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ABSTRACT

RFID Reader Design for Neural Implants

By
Christopher Sutardja

Doctor of Philosophy in Engineering- Electrical Engineering and Computer Sciences
University of California, Berkeley
Professor Jan M. Rabaey, Chair

Brain machine interfaces (BMI) have the ability to revolutionize both healthcare and neuroscience.
Recent advances in neural interfaces have demonstrated the ability to control prosthetic limbs and
to monitor and treat neurological diseases. Implants with the ability to acquire neural signals are
the primary sources of information used to control these systems. To ensure low risk of infection,
these implants should be powered wirelessly and communicate wirelessly to the outside world. An
efficient, wearable RFID interrogator, sitting outside the skull delivering power to and receiving
uplink data from these implants, is a critical component of a wireless BMI system that is
convenient and safe for patients to use.

However, RFID readers have a classical problem of self-interference from the transmitted carrier
leaking into the reader’s receive path, potentially saturating and desensitizing the RX amplifiers.
Conventional methods of carrier rejection result in an RFID reader form factor that is too bulky
and impractical to be worn on a human head. To solve these problems, we have developed a novel
architecture for a fully integrated RFID transceiver that uses only 1 antenna and no bulky isolation
components. We exploit the non-linearity of a class E/Fodd switching PA and use it as a
demodulator to mix our received backscattered signal back to baseband. The reader is fabricated
ona 1.2 mm x 1.5 mm CMOS Integrated Circuit and was tested with a proprietary implant through
a channel of pig skin and bovine t-bone to mimic the channel characteristics of a human skull. The
system achieves a data rate of 2 Mb/s, while delivering 790 uW of power to the implant at a TX
power consumption of 35 mW for an overall link efficiency of 2.3%. This efficient reader is well-
suited for BMI systems meant for long-term chronic neural recording for the purposes of
monitoring neurological diseases such as epilepsy and Alzheimer’s disease.
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Chapter 1:

Introduction

Interfacing electronics with the human body is an exciting new frontier in biomedical engineering,
healthcare, and science. Moore’s law has miniaturized digital electronics to the point that energy-
efficient, powerful computation is ubiquitous and affordable. Analog, mixed-signal, and RF design
techniques have matured to the point of being able to reliably detect and condition relatively weak
signals from the environment in the presence of large amounts of noise and interference. The
timing is right for implants and wearable electronic systems to experience a quantum leap in
practicality, functionality, and safety. Drawing on the advances in engineering of the past couple
decades and applying them to the unique constraints and challenges of integrating electronics with
human tissue can make this dream a reality.

This grand vision culminates in the Human Intranet [RAB1]. The Human Intranet is an electronics
platform containing consisting of an ever-increasing amount of devices containing sensors,
actuators, computation, storage, and energy nodes [RAB1]. A vast variety of sensors including
electrodes and LED’s for measuring various vital signals are connected through a robust, efficient
network to improve healthcare and wellness. Brain-machine interfaces enabled by neural recording
and stimulation is one of the most exciting aspects of the human intranet, yet one of the most
challenging to implement in a reliable and practical way.

Neural recording unit [ Red OLED [ sensor board
EEG /ECoG (g Gy - [ Green OLED [] Flex circuit board
¢ [:] Photodetector . Microcontroller
[ Electrode array [ Wireless chip
Battery pack
= N\

V(IJ) Sensor interrogation nodes f:\\

| Biopotential / Bioimpedance signal

Oxygenation signal

(C) Energy-starved sensor patches
(A) Wrist-worn control unit / “Hub”

(E) Actuator unit Inter node communication protocols:
controlled by neural

feedback and the “Hub” s===e Ullrasound  ===s Wireless +—-» Wired

Figure 1-1: Human Intranet [RAB1]



1.1 Brain Machine Interfaces

Brain machine interfaces (BMI) have the potential to revolutionize healthcare and neuroscience.
Out of all the human body’s organs and vital structures, the human brain is one of the least
understood by science, yet the nervous system is essential for the operation of every aspect of the
human body. Fig 2. shows an example diagram of BMI system. Signal acquisition front-ends
acquire neural signals from brain, which are digitized further decoded into certain actions using
signal processing. The results of this signal processing can be used to provide control signals for
prosthetics, computers, or they could be monitored by physicians to help treat certain neurological
diseases. The feedback in such a system can come from visual perception or from tactile and
proprioceptive feedback, but for people who has lost such functions, electrical stimulation of
regions of the brain associated with these functions can be used instead [JOH].

5 | \ Real-time
igna g —  analyss of
'_l_b processing brain activity |
! Real-time
g = telemetry

y A = interface
r - T - )
O K '
\n\ W

receiver

f;‘/ . Telemetry .
2 |

Vieusl Tactile and l
propnoceptive 1
feedback feecback 3 j R
s Real-time
1 T multi-channel
mechanical
actuator

Figure 1-2: Brain machine interface [NIC1]

1.1.1 Recording and Stimulation

Two key components of Brain Machine Interface (BMI) systems are sensing and actuation.
Implanted electrodes measuring the electrical activity of the brain can provide control signals for
control of BMI systems, and can also provide stimulation to the brain used to close the feedback
loop shown in Fig. 1-2. Sensing methods such as state-of-the-art near-infrared spectroscopy
require seconds to generate command signals, while electrical signals such as Electrocorticography
(ECoG) and Action Potential (AP) are able to record high resolution neural data on a millisecond
timescale. Using electrodes for both recording and stimulation is the primary method for real-time
control of BMI systems [BRAN].



One current standard for neural recording for BMI experiments is the Utah array. The array, shown
in Fig. 1-3 is 4.2 x 4.2 mm wafer with 100 shanks, each of which is 1 — 1.5 mm long, separated by
a 400 um pitch. The tip of each shank contains a conducting electrode. Neural recordings are
transmitted from each electrode to external amplifiers by cables traveling through the skull. These
electrodes can record action potential events from small groupings of individual neurons at a
millisecond time-scale [MAY]. Fig. 1-3 also shows other devices containing electrodes such as
the Michigan probe [HAR] and the Plexon Microwires [NIC2].

Figure 1-3: Various wired neural probes. a) Utah Array [MAY], b) Michigan Probes [HAR] ¢)
Plexon Microwires [NIC2]

1.1.2 Neural Prosthetics

There are millions of people worldwide who suffer from a spinal cord injury (SCI) [NAT], and
there are nearly 2 million people living with limb loss in the United States alone [ZIE]. For those
with spinal cord injuries or amputated limbs, regaining motor function can hugely improve the
quality of life for these patients. Neural prosthetics powered by BMI have greatly improved over
the past few years. Fig. 1-4 shows various applications of neural prosthetics. These prosthetics
often require high resolution neural data that only implanted electrodes can deliver [BRAN].

Neural prosthetics take all kinds for forms and sizes. The Braingate group is a collaborative effort
involving neuroscientists, engineers, neurosurgeons and other researchers from a consortium of
multiple academic and VA institutions. Its goal is to restore motor function, communication, and
independence of people with neurological disease, injury to their nervous system, or limb loss. In
[AJT], researchers involved with Braingate developed a system that combines neural recording and
muscle stimulation to restore reaching and grasping movements in a man paralyzed from the
shoulders down from a previous biking accident. Dexterous control of motor prosthetics was
demonstrated [HOC], where a woman with tetraplegia used an intracortical brain computer
interface to control a robotic arm to pick up and drink a bottle of coffee. This was the first time in
over 14 years that she was able to voluntary reach out and take a drink without assistance from
others. Successful control of motor prosthetics has been replicated in other research as well. In
[COL], a woman with spinocerebellar degeneration was able to control a robotic arm with seven
degrees of freedom. And [AFL] demonstrated that a man with SCI was able to use recordings from
the posterial parietal cortex to control a robotic arm.



Figure 1-4: Neuroprosthetics controlled by BMI a) A tetrapeligic woman drinks water by controlling
a robotic arm [HOC] b) A man with spinal cord injury uses BMI to stimulate and control
hand [AJI] ¢) BMI allows woman to communicate by using computer keyboard [PAN]

Other forms of non-motor prosthetics have been developed. In addition to loss of movement,
patients with paralysis also often have trouble using technology such as computers and
communicating with others. In [PAN], researchers developed a brain computer interface that uses
neural recordings from local field potentials and action potentials to provide point-and-click
control of a computer cursor. A woman diagnosed with ALS was able to use this interface to type
over 24 characters per minute to answer questions posed to her by researchers.

Although these results in restoring function in paralyzed patients are remarkable, all these systems
have one common shortcoming. The electrodes used for neural recording are connected from the
brain to the outside world using wired connections. Using a bulky wired BMI system in a lab
setting is fine for proof-of-concept experiments that explore the nuances of translating neural
signals into control of a prosthetic. But a wireless BMI system would make these treatments
available for daily, practical use by the masses.

1.1.3 Treatment of Neurological Disorders

Long-term recording of neural signals is a practical method to monitor the condition of patients
suffering from various neurological disorders such as seizures, Parkinson’s, and Alzheimer’s. In
some cases, closed loop brain stimulation can even help to treat the severity of these diseases.
Recent advances in neural implants have demonstrated treatments for neurological diseases that
involve both neural recording and stimulation [JOH].



Epilepsy is one of the most commonly-occuring neurological disorders, affecting nearly 1% of the
world population. Surgery is an effective treatment for intractable epilepsy, but the success of the
surgery is highly dependent on identifying the seizure onset zone. Localization of the region of the
brain responsible for seizures is usually done by implanting large wired electrode arrays to record
Electrocorticography signals (ECoG) of the patient for a period of weeks [ENG]. The wireless
uECoG implant developed in [MUL2] makes this type of chronic neural recording far more
convenient for daily wear, reducing the risk of infection for those who are considering surgery for

epilepsy.

Neuropace has recently developed an implantable device called the RNS Stimulator, shown in Fig.
1-5, that combines neural recording with direct brain stimulation to effectively treat epilepsy. The
cranially implanted neurostimulator continually senses ECoG signals, and is programmed by a
physician to detect abnormalities in the ECoG. In response to these abnormalities the RNS system
provides electrical pulses aimed at mitigating the effects of seizures or even preventing them
entirely. In clinical trials, the neurostimulator has been shown to reduce seizures by over 44% after
one year and 53% after 2 years [HEC]. Recently, Neuropace has announced the RNS Tablet, an
internet-connected platform with an easy-to-use Ul for easy access to patient ECoG data.

In-Vivo uECoG, Muller et al.

Neuropace RNS Stimulator Neuropace Tablet

Figure 1-5: Recent advances in ECoG recording for seizure detection. [MUL2, HEC]

The growing understanding of the brain from neural recording technologies recently enabled
treatment of various neurological disorders using a technique called deep brain stimulation (DBS).
DBS involves interfacing and intervening with the nervous system through electrical means in
order to treat Parkinson’s disease, tinnitus, sensory disabilities, chronic pain, and a whole host of
other conditions. Fig. 1-6 shows a schematic of the brain detailing the locations of electrode arrays
implanted for the purposes restoring hearing and treating tinnitus [JOH].



Contical lmplant

———

Figure 1-6: Implants using DBS to treat tinnitus and restore hearing [JOH]

1.2 The Need for Wireless BMI

Wireless powering and communications is an important feature for widespread adoption of BMI
systems. Wireless communications through the skull removes the needs for transcranial wires that
could increase the risk of infection. Having an external reader deliver wireless power to the
implant would also eliminate the need for frequent surgeries to replace the implant’s battery.

In recent years, much attention has been to the implants of wireless BMI system, but less focus
has been put on designing the external reader meant to power and communicate with them. An
external reader should be able to safely deliver power to a BMI implant, while reliably receiving
uplink data from it. To create a BMI system that patients want to use, the reader must be compact
and efficient. It has to be a device that people actually want to wear on top of their head.

