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Abstract

The NeuroDisc: A Wireless Neural Recorder Leveraging Ultra-Low-Power Backscatter Communication

James D. Rosenthal

Chair of the Supervisory Committee:
Professor Matthew S. Reynolds
Department of Electrical & Computer Engineering

Minimally-invasive tools for researching and treating neural disorders increasingly rely on high data rate, ultra-
low-power wireless communication. This dissertation explores the use of backscatter communication to reduce the
power consumption of wireless uplinks streaming high resolution neural telemetry. We present the development of
the NeuroDisc, a custom wireless neural recorder leveraging a wireless backscatter uplink to obtain data rates of tens
of megabits per second (Mbps) at orders of magnitude lower power consumption compared to commercially avail-
able alternatives, such as WiFi and Bluetooth. The design, analysis, and experimental validation of three different
modulation techniques for backscatter communication are reported: (1) a 25 Mbps, 12.4 pJ/bit differential quadrature
phase-shift keying (DQPSK) backscatter uplink for high rate telemetry; (2) a 1.0 Mbps, 198 plJ/bit Bluetooth Low
Energy-compatible single sideband (SSB) frequency-shift keying (FSK) uplink for compatibility with off-the-shelf
Bluetooth devices such as smartphones and tablets; and (3) a 1.25 Mbps, 160 pJ/bit all-digital orthogonal frequency
division multiplexing (OFDM) backscatter uplink with the potential to improve reliability in multipath environments.
Using the 25 Mbps DQPSK backscatter uplink, we validate the end-to-end system through in vivo neural recordings
from the primary motor cortex of an anesthetized pigtail macaque. In the context of wirelessly recording from non-
human primates (NHP) using the NeuroDisc, we investigate the dense multipath interference exhibited in a standard
metal NHP cage and propose a novel method using digitally-controlled mode stirring to improve the in situ reliability of
low-power wireless communication. These developments advance the state-of-the-art in low power wireless commu-
nication and lay the ground work for future innovation in ultra-miniaturized, battery-free prosthetics for bioelectronic

medicine.
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Chapter 1
INTRODUCTION

1.1 Dissertation Overview

The U.S. National Academy of Engineering (NAE) and the American Institute for Biological and Medical Engineering
have identified the development of personalized, networked healthcare as a critical goal for improving equity in the
United States [1]. Of the many types of disorders that could benefit from personalized medicine, neurological disor-
ders are of particular interest given the essential role of the nervous system in movement and cognition. With many
unknowns remaining about both healthy and pathological states in the nervous system, the NAE emphasized reverse
engineering the brain as a key step towards achieving this goal. Developing translational medical therapies for neural
disorders could have a profound impact on improving economic and social opportunity for all people, but doing so
will require the seamless integration of devices with the brain.

Emerging bioelectronic medical devices, such as the brain-computer interfaces (BCIs) shown conceptually in
Fig. 1.1a, provide new treatment options for sensorimotor and cognitive disorders. By measuring neural signals in
the brain and/or spinal cord, these systems can analyze patterns in the dynamics of neuronal activity and generate con-
trol signals for therapeutic or assistive devices to improve quality of life (Fig. 1.2). For example, early clinical trials on
spinal cord stimulation have partly restored motor function after spinal cord injury [4, 5], and deep brain stimulators
have helped alleviate symptoms from obsessive compulsive disorder [6]. Despite these successes, the electrophysio-
logical mechanisms behind the treatments remain poorly understood. Current bioelectronic devices remain invasive
and unwieldy, creating a barrier to real-time, closed-loop monitoring of the electrophysiological markers involved in
the stabilization and regeneration of neural pathways. This gap has led prominent funding bodies like the European
Commission [7] and the U.S. Defense Advanced Research Projects Agency (DARPA) [8] to call for new devices that
can aid in seamlessly diagnosing and monitoring brain function.

For neurotechnology to be integrated with the brain, the size, weight, and power (SWaP) of the electronics must be
minimized. Neural recording systems are currently limited by their biocompatibility with surrounding tissue and their
severely constrained power budgets, which must allocate adequate power for complex functionality while remaining
on the order of milliwatts or less to avoid damaging tissue [9, 10]. As a result of these challenges, current real-time
neural prosthetics typically operate with tethered instrumentation in systematically constrained environments [3, 11]

(Fig. 1.2). Tethered interfaces facilitate the transfer of power and data to external systems that can decode the neural
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Figure 1.1: (a) Depiction of wireless neural recording applications for healthcare in humans (left) and fundamental
neuroscience research in animal models (right). (b) We developed the NeuroDisc as a wireless neural recorder for use
with non-human primates. The system was designed as an externally mounted neural recorder, though the results from

this research are applicable to future implantable, battery-free wireless neural recorders.

signals to study brain dynamics, actuate external prostheses, and/or deliver neural stimulation. However, tethers also
reduce mobility, increase the risk of infection, and can produce misleading correlations in the recorded data [12]. Wire-
less power transfer (WPT) and wireless data uplinks obviate the needs for tethers, but the high power consumption of
conventional wireless electronics (e.g. WiFi) renders them incompatible with implant SWaP requirements. As a result,
state-of-the-art systems have heretofore been limited by shorter operational durations, reduced uplink throughput [13],

or elimination of a real-time wireless uplink [12].

Wireless communication is ubiquitous this day in age, yet implementing high rate wireless communication within
the constraints of a neural prosthetic remains challenging. Why is current wireless technology insufficient? The
primary issue is that modern wireless gadgets, like smartphones and laptops, are designed under drastically different

size, weight, and power (SWaP) constraints than neurotechnology. Smartphones, for example, are required to transmit
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Figure 1.2: Brain-computer interfaces (BCIs) measure and process neural signals: (a) Generalized architecture for
neural prosthetics (adapted from [2]). (b) BCI enabling a patient with locked-in syndrome to write sentences based on

neural activity [3].

cellular data, connect to WiFi, and perform complex processing for 8-10 hours before they are recharged and set aside
for the night. To carry out these functions, phones can be on the order of 100 cm? while carrying a nearly 7 Watt-hour
battery that occupies nearly two-thirds of the phone’s volume. In contrast, an implanted neural prosthetic providing
stimulation for induced plasticity would need to be on the order of 1 cm® and stream comparable amounts of data
non-stop, day and night, ideally for multiple days or weeks. The size and weight of the implant must be minimized to
reduce a patient’s foreign body response, and the power consumption must be kept to <10 mW/cm? to reduce the risk
of damaging nearby tissues [14, 15]. Even in the multi-billion dollar industry of cellphones, where SWaP is critical,
the circuit chips for WiFi and LTE radios are still on the order of 1 cm? in area and consume nearly 1 W of power

each, drastically exceeding the safe SWaP and thermal envelope.

Backscatter communication provides an alternative to the high power consumption and large size of conventional

wireless uplinks. Backscatter radios offer megabit per second (Mbps) data rates while consuming microwatts of power,
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is removed from the energy-constrained neural recording device.

yielding per-bit energy efficiencies on the order of pJ/bit, a 50-1000X improvement versus conventional radios [16].
Backscatter communication achieves significant energy savings by reflecting an externally generated radio frequency
(RF) carrier wave carrier wave rather than generating the RF carrier wave locally. The power-hungry RF carrier
wave generator and RF amplifier can thus be removed from the energy constrained device, as shown in Fig. 1.3, and
instead allocated to an external system with a less constrained power budget. By changing the impedance presented
to its antenna, for example using an RF switch, a backscatter-based device can deliberately reflect electromagnetic
waves while modulating their amplitude and phase. These reflected waves can then be received and decoded using

conventional radio technology.

The energy savings of backscatter communication have enabled novel wireless sensing modalities for energy-
constrained applications. For example, backscatter communication has been used to telemeter neural data from drag-
onflies in flight using a battery-free neural recorder [17] and to enable a battery-free wireless camera [18]. These

benefits make backscatter communication an appealing choice for research and clinical applications.

In this dissertation, we demonstrate how energy efficient backscatter communication can be designed for high rate
wireless neural recorders. We present the NeuroDisc wireless neural recorder (Fig. 1.1b) that can measure up to 16
channels of high resolution neural signals in vivo while continually streaming samples at 25 Mbps and 12.4 pJ/bit with
backscatter communication. For deployment in freely-moving non-human primate (NHP) experiments, we provide
measurements of the channel transfer function (CTF) within a metal NHP home cage and demonstrate uplink viability
across the 915 MHz and 2.4 GHz industrial, scientific, and medical (ISM) bands. In order to overcome multipath in the
CTF that could lead to data drops, we demonstrate two novel mitigation techniques: (1) electronic mode stirring using
parasitic antenna arrays within the cage, and (2) fully-digital orthogonal frequency domain multiplexing (OFDM)

modulation for backscatter communication.



1.2 Neural Prosthetic Technologies

Portions of this section have been adapted from the author’s written contributions to [16, 19]

Neural prosthetics have emerged thanks to decades of advancements in methods for in vitro and in vivo neural
recording. Several methods for neural recording have emerged due to the complex anatomy and functioning of the
brain. Examples of neural measurement techniques include electrophysiological recording to measure electrical signals
generated by neurons [20], two-photon microscopy to measure cellular structures labelled with fluorescent proteins
[21], and functional magnetic resonance imaging (f-MRI) to measure blood flow throughout the brain [22]. Each
measurement technique has trade-offs in spatial resolution, temporal resolution, invasiveness, and portability [23].
Electrophysiological recording is a promising method for neural prosthetics given its very high temporal and spatial
resolution. Furthermore, thanks to existing industrial processes for manufacturing silicon devices, electrophysiological
recording lends itself to miniaturization, high volume manufacturing, and low cost.

Within the modality of electrophysiological recording, several measurement techniques exist with varying degrees
of accuracy and invasiveness. These techniques focus on measuring the electric fields generated by ionic channels in
neurons during action potentials (APs) or “spikes.” By placing a conductive probe within or near a neuron and mea-
suring the potential relative to a reference electrode, high fidelity signals representing neural activity can be obtained.
Alternatively, the electric field from groups of neurons, known as neural ensemble activity, is strong enough that it can
also be measured by electrodes on the surface of the brain (electrocorticogrpahy or ECoG) or on the surface of the
scalp (electroencephalography or EEG). Generally the spatial resolution is commensurate to the invasiveness of the
technique, with intracortical and ECoG electrodes providing high resolution but requiring invasive surgery and EEG
providing lower resolution without the need for surgical implantation.

By measuring the temporal and spectral electrical activity of neurons, electrophysiological recordings have im-
proved our understanding of neuronal dynamics [20]. Using this information, engineers and neuroscientists have
been able to relate the rate at which neurons activate—known as the firing rate—to intended limb movement parame-
ters [3, 11, 12,24-26], enabling the development brain-computer interfaces (BCIs) that operate prostheses based on
neuronal firing rates and neural ensemble activity, as shown in Fig. 1.2. These BCIs can provide assistance to people
with sensorimotor disorders like paralysis [27,28], Parkinson’s [29], ALS [3], as well as cognitive disorders like ob-
sessive compulsive disorder (OCD) [6]. Improving the performance of such devices has thus become an active area of
research in academia and industry [30].

In order to measure neural dynamics with high temporal and spatial resolution, neural interfaces need to transmit
large volumes of data. A complete axion potential typically lasts 1 msec, and in order to measure the complete depo-
larization and repolarization dynamics, sample rates > 20 kHz per neural channel are needed. When measured outside

of a neuron, the AP amplitudes can be on the order of 10’s of xVolts, typically requiring analog-to-digital converter



(ADC) resolutions >10 bits, e.g. [31]. While theoretically the firing rate of a single neuron could be used to control
a one-dimensional BCI (e.g. volume of a computer), multiple neurons are required to control higher complexity sys-
tems, like robotic arms. Recording from multiple sites in the brain is also advantageous for fundamental neuroscience

to analyze how different areas of the brain exchange information.

Recording neural activity with high temporal and spatial resolution generates significant volumes of data. If we
consider collecting 32 channels of neural data with 16-bit voltage resolution and a sampling rate of 20 kSamples/sec
(kSps) per channel, the total data volume is more than 10 Mbits of biological data per second. This number easily
grows to more than 20 Mbits/sec (Mbps) with the addition of data packet structure, error correction coding, and
housekeeping information such as timestamps. Data compression techniques can be used to reduce the required data

rate, however, the required algorithms pose additional constraints in computational time and power consumption.

Since it is difficult to achieve wireless data rates >2 Mbps using commercial off-the-shelf electronics while re-
maining within the necessary SWaP envelope, electrophysiology experiments often rely on controlled, cabled test
environments where a subject’s movements are constrained. Systematic control of the test environment reduces noise
in neural recordings, enables precise measurement of the behavioral tasks, and prevents injury to the person or animal
and damage to the wired equipment. There are several drawbacks to cabled setups, however. Firstly cables are a vector
for infection for surrounding tissue. The cabling must pass through the skin and the protective dura mater of the brain,
leaving the subject vulnerable to bacterial infections. Secondly, the cabling requires mechanical stabilization to avoid
injuring the subject and damaging the measurement equipment. Mechanical stabilization is often achieved by restrict-
ing the subject’s movement, which causes stress and discomfort for the subject. Under these conditions, a subject
can only be expected to perform tasks for a limited amount of time before physical and mental fatigue degrade their
performance. Additionally, restricting motor function has been found to affect the quality of the measured neural data.
Unnatural correlations between motor parameters and neural signals, referred to as stereotypes, have been observed
during constrained experiments [12], making it difficult to generalize findings. Ultimately, humans and animals live
and thrive in a natural and freely moving state. In order to develop an unbiased understanding of how neural activity

gives rise to high-level functionality over long durations, neural recording must be performed wirelessly.

To reduce the effects of tethers, dozens of wireless BCIs have been developed for wireless neural recording in free-
moving animals, e.g. [32-35] as recent examples of the state-of-the-art. Researchers at the University of Washington
in [32] developed a wireless BCI called the NeuroChip-2 for recording and stimulation in NHPs. While this device
can be used for neural recording experiments of nearly 48 hours duration, the potential for recording neural data for
>48 hours is limited because data must be saved locally to an SD card; there is no high-rate wireless uplink to offload
data, so once the memory is full, the experiment must be terminated. Further, SD cards require more than 600 mW
of power during write and read operations [36], which can easily dominate the power budget of the BCI, and their

size and user interface restrict prohibit their use in fully implantable devices. Other wireless BCIs use WiFi [37],



BLE [35], or custom wireless protocols on integrated circuits [33] to uplink data, but the power budget of these BCIs
is still dominated by the communication system. These conventional radios have undesirably high power consumption,
which leads to poor battery life and the potential for tissue heating due to the combination of DC power dissipation

and high specific absorption rates (SAR) [38,39].

1.3 Wireless Backscatter Communication for High-Rate, Energy-Efficient Telemetry

Energy efficient, high data rate wireless backscatter communication could solve the complex SWaP tradeoffs of neural
recorders. These uplinks could provide the data to an external, non-power-constrained computing device to analyze
the recorded neural activity, as shown in Fig. 1.1a. For the case of bi-directional BCIs that provide neural recording
and neural stimulation, such an external device could also determine a stimulation response using signal processing
techniques that are infeasible on a size- and power-constrained neural recording device [15].

Backscatter communication obtains its energy efficiency by redistributing power-hungry elements in a wireless
link to a power-rich external system. Unlike conventional radios, backscatter-based uplinks do not require RF ampli-
fiers and oscillators to generate a communication carrier wave. The carrier wave is instead provided by an external
transceiver having access to e.g. mains power or a large external battery. As shown in Fig 1.3, a backscatter-based
device can communicate data by applying a time-varying impedance to its antenna, which modulates the amplitude
and phase of the incident carrier wave. In this case, the backscatter-based device only needs to provide enough power
to actuate an RF switch or transistor, which is typically consumes microwatts rather than milliwatts. The modulated
signal is then scattered by the device’s antenna and received by an external system that could be a custom receiver
or a commodity device, depending on the frequencies used, the modulation scheme, and the protocol. This modality
allows for small-form factor systems with high data rates (>96 Mbps) [40] at orders of magnitude lower power con-
sumption compared to BLE and WiFi (IEEE 802.11n) [41]. Technology such as ultra-wide band (UWB) radio [42] is
a potential alternative to backscatter communication, but backscatter communication is an attractive choice for BCIs
due to its simplicity and lower overall power consumption compared with UWB and other alternatives. Furthermore,
backscatter has the potential for compatibility with existing protocols like WiFi and Bluetooth, reducing the overall
cost and complexity of the system.

The improved energy efficiency of backscatter communication comes at the cost of a less favorable link budget
compared to conventional radios. Because the externally-generated carrier wave travels a round trip from the external
system to the backscatter radio and back, the RF path loss changes as 1/r* for a backscatter system, rather than
the usual 1/7? for conventional radios, where r is the free-space distance between the external system and the BCI
antenna [43,44]. Given the round-trip nature of the backscatter link budget, multipath interference can significantly
reduce the reliability of backscatter radios. For experiments conducted inside the cage of a freely moving animal,

the multipath environment could result in dropped data. Careful attention to the communication channel and the link



budget design are therefore required to ensure reliable communication.
1.4 The NeuroDisc Wireless Neural Recorder

In this dissertation, we present the development of the NeuroDisc wireless neural recorder, which leverages a backscat-
ter communication uplink to attain high data rates while expending orders of magnitude lower power consumption
relative to commercial wireless standards. The NeuroDisc uniquely synthesizes previous advancements in low-power
backscatter communication and biological sensing to reduce the power burden of wireless uplinks on neural recorders.

What differentiates the NeuroDisc from other wireless neural recorders is an FGPA-based reconfigurable backscat-
ter uplink that enables the use of several different ultra-low-power communication modes from a single hardware plat-
form: a 25 Mbps differential quadrature phase-shift keying (DQPSK) uplink using a custom protocol [16] can transmit
large volumes of data, as needed for broadband neural recording; a single-sideband (SSB) BLE compatible frequency-
shift keying (FSK) uplink [45, 46] that facilitates integration of the NeuroDisc with existing wireless infrastructure;
and an orthogonal frequency division multiplex (OFDM) backscatter uplink [47] that enables greater resilience to
multipath fading observed in animal cage environments. To measure neural signals, the NeuroDisc uses a low-power
Intan RHS2116 electrophysiology interface that can sample 16 channels at 20 kSps with 16-bit resolution, allowing
recording and uplink of low frequency local field potentials and high frequency neural spikes [48]. The RHS2116 also
provides stimulation capability, enabling the NeuroDisc to eventually be used for both neural recording and stimula-
tion experiments. A comparison of state-of-the-art neural recorders including the NeuroDisc is shown in Table 1.1 and

a comparison of wireless uplink efficiencies between backscatter and conventional wireless devices in Fig. 1.4.
1.5 Dissertation Organization

The remainder of this dissertation is organized as follows: Chapter 2 is adapted from [16] and presents the development
and validation of a 25 Mbps, 12.4 pJ/bit DQPSK uplink for the NeuroDisc that enables measurement of broadband
neural data, including low frequency local field potentials and high frequency neural spikes. Chapter 3 is adapted
from [46] and presents the analysis and development of a 1.0 Mbps, 198 pJ/bit BLE compatible SSB modulation up-
link for the NeuroDisc, enabling compatibility between the NeuroDisc and unmodified BLE devices like smartphones
and tablets. Included are analyses of how SSB backscatter modulation is affected by the non-idealities, e.g. component
tolerance, in a design. Chapter 5 is adapted from [53] and provides the results of channel transfer function measure-
ments and backscatter system performance tests in the 2.4 GHz ISM bands. The multipath interference observed by
these measurements could disrupt communication from the NeuroDisc. We discuss two main techniques for mitigating
this interference by modifying the environment with mode-stirring in Chapter 6, and by developing OFDM backscatter
modulation in Chapter 7. Chapter 8§ presents conclusions from this dissertation and identifies future areas of research

for maturing and deploying wireless neural recorders with backscatter communication.



