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Abstract

In this work we will study the designingprocedure ofa low-power low-noise
amplifier, with application in brain signals amplification. The bicamplifier was
implemented in a 90 nm CMOSprocess so that it is suitable for integration into
multichannel recording implants. Therecording electrode of the bio-amplifier is
directly connected to the input of a lownoise amplifier which includes a Miller
integrator in its feedback. The integrator, achieing a long time constant, gives the
bio-amplifier the ability to reject unwanted low frequency signals as it sets its low
cut-off frequency at 113.7 Hz. The large time constant of the integrator results from a
structure of diode-connectedtransistors which employsa high resistance and allows
the use of capacitors of reduced capacitance aradea The design of the amplifier
under the constraints resulting from the low supply voltageof 90 nm technology, 1.2
V, was done with theinversion coefficient methodology (IC) that allows design in
weak, moderate and strong inversion Themidband gain of the amplifier is 47.5 dB,
EOO AAT AxEAOE EO pm8oc E(Uh Opgdvertidsipaiioh A O
g8t (78
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Chapter1) T OOI AOCOAOET 1

In order to sense and record biosignals in high qualitjgiomedical implantable
devices arerequired. Many different forms of implant have been developed for this
purpose. Such devicesnust operate under a limited energy budget and have low
power consumptionto guarantee long time of autonomous operation. To achie this
requirement, CMOS integrated circuit must comprise MOSFETs that operate in
subthreshold region. In this thesis we begin by giving a brief description of
biosignalsdcharacteristicsin chapter 2. In chapters 3 and 4, we study the structure of
MOSFH's and a methodology that is convenient for designing in weakjoderate and
strong inversion with good accuracy. In chapter 5, we discuss thgpes of noise
presentin a MOSFET while it is arucial constraint in amplifiers dedicated to amplify
low voltage signals. Finally, in chapter Gve present in detail, the design procedure of
a bioamplifier that meets the specificatios of implantable sensing devices.
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Chapter2" ET OECI Al O
2.1 Information flow inside the brain

The fundamental building blocks of thenervous system are neuronsNeurons
are electrically active cells and communicate with each other to convey information.
Communication procedure between neurons consists of the following steps. Firstly,
ET £ Oi ACETI T EO OAAAEOAA ndhtés) idehdmical fodnQit T 06 OAA
diffuses at the cell body (soma) and is transferred through a conducting path (axon)
as electric impulse. Finally, information passes onto the next neuron through a
junction (synapse) where chemical (and rarely electrical) exikange of information
OAEAO pI AAA8 4EA OOOOAOOOA T &£ A TAOOIT AT A E
in Figure 2.1
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Figure 2.1 Neuron cell structure and interconnection between neurons

2.2 Action Potentials

Regularly, neurons generate a negative potential across their membrane in the
range of -40mV to -90mV, called the resting membrane potentia[1]. When the
tansmembrane potential cell surpasses a value, called threshold potentigll], and
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gets positive value, an action potential occurs. Action potentials, or spikes, are
electrical signals (Figure?2.2) responsible for long-distance (millimeters to meters)
POl PACAOEI T 1T &£ ET £ OI AOET 18 4EAU OOAOAI
target tissues. An essential feature of action potentials is that they occur fully or not
at all, meaning that if a more intense stimulus is to be transmitted by an action
potential, modulation appears in the frequency rather than in the amplitude of the
signal [1]. Therefore, information is encoded only in the timing domain of spikes?].

The frequency content of action potentials commonly ranges between 100Hz and
7kHz [3].

Action
potential

+40

\Voltage (mV)

-55 [Threshold initiations

70 T___ Resting state
Stimuls Refractory
period
0 1 2 3 4 5
Time (ms)

Figure 2.2 Action potential in a voltage vs time plot

2.3 Neural Circuits

Neurons are organized into groupscalled neural circuits, responsible for a
specific functionality. In each neural circuitnheurons are divided into the following
three groups [1]:

Afferent neurons.: send signals towards the brain or spinal
cord.

Efferent neurons: send signals away from the brain or
spinal cord.

O
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Interneurons: have short axons and are limited to a
small area.
In Figure 2.3the kneejerk reflex along with the describedneural structure is
depicted.

Sensory (afferent)
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Muscle senso
receptor

Extensor i — /_\/ \

Cross section of spinal cord

muscle

| -
Motor (efferent) @ Interneuron
axons
s Id Y
Hamumer tap G\ Sensory neuron synapses Motor neuron conducts
stretches tendon, with and excites motor action potential to
which, in turn, neuron in the spinal cord. synapses on extensor
stretches sensory 1 S 1 muscle fibers, causing - -
receptors in leg en_s:(o Ty e 1;1_:10_nt.:1 =0 —P> contraction. _P> g Leg
extensor muscle. EXCIles Spinal erneuron. extends.
\ Flexor muscle relaxes . J
!n te:n?euron synapse because the activity of its
inhibits motor neuron motor neurons has been
to flexor muscles. inhibited.

LS vy L 4

Figure 2.3 Knee-jerk reflex procedure [1]

2.4 Action Potentials Recording Methods

There are two methods to measure neural electrical signals. The first method
is to use an intracellular microelectrode and measure the potential acrodsA OOT T 8 O
membrane. Internal voltage changes are on the order of 100mV, relative to the
extracellular fluid, and can give us meaningful and precise information about
T AOOI 108 AAOEOEOU8 . AOAOOEAI AGOh 1 AAOGOOET C
typically difficult and expensive [L,4]. The second method is to implant mult
electrode arrays at a short distance (several microns) from the cell and measure
extracellular potentials [2]. External voltage signals undergo much attenuation and
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action potentials, extracellular recording is easier to implement and give usdecent
insight of neural activity.

