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A 1.0 Mbps 198 pJ/bit Bluetooth Low Energy

(BLE) Compatible Single Sideband Backscatter

Uplink for the NeuroDisc Brain-Computer Interface
James Rosenthal, Student Member, IEEE, and Matthew S. Reynolds, Senior Member, IEEE

Abstract—Wireless brain-computer interfaces (BCIs) are
highly energy constrained due to the need to minimize battery
size and weight, as well as the need to minimize thermal dissipa-
tion into living tissue. We demonstrate an ultra-low power Blue-
tooth Low Energy (BLE) v5.0 compatible backscatter communi-
cation uplink for the NeuroDisc BCI. This backscatter approach
is compatible with completely unmodified BLE devices such as
PCs, smartphones and tablets, and has an energy consumption of
under 200 pJ/bit, over 50X less than commercially-available BLE
transmitters. This work is the first to present an analysis and
demonstration of single sideband (SSB) BLE backscatter, which
increases available channel power by +3 dB while suppressing
out-of-channel emissions. An analytic model of SSB backscatter
communication is provided, along with simulations showing how
non-idealities in the achieved backscatter constellation impact
opposite-sideband suppression. Experimental measurements of
in-channel gain and opposite-sideband suppression are provided.
Additional experiments demonstrate a range of 6 meters using
a +20 dBm external carrier source and an unmodified Nordic
Semiconductor nRF51DK BLE adapter, while uplinking pre-
recorded neural data sampled at 500 Hz.

Index Terms—backscatter communication, full-duplex radios,
RFID,brain computer interfaces, biomedical devices, neural
recording

I. INTRODUCTION

W IRELESS BRAIN-COMPUTER interfaces (BCIs) en-

able neuroscientists to investigate the relationship be-

tween neural activity and high-level behaviors [1]. However,

freely moving experiments are generally limited to 1-2 days

due to the limited battery life of wireless neural recording de-

vices [2]. Developing energy-efficient wireless BCIs that easily

integrate into existing wireless infrastructure could improve

the quality of wireless neurophysiological experiments.

Ideally, researchers could collect neural data over multi-

ple days or weeks in freely moving animals, capturing the

broad temporal characteristics of neural dynamics. Performing

these experiments in freely moving animals would improve

data quality by reducing measurement stereotyping caused

by constrained environments [3]. However, a critical obstacle

towards this goal has been the severe size, weight, and power

constraints on wireless neural recording devices. As a result,
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Fig. 1. Conceptual sketch of the NeuroDisc BLE-compatible backscatter data
uplink approach
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Fig. 2. NeuroDisc hardware architecture: (a) Block diagram of FPGA digital
logic (b) Photo of Comms FPGA board (c) Photo of the complete NeuroDisc
package

existing wireless neural recording systems cannot continuously

stream multiple channels of broadband neural data for more

than 1-2 days.

A major reason for the short recording durations of neu-

ral sensors is that conventional wireless uplinks consume

a disproportionate amount of the energy budget. Wireless

neural sensors using commercially-available Bluetooth Low

Energy (BLE) chips expend approximately 10 nJ/bit [4]–[6].

WiFi chipsets similarly consume ≈ 4 nJ/bit. Fully-custom

ultra-wideband active radios have achieved efficiencies below

200 pJ/bit [2], but these systems are not compatible with

commonly available off-the-shelf wireless systems.

One method for improving the energy efficiency of wireless

neural uplinks is to use backscatter communication, and uplink

data by modulating the reflected amplitude, frequency, and/or

phase of a carrier wave provided by an external emitter.

Backscatter greatly reduces the uplink energy burden for

energy-poor devices such as neural interfaces, because the

power-hungry functions of carrier-wave generation and radio-

frequency (RF) amplification are re-partitioned to an energy-

rich external system. However, a key trade-off with backscatter
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communication is a less favorable link budget compared to

conventional radios, because the carrier must make a round-

trip via the backscatter device [7]. As a result, backscatter

devices often require complex custom receivers to extract the

relatively low-power backscatter signal.

