-II i.e., Fig. 4.1(b) 

used matching (𝐶𝑀 and 𝐿𝑀) at input, causing all the power is affected by inductor loss. However, 

in the proposed technique, half of the power goes to the main rectifier and suffers from transistor 

loss only, while the other half of the power goes to the auxiliary rectifier, which is affected by 

the inductor loss. This means that only half of the input power is affected by the inductor. 

Furthermore, the inductance required in the proposed rectifier is L = 4 nH, which is lower 

compared to the inductance required in the rectifier circuits topologies in Fig. 4.1(a) (L = 7 nH) 

and Fig. 4.1(b) (𝐿𝑀= 5 nH), respectively. The reason for this is that the 𝑉𝐷𝑆  (drain-source 
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voltage) of output transistor in the proposed rectifier is higher compared to Fig. 4.1(a) and Fig. 

4.1(b), resulting the proposed rectifier provides higher 𝐶𝑔𝑠 (gate-source capacitance) and 𝐶𝑏𝑠 

(base-source capacitance) compared to topologies presented in Idea-I and Idea-II. In conclusion, 

the proposed design offers better efficiency for the same quality factor and smaller inductor 

size as compared to other design topologies as depicted in Fig. 4.3 and Table 4.1, respectively. 

 

Fig. 4. 3: Efficiency comparison of proposed technique with convention design i.e., Idea-II at 

different values of quality factor. 
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Table 4. 1: Comparison between PCB and CMOS designs 

Rectifier Topologies Inductance Inductor Size 

Fig. 4.1(a) 𝐿 = 7 nH 0.168 𝑚𝑚2  

(1.8 times bigger than proposed) 

Fig. 4.1(b) 𝐿𝑀 = 5 nH 0.120 𝑚𝑚2  

(1.3 times bigger than proposed) 

Fig. 4.1(c) 𝐿 = 4 nH 0.093 𝑚𝑚2 (Proposed) 

 

4.2 Design of Compact and Efficient CMOS Rectifier 

4.2.1 Design and Analysis of Proposed CMOS Rectifier Circuit 

The proposed CMOS rectifier introduces the concept of a parallel rectifier by integrating 

the main rectifier (Rectifier-I) and auxiliary rectifier (Rectifier-II), as shown in Fig. 4.4. 

Rectifier-I is a conventional voltage doubler circuit solely dedicated to rectification designed 

with a dc block capacitor (𝐶1), two PMOS transistors (𝑀2 and 𝑀3), and an ac ground capacitor 

(𝐶4). 

Similarly, Rectifier-II is targeted for impedance matching purpose designed with half-wave 

rectifier composed of a dc-blocking capacitor (𝐶2), and a PMOS transistor (𝑀1), along with the 

integration of a single inductor (𝐿) and an ac grounding capacitor (𝐶3). In CMOS circuit, the 

loss due from the chip inductor is highly dominant and covers the significant chip area when 

designing full circuit. For the rectifier design, inductors are inherent for the matching purposes. 

In this work, circuit size and efficiency is a highly dominant on to the on-chip inductor, so 

transistor is selected to optimize the layout size and performance while using the available 

foundry inductor. 
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Fig. 4. 4: Schematic diagram of the proposed CMOS rectifier designed with 𝐶1= 𝐶2= 𝐶4= 5pF, 

𝐶3= 2pF, and 𝐿 = 4nH, where 𝐶1 and 𝐶2 are dc block capacitor, and 𝐶3 and 𝐶4 are low pass 

capacitor. Transistors 𝑀1, 𝑀2, and 𝑀3 have same width of 330 µm whereas the length of each 

transistor is 0.18 µm. 
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(b) 

Fig. 4. 5: Simulated impedance graphs of Fig. 4.2 at 𝑃𝑖𝑛= 20 dBm and 𝑅𝐿= 0.8 KΩ. (a) Real 

(b) Imaginary. 

The impedances of Rectifier-I and Rectifier-II denoted as, 𝑍𝑅𝑒𝑐𝑡−𝐼  and 𝑍𝑅𝑒𝑐𝑡−𝐼𝐼 , 

respectively deviate from the ideal 50 Ω impedance. However, by connecting them in parallel 

sharing the same RF source, the equivalent impedance of the proposed rectifier comes closer to 

50 Ω. The simulated input impedance graphs presented in Fig. 4.5, demonstrate that the 

impedance contributed from parallel connection of Rectifier-II effectively match both real and 

imaginary impedance of the proposed rectifier over a frequency range of 2.4 GHz to 3.5 GHz. 

