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(57) ABSTRACT

Systems and methods for utilizing a small form-factor,
wirelessly powered transceiver are disclosed. In one
embodiment, a wireless powered transceiver includes a
receive antenna configured to receive a receive signal, a
transmit antenna configured to transmit a transmit signal, a
power harvesting system including a rectifier circuit config-
ured convert radio frequency energy from the receive signal
into DC (direct current) voltage, and a power management
unit (PMU) configured to set the operating mode and biasing
condition of the receive and transmit circuitry blocks and
provide DC voltage from the receive circuitry block to the
transmit circuitry block to maintain a minimum voltage, a
receiver circuitry block configured to provide energy from
the receive signal to the power harvesting system, and a
transmitter circuitry block including a data modulator cir-
cuit, the data modulator circuit configured to generate the
transmit signal using DC voltage received from the power
management unit.
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FIG. 3(a)

FIG. 3(b)
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FIG. 8
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FIG. 9
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INTEGRATED ENERGY HARVESTING
TRANSCEIVERS AND TRANSMITTERS
WITH DUAL-ANTENNA ARCHITECTURE
FOR MINIATURIZED IMPLANTS AND
ELECTROCHEMICAL SENSORS

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application is a continuation of U.S. patent
application Ser. No. 17/456,328, entitled “Integrated Energy
Harvesting Transceivers and Transmitters With Dual-An-
tenna Architecture for Miniaturized Implants and Electro-
chemical Sensors” to Babakhani et al., filed Nov. 23, 2021,
which is a continuation of PCT Patent Application No.
PCT/US2021/020343, entitled “Integrated Energy Harvest-
ing Transceivers and Transmitters With Dual-Antenna
Architecture for Miniaturized Implants and Electrochemical
Sensors” to Babakhani et al., filed Mar. 1, 2021, which
claims priority to U.S. Provisional Application No. 63/136,
096, entitled “Wirelessly Powered Chemical/PH Sensor
with Integrated Radio and Power” to Babakhani et al., filed
Jan. 11, 2021 and U.S. Provisional Application No. 62/983,
494, entitled “Integrated Energy Harvesting Transceiver
Based on a Dual-Antenna Architecture for Miniaturized
Implants” to Yu et al., filed Feb. 28, 2020 the disclosures of
which are incorporated herein by reference in their entirety.

STATEMENT OF FEDERALLY SPONSORED
RESEARCH

[0002] This invention was made with government support
under Grant Number 1533688, awarded by the National
Science Foundation and Grant Number DE-FE0031569,
awarded by the U.S. Department of Energy. The government
has certain rights in the invention.

FIELD OF THE INVENTION

[0003] The present invention relates to wirelessly powered
transceivers and transmitters, specifically to small form-
factor transceivers and transmitters achieving high energy
efficiency and data throughput while staying as small as
possible, which can be used for biomedical implants and/or
electrochemical sensors in environmental applications.

BACKGROUND OF THE INVENTION

[0004] Emerging applications of biomedical and indus-
trial/environmental sensor devices have shown an ever-
increasing demand for data acquisition with higher band-
width and a higher resolution. For instance, research on the
anatomical, physiological, and computational bases of
human cognitive and motor functions has made important
strides in recent years, yet has been limited by a glaring lack
of information on the dynamics of processes. This is a
methodological limitation related to the low spatial and
temporal resolution of widely available tools such as fMRI,
EEG, behavioral, and stroke lesion-based approaches.
Today, neural interface implantable systems are becoming
increasingly popular as they have demonstrated great poten-
tials in novel diagnostic and treatment methods. They are
used in a variety of applications such as Brain-Machine
Interface (BMI) systems, cochlear implants, and retinal
prosthesis. To address clinical constraints and alleviate
infection risks, wireless operation is a necessity for human
implantable systems. Therefore, commercial implants utilize
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either batteries or inductive coupling through a pair of coils
for powering the internal electronics. Also, bidirectional data
transmission is conducted through a wireless link that uti-
lizes electromagnetic (EM) antennas.

[0005] Electrochemical sensors are a crucial element
which can translate the environmental condition in which
the sensor is placed in, to an electrical signal. Because of this
property, electrochemical sensors have been used in many
different applications such as, environmental monitoring,
food monitoring, medical diagnostics etc. One of the forms
of electrochemical sensing is the measurement of pH (Poten-
tial hydrogen) using a pH electrode, which translates the
activity of hydrogen ions in a chemical solution to an
electrical potential. When two solutions with different
Hydrogen activities are separated by a glass membrane, it
produces a potential difference across the membrane which
can be translated to a pH value governed by equation (1),
where pH(X)=pH of unknown solution, pH(S)=7,
Es=Electric potential of reference electrode, Ex=Electric
potential of working electrode, F=Faraday constant,
R=Universal gas constant, T=Temperature in Kelvin. This
equation is derived from the Nernst equation and the Nernst
equation is the backbone of electrochemical sensors as it
describes the potential of electrochemical cells to the con-
centration of ions taking place in the reaction.

Es —Ex)F (9]

PHX) = pH(S)+ “RIIn(10)

[0006] With the ongoing improvements in solid-state elec-
tronics and its fabrication methodologies, form factors for
electrochemical sensors have become exponentially smaller.
Not only that, but among the analytical strategies to monitor
environmental conditions, quality of pharmaceuticals, and to
perform medical diagnostics, electrochemical sensors are
advantages due to its low cost, fast and selective analysis.
The solution pH in which the electrochemical sensor is
submerged in greatly affects the performance of the sensor
itself. Therefore, pH measurement is a crucial component
for electrochemical analysis.

[0007] Recent advances in semiconductor technology
have resulted in a significant integration capability and size
reduction of electronics. However, the overall size of a
transceiver is not scaled with the same rate since it is
dominantly controlled by the size of the required compo-
nents for power and data communication. Battery-powered
devices cannot be made smaller than a few centimeters since
the power density of state-of-the-art batteries fails to address
the demands of long-term miniaturized implants. On the
other hand, the efficiency of power transfer systems is
proportional to the dimension of power receiver and trans-
mitter structures. Compared with traditional inductively
coupled Wireless Power Transfer (WPT) systems that utilize
cm-sized structures, high-frequency WPT systems can
incorporate mm-sized antennas at the cost of a lower effi-
ciency.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 conceptually illustrates an example of a
closed-loop neural recording and stimulation system in
accordance with some embodiments of the invention.
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[0009] FIG. 2 conceptually illustrates a block diagram of
a small form factor, high frequency wirelessly powered
transceiver system in accordance with several embodiments
of the invention.

[0010] FIG. 2A conceptually illustrates a block diagram of
another small form factor, high frequency wirelessly power
transceiver in accordance with several embodiments of the
invention.

[0011] FIG. 3(a) graphically illustrates an example of
duty-cycling power in a miniaturized neural implant in
accordance with embodiments of the invention.

[0012] FIG. 3(b) graphically illustrates power being suf-
ficient for a transmit block to remain active all the time in
accordance with embodiments of the invention.

[0013] FIG. 4 illustrates a flow chart illustrating a process
for the optimization algorithm for the power link.

[0014] FIG. 5 illustrates optimal dimensions of the OCC
and the dipole antenna according to several embodiments of
the invention.

[0015] FIG. 6 illustrates a diagram of a power harvesting
system in accordance with several embodiments of the
invention.

[0016] FIG. 7 illustrates a circuit schematic of receiver
circuitry block and the corresponding waveforms in accor-
dance with several embodiments of the invention.

[0017] FIG. 8 illustrates switching status of transistors in
positive and negative cycles in a receiver circuitry block in
accordance with several embodiments of the invention.
[0018] FIG. 9 illustrates a timing diagram in accordance
with several embodiments of the invention.

[0019] FIG. 10 illustrates a circuit schematic of a Schmitt
trigger in accordance with several embodiments of the
invention.

[0020] FIG. 11 illustrates an equivalent model for a power
oscillator (PO) in accordance with several embodiments of
the invention.

[0021] FIG. 12 illustrates a circuit schematic of the recon-
figurable TX and the corresponding waveforms in operating
modes in accordance with several embodiments of the
invention.

[0022] FIG. 13 illustrates spectrum of the radiated signal
from the TX block in absence of a power carrier in accor-
dance with several embodiments of the invention.

[0023] FIG. 14 illustrates a measurement setup for wire-
less characterization of a transceiver system in accordance
with several embodiments.

[0024] FIG. 15 illustrates recovered DL data alongside the
original DL data stream in accordance with several embodi-
ments.

[0025] FIG. 16 illustrates recovered UL data in accordance
with several embodiments of the invention.

[0026] FIG. 17 illustrates performance of the radio mea-
sured in UWB scheme with various data rates and the
recovered UL data in accordance with several embodiments
of the invention.

[0027] FIG. 18 illustrates recovered DL data is recorded
with the oscilloscope and compared with the original DL
data stream in accordance with several embodiments of the
invention.

[0028] FIG. 19 illustrates measurement results for both
OOK and UWB modulation schemes in accordance with
several embodiments of the invention.
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[0029] FIG. 20 shows power contribution of the building
clocks in both OOK and UWB modulation schemes in
accordance with several embodiments of the invention.
[0030] FIG. 21 shows a summary of performance of a
wirelessly powered FDD radios in accordance with several
embodiments of the invention.

[0031] FIG. 22 illustrates an annotated micrograph of a
wirelessly powered transceiver in accordance with several
embodiments of the invention.

[0032] FIG. 23 illustrates a system architecture for a
wirelessly powered pH sensor circuit in accordance with
several embodiments of the invention.

[0033] FIG. 24 illustrates a timing diagram for a wire-
lessly powered pH sensor circuit in accordance with several
embodiments of the invention.

