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Abstract: The use of printed spiral coils (PSCs) as inductors in the construction of Wireless Power
Transmission (WPT) circuits can save space and be integrated with other circuit boards. The chal-
lenges and issues of PSCs present for WPT mainly relate to maintaining an inductive characteristic at
frequencies in Ultra High Frequency (UHF) band and to maximising the power transfer efficiency
(PTE) between primary and secondary circuits. A new technique is proposed to increase the Q-factor
relative to that offered by the PSC, which is shown to enhance WPT performance. This paper provides
four-turn planar split-ring loops with high Q-factor for wireless power transmission at UHF bands.
This design enhances the power transfer efficiency more than 12 times and allows for a greater
transfer distance from 5 mm to 20 mm, compared with a conventional planar rectangular spiral coil.

Keywords: wireless power transmission; magnetic resonance coupling; planar spiral coil; split-ring
loops

1. Introduction

With the continuous progress in science and technology, a myriad of implantable
medical devices (IMDs) have been invented and aimed at improving public health and
wellbeing [1-3]. One of the main problems with these devices is their limited battery
lifetime. This results in otherwise unnecessary surgeries to replace depleted batteries
leading to excessive medical expenses. Wireless Power Transmission (WPT) technology
represents an option that would allow a patient to avoid the need for additional surgeries
to replace batteries, and hence avoid the obvious associated health risks, economic burden
and patient inconvenience [4].

WPT technology can be mainly divided into two categories: far-field WPT (radiative)
and near-field WPT (non-radiative). To be specific, far-field WPT can be sorted into directive
radio frequency (RF) power beamforming and non-directive RF power beamforming [5,6].
Near-field WPT can be classified into a further three approaches, namely, inductive cou-
pling [7], magnetic resonance coupling [8] and capacitive coupling [9]. Generally, far-field
WPT is used in applications such as ambient energy harvesting and low-power wireless
sensors as it can achieve power transmission over a range of several metres to kilome-
tres. Near-field WPT has wider application possibilities, such as electric vehicles, wear-
able/implantable electronic devices, mobile phones and laptops. Inductive coupling is
based on electromagnetic induction between two coils. Magnetic resonance coupling (MRC)
is based on electromagnetic resonance between two resonators with the same resonance
frequency. Capacitive coupling delivers energy via electric fields formed between metal
plates. Inductive coupling requires accurate alignment. Magnetic resonance coupling can
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have a relatively large transfer distance with high power transfer efficiency. Capacitive
coupling is suitable for those applications where the transfer distance is less than 1 mm.
A fully planar wireless power link based on the MRC method is proposed in [10] at an
operating frequency of 13.56 MHz using square printed spiral coils (PSCs). The dimen-
sion of the primary coil is 65.5 mm X 65.5 mm and the dimension of secondary coil is
20.5 mm x 20.5 mm. The separation between primary coil and secondary coil is 10 mm.
The measured power transfer efficiency (PTE) was 79.8%. The use of coplanar PSCs with
the dimension of 50 mm x 50 mm for WPT operating at 13.56 MHz in [11] can achieve
81.68% of PTE at a distance of 10 cm. A compact planar WPT link using printed spiral
resonators is presented in [12]. The measured PTE of this proposed WPT link with the
separation of 100 mm can reach 31.56% at 50.25 MHz. The dimension of proposed printed
spiral resonators is 120 mm x 120 mm. A PSC with the dimension of 80 mm x80 mm as the
transmitting coil and a receiving PSC with the dimension of 20 mm x 20 mm are used for
WPT at 13.56 MHz [13]. When the distance between the transmitting coil and the receiving
coil is 30 mm, the measured PTE of 77.9% can be obtained.

A conventional rectangular planar spiral coil (PSC) operating in the sub-GHz region
was utilized in a wireless power transfer (WPT) system [14]. Simulations showed that this
type of coil could only provide a low power transfer efficiency (PTE) and operate over a
short transfer distance due to its low inductance and small magnetic field area. To improve
the PTE capability of these coils, one option is to increase the coil Q-factor by minimising
the resistive effects [15-17]. Increases in transfer distance could be achieved by enlarging
the coil and hence the area of the magnetic field. The novelty of this work is to propose a
four-turn planar split-ring loop to obtain a very high Q-factor at ultra-high frequency band,
which can significantly enhance power transfer efficiency and transfer distance of WPT
link by using two planar split-ring loops. The design principle of planar split-ring loops
is illustrated in Section 2. The performance of the WPT link using two identical planar
split-ring loops is provided in Section 3. Section 4 offers the measured power transfer
efficiency of this proposed WPT link. Conclusions are highlighted in Section 5.