4.2.2 Inductor for Resonance and Bandwidth Control in the Proposed Rectifier  

In CMOS technology, the transistor can be realized as a diode. The ac equivalent 

capacitance of the proposed rectifier as shown in Fig. 4.6 is expressed as 𝐶𝑒𝑞 =

(𝐶𝑀1 + 𝐶𝑀2 + 𝐶𝑀3) where 𝐶𝑀1, 𝐶𝑀2, and 𝐶𝑀3 are parasitic capacitance of the transistors 𝑀1, 

𝑀2 , and 𝑀3 , respectively expressed as, 𝐶𝑀1 = 𝐶𝑀2 =  𝐶𝑀3 = (𝐶𝑑𝑏 + 𝐶𝑔𝑠). These parasitic 

capacitance values of the transistor remain constant, resulting 𝐶𝑒𝑞of the proposed rectifier 

becomes fixed. Consequently, the sole parameter governing resonance of proposed rectifier is 

𝐿, clear from input admittance (𝑌𝑖𝑛) analysis of the proposed rectifier in (20). 
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Fig. 4. 6: Ac equivalent circuit of the proposed CMOS rectifier (Fig. 4.2) where 𝑀1 and 𝑀2 are 

in reverse-biased and 𝑀3 is in forward-biased. The parasitic capacitance of the transistors is, 

𝐶𝑀1 = 𝐶𝑀2 = 𝐶𝑀3 = (𝐶𝑑𝑏 + 𝐶𝑔𝑠) where 𝑅𝑀3,𝑂𝑁 is the ON state resistance of the transistor 𝑀3. 

𝑌𝑖𝑛 = 
1 

𝑅𝑀3,𝑂𝑁
 + 

1−𝜔2𝐿𝐶𝑒𝑞

𝑗𝜔𝐿
 (4.1) 

 

where, ω is the angular frequency. To eliminate imaginary part in (4.1), following 

conditions should be satisfied, 

1 - 𝜔2𝐿𝐶𝑒𝑞 = 0 
(4.2a) 

𝐿 = 
1

𝜔2𝐶𝑒𝑞
 

(4.2b) 

As evidenced by (4.2), the only parameter responsible for resonance control of the 

proposed rectifier is L. Furthermore, corresponding fractional bandwidth (FBW) is determined 

by the L, since this rectifier can be considered as a first-order bandpass filter (tank circuit) as 

shown in Fig. 4.7, the FBW is proportional to the ratio √𝐿 𝐶⁄  [82] as describe below: 

𝐶𝑀1 𝐶𝑀3
𝐿 𝑅𝑀3,𝑂𝑁

 
𝐶𝑀2

Virtual ac ground 

𝑀1  c   s Reverse-biased

 2  c   s Reverse-biased

𝑀3  c   s Forward-biased
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Fig. 4. 7: Equivalent circuit of the proposed CMSO rectifier. 

Fractional Bandwidth (FBW) can be defined as,  

𝐹𝐵  =  
𝑔0𝑔1

𝑄𝑒𝑥
 = 

2

𝑄𝑒𝑥
 (4.3) 

 where, 𝑔0 = 1 and 𝑔1 = 2 (Low-pass Filter Butterworth Coefficients)  

Also, 𝑄𝑒𝑥 is an external quality factor defined as, 

𝑄𝑒𝑥 = 
𝑏

𝑌0
 (4.4) 

According to [82], the susceptance slope parameter to define the bandwidth in parallel 

resonant circuit is,  

𝑏 = 
1

𝜔0𝐿
 (4.5) 

Substituting the value of 𝑏 on (4.4), 

𝑄𝑒𝑥 = 
1

𝜔0𝐿𝑌0
 = 

𝑍0

𝜔0𝐿
 (4.6) 

Now, substituting the value of  𝑄𝑒𝑥 on (4.3), the 𝐹𝐵  becomes,  

𝐹𝐵  = 
2

𝑄𝑒𝑥
 = 

2𝜔0𝐿

𝑍0
 = 

2

𝑍0
√

𝐿

𝐶
 (4.7) 

where 𝐿 is the matching inductance, and 𝐶 is the effective capacitance of the transistors.  

  

             



57 

  

From the above calculation, (4.7) shows the maximizing 𝐿 will lead to maximaiztaion of 

the bandwidth. Also, in the proposed design we have not used any external capacitors to achieve 

the impedance matching. Therefore, 𝐹𝐵  is maximized as anticipated from (4.7) based on the 

available parasitic capacitance from the transistors. 

Furthermore, simulated |𝑆11| of the proposed rectifier, as shown in Fig. 4.8 demonstrates 

that the inductance with all parasitic capacitances together act as a bandpass response and its 

resonance changes when value of L changes. 

 

Fig. 4. 8: Simulated reflection coefficient |𝑆11| of the proposed rectifier for different L at 𝑃𝑖𝑛= 

20 dBm and 𝑅𝐿= 0.8 KΩ. 

4.2.3 Selection of Transistor Size 

A smaller transistor width can minimize the circuit size, but it increases the inductance 

value and results in a poor-quality factor, resulting in lower power conversion efficiency. 

Conversely, a larger transistor width reduces the inductance and maintains the quality factor; 

however, due to the increased transistor leakage, efficiency does not improve significantly, and 

the circuit size increases, as depicted in Table 4.2. 
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Table 4. 2: Comparison of inductance, quality factor and area for different width of transistors 

Transistor Width (W) Inductance (L) Quality Factor (Q) Circuit Area (A) 

100 µm 7 nH 7 0.4146 𝑚𝑚2 

200 µm 5.8 nH 7.8 0.4182 𝑚𝑚2 

300 µm 4.2 nH 9 0.4215 𝑚𝑚2 

400 µm 3.4 nH 8.8 0.4220 𝑚𝑚2 

500 µm 2.8 nH 8.5 0.4224 𝑚𝑚2 

In this work, the selected width for each transistor 330 µm considering both size and 

efficiency of the proposed rectifier 

4.3 Fabrication and Measurement of Compact and Efficient CMOS Rectifier 

4.3.1 Layout Preparation and Prototype Fabrication  

The layout mask for the proposed CMOS rectifier is designed using the Cadence Virtuoso 

IC6 Software, employing 0.18 µm CMOS technology. To validate its performance, the rectifier 

is fabricated and measured. The measurement setup for the proposed rectifier is shown in Fig. 