1.2.1 Power Delivery

In [RAB], it was shown that electromagnetic power sources were determined to be able to deliver
2-3 orders of magnitude higher power to implants inside the skull. Implants can derive their own
power supply by rectifying an external RF carrier.

The FCC sets the maximum amount of power allowed to be transmitted inside the human body for
each wireless frequency based on health concerns such as heating of tissue by electric and magnetic
fields [FCC]. In [MARK?2], it was determined that the maximum amount of power available for a
sub-cranial implant depends on the available area inside the skull for a coil to receive the power.
The quality factor (Q) of the implanted coil determines the efficiency of power transfer through
skull. Smaller coils have lower Q at lower frequencies, while larger coils have high Q at lower
frequencies. In addition, loss through human tissue and the skull generally increases as frequency
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increase. Based on these observations, it is observed that using lower frequency carriers make
more sense when powering larger coils, and using higher frequency carriers are more efficient at
delivering power to smaller coils.

1.2.2 Uplink Data Rate

The required data rate of wireless BMI systems is dependent on both the type of neural recording
modality and the number of sensor sites. While surface recordings such as ECoG require a
bandwidth of only 500 Hz, recordings from individual neurons such as AP have a bandwidth from
250 Hz-10 kHz. For example, a 64-channel ECoG array digitized at 10 bits of resolution would
require a data rate 3.2 Mb/s, while a 100-channel AP array digitized at 10 bits would require a data
rate of 100 Mb/s [MULI].

1.2.3 Wireless Implants

ELECTRODES ASIC ANTENNAS

Figure 1-7: 1 mm? neural transponder (top) [MARK1] and wireless uECoG implant (bottom)
[MUL2]

In [MARK 1], researchers developed a 1 mm?® neural transponder with a wireless radio consuming
only 330 pJ/bit energy per bit [CHEN1]. Although there is no circuitry for neural monitoring or



stimulation on this implant, the prototype demonstrated the limits of efficiency for low-power
radios implanted inside the skull.

The system in [MUL2] demonstrated an implantable wireless uECoG implant for the purposes of
long-term neurological recording for monitoring of various neurogical disorders such as seizures
and Alzheimer’s disease. The implant consists of a flexible antenna and a electrode array printed
on a flexible substrate and an IC capable of recording 64 channels of ECoG data. The chip derives
its power from an external wireless source and can send neural data through a wireless uplink at a
rate of 1 Mb/s.

1.2.4 Neural Dust

Feasibility of less-than-mm-sized ultrasonic sensor motes that derive power from an ultrasonic
interrogator are shown in [SEQO]. This “Neural Dust” can detect neural signals and backscatter
them back to the interrogator. Because ultrasound has far less loss in water than RF, this allows
implants with neural acquisition to be placed far deeper into tissue than before. Also, ultrasound
has a smaller wavelength in water than air, and efficiency of energy harvesting depends on how
close the transducer is to the wavelength of the energy source. This form factors of “Neural Dust”
can be much smaller. Fig. 1-8 shows a demonstration of neural dust motes measuring EMG and
ENG to from a mouse’s leg and backscattering the measurements to the reader.

Transducer

=

Nerve
or Muscle

Figure 1-8: In-vivo neural recording in mouse leg using ultrasonic motes [SEO]

These advances in ultrasound implants make it even more important to be find a way to deliver
RF power wirelessly through the skull to neural implants. Even though ultrasound has low loss in
water, it has difficult propagating through the skull. Ideally, wireless powering and
communications through the skull can be used to deliver power to and interrogate large implants
on the surface on the brain. These implants can then generate ultrasound waves to interrogate and
power neural dust.



1.3 Radio Frequency Identification

Radio-frequency Identification (RFID) is a communications technology used when one side of the
link has access to far more energy resources than the other. An RFID reader sends a wireless carrier
to a tag, which the tag can reflect back to the reader by modulating its own antenna impedance to
send back uplink data. The tag can also use this wireless carrier to derive its own power supply if

necessary [FIN].

This technology is commonly used for inventory or identification purposes where the “tag” can be
a disposable sticker on an object or a smart card held by a person. For reasons of cost and
practicality, these tags have small or zero energy reserves on the devices. On the other hand, these
tags are commonly read by an interrogator or reader that has its own power source and complex

circuitry. Shown in Fig. 1-9 are some common applications of RFID.
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Figure 1-9: Common applications for RFID [FIN]

These system constraints are conveniently similar to that of a wireless brain-machine interface
with implanted device for neural recording. Communication using RFID backscattering is well-
suited for a data link through the skull. The external reader on top of the head provides a carrier to
the tag underneath the skull, and the tag passively modulates its own impedance to communicate
with the reader. The tag can then use this carrier to derive its own power supply.



1.3.1 State of the Art

Existing systems use frequencies from 13.56 MHz — 50 MHz for power and data communications
in order to maximize the amount of power transfer through the skull. At these frequencies, coupling
through the skull is near field (wavelength of light at 30 MHz is 10 meters in a vacuum, while a
skull is ~ 1 cm thick). As a result, the power transmit coil at the top of the head and the power
receive coil inside the skull are near-field coupled. In this regime, coupling efficiency is highly
dependent on the Q of the inductive coils used in the link.

However, backscattering systems suffer from TX-to-RX carrier leakage that may saturate receiver
front-ends, and excess phase noise from the TX that can lower receiver sensitivity. Implanted tags
with separate coils for powering and data telemetry like [KIA,RUSH] take up too much space
inside the skull. Some systems [KIA,RUSH] have the tag generate a new carrier frequency for data
before communicating, but that results in increased implant complexity, and a link that is difficult
to optimize for both powering and data communications.
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Figure 1-10: Near-field inductive link using separate transmit and receive coils [RUSH]

Although these systems have high link efficiency, the size of the external coil is 3 cm, and the size
of the implanted coil is over 1 cm. These systems are suited for BMI systems that require lots of
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power such as neural stimulation or perhaps powering an implanted ultrasonic interrogator to
power ultrasonic motes like the ones shown in [SEO].

1.4 Thesis Outline

The primary goal of this work is to describe the methodology for a compact and efficient design
of a transcranial RFID reader that wirelessly powers brain implants while receiving backscattered
neural recording data from that same implant.

Chapter 2 gives an overview of self-jammer cancellation, one of the primary hurdles of RFID
design. It defines the link budget and system constraints required to design a functional backscatter
link. Classical and state-of-the-art methods of removing the self-interference are analyzed for
feasibility in a practical trans-cranial link. A design example of an RFID Reader, built from off-
the-shelf components, meant to power and communicate with a 1 mm? 330 fJ/bit transponder for
implanted neural sensors [MARKI1] is presented as a proof of concept for these design principles.
While able to demonstrate the functionality and prove the feasibility of the miniature transponder,
the external reader is bulky and impractical for daily wear for patients using BML

The need for a wearable and efficient RFID Reader for Brain Machine Interfaces motivates the
design of a blocker rejection method that does not require bulky external components. Chapter 3
explains a novel RFID Reader architecture that uses a Class E/Fodd PA to simultaneously transmit
a power carrier to the tag while demodulating the its backscattered signal. Using these principles,
a proof-of-concept fully-integrated RFID Reader, meant to wirelessly power and receive data from
mm-sized neural implants is described.

Chapter 4 details the measurement results of in-vitro system tests using a prototype radio built
using the IC in chapter 3. Practical concerns of PCB level antenna optimization and matching
network design are detailed. The components of the RFID reader and tag system are tested with
an in-vitro mock-up of human skull tissue using cuts of meat and bone from the grocery store. And
the measurements from these tests and over-the-air tests are included.

And finally, future directions, possible improvements, and conclusions are discussed in chapter 5.
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Chapter 2:

RFID Readers for Brain Machine Interfaces

carrier

External Reader Skull
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Figure 2-1: RFID reader for power delivery/data communications with neural implant

Systems using RFID backscattering have been shown to enable communications between a
reader with access to lots of power resources and inexpensive tags with no battery of their own
[FIN]. This chapter focuses on addressing the many challenges involved in implementing an
RFID communications scheme in a wireless BMI system. Fig. 2-1 demonstrates the principles of
operation for an RFID system for Brain Machine Interfaces. The reader transmits a sinusoidal
carrier to the tag, and the tag communicates to the reader by modulating the impedance of its
antenna, also called backscattering. To prevent the need for regular surgery to replace batteries,
the implanted tag can use AC-to-DC conversion to derive its own power supply from the reader.
The power available to an RFID tag can be expressed as

Prag = Prx X Lehannet X Ef frr—pc €Y)
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where Pry is the transmitted power, Lopann 18 the loss of the channel, and Ef fzr_p is the
efficiency of the RF-DC Converter of the tag. This power can be stored on a capacitor for use in
communications, signal acquisition, and neural stimulation.

2.1 Blocker Rejection

The primary issue with backscatter recovery for RFID Readers is leakage of the transmitted
carrier into the reader’s own receiver. This large signal can saturate the receiver’s LNA, and
noise from the carrier can desensitize the entire receiver. The transmitted carrier is often orders
of magnitude larger than the received backscattered signal because reader receives a heavily
attenuated signal that experiences the path loss of the link in both directions.

2.1.1 Spectral Content of Backscattered Data

Backscattering is a passive form of communication that does not require the tag to have a PA or
generate its own carrier frequency. A reader interrogates the tag by sending it a continuous sine
wave. The tag modulates the impedance seen by its own antenna using an encoded form of the
data it intends to transmit, resulting in a change in the radio wave reflected back to the reader.
Amplitude shift keying (ASK) is one of the simplest and most efficient modulation schemes to
implement on a tag. All the tag needs to do to communicate is short its own impedance using a
switch that is controlled by the backscatter data.

The spectrum of various backscattered signal is shown in Fig. 2-2. The power spectral density of
standard NRZ encoding is concentrated near the frequency of the carrier. Other forms of binary
data encoding effectively shift most of the power of the backscatter data Pg;, to be centered at a
frequency f,,,4 away from the carrier, spectrally separating the data from the carrier Pryx [FIN].
The encoded data has a higher switching rate than the original NRZ encoding, resulting in more
power being used in the tag to modulate its impedance. This frequency shift can be also be
performed by mixing the encoded data with an IF frequency, but this requires the tag to generate
its own IF carrier.
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Figure 2-2: Illustration of backscattered signal spectrum

To recover the backscatter signal Pg;; without saturating the receiver, the RFID reader has to
lower the strength of the interferer Pry while maintaining the SNR of Pg; . Simply attenuating
the signal before it reaches the RX would lower the SNR of the received backscattered data.

Conceptually, a high-Q band-reject filter can be placed before the input of the RX to reject the
interferer. However, implementation of this filter is often impractical. Either off-chip
components such as high-order LC networks or high-Q external SAW filters would be needed.
High-order LC filters are susceptible to variance in their L and C values, and cannot be adjusted
once implemented. Similarly, SAW filters are electromechanical structures that have physical
dimensions designed for specific frequency bands, so they are also inflexible.

2.1.2 Circulator

Circulator Bulky,
Isolation limited by
antenna matching
return loss

To RX

Figure 2-3: Blocker cancellation in an RFID reader using circulator

14



One common method of blocker rejection is to use a circulator. A circulator is a three-port
device that ensures power flow in one direction, and isolates the first port from the third port.
Shown in Fig. 2-3, when the transmit power amplifier is connected to port one, the antenna is
connected to port two, and the receive chain is connected to port 3, the receiver is isolated from
the transmitter. However, the isolation between ports 1 and 3 is finite, typically being <20 dB
for most commercial circulators, so there is still considerable leakage that could desensitize the
amplifier. In addition, circulators are large off-chip components that are made out of
ferromagnetic material, so they increase the form factor of the reader and are difficult to integrate
on chip. For an external interrogator that is meant to be worn on top of the head, this architecture
would be far too bulky.