2.5 Why Action Potentials Recording

Brain is the most powerful and incomprehensible organ in human body. Ideas,
emotions, memories and intelligence are derived from it. In addition, brain is linked
with two essential mechanisms, sensory and motor. The pathway between brain,
body muscles and sensorss formed by the spinal cord which is a tubular structure
made of nervous tisue located in a narrow canal that runs through the center of
spine. When a spinal cord injury (SCI) occurs, the flow of messages between the brain
and the rest of the body is interrupted. This interruption leads to total or partial loss
of the ability to sense environmental stimuli and/or control over the limbs. The
higher up the injury occurs; the more functionality of the body is affected. In this
manner, tetraplegia is caused by a damage to the brain or SCls and is one of the most
severe forms of paralgis affecting both the upper and the lower body. Obviously,
people suffering from tetraplegia lack selreliance and are dependent on the help of
others to complete a simple task. Although there is no way to reverse the damage of
SCls, the power of technalgy can help patients become seteliant again. In more
detail, the absence of a pathway allowing information flow between brain and body
can be overcome if a new communication channel is created. The latter has to be
composed of two elementary structures a) a circuit designed for measuring,
processing and transmitting action potentials b) an actuator (i.e. a robotic arm) or a
second circuit responsible for receiving signals and stimulating neurons following the
damaged ones. To measure action potentialssociated with planning, control and
execution of movements, an implant must be placed at the motor cortex (shown in
Figure 2.4), a region of cerebral cortex involved in the aforementioned functionality.

2.6 Action Potentials Amplification

For the purpose of processing and transmitting small amplitude signals, like
action potentials, amplification is required. This thesis focuses on the design of a
front-end analog CMOS amplifier that comply with the specifitans arising from

s A A N s A~ oA
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Input-referred noise below 10 uvVrms. Greater values will degenerate signal
guality because, as described in paragrapB.4, extracellular voltage signals
AOA 11 OEA 1 OAvapappedE weakerif the &listadhéd detween
neuron and measuring electrode is longer.

Enough dynamic range to amplify signals up to 2mv.

High input impedance and negligible input current

Bandpass response with high cubff frequency equal to 10kHz andow cut-off
frequency equal to 100Hz to accurately capture spiking activity.

DC offset rejection circuitry to remove dc offset across differential sensing
electrodes.

High common mode rejection ratio (CMRR) and power supply rejection ratio
(PSRR) to reducenoise on the transmission lines and power noise,
respectively.

Power dissipation below a few hundred microwatts per channel to avoid
harming cerebral cortex and extencautonomous operationtime under a given
energy budget.

Adequately small area (typically0.16mm?2 per channel) to avoid oversized
implants and satisfy interA1 AAOOT AA OPAAET C ATTTTT1U

Motor cortex
{Precentral gyrus) Somatic sensory

cortex (Postcentral
_-_/"“+\,\7< gyrus)
Central sulcus —_ _/
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|
( Frontal lobe

Occipital
L lobe )
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Lateral sulcus \ /-
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Figure 2.5 Brain structure



Chapter3 -/ 3&%4 $AOEAA

Aiming to have a better perception of concepts discussed in this thesis, it is
essential to understand MOSFET devices structure and physics. In this chapter, the
above are discussed at the minimum level of detail required to achieve our goal.

3.1 MOSFET Stricture

MOS transistor is a four terminal field effect device, mainly composed of
semiconductor materials arranged in such a way that gives the device unique
properties and functionality. Semiconductorsutilized to construct MOSFETs are of
two types, ptype and ntype. N-type provide electrons as majority carriers and holes
as minority carriers. Conversely in ptype, electrons are the minority carriers and
holes are the majority carriers. Depending on how 4type and p-type materials are
arranged within the device, two types of MOSFET arise, NMOS and PMOS. The basic
structure of NMOS devices is shown iRigure 3.1. ForPMOS devices all dopings are
inverted (seeFigure 3.2).

GATE

SOURCE DRAIN

OXIDE

[
LENGTH

p-type SUBSTRATE

BODY

Figure 3.1 3D illustration of NMOS device



GATE

SOURCE DRAIN

BODY

p-type SUBSTRATE

Figure 3.2 3D illustration of PMOS device

The material on which the whole NMOS device stands is atype silicon
substrate and is called bulkor body (B). Two metal contacts, called drainD) and
source (S), are connected to the body through diffusions of heavily doped-type
material (n*).

The presence of h diffusions, under the contacts, results in low resistivity at the drain
and source terminals. On top of the semiconductors, a thin insulating layer of silicon
dioxide (oxide) is placed at the area enclosed by drain and source, while on this layer
residesa plate made of noncrystalline silicon (polysilicon) with heavy doping, known
as gate (G). Hence, gate is insulated from the body. Very important in circuit design
procedure is the careful selection of gate dimensions, width (W) and length (L). These
two parameters affect most of the characteristics in a MOSFET.

We observe thatMOSFETstructure is symmetrical with respect to a vertical
axis at the middle of the device. Thus, a reasonable question is how we distinguish
source and drain terminals. In NMOS8ansistors, drain is connected to higher voltage
than source and in PMOS transistors, drain and source terminals are connected
inversely.

3.2 MOSFET Operation

If we examinethe structure of NMOSshown inFigure 31, we notice that there
is not any conductive path between drain and source. By applying a positive voltage
to the gate, ptype substrate minority carriers, electrons, are attracted at the piece of
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silicon under the insulating layer and a conductive channes$ formed [7]. The more
positive voltage applied to the gate; the more electrons attracted to the channel. Thus,
channel resistance is reduced and if we apply a positive voltage between drain and
source, current starts flowing.

The remainder of this clapter deals with analyzing MOSFET operation under
different biasing conditions. Henceforth, we consider the bulk grounded for-MOS
devices and connected to high voltage for-MOS devices (not shown in the next
figures).

We start our analysis assuming tat drain and source terminals are grounded
and we vary the gate voltage from zero to positive values. The initial condition in
MOSFET, when all terminals are grounded ¢#0), is shown in Figure 3.3Transistor
is off, meaning that the channel is not formeglet.

DRAIN

) 00000000 oo
00 00000000 oo
00 00000000 oo

Q0000000000000 0000000000
Q0000000000000 0000000000

Figure 3.3 2D NMOS illustration with zero voltages at its terminals

Before continuing with the analysis, we must mention that the structure
polysilicon-oxide-p-type silicon operates as aapacitor. Hence, we expect that any
positive charge at the gate will appear negative at the interface between oxide and
substrate[7]. We now gradually increase gateoltage. A positive voltage at the gate
repels substrate holesand repelled holes leave behind negative ionsAs a result, the
surface under the gate is depleted of free carriers. Therefore;MOS is still off and the
channel is not formedyet (Figure 3.4.

