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ABSTRACT Coils misalignments restrain the wider implementation of inductive powering of implantable
medical devices. The misalignment problem can be overcome with the help of the coils geometry opti-
mization. Coil couple design implies simultaneous adjustment of the several parameters (coils radii, turns
numbers, and pitch). Thus, it is desirable to have the means for computer-aided design of the system.
An algorithm for the coil couple design is devised. The key feature of the algorithm is the use of predefined
maximum and minimum acceptable values of the load power as a performance metric. The algorithm gives
the geometry of the coil which ensures that the inductive powering unit provides the given range of the load
power for the given range of the misalignments. A formal method is proposed for the calculation of the initial
coils characteristics and consequent adjustment of the transmitting coil external radius, transmitting coil turns
number, coils internal radii (simultaneously), and receiving coil turns number. The software implementing
the proposed algorithm was developed. Eight design runs were performed in order to evaluate the algorithm
performance in various conditions, including different power ranges (10W, 100mW, and 300µW), operating
frequencies (0.2 MHz, 1 MHz, 6.78 MHz, and 13.56 MHz), and possible implementations (ventricular assist
devices, cochlear implants, and spinal cord stimulators). It was proved that the power drop as low as 10%
of the mean load power can be ensured for the lateral misalignments up to the receiving coil external radius.
The low-power inductive powering unit was constructed and tested. The experimental results confirm the
numerical modeling.

INDEX TERMS Electromagnetic coupling, inductive charging, inductive power transmission, implants.

I. INTRODUCTION
Wireless energy transfer for implantable medical devices
(IMD) is a rapidly growing field of biomedical electron-
ics [1]–[4]. Inductive powering represents the most popular
solution among other wireless powering techniques such
as energy harvesting or radiative energy transfer [5]–[8].
It is an established method of energy supply for cochlear
implants [9], [10], and spinal cord stimulators [11], [12].
Prospective applications of this technique include powering
of visual prostheses [13], cortical [14], and smart orthopedic
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implants [15], [16]. In addition, inductive powering
of mechanical circulatory support systems is of special
interest [17]–[20].

It can be said that inductive coils misalignments are one of
the main restraints to wider implementation of IMDs wireless
powering [3], [20], [21]. Changes in the tissue state and
the patient activity can cause such misalignments, which,
in its own turn, cause changes in the inductive powering
unit (IPU) output characteristics [18], [20], [22]. At the
same time, reliability and stability are one of the funda-
mental requirements for medical devices. Thus, significant
efforts are dedicated to overcome the problem of the coils
misalignment [20].
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Straightforward solutions imply using of means for restric-
tion of the coils movements. For example, permanent mag-
nets positioned at the coils centers are used in cochlear
implants since 80’s [23]. It is a feasible approach in the case of
implants placed in a relatively immobile position (e.g., head).
However, it does not provide enough rigidity if one needs to
place the coils on a chest or an abdomen. In this case a dome-
shaped casing of the implanted coil is used for a bulging of the
patient skin [24]–[26]. The external coil is placed on top of the
bulge, and adhesives can be used for fixation. This method is
quite popular, but it has a serious drawback, because the shape
of the external coil is greatly affected and it compromises the
overall performance of the inductive link [20].

It is also possible to determine the position of the implanted
coil with respect to position of the external coil and correct
it manually [27]–[30]. It can be useful in the case of irreg-
ular misalignments caused by changes in the patient’s body
position (e.g., changing position from sitting to lying), but it
is impossible to compensate effect of regular misalignments
(caused, for example, by breathing) in such a way. Moreover,
all direct approaches to the misalignment problem do not help
to solve the problem of changes in the axial distance between
coils. Therefore, there is a need for alternative or complimen-
tary indirect compensation methods.

Indirect compensation of the misalignments can be per-
formed in a wide variety of ways, but in most cases the strong
coupling between the coils must be ensured. It leads to the
frequency splitting phenomena, when IPU has two resonant
frequencies (‘‘odd’’ and ‘‘even’’) instead of one and the val-
ues of those frequencies change with changing in coupling
coefficient (coils position) [31], [32]. So-called ‘‘stagger tun-
ing’’ was one of the first attempts to utilize frequency splitting
to reduce sensitivity of the inductive link to the coils misalign-
ment [33]. In this technique high coupling (overcoupling) of
the coils must be ensured in order to provide stable voltage
gain. High stability is obtained at the cost of the relatively low
load power, and for this reason it is feasible solution only for
the low-power IMDs (such as cochlear implants). Frequency
tuning represents more flexible solution [34]–[37]. It implies
adjustment of the IPU operating frequency to the ‘‘odd’’
(or seldom to the ‘‘even’’) splitting frequency according to
the current coils position. In this manner, frequency tuning
compensate misalignment effect and provide maximum load
power for the given coils position. Interference with other
radio-emitting devices is the main problem of this technique.
In order to reduce the effect of the potential interference,
IPU bandwidth should be kept as narrow as possible.

