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Abstract—This paper examines transmitter optimization for
wirelessly powering a small implant embedded in tissue. The
wireless link between the transmitter and receiver is first modeled
as a two-port network and an expression for the power transfer
efficiency derived. For a given small receiver in a multilayer
tissue model, the transmitter is abstracted as a sheet of magnetic
current density for which the optimal distribution is analytically
found. The optimal transmitter is compared to the point and
uniform source across a range of frequencies. At higher frequen-
cies, the optimal current distribution is shown to induce fields
that exhibit focusing. The effects of constructive and destructive
interference substantially improves the power transfer efficiency
and reinforces operation in the low GHz-range. The optimal
transmitter establishes an upper bound on the power transfer
efficiency for a given implant and provides insight on the design
of the optimal transmit antenna.

Index Terms—Wireless power transfer, wireless implant, near-
field antenna, layered media, SAR, power transfer efficiency.

I. INTRODUCTION

Implantable medical devices for sensing, drug delivery, and
local stimulation will play an increasingly important role
in modern medicine. These devices help manage a broad
range of medical disorders through preventive and post-surgery
monitoring. In order to avoid the risks associated with battery
replacement and enable miniaturization of the implant, wire-
less delivery of energy to these devices is desirable. Tradition-
ally, researchers have operated at sufficiently low frequencies
(< 10 MHz) such that tissue absorption is negligible. Safety
regulations that limit heating of tissue were thus not included
in most studies [1–5]. Recently, it was shown that the optimal
frequency for wireless power transfer lies in the sub-GHz
to the low GHz-range [6]. The analysis in [6] used point
sources to model both the transmit and the receive antennas,
and derived an expression for the optimal frequency of power
transmission by modeling tissue as a homogeneous medium.
Using a more complex model consisting of planar tissue layers,
it was numerically shown that the optimal frequency remains
in the sub-GHz to the low-GHz region.

At low frequencies, most transmitted energy is stored in
fields rather than radiated. The wireless link between the
transmitter and receiver can thus be analyzed in terms of
inductive coupling. Under these conditions, the coil is a natural
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choice of transmit structure; most analyses based on inductive
coupling are concerned with the design of a coil. Since the
wavelength is much longer than the distance between the
transmitter and receiver, further optimization is unnecessary
since changes in the structure do not result in significantly
different field distributions in tissue. At higher frequencies,
however, the wavelength is comparable to the distance of
separation. As a result of interference, the fields can be
redistributed in tissue by the appropriate choice of transmitter.
Optimizing the transmitter for power transfer efficiency can
enable significantly greater power delivery while avoiding
excessive heating of tissue.

We consider the problem of finding the optimal transmitter
for a small receiver in tissue. Given the greater degree of free-
dom allowed in the design of the external transmit antenna, [7]
removed restrictions on the dimension and structure of transmit
antenna by modeling the transmitter as an infinite sheet of
magnetic current density. The distribution maximizing the
power transfer efficiency was analytically solved for a receive
magnetic dipole oriented along the z direction and air-tissue
inhomogeneity modeled as a planarly half-space medium. In
this work, we generalize the analysis in [7]. We consider a
multilayer tissue model and allow for a small receiver modeled
as a combination of an electric and magnetic dipoles of
arbitrary orientation for completeness. By finding the optimal
current distribution, an upper limit on power transfer efficiency
for a magnetic current distribution can be established for a
given implant in tissue.

The rest of the paper is organized as follows. Section II
presents the source and the tissue models as well as the
expression for the coupling parameter. Section III expresses
the coupling parameter in terms of the transmit current dis-
tribution. Section IV derives the optimal current distribution
that maximizes the coupling parameter. Section V compares
the performance of optimal source to that of a point source and
a uniform source, and shows the resulting field distributions
in tissue as well as the properties of the optimal transmitter.
Section VI discusses receiver considerations and relates the
optimization gain to power transfer efficiency. Finally, we
conclude this paper in Section VII.

