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Abstract—Recently, wireless charging via coupled magnetic res-
onances gains attention because it has a potential of efficient mid-
range wireless charging. Here, functions such as sensing at the
transmitter and wireless communication from the target are the
essential elements to realize the standard wireless charging sys-
tem. Currently, the sensing and communication protocol of hard-
ware (i.e., high-frequency power source and antenna configura-
tion) compatible with wireless charging is gaining attention in
terms of cost and space reduction due to the use of common com-
ponents in multiple functions. However, these protocols have the
problem of narrow effective areas. Therefore, this paper presents
a method for wide-area sensing and communication with slight
modification of the configuration. The basic concept is to ex-
pand the effective area related to antenna Q factor by using the
Q controllable antenna acting as though the Q factor increased.
The underlying theory was described with electric circuit the-
ory. The experimental results showed that the Q factor can be
increased until the resonance collapses, and the increase of Q fac-
tor has the potential to widen the effective area of sensing and
communication.

Index Terms—Communication, coupled magnetic resonances,
sensing, wide-area, wireless charging system.

I. INTRODUCTION

IN recent years, there have been various research works on
wireless charging by magnetically coupled antennas [1]–

[12]. Optimization of the antenna design, such as segmenting
the transmitter antenna into several subsections in order to re-
duce the input voltage [1] and power losses [2], has been one of
the major advances in the field. Moreover, wireless charging via
coupled magnetic resonances has recently gained attention be-
cause it has a potential of efficient mid-range wireless charging
[7]–[12]. This is due to the fact that it has a wider transmission
range than electromagnetic induction charging [3]–[6] and ide-
ally higher transmission efficiency in nonradiative manner than
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microwave [13] or laser charging [14]. Wireless charging via
coupled magnetic resonances uses a pair of magnetically cou-
pled antennas (i.e., coils) with additional capacitance, which
makes the transmitter and the target to operate in the same
resonant frequency. This addition of resonance effect enables
power transmission over a longer distance than electromagnetic
induction charging.

So far, the standard protocol of wireless charging system via
magnetic coupling (e.g., coupled magnetic resonances, electro-
magnetic induction) [15]–[17], the so-called Qi standard, has
been created by the “Wireless Power Consortium.” The con-
sortium was founded in 2009 by international companies. In
this protocol, the wireless charging system works in two major
phases: initialization and power transfer phase.

The initialization phase is composed of subphases: selection
phase, ping phase, and identification and configuration phase.
First, in the selection phase, the transmitter detects the target.
Then, in the ping phase, the transmitter checks if the target
has demand for power transmission and is compatible with the
standard protocol, through wireless communication from the
target. Finally, in the identification and configuration phase,
the transmitter decides to accept or refuse to power the target
by referring to the magnetic coupling between the target and
configuration parameters communicated from the target (e.g.,
maximum required power, circuit element values).

After the initialization, the system moves on to the power
transfer phase. Here, the transmitting power is controlled to let
the charging power reach the required power. To enable this, the
difference between charging power and required power termed
as “control error” is communicated from the target. Power trans-
fer lasts until the terminating signal is communicated or the
magnetic coupling between the target becomes weak. When
the power transfer phase is terminated, the system goes back to
the initialization phase.

Thus, functions such as sensing at the transmitter and wireless
communication from the target are the essential elements in the
system.

This paper deals with passive magnetoquasistatic sensing and
ASK-type load modulation as the protocol of sensing and com-
munication. These protocols are hardware compatible with wire-
less charging and, specifically, share the high-frequency power
source and antenna configuration with the configuration of wire-
less charging. The use of common components in multiple func-
tions offers advantages of cost and space reduction.
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A. Passive Magnetoquasistatic Sensing
as the Sensing Protocol

The passive magnetoquasistatic sensing is one of the hope-
ful Qi standard sensing protocols of hardware compatible with
wireless charging via magnetic coupling [18]–[20].

The electromagnetic sensing based on a pair of antennas is
classified into two types: passive [18]–[22] and active [18],
[23]–[27]. The relevance of passive type, which integrates the
measurement device into transmitter antenna side, is increasing
because the structure in the target becomes simple and cost-
effective. In response, the passive type of magnetoquasistatic
sensing [18]–[20], a form of electromagnetic sensing composed
of a pair of magnetically coupled antennas (i.e., coils), has
been studied as a protocol of hardware compatible with wire-
less charging via magnetic coupling. The protocol estimates the
coupling coefficient from the input impedance measured at the
transmitter side. These sensing offers coupling coefficient (i.e.,
strength of magnetic coupling) itself or position information
derived from positional dependence of the coupling coefficient.
On the other hand, the concept of selecting the coils from the ar-
rayed coils for power transmission based on the detected target
location [4]–[6] has gained attention. Thus, combining these two
approaches, a method using passive magnetoquasistatic sensing
for electromagnetic induction charging, the so-called coil array
method [15]–[17], has been proposed as the Qi standard. In
this method, among the arrayed coils, a coil with sufficient cou-
pling coefficient between the target coil is activated as the power
transmitter. Recently, the coil array method has been extended
for use in wireless charging via coupled magnetic resonances
[12], which results in the expansion of effective range with the
resonance effect.

B. ASK-Type Load Modulation as the
Communication Protocol

The ASK-type load modulation (i.e., backscattering modu-
lation) is the majority in Qi standard communication protocol
of hardware compatible with wireless charging via magnetic
coupling [15]–[17].

