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Medication compliance is the degree to which a medication is taken according to a 

prescribed treatment and is usually measured in terms of percent of doses taken over a given 

interval. It is estimated 125,000 people die of treatable ailments because of poor adherence. A 

tenth of hospital admissions are associated with noncompliance at a healthcare services expense 

of approximately $15.2 billion annually. Motivated in part by the need for new alternatives for 

measuring medication compliance, the primary objective of this dissertation is to investigate the 

feasibility of small electronic transponders as potential means for low cost and reliable detection 

schemes of orally ingestible electronic pills (e-pills). With continued advances in RF 

biotelemetry, it is envisioned that an external monitoring point-of-care device or a body-worn 

electronic sensor can be used to detect the presence of the pill in the stomach or GI-tract after 

ingestion. 

The proposed medication compliance device comprises of an electronic microchip and an 

antenna inlay placed on the surface of a standard 0 or 00 sized capsule. These antennas can be 

made of conductive bio-compatible coatings by incorporating a metal, which can dissolve, such 

as silver, under a temporary protective layer such as polyglycolic acid, or by incorporating 

particles that are non-toxic by virtue of being non-absorbable. Thus, the substrate for the antenna 
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and the electronic device can be directly applied onto the surface of the drug delivery device 

without affecting the volume reserved for the medication. The electronic pill in this system-on-a-

capsule can be potentially manufactured in large scales using a thin, mechanically compliant and 

small antenna pill inlay under a biocompatible protective coating that is excreted via the GI tract.  

This work begins with an overview of medication compliance and current techniques of 

measuring medication adherence. A brief review of potential alternatives based on electrical 

identification technologies is presented. We devote a large portion of this thesis to understanding 

the transmission characteristics of small electronic radiating elements inside the human body. 

Initial feasibility studies are carried out using small coil antennas inside human phantom 

solutions that mimic the electrical properties of the human body. Studies are supported by 

extensive simulations of radiating elements inside the human body using the finite difference 

time domain (FDTD) technique. The radiated field intensity over several US Federal 

Communications Commission (FCC) telemetry bands was characterized to determine optimal 

UHF transmission frequencies and suitable locations for external reader placement. This 

dissertation also investigates a variety of capsule antenna designs, direct on-capsule printing 

methods and measurement infrastructure to experimentally characterize the antenna pills. 

This work introduces a novel radio frequency identification transponder design, called “e-

Burst”, which enables detection of passive electronic pills inside the human body. The critical 

insight of the proposed RF tagging architecture is the use of an effective signal coupling 

methodology and an asymmetric powering and communication scheme to circumvent problems 

associated with signal attenuation inside the human body and poor radiation efficiency of 

electrically small antennas. Since the power levels required to activate a tag are orders of 

magnitude larger than what is detectable externally, the tag employs a galvanic coupling method 
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to energize the microchip at low frequencies where in-body attenuation is lowest, and generates 

RF bursts at higher frequencies where the efficiency and fractional bandwidth of a capsule-sized 

antenna is higher. The operation of the tagging system can be treated as a two-step energy 

conversion process where low frequency energy transferred from the reader device is first 

converted into DC to energize the tagging device, and the stored DC energy on the tagging 

device is then converted to the UHF RF bursts to show the presence of the tagging device. 

Critical design parameters for overall system level analysis incorporating experimentally 

characterized channels using human cadaver are presented. Based on these studies, a proof-of-

concept asymmetric RF tagging device was fabricated using 130nm CMOS technology and 

validated inside phantom solutions. 



 

15 

CHAPTER 1 
INTRODUCTION 

1.1 Overview of Medication Compliance 

Medication compliance can be loosely defined as the degree to which a medication is taken 

according to a prescribed treatment, and usually it is measured in terms of percent of doses taken 

over a period of time. Medication compliance monitoring is critical in at least three different 

areas: pharmaceutical clinical trials, geriatrics, and mental health/addiction medicine. In 

pharmaceutical trials estimates vary, but on average it is likely that 25-50% of the patients are 

noncompliant to the prescribed regimen [1]-[2]. It is estimated that 125,000 people die because 

of non-compliance to prescriptions every year. Almost a tenth of the hospital admissions are 

associated with noncompliance at a cost of approximately 15.2 billion dollars per year [3]. 

Psychotics who can be prevented from relapses (by correct medication compliance) can save the 

healthcare system thousands of dollars per relapse (often enough to pay for the health-care 

system in preventing only one such relapse). Similarly, the elderly and other “high medication” 

groups suffer from poor medication compliance, drug interaction, and improper administration 

problems. In medical development industry, this noncompliance requires large numbers of 

excess patients to be studied for both efficacy and safety (potentially costing tens to hundreds of 

millions of extra dollars per trial). Hughes [4] rates the overall cost of noncompliance at about 

100 billion dollar per year, and described it as “America’s other drug problem”.  

1.2 Significance of Medication Compliance Monitoring 

Over the past three decades the yearly spending on drug development has increased more 

than 12 times in inflation-adjusted dollars [5]. A major obstacle the drug industry faces is in 

reducing the development times while improving the success rate of a drug trial. Clinical trials 

consume a major portion of the development time and cost of introducing a new drug into the 
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market [1], [6]. The importance of knowing with certainty the patient’s compliance to a 

medication regimen is vital to the outcome of the clinical trial, because without it the result from 

a trial cannot be accurately interpreted. Despite the presence of several methods that measure the 

compliance of patients to medication, there is no methodology that is considered the gold 

standard. None of the methods offers both a qualitative and a quantitative measure of compliance 

[1]-[7], and thus measuring medication regimen compliance continues to be a major problem. 

Reports from the Tufts Center for the Study of Drug Development (CSDD) indicate that 

the average cost to develop a drug is $802 million per drug [5], of which the clinical trial phase is 

one of the costliest in drug development. Lowering development costs is not only beneficial for 

drug companies, but also to health-insurance providers and consumers. The drug industry needs 

to adapt novel research and development models that stress better, faster, and cheaper ways of 

introducing new drugs to the market. Since the passage of the Prescription Drug User Fee Act in 

1992 the average development time for new drugs has dropped from 9.2 years to 6.9 years [5], 

yet the industry still faces a major obstacle in reducing the development times while improving 

the success rate of a drug trial. Studies conducted by Tufts CSDD have shown that reducing the 

development time by half will reduce total costs by 29%. Their analysis also indicates that for a 

drug developer to reduce development costs by $200 million, the developer must either improve 

clinical success rate by 30% or cut out-of-pocket preclinical costs by 59%. Furthermore, the 

annual cost to the U.S. healthcare system from non-compliance with medication regimens 

exceeds $100 billion and pharmaceutical companies lose over $25 billion in revenue from 

unfilled prescriptions [6][8].  

The definition and measurement of adherence varies from study to study, but the quoted 

definition of compliance is “the extent to which a person’s behavior coincides with medical and 
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health advice” [1][6]. For the purposes of this dissertation, the terms adherence and compliance 

will be used interchangeably, and non-compliant type of behavior will be defined as in [1], [5]-

[6] and [9]: 

•  A delay in beginning and/or the termination of treatment 
•  Omissions of one or several doses 
•  Errors in the size of the dose taken 
•  Inappropriate and irregular timing in administration 
 

In a clinical drug trial it is important to know the patient’s compliance to a medication 

regimen with a high degree of certainty, because without such knowledge the results from a 

clinical trial cannot be accurately and realistically interpreted. There is no doubt that the outcome 

of a clinical trial is always correlated to the medication adherence regimen. For instance, in a 

beta-blocker heart attack trial the death rate was reported at 13.6% in subjects whose compliance 

was less than 75%, compared to 5.6% in subjects whose compliance was over 75% [10]. 

Furthermore, variations in compliance can alter the number of subjects required to detect a 

significant difference between treatment and placebo. Knowing the adherence rate is also 

necessary to examine the dose-response relationship and allow a valid analysis of treatment 

efficacy. Some trials use a run-in period where prospective subjects are eliminated if they do not 

meet a pre-determined level of compliance. For example, in a clinical trial involving low-dosage 

aspirin it was reported that 11,000 of 33,000 eligible subjects were excluded because of low 

compliance [6], [11]. Use of an effective compliance monitor can significantly reduce the cost of 

drug trials (and thus drug development), increase early detection of non-compliance, possibly 

increase compliance because subjects know they will be caught, and accurate dismissing of bad 

data. This will lead to a higher success rate leading to lower costs and less time as described 

above.  
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The following points summarize the significance of non-compliance in clinical trials [1], 

[5]-[6], [12]-[13]: 

•  $800 million development cost for a new drug. 

•  Non-compliance leads to increased drug trial lengths, more subjects, increased 
development costs, and failure to detect infrequent complications. 

•  Poor compliance records make it difficult to ascertain true outcome of a clinical trial, thus 
increases the cost of developing a new medication. 

In the broader sense, the following points summarize the significance of non-compliance in 

general [1], [5]-[6], [12]-[13]: 

•  50% of medication is not taken as prescribed. 

•  10% of hospital admissions are due to patients not taking medication correctly. 

•  It is estimated that there are 218,000 deaths annually from not taking medication properly. 

•  100 million Americans are taking medication for chronic conditions, and 50% are not 
compliant. 

1.3 Current Techniques in Measuring Compliance 

Numerous direct and indirect methods are available for measuring patient adherence to 

medication regimens, but as documented in a recent JAMA review [2] of medication adherence 

strategies, none have had a significant effect in determining the validity of compliance 

[1][6][14]. Direct methods typically provide proof that the patient took the drug, whereas indirect 

methods provide a way to qualitatively measure the adherence. The table below lists both 

methods.  

Table 1-1. List of direct and indirect methods of medication compliance 
Direct Methods Indirect methods 

• Detection of drug or a metabolite in 
blood or urine 

• Detection of a biological marker that 
is given with the drug 

• Direct observation of patient 
receiving the medication 

• Self-reporting by the patient 
• Pill count 
• Electronic monitoring devices(MEMS 

cap and metered-dose inhaler) 
• Prescription record review 
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1.3.1 Direct Methods 

Direct methods provide an answer to the question: Has the patient recently taken a dose of 

the drug? However, the presence of the drug does not prove compliance, and likewise the 

absence does not prove non-compliance. Measurements of blood and urine drug levels do not 

depict the complete manner in which a patient has taken the medication, nor do they detect 

fluctuations in compliance between clinical visits. For instance, if the drug or biological marker 

has a fairly short half-life examining the drug levels in biological fluids would not detect so 

called “white-coat compliance”, in which the patient is non-compliant until shortly before a 

clinical visit and returns to non-compliant behavior after the clinical appointment. Directly 

Observed Therapy (DOT) has been shown to positively impact adherence [6]. Adherence rates of 

over 80% have been achieved with this novel approach. DOT requires that patients report to a 

public health facility on a daily basis and that they be observed taking their medication(s). DOT 

is usually reserved for diseases that pose a public health risk such as tuberculosis and AIDS. A 

similar approach has been used for methadone administration. DOT is expensive, and the method 

is not entirely foolproof; for instance, deliberate non-compliers can feign swallowing of the 

medication and then remove it from their mouth when they are not observed. 

1.3.2 In-direct Methods 

Indirect methods provide a more quantitative measurement of adherence; however, patient 

interviews and questionnaires are generally considered unreliable for accurate assessment of 

compliance [6]. Gordis et al. reported that comparing a urine test to determine whether a dose of 

penicillin had been taken that morning with patient interviews indicated 69% compliance, 

whereas urine test documented only 33% compliance. The accuracy and validity of self-reporting 

methods is dependent on the interviewer’s skill and the construction of the questions. The 

relationship and manner of communication between health care professionals and patients have 
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also been found to affect compliance. Besides patient interview, the most common method used 

to determine adherence to medication is counting the number of dosage units that the patient 

failed to take in between scheduled clinical visits. However, the pill count method does not 

provide information related to the nature of adherence problem, e.g. the pattern of missed doses. 

A number of electronic devices [6][7][15] have been created specifically for the purpose of 

monitoring medication adherence. These devices record the time and date that a patient obtains a 

dose of medication by detecting when the pillbox is opened. These devices provide precise data 

on the manner in which the patient uses the medication, and are far more reliable than self-

reporting. However, the fundamental drawback with indirect methods is that they cannot provide 

a qualitative answer to medication compliance, i.e. they cannot corroborate that the patient did 

indeed took the medication. 

1.4 Review of Electronic Detection Methods 

Biotelemetry is a rapidly growing field that may provide the next critical breakthrough in 

medical monitoring. These devices can be used for tasks such as embedded oxygen monitoring, 

glucose sensors, fetal monitoring, and measurement of hormones such as progesterone to 

optimize in vitro fertilization. In addition to medical applications, athletes can use biotelemetry 

to improve training by monitoring the concentration of oxygen or lactic acid in skeletal muscles.  

Techniques such as Radio-frequency-Identification (RFID) can be adapted to provide 

biotelemetry by including external sensors into the existing systems. However, RFID was not 

designed to operate in vivo and the transmission of EM signals from embedded or internal 

sensors will be hampered by attenuation in human tissue. RF telemetry from within or through 

the human body needs to be optimized by tailoring the frequency, antenna geometry, sensor 

design, and power sources. Alternate approaches such as magnetic based sensors are simple to 
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implement but do not provide a unique signature to distinguish different types of capsules. 

Below we provide a brief review of different types of electronic detection methods. 

1.4.1 Magnetic Methods 

The use of magnetic pills in humans is well documented [16]-[19]. The pills have been 

mainly used in the research of gastrointestinal motility. Magnetic fields are impervious to 

materials (apart from iron and a few other materials) it travels through. This would be 

advantageous in compliance monitoring, because a magnetic field emanating from inside of a 

human body will not be distorted due to blood, tissue, and bone, all of which distort electric 

fields. The caveat, however, is the cubic decrease in magnetic field strength with every doubling 

of distance. Another drawback in magnetic based approaches is that it is difficult to generate a 

unique signature. Metallic objects such as metal sheet or a cell phone create a response that is 

similar in shape to that of a permanent magnet. Their responses, although smaller in strength by 

roughly an order in magnitude, makes discrimination from the permanent magnet-based tags 

difficult [20].  

1.4.2 Low Frequency Resonant Tags 

Low frequency resonant tags are commonly used for electronic article surveillance (EAS) 

applications to prevent shoplifting from retail stores or pilferage of books from libraries [21]-

[23]. These tags are typically operated within the frequency range from 30 KHz to 300 KHz, or 

from 3 MHz to 30 MHz, and can be implemented using various methods. 

A magnetic tag is formed by two magnetic strips [22][23]: a strip of magnetostrictive, 

ferromagnetic amorphous metal and a strip of a magnetically semi-hard metal, which can be used 

as a biasing magnet to change the signal strength and thus completely deactivate the tag. The 

amorphous metal is used due to its magneto-elastic coupling ability, which means it can convert 

the coupled magnetic energy into mechanical vibration. The tag is activated by magnetizing the 

http://en.wikipedia.org/wiki/Megahertz�
http://en.wikipedia.org/wiki/Magnetostriction�
http://en.wikipedia.org/wiki/Ferromagnetism�
http://en.wikipedia.org/wiki/Amorphous_metal�
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semi-hard magnet, which helps the amorphous strip generate a much stronger response to the 

detector; the tag can also easily be deactivated by de-magnetizing the metallic strip, so that the 

mechanical oscillation from the amorphous metal is too small to be detected by the reader. The 

magnetic tag operates at the resonant frequency of the amorphous strip, usually in the kHz range. 

 

Figure 1-1. The “Pulse-Listen” methodology of detecting chip-less tags. 

Low frequency resonant tags can also be implemented using discrete LC components. 

Most of the commercially available LC tags are made to resonate between 1.75MHz and 

9.5MHz, with 8.2MHz being the most popular operating frequency [25]. For some of the tagging 

systems available in the market, the tag is formed by a discrete capacitor and a planar coil with 

5-7 turns. These tags can also be de-activated by applying a strong electromagnetic field at the 

resonance frequency to induce voltages that exceed the capacitor's breakdown voltage, therefore 

destroying the capacitor and detuning the tag off resonance. Because of its relatively small size 

and ease of detection at low frequency, LC tags are more popular than the magnetic tags.  
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The “Talk-and-Listen” (Figure 1-1) approach is the most popular interrogation technique 

to detect the low frequency resonant tags. To inquire the presence of the tags, the reader “talks” 

first by sending out periodic tonal bursts at the tag resonant frequency. In this phase, oscillating 

current is induced into the resonant tank, and electromagnetic energy is stored within the tag. 

When the reader is quickly shut off and goes into the “listening” mode, the stored energy will 

sustain the tag oscillation for an additional period of time. By detecting this residual oscillation 

from the tag, the reader can tell that the tag is in its reading range.  

The “Talk-and-Listen” method is seldom used to detect tags resonated at high frequencies, 

since the detection quality of this method depends on the time duration of the tag’s residual 

oscillation, and a tag with longer residual oscillation can be detected more  reliably. Because the 

amplitude of the residual oscillation is damped by a factor e-π/Q per oscillating cycle [25], in 

which Q is the quality factor of the resonant tank, long residual oscillation time can only be 

achieved by forming tags with high-Q components. Although components with Q ~1000 can be 

easily implemented at low frequency, it is difficult to obtain such high Q at VHF/UHF bands 

because of the increased ohmic loss and electromagnetic radiation.  

Although the low frequency resonant tagging technology has already been widely and 

reliably used in various applications, there are difficulties to apply it directly for medication 

compliance monitoring. For example, the metallic (magnetic) strips used to form the magnetic 

tags can hardly be made biocompatible, and they are too large to be ingested by the patients. The 

energy coupling between the LC resonant tag and the detector relies heavily on the size of the 

tagging coil, therefore using a coil fitting the standard capsule, which is used as ingestible 

vehicle for medication, greatly limits the detection range. Furthermore, the low operating 
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frequency may cause interference problems with some implanted medical devices, such as 

pacemakers and defibrillators [24]. 

1.4.3 RFID Technologies 

Similar to the EAS technology, RFID tags can be applied to or incorporated into a product, 

animal, or person for the purpose of tracking and identification. In order for the interrogator to 

distinguish different objects in the detection range at the same time, identification codes can be 

assigned to different objects. Therefore, an integrated circuit (IC) device for storing and 

processing data (i.e. the identification code) must be included. Based on the operation scheme, 

RFID tags can be divided into three major categories: the active tag, which is powered by a 

battery and can transmit signals autonomously; the passive tag, which is powered by an external 

RF source; and the semi-active tag, which requires an external source to wake up but is powered 

by a battery to transmit. For the drug compliance application, we concentrate on the passive tags 

since any ingested RFID system containing batteries will impose a degree of risk to the patient’s 

safety.  

