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7.1 Introduction

Point of care (POC) biosensor systems which do not rely on the use of laboratory staff
or facilities have the potential to improve patient health care [1]. POC system contains
different types of wearable or implantable biosensors, readout or interface circuits,
power management circuits, and wireless telemetry blocks. A typical POC system is
depicted in Fig. 7.1. The system contains several biosensors with analog readout cir-
cuits, a digital microcontroller, a radio transmitter, and a battery. The sensors convert
the physiological parameters to electrical quantities with readout circuits. The digital
microcontroller circuit manages and processes all the sensor data. The data are then
transmitted using a wireless transmitter to an external device for remote monitoring
and recording.

Wireless POC systems provide the means to continuously measure and monitor
biological parameters related to diseases, biomolecules, and pathogenic bacteria and
viruses. Diseases like diabetes, ischemia, Alzheimer’s, and epilepsy require contin-
uous monitoring and real-time drug delivery system or stimulation. There are many
biosensors reported for measuring and detecting biological parameters. These bio-
sensors can be grouped into two categories of POC biosensors, namely, implantable
biosensors and wearable biosensors.

Implantable biosensors are continuously becoming more popular and economically
viable. In the past, the main contribution in this field was to restore malfunctioning or
missing biological structures by artificial prosthetic devices such as an artificial heart
and pacemaker for cardiac patients, a neurostimulator for patients with epilepsy and
Alzheimer’s, stents for damaged arteries, and knee implants for rheumatoid arthritis,
osteoarthritis, or traumatic injuries. These biosensors offer improved quality of life
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Figure 7.1 A wireless point of care system with integrated biosensors and readout circuits.
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for patients. As an extension to this field, miniaturized implantable biosensors are
also directed toward the diagnosis of diseases with higher measurement sensitivity
and selectivity of physiological parameters [2]. These biosensors provide continuous
diagnostics for patients with chronic diseases. The integration of wireless capability
with these sensors enables health condition monitoring in real-time as well as real-
time drug delivery systems. The continuous glucose-monitoring system, developed
by Medtronic, can measure glucose level more than 200 times a day, and the insulin
delivery system provides an alternative to multiple daily injections [3,4]. The bladder
pill is developed to monitor and log the internal bladder pressure: it is inserted into the
bladder cavity through a minimally invasive procedure [5]. The pressure sensor and
readout circuit are packaged in a flexible pill-shaped form, having a length of 40 mm
and diameter of Smm. The continuous measurement of the physiological parame-
ters in the gastrointestinal (GI) tract is often necessary for detecting and monitoring
abnormalities [6]. Traditionally, the diagnosis of the GI abnormalities is performed by
inserting a tube containing sensors through the mouth [6]. This time-consuming and
uncomfortable method for patients has motivated researchers to develop wireless cap-
sules by integrating miniature sensors including pH, pressure, and temperature onto a
single platform. The integration of biosensors and integrated circuit (IC) technology
with a wireless link forms the basis for future multisensor microsystems and leads to
real-time and continuous monitoring of the GI tract.

Extensive research has been performed in the field of wearable biosensors for con-
tinuously monitoring health, activity, mobility, and biopotentials. The major monitor-
ing of vital signs are the electrocardiogram (ECG) for measuring cardiac electrical
activity and heart sounds, the electromyogram (EMG) for measuring muscular elec-
trical activity, the electroencephalogram (EEG) for measuring the electrical activity
of the brain, respiration rate, mobility for limb movement, skin temperature, electrical
conductivity of skin, and blood glucose [7]. The biosensors for monitoring these vital
signs are embedded in the user’s outfit. For example, a wrist-worn device has been
developed to monitor ECG, blood pressure, blood oxygen saturation, acceleration,
and temperature by combining all sensors, signal processing, and cellular communi-
cation [8]. The communication protocol has been designed to support cellular message
service to transmit a small number of values, a virtual circuit switched communica-
tion channel for long ECG data, and an internet-based channel to reduce the num-
ber of direct lines needed at the telemedicine center. A portable physiological signal
recorder is also designed and implemented to measure ECG, bioimpedance, and activ-
ity using Ag/AgCl gel-paste electrodes and three-axis acceleration sensors [7,9]. A
textile-based wearable system has also been developed to monitor ECG, photoplethys-
mography (PPG), heart rate, blood pressure, body temperature, and skin conductance
[10]. The data are sampled and digitized at 250 samples/s and transmitted wirelessly
using 2.4 GHz industrial, scientific, and medical (ISM) band to a remote monitoring
station [7,10].

Wireless biosensors for implantable or wearable sensors will be discussed in this
chapter. The biosensors incorporating electrical measurements such as electrochemical
transduction mechanism [potentiometric, amperometric, and field-effect transistor
(FET)] and electrical transduction mechanism (resistance, capacitance, and inductance)
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will be described in the second section. The interface circuit techniques to convert
these electrical properties of the biosensor into voltage, frequency, or phase will also
be reviewed briefly. A design example including a capacitive pH-sensor device that
detects pH variations will be studied in this section. In the third section, wireless
telemetry systems will be described. The applications of the wireless link for implant-
able or wearable sensors, such as implanted blood-glucose sensor, wireless capsule,
and wireless wearable device will be explored in the fourth section. In the fifth section,
we will conclude the chapter with some future trends involving biocompatible coat-
ings, suitable packaging, and flexible IC.

7.2 Electrical measurements using biosensors
7.2.1 Biosensing techniques

Microelectromechanical systems (MEMS)-based biosensors are widely used in vari-
ous biomedical and lab-on-a-chip (LOC) applications, such as chemical and biochem-
ical sensing [11], protein and DNA biosensor array [12], drug screening [13], disease
and pathogens diagnosis [13,14], and implantable devices [15,16]. The biosensors
transform the changes in chemical and biological analytes including dissolved ions,
pH, gases, body fluids, drugs, microbes, human cells, proteins, and nucleic acids into
optical, electrochemical, or electrical equivalent of the changes using biologically sen-
sitive elements. A biosensor system example is depicted in Fig. 7.2. The biosensors are
usually composed of a biologically sensitive element or compound and a transducer.
The biologically sensitive elements interact with the chemical and biological analytes,
and the transducer transforms the interaction with the chemical and biological ana-
lytes into a measurable signal (optical, electrochemical, or electrical).