[0034] FIG. 25 illustrates a sooch current mirror in accor-
dance with several embodiments of the invention.

[0035] FIG. 26 illustrates a current starved inverter chain
for a wirelessly powered pH sensor circuit in accordance
with several embodiments of the invention.

[0036] FIG. 27 illustrates a divide-by-three circuit for a
wirelessly powered pH sensor circuit in accordance with
several embodiments of the invention.

SUMMARY OF THE INVENTION

[0037] Rising demand for continuous monitoring of
human body and healthcare devices in recent years has
resulted in the development of implantable devices. Infec-
tion risks and mobility concerns constrain implants to oper-
ate without any transcutaneous wire connection, which
raises serious challenges for powering and data telemetry. In
addition, lack of information on many physiological pro-
cesses such as human cognitive and motor functions has
hindered research on bases of the processes and it mainly
stems from available measurement systems limitations. An
objective of the present disclosure is to investigate, develop,
and demonstrate new millimeter-sized (mm-sized) inte-
grated implantable devices that tackle the challenges asso-
ciated with Wireless Power Transfer (WPT) through bio-
logical tissues and ultra-low power data transceivers.
[0038] Previous works with an on-chip antenna typically
only target continuous power delivery with a power budget
limited to hundredths of microwatts. Such low capability
cannot power circuits such a neural recording device. An
on-chip capacitor may be used, but this can still only deliver
milliwatts of power for short periods of power and not
continuously.

[0039] Several embodiments of the invention include a
wirelessly powered data transceiver integrated on a CMOS
technology that is wirelessly powered through an inductive
link. To ease the encapsulation process, improve reliability,
and eliminate need for any post-fabrication process, the
entire system, including antennas for power delivery and
communications, can be designed on a silicon chip accord-
ingly to many embodiments of the invention. The develop-
ment of this system enables a new generation of closed-loop
recording and stimulation systems for the human brain
which opens a new gate toward human brain mapping and
treating different brain-related disorders.

[0040] One of the main requirements of future neural
implants is improving the spatio-temporal resolution of the
recorded signals to provide more insight into the complex
mechanism of human functions. To enable recording at a
fine scale, many embodiments of the invention utilize
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implantable System-on-Chips (SoCs) to realize a distributed
neural recording system. The system-level requirements of
such SoCs are long-term wireless operation, mm-sized
form-factor, and integration capability on a commercial
CMOS process to make them scalable and cost-efficient.
Miniaturizing the size of an implant is a key step for
fulfilling the needs of next-generation implantable systems
since it results in a higher sensor density and also enables
signal recording at an ultra-small structural scale. FIG. 1(a)
shows a conceptual multi-site and distributed neural system
enabled by multiple mm-sized recording/stimulating units.
Each unit contains a data transceiver (TRX) that is placed on
top of a microelectrode array. Thanks to their compact size,
individual units can be tightly placed on the brain and to
improve the recording resolution. There are many chal-
lenges toward realizing a practical neural interface system.
In particular, the following discussion focuses on the data
communication problem and proposes a TRX compatible
with the system-level requirements of next-generation
implantable systems. Each TRX acts as a communication
hub between the electrodes within a unit and an external
reader. Recent neural recording systems have reported up to
4096 recording electrodes. On the other hand, various
recording methods such as ECoG or spike recording demand
different sampling rates that may reach as high as 10 ksps
per channel. Hence, the overall communication bandwidth
may exceed tens of Mbps.

[0041] A practical TRX should support the demanded
bandwidth and be compatible with all of the system-level
requirements of miniaturized implants. Achieving such a
high data rate is extremely difficult due to severe power
budget constraints and poor performance of electrically
small antennas used for power harvesting and data commu-
nication. Considering the Specific-Absorption-Rate (SAR)
limit of various biological tissues and non-idealities of a
WPT system such as coil misalignment and link variations,
the maximum harvested power by mm-sized power harvest-
ers is about few hundreds of micro-Watts. Moreover, the
wavelength of EM waves at the frequencies that data com-
munication is typically conducted ranges from tens to hun-
dreds of centimeters. A mm-sized antenna is often much
smaller than the wavelength and has a poor radiation effi-
ciency. Therefore, an ideal TRX for mm-sized implants
should achieve a very high energy efficiency to support high
data rates.

[0042] Backscattering is a widely adopted technique for
telemetry in implantable applications since it results in
extremely low power consumption. The transmitted data
pattern can be used for Load Shift Keying (LSK) modulation
of the power coil which alters the reflected signal to an
external reader. Despite achieving a superior energy effi-
ciency over active communication, backscattering radios fail
to address the main requirements of mm-sized implants. Due
to the small size of the power coil and a strong power carrier,
that acts as a blocker, detection of the reflected signal on the
reader side may be difficult or even impossible. In addition,
modulating the power coil disrupts the power flow into the
system and degrade power transfer efficiency. Furthermore,
the communication bandwidth of backscattering radios is
often very low due to the high quality factor (Q) of the power
coil that limits the data rate, consequently.

[0043] Active TRXs do not face the fundamental chal-
lenges of their backscattering counterparts and can poten-
tially achieve high data rates at the expense of higher power
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consumption. Considering the stringent power budget in
implantable applications, the main design goal is achieving
the highest possible energy efficiency; and proper modula-
tion schemes should be chosen. It is well known that there
is a trade-off between energy efficiency and spectral effi-
ciency in communication systems. Narrow-band modulation
schemes demand a relatively complex architecture to gen-
erate an accurate frequency whereas wide-band modulation
schemes such as On-Off Keying (OOK) have often less
complexity and result in higher energy efficiency.

[0044] Many embodiments of the invention described here
present the design, implementation, and verification of a
fully integrated and RF-powered wireless data TRX. The
proposed radio achieves the state-of-the-art energy effi-
ciency and the smallest form-factor compared with prior art
mm-sized wirelessly powered active radios. The system can
implemented on a single CMOS silicon chip and all required
components for power delivery, energy storage, and data
communication, including an on-chip coil and a dipole
antenna, can be implemented on the same chip. In other
embodiments, some components such as antennas can be
located off chip. The TRX is designed to enable simultane-
ous power delivery and data communication through two
distinct wireless links separated in the frequency domain.
The design supports data rates of up to 2.5 Mbps in the
receiver and data rates of up to 150 Mbps in the transmitter
chain, respectively. In one embodiment, the implemented
system occupies a total area of 2.4x2.2x0.3 mm3 without
any substrate thinning and features a fully on-chip integra-
tion that potentially results in cost reduction, elimination of
any post-fabrication process, and reliability improvement.

DETAILED DISCLOSURE OF THE INVENTION

[0045] Turning now to the drawings, integrated energy
harvesting transceivers based on dual-antenna architecture
for miniaturized implants in accordance with the embodi-
ments are disclosed.

[0046] As previously mentioned, there is a methodological
limitation related to the low spatio-temporal resolution of
widely available tools such as fMRI, EEG, behavioral, and
stroke lesion-based approaches. On the other hand, intrac-
ranial-electroencephalographic (icEEG) signal recording
successfully has yielded valuable insight into the ultra-small
structural scale of the human brain.

[0047] An example of a closed-loop neural recording and
stimulation system in accordance with embodiments of the
invention is illustrated in FIG. 1(a), where neural signals are
recorded by one or more implanted devices and transferred
to an external receiver. Due to safety and infection concerns,
there is no transcutaneous wire connection between an
implantable device and external equipment, and the com-
munication is wireless. This provides challenges for pow-
ering the system and data communication. Emerging appli-
cations of Implantable Medical Devices (IMDs), such as
Brain Machine Interface (BMI) demand biological signal
acquisition with a high data rate and a high spatial resolu-
tion. Therefore, development of a robust neural implantable
device is a key step toward building a practical closed-loop
system that can be used for clinical purposes. To mitigate
requirements of an advanced neural interface system, next
generation IMDs should be miniaturized, wireless, and
low-power.

[0048] Miniaturization is a key feature of IMDs since it is
a solution to improve spatio-temporal resolution of recorded
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signals. It can lead to a higher sensor density and enable
signal recording at an ultra-small structural scale. In addi-
tion, smaller implants cause less damage to living tissues,
ease the encapsulation process, and are easier to implant. For
the sake of miniaturization, batteries may not be used for
powering implanted devices because of their large form-
factor. In addition, batteries have limited lifetime and are not
a reasonable solution for powering IMDs that are implanted
via a surgical procedure. Fortunately, energy harvesting
methods can be a promising approach for powering small
IMDs.

[0049] In many embodiments of the invention, electro-
magnetic waves provide a source of power and energy is
wirelessly transferred to the system. As will be described
below, a system in accordance with embodiments of the
invention may include multiple analog and RF front-end
blocks that are provide power extraction, sense neural sig-
nals and digitization, and transfer information to and form an
external transceiver. Such systems incorporate the fields of
ultra-low power, high-frequency and high-speed integrated
circuits, and wireless energy transfer techniques.

[0050] Integrating the entire system, including the power
harvesting module and antennas, in a CMOS die is an
elegant solution for improving the reliability of an IMD and
reducing overall cost and form-factor of the system. On the
other hand, the IMD should be able to communicate infor-
mation with a relatively high data-rate to enable real-time
monitoring and decoding of human cognitive functions.
Given the challenges imposed by wireless power delivery to
a millimeter-sized IMD, data communication with a high
rate is challenging as well as designing a low-power and
efficient data transceiver. Systems described here in accor-
dance with embodiments of the invention provide millime-
ter-sized IMDs for closed-loop neural recording and stimu-
lation with a focus on power harvesting platform and
low-power data transceiver.

