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ABSTRACT OF THE DISSERTATION

Integrated Wirelessly Powered Solutions

for Medical Implants and Internet of Things

by

Hamed Rahmani

Doctor of Philosophy in Electrical and Computer Engineering

University of California, Los Angeles, 2020

Professor Aydin Babakhani, Chair

Wireless system-on-chip devices are emerging as the most promising solution for future

wireless sensing with applications in medical implants and the Internet of Things (IoT). On

one side, energy extraction from ambient sources facilitates permanent powering techniques

required for long-term operation. On the other side, the high integration capability of

commercial CMOS technology opens the opportunity for high-resolution sensing and data

communication with a compact form-factor. In this dissertation, My research builds a

foundation for joint wireless power delivery, low-power sensing, and wireless communication

in such highly integrated systems yielding a paradigm shift in the design and development

of future ubiquitous low-power wireless systems.

This thesis presents the design, implementation, and experimental evaluation of

integrated wirelessly powered solutions for next-generation medical implants and IoT

devices. To this end, First, I leverage the high integration capabilities of CMOS technology

and try to develop integrated systems for power delivery, environmental sensing, and

wireless data communication. The small power budget available for an integrated solution
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severely limits its functionality and operating range. Hence, individual wirelessly powered

solutions may not be able to satisfy the application requirements of future medical

implants and IoT devices. To address this problem, I leverage another important feature of

a commercial CMOS technology that is the low fabrication cost. I show how complex tasks

such as localization and be realized using a swarm of millimeter-sized integrated chips.

In this dissertation, I introduce the challenges of wireless power transmission to fully

integrated systems on CMOS technology and present two types of RF power receiver systems

for near-field and far-field electromagnetic region. I propose a comprehensive optimization

algorithm for maximizing the power transfer efficiency and choosing the optimum frequency

for wireless power transmission.

Next, I present the world’s most power-efficient wireless transceiver with an integrated

wireless power delivery system. I demonstrate a fully on-chip operation and utilize two sets

of loop and dipole antenna for wireless power delivery and data communication, respectively.

I will explain how we achieve a 150 Mbps uplink communication data rate under a stringent

power budget by introducing a power management technique.

I will then, discuss the opportunities offered by this platform to enhance next-generation

IoT and medical devices. In particular, we tackle the limited operating range by forming a

synchronized distributed sensor network built from fully on-chip integrated systems. Also,

we address the power scarcity challenges in biomedical/environmental sensing by adopting

extensive low-power design techniques.

This interdisciplinary research direction incorporates advancements such as applied

physics, machine learning, healthcare, and wireless networking.
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CHAPTER 1

Introduction

1.1 Motivation

Wireless System-on-Chip (SoC) devices are becoming increasingly popular nowadays

and are utilized in a broad range of applications. In particular, medical implants and

Internet-of-Things (IoT) can be considered as two dominant sectors that are enables based

on the development of robust and reliable SoCs. Fig. 1.1 shows some examples of various

applications of wireless SoCs in the medical and IoT domain. Nowadays, wireless SoCs are

used for different medical purposes such as cardiac pacemakers, neural recording and

stimulation systems, targeted drug delivery, and even as a wireless pill. On the other hand,

wireless SoCs have been proposed for many IoT applications such as wearable electronics,

supply chain management, machine motorizing, and Unmanned Aerial Vehicles (UAV).

Despite the different nature of these application domains, they jointly demand some

mutual systematic features form an SoC. Wireless operation, low-power consumption,

low-cost SoC, and a compact form-factor are the imperative requirements of a robust SoC

that is practical for the wide range of applications.

The main pillars of the next-generation sensing systems are based on sustainable power

delivery, low-power connectivity, efficient processing algorithms, and ubiquitous sensing.

Hence, the block diagram of a typical SoC can be viewed as Fig. 1.2. As illustrated, the

SoC is equipped with power modules or energy harvesting sub-system, a sensing platform,

an analog front-end for amplifying the signal, Analog-to-Digital (ADC) converter, and a
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Figure 1.1. Application examples of wireless system-on-chip devices.

data telemetry sub-system. The main challenge in the development of future SoCs reveals

itself when a small form-factor is considered as one of the crucial criteria in the design

process.

Miniaturization is one of the key requirements of next-generation wireless systems since
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Figure 1.2. The building blocks of a typical wireless SoC.

it leads to unprecedented benefits both medical implants and IoT systems. in particular, a

mm-sized form-factor results in the following advantages for implantable devices:

1. Higher sensor density

2. Improvement of Spatio-temporal resolution

3. Ultra-small recording scale

4. Minimal tissue damage and ease of encapsulation

5. Ease of implantation procedure

Miniaturization introduces a new set of challenges for implementation of the

aforementioned pillars of future sensing systems. The available power budget scales with

the form-factor that limits the functionality of a system and necessitates extensive power

reduction techniques. In addition, due to the limited energy storage density of charge

accumulation components such as capacitors, the stored energy within a small form-factor

3



becomes excessively difficult. data communication also faces serious challenges as the

overall size of the system reduces. Electrically small antennas show poor radiation

efficiency at lower frequencies and tend to be operated at the GHz frequency region.

However, as the frequency increases, the propagation path loss becomes significantly large

and causes the communication system to have a short-range operating range.

1.2 Dissertation Overview

In this dissertation, we propose integrated wirelessly powered solutions for tackling the

challenges towards next-generation medical implants and IoT devices. First I discuss

wireless power delivery options and techniques, and propose fully integrated power

receiving systems both for near-field and far-field operating regions. Next, I build upon the

proposed power harvesting system and introduce a fully integrated wirelessly powered

radio for high-performance implants such as neural interface systems. Then, I present a

coherent power combining technique for alleviating the high-path-loss problem in Wireless

Sensor Networks (WSN) to improve the received Signal-to-noise (SNR) ratio and enable

localization purposes. Finally, I discuss the potentials of a machine-learning-assisted

sensing system for low-power and low-complexity SoCs and demonstrate how they can pave

the way for smart sensing.

In Chapter 2, I present a dual-mode power harvesting system for millimeter-sized

biomedical implants that is immune to the variation of wireless link parameters and

loading. The design includes a multi-stage full-wave voltage rectifier, a power management

unit, and a low dropout voltage regulator. Depending on the received RF power level, and

the required power by the load, power delivery is conducted in continuous or duty-cycled

mode. The system is fabricated in 180-nm Silicon On Insulator (SOI) CMOS technology

with an active area of 2.56 mm2 including an on-chip coil. RF power is transferred to the

chip from a 2×2 cm2 coil through 10 mm of air at 434 MHz. The efficiency of the designed
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wireless link, which is the power transfer efficiency from the external coil to the on-chip

coil, reaches up to 0.68 % (-21.7 dB) at 10 mm separation through the air. Keeping the

transmitted RF power below 24 dBm, the system can provide a 1.08 V dc voltage for

resistive loads larger than 20 kΩ continuously over time. When the harvested power is not

enough to drive the load continuously, the system operates in duty-cycled mode.

Measurement results show that the system can drive a 1kΩ load in the duty-cycled mode

when the transmitted power level is 15 dBm.

Chapter 3 presents a fully integrated, wireless, RF-powered data transceiver for high-

performance implants such as neural interfaces. The design occupies a total volume of 1.6

mm3 with no need for an off-chip component. The integrated circuit (IC) receives power and

downlink data with amplitude-shift-keying (ASK) modulation by an on-chip coil through an

RF wireless link with an efficiency of −22.6 dB at 250 MHz. For uplink data transmission,

we propose a transmitter (TX) based on a power oscillator stage directly connected to an

on-chip dipole antenna that supports various data rates with both on-off-keying (OOK) and

ultra-wideband (UWB) schemes. The design includes a power receiver system that enables

the IC to operate under various power budgets by adjusting the duty cycle of the TX. With a

25 dBm power transmitter at a 1-cm distance, the RX achieves a maximum data rate to 2.5

Mbps with a power consumption of 2.6 µW. Also, the TX supports data rates of up to 150

Mbps with UWB modulation with a 15-cm operating range achieving energy efficiency of

4.7 pJ/b. This work improves RX and TX energy efficiencies by ×50 and ×2.3, respectively.

In Chapter 4, I discuss the opportunities offered by mm-sized integrated chips for IoT

applications. In particular, I propose a novel technique to synchronize a swarm of sensor

nodes at the RF domain and produce coherent radiation from the sensor nodes to increase

the amplitude of the reflected signal. A network is formed by an array of microchips that

are wirelessly powered, and upon activation, radiate back an RF signal. The phase of the

radiated signals from each microchip is synchronized using a wireless reference signal. This

technique results in a coherent amplitude combing and power amplification. The microchips
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are fabricated in a 180-nm CMOS SOI technology. Each microchip occupies a total area of

3.9 × 0.7 mm2 that includes three on-chip dipole antennas that are used for power delivery,

injection locking, and back RF reflection. Measurement results reveal that a reference signal

in a frequency range of 7.72-7.79 GHz can successfully synchronize the reflected signals

radiated from the microchips through a sub-harmonic injection locking scheme. A wireless

reference signal of 7.733 GHz synchronizes an array of 2 × 2 microchips. The microchips

are locked to half of the reference frequency and produce coherent radiation at 3.866 GHz.

This scheme results in a power elevation of ∼12 dB on the reader’s side.

I also present a fully integrated battery-less RFID tag that is fabricated in 180nm

CMOS technology for localization and biomedical applications. The design is composed of

a rectenna, a power management unit, a data receiver used for clock recovery, and a UWB

transmitter. Power and clock signals are transferred to the tag through an inductive link at

250 MHz that is AKS-modulated with a square wave with a frequency of up to 2 MHz.

The proposed tag can be used as a transponder to transmit back short pulses with a width

of 50 ns when placed in proximity of a reader. Measured results show that the tag can also

be used for communication purposes and communicate a sequence of digital data to a

reader. The whole chip size including a loop antenna for power and clock recovery and a

dipole antenna for the UWB transmitter is 2.4 × 2.3 mm2.

Chapter 5 concludes this dissertation by summarizing the key contributions and picturing

the road-map of future miniaturized wireless SoCs.
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CHAPTER 2

Wireless Power Transfer Systems for Millimeter-Sized

Systems

2.1 Introduction

The first step toward a high-performance wireless SoC is to design a reliable powering

method that is compatible with the requirements of next-generation sensing systems.

Currently, wireless SoCs rely on batteries or inductive coupling for powering and few

examples of commercial SoCs for medical applications and Internet of Things (IoT) is

illustrated in Fig. 2.2. Due to the limitation of battery techology, battery-powered devices

cannot be miniaturized below some certain limits. As a result, the overall for-factor,

life-time, and cost of a battery powered system is not compatible with the specs of

next-generation SoCs. On the other hand, commercial wirelessly powered devices based on

inductive coupling utilize a pair of centimeter-sized coils and operate at low-MHz frequency

ranges. Therefore, the integration capability of such systems is also limited by the coil

sized that makes them impractical to address the form-factor requirements of future SoCs.

As a remedy to aforementioned problems associated with conventional powering

techniques, researchers have explored alternative energy sources to enable a sustainable

and compact powering method. Different powering techniques can be categorized based on

their need to an external energy source for establishing the power link to an SoC as shown

in Fig. ??. Ambient energy sources that are present in the environment are labeled as

intrinsic energy sources and few examples of them can be named as bio-fules,
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Figure 2.1. Commercial wireless SoC examples.

thermo-electric, and body motion. Although intrinsic sources seem very attractive for

powering wireless SoCs, they fail to provide sufficient power densities and cannot be used

for high-performance devices. On the other hand, the powering methods that utilize an

external power transmitter render in high power densities. Wireless power transmission

systems based on electroomagnetic waves, ultrasonic, and light have been demonstrated as

a promising approach for delivering milli-Watts of power mm-sized systems [2]. In

particular, wireles power transfer systems based on electromagnetic waves are very

interesting for mm-sized SoCs since they can jointly address the requirements of medical

implants and IoT devices. A wireless power transfer system operating in near-field

electromagnetic region is suitable for short-range distances and provides high power

densities and is applicable to medical implants. It worth mentioning that high-frequency

electromagnetic waves have also been promising for sensing and spectroscopy applications

as well [3–7]. Electromagnetic waves can be also focused in a narrow beam-width to enable

long-range power delivery with low power densities and fulfill the requirements of an IoT

device. Therefore, power transfer systems based on electromagnetic waves are explored in

this thesis.

Evolution of implantable devices (IMD) has opened a new gate toward finding new

diagnosis and treatment methods in the modern medicine. Due to the clinical constraints,

a practical implant should operate without any transcutaneous wire connection, which
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raises serious challenges for powering an IMD. Therefore, development of a robust wireless

power harvesting system is the key step toward building a high-performance implant that

can be used for clinical purposes. On the other hand, emerging applications of IMDs, such

as Brain Machine Interface (BMI) demand biological signal acquisition with a high data

rate and a high spatial resolution. For instance, research on the anatomical, physiological,

and computational bases of speech production has made important strides in recent years

but has been limited by a glaring lack of information on the dynamics of the speech

production process. This is a methodological limitation related with the low

spatio-temporal resolution of widely available tools such as fMRI, EEG, behavioral, and

stroke lesion based approaches [8–10]. Miniaturizing the size of an IMD is the solution for

improving the spatio-temporal resolution of the recorded signals since it leads to a higher
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sensor density and enables signal recording at an ultra-small structural scale. In addition,

smaller implants cause less damage to the living tissues, ease up the encapsulation process,

and are easier to be implanted [11–13].

With recent advances in integrated semiconductor technology, the size of a wirelessly

powered IMD is dominantly controlled by the dimensions of power harvesting modules.

Miniaturizing the size of receiving coil be integrated with the required circuitry leads to the

total system area reduction. In addition, the receiving coil can be integrated with rest of

the required circuitry on the same CMOS chip, which significantly reduces the total cost of

the system, improves reliability, and eliminates the need of post-fabrication processes.

Most of the traditional wireless power transfer (WPT) techniques are based on inductive

coupling between two cm-sized coils and operate at low-MHz or sub-MHz frequency

range [14–16]. Bulky receiving coil of these systems is fabricated on a separate substrate

and is attached to rest of the system by bond wires. Although these systems achieve a high

value of power transfer efficiency through two coils, the large form-factor of the Rx coil

makes them impractical for powering small IMDs. Increasing the RF carrier frequency

makes it possible to shrink the size of a receiving coil to millimeter-scale. As the carrier

frequency increases, the rate of changes in the incident magnetic flux on the receiving coil

raises, which results in boosting the induced voltage [17, 18]. In addition, the Q-factor of

small coils increases at higher frequencies [19, 20]. Although shrinking the size of a

receiving coil degrades the power transfer efficiency, there has been a lot of efforts to

develop a mm-sized power harvesting system to benefit from the advantages of

miniaturization [19–28].

The functionality of an IMD is dominantly determined by the available power. Therefore,

delivering the maximum power is one the most important goals in the design process. A

practical power harvesting system requires additional circuitry for converting captured

sinusoidal signals to a dc voltage. The additional circuitry represents other sources of

power loss in the system. The overall Power Transfer Efficiency (PTE) is defined as the
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delivered power to load of the power harvesting system (Pload) over available power by the

generator (PG) as defined in (2.1).

PTE =
Pload

PG

= ηlink × ηRF−DC (2.1)

ηRF−DC = ηrec × ηreg (2.2)

The PTE can be viewed as multiplication of wireless link efficiency (ηlink) and RF to dc

conversion efficiency (ηRF−DC). Voltage rectifier and regulator are the most important

circuitry required for RF to dc conversion. Therefore, ηRF−DC can be considered as

multiplication of rectifier efficiency (ηrec) and regulator efficiency (ηreg). All terms in (2.1)

and (2.2) are defined later in the rest of this paper.

Intervening biological tissues show an absorptive behavior toward electromagnetic

waves, which becomes worse at higher frequencies [29]. The tissue absorption makes the

wireless power delivery to a mm-sized implant very challenging since the amount of

transmitted power should be kept below a certain threshold that is defined by safety

standards. Moreover, the amount of received power at the Rx side is very sensitive to the

composition of the intervening biological medium, alignment of the coils, and the

separating distance [30, 31]. In addition to the challenges that are related to the wireless

link, non-linear behavior of the required circuitry for RF to DC conversion and the load

variation of a power harvesting system greatly impact the amount of harvested dc power

and changes the available power for an implant.

In this work, we present a mm-sized power harvesting system to address the challenges of

wireless power transmission to small implants that stem from the variation of wireless link

parameters and varying power consumption of an IMD. In this paper, we analyze the effect

of system level parameters such as type and thickness of intervening tissues on the

performance of a WPT system and provide a design procedure for optimal design of a

11



mm-sized on-chip coil for miniaturized implants. We also introduce a power management

technique that enables the system to drive a wide range of loads.

This paper is an extension of [32] and explains the design procedure of the power

harvesting system in more details. It includes more extensive simulation results and

provides updated measurement results for characterizing the performance of the fabricated

chip. The remainder of this paper is organized as follows. Section 2 gives an overview of a

WPT system and analyzes the effect of wireless link parameter. The design procedure for

the on-chip coil and the Tx coil is discussed in this part. Section 3 describes the design of a

multi-stage voltage rectifier and shows how the characteristics of the voltage rectifier are

affected by the operating frequency and the available RF power level. Circuit schematics

and system architectures of the power management unit and the voltage regulator are

described in Section 4. The performance of the power harvesting system is characterized in

Section 5, which is followed by the conclusion in Section 6.