A passive RFID tagging device consists of a tagging IC and an antenna. Based on their 

mechanism of operation, existing passive RFID systems may further be divided into either near 

field/inductive coupling system or far field/backscattering coupling system.  

1.4.3.1 Near-field RFID 

The near-field RFID tag operates at low frequency. Relying on the energy inductively 

coupled from the reader, the near field RFID is essentially a resonant tank formed by a 

transponder coil and capacitive tagging IC.  To detect a tag located in the detection range, the 

reader transmits a magnetic alternating field at the tag resonant frequency; the impinging field 

causes current to circulate in the tag resonant tank, and the peak current at the frequency of 

resonance can induce a small but detectable change in the reader coil impedance. This change in 

http://en.wikipedia.org/wiki/Battery_(electricity)�
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impedance is known as reflectance impedance and can be used by tags to transmit information 

back to the reader. For example, two distinct reflectance impedance values representing digital 

information can be generated by tuning the resonant tank to or away from the coupling 

frequency.  

Considering that the low frequency RF power can easily transmit through the human body 

without incurring too much attenuation, low frequency tagging systems seem attractive. 

However, there are drawbacks associated with the near field technique that limit its usefulness in 

this application. 

Similar to the EAS, the major obstacle of using the low frequency resonant RFID 

technology for medication compliance monitoring is the relative large size of the tags. In order to 

induce enough current on the resonant tag to sustain the IC operation, the tag coil must be either 

comparable to the operating wavelength, or must consisted of multiple turns. Unfortunately, the 

envisioned RF structure around the capsule is to be made using a single layer of biocompatible 

conductive inks. While this definition simplifies the manufacturing process, it makes the multi-

turned structure incompatible.  

The inductive coupling is very sensitive to the relative position between the reader and the 

tagging device. Once ingested into the human body, the tagging device moves along the GI tract, 

and possibly rotates within the stomach. Therefore a stable inductive coupling for IC activation 

cannot be maintained.     

1.4.3.2 Ultra high frequency RFID 

Recently, telemetry system operating at Ultra High Frequency (UHF) has drawn interest 

among researchers around the world due to its potentially small size and long operating range 

[26]-[39]. Functioning in the far field loosens the requirement for tag-reader alignment, and the 

efforts to minimize tag antennas [40]-[47] make this approach more suitable for the proposed  
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Figure 1-2. Illustration of UHF backscattering RFID tagging system. 

application. The basic operation principle of the UHF RFID tagging system can be illustrated as 

shown in Figure 1-2. The reader transmits high power at UHF frequency to inquire the presence 

of the tagging device, while the RFID tagging device, including the antenna modulator, the 

oscillator and the digital core with the unique identification code, is energized by the power 

extracted from the UHF carrier. Once activated, the tagging device communicates with the 

reader by backscattering the electromagnetic power impinging on the tag antenna. The signal 

backscattered from the tagging device is generally ~60dB smaller (including the two-way path 

loss between the reader and tagging device, and the scattering loss on the tag antenna) than the 

UHF carrier at the reader input. In order to distinguish the backscattered signal from this large 

interferer, the tag antenna as an EM scatter is periodically modulated by the tagging IC, and 

therefore produces two backscattering signatures. In frequency domain, these two signatures are 

UHF carrier

PA

D
etector

TTAG

Circulator

LN
A

MixerBPF
Modulator

Frequency 
Domain

Carrier

Modulation 
frequency

Sidebands to show the 
presence of the tag 



 

27 

represented as sidebands on both side of the UHF carrier; the reader can then detect the tagging 

device by recognizing these sidebands. 

The UHF RFID technology seems to be a good candidate for medical compliance 

monitoring, as the tag size can be reduced by simply designing the system at higher frequency. 

However, this technology is not designed to operate in vivo: when transmitted from embedded or 

internal sensors to a reader located outside of the body, UHF electromagnetic signals are 

severely attenuated by the human body.  

1.5 Towards an Electronic Pill 

An ideal compliance monitoring method would consist of both direct and indirect methods 

for monitoring a patient’s adherence to a regimen [1]-[6]. Our concept entails using a point-of-

care (POC) handheld monitor that consists of an RF transceiver and antenna that detects the 

presence of the electronic pill (e-pill) in the GI-tract after it has been ingested by the patient. 

Without interfering with the capsule as a transport for medication, the e-pill, coded with a unique 

identification tag, is integrated onto the outer surface of a standard-sized capsule. The patient 

orally ingests the capsule and activates the POC handheld monitor. The monitor is placed at 

close proximity to the patient’s abdomen, enabling the detector to scan for the presence of the e-

pill in the patient’s GI-tract. Upon detecting the unique signature of the e-pill, the detector stores 

a time-stamped reading of a positive compliance; if the detector fails to register the correct e-pill, 

it will alert the patient for failed compliance. The entire history of the patient compliance can be 

stored inside the detector and relayed to the health care provider for study and analysis.           

1.6 Dissertation Organization 

The proposed research will focus on the design and implementation of electronic pills: 

standard sized capsules with small electronic devices attached to their outer surface, which can 

only be detected after ingestion. The primary goals are to understand how the human body 
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affects the radio-frequency wave transmission, and to design the preliminary system with the 

necessary capsule structures and integrated circuit chip based on those findings.   

In Chapter 2, we present a feasibility study of small capsule antennas for medication 

compliance monitoring. The finite difference time domain (FDTD) method and experiments 

using biological phantoms (i.e. solutions that resemble the electrical properties of the human 

body) are used to determine the radiation characteristics of simple loop and dipole antenna 

structures from inside the human torso. In addition, we provide a brief overview of the 

development and formulations of custom silver nanoparticle inks as the capsule antenna material. 

Chapter 3 shows our effort to design and characterize the capsule antennas. To verify the 

design and fabrication process, the first zig-zag antenna printed directly onto the standard 

capsules is reported. The capsule antenna was printed using the screen printing method, and was 

characterized on a probe station with its metallic cover replaced by a plastic replica to reduce the 

grounding effect. Following the same procedure, several inductive capsule antennas compatible 

with the UHF backscattering technology were designed and verified. Among those, the capsule 

antenna with the maximum radar cross section (RCS), which is a term used to represent the 

scattering ability of a conductive structure, was packaged with a commercially available IC 

device to form a backscattering tag, and its detection was demonstrated using a commercial 

reader.   

 In Chapter 4, we propose a new powering scheme to activate the tagging device ingested 

into the human body. This method utilizes the fact that the human body is moderately 

conductive, and transfers the required power to energizing the tagging IC through the human 

body channel at low frequency. The ingested tagging device can then utilize two conductive pads 

directly contacting the surrounding tissue environment to extract the required energy. Once 



 

29 

activated, the tagging device periodically generates short bursts at UHF frequency to show its 

presence. To facilitate the design of this asymmetric tagging device, the low frequency powering 

channel through the human body was first characterized through cadaver and saline experiments. 

Then, the detailed IC design methodology incorporating the characterized powering channel is 

discussed. A proof-of-concept tagging IC was fabricated using CMOS 130nm technology. After 

its functionality was verified on a probe station, the fabricated tagging IC was packaged with a 

capsule antenna to form a prototype electronic pill device. The packaged device was then dipped 

into the saline solution that was used to mimic the human torso, and its detection was 

demonstrated using an Agilent mixed-signal analyzer.  

The research effort to develop the electronic pill for medication compliance monitoring is 

summarized in Chapter 5, as well as suggestions to future works that can further improve the 

design methodology.  
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CHAPTER 2 
FEASIBILITY STUDY OF E-PILL DETECTION 

2.1 Introduction 

Motivated in part by the need for new alternatives for medication compliance, the primary 

objective of this chapter is to investigate the feasibility of small printed antennas on standard 

sized capsules as potential radiating elements for low cost and reliable detection schemes of 

orally ingestible electronic pills (e-pills). As shown in Figure 2-1, the outcome of this study may 

lead to passive or battery-less radio-frequency tags for standard capsules. With continued 

advances in RF biotelemetry, it is envisioned that an external monitoring point-of-care device or 

a body-worn electronic sensor can be used to detect the presence of the pill in the stomach or GI-

tract after ingestion.  

 
Figure 2-1. Passive miniaturized electronic chip for medication compliance. The proposed 

micro-system will be approximately 1mm by 2mm and less than 0.5mm in thickness. 
It is attached to a conductive antenna “printed” or adhered onto the capsule. The 
“electronic tape” is enclosed with biocompatible coating. 

This chapter presents design and implementation aspects of small antennas and their 

detectability inside the body. We employ both simulation tools based on the finite difference 

time domain (FDTD) method and experiments using biological phantoms (i.e. solutions that 
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model the electrical properties of the human body) to determine the radiation characteristics of 

simple loop and dipole antenna structures. In addition, we present a brief summary of custom 

silver nanoparticle inks as a potential capsule antenna material. Detailed studies of the silver inks 

are presented in [48]. 

Unlike previous studies, this work investigates the feasibility of patterning antennas on the 

outer surface of a capsule using silver conductive inks. The uniqueness of this approach stems 

from utilizing the capsule surface area to print electromagnetic radiative elements, which could 

be made to dissolve or detach from the capsule. Antennas can be made of conductive 

biocompatible coatings by incorporating a metal that can dissolve, such as silver, under a 

temporary protective layer such as polyglycolic acid, or by incorporating particles that are non-

toxic by virtue of being non-absorbable. The medication capsule can therefore house on its outer 

surface an electronic compliance device. Thus, the substrate for the antenna and the drug 

delivery device are the same and the volume reserved for the medication remains unchanged. 

The RF tagging electronic chip can be made thin, mechanically compliant and smaller than 

0.5mm2 [49] under a biocompatible protective sealant and excreted via the GI track. Should 

direct printing onto capsules become feasible, it could lead to low cost and high volume 

manufacturing of medication capsules using specialized offset-gravure machines commonly used 

in the pharmaceutical industry. Alternatively, a ready-made electronic compliance tape on 

biocompatible substrate can be transferred onto the capsule using similar printing systems. This 

passive system-on-a-capsule can potentially incorporate sensors in addition to an RF subsystem 

for wireless telemetry, and can potentially be made very inexpensive in large numbers for high-

volume medication compliance applications. 
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2.2 Biocompatible Inks 

 Silver has a long history as a material of practical use in civilizations. Besides well-

known uses in coins, photography, silver is widely used in surgical procedures, prescribed 

medicine and food. For example, silver acetate (AgC2H3O2) was used for over a decade as a 

smoking cessation ingredient in both Europe and the United States; even today, pure silver-made 

foil is ingested together with food in India and other countries. In this section, we present a brief 

overview of formulations and experimental characterizations of silver nanoparticle (SNP) based 

inks. These studies were performed in collaboration with researchers from the Department of 

Materials Science at the University of Florida. The preparation method and biocompatibility of 

the silver ink is then briefly reviewed, and a detailed discussion of methods, formulations and 

experimental results can be found in [48].  

2.2.1 Ink Preparation 

Silver was the chosen capsule antenna material because of its biocompatibility and low 

sintering temperature when used in colloidal form. Colloidal silver has a sintering temperature 

about 1/10 the normal silver melting temperature (100°C). The key component to create an ink 

suitable for printing as presented in [48] is the protection of silver colloids during silver 

nanoparticle synthesis; this controls SNP size by limiting agglomeration and particle 

coalescence. Much scientific progress has been made when polyvinylpyrrolidone (PVP) is used 

for protection of silver ion by forming the Ag-PVP complex that limits silver growth. Under such 

conditions, stable silver colloids can be formed within the narrow size distribution of 20-70 nm, 

which decreases the melting temperature of the silver particles to below 100°C. 

The silver ink methodology was prepared via reduction with formaldehyde using the PVP 

as a protective agent to limit the growth of silver-nano particles [48]. The conductive inks can be 

re-dispersed in either water or alcohol solutions and adapted for a wide variety of printing 
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requirements. Possible printing applications include inkjet printing (with wide nozzles) using 

water and diehyleneglycol, screen printing using water and diethylene glycol or α-terpineol and 

ethylcellulose, and pad printing using propylene glycol or an organic binder such as ethyl 

cellulose in α-terpineol. The organic binders are used to adjust the ink viscosity for different 

printing methods. The ink viscosity determines the thickness of the printed trace and the detail of 

the resolution. For screen printing, diethylene glycol was added and centrifuged into solution for 

a viscosity of approximately 20kcps. 

2.2.2 Biocompatibility and Silver Toxicity 

A full biocompatibility study of various silver compounds and particles is beyond the 

scope of this study. Since the target of the proposed application is to have a silver antenna 

printed or attached on a gelatin capsule or a biocompatible substrate, a general review of silver 

toxicity presented in [48] is repeated herein for completeness.  

Silver toxicity has been reviewed quite thoroughly with the main focus of the research 

concerned with cosmetic changes associated with colloidal silver ingestion and its anti-microbial 

effects. Argyria, or skin discoloration due to colloidal silver ingestion, is a common side effect 

with large doses of silver. The EPA publishes a Reference Dose (Rfd) of many major chemicals, 

which estimates the daily exposure that will likely be of little physiological harm to single 

individual during their lifetime. For oral silver, the exposure recommendation target is less than 5 

μg/kg/day. For a 5 kg infant to a 70 kg adult, the dose will be less than 25-350 μg/day. In 

comparison, a regular diet contains about 90 μg of silver daily as the typical background 

exposure. 

Drake and Hazelwood [50] gave a thorough literature review of the health effects of silver 

and silver compounds. The authors indicated that the toxicity of a metal was influenced by 

several factors, including “the solubility of the metal, the ability of the metal to bind to biological 
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sites, and the degree to which metal complexes are sequestered or metabolized and excreted”. 

The major exposure pathways of silver into the human body include the ingestion of silver 

compounds and colloidal silver proteins, the inhalation of dust or fumes in occupational settings, 

skin contact from burn creams and jewelry, as well as many other medical applications. The 

greatest toxicity differences between the various silver forms are between soluble and insoluble 

silver, with soluble silver compounds being indicated to be more easily absorbed. Soluble silver 

forms complexed primarily with proteins and RNA and DNA by binding to sulfhydryl, amino, 

carboxyl, phosphate, and imidazole groups. On the other hand, metallic silver and insoluble 

silver compounds were “not readily taken up by the body”, although Drake and Hazelwood cited 

a few studies where argyrosis or localized argyria (such as in the lungs) are developed from 

silver metal. A number of studies cited by Drake and Hazelwood showed that metallic silver was 

not soluble in aqueous solutions nor were they solubilized by any physiological mechanism. 

Therefore, they were more likely to be excreted from the body. These considerations as to the 

differences between the effects of the form of absorbed silver will be critical in future 

biocompatibility of a silver antenna that may or may not be protectively sealed.  

Malcolm et al. [51] indicated that silver acetate (AgC2H3O2) was used for over a decade 

as a smoking cessation ingredient in Europe. Three controlled, double-blind European studies 

were cited as effective in reducing the number of cigarettes smoked per day. In Malcolm’s study, 

smokers were given silver acetate gum that contained ~6 mg of silver acetate, which yielded 3.9 

mg of silver in each stick of gum. This is estimated to be the typical amount of silver contained 

in one capsule antenna, depending on the final design. For three weeks, the gum was chewed 6 

times per day for 30 minutes each time. The total dose per day was then about 23.2 mg (actual 

percent absorption not known) and the total study dose was 487 mg. Argyrism was not found in 
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any patients, although argyrism was one side effect in other silver acetate studies, occurring only 

after 50 times the normal dose was taken and in lozenge form. Silver acetate was found by an 

FDA Advisory to be safe as a nonprescription treatment for smoking cessation and allowed for 

OTC use, but later studies proved the gum ineffective for smoking cessation. This study showed 

a large dose of silver taken by ingestion could be tolerated with side effects linked more closely 

to the type of silver ingested (silver acetate) rather than to metallic silver. 

Das et al. reviewed the use of food grade silver foils. This study gives evidence for the 

overall safety of ingested silver metal foil that may be analogous to sintered silver antennas in 

their material properties. Silver has been used for coloring agents for confectionary and alcoholic 

beverages. Foil designs have been used to add a shiny glaze to food preparations in South East 

Asian and Middle East Asian countries. European Union legislation from 1994 allowed sliver 

powder or tiny sheets to be used as colorants in specific foods if the silver was more than 99.5% 

pure. Das et al. noted that the FDA in 2003 granted approval to silver ion technology as contact 

substances that could be used for antibacterial applications. In the Indian subcontinent, 

consumption of silver through silver foils averaged 25–50 mg per day. Previous studies indicated 

that consumption produced moderate analgesic effects. Human volunteers fed 50 mg of silver 

foil daily for 20 days showed significant hypcholesterolaemic and hypoglycaemic effects. Intake 

of good-quality silver foils was said to “be considered safe” by the authors and there was no 

mention as to the effects of argyria induced in persons taking silver foil—this may indicate that 

metallic silver is not absorbed to any great extent.  

While the previous studies do not definitively argue for or against the ultimate 

biocompatibility of silver, they offer significant evidence for a continued biocompatibility study 

of silver metal in the digestive system. For the purposes of this application, argyria due to silver 
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colloid ingestion could be mitigated by the sintering treatment applied to the silver traces during 

the processing of silver capsule antennas. Should silver prove to be the most cost and 

manufacturing friendly of capsule antenna materials, epoxy-coating and other polymer-sealing 

methods may prove suitable to protect direct biological degradation and absorption of silver. 

2.3. Modeling of Antennas inside the Human Body 

In the United States, increasing interest in wireless medical implants and telemetry devices 

has prompted the FCC to allocate specific frequency bands for use with medical devices. For 

example, these include the 402 to 405MHz for Medical Implant Communications Service 

(MICS) band, the 608 to 614 MHz for Wireless Medical Telemetry Service (WMTS) band, and 

the 902-928MHz, 2.4-2.483GHz and 5.725-5.825GHz Industrial-Scientific-Medical (ISM) 

bands. In order to evaluate the field distributions of electrically small antennas inside the human 

body in the above FCC regulated frequency bands, we employed the finite difference time 

domain (FDTD) method. For this analysis, the capsule antennas were tuned to the desired 

frequency bands and the radiation behavior was characterized inside and outside of the human 

body. 

