Chapter 3
Biomedical Integrated Instrumentation

Abstract This Chapter is focused on the development of an integrated instru-
mentation to work with three electrodes amperometric Biosensor. First of all, it
is introduced the conception of three electrodes configuration and how it works.
Moreover, some typical electrochemical techniques like Voltammetry, EIS and
amperometry, are introduced to the reader. The instrumentation electronics is based
on a potentiostat architecture, which is explained in detail and experimentally val-
idated. The obtained results with the full-custom approach are compared with the
ones obtained using a commercial potentiostat. In that way, the correct operation
of the designed circuits is fully validated. Furthermore, this chapter explains the
conception of a Lock-In amplifier circuit used to detect the real and imaginary com-
ponents of the complex impedance measured from the Biosensor. This circuit is
theoretically explained and some simulated results are shown. Finally, the concep-
tion of Biotelemetry or how to transmit information from the subcutaneous device
to the external reader is introduced. Then, the implemented protocol in this work is
detailed. In summary, this chapter presents the developed BioChip IC that is able to
drive the sensor, process the measured data and transmit the data to the external side
through an inductive link.

Keywords Analog integrated circuits - Microelectronic implants - Bioimpedance -
Amperometric sensors - Electrochemical impedance spectroscopy - Phase
detection - Active filters - Biomedical telemetry

3.1 General Introduction to Biomedical Instrumentation

A biomedical instrumentation system comprises [1], basically, the modules pre-
sented in Fig. 3.1. Its general architecture is similar to other conventional instru-
mentation system [2, 3]. The main difference between the bioinstrumentation and
the conventional ones is the sort of signals to be analyzed. In Biomedical Systems
(BS), the signals come from activities related with the human body and they have
to be measured in-vivo through the living tissue, or using microelectrodes to detect
biological activities [4, 5] or in-vitro, outside the human body [6].
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Fig. 3.1 General instrument architecture

The Element to Measure or “Measurand” [2, 3] is the value, property or physical
quantity to be sensed and detected. In biomedical instrumentation this element could
be a substance concentration, biopotential, pressure, impedance, etc. . .

The Sensor module is in charge to convert the energy generated by the
Measurand to an electrical form [2, 4, 7, 810, 11]. This module is also known as
transducer. There are several types of Biosensors, from the typical skin electrodes
[5, 6, 12] used in electrocardiograms, till the miniaturized electrodes used to detect
glucose, ADN ..., but all of them have to be specifically designed to extract the
minimum amount of energy to be minimally invasive with their surroundings.

The output of the sensor is sometimes not enough valid to be processed. Hereby,
the Signal Conditioning module prepares the output to be treated and analyzed. It
could amplify, filter and even digitalize the incoming signal in order to prepare it
for the following step. Once the signal is conditioned, the Signal Processing module
evaluates the data and takes the necessary actions. At this stage, the data is organized
and it could be displayed in a monitor or in the same device, or the module could
activate an alarm if a threshold value is exceeded. Moreover, the Signal Processing
module may prepare the data to be transmitted to other locations like a PC or a
remote host.

Finally, if a communication is required, the Communication module is in charge
to do that. It transmits the data prepared by the processing unit to the receiver or
receivers using the established protocols, like TCP/IP, series, parallel, etc. .. It can
transmit the information using cables or providing a wireless link between the med-
ical instrument and the receiving unit, known as a Biotelemetry. It is a really useful
tool since it allows transmitting information about one patient, i.e. in a hospital
room, to the monitoring center without using the lengthy and cumbersome cables
and giving full autonomy to the patient.

The energy in Fig. 3.1 is provided by the Power Supply unit. It manages the main
energy source, battery, power line, harvesting, and delivers the necessary voltage and
current to each module. It has to be carefully designed in order to guarantee the best
isolation between the energy source and the electronic modules and Measurand, i.e.,
the patient. For implanted subcutaneous devices, inductive powering is one of the
most useful methods to power the internal circuitry. The architecture shown above is
not unique. It could be adapted by eliminating, adding or replacing some modules.
Sometimes, Processing and Communication are joined in a single module and an
extra calibration unit is added [13] in portable equipment. Moreover, some control
feedback is included to adjust automatically drifts due to temperature or sensors
degradation.
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If the developed instrument is for implantable applications, inside human body,
some extra considerations have to be done. First of all, the size of the instrument
is very important. Given the human body dimensions, instruments not higher than
a few cm are mandatory. Moreover, the consumption of those devices have to be
really small hence, low-voltage low-power integrated instruments are the solution.

A perfect isolation between the instrument and its biological environment is a
must in order to avoid biocompatibility and thermal problems. A temperature vari-
ation between one or two Celsius degree could produce injuries in the body and
sensing problems.

3.2 Electrochemical Biosensors

A Biosensor is a type of sensor able to convert the biochemical interactions pro-
duced in a biological material into electrical or optical signals [14] allowing the
detection of substances like enzymes [15, 16], antibodies [17, 18], proteins [19],
etc. ..

Basically, it is formed by two parts: the Bioreceptor or biological detection ele-
ment, which recognizes the element to be studied (enzymes, antibodies, etc...)
and the Transducer that detects the biological reaction in the Bioreceptor and gen-
erates a proportional electrical signal. Depending on the type of Transducer the
response of the Biosensor could be Potentiometric [19, 20], Amperometric [16, 21],
Conductometric [22, 23], etc. ..

The electronics developed here are focused on working with low-frequency
Amperometric [24, 25] Biosensor. An Amperometric sensor generates a current
when a potential is applied on the electrochemical cell, which is proportional to the
electrochemical reactions produced in the Bioreceptor. On the other hand, capaci-
tive Biosensor produces a variation on its capacitance when a reaction takes place in
the Bioreceptor hence, an impedance variation is produced in the electrode-solution
interface when an AC signal is applied on the cell [14]. This means that an amper-
ometric sensors delivers the electrochemical information by modulating the current
through it, whereas, on Capacitive sensors the information is done by modification
of the sensor impedance.

In general, amperometric and capacitive sensors are based on the use of 2 or 3
electrodes, Fig. 3.2. The most used topology is the three electrodes cell because
it allows a better control of the applied potential to the cell. So, the developed
instrumentation is for 3-electrodes sensors.

The function of each electrode is described below:

e Counter or Auxiliar Electrode (C/A): it supplies the necessary current required
for the reaction at the W electrode.

e Reference Electrode (R): it is used to measure the potential between the Reference
and Working electrodes in order to control the biochemical reaction.

o Working Electrode (W): it is covered with a sensitive film that serves as a surface
where the reaction takes place.
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Mainly, the three electrodes sensor works as follows: a current flow (I, Fig. 3.2) is
generated between C and W electrodes when a potential is applied between them
(Power Supply). However, the electrochemical reaction starts on the W electrode
when a well-known potential (V) is established between the Reference and Working
electrodes.

A specific electronic circuit, known as potentiostat, is used to control the volt-
age between the R and W and to inject the current through the Counter electrode.
Furthermore, it also measures the current flowing in the Working electrode. There
are several options to develop this kind of circuits, from full analog solutions to
mixed implementations. In that work, the integrated potentiostat is based on an
analog development using operational amplifiers.

3.2.1 Three Electrodes Sensor Model

An electrochemical reaction could be described as a network of resistances, capac-
itances or impedances and active elements [26, 27]. These electrical equivalent
circuits are important to understand the behavior and the working principle of
the sensors. Moreover, these models are also used to design and test the sensor’s
electronics.

