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Closed-Loop Class E Transcutaneous Power and Data
Link for Microlmplants

Philip R. Troyk, Senior Member, IEEE, and Martin A. K. Schwan

Abstract—Magnetic transcutaneous coupling is frequently
used for power and data transfer to implanted electronic de-
vices. The proposed development of Microlmplants, small
enough to be injected through a hypodermic needle suggest the
need for a high-efficiency magnetic transcutaneous link. This
paper describes the use of a multifrequency transmitter coil
driver based upon the Class E topology. The development of a
“‘high-Q approximation” which simplifies the design proce-
dure is presented. A closed-loop controller to compensate for
transmitter and receiver variations, and a method of data mod-
ulation, using synchronous frequency shifting are described.
The closed-loop Class E circuit shows great promise, especially
for circuits with unusually low coefficients of coupling. Cur-
rents of several amperes, at radio frequencies, can easily and
efficiently be obtained.

INTRODUCTION

ECENTLY, there has been interest in a new type of

neural prosthetic device known as a ‘‘Microimplant’’
[1]. Based upon designs of transponders from the elec-
tronic identification industry, the microimplant would be
small enough to be injected through a 14 gauge (1.6 mm)
hypodermic needle. Uses would include neural-muscular
stimulation, and telemetry for multichannel neural elec-
trodes or other biological sensors. For neural-muscular
stimulation, the microstimulator would consist of a one-
channel, addressable, bipolar stimulator. It would be
powered by transcutaneous magnetic coupling, using one
large external transmitter coil to power and communicate
with as many as 100 implanted microstimulators per limb.
The receiver coil contained within the microstimulator
would be millimeter- or submillimeter-sized. The cou-
pling conditions for this type of device are extremely un-
favorable, with the coupling coefficient in the range of
107% < k < 1073, Due to this extremely low , the load-
ing effects on the external transmitter from the reflected
impedance of hundreds microstimulators can be minimal
1.

For Microimplant telemetry, it has been suggested that
printed, thin-film coils, integrated directly with the sensor
circuitry would provide significant manufacturing and
performance advantages. For such devices, the coupling
coeflicient could be up to two orders of magnitude smaller
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than that for the microstimulator. In addition, it would be
unlikely that the integrated coil would have a high Q.

One method of compensating for the extremely unfa-
vorable power transfer conditions is by the generation of
a high-intensity magnetic field at radio frequencies. For
reasons of portability, it is often important to design
transcutaneous coil transmitters using light-weight battery
power. This paper focuses on the use of multifrequency
networks, in a Class E switch-mode converter topology
to obtain unusually high transmitter coil currents at fre-
quencies ranging from hundreds of kilohertz to several
megahertz.

DEsIGN FACTORS FOR TRANSCUTANEOUS LINKS

There are many factors to consider when designing a
transcutaneous link for an implant: size and shape of the
coils, location of the implant, misalignment and displace-
ment tolerance, power and regulation requirements, effi-
ciency, communication bandwidth, complexity of re-
ceiver circuitry, and complexity and bulk of transmitter
circuitry and power supply. Each application has its own
unique requirements which determine the priority of these
factors. Often, the implanted device is designed first, and
then the transcutaneous link is designed to accommodate
it. Efficiency, displacement tolerance, and communica-
tion are usually the main focus of the design. Maximizing
the first of these reduces the bulk of the transmitter power
supply. Maximizing the second reduces the required re-
ceiver regulation.

There have been several analyses and approaches to the
design of magnetic transcutanecous links [1]-[4]. These
design approaches attempt to maximize coupling effi-
ciency and displacement tolerance through the design of
the transmitting and receiving coil circuits.

Donaldson e al. [2] explain that efficiency and dis-
placement tolerance are opposing design tradeoffs. For
given coil Q’s and coupling coefficient, &, maximum cou-
pling efficiency occurs at a point where the displacement
tolerance is quite poor. Galbraith et al. [3] describe a
common design approach called the geometric approach.
Here both the transmitter and receiver coils are circular
and planar, with the receiver coil smaller than the trans-
mitter coil. As long as the receiver coil is within the pe-
rimeter of the transmitter coil, the coupling coefficient will
remain fairly constant. In this approach the coils can be
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moved, within parallel planes and with minor rotations,
without a significant change in k. Since the magnitude of
the receiver voltage is dependent on the coupling coeffi-
cient, k, this approach allows for lateral displacement tol-
erance. Galbraith et al. also explain that for the near field,
the coupling coefficient drops-off proportional to the sep-
aration of the coils. Therefore the geometric approach is
not separation-tolerant. The performance cost of this semi-
tolerant design is that the absolute coupling is reduced. In
order to obtain a desired receiver voltage, the transmitter
coil must carry a larger current than it would if the coils
were more equally sized. Larger transmitter currents have
historically resulted in higher I°R losses, due to transmit-
ter inefficiencies, and increased the bulk of the external
circuitry and batteries.