Biosensors are classified into two major categories: label-based and label-free sens-
ing. Label-based sensing requires the labeling of target molecules with fluorescent
dyes, chemiluminescence, or radioactive labeling using enzyme-linked immunoabsor-
bent assay [17-19]. These processes collect and attach the target molecules from het-
erogeneous samples, and hence the specificity of the biosensor is characterized by the

Biologically sensitive elements

Transducer

Biosensors

Figure 7.2 A biosensor system consisting of biologically sensitive elements and transducers.
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sensing material. These labeling processes may interfere with the binding site, alter
surface characteristics, and require a longer time [ 18]. These limitations may hinder the
implementation of label-based sensing for POC applications. On the other hand, label-
free sensing is based on the changes of inherent properties of test molecules [18,20].
In this method, the detection is typically performed on the chemical modification of
the sensor’s surface using the antibody, antigen, and pRNA [18,21,22]. Therefore, the
selectivity and sensitivity are dependent on the quality of the surface-modification
methods [21]. These methods aid in the development of biosensors for rapid detection
with a higher sensitivity and selectivity. Hence, it is practical to implement the POC
biosensors using label-free sensing mechanisms.

Apart from the classification based on sensing mechanisms, biosensors are clas-
sified into three categories considering the transduction mechanism used. They are
optical, electrochemical, or electrical. The optical transduction mechanism includes
fluorescence, chemiluminescence, interferometry, and surface plasmon resonance.
These techniques involve either the production of light from chemical reactions or the
change in refractive index at the interface of biosensing materials.

Electrochemical transduction mechanisms operate according to redox reactions
involving the production of electrons or protons that can contribute to current or volt-
age. This method depends on the Nernstian response of redox reactions at solid—liquid
interfaces and can achieve a maximum Nernstian sensitivity. This method is suitable
when biochemical reactions between the biomolecules and biologically sensitive
elements generate electrical charge. For example, glass electrode-based pH sensors
detect pH levels in a sensing half-cell by measuring the voltage difference between the
sensing electrode of the sensing half-cell and a reference electrode having a fixed con-
centration of HCI or a buffered chloride solution. The voltage difference is generated
due to the exchange of sodium ions in the reference half-cell for H*-ions in the sensing
half-cell through a glass membrane [23]. There are different types of electrochemi-
cal biosensors: potentiometric, amperometric, and FETs. Potentiometric biosensors
are based on the potential or voltage difference between the sensing and reference
electrodes (Fig. 7.3(a)). This principle is widely used for pH-sensor and gas-sensor
applications. Amperometric biosensors rely on the change in current between sensing
and reference electrodes (Fig. 7.3(b)). For biosensors using FETsS, the solutions are in
contact with the gate of the transistor and the redox reaction produces the voltage at
the gate that changes the current through the transistor (Fig. 7.3(c)). For the measure-
ment of pH, ion-sensitive FETs (ISFETs) are widely used. An ISFET measures the
current through a conduction channel between the source and the drain originating
from pH-dependent threshold voltages due to sensing-gate liquid-surface potentials
[24-27]. Different sensing materials at the sensing gate region, such as SizNy, Al,O3,
Pr,03, InN, RuO,, RuN, and Ta,Os are used to achieve the theoretical upper limit of
Nernstian sensitivity of 59.16 mV/pH [25-27]. The techniques utilizing electrochemi-
cal transduction are summarized with some design examples in Table 7.1.

The transducers producing electrical equivalents of the changes in passive compo-
nents are suitable for miniaturized systems, which translate the changes in chemical
and biological analytes into resistive, piezoelectric, capacitive, or inductive variations.
Such methods are suitable for detecting biomolecules without biochemical reactions
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Figure 7.3 Electrochemical transduction techniques: (a) potentiometric technique, (b) amper-
ometric technique, (c) field-effect transistor (FET) technique.

Table 7.1 Examples of electrochemical transduction techniques

Technique Output Membrane Application References
Potentiometric | Voltage Alkaline phosphatase DNA [28]
Frequency | N-(2-ferrocene-ethyl) DNA [29]
maleimide
Voltage SizNy4 and parylene Potassium [30]
ferricyanide
Voltage Iridium oxide pH of urine [31]
Amperometric | Frequency | Polyimide Protein [32]
Current SU-8 Protein [12]
Current Platinum/nitrogen- Glucose [33]
doped graphene
Current Glucose oxidase Glucose [34]
ISFET Voltage Indium nitride (InN) pH [25]
Voltage Si3Ny Cell population | [35]
Current Tantalum oxide DNA/Protein [36]
Voltage Si3Ny DNA [37]

when interacting with biologically sensitive elements and hence do not produce elec-
trical charge. For measuring passive electrical components, different interface circuits
are required to convert the changes in biological analytes into measurable voltages or
currents. The interface circuits (ie, readout circuits) for these sensors are discussed in
the next section.

The resistive-type sensors measure strain-related mechanical properties such as
strain, force, acceleration, and pressure-utilizing piezoresistive properties of sensi-
tive film resistors [2,14,38,39]. These sensors are also incorporated as biosensors
for detecting biomolecules. The electrode configuration is the same as in electro-
chemical transducers, but it measures the change of resistance when biomolecules
interact with the biologically sensitive elements [2]. The piezoresistive microcanti-
lever sensors are also extensively studied for biosensing. The piezoresistive sensors,
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which are covered by a biologically sensitive layer, are bent due to strain induced
upon binding of biomolecules with a sensitive layer. The bending of piezoresistive
sensors produces a change in resistance [14,38]. Piezoelectric sensors are similar
to piezoresistive sensors in which the strain-induced mechanical bending or force
produces electrical charge.

