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Abstract

This research presents various designs of low voltage, low power continu-
ous time filters for low frequency applications. Different filter topologies
such as Transconductor-Capacitor (G,, —C'), source follower (SF), voltage
follower (VF) and log domain have been explored. UMC 180 nm and UMC
65 nm CMOS technologies are used to design these filters and simulations

are carried out in Cadence Virtuoso tool.

Initial part of the thesis outlines three different proposed designs of bulk-
driven transconductors (Transconductor I, I and III) operating with very
low supply voltages. Transconductor I operates with a supply voltage
of 0.5 V and its transconductance (G,,) can be tuned from 8 nS to 90
nS. A 2" order G,, — C' Butterworth low-pass filter (LPF) with cutoff
frequency tunable from 74 Hz to 820 Hz is used as the test-vehicle for this
Transconductor I. Transconductor II operates from a 0.8 V supply voltage.
A 2" order G,, — C Butterworth LPF with a cutoff frequency of 100 Hz is
designed using this Transconductor II. It offers a dynamic (DR) of 55.1 dB
while consuming a power of 47 nW. A low power proportional to absolute
temperature (PTAT) current reference circuit is designed to make cutoff
frequency of this filter independent of temperature. DR and Figure-of-
Merit1 (FoM1) of these 2"¢ order G,,, — C filters are comparable with many
other filter designs reported in the literature. Transconductor III operates
with an ultra low supply voltage of 0.3 V. A 4" order G,,, — C' Butterworth
LPF is designed using Transconductor III. This filter consumes a power
as low as 2.4 nW and offers a Figure-of-Merit2 (FoM2) of 6.2x1071.

Major area of filter circuits is occupied by capacitors. A simple technique
to increase the time constant of a low frequency filter without using large
capacitors is proposed. Using the proposed technique, 2" order SF and
log domain LPFs are designed. The SF LPF offers a DR of 61.85 dB
and consumes a power as low as 8 nW. The capacitance value is reduced
by a factor of more than 40 times with the use of this time constant
enhancement technique in the design of SF and log domain filters. In order
to bias the SF LPF, a 5 nA constant current (temperature independent)

reference circuit is proposed.



Further, an ultra low voltage bulk-driven VF is proposed. This VF ar-
chitecture makes it possible to realize a fully differential circuit without
the need of explicit common mode feed back (CMFB) circuit. A 4" order
LPF with cutoff frequency tunable from 50 Hz to 250 Hz is designed using
this bulk-driven VF. The filter achieves the lowest FoM2 among the low
frequency nW-class filter designs. The functionality of this VF LPF is
demonstrated by testing an ECG signal.

The thesis also proposes a couple of designs of PTAT current reference
circuits. A 0.8 V current reference circuit with improved supply voltage
sensitivity is designed to generate a 5 nA current. In addition, a 1 nA
switched capacitor based PTAT current reference circuit is designed with

a supply voltage of 0.5 V.
Keywords: Low voltage; Low power; Bulk-driven; G,, — C' filter; Sub-

threshold region; Source follower; Voltage follower; Log domain filter; Time

constant enhancement; PTAT current.
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Chapter

1

INTRODUCTION

1.1 Motivation

The demand for battery operated wearable and implantable medical devices is in-
creasing enormously for long term and continuous health monitoring. These devices
are realized through integrated circuits (ICs) to perform various functions, including
processing of biological signals. Major requirements of these devices are low power to
increase the battery life and small size for better portability. Biological signals such
as electrocardiogram (ECG), electroencephalogram (EEG), electromyogram (EMG),
electrooculogram (EOG) etc., are small signals of low frequency, as shown in Table

1.1. Typical frequency range of these signals is approximately 10 mHz to 10 kHz

(Webster 2009).

Table 1.1: Representative biological signals

Signal

Frequency Range (Hz)

Amplitude (mV)

ECG
EEG
EMG
EOG

0.01 - 250

0-150
0-10k
0-50

0.5-4
0.005 - 0.3
0.1-5
0.05 - 3.5

A typical data acquisition system for biological signals is shown in Figure 1.1
(Solis-Bustos et al. 2000). The transducer converts biological signal into an equivalent
electrical signal. Analog pre-processing blocks (pre-amplifier and continuous time

filter) enhance the quality of the desired signal by reducing unwanted noise. The pre-

1




amplifier amplifies the electrical signal to a higher level. Continuous time (CT) filter
is an essential building block to limit the frequency band and to eliminate the out of

band noise. Further processing is normally done in digital domain.

Analog Preprocessing Blocks

Biological System

|
: 1 Output
> ! Continuous Time | ! Signal | Signal
' -
©:> Transducer ) Preamp Filter T | Processor >
! l
1

Electrical Signal

Figure 1.1: A general purpose biological data acquisition system

This research focuses on the design of CT filters for front-end processing of bio-
logical signals. Main design challenges of these filters are low voltage, low power and

less silicon area as explained below.

e The technology scaling necessitates ICs to operate with low voltage to reduce
the chip power density and increase the reliability. The supply voltage scaling
is demanded by digital circuits as their dynamic power is proportional to square
of the supply voltage. As the analog circuit blocks co-exist with digital blocks
in a typical System-on-chip (SoC), they are also forced to work with low power
supply. However, supply voltage scaling in analog circuits adversely affects the
signal swing and dynamic range (DR). In order to process the biomedical signals,
such as ECG and EEG, the filter should have a DR of 44 dB (Thanapitak and
Sawigun 2018) and 40 dB (Krishna and Laxminidhi 2018) respectively. It is
really a challenging task to design filters with DR > 45 dB under low voltage

conditions.

