
WIRELESS POWER TRANSMISSION BASED ON 

RETRO-REFLECTIVE ANTENNA ARRAY 

 

by 

 

SHAOSHU SHA 

 

Presented to the Faculty of the Graduate School of 

The University of Texas at Arlington in Partial Fulfillment 

of the Requirements 

for the Degree of 

 

DOCTOR OF PHILOSOPHY 

 

THE UNIVERSITY OF TEXAS AT ARLINGTON 

December 2013 

 

 



 ii 

Copyright © by Shaoshu Sha 2013 

All Rights Reserved 



 iii 

Acknowledgements 

First of all, I would like to express my sincere gratitude to Dr. Mingyu Lu. He was 

my advisor for 5 years. Not only did he impart knowledge to me, but also the way of 

thinking. He always asked me to think about the fundamentals and said if you really 

understand a thing you can always explain it in a very simple way. Without his advices 

and encouragement I wouldn’t be able to get so far in my PhD study.  

Secondly, I owe thanks to Dr. Sungyong Jung, my co-advisor, for his guidance 

and support throughout my dissertation. His opinion and suggestions were invaluable to 

the completion of the the dissertation. Also I want to thank Dr. Jonathan Bredow, Dr. 

Robert Magnusson, Dr. Saibun Tjuatja and Dr. Haiying Huang for their consent and time 

to be my committee members. 

I would also like to thank Dr. Xin Wang, Li Fang, Lisheng Guo, and Jinmei He for 

their help of simulation and collecting the experimental data. 

I also owe thanks to Shan Shen, the general manager of Ayia Electronic Tech 

Co., LTD, for their help of fabricating the antennas and rectifiers. 

Also, I would like to thank my laboratory colleague Sunil Govardhan and Jay Jen 

for the help. 

I also give thanks to all my friends who help me in my life. They make my life rich 

and memorable. 

Most importantly, I am grateful to my parents and family for their unconditional 

love and support of my studies, especially during hard times. They always back up my 

decisions and encourage me to pursuit what I like.   

November 22, 2013 



 iv 

Abstract 

WIRELESS POWER TRANSMISSION BASED ON 

RETRO-REFLECTIVE ANTENNA ARRAY 

 

 

Shaoshu Sha, PhD 

 

The University of Texas at Arlington, 2013 

 

Supervising Professor: Sungyong Jung 

In recent years, there is a lot of research on wireless power transmission (WPT) 

for various applications, such as mobile devices, electric vehicles, implanted medical 

devices, sensors, RFID, etc. Compared to wired power transmission, WPT is more 

convenient and allows the devices to move more freely. Microwave beamforming WPT 

has been investigated extensively because its fast tracking capability, multiple target 

tracking capability and so on.  

A retro-reflective antenna array based on novel phase-conjugate method is 

proposed in this dissertation. The phase of the received signal is detected individually 

and simultaneously at each antenna and the conjugated phase is applied to the 

corresponding phase shifter of each antenna. Using this method, the antenna element of 

the array can be placed arbitrarily, which offers high construction flexibility. The single 

frequency WPT experimental results verify that the proposed retro-reflective antenna 

array is able to track and focus microwave beam on the receiver. Experiments also show 

that the transmission efficiency can be improved by increasing the antenna number. A 

rectenna is also designed to convert received RF energy into DC energy. Measured 

results show excellent agreement with simulations. 



 v 

The sidelobe level in the single frequency WPT can be reduced by using ultra-

wideband (UWB) retro-reflective beamforming. The system design of the UWB retro-

reflective antenna array is improved in this dissertation by using sub-band technique. An 

impulse receiver is also designed to extract the spectrum of UWB signal. The UWB signal 

is decomposed into several narrower sub-bands with overlapping regions. An algorithm is 

developed to seamlessly merge the sub-band spectra into a complete wideband 

spectrum. Experimental results show that the proposed impulse receiver is able to extract 

the wideband spectrum with little distortion. 
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Chapter 1  

Introduction 

Nowadays, modern people are relying on electronic devices, such as mobile 

phones, laptops, and tablets more than ever. As they become more powerful, they also 

consume more power. However, the battery technology has not made breakthroughs to 

meet the ever-increasing demand, and thus people have to plug their devices into power 

source frequently. In the recent years, there is a lot of research on wireless power 

transfer/transmission (WPT), or wireless charging for various applications, including 

mobile electronics [1] [2], electrical vehicles [3] [4], implanted devices [5] [6], RFID [7] [8], 

etc. Compared to wired charging or transmission, WPT is more convenient and allows 

the devices under charging to move more freely.  

Nicola Tesla was the pioneer of WPT. He proposed two ideas of WPT in 19th 

century to realize his dream of World of Wireless [9] [10]. Even though Tesla did not 

succeed, his early work still influences recent mid-range wireless power transfer. Not only 

did Tesla create “the idea of inductive coupling between the driving and the working 

circuits”, he also pointed out “the importance of tuning both circuits, that is, the idea of an 

‘oscillation transformer’” [11]. The “oscillation transformers” combined the magnetic 

induction principle and magnetic resonance between two coil-resonators, and the 

combination is a common theme in recent short-range and mid-range wireless power 

transfer. 

Besides Tesla’s ideas, there are five methods currently under development for 

WPT; there are (1) ultrasonic, (2) inductive coupling, (3) magnetic resonance coupling, 

(4) microwave beamforming, and (5) laser. Except ultrasonic, all other methods use 

electromagnetic (EM) wave. 
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Ultrasonic WPT utilizes piezoelectric materials to convert electrical power to 

acoustic wave, and vice versa [12]. The biggest advantage of ultrasonic WPT is that its 

wavelength is much smaller than the EM wave for the same frequency, because its 

propagation speed is much slower than the EM wave’s. Smaller wavelength permits 

smaller transducer size to achieve high directivity compared to the EM counterpart. But 

ultrasonic WPT is not efficient through air [12]. The reason is that air has very low 

acoustic impedance (about 400 Pa·s/m) while piezoelectric material’s acoustic 

impedance is around 30 MPa·s/m. The impedance mismatch causes big reflections, thus 

reduces the transfer efficiency dramatically. 

Inductive coupling WPT uses magnetic near field to transfer energy between two 

coils. The principle is Faraday’s Law of Induction. A time-varying current driving the 

primary coil generates time-varying magnetic field, which in turns induces time-varying 

current in the secondary coil. The two coils must place very close to each other in order 

to achieve high efficiency. As the distance between coils increases, the efficiency drops 

exponentially. However the distance can be increased by tuning both transmitter and 

receiver coils resonating at the same frequency [13]. Even though inductive coupling 

WPT has very short range – about the same as coils diameter, it is very simple and the 

efficiency is every high (up to 95% [14]).  

Magnetic resonance coupling further extends the transmission distance by 

adding a power driving coil and a load coil to the inductive coupling system [15]. The 

addition of the two coils offers two more mutual coupling coefficients for impedance 

matching. when the transmission distance is changed, the two extra mutual coupling 

coefficients are tuned to match the load impedance to source impedance. However, the 

extension of transmission distance does not come without its price compared to inductive 

coupling method. Because it is based on maximum power transfer theorem (inductive 
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coupling is based on maximum efficiency theorem), the total efficiency cannot exceed 

50%, no matter how high the transfer efficiency is between the Sending and Receiving 

resonator coils [16].  

While the inductive coupling and magnetic resonance coupling use the near field 

of EM waves, microwave beamforming WPT utilizes the far field component of EM 

waves. The disadvantage is that far field radiates in all directions and the power is 

inversely proportional to the square of distance. However, the transmission efficiency can 

be improved to 100% theoretically, by increasing the gain of the antenna or antenna 

array. The benefit of using antenna array is that the direction of the  microwave beam can 

be electronically steered, thus provides fast tracking capability.  

When the frequency of the EM waves is in the region of visible light (several 

hundred of terahertz), power can be transmitted using a laser beam and collected by 

photovoltaic cells [17]. Compared to microwave beam, laser has much better directional 

property because of its collimated monochromatic wavefront propagation. This allows 

very narrow beam cross-section area for transmission over long distances [18]. However, 

laser radiation is hazardous, even low power level can blind people or animals. High 

power level can even kill through localized spot heating. So laser beam power 

transmission is mostly explored in military weapons [19] [20] and aerospace [21].  

Table 1-1 summarizes and compares different technologies of WPT in terms of 

range, efficiency, complexity, and so on. Safety is a very important issue for all the 

technologies, however, not much research is done in this area yet [22] [23], so it is not 

compared in the table. But procedures must be taken to meet the regulations for each 

technology [24-28]. 
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Table 1-1 Comparisons Between Different WPT Technologies 

 Ultrasonic Inductive 
Coupling 

Magnetic 
Resonance 

Coupling 

Microwave 
Beamforming Laser 

Principle Acoustic 
Waves 

Magnetic 
Near field 

Magnetic 
Near field 

EM 
Far field Laser 

Range Short to 
medium Short Medium Medium to 

Long Long 

Overall 
Efficiency Low to high High Medium Low to 

medium Medium 

Transmitter 
Size Small Large Large Large Small 

Receiver 
Size Small Large Large Small to 

large 
Small to 
medium 

Receiver 
Power Level Low to High Medium to 

high Medium Low to high Low to high 

System 
Complexity Medium Simple Medium High High 

Receiver 
Mobility Low Low Low High Medium 

Cost Medium Low Low High High 
 

In this dissertation, the microwave beamforming method is used for WPT. There 

are several benefits of microwave beamforming method, such as fast tracking capability, 

multiple receivers tracking capability, good penetration through objects and multipath 

environment compatibility. Fast tracking capability is the most important one. With the 

assistance of pilot signal from the receiver, the microwave beam can automatically focus 

on the receiver even it is moving. Ultrasonic transducer array has the similar 

beamforming capability, but the impedance mismatch between transducer and air limits 

the transmission efficiency [12]. With active impedance matching [29] and frequency 

tracking technique [30], Inductive coupling and magnetic resonance coupling is able to 

maintain high efficiency for different receiver’s locations, but the receiver’s mobility is very 

limited. Laser system can also steer the beam towards the receiver, but the receiver has 
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to adjust its photovoltaic panel to the beam direction mechanically, which makes the 

receiver system complicated and bulky. Using some techniques, the microwave 

beamforming can also create a separate beam for each receiver. Another benefit of 

microwave beamforming WPT is that microwave at RF frequency has good penetration 

through non-metal objects such as woods and walls. With time-reversal or phase-

conjugate techniques, microwave beamforming method can also work in complex 

environments [31]. Actually, the multipath effect improves the focusing effect, even 

beyond the diffraction limit [32].  

There are many microwave beamforming methods. Traditional phased antenna 

array can steer microwave beam towards the receiver, but it needs to know the receiver’s 

location. But more often the retro-reflective (also called retro-directive) antenna array is 

used, because it automatically focuses the microwave beam on the receiver. The 

principle of retro-reflective antenna array is retro-reflection. In contrast to mirror reflection, 

retro-reflection reflects the wave back to the direction of incidence. 

Van Atta array is one type of retro-reflective antenna array. It has pairs of 

antennas interconnected by transmission lines of the same length [33]. The wave 

received by one antenna is reradiated by its pair. Because the transmission lines have 

the same length, the phase difference between the pair is flipped. The reverse of phase 

difference creates the outgoing wavefront same as the incoming one, so that the 

reradiated wave is retro-reflected back to the incident direction. However, the Van Atta 

array is restricted to planar wavefront and planar arrangement, thus not very spatially 

efficient [34].  

Phase-conjugate array using heterodyne scheme is a more popular way to 

realize retro-reflection [35]. It reverses the phase at each antenna, so the antenna 

elements are not restricted to planar placement and equal spacing. There are two major 
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heterodyne schemes of phase-conjugate array: (1) using local oscillator (LO) at twice of 

the radio frequency (RF) [36], and (2) using a small intermediate frequency (IF). The first 

scheme achieves phase conjugate using only one LO and one mixer, but it suffers from 

RF-to-IF isolation problem because the RF and IF signals have the same frequency. The 

second scheme uses two LOs and two mixers to solve the RF-to-IF isolation problem. It 

is also capable of full-duplex communication by modulating the retransmitted signal [37]. 

But adding more LO and mixer makes the system bulky and costly. 

All the methods mentioned above have one common limitation, that is they only 

response to incoming signal, but cannot transmit power by themselves. 

Phase detection and phase shifting is another technique to realize retro-reflection 

[38]. The angle of arrival (AoA) is detected by a two-element antenna array and the angle 

information is used to control of the phase shifters of the transmitting antenna array. The 

progressive phase difference between adjacent elements steers the beam back to the 

direction of incidence. The advantage of this idea is that it can maintain a constant 

retransmitted power. However, similar to Van Atta array, this method also requires planar 

wavefront, planar arrangement and equal spacing of antenna elements.  

Another idea is try-and-error brute force. The transmitting antenna array keeps 

adjusting the phase shifter of each antenna until the receiver reports maximum power is 

received [39]. When the receiver moves, or the environment changes, the 

synchronization procedure has to be performed again. This method guarantees that the 

received power is maximized with little communication overhead. But it is not efficient. If 

the receiver keeps moving, the method takes a lot of time to synchronize, especially 

when the number of antennas is large, and a large number of antennas is required to 

achieve high transmission efficiency. 
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A new phase-conjugate method is used in this dissertation to realize the retro-

reflective antenna array. The phase of the received pilot signal at each antenna element 

is detected simultaneously using heterodyne receiver, then the conjugated phase is 

applied to the phase shifter of each antenna for retransmission. Because the phase-

conjugate is performed at each antenna individually, the antenna element can be fplaced 

arbitrarily, which offers high construction flexibility. Also, the phase shifters enable the 

antenna array transmit power to the receiver continuously, so the receiver only need to 

send pilot signal when it moves or at a low repetition rate. Single-frequency WPT 

experiments are conducted to demonstrate the auto-focusing and tracking capability of 

the retro-reflective antenna array. Also, a 2-element array and a 4-element array are 

compared in the experiments to show that the focusing effect and the transmission 

efficiency can be improved by increasing the number of antennas. To convert the 

received RF energy into DC energy, a rectenna is designed too. It is based on 6-stage 

voltage multiplier architecture to boost the output DC voltage.  

Sidelobe is another consideration in wireless power transmission. It is not only a 

waste of energy, but also potential interference to other wireless technologies. In single 

frequency power transmission, beam shaping techniques are usually adopted to reduce 

sidelobes [40], but the maximum gain of the antenna array remains the same, instead the 

main beam width is increased. In other words, the focal area is larger. In some 

applications, this could improve the transmission efficiency if the receiving antenna or 

array is large enough. Another way to reduce the sidelobe is to use ultra-wideband 

(UWB) retro-reflective beamforming [41]. In this method, the main beam width and 

maximum gain remain the same, but the sidelobes are smaller because their energy 

goes to the nulls in the radiation pattern. The numerical simulation in [41] shows that the 

sidelobes (or multiple focal points) are greatly reduced when 30 frequencies in an ultra-
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wideband are used. A hardware system based on frequency-domain approach is 

proposed in [31] that can implement the UWB retro-reflective antenna array in [41], but it 

is a little bit complicated. In this dissertation, an improved hardware system is proposed 

to reduce the number of local oscillator and mixer, thus reduce the system complexity. 

