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High-Efficiency Coupling-Insensitive Transcutaneous
Power and Data Transmission Via an Inductive Link

CLEMENS M. ZIERHOFER anp ERWIN S. HOCHMAIR

Abstract—This paper presents a new approach for transmitting RF
power and signal via an inductive link. Such an approach optimizes
the power efficiency of the overall transmission scheme comprising the
power amplifier plus the inductive link. Power amplification is based
on the single ended class E concept. The power amplification stage is
self oscillating, the oscillation frequency thus being influenced by the
coupling of the coils. The resulting operating frequency offset yields
an improved power transmission performance of the circuit since the
oscillation frequency tracks the absolute transmission efficiency maxi-
mum. A detailed analysis is given. Realization of the described ap-
proach requires a minimal number of circuit components. Experimen-
tal and theoretical resuits are in good agreement.

1. INTRODUCTION

NE POSSIBILITY for providing an implanted stim-

ulator transcutaneously with power and/or informa-
tion is to transmit RF power via an inductive link. An
inductive link generally consists of two resonant circuits,
one external and the other as part of an implanted stimu-
lator. The inductivities of the two resonant circuits are
realized by two pancake shaped coils. When facing each
other, they form a transformer which allows energy trans-
fer from the transmitter to the implant. Inductive links
have been investigated with regard to optimization of ef-
ficiency of the power transfer and the tolerance to cou-
pling coil misalignment [1]-[5]. All these links are de-
signed to operate at a fixed operating frequency.

The transfer resonant circuit is either series- or parallel
tuned. A series-tuned transmitter requires a voltage
source, whereas a parallel tuned transmitter is driven by
a current source. A voltage source can be realized with
two transistor switches which simply switch the input of
the series tuned transmitter between the rails of the power
supply (i.e., a class D amplifier, e.g., used in [2] and
[6]). A single transistor can act as a current source, ca-
pable of driving a parallel tuned transmitter circuit (e.g.,
class C amplifier). In both cases radio frequency has to be
generated by an RF oscillator.

Overall efficiency of a power transmission scheme is
defined as the ratio of power delivered to the load (im-
plant) and the overall dc power consumed by the whole
system. The overall efficiency of a transmission scheme
consisting of RF oscillator, power amplifier, and induc-
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tive link including load is determined by the power con-
sumption of the RF oscillator, the efficiency of the power
amplifier, and the efficiency of the inductive link itself.
Earlier designs were aimed at optimizing exclusively the
performance of the inductive link. This paper presents an
approach for optimizing the whole transmission scheme
in terms of the two criteria, overall efficiency and toler-
ance to coil misalignment.

Overall efficiency and tolerance to coil distance varia-
tions exert a mutual influence on one another. The elec-
tronic circuits of most implants require a sufficiently sta-
ble voltage supply to ensure optimum operation. If the
transmitted RF energy is highly dependent on the mutual
coil position, efficiency is noticeably reduced by power
losses due to voltage regulators within the implant, which
are necessary for the provision of an adequate supply volt-
age. )

The approach used here for the realization of a cou-
pling-insensitive high efficiency power/data link is based
on the high efficiency class E power amplification con-
cept. The idea was to combine a class E amplifier with a
tuned inductive link. In addition, the class E amplifier is
self oscillating. Oscillation frequency is not fixed, but in-
fluenced by the mutual position of the coils. This self os-
cillating final stage has two basic advantages over a driven
RF amplifier. First, no oscillator is necessary for gener-
ating an RF voltage, thus avoiding additional power
losses. Second, oscillation frequency offset due to cou-
pling variations significantly improves power transmis-
sion performance since the resulting oscillation frequency
tracks the absolute transmission efficiency maximum,
whose spectral location is dependent on the coil coupling
[see Section III-A.2].

II. CLass E TuNED POWER OSCILLATOR INVOLVING AN
INDUCTIVE LINK

The fundamentals of the class E power amplification
concept have been broadly discussed in the literature [7]-
{10] and application examples have been presented [11],
[12]. An example of the combination of a class E tuned
power oscillator and an inductive link is depicted in Fig.
1.