e In order to increase the battery life of implantable/portable medical devices
and to conform to the safety aspects of human body, the power consumption
of every building block of the system should be reduced as much as possible.
To reduce the power consumption, MOS transistors in a circuit are operated in
weak-inversion or sub-threshold region at very low bias currents (in the range

of a few nAs down to a few tens of pAs) (Sawigun and Serdijn 2016). However,

2



operating transistors in weak-inversion region with very low bias currents reduces
the linearity of the circuit (Enz et al. 1995).

e As the biological signals are of low frequency, it is mandatory to design such
filters with low cutoff frequency (large time constant). Large capacitors and large
resistors are required to design filters with such large time constant, resulting in

area overhead.

Designing CT filters with desired performance parameters, under the influence of
above mentioned issues is quite challenging. Any further improvement in the low
frequency filter design for low voltage operation either in terms of power or DR or
area efficiency can be a significant contribution to the field of analog circuits. This

research is the result of the efforts in this direction for realizing CT filters.

1.2 Basic Filter Topologies

Transconductor-Capacitor (G,, — C') and active-RC are the two basic approaches fol-

lowed for realizing CT filters. Figure 1.2a shows 1% order G,, — C filter whose transfer

R
AAA
|
R, C
O—MW—
Vin —0
Vo
(a) G — C (b) Active-RC

Figure 1.2: First order filters.

function and cutoff frequency are given by (1.1) and (1.2) respectively.

H(s) = (1.1)

H
_I_
&

fo: a_ (12)



Figure 1.2b shows 1% order active-RC filter whose transfer function and cutoff fre-

quency are given by (1.3) and (1.4) respectively.

Ry R
Hs) =1 5Rr,c (1.3)
1
fo - 27TRfC <14)

For a given power dissipation, active-RC filters are more linear when compared
to G, — C filters because of their negative feedback structure. Cutoff frequency
can be easily tuned in G,, — C filters. To design active-RC filters with low cutoff
frequencies, the resistor and capacitor should be very large. These large resistors and
capacitors occupy more area on the chip. Also, very high gain operational amplifiers
(op-amps) or operational transconductance amplifiers (OTAs) which consume lot of
power are required to design active-RC filters. To design G,, — C filters with low
cutoff frequencies, either G,, should be low or capacitor should be large. Low G, can
be achieved by operating the transistors in sub-threshold region with currents in the
range of a few nAs or by using G,, reduction techniques. Hence, G,, — C filters are

preferred over active-RC counterparts for low frequency applications.

In order to design compact and power-efficient filters, the recent trend is to replace
transconductors in a G, — C topology with single MOSFETSs (Sawigun and Thanap-
itak 2018). These type of filters are called as single branch filters. Source followers
(SFs) and voltage followers (VFs) are widely used to implement these single branch
filters.

Alternatively, log-companding (Adams 1979) is another approach to design low
voltage and low power CT filters. Filters designed using this approach are called as
log domain filters. The principle of log domain filter is shown in Figure 1.3. Here,
input current signal (;,) is converted to a compressed voltage signal (v;,) by using
log function. This compressed voltage signal is processed through non-linear filter
and converted back to current signal (/) by using exponential function. Hence, log
domain filters are internally nonlinear and externally linear. As the magnitude of
compressed voltage signals (v, & v,y) is far less than the DC biasing voltage, the
internal circuit need not be linearized. The input current signal can be as large as the

DC bias current. This improves the signal swing and hence the DR.

Log domain filters are designed using MOS transistors biased in the sub-threshold
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Figure 1.3: Principle of log domain filter

(weak-inversion) region in which current-voltage characteristics are exponential.

1.3 Prior Work

The literature explains few circuit techniques for designing low frequency active-RC
filters. Low frequency G,, — C filters, on the other hand, demand techniques to reduce
G,,- Many such designs can be found in the literature as well. In addition to these,
source follower (SF) and voltage follower (VF) based designs and log domain filter
designs are also discussed in the literature.

Simple active-RC filters are generally not preferred for low power, low frequency
applications as explained in section 1.2. However, by using current steering technique
or by using pseudo resistors, low frequency active-RC filters can be designed.

A 1% order active-RC LPF using current steering technique is shown in Figure
1.4 (Wong et al. 2005). A small fraction of input current (Ip;) is flowing through
M, to charge and discharge the output capacitor (C'y) and most of the current (Ips)
is bypassed through M,. Thus, the cutoff frequency can be reduced, compared to

traditional active-RC filters, without employing very large capacitors and resistors.

Vb1
oA Al
o—/\/\/\«»—'MJ_»

VoM,
oo

o
Vref Vref

Figure 1.4: Current Steering

Transistors M; and M, are operating in triode region and act as resistors. The

cutoff frequency of the filter can be tuned by varying Vj; or Vie. M; and My intro-
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duce non-linearity as they are operating in triode region. The transfer function and

the cutoff frequency of the circuit shown in Figure 1.4 are given by (1.5) and (1.6)

respectively. R/R
H(s) = 7% 1.5
) = T o (1.5)
«
= — 1.6
f 27TRfo ( )

where o = % < 1

By using current steering technique, a low-pass filter (LPF) with cutoff frequency of
18 Hz and a high-pass filter (HPF) with cutoff frequency of 5 mHz are implemented in
(Wong et al. 2005) and (Li et al. 2012) respectively. However, the power consumption
of these circuits is on the higher side.

