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Abstract—This article presents an investigation on the optimal
design of a transmit coil for a wireless power transfer system
(WPTS) for biomedical implants with the goal of maximizing the
magnetic flux density (B-field) at the location of the implant while
not violatingmagnetic field exposure limits.Maximizing the B-field
correlates to higher transferable electric power for certainWPTSs,
such as those that use magnetoelectric receivers. While previous
works have optimized the thermal efficiency, or systemefficiency, to
our knowledge no one yet has developed the procedure to optimize
the transmitter to maximize the B-field subject to an imposed
safety limit constraint for magnetic field exposure. In addition
to this safety constraint, the optimal design of the transmitter
is considered when the system geometry or the input current is
constrained. Equations for determining the design parameters of
an optimal solenoid transmitter are derived subject to constraints
on either transmitter size or electric current. If a certain magnetic
field strength is required, solutions to the size and current of the
transmitter are presented, which allow the desired fields without
violating the safety constraint. The mathematical model is exper-
imentally validated, and a case study is described that illustrates
the optimal design rules.

Index Terms—Biomedical implants, magnetoelectric (ME)
transducer, optimization, safety constraints, wireless power
transfer (WPT).

I. INTRODUCTION

THE energy storage unit takes up a significant portion of the
device volume for most biomedical implants. For instance,

the battery of a pacemaker can occupy 90% of its volume
[1]. Additionally, although these batteries may last years, once
they are depleted, a surgeon is required to remove and replace
the expired device. This surgery carries a wide array of risks,
including infection, bleeding, and allergic reactions to anesthesia
[2]. Wireless powering of these devices eliminates the excess
surgeries and allows for device miniaturization, which can allow
more precision in device placement, greater comfort, and a better
standard of living for the implantable device recipient.
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Previous research in wireless power transfer (WPT) has
addressed wirelessly powering biomedical implants. The ma-
jority of these works use a two-coil near field inductive wireless
power system [3]–[8], or a multi- (more than three) coil system
[9]–[11]. The receive coil is implanted within the body and
coupled with an external transmit coil. Most of these systems
operate in the low-radio frequency (RF) region below 20 MHz,
but some work has been done on higher RF frequencies [12]–
[14]. Inductive wireless power systems operate most efficiently
when the transmitter and receiver coils are of similar size and the
mutual inductance, or coupling, is relatively high. As the size
of implants continues to shrink, however, the receive coil will
necessarily shrink with the following likely effects: the mutual
inductance and coupling will fall; the size of the receive coil
will become small compared to the implant depth; the size of
the transmit coil will become large compared to the receive coil;
and the optimal operating frequency will go up. An increase
in frequency due to small size results in higher attenuation in
human tissue which further reduces efficiency [15]. In addition,
relevant safety standards [16]–[19] have more stringent con-
straints at higher frequencies. For example, according to [16],
[17], the allowable magnetic flux density (B-field) at 100 kHz
is 100 μT compared to 0.29 μT at 6.78 MHz. Therefore, there
is an incentive to explore methods to achieve WPT with very
small receivers that operate efficiently at lower frequencies.
Magnetoelectric (ME) transducers typically utilize a magne-

tostrictive material that is laminated with a piezoelectric mate-
rial. ME transducers have recently been used as both transmit
and receive antennas [20]–[22]. According to [23], for a given
frequency, the characteristicwavelength of anMEantenna could
be five orders of magnitude shorter than the electromagnetic
wavelength, thus leading to more efficient energy transfer for
small devices operating at low frequencies. This reduction oc-
curs because the characteristic wavelength of an ME antenna is
defined by its mechanical properties, while that of a typical coil
antenna is determined by its electromagnetic properties. Com-
paring overall systemefficiencyof very small receiver coil-based
wireless power transfer system (WPTS) to ME receiver-based
WPTS is an area of active research [24]–[27]. The outperfor-
mance of one system over another has not been conclusively
shown. However, ME receiver-based WPTS seems promising
given recent work [24], [28].
The key concept of a ME WPTS is shown in Fig. 1. A ME

transducer is utilized as a receiver, which converts a magnetic
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Fig. 1. Full system diagram of anME transducerWPTS. The power generated
by the receiver is positively correlatedwith the strength of theB-field. The system
is loosely coupled, implying that the transmitter dynamics can be examined
independent of the receiver.

wave produced by a transmit coil to electrical power to supply
a biomedical implant. For a conventional resonant inductive
coupling (RIC) WPTS, the magnetic energy is captured by a
coil antenna based on the law of induction. However, different
from an RIC configuration, an ME WPTS first transforms the
magnetic energy to mechanical vibrations through the inter-
action of magnetostrictive material and the applied field. The
vibrational kinetic energy is then converted to electrical form by
a piezoelectric phase. The operation principle of anME receiver
was thoroughly investigated in [29]. The authors showed that the
maximum possible power that can be delivered to a load Pavt is
proportional to the square of the magnetic field amplitude H0.
In particular,

P avt =
1

8

(ΓmH0)
2

b
(1)

where Γm is the electrodynamic transduction factor and b is
the mechanical coefficient. Γm is a function of the geometry
and material parameters of the ME transducer. Meanwhile, b is
solely dependent on the mechanical properties of the receiver
side. For a given receiver structure implanted inside the human
body, both Γm and b are determined ahead of time. Therefore,
maximizing Pavt by optimizing H0 generated at the implant
location (which can be accomplished by an appropriate design
of the transmitter geometry) is of great interest to study.
In anyWPTS for biomedical implants, includingMEandRIC,

