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Abstract—This paper discusses the feasibility of a real-time active matching circuit (MC) for wireless power transfer applications, especially for biomedical systems. One prototype of low-cost
real-time automatic MC, utilizing a variable circuit topology, including discrete passives and p-i-n diodes, has been implemented
and the principle has been veriﬁed by measurements. One genetic
algorithm was introduced to optimize the design over a wide range
of impedances to match. As a result of preliminary operation veriﬁcation tests, the proposed real-time MC system results in improving the transfer coefﬁcient in the range of 10–16-cm coil separation distance a maximum of 3.2 dB automatically in about 64 ms.
Similar performance improvement results were observed in additional tests under misaligned conditions, as well as for nonsymmetrical Tx–Rx coil conﬁgurations further verifying the potential applicability of the proposed system to practical biomedical devices.
Index Terms—Autonomous sensors, genetic algorithms (GAs),
impedance matching, real-time systems, wireless power transfer
(WPT).

I. INTRODUCTION

W

IRELESS power transfer (WPT) technology is one of
the most highly demanded technologies to realize truly
cableless/batteryless mobile devices and wirelessly connected
electronics, which are required for practical implementations of
Internet of Things (IoT) topologies, and could potentially alleviate the typical issues of the short cruising range until next
recharging, as well as the inconvenience of wired charging of
electrical vehicles [1]–[3]. In addition to these applications, the
medical ﬁeld is one of the most important application areas of
this technology. For hygienic purposes, the unique capability
of HF waves and microwaves to transfer power to sealed devices in a contactless/cableless way is a major advantage. Furthermore, WPT could have a signiﬁcant impact in health and
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biomonitoring applications, virtually eliminating the need for
painful and infection-prone surgical procedures, which are currently necessary for periodical battery replacement, by wirelessly charging in-vivo implanted electronics.
Generally, there are three types of electromagnetic (EM)
wireless power transmission systems: far-ﬁeld radio waves,
inductive power transfer, and capacitive power transfer—and
each method has its pros and cons [4], [5]. The resonant
coupling, especially the magnetic resonant coupling method,
which belongs to the inductive power transfer techniques, has
attracted the interest of the research community today because
of its relatively large operation distance and high maximum
power transmission efﬁciency [6]. Also, the magnetic coupling
is preferred to satisfy the fundamental requirement of penetrating the human body, which is electrically lossy conductor,
to provide the power to the receiver (Rx) in the human body.
A two-frequency split, called the “horn effect,” is usually
associated with the fundamental operation of the magnetic
resonance wireless power transmission in conﬁgurations with
very small separation distances between transmitter (Tx) and
Rx coils [3]. This can be a major issue for WPT applications on
moving or nonstationary platforms, such as the human body,
typically pushing the values of the resonance frequency outside
the allowable frequency bands or drastically deteriorating the
coupling efﬁciency. In order to compensate for the effect of
human body part movements (e.g., breathing and turning),
a real-time active matching circuit (MC) has to be inserted
between the signal source and the Tx coil. The overview of a
typical magnetic resonant wireless power transmission system
with real-time MCs on the Tx side is depicted in Fig. 1. As
already reported, it is possible to design a discrete value MC
with a combination of lumped circuit elements and p-i-n diode
switches utilizing a genetic algorithm (GA). The MC is electrically controlled by a microcontroller to decrease the mismatch
between the signal generator and the transmitting coil, which
has the self-resonance frequency of 13.56 MHz [7]. In this
paper, the implementation of an entire real-time active MC as
well as further operation tests under different coil separation
distances, practical misaligned conditions, and asymmetry
coils conﬁgurations are discussed in detail as an extension of
previously reported results.
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Fig. 1. Block diagram of a dual-transmitting-coil wireless power transmission
system with on-Tx real-time MCs.

