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1.Motivation & Background
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Science Motivation

External Objective
System N Uplink raw neural samples* from a

freely moving non-human primate
(NHP) with minimal impact to the
power budget

*Researchers require both low- and high-
frequency signals

Animal Home Cage
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&P Backscatter Communication W

External system NeuroDisc
w TX/RX {U\N\AAMNWW\N\} Backscatter
Antenna Antenna

A \%

00 » 01 + 11 + 10
J\/\/\ﬂ\[\[\]\ﬁw\/\; Y RF switch
| I |
Backscattered o/c.o?., Incoming bits
Received bits <«---f{Demod Response E ? *

t

Power burden
and complexity

Backscatter achieves Mbps data rates at pJ/bit energy consumption |

10/18/2018 BioCAS 2018 4



&% Quadrature Phase-Shift Keying W

QPSK modulation encodes 2 bits per symbol
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DQPSK modulation alleviates RX phase synchronization requirements
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NeuroDisc offers an energy efficient to alternative to conventional uplink methods I

SD card: 1.24 nJ/bit at 80 Mbps NeuroDisc (DQPSK Backscatter): 12.4 pJ/bit at
6.25 Mbps
mms FPGA

BCI Antenna Co

e

*

Backscatter N Neural
Modulator FPGA Front-end
55 mm
< >
NeuroDisc

NeuroChip-3

S. Zanos et al., “The Neurochip-2: an autonomous head-fixed computer
for recording and stimulating in freely behaving monkeys,” IEEE Trans.
Neural Syst. Rehabil. Eng., vol. 19, no. 4, pp. 427-435, 2011.
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I NeuroDisc offers an energy efficient to alternative to conventional uplink methods I

NeuroDisc (DQPSK Backscatter): 12.4 pJ/bit at
6.25 Mbps

BCI Antenna Comms GA

IEEE 802.11n Wi-Fi: 8 nJ/bit at 100 Mbps
Bluetooth Low Energy (BLE): 10 nJ/bit at 1 Mbps
UWB [Neuron 2014]: ~180 nJ/bit at 200 Mbps

Battery

WL1807MOD WiFi nRF24L01+ BLE

Backscatter Neural
Modulator FPGA Front-end
. 55 mm
Tl.com Sparkfun.com S R
NeuroDisc
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2.NeuroDisc Design
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NeuroDisc System Overview W

NeuroDisc j?
Elgﬂ;frg)de Je | | Neural |SPI Ccs},mon;?; | SPiQ Backscatter
*““T"IFront-end [ .~ |7 | Modulator
Array Handling
} 3 4
LiPo
amtery [—~E2E0]

BCI Antenna Comms FPGA

=&

Battery

Complete system could be

integrated onto a single chip

Backscatter ' Neural
Modulator FPGA Front-end
55 mm
<< >
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NeuroDisc

Command & Data Handling FPGA
Cmd. Packetizer m=—pp bQPSK
Manager Encoder
SP Error Backscatter
Master — CorreFtlon Modulator
$ Coding
Neural
Front-end
Raw neural
data
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NeuroDisc

BCI Antena CommsFPGA
Command & Data Handling FPGA
Cmd.
ma Packetizer m=pp bQP>K
Manager Encoder
SP Error Backscatter
Master = CorreFtlon Modulator
$ Coding
Neural
Front-end

1 100 msec

Neural front-end can capture local field
potentials and neural spikes

Raw neural
data from
NHP
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NeuroDisc

BCI Antenna Comms FPGA
> p < 0©

7 25 B Battery

Command & Data Handling FPGA
Cmd. Packetizer m=pp bQP>K
Manager Encoder
Error Backscatter 10 Bl | N
Correction Modulat % ‘
Master ) oaulator
Coding
Neural Intan RHS2116 Specifications JU UL I L U
Front-end 32-bits per channel Tusec
e 16 bits from the AC amplifier Digitized data from the neural front-end

e 10 bits from the DC amplifier

Raw neural
data
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NeuroDisc

Command & Data Handling FPGA

Cmd.
Manager

!

