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Abstract—Matching networks are an efficient means of 
providing large voltage and/or current gain and reactive 
compensation in high-frequency wireless power transfer 
(WPT) systems. This paper introduces an improved 
approach to designing matching networks for capacitive 
WPT systems, which maximizes the network efficiency 
while achieving the required overall gain and 
compensation. The proposed approach identifies the 
optimal number of matching network stages, the optimal 
distribution of gains and compensation among these stages, 
and the optimal air-gap voltage. The proposed approach is 
used to design the matching networks for a high-
performance 6.78-MHz 250-W 1.2-cm air-gap prototype 
capacitive WPT system. The prototype system achieves a 
power transfer density of 51.4 kW/m2 and an efficiency of 
90.4%, which matches well with the theoretical prediction. 

Keywords—wireless power transfer; capacitive wireless 
power transfer; multistage matching network; L-section 
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I. INTRODUCTION 

Medium-range wireless power transfer (WPT) systems 
generally utilize magnetically coupled inductive coils to 
transfer power across the air-gap. For flux guidance, these 
inductive WPT systems typically require expensive and fragile 
ferrite cores that incur substantial losses; limiting their 
frequency of operation, and hence, their potential for size 
reduction [1], [2]. On the other hand, capacitive WPT systems 

utilize electrically coupled conductive plates for power transfer. 
Since capacitive WPT systems do not require ferrites, they can 
be operated at high frequencies, reducing their size and cost. 
Hence, capacitive WPT systems can be an attractive alternative 
for a variety of applications [3]-[7], including electric vehicle 
(EV) charging [8]-[14]. To achieve high efficiencies and high 
power transfer densities, while maintaining fringing electric 
fields within safe limits [15], capacitive WPT systems require 
circuit stages that provide appropriate voltage and/or current 
gain as well as reactive compensation. Matching networks are 
an efficient means of providing the required gain and 
compensation simultaneously [7]-[10], [16]. 

An approach that optimizes the design of multistage 
matching networks for capacitive WPT systems has recently 
been proposed in [16]. However, the design approach in [16] 
assumes a given number of matching network stages and a 
given air-gap voltage. This paper introduces an improved 
design approach that maximizes the matching network 
efficiency by identifying the optimal number of stages, the 
optimal distribution of gains and compensations among these 
stages, and the optimal air-gap voltage. A prototype 6.78-MHz 
250-W 1.2-cm air-gap capacitive WPT system with 25-cm2 
coupling plates, utilizing matching networks designed using the 
proposed approach, is built and tested. The matching networks 
enable this prototype system to achieve a power transfer density 
of 51.4 kW/m2 and an efficiency of 90.4%, which is in good 
agreement with the theoretical prediction. 

The remainder of this paper is organized as follows: Section 
II introduces the proposed approach to optimizing the design of 
matching networks for capacitive WPT systems. Section III 

 
Fig. 1. A capacitive WPT system with gain and compensation networks implemented using multistage L-section matching networks. 
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presents the optimization results and draws insights regarding 
the optimal number of matching network stages and the optimal 
distribution of gains and compensation among these stages. 
Experimental results validating the proposed design approach 
are presented in Section IV. Finally, Section V summarizes and 
concludes the paper.  

II. PROPOSED MATCHING NETWORK DESIGN APPROACH 

A capacitive WPT system utilizing multistage L-section 
matching networks is shown in Fig. 1. In this system, two pairs 
of conductive plates (shown as ܥ௣) separated by air-gaps are 
utilized to achieve wireless power transfer. The inverter 
converts the dc input voltage into high-frequency ac, which is 
stepped up by a voltage gain network to enable high power 
transfer with low displacement current through the air-gap. This 
results in a relatively low voltage across the air-gap, and hence, 
low fringing fields, which helps meet field safety requirements. 
The current gain network on the other side of the coupling 
plates steps the ac current back up (and the voltage down) to the 
level required at the output. The voltage gain and current gain 
networks also compensate for the capacitive reactance of the 
coupling plates. 

