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Micropower Circuits for Bidirectional Wireless
Telemetry in Neural Recording Applications

Nathan M. Neihart, Student Member, IEEE, and Reid R. Harrison*, Member, IEEE

Abstract—State-of-the art neural recording systems require
electronics allowing for transcutaneous, bidirectional data
transfer. As these circuits will be implanted near the brain, they
must be small and low power. We have developed micropower
integrated circuits for recovering clock and data signals over a
transcutaneous power link. The data recovery circuit produces
a digital data signal from an ac power waveform that has been
amplitude modulated. We have also developed an FM transmitter
with the lowest power dissipation reported for biosignal telemetry.
The FM transmitter consists of a low-noise biopotential amplifier
and a voltage controlled oscillator used to transmit amplified
neural signals at a frequency near 433 MHz. All circuits were fab-
ricated in a standard 0.5-/um CMOS VLSI process. The resulting
chip is powered through a wireless inductive link. The power con-
sumption of the clock and data recovery circuits is measured to be
129 /xW ; the power consumption of the transmitter is measured
to be 465 /jW when using an external surface mount inductor.
Using a parasitic antenna less than 2 mm long, a received power
level was measured to be —59.73 dBm at a distance of one meter.

Index Terms—Biotelemetry, low-power CMOS circuits, RF
telemetry, transcutaneous data link, transmitter.

I. Introduction

7TFH advances in integrated circuit technology and the

V y development of new biocompatible materials, biomed-
ical implants are becoming more common. Modem MEMS
technology has led to the development of large-scale neural
recording devices such as microelectrode arrays containing as
many as 100 independent electrodes [1], [2]. These arrays have
many potential uses in both the scientific and clinical realms.

A current limitation of this technology is the way in which
recorded neural signals are transferred from the recording de-
vice, which is ideally implanted in the body, to signal processing
equipment used for scientific or neuroprosthetic applications. In
most modem neuroscience laboratories, wires are used to con-
nect the implanted recording device to external amplification
and signal processing equipment. There are two main problems
with the use of transcutaneous cables: (1) the risk of infection,
and (2) noise pickup due to the high impedance and low signal
levels associated with neural recording.
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One solution to these problems is to replace the cables with a
wireless transmitter powered through a magnetic transcutaneous
link. Such a system eliminates any cables protruding through the
skin, reducing the chance of postoperative infections. A trans-
mitter implanted near the electrode array also shortens the dis-
tance that the neural signal must travel over a wire, thus reducing
a substantial source of noise. The transmitting system should
also amplify the weak neural signals before transmission fur-
ther improving the signal to noise ratio.

A wide variety of transmitters for telemetering biological
signals have been previously reported [3J—7]. However, these
transmitters are not well suited for implantable neural recording
applications. The circuits reported in [3]-[5] use a large number
of discrete components, which makes these transmitters larger
than the integrated solution detailed in this paper. The circuits
reported in [6] and [7] are optical transmitters, and suffer from
limited transmission distances (often in the millimeter range).
Moreover, most of the previously mentioned transmitters use
batteries as power supplies. These batteries have a finite lifetime
and would require additional surgeries in order to be replaced.
Even rechargeable batteries have a limited number of recharge
cycles before they must be replaced.

In many medical applications, bidirectional wireless data
transfer is necessary to transmit configuration data and a refer-
ence clock signal to the implant. In a neural recording device,
the configuration data could be used to select which electrode
should be actively recording, or which bank of amplifiers could
be powered down to save energy. A clock signal is often nec-
essary to synchronize the implant’s telemetry with the outside
circuitry.

In this paper, we present a low-power bidirectional telemetry
system that is suitable for use in a fully implanted neural
recording application. The system is capable of recovering
a clock and data signal that is transmitted into the body, as
well as transmitting amplified neural data out of the body. The
entire system performs these operations while powered from a
magnetic transcutaneous link. In Section I, we describe circuits
for a wireless power and data link. In Section IlI, we present a
low-power integrated FM transmitter. A discussion of the test
setup and testing results, including a comparison of this work
with other similar work, is given in Section V. We summarize
and draw conclusions in Section V.