2.3.1 Computational Method 

Finite difference time domain (FDTD) [52] is a popular method to solve problems 

involving the interaction between electromagnetic waves and complex structures. This method is 

a grid-based time-domain numerical method: the simulated structure is segmented into box-

shaped cells which are small compared with the wavelength. On each of those cells, time-

dependent Maxwell equations in partial differential forms are approximated into corresponding 

discrete forms, and the resulting difference equations are solved to obtain the spatial electrical 

and magnetic vectors at each time step, which represents the time needed for electromagnetic 
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waves to travel from one cell to the next. The calculation continues until a state of convergence 

is achieved.  

The major advantage of using the FDTD method is its excellent scaling performance as the 

problem to be solved becomes very large. As the number of unknowns increases due to the 

increase of the structure size, this method is more efficient and outperforms most other 

simulation methods. Furthermore, due to its time domain nature, in contrast to most frequency 

domain simulation methods, the FDTD method can be used to obtain a broad-band solution from 

a single board-band excitation such as a short pulse, which gives quick and accurate results over 

a very large frequency band.  

Liao absorbing boundary conditions [53] is used in the simulation instead of perfect 

matched layer (PML) boundary conditions. Both boundary conditions only allow 

electromagnetic waves to travel outward of the simulation space. But unlike Liao, PML increases 

the simulation space by defining additional padding layers composed of artificial absorbing 

materials beyond the initial simulation boundary, at the cost for longer simulation time. 

Therefore, simulation using Liao boundary conditions needs a smaller simulation space, which 

leads to faster convergence. 

2.3.2 Simulation Setup 

The human torso model with a vertically oriented coil antenna in the transverse or XY plane 

of the torso is shown in Figure 2-2. To verify the simulation setup, extensive preliminary 

simulations were performed to calibrate the results against theoretical benchmarks of well 

characterized loop and dipole antennas. The process of calibration included determining the 

appropriate mesh size, cell size, time steps, radiation boundaries, padding cells and source type 

to yield convergence within a reasonable time. Our setup consisted of a grid size of 650 by 425  
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Figure 2-2. Simulated electrical small antennas and human body model. 

by 140 cells of the torso area with a resolution or mesh size of 1.5mm and an absorbing 

boundary (Liao absorbing boundary conditions – LIAO) with 40 cells of padding. Simulations 

were carried out for a range of FCC regulated frequency bands spanning 400MHz-1200MHz. In 

each case, the coil or dipole antenna was first designed to resonate at the aforementioned 

frequencies by forcing a single cell-sized gap at the antenna feed and inserting a complex source 

impedance of the appropriate value, which was found via Gaussian source excitation simulations. 

2.3.3 Radiation in FCC Regulated Frequency Bands 

A single-turned loop antenna with diameter 8mm and a dipole antenna with length 2cm 

were simulated inside the human body model for an American adult male, which is composed of 

23 different types of body tissues with different electrical properties. Figure 2-3 shows the  
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Figure 2-3. Simulated results of electrical field distribution for electrical small antennas: (a). 
vertically oriented single-turned loop with diameter 8mm; (b). vertically oriented 
dipole antenna with total length 2cm. 

simulated E-field distributions of those antennas outside of the human torso at the MICS, 

WMTS, and ISM-915MHz bands. In those simulations, both the loop and the dipole antennas 

were aligned in the vertical direction, and placed slightly offset from the body axis. 

A comparison of the antennas operated in the MICS band shows that the single-turned loop 

outperforms the 2-cm dipole antenna by about 10-15dB. The E-field distributions for frequencies 

ranging from 400MHz to 1200MHz at ~200MHz steps for horizontally positioned antennas were 

also carried out. As in previously published studies [54][55], the simulation results indicate that 

the signal attenuation varies depending on the location of the pill as well as that of the receiving 

antenna. For both loop and dipole antennas, the maximum E-field intensity occurs within the 

range of 600MHz-900MHz. Based on our initial studies, the single-turned loop antenna exhibits 

good isotropic characteristics inside the human body, and the simulated attenuation caused by the 

human body was about 40dB at 915MHz ISM band.  

(a)

(b)
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2.4 Phantoms Experiment 

To validate our theoretical analysis, we performed experiments consisting of measuring the 

insertion loss of an electrically small loop antenna in electrically equivalent human phantoms. 

The single-turned loop was fabricated by wrapping a piece of copper tape (with 3 mm width) 

around a 00-sized capsule [56]. The loop antenna was tuned to 402 MHz MICS band by 

soldering an additional chip capacitor across the two ends of the loop antenna. 

2.4.1 Phantom Preparation 

Phantoms are solutions that exhibit electrical properties that are approximately equivalent 

to biological tissue and are used herein to characterize signal attenuation of electrically small 

loops in the human torso. While phantom preparations vary in complexity and accuracy, the 

simplest formulation, which has been used in our experiments, is based on sodium chloride 

(NaCl) and distilled water; however, improved gel based phantoms consisting of polysaccharide 

gel, NaCl, aluminum powder and sucrose can also be used. The phantom solution was filled in a 

Rubbermaid container with a slot on top to allow the insertion of the resonated loop and the 

broadband feeding probe, which was used for energizing the capsule antenna by inductive 

coupling.  

How close the phantom solution can model the human torso should be verified, and this 

was achieved by measuring the loaded return loss (S11) of a broadband RF probe using a vector 

signal analyzer (VNA). To take the loading effect into consideration, the broadband probe was 

pressed firmly against the back of a human torso and the sidewall of the phantom box, and the 

measured S11 in those two cases were compared. The relative concentration of NaCl in roughly 

4 liters of distilled water was then varied until the loaded S11 on the sidewall of the phantom box 

matched the S11 when loaded with the human back. The loaded S11 for the broadband probed  
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Figure 2-4. Measured S11 when narrow band probe is loaded with the phantom solution and 
human body within the MICS band. 

against the human back and the finalized phantom solution was in good agreement, as shown in 

Figure 2-4.   

2.4.2 Insertion Loss Measurements 

To experimentally characterize the radiation property of a small capsule antenna inside the 

phantom solution, we measured the transmission loss between the resonated capsule antenna 

inside the phantom box and an outside broadband receiving coil antenna. The experiment setup 

is shown in Figure 2-5. To prevent the 50Ω source input impedance from adversely affecting the 

quality factor of the capsule antenna, the 8mm-loop antenna was powered through inductive 

coupling from a broadband probe in close proximity (~2cm). The receiving coil antenna was 

located outside of the phantom box, and was matched to 50Ω. 30cm was left between the capsule 

antenna and the receiving coil antenna through the phantom solution to mimic the longest 

expected distance when the e-pill is ingested into the GI tract. Ferrites were used in all cables  
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Figure 2-5. Experiment setup of measuring the attenuation caused by the phantom solution at 

MICS band.   

connecting to the antennas in order to suppress radiative currents induced along the cable ground 

shields. 

The broadband probe was implemented using a multi-turn coil (~1.5cm diameter) with 

self-resonant frequency much higher than the interested frequency range, and therefore was 

completely unmatched to the VNA input impedance. When the resonated capsule loop antenna 

was placed in close proximity, because more power was coupled to the capsule antenna, the 

broadband probe became more matched, and the measured S11 was improved to ~ -10dB (Figure 

2-6). Correspondingly, because the capsule antenna stored and re-radiated the coupled energy, 

more power can be received by the receiving coil outside of the phantom box. Neglecting the 

coupling loss from the broadband probe to the capsule antenna, which is reasonable as their sizes 

are comparable and they are placed in very close proximity, the path loss for a small capsule loop  

antenna radiating through the saline solution can be estimated based on the measured insertion 

loss (S21) between the powering probe and the receiving antenna. Shown in Figure 2-6, this path  
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Figure 2-6.  Measured scattering parameters (S11, S21) using the setup in Figure 2-5.  

loss was approximately -30dB at the resonant frequency of the capsule antenna, which was in 

good agreement with the FDTD simulations.  

2.5 Conclusions 

This chapter presents the feasibility study of using electronic pills for medication 

compliance monitoring. The design of such a device poses many challenges, such as antenna 

printing, biocompatible ink development, and the RF detection scheme.  

Our investigations suggest that silver colloidal inks are a promising candidate balancing 

the antenna performance and printability. The silver methodology of binary MW PVP-protected 

silver nanoparticles yields acceptable electrical resistivities for capsule antennas, and can 

potentially lead to direct application to gelatin or hypermellose capsules using localized 

sintering. While previous studies on the toxicity of silver are not definitive, they offer significant 

evidence for a continued biocompatibility study of silver metal in the digestive system. In 

particular, silver in metallic form is generally insoluble in aqueous solutions and more likely to 

be excreted from the body. Nonetheless, concerns relating to silver toxicity can be entirely 
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eliminated by using a biocompatible sealant. From an overall manufacturing perspective, 

transferring an assembled medication compliance device onto the surface of a capsule may prove 

to be the most viable approach. This would allow printing, sintering and packaging of the 

antenna and RF tagging microchip in a separate transferable biocompatible matrix under 

protective coating. 

In order to determine the radiation characteristics of small capsules antennas inside the 

human body, a finite difference time domain (FDTD) mesh model of an average American male 

with 23 different tissue types was used. Both a single-turn 8mm loop and a 2cm dipole antenna 

were simulated inside the human body model at various FCC-approved telemetry bands ranging 

from 400MHz to 1GHz. As expected, the field intensity was found to vary with frequency and 

the maximum radiation appeared to be between 600MHz and 900MHz. To experimentally verify 

the possibility and to prove the correctness of the simulation, we measured the insertion loss 

between a resonated 8mm-coil antenna around the 00-sized capsule placed inside of the phantom 

solution and an outside receiving coil. The results showed that the attenuation for the capsule 

loop radiating through the phantom solution was approximately 30dB at its resonant frequency, 

which roughly matched the FDTD simulation results. 
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CHAPTER 3 
CAPSULE ANTENNA DESIGN AND MEASUREMENT 

3.1 Introduction 

This chapter presents design and implementation aspects of small printed capsule antennas. 

Designing miniature antennas that fit within the limited available surface area of standard-sized 

capsules is one of the major challenges towards the implementation of the electronic pill. Unlike 

previous studies, this work investigates the feasibility of applying antennas on the outer surface 

of a capsule using conductive inks, either by directly patterning the capsule or transferring a 

flexible antenna inlay onto it. The uniqueness of this approach stems from utilizing the capsule 

surface area to print electromagnetic radiative elements which could be made to dissolve or 

detach from the capsule. Antennas can be made of conductive bio-compatible coatings by 

incorporating a metal that can dissolve, such as silver, under a temporary protective layer such as 

polyglycolic acid, or by incorporating particles that are non-toxic by virtue of being non-

absorbable. Thus, the substrate for the antenna and the drug delivery device are essentially the 

same and the volume reserved for the medication remains unchanged.   

This chapter begins with a brief introduction of the capsule and antenna materials. This is 

followed by a brief discussion of printing techniques used to transfer patterns onto non-planar 

surfaces. Since antenna designs may require different printing area and axial coverage around the 

capsule, three commonly used printing methods are briefly discussed in section 3.2. In section 

3.3, we report the first antenna printed directly onto the outer surface of a 00-sized capsule using 

the screen printing method. The antenna was characterized on a custom probe station, and its 

radiation properties from inside the human body were evaluated through various FDTD 

simulations. The simulation results suggested that the maximum radiation occurs between 

600MHz-900MHz. Based on this study, the design for two screen-printed capsule antennas with 
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more complex structures are discussed in section 3.4. The antennas were designed to be 

inductive, and therefore are compatible with UHF backscattering RFID technology. FDTD 

simulations were carried out to study the 915MHz near-field and far-field radiation generated by 

the two antennas located inside the body; the return loss of the two antennas was also 

experimentally verified using the custom probe station. Another 915MHz capsule antenna 

aiming to fully utilize the capsule surface is reported in section 3.5. The antenna covered ~300o 

axially around the capsule, and was first printed onto a flexible substrate which could be 

wrapped around the capsule. The antenna was printed using the silver conductive inks, which can 

be made bio-compatible using methods described in [48]. In order to further validate its 

performance, the antenna was packaged with a commercial available IC to form the prototype 

backscattering tagging device, and the detection of the assembled tag in air was demonstrated 

using a commercial RFID reader. The possibility of realizing pill-to-pill communication between 

different capsules is also demonstrated in this chapter.       

3.2 Capsule Antenna: Materials and Methods 

The capsule antenna is an electromagnetic radiating element placed directly onto the 

surface of a hard-shell capsule. Unlike previous studies of wireless transmission using antennas 

inside ingestible capsules [57], this work investigates the radiation properties of antennas placed 

on the surface of the capsule. Thus the capsule itself, one of the oldest forms of oral dosage, can 

potentially serve as the printing substrate in addition to a drug delivery device. In the 

pharmaceutical industry, capsules are routinely patterned and colored in volume by specialized 

offset-gravure machines. The coloring inks formulated for specific printing processes are only 

used for esthetic and brand name labeling purposes. For the capsule antenna in this application, 

conductive inks could be employed to achieve electrical conduction and electromagnetic 



 

47 

radiation. In this section, we present a brief discussion of the materials and methods used for the 

design and fabrication of the capsule antennas. 

3.2.1 Capsules 

A hard shell gelatin capsule (Capsugel Division of Pfizer Inc) was used in this study for 

initial prototyping of the capsule antenna. Gelatin based capsules are essentially made of a 

mixture of gelatin, water and colorants that gels into a hard polymer by a simple change in 

temperature. Capsule formation during manufacturing takes place as stainless steel pins are 

dipped into the gelatin solution in a controlled temperature and moisture environment, forming a 

homogenous film around the mould pins. Another predominant form of the hard shell capsule is 

the hypromollose capsule, also known as HPMC, which is manufactured in a similar fashion but 

uses small quantities of carraageenan and potassium chloride in its solution matrix to facilitate 

the gelation process during manufacturing [58]. Extensive studies have been reported on both 

types of capsules [59]-[60]. Although the capsules differ somewhat in their moisture content and 

appearance, and to some extent in their mechanical properties, their basic properties are similar; 

they are sufficiently inert and stable, mechanically strong for handling during filling and 

printing, and exhibit desired release and solubility properties in a biological system.  

The physical specifications for the hard polymer capsules are generally defined in terms of 

the outer capsule diameter, height or locked length (i.e. cap and body), and the actual volume. 

For most human oral dosage applications, standard capsule size ranges from 11.1mm in height or 

joined length for Size 5 capsules to 26.14mm for Size 000 capsules. Generally, the capsule body 

is larger than the cap, and provides a larger surface area for printing an antenna. For instance, the 

body of a size 00 capsule has an outer diameter of 8.53mm and axial length of approximately 

17mm (this includes only the uniform printing surface, not the actual height of the body). The 

total surface area for printing an antenna, assuming a full 360 degree printing coverage, is 
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approximately 17mm by 30mm, or ~510mm2. In practice, high resolution printing is difficult 

over the entire capsule surface area and the actual area available for an antenna is much smaller.   

3.2.2 Printing Methods 

 To obtain the desired radiation properties, the antenna patterns have to be accurately 

transferred either directly onto the outer capsule surface, or onto a thin flexible substrate, which 

can be wrapped around the capsule. As a low cost alternative to the offset-gravure printing 

machines used in the pharmaceutical industry, we have explored several compatible small scale 

patterning approaches for antenna printing.  

3.2.2.1 Ink jet printing 

Inkjet printing method reproduces an image by propelling variably-sized droplets of liquid 

ink onto a substrate. Recent advances in inkjet printing technology for printing nano-scaled inks 

composed of gold or silver particles has shown good uniformity and conductivity. Current 

technology uses piezo print heads to deliver pico liter sized droplets of nanoparticles onto 

various substrates. Those droplets are then dried to form a thin film, which could show excellent 

conductivity. Considering the similarity of the printing procedure, an Epson R220 inkjet printer 

was modified mechanically to allow printing on a circular substrate. This printer has 

piezoelectric heads with 12.4 micrometer openings and a droplet volume of 3pL, for a reported 

resolution of 5760 x 1400 dots-per-inch (dpi). Preliminary printing on gelatin based substrate 

indicated line resolutions of about 400μm. Multi-turn coils antennas printed on 00 sized capsules 

using inkjet printers are shown in Figure 3-1. The initial experiments of printing thick traces 

around the capsules was rationalized due to the following reasons: thick traces are among the 

simplest geometry to be printed; by printing simple traces, the procedure that allows directly 

printing onto the circular surface of standard sized capsules can be established; the existing 

printing technology can be directly applied in the proposed applications. Although the initial  

http://en.wikipedia.org/wiki/Digital_image�
http://en.wikipedia.org/wiki/Ink�


 

49 

 

Figure 3-1. Multi-turn coils printed on gelatin capsule using modified inkjet printer. 

results were promising, this printing method is mere suitable for small scale prototyping instead 

of large scale manufacture.   

3.2.2.2 Screen printing 

The screen printing method involves a finely woven metallic mesh stretched by a solid 

mesh frame. The mesh contains the negative of the pattern that is to be printed. The size of each 

woven cell of the area containing no antenna pattern is much smaller compared with the particle 

size of the ink, while the area with the negative antenna pattern contains cells with much larger 

openings, such that the ink can only pass through these areas. A “squeegee” made by soft plastics 

pushes the ink through the area with larger openings, as it is pressed both downward and across 

the mesh as the same time. This printing procedure leaves the positive image of the antenna 

pattern on the substrate.  



 

50 

The screen printing method has limited axial coverage for circular surfaces. For example, 

when printing directly onto a gelatin capsule, the capsule has to be rolled across the metallic 

screen. Without a stable rotation axis, the accuracy of the pattern cannot be preserved. Through 

numerous trials of printing in the lab environment, we found out that only about 1/4 of the 

curvature surface area around an 000 sized capsule can be used to correctly transfer the designed 

pattern, if printed by hand in lab environment. This indicates that the screen printing method is 

best suited when printing a sleeve that consists of a heat treatable polymer substrate which could 

be wrapped around the gelatin capsule. Besides the limitation of printing on curved surfaces, 

screen printing also requires an additional cleaning step after every few printings to prevent the 

residual ink particles from agglomerating and blocking further ink trespassing.  