To reduce the burden of custom receivers, recent research

has sought to integrate backscatter communications with

existing wireless infrastructure. BLE compatible backscatter

communications were developed in [4] to send static adver-

tising packets to commodity BLE receivers (e.g. smartphones,

tablets, computers) and to send dynamic sensor data in [8].

In [9], a system was developed that could backscatter IEEE

802.11 WiFi- or IEEE 802.15.4 Zigbee-compliant packets, and

LoRA compatible packets in [10]. Additional research has

explored ways to improve spectral efficiency of backscatter

modulation. Pulse-shaping was explored in [11], however, that

work still requires the use of energy-hungry analog biasing

circuitry. Single sideband (SSB) backscatter modulation was

demonstrated for WiFi and Zigbee packets in [9], however, an

analysis of the theoretical vs. realizable performance of SSB

backscatter was not presented in that work.

In this work, we present the first analysis and demonstration

of SSB BLE-compatible backscatter communication with a

per-bit energy consumption 50X lower than commercial off-

the-shelf BLE transmitters. The system was implemented on

the NeuroDisc BCI [12] (Fig. 2) and expands on previous work

in [8] that presented double sideband (DSB) BLE backscatter

for wirelessly streaming sensor data. SSB modulation im-

proves spectral efficiency [13]–[15] and reduces out-of-band

emissions for regulatory compliance, for example, as specified

by the U.S. Federal Communications Commission (FCC)

(Fig. 3). This paper adds to the state-of-the-art by providing

a theoretical framework for SSB backscatter communication

and an analysis of the effects of quadrature skew on sideband

suppression resulting from imperfect reflection coefficients.

II. NEURODISC SYSTEM OVERVIEW

The NeuroDisc comprises a multi-channel ADC to acquire

sensor data, an Altera MAX10 FPGA, and a backscatter mod-

ulator to uplink data (Fig. 2). An Intan RHS2116 analog front-

end is used for the bio-potential amplifier, and it provides a

TABLE I
MEASURED NEURODISC POWER BUDGET

Current (mA) Power (mW) % of total

Intan RHS2116 IC 3.27 10.8 5.63 %
FPGA (static baseline) 53.11 175.3 91.35 %
FPGA (dynamic) 1.69 5.59 2.91 %
Backscatter Modulator 0.060 0.198 0.10 %

Total (static+dynamic) 58.13 191.89

16-channel, 16-bit resolution data acquisition system intended

for bio-sensing applications [16]. Power is provided to the

NeuroDisc by a single-cell 500 mAh lithium polymer battery.

The power budget for the NeuroDisc is provided in Table I.

The Altera MAX10 FPGA performs command and data

handling for the NeuroDisc. It controls the multi-channel ADC

via SPI to sample and digitize sensor data. BLE advertising

packets are then formed by computing a 24-bit CRC and

applying data whitening (Fig. 2(a) and (4)). These packets

are modulated using continuous-phase frequency-shift keying

(CPFSK) and serially output to the backscatter modulator of

Fig. 5(a). The backscatter modulator is implemented with

an Analog Devices ADG904 SP4T CMOS RF switch. Four

distinct impedances are connected to the RF switch, and are

chosen as described in Section III-E below.

III. SSB BLE SPECTRUM DESIGN APPROACH & RESULTS

A. Bluetooth Low Energy (BLE) Overview

The Bluetooth Core Specification v5.0 [17] defines the

physical- and link-layer requirements for BLE-compatible

advertising messages. BLE systems are required to operate

in 2.4 GHz ISM band at 2.400-2.4835 GHz. The band allo-

cates three channels that are 2 MHz wide for uni-directional

advertising: CH37 at 2.402 GHz, CH38 at 2.426 GHz, and

CH39 at 2.481 GHz. The BLE advertising packets have a

configurable length between 80 and 376 bits. Each packet

is composed of five required fields: a preamble, an Access

Address (defined to be 0x8E89BED6 for advertising packets),

a Protocol Data Unit (PDU) header, a PDU containing data,

and a 24-bit CRC calculated using the previous fields. After

the packet is constructed, a data whitening filter is applied.

