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Enhanced Coupling Structures for Wireless 
Power Transfer Using the Circuit Approach and 
the Effective Medium Constants (Metamaterials) 

Sungtek Kahng 
The University of Incheon, 

South Korea 

1. Introduction  

Looking around you in your study or office, you will see electronic goods such as a desktop 
computer and a printer have wires and power cables tangled and plugged. The power line 
of your phone is one of a bundle of the lines that make the space on and under your table 
messy. 
 

 

Fig. 1. Cables messing the space under your desk in the office. 

If the office is shared by more than two workers and their desks are located close to one 
another, the floor and your leg-rooms are populated by a lot of power lines for the 
computers and fax machines. Though they are the last thing to show formal visitors, we 
can’t do without them for our work. This might have motivated people to imagine the 
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cordless PCs and electronic devices that are still empowered by electric energy from the 
power outlet. Especially, considering wireless communication systems and remote 
controlled home appliances we use, it might not be very challenging to seek the solutions of 
the wireless power transmission and reception[1,2]. It is possible to transmit the electric 
power to a receiving electronic product using the conventional RF technologies, but it is 
noticed that the way of characterizing and designing a WPT system is not exactly the same 
as that of linking mobile devices, since the frequency ranges are different. When RF 
communication systems and WPT components exist together, the design will get more 
complicated than the purely WPT case? Here is a picture of this situation. 
Customarily, the WPT design is done independent of the wireless communication, but Fig. 2 
is the right picture that makes us prepared for the near future having the antennas of a 
laptop and LED communication circuitry. In this chapter, the electromagnetic interference 
between WPT and RF parts is ruled out for the sake of convenience. Prior to the explanation 
on the design approaches, we need to look back upon what kinds of techniques have been 
suggested to couple a transmitter and a receiver in a WPT system. Generally, there are 
magnetically coupled resonators for short distance WPT system. 
 

 

Fig. 2. WPT for home appliances and factory facility[2] 

Fig. 3 is a test set-up for WPT. Seen in textbooks on circuit and Electromagnetics, the 
magnetic field created by the electric current of the transmitter(or loop 1) reaches the 
receiver(or loop 2) and induces the electric current. This is the product of so called 
electromotive force Faraday investigated. Actually, since the electric current is alternating 
current(or AC), it results in electromagnetic fields and radiation, but the frequency of the 
current is low and the distance between them makes magnetic field stronger than radiated 
fields and waves. The intensity of the magnetic induction is affected by the radius of a loop 
and the number of loops(or turns), but the total length of the metallic wire does not 
determine the frequency. And it is very reactive. However, what if the wire resonates at the 
frequency of operation to increase the quality factor of the energy transfer? 
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Fig. 3. WPT tested in a semi-anechoic chamber[2]. 

 

 

Fig. 4. Resonant loops are used in the university of Incheon. WPT system. 
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From the experience of RFID system designs, magnetic coupling has a short range, but 

antennas as resonators of a reader and a tag have a higher coupling value at an increased 

distance[3]. Magnetic resonators(electromagnetic resonance is correct) or resonant loops are 

installed for a 60W power transfer experiment with a 2m distance in the figure above. So 

this chapter describes the design approaches for the resonance type of WPT. The next 

section is assigned to the circuit approach which is followed by the full-wave simulation 

iterative design. 

2. Brief introduction to the circuit theory approach for the WPT system 
design 

The metallic loops and the field play the roles of resonators and coupling elements in a filter 

system. This is why the circuit theory can be adopted. The following structure is interpreted 

as resonators coupled each other and ports. 

Using the quasi-static formulae shown in the textbooks of Electromagnetics, RFID design 

handbook or what not[3-5], the geometry results in the circuit elements of its equivalent 

circuit model that helps designers know the input impedance[6]. 

The details of the same approach will be revisited in other chapters by H. Hirayama and M. 