Il. Wireless Powered Data Link
A. Wireless Power Supply

Power is supplied to our circuits by means of a magnetic
transcutaneous power link adapted from [8]. Component values
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Fig. 1. Block diagram of the implantable clock and data recovery circuitry.

were modified to give an operating frequency of 1 MHz. The
choice of operating frequency is a tradeoff between magnetic
coupling, which increases with frequency, and power absorp-
tion into the skin, which also increases with frequency. A class
E amplifier is used to drive a 10-cm diameter, 22-turn #200/38
Litz wire transmitting coil at 1 MHz (L = 18 “H, Q > 100 at
1 MHz). The amplifier is capable of amplitude modulating the
transmitted power waveform to encode data on the power link.

The ac signal is received with a 4-cm diameter coil consisting
of four turns of 28 AWG wire (L 16 "H, Q = 100 at 1
MHz). The coils were separated by a distance of approximately
1 cm. Both coils were designed to have a reasonable size for
implantable device applications. Little effort was placed into
optimizing the magnetic link between transmitter and receiver
in this work, but this topic has received considerable attention
elsewhere [9]—11].

The received ac signal is converted to a dc signal of the re-
quired magnitude by a bridge rectifier followed by an on-chip
linear voltage regulator [12]. For ease of testing, the rectifier
is currently an off-chip component, but could easily be fully
integrated in the future [13]. The voltage regulator used has
a dropout voltage of 1.4 V and provided a regulation of 647
ppm/V. As we will show in later sections, the overall power con-
sumption of the integrated circuit is less than 1 mW. The class
E power transmitter consumes approximately 2 W, resulting in
an overall power transfer efficiency much less than 1%. This
low efficiency results in large part from the inefficient coupling
of the transmit and receive coils, and underscores the need for
ultra-low-power implantable electronics.

B. Circuitsfor Clock and Data Recovery

Traditionally, data is either amplitude modulated or frequency
modulated onto the power waveform that is used to power the
implant [8], [11]—15]. For this work, amplitude modulation was
chosen over frequency modulation in order to reduce the com-
plexity and power consumption of the implanted demodulation
circuitry. Fig. 1 shows a block diagram of the proposed fully in-
tegrated system whose components are described below.

Fig. 2. Prefilter circuit used to attenuate the received power waveform and set
the dc level to Vnn/%-

1) Prefilter: The received ac power waveform cannot be di-
rectly applied to the input of the clock and data recovery cir-
cuitry for two reasons. First, the magnitude of the ac signal can
be greater than 10 V, and prolonged application of a signal of
this magnitude could result in damage to, or even failure of,
the inputs of the clock and data recovery circuitry. Second, an
arbitrary dc offset can be present in the received power wave-
form. This offset could result in the saturation of the data re-
covery circuit and must be removed before further processing
can take place. The prefilter is responsible for correcting both of
these problems (see Fig. 2). The circuit consists of a capacitor
voltage divider, which attenuates the received power waveform
by a factor of four and removes any dc offset. Two resistors set
the dc bias pointto Vdd/2, where VVdd is the regulated on-chip
power supply voltage.

2) Clock Recovery Circuit: An on-chip clock signal may be
recovered from the transmitted power waveform. The clock re-
covery circuit consists of a Schmitt trigger followed by a master-
slave D flip-flop as shown in Fig. 3. The Schmitt trigger is used
to make the circuit more resistant to high frequency noise that
may be present on the received power waveform. The D flip-flop
guarantees a clock signal with a 50% duty cycle, regardless of
the duty cycle of the received power waveform. The frequency
of the recovered clock signal is one half the frequency of the
received power waveform.

3) Data Recovery Circuit: Because data is amplitude modu-
lated onto the received power signal, an amplitude demodulator
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is needed to recover the data. The data recovery circuitry con-
sists of an envelope detector (half-wave rectifier and 1-V con-
verter), a low-pass filter, and a comparator (see Fig. 1). Fig. 4
shows the circuit schematic for the envelope detector. Transis-
tors M 1-M4 constitute a standard operational transconductance
amplifier (OTA). This circuit takes a voltage input, Vatt from the
prefilter and produces a current output, lout, that is proportional
to Vatt-Vp. The voltage Vp, is tied to a dc reference voltage. The
bias current, i*e is set to 1 /uA.