In this case the series tuned output circuit of an ordinary
class E power amplifier is replaced by a stagger tuned in-
ductive link. The inductive link is represented by a par-
allel resonant receiver circuit (L,, C,, R,) which is cou-
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R, § , rf-choke

diode D: HP2 800 429
transistor: 2 N 2369 A
rf-choke: 1 mH

Ro: 20 kQ

Ce! 100 nF
other specifications see table 1

Fig. 1. Class E tuned power oscillator including an inductive link.

pled to a series tuned transmitter (L;, C,). Oscillation is
achieved by means of a feedback branch (L;, Co, R)).
Diode D and resistor Ry provide proper bias voltage and
ensure easy starting of oscillation.

The class E concept efficiently permits conversion of
dc-battery power to ac power at the switching frequency.
A class E amplifier contains a single transistor, which is
assumed to operate as a switch, i.e., collector-emitter
voltage is essentially zero with nonzero collector current,
and vice versa, collector current is about zero when col-
lector-emitter voltage is applied. One basic condition for
high efficiency operation is that the switch turn-on resis-
tance of the transistor (i.c., collector-emitter saturation
resistance R, ) be comparatively small compared to the
ohmic part R of the input impedance Z;, = R + jX of the
class E output circuit. In contrast to an ordinary class E
amplifier where resistance R is equal to the load, R in the
present application is dependent on operating frequency
fo and on the coupling factor k, i.e., R = R( fy, k). In the
case of comparatively weak coupling of the coils (i.e.,
0.1 < k < 0.3), R, is not negligible in comparison to
R( fy, k) in the analysis.

ITI. ANALYSIS

A. Frequency Analysis

To analyze the properties of the oscillator depicted in
Fig. 1, the circuit is cut at the feedback branch and, in
making investigations, it is assumed to be driven by an
external frequency source (frequency analysis). An equiv-
alent circuit is shown in Fig. 2.
This is based on the following assumptions:

¢ the RF choke allows only a constant (dc) input cur-
rent I, and has no series resistance;

e the switching transistor can be described as an ideal
switch in series with an ohmic resistor R,;

e the total shunt capacitance C is independent of the
collector-emitter voltage;

® resistor R consists of resistor R; plus an additional

o

Emlu, )

Fig. 2. Equivalent circuit for frequency analysis.

loss R. R represents the ohmic resistance due to diode D,
resistor R, and the base-emitter input resistor of the tran-
sistor switch. It is averaged over one time period.

Frequency analysis can be considered in two parts, i.e.,
into class E analysis and link analysis.

1) Class E Analysis: The analysis of the class E am-
plifier is performed using the above listed assumptions.
The inductive link together with the feedback network is
represented by the complex input impedance Z,. In the
following, the real and imaginary parts are designated as
Rand X, i.e., Z, = R + jX.

It is assumed that the series reactance X applies to the
fundamental frequency only and is infinite at harmonic
frequencies. This allows the statement

i(r) = iy sin (wr — @) (1)

with amplitude i; and phase ¢ to be determined. A time
period T is divided into two equal sections, (i.e., the duty
ratio is 50%), the transistor being switched off during the
first section, and on during the second. Collector-emitter
voltage u, (¢) within the switch-off-state (0 < 1 < T/2)
then is

1 ,
Uote(2) = Uy, + C go Iy — iy(z) dt
0

1 .
= U, + [Iowt + iy cos (wt — @) — cos ¢]
wCy

(2)
s =21, T

[ 5]

with U,, as collector voltage at times ¢ =
0, 72T, ---.

Determination of u, () in switch-on-state (7/2 < t <
T') may be achieved by means of Laplace transformation.
The result is

ioR
uxon(t) = IORsat - 10 s

m [sin (wt - <p)

— wr cos (wf — ¢)]
] RSa[

+ I:le - IORsat + —10—_——5
1 + (w7)

=) @

- (sin ¢ + w7 cos ¢):| exp <
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with U,, as collector voltage at times 1 = - - - 37/2,
-T/2,T/2,3T/3, -+ ,and 7 = Ry, * Cp. The third
term of the sum describes the exponential discharging of
capacitor Cyp, when the switch is turned on.