Mongiardo et al of this book. About Fig. 5(a), we check the coupling from the transmitter to 

the receiver as in Fig. 6. The resonance frequency of the WPT is 13.56MHz and the size of the 

receiver is less than 10cm×10cm. 
 

 

 

(a) Real geometry of theWPT system 

Fig. 5. (Continued) 

S. Kahng & Eltronix 
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(b) Circuit diagram of a WPT system 

Fig. 5. WPT system is interpreted as coupled resonators. 

 

 

Fig. 6. An indirect-fed example obtained by the present authors. 

3. RFID-antenna-inspired full-wave simulation approach and new MTM 
resonators 

Though the near-field RFID and WPT have different purposes and frequencies, it is not too 
difficult to find something in common to the two areas. They use similar styles of resonance 
and impedance matching in the near-field zone linkage, and the same formulae of self- and 
mutual loop inductance. So in this section, the resonance frequency is set as 900MHz, and 
the full-wave solution approach adopted in the RFID antenna design is used, and a new 
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concept metamaterial loop resoantor to increase the transfer coefficient with no change in 
the size is presented. Please note the full-wave solver is the FIT method where the size of a 
mesh is 1 tenth of wavelegth and the 8 layered PML is used as the absorbing boundary 
condition. First, an ordinary resonant loop is desinged(as a transmitter or a receiver). 
 

 

Fig. 7. A conventional rectangular resonant loop. 

As this is an ordinary rectangular loop, it has multiple resonances as the harmonics above 
the first resonance. 
 

 

Fig. 8. Return loss(or S11) of the conventional rectangular resonant loop. 

The resonance at 900MHz shows the best impedance match from the figure above. So the 
frequency is used to couple the power source to the power load. We have plotted the he 
magnetic field distribution at a near-field distance over the ordinary resonant loop. 
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Fig. 9. Magnetic field distribution in the vicinity of the conventional rectangular resonant 
loop. 

Because the standing waves of half-wavelength and its interger multiples are created along 

the loop at resonances, we can see several null points through which the direction of electric 

currents changes. Due to this fact, the magnetic field has weak points fromed around the 

central axis of the inside of the loop. Using the loop, we can check the transfer coefficient of 

the WPT with different distances. The following set-up has the two ordinary resonant loops 

placed with a 5cm-distance. 

 

 

Fig. 10. The two ordinary resonant loops are 5cm away. 
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Though their distance is very short and impedance mismatch occurs, the original loops are 
neither modified nor tuned for the best condition, for the sake of convenience. Its S21 as the 
transfer coefficient is calculated as  
 

 

Fig. 11. S21 when the two ordinary resonant loops are 5cm away. 

S21 at 900MHz is read -7dB with the unchanged loops in a changed environment. Next, the 
distance between the conventional rectangular resonant loops becomes 10cm. Still, the 
frequency of 900MHz is observed. 
 

 

Fig. 12. The two ordinary resonant loops are 10cm away. 
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Though their distance is still very short and the impedance of the loop is mismatched, the 
original loops are neither modified nor tuned for the best condition, for convenience. Its S21 
as the transfer coefficient is calculated as 
 

 

Fig. 13. S21 when the two ordinary resonant loops are 10cm away. 

S21 at 900MHz is read -15dB with the unchanged loops in a changed environment. The 
transfer coefficient has dropped by 8dB according to the increased distance. Next, the 
conventional rectangular resonant loops are placed with the distance of 25cm. The 
frequency of 900MHz is still observed. 

 

Fig. 14. The two ordinary resonant loops are 25cm away. 
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While their distance has increased and the impedance mismatch of the loop has got 
mitigated compared to the former two cases, the original loops are neither modified nor 
tuned for the best condition, for convenience. Its S21 as the transfer coefficient is calculated 
as 

 

Fig. 15. S21 when the tow ordinary resonant loops are 25cm away. 