The capacitive sensors convert the variations of physical, chemical, and biological
quantities into capacitive changes utilizing two electrodes or plates separated by a
dielectric medium. For simple capacitors composed of two parallel plates of an area
A each, separated by a gap G, and filled with dielectric medium with relative permit-
tivity of g, the capacitance C is expressed as ,A/G. Here, g, is the permittivity of
free space (8.854 x 10~12F/m). Therefore, a change in the capacitance of the sensing
device will occur due to the change of dielectric medium, gap, or area. The capacitive
biosensors designed to detect the changes of dielectric medium are very common [40].
The electrodes are configured as parallel plates, coplanar electrodes, and interdigitated
electrodes (Fig. 7.4). The parallel-plate configuration requires two metal-printed sub-
strates and the dielectric medium is in between the substrates. The coplanar electrode
configuration provides simple fabrication steps compared to the parallel-plate config-
uration as the electrodes are on the same side of a single substrate. The inter-digitated
electrodes configuration is achieved by replicating several coplanar electrode configu-
rations. The capacitive biosensors provide low thermal noise and thermal drift levels,
low static power dissipation, and low self-heating [41].

The inductive sensors measure the changes of inductance due to the alteration
of magnetic property of the medium. The biomolecules are usually not magnet-
ically sensitive, and therefore, the target molecules are labeled and attached by
magnetic particles to have the ability to modify the medium under exposure [42].
Some design examples of these electrical passive transduction techniques are
given in Table 7.2.

In addition to sensing techniques, it is also necessary to have a range of selective
and sensitive detection of analytes for different applications. The selectivity for spe-
cific analytes is one of the most critical requirements for biosensors as it yields reliable
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Figure 7.4 The electrode configuration for the capacitive biosensors: (a) parallel plates, (b)
coplanar electrodes, (c) interdigitated electrodes.
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Table 7.2 The electrical passive transduction techniques

Sensor Circuit
Technique | output output Configuration Application | References
Resistive Resistance Voltage Piezoresistive DNA [38]
microcantilever detection
Resistance | Frequency | Coplanar E. coli [39]
electrodes bacteria
Resistance Voltage Piezoresistive Herpes [14]
microcantilever simplex -1
virus
E. coli
bacteria
Resistance Current Polymer Glucose [43]
Capacitive | Capacitance | Voltage Interdigitated E. coli [44]
electrodes bacteria
Capacitance | Digital Interdigitated Dichloro- [45]
(8-bit) electrodes methane
Acetone
Methanol
Deionized
water
Capacitance | Voltage Parallel plates DNA [46]
Capacitance | Frequency | Interdigitated pH of gastric | [47.48]
electrodes acid
Inductive Inductance | Frequency | Spiral inductor DNA [42]

sensing signals in the presence of interfering analytes. The biosensors are developed
using biologically sensitive elements such as antibodies and ligands for biological
analytes, or metal-organic framework materials for chemical analytes. In addition to
the sensing, the sensors are also integrated in systems for immobilizing, analyzing,
and identifying chemical and biological analytes.

7.2.2 Readout circuits

Interface circuits for MEMS sensors play an important role for the development of
reliable, low-cost, and low-power sensor systems. These signal-conditioning circuits
convert the changes of sensor resistance, capacitance, or inductance into equivalent
measurable quantities of voltage or current [49,50].

The change in resistance can be measured using a Wheatstone bridge circuit that
produces an output voltage proportional to the resistance changes. Another simple
way to measure resistance changes as voltage changes is by applying a constant
current source through the resistor sensor [ 14]. The resistance changes of the sensor
can also be converted to frequency variations using a voltage-controlled oscillator
circuit [51].
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There are several readout circuit configurations interfacing with capacitive or
inductive sensor systems. The two major circuit configurations are the amplifier-based
circuits [49,50,52,53] and modulation-based circuits [15,42.48,51,54-66]. The ampli-
fier-based circuits can be generalized into three categories of alternating current
(ac)-bridge [49,53], transimpedance [67], and switched-capacitor (SC) configuration
[49,50,52]. In most cases, a single sensing capacitor (Cs) is connected in series with a
fixed-reference capacitor (Cg). Capacitor Cy is equal to the rest or initial capacitance of
Cs. The Cy and Cg are driven by a differential (180° phase shift) square waves or digi-
tal pulses for ac-bridge and switched-capacitor configurations. In transimpedance con-
figurations, an ac-signal (sine wave) is applied. These circuits measure voltage change
proportional to the sensor capacitance change (AC=Cs— Cy), and the voltage change
is amplified using an amplifier circuit. In SC configurations, the amplifier circuit also
integrates additional charge from a feedback capacitor at a certain sampling frequency
with the sensor capacitance change (AC) to minimize the input parasitic capacitance
effect. The resolution of SC circuit improves for higher sampling frequencies [49].
The amplified voltage is passed through a low-pass filter to filter out high-frequency
components. Various noise sources, such as 1/f noise (flicker noise), thermal noise
(white noise), substrate—noise coupling (coupled signal from one node to another via
the substrate), and parasitic capacitances minimize the sensor readout range and res-
olution of these circuits [49]. These circuits require lower parasitic capacitance and
higher amplitude of input differential signals for the improved range and resolution.

Modulation-based readout circuits have gained popularity for interfacing with
capacitive and inductive MEMS sensors to reduce the noise levels of 1/fnoise and direct
current (dc) offset in the circuit. Modulation-based circuits are based on sigma—delta
(ZA) converter [56,62,65], successive approximation register (SAR) analog-to-digital
converter (ADC) [56,66], chopper modulation [54,55,58], pulse-width modulation
(PWM) [57,61,63], and frequency modulation (FM) configurations [42,48,51,64,68].