For the NeuroDisc, all packets are generated in the FPGA.

The PDU length is set to 152 bits to incorporate a 16-bit

ADC sample and a 6-bit packet counter to detect dropped

packets. These data are transmitted as ASCII symbols to

render them easily readable on commodity BLE scanners (e.g.

smartphones). All other fields are constructed per the BLE

specification, resulting in a packet length of 232 bits.

B. BLE Modulation Parameters

BLE requires that a device modulate data using binary

frequency-shift keying at a symbol rate of 1.0 Msymbols/s.

Data bits are encoded in the frequency deviation relative to

channel’s center frequency. A ‘1’ is represented by a positive

frequency shift and a ‘0’ is represented by a negative frequency

shift.

The subcarrier frequencies for BLE backscatter can be

chosen by considering the BLE signal-to-interference ratio
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(SIR) requirement and the backscatter modulator’s power

consumption. SIR is the ratio of the BLE signal’s power to

the power of an undesired interfering signal. If the SIR is

lower than the requirement (i.e. if the interference signal is too

strong relative to the BLE signal), then the receiver may drop

packets. A key trade-off is that as the external carrier-wave

(CW) frequency is moved further from the advertising channel

center frequency, it can emit at a higher power to achieve a

farther range with less interference; however, the subcarrier

modulating frequencies must be higher, which increases the

power consumption of the backscatter modulator. The BLE

specification requires that the receiver maintain a BER ≤0.1%

for a minimum SIR of -27 dB for adjacent interference

≥ 3 MHz from a channel’s center frequency. A systematic test

of CW induced blocking of a BLE receiver was documented

in [18]. In general, the trade-offs in power consumption and

SIR will be dependent on the specific backscatter modulator,

BLE receiver, and oscillators used in the design. Important

considerations are the power consumption of the RF switch

as a function of switching rate, the ON/OFF switching time

of the RF switch which could limit the maximum switching

frequency, and the actual packet error rate vs. SIR performance

of the specific BLE receiver used.

C. Transmitting BLE Advertising Packets via Backscatter

BLE-compatible backscatter signals can be created via

simultaneous phase-shift keying (PSK) and continuous

phase frequency-shift keying (CPFSK) modulation processes.

Frequency-shift keying communication systems often use

a CFPSK modulation process to reduce undesired spectral

sidelobes [14], [15]. In traditional active radio architectures,

CPFSK is used to modulate a carrier wave, however, since a

backscatter device does not generate its own carrier signal,

CPFSK is instead used to actuate a PSK modulator that

will in turn modulate an externally generated carrier incident

upon the backscatter device. The PSK process occurs at

the backscatter modulator by reflecting the incident carrier

wave using switched impedances, while the CPFSK process

is generated numerically inside the FPGA to create a digital

CPFSK control signal modulated by baseband data from the

advertising packet. The CPFSK control signal actuates the

RF switch of the backscatter modulator, which connects the

antenna to one of the RF loads shown in Fig. 5 and thus

changes the reflection coefficient of the antenna. To transmit a

‘1’, the FPGA generates a CPFSK control signal at subcarrier

frequency fsc1, and to transmit a ‘0’, it modulates the signal

at subcarrier frequency fsc0. Thus the reflection coefficient at

the antenna will change as the CPFSK signal actuates the RF

switch, resulting in PSK modulation of the incident CW.

D. DSB Bacskcatter Modulation

To perform DSB bacskcatter modulation, we use a CPFSK

control signal to actuate an RF switch. The CPFSK control

signal, s(t), is a square wave whose frequency changes based

on the current symbol, bn ∈ {0, 1}, and whose phase varies

based on the current and past symbols (i.e. s has memory).
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Fig. 5. Implementation overview: (a) Method for SSB backscatter using in-
phase (I) and quadrature (Q) control signals, (b) Smith chart view of the ideal
reflection states, (c) State-machine depiction of the SSB modulation process

Over a single BLE data bit period, the CPFSK control signal

can be expressed as

s(t) = Π
(

2πft+
π(−1)bn+1

2Tb

(t− nTb) + φn

)

,

nTb < t ≤ (n+ 1)Tb (1)

where Π() is a square wave signal, the center frequency f

is f = fsc0+fsc1

2
, π

2Tb
(−1)bn+1 is the phase modulation term

dependent on the current symbol, n is the bit number, Tb is

the bit period (1.0 µsec for BLE), and φn is a residual phase

term. For the phase of s(t) to be continuous between symbols,

φn+1 = π
2
(−1)bn+1 + φn.