The representation of the interface model can be very complex [27]. The simplest
case uses an equivalent circuit called Randles circuit [28]. It is presented in Fig. 3.3
and it is composed by the double-layer capacitor (Crer), the polarization resistor
(Rref), which is also described as a charge transfer resistor, and the solution resistor
(Raux)-

('-
Cc
Raux
R
ZTOWJ< Cref
ZCellgw)
Fig. 3.3 Electrochemical W Reref

Randles sensor model ~—
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These parameters are time-dependent and they have to be roughly known with
an estimation that extends a couple of decades [29]. Then, the values of these
parameters are used to guarantee stable operation of the implemented electronic
circuit.

An important element is the presence of the capacitor, which is used to model the
interface between the electrode and their surrounding electrolyte. This capacitive
Biosensor is based on the theory of the electrical double-layer [30]. An electrode
immersed in an electrolyte solution can be generally described as a capacitor in its
ability to store charge. The double layer capacitor is formed as ions from a solution
absorbed on the electrode surfaces.

The total impedance of the equivalent sensor model presented in Fig. 3.3 is
defined by (3.1)

Vwe(iw) — R+ Rref
= Kaux

ZT .W) = PN
o Ic(jw) 1+ Ryef Crer (jw)

3.

whereas the sensor Cell Impedance, where the reaction takes place, is defined by
3.2)

) ) Vwr(w) Ryef
Zcen jw) = Zw-r (jw) = — = . (3.2
‘ Iw(Gw) 1+ RyerCrer(jw)
From (3.2), the real and imaginary parts of the impedance are derived.
2 .
i . Rré’f RrefC’ef]W
1+ Rremefw2 1+ RrefCrefw2
ZREAL ZIMAG

Using this mathematical approach, it is possible to identify each electrical com-
ponent of the model and relate each value with the corresponding electrochemical
effect in the reaction. If there is some reaction in the sensor, automatically the cor-
responding electrical parameter will be modified and the impedance will change.
Moreover, complex models can be developed just connecting, in series or paral-
lel, more electrical components [31] to accurately describe the sensor behavior and
some effects like Warburg resistance [32].

From Egs. (3.1) and (3.3) can be deduced that applying an AC voltage signal
(frequency dependent) to the sensor, it is possible to extract the real and imaginary
part of the whole impedance.

On the other side, when a DC signal is applied just the real part is extracted. This
means that it is possible to deduce all the impedance components combining DC
and AC analysis techniques. These techniques, as well as their representations, are
explained in the next section.
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3.2.2 Cyclic Voltammetry, Amperometry, Impedance Analysis
(EIS) and Their Representations

Several analysis techniques can be carried out with Biosensors in order to extract
information about the analyzed substance. Some of the most used techniques are
cyclic voltammetry [33, 34], amperometry [35], potentiometric analysis and EIS
(Electrochemical Impedance Spectroscopy) [36]. Each technique will be applied in
function of the type of sensor and substance to be analyzed.

The instrumentation developed here is designed to work with cyclic voltamme-
try and amperometric analysis and also prepared to perform low-frequencies EIS
analysis.

The Cyclic Voltammetry (CV) method is widely used to study the products
of electrochemical Reduction — Oxidation (Redox pair) reactions in the elec-
trode/solution interface. It applies a triangular potential (Fig. 3.4a) between the
R — W electrodes while the current through the Working is measured.

Then, this current is represented in function of the applied voltage (Fig. 3.4b). In
that analysis, the max and min voltages, as well as the slope of the triangular wave,
have influences in the reaction [37].

At the beginning of the analysis (point a, Fig. 3.4b) the generated current is small.
Then, the current increases because the voltage approximates to the reduction poten-
tial (ab) and the electrons are forced to move from the electrode toward the analyzed
substance. The maximum transfer is achieved at the Reduction potential (b).

Once the voltage overcomes the Reduction potential (Vieq) the current gener-
ated decreases till point (c). Then, the current starts to decrease when the voltage
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Fig. 3.4 (a) Cyclic voltammetry (CV) potential waveform; initial (T;) and final (T¢) time and max-
imum (Vpax) and minimum (Vyip ) voltage, (b) CV plot or voltammogram; oxidation and reduction
potentials (Vox, Vieq) and currents (Iox, Ireq), (¢) Several CV carried out with the same solution at
different concentrations ¢ and (d) amperogram; fixing a DC potential measure the current
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is reversed because the electrons are forced to move from the substance to the
electrode, defining the reversible Redox reaction. The minimum current is achieved
when the applied voltage is the oxidation potential (d).

The current generated is proportional to the concentration of the analyzed sub-
stance and the size of the electrodes [38]. So, if the same analysis with the same
type of sensors is carried out in the same substance at two different concentra-
tions, the generated reduction and oxidation currents are different as it is showed in
Fig. 3.4c.

At that point, the conception of the Amperometric analysis could be introduced.
A DC amperometric configuration consists in applying a constant voltage at the
R — W electrodes and measuring the current at the Working electrode.

Generally, the applied DC voltage is a potential where the electrochemical
reaction is maximized. Then, the substance concentration could be continuously
monitored and represented in an amperogram. Fig. 3.4d presents the idea of the
amperogram using the Oxidation voltage as a fixed potential.

Electrochemical Impedance Spectroscopy (EIS) technique consists in applying
an AC voltage to the R — W electrodes and measuring the resulting AC current at the
Working electrode. Then, it is possible to represent the impedance, or capacitance,
variations of the analyzed substance dividing the AC voltage by the current as it is
described in Egs. (3.2) and (3.3).

The typical representation of the EIS is the Nyquist diagram, where the imaginary
part of the impedance is plotted against the real one for several frequencies (from
low to high frequencies) [36].

Figure 3.5 presents a Nyquist plot for the ideal model introduced in Fig. 3.3.
If there is a modification in the concentration of the target substance, the total
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Fig. 3.5 Nyquist plot derived from computer generated data using Eq. (3.3)
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impedance of the sensor is also modified as well as the Nyquist plot (i.e. in capaci-
tive sensors the impedance is modified in function of the sensor capacitance, which
varies in accordance with the amount of substance detected). Moreover, there are
other types of EIS representation like bode plots, where the real and imaginary
values are plotted in function of the frequency [24].

Similar to the previous concept of DC amperometric analysis there is the AC
amperometry. It consists in using an AC signal at one defined frequency, where the
sensor is more sensitive to impedance variations. In that way, the real and imaginary
part of the impedance could be continuously controlled at the defined frequency by
simply using a specific electronic circuit.

3.3 Potentiostat (Sensor Instrumentation)

The Potentiostat Amplifier (PA) [39, 40, 41] is the name of the electronic instru-
mentation in charge to control the three Biosensor electrodes. Basically, the PA is
formed by two main blocks: Control (CM) and Transimpedance Modules (TIA),
Fig. 3.6. The CM keeps the difference voltage between the Reference (R) and
Working (W) electrodes constant by following a well-known input signal (V). On
the other hand, the Detection Module (TIA) measures the current flowing through
the W and it also provides a virtual ground to the Working electrode.

In the adopted implemented architecture, the Control Module is based on a com-
parator configuration and a buffer stage, whereas the Detection Module is formed
by a Current — to — Voltage converter (TIA). The selected topology is depicted in

] L.Cria
1

Fig. 3.6 Potentiostat architecture, generic block diagram (white) and implemented structure (grey)
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Table 3.1 Potentiostat expected features

Symbol Parameter Min Max Units
PsuppLy Power consumption <200 p W
VsuppLy  Voltage supply +0.6(1.2) *1225 V
Vin Input voltage to apply at Vy-Vgr +10m +1 v
Freq. Frequency at Vw-Vgr DC 10k Hz
IpET Current conversion (Iy) In 100 A

Fig. 3.6 and it is formed by five amplifiers, OP; to OPs, and three resistors, Ry to
R3. R11a and Rg are off-chip resistors [42, 43].

The designed potentiostat is focused on Low-Voltage Low-Power applications,
like integrated in-vivo monitoring or detection [44], and it is designed to work
with low-frequency integrated electrochemical Biosensors [29, 45, 46]. Moreover,
the selected topology presents a good trade-off in terms of design simplicity and
performance reliability. Table 3.1 summarizes the desired features for the PA.