Even if the circulator has perfect isolation, practical matching networks for antennas have finite
return loss. It is difficult to achieve better than 15 dB return loss for a matching network at most
commonly used carrier frequencies for wireless data communications. As a result, the leakage
power at the input of the LNA in an RFID system using a circulator can be expressed as

Pinterferer = Ppy X (GCirc + RLMN) (2)

Where G, is the isolation of the circulator and RLy is the return loss of the matching network
due to imperfect matching beween the antenna and the circulator. It is important to note that
there could be a phase offset between G and RLyy depending on the implementation of the
matching network.

2.1.3 Active Cancellation
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Figure 2-4: Active Cancellation Block Diagram
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One of the convenient aspects of backscatter communications is that the reader already has a
copy of the transmitted carrier at its exact frequency. If a scaled and phase-shifted copy of the
transmitted carrier signal is combined with the received backscatter signal before the input of the
receiver LNA, any transmit leakage will be cancelled out before it can rail out the receiver. If the
transmit leakage comes from multiple sources (i.e. limited circulator isolation or finite return loss
of antenna matching network), active cancellation can still cancel out the received signal because
the sum of multiple sinusoid of the same frequency, regardless of phase or magnitude, is another
sine of the same frequency.

For a wireless brain machine interface system, active cancellation is best used combined with a
circulator to further increase the external reader’s robustness against self-interference.
Employing active cancellation without a circulator would require the reader to generate a copy of
the carrier of the same power but opposite phase as the transmitted carrier. This would
effectively cut the efficiency of the reader’s carrier transmit chain in half because every
transmitted carrier would need an equally large copy of itself to cancel it out.

Fig. 2-4 shows a block diagram of an RFID reader system employing active cancellation. A
directional coupler sends the majority of the TX power to the circulator on its way to the
antenna, while the remainder of the power (<-10 dB of the PA output) is sent to a cancellation
path. The cancellation path has a programmable attenuator and phase shifter that can be adjusted
so that its output is opposite in phase and equal in amplitude to the carrier leakage, caused by the
circulator and non-ideal matching to the antenna, into the RX path. These two paths are then
summed together using a power combiner.

The effectiveness of active cancellation of the self-jammer of the reader depends on the
resolution of the programmable phase shifter and attenuator. The effect of this non-ideality is
plotted in Fig. 2-5, which is taken from a system using active cancellation for the purposes of
image rejection [CHENT1]. As seen in the plot, if resolutions of less than 0.2 dB amplitude
imbalance and 1 degree of phase imbalance can be achieved, cancellation of the self-jammer can
exceed 35 dB.
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Figure 2-5: Interference Suppression vs Phase and Amplitude Imbalance [CHEN1]

Recently, [CAL] has demonstrated a full duplex transceiver employing active-cancellation using
a current-based DAC to cancel out any transmitted data to enable full duplex communications.
Using a DAC-based cancellation is overkill for an RFID system meant to only be full duplex in
the sense that it is only transmitting a single power tone while receiving a backscatter. But the
transformer-based current summation methods in [CAL] could allow for more effective blocker
cancellation in RFID readers.
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2.1.4 Separate Antennas

LO

Isolation dependent on
To RX antenna separation

Separate antennas compete for area
of optimal subcranial coupling

‘Antenn !

(b)

Figure 2-6: (a) Antenna Isolation dependent on separation between RX and TX coil. (b)
Both RX and TX coils compete for space on top of skull for face-to-face
coupling with implant.

One technique to protect against self-interference is to use separate antennas for transmit and
receive chains of the reader. This method makes it so that there is no direct electrical connection
between the large sinusoidal carrier in the TX and the amplifiers and filters of the RX chain.
Aside from a wireless system using two antennas being costly and bulky, this configuration isn’t
well-suited for trans-cranial powering and communication.

Isolation between two antennas scales with the distance between them. However, in a trans-
cranial link for a BMI system, the transmit loop antenna must be placed on top of the head,
directly above the implant, to optimize power delivery to the implant. Shown in Fig. 2-6, an
arrangement of two antennas leaves no room for a separate receive antenna with a direct line-of-
sight coupling to the tag. Either the transmit antenna has to shrink or shift, lowering the
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efficiency of the power delivery, or the receiver has very weak coupling to the implant, greatly
lowering the strength of the received backscattered signal.

2.1.5 Mixer-first implementations:

For the past decade, CMOS mixer-first RF receiver topologies have been shown to be good at
rejecting out-of-band interference without requiring bulky external SAW Filters [AND],
especially in receivers that don’t need to have extremely low noise-figure. Shown in Fig. 2-7, n-
path filters have been shown to be able to create flexible band-pass transfer functions using
primarily CMOS switches and capacitors, while consuming only a small amount of area [KLU].
In a mixer-first architecture, the first block in the receive chain is a CMOS passive mixer instead
of an LNA. This down-converts the received signal down to DC or to a lower IF frequency
before amplification. Because the devices in the front-end are used as passive switches and the
frequency translational properties of the switches allow for high-Q bandpass filters to be
constructed in a small amount of are, out-of-band blocker rejection as high as +26 to+36 dBm
IIP3 have been reported [KLU].
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Figure 2-7: Use of n-path filters with many phases of the same clock to construct complex
baseband filters.

In Fig. 2-8, a passive mixer-first LNA front-end is proposed for a UHF RFID reader [LIN].
Using the frequency translation properties of passive mixing, [LIN] is able to create a receiver
without an external matching network. However, the P, ;5 of the structure is only at -8.3 dBm, so
a circulator or directional coupler is still needed to isolate transmit from receive. For wireless
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BMI implants like those shown in [MUL1] and [MARK 1], transmit powers of greater than 10
dBm are required to power the implants through the skull.
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Figure 2-8: Passive mixer receive front-end for UHF RFID Reader [LIN]

What causes the P1dB to be so low? Even though passive mixers are great for out-of-band
filtering, in-band blockers are still subject to the non-linearity of the RX amplifiers [AND]. RFID
carrier self-jammer is considered an in-band blocker. Recent advances such as [KUO] attempt to
use non-linearity of translate the frequency of the backscatter so that it is out-of-band compared
to the blocker.

2.1.6 Separate Data and Power Carriers

Separate carrier frequencies can be used by the reader for power delivery and data
communications. This is not technically an RFID backscattering scheme because the implant
would need to generate a separate frequency for communications. This method would make
separating interference from the desired signal to be as simple as using a band-pass filter.
However, the remotely-powered implant need additional circuitry to generate is own carrier for
communicating on a different band. This can increase both the power consumption of the
implant, and it might also increase the form factor because the implant would need some sort of
reference and/or PLL to generate a spectrally pure carrier. For a standard RFID Reader, the
recovered backscattered signal can be approximated as (assuming low loss in the receiver)

2

Prx = Pry X Lcpg 2 x Gtag X dy 3)

Where Pry is the transmitted power, Grqg4 represents signal gain/loss from the tag’s RF front-end

and finite modulation depth. Because it’s a backscattering system, the channel 10ss L¢pgnner 18
experienced twice by the signal.
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If the tag has to generate its own carrier at a different frequency, another source of loss comes
into play: the efficiency of the tag’s RF-DC rectifier Ef frr_pc. The expression in (3) then
becomes

Prx = Prx X Lep g1 X Gragr1 X Ef frr—pc X Ef ftag X Gtag,r2 X Len,fa- 4)

Two frequencies are used so the channel loss Ly, r4 and tag antenna gain Gqg 71 for the power
frequency are different than the Giqq r, and Lep f, of the data frequency. The term Ef fiq g 7x
encapsulates all losses associated with carrier generation, signal processing, and data
transmission associated with the tag transmitting on a different data frequency.

Because all the power comes from the reader, the terms above effectively lower the strength of
the received signal for the same amount of transmitted power. Near-field power delivery systems
that have a large amount of power to the implants such as [RUSH] and [KIA] (> 10 mW) can
afford this loss in order to increase data rate of the backscatter by using a carrier frequency for
the data backscatter that is much higher than the carrier frequency used for power. Fig. 2-9
shows the powering and communications architecture used in [RUSH]. As stated in Chapter 1,
these systems trade-off power available to the implant for a larger coil size for both reader and
receiver.
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Figure 2-9: Block diagram of Near-field powering and communications using separate
data and power frequencies, including separate coils for each frequency [RUSH]
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2.2 Effect of Phase Noise on Receiver Sensitivity

Even if the amplifiers in the receive chain could remain in a linear mode of operation in the
presence large self-jammers from the TX, the phase noise of the TX carrier leakage could still
desensitize the receiver. Phase noise is the result of non-idealities in the oscillator that generates
the carrier. The amplitude noise in the components of a VCO manifests itself as random
perturbations in the phase of the generated carrier. An example white phase noise power spectral
density of a carrier signal vs frequency offset is shown in Fig 9. This noise is particularly
dangerous in an RFID reader because the self-jammer leakage is large compared to the received
signal. Fig. 2-10 also shows how the phase noise from transmit PA can leak into the receive path.
Assuming white phase noise, we calculate the effect of the phase noise at the carrier P, using

Proise = Prx X Geire X Ppy X BWSLg (5)

here Pry is the transmitted power of the PA, G, is the isolation of the circulator, Ppy is the
phase noise in dBc/Hz of the carrier, and BWg;, is the bandwidth of the received signal.
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Figure 2-10: Effect of phase noise on RFID Reader using circulator.

Several observations can be made by the expressions above. Higher isolation of the circulator
G.irc results in a lower amount of phase noise at the PA output. In addition, a higher RX signal
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bandwidth results in a greater integrated noise in the band of interest. This suggests that for
RFID systems where there is a high loss between tag and load, bandwidth-efficient modulation
schemes can result in improved receiver sensitivity.

What if there are multiple sources of interference caused by transmit leakage? It is clear that the
combined signal strength of the combined interferer would depend on the relative phase and
magnitude difference between the two sources. However, the way the noise from the two sources
add up depends on the correlation between their respective noise. Noise power in a signal can be
modeled as the variance of a random process. If two noise sources are completely uncorrelated,
the variance of the noise adds in the power domain. The resulting noise source has a variance
expressed by

Usumz = 012 + 022 (6)

However, if the noise is correlated, the situation becomes more complex. If two sources of noise
have the same spectral density, but are correlated the standard deviation of the noise can be
expressed as

Usumz = 012 + 022 + poi0; (7)

Where p is the correlation factor. This result has some interesting implications. It means that if
p > 0, the noise is actually higher than the sum of two independent noise sources. It also means
that if p = —1 and the standard deviation of each noise source is the same magnitude with the
same spectral characteristic, the noise can perfectly cancel. This is the case shown in a
cancellation loop with a single source of noise in the next section.

2.2.1 Phase Noise Experiment

Signal Power Programmable
Generator  Splitter Attenuator

Fixed
Attenuator
Programmable
Phase Shifter " LNA
/-\‘ /Z Output
Hybrid Power
Combiner

Figure 2-11: Phase noise cancellation experiment. [CHENT1 ]
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To explore the behavior of different interference cancellation methods on the overall noise of the
external reader a system, an experiment was devised. Fig. 2-11 shows a block diagram of the
phase noise cancellation experiment. The signal generator is directly fed into a power splitter
which splits the signal into two paths, each with their own different attenuators. One attenuator is
programmable in order to compensate for any gain imbalance between the top and ottom path. In
order to match the paths together a progammable phase shifter can be tuned anywhere from 0 to
1080 degrees was used to match the paths to each other. If one path is any integer multiple n *
360 degrees phase shifted away from the other path, then the inteference should cancel,
assuming equal magnitudes of the signal of both paths.