Donaldson et al. describe the “‘critical coupling,”
k(crit), method for transcutaneous coils in which the re-
flection of the secondary impedance, in the primary cir-
cuit, is real for all values of coupling coefficient, k. This
approach minimizes the change in reactance of the pri-
mary transmitter coil for changes in the secondary (re-
ceiver) load conditions, and tends to compromise between
maximizing voltage transfer, and minimizing coil dis-
placement effects.

Galbraith, et al. also describe a method of desensitizing
the voltage transfer ratio, or to use their terminology, link
gain. Their method involves stagger tuning. This method
provides displacement tolerance, efficiency, and wide
bandwidth. The main feature of this method is that both
the transmitter and receiver circuits are tuned off the op-
erating frequency, one above and one below. Galbraith et
al. note that the poles shift when the coupling coefficient
varies. If the poles are properly placed, they shift in a
manner that compensates the link gain for the change in
coupling. In effect, proper tuning results in a variation of
the reflected impedance for changes in coupling coeffi-
cient. The effect of increased coupling would be to in-
crease the link gain. The effect of increased reflected
impedance would be to lower the generated magnetic
field. These two effects cancel each other and produce a
link gain that is fairly insensitive to the coupling coeffi-
cient and therefore displacement tolerant.

Unfortunately, both these approaches provide little
benefit for systems with unusually low values of k. Don-
aldson et al. have shown that both coupling efficiency and
voltage transfer ratio are extremely low if k(crit) is more
than one order of magnitude larger than k. A high k(crit) /k
ratio typically compromises the efficiency of the active
output driver stage. As pointed out by both Donaldson et
al. [2] and Heetderks [1], maximum voltage transfer be-
tween two coils occurs when the receiver coil is tuned to
the transmitter frequency.

FUNDAMENTALS OF DRIVING TRANSCUTANEOUS COILS

The magnitude of the magnetic field resulting from ac
current in a coil is dependent upon coil geometry and on
the ampere-turns product of the coil. Increasing the turns

on a coil increases its inductance, with inductance being
proportional to the square of the turns.

The magnitude of voltage across a coil with an ac cur-
rent, /, driven through it is given by the familiar expres-
sion:

[V| = |I] * V(Ri + (L)) (1)

where R, is the equivalent-series-resistance of the coil,
w is the driving radian frequency, and L is the inductance
of the coil. V will be large at high frequencies due to the
large reactive component. Typically coils are not driven
directly because the active driver must handle both the
requisite high current and high voltage, which is very in-
efficient. Fig. 1 shows three networks used with trans-
mitter coils to produce more favorable load conditions for
the active device of the driver.

The first load network of Fig. 1(a) places a capacitor in
series with the coil and the pair is driven at their resonant
frequency. This is the most commonly used configura-
tion: series resonance. At resonance the reactances of the
coil and capacitor cancel each other and the impedance of
the network is reduced to the sum of the equivalent-series-
resistances (ESR) of the windings of the coil and the ca-
pacitor. This impedance cancellation reduces the voltage
that the driver must handle; however, the active device
must still handle the large coil current. For low-loss coils
and capacitors, the voltage drop across the series ESR of
the coil and capacitor can be significantly less than the
saturation drop of the active driver. Therefore, for large
primary coil currents, the power in the driver becomes
dominant and excessive.

For the series resonant circuit, the magnetic field, pro-
duced for a fixed coil current, can be increased by increas-
ing the coil inductance. To increase L,, more turns could
be added to the transmitter coil. Adding more turns will
increase R, due to both the additional wire length and
proximity-effect current crowding. One strategy to main-
tain or reduce R, might be to increase wire size or use
Litz wire. However, increasing L; (without increasing
R..;) would require that the Q of the primary circuit be
impracticably (if not impossibly) high.

Increasing coil current by simply lowering R, would
require drastic reductions in the output resistance of the
driver circuit and the winding resistance of the coil. For
typical driver circuits, such a reduction is not practical.
Furthermore, low-resistance active devices, tending to
have large die areas, would be characterized by large in-
put capacitances which would raise the power handling
requirements of the predriver stage.

