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PROSTHETIC POWER SUPPLIES

Sensors and actuators operating inside the body to recuperate human organs have generated a great deal of
interest during the last two decades (1,2,3,4,5). Advances in microelectronics have led to the development of
powerful miniaturized devices, among them the various implantable artificial organs, sensors, and electrical
stimulators (6,7,8,9,10,11). These devices have recently been intensively used in many disease circumstances,
for example, cardiac pacemakers, cochlear implants, bladder controllers, bone growth stimulators, phrenic
nerve stimulators, and functional neural systems, which are dedicated to lower-extremity and upper-extremity
movements. Most of these advanced, commercially available devices are extracorporally powered through
radio-frequency (RF) transmitting energy systems (12,13). All of them necessitate external, high-efficiency
sources of energy. The majority of available prosthetic power supplies are based on amplitude modulation (AM)
transmission, which rectifies a high-frequency signal (a carrier) to power on the implantable part.

Basic Principle of Prosthetic Power Supplies

Numerous alternatives are available for supplying power to implanted devices. The most important of these
are the percutaneous plugs that break the skin to reach the implanted prosthesis. This connection may result
in infection, risking implant damage and the safety of the patient. The second alternative is to use a battery
(14). In this case, there are several disadvantages: frequent recharging or reimplantation is required and the
battery occupies an important place relative to the device. The remaining alternatives are based on wireless
techniques and they do not have any of the limitations mentioned previously. The goal of the transcutaneous
energy transfer is to develop a safe and effective method for the remote delivery of energy to implanted
biomedical devices, since this method draws power from an extracorporal source of energy and leaves the
skin intact. These technologies allow patient mobility, improve quality of life, and reduce risk of infection. The
transcutaneous links can be based on one of three categories of energy-transfer techniques: (1) electromagnetic,
(2) optic (various forms of light), and (3) ultrasound. The electromagnetic radio-frequency inductively coupled
link is the most commonly used technique to deliver power to prosthetics, and it is the most desirable method
for patients. The inductively coupled power-transfer technique, however, lacks some characteristics such as
high-energy-transfer efficiency and wide bandwidth, as well as transversal, orthogonal, and other inductance
alignments.

In order to improve most of these limitations, other transdermal powering techniques have been proposed.
In fact, a transcutaneous optical power converter has been introduced in Ref. 15. This method consists of solar
cells receiving light from an external light source, which can be either a halogen-lamp- or a laser-diode-
illuminated skin surface. Neither the optical nor the ultrasound transcutaneous power-supply techniques give
the expected performances and they have been employed only in very restricted cases. The remainder of this
article focuses on the characterization of the inductively coupled link, which remains the most appropriate
choice because of its greater safety, efficiency and high tolerance to displacement. Thus, the external controller
transmits power indefinitely at field levels that meet government safety standards (10 mW/cm2) (8,12,16).
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Fig. 1. Block diagram of a prosthetic device using an inductively coupled link. The purpose of the link is to transfer power
and data to the implant.

Radio-Frequency Power Transfer Using an Inductively Coupled Link

A simplified generic block diagram of a system dedicated to power electronics implants using an inductive link
is given in Fig. 1. The external part of such a system is driven by a power amplifier, which is the last stage of
the RF transmitter. The implantable electronics device receives the necessary energy through this inductive
link, which is followed by a rectifier and a voltage regulator. The voltage regulator delivers an adequate power
supply and dc voltage to the electronics implant. The inductive link itself is composed of two series resonant
circuits, a primary circuit (Rp, Cp, Lp) and a secondary circuit (Rs, Cs, Ls).

Analysis of the Inductively Coupled Link. In designing inductively coupled links to transfer energy
to implantable devices, the most important characteristics to be considered are the ratio of the output voltage
to the input voltage, the power efficiency, the bandwidth, the external power amplifier, and the load of the
implant. The ac output voltage of the internal inductively coupled link should be high in order to allow the
voltage regulator to extract the expected dc voltage as well as the energy to power on the whole implant
device (Fig. 1). Based on the constraints mentioned earlier, the remaining sections of this article are devoted to
determining the characteristics of the inductively coupled link. We begin by studying an unloaded inductively
coupled link similar to that given in Fig. 2, and then we study the same link when the load and the amplifier
output impedance are taken into account.

Ratio of the Output Voltage to the Input Voltage. The mesh equations of the unloaded inductively
coupled link in Fig. 2 are the following:
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Fig. 2. Unloaded inductively coupled link.