The new system consists of two subsystems, one of which is the power receiver (which is 

missing in [31]) and the other is power transmitter, which is the retro-reflective antenna 

array. The power receiver is relatively simple. It has an impulse transmitter that sends the 

wideband pilot signal, and a rectenna that receives and converts RF energy into DC 

energy. On the other hand, the power transmitter consists of three functional blocks: an 

impulse receiver, a DSP and a waveform generator. The impulse receiver analyzes the 

received pilot signal and extracts the spectrum together with a DSP. Then the DSP 

processes the spectrum and controls the waveform generator to synthesize the waveform 

for retransmission.  

Impulse receiver for UWB signal faces challenges. The time-domain method 

using sampling and Fourier transform is straightforward, but it requires a high speed 

ADC, which is very expensive. Frequency-domain sampling method has been 

investigated to extract the spectrum of UWB signal to avoid high-speed ADC [31]. But it 

requires a LO, a mixer and a filter for each frequency sample [31]. Sub-band technique 

[104] combines several frequency samples together to reduce the number of LO, mixer 

and filter, even though the ADC speed is required to be higher. But the sub-band 

technique is designed to estimate the information bit carried in the UWB signal, not to 

perfectly extract the spectrum. However, the spectrum, especially the phase information 

is very important in the retro-reflective antenna array to focus the beam automatically on 

the receiver. In this dissertation, the sub-band technique is improved by assigning 

overlapping regions to the adjacent sub-bands. The sub-band spectra are obtained first. 
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Then an algorithm is developed to seamlessly merge the sub-band spectra into a 

wideband spectrum.  

The single-frequency WPT experiment results verify that the retro-reflective 

antenna array can automatically track and focus the microwave beam to the receiver. 

When the antenna number is increased from 2 to 4, the average transmission efficiencies 

for different receiver’s positions are improved by 70%, 91% and 168% for frequency 

2.06GHz, 2.08GHz and 2.108GHz respectively. With 4-element antenna array, the total 

received powers for different positions and different frequencies is between 7dBm and 

12dBm. The measured rectenna conversion efficiency for 10dBm input power at 2.08GHz 

is 47.4% and the DC output voltage is 2.92V on a resistance load of 1.8kΩ. The 

measurement results show excellent agreement with simulation results. 

The impulse receiver using the improved sub-band technique is implemented 

and tested. The measurement results show that our impulse receiver can extract the 

spectrum of periodic short impulses with little distortion. The measurement error for 

signal-to-noise ratio SNR=32dB is 3.73% and the performance of the impulse receiver 

does not deteriorate substantially when the SNR reduces. The measurement error for 

SNR=2dB is only 6.08%.  

The organization of the dissertation is as follows:  

Chapter 1 introduces the need for wireless power transmission and compares 

different WPT technologies. The contributions and structure of this dissertation are also 

summarized. 

Chapter 2 reviews all wireless power transmission technologies, their working 

principle, applications, advantages and disadvantages. Different microwave beamforming 

methods for WPT are reviewed too. 
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Chapter 3 shows the numerical simulation results of the ultra-wideband retro-

reflective antenna array for WPT. The system design of retro-reflective antenna array and 

each functional block of the system is explained in details. 

Chapter 4 explains the details of the single-frequency microwave beamforming 

WPT experiments and impulse receiver design. Simulation and experimental results are 

presented and compared in this chapter. 

Chapter 5 gives conclusions and future works. 
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Chapter 2  

Background of Wireless Power Transmission 

2.1 Early Work of Tesla’s Wireless Power Transmission

Wireless power transmission (WPT) has a long history. Nicolas Tesla was the 

pioneer of WPT. He proposed two ideas in 19th century and did several experiments to 

verify them [9] [10]. The first idea is to ionize the air between transmitter/receiver and 

ionosphere so that a conducting path is formed between transmitter and receiver [9]. The 

earth itself offers the returning path from receiver to transmitter. For short distance WPT, 

the conducting path can be formed directly by ionizing the air between transmitter and 

receiver, as shown in Error! Reference source not found.. However, this idea is not 

practical because both transmitter and receiver need to maintain extremely high 

potentials (millions of volts) to sustain the conducting path and the high potentials are 

harmful to surrounding electronic appliances. 

 

Figure 2-1 Nikola Tesla sitting in his laboratory in Colorado Springs in December 1899. 

Later, Tesla found it did not require the conducting path in the air to transmit 

electrical energy [10]. The earth itself can be used to transmit power over long distance. 
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A Transverse Magnetic (TM) mode surface wave is excited and propagates along the 

earth-air interface, as shown in Figure 2-2 [42]. The surface wave is similar to surface 

plasma. Free electrons move back and forward creating a “longitudinal current wave” 

(Figure 2-3) [43]. Large plates of several wavelength or horns are usually used to excite 

and receive the surface wave. In Tesla’s idea, the “Magnifying Transmitter” (Figure 2-4) 

[44] [45] was used as launching devices. Tesla also stated that when the oscillating earth 

current was coupled with the earth resonance, his method could transmit power all over 

the globe with little loss [10]. In 1952, the earth resonance was discovered by Winfried 

Otto Schumann [46], and was named “Schumann Resonances”. However, Schumann 

Resonances are in extremely low frequencies (ELF) below 100Hz, while Tesla’s system 

was operating at tens of kilohertz [10]. Also the quality factor of the Schumann 

Resonances is too low (about of 5 [47])  to support strong resonance.  

 

Figure 2-2 TM mode surface wave along interface between Medium 1 and Medium 2. 

Medium 1 is conductor and Medium 2 is dielectric [42]. 
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Figure 2-3 Surface plasmon-polariton waves propagating along a metal-dielectric 

interface [43]. 

 

Figure 2-4 Tesla’s magnifying transmitter [45]. 

Even though Tesla did not realize his dream of “World System of Wireless”, his 

early work on non-radiative wireless power still influences recent mid-range wireless 

power transfer. A diagram of Tesla’s wireless power transfer experiment is shown in 

Figure 2-5 [48]. Not only did Tesla create “the idea of inductive coupling between the 

driving and the working circuits”, he also pointed out “the importance of tuning both 

circuits, that is, the idea of an ‘oscillation transformer’” [11]. The “oscillation transformers” 

combined the magnetic induction principle and magnetic resonance between two coil-
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resonators, and the combination is a common theme in recent short-range and mid-range 

wireless power transfer. 

 

Figure 2-5 A diagram of Tesla’s wireless power experiment [48]. 

2.2 Current Technologies of Wireless Power Transmission 

Currently, there are five WPT methods under development; there are (1) 

ultrasonic, (2) inductive coupling, (3) magnetic resonance coupling, (4) microwave beam, 

and (5) laser. 

2.2.1 Ultrasonic 

Ultrasonic wave is an acoustic wave at frequency above 20KHz. It utilizes 

piezoelectric materials to convert electrical power to mechanical power, and vice versa 

[12]. The typical ultrasonic WPT system is shown in Figure 2-6. The transmitter consists 

of a power source, a pulse generator, power amplifier and an ultrasonic transducer. The 

receiver is composed of an ultrasonic transducer and a rectifier that converts high 

frequency electrical power to DC power. 

 

Figure 2-6 Schematic diagram of ultrasonic wireless power transmission. 

Most research on ultrasonic WPT focuses on biomedical implants charging and 

through-wall energy transfer for metal enclosures, but not so much on WPT through air 

Power 
Source 

Pulse 
Generator 

Power 
Amplifier   Rectifier Load 
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[12]. The reason is that air has very low acoustic impedance (about 400 Pa·s/m) while 

piezoelectric material’s acoustic impedance is around 30 MPa·s/m. The impedance 

mismatch causes big reflections, thus reduces the transfer efficiency dramatically. 

However, metals have similar acoustic impedance (about 45 MPa·s/m for steel) to 

piezoelectric materials. Lawry et al. [49] demonstrated a through-wall system that delivers 

50W at 51% efficiency. Bao et al. [50] even achieved an efficiency of 84% at 1kW by 

using prestressed piezo actuator. In biomedical applications, the maximum efficiency 

measured in publications is 39.1% [51] at 5mm distance for 100mW, but reduces to 

17.6% at 40mm for 45mW. Arra et al. [52] were able to transfer 80mW at a maximum 

efficiency of 25% over a distance of 100mm. They also found that the reflection between 

two transducers influences the transfer efficiency, leading to maxima and minima as a 

function of distance. 

2.2.2 Inductive Coupling 

Inductive coupling WPT uses magnetic near field to transfer energy between two 

coils. A typical system consists of a primary coil on the transmitter side and a secondary 

coil on the receiver side, as shown in Figure 2-7. The principle of transformer is 

Faraday’s Law of Induction. A time-varying current driving the primary coil generates 

time-varying magnetic field, which in turns induces time-varying current in the secondary 

coil. The two coils must be placed very close to each other in order to achieve high 

efficiency. As the distance between coils increases, the efficiency drops exponentially.  

The power transmission distance can be increased by tuning both transmitter 

and receiver coils resonating at the same frequency [13] [53], as Tesla had done it a 

hundred years ago. Another way to increase the distance is to design the transmitter and 

receiver coils with high Q factor. Pinuela et al. [54] demonstrated an overall system 

efficiency of 77% over a distance 30cm. In his system, the transmitter coil has a diameter 



 16 

of 30cm and a Q factor of 1270, and the receiver coil has a diameter of 20cm and a Q 

factor of 1100. 

 

Figure 2-7 Inductive coupling wireless power transmission. 

Lately, relay- or domino-resonators between transmitter and receiver coils are 

investigated in order to increase the transmission distance and improve the system 

efficiency [55-58]. The domino-resonators can be placed in various forms so the system 

has more flexibility. Some examples of domino-resonator arrangements are shown in 

Figure 2-8. 

Even though inductive coupling WPT has very short range – on the order of coils 

diameter without relay resonators, it is the simplest form of wireless power transmission 

and has very high efficiency [16]. It is also the only commercially available WPT 

technology so far. The applications include wireless toothbrush and Qi inductive power 

standard for mobile devices [59]. There is also a lot of research focusing on wireless 

charging for implanted devices [60] [61] and electrical vehicles [3] [4].  
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Figure 2-8 Some examples of domino-resonator arrangement [57]. 

2.2.3 Magnetic Resonance Coupling 

In 2007, an MIT professor Marin Soljačić and his group demonstrated a new idea 

to extend the transmission distance by adding a power driving coil and a load coil. In their 

experiment 60W power was transferred with 40% efficiency over distances of 2 meters 

[15]. While the coupled mode theory was used in [15], Cheon et al. [62] explained the 

experiment using electric circuit theory, which is more easily understood by electrical 

engineers, as shown in Figure 2-9. The addition of power driving and load coils offers two 

extra mutual coupling coefficients κPS (between driving coil and sending resonator) and 

κRD (between receiving resonator and load coil) for impedance matching besides the 

mutual coupling coefficient κSR (between sending resonator and receiving resonator). The 

maximum power transfer condition is: 

    
  

κ PSκ RD

κ SR

= 1                                                      (2.1) 

Copyright (c) 2013 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

systems of straight-line, curved, circular and Y-shape (Figs.9a-9d) have been demonstrated [60]. One 

interesting feature of the domino-resonator system is that the power flow can be controlled with great 

flexibility. In addition, the power paths can be split or combined.  

Research in the wireless domino-resonator systems is still in its initial stage. One possible 

application of the domino system is for wireless power transfer along a robotic arm made of non-

ferromagnetic composite. A traditional robotic arm may use a power cable for power transfer from the 

upper arm to the lower arm. The frequent bending actions of the elbow joint and therefore the cable 

would adversely affect the reliability of the cable. Coil-resonators can be placed around the elbow joint 

so that no cable is needed between the upper and lower arms.  

If superconductor is used to form a conducting wireless power guide, the domino-resonator system 

offers a highly (physically) flexible structure with simply air gaps between the adjacent resonators. 

This is in contrast to a relatively rigid structure of a traditional superconductor cable composed of a 

continuously solid superconductor strand covered first with an electrical insulation layer, then cooled 

with a liquid nitrogen layer and finally insulated with a thermal layer (along the entire solid cable 

structure). 

(a) Straight chain (c) one chain splitting into two

(d) two chains emerging into one (b) Curved chain  

Fig.9 Examples of domino-resonator arrangements [60] - copyright IEEE 
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All the coupling coefficients are inversely proportional to the distance between 

coils. So when the transmission distance is increased, the mutual coupling coefficient κSR 

becomes smaller. By reducing mutual coupling coefficients κPS and κRD, condition (2.1) 

can still be met. Compared with inductive coupling where only two resonator coils are 

used, the 4-coil magnetic resonance coupling system provides extra freedom for 

extending transmission distance by adjusting 3 mutual coupling coefficients [16].  

 

Figure 2-9 Schematic of magnetic resonant coupling WPT [33]. 

However, the resonant frequency and coupling coefficient depend on load 

impedance matching [63], alignment and the distance between two coils [64]. A 

phenomenon called “frequency splitting” is observed in both 2-coil inductive coupling and 

4-coil magnetic resonance coupling WPT. It occurs when the condition (2.1) cannot be 

met at the resonant frequency within the over-coupled region [64]. Figure 2-10 shows an 

example of frequency splitting phenomenon in a 4-coil WPT system [64]. Adaptive 

matching methods based on frequency tracking have been developed to overcome the 

issues mentioned above [65] [66]. Also, Lee et al. [67] shows that antiparallel resonant 

structure formed by forward and reverse loops can stabilize the transfer efficiency by 

eliminating the distance-related frequency splitting.  



 19 

 

Figure 2-10 An example of frequency splitting in 4-coil magnetic resonance coupling 

WPT system [64]. 

The extension of transmission distance of magnetic resonance coupling does not 

come without its price compared to inductive coupling method. Since it is based on 

maximum power transfer theorem, the total efficiency cannot exceed 50%, no matter how 

high the transfer efficiency is between Sending and Receiving resonator coils [16].  

Relay resonators between Sending and Receiving resonator coils can also be 

used to further extend transmission distance and improve transfer efficiency [68] [69].  

Reducing the wire’s AC resistance, thus reducing the ohmic loss, is another 

important aspect for both inductive coupling and magnetic resonance coupling WPT 

system operating above megahertz. Lee et al. [70] proposed a new spatial layout of 

winding coils that achieved 95% total efficiency over a distance of 30cm. And by coating 

the wire with magnetic thin film, Mizuno et al. [71] reduced the AC resistance by 40% at 

12MHz. 
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2.2.4 Microwave Beamforming 

While electromagnetic induction and magnetic resonance coupling use the near 

field of EM waves, microwave beam WPT utilizes the far field component of EM waves. 

To achieve a high efficiency over long range, a high gain antenna or an antenna array is 

used for transmission. On the receiver side, a rectenna or an rectenna array is used to 

convert microwave energy into DC electricity.  

