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Abstract— This paper examines short-range wireless power-
ing for implantable devices and shows that existing analysis
techniques are not adequate to conclude the characteristics of
power transfer efficiency over a wide frequency range. It shows,
theoretically and experimentally, that the optimal frequency for
power transmission in biological media can be in the GHz-range
while existing solutions exclusively focus on the MHz-range.
This implies that the size of the receive coil can be reduced
by 10* times which enables the realization of fully integrated
implantable devices.

I. INTRODUCTION

Implantable medical devices (IMDs) are useful for health
monitoring, disease prevention, and biomimetic prosthesis.
In recent years, the power consumption of these devices has
been reduced dramatically. For example, cochlear implants
can run on a power level of 1 mW, and pacemakers can run
on power levels ranging from 10 W to 1 mW. However, the
wireless interface for both power and data transmission, usu-
ally through inductive coupling, remains bulky and therefore
is not suitable to embed in the implant. Its relatively large
size is a result of the common belief that lower operating
frequency yields higher power transfer efficiency. Most of
these wireless interfaces operate below 20 MHz [1]-[3].
Quasi-static analysis was sufficient to analyze these wireless
links [4]-[8]. The quasi-static approximation works well at
low frequency. The conclusion drawn from this approxima-
tion does not favor the operation at higher frequencies which
is also the source of the common belief.

In this paper, we remove the quasi-static approximation,
and show that the power transfer efficiency exhibits certain
optimal frequency in the GHz-range by carrying out the full-
wave analysis taking into account the relaxation loss of bio-
logical tissue as well as the layered structure of tissue. Higher
operating frequency reduces the size of the receive antenna.
To deliver the same amount of power, a 10 times smaller
antenna can be used at 1 GHz than that at 10 MHz without
increasing tissue absorption. This gives a lot of room for
practical realization of integrating the receive antenna with
the rest of the implant circuits for a complete implant-on-chip
solution. Not only is the conventional analysis technique for
wireless powering inadequate, the design methodology based
on inductive coupling [9]-[14] cannot be applied directly. We
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will show that generalized matching network should be used
as opposed to simple RLC tuning circuits. Finally, we verify
the analytical results through electromagnetic simulation and
experiment with real biological tissue.

In the following, we use boldface letters for vectors and
boldface letters with a bar G for matrices. For a vector v,
v denotes its magnitude and v is a unit vector denoting its
direction. I is the identity matrix. (-)* denotes the conjugate
operation. For a complex number 2z, Rez and Im z denote
the real and the imaginary parts respectively.

II. QUASI-STATIC VS. FULL-WAVE ANALYSES

We will first re-examine the conventional analysis tech-
nique used in the wireless interface for implantable devices,
and illustrate the origin of the common belief that lower
frequency is better. Then we will perform full-wave analysis
and illustrate an opposite conclusion. Since coils are usually
used in these wireless interfaces, it iS more convenient to
consider magnetic current density J,, as sources in a lossy
homogeneous medium. The inhomogeneous counterpart will
be detailed in Section IV. The Maxwell’s equations are

V x H = —iwepe, E + oE
VXE:iwuoH—Jm

(1)
(1b)
where €, is the relative permittivity of the biological medium.
The displacement current, —iwege, E, is small at low fre-

quency. Quasi-static approximation refers to the neglect of
this current.

A. Quasi-static Approximation

Neglecting the displacement current, solutions to (1) can
be expressed in integral forms as

H(x) = —U/C_-}m(x —x) - T (X)) a2’ (2a)

E(x) = /Ge(x —x) I (X)) d32’ (2b)
where the corresponding Green functions are
e~ o
G7n(r) = - |:(I - I‘I‘) + m (I - 31‘[‘)
52 e
+ o 3i1) | (3a)
(1—i)
_ ) d L=

o(r) = 4mor L+ (1- i)r}r x1 (b
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and § = ,/ 2
woo

and the receive magnetic current densities are J,,1 and J,,2

respectively. Then, the power transferred to the implant is

is the skin depth. Suppose the transmit

P. = Re / o(x) - H(x) dx (4a)
z—fRe// Gp(x —x') - T (x') dx'dx
(4b)
and the tissue absorption is
g 2
Poss = 5 |E(x)| dx (52)
o _ 2
= E/’/Ge(x—x') I (X)) dx'| dx  (5b)

The efficiency is defined as 7 := the magnetic
current density on the implant J,,,2 1s 1nduced by the incident
magnetic field so J,,» must relate to J,,1.