As the control signal switches states, the antenna is switched

between different discrete loads, thus changing its reflection

coefficient. For DSB modulation, two complex-valued reflec-

tion states are used:

Γdsb

(

s(t)
)

=

{

Γ0 = A0e
jφ0 , s(t) = 0

Γ1 = A1e
jφ1 , s(t) = 1

(2)

with |A0,1| ≤ 1, φ0,1 = [0, 2π), and Γ1 6= Γ0.

The modulated signal reflected from the NeuroDisc can be

determined by the definition of the reflection coefficient [19]

V −(t) = Γdsb

(

s(t)
)

· V +(t), (3)

where V − is the reflected signal and V + is the incident CW

signal. If we consider V +(t) as a single-tone sinusoidal CW,

the reflected DSB signal becomes

V −(t) = Γdsb

(

s(t)
)

· cos(2πfcwt) (4)

While the backscatter modulation described above can gen-

erate BLE-compatible signals, energy is wasted by generating

USB and LSB images of equal magnitude about the carrier

frequency, even though the receiver passband includes only

one of the images [20]. This undesired sideband could also

interfere with other nearby communication systems and violate

RF emissions regulations. One way to recover the lost energy

and reduce unwanted emissions is by implementing SSB

modulation.
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E. SSB Backscatter Modulation

In DSB modulation, the message signal is fully encoded

in both of the sidebands, so recovering either the upper- or

lower-sideband image is sufficient for decoding the message.

SSB modulation enables more efficient use of bandwidth and

power by encoding the message into just one of the sidebands,

as shown in Fig. 3.

One method for achieving SSB modulation is to use the

phasing method [13]. The SSB signal xssb(t) can be seen as

a special case of quadrature amplitude modulation, and it can

be written as

xssb(t) = x(t) · cos (2πfct)± x̂(t) · sin (2πfct), (5)

where x(t) is the message signal, x̂(t) is its Hilbert transform

[15], fc is the carrier frequency, and the plus-or-minus deter-

mines which sideband is retained. The Hilbert transform can

be seen as a linear filter that shifts the phase on an incoming

signal by -90◦ across all frequencies (i.e. a time delay of a

quarter-period when the input function is a baseband square-

wave signal).

In the case of SSB BLE backscatter modulation, the

backscattered signal is a function of the instantaneous reflec-

tion coefficient, so we can express the reflected SSB signal

V −
ssb(t) as

V −
ssb(t) = Γssb

(

s(t), ŝ(t)
)

· cos (2πfcwt) (6)

where fcw is the frequency of the externally-supplied CW.

Equation (6) can be shown to match the form of (5)

by implementing time-dependent, complex-valued reflection

coefficients. The reflection coefficient Γssb(t) can be designed

such that its real and imaginary parts are determined by

the CPFSK modulator control signal, s(t), and its Hilbert
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Fig. 7. Simulation of SSB modulation using non-ideal constellation points.
(a) Smith chart plot of the non-ideal constellation, (b) Contour plot of the
SSB suppression ratio for one constellation point with magnitude and phase
angle error. Reduced SSB suppression would be achieved for magnitude and
phase errors in multiple constellation points.

transform ŝ(t), respectively. Consider four complex reflection

coefficients:

Γssb

(

s(t)
)

