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Abstract— Wireless power transfer systems using 

coupled magnetic resonances are susceptible to the 
transfer distance variation between the transmitter (Tx) and 
receiver (Rx) since the coupling between Tx and Rx is 
highly position-dependent. Once the transfer distance 
deviates from the optimum one, the coupling will be either 
excessive or weak which results in power transfer 
efficiency (PTE) degradation. This paper presents a Tx 
structure consisting of multiple sub-coils oriented in 
opposite directions to keep the coupling relatively 
constant over an extensive range of transfer distances. The 
proposed design can achieve a PTE of 88% - 70% with a 
transfer distance varying from 0 mm to 70 mm and a PTE of 
85% - 60% with a misalignment of 0 mm – 80 mm at a 40 mm 
transfer distance. The radius of the Tx and Rx are 84.6 mm 
and 45.1 mm respectively. The measured PTE of the 
proposed design was better than 70% with a 0 mm to 50 
mm transfer distance while the misalignment changing 
from 0 mm to 50 mm. The proposed system is much less 
sensitive to the transfer distance variation than the 
convention system and has a great potential for wireless 
charging applications. 

 
Index Terms— Bi-directional coils, differential coupling, 

strongly coupled magnetic resonances, wireless power 
transfer. 

I. INTRODUCTION 

IRELESS power transfer (WPT) systems via strongly 

coupled magnetic resonances (CMR) have shown a 

breakthrough in high-efficiency WPT applications [1], [2]. 

However, the resonant condition is a critical requirement of 

achieving maximum power transfer efficiency (PTE) between 

the transmitter (Tx) and receiver (Rx). The resonant condition 

of a given CMR-WPT system is usually fixed regarding the 

transfer position. Once the transfer position of the system varies 

from the optimum one, the PTE of the system will decrease 

significantly. In this work, the “distance” is defined as the space 

 
Manuscript received March 14, 2019; revised June 13, 2019 and 

August 15, 2019; accepted September 11, 2019 (Corresponding 
Authors: Jiafeng Zhou and Huapeng Zhao). 

Y. Zhuang, C. Xu, A. Chen, Y. Huang and J. Zhou are with the 
Department of Electrical Engineering and Electronics, University of 
Liverpool, Liverpool, L69 3GJ, U.K. (e-mail: sgyzhua2@163.com; 
c.xu12@liverpool.ac.uk; cholepjk@gmail.com; 
yi.huang@liverpool.ac.uk; jiafeng.zhou@liverpool.ac.uk).  

H. Zhao is with the University of Electronic Science and Technology 
of China (e-mail: huapengzhao@uestc.edu.cn). 

between the two planes where the Tx and Rx are located. The 

“horizontal misalignment” refers to the displacement of the 

center points of the Tx and Rx along the parallel planes. A 

shorter transfer distance (h) between Tx and Rx would cause 

over-coupling where the excessive coupling will split the 

resonant frequency. It weakens the power transfer at the 

original resonant frequency [3] – [5]. A larger transfer distance 

or horizontal misalignment (d) would reduce the coupling, 

leading to impedance mismatch which will degrade the PTE. 

Many applications such as the charging of biomedical 

bioelectronic device [6] – [12], electric vehicles [13], [14] and 

mobile electronics [15], [16] would require the flexibility of the 

transfer position and a high PTE simultaneously. Ideally, WPT 

systems should have a high PTE regardless of the transfer 

position variation [17], [18].  Recently, many methods have 

been presented to address this issue such as adaptive frequency 

tracking [1], [2], [19], [20] impedance control circuit [21], 

metamaterial [6], [7] and switching coils with different transfer 

distances [21], [22]. However, the added control or switching 

circuits will significantly increase the complexity of the system 

and reduce the overall system operating efficiency. Lee et al 

presented an antiparallel resonant loop structure to eliminate 

the frequency splitting by weakening the excessive coupling 

caused by the short transfer distance [23]. However, the 

maximum PTE will only be achieved at an optimal transfer 

distance, and the anti-misalignment ability was not discussed. 

