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Design of radio-frequency powered coils for
implant instruments
W e n H. Ko

Sheau P. Liang

C l i f f D. F. Fung
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A b s t r a c t - - R a d i o frequency (r,f.) has been investigated as a means of externally powering miniature and
long term implant telemetry systems. Optimum power transfer from the transmitter to the
receiving coil is desired for total system efficiency. A seven step design procedure for the
transmitting and receiving coils is described based on r.f., coil diameter, coil spacing, load and
the number of turns of the coil. An inductance tapping circuit and a voltage doubler circuit ha ve
been built in accordance with the design procedure. Experimental results were within the
desired total system efficiency ranges of 18% and 23%, respectively.
Keywords--Radio frequency powering. Receiving coil, Transmitting coil, Power transfer efficiency,
Inductance tapping. Voltage doubler, Implant telemetry
1 Introduction

MINIATUR1SATION and long term use of implanted
electronic systems for medical applications have
resulted in a growing need for an external powering
system. Investigation of r.f. powering to meet these
needs has been undertaken at the Engineering
Design Centre of Case Institute of Technology, Case
Western Reserve University, Cleveland, Ohio.
The r.f. power output from an oscillator is
amplified and is used to drive a transmitting (primary
coil. A receiving (secondary) coil picks up the
transmitted r.f. power, and a power receiving circuit
rectifies the induced r.f. and converts it into a
regulated d.c. supply for the implanted electronic
system. Maximisation of the power transfer from
the transmitting coil to the receiving coil is desired
for system efficiency. A design procedure for the
transmitting and receiving coil has been determined
based on load, coil spacing and radio frequency.

The equivalent a.c. series resistance RL due to the
load Re or R is
RL -- (~L2) 2
R

2(o9L2)2
.
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.
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As shown in Fig. 2, the total equivalent series
resistance in the secondary tank circuit is R2 + RL,
where R2 is the series resistance of the unloaded
secondary tank circuit.
The equivalent resistance Re, reflected back into
the primary coil, is

Rk2Q1Q2
- R1
R + Q22R2

(o)M) z
Re = R2 + RL

(3)

where M = k.v/L 1L2 is the mutual inductance of the
coils and Q~ = toLl/R1 and Qz = 09L2/R2 are the
unloaded Qs of the primary and secondary coils,
respectively.

2 Theory
The basic r.L powering circuit is shown in Fig. 1The diode efficiency is defined to be A = Vo/Vpk,
where Vpk is the peak a.c. voltage across the tank
circuit L2C2 and Vo = Vpk--Vdiode. When a semiconductor diode (D1) is used, Vpk exceeds several
volts, and RoCo >> I/f, then Va~oae~ Vpk and A is
approximately unity. In this case Vpk equals Vo, and
the equivalent a.c. load resistance R which will
dissipate an amount of a.c. power equivalent to the
d.c. power in Re is

R = Ro/2 . . . . . . . . . .
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Fig. 1 Basic r.f. circuit
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Fig. 2 Secondary equivalent circuit
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From the primary equivalent circuit, shown in
Fig. 3, the circuit efficiency at resonance can be
determined:

primary and secondary coils, respectively. F r o m the
definition of M, the coupling coefficient k 2 is given
by

k2

-

-

Re d- R x

M~2

-

LaL2

and

(nln2M~
L1L2

. . . . .

(7)

The low frequency inductance of a single-layer
solenoid is given by

RL
Re
Po = RL+R-----~" R I + R ~ Pt

L = dF

. . . . . . . . .

(8)

where the shape factor F is a function of the diameter
d and the length L of the coil. Mo is given by

and
Po

Mo = 1.27 N (dxd2) ~

Pi

(4)

In r.f. powering, the maximum value of k is
determined by coil size and spacing, and generally
places an upper limit on the attainable efficiency.
F o r maximum efficiency d~l/dR2 equals zero, thus
~

(1 -[-k2QIQ2) ~

R

. . . . .

(9)

where N is a function ofr2/r~. F r o m eqns. 7, 8 and 9,
it follows that:

k2Q1Qz3RzR
( R + Q22R2)[(1 +k2QaQ2)R+ Q22R2]

R2 opt

. . . . . .
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where F1 and F2 are the shape factors for the
primary and secondary coils. It is noted that k is
independent of the number of turns of the coils and
that N* increases as r2/rl decreases. It is determined
by the shape factors of the coils and r2/r 1.
The ratio r2/r~ can be determined as

Q2

Substituting eqn. 5 into eqn. 4, the optimum
efficiency of the circuit is given by

rlov, = [l+(l+k2Q~Q2)~lZ

. . . .

