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Abstract— Designing a wireless power transmission sys-
tem(WPTS) using inductive coupling has been investigated
extensively in the last decade. Depending on the different
configurations of the coupling system, there have been various
designing methods to optimise the power transmission efficiency
based on the tuning circuitry, quality factor optimisation
and geometrical configuration. Recently, a 3-coil WPTS was
introduced in retinal prosthesis to overcome the low power
transferring efficiency due to low coupling coefficient. Here
we present a method to analyse this 3-coil WPTS using the
S-parameters to directly obtain maximum achievable power
transferring efficiency. Through electromagnetic simulation, we
brought a question on the condition of improvement using 3-coil
WPTS in powering retinal prosthesis.

I. INTRODUCTION

As wireless technology develops, inductively coupled WPTS
[1] have been applied into biomedical devices such as neu-
romuscular stimulators, cochlear implants and visual pros-
theses, in which there is no battery at receiver side and
power is transferred from an external portable unit. Despite
all the coupling modes, geometries, coupling distances and
power consumption requirements, these systems follow the
same design target which is to maximise power transmission
efficiency in order to minimise the energy loss during the
transferring of power, eliminate overheating in both trans-
mitter and receiver side and thus lengthen battery lifetime of
the energy source.

In applying WPTS to the recent retinal prostheses [2],
[3] for treating age-related macular degeneration (AMD) and
retinitis pigmentosa (RP), the very limited space inside the
eye becomes a key factor limiting the power efficiency in
designing WPTS. There have been several design procedures
proposed using analytical and electromagnetic modelling
methods [4] and equivalent circuit analysis [5], [6]. These
methods make assumptions about circuit model and topology
that are used to represent the specific real components and
require additional measurements for various parameters such
as coupling coefficient or quality factor to take into account
of skin effect, proximity effect, radiation loss, near field
approximation and parasitic components to accurately reflect
the physical components in a WPTS [7]–[9]. As in [1], there
is a detailed analysis on how to measure the quality factor
of coils, coupling coefficients, and how to determine the
inductive wireless power transmission efficiency. However,
these methods do not allow a direct or convenient way
to assess the variations of power transferring efficiency
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due to current loading condition, different coil geometries
and relative placements. These methods also do not apply
directly to other coupling modes such as capacitively coupled
wireless power transfer.

In this paper, we present an analysis based on widely
accepted transducer power gain concept used in RF theory
which treats the WPTS as a general n-port network and
explain how to evaluate power transferring efficiency in
various coupling designs by converting scattering parameters
into traditional circuitry parameters, to find the optimum
power transferring conditions. This method is applicable to
characterise various coupling designs using coils for power
transferring and can also be applied directly to reduce the
design iterations by using both vector network analyser
and/or electromagnetic simulation software such as HFSS.
In particular, we investigated the technique of introducing a
third coil at resonance to improve the power transferring effi-
ciency as proposed in [10]–[12]. The question on conditions
for improvement by using 3-coil WPTS is discussed.

II. ANALYSIS

A. Overview of scattering parameter

Similar to impedance or admittance matrixes Z and Y that
uniquely define the relations between current and voltage
at the terminals of a n-port network, scattering parameters
(S-parameters) can also be used to uniquely describe an
electrical network’s response to various inputs. Impedance
parameters Z matrix defines the terminal voltages by V = ZI
when the terminal currents are given. Similarly, S-parameters
relate the reflected travelling waves to the incident travelling
waves by

b = Sa (1)

where a and b are phasor representation of incident wave
vector and reflected wave vector respectively, and they can
be related to the ternimal voltage and current vectors using
linear transformation by{ √

Z0a =
(
V+Z0I

)
/2√

Z0b =
(
V−Z0I

)
/2 (2)

Following this symbolic convention, the power associated
with the travelling wave incident at port i can be directly
represented1 as 1

2 aia∗i as analogous to 1
2V I∗ when using

voltage and current to calculate the power [13].

1The bold fonts a and star symbol a∗ in this paper will be used to represent
a matrix and conjugation of a complex number respectively.
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B. Derivation of coupling coefficient and quality factor

To convert from S-parameters to conventional circuit
model such as coupling coefficient and quality factor, the
S-parameters can be converted to impedance matrix as given
by (3) .

Z0(S+ I)(I−S)−1 = Z (3)

where I denotes the identity matrix. Consider the inductively
coupled pair of coil as a two-port network shown in the Fig.1
below, the impedance matrix can be represented, to the first
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Fig. 1. Typical circuit model for WPTS

order when the interested frequency is much lower than the
coil’s self resonance frequency, as

Z =

(
Z11 Z12
Z21 Z22

)
=

(
R1 + jωL1 jωk

√
L1L2

jωk
√

L1L2 R2 + jωL2

)
(4)

where the parasitic capacitance of Cpara could be ignored,
coupling coefficient k can be evaluated as [14]:

k =

√
Im(Z12)Im(Z21)√
Im(Z11)Im(Z22)

(5)

and quality factor for each coil can be evaluated as

Qi =
Im(Zii)

Re(Zii)
(6)

C. Derivation of power transferring efficiency

The power transferring efficiency was analysed intensively
in the recent literatures [9], [11], [12] which all cited from
Baker’s paper [8]. Unfortunately, in deriving the optimal
loading condition, this paper got incorrect result when dif-
ferentiating equaiton (13) w.r.t QL, hence the wrong result of
ηMAX. Actually, to calculate the power transferring efficiency
which is defined as in Fig.1:

η =
Pld

Pin
(7)

it is exactly the same as the commonly used in RF theory
to characterise the power gain in power amplifier [15]. The
same result is also applicable to this inductively coupled two-
port network, which is passive instead of active, therefore is
unconditionally stable and has a maximum power gain, i.e.
maximum power transferring efficiency as:

ηMAX = Gp,max = GT,max =
|S21|
|S12|

(K−
√

K2−1) (8)

where K is defined as

K =
1−|S11|2−|S22|2 + |S11S22−S12S21|2

2|S12S21|
(9)

which is also known as Rollet’s stability factor satisfying:

K > 1 (10)

for all passive two-port network. If the coupling coefficient
and quality factor are substituted, the maximum power
transferring efficiency can also be represented as:

ηMAX =

(√
1+

1
k2Q1Q2

−

√
1

k2Q1Q2

)2

(11)

D. Converting 3-port network to 2-port network

To apply the above derived results into the 3-coil WPTS,
we consider the 3-coil WPTS as a 3-port network with certain
termination Z3 at port 3 to form a new 2-port network.
We transform the termination at port 3 Z3 into reflection
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Fig. 2. Formation of 2-port network from 3-port network

parameter Γ3 by

Γ3 =
Z3−Z0

Z3 +Z0
(12)

From the definition of S-parameters in Eq.(1), b1
b2
b3

=

 S11 S12 S13
S21 S22 S23
S31 S32 S33

 a1
a2
a3

 (13)

With the reflection condition Γ3 at port 3 as:

b3 = Γ3a3 (14)

then the new 2-port network’s S-parameter can be solved as(
b1
b2

)
=

(
S11 +

S13S31
Γ3−S33

S12 +
S13S32
Γ3−S33

S21 +
S23S31
Γ3−S33

S22 +
S23S32
Γ3−S33

)(
a1
a2

)
(15)

Obviously, there are additional terms that are added to the
original Si j entries as new S′i j for 2-port network:

S′i j = Si j +
Si3S3 j

Γ3−S33
(16)

6105



By applying derived results for two-port network, the power
transferring efficiency in 3-coil WPTS is then calculated in
straight forward.

III. RESULTS

We have built a 3D model setup for verifying the efficacy
of introducing the third coil in resonance using ANSYS
HFSS (High-Frequency structural simulator). The question to
ask is whether an additional coil placed between the two coils
will enhance the power transfer efficiency when it is tuned
to the resonant frequency by connecting a proper capacitor
to this additional coil. As shown in Fig. 3 below, two coils
with the same dimensions of radius of 4mm are placed with
axis aligned with separation of 5mm.

Fig. 3. 2 coils setup as a two-port network (original)

In order to introduce the resonance at proper frequency,
a structure representing a parallel capacitor using very high
relative permittivity (around 30000 ∼ 50000, because only
one turn coil was used) was constructed and connected in
series with the third coil which was placed in between the
existing two coils as shown in Fig. 4. It shifted the resonant

Fig. 4. Third coil in resonance with parallel capacitor (capK)

frequency at the third coil to roughly 10MHz. The exact
value of the capacitance was tested by using a parametric
sweep of the relative permittivity of the dielectric material. In
order to minimise the influence of this additional capacitor’s
metal plates on the coupling field calculation, this capacitor’s
plate sizes were limited to 0.76mm by 0.46mm with distance
of 0.01mm. From the analytical formula for parallel plates
capacitor, the capacitance was around 10nF where the single
loop coil’s inductance is around 26nH.

As comparison, another setup was constructed to see
whether this 3-coil is actually more effective than a two-
coil system but with reduced distance between the existing
two main coils, as shown in Fig. 5, the RX coil was moved
closer to where the resonant was placed (2.5mm between TX
and RX coils)

Fig. 5. Two coils with reduced distance (MidCoil)

By applying the formulas derived in previous section
as Eq.(8), the maximum power transferring efficiency was
directly calculated from the S-parameter results at the fre-
quency range from 1MHz to 100MHz.

Fig. 6. Maximum power transferring efficiency

As shown in Fig.6, three testing configurations’ results
were plotted together with horizontal axis representing fre-
quency in MHz, and vertical axis representing maximum
power transferring efficiency (i.e. 0.5 represents Pld

Pin
|MAX =
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Fig. 7. H Field plot showing coupling enhancement

50%). At 10Mhz, 3-coil WPTS had two times higher max-
imum power transferring efficiency when the resonance
frequency was correctly tuned to the frequency under op-
eration. It however had a side-effect at reducing the power
transferring efficiency at higher frequencies. The boost of
efficiency is at the cost of reducing those possible power
transferring efficiency at those high frequency bands. When
3-coil WPTS was compared with the situation where the
distance was reduced to where the resonant coil was placed,
interestingly, the maximum power transferring efficiency in
2-coil WPTS was actually higher than, no matter how the
resonant coil was tuned, the 3-coil WPTS.

In Fig.7, the magnetic fields were plotted to show how
the third coil in resonance frequency enhances the coupling
between the TX (in bottom) and RX (in top) coils when the
distance between them was fixed. In the same field strength
legends, the H field near the RX coil plane was much higher
than the case without the resonant coil.

IV. CONCLUSION

Given a two-port network used for WPTS, the maximum
efficiency was directly analysed using S-parameters. In ad-
dition to maximising power efficiency for two-port network,
by employing resonant capacitor termination at the third
port, the power transferring efficiency for 3-coil WPTS was
derived and tested using HFSS. The calculation using S-
parameters can be programmed to be shown directly on
display on the fly during measurement or be optimised as
figure of merit during the design of coils. With this method,
it was shown that 3-coil WTPS indeed improves the power
transferring efficiency under the condition that the resonant
coil is correctly tuned, although it sacrifices the efficiency at
higher frequency bands. The results also showed that when
there is a possibility to place the TX coil closer, it is always
better to do so than using a third-coil in resonance.
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