William C. Brown was the pioneer of microwave beam power transmission. In 

1963 he invented the rectenna, rectifying antenna which he named, and achieved 50% 

efficiency at output 4W [72] In 1969, he managed to power supply a free-flying helicopter 

using microwave beam [73]. In 1975, the overall DC-DC total efficiency of 54% was 

experimentally obtained. Later on in 1975, his team conducted an experiment at the 

Venus Site of JPL Goldstone Facility where they received 30 kilowatts DC power over a 

distance of 1 mile, as shown in Figure 2-11, and the rectifying efficiency was raised to 

82.5% [74]. 

 

Figure 2-11 First ground-to-ground microwave beam wireless power transmission 

experiment in 1975 at the Venus Site of JPL Goldstone Facility [74]. 

Based on W. C. Brown’s work, Peter Glaser proposed a Solar Power Satellite 

(SPS) in 1968 [75]. A satellite with gigantic solar panel in geostationary orbit collects sun 



 21 

energy and converts it into electrical energy. The phased array antenna on the satellite 

then transmits the energy using microwave beam toward the rectenna array on the 

ground. A pilot signal is sent  from the ground station to guide the power beam.  

 

 

Figure 2-12 Concept of Solar Power Satellite (SPS). 

Since then there were a lot of research and small-scale demonstration of this 

idea [72] [76]. In 1980s, Japanese scientists carried out the first microwave beam power 

transfer experiment called MINIX (Microwave Ionosphere Nonlinear Interaction 

eXperiment) in 1983 and ISY-METS (International Space Year –Microwave Energy 

Transmission in Space) in 1993 [77]. In 1987, Canadian group experimented a fuel-free 

airplane called SHARP (Stationary High Attitude Relay Platform) powered by microwave 

beam at 2.45GHz [78].  
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Figure 2-13 MINIX experiment in 1983 [77]. 

However, the geostationary orbit is about 35,000 kilometers above the earth. To 

achieve the desired narrow beam width and the high beam collecting efficiency, the 

dimensions of both transmitting and receiving antenna array are on the order of 

kilometers [79]. Also the cost of launching and re-assembling the array in the space 

prohibits its realization in the near future [79]. But research is still being continued to 

improve the technology and reduce the cost [80]. 

Recent research about microwave beam WPT focuses more on short-range 

(compared to SPS’s range it is short, but the distance is in order of meters) and small-

scale applications such as electronic devices, electric vehicle, and RFID [81]. In 

September 2013, a startup called Ossia demonstrated a prototype product that can 

transmit 1 watt power to the receiver over a distance of 30 feet using 200 transmitting 

elements [82]. 

 6

was 26m, and a rectenna array, whose size was 3.4 m 

x 7.2 m, was 1 mile. The transmitted microwave of 

2.388GHz was 450 kW from klystron and the 

achieved rectified DC power was 30 kWDC with 

82.5% rectifying efficiency. Based on the Brown’s 

work, P. E. Glaser proposed a Solar Power Satellite 

(SPS) in 1968[5].  

  In 1980s, Japanese scientists progressed the MPT 

technologies and research[6][7]. In 1983 and 1993, 

Hiroshi Matsumoto’s team carried out the first MPT 

experiment in space. The rocket experiment were 

called MINIX (Microwave Ionosphere Nonlinear 

Interaction eXperiment) in 1983 (Fig.2.4) and 

ISY-METS (International Space Year - Microwave 

Energy Transmission in Space) in 1993, respectively. 

They focused nonlinear interaction between intense 

microwave and ionospheric plasmas. In the MINIX 

experiment, they used cooker-type 800W-2.45GHz 

magnetron for microwave transmitter. New wave-wave-particle interaction phenomenons were 

observed in the MINIX. Plasma theory and computer experiments supported the observations[8][9].  

  After 1990s, many MPT laboratory and field experiments were carried out in the world. We often 

uses 2.45 GHz or 5.8 GHz of the ISM band (ISM=Industry, Science, and Medical) for the MPT 

system. Canadian group succeeded fuel-free airplane flight experiment with MPT in 1987 which was 

 
Fig. 2.4 MINIX rocket experiment in 

1983 

  
Fig. 2.5 SHARP flight experiment and 1/8 model in 1987 [11] 
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Figure 2-14 Cota Wireless Charging System demonstration by Ossia [82]. 

2.2.5 Laser 

When the frequency of the EM waves is in the region of visible light (several 

hundred of terahertz), power can be transmitted using a laser beam and collected by 

photovoltaic cells [17]. Compared to a microwave beam, the laser has much better 

directional property because of its collimated monochromatic wavefront propagation. This 

allows very narrow beam cross-section area for transmission over large distances [18].  

However, laser radiation is hazardous, and even low power level can blind 

people or animals. High power level can even kill through localized spot heating. So laser 

beam is mostly explored in military weapons [19] [20] and aerospace [21].  

 

Figure 2-15 Laser beam power transmission.  
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Commercial applications are also under development now. NASA demonstrated 

an unmanned aerial vehicle (UAV) powered by laser beam in 2003 [83]. At the same 

time, Steinseik et al. [84] developed a rover vehicle that was solely powered via laser with 

an output of 5W. The rover can travel to a distance of 200 meters. The laser transmitter 

system is designed to automatically find and track the target, also the receiver is 

equipped with a micro-controller that adjusts the photoelectric panel to the direction of 

laser beam.  

 

Figure 2-16 NASA’s UAV powered by laser beam [83]. 

 

Figure 2-17 EADS developed fully laser powered autonomous rover vehicle [84]. 

strated ground to ground wireless power transmis-
sion via laser to a small, otherwise fully indepen-
dent rover vehicle equipped with photovoltaic cells
as a first step towards the use of this technology
for powering airships and further in the future lunar
surface rovers. [28] The experiment was based on a
green, frequency-doubled Nd:YAG laser at only a few
Watts. It included the initiation and supply of the
rover including a micro-camera as payload as well as
the pointing and tracking of the moving rover over a
distance up to 280 m by applying active control loops.
(Fig. 3)

FIG. 3: EADS developed, fully laser powered autonomous
rover. (source: EADS)

Recently, similar experiments, however focussing
less on the beam control and beam steering as-
pects but rather on the total transmitted power lev-
els have been carried out in the frame of a context
related to space elevators, organised and co-funded
by NASA. Ground-based lasers have been used to
power small PV-covered “climbers” attached to a
tether with the objective to achieve maximum climb-
ing speeds. [29] [30]

One of the advantages of microwave power trans-
mission over the use of laser has been the possibil-
ity to avoid moving parts in space by using an elec-
tronic beam steering system based on the control of

the phase of a matrix of emitters. Recently, Schäfer
and Kaya have however demonstrated that a similar
system is in principle also possible for laser based sys-
tems by presenting a new concept for a retrodirective
tracking system. [31]

In the proposed concept, the power transmitter
utilises a receiver’s pilot signal to obtain information
about its direction by conjugating the signal’s phase
inside a nonlinear medium. The emitted power there-
fore transmitted back to the direction of the receiver
by the phase-conjugated signal beam. In this way,
power can be concentrated by an array of phase con-
jugators, which o↵er the possibility to provide a large
aperture in order to increase the intensity at the re-
ceiver’s photovoltaic panels. The control of the phase
and the direction of the readout beams provides con-
trol over the interference pattern, its position, and its
size, o↵ering new possibilities for the design of space-
based power stations. [31]

3.2. Laser power transmission

Lasers generate phase-coherent electromagnetic ra-
diation at optical and infrared frequencies from exter-
nal energy sources by preferentially pumping excited
states of a “lasant” to create an inversion in the nor-
mal distribution of energy states. Photons of specific
frequency emitted by stimulated emission enter and
are amplified as standing waves in a resonant opti-
cal cavity. The most e�cient DC-to-laser converters
are solid-state laser diodes commercially employed in
fiber optic and free-space laser communication. Alter-
natively, direct solar-pumping laser generation has a
major advantage over conventional solid state or gas
lasers, which rely on the use of electrical energy to
generate laser oscillation since the generation of elec-
tricity in space implies automatically a system level
e�ciency loss of roughly 60%. To generate a laser
beam by direct solar pumping, solar energy needs to
be concentrated before being injected into the laser
medium. The required concentration ratio is depen-
dent on the size of the laser medium, the energy
absorption ratio and the thermal shock parameter
(weakness of the material to internal stress caused
by a thermal gradient).

3.2.1. Laser selection

In principle, all lasers can be used for transmitting
power. Using the general conditions as described in
section 3 specifically applied for the selection of lasers,
these imply in addition constraints related to the

• e�ciency of the laser generation process, and
the
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2.3 Microwave Beamforming Methods  

Retro-reflection is commonly used in microwave beam power transmission to 

focus beam on the receiver. Contrast to mirror reflection, retro-reflection reflects the wave 

back to the incident direction, thus it is able to automatically redirect the wave back to the 

source origin without prior knowledge of its location. There are several ways to realize 

retro-reflection. Corner reflector is one example [34], as shown in Figure 2-18. But more 

often retro-reflection is realized using a retro-reflective (also called retro-directive) 

antenna array. 

 

Figure 2-18 Corner reflector [34]. 

2.3.1 Van Atta Array 

Van Atta array is one way of achieving retro-reflection, which was proposed by 

Van Atta [80]. Pairs of antennas are equally spaced on the same plane, and 

interconnected by transmission lines of the same length or multiple wavelength 

difference. Figure 2-19 shows two types of Van Atta array, one is passive and the other is 

active by inserting bi-directional amplifiers in the transmission lines [33]. The signal 

received by one antenna is reradiated by its pair. Because the transmission lines have 

the same length, the phase difference between the pairs is flipped. The reverse of phase 



 26 

difference creates the outgoing wavefront same as the incoming one, so that the 

reradiated signal is retro-reflected back to the incident direction.  

 

Figure 2-19 Schematic of Van Atta array and the relative phase for received and re-

transmitted signals [34]. (a) Passive Van Atta array, (b) active Van Atta array. 

When the interconnecting transmission lines have the same length, the Van Atta 

array can be made for wideband application by using broadband antennas. However, the 

Van Atta array is restricted to planar wavefront and planar arrangement, thus not very 

spatially efficient for realizing retro-reflectivity on many applications [34].  

2.3.2 Phase Conjugate Array 

Phase-conjugate array using heterodyne scheme is a more popular way to 

realize retro-reflection [35]. It reverses phase at each antenna instead of its pair in Van 

Atta array. In this way, the antenna elements are not restricted to planar placement of 

equally distance. There are two major heterodyne schemes of phase-conjugate array: (1) 

using local oscillator (LO) at twice of the radio frequency (RF) [36], and (2) using a small 

intermediate frequency (IF).  

156 Guo, Shi, and Chen

elements. By combining individual antennas in an array, one can
achieve higher directionality and the ability to steer the beam.

2.2. Van Atta arrays

Another way of achieving retrodirectivity is through the use of the Van
Atta array, which was first proposed by Van Atta [14]. It consists
of pairs of antenna elements equally spaced from the array center
with equal-length or multiple wavelength difference transmission lines.
The arrangement of the array causes a reversal (positive to negative,
negative to positive) of this phase progression for the outgoing signal,
causing it to retro-reflect back in the same direction. As shown
in Fig. 2, every antenna serves as both receiving and transmitting
antennas. The signal received by one antenna is reradiated by its
pair, causing the order of reradiation to be flipped with respect to
the center of the array. Consider a plane wave incident on this array,
The plane wave induces signals in each element having the phase, the
signals travel through the equal-length interconnecting lines and are re-
radiated. Provided the array is linear and the lines are of equal length,
the re-radiated signal will have the reverse phase of the incident signal
and will be retro-reflected.

(a) (b)

Figure 2. Schematic of Van Atta array and the relative phase for
received and transmitted signals, (a) Passive Van Atta array, (b) Active
Van Atta array.

The Van Atta array can be designed with a passive or active
type [16, 17]. The active Van Atta array can enhance the
backscattering field strength by adding amplifiers in the transmission
lines [18] and accomplishes an amplitude modulation in the reradiated
field [19]. As shown in Fig. 2(b), the active array may be implemented
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2.3.2.1 Heterodyne scheme using LO at twice of RF frequency 

The diagram of this scheme is shown in Figure 2-20. The incoming and outgoing 

antennas can be served by one physical antenna through a circulator or a directional 

coupler. The output signal of the mixer at the IF port is shown in Equation (2.2). The 

component at frequency (3ωRF) is filtered out by the following low pass filter. It can be 

seen that the phase of incoming signal is reversed. 

 

!!

VIF =VRF cos ωRFt +φ( )VLO cos ωLOt( )
= 12VRFVLO cos ωLO −ωRF( )t −φ⎡⎣ ⎤⎦+ cos ωLO +ωRF( )t +φ⎡⎣ ⎤⎦{ }
= 12VRFVLO cos ωRFt −φ( )+ cos 3ωRFt +φ( ){ }
= 12VRFVLO cos ωRFt −φ( )

     (2.2) 

 

Figure 2-20 Schematic of heterodyne phase-conjugate array using an LO at twice of RF 

frequency [34]. 

The advantage of this scheme is simplicity (using only one LO and one mixer). 

Sometimes the filter is not necessary if the antenna does not resonant at the triple RF 

frequency. However, the retransmitted IF signal and the received RF signal have the 

same frequency, so they are very difficult to isolate. This problem can be mitigated by low 
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frequency offset between received and retransmitted signals [85], directional coupler [86], 

orthogonal polarizations [87], and balanced mixers [88].  

2.3.2.2 Heterodyne scheme using small IF 

In this configuration, two LOs and two mixers are used, as shown in Figure 2-21. 

The RF signal is down-converted to an IF frequency by a LO signal at frequency (

!ω RF
±ω

IF
), and then the IF signal is up-converted to RF frequency by a LO signal at 

frequency ( !ω RF
∓ω

IF
). The down-conversion is expressed mathematically by Equation 

(2.3): 

  

VIF =VRF cos ω RFt +φ( )VLO1 cos ω LO1t( )
= 1

2
VRFVLO1 cos ω LO1 −ω RF( )t −φ⎡⎣ ⎤⎦ + cos ω LO1 +ω RF( )t +φ⎡⎣ ⎤⎦{ }

= 1
2

VRFVLO1 cos ω IFt −φ( ) + cos 2ω RF +ω IF( )t +φ⎡⎣ ⎤⎦{ }
= 1

2
VRFVLO1 cos ω IFt −φ( )

     (2.3) 

The component at frequency (!!2ω RF
+ω

IF
) is filtered by low pass filter. The up-

conversion is expressed in Equation (2.4): 

  

VRF =VIF cos ω IFt −φ( )VLO2 cos ω LO2t( )
= 1

2
VIFVLO2 cos ω LO2 +ω IF( )t −φ⎡⎣ ⎤⎦ + cos ω LO2 −ω IF( )t +φ⎡⎣ ⎤⎦{ }

= 1
2

VIFVLO2 cos ω RFt −φ( ) + cos ω RF − 2ω IF( )t +φ⎡⎣ ⎤⎦{ }
= 1

2
VIFVLO2 cos ω RFt −φ( )

       (2.4)     

The component at frequency (!!ω RF
−2ω

IF
) is filtered by a band pass filter or high 

pass filter. 
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Figure 2-21 Schematic of heterodyne phase-conjugate array using an IF frequency [34].  