Table 1.1: Comparison of state-of-the-art wireless neural recorders

Schwarz et Muller et This work,

Yin et al., Ando etal., | Teng etal., Xu et al.,
al., al., NeuroDisc

2014 [33] 2016 [50] 2017 [51] 2018 [52]
2014 [49] 2015 [34] [16,46,47]

Test Subject NHP NHP Rat Humans -2 Rat NHP

Custom ASIC v X v v v v X
53x31x
52 x 44 x 6.4x6.4x 2.5x5.3 63 x 63 x
BCI Size (mm) -2 47 (Trans- 1x1IC)
30 0.7 (IC) () 30
mitter)

ADC (bits) 12 12 15 12 - 12 16
No. of Channels 100 512 64 4096 8 12 Up to 16
Sampling (kSps) 20 31 1 1 -2 40 Up to 20

Stimulation

No No No No No No Yes

Capability

DQPSK,
SSB FSK,
ASK
RF Comms Type Active RF Active RF Active RF Active RF Active RF or OFDM
Backscatter
Backscat-
ter
915 MHz
RF Comms Band 3.5 GHz 2.4 GHz 300 MHz 9 GHz 403 MHz 2.4 GHz
& 2.4 GHz
Wireless Data Rate
48 1.33 1 128 8 10 Up to 25
(Mbps)
Uplink Distance
5 10 0.013 5 -2 -2 Up to 6°
(m)
Analog Comms
>30° 33.9° 0.0024 561 5.6 396 <0.309¢
Power (mW)
>180
Analog Comms (high-rate
Energy Efficiency mode) - 25,488 2.4 4383 700 39,600 12.4-198°¢
(pJ/bit) 750 (low
rate mode)?

2Exact value not reported. PTX power consumption of the nRF24L01+ at 0 dBm transmit power.
¢SSB FSK modulation at 1 Mbps data rate in the 2.4 GHz ISM band.

d Measured static+dynamic power of the backscatter modulator for DQPSK modulation at 25 Mbps.
€12.4 pJ/bit for DQPSK modulation at 2 Mbps. 160 pJ/bit for SSB OFDM modulation at 1.25 Mbps.
198 pl/bit for SSB FSK modulation at 1.0 Mbps.
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Figure 1.4: Comparison of the wireless uplink efficiency of state-of-the-art wireless neural recorders and common

wireless standards.

1.6 Original Contributions

This work makes the following original contributions that we believe advance the current state-of-the-art in low-power

wireless sensing and neural recording systems:

* The first far-field, wireless backscatter uplink >10 Mbps on a neural recorder [16, 54],

* The first DQPSK backscatter uplink for a wireless neural recorder [16],

* The first fully-digital BLE backscatter uplink [45],

* The first demonstration and analysis of a SSB BLE backscatter uplink [46],

¢ The first demonstration of OFDM backscatter communication using fully-digital hardware [47],

* The first characterization of the channel transfer function (CTF) inside a typical NHP cage within the 2.4 GHz
ISM band [53], and

* The first demonstration of electronic mode stirring using switched parasitic antennas to improve the 915 MHz

and 2.4 GHz CTFs inside a metal cage.
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Chapter 2

BACKSCATTER COMMUNICATION WITH HIGHER-ORDER MODULATION FOR
STREAMING NEURAL TELEMETRY

Key point: Higher-order modulation schemes, such as quadrature phase-shift keying, can be practically implemented
in a backscatter communication system to efficiently increase data rates. We present a 25 Mbps DQPSK backsatter
uplink implemented on the NeuroDisc with an RF modulator efficiency of 12.4 pJ/bit. We validate the system by
recording and uplinking 16 simultaneous channels recorded in vivo from the primary motor cortex of an anesthetized

non-human primate (NHP).

This section is based on the work presented in [16, 54].

2.1 Introduction

The NeuroDisc is a wireless brain-computer interface (BCI) designed for neural recording experiments on NHPs.
(Fig. 2.1). For this work, a differential quadrature phase shift keying (DQPSK) backscatter modulation scheme was
designed to transmit two bits per symbol, yielding a data rate of 25 Mbps. Previous BCIs using backscatter communi-
cation have used amplitude shift keying (ASK) [34] at 1 Mbps and binary phase shift keying (BPSK) at 5 Mbps [17]
which transmit data with a spectral efficiency of one bit per symbol. While higher spectral efficiency backscatter
modulators have been demonstrated using quadrature amplitude modulation (QAM) [40], and a 32-QAM backscatter
integrated circuit with a 2.5 Mbps data throughput and 45.2 pJ/bit energy efficiency was presented in [55], neither of
those modulators were validated in a complete system. The NeuroDisc’s all-digital backscatter modulator consumes
only 309 uW and has an energy efficiency of 12.4 pJ/bit, which is orders of magnitude lower than commercially

available transmitters.

This chapter presents new innovations that expand the bandwidth of the complete RF signal chain to enable an
energy efficient 25 Mbps DQPSK backscatter uplink. Section 2.2 provides an overview of the NeuroDisc system
design, including the BCI antenna, the Comms FPGA, the DQPSK backscatter modulator, and the custom full-duplex
receiver. Section 2.3 presents our experimental results with the NeuroDisc that include a characterization of the
25 Mbps DQPSK backscatter uplink, a comparison of the NeuroDisc to an existing neural recording system [56],
and 16-channels of in vivo recordings from a pigtail macaque. Section 2.4 concludes with a discussion of the results,

conclusions, and future work.



14

i ) IO.S cm
BCI Antenna

3.7cm
Plastic Enclosufe

(to micro-electrode array)

(a)

Biosignal
Front-end

[ S S

‘d
Backscatter
modulator

(b)

Figure 2.1: (a) Drawing of the NeuroDisc in its plastic case. (b) Photo of the three main components that comprise the

NeuroDisc: the BCI antenna, the Comms FPGA, and the battery.

2.2 System Design

What differentiates the NeuroDisc from other wireless BCIs is its 25 Mbps DQPSK backscatter uplink. The NeuroDisc
is comprised of a wide-band BCI Antenna for the 915 MHz ISM band, a Comms FPGA circuit board for command
and data handling functions, and a single-cell 3.7V, 500 mAh lithium-ion battery to power the device. The total power
consumption of the NeuroDisc is 160 mW, however, only 309 uW are used for wireless communication. Nearly 90%
of the total power consumption is due to the static power consumption of the particular FPGA , which was chosen to
ease development of the backscatter uplink. This power draw could be significantly reduced by changing the FPGA to
another device (such as the very low power Igloo Nano series from Microsemi), lowering the supply voltage, and by

porting the digital design to an integrated circuit solution.

The NeuroDisc provides a low-power electrophysiology interface that can sample 16 channels at 20 kSps with
16-bit resolution, thus enabling recording of broadband neural signals. Data is then uplinked to a custom full-duplex
UHF backscatter receiver that provides an external carrier wave as well as complete receiver chain that receives,

demodulates, decodes, and reconstructs recordings. An overview of the NeuroDisc signal chain is shown in Fig. 2.2.
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Figure 2.2: An overview of the signal chain for NeuroDisc’s 25 Mbps backscatter uplink. (a) Digital samples are
collected by the FPGA over an SPI bus. (b) Samples are assembled in a 1,024-bit packet after application of the error
correction code. A packet counter is added to detect dropped packets. (c) The packet is encoded into DQPSK symbols
and output from two GPIO pins on the FGPA. These signals control the backscatter modulator, determining to which

impedance the BCI antenna is connected. (d) The DQPSK constellation can be measured at the receiver and decoded

into symbols.

2.2.1 BCI Antenna Design

The NeuroDisc uses the semi-custom BCI Antenna shown in Fig. 2.1 and 2.3 for data uplink to the external system
in the 915 MHz industrial, scientific, and medical (ISM) band. The antenna was designed, simulated, and tested by
Apoorva Sharma, and further detailed information can be found in her dissertation [57]. In previous work [54], the
NeuroDisc’s maximum wireless data rate was restricted to 6.25 Mbps due to a -10 dB antenna return-loss bandwidth
of 1 MHz. The BCI antenna presented in this work was designed to have a wider bandwidth of 12.5 MHz to support
higher data rates. It incorporates a Linx Technologies (Merlin, OR) Ant-916-USP antenna element (Fig. 2.4) on a
custom two-layer printed circuit board (PCB) with a 55 mm outer diameter using a 1.6 mm-thick FR—4 substrate with
30 um thick copper. This specific antenna element was chosen for this application due to its low cost, compact form

factor of 12.7 mm x 9.2 mm x 2.8 mm (width x length x height) and its wide bandwidth. As shown in Fig. 2.4 the
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Figure 2.3: Layout of the 915 MHz antenna [57]. (a) Top view (b) Bottom view.
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Figure 2.4: Schematic diagram of the commercial off-the-shelf antenna element (BCI antenna) [57]. (a) Front View

(b) Back View.

antenna element is fed on the top side of the PCB with three connection pads, where one pad is connected to a 50 (2
microstrip feed line and the other two connect to a 30 mm x 20 mm rectangular ground plane on the bottom of the PCB.
Included on the bottom of the PCB are a UMC coaxial connector and a passive UHF matching network consisting of

a series 8.2 nH inductor and a shunt 0.3 pF capacitor.

The return-loss (|S1;| dB) of the BCI antenna was simulated by Apoorva Sharma in CST Microwave Studio [58]

and measured on an Agilent Technologies N5222A network analyzer to determine the antenna’s bandwidth. The
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Figure 2.5: |S11] of the antenna matched well between the measured antenna and simulations. The antenna exhibited

a measured -10 dB bandwidth of 12.5 MHz with a center frequency of 909 MHz [57].

simulated and measured results are plotted in Fig. 2.5 and show comparable -10 dB return-loss bandwidths, with the
simulation being between 898.2 MHz to 914.7 MHz (16.5 MHz) and the measured being between 903 to 915.5 MHz
(12.5 MHz). The gain pattern and surface currents were also simulated, showing a realized gain of -13.6 dBi and

surface currents concentrated on the BCI antenna (Fig. 2.6).

2.2.2 Comms FPGA Design

The Comms FPGA board provides command and data handling functionality to the NeuroDisc. It can be split into three
main subsytems on the board: a biosignal front-end, an FPGA, and a backscatter modulator (Fig. 2.1). Analog signals
are measured at the biosignal amplifier and digitized. The samples are then passed over a digital serial-peripheral
interface (SPI) bus to the FPGA, where they are then processed, packetized, and encoded into control signals for the
backscatter modulator. An overview of the signal chain is presented in Fig 2.2.

The biosignal front-end leverages an Intan Technologies [48] RHS2116 integrated circuit (IC). The IC provides 16
independent amplifier channels and an on-chip 16-bit analog-to-digital converter (ADC) to sample each channel in a
round-robin fashion at up to 20 kSps. The IC is controlled via a 32-bit SPI bus with a 12.5 MHz clock frequency.

The NeuroDisc’s digital logic was implemented in Verilog on an Intel MAX10 FPGA [59] running from a 50 MHz
clock. The main logic modules are shown in Fig. 2.7 and consist of an SPI Master, Error Correction Coding (ECC),
a Packet Manager, and a DQPSK Encoder implemented as a finite state machine (FSM). The SPI Master provides a

full-duplex interface for commanding the biosignal front-end and receiving digitized samples. Each sample is 32 bits
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Figure 2.6: Simulated surface currents on the antenna [57]. (a) Top view showing the microstrip line (top layer) and

GND plane (bottom layer) (b) Side view of the antenna element.

Table 2.1: DQPSK modulator impedances

Ideal Impedance Actual Impedance
States States
Z L/C Value P L/C
Zoo 1.74 pF 0.5-j0.5 1.5 pF
Zo1 17.39nH 0.5 +j0.5 20 nH
Z1o 8.7 pF -0.5-j0.5 8.4 pF
Z11 348nH  -0.5+j0.5 3.3nH

long, containing 16 bits from the high-gain AC amplifier, 10-bits from the low-gain DC amplifier, and five ‘0’ bits for

padding (Fig. 2.2(a)). This sample is passed to the ECC module where a Hamming(16,11) ECC is applied. The benefit

of using this ECC block is that it provides single error correction and dual error detection at the receiver, allowing

for correction of many random independent bit errors that might occur [60]. After application of the ECC, data is

passed to the Packet Manager module where the first 15 channels are concatenated with a 16-bit frame marker and the

last channel is concatenated with a 16-bit packet counter in order to detect dropped packets. This process forms the

1,024-bit packet shown in Fig. 2.2(b). Once the packet has been generated, it is encoded as DQPSK symbols in the

DQPSK Modulator FSM module.
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Figure 2.7: Block diagram of the digital logic on the FPGA.
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Figure 2.8: State diagram depicting how data bits are mapped to DQPSK symbols. DQPSK symbols are encoded in

the transitions between constellation points rather the absolute phase of constellation points.

2.2.3 DQPSK Backscatter Modulator Design

The NeuroDisc uses DQPSK backscatter modulation to uplink data to the external system. DQPSK backscatter mod-

ulation requires four unique reflection states which can be visualized as four symbols in the complex plane with equal
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amplitudes and offset in phase by 90°, as shown in Fig 2.8. In contrast to QPSK modulation which encodes data
in the absolute phase of the symbol, DQPSK modulation encodes data in the phase transitions between constellation
points. For example, if one begins in the top left corner of the constellation of Fig. 2.8 and wishes to transmit the data
sequence ‘00°, DQPSK modulation says they must move +90° to the next constellation point in the bottom left corner;
if the next data sequence to transmit were ‘01°, they would then transition +180° to the top right of the constellation,
etc.

DQPSK modulation can be implemented for backscatter communication by designing a set of reflection coeffi-
cients for the antenna whose amplitude and phase match the desired constellation. Several methodologies have been
investigated for altering an antenna’s impedance for backscatter modulation, including the use of RF switches [61],
transistors as switches [41, 62] or variable impedances [63], and digital I/O pins switching between their input and
output states [64]. This work uses the switched impedance methodology of [61], which showed how arbitrary M -ary
QAM backscatter constellations could be designed using RF switches with discrete impedances.

Since DQPSK requires four constellation points, four load impedances, Z;...Z4, are needed. These load impedances
can be determined by specifying the desired complex power wave reflection coefficients [65], p;...p4, for each modu-

lation state where

2= 7y
B Zz + Za
and Z; represents the ith load impedance, Z, is the input impedance of the antenna and (-)* is the complex-conjugate

pi 2.1
operator.

We start by specifying the ¢-th ideal modulation state in the constellation by its in-phase and quadrature compo-
nents, (I;, Q;), where \/|I;]? + |Q;|? < 1 since passive load impedances are used. The complex reflection coefficients

are:

pi =1 + jQi, (2.2)

which can be used with (2.1) to calculate the load impedances.
The ideal impedance values were calculated as shown in Fig. 2.9 and Table 2.1. Actual impedance values differ
due to component variations, parasitic impedances, and impedance mismatches on the printed circuit board and the
antenna. For backscatter constellations, the worst-case differential radar cross section (RCS) [66] will determine the

minimum received power and thus the bit error rate (BER). The differential RCS, Ao, can be expressed as

)‘QGI%ID * * |2
— ND i * _ pF 2.3
47 i foﬁril;ej e pJ' ’ 23

Ao
where ) is the wavelength, Gnp is the gain of the NeuroDisc’s antenna, and ¢ and j are the i-th and j-th modulation
states. As higher-order constellations such as 8-PSK or 16-QAM are used, the relative distance between constellation

points is reduced, resulting in a higher BER relative to DQPSK for a given power level.
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Figure 2.9: (a) Impedance measurements of the DQPSK backscatter modulator states across the 900 MHz ISM band
(b) Recorded symbol constellation over 5,000 symbol periods with a calculated EVM of 9.69%.

The backscatter modulator uses an Analog Devices ADG904 SPAT RF switch to connect the antenna to the
impedances found in the previous step. Data is encoded as DQPSK symbols in the DQPSK Modulator FSM mod-
ule on the FPGA (Fig. 2.7). These symbols are then output from the FPGA as two parallel digital signals that control
the state of the RF switch, and thus control the reflection coefficient of the BCI Antenna. As shown in Fig. 2.2(c) one
control signal corresponds to the I component and the other to the Q component. Since the I and Q control signals
are digital, they can actuate the RF switch into the four desired states. The energy consumption per bit of transmitted
data was measured for the ADG904 RF switch. The 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 a symbol frequency of 12.5 MHz,
yielding a bit rate of 25 Mbps. The total static and dynamic current of the RF switch was 93.6 pA at 3.3 V, yielding a

power consumption of 309 uW.

2.2.4  Full-duplex Receiver Design

The backscattered DQPSK signals are demodulated using a semi-custom receiver design shown in Fig. 2.10. The
receiver was designed by Eleftherios Kampianakis, and advances the design from [19] to accommodate the higher
data-rate requirements. We utilize the USRP B210, a low cost commercial off-the-shelf software defined radio (SDR)
to transmit the CW signal at 909 MHz and to convert the backscattered RF signals that are modulated at 25 Mbps to
I/Q base band signals by processing an instantaneous bandwidth of 40 MHz. The sampled I/Q symbols are sent via
a USB3 bus to an Intel Core i7 PC having a 3.8 GHz clock rate and 16 GB of memory. A detailed description of

the receiver and its performance can be found in the original publication [16] and Elefterhios Kampaianakis’ Ph.D.
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Figure 2.10: (a) Block diagram of the RF interface and isolation circuitry. (b) Photo of the full-duplex DQPSK

backscatter receiver, RF interface, and isolation circuitry [67].

dissertation [67].

2.3 Experimental Results

2.3.1 Error Vector Magnitude Measurement

The NeuroDisc’s DQPSK backscatter constellation was evaluated by measuring the error vector magnitude (EVM) at
the receiver. The EVM is a figure of merit for how well the measured constellation points align with the ideal DQPSK

constellation points [68]:

1 N
N Z |Skid,ea,l - Sksa,m,ple|2
EVM = 100 - | —*=1 , (2.4)

where N is the total number of symbols transmitted, Sy is the normalized k-th demodulated symbol location

sample
in the 1/Q plane, and Sy, ., is the ideal normalized symbol position. To measure EVM, the NeuroDisc transmitted
five thousand packets, translating to >5e6 bits. The EVM was calculated to be 9.69 % for the measured constellation

shown in Fig. 2.9(b).
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Figure 2.11: Measured input-referred noise spectral density of the NeuroDisc’s biosignal front-end.

2.3.2 Characterization of Noise in the Biosignal Interface

Interference is a major concern with wireless neural recorders because sensitive biosignal interfaces are in close phys-
ical proximity to high-energy RF and digital signals. To address the risk of signal interference on the circuit board,
we measured the input-referenced noise on NeuroDisc’s biosignal amplifier. All sixteen measurement channels were
grounded and the Comms FPGA was configured to operate nominally, as described in Section II. The NeuroDisc was
placed in a Faraday cage to reduce 60 Hz interference from the mains power, and it was connected to the receiver
via a UMC-to-SMA cable in order to uplink the data from inside the cage. The NeuroDisc’s biosignal front-end was
configured with a 20 kHz sampling rate and with a band-pass filter having cutoff frequencies of 1.6 Hz — 7.5 kHz. Ten
seconds’ worth of samples were collected. Analyzing the received data at the receiver, the measured input-referenced
noise was found to be 2.35 uVrms, which shows good agreement with the 2.4 uwVrms noise specified in the Intan
RHS2116 datasheet, and further shows that the NeuroDisc RF and digital systems do not add significant noise to
sensitive biosignal measurements. The measured noise power spectral density from this measurement is shown in

Fig. 2.11.