The second load network, shown in Fig. 1(b), lowers
the current the active device must handle by means of par-
allel resonance. In this configuration, a capacitor is placed
in parallel with the transmitter coil, and the pair is again
driven at their resonant frequency. At resonance, the re-
actances cancel and the impedance is simply the series-
to-parallel transformed resistances of the coil and capac-
itor in parallel. The transformed resistance (R,) is de-
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Fig. 1. (a) Series-resonant model for a transmitter coil. (b) Parallel-reso-

nant model for a transmitter coil. (c) Multifrequency load network for
transmitter coil L.

scribed by:
R, = R + @) )

where Q is the quality factor of the circuit, and R; is the
original series resistance. If Q is large, R, is also large,
therefore reducing the amount of current the active device
must handle. The large ac current, required in the coil for
the large magnetic field, results from the resonance of the
coil and the capacitor. The parallel resonant load net-
work, however, has the disadvantage of requiring the
driver to handle large voltages, and high-voltage active
devices have correspondingly high capacitances, limiting
the operating frequency.

The advantages of both of the previous two networks
are present in the third, shown in Fig. 1(c). This load
netiwork is a combination series-parallel resonant circuit,
and commonly referred to as a ‘‘multifrequency net-
work.”’ For this type of load network, the active device
handles both low current and low voltage, producing very
favorable load conditions for the active device, and a
means of producing large coil currents.

CLass E CoiL DRIVER

The Class E driver [5], shown in Fig. 2, uses a multi-
frequency load network, takes advantage of the imped-
ance transformation inherent to this network, and is a
switched-mode resonant driver; the active device acts as
a switch. The driving point impedance seen by the active
device has the frequency response shown in Fig. 3. The
valley in the frequency response is caused by the series
resonance of L, and C,. As the frequency increases, the
reactance of L, and C,, in series, is positive which, with
C,, forms the parallel resonant peak.

When the circuit is operated between the series and par-
allel peaks, there is a particular frequency where the power
losses in the driver are minimized. This operating point,
called the Class E point or Class E mode, is characterized
by voltage and current waveforms which are 180° out of
phase. A finite value of one is accompanied by a near-
zero value for the other. This results in nearly zero power
loss in the switch. The circuit operation under these con-
ditions can be described as follows: The current in the L,-
C, branch is nearly sinusoidal with a frequency equal to

Vb

ldcl L1

c2
]
Is I 2y
Pulse Switch } +
Generator =, ] Vs C1 5‘-2

Fig. 2. Class E driver circuit topology. The use of the multifrequency load
network provides a unique driving impedance shown in Fig. 3.

that of the switch drive. This is a consequence of the high
Q of the branch. While the switch is closed, L, and G,
supply current back to the switch (i.e., 12 is negative), no
current flows through C,, and the voltage across the switch
is zero. When the switch opens, L, and C, continue sup-
plying current (i.e., 12 is still negative), however this cur-
rent now flows through C, resulting in a positive voltage
across the switch. When the current in the L,-C, branch
reverses (i.e., 12 becomes positive), the charge on C, sup-
plies the current, reducing the voltage across the switch.
When the voltage across the switch becomes zero the
switch is closed and the cycle is repeated. The inductor
L,, in series with the power supply, acts as a constant
current source, supplying the energy dissipated during
each cycle. At a specific operating frequency, (i.e., Class
E point) the switch voltage and L, current are close to 90°
out of phase and the voltage across the switch (i.e., active
device), Vs, has a value of zero with zero slope, just as
the switch closes. This ensures there will be no large peak
currents in the switch and minimizes the switching losses
of the driver. Fig. 4 shows PSPICE drive, voltage, and
switch-current waveforms for a Class E driver operating
in the minimized loss mode near 1 MHz. Analyses of the
Class E circuit have been done by: Sokal et al., Gutmann
et al., and others [5]-[11].

The optimum operating mode of the Class E driver, as
noted above, is characterized by minimized loss. This oc-
curs when the switch voltage has a value of zero with zero
slope just before switch closure on every cycle. The zero
voltage level prevents large current surges in the switch,
minimizing switching losses. The zero slope allows for
slight timing errors or slow switch closure. If the voltage
across the switch is not zero at switch closure there will
be power losses due to the simultancous large current
through and voltage across the active device.

Switched-mode resonant circuits often have the disad-
vantage of a limited frequency range due to the switch
capacitance. The Class E driver is immune to this prob-
lem because the switch capacitance can be compensated
for by modifying the value of the parallel capacitor (Cy).
Since there is no voltage on the switch at switch closure,
no charge resides on the switch “‘capacitor’” and minimal
switching time is required to close the switch, with no
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Fig. 4. PSPICE gate drive, Fet drain (switch) voltage, and Fet drain
(switch) current for a Class E converter.

switching losses. The simple one-transistor topology
eliminates the primary cause of frequency limiting in most
switch-mode circuits—switch dead time to avoid cross
conduction. In the common push-pull topology, dead time
(a short time during which both transistors must be off)
is necessary to prevent the transistors from conducting
simultaneously (cross conduction), and consequently dis-
sipating a large amount of instantaneous power.