3.3.1 Control Module (CM)

The Control Module is the specific part of the potentiostat designed to manage the
voltage applied to the sensor. This circuitry is in charge to apply and to control the
input voltage (Vin) between the Working (W) and Reference (R) electrodes, such
that, Vi, = Vw—VR where, VR is the voltage at the Reference electrode and Vw
at the Working electrode. The adopted CM is based on three operational amplifiers,
OP1, 2, and 3, Fig. 3.6.

OP3 monitors continuously the potential (VR) at the Reference electrode, in that
way, it is possible to control the voltage drop between W and R. Furthermore, OP 3
is used to ensure a minimal current flow through the R electrode (ideally zero) so, it
is possible to assume that:

Ic =1Ig + 1w

P }—>IC=IW (3.4)

where Ic is the current flowing from the Counter or Auxiliary electrode, Ir the cur-
rent in the Reference electrode and Iy the current flowing through the Working
electrode. The Reference voltage (VR) is then compared with the input voltage (Vi)
by OP2 defining the voltage applied at the reference electrode:

Vin =V, Voc —V
in DC _ DC R Vin = — Vi +2VDC

R Ry — } — Viy = —=Vg 3.5
R =R, Vpc =0

Since Vw = 0 thanks to a virtual ground connection (Section 3.3.2), the cell voltage
Vel is given by,
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Vce”v_ ‘gvo_ Vk } Veenr = —Vr (3.6
W =

Using this CM architecture it is possible to easily control the cell voltage and, hence,
to control the electrochemical reaction. Finally, OP1 isolates the input voltage from
the rest of the circuit. Regarding resistors R1 and R2, it is important to take into
account their values. Small values increase the consumption of the potentiostat.
Otherwise, the use of high resistance values could produce noise [47] and oper-
ational problems. Moreover, a careful layout between them is a must in order to
avoid mismatch problems and to reduce the final size of the integrated resistors.

From the previous explanation, it is deduced that amplifiers OP1, OP2 and OP3
have to be designed taking into account some considerations. OP2 requires a high
output current capability to drive properly the Auxiliar electrode, whereas OP3
requires a low input bias current in order to guarantee a minimum current flow-
ing in the Reference electrode. The maximum operation frequency is also another
important aspect to evaluate. If the desirable working frequency of the potentiostat
is 10 kHz (Table 3.1) this implies a unity frequency of, at least, 1 MHz for each
amplifier [47-49].

Figure 3.7 shows the selected architecture of the amplifier designed to accom-
plish all the design constrains introduced on Table 3.2. It is composed by a
differential PMOS input stage with a folded cascode current multiplier stage fol-
lowed by an AB output buffer. This topology presents a high output current and
slew rate capability for OP2 and low input bias current around 600 pA, enough for
OP3.

A differential PMOS input pair is used to assure a good response for low volt-
ages closed to 0 V [50], whereas a folded cascode current multiplier is implemented
to achieve enough gain and stability. Finally, a class AB output is selected as out-
put stage for its high current output capability, high slew rate and reduced power
consumption.

Vee
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Fig. 2.26
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Mo M1z F:I Rioad
g—l Mis Cload
Vbias3 I
M1 Mi4
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Fig. 3.7 Schematic of the class AB operational amplifier for OP1, OP2 and OP3
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Table 3.2 Control module operational amplifiers design constrains

Amplifier Constrains

OP1; OP2; Op3 1 Unity frequency (f,) around 1 MHz
OP1; OP2; Op3 J Minimum input voltages

OopP2 1 Output current

OP3 J Input bias current

B e e vt ek em%-
-—" o ey, e I o oot e Tk e e e

Fig. 3.8 2.5V AB operational amplifier layout (445 pm x 656 pm)

Two different layouts have been designed. The first one focuses on working with
2.5 V (£1.2 V) supply voltage and optimizing the matching using symmetrically
structures, Fig. 3.8. Its main drawback is the huge size of its layout around 445
pm x 565 pwm. The second layout prepared to work with a supply voltage up to
1.2 V (£0.6 V) is also implemented. Its layout structure is similar to those shown in
Fig. 2.25 involving a total size of 180 wm x 50 pm, which is ideal for small,
portable and low-power System on Chip. Table 3.3 summarizes the experimental
electrical feature for each amplifier, 2.5 and 1.2 V voltage supply.

At this stage let us analyze the stability of the Control Module. It is important
to assure a perfect stability for all load conditions range (sensors) that the poten-
tiostat could work. In that way, problems regarding wrong measurements, wrong
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Table 3.3 Class AB amplifier experimental features (Ryoaq = 1 M 2, Coad = 20 pF)

Symbol Parameter Value Units
Vce Power voltage 1.2 (£0.6) 2.5(x1.2) \
Voffset Offset voltage -15.84 -7.92 nwv
Fu Unity frequency 448.88 632.17 kHz
Ph Phase margin 59.32 61.19 °
Gpc DC Gain 105.64 115.13 dB
Vhoise Noise 16.41 14.89 1A%
Vhoise Noise -95.7 -96.54 Db
Icc Current consumption 57.462 74.696 nA
Pcc Power consumption 68.655 186.74 wW
SR @ 10 kHz Slew rate 0.1927 0.2608 V/us
SR @ 10 kHz Slew rate 0.1783 0.2971 Viws
Size W x L 180 x 50 445 x 565 wm X pm

sensor polarization or even extra heating dissipation in the AB operational or in the
potentiostat could be solved.

Basically, the stability involves resistances, R; — Ry operational OP1, 2 and 3,
and the Auxiliar and Reference electrodes. It is also assumed a perfect grounded
connection of the Working electrode through the Transimpedance Amplifier OP4
(Section 3.3.2). Hence, there is no influence coming from this part of the circuit
to the whole stability. Moreover, voltage follower amplifiers OP1 and OP3 can be
treated as a short circuit connection in order to reduce the complexity of the analysis.

3.3.2 Detection Module (I-to-V Conversion)

The Detection Module, as the name indicates, is in charge to detect the current flow-
ing in the Working electrode, which is the current generated by the electrochemical
reaction. The implemented solution is a Current — to — Voltage converter based on a
Transimpedance Amplifier (TIA).

Basically, the Transimpedance Amplifier has two main functions: the first one,
as it is commented above, consists on measuring the current in the W electrode;
whereas the second function consists in providing a virtual ground to the Working
electrode in order to guarantee Eq. (3.6) and hence, the correct operation of the
potentiostat.

The Detection Module based on a TIA is formed by OP4 and the programmable
feedback resistance Rty as it is depicted in Fig. 3.6. The current — to — voltage
conversion is done such that,

Vria = —IwR7a

R
Rg  — Vour = IwRpia— (3.7
—VTIAR— R3
3

Vour
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where Iw is the current through the Working electrode. Then, combining Egs. (3.2)
and (3.7) and taking into account the virtual ground connection in the W electrode,
it can be demonstrated that the Cell Impedance (Zcgr1) is described by:

. . Vw — Vg . Vi R RriaRg
Zeen (W) = Zi_g (W) = ——=L (jw) = —2— (jw) —= (3.8)
Iw Vour R3

In that way, combining the Control Module and the TIA, it is possible to detect
continuously the current, Eq. (3.7), and the impedance Eq. (3.8) of the biochemical
interaction. Voltammograms and DC amperograms could be represented directly
by using the proportional voltage Vout, whereas for impedance detection an extra
circuit is needed to find out the real and imaginary part (Section 3.4).

