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Abstract— Wireless power transfer is a practical and widely
used method to power various implantable devices. Commonly,
the implanted receiver (RX) must be small, often on the order
of millimeter, which poses significant design challenges. In this
paper, a technique to improve the performance of systems
with a size (inductance)-limited implanted RX coil is explored.
Conventionally, only mutual coupling between coils is used to
optimize the performance, which constrains the layout/geometry
and choice of coils. In the proposed system, mutual coupling,
mutual capacitance, and relative polarity can all be used,
thereby reducing the constraints on coil layouts. Performance
is further enhanced by two additional techniques that maximize
the reflected impedance between the RX coils. Three designs
(two-coil, conventional three-coil, and the proposed three-coil)
are implemented with a 35 mm diameter RX coil, and their
performance is measured at 5 MHz with a 1 k� load resistance.
The efficiency of these designs is measured at varying distances
(20–60 mm) between the transmitter and RX. The efficiency of
the proposed three-coil system at 50 mm separation is 40%,
while the implemented conventional three-coil system and the
two-coil system are each less than 10%. Finally, the advantage
of the proposed strategy in terms of RX coil current and load
tolerance is discussed.

Index Terms— Biomedical implants, coil polarity, dot conven-
tion, efficiency, load tolerance, mutual capacitance, mutual cou-
pling, PTE, secondary current, three-coil WPT system, wireless
power transfer (WPT).

I. INTRODUCTION

PROGRESS in biomedical implants has enabled, in recent
years, unprecedented devices for health monitoring, treat-

ments of diseases, and prosthetics. Advances in enabling
technology for implants (semiconductor industry, packaging,
biocompatible materials, and so on) have played a significant
role in rapidly expanding the development and adoption of
biomedical implantable devices. With this growth, wireless
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power transfer (WPT) has become a critical enabling compo-
nent since implants must often be charged from devices outside
the human body. WPT removes the need for implantable
batteries or cabling requirements, making biomedical implants
more practical [1], [2]. Besides biomedical implants [3]–[7],
WPT has found application in the fields of electric vehicles
battery charging [8]–[11] and communication [12], [13] to
name a few, with more applications rapidly emerging thanks
to the appeal of charging wirelessly and conveniently.

WPT is commonly implemented using two inductively cou-
pled coils/antennas [1]. In WPT systems, a capacitor is gener-
ally used to reduce the reactive power stored in the system by
compensating for the inductive coil reactance [14], [15]. The
reactance does not contribute to power transfer, and therefore,
reducing it leads to a better power factor in the system [9].
Improved coupling and load tolerance is often achieved
using more than two inductive coils/antennas [3]–[6], [16],
and impedance matching of the load [7], [17]–[21] is employed
extensively. Load matching can be achieved using additional
passive/active components [7], [17]–[21] or using three-
coil or four-coil systems [3]–[6], [22], [23]. The ultimate goal
of the WPT system is to achieve the required power transfer
to a given load with maximum efficiency [24], [25].

WPT systems for biomedical implants have additional
constraints: they must comply with electromagnetic safety
standards [such as that of complying with the maximum
allowable specific absorption rate (SAR) [26]]; they must
be biocompatible; and they have often specific longevity
requirements [27]–[30]. Both the two-coil [7], [17], [31] and
three-coil [4] designs have been successfully employed in
biomedical applications: the advantages of using a three-coil
system over a two-coil system are generally better misalign-
ment insensitivity, coupling enhancement, lower induced fields
in the body, and better bandwidth [3], [4], [10], [32], [33].

The size of the WPT system for biomedical implants is
a critical design variable, as the available area is often very
limited [34]–[36]. In addition, it has been demonstrated that
a larger size increases the risk of tissue inflammation, cell
damage [37], [38], and discomfort to the patient. These
challenges associated with the design of WPT systems for
biomedical implants are the primary motivation of this paper.

Summarizing, the overall design goals of WPT for bio-
medical implants and, therefore, the goals considered in this
paper are: small size (inductance) of the coil implanted in
the body (Goal1), low loss in the receiver (RX) (Goal2), and
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Fig. 1. Schematic of a traditional two-coil WPT system.

high efficiency and power delivery. There are several popular
designs of WPT systems for biomedical implants available in
the literature [3], [4], [6]. To effectively achieve the stated
goals in a three-coil WPT system, circuit-theory based design
strategies are discussed in this paper. The performance of the
designs in [3] and [4], which have two coils implanted in
the body, will be compared with the systems devised through
the design strategies outlined here. In order to pursue the best
load matching, in this paper, we employ two additional degrees
of freedom to maximize the reflected impedance for a given
RX coil size (inductance): 1) the relative voltage polarity of
the two RX coils (given by dot convention) and 2) a mutual
capacitor Cm [which in addition to improving the system
performance by reducing the complex power, is also used
to tune and match the impedance of the RX for maximum
power transfer (MPT)]. This simplifies the design process of
the three-coil WPT systems significantly since optimizing the
number of turns of the receiving coil is not required.

A brief analysis of the conventional two-coil and three-coil
system is presented in Section II. Performance degradation of
the conventional two-coil and three-coil system with reduction
in RX size is analyzed in Section III. A modified three-coil
system is analyzed in Section IV. Sections V and VI build
on the three-coil system version of Section IV and adopt
two additional circuit design techniques to achieve Goals 1
and 2, respectively. Additional advantages of the considered
implementation of the modified three-coil system are men-
tioned in Section VII. Section VIII provides the experimental
verification of the results. Discussion on the biological tissues
and other typologies of the multicoil system is presented in
Section IX.