human safety considerations must be paramount. This safety
concern is the reason that optimal design rules of other WPTS
cannot be generally applied toWPTS that operate near or within
the human body. The Federal Communications Commission,
IEEE, and International Commission on nonionizing radiation
protection (ICNRP) all have outlined safety limitations forWPT,
particularly exposure to magnetic and electric fields [16]–[19].
The IEEE, for example, limits magnetic wave exposure to below
205 μT for magnetic waves with frequencies between 3 kHz and
100 kHz [18]. For a ME WPTS, it is indicated that the optimal
coil diameter that maximizes the transferred power depends
upon the distance between the transmit coil and the ME receiver
[30]. A bigger coil is more suitable for a large transfer range
in general, and a smaller transmitter is preferable for a close
distance. However, this argument may no longer hold when

subject to the safety standards and systems constraints, which
the authors have not considered. Furthermore, universal rules to
design an optimal transmitter have not been revealed yet.
In an implantable system, it is likely that the receiver is much

smaller than the transmitter, and the distance between them is
much larger than the size of the receiver. These unavoidable
mismatches result in a weak coupling. Therefore, WPTSs used
in biomedical applications typically have low transfer efficiency,
which is usually less than 1%. For instance, the overall effi-
ciency of the system reported in [29] was only 0.12%. Thus,
the impedance reflected onto the transmit coil from the ME
transducer can be disregarded. Additionally, if the operating
frequency is lowenough, the receiver is potentiallymuch smaller
than the electromagnetic wavelengths (e.g., at 1 GHz the EMF
wavelength is 30 cm). These assumptions allow us to optimize
the transmitter geometry without taking into account the ap-
pearance of the receiver; in other words, the transmitter can be
considered purely as a magnetic field source.
The optimal design problem is to design the transmit coil

to maximize the magnetic field at the location of the implant,
subject to design constraints, while ensuring the magnetic field
exposure is below the safety constraint at any point inside the
human body. For instance, if the implant is 10 mm below the
surface of the skin, one would seek to design a transmitter that
maximizes the magnetic field at 10 mm below the surface of the
skin while ensuring that the magnetic field at the surface of the
skin (or anywhere else inside the body) is below the limits of the
relevant safety standard. The idea behind this approach is that by
determining the maximum achievable B-field at the implant, the
designer can then design a receiving transducer to achieve the
required power from thismagnetic field.An alternative approach
would be to first design the receiver, and then determine the
required B-field that will provide adequate power. The analysis
presented in this article is reversible such that the equations
developed could also be used for this alternative approach.While
this article focuses on ME WPTS, a similar analysis can be
extended to an inductive couplingWPTS. In general, increasing
the B-field at the receiver will increase the maximum power that
can be delivered to the load.We also note that, when designing a
RIC WPTS, other relevant parameters such as system coupling,
resonance, coil quality factor, and impedance matching should
be considered. However, these factors are out of the scope of
this article.
With a focus on supplying low-power bioelectronics, we

treat the actual power delivered to the load as the key metric of
a ME WPTS. In this work, the central objective is to generalize
design rules to attain a desired transmit coil. The questions on
optimizing the overall transfer efficiency or designing a fully
optimal system are left open for further investigation.
The rest of this article is organized as follows. Themotivations

and central objectives of the work are given in the Introduction.
Relevant safety constraints are considered within the context of
optimizing the transmitter design. Optimal transmitter designs
consideringonly safety constraints are then explored. Further de-
sign constraints are then incorporated. These constraints include
transmit coil size andplacement constraints, and transmit current
constraints. A case study is presented in which optimal transmit
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coils (for ME-based WPTSs) are designed and experimentally
validated. The article concludes with a discussion of generalized
design principles and an optimal design process.

II. RELEVANT SAFETY STANDARDS

Due to the attenuation of electromagnetic fields within human
tissue, the majority of WPTSs operate at low RF frequencies.
At these frequencies, the reflection of the magnetic field on
the human skin is negligible, and the magnetic properties of
human tissue closely mirror those of free space [4], [31]. Two
main international agencies currently govern the use of low
frequency (below 10 MHz) nonionizing radiation: ICNRP and
the International Committee on Electromagnetic Safety (ICES,
which is a subsidiary of IEEE). Each agency has released its
recommendations for safety standards [16]–[18]. While these
safety standards were originally derived for environmental field
safety, they are still applicable forWPT formedical applications.
The primary safety concerns with non-ionizing radiation

exposure are RF shocks and burns, electrostimulation within
the body, localized RF heating effects, surface heating effects,
and whole-body heating effects. For frequencies below 5 MHz,
RF shocks and electrostimulation are the primary concern. For
frequencies of 100 kHz to 300 GHz, tissue heating becomes the
primary concern. Given these adverse health effects, ICES and
ICNRP have set exposure limits for both a controlled (occupa-
tional) environment and the general public.
For example, ICES has established “dosimetric reference

limits (DRLs)” which are defined in terms of the electric field
for RF shocks safety limit and specific absorption rates (SARs)
for the thermal heating safety limit. The SAR safety limit in a
controlled environment is 0.4 W/kg whole-body exposure and
10W/kg for localized exposure. But, these basic restrictions can
be challenging to measure and taxing to compute. Therefore,
“exposure reference levels” or ERLs are introduced which are
simpler and easier to measure. These are mostly defined in terms
of magnetic field (B-field) exposure, although some ERLs are
defined in terms of the electrical field exposure. ERL’s are a
more conservative safety estimate, a system complying with the
ERLs will also comply with the DRLs and thus follow the safety
regulations. The occupational/controlled-environmentmagnetic
field exposure limits for both ICES and ICNRP as a function of
frequency are presented in Fig. 2.
The allowable B-field dramatically decreases as the frequency

of themagnetic field increases. The B-field is especially limiting
at frequencies above 100 kHz. For aME-basedWPTS, the power
of the receiver is proportional to the square of the B-field [30].
Thus, operating at frequencies below 100 kHz could result in
higher safe power generation at the implant. Generating aB-field
as close as possible to the allowable safety limit, depending
on the chosen operating frequency, will maximize the available
power at the implant.
For systems that operate at high RF frequencies (MHz – GHz

range), the ERLs are too strict that it may be impossible to
construct a useful WPTS that adheres to them. In these cases,
directly calculating the DRL’s (SARs) will offer better insight
into the overall safety of the WPTS. However, we emphasize

Fig. 2. ICNRP and IEEE ERLs for the B-field safety standards for human
occupational/controlled-environment exposure as a function of frequency.