Assuming (w7)? << 1 yields

The corresponding coefficient ¢} of u, (t) is

¢y = %, SO u,(t) exp (—jwt) dt. (8)

Setting ¢, = ¢ yields, after comparison of real and imag-
inary parts, two equations containing ip and ¢. Solving
for iy and ¢ gives

T T 2 T W7 1
l+-wr )R+ X+ (-~ +—=)—
< 2‘") 2 <7r 4 2>wC0

tan ¢ = (9)
Pt T )X+ TR+ (P rwr (T4 2)) 2
- - WT - by wT | < - et
2 2 2 2 7)) wC
and
1 1
L : (10)
Iy 1 2 . 2 1
wCyX — = — —wr)sing + | wCoR + — + w7 ) cOs ¢
2 T T 2
For the special case R, = 0, these results agree with the
Uy = thyon(t = T) = IRy, + igRe(sin ¢ + w7 cos ¢)  corresponding results found in [9]. The supply voltage Uy

le = uxoff(t = T/2) = Uxo
+ (Iym — 2iycos ¢)/(wCy). (4)

Now collector-emitter voltage u,(7) can be completely
determined for both halves of the period

1 .
Ut (1) = w—Co [Iow(t + 7) + ip[wrsin ¢ — cos ¢

+ cos (wf — ¢)]]

1 .
Ueon (1) = oG, {Iowr — lpwr sin (wt — @)

+ ig(wr)’ cos (wf — @)

+ [l + 2ipwr sin ¢ — 2i, cos ¢]

T — T
Texp .

(5)

Amplitude i, and phase ¢ are determined as follows: a
sinusoidal current i, (#) would cause a sinusoidal voltage
u!(t) over impedance Z;, = R + jX;

(6)

This fictitious voltage must be equal to the component of
the Fourier series of the actual collector voltage u, (¢) at
the fundamental frequency. The complex Fourier coeffi-
cient ¢ is obtained with

ul(t) = ipR sin (wt — @) + ixX cos (wt — ¢).

(" _
o= go u (1) exp (—jot) dt

1

/2
T [S Ueoii (1) €xp (—jwt) dt
T Jo

+ S:/z Uyon (1) €xp (—jwr) df} (7

is equal to the dc component of u, (¢). Using

U(,=1TSO u (1) dr (11)

and iy /I, from above, dc-resistance Ry = Uy /I, can be
estimated:

R~_1._|:E+§ +l_0 91+l
=G l\e T2 T L \\2 T 7
1
sing ~ S cos e ).

Efficiency of this idealized class E scheme is determined
by two effects, i.e., by the power consumption of resistor
R, in the on-state and by collector-emitter voltage u, (t)
across capacitor Cy at times * -+ —37/2, =T/2, T/2,
3T/2 - - - (i.e., Uy). The second loss mechanism can
be minimized by proper circuit design.

2) Link Analysis: Link analysis is achieved with the
help of Fig. 3. It depicts an equivalent circuit of the in-
ductive link including the feedback branch.

To determine the overall two port describing the induc-
tive link, two port 4 (index a) containing all coupled coils
first is evaluated. It is assumed that coil L, is just coupled
to coil L, (coupling factor k,), but not to coil L,. Then
impedance matrix Z,; becomes

(12)

[ Zy Za
Z = 11 12:|
L4a2} Za22
i L\L
joL, + k3 l—f Jjwk VL L,
— Rf + ijf (13)
| jwk VLI, jeL,
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overall inductive link two port

1 c, two port A I,
- il o— o <
o) > i “94—0
. L ==C, [] 1!2
2
Ux
Uy
o A% O
Fig. 3. Inductive link.
This matrix is transformed into the hybrid matrix H,;, with 10
relation 091
o 0B 100k=
e = |:Hall Ha]2:| 1 [ det Z, Za12:| (14) 3 o1 30
ik - : .0 i
" Hy, Hyp Zin | ~Zy, 1 2 of :
‘s 0.5 20
The hybrid matrix H;, of the overall two port now can be T 044
. . o
simply obtained as 3 0.3 15
02+ 10
Hy Hp 0.1
Hy = 0.0 T T T T
| Hyy, Hy 70 75 80 85 90 95 100
— frequency f/MHz
H n+ ! H " Fig. 4. Calculated overall efficiency 5 (f) for various couplings.
a a
COC]
- ) 1 TABLE I
H,, Hal2 + jwC, + IT CIRCUIT SPECIFICATIONS
L 2 S
(15) Uy 3.5 14
1
. . L 2.35
Using equations L; 34 uH
L 0.42
Uy = Hyl, + HpU, !
Iz = H2|I| + H22U2 = 0 (16) ki 0.36
(complex pointers I, I,, U., U, referring to Fig. 3) yields go g}; oF
the input impedance Z;, of the inductive link: G 101
Z,, = det (Hy)/Hp. (17) R 1500
Inserting Z,, = R + jX into (9) and (10) now fully defines & 200 Q