II. BRIEF NOTES ON CONVENTIONAL TWO-COIL AND

THREE-COIL WIRELESS POWER TRANSFER SYSTEMS

A. Conventional Two-Coil WPT System

A conventional two-coil (2Coil) WPT system consists of
two inductively coupled coils, one connected to the transmitter
(TX) and another to the RX. The coupling coefficient K12 of
the two coils indicates the ratio of the magnetic field density
in the load (2Coil2) and transmit (2Coil1) coils; a schematic
view of the system with a power source at the TX, load
at the RX, and compensating capacitors [in the resonance
condition, expressed by (1)], is shown in Fig. 1. The theory
of a 2Coil WPT system can be explained using matrix theory
and reflected impedance theory [3]–[6]. Kirchhoff’s voltage

law (KVL) equations for the 2Coil system can be written
in matrix form, as shown in (2). The determinant of the
impedance matrix Z, when expressed in canonical form, can
be used to obtain the reflected impedance from 2Coil2 to
2Coil1, as shown in (5). Compared with the explanation
offered in [3]–[6], the various impedances of the system can
be derived from the determinant of the matrix, and the system
performance is analyzed using the matrix theory. Following
the approach in [3]–[6], we can write (1)–(6), where R1 is the
parasitic resistance of 2Coil1, R2 is the parasitic resistance
of 2Coil2, Rre f is the reflected impedance from 2Coil2 to
2Coil1, L12 = K12

√
L1 L2 is the mutual inductance between

the coils, and i1 andi2 are the currents flowing through 2Coil1
and 2Coil2, respectively.

The performance parameters of the design considered in this
paper are: 1) power delivered to the load (PDL) and 2) power
transfer efficiency (PTE) η, which is defined as the ratio of
PDL to input power under resonance condition. The reflected
impedance parameters are used to define PTE and PDL and
analyze the effect of the parameters on design goals (Goal1
and Goal2). For the 2Coil system, η is given by (4) [3]–[6]

1

jωC1
= jωL1,

1

jωC2
= jωL2 (1)

V = Z × I (2)[
Vs

0

]
=

[
R1 jwL12

jwL12 R2 + RL

] [
i1
i2

]
(3)

det (Z) = Z1 × Z2, Z1 = R1 + Rre f , Z2 = R2 + RL (4)

Rre f = w2 L2
12

R2 + RL
(5)

η2coil = |i2|2 RL

Vs |i1| . (6)

Cramer’s rule can be applied to solve the impedance matrix
equation [see (5)] to find the values of i1 and i2. Equation (6)
can be written in terms of reflected impedance Rre f , as fol-
lows:

η2coil = Rre f

R1 + Rre f

RL

R2 + RL
. (7)

The total system PTE of 2Coil can therefore be expressed as
a product of two terms: PTE of 2Coil1(η2coil1 ) and PTE of
2Coil2(η2coil2 ), as given by (8) [3]–[6]

η2coil = η2coil1 × η2coil2 . (8)

Similarly, the definition of PDL for the 2Coil system can be
expressed in terms of Rre f [3]–[6]

P DL2coil = Pin × η2coil (9)

P DL2coil = V 2
s

Rre f

(R1 + Rre f )2

RL

R2 + RL
. (10)

PDL can also be calculated by measuring the gain (Vout/Vin)
of the system from two-port network parameters [3], [6]. Given
that the quality factor of the coils in Fig. 1 can be written
as Q1 = (ωL1/R1) and Q2 = (ωL2/R2 + RL), substituting
Q1, Q2 and L12 = K12

√
L1 L2 in η2coil , (5) can be rewritten

in a form similar to [3]–[6]

η2coil = K 2
12 Q1 Q2

1 + K 2
12 Q1 Q2

RL

R2 + RL
. (11)

Authorized licensed use limited to: University of Southern California. Downloaded on June 26,2020 at 22:49:49 UTC from IEEE Xplore.  Restrictions apply. 



5014 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 67, NO. 8, AUGUST 2019

Fig. 2. η2Coil versus K12 for the 2-coil system with L1 = L2 = 2 μH,
R1 = R2 = 1 �, RL = 100 �, and f = 5 MHz.

The following observations about the two-coil system can be
made with specific consideration to biomedical applications.

1) If RL � R2, η2coil2 is close to unity and no power is
dissipated in the RX coil of the system. This ensures that
the power loss in the RX coils implanted in the body is
negligible. This condition also reduces PDL.

2) Since Rre f is inversely proportional to RL [see (5)],
a higher value of RL (which ensures higher η2coil2 )
reduces η2coil1 . This results in poor η2coil and increased
power loss in the 2Coil1. This issue can be resolved
using the three-coil system and is addressed in
Section II-B.

3) The coupling coefficient K12 is a function of the dimen-
sions of 2Coil2 and 2Coil1.

Fig. 2 shows the plot of η2Coil as a function of K12 for a
typical embodiment of a two-coil WPT system characterized
by L1 = L2 = 2 μH, R1 = R2 = 1 �, RL = 100 �, and
f = 5 MHz. The PTE(η) versus K12 plot for a typical WPT
has the similar trend. Noting that 2Coil1 is the TX and 2Coil2
is the RX, we can write that η2Coil1 = η2CoilT X and η2Coil2 =
η2CoilRX . In the design of a 2Coil system, η2CoilRX is constant
and does not vary with the distance between the coils, and
it is η2CoilT X , which varies with the distance between the
coils. From Fig. 2, it can be concluded that the RX efficiency
(implanted coil 2Coil2) can be thought of as the saturation
efficiency at high K12 (which is found for small distances
between coils). The efficiency of the system at low K12 is
limited by η2CoilT X , which has square dependence on K12 for
low K12 values.

The secondary side of the two-coil system can also be
connected in parallel. The efficiency of secondary of the
parallel connected coil is given by [39]

η2Coil2−Parallel = RL

RL + Rs + Rs R2
L

ω2 L2
2

η2Coil2−Series = RL

RL + Rs
.

As L2 becomes small, which is typical for a biomedical
implant, for a given ω&RL , η2Coil2(Parallel) is severely

Fig. 3. Schematic of a conventional three-coil WPT system (3Coil) [3]–[6].

limited [39]. Parallel resonance secondary has better reflected
impedance compared with the series connected RX, but its
RX efficiency is limited. For example, for the 2Coil system
design considered in this paper, L2 = 1 μH, R2 = 0.5 �,
f = 5 MHz, and η2Coil2(Parallel) = 0.56, whereas
η2Coil2(Series) = 0.99. For this reason, in this paper, the series
resonance configuration of the secondary for the two-coil
system is considered, and its overall efficiency is improved
using the three-coil system.

