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A Wireless Implantable Multichannel
Digital Neural Recording System for
a Micromachined Sieve Electrode

Tayfun Akin, Khalil Najafi, Senior Member, IEEEand Robert M. Bradley

Abstract— This paper reports the development of an analog-digital conversion is required for enhancing signal-to-
implantable, fully integrated, multichannel peripheral neural nojse ratio, for simplifying wireless data transfer, and for
recording system, which is powered and controlled using an RF allowing limited on-chip digital signal processing for data
telemetry link. The system allows recording of+500 xV neural . . .
signals from axons regenerated through a micromachined silicon COMPression and higher ba!‘ldWIdth. Furth.ermore, data gnd
sieve electrode. These signals are amplified using on-chip 100 HzPower transfer between the implantable unit and the outside
to 3.1 kHz bandlimited amplifiers, multiplexed, and digitized world should be achieved without interconnect wires, as these
with a low-power (<2 mW), moderate speed (8us/b) current- - can potentially cause infection at the points where they break

mode 8-b analog-to-digital converter (ADC). The digitized signal the skin. Therefore, hard-wired systems are not suitable for
is transmitted to the outside world using a passive RF telemetry ) !

link. The circuit is implemented using a bipolar CMOS process. Cchronic (long-term) recording applications.
The signal processing CMOS circuitry dissipates only 10 mw A solution to this problem is to use totally implantable
of power from a 5-V supply while operating at 2 MHz and units which utilize batteries for power and RF telemetry for
RE inerface cioulty contains over 5000 ransisior, disspates UanSmission of control signals (2], [3]. This method avoids
90 MW of power, and consumes 4< 6 mm’ of area. ’ the problems a_ssouat_ed with hard—ww_ed system_s, bqt it suﬁgrs
from the fast discharging of the batteries, especially in chronic
applications or in applications where large levels of power are
required. This problem can be overcome in some applications
|. INTRODUCTION either by using rechargeable batteries which are charged using

ULTICHANNEL recording of neural activity from the inductively coupled RF telemetry links or by disconnecting

. the batteries from circuits to limit the power consumption
central and peripheral nervous systems has long bee

pursued by physiologists as a means to understand the opdy enever it is not necessary. However, batteries are still not a
tion of individual neurons, to decipher the organization al od power supply in implanted circuits since they are usually

signal processing techniques of biological neural networ %an;jhcan p|>ott_ent|_allty Ieak,_ p:grt]_g "’II hazar;j (EJORtEet t:ssuet.
and to control a variety of prosthetic devices. Silicon micro- nother solution IS to use Inductively couple elemetry

machining and integrated circuit fabrication techniques ha\f/%r li)gth povlve.r anﬁ datah transfer. Ther? ”eXISf gxte_?rs]lve
been used recently to produce the recording probes need&y |nhapp ying t '? tec mque_succ:ss_u y L]_[b]. eh
to interface with the complex structure of the nervous syste ajor shortcoming of most previous designs has been the

One of the most advanced devices developed to date combi ge size of the |mplantable u.n|t. In some.des[gns, _th'S IS
a micromachined silicon microprobe with on-chip CMO ue to the construction of the implanted unit using discrete

analog circuitry to amplify, multiplex, and transmit analoéalectromc devices assembled on medium-size boards through

intracortical neural activity recorded acutely from a numbéliferent hybrid techniques. Although this is overcome in

of neurons in the central nervous system (CNS), while using®{1er designs by the use of IC techniques, the overall size

total of three leads for power and bidirectional data transfer [ the implanted units are still limited by the very large size

However, for many future systems, recorded signals shodld the range of a few centimeters) of the receiver antenna
be digitized before transmission to the outside world. On-chffCil) that is required for the reception of sufficient power.