Optimization of the coils geometry is another
option [38]–[41]. It was used in the first ever IMD, cardiac
pacemaker, which was introduced in Sweden in 1958 and
was equipped with an IPU for charging of the implanted
batteries [38]. The charging was performed while sleeping
and it was vitally important to have IPU with high mis-
alignment tolerance. So, external (transmitting) coil has a
much greater diameter than implanted one (25 and 5 cm
respectively). It ensured the coupling between coils would be

maintained at the cost of very low energy transfer efficiency.
If one needs to use mobile (wearable) batteries, such a radical
solution becomes impractical. Nevertheless, relatively big
external coils are still in use. For example, in the IPU for
the ReinHeart artificial heart system, the transmitting coil
has an external diameter of 100 mm and the internal one of
the 70mm. Implanted coil has an external diameter of 70mm.
Lateral misalignments of up to 30 mm can be tolerated [39].
In other words, the IPU performs well when misalignments
are less than the difference between external diameters of
transmitting and receiving coils. Among these relatively sim-
ple approaches, more sophisticated methods for optimization
of the coils geometry exist [40]–[42]. These methods usually
include an adjustment of various coil characteristics such as
fill factor (e.g., ratio of the internal radius of a coil to the
external one) [40], [41], pitch or line width for the printed
coils [41] and turns number [42].

Geometric optimization has its own limitations. First of
all, size of the implanted receiver is restricted by medical
considerations. The size of the external coil, in the case of
the mobile devices with continuous powering, also should
not exceed a certain value. Although constraints are much
less rigid in this case. Finally, axial distance between coils
is determined by the thickness of the skin and subcutaneous
tissue. Thus, geometric optimization of an IPU cannot be
considered a general solution. Nevertheless, it can be argued
that the geometry of coils represents the single most impor-
tant factor in the IPU design, because it directly affects the
mutual and self-inductances, and, consequently, the coupling
coefficient [41], [42]. Therefore, coils geometry optimization
may be considered as a necessary first step in the IPU design
process. If it is performed properly, sophisticated adapta-
tion techniques such as a frequency tuning or an impedance
matching can be incorporated in the final design more
effectively.

It also should be mentioned that optimization of the coils
geometry can be performed in a wide variety of ways by
changing of the various parameters (external and internal
diameters, turns number, pitch). Thus, it is desirable to have
a formal design procedure which can be performed auto-
matically [42]. In this paper, such a procedure is devised.
It is based on the iterative adjustment of the coils geometric
parameters to achieve desirable output characteristics (mean
output power, acceptable power drop) in the given range of
the coils displacements.

The paper is organized as follows. Themathematicalmodel
of the IPU is described in the Section II. The following
section is devoted to the algorithm. Section IV demonstrates
preliminary study of the algorithm and includes topics such
as comparison of IPUs with optimized and non-optimized
coil couple, assessment of the runtime performance of the
algorithm, examination of the algorithm ability to compen-
sate different types of misalignments and load resistances.
Results of numerical modeling of IPUs with different output
power and operating frequency are presented in Section V.
Experimental verification of numerical modeling is described
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FIGURE 1. Equivalent model of an inductive powering unit (a) and
T-equivalent representation of this model (b). Two inductively coupled
LC-circuits are the basis of an IPU system.

in Section VI. Key findings and suggestions are discussed and
summarized in Section VII.

II. MATHEMATICAL MODEL OF AN INDUCTIVE
POWERING UNIT
In the following analysis an equivalent model of an IPU is
considered represented by a pair of magnetically coupled
LC-circuits (Fig. 1). Power source of the system is an ideal
sine-wave generator. Operating frequency of the IPU ω0 is
equal to self-resonant frequencies of the LC-circuits in the
transmitter and the receiver, LT , LR are self-inductances of
the transmitting and receiving coil and CT , CR are compen-
sating capacitances in the transmitting and receiving circuits.
So-called series-series compensation architecture is used in
this analysis. However, it should be noted that this algorithm
may be implemented for other compensation types without
major changes in the procedure.

The key performance metric of the IPU is load power
which can be calculated using following expression:

PL(M ) =
ω2
0M

2V 2
S RL(

ZTZR + ω2
0M

2
)2 , (1)

where RL is a load resistance, VS is a power source voltage,
ZT and ZR are impedances of the receiving and transmit-
ting parts of the system, and M is a mutual inductance
between the coils. The mutual inductance function instead of
a coupling coefficient function is chosen, because the mutual
inductance can be derived directly from geometric considera-
tions [33], [40]. Thus, a relationship between geometry of the
coil couple and the load power can be established relatively
easy by using expression (1) as long as the mutual inductance
can be calculated.

The expression for a mutual inductance of a pair of arbi-
trary oriented circular filamentsMF (Fig.2) can be written as

MF =
µ0

4π
rtrr

×

2π∫
0

2π∫
0

(cosϕt cosϕr + sinϕt sinϕr cosϕ)
ltr

dϕtdϕr ,

(2)

FIGURE 2. A pair of arbitrary oriented circular filaments that represent
transmitting and receiving coils of an IPU. Changes in axial distance d ,
lateral distance ρ, and inclination ϕ displace the coils from an optimal
position. This displacement can greatly affect performance of the IPU.
Thus, geometric evaluation is essential for a proper IPU design.

where ϕ is the angle between the filaments axes (angular
misalignment), rt , rr are the radii of the filaments (radii of the
transmitting and receiving coils windings),µ0 is themagnetic
permeability of a vacuum, and the distance between infinitely
small section of the filaments ltr can be expressed as

ltr =
√
(xt − xr )2 + (yt − yr )2 + (zt − zr )2

xt − xr = ρ + rt cosϕt cosϕ − rt cosϕr
yt − yr = rt sinϕt − rr sinϕr
zt − zr = d + rt cosϕt sinϕ,

(3)

where d is the axial distance between coil centers and ρ is the
lateral one (lateral misalignment).