S21 at 900MHz is read -18dB with the unchanged loops in a changed environment. The 
transfer coefficient has dropped by 11dB from the distance of 5cm. It is inferred that the 
increased distance can be a reason to experience the degraded transfer efficiency along with 
the impedance mismatch due to the fixed geometry of the loops and a relatively high 
frequency Another reason of the weakened coupling is that the ordinary resonant loop can’t 
get the maximum value of the magnetic field along the center axis. The magnetic field in the 
axis determines the coupling and efficiency between the transmitter and receiver. 
So by devising a metamaterial ZOR loop hinted from [7-9], we would like to create the the 
maximum value of the magnetic field along the center axis with no change in the size of the 
loop and can improve the WPT coupling. 
 

 

Fig. 16. Return loss of the metamaterial ZOR loop. 
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Fig. 17. Magnetic field distribution in the vicinity of the MTM ZOR loop. 

The center axis passing through the loop has the maximum and almost uniform distribution 

of the magnetic field which will help the energy transfer enhanced. Using the new loops, we 

can check the transfer coefficient of the WPT with different distances. The following set-up 

has MTM ZOR loops placed with a 5cm-distance. 

 
 

 

Fig. 18. The two MTM ZOR loops are 5cm away. 

Though their distance is very short and serious impedance mismatch occurs, the original 

MTM ZOR loops are neither modified nor tuned for the best condition, for the sake of 

convenience. Its S21 as the transfer coefficient is calculated as 

S. Kahng 
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Fig. 19. S21 when the two MTM ZOR loops are 5cm away. 

S21 at 900MHz reads -12dB with the unchanged loops in a changed environment.Actually, it 
is admitted that the MTM ZOR loop is not much superior to the conventional case for the 
near-field reactive ranges. Next, the distance between the MTM ZOR loops becomes 10cm. 
 
 

 

 

Fig. 20. The two MTM ZOR loops are 10cm away. 

Still, the frequency of 900MHz is observed. 

S. Kahng 
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Fig. 21. S21 when the two MTM ZOR loops are 10cm away. 

S21 at 900MHz reads approximately the same as the 5cm-case with the unchanged loops in a 
changed environment. It is good to see the transfer coefficient keep constant with the 
increased distance, which can’t be expected in the conventional case. Next, the MTM ZOR 
loops are placed with the distance of 25cm. 
 
 
 

 
 
 

Fig. 22. S21 when the two MTM ZOR loops are 25cm away. 

S. Kahng 
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Fig. 23. S21 when the two MTM ZOR loops are 25cm away. 

S21 at 900MHz reads -14dB with the unchanged loops in a changed environment. The 

transfer coefficient has dropped by the increased distance, but the MTM ZOR loops have 

better energy transfer efficiency than the conventional design method, while they have the 

same area of the loop. We have investigated the advantages of the new structure and the 

shortcomings of the conventional loops based upon the full-wave simulation approach. This 

is summarized with the following comparative data. 

 

Fig. 24. Proposed technique(Case 1) and its modification(Case 2) compared to the 
conventional WPT. 
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The reference, case 1 and case 2 mean the conventional loops, the MTM ZOR loops and the 

reflector-backed MTM ZOR loops, respectively. My research group, maintaining the 

maximum magnetic field around the center axis due to the MTM ZOR, wanted to enhance 

the coupling and added and adjusted the reflectors to back the MTM ZOR WPT system 

which turns out the best in this experiment. 

4. Conclusion 

The necessity and background of the WPT was briefly tapped into, and two design schemes 

to make WPT systems were addressed. The design schemes are based on the circuit theory 

and the full-wave simulation. The circuit theory is used to obtain the initial and 

deterministic design parameters of the WPT system comprising resonators and their 

coupling elements and achieve a passband at the frequency of interest. The near-field RFID 

inspired full-wave simulation approach is to characterize EM fields of transmitter and 

receiver loops and their coupling, which is fed back to the design and get a right result. 

Going further from one method, hybridizing the two methods works well and several 

examples were presented. In particular, one of them is the enhanced efficiency of the WPT 

devising MTM ZOR loop by my research group. 