V>0

r

SOURCE DRAIN

OXIDE

=X-X-T-]
=X -X-]
000Q =X +]
Q00COeOeeee0
000000000000



By rising gate tosource voltage (\&9, depletion region depth increasegFigure
3.5) until gate voltage exceeds a value, called threshold voltagery. ForVesvoltages
beyond VrH, electrons are attracted under the gate oxide analconductive channel is
established. Conglering that free electrons are concentrated in the ftype bulk we
say that the interface is inverted and the channel is called inversion layg8] (Figure
3.6). Further increase of gate voltage above the threshold, results in a more
conductive channel because it contains more electrons.

[+ 1= COeOeeee =K+
oe CeOeLeee =X+
COOOeeee
0CeOCeeeQ000000000RORRQ0
0000000000000 00000000000

Figure 3.5 NMOS with \é<V 1+ and widen depletion region

SOURCE

000

000CCEOOOQC000000000COOOQ0
0000000000000 00000000000

Figure 3.6 NMOS with \és>V . Inversion layer establishment
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Asthe channel is formed, if we apply a positive voltage at the drain, current
(Ios) will start flowing. Before studying current flow, we must focus on how charges
are distributed in the channel. Charge density at a point in the channel is proportional
to Ves-VTH-V(X), where V(X) is the channel potential athis point [8]. Hence charges
are not distributed uniformly for the reason thatvoltage difference is not uniform
across the channel At a pointnear the drain, voltage difference between gate and
channel isequal toVe-Vb, where Vb>0. In contrast, near the source,voltage difference
between gate and channelk equal toVe becausesource isgrounded. As an outcome,
channel has the shape shown ikigure 37.

Vg >V1h

SOURCE

oo SEes 1)
ccoccceclE
0000000000000

Figure 3.7 NMOS with \6$>0 and Vps>0

3.3 Regions of Operation

The voltage \ésin excess of W is called overdrive (or effective) voltage
(Vov) and is defined as the voltage required to turn on the transistor. Overdrive
voltage alters channel resistivity by attracting curriers at the region of substrate
under the oxide. Consequently, it directly catrols the current flowing through the
transistor. Additionally, current is controlled by \bsvoltage which is the voltage
difference between drain and source. In view of the foregoing, three regions of
operation arise:

1 Cutoff (Vow<0): MOSFET is off andhannel is not formed.

11



1 Triode (Vov> 0 and Vbs< Vov): The device conducts current roughly
linear proportional to Vos In this region MOSFET behaves like a voltage
dependent resistor.

1 Saturation(Vov > 0) & Vbs o6 When \bsexceeds a value called
saturation voltage, \Assar there is no more a linear relationship
between \bsand Ibs Further increase in s, does not have a significant
effect on drain current, bsis saturated. This happens because the
application of a drainvoltage reduces gate to substrate potential near
the drain and thus, fewer charges are concentrated at this region. I3/
IS below \bssas inversion layer has the form depicted inFigure 3.7
When \bsis greater than \bssa; channel is shortened Figure 3.8) and
extends from the source to a point called pinch off. In this case we say
that inversion layer is pinched off and higher Wsvoltages result in a
shorter channel. When channel is pinched off, electrons gain high
speed, because of the high electrfeld, and pass through the depletion
region between pinch off and drain. Under this condition, ok is
relatively independent of \bs In saturation MOSFET, operates like a
dependentcurrent source controlled by \&s

Ve >V Vp>0

SOURCE DRAIN

oS > o0
oc o228 0
-+ = e = @ =N+
occeoeca Odcco00cce0
00000000 (4] 00000000

Figure 3.8 NMOS with \és>0 and Vps> Vs sar pinched off channel
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In the previous chapter we analyzed MOSFET as a device which conducts
current when a channel, between source and draims formed. We stated that this is
achieved for \&svalues greater than or equal to threshold voltage, ™. In fact, even

when Vesis below the threshold voltage, aveakly inverted layer is formed. Let us
now study the dependence between inversion layesnd Ves

EO $AOEC

\

4.1 Channel Inversion Regions

Gate to source voltage determines the level of inversion at the channel.
Depending on \ésvoltage, three regions of inversion arise. The first egion is called
weak inversion (WI) or subthreshold region. This region emerges for 3sbelow Vrn
by at least 72mV and the channel is weakly inverted. When MOSFET operates in weak
inversion, drain diffusion current dominates and its dependence on a4 is
exponential. In the second region, channel is strongly inverted and is called strong
inversion (SI) region. This occurs when ¥s 6rH, and drift current dominates. In this
region, current is proportional to the square of \és The region between WI and Sl is
called moderate inversion (MI) and its characteristics is a superposition of Wl and SI.

Transistors operate at a specific region of inversion (WMlI, SI) and operation
(cutoff, triode, saturation) proportional to their biasing. The most common region of
operation for MOSFETSs in analog circuits is saturation. Saturation voltage and drain
current can be calculated from the following equations:

Weak InversionSaturation Voltage:

6 Td
c EDt
N
Where,
f 5 isthe thermal voltage and hasvaluet) ¢ 1 6 AO OT 11 OAI PAOAOGC
1 E pBERPHO OEA "11 OUIATT80 Al1TO0OAT O



T N pPEBTAPYH is ti@ electric charge carried by an electron

Strong Inversion Saturation Voltage:

Where,

1 nisthe slope factor, 1.1 <n <1.6 [9]
1 Veand \kis the gate and source voltage respectively
1 Vruis the threshold voltage

Drain Qurrent in WeakInversion, saturation:

0l©

. W
O ¢J3 3o C)U—CD

Where,

T * EO OEA AOOOAT O AAOOEAOOG i1 AEI EOU

1T O is the gateoxide capacitance per unit area of the oxide

Gateoxide capacitance per unit area is calculatelly:

60 —
Where,
1 - isthe oxide permittivity, - o8 Up . "qa
1 is the oxide thicknes and depends on the fabrication process

4.2 Inversion Coefficient Design Methodology

Biomedical implantable devices, as already discussed in chapter 1, must
operate under low power and low voltage to guarantee long periods of operaticemd
low heating of the device. Low power circuits require transistors to operate in weak
and moderate inversion. In this chapter we discuss about IC methodology on which
the design of this work is done.

14



The region and level of inversion in the channel i single MOSFET can be
signified by a numeric value called inversion coefficient (IC). Using EKV MOS model
equations[10], IC provides a good insight into design tradeoffs and let us design in all
regions of operation. Also, trialand-error simulations are reduced because a good
initial design is attainable with this method. Regions of MOS inversion are related to
IC in the following way:

IC<0.1 0 weak inversion
0.1<IC<10 0 moderate inversion

IC>10 © strong inversion

IC design methodology i®ased on the selection of three parameters, inversion
coefficient (IC), gate length (L) and drain current (b). The following expressions help
us comprehend how these parameters affect MOSFET parameters.