[0051] Data communication is one of the most critical
tasks that dominates the overall performance of an implant.
Thus, the research trend in medical applications is focused
on wirelessly powered transceivers (TRX) with small form-
factors and high efficiencies. Passive radios that are based on
backscattering are superior to their active counterparts in
terms of energy efficiency. However, they cannot meet the
requirements of a high-performance implant due to limited
data-rate (DR) and operating range. Recently, active radios
have been reported with >1 Mbps DR and >5 cm operating
range. Off-chip components that are used for power delivery
and data communication have limited their integration capa-
bility and there is still a significant need for developing an
integrated TRX with a mm-sized form-factor and satisfying
DR. Many embodiments of the invention provide a mm-
sized reconfigurable radio that integrates all required com-
ponents for power delivery and data communication on a
single silicon chip.

[0052] Several embodiments include a 2.4x2.2x0.3 mm?>
wirelessly powered TRX with on-chip antennas for power
delivery and data communication. The TRX can receive
power and downlink (DL) communication data through a
near-field Radio Frequency (RF) link and conduct uplink
(UL) data communication with a separate on-chip antenna
connected to a transmitter (TX) operating at a different
frequency than the power link. FIG. 1(a) highlights the
motivation for the development of a miniaturized TRX
where the proposed radio is used as a communication hub in
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a distributed neural recording and stimulation sensor net-
work. Due to the small form-factor and the fact that the
on-chip antennas eliminate the need for any post-fabrication
process the proposed radio is a viable solution for area-
constrained biomedical implants. Several embodiments of
the invention focus on circuit design challenges of an
ultra-low power radio that is compatible with the require-
ments of implantable devices. A goal is to achieve energy-
efficient data communication in both RX and TX chains to
enable high-data-rate wireless communication under
severely restricted power budgets rendered by a mm-sized
power harvesting system. Data modulation schemes and
TRX architecture are carefully chosen to minimize circuit
complexity and overall power consumption.

[0053] In further embodiments of the invention, the trans-
ceiver includes a pH sensor and can transmit a signal
indicative of a detected pH level. Several types of electro-
chemical sensors that can be produced in the micrometer
scale. Ion-sensitive field effect transistors (ISFET) and
microelectrodes are such examples of micrometer-scaled
electrochemical sensors that may be utilized in accordance
with embodiments of the invention. A circuit that is sensitive
enough to be able to read the signals generated from these
electrochemical sensors can significantly reduce the form
factor, fabrication cost, and time of the overall electrochemi-
cal sensing system. In many embodiments of the invention,
a multi-electrode array (MEA) microelectrode for glutamate
detection is used. Microelectrodes can be used as a pH
electrode with a Platinum (Pt) working electrode and an
iridium oxide (IrOx) reference electrode. Voltage depen-
dance of the electrode to a changing pH solution is recorded
to be —77.5 mV/pH. Therefore, this electrode is able to be
used as a pH electrode for a wirelessly powered pH sensor
system in accordance with embodiments of the invention.

[0054] To enable a transceiver to meet severe power
constraints, many embodiments of the invention utilize one
or more of the following techniques: 1) Co-optimizing the
on-chip coil (OCC) and the wireless link with power har-
vesting circuitry to maximize power transfer efficiency. 2)
Exploiting a power management unit (PMU) to set the
operating mode and biasing condition of different blocks
depending on the available power and power consumption
of the system. 3) Utilizing a dual antenna architecture to
minimize the interference between power link and transmit-
ter. 4) Exploiting amplitude-based modulation schemes in
the transmitter for maximizing energy efficiency. 5) Utiliz-
ing a transmitter block architecture based on a power
oscillator (PO) to achieve the highest possible energy effi-
ciency. 6) Applying circuit-level power reduction techniques
in the PO design. 7) 3) Stacking MOSCAP and MIM
capacitors to achieve a high density and realize a ~5 nF
on-chip capacitor for energy storage.

System Architecture

[0055] A block diagram of a transceiver system in accor-
dance with several embodiments of the invention is depicted
in FIG. 2. The transceiver system 200 includes a power
harvesting system 202, which includes a rectenna (rectifier
circuit) 204 and a power management unit (PMU) 206, a
receiver circuit (RX) 208, and a transmitter circuit (TX) 210.
A receive antenna 212 is connected to the receiver circuit
208 and a transmit antenna 214 is connected to the trans-
mitter circuit 210.
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[0056] The rectenna 204, which may include an on-chip
coil (OCC) 216, four full-wave rectifiers and a matching
capacitor, can receive energy through an inductive link and
convert RF energy into a DC voltage. The OCC can be
shared between the power harvesting system 202 (for
power) and the receiver 208 (for receiving data). The
converted power by the rectenna can be used to power other
components of the transceiver system 200 such as the data
transmitter.

[0057] The receiver circuit 208 may include a data
demodulator 224 to receiver data at the transceiver system.
Some embodiments may not receive data and therefore may
not have a data decoder in the receive circuit. Some embodi-
ments may extract a clock signal from the received signal.
In some embodiments, the receive antenna 212 is a loop
antenna with a capacitor to utilize resonance inductive
coupling. In other embodiments, the receive antenna 212 is
a dipole antenna and other configurations maybe contem-
plated.

[0058] In several embodiments, the transmitter 210
includes a reconfigurable data modulator circuit 226 to send
data out from the system, as will be discussed further below.
In different embodiments of the invention, the transmit
antenna 214 can be a monopole, dipole, or loop antenna as
appropriate to a particular application, although isolation
from the receive antenna 212 is desirable.

[0059] The main power-consuming block of the system is
often the transmitter (TX) 210. Due to the challenges of
power transfer to mm-sized implants, harvested power is
often less than the instantaneous power consumption of the
TX block 210. Therefore, power management unit (PMU)
206 can duty-cycle the operation of the data TX 210 to
maintain a minimum voltage across the storage capacitor
(Cy) and establish charging and discharging modes for C. In
charging mode, the converted power by the rectenna
increases the voltage level across C (V) until the PMU 206
activates the TX block 210. PMU 206 and data receiver
(RX) 208 blocks can be active during the entire operation
and constituent sub-circuits are designed in subthreshold
region to maximize sensitivity and reduce the charging time
(torarge) ©f Cs On the other hand, discharging time (t,,-
charge) Of Cg is proportional to the capacitance value; hence
using a large capacitance enables the PMU to follow rapid
transitions of V. In several embodiments of the invention,
in order to achieve a high capacitance density, MIM capaci-
tors (2 fF/um2) are stacked over MOSCAP devices (5.5
fF/um?) to realize a 5 nF capacitor, although other designs
may be utilized to achieve a target capacitance. The transi-
tion from charging mode to discharging mode represents a
significant load variation for the low dropout voltage regu-
lator (LDO) 222 in the PMU 206. To ensure the regulator
remains functional, the bandwidth of the error amplifier can
be increased at the onset of active mode. The PMU 206 can
adaptively change the bias condition of the LDO and enables
it to maintain a constant voltage at its output.

[0060] In several embodiments of the invention, a trans-
ceiver for a neural recording application (e.g., neural stimu-
lation) can receive information from a bioelectrical signal
sensor 218. A bioelectrical signal sensor 218 can include any
of'a variety of biosensors and neural sensors, such as, but not
limited to, neural LFP (local field potential), electrocardio-
gram (ECG), compound action potential, electromyogram
(EMG), Electroencephalogram (EEG), Electromyogram
(EMG), Electrooculogram (EOG), Electroretinogram
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(ERG), and/or Electrogastrogram (EGG). Such sensors may
sense electrical signals, potential, or other characteristics in
a variety of ways such as the difference between two
electrodes, electrical resistance, or the magnetic field
induced by electrical currents. Such neural recording appli-
cations may complement neural stimulation for a variety of
therapies, such as pain control. As will be explained further
below, the voltages and frequency (ranging from few Hz to
kHz) may be selected for noise purposes and to reject DC
frequencies.

[0061] In some other embodiments of the invention, a
transmitter for electrochemical sensing can include an elec-
trochemical sensor 220, such as a pH sensor. Such sensors
may be used in industrial or environmental applications, and
such configurations are discussed further below.

[0062] In many embodiments, a 250 MHz signal is uti-
lized to power the chip by received signal as it provides high
penetration, and higher harmonics of this frequency can
cause interference. Additionally, the received power signal
may utilize amplitude modulation. In several embodiments,
a 4.15 GHz center frequency is utilized for the transmit
signal to provide high bandwidth and avoid harmonics of the
receiver frequency. Frequencies should be utilized that are
far from each other to be more isolated and decouple
interference between the receive power link and the transmit
uplink. A system in accordance with embodiments of the
invention may adaptively set transmit mode and/or data rates
and utilize variable power, rather than target a specific power
budget and data rate.

[0063] FIG. 2A conceptually illustrates to components of
a wireless powered transceiver system in accordance with
embodiments of the invention, which are discussed in
greater detail below. Although specific transceiver systems
are described above with respect to FIGS. 2 and 2A, one
skilled in the art would recognize that certain components of
the system described above may be different, may have
different characteristics, or be different in number in accor-
dance with embodiments of the invention as appropriate to
a particular application. Further discussion of circuit designs
that may be utilized for power management, power harvest-
ing and transfer, and frequency selection and optimization of
a wireless link can be found in “A Dual-Mode RF Power
Harvesting System With an On-Chip Coil in 180-nm SOI
CMOS for mm-Sized Biomedical Implants” by Hamed
Rahmani and Aydin Babakhani (October 2018, IEEE Trans-
actions on Microwave Theory and Techniques), the relevant
portions of which are incorporated by reference.