In summary, previous systems are undesirably large for many
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Fig. 1. Overall structure and architecture of the micromachined silicon sieve electrode recording system.

addition, we have reported the development of an efficientFig. 2(a) shows the block diagram of the on-chip circuitry,
transmitter to deliver sufficient power to small implanted coilghich can operate either with a hard-wired five-lead interface
[9]. This paper presents the development of on-chip circuitgr with a leadless telemetry link. Fig. 2(b) shows the com-
for a telemetrically operated digital neural recording system famunication protocol of the amplitude-modulated RF telemetry
chronic neural recording applications. The system is design@gk. The communication protocol supports two modes of
for obtaining recordings using sieve electrodes, but it camperation: write address and read data. The serial digital
be used in a number of other neural recording applicatioagnals 1 and 0 are encoded by long and short pulse durations,
by simply replacing the sieve electrodes with other types ofspectively. Following the start signal, a write command
electrodes. This system is implemented in a single monolithidigital 1) is sent, followed by the 10-b address (5 b per
chip which combines signal amplification and filtering, lowehannel) of the two channels to be selected. Once the channel
power A/D conversion, bidirectional user interface, and R&election information is transmitted to the on-chip electronics,
telemetry units for power and data transfer. it waits for the read command (digital 0) to start analog-
to-digital conversion of the two channels consecutively and
transmits back a total of 16 data bits (8 b per channel).
Il. SYSTEM OVERVIEW Then, the on-chip circuitry waits for the next command, and

Fig. 1 shows the application and structure of the ssievgtepending on the mode, it either selects t_he new chann_els_ to
electrode recording system. It consists of a micromachin8§ récorded from or starts another conversion and transmission
silicon sieve electrode, a silicon interconnecting cable, ofYcle. This protocol allows easy synchronization, gives the
chip signal processing and RF telemetry interface circuitry, a#§er control over sampling rate, and is compatible with the RF
an external transmitter. The silicon sieve electrode support$eigmetry system that uses amplitude modulation and passive
large number of small1 um in diameter) holes through reverse telemetry for bidirectional signal transmission.
which individual axons and fibers of a severed nerve can
regenerate. The recording sites located around these through-
holes are connected to the signal processing circuitry using an
integrated 4um-thick flexible multilead silicon ribbon cable.
Any 2-0f-32 recording sites can be selected by a user throughThe implementation of this system should consider several
address switches at the external controller. The controlierquirements, dictated by the sampling rate, resolution of the
generates serial data to modulate a high-efficiency Class@nverter, transmission frequency, bandpass characteristic of
transmitter/amplifier which drives a circular transmitter coithe preamplifiers, and the fabrication process.

The magnetic field set up by the transmitter coil induces In order to determine the sampling rate required for reliable
an ac voltage across a receiver coil in the implanted uniteural recordings, the major frequency components of the
The AM RF signal is used to generate both the dc voltagetual recorded signals from an axon were determined to be in
and control data necessary for operating the on-chip electréine 100 Hz to 3.1 kHz range. Therefore, these signals should
ics. Neural signals from two channels are amplified, timde sampled at least every 168 to have a minimum Nyquist
multiplexed, digitized using a low-power analog-to-digitatate of 6.2 kHz. In addition, signals should be passed through a
converter (ADC), and transmitted to the outside world usirigw-pass filter with a cutoff frequency e$3.1 kHz to prevent
passive telemetry. high-frequency aliasing.

I1l. DESIGN CONSIDERATIONS AND IMPLEMENTATION



AKIN et al: WIRELESS IMPLANTABLE MULTICHANNEL DIGITAL NEURAL RECORDING SYSTEM

111

.
Y ELOFE FOH
DETIRCTOR ! -.I.'Ih'.l_rr::l: l 2
— i ;
S C COPTROLLER =] 2 3
OEMERATOR LE ——— TROLLE = g . k- . E?
RECCH CFED = E '_r: . .-:
\ - DA TA — b =8 Sel Bz
= ESTOOER = Er I_i" W<
i : g gz p-8-
A sy g = VIO - g : E
i WO TAGE E 5 g
o T | RECHTATOR " ; :
—_— — —
(@)
L g ' L0 Start O 1 o o
- [~ NI
- | | | | | f e ! E:
Pawer Lip Write  jo-bit Channel Addresses Faad 16-bit Digitized Data

(b)

Fig. 2. (a) Block diagram of the on-chip circuitry and (b) the communication protocol of the system.

