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Abstract

We present the design, testing, and evaluation of a 16 channel wearable telemetry system to facilitate multichannel single unit recordings
from freely moving test subjects. Our design is comprised of (1) a 16-channel analog front end board to condition and sample signals derived
from implanted neural electrodes, (2) a digital board for processing and buffering the digitized waveforms, and (3) an index-card sized 486
PC equipped with an IEEE 802.11b wireless ethernet card. Digitized data (up to 12 bits of resolution at 31.25k samples/s per channel) is
transferred to the PC and sent to a nearby host computer on a wireless local area network. Up to 12 of the 16 channels were transmitted
simultaneously for sustained periods at a range of 9m. The device meadueesb68.1 cm x 12.4 cm, weighs 235 g, and is powered from
rechargeable lithium ion batteries with a lifespan of 45 min at maximum transmission power. The device was successfully used to record
signals from awake, chronically implanted macaque and owl monkeys.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction gorithms better suited to the digital domgi@handra and
Optican, 1997; Hulata et al., 2002; Letelier and Weber,

Multichannel single unit recordings have been used to 2000)

demonstrate the feasibility of building brain machine inter-  We present a design for a wearable telemetry system

faces. By correlating subject movement with neural activity, weighing 235 g capable of transmitting up to 12 of 16 sig-

researchers have been able to control primitive prostheticnals from implanted neural electrodes. Signals are digitized

limbs (Taylor et al., 2002; Wessberg et al., 200Bjogress at 31.25k samples/s per channel at eight, ten, or 12 bits of

in this area is limited by the requirement that subjects be resolution, and telemetered using an IEEE 802.11b wireless

restrained and tethered to the neural recording hardwareethernet card to a host computer up to 9 m away. The device

(Nicolelis, 2001) Although wireless neural recording de- has been built, characterized, and tested in vivo.

vices have been reportédkin et al., 1998; Irazoqui-Pastor,

2002; Maki, 1998; Mojarradi, 2003hone are sufficient for

recording multiple channels of single units in freely mov- 2 sygem design

ing subjects. At present, inductive coil based systems either

support too few channels or have too small of a transmissions 1. oOverview

range. Analog systems are susceptible to transmission chan-

nel noise, which may adversely affect spike sort{itgm Our system consists of a wearable telemetry unit which

and Kim, 2000) Furthermore, future on-board processing, communicates with a stationary host computer. The teleme-

such as spike detection and spike sorting may require al-yry ynit has four main parts: (1) the analog front end (AFE),

(2) the digital board, (3) the wearable computer, and (4)

* Corresponding author. Tek:1-919-660-5109; the battery. The AFE (descr.ibed ip 'd'etail elsgwh@be(id

fax: +1-919-660-5405. et al., 2004 conditions and time-division multiplexes up to
E-mail address: io@duke.edu (1. Obeid). 16 neural signals before sampling them at 31.25 k samples/s
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per channel. Fifty digital inputs are required to control chan- the analog to digital converter (ADC), and the FIFO. Time
nel enables, variable gain amplifiers, and analog to digital is divided intosets of 24 periods of a 12 MHz clock, since
converter timing. These controls are generated on the digi-24 periods is the time it takes to sample and convert one
tal board, which also provides regulated power, frames the channel. A priority encoder consults a channel enable list
digitized data, and communicates with the wearable com- and determines whether to enable or disable the ADC for
puter. The wearable computer acquires the data from thethe current channel; if the ADC is disabled, the CPLD idles
digital board, transmits it to the host computer via a IEEE until the end of the 24 clock-cycle set before continuing to
802.11 wireless network, and receives control commandsthe next channel. Since each set takes 24/12 MHz s and each
from the user. The telemetry system is powered from a pair channel is processed once every 16 sets, the effective sam-
of rechargeable lithium-ion batteries. The functionality of pling rate is ¥[(24x 16)/12 MHz] = 31.25 k samples/s per

the various parts of the telemetry system are explained be-channel, or one sample per g2.

