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The torso surface can be represented by any complete set of
orthogonal functions, such as Fourier functions. However, unlike the
2- and 3-D Fourier representations [20], [21], the surface harmonic
expansion method can reconstruct the boundary shapes from an arbi-
trary set of measured boundary points, regardless of their placement
and ordering. In addition, compared to the interpolation techniques
{22], the boundary is described by the sum of known functions in a
simple and continuous form. Recently, Nielsen et al. [23] presented an
efficient way for reconstruction of the heart surfaces. This description
can also be extended to realistic torso models. Although their method
is an important contribution to realistic modeling techniques, it is
highly labor-intensive [23].
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Data Transmission from an Implantable Biotelemeter by
Load-Shift Keying Using Circuit Configuration Modulator

Zhengnian Tang, Brian Smith, John H. Schild, and P. Hunter Peckham

Abstract—Using the reflected impedance property of an inductive cou-
ple (transformer), a modulation method, Load-Shift Keying using Circuit
Configuration Modulator (LSK-CCM), was developed to perform data
transmission from an implantable telemeter. With a very simple circuit,
this method utilizes a radio-frequency electromagnetic field induced with
a single pair of coils to transmit power into the implant and data out of it.

I. INTRODUCTION

For over forty years, implantable telemetry systems have been
used for animal experiments and human applications, including mea-
surements of heart rate, ECG, EEG, temperature, pH, and pressure
and prosthesis purposes [11, [5], [7], [10], {12}, [17], [18]. Most
implantable telemeters use frequency modulation (FM) for signal
transmission [2], [5], [7]-[9], [12]. In closely coupled telemetry, FM
signal recovery is not affected by the continuous relative movement
between transmitting and receiving antennas. This makes FM the
practical choice for analog signal transmission. To transmit digital
signal, however, several modulation schemes can be used, including
amplitude-shift keying (ASK), frequency-shift keying (FSK), and
phase-shift keying (PSK). ASK uses the simplest modulation circuit
such that the implanted circuit complexity is minimized [13], [17].
With proper design ensuring acceptable modulation index and signal-
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to-noise ratio (SNR), the quality of the digital data transmission using
ASK will be more than sufficient in many applications.

As part of an advanced functional electrical stimulation (FES)
system, an implantable telemeter was developed for transmitting four
channels of electromyographic (EMG) data acquired with implanted
electrodes [13], [15]. The telemeter conditions, samples, and digitizes
acquired signals using binary pulse-code modulation (PCM), which
allows accurate data coding and transmission with a relatively simple
circuit. The digitized signal being transmitted is serial binary data at
36 kb/s. A 300-kHz square wave synchronization burst is placed at
the beginning of each channel 1-4 sequence for external decoding
purposes. Continuous operation of the implanted electronic circuit
requires 80 mW of dc power [13], which requires that the implant
be powered externally through a high-efficiency transcutaneous radio
frequency (RF) couple.

Load-shift keying (LSK), which was referred as “reflectance mod-
ulation” [13], [15], is a communication scheme which allows si-
multaneous powering and data transmission through the same RF
inductive couple. It is a particular form of ASK. The RF power link
is basically a transformer formed with two flat inductive coils. LSK
utilizes the property of an inductive couple in which a change of
the secondary load is reflected onto the primary coil as a varying
impedance (i.e., reflected impedance). The modulation circuitry is
implemented by using a “circuit configuration modulator (CCM),”
a novel switch circuitry developed to realize LSK. CCM uses a
simple circuit to make the acquired and digitized data modulate the
effective secondary power recovery circuit configuration, and hence
the effective secondary load reflected onto the primary coil. With
proper RF coil design, reliable data transmission can be achieved by
using LSK-CCM without significantly altering power transmission
efficiency.

II. THEORETICAL BASIS

A. Load-Shift Keying, LSK

One common way of achieving ASK through an inductive couple
consisting of a pair of RF coils is to modulate resonant capacitance
or coil inductance of the secondary (power receiving) circuit. The
resultant shifts in resonant frequency are reflected back upon the
external coil as changes in the voltage amplitude across it [17]. By
monitoring and decoding the voltage waveform across the external
coil, the data are recovered. However, when the communications link
is incorporated into an RF powering link, this approach may lead
to significant power efficiency decrease. Therefore, an alternative
method was sought.

An inductive couple has the property that changes in the loading
of the secondary coil are reflected back as changes in the loading
of the primary coil. This provides a possible means of implementing
ASK. Consider the circuit configuration shown in Fig. 1, Z, is the
reflected impedance which appears as part of the total impedance of
the primary coil [16]

(wA)?
=z
where Z, is the load impedance seen by the secondary coil, w
is the angular frequency of the RF power carrier, and 1/ is the

mutual inductance between the primary and the secondary coils. The
impedance of the primary circuit is
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Considering the secondary coil L, as a dependent voltage source 175
in series with impedance j. L., the load impedance on the secondary
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Fig. 1. The circuit for the analysis of LSK principle. Z,- and L constitute
the model for the primary coil. (Primary is on the left, secondary on the right.)
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Both primary and secondary circuits operate at a common resonant
frequency w, so Z; and Z, are purely resistive. Thus, in (2) and (3),
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Rearranging (5) gives
1 L,
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which is substituted into (3) to get
R, L,
Zy = - = . 7
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The definition of mutual inductance is given by
M = k(L L)' 8)

where k is the coupling coefficient defined by geometrical parameters
[16]. By combining (1) and (4)—(8), we obtain

Z) =Ry + KL CyRy. 9)

Defining V7, as the voltage across the primary coil, then
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Substituting Z; by the term given as (9), we have
. T
= . 11
Vi = e R £ 2L Co ) ab
If the secondary resistive load changes from R, to R5, then
I 12)

Vi, = — .