5. References 

[1] W.C. Brown, “The history of power transmission by radio waves,” IEEE Transactions 

on Microwave Theory and Techniques, Vol. 32, No. 9, pp. 1230–1242, September 

1984. 

[2] J. H. Yoon, W. J. Byun, J. I. Choi, and H. J. Lee, "Analysis of RF Energy Transmission 

Technology to Realize Industry," Electronics and Telecommunication Technical 

Trend Analysis Report, ETRI Vol. 26, No. 4, August 2011 

[3] Klaus Finkenzeller , RFID Handbook: Fundamentals and Applications in Contactless 

Smart Cards, Radio Frequency Identification and Near-Field Communication, 

Wiley, 2010 

[4] Hiroshi Hirayama, Equivalent circuit and calculation of its parameters of magnetic-

coupled resonant wireless power transfer, a chapter of this book  

[5] Mauro Mongiardo, Alessandra Costanzo and Marco Dionigi: Networks methods for 

the analysis and design of wireless power transfer, a chapter of this book 

[6] S. Kahng, "Study of the design of waveguide filters with improved suppression of 

modal interference through the cross-shaped slot," International Journal of RF 

and Microwave Computer-Aided Engineering, Vol. 13, no. 4, pp.285-292, 2003 

[7] S. Kahng et al, "Design of a dual-band metamaterial bandpass filter using zeroth 

order resonance," Progress In Electromagnetics Research C, Vol. 12, 149-162, 

2010 

[8] S. Kahng et al, "A novel metamaterial CRLH ZOR microstrip patch antenna 

capacitively coupled to a rectangular ring," Antennas and Propagation Society 

International Symposium (APS/URSI), July, 2010 

www.intechopen.com



 
Wireless Power Transfer – Principles and Engineering Explorations 

 

206 

[9] S. Kahng et al, "Design of a Metamaterial Bandpass Filter Using the ZOR of a 

Modified Circular Mushroom Structure," Microwave Journal, Vol. 54, No.5, 158-

165, 2011 

www.intechopen.com



Wireless Power Transfer - Principles and Engineering Explorations

Edited by Dr. Ki Young Kim

ISBN 978-953-307-874-8

Hard cover, 272 pages

Publisher InTech

Published online 25, January, 2012

Published in print edition January, 2012

InTech Europe

University Campus STeP Ri 

Slavka Krautzeka 83/A 

51000 Rijeka, Croatia 

Phone: +385 (51) 770 447 

Fax: +385 (51) 686 166

www.intechopen.com

InTech China

Unit 405, Office Block, Hotel Equatorial Shanghai 

No.65, Yan An Road (West), Shanghai, 200040, China 

Phone: +86-21-62489820 

Fax: +86-21-62489821

The title of this book, Wireless Power Transfer: Principles and Engineering Explorations, encompasses theory

and engineering technology, which are of interest for diverse classes of wireless power transfer. This book is a

collection of contemporary research and developments in the area of wireless power transfer technology. It

consists of 13 chapters that focus on interesting topics of wireless power links, and several system issues in

which analytical methodologies, numerical simulation techniques, measurement techniques and methods, and

applicable examples are investigated.

How to reference

In order to correctly reference this scholarly work, feel free to copy and paste the following:

Sungtek Kahng (2012). Enhanced Coupling Structures for Wireless Power Transfer Using the Circuit Approach

and the Effective Medium Constants (Metamaterials), Wireless Power Transfer - Principles and Engineering

Explorations, Dr. Ki Young Kim (Ed.), ISBN: 978-953-307-874-8, InTech, Available from:

http://www.intechopen.com/books/wireless-power-transfer-principles-and-engineering-explorations/enhanced-

coupling-structures-for-wireless-power-transfer-using-the-circuit-approach-and-the-effectiv



© 2012 The Author(s). Licensee IntechOpen. This is an open access article

distributed under the terms of the Creative Commons Attribution 3.0

License, which permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.