In the load modulation, input impedance modulated by the
change of target load impedance is demodulated into the cor-
responding digital data. Load impedance can be changed in
several different ways—resistive [28], [29], reactive [30], or a
combination of the two. How the load is changed affects the
magnitude and phase of the input impedance. It acts like the
ASK and PSK when the change in the load is resistive and reac-
tive, respectively. In case of electromagnetic induction charging,
load modulation of ASK-type is major due to its simple struc-
ture, while PSK-type has a benefit that the continuous wire-
less charging is possible during the communication [15], [16].
In case of wireless charging via coupled magnetic resonances,
ASK-type is highly suitable because the phase shifting in the
PSK-type leads to the lack of resonance while the resonance
is maintained in ASK-type. Here, it is preferable to conduct
power transmission and communication independently due to
the fact that the parallel transmission of energy and data is dis-
abled when the transmitted digital signal is LOW. Therefore,

Fig. 1. Image of simultaneous realization of wireless charging and navigation
for mobile robots.

the communication time should be reduced to ensure the time
for power transmission.

C. Purpose of the Research

As mentioned above, the passive magnetoquasistatic sensing
and ASK-type load modulation have advantages as the protocols
in Qi standard wireless charging system via coupled magnetic
resonances. However, there is still problem of insufficient sens-
ing and communication range. Therefore, this paper presents a
method for wide-area sensing and communication.

II. DEMANDS FOR WIDE-AREA SENSING AND

COMMUNICATION VIA COUPLED MAGNETIC RESONANCES

Though the effective area of passive magnetoquasistatic sens-
ing and ASK-type load modulation via coupled magnetic res-
onances is wider than that via electromagnetic induction due
to the resonance effect, it is still insufficient. Widening the ef-
fective area of these sensing and communication protocols has
potential benefits as follows.

Widening the effective area of the passive magnetoquasistatic
sensing not only increases the convenience of the wireless charg-
ing, but also can be helpful in the localization [19], [20] for mo-
bile robot navigation as shown in Fig. 1. The absolute position
is estimated from the coupling coefficients between scattered
transmitter antennas, and therefore, the widened effective area
leads to reduction of the number of transmitter antennas.

One promising application is the automated guided vehicles
(AGVs) in the factories. Here, wireless charging is required in
clean factory automation of semiconductor industries due to its
cleanness [3], and the localization using scattered permanent
magnets [31] is known as the only method among others [32]–
[34] to offer both open path navigation (i.e., the path is not fixed)
and robustness to the environment (e.g., strength of the light,
occlusion by other objects). The wireless charging using passive
magnetoquasistatic sensing for sensing protocol can offer these
characteristics with simple structures.



220 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 1, JANUARY 2017

Fig. 2. Configuration of wireless charging system via coupled magnetic res-
onances.

Widening the communication range of ASK-type load mod-
ulation not only has the direct advantage of enhancing the range
itself, but the basic underlying technology has a potential to
be diverted to other usage. For example, due to the increased
sensitivity within the original communication range, the tech-
nology enables the use of multilevel modulation resulting in the
reduction of the communication time. Reduction of the com-
munication time, which leads to the extended time of power
transmission, meets the requirements in ASK-type load modu-
lation mentioned above.

III. ANALYSIS OF EFFECTIVE AREA IN CONVENTIONAL

SENSING AND COMMUNICATION

A. System Configuration and Behavior

The configuration of the wireless charging system via coupled
magnetic resonances is shown in Fig. 2. The passive magneto-
quasistatic sensing and ASK-type load modulation are assumed
for the sensing and communication protocols, respectively.

The system works in a combination of three functions: com-
munication, sensing, and charging. The initialization phase
works in a combination of communication and sensing func-
tions, while the power transfer phase works in a combination
of all functions. The high-frequency power source and antenna
configuration are shared among the functions. For the antenna
configuration, a compensation capacitor is used with the mag-
netic antenna (e.g., helical antenna, spiral antenna) to create the
resonance conditions. The impedance measuring instrument is
inserted in the transmitter side for the sensing and communica-
tion. The switches at the target side are used for switching the
functions. Three types of connection of switches are expressed
as Fig. 3.

In the communication function, the connections are switched
between “open” and “short,” which corresponds to the data bits.
Thus, the connection of SW1 and SW2 are switched between
T1·T3 and T2·T4, respectively. The switching of the switches
is conducted simultaneously. The measured input impedance of
“open” and “short” is demodulated into data bits. During the
communication, the transmitting power is lowered to the level
required for impedance measurement.

In the sensing function, the connections are set to “short.”
Thus, the SW1 and SW2 are connected to T2 and T4,

Fig. 3. Connection patterns of switches.

respectively. The load acting as a variable resistor is discon-
nected to guarantee that the coupling coefficient is the only
variable affecting the impedance. The coupling coefficient is
estimated from measured input impedance and element values
of the transmitter and target. The element values of the target
are acquired beforehand through communication. During the
sensing, the transmitting power is lowered to the level required
for impedance measurement.

In the charging function, the connections are set to “charg-
ing.” Thus, SW1 and SW2 are connected to T2 and T5, respec-
tively, and the transmitting power is fed to the load through
the magnetically coupled resonating antennas, rectifier, and dc–
dc converter. The use of dc–dc converter enables controlling
the charging voltage to certain value determined by the state
of charge of the load. The transmitting power is controlled by
referring to control error, terminating signal, and coupling co-
efficient. The control error and terminating signal are acquired
through communication, while the coupling coefficient is ac-
quired through sensing.

B. Analysis of Effective Area Based on Circuit Theory

The circuit diagram in case of sensing and communication is
modeled as Fig. 4 by applying the electric circuit theory. Each
antenna is expressed as a series-resonant circuit composed of
series elements, Ri , Li , and Ci (i = 1, 2). Lm is the mutual
inductance, which represents the magnetic coupling between
antennas. The other circuit elements are as follows. Vsrc repre-
sents the voltage source and Zin represents the measured input
impedance as seen by the transmitter.

The transmitter and target antenna resonates at the same fre-
quency f0 to assure the coupled magnetic resonances occur. ω0
represents the resonant angular velocity. The following discus-
sion assumes that the coupled magnetic resonances occur, and
(1) is satisfied:

ω0Li −
1

ω0Ci
= 0 (i = 1, 2), ω0 = 2πf0 . (1)

The coupling coefficient κ, a nondimensional form of the
magnetic coupling strength, is expressed in (2) as the mutual
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Fig. 4. Circuit diagram in case of sensing and communication.

inductance divided by the self-inductance:

κ = Lm /(L1L2)1/2 . (2)

The mutual inductance Lm is the only circuit element related
to the mutual position of the antennas. Therefore, the coupling
coefficient κ is also a physical quantity related to the mutual
position of the antennas.