2.2 Wireless Link: Design and Analysis

2.2.1 Wireless Link Modeling

Traditional WPT systems for implantable devices use a pair of coils to inductively couple

the energy from a primary coil outside the body to a secondary coil that is implanted. The

operating frequency of these systems range from hundreds of kHz to few MHz and the size

of Rx coil is in the order of few centimeters. Inductive near-filed systems that operate at

hundreds of kHz or few MHz can achieve a very high link efficiency. Inductive coupling

between two coils can be governed by Faraday’s induction law and is proportional to the

area of coils. Typically, link efficiency in these systems improves by using larger coils and

increasing the number of turns. Traditional analysis methods for a WPT system that are

mainly based on coupled mode theory may not be applicable to a system that operates at

a relatively high frequency due to the following reasons: First, as the operating frequency
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Figure 2.3. Power flow in the wireless link of WPT system.

increases, the wavelength of the electromagnetic waves become comparable to the dimension

of the coils and separating distance. In this case, electromagnetic waves contain radiative

fields and include both radiative and non-radiative components. A simple near-field inductive

model for WPT systems only governs non-radiative fields and fails to address the effect of

radiative components. Second, most of the traditional models assume that power transfer

through tissue is almost same as energy transfer through the air since tissues are transparent

to magnetic fields. This assumption is not valid in MHz frequency range and above since

biological tissues pose significant issues on propagating of electromagnetic fields and greatly

attenuate electric field. Therefore, unlike traditional analysis methods, intervening tissues

cannot be ignored since they have a significant effect on link efficiency and the PTE.

Fig. 2.3 shows the power flow in a wireless link of a WPT system that utilizes RF

electromagnetic waves for power transmission through biological tissues. The link efficiency

can be defined as the ratio of the delivered power to load of the two-port network over the

generated power by the RF source and can be divided into three distinguished terms as:
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ηlink =
PL

PG

= ηm,Tx × η2port × ηm,Rx (2.3)

The η2port term contains power losses in the coils and the intervening medium while the

ηm,Tx and the ηm,Rx represent the power losses due to impedance mismatch at the Tx and Rx

sides, respectively. We have used a two-port network model for studying the wireless link. A

two-port network approach can be utilized to calculate the ηlink and other characteristics of

the wireless link at any frequency. In addition, this approach is independent of the geometry

of coils and composition of intervening medium between transmit (Tx) and receive (Rx) coils.

Therefore, two-port network method is a general analysis method, which is independent

of electromagnetic operating region (near-field or far-field). Characteristics of a two-port

network can be fully described by its impedance parameters (Z-parameters) or Scattering

parameters (S-parameters). However, extracting Z-parameters of a two-port network at high

frequencies may be challenging or even impossible. On the other hand, S-parameters can be

calculated at any frequency. Moreover, the S-parameters of a network can be converted to

Z-parameters.

The S-parameters of the two-port network in Fig. 2.3 are determined by dimension and

structure of the coils as well as the type and thickness of intervening medium. Therefore,

the η2port is an intrinsic characteristic of the wireless link. The most important step toward

optimization of the wireless link is maximizing the η2port since the impedance mismatch can

be almost eliminated by using proper matching networks. Assuming the impedance of the

generator (ZG) is equal to the reference impedance (Z0), the η2port can be formulated based

on the S-parameters of the network according to the following equations [33].

η2port(f) =
|s21(f)|2

(1− |Γin(f)|2)(1− |s22(f)|2)
(2.4)

where
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Γin(f) = s11(f) +
s12(f)s21(f)ΓL

1− s22(f)ΓL

(2.5)

ΓL =
ZL − Z0

ZL + Z0

(2.6)

Equations (2.4)-(2.6) imply that the η2port is also affected by the load. However, since the

system is weakly coupled and the values of s12 and s21 are very small, variation of ZL does not

show a significant effect on the η2port. In a two-port network system, different parameters are

can be used based on the S-parameter to capture the impedance mismatch effect on TX and

RX sides. The derivation of different power efficiency parameters is explained in Appendix

A.

A conceptual model of a WPT system for IMDs is illustrated in Fig. 2.4. RF energy is

transferred from an external coil to a mm-sized Rx coil that is integrated on a silicon chip

and implanted in the human body. The intervening media between the coils is composed
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of a 2 mm air gap and 11 mm of biological media. These values represent a reasonable

estimation of the separating distance between the coils in most of IMD applications. In this

model, intervening tissues are modeled by separated planar layers stacked on top of each

other. The variables T1, T2, T3, and T4 in the WPT system model represent the type of each

layer and H1, H2, H3, and H4 represent the thickness of corresponding layers. By choosing

proper type and thickness for the planar layers, different human organs can be represented

by this model. For instance, tissue composition in the human head and chest can be modeled

by setting the variables in Fig. 2.4 according to Table 2.1.

Table 2.1

LAYER PROPERTIES FOR MODELING HUMAN HEAD AND CHEST

Variables Head Chest

T1-H1 Skin-2mm Skin-3mm

T2-H2 Fat-2mm Fat-3mm

T3-H3 Bone-7mm Muscle-4mm

T4-H4 Dura-inf Muscle-inf

Biological tissues can be modeled as a low-loss dielectric material with a complex

dielectric constant. In addition, biological tissues show a frequency-dependent behavior

toward electromagnetic waves. Hence, the complex dielectric constant is also a function of

frequency and can be divided into a real part that represents electrical permittivity and an

imaginary part that corresponds to electrical conductivity of the material as is written

below:

ε(f) = ε0ε1(f) + iε2(f) = ε′(f) + i
σ(f)

2πf
(2.7)
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In order to capture the frequency-dependent behavior of tissues into the planar model, we

have used a cole-cole formula that provides a curve fitting method to formulate the complex

dielectric constant of the evaluated layers in Table 2.1. Following the described approach

in [34] leads to extracting the value of dielectric constant for a particular type of tissue.

Permittivity and conductivity of the constituent tissues in Table 2.1 are plotted Fig. 2.5(a)

and Fig. 2.5(b), respectively.

2.2.2 Coil Optimal Design

As it was described, the S-parameters of the two-port network is determined by the

dimension of the coils and composition of the intervening media. Therefore, the η2port can

be enhanced by optimizing the Tx and Rx coils. For a near-field WPT system, extracted

S-parameters can be used to represent a transformer model that is described by a primary

coil, secondary coil, and mutual inductance between the coils. It has been shown that the

maximum efficiency of an inductive wireless link can be formulated as [35]:
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ηlink,max =
k2Q1Q2

(1 +
√

1 + k2Q1Q2)2
(2.8)

Where Q1 and Q2 represent the quality factor of primary and secondary coils,

respectively and k stands for the coupling coefficient between two coils. Optimal coils for

WPT systems through air usually, have a high number of turns since the Q-factor of coils

is believed to increase as a function of turn numbers. On the other hand, biological tissues

at high frequencies have a relatively high electrical conductivity. The proximity to a lossy

dielectric medium represents parasitic capacitive and resistive components and degrades

the Q-factor of the coils. Although increasing the number of turns increases the

self-inductance of a coil, it also results in higher parasitic components, which have a

negative impact on the ηlink. Therefore, the optimal number of turns for implantable coils

is expected to be less than four [35, 36]. The effect of surrounding environment should be
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considered in optimization process and an optimal design for a specific environment may

not be optimal for a different environment. Multiple optimization methods have been

proposed in the literature for improving the ηlink [35–38]. Most of these methods follow an

iterative method for link optimization that changes the parameters of Tx and Rx coils to

improve the ηlink. We have also utilized an iterative algorithm for coil design optimization.

The main objective of the optimization algorithm is to find the combination of design

variables that result in the maximum possible value of η2port. The main design variables

that are optimized are the maximum outer dimension of the Tx coil (D), number of turns

in Rx coil (N), trace width of Rx coil (W ), and spacing between the traces (S). Ideally,

turn numbers, trace width, and trace spacing of the Tx coil should also be considered as

other variables in the optimization process. However, adding all of these variables greatly

expands the design space and imposes a huge EM simulation overhead. Therefore, we have

assumed a single turn Tx coil with a trace width of 0.2 mm. The optimization method that

is used in this work is described below:

• Step 1: Applying design constraints that are imposed by the application requirements

such as available area and distance between the coils.

• Step 2: Initializing design variables of Rx coil such as number of turns (N), trace width

(W ), and spacing (S).

• Step 3: Detecting the optimum size of the Tx coil that maximizes the η2port.

• Step 4: Modifying design variables of the Rx coil to optimize η2port.

• Step 5: Following step 3 to step 4 until changing design parameters does not result in

any improvement.

The main constraints in the design process are imposed by the requirements of a particular

application. One of the main goals of this work is to shrink the size to mm-scale. Among
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different implantable application, neural recording and stimulation devices have the most

restricted area limitations. Therefore, we have optimized the design for neural recording

implants and assumed that the maximum size of the Rx coil is 1.6 mm, which is a reasonable

size for a neural implant. It has been shown that the optimal dimension of a Tx coil for

wireless power transmission to a mm-sized coil that is located at distance d is bounded to a

specific limit that is written in [35]:

D ≤ d

√
2(1 +

√
5) (2.9)

Considering the application requirements, we have narrowed down our design space by

applying the following limits on the design variables:

• 5 mm ≤ D ≤ 30 mm

• 1 ≤ N ≤ 4

• 25 µm ≤ W ≤ 150 µm

• 12 µm ≤ D ≤ 100 µm

Following the optimization algorithm over the design space leads to an optimal design

for the coils. We have implemented the Rx coil as a two-turn square-shaped loop with the

dimensions that are shown in Fig. 2.6. The demonstrated plots in Fig. 2.7 show how the

deviation of optimal design variables affect the maximum achievable η2port. It should be

noted that each point in Fig . 2.7 reports the maximum value of the η2port that is simulated

versus frequency (twenty-one different EM simulations). Due to the dependency of the S-

parameters to systematic parameters of the wireless link, the maximum value of the η2port

is achieved at different frequencies. As it is evident from Fig.2.7(a), 2 cm is the optimal

outer size for the Tx coil and outperforms the other evaluated dimensions. In addition, Fig.

2.7(b) reveals that using more than two turns in the Rx coil degrades the η2port. The effect
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of trace width can be clearly seen in Fig. 2.7(c). Although efficiency can be enhanced by

widening the traces, it results in more occupied area. Since the Rx coil is integrated on the

same silicon chip with rest of building blocks of an IMD, it is desired to keep the occupied

area by the Rx coil as low as possible. Therefore, we have avoided using a larger trace width.

Finally, the effect of spacing between the traces is depicted in Fig. 2.7(d).

2.2.3 Optimum Operating Frequency

As it was described before, transmitting RF energy at a higher operating frequency

increases the rate of magnetic flux change and consequently induces higher voltage at Rx side.

However, as the frequency increases, more power is dissipated in the intervening biological

tissues. This phenomenon implies that there is an optimal operating frequency for wireless

power transmission through biological tissues. We define the optimum frequency as the

frequency that maximizes the η2port of a WPT system.

fopt = arg max
f

η2port(f) (2.10)

Ideally, the optimum frequency should be the frequency that maximizes the PTE in

(2.1). Reference [39] has proposed an equation-based optimization method for inductive

WPT systems that includes the frequency-dependent behavior of a voltage rectifier in the

optimization process. The authors have decoupled the optimization process of Tx and Rx

coils assuming that the 0.01 mm2 Rx coil is exposed to a uniform magnetic field. This

assumption greatly simplifies the optimization process since it eliminates the need for an

iterative optimization algorithm. Although the proposed optimization method is very

insightful, the uniform magnetic field assumption does not hold for WPT systems with

mm-sized Rx coils and the optimization process of the coils cannot be decoupled from each

other [14, 19, 35–38]. Including the frequency-dependent behavior of the voltage rectifier in

an iterative method expands the design space and significantly increases the simulation
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Figure 2.7. Variation of max(η2port) with respect to the following design parameters: (a) Outer

dimension of the Tx coil (D) when W = 100µm, N = 2, and S = 50 µm (b) Number of turn in the Rx coil

(N) when D = 20 mm, W = 100 µ m , and S = 50 µ m (c) Trace width (W) when D = 20 mm, N = 2, and

S = 50 µm (d) Spacing between the traces (S) when D = 20 mm, N = 2, and W = 100 µm .

time. Therefore, the operating frequency is selected based on the link characteristics and a

shunt capacitor, which acts like a first-order matching network [40], is inserted between the

Rx coil and the rectifier at the operating frequency. Through simulations, we found out

that the variation of ηRF−DC is much smaller than η2port. Simulation results are presented
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Figure 2.8. Two-port network efficiency of the wireless link with different tissue models

considering the effect of parasitic metallic objects in the chip.

in next sections of this paper.

In order to evaluate the effect of tissue composition on η2port, we have used Zeland IE3D

simulation tool, which is a 3D Electromagnetic simulator to extract the S-parameters of

the wireless link [41]. It should be noted that the metal pieces that are used for

implementing the required circuitry degrade the ηlink. Therefore, we have imported the

entire silicon chip metallic objects into IE3D by importing the .gds file of the final layout.

Details of the required circuitry and the complete chip micrograph are depicted later in

this paper. The η2port is plotted for the human head and chest models in Fig. 2.8. The

degradation in η2port peak value can be clearly seen by comparing the simulation results of

Fig. 2.7 and Fig. 2.8. The simulation results indicate the fopt and the maximum value of

η2port are strongly dependent on tissue composition of the wireless link as the fopt differs by
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160 MHz for power transmission through the head and chest layers. In addition, it can be

seen that the ηlink is very sensitive to the operating frequency and deviation from fopt may

significantly degrade performance of the system.

The presented simulation results highlight the effect of intervening tissues on the

performance of a WPT system and the importance of operating at the fopt. However, the

composition and thickness of biological tissues in the human body are not same for all

parts and vary depending on the organ. Even for a specific part of the body, the tissue

composition differs from person to person based on their gender, race, and age [42]. In

addition to tissue variation, the η2port can be greatly degraded by coil misalignment or

variation in the separating distance [43, 44], which are inevitable in a real case scenario.

The high sensitivity of a WPT system that utilizes a mm-sized coil to the link parameters

makes the wireless power delivery to an implant extremely challenging.

2.2.4 Specific Absorption Rate

The long-term exposure to RF and microwave waves has been proven to be very dangerous

and raises serious concerns regarding the effects of EM waves on the human body. Specific

Absorption Rate (SAR) is a well-known parameter for quantifying energy absorption in

biological tissues that is caused by electric fields (E) passing through biological medium.

The SAR is defined as the absorbed power per unit of tissue mass according to (2.11) where

σ stands for electrical conductivity and ρ represents the mass density of the tissue.

SAR(W/Kg) =
σ

2ρ
|E|2 (2.11)

In order to limit the absorption of electromagnetic waves, safety regulations have been

proposed by different organizations and nationalities. For instance, the IEEE C95.1-2005

safety standard for the human exposure to electromagnetic fields in the RF and microwave

frequency range of 3 kHz to 300 GHz specifies 10 W/kg for the local SAR, and 0.4 W/kg
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(a) (b)

Figure 2.9. SAR distribution in multi-layer model of the human head averaged over 10

gram of tissue with a reference power of 1W input power. (a) 500 MHz (b) 2 GHz.

for whole body as the maximum allowable absorption while the European Union limits the

SAR to 2 W/kg and Federal Communications Commission (FCC) recognizes 1.6 W/kg as

the maximum SAR value [45]. We have used Computer Simulation Technology (CST) 3D

Electromagnetic simulation tool [46] to calculate SAR values in biological tissues of the

human head model in Fig. 2.4. As stated before, the conductivity of the biological tissues

increases as a function of frequency, which results in higher absorption. As an example,

the SAR distribution in the head model at 500 MHZ and 2 GHz are shown in Fig. 2.9

with a log-scale colormap. The maximum SAR values are calculated based on IEEE C95.3

averaging method over 10 gram of tissue when the 2×2 cm2 Tx coil is placed 2 mm above the

closest layer and the input power to the Tx coil is 1W. Fig. 2.10 shows the maximum SAR

value in the head model across frequency with respect to 1 Watt input power to the Tx coil.

For a different input power level, these numbers can be scaled to calculate the maximum

SAR value. As expected, the SAR value increases at higher frequencies, which limits the

maximum deliverable power to the implanted system because the input power to the Tx coil
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Figure 2.10. Maximum SAR value in multi-planar layer model of human head versus

frequency when the input power to the Tx coil is 1W.

should be maintained below a certain threshold level to ensure the safety regulations are not

violated. Considering the poor wireless link efficiency, the maximum deliverable power to

the implanted chip is limited to few hundreds of micro-Watts when the operating frequency

is about hundreds of MHz.

2.3 RF to DC Conversion

2.3.1 Voltage Rectifier

The received electromagnetic power induces a sinusoidal voltage across the Rx coil

terminals that cannot be used directly for powering the building blocks of a typical IMD. A

common technique to convert received sinusoidal signals to a dc voltage is using voltage
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Figure 2.11. Simulation setup for characterizing the voltage rectifier in ADS.

rectifiers. Multiple topologies and techniques for implementing a voltage rectifier have been

reported in the literature that provide different sensitivity and conversion

efficiency [40, 47–49]. The minimum input power that is required to achieve a specific dc

voltage for a particular load is known as the sensitivity of a rectifier while conversion

efficiency is defined as the ratio of delivered power to load of a rectifier over the input RF

power and is expressed as in (2.12). The tolerance of the power harvesting system to coil

misalignment and wireless link parameters depends on the sensitivity of the voltage

rectifier. On the other hand, poor conversion efficiency results in less available power for

operation of the system. Therefore, it is very important to choose a topology that provides

acceptable sensitivity and conversion efficiency. Among different structures, self-driven

topology, which is a full-wave rectifier provides a good balance between the sensitivity and

the conversion efficiency and is a good choice for mm-sized IMDs.