2.3.3 Signal Chain Validation with Pre-Recorded Data

Once the backscatter uplink and biosignal interface had been characterized and shown to be functional, the complete
signal chain of the NeuroDisc was validated, as shown in Fig 2.12. Pre-recorded broadband neural data with an

amplitude <900 uV (Fig. 2.12(a)) was output from an Agilent 33500B arbitrary waveform generator and measured by
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Figure 2.12: Performance of the NeuroDisc with the 25 Mbps backscatter uplink was compared to a reference BCI, the
NeuroChip3 [56]. (a) Pre-recorded neural data containing LFP and neural spikes was output from a signal generator
and measured by both BCIs. (b) Reconstructed data at the NeuroDisc’s external system shows good agreement with

samples recorded on the NeuroChip3’s SD card.

the NeuroDisc (this work) as well as a reference BCI system (University of Washington Neurochip-3, a recent revision
of the NeuroChip2 [32, 56]). The NeuroDisc wirelessly transferred data to the External System using the 25 Mbps
backscatter uplink at a distance of 0.35 m, while the NeuroChip3 saved the recorded data to an on-board SD card. Both
the NeuroDisc and the NeuroChip3 were configured to sample at 20 kHz while using a 1 Hz — 7.5 kHz band-pass filter
and a 1.6 Hz digital high-pass filter. The data received from the NeuroDisc was then plotted over the data recorded by

the NeuroChip3 as shown in Fig. 2.12(b) showing good agreement.
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Figure 2.13: In vivo recordings were performed by connecting the NeuroDisc’s biosignal front-end to a micro-electrode
array previously implanted in the primary motor cortex of a pigtail macaque. (a) Block diagram. (b) Photo of the in

vivo experimental setup (NHP not pictured due to site policy).

2.3.4 In Vivo Validation

In vivo measurements were performed to validate the NeuroDisc’s biosignal interface and high-rate wireless backscat-
ter uplink. Neural signals were recorded from an anesthetized pigtail macaque (Macaca nemestrina) who had a 96-
channel Utah Array (Blackrock Microsystems) chronically implanted in the primary motor cortex (M1). The experi-
ments were performed at the Washington National Primate Research Center in Seattle, WA, USA, and all experimental
procedures were approved by the University of Washington (UW) Institutional Animal Care and Use Committee. Sup-
port was provided by personnel from the UW Department of Physiology and Biophysics.

The NHP and the NeuroDisc were on a plastic surgical table with clear line-of-sight to the External System antenna

0.35 m away, as shown in Fig. 2.13. All 16 recording channels of the NeuroDisc were connected to the monkey’s
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Figure 2.14: In vivo data was uplinked to the external system. (a) Time series plot of all 16 channels of measured

neural data. Offline spike sorting was then performed on the data based on [69] (b) Plot of five mean spike waveforms

identified in one channel of the data. (c) Plot of the spikes identified within one cluster overlaid with the mean

waveform.
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implanted electrode via a 17 cm shielded cable. The NeuroDisc was pre-configured to record from all sixteen channels
with a sampling rate of 20 kSps with 16-bit resolution per channel. The biosignal front-end was configured with a
1 Hz — 7.5 kHz band-pass filter and a 1.6 Hz digital high-pass filter to remove low-frequency offsets from the data.
Neural signals recorded by the NeuroDisc were uplinked to the External System using the 25 Mbps wireless
backscatter uplink. The data was decoded and plotted offline using Matlab. A time-series plot of all sixteen channels
is shown in Fig. 2.14(a). Low frequency fluctuations corresponding to local field potentials (LFPs) as well as higher
frequency neural spikes can be observed in the data. Some channels exhibited higher noise (e.g. the fifth channel
from the bottom in Fig. 2.14(a)) that could be attributed to neural cell loss or glial scarring due to the chronically
implanted micro-electrode array. To validate that the neural recordings captured biologically relevant signals, spike
sorting was applied to the data set using methods presented in [69]. Several neural spike families were identified in the

data (Fig. 2.14(b) and (c)).
2.4 Chapter Conclusions

In this chapter, we introduce a 25 Mbps DQPSK wireless backscatter uplink for use with NeuroDisc brain-computer
interface that demonstrates the viability of backscatter uplinks for wireless BCI applications.

Compared to commercial radio uplinks such as Bluetooth Low Energy or 802.11n WiFi with communication
efficiencies >4 nJ/bit, the NeuroDisc’s DQPSK backscatter uplink is more efficient with a measured energy efficiency
of 12.4 pJ/bit. The 25 Mbps data rate of the backscatter uplink represents a 4X improvement compared to previous
work in [54]. These improvements were enabled by the design of a wideband UHF antenna, an FPGA-based digital
data acquisition system with an integrated DQPSK modulator, and full-duplex DQPSK backscatter receiver providing
an average isolation of 89 dB. The system’s complete signal chain was validated using pre-recorded neural data and in

vivo neural recordings from a pigtail macaque.
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Chapter 3

BLUETOOTH LOW ENERGY (BLE)-COMPATIBLE BACKSCATTER
COMMUNICATION FOR NEURAL RECORDERS

Key point: One challenge that has restricted the widespread use of backscatter communications outside of RFID has
been the cost and complexity of backscatter receiver equipment. To overcome this challenge, we present a fully-digital
1.0 Mbps Bluetooth Low Energy (BLE)-compatible uplink for the NeuroDisc with an RF modulator energy efficiency
of 158-198 pJ/bit, building off the work in [41] and [70]. We demonstrate for the first time how dynamic sensor data
collected by the NeuroDisc can be transmitted using BLE backscatter packets and received by various BLE-enable
devices (e.g. smartphones, tablets, off-the-shelf chips) without any hardware or software modifications.

This section is based on the work of [45,46].

3.1 Introduction

To reduce the burden of custom receivers, recent research has sought to integrate backscatter communications with ex-
isting wireless infrastructure. Bluetooth Low Energy (BLE)-compatible backscatter communications were developed
in [41] to send static advertising packets to commodity BLE receivers (e.g. smartphones, tablets, computers) and to
send dynamic sensor data in [45]. In [71], a system was developed that could backscatter IEEE 802.11 WiFi- or IEEE
802.15.4 Zigbee-compliant packets, and LoRA compatible packets in [72].

A consistent challenge with backscatter communication has been the spectral inefficiency and out-of-band emis-
sions that arise from using digital square-wave pulses as the baseband modulating waveform. Researchers have inves-

tigated ways to improve spectral efficiency of backscatter modulation and thus facilitate the adoption of backscatter

D) I
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Non-Human Primate tablets, PCs,..)

Figure 3.1: Conceptual sketch of the NeuroDisc BLE-compatible backscatter data uplink
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Figure 3.2: Overview of the NeuroDisc hardware architecture. (a) Block diagram of FPGA digital logic. (b) Photo of

complete NeuroDisc package using a 2.4 GHz patch antenna.

systems. Pulse-shaping was explored in [63], however, that work required the use of energy-hungry analog biasing cir-
cuitry. Single sideband (SSB) backscatter modulation was demonstrated for WiFi and Zigbee packets in [71], however,

an analysis of the theoretical vs. realizable performance of SSB backscatter was not presented.

In this chapter, we present the first demonstration and analysis of SSB BLE-compatible backscatter communication
with a per-bit energy consumption 50X lower than commercial off-the-shelf BLE transmitters. The system was im-
plemented on the NeuroDisc BCI [54] (Fig. 3.2) and expands on previous work in [45] that presented double sideband
(DSB) BLE backscatter for wirelessly streaming sensor data. SSB modulation improves spectral efficiency [73-75]
and reduces out-of-band emissions for regulatory compliance, for example, as specified by the U.S. Federal Communi-
cations Commission (FCC) (Fig. 3.3). This chapter 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.
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Figure 3.3: Conceptual sketch comparing single sideband and double sideband backscatter modulation. SSB backscat-

ter modulation can improve the reflected power of the desired sideband image.

Table 3.1: 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 5.59 291 %
Backscatter Modulator 0.060 0.198 0.10 %
Total (static+dynamic) 58.13 191.89

3.2 System Overview

The NeuroDisc comprises a multi-channel ADC to acquire sensor data, an Altera MAX10 FPGA, and a backscatter
modulator to uplink data (Fig. 3.2). An Intan RHS2116 analog front-end is used for the bio-potential amplifier, and it
provides a 16-channel, 16-bit resolution data acquisition system intended for bio-sensing applications [48]. 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 3.1.

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. 3.2(a)). These packets are modulated using continuous-phase frequency-shift keying
(CPFSK) and serially output to the backscatter modulator of Fig. 3.4(a). The backscatter modulator is implemented
with an Analog Devices ADG904 SPAT CMOS RF switch. Four distinct impedances are connected to the RF switch,

and are chosen as described in Section 3.3.5 below.
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3.3 SSB BLE Spectrum Design & Results

3.3.1 BLE Overview

The Bluetooth Core Specification v5.0 [76] 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
allocates 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 0xS8ES9BEDG 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.

3.3.2 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
(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 [70]. 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.
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3.3.3 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 [74,75]. 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.
3.4 and thus changes the reflection coefficient of the antenna.

To transmit a ‘1°, the FPGA generates a CPFSK control signal at subcarrier frequency fs.1, and to transmit a ‘0’,
it oscillates the signal at subcarrier frequency fs.o. Thus the antenna’s reflection coefficient will change as the CPFSK

signal actuates the RF switch, resulting in PSK modulation of the incident CW signal.

3.3.4 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, b,, € {0, 1}, and whose phase
varies based on the current and past symbols (i.e. s has memory). Over a single BLE data bit period, the CPFSK

control signal can be expressed as

(_1)bn+1

S(t) = H(Zﬂ'ft + TFT

nTy <t < (n+1)T} 3.1)

(t=nTy) + én).

where TI() is a square wave signal, the center frequency f is f = %, ﬁ)(—l)bn+1 is the phase modulation term
dependent on the current symbol, n is the bit number, T}, is the bit period (1.0 usec for BLE), and ¢,, is a residual
phase term. For the phase of s(t) to be continuous between symbols, ¢y, 41 = Z(—1)bT! + ¢,,.

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 reflection states are used:

F() = A06j¢0, S(t)
Fl = A16j¢1, S(t)

Ly (s(t)) =

0
(3.2)
1

with |A071‘ <1, ¢071 = [O, 27‘(‘), and I'y 7é Ty.
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Figure 3.4: 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

The modulated signal reflected from the NeuroDisc can be determined by the definition of the reflection coefficient

[77]
V7 (t) = Tan (s(t) - VT (1), (3.3)

where V™ is the reflected signal and VT is the incident CW signal. If we consider V¥ (¢) as a single-tone sinusoidal

CW, the reflected DSB signal becomes

V= (t) = Dasp (s(t)) - cos(27 fewt) (3.4)

While the backscatter modulation described above can generate 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 [78]. This undesired sideband could also interfere with other nearby communication
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Figure 3.5: Simulation of SSB and DSB modulation using an ideal constellation, (a) Smith chart plot of the impedance

constellation, (b) Simulated power spectral densities between SSB and DSB backscatter modulation

systems and violate RF emissions regulations. One way to recover the lost energy and reduce unwanted emissions is

by implementing SSB modulation.

3.3.5 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. 3.3.

One method for achieving SSB modulation is to use the phasing method [73]. The SSB signal x4 (t) can be seen

as a special case of quadrature amplitude modulation, and it can be written as
Zsso(t) = x(t) - cos (2 fet) & &(t) - sin (27 fet), (3.5)

where x(t) is the message signal, &(t) is its Hilbert transform [75], f. is the carrier frequency, and the plus-or-minus
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determines 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_ (t) as
Vo () = T (s(), 8(¢)) - cos (2 fewt) (3.6)

where f., is the frequency of the externally-supplied CW.

Equation (3.6) can be shown to match the form of (3.5) by implementing time-dependent, complex-valued reflec-
tion coefficients. The reflection coefficient 'y, (¢) can be designed such that its real and imaginary parts are determined
by the CPFSK modulator control signal, s(t), and its Hilbert transform 3(¢), respectively. Consider four complex re-

flection coefficients:

FQ = Aoej%, S(t) = 0, §(t) =0
Fl = Alej(bl, S(t) = 0,<§(t) =1
Lo (s(t)) = } (3.7)
'y = A26J¢2, S(t) = ].7§(t) =0
Fg = A3€j¢3, S(t) = 1,§(t) =1
with [Ty| = |I'y] = |I's] = |'s| and the angles of the four states are as shown in the ideal constellation of

Fig. 3.4(b). If we split the reflection coefficients of (3.7) into their real and imaginary parts such that Ae’® = I'1 +jTq,

then we can express (3.6) as

Vio(t) = [Ti(s(t)) + jTa(5(1)] - cos (2 fewt)
=T(s(t)) - cos (27 fowt)—

To(4(t)) - sin (27 fout) (3.8)

where I'; = I'} + jT'g for i € {0,1,2,3}. To suppress the other sideband image, the subtraction in Eq. (3.8) can be

changed to addition.

3.3.6  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 backscat-
ter, 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 generated by SSB and DSB backscatter modula-
tion. The power spectral densities were computed for the transmission of one BLE advertising packet using DSB and

SSB backscatter modulation as described in (3.4) and (3.6), respectively. The ideal constellation shown in Fig. 3.5(a)
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Figure 3.6: 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. Less SSB suppression would be achieved for magnitude and phase errors in multiple constellation points.

was used. A comparison of the power spectral densities for each modulation scheme revealed that ideal SSB modu-
lation yielded a 3 dB increase in power for the desired sideband image and >70 dB of sideband suppression for the
undesired sideband image (Fig. 3.5). 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

€ITOrS.

The SSB simulations were repeated with non-ideal constellations 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
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Figure 3.7: (a) Experimental setup for measuring the NeuroDisc’s backscattered spectrum. (b) Measured NeuroDisc

symbol impedances. (c) Comparison of the simulated DSB and SSB spectra using the measured symbol impedances.

(d) Comparison of the measured DSB and SSB spectra.

to 50% magnitude and + 15° phase relative to the ideal values (Fig. 3.6(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. 3.6(b) we see that small deviations
significantly degrade the SSB suppression ratio, e.g. 0.5% error in magnitude or phase reduces SSB suppression by
nearly 20 dB. Further, additional performance 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.
3.4 Link Budget

The free-space link budget for the NeuroDisc was derived following the approaches of [44] and [79]. We considered

a bistatic dislocated configuration, because the NeuroDisc, the CW source, and BLE receiver are separate entities, as
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Table 3.2: Link budget parameters used for the experimental validation

Pr GNp Gr Gr A
0.1 W (20 dBm) 2.2 dBi 2.2 dBi 2.2 dBi 0.1246 m
Z, Zy Zy Zy Z3
50+j00Q | 31-7390Q | 82-j125Q | 21+j17Q | 25465 Q

shown in Fig. 3.1. All antennas are assumed to be optimally aligned and matched. The backscattered power from the
NeuroDisc, Pyp, can be calculated as

. PTGTAO'

Pyp = ; (3.9)

dmr?
where Pr is the power transmitted from the CW source, Gt is the gain of the CW source antenna, r is the distance
between the CW source and the NeuroDisc antenna, and Ao is the differential radar cross-section (RCS) of the
NeuroDisc. In [66], analytic expressions are provided to calculate the 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 [75]. The differential RCS for the NeuroDisc with BLE bacskcatter can thus be expressed as

NGip ) e s
C dn i7ijI£ril7éj|Fi -5 (3.10)

Ao

where A is the free-space wavelength of the carrier wave, Gp is the gain of the NeuroDisc antenna, and I'} and I'}
are the reflection coefficients of the backscatter switch states. Considering RF impedances Z; and Z; with a resonant

antenna impedance Z,,,, the reflection coefficients can be calculated:

Zye— Zij
ry, =>m =l 3.11
“d Zanl + Zi,j ( )
The backscatter power at the receiver is then
PupGrA? PrGrAoGRr)?
Py = NDURA™  ITGTAOGR (3.12)

(4m)2r2 — (4m)3rdrd
by combining equations (3.9) and (3.12) and noting that Gy is the gain of the receiver and ry, is the distance between

the NeuroDisc and the receiver antennas. The link budget parameters for testing the NeuroDisc are shown in Table

3.2.
3.5 Experimental Results

Experiments were performed to validate the SSB backscatter communication uplink. Range experiments measured the

effective packet error rate (PER) at different distances. A cabled experiment measured the SSB backscattered spectrum
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Figure 3.8: 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. A data integrity test compared wirelessly uplinked data from the NeuroDisc to the original data

to validate the NeuroDisc’s complete signal chain.
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3.5.1 Measured Backscattered Spectrum

The backscattered spectrum from the NeuroDisc was measured using the setup shown in Fig. 3.7(a). The NeuroDisc
was configured to send BLE advertising packets. 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 [40], 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.3.7(b) was measured using an Agilent N5222A vector net-
work analyzer. For the DSB modulation measurement, impedances Z0 and Z2 were used. The measurement revealed
disparities in the relative angles and magnitudes of the reflection coefficients, likely due to impedance mismatches
between the 502 measurement equipment and the NeuroDisc circuit board layout. While these mismatches reduced
the sideband suppression ratio, the simulated and measured spectra in Fig. 3.7(c) and (d) successfully demonstrate
suppression of the undesired sideband at 2.411 GHz while increasing the power of the desired sideband at 2.402 GHz.
The measured values show good agreement with the simulated spectra that were generated using measured symbol
impedances. The increased power gain (7 dB instead of the the expected 3 dB) can be attributed to the average mag-
nitude of the SSB symbol reflection coefficients being larger than the average distance of the DSB symbol reflection

coefficients.

3.5.2  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 pA, resulting in a total power consumption (static + dynamic) at the
backscatter modulator of 198 uW. At a BLE data rate of 1 Mbps, this corresponds to an energy consumption of
198 pl/bit.

3.5.3 Range Testing

We measured the received signal strength from the NeuroDisc with respect to distance in the bistatic setup shown in
Fig. 3.8. 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.
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Figure 3.9: (a) Setup for wirelessly uplinking pre-recorded neural test data. (b) Measured uplinked sensor data vs.

re-recorded data.

3.5.4 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 pV) pre-recorded neural data played back by an Agilent arbitrary waveform generator using
the test setup shown in Fig. 3.9(a). Testing occurred in an ordinary office/lab environment. The same COTS BLE
device from the range experiment was used to receive advertising packets 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. 3.9(b) and shows that the original signal was uplinked through the NeuroDisc and captured by a COTS
Nordic Semiconductor nRF51DK BLE evaluation board. The received signal was calculated to have 1.5% root mean
square (RMS) error relative to the original pre-recorded data. The majority of the error can be attributed to differences

in filtering between the Intan chip and the digital filters applied to the pre-recorded neural data.