Inversion Coefficient

O 0D

e or ‘0 J0®

Where Ispecis called specific or technology current. Specific current is a
fundamental parameter that can be extracted for a given technology from the circuit
shown in figure Figure 4.1[11] and then be used as a constant value in the design
procedure. Subsequentlythe aboveequation gives us the gate width for specific IC, L
and Ib.

u~"'3 M4 Voo
M5 p— d M8
Jl b

tin ' Iy

b B, =K By
Pa=Ps=PBs=Ps
Ps = A Pr

M9 | > [ m2

M6
Vel J—— M7

Figure 4.1 Circuit for extraction of lspec
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Saturation Voltage:

6A DA & JY O 06 TE oJY
WE @5 13Y
SI: w j 0w
Transconductance (saturation)9]:
Q 2006

Y

Where G(IC) is the normalized transconductance and represents the percentage of
the maximum transconductance a transistor exploits for a give IC.

©

006

NIO
—lo
®)
o

From the equation of transconductance,gm, we observe that for a constant bias
current, maximum transconductance is reached in WI. One of the most powerful
Figures of Merit (FoMg in low-power analog design is the transconductance

efficiency (—). It appears in many optimization expressions and quantifies the

transconductance produced for a given bias currertL2].

The transconductance efficiency is maximum in WI. From WI to Ml monotonically
decreases and in Sl is minimized.

16



Overdrive voltagd 13]:

» c2Iym&y op

Unity gain transit frequency:

« 3y -

Where 0 is the effective channel length.

Drain current and gate sourcemismatch:

Q "__
— — 3 T
5
5
) no D
0
— oD

Where 6 and 0 are constant for a given technology.

We mentioned that — is a function of inversion coefficient. So, mismatch is also

controlled by IC.
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Chapter5. | EOA

Noise isusually an undesired phenomenon present in CMOS devices. By its
nature, noise is random and unpredictable. If an analog CMOS circuit is designed
without taki ng noise into consideration, it may suffer from signal quality degradation.
Hence, to face its effect we must encounter noise sources and minimize their
contribution to the signal. Since noise is random, it is characterized by statistical
models. In this dhapter we study the different types of noise in a MOSFET and their
origin.

5.1 Noise in MOSFET

Environmental sources, such as capacitive or inductive coupling, generate
noise in circuits. This type of noise is called artificial and is mainly reduced with
improvements on physical layouf{14]. Moreover, the transistor itself generates noise,
AAT 1 AA £O1T AAT AT OAl 1T EOA8 41 1 ETEIEUA OEA
must change the circuit topology, MOSFET dimensions and other design
parameters[15]. Fundamental noise is composed of four types that are explained
below.

5.1.1 Flicker Noise (1/f)

One of the most important noise components in MOSFET deviggserating in
low frequencies is the flicker noise. It is inversely proportional to frequency and
dominates at low frequencies ugo some tens of kilo HertzThat isthe reason we are
referred to it as 1/f noise too. The origin of flicker noise are dangling bonds appearing
at the interface between the oxide and the substrate. These defects create energy
states which act as traps fothe channel carriers. When carriers pass through the
channel, some of them, are trapped and released randomly at the trap8].[ This
trapping and detrapping mechanism fluctuates channel carrier density and hence
noise is generated. Typically, more advanced technologies exhibit reduced flicker
noise. That is becausefabrication process affects oxidesubstrate interface quality
which in turn affects flicker noise. Additionally,PMOS transistors exhibit lesser flicker
noise in compareto NMOS because of their reduced carrier mobility and trap
density[ 16]. Flicker noise can be modeled as the power spectral density of drain
current and gate voltage by the following equations:
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Svdf) = — Sin(f) =

1 + istheflicker noise coefficient

1 # isthegate capacitance

1 Wis the gatewidth

1 Lis thegate length

1 fis thefrequency of operation

1 AFis theflicker noise exponent

1 omis the MOSFET transconductance

We observe that for large area transistors, noisesireduced.

5.1.2 Thermal Noise

Thermal noise or JohnsoflNyquist is caused by Brownian motion 14]. In a
given medium, random thermal motion of electrons take place. This phenomenon is
independent of the dc current flowing in the component and therefore introduces
noise source in the devie . Thepower spectral density of thermal noise is constant
across all frequencies and we are usually referred to it as white noise. For a resistive
element thermal noise is given by:

3 TENRD
Where,
T E EO OEA "11O0UIATT60 AT 1T O00OATO
1 T is theoperating Temperature

M Rs the resistance

For a MOSFET in saturation, thermal noise can be modeled by:

3. TENI T

h

Where,

1 C s the source transconductanceC T¢

1 r is the thermal noise factor and is equal tos in Wl and 5 in SI
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5.1.3 Shot Noise

Shot noise, occurs due to the potential barriers present in pn junctions of MOS
devices. In a prjunction, a voltage exists between the ftype and the ntype regions.
Current flow starts when electrons and carriers at p and n regions have sufficient
energy to overcome the potential barrier [L4,17]. Carriers pass across the potential
barrier randomly and they cause fluctuations in current. MOSFETS experience shot
noise in channel depletion region and junctions between drain and source with the
bulk. It is given by:

3. ¢ N9
Where,

1 qis the electric charge carried by an electran
1 Ipis the current flowing through the MOSFET

5.1.4 Substrate Noise

In a MOSFET, source and draiform capacitors with the bulk. At low
frequencies, these capacitances do notfluence the performance because they act as
high resistances (DC open circuit). In contrast, at high frequencies capacitors act as
low resistances (DC shorts) and small currents pass through the bylkeducing the
current at the channel.

5.1.5 Generation -Recombination Noise

Like flicker noise, generationrrecombination noise is generated by bulk
defects that capture or release carriers randomly. This mechanism affects the number
of carriers in the channel participating in the current flow[14].

5.2 Noise in Circuits

Noise in CMOS circuits can be measured at the output or the input of the
circuit. We refer to noise measured at the input and the outpuyés input-referred and
output referred noise, respectively. Outpureferred noise is a physical quantity
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which can be measured in the laboratory using a spectrum analyzer. However, it is
not a good parameter for comparison between circuits since it is affeed by the gain.
Input-referred noise is calculatedfrom the division of the output-referred noise by
the gain of the circuit and cannot be measured practically. Nevertheless, it can be used
directly for comparison between different circuits without considering other
characteristics. Also, inputreferred noise specifies the minimum input signal with
respect to a required signal to noise ratio (SNR).