Consider the multistage matching networks in the capacitive 
WPT system of Fig. 1. Each L-section stage of these networks 
can be characterized in terms of three quantities: ܩ௜, the current 

gain provided by the L-section stage, defined as ܩ௜ = |ூመ೚ೠ೟||ூመ೔೙| , 

where |ܫመ௢௨௧| and |ܫመ௜௡| are the amplitudes of the output and input 
currents of the stage, respectively; ܳ௟௢௔ௗ , the load impedance 

characteristic of the L-section stage, defined as ܳ௟௢௔ௗ = ௑೗೚ೌ೏ோ೗೚ೌ೏,  

where ௟ܺ௢௔ௗ and ܴ௟௢௔ௗ  are the imaginary and real parts of the 
load impedance of the stage, respectively; and ܳ௜௡ , the input 
impedance characteristic of the L-section stage, defined as ܳ௜௡ = ௑೔೙ோ೔೙, where ௜ܺ௡ and ܴ௜௡ are the imaginary and real parts 

of the input impedance of the stage, respectively. These 
quantities are illustrated in Fig. 2 for an L-section voltage gain 
stage and an L-section current gain stage. Note that while ܩ௜ is 
a measure of the gain, ܳ௜௡  and ܳ௟௢௔ௗ  are measures of the 
compensation provided by an L-section stage.  

Given the required values of ܩ௜ , ܳ௟௢௔ௗ , ܳ௜௡  and ܴ௟௢௔ௗ  for 
each L-section stage of the voltage gain network of the 
capacitive WPT system of Fig. 1, the inductance and 
capacitance values of the stage can be determined using the 
following expressions: ܮ = ቆீ೔ට൫ଵି ೔ீమ൯ାொ೗೚ೌ೏మ ା ೔ீమொ೔೙ቇோ೗೚ೌ೏ଶగ௙ೞ ܥ , = ଵି ೔ீమଶగ௙ೞቆீ೔ට൫ଵି ೔ீమ൯ାொ೗೚ೌ೏మ ି ೔ீమொ೗೚ೌ೏ቇோ೗೚ೌ೏.             (1) 

Similarly, the expressions for the inductance and the 
capacitance values for each L-section stage of the current gain 
network of the capacitive WPT system of Fig. 1 are given by: ܮ = ቆට൫ ೔ீమିଵ൯ା ೔ீమொ೔೙మ ିொ೗೚ೌ೏ቇோ೗೚ೌ೏ଶగ௙ೞ , 

ܥ = ଵି భಸ೔మଶగ௙ೞቆට൫ ೔ீమିଵ൯ା ೔ீమொ೔೙మ ାொ೔೙ቇோ೗೚ೌ೏ .                 (2) 

Assuming that an L-section stage is highly efficient, and that 
the losses in its capacitor can be neglected in comparison to the 
losses in its inductor, the efficiency of the stage can be 
expressed as: ߟ ≈ 1 − ொ೐೑೑ொಽ .                                 (3) 

Here, ܳ௘௙௙  is an effective transformation factor associated with 
the L-section stage, and ܳ௅  is the inductor quality factor. The 
effective transformation factor ܳ௘௙௙  is a function of the current 
gain (ܩ௜) and the input and load impedance characteristics (ܳ௜௡ 
and ܳ௟௢௔ௗ) of the stage, and hence, encapsulates both the gain 
and the compensation provided by the stage. Expressions for 
this effective transformation factor for the voltage gain and 
current gain stages shown in Fig. 2 are provided in Table I, and 
their derivations can be found in [16]. Using (3), the overall 
matching network efficiency in the capacitive WPT system of 
Fig. 1 with ݉ stages in the voltage gain network and ݊ stages 
in the current gain network can be approximated as: 

௠௨௟௧௜௦௧௔௚௘,௠ି௡ߟ  ≈ 1 − ∑ ொ೐೑೑,ೇಸ,೛ା∑ ொ೐೑೑,಴ಸ,೜೙೜సభ೘೛సభ ொಽ ,      (4) 

where ܳ௘௙௙,௏ீ,௣ and ܳ௘௙௙,஼ீ,௤  are the effective transformation 
factors of the ݌ -th and ݍ -th stages of the voltage gain and 
current gain network, respectively. A derivation of the 
efficiency expression given in (4) is provided in Appendix A. 