In this paper, we will use boldface letters for vectors and
boldface capital letters with a bar such as Ḡ for matrices.
For a complex number x, Rex and Imx denote the real and
imaginary part of x respectively. For a vector r, r denotes
its magnitude and r̂ is a unit vector denoting its direction.
(·)∗ and (·)t denote the conjugate and transpose operations
respectively.
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Figure 1. A planar current source M1z(x, y) on top of a multilayer
inhomogeneous tissue model delivers power to an implanted antenna at
z = −zf .

II. MODEL AND PROBLEM FORMULATION

A. Source and Tissue Models

We model the inhomogeneity of the link as an air-tissue
planarly multilayered medium, as illustrated in Fig. 1. The
transmit antenna is modeled as an infinite sheet of magnetic
current density at z = 0 with distribution

M1(r) = M1z(x, y) δ(z) ẑ. (1)

Since the receive antenna is small, it can be modeled as a
combination of magnetic and electric dipoles with arbitrary
orientation located at r = rf :

M2(r) = iωµArI2 δ(x, y, z + zf )α (2a)
J2(r) = lrI2 δ(x, y, z + zf )β (2b)

where Ar is the area of the magnetic dipole and ArI2 is its
magnetic moment, and lr is the length of the electric dipole
and lrI2 is its electric moment. The vectors α̂ and β̂ denote
the orientation of the magnetic and electric dipoles respec-
tively, and the relative contributions from the two dipoles are
normalized such that α2 + β2 = 1. For a given M2 and J2,
we want to find M1z(x, y) that optimizes the power transfer
efficiency, as will be next defined.

B. Coupling Parameter

Fig. 2 shows a typical wireless power transfer system. In
this work, we focus on the power transfer efficiency over the
transmission link shown as the shaded region of Fig. 2. The
coupling between the transmit and the receive structures can
be abstracted as a two-port network:

V1 = Z11I1 + Z12I2

V2 = Z21I1 + Z22I2.

Denoting the equivalent input impedance of the power receiver
as ZL, we have V2 = −ZLI2 and hence,

I2 = − Z21

Z22 + ZL
I1.

Now, the received power at the output of the two-port network
can be written as

Pr = RL
∣∣I2∣∣2 (3)

where RL is the real part of ZL. Since receive structure is
small, the transmitter and receiver are loosely coupled. The
transmit power at the input of the two-port network can then
be approximated by

Pt = Re{V1I∗1} ≈ R11

∣∣I1∣∣2. (4)

where R11 is the real part of Z11. The power transfer efficiency
is thus given by

η :=
Pr
Pt
≈

∣∣Z21

∣∣2
4R11R22

4R22RL∣∣Z22 + ZL
∣∣2 . (5)

In this expression, the efficiency is the product of two factors:
the coupling efficiency ηc on the left and the matching effi-
ciency ηm on the right. The coupling efficiency is the ratio
of the power available at the receiver to the input power.
The matching efficiency is the ratio of the power delivered
to the load to the available power. In this paper, we focus
on optimizing the transmitter for a given receiver. Since the
matching efficiency is independent of the transmit structure,
it suffices to maximize the coupling efficiency. From ηc, we
extract the coupling parameter γ

γ =
|Z21|2

R11
, (6)

which is completely determined by the transmitter. The op-
timal transmitter is thus given by the current distribution
M1z(x, y) that maximizes γ.

III. SELF AND MUTUAL IMPEDANCES

To maximize the coupling parameter for a given receiver,
we will need to express the coupling parameter in terms
of M1z(x, y) first. This is achieved by first defining the
impedances of the two-port network in terms of the electro-
magnetic fields from the sources M1, M2, and J2. We then
derive these fields in terms of the source distributions.