Wireless Communication

[0064] The required data rate of transmitter circuitry (1X)
and (RX) paths in medical implants and industrial/environ-
mental sensors varies considerably and thus the communi-
cation is typically asymmetric. The wireless link from an
external reader to the RX, which can be referred to as
downlink (DL), typically has a data rate that does not exceed
a few Mbps. On the other hand, the wireless link from the
TX to an external reader, which can be referred to as uplink
(UL), typically has a large bandwidth to support data rates
up to hundreds of Mbps. In other embodiments of the
invention, the transceiver does not need to receive data in a
downlink channel and may only utilize the received signal
for power and/or clock signal.

[0065] In many embodiments that receive data via down-
link, the data is incorporated into the received signal with an
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Amplitude-Shift-Keying (ASK) modulation scheme. The
RX block 208 can be directly powered by the power
harvesting system 202 and may be active during the entire
operation of the system. Hence it can be important to
minimize the overall power consumption of the RX 208. To
enable simultaneous UL and DL communication, several
embodiments utilize Frequency Division Duplexing (FDD)
for transmitting UL and set the center frequency in the GHz
region. Such a high center frequency alleviates the undesired
effects of the strong power link on the TX communication
and minimizes the interference of UL and DL. Besides, the
efficiency of a mm-sized antenna improves as the frequency
increases to the GHz region. In many embodiments, the UL
communication incorporates amplitude-based modulation
schemes due to their superior energy efficiency and less
sensitivity to supply variation as opposed to frequency-
based modulation schemes. In various embodiments of the
invention, the TX block 210 can be configured to transmit
UL data with either OOK or Ultra-Wideband (UWB) modu-
lation.

[0066] The PMU 206 can convert the unregulated output
voltage of the rectifier to a constant DC voltage and adjusts
the power consumption of the entire system. The maximum
harvested power in mm-sized implants is often less than the
power consumption of a power-hungry block such as a data
TX 210. One technique to tackle this problem is duty-
cycling the operation of power-demanding blocks and low-
ering the overall power consumption of the system. Depend-
ing on the power consumption of each block, the PMU 206
can set its power delivery scheme to either continuous or
duty-cycled. A storage capacitor (CS) is used for storing the
converted energy by the rectifier and a voltage limiter is
included in the PMU 206 to prevent any voltage breakdown.
The most power-demanding block of the system is typically
the data TX 210. Therefore, the PMU 206 monitors the
voltage level across CS and establishes active and sleep
modes for the TX operation.

[0067] The maximum power that can be transferred to a
mm-sized implant under safety regulations is reported to be
in the order of hundreds of micro-Watts. On the other hand,
the circuitry for implementing a data TX often demand a few
milli-Watts of instantaneous power. A common technique to
tackle this problem is duty-cycling the operation of power-
demanding blocks. FIG. 1(b4) illustrates the concept of
duty-cycling in a miniaturized implant where power
demanding blocks are deactivated frequently to allow power
harvesting system to preserve a sustainable voltage for the
rest of constituent blocks. The waveforms of the internal
nodes of the PMU 206 in a duty-cycled power delivery
scheme according to some embodiments are illustrated in
FIG. 3(a). If the harvested power falls below TX power
consumption, the TX block 210 can be periodically deacti-
vated by the enable (EN) signal to allow the PMU to
maintain V. higher than a minimum threshold amount (V)
that is required for continuous operation of the RX block and
internal circuitry of the PMU 206. For the entire duration of
the sleep mode (t,;,,,4:,,¢)» the rectifier charges the Cgand V.
rises until it reaches a predefined threshold (V).

[0068] If the harvested power is sufficient for continuous
operation, the TX block remains active all the time, EN stays
low and V. settles at a voltage level between V and V;, as
shown in FIG. 3(b).
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Wireless Link Implementation

[0069] The wireless link of the transceiver system in
accordance with several embodiments of the invention
includes two distinct antennas that are used in DL and UL
paths (the receive and transmit blocks). Mm-sized RF wire-
less power transfer (WPT) systems featuring an on-chip coil
(OCC) as power receiver can have an operating frequency
(receive) in the order of few tens or hundreds of MHz. High
frequencies (e.g., higher than 10 GHz) cannot penetrate the
body. To minimize the interference of the WPT system, the
operating frequency of the data TX is extended to the GHz
frequency region in several embodiments. Among various
types of antennas, a dipole structure is an attractive choice
for the UL path due to its simple profile and complicity with
on-chip integration. The dipole antenna is also easy for
on-chip implementation and has a small footprint. To
enhance the harvested power for the system operation and
maximize the data rate in the UL path, it is desirable to
optimize the antenna dimensions and operating frequency.

[0070] For wireless power harvesting systems for small
implants, link optimization, optimum operating frequency,
the effect of intervening biological tissues, SAR limit, and
rectifier design are of particular interest. The wireless link
can be modeled as a two-port network and the link optimi-
zation can be conducted through an iterative algorithm that
aims to maximize the power transfer efficiency. The two-
port network model for a wireless link is a general approach
and can be applied to any wireless link operating at near-
field or far-field electromagnetic region with different link
composition surrounding the antennas. Therefore, the a
two-port network model can be applied for both DL and UL
design of the transceiver. A flow chart illustrating a process
for the optimization algorithm for the power link in accor-
dance with some embodiments of the invention is shown in
FIG. 4.

[0071] To recover larger amounts of power from the DL,
it may be desirable to have a large signal. However, this can
have undesirable effects on the transmitter. For example, at
a frequency of 250 MHz, the harmonics also have power.
The 17th harmonic of a power link at 250 MHz can interfere
with the transmitter data signal. Therefore, a tunable capaci-
tor may be utilized to change the resonance frequency of the
receive antenna 212.

[0072] A calibration process may utilize power with an
ideal supply voltage. The received spectrum of the UL can
be measured with a spectrum analyzer. The power delivery
link can be activated and the tunable capacitor can be tuned
until the UL tone (data) is not affected in the presence of the
power link.

[0073] Considering the mm-sized form factor, the maxi-
mum dimension of certain embodiments is limited to 2.25
mm and the distance between the external power transmitter
and the OCC is set to 12 mm. Due to the relatively large
coupling between the external coil and the OCC, the design
variables of the OCC can be jointly optimized with the
external power coil through an iterative optimization algo-
rithm.

[0074] For UL communication, the transceiver in some
embodiments utilizes an on-chip dipole that transmits TX
data to an external UWB monopole antenna with a band-
width of 3-7 GHz. The power transfer efficiency of the WPT
system is susceptible to degradation by the presence of
conductive material in the proximity of the power transmit-
ter coil. To ensure that wireless power flow to the system is
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not altered by the UWB monopole antenna, the UL com-
munication distance can be chosen to be 15 cm in some
embodiments. The optimized design for the dipole antenna
can be achieved using a similar optimization algorithm as
the WPT system. However, due to the large distance and a
weak coupling between the dipole and monopole antennas,
the design variables of the monopole antennas may not
change through the optimization process. The optimal
dimensions of the OCC and the dipole antenna according to
several embodiments of the invention are illustrated in FIG.
5. Simulation results show that the illustrated OCC has an
inductance value of 13.6 nH and achieves an unloaded
Q-factor of 14.3 at 250 MHz.

Power Management Unit

[0075] A detailed diagram of a power harvesting system
202 in accordance with several embodiments of the inven-
tion is illustrated in FIG. 6. The rectenna is implemented
with a four-stage full-wave rectifier to ensure V. reaches the
required voltage level for the proper operation of the PMU
206 when the transmitted power of the external coil is kept
below safety limits. Depending on the received power, and
the Q-factor of the OCC, and the matching network, several
architectures can be used for implementing a voltage recti-
fier, including, but not limited to, diode-connected MOS
devices, native MOS, threshold-compensated, and self-
driven rectifiers. Among various topologies, self-driven rec-
tifiers with cross-coupled CMOS devices can provide a good
balance between conversion efficiency and sensitivity.
Hence, this configuration may be utilized for implementing
a multi-stage voltage rectifier in some embodiments. To
maximize rectifier RF-dc conversion efficiency, transistors
dimensions are optimized. Moreover, deep N-Well NMOS
transistors can be used to allow a direct connection between
bulk and source terminals. Connecting bulk to source elimi-
nates body effect and prevents increments of the threshold
voltage of NMOS devices that ultimately improves RF-dc
conversion efficiency. A first-order matching circuit can be
realized using a shunt capacitor that resonates with the OCC
and the voltage rectifier at the operating frequency. The
shunt capacitor cancels out the imaginary part of impedance
values. Hence, the power reflection between the OCC and
the rectifier can be attributed to the difference in the real part
of their impedances. An equivalent circuit model for the
OCC is illustrated in FIG. 6 where the OCC is modeled as
a source with an open circuit voltage of V. and an internal
resistance of R, At 250 MHz, EM simulation results
show the R, as 305 Q. On the other hand, during the
charging phase, the voltage rectifier periodically charges the
storage capacitor from V; to V. Depending on the charging
time, the load of the rectifier during the charging phase
varies between 235 uW to 420 uW. For a 0 dBm of available
power, the simulated conversion efficiency for an available
power level of 0 dBm at 250 MHz varies between 30% 65%.
Also, the Large Signal S-Parameter (LSSP) simulation of the
rectifier indicates that the insertion loss between the OCC
and the voltage rectifier is about 4.2 dB. Hence, the overall
power transfer efficiency from the external coil to the
rectifier is 24.2 dB. On the other hand, the sensitivity of the
power harvesting system is defined as the minimum required
power transmitted from the external coil to establish a
hysteresis operation in the PMU. Based on the simulation
results, the sensitivity of the power harvesting system is 21.5
dBm.
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[0076] The behavior of the PMU 206 in the duty-cycled
mode resembles a hysterics comparator that is realized using
a voltage divider, a multi-level reference generator, a MUX,
and a voltage comparator as shown in FIG. 6. The voltage
reference block is realized with a supply independent pro-
portional-to-absolute-temperature (PTAT) architecture to
generate two reference voltages. Once the TX block is
activated, Cg discharges and V. drops rapidly. The t;..4rge
is proportional to the value of C. Therefore, it is desired to
maximize the capacitance value of Cg to extend the active
mode. To achieve the highest capacitance value with area
constraints of an on-chip chip design, some embodiments
have stacked MIM capacitors over MOSCAP devices with
adensity of 2 fF/um? and 5.5 fF/um?, respectively to realize
a 5 nF capacitor.

