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Abstract—Wireless power and data transmission systems are
important components in bioelectronics. Achieving resonance at
the data transmission frequency without negatively impacting the
efficiency at the power transmission frequency may enhance data
transmission capability. In this letter, a new system referred to as
tuned inductor four capacitor is proposed to achieve resonance
at the data transmission frequency of a wireless telemetry system
without significantly affecting the efficiency at the power transmit
frequency; as a result, this leads to increased voltage and current
gains and reduced reflections at the data transmit frequency when
compared to an equivalent, traditional, two-coil system. The per-
formance of the proposed design is demonstrated through a system
implementation characterized by a transmit coil of 40 mm diameter
and receive coil of 15 mm diameter, with a distance between them
varied from 17 to 40 mm. This system is experimentally compared
with the equivalent two-coil system that has the same transmit
and receive coil footprint and layout but conventional transmitter
matching circuitry. Results show that, at the data telemetry fre-
quency, there is no reflection, the voltage gain is 60% higher than
that of the traditional two-coil system, whereas the current gain is
250% higher.

Index Terms—Efficiency, resonance at data transmission
frequency, wireless power and data transfer, wireless power
transfer (WPT).

I. INTRODUCTION

TRANSMISSION of wireless power and data using in-
ductive coupling is widely used in biomedical electronic

systems (such as cochlear implants and visual prostheses) and
electrical vehicles. In biomedical implants, a good power and
data link provides support to patients carrying out critical func-
tions. There are several techniques to achieve wireless power and
data transfer [1]–[3]. One of the simplest ways is to use separate
links (different coils for data and power) [4]; however, the usage
of independent power and data coil links reduces communication
quality [5]. Several coding techniques have been explored to
achieve quality communication, such as amplitude shift keying
(ASK) [6], frequency shift keying (FSK) [7], cyclic ON–OFF

keying [8], load shift keying schemes [9], and others [10]–[12].
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The ASK and FSK techniques use simpler circuits at the receiver
and, therefore, are commonly used [5].

A typical wireless power transfer (WPT) system performance
is characterized by power transfer efficiency (PTE), power de-
livery to load (PDL) [13], [14], voltage gain (VG), current gain
(CG), and power factor (PF). In order to achieve favorable sys-
tem frequency response for both wireless power and data transfer
performance, several designs have been explored: multicoil [14],
[15], frequency splitting [16], multicoil systems with several
resonators [17], and dual-band systems with series and parallel
resonator circuits (SPRC) [18]–[20]. Frequency splitting is a
high coupling phenomenon [21] and is a promising technique
for electric vehicle applications; however, the coupling factors
practically observed in biomedical applications do not result in
the frequency splitting. The multiband and SPCR systems use
multiple resonators at both transmitters and receivers to achieve
two or more bands with good efficiency. Dual-band systems
suffer from efficiency reduction and minimum separation re-
quirements between the bands [18], [22].

WPT systems for biomedical applications use a single fre-
quency for power transmission and efficient system operation
is crucial for safety and longevity [15]. It is not desirable to
have multiple bands for the power transfer because it can lead to
reduced efficiency maxima [18]. The receiver coil (15–20 mm
in diameter, and often much smaller than this) is usually smaller
than the transmitter coil (30–40 mm diameter) [23], and coupling
factors are in the range of 0.5%–1.5%. Since it is desirable for
the system to be operating at the maximum possible efficiency at
the power transfer frequency (fp), no circuit design changes are
usually carried out at the transmitter coil to improve the system
performance at the data transmitting frequency (fd) [14], [15],
[24], [25]. The reported biomedical telemetry systems show
maxima in the PTE, PDL, and PF frequency response at fp,
but there is no resonance performance observed at fd. In this
letter, PDL refers to power delivery at f = fp unless otherwise
specified.