A. Definitions

For a loosely coupled two-port network, the real part of
Z11 accounts for the tissue loss, the conduction loss in the
transmit structure, and the radiation loss. Tissue loss usually
dominates the radiation loss, since the radiation efficiency is
poor due to the presence of lossy tissue in near-field region. We
assume that the antenna efficiency is close to unity. Denoting
the electric and the magnetic fields from the transmit source
by E1(r) and H1(r) respectively,

R11 =
ω∣∣I1∣∣2

∫
z<−d1

Im ε(r)
∣∣E1(r)

∣∣2 dr (7)

where ε(r) is the permittivity at r.
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Figure 2. Overall wireless power transfer system. This work focuses on the analysis and the optimization of the shaded region. (J1,M1) are the electric
and the magnetic current distributions on the external antenna structure while (J2,M2) are those on the implant antenna structure.

We define the mutual impedance via the concept of induced
emf [8, Chapter 3]. It is given by

Z21 =
1

I1I2

(∫
M2 ·H1 dr +

∫
J2 ·E1 dr

)
(8a)

=
Voc
I1
, (8b)

where Voc is the received open circuit voltage of

Voc = iωµAr α ·H1(rf ) + lr β ·E1(rf ) (9)

for a small receive dipole. Putting these together,

γ =

∣∣∣iωµAr α ·H1(rf ) + lr β ·E1(rf )
∣∣∣2

ω
∫
z<−d1 Im ε(r)

∣∣E1(r)
∣∣2 dr . (10)

B. Expressions for the Fields

The electromagnetic fields can be expressed in terms of
source through the Green’s functions:

H1(r) = iωε

∫
Ḡhm(r− r′)M1(r′) dr′ (11a)

E1(r) = −
∫

Ḡem(r− r′)M1(r′) dr. (11b)

Taking the 2D Fourier transform with respect to (x, y) for a
given depth z yields

H1(kx, ky, z) = iωε Ḡhm(kx, ky, z)ẑM1z(kx, ky) (12a)

E1(kx, ky, z) = −Ḡem(kx, ky, z)ẑM1z(kx, ky). (12b)

In free-space, via the use of Weyl identity, the Green’s
functions are given by

Ḡhm,fs(kx, ky, z) =
ie−ikzz

2kz

(
Ī− kkt

k2

)
Ḡem,fs(kx, ky, z) = −e

−ikzz

2kz
k× Ī

where kz =
√
k2 − k2x − k2y , k =

[
kx ky −kz

]t
, and

k is the wavenumber of free-space. In the multi-layered
medium, we need to include the reflection and the transmission

coefficients. From [9, Chapter 2], when z is in between −dn+1

and −dn, the Green’s functions can be written as

Ḡhm,n(kx, ky, z) =

i

2k1z

(
Ī− k1k

t
1

k21

)
·An

[
e−iknzz + R̃TEn,n+1e

iknz(z+2dn)
]

(13a)

Ḡem,n(kx, ky, z) =

− 1

2k1z
k1 × Ī ·An

[
e−iknzz + R̃TEn,n+1e

iknz(z+2dn)
]

(13b)

where knz =
√
k2n − k2x − k2y , kn =

[
kx ky −knz

]t
, and

kn is the wavenumber of the nth layer. The term R̃TEn,n+1

is the generalized reflection coefficient while An can be
interpreted as the generalized transmission coefficient. Their
expressions can be found in [9, Chapter 2]. Once M1z(kx, ky)
is known, performing the inverse Fourier transform yields the
electromagnetic fields at any point in space.

IV. OPTIMAL TRANSMIT CURRENT DISTRIBUTION

We will now express the coupling parameter in (10) in terms
of M1z(kx, ky). For a Fourier transform pair g(t) and G(ω),
g(0) = 1

2π

∫
G(ω) dω. Therefore,

H1(0, 0,−zf ) =
1

4π2

∫∫
H1(kx, ky,−zf ) dkxdky (14)

and hence,

H1(0, 0,−zf )

=
iωε1
4π2

∫∫
Ḡhm,j(kx, ky,−zf )ẑM1z(kx, ky) dkxdky. (15)

Similarly,

E1(0, 0,−zf )

=− 1

4π2

∫∫
Ḡem,j(kx, ky,−zf )ẑM1z(kx, ky) dkxdky.