The benefit of this configuration is its capability of full-duplex communication, 

because it is simple to apply modulation to the retransmitted signal, allowing the 

transmission of information [89], but adding more LO, mixer and filter make the system 

costly and bulky. 

There are also some other techniques that achieve phase conjugation. Fusco et 

al. [90] designs a phase-conjugating locked loop (PCLL) to ensure that the retransmitted 

phase is locked to the conjugation of received signal’s phase, as shown in Figure 2-22. 

This technique offers a better conversion efficiency and RF-to-IF isolation.  

 

Figure 2-22 Phase-conjugating locked loop configuration [90].  

FUSCO et al.: ANALYSIS AND CHARACTERIZATION OF PLL-BASED RETRODIRECTIVE ARRAY 733

Fig. 3. PCLL retrodirective array test setup. (a) PLL circuit configuration. (b) Array measurement setup.

monopole antennas; these, as well as commercial PLL com-
ponents, were selected for the proof of concept demonstrator
in order to facilitate module repeatability. For this reason, the
prototype presented here operates at approximately 1 GHz. The
physical layout for the array is shown in Fig. 2; the upper set
of antennas are used for reception, while the lower set are used
for signal retransmission. Each PCLL circuit was housed in a
screened enclosure to significantly reduce cross-coupling ef-
fects. In addition, the retransmit path was fitted with an ampli-
fier block having 10-dB gain and 30-dB reverse isolation. This
amount of reverse isolation was necessary in order to prevent
adjacent PCLL VCOs from frequency pulling each other upon
signal retransmission.

The cellular monopole antennas,1 produce a return loss of
10.9 dB at 1 GHz, and a coupling, for 120 mm element

spacing, between adjacent elements of 15 dB. The ripple on
each antenna is approximately 2 dB when measured in isolation
over the ground plane specified in Fig. 2. A Philips UMA1021

1Panorama Antennas, Frogmore, London, U.K., model number: AFCQB cel-
lular whip antenna. [Online]. Available: http://www.panorama.co.uk

PLL chip was used as the primary building block in the study re-
ported here [14], the VCO was a Mini-Circuits POS-1025, and
the up-converting mixer was an HP 81008 Gilbert cell mixer.
The frequency of the output retransmit signal is selected by the
main divider ratio. The actual PCLL configuration is shown as
Fig. 3. Also shown in Fig. 3 is the monostatic radar cross sec-
tion (RCS) measurement setup used to quantify the operation
of the retrodirective PCLL array. Due to equipment limitations
in our laboratory, we are unable to measure the bi-static RCS
response.

To verify the operation of each of the PCLL phase-conju-
gating modules, all six PLL modules were tested by varying the
1.05-GHz input signal phase using an adjustable delay line and
measuring the PCLL output phase at the VCO output by means
of a Tektronix TDS784D high-frequency oscilloscope. The re-
sults presented in Fig. 4 show that phase conjugation is occur-
ring with a worst case phase-conjugation error of 15 .

The PCLL was tested in a six-element retrodirective array
(four is the minimum needed for useful retrodirective beam for-
mation) [15]. Referring to the antenna layout of Fig. 1(a), the
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All these heterodyne scheme phase-conjugate arrays suffer one problem for 

wireless power transmission, which is that they can only respond to the incoming signal 

but not transmit signal by themselves. 

2.3.3 Phase Detection And Phase Shifting 

Phase detection and phase shifting is used in [38], where a two-element 

receiving antenna array is used to detect the angle of incidence. The detected angle 

information is used to control a phase shifter of transmitting antenna array to direct the 

beam back to the source origin, as shown in Figure 2-23. Unlike all the phase-conjugate 

method mentioned above, this method is not only capable of full-duplex communication, 

but can also maintain a constant retransmitting power level, which is critical for wireless 

power transmission. However, similar to Van Atta array, this method also requires a 

planar wavefront, a planar arrangement and equal spacing of antenna elements. 

 

Figure 2-23 Schematic of a retrodirective antenna array using angle detection and phase 

shifting [38]. 
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5. Some Recent Works

Researches of the theory analysis and experimental validation
of the retrodirective array are carried on. In [30], it is
shown experimentally that retrodirective array operating
in a multipath environment can be utilized in order to
spatially encrypt digital data. In [31], a more extensive

experimental is presented to show that the performance
of the phase-conjugating array may be influenced by
the changes in the phase difference, incident angle, and
amplitude imbalance of multi-interrogating sources. In
[32], the investigation of the situation where obstructing
elements presented in the near field of a retrodirective array
shows that the array is able to provide compensation for
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A similar idea is proposed by Akagi et al. [90]. The transmitter array detects the 

pilot signal power level by electronically steering the scanning angle of a conventional 

phased array, as shown in Figure 2-24. By reciprocity, the direction of maximum received 

power is the same as that of maximum transmitting power.  

 

Figure 2-24 Schematic of self-steering array using power detection and phase shifting 

[90]. 

2.3.4 Try-and-Error Brute Force 

In this method, the transmitting antenna array keeps adjusting the phase shifter 

of each antenna until the receiver reports maximum power is received [39]. At the 

beginning, the phase of first transmitter is fixed, and the second transmitter adjusts its 

phase until the receiver reports back maximum power is received. Then the second 

transmitter is turned off and the third transmitter adjusts its phase till the received power 

is maximized. The procedure is repeated until all transmitters’ phases are synchronized 

with respect to the first transmitter. After this tune-up, all transmitters are turned on to 

transmit power to the receiver. This method guarantees that the received power is 

maximized with little communication overhead. But it is not efficient. If the receiver keeps 

moving, the method takes a lot of time to synchronize, especially when the number of 

A Self-Steering Array Using Power Detection and Phase Shifting
Justin M. Akagi, Alexis Zamora, Monte K. Watanabe, and Wayne A. Shiroma

Department of Electrical Engineering, University of Hawaii at Manoa, Honolulu, HI, 96822, USA

Abstract-A half-duplex self-steering array using power detec-
tion and phase shifting is presented. The system combines a
phase-shifting array and an RF power-tracking control circuit to
autonomously steer its beam toward the peak-power direction.
Retrodirectivity is reported for angles of 00, -150, -300, and +450

at a transmitting frequency of 6.5 GHz.
Index Terms - Phased arrays, direction finding, beam steering

I. INTRODUCTION

Modem wireless communication systems use a variety of
antenna configurations, including diversity antennas, phased
arrays, and digital beam-steering arrays to improve overall
service coverage [1]. In recent years, these adaptive antennas
have become increasingly prevalent in wireless local-area
networks and terrestrial/satellite-based mobile communication
systems, in part because they provide greater radiation effi-
ciency than omnidirectional antennas [2].

Pattern-diversity antennas provide greater coverage dis-
tances by switching between directional antennas with maxi-
mum gain in different directions. The disadvantage of this
concept is that switching between antennas does not always
provide precise beam pointing because the antennas' fixed
beams only point in predefined directions. Phased arrays pro-
vide excellent radiation efficiency for fixed communication
links by electronically steering the array's directive beam to-
ward its target direction. However, the location of the intended
target must be predetermined before accurate beam steering is
possible, which limits its effectiveness in mobile systems.
Digital beam-steering arrays can determine direction of arrival
for single and multiple signals from mobile devices using digi-
tal signal processing (DSP) [2], [3], but the processing re-
quirements may be too prohibitive in certain situations.

An attractive alternative to digital beam-steering arrays,
which does not require DSP, is a self-steering retrodirective
array that is able to detect and respond to an interrogating tar-
get without previous knowledge of its location [4]. This type
of array also uses a directive beam to increase radiation effi-
ciency. A variety of retrodirective arrays have been demon-
strated in recent years; however, practical difficulties have
limited their widespread use in real-world applications. For
example, the retrodirected signal power produced by the
phase-conjugating array [5] is dependent on the distance be-
tween interrogator and retrodirective array. For retrodirective
arrays based on phase detection [6], [7], in which the return
direction is based on the phase difference between two an-
tenna elements induced by a single interrogator, the presence
of multiple interrogators could set up a phase difference that
does not correspond to any interrogator at all.

978-1-4244-1780-3/08/$25.00 © 2008 IEEE
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Fig. 1. Block diagram of the half-duplex self-steering array using power de-
tection and phase shifting, showing the three major modules: phase-shifting
array, RF power-detecting circuit, and control circuit.

This paper presents a self-steering array that determines di-
rection of arrival based on the peak-power direction from the
measured power levels of a receive beam scanning swath. A
simple microcontroller records the peak-power direction and
performs beam steering through a set of phase shifters.

This architecture addresses some of the notable problems
associated with the antenna architectures mentioned earlier. It
provides a constant output power level by RF decoupling the
steering control circuit and the retrodirected signal. In addi-
tion, since direction of arrival is based on the measured peak-
power levels by beam steering the receive array, only a mini-
mal amount of DSP is required. Multiple interrogators can
also be detected by determining additional directions with
relatively high receive-signal power levels. An array based on
this architecture could take advantage of the built-in power-
detecting systems in the form of received signal strength indi-
cators (RSSI) already present in many of today's wireless de-
vices. The result is a concept that lends itself very well to inte-
gration with existing wireless devices with the advantage of
added array gain.

II. DESIGN

The design of the self-steering array consists of three pri-
mary modules: a phase-shifting array, an RF power-detecting
circuit, and a control circuit, as shown in Fig. 1. This architec-
ture has two modes of operation: power-detecting and re-
ceive/transmit mode. In a typical scenario, an incoming
interrogator signal is received by the four-element phase-
shifting array. To determine the interrogator signal's direction
of arrival, the self-steering array begins in power-detecting
mode.

1325
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antenna is large, and large number of antenna is required to increase the transmission 

efficiency. So this limits the mobility of the receiver.  
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Chapter 3  

Description of Retro-reflective Antenna Array Wireless Power Transmission 

For wireless power transmission, there are several requirements. The most 

important one is a constant retransmitting power. This requires a phase shifter for each 

antenna or antenna sub-array so that the system can continuously transmit power and 

the receiver only needs to send pilot signal when necessary. The second requirement is 

isolation between received pilot signal (carries information) and retransmitted signal 

(carries power). The retransmitted signal is usually several order of magnitude higher 

than received signal so the received signal can be easily overwhelmed by leakage from 

retransmitted signal. Frequency offset or time division multiplexing or the combination of 

the two methods is often used to ensure system performance [85]. Sidelobe is another 

consideration in wireless power transmission. It is not only a waste of energy, but also 

potential interference to other wireless technologies. In single frequency power 

transmission, beam shaping techniques are usually adopted to reduce sidelobes [40], but 

the maximum gain of the antenna array remains the same, instead the main beam width 

is increased. In other words, the focal area is larger. In some applications, this could 

improve the transmission efficiency if the receiving antenna or array is large enough. 

Another way to reduce the sidelobe is to use ultra-wideband (UWB) retro-reflective 

beamforming [41]. In this method, the main beam width and maximum gain remain the 

same, but the sidelobes are smaller because their energy goes to the nulls in the 

radiation pattern. The numerical simulation in [41] shows that the sidelobes (or multiple 

focal points) are greatly reduced when 30 frequencies in an ultra-wideband are used. The 

system architecture is illustrated in Error! Reference source not found.. Each antenna 

element in the retro-reflective array has its own power transmitter. 
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Figure 3-1 Architecture of the UWB WPT system. 

The wireless power transmission process is described as follows. First, the 

power receiver sends pilot signals to notify the power transmitters its presence and 

request for power transmission. Second, all the power transmitters receive the pilot 

signals and perform phase-conjugate in DSP. Also the power levels of received pilot 

signals will be monitored. If the power level is lower than a certain criterion, which 

indicates the link between receiver and transmitter is possibly blocked by some object 

(for example, humans), then the transmitter will turn off. This is not only a safety 

procedure, but also saves power for the transmitter. Third, the active power transmitters 

transmit the phase-conjugate version of the pilot signals they receive. By using the phase 

conjugate technique, the microwave beam from each power transmitter will spatially 

focus on the power receiver [41]. Finally, a rectifier in the power receiver converts the 

received RF energy into DC electricity. 
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The numerical model of the WPT application is shown in Figure 3.2, and 

described as follows [41]. Eight base stations (retro-reflective antenna array) are 

deployed over a circle with a radius 3 meter in the xy-plane. Each base station comprises 

of a 5-by-5 z-oriented dipole array with equal spacing of 12cm. Two power receivers 

reside around the center of the circle. They transmit short impulses as pilot signals, which 

covers frequency band [4GHz, 6GHz]. The model in Figure 3.2 is simulated by the 

Method of Moments.  

 

Figure 3-2 Numerical model of the UWB wireless power transmission [41]. 

Simulated Ez field distribution in a 2m by 2m region around the two power 

receivers are presented in Figure 3.3 [41]. When only one power receiver sends pilot 

signals and single frequency (4.09GHz) is used for power transmission, the field 

distribution is shown in Figure 3.3(a). Many unwanted focal points (resembles sidelobes 

of regular antenna array) appear besides the power receiver’s location. When the number 

of frequency is chosen to be 30, only one focal point at the receiver’s location is left, as 

shown in Figure 3.3(b).  
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(a) (b) 

Figure 3-3 Simulated field distribution of the UWB WPT system [41]. (a) One power 

receiver and single frequency power transmission, (b) one power receiver and 30 

frequencies power transmission. 