To get the insight, we consider point sources. As magnetic
current density J,, relates to magnetic moment density M
by J,, = —iwueM, the source functions can be written as

Jn(x) = —iwpo M, m,, §(x — x,,) n=1,2

where x; and x5 are locations of the transmit and the receive
magnetic dipoles respectively. The transmit dipole is oriented
along m; with magnetic moment M; whereas the receive
dipole is oriented along ms with magnetic moment M. The
magnetic field incident on the receive dipole is H(x2) - mo,
and the rate of change of the magnetic flux incident on it
is —iwpoH(x2) - mo which should be proportional to the
induced magnetic moment on the receiver:

iwpoH(x2) - my
¢

where ( is the proportionality constant. In Section V, we
will show that ( is the input impedance of the implant coil
divided by the square of the coil area. Now, the receive power
and the tissue absorption can be written as

My = (6)

(0w2u3)? Re &

= M1|2’m§'ém(X2—X1)'m1‘2
(72)
2,,2 . B B
]Dloss = 7 Mo |M1|2m{ |:/ GZ(X - Xl) ! Ge(x - Xl) dx} my
(7b)

Note the ratio, equal to the efficiency, is independent of M.

Suppose the transmit dipole is at the origin and the receive
dipole is at —dz. The dipole can be decomposed into a
vertical magnetic dipole (VMD) and a horizontal magnetic
dipole (HMD). From (3), the transmit VMD only couples to
the receive VMD. Similarly, the transmit HMD only couples
to the receive HMD that orients in parallel with the transmit
dipole. Therefore, we will consider two orientations: face-to-
face and edge-to-edge. In the face-to-face orientation, both
dipoles are vertically oriented as shown in Fig. 1. Suppose

z
A

4. J ml T

—d 1F JmZ

Fig. 1. The transmit and the implant coils are oriented face-to-face.

the integration in computing the tissue absorption is over the
half space z < —e. The efficiency becomes

*T‘l(l+2d+2§é)

2 3
B d) - Ei(-%)
where Ei(-) is the exponential integral. In the edge-to-edge

orientation, both dipoles are horizontally oriented and in
parallel. The efficiency is given by

e*?(1+ﬁ+%+%+%)
e ¥ (1+2% - %5 + %) +Bi(-2

Now, let us look at two regimes of frequency region:
1) DC. When w =0,

1 1
£2f _ 8¢ Re & e2e _ deRe g*

o modb o 3modbd ®

Efficiencies depend only on the geometry of the system
and are independent of frequency.

High frequency. When w > 1, the skin depth § < 1.
Assume that the spacing between the transmit coil
and the tissue volume decreases as the skin depth
decreases, and is related by € o« §2. The asymptotic
efficiencies are given by

8¢ Re C%

6
wod % (

f2f
nqs -

8e4

2
-5t 35%

4e Re CL
3rods

ele _

77qs -

) 8et

964

2)

16 Re +

,’,lng — ﬂ_o_df e—2d/5 + O(e—2d/5) (9a)
16Re £ 42

Mt = g sz e o) (9b)

as § — 0. In the face-to-face orientation, nﬂf decreases
exponentially with increasing frequency. In the edge-
to-edge orientation, 1°* first increases with frequency
and after reaching the optimal frequency, it also de-
creases exponentially with increasing frequency.
As a whole, the efficiency decreases exponentially with
increasing frequency. Therefore, it is commonly believed that
wireless powering is preferred at low frequency.