4.9, which includes a probe station with one GSG infinity probe and one LGLLGL eye-pass 

DC probe, both from Formfactor. Digital multimeter, coaxial cable and the lumped component 

resistors are used for whole circuit build up. The measurement of reflection coefficient is 

performed using a Keysight PNA series vector network analyzer (Part #N5222A). The 

fabricated chip of the proposed rectifier, depicted in Fig. 4.10, exhibits an overall circuit area 

of 740 µm × 570 µm, with an active circuit area measuring 540 µm × 390 µm. 
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Fig. 4. 9: Fabricated proposed rectifier chip measurement setup. 

 

Fig. 4. 10: Fabricated chip of the proposed CMOS rectifier 

4.3.2 . Simulation and Measurement Results 

740 µm
5

7
0

 µ
m
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Fig. 4.11 shows the simulated and measured reflection coefficient |𝑆11| for different input 

powers at their optimal efficiency load conditions. This graph shows that there is a good 

agreement simulation and the measurement results. Moreover, reflection coefficient stays well 

below than -10 dB throughout the measured bandwidth of 2.5 GHz to 3.5 GHz at 22 dBm input 

power. 

 

Fig. 4. 11: Simulated and measured |𝑆11| for different input power at optimal efficiency load of 

0.8 KΩ and 1 KΩ, respectively. 

The RF-to-dc power conversion efficiency (PCE) of the proposed rectifier is measured 

using ROHDE & SCHWARZ SMM100A Vector Signal Generator and a digital multimeter. 

The RF-to-dc PCE (η) is calculated using (4.8), 

𝜂 = 
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
 × 100 % = 

𝑉𝑜𝑢𝑡
2

𝑃𝑖𝑛×𝑅𝐿
× 100 % (4.8) 

where, 𝑃𝑖𝑛 is input power, 𝑃𝑜𝑢𝑡 is out power, 𝑉𝑜𝑢𝑡 is output dc voltage and 𝑅𝐿 is load. The 

PCE obtained from circuit simulation, post layout and measurement of the proposed rectifier 

for different input powers is illustrated in Fig. 4.12, demonstrate the maximum PCE achieved 

from the simulation is 51.5  at optimal efficiency load of 0.8 KΩ, and optimal efficiency input 
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power of 20 dBm whereas maximum PCE achieved from the measurement is 46.80% at optimal 

efficiency load of 1 KΩ, and optimal efficiency input power of 22 dBm, respectively. The slight 

discrepancy between the measurement and simulation is due to the various parasitic appearing 

from chip itself as there are fabrication tolerances that were not fully included in simulations. 

Also, some losses may be contributed from the measurement setup cable connections. 

 

Fig. 4. 12: Simulated and measured PCE for different input power at optimal efficiency load of 

0.8 KΩ and 1 KΩ, respectively. 
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However, more than 40% PCE is achieved from the measurement of proposed rectifier 

throughout the frequency bandwidth of 2.5 GHz to 3.5 GHz. There is various effect from the 

various corners and temperatures in the transistor circuits. So. to show process variation effect 

performance of proposed rectifier, simulated efficiency against various corners and temperature 

is shown in Fig. 4.13 for different input powers. 

 

Fig. 4.  13: Simulated efficiency of the proposed rectifier for various corners and temperatures 

at different input powers. 

Similarly, the measured PCE for varying resistive loads at different input powers is shown 

in Fig. 4.14, presents more than 40  PCE is achieved throughout load range from 0.6 KΩ to 

1.2 KΩ at 22 dBm input power.  
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Fig. 4. 14: Measured PCE for varying loads at different powers. 

Furthermore, Fig. 4.15 depicts measured PCE and output dc voltage for input power from 

-10 dBm to 24 dBm at optimal load of 1 KΩ. The results demonstrate that 30% and 40% PCEs 

are obtained for power range 8 dBm to 24 dBm and 14 dBm to 24 dBm, respectively. 

 

Fig. 4. 15: PCE and output voltage for varying powers at 𝑅𝐿 of 1 KΩ. 
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Compared to the similar circuit topology in PCB technology [40], the proposed circuit has 

relatively higher efficiency and the major reasons for this are:  

i) In reference [40], the rectifier was fabricated in PCB technology where Schottky diodes 

were used. But the proposed design is implemented in CMOS technology where we used PMOS 

transistor as a rectifying unit. It is known that the PMOS transistor has higher threshold voltage 

(𝑉𝑡ℎ) when compared to the Schottky diode, that’s why the efficiency getting from CMOS 

design is lower as compared to the PCBs. 

ii) Another reason is, the metal used in CMOS technology has lower conductivity (i.e., σ 

= 2.4 *107 S/m) with smaller thickness (i.e., t = 2.34 µm) but the metal used in PCB technology 

is pure copper with the conductivity of 5.8*107 S/m (which is more than twice as compared to 

CMOS technology) and the thickness of 16 µm (which is more than six times as compared to 

CMOS technology). So, the metal traces as well as the inductors in CMOS have higher 

conductive loss than the PCB one.  

iii) Furthermore, the CMOS substrate has low resistivity. So, inductors tend to generate 

eddy current, which results in lower quality factor (Q) 

While designing an inductor, three important factors should be considered: a) quality factor, 

b) self-resonance and c) size. In this work, we design an inductor with maximum possible 

quality factor while considering its compactness. The comparison between the CMOS inductor 

and PCB inductor for their inductance values and quality factors over the frequency is shown 

here in Fig. 4.16 (a) and Fig. 4.16 (b), respectively. It is clearly visible that PCB inductors 

outperform CMOS ones. Still, as shown in Table 4.3, the CMOS inductor is 322 times smaller. 