3.6 Chapter Conclusions

In this chapter, we have demonstrated an energy efficient wireless uplink for the NeuroDisc brain-computer inter-
face using single-sideband (SSB) Bluetooth Low Energy (BLE) backscatter communication. We presented a design
methodology 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 suppres-

sion. These simulations were supported by measurements of the SSB backscattered spectrum in a cabled experiment
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and over-the-air (OTA) validation of the backscattered link budget in range measurements. End-to-end OTA measure-
ments were then performed with the NeuroDisc sampling pre-recorded neural data, uplinking to an unmodified Nordic

Semiconductor nRF51DK BLE receiver.
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Chapter 4

A DUAL-BAND, SHARED-HARDWARE BACKSCATTER UPLINK FOR NEURAL
RECORDERS

Key point: To provide the benefits of both the high rate 915 MHz DQPSK uplink and the 2.4 GHz BLE-compatible
1.0 Mbps uplink, we demonstrate a time division multiplexed approach to simultaneous BLE and DQPSK operation
that required no hardware modifications to the NeuroDisc. This chapter highlights the wideband performance of the
NeuroDisc’s RF switch-based modulator to stream telemetry in two unlicensed frequency bands. We demonstrate the
flexibility of backscatter communication systems to operate across wide frequency bands with multiple protocols, an
advantage that is often overlooked in the literature and which could provide additional flexibility to end users.

This section is based on work in [80].
4.1 Introduction

A trade-off when using backscatter communication is choosing whether to use a custom or standards-based commu-
nication approach. As shown in Chatper 2, custom modes offer greater flexibility and can be used to achieve high
data rates with high per-bit energy efficiencies, but they require custom receivers that could be burdensome to end-
users because of higher cost and complexity than fully-integrated single-chip receivers available for standards-based
approaches. In contrast, standards-based approaches simplify the system by enabling compatibility with existing
commercial-off-the-shelf (COTS) receivers [41,46,71]. As discussed in Chatper 3, BLE-compatible backscatter can
be received by any of the billions of existing BLE-enabled devices, such as smartphones, tablets, and laptops [41,46].
However, implementing a standards-based approach may reduce the data rate and/or energy efficiency of the backscat-
ter uplink.

In this chapter, we present a dual-mode backscatter uplink that combines the benefits of a radio supporting both
custom and standards-based uplinks. The system provides a custom 900 MHz differential quadrature phase-shift-
keying (DQPSK) backscatter uplink with 6.25 Mbps throughput and a 2.4 GHz single sideband (SSB) BLE-compatible
backscatter uplink with 1.0 Mbps data rate (Fig. 4.1a). A dual-band antenna enables operation in both frequency
bands. Previous backscatter systems have been designed to operate in separate frequency bands for data and wireless
power transfer, such as in [10], however, only one communication mode was used. Other works have demonstrated
a backscatter system capable of transmitting two different standards-based protocols in the 2.4 GHz band [71] and
a backscatter modulator that can operate in both the 900 MHz and 2.4 GHz bands [81]. However, to the author’s

knowledge, this work is the first to demonstrate a dual-band, dual-mode backscatter uplink that leverages a high-rate
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Figure 4.1: Example deployment of a wireless neural recorder leveraging a dual-band backscatter data uplink.

custom protocol and a standards-based protocol.

The dual-mode backscatter uplink is a unique contribution to the literature on wireless BCIs by presenting an ultra-
low power wireless system that meets the needs of multiple stakeholders involved in NHP research. For example, with
the same piece of hardware researchers can use the high-rate DQPSK mode to retrieve data from electrophysiological
experiments, while technicians can use the BLE mode to monitor the health and status of the NHPs” implanted elec-
trodes by simply checking an app on their smart phones. A comparable system designed using commercially-available
active radios would incur significant additional complexity in hardware and software. Each radio would each require
their own power, data, and mechanical interfaces, and a significantly larger power budget would be needed to support

two individual RF frequency synthesizers.

Table 4.1: Backscatter modulator impedances

Impedance r
V/ L/C Value 900 MHz 2.4 GHz
Zo 1.5 pF -0.60 - j0.52  -0.05 +j0.45

Z, |  20nH 0.01-j0.75  0.36 - j0.40
Zo | 84pF | -0.68+j0.25 -0.26-j0.55
Zs | 33nH | 055+j0.26 -0.50-j0.24
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Figure 4.2: (a) Photo of the NeuroDisc stack in a plastic enclosure (b) Photo of the NeuroDisc FPGA printed circuit

board. The same harware from Chapters 2 and 3 was used.

4.2 Dual-Mode NeuroDisc Overview

The dual-mode wireless backscatter uplink presented in this chapter was designed for the NeuroDisc brain-computer
interface, an FPGA-based neural recorder that can measure microvolt-scale electrophysiological signals and wirelessly
uplink data via a switched-impedance backscatter modulator. A photo of the complete NeuroDisc version used for this
chapter is shown in Fig. 4.2a with a zoomed-in photo of the FPGA circuit board shown in Fig. 4.2b. The FPGA
provides the high-speed digital logic required to sample and process multiple neural channels with high temporal
resolution. The NeuroDiscs command and data handling functionality is implemented on an Altera MAX10 FPGA
using approximately 5600 logic elements, internal non-volatile SRAM, and a 100 MHz clock, as shown in Fig. 4.3.
The specific FPGA and oscillator were chosen to facilitate prototyping, and therefore are not the optimal choices for
small size and low power consumption. Future revisions of the NeuroDisc could use a smaller FPGA and lower-
power oscillator, such as a Lattice Semiconductor iCE40 FPGA. Eventually, the HDL code could be synthesized in an

application-specific integrated circuit for further reduction of size and power consumption.

The NeuroDiscs biopotential front-end uses an Intan RHS2116 integrated circuit that enables recording from up to
16 electrophysiological channels with 16-bit resolution at up to 20 kSamples/s per channel. The backscatter modulator
is comprised of an Analog Devices ADG904 single-pole-four-throw (SP4T) RF switch and four discrete reactive
elements (two capacitors and two inductors) whose values are provided in Table 4.1. The RF switch connects to the
NeuroDiscs antenna via a UMCC coaxial connector. Using an SP4T RF switch for the backscatter modulator enables
the realization of two backscatter modulation schemes, quadrature phase-shift keying (QPSK) and single sideband

(SSB) frequency-shift keying (FSK), without modification to the NeuroDisc hardware.
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Figure 4.3: Block diagram of the FPGA-based digital logic

4.3 Dual-Protocol Backscatter Uplink

A dual-protocol, time-division-multiplexed backscatter uplink was implemented on the NeuroDisc, as shown in Fig. 4.4.
The uplink is comprised of a custom 900 MHz 6.25 Mbps differential-QPSK (DQPSK) protocol and a 2.4 GHz
1.0 Mbps SSB Bluetooth Low Energy (BLE)-compatible protocol, both implemented using the Verilog hardware de-
scription language. A unique feature of this system is that both protocols share the same backscatter modulator and
discrete impedances. By sharing the backscatter modulator, the size, weight, power consumption, and overall com-
plexity of the circuit are reduced. If commercially-available active radios were used instead, the system would likely
incur significant increases in cost, complexity, and power consumption. The power consumption of the RF switch was
measured using a Keithley source-measure unit (SMU). During transmission of DQPSK packets, the power consump-
tion is 77.5 uW, yielding a per-bit energy efficiency of 12.4 pJ/bit. During transmission of the BLE packets, the power
consumption is 198 uW, yielding a per-bit energy efficiency of 198 pJ/bit.

4.3.1 DQPSK Mode Overview

The DQPSK mode is designed for operation in the 900 MHz North American industrial, scientific, and medical (ISM)
band. DQPSK modulation was chosen because it enables two bits to be transmitted for every one symbol, increasing
the data rate while reducing switching frequencies and power consumption. To implement DQPSK modulation in a
backscatter communication system, four load impedances can be selected to generate four unique, complex-valued

reflection coefficients. Oscilloscope measurements of the DQPSK signals used to actuate the RF switch are shown in
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Figure 4.4: Oscilloscope measurements illustrate how the FPGA’s backscatter modulator control signals, GPIO 0 and
1, are used to transmit DQPSK and BLE packets: (a) Plot showing how BLE packets are transmitted in-between
DQPSK packets, (b) Zoomed-in plot of the DQPSK control signals showing a minimum symbol duration of 320 ns,
yielding a symbol rate of 3.125 MSymbols/s, and (c) Zoomed-in plot of the BLE control signals showing the two

subcarrier frequencies, fsco and fs1.

Fig. 4.4b, while additional details about implementing DQPSK backscatter modulation can be found in [16].

The DQPSK mode transmits data using a custom packet structure. One 1024-bit packet is transmitted every
800 us at a symbol rate of 3.125 MSymbols/s (Fig. 4.4b). Each packet includes 528 bits of biological data from the
biopotential front-end, and these bits are encoded with a Hamming(11,16) error correction code to form 48-bit frames
(generally, one frame corresponds to one channel of measured biological data). A 16-bit frame marker precedes each

48-bit frame to facilitate processing at the receiver, yielding a total packet length of 1024 bits.
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Figure 4.5: Vector network analyzer (VNA) measurement of S7; for the dual-band antenna in the (a) 900 MHz ISM
band and (b) the 2.4 GHz ISM band.

4.3.2 BLE Mode Overview

The BLE backscatter uplink transmits BLE-compatible advertising packets in the 2.4 GHz ISM band. This mode gen-
erates a 1.0 Mbps frequency-shift keying (FSK) modulation process with a frequency deviation of 830 kHz in com-
pliance with the BLE physical layer specification which requires a frequency deviation between 370 kHz and 1 MHz.
FSK modulation is implemented on the NeuroDisc by switching between two or more load impedances at a frequency
that is modulated by the data bits. Specifically two subcarrier frequencies, fio = 4.17 MHz and f.; = 5.00 MHz,
are used to transmit logic levels 0 and 1, respectively. On the NeuroDisc, these subcarrier frequencies are output on
two GPIO pins and used to actuate the RF switch, as shown in Fig. 4.3. Oscilloscope measurements of the subcarrier
signals are shown in Fig. 4.4c. To improve the in-channel signal strength and reduce out-of-channel emissions, the
BLE backscatter uplink uses single sideband (SSB) modulation [46,71]. The SSB modulation is implemented in the
continuous-phase FSK (CPFSK) modulator block shown in Fig. 4.3. Additional details about implementing SSB BLE

backscatter modulation can be found in [46].

The BLE mode transmits data using advertising packets. Advertising packets are used by BLE devices to broadcast
data to nearby BLE receivers without requiring connection, making them well-suited for a unidirectional backscatter
uplink. The NeuroDisc advertising packets carry 64 bits of payload data, yielding a total packet length of 232 bits when
the required packet preamble, headers and cyclic redundancy check are included. The commercial BLE receivers we
tested began dropping packets at packet rates over 500 packets/s since that exceeds the BLE specified advertising
packet rate. Given this constraint, the NeuroDisc was configured to transmit single BLE advertising packets between
DQPSK packet transmissions at a rate of 500 packets per second, yielding an effective throughput of 148 kbps via
BLE.
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4.3.3 Time-Division Multiplexing

Time-division multiplexing was used to achieve high overall data rates, high reliability, and low power consumption.
The BLE protocol is designed around a time-division multiple access approach using a randomized ALOHA approach
for advertising packets. Given the relatively long intervals between BLE packets (;2 ms) and the relatively short
duration of BLE packets (232 ps) configuring the BCI for time-division multiplexing was a logical choice for sharing
a backscatter channel among two protocols. Oscilloscope plots of the backscatter modulator control signals in Fig. 4.4
illustrate how BLE packets are sent during gaps between DQPSK transmissions. Other channel access methods, such

as frequency-division multiplexing, are discussed in Section V.

4.3.4 Dual-Band Antenna

The NeuroDiscs dual-protocol uplink requires an antenna that is resonant in both the 900 MHz and 2.4 GHz frequency
bands. To meet this requirement, two different antennas were integrated into a single assembly. A 900 MHz com-
mercial off-the-shelf ceramic patch antenna (Abracon APAE915R2540ABDB1-T) was mounted to a circular 5 cm-
diameter printed circuit board (PCB). On the bottom layer of the PCB, the antenna feed pin connects to a UMCC
coaxial connector via a balanced-unbalanced transformer. To achieve dual-band functionality, a 2.4 GHz monopole
antenna was added to the antenna PCB by soldering a 6 cm-long piece of 24 AWG wire to the RF signal trace of the
PCB. The return loss of the dual-band antenna was measured using an Agilent N5222A vector network analyzer, with
the measurements plotted in Fig. 4.5. The antenna achieves a 10 dB return loss bandwidth of 6 MHz in the 900 MHz
band with a center frequency of 928.2 MHz, and 70 MHz bandwidth in the 2.4 GHz band, with a center frequency of
2.435 GHz.

4.3.5 Impedance Constellation Design

To implement QPSK and SSB FSK backscatter communication, a system must be able to present at least four unique
impedances to its antenna [16,46]. Since the NeuroDisc uses an SP4T RF switch as its backscatter modulator, four
discrete impedances outlined in Table 4.1 were chosen to generate four reflection coefficients in separate quadrants
of the Smith chart with approximately the same magnitude. The components were initially selected for use in the
900 MHz ISM band, although as the vector network analyzer measurements in Fig. 4.6 show, the resulting reflection

coefficients are suitable for use in the 2.4 GHz ISM band as well.
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Figure 4.6: Smith chart showing the measured reflection coefficients of the backscatter modulator for (a) the 900 MHz

ISM band and (b) the 2.4 GHz ISM band.

4.4 Measurements & Results

4.4.1 Cabled Measurements

The power spectrum of the DQPSK and SSB BLE backscatter uplinks were measured using the cabled setup shown
in Fig. 4.7a. An RF signal generator was used as the CW source and an Agilent N9320B spectrum analyzer was
used to make the measurement. Fig. 4.7b shows the spectrum of the custom DQPSK uplink. The asymmetry of
the spectrum is a result of the transmitted data having structure, which could be removed with the application of a
data whitening filter. Fig. 4.7c shows the spectrum of the SSB BLE backscatter uplink. The plot shows the lower
sideband (LSB) approximately centered about f.-4.5 MHz and the upper sideband (USB) approximately centered
about f.,+4.5 MHz. The LSB was selected as the desired sideband, providing a measured gain of 2.8 dB in the LSB

and an attenuation of 7.2 dB in the unwanted USB, yielding a total sideband rejection ratio of 10 dB.

4.4.2 Over-the-air Validation Measurements

Wireless, over-the-air validation measurements were performed using the test setup shown in Fig. 4.1b. Previous work
in [19] and [53] found that 900 MHz DQPSK and 2.4 GHz BLE backscatter uplinks could successfully communicate to
areceiver mounted on the top inner panel of the cage from nearly all locations inside a typical non-human primate cage.
These works measured the channel transfer function for each frequency band at different locations and orientations and
conducted packet error tests to verify the integrity of the wireless link. To maintain consistency with the measurements
in [19,53], an animal cage was used to house the NeuroDisc to approximate a non-human primate’s home cage where

wireless electrophysiology experiments would likely be performed. The NeuroDisc was similarly placed on a tissue
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Figure 4.7: (a) Block diagram of cabled measurement setup (b) Plot of the measured spectrum for DQPSK packets (c)
Plot of the measured spectrum for SSB BLE packets.

phantom comprised of a plastic container filled with approximately 1 liter of saline solution to account for the effects
of a monkey on the antenna radiation pattern and the channel propagation characteristics. Mounted to the top, inner
wall of the cage were a 900 MHz right-hand circularly polarized patch antenna (Laird Technologies) and a 2.4 GHz
linearly polarized patch antenna (L-Com). The 900 MHz antenna was connected to a custom, software defined radio-
based, full-duplex DQPSK receiver based on the design in [16]. The 2.4 GHz antenna was connected to an RF signal
generator and RF amplifier to broadcast a CW carrier at 15 dBm.

To mimic the uplink of biological data, the DQPSK protocol was used to transmit a 20 kSamples/s sampled 180 Hz
sine wave stored in the FPGA. The 180 Hz sine wave was chosen because it is in-band with respect to the desired neural
data. A plot of the received data is shown in Fig. 4.8a. The SSB BLE protocol was then used transmit health and status
data from the FPGA, in this case including an 8-digit packet counter, as shown in Fig. 4.8b. An unmodified iPhone,
iPad, and Nordic Semiconductor nRF51822 BLE development board were then used to validate successful reception
of the SSB BLE backscatter packets. Data from both protocols could be successfully received and decoded effectively
simultaneously from the perspective of the user due to the tight interleaving of both communication modes. Because
of the interleaved packet structure, the different symbol rates, and the different backscattered spectra, the two modes

do not create apparent interference between each other.
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Figure 4.8: Over-the-air validation experiment: (a) Plot of sine-wave test data received via the DQPSK uplink at

6.25 Mbps, and (b) Photo of BLE packets received on an Apple iPad at approximately 2 m from the animal cage.

4.5 Chapter Conclusions

This chapter presents a dual-band, dual-mode backscatter uplink leveraging shared hardware that combines a custom
DQPSK mode at 900 MHz and a SSB BLE-compatible mode at 2.4 GHz. The DQPSK mode provides a data rate
of 6.25 Mbps with a measured power consumption of 75 W at the backscatter modulator, yielding a modulator
efficiency of 12.4 pJ/bit. The SSB BLE-compatible mode provides a 1.0 Mbps data rate while consuming 198 W at
the backscatter modulator, yielding a modulator efficiency of 198 pl/bit, which is >50X lower than most off-the-shelf
BLE transmitters. The sideband rejection ratio was measured to be 10 dB, improving the in-channel signal strength
and reducing out-of-channel emissions.

This system provides real-time neural data uplink across both the 900 MHz and 2.4 GHz ISM bands, which to the
best of our knowledge is unique in the literature on wireless BCIs. The dual-band compatibility of the backscatter front-
end provides end-users and researchers the ability to leverage frequency diversity depending on the communication
channel, offering experimental flexibility that could be advantageous in commercial applications outside of neural
engineering as well.

This work uses time-division multiplexing to switch between DQPSK and BLE transmissions. We believe that
truly simultaneous transmission could be achieved with frequency-division multiple access by engineering the spectra

of the DQPSK and CPFSK (BLE) modulations. Two methods could be considered: (1) The DQPSK symbol rate
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could be modified to 1 MSymbol/s such that nulls in the spectrum occur at 1 MHz intervals. The CPFSK subcarrier
frequencies could then be chosen so that they are still 1 MHz apart per the BLE specification while falling within
the nulls of the DQPSK spectrum. The carrier wave generator for the CPFSK signal could be adjusted so that the
backscatter signal aligns with one or more BLE advertising channel(s); and (2) the CPFSK subcarrier frequencies
could be chosen such that they are far outside the DQPSK spectrum. This would require higher CPFSK subcarrier

frequencies and a modest increase in power consumption at the backscatter modulator.
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Chapter 5

PERFORMANCE OF BACKSCATTER COMMUNICATION SYSTEMS IN
REVERBERANT CAVITY ANIMAL CAGE ENVIRONMENTS

Key point: When a radio transmitter is introduced into a metal cage, the radio waves reflect off the walls to form what
is known as a reverberant cavity. The reflected waves constructively and destructively interfere at random locations in
the cage, making it difficult to reliably transmit and receive radio signals. This chapter reveals that a metal non-human
primate cage forms a reverberant cavity in the 2.4 GHz industrial, scientific, and medical (ISM) band. Despite the
interference, we demonstrate that a 1.0 Mbps frequency shift keying (FSK) backscatter uplink can reliably uplink data
throughout the cage volume with a worst-case packet error rate of 1.3%, translating to a bit error rate of 5.6 x 1075,

This section is based on the work in [53], which built off previous experience characterizing and analyzing the channel

transfer function of a cage presented in [19].
5.1 Introduction

While there is extensive literature on characterizing multipath channels in urban and indoor office environments,
to the authors’ knowledge, this was the first characterization of the channel transfer function (CTF) for the 2.4 GHz
microwave ISM bands inside of a metal primate cage. Further, we demonstrated that under ideal conditions, backscatter
communication systems can perform well inside of a metal primate cage despite the significant multipath inside the
reverberant cage environment. This chapter presents test results of a backscatter data uplink system designed for the
NeuroDisc BCI operating within an NHP cage and using a BLE-compatible backscatter uplink in the 2.4 GHz ISM
band.