[0077] A low-dropout (LDO) voltage regulator can be
incorporated into the PMU 206 to provide a constant 1.3 V
dc voltage for the operation of the TX 210 and RX 208
blocks. During charging mode, the total current consumed
by the LDO is 10 pA. The transition from sleep mode to the
active mode represents a significant load variation for the
LDO and a small quiescent current consumption of the LDO
limits the transient response of the LDO. Hence, the abrupt
variation of the load leads to a large voltage variation at the
output of the LDO. The maximum instantaneous current
drawn by the TX block 210 reaches as high as 4.5 mA which
results in a maximum transient voltage variation of 175 mV.
To ensure that the LDO remains functional in the active
mode, the bandwidth of the error amplifier is increased at the
onset of active mode. The PMU 206 can adaptively increase
the bias current of the error amplifier by 100 pA which
enables the LDO to maintain the voltage variation below 12
mV. It can ensure that the LDO stability conditions are met
during the operation. Simulation results show that the mini-
mum phase margin of the LDO is 88° and the gain margin
always remains above 20.5 dB.

[0078] Although a specific implementation of a power
management unit is discussed above with reference to FIG.
6, one skilled in the art will recognize that any of a variety
of designs and characteristics may be utilized in accordance
with embodiments of the invention as appropriate to a
particular application.

Data Receiver Design

[0079] A circuit schematic of the RX block 208 and the
corresponding waveforms in accordance with several
embodiments of the invention are shown in FIG. 7. The RX
is based on a self-mixing architecture. In some embodi-
ments, the power carrier is modulated with an ASK modu-
lation scheme to carry the DL data stream. The received RF
signal by the OCC can be formulated as in (1).

Vil D=V p(O)=Va(=Acos QS pp D[1+mx(1)] €8}

[0080] Where x(t) and m represent DL data and modula-
tion index, respectively. Data modulation should have a
minimal impact on power flow to the chip. Hence, the RX
should be able to detect the DL signal with a very small
modulation index. A passive mixer is implemented using the
same circuitry as a single rectifier stage to minimize the
power consumption of the RX.

Inspecting the switching status of the transistors in positive
and negative cycles of Vg, shown in FIG. 8, reveals that a
single rectifier stage can act as a self-mixer. The behavior of
the self-mixer can be approximated as the multiplication of
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a square wave with a frequency of fr, with V.. Consider-
ing only the first harmonic of the square wave, the output of
the mixer can be approximated as (2):

4 e 4 2)
Vouwr = Vap X — E B cos(n X 2m frrt) = Ver X —cos(2n frrt) =
s =1,3,5, ... s

24
- [1 +mx(®)](1 + cos(dn frr1))

[0081] The required data rate for DL. communication usu-
ally is a few Mbps. Hence, the frequency of x(t) is consid-
erably lower than f,.. In order to extract DL data, the output
of the mixer can be passed from a band-pass filter (BPF) to
remove frequency components at dc and 2f,, whereabouts.
It worth noting that the minimum required voltage amplitude
for activating the voltage rectifier in the PMU is 650 mV.
Hence, Vg, can be directly passed to the mixer with no
pre-amplification. Considering the frequency of the DL data,
realizing a BPF with on-chip components is not realistic.
Hence, in several embodiments, the BPF is implemented in
three steps using low-pass filters (LPF) and a voltage
comparator. The output node of the mixer in FIG. 7 is
connected to a 10 pF shunt capacitor, which forms an LPF
with the output resistance of the mixer. The LPF extracts the
envelope of V. that consists of a dc term and x(t), accord-
ing to (1). Next, V_,, is passed through an LPF that has a
cut-off frequency of 160 Hz. Due to the large time constant
of the LPF, it acts as an averaging filter and the transition
time of V,,, is considerably larger than V,,,.. To remove the
dc component and retrieve x(t), V_,,, and V,, _ are passed to
the voltage comparator. The simulated small-signal gain of
the comparator is 51 dB with a 3-dB bandwidth of 3.8 MHz
and current consumption of 280 nA. As evident in the timing
diagram shown in FIG. 9, if x(t) does not toggle for multiple
consecutive periods, V,,. becomes closer to V_,. As a
result, the comparator will be prone to meta-stability. To
ensure that the fidelity of the recovered data is preserved, the
comparator is followed by a Schmitt trigger that introduces
a hysteresis effect. Hence, V,,, becomes insensitive to the
voltage variation of the comparator in the meta-stable mode.
The hysteresis effect also reduces the noise sensitivity of the
RX block. The circuit schematic of the Schmitt trigger in
accordance with several embodiments is demonstrated in
FIG. 10. Transistors are sized properly to achieve a hyster-
esis window from 385 mV to 935 mV. The output of the
Schmitt trimmer is passed to an on-chip buffer that is
powered with an external supply in order to enable a direct
connection to a voltage oscilloscope for measurement pur-
poses.

[0082] Although a specific receiver circuitry is described
above with respect to FIG. 7, one skilled in the art would
recognize that variations may be made or other circuitry may
be utilized in accordance with embodiments of the invention
as appropriate to a particular application.

Data Transmitter Design

[0083] In many embodiments of the invention, the TX
block is realized with minimal complexity to reduce overall
power consumption. Thanks to the amplitude-based modu-
lation, there is no need for generating an accurate frequency.
Therefore, process, voltage, and technology variation can be
tolerated which significantly relaxes the constraints on the
TX circuit design. As a result, a free-running oscillator is
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adequate to generate a GHz-range carrier frequency for the
TX. Data transmitters based on amplitude modulations may
utilize an LC oscillator is followed by a power amplifier to
drive the antenna. However, the total power consumption of
such transmitters is above 10 mW which limits the data rate
and energy efficiency. To reduce the power consumption of
the TX, the transceiver system can utilize a Power Oscillator
(PO) as the core of the TX block in several embodiments of
the invention. The PO may be directly connected to the
dipole antenna and drives it without the need for any extra
power consumption in buffers. Hence, many embodiments
utilize a co-design approach for the PO and the dipole
antenna to set the resonance frequency and maximize the
dc-REF efficiency of the TX. At the resonance frequency, the
antenna can be modeled by a parallel resistor (Rp ) and a
shunt capacitor (C, ). An equivalent model for the PO is
demonstrated alongside its circuit schematic in FIG. 11. The
PO is realized with a class-D topology where the tail
transistor is removed which results in the elimination of the
overhead voltage. Unlike conventional oscillators, transis-
tors in class-D operate as close-to-ideal switches and thus
M,-M, are sized properly to guarantee a small on-resistance.
Because of the high oscillation amplitude, this structure is
popular for low-phase-noise and low-power applications.
The product of current through MOS switches and the
supply voltage is negligible across the oscillation period and
the class-D achieves an energy efficiency of 90%. The power
consumption of the PO is dominantly determined by the
parasitic resistance of the tank inductor. Operating at high
frequencies and using a large tank inductor with a better
Q-factor is desirable to minimize the power consumption of
the PO. However, wireless link simulation results indicate
that the UL efficiency is degraded rapidly at frequencies
higher than 5 GHz. Thus, the PO is designed for a center
frequency of 4.2 GHz. To guarantee the oscillation happen-
ing in the PO, the effective transconductance of the comple-
mentary switches should overcome the losses of the inductor
and the dipole antenna. The startup condition of the oscil-
lator can be expressed in (3):

1 1 (©)

[0084] To maximize the effective transconductance during
the oscillation period (G,,), a complementary cross-coupled
pair can be utilized to boost the G,, through a current reusing
technique. Also, transistor M; M, are properly sized to
ensure the oscillation conditions are met across all technol-
ogy corners. Although switching performance and GM of
M, M, improves as they become larger, the parasitic capaci-
tance associated with them also increases with size and
reduces the PO resonance frequency. Hence, in certain
embodiments the transistors are sized as shown in FIG. 11.
[0085] The impact of surrounding tissues on the PO can be
evaluated by careful EM simulation of the dipole antenna
and the tank inductor in [E3D. Using the same EM configu-
ration for the chip as before, the S-parameters are extracted
and used in circuit simulation of the PO. Table I reports the
resonance frequency of the PO across various types of
biological tissues in its vicinity. Also, the impedance of the
dipole antenna at the resonance frequency and the ratio of
delivered power to the antenna over the total power con-
sumption of PO (M gy are included in the Table. The
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oscillator is simulated with a 1.3-V supply voltage assuming
all components are in the typical technology corner. The
simulation results suggest a negligible frequency shift.

TABLE 1

THE IMPACT OF SURROUNDING MEDIUM ON THE DIPOLE
ANTENNA IMPEDANCE AND THE PO OPERATION

Medium Freq. (MHz) Z,(Q) NpcriA%0)

Air 4224 74.15-j243.47 35

Fat 4207 66.29-j241.96 33.8

Muscle 4198 63.17-j240.12 33.4

Skin 4193 61.80-j239.05 33.3

Skull 4199 63.41-j240.35 33.4
[0086] One of the advantages of implementing the TRX

with an FDD scheme is the minimal impact of the power link
on the TX operation. To verify this assumption, a simulation
can show the coupling efficiency between the external power
transmitter and the dipole antenna connected to the tank
inductor. Assuming a power carrier of 250 MHz, the sev-
enteenth harmonic of the power carrier (4250 MHz) is the
closest harmonic to the free-running frequency of the PO.
The undesired coupling efficiency between the power carrier
and the PO is 63.4 dB, 83.7 dB at 250 MHz and 4250 MHz,
respectively. Due to the large isolation, the power link does
not affect the PO operation and no frequency deviation from
the free-running frequency is observed in the TX block.