Table 4. 3: Comparison between PCB and CMOS designs 

Technology Inductance 

(L) 

Self-resonance 

(𝑓𝑆𝑅) 

Quality Factor 

(Q) at 3 GHz 
Size (𝑚𝑚2) 

PCB 4 nH 8 GHz 280 30 

CMOS 4 nH 11.5 GHz 9.2 0.093 
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      (a) 

 

(b) 

Fig. 4. 16: Comparison between PCB and CMOS technology (a) Inductance comparison (b) 

Quality factor comparison. 
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Now to confirm the performance of the proposed topology, breakdown of the transistor. is 

checked which is defined the drain-source voltage (𝑉𝐷𝑆) As shown in Fig. 17, 1.8 V transistor 

is used and to avoid breakdown, maximum  𝑉𝐷𝑆 should not exceed 3.3 V, that means breakdown 

occurs if  𝑉𝐷𝑆 > 3.3 V. In the proposed topology shown in Fig. 4.16, the 𝑉𝐷𝑆 value of each 

transistor;  𝑉𝐷𝑆 (𝑀1) = 𝑉𝐴ʹ  = 3.23 V, 𝑉𝐷𝑆 (𝑀2) = 𝑉𝐵ʹ  - 𝑉𝐴= 3.10 V, and 𝑉𝐷𝑆 (𝑀3) = 𝑉𝐵 - 𝑉𝐵ʹ  = 

2.56 V does not exceed 3.3 V. In short, at output voltage 𝑉𝑜𝑢𝑡 = 𝑉𝐷𝑆 (𝑀1) + 𝑉𝐷𝑆 (𝑀2) + 𝑉𝐷𝑆 

(𝑀3) ≈ 10  , none of the transistors entered breakdown. But, beyond this, transistors start to 

breakdown from 𝑀1 and leakage may occur, resulting in efficiency degradation. 

 

Fig. 4. 17: Schematic diagram of the proposed CMOS rectifier with 𝑉𝐷𝑆 value of each transistor. 

4.3.3 . Performance Comparison  

The performance comparison of the proposed rectifier is shown in Table 4.4, which 

demonstrates the proposed CMOS rectifier achieved more than 40% PCE throughout the 
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broadband frequency range from 2.4 GHz to 3.5 GHz with a peak efficiency of 46.8% 

maintaining a compact circuit size compared to other state-of-the-art designs.  

The Figure of Merit (FoM) is calculated using the following formula: 

FoM = 
𝑚𝑎𝑥× 𝐹𝐵𝑊

𝐴𝑟𝑒𝑎(𝑐𝑚2)
 × 𝑓𝑜 (4.9) 

where, center frequency (𝑓𝑜) =  
𝑓𝐻 + 𝑓𝐿

2
, fractional bandwidth (𝐹𝐵 ) = 

𝑓H− 𝑓𝐿

𝑓𝑜
,  𝑓𝐻 , 𝑓𝐿 are 

high, low frequencies. 
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Table 4. 4: Performance comparison of proposed rectifier with other related state-of-arts 

*Includes transceiver, **includes T/R switch, ***required off chip matching, ****estimated 

from graph, N/A is not available. 

Ref. 
Frequency 

(GHz) 

Conversion 

Efficiency 

(%) 

Input 

Power 

(dBm) 

Output 

Load 

Resistance 

 

Technology 

Area 

{active 

area} 

(mm2) 

Figure 

of 

Merit 

(FoM) 

[30] 2.0-3.05 70 10 400 Ω PCB 1260 0.063 

[36] 1.75-3.55 70 10 N/A PCB 875 0.154 

[73] 2.1-3.3 70 14 500 Ω**** PCB 558 0.164 

[75] 2.4 15.9 0 
10 MΩ CMOS 

0.13 µm 
2.08* 

- 

[76] 5.8 14 0 
1 MΩ CMOS 

0.13 µm 
1.036** 

- 

[77] 2.4 
30 10 250 Ω CMOS 

0.13 µm 
0.7395 

- 

[79] 2.4 10.2 6 
N/A CMOS 

0.13 µm 
0.216 

- 

[80] 2.4 46 25.5 
24 Ω CMOS 

28 nm 
0.705*** 

- 

[81] 2.4 47 8.9 
2 KΩ CMOS 

0.18 µm 
0.057*** 

- 

This 

work 

2.4 - 3.5 > 40 
22   KΩ 

CMOS 0.18 

µm 

0.4218 

{0.2106} 
122.04 

2.9 46.8 (peak) 
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4.4 Summary 