Another design consideration is the required resolution afimber of cycles required during amplitude transitions will be
the ADC, which can be determined by the amplitude afpproximately equal t6). The pulse width can be decreased,
the signals and the noise levels of the preamplifiers and the., the data transmission rate can be increased, either by
electrodes. Since recorded axon potentials are generally in thereasing the transmission frequency or by decreasingthe
+500 iV range, and the input noise of the amplifiers and thealues of the RLC networks; both decrease the power received
noise of the electrodes are in the 510 range [1], [17], an by the receiver coil. The transmission frequency and ¢he
8-b ADC is adequate for this application. values of the two RLC networks were chosen to be 4 MHz

The RF transmission frequency is determined by the rand four, respectively. These values provide a minimum pulse
quired data transmission rate, which is dependent on tiédth of 2 us, i.e., one bit can be transmitted ir.8.
sampling rate, and power loss due to tissue absorption. Sincd he fabrication of the RF telemetry interface and mixed-
the system has to operate inside the body, and the powpde signal processing electronics is achieved using a bipolar

loss due to tissue absorption increases with the frequen§MOS technology [10]. In addition to the standard CMOS

the transmission frequency should be low. However, it shouf§Vvices, this technology provides high performance, junction-

still be high enough to allow fast data transmission requirdgPated vertical bipolar transistors, and a variety of junction
by the high bandwidth of the recorded neural signals. TI&'d Zener diodes.
data transmission rate depends also on data modulation and
encoding techniques. Data is modulated onto an RF carrer Bipolar CMOS Process
using amplitude modulation, and it is encoded using a variablep bipolar CMOS technology has been developed to fab-
pulse-width modulation technique. These techniques enalgie neural probes with on-chip CMOS circuitry [1]. The
the implementation of simple demodulation and decoding Cschnology combines a standard:8: p-well CMOS process
cuitry in CMOS with small size and low power consumptionyith a deep boron diffusion, while using an n-epi on p-
The data transmission rate in this modulation scheme dgpstrate silicon wafer. The deep boron diffusion, which is also
limited by the minimum pulse width that can be used t@sed for p-well drive-in, penetrates through the n-epi region to
modulate the RF signal. This pulse should be long enougfiach the p-substrate. This allows the realization of a number
for the RF signal to reach its steady state value durirg bipolar devices in isolated n-epi regions for the design
amplitude transitions from high-to-low and low-to-high, whictof analog circuitry, especially isolated diodes for the voltage
is determined by the time constants of the transmitter anggulator circuitry [10]. The lateral npn and pnp transistors,
receiver RLC networks. The time constant for an RLC netwofkhich are inherent in any CMOS process [11]-[13], are
can be given as}/«f, where( is the quality factor of the fabricated in p-well and n-epi regions, respectively. Current
RLC network, andf is the transmission frequency. Since afjains of lateral npn and pnp transistors in this process are
least three time constants are required to reach steady statentkasured to be about 50 and 15, respectively. Vertical npn
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transistors in isolated n-epi regions have current gains in the ISOLATEL.DIODE
range of 150-270 with collector—emitter breakdown voltages
of more than 60 V. It is also possible to fabricate a number T Fy " )

of junction and Zener diodes with different breakdown volt-
ages. In addition, the fabrication process uses two polysilicon
layers, which can be utilized to form on-chip capacitors with
breakdown voltages higher than 20 V.

An important device in the telemetric sieve recording sys- |:_.
tem is the isolated diode necessary for the voltage regulator | g4+
circuitry and is fabricated using p-welifrjunctions in isolated
n-epi regions. Although these diodes form parasitic devices
which result in leakage current to substrate from the p-well,
this can be minimized with careful layout techniques.

Fig. 3(a) shows the cross section of a p-weil/diode and
its associated parasitic bipolar devices, and Fig. 3(b) shows p++ Dilfusion {lsodation]
the interconnection of these devices. Here, n-epi is shorted
to p-well to prevent the parasitic npn transistor from turning p-Type, (100} Subsirate
on. However, there is a resistive path.f;) between the epi
contact and the area under the p-well. In addition, there is @)
also a resistive path, representedBy.;;, between the p-well
contact and the h region. When current is passed from p- IE
well to nt, the parasitic npn transistor can turn on, which in R_well
turn increases the voltage drop acrdgs; to the point where V+0O | AN |