Chen et al used the multiple-input and multiple-output concept 

with a multi-transmitter array system [24]. Assawaworrarit et al 

applied a nonlinear parity-time-symmetric circuit to achieve 

robust WPT. Excellent range-adaptive performance has been 

achieved [25]. But active circuits are needed, and the resonant 

frequency was adaptively changed to maintain high PTE. This 

can be a great limitation for WPT applications.  A 

reconfigurable system is used to further increase PTE in 

conforming to charging device positions [26], [27]. However, 

very few passive solutions have been reported for a WPT 

system to achieve high PTE under both transfer distance 

variation and horizontal misalignment conditions 

simultaneously. Thus, how to design high-efficiency 

range-adaptive WPT systems without active control is still very 

challenging. 

This paper aims to investigate a new method for solving this 

problem. This paper presents a planar Tx structure with 

multiple bi-directional sub-coils to maintain the resonant 

condition of the CMR-WPT system. This paper shows 

theoretically and demonstrates experimentally that the 
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proposed Tx structure can achieve a relatively constant mutual 

inductance between Tx and Rx over a broad range of transfer 

distance and misalignment variation without the need for any 

impedance tracking or active control circuits. The design 

concept will be described, and a robust mathematical model 

will be established for the optimization of the structure. 

This paper is organized as follows. In section II, the basic 

operational principles of a two-coil MRC-WPT system are 

analyzed in detail. The challenges of high-efficiency 

range-adaptive WPT are identified. In Section III, the proposed 

multiple bi-directional resonant coils structure will be 

introduced with theoretical analysis and numerical simulation. 

A comparison with the conventional method is discussed. In 

Section IV, a prototype is fabricated. Measurement results are 

shown and analyzed. Conclusions are drawn in Section V to 

summarize the paper. 

II. THEORETICAL ANALYSIS 

A. Two-Coil MRC-WPT Operating Principle 

An equivalent circuit of a typical two-coil CMR-WPT 

system is depicted in Fig.1. RS, RL, LT, LR, RT, RR, CT, CR, and 

MTR are the source resistance, load resistance, coils’ 

self-inductance, coils’ radiative and ohmic losses, resonating 

capacitor and mutual inductance of the Tx and Rx respectively. 

The radiative loss represents the portion of power radiated to 

the air during the power transfer process. It can be modelled as 

a lumped resistor dissipating power in the system. A 

CMR-WPT only use the near field to transfer power, where the 

wavelength is far larger than the physical dimension of the 

device. Hence, the radiative loss can be ignored [14]. For 

simplicity, assuming a lossless case, RT = RR = 0 Ω. The ratio of 

the received power on the load PL and the input power PS, 

namely PTE, is [5]: 

 

 
2

21 100%L

S

P
S

P
 = =   (1) 

    

 The node equations of the circuit based on Kirchhoff’s 

voltage law can be built as: 
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where ω is the angular frequency of the system in rad/s. 

Combining (2) and (3), the current flowing through Rx can be 

obtained by: 
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Then the S21 can be derived by: 
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If the circuit is operating at the resonant frequency ω0 on 

both Tx and Rx side: 
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then, (5) can be simplified to: 
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It can be observed form (7) that the power transferred to the 

load is dependent on the magnitude of the mutual inductance 

(coupling condition) between the Tx and Rx. To achieve the 

maximum PTE (for lossless condition S21 = 1), an optimal 

mutual inductance should be adopted critically to achieve the 

highest efficiency: 
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Fig. 1.  An equivalent circuit of a typical two-coil MRC-WPT system. 

 

Fig. 2. Typical relationship among S21, mutual inductance and resonant 
frequency. 
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 For a given source/load termination impedance, the 

relationship between S21, the mutual inductance and the 

frequency can be plotted as shown in Fig. 2. The maximum 

efficiency operation at the desired resonating frequency can 

only be achieved when the mutual inductance is MOptimal. When 

the system is operating at over coupling conditions, the 

resonating frequency will be split into two. The magnitude of 

S21 at the desired frequency will be degraded significantly due 

to the excessive coupling between Tx and Rx. On the other 

hand, when the system is working at under coupling conditions, 

the desired resonant frequency will be maintained but the PTE 

will drop dramatically due to the weak coupling. Hence, to 

transfer power with the maximum S21 at the desired resonating 

frequency, the mutual inductance must be maintained at 

MOptimal. 