ηrec(Pin, RL, f) =
PDC

Pin

(2.12)

The ηrec of a rectifier is a function of operating frequency (f), input RF power to the

rectifier (Pin), and the dc load (RL). Rectifiers are generally non-linear circuits and most of
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loads. Source impedance: 500 Ω, operating frequency: 300 MHz.

their characteristics depend on the input power level [40,50].

The amplitude of the sinusoidal signal that is captured by the Rx coil is not high enough

and varies from tens to hundreds of milli-Volts depending on available power at the Rx side.

Hence, a single stage rectifier cannot provide an acceptable dc voltage. However, the voltage

level can be enhanced by using multiple cascaded rectifier units at the cost of lower conversion

efficiency. The voltage rectifier that is used in this work, is composed of six cascaded stages

connected to an on-chip capacitor (CS = 1.2 nF) that is used to smooth the ripples at the

output and store electrical energy. A circuit schematic of the voltage rectifier is shown in

Fig. 2.11. All transistors in the rectifier schematic have a width of 1 µm and a length of 180

nm.
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Figure 2.13. Reflection coefficient between the source (ZS = 500 Ω and f = 300 MHz) and

the voltage rectifier (a) S11 versus PavS for multiple values of RL (b) S11 versus frequency

for multiple values of PavS.

Optimizing the ηrec is a complex task since it is dependent on the three terms that are

shown in (2.12). We have simulated the rectifier with a setup that is shown in Fig. 2.11

in order to evaluate the effect of loading, operating frequency, and input power level on the

characteristics of the rectifier. The power source presents a model for the on-chip Rx coil and
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the PavS is the available power at the receiving side that is transferred through the wireless

link and is captured by the Rx coil. In addition, the operating frequency and the impedance

of the power source in Fig. 2.11 are set to 300 MHz and 500 Ω, respectively. These values

are obtained by assuming that the chip is implanted in the human head and the Rx coil is

resonating with a shunt capacitor. The ηrec of the rectifier is simulated for different values of

resistive loads (RL) and is plotted in Fig. 2.12. As expected, the ηrec is strongly affected by

the variation of PavS and loading. According to Fig. 2.12, when the PavS is low, the voltage

rectifier shows a poor ηrec due to the fact that the induced voltage across the Rx terminals is

not high enough to overcome the threshold voltage of the transistor. As the PavS increases,

the amplitude of the induced voltage raises and the rectifier gradually wakes up. However,

the minimum required power for activation changes depending on the load size. The ηrec

improves with PavS increment until the reverse leakage current in the transistors become

considerable. At this point, further increment of PavS degrades the ηrec. This behavior can

be seen for 61 kΩ, 81 kΩ, and 100 kΩ loads in Fig. 2.12. In addition, Fig. 2.12 also indicates

that even for a given PavS, ηrec can be optimized by controlling the load size.

Similarly, the input impedance of the voltage rectifier depends on the parameters in

(2.12). We have used Keysight Advanced Design System (ADS) to simulate the voltage

rectifier and evaluate the effect of operating frequency, input power level, and load size on

the input impedance of the rectifier. The impedance value is calculated based on the result

of Large Signal Scattering Parameter (LSSP) simulation, which takes the non-linearity of

the rectifier into account.

Fig. 2.13(a) shows the variation of reflection coefficient versus PavS for different values

of RL at 300 MHz where the PavS is swept from -15 dBm to 5 dBm for each RL. Similar to

the statement that was made for the ηrec, at low input power levels, the rectifier is partially

or completely off and it shows huge input impedance values. Therefore, the impedance that

is seen by the power source in Fig. 2.11 can be considered as an open circuit.

Operating frequency is another important parameter that affects the input impedance.
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The reflection coefficient between the source and the voltage rectifier for different levels of

PavS is shown in Fig. 2.13(b) where the frequency is swept from 100 MHz to 3 GHz while

RL = 8 kΩ. It should be noted that the impedance of the Rx coil is also a function of

frequency. However, the impedance of Rx coil at resonance with an external shunt capacitor

has a small variation over the frequency range of interest. Therefore, the value of source

impedance has been set to 500Ω. According to this plot, the amount of reflected power is

dominantly controlled by the input power level and is not impacted significantly with small

variation of frequency. Therefore, the impedance mismatch between the Rx coil and the

voltage rectifier is mainly dependent on the PavS.

Impedance matching between the rectifier and the two-port network is necessary to

maximize the delivered power to the implant and eliminate power reflection. As it was

discussed in the last section, any variation in wireless link composition impact the ηlink and

fopt , and consequently changes the PavS. On the other hand, the impedance of the voltage

rectifier is very sensitive to the PavS as it is indicated in Fig. 2.13. Therefore, a practical

matching network should be able to change the values of constituent components

adaptively, which requires a processing unit for dynamic calibration. However,

implementing a dynamic matching network requires additional circuitry for measuring the

impedance of the network and the rectifier [26, 51–53]. Adding such a dynamic calibrator

to the system imposes power and area overhead in the design while the improvement of

ηlink does not necessarily overweight the additional power consumption. Hence, instead of

including an adaptive matching network in the design, we have decided to match the

on-chip coil and the voltage rectifier by inserting a shunt capacitor between them. The

terminals of the coil that are presented as VP and VN in Fig. 2.11 are available via two

bond-pads on the chip. Depending on the characteristics of the wireless link and the fopt, a

proper matching capacitor is connected to these pads and resonates with the on-chip Rx

coil and the voltage rectifier. The value of this capacitor can be changed for tuning the

resonance frequency.
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The results that are presented in this section reveal another important challenge for

wireless power delivery to mm-sized IMDs. As it was shown, the ηrec and the input impedance

of the voltage rectifier are very sensitive to the PavS. On the other hand, the PavS can be

easily changed due to different causes that are discussed in the last section. As a result, the

characteristics of the voltage rectifier are affected and the PTE is degraded significantly.

2.3.2 Power Management Unit

A high-performance IMD is composed of several power demanding sub-systems that

may operate continuously over time or only for a specific time duration [2]. For instance,

data telemetry and stimulation are two power-demanding tasks that are not conducted

continuously and change the power consumption of an IMD significantly. Any change in

the total power consumption of an IMD changes the effective impedance that is seen by the

voltage rectifier and consequently changes the PTE. On the other hand, the available

power level at the Rx coil can be easily changed because of the high sensitivity of the

wireless link and may cause a power harvesting system not to be able to drive the building

blocks of an IMD. A practical power harvesting platform for such systems should be able

to deliver milli-Watts of power for the operation of the IMD. However, based on the

presented results and analysis on SAR values, ηlink , and the ηrec of the voltage rectifier in

previous sections, the maximum harvested power by the mm-sized chip is limited to

few-hundreds of micro-Watts.

We have designed and proposed a power harvesting system that is immune to the

variations of the ηlink and can power up implants with a wide range of power consumption.

Depending on the available power at the Rx coil terminals and the power consumption of

the load, the power delivery mode can be continuous or duty-cycled. Duty-cycled operation

of the power-demanding blocks such as a data transceiver is a well-known technique to

cope with the limited available power in wirelessly powered systems [47, 54]. Typically, an

IMD is composed of sensor array, data transceiver, logic control unit, Analog to Digital
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Converter (ADC), and stimulation unit that dominantly controls the power consumption of

an IMD. The system architecture of the proposed power harvesting system along with

building blocks of a typical IMD is depicted in Fig. 2.14. The power harvesting system

includes a six-stage voltage rectifier, a low dropout voltage regulator, and a Power

Management Unit (PMU).
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Figure 2.14. System architecture of the proposed power harvesting system.

The main core of the proposed power harvesting system is the PMU, which determines

the power delivery mode and sets the activation time of power-demanding blocks of an IMD.

If the power consumption of a load that is connected to the voltage regulator is less than the

harvested power by the system, the PMU sets the power delivery to continuous mode. In

this case, the EN signal is always high and the regulator delivers a constant DC voltage to

the load continuously. Otherwise, the PMU disables the voltage regulator and the voltage

rectifier charges the storage capacitor and increases the voltage level (VC). The voltage

across the storage capacitor is monitored by the PMU. Once the VC reaches a predefined

high threshold value (VH), the PMU activates the power-demanding blocks of the IMD. Upon

the activation of the entire system, the stored energy is dissipated rapidly and the storage
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capacitor discharges in a very short time. It is essential to always keep the VC higher than

a low-threshold value (VL) to ensure the PMU always remains active. Therefore, the PMU

prevents the storage capacitor to be completely discharged and does not allow the VC to be

less than the VL. After the VC reaches VL, the PMU disables the operation of the IMD and

the power harvesting unit recharges the storage capacitor.

The operation of the PMU in the duty-cycled mode resembles a hysteresis comparator

with two different threshold values. As it is shown in Fig. 3.7, the PMU is realized using a

differential voltage comparator, voltage reference generator, a voltage divider, and a

multiplexer (MUX). The voltage divider down converts the VC with two different division

ratio , DR1 and DR2 (DR2 > DR1). During charging mode, the EN signal ,which is also

the select signal of the MUX, is low and the MUX feeds DR1 × VC to the non-inverting

node of the comparator. As the storage capacitor charges to higher voltage levels, the

non-inverting nodes exceeds the reference voltage and the EN signal goes high. At the

same time, the voltage level on non-inverting node of the voltage comparator changes to

DR2 × VC and CS discharging begins. The rapid jump of non-inverting voltage level causes

the EN signal to stay high till Vref = DR2 × VC and forms the hysteresis behavior of the

PMU.

The circuit schematics of all PMU parts are shown in Fig. 2.15. It is extremely important

to minimize the power consumption of all constituent blocks in the PMU to improve the

sensitivity of the power harvesting unit. To do so, all constituent blocks in the PMU are

designed to operate in the deep sub-threshold region and the bias current of the comparator

is reduced as much as possible. In order to reduce the voltage level of the signal that is fed

to the comparator, a chain of eleven diode-connected transistors with the same dimensions is

used to realize the voltage divider. The MUX is implemented with an NMOS and a PMOS

transistors that are connected to the voltage divider as it is shown in the schematic. One

of the most important blocks of the PMU is the reference generator. It provides a constant

voltage to be compared with the output of the MUX and the accuracy of the generated
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Figure 2.15. Circuit schematic of the PMU.

voltage controls the VH and VL values. Since the VC is has a large fluctuation in the duty-

cycled operation, it is halved by a voltage divider before being used as the supply voltage for

the reference generator. The basic principle of the operation of the voltage reference is based

on the threshold voltage difference of double-gate and single-gate CMOS transistors [55].

This structure provides a low Line Sensitivity (LS) while consuming a negligible amount of

power. In this design, two single-gate NMOS transistors and four double-gate transistors are

stacked to increase the voltage level and achieve the desired reference voltage.

The discharging time of the storage capacitor is mainly determined by the load current

and size of the storage capacitor, which is shown in (4.6).

∆V

∆T
=
Iload
CS

(2.13)
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The discharge rate should be kept less than the slew-rate of the voltage comparator in

the PMU to ensure that the EN signal tracks the VC during activation time of the regulator

load. According to (4.6), discharging rate can be reduced by either increasing the size of

storage capacitor or reducing the load. Transient response of the power harvesting system

in discharging mode is limited by the slew-rate of voltage comparator in the PMU which is

10 mV/µs. Therefore, to ensure the power harvesting system properly operates, discharging

rate of the storage capacitor should be less than the slew-rate of the comparator.

2.3.3 Voltage Regulator

The power-demanding blocks that are activated during discharging mode cannot directly

be powered up using the VC . Hence, an on-chip low-dropout (LDO) voltage regulator is

included in the design in order to provide a constant voltage for operation of those blocks.

The voltage regulator is implemented with a circuit schematic that is shown in Fig. 2.16. It

includes an error amplifier that changes the impedance of a PMOS transistor and maintains

a constant voltage at the output node. The output voltage is sampled using two diode-

connected single-gate transistors (Mf1 and Mf2 ) and is compared with a 504 mV voltage

that is generated by the reference generator that is shown in Fig. 2.16. Since the VC has a

large fluctuation in the duty-cycled mode, one of the most important design parameters for

the voltage regulator is the Line Regulation (LR) that is defined as the ratio of the regulated

voltage variation over the supply voltage as expressed in (2.14).

LR(%) =
∆Vreg
∆VC

× 100 (2.14)

A 100 pF on-chip capacitor (CR = 100 pF) is used as a decoupling capacitor at the output

node of the regulator to improve the line regulation of the LDO and stabilize the output

signal. In addition, a Miller compensation technique with a nulling resistor is implemented
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with a capacitor (Cc = 10 pF) and a 10 kΩ resistor to eliminate right half plane (RHP)

zero and improve the stability of the LDO. Simulation results show that the frequency

compensated feedback loop has a loop gain of 16.45 dB and a phase margin of 84 degrees at

322 kHz. Transient response of the voltage comparator is faster than the discharging time

of the storage capacitor. Therefore, the voltage regulator can fulfill the requirements of the

power harvesting system with a quiescent current (IQ) consumption as low as 10 µA.

The conversion efficiency of a voltage regulator (ηreg) is another contributing term in

total power transfer efficiency as it is shown in 2.1. Unlike voltage rectifier, the conversion

efficiency of a regulator is not a function of operating frequency and can be defined as:

ηreg =
Vreg × Il

(IQ + Il)× VC
(2.15)

Where Il is the output current of the regulator that flows into a load connected to Vreg and
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Figure 2.17. Measurement setup for characterizing power transfer efficiency of the wireless

link when the Tx and Rx coils are coupled through 10 mm of air.

VC is the input voltage to the LDO that is connected to the storage capacitor. To maximize

the ηreg, the difference between VC and Vreg should be as low as possible. However, reducing

the level of VC results in less energy storage across the storage capacitor during charging

phase.

2.4 Measurement Results

2.4.1 Wireless Link Characterization

The chip is fabricated in GlobalFoundries 7RFSOI 180-nm technology with an active

area of 2.56 mm2. The on-chip receiving coil is implemented with two turns in the top metal

layer of the process with a trace width of 100 µm to achieve small series resistance and a

high quality factor.

The ηlink and the characteristics of the on-chip coil are measured by obtaining the S-

parameters between the Tx loop and the fabricated chip. Measurement setup for acquiring

S-parameters is shown in Fig. 2.17. In this measurement, a Keysight E8257D network

analyzer is used to extract the S-parameters of the system. The Rx coil is connected to the
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Figure 2.18. Implemented transmitting coil. (a) With no matching component footprint

(b) With matching component footprint.

network analyzer using a 50A-SG-100-PD-N GGB probe, which is landed on the bond-pads

that are connected to the Rx coil. The chip is mounted on a Plexiglas plate with a thickness

of 1 cm to isolate the Rx coil from the conductive chuck of the probe station. The power

level of each port in the network analyzer is set to -8 dBm. Considering the value of ηlink,

the power level that is induced at the Rx side is small enough to assume that the voltage

rectifier is completely off and does not affect the acquired S-parameters.

The purpose of wireless characterization is detecting the fopt, η2port, ηlink, and the

impedance of Tx and Rx coils for a particular intervening medium between the Tx and Rx

coils. First, we have used the transmitter shown in Fig. 2.18(a) in the measurement setup

of Fig. 2.17 to obtain the S-parameter of the two-port network. Post processing the

acquired S-parameter and using (2.4)-(2.6) leads to detecting fopt and max(η2port). For
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Figure 2.19. Two-port network power efficiency (η2port) of the wireless link at 10 mm

separation through air.

instance, the η2port of the two-port network is plotted based on simulated and measured

S-parameters in Fig. 2.19 when the Tx and Rx coils are coupled through 10 mm of air.

According to the depicted plots, the optimum frequency for power transmission is 434 MHz

and the peak value of η2port reaches to -21.7 dB (0.68%). However, simulated peak value of

η2port is -20.12 dB (0.97%). This small difference is mainly caused by calibration error and

the connecting cables that disturb the electromagnetic fields. The difference between

measured and simulated η2port increases as the operating frequency deviates from the

optimum frequency. The reason behind this phenomena is that the power level that is

sensed at the network analyzer ports becomes smaller for a lower η2port. The contribution

of unwanted signals in S-parameter measurement acts as a noise source and causes large

40



fluctuations in η2port curve. Therefore, the Signal-to-Noise Ratio (SNR) of the signal picked

up by the network analyzer is higher around optimum frequency and measured results have

a higher accuracy.

In order to evaluate the impact of intervening medium on η2port, we repeated this

experiment with two different types of biological tissues. To ensure that the probe is not

damaged during the measurement, the tissue is attached to the Tx loop and is placed 2

mm above the chip. Since using the actual human tissue in the measurement process was

not possible by the time that the experiment was conducted. Instead, thick layers of

chicken breast and bovine muscle are used as intervening biological medium to show the

sensitivity of the wireless link to tissue type variation. It should be noted that power

absorption of a tissue increases as its water content increases. Considering that both

chicken breast and bovine muscle have a high water content, they result in more power

attenuation compared with the case that the chip is implanted in the human head or chest

with equal implantation depth. Therefore, the link efficiency that is resulted in this

experiment is representing the worst condition for an IMD in case of link efficiency. The

optimum frequency and the maximum value of η2port for each tissue are reported in Table

2.2. As expected, presence of biological tissues decreases the optimum frequency and

degrades η2port.