(6)

rz/r,=J{

(d~-d2)2+4DZ
(dl+dz)2+4D 2 }

(11)

For maximum N and k, minimum r2/rl is desired.
By setting d(rE/rO/d(dl) to zero, it can be shown that,

Eqn. 6 indicates that optimum efficiency ~lopt, increases as k2Q~Q2 increases, and therefore the coils
must be designed for the highest possible unloaded
Q and k, which are functions of the shape, size and
relative position of the coils. A typical coil configuration is shown in Fig. 4.
If Mo is the mutual inductance between two
coaxial single-turn coils of diameters da and d2 and
the spacing D between the coils, then M = n~n2Mo,
where n~ and n2 are the number of turns on the
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Fig. 3 Equivalent circuit of primary
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* Tables for values o f F and N as a function of r2/r ~ can be found in
Frederick E. Terman" *Radio Engineers" Handbook', McGraw Hill,
New York, 1943, Tables 12 and 17, respectively
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for a given d 2 and D, r2/rl is minimum when
d~ = (d22+4DZ) ~

. . . . . . .

(a) I l L 2 is too small to obtain a high Q, then

L 2 can

be increased by inductance tapping. The circuit
configuration for the inductance tapping method
is shown in Fig. 5.

(12)

Hence, for a given d2, D, da/ll, and d2/12; d~ can be
chosen to maximise k 2 using eqn. 12.

3 Design procedure
F r o m the above theoretical analysis, a design
procedure has been formulated as follows:
Given the following known or derived conditions:
(a) Vo, Io, Re = Vo/Io and R = Re/2 (d.c. output
requirements)
(b) the spacing D between coils
(c) the secondary coil diameter d2
(d) the diameter-length ratio of the two coils dl/11
and d2/12
(e) frequency of operation
The design procedure is outlined in the following
steps:
(i) Calculate dl by eqn. 12, to maximise k 2
(ii) Calculate r2/rl by eqn. 11, obtain the value for
N and the values for F~ and F2, calculate k 2 from
eqn. 10
(iii) Calculate r/op~. The unloaded Q1 and Q2 must
first be selected. Although it is very difficult to perform the theoretical calculation of the unloaded Q
of the coils, experimental measurement of the Q
values usually yields a close approximation:
(a) F o r a coil diameter approximately equal to 2
inches (5.08cm), (d/l) approximately equals 8,
and for a frequency of 3.5 MHz a Q of approximately 100 is obtained for a single-layer coil,
with numbers 19 wire (American gauge), closely
wound at 10-20 turns.
(b) F o r a coil diameter of approximately 88 inch
(1.27 cm), (d/l) approximately equals 4, and for
a frequency of 3.5 MHz a Q of approximately 60
is obtained for a single-layer coil and a Q of 40
is obtained for a 2-layer coil.
Owing to the fact that increasing the parasitic
capacitance decreases the Q value, it is not practical
to wind a coil with more than two layers. Therefore,
it is recommended that single-layer coils be used for
r.f. powering unless special coil winding equipment
for winding low-capacitance coils is available.
The efficiency ~/opt varies slowly with k2Q1Q2,
and so a reasonable estimate of Q is sufficient. Such
estimates can be based on measured values of Q for
coils of the size and shape to be used at the frequency
of interest. Furthermore, the efficiency attained will
not be critically dependent on R2 and so eqn. 5 can
be used to find R2 using estimated values of Q~ and
Q2 and will usually lead to an acceptable design.
(iv) Determine L2 and C2. Rz can be determined
from eqn. 5 and is used to calculate L2 and 6"2 by
L 2 --
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Fig. 5 Inductance tapping
(b) If L2 is too high, then R is too high; a voltage
doubler can be used to decrease R. The circuit
configuration for the voltage doubler is shown in
Fig. 6.
F r o m this circuit one can see that
Vo2

V, 2
w

Re

2R

and

Vo = 2Vp

Hence
Re/8

R =

(v) Calculate the impedance of the primary circuit Rp.
Po = Vole and P~ = Volo/~lopt, therefore
V cc
2Pi -

Rp=

V cc~Iopt
2Vole

where V cc is the d.c. collector voltage for the class
C r.f. amplifier used to drive the primary c o i l It is
assumed that sufficient base drive is used so as to
develop a peak r.f. voltage equal to Vcc across the
primary input.
(iv) In order to determine L1 and C1, QL~ (the
loaded Q of the primary circuit) must be determined:
QLI

~

.