B. Transfer Position and Mutual Inductance 

The Tx and Rx of the MRC-WPT can be realized by using 

multi-turn circular coils connected in series with a capacitor to 

resonate. To calculate the mutual inductance between the Tx 

and Rx, a multi-turn coil can be simplified to a set of concentric 

single-turn coils. Every single turn can be further simplified to a 

filamentary coil [28] as shown in Fig. 3. NT, NR, rTi and rRj 

denote the number of turns, and radius of each single-turn coil 

for the Tx and Rx, respectively. The mutual inductance Mij 

between the ith single-turn Tx coil and jth single-turn Rx coil can 

be expressed as a function of h and d, by the equation [28]: 
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where the parameters in (9) can be expressed as: 
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where μ0 = 4π×10-7 H/m is the magnetic constant, K(k) and E(k) 

are the complete elliptic integrals of the first and second kind, 

respectively [23].  The total mutual inductance between Tx and 

Rx with the number of the turns NT and NR can be calculated as: 
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 Herein, for a given two-coil MRC-WPT system, there exists 

one set of values of h and d with which the system can achieve 

an optimum mutual inductance MTR = MOptimal, yielding the 

maximum S21 at the desired frequency. Variation in either the h 

or d is likely to degrade S21. 

III. DIFFERENTIAL COUPLING DESIGN 

A. Smooth Mutual Inductance against Transfer Distance 

By combining (7) and (14), the relationship between S21 and 

the transfer position including both h and d can be obtained as 

shown in Fig. 4. It can be observed that when Tx coils with 

different sizes are coupled with the same Rx coil, the mutual 

inductance will generally decrease with the increase of either h 

or d. For any Tx size, there exists one set of h and d where the 

maximum S21 can be achieved.  

For example, the mutual inductance between a Tx and an Rx 

can be calculated using (14). The mutual inductance of a 

 
 

(a) (b) (c) 

Fig. 3.  (a) A multi-turn circular coil, (b) a set of single-turn filament coils, 
(c) simplified single-turn filamentary Tx/Rx coil configuration. 

 
(a) 

 
(b) 

Fig. 4. Mutual inductance and S21 against the variation of (a) transfer 
distance, (b) horizontal misalignment for different Tx coils. 
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single-turn Tx of different sizes as a function of h is illustrated 

in Fig. 5 (a). Although the magnitudes of the mutual 

inductances of different Tx are not identical, they follow a 

similar degradation trend. If the currents fed into two coils of 

different sizes are of opposite directions as shown in Fig. 5 (b), 

the total mutual inductance Mtotal can be depicted in Fig. 5 (c). 

The mutual inductance between each sub-coil in the Tx and the 

Rx decreases with the increase of the transfer distance or 

misalignment.  

 The sub-coils in the proposed Tx have two opposite 

directions. The sub-coils in the Tx of the clockwise direction 

and the Rx have an overall mutual inductance Mclockwise. The 

sub-coils in the Tx of the anti-clockwise direction and the Rx 

have an overall mutual inductance Manti-clock. The total mutual 

inductance Mtotal will be the difference of Mclockwise and 

Manti-clock. Although both Mclockwise and Manti-clock will decrease 

with the increase of the transfer distance or misalignment, by 

properly designing the sub-coils, Mtotal can be maintained 

relatively constant. An Mtotal that is robust against the transfer 

position can be realized. Mtotal can be optimized to approach 

MOptimal to achieve the desired coupling condition. 

B. Bi-directional coil analysis and design 

It should be noted that the concept has been used in 

microwave filter design. For coupled resonators in a filter, there 

exist two types of couplings: electrical coupling and magnetic 

coupling [29], [30]. The two couplings can be either weakening 

or strengthening each other, depending on the construction of 

the resonators. When the couplings are cancelling each other, it 

has been shown in a previous work [31] that the overall 

coupling coefficient can be kept constant over a very wide 

range of distances. The magnitude of the overall coupling can 

be controlled by choosing proper dimensions for the resonators.  