B. Three-Coil WPT System

A three-coil (3Coil) WPT system consists of three induc-
tively coupled coils; one coil is connected to the TX, and two
coils are used at the RX end [4]. The coupling coefficients
(K12 and K23) and the physical layout and schematic are
shown in Fig. 3. The additional coil used at the RX, termed
secondary coil (3Coil2), is responsible for enhancing the PTE
of the system under high RL conditions. The operation of the
3Coil WPT system can be also understood using the matrix
theory and reflected impedance theory [3]–[6]. KVL equations
for the resonant [see (12)] 3Coil system, written in matrix
form, lead to the Z matrix whose determinant can be used to
obtain the two reflected impedances Rre f 1 and Rre f 2 of the
3Coil system, which are given in (13) [10]

1

jωC1
= jωL1,

1

jωC2
= jωL2,

1

jωC3
= jωL3 (12)

Rre f 1 = w2 L2
12

R2 + w2 L2
23

R3+RL

, Rre f 2 = w2 L2
23

R3 + RL
(13)

where R1 is the parasitic resistance of 3Coil1, R2 is the
parasitic resistance of 3Coil2, R3 is the parasitic resistance
of 3Coil3. Rre f 1 is the reflected impedance from 3Coil2 to
3Coil1, and Rre f 2 is the reflected impedance from 3Coil3
to 3Coil2. The mutual inductances between the coils L12 =
K12

√
L1 L2and L23 = K23

√
L2 L3 are the result of the

coupling K12, K23 between the coils, while i1, i2, and i3
are the currents flowing through 3Coil1, 3Coil2, and 3Coil3,
respectively. Following a similar analysis to that of the 2 coil
system, the equation for the PTE can be written in terms of
reflected impedances Rre f 1 and Rre f 2 as follows:

η3coil = Rre f 1

R1 + Rre f 1

Rre f 2

R2 + Rre f 2

RL

R3 + RL
. (14)

Authorized licensed use limited to: University of Southern California. Downloaded on June 26,2020 at 22:49:49 UTC from IEEE Xplore.  Restrictions apply. 



MACHNOOR et al.: ANALYSIS AND DESIGN OF A THREE-COIL WIRELESS POWER TRANSMISSION SYSTEM 5015

The total efficiency of the 3Coil system can be expressed as
a product of the efficiencies of 3Coil1, 3Coil2, and 3Coil3,
as given by (15)

η3coil = η3Coil1 × η3Coil2 × η3coil3 (15)

where η3coil1 , η3coil2 , and η3coil3 are the efficiencies of 3Coil1,
3Coil2, and 3Coil3 respectively. Similarly, the PDL for
the 3Coil system can be expressed in terms of Rre f 1 and
Rre f 2 [3]–[6]

P DL3Coil = V 2
s

Rre f 1

(R1 + Rre f 1)2

Rre f 2

R2 + Rre f 2

RL

R3 + RL
. (16)

The following observations about the three-coil system can
be made with specific consideration to the biomedical
applications.

1) If RL � R3, η3coil3 is close to 1, and no power is
dissipated in the 3Coil3 of the system. However, this
does not guarantee that the power loss in the RX coils
implanted in the body is minimized. Nonetheless, this
condition does not imply sufficiently high PDL.

2) Rre f 2 is directly proportional to L2 and L3. High induc-
tance (obtained through the length of 3Coil2 + 3Coil3)
results in high Rre f 2 and high η3coil2 . Large Rre f 2 (>R2)
and RL (>R3) are sufficient condition to reduce the
power dissipation in the implanted coils of 3Coil.

3) The main functionality of 3Coil2 is to invert and scale
the contribution of the load coil (3Coil3) on the reflected
impedance at 3Coil1. Comparing Rre f [see (5)] of the
2Coil system with Rre f 1 [see (13)] of 3Coil system,
the above-mentioned functionality of the 3Coil2 can
be confirmed [i.e., RL −→ (ω2 L2

23/RL + R3)]. This is
referred to as the impedance matching capability of the
3Coil system.

4) The general plot of η3Coil as a function of K12 has the
trend as shown in Fig. 2. Noting that 3Coil1 is the
TX and 3Coil2&3Coil3 forms the RX, we can write
η3Coil1 = η3CoilT X and η3Coil2 × η3Coil3 = η3CoilRX .

III. PERFORMANCE DEGRADATION IN CONVENTIONAL

TWO-COIL AND THREE-COIL SYSTEM AS THE

RECEIVER SIZE REDUCES

The design of the 3-coil WPT system involves placing the
additional secondary coil closer to the coil with low Q [40].
In biomedical applications [4] of the 3Coil system, two
coils are located at the RX side and one coil is at the TX.
As the size of the two RX coils reduces (either in terms of
diameter or the number of turns), L2, L3, and their mutual
inductance L23 reduce. This results in reduced Rre f 2; as a
result, η3coil2 [see (14) and (15)] decreases and losses in the
implanted coil increase. Furthermore, Rre f 1, which is inversely
proportional to Rre f 2, either increases or saturates depending
on the value of Rre f 2. The efficiency of the system η3coil will
be limited by η3coil2 : since Rre f 2 decreases and Rre f 1 either
increases or saturates, P DL3coil [see (16)] also decreases as
the size reduces. Thus, as the size of the RX coils in the
3Coil decreases, PTE and PDL of the entire system decrease
and losses in the implanted coils increase. This provides

Fig. 4. (a) Schematic of the proposed efficient and compact three-coil
system (3Coilp ). To maximize Rre f 2 of the small RX size 3-coil system,
two techniques are adopted: L2 = L3 and (1/ωC2) = (1/ωC3) = 0 along
with the appropriate RX system’s relative coil polarity required to increase
Rre f 2p . (b) RX system’s relative coil polarity that leads to the reduction of
Rre f 2p .

a challenge to design a system with good PTE and PDL.
Similarly, by referring to (5) and (7), PTE and Rre f of the
2Coil system reduces as the size of 2Coil2 (L2) reduces.
It can also be concluded that, for the 3Coil system with
small RX coils (low L2 and L3), performance degradation can
be linked to reduction in Rre f 2. Thus, this paper proposes a
technique to maximize Rre f 2 for a three-coil system to achieve
good PTE and PDL performance for a small RX three-coil
system.

The effects of frequency of operation on the human body
are explained in [3]. The choice of 700 kHz in [3] and 13 MHz
in [4] is made considering the Q-factor of the coils used,
following an optimization process. In this paper, we chose the
frequency of 5 MHz as the copper wire of AWG 20 exhibited
Q = 150 for L = 5 μH. We have also considered a load
resistance RL = 1 k�. In this paper, and unlike [3], no further
optimization of coils was undertaken to choose a frequency
with higher Q as high Q is not necessary to obtain higher
PTE with the approach presented here.