However, as shown in the simulation results of Fig. 2-12, the phase noise of the interference only
cancels if there is a 0 degree phase alignment between the main signal and the cancellation path.
Why is this? The phase noise from any integer multiple n x 360" phase-shifted version of the
signal generator is not corellated with the phase noise from the 0 degrees phase-shifted version
of the signal generator. Only when phase noise is correlated can the sum of the paths’ noise
cancel out when subtracted form each other.

<— Signal Generator

1E1 2 1E3 1E4 j=D 1E6 1E7

m

Figure 2-12: Phase noise from single path cancellation experiment [CHENT1]

2.3 Received Signal Strength

In an RFID reader system, the signal strength of the recovered backscatter signal Pg;, can be
expressed as

Psig = Ppy X Lchannel2 X Gtagz X Lpxy X dy (8)
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where Ly takes into account all the losses induced from the passives in the receiver. Lepgnn 1S
the propagation loss through the channel. G4 is the antenna gain of the implant’s antenna. And

dj 1s the modulation depth of the backscattered signal. It’s important to note that the losses of
the channel L¢pgnner are suffered twice in this system.

From (8), it appears that there are several ways to increase the signal strength of the backscatter
by the reader. Increasing the power output of the transmitter Pp4 increases the receive signal, but
it also increases the strength of the interference. The phase noise contributed by the self-jammer
also increases by the same amount, so the SNR of the receiver is left unchanged.

Decreasing the loss of the channel and/or improving the gain of the tag results in a larger
backscattered signal. Antenna optimization and correct choice of carrier frequency given the
system size constraints can greatly improve link efficiency [MARK1].

Modulation depth d,, is a measure of the degree of reflection in a backscatter system. When the
reader sends a power carrier to the tag, the tag can communication by switching its impedance so
that it either absorbs the carrier or reflects the carrier. The contrast in signal amplitude between
the two states is the modulation depth.

2.4 Design Example: External Reader for 1 mm?
Neural Transponder

Sub-cranial implants should have as small of a form factor as possible to minimize damage to
brain tissue. To push the limits of size and power for a wireless implant, a Imm? 330 fJ/bit
transponder was designed in [MARK2]. This implant was designed to be wirelessly powered,
and it communicates with the outside world using a transmitter with a unique form of
backscattering called a reflective impulse radio. Because of the small size of the coil relative to
the frequency of operation, there is a large loss through the channel in powering the radio. On the
communications side, this loss is even more significant. Because the transponder communicates
by reflecting the carrier from an external reader, the carrier that is modulated by the
backscattered data suffers the channel loss twice. The primary challenge in designing the
external reader for this implant is delivering power safely to the implant, while being sensitive
enough to receive the implant’s backscatter communications.

This section focuses primarily on the design of the external reader meant to power and
communicate with the Imm? neural implant described above. The first part of the chapter
discusses the challenges with powering the implant. Next, the communications protocol of the
implant is discussed. Based on the requirements of the implant, the design for reader using off-
the-shelf RF components is discussed. Measurement results and system analysis results are then
discussed to inform the design of future RFID readers meant for neural implants.
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2.4.1 Transponder Specifications

A
*

g’*’ o
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Figure 2-13: a.) Size comparison of implanted transponder micro PCB antenna and coin b.)
Die photo of neural transponder testchip [MARKI1]

Fig. 2-13 shows the chip and microPCB used for the implant. The loop antenna consists of two
loops to increase the inductance, which in turn increases the Q of the antenna. The dimensions of
the loop antenna are 1 mm x 1 mm and the trace thickness is somewhere between 1.3 -1.6 mils
due to process variation. On one side of the implant, there is one turn of the antenna and two
gold pads that are meant to be connected to a transponder chip using flip-chip bonding. The other
side contains the other turn of the antenna.

The transponder chip is fully integrated on a 1.1 mm x 1.4 mm chip in a 65 nm CMOS process.
However, the bond-wire pads are mainly for testing purposes, and the active area is less than 0.5
mm?. As a result, a version of the chip meant for implantation should have no problem fitting on
the 1 mm? micro PCB implant board. Figure 13 shows the block diagram of the system. An AC-
to DC converter down-converts the signal from the antenna and stores it on a capacitor for use as
a power source. The data uplink consists of using pulse position modulation (PPM) to efficiently
implement backscatter by shorting the two ends of the antenna together. A summary of the
transponder’s performance is given in Table 2-1.
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Figure 2-14: System Diagram of 1 mm? transponder [MARK1]

Table 2-1: Performance Specifications of 1 mm? transponder

Technology 65nm CMOS
Size 1.1 x I.Imm
Power TX 660 nW
Data Rate 2 Mb/s
Energy/bit 330 fJ/bit
Extra Power Available 5uW
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2.4.2 Communications

The transponder communicates using a wireless communication architecture known as
Reflective Impulse Radio (RIR). Conventional RFID Readers use narrowband modulation
schemes such as Amplitude Shift Keying (ASK), Frequency Shift Keying (FSK), or Phase Shift
Keying (PSK). Fig. 2-15 illustrates the principle of pulse position modulation (PPM) for a
Reflective Impulse Radio. Each symbol period Tpr, the tag reflects the transmitted carrier from

the reader for a time tpw which is only % of Tpr. In this transponder, sending a pulse requires
shorting the antenna, which means that the implant cannot absorb power during the duration of
the pulse. The RIR scheme allows the tag to fully absorb power from the reader’s carrier for %

of each symbol period. In addition, each symbol period can transmit up to logoM bits of
information.

(I (I R D I Pl
r-1r 1 1 1 1 -1 1 1 1 1 (I |
PP 1 1 11 M1 1 1 1 1 11
- m—d el d o Lol m—d ek e d o bl Y T S
__'-; fPIV
]—:b;'

Figure 2-15: Pulse Position for Reflective Impulse Radio [CHENT1]

A block diagram for the transponder’s reflective impulse transmitter is shown in Fig. 2-15.
Pulses are fed into a PPM encoder consisting of an adujustable delay line that is set by the
baseband data that the radio intends to send. This pulse is fed into buffers and then finally to a
switch that shorts the antenna when the pulse is high. In this RIR radio, modulation depth d,, is
limited to 50%.
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Figure 2-16: Diagram of Reflective Impulse Transmitter [CHENI1]

Why use a pulse position radio? There appears to be significant overhead in transforming the
baseband data into a PPM encoder in order to create the pulses needed for backscattering.
However, 3 bits of information can be transmitted for each symbol period Ty, as shown in Fig. 2-
16. And to transmit these 3 bits of data requires only switching the antenna once per symbol
period. This means that as the data rate of RIR goes up, its efficiency relative to simple on-off
keying schemes will also go up. Fig. 2-17 illustrates this trade-off.

1E-05 :
Reflective Impulse Radio |

| =RFID

1E-06

1E-07

Transmitter Power (W)

1E-08

1E-09 T T
1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08
Data Rate (bps)

Figure 2-17: Power consumption of RFID and Reflective Impulse Radio vs. Data Rate
[CHENT]

The cost of this decreased power consumption by the implant is that the external reader needs to
have a higher sensitivity in order recover the transponder’s backscattered signal.
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2.4.3 Reader Design

The reader design, built from off-the-shelf components, is shown in Fig. 2-18. A circulator is
used to isolate the transmitted carrier from the received signal. However, because commercial
circulators typically have isolations of < 25 dB, active cancellation also needs to be employed.
The transmit PA is connected to a directional coupler that that sends a small portion of the PA
output to an active cancellation path. The cancellation path contains an attenuator and phase
shifter that is adjusted so that the path’s output is equal in magnitude and phase to the carrier
leakage in the receive path.

The primary limitation to this system is the leaked phase noise from the transmitter to the
receiver. Shown in Fig. 2-19, even though the blocker can be fully cancelled by tuning the phase
and magnitude of the shifter and attenuator, the noise is not cancelled. The phase noise is
blocked in dBc/Hz. If the carrier leakage through the circulator were the only source of
interference, the overall phase noise would be attenuated as the signal is attenuated, but the
dBc/Hz level should remain unchanged.

Signal Directional
Generator Coupler Circulator

) D 3 (O Ve

Attenuator Phase

N O

Figure 2-18: Diagram of Reflective Impulse Reader [CHENT1]
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Figure 2-19: Phase noise from the generator and at the receive node. [CHEN1]

So why isn’t the noise fully cancelled in this system? It turns out that there are two sources of
interference in the reader design shown in Fig 17, the finite leakage of the circulator G.;,.. and
the return loss of the matching network RL . It is impossible to guarantee that the phase shifts
in the paths of the two sources of interference are identical, so the noise from each source cannot
be fully correlated. In addition, the matching network is narrowband compared to the rest of the
signal path and cancellation path. Therefore, its return loss would have a spectral characteristic
that is different than the attenuated carrier used in the cancellation path.

2.4.4 Reader SNR

As shown earlier, the backscattered signal strength at the receiver can be given by
2 2
Psig = Ppa X Lchanner” X Glmp X dy X Lpx (9)

Calculating the SNR of the reader gives insight into the range of the reader. The first requirement
of the reader is to calculate the noise. The noise incident at the input LNA can be expressed by

Proise = Piva + PeNiroserer (10)

where P; 4 1s the integrated input-referred noise of the amplifiers of the receive chain, and
Ppy_inteferer 18 the integrated phase noise of the interferer. Assuming that Ppy, is negligible
because the LNA in this system is a highly sensitive off-the-shelf RF component, we are left
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with Ppy intererer- Calculating the RMS value of Ppy jnteferer requires integrating the phase
noise spectral density over the bandwidth of the backscattered signal. Any out-of-band noise can
be filtered out after the LNA. The backscatter reflective impulse radio has a spectrum that be
shown in Fig. 2-20.

PSD

Frequency

Figure 2-20: Power spectral density of reflective impulse radio [CHEN1]

For an impulse radio, the spectral content of the signal resembles that of a sinc (sinc(x) =
sin(x) /x) that is upconverted to RF and centered around the carrier frequency. As can be shown

in Fig. 2-20, the majority of the energy in a pulse is between f.grrier T T; , but there is still

pulse

appreciable energy further away from the carrier. The phase noise can be given by
PPN,interferer = PPA X GPNdBC X Gisolation X BWsig (11)

Where Pp, is the transmitted power of the TX, Gpygpc 1S the phase noise in dBc of the interferer,
Gisolation 18 the amount of interference cancellation of the reader, and BWy;, is the signal

bandwidth. For simplicity, Gpygg. 1 approximated to be white across the entire bandwidth of the
signal. This will give slightly lower noise results than expected.

SNR = Psig _ PPA X (Lchannel X Glmp)2 X dM X LRX _ (Lchann X Glmp)2 X dM X LRXflz)
PPN,interferer PPA X Gisolation X GPNdBc X BW GisolationGPNdBc X BW .

In the reflective impulse radio used in the transponder, for a symbol period of 1 us, the pulse
width would be 0.125 us, contributing to a data rate of 3 Mb/s and a single-side band bandwidth
of 8 MHz. An equation approximating the SNR given the simulated loss of the link

(Lehann X Gimp) being -35 dB from [MARKI], and setting both the modulation depth dy, and

receiver losses Lgy to 0.5 is given by

SNR = (Lenann X Grmp)? X dyy X Ly (1073%)2x 0.5 x .05 3
- GisotationGpNasc X BW 1074 % 10711 x 8 x 106
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Where the Ppygp. 18 given by the measured results in Fig. 2-19, and Gisp14tion 18 @ssumed to be -
40 dB. Under the assumptions above, the radio is predicted to work, but not much margin is
given to any source of non-idealities in the link.