The addition of transistors M5 and M6 results in an output
current that is a scaled, half-wave rectified version of the input
voltage [16]. To illustrate this, consider the case where Vatt is at
a higher potential than Vp. The output voltage of the OTA will
drop, allowing transistors M5 and M6 to conduct; hence, I mir is
mirrored to / out. Conversely, if Vatt is at a lower potential than
Vp, the output voltage of the OTA approaches Vdd and turns
off transistors M5 and M6. The result is an output current that
is very close to zero.

The components Re and Ce have values of 660 kQ and 20
pF, respectively, and have been added to accomplish two tasks.
First, they make up a low-pass filter with a cutoff frequency
of approximately 12 kHz. This serves to filter out the 1-MHz
carrier signal from the detected envelope. Second, the resistor
acts as an 1-V converter, converting the output current, Jout, to
a voltage, Venv, for use by subsequent stages.

The detected envelope, Venv, can have a varying dc offset as
well as varying amplitude. This variation could result in data re-
ception errors if Verw were used directly as the recovered data
signal. A possible solution to this problem would be to use a
comparator with one of its inputs tied to a dc reference voltage
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Circuit schematic of the envelope detector used in the data recovery circuit. All dimensions are in microns. Re = 660 kO and Ce = 20 pF.

and the other connected to Venv. The shortcoming of this so-
lution is that the data would be lost (due to the output of the
comparator saturating) if the dc reference voltage and the offset
of the detected envelope differ by more than the amplitude Venv.
This circuit can be made more adaptable and robust by
passing Venv through a low-pass filter with a very low cutoff
frequency and using the output of this low-pass filter as the
reference voltage. If the cutoff frequency is low enough, the
output of the low-pass filter will approximate the dc offset of
VenveThis allows the system to adapt to changing dc offsets and
amplitudes while still producing a reliable digital data signal.
In order to achieve a low cutoff frequency, we used the G~-C
filter shown in Fig. 5. The cutoff frequency for this filter is given

by

Gr,
f-3dB  ouc (1)
where
Keffhl
2
oUt 2

Ibi is the bias current of the filter, Ut is the thermal voltage
kT/q, and Keff is given by

I<&2

K+ 1

where k is the subthreshold gate-coupling coefficient. In modern
CMOS processes k is approximately 0.7. Choosing a bias cur-
rent In of 5 nA and using a 10 pF capacitor gives a calculated
cutoff frequency of 459 Hz.

©)
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Fig. 5. Schematic of the G,, -c filter. All dimensions are in microns. ¢ =
10 pF.

The final component of the data recovery circuit is the com-
parator shown in Fig. 6. The two inputs to the comparator are the
detected envelope, Venv, and the average dc value of the detected
envelope, Venv_ave. The bias current, 7”, was chosen to be 1fiA.
The comparator was designed to have approximately 25 mV of
hysteresis in order to make the circuit more immune to noise.
The output of the comparator is the recovered data signal. Ex-
perimental results from this circuit are presented in Section IV.

Il. Implantable FM Transmitter

We developed a low-power FM transmitter that operates at
433 MHz. This frequency was chosen because it is the closest
short range devices (SRD) band to the FCC-approved Med-
ical Implant Communications Service (MICS) band at 402-405
MHz. The ISM band is suitable for testing and development
purposes. The MICS band was established in 1999 and is an
ultra-low power, unlicensed radio service for transmitting data
in support of diagnostic or therapeutic functions associated with
implanted medical devices [17]. This band is divided into 10
channels each having a bandwidth of 300 kHz.

For applications where the antenna is to be positioned directly
underneath the skin, such as in this work, tissue absorption can
attenuate any RF signal. It has been shown that at 433 MHz,
penetration through skin and tissue with high water content has
a length constant of 3.57 cm [18]. Thus, transmission from just
underneath the skin should be reasonably effective.

As shown in Fig. 7, our low-power transmitter consists of two
parts: a neural signal amplifier used to amplify weak signals
from an extracellular electrode, and a low-power FM transmitter
which transmits the amplified signals outside of the body.

The neural signal amplifier used in this work was previously
reported in [19]. It is a fully integrated CMOS circuit having
a gain of 40 dB over a 7.5 kHz bandwidth. The amplifier con-
sumes only 52.8 fjMVv of power, and has an input-referred noise
of 2.2 fji¥rms.