It should be mentioned that the presence of the conductive
medium between the coils may affect the mutual inductance.
Such effect can be incorporated in the Neumann’s formula by
multiplying equation (2) by relative magnetic permeability of
the medium. However, biological tissues can be considered as
diamagnetics (µ = 1) for the frequencies of about 10 MHz
and lower with high precision [43], [44].

Since there is no closed form expression for direct calcula-
tion of the mutual inductance, it is necessary to use numerical
computation.

One can obtain expression for a mutual inductance of a coil
coupleMC with turns number N and K [42]

MC = µ0π

N∑
i=1

K∑
j=1

rtirrj
NiKj

×

Ii∑
ni=1

Jj∑
kj=1

cosϕkj cosϕni + sinϕkj sinϕni cosϕ

lkjni
,

(4)

Equations (4) and (1) establish the relationship between the
coils couple geometry and the load power. Therefore it can
be said that (4) is a key formula for the algorithm. But,
as long as coil geometry affects self-inductance, it is also
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FIGURE 3. Schematic depiction of the transmitting (a) and receiving
(b) coils. Flat circular coils are optimized in the proposed algorithm. Each
coil is represented as a number of concentric circular wires. Parameters
shown in this figure, namely, outer radius of the coils (routT and routR ),
inner radius of the coils (rinT and rinR ), pitch (pT and pR ) and number of
turns (N and K ) describe geometry of the transmitting and receiving coil.

necessary to take that influence into account. For that purpose
the following equation can be used

L =
N∑
k=1

Lturn +
N∑
t=1

N∑
i=1

Mti, i 6= t, (5)

where the self-inductance of a single turn Lturn with a radius
r can be expressed as

Lturn = µ0r
[
ln

8r
s
−

7
4
+

s2

8r2

(
ln

8r
s
+

1
3

)]
, (6)

and s is a radius of the wire cross-section.

III. AN ALGORITHM FOR COIL COUPLE GEOMETRY
OPTIMIZATION
The general idea of the devised algorithm can be summarized
as follows: it performs an iterative adjustment of the coils geo-
metric parameters (Fig. 3) to achieve preset values of maxi-
mum and minimum load power in the given range of the coils
misalignments. The algorithm includes 11 steps described
below. The flowchart is depicted on the Fig. 4. It should
be mentioned here that the algorithm can be considered as
a general algorithm for inductive systems with misaligned
coils. The biomedical specific primarily is in the chosen coil
sizes and operating frequency. The most important feature is
the restriction of the receiving coil external radius (see Step I
below). The effect of the tissue is not accounted for, and this
assumption will be addressed in the Section VI.

STEP 1. ASSIGNMENT OF THE INITIAL VALUES
First of all, it is necessary to choose and define performance
metrics of the system being optimized and design require-
ments. In the present case, the design performance metric is
the range of the load power values for a given range of the
misalignments. The boundaries of the load power range can
be defined using preset required average output power PL and

FIGURE 4. Flowchart of the proposed algorithm for coils couple geometry
optimization in an IPU. The algorithm adjusts geometry of the coils to
achieve preset values of maximum and minimum load power in the
given range of misalignments between the coils.

acceptable power drop 1PL :

PLreqmax = PL (1+1PL), (7)

PLreqmin = PL (1−1PL). (8)

The design requirements are the given values of misalign-
ments d, ρ, ϕ. At least one of these values must be set as a
range, other two may be set as constants.

The design constants are the operating frequency ω0 of
the system and the load resistance RL . The initial values
of the capacitances CT0 and CR0 also should be set at this
step. Values of these capacitors may change significantly as
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a result of the design procedure. At this stage they can be
guessed or chosen as technically feasible. This problem is
discussed in more detail in the Section III.3.

The general aim of the procedure is coil couple geometry
optimization. That is to say, coil parameters such as a number
of coil turns, radii of turns and pitches for the transmitter and
receiver should be adjusted to achieve desired performance
metric. But, due to medical considerations, the outer radius
of the receiver routR is strictly limited. Since the algorithm
must provide stable output power, the radius routR must be
set to the maximal possible value. This value should not be
changed during the optimization procedure.

STEP 2. CALCULATION OF LT AND LR
The proposed procedure implies that the transmitting and
receiving LC-circuits are tuned to the same resonant fre-
quency equal to the operating frequency of the power source.
Therefore, it is possible to calculate the self-inductances of
the coils:

LT =
1

CT0ω2
0

, (9)

LR =
1

CR0ω2
0

. (10)

STEP 3. CALCULATION OF N AND K
After the first two preparatory steps it is possible to determine
initial values of geometric parameters. Initial values for the
external radius of the transmitting coil routR, the internal radii
of the transmitting coil rinT , and the receiving coil rinR are set
equal to the routR determined at the step 1:

routT = rimT = rinR = routR. (11)

In other words, initially ideal identical coils with turns con-
centrated at the external radii is considered (the pitches in
both coils are equal to zero). Then, the inductance of the
single turn Lturn can be calculated using (6). As a result,
the numbers of turns for the coils can be expressed as:

N = LT /Lturn, (12)

K = LR/Lturn. (13)

Since the turns number must be integer positive, the values of
N and K are rounded up to the nearest integer.

