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Abstract

:

In this paper, a theoretical and experimental analysis of wireless power transfer through a coplanar resonator array is presented. In particular, six identical spiral resonators are used to form an array and transfer power between an emitter and a receiver. All the spiral resonators resonate at about 20 MHz and the emitter and receiver coils are designed with formulas taken from literature. The resonator system is modeled using mutual inductances, being retardation not significant. The transmission coefficient is measured for four different arrangements of the six resonators and the experimental measurements are compared with the theoretical predictions, showing similar trends. The paper shows that the peaks of the transmission coefficient vary slightly for the resonator arrangements considered.
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1. Introduction


Wireless power transmission has gained a significant interest among researchers and tech industries in recent years [1,2]. To date, however, although this power transfer methodology has been extensively developed for the power supply of electronic devices, a lot of important problems have to be solved from a practical point of view as, for example, the low transmission efficiency when the distance between the emitter and receiver coils is larger than a few tens of centimeters or the two coils are misaligned. Recent studies have shown that the presence of interposed metamaterials or resonators can improve the efficiency of the wireless power transfer, channeling the magnetic field in resonance condition [3,4,5]. Arrays of resonators are used for this purpose and lately they have been studied by many researchers through the theory of magnetoinductive waves [6,7,8]. Generally, the resonators are disposed with parallel axes to form an axial or planar structure and with the emitter and receiver coils facing the structure, but it is still a very important and current issue to analyse their spatial arrangement [9,10]. An experimental study concerning the effects of the insertion of spiral resonators (SRs) between the emitter and receiver coils is presented in this paper and measurement of the transmission coefficient   S 21   for different SR arrangements and distances between the emitter and receiver coils is performed. More precisely, in Section 2, theoretical aspects concerning the design of spiral resonators and the equivalent electric circuit of a wireless power transmission system with interposed SRs are given. In Section 3 and Section 4, the experimental apparatus and the results of the transmission coefficient are presented, and some comparisons between measures and theoretical predictions are performed.




2. Design of SR and Equivalent Circuit


A spiral resonator is a loop etched or milled on a printed circuit board (PCB) that some authors point out as a resonator or metamaterial having one of the lowest resonant frequency achievable [11,12]. In Figure 1a the typical geometry of a SR of square shape and straight side and in Figure 1b its quasi-static equivalent electric circuit are shown. SRs of more complex geometry, such as planar zig-zag spiral resonators [13], could be considered. In Figure 1b   L  S R    is the self-inductance of the loop, consisting of N turns formed with lands on a PCB,   C  S R    represents the equivalent stray capacitance distributed between adjacent turns and   R  S R    is the loop resistance considered as a function of frequency. In this equivalent electric circuit, the high-order effects (for example, the stray capacitance between nonadjacent turns) are neglected. The nominal self-resonant frequency of a resonator is calculated from [14]:


   f  0 t h   =  1  2 π    L  S R    C  S R        



(1)




where   L  S R    and   C  S R    can be calculated with good agreement through the method of “partial” inductance [15] and the formula proposed in [16], respectively.
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Figure 1. (a) An example of SR with   N = 22   turns; (b) Quasi-static equivalent electric circuit of the SR structure. 
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For a multiple resonator system, the equivalent circuit becomes more complex and the mutual impedances between each couple of resonators are essential parameters. Consider a system in which n identical magnetic coupled resonators are interposed between the emitter and receiver coils. If both the period and the total length of the structure are much smaller than the free-space wavelength at the operating frequency (see Section 3), the retarding effects can be neglected and consequently the mutual impedances between two resonators and each resonator and a coil are purely imaginary, i.e., only the mutual inductances, due to magnetic coupling, are effective [9]. Then, if only the emitter coil is supplied, the multiple resonator system is shown in Figure 2 and its equivalent electrical circuit can be represented in matrix form through the following equation:


   V ^  =  Z ^   I ^   



(2)




where    V ^  =   [      V ^  e    0    …    0    ]  T    with    V ^  e   phasor supply voltage of the emitter coil,   I ^   is the inductor current complex vector, and   Z ^   is the symmetric matrix of the impedances defined as follows:


       Z ^  e     j ω  M  e S R 1       …     j ω  M  e S R n       j ω  M  e r         j ω  M  S R 1 e        Z ^   S R 1      …     j ω  M  S R 1 n       j ω  M  S R 1 r        ⋮   ⋮   ⋱   ⋮   ⋮      j ω  M  S R n e       j ω  M  S R n 1       …      Z ^   S R n      j ω  M  S R n r         j ω  M  r e       j ω  M  r S R 1       …     j ω  M  r S R n        Z ^  r      



(3)




where     Z ^   e ( r )   =  R  e ( r )   + j ω  L  e ( r )     and     Z ^   S R n   =  R  S R n   + j ω  L  S R n   + 1 / j ω  C  S R n     represent the impedance of each inductor. In particular, the subscript e (r) identifies the electrical parameter of the emitter (receiver) coil. The emitter and receiver coils are designed with the procedure presented in [17] which allows their electrical parameters to be calculated analytically. The mutual inductances between each couple of inductors in the system are calculated with good approximation following the method proposed in [18]. The frequency-dependent resistance   R  S R    of the identical resonators is calculated by the formula proposed in [16].
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Figure 2. Schematic of a wireless power transmission system with n coupled resonators and its equivalent electric circuit. 
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3. Experimental Setup


For the analysis of the transmitted power, six identical samples of SR designed to resonate at about 20 MHz were used. Furthermore, two equal solenoid coils were made as emitter and receiver coils. The experimental setup and the coils used as emitter and receiver are shown in Figure 3a,b, respectively. The two coils are made of 2 turns of a circular cross-section wire of 1 mm diameter; the coil diameter is 70 mm and the turn-to-turn distance is 0.3 mm. The SRs have a length of the outer side of 80 mm, a land width of 0.4 mm, 28 turns and a distance between two adjacent turns of 0.9 mm. The period and the total length of the resonator system are 85 mm and 505 mm, respectively. The emitter and receiver coils were connected to the output and input ports of a R&S ESRP test receiver (Rohde & Schwarz, Munich, Germany) 10 Hz–7 GHz with tracking generator, respectively.
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Figure 3. (a) Experimental setup; (b) Solenoid coils used as emitter (left) and receiver (right) in transmitted power tests. 
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The calculated self-inductance of the emitter (receiver) coil is   L  e ( r ) , c a l    = 0.74 μH while the measured value is   L  e ( r ) , m    = 0.76 μH. The calculated electrical parameters of the SRs are   L  S R , c a l    = 30.0 μH and   C  S R , c a l    = 2.24 pF. The measured self-inductance of the resonators is   L  S R , m    = 28.9 μH. Table 1 shows the measured self-resonant frequency   f  0 m    and the experimental capacitance   C  S R , m    for each SR sample. The measures of the self-resonant frequencies were performed with the R&S ESRP test receiver (Rohde & Schwarz, Munich, Germany). The self-inductances of the coils and SRs were measured with a HP 4192 A impedance analyzer (Agilent Technologies, Inc., Santa Clara, CA, USA). The values of   C  S R , m    are obtained introducing the values of   L  S R , m    and   f  0 m    into Equation (1).
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Table 1. Measured self-resonant frequency   f  0 m    and experimental capacitance   C  S R , m    for each SR sample.
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Sample

	
  f  0 m    [MHz]

	
  C  SR , m    [pF]






	
SR1

	
19.55

	
2.28




	
SR2

	
19.56

	
2.28




	
SR3

	
19.52

	
2.29




	
SR4

	
19.52

	
2.29




	
SR5

	
19.52

	
2.29




	
SR6

	
19.3

	
2.34









The theoretical self-resonant frequency of the resonators   f  0 t h   , calculated introducing   L  S R , c a l    and   C  S R , c a l    into Equation (1), is 19.4 MHz; the error between the values of the self-resonant frequency calculated and measured is less than 5%. The Q factor of each resonator was estimated about 230 at the resonant frequency.