L7 LCH(Ry + w2k2L CoRY)

The modulation index, which is the ratio of signal amplitude to

carrier amplitude in amplitude modulation (AM) and also referred
as percentage of modulation, is then

Vi +17,

This analysis has been experimentally verified by adding a data-

driven voltage-controlled resistor in parallel with the original load

R, and examining the voltage across the primary coil. In practice,

however, shunting resistance to the secondary load leads to significant

loss of energy.

m =

. (13)
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Fig. 2. Anillustration of how CCM operates. (a) The CCM circuit. When the
switch is open, the power recovery circuit is a full-wave rectifier. (Primary
is on the left, secondary on the right.) (b) The equivalent circuit when the
switch is closed, which is a voltage clamp (secondary).
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Fig. 3. The illustration of the RF powering and communications system
constructed to evaluate LSK-CCM. with the actual component parameters
marked. The operating frequency is 8.75 MHz, at which both primary and
secondary circuits resonate.

B. Circuit Configuration Modulator, CCM

The realization of LSK needs a physically simple circuit to
modulate the secondary load with digital data while maintaining
adequate RF power transmission efficiency. In an RF powering
circuit, the effective ac load applied onto the secondary coil is a
function of both the dc load and the configuration of the RF power
recovery circuit. Modulating the configuration of the secondary power
receiving circuitry provides an alternative to modulating the dc load
with a shunt resistor. That is, a data-driven switch enables one circuit
configuration when the data bit is “0” and the other when the data bit
is “1.” The two circuit configurations need to provide very different
ac loads but similar power efficiency.

Fig. 2(a) shows the basic CCM circuit. In this circuit, R, is the dc
load resistance, (', is the dc load capacitance, and f is the operating
frequency of the RF power link. R,C, > 1/2x f, such that C', can
be neglected in the circuit analysis. The peak ac voltage across the
secondary tank circuit L. 13,1 is much larger than the voltage
drop across the diodes D,-D, such that 15,x ~ 1,. When S is open,
the circuit is a full-wave rectifier. The equivalent ac load resistance
R... which will dissipate an amount of power equivalent to the dc
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Fig. 4. Power transfer efficiency versus coil separation, measured with the
circuit in Fig. 4. Modulation signal is a square wave (50% duty cycle).

power in RR,, is

R,
]?a(‘ - ﬁ.
When S is closed, as current flows through the least resistive path as
shown by the dashed line in Fig. 2(a), diodes D; and D, are virtually
out of the circuit. The effective power recovery circuit can be drawn
as Fig. 2(b). ('y and D3 form a voltage clamp. The equivalent ac
load resistance is given by [11]

(14)

(15)

Because the R.. values given by (14) and (15) differ by a factor
of more than five, switching between the two R..’s will effect a
sufficiently large change in the impedance reflected onto the primary
coil, hence a high modulation index to support LSK.

‘With proper circuit design, both 1; and 17, can be maintained within
acceptable limits as R,. changes [3]. At resonance, the power transfer
efficiency for both circuit configurations is [11]

P, R, R,
P, R+ R R+ R

n= =
I\'QQlfzfz;le?ac

= : : - . 16
o+ IR+ K2Q Qo R + 2R 19
where R is the load applied to the secondary coil [11],
wLy)?
=S an

P; is the power output of the RF source and P, is the power dissipated
in Rp. Q) and Q2 are the quality factors for the primary coil and
the secondary coil, respectively, R, and R are the series resistance
values of the primary coil and the secondary coil, respectively, and
R, is the reflected resistance. At resonance, Z- is real, so Z, is
purely resistive, hence referred as R,.
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Fig. 5. Modulation index versus coil separation, measured with the circuit
in Fig. 4. The demodulation circuits detects signal with modulation index as
small as 0.02.

Equation (16) can be rewritten as
’x‘zw"iLng
n=
<R2 +

) <R1R2 + ]\‘QwZLlL;; +

Theoretically, if §1/0Rac = 0, then 5 is independent of R.., and
therefore unaffected by load shifting. Unfortunately, the solution of
R, or R,. for 9n/dR,. = 0 is negative, and that is not realizable.
However, if Ry > w?L3/R.., then the effect of R.. in (18) is
minimized. This implies that both R and R,. should be large to
result in a relatively load-independent efficiency. But on the other
hand, a large R, leads to reduced efficiency. Experiments showed
that as a compromise, K> could be as small as possible while R,
should be large to result in a relatively high and stable efficiency. By
choosing different wire gauges and materials for coil fabrication, R
and therefore (0, can be changed without significantly changing L.