There is no established standard for the design of WPT
systems for biomedical implants but the general designs in
the literature include TX coil larger than the implanted RX
coil with dimensions in tens of millimeter [3]–[6], [26], [41].
The biomedical implant systems are generally designed to
efficiently deliver power of the order of 100 mW (50–300 mW)
to the RX [4].

IV. ENHANCING THE PERFORMANCE OF THREE-COIL

SYSTEM AS THE RECEIVER SIZE REDUCES

The resonant condition for the conventional three-coil sys-
tem [3]–[6] is provided in (12). In this paper, we consider
a different resonant condition: while the layout of the pro-
posed three-coil system (3Coilp) remains the same as Fig. 3,
the resonance condition is changed to (17) instead of (12). This
results in a new schematic equivalent of the 3Coilp system
shown in Fig. 4 (note that the dot convention is used to denote
the voltage polarity of the coils).

The advantage of this system is understood using the matrix
theory and reflected impedance theory [3]–[6]. The impedance
matrix equation for the modified resonant scheme is provided
in (18): compared with the Z matrix of the conventional
3Coil [3]–[6], the Z matrix of 3Coilp [see (18)] includes the
impedance of the capacitor Cm used for creating a resonance
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condition at the RX coils. From the determinant of the resonant
Z matrix (impedance matrix) when expressed in the canonical
form, we can obtain the two reflected impedances Rre f 1p and
Rre f 2p for the proposed three-coil system 3Coilp [see (18)].
The main advantage of this system is that it increases the
effective mutual impedance between the 3Coil2p and 3Coil3p;
the equivalent L23p of the system increases, as shown in (21).
Since we have noted in Section III that, as the size of the RX
in the three-coil system reduces, Rre f 2 reduces, adopting this
new resonant condition helps us maximize Rre f 2 of the small
RX in the three-coil system. By increasing Rre f 2p , the PTE
and PDL can be increased, and the losses in the implanted coil
can be reduced. Both three-coil systems under consideration
(3Coil and 3Coilp) have the same set of variables to describe
the operation; in order to differentiate the variables of the two
systems, the proposed three-coil system uses subscript p for
all the variables (for example, Rre f 2 is for the 3Coil system
and Rre f 2p is for the 3Coilp system)

1

jωC1
= jωL1,

1

jωCm
+ 1

jωC2
= jωL2

1

jωCm
+ 1

jωC3
= jωL3 (17)

V = Z × I (18)

⎡
⎣Vs

0
0

⎤
⎦ =

⎡
⎢⎢⎢⎣

R1 jωL12 0

jωL12 R2 jωL23 − 1

jwCm

0 jωL23 − 1

jwCm
R3+ RL

⎤
⎥⎥⎥⎦

×
⎡
⎣i1

i2
i3

⎤
⎦ (19)

jwL23 −→ j

(
ωL23+ 1

ωCm

)
(20)

det (Z) = Z1×Z2×Z3 (21)
Z1 = R1+ Rre f 1p, Z2 = R2+ Rre f 2p, Z3 = R3+ RL

Rre f 1p = ω2 L2
12

R2+
(
ωL23+ 1

ωCm

)2

R3+RL

, Rre f 2p =
(
ωL23+ 1

ωCm

)2

R3+ RL
.

(22)

In (18), R1 is the parasitic resistance of 3Coil1p, R2 is
the parasitic resistance of 3Coil2p, and R3 is the parasitic
resistance of 3Coil3p. Rre f 1p is the reflected impedance from
3Coil2p to 3Coil1p, and Rre f 2p is the reflected impedance
from 3Coil3p to 3Coil2p. RL is, instead, the load resistance.
Following the analysis of the η3Coil system, PTE and PDL
for the η3Coilp system can be defined as in (14)–(16) with
an updated definition of Rre f 2p . The notation p is adapted
for the proposed system; η3coil1p , η3coil2p , and η3coil3p are the
efficiency of 3Coil1p, 3Coil2p, and 3Coil2p, respectively.

For the proposed three-coil (3coil p) system, we can make
the following observations.

1) If RL � R3, η3coil3p is close to 1, and no power is
dissipated in the load coil of the system. However, this
does not guarantee that power loss in the secondary
(3coil2p) coil implanted in the body is minimized.

2) It is worth noting that Rre f 1p and Rre f 2p of the 3Coilp

system in (22) are different from those in (13). ωCm ,
which helps increase Rre f 2p , results in the decrease of
Rre f 1p. A decrease of Rre f 1p will result in the reduction
of η3Coil1p . That is, mutual capacitor at the RX reduces
the efficiency of 3Coil1p, which is used at the TX. This
calls for the efficient design of transmit coil. This issue
is addressed in Section VI.

3) In the conventional three-coil (3Coil) system, only the
mutual impedance between the two RX coils was used
for the determination of Rre f 2 and the PTE and PDL of
the three-coil system [see (13)]. In the proposed three-
coil (3Coilp) system, all the impedances of the RX
contribute to Rre f 2p [see (23)], PTE, and PDL. This
effectively enhances the reflected impedance for a given
RX system, enabling a smaller and more compact design

Rre f 2p =
ω2 L2

23 + 1
ω2C2

m
+ ω2 L2 L23 + ω2 L3 L23

R3 + RL
. (23)

As can be noted from (23), L2, L3, Cm , and Lm con-
tribute (if (1/Cm) = ω2 L2 = ω2 L3) to Rre f 2p of the
3Coilp system. This leads to the effective utilization of
all the impedance sources implanted in the body.

4) It should be noted that the relative polarity of the
proposed three-coil (3Coilp) system (that is, the order
of connected ends of the inductors) now becomes more
important compared with the conventional 3Coil sys-
tem. If the coils are reversed [as indicated by the
adjusted dot locations in Fig. 4(b)], then Rre f 2p reduces
like in (24) instead of increasing like in (22). Therefore,
coil polarity should be configured as shown in Fig. 4(a)
for maximum reflected impedance

Rre f 2p =
(
ωL23 − 1

ωCm

)2

R3 + RL
. (24)

In this paper, two additional circuit techniques are
adopted to maximize Rre f 2p for a given values of L2
and L3 and to meet Goal1 and Goal2 of this paper. The
first technique is related to splitting the given length of
wire as L2 and L3 equally, to achieve efficient usage of
cable length implanted in the body (Goal1) (covered
in Section V). The second circuit technique leads to
(1/ωC2) = (1/ωC3) = 0 for the circuit shown in Fig. 4;
this also results in higher Rre f 2p and helps us achieve
Goal2 (covered in Section VI).