  

  



 

37 

Chapter 4  

Design, Simulation and Experimental Results 

4.1 Single Frequency Wireless Power Transmission 

4.1.1 Retro-reflective Antenna Array Design 

The retro-reflective antenna array based on proposed phase-conjugate method is 

shown in Figure 4.1. In this figure, the receiving and transmitting antenna pair share one 

physical antenna through a directional coupler or a single-pole-double-throw (SPDT) 

switch. 4 antenna elements are just shown for illustration purpose. In real application the 

number of antenna can be increased or decreased. The retro-reflective antenna array 

works as follows. First, the pilot signal received at each antenna is amplified by a low 

noise amplifier (LNA) and then down-converted to an IF frequency by a local oscillator 

(LO). One LO is shared by all antennas so that the phase error introduced by the LO is 

the same. The phase errors caused by LNA and mixer are negligible. Second, the IF 

signals are simultaneously sampled by multi-channel ADCs. Because the ADCs are 

synchronized, the phase difference between all antennas are preserved. Third, Fourier 

transform is applied to the sampled data to find the magnitude and phase of the received 

pilot signal at each antenna. The steps are shown mathematically in Equation (4.1), 

  

gi(t) = fi(t)cos(ω LOt +φ)

= Ai cos(ω RFt +φi )cos(ω LOt +φ)

=
Ai

2
cos (ω RF +ω LO )t +φi +φ⎡⎣ ⎤⎦ + cos (ω RF −ω LO )t +φi −φ⎡⎣ ⎤⎦{ }

=
Ai

2
cos(ω IFt +φi −φ)

    (4.1) 

where fi(t) is the pilot signal received by antenna i, and Ai is its magnitude. φ is the phase 

error of LO. In the equation, the gain of LNA and conversion loss of mixer is neglected 

because they are the same for each antenna. The relative phase differences between 
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antennas are important rather than absolute phase of each antenna, so we can set the 

phase of the first antenna as a reference then calculate the phase difference between 

them. Assume  φ1
' = φ1 −φ = 0 , then   φi

' = (φi −φ)− (φ1 −φ) = φi −φ1 . It can be seen that 

the phase error of LO is cancelled. Same as the receiving mode mentioned above, one 

LO is also shared by all antennas in the transmitting mode, so that LO will not introduce 

phase difference between antennas. Finally, the conjugated phase   −φi
'  is applied to the 

phase shifter for each antenna through DACs. The retransmitted signals are amplified by 

power amplifier (PA) before transmission. Because the phases at all antennas are 

detected individually and simultaneously, the antennas are not limited to equal spacing 

and planar arrangement. Instead, they can be placed arbitrarily. In the implementation, 

PA can also be replaced by variable-gain amplifier (VGA) to enable beam shaping, but 

the system complexity is increased. In our experiments, PA is used for simplicity. 

 

Figure 4-1 Circuit diagram of proposed retro-reflective antenna array. 
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4.1.2 Experiment Setup 

The schematic of experiment setup is shown in Figure 4-2. On the transmitter 

side, a PC functions as DSP to process the data and control the phase shifters. The 

processing circuits represent the circuits in Figure 4-1 for simplicity. On the receiver side, 

the receiving antenna is connected to a LO when it sends pilot signal, or a power meter 

when it receives power. The distance between the transmitter and receiver is 50cm when 

the receiving antenna faces the center of antenna array (x=0cm). To demonstrate the 

focusing and tracking capability of the antenna array, the power receiver sends the pilot 

signal at position x=0cm, x=-10cm, x=-20cm and x=-30cm respectively. Then the power 

receiver moves along x-axis from x=-50cm to x=+50cm in the step size of 2.5cm, to 

measure the received power.  

 

Figure 4-2 Schematic of experiment setup. 

Table 4-1 lists all the circuit components used in the system implementation. 

ADCs are 40MS/s 12-bit 4-channel simultaneous data acquisition card, and DACs are 

100KS/s 16-bit 8-channel simultaneous analog output card, both are made by Beijing Art 
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Technology Development Co. The VCO in the power receiver is the same as that in the 

power transmitter. The power meter is NRP-Z21 made by Rohde and Schwarz Inc. 

Because the experiments are not in real time, the switch is not used in the power 

receiver. We just connect the antenna to the VCO when it transmits pilot signal and to the 

power meter when it receives power.  

Table 4-1 Circuit Components Used in The Power Transmitter 

Components Model Manufacturer 
LNA ADL5523 Analog Devices 
Mixer ADL5365 Analog Devices 
VCO ADF4360-1 Analog Devices 

ADC PCI8502 Beijing Art Technology 
Development Co., ltd. 

DAC PCI8250 Beijing Art Technology 
Development Co., ltd. 

Phase shifter HMC928LP5E Hittite 
PA ADL5323 Analog Devices 

 

4.1.3 Antenna Design 

The design of the antenna is not the focus of this dissertation, so a microstrip 

patch antenna is used in the single frequency WPT experiment, since it is low-profile, low 

weight, and easy to fabricate. The principle and design of the microstrip antenna is 

classical and can be found in [107], so the design procedure and details are omitted here. 

A 4-element rectangular microstrip patch antenna array is designed for the power 

transmitter, and a circular patch antenna is designed for power receiver. The antennas 

are simulated using commercial software HFSS. Both antennas are designed to resonate 

at 2.1GHz using FR4 (εr = 4.6). The thickness of substrate is 2.5mm. Dimensions of the 

array and circular patch are shown in Figure 4-3 and Figure 4-4, respectively, and 

summarized in Table 4-2.  
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Figure 4-3 Dimensions of 4-element rectangular patch antenna array. 

 

Figure 4-4 Dimensions of circular patch receiving antenna. 

Return losses of the antennas are measured using Agilent N5230C. The results 

for the circular patch antenna and 4-element array are shown in Figure 4-6 and Figure 

4-5, respectively. The measured resonant frequencies are lower than the simulation 
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results. The reason is that the dielectric constant of FR4 material is not exactly 4.6 due to 

fabrication tolerance. Changing the dielectric constant to 4.7 will better match the 

simulation results to measured ones. The photos of the fabricated antenna array and 

circular patch antenna are shown in Figure 4-7 and Figure 4-8, respectively.  

Table 4-2 Antenna Design Parameters 

Description Symbol Dimensions 
4-element array 

Patch width W 46 mm 
Patch length L 31.36 mm 
Feed position 

from patch center p0 7.1 mm 

Antenna spacing d 70 mm 
Ground length a 280 mm 
Ground width b 138 mm 

Circular patch 
Patch radius r 18.9 mm 
Feed position 

from patch center p0 5.6mm 

Ground width a 70 mm 
 

 

Figure 4-5 Return loss of the circular patch antenna. 
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Figure 4-6 Return loss of the 4-element antenna array. 

 

Figure 4-7 Photo of the fabricated 4-element antenna array. 
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Figure 4-8 Photo of the fabricated circular patch antenna. 

4.1.4 Calculation of Transmission Efficiency 

The efficiency of the wireless power transmission can be calculated theoretically 

using Friis transmission equation, 

  
η =

Pr

Pt

= Gt θt ,φt( )Gr θr ,φr( ) λ
4πD

⎛
⎝⎜

⎞
⎠⎟

2

                             (4.2) 

where   Gt
θ

t
,φ

t( )  is the gain of transmitting antenna in the direction of   θ t
,φ

t( ) ,   Gr
θ

r
,φ

r( )  

is the gain of receiving antenna in the direction of   θ r
,φ

r( ) , λ is the wavelength of 

operation, and D is the distance between antennas (center-to-center). In our cases, the 

receiving antenna is always facing -y direction as shown in Figure 4-2, which mean 

  θ t
,φ

t( ) = θ
r
,φ

r( ) . Also both antenna are in the xy-plane, or   θ t
= θ

r
= 90o . In equation (4.2) 

we assume there is no polarization mismatch and the antennas are perfectly matched to 

the following circuits. Equation (4.3) is then simplified to, 

  
η = Gt φ( )Gr φ( ) λ

4πD
⎛
⎝⎜

⎞
⎠⎟

2

                                            (4.3) 

It will be more convenient by expressing equation (4.3) in dB scale, 
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ηdB = 10 i log10 Gt φ( )Gr φ( ) λ
4πD

⎛
⎝⎜

⎞
⎠⎟

2⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

= Gt ,dB φ( ) +Gr ,dB φ( ) + 20 i log10

λ
4πD

⎛
⎝⎜

⎞
⎠⎟

                          (4.4) 

According to the setup in Figure 4-2, direction φ and distance D can be calculated 

by, 

  

D = R2 + x2

φ = tan−1 x
R

⎛
⎝⎜

⎞
⎠⎟

                                                       (4.5) 

The gains for the receiving antenna in different angles are found by simulating 

the radiation pattern in HFSS. For the antenna array, the radiation pattern is the 

multiplication of array factor and single-element radiation pattern. For the uniform linear 

array with equal excitation, the array factor (AF) can be found in [108], 

            

  

AF = e j(n−1)ψ

n=1

N

∑ =
sin Nψ

2
⎛
⎝⎜

⎞
⎠⎟

sin ψ
2

⎛
⎝⎜

⎞
⎠⎟

e
j( N−1)ψ

2                              (4.6) 

where   ψ = kd sinφ + β ,   k = 2π / λ  is wave number, d is antenna spacing, β is the phase 

difference between adjacent elements, and N is number of elements. The maximum 

values of the array factor  AF  occur when  

  ψ = kd sinφmax + β = ±2mπ ,   m = 0,1,2,...                          (4.7) 

where φmax is the main beam direction. So given the desired main beam direction, we can 

find the phase difference β by, 

  β = −kd sinφmax ± 2mπ ,   m = 0,1,2,...                             (4.8) 
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Once the antenna gains are available, the transmission efficiency can be 

calculated by equation (4.3). The calculated efficiencies for 2-element array are listed in 

Table 4-3. It can be seen the efficiency drops as the receiver moves away from the 

center. This is largely due to the decrease of the gain as the incident angle increases. 

The gain and efficiency increase slightly as the operating frequency goes higher. 

Table 4-3 Calculation of Transmission Efficiency for 2-element Antenna Array. 

x (cm) φ (deg) D (cm) Gt (dB) Gr (dB) η (%) 
2.06GHz 

0 0 50 6.56 3.92 0.60 
-10 -11 51 5.94 3.70 0.48 
-20 -22 54 5.32 3.12 0.32 
-30 -31 58 5.77 2.40 0.26 

2.08GHz 
0 0 50 6.74 3.95 0.63 

-10 -11 51 6.21 3.74 0.51 
-20 -22 54 5.63 3.17 0.35 
-30 -31 58 5.94 2.46 0.28 

2.108GHz 
0 0 50 6.97 4.00 0.67 

-10 -11 51 6.52 3.80 0.56 
-20 -22 54 5.96 3.24 0.38 
-30 -31 58 6.11 2.53 0.29 
 

The radiation patterns of the 2-element array for different scanning angles are 

plotted in Figure 4-9, Figure 4-10 and Figure 4-11 for frequency of 2.06GHz, 2.08GHz, 

and 2.108GHz, respectively. However, the main beam is too wide, so the focusing effect 

is not obvious. Also, the beam pointing error (BPE), which is the difference between the 

desired beam direction and actual beam direction, is too large.  
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Figure 4-9 Radiation patterns of 2-element antenna array at 2.06GHz. 

 

Figure 4-10 Radiation patterns of 2-element antenna array at 2.08GHz. 
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Figure 4-11 Radiation patterns of 2-element antenna array at 2.108GHz. 

The beam pointing error can be improved by increasing the number of elements 

[108]. The simulation results for 4-element array are plotted in Figure 4-12, Figure 4-13, 

and Figure 4-14. Compared to 2-element array, the BPEs are greatly reduced, and the 

main beam width becomes narrower. The maximum gain also increases.  

 

Figure 4-12 Radiation patterns of 4-element antenna array at 2.06GHz. 
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Figure 4-13 Radiation patterns of 4-element antenna array at 2.08GHz. 

 

Figure 4-14 Radiation patterns of 4-element antenna array at 2.108GHz. 

The transmission efficiency for 4-element array is calculated in Table 4-4. 

Compared to the 2-element array, the efficiencies for all cases are increased. 

Theoretically, the efficiency will increase linearly with respect to the number of antenna 
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element, however, the mutual couplings between antenna elements limit the total gain of 

the array. 

Table 4-4 Calculation of Transmission Efficiency for 4-element Antenna Array. 

x (cm) φ (deg) D (cm) Gt (dB) Gr (dB) η (%) 
2.06GHz 

0 0 50 9.54 3.92 1.19 
-10 -11 51 9.86 3.70 1.17 
-20 -22 54 9.48 3.12 0.84 
-30 -31 58 8.61 2.40 0.50 

2.08GHz 
0 0 50 9.63 3.95 1.23 

-10 -11 51 9.92 3.74 1.20 
-20 -22 54 9.55 3.17 0.86 
-30 -31 58 8.70 2.46 0.52 

2.108GHz 
0 0 50 9.74 4.00 1.27 

-10 -11 51 9.98 3.80 1.23 
-20 -22 54 9.62 3.24 0.89 
-30 -31 58 8.80 2.53 0.54 
 

4.1.5 Simulation of Transmission Efficiency 

More rigorous simulations are performed using HFSS. The setup in Figure 4-2 is 

modeled in HFSS, as shown in Figure 4-15. Perfect Matched Layer (PML) boundary 

condition is used in the simulation instead of radiation boundary condition because it has 

no reflection for incidence from any angle. For better accuracy, all PMLs are placed at 

least 50mm (about 1/3 wavelength) away from any radiating object, and the thickness of 

PML layers is 100mm. Lumped ports with 50 ohm impedance are used for excitations of 

antennas. Port 1 to 4 are assigned to transmitting antennas, and port 5 is assigned to the 

receiving antenna. In this setup, the transmission efficiency is calculated using 

transmission coefficients between antennas.  Assume the pilot signal is   f (t) = cos(ω t) , 

the signal receiver at antenna i will be, 

 



 

51 

 

Figure 4-15 HFSS model of experiment setup. 

  

g(t) = Re f (t)S(i,5){ } = Re cos(ωt) S(i,5) e jφi{ }
= cos(ωt +φi ) S(i,5)

                 (4.9) 

where S(i,5) represents transmission coefficient from antenna 5 to antenna i. When 

phase-conjugate and amplification are applied, the retransmitted signal from each 

antenna of the transmitting array will be, 

   
g!(t) = Acos(ωt −φi ) = Re Acos(ωt)e− jφi{ }                       (4.10) 

where A is the amplitude of the retransmitted signal. Because of reciprocity, the 

transmission coefficient from antenna i to antenna 5 S(5,i) is equal to S(i,5), so the signal 

received at antenna 5 from antenna i is, 
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f!(t) = Re g"(t)S(5,i){ } = Re Acos(ωt)e− jφi S(5,i){ }
= Re Acos(ωt)e− jφi S(5,i) e jφi{ }
= Re Acos(ωt) S(5,i){ }
= Acos(ωt) S(5,i)

              (4.11) 

Thus the waves from each transmitting antenna will add up constructively at the 

receiver. The transmission efficiency is then calculated by, 

  
η =

A S(5,i)
i=1

N

∑⎛
⎝⎜

⎞
⎠⎟

2

NA2 =
S(5,i)

i=1

N

∑⎛⎝⎜
⎞
⎠⎟

2

N
                             (4.12) 

Table 4-5 lists the simulated transmission efficiencies. The calculated 

transmission efficiencies are also included for comparison. For the 2-element antenna 

array, only antennas in the center (antenna 2 and 3) are used. The simulation results 

agree with the calculations, but are smaller in all cases because they take into account of 

the impedance mismatch and polarization mismatch.  

Table 4-5 Comparisons of Transmission Efficiency Between Calculation and Simulation. 