At the input of the TIA amplifier a high input resistance is necessary in order to
generate properly the virtual ground and the current conversion. If the resistance is
not high enough two drawbacks could appear: first, I-to-V conversion errors due to
high input bias currents and second, noise problems at the Working electrode mod-
ifying the virtual ground connection. To avoid those problems, JFET transistors are
the perfect choice to be used in the input pair thanks to its high gate input resistance
(= 10 GR) [51, 52]. Otherwise, extra specific input stages are necessary to increase
the input resistance if only MOSFET transistors are available.

The final TIA architecture is presented in Fig. 3.9. It is based exclusively on
MOSFET transistors. It is formed by a modified input stage to generate a high input
resistance (& G2) and a folded cascode as a second stage. Its input stage is com-
posed by a PMOS differential transconductance pair (M1 M2) with small width
transistors to increase the input resistance [53]. Then, an extra differential PMOS

Vee

Vbias_1€_[ Mz Ms ]—]:a Vbias1 E;]_] Mo
Mz E:i i Me
Vbiaﬁsj M4 Vbias2 F]

Vout
Mx

Mc RLoad
ClLoad
Vbias3 — Vbias3 >
M13 M14 M13
M1s M6 M15
Vss _13_
Cc

Fig. 3.9 Schematic architecture of the TIA amplifier



106 3 Biomedical Integrated Instrumentation

pair (MX MC) is added to increase both, the input resistance and also the gain of
the whole input stage.

Finally, a folded cascode is implemented as a second and output stage. This cir-
cuit increases the input resistance as well as the total gain. Moreover, it isolates the
input and output stages while increasing the total bandwidth [53]. An extra capac-
itor Cc (5 pF) between the input and the output assures the stability for the whole
frequency range.

Since the output stage is an ordinary folded cascode, it is not possible to drive
enough current at the output, so it must be followed by an extra Gain amplifier
(OPS5), which is based on the class AB presented in Fig. 3.7.

Following the same idea introduced in the Control Module, two different layouts
have been designed. The first one focuses on working with 2.5 V and on optimizing
the matching using symmetrically structures, similar to Fig. 3.8. Its main drawback
also concerns its size of 280 pm x 390 pwm.

The second layout prepared to work with a supply voltage up to 1.2 V (£0.6 V)
is also made. Its layout structure is similar to the one shown in Fig. 2.25 a total area
of 180 pm x 50 pm ideal for small, portable and low power Systems on Chips.
Table 3.4 summarizes the experimental electrical feature for each TIA.

A feedback capacitor Cya, Fig. 3.6, could be added in parallel with Rya in order
to control the frequency response of the Transimpedance Amplifier and to define a
frequency filter [47, 54]. The cut-off frequency could be easily calculated using Eq.
(3.9) for a simple filter response.

1
foutof = 5o (3.9)
=l (27 Ry Cria)

The previous filter approach does not take into account the impedance of the Sensor
Cell. Hence, other type of filter responses could be adapted for more accurate fre-

quency restrictions. A 2nd order Butterworth [55] response is obtained following
Eq. (3.10):

1 B GBP
QrR7aCria) | (4 RpiaZcen)

(3.10)

Table 3.4 TIA experimental electrical features Ry paqg = 1 M2, Cpag = 20 pF

Symbol Parameter Value Units
Vce Power voltage 1.2 (£0.6) 2.5(£1.2) \%
Voffset Offset voltage 23.1 14.36 nwv
Fu Unity frequency 398.68 570.17 kHz
Ph Phase margin 54.23 63.9 °
Gpc DC Gain 70.57 85 dB
Rin Input resistance 1.02 1.85 GQ
Icc Current consumption 30.25 51 nA
Pcc Power consumption 35.41 118.64 W

Size W x L 180 x 50 280 x 390 pm X pm
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where GPW is the gain bandwidth product of the TIA and the Zce; is the impedance
between Working and Reference electrodes. In that implementation, it is important
to know an approximate value of the Zce range to design properly the cut-off
frequency, Eq. (3.11).

GBP
fTItA_—But P G.11)
cut—off A RriaZcerr)

3.3.3 Results

Two potentiostats are designed in a commercial 0.13 pm technology (Appendix B)
from ST Microelectronics. One of them is focused on low voltage operation up to
+0.6 V and low area consumption. The second one, as it is commented previously,
is focused on working with a voltage up to £1.2 V and on improving the layout
matching. Figure 3.10 depicts the BIO-Chip with the two potentiostats as well as
other circuits.

Several tests have been carried out in order to validate the Control and Detection
modules of the potentiostat. First of all, the linearity and the PSRR of the
potentiostat have been studied using some Randles models.

i =

T

T
i ===

Fig. 3.10 Layout image of the IC “bio-chip” with the two designed potentiostats and the OTA
filter
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Then, the performances of the potentiostat are studied using several concentra-
tions of potassium ferrocyanide, K4[Fe(CN)]g [56] and a real sensor. Cyclic voltam-
mograms and amperometric analysis are carried out and the results are compared
with the ones obtained using a commercial instrument from CH Instruments [57].

The BVT Technologies AC1.W1.R1 [58] sensor is the selected option to proceed
with the measurements. It is a ceramic based sensor formed by a gold working and
auxiliary electrodes and a silver/silver chloride reference electrode. Furthermore, a
bio-chemically active substance could be immobilized on the working electrode to
create a Biosensor. That sensor is mainly focused on the measurements of glucose,
ferricyanide, enzyme activity and basic electrochemical and bio-electrochemical
techniques.

The test setup is composed by a LabVIEW [56] based software and a full-
custom PCB for the IC socket, sensor and other connections. Figure 3.11 shows
the PCB with the 68-pins BIO-Chip, the AC1.W1.R1 sensor and a capture of the
LabVIEW main window; on it, a voltammogram and an amperometric analysis

Sensor

TIFTEEENLL]

TIIRTIINTRINTYYY

LLTTITHITT

ELLEERLELELL LT L]

pr—— D/ votemetry E2S |

1 C:\Documents ard SettingstUsuaro 1\EscritoriolVatametry b _@'_l

Fig. 3.11 PCB bio-chip test board with sensor connections and AC1.W1.R1 test sensor (fop) and
lab-view acquisition program main window (bottom) [55]
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Fig. 3.12 Linear range of the
1.2 V potentiostat for an input
ramp of 100 mV

Chi 50.0mvV SFE SO.0mV W5.00ms CR1 7 160mV
Ch4 50.0mV

Mathi 50.0mv 5.00ms

could be realized (not at the same time). The results are displayed on the screen
and stored in a plain file for post processing.

In order to represent the sensor cell, a Randles circuit formed by the double-layer
capacitor (Crer = 100 pF), in parallel with a polarization resistor (Reef = 100 k€2),
which is also described as a charge transfer resistor, and the solution resistor
(Raux = 50 k), has been used, Fig. 3.3.

The linearity of the potentiostat amplifier has been experimentally validated. The
DC linear range for the 1.2 V (£0.6 V) potentiostat is £0.54 V, whereas for the
2.5 V (£1.2 V) potentiostat is =1.12 V with a deviation of less than 1% for both
of them. Taking into account that small DC voltages could be applied for in vivo
applications, the designed potentiostats have a correct range. Figure 3.12 depicts
the cell voltage of the 1.2 V potentiostat for an input ramp up to 100 mV.

Experimental transient tests have been also carried out to analyze the AC per-
formances and how the Ve follows an AC Vj, signal. Figurer 3.13 shows the
Working, the input and the TIA output voltages obtained with the 1.2 V potentiostat.

The Randles model uses a Ryyx = 3.9 MQ, Reef = 1 MQ and Cper = 100 pE.
The transimpedance resistance (Rtja) is fixed at 1 M. A sinus input signal is
introduced with a DC component of 50 mV and an AC component of 100 mVpp
and a frequency of 1 kHz. The Total Harmonic Distortion (THD) is around 2%.