TABLE I
OF THE OPTIMIZED OPEN-HELICAL-COIL
FOR THE PROPOSED WPT SYSTEM

PARAMETERS

II. TX AND RX COIL DESIGN
In order to conﬁrm the transition from the strongly coupled
regime to the weakly coupled regime in the small coil separation
distance range, for proof-of-concept purposes and without loss
of generality, an open type helical coil, which has the self-resonance frequency of 13.56 MHz, was designed on CST Studio
Suite 2014 within the size restriction in the diameter of 10 cm.
In the preliminary measurement setup, in order to simplify the
experiments, the same coil design was adopted for both Tx and
Rx coils. The extension of the presented approach to coils of
different size is straightforward. During the simulation process,
the gap between each coil wires was optimized to reduce the radiation loss in given speciﬁc fabrication limitations. In order to
reduce the simulation time, the integral solver was adopted. The
simulation results yielded the following coil dimensions as summarized in Table I; the radius of the coil is 50 mm, the diameter
of the copper wire is 1 mm, the gap between consecutive turns is
0.2 mm, and the number of turns is 26, to achieve the operation
frequency of 13.56 MHz. Based on the simulation results, the
Tx and the Rx coil prototypes were fabricated with a 1-mm-diameter copper wire utilizing laser cut acrylic boards for support purposes. A photograph of the fabricated Tx and Rx coils,
the simulated and the measured
values of the single coil
without any other coil in its proximity, and the measured
value values for different center-to-center coil distances (identical Tx and Rx coils) are shown in Fig. 2(a)–(c), respectively.

Fig. 2. (a) Open-helical-coil prototype for WPT system. (b) Measured and simof the single open helical coil prototype. (c) Measured
of the
ulated
open-helical-coil WPT coil network at different separation distances.

The higher loss in the measurement results is assumed to be associated with greater radiation loss because of the fabrication
error, the conductor loss associated with the copper wires, and
the dielectric loss because of the acrylic board supporters. As
depicted in Fig. 2(c), two frequency peaks can be seen at coil
separation distances up to 12 cm.
An open helical coil can be approximated with an equivalent series RLC circuit. If the resistance, the inductance and the
capacitance of the single coil are R, L, and C, the impedance
of the coil,
, is given by (1), where is an angular frequency. Speciﬁcally, the imaginary part of the coil impedance,
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, can be expressed as shown in (2). Practically, the values of
the self-inductance and of the self-capacitance of the coil remain
constant over the frequency range of operation, allowing us to
derive their values from the imaginary part of the measured coil
impedance at two frequency points. If the mutual inductance
between the two coupled coils is
, its value can be derived
from the self-resonance frequency of the single coil, , and the
upper and lower resonance frequency of two coupled (Tx and
Rx) coils, , , using (3) [8], [9]. From the measurement data,
the inductance and the capacitance of the open helical coil prototype have been derived to be equal to 21.8 H and 6.34 pF, respectively. Also, the mutual inductance at 10-cm coil distance,
for example, is 1.51 H,
(1)
(2)

Fig. 3. Flowchart of the GA optimization for the MC design.

(3)

III. MC DESIGN USING A GA
A. MC Design Process
In ideal cases, a dynamically changing MC can be easily
implemented as a network, which has variable component
values. However, in reality, it is quite challenging to change the
impedance values arbitrarily within a wide dynamic range using
off-the-shelf components. There are various different ways to
realize arbitrary different impedance values by utilizing electrically controlled variable circuit components, for example, by
using relays [10] or varactor diodes [11]. However, in the research presented in this paper, a discrete value impedance MC
with p-i-n diode switches is adopted because of its fast switching
speed, small feature size, and robustness [12]. The MC topology
is based on the cascading of a unit cell consisting of an L-type
series inductor and shunt capacitor. The L-type topology was
chosen to make the unit-cell conﬁguration as simple as possible
to minimize the simulation and the optimization time for MC
design. Ideally, the range of impedance values created by the
variable MC unit increases as the number of stages increases.
However, in reality, this value range saturates at some point because of the discrete available circuit component values. At the
same time, the loss associated with the lumped circuit components increases as the number of stage increases. Therefore, the
number of stages (six in the prototype presented in this paper)
was eventually chosen to satisfy the practical MC constraints
described below with the minimum number of stages [7]. Each
capacitor can be grounded through a p-i-n diode, which acts as
the switching element. Since every switch provides two states,
six switches can provide a total of 64 states. The p-i-n diodes
are controlled by a microcontroller unit to choose the best conﬁguration for the MC by changing the combination of “on” and
“off” states of the p-i-n diodes. In this work, the p-i-n diode
SMP1340 from Skyworks Solutions Inc. is adopted in order to
achieve a high-speed MC operation. In this effort, a GA was
utilized in order to determine the optimal lumped component