The input impedance Zin of “short” and “open” are expressed
as follows:

Zin(short) =
ω2

0L2
m

R2
+ R1 = (κ2Q2 + 1)R1 (3)

Zin(open) = R1 (4)

where

Qi = ω0Li/Ri (i = 1, 2), Q = (Q1Q2)1/2 . (5)

The effective area of sensing and communication is discussed
as follows.

The sensing function estimates the coupling coefficient from
the measured input impedance and previously known fixed ele-
ment values of the transmitter and target using the relation (3).
The connections are kept “short” in the sensing function.

Here, the measurement error of the input impedance results
in the estimation error of the coupling coefficient. The effec-
tive area of sensing is a set of mutual positions of antennas
where the estimation error of coupling coefficient Δκ is small.
Among the physical quantity of (3), coupling coefficient is the
quantity determined by the mutual position of antennas. There-
fore, widening the effective area can be achieved by expanding
a set of coupling coefficients where Δκ is small. Condition to
widen the effective area is derived by the following error anal-
ysis.

At first, the measurement error is described as follows. The
network analysis method and RF I–V method are often used
in the high-frequency impedance measurement [35]. The net-
work analysis method calculates the input impedance from the

measured reflection coefficient value Γ using (6), where Z0 is the
characteristic impedance of the measurement circuit. The error
characteristics of reflection coefficient measurement are known
to be approximated as (7) [36]. a and b are the positive con-
stant values dependent on the dual-directional coupler used as
reflection coefficient measurement device. Thus, the impedance
measurement error ΔZin can be derived from (6) and (7). On
the other hand, the principle of the RF I–V method is based on
the linear relationship of the voltage–current ratio to impedance,
as given by Ohm’s law. Thus, the impedance measurement error
ΔZin is constant, regardless of the Zin value

Γ =
Zin − Z0

Zin + Z0
(6)

ΔΓ = a|Γ| + b (7)

where

a > 0, b > 0.

Next, in order to discuss the condition to widen the effective
area of sensing, Δκ is formulated as (8) in network analysis
method using (3), (6), and (7) under the condition of small cou-
pling coefficient with sufficient antenna distance, and (9) in the
RF I–V method using (3). It should be noted that the approxima-
tion Zin(short) << Z0 , which holds in the case of small coupling
coefficient, is used in this derivation. Here, SZ in

sens represents the
sensitivity of input impedance to coupling coefficient.

1) In case of network analysis method

Δκ =
∂κ

∂Zin(short)

∂Zin(short)

∂Γ
ΔΓ

� 1
SZ in

sens

(b − a)Z0

2
. (8)

2) In case of RF I–V method

Δκ =
∂κ

∂Zin(short)
ΔZin(short)

=
1

SZ in
sens

ΔZin(short) (9)

where

SZ in
sens ≡

∂Zin(short)

∂κ
= 2R1Q

2κ. (10)

The equations establish the well-known result that the sensing
tends to fail as the coupling coefficient becomes small [18]–[20],
because the smaller coupling coefficient leads to the decrease
of SZ in

sens , which results in the increase of Δκ. However, the
equations also show that this increase of Δκ could be suppressed
by the increase of Q factor. Thus, the increase of Q factor
results in including the smaller coupling coefficients to the set
of coupling coefficients within certain Δκ, which corresponds
to widening the effective area.

The communication function demodulates the measured input
impedance of “open” and “short” into data bits. The connections
are switched between “open” and “short.”

The effective area of communication is a set of mutual po-
sitions of antennas that enable demodulation of the measured
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Fig. 5. Configuration of Q controllable antenna.

input impedance of “open” and “short” into data bits. This means
that the effective area can be widened by expanding a set of cou-
pling coefficients within the condition of difference in the input
impedance of “open” (i.e., sensitivity of input impedance to data
bits) and “short,” represented as SZ i n

com , larger than impedance
measurement error ΔZin . SZ i n

com is formulated as follows using
(3) and (4):

SZ in
com ≡ Zin(short) − Zin(open) = R1Q

2κ2 . (11)

The equation establishes the well-known result that the com-
munication tends to fail as the coupling coefficient becomes
small [28]–[29]. This is because SZ i n

com decrease as the coupling
coefficient decreases and the communication finally fails when
it is decreased to the level of the ΔZin . However, the equations
also show that this decrease of SZ i n

com could be suppressed by the
increase of Q factor. Thus, the increase of Q factor results in
including the smaller coupling coefficients to the set of coupling
coefficients within condition of SZ i n

com larger than ΔZin , which
corresponds to widening the effective area.

Thus, it is concluded that the increase of Q factor, which can
increase SZ in (i.e., SZ i n

sens and SZ i n
com ), enables widening of the

effective area of both sensing and communication. In response, a
novel antenna which enables the control of Q factor is introduced
in the following section.

IV. Q CONTROLLABLE ANTENNA

A. Basic Concept and Configuration
of Q Controllable Antenna

Referring to the equation of Q factor expressed as (5), the
control of Q factor can be possible by either controlling the
self-inductance L or resistance R. However, these parameters
are determined and fixed by the geometry and material of the
manufactured antenna. Changing the perspective, instead of
controlling the actual Q factor of the antenna, SZ i n can also
be increased with the antenna acting as though the Q factor

Fig. 6. Configuration of wireless charging system via coupled magnetic res-
onances with wide-area sensing and communication.

Fig. 7. Circuit diagram of Q controllable antenna.

increased. Thus, the antenna, which virtually acts as the Q fac-
tor increased, has been proposed.