SPI
Master

Packetizer

1

Error
Correction
Coding

¢

Neural

Front-end

Raw neural
data

10/18/2018

Error Correction Code:
Hamming (11,16) providing
Single Error Correction,
Dual Error Detection

BCI Antenna

Comms FPGA

DQPSK
Encoder
Backscatter
Modulator
“ 4 x 16 bits >
% Frame Marker CHO (1/3) CHO (2/3) CHO (3/3)
% Frame Marker CH1 (1/3) CH1 (2/3) CH1 (3/3)
: s
©
™ | Packet Counter | CH15 (1/3) CH15 (2/3) CH15 (3/3)
Data is compiled into a packet with
frame markers and a packet counter
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NeuroDisc BCl

BCI Antenna

Comms FPGA
) = Battery

Command & Data Handling FPGA
Cmd.
md Packetizer
Manager
SP Error Backscatter
Master = CorreFtlon Modulator 1V ™ i
$ Coding el |
", L
Neural o B
Front-end 1 Sym — 3 125 MS m/S _Q
320 ns ' y
T d_
3.125 MSym/s * 2 bits/Sym 320ns
Raw neural DQPSK state machine encodes the data into
R = 6.25 Mbps modulator control signals
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S RF Uplink: Modulator

Comms FPGA

BCI Antenna

Z11
al
o
@)

I
7-

IIH Z10
a |
D |

— — —

IH Z01
lg i
D L(./_
.

% GPIO control signals actuate the RF switch
' while consuming only 78 uW (23 pA @ 3.3V)

Faa

Z00

I
950Q2 1
I

[ OF 4 DIIECODER"
-
I

(FROM FPGA)
ADG904 RF switch using discrete components
to implement a DQPSK constellation
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RF Uplink: Modulator

\Vj External

/\/\A/\/W System

= 200 - H1.0. 15,

S s +2.0 *

Z10 199 A 7l
= 711 N\ 11 . ‘
*Z@923 MHz *}y ey .-

[ OF 4 DECODER +02/ NE \__.._}\ﬂ's.t © 05/
l 1 / T N 7\ = #* Measured Symbols
O O ‘ " — A AN = 0 + |deal Constellation
I 00 9S8 B i g
(FROM FPGA) I T o =

25w /5.0 e a
, ldealLoad _g5_ % -1.5 - - - - -

-1.5 1 -0.5 0 0.5 1 1.5

Impedances ~ ~__ |
1.0 In-Phase
Measurement of the RF switch states Received symbol constellation

on the NeuroDisc

S.J. Thomas et al., “Quadrature amplitude modulated backscatter in passive and semipassive UHF RFID systems,” IEEE Trans. on Microwave
Theory and Techniques, vol. 60, no. 4, pp. 1175-1182, April 2012.
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RF Uplink: Modulator

Y

Inductive elements could be replaced by shifting the impedance
into the capacitive half-plane on the Smith Chart

= 200 +j1.0
= 201 N B _
Z10 +jO.5\ _+12.0
[TOF 4 DECODER +0.2/ *’} NN --..f\ﬂ-s_c o
O—0 /| o w90 9o .o | ©
! 00 —< <=1 0 3
(FROM FPGA) \ L A -~ 3
j025 w0
e
« ldeal Load '-j2.0
Impedances ~_ | -
1.0

10/18/2018

1.5¢
1+ - ‘
-
0.5
# Measured Symbols
Ot #= |deal Constellation
-0.5
15 - . | | . |
-1.5 -1 -0.5 0 05 1 1.5
In-Phase

Measurement of the RF switch states
on the NeuroDisc

S.J. Thomas et al., “Quadrature amplitude modulated backscatter in passive and semipassive UHF RFID systems,” IEEE Trans. on Microwave
Theory and Techniques, vol. 60, no. 4, pp. 1175-1182, April 2012.
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& Full-duplex External System W

I Carrier Wave I I\/\/\/\/\/\/\/\l
— Bidirectional TX/RX /\/\ANWV

125 dB Amp Coupler Antenna

Lo 2V ’