The frequency response of both potentiostats has also been studied. A fixed
Randle model with Ryyx = 3.9 M, Rier = 1 MQ and Cef = 100 pF allows defin-
ing a cut-off frequency (F.3qp) around 1,500 Hz. The ideal frequency response of
the Cell Impedance is represented in Fig. 3.14.

Then, the experimental Zcj is obtained using Eq. (3.8) with Rty =Rg =Rz =
1 M. Both potentiostats have a maximum working frequency lower than 10 kHz,
2,200 Hz for 1.2 V potentiostat and 8,700 Hz for 2.5 V potentiostat. The 1.2 V
potentiostat experimental responses could be compared with the theoretical ones in
Fig. 3.14. There, it could be observed how the response of the potentiostat saturates
in its maximum working frequency.
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Vin (DC) = 50 mV
Vin (AC) = 100 mVpp
Freguency = 1 kHz
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1.2V POTENTIOSTAT
Vec=12V
Vss = Gnd

Ch2 50.0mv

Ch1 50.0mV

®iE 100mVv

M 500us Chil s/ >94mv

Fig. 3.13 1.2 V potentiostat AC response. Vy is the voltage at the working electrode. Vi, is
the input voltage and Via is the voltage at the output of the transimpedance amplifier. A Randles
model formed by Ryyx = 3.9 MQ, Rief = 1 MQ2 and Cyf = 100 pF and a transimpedance resistance

of 1 M2 are used

Finally, both potentiostats have been calibrated before using them with real
sensors. The calibration is done using several values of Rer (470 k2, 1.2 M2,
1.5 M, 5.6 MQ) and applying a DC sweep between Working and Reference elec-
trodes. Moreover, the Ry resistance of the Randles model is replaced by a short
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Fig. 3.14 1.2 V potentiostat frequency response
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Fig. 3.15 Calibration curves for 1.2 and 2.5 V potentiostats for different R values

circuit between Counter and Reference electrodes and the transimpedance (Rya)
resistance is fixed at 1 M2 in both cases.

The procedure is simple: a DC sweep is performed for each calibration resistance
while reading the output voltage of the TIA. Then, the current (Iw = Vcell/Rrer =
Vr1a/RT1a) 18 represented in function of the applied DC voltage (Vcen), Fig. 3.15.
The waveforms show that both potentiostats detect the correct current value for all
voltages so, they are calibrated.

The last step consists in performing two electrochemical analysis, cyclic voltam-
metry and amperometric analysis, using five concentrations of K4[Fe(CN)]¢ (1, 2,
3,4 and 5 mM) in order to validate the designed integrated potentiostats. The results
are compared with the ones obtained with the commercial instrument CHI 1232A
from CH Instruments [57] (Appendix C shows some specifications).

The AC1.W1.R1 [58] sensor is connected to the potentiostats and a Cyclic
Voltammetry (CV) from —1 to 1 V at 0.05 V/s is carried out with the 2.5 V potentio-
stat and the CH 1232A for all concentrations. A CV from —0.6 to 0.6 V at 0.05 V/s
is done for the 1.2 V potentiostat. The results of each voltammetry are depicted in
Fig. 3.16.

The shape of the electrochemical reaction is almost equal in all three poten-
tiostats. The reduction and oxidation potentials are located around the same voltages
of 0.170 V and 0.240 V for all potentiostats as can be observed in charts (d), (e), (f),
(2) and (h).

The main difference lies in the current peak amplitude of the oxidation and
reduction points. A 2.5 V integrated potentiostat presents maximum difference of
8 WA with respect to the commercial one. On the other hand, the 1.2 V potentiostat
presents a higher difference around 12 pA; this could be caused by its lower input
impedance than the 2.5 V potentiostat in the Transimpedance amplifier.

However, part of these differences is due to reproducibility errors of the electro-
chemical measure; it is not possible to obtain the same exact result every time it is
performed the same experiment. The obtained CV waveforms are similar to those
that can be found in the literature like [33, 35, 59-61].

The last electrochemical analysis consists on performing an amperometric anal-
ysis of several concentrations of K4[Fe(CN)]g for the 2.5 and 1.2 V integrated
potentiostats and then compare the results with those obtained with the commercial
instrument.
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Fig. 3.16 Cyclic voltammetry behavior of the integrated potentiostats (1.2 and 2.5 V) and the
commercial instrument CH 1232A with the AC1.W1.R1 sensor and five concentrations (1, 2, 3,
4 and 5 mM) of K4[Fe(CN)]g in PBS using a scan rate of 0.05 V/s. (a) voltammograms obtained
with the 1.2 V Potentiostat Amplifier (PA) for all concentrations, (b) voltammograms obtained
with the 2.5 V PA for all concentrations, (¢) voltammograms obtained with the CH instrument for
all concentrations. Waveform comparison between the integrated and the commercial potentiostats
for all concentrations: (d) 1 mM, (e) 2 mM, (f) 3 mM, (g) 4 mM and (h) 5 mM
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Fig. 3.17 Amperogram recorded during the electrochemical reaction of 1, 2, 3, 4 and 5 mM of
K4[Fe(CN)]e in PBS for the three potentiostats. The applied cell voltage is 0.5 V for the 2.5 V
integrated potentiostat and 0.3 V for the 1.2 V potentiostat. The amperometries are compared with
the ones obtained by the commercial instrument CH 1232A (CH)

For the 2.5 V integrated potentiostat a potential of 0.5 V is applied to the amper-
ometry whereas for the 1.2 V potentiostat a voltage of 0.3 V is used. The obtained
amperograms are presented in Fig. 3.17 where can be compared with the ones
obtained with the CH 1232A. In that case, the results are similar between the com-
mercial and the full-custom integrated potentiostats. The current peaks are produced
when the new concentration is added to the solution. They can be reduced using a
low pass filter in order to avoid them in the design of some applications.

Finally, Table 3.5 summarizes the hardware specification for each designed
integrated potentiostat.
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Table 3.5 2.5 and 1.2 V potentiostats hardware specifications

Symbol Parameter Value Units

Vce Power voltage 1.2 (£0.6) 2.5(£1.2) \Y
Potential® Vel voltage 1 (£0.5) 2 (£1) \

Max. current Max. current detected +1 +1 mA

Min. current Min. current detected +1 +0.1 nA

Freq. Max. working freq. 2,000 8,000 Hz

Pcc Power consumption 240 580 W

Size W x L 1,700 x 900 300 x 250 pm X pm

4Voltage across Reference and Working electrodes

3.4 Low-Frequency Lock-In Amplifier

As previously commented, in some cases the sensor gives the information about
the electrochemical reaction by modification on its impedance [28]. Not a full
Electromechanical Impedance Spectroscopy (EIS) is carried out and a variation of
the Biosensor impedance (or capacitance) is just sensed at one or various defined
frequencies where the sensor is more sensitive to changes on the analyte concentra-
tion [62]. In those cases, a specific electronics able to evaluate the complex value of
impedance is necessary.

Label free impedance Biosensors can detect a great variety of targets, like pro-
teins, DNA, small molecule sensors [63], cell-based Biosensors [62, 64], etc. Due
to their low cost, low power and ease of miniaturization, electrical Biosensors hold
great promise for applications where minimizing size and cost is crucial, such
as point-of-care diagnostics, biological warfare agent detection and integrated
in-vivo point-of-care detectors.

The signals to be measured have often very small amplitude and they are usually
in a very noisy environment. Then, it is mandatory to extract the signal from the
noise and a very promising approach is based on the use of a lock-in amplifier [65]
capable to identify the real and imaginary parts of the complex impedance while
reducing the effect of the noise [66, 67].

Looking for this kind of implementations, there is a trade-off between complex-
ity, area, power consumption, with the desired measurements and the electronic
implementation. In that way, a fully-integrated DSP solution, as a digital lock-
in amplifier, would present a big challenge to develop an implantable low power
device. Obviously, commercial lock-in amplifiers are costly and large, and they are
not suitable for portable electronics.