Maximizing the overall matching network efficiency in the 
capacitive WPT system of Fig. 1 requires the selection of the 
optimal number of voltage gain and current gain stages, and the 
optimal distribution of current gains (ܩ௜’s) and compensation 
(i.e., appropriate values of ܳ௜௡ ’s and ܳ௟௢௔ௗ ’s) among these 
stages. The capacitive WPT system of Fig. 1 enforces five 
design constraints on this optimization. First, the total current 
gain of the overall matching network, ܩ௜,௧௢௧ (as shown in Fig 1), 
is constrained by the specified input and output voltages (୍ܸ୒ 
and ୓ܸ୙୘, respectively) of the WPT system. Second, to ensure 

 
                           (a) (b) 

Fig. 2. Two types of L-section stages utilized in the multistage matching 
networks of the capacitive WPT system of Fig. 1: (a) voltage gain stage 
and (b) current gain stage. 

TABLE I.    EXPRESSIONS FOR THE EFFECTIVE TRANSFORMATION 
FACTOR ܳ௘௙௙ FOR THE L-SECTION STAGES OF FIG. 2 

L-section Stage Type Expression for ࢌࢌࢋࡽ 
Voltage gain (Fig. 2(a)) 

૚࢏ࡳ ට૚ − ૛࢏ࡳ + ૛ࢊࢇ࢕࢒ࡽ +  ࢔࢏ࡽ

Current gain (Fig. 2(b)) ࢏ࡳඨ૚ − ૚࢏ࡳ૛ + ૛࢔࢏ࡽ −  ࢊࢇ࢕࢒ࡽ
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that the L-section stages of the voltage gain network are 
physically realizable (that is, their inductance and capacitance 
values are non-negative), each stage of the voltage gain network 
must provide a current gain smaller than or equal to 1. 
Similarly, each stage of the current gain network must provide 
a current gain larger than or equal to 1. Third, the impedance 
seen by the inverter has to be near-resistive to maintain zero-
voltage switching (ZVS) and near-zero-current switching 
(near-ZCS) of the inverter transistors. Fourth, the impedance 
looking into the rectifier is resistive under fundamental 
frequency analysis. Finally, the load impedance characteristic 
of the last voltage gain stage ( ܳ௟௢௔ௗ,௏ீ,௠ ) and the input 
impedance characteristic of the first current gain stage (ܳ௜௡,஼ீ,ଵ) 
are related by the reactance of the coupling plates, ܺ௣  (=− ଵଶగ௙ೞ஼೛, where ௦݂ is the operating frequency of the capacitive 

WPT system). With these constraints, the optimization problem 
can be formally expressed as: 

max	  ௠௨௟௧௜௦௧௔௚௘,௠ି௡,                     (5a)ߟ
subject to:  ෑܩ௜,௏ீ,௣௠

௣ୀଵ ෑܩ௜,஼ீ,௤௡
௤ୀଵ = ௜,௏ீ,௣ܩ 				,௜,௧௢௧ܩ ≤ ݌	∀	1 = 1, 2, … ௜,஼ீ,௤ܩ     ,݉, ≥ ݍ	∀	1 = 1, 2, … , ݊, ܳ௜௡,௏ீ,ଵ = 0,		 ܳ௟௢௔ௗ,஼ீ,௡ = 0, 		ܳ௜௡,஼ீ,ଵ − ܳ௟௢௔ௗ,௏ீ,௠ = ௦௬௦ܭ ∏ ௜,௏ீ,௣ଶ௠௣ୀଵܩ .        (5b) 

Here, ܩ௜,௏ீ,௣  is the current gain provided by the ݌-th voltage 
gain stage, ܩ௜,஼ீ,௤  is the current gain provided by the ݍ -th 
current gain stage, ܳ௜௡,௏ீ,ଵ is the input impedance characteristic 
of the first voltage gain stage, ܳ௟௢௔ௗ,஼ீ,௡ is the load impedance 
characteristic of the last current gain stage, and ܭ௦௬௦  is a 
constant associated with the system, given by: ܭ௦௬௦ =

ସห௑೛ห௉ో౑౐௞೔೙ೡమ ௏౅మొ , where ୓ܲ୙୘  is the output power, and ݇௜௡௩  is the 

voltage gain associated with the inverter, which depends on the 

inverter’s topology and is equal to 
ସగ for the full-bridge inverter 

of Fig. 1. This constrained optimization problem is solved using 
the method of Lagrange multipliers, and its results are discussed 
below. 