=















Γ0 = A0e
jφ0 , s(t) = 0, ŝ(t) = 0

Γ1 = A1e
jφ1 , s(t) = 0, ŝ(t) = 1

Γ2 = A2e
jφ2 , s(t) = 1, ŝ(t) = 0

Γ3 = A3e
jφ3 , s(t) = 1, ŝ(t) = 1

(7)

with |Γ0| = |Γ1| = |Γ2| = |Γ3| and the angles of the four

states are as shown in the ideal constellation of Fig. 5(b). If

we split the reflection coefficients of (7) into their real and

imaginary parts such that Aejφ = ΓI + jΓQ, then we can

express (6) as

V −
ssb(t) = [ΓI

(

s(t)
)

+ jΓQ

(

ŝ(t)
)

] · cos (2πfcwt)

= ΓI

(

s(t)
)

· cos (2πfcwt)−

ΓQ

(

ŝ(t)
)

· sin (2πfcwt) (8)

where Γi = ΓI+jΓQ for i ∈ {0, 1, 2, 3}. To suppress the other

sideband image, the subtraction in Eq. (8) can be changed to

addition.

F. Simulation of SSB Backscatter Modulation

Simulations in MATLAB evaluated the performance of SSB

backscatter modulation. The simulations had two goals: to

validate whether SSB backscatter modulation would offer

improved spectral performance compared to DSB backscatter,

and to analyze how a non-ideal impedance constellation (i.e.

quadrature skew) would affect opposite-sideband suppression.

The simulations compared the power spectral densities gen-

erated by SSB and DSB backscatter modulation. The power



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. XX, NO. XX, MONTH 2019 5

spectral densities were computed for the transmission of

one BLE advertising packet using DSB and SSB backscatter

modulation as described in (4) and (6), respectively. The ideal

constellation shown in Fig. 6(a) was used. A comparison

of the power spectral densities for each modulation scheme

revealed that ideal SSB modulation yielded a 3 dB increase in

power for the desired sideband image and >70 dB of sideband

suppression for the undesired sideband image (Fig. 6). These

simulation results match expectations that the power from the

suppressed sideband would be constructively added to the

desired sideband, doubling its in-band power. The opposite-

sideband suppression ratio would ideally be infinite, however,

the simulated result matches our intuition given numeric

rounding errors.

The SSB simulations were repeated with non-ideal constel-

lations to analyze how sideband suppression changed with

component variations. One disadvantage of SSB backscatter

modulation is that opposite-sideband suppression is limited by

quadrature skew. Quadrature skew results from magnitude and

phase errors in the realized impedance constellation. For the

simulations, the magnitude and phase angle of one symbol

in the constellation were altered by up to 50% magnitude

and ± 15◦ phase relative to the ideal values (Fig. 7(a)). For

each deviation, the SSB suppression ratio was calculated as

the ratio of the power in the lower sideband image (i.e. the

desired sideband) to the power in the upper sideband image (i.e

the undesired sideband). From the results shown in Fig. 7(b)

we see that small deviations significantly degrade the SSB

suppression ratio, e.g. 0.5% error in magnitude or phase re-

duces SSB suppression by nearly 20 dB. Such deviations could

arise due to variations in component values. For example, the

calculated value of an inductor for symbol impedance Z3 at

2.4 GHz yields a value of 7.95 nH. Given an impedance

tolerance of ±10%, the resulting symbol impedance could

have a phase error of +5◦/-3◦, which would reduce SSB

suppression to approximately 35 dB. Further, additional per-

formance degradation would be witnessed if additional symbol

impedances had magnitude and/or phase angle errors. These

results emphasize the importance of precise component values

and careful circuit layout to achieve optimal performance.

IV. LINK BUDGET

The free-space link budget for the NeuroDisc was derived

following the approaches of [21] and [22]. We considered a

bistatic dislocated configuration, because the NeuroDisc, the

CW source, and BLE receiver are separate entities, as shown

in Fig. 1. All antennas are assumed to be optimally aligned

and matched. The backscattered power from the NeuroDisc,

PND, can be calculated as

PND =
PTGT∆σ

4πr2t
, (9)

where PT is the power transmitted from the CW source, GT

is the gain of the CW source antenna, rt is the distance

between the CW source and the NeuroDisc antenna, and ∆σ

is the differential radar cross-section (RCS) of the NeuroDisc.