3.2.2.3 Pad printing 

The pad printing method has been used to print on irregular objects for over 15 years. This 

method implements an automated process which allows for rapid prototyping, low ink 

consumption, repeatability, and is suitable for large scale production. The process consists of a 

silicon pad of various hardness and shape, which is used to transfer the pattern from the printing 

plate (cliché) to the substrate. The cliché is created by etching grooves that are effectively the 

negative image of the pattern. Ink is applied and kept in the grooves, and is then picked up by the 

silicon pad. Then the pad is pressed over the substrate to transfer the pattern and the positive 

image of the antenna will be produced on the substrate. Pads with different softness are chosen 

based on the different types of the substrate: compressible objects such as the gelatin capsule 

need a softer pad. A small horizontal shaped pad is ideal for printing radial patterns on a cylinder 

surface. Unlike inks compatible with the screen printing method, which requires slow drying  

time to avoid clogging the mesh, inks suitable for pad printing must dry fast to ensure 

transferring the artwork from the cliché to the pad, and from the pad to the substrate. The  
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Figure 3-2. Screen-printed Zigzag dipole antenna, and its SEM picture. 

minimum resolution of the method is determined by the ink viscosity and study has shown that a 

line resolution of 25μm can be achieved using the pad printing method.  

3.3 Screen-Printed Capsule Dipole Antenna 

3.3.1 Capsule Antenna 

The first prototype capsule antenna was fabricated by patterning a simple zig-zag dipole 

antenna directly onto the surface of a two piece gelatin based capsule using the screen printing 

method. A dipole antenna was chosen for its ease of printing and well known radiating 

properties. A size 00-capsule with outer diameter of approximately 8.53mm and height or locked 

length (with the cap) of 23.3mm was chosen for this initial prototyping. As shown in Figure 3-2, 

the antenna was printed longitudinally to maximize the surface area used along the axial 

direction and increase the electrical length of the dipole. To facilitate ink transfer using the 

screen transfer method, printing was limited to within 40 degrees of radial coverage which 

resulted in an available printed area of approximately 17mm by 3mm. Thus, the dimensions of 

the antenna were limited to 14.5mm in length and 2.9mm in height. Meandering the antenna in 

zig-zag fashion resulted in a dipole length increase from 14.5mm to 27mm. To facilitate 
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measurements and allow the antenna to be contacted directly using RF probes, the separation of 

the two antenna terminals were kept less than 250μm. The silver conductive inks were 

formulated with a viscosity of approximately ~20k cps and a typical electrical resistance of 

20mΩ/sql, which is approximately 30 times higher than the bulk resistivity of copper or silver. A 

scanning electron microscopy (SEM) image shows that the ink lay-down thickness after sintering 

is approximately 25µm. 

3.3.2 Antenna Measurement Setup Validation 

The prototype capsule antenna was measured directly on a manual RF probe station, as 

shown in Figure 3-3. The return loss and input impedance of the prototype capsule antennas were 

measured using an experimental setup composed of an HP8510 network analyzer, a balun, high-

frequency RF probes and a manual RF probe station from JMicro-Technologies (model JR-

2745). In order to minimize ground plane reflections from underlying metallic structures, the RF 

probe station was modified using a custom built acrylic structure with εr ~ 3.5, thereby increasing 

the separation between the DUT antenna and the underlying metallic support from a few 

millimeters to approximately 10cm – additional acrylic plastic extension plates allows larger 

separations of slightly over 15cm. The differential input feed of the capsule antenna was 

provided using a balun to convert the single ended signal from the analyzer to balanced signals 

for low loss interference. The capsule antenna was contacted using the high-frequency SGS 

differential probes from GGB industries with a signal-to-signal pitch of 300µm. The 

measurement setup was calibrated to the probe tips using short, open and load on a calibration 

substrate.  

In order to determine the effect of a metallic ground plane on the accuracy of the 

measurements, the antenna along with a circular ground plane were simulated using an  
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Figure 3-3. The measurement setup for the electronic pill. 

electromagnetic full-wave structure simulator (HFSSTM). The antenna and the circular metal 

chuck were placed inside a cylindrical air box representing the radiation boundary. As a 

reference, the input impedance of the zig-zag dipole antenna as fabricated in Figure 3-2 was first 

determined without the effect of a ground plane. As shown in Figure 3.4(a), the antenna 

resonates at approximately 6.1GHz. In Figure 3-4(b), the simulated real and imaginary parts of 

the input impedance are plotted as the separation between the underlying metallic plate and the 

antenna was varied at 5mm increments. For separations larger than 10cm, the real part of the 

input impedance is within ±5% of the expected value (shown in dashed lines), with an acceptable 

change in the imaginary component.  

The effect of the custom probe station for lower UHF frequencies, such as the 915MHz 

ISM band, was also characterized. Although the metal-antenna separation in this case seems very 

short, the diameter of the underneath metal plate is small compared with the operating  
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(a) 

 
(b) 

Figure 3-4. HFSS simulation of effect of metal holding structure to the antenna impedance. 

wavelength (~20% of the wavelength), and therefore should not introduce large measurement 

errors. To verify whether the measurement setup is also suitable for capsule antennas designed at 

915MHz, we simulated the input resistance and reactance of the zigzag antenna at 915MHz and 

varied the separation between the underlying metal plate and the antenna. The simulation results 

show less than ~10% error at 915MHz when the DUT antenna is separated from the underlying 

metal plate by more than 10cm. 

3.3.3 Zig-Zag Capsule Antenna Measurement 

Single port S-parameter measurements of the zig-zag dipole prototype antenna were 

carried out using the aforementioned setup. As shown in Figure 3-3, the contacts between the 

antenna terminals and the RF source were established using high frequency RF probes. The  
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                                               (a)                                            (b) 

Figure3-5. Capsule antenna (a) zig-zag antenna and close-up of probe tips on the antenna 
structure and (b) measured input impedance of the zigzag antenna using the modified 
probe station. 

attainable line separation between the antenna input feed pads was approximately 250µm, which 

was sufficient for landing the RF probes with 300µm signal-to-signal pitch. The measured return 

loss and input impedance are shown in Figure 3-5. The resulting return loss from measurements 

is -14.4dB at 5.78GHz, which falls within the 5.8GHz ISM band, and the 3dB bandwidth is 

795MHz or 13.75%. Overall, the single-port measurements are in good agreement with 

simulated results. For practical applications, the antenna operating band would have to be tuned 

to a lower frequency using an electronic microchip placed across the input terminals of the 

antenna. This can be easily accomplished if the terminating impedance is inductive, which shifts 

the resonance to lower frequencies.  

3.3.4 Radiation inside the Human Body 

In order to evaluate the radiation properties of the zig-zag capsule antenna from inside the 

human body in various FCC regulated frequency bands, we employed the finite difference time 
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domain (FDTD) method. The capsule antenna was tuned to the desired frequency bands by 

assigning a passive port composed of an inductive component across the antenna terminals, and 

the near-field electrical field distributions and far-field radiation patterns at the simulated bands 

were characterized. 

3.3.4.1 Model setup 

A representative cross-section of the human torso model and the location and orientation of 

the antenna is shown in Figure 3-6. The antenna was located in the stomach area, deep-set in the 

torso slightly offset from the body axis. We considered both near-field and far-field intensities of 

a longitudinally (from left to right) oriented zig-zag antenna. A more in-depth study of the effects 

of antenna orientations for an electrically small antenna is provided in [61]. In our study, the 

objective was to evaluate the radiation properties of the zig-zag capsule antenna to determine the 

feasibility of using a surface printed antenna to implement the electronic medication compliance 

device. The antenna and overall FDTD model setup was calibrated extensively for accuracy and 

rapid convergence. The calibration process comprised of determining the appropriate mesh size, 

time steps, radiation boundaries, padding cells and source type to yield convergence within a 

reasonable time. The simulation setup for the zig-zag capsule antenna consisted of a grid size of 

650 by 425 by 140 cells of the torso area with a resolution or mesh size of 1.5 x 1.5 x 1.5 mm3  

and an absorbing boundary (Liao absorbing boundary conditions – LIAO) with 40 cells of 

padding. An adaptive or localized sub-gridding approach with minimum mesh size of 0.15 x 0.15 

x 0.15 µm3 was used to better describe the physical and electrical nature of the radiating antenna 

for improved resolution. For each of the simulated antenna orientations, the input impedance was 

first determined over a broad frequency range using a narrow Gaussian-shaped pulse. 

Simulations were then carried out for a range of FCC regulated frequency bands spanning 

400MHz-5800MHz, and in each case the antenna was made to resonate at the frequency of  
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Figure 3-6. Simulation setup for zig-zag capsule antenna radiating from inside of the human 

body. 

interest by forcing a single cell sized gap and inserting a complex source impedance of the 

appropriate value. 

3.3.4.2 Near-field analysis 

Near-field electric field radiation contours of the zig-zag capsule antenna were evaluated in 

the FCC approved 402-405MHz MICS band, the 608-614 MHz WMTS band, and the 902-

928MHz, 2.4-2.483GHz and 5.725-5.825GHz ISM bands. The resulting near-field intensities  

shown in Figure 3-7 are all normalized to a 0dBm source and the minimum field contour plotted 

is -75dB. Loading effects of the surrounding tissue on impedance and radiation efficiency were 

accounted by resonating the antenna (inside the body) at the frequencies of interest using 

complex source impedance. Our simulation results show that the radiated field intensity of the 

capsule antenna is strongest in the anterior location slightly to the left of the stomach, which 

would be the optimal location of an external receiving antenna. The radiated intensity first 

increases and then decreases with increasing frequency. The low field intensity at lower 

frequency is because of the low radiation efficiency of the electrical small antennas. As the  
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Figure 3-7. Cross-section of human body model torso indicating the normalized radiation field 
intensity contours for the WMTS 608-614MHz, ISM 902-928MHz, ISM 2.4-
2.45GHz, and ISM 5.725-5.825GHz FCC frequency bands. Radiation is most 
efficient in the 902-928MHz band. The smaller circles above and below the torso 
represent the arms of the subject. 

operating frequency increases, radiation efficiency increases and more power can be radiated 

through the body. This fact accounts for the initial increase of electrical intensity with frequency. 

When operating above about 500MHz, high attenuation is expected due to the increased 

absorption of electromagnetic power by the body, which causes the increased attenuation as the 

frequency increases. The radiated fields for the simulated zig-zag antenna are most efficient in 

the 915MHz ISM band. This agrees well with previous studies for electrically small antennas 

radiating from inside the body [61]. The field intensity outside the body is approximately -25dB 
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at 915MHz and 10dB lower at 402MHz. It is interesting to note that despite the increasing 

absorption of electromagnetic energy at high frequency bands due to high water content tissues, 

the radiation field intensity in the front of the torso at the 2.4GHz ISM band is comparable to that 

of the 915MHz ISM band. This result is largely due to improved radiation efficiency of the zig-

zag dipole antenna at higher frequencies. Further increase in the operating frequency, as depicted 

by the radiated field intensity at 5.8GHz, results in significant loss in the region directly 

surrounding the antenna and is likely not suitable for electronic capsules. 

3.3.4.3 Far-field patterns 

The far field patterns of the zig-zag capsule antenna radiating from inside the human body 

were also characterized through simulations. Because the body tissue generates large attenuation 

within the ISM 5.8GHz band, we only simulated the far-field patterns at frequencies ranging 

from 400-2400MHz. Figure 3-8 shows the azimuthal radiation patterns for a longitudinally 

oriented zig-zag dipole located in the stomach slightly offset from the body axis, with the body 

model standing upright. For each frequency, both horizontally and vertically polarized patterns 

were simulated. 

Unlike the symmetrical donut-shaped azimuthal pattern for the dipole antenna radiating in 

free space, radiation from inside of the body is weaker in the back side, because of the high 

density of muscle and bones which make up the back side of the torso. Although 10-20dB lower 

compared with the horizontally polarized radiation, the patterns in Figure 3-8 show some 

perpendicular polarized radiation likely caused by re-radiation of the dominant horizontal field 

components at the interfaces between different body tissues. The overall anterior radiation is 

better than the posterior far fields which can be attributed to attenuation caused by the thick 

dorsal muscle mass that runs down the back of the torso. Similar to the near field radiation 

intensity, the far field radiation is the strongest at 915MHz for the simulated frequency bands;  
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(a)                                                       (b)  

Figure 3-8 Far field radiation patterns for the tuned zigzag pill antenna inside of the human body: 
(a). Antenna placed parallel to the abdomen; (b) Antenna placed perpendicular to the 
abdomen. 

further increase in the operating frequency results in severe attenuation due to the increased 

absorption of EM energy. Compared with 2.45GHz, the antenna radiation is more isotropic at 

frequencies below 1GHz.   

3.4 Screen-Printed Capsule Antennas for RFID 

Backscattering at 915MHz is the most popular technique to implement UHF RFID 

systems, and the reading range of such a system, which is defined as the maximum distance for 

the tagging device to be detected by the reader, is a critical design parameter.  

 The reading range, Rr, of an RFID system can be derived from the well-known Friis 

equation, and expressed as in (3-1):  
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Figure 3-9. Two inductive capsule antennas designed to be compatible with the frontier RFID 
technology. 

where Pt is the power transmitted from the reader device, Pth is the minimum power required for 

tag activation, λ is the operating wavelength, GTx and Gtag are the gain of the reader and tag 

antennas, and Γ is the reflection coefficient at the tag antenna-IC interface. 

Since the RFID reading range is maximized when the input impedance of the tagging IC is 

matched to the tag antenna, matching considerations are extremely important. However, external 

matching networks are not feasible in our proposed application and therefore matching must be 

accomplished through proper antenna design. Since monolithic inductors at UHF are large and 

lossy in silicon, and the tagging IC presents a capacitive impedance, it is desirable to design 

inductive antennas matched to the tag IC impedance at the operating frequency.  
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Figure 3-9 shows two inductive capsule antennas. The antennas were printed directly onto 

the capsules using the screen printing method, achieving 105o and 70o of axial coverage around 

the 000-sized capsules (with locked height 26.14mm, and diameter 9.52mm), respectively. 

Considering the limited capsule surface area available for patterning, line meandering technique 

were used to increase the antenna’s electrical length. By folding or meandering the antenna 

traces, distributed inductive and capacitive reactance are produced. These distributed reactance 

impact the antenna input impedance, significantly lowering the resonate frequency at the expense 

of lower bandwidth and smaller antenna gain [42].    

    Single port input impedance characterization was carried out for both inductive capsule 

antennas on the custom probe station The measurement result shown in Figure 3-10 indicates 

that the two capsule antennas resonate at 1.6GHz and 1.95GHz, respectively. For the desired 

915MHz ISM operating frequency band, the input impedance of Antenna 1 was measured as 

46.7+j196.5 (Ω), and the input impedance of Antenna 2 was 42+j167.1(Ω). These inductance 

values can be used to cancel approximately 1pF input capacitance presented by the tagging IC.  

The radiation properties of the two capsule antennas were simulated inside the human body 

model using the FDTD method. Since previous published results in [61] and the study of the 

zigzag dipole antenna (section 3.3) all suggest that electrical small antennas radiate most 

efficiently in the frequency range of 600MHz-1200MHz from inside the human body, we only 

studied the two capsule antennas within the 915MHz ISM band. To resonate the antennas to the 

desired frequency, capacitive loads with proper values were assigned across the antenna input 

terminals. The antennas were placed longitudinally in the stomach within the transverse plane, 

and their near- and far-field radiation patterns with two perpendicular orientations were 

simulated. 
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(a) 

 
(b) 

Figure 3-10. The measured and simulated (XFDTD) input impedance of the inductive capsule 
antennas. (a) antenna 1; (b) antenna 2. 

Similar to the study of the zigzag dipole antenna inside the body, the maximum electrical 

field intensity (Figure 3-11) of both capsule antennas is observed in the anterior location of the 

human body and slightly to the left, which could be the best location for the wireless detection 

device. The radiated E-field distribution varies somewhat with capsule antenna orientation, but  
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(a)                                    (b) 

Figure 3-11. The simulated near field electrical field distribution inside and outside of human 
body. (a) Antenna 1placed parallel and vertically to the abdomen; (b) Antenna 2 
placed parallel and vertically to the abdomen. 

the optimal reader location does not change significantly. Compared with Antenna 2, Antenna 1 

covers a larger surface area on the capsule, and as a result it is a more efficient radiator. The 

simulation results show that the radiated E-field intensity of Antenna 1 in the anterior location of  

the human body slightly to the left is ~ -20dB, which is about 6dB higher than Antenna 2 at the 

same location.  

Figure 3-12 shows the simulated far-field radiation patterns of the two inductive antennas 

oriented vertical and parallel to the stomach in the azimuthal plane. Similar to the near field 

results, the strongest radiation happens in the front side of human body and slightly to the left. In 

all the simulated patterns, the back side radiation is less compared with the front side radiation 

because of the denser muscles and bones running down the spine. Because the antenna is placed 

in the transverse plane, most radiated power is horizontally polarized; but there also exists some 

perpendicularly polarized radiation (~10dB less than the horizontally polarized power). The 

perpendicular radiation is primarily generated by the refraction and scattering of EM wave at 

interfaces between various types of tissue with different electrical properties. 
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                                       (a) 

 
(b) 

 
Figure 3-12. The simulated far field radiation patterns of the two inductive antennas (a) Antenna 

1 placed parallel and vertically to the abdomen; (b) Antenna 2 placed parallel and 
vertically to the abdomen. 

3.5. Pad-Printed Capsule Antenna 

The radar cross section (RCS) is a quantitative way of measuring the ability of a 

conductive structure as an electromagnetic scatterer, and it can be defined as the area 

intercepting that amount of power which, when scattered isotropically, produces at the receiver a 

density which is equal to that scattered by the actual target [62]. In mathematic form, RCS can be 

expressed as: 
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where Wi is the incident power density, Ws is the scattered power density, and R is the 

observation distance from the target. 

For a backscattering RFID system, the tag sends data by switching its input impedance 

between two states, effectively changing its RCS and thus modulating the backscattered field. 

The quality of this communication link is primarily determined by the difference of RCS of the 

tag antenna between these two loading states.  

The RCS of an antenna with specified load impedance can be calculated as [63]: 

2

222

la

a

zz
RG

+
=
π

λ
σ                                                                                                                (3-3) 

where G is the tag antenna gain, Za is the antenna complex input impedance (Ra is the input 

resistance), and Zl is the complex load impedance.  

The maximum RCS difference can be achieved if the load impedance of the antenna is 

switched between zero and infinity, in which case the quality of the tag-to-reader link is 

determined by the antenna gain G. In practice, the gain of an electrically small antenna is 

proportional to a2, where a is the maximum dimension of the antenna [64]. Therefore, in order to 

maximize the antenna gain, and thus improve the RCS, the capsule antenna should be designed 

to cover as much the capsule surface as possible.  