A resistance of the order of giga ohms can be realized through a MOSFET op-
erating in weak-inversion triode region. This resistor is called as pseudo resistor.
Resistance value can be controlled by varying Vg of the transistor. Pseudo resistor
based active-RC low frequency filters are implemented in (Shiue et al. 2011, Tajalli
and Leblebici 2012). The main drawback of the pseudo resistor is that for a small
change in control voltage (Vg), the resistance value changes by a large value, which
in turn changes the cutoff frequency of the filter. Hence both methods have their own
limitations.

To design G,, — C filters with low cutoff frequencies, either G,, should be low
or capacitor should be large. Large capacitors occupy more area on the chip. A
large equivalent capacitance can be achieved in a small chip area by using capacitor
multiplier or impedance scaler circuits (Martinez and Vazquez-Gonzalez 1998, Solis-
Bustos et al. 2000, Doménech-Asensi et al. 2014). But these circuits produce extra
noise and unwanted poles. Reducing G,, is the better option compared to impedance
scaler circuits. Some of the G,, reduction techniques (Veeravalli et al. 2002) found in

the literature are outlined here.
e Current Division (CD)
e Current Cancellation (CC)
e Floating Gate (FG)

e (Cascading transconductance and transimpedance amplifiers
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Figure 1.5: G, reduction techniques.

Figures 1.5a and 1.5b show the concepts of CD and CC techniques respectively.
In CD technique, a small amount of current (1;) is flowing to output and most of the
current (M 1) is bypassed to the ground, resulting in reduced G,,. In CC technique,
two transconductors are connected in parallel to get a reduced G,,, of ¢,,1 — gma. Both
CD and CC techniques consume more power. The combination of these two techniques
with source degeneration can be used to reduce G,, further.

Floating-gate technique (shown in Figure 1.5¢) (Yu and Geiger 1993, Veeravalli
et al. 2002) has a natural attenuation due to the voltage division at the input capac-
itors. Hence, it is a natural choice for obtaining small G,,. CD and CC techniques
can be implemented with FG transistors to further reduce G,,. Major drawbacks of

the FG technique are increased area and additional process steps. G, can be re-
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duced by cascading transconductance and transimpedance amplifiers (g, and 1/g,,)
as shown in Figure 1.5d (Yodprasit and Ngarmnil 1998). However, these additional

blocks consume extra power.

In (Silva-Martinez and Salcedo-Sufier 1997), an OTA using CD and CC techniques
is proposed. A third order LPF with cutoff frequency of 10 Hz is implemented with
the designed OTA. The DR of the filter is 62 dB, but the power consumption is 15
uW. A sixth order LPF with cutoff frequency of 2.4 Hz for medical applications is
implemented in (Solis-Bustos et al. 2000). In this design, CD and CC techniques along
with impedance scaler circuit are used. The DR of the filter is 60 dB and the power

consumption is 10 gW, which is considered to be large.

Bulk-driven technique is found to be useful for the design of low voltage and low
power analog circuits (Guzinski et al. 1987). Here, the signal is applied to the bulk
terminal of MOSFET and biasing is done through the gate terminal of the device.
Advantage of bulk driven device over gate driven device is that it is not necessary
to spend a part of the input voltage to turn the device on. This improves the input
signal swing and hence the DR. The expression for bulk-transconductance (g,,,) in

sub-threshold region is given by

(n—1)Ip

0 (1.7)

Gmb = (11 = 1) gm =
where g,,, Vr and 7 are the gate-transconductance, thermal voltage and sub-threshold
slope factor respectively. Typical value of 1 lies between 1.2 and 1.4 (Veeravalli et al.
2002). gmp is typically around 0.2 - 0.4 times g,,. Due to their lower transconductance
and compatibility with low voltage operation, bulk-driven transistors operating in

sub-threshold region can be used to design low frequency filters.

Design of continuous time filters with power supply voltage of 0.5 V using bulk-
driven technique is described in (Chatterjee et al. 2005). A 0.5 V CMOS inverter
based tunable transconductor is proposed in (Vlassis 2012). A tunable 0.8 V class-AB
bulk-driven transconductor is proposed in (Yodtean and Thanachayanont 2013) and
an LPF with cutoff frequency tunable from 2.5 kHz to 12.5 kHz is designed with the
proposed transconductor. The filter offers a DR of 67.4 dB and consumes a power of
34.4 pW.

Recently, 0.3 V and 0.25 V bulk-driven OTAs are reported in (Veldandi and Shaik
2018, Khateb et al. 2019) and (Ferreira and Sonkusale 2014, Akbari and Hashemipour
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2017) respectively. However, these OTAs are designed to target very high DC gain
and no significant low frequency filters are implemented using them.