The experiments were performed in order to analyse the transmission coefficient in an array of resonators and its variation for different arrangements of the array. Hence, four different coplanar combinations were tested maintaining the same number of SRs. The different arrangements considered are shown in Figure 4.
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Figure 4. Representation of the four arrangements tested: (a) I-arrangement; (b) II-arrangement; (c) III-arrangement and (d) IV-arrangement. The receiver coil is moved along the SR array. 
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In each test, the distance between two adjacent SRs was 5 mm so the coupling coefficient is calculated as    k  S R   = 2  M  S R   /  L  S R   ≈   0.11. Furthermore, as the receiver coil is connected to a spectrum analyzer having an input impedance   R L   = 50 Ω, the receiver coil was matched to the structure at its end when it was positioned above the last resonator. This situation was achieved by choosing the distance between the receiver coil and the SR equal to 23 mm so as to satisfy the condition [19]:


   M  S R n r   =     M  S R    2 π  f  0 t h      R L     



(4)







The emitter coil was placed at the same distance from the array of resonators. The relevant coupling coefficient is almost    k  e ( r ) S R   =  M  r S R   /    L r   L  S R     ≈ 0 . 17  .




4. Results


The analysis of the transmission coefficient   S 21   was developed comparing experimental measurements with analytically predicted results obtained with a Scilab computer code [20]. The matrix of impedances Equation (3) becomes as follows:


       Z ^  e     j ω  M  e S R 1       …     j ω  M  e S R 3       …     j ω  M  e S R 5       …     j ω  M  e r         j ω  M  S R 1 e        Z ^   S R 1      …     j ω  M  S R 13       …     j ω  M  S R 15       …     j ω  M  S R 1 r        ⋮   ⋮   ⋱   ⋮   ⋱   ⋮   ⋱   ⋮      j ω  M  S R 3 e       j ω  M  S R 31       …      Z ^   S R 3      …     j ω  M  S R 35       …     j ω  M  S R 3 r        ⋮   ⋮   ⋱   ⋮   ⋱   ⋮   ⋱   ⋮      j ω  M  S R 5 e       j ω  M  S R 51       …     j ω  M  S R 53       …      Z ^   S R 5      …     j ω  M  S R 5 r        ⋮   ⋮   ⋱   ⋮   ⋱   ⋮   ⋱   ⋮      j ω  M  r e       j ω  M  r S R 1       …     j ω  M  r S R 3       …     j ω  M  r S R 5       …      Z ^  r      



(5)







Clearly, the values of the mutual inductances depend on the type of the system under test. Solving Equation (2) with the impedance matrix given by Equation (5), it is possible to obtain the current   I r   in the receiver coil and so the transmitted power   50  I  r  2   , being 50 Ω the input impedance of the spectrum analyzer to which the receiver coil was connected.



In Figure 5, the transmission coefficient   S 21   as a function of frequency for the arrangements I and II is shown. As in each test the emitter coil is fixed in front of SR1, the results depend on the position of the receiver coil and the arrangement of the resonators under consideration. If the measured patterns are compared with the analytically predicted ones, the trends are in agreement in particular under resonance condition. These results are performed for the distance of 23 mm between the receiver coil and the array that realizes the matching condition.