III. OPTIMIZATION RESULTS AND INSIGHTS 

When the above-described methodology is applied to the 
capacitive WPT system of Fig. 1, the following results are 
obtained. In the optimized design, the current gains (ܩ௜ ’s) 
provided by the first  ݉ − 1 stages of the voltage gain network 
come out to be equal (denoted by ܩ௜,௏ீ,௘௤), that is:  ܩ௜,௏ீ,ଵ = ௜,௏ீ,ଶܩ = ⋯ = ௜,௏ீ,௠ିଵܩ ≝ ௜,௏ீ,௘௤ܩ .         (6) 
This optimal equal current gain ܩ௜,௏ீ,௘௤  can be found by solving 
the following equation: 

1 + ௜,௏ீ,௘௤ଶܩ = ൞max[ܨ௩ଵ, ,௩ଶܨ ,[௩ଷܨ 																												if		݊ ≥ 1,೔ீ,ೇಸ,೐೜మ೘షభ ൫ଵା௄ೞ೤ೞమ ೔ீ,೟೚೟ర ൯ீ೔,೟೚೟ට ೔ீ,ೇಸ,೐೜మ(೘షభ)ቀଵା௄ೞ೤ೞమ ೔ீ,೟೚೟ర ቁି ೔ீ,೟೚೟మ ,						if		݊ = 0,                  

(7) 
where: 

௩ଵܨ  = ௄ೞ೤ೞீ೔,೟೚೟ ೔ீ,ೇಸ,೐೜(೘శ೙షభ)
ට௄ೞ೤ೞீ೔,೟೚೟ ೔ீ,ೇಸ,೐೜೘శ೙షమିଵ, ܨ௩ଶ = ଶ௄ೞ೤ೞ(௠ିଵ)ீ೔,೟೚೟ ೔ீ,ೇಸ,೐೜య೘ష೙షమି(௠ି௡)ቀ ೔ீ,ೇಸ,೐೜మ(೘ష೙)ା ೔ீ,೟೚೟మ ቁ(௠ା௡ିଶ)ீ೔,೟೚೟ ೔ீ,ೇಸ,೐೜೘ష೙షభ , and ܨ௩ଷ = ଶ௄ೞ೤ೞ(௡ିଵ) ೔ீ,೟೚೟య ೔ீ,ೇಸ,೐೜೘శ೙షమା(௠ି௡)ቀ ೔ீ,ೇಸ,೐೜మ(೘ష೙)ା ೔ீ,೟೚೟మ ቁ(௠ା௡ିଶ)ீ೔,೟೚೟ ೔ீ,ೇಸ,೐೜೘ష೙షభ . 

The optimal current gains of the last ݊ − 1 stages of the current 
gain network are also found to be equal (denoted by ܩ௜,஼ீ,௘௤), 
that is: 

௜,௏ீ,௠ܩ  =
ەۖۖ
۔ۖۖ
ඩۓۖۖ ௦௬௦ܭ1 ൭ܩ௜,௏ீ,௘௤ଵି௠ ௜,௧௢௧ܩ௜,஼ீ,௘௤௡ିଵܩ + ௜,஼ீ,௘௤௡ିଵܩ௜,௏ீ,௘௤ଷ(௠ିଵ)ܩ௜,௧௢௧ܩ ൱ , if ݊ ≥ 1 and ௩ଵܨ = max[ܨ௩ଵ, ,௩ଶܨ [௩ଷܨ ,
1,																																																																																if		݊ ≥ 1	and	ܨ௩ଶ = max[ܨ௩ଵ, ,௩ଶܨ [௩ଷܨ ௜,௏ீ,௘௤௠ିଵܩ௜,௧௢௧ܩ, ௜,஼ீ,௘௤௡ିଵܩ ,																																																							if		݊ ≥ 1	and	ܨ௩ଷ = max[ܨ௩ଵ, ,௩ଶܨ [௩ଷܨ ௜,௏ீ,௘௤௠ିଵܩ௜,௧௢௧ܩ, ,																					 if ݊ = 0. 																													