STEP 4. CALCULATION OF VS
The initial value of the source voltage VS is calculated
using (1):

VS =
(

ZTZR
ω0kcrit

√
LTLR

+ ω0kcrit
√
LTLR

)√
PLreqmax

RL
,

(14)

where kcrit is the critical coupling coefficient, which corre-
sponds to the maximum possible value of load power for a
given IPU, and can be expressed as

kcrit =
1

√
QTQR

. (15)

FIGURE 5. Mutual inductance between transmitting and receiving coils of
an IPU. The IPU must be tuned for operation near critical coupling point.
Boundary values of the IPU load power (PLreq max and PLreq min) and
corresponding required mutual inductance (Mreq max and Mreq min)
specify operating area of the IPU. The goal of the algorithm is to equate
calculated (actual) boundaries of mutual inductance (Mcalc max and
Mcalc min) to the required values of the mutual inductance.

The QT and QR are the quality factors of the transmitting and
the receiving parts of the IPU respectively:

QT =
1
RT

√
LT
CT
, (16)

QR =
1

RL + RR

√
LR
CR
. (17)

The maximum value of the required load power PLreq max is
used instead of PL since it expands the range of the mutual
inductance values, in which the actual value of the load power
lays between PLreq max and PLreq min (Fig. 5).

STEP 5. CALCULATION OF Mreq min AND Mreq max

As can be seen from the Fig.5, a certain range of the mutual
inductance values exists, in which the IPU provides required
output power. Therefore, the main idea of the algorithm is
to design a coil couple in such a way that the actual value
of the mutual inductance is in this range for the all possible
combinations of the coils misalignments.

The limits of the range of the mutual inductance values can
be calculated as

Mreqmax =
VS
√
RL +

√
V 2
S RL − 4PLreqminZTZR

2ω0
√
PLreqmin

, (18)

Mreqmin =
VS
√
RL −

√
V 2
S RL − 4PLreqminZTZR

2ω0
√
PLreqmin

. (19)

Equations (18), (19) represent positive roots of a bi-quadratic
equation, which can be derived from (1) by substituting
PLreq min for PL .

STEP 6. CALCULATION OF RinT AND RinR
Now, it is possible to recalculate the internal radii of the coils,
rinT and rinR, which were set as equal to the routR at the first
step. The range of the physically possible values for rinR is
[pR, . . . , routR − (K − 1)pR], where pR is the pitch of the
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FIGURE 6. Minimal Mcalc min (red line) and maximal Mcalc max
(blue line) values of the calculated mutual inductance as a function of
the outer radius of the transmitting coil routT . The calculated mutual
inductance changes nonmonotonically with changes in outer radius of
the transmitting coil. The figure shows characteristic dependence, thus,
no specific numbers are shown. Mreq min and Mreq max are shown with
dashed lines.

receiving coil (distance between turns). Similarly, for the rinT
it is [pT , . . . , routT − (N − 1)pT ], where pT is the pitch of
the transmitting coil. Thus, the values of the rinT and the rinR
would be decreased and, accordingly, the maximum value of
the mutual inductance would drop also. So, the rinT and rinR
can be found by adjusting these values in such a way that
the valueMcalcmax calculated with the help of (4) will satisfy
conditions Mcalcmax ≤ Mreq max and Mcalcmax → Mreq max.
It can be performed using bisection method.

STEP 7. CALCULATION OF Mcalc min AND Mcalc max
The first design check can be performed after recalculation
of the rinT and rinR values. The maximum and minimum
values of the mutual inductance, Mcalc min and Mcalcmax, are
calculated using new set of the coil geometric parameters for
the given range of the misalignment values. If Mcalcmax ≤

Mreq max and Mcalc min ≥ Mreq min, then the main goal
of the procedure is reached, and algorithm goes directly to
the step 11. If it is not the case, a further iterative adjustment
of the coils geometry is necessary.

STEP 8. CALCULATION OF RoutT max
If Mcalc min < Mreq min, the maximum necessary value of
the external radius of the transmitting coil routT max can be
found by increasing the routT until Mcalc min ≥ Mreq min.
The dependence of the mutual inductance on the routT is
nonmonotonic (Fig. 6). Thus, if increase of the routT leads to
decrease of theMcalc min, the turns number of the transmitting
coil must be increased as N = N + 1 without changes in
the routT . Then the procedure of the gradual increasing
of routT must be repeated.

STEP 9. CALCULATION OF RoutT
Calculation of the routT is performed in the same way as
the calculation of the rinT at the step 6. The range of the
routT values is set as routT = [routR, . . . , routR max] and the
iterative adjustment by the means of the bisection method

FIGURE 7. Minimal Mcalc min (red line) and maximal Mcalc max
(blue line) values of the calculated mutual inductance as a function of the
inner radius of the coils. The calculated mutual inductance changes
monotonically with changes in inner radius of the coils. The figure shows
characteristic dependence, thus, no specific numbers are shown.
Mreq min and Mreq max are shown with dashed lines.

are performed in order to achieve Mcalc min ≥ Mreq min and
Mcalc min→ Mreq min.

After that, it is necessary to check the physical possibil-
ity of the fabrication of a coil with obtained parameters.
If N > (routT − pT )/pT , the procedure must be terminated
since the design of the IPU with the given parameters is
impossible.

STEP 10. RECALCULATION OF RINT AND RINR
Then, it is necessary to change the value of the Mcalcmax in
such a way that it becomes less than or equal to Mreq max.
To this end the rinT and rinR can be recalculated using bisec-
tion method, similarly to the step 6. The range for the rinT
is rinT = [pT , . . . , routT − pT ]. The range for the rinR is
rinR = [pR, . . . , routR − pR].
The mutual inductance increases monotonically with the

increase of the rinR and the rinT (Fig. 7). At the same time, the
value of the internal radii is limited by the value of the external
radii. Thus, when the upper limit of the range is reached,
the number of turns for receiving coils should be decreased
K = K − 1. If the K = 1, the optimization procedure must
be terminated.

