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Abstract—A wireless powering system robust against distance 

variation is required. In this paper, a digital transmitter (TX) coil, 
whose radius depends on the distance (d) between the TX and re-
ceiver (RX) coils, is proposed that maximizes the efficiency of wire-
less powering. Firstly, we analytically derived the optimum TX coil 
radius (rTX, OPT) to maximize the coil-to-coil efficiency (η) by co-
optimizing the coupling coefficient and the quality factors of the 
coils. It was found that rTX, OPT was approximately equal to d. Then, 
a practical implementation of the digital TX coil, whose radius was 
electrically varied without mechanical motion, was proposed. It 
was found by a measurement that, compared with a conventional 
TX coil with a constant radius, the proposed digital TX coil in-
creased η from 12% to 20% when d was four times the RX coil 
radius. 

Index Terms—wireless power transfer, inductive coupling, mag-
netic resonance, coil-to-coil efficiency, distance variation, coil de-
sign, optimum coil radius, 13.56MHz. 

I. INTRODUCTION 

The efficiency (ηSYS) of a wireless power transfer (WPT) sys-
tem rapidly decreases as the distance (d) between the transmit-
ter (TX) and receiver (RX) coils increases. The most effective 
way to realize wireless powering robust against d variation is to 
directly maximize the coil-to-coil efficiency (η). Moreover, the 
tuning mechanism against d variation should be included on the 
TX side rather than the RX side, because the RX side should be 
as simple as possible in, for example, the wireless charging of 
cellphones. Several wireless powering systems robust against d 
variations [1-5] have been proposed. In [1-4], impedance 
matching on both the TX and RX sides of a WPT system was 
focused on, where ηSYS was limited to η. In addition, RX tuning 
– such as impedance matching between a load impedance and 
load [1-3] and RX coil layout optimization in [5] – has been 
proposed but does not satisfy our design target of TX-only tun-
ing. To solve these problems, we proposed a novel digital TX 
coil with a programmable radius (rTX, PROG) depending on d, 
which makes it possible to directly maximize η and thus realize 
a system with ηSYS robust against d variation. Additionally, the 
digital TX coil uses TX-only tuning. Throughout this work, we 
focus on η. 

Fig. 1 shows the key concept of this paper. Fig. 1 (a) shows 
a conventional TX coil with a constant radius and the proposed 
TX coil with rTX, PROG, which depends on d (rTX, PROG=d). Fig. 1 
(b) shows a schematic diagram of the d dependence of η. When 
d is increased from d1 to d2, the proposed TX coil has a higher 
η for d2 than the conventional TX coil.  

In Section II, an optimum TX coil radius is derived analytica- 

 

 
 
 
 
 
lly, by o-optimization of the TX-to-RX coupling coefficient (k) 
and the quality factors of the coils, and it is found to be approx-
imately equal to d. This is then confirmed by electromagnetic 
simulation and coil-to-coil measurement. Then, as reported in 
Section III, the proposed digital TX coil with rTX, PROG is fabri-
cated and measured. 

II. OPTIMUM TX COIL RADIUS FOR MAXIMUM EFFICIENCY 

A. Derivation of Equation 

We first analytically derived the optimum TX coil radius for 
the maximum η under the condition that the RX coil radius (rRX) 
is much smaller than that of the TX coil (rTX). In WPT systems, 
η depends on the quality factors of the  TX (QTX) and RX (QRX) 
coils and k, a combination of which (k2QTXQRX) must be max-
imized at the resonance frequency (f0) to maximize η [6]: 
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Fig. 1. Key concept of this paper. (a) Conventional TX coil with con-
stant radius and proposed TX coil with rTX, PROG. Here, single-turn coil is 
plotted for simplicity. (b) Schematic diagram of d dependence of η.  
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Here, σ is the conductivity of the coil metal, A is the cross-sec-
tional area of the current flow in the metal considering skin ef-
fects, and M is the mutual inductance between the TX and RX 
coils. m and n are the numbers of turns of the TX and RX coils, 
respectively. Here, the increase in resistance due to proximity 
effects between different turns is neglected. 

Using Maxwell’s equations, M can be obtained as [7] 
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where μ0 is the permeability and the complete elliptic integrals 
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the physical thicknesses of both the TX and RX coils are as-
sumed to be zero. 