 (10)

௜,஼ீ,ଵܩ  =
ەۖۖ
۔ۖۖۖ
ۖۖۖ
ඪۓ ௜,௧௢௧ଶܩ௦௬௦ܭ

൭ܩ௜,௏ீ,௘௤௠ିଵ ௜,௧௢௧ܩ௜,஼ீ,௘௤ଷ(௡ିଵ)ܩ + ௜,௏ீ,௘௤௠ିଵܩ௜,௧௢௧ܩ ௜,஼ீ,௘௤ଵି௡ܩ ൱ , if ݉ ≥ 1 and ௖ଵܨ = min[ܨ௖ଵ, ,௖ଶܨ [௖ଷܨ ,
௜,௏ீ,௘௤௠ିଵܩ௜,௧௢௧ܩ ௜,஼ீ,௘௤௡ିଵܩ ,																																														if		݉ ≥ 1	and	ܨ௖ଶ = min[ܨ௖ଵ, ,௖ଶܨ [௖ଷܨ ,1,																																																																							if		݉ ≥ 1	and	ܨ௖ଷ = min[ܨ௖ଵ, ,௖ଶܨ [௖ଷܨ ௜,஼ீ,௘௤௡ିଵܩ௜,௧௢௧ܩ, ,																		 if ݉ = 0. 																												

 (11)
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௜,஼ீ,௡ܩ = ௜,஼ீ,௡ିଵܩ = ⋯ = ௜,஼ீ,ଶܩ ≝ ௜,஼ீ,௘௤ܩ .        (8) 
This optimal equal current gain ܩ௜,஼ீ,௘௤  can be obtained by 
solving the following equation: 1 + ௜,஼ீ,௘௤ଶܩ = ቐmin[ܨ௖ଵ, ,௖ଶܨ [௖ଷܨ ,																							if		݉ ≥ 1,೔ீ,೟೚೟మ ൫ଵା௄ೞ೤ೞమ ൯

೔ீ,಴ಸ,೐೜೙షమ ට ೔ீ,೟೚೟మ ൫ଵା௄ೞ೤ೞమ ൯ି ೔ீ,಴ಸ,೐೜మ(೙షభ) ,						if		݉ = 0,                                     
(9) 

where: ܨ௖ଵ = ௄ೞ೤ೞீ೔,೟೚೟ ೔ீ,಴ಸ,೐೜రష೘ష೙మට௄ೞ೤ೞீ೔,೟೚೟ି ೔ீ,಴ಸ,೐೜೘శ೙షమ, ܨ௖ଶ = ଶ௄ೞ೤ೞ(௠ିଵ)ீ೔,೟೚೟ ೔ீ,಴ಸ,೐೜೙షయ೘శమି(௠ି௡)ቀ ೔ீ,಴ಸ,೐೜మ(೙ష೘)ା ೔ீ,೟೚೟మ ቁ(௠ା௡ିଶ)ீ೔,೟೚೟ ೔ீ,಴ಸ,೐೜೙ష೘షభ , and ܨ௖ଷ = ଶ௄ೞ೤ೞ(௡ିଵ) ೔ீ,೟೚೟య ೔ீ,ೇಸ,೐೜మష೘ష೙ା(௠ି௡)ቀ ೔ீ,಴ಸ,೐೜మ(೙ష೘)ା ೔ீ,೟೚೟మ ቁ(௠ା௡ିଶ)ீ೔,೟೚೟ ೔ீ,಴ಸ,೐೜೙ష೘షభ . 

The optimal current gains of the remaining stages, that is, the 
last (݉-th) stage of the voltage gain network (ܩ௜,௏ீ,௠) and the 
first stage of the current gain network (ܩ௜,஼ீ,ଵ ) can then be 
found using (10) and (11), respectively, shown at the bottom of 
the previous page. 