[0087] In various embodiments, the TX block can be
configured to conduct UL communication with either OOK
or UWB modulation scheme. The circuit schematic of the
reconfigurable TX and the corresponding waveforms in both
operating modes are depicted in FIG. 12. The trigger signal
for enabling the PO is shaped and fed to the TX block
according to the modulation type. When operating in OOK
mode, the trigger signal replicates the data pattern whereas,
in UWB mode, it is shaped as a Return-to-Zero (RZ)
waveform for symbol “1” as shown in FIG. 12(a). The
operating mode of the TX can be controlled by an external
mode selection signal that alters the signal path from the
trigger to the PO. In OOK mode, the trigger signal is passed
to the PO through a pair of transmission gates to control two
switches that connect the NMOS cross-coupled pair to the
ground. The switches are realized with NMOS transistors
and are sized x8 larger than the NMOS cross-coupled pair.
As depicted in FIG. 12(b), during transmission of a “1”
symbol, the PO is active for the entire symbol period (T),
which results in smooth switching transitions. Consequently,
the transmitted signal from the PO occupies less bandwidth
and can be detected with a simpler receiver. However, the
average power consumption of the TX block in OOK mode
is independent of the data rate and is merely determined by
the instantaneous power consumption of the PO. The con-
tinuous power received by the power harvesting system is
about a few hundreds of micro-Watt. On the other hand, the
power consumption of the TX block is in the milli-Watt
range and it is expected that the data communication in the
OOK mode to be duty-cycled. The TX block can achieve a
significantly lower average power consumption in UWB
mode at the expense of a larger occupied bandwidth. In
UWB mode, the trigger signal is first passed through a
digital circuitry that generates a short impulse (T,~2 ns)
upon the detection of a rising edge in the trigger waveform.
Due to the small impulse duration, it is important to ensure
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that the PO can reliably startup. Asymmetric driving of an
oscillator can achieve a fast startup. Therefore, generated
impulse is delayed by inverter chain delay lines that connect
SW2 slightly after SW1. The current flow during the startup
time window through the PO, shown with arrow lines in
FIG. 12(b), creates an initial voltage difference across node
X and Y that results in a startup time of ~200 ps.

[0088] In further embodiments of the invention, the loca-
tion of a wireless powered transceiver can be determined.
For example, a reader device can receive the transceivers
transmitted signal. The frequency and phase of the trans-
mitted signal can be used to determine the distance between
the transceiver and the reader device. Multiple distances can
be determined by moving the reader device or by using
multiple antennas on the reader device. A location can be
determined for the transceiver using the multiple determined
distances.

[0089] Although a specific transmitter circuitry is
described above with respect to FIGS. 11 and 12, one skilled
in the art would recognize that variations may be made (e.g.,
using other appropriate frequencies and/or modulation
schemes) or other circuitry may be utilized in accordance
with embodiments of the invention as appropriate to a
particular application.

Measurement Results

[0090] In several embodiments of the invention, a circuit
design as described above is fabricated in 180nm CMOS
technology. To evaluate performance, the chip is mounted on
a Printed Circuit Board (PCB) and connected to PCB traces
with bond wires. A non-conductive epoxy is poured on the
chip and bond wires to protect the connections when a layer
of tissue is placed on top of the chip. First, the dc response
of the PMU is measured by connecting the V, node to a
supply voltage and increase it gradually. The measured
response of the PMU shows the hysteresis behavior of the
PMU. Threshold values of the hysteresis loop are 1.5 V and
2.3 V and the output of LDO is measured as 1.34 V.

[0091] In WPT systems for medical implants, the trans-
mitted power from the external coil (P,y) is determined by
the SAR limit. For frequency ranges below 500 MHz, the
maximum SAR value is less than 1.6 W/kg when PT X<30
dBm. The P, may be increased even more at 250 MHz.
However, PO operation is disturbed in presence of a strong
power carrier through the injection pulling phenomena.
Although injection pulling of the PO is not expected based
on the simulation results that indicate high isolation between
the DL and UL paths, the bond wires, and PCB traces. The
use of PCB traces and bond wires is important during the
measurement process to feed the UL data pattern to the chip.
To determine the maximum P, level before PO pulling, the
system is powered with a dc supply and the P, level is
increased gradually. FIG. 13 shows the spectrum of the
radiated signal from the TX block in absence of a power
carrier. When the P, reaches 26 dBm, additional frequency
tones are observed in the TX spectrum and the free-running
frequency is slightly pulled. The injection locking in the PO
is problematic because of the creation of undesired side
tones and also the attenuation of the main frequency tone.
[0092] The P, threshold was measured for other frequen-
cies as well and a similar behavior was observed. Hence,
during the rest of the measurement, the P, level w a s
limited to 25dBm and the modulation index of the DL
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communication set to 20% to ensure the instantaneous
power level is below the injection pulling threshold.

[0093] A measurement setup for wireless characterization
of a transceiver system in accordance with several embodi-
ments is shown in FIG. 14. The power carrier is mixed with
the DL data stream using a coaxial frequency mixer (e.g.,
Mini-Circuits ZX05-1LHW+) and is radiated towards the
chip with a custom-built loop antenna that is matched to a
50-Q source. The modulation index is controlled by adjust-
ing the high-level and low-level of the IF port of the mixer.
The RF port of the mixer is passed through an attenuator to
ensure the input power level to the following power ampli-
fier (PA) remains lower than the maximum ratings of the PA.
A 1-cm thick chicken breast was used to evaluate the impact
of an intervening biological tissue in the wireless link.

[0094] First, the transceiver system is measured in the
absence of chicken breast in the link and the power coil and
the chip are separated with a 10 mm air gap. A wideband
monopole antenna with the gain of 3.6 dBi (e.g., CHICO-
LAS ANTI110) is placed 15 cm away from the chip to
receive the UL data. After setting the PTX and the modu-
lation index to 20%, the TX is configured in OOK mode and
the recovered UL and DL data streams are recorded by
real-time voltage oscilloscopes. FIG. 15 shows the recov-
ered DL data alongside the original DL data stream with a
data rate of 2.5 Mbps. It is evident that the recovered DL
data follows the randomly generated data pattern by the
arbitrary wave generator (AWG). Similarly, the random UL
data pattern from the AWG and the received data by the
monopole antenna are recorded and compared with a real-
time voltage oscilloscope to verify the performance of the
TX communication. To drive the 50-C2 impedance of the
voltage oscilloscope, the monopole antenna is followed by
additional gain stages and the detection bandwidth is limited
by external filters. The ability of the PMU on adjusting the
duty-cycle of UL communication is tested by sweeping the
Py from 23 dBm to 25 dBm. The TX is configured in the
OOK modes and the data rate is set to 100 Mbps. The
recovered UL data is measured with different P, levels and
shown in FIG. 16. The discharging time is almost constant
in all three cases whereas the charging time increases as the
P level drops. This observation is expected considering the
PMU decreases the duty-cycle of UL communication to
lower the average power consumption of the system. Similar
behavior was observed when the TX was configured in the
UWB mode and the P, was swept. Unlike the OOK
scheme, the power consumption of the TX is dependent on
the data rate in the UWB mode as described before. The
performance of the radio is measured in UWB scheme with
various data rates and the recovered UL data is shown in
FIG. 17. During this test, P, is set to 25 dBm and the data
rate is decreased from 150 Mbps to 40 Mbps. By inspecting
the recovered UL data, it is evident that the duty-cycle of UL
communication increases at lower data rates. Interestingly,
for data rates below 40 Mbps, the proposed radio achieves
a continuous UL communication.

[0095] Next, the performance of the TRX is evaluated
while the chip was covered with a layer of chicken breast
with a thickness of 10 mm. The external power coil was
placed 2 mm away from the chicken breast. Through an
iterative search, the optimum frequency for power transmis-
sion was determined as 212 MHz. The external power coil
was matched to the 50-Q impedance of the source using
mechanical trimmer capacitors. Also, a trimmer shunt
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capacitor was used to set the resonance frequency of the
OCC to 212 MHz as well. After putting the TX in OOK
mode, the chip was wirelessly powered with a P, level of
25 dBm and the modulation index was set to 20%. The
recovered DL data is recorded with the oscilloscope and
compared with the original DL data stream. FIG. 18 shows
that similar to the wireless test with no tissue, the RX can
successfully receive the DL with a data rate of 2.5 MBps.
Last, the UL communication is evaluated in presence of the
chicken breast in the DL wireless path. Measurement results
for both OOK and UWB modulation schemes are shown in
FIG. 19 where the TX block supports OOK and UWB
modulation schemes with a data rate of up to 100 Mbps.
[0096] To calculate the Bit-Error-Rate (BER) of the com-
munication links, the time-domain waveforms were
recorded multiple times and the recorded data processed
with MATLAB offline. For each case, enough data was
recorded to compare 10,000 recovered bits with the original
data. After offline processing, no missing bit was observed.
Herice, the BER of DL and UL communication is below
107