2.5 Discussion

This chapter presented the classical problem of RFID Reader self-interference from its own
transmitter potentially saturating its RX. Different methods of cancellation were explored, and
each have their own pros and cons for use in a trans-cranial link for BMI. To test the feasibility
of using backscatter communications to receive data from an implant, an external reader was
designed for a 1 mm? neural transponder implant [MARK1]. The neural transponder pushes the
limits for low power communications in an implantable system by using a novel form of
backscattering based on PPM known as a Reflective Impulse Radio. Though consuming less than
1 uW on communication, the high communications bandwidth and high link loss of this tag make
it challenging to design an external reader sensitive enough to demodulate its data in the
presence of a large self-jammer. The external reader requires a bulky external circulator and an
active cancellation loop to cancel the phase noise of the TX leakage over the entire bandwidth of
the wideband RIR backscatter. It becomes clear that the reader and tag should be co-designed to
consider the practical constraints of a wireless BMI system. In the next section, a wearable
integrated RFID reader for a wireless uECoG neural implant is presented.
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Chapter 3:

Integrated RFID Reader for Powering/Data
Communications of Neural Implants

For BMI systems, a compact, efficient RFID reader architecture is desirable to deliver power to
and communicate with mm-sized implants inside the skull. The reader should have an efficient
power transmitter so that it can deliver sufficient power to the tag without needing too large of a
battery to be worn on top of the head. As shown in chapter 2, to ensure proper operation, the RFID
Reader must be able to isolate its receiver from its own transmitted self-interference in order to be
able to recover the backscatter of the implanted tag. A lightweight form-factor is essential for
comfortable wearing throughout the day.

This chapter will outline the design behind a single antenna RFID architecture using an ammeter-
based data-recovery method to reject the interferer from an efficient TX using a Class E/Fodd
switching PA. The first part of the chapter will introduce the Class E/Fodd Power Amplifier and
introduce some unique properties about it that can be used to isolate a large transmitted carrier
from a received backscatter signal in a near-field coupled link. Next, the received signal strength
and link sensitivity of such a reader are derived based on link parameters and quality factor of
PA passives. As a proof of concept, a design example of an integrated RFID Reader using these
techniques is described. This reader is designed to deliver power to and receive data from an
existing wireless ECoG Implant [MULZ2] for applications of chronic neural recording for
neurological diseases.

3.1 Target BMI System: 64-channel uECoG Neural
Implant

An RFID reader meant for sub-cranial powering and communications should be designed to power
and communicate with an actual neural implant. A minimally invasive 64-channel wireless
Electro-corticography (ECoG) implant was designed by a colleague in [MUL2]. The device
consists of a highly flexible polymer-based 64-channel electrode array and a flexible antenna,
bonded to a CMOS integrated circuit that performs 64-channel signal acquisition from the surface
of the cerebral cortex and wireless data transmission. The implant also derives its supply from
external wireless power transfer. It requires 225 uW of power and transmits data at 1 Mb/s. The
system requirements are specified in Table 3-1. The external RFID reader was designed to surpass
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the maximum power delivery and received data rate requirements of the ECoG implant, shown in
Fig. 3-1.
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Figure 3-1: a) uECoG neural recording micro-system including electrodes fabricated on
flexible substrate b) IC containing neural recording amplifiers, wireless power
recovery, and wireless data communications. [MUL2]
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Table 3-1

uECoG Implant Parameters
Recording Modality Electrocorticography
Channel Bandwidth 1-500 Hz
Number of Channels 64 Simultaneous
Uplink Data Rate 1 Mb/s
Required Power at 225 uW
Carrier Frequency ~300 MHz
Implanted Antenna 6.5 mm

3.2 Ammeter-based Blocker Rejection using Nonlinear
Switching Power Amplifiers

This section introduces an RFID reader architecture that doesn’t need external isolators to cancel
its own self-jammer by using the non-linear properties of switching power amplifiers to
demodulate the backscattered signal to baseband, where it can be measured by an ammeter in series
with the PA and the power supply. Interference is translated to DC, where it can be removed using
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a DC blocking capacitor. Analysis based on the PA parasitics and link characteristics between the
reader and the tag are used to determine the signal strength recovered at the ammeter.

3.2.1 Class E/Fodd Power Amplifier

The Class E/Fodd power amplifier, shown in Fig. 3-2 is a non-linear switching PA topology that
was first introduced in [KEE]. It uses differential switches to drive a tuned differential load.
Because the load is differentially driven, current at even harmonics does not flow through it. In
addition, there is a parallel LC tank tuned to the fundamental frequency connected in parallel to
the load to ensure that all higher-order harmonics are differentially shorted. The purpose of a tuned
switching PA is to deliver power to a load at high efficiency. One of the primary mechanisms of
loss in a switching PA is through the drain capacitance of the switches. As seen in Fig. 3-1, when
a switch is turned on, the capacitance of each switch Cs is shorted to ground. As a result, each
cycle, there is a loss equivalent to CsV,* through each switch in the PA. Tuned switching power
amplifiers shape the waveform on the drain of the PA to resemble a half sinusoid so that when the
switches turn on, the voltage across the switch is close to zero.
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Figure 3-2: Class E/Fodd PA. High level schematic shown with drain waveforms.

3.2.2 Blocker Rejection Mechanism

As, seen in Fig. 1, one interesting property of the Class E/Fodd PA is that the current through each
DC-choke inductor Lj can be given by

T[ZVDC
L

(1)

This result reveals that the DC current the amplifier draws from the supply is dependent on only
two parameters, the load resistance and the voltage of the power supply [KEE]. Fig 2 shows that
the load impedance connected to the implant coil is near-field coupled to the external reader’s
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segmented antenna. As a result, any change to the load impedance of the implant changes the load
impedance seen by the PA. If a series resistor is inserted in series between the power supply and
the Class E/Fodd PA, then it can act as an ammeter that measures the change in current as the load
impedance of the implant changes. The recovered baseband signal Vg;gpnq; across the ammeter

resistor Ramm 1s given by
VSignal = Romm * Momm (2)

where Al m (Lgmm = 21pc) depends on both the modulation depth of the implant tag and the
coupling between the coils of the reader and implant.

Because the DC-feed inductor is not ideal, some leakage current at the TX carrier frequency will
flow through the ammeter resistance, but the desired backscatter signal from the implant is already
spectrally separated from the interference, so low order baseband filters can filter out any
interference.

3.2.3 Effect of Link on Antenna Impedance

External Reader

Z Port 1: External Coil

L,Reader

—

TX | '\l\ /.f = Skull

. // \\' _)M.N DlaLta *

Port 2: Internal Coil

Implanted tag

Figure 3-3: Diagram of power transfer in BMI Sytstem

In a wireless Brain Machine Interface system, power is coupled through an external loop RFID
reader to an internal loop connected to the load of the implant. Because both loops are passive
structures, the overall link parameters can be modeled through 2-port z-parameters, where port 1
represents the loop driven by reader, and port 2 represents the internal loop of the tag [ORF]. The
impedance looking into the external loop is given by
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212221

ZZZ + ZL,Implant

(3)

ZL,Reader =2Z11 —

The desired recovered signal is based on the impedance AZ} poqqer When the implant’s load
impedance Z| ;,,, changes as follows

Z12221 Z12221

- : (4)
Zoz+ Zymp  Zaz+ (Zpimp — AZpimp)

AZL,Reader =

where port 1 refers to the terminals of the reader antenna and port 2 refers to the terminals of the
implant antenna. AZj ;;p1an¢ 1S the change in the load impedance of the implant impedance during

backscatter communications. The change in the real impedance of the reader antenna is then given
by

ARL,Reader = 7"eavl(AZL,Reader) (5)
which results in

T%Vpe *Vpe

(6)

Al = - .
amm 2(RL,reader - ARL,Reader) 2RL,Reader

3.2.4 Effect of PA Efficiency on Backscatter Recovery.

The calculations above assume a 100% switching power amplifier efficiency. In reality, switching
power amplifiers have significant loss that can affect the load impedance seen by the reader. ,

AI . T[ZVDC T[ZVDC
amm 2(RTotal - ARTotal) 2RTol:al .

(7

Fig. 3-3 highlights the factors which determine the strength of the recovered signal Al . To
maximize the detected signal Al,,,,, by the ammeter, the change in the total impedance seen by
the outputs of the PA ARy,¢4; must be maximized. Ryy¢q;

\V RTotal
I DC | —
amm l Ramm RL Blocker Down-conversion
= «Data
LO+ p g
Class E/F 47 c 1l &2 [S)
odd So M.N. g—— 23 | » a
PA " 0 < T =
Lo- 25 Il Il
L = DC 300 MHz
J_ Frequency
— Implant

External Reader
Coupling between external
internal coils through skull

Figure 3-4: Backscatter demodulation mechanism
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can be approximated by the parallel combination of the load resistance of the antenna R; and the
equivalent parallel loss resistance R;,¢;. As shown in (4), the antenna resistance R; changes by
AR; based on the modulation depth of the implant, the coupling factor between reader and implant
coils, and the impedance of the implant. In a zero-voltage switching PA with relatively low switch
on-resistance, R;,ss is dominated by the equivalent parallel resistance of the inductor Ly, of the
parallel LC tank of the Class E/Fodd PA. Calculation of AR7,;4; 1s as follows:

(RL + ARL)RLoss RLRLoss

AR = — 8

Total (RL + ARL) + RLoss RL + RLoss ( )
ARLRLoss

AR r—. 9

Total RL + RLOSS ( )

This result shows that making the equivalent parallel resistance R;,¢cas large as possible
maximizes the detected signal on the ammeter. The method of achieving this high R; ¢, would be
to maximize the Q of LC tank inductor Lpg;- .

3.2.5 Why Class E/Fodd?

Class-E PA schematic

Short for ather freq.
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Class-F PA conceptual implementation
Figure 3-5: Schematic Diagrams for both Class E and Class F PA

Class E PA and Class F PA have single-ended topologies. In a CMOS process, the MOS switches
can tolerate only a finite amount of voltage before device breakdown. Switches constructed from
multiple cascode devices placed in series can limit this effect, but can increase the series resistance
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of the PA switches. Assuming a sinusoidal output, he maximum amount of RMS power able to be
delivered to the load of a single-ended PA can be expressed by

2
Vmax

PLmax,SE = 8RL (10)

Where V., represents the maximum swing on the switch of a single-ended PA. In a differential
Class E/Fodd PA, R is a differential load placed in between the positive and negative outputs of
the PA. Because only one side of the PA is on at a time, V,,,, is now the amplitude of the sine
wave across the load resistance of the PA. The power delivered to the differential load can be given
by

2
Vmax

PLmax,DE = ZRL (11)

As seen by combining (10) and (11), it is apparent that P4, p= 4Prmax,se- In modern CMOS
processes, this breakdown voltage is on the order of 1V, so being able to transmit power with lower
voltages enables easier integration with digital CMOS processes.

In addition, the Class F PA consists of multiple parallel LC band-reject filters in series with its
output switch and output load. In modern CMOS processes, passives such as inductors are lossy,
so each of these LC filters would induce a significant amount of loss in the transmitter [KEE].

3.2.6 Choice of Ramm

According to (2), having a higher R, results in a higher received signal at the ammeter for the
same I, . However, increasing R, results in a larger voltage drop so that the effective Vp
seen by the PA is lowered by I ,nmRamm (assuming I, > Al ) so that

_ 27T(VDD B IammRamm)2
Algmm =

RTotal - ARTotal (12)
Because excess power is burned in the ammeter that does not make it to the load of the PA, As
Ramm approaches the load impedance of the PA, it actually takes a larger amount of power in the
transmitter to receive the same increase in signal strength. Fig. 3-6 shows the simulated Al Vs.
different values of R, for different values of load resistance to the PA. Also shown in Fig. 3-6
is the effect on PA efficiency vs R ., for differing values of R;. An Ry, 1s small relative to
R;, there is minimal impact on PA efficiency. An R, value of 1 ohm was chosen so that it
would only be 2% of the value of a PA load resistance R; of 50 ohms.