A priori determination of the exact Class E point is dif-
ficult. Redl er al. [7] has given design information for
50% duty cycle. However, for high-Q loads, character-
istic of low-loss transcutaneous coils, smaller duty-cycles
(10-20%) are more appropriate. A ‘‘high-Q approxima-
tion”” design procedure can be used, and is reasonably
valid near the Class E point.

HiGH-Q APPROXIMATION

For a given combination of component values, the Class
E frequency is dependent on the quality factor of the load
network, i.e., minimum-loss operation occurs for a criti-
cal network Q.

Referring to Fig. 5, when the switch is opened, the
switch voltage follows the form of a damped sinusoid
which would settle out to the supply voltage Vj if the
switch did not close again. During Class E operation, the
switch closes at the first negative peak in the ‘‘ringing.”’
At the negative peak of the switch voltage, the voltage
value and slope are zero, thus minimizing switching
losses. When the network Q is too high, the ‘‘ringing’’
of the switch voltage does not damp sufficiently and would
cause the switch voltage to have a negative peak below
zero. Under these conditions, the unidirectional nature of
the semiconductor switch results in conduction, usually
due to a protection diode. If the Q is too low the ‘‘ring-
ing”’ of the switch voltage is excessively damped and the
switch voltage does not return to zero resulting in a neg-
ative peak above zero. Since the Q of the circuit is de-
pendent on the frequency, and a critical Q is required for
minimum-loss operation, there is but one frequency for a
given network which can maintain the Class E conditions.
This frequency is between the series and parallel resonant
network peaks, and is analogous to staying within region
4 described by Redl er al. in [7]. Kazimierczuk et al. [11]
and others have made reference to a critical (or minimum)
Q required for Class E operation; however, no closed form
solutions have appeared in the literature.

The use of a high-Q (>80) coil, low ESR capacitors,
and a low on-resistance switch means that the switch
waveform will be characterized by very little damping.
Under these conditions, the switch waveform V can be
approximated as a raised cosine wave:

V, = (4/2) = ((4/2) cos (wp1))
forr' =t <t' + 1T,

0 fort! + T, =t <t + 1T, (3)
where A is the peak amplitude of the switch voltage, w,
is the parallel resonance frequency, T, = 27 /w,, T, =
27 /wg, and wg is the Class E frequency.

Using Fourier analysis, the fundamental V', and the dc
component V,, of the switch waveform (3) can be ex-

pressed as functions of the peak switch voltage A, and the
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Fig. 5. Switch voltage for three different circuit Q’s. The optimal (critical
Q) provides zero voltage, with zero slope at the time of switch closure.

switch Duty Cycle, D:

Vy, =(4/2)(1 = D) (4a)
(4/2m)(1/@D — D*)(sin® 27D)
+ cos (27D) — 1)%).

Vs
(4b)

The design procedure can then be described as follows:
Given:

Transmitter coil inductance, L,, and @,
Desired peak coil current, I, -

The frequency of operation, wg,

The switch duty cycle, D,

The power supply voltage, V.

The peak switch voltage A can be computed from (4a),
and the fundamental component of the switch voltage,
V! can be computed from (4b). (Note that in the range of
D < 0.25, V! is approximately 0.5 * A) The coil resis-
tance is found from

R. = el / Q1. &)
The series branch impedance is found from
lch = V: /12 (6)

The reactance of the series branch is found from
X, = (Z; - RD). )

The value of C, is found from

C, = 1/(wp(wely — X)) @
The value of C, is found from
Ci = 1/(weX)). 9

The dc choke, Ly, is chosen to be three to ten times greater
than Lz.

CLosep-Loop CoNTROL OF THE CLass E CONVERTER

In transcutaneous inductive link systems, where the
coupling coefficient is appreciable, changes in the device
load would affect the Q of Class E driver. Due to the high
sensitivity of Class E circuits to changes in load Q, the
driver can move out of the Class E lossless mode of op-
eration, if some means of frequency adjustment based on
load variations is not included. For Microimplants, large
changes in the individual receivers would have only a
minute effect on the transmitter Q. However, other exter-
nal influences on the transmitter coil could significantly
shift its inductance and resistance. There are two primary
mechanisms resporisible for shifts in the transmitter coil
characteristics: 1) Proximity of the transmitier coil, to
metallic objects. 2) Mechanical deformation of the trans-
mitter coil. In the first case, inductance as well as resis-
tance changes can occur, depending upon the shape and
composition of the metal object. In the second case, small
changes in the shape of the coil can produce large induc-
tance variations. Both of these effects can seriously shift
the operating point of the Class E converter. Failure to
provide some means of frequency/duty cycle adjustment
to accommodate the new operating point can result in dra-
matic increases in the power dissipation of the active
switch, with probable device destruction.