—0 ¥ -

SLEETRATE
CEIRTALT

the pnp transistor will turn on, resulting in current leakage

from p-well to substrate. In order to minimize this effect, W
R.,; resistance should be decreased as much as possible. In a R_epi
standard bipolar procesg,,; resistance is kept low with the

use of a buried t layer. Since there is no buried layer in this

process, special care was taken in the layout of these diodes vsuB
to decreasdi.; resistance. It should be noted here that this (b)

Ieakage current is not a prOblem in the CMQS circuitry qu-qg. 3. P-well/n" diode and its associated parasitic bipolar structures: (a)
there is no current flow from p-well to*nregion. cross-sectional view and (b) circuit connection.

lIEI.IB

B. RF Telemetry Interface while its base is driven by)1 to decrease the current draw

The RF telemetry interface consists of a voltage reguIaLfifm the diode string, thus improving the voltage regulation.

to generate the voltage supply necessary for the implant nsistorsM 10-713 and diodes’26-D29 keep the supply

electronics, an envelopedetector to receive data from exter}ﬁgtjge regulat(;d ?jga_lnst load currelnt vajr;rltlor]ls. Trsnsstor
electronics, a clock generator, and a circuit block for passigé . preventsh_t ﬁ ra:jn-tﬁ-so:jrce Vﬁ tage kldl ron];ﬂ e
reverse telemetry of the digitized recorded data to the outsic®@MNg very high, and therefore, the breakdown Jdfll,
world which may occur due to an excessive current draw from

1) Voltage Regulator:The voltage regulator should gener_the circuit. In ordgr .to improve voltage regulation further
ate a 5-V supply from the RF signal for the on-chip ebctronic@ecessary for ach|evmg_the 8-b accuracy needed for the ADC)
with a regulation consistent with the required accuracy of t1d (0 save area, capacitard, C'2, andC'3 are chosen to be
AID converter. It also should include the circuitry necessafjybrid capacitors, with capacitances of 220 pF, 470 pF, and
for reverse passive telemetry. Fig. 4 shows the voltage re wF. Simulation results show that the maximum peak-to-peak
lator designed for this purpose. The RF signal induced acrdgaple on top of the 5-V supply is less than 0.02 V, i.e., the
the receiver coil, which is about 20-V peak, is first rectifieifoltage regulator provides a regulation better than 8 b. This
by the full-wave rectifier. The rectifier diode$)1-DS, are regulation is maintained even during the loading of the receiver
implemented using p-wellf junctions. Although p-well/i  coil by passive telemetry circuitry.
diodes have a breakdown voltage of about 23 V, two of them The voltage regulator shown in Fig. 4 also includes a circuit
are used in series, as a safety measure, to prevent breakdt@urieverse passive telemetry to transmit the recorded data to
in case the received RF signal is unexpectedly high. the outside world. Reverse passive telemetry is achieved using

The rectified signal is regulated with a new voltage regtihe circuit made of transisto/ 1-A7 and diodesD9-D12.
lator designed for this application. Good voltage regulatiohhis circuit uses current loading to load down the receiver coil,
is achieved by forcing a constant current in diode stringghich in turn results in a current change in the transmitter coil
D16-D25 through transistorg/g, M9, and dioded)13-D15. that can be sensed and recovered by external electronics. This
The npn transistor)2 supplies power to the on-chip circuitmethod eliminates the need for an active transmitter in the



AKIN et al: WIRELESS IMPLANTABLE MULTICHANNEL DIGITAL NEURAL RECORDING SYSTEM 113

Vrfp IC’ Reverse Data
—VDD
D6 ¥ D2 Mgs:lpJ M5 MBMS8 [{E\Tms
D5 ¥ D1
—=C1
Lr M7 -C3
D7|AD3 D9 o>GND
D8|AD4 D10 ~
—C2
Vrin D11 D26
D12 D27
M4 |- —[m14 gig
. D13
D14
M?] M gy HM M12
Fig. 4. The voltage regulator with passive telemetry circuitry.
implanted unit, thus reducing power consumption and size of VDD

the implanted unit.