In [7], analytic expressions are provided to calculate the

TABLE II
LINK BUDGET PARAMETERS USED FOR THE EXPERIMENTAL VALIDATION

PTPTPT GNDGNDGND GTGTGT GRGRGR λλλ

0.1 W (20 dBm) 2.2 dBi 2.2 dBi 2.2 dBi 0.1246 m

ZaZaZa Z0Z0Z0 Z1Z1Z1 Z2Z2Z2 Z3Z3Z3

50 + j 0 Ω 31 - j39 Ω 82 - j125 Ω 21 + j17 Ω 25 + j65 Ω

differential RCS of backscatter tags with two reflection states.

For backscatter tags using more than two reflection states,

we can modify the expressions to identify the worst-case

differential RCS between any two reflection states, since this

worst-case received power will determine the BER [15]. The

differential RCS can thus be expressed as

∆σ =
λ2G2

ND

4π
min

i,j for i 6=j
|Γ∗

i − Γ∗
j |

2, (10)

where λ is the free-space wavelength of the carrier wave,

GND is the gain of the NeuroDisc antenna, and Γ∗
i and Γ∗

j

are the reflection coefficients of the backscatter switch states.

Considering RF impedances Zi and Zj with a resonant antenna

impedance Zant, the reflection coefficients can be calculated:

Γ∗
i,j =

Z∗
ant − Zi,j

Zant + Zi,j

. (11)

The backscatter power at the receiver is then

PR =
PNDGRλ

2

(4π)2r2b
=

PTGT∆σGRλ
2

(4π)3r2t r
2
b

(12)

by combining equations (9) and (12) and noting that GR

is the gain of the receiver and rb is the distance between

the NeuroDisc and the receiver antennas. The link budget

parameters for testing the NeuroDisc are shown in Table II.

V. EXPERIMENTAL RESULTS

Experiments were performed to validate the SSB backscat-

ter communication uplink. Range experiments measured the

effective packet error rate (PER) at different distances. A

cabled experiment measured the SSB backscattered spectrum

from the NeuroDisc. A data integrity test compared wirelessly

uplinked data from the NeuroDisc to the original data to

validate the NeuroDisc’s complete signal chain.

A. Measured Backscattered Spectrum

The backscattered spectrum from the NeuroDisc was mea-

sured using the setup shown in Fig. 8(a). The NeuroDisc

was configured to send BLE advertising packets like the one

depicted in Fig. 4. An Agilent N5181A RF Signal Generator,

an Agilent N9320B spectrum analyzer, and a MiniCircuits

ZABDC20-252H-S+ coupler were used. The RF loads needed

to create the constellation were determined based on methods

presented in [23], with final component values chosen to

be 0.6 nH, 6.8 nH, 3.3 pF, and 1.8 pF. The constellation

shown in Fig. 8(b) was measured using an Agilent N5222A

vector network analyzer. For the DSB modulation measure-

ment, impedances Z0 and Z3 were used. The measurement

revealed disparities in the relative angles and magnitudes

of the reflection coefficients, likely due to impedance mis-

matches between the 50 Ω measurement equipment and the
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Fig. 8. (a) Experimental setup for measuring the NeuroDisc’s backscattered spectrum, (b) Measured NeuroDisc symbol impedances, (c) Comparison of the
simulated DSB and SSB spectra given the measured symbol impedances, (d) Comparison of the measured DSB and SSB spectra

NeuroDisc circuit board layout and component tolerances.

While these mismatches reduced the sideband suppression

ratio, the simulated and measured spectra in Fig. 8(c) and (d)

successfully demonstrate suppression of the undesired side-

band at 2.411 GHz while increasing the power of the desired

sideband at 2.402 GHz. The measured sideband suppression

was 10.0 dB, which shows good agreement with the 11.1 dB

of sideband suppression in simulations generated from the

measured symbol impedances.