V. Goal1: EFFICIENT USE OF WIRE TO ENHANCE Rre f 2 OF

SMALLER RECEIVER THREE-COIL SYSTEM (L2 = L3)

A. Circuit Technique Description

It is noted from (13)–(15) that, by using higher L2 and
L3, we can increase the PTE of the secondary 3Coil2 and
load coils 3Coil3 and reduce the power dissipation in the
RX system. However, it is always convenient to use smaller
implant and shorter wire inside the human body. Although
the inductance that can be achieved for a coil depends on the
process used to make the inductor, on a first approximation,
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Fig. 5. (a) Equivalent schematic of the system used in [3] (K23 =
0.62). (b) Proposed RX system incorporating the equal split inductance
(K23p = 0.84) along with mutual capacitance and appropriate relative
polarity. The two RX systems shown in this figure are compared using the
same TX system (left).

we can consider that the inductance of the coil is proportional
to the length of the wire. The coupling between two implanted
coils K23 of the three-coil system is a function of the diameter
of coils; to maximize K23, diameters of two coils must be
equal. Although, in this paper, a diameter of 35 mm has been
chosen for the implanted coils to compare with other reported
biomedical WPT systems [3], [4], [6], the proposed technique
is independent of the diameter of the coils used.

Given a chosen length of coil (fixed maximum inductance,
Lmax ), the procedure can be summarized as follows:

L2 + L3 = Lmax

maximize Rre f 2 = w2 L2
23

R3 + RL
= w2 K 2

23 L2 L3

R3 + RL

that is

maximize L2 × L3, Solution : L2 = L3 = Lmax

2
.

The maximum reflected impedance from the RX is obtained
when the inductances L2 and L3 are equal.

B. Testing the Technique: Comparison 1

As a first test, the implanted coils presented in [3] are
considered here. In [3], to enhance the efficiency of the
implanted coils (to increase Rre f 2), higher L2, L3, and Q2 at
low frequency (700 kHz) are used. An optimization procedure
was considered in [3] to find the values of the implanted
coil parameters. The equivalent circuit diagram of the two
implanted coils in [3] is shown in Fig. 5(a) (note that Q2 =
(ωL2/R2) = 273). Reference [3] uses two implanted coils
of smaller diameter (and multilayer) but very high secondary
coil inductance (L2) and low load coil inductance (L3). Since,
in this example, only the efficiency of the implanted RX coils
(3Coilp2 and 3Coilp3) is compared, choice of the TX coil
does not affect the PTE and PDL comparison. Hence, for com-
parison purpose, a 20 μH TX is used in Fig. 5. It should also
be noted that, while the efficient use of wires implanted inside
the body was not the design requirement in [3], the resulting
system is characterized by a larger inductance of the implanted
coil of 36 μH, with a corresponding longer wire. The RX
system of [3] [reproduced here as Fig. 5(a)] is compared
against the smaller RX system as shown in Fig. 5(b) (note

Fig. 6. Comparison of PTE and gain of two systems in Fig. 5 [Fig. 5(a)
representing [3] and Fig. 5(b) representing smaller and equal split inductance].

Fig. 7. Comparison of frequency response of load current of two systems
in Fig. 5 [Fig. 5(a) representing [3] and Fig. 5(b) representing smaller and
equal split inductance].

that Q2p = 145). The TX used in this smaller RX design is
the same; Q2 of this system is smaller by 45%, and the values
of L2 and L3 are about 10% of the values used in Fig. 5(a).
Both the circuits are compared at the same frequency and load
and TX conditions. The PTE, PDL, and frequency response of
the two systems under comparison are shown in Figs. 6 and 7,
respectively. It can be concluded that, though L2, L3, and Q2
of Fig. 5(b) are smaller than Fig. 5(a), it achieves the same
PDL, PTE and frequency performances. This is because of
maximization of Rre f 2 achieved using L2 = L3 and mutual
coupling capacitor Cm . This comparison is also summarized
in Table I

VI. Goal2: REDUCING POWER DISSIPATION IN THE

IMPLANTED RECEIVER (SECOND TECHNIQUE TO

ENHANCE Rre f 2 OF SMALLER RECEIVER 3-COIL

SYSTEM [(1/ωC2) = (1/ωC3) = 0])

A. Circuit Technique Description

The implant coils (RX section) of the conventional three-
coil systems have efficiency given by (13)–(15). It can be
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TABLE I

RESULTS OF TWO COMPARISON EXERCISES AND THE ADVANTAGES
OF THE PROPOSED TECHNIQUES AS COMPARED WITH THE

SYSTEMS IN [3] AND [4]

Fig. 8. (a) Equivalent circuit diagram of the system used in [4]. The system
is tested for its losses in the RX implanted in the body. (b) Schematic of the
proposed RX system. The two RX systems shown in this figure are compared
using the same TX System (left).

rewritten as ηR X3coil as shown in (25). Similarly, ηR X3coilp is
the efficiency of the RX section of the proposed three-coil
system, which is given in (26)

ηR X3coil =
w2 L2

23
R3+RL

R2 + w2 L2
23

R3+RL

× RL

R3 + RL
(25)

ηR X3coilp =

(
ωL23+ 1

ωCm

)2

R3+RL

R2 +
(
ωL23+ 1

ωCm

)2

R3+RL

× RL

R3 + RL
. (26)

To minimize the losses in the RX system, ηR X3coilp has to
be maximized. To maximize ηR X3coilp , (1/ωCm) has to be
maximized. This condition leads to (1/ωC2) = (1/ωC3) = 0
in (17) of the proposed three-coil system.

B. Testing the Technique: Comparison 2

As a second test, implanted coils from [4] are considered for
the redesign. In [4] (given as L3 and L4 for a three-coil system
in Table I), a conventional three-coil system is considered for
the design. In [4], to enhance the efficiency of the implanted
coils (to increase Rre f 2), higher frequency (13.56 MHz) Q2
and low L2 and L3 are used. The equivalent circuit diagram of
the system of [4] is shown in Fig. 8(a). The approach considers
two implanted coils of equal inductance (L2) and (L3), and
the obtained RX efficiency is 0.75. The goal of this section is
to increase this implanted RX efficiency to reduce losses and
demonstrate the functionality of mutual capacitance (Cm) in
the proposed system.