B. Full-wave Analysis

Including the displacement current, solutions to (1) can be
obtained from (2) by the following substitutions: 0 — —iwe
and 151‘ — —ik where k? := w?pe. Similarly, efficiencies in
the face-to-face and the edge-to-edge orientations are derived
and the asymptotic results in the two frequency regimes are:
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1) DC. When w =0,

1
f2f 8 Re ¢* e2e

4e Re (i
o = Todb Mo

" 3modS

which agrees with the quasi-static analysis.
2) High frequency. When w > 1, we have

(10)

k :w./ﬁoeoerﬂg o Loy

€0€r

as w — 00. Assuming € oc |k|~2 and defining the low-
frequency skin depth &y := 2, /¢

Vet the efficiencies

can be expressed as

_ 8Re & e~2d/%
rod* 1+ %50

B 4Re CL w2 oeoerd? e—2d/d0
3rod4 1+ %50

f2f

+o(1) (12a)

e2e

n

+o(w?) (12b)

as w — oo. In contrast to those obtained from the
quasi-static analysis, /% remains approximately con-
stant while n°* increases quadratically with frequency.

As a whole, the efficiency increases with frequency. The
misconception in the common belief is due to the use of
a low-frequency approximation technique to conclude the
behavior at high frequency.

III. RELAXATION LOSS

The efficiency would not increase indefinitely with fre-
quency. At high frequency, there are loss mechanisms other
than conduction current. The dominant mechanism is the
relaxation loss [15] — the change in the polarization cannot
follow the applied electric field, and the time lag between
the electric field and the polarization incurs an energy loss.
Consequently, there will be an optimal operating frequency.
We are interested in finding where it is, in the MHz-range or
in the GHz-range. A relaxation model is therefore needed.

Dielectric relaxation is often modeled by a frequency-
dependent permittivity. Debye relaxation model and its vari-
ants are popular models for biological media. In this relax-
ation model, the time scale of the delay is characterized by
a relaxation time constant, 7. The relative permittivity of the
medium is expressed as a function of frequency:
€ — €

WeQ

er(W) = €00 + (13)

1 —iwt
In the expression, €, is the relative permittivity at frequen-
cies where wt > 1, while € is the relative permittivity at
wT < 1. In the frequency region where wr < 1, the relative
permittivity is approximately equal to

er(w) = e+ - (w2T60A6 + J) (14)

weQ
where Ae = € — €.
The asymptotic efficiencies can be obtained from (12) by
the following substitutions: €, — € and 0 — o + wW2TepAc.

TABLE 1
SUMMARY OF THE LOWER BOUND ON THE OPTIMAL FREQUENCY
fopr,LB AND THE UPPER BOUND ON THE WAVELENGTH Apr,UB -

Bounds d=15cm
Tissue type f opt,LB /\opl,UB f opt )\opt
Skin (wet) 08GHz 55cm 20GHz 23cm
Fat 1.2GHz 10cm 3.7GHz 35cm
Muscle 1.2GHz 33cm 22GHz 19cm
Bone (cancellous) 07GHz 91cm 1.8GHz 3.7cm
Brain (grey matter) 1.0 GHz 43 cm 2.0GHz 2.1 cm

They are
1 — UJ2T€ €/0
o SReE e e Tt +o(w™) (15a)
nod* 1+ w?regAe/o + %50
e _ ARC & WP pgeged? e~ 250 1+ reoAe/o) T o)
7 3nod? 1+ w?tegAe/o + %60
(15b)

as w — 00. When w <« 7@7)05 Aos

(AN
constant and 7°° increases quadratically with frequency.
However,. when .w > m, both nf2f and neZe decrease
exponentially with frequency. As wr < 1, we expect the
optimal frequency to be large. The first term in 7% is

maximized when

o (1 + 850/9) 250/d
2reole (\/1+1+860/9_1) (16)

Gabriel et al. have experimentally characterized the dielectric
properties of different kind of body tissue [16]. As muscle
is one of the most widely reported tissue, let us look into
muscle first. Over the frequency range 2.8 MHz < w <
140 GHz, muscle has the following dielectric properties:
T ="T7.23Dps, €xc =4, € =54, and 0 = 0.5 S/m. Suppose the
transmit-receive separation is smaller than the low-frequency
skin depth, that is, d < Jo. Then, the optimal frequency is
lower-bounded by 1.2 GHz. Table I tabulates the lower bound
on the optimal frequency and the corresponding upper bound
on the wavelength for five different kinds of biological tissue.
It also includes the exact values when d = 1.5 cm. We can
conclude that the optimal frequency is in thf GHz-range.