In this letter, system design concepts validated by simulation
and experiment describe a technique to achieve a resonance
performance at fd (to enhance the PDL at fd) without compro-
mising the PTE at fp. The proposed technique also maintains
the PF = 1 at f = fd irrespective of the value of real(Z11)
at f = fp (which changes as per the PDL requirements of the
system). This makes resonances at fp and fd less dependent on
each other in biomedical telemetry. The condition PF = 1 at fd
ensures that the power at fd does not suffer reflections at the
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Fig. 1. Layout of the transmit (number of turns = 8, American wire gauge
(AWG) = 24, spacing between the turns = 0.2 mm) and receive (number of
turns = 3, AWG = 24, spacing between the turns = 0.5 mm) coils used in the
experiment. The parameters of the telemetry system used as an example are also
given in the figure. The transmit coil (Tx) is tapped to divide it into two series
connected coils Tx1 and Tx2. Tapping creates additional node on the Tx coil.

transmitter input and also increases the voltage/current gain of
the system. Therefore, the PDL at fd compared to conventional
two-coil system is improved. The addition of these features to
a biomedical telemetry system may enhance data transmission
capability without impacting the power delivery performance.

The conventional two-coil [19] and LCC [26] systems do
not have enough degrees of freedom to achieve independent
resonances at fp and fd. The proposed system, that we term
as tuned inductor four capacitor (TL4C) system, has sufficient
degrees of freedom to achieve independent resonances at fp and
fd. The TL4C system has the same layout as the two-coil (also
LCC) system, but additional node is created on the transmit coil
by tapping as shown in Fig. 1. The description of different types
of systems and the achieved performance along with the layout
are discussed in Section II. Measurement results and conclusions
are presented in Section III.

II. WPT SYSTEMS AND THEIR PERFORMANCE

A. Layout and Schematics of Systems Under Study

In this letter, four types of transmitter-side impedance-
matching networks are studied for their capacity to achieve
independent resonance at fp and fd. The four systems use the
same layout of transmit and receive coils shown in Fig. 1, which
also reports dimensions of a sample system considered in this
letter to illustrate the design procedure. The only difference is
that the proposed TL4C system makes an additional connection
on the transmit coil by tapping (that is, by loading the transmit
coil to separate loads at a specific point on it).

The schematics of four types of systems under study are
shown in Fig. 2. Fig. 2(a) shows the transmitter and receiver
schematic of the conventional two-coil system. Fig. 2(b) is the
schematic of the transmitter section of the LCC system. Fig. 2(c)
is the schematic of the transmitter section of the LCCC system;
the LCCC system will enable us to understand the proposed
TL4C system. Finally, the schematic of the proposed TL4C
system is shown in Fig. 2(d). Note that, because of tapping an
additional connection on the transmit coil,LTX [layout in Fig. 1
and schematic in Fig. 2(a)] is split into LTX1 and LTX2 [see

Fig. 2. (a) Schematic of the systems under study. (b) 2-Coil system transmit
and receive schematic using series resonance. (c) Transmitter schematic of
the LCC system. (d) Transmitter schematic of the LCCC system. Transmitter
schematic of the proposed system. Note that the coil layout used for 2-coil
and TL4C system are same as highlighted in the dotted box (i.e., LTX =
LTX1 + LTX2 + 2LTX1−TX2).

Fig. 2(d)]. The mutual inductance between the coils is given by
LTX1−TX2. The tapping allows for use of two capacitors C3

and C4 that have opposite effect on im(Z11), thus resulting in
an additional degree of freedom. All the systems use the same
receiver circuit in this letter as shown in Fig. 2(a). It can have
either series or parallel resonance.

B. 2-Coil and LCC WPT Systems

The main advantage of 2-Coil system shown in Fig. 2(a)
(with series resonance at transmitter) is that, under resonance
condition (fp = 1√

LTXC1
), the maxima in the frequency

response of the systems PTE, PDL, and PF, and VG and CG
all coincide to the resonance frequency [19]. The main disadvan-
tage of such a simple system is that the current to the input coil (or
the PDL) is fixed and cannot be uniquely determined indepen-
dent of PTE. One technique followed in the literature to control
the power delivery is given by the LCC system [26] shown
in Fig. 2(b). The LCC connected system offers two equations
to design for specific value of the PDL without compromising
PTE. In this way, it operates similarly to conventional multicoil
systems [15]. The PF = 1 [imaginary component of Z11 goes to
zero i.e., im(Z11 = 0)] is observed at power transfer frequency
(fp) for both the systems (2-Coil and LCC) under resonance
conditions.