5.2 Opverview of the CTF Measurements

5.2.1 Experimental Setup

The NHP cage depicted in Fig. 5.1 was used for the experiments in the 2.4 GHz ISM band. The cage is divided into
two chambers (top and bottom) by a horizontal metal grating. Measurements were conducted in the lower chamber
of the cage with dimensions of 93 cm x 93.4 cm x 77 cm (height x width x length). All the walls of the cage
are made with a square metal mesh with a mean gap of 2.5 cm. The gap is approximately 5 times smaller than the
shortest wavelength of 12 cm in the 2.4 GHz band. However, the cage is not a perfectly enclosed EM cavity, because

one of the vertical walls of the cage contains a clear polycarbonate window with dimensions of 60.7 cm x 23.4 cm
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Figure 5.1: (a) Block diagram. (b) Photo of the test setup used to characterize the wireless channel of the non-human

primate cage for the 2.4 GHz ISM band.

(Iength x width) through which EM waves may propagate. Finally, the cage contains a metal seat for the NHPs with
a width of 18 cm and a height of 15 cm.

A saline tissue phantom was used to simulate the body of a male macaque monkey weighing 7 kg on average;
this species is frequently used in neural plasticity experiments [12]. The phantom consists of a plastic container with
dimensions of 41.8 cm X 27.8 cm X 16.5 cm (length x width X height) and contains 7 L of saline solution with 0.91 g
sodium chloride (NaCl) per liter of distilled water [10]. The BCI was placed on the top of the plastic container. The
BCI antenna was connected to port 1 of a Keysight FieldFox vector network analyzer (VNA) with a coaxial cable, and
the cage antenna was connected to port 2 of the VNA with another coaxial cable. We performed a two-port calibration
of the coaxial cables and VNA prior to measurement. To further mitigate cable effects, we routed the cables away
from the direct path between the antennas and perpendicular to the antenna plane as much as possible, routing the

cable along the metal cage walls.

The antenna performance was measured at a total of 126 total locations across 3 measurement planes: 28 locations
on Plane 1, 49 locations on Plane 2, and 49 locations on Plane 3. The grid spacing was 7.6 cm, with the x-axis labelled
A through G and the y-axis labelled 1-7. The vertical spacing was 20.3 cm, labelled Measurement Plane 1, Plane 2,
and Plane 3. An RF-transparent Styrofoam was used in order to raise the tissue phantom and BCI to the appropriate
elevations of Measurement Plane 2 and 3. Columns 5-7 on the bottom measurement plane (Plane 1) were unusable

due to the NHP bench height.
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Figure 5.2: Measured return loss of the 2.4 GHz BCI antenna and the cage antenna, outside of the cage environment.

Antennas

The custom antenna used for this work was designed and simulated by Apoorva Sharma. Additional details and
analysis can be found in her dissertation [57].

2.4 GHz Cage Antenna
The 2.4 GHz cage antenna was affixed on the inside of the mesh wall separating upper and lower chambers of the NHP,
as shown in Fig. 5.1. An L-Com Inc. 2.4 GHz 8 dBi right-hand circularly polarized (RHCP) patch antenna selected
for the cage antenna was connected to port 2 of the VNA. Circular polarization was employed to reduce polarization
mismatch since an NHP may position itself in any orientation relative to the cage antenna. The cage antenna has
overall dimensions of 2.3 cm x 11.6 cm X 11.6 cm (length x width x height).

2.4 GHz BCI Antenna
In our experiments, we used the NeuroDisc BCI which consists of a 2.4 GHz BCI antenna, backscatter modulator,
communications FPGA, and battery within a plastic housing (Fig. 2.1a). The BCI antenna was a semi-custom design
consisting of a circular, 5.5 cm diameter, two-layer FR-4 PCB with 1.6 mm dielectric thickness and 30 copper trace
thickness. The top side of the BCI antenna PCB contained a centered, circularly shaped ground plane and a Tagolas
Inc. WLP.2450 ceramic patch element with dimensions 2.5 cm x 2.5 cm x 0.4 cm. The bottom side of the PCB
contained a balun transformer and a UMC coaxial connector. The measured return loss of this antenna is plotted in

Fig. 5.2.

5.3 CTF Measurement Results

The insertion loss and usable bandwidth data reveal a dense multipath environment inside the NHP cage. The results

show that the widest bandwidth and minimum insertion losses occurred in the area directly underneath the receiving
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Figure 5.3: 2.4 GHz ISM Band Experimental results at Measurement Plane 1. (a) Heatmap. (b) Histogram of usable
bandwidth. (c) Heatmap. (D) Histogram of maximum insertion loss. In all heatmap images, darker colors indicate

worse performance.

antenna, with the narrowest bandwidths and maximum losses near the outside corners.

5.3.1 2.4 GHz ISM Band Channel Transfer Function Measurements

The measured insertion loss and “usable bandwidth” (3 dB bandwidth) are presented in the heatmaps and histograms
of Figs. 5.3, 5.4, and 5.5, as summarized in Table 5.1. The widest usable bandwidths and best case insertion loss
occurred on Measurement Plane 3, and positions near the middle of the cage tended to have wider usable bandwidths
and lower maximum insertion losses compared to positions at the edges of the cage. The minimum usable bandwidth
across all 126 locations was 5.0 MHz, with means of 33 MHz, 30.6 MHz, and 28.7 MHz on Measurement Plane 1, 2,
and 3, respectively. The maximum insertion loss across all 126 locations was 27.4 dB, with means of 19.4 dB, 17.0 dB,

and 8.8 dB on Measurement Plane 1, 2, and 3, respectively.

5.3.2  Discussion of 2.4 GHz Channel Transfer Function Measurements

These measurements in the 2.4 GHz ISM band show approximately a 10 dB reduction in insertion loss compared to
the the 915 MHz ISM band [19]. These measurements suggest that it is essential for system designers to consider the
deep nulls that result when designing a communication system to operate inside of the cavity formed by an animal
cage. For this work we chose to use BLE advertising packets that use 1 MHz bandwidth communication channels with
frequency diversity provided by the three distinct advertising channels. In the case of BLE uplinks, deep nulls due to
multipath interference can be mitigated by leveraging the frequency diversity between the three advertising channels
prescribed by the BLE standard and/or dynamically changing the center frequency of the external carrier wave and the
relative subcarrier frequency deviations. For other communication standards, channel equalization techniques could

be employed at the cost of greater complexity and higher overall system power consumption.
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Figure 5.5: 2.4 GHz ISM Band Experimental results at Measurement Plane 3. (a) Heatmap. (b) Histogram of usable

bandwidth. (c) Heatmap. (D) Histogram of maximum insertion loss. In all heatmap images, darker colors indicate

WOrse performance.

5.4 Link Reliability Measurements within the Cage Environment

5.4.1 Link budget characterization

The round-trip link budget for this system can be described as follows

Pr=Pc+2x5S;+M (5.1)

where P, is the received power at the cage-side antenna in dBm, P denotes the CW power from the cage antenna, and

M is a modulation factor imposed by the symbol-dependent change in modulator impedance as seen by the NeuroDisc
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Table 5.1: 2.4 GHz CTF measurements summary

Measurement Plane

Plane 1 | Plane 2 | Plane 3
Minimum Usable BW (MHz) 12.1 5.0 8.1
Mean Usable BW (MHz) 333 30.6 28.7
Maximum Insertion Loss (dB) 26.0 27.4 27.4
Mean Insertion Loss (dB) 19.4 17.0 8.8

antenna (akin to the free-space differential radar cross-section), and is defined as M = i|I‘.¢1 — I‘b\Q, where I'y, is
the reflection coefficient of the antenna for state A or state B [44, 82]. We calculated M = —5 dB. Based on these
calculations and the specified sensitivity of the BLE receiver (-92 dBm), any insertion loss higher than 51 dB will
result in a 100% PER.

5.4.2 PER measurements in the NHP cage
BLE Advertising Requirements

The BLE standard is well suited for unidirectional backscatter uplinks because the BLE protocol supports an “Advertis-
ing” mode where devices broadcast data packets without being required to receive. The physical-layer communication
protocol is defined in the BLE v4.0 specification and requires that data be transmitted at 1.0 Msymbol/sec on one of
three advertising channels (CH37 at 2.402 GHz, CH38 at 2.426 GHz, and CH39 at 2.480 GHz). Data bits are modu-
lated using FSK modulation with frequency deviations between 185 kHz to 500 kHz. A binary ‘one’ is sent by shifting
the FSK subcarrier above the channel’s center frequency and a binary ‘zero’ by shifting the FSK subcarrier below the
channel center. Data is formatted into advertising packets that include a 24-bit cyclic redundancy check (CRC) and

channel-dependent data whitening, as specified in the BLE v4.0 specification and shown in Fig. 5.6.

BLE Receiver System

A BLE-compatible backscatter communication system was developed based on work presented in [45]. A Nordic
Semiconductor nRF51822 Development Kit (DK) was used as the receiver. The nRF51822 is a commercially-available
integrated system-on-chip for BLE applications. An SMA connector was soldered onto the nRF51822 DK to connect
the cage antenna to the device; no other modifications were made to the hardware or firmware. The nRF51822 DK was
programmed with Nordic Semiconductor’s “nRF sniffer” BLE development firmware that allows the device to transfer
data packets via USB to a PC running Wireshark, an open-source packet analyzer software package. Received BLE

packets were then parsed and analyzed using Matlab 2018a software (MathWorks, Inc.). All hardware and software
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Figure 5.6: Overview of the BLE advertising packet structure with the custom packet counter.
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Figure 5.7: Block diagram of the test setup used to characterize the wireless BLE backscatter uplink inside the NHP

Table 5.2: Summary of the packet error rate (PER) measurements

Measurement Plane

Plane 1

Plane 2

Plane 3

Best-Case PER
Worst-Case PER
Mean PER

0.32% (CH39)
1.29% (CH37)
0.69%

0.27% (CH39)
1.03% (CH37)
0.60%

0.33% (CH39)
1.05% (CH37)

0.69%

used for the receiver could be implemented using a commodity BLE receivers (e.g. smartphones, tablets, laptops) and

open-source software platforms (e.g. Android SDK). No hardware or firmware modifications are required because the

backscatter signals are fully BLE compatible.
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Figure 5.8: Mean BLE packet error rate (PER) measurements across all three channels for (a) Measurement Plane 1,

(b) Plane 2, and (c) Plane 3 inside the NHP cage. At each measurement location, >5800 packets were transmitted,

corresponding to a minimum of 1.35 x 106 bits. Measurements from all planes indicate a worst-case PER of <1.3 %.

Experimental Setup

A bistatic BLE backscatter system was set up around the NHP cage to evaluate the backscatter uplink performance,

as shown in Fig. 5.7. A carrier wave (CW) source antenna and a BLE receiver (BLE RX) antenna were mounted

to the center of the top of the cage, separated by 41 cm. Identical L-Com 2.4 GHz 8 dBi RHCP antennas were

used for both the CW source and the BLE RX. The CW antenna was connected to an RF Explorer signal generator

(Seeed Studio Co. Ltd.) and a PE1516 amplifier (Pasternack Enterprises, Inc.) that supplied a total CW power of

+15 dBm. The NeuroDisc BCI with a BLE-compatible backscatter uplink FPGA code was then moved to various

measurement locations within the cage. The NeuroDisc device was configured to transmit a packet counter on each
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of the three advertising channels allocated by the BLE 4.0 specification. Packet error rate (PER) was then estimated
by dividing the number of dropped packets by the total number of packets transmitted, as indicated by the packet
counter (Fig. 5.6). A minimum of 5800 packets were collected for each test, providing more than 1.34 x 10° bits per
measurement location. Any packet that failed a CRC check was marked as a packet error.

To evaluate the PER performance, five points were chosen on each measurement plane, and PER was measured
on each of the three BLE advertising channels, for 45 total measurements. Due to the metal seat inside the cage, PER
measurements were made at locations B2, F2, B4, D4, and F4 for Measurement Plane 1 while PER measurements

were made at locations B2, F2, D4, B6, and F6 for Measurement Planes 2 and 3 (Fig. 5.7).

Experimental Results

The PER performance of the BLE-compatible backscatter uplink is summarized in Fig. 5.8 and in Table 5.2. We found
Channel 39 to have the lowest PER across all testing locations; Channels 38 and 39 had less than 1% PER across all
testing locations, ranging from a best case of 0.27% to a worst case of 0.92% with a mean PER of 0.58%. Channel 37
had the highest PER with a best case of 0.46%, a worst case of 1.29%, and mean of 0.80%.

Across all three advertising channels, the best- to worst-case PERs were 0.32% to 1.29%, 0.27% to 1.03%, and
0.33% to 1.05% for Measurement Planes 1, 2, and 3 respectively. Mean PERs were 0.69%, 0.60%, and 0.69% for
Planes 1, 2, and 3 respectively. The NHP cage appeared to function as a chaotic cavity with no obvious pattern to
where the best- and worst-case scenarios occurred. Additionally, because the wire mesh cage did not form a complete
Faraday cage, we observed that an unmodified smartphone could receive the backscattered packets from outside the
cage at a distance of 2-3 meters, as shown in Fig. 5.9. The low PER values match our expectations given that the
insertion loss at all points was well below the calculated threshold of 51 dB. The reason for a non-zero PER may be
due to interference in the 2.4 GHz ISM band from Wi-Fi and/or other BLE traffic. The experiments were performed
in a laboratory environment on a university campus where Wi-Fi signals are always present and there can be dozens

of BLE devices on at a single time, e.g. PCs, keyboards, computer mice, etc.

5.4.3 Discussion of Communication Link Integrity Measurements

A PER of <1.3% across all measurement locations and all channels inside the cage demonstrate the viability of using
ultra-low-power BLE-compatible backscatter to uplink biotelemetry from freely moving animals in an unconstrained
cage environment. If we assume that each packet error results from a single bit error, and that each error is independent,

we can calculate the effective bit-error rate (BER) as

BER = 1 — (1 — PER)™, (5.2)
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Figure 5.9: Photo of backscattered BLE advertising packets received by an unmodified smartphone outside of the cage.

where n is the number of bits per packet, in this case 232. From Eq. 5.2 we find the worst-case measured PER yields

an effective BER of 5.6 x 10~° which meets the BLE v4.0 specification requirement of BER < 1073,
5.5 Chapter Conclusions

This chapter provided measurements of the 2.4 GHz channel transfer function inside the reverberant cavity environ-
ment of a metal NHP home cage. Measurements taken in 3 measurement planes using a calibrated VNA indicate a
mean insertion loss of 15.1 dB and a mean usable bandwidth of 30.9 MHz, suggesting that there is a larger usable
bandwidth and less insertion loss at the 2.4 GHz ISM band inside of the cage than at the 915 MHz ISM band, as
reported in [19].
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Chapter 6

SWITCHED IMPEDANCE MODE STIRRING FOR REVERBERANT CAVITY ANIMAL
CAGE ENVIRONMENTS

Key point: To reduce the effects of multipath interference on backscatter uplinks inside a metal non-human primate
(NHP) cage, low-profile switched parasitic antennas (SPAs) can be mounted within the cage to alter the electromag-
netic boundary conditions. Using this technique, the average power ratio between a BCI antenna and a ceiling-mounted
cage antenna can be increased, creating a more favorable communication channel. This chapter presents experimental
results showing that the use of SPAs improved the worst-case two-way insertion loss inside a metal NHP cage by up to
60.20 dB in the 915 MHz band and by up to 35.62 dB in the 2.4 GHz band. These reductions in insertion loss increase

the channel link margin and the overall channel capacity for wireless uplinks.

This work has been submitted to IEEE Transactions on Antennas and Propagation and is currently under revision.
6.1 Introduction

The improved energy efficiency of backscatter communication comes at the cost of a less favorable link budget com-
pared to conventional radios. Because the externally-generated carrier wave travels a round trip from the external
system to the backscatter radio and back, the RF power at the receiver changes as 1/r* for a backscatter system, rather
than the usual 1/72 for conventional radios, where 7 is the free-space distance between the external system and the
BCI antenna [43,44]. Given the round-trip nature of the backscatter link budget, multipath inside the cage can signif-
icantly reduce the reliability of backscatter radios. Previous characterizations of the 915 MHz [19] and 2.4 GHz ISM
bands [53] (Chapter 5 within NHP cages indicate that the metal walls form a reverberant cavity that exhibits deep nulls
throughout the cage volume . These findings suggest that additional measures are needed to alleviate deep nulls in the
channel transfer function (CTF).

Two main approaches have been explored to reduce or overcome multipath interference in a cage. In [83], a custom
RF-transparent NHP cage was built and validated with simulations, measurements, and in vivo wireless measurements.
Reducing the conductivity of the cage structure significantly improved wireless system performance, however, most
RF-transparent materials are both much more expensive and less rugged than conventional metal cages. To avoid the
spread of disease in animal care facilities, the animal cages must be frequently autoclaved and/or cleaned with reactive
chemicals like bleach, both of which rapidly degrade RF-transparent plastics.

Other research has explored how antenna diversity at the external system and/or backscatter radio (e.g. in a MIMO
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Figure 6.1: (a) Overview of the proposed electronic mode stirring technique, (b) Multipath produces destructive inter-
ference in certain locations throughout the animal cage. (c) Electronic mode stirring dynamically alters the amplitude

and phase of reflection by controlling the impedance presented to a planar antenna.

system) can mitigate the effects of nulls [84-88]. These schemes depend on multiple antennas separated by one or
more wavelengths to provide spatial diversity. However, diversity and MIMO approaches are often not suitable for
biomedical applications where the device dimensions (typically 1-3 cm?) are physically small relative to the operating
wavelength of the wireless system. For small implantable devices in particular, the device size is so small that, even if
multiple antennas were implemented, they would exhibit very high mutual coupling which would negate any advantage

from a MIMO approach.

In this chapter, we present a different approach for mitigating multipath fading in a metal NHP cage via mode
stirring. By altering the electromagnetic boundary conditions of the cage, nulls in the CTF can be reduced and a more
favorable link budget achieved (Fig. 6.1(a)). Mode stirring is often used to improve the statistical uniformity of the
electric field within reverberant cavities for electromagnetic compatibility and interference (EMI/EMC) testing [89].
It can be achieved via mechanical and electronic means, though mechanical mode stirring would be impractical for
in-cage animal experiments because a reflector must be mechanically displaced, potentially interfering with the NHP.
In contrast, electronic mode stirring using low profile antennas could enable control of the CTF without requiring
intrusive structures. Electronic mode stirring has shown promising results for EMI/EMC applications, e.g. in [90],
where reactively-loaded conical antennas were placed around the cavity to improve the field isotropy and homogeneity.

The loads presented to the antennas were changed to modify the amplitude, A, and phase, ¢, of the reflected electric
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Figure 6.2: (a) Photo and (b) Block diagram of the measurement setup for characterizing the the 915 MHz and 2.4 GHz

ISM-band wireless channel inside the NHP cage with electronic mode stirring.

field (Fig. 6.1(b)). Similar approaches have seen success using switched parasitic antennas (SPAs) for beamforming
to improve the received signal strength of sensor nodes using backscatter communication [91-94], though to the best
of our knowledge, this work is the first to propose using low-profile SPAs to implement electronic mode stirring inside
the reverberant cavity of an animal cage.