NeuroDisc

2N

Arduino DUE + DAC Shield

——e— e e — — e — — — — — — -

! ! Backscattered Data
| .
' Variable 10 dBm
I DACI Attenuator E Limiter (W_eak)
| mcu | + Carrier Wave
' | Variable (STRONG)
' DAC1 > x5>>—r> Phase  |QR|UHF BPF
| | T Shifter
A
| r—-—---=-=-=
|
' SDR
| I — Back it d Dat
| P . ﬁl ackscattere ata I
L __ | detecor ~ t15dBAMP Splitter

Block diagram of the full-duplex external system
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Full-duplex External System W

Varlable Bidirectional
AT):/RX Attenuatorﬁélf Coupler =
ntenna 1x [u +25 dB':"" -~

b ‘y 3 ‘.‘\. :

10 dBm Limiter| !

NS 3

A } Variable
UHF :1 wPhase Shifter
Power BPF

Detector | \
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—— ng ,vv ,',_

.-:J]
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Arduino DUE + DAC Shield
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bad

Port Port

SDR

Open-source software-defined radio
system with self-jammer cancellation

All parts are COTS except for Arduino DAC
shield

Receiver sensitivity of -86 dBm at 6.25
Mbps
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3. In Vitro and In Vivo Results
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P

NeuroDisc and NeuroChip-3
simultaneously measured
pre-recorded neural data

S. Zanos et al., “The Neurochip-2: an autonomous head-fixed computer

In Vitro Results

Good agreement between the NeuroDisc and the NC3

@
y®

RX
Port

Backscatter
QAM

O«

X

Port
O—>

R
X
T
X

/\/"\

Interface

» T~
UHF
RF | cw

i Pre-recorded
| neural data
-— e am aem sl

Experimental setup: Receiver had direct line-of-sight at 0.3 m.
Uplink rate was 6.25 Mbps

tn
S

Voltage (£ Volts)
=

)
wn
S

-350

——NC3 SD Card
- - -NeuroDisc

4 6 8

Time (msec)

10 12

for recording and stimulating in freely behaving monkeys,” IEEE Trans.
Neural Syst. Rehabil. Eng., vol. 19, no. 4, pp. 427-435, 2011.
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Comparison of the same pre-recorded data wirelessly uplinked

by the NeuroDisc and saved on the NC3 SD card
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In Vivo Results

Successful measurement and uplink of neural spike data from an
anaesthetized pigtail macaque (Macaca nemestrina)

SDR
[ ] Iljcﬁt Backscatter
)R(’ oe— QAM =T
/S~ o T 2]
p |use||”] y_ 5 Eg al
cl [ TX UHF Ei 4
T Port RF cw % |
X L, : Interface

Experimental setup: Receiver had direct line-of-sight at 0.3 m.
Uplink rate was 6.25 Mbps.

40
= 20 ,
s
3 0
o
?30—20 "
©
> 40 -
_60 L 1
0 25 50 75 100
Photo of in vivo measurement setup Time (msec)
All'in vivo measurement procedures were conducted One of eight channels measured at 5 kHz with

under approval by the UW IACUC
PP Y BPF between 1 Hz — 2 kHz
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4.Conclusions & Future Work
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Work in Progress

Bluetooth Low Energy (BLE) Compatible
Backscatter Communication System for Wireless Sensing

‘\N ‘ CcwW | | .,
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ADC data encoded as ASCI characters Time [sec]
Analog sensor data is uplinked in BLE-compatible advertising Sensor data can be reconstructed at the receiver

packets to any unmodified BLE receiver

J. Rosenthal and M.S. Reynolds, “A 158 pJ/bit 1.0 Mbps Bluetooth low Energy (BLE) compatible backscatter communication system for wireless sensing,” IEEE Wireless
Sensor Networks Conference 2019. (accepted)
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Thank you for your time!

Questions?

CENTER for NEUROTECHNOLOGY
a National Science Foundation Engineering Research Center