Readout circuits using A converters require much faster analog circuits as the
sampling rate should much higher than the effective bandwidth, and a digital deci-
mation filter is also needed which adds additional complexity. Moreover, the voltage
dependence nonlinearity effect of capacitors results in a lower signal-to-noise ratio
(SNR) [60]. Though several nonlinearity compensation techniques have been adopted
to adjust the operating point of the CMOS transistors, it is still difficult to maintain the
linearity of capacitors with lower supply and bias voltages [60].

An SAR ADC provides a digital output by comparing the analog sensor signal with
a sequentially generated analog signal using digital-to-analog (DAC) converter using
binary search algorithm [56,66]. This technique consumes lower power and provides
high resolution and accuracy.

The chopper modulation approach is an amplitude modulation technique, which
uses square wave as a carrier signal. It works by shifting the sensor signals to higher
frequencies to suppress the 1/f noise. The demodulation of modulated sensor signal is
required to recover the original signal [51,58]. Offset and noise compensation should
be performed for better performance [51,58].

PWM-based interface circuits exploit semidigital approach in which the capaci-
tance changes are encoded in the time domain and modulated as the period or pulse
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width of a digital signal [15,57,61,63]. This technique requires a fast digital counter to
convert the time or pulse-width variation into a digital output [59].

The FM configuration that uses oscillator-based reactance sensors detects the fre-
quency shifts introduced by the capacitance or inductance changes of the sensor front-
ends [42,48,51,64,68]. These configurations present the advantage of having lower
phase and flicker noises at higher frequencies [51,64]. The most common FM cir-
cuit for interfacing with capacitive sensors is a relaxation oscillator. A ring oscillator
[68,69]-based FM circuit is used in the interface of capacitive sensors, such as a capac-
itive pressure sensor [68] and a humidity sensor [69]. For the interface of inductive
sensors, a Colpitts oscillator topology is adopted to measure nanoscale displacements
as a frequency shift in [70]. An integrated complementary cross-coupled oscillator
with on-chip LC resonator is investigated in [42,64] for magnetically labeled biosen-
sors and is able to provide highly stable and lower-phase noise output frequency. A
low-power FM-demodulation circuit that converts frequency to voltage is also required
to measure a voltage quantity. For the implementation of a frequency-to-voltage con-
verter (FVC) block, there are mainly two approaches, including counter-based circuits
[68] and integrator-based circuits [71,72]. The counter-based circuits use counters and
digital-to-analog converters (DAC) requiring a very high reference-clock frequency
compared to the measured signals for high accuracy. The need for a high-frequency
clock limits the usage for high-frequency measuring signals [71]. The integrator-based
circuits include different approaches such as integrating and holding [72] and switched
capacitor [71,72]. Because most of the literature incorporated an FVC block in the
design of phase-locked loops (PLLs) or frequency-locked loops (FLLs) as a feed-
back path for the demodulation of FM signals, it involves higher power requirements.
A stand-alone FVC circuit that does not require another oscillator in the feedback
loop is also presented to minimize the overall power consumption [73]. The circuit
is designed with a negative feedback system, which is based on an integration-based
switched-capacitor charge pump circuit. The circuit also provides the control over the
sensitivity, dynamic range, and nominal point for the measurement.

7.2.3 Design example of pH sensor and readout circuit

The pH scale measures the acidity or basicity of a substance based on the concen-
tration of hydrogen ions. Due to the pH-dependent nature of several chemical and
biological processes, it is frequently necessary to measure the pH for the charac-
teristics of chemical and biological substances. Growing interest in personalized
health monitoring has also attracted significant attention to pH measurements in
medical science. Local pH measurements in the human body are of significant
importance as the changes in pH level in blood, tissues, and other body liquids
are an indicator of certain diseases. Therefore, it can provide a timely diagnosis
of disease. The pH levels for a healthy tissue lie in the range of 7.2 to 7.6 [74],
whereas for the tumor cells, the pH decreases to the acidic side of the neutral level,
down to 6.8 [75].

Acidity measurements throughout the digestive system also provide valuable infor-
mation. The digestive fluid in the stomach, also known as gastric acid, has a usual pH
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level of 1 to 2 which is believed to function as a protective mechanism against ingested
pathogens [76]. A discrepancy in the pH level of the gastric acid secretion indicates
certain disease states [6]. High acidity is generally observed in patients with ulcer,
whereas lower level of acid can be an indication of atrophic gastritis and stomach
cancer [77]. Conventional methods of measuring the pH of gastric acid are to stimu-
late gastric secretion by injecting gastric content through a tube placed in the stom-
ach. These methods are time-consuming and uncomfortable [6,78]. Several alternate
approaches including endoscopic methods, serum pepsinogens assay, scintigraphic
techniques, impedance tomography, alkaline tide, urinary analysis, and breath anal-
ysis have been investigated for the measurement of gastric acid [6]. Though these
approaches have their own limitations, it is not possible to integrate these approaches
with wireless capsules (ie, electronic pills) due to their large-size requirement. More-
over, the wireless capsules can be used as a catheter-free pH detection [79]. They
have demonstrated pH measurements with higher sensitivity and resolutions within
pH levels of 1.0 to 4.0 [80,81].

Over the years, pH measurement techniques have been evolved from tradi-
tional methods, such as pH test strips, potentiometric [31,82—-85], and glass elec-
trodes-based [23], to more sophisticated methods including conductometric [86],
magnetoelastic [87], optical fiber [88], microcantilever-based systems [89-91],
ion-sensitive field-effect transistors (ISFET) [24-27,92.93], and capacitive [47,48].
The glass electrodes-based methods are electrochemical transduction methods that
detect pH in a sensing half-cell by measuring the voltage difference between the
sensing electrode of the sensing half-cell and a reference electrode having a fixed
concentration of HCI or a buffered chloride solution. The voltage difference is gen-
erated due to the exchange of sodium ions in the reference half-cell for H*-ions in
the sensing half-cell through a glass membrane [23]. Although the glass electrode
method is the standard measuring method for pH due to ideal Nernstian response
independent of redox interferences, it shows sluggish response, causes inconsistent
results in HF or alkaline solutions, requires conducting sensing materials, and pres-
ents unstable responses for miniaturized systems [23]. Potentiometric electrodes can
measure the redox reaction potential difference between a reference electrode and
pH-sensing metal-oxide electrode, such as PtO,, IrO,, TiO,, SnO,, Ta,05, RuO,,
RhO,, and OsO, [31,75,82-84]. This method depends on the Nernstian response of
redox reactions at solid—liquid interface and can achieve the maximum Nernstian
sensitivity of 59.16 mV/pH.