STEP 11. RECALCULATION OF LT , LR AND CT , CR
The geometry of the coils changes substantially in the
course of the optimization procedure. Thus, it is necessary
to reassess the coils self-inductances using (5). The values of
the CT and the CR must also be recalculated:

CT =
1

LTω2
0

, (20)

CR =
1

LRω2
0

. (21)

This is the final step of the design procedure.

IV. PRELIMINARY STUDY OF THE ALGORITHM
In order to address some of the common issues, preliminary
study of the algorithm was performed.
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FIGURE 8. Depiction of relative position of the transmitting and receiving
coils evaluated during the experimental verification of the algorithm:
lateral displacement of the coils ρ changes from 0 mm to a value equal to
outer radius of the transmitting coil routR . Axial distance d , and
inclination ϕ are fixed.

A. COMPARISON OF OPTIMIZED AND NON-OPTIMIZED
CASES
The comparison between optimized and non-optimized coil
couples was performed in order to estimate how optimal is
the geometry obtained with the help of the algorithm. The
IPU with a couple of identical coils (non-optimized) was
compared with the one which have optimized coil couple.
It should be pointed out that there is no general approach
for inductive coils design. The coils geometry for a non-
optimized case was defined as follows: the turns number and
the external radii of the coils were set equal to the turns num-
ber and external radius of the receiving coil in an optimized
couple (15 and 35 mm respectively). The pitch was set equal
to 1 mm. The PL was set at 10 W, which can be considered
suitable for VAD powering. The 1PL was chosen as 10%.
Frequency f0 = ω0/2π was set at 200 kHz, and the initial
capacitances CT0, CR0 were chosen as 15 nF. The external
radius of the receiver routR was equal to 35 mm as typical
for VAD case [45]. The lateral misalignments were set in the
range from 0 to 35 mm, and the angular misalignments were
set equal to zero. In other words, the case when maximum
value of the lateral misalignments is equal to the value of the
external radius of the receiving coil was investigated (Fig. 8).
It can be considered a boundary case, since the magnetic flux
generated by the transmitting coil reaches a maximum at the
axis of the transmitting coil. If ρmax = routR, the axis of the
transmitting coil crosses the plane of the receiving coils at the
outer extremes of the receiving coil. This case of optimized
IPU will be referenced as ‘‘base case’’ later in the paper.

The results of the comparison of the optimized and
non-optimized cases are depicted in the Fig. 9, and are sum-
marized in the Table 1. It can be seen that for the IPU with
non-optimized coil couple the power drop within selected
range of lateral misalignments (0 . . . 35 mm) is about 7.7 W
as against 2 W for the IPU with optimized coils couple. The
output power of non-optimized IPU goes out of the required
range at lateral misalignment 26 mm. At the same time,
the IPUwith optimized coils couple ensures the required load
power level, 9 . . . 11 W, within selected lateral misalignment
range, up to the 35 mm. It confirms the rational use of the

TABLE 1. Results of the algorithm implementation for inductive powering
units with non-optimized (symmetrical) and optimized coils.

FIGURE 9. Load power of the IPU as a function of lateral misalignment
for the IPU with coil couple optimized as a result of algorithm and
non-optimized coils. The non-optimized coils geometry can be described
as follows: the turns numbers and the external radii of the coils was set
equal to the turns number and external radius of the receiving coil in an
optimized couple (15 and 35 mm respectively), the pitch is 1 mm.

geometry of the coils. It should be pointed out that the algo-
rithm provides coils geometry which ensures that the whole
range of the possible mutual inductance would be covered
(see Step 5, eq. (18) and (19)). Thus, the obtained solution
strictly matched requirements for the load power drop within
given misalignments range.

B. ASSESSMENT OF THE RUNTIME PERFORMANCE
The speed of the algorithm is another important issue that
must be considered when feasibility of the algorithm is
estimated. Relatively high discretization (I , J = 720, i.e.
circle is approximated as a polygon with 720 sides) was
used in the base case. The time lapse in this case is about
15 000 seconds. The time lapse this high can be considered
as significant and even excessive. It must be mentioned that
simple CPU computing (clock rate 3.6 GHz) was used instead
of more complex and expensive GPU techniques presented
in the authors earlier work [42]. Thus, the optimization run
with lower discretization (I , J = 60) was performed to
evaluate how the discretization affects the results and time
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lapse. A considerable reduction in time lapse was noted: the
solution took about 100 seconds. At the same time, difference
in obtained values was minor, about 1-2% for the receiving
coil inductance and receiving circuit capacitance, and even
smaller for other values. The geometric parameters did not
change at all, since the precision of the bisection method was
less than loop discretization. All in all, it was found that the
algorithm can be used with negligible time consumption for
cases with the turns numbers of the order of 10.

C. COMPARISON BETWEEN DIFFERENT TYPES OF
MISALIGNMENTS
The effect of different types of misalignments (i.e. axial,
lateral and angular) was estimated in order to prove that
the optimization algorithm can be used to compensate all
types of misalignments. In this subsection the results for
axial and angular misalignments are presented. The results
for lateral misalignment of the coils are examined extensively
in Section V.