To calculate inputreferred noise in a circuit, we first must calculate output
noise. Initially we replace every transistor in the circuit with its small-signal
equivalent and its noise sources. After that, we calculate the noise contribution of
each source to the output noise by setting the rest of the sources to zero (voltage
sources become shorts and outpusources become opens). Finally, the total output
noise results from the superposition of all individual noise contributions. Hence, we
can have an expression for the inputeferred noise by dividing the outputreferred
noise with the gain of the circuit.

From the above analysis, input noise power spectral densitym—_ is

calculated. This gives as a useful picture of how noise power is distributed into
frequencies, but it does not allow us to easily compare between two circuits. That is
why we convet it to rms value which represents the average noise voltage. To
accomplish this, we integrate power spectral density across the frequencies of
interest, and we take the square root of the result.

0£Qi Qué o dOa Q0 ¢ Rl Q1 NHQUORRYE D DS
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Chapter6" ET Al PI ELZEAO
In this chapter we will study the components thatconstruct the Bioamplifier
of this work. We will give OT I A OOA £O01 AIGPOAOGOETT O AAT 6O AE]

in what manner each design option affects it.

6.1 Two-Stage OTA

The block diagram of a two stage OTA is shown kigure 6.1 This topology is
composed of two cascaded amplifiers. The firstage is a differential pair with active
load (Figure 62) and the second stage is a common source amplifiéigure 63).

Differential amplifier Common source amplifier

Figure 6.1 Two stage OTA block diagram

YOD

M3 :H h': M4

. Vout
V%—-“E M1 M2 E)||——}In

Whias
ks

Figure 6.2 Differential amplifier topology

YOD
E—y—

Vim\——||§ M1
| Vout
Vbias E "

Figure 6.3 Common source amplifietopology
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This topology exhibits highDCgain equal to the product of the gains of each stage.
! I 5 Q

6.1.1 Circuit Topology

The topology of two stage OTA is depicted in Figure 6.4. It comprises an NMOS
differential pair at its inputs (M1,2), a PMOS current mirror active lad (Ms 4), a PMOS
transistor at the input of the CS stage () and two current mirrors for the biasing
(Ms,Ms,Ms) of the stages.

VDD

M3 ﬂ|——,——||§ M4

||§ M7
bias () VME M1 M2 §||——)yp |

M5 §|| ||§ M8 ——||§ M8

Figure 6.4 Two stage OTAopology
In the configuration shown in Figure 6.4 the amplifier operates as a second

order system because it has two poles, associated with each stage, appearing in
frequencies lower than the unity gain frequency. Consequently, the amplifier will
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evidently be unstable. The simplest way to compensaté is to connect a capacitor
within the high gain stage. This compensation technique, moves the lower frequency
pole in lower frequency and the higher pole in higher frequency, utilizing the Miller
effect [18]. Neverthdess, the compensating capacitor in high frequencies acts as a
short and creates a feedorward path which results in a right half plane (RHP) zero.
This RHP zero has the same impact as a left half plane pole (LHP) and hence degrades
phase margin and setihg time [18, 19].

To shift the zero(created from the capacito) to higher frequencies, we can
connect a resistor in series with the compensating capacitor that attenuates the
higher frequency signals 18]. Therefore, the amplifer operates as a first order
system since it has only one pole in frequencies lower than unity gain frequency. This
compensation technique is called leadompensation. The two stage OTA with lead
compensation is illustrated inFigure 6.5

YDD

M3 ﬂ|——,——“§ M

||§ M7
bias (§) Vn‘k——||§ M1 M2 §||__)l"p - . vour

M5 3| ||§ M8 ——“E M3

Figure 6.5 Two stage OTA with lead compensatiotopology
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6.1.2 Transfer Function

From the smallsignal equivalent circuit [19] presented in figureFigure 66 we
AAT Z£ET A Al bl E /£AE Ane éapaciaredd iOheAudput/aéd AOET T 8

Vp RZ CC
—= AN = o
+ . +
Vig GD § =V, GD § —— Vout
- 1V p Vel l a2 #ryeal  Cyes Iz Fas7 #ryca CL -
(B <

Figure 6.6 Two stage OT/Asmall-signal equivalent

The transfer function is given by expression— below, if the next conditions
hold[19]:
2 | ?
C e
2 | il
¢ T O#

Where
2 O 110
2 O T10
5 p G - 2
— 1 _ — a
6 "p C22#0 22 # # # # ## O 222# ##0

Where 0 isthe open loop gain and is equal to:

I ¢ 20 O L 20 WO
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It is preferred, the output resistance of the input transistor in CS (Iv) to be much
lesser than the output conductance of the current source load( In this caseJow-
frequency open loop gain is equal to:

! C 200 MO X 20

Where,

f C 00 TrO s the open loop gairof the diff. amplifier
f C 00 isthe open loop gairofthe CS amplifier

6.1.3 Input -Referred Noise

The input-referred thermal noise spectral density of the two stage OTA is

given by[19]:
. C
3 A (v (R
P o %:;h f o

Where | is the thermal noise factorof the it MOSFETand is equal to - in WI and

- in SI

=y

To reduce inputreferred noise, we must incease C  and decrease C . As

shown in chapter4.2, MOSFET transconductance can be calculated from the following
expression:

)
¢ 5g°)*#

If we replace transconductance to the noise expression we get:

3/Ep(pE—4—"Q°ﬁrF,rF, h

h

Thus, transistors M and M must operate in WI, low IC, and transistors Mand M
must operate in Sl, high IC.

6.2 Pseudoresistor

A high resistance can be achieved if we connect two diog®nnected
MOSFETSs in seriegshown in Figure 6.7). This topology has resistance greater than
10 Gmwhen signals with low amplitude V| < 100mV are applied to it. In more detail,
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if 3V < 0, transistors M1 and M act like diode-connected MOSFETs. Whesv > 0,
transistors are off and parasitic sourcewell-drain p-n-p bipolar junction transistors
are activated resulting in two diode-connected BJTs. Since in this topology
transistors act as diodes for low voltage differences, and diodes exhibit high
resistivity for low voltages, the total resistance of the topology is high for smalV|

[6].