The basic concept is to make the antenna act as if the resis-
tance R is reduced by increasing the current flow caused by the
source voltage. This is realized by feeding the energy to the orig-
inal antenna from additionally attached antenna, termed boost
antenna. As shown in Fig. 5, the Q controllable antenna has ad-
ditional components of boost antenna and gm amplifier circuit
compared to that of the standard antenna. The amount of energy
fed from the boost antenna is regulated by the amplification
level of gm amplifier circuit.

B. Behavior of the Q Controllable Antenna Based
on Circuit Theory

As shown in Fig. 6, Q controllable antenna is applied to the
target side in the wireless charging system via coupled magnetic
resonances with wide-area sensing and communication. Here,
the Q controllable antenna is configured by connecting the boost
antenna and gm amplifier circuit to the original target antenna.
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Fig. 8. Circuit diagram of wide-area sensing and communication.

Fig. 9. Experimental setup of the Q controllable antenna.

Considering these facts, the behavior of Q controllable antenna
itself is discussed as follows.

The circuit diagram of the Q controllable antenna is modeled
as Fig. 7 by applying the electric circuit theory. The circuit is
composed of elements expressing source voltage, antennas, and
gm amplifier circuit. V2 represents the source voltage of an orig-
inal target antenna. This V2 corresponds to the voltage induced
from the transmitter antenna in the complete system shown in
Fig. 6. I2 represents the current flow in an original target an-
tenna. Zqa represents the equivalent impedance of the circuit
defined as the value of V2 divided by I2 . Ib represents the drain
current and the ac and dc components of Ib are expressed as
Ib (AC) and Ib (DC) , respectively. Original target antenna is ex-
pressed as a series-resonant circuit composed of series elements,
R2 , L2 , C2 . Boost antenna is an antenna without any compen-
sation capacitor, expressed as a series element of Rb and Lb .
The magnetic coupling between antennas is expressed as mu-
tual inductance Lb2 . The original target antenna is resonating
at resonant angular velocity ω0 . The behavior of Q controllable
antenna is described as follows.

The voltage between both ends of the coil inductance of the
original target antenna, termed Vind , is input to the gm amplifier
circuit through voltage-dividing circuit. The gm amplifier circuit
is the voltage-to-current converter composed of dual-gate FET
operating in the saturation region. The dc voltage Vbias and Vds

TABLE I
DESIGN PARAMETERS OF THE Q CONTROLLABLE ANTENNA

Parameter Value Unit

coil turns of helical target antenna 12 turn
coil pitch of helical target antenna 0.003 m
diameter of helical target antenna 0.3 m
coil turns of spiral boost antenna 9 turn
coil pitch of spiral boost antenna 0.0018 m
inner diameter of spiral boost antenna 0.096 m
outer diameter of spiral boost antenna 0.154 m
diameter of the wire used for antenna 0.001 m

are used as bias to ensure that the operating point is within
the saturation region. The circuit converts the ac component of
the voltage applied to gate 1, termed Vg1s , into Ib (AC) in a same
phase. The ratio of Ib (AC) to Vg1s , termed amplification factor
Gm , is controlled by the dc voltage Vg2s applied to gate 2. The
choke coil Lblk and capacitor Cblk are used to block the ac and
dc voltage, respectively. Cg1s represents the input capacitance
of the gate 1 of the FET. The back electromotive force emerges
in the original target antenna due to the magnetic field associated
with the ac component of the drain current Ib (AC) . Since the
back electromotive force becomes same phase with the source
voltage, the circuit acts as though the external source is added to
the source voltage V2 . Thus, the current flow I2 increases even
though the source voltage V2 is constant, and consequently, the
circuit acts as if the resistance R2 reduced. These behaviors are
expressed in following equations.

Ib (AC) is expressed as (12) using Vg1s and Gm , while Vg1s

is determined by the voltage-dividing circuit as shown in (13).
It should be noted that the inductive voltage by electromagnetic
induction from original target antenna does not affect Ib (AC)
because the FET is operated in the saturation region

Ib (AC) = Gm Vg1s (12)

Vg1s =
Rvar

Rbase + Rvar
Vind . (13)

Substituting (13) into (12), Ib (AC) is expressed as follows:

Ib (AC) =
RvarGm

Rbase + Rvar
Vind . (14)

The application of Kirchhoff’s voltage law around the original
target antenna gives following equation:

V2 = R2I2 + jω0Lb2Ib (AC)

= R2I2 + jω0Lb2gm Vind

= R2I2 + jω0Lb2gm (R2 + jω0L2)I2 (15)

where

gm =
RvarGm

Rbase + Rvar
, Vind = (R2 + jω0L2)I2 . (16)

Thus, in case the Q factor of the original target antenna is
high enough and condition (17) is satisfied

α :=
R2

ω0L2
=

1
Q2

� 0 (17)
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TABLE II
CIRCUIT ELEMENT VALUES OF THE Q CONTROLLABLE ANTENNA

Parameter Value Unit

frequency f0 1.0 MHz
resistance of target antenna R2 3.510 Ω
inductance of target antenna L2 85.97 μH
capacitance of target antenna C2 292.74 pF
resistance of boost antenna Rb 2.275 Ω
inductance of boost antenna Lb 14.76 μH
mutual inductance between antennas Lb 2 6.537 μH
inductance of AC blocking choke coil Lb l k 1000 mH
capacitance of DC blocking capacitor Cb l k 100 pF
capacitance of the gate 1 in FET Cg 1 s 0.967 pF
base resistance of voltage-dividing circuit Rb a s e 4.7 MΩ
regulation resistance of voltage-dividing circuit Rva r 43.4 kΩ
gate voltage for operation in saturation Vb ia s 1.0 V
drain source voltage for operation in saturation Vds 12 V
incident power from the source P fw d −25 dBm

Fig. 10. Equivalent resistance Re(Zqa ) and Q factor amplification versus
control voltage Vg 2s .

the equivalent impedance of the circuit Zqa is approximated as
follows:

Zqa =
V2

I2

� R2 − gm ω2
0Lb2L2 . (18)

Consequently, the equivalent impedance and the Q factor are
changed as follows:

R2 �−→ R2 − gm ω2
0Lb2L2 (19)

Q2 �−→ R2

R2 − gm ω2
0Lb2L2

Q2 . (20)

C. Handling of the Q Controllable Antenna
in the Charging Function

As mentioned above, even if the Q controllable antenna acts
as though the Q factor increased, the Q factor of the original an-
tenna is unchanged. This leads to the fact that the transmission
efficiency, which is the ratio of power injected to transmitter an-
tenna to transferred power to the target load originating from the
transmitter antenna (excluding that originating from the power
injected to Q controllable antenna), is identical to the case us-

Fig. 11. Equivalent resistance Re(Zqa ) and ratio of imaginary part Im(Zqa )
to real part Re(Zqa ) versus control voltage Vg 2s .

Fig. 12. Experimental setup of wide-area sensing and communication config-
uration

TABLE III
DESIGN PARAMETERS OF THE ANTENNAS IN CONFIGURATION OF WIDE-AREA

SENSING AND COMMUNICATION

Parameter Value Unit

coil turns of helical transmitter antenna 12 turn
coil pitch of helical transmitter antenna 0.003 m
diameter of helical transmitter antenna 0.3 m
coil turns of helical target antenna 12 turn
coil pitch of helical target antenna 0.003 m
diameter of helical target antenna 0.3 m
coil turns of spiral boost antenna 9 turn
coil pitch of spiral boost antenna 0.0018 m
inner diameter of spiral boost antenna 0.096 m
outer diameter of spiral boost antenna 0.154 m
diameter of the wire used for antenna 0.001 m

ing original antenna. Therefore, the Q control function is turned
OFF (control voltage Vg2s is set to 0 [V]) in the charging func-
tion in order to avoid the meaningless power consumption at the
target side, .

Thus, in case of using Q controllable antenna instead of the
original antenna, the power transmission ability is kept, while ef-
fective range in the sensing and communication becomes wider.
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TABLE IV
CIRCUIT ELEMENT VALUES OF THE CONFIGURATION OF WIDE-AREA SENSING

AND COMMUNICATION

Parameter Value Unit

frequency f0 1.0 MHz
resistance of transmitter antenna R1 2.716 Ω
inductance of transmitter antenna L1 86.529 μH
capacitance of transmitter antenna C1 294.62 pF
resistance of target antenna R2 3.510 Ω
inductance of target antenna L2 85.97 μH
capacitance of target antenna C2 292.74 pF
resistance of boost antenna Rb 2.275 Ω
inductance of boost antenna Lb 14.76 μH
mutual inductance between target and boost Lb 2 6.537 μH
inductance of ac blocking choke coil Lb l k 1000 mH
capacitance of dc blocking capacitor Cb l k 100 pF
capacitance of the gate 1 in FET Cg 1 s 0.967 pF
base resistance of voltage-dividing circuit Rb a s e 4.7 MΩ
regulation resistance of voltage-dividing circuit Rva r 43.4 kΩ
gate voltage for operation in saturation Vb ia s 1.0 V
drain source voltage for operation in saturation Vd s 12 V
incident power from the source Pf w d −25 dBm

Fig. 13. Input resistance Re(Zin(short) ) versus normalized antenna distance
g/d, in case of Q factor amplification of 23.25 times and no amplification.

V. CONFIGURATION AND BEHAVIOR OF WIDE-AREA SENSING

AND COMMUNICATION

The circuit diagram of the sensing and communication con-
figuration shown in Fig. 6 is modeled as Fig. 8 by applying
the electric circuit theory. The transmitter and original target
antenna is expressed as a series-resonant circuit composed of
series elements, Ri , Li , and Ci (i = 1, 2). Boost antenna is
expressed as a series element of Rb and Lb . The mutual induc-
tances between antennas are expressed as L12 , Lb1 , and Lb2 .
The circuit elements of gm amplifier circuit are same as the case
of Fig. 7. I1 , I2 , and Ib represent the current flow in transmitter,
original target, and boost antenna, respectively. The ac and dc
component of Ib are expressed as Ib (AC) and Ib (DC) , respec-
tively. The Vsrc represents the source voltage, and Zin represents
the input impedance. The transmitter and original target antenna
resonate at resonant angular velocity ω0 to assure the magnetic
resonance coupling to happen. The behavior in case the connec-
tions are set to “short” is analyzed from the following circuit

Fig. 14. Measured and theoretically calculated input resistance
Re(Zin(short) ), and ratio of imaginary part Im(Zin(short) ) to real part
Re(Zin(short) ) versus normalized antenna distance g/d, in case of Q factor
amplification of 23.25 times.

Fig. 15. Input resistance Re(Zin(short) ) versus coupling coefficient κ, in case
of Q factor amplification of 23.25 times and no amplification.

Fig. 16. Conceptual image of sensitivity of input impedance SZ in increasing
as the Q factor increases from Q0 to Qamp.

equations (21)–(23) of each antenna:

Vsrc = R1I1 + jω0L12I2 + jω0Lb1Ib (AC) (21)

0 = jω0L12I1 + R2I2 + jω0Lb2Ib (AC) (22)

Ib (AC) = gm (R2 + jω0L2)I2 . (23)
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Fig. 17. Q factor amplification and ratio of imaginary part Im(Zin(short) )
to real part Re(Zin(short) ) versus control voltage Vg 2s (the case of Vds=
1.5 V).

Fig. 18. AC/DC component of Ib and input resistance Re(Zin(short) ) versus
normalized antenna distance g/d, in case of Q factor amplification of 21.58
times.

Thus, Zin(short) , the input impedance in case the connections
are set to “short,” is expressed as follows:

Zin(short) =
Vsrc

I1

=
ω2

0L2
12 + gm ω2

0L12Lb1(R2 + jω0L2)
R2 + jgm ω0Lb2(R2 + jω0L2)

+ R1 .