A pH measurement technique based on capacitance changes resulting from per-
mittivity changes as a function of pH is presented in [47,48]. In contrast to the above
techniques, this technique can be implemented using interdigitated electrode (IDE)-
based sensors, which is suitable to integrate into a miniaturized electronic pill system
due to simple structural design and inexpensive fabrication process. The design of
IDEs consists of two comb-like electrodes structure on a wafer and the sensing mate-
rial on top of the electrodes. The amount of H*-ions, depending on pH values on the
sensing materials, change the dielectric permittivity for the fringe electric fields from
electrodes. This provides an overall capacitance change for pH change.
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Figure 7.5 (a) Schematic illustration of the microelectromechanical systems (MEMS) fringe-
field capacitive pH sensor. (b) Schematic of the multilayered pH sensor fabricated on silicon
wafer. (b) Schematic of the IDEs.

M.S. Arefin, M.B. Coskun, T. Alan, J.-M. Redoute, A. Neild, M.R. Yuce, A microfabricated
fringing field capacitive pH sensor with an integrated readout circuit, Applied Physics Letters,
104 (2014) 223503.

The MEMS pH sensor detects pH levels by measuring pH-induced permittivity
changes in the interdigitated electrodes (IDEs) (Fig. 7.5) [47,48]. In Fig. 7.5(a), the
schematic of the sensor is illustrated in three dimensions. The IDEs and pads are
fabricated on a silicon (Si) substrate covered with a 500nm silicon oxide layer. As
represented in the exploded view of the sensor in Fig. 7.5(b), the top surfaces of IDEs
are passivated by 5nm thickness of silicon nitride (Si;N,) layer to provide a sensing
surface for pH buffer solutions as well as to limit Faradaic currents between the elec-
trodes. The IDEs, having each electrode width of 25 um and length of 200 pm, and
interelectrode spacing of 10 um, are illustrated in Fig. 7.5(c).

In the solution bulk, an electric double-layer capacitance and a diffuse-layer
capacitance is formed due to the free H*-ions in the solution [94,95]. An electric
double-layer of H*-ions forms at the nitride—solution interface that depends on the
concentration of H*-ions of the solutions [94]. The surface charges on the nitride
layer act as a source or sink for the H*-ions in the solutions. In the diffuse layer, the
dielectric properties of the solution are modified predominantly by electronic and
orientational polarizations under the influence of the high-frequency electric fields.
The electronic polarization distorts the electron clouds with the nucleus, whereas the
orientational polarization accounts for the reorientation and redistribution of electrical
dipoles [95]. Depending on the H*-ion concentrations, the combined effects of these
polarizations alter the relative permittivity (&) of the solutions. The higher concen-
tration of H*-ions attenuates the external electric fields due to the higher local electric
field around the ions and, thus, orients the dipolar water molecules in its vicinity.
Hence, lower pH values decrease &,y. Moreover, the changes in H*-ions concentra-
tions yield the changes in conductivity *(O'pH) of the solution that produce frequency
(w)- dependent complex permittivity &,y = €pn +jopu/weo. Therefore, the change of
frequency-dependent dielectric constant for different pH levels is reflected as a change
in the capacitance of the sensor.
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The capacitance of such a multilayered structure, as shown in Fig. 7.5, having
low layer thickness is very difficult to study either by modeling or by finite element
method analysis [96]. However, if there is a monotonic increase in permittivity of the
layers in the direction of the electrodes’ plane to outer medium, the total capacitance
of the sensor can be evaluated with the contribution of each layer in series as [96]:

N Cox Csi C Cn
Coen=— + pfl
2 \Cx+Csi Cu+C,

(7.1)

in which Cg, is the total sensor capacitance, N is the number of electrodes, and C,,,
Cg» Con, and C,, are the capacitance contributions from silicon dioxide layer, sili-
con wafer, pH-buffer solutions, and the silicon nitride layer, respectively. Here, Cyy
includes the effect of double-layer and diffused-layer capacitance. The sensor under
the high-frequency electric fields exhibits an equivalent circuit of the series-connected
inductor and sensor capacitance, Ci.,. The inductance originates from the wired con-
nection of IDEs to pads. At lower frequencies, the capacitance from IDEs is dominant.
As the frequency increases, the inductive reactance becomes dominant and cannot
provide reactance change for pH change. Therefore, the frequency of operation for the
sensor is required to optimize for higher capacitance change.

The capacitive sensor transforms the pH variation to a capacitance change (AC). A
differential cross-coupled voltage-controlled oscillator (VCO), as shown in Fig. 7.6, is
implemented to convert the capacitive variations (AC) into frequency variation (AF).
The differential cross-coupled VCO consists of negative transconductances as well as
an inversion-MOS (I-MOS) varactor (Cy) [97] and inductor (L) acting as an LC-tank

(@) vad (b) :
— Sensor capacitor, Cgg,

Mp1 Mp2

Vdd

I Ve
Vvco Vvco k—

LC-tank circuit -2 | = |V |
| Y [

I-MOS varactor, Cy

Mn3 Mn4 | |

Inductor, Ly

LC-tank circuit

lvco

Figure 7.6 (a) Schematic of cross-coupled differential VCO circuit with LC-tank circuit. (b)
The LC-tank circuit with the capacitive pH sensor in parallel.