(16)
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By Parseval’s theorem,
∫
|g(t)|2 dt = 1

2π

∫
|G(ω)|2 dω.

Therefore,∫
z<−d1

Im ε(z)
∣∣E1(r)

∣∣2 dr
=

1

4π2

∫∫∫
z<−d1

Im ε(z)
∣∣E1(kx, ky, z)

∣∣2 dkxdkydz (17a)

=
1

4π2

∫∫ [∫
z<−d1

Im ε(z)
∣∣Ḡem(kx, ky, z)ẑ

∣∣2 dz] (17b)

·
∣∣M1z(kx, ky)

∣∣2 dkxdky.
Defining

h(kx, ky) =
1

4π2

[
k21Arα

tḠhm,j(kx, ky,−zf )ẑ

+ lrβ
tḠem,j(kx, ky,−zf )ẑ

]
f(kx, ky) =

√
ω

4π2

∫
z<−d1

Im ε(r)
∣∣Ḡem(kx, ky, z)ẑ

∣∣2 dz,
the coupling parameter in (10) can be written as

γ =

∣∣∫∫ h(kx, ky)M1z(kx, ky) dkxdky
∣∣2∫∫ ∣∣f(kx, ky)M1z(kx, ky)

∣∣2 dkxdky . (18)

The optimization problem is to find M1z(kx, ky) such that
the expression in (18) is maximized. By the Cauchy-Schwarz
inequality, (18) is maximized when

M1z,opt(kx, ky) =
h∗(kx, ky)∣∣f(kx, ky)

∣∣2 (19)

and the optimal value for the coupling parameter in (18) is

γopt =

∫∫ ∣∣∣h(kx, ky)

f(kx, ky)

∣∣∣2 dkxdky. (20)

For example, in a half-space medium, when the receiver is a
magnetic dipole oriented along the z direction (α = ẑ and
β = 0), the optimal source distribution is given by

M1z,opt(kx, ky) =
Ar(k1z + k2z) Im k2ze

ik∗2z(−zf+d1)

2π2ωeik1zd1
(21)

and the corresponding coupling parameter in (18) is

γopt =
A2
r

πω Im ε2

∫ ∞
0

Im k2ze
2 Im k2z(−zf+d1)k3ρ dkρ (22)

where kρ =
√
k2x + k2y . As another example, when the receiver

is an electric dipole oriented along the x direction (α = 0 and
β = x̂), the optimal source distribution is given by

M1z,opt(kx, ky) =
lrky(k1z + k2z) Im k2ze

ik∗2z(−zf+d1)

4π2ωk2ρe
ik1zd1

(23)
and the corresponding coupling parameter is

γopt =
l2r

2πω Im ε2

∫ ∞
0

Im k2ze
2 Im k2z(−zf+d1)kρdkρ. (24)
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Figure 3. Coupling parameter versus frequency for a vertical magnetic dipole
at zf = 5 cm for different source distributions d1 = 1 cm above the interface.

V. RESULTS

A. Comparison with Point and Uniform Sources

We compare the optimal transmit current distribution to a
point source and an uniform source in terms of the result-
ing coupling parameter and field distributions in tissue. The
receiver and tissue model must be fixed in order to perform
a comparison. For simplicity, we consider a magnetic dipole
with an area of Ar = π mm2 oriented in the z direction. For
a vertical magnetic dipole receiver, the received open-circuit
voltage is given by

Voc = iωµAr|H1z(rf )| (25)

which is dependent only on the z component of the magnetic
field. We also consider a simple tissue model composed of
an air-muscle half-space where the transmitter is placed at
d1 = 1 cm above the air-muscle interface. The tissue properties
are modeled by assigning a dielectric permittivity ε to each
layer. The dependence of ε with frequency is modeled by the
4-term Cole-Cole relaxation model [10] in the same manner
as [6].