An integrated voltage controlled oscillator (VCO) was used
as the FM transmitter; in practice, a separate power amplifier
was not needed for short-range transmission (~ 1m). There are
three main architectures for integrated VCOs in use today: the

1953

ring oscillator, the Colpitts oscillator, and the fully differential
L C-tank oscillator. A transmitter using a Colpitts oscillator has
been presented in [20], [14], and a transmitter using a ring oscil-
lator has been presented by [21]. For this project the fully differ-
ential L C -tank oscillator was chosen because this type of VCO
provides a simple method for producing an FM output while
having lower phase noise (frequency jitter) than ring oscillators.
The phase noise of the VCO sets the maximum resolution of any
FM transmitter.

A schematic of the VCO used in this work is shown in
Fig. 8(a). Transistors M5 and M6 act as variable capacitors
(varactors) each with a capacitance 2C [22]. This capacitance
can be varied by changing the voltage Vtune. Rs is the para-
sitic series resistance present in the inductor L, representing
the finite conductivity of the metal. Rs limits the Q (quality
factor) of the inductor. The Q of an inductor is the ratio of
imaginary impedance to real impedance, and is given by
Q = (cuL)/Rs, where auis the operating frequency in radians
given by g = 1/a/2LC.

It can be shown through small-signal analysis that the incre-
mental input resistance seen when looking into nodes A and B
(ignoring the inductor and capacitors), is given by

=
4
om 4)
where gm is the transconductance of the transistors M 1-M4 and
is given by

\V2uC! SIp (5)

where fi is carrier mobility, Cox is gate oxide capacitance per
unit area, S is the transistor width-to-length ratio, and Id is dc
drain current. Devices M 1-M4 are sized such that their transcon-
ductances are equal.

The circuitin Fig. 8(a) can now be modeled as an incremental
resistance of —/<?m in parallel with an LC tank, as shown in
Fig. 8(b). The inductor series resistance, R s, can be transformed
into an equivalent parallel resistance by

Rp —Rs (Q2+ 1) . (6)

Fig. 8(b) can be further simplified into the circuit shown in
Fig. 8(c), where the resistance Req is the parallel combination
of the negative incremental input resistance, R [n, and the para-
sitic parallel resistance of the inductor, Rp. Req is given by

3 a= RinRp 0
Rp RN
Equation (7) can now be used to establish the requirements for
oscillation. From (7), if [i?in|] > Rp, then Req is positive. A
positive Req has the effect of loading the L C tank, causing the
circuit to fall out of oscillation. Conversely, if [i?in| < Rp, then
Req is negative. When Req is negative, it no longer loads the
LC tank, but instead it supplies power to the LC tank. This
condition of having [i2in|] < Rp allows the VCO to maintain
oscillation.
It is interesting to note that from (4) and (5), in order to
achieve the required Rin, either the drain current, 1d, or the
width-to-length ratio, 5, of the transistors can be changed. That
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Fig. 8. (a) Schematic of the differential LC VCO used as a transmitter in this
work, (b) A simplified model of the VCO shown in (a), (c) A further simplified
model used to determine the criterion for oscillation.

is to say, making transistors M 1-M4 wider can lower the overall
power consumption of the transmitter by reducing the required
drain current. The disadvantage to this approach is that the par-
asitic capacitances of the transistors also get larger. This makes
the VCO less tunable.

There is yet another way in which the overall power consump-
tion of the VCO can be lowered which does not affect the tun-
ability of the VCO. Note that Rp is directly related to the Q
factor of the inductor by (6). This implies that for larger values
of Q, alarger Rin can be tolerated and still sustain oscillations.
Being able to tolerate a larger Rin results in a lower gm, and for
a fixed transistor size, a lower drain current can be used. This
approach has the advantage of maintaining an acceptable level
of tunability in the VCO while allowing for lower power con-
sumption.

(ielbc

To investigate this effect further, (5) and the condition for os-
cillation established by (7) can be used to derive an expression
relating the minimum bias current required to sustain oscilla-
tions to the Q factor of the inductor. This is given by

Circuit schematic of hysteretic comparator. All dimensions are in microns.