The voltage regulator circuitry together with the passive
telemetry portion occupies an area of 2 fand dissipates C1
~77 mW of power while providing a voltage regulation of
better than 99.8% (i.e., less than 0.2% noise).

2) Envelope DetectorA new envelope detector has been
designed to prevent problems associated with the implementa-
tion of a conventional detector in CMOS technology. Fig. 5(a)
shows the current-mode envelope detector developed for this
application. The currents througWf 1 and A/5 have the same
amplitude under steady state conditions, but are different
during an amplitude change, due to different capacitor values D4 '} D1
used forC1 and C2. Therefore, any amplitude change in the Vrfpo g
RF signal will result in a current change M1 and M5, which
is mirrored toAf4 and M6, so that they can be compared to @)
define if the change is due to a high-to-low amplitude transition
or vice versa. Transistor3/7 and A8 are used to generate T

Vrino

hysteresis to prevent any state change due to any ripple on
the current signals. The envelope detector occupies an area of C1
1 mn? and consumes a power of only 2 mW. R1%

3) Clock Generator:In order to synchronize the on-chip [ CLK
circuitry with the external electronics during data transmission, co | 4
the clock for the control circuit is also generated from the = 3
RF carrier using the circuit in Fig. 5(b). To prevent a possible
breakdown of the MOS transistors due to the high RF voltages, C3
the circuit first divides the RF voltage amplitude by an order of
magnitude using on-chip capacitafsd and C2. This reduced D2 D1
voltage is then used to drive the three-stage oscillator circuit
with a weak final inverter. This oscillator circuit generates Vrip
an output at a frequency twice the RF signal, i.e., 8 MHz Vrino——
for this application. This signal is then divided down using (b)
two frequency dividers to generate the 2-MHz clock signalg. 5. (a) The current-mode envelope detector and (b) the clock generator
necessary for the controller. The clock generator togethgiuitry.
with two frequency dividers occupies an area of 1 Tnamd
consumes 1 mW of power.

and analog CMOS circuits to implement the controller, neural

preamplifiers, analog-to-digital converter, current and voltage

C. Signal Processing Circuitry reference, and voltage-to-current converter for the current
The signal processing circuitry is designed such that it canode ADC.

either operate with a hard-wired five-lead interface or with 1) Controller: The controller circuit is used to decode the

the wireless RF telemetry interface. It includes both digitéhformation modulated on the RF carrier and to generate con-
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Fig. 6. A simplified schematic of the neural preamplifier.

trol signals for the overall operation of the on-chip electronics. VDD
It is first reset during charge up with the power-on-reset (POR)
circuit, and then it waits for the command data. If the command CP1
data is a write address command, then the controller receives MPI1 };_I
and decodes the 10-b information for the two channels to be{lin k
selected. If the command data is a read data command, theg;i S6 57
feeds a start signal to the ADC for conversion and transmissionI Vref _ ADC
of two 8-b data words. . \ : . ouT
The controller uses counters to identify the length of the k k
S2 S4

active low and high signals for decoding the encoded serigk
digital control information. If the signals are longer or shorter 5
than a specified window, the controller goes to the initial Vref MND S3\ $5
state waiting for another command cycle. This improves the CNI N2

reliability of the system since the controller does not get stuck

if there is an interruption in the RF link.

The controller has been designed and implemented using
the delay-element method to simplify the design and lay-
out process and ensure its functionality. The delay elemehtg 7- The current-
are implemented using master-slave flip-flops with two-phase
nonoverlapping clocks to prevent clock skew problems amgif-cell. The low cutoff frequency required for dc suppression
minimize the effects of critical paths in the control circuitis achieved using a diode-capacitor filter which avoids the use
The transistors in the flip-flops are sized carefully for lowf chopping or off-chip hybrid components [1] and allows the
power operation at the expense of larger die area. The c@heamplifier to accommodate48500 4.V signal superimposed
troller circuit together with the counters consumes an area@i +160 mV dc or low frequency noise. Each amplifier
3.6 mnt. dissipates only 0.3 mW, occupies 0.2 mngenerates the