Once the optimal mutual inductance of the system is 

obtained by (8), the task resides in realising the desired mutual 

inductance by choosing a proper coil size, the number of 

sub-coils, the number of turns in each sub-coil for the Tx, and 

the current direction in each sub-coil. To ensure that current can 

flow in both directions, the Tx sub-coils are oriented in a 

bi-directional manner. The coils on the Rx are unidirectional. In 

the practical design, the Tx may consist of X sub-coils. Each 

sub-coil has NTi turns with an average radius of rTi. The X 

sub-coils are connected in series with adjacent sub-coils wound 

in opposite directions as shown in Fig. 5 (a). Four sub-coils are 

used in this design (X=4). A capacitor is connected to the coil to 

form a resonator. The total mutual inductance between the Tx 

and Rx of the proposed structure can be calculated as: 
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The calculation of the total mutual inductance can be 

simplified by central approximation which uses the average 

coil size to represent each loop in the same sub-coil. Herein, 

(15) can be approximated as: 
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where Mn represents the mutual inductance between the nth 

sub-coil in the Tx and the Rx. The turn number of the Rx coil is 

fixed in this work. The initial parameters of the turns are chosen 

empirically based on the desired transfer range and size 

requirement of the application. The flatness of the mutual 

 
(a) 

 
(b) (c) 

Fig. 5. (a) Mutual inductance variation with the transfer distance of 
different Tx sizes with the same Rx (b) Tx and Rx configuration, (c) 
Ideal case of mutual inductance variation against the transfer 
position of coils with different sizes. 

 
(a) 

 

 

(b) (c) 

Fig. 6. Tx and Rx structures (a) proposed bi-directional Tx, (b) 
conventional unidirectional Tx, (c) unidirectional Rx. 
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inductance against the transfer position can be obtained by 

optimising the number of turns in every sub-coil of the Tx. 

Other parameters, such as the width of each turn or the gap 

between adjacent turns, can also be taken into account for 

optimization if necessary. A differentiation-based method was 

used for the optimization. Because the slope of the mutual 

inductance curve against the transfer distance and 

misalignment are not identical, the optimization process against 

misalignment was carried out separately. If the total mutual 

inductance Mtotal changes slowly against the transfer distance h, 

the gradient of Mtotal against h should be very small, ideally 

close to zero. Assuming that the desired transfer distance is in 

the interval [h1, h2], Y samples are selected in the interval [h1, 

h2]. At the mth sample hm, it is desired to achieve: 
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On the other hand, let assume the transfer distance h is 

constant and now the total mutual inductance Mtotal (d) changes 

slowly against misalignment d, the differentiation of regards d 

should be close to zero. Thus, the differentiation of the mutual 

inductance regards d at the qth sample dq in the desired 

misalignment range [d1, d2] should satisfy: 
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For Y samples in the interval [h1, h2], a matrix can be 

constructed based on (17), namely: 

 

 0MHU =  (19) 

 

where 𝑈 is a vector consisting of the number of loops for every 

Tx coil and  𝑀𝐻̿̿ ̿̿ ̿ is a matrix with element in row m and column 

n given by: 
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The optimization of the mutual inductance against 

misalignment in the interval of [d1, d2] can be carried out 

similarly. For misalignment optimization, 𝑀𝐷̿̿ ̿̿ ̿  is a matrix 

whose element in row q and column n can be expressed by: 
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Now, the optimal loops number for each sub-coil can be 

found by solving the following equations:  
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(22) 

 

Finally, the optimal solution can be obtained for the system 

to achieve the desired mutual inductance for the desired range 

[h1, h2] and [d1, d2]. 