Fig. 3. Coil optimization parameters labeled with a cross-sectional view of
the solenoid. The z-axis origin is in the middle of the solenoid coil, with an air
gap between the coil and the body. The distance into the human body along
the z axis is Zbody and the biomedical implant is located at a fixed distance of
Zimplant, measured from the skin, into the human body [36].

that ERLs can still be applied for RIC WPTS, as seen in a
few works recently [32], [33]. On the contrary, the ERL limits
are more appropriate and convenient for low-frequency devices,
such as ME transducers, and will be utilized for all the analyses
throughout this article.

III. TRANSMIT COIL OPTIMIZATION

It has been previously shown that the optimal electromagnetic
geometry for maximizing the B-field at a point in space is a
tapered cylinder; nevertheless, a solenoid design is 98.8% as
effective as the optimally shaped electromagnet and ismuch eas-
ier to manufacture [34]. For a solenoid based transmit antenna,
the B-field at a WPT receiver attached to a biomedical implant
located inside a human body is dependent upon the following
factors.
1) Distance into the body of the implant Zimplant.
2) Input current density J .
3) Coil thickness t.
4) Inner and outer radii r1 and r2, respectively.
5) Gap between the transmit coil and the skin b [35].
The definitions of these parameters are shown in Fig. 3. The

B-field is considered a function of current density, i.e., current
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per area, instead of the actual current. This alternative is con-
venient to generalize the design of the solenoid transmitter. For
example, a 10 turn solenoid with a 1 amp of RMS current is
equivalent to a 1 turn solenoidwith 10AofRMScurrent in terms
of the field generated, assuming the radii of the two solenoids are
equal. However, the quality factor,Q-factor, of each transmit coil
will be different, which can affect the overall transfer efficiency
of the system. Nonetheless, the available power at the receiver
of the two cases are identical since the corresponding B-field
strengths at the receiver are equal in principle.
The objective is to maximize the power that can be trans-

ferred to an electrical load, which correlates to maximizing the
B-field at the biomedical implant without violating a magnetic
field safety limit. Hence, the constrained optimization problem
becomes

max B (r1, r2, t, b, z,J) at z = Zimplant + b

s.t. B (r1, r2, t, b, z,J) < Bsafe ∀ Zbody. (2)

Solving the optimization problem in this form involves
calculating the B-field produced by a solenoid which is given by

B =
μ

4π

∫∫∫
V

�j dṽ ∧ �r −−→
r′∣∣∣�r −−→
r′
∣∣∣3

(3)

where �j is the current density, and �r −−→
r′ is a space vector

between a point where the magnetic field is calculated and a
location inside the solenoid conductor.
Generally, for any point, (3) may necessitate evaluating ellip-

tical integrals. Therefore, the problem was solved numerically
using gradient-based optimization algorithms subjected to a
safety limit constraint. Through this numerical optimization,
several trends quickly emerge. As expected, there is always
an ideal alignment between the solenoid and the biomedical
implant, in which the receiver lies along the coil center axis.
The optimal thickness t and the difference between the inner and
outer radii, r2 − r1, aremuch smaller than the inner radius of the
coil. The optimization pushes the design of the solenoid transmit
coil to closely resemble a current loop. Using this insight, the
governing equations for calculating the B-field for the solenoid
along its z-axis can be simplified to

B =
μ

4π

2πR2I(
z2 +R2

) 3
2

(4)

where B is the B-field produced along the centerline at some
distance z away by a current loop with a radius R, and current
I, operating in some space with magnetic permeability μ. For
human tissue, the magnetic permeability is equal to that of free
space [37]. Equation (4) will be shown to be a good approx-
imation for the solenoid magnetic field when compared with
(3), COMSOL simulations, and an experimentally measured
solenoid B-field in section IV on model validation (see Fig. 9 in
particular).

A. Unconstrained Wireless Power Transmitter Optimization

The maximum achievable B-field at a point located Zimplant

distance inside the body Bmax can be represented as

Bmax = ΓBsafe (5)

whereBsafe is themaximum safe exposure limit, andΓ is a ratio
less than or equal to one. If the B-field were completely uniform
along the z-axis (see Fig. 3), Γ would be equal to 1 and Bmax

would be as high as it is allowed by the safety standard. If there
are no constraints placed upon the size or power consumption of
the transmit coil, the optimization process does in fact result in a
transmit coil that emits a near-uniform magnetic field along the
z-direction just under the imposed safety constraint (i.e.,Γ ≈ 1).
In order to create this nearly uniform B-field, the transmit coil is
tremendously large, with the radius of the coil much greater than
the depth of the biomedical implant, and uses extremely high
currents. However, this solution represents a highly idealized
case that is unrealistic for practical design situations where
available space and power are not infinite.
Therefore, this article will examine how the optimal design of

the transmit coil for a WPT system is affected by both magnetic
field safety constraints and either geometric/size constraints
or power/current constraints. This investigation will provide
useful insights into design rules for optimizing the achievable
power at a biomedical implant without exceeding the magnetic
field safety limit. The solutions to the constrained optimization
problem differ significantly from the unconstrained case. The
optimal design no longer produces a uniformmagnetic field. The
optimal B-field shape differs based upon the given constraints.