Figure 6 shows the peaks of the transmission coefficient   S 21   for each arrangement of the resonators and position of the receiver coil for the distance of 23 mm. In particular, with reference to the calculated values, the   S 21   peak is higher when there is a direct coupling between the emitter and the receiver coil located above SR2. A general decay of the   S 21   peaks occurs moving the receiver coil along the SR array as the mismatching of the system generates standing waves. After a minimum value is reached, the   S 21   peak increases and a new maximum value is obtained on top of SR6. Moreover, the system has a low efficiency (between about 20% and 35%) due to the weak magnetic coupling between the resonators. However, considering each arrangement of the array, it can be noticed that the calculated values of the peaks vary in a narrow range. The results obtained are corroborated by the results of the simulations presented in [6]. The measurements of the   S 21   peaks show a trend similar to the calculations with a minimum along the array although the difference between measured and calculated values increases approaching the end of the array. This difference in the trends may be related to the different resistance values of the SRs due to imperfections determined by the fabrication process. Further investigations are needed on this point.



In Table 2, all the values of the measured   f m   and calculated   f  t h    frequencies of the   S 21   peaks are reported. It is important to observe that both the measured and calculated values of the frequencies at which the peaks occur are slightly different due to standing waves which arise when the receiver coil is not above SR6 in matching condition. Anyway, the values of the peak frequencies are similar for each receiver position, regardless of the type of arrangement. It can be noted that the theoretical frequencies when the receiver coil is on the top of the SR6 are nearly coincident regardless of the arrangement; the same result is obtained in the experiments, thus showing that an adequate matching condition was achieved.
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Figure 5. Measured and calculated transmission coefficient   S 21   as a function of frequency. These trends are for I-arrangement (a) and II-arrangement (b) when the receiver coil is facing the SR6. 
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Figure 6. Measured and calculated peaks of the transmission coefficient   S 21   as a function of the position of the receiver coil for each arrangement of the array of SRs. (a) I-arrangement; (b) II-arrangement; (c) III-arrangement and (d) IV-arrangement. 
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Table 2. Values of the measured   f m   and calculated   f  t h    frequencies [MHz] of the   S 21   peaks as a function of the arrangement of the SR array and position of the receiver.
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Receiver

	
I

	
II

	
III

	
IV




	
  f m  

	
  f th  

	
  f m  

	
  f th  

	
  f m  

	
  f th  

	
  f m  

	
  f th  






	
SR2

	
19.4

	
20.7

	
19.3

	
20

	
19.3

	
20

	
19.3

	
20




	
SR3

	
19.9

	
19.7

	
19.8

	
19.7

	
19.8

	
19.7

	
19.7

	
19.6




	
SR4

	
19.7

	
20.5

	
19.4

	
20.6

	
19.6

	
19.2

	
19.3

	
19




	
SR5

	
19.3

	
20.2

	
19.3

	
20.2

	
20.2

	
20.1

	
20.2

	
19




	
SR6

	
20

	
19.6

	
19.8

	
19.6

	
19.9

	
19.6

	
19.8

	
19.5










5. Conclusions


In this paper, a theoretical and experimental analysis of wireless power transfer through an array of coplanar resonators is presented. In particular, six identical SRs were used to form an array and transfer power between an emitter and a receiver. The spiral resonators are designed to resonate at about 20 MHz. Hence, the transmission coefficient is measured for four different arrangements having the same number of resonators and the experimental results are compared with the theoretical predictions, obtaining an analogous behaviour with differences that may be related to the resistance values of the SRs, which depend on the fabrication process. The values of the transmission coefficient peaks vary slightly for the considered SR arrangements. About the system efficiency, some considerations are made. First of all, the transmitted power of the system is affected by the weak coupling strength between SRs and between SR and coils. This lack can be reduced by using other configurations (for example axial) or other type of resonators, as shown in [21]. On the other hand, the efficiency along the SR structure is also reduced by the matching condition which is obtained in the last position of the array only. It is possible to improve the efficiency mainly increasing the coupling strength between the receiver coil and SR array so that most power is transmitted. Optimizing the system presented can allow the wireless charging of consumer electronic devices regardless of the receiver position and the arrangement of the SR array.
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