For rRX<<rTX, M in (2) can be approximated as 
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Then, k2QTXQRX in (1) can be simplified as 
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Note that when all other parameters (f0, m, n, rRX, d) are con-
stants, k2QTXQRX in (5) reaches at its maximum value, which 
also corresponds to the maximum η, if and only if rTX is at its 
optimum value (rTX, OPT) of 

TX, OPT .=r d                                   (6)  

  
 
 

In addition, the error introduced in (4) is estimated. Instead 
of using (4) for the mutual inductance, (2) is substituted into (1) 
and rTX, OPT can be obtained by solving 
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Here, we set f0=13.56MHz, m=5, n=3, and rRX=20mm. Fig. 2 
shows a comparison between rTX, OPT in its approximate form 
[rTX, OPT(approx.)] and its exact solution [rTX, OPT(exact)]. Ac-
cording to Fig. 2, rTX, OPT(approx.) deviates from rTX, OPT(exact) 
at a small d, while they converge at a large d. The percentage 

error decays rapidly as d increases and thus (6) gives a reason-
able approximation with error<15% from (7) for d>30mm. 

B. Validation by Electromagnetic Simulation 

To confirm that (6) is a good guideline for TX coil design in 
WPT systems, electromagnetic simulation software (EMPro, 
Keysight Technologies) was used. Table I summarizes the de-
sign specifications of both the TX and RX coils. f0 was finely 
tuned to 13.56MHz for both coils using compensation capaci-
tors. Considering the physical thickness of the coils, d is defined 
as the distance from the geometrical center point of the TX coil 
to that of the RX coil.  

Fig. 3 shows the simulated relationship of η versus rTX for 
different d. As expected, η is maximized at rTX, OPT, although it 
deviates from (6). The deviation is ascribed to the simplified 
assumptions made in the analysis. Considering that the electro-
magnetic simulation gives more accurate results than equation 
analysis, in this work, we set rTX, OPT as 35mm, 45mm, 70mm, 
and 80mm for d of 35mm, 50mm, 65mm, and 80mm, respec-
tively. However, it is emphasized that (6) still acts as a good 
design guideline with a tolerable percentage error (<12%). 

TABLE I 

DESIGN SPECIFICATIONS OF TX AND RX COILS 

 

 

  
 
 

Fig. 4 shows the simulated relationship of η versus d for con-
ventional and proposed programmable TX coils with the same 
RX coil. As can be seen, compared with the conventional TX 
coil, the proposed coil with rTX, OPT has a maximum η for differ-
ent d. For example, for d=80mm, η is 10% using the TX coil 
with rTX=35mm but is increased to 26% (more than doubled) 
when the TX coil with rTX, OPT=80mm is used. Similarly, for 
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f0 (MHz) 13.56
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Metal wire diameter (mm) 1
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Fig. 3. Simulated η vs rTX for different d.  



d=35mm, η is 63% using the TX coil with rTX=80mm but is 
increased to 78% when the TX coil with rTX, OPT=35mm is used.  

 
 

 

 
 

 

 
 

C. Experimental Validation 

In addition, measurements were performed for comparison 
with the simulation results. As shown in Fig. 5, four TX coils 
(TX1: rTX=35mm; TX2: rTX=45mm; TX3: rTX=70mm; TX4: 
rTX=80mm) and an RX coil (rRX=20mm) were fabricated ac-
cording to the design specifications in Table I. f0 was finely 
tuned to 13.60MHz for all coils using compensation capacitors. 
A network analyzer (E5061B, Keysight Technologies) was 
used to measure the S parameter for each pair of the TX and RX 
coils, and η was calculated as |S21|2/(1-|S11|2). Fig. 6 shows the 
measured relationship of η versus d for different TX coils with 

the same RX coil. Compared with the simulation results in Fig. 
4, the absolute value of η is slightly lower, which is reasonable 
considering the mismatch between the simulated and fabricated 
coils. Note that a similar conclusion can be arrived at from the 
fact that the proposed programmable TX coil with rTX, OPT has a 
maximum η for different d. Taking d=80mm as an example, η 
is 9.8% using the TX coil with rTX=35mm but is increased to 
22% (still more than doubled) when the TX coil with 
rTX, OPT=80mm is used.  