B. Geometrically Constrained Transmitter Optimization

Given the fact that the optimal transmit coil design resembles
a current loop with the B-field described by (4), the geometric
constraints consist of a constraint on the maximum radius of the
coilR and theminimum andmaximum distance that the coil can
be placed from the skin b. If geometric constraints are imposed,
the solution to the optimization problem yields an optimal coil
design whose radius is equal to the geometric constraint: R is
as large as the constraint will allow. As the minimum distance
constraint is active, the air gap between the transmit coil and the
skin should be minimal. Assuming that the transmit coil can be
placed right at the skin (i.e., b = 0), the required current in the
optimal transmit coil is

I = Bsafe
2R

μ
(6)

where the radiusR of the coil is equal to the geometric constraint
limit, and μ is the magnetic permeability of the human body,
which can be considered to be identical to that of free space.
Equation (6) is derived using (4) and solving for the current that
would result in a magnetic field at the safety limit at z= 0, or at
the skin.
One interesting result of this optimization process is that

the air gap should always be minimized. In other words, it is
never beneficial to increase the air gap as it simultaneously
requires an increase in the operating current of the transmit
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Fig. 4. B-field amplitude and its derivative with respect to the distance z for
three transmitters with different radii using their optimal current. The shape of
the B-field as well as dB

dz is similar in all three cases. The slope of the B-field is
always negative, and always initially becomes more negative (i.e., the curvature
is negative) before flattening out [36].

coil to compensate for the B-field at the implant location. The
justification for this result is seen by examining the shape of the
B-field produced by a current loop. Taking the derivative of (4)
with respect to z yields

dB

dz
= − μ

4π

6πR2I(
z2 +R2

) 5
2

z. (7)

Equation (7) shows that the slope of the B-field is always
negative, and the most significant drop in B-field occurs close to
the transmit coil. This principle is indicated in Fig. 4, in which
the B-field amplitude and its derivative in terms of the distance
are presented for three coils with different radii. It should be
noted that the corresponding optimal current of each coil is
used. The B-field of the different sized coils falls at different
rates depending on the radius of the coil. The smallest coil has
a B-field with a high initial negative slope, while the largest
coil B-field has a much lower initial slope. The slope of the
B-field is always negative and initially becomes more negative
before flattening out and approaches zero at large distances. It is
impractical to operate in the area where the slope is level, since
this property occurs at distances much larger than the radius of
the coil and would require very high currents. As analyzed in the
previous section, such a method can only be implemented when
the coil geometry and input power are not constrained, which
are unfeasible.
It is desirable to minimize the air gap as much as possible

(ideally, b = 0). However, a non-zero small air gap may be
necessary for some realistic circumstances. Formany large coils,
the magnetic field near the coil windings is stronger than that in
the coil center. Depending on the input current, this phenomenon
could cause B-field strengths at a small space near the coil
windings to exceed the safety limit. If these scenarios take place,
(3) can also be used to find the distance at which the B-field
no longer violates the safety standard. The obtained value can
be considered as the minimum required air gap. Appendix A

Fig. 5. Size constraint effects on maximum achievable B-field. The larger the
allowable size of the coil relative to the implant depth, the higher the attainable
B-field at Zimplant [36].

outlines how the optimal design rules are modified when a
nonzero constraint on the air gap is essential.
The optimal design of the transmitter is a solenoid with its

radius equal to the size constraint (i.e., maximum allowed),
the air gap minimized to zero, and the excitation current is
determined by (6). For this configuration, the maximum B-field
at the implant Bmax can be determined by solving (4) with
z = Zimplant. Making use of (6) to define the B-field safety
limit Bsafe and referring back to (5), the ratio between Bmax

and Bsafe can be derived as

Γ =
Bmax

Bsafe
=

R3

(
Z2

implant +R2
) 3

2

. (8)

Furthermore, if the radius of the transmit coil is written in
terms of a constant a multiplied by the implant depth

R = aZimplant. (9)

Equation (10) is reduced to

Γ =
a3

(1 + a2)
3
2

. (10)

If the geometric radius constraint is framed in this sense (i.e.,
the maximum allowable coil radius is a times the depth of the
implant), then (10) can be utilized to compute the maximum
possible fraction of the safety limit for a given radius constraint.
A demonstration of (10) is shown in Fig. 5. As a summary, (10)
defines the maximum achievable magnetic field for any implant
depth solely as a function of the geometric constraint.
Additionally, this process is reversible. If a particular mag-

netic field strength is required at the biomedical implant (8)
or (10) can be used to determine the minimum size coil that
will produce the required magnetic field without violating the
safety limit. For example, if the safety limit is 200 μT (IEEE
standard for a 100 kHzmagnetic field), and the necessary B-field
for successful wireless powering of the implant is 150 μT (i.e.,
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Γ = 0.75), then the transmit coil radius must be at least equal to
2.2 times the depth of the biomedical implant.

C. Current Constrained Optimal Transmitter

Attention is now turned to the case in which the electrical cur-
rent serves as the design constraint, rather than the coil radius and
placement (i.e., geometry). The goal of the optimization problem
is to find the current and radius combination that maximizes the
B-field at the implant. As we expected, it is always the case that
the optimal current is at the constraint, which is the maximum
allowed. If we assume that the coil is placed as close to the skin
as possible, the coil radius becomes the only remaining design
parameter. The optimal coil radius is dependent on the given
current constraint, the magnetic field safety limit, and the depth
of the biomedical implant.
When performing the optimization algorithm, subject to the

current and safety constraints, we observed an important phe-
nomenon. The optimal radius of the transmitter was either
constant or a linear function of the implant depth Zimplant. This
behavior appears for any given set of the current constraint and
safety limit. The distance at which the optimal radius changes
its tendency is referred to as critical distance Zcrit as defined
in Fig. 6(a). The numerical results are illustrated in Fig. 6(b),
which shows the optimal coil radius in terms of Zimplant for
different current constraints. It is essential to point out that Zcrit

obtains the value of Zimplant at which the constant-optimal-
radius line (parallel with the x-axis) intersects with the function
R =

√
2 Zimplant. In addition, Zcrit is dependent upon the

current and B-field safety constraints. For instance, Zcrit = 1.1
cm for a current constraint of 5 A and Zcrit = 3.3 cm for 15 A.
The magnetic field safety limit is 200 μT for both examples.
As shown in Fig. 6(b), if Zimplant ≥ Zcrit, the optimal radius

is

Ropt =
√
2 Zimplant. (11)