The optimal load impedance characteristics (ܳ௟௢௔ௗ’s) of the 
first ݉ − 1 voltage gain stages are also equal, and are related to 
the optimal equal current gain of these stages, ܩ௜,௏ீ,௘௤ , as:  ܳ௟௢௔ௗ,௏ீ,ଵ = ܳ௟௢௔ௗ,௏ீ,ଶ = ⋯ = ܳ௟௢௔ௗ,௏ீ,௠ିଵ =  ௜,௏ீ.௘௤. (12)ܩ−
The optimal load impedance characteristic of the last (݉-th) 
voltage gain stage is given by (13), shown at the bottom of this 
page. Similarly, the optimal input impedance characteristics of 
the last ݊ − 1 stages of the current gain network are equal, and 
are related to the optimal equal current gain of these stages, ܩ௜,஼ீ,௘௤, as:  ܳ௜௡,஼ீ,௡ = ܳ௜௡,஼ீ,௡ିଵ = ⋯ = ܳ௜௡,஼ீ,ଶ = ଵீ೔,಴ಸ.೐೜.      (14) 

The optimal input impedance characteristic of the first current 
gain stage is given by (15), shown at the bottom of this page. 
The remaining compensation characteristics ( ܳ௜௡ ’s and ܳ௟௢௔ௗ’s) can be found by noting that for a multistage network, 
the input impedance characteristic of a stage equals the load 
impedance characteristic of the preceding stage, i.e., ܳ௜௡,௣ =ܳ௟௢௔ௗ,௣ିଵ.    

For a capacitive WPT system with a given number of voltage 

(a) 

(b) 

(c) 
Fig. 3. Optimized matching network efficiency as a function of the 
number of voltage gain and current gain stages, for different values of 
total current gain: (a) ܩ௜,௧௢௧ = 0.75, (b) ܩ௜,௧௢௧ = 1, and (c) ܩ௜,௧௢௧ = 1.5. 

݉ = 1, ݊ = 1

݉ = 1, ݊ = 1

݉ = 1, ݊ = 1

 ܳ௟௢௔ௗ,௏ீ,௠ =
۔ۖەۖ
ۓ − ௜,௏ீ,௘௤௠ିଵܩ௜,௧௢௧ܩ ௜,஼ீ,௘௤௡ିଵܩ ,														 if ݊ ≥ 1 and ௩ଵܨ) = max[ܨ௩ଵ, ,௩ଶܨ [௩ଷܨ or ௩ଷܨ = max[ܨ௩ଵ, ,௩ଶܨ ௜,௏ீ,௘௤௠ିଵܩ,([௩ଷܨ ௜,௧௢௧ܩ௜,஼ீ,௘௤௡ିଵܩ − ݊		if					௜,௏ீ,௘௤ଶ(௠ିଵ),ܩ௦௬௦ܭ ≥ 1	and	ܨ௩ଶ = max[ܨ௩ଵ, ,௩ଶܨ ௜,௧௢௧ଶܩ௦௬௦ܭ−																																																									,[௩ଷܨ ,																									 if ݊ = 0. 																																

 (13) 

 ܳ௜௡,஼ீ,ଵ =
۔ۖۖەۖۖ
௜,௏ீ,௘௤௠ିଵܩۓ ௜,௧௢௧ܩ௜,஼ீ,௘௤௡ିଵܩ ,																		 if ݉ ≥ 1 and ௖ଵܨ) = max[ܨ௖ଵ, ,௖ଶܨ [௖ଷܨ or ௖ଶܨ = min[ܨ௖ଵ, ,௖ଶܨ ௜,஼ீ,௘௤ଶ(௡ିଵ)ܩ௜,௧௢௧ଶܩ௦௬௦ܭ,([௖ଷܨ − ௜,௏ீ,௘௤௠ିଵܩ௜,௧௢௧ܩ ௜,஼ீ,௘௤௡ିଵܩ ,				if		݉ ≥ 1	and	ܨ௖ଷ = min[ܨ௖ଵ, ,௖ଶܨ 					,௦௬௦ܭ																																																							,[௖ଷܨ 																															 if ݉ = 0. 																																

 (15) 
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and current gain stages (݉ and ݊), the optimal current gains and 
compensation characteristics of all the stages can be determined 
using (6)-(15). Given these optimal current gains and 
compensation characteristics, the required inductance and 
capacitance values for each stage can be obtained using (1) and 
(2), and the optimized matching network efficiency can be 
determined using (4).  