the class E amplifier and consequently the complete sys-
tem. QOutput voltage U, and overall efficiency % are cal-
culated with matrix H; and (10) and (12):

H H,, iy U,
Hy, Hy Iy Ry,
and
LA L ()
T T IR Uply 2R, |Hnl \I,) Ry’

Function 7 ( f) is plotted in Fig. 4 for various coupling
factors. The calculation is based on circuit specifications

summarized in Table 1. These values are also useé
following plots. '

Fig. 4 shows that, for a given coupling, the absolute
maximum efficiency is achieved in a frequency region be-
tween 7.5-8.5 MHz. Within this region, efficiency peaks
move towards higher frequencies with decreasing cou-
pling factor k. '

or the

B. Oscillator Analysis

Oscillation frequency f, of the class E oscillator is char-
acterized by the fact that the phase shift between switch

-
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(U,U,)

> » (off/on)
Fig. 5. Basic phase diagram.

voltage U, and feedback voltage Uyis zero (compare Fig.
2). Fig. 5 defines the phase relations of the circuit signals
used to determine the oscillation frequency.

The pointer (off/on) indicates the actual switching phase
of the transistor switch versus pointer i5. The phase shift
of m between these pointers is due to the initial definition
of i, (¢) [compare (1)]. The phase shift ¢, between point-
ers (off/on) and pointer (U, Uy) represents a switching
delay of the transistor versus base-emitter voltage Uy, i.e.,
U, (within the closed feedback configuration feedback
voltage Uy is identical to switching voltage U). This is
due to dynamic effects within the transistor at high fre-
quencies. Phase shift ¢, can be estimated with the help of
hybrid matrix H;. The result is

Ry
=7 — arc tg —.
(73 ngf

(20)

Note, that both phase shifts ¢, and ¢ are independent of
the coupling factor k.

Phase shift ¢ ( f) between pointers iy and /, is deter-
mined by (9). It is depicted in Fig. 6 as a function of
operating frequency f for various coupling factors k.

All curves ¢ ( f) intersect at point S. At this point, phase
shift ¢ ( f) is independent of coupling factor k.

It can easily be proved that, given that two curves ¢ ( f)
with different coupling intersect, then all curves do so:
with the help of (15) and (17), (9) can always be reduced
to a general form

go = L) T B
c(f) + kd(f)

with a( f), b(f), c(f), and d( f) as real polynomial
functions of frequency f. Phase shift ¢ ( f) is independent
of coupling k if and only if

a(f)

b(f)  d(f)
Each real solution of this algebraic equation defines an
intersection point of all curves ¢ ( f) for arbitrary cou-

pling factors k.
Oscillation frequency f, is determined by the following

relation

(21)

c(f)

(22)

L 2 (23)

The left side of this equation is independent of coupling
factor k and comparatively weakly dependent on fre-
quency f. In a first approximation it can be assumed to be
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100 k = 10

0.64

phase shift ¢ /rad

70 75 80 8’5 9.0 95
frequency f/MHz

Fig. 6. Calculated phase shift ¢ () for various couplings.

constant within the operating frequency range, i.e.,
(24)

Operating points are defined by the intersection points
of the straight line ¢, and curves ¢ ( f). In this connec-
tion, intersection point § plays an important role. Exper-
imental and theoretic investigations show that the perfor-
mance of the circuit in terms of overall efficiency and
insensitivity of output voltage U, to coupling variations
are optimized, if the straight line ¢, defined above con-
tains intersection point S.

If coupling is sufficiently high (compare Fig. 6, curves
with k = 0.3, 0.25, 0.2, 0.15), there exist three intersec-
tion points of phase ¢ ( f) with the straight line ¢g. In this
case point S is not a stable operating point since

b (f)
Tf < 0.