Fig. 3. Variation of the ratio (Vout/V in) of the coupled link with frequency for different coefficients of coupling k for the
case where the primary and secondary circuits are tuned to the same resonant frequency f 0.

is the mutual inductance between Lp and Ls, and k is the coefficient of coupling. Zp and Zs are the series
impedances of the primary and secondary circuits, and they are given by

Since the coupled link is operated, in general, at the resonance frequency, let us assume that the primary (Rp,
Lp, Cp) and the secondary (Rs, Ls, Cs) circuits are tuned to the same frequency f 0, so that
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By rearranging Eqs. (1a) and (1b), we can obtain the ratio of the voltage Vout developed across the capacitor Cs
of the secondary circuit (Vout) to the input voltage applied in series with the primary circuit (V in), as described
in Ref. 17:

where f is the operating frequency and Qp and Qs are the quality factors of Lp and Ls, respectively. The variation
of |Vout/V in| with the frequency for different values of the coupling coefficient k is presented in Fig. 3. At the
resonance frequency f 0, γ is equal to 1 and Eq. (4b) becomes

Figure 4 shows the variation of the ratio |Vout/V in| as a function of k for a specific inductively coupled link. The
maximum ratio is reached when the coefficient of coupling (k) is equal to the critical or optimal coupling kc,
which is given by

The ratio Vout/V in is affected by the reflected impedance Zref from the secondary (receiving coil) circuit to the
primary coil. This impedance is defined as follows:

The effect of this impedance on the primary circuit is exactly as if an impedance equal to (ωM)2/Zs had been
added in series with the primary circuit. At resonance and at critical coupling, we have

(1)

and

(2)
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Fig. 4. Variation of the ratio (Vout/V in) of the link with the coupling factor k at the resonance frequency f 0. The maximum
of this ratio occurs at k equal to the critical coupling factor kc.

The combination of Eq. (8b) with Eqs. (4b) and (4c) results in

(3)

then

(4)

Thus, the reflected impedance Zref is purely resistive and equal to the primary resistance Rp. With these
conditions, the secondary current is maximal and the corresponding maximal possible voltage ratio Vout/V in
can be obtained from Eqs. (5) and (8b).

In this case, the corresponding dissipated power in the primary circuit can be calculated as follows:

Power Efficiency η l. Based on the fact that the power delivered to the reflected impedance Zref is
equivalent to the same quantity of power transferred to the secondary (I2

sZs), the power efficiency η l of the



6 PROSTHETIC POWER SUPPLIES

Fig. 5. Variation of power efficiency of the coupled link with the coupling factor k. The optimal value of this efficiency is
equal to 0.5 which corresponds to the critical coupling factor kc.

inductively coupled link can be expressed as (18,19)

At the resonance frequency f 0, Eq. (11) can be simplified to obtain

The variation in the power efficiency ηl with the coupling coefficient kc is depicted in Fig. 5. The optimum value
of ηl is reached when both the secondary current Is and the output voltage Vout are at their maximum values.
This is possible only at the resonance frequency f 0 and at the critical coupling factor kc. Then, from the Eq.
(12), the optimal efficiency ηlopt is

Thus, the optimal efficiency of an unloaded coupled link is equal to 50%, and this can be reached only at both
the critical coupling factor and the resonance frequency.

Bandwidth of a Tuned Inductively Coupled Link at the Critical Coupling Factor. The bandwidth of a
tuned inductively coupled link at the critical coupling coefficient and with identical quality factor coils (Qp,
Qs) can be derived easily from the equations previously developed. In fact, at k = kc and Qp = Qs = Q, Eq. (4)
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becomes

At the resonance frequency f 0, and with γ = 1 and h = 0, Eq. (14) becomes

Equations (11) and (15) give

Since the operating frequency of the inductive link is usually too close to the resonance frequency, and γ is so
nearly unity between half-power points, thus to get A/Ar = 1/

√
2, the condition

should be fulfilled. If we set f = f 0 + �f /2, then Eq. (17) becomes

Generally �f /f 0 � 1, so Eq. (18) can be simplified to lead to

Inductive Link with the Amplifier and Load Impedances. If the effective resistance at the input of
the regulator is Rdc, and with the assumption that the rectifier is ideal, then according to Ko, Liang, and Fung
(18), the voltage peak value across Cs appears as a direct voltage across Rdc (Fig. 1). The equivalent ac load
resistor Rac, which dissipates an amount of ac power equivalent to the dc power in Rdc (16,18), is

Based on this assumption, a circuit equivalent to that in Fig. 1 can be obtained, as shown in Fig. 6(a). The
resistor Rac acts as a load to the inductively coupled link where the energy should be transferred. Now, if this
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circuit is working near the resonance frequency and if Rac is relatively high in comparison with Rs and ωLs,
then this circuit can be transformed to obtain the circuit in Fig. 6(b). Here RL is the ac series resistor equivalent
to the load resistance Rac (18) and is equal to