(24)

In case conditions (25)–(27) are satisfied

α :=
R2

ω0L2
=

1
Q2

� 0 (25)

β :=
gm ω0Lb1L2

L12
� 0 (26)

γ :=
Lb1L2

Q2Lb2L12
� 0 (27)

the input impedance is approximated as

Zin(short) �
ω2

0L2
12

R2 − gm ω2
0Lb2L2

+ R1 . (28)

Fig. 19. AC/DC component of Ib versus Q factor amplification, in case of
impedance matching distance.

Fig. 20. Power consumption versus Q factor amplification, in case of
impedance matching distance.

If condition (27) is not satisfied, the distance between an-
tennas effects the equivalent resistance of the Q controllable
antenna. This condition could be satisfied by designing the Q
factor of the antenna as high as possible.

Compared with the input impedance in the conventional con-
figuration expressed as (3), the target resistance successfully
became equivalent to that derived in (18). It should be noted that
the input impedance in case the connections are set to “open”
does not change from that in (4).

VI. EXPERIMENT

A. Impedance Characteristics of Q Controllable Antenna

The Q controllable antenna shown in Fig. 9 was developed.
The corresponding circuit diagram is shown in Fig. 7. Toshiba
3SK293, the on-chip dual-gate FET usable up to frequency of
UHF band, is selected for gm amplifier circuit. The original
target antenna is structured as helical antenna with series com-
pensation capacitor. The boost antenna is designed as relatively
small spiral antenna which can be embedded in the target an-
tenna so as to simplify the structure. The Q factor is controlled
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TABLE V
SPECIFICATION OF COMMON DEVICES FOR POSITION SENSING AND COMMUNICATION

Method Range Position Estimation Error Power Consumption Combination use with Communication

LRF [38] (UBG-04LX-F01) 4 m less than 0.04 m 8.4 W No
Wi-Fi [39] 20 m less than 3 m 50 mW Yes
Zigbee [40] 5 m less than 0.25 m 160 mW Yes
UWB [41] (Decawave) wider than 20 m about 0.1 m 200 mW Yes
Bluetooth [42] 10 m less than 1 m 100 mW Yes
Passive RFID [43] 2 m less than 0.055 m 1 W Yes
Polhemus Sensor [44] (FASTRAK) 0.76 m 7.6-mm RMS 15 W No

by dc voltage Vg2s applied to gate 2 through microcontroller.
The dc voltages Vbias and Vds are set to ensure that the operating
point of FET is within the saturation region. Design parameters
of the antenna and circuit element values are shown in Tables I
and II , respectively.

In the experiment, the equivalent impedance of the circuit
Zqa is measured for various Vg2s values. The impedance is mea-
sured by Agilent Technologies vector network analyzer (VNA)
E-5061A. The impedance measurement of VNA is based on
network analysis method. Fig. 10 shows that the equivalent re-
sistance Re(Zqa) drops and the Q factor increases as the Vg2s

increases. Moreover, Fig. 11 shows that the imaginary part of
the impedance Im(Zqa) is suppressed compared to real part
Re(Zqa) and the resonance is maintained. However, the reso-
nance tends to collapse as the Vg2s increases because Re(Zqa)
drops, while Im(Zqa) remains constant. Therefore, Im(Zqa)
should be tuned to zero to avoid the resonance to collapse.
Thus, it is concluded that the Q factor can be amplified until the
resonance collapses.

B. Impedance Characteristics of Wide-Area Sensing and
Communication Functions

The setup shown in Fig. 12was developed. The corresponding
circuit diagram is shown in Fig. 8. The Q controllable antenna in
this setup corresponds to that mentioned above. The transmitter
antenna is structured as helical antenna with series compensation
capacitor. Design parameters of the antenna and circuit element
values are shown in Tables III and IV, respectively.

In the experiment, Zin(short) is measured by changing the
distance between antennas located in front of each other, for
Q factor amplification of 23.25 times (Vg2s= 0.710 V) and no
amplification (Vg2s= 0 V).

Fig. 13 shows that the input resistance Re(Zin(short)) in case
of Q factor amplification of 23.25 times is much higher than
no amplification. The normalized distance g/d (where g is the
actual distance and d is the antenna diameter) enables scale-free
discussion independent of the antenna size. Fig. 14 shows that,
in case of Q factor amplification of 23.25 times, the measured
and theoretically calculated input resistance matches well, while
the resonance is maintained to some extent.

Here, (28) assuming the complete resonance condition was
not chosen for the calculation of theoretical value because
the resonance tends to collapse (i.e., imaginary part of the
impedance Im(Zqa) becomes nonnegligible) when the Vg2s in-
creases. Instead, the calculation by (31) has been adopted using

the measured equivalent impedance of the Q controllable an-
tenna expressed as Zqa(Vg 2 s ) . Here, (31) is derived as follows.
Equation (21) is approximated to (29) by neglecting the com-
paratively small jω0Lb1Ib (AC) under (22), (23), (25), and (26).
Equations (22) and (23) are replaced to (30) by applying the
measured Zqa(Vg 2 s ) instead of the inaccurate value derived by
electric circuit theory. As a consequence, (31) is derived from
(29) and (30). Thus, the theoretical value is calculated from (31)
by substituting the circuit element values in Table IV, premea-
sured equivalent impedance Zqa(Vg 2 s ) , and mutual inductance
L12 derived from the Neumann formula [37]:

Vsrc = R1I1 + jω0L12I2 (29)

−jω0L12I1 = V2 = Zqa(Vg 2 s )I2 (30)

Zin(short) =
Vsrc

I1
� jω0L12

I2

I1
+R1 =

ω2
0L2

12

Zqa(Vg 2 s )
+R1 . (31)

For further analysis, Fig. 15 shows the input resistance
Re(Zin(short)) versus coupling coefficient κ. The coupling
coefficients correspond to each antenna distance mentioned
above. Zin(short) and Zin(open) of (10) and (11) correspond to
Re(Zin(short)) discussed here and R1 , respectively. Consider-
ing this, it is concluded that the Q factor amplification leads
to increase in SZ in , and consequently, expands the sensing and
communication range. These features are illustrated in Fig. 16 .