Two stable operating points, i.e., two possible oscillation
frequencies for each solution, remain. If coupling drops
below a certain limit, the only stable operating point is
point S (compare curve ¢( f) for k = 0.1 of Fig. 6).

Which of the two stable operating points is preferred by
the system is explained assuming that the coupling of the
coils is being slowly increased. At low coupling the only
stable operating point is S, as explained above. The cou-
pling is now increased until the condition

T — ¢ — ¢r = @y = constant.

(25)

do(f) _
—;T =0 (26)

is reached in point S. § is still the only stable operation
point. Any further increase of k forces the system to de-
cide between two intersection points left or right of S. S
itself is not stable, since (25) is valid. Theoretically nei-
ther right nor left is preferred; the probability is 0.5 for
both cases. This decision can be avoided, if S does not lie
on straight line ¢y. E.g., if S is somewhat below ¢, the
operating points of the system will be left of S at increas-
ing coupling. In every intersection point left of S condi-
tion

de(f) >0

of (27)
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0.3+

0.2+

coupling factor k
®

O-CIIIIWIYII
o 1 2 3 4 5 6 7 8B 9 10 1

coil distance d/mm

Fig. 7. Measured coupling factor k as a function of spatial coil distance d.

is valid. If S is above ¢, the system will prefer operation
points right of S. Thus in practical applications a left/right
preference of the circuit operating points can be achieved
by proper adjustment of ¢;.

The operating points situated to the left of point § move
towards higher frequencies, if coupling factor & is de-
creased. A comparison with Fig. 4 shows that these op-
erating points are tracking the absolute maximums of the
overall efficiency. The behavior of the output voltage U,
in terms of coupling variations is treated below. In the
following, calculation and experimental results are com-
pared. Fig. 7 depicts coupling factor k measured as a
function of spatial coil distance d.

Fig. 8 plots the following functions

¢ oscillation frequency fy

¢ overall efficiency  and

® output voltage U,
calculated and measured as a function of spatial coil dis-
tance d. Calculation is based on circuit specification of
Table I and relationship k(d) of Fig. 7. The feedback
phase is determined by the location of point S. Calcula-
tion yields ¢y /rad = 1.0278.
Output voltage U, is almost independent of coupling up
to a coil distance d = 8 mm. Within this range overall
efficiency varies between 60 and 70%.

IV. DATA TRANSMISSION

In principle the system described can be used for in-
ductive transmission of information. Practical schemes are

¢ amplitude modulation (AM) to convey an analog
waveform, or

¢ amplitude shift keying (ASK) to transmit digital data.
AM and ASK can be achieved to modulation of supply
voltage U, of the transmitter circuit. A more detailed de-
scription of the AM and ASK performance of the circuit
will be presented in a forthcoming paper.

V. CONCLUSION

The feature of the system described in the present paper
may be summarized as follows:

1) A high overall efficiency is obtained, even if coil
coupling is comparatively low. Thus heavy ferrite back-

10.0

9.0 ®
8.0
7.0+
6.0
5.0
4.04
3.0
2.0

oscillation frequency f,/MHz

1.0

O-O|Tl|ll|lll
o 1 2 3 4 5 6 7 8 9 10 N

coil distance d/mm

(a)

1.0
0.9

0.8
0.7
0.6 ®
0.5
0.4
0.34

overall efficiency n

0.2
0.1+

°'DIIIIIIIIII
o 1 2 3 4 5 & 7°8 9 10 11

coil distance d/mm

()

rf-amplitude U2I /V
5
1

c|llﬁlll¥]
0o 1t 2 3 4 5 6 7 8 9 10 11

coil distance d/mm
(c)

Fig. 8. (a) Oscillation frequency f,. (b) Overall efficiency ». (c) Output
voltage U,. @ indicates experimental results.

ings of the coils used in some applications to improve coil
coupling [2] may be avoidable.

2) The RF voltage amplitude is extremely insensitive
to coupling variations within a wide coupling range.

3) For realization of the transmission scheme a mini-
mal number of circuit components is necessary. The only
active element is a single transistor switch.

4) The operating frequency is not fixed, but influenced
by the coil coupling.

5) Referring to point 4), a practical scheme for trans-
mitting power and digital data, is e.g., amplitude shift
keying.

-
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