The PF frequency response of an example LCC (unlike2-Coil)
system shown in Fig. 3 has three unity PF points at 3.95, 4.7 (fp),
and 5.45 MHz for the system parameters given in Table I (Sim. 1,
LCC). The PF = 1 points at 3.95 and 5.45 MHz are explored for
their use as fd. The resonant PDL of the system is a function of
the real value of input impedance Re(Z11) at fp, and this value
can be controlled by the appropriate choice of C1. To utilize
the additional unity PF points in the LCC for the information
transmission purposes, it is desirable to have the data frequency
points (fd) independent of the value of PDL (Re(Z11)). That
is, we are able to maintain the fixed data transfer frequency (fd)
resonance (Im(Z11) = 0) points independent of power delivery
(or Re(Z11)) at fp. The PF frequency response of the example
LCC system demonstrates three points of unity PF, but it is not
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Fig. 3. Simulation 1 results to show the multiple unity PF points in LCC. It
also shows that, for a given input impedance, the LCCC system can achieve
asymmetry in the frequency response of PF. The parameters are in Sim. 1 of
Table I.

TABLE I
PARAMETERS USED IN SIMULATION (Sim.) AND EXPERIMENT (Exp.)

possible to achieve the same unity PF frequency points (fd) for
different power delivery levels in LCC. A technique to obtain
fixed values of fd independent of the Re(Z11) at fp is the topic
of discussion in this letter.

C. LCCC System

The schematic of the LCCC in Fig. 2(c) has one additional
capacitor in parallel to the transmit coil compared to LCC system
in Fig. 2(b). The LCCC system is designed in SPICE simulator
to have the same Re(Z11) at fp as the LCC, and the plots of PF
are shown in Fig. 3. Compared to the LCC, the LCCC system
offers more control over the PF frequency response. The PF
frequency response of LCCC can be designed to be asymmetric,
and the second additional unity PF point (of fd) can be designed
to be very close to fp. This asymmetry is important because it
increases the bandwidth of the PF at fp. This can offset the PF
bandwidth reduction due to the large Re(Z11) at fp observed
in LCC systems. Nevertheless, the LCCC system does not solve
the issue of making the value of fd independent of the value of
Re(Z11) at fp.

Fig. 4. TL4C system: Simulation 2 results to show that the proposed TL4C
system can achieve same fd(= 4.2MHz) for different real value of input
impedance. The parameters are in Sim. 2 of Table I.

Fig. 5. TL4C system: Simulation 3 results to show that the proposed TL4C
system can achieve same real value input impedance for different data transmit
frequency (fd) conditions. The parameters are in Sim. 3 of Table I. At 4.7 MHz,
theRe(Z11) of Ex3 and Ex4 overlap, they also exhibit PF= 1. The Two systems
have different fd. The VG shows maxima at fd resonances.

D. TL4C System: Tuning to Fix the fd Independent of the
Value of PDL (Re(Z11))

The proposed TL4C system [see Fig. 2(d)] is similar to a
2-Coil system in layout, but it has different schematic because
an additional connection is tapped on the transmit coil to connect
additional capacitor C4 as indicated in Fig. 2(d). The proposed
system requires us to retune the values of capacitors C2, C3, and
C4 to obtain a fixed fd for different values of Re(Z11) at fp.
The simulation results shown in Fig. 4 demonstrate the ability
of the system to provide fixed fd for different transmit power
levels (Re(Z11)). Also, we can design the proposed system to
offer different values of fd for a fixed value of power delivery
(Re(Z11)) as shown in Fig. 5. These features of TL4C make the
design of power delivery and data transmission in a telemetry
system independent of each other.
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E. Discussion

The main advantage of the Im(Z11) of the proposed TL4C
system (3) compared to the LCC and LCCC systems given by (1)
and (2), respectively, is the presence of the negative component
[in the expression for T as shown in (4)]. The negative sign allows
for the tuning of fd using C3 and C4. The frequency response
of Im(Z11) of the proposed system can be tuned by adjusting
the values of C3, C4, LTX1, LTX2, LTX1−Tx2. This allows us
to design fd of the system independent of the Re(Z11) at fp.