At the critical point Zcrit = Zimplant the optimal radius in
(14) can be rewritten as

Ropt =
√
2 Zcrit. (12)

Furthermore,whenZimplant ≤ Zcrit, the optimal radius of the
transmit coil is a constant (independent of Zimplant). Therefore,
the relation in (12) holds for all Zimplant ∈ [0, Zcrit]. In this
range of the implant depth,Ropt is dependent on both the current
constraint and the safety limit. By substituting the electrical
current constraint Imax into(6), Ropt is obtained as follows:

Ropt =
μImax

2Bsafe
. (13)

From (13) and (12), the closed form expression of the critical
distance is given by

Zcrit =
1

2

μImax

Bsafe

√
2
. (14)

It is important to note thatZcrit is not an independently chosen
parameter, but rather is a function of the magnetic field safety
limit and current constraint. Zcrit plays an essential role in the

Fig. 6. (a) Definition of the critical distance. (b) Radius of the optimal coil
design in terms of implant depth for different current constraints. The magnetic
field safety limit is held constant at 200 µT for all cases. For shallow implant
depths (Zimplant < Zcrit), the transmit coil radius is constant for a given case.
Once the implant depth is equal to Zcrit,, the radius increases linearly at the same
rate for all cases, independent of the current andmagnetic field safety constraints
[36].

design process as it represents the distance at which the optimal
design path of the transmitter changes.
In order to further gain insight into the origins of (11) and

(12), we now consider these two cases analytically. In either
circumstance, the optimal radius is equal to a distancemultiplied
by the square root of two. The reason for this fact can be
examined by looking at the optimization problem with and
without the safety concern. If there is no magnetic field safety
limit, but only a current constraint, the optimization problem is
simplified. Once again, the maximum B-field occurs when the
current constraint is active. The optimal radius can be found by
setting the derivative of (4) with respect to the radiusR equal to
zero, which yields

dB

dR
=

2π10−7I
(
2Rz2 −R3

)
(
R2 + z2

) 5
2

= 0. (15)

Solving (15) for R gives

R =
√
2 z. (16)
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Fig. 7. B-field plotted at different distances inside the human body Zimplant,
vs the radius of the transmit coil. The max B-field is marked on each curve.
The smallest allowable coil radius is 3.16 cm, any smaller and the safety limit
of 200 µT at the skin would be violated. For all distances less than Zcrit,
2.2 cm in this case, the max B-field occurs with a coil radius equal to 3.16 cm.
For distances greater thanZcrit, the max B-field occurs at a unique transmit coil
radius dependent upon the location of the implant.

With the goal of maximizing the B-field at z = Zimplant, (16)
is identical to (11) In that sense, (11) is equivalent to the optimal
design of a current constrained transmitter without regard to
the magnetic field safety limit, or if the magnetic field safety
constraint is not active for a given system. It should be noted
that the solution to (11) results in a unique radius for every
different implant depth Zimplant. However, using (11) for all
current constrained WPTS could violate the safety constraint
in some circumstances, specifically at shallow depths. In these
situations, there is a single optimal coil design for which the
current is equal to the constraint and the radius of the coil is set
such that the B-field is just under the safety limit at the skin.
Equation (12) shows the optimal coil radius for this scenario.
In this regard, Zcrit represents the distance at which the safety
constraint switches from being active at the skin to be being non
active.
It is useful to analyze the two different modes of operation

in the investigation of the optimal coil radius by looking at a
specific example. These modes are illustrated in Fig. 7, in which
the current constraint is set at 10A, and themaximumachievable
B-fieldBmax is expressed as a function of the coil radius for dif-
ferent implant depths starting at Zimplant = 0 (i.e., the implant
is right at the skin). The safety constraint for this example is
200μT,Bsafe ≤ 200μT.We note that ifZimplant = 0, the safety
limit is reached for a coil radius of 3.16 cm. The B-field at the
location of the implant, which is also at the surface of the skin, is
200 μ T (Γ = 1). As the depth of the implant becomes larger
Bmax decreases. TakingZimplant = 1 cm for example,Bmax =
173 μ T. The optimal radius is still 3.16 cm since the magnetic
field at the surface of the skin is still 200µT (Γ = 0.875), and any
further decrease in coil radiuswould violate the safety constraint.
However, if Zimplant is between 2 and 3.5 cm, the shape of the
Bmax curve changes. The optimal coil radius is now not only a
function of the safety limit, but also a function of the implant

TABLE I
EXPERIMENTAL OPTIMAL COIL PARAMETERS

depth. This is due to the fact that the safety constraint is no
longer active. In other words, the coil radius that results in the
highestBmax does not produce a B-field at or beyond the safety
limit anywherewithin the body. For this example, the delineation
between these two regimes, the safety constraint being active or
not active, is at Zimplant = 2.2 cm, which distance is equal to
Zcrit calculated using (14).
If a certain Γ or B-field at the implant is required, the process

of finding the minimum current is identical to the procedure out-
lined in the previous section, since the minimum coil radius that
provides a certain Γ also requires the least current. The desired
coil radius can be calculated using (10) and the corresponding
minimum current can be achieved by (5).