 

TABLE I: Design Parameters 

Coil 
Number 

of loops 

Average 
radius 

(mm) 

Self-Inductance 

(μH) 

Capacitor 

(pF) 
Unloaded Q Direction 

This work 

NT1 5.2 84.6 

20.9 11.7 63 

Clockwise 

NT2 4.2 67.7 Anti-clockwise 

NT3 1.8 45.1 Clockwise 

NT4 2.2 33.9 Anti-clockwise 

NR 14 45.1 55.6 4.4 135 Clockwise 

Type I 

NT 5 45.1 7.1 34.3 101 N/A 

NR 5 45.1 7.1 34.3 101 N/A 

Type II 

NT 5 84.6 19.8 12.3 76 N/A 

NR 4 45.1 4.5 53.6 93 N/A  
(a) 

 
(b) 

Fig. 7. Optimized flat mutual inductance against the position variation of 
(a) transfer distance and (b) horizontal misalignment of the 
proposed Tx structure. 
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C. Numerical Calculation 

To evaluate the proposed method, one prototype was 

designed. The desired optimal ranges for transfer distance and 

misalignment are set to be h1 = 10 mm, h2 = 50 mm and d1 = 0 

mm, d2 = 50 mm respectively. The number of samples used in 

(15) is 5 for both the transfer distance and misalignment. The 

parameters obtained by calculation via (15) – (22) are listed in 

Table 1. 

The anti-misalignment feature of the proposed system is 

optimised at h = 50 mm. The mutual inductance between the Rx 

and each sub-coil in Tx, and total mutual inductance of the 

system against the transfer distance and horizontal 

misalignment are calculated using (9) and (14), respectively.  

The calculated results are shown in Fig. 7. For both the transfer 

distance varying from 10 mm to 50 mm and the misalignment 

varying from 0 mm to 50 mm, the total mutual inductances are 

very constant against the transfer position variation and close to 

the optimal value. This validates the proposed design method. 

A high-efficiency range-adaptive CMR-WPT system can be 

realised. 

IV. IMPLEMENTATION AND MEASUREMENTS 

To validate the proposed CMR-WPT structure and the 

design method, a prototype has been fabricated on an FR4 

substrate with parameters listed in Table I. The proposed Tx 

and Rx structures are shown in Fig. 6 (a) and (c) respectively.  

Furthermore, two conventional unidirectional CMR-WPT 

systems have been built, namely, Type I and Type II with 

parameters shown in Table I, to compare the performance of the 

proposed work. Type I uses a Tx with an identical structure to 

the Rx. Type II uses a Tx with the same size as the proposed 

structure but without using bi-directional sub-coils as shown in 

Fig. 6 (b). All three systems use an Rx of the same size. The 

windings of the three Rx are different due to that the resonant 

conditions are different. The port terminations of the WPT 

systems were chosen to be 50 Ω for simplicity. A vector 

network analyser (VNA) and 50 Ω cables were used for the 

measurement. The S21 performance is evaluated by the two-port 

50 Ω VNA. A photograph of the measurement set-up is shown 

Fig. 8. 

The measured S21 (dB) of the proposed system and the 

conventional systems are presented in Fig. 9. The value of h is 

varied from 10 mm to 150 mm (10 -110 mm for Type-I due to 

that S21 is too small with a larger distance). The proposed 

system shows the capability of avoiding the frequency splitting 

phenomena while the conventional designs have shifted 

resonant frequencies at shorter transfer distances. The 

 

Fig. 8.  A photograph of the measurement setup. 

 
(a) 

 
(b) 

 
(c) 

Fig. 9. Measured S21 against frequency with the variation of h of (a) 
Type-I, (b) Type-II, (c) the proposed system. 



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 

measured S21 at the desired resonant frequency (10.3 MHz in 

this work) against the transfer distance (without misalignment d 

= 0 mm) is depicted in Fig. 10 (a). The conventional designs 

were able to achieve the maximum S21 only at h = 40 mm. The 

S21 drops fast when the transfer distance deviates from the 

optimum one. The proposed system has a significantly 

improved efficiency with both shorter and longer transfer 

distances. The S21 of the proposed design has a much slower 

degradation slope compared to the conventional designs. The 

proposed design achieved a S21 better than 70% with a transfer 

distance varying from 0 mm to 70 mm, or better than 40% with 

the transfer distance changing from 0 mm to 130 mm. The 

results validate that the proposed system is robust against the 

transfer distance variation. 