2. Principle of Planar Split-Ring Loops
2.1. A Conventional Rectangular Planar Spiral Coil

The geometrical parameters of a rectangular planar spiral coil printed [14] on FR-4
substrate (er = 4.4) are shown in Figure 1. The final values of the parameters are listed in
Table 1. This rectangular PSC was printed on FR-4 substrate with a size of 20 mm x 18 mm
x 1.5 mm. The trends of inductance, resistance and Q-factor of the optimised rectangular
PSC are shown in Figures 2 and 3. The inductance, parasitic resistance and Q-factor of the
optimised rectangular PSC at 403 MHz are 106 nH, 1.91 Q) and 140, respectively.
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Figure 1. Geometrical parameters of a rectangular PSC on the substrate (a) Top view (b) Side view.
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Table 1. Final parameter vales of a rectangular PSC.
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Figure 2. Simulated inductance and resistance of the conventional rectangular PSC.
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Figure 3. Simulated Q-factor and resistance of the optimised rectangular PSC.

2.2. A Planar Split-Ring Loop

Now that the general split-ring loop design is shown to significantly reduce resistance
and increase the Q-factor, the aim is to increase the loop inductance again to match that
of the rectangular PSC in [14], so that the effect of increasing the Q-factor on PTE can be
seen directly. The increase in inductance is achieved by increasing the number of split-ring
turns. The current direction is opposite between two adject traces of the split-ring loop,
which can decrease the effect of current crowding caused by eddy currents. That decreased
the resistance of the split-ring loop, resulting in the increase in Q-factor. A new design
with four turns is shown in Figure 4. The inner radius of the design is set at 1 mm. Design
parameters have been swept with the aim of matching the inductance of the rectangular
PSC (106 nH) [14] at the design frequency.
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Figure 5. Simulated inductance of four-turn split-ring loops with (a) swept parameter w (with the gap ¢ = 1 mm); (b) swept

Figure 4. Geometric schematic of four-turn split-ring loop.

The width of four-turn split-ring loop (parameter w) has been varied from 2 mm to
5 mm in a step of 1 mm (with the gap ¢ = 1 mm). The gap between traces of four-turn
split-ring loop (parameter g) has been varied from 0.5 mm to 2 mm in a step of 0.5 mm
(with the width w = 2 mm). The inductance obtained for each sweep is shown in Figure 5.
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parameter g (with the width w = 2 mm).
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From Figure 5, the self-resonance frequency of the design decreases as either parameter
w or parameter ¢ increases. For all parameter values observed the loop presents as inductive
at 403 MHz. Only when parameter w is 3 mm is the inductance of this design close to that
of the rectangular PSC at 403 MHz, 106 nH.

To obtain an inductance closer to 106 nH, a parametric study including w1, w2, w3, w4,
g1, g2 and g3) has been further investigated. The geometric layout model of this proposed
four-turn split-ring loop is illustrated in Figure 6. The split-ring loop is printed on 1.5 mm
FR-4 substrate with an area of 45 mm x 45 mm. Details of the final parameters are provided
in Table 2. The parametric study was made by means of full-wave simulations performed
using the transient solver of Computer Simulation Technology (CST) Microwave Studio.

Figure 6. Geometric layout model of the optimised four-turn split-ring loop.

Table 2. Final dimensions of the proposed split-ring loop.

Parameters wl w2 w3 w4 g1 g2 g3 m a
Value (mm) 3.8 34 3.4 5.0 0.8 0.8 0.5 1.0 374

From Figures 7 and 8, the self-resonance frequency is around 500 MHz and the
inductance and resistance at 403 MHz are 103 nH and 0.16 €, respectively. The Q-factor of
this loop is 1630 at 403 MHz, which is 11 times greater than that of the rectangular PSC.
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Figure 7. Simulated inductance of the optimised four-turn split-ring loop.
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Figure 8. Simulated parasitic resistance and Q-factor of the optimised four-turn split-ring loop.

3. Performance of the WPT Link Using Planar Split-Ring Loop

To investigate the performance of a wireless power link between two of the proposed
four-turn planar split-ring loops, two compensation capacitors are necessary to match
the WPT circuit between source and load. As series-parallel (SP) topology of MRC-WPT
is suitable for the larger load [18], the SP topology for MRC-WPT is used, as shown in
Figure 9. Inductors (L; and L,) represent two identical split-ring loops. Parasitic resistance
and capacitance are considered negligible in this case for the simplicity of simulation
and measurement. Capacitors (C; and C;) are chosen to be 1.52 pF to obtain a resonance
frequency of 403 MHz based on Equation (1). Us represents the voltage source with the
sine input-signal. R and R}, represent the source resistance and the load impedance of
1 k), respectively. The WPT circuit can be constructed in the schematic of CST allowing
the performance of the WPT link to be simulated.

, 1 1

- 1
LG, C3R? @

R Cri Coll R, Coil

&) R

Figure 9. Equivalent WPT circuit by using four-turn split-ring loops.

An overview of the transmit and receive loops is shown in Figure 10 and the transfer
distance (d) between the loops is varied as 5 mm, 10 mm, 15 mm, 20 mm, 25 mm and
30 mm. The trends of PTE at different transfer distances are depicted in Figure 11.



Electronics 2021, 10, 2884

7of 11

Figure 10. Schematic of wireless power link with proposed four-turn split-ring loops.
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Figure 11. Simulated PTE at different transfer distance by using four-turn planar split-ring loops.