In the next step, we have used the Tx coil in Fig 2.18(b) to measure ηlink. The feed

line to the transmitter is a Coplanar Waveguide without any ground plane. In order to

set the characteristic impedance of the feed line to the reference impedance, the Tx coil is

implemented on a Roger 4350B substrate with a thickness of 30 mil. The presence of the

gap makes it possible to place different discrete components on the board and match the

Tx coil to the source at the desired frequency. It should be noted in the frequency range

of interest, the length of matching components is considerably smaller than the wavelength
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Table 2.2

PERFORMANCE SUMMARY OF THE WIRELESS LINK WITH DIFFERENT

INTERVENING MEDIA

Intervening Medium fopt(MHz) max(η2port) (%)

10mm Air 434 0.97

12mm Air 452 0.5

2mm Air +10 mm Chicken Breast 241 0.56

2mm Air +10 mm Bovine Muscle 237 0.026

of the generated signal by the source. Once the optimum frequency is detected, matching

networks are used to maximize the ηlink at the fopt. A low-pass LC network is implemented

to match the Tx coil to the source as is shown in Fig. 2.18(b). The Tx coil with proper

matching components is used in measurement setup of Fig. 2.17 and the S-parameters of

the two-port network are recorded again. Assuming that the available power level at the

receiving coil is 0 dBm, the simulated input impedance of the voltage rectifier is considered

as the load of the Rx coil. The impedance mismatch between the Rx coil and voltage rectifier

is inserted in post-processing. The ηlink based on simulated and measured S-parameters of

the wireless link are plotted in Fig. 2.20. As it is evident from this plot, the simulation and

measurement values are in good agreement and the ηlink of the wireless link can reach up to

-22.57 dB (0.55%).

The characteristics of the on-chip Rx coil is also obtained using the measured

S-parameters. Measurement results reveal that when the transmitter and the chip are

separated by 10 mm of air, the quality factor of the on-chip coil reaches 14.18 at 434 MHz

and the inductance of the coil is 7.30 nH.
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Figure 2.20. Link efficiency (ηlink) of the wireless link at 10 mm separation through air.

2.4.2 Power Harvesting System Evaluation

In this section, we have evaluated the performance of the entire power harvesting system.

Measurement setup for circuitry test is shown in Fig. 2.21 where the chip is mounted on a

PCB and the bond pads are connected to PCB traces by bond wires. The main purpose of

this experiment is to evaluate the performance of the designed circuitry based on the link

characterization that was described in part A. Using a different intervening medium between

the coils only affects the performance of the wireless link and changes the available power

at the Rx side. As it was explained, a proper matching network can be utilized Tx side

eliminate power reflection between the Tx coil and power source. In addition, an off-chip

shunt capacitor is placed between the on-chip terminals, which are available via two bond

pads, to set the resonance frequency to fopt. The performance of the designed circuitry is
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Figure 2.21. Measurement setup for evaluating the performance of the wireless power

harvesting system.

evaluated for different loads and transmitted power levels.

In order to evaluate the conversion efficiency of the voltage rectifier (ηrec), the power

transfer efficiency from the transmitter to the output of the voltage rectifier is measured

for different loads. Since a 1.2 nF on-chip capacitor is used at the output of the rectifier,

the VC can be directly used for continuous power delivery to the loads that are constant or

have negligible variation. In this measurement, the transmitter is connected to a Keysight

PGAE50AB signal generator that operates at 434 MHz and the output voltage is recorded

with a mixed-signal oscilloscope that has an impedance of 1 MΩ ‖13 pF. Fig. 2.22 shows the

measured power transfer efficiency from the 2×2 cm2 transmitter to the output of the voltage

rectifier (ηlink× ηrec). The measurement is done for 20 mW (13 dBm) and 50 mW (17 dBm)

of source power level (PG). At each level, the resistive load that is connected to the VC is

swept and the dc voltage across the load is recorded. The voltage regulator is disabled during
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Figure 2.22. Measured power transfer efficiency at 434 MHz from a 2×2 cm2 loop to a

resistive load connected to the voltage rectifier.

the measurements. Therefore, the voltage level of the VC can exceed the VH . To ensure that

there is no damage to the transistors, the input power level is not increased more than 17

dBm. Knowing the value of the ηlink, the ηrec can be extracted from this measurement by

de-embedding the power attenuation that is caused by the two-port network and matching

networks.

The performance of the PMU and the voltage regulator are also evaluated for different

transmitted power levels and loads. Measurement results show that when the generated

power of an RF source is limited to 24 dBm, the power harvesting system can continuously

provide a constant 1.08V dc voltage for resistive loads that are larger than 20 kΩ. It worth

mentioning that the transmitted power level is under FCC regulation (1.6W/Kg). According

to Fig .2.10, the maximum allowable transmitted power from the Tx coil for the simulated

head model is 30.7 dBm.
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(a) (b)

Figure 2.23. Recorded waveform from the power harvesting system when PG = 15 dBm

and CS = 101.2 nF (a) Regulator load: 1 kΩ (b) Regulator load: 8 kΩ

The overall power transfer efficiency of the system is strongly dependent on the available

power level at the Rx coil and the load size since the conversion efficiency and impedance of

the rectifier are greatly affected by both of these parameters. The power harvesting system

can be optimized for a specific load and transmitted power to improve the power transfer

efficiency. However, in a real-case scenario, these parameters cannot be controlled.

For a given transmitted power from the Tx coil, the available power at the Rx side can

be reduced significantly by tissue variation, coil misalignment, or deviation of operating

frequency from fopt. In addition, the load size of the system also may change. As a result,

the available power at the Rx coil may not be sufficient for driving the load continuously.

In this situation, the system changes the power delivery to duty-cycled mode. Fig. 2.23

shows the operation of voltage regulator and the PMU in the duty-cycled mode while the VC

is periodically charges and discharges. In order to limit the discharging rate of the storage

capacitor, an external 100 nF capacitor is used in parallel with the on-chip capacitor. The

plotted waveform in Fig. 2.23 indicates that the voltage regulator can successfully provide

1.08 V for the 1 kΩ load during discharging mode. The recorded waveform shows that the

voltage regulator achieves an LR value of 3%, which imply that the regulated voltage has

very small variation while the VC is highly fluctuated and changes from 1.24 V to 2.44 V. For

this amount of voltage fluctuation across storage capacitor, ηreg changes from 87% to 45%

when a 1 kΩ load is connected to the regulator. The power harvesting system can deliver

46



 

TABLE III 
PERFORMANCE COMPARISON OF WIRELESS POWER HARVESTING SYSTEMS  

 This Work JSSC‘17 [13] TBCS‘16 [18] TBCS‘15 [12,19] JSSC‘ 15 [16] ISSCC‘09 [10] 
Process 0.18µm SOI CMOS 0.18µm SOI 

CMOS 
65 nm CMOS 0.13µm CMOS 65 nm CMOS 0.13µm CMOS 

Rx Coil Area (mm2) 1.6x1.6 3x3 2x2 2x2.18 6.5x6.5 2x2 
Coil Inductance (nH) 7.3  23.7  N/A 130  32  N/A 

On-chip Coil Yes Yes No Yes No No 
Power Delivery 

Mode 
Continuous/ Duty-

cycled  
Continuous Continuous Continuous Continuous Continuous 

Frequency (MHz) 434  144 1320 160 300 915/1000 
Maximum !"#$% (%) 0.68 2.75 0.02 1.42 2.24* -0.08 

Intervening medium  10mm Air 10mm Air 35mm Porcine 
Heart  

10 mm Air 12.5 mm 
Intracranial 

15mm Bovine 
Muscle 

On-chip storage Yes** No No No No No 
Regulation Method LDO Regulating 

Rectifier 
LDO LDO LDO LDO 

Vout 1.1 0.8 0.7 3.1 0.5 1.2 
Line Regulation (%) 3 N/A N/A N/A N/A N/A 
Decoupling Cap (pF) 100 1000 1.4 20 4000 N/A 

FOM 165.1 102 84.9 156.2 15.92 33.51 
   *: Simulated 
   **: Only in continuous mode 

up to 1.17 mW of power during discharging phase. It is worthwhile to mention that the

delivered power in discharging mode can be increased by using a larger storage capacitor

that limits the discharging rate. In addition, the duty cycle of the power delivery can be

controlled by adjusting the level of transmitted power or changing the load of the voltage

regulator.

The key performance parameters of the power harvesting system are compared with

state-of-the-art mm-sized power harvesting systems in Table 2.3. It should be noted that

increasing the size of on-chip coil and decreasing the separation distance improve the ηlink.

In order to compare the performance of the chip with other tabulated designs, we have used

a Figure of Merit (FOM) that is proposed by Zargham and Gulka in [19]. The proposed

FOM is proportional to the cube of the distance between transmitter and receiver, which is
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Figure 2.24. The chip micrograph of the power harvesting system fabricated in 0.18µm SOI

CMOS technology

expressed as:

FOM =
ηlink(%)× d3

A3/2
(2.16)

Where d is the distance between the antennas and A is the area of the on-chip coil.

However, the type of tissue that impacts the ηlink is not included in this FOM. The designed

power harvesting system can achieve a FOM of 165.1 and has the smallest area among the

tabulated works.
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2.5 Conclusion

This Chapter presented a 1.6×1.6 mm2 dual-mode wireless power harvesting platform

with an on-chip coil for mm-sized biomedical implants. The system is fabricated in 180-

nm SOI CMOS process and the chip micrograph is depicted in Fig. 2.24. The design

introduces a power management technique that makes the power harvesting system immune

to the variations of wireless link efficiency that can be caused by tissue type variation,

misalignment, and movement of Tx and Rx coils. Depending on the available RF power at

the Rx and the power consumption of the load, the PMU sets the power delivery state to

continuous or duty-cycled mode, which enables the system to drive implants with a wide

range of power consumption. Measurement results show that the designed system achieves

a wireless link efficiency of 0.68% and a FOM of 165.1. The fabricated chip adaptively sets

the power delivery mode is capable of delivering up to 1.17 mW in the duty-cycled mode

while the amount of transmitted power is 15 dBm.
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CHAPTER 3

RF-Powered Fully Integrated Radios for Supporting

High-Throughput Communication

3.1 Introduction

Emerging applications of biomedical devices have shown an ever-increasing demand for

data acquisition with higher bandwidth 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 but 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 [8, 9]. Today, neural interface implantable

systems are becoming increasingly popular as they have demonstrated great potentials 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 [23, 56–58]. To address clinical constraints and alleviate infection risks, wireless

operation is a necessity for human implantable systems. Therefore, commercial implants

utilize 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 utilizes electromagnetic (EM) antennas. Recent advances in semiconductor

technology have resulted in a significant integration capability and size reduction of

electronics. However, the overall size of an implant is not scaled with the same rate since it
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is dominantly controlled by the size of required components for powering and data

communication. Battery-powered devices cannot be made smaller than a few centimeters

since the power density of state-of-the-art batteries fail to address the demands of

long-term miniaturized implants. On the other hand, the power transfer efficiency of

inductively coupled coils is proportional to coil dimensions; thus miniaturizing the power

coils beyond a certain limit is not possible [14,15,17].

Miniaturizing the size of an implant is the 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. A conceptual neural prosthetic system

is illustrated in Fig. 3.1 to highlight the importance of miniaturization for future neural

interface implants. Neural activity is sensed by a network of distributed multi-site sensors

and transmitted to an external processor. The processed data is used for decoding the brain

signal in a patient who is suffering from spinal cord injury. After interpretation, proper

stimulation commands are transmitted to the arm muscles to enable the patient to move

their hand in the desired direction. For a real-time human brain monitoring, it is desired to

increase the number of recording sites as much as possible. Recent neural recording systems

have reported up to 4096 recording electrodes [59]. 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.

A practical data transceiver (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 [60] used for power harvesting and data

communication. When the transmitted power level to a mm-sized power receiver is limited

by safety regulations, it has been shown that the maximum harvested power is about a

few hundreds of micro-Watts [19, 61–63]. Moreover, the wavelength of EM waves at the
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Figure 3.1. Conceptual view of a closed-loop neural recording and stimulation system for

next-generation neural prostheses.

frequencies that data communication is typically conducted ranges from tens to hundreds of

centimeters. A mm-sized antenna is often much smaller than the wavelength and has a poor

radiation efficiency. Therefore, an ideal TRX for mm-sized implants should achieve a very

high energy efficiency to support high data rates.

Backscattering is a widely adopted technique for telemetry in implantable applications
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since it results in extremely low power consumption. The transmitted data pattern is 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 efficiency compared with 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 [64, 65]. 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 [66].

Active TRXs do not face the fundamental challenges of their backscattering

counterparts and can potentially achieve high data rates at the expense of higher power

consumptions [67–70]. Considering the stringent power budget in implantable applications,

the main design goal is achieving the highest possible energy efficiency; and proper

modulation schemes should be chosen. It is well known that there is a trade-off between

energy efficiency and spectral efficiency in communication systems [71]. Narrow-band

modulation schemes demand a relatively complex architecture to generate an accurate

frequency whereas wide-band modulation schemes such as On-Off Keying (OOK) have

often less complexity and result in a higher energy efficiency.

This Chapter presents 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

efficiency and the smallest form-factor compared with prior art mm-sized wirelessly powered

active radios [1]. The system is 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, are implemented on the same chip. The TRX is designed

to enable simultaneous power delivery and data communication through two distinguished

wireless links separated in the frequency domain. The design supports data rates of up to 2.5
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Mbps in the receiver and data rates of up to 150 Mbps in the transmitter chain, respectively.

The implemented system occupies a total area of 2.4×2.2 ×0.3 mm3 without any substrate

thinning and features a fully on-chip integration that potentially results in cost reduction,

elimination of any post-fabrication process, and reliability improvement.

The rest of this Chapter is organized as follows. In Section 2, I provide an overview of the

proposed TRX and describe the high-level system operation. Section 3, explains wireless link

design and frequency selection considerations for power delivery and data communication. In

Section 4, I focus on design details of incorporated circuitry in the power harvesting system,

receiver, and transmitter. Section 5 presents experimental results and Section 6 concludes

this Chapter.

3.2 System-Level Description

The high-level block diagram of the proposed wirelessly powered TRX is shown in Fig.

3.2. The TRX is powered through a Radio Frequency (RF) link operating at 250 MHz.

The system incorporates a power harvesting system, composed of a rectenna and a power

management unit (PMU), a data receiver (RX), and a reconfigurable data transmitter (TX).

Besides, two antennas are integrated on the same chip to enable simultaneous power delivery

and data communication. An on-chip coil is shared between the power harvesting system and

the RX while the TX utilizes a dipole antenna for wireless transmission. In this design, the

main goal is to achieve an 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. We have adopted extensive optimization

and power reduction techniques in the design of the wireless link and incorporated circuitry.

Besides, data modulation schemes and TRX architecture are carefully chosen to minimize

circuit complexity and overall power consumption.

The robust operation is enabled by the following techniques:
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1. Co-optimizing the power receiving coil and the wireless link with voltage rectifier to

maximize power transfer efficiency.

2. Employing a PMU to set the operating mode and biasing condition of different blocks

depending on their power consumption and the total available power budget.

3. Utilizing a dual-antenna architecture to minimize the interference between power link

and the TX.

4. Exploiting amplitude-based modulation schemes in the TRX for maximizing energy

efficiency and utilizing an architecture based on a power oscillator (PO) in the TX

block to achieve the highest possible energy efficiency.
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Figure 3.2. Block diagram of the wirelessly powered FDD radio.
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The required data rate of TX and RX paths in medical implants vary considerably and

thus the communication is asymmetric [72–74]. The wireless link from an external reader to

the RX, hereinafter reffed to as downlink (DL) demands a data rate that does not exceed a

few Mbps. On the other hand, the wireless link from the TX to an external reader, hereinafter

referred to as uplink (UL), requires a large bandwidth to support data rates up to hundreds of

Mbps. In this design, the DL data is incorporated into the power link with an Amplitude Shift

Keying (ASK) modulation scheme. The RX block is directly powered by the power harvesting

system and is active during the entire operation of the system. Hence it is imperative to

minimize the overall power consumption of the RX. To enable simultaneous UL and DL

communication, we have exploited the Frequency Division Duplexing (FDD) technique and

set the center frequency of the UL 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. 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. The TX block can be

configured to transmit UL data with either OOK or Ultra-Wideband (UWB) modulation.

The PMU converts 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. A common technique to tackle this problem is duty-cycling the operation

of power-demanding blocks and lowering the overall power consumption of the system [47,

61, 75]. Depending on the power consumption of each block, PMU sets 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 to prevent any

voltage breakdown. The most power-demanding block of the proposed system is the data

TX. Therefore, the PMU monitors the voltage level across CS and establishes active and
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sleep modes for the TX operation. The waveforms of the internal nodes of the PMU in a

duty-cycled power delivery scheme are illustrated in Fig. 3.3(a). If the harvested power falls

below TX power consumption, the TX block is periodically deactivated by the EN signal

to allow the PMU to maintain VC higher than a minimum threshold amount (VL) that is

required for continuous operation of the RX block and internal circuitry of the PMU. For the

entire duration of the sleep mode (tcharging), the rectifier charges the CS and VC rises until

it reaches a predefined threshold (VH). If the harvested power is sufficient for continuous

operation, EN stays low and VC settles at a voltage level between VH and VL as shown in

Fig. 3.3(b).
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Figure 3.3. Timing diagram of PMU internal nodes in different power delivery schemes. (a)

Duty-cycled. (b) Continuous.
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3.3 Wireless Link Implementation

The wireless link in this design includes two distinct antennas that are used in DL and UL

paths. In this design, we have implemented both antennas with a planar low-profile shapes

to comply with the on-chip integration considerations and achieve a mm-sized form-factor.

To enhance the harvested power for the system operation and maximize the data rate in the

UL path, it is imperative to optimize the antenna dimensions and operating frequency.

Wireless power harvesting systems for small implants have been reported in the literature

where link optimization, optimum operating frequency, the effect of intervening biological

tissues, safety considerations, and rectifier design are discussed extensively [16, 35, 61]. The

wireless link is often modeled as a two-port network and the link optimization is 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, we have used the same approach for

optimizing the TX antenna and the uplink. On the other hand, since power delivery and

UL communication are conducted at two frequencies that are largely distanced from each

other, the optimization procedure of DL and UL can be decoupled and done separately.