3.5.1 Asymmetric Antenna Design and Measurements 

In this section, we present an inductive capsule antenna that fully utilizes the capsule 

surface. Due to the inherent limitations of patterning directly onto circular objects, this antenna 

was first pad-printed onto a flexible PDMS substrate, and then wrapped around the gelatin 

capsule.   

The inductive loop antenna was designed to fit over a 000-sized capsule as shown in 

Figure 3-13. The antenna measures 25 x 15.2 mm2, and when wrapped around, it achieves ~300o  
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Figure 3-13. Asymmetric electrical loop antenna designed to maximize the gain of a capsule 
sized antenna. 

of radial coverage. Since the longest dimension of the antenna printing substrate (000-sized 

capsule, with diameter ~9mm and locked length ~26mm) is only ~10% of the operating 

wavelength, the antenna traces are arranged in a meandering fashion in order to increase the 

electrical length.   

An antenna with regular meandered lines does not exhibit the optimum gain especially 

when the conductor losses can not be neglected [65]. Up to the first resonant frequency, the 

current distributed on the adjacent parallel segments of a regularly meandered antenna have 

opposite phase. The individual segments can be modeled as current elements that do not 

contribute significantly to the radiated power, and produce additional losses that degrade the  

overall antenna gain [64][65]. Thus, the antenna design procedure consisted of deliberately 

mismatching the meandered segments in order to minimize the cancelling effects of the 

distributed current. In the absence of Genetic Algorithms (GA), simulations for a number of  
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Figure 3-14. Simulated and measured input impedance of the proposed asymmetric electrical 
loop antenna. 

antenna configurations were carried out using the method of moment (provided by ADSTM). The 

final design shown in Figure 3-13 comprises of mismatched meandered lines that are asymmetric 

about the center feeding point.     

The printed antenna was characterized using the custom probe station, and the measured 

input impedance is plotted together with the simulation results in Figure 3-14. Both the measured 

and the simulated results showed that the capsule antenna resonates at around 950MHz, and 

presents inductive impedance within the desired 915MHz ISM band. However, compared with 

the simulation results, the bandwidth of the printed antenna appears to be larger, which shows 

the printed antenna experiences more ohmic loss. This can be attributed to the non-uniform lay-

down of the conductive ink and the antenna patterning distortion during printing.  
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(a) 

 
(b) 

Figure 3-15. Simulated open-circuit RCS of the self resonant antenna for different illuminating 
angles: (a). θ = 0, φ=90o; (b). θ = 90, φ=0o. 

As an indication of how well a capsule-sized antenna can be used as electromagnetic 

scatterer, the open-circuit RCS of the capsule antenna to three different solid angles in space was 

simulated using the FDTD simulator for two orthogonal illuminating angles. The simulation 

results (Figure 3-15) clearly demonstrate that the antenna RCS is largest at the antenna resonant  
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Figure 3-16. Attenuation contours around and inside of human body for the electrical asymmetric 
loop antenna placed inside of the GI tract: (a). Antenna along Y direction; (b). 
Antenna along Z direction. 

frequency. The RCS of this pad-printed capsule antenna reaches the maximum value, ~-45dBsm, 

when the longitudinal side of the capsule is perpendicular to the incoming EM wave. The 

simulation results also show that most of the backscattered electromagnetic energy maintains the 

original polarization, which is ~30dB higher than the cross-polarized product. 

In order to characterize the antenna as a radiator from inside the human body, the pad-

printed antenna was also modeled inside the human stomach and simulated using the FDTD 

method. To help the simulator converge faster, and reduce the simulation time, only an 8-cm 
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thick section of the human body was included in the simulation. While most cells in the 

simulation space were set to 5 x 5 x 5mm3, the pad-printed antenna was meshed to 0.15 x 0.15 x  

0.15mm3 using an adaptive grid in order to accurately model the antenna. A small capacitance 

(~1pF) representing the input reactance of the tagging IC was shunted across the antenna 

terminals to tune the antenna down to 915MHz. Absorbing boundary condition (Liao absorbing 

boundary conditions) with 40 padding cells were again utilized in the simulation to help achieve 

faster convergence. 

 The near-field electric field intensity of the resonant antenna in and around the human 

torso at 915MHz is shown in Figure 3-16. The capsule antenna was oriented in two 

perpendicular directions, but kept in the same spot inside the stomach. The simulation results 

show that although both orientations result in similar maximum radiation at the anterior human 

body slightly to the left (-14dB for both cases), the pattern of the perpendicular oriented antenna 

appeared to be more isotropic.  

3.5.2 Antenna Validation Using Existing RFID Technology 

The pad-printed capsule antenna as a UHF backscattering RFID antenna was further 

evaluated by packaging the antenna to a commercial RFID chip from Alien technology. The 

Alien RFID system utilizes the EPC-2 protocol, and operates within the 915MHz ISM band. In 

this system, each tag is assigned a unique 192-bit tag identification code, which can be 

backscattered to the reader once the tag is energized. The input impedance of the alien chip at 

915MHz is 1500 - j145 (1.2pF) [66], which can roughly cancel the input inductance of the pad-

printed capsule antenna. Once the electrical connections with the tagging IC were established, 

the antenna was wrapped around a 000-sized capsule.  

The experimental setup is shown in Figure 3-17. A microstrip antenna contained inside of 

the white box at the bottom of the table was the reader antenna. A laptop computer in the far end  
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Figure 3-17. Validation of the asymmetric loop antenna using existing technology from Alien 
system. 

was used to analyze the received data, and the green bar shown on the laptop monitor indicated 

the detection of the RFID tag, with the received 128-bit identification code in its hexadecimal 

format shown at the bottom. The packaged tagging device was held ~1.5m from the reader 

antenna, which was the maximum range that the tag can be detectable.  

As a comparison, we also experimentally characterized the detection range of Alien tag 

consisting of the same tagging IC and an Alien antenna with similar size as the pad-printed 
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capsule antenna (Figure 3-17). The tag formed by the pad-printed antenna achieved 

approximately the same detection range as the Alien tag when both antennas were laid out flat;  

but when wrapped around the gelatin capsules, it appeared that the tag with the pad-printed 

antenna could achieve ~2 times of detection range.  

 

Figure 3-18. Measurement setup for pill-to-pill communication. 

3.5.3 Pill-to-Pill Communication 

The capabilities of pill-to-pill communication can prove to be vital for a variety of 

scenarios to enlarge system functionality. For instance, the e-pill functionality can be expanded 

to include various miniature body sensors to enable the measurement of a variety of medical- 

useful variables from inside of the GI tract with pill-to-pill communication protocols (sensed 

data collected by any pill could be distributed, shared, uplinked to a centralized external reader). 

To explore such possibility, we measured the transmission loss between two capsule antennas on 

a custom probe station, as shown in Figure 3-18. The two pills used in the measurement were 

made by wrapping the pad-printed antennas around 000-sized capsules; electrical connections 

with the pills were established by two SGS RF probes with 300μm signal-to-signal pitch. On the  
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Figure 3-19. The measured coupling gain of the capsule antenna pair for pill-to-pill 
communication 

custom probe station, the two pills were separated by ~15cm from each other (center-to-center), 

and they were tilted 45o apart. RF baluns were used to convert the single-ended signal generated 

from the VNA into differential form, and the measurement setup was calibrated beforehand to 

the probe tips using short, open, load and through standards on a calibration substrate. 

Because the capsule antenna is not designed for 50Ω, there exists power reflection at the 

antenna-cable interfaces, and therefore the characterized S21 along cannot correctly predict the 

transmission loss between the two capsule antennas in matched conditions. To account for these  

losses, the transmission gain between the antenna pair is characterized use the concept of 

coupling gain Gc, which can be defined as (3-4).  
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Using the calibrated setup as in Figure 3-18, scattering parameters including S11, S22, and 

S21 were captured simultaneously using the VNA, and Gc of the capsule antenna pair was 

calculated within the frequency range of 800MHz – 1600MHz, as plotted in Figure 3-19. It 

appears that the maximum coupling gain in this case is approximately -40dB, which is achieved 

at the resonant frequency of capsule antennas (~950MHz). 

3.6 Conclusions 

Unlike previous studies of wireless transmission using antennas inside ingestible capsules, 

the focus of this study was to design an antenna that can be attached to the outer surface of 

standard capsules. The gelatin based capsules are sufficiently inert and stable to serve as the 

substrate for the antenna, and mechanically strong for handling during filing and printing. 

Several small scale patterning approaches to print antennas directly onto the surface of readily 

available hard shell capsules have been reviewed. To demonstrate feasibility, a zigzag dipole 

antenna was first printed onto the 00-sized capsule using screen- printing methods. The printed 

antenna was experimentally verified on a manual probe station. To reduce reflections due to 

effects caused by the metal plate underneath the DUT antenna, the probe station was modified by 

removing the top metal cover and replacing it with a plastic duplicate. The near- and far-field 

radiation characteristic of the screen-printed zigzag antenna radiating from inside the human 

body was simulated using the FDTD method. The analysis for the zigzag antenna shows the 

915MHz ISM band as an optimal frequency band to trade off signal attenuation inside the human 

body and antenna radiation efficiency. 

A series of more complex antenna designs were patterned using screen-printing method. 

Compatible with the backscattering RFID technology, the antennas were designed to present an 

inductive impedance within the 915MHz ISM band, and made to cover 70o -100o of the axial 

capsule surface. All antennas were measured on a probe station to determine the input impedance 
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and return loss. In addition, numerical simulations using FDTD method were carried out to 

determine the normalized E-field contours and radiation patterns inside the body.  

Table 3-1. Summary of different types of printed capsule antenna. 
 Size(mm2) Axially 

Coverage 
Self-resonant 
frequency  

Max. field intensity 
outside the body   

Printing 
method 

Zigzag dipole 14.5 x 2.9 40o 5800MHz -25dB Screen 
Printing 

Inductive 
Antenna 1 

15.3 x 8.3 105o 1500MHz -20dB Screen 
Printing 

Inductive 
Antenna 2 

15.3 x 5.5 70o 1950MHz -25dB Screen 
Printing 

Asymmetrical 
antenna 

25x15.2 300 o 950MHz -14dB Pad 
Printing 

 
Due to the stringent space limitations, most of the antennas exhibit a resonant frequency 

above the desired 915MHz ISM band. However, by fully utilizing the capsule outer surface with 

300o radical coverage, a 950MHz antenna was designed. The antenna was pad-printed onto a flat 

PET substrate, then wrapped around the 000-sized capsule. To further evaluate it as a 

backscattering RFID antenna, the pad-printed antenna was packaged with a commercially 

available IC to form a 915MHz electronic pill device. Compared with the tagging device formed 

by the same IC and the commercial RFID antenna roughly the same size as the designed antenna, 

the tag with the pad-printed antenna showed 2 times longer detection range when wrapped 

around the capsule. The concept of pill-to-pill communication was also demonstrated. The 

antennas discussed in this chapter are summarized in Table 3-1. 
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CHAPTER 4 
CHIP DESIGN FOR E-PILL SYSTEM 

4.1 Introduction 

Chip technology is widely used in a variety of bio-medical related applications, such as 

animal identification systems designed for animal tracking [68], and safety-sponge systems with 

embedded transponders to prevent inadvertently leaving sponge inside of the human body after 

surgical procedures [69]. Although none of these technologies operates at UHF frequency or 

requires the signal to transmit through the entire biological object, a similar concept can be 

applied to the proposed electronic pills.  

Including a miniature IC chip within the envisioned electronic pills enables increased 

intelligence as an event marker technology. For example, identification codes can be assigned to 

each e-pill to store useful information such as the type of medication, or date and place of 

manufacture. Other features such as anti-collision protocols can enable multiple e-pills to be 

detected simultaneously in the human GI tract. In addition, temperature and sensors can easily be 

integrated to relay this information once the tag enters the digestive tract. The tagging IC in this 

system-on-a-capsule can be made thin, mechanically compliant and small under a biocompatible 

protective sealant and safely excreted via the GI track.  

This chapter presents the design of an asymmetric tagging IC for the proposed electronic 

pill device. Once ingested, this device can be activated by power transmitted through the human 

body at low frequency, and generates periodic bursts at UHF frequency to show its presence 

inside the GI tract. The unique challenges in this particular application are discussed first in 

section 4.2. Then, the low frequency powering channel is characterized. In section 4.3, a 

simplified systematic model for the device is proposed, and critical design targets are therefore 

determined based on the theoretical study. The detailed circuit implementation of the tagging 
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device is discussed in section 4.4. A proof-of-concept tagging IC was fabricated using 130nm 

CMOS technology, and its characterization is shown in section 4.5. The IC was packaged with a 

custom designed capsule antenna to form the prototype electronic pill, which was experimentally 

validated in phantom solution. Concluding remarks are presented in section 4.6. 

  4.2 Power and Communication for Passive In-Body Microsystems Using the Human 
Body as a Transmission Medium 

Passive in-body microsystems refer to small, intelligent biomedical devices situated in 

deep-set locations within the body and powered from sources external to it. These passive 

devices, unlike battery operated systems, can be orders of magnitude smaller than the volume 

occupied by the battery itself and therefore are desirable for many applications where size 

constraints are severe. In the context of small passive or battery-less devices, the range of 

operation is typically limited to a few centimeters due to weak coupling between the external 

source and the device. This is compounded by signal attenuation inside the body owing to factors 

such as frequency, tissue type, distance, antenna size, mismatch losses, etc. The vast majority of 

passive biomedical devices employ near-field inductive links as the primary method of 

powering, and load impedance modulation for communication [70-71]. Many far-field devices, 

such as passive UHF radio frequency identification (RFID) transponders achieve large distances 

in free-space, but the system constraints dictated by our envisioned medication compliance 

device precludes the use of traditional backscaterring RFID technology inside the body due to 

extremely low antenna efficiencies, severe signal attenuation of electromagnetic signals and 

safety requirements limiting the field exposure to humans. The following sections describe the 

basic components of the proposed medication compliance device and the associated challenges 

for communication and powering. Based on experiments and simulations of the human body as a 

transmission channel, we present our signaling methodologies. 
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4.2.1 An Electronic Medication Compliance Device-Associated Challenges 

The proposed medication compliance tag comprises of an electronic microchip and a 

biocompatible antenna inlay placed on the surface of a standard sized capsule. It is envisioned 

that this electronic pill (e-pill) will be monitored using an external point-of-care device such as a 

body-worn reader to detect the presence of the pill in the stomach or GI-tract after ingestion. 

Since the device is entirely passive, it must be powered by the external reader (herein we do not 

consider electrochemical energy derived from stomach acids [72]). Moreover, since the electrical 

pathway from the reader-to-tag is through the human body and not over the surface of the body 

(i.e. skin), as in many of the previously reported applications [73-75], it is critical to establish the 

powering and communication methodologies between the reader and the tag, and vice versa. 

Before describing the methodologies, we present the unique set of challenges associated with our 

medication compliance device. 

First, the tag construct is envisioned as having two major components: the antenna inlay 

and the microchip. The inlay is to be made using a biocompatible substrate that is made to 

dissolve inside the body with a targeted dissolution rate. The antenna pattern, which is printed on 

the inlay, uses biocompatible silver conductive inks and also made to dissolve, passing through 

the digestive tract without harmful effects. Details of materials and biocompatibility studies are 

beyond the scope of this work, but the interested reader can refer to the following publication 

[48] for additional information. The second component, the microchip, will be placed under a 

protective biocompatible coating and excreted via the GI-tract. This system definition allows us 

to encapsulate only a small portion of the inlay (i.e. the microchip) while keeping the much 

larger antenna and substrate exposed to internal digestive fluids. Since the inlay is in essence 

wrapped around the pill, the available surface area is related to the size of the pill, which for a 

typical 00-sized capsule with an outer diameter of 8.53mm and axial length of 17mm is 
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approximately 145 mm2. This is large compared to the microchip area of ~1mm2 but still 

electrically small in relation to low frequency signals.  

The second challenge stems from the fact that our antenna is to be made using a single 

layer of biocompatible conductive inks. While this definition simplifies the inlay manufacturing 

process, it severely limits the types and shapes of antennas available for powering and 

communication. For instance, coils other than single turn loops are not possible, and therefore 

signal coupling via inductive methods would be extremely inefficient. Moreover, due to the 

limited conductivity of biocompatible inks compared to that of bulk material [48], the antenna 

quality factors are low. Space constraints and increased signal attenuation with frequency within 

the body result in electrically small antennas which are inefficient radiators. 

Another critical challenge relates to safety limits of RF exposure and tag activation energy. 

Recommendations of safety levels with respect to Human Exposure to Radio Frequency 

Electromagnetic Fields are described in the IEEE standard C95.1-2005 [76]. These 

recommendations are expressed in terms of maximum permission exposures (MPE) and specific 

absorption ratio (SAR) values. For instance, the SAR localized MPE is 2 W/kg averaged over 6 

minutes. The SAR can be expressed in terms of SAR= σ E2/ ρ, where σ is the tissue conductivity 

(S/m), ρ is the tissue density (kg/m3) and E is the rms electric field strength in tissue (V/m). 

Assuming a nominal tissue density of 1000 kg/m3 and representative tissue conductivity for 

muscle and skin at 900MHz of ~1S/m [77] for an ISM band UHF reader, the maximum 

permissible rms electric field is ~45V/m. If the transmitting antenna is placed at 1 cm distance 

from the body, the corresponding maximum permissible effective isotropic radiated power 

(EIRP) by the antenna is ~28dBm. State-of-the-art far-field passive UHF RFID transponders 

require anywhere from -10dBm to -15dBm of input power to energize the device. Considering 
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signal attenuation of ~30-40dB inside the body [61] and antenna loss of ~20dB, the amount of 

power that must be deposited into the body would far exceed the maximum field exposure limits. 

Moreover, practical issues such as signal reflections within the body, antenna directionality and 

mismatch losses are likely to exacerbate the problem. While these back-of-the-envelope 

calculations provide only a crude estimate for a link margin analysis, it is clear that alternate 

signaling methods are required to power the proposed passive microsystem. 