It is to be noted that neither the reduction of power dissipa-
tion of the coils implanted in the body nor the efficient usage

Fig. 9. Comparison of PTE and gain of systems using two different RX
configurations in Fig. 8 [Fig. 8(a) representing [4] and Fig. 8(b) representing
Cm enhanced system].

of coils implanted in the body was the design requirement
in [3]. As a result, K23 = 0.19 is chosen to reduce Rre f2 . This
design choice may increase η3Coil1 , although this may come
at the expense of higher power dissipation in the body; the
resulting system in [4], albeit an efficient one, has 25% of the
constant loss in the coils implanted in the body.

The RX system of Fig. 8(a) is compared against the RX
system, as shown in Fig. 8(b). The coils used in this design
are the same; the only difference is that a resonant scheme with
(1/ωC2) = (1/ωC3) = 0 [see (17)] is used to minimize the
losses of the implanted system. Both the circuits are compared
at the same frequency and load and TX conditions. The PTE
and PDL (gain) of the two systems are shown in Fig. 9.

The plots of PTE (see Fig. 9) of the two systems [Fig. 8(a)
representing [4] and Fig. 8(b) representing (1/ωC2) =
(1/ωC3) = 0] under consideration indicate that, the RX
efficiency of the system [see Fig. 8(b)] with mutual capaci-
tance is 0.95, while the RX efficiency of the system without
mutual capacitance is 0.75. The TX efficiency of the RX
enhanced system is reduced [see Fig. 9] but can be increased
by increasing the mutual impedance with the TX. The plots of
PDL (gain) [see Fig. 9] of the two systems under consideration
indicate the advantages of the system [see Fig. 8(b)] with
mutual capacitance at the RX at higher K12. This comparison
is also summarized in Table I.

VII. DESIGN PROCEDURE AND ADVANTAGES OF THE

PROPOSED THREE-COIL SYSTEM OVER

CONVENTIONAL 3 COIL SYSTEM

A. Design Procedure

This paper introduces two circuit concepts to enhance the
system performance in the proposed three-coil system 3Coilp.
The equal split of two coils at the RX and common capacitor
enhances the reflected impedance of the RX, which enables
an efficient WPT for small RXs. This results in efficient use
of wires in the body and reduces the power dissipation of the
coils in the RX.
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Fig. 10. (a) Schematic of the implemented conventional three-coil system.
(b) Schematic of the implemented proposed three-coil system. The two RX
systems shown in this figure are compared using the same TX system (left).

The proposed design procedure begins with the observation
in [40] that, to increase the efficiency of the three-coil system,
I1, I2 need to be reduced for given I3. That is, both (I1/I3)
and (I2/I3) should be minimized. The term (I1/I3) relates
to the efficiency of the TX, and the term (I2/I3) relates to
the efficiency of the RX. The conventional and the proposed
three-coil systems have the following ratios:

I1

I3
= R2(R3 + RL) + (ωM23)

2

ωM12(ωM23)
,

I2

I3
= (R3 + RL)

jωM23
(27)

I1p

I3p
=

R2(R3 + RL) +
(
ωM23 + 1

ωCm

)2

ωM12

(
ωM23 + 1

jωCm

)
I2p

I3p
= (R3 + RL)

jωM23 + 1
jωCm

. (28)

We note that, if the smaller RX system is designed with
R2(RL + R3) = 2 ω2 M2

23, then (I1/I3) remains unchanged
if M23 is doubled. That is, if the mentioned condition is
satisfied, doubling ωM23 will not affect the efficiency of the
TX. This approximate doubling of ωM23 is achieved through
the added conductive pathway linking the two RX coils (with
the addition of mutual capacitance, Cm).

To demonstrate the operation and advantages of the pro-
posed system, a RX system with limited size (smaller M23) is
designed, and then, using the proposed technique, the effi-
ciency of the RX is enhanced without compromising the
TX efficiency. As an example, we have considered, RL =
1 k�, R2 = R3 = 0.5 �, R1 = 1 �, L1 = 5 μH, L2 =
L3 = 1 μH, and f = 5 MHz. This accounts for all the
conditions proposed in this paper that is L2 = L3, RL �
R3, and R2(RL + R3) = 2 ω2 M2

23. The condition R2(RL +
R3) = 2 ω2 M2

23 leads to the smaller RX system with
poor efficiency, which will be enhanced (doubled) using the
proposed system with (1/ωC2) = (1/ωC3) = 0 condition.
The system [schematic of the proposed RX system shown
in Fig. 10(b) and schematic of the conventional system shown
in Fig. 10(a)] is implemented experimentally, and the results
are provided in the measurements section. The simulation
results showing the design approach of reducing (I2/I3) by
keeping (I1/I3) almost fixed is shown in Fig. 11 (it proves
that we can increase the RX performance without affecting
the TX efficiency).

Fig. 11. (I2p/I3p ) is lesser than (I2/I3) of the conventional system. It proves
that we can increase the RX performance without affecting the TX efficiency.
At lower K12, PTE is limited by the TX efficiency, which is the same for
both the systems.

B. Advantage 1: Tolerance to Load Changes

One of the main advantages of the conventional three-coil
system over the two-coil system (parallel secondary) is that its
PTE is less sensitive to variation of load. The efficiency of the
RX in the proposed three-coil system is less sensitive to load
variations compared with the conventional three-coil system.
It is to be noted that while the conventional system achieves
insensitivity by reducing R2 [3] (or higher Q2), the proposed
system improves the insensitivity by increasing the mutual
coupling. The RX efficiency of the conventional and the
proposed three-coil systems for the designed parameters is
shown in Fig. 12. Following the same analysis, it can be
noted that η3Coilp−R X is less sensitive to load compared with
η3Coil−R X :

∂(ηR X−3Coil)

∂ RL
= −ω2 M2

23 R2(
ω2 M2

23 + R2 RL
)2 (29)

∂(ηR X−3Coilp)

∂ RL
=

−
(
ωM23 + 1

ωCm

)2
R2((

ωM23 + 1
ωCm

)2 + R2 RL

)2 . (30)

C. Advantage 2: Reducing Currents in the Secondary Coil

The currents through the intermediate secondary coil of
the three-coil system should be reduced for a given load to
decrease the losses in the system [40]. The proposed and
the conventional systems, for the given design parameters,
are evaluated for the secondary coil current for different
couplings with the TX coil. The proposed system reduces the
current through the secondary coil by enhancing the mutual
impedance between the implanted coils, as shown in Fig. 13.
The magnetic field is proportional to the current flowing
through the coil, and usually, for a single antenna, electric
field is proportional to the magnetic field. In the measurements
section, it will be shown that the proposed system achieves the

Authorized licensed use limited to: University of Southern California. Downloaded on June 26,2020 at 22:49:49 UTC from IEEE Xplore.  Restrictions apply. 