The circuit in Fig. 6(b) is similar to that in Fig. 2, except that the series resistors of the primary and secondary
circuits are affected by the presence of the output resistance of the power amplifier (Rg) and the resistance
equivalent to the implant or load (Rac). With these transformations, the equivalent series resistors (Rep, Res)
and the quality factors (Qep, Qes) of the primary and secondary circuits, respectively, are given by

Replacing (Qp, Qs) in Eq. (5) by (Qep, Qes), we obtain the new transfer function at resonance frequency Vout/V in:

The maximum of Vout/V in occurs at the critical coupling k = kec, which is defined by

hence

The reflected impedance at resonance frequency is now given by

Zref can be expressed in terms of Rac, Rs, Qp and Qs, as (18)
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Fig. 6. Inductively coupled link: (a) with the amplifier and load resistances and (b) with the equivalent series resistor of
the load.

and at k = kec, Zref becomes equal to Rep, and at these conditions the power dissipated in the primary circuit is

The global power efficiency (η = Pout/Pin) can be determined by the power efficiency of the inductive link ηl and
the efficiency of the secondary circuit ηs, where

and

which could be expressed in term of Rac, Rs, k, Qp, and Qs, as follows:

Coupling Coefficient and Mutual Inductance. The coupling coefficient k is related to the mutual
M inductance by the relation k = M/

√
L1L2, where L1 and L2 are the values of the primary and secondary

inductances, respectively. Since the operating frequency of transcutaneous inductive links used to transfer
power to prosthetics is in the radio-frequency range, the primary and secondary coils L1 and L2 have, in
general, very small values. It follows that each of these coils is constructed of only one or a few small metal
loops. For the general case, let us consider a system in which the primary and secondary coils are formed of
one-turn circular loop each and are perfectly aligned (Fig. 7). The two coils are separated by the distance d and
have r1 and r2 as radii.
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Fig. 7. Illustration of two perfectly aligned coils.

The general form of mutual inductance M between two coils of n1 and n2 turns is given by the following
Neuman relationship (20):

Using this relation, the mutual inductance M of the system in Fig. 7 is

where µ0 is the permeability of free space in henrys per meter and f is a variable defined by

and K(f ) and E(f ) are the complete elliptic integrals of the first and second kind (20), respectively, defined as

The values of L1 and L2 can be derived from Eq. (34), and are given by
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Fig. 8. Variation of the coupling coefficient k with the coil separation. The coupling factor is high when the separation of
the two coils is small and decreases as this separation increases.

Here ei is the wire radius of the coils. Using Eqs. (1) and (5), the variation of the coupling coefficient k as a
function of coil separation d is shown in Fig. 8. The coupling coefficient is almost equal to 1 when the coil
separation d is too small, but decreases rapidly as the separation d increases.

When the primary and secondary coils present a lateral or an angular misalignment, the calculation of
the mutual inductance is complex and there is no single and precise formula for M for these cases. A good
discussion and approximation formulas for the mutual inductance, for the case of the presence of the different
misalignments, can be found in 21 and 22.

When the primary and secondary coils are constructed of more than one turn, a better arrangement of
the coil loops described in Refs. 23 and 24 is preferred in order to enhance the coupling coefficient. In this
arrangement, spiral coils are used in such a way that the turns are not concentrated at the circumferences,
but distributed across the diameter. And, in order to reduce the magnetic flux leakage in the body, a set of
amorphous fibers is attached radially on these spiral coils (23). These amorphous fibers increase the coupling
coefficient and the inductance, which in turn reduces the magnetic flux leakage.

Power Amplifiers. The inductive link dedicated to transferring power to prosthesis necessitates the
employment of a high-efficiency power amplifier. This helps to transfer the energy required by the implant
with minimum loss in the side of the transmitter. The drives most used in the transmitter of a system using
an inductive link are either class D or class E amplifiers. The reason behind the choice of these classes of
amplifiers is their switching mode in operation, which provides them with high power efficiency.

The Class D Power Amplifier. An example of a class D amplifier is shown in Fig. 9. It uses a pair of
power metal oxide semiconductor (MOS) transistors followed by a series resonant circuit (the primary circuit
of the inductive link). Each transistor acts as a low-loss switch, which has only two states: the ON state
(conducting) and the OFF state (nonconducting). The two transistors are alternately opened and closed at
very high speed, resulting in a rectangular voltage waveform at the output of the amplifier. In its ON state,
the MOS transistor acts as a small resistor; therefore the power loss is very small; in its OFF state, the
leakage current is very small and again the power loss is negligible. When the resonant circuit is tuned to the
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Fig. 9. Class D power amplifier based on a two MOS transistors (switches). The switch mode operation of these transistors
helps to reduce the power loss of the amplifier. The amplifier works efficiently when operated at a frequency equal to the
resonant frequency f 0 of the inductively coupled link.