4.2.2 The Human Body as a Powering and Communication Medium 

 Alternatives to near-field magnetic coupling or far-field RF powering as a means to 

energizing a passive device inside the body can be traced to studies of bioelectricity (Galvani, 

Volta, Faraday, etc). It is well know that the human body supports current flow via the intra-

cellular and cellular membranes, and the resulting impedance between two points in the body is a 

complex function of frequency, tissue type, organs, geometry and distance. A significant amount 

of literature has been devoted to the study and assessment of bioelectricity and equivalent tissue 

models [78-80]. A very thorough review of permittivity and conductivity of tissues was 

published by Gabriel [77]. While these models and studies provide excellent cues to 

understanding the pathways of electrical current flow through the human body, the most relevant 

information necessary for establishing the human body as a direct transmission channel between 

two or multiple devices within or on the body is the frequency dependent signal attenuation 

characteristics between these nodes. This, in turn, depends both on the method of coupling the 

signals into the body and the human body channel characteristics. Two basic approaches have 

been developed to couple signals into the body for signal transmission, namely capacitive and 

galvanic coupling, both of which have been predominantly used for data transmission between 

external body-worn sensors or personal area networks. 

 



 

82 

 
(a)                                                                        (b) 

Figure 4-1. Illustration of transmission through the human body: (a) capacitive coupling method, 
(b) galvanic coupling.  

 Figure 4-1 shows a simplified schematic of the capacitive and galvanic body 

transmissions methods. Capacitive coupled body transmission systems (Figure 4-1(a)) exploit the 

capacitive coupling of the body to its environment to establish signal pathways between a source 

and a detector in close proximity with the body [81, 75, 82]. The transmitter and receiver, each 

with two electrodes, are coupled via electric field lines generated by the transmitter and 

terminating at the receiver using predominantly the surface of the body as the propagation 

medium. Return pathways are established by the second electrode of each unit and the 

surrounding environment (or ground). Since the field lines generated by the transmitter electrode 

escapes through the body to ground and are partially cancelled by the localized return pathways 

and stray fields, only a small portion of the fields are coupled to the receiver. In addition, since 

the return pathways via ground play an integral role in the overall transmission system, the 
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signals detected at the receiver depend not only on the human body but also on its surrounding 

environment, which is subject to varying conditions. 

 An alternative to capacitive coupling is to directly couple signals into the body using a 

galvanic method, as shown in Figure 4-1(b). Similar to the capacitive approach, the galvanic 

transmission system relies on a transmitter and receiver, each with two electrodes, coupled 

instead via transmission of alternating currents through the body and/or over the body surface 

using electrodes in direct contact with the skin [83-84]. Current flow, generated by a differential 

alternating voltage across the transmitter electrodes, is primarily between these electrodes. A 

portion of the current, however, reaches the receiver to create a detectable differential voltage 

across the receiver electrodes. This method of transmission depends primarily on the human 

body channel instead of the surrounding environment (i.e. ground) or air to couple the transmitter 

and receiver via electrical conduction supported by ionic fluids within the body.   

4.2.3 Low Frequency Human Body Channel Characterization 

Based on the two signaling approaches presented in section 4.2.2, the galvanic method of 

coupling signals into the body is most suitable for the proposed passive medication compliance 

device for the following reasons. First, since the proposed tag is physically very small, coupling 

signals into the tag to extract a differential voltage from the secondary alternating currents 

induced by the external transmitting electrodes would require only a pair of small electrodes 

patterned using a single layer of biocompatible conductive inks. Second, since the body as a 

whole is a conductive medium, the constraints on the physical transmitting electrode placement 

on the body can be relaxed, eliminating the need for direct line of site with the ingested tag for 

increased user comfort. For instance, unlike inductively or electromagnetically coupled systems, 

one can envision a wrist watch or an armband with transmitting electrodes to power a tag inside 

the stomach without physical alignment constraints. Finally, galvanic coupling minimizes the 
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dependence on the surrounding environment as the signal transmission is primarily constraint to 

within the body. To the best of our knowledge, this work presents the first implementation of an 

in-body electronic tagging device powered entirely from galvanic electrodes using the human 

body as a transmission medium. Previously published works have been focused on 

communication between devices on the body and not inside of it [81-84]. 

 
Figure 4-2. Measured channel loss from various locations on a cadaver to the inside of stomach 

and in phantom solution.  

 In order to evaluate the signal attenuation of a galvanic transmission system, a set of 

initial experiments were carried out on an adult human cadaver. The experiment consisted of 

placing two small electrodes inside the stomach of the subject to record the differential induced 
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voltage generated from two external coupling electrodes. The two coupling electrodes, each 

measuring 10x3.5 mm2, were used to induce time-varying currents by applying a 10Vp-p signal 

directly onto the skin in various body locations, including the hands, elbows, arms and chest; the 

receiving electrodes in the subject stomach were separated by ~4mm. The induced voltage Vind 

between the two receiving electrodes was recorded using an oscilloscope with 1MΩ input 

impedance. The resulting channel attenuation in the human body was measured over a frequency 

range as shown in Figure 4-2. Among the various coupling electrode locations, the channel loss 

from the right elbow to the stomach appears to be ~10dB lower compared to other locations, and 

therefore could be the best location for an armband or wristband type wearable transmitter.  

 Since access to human cadavers for routine experimentation is limited, we have also 

created human phantom models. Phantoms are solutions that exhibit electrical properties that are 

approximately equivalent to biological tissue, and are used herein in place of the cadaver to 

obtain reproducible measurement results [85-86]. While phantom preparations vary in 

complexity and accuracy, the simplest formulation, which has been used in this work, is based on 

sodium chloride (NaCl) and distilled water, however, improved gel based phantoms consisting of 

polysaccharide gel, NaCl, aluminum powder and Sucrose can also be used. Our phantom 

solution consists of 0.45% NaCl and 2 gallons of water filled in a plastic container measuring 40 

x 40 x 30cm3, and its conductivity is characterized to be ~0.52S/m at 13MHz and ~1S/m at 

approximately 900MHz. 

In our measurements, the four electrodes were immersed inside the phantom box. The two 

receiving electrodes were located in the center of the phantom box, at a distance of ~15cm from 

the coupling pads, which were pressed against the box wall. A simple representative circuit 

model of the electrical pathway between the coupling electrodes and receiving electrodes is 
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shown in Figure 4-2 [87-89]. This simplified circuit is used to model the channel attenuation 

through the human body for power transfer to the tagging device. The resistance RIC represents 

the input resistance of the e-burst IC which in turn depends on the RF-DC convertor design and 

the chip power dissipation. To properly capture the interplay between IC parameters (i.e. input 

impedance) and the channel characteristics, measurements were carried out over a range of RIC 

values: the channel attenuation in the phantom was measured for several representative RIC 

ranging from 97Ω to 1.75kΩ. As shown in Figure 4-2, the phantom experiments are in good 

agreement with the cadaver experiment. Note that the phantom experiments tend to overestimate 

the losses, especially at lower frequencies, providing added margin for error. As expected, 

increasing RIC decreases the attenuation but only to the extent that is not limited by the inter-

electrode resistance Zs3 of the receiving pads. For instance, at 13.56MHz, doubling RIC from 97Ω  

to 215Ω yields a 60% increase in Vind; whereas increasing RIC beyond 500Ω  yields only a 10% 

improvement in received amplitude.   

4.2.4 Safety and Regulations 

 Safety restrictions [76][89] are established to limit the exposure of human body to 

electromagnetic energy, and therefore provide protections against known adverse health effect, 

which appears to be painful electro-stimulation in the frequency range of 3kHz-5MHz, and 

adverse heating in the frequency range of 100kHz-300GHz. Among various regulations for 

maximum permission exposures (MPE), we have particular interests in the limitation of contact 

or induced current and SAR, since the former is related to the tag activation and the latter 

determines the maximum allowed radiation from the capsule antenna. 

  Table 4-1 summarizes the rms induced or contact current limits for continuous sinusoidal 

waveform specified in [76], and the frequency f in the table is in the unit of kHz. It shows that 

the contact current limitation, which generates perception and pain, is proportional to the 
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operating frequency in the range of 3kHz-100kHz, and remains as a constant above 100kHz. 

Derived from the table, the maximum allowed current induced by touching is 16.7mA at above 

100kHz for general public.   

Table 4-1. RMS induced and contact current limits for continuous sinusoidal waveforms 
Condition General public (mA) In controlled environments (mA) 

3kHz-100kHz 100kHz-110MHz 3kHz-100kHz 100kHz-110MHz 
Both feet 0.90f 90 2.00f 200 
Each foot 0.45f 45 1.00f 100 
Contact, grasp --- --- 1.00f 100 
Contact, touch 0.167f 16.7 0.50f 50 
 

Exposure to low-frequency electric and magnetic fields normally results in negligible 

absorption. However, exposure to high-frequency electromagnetic energy can lead to significant 

absorption therefore increasing tissue temperature via heat dissipation. Generally, temperature 

rise of less than 1 degree will not result in adverse heating effects, and therefore are considered 

to be safe. In the guidelines specified in [76] and [89], the absorption of electromagnetic energy 

is expressed in the term of SAR, and the localized exposure limit averaged over 6 minute, (which 

corresponds to the capsule antenna radiating from inside of the body) in the frequency range of 

100kHz - 3GHz is 2W/kg for general public and 10W/kg for persons in controlled environment. 

4.3 In-Body Electronic Burst (E-Burst) RF Transponder: System Optimization 

The critical insight of the proposed RF tagging architecture is the use of an asymmetric 

powering and communication scheme to circumvent problems associated with signal attenuation 

inside the human body and poor radiation efficiency of electrically small antennas. Since the 

power levels required to activate a tag are orders of magnitude larger than what is detectable 

externally, the tag is energized at low frequencies where in-body attenuation is low, and RF 

bursts are transmitted at higher frequencies where the efficiency of a capsule-sized antenna is 

higher. 
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Figure 4-3. Symbolic representation of the tagging device and its two operating phases. 

The operation of the tagging system can be treated as a two-step energy conversion 

process. The low frequency energy transferred from the reader device is first converted into DC 

using an RF-DC convertor to energize the tagging device, and the stored DC energy on the 

tagging device is then converted to UHF bursts to show the presence of the tagging device. 

Therefore, the tagging device can be symbolically represented using the simple circuit model as 

shown in Figure 4-3, with its operation divided into a charging phase and a burst phase.  

In the charging phase, the device is energized by the power transferred through the low 

frequency human body channel. The resulting output current, Io, supports the nominal current 

consumption of the tagging device, represented by Is, and Ic, the current supplied to the storage 

capacitor Cs. Once the voltage established on Cs reaches the pre-determined value Vhigh, the 

tagging IC enters the burst phase. In this phase, the stored energy is used to sustain a short UHF 

burst represented by load current IL, causing the voltage across Cs to discharge. When the voltage 
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of Cs is reduced to Vlow, the tagging device again enters the charging phase and begins re-

charging Cs. This cycle repeats every period T and the system enters the burst phase for DT, 

where D is the duty cycle. 

Our proposed design procedure for the tagging device begins by considering the 

relationship between required receiver specifications and the radiated power during the burst 

phase; the tag must momentarily deliver enough power so that communication through the 

human body channel results in an acceptable signal level at the receiver input. The system level 

design is optimized by creating a system that meets the required specifications. Circuit level 

parameters are then selected to ensure that the system level goals are met. 

4.3.1 System Modeling 

In order to successfully detect the tagging device inside the body, the periodic bursts 

generated within the body must be reliably detected by the external receiver. This minimum 

detectable received power can be uniquely defined as a function of the signal energy-to-noise 

ratio Eb/N0, assuming the receiver incorporates a matched filter [90]. Therefore, the required 

average radiated power PT_rad from the tagging device that achieves a specified Eb/N0 is first 

derived through basic link budget analysis. Estimated circuit level parameters (storage capacitor 

size, average charging current, etc.) are then calculated using this minimum necessary PT_rad at 

the tag.  

The required minimum input power, or the sensitivity, of a RF receiver can be represented 

as   
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, where kT0 is the thermal noise factor in units of watts/Hz, Nf is the noise figure of the receiver, 

BW is the bandwidth of the receiver frontend, and R is the communication data rate. In its 
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simplest form, presence of each UHF burst can be represented as single bit of information, and 

thus the resulting data rate R in (4-1) is essentially 1/T, where T is the transmission period.  

If the power attenuation of the UHF signal traveling out through the human body is 

represented as α, the required Prad from the tagging device for a specified Eb/N0 is then  

 TN
E

NkTPP b
frxrad_T

1

0
0⋅=⋅= αα

                                       
(4-2) 

Since this system level expression for PT_rad has been defined, circuit level parameters can 

now be selected by modeling the load placed on the tag as a constant current source, IL. 

Assuming Cs is linearly discharged from Vhigh to Vlow by IL, which represents the average current 

consumption of the tagging device during the burst phase, the total energy dissipation ET_dis can 

be calculated by integrating the instantaneous power dissipation from (1-D)T to T, as shown in 

equation (4-3). 
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The radiated energy is then the product of ET_dis and ηRF (where ηRF is the overall DC-RF energy 

conversion efficiency), and PT_rad can be written as   
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The available energy to drive PT_rad is also related to the average charging current Ic 

through charge conservation on Cs. The charge ΔQ lost from Cs during the burst phase (due to IL) 

must be equal to the charge placed on Cs throughout T (even during the burst phase, the 

comparably small IC continues to charge the capacitor), as shown in (4-5). 

DTITIdt)t(IQ
T

Lcc ⋅===∆ ∫0                                 (4-5) 
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From (4-5), IL in (4-4) can be replaced with Ic/D. By equating (4-2) and (4-4), the required 

average charging current for the specified Eb/N0 is  
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                                      (4-6) 

Combining (6) with the charging equation in the charging phase Ic(1-D)T = Cs(Vhigh-Vlow), 

the required storage capacitor Cs can then be evaluated as (4-7).    

( )

( )22
0

0 12

lowhighRF

b
f

s VV

D
N
E

kTN
C

−

−
=

η

α
                                   (4-7) 

Numerical values for IC and Cs can then be estimated by considering practical concerns 

associated with the variables of the theoretical equations (4-6) and (4-7). The trip voltages, Vhigh 

and Vlow, are limited by the IC fabrication process. Vhigh is chosen as the nominal device voltage, 

in this case 1.2V for the UMC 130nm CMOS process. Vlow is set to 0.6V to ensure adequate 

operation of supporting circuits during standby. Based on the previously discussed FDTD study 

of small antennas radiating inside the GI tract in Chapter 3, the attenuation factor α in this 

calculation is set to -50dB; this is the worst case value taken from the front side of the human 

torso. As a reasonable estimate of practical receiver performance, we specify the received signal 

energy-to-noise ratio Eb/N0 to be 30dB, and the receiver noise figure Nf to be 20dB. Assuming T 

is the range of ~1mS, these values amount to an estimated receiver sensitivity of ~-90dBm, using 

(4-1).  

As a design aid, the required Ic for three different values of T is calculated using (4-6), and 

plotted in Figure 4-4 versus the total DC-RF conversion efficiency ηRF. As expected, in order to 

store the same amount of energy on Cs within a constant period T, less charging current is 

required with higher values of ηRF. Although Ic cannot be exactly estimated without knowledge  
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Figure 4-4. Calculated charging current Ic for different burst rate, assuming Eb/N0=30dB, α = 

50dB, Nf = 20dB, Vhigh = 1.2V, and Vlow = 0.6V.    

of ηRF, which can only be determined after the modulator circuit is fully designed, Figure 4-4 

shows that Ic is in the micro-amp range with an ηRF larger than 2.5%.  

Given the duty cycle D and the conversion efficiency ηRF, the required size of the storage 

capacitance Cs can be evaluated by (4-7). Figure 4-5 shows that Cs is roughly independent of the 

duty cycle D if it is smaller than 10%. However, a more accurate estimation of Cs depends on 

knowledge of ηRF, and will therefore be determined after the modulator is designed.   

To derive (4-6) and (4-7), system level considerations for PT_rad were used. At this point in 

the design procedure, a numeric value for the required PT_rad is necessary for circuit level 

modulator design. Since the burst modulator is designed independently, we define Pburst as the 

required radiated power exclusively in the burst phase.  

D/PP
rad_Tburst =                                           (4-8)  

Pburst, calculated using (4-8), is plotted in Figure 4-6 versus D for various data rates (1/T 

values). For the same radiated energy, a longer burst requires smaller Pburst, resulting in a  
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Figure 4-5. Required storage capacitance Cs as a function of D, assuming Eb/N0=30dB,α = 50dB, 

Nf = 20dB, Vhigh = 1.2V, and Vlow = 0.6V.    

 

Figure 4-6. Required burst power Pburst from the tagging device for various period T, to achieve 
30dB Eb/N0, assuming α = 50dB, Nf = 20dB, Vhigh = 1.2V, and Vlow = 0.6V.    

monotonically decreasing function of D. A realistic D can be estimated by comparing the 

average charging current Ic and the average discharging current IL. The discharging current IL 

includes the current consumption of the UHF oscillator and the power amplifier that drives the 

capsule antenna. Because the voltage on Cs, which is used as the supply voltage for the tagging 

IC, declines rapidly while in the burst phase, the required UHF oscillation is generated by a LC-
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oscillator due to its insensitivity to supply voltage variations. Considering the current 

consumption of an LC-oscillator fabricated using a similar CMOS process is on the order of 

milliamp [91][92], and the estimated Ic from Figure 4-4 is on the order of microamp, it is 

reasonable to approximate D as ~0.001. Therefore, the targeted Pburst is set to -10dBm for ~1000 

bursts/sec tag-to-reader link.  

 
Figure 4-7. Finding the minimum VTX by incorporating the low frequency channel to the 

multiplier design. 

4.3.2 Tag Activation: Required Reader Output Voltage 

In the charging phase, the low frequency energy transmitted through the human body is 

converted into DC energy to charge the large storage capacitor Cs at the tagging device, slowly 

increasing the voltage. In this design, the tagging device is defined as active (enters the burst 

phase) when the DC voltage on Cs reaches Vhigh.  

An RF-DC multiplier, implemented as diode-multiplier, is utilized to convert the extracted 

AC signal at its input into a DC voltage. To minimize the external voltage (VTX) required to 

activate the tag, the previously characterized powering channel must be taken into account 

during the design procedure because the induced input voltage is a function of the effective input 

impedance of the tag, RIC.  
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Figure 4-8. Design the multiplier using charge equilibrium based on the behavior of a single 

diode device. 

The symbolic representation of a RF-DC multiplier driven through the low frequency 

powering channel is shown in Figure 4-7, in which Vout is the targeted output voltage and Io is 

the average current consumption at the output. The basic cell of a multiplier is voltage doubler, 

operating in either the positive half cycle or the negative half cycle of the sinusoidal input. If the 

voltage doubler is composed of ideal diodes and operating with infinite load, the generated DC 

voltage of a basic cell will eventually reach 2Vin. However, due to the finite diode turn-on 

voltage and reverse charge leakage of practical diodes, the doubler output voltage is smaller than 

the ideal case. The presence of static current consumption at the output counteracts the charging 

mechanism, leading to a further voltage decrease. 