QxR1
. . .
RI+Re

Q1
1 + k2QtQ2R
R + Q22R2

By definition
Rp
L1 -- - COQLI

Rp

(2n f)QL,

I

L2

C2

hI

§

"7"

R0

Fig. 6 Voltage doubler
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and

(b) D ~< 1 inch (2.54 cm)
C 1 ~--

(c) d2 = 89inch (1-27 cm)

1

(d) da/l~ = 10 and d2/12 = 4

(2~zf)2L1

(e) f = 3.5 MHz.

If La is too small to obtain a high Q, then L a must
be increased by tapping, and the equation for L
would then be

and then following the design procedure described
in the previous section:
(i) Calculate dl:

Re

dt = (d22 + 4D2) ~ = 2.06 inches (5.23 cm)
(ii) Calculate rz/r~:
(13)
r2/ri

(vii) Calculate the n u m b e r o f turns of the two coils.
F r o m steps (iv) and (vi) the values for L1 and L 2
were determined. Rearrangement of eqn. 8 yields the
following equations, which are used for calculation
of the n u m b e r of turns of the coils:

and

=J

(dl-d2)2+4D2
(dl +dE) 2+4D

2

= 0-78

F r o m the Radio Engineers' H a n d b o o k , F~ --- 0.051
a n d F 2 = 0.0367 and N = 0.000863. Hence
k2 _ (1.27N).~_.._~
2
F1 F2

~

_

6.5

x

10 -4

(iii) Calculate r/opt:

The wire diameter o f the primary coil is equal to
(l~ x O.8)/(n~/ma) and the wire diameter of the
secondary coil is equal to (/2 x 0.8)/(n2/m2), where
ms and m2 are the n u m b e r of layers of the coils.

Set the unloaded Q, Q~ = 100 and Q2 = 40.

r/oo, =

{1 +

k2Q1Q2

(1 +keQ1Q2)~} 2

= 30.97%

4 Design examples and results
The following Section contains two examples of
the implemented design procedure and tested
results. The format follows that given in Section 3.
Given the following parameters:

(iv) Determine L2 and C2:

(a) Vo = 4V, Ro = 1 5 k ~ a n d R = 7 . S k f l

Hence

Po-

R2 = R (1 +kZQaQ2) § _ 9~
Q22

Vo 2

-- 1.05mW
Ro

L2 -

lmH

QzR2
- 1 8 a l l and C2 = l l 5 p F
2~f

- -

,,6V

VO

t

26pl-

82 k..~

4
0.01pF~

15k.O.

2N3866

4V
270pF

lmH
220

.~820pF

33pF"
0.1MF

L'Lf2

~

k~

IOOMF

15_0.

•
Fig. 7 R.F. powering circuit diagram
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(v) Calculate the impedance of the primary circuit
Rp:
Po = Vo2/Ro = 1 mW

The wire diameter of the primary coil equals:
dl-

Pi = Po/rlovt = 3.6 mW

la x 0-8
- 0.012 inches (0.3 mm),
Ha

number 29 wire (American gauge)

Rv = Vcc/2P~ = 5 k~, where Vcc = 6 V
(vi) Calculate L ~ and Ca:
de-

k2Q~Q2R
R ~ - - Rl=0"89Rt
R + Qz2R2

QL1

LI -

=

Q1Rx
RI+R-~-

Re
2n f QLx

100
1.8~-

5 Experimental results

53

The completed r.f. powering circuit is shown in
Fig. 7, where La = L 2 =20/~H, dl = 2 inches
(5.08cm), d2 = I/2 inches (1.27cm), na = 12
(number 28 wire), n2 = 30 (two layer, number 34
wire), Q1 = 100, Q2 = 35 and f = 3-5 MHz.
The distance D between L a and L2 was varied
from 0 to 2 inches (5-08 cm). The power amplitude,
output voltage Vo, output power Po, and total
efficiency qr were measured at 88
(6.35mm)
intervals. The results of Vo and Po against distance
is plotted in Fig. 8.
The total system efficiency r/r is determined by the
ratio of the output power and the input d.c. power.
The product of the power amplifier efficiency and
the coil efficiency is represented by r/r (r/cou=r/op,
for an optimum design):

4"3/tH

(2rcf)2L1

- 0.006 inches (0.15 ram),

n2

number 34 wire (American gauge)

1
Ca -

12 x 0.8

480pF

10

5

8,

4

6

3

Vo2/Ro
/~T - -

E

V cclac

--

~power amplifier

X ~eail

A plot of r/r against distance is given in Fig. 9.
In step (iii) of the design procedure, eo~, was
calculated as 30.97 % at a spacing of 1 inch (2-5 cm).
At this distance r/T equals 18 %. Hence, r/~ow...... vuy~c,
equals 58 %, which is an acceptable and obtainable
efficiency.