Table I presents the nominal coil inductance and resis-
tance, for a 12 turn, 9 cm diameter coil, as well as vari-
ations in their values for coil deformations and adjacent
metal pieces such as those which might be used in a
wheelchair. These measurements were made using a So-
lartron 1260 Impedance/Gain-Phase Analyzer.

Case 1 is the transmitter coil suspended away from ex-
ternal metal objects, without any mechanical deforma-
tion. Case 2 is the transmitter coil placed perpendicular
to a 5 in. square copper plate. Case 3 is the transmitter
coil laid face down on a copper plate. Case 4 is the trans-
mitter coil coupled to a 9 cm coil driving a resistive load,
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TABLE 1

Circuit Parameter

Equivalent
Series

Resistance

Coil Conditions Inductance (uH) ()
1) Coil in Air 30.29 1.02
2) Coil w/perpendicular Cu Plate 28.42 1.20
3) Coil w/parallel Cu Plate 16.03 2.07
4) Coil w/Coupled Load 29.73 15.50
5) Elliptical Coil (8 X 11) cm 29.86 1.09
6) Saddle Coil 29.40 1.08
r—— PUISE Width
Modulation depth
Vb

l_ Modulation enable

Pulse width Puise end signal
controller

Pulse start
Zero signal
crossing
detector

Coil current signal

" u

c2
c1 %
L2
\

Currenttransformer

Fig. 6. Block diagram of Class E converter with coil current zero-crossing
controller. See text for explanation of system operation.

and is included to show the effects of reflected resistive
changes without significant inductance changes. Case 5 is
the transmitter coil deformed into an ellipse of dimensions
8 X 11 cm. Case 6 is the transmitter coil bent into the
shape of a saddle. Case 3 is an extreme condition and
illustrates dramatic shifts in inductance as well as resis-
tance. A more typical condition would be case 2 com-
bined with 5 and 6 which is representative of changes re-
sulting from deformations of a coil contained in a garment,
being moved next to the arm of a wheelchair, wristwatch,
metal table, or other furniture.

In analyzing the optimal time point of switch closure,
for the Class E converter, the lowest switching power loss
occurs when the switch is closed at the first negative peak
of the switch voltage. This suggests using the zero-cross-
ing of the switch-voltage derivative to control switch clo-
sure. Using an active circuit to obtain the derivative might
be one approach. A second method is to recognize that
for a sinusoid, the integral and derivative differ only by
their sign. Due to the high Q of the series branch C,-L,,
the current through L, is approximately equal to the
switch-voltage negative derivative. This current can be

easily sensed using a current-sense toroid, and its zero-
crossing used to time the leading edge of the switch drive
waveform.

This approach is shown in Fig. 6. By using the negative
zero-crossing of the coil current to trigger the switch
drive, the switch always closes at precisely the correct
instant to maintain minimal switching losses. The Class
E point, for which near-zero loss occurs, is obtained at
one particular combination of frequency and duty cycle.
The Class E frequency is identical with the frequency
maintained by the coil current zero-crossing controller and
results in zero-slope at switch closure. The Class E duty
cycle produces zero absolute voltage at switch closure.
The Pulse generator also serves as a “‘start-up’’ circuit.
Immediately following power-up, the pulse generator ex-
cites the multifrequency network at a frequency lower than
the Class E frequency. This produces sufficient current in
L, to create a feedback signal for the controller.

Changes in the coil inductance require corresponding
shifts in the converter operating frequency, in order to
maintain Class E operation. The coil current zero-cross-
ing controller compensates for coil inductance changes.
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TABLE 11
Peak Switch P Avg. Switch P Peak Coil 1 Coil I/P.S.
Supply I (mA) (W) (W) (A) P (AT/W)
OPEN LOOP
1 40.6 0.068 0.0035 0.726 23.8
2 422.5 265.2 2.636 1.227 3.87
3 272.4 258.6 2.447 0.116 0.567
4 170.2 129.2 0.796 0.304 2.38
5.6 155.2 37.62 0.195 1.334 11.4
2,5.6 251.4 93.21 0.539 1.355 7.18
CLOSED LOOP
1 38.0 0.140 0.0024 0.718 25.1
2 43.7 0.023 0.0038 0.745 22.7
3 134.7 15.220 0.047 1.000 9.89
4 170.3 290.3 0.791 0.299 2.34
5,6 39.6 0.161 0.0028 0.734 24.7
2,5,6 50.9 1.976 0.0017 0.703 18.4

As the natural frequency of the network rises (due to re-
ductions in coil inductance), the time from switch open-
ing to the load current zero-crossing decreases, however,
the controller maintains the phase relationship between
switch-closure and load-current zero-crossing. Therefore,
the controller appropriately shifts the operating frequency
to the new Class E frequency by controlling the interpulse
interval of the switch drive.