B. Modulator DC Power Consumption

To measure the modulator energy consumption, the RF

switch was supplied with +3.3 V by a Keithley source-

meter, and an Agilent 33500B Waveform Generator drove both

control inputs of the switch at an average subcarrier rate of

4.75 MHz. The measured current was 60 µA, resulting in a

total power consumption (static + dynamic) at the backscatter

modulator of 198 µW. At a BLE data rate of 1 Mbps, this

corresponds to an energy consumption of 198 pJ/bit.

C. Range Testing

We measured the received signal strength from the Neu-

roDisc with respect to distance in the bistatic setup shown in

Fig. 9. Measurements were performed in an empty parking

garage that provided adequate space for range testing and

isolation from other 2.4 GHz transmitters (e.g. WiFi and

Bluetooth devices) that could interfere. Prior to testing, we

surveyed the spectrum between 2.4-2.5 GHz to verify that no

other transmitters were present. A calibrated Agilent N9320B

Spectrum Analyzer was used to measure the received signal

strength with a 10 kHz bandwidth. An Agilent N5181A RF

Signal Generator and a MiniCircuits ZRL-3500+ RF amplifier

were used to generate a carrier at 2.4065 GHz with a total

RF output power of +20 dBm. The CW source, the spectrum

analyzer, and the NeuroDisc used L-COM HG2402RDRSF

antennas with gains of 2.2 dBi.

D. Wireless Bio-Signal Uplink

To validate that biological signals could be captured and

uplinked without distortion, we used the NeuroDisc to uplink

low amplitude (<500 µV) pre-recorded neural data played

back by an Agilent arbitrary waveform generator using the

test setup shown in Fig. 10(a). Testing occurred in an ordinary

office/lab environment. The same COTS BLE device from

the range experiment was used to receive advertising packets

f = 2.4065 GHz

2R

R R

NeuroDisc

RF Signal
Generator

Spectrum
Analyzer

Amplifier

(a)

(b) (c)

(d)

Fig. 9. Experimental setup for measuring the received signal strength vs.
distance (a) Block diagram, (b) Photo, (c) BLE packets as received on a
smartphone at a distance R = 6 m, (d) Measured received signal strength vs.
distance

from the NeuroDisc. An Agilent N5181A RF Signal Generator

and a MiniCircuits ZRL-3500+ RF amplifier were used to

generate a carrier at 2.4065 GHz with an RF output power

of +20 dBm. Both the CW source and the nRF51822 used

L-COM HG2402RDRSF antennas with a specified gain of

2.2 dBi. The NeuroDisc was configured to uplink packets at

500 Hz with one sensor sample per packet. The Intan chip

was configured with a bandpass filter with a lower cutoff

frequency of 0.1 Hz and an upper cutoff frequency of 200 Hz.

Received packets were processed and plotted in MATLAB.

The received biological data is plotted in Fig. 10(b) and shows

that the original signal was successfully uplinked through the

NeuroDisc and captured by a COTS Nordic Semiconductor
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Fig. 10. (a) Setup for wirelessly uplinking pre-recorded neural test data, (b)
Measured uplinked sensor data vs. re-recorded data

nRF51DK BLE evaluation board.

VI. CONCLUSIONS & FUTURE WORK

In this work, we have demonstrated an energy efficient

wireless uplink for the NeuroDisc brain-computer interface

using single-sideband (SSB) Bluetooth Low Energy (BLE)

backscatter communication. We presented a design methodol-

ogy and simulations of SSB backscatter modulation using the

phasing method and provided an analysis of how quadrature

skew resulting from non-ideal impedance constellations results

in reduced opposite-sideband suppression. These simulations

were supported by measurements of the SSB backscattered

spectrum in a cabled experiment and over-the-air (OTA) vali-

dation of the backscattered link budget in range measurements.

End-to-end OTA measurements were then performed with the

NeuroDisc sampling pre-recorded neural data, uplinking to an

unmodified Nordic Semiconductor nRF51DK BLE receiver.

Future work includes refinement of the four impedances

employed to fine-tune the achieved symbol impedances and

thus improve the opposite-sideband suppression, as well as

software development to implement additional portions of the

Bluetooth protocol.
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