M.S. Arefin, M.B. Coskun, T. Alan, J.-M. Redoute, A. Neild, M.R. Yuce, A microfabricated
fringing field capacitive pH sensor with an integrated readout circuit, Applied Physics Letters,
104 (2014) 223503.
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of the VCO. A MEMS sensor, Cy, is coupled parallel to LC-tank of the VCO to mod-
ulate the output frequency. The VCO oscillation frequency can be approximated as

Fyo=1 / <2ﬁ\/ Lo (Co+ Csen)). If the nominal frequency of the oscillator is F, for

Csen = 0 pE, the frequency of the oscillator for the MEMS capacitor, Cg, is given by
Fyeo = Fo (1 - Csen/ZCO) [48,64].

The capacitance of the sensor for the variation of pH obtained from a Vector Network
Analyzer (VNA) at 100MHz is shown in Fig. 7.7. From the figure, the capacitance at
pH 1.0 is 7.84 pF that increases by approximately five times and reaches 37.41 pF at pH
5.0. For lower pH, higher concentration of H*-ions produces lower diffuse-layer capac-
itance due to higher local electric fields that orient the water molecules in its directions.
At very high frequencies, the inductive reactance becomes dominant over the capacitive
reactance, hence, the operating frequency of the sensor is kept below 100 MHz.

The sensor is connected to the VCO and the resonant frequency shifts are obtained
using a spectrum analyzer. The frequency output of the VCO to corresponding pH
values for pH 1.0 to 4.0 is 30.96 MHz that corresponds to a total 31.6% change (Fig.
7.8). Because the molar concentrations of H*-ions are higher in a strongly acidic
region, the sensitivity is very high at low pH levels. The sensitivity for pH 1.0 to 3.0 is
14.335 MHz/pH. The rate of change of resonant frequency decreases for pH 3.0 to 5.0
due to decrease in the molar concentration of H*-ions. The sensitivity is 1.32 MHz/pH
for pH 3.0 to 4.0 and 0.35 MHz/pH for pH 4.0 to 5.0. The magnitudes of the changes
for pH 3.0 to 5.0 are still detectable. Similarly, OH -ion concentrations are higher for
a strongly basic region that leads to a larger change as the pH increases, as shown in
Fig. 7.8 (inset). Total frequency shift within pH 10 to12 is 4.317 MHz.
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Figure 7.7 The capacitance of the sensor for pH ranging from 1.0 to 5.0 obtained from Vector
Network Analyzer (VNA) at 100 MHz. In the inset, the capacitance of the sensor for pH
ranges from 3.0 to 5.0.

M.S. Arefin, M.B. Coskun, T. Alan, J.-M. Redoute, A. Neild, M.R. Yuce, A microfabricated
fringing field capacitive pH sensor with an integrated readout circuit, Applied Physics Letters,
104 (2014) 223503.
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Figure 7.8 The resonance frequency of a voltage-controlled oscillator (VCO) for strong
acidic buffer solutions (pH 1-4) and strong basic buffer solutions (pH 10-12) in the inset.
M.S. Arefin, M.B. Coskun, T. Alan, A. Neild, J.-M. Redoute, M.R. Yuce, A MEMS capacitive
pH sensor for high acidic and basic solutions, in: Proceedings of the IEEE Sensors Confer-
ence, 2014, pp. 1792-1794.

In this design example, a capacitive technique has been exploited to measure strong
acidic and basic mediums. Such sensors can be integrated within the wireless capsule
to measure pH of gastric acid. This technique provides higher sensitivity and low noise
readout system while maintaining simple and low-cost fabrication process.

7.3 Wireless telemetry systems

Power consumption is limited in wireless biosensor systems. To prolong the lifetime
of biosensors, it is necessary to reduce the power consumption. However, this adds
an additional challenge to the digital signal processor (DSP) for supporting radio-fre-
quency (RF) transmissions. Self-powered wireless biosensors are preferred in applica-
tions in which sensors are implanted, because, once implemented, it is impractical to
access the sensor to recharge the battery. The block diagram of a conventional wireless
telemetry system is illustrated in Fig. 7.9. The transmitter circuit is composed of an
oscillator, modulator, and a power-amplifier circuit. The modulator processes the mea-
surement data at the operating frequency of the oscillator. The power of the modulated
signal is amplified using a power-amplifier (PA) circuit. Finally, the modulated signal
is transmitted through antenna via a matching network. The received signal from the
antenna and matching network circuit is amplified using a low-noise amplifier (LNA)
circuit. The signal is demodulated and filtered to acquire the received data.

For implantable devices, available transmission frequencies compose the medical
implant communication services (MICS) band between 402 and 405 MHz, ultrahigh
frequency (UHF) 433 MHz or lower-frequency bands including very-high frequency
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Figure 7.9 Block diagram of a conventional wireless telemetry system.

Emitter

(VHF) (174-216 MHz) range [40,81,98]. Most of the designs prefer low-frequency
transmission due to the inherent high efficiency of transmission through skin layers.
As the carrier frequency increases, the attenuation of a wireless signal increases expo-
nentially due to the surrounding tissue [99,100]. This leads to a higher required trans-
mission power. However, lower-frequency transmission requires a larger antenna and
occupied space in a wireless capsule. Therefore, there is a trade-off between antenna
size and carrier frequency [100].

A simplex telemetry system is employed for the transmission using straightforward
modulation schemes such as amplitude modulation, on—off keying, amplitude-shift
keying, and phase-shift keying [101-103]. Because the physiological signals vary
slowly, such modulation schemes are preferable for miniaturized and low-power
wireless biosensors.

For wearable devices, there are several communication technologies to transmit
and receive data including MICS, Bluetooth, ultrawide band (UWB), ZigBee, and
wireless local area networks (WLAN) [104—111]. Bluetooth operates in the 2.4 GHz
ISM bands communicating within seven other devices in a piconet [ 108]. UWB oper-
ates in the 0-960 MHz and 3.1-10 GHz bands [111]. Zigbee operates on a single chan-
nel in the 868 MHz, 915 MHz, and 2.4 GHz bands [108]. WLAN follows the Institute
of Electrical and Electronics Engineers (IEEE) 802.11 standard describing the physi-
cal and Media Access Control (MAC) layer protocol [104,108].