Single branch low frequency filters based on SF and VF have become popular of
late due to their compactness and power efficiency. The internal negative feedback
available in SF and VF filters makes them more linear compared to simple G, — C
filters (Zhang et al. 2013, Sawigun et al. 2012). In (Sawigun et al. 2014), a 4" order
BPF is realized by cascading SF bi-quads. In a similar fashion, 4" order LPFs using
flipped VFs for ECG signal processing are reported in (Sawigun and Thanapitak
2018, Sawigun and Thanapitak 2019). A 4" order, sub-threshold buffer based LPF is
presented in (Thanapitak and Sawigun 2018). All these designs employ supply voltage
of 0.5 V or higher.

Along with the above mentioned filter designs, log domain filters are also found
useful for low frequency applications. The idea of log domain filtering is first intro-
duced in (Adams 1979) and thoroughly investigated in (Seevinck 1990, Frey 1993,
Seevinck et al. 2000). In (Gerosa et al. 2004, La Croz-Blas et al. 2005, Zhang et al.
2017), low frequency log domain filters are implemented for biomedical applications.
However, these filters employed very large capacitors, which occupy more area on the
chip. In (Tsirimokou and Psychalinos 2014), a current mirror based filter of cutoff
frequency of 9.6 Hz is proposed, where the current signal is linearly compressed along
with DC current to increase the time constant. However, a large capacitance of 47.1
pF is used in this design. A second order sinh domain filter with 6.3 Hz cutoff fre-
quency is proposed in (Kafe and Psychalinos 2014), which uses a capacitance as high
as 190.28 pF.

1.4 Thesis Contributions

It is inferred from the above literature survey that bulk-driven transistors are more
compatible with low voltage operation and offer lower transconductance (compared
to gate transconductance), which are the major requirements for the design of low
frequency filters. Hence, bulk-driven transistors operating in sub-threshold region are
used in a couple of proposed designs in this thesis. It is also inferred that by suitably
modifying the designs, SF, VF and log domain structures can be used to build low
frequency filters with optimized power and area. Thus, an attempt is made in this

work to design low frequency filters with low voltage (< 0.8 V), low power (of the
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order of nW), good DR (> 45 dB) and less area.

Three designs of bulk-driven transconductors operating with supply voltages 0.3 V,
0.5 V and 0.8 V are proposed. To test the performance of these proposed designs, 2"¢
order GG,,, — C' Butterworth LPFs are designed from 0.5 V and 0.8 V transconductors.
A 4™ order G,, — C Butterworth LPF is designed using the 0.3 V transconductor. DR
and Figure-of-Meritl (FoM1) (refer A.8) of all these filters are comparable with many
other filter designs reported in the literature.

In addition, a simple technique to increase the time constant of a filter without
using large capacitors is proposed. This technique reduces the capacitor value signif-
icantly in the design of low frequency filters and hence saves the area of the circuit.
Using this technique, 2" order SF and log domain LPFs are designed. These filters
use the lowest capacitance/pole among the similar designs given in the literature. A
0.3 V bulk-driven VF is proposed and a 4* order LPF with cutoff frequency tunable
from 50 Hz to 250 Hz is designed by cascading the proposed bulk-driven VFs. This
4" order VF LPF offers the lowest Figure-of-Merit2 (FoM2) (refer A.9) compared to
the state-of-the-art low frequency filters.

Current reference circuits are required for biasing filter circuits. The G,,, — C filters
designed in this work require proportional to absolute temperature (PTAT) current
to make cutoff frequency independent of the temperature, whereas the proposed SF
and log domain filters require a constant current. Both PTAT and constant current
reference circuits operating with supply voltages of 0.5 V and 0.8 V are designed for
biasing the filter circuits.

Transistors in all the above mentioned proposed circuits are operated in sub-
threshold region with current in the range of a few nAs to reduce G,, as well as
power consumption. All the circuits are designed and simulated using Cadence Virtu-
oso tool. To check the robustness of these proposed designs, Monte Carlo simulations
(for process variations and device mismatch) and simulations across Process, Voltage
and Temperature (PVT) variations are performed. All the designs are found to be

robust across these variations.

1.5 Thesis Organization

The rest of the thesis is organized as follows.

e In chapter 2, three different designs of bulk-driven transconductors operating
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with different supply voltages 0.3 V, 0.5 V and 0.8 V are proposed. 2" or-
der G,, — C Butterworth LPFs are designed using each of 0.5 V and 0.8 V
transconductors. A 4" order G,, — C Butterworth LPF is designed using 0.3 V

transconductor.

In chapter 3, an area efficient time constant enhancement technique for filter de-
sign without using large capacitors is proposed. A 2"¢ order SF LPF is designed
using the proposed technique. Further, this chapter also discusses the design of
a 4" order bulk-driven VF LPF.

Chapter 4 presents the design of an area efficient log domain filter using the

time constant enhancement technique proposed in chapter 3.

Chapter 5 presents a PTAT current reference circuit with improved supply volt-

age sensitivity and a switched-capacitor (SC) PTAT current reference circuit.

Conclusions and future directions are given in chapter 6.
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Chapter 2

DESIGN OF Gy, — C FILTERS
USING BULK-DRIVEN
TRANSCONDUCTORS

Low voltage and low power transconductors with low G,, are required to design low
frequency G,, — C' filters. Due to their lower G,, and compatibility with low supply
voltages, bulk-driven input transistors operating in sub-threshold region are used in

the design of transconductors presented in this chapter.