low in more detail. The digitized data is passed serially from the ADC to
the CPLD, where it is organized into bytes and stored in
2.2. Digital board the FIFO. In order to reduce the data bandwidth, the user

may opt to drop either two or four bits of the 12 gener-

The digital board consists of three main components: ated by the ADC. In these cases, the eight most signifi-
(1) power regulation circuitry, (2) a complex programmable cant bits are written to the FIFO while the remaining bits
logic device (CPLD), and (3) a first-in first-out (FIFO) mem- are stored in a temporary register; when this register ac-
ory. The CPLD Fig. 1) generates both static and timing cumulates eight bits, it is moved to the FIFO and then
control signals. The static signals are set by the user, andcleared. Up to 24 ms of data are stored in the FIFO before
are loaded into registers in the CPLD. These lines directly being transferred to the wearable computer’s parallel port;
assert control signals on the AFE board. The timing signals @ handshake timing module in the CPLD negotiates this
coordinate the operation of the time-division multiplexer, transfer.

to AFE CPLD
11 * 8:1 Mux (A) Select & Enable (4)
< // * 8:1 Mux (B) Select & Enable (4) ﬁ
* Ground Select Switches (3)
17, * Variable Gain Clock (16) «
=/ * Variable Gain Up/Down (1)
1
‘Lﬁ/ {' Channel Enable (16) ‘(-
le
* Conversion Resolution (2) |<- [ Data/Address (1) [Z
4
\ o /j * Bus Address (4)
Priority
Encoder (
Demultiplexern CPU
Timing P | (486, DOS)
Logic ~ A "1 w/ Wireless
LAN PC Card
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<27 | |* ADC Chip Select (1) ) A 0
7 * ADC Clock (1) Bitpack
] Shift 8Y /Handshake\ _
——7L->l ADC Bit-Serial Input (1) Register Timing /
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Fig. 1. Control signals on the digital board are generated by a CPLD. The CPLD generates timing signals for the AFE’s time division multiplexer and
analog to digital converter. It also has registers for static control signals, such as channel enables and ground select settings. The CPLg&mreceives u
commands via the wearable PC.
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2.3. Wearable computer Table 2
Number of bits exceeding the noise floor (worst case)

Telemetry is handled by a wearable compute® ¢n x Variable Number of bits exceeding Number of bits exceeding
7.3cmx 9.2cm, 77 g, 486 BASE/CORE, Compulab, Haifa, gain (0-31) noise (predicted) noise (measured)
Israel) fitted with an IEEE 802.11b wireless ethernet PCM- 0 8.8 9.4
CIA card (PC4800, Cisco Systems, San Jose, CA). The 7 6.7 8.1
wearable computer, based on a 66 MHz 486 AMD proces- 15 g; 25
sor, runs custom software under DOS to control data acqui- 5, 48 63

sition and wireless communication. A pair of custom-made
6in. RF cables are used to offset the antenna of wireless
ethernet card, reducing the proximity of the radiated elec-

tromagnetic power (100 mW) from the AFE. The host com- gain setting for each channel, the reference channels, and
puter can accept the data through a wireless access point 0fhe ADC resolution. These preferences are transmitted to
through another radio card. . the wearable computer using the TCP/IP protocol, and are

During a typical recording session, two network Sockets re|ayed to the CPLD where they are stored in the appropriate
are opened between the host and the wearable computeregisters. The user also uses this interface to specify how the

A TCP/IP socket is used to send user commands from the eceived data is stored and displayed on the host computer.
host to the wearable, while a UDP socket transmits the data.

Because it has less overhead than TCP/IP and lacks error
checking, the UDP protocol is better suited for high band-

width data transmissions. The wearable PC inserts an eight3. Results
bit counter into each data packet to detect lost data, although

there is no means for recovery or retransmission. The wearable telemetry unit was built and tested. The
bill of materials, schematics, and software are available,
2.4. Power supply http://dukebme.duke.edu/backpadie digital board mea-

sured 56cm x 8.1cm. The completed telemetry unit,

The system is powered from a pair of rechargeable lithium including battery, measured.licm x 8.1cm x 124cm

ion batteries (UBC383562, Ultralife). They have a capacity and weighed 235g. Without the battery, the unit measured
of 1200 mAh at an average of 3.7 V and measufenim x 35cmx 8.1cmx 124 cm and weighed 195g.