values for typical WPT matching applications out of the available standard “off-the-shelf” discrete component values aiming
at achieving an effective matching over a large part of the Smith
chart, virtually covering most impedance values to match in the
practical WPT conﬁgurations.
GAs are heuristic search methods, which have been widely
used to solve EM optimization problems [13]. Here, for the easy
and quick implementation of GA into the MC design, the Global
Optimization Toolbox of MATLAB was utilized. The procedure to design and to evaluate the performance of the MC is described in Fig. 3 [12]. In summary, the MATLAB code generates
discrete load impedance values, which are evenly distributed
around the center of the Smith chart, and check how well the
MC at each on/off p-i-n diode combination can match these different impedance values to 50 or not. The return loss
and the transducer gain
, which are expressed in (4) and
(5), are used as the criteria to assess the performance of the MC.
These can be expressed as a function of the two-port S-parameters, and the load reﬂection coefﬁcient
[14]. The return loss
indicates the quality of matching to the load impedance. This is
a necessary condition to check if port1 (signal generator: 50 ),
is actually matched to port2 (Tx coil), which has an arbitrary
impedance, or not. However, this condition is not a sufﬁcient
condition to guarantee the improvement in power transfer from
port1 to port2 because there is a dissipative loss associated with
the insertion of the MC and a load mismatch [15],
(dB)
(dB)

(4)
(5)

From the literature, it is possible to achieve the maximum
Smith chart coverage (up to 70%) under the conditions,
dB and
dB, which guarantees the sufﬁcient
improvement of matching by utilizing arbitrary circuit component values [12]. The proposed method can effectively realize
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Fig. 4. Simulated input impedance values generated by MATLAB’s GA algorithm.

Fig. 5. (a) Tunable sixth-stage MC schematic derived using the GA and ADS.
(b) Prototype of the tunable MC with modiﬁed components value.

a Smith chart coverage of 50%–60% satisfying the same criteria by modifying the combination of a discrete set of circuit
components. Each component value in these sets is chosen from
commercially available lumped component values. For both inductors and capacitors, 28 consecutive commonly used circuit
values, which cover a lumped element value range of 1000:1
for the operation frequency of 13.56 MHz were considered. By
limiting the number of components in the MC in such a way, the
simulation time was signiﬁcantly reduced.
B. Characterization of MC
During the GA simulations, based on the available lumped
component values, the center of the Smith chart was targeted,
offering a 50%–60% Smith chart coverage at 13.56 MHz.
The input impedance values of the MC at each on/off state
generated by MATLAB are shown in Fig. 4. However, the
inductive component value of the ﬁfth cell was changed from
27 to 560 nH through the simulations utilizing Advanced Design System (ADS) 2013 in order to ﬁne tune the optimization
process for the measured coil S-parameters.This improved the
MC performance at the short coil separation distances, and
eventually increased the range of coil separation distance that
can be matched. In Fig. 5, the schematic of the GA-designed
MC after the ﬁne tuning and the picture of the MC prototype are depicted. The circuit prototype was fabricated on a
1.5-mm-thick substrate, RO4003C, which features a dielectric
constant of 3.38, provided by the Rogers Cooperation. The
measured and simulated reﬂection coefﬁcient values for the
designed MC after the ﬁne tuning are shown in Fig. 6. During
the measurements, bias circuits, each composed of a series
inductor and a parallel capacitor, were connected to each pin
of the MC prototype to isolate Arduino Uno microcontroller
board’s general input output pins (GIOPs), which provide the
dc voltage for each p-i-n diode, from the rest of the matching
network. As can be easily observed in Fig. 6, the simulation
and the measurement results agree quite well.

Fig. 6. Measured and simulated input impedance values of tunable MC prototype.