IV. MODEL VALIDATION AND CASE STUDY

In order to validate the mathematical models and design
insights, two transmit coils were constructed whose parameters
are given in Table I. In order to reduce environmental impacts
on the B-field, the coils were mounted to a support that raised
the coils 21 cm above the lab table. The support was made of
customized three-dimensional (3-D) printed ABS plastic parts
and aluminum beams and screws, as depicted in Fig. 8.
Each transmitter was supplied with 15 A of RMS current at

80 kHz, and the B-field along each centerline axis was measured
and recorded using a MC110A magnetic field sensor (Magnetic
Sciences Inc.). A frequency of 80 kHz was chosen to minimize
sensor error in the measurements. The sensor was mounted on a
modified 3-D printer which moved the sensor along the center-
line of the coil’s z-axis, as seen in Fig. 8. Magnetic field readings
were taken every 2 mm. In Fig. 9, the experimentally measured
B-field using the MC110A sensor, the simulated B-field using
both (3) (numerical) and (4) (analytical) solved usingMATLAB,
and a COMSOL 5.3a simulation for each coil along its z-axis are
compared. In the COMSOL simulation, the copper wire coils
were modeled in air using the dimesions given in Table I in
a 2-D axisymmetric model. Using the magnetic field physics
solver with a “finer” mesh, the coils were excited by 15 A RMS
current at 80 kHz and the magnetic field was measured along
the coils centerline.
The experimental data match closely with those predicted

by equations and simulations for both coils, generally within
5% error. The error of the MC110A sensor is listed at 5%,
which explains these small discrepancies. The close agreement
between the mathematical models and the COMSOL finite
element analysis gives confidence in the assumption that (4)
is valid for determining the B-field for solenoid transmitter.
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Fig. 8. 7.78 cm radius solenoid coil attached to the experimental setup.
The setup consists of aluminum supports and screws as well as ABS plastic.
These materials were selected because of their neutral magnetic properties. Two
different transmit coils were constructed with different radii and each coils’
B-field was experimentally validated.

Fig. 9. Experimentally measured B-field field using the MC110A magnetic
field sensor, simulated B-field data using COMSOL, the analytical solution to
the B-field of a current loop along its centerline, and a thick solenoid coil B-field
numerical approximation versus distance into the human body for the 7.78 cm
coil. The measured experimental data closely follows the simulated data.

This lends creditability to optimization rules that were derived
in the previous sections using these models. The experiments
were conducted in air since the magnetic properties of tissue are
almost identical to that of free space at low frequencies [4], [9],
[38].
The optimal design rules for transmit coils proposed in this

article can be explored through a case study, inwhich the implant
distance Zimplant is 3, 4, and 5.5 cm. The transmitter has both
size and power constraints. In particular, it must be capable of
being handheld (coil radius under 20 cm) and has a current limit
of 15 A(RMS). The operating frequency of the transmitter is
(arbitrarily) chosen as 73 kHz and, as such, the B-field cannot
exceed the IEEE safety limitation of 200μT.At low frequencies,
the attenuation of an applied B-field due to traveling through
human tissues is negligibly small. Additionally, it is assumed
that the coil can be placed right at the skin.

Fig. 10. Simulated B-field using the analytical model in (4) as a function of
the distance into the body for three coils optimized around different implant
depths. The optimally designed coil gives a greater B-field at its own implant
distance in comparison with the other two coils. At any distances, all three coils
produce a B-field that is under the safety limit of 200 µT.

With the B-field safety limit given, Bsafe ≤ 200 μT, the next
step is to determine if the size or current is the limiting constraint.
We first set the radius equal to the constraint R = 20 cm,
and use (6) to calculate the required current, which leads to
I = 67.3 A. Meanwhile, the design constraint is 15 A, hence
the current constraint will be the limiting factor. Now (11)–(14)
are utilized to determine the optimal radius of the transmitter.
Solving (14) for this system yields a Zcrit of 3.33 cm, meaning
that the first implant at 3 cm is located at a distance less than
Zcrit while the second and third implant distances, 4 and 5.5
cm, are greater than Zcrit. Setting I = 15 A and using (12), the
optimal radius for the first implant is 4.71 cm. For the latter two
implants, (11) results in the optimal radii of 5.66 and 7.78 cm,
respectively.
Using (4), the B-field for each of the three solenoid coils

with the aforementioned radii was presented in Fig. 10. The
smallest coil produced the highest B-field for any point up to
Zcrit, including the first implant depth of 3 cm. We note that
the safety constraint is active only for the smallest coil for
which Zimplant < Zcrit. Beyond 3 cm, the coils with the larger
radii supplied higher B-fields at the larger implant distances.
In particular, the B-field of the largest coil (7.78 cm radius) is
the greatest at the 5.5 cm distance. The coil with the 5.65 cm
radius produced the highest B-field at the implant distance of
4 cm. However, it generated a B-field smaller than that of the
4.71 cm radius coil for distances under Zcrit and the 7.78 cm
coil for distances near the 5.5 cm implant. All coils maintained a
B-field under the safety limit of 200 µT at every point along the
z-direction. It is noted that the coils in Table I are the optimally
designed coils for implants located at 4 and 5.5 cm. All three
coils were built and experimentally shown that they maximized
the B-field at their respective implant depths. As mentioned in
Section II, at low frequencies, the electric field is usually the
limiting constraint. However, since the considered system does
not violate the ERLs limit (defined in terms of the magnetic
field), it does not violate the electric field DRL either [18]. This
result was verified in aCOMSOL simulation of the coil’s electric
field.
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Fig. 11. Flow chart illustrating the three step design process for optimal transmit coil design.

V. DESIGN CONSIDERATIONS AND DESIGN PROCESS

The optimal design study and case study lead to the following
three step generalized design process, which is illutrated graph-
ically in Fig. 11.
1) Define system constraints

a) Determine desired operating frequency of the WPTS
based on system parameters and operating require-
ments. Based on chosen frequency, find the magnetic
field safety limit according to the chosen standard,
IEEE or ICNRP [16]–[18].

b) Define either the geometric and/or current constraints
for the WPTS based on the requirements of the opera-
tional scenario.

2) Determine limiting constraint and set the corresponding
design parameter at the maximum allowable value
a) If there is only one constraint, that constraint is the

limiting constraint.
b) If there are multiple constraints, set the radius equal

the design consrtaint and calculate the required current
using (6). If that current is below the current constraint,
the radius constraint is limiting. Otherwise, the current
is the limiting constraint.

c) If there are no constraints other than the magnetic field
safety limit, the optimal solution is to make a giant coil
that produces a uniform B-field in the axial direction.
This, however, is unlikely to be realistic.