Fig. 10. Class E power amplifier based on a single MOS transistor acting as a switch. As in the case of the class D
amplifier, the switching mode operation of the transistor makes this kind of amplifier provide a very high power efficiency.

switching frequency of the transistors, it presents low reactance to the fundamental and high reactance to all
the harmonics. It follows that the output voltage Vout is a sinusoidal waveform with a frequency equal to the
switching frequency of the transistors. Due to the low power loss in the transistors, the class D power amplifier
in general offers very high efficiency (>90%), which depends on the switching characteristics of the transistors.
If the switching time of the transistors is very small, then the class D amplifier can provide good performances
at the frequency range of the inductive link. Due to these interesting characteristics, researchers have proposed
many approaches (12,13,16) based on the class D amplifier to power various biomedical prosthetics.

The Class E Power Amplifier. The class E amplifier uses only one power transistor followed by a series
resonant circuit (the primary circuit of the inductive link) (Fig. 10). The power transistor acts, in this case, as a
low-loss switch. This will keep the amplifier’s power loss at a very low level. The primary circuit of the coupled
coils and the capacitor Cl are tuned to a frequency close to the switching frequency of the transistor. This will
result in a sinusoidal waveform at the output. The power efficiency of the class E amplifier can theoretically
reach 100%. The class E power amplifier is used in many designs (5,25,26) to transfer power to prosthetic
implants.
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Main Inductively Coupled Link Approaches

The desired high performances of transcutaneously powered devices are subject to parameter variations such
as inductively coupled link misalignment, distance variations between emitter and receiver coils, operating
frequency drift, and the change in electronic component values. But ideally, link performances such as the
voltage gain and the power efficiency have to be insensitive to any of these changes. A great deal of interesting
theoretical and experimental research has already been done in the field of the design of inductively coupled
links dedicated to transferring power and data to prosthetic implants (12,13,16,18,19,21,26,27,28). Few of
these available designs dealt with techniques for reducing the effect of variations of link parameters on its
performances, however. Usually, these techniques focused primarily on the optimization of transcutaneous link
performances, and secondly on minimizing the effect of link characteristic variations. The following sections
describe briefly the main existing approaches that deal with inductively coupled link effect variations.

The Geometric Approach. Galbreith, Soma, and White (12) proposed a common approach, called
the geometric approach, which is used to reduce the effects of coupling variations. In this approach, the
receiver and transmitter coils are of different sizes, with the receiver coil being the smaller one. In this way,
the coupling factor is insensitive to the coil displacement, assuming that the receiver coil remains within the
perimeter of the transmitter coil. The coils are allowed to move laterally, and even with small angular rotations,
without significant changes in k. This interesting characteristic makes this approach tolerant to the various
misalignments, but still sensitive to coil separation changes. The authors of this approach explain that for
small separations, the coupling coefficient drops in proportion to the coil separation (12). And, since the voltage
gain of the link is dependent on the coupling coefficient, this approach is not tolerant to the coil separation.
Another problem with this approach arises from the fact that the transmitter and receiver coils are not of
equal size. In this case, the coupling magnitude is smaller than that resulting from coils of equal size. With this
reduction in the coupling magnitude, the current magnitude of the transmitter coil has to be high to obtain
the same voltage gain as in the case of equally sized coils. But increasing the transmitter’s current leads to
significant losses in the primary loop, which has to be avoided.

The Stagger-Tuning Approach. Another approach that desensitizes the voltage gain of the inductive
link to the coupling was also proposed in Ref. 12. This approach offers good displacement tolerance, efficiency,
and large bandwidth. In this approach, the inductively coupled link is based on the stagger-tuning principle
where both the receiver and the transmitter resonant frequencies are not equal and they are slightly different
from the link operating frequency. The poles associated with these two frequencies are selected so that one
pole is placed above the pole associated with the operating frequency and the other pole below. The position
of these poles, however, is subject to the coupling changes. The key to this stagger-tuning approach is to place
these poles in such a way that their movement will compensate for the link gain resulting from the coupling
changes. For example, an increase in the coupling will normally result in an increase in the link gain, but at
the same time the poles will move away from the pole associated with the operating frequency, which normally
decreases the gain. These opposite effects cancel each other out and force the link gain to be insensitive to the
coupling variations caused by the coil displacement. Therefore, the stagger-tuning approach is not only tolerant
to the angular and lateral misalignment, but also to coil separation. Also, this pole placement increases the
link bandwidth without affecting the link voltage gain and power efficiency.