40



7 60
b
6 50
S
=95 40 =
5 o~
C el
o >
W —0— Backscatter Signal c
o4 30 -g
% —&— PA Efficiency =
O L
2 <
g3 120 O
m
2 = 40
» >
1 | | | | | | | | | 0
1 2 3 4 5 6 7 8 9 10 11

Ramm (ohms)

Figure 3-6: Backscatter Signal and PA Efficiency vs Ammeter Resistance.

3.3 System Architecture

Fig. 3-7 shows the system diagram of the proposed RFID reader. The transceiver is intended to
deliver power to and receive data from the implant in [9]. The transmitter consists of a Class
E/Fodd Power amplifier [8] driving a segmented loop antenna at 309 MHz. An ammeter resistor
measures the current drawn from the power supply of the PA. Because the reader and the tag are
near-field coupled, the tag’s impedance modulation will affect the load impedance seen by the PA
of the reader, and hence the DC current drawn from the supply by the PA, which depends directly
on its load. The non-linearity of the switching PA effectively mixes the backscatter of the tag down
to DC, and spectrally separates the desired backscatter signal from the PA’s output without the
need for any external circulator or isolator. Any leakage current at RF can be filtered with simple
low-pass filters built into the baseband amplifier chain (see Fig. 3-7), while any DC offset is
filtered with a DC blocking capacitor. The data is encoded using Miller modulation, moving
information away from DC, so the DC blocking capacitor does not introduce any loss to the desired
signal.
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Figure 3-7: Trans-cranial Link Diagram and Transceiver Architecture.

3.4 Integrated Circuit

The integrated circuit consists of both transmit and receive circuitry. The transmitter consists of a
Class E/Fodd power amplifier that is driven by a buffer chain. The receiver consists of a single-
ended baseband LNA and subsequent baseband amplification and filtering stages. Having a high-
efficiency PA also improves the signal strength of the recovered backscatter signal. As shown in
(8), if most of the PA power consumption is delivered to the load antenna instead being burned in
the PA, then the change in the PA’s load impedance by backscattering will result in a larger change
in the current drawn from the supply.
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3.4.1 Transmitter Design

The TX power amplifier is designed using a modified Class-E/Fodd topology. The two separate
large DC choke inductors and the inductor of the parallel LC tank are replaced by a single
symmetric inductor that has a center tap connected to the supply. This modified design saves area
on the chip while allowing a higher-Q inductor to be used for both the LC tank and the DC feed
inductors.

3.4.1.1 Symmetric Inductor

In addition to having a high enough Q to minimize losses through the LC tank, the equivalent
parallel resistance of this inductor must be sufficiently large compared to the load impedance of
the PA so that the majority of the current from the PA flows into its load. As a result, the
inductance had to be designed to be as large as possible given the area constraints of the chip.
To increase the inductance, the symmetric inductor was designed to have 9 turns. Even with 9
turns, the self-resonant frequency (SRF) of the inductor is still 1.2 GHz, far higher than the 300
MHz operating frequency of the PA. The Class E/Fodd PA requires that the impedance in
parallel with the load inductor is a short at frequencies higher than 300 MHz, so a 1.2 GHz SRF
should not affect PA performance.

3.4.1.2 PA Impedance at Harmonics

Class E/Fodd operation requires there to be a high impedance from the output nodes of the PA to
the power supply. Fig. 3-8 shows that the voltage at the drains of Class E/Fodd PA’s have both
differential and common-mode components. To ensure that the PA remains in Class E/Fodd
operation, the impedance seen from output to supply must be large compared to the load being
driven. Using separate DC choke inductors for each side of the PA accomplishes the goal of high
impedance at both common mode and differential mode components of the PA output to the DC
supply. However, this TX design combines the parallel LC-tank inductor and the two DC feed
inductors of a classic Class E/Fodd PA into one large center-tapped symmetric inductor to save
area and reduce the number of external components.
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Figure 3-8: Differential and Common-mode components of Class E/Fodd Waveforms.

Differential Mode Common Mode On-chip Inductor CM

AVERVA AVELY NN
a) b) Q)

Figure 3-9: Magnetic field, shown in red, generated by a) 3-turn symmetric inductor operating
in differential mode, b) 3-turn symmetric inductor operating in common mode, and ¢)
the on-chip 9-turn symmetric inductor operating in common mode.

Even though the symmetric inductor has a high differential inductance, the common mode
inductance is low because there are 9 turns that are closely wound together [CHEN2]. The path
from the positive terminal of the inductor to the center tap is wound in the opposite direction as
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the path from the negative terminal of the inductor to the center tap. Fig. 3-9 illustrates the
difference in magnetic field induced in between common mode and differential operation of a
center-tapped symmetric inductor. In common-mode operation, this results in most of the flux
generated by one side of the inductor to be almost equal in magnitude but opposite in direction to
the flux generated by the other side of the inductor, creating a low inductance path of less than 1
nH from the common mode of the PA to the supply. This low inductance causes there to be an
especially small impedance from the output to the supply at the 2"¢ harmonic.

To solve this issue, an extra inductor Lj is put in between the center tap of the inductor to
increase the common mode inductance without changing the differential inductance of the PA.
Without capacitors added in parallel, the common-mode impedance of the inductor tap to the
supply at even harmonics is

Xpc = w(LPar,CM + LDC)- (13)
On-Chip TX Switching PA

DC = 6 nH, Lparlef = 43 nH, LparCM = .6 nH
Cpar = 2.25 pF CD = 3.1 pF

Figure 3-10: Final design of on-chip TX PA

the output switches of the PA to resonate with this increased common inductance at the 2nd
harmonic of the transmitted carrier. The final design for the modified Class E/Fodd is shown in
Fig. 3-10. The expression for the resonant frequencies wp;fs for the differential load of the PA
is

1

l \/Lpar,Diff * (Cpar + CDC + CD,switc )

And the expression for the second harmonic resonance frequency wy, for the common mode
impedance of the PA is
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1
wCM == .
\/(Lpar,CM + Lpc) * (Cpc + Cpswitc )

3.4.1.3 Switch Design

The differential switches of the PA were designed with a cascode topology to increase the
maximum voltage allowed at each output node of the PA before device breakdown. The primary
causes of loss for PA switches are the CVpp° loss of the stages driving the PA output stage and

the loss from the finite series resistance of the switches themselves. The transistors were sized to
balance both sources of loss.

(15)

3.4.2 Receiver Design

RX Baseband Amplifiers and Low-pass Filters
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Figure 3-11: RX Baseband Implementaton

To recover the backscattered signal from the implant, the receive chain is connected to a 1 ohm
ammeter resistor that is connected in series with the power supply of the transmitter. The
received signal from the implant is miller encoded to ensure there is no frequency content at DC.
This encoding allows the receiver of the reader to filter out any DC offset from the backscattered
signal using a 30 pF series blocking capacitor. The baseband amplification stages are shown in
Fig. 3-11. The LNA is followed by a differential pair acting as a single-ended to differential
converter and amplifier. This stage drive two subsequent stages of differential pairs to create a
total gain of 60 dB for the receive chain of the reader.
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3.4.2.1 Miller Encoding

Miller-L

Normalized PSD (S WE)

0 .5 I H 2

Normahized frequency (f T,

Figure 3-12: a.) Example of miller encoded data [FIN] and b.) normalized power spectral
density of miller-modulated data. [NGY]

The ECoG implant uses Miller encoding to communicate with the reader in order to make it
easier to filter the interfering carrier away from the received backscatter. Miller encoding is a
way to code data so that a transition always happens every 2-4 cycles depending on the data
pattern being generated. Each symbol period contains two clock cycles. If a “1” is being
transmitted, there will be a transition in the middle of the symbol period. If a “0” is being
transmitted, there will be a transition at the end if the next symbol being transmitted is also a “0.”
Otherwise there is no transation.These frequent transitions ensure that there is very little
information at DC. Fig. 3-12 shows a sample data pattern and the power spectral density of a
Miller encoded system. Because the ammeter-based RFID reader directly down-converts the
received signal to be centered at DC, any interference present from the carrier will also be down-
converted to DC. Encoding the data using Miller modulation ensures that a simple first-order
high pass filter can be used to cancel out any DC offset.
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34.2.2 DC Offset Cancellation

In conventional RFID systems, the down-converted signal has a DC-offset component that varies
based on the phase shift of the self-jammer component relative to the LO signal. Deterministic
changes in the self-jammer (i.e. channel variations) usually happen at a slow rate (ms time scale).
Considering that the backscatter data received is using miller modulation at 2 Mb/s, there is little
information at DC, so a simple high-pass filter using a single capacitor as an AC coupler
between the ammeter and LNA is effective in cancelling any DC offset.

One problem with using a simple high-pass filter for conventional RFID systems is that there can
be long transients to charge the DC blocking capacitor if it is charged to an incorrect initial
condition. However, this is mainly a problem in applications when tags are sporadically
interrogated by a reader for only short period of time, such as RFID readers for inventory
identification purposes [BOA]. In a BMI system, the tag would be an implant that would
constantly be wirelessly sending neural uplink data, so a short period of charging the DC
blocking capacitor at system start-up would have minimal effect on the overall functionality of
the system, since the reader for the neural uplink would need to be on for minutes to hours at a
time for most BMI applications such as neural prosthetics or chronic neural recording for seizure
localization [MULI]. Using a simple 1% order high pass filter for DC offset cancellation makes
the reader design simpler without affecting the functionality.

3.4.2.3 Baseband Amplification and Filtering:

80 T . - ey
Frequency (Hz): 6.31e+04 Frequency (Hz): 9.12e+06
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10° 10* 10° 10° 107 108 10°

Frequency (Hz)
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Figure 3-13: RX Baseband Transfer Function

Although the desired signal has already been demodulated down to baseband, there is still some
leakage at RF due to the finite Q of the PA inductors. Each amplifier stage, including the LNA,
has extra capacitance added to the output to act as a first-order low-pass filter. In total, there are
4 such amplifier stages, creating a 4™ order low-pass filter that can heavily attenuate any
interference from the carrier. Using capacitors of less than 10 pF, a blocker rejection ratio of -75
dB is achieved at the output of the amplifier chain. Fig. 3-13 shows the transfer function of the
RX amplifier chain. At the frequencies of the backscattered signal, the amplifier chain has 60 dB
of gain, while at the frequency of the TX leakage at RF, there is a loss of -27 dB. This is
equivalent to 77 dB of blocker rejection. As shown in Fig. 3-14, this blocker rejection is enough
to ensure that there is only 1.5 dB of gain compression at a carrier leakage magnitude of 100 mV.
Keep in mind that the typical measured blocker amplitude at the ammeter is less than 10 mV.

60

50

Gain

30 r

20 | |
1073 1072 101 10°
Blocker Amplitude (V)

Figure 3-14: Gain in dB of the baseband receive chain vs. blocker amplitude at ammeter.
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Figure 3-15: Schematic of self-biased Class-AB LNA.

3.4.2.4 LNA Design

There are several requirements of the first stage amplifier of the receive chain. The LNA should
consume a small fraction of the power of the transmitter while maintaining high enough
sensitivity to recover the backscattered signal. The amplifier should be linear enough make sure
that any LO leakage from the transmitted carrier does not saturate the amplifier. And the input
impedance should high enough so that the corner frequency of the high-pass filter created by the
DC blocking capacitor and the input impedance of the amplifier is lower than the lowest
frequency content of the miller-modulated data required. The self-biased inverter-based amplifier
shown in Fig. 3-15 satisfies all three requirements.