In this chapter, a compact CMOS rectifier is proposed and designed. The proposed circuit 

employs the concept of parallel rectifier by integrating two rectifiers i.e., main rectifier and 

auxiliary rectifier named as Rectifier-I and Rectifier-II, respectively. In this work, the main 

rectifier was specially targeted for rectification whereas the auxiliary rectifier was designated 

for impedance matching, resulting in no need of any matching circuits at input. Additionally, 

the auxiliary rectifier is responsible for controlling the resonance of the proposed rectifier. The 

measurement results demonstrate more than 40% PCE throughout the frequency bandwidth of 

2.4 GHz to 3.5 GHz, with a peak efficiency of 46.8%. The proposed circuit maintains 

compactness with an active area size of 0.21𝑚𝑚2 . This highly efficient compact on-chip 

rectifiers are advantageous for the beamforming-based WPT systems that are applicable to 

power the smaller gadgets circuits which has constraints for high performance in the lower 

aspect ratio in terms of the circuit size. 
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Chapter 5: Wideband CMOS Rectifier with Higher Efficiency 

and Compact Size using Parasitic Cancellation Technique 

5.1 Introduction 

The rectifier proposed in chapter 4 has bandwidth 1.1 GHz. This is the maximum 

ultrawideband that is possible to achieve from the on-chip rectifier till date above 1 GHz. Now, 

to achieve ultrawideband operation above 2 GHz bandwidth, a conventional π-matching 

technique can be used at input as shown in Fig. 5.1(a) is checked. Using π-matching at input, 

wideband operation can be achieved but maintaining maximum efficiency throughout the 

bandwidth is difficult as shown in Fig. 5.1(c). So, there is always a compromise either on 

bandwidth or efficiency when designing the ultrawideband rectifier circuit.  

 

Fig. 5. 1: Wideband rectifier design with different matching topologies and their performance 

comparison (a) Rectifier with π-matching at input (b) Rectifier with combined L-matching at 

input and parasitic cancellation technique (c) Reflection coefficient comparison and (d) 

Conversion efficiency comparison of Fig. 5. 1(a) and 1(b). 
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To the best of author’s knowledge, there are no reports of a CMOS rectifier capable of 

achieving wideband operation targeting higher frequency maintaining both maximum 

efficiency and compact circuit. Therefore, in this work, a novel parasitic cancellation technique 

is proposed employing a single inductor (𝐿𝑝) at gate-side of the transistor (𝑀) along with the 

𝐿-matching at input as shown in Fig. 5.1(b), resulting ultra-wideband operation is achieved with 

maximum flat efficiency throughout the bandwidth as shown in Fig. 5.1(c). 

 

Fig. 5. 2: Rectifier design with different impedance matching topologies. (a) with L- matching 

(b) with gate-biasing (parasitic cancellation technique) (c) with combination of L- matching 

and parasitic cancellation real impedance comparison (e) imaginary impedance comparison (f) 

efficiency bandwidth comparison. 

5.2 Design of Proposed Wideband CMOS Rectifier 

5.2.1 Design Analysis of Wideband CMOS Rectifier Circuit  

To achieve ultra-wideband operation maintaining maximum flat efficiency, the proposed 

CMOS rectifier is designed using a single transistor (𝑀) with two impedance matching circuits, 

i) 𝐿-matching at input and ii) Gate-biasing of the transistor (parasitic cancellation). To analyze 

the ultra-wideband performance of the rectifier due to the combination of 𝐿- matching and gate-

biasing of transistor, the individual rectifiers i) with 𝐿- matching at input (designed with 𝐶𝑀 

and 𝐿𝑀) and ii) gate-biasing of the transistor (𝑀) (designed with 𝐿𝑃  at the gate of 𝑀) are 

investigated as shown in Fig. 5.2(a) and 5.2(b), respectively. The real impedance as shown in 

Fig. 5.2(d) and imaginary impedance as shown in Fig. 5.2(e) illustrated that the 𝐿-matching at 
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input is responsible for the resonance at 𝑓1= 2 GHz, whereas the parasitic cancellation technique 

is responsible for the resonance at 𝑓2= 4 GHz, respectively. When both matching techniques 

(Fig. 5.2(a) and 5.2(b)) are combined together as shown in Fig. 5.2(c), the impedance graph 

depicted that both frequencies, 𝑓1 and 𝑓2 can be covered maintaining near 50 Ω impedance 

throughout the bandwidth of 2 GHz to 4 GHz. The efficiency bandwidths obtained from L-

matching, parasitic cancellation technique, and combined deign are shown in Fig. 5.2 (f), 

illustrate that combined design (proposed technique) significantly improves the efficiency in 

between the resonances 𝑓1  and 𝑓2  and achieved  maximum flat efficiency throughout the 

operational bandwidth. The voltage waveforms obtained from L-matching, parasitic 

cancellation technique, and combined deign at 3.2 GHz (frequency in between 𝑓1 and 𝑓2) for 

CL = 0.6 pF and CL = 100 pF are shown in Fig. 5.3, depicts that output voltage obtained from 

the proposed design is significantly higher as compared to the L-matching and parasitic 

cancellation technique only. 

 

Fig. 5.3. Voltage waveforms obtained from Fig. 5.2(c) at 3.2 GHz for CL = 0.6 pF and 100 pF.   