B 1 I 2
@ &L &0 ©

Figure 6.7 Diode-connected transistors in series acting as a high resistor

6.3 Miller Integrator

We can implement a Miller integrator using the foregoing twestage OTA, a
pseudoresistor and a capacitor. The topology of the Miller integrator is depicted in
Figure 6.8

A

M1 M2 '_evout
WV gr &=t

Twwo stage OTA

Figure 6.8 Miller integrator using a two-stage OTA, a pseudoresistor and a capacitor

Miller integrator amplifies signals in low frequendes and attenuates the high
frequencies. Moreover, miller integrator exhibits a dc gain equal to the twstage
Al bl EEXAEAO8O CAET AT A[GEAO EOO AT O1T A0 AOANOAT A

—'-
< =+
: 3.
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Where

1 & isthe dc gain of the two stage amplifier.
1 zis the time constant of the integrator.
1 2 s the equivalent resistance of the pseudoresistor.

T # EO OEA ET OACOAOI 0860 MHAAAAAAAE AAPAAEOI O8

We observe that large time constant is attained for high capacitance and resistance
values Nonetheless, high capacitances require large dimensions occupying increased
areawhich must be avoidedfor integrated devices for use in implants Aiming to use
small area capacitor, which exhibits low capacitance, it is necessary to use very high
resistance. Therefore, the pseudoresistor topology described earlier is of high
importance since it offers high resistance while @cupying small area. The miller
integrator will be used as a dc offset cancelling amplifier in the tofevel design as we
will seein paragraph6.5.1

6.4 Current Mirror OTA

The current mirror OTA topology is one of the most popular OTA topologies
and is used in many applications. It is considered as singétage OTA since it consists
of a differential pair and a few current mirrors.Additionally, it is a suitable candidate
for low-voltage low-power applications as it exhibits low power consumption and
high output impedance. Finally, large transconductance, slew rate and gain
bandwidth are accomplished with this topology RO].

6.4.1 Circuit Topology
In figure Figure 6.9the schematic of the amplifier is shown. PMOS transistors
Mi,2 implement a differential pair while diode-connected NMOS transistors bk act

as loads for the differential pair [21]. PMOS transistors Me,12,12employ a cascode
mirror used for the biasingof the differential pair.
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Figure 6.9 Current Mirror OTA topology

6.4.2 Transfer Function

For an amplifier, the DC gairan be calculated from the following formula:
I ¢ 2

Where gn is the amplifier® transconductance and Rout is the output resistance. For
the current mirror OTA, the DC gain is given by:

. R N C

! ¢ 00 7*ro | O ! —_—
¢ ¢

Where "Q is the transconductance of the input transistros Mzand 'Q , "Q is

the output conductance of the output transistors Mand Mo, respectively.

The poles and the zeros of the OTA are:

¢ ¢

> #
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Where,

1 # isthe capacitance of the capacitive load at the output of the amplifier.
1 # p are the total capacitances seen at the gates of transistorg M
1 # isthe total capacitance seen at the gate of transistorim

The dominant pole is] because it is set from the load capacitanaghich is higher

than capacitances created by MOSFETSubstituting C C with the open
loop gain equationthe dominant pole is given by:

C
> TH

6.4.3 Input -Referred Noise

If we replace the small signal equivalent and the noise sources for each
transistor, we can find the formula for the inputreferred noise of the OTA. In or
analysis, we will consider only thermal noise for aims explained in the following lines.

Flicker noise corner frequency:the frequency where the magnitudes of the thermal
(white) noise and the flicker noise are equa(seeFigure 6.10 [22].

i

Laorner frequency, f. =

Amplitude (log scale)

Frequency (log scale)

Figure 6.10 Noise vsfrequency
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Flicker noise:Input transistors of the amplifier are selected to be PMOS because they
exhibit less flicker noise thanNMOSdevices. Moreover, for large geometries lesser
flicker noise is produced, as shown by thexpression below and flicker noise corner
frequency is shifted downwards. Thus, in our design we select large input transistors
to reduce flicker noise corner freqency (about 100Hz) and the total noise of the
amplifier is dominated by the thermal noise.

Y "Q & 1£

#1 @ Q&

Current Mirror OTA Thermal Noise: For long channel devices, the thermal noise
power of the current mirror OTA results from equation[6]:

. . . C . C
O ¢ 0 T IO— ¢cXD O—
h C C C
TENT O
@) /A
G
) P

Where,
1 O s the thermal noise power of theth transistor .
1 r is the thermal noise factorof the it MOSFETand is equal to - in WI and
- in Sl

1 C isthe ihtransistor transconductance

Substituting gm into thermal noise expression, weget:

T & »p ") # ') #
) ) #

Oﬁ L|JE)4
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Like for the two-stage OTA described in paragrap8.1,the expression of noise for the
current mirror OTA show us that if it is desired to minimize the inputreferred noise,
we must select low ICEWI) for the input transistors at the differential pair and high
ICs(SI) for the current mirror transistors. As mentioned at the beginning of the
analysis, flicker noise can be neglected for large input devices and hence the thermal
noise, given above,is equal to the inputreferred noise for the frequencies of lhe
application.

6.5 Bioamplifier

The scheme of the bioamplifier implemented in this work is a grouping of the
subcircuits studied in the previous paragraphs. The bioamplifierwith a capacitive
load (G at its output, is depicted in figureFigure 6.11 We observe that the feedback
is connected to the positive input of A1 and seems like it employs positive feedback.
In Fact, Al has a negative feedback because the mill@egrator inverts the signal.

Current Mirror OTA tiller Integrator
N
i ,ﬂ\,] : . 4 . d =) II'-.-'IIDUt
. . R T A i
vlp : / i Pseudoresistor —

Il

i

0
L

s WH&
g

Figure 6.11 Bioamplifier Scheme

It is useful now to consider what features, of the bioamplifier, each subircuit
affects[6].
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Midband gain,
"ET Al Pl EEZAEAOG6 O | EAAAT AreqQeAdy loperElap daiN OfdHe OT OE 2
current mirror OTA (Al), & .

o o

_&

G C

We observe that transconductanses of M. input transistors and output
conductances of M1o output transistors in Al are crucial design parameters. We

must carefully select the sizingand biasingof these transistors to accomplish a good
gain

Highpass cutoff frequency (-3dB), "H,: The highpass cutoff frequency of the
AET Ai Pl EEAEAO EO A &£O1 AOETT 4 2 OEanddpen ET OACO/
loop gain of Al.

