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Abstract

Implantable medical devices will play an important
role in modern medicine. To reduce the risk of wire
snapping, and replacement and corrosion of embedded
batteries, wireless delivery of energy to these devices is
desirable. However, current autonomous implants re-
main large in scale due to the operation at very low fre-
quency and the use of unwieldy size of antennas . This
paper will show that the optimal frequency is about 2
orders of magnitude higher than the conventional wis-
dom; and thereby the power receiving coils can be re-
duced by more than 100 fold without sacrificing either
power efficiency or range. We will show that a mm-sized
implant can receive 100’s µW of power under safety
constraints. This level of power transfer is sufficient to
enable many functionalities into the micro-implants for
clinical applications.

1. Introduction

Implantable medical devices will play an impor-
tant role in modern medicine for preventive and post-
surgery monitoring, drug delivery, local stimulation,
and biomimetic prosthesis. To reduce the risk of wire
snapping, and replacement and corrosion of embedded
batteries, wireless delivery of energy to these devices
is desirable. Low-frequency electromagnetic field as
the carrier in conjunction with inductive coupling as
the transmission mechanism is a commonly used ap-
proach. In the past fifty years, analyses, circuit de-
sign techniques, link optimization, and prototype imple-
mentations [1–4] tended to operate at frequencies below
10 MHz. This requires the diameter of receive antennas
to be a few cm and hence limits the clinical application
of implantable devices.

In this paper, we use a four-step approach to show
that the optimal frequency for wireless power transmis-
sion over dispersive tissue is at least 2 orders of magni-
tude higher. We begin with closed-form analysis to de-

rive the optimal frequency for transmission over a ho-
mogeneous medium where the dielectric properties of
tissue are parameterized by the Debye relaxation model.
Then, we take into account the body-boundary effect
and perform numerical analysis over planarly layered
medium. Afterwards, we include the antenna effect by
performing electromagnetic simulation. Finally, we in-
clude safety constraints and show that a mm-sized im-
plant can receive 100’s µW of power.

2. Homogeneous Dispersive Tissue

Let us first review the reasoning behind the pop-
ular use of low-frequency carrier in wireless power
transmission. As tissue absorption increases with fre-
quency, most analyses assume that lower frequency
would yield better transfer efficiency. They therefore
omit the displacement current. The propagation of elec-
tromagnetic field is then governed by a diffusion equa-
tion which is a quasi-static approximation to Maxwell’s
equations. Solving the diffusion equation reveals that
electromagnetic fields decay exponentially inside tissue
and the length of diffusion is inversely proportional to
the square root of frequency. That is, higher frequency
decays faster which agrees with the initial assumption
and reinforces the use of low-frequency carrier. How-
ever, the diffusion equation is a valid approximation for
good conductors, and tissue is better modeled as a low
loss dielectric in which displacement current is signifi-
cant. In this section, we include the displacement cur-
rent and model the frequency variation of the relative
permittivity by the Debye relaxation model [5]:

εr(ω) = ε∞ +
εr0− ε∞

1− iωτ
+ i

σ

ωε0
(1)

where τ is the relaxation time constant, εr0 is the static
relative permittivity, ε∞ is the relative permittivity at fre-
quencies where ωτ � 1, and σ is the static conductiv-
ity. Each type of tissue is characterized by 3 parameters:
εr0, ε∞, and τ .

We model the transmitted field from the source by
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Table 1: Approximate optimal frequency assuming d = 1 cm.

Type of tissue fopt (GHz)

Blood 3.54
Bone (cancellous) 3.80
Bone (cortical) 4.50
Brain (grey matter) 3.85
Brain (white matter) 4.23
Fat (infiltrated) 6.00
Fat (not infiltrated) 8.64
Heart 3.75
Kidney 3.81
Lens cortex 3.93
Liver 3.80
Lung 4.90
Muscle 3.93
Skin (dry) 4.44
Skin (wet) 4.01
Spleen 3.79
Tendon 3.17

the field emanated from the set of lowest order magnetic
multipoles, and assume that the scattered field from the
receiver is negligible. Then the electromagnetic fields
at a point r in the medium are:

H(r) =
iItAt

4π

[
αxψx(r)+αyψy(r)+αzψz(r)

]
(2a)

E(r) =−ωµ0ItAt

4π

[
αxξ x(r)+αyξ y(r)+αzξ z(r)

]
(2b)

where k = ω
√

µ0ε0εr, ItAt is the transmit magnetic mo-
ment, ψx(r) and ξ x(r) give the respective magnetic and
electric fields due to a magnetic dipole pointing in the x
direction, and (αx,αy,αz) is the orientation of the trans-
mit dipole. Suppose the receive dipole is at −ẑd and
is pointing in the direction n̂, and the tissue region is
defined by z < d1. Then, we define the power transfer
efficiency as the ratio of received power to total tissue
absorption:

η :=
ω2µ2

0 A2
r Re 1

ZL

∣∣H(−ẑd) · n̂
∣∣2

ωε0
∫

z<−d1
Imεr(ω)

∣∣E(r)
∣∣2 dr

(3)

where Ar is the area of the receive dipole and ZL is the
load impedance.

For a given n̂, we derive the frequency that maxi-
mizes the efficiency over all possible orientations of the
transmit dipole αm’s. The optimal frequency satisfies

ωopt ≈
√

c
√

εr0

dτ∆ε
(4)

Based on the measured data in [6], Table 1 lists the ap-
proximated optimal frequencies for 17 different kinds
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Figure 1: Approximated vs. exact optimal frequency in ho-
mogeneous medium

of tissue assuming d = 1 cm. All approximated opti-
mal frequencies are in the GHz-range. They are above
1 GHz even for d = 10 cm. Furthermore, the trans-
fer efficiency at the optimal frequency is approximately
proportional to 1

d3 . This implies that the regime for op-
timal power transmission is in between the far field and
the near field.

As muscle is the most widely reported tissue, let
us take muscle as an example. We consider a receive
dipole tilted 45◦ with respect to the z-axis. The area
of the receive dipole is (2 mm)2. We first compute the
efficiency that optimizes the orientation of the transmit
dipole for the given receive orientation. Then, we find
the frequency that yields the maximum efficiency for
different implant depth, and compare it with the approx-
imation in (4). Fig. 1 shows these curves. The approxi-
mated and exact optimal frequencies are very close.

3. Planarly Layered Body Model

The analyses in homogeneous medium reveal that
the effect of tissue absorption on the power transfer effi-
ciency is not as worse as we used to believe. Higher effi-
ciency can be achieved by operating at higher frequency
until reaching the optimal frequency. In this section, we
include the air-tissue interface and study its effect on the
optimal frequency. We model human body as a planarly
layered medium, as illustrated in Fig. 2. We numeri-
cally compute the optimal frequency for three different
models of the source region: (1) a magnetic dipole with
orientation optimized for the given receive orientation,
(2) a magnetic dipole pointing in the z direction, and (3)
a square current loop with uniform current distribution.
Fig. 3 plots the optimal frequency versus the implant
depth. The transmit source is 1 cm above the tissue in-
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Figure 2: 3D view of the transmit coil, the receive coil, and
the tissue model in IE3D
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Figure 3: Optimal frequency vs. depth of implant in planarly
layered medium

terface and the receive dipole is tilted 45◦ with respect
to the z axis. The thickness of skin and fat are 2 mm and
5 mm respectively. The width of the square current loop
is 2 cm. All optimal frequencies are above 1 GHz. The
uppermost curve in Fig. 3 follows closely to the curves
in Fig. 1. This implies that the air-tissue interface does
not have significant effect on the optimal frequency.