[0097] Finally, the power contribution of individual blocks
is measured through a dc test. The measured power con-
sumption of the PO is 3.73 mW. When the PO is used for
data communication, the overall power consumption of the
TX block is scaled according to the modulation scheme. The
power contribution of the building clocks in both OOK and
UWB modulation schemes are reported in FIG. 20. As
expected, the power consumption is dominated by the TX
block in both operating modes. Since the TX block is fed
with a random data sequence with an equal probability of
“0” and “1” bits, the TX power consumption in OOK mode
is almost half of the power consumption of PO. The peak
transmitted power of the TX can also be estimated with the
aid of simulation results that indicates the M, x5 efficiency
of the PO as 35%. Hence, based on the power gain simu-
lation results, at a 15 cm distance through the air, it is
expected to receive the UL data with a peak power of 60
dBm. Excluding the additional gain of the components
following the monopole antenna, the measured spectrum
reveals that the received signal has a peak power of 58.8 dB,
which is in good agreement with the expected value. Also,
assuming a 1-GHz detection bandwidth, a minimum SNR of
3 dB, and a noise figure of 3 dB for the LNA, the sensitivity
of the UL receiver can be expressed as in (4):

UL enssewie=—174 dBM+SNR,,,,, +NF+10xlog(B W)=

dBm (4)
[0098] The performance of a wirelessly powered FDD
radios in accordance with several embodiments of the inven-
tion is summarized in FIG. 21 and compared with state-of-
the-art area-constrained TRXs for medical applications. The
radio achieves an UL energy efficiency of 4.7 pJ/b and a DL,
energy efficiency of 1 pl/b, respectively. Compared with
TRXs that utilize any type of antenna for communication,
this work shows a x2.3 improvement in UL and a x50
improvement in DL energy efficiency values. Also, this
design is the first active radio that is fully integrated and
does not require any post-processing or off-chip compo-
nents, which has resulted in a substantial volume reduction.
The annotated micrograph of the chip is shown in FIG. 22
and it is evident that the majority of the area is occupied by
the antennas and the storage capacitor. The thickness of the
die is about 300 um and the total volume of the design is
2.4x2.2x0.3 mm?®. In further embodiments, the volume
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could be further reduced by grinding the substrate of the chip
that improves the performance of antennas as well.

pH Sensor Implementations

[0099] In further embodiments of the invention, a wire-
lessly powered integrated circuit can include an electro-
chemical sensor and be configured to transmit a signal
indicative of an output level from the electrochemical sen-
sor. For example, the electrochemical sensor may be a pH
sensor and the output level a measure of pH. As mentioned
further above, just as transistor sizes has become smaller,
there are now many electrochemical sensors that can be
produced in the micrometer scale. lIon-sensitive field effect
transistors (ISFET) and microelectrodes are such examples
of micrometer-scaled electrochemical sensors. Designing a
circuit that is sensitive enough to be able to read the signals
generated from these electrochemical sensors can reduce the
form factor, fabrication cost, and time of the overall elec-
trochemical sensing system.

[0100] A general pH sensing architecture can include a
biasing circuit for the pH electrode to account for both
positive and negative swings of the voltage, and a high
impedance amplifier to measure the output voltage of the
electrode. This scheme can be applied in certain embodi-
ments of the invention. To bias the pH electrode using a
unity gain amplifier, the input resistor network can be
replaced by diode connected transistors connected in series
to achieve high resistance using smaller components, to
reduce overall power consumption. For the high input
impedance amplifier, an instrumentation amplifier can be
used, as it has a high input impedance, and a high common-
mode rejection ratio (CMRR). Also, as the pH electrode has
a very weak signal that make it more susceptible to noise,
using an instrumentation amplifier which has a differential
input can help filter out the noise that is coupled into the
signal.

[0101] Another issue in previous designs is the ambiguity
of the transmitter center frequency which can vary from one
chip to another. Not only does this make it very difficult to
know the exact pH value that was measured by the chip, but
it can also interfere with the power link communication if
the difference in frequency is not large enough. Therefore, it
is desirable to explore digital transmitters which can provide
a very accurate center frequency.

Wirelessly Powered pH Sensor Architecture

[0102] A system architecture for a wirelessly powered pH
sensor circuit in accordance with several embodiments of
the invention is shown in the block diagram in FIG. 23.
Additional embodiments of the invention can include blocks
for a finite state machine (FSM), power receiver rectifier,
and/or a clock recovery as discussed with respect to other
embodiments further above. In the transmitter block, an
analog-to-digital converter (ADC) can be used to read the
measured voltage from the sensing circuit, which is digitized
(e.g., into 10 bits of digital code), and serially outputted from
a shift register to be transmitter through a digital transmitter.
By using this architecture, it is possible to recover the exact
measured voltage value of the pH electrode when the digital
code is converted back to an analog signal at a base station.
[0103] With addition of digital blocks in the architecture,
an FSM can ensure that the timing of ADC is in sync with
the rest of the circuit. Therefore, a reliable clock source and

Mar. 16, 2023

an FSM can be implemented, as well as a voltage rectifier to
power the entire circuit. Certain embodiments utilize a
SAR-ADC which has a very low power consumption and
requires 11 cycles to set up the digital bits once a voltage is
measured. An 11 kHz clock signal may be used to drive the
ADC and a 1 kHz clock to operate the remainder of the
circuit. Methods to generates this clock signal are described
further below. A timing diagram of the overall system is in
FIG. 24. First, a start signal initializes the circuit turning the
transmitter on and off over 2 clock cycles. On the next rising
edge of the clock, a voltage value is read which is digitized
into 10-bit digital code throughout 11 clock cycles of the
ADC clock. At the next rising edge of the clock, the digital
bits are loaded onto a shift register simultaneously, and
serially outputted over the next 10 clock cycles. In total, 1
pH measurement takes up 12 clock cycles (12 ms) to
transmit the measured voltage value to a base station. A
40.68 MHz signal can be used for the power link and 13.56
MHz can be used for the transmitter to avoid interference
between the uplink and downlink communication. Although
specific characteristics, such as frequencies and bit counts,
are discussed above, one skilled in the art will recognize that
any of a variety of values may be utilized in accordance with
embodiments of the invention as may be suitable for a
particular application. Next will discuss the circuit design of
major blocks and its simulated results.

pH Sensing Circuit

[0104] In certain embodiments, a pH sensing circuit
should report back the exact voltage value that was mea-
sured by the pH electrode, so the transistor (Rx) is left open
and resistors R1 and R2 are equal to make the gain of circuit
to be unity. In further embodiments of the invention for other
applications, different resistor values can be inserted into the
Rx node to vary the gain of the amplifier from 1 through 5.
[0105] A single instrumentation amplifier can include 3
operational amplifiers, so it is important that each of these
amplifiers draw very little quiescent current. It is also
important to have a high gain for each operational amplifier
to ensure that the instrumentation amplifier has a near ideal
input and voltage characteristics. In some embodiments of
the invention, the operational amplifier was designed to have
a high gain, have a high PSRR, and to operate in the
subthreshold region. Generally, transistors provide the high-
est transconductance when they are biased in the subthresh-
old region, therefore, the power consumption of the ampli-
fiers can be reduced in exchange for using wider transistors
which occupy more area on the chip.

[0106] A sooch current mirror can be used to force the
differential amplifiers to operate in the subthreshold region,
as it provides a very stable output voltage due to the cascode
transistor M5 such as the configuration shown in FIG. 25. A
2-stage PMOS differential pair may be utilized as it has a
higher PSRR. Simulated results showed that the operational
amplifier has an open loop gain of over 60 dB, PSRR>56.4
dB, CMRR>80.1 dB and an average power consumption of
~3.5uW at 1.1V supply voltage.

Digital Transmitter for pH Sensor

[0107] A digital transmitter circuit in certain embodiments
of the invention operates at 13.56 MHz in the lower ISM
band with a 3.3V supply to generate higher power at the
transmitter antenna. A delay line is included to produce a
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pulse that turns on the transmitter for approximately 1 us in
order to reduce the power consumption of the transmitter
circuit.

[0108] In several embodiments of the invention, the wave-
form of the transmit signal is locked to the phase and/or
formation of the receive signal. Various embodiments of the
invention may utilize different data transmission techniques.
[0109] To operate the transmitter at an exact frequency of
13.56 MHZ, the circuit can utilize a 40.68 MHz power link
signal generated from a base station. A current starved
inverter chain, shown in FIG. 26, may be utilized to amplify
the power link signal with minimum power consumption.
Then a divide-by-three circuit, such as one illustrated in
FIG. 27 with a 50% duty cycle using low power D-FF, may
be utilized to generate a 13.56 MHz baseband signal to drive
the transmitter circuit. The transmitter is able to transmit
information at an exact center frequency without having to
interfere with the power link signal. The transmitter was
simulated with a loop antenna model at resonance frequency,
and a Q-factor of 10.

Power Harvester for pH Sensor

[0110] A pH sensor circuit in accordance with embodi-
ments of the invention may utilize a power harvester system
such as those described further above, although a different
frequency may be appropriate. Some embodiments utilize a
40.68 MHz power link signal. Similar to the power harvester
systems described above a four-stage cross coupled rectifier
may be utilized to harvest power for a pH sensor circuit.
[0111] Voltage dependence of the cascaded cross coupled
rectifier can be described by equation:

Vour=2NV NV .+ Vi)

[0112] Output voltage of the rectifier increases with each
stage, and decreases with the threshold voltage of nmos and
pmos transistors. Four stages of the cross coupled rectifier
can be used to achieve the desired voltage of 3.3V. Higher
threshold voltages degrade the output voltage of the rectifier,
therefore a native nmos device was used for the first stage.
Although higher output voltage translates to higher power
conversion efficiency, there is a tradeoff between the cas-
caded number of stages and the leakage that results from the
transistors in each stage. Minimum sized lengths can be used
for the devices, and the width were varied to achieve the
highest output voltage. A storage capacitor is tied at the
output to store the harvested energy. Several embodiments
of the invention utilize both MIM capacitors and MOS
capacitor to achieve a total storage capacitance of 3 nF.
[0113] A pH sensor circuit in accordance with some
embodiments of the invention can have an average power
consumption of ~35 uW. Furthermore, the transmitter can
consume 7.8 nl/bit at a bit rate of 1 kHz. Therefore, as long
as the energy harvester is able to generate an average power
of 35 uW, the entire circuit will be able to operate continu-
ously. A pH sensor circuit in accordance with several
embodiments can measure a pH value every second using an
MEA microprobe connected to a high impedance amplifier.
The pH sensor circuit can perform a successive translation
of the measured voltage value to a 10-bit digital code using
an ADC, which is then transmitted using a transmitter
operating with an on-off keying (OOK) scheme.