The measured PTE at the desired resonant frequency against 

the d varying from 0 mm to 100 mm is depicted in Fig. 10 (b). 

Here h = 40 mm was chosen because Type I and Type II 

designs can achieve the highest PTE at this transfer distance. 

The measured PTE of the Type I design drops rapidly. The 

Type II system can maintain a slightly slower degradation when 

d is smaller than 30 mm. Once d is comparable to the radius of 

the Rx, the deterioration of the Type II PTE is dramatic. The 

proposed system achieves a much slower PTE decrease against 

d compared with the conventional systems. The proposed 

design can maintain a PTE better than 40% with the 

misalignment changing from 0 mm to 100 mm. The results 

prove that the proposed system has a better robustness to the 

horizontal misalignment compared with Type I and II systems. 

Although the highest PTE has not been improved by the 

proposed system compared with the other designs, the PTE 

degradation has been significantly improved. 

Further investigation was carried out to demonstrate the 

anti-misalignment ability of the proposed system with other 

transfer distances. The measured PTE of the proposed system 

against both the transfer distance and misalignment are plotted 

in Fig. 11. When the transfer distance is smaller than 40 mm, 

the PTE can be maintained above 70% with the misalignment 

varying from 0 mm to 70 mm. Although the anti-misalignment 

ability will not be as good when the transfer distance further 

increases, the PTE has been kept better than 30% with a 

misalignment of 100 mm at the distance of 100 mm as shown in 

Fig. 11. The performance of the proposed system against the 

transfer position variation is shown in Fig. 12 with a 70% S21 

 
(a) 

 
(b) 

Fig. 10.   Comparison of the measured PTE of the proposed system with 
conventional designs against (a) transfer distance (d = 0 mm), (b) 
horizontal misalignment (h = 40 mm). 

 

Fig. 11. Measured PTE performance against the horizontal 
misalignment with different transfer distances. 

 

Fig. 12. Measured PTE performance with the transfer position variation 
with a reference efficiency of 70%. 
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reference plane. The proposed system has achieved a PTE 

better than 70% with transfer distances from 0 mm to 50 mm 

and misalignment from 0 mm to 50 mm. The measured results 

show a great potential of the proposed system in applications 

where the flexibility of transfer position and a high efficiency 

are critical. 

V. CONCLUSION 

 WPT systems using magnetic couplings are usually 

susceptible to transfer distance and alignment since the 

coupling between the transmitting and receiving coils is highly 

position-dependent. Once the transfer position deviates from 

the optimum one, the coupling will be either too strong or too 

weak which results in transfer efficiency degradation. This 

paper presents a new transmitter structure consisting of 

multiple sub-coils oriented in opposite directions. The coupling 

between the TX and Rx is kept relatively constant over an 

extensive range of transfer distance and alignment. A prototype 

developed using the proposed method is able to achieve a PTE 

of 88% - 70% with the transfer distance varying from 5 mm to 

70 mm and a PTE of 85% - 60% with the misalignment 

changing from 0 mm – 80 mm at a 40 mm transfer distance. The 

diameters of the transmitter and receiver are 84.6 mm and 45.1 

mm respectively. The measured PTE of the proposed design 

can be kept better than 70% with a transfer distance varying 

from 5 mm to 50 mm and the misalignment from 0 mm to 50 

mm. One suitable application of the proposed system is the 

wireless charging or portable devices such as smartphones. 

Because the proposed system is robust against the transfer 

position variation between the transmitter and receiver, it can 

enable high-efficiency charging while the device is being used, 

as long as it is near the transmitter. The unloaded Q of the 

resonators on a PCB in the proposed design is not very high. 

For applications that require a higher power transfer efficiency 

than our current design, the coils can be fabricated using wound 

wires to improve Q and efficiency. Furthermore, the proposed 

structure can be scaled up/down for other applications such as 

the wireless charging of drones, electrical vehicles, wearable 

devices and implantable devices. 
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