 
 
 
 

 
 

III. PROPOSED DIGITAL TX COIL 

On the basis of the above analysis, the TX coil with rTX, PROG 
designed according to (6) can alleviate η degradation with d 
variation. However, its practical implementation is still an is-
sue. Rather than using motors to mechanically change rTX for 
the TX coil, we propose the use of switches to electronically 
program rTX. As shown in Fig. 7, the proposed digital TX coil 
is composed of four concentric sub-coils (TX1, TX2, TX3, and 
TX4), four compensation capacitors, and four switches (SWs). 
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Fig. 5. Fabricated TX coils with rTX of 35mm, 45mm, 70mm, and 
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Fig. 4. Simulated η vs d using TX coil with conventional constant rTX 
and proposed rTX, PROG. 

Fig. 6. Measured η vs d using TX coils in Fig. 5. 

Fig. 7. Schematic of the proposed digital TX coil, in which one of four 
sub-coils with different radii is selectively turned on depending on d. Here, 
single-turn coil is plotted for simplicity. 

Fig. 8. Fabricated digital TX and RX coils. 



Each sub-coil resonates at the same f0 as the RX coil. The selec-
tor is used to control these four SWs. For each d, only the sub-
coil with rTX, OPT that can achieve the maximum η is turned on by 
the selector. For example, when d is 80mm, TX4 with 
rTX=80mm is turned on by selecting SW4. Fig. 8 shows a pho-
tograph of the digital TX coil, which was fabricated from the 
four TX coils in Fig. 5. The geometric structure of the digital 
TX coil is also given. The compensation capacitors were also 
reselected to tune f0 for each sub-coil to 13.60MHz. Here, a re-
lay (Panasonic Electric Works TQ2-L2-4.5) with an ON re-
sistance of less than 50mΩ was used for each SW.  

 
 

Fig. 9 shows the measured relationship of η versus d normal-
ized by rRX (d/rRX). As highlighted in blue, the proposed digital 
TX coil provides the maximum η by selectively turning on TX1, 
TX2, TX3, and TX4 when d equals 1.75, 2.5, 3.25, and 4 times 
rRX, respectively. Taking d=rRX×4 as an example, η can be im-
proved from 12% to 20% by selectively turning on TX4 rather 
than TX1. In addition, η can be improved from 51% to 75% at 
d=rRX×1.75, when TX1 rather than TX4 is turned on.  

Here, we further discuss the proposed digital TX coil. Firstly, 
the coupling from the other three unselected open sub-coils in 
the proposed digital TX coil may cause η degradation [6]. How-
ever, by comparing Figs. 6 and 9, η only shows a minor fluctu-
ation of ±2%, which means that the effect of such coupling is 
negligible. Secondly, one of the four sub-coils in the digital TX 
coil was manually selected according to d in this paper. In our 
future work, however, an RX localization subsystem, based on 
which rTX can be automatically programmed, will be imple-
mented to establish an advanced WPT system. Finally, in this 
work, only the ideal scenario has been discussed, in which the 
RX coil is always concentrically aligned with the TX coil and 
only d is changed. In real applications, however, it is not un-
common for the RX coil to be misaligned with the TX coil. Alt-
hough the discussion of this is beyond the scope of this work, 
the digital TX coil with rTX, PROG, whose optimum value will 
deviate from (6), is still promising for alleviating η degradation. 

Table II shows a comparison of the proposed digital TX coil 
with previously reported WPT systems robust against d varia-
tion. Only the proposed system achieved both coil-to-coil effi-
ciency maximization and TX-only tuning, making it practical 
for wireless powering robust against d variation in real applica-
tions (e.g., the wireless charging of cellphones).  

TABLE II 

COMPARISON WITH PREVIOUSLY REPORTED WPT SYSTEMS ROBUST 

AGAINST DISTANCE VARIATION 

 

IV. CONCLUSION 

In this paper, a digital TX coil, whose radius was optimized 
according to d, was proposed to maximize system efficiency in 
WPT systems when an RX coil is given. Firstly, by co-optimi-
zation of both the coupling coefficient and the quality factors of 
the coils, we derived the relationship between the optimum TX 
coil radius and d. These two values were approximately equal 
for a maximum coil-to-coil efficiency. In addition, a practical 
implementation of the digital TX coil using relay switches to 
selectively turn on one of the four sub-coils was proposed. 
Compared with a conventional system without the proposed 
coil, experimental results showed an increase in coil-to-coil ef-
ficiency from 12% to 20% at d of four times the RX coil radius. 
Also, in contrast to previously reported systems, the proposed 
digital TX coil maximizes coil-to-coil efficiency and thus real-
izes a value of system efficiency robust against d variation. 
Moreover, no tuning in RX is required. 
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