The principle of CCM was verified using SPICE simulation and
by experimental measurements.

AL
BBC

RiWiL3\’
Rac
(18)

III. CIRCUIT IMPLEMENTATION

Fig. 3 illustrates an actual LSK-CCM circuit. The carrier frequency
was chosen as 8.75 MHz because it satisfies the data communication
requirements, while the tissue absorption of electromagnetic energy,
which increases with frequency [4], [6], remains insignificant.

The RF coil design procedures introduced by Ko et al. [11] and
Donaldson ef al. [3] were used to calculate the number of turns of
coils. Titanium wire was chosen for winding the secondary coil based
on a compromise among electrical properties, mechanical properties,
electrechemical corrosion resistance, and biocompatibility [15].

The circuit configuration switch is a DMOS (Double-diffusion
MOSFET) transistor, SD210, manufactured by Siliconix. It meets
our requirement of passing 10 mA of current while withstanding 15

aV1=8.88V  TRIG1=-1.10
aUe=0.88V SREF 1 2

A"a.ali
A

PERKDLT 18as

AV1=0.080 TRIG2+-1.85 aled,
aU2+0.88U 9 41-8.84s

R I

Fig. 6. The oscilloscope view of the data transmission. The data has a speed
of 36 kb/s and includes synchronization bursts of 300 kHz. (a) The signal
being transmitted and the modulated RF waveform. (b) The upper trace is the
signal being transmitted and the lower trace is the signal received.

V of voltage across it. SD210 conducts in both directions (drain
to source and source to drain) when turned on. With (s = 2
pF and rps < 100 €2, it is experimentally proven to be capable
of transmitting a 300-kHz square wave. A single CMOS inverter
is used as the MOSFET driver, which boosts the logical levels “1”
and “0” to voltage levels near 17 and 1_, respectively. Knowing that
the turn-on voltage threshold is appropriate, the increase in driving
voltage, 1%; 5, increases the ratio of off-resistance to on-resistance,
rps(off)/ "s(on), hence higher modulation index.

The demodulator can be any envelope detector, which is almost
universally used in AM demodulation [14]. The circuit we used is
able to detect an AM waveform with a minimum modulation index
of about 0.02.

IV. EVALUATION

The circuit shown in Fig. 3 was used for evaluation purposes. The
modulation index and power efficiency were measured against coil
separations.
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Fig. 4 shows the experimental results of power transfer efficiency
versus coil separation. The coils were designed and tuned for 2.54
cm (1 in) separation. The power transfer efficiency varied little when
the two coils were 100% overlapped (as defined in Fig. 4), regardless
of relative movements. The effect of modulation on power transfer
efficiency was measured using a square wave data signal at various
frequencies. The data frequency had little effect on the power transfer
efficiency.

Fig. 5 shows modulation index versus coil separation. The demod-
ulator detected signals having a modulation index as low as 0.02.
The measurement was performed using a square wave of 18 kHz
representing the data 0101 0101 --- at 36 kb/s and of 300 kHz
representing a synchronization burst. The data frequency had little
effect on the modulation index until it exceeded the limit that the
modulation switch (SD210) could handle.

The angle between two coil planes did not significantly affect either
power transmission or data transmission as long as it was within £+
60°.

Fig. 6 shows an oscilloscope view of the actual data being trans-
mitted and the same data being received and demodulated externally.

V. CONCLUSION

If the lowest acceptable power transfer efficiency is generally
defined as 20% and the lowest detectable modulation index is 0.025,
the useable range for the tested circuit is about 1-3 cm when the
implanted (secondary) coil and the external (primary) coil are 100%
overlapped. In our four-channel implantable EMG telemetry system
using LSK-CCM [15], the RF powering system transmits the required
80 mW of power when the two coils were separated by less than
3.5 cm, while the distance between the coil axes was less than 2
cm and the angle between the two coil planes was less than 60°.
The data transmission link always worked properly within the range
in which the powering system worked properly. This is sufficient
for our clinical applications. The overall performance can be further
improved if the power requirement is made lower. Furthermore, the
overall power efficiency is significantly affected by the design of
the tuning and impedance matching networks in the transmitting coil
with a flexible cable. Our more recent work has indicated that the
efficiency given in Fig. 4 could still be significantly increased with
further circuit design efforts.

The choice of modulation scheme and modulator depends on if and
how they fit into specific device requirements. None of the existing
methods should be considered as universally the best. LSK-CCM
provides a new alternative for implementing short-range digital AM
communication, particularly useful in implantable biotelemetry. For
our telemeter design, LSK-CCM means physically the simplest circuit
compared to any other existing modulator configurations that we have
investigated, including the ones required for FSK and PSK, as well

as other ASK implementations. Recently, this technology has also
been applied in a multichannel implantable FES system performing
bidirectional digital data communications at 5 us/b while delivering
160 mW of power into the implant with a single RF inductive couple.
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