A miniaturized solution based on an analog lock-in amplifier module has to be
designed in order to measure impedances associated with the analysis of biological
cells, in the frequency range of interest. A digital solution is not developed due to
its large silicon area needed in the integrated implementation and its higher power
dissipation compared with a full-custom analog solution.
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Following this assumption it is designed (schematic and layout level) an analog
lock-in amplifier as an electronic interface for implantable low frequency Biosensors
applications. The presented design looks for a very small power consumption
working at very low power supply (1.2 V).

3.4.1 Lock-In Amplifier Architecture

The impedance detection [68] is carried out by introducing an AC signal to the sen-
sor; hence an AC signal is obtained in the sensor output. In that way, when working
with amperometric sensors, an AC output current is obtained and the impedance
could be defined as the division between the input AC voltage and the output current.

The input voltage is applied to the three electrodes Biosensors using the control
module presented in Section 3.3.1. On the other hand, a transimpedance amplifier
converts the output AC current into a proportional voltage as it is detailed in Section
3.3.2. At that point, it is introduced the lock-in circuit to detect the real and imag-
inary parts of the impedance. Figure 3.18a presents the block diagram structure of
the impedance analyzer instrument.
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Fig. 3.18 (a) Lock-in module position in the potentiostat structure and (b) Lock-in amplifier block
diagram

The integrated lock-in is based on two Synchronous Demodulated Channels
(SDG) and a Clock Generation Circuit (CGC), Fig. 3.18b. Both channels are used
to find, at the same time, two DC components that are related with the real and
imaginary values related with the Biosensors. The Front-End is composed by an
input pre-amplifier used to feed the incoming signal from the I-V converter to the
voltage accepted by the channels. On the other hand, the Back-End demodulation is
formed by an inverter amplifier, two Low Pass Filters (LPF) and two transmission
gates (TG) [69]. This TG demodulator acts as a multiplier.

The adopted Pre-Amplifier configuration is a wide-swing, rail-to-rail output
stage with feedforward class-AB control [66, 67] presented in Fig. 3.7 with a
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Fig. 3.19 Back-end implementation of the synchronous demodulated channels (SDC)

gain-bandwidth product of 300 kHz for a load capacitor of 20 pF. This pre-
amplification is included in the I-V conversion stage.

The demodulator is a multiplier. It takes the input and the reference signals and
multiplies them together. When you multiply two waveforms together you get the
sum and difference frequencies as a result. Since the input signal and the reference
signal are of the same frequency, the difference frequency is zero and you get a DC
output which is proportional to the amplitude of the input signal and the cosine of
the phase difference between the signals.

By adjusting the phase of the reference signal using the reference circuit, the
phase difference between the input signal and the reference can be brought to zero
and hence the DC output level from the multiplier is proportional to the input signal.

The Back-end implementation of the Lock-In amplifier is presented in Fig. 3.19
with the inverter and the real and imaginary channels. Furthermore, two voltage fol-
lowers are included in the non-inverted line to compensate the delay error between
channels. Both, the inverter and the follower, use the same previous class AB
amplifier.

The Clock Generation Circuit generates the 4 clock signals for the transmis-
sion gates (TG) with the same AC signal used to drive the electrochemical cell,
Fig. 3.18. Hence, this four clocking scheme defines the on/off state of the analog
TG’s for a synchronous rectification. Moreover, a Dead Time generation is intro-
duced to reduce the clock feed-through noise [70] as well as, a dummy half size
transistor to cancel the charge injection errors.

The first step in the Clock Generation scheme consists on generating a 90%
delayed signal from the input ones. This means that the real channel reference clocks
are based on a sinus waveform whereas the imaginary channel is controlled by a
cosines signal obtained by integration of the original sinus signal.

The 0 and 90° signals are obtained following the architecture depicted in
Fig. 3.20. Since a low frequency operation is expected, a classical integration topol-
ogy based on a class AB operational amplifier is chosen. Its transfer function is
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Fig. 3.20 (a) Clock generation circuit architecture and (b) Integrator topology

defined in Eq. (3.9). Moreover, Eq. (3.10) has to be maintained to guaranty the best
integration ratio as well as a unitary gain.

Rl/Rz
H) = ——————— 3.12
) == R + 1 (3-12)
Z1 =2, = Ry = (C1||Ry) (3.13)

Two important remarks when using this kind of integrators: First, capacitor C;
has to be pre-charged during the start-up and second, it must be stated that the
impedance should be matched so, if the frequency presents a huge range variation,
the capacitor C; should be changed or other solution must be adopted. Just as in the
Back-end, a voltage follower is introduced to compensate the delay produced by the
integrator.

Moreover, an extra follower is added at the beginning of the Clock Generator
to compensate the delay between the clock generation and the Back-End stage. In
that way, all generated on-chip signals present the same delay so, the final error is
reduced.

The last step consists on generating the square clock signal from the 0 and 90%
sinus waveforms. This is accomplished by using comparators based on the structure
presented in Fig. 2.45, Section 2.3.3.2. Figure 3.21 shows the two clock generated
signals and the delay between them. It is compensated by adding followers in the
Clock Generator circuit and in the Back-End stage.

Later, the two out of phase signals are introduced in the Dead Time Generator
to drive properly the CMOS Transmission Gates with four non-overlapped clock
signals per channel. Also, dummy half size transistors have been used to cancel the
charge injection errors.

Then, the two signals coming from the Transmission Gate rectifiers are filtered
through two active low-pass filters (Section 3.4.3) thus, two DC components are
obtained, VRgout and Vimout, One per each channel. Finally, the magnitude and phase
of the impedance are obtained afterwards combining both DC values using Eqgs.
(3.11) and (3.12).
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Fig. 3.21 (a) Dead time generation structure, (b) detailed schematic of the delay generation and
(c) illustration of delay operation

Magnitude = | Vg, .+ Vi (3.14)

Phase = Tan™" (Vistou | VREou) (3.15)

3.4.2 Lock-In Simulation Results

The performance of the lock-in amplifier is analyzed using the extracted views of
the circuitry. An ideal AC signal is used to define the input sinusoidal module and
phase (V). Fixed amplitude of 60 mV is selected whereas the phase is changed
between different values.

Regarding the two DC voltage levels at the output of the filters, Vrgoy and
ViMout, the theoretical amplitude and phase are compared with the calculated values
using Egs. (3.11) and (3.12), for a particular frequency of 10 kHz. A maximum error
of a 2% is obtained in the Amplitude measurement (AgRrR).

Figure 3.22 depicts the Phase simulated values compared with the theoretical
ones. In that case, an error around 1% (Pgrr) is achieved. Both error values, Mgrr
and PgrRr, are good results taking into account the reported errors by the commer-
cial SR830 lock-in amplifier by Stanford Research Systems®, which presents an
Amplitude error (AgrRr) around 2.29% @ 10 kHz, as a reference [43].

Table 3.6 presents the simulated performance of the lock-in amplifier when there
is some noise applied at the input signal of 60 mV. The table shows the obtained DC
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Fig. 3.22 Phase comparison between the calculated (Ph teo) and the simulated (Ph exp) results

Table 3.6 Simulated DC magnitude (V1) and Phase (¢) obtained with the lock-in amplifier when
different noise levels are applied at the input signal of 60 mV @ 10 kHz, V¢ = 1.2 V. (@0 (°) =
theoretical phase; Vpoise = noise amplitude; Fyoise = noise frequency; |Vy| = magnitude, Eq.
(3.11); €|VMm| = magnitude error; @exp = phase, Eq. (3.12); €gexp = phase error)

Preo (°) Vnoise (mV)  Froise (Hz)  [VMm[ (mV)  €|Vpm| (mV) Pexp ©) €‘Pexp @)

0 5 500 59.89 0.11 1.1 1.1
45 5 500 59.52 0.48 4479 021
0 100 500 59.86 0.14 1.13 1.13
45 100 500 59.2 0.8 4499  0.01
0 5 15k 59.88 0.12 1.1 1.1
45 5 15k 59.06 0.94 4492 0.08
0 100 15k 59.98 0.02 1.11 1.11
45 100 15k 59.04 0.96 4547 047

value of the Magnitude, Eq. (3.11), the Phase, Eq. (3.12), and the error produced in
the detection of both magnitudes.