The effect of angular misalignments was estimated in the
following manner. The base case was set as a reference
case and the optimization run was carried out for angular
misalignments, which takes the maximum value equal to the
15 degrees in two opposite directions (inbound and outbound)
for the fixed values of the d = 0 mm and ρ = 0 mm and
ρ = 35 mm. It is very important to note that the values of
the angular misalignments were taken as maximal physically
possible in the given geometry. Similarly, estimation of the
axial misalignments effect was performed. Two optimization
runs was performed for axial misalignments in the range
of 5 . . . 15 mm and ρ = 35 mm and ρ = 0 mm.
Results are summarized in the Table 2. It can be seen that

angular misalignments affect the geometry of the transmit-
ting coil slightly (routT is increased from 59.5 to 65.5 mm,
N raised from 15 to 16) and the receiving coil does not change
at all. Axial misalignments in the range 5 . . . 15 mm with
the ρ = 35 mm also did not change results significantly in
comparison with the base case. If ρ = 0 mm the resulting
coil couples includes two identical coils which has geometry
a very close to the geometry of the receiving coil in the
base case. All in all, it can be said that lateral misalignments
affects coils geometry much stronger than the angular and
lateral ones. Thus, in what follows only lateral misalign-
ment are considered in order to make the narrative more
straightforward.

It should be mentioned here, that solutions provided by the
algorithm can correspond to strong coupling as well as weak
coupling between the coils. It can be seen from the Fig. 10 and
Fig. 11. The monotonic curves correspond to the weak cou-
pling, and curves with the local maximum correspond to the
strong one.

D. ESTIMATION OF THE LOAD RESISTANCE EFFECTS
In order to access the effect of the different load resistance the
base case was compared with three other cases with 100 and
200 Ohm load, and different initial capacitance and operating

TABLE 2. Comparison of results of the algorithm implementation for
inductive powering unit for the angular and axial misalignments with the
base case.

FIGURE 10. Load power of the IPU as a function of angular misalignment
with the axial distance equal to 10 mm and two different values of the
lateral misalignment: 0 mm (blue line) and 35 mm (red line).

frequency (Table 3, Fig. 12). Size of the transmitting coil rises
significantly in the 200 Ohm case with same initial load and
frequency (up to 71-72mm instead of 59.5mm). Transmitting
coil of this size can be considered impractical. Thus, we tested
the case with higher operating frequency (0.8 MHz). The
initial value of the CT0 and CR0 was also set as much lower
than in previous cases (0.5 nF instead of 15 nF). As a result,
the external radius of the transmitting coil drops significantly,
to the value 49.5 mm.

V. NUMERICAL MODELING AND EXPERIMENTAL
VERIFICATION
The software for the coil design using the proposed algorithm
and MATLAB coding was developed. Eight different designs
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FIGURE 11. Load power of the IPU as a function of axial distance between
the coils with angular misalignment equal to 0 degrees and two different
values of the lateral misalignment: 0 mm (blue line) and 35 mm (red line).

TABLE 3. Comparison of results of the algorithm implementation for
inductive powering unit for different load resistances and different initial
capacitances and operating frequency.

FIGURE 12. Load power of the IPU as a function of lateral misalignment
between the coils with angular misalignment equal to 0 degrees for
different load resistances, initial capacitances in the transmitter and
receiver and operating frequencies.

of IPUs for various requirements were examined using the
software to investigate the capabilities and restrictions of the
algorithm. The main goals of the verification procedure were

TABLE 4. Results of the algorithm implementation for inductive powering
unit in case of high-power application.

assessment of the effect of the operating frequency values,
the 1PL requirements and the choice of CT0, CR0 on the
coils geometry and demonstration of the practicality of the
proposed algorithm.

Eight case studies presented in what follows. In all cases
the resistance of the receiving circuit was treated as negli-
gibly low, the resistance of the transmitting circuit was set
as 3 Ohm, and the load resistance was 20 Ohm. The axial
distance between coils was set as equal to 10 mm. Differ-
ent operating frequencies of IPU were modeled, both ISM
(6.78 Mhz, 13.56 MHz) and non-ISM (0.2 MHz, 1 MHz),
to test the developed algorithm.

A. HIGH-POWER APPLICATION
In the first two cases the high-power application of IPU was
investigated.

In order to assess effect of the operating frequency on
the coil size two cases were considered. In the first one
f0 = ω0/2π was set at 200 kHz, and the initial capacitances
CT0, CR0 were chosen as 15 nF – this is the base case
described in Section IV. In the second one f0 = ω0/2π was
set at 10 MHz, and the initial capacitances CT0, CR0 were
chosen as 0.1 nF. It should be noted that such a relatively high
operating frequency (10 MHz) is not feasible for the practical
high-power application due to the possible tissue overheating.
This value is chosen for demonstration purposes.

The algorithm provided a pair of significantly different
LC-circuits designs (see Table 4). As was expected, for the
high-frequency circuit transmitting coil is smaller (routT equal
to 48.5 mm instead of 59.5 mm for a low-frequency circuit).
There is also a significant difference in the rinT /rinR and the
number of turns.
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FIGURE 13. Load power of the IPU designed with the proposed algorithm
as a function of lateral misalignment of the coils for Case I (a) and
Case II (b). Corresponding parameters of IPUs are listed in the Table 4.

It was found that in both cases the values of the output
power lie exactly in the defined range 9 . . . 11 W (Fig. 13).
At the same time, for the lateral displacement in the range of
0 . . . 25 mm, the power drop for the high-frequency design is
much higher (9 . . . 11 W), than for the low frequency design
(10.4 . . . 11 W). In order to verify the calculations results
were compared with LTSpice modeling. The results are in
good agreement for MATLAB and LTSpice.