It can be seen from Figure 11 that the PTE at the resonance frequency of 403 MHz
decreases as the transfer distance enlarges. At a transfer distance of 5 mm, the PTE is over
90% from 377 MHz to 419 MHz since the magnitude of the equivalent input impedance
is close to 50 () (source impedance) over this range. However, the resonance frequency,
where the imaginary part of the input impedance is equal to zero, is not 403 MHz, which
means the transfer distance of 5 mm is not the optimal transfer distance. As the transfer
distance becomes larger, only one resonance frequency appears, located at 403 MHz, where
the PTE reaches its peak. The maximum PTE is 95.3% at a transfer distance of 10 mm
and then decreases dramatically to 28% at a transfer distance of 30 mm. Importantly,
the PTE is 85.1% at a transfer distance of 20 mm, which is similar to that WPT link
using conventional rectangular PSCs at a transfer distance of 5 mm. This means the
performance of the WPT link with four-turn planar split-ring loops can operate over a larger
distance with the same efficiency, due to the significantly improved Q-factor. However, it
is also important to highlight that the operating bandwidth is narrower than that of the
conventional rectangular PSC again as a result of the increased Q-factor. Therefore, there
exists a trade-off between bandwidth and power transfer distance through manipulation of
the Q-factor. The comparison between this proposed split-ring loop and the conventional
rectangular PSC is summarised in Table 3.
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Table 3. The comparison between this proposed split-ring loop and the conventional rectangular PSC.

Coil Size Inductance Transfer Mutual
Ref. (mm?) Freq. (MHz) Q-Factor H) Distance (mm) Inductance PTE
(nH)
Rectangular PSC 10.48 x 8.48 403 140 106 5 16.83 85.6%
L 10 7.37 95.3%
Planar split-ring loop 374 x 37.4 403 1630 106
20 3.26 85.1%

4. Measurement

The proposed wireless power link was fabricated on FR-4 substrate as shown in
Figure 12 using a PCB milling machine. The transmitting split-ring loop with a series chip
capacitor (1.52 pF) is directly soldered with a subminiature version A (SMA) connector.
This is connected to an RF signal generator via a circulator to mitigate reflection loss. The
receiving split-ring loop with parallel chip capacitor (1.52 pF) and parallel chip resistor
(1 k) load) is soldered directly to copper wire, to allow direct connection to the probe of
an RF oscilloscope. The holes at the corners of the substrate are to allow for plastic support
fixtures to hold the boards in place during measurement. The measurement setup can be
seen in Figure 13. The separation of the wireless power link is 20 mm.

X RX

: 1
Chip Chip Resistor \
Capacitor / Chip

Capacitor

Figure 13. Measurement setup of wireless power link with proposed four-turn split-ring loops.

The used RF signal generator from Keysight was set to 0 dBm (1 mW) and varied over
the frequency range 385 MHz~420 MHz. The output voltage across the load was measured
using the RF oscilloscope in 1 MHz increments. PTE could then be calculated using the
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root-mean-square (RMS) of the voltage across the load (V) and input power as expressed
in Equation (2).

VZ
n= 113;’”” x 100% = —L

in Lt%n

% 100% )

The measured PTE against frequency is shown in Figure 14. It can be seen that the
measured PTE reaches a peak of 80.5% at a transfer distance of 20 mm when the resonance
frequency is 403 MHz. The power loss between signal generator and the primary circuit
and the decreased mutual inductance caused by the practical environment, results in the
measured PTE being lower than the simulated PTE.
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Figure 14. Comparisons of simulated and measured PTE against frequency.

The measured PTE at 403 MHz over different transfer distances is shown in Figure 15.
It is clear to see that the measured PTE remains stable between 5 mm and 10 mm and then
decreases from 89% to 25% as the transfer distance increases to 30 mm, which is similar to
the simulated results.

100

—a— Simulation

90 1 Measurement

80-
70-
60
50
40
30

20 1

Power Transfer Efficiency(%o)

10 +
0

5 10 15 20 25 30
Transfer Distance (mm)

Figure 15. Simulated and measured PTEs of the WPT link with four-turn split-ring loops at different
transfer distances.

The measured PTE shows good agreement with the simulated PTE and shows that
the proposed four-turn split-ring loop offers better performance for a WPT link than a
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conventional rectangular PSC. Comparisons of this design with other works are shown in
Table 4.

Table 4. The comparison between this proposed split-ring loop and the conventional rectangular PSC.

Ref.

Tx Coil Size Rx Coil Size Transfer Distance
(mm?) (mm?)

Freq. (MHz) (mm) Measured PTE

[19]

60 x 24 25 x 10 3 10 46.4%

[20]

10 x 10 10 x 10 110 3 30% (Simulated)

[21]

45 x 45 45 x 45 433 22 87.9%

This work

374 x 37.4 374 x 374 403 20 80.5%

References

5. Conclusions

A four-turn split-ring loop was proposed in this work to increase the Q-factor by
decreasing ohmic loss. To form series and parallel resonators at the desired frequency
(403 MHz) from the transmit and receive loops, series and parallel lumped capacitors with
the capacitance of 1.5 pF had to be added, respectively. With an improved Q-factor of
1630 (from 140), the PTE of this proposed WPT link reached 83% at a transfer distance of
20 mm.
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