The optimized matching network efficiency for the 
capacitive WPT system of Fig. 1 is shown as a function of the 
number of stages in the voltage gain and the current gain 
networks, ݉ and ݊, for three different values of the total current 
gain ܩ௜,௧௢௧ in Fig. 3. Here, the capacitive WPT system operates 
at a switching frequency ௦݂ of 6.78 MHz, output power ୓ܲ୙୘ of 
2 kW and input voltage ୍ܸ୒  of 300 V, with a coupling 
capacitance ܥ௣  of 20 pF (corresponding to 40 cm ×  40 cm 
coupling plates separated by a 12-cm air-gap), and an inductor 
quality factor ܳ௅  of 200. As can be seen, for each value of total 
current gain ܩ௜,௧௢௧, when the voltage gain network has one stage 
(݉ = 1 ), the optimized efficiency increases monotonically 
with the number of current gain stages ݊. Similarly, when the 
current gain network has one stage (݊ = 1), the optimized 
efficiency increases monotonically with the number of voltage 
gain stages ݉. However, when the voltage gain network has 
multiple stages (݉ > 1 ), for each value of ݉ , there is an 

optimal number of current gain stages ݊௢௣௧  at which the 
matching network efficiency is maximized. This optimal 
number of current gain stages ݊௢௣௧ is plotted as a function of 
the total current gain ܩ௜,௧௢௧, for various values of the number of 
voltage gain stages ݉, in Fig. 4(a). It can be seen that for each 
value of ݉, as the required total current gain ܩ௜,௧௢௧ increases, 
the optimal number of current gain stages ݊௢௣௧ also increases. 
Figure 3 also shows that when the current gain network has 
multiple stages (݊ > 1), for each value of the number of current 
gain stages ݊, there is an optimal number of voltage gain stages ݉௢௣௧ . This optimal number of voltage gain stages ݉௢௣௧  is 
shown as a function of the total current gain ܩ௜,௧௢௧ for various 
values of the number of current gain stages ݊ in Fig. 4(b). In 
this case, for each value of ݊, as the required total current gain ܩ௜,௧௢௧  increases (and hence, the total voltage gain decreases), 
the optimal number of voltage gain stages ݉௢௣௧  becomes 
progressively smaller. It can also be seen from Fig. 4 that when 
the capacitive WPT system provides no net gain (that is, ܩ௜,௧௢௧ =  1), as the number of voltage gain and current gain 
stages (݉ and ݊) are increased, the optimal number of current 
gain stages ݊௢௣௧ approaches the number of voltage gain stages ݉ (see Fig. 4(a)), and the optimal number of voltage gain stages ݉௢௣௧ approaches the number of current gain stages ݊ (see Fig. 
4(b)). Therefore, for capacitive WPT systems with a relatively 
large number of voltage gain and current gain stages and a total 
current gain of 1, symmetrical designs with equal number of 
voltage gain and current gain stages are the most efficient. 

The proposed optimization methodology also determines the 
optimal air-gap voltage, given by: ݒ௔௚,௢௣௧ = ௉ో౑౐ସ√ଶ௏౅ొ௙ೞ஼೛ ∏ ௜,௏ீ,௣௠௣ୀଵܩ .                  (16)  

As can be seen, the optimal air-gap voltage, and hence, the 
strength of fringing electric fields, reduces as the operating 
frequency increases. 

IV. EXPERIMENTAL VALIDATION 

To validate the predictions of the proposed design approach, 
a 6.78-MHz 250-W capacitive WPT system with 5-cm × 5-cm 
coupling plates separated by a 1.2-cm air-gap (suitable as a 
single module of a multi-modular capacitive WPT system [6] 
for low-ground-clearance electric forklifts), and comprising 
single-stage voltage gain and current gain networks is designed, 
built and tested. A circuit schematic of the prototype system is 

 
(a) 

(b) 
Fig. 4. Optimal number of stages for a 6.78-MHz 2-kW capacitive WPT 
system with a coupling capacitance of 20 pF, as a function of the total 
current gain ܩ௜,௧௢௧ : (a) optimal number of current gain stages ݊௢௣௧  for 
various values of the number of voltage gain stages ݉, and (b) optimal 
number of voltage gain stages ݉௢௣௧ for various values of the number of 
current gain stages ݊.  