Three different designs of bulk-driven transconductors (Transconductor I, II and
II1) are proposed. By using Transconductor I, a 2"® order Butterworth LPF with
cutoff frequency tunable from 74 Hz to 820 Hz is designed in UMC 180 nm CMOS
technology with 0.5 V supply. Transconductor I suffers from leakage currents at
higher temperatures (> 50°C) and this leads to deviation in parameters of the filter.
To overcome this leakage current problem, Transconductor II is designed in UMC 65
nm LL (low-leakage) technology and Transconductor III is designed in UMC 180 nm
with an ultra low supply voltage of 0.3 V.

By using Transconductor II, a 2" order Butterworth LPF with 100 Hz cutoff
frequency is implemented in UMC 65 nm CMOS technology with 0.8 V supply. Along
with Transconductor II, a low power PTAT current reference circuit is designed to
make G, independent of temperature. By using Transconductor III, a 4 order
Butterworth LPF with a tunable cutoff frequency from 50 Hz to 250 Hz is implemented
in UMC 180 nm CMOS technology.
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2.1 Transconductor 1

The proposed Transconductor I is shown in Figure 2.1a. Input transistor M; is biased
by a constant current of 10 nA that is mirrored by constant current source, Ipc.
M5 mirrors the current, I, to M3 through Variable Gain Current Mirror (VGCM)
(Yodtean and Thanachayanont 2013) with a current gain of K.

Vdd

I

B v O

Ioc llin = K.l l v,

Variable Gain

M, :| Current Mirror _H: M;

(a)
Figure 2.1: (a) Transconductor I, (b) VGCM.

The VGCM circuit is shown in Figure 2.1b. The currents I; and I, are generated
from a reference current source (not shown in Figure). My, Mjz, Mg and M; form
a trans-linear loop (Yodtean and Thanachayanont 2013) and the relation among the

gate-source voltages of them can be expressed as in (2.1).
Vase + Vsas = Vser + Vass (2.1)

Drain current equations of NMOS and PMOS transistors operating in weak-inversion

saturation region are given by (2.2) and (2.3) respectively (refer A.2).

W Vasn—Vin

Ipn, = IDnO(f)ne G (2.2)
W Vsap—IVipl

Ipy = [DPO(f)pe T (2.3)

From equations (2.2) and (2.3), Vigs, and Vg, can be derived as in (2.4) and (2.5)
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respectively.

[Dn

Vasn =nVrin | |+ Vin (2.4)
DnO(f)n
_ Ipp
Vsap = nVrln [—W}Jr | Vip | (2.5)
[Dpo(f)p

It is assumed that M, & Mj3 have equal threshold voltages and Mg & M; have equal
threshold voltages. It is also assumed that both nMOS and pMOS have same 7 value.
By substituting (2.4) and (2.5) in (2.1), the relationship among the currents I;,, I,,
I, and I can be derived as in (2.6)

I, = K.I, (2.6)

where K = % is the current gain.

When I} = I, the current gain is 1 as Vsgs = Vsar, Vas2 = Viass. When I > I,
the current gain is >1 as Vsge > Vsar, Vase < Vasz. When [; < I, the reverse is
true and the current gain is <1. Therefore the output current of the transconductor

can be scaled by varying the current I; or Is.

Fully differential configuration of the Transconductor I is shown in Figure 2.2.
Input transistors M; and M, are biased by using a current source of 10 nA (not
shown in the Figure). M;5-Mjo and current sources I;, I form VGCM circuit. C, is
used as compensating capacitor to improve the phase margin. The output differential
current (i,q) is given by

tod = K .gimp-Vid (2.7)

where ioq = %op — tom, gmp 1S the bulk transconductance of the input transistor M;
or My and v,q = Vi, — Vi, is the input differential voltage. Therefore, the effective

transconductance, GG, is given by
Gm = K.gmp (2.8)
The voltage gain of the transconductor is given by
Ay = K.gmp-(r11 || 713) (2.9)

where r1; and 713 are small signal output resistances of M;; and M3 respectively.
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Figure 2.2: Fully differential configuration of the Transconductor I.

The transconductor operates with a supply voltage of 0.5 V and the input common
mode voltage (Vinem) is fixed at 0.25 V. Gates of Mj3 and My, are biased with a
common mode feedback voltage (V) which sets the output common mode voltage
(Va.em) 10 0.25 V. The CMFB circuit proposed in (Rekha and Laxminidhi 2016) (Figure
2.3) is used in this work. In Figure 2.3a, inverters 3 to 6 along with transistors M,
and M}, form the common mode detector. Inverters 3 and 5 sense the output voltages
of the transconductor. Inverters 4 and 6 have their outputs shorted to inputs. This
arrangement reduces the gain of sensing inverters, thus enhancing the linearity of
the sensing inverters and entire CMFB circuit. Transistors M, and M, are connected
such that they offer high resistance along with a capacitor. This arrangement gives the
average (Ve.mq) of the sensed output voltages of the transconductor. V. is generated
from V,, using the inverters 1 and 2. V,,,q4 is compared with V,.; using a simple error
amplifier shown in Figure 2.3b. The error amplifier output voltage, Ve, s is fed back
to the transconductor to set the V., to 0.25 V. The total power consumption of the
CMFB circuit is 40 nW.

2.1.1 Simulation Results

G, is found to be 48 nS for I; = I, = 10 nA. It can be tuned by varying I; and I,.