IV. REAL-TIME MC SYSTEM
One of the easiest and most accurate ways to assess the
quality of the matching and operate the system at the maximum
power transfer point is to monitor the S-parameters values
and modify the conﬁguration of the active MC in real time
to achieve the highest value of the transmission coefﬁcient
(minimum reﬂection coefﬁcient) for time-changing topologies.
However, in reality, introducing a network analyzer into the
system is not a practical choice in terms of cost and ﬂexibility.
Also, in practical implantable systems, it is virtually impossible
to have a physical connection between the Rx device and the
matching quality control unit, thus making it difﬁcult to directly
measure the received power. In order to overcome this problem,
a maximum power to the Tx, that is measured by utilizing a
directional coupler and an RF detector integrated circuit (IC),
which is mainly composed of a detector diode, was designed as
shown in Fig. 7. In this system, a fraction of the reﬂected signal
from the Rx coil is fed through the coupled port of a directional
coupler to a detector diode, and the output dc voltage from the
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Fig. 7. Block diagram of an MC quality assessment system utilizing a directional coupler and an RF detector IC.

diode is measured by utilizing an analog-to-digital converter
(ADC) in the microcontroller module. With this method, the
system does not require any RF measurement equipment, which
usually increases the system cost and complexity while limiting
its applicability. If the output voltage of the detector diode is at
the minimum value, it can be assumed that the reﬂection from
the Tx coil is minimized, which equivalently means the highest
power transmission in the ideal magnetic resonant Tx–Rx coil
network.
A. Practical Limitations of Real-Time MC System
In practical implementations, due to the requirements for the
optimal operation of directional coupler, as well as due to the
performance characteristics of the detector diodes, there exist
numerous fundamental system limitations. The efﬁcient operation of the directional couplers is guaranteed only when all their
ports are matched [16]. Therefore, if the active MC cannot sufﬁciently match the Tx coil to the directional coupler, the reﬂected
power estimation is no longer accurate, while the insertion loss
of the directional coupler increases. In addition, the impedance
of commercial detection diodes strongly depend on the input
power level, thus drastically affecting the system performance.
In the proof-of-concept prototype presented in this paper, the
15-dB directional coupler, ZEDC-15-2B from Mini-Circuits,
and the RF detector IC, LTC5507 from the Linear Technology
Cooperation, were used. In order to identify the practical system
limitations, the output voltage and the impedance of the RF detector IC were measured for different input power levels within
the range from 34 to 14 dBm with values plotted in Fig. 8. As a
result, it can be said that the RF detector IC covers a quite wide
dynamic range of input power levels providing an easily detectable output voltage change. The real part of input impedance
varies from about 160 to 230 depending on the input power
level, and the imaginary part of the impedance is almost constant around 10 . Next, based on these measured values,
the effect of the directional coupler on the system performance
was investigated through simulations on ADS by using the measured S-parameters of the coupler. For convenience, the output
port, the input port, and the coupled port of the directional coupler are named port1, port2, and port3, respectively. In the actual real-time matching system, port1, which is connected to the

Fig. 8. (a) Measured output voltage from the RF detector IC with respect to
the input power. (b) Measured impedance of the RF detector with respect to the
input power.

signal generator, is assumed to be always matched. Therefore,
the S-parameters of the coupler were simulated by changing the
impedance of port2 and port3. After performing numerous simulations, it was observed that the impedance change at port3
over the above measured range of the impedance variation of the
detector IC does not signiﬁcantly affect the S-parameters of the
coupler. However, the impedance mismatch at port2 drastically
changes the S-parameters. Fig. 9(a) and (b) shows the values
and
of the coupler when the real and the imaginary
of
parts of the terminal impedance at port2 were varied from 20 to
130 and from 0 to 200 , respectively, by assuming that this
is the change of input impedance of the Tx coil caused by the
coil separation distance change. As it can be easily concluded
from the numerical simulations shown in Fig. 9(a), the insertion
loss increases as the mismatch at port2 increases. For a practical
system implementation, up to 1 dBm worsening of the matching
performance, which is equivalently from 20 to 130 , must be
satisﬁed to guarantee the effective system performance. At the
same time, Fig. 9(b) implies that there is an undetectable region near the perfectly matched condition because of too low reﬂected power below 34 dBm, which is the lower boundary of
the detectable RF signal utilizing the RF detector IC. Although,
if this happens or not depends on the level of input power to the
system, in general.
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Fig. 11. Complete setup of the automated real-time matching system for operation testing purposes.

Fig. 9. (a)
of the directional coupler for different terminal impedance
of the directional coupler for different terminal
values of port2. (b)
impedance values of port2.