2-element Array 
 2.06GHz 2.08GHz 2.108GHz 

x (cm) Calculation Simulation Calculation Simulation Calculation Simulation 
0 0.60 0.45 0.63 0.58 0.67 0.58 

-10 0.48 0.41 0.51 0.52 0.56 0.51 
-20 0.32 0.28 0.35 0.36 0.38 0.36 
-30 0.26 0.20 0.26 0.24 0.29 0.23 

4-element Array 
 2.06GHz 2.08GHz 2.108GHz 

x (cm) Calculation Simulation Calculation Simulation Calculation Simulation 
0 1.19 0.86 1.23 1.09 1.27 1.09 

-10 1.17 0.85 1.20 1.04 1.23 1.00 
-20 0.84 0.66 0.86 0.80 0.69 0.78 
-30 0.50 0.43 0.52 0.51 0.54 0.47 
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The electrical field distributions at 2.08GHz different receiver positions are shown 

in Figure 4-16, Figure 4-17, Figure 4-18 and Figure 4-19. The field distributions at other 

frequencies are similar and not shown here. Antenna 1 and 4 are disabled (excitation is 

set zero) in the 4-element array to simulate the 2-element antenna array. It can be seen 

that the waves propagate in the direction of receiver location, and the beam width of the 

4-element array is much narrower than that of the 2-element array.  

  

(a)                                                      (b) 

Figure 4-16 Electric fields distributions for receiver at x=0cm. The fields are plotted on xy-

plane at 2.08GHz. (a) 2-element array, (b) 4-element array. 
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(a)                                                      (b) 

Figure 4-17 Electric fields distributions for receiver at x=-10cm. The fields are plotted on 

xy-plane at 2.08GHz. (a) 2-element array, (b) 4-element array. 

  

(a)                                                      (b) 

Figure 4-18 Electric fields distributions for receiver at x=-20cm. The fields are plotted on 

xy-plane at 2.08GHz. (a) 2-element array, (b) 4-element array. 
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(a)                                                      (b) 

Figure 4-19 Electric fields distributions for receiver at x=-30cm. The fields are plotted on 

xy-plane at 2.08GHz. (a) 2-element array, (b) 4-element array. 

4.1.6 Experiment Results of Transmission Efficiency 

The photo of the experiment setup in power transmission mode is shown in 

Figure 4-20. The input power for each antenna is about 23dBm measured by power 

meter. The received powers measured along the x-axis at different frequencies are 

plotted in Figure 4-21, Figure 4-22 and Figure 4-23. The results show good agreement 

with the simulated radiation patterns in Figure 4-9, Figure 4-10 and Figure 4-11. 

However, as predicted by simulation, the beam width is too wide and the beam pointing 

error is very large too. 
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Figure 4-20 Photo of experiment setup in power transmission mode. 

 

Figure 4-21 Measurement of received power of 2-element antenna array for different pilot 

signal positions at 2.06GHz. 
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Figure 4-22 Measurement of received power of 2-element antenna array for different pilot 

signal positions at 2.08GHz. 

 

Figure 4-23 Measurement of received power of 2-element antenna array for different pilot 

signal positions at 2.108GHz. 
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The measurement results for 4-element array are plotted in Figure 4-24, Figure 

4-25 and Figure 4-26. The results also agree with simulated radiation patterns. Knowing 

the combined transmitting power for 4 antennas is about 29dBm, we can easily calculate 

the transmission efficiency. The comparisons of transmission efficiency between 

calculation, simulation and test results are summarized in Table 4-6. The test results are 

higher than the calculation and simulation. One reason is that the measurements were 

not done in the anechoic chamber, so the multipath reflection could cause fluctuation of 

received power. Also the power meter measures the total power in a wide bandwidth, 

thus the interference and noise in the environment add to the received power. The 

measured transmission efficiency between 2-element array and 4-element array are 

compared in Figure 4-27, Figure 4-28 and Figure 4-29, at frequency 2.06GHz, 2.08GHz 

and 2.108GHz respectively. The average improvement of transmission efficiency is about 

70% at 2.06GHz, 91% at 2.08GHz and 168% at 2.108GHz.  

 

Figure 4-24 Measurement of received power of 4-element antenna array for different pilot 

signal positions at 2.06GHz. 
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Figure 4-25 Measurement of received power of 4-element antenna array for different pilot 

signal positions at 2.08GHz. 

 

Figure 4-26 Measurement of received power of 4-element antenna array for different pilot 

signal positions at 2.108GHz. 
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Table 4-6 Comparisons of Transmission Efficiency Between Calculation, Simulation and 

Experiment. 

2-element Array 
 x=0cm x=-10cm x=-20cm x=-30cm 

2.06GHz 
Calculation 0.60 0.48 0.32 0.26 
Simulation 0.45 0.41 0.28 0.20 

Test 0.62 0.58 0.60 0.45 

2.08GHz 
Calculation 0.63 0.51 0.35 0.26 
Simulation 0.58 0.52 0.36 0.24 

Test 0.81 0.69 0.69 0.47 

2.108GHz 
Calculation 0.67 0.56 0.38 0.29 
Simulation 0.58 0.51 0.36 0.23 

Test 0.79 0.65 0.55 0.45 
4-element Array 

 x=0cm x=-10cm x=-20cm x=-30cm 

2.06GHz 
Calculation 1.19 1.17 0.84 0.50 
Simulation 0.86 0.85 0.66 0.43 

Test 1.00 1.07 1.00 0.76 

2.08GHz 
Calculation 1.23 1.20 0.86 0.52 
Simulation 1.09 1.04 0.80 0.51 

Test 1.38 1.38 1.32 0.95 

2.108GHz 
Calculation 1.27 1.23 0.69 0.54 
Simulation 1.09 1.00 0.78 0.47 

Test 1.86 1.82 1.55 1.23 
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Figure 4-27 Comparison of measured transmission efficiency between 2-element and 4-

element arrays at 2.06GHz. 

 

Figure 4-28 Comparison of measured transmission efficiency between 2-element and 4-

element arrays at 2.08GHz. 
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Figure 4-29 Comparison of measured transmission efficiency between 2-element and 4-

element arrays at 2.108GHz. 

4.2 Rectenna 

A rectenna is the combination of Rectifier and Antenna. It is used to convert RF 

energy into DC energy. It usually consists of four subsystems, as shown in Figure 4-30, 

(1) antenna, (2) impedance matching, (3) rectification and (4) filtering. 

 

Figure 4-30 Basic rectenna system. 
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4.2.1 Antenna 

The antenna is used to receive the RF energy. Depending on the applications, 

the antenna may have high gain or omni-directional property, broadband or narrow band. 

Polarization can be linear, dual, or circular, depending on the polarization of transmitting 

antennas. However, high efficiency, low weight and small size is always desirable.  

4.2.2 Impedance Matching 

The impedance matching serves two purposes. Primarily it matches the antenna 

input impedance to the input impedance of rectification circuit so that maximum power 

captured by antenna will be transferred to the next stage. The impedance matching can 

also serves as a filter to prevent the reradiation of high order harmonics produced by 

rectifying diode. This not only suppresses the interference to other around devices, but 

also increases the conversion efficiency by reflecting the harmonics back to the rectifier. 

Depending on the geometry, the antenna itself can also function as a filter. For 

example, the rectangular patch antenna resonates at the fundamental frequency and its 

harmonic frequencies. The harmonics generated by the diode coincide with the resonant 

frequencies of rectangular patch antenna. However, for a circular patch antenna, its 

resonant frequencies correspond to the root of first kind Bessel function, which is not a 

multiple integer of fundamental frequency, therefore suppressing the reradiation of high 

order harmonics. 

4.2.3 Rectification 

The heart of a rectenna is rectification. This is where the RF energy is converted 

DC energy. The basic principle of rectification is analogous to diode clamping circuit [97]. 

The conversion efficiency of a diode depends on the input power level. The general 

relationship is shown in Figure 4-31, where Vj, Vbr, and RL are the forward voltage drop 

(or turn-on voltage), reverse breakdown voltage, and the DC load resistance, 
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respectively. The efficiency is small when the power is low because the voltage across 

the diode is smaller than or comparable with the forward voltage drop of the diode. As the 

power level increases the efficiency increases as well, but the rate of increase becomes 

smaller because the generation of stronger high order harmonics. The efficiency 

decreases when the power is too large that the voltage at the diode exceeds the reverse 

breakdown voltage. The critical input power where the breakdown effect becomes 

dominant is expressed as   Vbr

2 / 4R
L
. 

The equivalent circuit model of a diode is shown in Figure 4-32. It consists of a 

series resistor Rs, a nonlinear junction resistor Rj described by the I-V characteristic 

curve, and a nonlinear junction capacitance Cj. The cutoff frequency of a diode is 

determined by Equation (4.13) [97], where Cj0 is zero-bias junction capacitance, 

  
fcutoff =

1
2πRsC j0

                                                 (4.13) 

 

Figure 4-31 General relationship between diode conversion efficiency and input power 

[97]. 
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simulation computer program called LIBRA developed by 
EEsof Inc.. The maximum efficiency limited by the par- 
asitic series resistance and the junction capacitance of a 
diode has been calculated using the closed-form equation. 
It was possible to interpret the cutoff frequency of a diode 
as a parameter to limit the highest operating frequency of 
the diode in the power conversion circuit as a result of 
this calculation. This result of closed-form equation will 
be useful to select or design a diode for rectenna at any 
arbitrary frequency. 

A 35 GHz dipole rectenna has been designed with the 
closed-form equation and LIBRA which uses a Harmonic 
Balance method to solve a nonlinear circuit. The overall 
conversion efficiency of rectenna was measured using the 
waveguide array simulator. The dc power was 39% of the 
input power of 51 mW and the reflected power was 12% 
of the incident power. The incident power includes both 
the input power to the rectenna diodes and the reflected 
power. The power conversion efficiency of the diode at 
10 GHz was measured by sending the power through a 
coaxial line. The highest efficiency was measured as 60%, 
which was consistent with the simulation result with 
LIBRA. The devices used were commerically available 
mixer diodes which are not optimized for this application. 
It is believed that higher efficiency could be achieved with 
optimized devices. 

11. CLOSED-FORM EQUATION FOR THE CONVERSION 
EFFICIENCY 

A .  Basic Circuit Structure of Rertenna 
The basic structure of a rectenna is shown in Fig. 1. 

The low pass filter inserted between the antenna and rec- 
tifying circuit is designed so that the fundamental fre- 
quency can be passed and a significant portion of the 
higher order harmonics generated from the nonlinear rec- 
tifying circuit be rejected back to the rectifying circuit. 
The rectifying circuit consists of a single diode shunt-con- 
nected across the transmission lines. 

The basic principle of the microwave power conversion 
by ths rectifying circuit is analogous to a diode clamping 
circuit or a large signal mixer at microwave frequencies. 
The power conversion efficiency is maximized by sub- 
stantially confining all the higher order harmonics be- 
tween the low pass filter and the dc pass filter, using an 
efficient diode and matching the diode’s input impedance 
to antenna’s input impedance. 

The power conversion efficiency of a diode changes as 
the operating power level changes. The power conversion 
efficiency of a rectenna generally changes with the input 
power as shown in Fig. 2. V,, Vbr, and RL are the forward 
voltage drop Cjunction voltage), the breakdown voltage of 
the diode, and the dc load resistance of the rectenna, re- 
spectively. The efficiency is small in the low power re- 
gion because the voltage swing at the diode is below or 
comparable with the forward voltage drop of the diode. 
The efficiency increases as the power increases and levels 
off with the generation of strong higher order harmonics. 

Rectifying 

Fig. 1 .  Block diagram of a rectenna circuit. 

A 

Efficiency Curve I 

I 
Y I b 

g Input Power 4RL 
Fig. 2. General relationship between microwave to dc power conversion 

efficiency and input power. 

The efficiency sharply decreases as the voltage swing at 
the diode exceeds the breakdown voltage (Vbr)  of the 
diode. The critical input power where the breakdown 
effect becomes dominant is expressed as V&/4RL in 
Fig. 2 .  

The three parameters of diode such as Vb,,  zero-biased 
junction capacitance (Cj , ) ,  and series resistance (Rs )  de- 
termine the power conversion efficiency of rectenna. 
These parameters are related with each other due to the 
diode material properties [ 131. The breakdown voltage of 
a diode used for a 2.45 GHz rectenna is on the order of 
60 V. The C,, and Rs with this breakdown voltage are 
several pF and less than 1 !J respectively which are small 
enough to operate at 2.45 GHz. The breakdown voltage 
is much larger than the junction voltage of the diode which 
is about 0.8 V. Therefore the efficiency of the efficiency 
vs input power curve in Fig. 2 can increase nearly to 100% 
before reaching at the region where the breakdown effect 
is dominant. For 35 GHz rectenna, Cj, should be reduced 
to the order of 0.1 pF. But this reduction results in the 
increase of Rs and the decrease of Vbr. The typical value 
of Vbr of a Ka-band mixer diode is 10 V with R, of 4-8 Ilt 
and Cj, of 0.1 pF. The efficiency would be low with this 
small value of Vbr because the junction voltage effect is 
still not negligible even at the maximum efficiency point 
of the efficiency vs input power curve as illustrated in Fig. 
2. Consequently, it is important to have a good trade-off 
between the diode parameters in designing a diode. The 
closed-form equation derived in the next subsection will 
be useful to design a diode for a high frequency rectenna. 

B. Derivation of Closed-form Equation for Conversion 
E$ciency 

The equivalent circuit of the Schottky diode is shown 
in Fig. 3 .  The diode consists of a series resistor (R,) ,  a 



 

65 

 

Figure 4-32 Equivalent circuit of diode [97]. 

Theoretical close-form equation for the power conversion efficiency can be found 

in [97]. In general the efficiency is defined by: 

  
η =

Pout

Pin

=
VDC

2 / RL

Pin

×100%                                      (4.14) 

Where VDC is DC output voltage at load RL, and Pin is input power. 

To achieve high efficiency, a diode with low forward voltage drop, high reverse 

breakdown voltage, low capacitance and series resistance is desirable. But these 

parameters are related to each other due to the diode material properties, for example, 

lower forward voltage drop usually means lower reverse breakdown voltage. When the 

RF power is low, the output voltage is usually small and not enough to drive other circuit 

components, so the voltage multiplier is often used to boost the output voltage. A voltage 

doubler is shown in Figure 4-33. Assume the diode is ideal, i.e., the forward voltage drop 

is zero. Let the input AC voltage has a peak amplitude Vac. During the negative half-cycle 

of the input signal, D1 will be open and C1 is charged to the peak of input voltage Vac. 

During the following positive half cycle of input, D1 is turned off and D2 is open. The 

voltage across C1 remains unchanged and adds on to the input, so that the voltage at 

position 1 will be V1 = Vin + Vac. Since D2 is open now, C2 will be charged to peak voltage 

2Vac. The output voltage can be further increased by adding more stages of rectification. 