The total power consumption of the lock-in amplifier is 715 wW for a power
supply of £0,6 V. Table 3.7 presents the consumption for different input amplitude
voltages and power conditions whereas Table 3.8 summarizes the most important
electrical characteristics of the designed lock-in amplifier.
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Table 3.7 Lock-in amplifier power consumption in function of several input voltages amplitudes
and power supply voltages

Input (10 kHz)

Vsupply(V) Vin(mV) Power (W)
+0.6 V 60 714 n
+0.6V 100 713 p
+1.25V 60 1.2m
+1.25V 100 1.2m

Table 3.8 Lock-in amplifier maximum values

Symbol Parameter Value Units
Vce Power voltage 1.2 (£0.6) 2.5(£1.2) \'%
VN Maximum input voltage 0.6 (£0.3) 1.2 (£0.6) \"
Freq Maximum input frequency 10 10 kHz
€|Vum| Magnitude error 2 1.7 %
Cexp Phase error 1.2 1.03 %
Pcc Power consumption 715 1,200 W

3.4.3 Active Low-Pass Filter

Two active low-pass filters are used as a last step of the previous Lock-In amplifier
architecture. They filter any kind of noise and high frequency interferences in order
to reduce errors in the obtained DC signals.

Since the integrated filter must present a very low cut-off frequency, ranging from
0.1 to 30 Hz, some classical solutions like Sallen-Key filter could not be adapted
because high values of resistances and capacitances are necessary and then, the IC
integration is not possible. A gm-C second-order LP filter is adopted to accom-
plish the frequency requirements and to be able to integrate the necessary capacitors
values.

The final implementation uses a degenerated transconductance amplifier (OTA)
to define the gm of the filter [71]. This architecture allows defining small transcon-
ductance values in the range of few nS [47, 54].

Figure 3.23 shows the schematic of the implemented OTA as well as the in/out
current relation. The source degeneration increases the input range of the amplifier
and also decreases the equivalent transconductance.

The ratio (M:N) between the current mirrors decreases the current level at the
output, which results in an even minor value [72]. These current mirrors are based
on composite transistors, used to reach greater copy factors.

Important remarks must be followed when designing this type of current mirrors
in terms of layout. A better matching is achieved with techniques like common
centroid geometry and with multifingers because large numbers of unit transistors
are matched together. Figure 3.24 depicts the OTA’s layout.
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Fig. 3.23 Schematic of the degenerated OTA used to design active filters. Resistors Ry and R, and
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Fig. 3.24 Degenerated OTA layout

The equivalent transconductance (gm) for this amplifier is 4.25 nS, for an input
range up to £400 mV and a supply voltage of 1.2 V. The OTA amplifier presents an
input offset <1 mV, a THD of 0.03%, and a power consumption around 0.5 pW, for
the typical case (TYP Model).

A lower nominal transconductance value up to 1 nS could be achieved. The min-
imum gm value is limited by the leakage currents off each current mirror branch.
Table 3.9 summarizes the OTA electrical specifications.
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Table 3.9 Degenerated OTA electrical features

Symbol Parameter Value Units

Vce Power voltage 1.2 (£0.6) 2.5(£1.2) v

VOffset Offset voltage 770.1 -982.54 nwv

Vin Input voltage range 0.8 (0.4) 1.9 (1) \%

F3dp Cut-off frequency 32.95 43.39 Hz

m Transconductance 4.241 4.487 nS

THD Total harmonic distortion 0.273 0.0073 %

Icc Current consumption 480.4 570 nA

Pcc Power consumption 582.76 1,124.36 nW

Area W x L 380 x 186 pm X pm

The basic structure of the 2nd order filter is depicted in Fig. 3.25. It is formed
by two OTA amplifiers (gml, gm2) and 2 capacitors. Its transfer function is defined
by Eq. (3.13) where V4 = Viy and Vg = V¢ = 0 V whereas the cut-off frequency
(wo) is described by Eq. (3.14) where gm; = gmy = gmy.

Vout =

_ 52C1CoVe + sCi1gma Vi + gmigmaVa

§2C1Cy + sCirgmo + gmigmo

gm

wo = —

Ci G

(3.16)

(3.17)

An important factor to define the selectivity of the filter is the Quality factor (Q)
that is described as the resonant frequency (fp) divided by the bandwidth (f—f>) [73].
The higher the Q, the higher the selectivity resulting in a bandwidth decrement of
the filter. In that specific design, looking for low cut-off frequencies, high values of
selectivity could be achieved following Eq. (3.15).

_ _fo
= AT
Va

Om1

Fig. 3.25 2nd order gm-filter
based on OTA amplifiers

Ci

(3.18)
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Fig. 3.26 Layout of the 4th order filter based on OTA amplifiers

For a quality factor Q of 0.7 is derived that C; = 2 C; because in that design
gm; = gmy = gm [73]. For a cut-off frequency of 3 Hz, and gm = 4.25 nS, then
C; = 100 pF and C, = 200 pF. These are huge values to be integrated. Then, for a
test approach, C; = 10 pF has been adopted defining a cut-off frequency of 47 Hz.
Moreover, a four-order filter is designed connecting in cascade two 2nd order
filters. It presents a better frequency response and roll-off decay, but in terms of area
and power dissipation, it has been considered to define a cut-off frequency around
30 Hz and a C; = 10 pF. This filter has a power consumption of 50 W, and a
size of 770 pm x 575 pm. Figure 3.26 shows the layout of the 4th order LP filter.
The second order filter follows the same structure with just two integrated OTA’s.
Finally Table 3.10 summarizes the experimental electrical features for both filters.

Table 3.10 2nd and 4th order filter characteristics

Parameter Value
Filter ~Type of filter ~ 2nd order 4th order
Vce Power voltage 1.2 (£0.6) 2.5(£1.2) 12(£0.6) 25(£1.2) V
Vin Input voltage 0.8 (0.4) 1.9 (1) 0.8 (0.4) 1.9 (1) \%
F3ap Cut-off freq. 474 49.34 31.95 23.18 Hz
2m 4.241 4.487 4.241 4.487 nS
BP Attenuation >40 >60 >80 >80 dB
Pcc Consumption 1.12 19 2.3 3.96 W
Area L x W (um) 400 560 775 570

3.5 Biotelemetry for Implanted Devices

Biotelemetry [2, 74—76] consists of transmitting the information obtained from the
patient to the signal processing or reception unit using a wireless link. This tech-
nique is used in some medical instruments, like in ECG [77], in order to monitor
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a patient while giving full mobility to the subject. Moreover, this is one of the best
methods to isolate the patient from the power lines avoiding the risk of electric
shocks.

The transmission of the information is an important challenge to solve for those
implanted devices under the human skin and, Biotelemetry, is one of the most suit-
able techniques to establish a communication between the internal detection unit,
under the human skin, and the external reader.

Solutions based on wires are also studied in the bibliography but they present
some technical problems, like possible infections and the inconvenience of wearing
wires through the skin, and nowadays are not widely used.

Two types of Implantable devices can be distinguished: the first ones known as
monitor devices [78] and the second ones known as detection devices [79].

Monitor consists on sending continuously information about the state of the
patient or about the substance to be analyzed to the external reader. On the other
hand, detection devices just send information about specific important points of the
state of the subject or substance.