Q2

, 8
nCoxS(uL)2(Q2+ 1)2

Ib min
Fig. 9 shows (8) plotted on a logarithmic scale. Integrated (on-
chip) inductors typically have Q values of five or less [23], while
discrete (off-chip) inductors can have Q values of 20 or more at
afrequency of 433 MHz. As seen in Fig. 9, the power dissipation
of a VCO using a low-Q integrated inductor can be an order of
magnitude larger than that of a VCO using an off-chip inductor
with a Q of 20-30.

With the criteria for oscillation known, transistor sizes can
now be calculated. The transmitter was fabricated in a commer-
cially available 0.5 /im 3-metal, 2-poly CMOS process. Table |
gives the sizes of the transistors shown in Fig. 8(a). The de-
vices were made large enough to reduce the needed bias current
while keeping the parasitic capacitances to a reasonable size.
The sizes of transistors M5 and M6 are calculated from the fol-
lowing equation

or = + 2WCov ©)
where A is the transistor gate area, W is the transistor gate
width, and Cov is the overlap capacitance (per unit length) from
the gate to the source/drain regions. Cmax is the maximum ca-
pacitance that transistors M5 and Me can provide. For this paper,
we chose Cmax = 0.9 pF to achieve oscillations at 433 MHz
with asmall 47 nH (£2%) surface-mount inductor. The inductor
has a Q of approximately 20 at 433 MHz and measures 1.6 mm
on its longest dimension. The self-resonant frequency of this in-
ductor is 1.3 GHz, well above the desired operating frequency.

The inductor is the only off-chip component in the FM trans-
mitter. By using an inductor with a Q of 20, the calculated
minimum bias current required for oscillation is 20 fiA. With
a 3.3-V power supply, the calculated minimum power dissipa-
tion of the VCO and neural signal amplifier is 119 /iW. The
low-power consumption of the VCO is largely due to the high
Q factor of the off-chip inductor.
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Fig. 9.
VCO using a 47 nH inductor with a Q of 20.

TABLE |
VCO Transistor Sizes

Transistor Width/Length (jum)
Mi 40.8/0.6
m2 40.8/0.6
m3 81/0.6
m4 81/0.6
M5 630/0.6
m 6 630/0.6

In order to modulate the 433-MHz carrier signal, the output
of the neural signal amplifier was connected to the Vtune input
of the VCO. Changing this voltage varies the capacitance of
M5 and M6, which modulates the frequency at which the VCO
oscillates.

IV. Testing and Results

The clock and data recovery system, neural amplifier, and FM
transmitter were fabricated in a 0.5-*m 3-metal, 2-poly CMOS
process. The resulting silicon die measured 2.2 mm x 2.2
mm x 220 /xm, but was packaged in a large (1.5 cm x 5 cm)
40-pin ceramic package for benchtop testing. In all of the tests
described in this section, the circuits were entirely powered
using the 1-MHz magnetic link.

A. Clock and Data Recovery Circuit

The overall chip area consumed by the clock and data re-
covery circuitry was 470 /imx 390 fim. The measured power
consumption of the complete clock and data recovery circuitry
was 129 jUW. It is important to note that 86% of this power is
due to the 110.3 jiW dissipated by the two resistors in the pre-
filter. This power consumption can be lowered by using more
chip area to build higher-valued resistors.

Plot of VCO bias current Ibmin versus Q for a 47 nH inductor operating at 443 MHz. The star represents the measured minimum current required by a

In order to test the clock and data recovery circuitry, the trans-
mitted 1-MHz power waveform was amplitude modulated at 1
kHz. Fig. 10(a) shows the class E switch voltage of the power
transmitter and Fig. 10(b) shows the recovered on-chip data
signal. Fig. 11(a) shows three cycles of the transmitted power
waveform, while Fig. 11(b) shows the recovered clock signal.
The recovered clock signal has a 50% duty cycle even though
the power waveform clearly does not have a 50% duty cycle.

This method of recovering a clock and a data signal from the
received power waveform compares favorably to related work.
The power consumption of the circuits detailed in this work is
only 27% of the power consumption of the clock and data re-
covery circuitry reported by [24]. The maximum data rate we
were able to transmit was 40 kbit/s.