Im(Z11)LCC = jωL1 +

LTX

C2
− 1

ω2C1C2

jωLTX + 1
jω (

1
C1

+ 1
C2

)
(1)

Im(Z11)LCCC = jωL1 +

1
jωC1

(
1

jωC2
+

LTX
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)
LTX
C3
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+ 1
jω (
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)
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Im(Z11)TL4C = jωL1 +
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jωC1

( 1
jωC2

+ T )

T + 1
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C2

)
(3)
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1
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(
1

C3
+

1

C4
) +

1
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4

jωLTX2 +
1

jωC4

−

(
LTX1−TX2

C4

jωLTX2+
1
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− 1
jωC3

)2

jωLTX1 +
1

jωC3
+

ω2L2
TX1−TX2

jωLTX2+
1

jωC4

. (4)

III. MEASUREMENTS AND CONCLUSION

The layout of the implemented transmit and receive coil is
shown in Fig. 2 [see parameters in Table I (Exp.)]. Experiments
are performed using a vector network analyzer [15]; the
proposed TL4C system with resonance at data transfer
frequency (fd = 4.2 MHz) is compared with the 2-coil system
(see parameters in Table I). The proposed system is tuned using
varactors to achieve the appropriate power transfer frequency
fp = 4.77 MHz. The experimental results in Fig. 6(a) show
that the PTE of the two systems at fp is the same. If the PTE of
the two systems is the same (at PF = 1) at fp, then the product
of VG and CG remains the same. The results in Fig. 6(b) show
that the plots of VG and CG of the two systems at fp maintain a
constant product as the efficiency of the two systems is same at
fp. This proves that the two systems have same efficiency at fp;
we will now demonstrate the performance improvement at fd.
The measured frequency response (at transmit and receive coil
separation of 27 mm) of the PF, magnitude of Z11, VG, and CG
of the two systems is plotted in Fig. 7. The CG of the 2-coil and
proposed TL4C system at fd = 4.2 MHz is 5.94 and 14.9 m,
respectively, showing improvement by a factor of 2.5. The VG
of the 2-coil and proposed TL4C system at fd = 4.2 MHz is 53
and 85 m, respectively, showing improvement by a factor of 1.6.

The 2-coil and LCC systems lack sufficient degrees
of freedom to achieve resonance at both data and power
transmission frequencies independent of the required power

Fig. 6. Experimental results showing PTE, VG, and CG of the two systems
under comparison at power transfer frequency fp = 4.7 MHz.

Fig. 7. Experimental results showing frequency response of PF, magnitude of
Z11, VG, and CG of the two systems under comparison.

delivery. The resonance at the data transmission frequency not
only reduces reflections (PF = 1), but also increases the power
delivery at fd by increasing the VG and CG. The proposed TL4C
system achieves resonance at both power and data transmission
frequencies. The dimensions of the coils used, distance between
the coils (small receiver and low PTE), and frequency choice
are suitable for biomedical applications [13], [23]. The system
can now be designed to achieve data frequency resonance
independent of power delivery at fp. The designed TL4C system
has higher Re(Z11) of 40 Ω at fp (more tolerant to source
resistance Rs[16]) compared to 2-coil system (Re(Z11) is 7 Ω,
relatively wideband). Still, the designed TL4C system improves
VG and CG by a factor of 2.5 and 1.6, respectively, compared
to a 2-coil system at fd, while keeping efficiency the same at fp.
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