Y O 0  AND CHANG: DEVELOPMENT OF 10 AND 35 GHz RECTENNAS 1261 

A cording to 

Vd, DC Vo = - 
l + r  (3) 

where r = Rs/RL and R L  is the dc load resitance as shown 

the waveform Vd, and V ,  in (2 )  is the dc component of 

derived by taking an average of Vd over one full period as 

Dc Load in Fig. 3. Vd$C introduced here is the average value of 

the waveform Vd in turn-off period. Therefore, v d , D c  is I 
I 

----,---------A - 
C 

L 

doff 

7r 

Fig. 3 .  Equivalent circuit o f  a Ku-band beamlead Schottky diode used for 
the derivation of a closed-fonn equation. R, and C, model the intrinsic junc- 
tion for the diode, Rs is the parasitic series resistance of the diode and R, 

where eoff is the phase angle where the diode is turned off 
as shown in Fig* 4- The phase 8 is defined as 

is the dc load. 8 = ut - 4. Since the switching of the diode occurs when 
Vd is equal to the forward voltage drop Vfof the diode, 

nonlinear resistor (Rj )  described by the I- V relationship 
of a diode at dc, and a nonlinear junction capacitance (C,). 
The reactive parasitic elements of the physical diode are 
excluded from this model because they can be tuned out 
without affecting the rectifying efficiency. The closed- 
form expressions for the rectifying efficiency and the ef- 
fective microwave impedance of the diode are derived 
with the following assumptions: 

1) The voltage V applied between node A and C con- 
sists of the dc term and the fundamental frequency 
only. 

2) The current due to the junction capacitance is neg- 
ligible when the diode is forward biased. 

3) The forward voltage drop across the intrinsic diode 
junction is constant during the forward-bias period. 

The first assumption is reasonable considering that the 
magnitude of the higher order harmonics is usually small 
compared to those of the dc and fundamental components. 
The second assumption is based on the fact that the change 
of v d  in Fig. 3 is small during the forward-bias period. 

Under these assumptions, the voltage waveform of V 
and Vd can be expressed as follows: 

(1) V = -vo + V, cos (ut) 

- V, + v d l  cos (ut - +), if diode is off 

if diode is on. V d = [  Vf 

( 2 )  

doff is calculated by 

On the other hand, the equation for the current flowing 
through Rs is written as follows when the diode is off 

Since Cj is a monotonic increasing funtion of Vd, Cj can 
be expanded as follows: 

C, = CO + c1 cos (ut - 4) 
+ c2 cos (2ut - 2 4 )  + * * . (7) 

Substituting C, into (6) with a Fourier series of (7) and 
neglecting the terms higher than the second harmonic, the 
equation becomes 

uRs(C1 Vdo - COVdI) sin (ut -4) 
= V ,  - VO + (VI cos 4 - Vdl )  cos (ut -4) 

- Vl sin 4 sin (ut - 4). (8) 
Since the above equation should hold during the off period 
of the diode, each term should separately zero: 

v, = V, ( 9 4  

. ,  
The voltage Vo in (1) is the output dc voltage and the volt- 
age VI is the Peak voltage of an h k h t  microwave. Vdo 
and Vdl are the dc and the fundamental frequency com- 
ponents of diode junction voltage V,, respectively, when 

when the diode is on. Vo is known by specifying the out- 

impedance are calculated by relating the other variables 
such as VI, V,, v d l ,  and 4 to the known variable of vo. 

By applying Kirchoff's voltage law along the dc-pass 

VI sin 4 = wRs(CoVdl - CIV, + C ~ V ~ I  1. (9c) 
The phase delay is obtained from (9) as follows: 

Cl cos doff 

1 + Vf 4 = arctan [ uRs (CO - the diode is off. Vf is the forward voltage drop of the diode 

put dc power. The efficiency and the diode effective = arctan (uRsCeff) (10) 
where vf = Vf /V0 .  From (31, (4), (51, and (gal, the re- 
lationship between doff and r is derived as 

(11) 
r r  loop shown as a dotted line in Fig. 3, the dc voltage 

( -  Vd,Dc) of v d  is related to the dc component of V ac- 
-- - tan doff - %ff. 
1 + Vf 
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Figure 4-33 Voltage doubler. 

4.2.4 Filtering 

After rectification, the RF energy is converted into large DC component with 

small harmonic components. These harmonic components have to be filtered before 

feeding to the load. Usually a parallel-connected capacitor is enough.  

4.2.5 Rectifier Design and Simulations 

For the 4-element array, the received powers at the pilot signal locations are 

between 7dBm to 12dBm. A rectenna is designed and optimized for that input power 

range. The antenna is already designed in previous section, which is a circular patch 

antenna. Circular patch antenna is preferred over rectangular patch antenna because it 

can suppress reradiation of higher order harmonics generated by the diodes. Schottky 

diode SMS7630-079LF made by Skyworks Inc. is chosen here, because it has low 

forward voltage drop. The package model of SMS7630-079LF is shown in Figure 4-34. 

The SPICE model for the diode is listed in Table 4-7 [109].  

 

Figure 4-34 Package model of Skyworks SMS7630-079LF. 
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Table 4-7 SPICE Parameters of Diode SMS7621-079LF. 

Parameters Symbol SMS7630-079LF 
Reverse breakdown voltage Bv 2 V 

Current at Bv IBv 1E-4 A 
Energy bandgap EG 0.69 eV 

Zero-bias junction capacitance Cj0 0.18 pF 
Saturation current Is 3E-6 A 

Ideal factor N 1.06 
Series resistance Rs 25 Ω 
Junction potential PB(VJ) 0.35 V 

Saturation-current temperature exponent PT(XTI) 2 
Grading coefficient M 0.5 

 

Because of the low reverse breakdown voltage of the diode, 6-stage voltage multiplier 

multiplier architecture is adopted to boost the output voltage. The schematic of the 

rectifier is shown in Figure 4-35, and the values of the components are listed in  

. L1 and C1 form an L matching network, and C7 functions as a single-pole low 

pass filter for the load. The circuit is simulated in Advanced Design System (ADS). 

Because of the nonlinear characteristics of the diode, Harmonic Balance (HB) simulation 

(ip to the 3rd harmonic) is used to calculate the steady-state response. The parasitic 

parameters of PCB at RF frequencies cannot be neglected, so Momentum EM Simulator 

is used to model the PCB layout. Also, in the circuits, Murata surface mount (SMT) 

capacitors (GQM18 series, size 0603) and inductors (LQG18H series, size 0603) are 

used instead of ideal components. The PCB is made of FR4 with relative dielectric 

constant of 4.4 and loss tangent of 0.02. The thickness is 1.6mm. Top layer and bottom 

layer of PCB are connected through vias. The input of rectifier is coplanar waveguide with 

ground (CPWG) with characteristic impedance of 50Ω to match the antenna. The layout 

of circuit is shown in Figure 4-36.  
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Figure 4-35 Schematics of the rectifier. 

 

Figure 4-36 Layout of the rectifier. 
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Table 4-8 Values of Circuit Components. 

Components Value 

C1 1 pF 

L1 1.6 nH 

C2 15 pF 

C3 15 pF 

C4 15 pF 

C5 330 pF 

C6 220 pF 

C7 120 pF 

R 1.8 kΩ 
 

4.2.6 Measurement Results of Rectifier 

The photo of the fabricated rectifier is shown in Figure 4-37. Due to the limitation 

of the test equipment, the input power is measured up to 10dBm. The simulated and 

measured DC output voltages are plotted in Figure 4-38, Figure 4-39 and Figure 4-41. 

And the conversion efficiencies are plotted in Figure 4-41, Figure 4-42 and Figure 4-43. 

The measurement result shows excellent agreement with simulation result. For 10dBm 

input power, the measured efficiencies are 43.9%, 47.4% and 45.4% for 2.06GHz, 

2.08GHz and 2.108GHz respectively. And the simulated efficiencies are 51.7%, 52.8% 

and 53.4% for 2.06GHz, 2.08GHz and 2.108GHz respectively. The difference between 

measurement and simulation is expected, as the real diodes do not behave exactly as 

the SPICE model, and the values of capacitor and inductor have about ±5% tolerance 

and the fabrication of PCB also has process variance. Also the discontinuity between the 

SMA connect and CPWG transmission line causes additional reflection. The return 

losses for 10dBm input power are plotted in Figure 4-44. The measured reflection 

coefficients are less than -9dB for all frequencies, which is acceptable. 



 

70 

 

Figure 4-37 Photo of the fabricated rectifier. 

 

Figure 4-38 DC output voltage of the rectifier at 2.06GHz. 
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Figure 4-39 DC output voltage of the rectifier at 2.08GHz. 

 

Figure 4-40 DC output voltage of the rectifier at 2.108GHz. 
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Figure 4-41 Conversion efficiency of the rectifier at 2.06GHz. 

 

Figure 4-42 Conversion efficiency of the rectifier at 2.08GHz. 
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Figure 4-43 Conversion efficiency of the rectifier at 2.108GHz. 

 

Figure 4-44 Return loss of the rectifier at 10dBm input power. 
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4.3 System Design of Ultra-wideband Retro-reflective Antenna Array 

The experiments confirm that the sidelobe level is high for single frequency WPT. 

In the 4-element array experiments, the first sidelobe is only about 10dB low than the 

main beam. As suggested in [41], ultra-wideband retro-reflective beamforming can 

reduce the sidelobe level. In this dissertation, an architecture is proposed to implement 

the power transmitter as shown in Figure 3-1. The architecture is based on frequency-

domain sampling method and sub-band technique. The circuit diagram of proposed 

power transmitter is shown in Figure 4-45. Compared to the circuit diagram in [31] 

(shown in Figure 4-46), the architecture proposed here is much simpler, because one set 

of LO, mixer and band pass filter can extract the spectra of multiple frequencies, but 

system in [31] requires one set for each frequency sample.  

 

Figure 4-45 Circuit diagram of proposed power transmitter. 
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Figure 4-46 Circuit diagram of the system in [31]. 

4.3.1 Impulse Receiver 

In order to completely retrieve the spectrum of the UWB pilot signal sent by the 

power receiver, the straightforward way is to sample the signals using analog-to-digital 

converters (ADCs) and carry out Fourier transform subsequently. Obviously, wideband 
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Fig. 3. Detailed schematic diagram of the proposed time-reversal system.

shown in Fig. 5, the th oscillator’s frequency is controlled by
a bias signal as . This oscillator is mixed with
the input signal ; and the mixer’s output goes to a BPF
centered at and with a high quality factor (high ). Since
the input signal is periodic, the output of BPF is maximized
when . Obviously, the narrower the BPF’s bandwidth
is, the smaller phase error there is. However, if the BPF has too

high a quality factor, a lot of time is needed for it to reach steady
state, and consequently, the locking speed is low. In practice, a
medium bandwidth should be chosen such that BPFs in Fig. 3
could capture desired spectral lines with sufficient accuracy.

Phase of the first local oscillator, , is assumed to be zero;
and phases of the other oscillators are obtained through phase
detectors in Fig. 3. The block diagram of phase detector be-
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impulses call for ADCs with high sampling rates, which are well known to be expensive 

and difficult to realize [98]. Although “time-interleaved sampling” can relieve the high-

sampling-rate difficulty, it requires precise and complicated time delay control [99] [100]. 

As alternatives to direct digitizing in the time domain, some researchers resorted to 

frequency-domain methods to achieve low-cost receivers for wideband impulses. Hoyos 

et al. [101] and Thirugnanam et al. [102] attempt to capture the impulses’ spectral 

components using correlators and resonators, respectively. Although theoretically 

elegant, both the correlator and resonator approaches meet certain intricacies in practical 

implementation. For instance, since the correlators rely on integral (i.e., direct current) 

outputs, they are sensitive to various interferences such as the coupling between the 

radio-frequency (RF) port and local-oscillator (LO) port of the mixers, and, the passive 

resonators with high quality factor at RFs are difficult to accomplish in practice. In [103] 

[104] [105], the input signal’s spectrum is decomposed into several sub-bands, so that 

sampling rates for each sub-band can be lowered. But the sub-band technique is 

designed to estimate the information bit carried in the UWB signal, not to perfectly extract 

the spectrum. However, the spectrum, especially the phase information, is very important 

in the retro-reflective antenna array to focus the beam automatically on the receiver. 

The proposed architecture [106] adopts frequency-domain sampling method, and 

uses the sub-bands topology to lower the required sampling rate. But in our architecture, 

the adjacent sub-bands have overlapping region and an algorithm is developed to 

seamlessly reconstruct the whole spectrum from sub-bands’ spectra. First, the input 

signal is divided into multiple channels by LOs at different frequencies. Each channel 

processes a small portion of the input’s spectrum with the aid of low pass filters (LPFs); in 

other words, each channel serves as a narrow-band receiver. Overlapping bands are 

designated in between every two adjacent channels. Second, the signal in each channel 
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is sampled by ADC and processed by DSP to find the narrow band spectrum. Finally, the 

DSP reconstructs the wideband spectrum using the algorithm explained as follows. 

Assume the received UWB signal is f(t) with period T0, starting time ta and ending 

time tb. Then f(t) can be represented by Fourier series as: 

  
f (t) = Ame jmω0t

m=−∞

+∞

∑                                           (4.15) 

where ω0=2π/T0, and  

  
Am = 1

T0

f (t)e− jmω0t dt
0

T0∫                                      (4.16) 

As can be seen from Figure 4-47, the spectrum of the periodic signal is discrete 

with spacing ω0 (or frequency domain resolution) between two spectral lines.  

 

Figure 4-47 Illustration of periodic pulses as pilot signal. (a) Time domain signal, (b) 

frequency domain spectrum. 

Then the received signal f(t) is processed by N parallel branches, and each 

branch behaves as a down-converter, as shown in Figure 4-48. Specifically, N local 

oscillators and N mixers are used to down-convert f(t) to N intermediate-frequency (IF) 

 
 

33 
 

 

(a) 

 

(b) 

Figure 3-9 Illustration of periodic pulses as pilot signal. (a) Time domain signal, (b) 

Frequency domain spectrum. 

3.3.2 Rectenna 

Rectenna is the combination of Rectifier and Antenna. It is used to convert RF 

energy into DC energy. It usually consists of four subsystems, as shown in Figure 3-10, 

(1) antenna, (2) impedance matching, (3) rectification and (4) filtering. 

3.3.2.1 Antenna 

The antenna is used to receive the RF energy. Depending on the applications, 

the antenna may have high gain or omi-directional property, broadband or narrow band. 

Polarization can be linear, dual, or circular, depending on the polarization of transmitting 

antennas. However, high efficiency, low weight and small size are always desirable.  

Also, antenna array can also be used before feeding into the next stage, but 

coherent combining of signals from each element is critical. 

Am  

ω  
ω 0  

ta  tb  T0  

f (t )  
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channels. In this illustration, N=3. The LO frequencies are chosen to be ω0/4 less than the 

frequency of the first spectral line in each IF channels.  Each channel is followed by a low 

pass filter with a cutoff frequency at (M+3/4)ω0. Then the IF channel outputs are sampled 

by ADCs and processed by DSP to obtain the magnitude and phase information of each 

spectral line. 

 

Figure 4-48 Illustration of how impulse receiver processes periodic pulses. 