4. Matching at Receiver

The received power depends on the load impedance
ZL. In the inductively coupled link, the load impedance
is chosen to achieve a given output voltage. Various tun-
ing configurations – series vs. shunt tuning – are chosen
to maximize the power transfer efficiency. Shunt tuning
at receiver and series tuning at transmitter is commonly
used. At 1 GHz or above, the mutual impedance be-
tween the transmit and the receive antennas is no longer
purely imaginary as in the inductive link. We should
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Figure 4: Simulated matched power gain vs. frequency for
transmit coil of width 2 cm (solid line) and 2 mm (dotted line).

use a different approach and model the power link as a
two-port network. As our objective is to maximize the
power transfer efficiency, we should perform simulta-
neously conjugate matching at both transmitter and re-
ceiver. The output voltage requirement is then fulfilled
by the choice of different forms of matching network.
As a result, the load impedance ZL in the definition of η

is related to the self-impedance of the receive antenna.
At conjugate matching, the total impedance of port 2
is approximately equal to 2 times the real part of the
self-impedance and half of the power absorbed by port
2 goes to the load. Therefore, the load impedance ZL
can be chosen to be 4 times the real part of the self-
impedance. In the last section, we choose ZL = 5.6 Ω

which is 4 times the resistance of a 2-mm side square
copper loop.

As the self-impedance of the receive antenna
changes with frequency, the optimal choice of ZL
changes with frequency as well. To understand the ef-
fect of load impedance on the optimal frequency, we
perform electromagnetic simulations. We use Zeland
IE3D full-wave electromagnetic field solver to obtain
the S-parameters for the 2-port system in Fig. 2. The
tissue model and orientation of the coils are the same as
in last section. The transmit coil is a 2-cm side square
copper loop with a trace width of 2.00 mm and trace
thickness of 0.04 mm. The receive coil is a 2-mm side
square copper loop with a trace width of 0.20 mm and
trace thickness of 0.04 mm. Fig. 4 plots the variation
of matched power gain with frequency. The loss in the
matched power gain includes not only tissue absorption
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Figure 5: Local SAR distribution at 1 GHz.

-4-2 -3 -5 -7-1 -6

0.8

2

0.4

1.2

1.6

0

1

10-3

10-1

10-0.5

10-2

10-1.5

10-2.5

(mW)

z (cm)

x 
(c

m
)

Figure 6: Received power distribution at 1 GHz.

but also ohmic loss in both coils and radiation loss from
the transmit coil. At low frequency, the ohmic loss dom-
inates but its rate of increase with frequency is less than
that of the received power. As a result, the power gain
increases with frequency. The rate of increase reduces
when loss from induced current dominates. Finally, it
decreases steeply with frequency when dielectric loss
dominates.

The optimal frequency for the 2-cm side transmit
coil shifts to the sub-GHz range due to the unopti-
mized design of the transmit antenna. The wavelength
at 1 GHz is about 4 cm and the dimension of the trans-
mit antenna is in this range. Therefore, future work will
focus on designing the transmit antenna such that the
optimal frequency will shift back to the GHz-range.

5. How Much Power Can Be Delivered?

As the transmit source is close to the tissue, we
adopt the safety guidelines for specific absorption rate
(SAR). In the IEEE guideline, the SAR limits are
1.6 W/kg for any 1 g of tissue and 4 W/kg for any 10 g
of tissue. In the ICNIRP guideline, the SAR limit is
4 W/kg for any 10 g of tissue in hands, wrists, feet,
and ankles, and 2 W/kg for any 10 g of other tissue.
In general, 1 g of tissue approximately occupies 1 cm3

and 10 g of tissue occupies 2.15 cm3. That is, the tis-
sue absorption should not exceed 1.6 mW in 1 cm3 and
20 mW to 40 mW in 2.15 cm3.

We consider a square loop of width 2 cm at a dis-
tance 1 cm above the air-tissue interface and an air-
skin-fat-muscle multi-layered medium. We first assume
ItAt equal to 1 Am2 and compute the SAR distribu-
tion. Then, we scale the SAR distribution by a factor
such that the maximum value of the scaled distribution
equals to 1.6 mW/cm3. This scaling factor also gives the
transmit current which is 280 mA. Fig. 5 plots the SAR
distribution at 1 GHz after scaling. The corresponding
received power distributions are plotted in Fig. 6. At an
implant depth of 2 cm (z =−3 cm), the received power
is 150 µW for a dipole pointing in the z direction. If the
less stringent SAR limit is used, the received power will
be increased by approximately 10 times. As a result,
sub-mW to mW of power can be safely delivered to a
mm-sized receive antenna from a cm-sized transmit an-
tenna with a separation of a few cm at carrier frequency
of 1 GHz.
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