MC operation are the switching speed of the p-i-n diode and
the reading rate of the ADC in the microcontroller. From the
datasheet, the switching time of p-i-n diode in our system prototype, SMP1340, is in the range of hundreds of nanoseconds
[17], [18]. However, the maximum reading rate of the ADC
in Arduino is about 10 kHz. In our MC prototype, there are
64 states by using six p-i-n diodes. Therefore, the minimum
required time for the matching is about 6.4 ms by taking only
one ADC measurement for each state. In actual operation tests,
ten measurements are conducted for each state for enhanced
smoothing in order to increase the measurement accuracy.
Therefore, the expected required time for the optimum operation point search is about 64 ms. Ideally, the required time can
be reduced by introducing fast ADCs potentially reducing the
time to less than 1 ms. By taking into account the fast switching
time of the p-i-n diode, the time for matching can be less than
1 ms.
V. OPERATION TEST OF THE AUTOMATED REAL-TIME
MATCHING SYSTEM
A. Performance Characterization of Automated Real-Time
Matching System

Fig. 10. Flowchart of the automated real-time matching procedure utilizing a
microcontroller.

B. Automated Real-Time Maximum Power Transfer
Point Search
Based on the assumption that the lowest output voltage
from the RF detector IC is correlated to the highest transferred
power, the brute force real-time matching algorithm, as shown
in Fig. 10, was implemented by utilizing a microcontoller
module, Arduino Uno. The major limitations for a fast real-time

In order to test the performance of the developed automated
real-time matching system, all the components are arranged as
shown in Fig. 11, and the received power at different separation distances was measured by utilizing a real-time spectrum
analyzer, RSA3408A from Tektronix Inc., with and without an
MC. The input power to the MC and the Tx coil is adjusted to be
0 dBm in both cases with and without a MC, respectively. The
received power with respect to the coil center to center separation distance with and without an automated matching system
is depicted in Fig. 12. It can be easily concluded that the received power increases by utilizing the MC for separation distances in the range from 10 to 16 cm with a maximum received
power improvement of 3.2 dB. In order to specify the quality
of the real-time MC, the
of the Tx–Rx coil network with
and without an MC operating at the best/optimum performance
state automatically chosen by the microcontroller at different
coil separation distance are measured by using a vector network
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Fig. 12. Measured received power with and without the automated MC at different coil separation distances.

Fig. 13. Measured
of coil with and without the MC at the optimal power
transfer state that is automatically chosen by the microcontroller at different coil
separation distances.

analyzer, ZVA8 from Rohde & Schwarz, and results are shown
in Fig. 13. After 16 cm, there is no signiﬁcant change in
for
both with and without MC cases. Since the diameter of the coil
is 10 cm and it is the minimum possible center to center separation distance between two coils, the coil’s matching is improved
over the entire separation distance range from 10 to 16 cm or
more.
Finally, the output voltage from the detector IC and the received power are measured at different coil separation distances
by changing the conﬁguration of the MC by manually turning
on/off the switches to emulate all possible states in order to conﬁrm whether the automated MC is actually choosing the optimal
combination of on/off states or not. The received power at 10,
12, 14.5, and 16 cm are shown in Fig. 14(a)–(d), respectively.
From the ﬁgures, it can be said that, at 12 cm, the voltage reading
of microcontroller is not accurate because of the too low reﬂected power associated with the good matching, as previously
explained in the section of the system limitation. This can be the
reason why the
is high at 12 cm in Fig. 13. This can be prevented by using a coupler, which has a high coupling coefﬁcient
or the input power to the system is high. Similarly, at 16 cm, the
high mismatch at the input port of the coupler breaks the correlation of low reﬂected power and high transferred power, and
the automated MC cannot choose the best combination from the

Fig. 14. Measured received power from the Rx coil and the output voltage from
the RF detector IC at each p-i-n diode on/off state with coil separation distance
of: (a)10 cm, (b) 12 cm, (c)14.5 cm, and (d) 16 cm.

readout voltage data anymore. Therefore, technically 10–16 cm
is the operation range of automated real-time matching system,
although the variable MC unit can cover the entire separation
distance range.
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Fig. 15. Tx–Rx coil network under misaligned conditions caused by relative
elevation.