3) Solve for the optimal parameter(s) that are not the limiting
constraint
a) In all cases, minimize the air gap between the transmit

coil and the subject body. If the air gap cannot be
zero or close to zero, see appendix for optimal design
equations for a nonzero air gap.

b) If the transmit coil radius is the limiting constraint,
use (6) to determine the required current. Use (4)
to calculate the corresponding maximum achievable
B-field at the implant Bmax.

c) If the current is the limiting constraint, use (14) to
determine Zcrit. If the implant is located a distance
greater then Zcrit, use (11), otherwise use (12) to
calculate the coil radius. Again, use (4) to determine
Bmax.

If there is no feasible solution (i.e., any design that meets
geometric and/or current constraints does not produce a B-field
at the implant that can provide the necessary power), the designer
must loosen either the geometric or current constraints. An
alternative possible solution would be to redesign the system
for a much lower operating frequency at which there is a higher
B-field safety limit.
The central objective of the article is to design a transmit coil

to maximize the B-field at the implant location given safety,
size, and current constraints. The idea behind this approach is
that by determining the maximum achievable B-field, Bmax, at
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the implant, the designer can then design a receiving transducer,
especially theME receiver presented in Section II, to achieve the
required power from Bmax. An alternative method would be to
first design the receiver, and then determine the required Bmax

that will provide adequate power. Under this scenario, (8) can
be used to optimize the coil geometry and (6) can be utilized to
determine the required current to achieve the desired Bmax.
Additionally, the design process introduced in this work as-

sumes that the air gapbbetween the transmit coil and the skin can
be minimized to be close to zero. This is because the maximum
magnetic field for a WPTS for an implant always occurs when
the air gap is zero or nearly zero. However, if there is a constraint
on the system that does not allow the air gap b to be near zero,
the equations derived in the previous sections can be adapted to
maximize the B-field at the implant considering the non-zero air
gap. The extended equations are explained in the appendix. The
general design process above applies equally to both scenerios
when the air gap is zero or non-zero.
In the interest of clarity, some important aspects of the trans-

mitter have not been discussed here. The transmit coil will
naturally be designed with copper wire with finite resistance
that produces heat when current is applied. The generally rec-
ommended current density to avoid overheating of copper wire
is between 5 – 6 A

mm2 . Once the optimal radius and current of
the transmitter is determined, the thickness of the coil should
be adjusted such that the current density does not exceed this
limit. Moreover, the required current could be lowered by using
smaller wire gages and an increasing number of terms. Previous
work has been done on the optimal techniques to construct
solenoids consisting of multiturn wires [39]–[41]. Finally, the
efficiency of the transmitter system has not been considered
in this article. The goal here was to optimize the transmit coil
geometry. However, inmost circumstances it is also important to
design the transmitter electronics to either maximize the system
efficiency or minimize the transmitter power consumption for a
given produced B-field. This includes designing high Q trans-
mit coils, which could improve the efficiency of the system.
Nonetheless, the key conclusions, and attendant optimal design
process, still hold and can provide a useful design guide.

VI. CONCLUSION

The optimal design for a transmit coil to power biomedical
implants while staying below a magnetic field safety limit de-
pends heavily on the system constraints (such as, B-field safety
constraint, transmit coil geometry, and current consumption) and
the depth of the biomedical device. If there are no additional
constraints besides themagnetic field safety limit, a near uniform
magnetic field can be created through large coils with high
currents. However, if size constraints are applied, the optimal
coil radius will be at the constraint (i.e., the maximum allowable
radius). The current that maximizes the B-field at the implant
while not violating the B-field safety constraint at the surface of
the skin can be calculated accordingly. In this case, the strength
of the maximum achievable magnetic field depends solely on
the size constraint. The equations are applicable for the reverse
problem as well. Given a minimum needed magnetic field, the
necessary coil size and current can be found. Additionally, there

is no benefit to operatingwith any air gap between the transmitter
and the human body due to the nature of the magnetic fields
produced by a current loop.
The design rules for an optimal wireless power transmitter

given a current constraint differ from the geometrically con-
strained case. The maximum magnetic field occurs when the
current constraint is active. The optimal radius of the transmitter
is dependent upon the depth of themedical implant, themagnetic
field safety limit, and the current constraint. A critical distance,
Zcrit, was found such that for any implant depths less thanZcrit,
the safety limit constraint is active and the optimal radius is
not a function of the implant depth, but only of the current
constraint and safety limit. For an implant depth greater than
Zcrit, the safety limit constraint is not active and the optimal
radius becomes a linear function of the implant depth.
These design guidelines were experimentally validated and

shown to hold true for a constructed case study.

APPENDIX A

A. Nonzero Air Gap With Geometric Constraints

Having the air gap b equal to or nearly equal to zero is the
optimal case for maximizing the B-field inside the human body.
However, if this distance cannot bemade close to zero, the design
process proposed in this article can still be utilized with some
modifications. For a WPTS that is geometrically constrained,
the optimal transmit coil radius is still equal to the constraint
limit even if b is non-zero. However, the optimal current in (6)
now becomes

I =
2Bsafe

(
b2 +R2

) 3
2

R2μ
. (6a)

Increasing the air gap b increases the optimal current, and an
increase in b has a larger impact on the optimal current than an
increase in the transmit coil radius R.
Additionally, a non-zero air gap causes (8) to change to

Γ =

(
b2 +R2

) 3
2

(
(zimplant + b)2 +R2

) 3
2

. (8a)

Performing the same substitution as in the geometrically con-
strained transmitter optimization section, and defining a ratio,
a, the coil radius can be expressed as

R = aZimplant. (9)

Equation (10) then takes the form

Γ =

(
b2 + a2 zimplant

2
) 3

2

(
(zimplant + b)2 + a2 zimplant

2
) 3

2

. (10a)

In order to get the same nondimensional insight as (10),
another ratio is added for the convenience. If the relationship
between the implant depth and the air gap is expressed as b =
c zimplant where c is a non-dimensional ratio, (10a) reduces to

Γ =

(
c2 + a2

(c+ 1)2 + a2

) 3
2

. (10b)
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Fig. 12 Maximum achievable B-field ratio (Γ) versus coil radius ratio (a)
for different air gaps (c = b Zimplant). As the air gap increases (i.e., c
increases), the maximum achievable B-field (or equivalently, Γ) decreases for
the same a.