[0114] Although the description above contains many
specificities, these should not be construed as limiting the
scope of the invention but as merely providing illustrations
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of some of the presently preferred embodiments of the
invention. Various other embodiments are possible within its
scope. Accordingly, the scope of the invention should be
determined not by the embodiments illustrated, but by the
appended claims and their equivalents.

What is claimed is:

1. A wirelessly powered transceiver comprising:

a receive antenna configured to receive a receive signal;

a transmit antenna configured to transmit a transmit
signal;

a rectifier circuit coupled to the receive antenna and
configured to convert radio frequency energy from the
receive signal into DC (direct current) voltage;

a power management unit (PMU) coupled to the rectifier
circuit and configured to receive DC voltage from the
rectifier circuit;

a receiver circuitry block coupled to the receive antenna
and configured to provide energy from the receive
signal to the PMU; and

a transmitter circuitry block coupled to the receiver cir-
cuitry block and comprising a data modulator circuit,
the data modulator circuit configured to generate the
transmit signal using DC voltage received from the
power management unit,

wherein the PMU is configured to set an operating mode
and biasing condition of the receiver circuitry block
and the transmitter circuitry block and provide DC
voltage from the receiver circuitry block to the trans-
mitter circuitry block to maintain a minimum voltage.

2. The wirelessly powered transceiver of claim 1, wherein
the rectifier circuit comprises four full-wave rectifiers.

3. The wirelessly powered transceiver of claim 1, further
comprising a capacitor coupled to the receive antenna.

4. The wirelessly powered transceiver of claim 1, wherein
the transmitter circuitry block comprises a power oscillator.

5. The wirelessly powered transceiver of claim 4, wherein
the receiver circuitry block is configured to extract a clock
signal from the receive signal and the transmitter circuitry
block is configured to synchronize the power oscillator to
the clock signal.

6. The wirelessly powered transceiver of claim 1, where
the transmitter circuitry block comprises an L.C oscillator
and power amplifier.

7. The wirelessly powered transceiver of claim 1, wherein
the power management unit includes a low dropout voltage
regulator (LDO) configured to change its bias current based
upon a sleep and an active state of the transmitter circuitry
block.

8. The wirelessly powered transceiver of claim 1, wherein
the receiver circuitry block and transmitter circuitry block
are configured to operate at different frequencies.

9. The wirelessly powered transceiver of claim 1, wherein
the receiver circuitry block and transmitter circuitry block
utilize amplitude-based modulation schemes in the receive
signal and transmit signal.

10. The wirelessly powered transceiver of claim 9,
wherein the receiver circuitry block utilizes amplitude-shift-
keying (ASK) modulation for receiving data in the receive
signal and the transmitter circuitry block utilizes frequency
divisional duplexing (FDD) for transmitting data in the
transmit signal.

11. The wirelessly powered transceiver of claim 1, where
the PMU is configured to control the transmitter circuitry
block to operate on a duty cycle based upon a current
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amount of energy stored in a storage capacitor, by deacti-
vating the transmitter circuitry block when voltage across
the storage capacitor falls below a lower threshold voltage
and activating the transmitter circuitry block when voltage
across the storage capacitor exceeds a higher threshold
voltage.

12. The wirelessly powered transceiver of claim 1,
wherein the transmit antenna is a dipole antenna.

13. The wirelessly powered transceiver of claim 1,
wherein dimensions of the transmit antenna and operating
frequency of the transmit antenna are optimized to minimize
interference from operation of the receive antenna.

14. The wirelessly powered transceiver of claim 1,
wherein at least one of the receive antenna and the transmit
antenna is on a chip.

15. The wirelessly powered transceiver of claim 1,
wherein both of the receive antenna and the transmit antenna
are on a chip.

16. The wirelessly powered transceiver of claim 1,
wherein neither of the receive antenna and the transmit
antenna is on a chip.

17. The wirelessly powered transceiver of claim 1,
wherein the receive antenna comprises a loop antenna, and
the transmit antenna at least partially surrounds the receive
antenna.

18. The wirelessly powered transceiver of claim 1,
wherein the operating mode comprises one of an active
mode and a sleep mode for a transmit operation of the
transmitter circuitry block, and the PMU is configured to set
the operating mode based on a monitored voltage level of the
PMU.

19. A wirelessly powered transceiver comprising:

a receive antenna configured to receive a receive signal;

a transmit antenna configured to transmit a transmit
signal;

a rectifier circuit coupled to the receive antenna and
configured to convert radio frequency energy from the
receive signal into DC (direct current) voltage;

a power management unit (PMU) coupled to the rectifier
circuit and configured to receive DC voltage from the
rectifier circuit;

a receiver circuitry block coupled to the receive antenna
and configured to provide energy from the receive
signal to the PMU;

a transmitter circuitry block coupled to the receiver cir-
cuitry block and comprising a data modulator circuit,
the data modulator circuit configured to generate the
transmit signal using DC voltage received from the
power management unit; and

a tunable capacitor coupled to the receive antenna and
configured to change the resonance frequency of the
receive antenna to reduce interference with the transmit
signal,

wherein the PMU is configured to set an operating mode
and biasing condition of the receiver circuitry block
and the transmitter circuitry block and provide DC
voltage from the receiver circuitry block to the trans-
mitter circuitry block to maintain a minimum voltage.

20. A wirelessly powered transceiver comprising:

a receive antenna configured to receive a receive signal;

a transmit antenna configured to transmit a transmit
signal;
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a rectifier circuit coupled to the receive antenna and
configured to convert radio frequency energy from the
receive signal into DC (direct current) voltage;

a power management unit (PMU) coupled to the rectifier
circuit and configured to receive DC voltage from the
rectifier circuit;

a receiver circuitry block coupled to the receive antenna
and configured to provide energy from the receive
signal to the PMU, and comprising a data demodulator
configured to extract a receive message from the
receive signal; and

a transmitter circuitry block coupled to the receiver cir-
cuitry block and comprising a data modulator circuit,
the data modulator circuit configured to generate the
transmit signal using DC voltage received from the
power management unit,

wherein the PMU is configured to set an operating mode
and biasing condition of the receiver circuitry block
and the transmitter circuitry block and provide DC
voltage from the receiver circuitry block to the trans-
mitter circuitry block to maintain a minimum voltage.

21. The wirelessly powered transceiver of claim 20,
further comprising a capacitor coupled to the receive
antenna.

22. The wirelessly powered transceiver of claim 20,
wherein the receiver circuitry block and transmitter circuitry
block utilize amplitude-based modulation schemes in the
receive signal and transmit signal.

23. The wirelessly powered transceiver of claim 22,
wherein the receiver circuitry block utilizes amplitude-shift-
keying (ASK) modulation for receiving data in the receive
signal and the transmitter circuitry block utilizes frequency
divisional duplexing (FDD) for transmitting data in the
transmit signal.

24. The wirelessly powered transceiver of claim 20,
where the PMU is configured to control the transmitter
circuitry block to operate on a duty cycle based upon a
current amount of energy stored in a storage capacitor, by
deactivating the transmitter circuitry block when voltage
across the storage capacitor falls below a lower threshold
voltage and activating the transmitter circuitry block when
voltage across the storage capacitor exceeds a higher thresh-
old voltage.

25. A neural unit comprising:

a sensor; and

a wirelessly powered transceiver comprising:
areceive antenna configured to receive a receive signal;
a transmit antenna configured to transmit a transmit

signal;

a rectifier circuit coupled to the receive antenna and
configured to convert radio frequency energy from
the receive signal into DC (direct current) voltage;

a power management unit (PMU) coupled to the rec-
tifier circuit and configured to receive DC voltage
from the rectifier circuit;

a receiver circuitry block coupled to the receive
antenna and configured to provide energy from the
receive signal to the PMU; and

a transmitter circuitry block coupled to the sensor and
the receiver circuitry block and comprising a data
modulator circuit, the data modulator circuit config-
ured to generate the transmit signal using DC voltage
received from the power management unit.
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26. The neural unit of claim 25, wherein the PMU is
configured to set an operating mode and biasing condition of
the receiver circuitry block and the transmitter circuitry
block and provide DC voltage from the receiver circuitry
block to the transmitter circuitry block to maintain a mini-
mum voltage.

27. The neural unit of claim 26, wherein the operating
mode comprises one of an active mode and a sleep mode for
a transmit operation of the transmitter circuitry block, and
the PMU is configured to set the operating mode based on
a monitored voltage level of the PMU.

28. The neural unit of claim 25, wherein the sensor
comprises a bioelectrical signal sensor configured to gener-
ate a bioelectrical signal to the data modulator circuit.

29. The neural unit of claim 28, wherein the bioelectrical
signal sensor is a neural LFP (local field potential) sensor.

30. The neural unit of claim 28, wherein the sensor
comprises an electrochemical sensor configured to generate
an electrochemical signal to the data modulator circuit.
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