C. Power Consumption Characteristics of Wide-Area Sensing
and Communication Functions

Though the Q controllable antenna has positive aspects in
widening the effective area of sensing and communication, it
also has negative aspects of an additional energy requirement.
Thus, it is meaningful to clarify the required power consump-
tion.

In case of sensing and communication functions, the total
power injected to the circuit system and the total power con-
sumption is equal, and this total power represents the perfor-
mance. Thus, injected power that is easily measurable is dealt
as representative of power consumption.

An additional experiment to evaluate the power consumption
was conducted with basically the same experimental setup and
circuit element values. The difference is that the Vds value has
been decreased to 1.5 V, which is slightly above the minimum
value guaranteeing the FET to be operated in the saturation
region. This is due to the fact that the Vds value can be decreased
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Fig. 21. Experimental setup of wireless power transmission. (a) Configuration
with Q controllable antenna. (b) Normal configuration.

without any deterioration in antenna performance, while the
power Pds injected from Vds has quite large proportion.

The experimental result of impedance characteristics of the
Q controllable antenna is shown in Fig. 17 . It shows that the
Q factor can be amplified to same extent as that of Vds=12 V,
while the imaginary part of the impedance is suppressed and the
resonance is maintained. Thus, it can be said that the reduction
of Pds due to lowered Vds is realized without any deterioration in
antenna performance. It should be noted that the control voltage
Vg2s corresponding to each Q factor amplification differs from
that of Vds=12 V due to the change in the operating point of
FET.

The power consumption is discussed regarding Q factor am-
plification and distance between antennas as variable parame-
ters. The power consumption of the system can be derived as
the summation of power injected from Vsrc , Vds, Vbias , and Vg2s

expressed as Psrc , Pds, Pbias , and Pg2s , respectively. Here, the
maximum power consumption of the system is the indicator of
the effectiveness of the proposed method.

In the experiment, the incident power injected into the trans-
mitter antenna is set to −25 dBm, which is the same value
with that of the previous experiment. As a result, Ibias and Ig2s

became constant value of 1.131 and 0 mA, independent to Q
factor amplification and antenna distance. Therefore, Pbias and
Pg2s showed the constant value of 1.131 mW (Vbias=1.0 V) and
0 mW. Furthermore, Pds which represents the injected power for
Q factor amplification is much higher than Psrc which repre-
sents the original input power to transmitter. Thus, the power
consumption of the system is maximized when the Pds shows
maximum value. Considering these facts, characteristics of Pds

against Q factor amplification and antenna distance are evalu-
ated as follows.

As shown in (32), Pds is calculated as a mean value of instan-
taneous power pds(t) over one cycle T [s]. The equation shows
that only Ib (DC) (dc component of drain current) leads to power
consumption

Pds =
1
T

∫ T

0
pds(t) · dt

=
Vds

T

∫ T

0

[
Ib (DC) · dt + Ib (AC) · dt

]

= VdsIb (DC) . (32)

The experimental result of Ib (DC) and Ib (AC) against an-
tenna distance, where Q amplification factor is fixed to 21.58,
is shown in Fig. 18 . Since the FET is operated in saturation
region, Ib (DC) shows approximately constant value determined
by Vg2s and Vbias . Therefore, Pds is also independent to an-
tenna distance. Here, Ib (DC) should be larger than Ib (AC) (i.e.,
drain current does not become less than zero) for the FET to
guarantee stable performance of voltage-to-current converter
(i.e., transconductance), while Ib (AC) become maximum in the
distance of impedance matching (Re(Zin(short)) = Z0) as will
hereinafter be described in detail at the Appendix. In response,
the following discussion show the result at the impedance
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TABLE VI
EXPERIMENTAL RESULTS OF WIRELESS POWER TRANSMISSION

Distance [m] Target Load [Ω] Input Power [W] Transmitted Power [W] Efficiency [% ] Configuration

0.15 75 7.07 5.08 71.9 Q control antenna
0.15 24 8.79 5.14 58.5 Q control antenna
0.3 24 15.43 6.32 41.0 Q control antenna
0.3 24 14.63 6.1 41.7 Normal antenna

Fig. 22. Voltage waveforms of FET and boost antenna.

matching distance, in order to also verify whether the condi-
tion of Ib (DC) > Ib (AC) is satisfied or not.

The experimental result of Ib (DC) and Ib (AC) versus Q am-
plification factor at the impedance matching distance is shown
in Fig. 19 . It shows that Ib (DC) increases with the Q ampli-
fication factor and finally saturate to a constant value. This is
because the dual-gate FET has the cascode structure of two
FETs, and the Ib (DC) controlled by Vbias in the operation at
saturation region is also regulated by the Vg2s . The regulation
is weakened as Vg2s becomes larger, and the saturation charac-
teristics finally comes closer to that of single FET which leads
in Ib (DC) to hit a peak at the drain current of the single FET.
It should be noted that the transconductance performance is en-
sured because Ib (DC) > Ib (AC) is satisfied in every Q factor
amplification value.

Finally, total power consumption and each detailed power
consumption verses Q amplification factor at the impedance
matching distance is shown in Fig. 20.Here, Psrc is calculated
from (33) by Pfwd and measured reflection coefficient Γ

Psrc = (1 − |Γ|2)Pfwd . (33)

Fig. 23. Measured and theoretically calculated current flow in each antenna,
and measured input resistance Re(Zin(short) ) versus normalized antenna dis-
tance g/d, in case of Q factor amplification of 21.58 times.