1) Coupling Parameter: The coupling parameter of a
source can be obtained by writing an expression for its current
distribution M1z(x, y) and substituting its Fourier transform
M1z(kx, ky) into (18). The point source has the form

M1z(x, y) = δ(x, y). (26)

The Fourier transform of the point source is then simply
M1z(kx, ky) = 4π2. Similarly, the uniform source is modeled
as a circle function with a fixed radius R,

M1z(x, y) =

{
1 if

√
x2 + y2 < R

0 otherwise
. (27)
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Figure 4. The coupling parameter γ versus frequency for a vertical magnetic
dipole receiver at depths zf−d1 = 2 cm, 4 cm, and 8 cm for (a) the optimized
current distribution and (b) a uniform source.

The Fourier transform of the circle function is given by

M1z(kx, ky) =
2πRJ1(R

√
k2x + k2y)√

k2x + k2y

(28)

where J1 is a Bessel function of the first kind and of the
first order. For the uniform source, we choose a radius R =
1 cm. Further increasing the size of the uniform source actually
reduces the coupling parameter due to increased tissue loss.

Fig. 3 shows the coupling parameter versus frequency of
each source for an implant at zf = 5 cm. At low frequencies
(<100 MHz), the improvement of the optimal source coupling
over the point and uniform sources is negligible. At higher
frequencies, however, the gain obtained by optimization is
significant. For example, at 2 GHz, the optimal source outper-
forms the point source and the uniform source by about 11 dB.
Although the uniform source covers a larger area than point
source, its coupling parameter is only slightly higher since the
current distribution over the area has not been optimized.

The coupling parameter versus frequency at three different
depths in tissue is shown in Fig. 4 for the optimal and the
uniform source. The coupling parameter drops with depth
much more quickly for the uniform source than the optimized
source. This suggests that the gain obtained by transmitter
optimization increases with the depth of the implant.

2) Field Distributions: For a given transmitter, the E and H
fields can be computed everywhere in tissue. The magnitude
of the E field is responsible for tissue heating while, for
the vertical magnetic dipole, power is delivered by the z-
component of the H field. The absorbed power in tissue
is measured by the specific absorption rate (SAR), which
is defined as the absorbed power spatially averaged over a
volume of 1 cm3. The IEEE safety guidelines require that the
SAR not exceed 1.6 mW/cm3 [11].

Fig. 5 shows the distribution of the received open-circuit
voltage and SAR distribution at 2 GHz for the uniform
and optimal sources. The open-circuit voltage distribution
represents the emf induced in a receiver located at a given
position. As a basis of comparison between sources, the
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Figure 5. The distribution of Voc and SAR at y = 0 in the tissue for the
point, uniform, and optimal sources at 2 GHz. The receiver is a magnetic
dipole with normal oriented along the z direction, and (d1, zf ) = (1 cm,
5 cm).

transmit power is normalized such that the peak SAR is equal
to the safety guideline for each source. The field distributions
of the point source and uniform source are highly similar.
However, the fields due to the optimal source exhibit focusing,
the effect where the fields are redistributed such that they
interfere constructively at the focal point and destructively
otherwise. This enables the optimized source to achieve a
11 dB improvement as compared to the uniform source.

B. Optimal Transmit Distribution

Using the same tissue model, we consider the optimal
current distribution for both a magnetic and electric dipole.
The magnetic dipole is again oriented in the z direction with
area Ar = π mm2. The electric dipole is lying parallel to the
x direction with length lr = 2 mm.