 

5.2.2 Rectifier Circuit Analysis with and with Gate-biasing 

The rectifiers with and without parasitic cancellation technique with their ac equivalent 
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Fig. 5. 4: Rectifiers with their ac equivalent circuits (a) without parasitic cancellation technique 

(b) with parasitic cancellation technique. 

    

From Fig. 5.4(a), 

𝑍𝐴 = 𝑍𝐴1//𝑍𝐴2//𝑍𝐴3 

 

𝑍𝐴  = 𝑅𝑂𝑁// 
1

𝑗𝜔𝐶𝑒𝑞
 

where, 

𝐶𝑒𝑞 = 𝐶𝑆𝐺  + 𝐶𝐺𝐵 + 𝐶𝐺𝐷 +𝐶𝑆𝐵 

(5.1) 

𝑍𝐴 = 
(1−𝑗𝜔𝑅𝑂𝑁 𝐶𝑒𝑞)𝑅𝑂𝑁 

1+ 𝜔2𝑅𝑂𝑁
2𝐶𝑒𝑞

2  (5.2) 

From Fig. 5.4(b), 

𝑍𝐵 = 𝑍𝐵1//𝑍𝐵2//𝑍𝐵3 

 

(5.3) 

𝑍𝐵1 = 
1

𝑗𝜔𝐶𝑆𝐺
 + 

𝑗𝜔𝐿𝑃

1−𝜔2𝐿𝑃(𝐶𝐺𝐵+𝐶𝐺𝐷)
 (5.4a) 

𝑍𝐵2 = 
1

𝑗𝜔𝐶𝑆𝐵
 

𝑍𝐵3 = 𝑅𝑂𝑁 

(5.4b) 

(5.4c) 
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From (5.3), 

𝑍𝐵 = 
(𝑃−𝜔2𝐿𝑃𝐶𝑆𝐺)𝑅𝑂𝑁

−𝜔2𝐶𝑆𝐺 𝐶𝑆𝐵 𝑅𝑂𝑁 𝑃 +𝑗𝜔 (𝑃𝐶𝑆𝐺+𝑃𝐶𝑆𝐵−𝜔2𝐿𝑃𝐶𝑆𝐺𝐶𝑆𝐵)   
 

 

(5.5) 

where,  

   𝑃 = 1 − 𝜔2𝐿𝑃(𝐶𝐺𝐵 + 𝐶𝐺𝐷) 

 

(5.6) 

Solving (5.5),  

  𝑍𝐵 = 
(𝜔2𝐿𝑃𝐶𝑆𝐺−𝑃)(𝑄+𝑗𝜔𝑅)𝑅𝑂𝑁

𝑄2+𝜔2𝑅2
 

 

(5.7) 

where, 

𝑄 = −𝜔2𝐶𝑆𝐺𝐶𝑆𝐵𝑃𝑅𝑂𝑁 

𝑅 = 𝑃𝐶𝑆𝐺 + 𝑃𝐶𝑆𝐵 − 𝜔2𝐿𝑃𝐶𝑆𝐺𝐶𝑆𝐵 

 

(5.8) 

(5.9) 

 

From (5.7), it can be understood that the cancellation circuit determined the input impedance 

of the proposed rectifier. Now to achieve ultra-wideband operation, previously L-matching can 

be designed at a lower frequency (𝑓1) and then parasitic cancellation technique can be employed 

at a higher frequency (𝑓2) as shown in Fig. 5.4 (b). In the optimized design, the inductance 

values LM and LP are 7 nH and 4 nH, respectively. 

5.3 Fabrication and Measurement  

5.3.1 Implementation and Prototype Fabrication 

The proposed broadband CMOS rectifier layout mask in this work is prepared using 

Cadence Virtuoso IC6 Software in a 6-metal/1-poly (6M1P) CMOS process where the metal-1 

to metal-6 are referred to as M1 to M6. The inductors and the capacitors used are standard 

foundry inductors and capacitors that are selected from the optimization. The prototype of the 

proposed rectifier is fabricated for checking its validation. The prototype chip photo is shown 

in Fig. 5.5. Inside the chip, some excess metal was added to satisfy the design rules of the 

foundry. The chip size is 1050 µm × 760 µm, with an active circuit area measuring 850 µm × 

610 µm without ground-signal-ground (GSG) measurement pads. 
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Fig. 5. 5: Fabricated chip of the proposed CMOS rectifier. 

 

5.3.2 Measurement of Return Loss |S11| and RF-to-dc Conversion Efficiency (η) 

The measurement setup consisted of CASCADE Microtech Summit 11000 M probe station 

equipped with one on-wafer infinity RF probe to input RF signal and one LGLLGL eye-pass 

DC probe for DC output measurement, and both are from Formfactor. The RF input signal is 

generated using ROHDE & SCHWARZ SMM100A Vector Signal Generator, the return loss is 

measured using Agilent Technologies N5222A PNA Network Analyzer. For the output voltage 

measurement, a digital multimeter is used. 
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Fig. 5. 6: Simulated and measured |S11| for different input powers at optimal 𝑅𝐿 of 300 Ω and 

500 Ω, respectively. 

 

The simulated and measured S-parameters of the proposed CMOS rectifier, shown in Fig. 