Changes in coil resistance due to reflected variations in
implant load conditions would be minimal for Microim-
plants [1]. Increases in coil resistance due to proximity of
metal objects would typically be accompanied by de-
creases in coil inductance. The upwards shift in converter
frequency would also result in a duty cycle increase since
the switch on-time is fixed. In this regard, the coil current
zero-crossing controller behaves as a mixed frequency/
duty cycle controller.

Table TI shows the predicted changes in average supply
current, peak switch power, average switch power, and
peak fundamental coil current, as determined from
PSPICE simulations, for a typical Class E converter op-
erating at 760 kHz. The transmitter coil model used was
a series L-R circuit with values as listed in Table I. Listed
are values for open-loop fixed frequency/duty cycle, and
closed-loop partially compensated duty cycle operation,
for each, and combinations, of the cases listed in Table I.

In examining the data in Tables I and II it can be seen
that seemingly small changes in the coil inductance and
resistance can have dramatic effects upon circuit opera-
tion, particularly the power dissipated by the switch. The
use of the coil-current zero-crossing controller provides a
significant reduction in the average and peak switch
power. Efficiency was determined by dividing the peak
coil current-coil turns product by the power supplied from
the battery source, and is listed under COIL I/P.S. P (AT/
W) in Table II.

DATA MODULATION
Most transcutaneous links require some form of mod-
ulation for communication with the implant. For the high-
Q Class E driver, coil current amplitude modulation is
feasible through synchronous frequency modulation. The

high variation in the Cy-Ly series-branch impedance with
changes in frequency can be exploited to modulate the
coil current. Due to the steepness of the impedance curve,
variations on the order of 0.1% in frequency can produce
changes of up to 10% in coil current. This amplitude
modulation of the coil current is an attractive method of
data transmission. It will not interfere with the transfer of
power to the implant because the coil current and there-
fore magnetic field, and coupled power, never fall below
the nominal value. Although the Class E driver is period-
ically moved off the optimum operating point the increase
in power dissipation is insignificant. Using this method a
practical modulation range of 5-10% can be achieved.

A disadvantage of data transfer by modulation of cur-
rent amplitude in any high-Q driver is limited bandwidth
or bit rate. Because of the high Q of the driver, an abrupt
change in frequency will require several cycles for the
coil current to reach its new steady state value. The use
of synchronous frequency modulation, where the change
is synchronized to the operating frequency, limits the
transient to the time required for the current in L; to adjust
to the new value. This response time can be reduced by
lowering the value of the dc choke, L,.

For the closed-loop, zero-crossing controlled Class E
converter, synchronous frequency modulation can be eas-
ily accomplished by changing the on-time of the switch
drive. or offsetting the current-sense toroid output. Con-
trolling the former has some advantages. Since the off-
time of the switch is controlled by the network natural
frequency, via the current feedback, changing the on-time
shifts the total cycle time, and therefore the operating fre-
quency. The appropriate inputs are illustrated in Fig. 6.

EXPERIMENTAL METHODS

Using the design procedure outlined above, a Class E
driver was designed with the following specifications:

Transmitter Coil: 12 turns of #200/38 Litz wire, 9 cm
diameter, Coil Inductance = 30 pH, Q = 110.

Coil current: 0.7 Apk

Frequency: 760 kHz

Switch Duty Cycle: 0.12

Power Supply: 9.0 VDC
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Fig. 7. Schematic diagram of coil current zero-crossing controlled Class E laboratory model. The current transformer T1 pro-
vides the feedback signal used to keep the converter operating near the Class E point.

The following parameters were calculated:

C, = 144 nF
C2 = 1.6 nF
L, = 50 uH

A schematic of the completed circuit is shown in Fig.
7. OP1-OP4 are LT1016-CN8 Ultra Fast Precision Com-
parators, 0033 is a LHOO33C Fast Buffer Amplifier, and
the HexFet is an IRF531. The Divide-by-N circuit is a
CD4024BE 7 stage binary counter with Dip switches to
set N to 8, 16, or 32. Polystyrene capacitors were used
for Cy and C,. The 5 V supply was derived from the 9 V
supply using a Zener diode clamp. The 5 V supply was
necessary for the ‘‘fast’” active devices, OP1-OP4. Care
was taken to minimize lead length, using standard radio-
frequency type construction techniques. In particular, the
lead length from the FET drain to C; was made as short
as possible. Any finite lead length for this connection re-
sults in ringing at switch shutoff due to the lead induc-
tance. The capacitors demonstrated a frequency depen-
dence, due to their self-resonance, and appropriate value
corrections were made. Multiple capacitors, in parallel,
were used for both C| and C,, raising the effective com-
ponent resonant frequency to well above the operating
frequency. FET gate drive was provided by an LH0033
buffer, driven by a coil current zero-crossing controller.
Operation of the circuit is as follows.