2) Front-End Analog MultiplexersThe front-end multi- differential signal necessary for the linear voltage-to-current
plexers are used to select any two out of 32 channels foar—I) converter, and incorporates feedback to prevent output
recording. Two 5-b channel addresses stored in two Sshturation even in the face of gross process variations.
registers are decoded with two 5-to-32 decoders, which are4) Analog-to-Digital Converter:Considering the require-
used to drive the multiplexers to connect the selected channelents of the sieve electrode recording system and the features
to the preamplifiers. Special attention is paid to the design of the various analog-to-digital conversion techniques, an
this multiplexer to prevent any charge injection during addregsb low-power ADC was designed and implemented using
changes and to achieve high isolation between channels. The current-mode algorithmic AD conversion approach [14].
simulations of the multiplexer shows that 85-dB isolation céfhe current-mode design provides a larger dynamic range
be achieved between channels at the expense of the ovesan with very small current levels, decreasing the power
increased area. consumption [15].

3) Neural Preamplifier with DC FeedbackNeural signals, = The algorithmic current-mode converter is implemented
with +500 .V amplitude range, are amplified with two preamusing a small number of transistors and switches, as shown in
plifiers as shown in Fig. 6. Each preamplifier has an in-barg. 7. Conversion is achieved algorithmically by multiplying
ac gain of 40 dB with a 3-dB bandwidth of 100 Hz to 3.1 kHzthe input current {i,) by two and then comparing it with the
A special feature of the preamplifier is that it has a dc gain oéference currentl(.¢). If 21;, is larger than/,.¢, then the bit
—40 dB which is critical in preventing amplifier saturation dueutput is “1” and the current2/;,, — I..¢, is fed back to the
to input offset and dc drift caused by the electrode-electrolytércuit to determine the next bit, otherwise the bit output is

mode algorithmic analog-to-digital converter.
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Fig. 9. Photograph of the chip fabricated using theur8; p-well, sin-
gle-metal, double-poly CMOS process at the University of Michigan. The
chip measures & 6 mn? and contains more than 5000 transistors.

M6

| tin the current necessary for the ADC. The converter is designed
to provide a transconductance of 1024A/V so that a
maximum of+50 mV amplifier output creates a maximwn
B current of £51.2 pA. This current is shifted to 0-102 4A
2 | | iref range and mirrored to the ADC by using a circuitry with a
compensated operational transconductance amplifier (OTA)
M2 |-=Von Vopo M1 M7 M8 [4-c Vref in order to accommodate negative currents while preventing
. degradation of the accuracy of the converter due to channel-
1 length modulation, especially for low currents. Simulation
. ) results show that the converter provides a nonlinearity of less
than 0.08% (an accuracy9 b). The V-l converter has a
Fig. 8. (a) Current and voltage reference circuitry and (b) the V°'§ettling time~2 pus even for an output current of 0/A,
age-to-current converter with current shift circuitry. ; L
occupies an area of 0.05 Mmand dissipates=2.8 mw.

“0,” and 213, is fed back to the circuit to determine the next
bit. This continues until the required bits are all acquired. The IV. EXPERIMENTAL RESULTS