5020 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 67, NO. 8, AUGUST 2019

Fig. 12. Comparison of load sensitivity of the efficiency of implanted systems
designed using the conventional and the proposed design techniques.

same power delivery of the traditional three-coil system while
achieving higher efficiency.

D. Load Current I3 and I3p

The simulated PDL (I 2
3 RL , I 2

3p RL , for Vin = 1) and current
in Coil2 and Coil2p for the conventional three-coil [see
Fig. 10(a)] system and the proposed three-coil [see Fig. 10(b)]
system for a different K12 value are shown in Fig. 13.
To analyze the effect of mutual capacitance on the RX currents
(I3, I2 and I3p, I2p) for the systems under consideration,
we solve the matrix in (16) for I2p (similarly for I2) and
rewrite (23) and (24) as (27) (where R3t = R3 + RL ). Thus,
it can be noticed in Fig. 13 that at high K12 [the terms with
ωM12 dominate in I2 (and I2p) and consequently, I2 becomes
equal to I2p], for a given I2 value (or I2p), the proposed three-
coil system has higher load current (I3p) compared with the
conventional three-coil system (I3)

I2 = jωM12 R3t

R1 R2 R3t + ω2 M2
23 R1 + ω2 M2

12 R3t

I2p = jωM12 R3t

R1 R2 R3t +
(
ωM23 + 1

ωCm

)2
R1 + ω2 M2

12 R3t

I3 = I2 ( jωM23)

R3t
, I3p =

I2p

(
jωM23 + 1

jωCm

)
R3t

. (31)

Conversely, for a given load current (fixed I3 = I3p) or PDL,
the required value of I2p is less than the required value
of I2 (at lower K12, the terms with ωM23 and ωM23 +
(1/ωCm) dominate in I2 and I2p , respectively, and (I2p/I2) =
(ωM23/ωM23 + (1/ωCm))). This can be attributed to the
increased mutual impedance between the Coil2p and Coil3p

for the proposed three-coil system.
The maxima of the PDL in Fig. 13 occurs when Rre f 1 = R1

for 3Coil and Rre f 1p = R1 for 3Coilp systems as given by
MPT theorem. The PDL maxima for the 3Coilp is higher
than the PDL maxima of 3Coil and also occurs at slightly
higher K12. It is because Cm , which increases Rre f 2, decreases

Fig. 13. Comparison of PDL (Vin = 1) and secondary coil currents of the
proposed and conventional designs of the three-coil system. It can be noticed
that, for a given PDL, the required value of I2p is less than I2 for all K12.

Fig. 14. Layout of the side view and top view of three-coil system in CST
Design STUDIO. In the top view, 3Coil1 highlighted for differentiation. The
diameter of the transmit and receive coils is 70 and 35 mm, respectively.

Rre f 1 slightly. It is to be noted that, this relation is also the
consequence of the choice of relative coil polarity.

VIII. EXPERIMENTS: MEASUREMENTS AND RESULTS

The proposed three-coil system 3Coilp is compared against
a conventional three-coil system 3Coil and two-coil system
2Coil. The measurement results are compared against sim-
ulation. The side view and top view of the layout of the
considered three-coil system is shown in Fig. 14, while the
measurement setup is shown in Fig. 15. It is to be recalled that
the layout of 3Coil and 3Coilp is the same but the resonance
condition is different. Two-coil system 2Coil is formed by
removing the 3Coil3 of the 3Coil system. The physical and
electrical parameters of the coils used in the experiments are
shown in Tables II and III, respectively.

In the 3Coilp and 3Coil systems, L2 = L3 is maintained.
Furthermore, in the 3Coilp systems, (1/ωC2) = (1/ωC3) = 0
is maintained in the implementation. Finally, in the 3Coilp

system, a smaller RX system is designed with R2(RL + R3) =
2 ω2 M2

23, so that (I1/I3) remains unchanged if M23 is
doubled using the proposed design technique. The measure-
ments are performed using a VNA; S-parameters from VNA
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Fig. 15. Photograph of the measurement setup showing TX coil (left) and
RX setup (right). The diameter of the transmit and receive coils are 70 and
35 mm, respectively.

TABLE II

PROPERTIES OF THE COILS USED

TABLE III

CIRCUIT PARAMETERS OF THREE SYSTEMS UNDER TEST

are converted to Z-Parameters. The performance parameters
of interest (PTE [see (32)] and PDL) are expressed using
Z-Parameters [3]–[6]. Since it is difficult to measure the exact
source voltage (Vs) for VNA measurements, measurement is
made independent of Vs by measuring the gain instead. PDL
is related to the voltage gain by (33)

η = |Z2
21|

RL |Z11|cos(Phase(Z11))
, Gain = |Z21|

|Z11| (32)

P DL = |V 2
2 |

2RL
= |Z21|2V 2

1

2RL |Z11|2 = Gain2V 2
1

2RL
. (33)

The PTE comparison (see Fig. 16) shows that, for a small
RX system with large RL , η3Coilp > η3Coil > η2Coil for all the
distances. Also, η3Coilp at large distances (small K12) does not
fall below 3Coil. The PTE of the 3Coil at 20 cm separation
is 0.4, whereas the PTE of the 3Coilp at 20 cm is 0.8.
It can be concluded that, in the considered case, the 3Coilp

has double the PTE of 3Coil. The gain performance (see
Fig. 17) of the three-coil system is better than the two-coil
system at larger distances for higher loads and smaller coils.
The common capacitor circuit (3Coilp) performs better than
the conventional three-coil (3Coil) system both in terms of
efficiency and gain for all the distances between the TX and
the RX.