Our experimental results demonstrate that electronic mode stirring using SPAs can significantly reduce the worst-
case insertion loss within a cage. We present comparisons of the CTF within a NHP cage taken with and without mode
stirring in the 915 MHz and 2.4 GHz ISM bands. These findings represent a unique contribution to the field of applied

electromagnetics:

* Suitability for biomedical device applications: The electronic mode stirring approach imparts no additional

hardware or software complexity on the size- and energy- constrained biomedical device, and it can be im-
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plemented in standard metal animal cages. Unlike MIMO methods requiring multiple antennas with minimal
mutual coupling, which is difficult to implement on a size constrained device, the mode stirring approach can
leverage a single antenna on the biomedical device. Future iterations could be tractably adapted for more com-
plex applications, including closed-loop CTF control to adapt the mode stirring configuration to the movement

of the research animal within the cage.

 Platform Flexibility: The benefits of the electronic mode stirring architecture could enable higher data rates
and lower power consumption for both backscatter and conventional radios. The results from this chapter can

be generalized to other arenas of varying size and geometry.

¢ Dynamic Control: The electronic mode stirring configurations can be controlled quickly (nanoseconds) without
obtrusive mechanical assemblies, enabling the mode stirring configuration to be changed as the NHP moves
inside the cage. Dynamic control opens the door for future interdisciplinary work integrating communication

theory, control theory, and experimental neuroscience.

In this chapter, Section 6.2 presents a description of the experimental setup, the NeuroDisc BCI and the mode
stirring architecture. Section 6.3 presents the experimental methods, results, and a discussion of the findings. Lastly,

Section 6.4 provides conclusions and ideas for future research.
6.2 Channel Transfer Function Measurements

6.2.1 Experimental Environment

Metal Non-Human Primate (NHP) Cage

Measurements were conducted in the lower chamber of a standard double-height NHP cage provided by the Wash-
ington National Primate Research Center (Fig. 6.2). This work was conducted with tissue phantoms instead of live
animals, so no animal use authorization was required. The lower chamber has external dimensions of 93.4 cm x 93 cm
x 77 cm (height x width x length). All six cage sides are made of a metal mesh with a mean grid spacing of 2.5 cm.
The ceiling of the lower chamber is additionally under the solid metal bed pan of the upper chamber. A 60.7 cm x
23.4 cm polycarbonate window is inset into one cage wall, and inside the cage there is an 18 cm x 15 cm metal seat for
the NHP. The mean grid spacing of the mesh is more than 10x smaller than the shortest wavelength of the 915 MHz
ISM band (A ~ 32.3 cm) and 6x smaller than the shortest wavelength of the 2.4 GHz ISM band (A ~ 12 cm).

A total of 126 measurements were made at locations across three measurement planes: 28 locations on Plane 1,
49 locations on Plane 2, and 49 locations on Plane 3. The vertical spacing between measurement planes was 20.3 cm.
Each measurement plane was subdivided into a grid with 7.6 cm spacing, with the X axis labelled A through G and the

Y axis labelled 7 through 7. Measurements were conducted in the center of the grid squares, as shown in in Fig. 6.2(b).
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Columns 5-7 on the bottom measurement plane (Plane 1) were inaccessible due to the height of the metal NHP perch.

In this index scheme, position D4 corresponds to the center of the cage.
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6.2.2 Experimental Equipment

Vector Network Analyzer

S-parameter measurements were made using a two-port Keysight P9375A Vector Network Analyzer (VNA) controlled
by a laptop (Fig. 6.2). Prior to the measurements, a two-port VNA calibration was performed to set the measurement
reference plane at the BCI and external antenna ports. At each measurement point, the cables were dressed to the cage

walls to minimize their influence on the measurements.

Tissue Phantom
A tissue phantom that approximates the dielectric effects of a typical juvenile male rhesus macaque was used for all
measurements. The tissue phantom consists of a 19.5 cm x 12.0 cm x 11.0 cm plastic container filled with 2.5 liters

of tissue-equivalent saline solution (0.91 g NaCl per liter of distilled water).

NeuroDisc Brain-Computer Interface (BCI)

The NeuroDisc was configured for each frequency band by connecting the appropriate BCI antenna. A semi-
custom antenna was used, made from an off-the-shelf ceramic antenna element and a custom PCB. The same PCB was
used for both frequency bands, and it consisted of a circular, 5.5 cm diameter, two-layer FR-4 PCB with 1.6 mm dielec-
tric thickness and 30 copper trace thickness. The top side of the BCI antenna PCB contained a centered, circularly
shaped ground plane and a ceramic patch antenna. For the 915 MHz band, an Abracon APAE915R2540ABDB1-T
antenna with dimensions 2.5 cm x 2.5 cm x 0.4 cm is used; for the 2.4 GHz band, a Tagolas Inc. WLP.2450 antenna
with dimensions 2.5 cm x 2.5 cm X 0.4 cm is used. The bottom of the PCB had a UMCC coaxial connector, allowing
the antenna to connect to the Comms FPGA board via a 5 cm UMCC-to-UMCC coaxial cable.

The average measured reflection coefficients of the BCI antennas and the cage antenna are plotted in Fig. 6.3 for
the 915 MHz (top) and 2.4 GHz (bottom) bands. The BCI antenna was connected to port 1 of the VNA with a coaxial
cable and placed on top of a tissue phantom inside the cage; the cage antenna was connected to port 2 of the VNA.
The measurements in Fig. 6.3 show the average S;; (for the BCI antenna) and Sso (for the cage antenna) across all
positions in the cage. To determine the usable bandwidth of each BCI antenna on each frequency band, the ensemble

average of S; was taken across all positions,
N
k
ISi(ND = 5 2152 (4)] (6.1)
k=1

where N is the total number of measurement positions in the cage and \Si(k)( f)] is the magnitude of the measured
reflection coefficient at position & across the entire frequency band for port ¢ of the VNA. For N = 126 and measuring
at 1000 frequency points from 850-950 MHz and 2.400-2.500 GHz, the usable 10 dB impedance bandwidth was found
to be 922.5-928.8 MHz (6.3 MHz) for the 915 MHz ISM band and 2.4000-2.4648 GHz (64.8 MHz) for the 2.4 GHz
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ISM band (Fig. 6.3).

Cage Antenna

A cage antenna representing a monostatic backscatter communication antenna [44] was affixed on the inside of the
mesh wall separating the upper and lower chambers of the NHP cage, as shown in Fig. 6.2(b). For measurements in
the 915 MHz band, a Laird Technologies S9028PCR right-hand circularly polarized, air dielectric patch antenna was
used; for the 2.4 GHz band, an L-Com Inc. 2.4 GHz 8 dBi RHCP antenna was used. The average measured reflection

coefficient of the antenna for each frequency band is plotted in Fig. 6.3.

Mode Stirring Assemblies
For the mode stirring measurements in each frequency band, we installed a band-specific mode stirring assembly

into the NHP cage. The assembly was comprised of several components (Fig. 6.4): four mode stirring antennas
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selected for the particular frequency band; four Analog Devices ADG918 single-pole dual throw (SPDT) RF switch
evaluation boards (one for each mode stirring antenna) with 502 and short circuit terminations; and one Arduino
UNO with a daughter board for routing 3.3V power and digital control signals to the RF switches. A PC controlled
the Arduino UNO using MATLAB (MathWorks) to digitally actuate the four RF switches. With four mode-stirring
antennas each having two possible impedance states, 16 total mode stirring configurations were possible (e.g. all four
shorted, three shorted and one with a 50¢2 load, etc). For the 915 MHz band measurements, L-Com HG8909P linearly
polarized antennas with 9 dBi of gain were used; for the 2.4 GHz band measurements, L-Com HG2408P linearly
polarized antennas with 8 dBi of gain were used. Note that the mode stirring assemblies were entirely removed from

the cage for the measurements designated as without mode stirring.

6.3 Experimental Methods & Results

6.3.1 Measuring the Channel Transfer Function

For each ISM frequency band, two sets of measurements were taken: one set without mode stirring (baseline) and one
set with mode stirring (experimental). The mode stirring assemblies were not installed in the cage during the baseline
measurements. After completing the baseline measurements, the cage antenna was left in the same position, and the
mode stirring assemblies were installed. Each mode stirring antenna was mounted in a corner of the steel mesh ceiling
with the same orientation with respect to the antennas’ polarization. The mode stirring antennas were connected to the
RF switches and Arduino, which all sat outside of the testing volume to minimize interference. A graphical depiction
of the test setup is shown in Fig. 6.2.

The measurements were conducted by first positioning the BCI and tissue phantom at the center of the desired
position in the cage. For the baseline measurements, the two-port S-parameters were measured using the VNA.
At each measurement position, a MATLAB script was used to sequentially change the mode stirring configuration
and measure the two-port S-parameters until all 16 mode stirring configurations had been measured. The BCI and
tissue phantom were then moved to the next position, and the process was repeated until baseline and experimental
measurements were made at all 126 positions in the cage. The BCI antenna orientation was maintained constant at
each measurement points, and the cables were dressed to the cage walls at each position to minimize their influence on

the measurements. Measurements for both frequency bands were taken using 100 kHz steps in the frequency domain.

6.3.2 Characterizing the Channel Transfer Function

Knowledge of the insertion loss throughout the cage provides insight into the link margin and reliability of communi-

cation systems. For a backscatter communication system, the link margin can be calculated as

Prp = Pew — IL[WO—Way + M — Lsys (6.2)
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Figure 6.6: Experimental results for the 915 MHz ISM band comparing the highest two-way insertion loss at each

measurement point. In all heatmaps, lighter colors indicate lower insertion loss and thus better performance.

where Pp, is the received power at the cage antenna in dBm, Pcrw is the power of the RF carrier wave presented to the
cage antenna in dBm, I L is the insertion loss in dB, M is the modulation factor that arises from the symbol-dependent
change in impedance at a backscatter modulator (due to its differential radar cross-section), and Ly represents ad-
ditional system losses in the full-duplex monostatic backscatter receiver [19,44]. The worst-case insertion loss at a
position in the cage will determine the backscatter link margin and the uplink reliability for a given receiver sensitivity
and system parameters in Eq. 6.2.

The CTF of the cage was thus characterized using frequency domain power ratio measurements to determine the
insertion loss at each position. With the VNA, the transmission coefficient So; was measured at each position in
100 kHz steps over the BCI antenna’s average -10 dB bandwidth (Sec. 6.2.2), then converted to two-way insertion loss

in decibels

I Liwo-way (f, k) =2 x ( — 20 x log(]S21(f, k)|)) (6.3)

where [ is frequency and k is the measurement position. For brevity, we refer to / Liyo-way as 1L for the remaining

equations.

To determine how electronic mode stirring affected the cage CTF, we compared the worst-case insertion loss at
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Figure 6.7: Experimental results for the 2.4 GHz ISM band comparing the highest two-way insertion loss at each

measurement point. In all heatmaps, lighter colors indicate lower insertion loss and thus better performance.

each position without mode stirring, to the worst-case insertion loss from the mode stirring configuration having the
lowest insertion loss. In the baseline case without mode stirring, the worst-case insertion loss corresponded to the

maximum insertion loss value across all frequency points:
I Lyorsi-case = maX(IL) . (6.4)

In the experimental case using mode stirring, the worst-case insertion loss was a function of the mode stirring configu-
ration, indexed by . We first calculated the worst-case insertion loss for each mode stirring configuration at a specific
point, resulting in a 16 element vector, I Lyorstcase(?). The argument that minimized the vector corresponded to the

best mode stirring configuration for that position:
Best Config. = arg min(J Lyorst-case ())- (6.5)

Plots of the worst-case measured insertion loss |S;| for the 915 MHz and 2.4 GHz bands are shown in Fig. 6.5(a)
and (b), respectively. These plots show how mode stirring improves the worst-case insertion loss for a single point in

each frequency band.
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To compare how the worst-case insertion loss compared across all BCI positions for the baseline and experimental
measurements, heatmaps of the measurements were compiled showing the results for the 915 MHz band in Fig. 6.6
and for the 2.4 GHz band in Fig. 6.7. In these figures, lighter colors represent a lower insertion loss, and thus more
favorable channel loss characteristics. Histograms of the worst-case insertion loss for both frequency bands are shown
in Fig. 6.8.

Additional statistics were calculated and compiled in Table 6.1 for the 915 MHz band and in Table 6.2 for the
2.4 GHz band. The mean two-way IL (dB) across a plane, I L(p), was calculated as

ML) =3 T (66)

where n(-) represents the number of elements in the set, p represents the measurement plane, x represents the column,

y represents the row, and I L(p, z, y) is the mean two-way IL at a specific position

IL(J.p,2,5)

n(f) (€7

TL(p,z,y) =Y

f

The average standard deviation of the insertion loss, &(p), for each plane was calculated as

oy x~olpry)
(p) = ; n@nl) 6.8)

where

o_(p7x’y):\/Zf|IL(f7paxay)_IL(paxay)‘ (69)

n(f) -1
6.3.3 Results & Discussion

From the heatmaps of Fig 6.6 and Fig. 6.7 and the statistics in Table 6.1 and Table 6.2, mode stirring is seen to reduce

the overall severity and prevalence of deep nulls in the cage CTF.

915 MHz ISM Band

Across all 126 measurement positions, 86 (68.25%) exhibited a reduction of the worst-case insertion loss when
mode stirring was used. The worst-case insertion loss across the entire cage improved by 30.10 dB, while the mean
insertion loss improved by 3.68 dB across Plane 1, improved by 0.87 dB across Plane 2, and worsened by 1.37 dB
across Plane 3. Of the 86 positions that showed an improvement in worst-case insertion loss, 60 positions (47.62% of
all positions) had a reduction >6 dB. The average standard deviation of the insertion loss between measurement loca-
tions was reduced between 0.29-1.23 dB across all planes, indicating increased uniformity in the insertion loss. The
insertion loss at 40 measurement positions (31.75%) worsened with mode stirring enabled, with 26 positions (20.63%

of all positions) increasing by more than 6 dB, and the worst-case increase being 34.2 dB.
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Table 6.1: 915 MHz two-way channel transfer function measurement summary

Plane 1 Plane 2 Plane 3
Without MS | With MS | Change | Without MS | With MS | Change | Without MS | With MS | Change
Mean IL (dB) 50.74 43.38 -7.36 50.26 48.52 -1.74 50.54 53.28 +2.74
Worst-Case IL (dB) 123.6 63.4 -60.20 92.62 78.28 -14.34 112.28 83.42 -28.86
IL Std. Dev. (dB) 5.18 2.72 -2.46 4.34 3.76 -0.58 5.18 4.42 -0.76

2.4 GHz ISM Band

Across all 126 measurement positions, 67 (53.17%) exhibited a reduction of the worst-case insertion loss when
mode stirring was used. The worst-case insertion loss across the entire cage decreased by 17.81 dB. The mean inser-
tion loss increased by 0.41 dB across Plane 1 and by 0.58 dB across Plane 2; across Plane 3 it decreased by 0.35 dB.
Of the 67 positions that showed a reduction in worst-case insertion loss, 51 positions (40.48% of all positions) had a
reduction >6 dB. The average standard deviation of the insertion loss between measurement locations showed minor
changes, reducing between 0.14-0.26 dB across Planes 1 and 2, and increasing by 0.07 dB across Plane 3. The inser-
tion loss at 59 of the positions (46.83%) exhibited increased worst-case insertion losses, with 35 positions (27.78% of

all positions) increasing by more than 6 dB and the maximum increase being 48.02 dB.

Overall Results and Implications

The measurements in Fig. 6.6 and Fig. 6.7 revealed the dense multipath interference present inside the NHP cage.
Despite an open air space inside the cage, with 1 meter or less distance between the cage antenna and the BCI, very

deep nulls appeared due to reverberation within the cage.

The measurements using mode stirring demonstrated an observable reduction of the worst-case insertion loss
within the cage. The heatmaps in Fig. 6.6 and Fig. 6.7 show that, generally, the magnitude of deep nulls in the CTF
decrease when electronic mode stirring is used. These observations are supported by the statistics in Table 6.1 and
Table 6.2, where we observe that the worst-case mean two-way insertion loss was reduced by more than 7 dB in the
915 MHz ISM band and by more than 11.63 dB in the 2.4 GHz band. These changes to the CTF in both frequency
bands can be seen by the histograms of Fig. 6.8. We observe that the grouping of worst-case two-way insertion
loss counts is shifted to lower values when mode stirring is introduced. Further, the high insertion loss values from
measurements without mode stirring disappear as well. The improved insertion loss statistics throughout the cage
suggests that electronic mode stirring can be used to increase the channel capacity of the NHP cage and bolster the

reliability and/or data rates of wireless communication systems in the cage.



76

Table 6.2: 2.4 GHz two-way channel transfer function measurement summary

Plane 1 Plane 2 Plane 3
Without MS | With MS | Change | Without MS | With MS | Change | Without MS | With MS | Change
Mean IL (dB) 56.88 57.70 +0.82 58.30 59.46 +1.16 59.82 59.12 -0.70
Worst-Case IL (dB) 149.26 113.64 -35.62 147.30 109.58 -37.72 141.38 118.12 -23.26
IL Std. Dev. (dB) 7.78 7.50 -0.28 7.84 7.32 -0.52 8.22 8.36 +0.14
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Figure 6.8: Histogram of highest insertion loss for each measurement point in the 915 MHz ISM band (top) and

2.4 GHz ISM band (bottom), comparing results with and without electronic mode stirring.

6.4 Chapter Conclusions

In this chapter, we presented a novel implementation of electronic mode stirring in a non-human primate (NHP) cage.
Using switched parasitic antennas (SPAs) mounted to the ceiling of the cage and measuring the power ratio between a
BCI antenna and a ceiling-mounted cage antenna, we found that electronic mode stirring can create a more favorable

communication channel in both the 915 MHz and 2.4 GHz ISM bands. We specifically observed that the use of SPAs
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improved the worst-case insertion loss by up to 60.20 dB in the 915 MHz band and by up to 35.62 dB in the 2.4 GHz
band. These reductions in insertion loss increase the channel link margin and thus the overall channel capacity for
wireless uplinks.

The results suggest that electronic mode stirring is a promising technique to improve the performance of ultra-low
power backscatter wireless uplinks for BCIs. Further work is required to continuously optimize the mode stirring
configuration given changes in the cage environment as the NHP moves throughout the cage. To implement real-
time mode stirring optimization, a closed-loop optimization approach could be implemented where the mode stirring
configuration is selectively changed to maximize the received backscatter signal power as the NHP moves around the

cage.
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Chapter 7

ORTHOGONAL FREQUENCY DIVISION MULTIPLEXING (OFDM) BACKSCATTER
COMMUNICATION

Key point: OFDM modulation achieves reliable communication in dense multipath environments by spreading a sig-
nal’s energy across orthogonal subcarrier frequencies. In this chapter, we present three all-digital architectures for
OFDM backscatter communication that use RF switches and discrete loads to implement digitally controlled single-
sideband OFDM backscatter modulators. We provide design, analysis, and measurements of a selected architecture
using five subcarriers with binary phase shift keying (BPSK) modulation for a throughput of 1.25 Mbit/s and an RF
modulator energy efficiency of 160 pJ/bit. We additionally present over-the-air validation of an implementation with
195 kbps throughput.