B. LOW-POWER/LOW-FREQUENCY CASE
In the second run two exemplary designs were developed
for low-power/low-frequency cases in order to assess the
influence of the 1PL requirements on the final design. The
PL was set as 0.01 W, the resonant frequency was chosen as
200 kHz and theCT0,CR0 are set as equal to 15 nF. Relatively
low frequency of 200 kHz is not usual for a low-power appli-
cation. This value was chosen in order to provide in-depth
assessment of the algorithm features. The values of misalign-
ments, i.e. the resistances and the discretization parameters
were similar to the Cases I, II. Two different requirements for
a power drop1PL were investigated, namely, 15% and more
strict 10%.

Results of the algorithm implementation are summarized
in the Table 5. First of all, it should bementioned that the coils
geometry for the Case III is similar to the Case II. In other
words, the absolute value of the PL did not affect calcula-
tion. Also, it can be seen that a significant difference in the

TABLE 5. Results of the algorithm implementation for inductive powering
unit in case of low-power/low-frequency application.

FIGURE 14. Load power of the IPU designed with the proposed algorithm
as a function of lateral misalignment of the coils for Case III (a) and
Case IV (b).

1PL requirements leads to the minor difference in the trans-
mitting coil geometry.

Fig. 14 depicts output characteristics of the IPU designed
with the proposed algorithm as a function of lateral misalign-
ment of the coils for Case III and Case IV. As in previous
cases, the output power lies in the defined range, and the
curves have smooth leading edges.
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FIGURE 15. Load power of the IPU designed with the proposed algorithm
as a function of lateral misalignment of the coils for Case V (a) and
Case VI (b).

C. MID-POWER/MID-FREQUENCY CASE
As was mentioned in the section III, the choice of the CT0,
CR0 cannot be performed in the strict formal manner since it
involves a number of different considerations. Nevertheless,
it can be said that the simple choice between ‘‘large’’ and
‘‘small’’ values should be done at first. It is possible to esti-
mate these ranges on the basis of achievable values of LT , LR
and predefined value of fo using (20), (21). In general, values
of the order of 10 nF and higher can be considered ‘‘large’’,
and values of about 1 nF and lesser can be considered as
‘‘small’’. Thus, two variants of the mid-power system were
designed with CT0, CR0 equal to 1 nF and 10 nF (Table 6).
Output characteristics of the IPU designed with the proposed
algorithm as a function of lateral misalignment of the coils
for Case V and Case VI are presented on the Fig. 15.

The most significant result is the fact that in the Case VI
IPU operates in the undercoupling mode for the whole range
of lateral displacements. Moreover, the resulting design of
the receiving coil is close to the physical limit since inner
radius is nearly equal to the external one. Thus, taking into
account results of the other case studies, it can be said, that
initial values of capacitances for given soil sizes should be
about 0.1 nF for frequencies in range of ∼10 MHz, ∼1 nF
for ∼1MHz and ∼10 nF for 0.1 MHz.

D. MID-POWER/HIGH-FREQUENCY CASE
Finally, coil couples were designed using power consumption
levels which can be considered typical for cochlear implants

TABLE 6. Results of the algorithm implementation for inductive powering
unit in case of mid-power/mid-frequency application.

FIGURE 16. Load power of the IPU designed with the proposed algorithm
as a function of lateral misalignment of the coils for Case VII (a) and
Case VIII (b).

(Case VII) and spinal cord stimulators (Case VIII), standard
operating frequencies (13.56 MHz and 6.78 MHz) and more
strict size restrictions. Details are given in Table 7. Output
characteristics are depicted at the Fig. 16.

The noticeable result is that coils were obtained with
thinly distributed windings. It is also worth to mention that
since the operating frequency lies in MHz-range, the power
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TABLE 7. Results of the algorithm implementation for inductive powering
unit in case of mid-power/high-frequency application.

drop is relatively high for ρ = [0 . . . 0.5routR], similarly to
the Case II.

VI. EXPERIMENTAL STUDY
For the experimental verification of the design procedure low-
power case was chosen, with the PL equal to the 300 µW.
The 1PL was set as 20% and the operating frequency was
chosen as equal to 1 MHz. The geometrical parameters of the
coils are the same as in the case of numerical modeling: routR
is 35 mm; d is 10 mm and ρ is in the range 0 . . . 35 mm.

The values of the resistances were chosen as in the previous
cases. The CT0, CR0 are chosen as equal to 1.5 nF.
Arbitrary function generator Tektronix AFG3252 was used

to generate the alternating current driving the transmitting
LC-circuit. Digital oscilloscope WaveRunner 8254R was
used for the measurements.

The optimization procedure was carried out using devel-
oped software and the prototype IPU was constructed. Actual
values of the IPU elements characteristics were slightly dif-
ferent from the calculated ones (see Table 8).

The coils were fabricated using 3D-printed frames
(Fig. 17). It should be noted that in the above mentioned
formulas for self- and mutual inductance calculation coils are
approximated as a set of ideal rings. In the fabricated coils
there are jumpers between turns, therefore, a slight difference
exist in the self- and mutual inductance of the modeled and
fabricated coils.