This varies the current gain, K and hence G,,. The simulated G,, against the input
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(a) Common mode detector (b) Error amplifier

Figure 2.3: CMFB circuit for the Transconductor I.

differential voltage for different I values is shown in Figure 2.4. G,, is tuned from 8
nS to 90 nS by fixing I, at 10 nA and varying [; from 2 nA to 18 nA in steps of 4
nA. It is observed from Figure 2.4 that equal increments in [y, give equal increment

in G,,,. Hence, the G,, is linearly tuned by varying I;.

100 \ T
4900009000000 90001 +Il =18 nA
80 + —0—11 =14 nA
R o o o P —+ i+ ==L =10 nA |
7 60 - I1 =6nA
£ 0-6-0-0-6-0e600000coo ool ""11 =2nA
=) L J
& 40
20 - y
0 1 1 1
-0.5 -0.25 0 0.25 0.5

Input differential voltage (V)

Figure 2.4: G,, tuning.

The magnitude and phase responses of the transconductor are shown in Figures
2.5a and 2.5b respectively. Transconductor provides an open loop DC gain of 28 dB
and a unity gain frequency (UGB) of 3.7 kHz under no load condition. The phase

margin is 83°. Table 2.1 lists the parameters of the proposed transconductor.

16



30
—I, =1,=10nA
20 - .
2
S 10 - .
=
‘®
&)
0, -
-10 . P A . P A . P A R
10" 10! 10 2 103 104
Frequency (Hz)
(a)

220
%\ -40
&
& -60
=
2 -80
]
=
~ 100

-120 S S S -

10" 10! 10 2 103 104
Frequency (Hz)
(b)

Figure 2.5: (a) Magnitude, (b) Phase responses of the Transconductor I.

2.1.1.1 G,, variation with process corners & temperature

Simulations are carried out to observe the effect of process corners (tt, ff, ss, fnsp and
snfp) and temperature on G,,. The variation in G,, is found to be < 1% across all the
corners. The variation in G,, is found to be 6.3 % for a temperature range of 0-70°C
as shown in Table 2.2. It is observed that as the temperature increases, (,, decreases.
This variation in G,, can be compensated by using a constant-G,, bias circuit or by

biasing the transconductor with PTAT current reference.
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Table 2.1: Parameters of Transconductor I.

Parameter Simulated values
(Schematic)

Technology 0.18 pym

Via 0.5V

G 8- 90 nS

DC Gain 28 dB

UGB 3.7 kHz

Phase margin 83°

IRN (40 Hz - 4 kHz) | 47 uV RMS

Power(nW) 86 nWt

T At I, = I, = 10 nA, including CMFB circuit.

Table 2.2: G, variation with temperature

Temperature (°C) [0 27 50 70

G, (nS) 50 48 46 44.6

2.2 LPF Realization Using Transconductor I

Figure 2.6 shows a standard fully differential G,, — C biquad (Schaumann et al. 2009).

It gives a 2" order LPF characteristics at V,, (or V,,,,). Transfer function of this 2%

o
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-
$

O Vom

m2

1 G) +
3
©

op

IHH
I
$?

Figure 2.6: G, — C biquad

order LPF can be derived as in (2.10).

Gml/Gm4

2.1
(2C1C/CrsCit) + (5CmaCa/Cg i) + 1 (2.10)

H(s) =
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Transfer function of the 2" order LPF prototype is given by (2.11)

Ao

HE) = o v s/ 11

(2.11)

By comparing (2.10) with (2.11), the expressions for DC gain, cutoff frequency
and quality factor of LPF are given by (2.12), (2.13) and (2.14) respectively.

- Gml
A= (2.12)
1 Gm3Gm4
= — 2.1
fo= Gy (2.13)

Q= \/> VGnsGims (2.14)

The expressions for DC gain, cutoff frequency and quality factor are modified to
(2.15), (2.16) and (2.17) respectively if the input, output parasitic capacitances (Cj,

C,) and input, output conductances (g;, g,) of the transconductor are taken into

account. a G
A, = mm 2.15
¢ (go + gz)(GmQ + 291 + 390) + GmSGm4 ( )

1 ; 2g;
fé - (go + gz)(GmZ + E/]z —i/_ 390) + GmBGm4 (216)

2m C1C5
[ 7 Gm 2 7 3 o Gm Gm

/—C"C'é\/g + 9i)(Gma + 29; + 390) + Grn3Gina (2.17)

(390 +29:)C3 + (9o + 9i)C1 + GmaCy
where, C] = C1+3C,+2C; and C) = Cy+C,+C;. Hence, it can be seen that when the
parasitic capacitances and input/output conductances are taken into account, actual
frequency response deviates from the expected one. Simulations are carried out to
estimate C;, C,, g; and g,. C, and C; are found to be 1.67 pF and 70 fF respectively.
g; and g, are found to be 75 pS and 2 nS respectively.