Another Approach. Another interesting design approach which is insensitive to coupling variations
was proposed by Zierhofer and Hochmair (29). This approach focuses on optimization of the link power efficiency
and coil misalignment tolerance. In this approach, a high-efficiency self-oscillating class E power amplifier is
used to drive the transmitter-tuned circuit. The key to this design is that the amplifier oscillating frequency
is not fixed, but affected by the coil coupling variations. The effect of coupling variations due to coil distance
changes results in the changing of the reflected impedance of the receiver in the transmitter-tuned circuit. The
variation in the reflected impedance is then used to control the oscillating power amplifier frequency. Zierhofer
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Fig. 11. The inductive coupling stage circuit. The main blocks of this circuit are a class D power amplifier driven by an
oscillator, a series inductively coupled link, and a voltage regulator.

and Hochmair have shown that the amplifier oscillating frequency tracks the absolute transmission efficiency
maximum, thereby improving the power transmission against the coupling variation. Since the coupling is
dependent on coil separation, this approach is tolerant to the coil distance variations.

An Example of Applications. Figure 11 depicts an example of the schematic of a complete trans-
mission energy and data circuit. It encloses a 20 MHz AM modulator that produces a carrier, the amplitude
of which is modulated by the incoming Manchester-coded data (8). The resulting modulated carrier is then
presented to a class D amplifier, the output of which is controlled by a power regulator. This device is intended
to compensate for the variations in the coupling factor affected by the displacements between the transmitting
and receiving coils. It increases the power voltage of the class D amplifier in the case of a high coupling and
it reduces the power voltage in the reverse case (13). The secondary output signal of the transformer is then
presented to a voltage regulator and an AM demodulator to provide coded data and power to the whole implant.
By using such a system, two main objectives are sought: a minimum transmission bandwidth of about 1 MHz,
since it has been designed for a maximum transmission rate of 500 kbit/s, and minimal losses to ensure the
external power source durability of the future miniaturized system. To reach these two objectives, we have
opted for a stagger-tuned link (12). Together with the power regulator technique, the link features low-energy
consumption and possesses the advantage of a wide bandwidth (13) in addition to its adaptability to coil dis-
placement. It also produces a fairly stable output voltage from which to recuperate a regulated voltage supply.
The voltage regulator used in our system operates with a small voltage drop across it, so that it consumes
little power while sourcing large currents, thus respecting the second consideration mentioned above. In the
same vein, we note that the choice of the 20 MHz carrier depends on transformer efficiency, since a computer
simulation model and experimental tests (Fig. 12) have indicated a maximum efficiency (24%) at this frequency.
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Fig. 12. Variation of the power efficiency with the coil separation of the circuit presented in Fig. 11. The efficiency
maximum is equal to 24% and is obtained at a frequency equal to 20 MHz and at the critical coupling of the inductively
coupled link.

Summary and Future Developments

With the recent developments in the microelectronics field, new complex and powerful implants with small
sizes can be now achieved with minimum cost and in a short time. Unfortunately, we still have to overcome
the critical problem of powering these implants. Therefore, there is an immediate need to develop new, small-
sized powering systems with high efficiency. Since these implants are, in general, intended for long-term
implantation periods, the use of batteries is to be avoided whenever it is possible. By avoiding the use of
batteries to power implants, the surgery needed to replace the implant batteries becomes unnecessary, which
will in turn reduce the risk of skin infection. From the present article, it is obvious that a powering system based
upon an inductively coupled link presents a good choise for such applications. With this choice, the implant
lifetime is no longer limited by the powering system lifetime, but only by the implant electronics. Since, with
the use of an inductively coupled link, the energy transfer is achieved electromagnetically, the skin damage
risk is kept to a very low level. The other interesting characteristic of the inductively coupled link is that it
can be used to accomplish the dual tasks of bidirectional communication and energy transfer simultaneously.
Currently, many researchers are developing new implants and new powering systems based on the class D and
E power amplifiers and using inductively coupled links. The challenge is to integrate the implant electronics,
the receiving power system, and the communication system in the same chip. In some cases, new storage
elements are also to be included within the same chip to make the implant autonomous. The amount of energy
transferred should be high enough in order to power the electronics of the whole implant. Finally, the powering
system should a high-efficiency one so that the whole system remains economical.
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