R7, R8, C3, C4, and OP2 comprise a relaxation oscil-
lator, the frequency of which is set lower than the design

Class E frequency of 760 kHz. At power-up, the current
through L, is zero, and there is no current feedback signal
at the output of 7. R2 and R3 bias the noninverting inputs
of OP1 and OP2 with =4 mV in order to avoid chatter.
The relaxation oscillator produces an exponentially vary-
ing waveform at the input of OP3.

In the absence of a modulation enable, R12 sets the
switch point for comparator OP3. Thus when the voltage
on C, falls below the voltage at R12, the inverting input
to OP4 is below the noninverting input and the HexFet
gate drive is high, turning on the switch. When the volt-
age on C, rises above that of R12, the switch turns off. In
this open-loop mode, the relaxation oscillator controls
both the frequency and on-time of the switch drive.

As the magnitude of the ac current flowing in the C2-
L2 branch increases, the current transformer T, produces
a square voltage signal across R1, due to the clipping ac-
tion of D1 and D2, which is 180° out of phase with the
current in the C2-L2 branch of the converter. As this cur-
rent crosses zero and the square wave goes positive both
OP1 and OP4 switch to the high state, closing the con-
verter switch. Since the natural frequency of the relaxa-
tion oscillator is lower than the Class E frequency, the
leading edge of the output of OPI serves to synchronize
the relaxation oscillator. OP3 switches high, after a delay
determined by OP2, and the voltage at the inverting input
of OP4 is pulled high by Q1 resulting in the termination
of the switch drive pulse, opening the converter switch.
Thus, OP2 serves initially to start the converter, then
functions as a pulse duration circuit. It is essential to min-
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TABLE 111

Circuit Parameter

Peak Switch
Peak Coil I (A) Voltage Frequency Power Supply I (A) Duty Cycle
Calculated 0.7 20.45 760 K 0.0328 0.12
PSPICE Model 0.718 19.27 758.5 K 0.038 0.12
Measured 0.72 19.2 760 K 0.038 0.125
B GATE DRIVE

500 nsec/div

B SWITCH VOLTAGE 10 V/div

g} SWITCH CURRENT 0.5 A/div

COIL CURRENT 0.5 A/div

Fig. 8. Oscilloscope photograph of laboratory Class E coil driver wave-
forms, for a 9 cm coil. The operating frequency is 760 kHz, and the coil

current-turns product is 8.4 AT.

imize the delay between the current zero-crossing and the
leading edge of the switch drive. This is accomplished by
the direct path from T to OP4, with the indirect path, via
OP1, OP2, OP3, and Ql, acting to determine the pulse
duration.

When D3 is reverse biased, the Divide by N circuit out-
put is high, the voltage at the inverting input of OP3 is
determined solely by the setting of R12. During modula-
tion, when the output of the Divide by N circuit is low,
R14 and R15 shunt the lower half of the R11-R12-R13
voltage divider, lowering the reference voltage at the in-
verting input of OP3 and consequently decreasing the
switch-drive pulse duration.

Measurements of coil current and switch voltage were
done using a Tektronix P6022 current probe, and a Tek-
tronix 7623 A oscilloscope. The value of L, was made un-
usually low, to minimize the transient response time dur-
ing modulation. The lower the value of L;, the higher the
ac component of the power supply current, and conse-
quently the high-frequency losses of the choke are in-
creased. For the choke used the R, was approximately
1Q, resulting in negligible power losses.

REsuLTS

The circuit performed as per the design specifications.
Comparisons between calculated, PSPICE simulated, and
measured values of frequency, voltage, and current are
found in Table III.

For the PSPICE and the Measured values, the simula-

tion and the laboratory breadboard were operated using
the closed-loop coil current zero-crossing controller.
Therefore, the data for these cases were obtained from the
stable operating point provided by the controller.

All values were in excellent agreement, demonstrating
the utility of the high-Q approximation. Oscilloscope
photographs of the coil current, switch voltage, and switch
current are shown in Fig. 8. Note the lack of simultaneous
switch voltage and current, and the zero-slope of the
switch voltage at switch turn-on. The coil current was very
close to the design value of 0.7 Apk, and could easily be
modified by changing the value of C; or by slight shifts
in the operating frequency.