Fig. 16. Experimental and simulation results of PTE of three systems under
comparison.

Fig. 17. Experimental and simulation results of gain of three systems under
comparison.

IX. DISCUSSION

A. K12 and Cm for Optimization of System Performance

In the conventional three-coil (3Coil) system, mutual cou-
pling between the two RX coils K23 is used to optimize
the reflected impedance Rre f 2 to obtain the desired system
performance [3]–[6]. The maximization of K23 increases the
RX efficiency but decreases TX efficiency and vice versa. This
dependence of system performance on K23 puts a constraint
on the coil geometry in the conventional three-coil system.
The system in [3] uses a larger (multilayer) secondary coil
compared with load coil to achieve K23 of 0.6. In the system
in [4], additional spacing is used between the two RX coils
to achieve a lower K23 value of 0.22. These geometries are
difficult to implement for a real compact implant RX.

In this proposed three-coil (3Coilp) system, the adopted
architectural update leads to new reflected impedance of the
secondary Rre f 2p [see (18)], which not only depends on
K23 but also on mutual capacitance (Cm) and appropriate
relative polarity. Now, Cm have the same effect on the system
as K23. This puts less constraints on the K23 requirements,
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Fig. 18. Study of the effect of tissue material on the system performance.
Left: the proposed three-coil WPT system with skin dry (3.75 mm thick) and
fat (4 mm thick) tissue in between the TX and the RX. Right: plot of PDL
versus frequency for the system with and without the tissue. It can be noted
that tissue has no effect on the PDL.

Fig. 19. Schematic of a three-coil system with an additional coil and the
mutual capacitor at the TX. The driver coil (L1) is connected to the TX coil
(L2) using the mutual capacitance (C1). The choice of relative voltage polarity
of L1 and L2 (dot convention not shown here) will determine the PTE and
PDL.

and we can optimize the layout of the implanted coils to meet
additional requirements like smaller size (inductance) or any
other variables, like SAR [26], [41] requirements.

In this paper, to demonstrate the advantage of the proposed
technique, a RX coil with small inductance is considered. The
WPT System designed with the conventional three-coil system
approach achieves a RX efficiency of about 41% (ηR X ) (as can
be concluded from Fig. 16 for a distance of 10 mm), whereas,
for the same RX coils, the system designed with the proposed
three-coil (3Coilp) system approach leads to higher (82%, see
Fig. 16) RX efficiency, as the enhancement is obtained by
appropriate Cm and relative polarity.

B. Tissue Effects on the System Performance

The proposed WPT system could be used in a cortical
implant for vision restoration [26]. In the model of human
head, there is a 4 mm of fat and a 3.75 mm of dry skin
in between the RX coil and the air interface. To analyze
the effects of the human tissue on the proposed system
performance, fat and dry skin layers are used in the CST
simulation as shown in Fig. 18. The material density, electrical
conductivity, and relative permittivity of the materials are
presented in [26, Table I]. K12, PTE of the system, is not
affected by the tissue, and as a result, the PDL of the system
also remains unchanged, as shown in Fig. 18. The PDL of the
proposed system for a separation of 20 mm between the TX
and the RX at 5 MHz is 18 mW [Gain = 4.25 (see Fig. 17),
PDL = ((Vin ∗ Gain)2/RL) = ((1 ∗ 4.25)2/1000)].

C. Additional Coil at the Transmitter and Four-Coil System

The PTE and PDE are given in the following:

PT E =

(
ωM12± 1

ωC1

)2

ω2 M2
23

R3+RL
+R2(

ωM12± 1
ωC1

)2

ω2 M2
23

R3+RL
+R2

+ R1

ω2 M2
23

R3+RL

ω2 M2
23

R3+RL
+ R2

RL

RL + R3
(34)

P DL =
V 2

in

(
ωM12± 1

ωC1

)2

ω2 M2
23

R3+RL
+R2⎛

⎝
(
ωM12± 1

ωC1

)2

ω2 M2
23

R3+RL
+R2

+ R1

⎞
⎠

2

ω2 M2
23

R3+RL

ω2 M2
23

R3+RL
+ R2

RL

RL + R3
(35)

In this paper, a three-coil system with an additional coil
at the RX is analyzed. The additional coil of the three-coil
system can also be placed at the TX [6]. The schematic
of the three-coil system with the additional coil at the TX
side is shown in Fig. 19. The effect of the mutual capac-
itance on the performance parameters PTE [PDL can be
analyzed similar to (14)] is analyzed in (35). (1/ωCm) can
add or subtract to ωM12 depending on the relative polarity
between the TX and the driver coil. It can be noticed from
(35) that, depending on the polarity employed, PDL of the
system in Fig. 19 can be enhanced without compromising the
PTE [if (((ωM12 − (1/ωCm))2/(ω2 M2

23/R3 + RL) + R2) �
R1] or PTE of the system can be enhanced. Similarly, a four-
coil [6] system with the additional coil and mutual capacitance
at the TX and the RX can use Cm at the TX to enhance PDL
[see (35)] and Cm at the RX to enhance the RX efficiency
[see (22)].

X. CONCLUSION

In this paper, a modified three-coil system configuration
is proposed that introduces additional degrees of freedom in
the design process. The appropriate relative voltage polarity
between coils and the mutual capacitance can now be used
in addition to K23 in the conventional three-coil systems
to control the reflected impedance and hence the system
performance. In this design, these additional variables are used
to improve the systems with low RX inductance and RX
efficiency. Two techniques are considered: 1) equal split of
two RX coils in the three-coil WPT system (L2 = L3) and
2) (1/ωC2) = (1/ωC3) = 0. The combined effect of these
concepts leads to a system with high Rre f 2p . Experiments
verify the assertions, with results demonstrating the proposed
three-coil system with twice the efficiency of a conventional
system for small RX coils. The proposed system design results
in a PTE and gain of 0.45 and 15 at 60 mm separation
between the TX and the RX at a resonance frequency of
5 MHz and RL = 1 k�. In comparison, under the same
operating conditions, the conventional three-coil system and
two-coil system result in a PTE of less than 0.1 and a
gain of less than 5. The proposed system also achieves RX
designs with better insensitivity to load variation while also
reducing the fields induced in the body due to secondary coil
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current. Finally, we show that, at the considered frequency,
the system performance is robust to the presence of human
tissue.
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