B. FM Transmitter

Fig. 12 shows a microphotograph of the VCO. The overall
chip area consumed by the VCO was 117 pmx 76.5 jim. The
total area consumed by the VCO combined with one neural
signal amplifier was 94 /zmx 510 /xm. The area consumed by
the off-chip inductor was 1.6 mm x 0.8 mm. For all measure-
ments, the circuit was powered from the transcutaneous power
link discussed in Section II.

In order to validate (8), we measured the minimum bias cur-
rent needed to sustain oscillation. We found that 32 fiA was the
minimum current needed for our VCO using a 47 nH inductor
with a Q of 20. This measurement is plotted in Fig. 9 as an as-
terisk. The measured point falls within 25% of the theoretical
line. The measured minimum power dissipation for the VCO
and neural signal amplifier was 159 jiW, which isin close agree-
ment with the calculated value.

Fig. 13 shows the output frequency of the VCO plotted against
the voltage Vtune «The center frequency ofthe VCO was measured
to be 454 MHz. The maximum variation achievable in the output
frequency ofthe VCO was 26.8 MHz, with aminimum frequency
0f440 MHz and amaximum frequency 0f466.8 MHz. Because of
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Fig. 11. (a) Three cycles of the transmitted power waveform, (b) The recovered clock signal.

the slight offset in the output frequency, the operating frequency
was set to 443 MHz for the remaining measurements.

Note that the output frequency increases, reaches a maximum
value, and then decreases. This implies that the varactors are
decreasing in value, reaching a minimum capacitance, and then
increasing back toward their initial values. This behavior is typ-
ical in the presence of a low frequency signal (typically below
100 Hz) [25]. It is due to the source and drain regions in the
MOS varactors that we observe this behavior in the presence of
a443-MHz signal. The source and drain regions are large reser-

) . voirs of minority carriers and are capable of supplying/receiving
Fig. 12. (a) Photograph of the external inductor that was used as the 0.002A . . .
transmitting antenna. The inductor is 1.6 mm on its longest dimension, (b) the extra minority carriers at a much faster rate than the usual
Microphotograph of the integrated VCO. methods of thermal generation and recombination [22].

(@ (b)

Authorized licensed use limited to: The University of Utah. Downloaded on May 17,2010 at 22:28:54 UTC from IEEE Xplore. Restrictions apply.



NEIHART AND HARRISON: MICROPOWER CIRCUITS FOR BIDIRECTIONAL WIRELESS TELEMETRY IN NEURAL RECORDING APPLICATIONS

470

1957

oooooO

465

D
2]
(=]

Output Frequency [MHz]
N
[6)]
[§)]

A
(62
o

445 OCO
O
o

00000000090 i

440

0 0.5 1 1.5

2 25 3 3.5

Tuning Voltage [V]

Fig. 13. Output frequency of the VCO versus the tuning voltage.

(@)

- N
o [=]

Signal Amplitude [mV]
o

5 6 7 8 9 10

0
-y

Signal Amplitude [Arbitrary Units]

Fig. 14.

The phase noise of the VCO was measured using the phase
noise personality installed on an Agilent E4402B 3-GHz spec-
trum analyzer. The phase noise at an offset of 300 kHz from
the carrier was measured to be —96.8 dBc/Hz. The transmitter
was then tested using the off-chip inductor as the antenna [see
Fig. 12(a)]. This is equivalent to using a 0.002A antenna. The
bias current for the VCO was increased to 125 (iA in order to
obtain the desired transmission range and received power levels.
The current consumed by the neural signal amplifier was 16 fiA.
This resulted in a measured power consumption of 465 fiw at
a supply voltage of 3.3 V.
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(a) The output of the neural signal amplifier (gain = 100). (b) The demodulated, received waveform after being transmitted a distance of 1 m.

To simulate extracellular neural signals, a single cycle of a
225 fiV amplitude sine wave with a period of 0.53 ms was re-
peated every 2.5 ms. This signal was applied to the input of the
neural signal amplifier. The receiver, a WinRadio 3150E FM re-
ceiver with a 30.5-cm monopole antenna, was placed one meter
away from the transmitter. Fig. 14 shows the received waveform
plotted with the output of the neural signal amplifier.