As the input voltage level is comparable to the diode turn-on voltage, a multiplier with 

several stages composed from the basic doubler cells may have to be used to generate a large DC 

output voltage. Including all non-ideal effects such as the diode finite turn-on voltage and reverse 

leakage, such a RF-DC multiplier is generally designed based on charge conservation [93]-[96]. 

This method treats the RF-DC conversion as a charge transferring process, and the charge 
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distributed to the output of the multiplier must be equal to the difference between the total 

electrical charge transferred from the input and the charge loss caused by reverse-leakage. 

Recognizing that the electrical charge transferred to the output of the multiplier propagates 

through each diode, the charge transfer basic cell of the multiplier can be modeled using the 

simplified circuit in Figure 4-8 [95]. In steady state, when the input sinusoidal voltage exceeds 

Vd-DC, plus the forward diode voltage, the diode is forward-biased and charge is delivered to its 

cathode. As the input decreases below this level, charge is transferred backwards to the diode 

anode via reverse leakage current. To reach equilibrium, the overall charge delivered to the 

cathode during each period must be able to sustain the output current Io, or Ic+Is. Therefore, (4-9) 

must be satisfied over the input period Tp.       
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                           (4-9) 

Note equation (4-9) can be solved by normalizing Tp to unity, and key design parameters 

of the multiplier, such as the number of stages N and the required device size to support the total 

load current Io can be deduced from (4-9). Specifically, if a diode is implemented with a diode-

connected MOS topology, the W/L ratio can be selected to satisfy the required I-V 

characteristics. Thus, if the design targets of Vout and Io are specified, the multiplier can be 

uniquely determined for a certain Vin by solving the integral equation. The matlab code used to 

solve the integration equation is included in the Appendix.  

The RF-DC power conversion efficiency ηld is a figure of merit of multiplier design, and it 

is defined as the ratio of the power sent to the multiplier output to the total input power Ptotal, 

which includes both the power consumed by the load and the power loss on the M diodes of an 

multi-stage RF multiplier. Then ηld is   
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, where M is the total number of diodes included in the multiplier design, and Pdiode is the 

average power consumption of a single diode, which can be found by (4-11).  
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In this application, a larger ηld does not necessarily mean the overall system is more 

efficient, since the multiplier may require a larger voltage across its input, which leads to a larger 

VTX at the reader. Since the ultimate goal is to achieve reliable detection with minimum required 

input voltage, we optimize the system with minimum VTX as our target. Therefore, the low 

frequency channel model should be included in this design. From the multiplier design, the 

overall input resistance RIC of the tagging IC can be determined, which in turn is related to the 

input amplitude and total power consumption as Vin
2/2Ptotal. Once RIC is known, the required 

external voltage VTX can be derived from Figure 4-2. 

As a design example, we calculate the required diode size for a RF-DC multiplier 

composed of N differential stages. A single differential stage is composed of two basic voltage 

doubler cells, one for the positive half cycles and one for the negative half cycles of the 

sinusoidal input. Therefore, assuming the diodes are identical, Vd_DC can be approximated as 

Vout/4N [93].   

The tag can only be activated if the DC voltage on Cs is higher than Vhigh, thus the targeted 

Vout is set to 1.2V. Considering that the static current consumption (Is) of a typical low-power 

RFID tag is limited to a few μA [97][98], the total load current can be estimated by including the 

numerical calculation of Ic in the previous section. Since the system only requires microamps to  
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Figure 4-9. Calculated multiplier parameters based on charge equilibrium for four input 
amplitude values: (a) The I-V characteristic of the unit diode device, (b) required 
diode size normalized to 10x0.12um2, (c) conversion efficiency. 

charge Cs for a data rate of approximately 1000bursts/sec, we specify the worst-case total load 

current Io to be 10μA.  

Herein the diodes in the multiplier cells are implemented using diode-connected low-Vth 

PMOS in separate N-wells. To simplify the design procedure, all diodes are normalized to the 

unit-sized device measuring 10 x 0.12μm2, and a diode measuring M x 10 x 0.12μm2 is assumed 

to generate M times the current when same bias voltage is applied. The corresponding I-V curve 

of a unit sized diode-connected PMOS is shown in Figure 4-9(a).  

Based on the diode I-V profile, the integral equation (4-9) is solved for four different input 

voltage amplitudes ranging from 185mVp to 245mVp, and the resulting size of the diode-

connected PMOS is plotted versus the number of stages N, as shown in Figure 4-9(b). The plot 

shows that if the input amplitude is larger, for a determined N, smaller diodes are required to  
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Figure 4-10. Calculated requirement for external voltage to activate the ingested tagging device: 

(a) Input impedance of the tagging IC, (b) required external voltage from the 
transmitter. 

sustain the same load current as expected. Similarly, decreasing the number of multiplier stages 

requires larger diodes to sustain the output current.  

The corresponding ηld for each studied case are calculated using (4-10) and plotted in 

Figure 4-9(c). For a specified Vin, there always exists a pair of N and device size that maximize 

ηld by trading off the power consumption on a single diode-connected device and the total 

number of diodes. It also shows that the maximum achievable efficiency increases as the input 

amplitude becomes larger, because of the smaller device size and smaller number of diodes 

required to generate the same Vhigh and to support Io. 

The input resistance of the multiplier is calculated for all the studied cases, using the 

power-voltage relationship Vin
2/2Ptotal, and plotted in Figure 4-10(a). In addition, the required 

VTX for each case is derived from Fig.3 at 13.56MHz, and plotted in Figure 4-10(b). 

The analysis indicates that the minimum VTX is approximately 21Vp-p for the targeted 1.2V 

Vhigh and ~10μA load current. The chosen RF-DC multiplier configuration is comprised of seven 
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stages, with each diode-connected PMOS measuring 7 x 10 x 0.12μm2. The simulated LF-DC 

power conversion efficiency ηld from the multiplier input to the output in this case is ~ 18%. 

4.4 Circuit Implementation 

     
Figure 4-11. The system-level block diagram of the asymmetric tagging IC. 

4.4.1 System Architecture 

Figure 4-11 shows a block diagram of the proposed RF tagging IC, or Electronic Burst (E-

burst) device. The tag is powered by applying a 13.56MHz signal to a pair of pads in direct 

contact with the skin. The signal travels through the communication medium, in this case the 

human body, which functions as a passive electrical pathway. Low frequency bio-compatible 

pads on the transponder capsule are used to capture the transmitted power, energizing the 

microchip. This human-body channel also serves as a downlink, providing command functions 

(such as setting the burst frequency) to the tagging IC. As previously described, an antenna on 

the surface of the pill is designed for UHF frequency operation and uplinks to an external 

detector. The captured low-frequency energy drives an RF multiplier, composed of multiple 
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differential RF-DC converter stages, which powers the chip and supplies current to a storage 

capacitor Cs until the supply voltage exceeds a programmed value set by the power level 

detector. The power detector is used to monitor the storage capacitor voltage and signals the 

device when ready for transmission. An output transmitter generates short bursts at  

approximately 915MHz when both the power level and correct downlink data have been 

received. The frequency of the RF burst is controlled by a 6-bit digital word, externally 

programmed by the user via the downlink data stream. A 3-bit cyclic-redundancy-check (CRC) 

code is used for data integrity and the TX burst is generated only after the CRC has been 

verified. 

4.4.2 RF-DC Multiplier 

Unlike multipliers designed at UHF frequency [93-96], the voltage drop on the series 

capacitor Cse must be considered in this application due to the low operating frequency 

operation. In this prototype, we use 13.56MHz as the powering frequency primarily as a tradeoff 

between channel attenuation and the area constraint of the multiplier design.  

Following the study in section IIIB, the RF-DC multiplier is comprised of seven 

differential stages, and the required diodes are implemented using diode-connected low-Vth 

PMOS devices each measuring 7 x 10 x 0.12μm2, as shown in Figure 4-12.   

The required value of Cse for a targeted voltage drop can be derived by considering a 

simple voltage division circuit consisting of Cse itself and a resistance Rrec representing the power 

consumption of all the circuit blocks (i.e. Prec) connecting to Cse. Utilizing the circuit model in 

Figure 4-12, the value of Rrec can be estimated by calculating Prec. 

( ) ( )
[ ]oDCddiode

sein

rec

sein
rec IVP

VV
P

VV
R

×+⋅
−

=
−

=
−22

22

                                                               (4-12) 

 



 

102 

     
Figure 4-12. Schematic of the RF-DC multiplier optimized for 13.56MHz. 

If we limit the voltage drop across the coupling capacitor to 10%, the series capacitance Cse 

can be calculated using (4-12) as ~18pF.   

In order to prevent the parasitic capacitances to ground from degrading the multiplier 

performance, all the coupling capacitors are implemented using metal-to-metal capacitors. The 

metal-to-metal capacitance density in the CMOS process that is used is ~2.25fF/μm2 [99], which 

corresponds to Cse of ~8000μm2. Given that 7 stages are used, and each differential stage has 4 

coupling capacitors, the total are occupation is ~224000 μm2.  

4.4.3 Power Conditioning 

The DC voltage established on Cs is monitored by the power level detector circuit. Once 

the voltage on Cs exceeds Vhigh (1.2V), the power detector allows the tagging device to enter the 

burst phase, and a short 915MHz burst of radiation is generated. In this phase, electrical charge is 

continuously drawn from Cs, therefore decreasing the stored voltage. The power detector shuts 

off the burst when the voltage falls below Vlow (0.6V). Subsequently the tagging device re-enters 

the charging phase for the next burst.  
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Figure 4-13. The schematic of the power conditioning circuits. 

The schematic of the power detector is shown in Figure 4-13. It consists of a voltage 

sensing leg to monitor the voltage on Cs (also used as the DC supply voltage for the integrated 

circuit blocks), a bias generator to generate a supply-independent reference Vref, and a two stage 

differential comparator with hysteresis. The monitoring leg is simply a voltage divider composed 

of two diode-connected PMOS devices (P1 and P2) and a 2.5MΩ resistor. At low supply 

voltages, the two stacked PMOS operate in the sub-threshold region with high impedance; the 

drain voltage of P2 (Vd2) is therefore pulled to V-. As the supply voltage gradually increases, 

both PMOS devices start to enter the active region. In this case, the 2.5MΩ resistor becomes 

dominant, which brings Vd2 closer to V+. The two-stage differential comparator with hysteresis 

is then used to compare Vd2 with Vref, and the required operating voltage range (0.6 to 1.2) is 

generated from the positive feedback introduced by the cross-coupled pair M2 and M3 [100]. 

Since the steering current through P3 is limited, a large voltage range can only be achieved by 

keeping a large ratio (1:32) between M2, M3 and M1, M4. Except P1 and P2, all transistors of 
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the power detector are biased by current mirrored from the reference generator circuit to limit the 

total current consumption to ~400nA.  

The required voltage reference Vref and bias voltage Vbiasp for the power detector is 

generated by the bias generator circuit. Considering that the supply voltage varies throughout the 

tag operation, the basic bootstrapped topology [101] is chosen because of its relative supply-

independence and simplicity. The design is further simplified by the fact that the tag operates 

inside of a temperature stable environment, the human body. Ib, the current flowing through M6, 

is utilized as a unit current and copied to other circuit blocks as a current bias reference. The 

supply independent Vref is then produced by passing 2x Ib through a 1.5 MΩ resistor.  

4.4.4 Modulator 

The schematic of the burst modulator, composed of a digital controlled oscillator (DCO) 

core and a class-D power amplifier (PA), or driver, is shown in Figure 4-14. Two conditions 

have to be satisfied simultaneously to trigger the 915MHz burst: The voltage across Cs must 

reach the pre-determined value Vhigh, and the frequency tuning word from the recovered data 

packet must be received and verified.    

In addition to the requirements listed above, the burst must be constrained within the 

regulated frequency band. Because the modulator is operating under a varying supply voltage 

(from Vhigh to Vlow in the burst phase), a negative-gm LC oscillator is used in this design to 

generate the required 915MHz oscillation. This implementation is relatively insensitive to 

changes in the DC supply voltage when compared to ring oscillators. The chosen oscillator 

topology utilizes only a cross-coupled NMOS pair, used to produce the required negative 

resistance, with no need for an additional PMOS pair that would have severely limited supply 

operating range. This increased supply voltage variation and range comes at the expense of  
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Figure 4-14. Schematic of the RF modulator composed of the DCO and the class-D PA. 

larger phase noise. However, since towards the end of each burst the oscillator must function 

properly with a supply voltage of ~0.6V (Vlow), it is a reasonable tradeoff for this application. 

To avoid a complex and power-hungry frequency control schemes (such as a phase locked 

loop), digital bits are used to tune the oscillation frequency through a set of capacitor arrays 

placed symmetrically on both sides of the LC oscillator. In total, 6 bits are used to control the 

oscillating frequency, which is tunable within a ~200MHz frequency range the 915MHz ISM 

band. 

In applications requiring extremely low power consumption, a switching-mode power 

amplifier (PA) is the natural choice because of its high power conversion efficiency [102]. In this 

design, a class-D PA is chosen primarily because of its simplicity and robustness of operation. 

The class-D driver consists of two MOS devices connected in a fashion similar to a static 

inverter. Driven by the DCO, the two MOS devices are alternately switched on and off, 
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providing a current flowing either from the power supply to the capsule antenna, or from the 

capsule antenna to the IC ground. Energy is therefore radiated from the capsule antenna at the 

same frequency as the driving signal, in the form of a square wave. A 2nd-order band pass filter, 

formed by an integrated capacitor and the inductive capsule antenna, help to remove the 

harmonics and constrain the UHF radiation within the specified frequency band. 

The power conversion efficiency of the class-D driver is key to the design. The conversion 

efficiency ,ηPA, of the PA, can be defined as the ratio of the power transmitted to Rant and the 

total power drawn from the power supply, and is mainly limited by the parasitics of the 

switching MOS devices, including the junction capacitance and the non-zero resistance Ron. 

Because the dynamic charging loss of the parasitic capacitance is proportional to the square of 

the supply voltage and the conduction loss of Ron is inversely proportional to the supply voltage, 

there exists an optimal driver size that minimizes the total PA power loss and achieves the 

maximum ηPA [102].  

Considering that the parasitic losses of MOS switches varies with the supply voltage, the 

class-D PA does not always function at the optimum efficiency ηPA during the entire burst phase. 

Since the supply voltage is allowed to vary from Vhigh to Vlow, in order for the modulator to 

generate the targeted -10dBm output power even with the smallest supply voltage, we first 

optimize the class-D PA, including the driver and the antenna, for the best ηPA at 0.6V. The 

optimized PA design is then verified over the other supply voltages, by determining whether the 

PA output power meets the design target. 

The optimization procedure of the class-D PA is demonstrated in Figure 4-15. According 

to [102], for a targeted output power Pburst, the antenna input resistance Rant can be uniquely 
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determined by the supply voltage Vdd and the parasitic resistance of the switching device Ron, as 

in (4-13). 
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Figure 4-15. Class D PA optimization: (a) required loading resistance Rant to generate -13.5dBm 

output power with 0.6V supply, (b) the power conversion efficiency ηDH with 0.6V 
supply, (c) the output power with various supply voltage when Rant=130Ω, (d) the 
power conversion efficiency ηDH with various supply voltage when Rant=130Ω. 

Based on (4-13), the required Rant to generate a -10dBm Pburst is calculated and plotted 

versus the driver size in Figure 4-15(a). The corresponding ηPA clearly demonstrates the trade-off 
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between the conduction loss and the charging loss of the class-D driver. The calculated 

efficiency reaches a maximum of 45% when the switching NMOS is sized as 75/0.2 μm2 and 

with a resistance Rant of ~130Ω.   

The optimized Rant is then simulated with other supply voltage values (0.8V, 1.0V and 

1.2V) in order to verify compliance with the PA output power specification. The resulting ηPA 

and Pburst are plotted in Figure 4-15(c) and (d). The figure shows that ηPA is maximized with  

relatively smaller driver sizes and high supply voltages. This trend can be explained by 

considering that dynamic charging losses decrease with smaller switch sizes (and thus smaller 

parasitic capacitance) but eventually higher switch resistances dominate. Although the class-D 

PA sometimes operates below the optimized efficiency (because of the varying supply voltage), 

simulation results show that the optimized driver can generate the required -10dBm power 

during the entire burst phase. Figure 4-15(d) shows that higher voltages yield greater output 

power even though the PA is not optimized at these voltages.   

The overall DC to RF conversion efficiency ηRF can be estimated with consideration of 

the completed modulator design. By combining the simulated power consumption of both the 

DCO and the class-D PA, ηRF is found to be ~5%. 

4.4.5 Demodulator 

Besides providing the required activation power, a data packet including the frequency 

tuning word is sent to the tagging device through the low frequency human body channel. For 

constant and reliable power to the tagging device, a pulse-position-modulation (PPM) scheme is 

used to encode data with narrow gaps with each lasting approximately 3.25µs. The modulated 

data packet is composed of 23 bits and is 1.136ms in total duration. Since the pulses occur at 

approximately 30% or 70% of the bit-time duration, the full-rate non-return-to-zero (NRZ) clock 
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edge information is readily available, and automatically synchronized with the transmitted data. 

Example waveforms are shown in Figure 4-16. 

The schematic of the integrated receiver, including the demodulator and clock-data 

recovery (CDR) module, is also shown in Figure 4-16. The demodulator extracts the envelope of 

the power carrier, and converts the detected notches into rail-to-rail pulses for further processing. 

The extracted envelope is copied into two different low-pass-filtered signal paths, one having a 

~10x lower cutoff frequency. Utilizing the output of the signal path with lower cutoff frequency 

as the voltage reference, the full-swing PPM pulse train Vdemod can be recovered by comparing 

the output of the other signal path with the reference. The required clock is then generated by 

simply passing the full-swing Vdemod through a rising-edge activated toggle flip-flop (T-FF). The 

transmitted information embedded in the time domain is converted into a voltage by charging 

capacitor Cp with constant current Ip. To achieve fast switching and minimize charge integration  

 

Figure 4-16. The demodulator and the clock and data recovery (CDR) circuits.   
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errors, such as charge injection and clock feed-through, the charge pump proposed in [103] is 

utilized. The circuit is composed of three pairs of MOS devices: NMOS pair M7 and M8 act as 

the current switching pair, steering current through either pair P7 and P8 or directly through pair 

P5 and P6. When the clock signal is high, the bias current Ip is mirrored to P6, which charges Cp. 