The verification of the results was performed in the follow-
ing manner. The calculated values from Table 5 were used for
calculation of the dependence of the PL on the ρ using (1)
and (4). It was compared with LTSpice simulation with the
actual values of the IPU components including equivalent
series resistance (ESR) of the coils, as well as with the com-
ponents without ESR (Fig. 18). It was found that the results of

TABLE 8. Calculated and actual values of the designed IPU.

FIGURE 17. Transmitting (a) and receiving (b) coils fabricated for the
experimental studies. Parameters of the coils are listed in Table 2.

the MATLAB and LTSpice simulation that does not account
for ESR of the components are in very close agreement. The
experimental curve lays little bit lower than calculated. It can
be attributed to the parasitic effects not taken into account in
the course of the optimization. Another possible explanation
is a slight difference between the geometrical parameters
given by the algorithm and the geometrical parameters of the
manufactured coils (see Table 8). Nevertheless, the general
aim of the optimization procedure was achieved, since the
1PL was a little bit lower than the target value (18.6% instead
of 20%) and the value of the PL was inside the target range
for the lateral misalignments in the range of 5 . . . 34 mm.
Additionally, effect of biological tissue on the output power

of the IPU was measured. Transmitting and receiving coils
were separated by porcine meat. Results of the measurements
are presented in Fig. 18. It can be concluded that for the
given tissue thickness and frequencies only a small difference
(about 1 . . . 3%) in output power is present for energy transfer
through air and porcine meat.

The effect of the alterations in the axial distance on the
IPU performance was assessed. Two cases were considered,
for the actual value of the axial distance which is lower
(8 mm) and higher (12 mm) than nominal. For the both cases
MATLAB and LTSpice curves are in good agreement and
the experimental value of the load power was lower than
calculated.
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FIGURE 18. Load power of the IPU as a function of lateral misalignments
obtained experimentally in the air (purple line) and in the biological
tissue (green line), using LTSpice simulation with actual values of the IPU
elements (blue line) and LTSpice simulation that did not account for ESR
of the components (red line) and using MATLAB calculation with the
calculated values (orange line). Results are obtained for the axial distance
equal to the 8 mm (a), 10 mm (b) and 12 mm (c). The parameters of the
IPU are listed in Table 5.

The decrease of the axial distance leads to the significant
changes in the load power level, which is lower than required
for the ρ in the range of 0 . . . 12 mm. For the increasing
axial distance situation is quite opposite, the load power are
inside the acceptable range for the most part of the lateral
misalignments range and is lower than required only for
relatively high ρ, it is 34 . . . 35 mm.

It can be explained in the following manner: the perfor-
mance of the IPU depends on the coupling coefficient k ,
which must be kept inside specific range in order to provide
the required load power. For this case the k must lay between
0.14 and 0.49. Equipotential curves were calculated for k in
dependence of the lateral and axial distance (Fig. 19). It can

FIGURE 19. The ratio of the axial distance and the maximum lateral
misalignments at which the required output power is provided (black
lines depict values of coupling coefficient corresponding to the limit of
the coils misalignments, red line depicts values of misalignments at
which a critical coupling is provided).

be seen that the coupling coefficient is kept constant when
decreasing of the axial distance corresponds to the increasing
of the lateralmisalignments and vice versa. Thus, if the design
procedure is performed for constant axial distance and the
range of lateral misalignments (which is preferable from the
time-cost point of view), the axial distance must be chosen
as a minimal possible instead of the expected mean value.
The maximal value of the lateral misalignment should be set
slightly more than the expected one.

VII. CONCLUSION
In this paper, the algorithm for coil couple geometry opti-
mization was devised to achieve desirable stability of the
output characteristics of the IPU. The distinctive feature of
the algorithm is that the output power drop in the IPU is
used as a performance metric. It is also important that the
proposed design procedure is strictly formal. Therefore, this
procedure can be fully implemented as software. Therefore,
the algorithm can be used for computer-aided design of IPUs.

Comprehensive numerical analysis of the capabilities and
restrictions of the algorithm was performed. The practicable
solutions were obtained for the power drop as small as 10%,
and the lateral misalignments up to the value of the external
radius of the receiving coil (ρ = routR). Experimental verifi-
cation was performed for the power drop of 20%. It also was
found that output characteristics change slightly due to cor-
rection of the coils geometric characteristics (i.e., rounding of
the radii up to the nearest integer value) and the components
physical values (such as capacitance in the course of the IPU
design). Namely, the peak power of the manufactured IPU is
about 92% of the calculated one, and the power drop is even
less than the calculated value (18.7% as opposed to the 20%).

Several more general conclusions can be derived from
these results. Low-frequency links tend to be more stable
for the given parameters including routR. It is also interesting
that in low-frequency cases the inner radii of the coils were
significantly larger. The rinT /routR ratio was in the range
0.4 . . . 0.6. For the high-frequency cases it was about 0.1 and
lower. It is also can be said that the thinly distributed windings
ensure higher stability of the inductive links.
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The developed algorithm should be implemented for
the IPU operated in the overcoupled mode. In this case,
the output power is beyond the permissible minimum in the
absence or small lateral misalignments, when the axial dis-
tance is less than the initial value. Thus, the minimal possible
value of the axial distance must be chosen as initial value for
optimization procedure. Also, themaximal value of the lateral
misalignment should be set slightly higher than the expected
one.

It should be noted, that the geometry optimization is a reli-
able solution and thus it is of special interest for biomedical
applications. At the same time, it has its own limitations. So,
presented algorithm can be considered as a first step in the
design of a reliable and effective IPU.
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