Fig. 16. Measured received power as a function of the coil separation distance
for different Rx coil elevation levels.

B. Operation Tests Under Rugged Conditions
1) Misalignment: One of the fundamental motivations for
this research was to create a real-time MC system, which can
compensate the effect of human movements for Tx–Rx coil networks in practical biomedical WPT systems. One of the potential causes for the change of the Tx input impedance is the resulting Tx–Rx misalignment. Due to the geometrical symmetry
of the designed coil, the effect of the misalignment in 2-D radial
direction can be assumed to be limited. Therefore, in order to examine the capability of our real-time matching system to handle
the misalignment, the received power with and without the MC
was measured for misaligned positions caused by changing the
elevation of the Rx coil. The Tx–Rx coil network setup testing
the effect of the misalignment is shown in Fig. 15, and the received power with respect to the coil separation distance at different Rx coil elevations is depicted in Fig. 16. From these measurements, it appears that the automated real-time MC system
can improve the power transfer at all data points, implying the
potential matching capability of our system in 3-D coil movement.
2) Nonsymmetrical Tx–Rx Coil Network: Most biomedical
WPT systems are expected to feature nonsymmetrical Tx–Rx
coil topologies to increase the power transfer efﬁciency under
the strict size constraints for the implantable Rx coils [19].

Fig. 17. Nonsymmetrical WPT coil system with a large Tx coil and a small Rx
coil.

Fig. 18. Measured received power of the nonsymmetrical Tx–Rx coil network
with respect to the coil separation distance.

Therefore, in order to further investigate the potential of the
automated real-time matching system for biomedical applications, additional operation tests using nonsymmetrical Tx–Rx
coil networks were conducted. For proof-of-concept purposes
and without loss of generality, a larger planar loop open helical coil was utilized as the Tx coil. The minimum and the
maximum radii of the coil loop are 12 and 14 cm, respectively,
the diameter of the copper wire is 1 mm, the gap between the
planer loop is 4 mm, and the number of turns is 5 for the Tx
coil. A polystyrene foam was utilized as the supporting material
for this coil, and the self-resonance frequency of the coil is
13.7 MHz. The slight self-resonance frequency shift from the
expected operation frequency of 13.56 MHz was caused by
the fabrication errors. The nonsymmetrical Tx–Rx coil testing
setup is shown in Fig. 17, and the received power with respect
to the coil separation distance is depicted in Fig. 18. As a
result, the improvement in the received power was conﬁrmed
in the entire range from 20 cm or more. By introducing the
larger Tx coil, the edge-to-edge coil separation distance range,
which achieves a certain received power level, for example,
above 3 dBm, increased compared to the symmetrical small
Tx–Rx coil network. These preliminary promising results
suggest the potential applicability of the proposed automated
real-time matching system to nonsymmetrical WPT systems in
biomedical implants.
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VI. CONCLUSION
In this study, the feasibility of a real-time active MC for
biomedical WPT applications is discussed. First, open helical type coils, which have a self-resonance frequency of
13.56 MHz, were designed utilizing an EM simulator and
characterized through measurements. Based on the measured
S-parameters of the coils, a variable MC unit was designed
utilizing the GA. The prototype of low-cost real-time automatic
MC was also designed and analyzed to quantitatively reveal the
limitation of the real-time automatic matching system. Finally,
the real-time matching system was implemented and veriﬁed
through the measurement. Eventually, the proposed real-time
automatic MC system achieved the maximum of 3.2-dB
transfer coefﬁcient improvement in the range of 10–16-cm
coil separation distance automatically in about 64 ms. Additional operation veriﬁcation tests conducted for misaligned
coil topologies and for nonsymmetrical Tx–Rx WPT systems
featured similar improvement results with the preliminary
well-aligned same-size Tx and Rx conﬁgurations. These very
promising preliminary results suggest the wide potential applicability of the proposed real-time automatic matching system to
a variety of WPT applications, especially when there is strong
coupling between Tx and Rx coil causing the frequency split,
for example, charging of skin implanted devices, electrical
vehicles, and unmanned aerial vehicles (UAVs). Possibly, the
system can be applied to the powering of deep tissue implanted
devices utilizing optimally designed coils.
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