After applying the design constraints imposed by the application requirements such as the

available area and operating distance, we have adopted the same optimization algorithm as

in [61]. The DL antenna that is used for power harvesting is implemented as a two-turn

square-shaped on-chip coil (OCC) and the UL antenna is realized as a dipole antenna. The

optimal dimension of both antennas and their relative location on the chip is illustrated in

Fig. 3.4.

To decide the DL operating frequency the power transfer link is modeled and simulated

with Ansys High-frequency Structure Simulator (HFSS). The simulation configuration of the

wireless link is illustrated in Fig. 3.5(a) where the external power transmitter is implemented
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Figure 3.4. Detailed view of the on-chip coil and the on-chip dipole antenna.

as a 2cm × 2cm two-turn square-shaped coil and is separated from the OCC through a 1-cm

air gap. To increase simulation accuracy and capture the effect of parasitics, the layer map of

the design kit is imported into HFSS. A complete model of the OCC on a silicon substrate is

shown in Fig. 3.5(b). Simulation results show that the implemented OCC has an inductance

value of 13.6 nH and achieves an unloaded Q-factor of 14.3 at 250 MHz. The maximum power

transfer efficiency of the link, which occurs for conjugate impedance matching, is plotted in

Fig. 3.5(c). The simulated results reveal that under perfect impedance matching condition,

the optimum frequency for power transmission is about 298 MHz. However, throughout the

measurement process, we realized that power transmission at 298 MHz interferes with the

TX block due to injection pulling phenomena. Hence, we have chosen 250 MHz for power
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(a)

(b) (c)

1cm 

Figure 3.5. (a) HFSS configuration for simulating power link. (b) Complete model of the

OCC on a silicon substrate including the effect of parasitics and isolation layers. (c)

Simulated maximum PTE of the wireless link.

transmission to ensure reliable operation for the TX block. Further details on this issue are

described later in this paper. Taking the impedance mismatch effect into account, the power

transfer efficiency degrades to −22.6 dB at 250 MHz.

The link efficiency and optimal operating frequency for UL path are also acquired from

HFSS simulations with a configuration shown in Fig. 3.6(a). A wideband monopole

antenna forms a two-port network with the on-chip dipole antenna at various distances.

The orientation of the monopole antenna is aligned to match the polarization of the dipole

antenna, which is shown in Fig. 3.6 (b). The power gain of the two-port network at various

distances is calculated based on the simulated S-parameters and reported in Fig. 3.6(c). It

is evident that the UL path shows a relatively flat power gain within the frequency range of

3.5 GHz to 4.5 GHz for various distances between the antennas. Therefore, the center
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Figure 3.6. (a) HFSS configuration for simulating uplink wireless efficiency. (b) Current

density vector of the on-chip dipole antenna. (c) Simulated power gain of the UL

configuration.

frequency of the TX block is chosen to be in the middle of this range. The power gain of

the UL path at 4 GHz varies from −59.6 dB to −69.8 dB for distances from 5 cm to 15 cm,

respectively.

3.4 Circuit Implementation

3.4.1 Power Management Unit

A detailed diagram of the power harvesting system is shown in Fig. 3.7. The rectenna is

implemented with a four-stage full-wave rectifier to ensure VC reaches the required voltage

level for the proper operation of the PMU when the transmitted power the external coil

is kept below safety limits. To maximize rectifier RF-dc conversion efficiency, transistors
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dimensions are optimized. Moreover, deep N-Well NMOS transistors are used to allow a

direct connection between bulk and source terminals. Connecting bulk to source eliminates

body effect and prevents increments of the threshold voltage of NMOS devices that ultimately

improves RF-dc conversion efficiency. An equivalent circuit model for the OCC is illustrated

in Fig. 3.7 where the OCC is modeled as a source with an open circuit voltage of VOC and an

internal resistance of RP . A first-order matching circuit is realized using a shunt capacitor

that resonates with the OCC at the operating frequency. The simulated conversion efficiency

for an available power level of 0 dBm at 250 MHz varies between 30%− 65% as the rectifier

load changes from 235 µW to 420 µW .

The behavior of the PMU 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. 3.7. The voltage reference block is realized with a

supply independent proportional-to-absolute-temperature (PTAT) architecture to generate

two reference voltages. The voltage divider, MUX, and the comparator are designed with a

similar circuit schematic described in [61]. Once the TX block is activated, CS discharges

and VC drops rapidly. The tdischarge is proportional to the value of CS. Therefore, it is

desired to maximize the capacitance value of CS to extend the active mode. To achieve the

highest capacitance value with area constrains of an on-chip design, we have stacked MIM

capacitors over MOSCAP devices with a density of 2fF/µm2 and 5.5fF/µm2, respectively

to realize a 5 nF capacitor.

A low-dropout (LDO) voltage regulator is incorporated into the PMU to provide a

constant 1.3 V dc voltage for operation of the TX and RX blocks. During charging mode,

the total current consumed by the LDO is 10 µA. It is ensured that the LDO is stable for

all values of VC during sleep mode. Simulation results show that the minimum phase

margin of the LDO is 88◦ and the gain margin always remain above 20.5 dB. The

transition from sleep mode to active mode represents a significant load variation for the

LDO. The small quiescent current consumption of the LDO limits the transient response of
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Figure 3.7. Circuit schematic of the power harvesting system.

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 is 4.5

mA which results in a maximum transient voltage variation of 175 mV. Various techniques

for enhancing the transient response of an LDO is presented in the literature that require

an accurate clock signal to be implemented [76, 77]. To avoid using an external crystal

oscillator and 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

adaptively increases the bias current of the error amplifier by 100 µA which enables the

LDO to maintain the voltage variation below 12 mV.

3.4.2 Data Receiver Circuit Implementation

The circuit schematic and the timing diagram of the data RX are demonstrated in Fig.

3.8. The RX is implemented based on a self-mixing architecture. The power carrier is

modulated with an ASK modulation scheme to carry the DL data stream to the chip. The
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Figure 3.8. (a) Circuit schematic and (b) timing diagram of the ASK data receiver block.

received RF signal by the OCC can be formulated as in (3.1).

VRF (t) = VP (t)− VN(t) = Acos(2πfRF t)[1 +mx(t)] (3.1)

Where x(t) and m represent DL data and modulation 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
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power consumption of the RX. Inspecting the switching status of the transistors in positive

and negative cycles of VRF , shown in Fig. 3.9, 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 a

square wave with a frequency of fRF with VRF . Considering only the first harmonic of the

square wave, the output of the mixer can be approximated as:

Vout = VRF ×
4

π
cos(2πfRF t)

=
2A

π
[1 +mx(t)](1 + cos(4πfRF t))

(3.2)

(a) (b)

+- Vout +- Vout

Figure 3.9. Switching status of the passive mixer in (a) Positive and (b) Negative cycles of

the input RF signal.

Required data rate for DL communication usually is a few Mbps. Hence, the frequency

of x(t) is considerably lower than fRF . In order to extract DL data, the output of the

mixer should be passed from a band-pass filter (BPF) to remove frequency components at
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Figure 3.10. Circuit schematic of the Schmitt Trigger in the RX.

dc and 2fRF whereabouts. It worth noting that the minimum required voltage amplitude for

activating the voltage rectifier in the PMU is 650 mV. Hence, VRF 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, the BPF is implemented in three

steps using low-pass filters (LPF) and a voltage comparator. The output node of the mixer

in Fig. 3.8(a) 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 VRF that consists of a dc term and

x(t), according to (3.1). Next, Venv 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 Vave is considerably larger than Venv. To remove the dc component

and retrieve x(t), Venv and Vave 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 a current

consumption of 280 nA. As evident in the timing diagram shown in Fig. 3.8(b), if x(t) does
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not toggle for multiple consecutive periods, Vave becomes closer to Venv. 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, Vout 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 is demonstrated in Fig. 3.10. Transistors are

sized properly to achieve a hysteresis 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 purposes.

3.4.3 Data Transmitter Design Implementation

L
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M1 M2

M3 M4
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L

GM,eff × V

RP || RP,a 

Ctotal
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Figure 3.11. Circuit schematic of the power oscillator alongside an equivalent circuit model.

Data communication is the most power-consuming task in the proposed system. Hence,
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the TX block is realized with minimal complexity to reduce the overall power consumption.

The core of the TX is a power oscillator circuit that is directly connected to an on-chip

dipole antenna. At the resonance frequency, the antenna can be modeled by a parallel

resistor (RP,a) and a shunt capacitor (CP,a). An equivalent model for the PO is

demonstrated alongside its circuit schematic in Fig. 3.11. 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, transistors in class-D operate as

close-to-ideal switches and thus M1-M4 are sized properly to guarantee a small

on-resistance. Becauase of the high oscillation amplitude, this structure is popular for

low-phase-noise and low-power applications [78, 79]. 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% [78]. To guarantee reliable startup for the oscillator,

the effective transconductance of the complementary switches should overcome the losses of

the inductor and the dipole antenna. The startup condition of the oscillator is expressed in

(3.3).

GM,eff >
1

RP

+
1

RP,a

(3.3)

Transistors are sized properly to ensure the startup condition holds up across all

technology corners. We have incorporated a complementary pair of NMOS and PMOS

switches in the oscillator to reduce the minimum required current for a reliable startup

condition through a current reusing technique.

Assuming that the chip is encapsulated by a 200-µm-thick medical grade encapsulation,

the dipole antenna is covered by various types of biological tissues with a thickness of 1 cm.

The electromagnetic simulation data is used in the circuit model of Fig. 3.11 to evaluate

the frequency shift caused by tissue variation. Table 3.1 shows the resonance frequency of

the PO exposed to various types of tissues. The oscillator is simulated with a 1.3-V supply

voltage assuming all components are in the typical technology corner. The simulation results
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suggest a negligible frequency shift.

Table 3.1

CENTER FREQUENCY OF THE POWER OSCILLATOR FOR VARIOUS

SURROUNDING MEDIUMS

Medium

Type

Air Skin Fat Muscle Skull

Frequency

(MHz)

4248 4218 4232 4226 4223

Thanks to the amplitude-based modulation scheme, the UL communication is not

affected by the center frequency shift. Moreover, amplitude-based modulation eliminates

the need for an accurate frequency and relaxes the phase-noise requirements to a great

extent. Therefore, the PO can be used in the free-running mode, which considerably

reduces the circuit complexity and renders additional power saving. The TX block can be

configured to conduct the 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. 3.12. 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. 3.12(b). The

operating mode of the TX is controlled by an external mode selection signal that alters the

signal path from the trigger to the PO.

For 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 ×8 larger than the NMOS

cross-coupled pair. As depicted in Fig. 3.12(a), during transmission of a ”1” symbol, the
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Figure 3.12. Circuit schematic of the power oscillator alongside an equivalent circuit model.
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PO is active for the entire symbol period (TS), 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. On the other hand, the TX block can achieve

a significantly lower average power consumption in UWB modes at the expense of a larger

occupied bandwidth. In UWB mode, the trigger signal is first passed through a digital

circuitry that generates a 20 ns short impulse upon the detection of a rising edge in the

trigger waveform. Due to the small impulse duration, it is imperative to ensure that the

PO can reliably startup. Asymmetric driving of an oscillator is a known technique to

achieve a fast startup [80, 81]. Therefore generated impulse is delayed by to 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. 3.12(b), creates an initial voltage

difference across node X and Y that results is a startup time of ∼200 ps.

3.5 Measurement Results

The proposed wirelessly powered radio is fabricated in a 180-nm CMOS technology. The

annotated micrograph of the chip is shown in Fig. 3.13 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 µm and the total volume of the design is 2.4 × 2.2 × 0.3 mm 3. It worth

mentioning that the volume could be further reduced by grinding the substrate of the chip

that improves the performance of antennas as well.

The on-chip coil is characterized using a measurement setup shown in Fig. 3.14(a).

The resonance frequency of the on-chip coil and a 27 pF on-chip shunt capacitor (CM) is

measured as 278 MHz as shown in Fig. 3.14. However, throughout the measurement, we

realized that conducting power transmission at 278 MHz interferes with the performance
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Figure 3.13. Die Micrograph. Die thickness is 0.3 mm.

of the TX block through injection pulling phenomena. The center frequency of the power

oscillator is measured as 4116 MHz that is very close to the 15th harmonic of a 278-MHz

power carrier. Hence, we decided to lower the power carrier frequency to avoid injection

pulling. The carrier frequency is chosen as 250 MHz and the resonance frequency of the

OCC is reduced using an external capacitor in addition to the CM . The required additional

capacitor is simulated based on the measured S11 as shown in Fig. 3.14(b).

The performance of the wirelessly powered radio is characterized using the measurement

setup shown in Fig. 3.15. The power link is mixed with the DL data stream using a coaxial

frequency mixer (Mini-Circuits ZX05-1LHW+) and is radiated towards the chip with a

custom-built loop antenna that is matched to a 50-Ω source at 250 MHz. The modulation
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Figure 3.14. (a) On-chip coil characterization setup. (b) S11 before and after tuning.

index is controlled by adjusting 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 amplifier (PA) remains lower than the maximum ratings of the PA.

The performance of the RX block is evaluated for various DL data rates. The average

transmitted power level from the external loop antenna (PTX) is set to 25 dBm and the
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Figure 3.15. Measurement setup for characterizing the wirelessly powered FDD radio.

recovered DL data is shown for data rate values of 1 Mbps and 2.5 Mbps in Fig. 3.16. As

the data rate increases, the modulation index should also increase to guarantee reliable data

recovery. Measurement results show that the RX block can support a DL data rate of up

to 2.5 Mbps at a modulation index of 20%. Also, the power consumption of the RX at 2.5

Mbps is measured as 2.6 µW. Therefore, the RX achieves an energy efficiency of 1.04 pJ/b.

The UL data is received by a monopole broadband antenna with a peak gain of 3.6

dBi (CHICOLAS ANT110). The received signal is then amplified by 52 dB to boost the
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Figure 3.16. Measured transient waveforms of the RX block for various bit rates and

modulation indices.

signal level and to enable signal detection with a 50-Ω real-time voltage oscilloscope. Also,

external filters are utilized to limit the detection bandwidth and enhance sensitivity. Fig.

3.17 shows the measured spectrum of the received signal by the broadband antenna after

the signal is passed through the low-Noise Amplifiers (LNA) and filters (UL Data). During

this experiment, the power oscillator is powered using a 1.3 V supply voltage to measure

the center frequency and the received power level. The power consumption of the PO is

measured as 3.73 mW. Besides, simulation results show that the radiated power from the

on-chip dipole antenna is about 21% of the total power consumption of the PO. Hence,

based on the power gain simulation results in Section III, at a 15 cm distance, it is expected
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to receive the UL data with a peak power of −70 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 −69.6 dB, which is in a 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 (3.4).

Figure 3.17. Measured spectrum of the amplified PO signal at a distance of 15 cm.

ULSensitivity =− 174 dBm+ SNRmin +NF

+ 10× log(BW ) = −78 dBm
(3.4)

To evaluate the performance of the TX block and validate UL communication with

wireless power delivery to the chip, the TX block is tested in both OOK and UWB.

Measured results indicate that the TX achieves a maximum data rate of 100 Mbps and 150

Mbps in OOK and UWB mode, respectively. Fig. 3.18(a) shows the received UL data with

OOK modulation scheme and a data rate of 100 Mbps. The recovered UL data is plotted

for PTX levels from 23 dBm to 25 dBm to show the effect of PTX on the performance of the
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TX. The same experiment is repeated in UWB mode for a data rate of 100 Mbps and the

results are plotted in Fig. 3.18(b). It is evident that for the same PTX level, the charging

time of the PMU is almost constant in both OOK and UWB mode. Also, as expected, the

TX block consumes less power in UWB mode; and thus the discharge time of the PMU is

larger compared with OOK mode. Inspecting the results in Fig. 3.18(a) and Fig. 3.18(b)

reveals that the proposed wirelessly powered radio is resilient to available power variation

and is able to maintain the UL communication by adjusting the duty cycle of the TX

activation. Fig. 3.18(c) shows the recovered UL data in UWB mode for various data rates.

The PTX is fixed at 25 dBm and the data rate is swept from 150 Mbps down to 40 Mbps.

Since the power consumption of TX in UWB is proportional to the data rate, it is expected

that increasing the bit period results in a longer tdischarge. This fact is reflected in Fig.

3.18(c) and as evident, the TX achieves a continuous operation when the data rate is below

40 Mbps.
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Figure 3.18. Measured recovered uplink data with different TX modulation schemes. (a)

OOK, variant PTX . (b) UWB, variant PTX . (c) UWB, variant data rate.

The power contributions of individual blocks are measured for both operating modes of

the TX and reported in Fig. 3.19. As expected, the power consumption is dominated by the

TX block in both operating modes.
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The performance of the proposed wirelessly powered FDD radios is summarized in

Table 3.2 and compared with state-of-the-art area-constrained TRXs for medical

applications. The proposed radio achieves an UL energy efficiency of 4.7 pJ/b and a DL

energy efficiency of 1 pJ/b, respectively. Compared with TRXs that utilize any type of

antenna for communication, this work shows a ×2.3 improvement in UL and a ×50

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 components, which

has resulted in a substantial volume reduction.