The gate and drain are connected by a large bias resistor, ensuring that the DC bias of the input
and output of the amplifier keeps both PMOS and NMOS devices biased in saturation. The
design is efficient because the complimentary input devices give two sources of gn for only one
bias current. The total gm at is gm1 + gm?2, so the input-referred noise power spectral density
would be

4kT vy
——Af (16)
Im1 + Im2 &

2
vn,input -

The main contribution to amplitude noise would be the first-stage LNA. And the total input-
referred noise voltage at the frequency band of the LNA would be approximately:

Vnimtegrated® = | ——L Hypa (PP df (17)
n,integrated — Ima +gm2a LNA
where
27Tf*RinCBlock 1

H _ 18
INA ™1 4 2f RinCpiock 1 + 21f * RoucCrie (18
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Also, these complimentary input transistors also are more tolerant of higher swings. The high-
pass filter used for DC offset cancellation can be constructed with a relatively small 30 pF
capacitor and the large yet predictable input impedance of the biasing resistor connected in
feedback. The simualted amplitude of the backscatter signal on the ammeter is simulated to be
173 uV at link distance of 1.5 cm, so the ammeter was sized to have to an input-referred
integrated noise voltage with a 1 uV standard deviation to ensure robust low BER in the receiver.
The input-referred SNR vs. Link Distance is shown in Fig. 3-16.
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Figure 3-16: Input-referred SNR at the ammeter vs. Link Distance

51



3.4.2.5 Baseband Differential Amplifiers
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Figure 3-17: a) Schematic of Single-Ended to Differential Converter, b) Schematic of
differential amplifier, and c) Transfer Function of one stage of the differential
amplifier

The first-stage LNA is designed to be single-ended because the backscatter signal recovered at the
ammeter is single ended. To ensure robustness against power supply noise and common-mode
noise, the later stages of the receive chain are designed differentially. The following two amplifiers
are designed to be simple differential pairs. Each amplification stage is designed to have a gain of
4, a high-pass corner frequency of 12 kHz, and a low-pass corner frequency of 27 MHz. Each
amplifier stage was designed to have a low gain to be an easy way to ensure that the baseband
amplifiers operate robustly across process and temperature variations. The relatively low-output
impedance of each amplifier makes it so the input transistors stay in saturation across corners. Fig.
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3-17 shows the schematic and simulated transfer function of the differential pairs used in the
baseband receiver chain.

There isn’t a significant penalty to using multiple low-gain differnetial stages in this system.
Multiple stages of amplification are helpful to create a high-order baseband filter to filter out any
transmit carrier leakage. In addition, there isn’t any feedback in the receiver that would result in
instability of the baseband chain. The dominant source of power consumption is the LNA, which
is limited by the desired input-referred noise of the system, so having multiple low-gain baseband
amplifiers adds a trivial amount of power consumption to the chip.

3.4.3 Phase Noise

For RFID readers, phase noise leakage from the LO of the TX to the RX is often the primary
cause of lowered receiver sensitivity [CHIU]. As seen in Fig. 3-18, the thermal noise at the input
of transistors of the Class E/Fodd PA have a low gain to the PA output because the transistors are
operating in a non-linear switching mode. Mixing down the carrier of the received signal with a
carrier with correlated phase noise lowers the contribution of the phase noise [CHIU]. In this
ammeter-based PA transceiver, the same clock simultaneously generates the carrier for the
received backscatter, while demodulating the received backscatter back to DC, so there should
be correlation between the phase of the clock ammeter resistance.
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DC Current draw correlated VRX
. LDC

with phase of clock

source driving PA
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PA MOS Devices operate in switching
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Figure 3-18: Transceiver Phase Noise Rejection
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3.4.3.1 Simulated Phase Noise Transfer Function

Although the ammeter-based reader down-converts the desired backscatter signal to baseband, it
also downconverts the phase noise of its own LO to baseband. Variations in the phase of the input
signals driving the differential switches of the Class E/Fodd PA could potentially change the
current through the R,,,,,. The voltage induced on the R, by the integrated down-converted
phase noise power can lower the sensitivity of the receiver. Fig. 3-19 shows the setup of the phase
noise experiment. The effect of phase noise was simulated by using a sine wave with a similar
phase noise power spectral density to signal generator used to test the 1 mm?® transponder in
Chapter 2. This sine wave is passed through a single-ended to differential converter and fed into a
chain of inverters to limit its amplitude to that of a square wave. Then the effect of the phase noise
on V,,,m was measured through harmonic balance simulation.
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Figure 3-19: (a) Phase noise spectrum of LO (b) Simulation model used to determine effect of
down-converted phase noise on receiver sensitivity.

To calculate the effective dBc/Hz of the phase noise signal, the dc current through the ammeter
needs to be compared to the noise spectral density of the current of the downconverted phase noise
at V;um- The difference in dB between the downconverted phase noise current and the DC current

through the ammeter R, is the relative phase noise spectral density in dBc/Hz. Fig. 3-20 shows
the phase noise density.
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Figure 3-20: Phase noise vs frequency offset at V-

3.4.3.2 RX Filtering of Phase Noise
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Figure 3-21: (a) Transfer function of receiver. (b) Phase Noise in dBc input-referred to receiver
input.

The high-pass characteristic of the baseband receive chain is very helpful in reducing the impact
of the basband down-converted phase noise. Shown in Fig. 3-21 is the input-referred phase noise
vs frequency spectrum in dBc at the ammeter input. The integrated noise voltage over this
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bandwidth is less than 600 nV, significantly lower than the designed LNA input-referred noise of
1 uV. This is another advantage of using Miller encoding. As shown in Fig. 3-20, a large portion
of the phase noise is situated close to the carrier. Using miller encoding moves frequency content
of the backscatter signal away from the carrier, so the phase noise that is close to the carrier can
be filtered out with simple high-pass filters.

3.5 Discussion

The blocker rejection method described in this chapter can be used for any near-field backscatter
link. As shown in (7) and (8), the performance of this architecture is limited primarily by the
efficiency of the switching power amplifier, so the design scales well for any system that has a
carrier frequency where non-linear switching PA’s can operate efficiently. The specific IC
designed in this chapter can be used for any near-field RFID link with a carrier center frequency
of around 300 MHz. The next chapter will explore the antenna deisgn concerns and experimental
setup required to demonstrate the chip to delivering power to a proprietary implant similar to the
one in [MUL2], while at the same time recovering backscattered data at a low BER.
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Chapter 4:

Prototype and Experimental Setup

4.1 Test Chip Implementation

Class EIFodd_ PA

ww g

& 1.5 mm >

Figure 4-1: Die Photo

The design was fabricated in 65 nm in a general-purpose CMOS process with 7 metal layers, 2
thick metal layers, and 1 top-level Aluminum layer from TSMC. A chip micrograph is shown in
Fig. 4-1. The chip consists of a Class E/Fodd Transmitter and a baseband receive chain. The
passive components of the PA, the filtering and amplification stages of the receiver, and biasing
circuitry are all integrated on the die. The total chip area including pads is 1.5 mm x 1.2 mm. The
active area of all the circuitry is .89 mm?. The area and power consumption of the IC are dominated
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by the Class E/Fodd PA, which consumes 35 mW and has two large integrated inductors. Table 4-
1 lists the power and area breakdowns by block.

TABLE 4-1: Power and Area Breakdown of IC

Area Power
TX Switching 66mm> 35 mW
PA
RX Baseband = »3 00 4.4 mW
Amplification
Total .89 mm? 39.4 mW

4.2 Prototype Board
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Figure 4-2: Test PCB for reader.

The printed circuit board used for testing was created for two purposes. One function is to
characterize the segmented antenna to determine the center frequency of the matching network
and the impedance of the antenna. The primary purpose of the printed circuit board is to allow
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testing of the reader’s functionality. Once characterized, the actual size of such a system would be
closer to the size of the loop antenna.

4.3 Power Delivery

A highly efficient power amplifier on-chip means nothing if power cannot be efficiently
transferred from the reader IC to the external reader’s antenna. In addition, ensuring safe power
transfer from outside the skull to inside the head is also important for a wearable RFID reader.
This section outlines the various optimizations and design choices made in the antenna and
matching network in order to ensure efficient and safe operation of the external reader.

4.3.1 Antenna Design

The primary limitation for wireless power transfer in the human body is Specific Absorption Rate
(SAR). SAR is defined as

SAR = (12)

olE|?
p
where E is the electric field, o is the conductivity of human tissue, and p is the mass density of the
human tissue. Even though a loop antenna with a 1.6 cm diameter is small compared to the
wavelength of a 300 MHz carrier in human tissue, its length is still electrically significant enough
to induce a non-uniform electric field in the human tissue below it. These electric field hotspots
can limit the maximum power able to be delivered from the reader to the implant through the skull.

cSeg cSeg
Vine O—— T
T cSeg
VIN- OoO—
cSeg CSEQ

Figure 4-3: Loop Antenna with Segmenting Capacitors

To solve this problem, a hexagonal loop antenna that is segmented by series capacitors was
designed [BJO]. These series capacitors resonate out the inductance of the antenna and spread the
electric field evenly throughout the tissue underneath the reader. This topology allows up to 30%
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more power to be delivered to the antenna while still satisfying the maximum SAR limit mandated
by the FCC [MARK3].

4.3.2 Antenna Optimization

The antenna impedance is mostly inductive, and its dimensions are too small compared to the
wavelength of the carrier to any significant radiation resistance. Therefore, to maximize the
amount of power delivered by the antenna, the real part of the resistance of the antenna must be
minimized. The segmenting capacitors do spread the electric field, but these surface mount
components add a large amount of resistance in series with the coil. Because the segmented
antenna has such a high Q, any series resistance will greatly lower the S21 of the system. Shown
in Fig. 4-4 is the simulated S21 of a 1.5 cm link in air between a segmented coil and the implant
coil vs segmenting capacitor resistance.
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Figure 4-4: Simulated S21 of the link vs. series resistance of segmenting capacitors.

A small amount of resistance can greatly lower the Q of the mainly inductive antenna, greatly
lowering the power transfer of the reader to the implant. Even surface mount capacitors marketed
as high-performance RF capacitors still have an ESR on the order of 0.1 ohms each. 5 series
segmenting capacitors can add 0.5 ohms to the antenna. To lower the loss from these series
capacitors, instead of using 1 capacitor for each segment, the antenna was designed to have two
capacitors in parallel to connect each segment of the loop with the next section. This topology also
reduces lowers loss by minimizing current constriction at the leads of the segmenting capacitors,
which allows the current to spread out more while flowing through the loop.
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4.3.3 Matching Network

match

C C

Seg

Seg

Figure 4-5: Lumped View of Segmented Antenna Impedance

The goal of the matching network is to maximize the efficiency of the transmitter while ensuring
proper class E/Fodd operation of the transmit PA. The magnetic field generated by the transmit
coil is dependent on the current through it. The impedance of the unmatched antenna is

Zant = (WLane — )i+ Rype + RCseg (13)

WCseq
With a parallel match, the impedance at the resonant frequency becomes

Zomatch = (1 + QAntz) = Rynt (14)
Where

_1
WCseq

(RAnt + RCseg)

Matching the antenna to a higher impedance lowers the effect of any series resistance from the
PCB traces and bond-wires in between the antenna and the TX PA. Fig. 4-6 shows the design and

wLAnt -

(15)

Qant =
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dimensions of the segmented antenna and matching network and the simulated matched impedance
of the antenna as a function of frequency.