As the receive power is proportional to ‘Z—* in the face-to-
face orientation and 23—6 in the edge-to-edge orientation, and
% is proportional to the square of the area of the receive coil,
the size of the receive coil can be reduced by 10* times in
the face-to-face and 10° times in the edge-to-edge without
incurring more tissue absorption by operating in the GHz-
range as opposed to in the MHz-range

™! remains approximately
e2e

Wopt =

IV. INHOMOGENEOUS MEDIUM

We include the air-tissue interface and follow the approach
in [17, Section 2.3] to calculate the electromagnetic fields
across the interface. To demonstrate the optimal frequencies
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Equivalent circuit for a single transmit and single receive coil

are close to the predicted ones, we consider an example
with link parameters: d = 1.5 cm, ¢ = 1 mm, and { =
(0.002)~*2/m*. Furthermore, we consider the air-muscle
interface and use parameters from [16] for the 4 Cole-Cole
relaxation model, a variant of the Debye relaxation model.
Fig. 2 plots the efficiency versus frequency. In the face-to-
face orientation, nF exhibits an optimal frequency at 2 GHz
but the peak is gentle. In the edge-to-edge orientation, the
optimal frequency is much sharper and is 3.5 GHz. The
efficiency is slightly higher in the edge-to-edge than in the
face-to-face. The results reinforce that the optimal operating
frequency is in the GHz-range.

V. EQUIVALENT CIRCUITS

Up to this point, the interaction between the incident field
and the induced magnetic current density is encapsulated by
the proportionality constant (. We will find this interaction
by the equivalent circuit. The equivalent circuit for a system
with a single transmit and a single receive coil is shown in
Fig. 3 assuming the system is reciprocal. The receive current

and the power transferred to the receiver can be written as

212
Iy = —""—-1T 17
2= o L h (17a)
1 Zia %, 9
Prs= ~(Zos+ 7 7‘ I 17b
12 2( 22+ Z1) Zos + 71 |I1] (17b)

Define A; as the area of the transmit coil and Ay as the
area of the receive coil. Equating Iy with Ms/As in (6) and
P15 with P, in (7a) yield
Zao + 4,
S B

2

Zlg = iwu0k2A1A2 m; . Gm(Xg — Xl) - 1My

(18a)

(18b)

Thus, ¢ equals to the input impedance of the receiver, Zso +
Z1, divided by A2. As the power transfer efficiency depends
on ¢ and ¢ depends on the load impedance Zr, ¢ should also
be a function of frequency. The frequency dependence can be
found by finding the load impedance that gives the optimal
power gain at each frequency.

In order to find the optimal power gain, we need to define
the impedances Z;; and Zss. The sum %Re(Z11|Il\2 +
Zas|I3|?) is the total dissipation power which includes tissue
absorption due to the sum of incident field from the transmit
coil and scattered field from the receive coil, ohmic loss
in both coils, and radiated power. As mentioned in [18]
and subsequent papers on equivalent circuits for receiving
antennas, we cannot separate these power terms into those
due to the transmit coil and those due to the receive coil,
and then represent them separately with the corresponding
impedances, Z1; and Zjs. Suppose the incident field is
much stronger than the scattered field, and tissue absorption
dominates. Then, we have the following approximations:

D = anuQAi mIL / Gi(x —x,)  Ge(x — x,) dxm,,

+R, —iwL, n=12

The first part of Z3; is the tissue loss resistance when only
transmit coil is present, R; is the resistance of the transmit
coil, and L, is its inductance. Similar definitions apply to
Za9, R, and Lo. The power gain is maximized when the
generator impedance Zg and the load impedance Zj are
conjugate matched to the transceiver equivalent circuit.

Let us consider the same example system as in the
previous section. In addition, we define the coil area. To
mimic point sources, we choose A; and A, equal to 4
mm? such that impedances Z1;, Za2, and Zj5 can be
computed using field expressions derived based on point
sources. Furthermore, the wire thickness and the wire width
are 0.0381 mm and 0.2032 mm respectively, and the wire
conductivity is 59.6 x 10 S/m. Resistances R,, and induc-
tances L,, n = 1,2, are calculated using formulas from [19].
Fig. 4 plots the variation of the optimal power gain with
frequency. The optimal frequencies for both orientations are
much sharper. In the face-to-face orientation, the optimal
frequency is 2.5 GHz and the corresponding optimal power
gain is 0.14 %. In the edge-to-edge orientation, the optimal
frequency is 1.6 GHz and the optimal gain is 0.09 %. Note
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Fig. 5. Simulation using EM solver with finite coils across air-muscle and

air-skin-fat-muscle-skull-brain interfaces.

that these efficiencies are obtained from a pair of single turn
4-mm? coils with separation of 1.5 cm. For the dimension
of coils considered in [7], much higher efficiencies can be
achieved by operating at the GHz-range than at the MHz-
range.