The WinRadio is an uncalibrated receiver; hence, the ampli-
tude of the received waveform is in arbitrary units. Furthermore,
our measurement equipment did not allow us to take simulta-
neous measurements of the transmitted and received data and,
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hence, the measurements were taken manually at two separate
times.

The received power was measured using an Agilent E4402B
spectrum analyzer with a 30.5-cm monopole antenna attached
to its input. With the longest dimension of the transmitting
antenna parallel to the receiving antenna the received power
was measured to be —59.73 dBm. The orientation of the
transmitting antenna was then changed so that its longest
dimension was normal to the receiving antenna, the received
power dropped to —63.41 dBm. Finally, when the transmitting
antenna was pointing directly at the receiving antenna, the
received power was measured to be —75 dBm. This was only
slightly above the noise floor of the measurement equipment,
which was —85 dBm.

The primary advantage of this circuit is its low-power con-
sumption. The transmitter consumes only 25% ofthe 2 mW con-
sumed by the circuit in [5], 6.8% of the 6.8 mW consumed by
the circuit in [4], and only 4.7% of the 10 mW consumed by the
transmitter reported in [3]. The transmission range of this work,
however, is only 1 m, whereas the transmission range of [5] is 2
m and 15 m for [3]. No transmission range was reported for [4].
For the types of applications that this transmitter is intended, it
will only need to transmit 1 m (e.g., to a receiver located on a
patient’s body).

V. Conclusions

We have presented a bidirectional telemetry system that is
capable of being entirely powered from a magnetic transcuta-
neous link. A low-power, integrated circuit for reconstructing
a clock and a data signal from the power waveform was also
presented. The clock recovery circuit is capable of generating a
digital clock signal with a 50% duty cycle regardless of the duty
cycle of the received power waveform. The data recovery circuit
robustly recovers a data signal that has been amplitude mod-
ulated onto the transmitted power waveform. The power con-
sumption of the clock and data recovery circuitry was measured
to be 129 /XW.

We presented an implantable FM transmitter that dissipates
only 465 fj,W of power. It was demonstrated that this transmitter
can successfully transmit data distances of up to one meter while
being powered from a magnetic transcutaneous link and using
only a small off-chip inductor as an antenna. The results demon-
strate the feasibility of using a micropower transmitter in a fully
implantable neural recording system. While we have demon-
strated FM transmission of a single analog waveform, addi-
tional neural waveforms could be transmitted by adding a mul-
tiplexer to the system. If digital transmission is preferred, an
analog-to-digital converter could be used along with digital FSK
transmission using the same low-power transmitter. As a next
step, this system should be evaluated using skin or an effective
skin surrogate between the transmitter and receiver to measure
attenuation in arealistic implanted situation.

Our current VCO design relies on capacitors and an inductor
to set the transmission frequency. Capacitance and inductance
values typically exhibit a weak temperature dependence, and
can vary by 10% or more from one device to the next. In order to
maintain a precise transmitting frequency, future circuits should
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use a phase-locked-loop-based frequency synthesizer to lock the
VCO at some multiple of a precise frequency reference. Precise
frequency references typically utilize quartz crystals or SAW
oscillators, but these devices cannot be integrated on a CMOS
chip. A better source for a reference frequency would be the
received power signal, which is set by a precise nonimplanted
circuit - the class E transmitter.

We presented a relationship between the Q factor of induc-
tors and the overall power dissipation of a VCO. We see that
a relatively high-Q inductor is necessary for low-power oper-
ation. While an off-chip inductor was chosen for this project,
the Q value of integrated inductors can be increased by using
MEMS postprocessing steps such as etching away the substrate
underneath the inductor [23] or using a VLSI process optimized
for high-Q RF inductors. Future implantable transmitters should
take advantage of this technology to achieve the smallest pos-
sible size and power consumption.

An important issue not explicitly addressed in this work is
possible interference caused by the strong ac magnetic field used
to power the implantable device. In our system, the transmitting
and receiving coils were placed approximately 10-20 ¢cm from
the electronics, and we observed no effect of the power signal
on the VCO or the neural signal amplifier. Further tests should
be done with the coils directly over the integrated electronics
to determine if interference due to magnetic coupling poses a
problem in compact implanted systems.
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