35mmx 62mm. The battery plugs into the digital board, The system achieved sustained data transfers of 12 of the
and a pair of DC to DC converters (MAX1701, Maxim 16 input channels in the eight-bit resolution mode. The max-

|C' Sunnyva'e1 CA) produce power Supp'y V0|tages of 3.3 imum number of channels at ten and 12 bits of resolution

and 5.0V. The 3.3V supply powers the FIFO and CPLD, Was nine and eight, respectively. The lifespan of the bat-

and both supplies are used to power the wearable computefey was 45min at the maximum data rate, and the range
and the AFE.Table 1shows the overall power utilization ~Was 9m. The range was measured in a normal laboratory
for the telemetry system. The expected battery lifespan is Setting with no precautions taken to limit multipath reflec-

(1200 mAhx 3.7 V)/4.0 W, or approximately 67 min. tions or electromagnetic interference. The latency through
the telemetry system from the input of the AFE to the input

of the FIFO was 68Q.s.
The number of bits exceeding the background noise level
The user communicates with the telemetry system through(Table 9 was found to exceed _the worst case predictions
based on the input referred noise of the AFE {@Vi,).

a host computer with a wireless interface. A custom software Si h 4 val dth dict based
package allows the user to specify the active channels, the ince the measured values exceed ¢ © pre |gt|9ns asedon
the AFE noise, itis inferred that no significant digital switch-
ing noise from the digital board is added to the neural data.
Table 1 The device was tested in vivo with one rhesus macaque
Breakdown of the predicted noise consumption for each of the major (Macaca mulatta) and one owl monkeyAotus nancymae),

components of the wearable telemetry system both with multiple cortical implants of microwire bundles.

2.5. User interface

Component Power consumption  The subjects were confined in a restraining chair during
AFE 130 mwW the tests. The telemetry unit was attached to the restrain-
Wearable PC 1.31W ing chair and connected to the implanted electrodes using
Radio card 245W a commercial headstage (HST/8050-G20-GR, Plexon Inc.,
CPLD 29mwW Dallas, TX) and a short flexible cable (Parlex, Methuen,

FIFO 11emw MA). Figs. 2 and 3show sets of simultaneously recorded

Total 40w data from each subject. The gains for the different channels

The wearable PC and wireless radio card consume 94% of the power. Were set individually prior to data collection.
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Fig. 2. Continuous signals acquired simultaneously from (a) a macaque and (b) an owl monkey demonstrate the functionality of our system in actual
biological systems.

4, Discussion 4.2. Digital design

4.1. System considerations Digitizing the data provides two major benefits. Firstly,
digitized data is well suited to the type of on-board sig-
Our telemetry system is highly versatile, and may be con- nal processing which will likely be incorporated in the fu-
figured in both software and hardware. Software changes inture. Algorithms for procedures, such as spike detection and
the CPLD could alter the sampling rate, the channel selec- spike sorting will be easier to implement and more versatile
tion procedures, and the ADC resolution. Different batteries in the digital domain. The second benefit of the digital ap-

may be used depending on size/weight and lifespan require-proach is in the telemetry. Digital telemetry provides immu-
ments. nity to transmission channel noise, and will ultimately re-
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Fig. 3. Sorted action potentials derived from simultaneously acquired data from (a) a macaque and (b) an owl monkey. Signals were sorted after data
collection using offline spike sorter (Plexon, Inc.).

sult in lower bit-error rates. Furthermore, the digital teleme- mand executiofiDonoghue, 2002)The latency of our sys-

try hardware may easily be be replaced with a standalonetem is 68Qus, measured from the analog input through the
wireless module (such as BluetoBti{Morrow, 2000)or FIFO input. The latency after the FIFO is software depen-
Ultrawideband (Barrett, 2001) depending on system re- dent; for our configuration, the delay from FIFO input to

quirements, such as battery life and transmission range.  output ranged from 10@ to 50 ms depending on the num-
ber of active channels, the ADC resolution, and the lo-

cation of a particular sample within its respective packet.
The maximum delay through the FIFO can be reduced in

This system was developed as part of a real-time neu- software by reducing the number of bytes stored in the
ral prosthesis, where data latency can cause delays in comFIFO before transmission. However, the effects of such a

4.3. Latency
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reduction on the system throughput have not been mea-Carmena, Deborah Won, and Ty Cashen at Duke University,

sured. and Harvey Wiggins at Plexon, Inc. This work was spon-
sored by DARPA Contract no. N66001-02-C-8022.
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