'CE_/\ZZ#

p o
C

Lowpass cutoff frequency €3dB): The lowpass cutoff frequency of the bioaplifier

results from the dominant pole of amplifier Al.

p . C
£ =

Where "Q is the transconductance of PMOS transistors (W) at the input of Al.

6.5.1 Miller Integrator as DC Cancelling Circuit

Dynamic offset compensation techniques can baccomplished with two
techniques, autezeroing and choppingln auto-zeroing, firstly the offset is measured
and then it is subtracted from the input R3]. The Miller integrator is used in the
bioamplifier as an offset detector. It detects the offsets byniegrating the output
signal of the amplifier A1 and applies a correction voltage at the positive input of Al
,representative of the offset amount detectedSince the transfer function of the Miller
integrator is that of a low pass amplifier, only the lowfrequency signals are fed back
to the positive input of amplifier A1 and subtracted from the input signal because the
integrator attaches a negative sign to thenits low-frequency gain is defined by the
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gain of A2 amplifier, ! . The corner frequency is @01 AOET T 1T &£ E1T OACOAC
constant,z, and the dc gain of A2 amplifier.

Integrator gain: ! !

Integrator corner frequency: 17—

To accomplish a wide dynamic range for the bioamplifier, dc offsets must be reduced

as much aspossible [24]. As shown in the expressiorfor fgh OEA AET Al Bl E /EE
highpass cutoff frequency is controlled by the gain of the signal amplifier, A1, and

ET OACOAOQOI OO0z OEi A AT 1 OOAT O

Output-Referred Noise:Since the output of the Miller integrator is connected to the

positive input of A1 amplifier, the estimation of outputreferred noise presented at

OEA -EI1AO0O ET OACOAOI O EO T AAAOOAOU AAAAOOA |
referred noise. Noise surces in the Miller integrator are the two stage OTA (A2), the
pseudoresistor (Rg) and the electrode of reference voltagehich exhibits resistance.

The total noise output power for the integrator is given by:

6 A A E2 £ A& E £ A
Z # £ E
Where,
A s the input-referred noise spectral density of A2
T A is the thermal noise spectral density caused by the reference electrode
T A is the thermal noise spectral density caused by the pseudoresistor
f E s the input current noise spectral density for OTA A2

=

E is the current noise spectral density compose of shot noise and thermally

induced gatecurrent noise

1 A& and &£ are the lowpass and highpass cutoff frequencies respectivety
is integrators time constant

1 # isthe capacitance of the feedback capacitor in the integrator

In the expression of output noise powerwe notice that noise contributions from the
pseudoresisor, A, and the input currents of A2, E ,can be neglected because of
the time constant z and the feedback capacitance,0 , which reduce them.
Additionally, E is much lesser than the resistance of the reference electrode and
hence the noise sourceE 22 contribution is insignificant [ 25]. Taking into
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consideration the above mentioned, we conclude that the noise of integrator is
dominated by the noise of R&. Therefore, the total noise output power of the
integrator is given by:

e) A £ E

The analysis that got done previously for the inputeferred noise of A2, gives us an
ET OECEO ET OT OEA OAAOAOQEITT 1T &£ ET OACOAOI 060 1|

6.5.2 Input -Referred Noise

The input-referred noise of the bioamplifier results from the noise
contribution of both A1 amplifier and Miller integrator. To diminish the noise, we
must reduce the noise of both the current mirror OTA, Al, and the Miller integrator.
Nonetheless, because of the design tradeoff between noise and power consumption,
the noise impact of Miller integrator can be disregarded if we biag with double
current compared to thebiasing current of Al.

6.6 Design

As already mentioned, the amplifier was designed with the guidance of the IC
methodology. After finding the equations for the behavior of all subcircuits and the
total circuit, we chose the IC, theimensions,and thebiasing of each transistor so that
the bioamplifier is within the specifications. Next, we designed the circuit i®0 nm
TSMC technology in the Virtuoso program and simulated it with the Specter
simulator. The results were relatively close to theestimated by the hand calculations
but to achieve better accuracy, we made small changes to the design, which is always
the casein analog circuitdesign. In this section we will present in detail the design of
the circuits described in this chapter and bt their schematics and simulations.

In all subsequent schematics the supply voltage is the maximum possible so
that there is no riskto damage theMOSFETsFor a 90 nm technology, maximum
voltage is equal to 1.2YVpop= 1.2 V and Vss = OV. Alsoat the differential pair of Al
the voltagebiasinggateis equal to half the supply voltage, ¥=600mV so as to ensure
that the DC output voltage of the amplifiers is equal to 600mV and will allow almost
the same voltage changéor negative and paitive input voltage.
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6.6.1 Two Stage OTA

In figure Figure 6.12 OTA A2 is illustrated. The dimensionand operating
points for transistors are shown inTable 1. For the compensation of the amplifier a
resistor R=100k mand a capacior G:=3pF are connected from the output node to the

drain of Mo.

Ibios .

vad 4

Weg .

v B n [

v B §|o- 'CE

. Wout

e e

e o

Figure 6.12 Two stage OTA with lead compensation topology 80 nm TSMC process

Tablel

=

oo

Dimensions and operating points fortransistors in A2

Type MOS ID(tA) IC  W(@{m) L(tm)

NMOS Mz.2 1 0.01 465.1 4
PMOS Msa4 1 5.5 14.5 20
NMOS Msg.s 2 7 1.3 4
PMOS Mgy 2 0.1 80 1

104
201
216
108

Vds,sa(mV) = gm(norm.)
0.99
0.34
0.31
091
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We can see in Table that all transistors are long and widedt his design choice was
made to reduceflicker noise as much as possible. The bias current of the circuit was
selected to be 4 A and nput transistors M1,M: are selected to operate indeepweak
inversion to maximize their transconductance. This design options were made with
respect to an acceptable noise performancaccording to the expressions shown in
paragraph 6.1.3 Additionally, M1 and Mz have multi-finger gates (16 fingers) for
further reduction of their thermal noise contribution [14]. Transistors Ms and M
operate in moderate inversion becausédor a selected biasingcurrent (Ivias ¢ O'! t
Ips,4=1UA), going towards weak inversion results in a better matching for the current
mirror. Mz operates in weak inversion to achieve high transconductancand low
Vbs,sat. The current mirrors Ms,Ms,Ms are in moderate inversion to get good matching
and reduce their \bssat This intention to reduce the saturation voltage of output
transistors is due to the fact that high saturation voltages at the output reduce the
dynamic range of the amplifier Additionally, the high transconductances attained for
the input transistors of each stage, increase amplifi& gain (seeopen loop gain in

paragraph 6.1.3. Finally, we see that the aspect ratios—)of transistor Ms,Ms,Ms are

equal. Therefore, the bias current is equal to 2uA for both the differential amplifier
and the common source amplifier.