A 27 order Butterworth LPF is designed using the proposed transconductor. In
this design, all transconductances are taken to be equal. €, and C5 are chosen to be
10 pF and 20 pF respectively to get the quality factor of \/LE Two CMFB circuits
are used for this filter to maintain a common-mode voltage of 0.25 V at each node.
As output nodes of G,,1, Gyne and G,,4 blocks connected together, only one CMFB
circuit is used for these blocks. Second CMFB circuit is used for the G,,,3 block.
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2.2.1 Simulation Results

The cutoff frequency of the filter is 456 Hz for I; = I, = 10 nA as shown in Figure
2.7. Figure 2.8 shows output noise of the filter. At low frequencies it is dominated
by flicker (1/f) noise, around the cutoff frequency thermal noise dominates and it
follows the filter response at higher frequencies. The total input-referred noise (IRN)
integrated over the frequency range 5-500 Hz is 160 uVgzyrs. A sinusoidal input signal
of frequency 100 Hz is applied to measure the total harmonic distortion (THD) of
the filter. THD of the output differential signal is found to be -40 dB for an input
differential peak-peak voltage of 180 mV. DR of the filter is calculated to be 52 dB.

20 - .

-40 - -

Gain (dB)
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-80 I | P R | I | P R |
10° 10! 10 2 10° 104
Frequency (Hz)

Figure 2.7: Frequency response of the filter.
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Figure 2.8: Output noise.
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The cutoff frequency can be tuned from 74 Hz to 820 Hz by varying the current [,
from 2 nA to 18 nA while keeping I at 10 nA as shown in Figure 2.9. It can be tuned
to the required value by controlling the currents /; and I, in the transconductor, so
that it fits into the desired frequency range of different bio-potentials such as EMG,
EEG, ECG etc. Table 2.3 lists the parameters of the filter.

| S D = 1
20 F -e-Il=2nA B
— 1, =6nA
=]
c _I =10nA
‘;-40 - 1 n ,
= _.I =14nA
S 1
-1, =18nA
60 .
"\
Mo
\\
-80 L L L R . \!
10" 10! 10 2 103 104

Frequency (Hz)

Figure 2.9: Cutoff frequency tuning with /s = 10 nA.

Table 2.3: Parameters of 2" order Butterwoth LPF for I; = I» = 10 nA.

Parameter Simulated values
(Schematic)

Cutoff frequency 456 Hz

Power 248 nW

Vinpp @ 100 Hz for 1% THD 180 mV

IRN (5 - 500 Hz) 160 uV RMS

DR 52 dB

Cutoff frequency tuning range | 74 - 820" Hz

fFor I, = 10 nA, I; = 2 - 18 nA.

A performance comparison of the designed filter with other similar works found in
the literature is given in Table 2.4. Figure-of-Merit1l (FoM1) (refer A.8) is used as the
performance measure. Lower value of FoM1 indicates better performance. The filter

designed using the proposed transconductor achieves an FoM1 of 6.8x107' J, which
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is better than the FoM1 values quoted in (Bruschi et al. 2007, Doménech-Asensi et al.
2014, Arya and Oliveira 2016, Alzaher and Algamdi 2014). In (Rodriguez-Villegas
et al. 2004), floating-gate transistors are used to improve the DR and FoM1, but these

transistors occupy more silicon area and need extra processing steps.

Table 2.4: Comparison of the designed filter (using Transconductor I) with other
similar works

Rodriguez- | Veeravalli | Bruschi | Alzaher and | Doménech- | Arya and This
Parameters Villegas et al. et al. Algamdi Asensi Oliveira Kk
et al. 2004 | 2002 2007 2014 etal 2014 | 2016 | "
Technology 0.8 1.2 0.35 0.18 0.35 0.13 | 0.18
( pm)
Vaa (V) 1.25 +1.35 3.3 +0.9 3 0.9 0.5
Bandwidth g 74 -
(H2) 0.1-2k 0.3 1.5-15 1.5 1.95 25 - 225 820
Filter Order 2 2 2 2 2 2 2
Vinpp for 1%
THD (mV) 1000 150 1000 300 762 7 180
IRN (uV
RMS) 178 15.6 318 114 791 17 160
DR (dB) 78 - 62 - 60 60 50.65 43.8 52
Power 2.5 8.18 165 0.936 6.31 0.8 |0.248
(1W)
FoM1 (J) B
(x10-19 4.96 - 55 k 312 k A7 k 114.8 6.8

2.2.1.1 Performance over PVT variations

Simulations are carried out across process corners (tt, ff; ss, fnsp and snfp) and £10
% Vaq variations (450 mV & 550 mV) and the effect of them on cutoff frequency of
the filter are analyzed. Worst case deviation in cutoff frequency is observed in fnsp
corner with V= 0.55 V and in ss corner with V;= 0.45 V and are plotted in Figure
2.10. The observed variation in cutoff frequency is as low as +2.4 %.

Figure 2.11 shows the normalized frequency response of the filter for a temperature
variation in the range 0—70°C. It can be seen that the deviation in the cutoff frequency
of the filter is +8 % up to 50°C.

It is observed that, when the temperature increases beyond 50°C, the variation in

the cutoff frequency is more due to finite input impedance of the bulk-driven transcon-

22



) - ---SS, Vdd =045V
—fnsp, Vdd =055V
2 S N |ty Vgq =05V
20 - >N
2.5 \\ AR N
~ \\ o
% -3 \\ RES N\
;_40 | \.\ 1N \\ ,
= 35 RN ‘
4 K
60 | 400 450 500 |
-80 I | I | Lol . |
10° 10! 10 2 10 3 104

Frequency (Hz)
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Figure 2.11: Cutoff frequency variation for various temperatures.