This chapter is based on work in [47].
7.1 Introduction

The potential for energy efficiency offered by backscatter communication has resulted in numerous practical appli-
cations, primarily with different single-carrier modulation schemes. Researchers have demonstrated analog modu-
lation [95] and digital modulation schemes such as amplitude-shift keying [96, 97], phase-shift keying [17, 64, 98],
frequency shift keying [41,46,78], quadrature phase-shift keying [16], and 16-quadrature-amplitude modulation mod-
ulation [40] with data rates as high as 96 Mbits/s and up.

A drawback of single-carrier modulation is decreased reliability in channels with time varying multipath. Con-
ventional active radio standards, such as IEEE 802.11 WLAN, have used multi-carrier orthogonal frequency division
multiplexing (OFDM) to overcome narrowband interference. Traditionally, OFDM is implemented using the real and
imaginary outputs of an inverse Fast Fourier Transform (IFFT) to control two voltage digital-to-analog converters
(DACs) which in turn drive a vector modulator, as shown in Fig. 7.1(top). This implementation is relatively power
hungry due to the need to run the DACs at a sampling rate sufficient to Nyquist sample the entire OFDM signal
bandwidth.

Several recent works have developed building blocks for OFDM backscatter communication, but each still re-
quires the use of digital-to-analog converters (DACs) and high speed lookup tables to compensate for the non-linear
impedance-vs.-voltage curves of typical modulators. For example, in [63] pulse-shaping for backscatter communi-
cation was explored by using a DAC to control a voltage-variable impedance, such as a field-effect transistor (FET),

connected to the backscatter device’s antenna. The impedance of such a single-FET modulator is a non-linear func-
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Figure 7.1: Comparison of (top) a traditional OFDM architecture using I/Q voltage DACs and a vector modulator
and (bottom) the proposed all-digital backscatter OFDM architecture using an RF switch and discrete loads to form a

discrete-valued impedance DAC.

tion of the applied control voltage and is also strongly influenced by the incident carrier wave (CW) power. In [99],
an amplitude-frequency-shift keying (AFSK) OFDM backscatter integrated circuit (IC) was developed. The IC uses
direct digital frequency synthesizers to generate distinct subcarrier signals driving R2R DACs that in turn provide
gate bias for an array of modulating FETs. OFDM-like backscatter signals were demonstrated in [100], but this work
also relied on DACs, FET-based modulators, and tuned RF structures. In these prior works, achieving incident-power-
independent impedance states is challenging due to the modulator FET’s non-linear dependence on incident power and
gate bias voltage. Further, high speed DACs generally have high power consumption, on the order of tens of milliwatts

or greater, making them an unfavorable choice for highly energy-constrained wireless devices.

In this chapter, we present three all-digital architectures for OFDM backscatter communication that can be real-
ized using digital CMOS RF switches as the backscatter modulator elements (Fig. 7.1 (bottom)). We provide design
analysis on a selected architecture, with FPGA-based digital logic driving a custom backscatter modulator printed cir-
cuit board (PCB) (Fig. 7.2) described in [101]. The modulator leverages digitally tuned capacitors (DTCs) to achieve
a reconfigurable inductor-free modulator that facilitates prototyping for future application specific integrated circuits
(ASICs). This chapter provides a significant contribution to the field of low power wireless sensing and backscatter

communication in the following ways:
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* Design and Performance Repeatability: The all-digital architecture produces repeatable impedances across a far

broader range of incident carrier wave power than DAC-driven FET modulator architectures.

* Platform Flexibility: The three proposed OFDM backscatter architectures can be implemented in any conven-
tional digital logic device, including field-programmable gate arrays (FPGAs), complex programmable logic
devices (CPLDs), microcontroller units (MCUs), and CMOS ASICs. The design analysis of this chapter pro-
vides an understanding of how the design architecture affects digital resource utilization and wireless link per-

formance.

* Protocol Configurability: The proposed OFDM backscatter architectures allow for easy configurability of the
physical and link layer communication parameters, such as the number, frequency, and modulation of the subcar-
riers as well as the desired sideband relative to the incident carrier wave. Well-known OFDM packet structures

to mitigate inter-symbol and inter-carrier interference can be easily added.

The outline of this chapter is as follows: Section 7.2 presents an overview of the proposed OFDM backscatter
architectures. Section 7.3 presents simulation results for a selected architecture based on an IFFT lookup table (LUT).
Section 7.4 presents a comparison between simulated and measured results and an over-the-air validation of this

architecture. Finally, Section 7.5 presents conclusions and ideas for future work.

7.2 Architectures for OFDM Backscatter Communication

7.2.1 Impedance DAC

In this work, we chose to use a digitally-controlled CMOS RF switch to control the impedance presented to the
antenna. Using a switched modulator has several benefits over voltage-controlled variable impedances. The first
is that the switch FETs are biased as digitally controlled RF switches that connect externally provided impedances
to the antenna, so fluctuations in the incident RF carrier power do not disrupt the modulator impedance. This is
a key limitation of previously-described modulators using the FET itself as a variable impedance. Switch based
implementations provide backscatter modulators that can achieve consistent, reliable operation over a wider range of
incident carrier wave power. Secondly, the switch is controlled using all-digital logic that is widely available across
low-cost MCUs, CPLDs, FPGAs, and ASICs. Once the impedances connected to the switch are determined, there
is no need for calibration to achieve repeatable operation. Lastly, CMOS RF switches can achieve data rates of on
the order of tens of megabits per second due to their fast switching times [40, 102]. A disadvantage to using CMOS
RF switches is that the two-way insertion loss can often be >3 dB, however this can often be improved given careful

attention to the switching FET device and process.
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backscatter modulator using digitally-tuned capacitors (DTC) described in [101]. (a) Photo of the backscatter modu-

lator, (b) Block diagram of the backscatter modulator.

An RF switch used to switch between different discrete impedance states can be viewed as an impedance DAC.
For example, a single pole-single throw (SPST) switch can be seen as providing 1-bit of impedance resolution. At
a constant switching rate, a SPST switch can achieve ON-OFF keying (OOK) or binary phase-shift keying (BPSK)
modulations. However, if the switching rate of the SPST is modulated such that one of M different switching rates is
selected for each symbol period, then M-ary frequency shift keying (FSK) modulation can be implemented, such as
in [46].

A key insight in this work is that multiple simultaneous carrier frequencies can be generated by using multi-tone
symbol sequences to actuate the RF switch. These symbol sequences correspond to the digital baseband OFDM signal
of Fig. 7.1(bottom). Using such symbol sequences can enable even a one-bit impedance DAC, e.g. an SPST switch,

to generate orthogonal subcarriers.

7.2.2 OFDM Backscatter Architectures

A challenge when implementing OFDM is balancing the desire for a fast, high-resolution IFFT with the limited
hardware resources and power available in embedded systems. An IFFT block has many different design parameters,
including the number of bins, the bit width and fractional length for data and twiddle factors, and the radix of the
butterfly modules. With each of these parameters comes trade-offs in computational speed and resource utilization.
There has been significant research in hardware efficient algorithms designed for use in OFDM [103]. For example, in
applications that have unused bins in the IFFT, “pruning” can be used to reduce the complexity of the IFFT block [104].
Additionally, for low resolution applications, smaller bit widths and fractional parameters can be used to reduce the
number of logic elements and memory needed for a particular design. To better understand the resources required for

implementing OFDM backscatter, we present three architectures for generating the requisite digital baseband OFDM
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signals: an on-the-fly inverse Fast Fourier Transform (IFFT) architecture, a IFFT Look-Up Table (LUT) architecture,
and a numerically controlled oscillator (NCO) architecture, as shown in Fig. 7.3.
IFFT-based Architecture

OFDM backscatter communication can be generated using the on-the-fly IFFT-based architecture shown in Fig. 7.3

(top). This architecture closely resembles a traditional OFDM implementation, except it replaces the voltage DACs
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Table 7.1: Resource Allocation for Example OFDM Backscatter Architectures Employing Five Subcarriers

Architecture Logic Elements | Multipliers | Block RAM
(Bytes)
128-Point Buffered Burst IFFT 3,556 24 1,985

128-Point IFFT LUT 505 0 0

NCO (Full Sine LUT, 2048-point) 1600/subc. 0 0
NCO (i—wave Sine LUTs, 2048-point) 500/subc. 0 0
NCO (Full Sine LUT, 128-point) 120/subc. 0 0
NCO (%-wave Sine LUTs, 128-point) 50/subc. 0 0
NCO (Small RAM) 81/subc. 0 60

Values are reported from the Intel Quartus Prime Analysis & Synthesis report summary.
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Figure 7.5: Simulation of OFDM backscatter spectral power using five subcarriers and different impedance configura-
tions: (a) two real-valued impedances that are absorptive and reflective, (b) two real-valued reflective impedances that
are 180 degrees out of phase, (c) four complex-valued reflective impedances that are 90 degrees out of phase, enabling
single sideband modulation, and (d) sixteen complex-valued reflective impedances. (a)-(b) can be implemented with
a two-throw switch, (c) with a four-throw switch, and (d) with a sixteen-throw switch. Spectral plots are in units of

power relative to the incident carrier wave (abbreviated as dBcw).

and vector modulator by an RF switch and two or more discrete RF loads. In this configuration, data bits are passed
through a modulation block that maps bits to M complex-valued symbols. The symbols are then arranged in parallel
and input into the desired subcarrier frequency bins of an N-point IFFT, while the undesired subcarrier frequency bins
are set to zero. If the input to the IFFT is symmetric, with the same inputs being applied to the corresponding positive
and negative frequency bins, then the frequency spectrum will be double sideband (DSB) and the IFFT output will
be a real-valued time domain signal that is N samples long. If the input to the IFFT is asymmetric with inputs only
applied to the positive or negative frequency bins, then a single sideband (SSB) frequency spectrum will be generated.
The IFFT output in this case will be complex, composed of a real (I) and imaginary (Q) component that are each N
samples long. Each sample will have its amplitude coded in one or more bits.

For an RF switch with .S switch states, ¢ = log, (.S) control signals are required. The amplitude of the IFFT output
can be truncated such that c total bits are obtained. For example, a single pole-four throw (SP4T) switch requires two
control bits. In this case, the most-significant bit (MSB) from each of the I and Q signals can be used to actuate the

switch among its four possible states. The digital baseband signals for this example are shown in Fig. 7.4. As a result
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of the I and Q signals being truncated in resolution, the wideband noise floor is elevated relative to an implementation

having more switch states.

Simplified IFFT LUT Architecture

Implementing an on-the-fly IFFT block in a device allows for significant flexibility, but it comes at the cost of hardware
complexity and additional power consumption. IFFT implementations in digital logic generally require multipliers
and block memory for storing intermediate calculations as well as LUTs for the complex exponential roots of unity,
also known as twiddle factors. For example, a 128-point Radix-2 Buffered-Burst IFFT generated using the Intel
Quartus Prime FPGA design software uses 24 multipliers, nearly 2,000 Bytes of RAM and over 3,000 logic elements
(TABLE 7.1). Certain low cost, low power digital devices like the Lattice Semiconductor iCE40 FPGA [105] and
MachXO2 [106] are appealing platforms for backscatter communication due to their low static power consumption,
but they lack dedicated multiplier blocks and requisite number of logic elements to compute the IFFT. These hardware
constraints can be overcome though by pre-calculating OFDM backscatter symbols and storing them in LUTs, reducing
resources at the cost of real-time configurability. A block diagram of this implementation is shown in Fig. 7.3 (middle).
In this implementation, the incoming data bits are used to select the corresponding OFDM symbol from the pre-
generated LUT. As TABLE 7.1 shows, this implementation requires only 17% of the logic elements of an IFFT and
no multiplier or block RAM.

NCO Architecture

An alternative to IFFT-based architectures is to use a dedicated NCO for each subcarrier, as shown in Fig. 7.3 (bottom).
In this approach, the outputs of each NCO are added together in a digital adder, after accounting for potential bit
growth. The ¢ MSbits are then used to actuate the RF switch. For applications that require real-time configurability
for a small number of subcarriers, this is an appealing choice. Each NCO is characterized by its phase resolution,
i.e. number of samples per sinusoidal period Nxco, and the amplitude resolution, i.e. number of bits per sample. The

output frequency is then controlled by a frequency control word, f.y, such that the output frequency is fou = ]\{;;20 * fs,

where f; is the sample rate.

In the simplest implementation where an NCO is built using a full sinusoidal LUT with, for example, 11-bit
phase resolution and 16-bit amplitude resolution, each subcarrier requires approximately 1600 logic elements. By
exploiting the symmetry in a sinusoidal signal, however, it is possible to generate the same signal using a %-Wave LUT
with significant complexity savings. Other implementations exist for NCOs that trade off between logic elements,
multipliers, and block RAM [107]. TABLE 7.1 outlines the observed resource utilization for three different NCO

architectures.
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7.3 Simulating OFDM Backscatter Communication

7.3.1 Effects of the Impedance Constellation on OFDM Backscatter Spectrum

In all of the OFDM Backscatter architectures, the choice of the RF switch and the impedances connected to it will im-
pact the backscattered frequency spectrum. Numerical simulations were performed to explore the effects that number
of RF switching throws and impedance values would have. Simulations were performed in MATLAB R2018a soft-
ware (MathWorks, Inc.). In the simulations, the simplified IFFT LUT architecture was used based on a 128-point IFFT.
The simulations used a symbol rate of 250 kHz, a sample rate of 32 MHz, and five subcarriers (250 kHz, 3.5 MHz,
4.75 MHz, 6.75 MHz, and 8.75 MHz). Each subcarrier was modulated using BPSK modulation, leading to 32 possible
OFDM symbols.

Four different RF switch configurations were simulated, as shown in Fig 7.5. The first two simulation cases used
single pole-single throw (SPST) RF switches, with one simulation using absorptive and reflective impedance states and
other using two reflective states 180 degrees out of phase. For these two simulations, only the in-phase (I) signal was
used to actuate the RF switch, yielding an impedance DAC resolution of one-bit. The third simulation case represented
a single pole-four throw (SP4T) RF switch and used four reflective impedance states that were 90 degrees out of phase
relative to adjacent states. This situation simulated single sideband backscatter modulation. Both the in-phase (I) and
quadrature (Q) control signals were used, each with one-bit resolution, as shown in Fig. 7.4. The fourth simulation case
simulated a single pole-sixteen throw (SP16T) RF switch. The impedance values were chosen to implement single

sideband modulation using the in-phase (I) and quadrature (Q) control signals with two-bit resolution each.

The backscatter power spectrum was estimated for each simulation case to compare performance of the different
switch and impedance configurations. The power spectra were estimated by calculating the power spectral density
(PSD), S(f) = .Z[R(7)] and multiplying it by the estimated noise bandwidth of the window, where .% ] denotes the

Fourier Transform and R(7) denotes the average auto-correlation of the OFDM time-series samples.

From the power spectrum plots of Fig. 7.5, we can make a few key observations. Firstly, single sideband (SSB)
backscatter modulation in (c) had the strongest subcarrier power levels with a maximum of -14.7 dB relative to the
incident carrier wave (abbreviated as dBcw). BPSK backscatter modulation in case (b) had the second highest subcar-
rier power at -17.3 dBcw, while 16-QAM in case (d) was -18 dBcw and OOK in case (a) was -21 dBcw. Given that

the reflected power is a function of the vector distance between impedance states, these results are as expected.

Secondly, we can examine the subcarrier interference ratio (SIR) by comparing the worst-case relative power levels
of spurious tones between subcarriers to the power levels of the subcarriers. The SIR is found to be -6.7 dB, -8.4 dB,
-10.2 dB, and -11.1 dB for cases (a)-(d), respectively. This result demonstrates that SIR appears to improve based on
two factors: (1) as the minimum distance between reflection states, |01 in|, increases, and (2) as the resolution of the

impedance DAC increases from one bit in cases (a) and (b) to two bits in case (c) and to four bits in case (d).
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Figure 7.6: Plot of the simulated OFDM backscatter BER versus % for different IFFT fixed-point bit resolutions in

terms of width and fractional length.

Thirdly, for cases (c) and (d) we can calculate the sideband rejection ratio (SRR) by comparing to the DSB mod-
ulation from case (b). SRR is calculated as the ratio of gain in the desired sideband relative to the attenuation in the

undesired sideband at a given subcarrier offset frequency:

Subcarrier Gain (dB)

7.1
Subcarrier Attenuation (dB) (7.1

SRR4s =

We find that SSB backscatter modulation in case (c) achieves an SRR of 17.7 dB while 16-QAM backscatter
modulation in case (d) achieves an SRR of 21.5 dB. The SRR does not tell the entire story though. Despite case (d)
achieving a higher SRR, the subcarrier gain in the desired sideband is actually negative, decreasing from a maximum
of -17.3 dBew in case (b) to a maximum of -18 dBcw in case (d). This can likely be attributed to the greater |6 y;,| in
case (b) [44]. Interestingly, the attenuation of the subcarriers in the upper sideband is 30 dB in the worst case for case

(d) while it is 25.4 dB in the worst case for (c), yielding a difference of 4.6 dB.

7.3.2  Bit Error Ratio Simulations

Bit error ratio (BER) simulations were performed to investigate how resolution in the IFFT affects data transmission.
The simulations used the on-the-fly IFFT architecture of Fig. 7.3 (top). The IFFT was implemented in Matlab as a
128-point Radix-2 IFFT algorithm using fixed-point data. The fixed-point data was defined by the total bit width and

the fractional length. These parameters were applied to the data as well as the twiddle factors, which are pre-calculated
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values of a unity magnitude complex exponential at different phase angles that are needed to calculate the IFFT. For
transmitting data, five subcarriers with BPSK modulation were used, and four ideal reflective states were assumed for
the backscatter modulator, as in the simulation of Fig. 7.5(c). The data was passed through an additive white Gaussian

noise channel, and the received symbols were processed using a coherent receiver assuming perfect synchronization.

Ey
No’

For each value of the energy-per-bit-to-noise-ratio, either 106 bits were transmitted or 200 bit errors accumulated,
whichever came first. A plot of simulation results is shown in Fig. 7.6. In this simulation framework, OFDM backscat-
ter in general performs approximately 4.5 dB worse than the theoretical binary antipodal modulation for independent
subcarriers in a non-fading channel. This decrease in performance is likely due to the non-linear bit truncation oc-
curring between the IFFT and the backscatter modulation, which generates residual wideband noise, harmonics and
inter-modulation distortion. Among the backscatter signals simulated, the case using data and twiddle factors of type
floating-point double performed the best, as expected, given that it provides the highest resolution of the signal.
Surprisingly, comparable BER performance is achieved for bit resolutions as low as four total bits with two frac-
tional bits. BER performance then severely degrades for the cases of four total bits with three fractional bits (“Width:
4, Frac: 3”) and two total bits with zero fractional bits (“Width: 2, Frac: 0”). These results suggest an interesting op-
portunity for OFDM backscatter implementations to leverage significantly reduced IFFT implementations. Not only

can the data and twiddle word sizes be reduced, but many of the arithmetic cycles can be eliminated since in a single

sideband implementation with relatively few carriers, many of the IFFT calculations result in zeros or near-zero values.