1"25

2"5
distance,

3.75

5"0

40

cm

Fig. 8 Vo and Po against distance characteristics

If L 1 is too small and inductance central tapping
is employed, then L ~ = 4 •
and
Ca = 120 pF.

30

"20

(vii) Calculate the number of turns of the two coils.
10

na

I F~d~ ]

= 13 (single layer)
0

n2
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\F.~--]

= 32 (two- layer, 16 turns per
layer)

1-'25

2.5
distance,

3.75
'
cm

5.0
'

Fig. 9 ~]T against distance
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Example 2: In the case that L2 is too large, a
voltage doubler is used. The oscillator section of the

40
30
.-e*

6 Conclusion

A design procedure has been developed for use
in the design of r.f. powering systems. The optimisation presented may not be unique, but it is relatively
simple and offers practical application for r.f.
powering.
Stated in a step-by-step outline, the procedure is
flexible and can be used with various design conditions. The analysis and formulations can be used to

r--20
coil 1

10
15

0

1.25

2.5
3-75
distance, cm

5.0

Fig. 10 ~I T against distance

circuit remains the same, with only slight modification of the component values in the power amplifier.
The voltage doubler described previously is used.
Using the same specifications outlined in the example
above, with the exception that Ro = 30kf~,
L1 = 22#H, L2 = 10#H, dl = 2 inches (5.08cm),
d2 = 1/2 inches (1.27cm), Q1 = 100, Q2 = 65,
nl = 15, (n2 : nl = 10 : 5), n2 = 22 and both coils
are single-layer coils.
The value of ~/~o, is calculated to be 39 % at a
spacing of 1 inch (2.54cm) and J/r equals 23%.
Therefore, % . . . . . . ~ , ~ , equals 60 %. Fig. 10 shows
a plot of ~/T against distance.
The experimental results of Vo and Po against
distance is plotted in Fig. 11. A plot of 11o against
r~, where rc is the centre-to-centre distance of the
coils, is shown in Fig. 12. As the spacing D increases,
r~ of the null point (Vo = 0) increases. Overcoupling occurs as the difference in size of the
primary and the secondary coil is not large and the
spacing is small. At D = 1 inch (2.54cm) and
d2 = ) (1.27 cm), the specified design criteria, good
results were obtained.
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Fig. 11
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Fig. 12

design external r.f. powering systems for biomedical
implant Bnits or other applications; such as in the
industrial control field to transmit power and signal
through a barrier without wires or contacts.
Several designs utilising the procedure have been
evaluated in our laboratory. The experimental
results were in good agreement with predicted
values. Two examples covering single-layer coils,
and inductance tapping and voltage doublers, were
described to illustrate the implementation of the
design procedure.
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Bobines f.r. concues pour les appareils d'irnplants
Sommaire--On a 6tudi6 la frrquence radio (f.r.) en rant que source extrrieure permettant de faire fonctionner
les systrmes trlrm6triques d'implants miniatures ~. long terme. Afin d'assurer une efficacit6 totale au
systbme, il est ngcessaire d'obtenir un transfert de puissance optimum de l'rmetteur h ia bobine
rrceptrice. On donne la description d'une technique de conception en sept temps, fondre sur la
frrquence radio, le diam~tre de la bobine, l'espacement des spires, la charge et le nombre de tours de
la bobine. Un circuit de captage de tension par induction et un circuit doubleur de tension ont 6t6
construits conform6ment 5. la mgthode de conception. Les r&ultats exp~rimentaux ~taient compris
dans les limites d'efficacit6 totale souhaitable pour le systbme, soit 18 % A 23 %, respectivement.

Konstruktionsprinzipien for Hochfrequenzspulen for
Implantatinstrumente
Zusammenfassung--Hochfrequenz wurde als Mittel zur externen Energieversorgtmg yon Miniatur urzd
langfristigen Implantat-Telemetriesystemen untersucht. Zur Verwirklichung der h6chsten Leistungsf'fihigkeit braucht das System optimale Energietibertragung von Sendegeriit zu Empfangsspule. Ein
auf Hochfrequenz beruhendes siebenstufiges Konstruaktionssystem fiJr Sende- und Empfangsspulen
wird beschrieben, mit Hinweisen fiber Spulendurchmesser, Spulenanordnung, Ladung und die
Anzahl der Wicklungen. Ein Induktionsanzapfstromkreis und ein Spannungsverdoppler wurden dem
Konstruktionsverfahren entsprechend gebaut. Versuchsergebnisselagen im Bereich des gewfinschten
Systemleistungsgrades von 18 % und 23 ~ .
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