reference current is set at 102:4\, i.e., a maximum current  The circuit has been designed and fabricated using a custom
of only 204.8,.A circulates through the circuit at a time.  3.;m p-well bipolar-CMOS process, and its full functionality
The converter combines the amplifier and the current comas been verified. Fig. 9 shows a photograph of the chip, which
parator circuitry and consumes only 2 mW, while achieving @easures 4« 6 mn? and contains=5000 transistors.
conversion accuracy of better than 8 b with a conversion time|n order to test the circuit, external electronics were designed
of 8 us per bit. The analog portion of the converter occupiegd implemented using a Motorola 68HC11 controller board
only 0.13 mnd, while the digital portion occupies 1.1 ninin  to generate the serial encoded data, based on the address
a 3-um one-metal two-poly CMOS process. channel information and the mode of the operation set by
5) Current and Voltage Referencéhe current and voltage the user. The external electronics also includes circuitry to
reference circuit necessary for the ADC is shown in Fig. 8(akcover the recorded and digitized analog signal coming from
The reference current is set 1¢- In(8)/R (51.2 pA for this  the implanted on-chip circuit. The functionality of all of the
application) by forcing the same bias current in transis@rs circuit blocks were verified, including the control circuit, the
and@2, where the area a2 is eight times that of)1. These current reference circuit, the front-end analog multiplexers,
transistors are implemented in the layout by using & 3 the V-I converter, and the ADC.
matrix of minimum size bipolar transistors, where the middle Fig. 10 shows the function of the control circuit in write and
transistor is selected to ¥g1 and eight peripheral transistorsread modes. The upper trace shows the control data coming
are connected in parallel to impleme@®2. TransistorsM7 from the external electronics, and the bottom trace shows
and M8 are used as a start-up circuit during power-on-resehe output of the ADC. After the write data signal, two 5-b
The resistor is implemented in polysilicon and can be lasaddress data are loaded to the address register serially, and the
trimmed to set the desired reference current. The referemead data command is sent to the on-chip electronics; after
circuit dissipates a power of only 0.5 mW and occupies aecognizing the read data command, the on-chip controller
area of 0.04 mrh starts the AD conversion, and two 8-b data words are computed
6) Voltage-to-Current ConverterThe voltage-to-current algorithmically, generating a serial data output. Once address
(V-I) converter circuit shown in Fig. 8(b) is used to generatehannels are set, only read data commands can be sent,
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Fig. 10. The function of the control circuit in write and read modes. The AR R s R T
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Fig. 12. The received RF signal which has the read data signal modulated
on it and the two 8-b output coming from the ADC.

diameter and 2.5 mm in height with 120 turns, resulting in
an inductance value of&65 pH and a@ of 22 at 1 MHz.
When the transmitter and receiver coils are placed face-to-
face with a distance of 5 mm, they result in an inductive link
with a coupling coefficient of 0.082 and a mutual inductance of
~4.9 uH, providing enough voltage gain to test the RF teleme-
try interface. It should be noted here that the usable working
distance between the transmitter and receiveebsmm with
20% tolerance for this design. This distance is more than
that required for proper operation in the actual biological
environment. With proper design, the mutual inductance, and
Fig. 11. The input signal to the preamplifier (before being attenuated Sthierefore the received power in the implanted unit, can be
times) a_nd the recove_:red Qigiyized output signal, verifying the functionalihgintained relatively constant in the face of small lateral and
of the signal processing circuitry. . . . . "

vertical misalignments in coil positions [16], [17].

This link was first used to verify the functionality of the
increasing the sampling rate. This serial data is decoded andividual blocks of the RF interface circuitry, including the
converted to analog form with an external DAC to recovesiock generator, envelope detector, and voltage regulator. After
the recorded and digitized signals. Fig. 11 shows4®0 1,V  verifying the functionality of the RF interface circuitry, the
input signal to the preamplifier produced by an extern&linctionality of the controller circuitry was tested together with
signal generator (biological signals are not used for testitige on-chip RF telemetry interface. Fig. 12 shows the received
of this system) and the output signal recovered by the exter®F signal which has the read data signal modulated on it and
electronics, verifying the functionality of the on-chip signathe two 8-b output coming from the ADC. Here, the read data
processing circuitry. The on-chip signal processing circuitisignal is extracted from the envelope by the on-chip circuit;
dissipates only 10 mW of power when operating at 1 MHavith this information, the controller starts the ADC which
As stated before, since recorded neural signals are genergliyerates two 8-b serial data, as shown on the bottom trace. It
in the £500 1V range, and the input noise of the amplifiershould be noted here that the entire on-chip circuitry, including
and recording electrodes is in the 5-14/ range [1], it the envelope detector and the clock generator circuits, in these
is expected that the on-chip signal processing circuitry wilests is supplied by 5 V generated by the on-chip voltage
operate properly in the intended application. It should kregulator circuitry, verifying that the on-chip circuitry can
noted that conducting biological experiments to verify thbe powered and controlled using an inductively coupled RF
functionality of the systenmn vivo is complicated and beyondtelemetry link.
the scope of this paper; these tests are underway and theM/hen conducting the test shown in Fig. 12, the output
results will be presented in the future. of the ADC was disconnected from the passive telemetry