5.6, demonstrate good agreement between simulation and measurement. The measured return 

loss |S11| stays well below -10 dB throughout the bandwidth of 1.5 GHz to 5 GHz at an input 

power of 18 dBm. The measured return loss shows about a 2 dB difference from the simulated 

results. This discrepancy may be due to the tolerance of the metal conductance in the used 

technology and other parasitic that were not included during the simulations. 

The RF-to-dc Power Conversion Efficiency (PCE) of the proposed CMOS rectifier is 

calculated using the following formula, 

                                             𝜂 = 
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
 × 100 % = 

𝑉𝑜𝑢𝑡
2

𝑃𝑖𝑛×𝑅𝐿
× 100 %                                                              

 (5.10) 
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where, 𝑃𝑖𝑛 is input power, 𝑃𝑜𝑢𝑡 is out power, 𝑉𝑜𝑢𝑡 is output dc voltage and 𝑅𝐿 is load. The PCE 

obtained from the simulation and measurement of the proposed rectifier for different input 

power levels at their optimal efficiency load conditions is shown in Fig. 5.7. From simulation, 

more than 50% PCE is obtained for the operating bandwidth of 1.8 GHz to 4.2 GHz at optimal 

efficiency load of 300 Ω and optimal efficiency input power of 17 dBm, respectively with 

55.5% of peak efficiency. Similarly, from measurement, more than 48% PCE is obtained for 

the operating bandwidth of 1.9 GHz to 4.1 GHz to 4.1 GHz at optimal efficiency load of 500 

Ω and optimal efficiency input power of 18 dBm, respectively with 52.80  of peak efficiency. 

Similarly, the simulated and measured PCE and output voltage with respect to input power level 

are shown in Fig. 5.8(a) and Fig. 5.8(b), respectively. Furthermore, Fig. 5.9, shows the 

simulated and measured PCE with respect to output load for different input power levels. 

 

Fig. 5. 7: Simulated and measured PCE with respect to frequency for different input powers at 

optimal 𝑅𝐿 of 300 Ω and 500 Ω, respectively. 

 

 

0

10

20

30

40

50

60

0 1 2 3 4 5 6

E
ff

ic
ie

n
cy

 [
%

]

Frequency [GHz]

5 dBm 10 dBm 15 dBm

18 dBm Simulation @ 17 dBm



78 

  

 

(a) 

 

(b) 

Fig. 5. 8: Simulated and measured results at RL of 300 Ω and 500 Ω, respectively (a) PCE (b) 

output voltage, with respect to input power.  
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Fig. 5. 9: Simulated and measured PCE with respect to load at different input power levels.  

 

5.3.3 Performance Comparison 

The performance comparison of the proposed wideband rectifier is shown in TABLE 5.1, 

which demonstrates the proposed CMOS rectifier achieved more than 48% PCE for the 

frequency bandwidth of 1.9 GHz to 4.1 GHz at 500 Ω and 18 dBm of optimal efficiency 

condition with peak efficiency of 52.8% and active area of 0.51 mm2. The proposed work 

achieved ultra-wideband operation in CMOS ever reported as compared to related state-of-arts. 
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Table 5. 1: Performance comparison of proposed rectifier with other related state-of-arts 

*Required transceiver, **required T/R switch, ***required off chip matching. 

5.4 Summary 

In this chapter, a compact ultra-wideband CMOS rectifier is proposed and designed. The 

proposed circuit employs the concept of parasitic cancellation techniques cascaded with the 

conventional L-matching to achieve ultra-wideband operation at targeted range. The 

measurement results demonstrate more than 48% PCE throughout the frequency bandwidth of 

1.9 GHz to 4.1 GHz, with a peak efficiency of 52.8% at 18 dBm of input power and 500 Ω of 

load. The proposed circuit maintains compactness with an active area size of 0.51 𝑚𝑚2. This 

highly efficient compact ultra-wideband on-chip rectifier are advantageous for the 

beamforming-based WPT systems that are applicable to power the smaller gadgets circuits 

which has constraints for high performance in the lower aspect ratio in terms of the circuit size. 

Ref. 
Frequency 

(GHz) 

Conversion Efficiency 

(%) 

Output 

Load 

Resistance  

CMOS 

Technology 

Area 

{active area} 

(mm2) 

[75] 2.4 15.9 @ 0 dBm 10 MΩ 0.13 µm 2.08* 

[76] 5.8 14 @ 0 dBm 1 MΩ 0.13 µm 1.036** 

[77] 2.4 30 @ 10 dBm 250 Ω 0.13 µm 0.7395 

[80] 2.4 46 @ 25.5 dBm 24 Ω 28 nm 0.705*** 

[81] 2.4 47 47 @ 8.9 dBm 2 KΩ 0.18 µm 0.057*** 

[83] 2.4 - 3.5 > 40 @ 22 dBm 1 KΩ 0.18 µm 
0.4218 

{0.2106} 

This 

work 

1.9 - 4.1 > 48 @ 18 dBm 
0.5 KΩ 0.18 µm 

0.798 

{0.5185} 
2.1 52.8 (peak) @ 18 dBm 
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Chapter 6: Conclusion and Future Prospect 

The thesis has outlined the design of various rectification circuits that would be applicable 

for the beamforming-based WPT system ranging from the larger devices to the smaller devices 

meeting the constraints for effective wireless energy transfer. Major requirements of the 

rectifier for such applications as working for dual power band, reconfigurable frequency band, 

and the size requirements are featured. By employing DGS topology, high quality factor 

inductors are achieved which replace the use of conventional lossy lumped inductor, resulting 

in improvement efficiency. Furthermore, the concept of self-impedance matching is introduced 

for wideband rectification having the control over resonance which maintains good efficiency 

throughout the total available bandwidth of the 5G network. Additionally, to make the circuit 

more compact, the rectifier is designed in CMOS technology. 