Fig. 13 B-field produced along the centerline of optimal transmit coils in
WPTSs with different air gaps b. The implant is located at a depth of 2 cm for
all cases and its location for each different WPTS is marked with a circle. The
strength of the B-field at the skin for each case is denoted by a star. Current
constraint is 15 A and B-field constraint is 200 µT.

The effect of the air gap is illustrated in Fig. 12. Generally,
as the air gap [represented by c in Fig. 12] increases, the
maximum achievable B-field decreases for a given size ratio,
a. It is important to note that at a radius equal to zero, Γ can be
numerically defined but that definition is trivial since there is no
transmit coil.
However, there appear to be cases where a < 1 for which a

non-zero air gap (c> 0) seems to be beneficial and gives a higher
Γ than the case with no air gap (c= 0). For example, see c = 2 in
Fig. 13. This phenomenon is closely related to the unconstrained
WPTS optimization presented in the unconstrained wireless
power transmitter optimization section. In that case, the optimal
solution is a large coil with high current that produces a uniform
magnetic field just under the safety limit. The same effect can, in
part, be duplicated by a tiny coil with extremely high current that

results in a near-uniform magnetic field at some short distance
(a< 1) away from the coil. These solutions, while valid, may be
impractical since they often necessitate kilo-amperes of current
in a small (mm or smaller) coil. The same or greater Γ can be
achieved by an alternative coil that has a radius greater than the
implant depth, i.e., a ≥ 1, while utilizing a much lower current.

B. Nonzero Air Gap With Current Constraints

Just as in the original case with no air gap, the optimal current
is always at the constraint and there are two different solutions
for the optimal radius of the transmit coil. However, instead of
the implant distance, Zimplant only, the determining factor now
is a combination of the air gap and Zimplant. Similarly to Zcrit,
there is a critical air gap bcrit in conjunction with Zimplant, that
determines the optimal radius for the transmitter. bcrit is attained
by solving the following equation:

0 = u0 I

(
Z2
implant + b2crit

)
(
b2crit + 2(Zimplant + bcrit)

2
) 3

2

−Bsafe. (14a)

Given the complexity of the equation, numerical methods are
more appropriate.
If the WPTS has an air gap b ≥ bcrit, then the optimal radius

of the transmit coil is

Ropt =
√
2 (Zimplant + b) , (11a)

which is similar to (11) (when Zimplant > Zcrit and b = 0). In-
deed, the derivation of (11a) is identical to those of(11) and (16),
except that z = Zimplant + b is substituted into (15) instead of
z = Zimplant.
If b < bcrit, the optimal radius of the coil Ropt is determined

by

2
(
b2 +R2

opt

) 3
2 Bsafe

I u0
− R2

opt = 0. (12a)

Similarly, using numerical methods are themost suitable. The
explanation for (11a) and (12a) is identical to the justification
for (11) and (12). The optimal coil radius without a magnetic
field safety constraint is given by (11a). However, there exists
a region, dependent on the air gap and also the implant depth,
where using (11a) would cause the magnetic field safety con-
straint to be violated at the skin. Therefore, in order to avoid this
behavior while still maximizing the B-field at the implant, the
optimal radius is given in (12a).
These principles are illustrated in Fig. 13, which shows the

B-field produced by optimal transmit coils for an implant located
2 cm beneath the skin with differing air gaps. Each WPTS has a
current constraint of 15 A and a magnetic field safety constraint
of 200 μT. Using (14a), the critical air gap for the given implant
location and constraints is bcrit = 1.05 cm. The first twoWPTSs
with air gaps equal to 0 and 1 cm are cases where b < bcrit,
which implies that the solution of (12a) is the optimal radius
for these WPTSs. It can be observed that the B-field at the skin,
marked by a star on the graph, is at the safety limit of 200 μT
for the two WPTSs under consideration. In scenarios when b >
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Fig. 14 Optimal radius of transmit coil in terms of different air gaps for various
current constrained WPTS. For air gaps below bcrit, the optimal radius is
polynomic. If the air gaps are greater than bcrit, the optimal radius is obtained
by (14a), regardless of the current constraint. All WPTSs have a magnetic field
safety constraint of 200 µT and zimplant = 2 cm.

bcrit, the B-field at the skin is no longer at 200 μT.Moreover, the
larger the air gap, the lower the B-field strength is at the implant.
Equation (12a) differs from (12) in that the optimal radius for

transmit coils located below the critical distance is not constant,
but rather polynomic. Fig. 14 shows the radius of the optimal
transmit coil as a function of the air gap b with differing current
constraints. The magnetic field safety constraint is set constant
at 200 μT and zimplant = 2 cm for all systems.
It is essential to note that the critical airgap bcrit is a function of

current constraint,magnetic field safety limit, and zimplant.More
importantly, there are combinations of constraints and implant
depths for which bcrit is undefined. This implies that the optimal
solution of (11a) will not violate the safety limit regardless of
how small the air gap may be.
Furthermore, depending on the imposed constraints, there

may be two solutions to (14a) and (12a). However, one of them is
nonsensical. In particular, (14a)may have a negative solution for
bcrit which is invalid since bcrit is nonnegative by definition. For
(12a), both solutions to the optimal radius are positive however
the larger radius is the feasible and preferable optimal radius.
The other solution is usually too small, on the order of mm or
smaller.
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