Adaptive Biasing 
(213µW)

PMU (24.3µW)

TX Block (1865µW)

RX Block (2.6µW)

Adaptive Biasing 
(213µW)

PMU 
(24.3µW)

TX Block (698µW)

RX Block 
(2.6µW)

(a)

(b)

Figure 3.19. Power consumption breakdown of the integrated circuit. (a) TX in OOK

mode, data rate = 100 Mbps. (b) TX in UWB mode, data rate = 150 Mbps.
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TABLE II

PERFORMANCE SUMMARY AND COMPARISON WITH STATE-OF-THE-ART AREA-CONSTRAINED TRANSCEIVERS

This Work CICC ‘20 [17] ISSCC ‘17 [21] JSSC ‘17 [22] JSSC ‘16 [19] TBioCAS ‘16 [20]

Technology 180nm CMOS 180nm SOI CMOS 65nm CMOS 40nm CMOS 180nm CMOS 180 nm CMOS

Radio Type Active FDD Backscatter TDD Active FDD Active FDD Active FDD Active FDD

Powering Method
Wireless/ RF @ 

250MHz

Wireless/ RF @ 27 

MHz

Wireless/ 

Ultrasound @ 1MHz

Probed/ RF @ 

1.85 GHz
Battery

Wireless/ RF @ 

13.56 MHz

TX

Frequency (GHz) 4.12 0.700 0.0025 1.75 0.112 3.1-7

Modulation type
UWB

LSK OOK RZ-OOK PPM
OOK

OOK OOK, BPSK

Max. data rate (Mbps) 150 27 0.1 58 2 500

Comm. distance (cm) 15 0.1-0.25 6 5† 50 1.5

Power cons. (mW)

UWB: 0. 698 

@150 Mbps <2.7 < 0.177 0.093 < 13.6 
OOK: 3.5 

OOK:  1.87 OOK-BPSK: 5.4 

Max. energy eff. (pJ/b) 4.7 103 NA 1.6 NA 10.8

RX

Frequency (MHz) 250 700 1 1850 49.86 2400

Modulation type ASK ASK OOK ASK OOK OOK

Max. data rate (Mbps) 2.5 0.00066 0.025 2.5 0.1 100

Power cons. (µW) 2.6 <2.7 NA 7.2 36 5000

Max. energy eff. (pJ/b) 1.0 NA NA 2.9 360 50

Comm. distance (cm) 1 0.1-2.5 6 5† 20 1.5

Off-Chip Components No* No
US transducer  2, 

cap.
Duplexer

Battery, magnetic 

antenna

Coils  3, Ant., 

match. cap.  

Volume (mm  mm  mm) 2.4 2.2 0.3 2.5 2 0.015** 2.6 6.5 1.8 2 1.6 0.6 10 1 1 30 10 1#

*:Off-chip tuning cap is due to the deviation of implemented OCC from simulation results and can be embedded into CM in a revised prototype. 

**: Thickness is reduced after post-processing  and thinning the substrate.

†:Computed based on the transmitted power level and estimated link efficiency.

** Height is estimated based on figures. 

3.6 Conclusion

I have presented a wirelessly powered FDD radio with a total volume of 1.6 mm3,

fabricated in TSMC 180-nm CMOS technology. The design enables bidirectional data

communication under stringent power budgets of a wirelessly powered medical implant.

The IC is entirely powered through a wireless RF link and supports data rates of up to 150

Mbps in the uplink and 2.5 Mbps in the DL paths. Compared with prior-art TRXs that

utilize any type of antenna for data communications, the proposed IC advances the energy

efficiency for the RX by ×50, and for the TX by ×2.3. Thanks to the power management

technique, the proposed design can operate for various data rates and PTX levels. The high
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data rate, small form-factor of the IC, and fully-on chip integration of the proposed TRX

potentially enables wireless communication for next-generation multi-site neural implants

with a large number of recording channels and simulators.
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CHAPTER 4

Integrated Wirelessly Powered Chips for IoT and

Localization

4.1 Coherent Power Combining with Injection-Locked

Synchronized Sensors Nodes

4.1.1 Introduction

Internet of Things (IoT) and its emerging applications have revolutionized wireless sensor

networks in recent years. A robust sensor network can be formed by an array of battery-less

sensing nodes that harvest energy from the environment. These self-powered nodes provide

unprecedented opportunities in many applications such as environmental sensing and medical

implants [21, 82, 83]. These sensors will not require battery placement and can operate for

a long time in harsh environments. In many applications, the nodes need to be millimeter-

sized while capable of carrying complex functions under severe power budgets. They need

to be able to perform energy harvesting, low-power sensing, and wireless communication.

Radio Frequency Identification (RFID) systems have shown great potentials for addressing

the main requirements of a sensing node and are widely adopted in Wireless Sensor Network

(WSN) systems. [84, 85]. However, traditional battery-less sensor nodes such as RFID tags

utilize large antennas and harvest energy through either a near-field or a far-field wireless

link [40,86,87]. They also rely on backscattering techniques for data communication [88,89].

Miniaturization is an imperative step towards future ubiquitous sensor nodes which
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imposes serious challenges on power delivery and data communication. With recent

advances in semiconductor technology, incorporated electronic parts of an RFID tag can be

integrated with a compact form-factor and the overall dimension of the sensing node is

dominated by the size of energy storage components and antennas. As the size of the power

harvesting antenna is reduced, the power transfer efficiency degrades, and the harvested

power decreases. Hence, a stronger power carrier is required to activate wirelessly powered

sensor nodes. On the other hand, backscattering communication relies on load modulation

of the power harvesting antenna. In mm-sized RFID tags, load modulation results in a

reflected signal at a frequency very close to the power carrier. Also, due to the small size of

the antenna, load modulation fails to establish a distinguishable difference in the reflected

pattern [90]. Hence, detecting the reflected signal at the presence of a large power carrier

demands very large isolation and imposes stringent linearity requirements on the RFID

reader, which is not often realistic. Active communication techniques, on the other hand,

address the sensitivity issue of backscattering tags since the frequency of power carrier and

communication links can be sufficiently separated from each other. However, similar to

backscattering techniques, miniaturization degrades the power transfer efficiency and

affects the performance of data communication antennas. Therefore, research trends in

mm-sized sensor nodes have been focused on the design of ultra-low-power and

energy-efficient data transceivers to address the requirements of future IoT devices. [1, 68] .

The development of millimeter-scale microchips will benefit many applications and

industries. For instance, battery-less mm-sized system-on-chip (SoC) devices can

revolutionize the US energy industry by enabling novel mapping and localization

techniques. Currently, in the US, a large number of hydraulic fracturing is performed to

extract oil and gas from tight reservoirs. Many of these expensive fracturing jobs result in

no improvement in production efficiency due to the lack of techniques to monitor the

fractures and image their geometry. The development of a mm-sized SoC sensing node

enables a robust WSN system since it significantly reduces the overall cost and improves
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sensor density rendering high-resolution mapping [19, 32, 63]. In recent work, we

demonstrated that low-cost integrated microchips that are millimeter-scale and wirelessly

powered can be used in large quantities to provide a map of fractures. [91, 92]. The

microchips can be mixed with propellants and sent to fractures during hydraulic fracturing.

This concept is illustrated in Fig. 4.1, where a downhole tool is used to provide wireless

power to the miniaturized chips and receives the reflected data back from the chips. By

moving the downhole tool in a wellbore and repeating the measurement, it is possible to

calculate the location of the microchips and perform fracture mapping by adopting proper

localization algorithms [93, 94]. One of the parameters that determine the localization

accuracy is the Signal-to-Noise (SNR) ratio of the received signals. On the other hand, the

signal radiated from a single microchip is weak, which limits the operating distance of a

microchip and the efficacy of localization algorithms, consequently.

The main contribution of this chapter is proposing a novel coherent power combination

technique through injection-locked distributed sensor nodes. The localization algorithm that

can be built on the proposed platform is open to the user’s choice. Generally, the achievable

end-to-end resolution is an artifact of the capability of individual sensor nodes as well as

the algorithm in use. The later falls beyond the scope of this work. In this section, we

present a novel method to increase the operating range by forming a synchronized array

of microchips that collectively produce strong coherent radiation back to an RF receiver.

This section is based on my recent paper that is published in IEEE Sensors Journal [95]. I

demonstrate a proof-of-concept by a coherent array of 2×2 nodes fabricated in 180-nm CMOS

SOI technology. The rest of the section is organized in the following manner. In subsection 2,

we review the bases of the Multiple Signal Classification (MUSIC) localization algorithm as a

well-known localization algorithm based on the detection of Direction of Arrival (DoA). The

effect of received SNR on the performance of MUSIC algorithm is demonstrated to highlight

the importance of high SNR in a distributed sensor network for localization purposes. In

subsection 3, we provide an overview of the proposed distributed system and discuss the
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Figure 4.1. Fracture mapping: an exemplary application enabled by distributed

miniaturized sensing nodes.

operating principles. Subsection 4 focuses on the design details and architecture of the

integrated SoC for each sensing node. Experimental results are explained in subsection 5

and finally, the section is concluded in subsection 6.

4.1.2 Discussion on Localization Algorithms

Estimating the location of distributed sensors is essential in WSNs. Localization

techniques based on the detection of DoA, Time of Flight (TOF), or Received Signal

Strength (RSS) have been adopted to estimate the position of sensors in a distributed

WSN system [96]. Specifically, MUSIC is a popular algorithm for estimating the DoA and

is a powerful tool for processing the received signals radiated from different signal sources

in order to extract the intended signal in the presence of interference and noise [97, 98]. In
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Figure 4.2. Illustration of the MUSIC localization algorithm through multiple repetitions

of DoA estimation.

principle, MUSIC relies on the received phase over an array of antennas to detect the DoA.

Thus, the detection resolution depends on the number of elements in the antenna array.

Besides, the positioning accuracy of phase-based localization techniques can be enhanced

by repeating the experiment at multiple frequencies to alleviate the effect of multi-path

reflection. The operating frequency alters the path loss and antenna efficiency. Hence, an

optimal selection of the frequency results in the maximum received SNR and enhances the

accuracy, consequently.

In MUSIC algorithm, we consider the measured signal by an N -element antenna array

as a vector in N -dimensional space. The N -element vector is used to form a correlation

matrix to estimate the spatial spectrum of the received signals. The MUSIC algorithm is

capable of detecting M independent signal sources (M < N) by applying an

eigendecomposition technique on the correlation matrix to estimate the spatial spectrum.

The spatial spectrum represents the distribution of signal sources in every direction in the

space. Hence, it can result in DoA estimation. The MUSIC algorithm also fits very well

with fracture mapping applications as the antenna array can be swept along the wellbore
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Figure 4.3. Effect of SNR of the received signal on the performance of the MUSIC

localization algorithm. Five independent sources are localized by a six-element antenna

array.

to repeat the DoA estimation. Besides, the Uniform Linear Array (ULA) of antennas can

be implemented as a Synthetic Aperture Radar (SAR) with only two physical

antennas [99]. Utilizing a SAR architecture for antenna array significantly reduces the

complexity of the transmitter in the wellbore. It should be noted that the main drawback

associated with the MUSIC algorithm is the large computation power which is not a

significant concern in fracture mapping applications.

It can be proven that M independent signal sources can be uniquely positioned by

repeating the DoA estimation M times and intersecting the connecting line from the center

of the antenna array as shown in Fig. 4.2. Each hexagonal shape in Fig. 4.2 represents an

independent signal source which is composed of several microchips forming a unified

cluster. Aside from localization purposes, the microchips can also be equipped with
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additional circuitry to enable environmental parameter sensing which is an interesting topic

for future WSN sensing nodes. The maximum distance of microchips within a specific

cluster is formulated in Section III. Since the ULA is located at different distances to the

clusters, the received signal from each cluster arrives with a different phase and thus the

clusters can be considered as independent signal sources. It is worth mentioning that

multiple modified MUSIC algorithms are proposed to alleviate the challenges of correlated

signal sources [100, 101]. Also, it is often assumed that the propagation medium is

homogeneous. The challenges of MUSIC localization in an inhomogeneous medium and the

potential solutions are discussed in detail in [102, 103]. Technical details and problem

formulation of the MUSIC algorithm can be found in [97, 104]. It has been shown that the

resolution and the accuracy of the MUSIC algorithm are highly impacted by the SNR ratio

of the received signals. I have adopted the same procedure as [104] and have plotted the

estimated DoA for a six-element array when five nodes are uniformly distributed within a

range of −60◦ to −80◦ range with a step size of 20◦. The plotted results in Fig. 4.3 reveal

the importance of SNR in MUSIC-based localization. Achieving an acceptable SNR value

from a single wirelessly powered microchip is not feasible. Therefore, we have proposed a

coherent power combination technique to address this problem.

4.1.3 System Overview

The proposed system incorporates multiple mm-sized microchips as sensing nodes,

fabricated in a 180-nm CMOS SOI process. The microchip design and implementation

were previously reported in [105]. Each microchip is equipped with a wireless power

harvesting system and an on-chip oscillator. The concept of the distributed system is

shown in Fig. 4.4 where multiple microchips are used as individual nodes to form a

distributed sensor network. The proposed network can be used for localization purposes by

detecting the microchips that are placed on the sensing premises. In this localization

technique, the reader is placed in the operating region of a sensor node and activates the
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Figure 4.4. The proposed concept of a distributed WSN based on mm-sized wirelessly

powered microchips.

node in its proximity. The transmitted power from the reader (PTX) serves two important

goals in this system. First, it is the main source of power to activate the microchips.

Second, it can be used as a reference signal to synchronize the reflected tones from all

microchips. Upon activation, each node reflects another RF signal to the reader. The

reader scans the premises and detects placement pattern by receiving signals from the

nodes at different spots. The total received signal at the reader is the combination of each

signal reflected from individual nodes and can be formulated as:

VRX(t) =
i=N∑
i=1

Aicos(2πfr,it+ φi) (4.1)

Where Ai, fr,i, and φi represent amplitude, frequency, and phase of the reflected signal
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from i -th element, respectively; and N is the total number of microchips. In our previous

work, we have demonstrated that the frequency of the RF tone radiated back from the

microchip can be precisely set to half of the power carrier frequency (f0) [105]. Therefore,

we can assume the frequency of radiated signals from the microchip is set to f0/2 in the

presence of a power carrier at f0. A group of adjacent nodes that are approximately at an

equal distance from the reader is considered as a unified cluster. Hence, the received signals

from all sensor nodes within a cluster arrive at the reader with the same phase. When

a large number of microchips are placed in a cluster, they are aligned randomly and the

received signal from each microchip at the reader depends on the microchip alignment. For

simplifying the analysis and without loss of generality, we assumed that all the microchips

are aligned with the reader antenna. Under these assumptions, the radiated signals from

microchips with the same cluster will add up coherently and the received signal can be

re-written as:

VRX(t) = N × Acos(2πfrt+ φ) (4.2)

         

X

D

Reader
(RF TRX)

Array 
CenterArray Edge

Downlink (2f0)

Uplink (f0)

X

L

Figure 4.5. Linear sensor array configuration.
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Eq. 4.2 implies that if all received signals are in-phase and have the same frequency and

they all add up constructively. As a result, the amplitude will be amplified by a factor of N

and the received power is multiplied by N2, consequently. Therefore, a distributed sensor

network can resemble the behavior of a phased-array antenna [106]. Radiated power form an

individual element is usually is less than a milliwatt. This weak radiated signal experiences

a relatively large attenuation due to the path loss. As Eq. 4.2 suggests, the received power

can be amplified by increasing the number of elements in the distributed sensor network if all

nodes reflect an RF signal with the same frequency and phase. For example, if we use 1000

coherent nodes, the received power at the reader will be amplified by a factor of 1,000000.

To ensure the negligible phase shift assumption between the sensor nodes within a cluster,

the maximum span of the array should be limited. To calculate the maximum array span, we

define the maximum allowable phase shift in a linear array as the phase shift that results in

a 3 dB power loss in the combined power from the sensor at the center of the array and the

sensor at the edge. A similar approach can be used for 2D and 3D arrays as well to calculate

the maximum span. The configuration of a linear array is illustrated in Fig. 4.5. With

the defined metric, the maximum phase shift is calculated as 90◦ according to the following

equation:

√
A2 + A2 + 2A2cos(φmax)

2A
=

√
2

2
(4.3)

Considering that the reference signal experiences the same path difference in downlink at

a frequency twice as the uplink, the maximum allowable phase difference should be limited

to 30◦ to satisfy (4.3).

The maximum array span (2 × X) can be computed for a given wavelength (λ),

maximum phase shift (φmax), and reader to array center spacing (D) according to the

following equation:
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X ≤
√
φmax × λ×D

180
(4.4)

4.1.4 Microchip Design and Implementation

To address the practical challenges of a WSN system, we have implemented a microchip

that is compatible with the power budget requirements of a wirelessly powered system. The

block diagram of the proposed microchip is illustrated in Fig. 4.6. Three on-chip dipole

antennas are incorporated in this design. One antenna is used for receiving RF energy from

an external reader. The incoming RF wave is also fed to another antenna to enable sub-

harmonic injection locking that is described later in this paper. The third antenna is used

to transmit the reflected signal from the microchip to the reader. The microchip includes

a power harvesting system to enable wireless power transfer and battery-less operation.

Harvested power is often less than the instantaneous power consumption of the incorporated

circuity in the microchip. To address this problem, a power management unit is included

in the power harvesting system to duty-cycle the operation of communication circuits to

lower the overall power consumption [47, 61]. The transient voltages of the PMU that are
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Figure 4.7. Transient timing diagram of the internal nodes in the power harvesting system

during active and sleep modes.

demonstrated in Fig. 4.7 indicates how the operation is divided into sleep mode and active

mode.

The antenna for power delivery is modeled with the silicon substrate and simulated in

IE3D software [41]. The received power by the microchip can be formulated according to

the Friis equation and is expressed as (4.5). Simulated results show that for a 1W EIRP

transmitted power level and spacing of 5 cm, about 800 µW is received by the on-chip dipole

antenna at 8 GHz. Hence, operating frequency for power transmission is chosen to be around

8 GHz to maximize the link efficiency.

PRX =
PTX ×GTX ×GRX × λ2

(4πd)2
(4.5)
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The on-chip dipole antenna is matched using a 3.4 nH inductor that resonates with its

impedance. A multi-stage voltage rectifier follows the antenna to convert sinusoidal signals

to a dc voltage as shown in Fig. 4.8. The minimum power required for the voltage rectifier

to generate a 1 V output dc voltage across the 1.1 nF MIM capacitor is −16.1 dBm [107].