7.4 OFDM Measurements & Results

Measurements were performed to validate the power spectrum and wireless uplink capabilities of an OFDM backscat-

ter design. The measurements were performed by implementing the simplified IFFT LUT architecture previously men-
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Figure 7.8: Measurement setup and results using four complex-valued impedances for SSB OFDM backscatter: (a)
Diagram of the cabled setup used to measure the impedance constellation (top) and backscattered spectrum (bottom)
of the OFDM backscatter FPGA, (b) Smith chart showing the measured impedances of the backscatter modulator
normalized to 50 2. The impedances used for the measurement are shown with larger dots or crosses, while the possible
DTC states are shown with smaller dots or crosses. (c) Comparison of the simulated backscatter spectrum using the

measured impedance values and the measured spectrum from the OFDM backscatter FPGA.

tioned on a TinyFPGA BX [108], an open source hardware platform that uses a Lattice Semiconductor iCE40 FPGA.
A block diagram of the digital design is shown in Fig. 7.7. The digital design was written in the Verilog hardware defi-
nition language and was comprised of a 19-bit linear feedback shift register (LFSR) to generate a pseudo-random data
stream, a Symbol Clock generator set to trigger each new symbol at a 250 kHz symbol rate, and an OFDM Symbol
LUT. The LUT was generated from 128-point IFFT and contains 64 total symbols each consisting of 128 samples. 32
of the symbols corresponding to the in-phase (I) output and 32 correspond to the quadrature (Q) output. Additionally,

a serial peripheral interface (SPI) driver is used to initialize the backscatter modulator’s DTCs on power-up.
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7.4.1 Backscatter Modulator Design

A custom PCB was designed to interface the backscatter modulator to the FPGA. The backscatter modulator is im-
plemented using a CMOS SP4T RF switch (Analog Devices ADG904 [102]) controlled by the FPGA, as shown in
Fig. 7.2(b). The RF switch connects one of four impedances to the antenna. The impedances are implemented using
two CMOS DTCs (Peregrine Semiconductor PE64101 and PE64909 [109]), and two fixed resistor-capacitor pairs.
DTCs were used to achieve a reconfigurable inductor-free modulator that facilitates prototyping and design for future
application specific integrated circuits (ASICs). The reflection coefficient of each impedance was measured at the
reference plane of the antenna connector (Fig. 7.2(a)) using a calibrated Agilent N5222A vector network analyzer
(VNA) (Fig. 7.5(a)). The tuning word for each DTC was iteratively reprogrammed until the reflection coefficients
approximated the ideal SSB backscatter constellation in Fig. 7.5(c). A summary of the specific impedance values and
DTC tuning words is presented in Table 7.2 and the measurement setup and Smith chart of the measured modulator

impedance values at 2.45 GHz is shown in Fig. 7.8(a) and (b), respectively.

7.4.2  Modulator Power Consumption

The power consumption of the total OFDM Backscatter FPGA was measured with a precision Keithley power sup-
ply. The total power consumption (static + dynamic) of both the FPGA board and backscatter modulator PCB was
<33.6 mW from a 3.5 V supply. Of the total power 33.0 mW (98.2%) is due to digital logic in the FPGA (Fig. 7.7), and
only 600 W (1.8%) is consumed by the backscatter modulator. Within the backscatter modulator PCB, the ADG904
RF switch consumed 200 W while the DTCs together consumed 400 W of power.

7.4.3 Measured Backscattered Spectrum

The OFDM backscatter spectrum was measured using the setup shown in Fig. 7.8(a). The OFDM backscatter FPGA
assembly was connected to the output port of a Mini-Circuits ZABDC20-252H-S+ coupler using a coaxial cable. An

Agilent N5181A RF signal generator was connected to the input port of the coupler and configured to generate a pure

Table 7.2: Backscatter modulator impedances used for the 2.4 GHz ISM band

Impedance States DTC
Z | R Value C Value I'" (Cartesian & Polar) Word

Zy - 2.5pF 0.02 - j0.70 (0.70£272°) | 0x02
Al - 1.45pF  0.41+j0.10(0.42£13°) 0x08
Zs 131 Q 0.5pF  -0.21 +j0.46 (0.51£115°) -
Zs | 19.1Q 0.5pF  0.61+j0.12 (0.62£191°) -
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Figure 7.9: Measurement setup and results of over-the-air testing: (a) Diagram of the wireless test setup used to
uplink data, (b) Photo of the test setup in a lab environment, (c) Measured over-the-air OFDM backscatter spectrum,
(d) Measured over-the-air vs. original sampled-sine test data payload showing good agreement. No bit errors were

observed in this data set.

carrier wave tone at 2.45 GHz and -20 dBm RF power. The output coupled port of the coupler was connected to an
Agilent N9320B spectrum analyzer, with attenuation set to 0 dB and a resolution bandwidth of 100 kHz. The input
coupled port of the coupler was terminated with a 50 (2 load. With the signal generator turned on, a pseudo-random
sequence of OFDM symbols was generated using the 19-bit LFSR on the FPGA. A plot of the measured backscattered
spectrum is shown in Fig 7.8(c). Overlaid on the plot is the simulated spectrum using the measured impedances shown

in (b). As the plot shows, the measured spectrum shows good agreement with the simulation.
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Figure 7.10: Subcarrier BPSK constellations from the over-the-air validation.

7.4.4  Over-the-air Validation

A wireless over-the-air measurement was performed to validate that OFDM backscatter symbols can be successfully
demodulated. For the measurement, a bi-static backscatter communication setup with 1 meter spacing was used, as
depicted in the block diagram and photo of Fig. 7.9(a) and (b), respectively. The external carrier wave (CW) was
generated at 2.45 GHz using an Agilent N5181A RF signal generator with 0 dBm output power, a Mini Circuits
ZRL-3500+ RF amplifier with a specified gain of 20 dB, and an L-Com HG72710LP-NF log periodic antenna with a
specified gain of 10 dBi. The receiver was implemented using an Ettus Research USRP B210 software-defined radio
(SDR), and an L-Com HG72710LP-NF log periodic antenna. The internal clock of the SDR was synchronized to
the RF signal generator via a 10 MHz synchronization signal. A desktop PC running GNU Radio Companion ran
the SDR and performed down conversion, I/Q balancing, sample and symbol synchronization, and decoding with a
sample rate of 20 MSps. The OFDM backscatter FPGA was programmed using the design from Fig. 7.7 with two
modifications: (1) the sample clock PLL frequency was reduced to 5 MHz in order to accommodate the maximum
reliable sampling rate of the SDR and PC, and (2) the LFSR was replaced with a sinewave LUT (15-bit amplitude
resolution, 128-bit phase resolution) to provide a realistic sensor-data-like payload. The sinewave LUT contained all
32 possible OFDM backscatter symbols and could thus be used to determine whether a receiver could distinguish each
unique symbol. The measured over-the-air power spectrum is shown in Fig. 7.9(c) showing the OFDM backscatter
subcarriers. The spectrum was measured using an Agilent N9320B spectrum analyzer with a resolution bandwidth of
1 kHz, the maximum hold function enabled, and averaging enabled over 10 sweeps. Several seconds of wireless data

were captured, and a plot of the received samples is shown in Fig. 7.9(d) overlaid with the original samples. Plots of
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Kimionis et Correia et
Tang et al., This Work,
al., al.,
2018 [99] 2020
2016 [63]? 2018 [100]
Backscatter FET/PIN CMOS
FET FET
Modulator Diode Switch
Modulator Control
Analog Analog Analog Digital
Signal
Voltage DACs
Yes Yes Yes No
Required
No. of Subcarriers
N/A 4 4 5
Demonstrated
Subcarrier
N/A AFSK 4-QAM BPSK
Modulation
Demonstrated
Operating 915 MHz 5.8 GHz 2.4 GHz 2.4 GHz
Frequency

aDid not explicitly demonstrate OFDM backscatter.

the individual subcarrier BPSK constellations are shown in Fig. 7.10. Good agreement can be observed between the
received and original samples, and no bit errors were detected, validating the feasibility of using OFDM backscatter

to wirelessly uplink data.

7.5 Chapter Conclusions

This chapter introduces three all-digital architectures for OFDM backscatter modulation, as well as design analysis,
simulations, and measurements for a hardware-efficient IFFT LUT architecture using five subcarriers with BPSK
modulation to obtain a throughput of 250 kSymbols/s (1.25 Mbits/s). The hardware implementation uses a low-
cost, open-source FPGA platform and a backscatter modulator on a custom PCB. The digital design requires 505
logic elements with no multipliers nor any block RAM. Measurements found that the total power consumption of the
device was less than 33.6 mW, dominated by FPGA static power consumption, with a backscatter modulator power
consumption of only 200 pW, yielding a modulator energy consumption of 160 pJ/bit. RF measurements using a

cabled backscatter setup found good agreement between the physical design and simulated backscattered spectrum.
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Wireless over-the-air measurements validated that data can be successfully recovered without error from the OFDM
backscatter symbols.

Simulations of different backscatter modulator configurations were performed to determine the impact of impedance
DAC resolution on the backscattered OFDM spectrum. In general, it was found that the highest backscattered subcar-
rier power is achieved using single sideband backscatter modulation with > 2 modulator states and the greatest possible
distance between impedance states. As the number of modulator states is increased, the impedance DAC resolution
increases and the subcarrier interference ratio (SIR) and sideband rejection ratio (SRR) similarly increase. Interest-
ingly, as the number of modulator states increases from four to sixteen, the average distance between impedance states
decreases, decreasing the total backscattered power. This suggests that one should carefully consider the increased
cost and power consumption required to implement e.g. a 16-state backscatter modulator for OFDM implementations.

Additionally the OFDM backscatter BER performance was simulated using different fixed-point word resolutions
in the IFFT. These simulations revealed that comparable performance (within approximately 1 dB for BER of 10~%)
can be achieved between bit lengths of 4 to 16 bits. This suggests that optimal IFFT architectures can be developed
for backscatter radios that could further reduce resource utilization and power consumption.

The designs and analysis in this chapter point the way toward low-complexity, low power wireless sensor nodes
leveraging OFDM backscatter. Future work will explore physical and link layer schemes using the architectures pre-
sented here. With control of the subcarrier placement and modulation, multi-carrier, multi-protocol backscatter uplinks
could be implemented to improve data throughput, multiple access, resilience to interference, and compatibility with
custom and off-the-shelf receivers. Additionally, based on our findings that OFDM backscatter can operate with a low-
resolution IFFT, optimizations can be investigated to further reduce resource utilization and quantify performance in
non-ideal channels. Such a low-resource IFFT could greatly expand the applicability of low power, highly configurable

OFDM backscatter based wireless sensors.
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Chapter 8

CONCLUSIONS & FUTURE WORK

8.1 Conclusions

In this dissertation, we presented the NeuroDisc, a new research platform for wirelessly streaming neural data. The
NeuroDisc leverages an energy efficient, low SWaP, backscatter-based wireless uplink architecture to address the chal-
lenge of wirelessly streaming high resolution neural telemetry from an implanted electrode array. The NeuroDisc
was validated through in vivo wireless neural measurements with an anesthetized pigtail macaque. In working to-
wards the goal of enhancing neural recording and stimulation devices, we have contributed new designs, techniques,
analysis, and technology demonstrations to the fields of low power wireless sensing and backscatter communication.
These contributions improve the energy efficiency, data throughput, platform flexibility, and reliability of backscatter
communication, and open new avenues for innovation in biomedical engineering, as well as other SWaP-constrained

wireless sensing applications.

For high resolution sampling applications, we presented an approach using quadrature backscatter modulation to

Table 8.1: Summary of Contributions

Modulation
Modulation Data Energy per
Chapter Control Data Rate
Scheme protocol bit
Signal
2 All-digital DQPSK 25 Mbps Custom 12.4 pl/bit
FSK Dual
3 All-digital 1 Mbps BLE 158 pl/bit
Sideband
FSK Single
3 All-digital 1 Mbps BLE 198 pJ/bit
Sideband
Dual-Mode
1 Mbps & BLE & 198 &
4 All-digital FSK &
6.25 Mbps Custom 12.4 pJ/bit
DQPSK
7 All-digital OFDM 1.25 Mbps Custom 160 pl/bit
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improve the wireless throughput of a BCI while maintaining high energy efficiency. This technique was demonstrated
in vivo to stream 16 channels of neural data at 25 Mbps from the primary motor cortex of anesthetized rhesus macaque
using the 915 MHz industrial, scientific, and medical (ISM) band at a distance of 35 cm. The per-bit energy efficiency
of the backscatter modulator was measured to be 12.4 pJ/bit, which is nearly 100X lower than comparable off-the-shelf

solutions (e.g. WiFi, Bluetooth) achieving similar data rates.

A wireless neural recorder should ideally minimize the cost and effort for researchers to collect data. The DQPSK
backscatter uplink required a semi-custom receiver that could increase the cost and logistical complexity for experi-
menters unfamiliar with RF systems. To improve the usability of the backscatter uplink, we presented the first fully-
digital Bluetooth Low Energy (BLE) backscatter uplink for streaming wireless telemetry to any BLE-compatible de-
vice (e.g. smartphones, laptops, tablets, etc), achieving per-bit energy efficiencies between 158-198 pl/bit (Table 8.1).
We provided a design and simulation framework for implementing single sideband (SSB) BLE backscatter modulation
using the digital phasing method. Within this framework, we provided analysis for how non-idealities in the modulator
impedances affect opposite sideband suppression. Despite non-idealities, our off-the-shelf design achieved a desired
sideband gain of 2.4 dB and a sideband rejection ratio of 12 dB while consuming 198 pJ/bit, representing a significant
RF performance improvement over existing double sideband modulation for only a small increase in per-bit energy
consumption. We presented an end-to-end laboratory validation of this system demonstrating wireless over-the-air

streaming of pre-recorded neural data.

The BLE backscatter uplink had a data rate of 1.0 Mbps, which is adequate for capturing multiple channels of local
field potentials but not for higher resolution action potentials. To provide the benefits of both the high rate 915 MHz
DQPSK uplink and the 2.4 GHz BLE-compatible 1.0 Mbps uplink, we demonstrated a time division multiplexed
approach to simultaneous BLE and DQPSK operation that required no hardware modifications to the NeuroDisc. The
system leveraged the wideband operation of the NeuroDisc’s RF switch-based modulator to stream telemetry in two
unlicensed frequency bands. This system demonstrated the flexibility of backscatter communication systems to operate
across wide frequency bands with multiple protocols, an advantage that is often overlooked in the literature and which

could provide added benefits to end users.

A drawback to backscatter uplinks is the less favorable link budget, particularly in multipath environments. The
dense multipath interference observed inside metal non-human primate cages can significantly reduce the reliability
of backscatter uplinks for wireless neural recorders. In addition to providing measurements of the channel transfer
function (CTF) in the 915 MHz and 2.4 GHz bands within a metal NHP cage, we presented two novel mitigation
strategies. One approach for reducing nulls in the CTF was to modify the electromagnetic environment using electronic
mode stirring. By electronically actuating planar switched parasitic antennas (SPAs) installed along the cage ceiling,
we demonstrated for both the 915 MHz and 2.4 GHz ISM bands that it is possible to favorably alter the electromagnetic

boundary conditions of the cage, improving the CTF and yielding a more favorable link budget.
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The other approach was to design a wideband modulation scheme that reduces sensitivity to time varying mul-
tipath interference. We presented three all-digital architectures for generating orthogonal frequency division multi-
plexing (OFDM) backscatter modulation. A key innovation presented was to use an RF switch as a low-resolution
impedance digital-to-analog converter (DAC), providing significant energy and complexity savings compared to the
voltage DACs commonly used for OFDM modulation. Even with one bit of resolution provided by a single pole-single
throw (SPST) switch, we demonstrated that it is possible to generate multi-tone OFDM backscatter signals. We pro-
vided the design, analysis, simulations, and over-the-air validation for an inverse Fast Fourier Transform (IFFT)-based
architecture, pointing the way towards low power, low complexity backscatter uplinks with improved resilience to

multipath interference.

8.2 Future Work

This dissertation has presented new approaches for backscatter communication that could enable next-generation wire-
less uplinks for neural prosthetics and other SWaP-constrained devices. Building off this work, there are several

interesting avenues to explore.

8.2.1 Migrating from an FPGA to an Application Specific Integrated Circuit (ASIC)

A key step for harnessing the SWaP advantages of backscatter communication will be to integrate the digital designs
onto a single chip. The DQPSK, BLE-compatible FSK, and OFDM modulations presented were all implemented
as digital devices using commercial off-the-shelf FPGAs. The Verilog HDL code used to implement these designs
could be synthesized as part of a neural recording ASIC, and we expect that total power consumption of the backscat-
ter uplink would consume on the order of 100s of microwatts or less, including backscatter modulation and digital
packet handling. Further size reduction could be achieved by using inductor free impedance constellations explored
in [61,101]. Paired with advancements in conformable electronics, a single chip solution could enable high resolution

monitoring of neural systems in stable, minimally invasive packages.

8.2.2 Combinging Conventional and Backscatter Wireless Uplinks in a Hybrid Design

The less favorable link budget of backscatter communication uplinks limits their achievable range. A dual-mode device
that dynamically changes between conventional and backscatter communication, such as the design in [98], could
improve reliability at long distances while improving energy savings at short ranges. By combining conventional and

backscatter uplinks, greater versatility could be achieved when long ranges are required.
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8.2.3 Improving Receiver Sensitivity by Reducing CW Interference

A key approach to improving the reliability of backscatter communication systems is to reduce the interference caused
by the external carrier wave (CW) at the receiver. Whether the CW is in-band as with the DQPSK NeuroDisc uplink in
Chapter 2, or out of band as the BLE NeuroDisc uplink in Chapter 3, reducing the strength of the unmodulated CW can
improve receiver sensitivity and packet success rate [67,70,79]. The sensitivity of the DQPSK backscatter receiver
presented in Chapter 2 could be improved by modifying the self-jammer canceller. Steps could include integrating
the components onto a single PCB to reduce parasitic losses and improve isolation from radiated noise, e.g. from
digital electronics and mains power. The self-jammer canceller could also be used for BLE and OFDM backscatter

modulations to increase receiver sensitivity.

8.2.4  Support for Multiple Devices Streaming Simultaneously via Multiple Access Protocols

Future deployments of backscatter communication will need to support multiple devices sharing the same wireless
channel. The all-digital OFDM architectures presented in Chapter 7 could be used to explore physical- and link-layer
multiple access protocols. With control of the subcarrier placement and modulation, frequency and code division

multiplexing could be explored as methods to allow simultaneous communication from multiple devices.

8.2.5 Dynamic Mode Stirring for Freely Moving Experiments

To implement real-time mode stirring optimization, a closed-loop optimization approach could be implemented where
the mode stirring configuration is selectively changed to maximize the received backscatter signal power as the NHP
moves around the cage.

Other intriguing permutations of the switched parasitic antennas (SPAs) and mode stirring assemblies could be
explored in future research. For example, additional SPAs could be placed on the back wall of the cage (along row
A, Fig. 6.2) in addition to the cage ceiling to determine whether electronic mode stirring could reduce sensitivity
to BCI orientation. Future work could also explore whether improved performance might be achieved with the use
of additional impedance states, e.g. using a single-pole-four-throw switch such as the Analog Devices ADG904 to
yield a finer granularity of the phase of reflection at each SPA. Rather than using CMOS RF switch technologies
with relatively high insertion loss (>1 dB), gallium arsenide (GaAs) RF switches with lower two-way insertion loss

(<1 dB) could be explored as well.

8.2.6 Increased Reliability via Channel Equalization

With the integration of a low power receiver, such as the one proposed in [70], the OFDM backscatter communication

architecture in Chapter 7 could be modified to compensate for dynamic phase and amplitude changes in the wireless
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channel. Channel compensation could enable higher data rate communications in multipath environments, opening up

new applications for backscatter communication in wireless sensing.

8.2.7 Size and Power Reduction via Efficient Digital Hardware

Based on our findings presented in Chapter 7 that OFDM backscatter can operate with a low-resolution IFFT, opti-
mizations can be investigated to further reduce resource utilization and quantify performance in non-ideal channels.
Such a low-resource IFFT could greatly expand the applicability of low power, highly configurable OFDM backscatter

based wireless sensors.
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