The testing of the RF interface part of the circuitry wasircuitry which modulates the current of the voltage regulator.
performed using an inductively coupled RF telemetry linkherefore, the amplitude of the received RF signal does not
operating at 1 MHz. This link employs a circular transmittechange with the ADC output signal. When the ADC output is
coil which has a diameter of 10 mm and a height of 2 mmonnected to the passive telemetry circuitry, the received RF
with 60 turns, resulting in an inductance value=gf5 p/H and  signal amplitude changes, as shown in Fig. 13. The upper trace
a @ of 26 at 1 MHz. The receiver coil measures 4.7 mm im Fig. 13 shows the amplitude of the received RF signal which
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TABLE |
SUMMARY OF THE IMPLANTABLE SIEVE ELECTRODE
NEURAL RECORDING SYSTEM FEATURES

Circuit Area Power Other Features of the
Received Block mm’ _|Dissp., mW Individual Circuit Blocks
kR ﬁ-_qn;u Preamplifiers {.22/ca. 0.3/ea. AC Gain=100, DC Gain=0.01, BW=3.2kHz
; V-I Converter 0.05 2.8 Accuracy: 9-10 Bits, Settling Time: 2isec
ADC 1.23 2 Accuracy: >8 Bits, Conversion Time: 8jisec
Current Reference | 0.04 0.5 Provides both current and voltage reference
Control Circuitry 3.6 Low Operates at 2MHz
Fransmitter Multiplexer 3.6 ~0 Provides Better than 85dB Isolation
Ll Crirpess Voltage Regulator 2 77 Output Voltage = 5.2V
Clock Generator 1 1 Frequency: 2MHz
Envelope Detector 1 2 Works in current mode
TOTAL =24 <90 Implemented Using a 3um CMOS Technology

Fig. 13. The received RF signal and the current flowing through the trans-
mitter coil. It can be seen that the amplitude of the received voltage is also
modulated due to the controlled loading of the receiver coil to achieve passive

telemetry. This paper presents a telemetrically powered and controlled
digital neural recording system with on-chip analog and digital
circuitry for use in chronic recording applications. The system
allows recording of+500 pV neural signals from axons
regenerated through a micromachined silicon sieve electrode.
These signals are amplified using on-chip 100 Hz to 3.1 kHz
bandlimited amplifiers, multiplexed, and digitized with a low-
power (2 mW), moderate speed (8s/b) current-mode 8-b
ADC. The digitized signal is transmitted to the outside world
using a passive RF telemetry link. The circuit is implemented
using a bipolar-CMOS process. The signal processing CMOS
circuitry dissipates only 10 mW of power from a 5-V sup-
ply while operating at 2 MHz, and consumes>4 4 mn?
of area. The overall circuit contains over 5000 transistors,
dissipates 90 mW of power, and consumes<46 mn¥ of
area. This is one of the few complete telemetry systems
developed for neurophysiological applications which combines
signal amplification and filtering, low-power A/D conversion,
Fig. 14.  Photograph of a complete sieve electrode telemetry module Wiiractional user interface, and RF telemetry units for power
silicon cable interconnects next to a penny. An IC chip without the capacitors . L . .
and coil is also shown. and data transfer all integrated monolithically on a single chip.
The system is designed for obtaining recordings using sieve

h AM dulated sianal . dd electrodes, but it can be used in a number of other neural
as an modulated signal containing read data COmm"’“f’gcording applications by simply replacing the sieve electrodes

After the read data command is received, the controller sta\%ﬁh other types of electrodes. The complete system is now

the AD conversion, a_nd the output of _the ADC Ioa(_:ls thBeing implanted in appropriate animal models and will be used
receiver coil, resulting in the AM modulation of the carrier by | acquire long-term neural data

the on-chip circuitry. This verifies that the passive telemetry
portion of the on-chip circuitry functions as designed. The
bottom trace in Fig. 13 shows the current flowing through ACKNOWLEDGMENT
the transm|tt_er coil, which changesl_A) with the controlled  The authors would like to thank Dr. M. Nardin for his
current loading of the receiver coil. The envelope of thige|, quring the fabrication of the devices at the University
signal is demodulated using external electronics to obtain the Michigan.
recorded digital signal.

The fabricated chip and the hybrid components are assem-
bled as shown in Fig. 14. Note that the electrode is connected
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