The rectifier output voltage has many high-frequency ripples and varies with different loads.

Hence, a low-dropout voltage regulator (LDO) follows the rectifier to generate a stable dc

voltage for the data communication circuitry.

L

L

On-chip dipole antenna for receiving 

power. L = 3.9mm

3.
4n

H

Matching 
Circuit

10-stage voltage rectifier

Single-stage 
rectifier

VDD

Cstorage Iload

Figure 4.8. Circuit schematic of the 10-stage voltage rectifier connected to the on-chip

dipole antenna with a matching circuit.

Signal reflection is carried by a transmitter block which is implemented based on a

power oscillator (PO) architecture where a voltage-controlled oscillator (VCO) is directly

connected to the antenna [1]. A PO-based transmitter does not require additional

power-hungry circuitry such as a power amplifier or a buffer and results in minimal power

consumption. The circuit schematic of the injection-locked VCO is illustrated in Fig. 4.9.
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The VCO is implemented using a cross-coupled pair of NMOS devices and the operating

frequency is determined by the resonance frequency of the LC tank. However, due to

process and temperature variation, the operating frequency may drift. In addition, the

phase of the output signal is ambiguous. Therefore, reflected signals from the microchips

have different phase and frequency and do not add up constructively. The remedy to this

artifact is to stabilize the operating frequency of the VCO. A conventional method for

achieving an accurate frequency is to place the VCO in a phased-lock loop (PLL) [108].

This method is not a practical solution for our system for the following reasons: 1-

PLL-based frequency stabilization requires an accurate frequency reference that is often

provided by a crystal oscillator. The idea of using an off-chip large component contradicts

our initial goals of cost reduction and form-factor miniaturization. 2- Although a

PLL-based approach results in an accurate frequency, it does not guarantee that all the

VCOs are operating with the same phase since the reference frequency, provided by the

crystal oscillator, could have different phases. 3- Generally, PLLs are power-hungry and do

not fit well with the available power budget of an energy harvesting microchip.

Sub-harmonic injection locking is a promising solution for achieving synchronized

reflected signals and is even practical for pulse-based high-frequency systems [105, 109]. In

this method, the transmitted power form the reader is utilized as a reference signal for

injection-locking. The reference signal is picked up by another dipole antenna and is fed to

the tail current source of the VCO as shown in Fig. 4.9. Feeding the signal to the tail

current source sets the operating frequency of the VCO to half of the injection frequency

(f0). The locking range of the VCO depends on the input power level of the fed signal and

the quality factor (Q) of the inductor. As the Q-factor increases, the locking range becomes

smaller; and a higher input power level expands the locking range. The injection-locked

VCOs have been shown as useful building blocks in imaging and spectroscopy

applications [105]. However, a wide locking range is needed for a practical spectroscopy

system which often demands a very strong reference signal present at the input of the
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Figure 4.9. Circuit schematic of the injection-locked VCO.

VCO. For instance, to achieve a 1 GHz locking range with a center frequency of 4.5 GHz, a

power level of 8 dBm should be present at the input of a VCO [105].

4.1.5 Experimental Results

The idea of coherent power combining in a distributed WSN system is evaluated using a 2

× 2 array of microchips that are arranged with a configuration shown in Fig. 3.15. The total

area of each microchip, fabricated in 180-nm CMOS SOI process, is 3.9 × 0.7 mm2 including

three on-chip antennas that are used for power delivery, injection locking, and transmission

of a reflected RF tone, respectively. An annotated micrograph is included at the bottom of

Fig. 4.10 that shows different parts of the integrated systems. An E8257D Keysight signal

generator is used as the source to generate an RF signal at the desired frequency. To extend
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Figure 4.10. (top) Measurement setup for evaluating the performance of the proposed

distributed sensor network. (bottom). The micrograph of a single microchip.

the operating range, the RF signal is passed through a power amplifier (RF-Lambda 0218G5)

and is followed by a horn antenna with directivity of 10 dBi. The horn antenna radiates a

focused beam that is used for power delivery and synchronizing the reflected RF tones from

all the microchips. In this section, we describe the measured results for the wireless power

harvesting system and demonstrate that the distributed sensor network successfully achieves

a constructive power addition form all the four chips in the array.
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4.1.5.1 Wireless Power Transmission Test

The performance of the wireless power harvesting system is evaluated for different values

of transmitted power levels (PTX) from the horn antenna. The measured voltage waveform

at the VDD node of a single microchip without any external component is plotted in Fig.

4.11(a). The horn antenna is placed 10 cm away from the microchip and transmits a +30

dBm power carrier at 7.68 GHz. The received power by the on-chip dipole antenna for

a 30 dBm Equivalent Isotropically Radiated Power (EIRP) source at a 5 cm distance is

simulated and reported in [107]. Also, the matching efficiency between the dipole antenna

and the voltage rectifier is simulated as 35 % at 8 GHz [107]. Therefore, the received power

from the horn antenna with 10 dBi directivity at a 10 cm distance can be estimated as 700

µW . As evident from Fig. 4.11(a), the storage capacitor is charged and discharges with a

frequency of 30 kHz and the discharging time lasts only for 10 µS. To extend the active

time of the VCO, an external 1 µF shunt capacitor is placed in parallel with the Cstorage.

For a given current that is withdrawn (I0) from the storage capacitor during the discharging

phase, the discharging time can be expressed as:

tdischarge = (VH − VL)× Cstrorage

I0
(4.6)

Repeating the same experiment with a 1 µF shunt capacitor indicates that the charging

time and discharging time are scaled proportionally. The measured waveform is shown in

Fig. 4.11(b).

4.1.5.2 Coherent Power Combining

In order to provide a proof-of-concept for the proposed sensor network, we have used four

microchips that are locked to the frequency of the reference signal. As shown in Fig. 4.10, a

custom-designed broadband antenna is placed at 10 cm distance from the center of the array

to receive the radiated tones from the microchips. The broadband antenna is implemented
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Figure 4.11. Measured waveform from the output node of the voltage rectifier: (a) Cstorage

= 1.1 nF. (b) Cstorage = 1µF.

as a Planar Inverted Cone Antenna (PICA) [110] and archives a bandwidth of 3-10 GHz. As

shown in the previous section, the chips are capable of being wirelessly powered which results

in a duty-cycled operation. When the chips are locked to the same power carrier signal, the

reflected signals add up constructively. The constructive power combination of synchronized

microchips is characterized in the frequency domain by investigating the frequency spectrum

of the received signals. Duty-cycled operation imposes some challenges for detecting the

spectrum of the reflected signals. The duty-cycling behavior can be considered as mixing the

sinusoidal output of a VCO with a periodic pulse train. Hence, the spectrum of the received

signal is a modulated version of the actual transmitted signal. To accurately measure the

frequency and strength of the reflected signals, we used a dc power supply (a 1.3 V supply

voltage connected to Vreg node of each microchip) to power up the microchips while they

operate continuously.

To measure the free-running frequency of the VCOs and to verify synchronization through

injection-locking, we have characterized the measurement setup in the frequency domain.

Therefore, a Keysight spectrum analyzer (E4440A) is utilized to process the received signal
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by the broadband antenna. To observe the effect of injection locking, we have compared the

received spectrum in two different scenarios. First, all four microchips are powered and there

is no reference signal transmitted from the horn antenna to synchronize the microchips. In

this case, the VCOs are operating in free-running mode and it is expected the operating

frequency of each VCO will be different for each microchip. The received spectrum is

shown in Fig. 4.12 (a) where four different tones with different frequencies and different

power levels can be spotted. It worth mentioning that at 4 GHz the delivered power from

the VCO to the on-chip dipole antenna at a 1 V supply voltage is -25 dBm and the simulated

radiation efficiency of the antenna is 4% [107]. Considering that a 700 µW power is required

for activation, the reflection efficiency of one microchip is -38.4 dB. In the second case, a

reference signal with a power level of +22 dBm is delivered to the horn antenna at 7.733

GHz. It should be noted that the required power for synchronizing the microchips is lower

than the power needed for wireless power delivery. Hence, the minimum transmitted power

from the horn antenna is set by power delivery considerations. As evident in Fig. 4.12(b), in

the presence of a reference signal, all the VCOs are synchronized and the operating frequency

is set to 3.866 GHz, which is half of the carrier frequency. In addition, the received signal

strength is boosted to −35.33 dBm which verifies the idea of power amplification through a

constructive summation of radiated signals from a distributed sensor network.

As mentioned earlier, the LC tank of the VCOs is deliberately designed with a moderate

Q-factor to expand the locking range. To measure the clocking range of each microchip, we

used the same measurement setup as shown in Fig. 3.15 and a 22 dBm reference signal is

delivered to the horn antenna. The frequency of the reference signal is swept while only one

microchip is connected to the supply. After repeating this experiment for all four microchips,

the measured results reveal that the locking ranges overlap in 7.72-7.79 GHz frequency span.

The received power from individual microchips across the locking range is plotted in Fig.

4.13 and labeled as ”A”, ”B”, ”C”, and ”D”. The locking range of the microchips can

be could be expanded by increasing the transmitted power level or decreasing the distance
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Figure 4.12. Measured spectrum of the radiated signal from four microchips: (a) In

absence of the power carrier. (b) In presence of a 7.733 GHz power carrier.

between the horn antenna and the array. As mentioned in previous sections, achieving a 1

GHz locking range with a center frequency of 4.5 GHz requires a power level of 8 dBm at

the input of the VCO. Knowing the received power from each microchip across the locking

range, we have plotted the summation of all four power levels to compute the maximum

achievable power labeled as ”Ideal Addition” in Fig. 4.13. Next, we have activated all four

chips and swept the reference frequency within the locking range. The received power, in

this case, is plotted and labeled as ”Coherent Addition”. It is evident that the ”Coherent

Addition” is very close to the ”Ideal Addition” and the small difference can be justified by

the slight phase mismatch between the array element because of different path lengths to the

horn antenna. Speculating the measured plots indicates that the resulted amplitude from

coherent injection-locked microchips is satisfyingly close to the algebraic summation of all

the amplitudes.
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Figure 4.13. Receieved amplitude from the microchip array with different active elements

versus frequency.

4.1.6 Conclusion

In this paper, we reported a distributed sensor network system based on mm-sized

integrated microchips. Coherent power combining, enabled by injection-locked power

oscillators, was introduced as an effective method to overcome the path loss and

compensate the limited power level radiated from a single microchip. It was shown that

the microchips can receive wireless power through a far-field RF link and the power carrier

also serves as a reference signal to synchronize the distributed microchips. Considering the

small form-factor of the microchips and their on-chip level integration, the proposed

distributed sensing system is a promising solution for low-cost ubiquitous sensing and

localization applications.
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4.2 An Integrated Battery-Less Wirelessly Powered RFID Tag

with Clock Recovery and Data Transmitter for UWB

Localization

4.2.1 Introduction

Evolution of future Internet-of-Things applications mainly depends on the development

of ubiquitous sensor networks. Radio Frequency Identification (RFID) has been

unanimously accepted as a robust solution for enabling low-cost and ubiquitous sensing

systems. RFID systems are utilized in various applications such as biomedical sensing,

localization, inventory management, and monitoring physical parameters. Backscattering

RFID tags have been widely adopted due to their near-zeros power consumption for data

communication. However, backscattering systems rely on modulating the impedance of the

same coil that is used for power delivery; hence the maximum data rate should be kept far

below the link capacity to ensure power recovery is not disturbed by data

communication [57, 111, 112]. Also, in backscattering tags, data communication and power

delivery are conducted at the same frequency. Therefore, detection of the reflected signal at

the reader becomes very challenging in the presence of a large TX signal for power delivery.

Emerging applications of RFID systems require battery-less operation and a small

footprint. Therefore, the research trend in RFID tags is focused on low-cost and energy

harvesting systems with small antennas that drives the need for a System-on-Chip (SoC)

solution [63]. RFID tags with active communication have been reported

recently [47, 70, 113]. Although active communication is not as energy efficient as a passive

method, tags based on active communication can operate at a different frequency and can

achieve higher data rates and communication ranges.

In this section that is based on our recent work [114], we present a fully on-chip wirelessly

powered RFID tag with a total area of 2.4× 2.3 mm2 fabricated in 180 nm CMOS technology.
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The proposed system includes an on-chip loop antenna for receiving power and clock signal

through an inductive link. The design is composed of a rectenna, a power management unit

(PMU), a clock recovery system, and a UWB transmitter. System architecture and design

details of wireless link implementation are discussed in subsection 2. Performance of the

proposed system is evaluated and reported in subsection 3.

4.2.2 Proposed Architecture

A block diagram of the proposed wirelessly powered RFID tag is demonstrated in Fig.

4.14 along with a conceptual diagram of a reader on the left side. The external loop antenna

at the reader side is used to transmit RF power to the tag through an inductive link. The

proposed tag is equipped with a rectenna, composed of an on-chip loop, matching capacitor,

and a four-stage full-wave rectifier. Power carrier couples to the on-chip coil and induces a

sinusoidal waveform across its terminal. The voltage rectifier converts RF signals to a dc

voltage and accumulates energy into a storage capacitor (CS). A Power Management Unit

(PMU) monitors voltage level across CS and prevents it to go higher than the breakdown

voltage [61]. The PMU consists of a low-dropout voltage regulator (LDO) to provide a

constant dc voltage for the operation of clock recovery and the UWB transmitter. The LDO

in this design provides two stable 1.1 V and 1.3 V voltages for the operation of digital blocks

and the data transmitter, respectively while consuming 10 µA quiescent current. In addition,

a Power-on-Reset circuitry is included in the PMU to ensure that digital circuity is reset

upon activation and to avoid any unwanted state.

Digital circuitry in this design requires a clock signal to be triggered. Therefore, an ultra-

low power data receiver (RX) is included to extract a square wave from incoming RF signals.

To embed the clock signal into power link the carrier signal is modulated with Amplitude

Shift Keying (ASK) scheme. The modulated power link can be formulated as in (4.7), where

m stands for modulation index, fRF is the frequency of power carrier, and x(t) represents a

square wave with a frequency much lower than fRF .
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Figure 4.14. Block diagram of the proposed wirelessly powered RFID tag with on-chip

antennas (right) along with a conceptual RFID reader (left).

VP (t)− VN(t) = Acos(2πfRF t)[1 +mx(t)] (4.7)

A detailed circuit schematic of the RX block is shown in Fig. 4.15. The RX utilizes

a self-mixing architecture to extract the envelope of RF signals picked up by the on-chip

coil. The output voltage of the mixer is connected to a shunt capacitance which extracts the

envelope of the received signal. The envelope signal can be expresses as:

Venv(t) =
2A

π
[1 +mx(t)] (4.8)

To remove the DC component from the envelope signal, Venv(t) is passed through a Low-

Pass Filter (LPF) and is compared with itself. As a result, the output of the comparator

follows x(t). To sharpen the recovered signal a Schmitt trigger is used after the comparator

to generate a square wave with fast transition times. The RX is designed to recover square

waves with frequencies up to 2 MHz with a power consumption of 1 µW.

Circuit schematic of the UWB transmitter (TX) and a conceptual timing diagram of the
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Figure 4.15. Circuit schematic of the data receiver and the timing diagram of the internal

nodes.

internal nodes are shown in Fig. 4.16. The TX is based on a power-oscillator architecture

which is shown to be very power efficient [1,115]. An on-chip dipole antenna is used directly at

the load of the oscillator and radiates RF signals to the reader at the free-running frequency

of the oscillator. The data rate of the TX block is determined by the CLK frequency. As

shown in Fig. 4.16, the UL data stream is passed through an NRZ to RZ sub-system to

enable the edge detection circuitry to generate consecutive short pulses when the UL remains

105



constant for consecutive periods. The generated pulses are used to connect the oscillator to

the ground node and cause an oscillation, consequently. Simulation results show that the

width of the generated pulse is about 50 ns for the typical technology corner. Hence, the

average power consumption of the oscillator remains low and makes this approach compatible

with a low-power RFID system.

L   

      

   

   

  

   

  
  

  

   

 

 

   

Figure 4.16. Circuit schematic of the UWB data transmitter and a conceptual timing

diagram of the internal nodes.

The wireless link has been optimized by adopting an optimization algorithm as in [61].

Following the same procedure, the on-chip coil and the dipole antenna are designed with the

geometry shown in Fig. 4.17 and dimensions are reported in Table 4.1.
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Table 4.1 Values of dimension parameters of on-chip antennas.

Dimensions Transmitter Receiver

Width (W) (µm) 2250 2030

Length (L) (µm) 1010 2030

Trace Width (TW) (µm) 10 100

Trace Spacing (S) (µm) 100 50

WR

L
R

TWR

SR

WT
ST

L T

TWT

TX antenna

RX antenna

Figure 4.17. Detailed implementation of uplink and downlink wireless links.

4.2.3 Performance Evaluation

The proposed system is fabricated in TSMC 180 nm CMOS technology. The measurement

setup for evaluating the performance is demonstrated in Fig. 4.18. The power carrier signal

is fed to the LO node of a mixer and is modulated with a square wave connected to the IF
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Figure 4.18. Measurement setup for performance evaluation of the proposed system.