For the magnetic dipole receiver, the optimal current dis-
tribution M1z,opt is circularly symmetric. Fig. 6 shows the
magnitude and phase of a radial slice of M1z,opt at 2 MHz
and 2 GHz for an implant at zf = 5 cm. At both frequencies,
the magnitude decays quickly and is negligible at large radial
distances. At low frequencies, the magnitude is negligible
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Figure 6. Magnitude and phase of M1z,opt(x, y) at 2 MHz and 2 GHz for
the receive mangetic dipole where (d1, zf ) = (1 cm, 5 cm).

outside ρ = 2 cm while the phase is almost constant within
the circular region. Due to the relatively long wavelengths in
tissue, there are no interference effects and optimal source is
obtained by placing all of the energy at the point closest to
the receiver. At high frequencies, however, the magnitude of
the optimal current distribution extends a much larger radius
and the phase varies quickly with a period of wavelength in
tissue. The distribution resembles a ring and leads to construc-
tive interference at the implant and destructive interference
elsewhere.

For a receive electric dipole, the optimal current distribu-
tion is not circularly symmetrical. Since the transmitter is
composed of magnetic dipoles, circularly symmetric sources,
such as the point and uniform source, result in zero E field
along the z-axis so no power is delivered to an electric
dipole receiver. Instead, Fig. 7 shows that the distribution is
conjugate symmetric across the x-axis such that the E fields
add constructively along the direction of the dipole in x. The
current distribution also exhibits decaying behavior similar to
the magnetic dipole at both frequencies.

The optimal transmit current distribution was found along an
infinite sheet. In practice, the transmitter can be realized only
within a limited area. An important property of the optimal
current distribution is that the magnitude decays rapidly as
the radial distance ρ increases, as shown in both Fig. 6 and 7.
Since the contribution of the current becomes negligible at
large radial distances, an optimal transmitter dimension can
be defined for which beyond there is a diminishing return in
performance. The ν-radius of the transmitter is defined as the
radius ρν where∫
√
x2+y2≤ρν

∣∣Mz,opt(x, y)
∣∣2dxdy = ν

∫ ∣∣Mz,opt(x, y)
∣∣2dxdy

(29)
for 0 < ν ≤ 1. For example, ρ0.9 gives the radius of the
transmit current distribution that it contains 90% energy of
in the optimal source distribution. The current outside the
ν-radius can be safely ignored with minimal impact on the
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Figure 8. ρ0.9 versus frequency for a magnetic dipole and electric dipole
receiver at depth zf − d1 = 4 cm.

coupling parameter [7].

Fig. 8 shows ρ0.9 for a receiving magnetic and electric
dipole at zf = 5 cm. Somewhat counterintuitively, the ν-
radius is small for low frequencies, which suggests that in
this range the optimal current distribution resembles a small
uniform source. This is consistent with the results in Fig. 3
where the uniform and optimal sources were found to have
comparable performance at low frequencies. The ν-radius then
increases with frequency up to the low GHz range, beyond
which it decreases again due the excessive tissue loss past
the low-GHz range. Fig. 9 shows ρ0.9 with varying depths of
a magnetic dipole receiver. The ν-radius increases with the
depth of the implant.
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VI. RECEIVER CONSIDERATIONS

Optimizing the transmit current distribution allows the max-
imum coupling parameter γopt to be obtained, and hence
the maximum coupling efficiency ηc,opt = γopt/4R22 as
well for a given receiver. The total power transfer efficiency,
however, is given by the product of the coupling efficiency ηc
and the matching efficiency ηm. In this section, we show
how the matching efficiency can be maximized subject to
practical limitations that arise in an integrated circuit (IC)
implementation of the receiver [12], [13]. This establishes
an upper-bound on the power transfer efficiency that can be
obtained for a given receiver in tissue.

From (5), the matching efficiency is given by

ηm =
4R22RL∣∣Z22 + ZL

∣∣2 (30)

where Z22 is the self-impedance of the receiving antenna
and ZL is the load impedance. For a fixed frequency, Z22

is determined by the antenna dimensions and material as well
as the surrounding tissue. The load impedance ZL, however,
can be controlled by introducing a matching network between
antenna and the load as shown in Fig. 2. Note that the
conjugate matching condition

ZL = Z∗22 (31)

yields the maximum matching efficiency ηm = 1. Conjugate
matching requires both resonance, which occurs when the
imaginary part of ZL cancels that of Z22, and matched
resistance, the condition where RL = R22.