Open loop gainphaseand noisesimulation: To measure the opeHAoop gain ofthe

amplifier, we use the circuit shown inFigure 6.13 The time constant RC must be well

AAT T x OEA Aipl EEAEAOS6O ATITETATO PITA AT A EAI
(C=1F,R=10Mm). Thevoltage-controlled voltage source (VCVS) in the feedback path

is used to buffer the output because direct connection of the resistor to the output

i AU OEEZAO OEA AiPIEEAEAO6O AEAO DI ET OO8 51 AA
voltage will be very dose to the dc voltage of the input. The little difference between

dc output voltage and dc input voltage is called dc inpudffset. To simulate the open

loop gain, an AC magnitude equal to 1 is set to the input voltage source. This allows

us to measure tke gain directly from the AC output voltage since the transfer function

is given byVouts)/V in(S) and Mn(s)=1. The BODEplot of the amplifier A2 and its input

referred noise are depicted in figuredrigure 6.14and Figure 6.15respectively.

We noticethat the amplifier shows a highopen loopgain of 60dB. Also, hanly one
pole thanks to the applied compensation techniquelhe phase margin is :

O- pygi

Where 3 is the phase when gain is equal to 1dB ( or-© AT A EATAA 0- voehuyi
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From the plot of input-referred noise we seethat the flicker noise corner frequency
is very low ( a few hundred Hz), like we want it to be. Its rms noise for the frequency

range 100Hz10kHz is equal to Vins=3 uV.
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Figure 6.13 Setup for measuring A2 gainphase and inputreferred noise
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6.6.2 Pseudoresistor

For the PMOS devices of the pseudoresistaninimum process dimensions
were selected W=125nm and L=100nm. Themethod to measure thér resistance
was to sweep the DC supplyoltage from negative topositive valuesand divide it by
the drain current.

,» &
)

Results are shown inFigure 6.16. We observe that high resistance,eR 16.5 Gnis
achievedfor low voltage drop |3-V|.
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Figure 6.16 Pseudoresistor output resistance vs voltage drop across it

6.6.3 Miller Integrator

For the Miller Integrator, we set the feedback capacitori€ 53 pF to establish
AET Al Pl EEAEAOG6 O EE CE PR23AZH2 (sée®O) TReEvolmG2MN BAT AU  OfF
zero and is replicated to Al positive input (\f) for providing common mode voltage
OAEAAQEI T8 )& A $# 1 £EOAO APPAAOO AO AET Al Pl
its output proportionally to the offset seen d the output of the bioamplifier. Thus, it
changes thebiasingto reject the counterbalance.
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Gain, phaseand noisesimulation:) T O A C O A Opgha3@atd nQiskEas simulated
with the configuration in Figure 6.17. The BODE plot is shown irFigure 6.18. The
noise of interest for the integrator, as we said in our previous discussions, the
output-referred and is shown inFigure 6.19
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i M27
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6.6.4 Current Mirror OTA

In Figure 6.20 OTA Al is illustrated. The dimensions and operating points for
transistors are shown inTable 2. The bias current of the circuit was selected to be 1
t A considering its impact in noiseThe selection of inversion coefficients for Alvas
made with the same reasoningsfor A2. Wechose large dimensions for flicker noise
reduction and we accomplished thermal noise reduction bysizing input transistors
in such a way that they have much highetransconductance than transistors in
current mirrors (see noise analysis in 6.4.3

"ET Al Bl E £R4ud doQhe QA galn of ABhich is increased for high
transconductancesat the input transistors, M1,2, and low output conductancesat the
output transistors, Mrsg,10(See gain in 6.4.2). We achieved high transconductances
for M1 and Mc by operating them in deep weak inversion. However, output
conductanceof Ms,10 is difficult to predict because it is vulnerable in second order
effects [26]. In a first order approximation, output conductance can be given b§27]:
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Where,

1 6 isthe Early voltage
1 6 s a quality factor that describes how much6 is produced for a given L
and is a function of IC, L andpé

For a given IC, L and 84, Va has a specific valueFrom the aboveexpressiors we
realize that as channel length increases6é increasestoo and C decreases. The
explanation of this phenomenon is the fact that for larger devices, channel length
modulation is reduced Also, for devies above the process minimum lengthya
increases rapidlywith L because of the decreased DIBL effect for large devices. When
Vbsis high enough, X increases linearly with L R7]. From the above, we conclude
that for an increased gain in Allarge devicesmust beplacedat its output. As we can
seg these devices aramplemented using three stackedMOSFETdor each. That is
because the maximum channel length allowed i80 nm TSMC processs 20t m. To
reduce power dissipation, current mirrors M3z and Mas divide the bias current by a
factor of 2. To corclude the design, a low voltage cascodairror is composed of
MOSFETs Mls,11,12 and is used for the biasing of the amplifier. These transistors
operate in moderate inversion for good matching and high outpumpedance in the
current source. Such operation improves CMRRS8].

Gain, phase and noise simulation: To simulate openloop gain, phase and input

referred noise of A1 we did the same setugs for A2 (Figure 6.21). The BODE plot

and the input-referred noise for A1 are shown in Figure 6.22 and Figure 6.23,
respectively.

Table2
Dimensions and operating points for transistors in Al

Type MOS ID(fA) IC W(tm) L(tm) Vassa(mV) gm(norm.)

PMOS Mz, 1 0.01 900 2 104 0.99
NMOS Msga 1 8 8.3 60 226 0.29
NMOS Mg 0.5 8 4.2 60 226 0.29
PMOS Mo10 0.5 30 4.5 60 361 0.16
PMOS Msg11,12 2 4 154 8 184 0.39
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Figure 6.21 Setup for measuring Alopen loop gain, phase and inptgferred noise

Figure 6.22 A1 BODE plot
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