݉ = 2݉ = 4݉ = 6݉ = 8

݊ = 8
݊ = 4

݊ = 2

݊ = 6

Fig. 5. Schematic of the prototype capacitive WPT system comprising 
single- stage voltage gain and current gain networks. 
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shown in Fig. 5, and a photograph of the system is shown in 
Fig. 6. The inverter in the prototype system is implemented 
using GaN Systems GS66506T enhancement-mode GaN 
transistors, and the rectifier and load are emulated using a 45 Ω 
resistor. The inductors in the prototype system have a quality 
factor of approximately 425. The measured switch-node 
voltages, inverter output current and load voltage waveforms of 
the prototype system while transferring 250 W are shown in 
Fig. 7.  As can be seen, the impedance seen by the inverter is 
near-resistive, and sufficiently inductive to achieve zero-
voltage switching of the inverter transistors. This prototype 
capacitive WPT system achieves a power transfer density of 
51.4 kW/m2. The measured efficiency of the prototype system 
(including the inverter) is 90.4%, and the measured matching 
network efficiency is 91.1%, which matches well with the 
theoretically predicted matching network efficiency of 91.5%.  

V. SUMMARY AND CONCLUSIONS 

This paper introduces an improved approach to designing 
matching networks for capacitive WPT systems, which 
maximizes network efficiency by identifying the optimal 
number of matching network stages, the optimal distribution of 
gains and compensation among these stages, and the optimal 
air-gap voltage. A 6.78-MHz, 250-W 1.2-cm air-gap prototype 
capacitive WPT system comprising matching networks 
designed using the proposed approach is built and tested. The 
prototype system achieves a power transfer density of 50 
kW/m2 and an efficiency of 90.4%, which matches well with 
the theoretical prediction. 
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APPENDIX A 

This appendix derives the expression for the overall matching 
network efficiency in the capacitive WPT system of Fig. 1, as 
given in (4). Consider the voltage gain network of the 
capacitive WPT system of Fig. 1. Assuming that the inductors 
in all the stages of this network have the same quality factor, 
the efficiency of the ݉ -stage voltage gain network can be 

expressed as: ߟ௏ீ = ቀ1 − ொ೐೑೑,ೇಸ,భொಽ ቁ ቀ1 − ொ೐೑೑,ೇಸ,భொಽ ቁ… ቀ1 − ொ೐೑೑,ೇಸ,೘ொಽ ቁ.  (17) 

Here, ܳ௘௙௙,௏ீ,௣ is the effective transformation factor associated 
with the ݌-th stage of the voltage gain network. Assuming that 
all the stages of the network are highly efficient, the efficiency 
expression in (17) can be further approximated as: ߟ௏ீ ≈ 1 − ∑ ொ೐೑೑,ೇಸ,೛೘೛సభ ொಽ .                        (18) 

Similarly, the efficiency of the current gain network can be 
approximated as: ߟ஼ீ ≈ 1 − ∑ ொ೐೑೑,಴ಸ,೜೙೜సభ ொಽ .                        (19) 

The overall efficiency of this ݉ - ݊  multistage matching 
network is then given by: 
௠௨௟௧௜௦௧௔௚௘,௠ି௡ߟ  = ஼ீߟ	௏ீߟ ≈ 	ቀ1 − ∑ ொ೐೑೑,ೇಸ,೛೘೛సభ ொಽ 	ቁ ቀ	1 − ∑ ொ೐೑೑,಴ಸ,೜೙೜సభ ொಽ ቁ. 

(20) 

(a) (b) 
 

Fig. 7. Measured waveforms: (a) switch-node voltages and inverter output current, and (b) measured output voltage across 45 Ω load. 

(a) 

(b) 
Fig. 6. (a) Primary-side view of the prototype test circuit with the 
inverter and the voltage gain network, and (b) coupling plates 
separated by 1.2 cm air-gap. 
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Invoking the high-efficiency assumption again, the overall 
matching network efficiency in the capacitive WPT system of 
Fig. 1, as expressed in (20), can be further approximated as: ߟ௠௨௟௧௜௦௧௔௚௘,௠ି௡ ≈ 1 − ∑ ொ೐೑೑,ೇಸ,೛ା∑ ொ೐೑೑,಴ಸ,೜೙೜సభ೘೛సభ ொಽ .     (21) 
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