Fig. 24. Measured and theoretically calculated current flow in each antenna
versus Q factor amplification, in case of impedance matching distance.
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The details show that the Pds and Pbias , which is the power
injected for Q amplification, are much higher than the original
Psrc . This confirms that the power consumption has increased
in the Q controllable antenna. However, the value of the to-
tal power consumption is about 3 mW in maximum, which is
comparatively small than common devices commercialized or
in research for position sensing and communication as shown
in Table V [38]–[44]. Moreover, since the proposed sensing
and communication functions are assuming the combination
use with wireless charging, the power consumption of several
milliwatts will be trivial.

D. Power Transmission Characteristics of Charging Function

As mentioned in Section IV-C, the Q control function is
turned OFF in the charging function in order to avoid the mean-
ingless power consumption at the target side.

Considering this, the power transmission experiments have
been conducted in case of two configurations: the configura-
tion with Q controllable antenna under condition of Q control
function turned OFF (control voltage Vg2s is set to 0 V), and
the configuration composed of normal antennas. The transmitter
and target antennas in both configuration are identical and the
design parameters correspond to Table III.

The setup and results are shown in Fig. 21 and Table VI ,
respectively. Results prove that the transmission efficiency is
identical in both cases. Fig. 22 shows the voltage waveforms of
FET (upper line) and boost antenna (bottom line). Drain current
is Ib = 0 A due to Vg2s = 0 V. However, though the induction
voltage from target antenna appears in the boost antenna as
shown in Fig. 22, the target antenna does not lose any energy
because the electric current does not appear in the boost antenna.
This matches the fact that the transmission efficiency is identical
in both cases (i.e., does not deteriorate from the case using
normal antennas).

VII. CONCLUSION

The functions such as sensing at the transmitter and wireless
communication from the target are known to be the essential
elements to realize the standard wireless charging system via
coupled magnetic resonances. Due to their hardware compati-
bility with wireless charging and other additional benefits, pas-
sive magnetoquasistatic sensing and ASK-type load modulation
are gaining attention as the protocol of sensing and communi-
cation functions. However, these protocols have the problem of
narrow effective area. Thus, the solution to this problem has
been introduced with theoretical details and actual experiments.

First, from the theoretical analysis of effective area in passive
magnetoquasistatic sensing and ASK-type load modulation, it
is pointed out that the increase of Q factor of the antenna can
widen the effective area of both sensing and communication.

Next, the Q controllable antenna which virtually acts as the Q
factor is increased was introduced. Then, the wide-area sensing
and communication configured by replacing the target antenna
with the Q controllable antenna was introduced. Here, the basic
mechanisms were explained based on circuit theory.

Finally, the experiment setup of Q controllable antenna itself
and the wide-area sensing and communication have been both
developed and the basic characteristics were evaluated through
experiments. The results showed that the Q factor can be in-
creased until the resonance collapses, and the increase of Q
factor has the potential to widen the effective area of sensing
and communication, while the additional power consumption is
admissible level. The collapse of resonance can be suppressed
by decreasing the imaginary part of the antenna impedance as
much as possible. Moreover, the power transmission ability does
not deteriorate by turning OFF the Q control function during
the wireless charging.

Future work will focus on application of the proposed meth-
ods to the wireless charging and navigation system for AGVs.

APPENDIX

The power consumption of the wide-area sensing and com-
munication has been already discussed. Here, current flow in
each antenna is discussed. The voltage value can be derived
from the current value and circuit element values. These results
could be useful for understanding the behavior of the system
and selection of the circuit elements in the actual development.
The experimental setup and circuit element values are same as
that of the experiment conducted in Section VI-C.

The theoretical equations of I1 , I2 , and Ib (AC) shown in (36)–
(38) are derived from (21)–(23), (28), (34), and (35). These
equations assume the ideal case of system operating in the
purely resonant condition by neglecting the imaginary part of
the impedance. αmp representing the Q factor amplification is
introduced for simplifying the expressions:

I1 =

√
(1 − Γ2)Pfwd

Zin(short)
(34)

Γ =
Zin(short) − Z0

Zin(short) + Z0
(35)

I1 =
2

R1 + Z0 + αmp
ω 2

0 L2
1 2

R2

√
Z0

√
Pfwd (36)

I2 =
2ω0L12αmp

R2(R1 + Z0 + αmp
ω 2

0 L2
1 2

R2
)

√
Z0

√
Pfwd (37)

Ib (AC) =
2L12(αmp − 1)

Lb2(R1 + Z0 + αmp
ω 2

0 L2
1 2

R2
)

√
Z0

√
Pfwd (38)

where

αmp =
R2

R2 − gm ω2
0Lb2L2

. (39)

Measured and theoretically calculated value of I1 , I2 , Ib (AC)
and measured input resistance Re(Zin(short)) versus antenna
distance, at the Q factor amplification αmp = 21.58, is shown
in Fig. 23. Since the value of I2 is comparatively large, tenth part
of the original value is shown. The measured and theoretically
calculated value matches well in each current. I2 and Ib (AC)
become maximum in same distance where impedance matching
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(Re(Zin(short)) = Z0) is satisfied, termed as the impedance
matching distance. This can be explained as follows.

Mutual inductance L12 in case of the distance maximizing
Ib (AC) (or I2) is derived as following equation from (38):

∂Ib (AC)

∂L12
= 0 ⇒ αmp

ω2
0L2

12

R2
= Z0 + R1 . (40)

Thus, the impedance matching condition expressed as
Re(Zin(short)) = Z0 is satisfied as follows by the approxima-
tion:

Zin(short) = R1 + αmp
ω2

0L2
12

R2
= Z0 + 2R1 � Z0 . (41)

In order to evaluate the maximum current of the I2 , which
is comparatively larger than other currents, the measured and
theoretically calculated current versus Q amplification factor
at the impedance matching distance is shown in Fig. 24 . The
measured and theoretically calculated value matches well in
each current. I1 is approximately constant value, while the I2
and Ib (AC) are increasing as the Q factor amplification rises.
The maximum current of I2 showed 6.42 mA at the Q factor
amplification αmp = 31.37.
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