6.1 Conclusion 

The main contributions in this thesis are summarized as follows: 

➢ Firstly, by tuning the operating frequency at input, dual power bands are obtained from 

a single rectifier circuit with higher efficiency. In the proposed rectifier, frequency f1 = 

900 MHz is selected for low-power applications whereas f2 = 2.4 GHz is selected for 

low-power applications. For impedance matching of the Rectifier-I and Rectifier-II, the 

required inductance values of 34 nH and 5 nH respectively are realized using DGS 

topology, resulting in reduced inductor loss and improved efficiency. The proposed 

rectifier covered the input power range from -18 dBm to 2 dBm, 8 dBm to 20 dBm 

maintaining more than 50% of RF-to-dc conversion efficiency with overall circuit size 

of 35mm × 30mm. 

 

➢ Secondly, the concept of self-impedance matching is employed by connecting a driving 

rectifier in parallel with the conventional voltage doubler circuit. The driving rectifier 

is designed with a half-wave rectifier and a series stub line realized as a virtual dc 

voltage source. The high-impedance stub line ( 𝑍0 , θ) of the driving rectifier is 

responsible for the frequency bandwidth adjustment of the proposed rectifier. The 

proposed concept makes the rectifier a most compact design by removing additional 

matching networks at the input and have simultaneous control on the frequency 
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bandwidth and the peak efficiency. The measurement result shows that the proposed 

rectifier covered all the accessible bandwidth of both 3.7 GHz and 4.5 GHz bands of 

5G (from 3 GHz to 5.8 GHz) with more than 50 % PCE with a circuit size of only 12mm 

× 6.3mm. Also, the use of DGS topology makes the proposed rectifier more compact 

and low-loss circuit. Such rectifiers can be applicable for EH of sub-6G signals from 

5G network. 

 

➢ Thirdly, the concept of parallel rectifier by integrating two rectifiers i.e., main rectifier 

and auxiliary rectifier named as Rectifier-I and Rectifier-II, respectively is employed. 

In this work, the main rectifier was specially targeted for rectification whereas the 

auxiliary rectifier was designated for impedance matching, resulting in no need of any 

matching circuits at input. Additionally, the auxiliary rectifier is responsible for 

controlling the resonance of the proposed rectifier. The measurement results 

demonstrate more than 40% PCE throughout the frequency bandwidth of 2.4 GHz to 

3.5 GHz, with a peak efficiency of 46.8%. The proposed circuit maintains compactness 

with an active area size of 0.21mm2. 

 

➢ Finally, an ultra-wideband CMOS rectifier was proposed employing a novel parasitic 

cancellation technique using a single inductor (Lp) at the gate side (G) of the transistor 

(M) along with the L-matching at the input. The proposed technique significantly 

improves the efficiency between the resonances due to L-matching and parasitic 

cancellation, resulting maximum flat efficiency is obtained throughout the ultra-

wideband range. The proposed design achieves more than 48% conversion efficiency at 

18 dBm optimal input power and 500 Ω optimal load conditions for the broadband range 

from 1.9 GHz to 4.1 GHz, with an active circuit size of 0.51 mm2.  

 

6.2 Future Prospects 

In this thesis we were successful to develop various rectifiers that are able to work in 

various power levels, frequencies, and are compact to be implement in compact circuit 

requirements. Now, to implement the thesis outcomes, the future prospects would be to build 

the beamforming based WPT system employing beamforming antennas the developed 

rectification circuits, which will be as follows: 
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I. Design of beamforming antennas using metamaterial for WPT: 

Beamforming antennas are indispensable to achieve beamforming-based WPT. 

Metamaterial ae engineered structures that can manipulate the EM fields and offer an 

innovative solution for improving the efficiency and the directivity of the antenna array 

system. So, utilizing the advantages of the metamaterial, metamaterial-based 

beamforming antenna development will be effective for beamforming WPT system 

design. Fig. 6.1 shows a metamaterial structure unit cell. By arranging these 

metamaterials in planar configuration, metamaterial sheets can be designed as shown in 

Fig. 6. 2. A good point of this unit cell metamaterial is that it can be used as a basic 

antenna unit structure to design high gain unit cell antenna. 

 

 

 

              (a) 

 

Top View 3D View
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(b) 

Fig. 6. 1: Unit metamaterial structure (a) Layout view (b) simulation model in HFSS software 

representing magnetic walls, electric walls, and wave ports. 
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Fig. 6. 2: Metamaterial-based beamforming antenna design. 

II. Integration of metamaterial-based beamforming antenna with proposed CMOS rectifier 

The overall beamforming-based WPT system will finally be designed by the 

integration of the developed CMOS rectifier and metamaterial-based beamforming 

antenna. This system will be capable of operating for various power levels at the target 

operating frequency.  

 

Fig. 6. 3: Metamaterial-based beamforming antenna integration with proposed rectifiers. 
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