7.4 Applications

Recent progresses in micro- and nanotechnology have led to the design of implant-
able, swallowable, wearable, or portable wireless biosensors to continuously monitor
and detect important physiological parameters. The miniaturization and integration of
biosensors, readout circuits, embedded microcontrollers, and wireless transceivers on
a single chip have opened the way for new possibilities in medical applications.

7.4.1 Wireless implantable glucose biosensors

Implantable glucose sensors with interface circuits hold a great potential for the con-
tinuous measurement and monitoring of blood glucose in patients with diabetes. The
sensor can be implanted under the skin [4,33,34,43,112].
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Figure 7.10 Block diagram of the implantable microsystem for continuous glucose
monitoring.

M.M. Ahmadi, G.A. Jullien, A wireless-implantable microsystem for continuous blood glu-
cose monitoring, IEEE Transactions on Biomedical Circuits and Systems 3 (2009) 169-180.

The functional block diagram of an implantable microsystem for blood glucose
monitoring designed by Ahmadi and Jullien is shown in Fig. 7.10 [34]. The glucose
sensor is an amperometric electrochemical biosensor generating a current from
the electrochemical reaction between glucose and a glucose oxidase layer on working
electrode (WE). The use of iridium-oxide nanoparticles helps for the transfer
of the electrons from the glucose oxidase to WE. The reference electrode (RE) elim-
inates the potential arising from the solution medium. The counter electrode (CE) acts
as a reference half-cell to supply the required current for the electrochemical reaction,
whereas the WE act as a sensing half-cell to produce the current. The external reader
inductively transfers power to the implantable microsystem and receives the trans-
mitted measurement data of blood glucose concentration from the microsystem. The
data transmission is performed for every 10 min using a load-shift keying modulation
scheme. The interface circuit of the microsystem consists of an RF front-end circuit
for receiving RF signals, rectifying, and generating the supply voltage, and a data
acquisition circuit for converting the current from glucose sensor to pulse.

The cross-sectional view of the glucose biosensor is illustrated in Fig. 7.11. The
titanium—nickel-gold—titanium metallization is essential for the WE, CE, interconnect
traces, and bonding pads. The glucose oxidase on gold acts as a biologically sensitive
layer. The silver metal layer at RE acts as an Ag/AgCl electrode, which generates
current from the solution medium. The integrated interface circuit and the wireless
transmitter are bonded on this wafer. The off-chip components and inductive coil for
energy transmission are connected on this wafer. The dimension of the microsystem is
8 mm x4 mm and its thickness is 1 mm.

7.4.2 Wireless capsules

Wireless capsule devices are used in the GI tract to measure physiological param-
eters. They can monitor motility of the GI tract as a pressure change and transmit
the data using low frequencies [40,81]. A summary of previously reported wireless
capsules is listed in Table 7.3.

A typical block diagram of wireless capsule system is depicted in Fig. 7.12. The
system contains several sensors with analog readout circuits, digital microcontroller
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Table 7.3 Summary of wireless capsule devices

Capsule
Capsule name dimensions Sensors Range Wireless transmitter Power source References
Gutnic 28 mmx 9 mm pH - - Gold and Iron [114,115]
Pressure - electrode battery
Temperature =
Weyrad electronics | 10mmx 15 mm Pressure 0-24.13kPa - Mercury cell [116]
Ltd. battery
Heidelberg pH 20 mm x 8 mm pH 1-7 - Saline activated [117]
capsule battery
Rigel research Ltd. | 8.8 mmx6mm Pressure 0-40kPa 250-570kHz Mercury battery [118]
CorTemp 8.8 mmx 6 mm Temperature - - Silver oxide battery | [119,120]
Integrated 55mmx 16 mm pH 4-10 38.342MHz (frequency | Silver oxide battery | [101-103]
Diagnostics for Temperature 0-70°C shift keying, FSK)
Environmental Conductivity 0.05-10mS/cm
and Analytical Dissolved oxygen | 0-8.2mg/L
Systems
(IDEAS)
(prototype)
Bravo pH system 26mmx6.3mm | pH 1.68-7.0 433MHz - [121,122]
Smart pill 22mmx9.6mm | pH - - Battery [123]
Pressure -
Temperature -
LIAP 36 mmx 12 mm pH 1-10 433.92 MHz (on—off Silver oxide battery | [113]
Temperature 10-50°C keying, OOK)
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Figure 7.12 The block diagram of a wireless capsule system with biosensors, readout circuits,
and transmitter.

circuits, a radio transmitter, and a battery. The sensors convert the physiological param-
eters to electrical parameters. The controller circuits manage and process all the sensor
data. The data from the GI tract is transmitted to an external device for monitoring and
recording. The main feature of the system is the integrated multisensor of a pH, pressure,
and temperature sensor for real-time signal monitoring of the GI tract abnormalities.

The architecture of a wireless capsule system named the lab-in-a-pill (LIAP) is
presented in Fig. 7.13 [113]. It consists of pH and temperature sensors and a cus-
tom-made application-specific integrated readout circuit. The pH sensor is a micro-
fabricated ISFET with Ag/AgCl reference electrode. The temperature sensor is an
n-channel silicon diode. The system consumes 15.5mW. The circuit has a power sav-
ing feature to operate it for 42h.

A wireless capsule can provide an invasive method for the diagnosis of the GI tract.
The sensor systems for a wireless capsule are composed of mechanical sensors for
pressure and position measurement, chemical sensors for pH, conductivity, and dis-
solved oxygen measurement, and biosensors for bleeding and pathogens detection. In
addition to the sensor systems, interface circuits for the sensors also play an important
role for the development of low-noise and low-power sensor systems. As a result,
wireless capsule requires the development of a reliable, miniaturized, and integrated
sensor system with high sensitivity and resolution as well as a low noise, low cost, and
a low-power interface circuit system.