Let the complex values of the spectral lines in each sub-band are denoted by 

Am

(n ) , with m = 1, 2, …, M, and n = 1, 2, …, N. In the overlapping bands (marked by 

shaded areas), there are M0 spectral lines. To be specific, the following two groups of 

data originate from the same spectral samples of f(t): 

AM−M0+1
(n) ,AM−M0+2

(n) ,...,AM
(n){ }

A1
(n+1),              A2

(n+1),                 ...,AM0

(n+1){ }                                (4.17) 
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With the same origin, the only possible differences between these two groups of 

data are different time delays from the antenna port to the ADC inputs, and the phase 

errors introduced by LOs. When the sampling time is short, the phase error in each group 

introduced by the LO can be considered as a constant. As a consequence, the phase 

difference between them should be linear with respect to frequency. This fact triggers the 

following algorithm to stitch the two adjacent sub-bands, which consists of three steps: 

Step 1) At the post-processing stage, a vector is constructed as 

∠AM−M0+1
(n) −∠A1

(n+1)

∠AM−M0+2
(n) −∠A2

(n+1)

                                           :
        ∠ AM

(n) −∠AM0

(n+1)

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

                                           (4.18) 

Where the operator “∠·” takes the phase of its argument. 

Step 2) A linear function a + bω is used to fit the data in (4.18). To be specific, 

unknowns a and b are obtained by minimizing the least squares error between a + bω 

and the data in (4.18). When the least squares error is calculated, the phase data in 

(4.18) are weighed according to the corresponding magnitude data in (4.17). Also, 

additional care needs to be taken in the curve fitting process as the phase is 2π-periodic, 

i.e., φ and φ + 2π are indistinguishable by the “∠·” operator. 

Step 3) When the phases of either A1
(n ) , A2

(n ) , ...,AM

(n ){ }  or A1
(n+1) , A2

(n+1) , ...,AM

(n+1){ }  is 

corrected (i.e., subtracted or added) by a + bω, the outcomes of IF channels n and n+1 

are merged. 

After the aforementioned algorithm is carried out for all the neighboring channels, 

narrow-band outcomes from the N channels are “stitched” into the entire spectrum. It is 

noted that “stitching error” could propagate from channel to channel. In our 
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implementation, we always start with the two channels with the strongest spectral 

magnitudes in order to minimize the error propagation. 

4.3.2 DSP 

Some functions of DSP block are explained in previous section, which is 

reconstructing the entire spectrum from sub-band spectra using the algorithm 

aforementioned. Then phase-conjugate is implemented by changing the sign of phase for 

each spectral line: 

∠Ai
* = −∠Ai    ,   i = 1,2,...,M 0 + N (M − M 0 )                        (4.19) 

The phase information is transformed to control voltage of phase shifter in 

waveform generator block according to the data sheet provided by the phase shifter 

manufacturer. The magnitude of the spectrum is used to control the gain of amplifier in 

waveform generator for beam shaping. 

The safety procedure is also implemented in DSP. The maximum received power 

level of each antenna array (or maybe only one array) is compared to a preset criterion, if 

it is smaller than the preset value, which means a significant path loss, then the antenna 

array will be shut off. It not only saves the power, but also prevents over-exposure of EM 

energy to humans or other living animals.  

4.3.3 Waveform Generator 

The waveform generator in the power transmitter is essentially an inverse Fourier 

transform block, where multiple discrete frequencies are synthesized into a time domain 

signal. The magnitude and phase for each discrete frequency are adjusted through the 

variable gain amplifier (VGA) and phase shifter, respectively.  
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Because the spacing between two adjacent spectral lines ω0=2π/T0 is inverse 

proportional to the period Τ0 of pulses in time domain, increasing ω0 by a factor χ will 

decrease the period by the same factor, where χ is undersampling factor. 

χω 0 =
2π
T0 / χ

                                                 (4.20) 

In other words, if we sample the spectrum every χ spectral lines, then in the 

same period, we shall have χ pulses. This undersampling idea is illustrated in Figure 

4-49. By undersampling in frequency domain (less number of discrete frequencies), the 

required number of LOs for reconstructing the time-domain signal is reduced, thus the 

system complexity is reduced. Also the power transmission is more continuous. In an 

extreme case, only one frequency is selected, then the reconstructed signal becomes a 

continuous wave (CW).  

 

Figure 4-49 Illustration of frequency domain undersampling. (a) Original time domain 

periodic signal with period of Τ0, (b) spectrum of signal in (a) with spacing of ω0, (c) 

inverse Fourier transform of undersampled spectrum in (d), now the period is Τ0 / χ,  

(d) undersampled spectrum of (b) by a factor of χ. 
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4.3.4 Experiment Results of Impulse Receiver 

Figure 4-50 shows the experimental setup to verify the impulse receiver 

proposed in previous section. Periodic impulses are generated by National Instrument 

PXI-5610; The impulses have carrier frequency 2.1 GHz and period Τ0=0.5us. Two 

standard horn antennas are used to establish a wireless link. One antenna is connected 

to the PXI-5610 as the transmitting antenna. The other is connected to the impulse 

receiver as the receiving antenna. The received signal s(t) is fed to the circuit shown 

through a power divider. In our implementation, we used two physical branches to 

represent all the logical branches by reconfiguring the frequencies of two oscillators. The 

two local oscillators are synthesizer ADF4360-1 and the two mixers are ADL5365, all 

made by Analog Devices Inc. The two synthesizers are locked by one external 10-MHz 

reference clock, so that their outputs will keep in phase, or by a constant phase 

difference. The frequencies of the synthesizers are set to {…, 2.0975, 2.0995, 2.1015, 

2.1035, …} GHz sequentially. Because the synthesizer’s frequency is tuned to be ω0/4 to 

the left of a certain spectral line of s(t), the fundamental frequency of the IF channel is 

0.5MHz. In our experiments, all IF channels are recorded by an Agilent 54621A storage 

oscilloscope with 200-MHz sampling rate, and digital processing is used to emulate all 

the filters. In this section, results from the circuit in Figure 4-50 are termed from 

“frequency-domain approach.” For the purpose of verifying the results from Figure 4-50, 

the received signal s(t) is directly measured by a Lecroy WavePro 760Zi oscilloscope 

with 40GHz sampling rate. Results measured by the high-speed oscilloscope and 

processed afterwards are termed from “time-domain approach”. 
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(a) 

 

(b) 

Figure 4-50 Experiment setup and circuit implementation of impulse receiver. (a) 

Schematic of experiment setup, (b) Photo of experiment setup. 

The impulse signal measured by the time-domain approach is plotted in Figure 

4-51. Its time-average power is roughly 0dBm, measured by power meter. Normalized 

discrete spectra of s(t) from frequency- and time-domain approach are compared in 

Figure 4-52. It is observed that amplitudes from the two approaches match each other 

very well. And the phase difference between two approaches follows by a straight line, 

which is due to different arriving times of the pulses with respect the starting time t = 0 us. 

The phase error is large at the frequencies whose magnitudes are small. It is expected as 
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they are more susceptible to noise. Spectral data from the frequency-domain approach 

can be inverse Fourier transformed to reconstruct the signal s(t). In our implementation, 

the following reconstruction is carried out using Matlab. 

   
   
s!(t) =α Re Ame jωmt

m=1

N

∑⎧⎨
⎩

⎫
⎬
⎭

                                            (4.21) 

where Am is the spectrum at frequency ωm, and N is the total number of spectral 

lines. The constant α scales the reconstructed waveform to have a normalized peak 

voltage. In Figure 4-53, the reconstructed signal with N = 17 is plotted. 

 

Figure 4-51 Received impulse signal from time-domain approach, with transmitting power 

at 0dBm. 

 

-0.6 

-0.4 

-0.2 

0 

0.2 

0.4 

0.6 

0 1 2 3 4 5 
t (µs) 

s (t) (V) 

t = 0.3 µs t = 0.8 µs 

T0 = 0.5 µs 



 

85 

 

Figure 4-52 Spectrum of the received impulse signal with transmitting power of 0dBm. 

When the impulse signals are transmitted with various transmitting power (0dBm, 

-10dBm, -30dBm), the received signals measured by spectrum analyzer are shown in 

Figure 4-54. The signal’s power, which is the summation of the spectral lines’ power, is 

calculated to be −33dBm, -43dBm, and -63dBm, respectively. Meanwhile, the noise 

power density is read to be −95dBm per 30kHz, since the signal’s bandwidth is about 

30MHz, the total noise power is −65dBm. As a result, the SNR in Figure 4-54 are about 

32dB, 22dB and 2dB, respectively. The measurement results for the 22- and 2-dB-SNR 

scenarios are shown in Figure 4-55 and Figure 4-56, respectively. It is clear that the 

impulse’s spectrum can be retrieved reliably, even when the SNR is as poor as 2dB.  
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Figure 4-53 Reconstructed impulse signal from time-domain approach, with transmitting 

power at 0dBm. 

 

                       (a)                                          (b)                                          (c) 

Figure 4-54 Received impulse signals measured by spectrum analyzer. (a) Transmitting 

power of 0dBm, (b) transmitting power of -10dBm, (c) transmitting power of -30dBm. 
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Figure 4-55 Spectrum of the received impulse signal with transmitting power of -10dBm. 

The relative error between frequency-domain approach and time-domain 

approach (as the reference) is calculated by: 

   

ε =
AFD − ATD

ATD
=

Am
FD − Am

TD 2

m=1

N

∑

Am
TD 2

m=1

N

∑
                                 (4.22) 

where operator “||⋅||” takes the Euclidean norm of the argument. AFD and ATD are 

vectors of spectra obtained by frequency-domain and time-domain approach, 

respectively. Table 4-9 lists the measurement errors for the proposed architecture. The 

results shows the measurement error is very low (3.73%) for SNR = 32 dB and it does 
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not deteriorate substantially (6.08%) even the SNR reduces by 30dB. This is because the 

periodic signal’s spectrum consists of discrete spectral lines. So the magnitudes and 

phase at these discrete frequencies add constructively for all pulses, but he noise power 

spectrum is uniformly distributed all over the frequency band, and does not add 

constructively. 

 

Figure 4-56 Spectrum of the received impulse signal with transmitting power of -30dBm. 

 
Table 4-9 Measurement Errors with Three SNRs 

Transmitting power 0 dBm -10 dBm -30 dBm 
SNR at the receiving antenna 32 dB 22 dB 2 dB 

Measurement error 3.73% 4.79% 6.08% 
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Chapter 5  

Conclusions and Future Works 

Wireless power transmission (WPT) has been a hot research topic in the past 

decade. Different technologies are investigated for WPT, such as ultrasonic, inductive 

coupling, magnetic resonance coupling, microwave beamforming and laser. Each 

technology has its own advantages and disadvantages. Thus, choosing proper 

applications for each technology is critical, for example, through-metal WPT can only be 

done using ultrasonic because EM waves cannot penetrate metals; inductive coupling is 

very efficient for short-range WPT, such as wireless charging for mobile devices and 

electrical vehicles; and laser beam can transmit over very long distance with good overall 

efficiency. Compared to other technologies, microwave beamforming has fast tracking 

capability, multiple receivers tracking capability, good penetration through objects and 

also works in multipath environment.  

There are many microwave beamforming methods, but retro-reflective antenna 

array is preferred because it can automatically reflect the incident wave back to the 

source origin without prior knowledge of source location. Retro-reflective antenna array 

can be implemented in various ways, such as Van Atta array and phase-conjugate array 

using heterodyne scheme. But these two methods can only retransmit the incoming 

signals, but cannot transmit signal to the receiver by themselves. A phase detection and 

phase shifting method is investigated in reference [38], but it requires a planar wavefront, 

a planar arrangement and an equal spacing of antenna elements. In reference [39], a try-

and-error brute force method is proposed to maximize the received power by adjusting 

phase shifters in the transmitters, but this method takes a lot of time to synchronize all 

transmitters and  thus limits the mobility of receiver. In this dissertation, a new phase 

conjugate method is proposed to realize the retro-reflective antenna array. The phase of 
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the received pilot signal at each antenna element is detected simultaneously using 

heterodyne receiver, then the conjugated phase is applied to the phase shifter of each 

antenna for retransmission. Because the phase-conjugate is performed at each antenna 

individually, the antenna element can be placed arbitrarily, which offers high construction 

flexibility. Also, the phase shifters enable the antenna array transmit power to the receiver 

continuously, so the receiver only need to send pilot signal when it moves or in a low 

repetition rate. 

Single frequency WPT experiments are conducted to verify the proposed retro-

reflective antenna array. The experimental results show that the retro-reflective antenna 

array is able to track the receiver when it moves. The tracking error, also called beam 

pointing error, can be reduced by increasing the antenna number. Also, with more 

antenna element, the main beam is narrow and the transmission efficiency would be 

higher. A 2-element array and a 4-element array are compared in the experiments. 

Results show that the transmission efficiencies are improved by 70%, 91% and 168% for 

frequency 2.06GHz, 2.08GHz and 2.108GHz respectively. A rectenna is also designed to 

rectify the received RF energy. A 6-stage voltage multiplier architecture is used to boost 

the DC output voltage. Measured results show excellent agreement with the simulation. 

The conversion efficiencies for 10dBm input power are measured to be 43.9%, 47.4% 

and 45.4% for 2.06GHz, 2.08GHz and 2.108GHz respectively on a load resistance of 

1.8kΩ. They are slightly lower than the simulated efficiencies because of the circuit 

components tolerance and PCB fabrication variance. 

Sidelobe is another consideration in wireless power transmission. It is not only a 

waste of energy, but also potential interference to other wireless technologies. In single 

frequency power transmission, beam shaping techniques are usually adopted to reduce 

sidelobes. An ultra-wideband (UWB) retro-reflective beamforming is proposed in [41] to 



 

91 

reduce the sidelobes or multiple focal points. In this dissertation, an improved hardware 

system is proposed to reduce the number of local oscillator and mixer, thus reducing the 

system complexity, compared to the system in [31]. Impulse receiver is used to extract 

the spectrum of UWB signal. Time-domain method requires a high speed ADC, which is 

very expensive. Frequency-domain sampling method with sub-band technique are 

investigated to reduce the ADC sampling speed. But existing sub-band technique can 

only estimate the information bit carried in the UWB signal, but not extract the complete 

spectrum. In this dissertation, the sub-band technique is improved by assigning 

overlapping regions to the adjacent sub-bands and an algorithm is developed to 

seamlessly merge the sub-band spectra into a wideband spectrum. 

Experimental results show that the proposed impulse receiver can extract the 

wideband spectrum of periodic impulses with little distortion. The measurement error for 

SNR=32dB is as low as 3.73% and it does not deteriorate substantially when the SNR 

reduces. For SNR=2dB, the measurement error is only increased by less than 3% 

(6.08%).  

Future works include two aspects. One is to improve the performance of single 

frequency retro-reflective antenna array, for example, using more antenna elements to 

increase the transmission efficiency, and integrating all circuit components to reduce the 

system size. Real time implementation is also planned in the future, so that the system 

can track the receiver without human assistance. The rectenna will also be improved to 

achieve higher efficiency. The other aspect is to implement the ultra-wideband retro-

reflective antenna array. The impulse receiver is already finished. The next step is to 

implement the waveform generator and integrate the impulse receiver and waveform 

generate into a complete system using DSP. To receive the UWB signal, ultra-wideband 

antenna and rectenna have to be designed too. 
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