On-chip coil and 
matching capacitor

VNA

RF SG Probe

Figure 4.19. . (left) Measurement S11 of the on-chip coil. (right) Measurement setup for

characterizing the on-chip coil.

terminal of the mixer. The modulation index is kept below 20% to ensure power delivery is

not disturbed by the embedded clock signal into the power carrier. The modulated signal,
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Figure 4.20. . (left) Measured S11 of the power TX antenna after matching. (right)

Detailed implementation of the power TX loop [1].

which carries power and clock signal to the chip, is amplified and passed to the external

loop antenna. The chip is located at a 1 cm distance from the power TX antenna. Another

external broadband antenna is placed at a ∼7 cm distance from the chip to receive uplink

(UL) data that is transmitted from the on-chip dipole antenna. The power carrier frequency

is chosen based on the on-chip coil measurement. As shown in Fig. 4.19, measured S11 of

the on-chip coil indicates a resonance happening at a frequency ∼250 MHz. Therefore, the

power TX antenna is matched to the 50Ω impedance of the source. Detailed implantation of

the power TX antenna and matching circuits are shown in Fig. 4.20 [1]. Simulated results

indicate that the maximum efficiency of the wireless power transfer link can reach as high

as -22.6 dB under perfect matching condition (rectifier loss is excluded).

The proposed system can be utilized as a transponder or as a data transmitter. In

transponder mode, the recovered clock signal that is outputted from the RX (DL pad) is
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Figure 4.21. Recovered uplink data for various clock rates in transponder configuration.

connected to the CLK pad of the TX and UL pad, which is the data stream into the TX,

is connected to the regulated voltage of the LDO. In this configuration, the chip transmits

a train of short pulses when the system is powered up which resembles the performance of

a transponder that can be used for localization applications. The Recovered uplink (RUL)

data is demonstrated in Fig. 4.21 for various clock frequencies. As evident from this plot,

the repetition rate of the RUL signal is uniquely controlled by the frequency of the square

wave connected to the IF terminal of the mixer. It worth mentioning that for a higher clock

frequency, modulation index should be increased to boost the transient response of the RX

block. Also, the transmitted power level is increased for a higher clock rate. The maximum

transmitted power from the antenna is kept below 28 dBm to avoid interference between the
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Figure 4.22. Measured RUL waveform in UWB transmitter configuration with fIF =

2MHz, (left) bit rate of UL = 2Mbps, (right) bit rate of UL = 500kbps.

power link and data communication link due to injection pulling phenomena.

In data transmitter mode, the UL pad is connected to an arbitrary wave generator

(Agilent 33522A) that feeds a sequence of Pseud-Random Binary Sequence (PSBR) to the

chip. Fixing the clock frequency at 2 MHz, the RUL is recorded for two different bit rates

of PSBR data and plotted in Fig. 4.22. Inspecting Fig. 4.22 shows that the number of

recovered pulses in the RUL waveform is equal to the number of clock signal cycles that

happen when the UL is ’1’. It should be noted that the measured instantaneous power

consumption of the oscillator is about 3.73 mW and based on the simulation results 21%

of this power is delivered to the on-chip dipole antenna [1]. In UWB communication, the
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pulse-width of each impulse is about 50 ns. Therefore, the average power consumption of

the TX scales with the operating frequency. For instance, for a clock rate of 2 MHz, the

average power consumption of the oscillator scales down to 37.3 µW.

4.2.4 Conclusion

In this work, we presented a 2.4 × 2.3 mm2 wirelessly powered RFID tag that

integrates two on-chip antennas for power delivery and data communication, respectively.

The proposed system was powered at 250 MHz and the chip can extract a digital clock

signal with frequencies up to 2 MHz. The measured results indicate that the proposed

design can be used either as a transponder or an energy-efficient data transmitter. The

presented system is compatible with the requirements of next-generation ubiquitous

sensing systems and is a promising solution for UWB localization applications. The

micrograph of this design is annotated and demonstrated in Fig. 4.23.
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Figure 4.23. Annotate chip micrograph.
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4.3 Conclusion

4.3.1 Closing Remarks

In this dissertation, I investigated RF wirelessly powered integrated circuits as a robust

tool for enabling next-generation medical implants and IoT devices. The overall form-factor

of the developed devices is limited to millimeter scale that results in many unprecedented

opportunities in terms of cost, resolution, and scalability. Taking advantage of the integration

capability of CMOS technology, silicon-based and fully on-chip designs were explored to

tackle the challenges associated with power delivery, data communication, and low-power

data front-ends. In addition, I investigated the opportunities offered by mm-sized form

factor of the developed chips and proposed novel techniques to utilize the capabilities of

numerous chips to overcome the limited operating range.

I investigated the main challenges for the development of a fully on-chip mm-sized power

receiver system in CMOS technology. In chapter 2, I studied the wireless power transmission

to mm-sized systems operating in the near-field electromagnetic region and presented an

iterative optimization algorithm for maximizing the power transfer efficiency. I also adopted

a comprehensive approach and jointly addressed the challenges of wireless power delivery

that stem from safety regulations and non-linear behavior of voltage rectifier circuitry. Also,

it was shown that there is an optimum frequency for power transmission, and the effect

of intervening medium in the wireless link on the optimum frequency was investigated.

Through extensive electromagnetic simulations, I showed that the maximum harvested power

by mm-sized systems is limited to a few hundreds of micro-Watts and is susceptible to drop

drastically in case of movement and misalignment of power transmitter and receiver. To

address this issue, I presented a power management technique that makes enable the power

harvesting system to operate reliably under various available power budgets. in addition, the

power management technique enables the power harvesting system to drive power demanding

blocks of a system with micro-Watt level incoming power under the duty-cycled scheme. in
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chapter 2, I developed a 1.6 × 1.6 mm2 power harvesting system that is capable of delivering

up to 1.17 mW in the duty-cycled mode while the amount of transmitted power is 15 dBm.

In chapter 3, I focused on the data communication problem and proposed a fully

integrated data transceiver that is compatible with the power budget and form-factor of

the mm-sized wirelessly powered systems. Due to miniaturization, the available power

budget is very small. Another main challenge of a mm-sized system is the low efficiency of

an on-chip antenna that is used for data communication. To tackle these problems and

design a data transceiver that is capable of supporting high-throughput communication, I

proposed an RF powered dual-antenna transceiver that operates in a frequency division

duplexing manner. Wireless power and downlink data are transferred to the chip through a

250 MHz RF link while the uplink data is transferred through a separate wireless link

centered at 4.16 GHz. The designed radio supports up to 2.5 Mbps data rate in the

downlink path and an instantaneous data rate of up to 150 Mbps in the uplink,

respectively. Compared with prior-art TRXs that utilize any type of antenna for data

communications, the proposed IC advances the energy efficiency for the RX by ×50, and

for the TX by ×2.3. Considering the small form-factor and the ability for supporting high

data rates, the proposed radio is an effective solution for the high-performance medical

implant and IoT sensing systems.

Wireless integrated circuits and their capabilities in IoT is discussed in chapter 4. in

particular, I explored localization as one of the prominent examples of next-generation IoTs

and utilized mm-sized microchips in a distributed network. I presented a synchronization

technique through injection-locked oscillators. In this technique, the power carrier serves

for synchronizing the microchips that are placed in close proximity to each other. I

demonstrated the theoretical framework for coherent power combining from a synchronized

distributed sensor network and discussed how the received SNR from a cluster of

microchips can improve the localization accuracy of the MUSIC algorithm. I also proposed

a mm-sized IC for proximity-based localization. The proposed system acts as an active

115



RFID tag that is equipped with a UWB transmitter. Once the reader is in the operating

range, the tag declares its presence by sending back short pulses as a transponder.

Advancement of CMOS technology and artificial intelligence have shown a promising path

towards a connected and smart world. To open the gates toward and intelligent world, it is

our responsibility, as researchers, to close the gap between the existing tools and demands

of a connected world. It is predicted that by 2025, the number of IoT devices exceeds

25 billion. The astronomical growth of smart objects relies on the main pillars of IoT

technology: Low-power connectivity, efficient processing algorithms, and ubiquitous sensing.

In my view, adopting a comprehensive design approach that jointly captures the main pillars

of future smart objects will open unprecedented opportunities and will take human life to

an unimaginable era.

4.3.2 Future Direction

The topics covered in this dissertation provide techniques and solutions for a variety

of problems toward next-generation SoCs. Challenges of wireless power delivery and data

communication to mm-sized SoCs were extensively discussed for medical applications and

IoT sensor nodes. There are still many research opportunities in the area of wirelessly

powered SoCs and distributed sensor networks.

In near future and in the continuation of the research problems discussed in this thesis,

I will collaborate with the Integrated Systems and Circuit (ISL) lab to develop intelligent

and low-power sensing systems for medical applications and IoT nodes. My recent efforts

on the development of such sensing systems are not included in this dissertation. However,

it worth mentioning that we have explored machine-learning-assisted intelligent sensors for

wound healing and preliminary results suggest that a proper classification algorithm for

processing dielectric constants of various biological tissues can significantly relax the

bandwidth, complexity, and power consumption of a dielectric sensing hardware [116].

Intelligent sensors are also explored by the ISL lab for spectroscopy purposes. [117].
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To demonstrate an integrated mm-sized system that is capable of biological signal

acquisition, I have continued the research efforts primarily presented in Chapter 3 and

designed a wirelessly powered SoC for neural signal acquisition with clock recovery and a

UWB data communication circuitry. The SoC is fabricated on a commercial CMOS

technology and is composed of the following building blocks: 1- A power harvesting system

that receives RF energy through an inductive wireless link. 2- A wireless clock receiver to

provide an accurate clock signal for the digital blocks of the SoC with no external

components such as a crystal oscillator. 3- A four-channel low-power and

low-noise-amplifier sense neural activity and increase the voltage amplitude. 4- A

four-channel Successive Approximation Register (SAR) Analog to Digital Converter (ADC)

to convert the amplified signal by the LNAs to a 10-bit digital signal. 5- A

Parallel-Input-Serial-Output (PISO) shift register unit that loads the digitized data from

four recording channels and passed the serialized data stream to the data transmitter. 6-

An Ultra-Wideband (UWB) data transmitter for wireless transmission of the recorded data

to an external receiver. The designed system is not discussed in this dissertation and is

currently going through the measurement process.

Intelligent and power-efficient sensing systems are one of the main pillars of future wireless

technology. Hence, I believe utilizing artificial intelligence in conjunction with mm-sized

SoCs will emerge as a promising solution in a broad range of applications and adopting a

comprehensive research approach that jointly considered the hardware-associated challenges

and evaluates system-level requirements is the key step toward this end.

In Chapter 2, I mainly focused on RF wireless power transmission systems for medical

applications and IoT sensor nodes. However, I believe hybrid power delivery methods and

energy harvesting options should be further explored to tackle the current challenges of

wireless systems. Many practical issues such as misalignment of power TX/RX, the variation

of wireless link composition, and Line-of-Sight blockage severely alters the link efficiency.

As a result, wireless SoCs are prone to losing the continuous power flow in a practical
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case. I believe research on sustainable power delivery and energy storage technologies will

play an important role in next-generation wireless systems since the available power budget

dominantly determines the functionality and the operating range.

Although this dissertation has addressed the challenges for data communication in mm-

sized integrated systems, there is still more room to improve the overall energy efficiency

and the operating range. With the emerging new technologies such as meta-materials, it is

expected to enhance the efficiency of on-chip antennas that currently is one of the limiting

factors both for communication and power delivery.

A very attractive, yet unexplored, research areas is the muti-nodal sensor networks built

from mm-sized integrated systems. In Chapter 4, I discussed one of the examples of a multi-

node networks for combating the low SNR problem in localization applications. However,

there is still a significant gap between the proposed method and an actual localization system.

Developing a larger array of network for further enhancement of SNR, implementation of an

antenna array, and forming a synthetic radar aperture are the next steps toward a localization

system. In addition, the efficacy of this idea should be evaluated with proper AoA algorithms.
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APPENDIX A

Power Gains from S-Parameters for a Two-Port

Network

The S-parameter matrix of a two-port network is a 2×2 matrix that can be written as in

A.1,

S =

s12 s12

s21 s22

 . (A.1)

Power reflection at different parts of the system can be calculated using the following

coefficients written in equations A.2 – A.5.

Γin =
Zin − Z0

Zin + Z0

= s11 +
s12s21ΓL

1− s22ΓL

(A.2)

Γout =
Zout − Z0

Zout + Z0

= s22 +
s12s21ΓG

1− s11ΓG

(A.3)

ΓG =
ZG − Z0

ZG + Z0

(A.4)

ΓL =
ZL − Z0

ZL + Z0

(A.5)

Z0 is the reference impedance, which is 50 Ω in this case. Γin and Γout are reflection

coefficients at port 1 (input) and port 2 (output), respectively. Γin and ΓG represent
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reflection coefficients at the load and the source, respectively.

Similar to [33], we use the S matrix to calculate the system’s power flow. The available

power of the generator (PavG) is the maximum power that can be delivered to the input

port of the two-port network. In a case that network’s input impedance (Zin) is not

conjugate matched to the impedance of the source (ZG), a portion of PavG reflects, and less

power is delivered to the network (Pin).

An equivalent circuit model for the two-port network can be calculated by converting the

S matrix to a Z matrix that includes impedance parameters of the two-port network. The

Z matrix can be calculated using the transformation in equation A.6):

Z = (I2×2 − S)−1(I2×2 + S)−1 =

Z11 Z12

Z21 Z22

]. (A.6)

In Figure A.1, VInd is the induced voltage at the receiving side of the system due to the

input power to the network. The values of VInd, Zin, and Zout are calculated in equations

A.7 – A.9

VInd =
Z21VG

Z11 + ZG

(A.7)

Zin = Z11 −
Z12Z21

Z22 + ZL

(A.8)

Zout = Z22 −
Z12Z21

Z11 + ZG

(A.9)

PavG, Pin , the maximum available power of the network at the output port (PavN), and

the delivered power to the load (PL) are derived from the following equations which are

calculated using the equivalent circuit model:
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Figure A.1. An equivalent circuit model for a two-port network.

PavG =
|VG|2

8Z0

|1− ΓG|2

1− |ΓG|2
(A.10)

Pin =
|VG|2

8Z0

(1− |Γin|2)|1− ΓG|2

|1− ΓinΓG|
(A.11)

PavN =
|VG|2

8Z0

|1− ΓG|2|s21|2

(1− |Γout|2)|1− s11ΓG|2
(A.12)

PL =
|VG|2

8Z0

|1− ΓG|2|s21|2(1− |ΓL|2)
|(1− ΓinΓG)(1− s22ΓL)|2

. (A.13)

If the source is conjugate matched to the input impedance of the two-port network (

Γin = Γ∗G), Pin becomes equal to PavG. Similarly, having a matching circuit at the output

results in Γout = Γ∗L and maximizes the delivered power to the load.
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We can use equations A.10 – A.13, to define different metrics for measuring power

transfer efficiency in a two-port network. Similar to [33], we define the fraction of delivered

power to the load over available power of the source as transducer gain (GT ). Operating

power gain (Gp) is another definition of power gain that is used frequently To calculate

PTE in this chapter. As mentioned earlier in this thesis, PTE is calculated assuming the

mismatch of the RX antenna and its load as an influential factor. It means that there is no

matching circuit at the receiving side. In order to evaluate the effect of this mismatch on

PTE, we introduce a new power gain: desired gain (Gdes). Gdes is the ratio of PavN to Pin:

GT =
Delivered power to load

Maximum available power of generator
=

PL

PavG

(A.14)

Gp =
Delivered power to load

Input power to network
=
PL

Pin

(A.15)

Gdes =
Maximum avaibale power out of network

Input power to network
=
PavN

Pin

(A.16)

The power gains in equations A.14 – A.16 can be expressed in terms of scattering

parameters or impedance parameter. It is insightful to look to different power gains in a

situation that ZG and ZL are matched to Z0. In this case, ΓG = ΓL = 0 and Γin = s11,

Γout = s22. Recalculating power gains results in the reduced formats written in equation

A.17:

GT = |s12|2, Gp =
|s21|2

(1− |s11|2)
, Gdes =

|s21|2

(1− |s11|2)(1− |s22|2)
. (A.17)

Equation A.17 clearly shows the effect of mismatch on the PTE. In comparing the terms,

it is evident that the portion of the generator’s available power that is equal to |s11|2PavG is

reflected at the input port. Similarly, |s22|2PavN is reflected at the output port of the network

due to the mismatch. GT is the most general term that includes the effect of impedance

mismatches on both transmitting and receiving side. Gp only takes into account mismatches
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on the receiving side, while Gdes is completely independent from any impedance mismatch

and is a function of s21. s21 can be views as a coupling coefficient that dominantly determines

PTE when there is no impedance mismatch in the system. S matrix of a passive network is

symmetric, which means that s12 and s21 are equal. This assumption is valid for all passive

networks. In a passive network, |s12| ≤ 1. The equality only happens for a loss-less network

and means that 100% of input power to the network is transferred to its output port. s12 is

an intrinsic feature of the network that depends on the network’s physical properties such

as dimension and types of materials. A wireless link that includes material with high losses,

has smaller s21.

In a two-port network, the power loss due to impedance mismatch at the output port is

usually reported by defining “input return loss” as seen in equation A.18. “Insertion loss”

and “output return loss” are two other terms used to formulate losses from the input port

to the output and impedance mismatch at the output port (A.19, A.20).

IRL = 10log10|
1

s211
| = −20log10|s11|(dB) (A.18)

IL = −20log10|s12|(dB) (A.19)

ORL = 10log10|
1

s222
| = −20log10|s22|(dB) (A.20)

The dependency of S parameters on the dimensions of the system implies that the

impedance mismatch of TX and RX antennas is not the only factor that must be

considered for designing an efficient power transfer method. Antenna structure and

dimensions also could impact the S parameters and, consequently, change the performance

of the system.
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