7.4.3 Wireless wearable devices

A list of various wireless wearable devices is given in Table 7.4. Different wireless
technologies have been used in different wearable devices. A prototype of advanced
care and alert portable telemedical monitor (AMON) wrist-worn unit is shown in
Fig. 7.14 [8]. The system has two major parts: a wrist-worn unit and a stationary unit
at the telemedicine center. The wrist-worn unit measures physiological parameters
and transmits through a Global System for Mobile communication (GSM) network
to the stationary unit for data collection and processing by trained medical personnel [8].
The stationary unit is composed of a JAVA server platform and a workstation con-
nected to the GSM transceiver.

The functional block diagram of the AMON wrist-worn monitoring unit is
shown in Fig. 7.15. The system consists of several sensors, analog readout and
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Figure 7.13 The architecture of a wireless capsule containing temperature and pH sensors at
the front, followed by application-specific integrated circuit (ASIC) and batteries.

E.A. Johannessen, L. Wang, C. Wyse, D.R. Cumming, J.M. Cooper, Biocompatibility of a lab-
on-a-pill sensor in artificial gastrointestinal environments, IEEE Transactions on Biomedical

Engineering 53 (2006) 2333-2340.
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Table 7.4 List of few wireless wearable devices

Prototype Wireless
name Sensors Connectivity | Applications References
AMON Skin temperature GSM Cardiac/Respiratory | [8]
Blood pressure, patients
ECG
Blood oxygen
Acceleration
LiveNet ECG 2.4GHz Ambulatory health [124]
EMG monitoring
Skin conductance
Acceleration
PDA ECG Bluetooth Patient’s body [125]
palm-type | PCG condition
Body temperature
p-Healthcare | ECG IEEE 802.15.4 | Physiological signal | [126]
system Blood pressure CDMA monitoring
Intrepid Galvanic skin Not given Psychiatric disorder/ | [127]
response anxiety patients
Benign positional
vertigo
Body temperature
EMG
Not given ECG 1MHz, OOK | Physiological signal | [9]
Bioimpedance monitoring
Activity
Not given ECG Bluetooth Physiological signal | [128]
Heart rate monitoring
Body temperature

signal conditioning circuits, microcontroller, DSP, communication module, and
a display unit. The passive sensors monitor and measure skin temperature, blood
pressure, ECG, blood oxygen saturation, and acceleration. The analog readout
and signal conditioning circuits are operated for measuring temperature, blood
pressure, and ECG. The DSP conditions the ECG and blood pressure signals. The
communication module uses a Siemens TC35 Cellular system to connect to the
GSM network.

7.5 Conclusion and future trends

This chapter provides an overview of recent developments of implantable and wearable
biosensors. Both label-free and label-based biosensors are being studied and devel-
oped for detection and measurement of biological parameters. Label-based biosensors
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Figure 7.14 A prototype of a wearable medical monitoring device.
U. Anliker, J.A. Ward, P. Lukowicz, G. Troster, F. Dolveck, M. Baer, et al., AMON: a wear-

able multiparameter medical monitoring and alert system, IEEE Transactions on Information
Technology in Biomedicine 8 (2004) 415-427.
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Figure 7.15 System level overview of the wrist-worn medical device with GSM/ Universal
Mobile Telecommunication System (UMTS) link.
U. Anliker, J.A. Ward, P. Lukowicz, G. Troster, F. Dolveck, M. Baer, et al., AMON: a wear-

able multiparameter medical monitoring and alert system, IEEE Transactions on Information
Technology in Biomedicine 8 (2004) 415-427.
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require fluorescent labels for biomolecules and optical measurement systems, which
place some constraints for the use in POC diagnostic devices. Recent POC devices
focus on label-free biosensing techniques. The electrochemical and electrical biosen-
sors with interface circuits are very suitable for wireless POC devices. The fundamen-
tal elements of these biosensors and the interface or readout circuits are discussed
in detail in this chapter. A capacitive pH sensor and interface circuit design to mea-
sure gastric acid is presented in detail. Because biosensors are implanted or deployed
inside the body, the challenges for smaller size, flexibility, and biocompatibility issues
should be addressed. Integrating biosensors and interface circuits with wireless trans-
ceivers on semiconductor chips can decrease the size considerably. Because flexible
sensors need to be less than 100 um thick, the challenges to manufacture small and
thin biosensors and circuits on chip need to be addressed in the future. Biocompati-
bility issues are critical for biosensor devices, as the sensitive biomaterial may affect
the body adversely as well as degrade over time. Moreover, electrode passivation and
interference with other species also limit sensor sensitivity and selectivity. The bio-
compatible materials for sensors and integrated circuits require expedited advances
in the future. It is also crucial to adapt a suitable packaging for the environment into
which the biosensors are placed.

Wireless telemetry systems are used to connect biosensor devices to a central node
acting as a data acquisition unit. The challenges for such wireless systems are the
power radiated through the antenna, the power consumption for data transfer, and the
type of network protocol and topology. All the nodes are connected to a central med-
ical database system using the traditional Internet or mobile networks. Three wireless
POC systems for implantable and wearable devices are explored to demonstrate the
development of wireless integrated sensors functionalized with biologically sensitive
elements, integrated interface circuits, and wireless transceiver systems for specific
applications. These systems are battery powered, and hence adapting wireless energy
harvesting techniques to replace the bulky batteries will lead to new opportunities in
the design of biosensors.

The recent developments of the wireless implantable and wearable biosensors for
POC applications enable dedicated patient health management. The future trends for
POC biosensors outline the need for smaller and flexible integrated systems, new bio-
compatible materials applicable for different applications, new packaging techniques,
energy-efficient wireless systems, improved antenna designs, and efficient wireless
power transfer and energy-harvesting techniques.
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