VI. ELECTROMAGNETIC SIMULATIONS

The analytical results and numerical examples presented
are based on point sources. We verify the results with finite
coils by electromagnetic simulation. We use the electromag-
netic solver from Agilent ADS Momentum. We consider two
inhomogeneous scenarios: air-muscle interface and air-skin-
fat-muscle-skull-brain interface. In the second scenario, the
thickness of skin, fat, muscle, and skull are 2 mm, 1 mm, 4
mm, and 8 mm respectively. Square coils of width 2 mm are
used. The dimension and conductivity of wire are the same
as those in the example system in the previous section. Fig. 5
plots the optimal power gain in the face-to-face orientation.
Efficiencies in the two scenarios are similar. The finite-coil
efficiencies are approximately 5 dB less than that predicted

from point sources. However, the optimal frequencies are
almost the same.

VII. EXPERIMENTS

Two principal obstacles exist to measuring the maximum
power gain. First, to directly measure the power gain the
link’s input and output ports must be conjugately matched
to the source and load impedance. Implementing a match
which can be tuned over two frequency decades is not
possible and to build a distinct match at each measurement
frequency would be prohibitively expensive and time con-
suming. Rather a simpler, and equally accurate approach, is
to directly measure the S-parameters of the two port link
and from these calculate the maximum power gain, whilst
ensuring that the necessary matching components would
indeed be feasible.

The second challenge arises in interfacing the very small
coil to a network analyzer, and doing so over 2 decades
of frequency. If the width between the signal and return
lines close to the coil input is large with respect to the
coil dimension the transmission parameters will be greatly
disturbed at low frequency as that section of the feed line
will appear like part of a bigger inductive loop. Therefore
the coils cannot directly interface to, for example, a standard
SMA to PCB connector for which the pin separation is 4.4
mm. A very low thickness transmission line with charac-
teristic impedance equal to the network analyzer reference
impedance is used to simultaneously allow small signal to
return line separation at the coil and larger separation signal
to return line separation at some distance from the coil in
order to minimize interference. Microstrip could not be used
as the tissue dielectric constant would be much greater than
the board dielectric and thus the characteristic impedance
would be highly dependent on the tissue and worse the field
about feed line would interfere greatly with the link. The
solution was to construct the coil on a 3-layer PCB with
controlled dielectric layer thickness of 0.20 mm and to use
50 €2 stripline to feed the coil. At the side of the transmission
line closest to the coil the signal line to return line separation
is then 0.2 mm, at the side of the stripline furthest from the
coil the signal and return traces are spread further apart at
1.5 mm and a custom built narrow PCB to SMA connector
is used. Furthermore stripline shields the signal feed so there
is minimal interference with the link.

The measurement setup is shown in Fig. 6. We carried out
the measurement with beef sirloin. Fig. 7 plots the optimal
power gain versus frequency. For reference, it also includes
the theoretical curve from Fig. 4 and the simulated curve
from Fig. 5. The curves have similar shape and are of
approximately the same order of magnitude. At the optimal
frequency, around 3 GHz, the measured power gain is about
10 dB better than the simulated one but is close to the power
gain derived from point sources.

VIII. CONCLUSIONS

Existing analysis techniques in short-range wireless pow-
ering for implantable devices are not adequate to conclude
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. . . [19]
the behavior of power transfer efficiency over a wide fre-
quency range. This paper takes a more vigorous investigation
of the variation of power transfer efficiency with frequency
from closed-form analyses, electromagnetic simulations to
experiments with real biological tissue. It concludes that the
optimal operating frequency is at the GHz-range in biological
media. In contrast to existing solutions being exclusively in
the MHz-range, operating in the GHz-range reduces the size
of the receive coil by at least 10* times theoretically. This
enables us to embed the receive coil in the implant and
realize a fully integrated implantable device.
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