Le. in a monitoring device the glucose is sensed continuously and the results
are transmitted also continuously or periodically [80, 81]. If a detection device is
used, the glucose is sensed continuously but just some important threshold values
are transmitted. So, two types of data transmission modes can be defined depending
on the type of the implantable device:

e Mode RAW/CONTINUOUS data transmission:

Itis used in Monitor devices because it allows high data rates, lots of bidirectional
information can be transmitted continuously. Normally, it uses an extra dedicated
antenna for communication because the transmission frequency is higher than the
used for inductive powering (Fig. 3.27).

It implements complex analog and digital modulation mechanisms [82] in order
to send as much information as possible. Furthermore, time and frequency mul-
tiplexing of several signals is also possible [83]. The main disadvantage regards
the high power levels required for the transmission and processing. Specific low
power circuits like receivers, emitters, transponders [84] ... have to be developed
specifically for implantable devices [85, 86] to avoid problems regarding thermal
transference with the biological tissue around it.

e Mode SINGLE data transmission:

It consists in sending small amount of information, just some bits or bytes. The
idea is to transmit the necessary data to advice the external unit about some specific
point (or points) with medical interest.

Since the transmitted data rate is low it is possible to use as a carrier frequency
the same as the one used for the inductive powering [87] then, a modulation method
called backscattering could be used.
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Fig. 3.27 Continuous and single communication data methods block diagram

It consists in modifying the inductive coupling between the primary and remote
coil. The transmission could be done in both directions, from the primary to the sec-
ondary coil by modulating the magnetic field, and in the opposite direction changing
the impedance, tuning frequency or power consumption of the secondary coil. In that
way, a variation in the induced secondary coil magnetic field produces a variation
of the primary coil voltage defining an AM modulation as seen in Fig. 2.27.

The circuits involved on this kind of transmission are less complex than the ones
used in the continuous mode, therefore the involved power is also smaller. This is
an important reason to select that mode to develop detection implantable devices.
Moreover, the simple procedure for data communication using the same magnetic
field created by the power transmission coils is an extra added value for implantable
devices in order to reduce the total size of the device and to reduce the impact in its
biological environment.

3.5.1 Low-Power Single Data Transmission Protocol

As itis introduced a Single Data Transmission consists in just sending some specific
points of the evaluated data. The implemented transmission approach uses a com-
parator block able to detect three different threshold points and a monostable [88]
based circuit to transmit the data.

The block diagram of the communication module is presented in Fig. 3.28. It is
formed by 5 sub circuits, a threshold generator circuit (Vth Gen.), a low-pass filter
(LPF), a Comparator Module, a DC Modulation and a monostable based circuit.
The low pass filter (LPF) is used to reduce the noise in the input voltage. Then, the
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Fig. 3.28 Modulation/data processing block diagram

filtered signal is introduced to the comparator circuit where the threshold points are
detected (interesting points).

Later on, and depending on the result of the comparison, the Modulation Circuit
activates the modulation through the DC switch. The internal threshold voltages are
generated on-chip and could be selected using signals S3 and S4.

The designed LPF is based on the 2nd order OTA filter presented in Section 3.4.3
with a cut off frequency of 50 Hz. The filter reduces problems regarding glitches and
fast transient noise signals avoiding problems in the level detection. It reduces the
risk of transmitting false positives to the main station.

The AM communication is done following the idea presented in Fig. 3.29. The
circuit monitors the incoming voltage Vin and, in function of three threshold volt-
ages (Vin1, Vin2 and Vy3), modulates the amplitude of the signal at the internal
antenna.

A Power-On-Reset (POR) signal activates the circuitry when there is enough
voltage to drive properly the circuits, start-up time (Tsyp), and the antenna starts
to transmit continuously a series of ones. At that point, the Modulation/Data
Processing unit is prepared to transmit the detected threshold voltages.

3
1Ty o] 00O

hTsup Tth1 Tth2 Tth

e 325 Il R

protocol
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When the input voltage reaches the first threshold level the system transmits one
zero (T1) to the external reader. Two zeros are transmitted (Ty,p) if the second
comparator threshold value is reached by Vn. Finally, when the third is achieved
a series of three zeros are sent (Ty,3). Several on-chip threshold voltages could be
selected using S3 and S4 (Section 4.2.7).

A default zero time slot interval is defined as 250 ms (Ty,; = 250 ms). This time
is controlled by an external capacitor, Cprg, connected in the monostable based
circuit. The time slot is controlled by the charging time of the Cprg defined as

CprG - AV =1- AT (3.19)

where [ is the current injected to the capacitor by the diode connected transistor
(Monostable circuit, Fig. 3.28), AV is the defined threshold voltage of 0.8 V used
to activate the inverter gate of the monostable circuit and AT is the desired time slot
used to define a transmitted zero. The time slot (Ty,1) could be easily modified by
changing the value of the capacitor, Cprg. Table 3.11 presents some examples of
capacitors and its defined time slot.

Table 3.11 Time slot (Ty,;) definition using Cprg

I(nA) AV(V) Tih1 (ms) CprG

1 0.8 125 150 nF
1 0.8 250 320 nF
1 0.8 500 625 nF
1 0.8 750 950 nF
1 0.8 1,000 1.25 uF

The comparisons of the input signal with the threshold voltages are achieved
using three low-power comparators. The selected ones are based on the circuit
explained in Section 2.3.3.2 (Fig. 2.45) with a reduced hysteresis of 5 mV. The
introduction of the hysteresis helps the LPF filter to reduce noise problems with the
input signal.

Then, the signals generated by those comparators are used by the logic circuitry
to transmit the number of zeros. If more than one zero has to be transmitted, the
circuitry re-starts again the monostable circuit. The total power consumption of
this block is 1.2 wW. An example of the communication protocol mechanism is
presented in Section 4.3.

3.6 Chapter Conclusions

A three electrodes amperometric sensor is formed by the Counter, the Reference
and the Working electrode. It generates a current proportional to the electrochemical
reaction that occurs in the W electrode. Different electrochemical techniques, Cyclic
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Voltammetry, EIS. . . can be applied to know the behavior of the reaction for several
conditions.

The Potentiostat Amplifier (PA) is the electronic circuit used to deal with the
three electrode Biosensors. It is basically formed by two blocks: (1) the Control and
(2) the Current Detection Module.

The Control Module regulates the voltage across the Reference and Working
electrodes in order to control perfectly its voltage. This is important for the elec-
trochemical reaction that takes place in the W electrode. Three class AB operational
amplifiers have been used to implement this block. On the other hand, the Detection
Module is in charge to detect the current generated by the reaction at the Working
electrode. In this work a transimpedance amplifier is the selected option.

Two low-power potentiostats have been finally integrated on silicon. The first one
is designed to work up to 2.5 V or 1.2 V, whereas the second one is designed for
low-voltage applications with a voltage up to 1.2 V or £0.6 V.

Both designs are tested with a commercial three electrodes sensor and with a real
electro-active substance, K4[Fe(CN)]g. The results of several Cyclic Voltammetries
and amperograms are compared with the ones obtained with a commercial poten-
tiostat. Thus, it can be assured a perfect operation of the integrated PA in the
desired current ranges assuring a lower power consumption and area than the
commercial one.

This chapter also introduces the design and conception of a complex impedance
detection circuit called Lock-In amplifier. This circuit, theoretically introduced, is
based on the use of two Synchronous Demodulated Channels to obtain the real and
imaginary parts of the complex impedance. Then, the circuit is validated through
several simulations.

Finally, the concept of Biotelemetry is explained and a simple low-power proto-
col for transcutaneous transmissions is developed. It is based on the backscattering
concept that consists in changing the impedance of the implanted coil to modify the
coupling factor of the inductive link.
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