Figure 4-6: Segmented Antenna and Matching Network
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Figure 4-7: PA output power vs frequency when driving a 50 ohm real load.

While the switching PA remains relatively efficient over a wide band as shown in Fig 4-7, the
matching network of the segmented antenna has an extremely narrow bandwidth due to the high
Q of the Antenna. The real part of the unmatched antenna impedance is both low and unpredictable
because it comes primarily from the PCB trace impedance, the series resistance from the surface
mount segmenting capacitors, and solder bumps used to attach the segmenting capacitors. This
effect results in a matching network where the antenna is matched over a narrowband and exact
value of the impedance match is unpredictable (see Fig. 4-6). Outside the center frequency of the
matching network, the segmented antenna has a low impedance. With low load impedances (< 1
ohm) presented at its output, the class E/Fodd PA does not function efficiently. To ensure
acceptable PA efficiency over a wider bandwidth, series capacitors are added in between the
antenna and PA to increase the impedance seen by the PA.
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4.4 Proprietary Implant Tag
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Figure 4-8: Design and photograph of proprietary implant tag.

The reader was designed to deliver power to and communicate with an existing implant described
in [9]. The implant chip is complex and consists of an RF transmitter, RF-DC power conversion
circuitry, and 64-channels of amplifiers meant for neural signal acquisition. To simplify testing, a
proxy board was designed to have the same antenna dimensions and similar impedance
characteristics to the implant shown in Fig. 4-8. This board consists of a loop and surface mount
components meant to replicate the load characteristics of the ECoG chip designed in [9]. A surface
mount capacitor is placed in parallel with the loop antenna to act as a matching network. Parallel
surface mount resistors with similar resistance values to the rectifier in [MUL?2] are driven by the
antenna. One of the resistors is connected in series with a switch so that the implant board can
communicate through backscatter by modulating its load impedance. The switch S; is driven by
an Opal Kelly FPGA board outputting a PRBS-7 Miller-encoded data pattern.

Testing of the power delivered to the implant’s is done by measuring the voltage across R, with a
high frequency voltage probe. The current can be derived by calculating the impedance of the
implant during each phase of operation. In [MULZ2], the implant was designed to rectifiy the output

of its antenna during both phases of its backscatter. Depending on whether S; is switched on or
R1R;

off, the real resistance of the implant will either be R; or . The normalized difference between

1+R;
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these two impedances, also known as the modulation depth, is one factor determining the strength
of the backscattered signal.

4.5 Measurements in Air

Power transfer and data-link measurements were taken with the implant coil at various distances
away in air to compare with existing trans-cranial data/power transfer systems. At 1 cm coil
separation, the design is able to deliver a maximum of 1.25 mW to the implant at a TX power
consumption of 35 mW, for an overall link efficiency of 3.3%. Fig. 4-9 shows the BER vs link
distance in air. The minimum BER is primarily limited by test equipment, specifically the amount
of data the oscilloscope used can capture. Fig. 4-10 shows the overall link efficiency vs. frequency
at a link distance of 1.5 cm. Overall link efficiency is found by taking the total amount of power
delivered to the load of the implant and dividing that by the power consumption of the TX PA.
This metric takes into account both PA efficiency and link loss. The PA’s load is a highly-tuned
inductive load matched to a real impedance, so optimal power transfer occurs within a narrow-
band.
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Figure 4-9: BER vs. Link Distance
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Figure 4-10: Overall Link Efficiency vs. Frequency at 1.5 cm Link Distance
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4.6 In-Vitro Experiment

4.6.1 Channel Setup
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Figure 4-11: Measurement Setup with Reader Communicating with Implant through Proxy for
Human Skull

Pig-skin and Fat

The RFID reader is designed to communicate through an adult human skull. Because of the
difficulty in procuring a human skull, a channel meant to have similar loss characteristics to a
human skull was constructed out of various meats from the grocery store. To create a medium
similar to the skin and fat of a human scalp, we used the skin from a slab of pork belly with the fat
layer significantly trimmed down. The flat part of the bone from a t-bone steak was used as a stand-
in for the relatively flat geometry of the cranium bone from a human. The two pieces of meat were
stacked on top of each other to create the channel shown in Fig. 4-11. The reader antenna was
placed on the skin side of the channel, and the implant antenna was placed on the bone side of the
channel.
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4.6.2 Measurement Results in Tissue

TABLE 4-2: System Performance in Tissue

System Parameter This Work
External Antenna 1.5cm

Internal Antenna 6.5 mm
Communication Transcranial 1 cm
Carrier Frequency 309 MHz

Data Encoding Scheme Miller

Bit Error Rate <1E-6

Transmit Power 35 mW

Received Power 790 uW

Overall Link 2.3 %

Implant Voltage Waveforms
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RX Recovered Data
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Figure 4-12: Implant and RX Waveforms

Using the measurement setup above, power delivery and data telemetry were tested. Table 4-2
summarizes the overall results of the testing in tissue. The design is able to deliver a maximum of
790 uW to the implant at a TX power consumption of 35 mW, for an overall link efficiency of
2.3%. The receiver’s data rate with miller modulation is 2 Mbps at a BER of less than 1e-6 with
this configuration. Fig. 4-12 shows the backscatter waveforms from the implant and the recovered
data from the reader’s TX.
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4.7 Comparison and Discussion

TABLE 4-3: Comparison with Prior Art

2008 [MAND] | 2012 [RUSH] | 2015 [KIA] This Work
Powering Carrier (MHz)[25 S 13.56 309
Data Carrier (MHz) 25 46 50 309
Data Rate (Mb/s) 2.8 3 13 2
TX Coil Diameter (cm) [3.5 3 3.2 1.6
Implant Coil Diameter 35 10 10 6.5
(mm)
. Different Different
Blocker Rejection Envelqpe Data/Power Data/Power Ammeter-Based
Method Detection
Frequency Frequency
Separate; Power and No Ves Ves No
Data coils?
BER 1E-06 2E-04 4.3E-07 <1E-06
TX Efficiency IN/A IN/A 61.8% 54%
Link Efficiency IN/A [N/A 19.3% 3.3%

Table 4-3 summarizes the performance of the novel RFID reader compared to state-of-the-art
transcranial links. The measured results for these for links with a 1 cm distance away in air.
Compared to other work this reader uses a much higher frequency for power and data
communications. This higher frequency allows both the TX coil and the implant coil to be much
smaller. Specifically, because its diameter is half of previous work, the TX coil consumes 25% the
area than other systems. The implant coil diameter is also far smaller. In addition, the ammeter
based architecture allows the external reader to be highly integrated for an even more compact
form factor while still enabling a sensitive receiver with low BER.

In this transcranial link, the power and data links operate on the same carrier frequency of 309
MHz, which prevents the need for separate coils for data and powering. Also, implant design is
simplified because no frequency generation circuitry is needed to generate separate carriers.
Compared to other RFID readers, this work uses no external components to isolate TX from RX.
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In systems where the implant would require extra power such as BMI systems using neural
stimulation with high currents, the other readers could have a role. This system was designed to
power and interrogate a uECoG implant meant for chronic neural recording. As stated in Chapter
1, many neurological diseases such as seizures, Alzheimer’s, and Parkinson’s can be better treated
by physicians if long-term ECoG data is available. Having a lightweight, easy to wear reader
allows patients to wear these interrogators

This architecture can be applied over a wide range of frequencies for near-field power/data links
in a wide variety of applications. As shown in Chapter 3, the performance of the transceiver
improves as the strength of coupling between reader and implant increases and as efficiency of the
switching PA increases. Improvements in either area would further push the performance limits of
the system, allowing for efficient power delivery to many types of implants using wireless
communications in the human body.
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Chapter 5:

Conclusions and Future Work

5.1 Contributions

This work describes the design of an efficient and compact RFID Reader architecture for near-
field powering and communications with mm-sized neural implants. The primary contributions of
this work are

e The design of a novel blocker rejection method for RFID Readers that uses the non-
linearity of a Class E/Fodd Power Amplifier to demodulate the received backscatter and
reject the self-jammer without bulky external components.

e Design methodology for a fully-integrated 300 MHz Class E/Fodd PA

e The exploration of efficient power delivery to segmented loop antennas.

e Prototype of a compact, isolator-less RFID reader that can power and communicate with
uECoG Neural Implants.

This design, in combination with the wireless uECoG presented in [MUL2], could be part of a
wearable system used for safe and robust chronic neural recordings in a clinical setting.

5.2 Improvement and Design Perspective

When designing any integrated circuit for a wired or wireless transceiver, optimization is important
to ensure performance, energy efficiency, and functionality are all maximized. These
optimizations have to be performed given certain practical constraints given the requirements and
application of the system being built.

In this specific case, the goal was to build a compact RFID Reader meant to deliver power through
the skull to a neural implant, while receiving backscattered neural data from that same implant. To
ensure a lightweight factor that is wearable on a person’s head, a transceiver architecture that didn’t
require bulky external components to isolate the self-jammer from the received backscatter was
required. In addition, making the transceiver more efficient was essential to reducing the weight
of a battery that would power the reader.

The ammeter-based Class E/Fodd architecture proved to be an effective solution to both these
problems. Significant effort was spent making the IC as small as possible, while limiting the
amount of external passive components to push the form factor to its very limit. An arbitrary
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constraint based on previous RF transceiver chips taped out in BWRC of using less than 1.5 x 1.5
mm die area was placed on the chip.

The problem is that the Q of integrated inductors in the 65 nm CMOS technology is low at
frequencies around 300 MHz unless the inductors approach dimensions of over 1 x 1 mm. Shown
in chapter 3, the efficiency of the class E/Fodd PA is heavily dependent on the loss factor of its
passives. In addition, the received backscatter signal also improves with the Q of the inductors
used. This suggests that using a chip area of 2 x 2 mm or using external SMT inductors would
have resulted in greater reader performance in both power delivery and sensitivity.

« N
8 4 5 MDsAV-0
BWRC Inteqrated Reader = 2616-01

02-18

HG2
Ian

16)°.° &

SACIkComp  SIACIEMTwp

Figure 5-1: Prototype board for integrated reader. Increasing die area of IC would not have
contributed much to radio size.

Shown in Fig. 5-1, the antenna diameter of the external radio was already 1.6 cm. An IC, that was
double the size would still consume only 2% of the area of the antenna, yet the efficiency could
have been much higher. Because the market for brain machine interfaces would be relatively small
compared to high volume consumer electronics, cost would be limited to mask cost and
engineering effort instead of die size, so the insistence of keeping the chip to below 1.5 x 1.2 mm
was not necessarily the best choice for the problem at hand.
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5.3 Future Work

On its own, an RFID reader like the one presented in this thesis would be effective for specialized
clinical treatments such as seizure localization using ECoG arrays or for control of more
rudimentary prosthetics limbs with fewer degrees of freedom than a fully-functional human arm
and hand.

However, a single trans-cranial RFID radio, no matter how efficient and sensitive cannot single-
handedly meet all the requirements of a Brain Machine system with all the functionality required
for precise neural prosthetic control or for mapping the entire brain for neuroscience purposes.
Available power to the implant scales inversely with frequency, yet data rates for neural signals
required for precise motor control of prosthetic arm are estimated to be about on the order of 100’s
of Mb/s per second. Separate radios should be used for power and data communications for such
future systems. In addition, milliwatts of power would be required for clinical deep brain
stimulation. An RFID reader like this could be used to deliver power to an implanted neural
recording and stimulation system, while receiving lower data rate diagnostic data that would
ensure system robustness and help calibrate each implant at system start-up. Lower frequencies
could be used to safely deliver a higher amount of power through the skull to a centralized super
capacitor that can be used to power all these implants.
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