After the discharging signal is received, Ip is steered to P8, pulling up the gate of P6 gradually to 

the power supply, thus stopping the charging process. At the same time, SW1 is turned on and 

quickly discharges the capacitor. A sampling comparator samples the voltage established on Cp 

at the falling edge of the clock and compares it with a pre-determined voltage reference to 

recover the NRZ data. A small sampling window is generated by adding a delay in between the 

charging and discharging phases, ensuring a constant signal level and leaving time for an 

accurate comparison. The recovered bit is then stored in a latch composed of two crossed 

coupled NAND gates, and synchronized to the clock rising edge at the beginning of the next bit 

period. 

4.5 Experimental Results 

The proof-of-concept IC was fabricated using a CMOS 130nm process. Figure 4-17 shows 

the micrograph of the fabricated IC with a total chip area of 0.8 x 1.5mm2. The low frequency 

RF-DC multiplier and demodulator occupies 40% of the chip space, with most of the area 

utilized by the twenty-eight series capacitors (18pF each) included in the multiplier. Based on the 

estimated DC-UHF conversion efficiency ηRF (~5%), the storage capacitor Cs is chosen to be 

2.4nF and is implemented using PMOS gate capacitance because of its high capacitance density.   

4.5.1 Test Bench Results 

The basic functionality of the fabricated IC device was first verified via probe station 

measurement. The measured sensitivity of the tagging IC is shown in Figure 4-18. The 

sensitivity is defined as the minimum input power that results in ~1.2V DC voltage on Cs. The  
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Figure 4-17. Micrograph of the tagging IC. 

 
Figure 4-18. The measured sensitivity of the fabricated tagging IC.   

tagging IC requires higher input power for activation because of increased voltage droop on the 

series capacitance Cse, resulting in lower RF-DC efficiency at long switching periods. The  

 

1500um

80
0u

m

DCO + Class-D PA

RF
-D

C
Mu

lti
pl

ier Demodulator
CDR+
FIFO

MOSCAP
(Storage caps)

-14

-12

-10

-8

-6

-4

-2

0

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

Se
ns

iti
vi

ty
 (d

B
m

)

Frequency (MHz)

-8.7dBm @ 
13.56MHz



 

112 

 
Figure 4-19. Measured time-domain response of the demodulator and CDR. 

 
Figure 4-20. Tunability of the DCO: (a) Measured tuning range with 6-bit control word, (6) 

tuning of DCO around 915MHz. 

sensitivity reaches a minimum value of -12dBm when operated at approximately 50MHz. Above  

this frequency, the effective parasitic capacitance at the input of the multiplier becomes the 

dominant loss mechanism, degrading the sensitivity. At the specified operating frequency of 

13.56MHz, the sensitivity measured -8.7dBm. The input resistance of the tagging IC with the – 

8.7dBm input was characterized as 328Ω, which amounts to a 15.6% deviation from the 

theoretical study presented in Figure 4-11 and discussed in section 4.3.     
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Figure 4-21. Measured DCO phase noise at 915.6MHz with 1.2 supply voltage. 

The basic functionality of the demodulator and CDR circuit was tested by feeding the 23-

bit data packet required for bursting directly into the tagging IC in a periodic manner. The data 

packet was sent at a data rate of ~20Kbit/s, and the RF burst was therefore enabled every 

1.136mS. Four complete operating cycles are shown in Figure 4-19. As shown in the figure,  

“Burst enable” triggers the 915MHz burst, signaling that the supply voltage has reached 

1.2V and, at the same time, the 23-bit data packet has been verified by the CRC check.  

Figure 4-20 shows the characterized tunability of the DCO. All 64 possible combinations 

of the 6-bit frequency tuning word were covered in this measurement. The measurement result 

shows that the DCO can be tuned from 805MHz to 985MHz, and the frequency tuning resolution 

within the 915MHz ISM band is ~3MHz.  

As an additional test, a stable DC supply of 1.2V was used directly, temporarily replacing 

the RF-DC block. The phase noise of the DCO, when tuned to 915.6MHz, was characterized by 

-120
-110
-100

-90
-80
-70
-60
-50
-40
-30
-20

15 150

Ph
as

e 
no

is
e 

(d
B

c/
H

z)

Frequency (KHz)
1000

-108dBc/Hz



 

114 

feeding the output to a spectrum analyzer with 50Ω input impedance and is plotted in Figure 4-

21. At a 1MHz deviation from the center frequency, the measured phase noise is -108dBc/Hz.  

4.5.2  Antenna Fabrication and Tag Assembly 

A small meandering antenna was designed to fit the surface of a 00-sized capsule while 

maximizing the PA efficiency. The antenna, together with the two low frequency pads, measures 

28 x 15.7mm2, and is screen-printed onto a thin biocompatible polydimethylsiloxane (PDMS) 

substrate. The printing substrate is flexible, allowing the printed antenna to be wrapped around 

standard capsules. The conductive ink used to create the printed antenna has a measured sheet 

resistance ~40 milliohms/sq/.5mil [104]. The antenna was characterized experimentally using a  

custom designed plastic probe station with impedance of 125 + j280 (Ω) at 915MHz. The layout 

and measured input impedance are shown in Figure 4-22.  

 
(a)                                                                       (b) 

Figure 4-22. Small capsule antenna designed for maximizing the output power: (a) antenna 
geometry, (b) measured antenna impedance. 

In order to experimentally verify the E-burst tagging device, a prototype electronic pill was 

assembled. Gold stud bumps were first placed on the pad openings on the fabricated IC. The 

bonded IC device was flipped over, and dipped into a very thin layer of conductive epoxy. 
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Because the gold stud bumps are extruded above the IC surface, the IC surface will not be 

contaminated by the epoxy. The IC device is then flipped, accurately aligned and bonded to the 

printed pattern using a flip-chip bonder. A second layer of PDMS was added to isolate the 

915MHz antenna from the surrounding environment (either the human body or phantom 

solution), while the low-frequency pads are exposed. The assembled tagging device is shown in 

Figure 4-23. 

 

Figure 4-23. Picture of the tagging device assembly. 

4.5.3 Characterization of the Assembled Tagging Device 

The radiated power from the assembled tagging device was characterized using the test 

setup shown in Figure 4-24(a). The tagging device was activated by directly feeding the 

13.56MHz power carrier and the 23-bit data packet into the low frequency pads, and the UHF 

bursts were therefore periodically generated. A folded dipole antenna placed ~2cm away from 

the tagging device was used as the receiving antenna, and the captured power spectrum was 

displayed on a spectrum analyzer. By approximating each burst as a square-shaped pulse with 
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constant amplitude, according to the peak locations in the power spectrum, the time duration of 

the burst can be deduced as ~350nS. Considering that burst period is 1.136mS, the peak received 

power is ~-10dBm.   

 
(a) 

 
(b) 

Figure 4-24. Characterization of Pburst, the radiated power from the assembled tag: (a). 
Measurement setup; (b). de-embedding the channel loss and receiving antenna 
mismatch. 

To estimate the radiated power Pburst from the tagging device, the pathloss of the uplink 

channel and the mismatch loss of the receiving antenna must be de-embeded from the  

measurement setup. For this purpose, a second measurement was carried out, as shown in Figure 

4-24(b). This time, the assembled tagging device was replaced by the capsule antenna, and the 

power loss from the signal generator to the spectrum analyzer was characterized to be ~18dB. By  
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Figure 4-25. Prototype e-pill verification using the phantom solution. 

adding back the mismatch loss of the capsule antenna, the communication passloss and the 

receiver mismatch loss together can be calculated as ~10.5dB. Therefore, Pburst is estimated to be 

approximately 0.5dBm.    

Table 4-2. Summary of the measured prototype e-pill performance 
Technology  UMC 130nm CMOS  

Operating range ~0.6V -~1.2V 
Down/ Up link frequency 13.56MHz/915MHz 
Data rate ~20Kb/s (Downlink)  
Burst Duration ~350ns  
Burst power

 
 0.5dBm  

VCO tuning range 805MHz-985MHz  

Sensitivity for activation  -8.7dBm@13.56MHz   
Chip area 1500µm x 800µm 
 

The packaged prototype e-pill was experimentally verified as shown in Figure 4-25. 

Phantom solution contained in the same Rubbermaid container was utilized to mimic the human 

torso. An amplitude modulated RF signal generator was used to transmit the required 13.56MHz 
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power and data package, and the two transmitting pads placed against the phantom box were 

directly contacting the solution from the inside. The modulated power carrier picked up by an 

additional pair of pads immersed on the opposite side of the saline box was first displayed on the 

oscilloscope and verified. While the voltages generated in each probe, labeled In+ and In-, were 

nearly in phase, a sufficiently large differential voltage (In+ - In-) was induced across the probes 

to power the tag. The prototype e-pill was then immersed in the center of the phantom box 

(~20cm from the sidewalls, ~15cm from the top), and the generated 915MHz short bursts were 

captured by a receiving folded-dipole antenna placed outside of the phantom container. A vector 

signal analyzer with a built-in demodulation function (Agilent N9020A) was used as the RF  

receiver. With approximately 28Vp-p 13.56MHz carrier transmitted from the RF transmitter, a 

periodic downlink data packet activated the transponder at 1.136ms intervals, generating RF 

bursts of approximately 350ns in duration and a measured signal level of -62dBV (at the 

receiving antenna). The performance of the prototype e-pill is summarized in Table 4-2. 

4.6 Conclusions 

An E-burst RF capsule tagging system is proposed for medication capsule monitoring. The 

RF tag utilizes an asymmetric powering and communication scheme to circumvent problems 

associated with signal attenuation inside the human body and poor radiation efficiency of 

electrically small antennas. Since the power levels required to activate a tag are orders of 

magnitude larger than what is detectable externally, we employ an asymmetric RF link to 

energize the transponder at low frequency and transmit RF bursts at higher frequencies. Based on 

the study of the human body channel, the design of the tagging device operating in 

13.56MHz/915MHz ISM bands is optimized. The proof-on-concept device was fabricated in 

130nm CMOS, and experimentally validated in phantom solution.  
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CHAPTER 5 
SUMMARY AND FUTURE WORKS 

5.1 Summary of this Dissertation 

 Medication compliance is very important to pharmaceutical clinical trials, and it is 

desirable to develop new methods besides the direct observation method that can conveniently 

and reliably monitor the medication compliance. Small electronic devices attached to the outer 

surface of standard capsule can potentially serve as a cost-effective method of validating 

medication compliance via electronic detection of an ingested pill inside the digestive tract. This 

work intends to prove the possibility, and report our effort to design such an electronic device.   

The possibility of detecting the e-pill was demonstrated through FDTD simulations of 

small dipole and coil antennas placed inside of the human body. The small antennas were 

resonated to various FCC regulated bands by shunting an additional reactance across the antenna 

terminals. The simulation results suggest that the maximum radiation appears to be between 

600MHz and 900MHz, and the resulting one-way path loss is about 30dB. To verify the 

simulation results, we measured the transmission loss between a 8mm-coil antenna and a 

receiving antenna through the phantom solution, which is used to mimic the electrical properties 

of human torso. The coil antenna was wrapped around the 00-sized capsule, and was resonated to 

402MHz by soldering a discrete chip capacitor across the terminals. The insertion loss, which 

was characterized using a vector network analyzer, was approximately -30dB at the resonant 

frequency of the capsule antenna. The measurement result matches the FDTD simulation results, 

therefore further proves the possibility of using capsule-sized antennas for medication 

compliance monitoring. 

In order to evaluate the performance of the capsule-sized antennas, multiple structures 

fitting the outer surface of the standard capsule were designed and printed using either screen- or 
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pad- printing method. In Chapter 3, we reported the first capsule antenna that was directly 

printed onto a capsule’s outer surface. In order to experimentally characterize the capsule 

antenna, a probe station was modified, and its top metallic cover was replaced by a plastic replica 

to minimize the ground reflection. The zigzag antenna was resonated to various FCC regulated 

frequency bands, and its radiation property from inside of the human body was studied using the 

FDTD method. Based on the study, multiple inductive capsule antennas compatible with the 

popular backscattering technology at 915MHz were designed and printed. Among those, the 

antenna that covers ~300o axially around a 000-sized capsule was printed using the 

biocompatible SNP ink, and was packaged with a commercial available IC to form a 

backscattering tag; the tag detection was demonstrated by using the corresponding reader device. 

The concept of pill-to-pill communication was also discussed in Chapter 3.    

Including an IC chip brings more flexibility to the e-pill design, and therefore is key in this 

study. In Chapter 4, we discussed the associated challenges of reliably and constantly powering 

such a device, and proposed a new tag-activation scheme: ingested electronic tagging device can 

be powered entirely from galvanic electrodes using the human body as a transmission medium. 

Using this method, the ingested tagging device can just utilize two low-frequency pads in direct 

contact with the surrounding environment to extract the required activation energy. Based on the 

study of capsule-sized antennas radiation from inside of the body, the tag-to-reader link was 

designed at 915MHz ISM band to balance the radiation efficiency of capsule-sized antennas and 

the transmission attenuation through the human body. Based on the design methodology, a 

proof-of-concept asymmetric tagging device operating at 13.56/915MHz was fabricated using 

CMOS 130nm technology. The functionality of the tagging IC was tested on probe station. To 

form the prototype electronic pill, the tagging IC was packaged with a custom designed antenna 
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to maximize the output power from the tagging device. The prototype e-pill was experimentally 

verified in the phantom solution.  

5.2 Suggested Future Works 

The possibility of using an ingested small electronic device fitting the outer surface of the 

standard capsule for medication compliance monitoring has been demonstrated in this work. The 

key blocks of the e-pill such as the capsule antennas and tagging IC have been designed and 

proved functional. Suggested future works are described below.  

In this work, the functionality of the e-pill was verified inside the phantom solution. 

Although the phantom solution was carefully designed to match the electrical properties of the 

human body, it has its limitations. Unlike the phantom solution which is composed of a single 

material, the real human body consists of various types of tissues, and the interface between 

different tissue materials, such as the muscles and bones, might bring additional concerns due to 

RF reflection and refraction. Also, the conductivity and dielectric constant of the human body 

not only changes with physical conditions such as temperature and humidity, they also vary from 

person to person.  Therefore, the RF channel, and especially the powering channel through the 

human body should be studied more carefully and extensively. Once a statistical channel model 

is established, the tagging IC can be redesigned by simply following the provided methodology 

discussed in Chapter 4.  

The functionality of the e-pill can be further expanded by including an anti-collision 

mechanism. Unique IDs can be assigned to different pills to represent information such as the 

type of medication, or count of pills. Therefore when multiple pills are ingested, they can be 

distinguished from each others from inside of the human body.   

  



 

122 

APPENDIX  
MATLAB CODE FOR MULTIPLIER DESIGN 

The matlab code to calculate the corresponding diode size (normalized to a unit device 

measuring 10 x 0.12μm2) for the 130nm CMOS technology is provided in this section. The 

calculation flow is controlled by the main function, and the integration equation (4.9) is solved 

by the function “opti”.  

 
FUNCTION output = main  %Defines the parameters needed for optimization  
 
Vout = 1.3; 
%Vin = 0.26;     % amplitude of the input sinusoidal signaling 
Iload = 4e-6; 
frequency = 915e6; 
Cpa_unit = 0.95e-15;  % calculated parasitic capacitance to the ground for a unit diode. 
 
for ii = 1:20 
    Vinin(ii)= 0.13+(ii-1)*0.01 

Vin = Vinin(ii);  % input amplitude of the multiplier    
     
    for ll = 1:8 
        N = ll + 6;   % number of stages 
    stages = N; 
 
    Eload = Vout*Iload;    %Energy delivered to the load per cycle 
    result = opti (stages,Vout,Vin,Iload,frequency);  
 
    size(ii,ll) = result(1); 
    Ein(ii,ll) = 4*stages*result(2);  % Energy input to the multiplier per cycle     
    Pin(ii,ll) = Ein(ii,ll)+Eload 
    Pindbm(ii,ll) = 10*log10((Ein(ii,ll)+Eload)*1000); 
    effi(ii,ll) = Eload/Pin(ii,ll);  % efficiency of the RF multiplier, given Vin, Vout, N. 
    Rin_p(ii,ll) = Vinin(ii)^2/(2*Pin(ii,ll));  % Calculated input resistance of the IC device. 
     

end 
end 
 
FUNCTIO N output = opti (stages,Vout,Vin,Iload,frequency) 
% This function calculate the required size of diode for a fixed number of stages N, fixed Vout, 
and fixed Vin. 
N = stages;    % Number of stages; 
Vo = Vout/(2*N); % considering differential RF-DC converter is used; 
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I = Iload;  % This is the average load current for other blocks of the RFID chip; 
freq = frequency; 
Va = Vin ;     % amplitude of the input RF signaling; 
 
load lvtP0.txt; 
It = lvtP0(:,2)/28; instant current flowing through a single diode(the measured result includes 28 
unit-sized diodes);     
Vt = lvtP0(:,1);  % instant voltage appeared in the measured data; 
 
Ql = I*1;  % This is the charge flowing through the chip load; Normalized to frequencies.  
 
delta = 100; 
error = 2e-9; %This is the limit of integration error;  
did = 1000;  %Divide the period into 'did' pieces, and using rectangular integration method.  
 
M_min = 0.01; 
M_max = 50000; 
while (delta >= error) 
        deltaT = 1/did; 
        sum = 0.0; 
        %sum2 = 0.0; 
        intev = (M_max + M_min)/2; 
    for kk = 1:did 
        Vins = Va*sin(6.28*(kk-1)*deltaT)- Vo/2; % interpolated voltage Vdiode;  
        sum = sum + intev*interp1(Vt,It,Vins)*deltaT; 
        vtest(kk) = Vins; 
        itest(kk) = intev*interp1(Vt,It,Vins); 
    end 
         
    if (sum-Ql > 0) 
       M_max = intev; 
    end 
    if (sum-Ql < 0) 
       M_min = intev; 
    end 
    delta = abs(sum-Ql); 
    sum ;   
end 
%%Calculating the power consumption of the diode device with the calculated size 
E_cycle = 0.0; 
for ll = 1:did 
        Vinsll = Va*sin(6.28*freq*(ll-1)*deltaT)- Vo/2 
        E_cycle = E_cycle + Vinsll*intev*interp1(Vt,It,Vinsll,'linear')*deltaT; 
end 
 
output = [M_min,E_cycle*2];  % return calculation results to the main function.  
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