Modulation of the current is shown in Fig. 9. This was
accomplished using N = 32 in the divide-by-N modula-
tion circuit. The upper trace shows the modulated coil
current, and the lower trace shows the modulation signal.
A modulation depth of 20% of peak was obtained for a
frequency shift of 0.5%. The transient settling time was
approximately 8 us, or 6 cycles of the carrier.

The effects of changing coil characteristics were deter-
mined by replicating the conditions presented in Table I.
Only the closed-loop circuit was used since the increases
in switch power dissipation for the open-loop circuit
quickly lead to FET destruction. Comparisons between
the PSPICE predicted, and measured, power supply cur-
rent, peak coil current and operating frequency for differ-
ing cases of coil parameters, from Table I, are presented
in Table IV.
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20 usec/div

MODULATED COIL CURRENT 0.5 A/div

MODULATION SIGNAL 56 V/div

Fig. 9. Oscilloscope photograph of modulated coil current for the con-
verter of Fig. 6. The modulation depth is 20% of the peak for a frequency
shift of 0.5%. Settling time is approximately six carrier cycles.

TABLE IV
Supply 1 Peak Coil 1 Frequency
(mA) (A) (kHz)
MEASURED
1 38.0 0.726 760
2 42.0 0.710 776
3 130.0 0.84 1000
5,6 38.0 0.72 762
2,56 42.0 0.71 779
PSPICE
1 38.0 0.718 759
2 43.7 0.745 783
3 134.7 1.000 1039
5.6 39.6 0.734 769
2,5,6 50.9 0.703 772
DiscussioN

The use of V] = A/2 seems to be an adequate approx-
imation for computing the value of the switch waveform
fundamental component. This was used for several test
cases, which were subsequently checked using PSPICE
simulations, with very close agreement between the cal-
culated and the simulated circuit responses. The use of
the high-Q approximation provides a significant simplifi-
cation of the Class E design process, minimizing the need
for iterative design. The fundamental basis for the as-
sumption lies with the approximation of the switch wave-
form as a raised-cosine wave followed by a period of zero
magnitude (during switch closure). The use of the raised-
cosine simplifies the Fourier analysis. For lower series-
branch Q’s (<40), the switch waveform is better de-
scribed by a damped sinusoid.

The performance of the circuit was impressive, consid-
ering the relatively high-magnitude of coil current. The
coil current zero-crossing prevented excessive FET power
dissipation by appropriately changing the leading edge of
the gate drive. For this technique, it is essential to mini-
mize the propagation delay from the positive zero-cross-
ing of the coil current to the leading edge of the gate drive.
Several circuit parameters affect this delay.

The phase shift of the current-sense toroid must be min-
imized. This is accomplished by using a relatively low-
valued burden resistor. Diode clamping of the toroid out-
put may also be helpful.

The propagation delay of the comparator and gate driver
must be minimized. This requires the use of high-speed
components. In the design shown in Fig. 7, a minimal
active component path is provided from 7| to the FET
gate. The high-current LHOO33 driver was required to
charge the FET gate capacitance.

The IRF531 FET was chosen for its current handling
capability, and its low gate capacitance. Note that the
drain-to-source capacitance is shunted by C;, and there-
fore is not a limiting factor in the upper frequency limit
of the converter.

The closed-loop converter is virtually essential for ac-
commodating changes in the inductance and resistance of
the transmitter coil. As demonstrated in Table II, the
open-loop converter is characterized by unacceptably high
values of power dissipation for minor changes in trans-
mitter coil conditions. The coil-current zero-crossing con-
troller allows for use of the Class E topology in realistic
applications outside a controlled laboratory environment.
We have also found that using the controller for PSPICE
simulations significantly reduces the number of iterations
to obtain a usable simulation.

Differences between the measured and PSPICE pre-
dicted shifts in converter operation as presented in Table
IV, are most likely due to shifts in the effective capaci-
tance values of C; and C,. The capacitance shifts with
increasing frequency result from the self resonances of the
capacitors.

CONCLUSIONS

The Class E driver is a highly efficient network for pro-
ducing large radio-frequency currents in transcutaneous
magnetic coils. The simplicity of the topology makes it
attractive not only for systems with extremely low coef-
ficients of coupling, but also for portable devices needing
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high efficiency. The Class E circuit is ideally suited for
high-Q loads, and the use of the High-Q approximation
simplifies the design procedure. The use of coil current
zero-crossing control provides excellent stability of the
operating frequency even for changes in the coil induc-
tance and resistance.
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