Practical limitations to conjugate matching arise from the
limited transformation range of the matching network. Suppos-
ing that the resonance condition is met, the matching network
must be able to perform impedance transformation between the
antenna and the load in order to achieve matched resistance.
For typical implants, the load impedance is determined by the

Table I
OPTIMAL POWER TRANSFER EFFICIENCY FOR TYPICAL VALUES OF R22

AND MINIMUM LOAD RESISTANCE RL = 10 Ω

Receiver Frequency R22 γopt ηc,opt ηm ηopt
[MHz] [Ω] [dB(Ω)] [dB] [dB] [dB]

2 0.02 −43.8 −32.8 −21.0 −53.8
Magnetic 20 0.02 −44.4 −33.4 −21.0 −54.4

dipole 200 0.08 −43.2 −38.3 −15.0 −53.3
2000 10.6 −26.1 −42.4 0 −42.4

2 1307 −23.4 −60.6 0 −60.6
Electric 20 1105 −24.1 −60.6 0 −60.6
dipole 200 546 −23.3 −56.7 0 −56.7

2000 29 −17.5 −38.1 0 −38.2

rectifier, which has values on the order of 1 kΩ [12], [13].
On an IC, however, the Q-factor is typically limited to <10,
which yields a maximum transformation ratio of 1:100. As
such, we have the minimum load resistance condition

RL > 10 Ω. (32)

This limits our ability to perform conjugate matching when
the antenna self-resistance is small.

Table I lists the optimal power transfer efficiency for dif-
ferent frequencies. The values of R22 were obtained for a
magnetic dipole of radius 1 mm and an electric dipole of
length 2 mm in muscle, and are typical of the antenna self-
impedance. Interestingly, R22 of electric dipole is high at low
frequencies, which is opposite of the result in free space. This
is due to the high dielectric loss around the dipole in a lossy
medium. For the magnetic dipole, conjugate matching cannot
be achieved at low frequencies due to small values of R22.

When receiver considerations are taken into account, Table I
shows that the optimal frequency remains in the low-GHz
range. Although the optimal coupling parameter γopt of the
electric dipole is much higher than the magnetic dipole, the
power transfer efficiency is somewhat worse due to high
dielectric loss in the surrounding tissue. Since matching ef-
ficiency is independent of transmit source, the effect of the
receiver considerations will be identical for other sources.
The gain obtained by optimization of the coupling parameter
directly translates to an increase in power transfer efficiency.

VII. CONCLUSIONS

We studied the optimal transmitter for wireless power
transfer to small receiver embedded in multiple planar layers
of tissue. We considered a general transmitter composed
of an arbitrary magnetic current sheet, and allowed for a
receiver modeled by a combination of magnetic and electric
dipoles with arbitrary orientations. On abstracting the coupling
between the transmitter and the receiver as a two-port network,
an expression for the power transfer efficiency was derived
and found to be the product of the coupling and matching
efficiency. We expressed the coupling efficiency in terms of
the fields in tissue via a plane wave decomposition and derived
the magnetic current distribution that maximizes the coupling
efficiency for a given receiver. The optimal source was then
compared to the point and uniform source. Finally, receiver
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considerations were taken into account to find the improve-
ment in power transfer efficiency obtained by transmitter
optimization.

The optimal source distribution achieves the highest power
transfer efficiency at the low-GHz range. At the low-GHz
range, we found that the optimal source distribution does not
resemble the uniform distribution, but is more complicated in
shape. Consequently, the optimal source invokes focusing of
electromagnetic fields to concentrate fields at the receive im-
plant while reducing of the heating in the surrounding tissue,
which results in substantial improvement in the power transfer
efficiency. Lastly, the optimal source distribution informs us
a dimension of the transmit antenna beyond which there is a
diminishing return in performance.
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