ductor. To strengthen this argument, the variation in the bulk-leakage current of the
input bulk-driven transistor is plotted in Figure 2.12 with respect to temperature. W
and Vsp of the input bulk-driven transistor in Transconductor I are 1 pm and 0.25
V respectively. The leakage current is insignificant till about 50°C. Beyond 50°C, it
increases drastically. At 70°C, it is found to be 0.55 nA. Due to this leakage current,
input impedance of the transconductor reduces and hence g; increases. Till about
50°C, g; is low. At 70°C, g; is found to be 18.6 nS, which is comparable to G,, of 44.6
nS (Table 2.2). As G, of the transconductor reduces with temperature (Table 2.2),
cutoff frequency of the filter is expected to be reduced. But, it is observed that the
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cutoff frequency increases by +17 % at 70°C. This can be justified by (2.16), which
shows the effect of g; on the cutoff frequency. At 70°C, DC gain and quality factor

0.6

Current (nA)
S I S S
[\°) W = wn
T T T T

e
—
T

=]
L

<
p—
=]

20 30

Temperature ( oC)

Figure 2.12: Bulk leakage current of input transistor.

are reduced to 0.5 (-6 dB) and 0.52 respectively. However, the frequency response at

70°C in Figure 2.11 is normalized to 0 dB for comparison purpose.

Hence, it can be inferred that at temperatures beyond 50°C, the deviation in
the frequency response is more. This can be attributed to the increased bulk-leakage
current of the input bulk-driven transistors, which results in decreased input resistance

(increased g;), there by affecting the cutoff frequency, quality factor and DC gain.
The bulk leakage current in UMC 180 nm is further investigated by plotting it for

different W and Vsp values as shown in Figure 2.13. It is observed from Figures 2.13a
and 2.13b that at higher temperatures the bulk leakage current increases with W and
Vsg. The bulk leakage current can be reduced by reducing W or Vspg of the input
transistor. It can also be reduced by using low leakage technology such as UMC 65

nimn.

Figure 2.14 shows the variation of bulk leakage current of the transistors with
varying W and Vg in UMC 65 nm technology. It is observed that the leakage current
is of the order of pAs and hence the input impedance will not get affected when the
temperature increases as in the previous case. In view of this, Transconductor II is
designed in UMC 65 nm LL technology and Transconductor III is designed in UMC
180 nm technology with Vsp = 0.15 V (Vg = 0.3 V).
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Figure 2.13: UMC 180 nm bulk leakage current (a) for Vop = 0.25 V, (b) for W = 25
pm.
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Figure 2.14: UMC 65 nm bulk leakage current (a) for Vgp = 0.25 V, (b) for W = 25
g,

2.3 Transconductor 11

Transconductor 1T is designed in UMC 65 nm LL technology with a supply voltage of
0.8 V.

In G,, — C filter design, finite output resistance of the transconductor leads to
reduction in the filter DC gain as well as deviation in the cutoff frequency and quality
factor. This is justified by equations given in section 2.2. Hence, output resistance
of the transconductor (1/g,) should be as high as possible (g, < G,,). Cascode
transistors can be used to achieve this. However, these cascode transistors reduce the
signal swing. Composite transistor (Ferreira et al. 2008) shown in Figure 2.15 can be
used to reduce g, without reducing the signal swing. It can be treated as a single
transistor (M) with transconductance, g,,; and increased output resistance given as

in (2.18) (Ferreira et al. 2008). Hence, the composite transistors can be used in the
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Figure 2.15: Composite transistor.
output stage of the transconductor block to reduce g, without consuming extra power.

Tcomp = Gm2T 02701 (218)

A fully differential configuration of the Transconductor II is shown in Figure 2.16a.
The circuit is biased by a PTAT current source (explained in section 2.3.2) through
transistor Mi3. Here, gate terminals of input transistors, M; and M3 are connected
to their respective drain terminals (gate degeneration) (Sarpeshkar et al. 1997). Com-
posite transistors (Ms — Mg, M7 — Mg, My — Myo and My; — Mis) are used in the

output stage to increase the output resistance of the transconductor.

chfb

VbO-I M;

(b)
Figure 2.16: (a) Transconductor II, (b) CMFB circuit for Transconductor II

Vinem 1s fixed at 0.4 V and V., is set to 0.4 V by using CMFB circuit shown
in Figure 2.16b. This CMFB circuit is based on the circuit given in (Rekha and
Laxminidhi 2016), where PMOS input transistors are used. A PTAT current of 4.5
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nA, generated from the proposed PTAT current reference circuit, is mirrored to the
transistor, M;. Difference of currents in the two legs of the CMFB circuit generates
a voltage (Vi sp) which in turn controls the currents in the transconductor thereby

closing the negative feedback loop.

2.3.1 Small signal analysis

The small signal equivalent of left-half of the Transconductor II is shown in Figure 2.17,
where 7, (= gmeTo6T05) a0d 7y (= gmrrorres) are output resistances of the composite

transistors My — Mg and M; — Mg respectively. The effective transconductance, G,,

D lom? i
o 1 - Vom1 D5 ﬂ)» Vgp
Ul v T
Vgst Im1Vgst o Omb1Vpst <1/0mp Vass (1)9msVgss STl Ty
- -

Vip

Figure 2.17: Small signal equivalent of the Transconductor II (left half).

can be derived as
gms

1o o Gmbl
G, = 2 — : gmz T (2.19)
/Uip + 9m2To1l + g'm_2

AS gmaror > 1, gm1 = gme (by assuming both NMOS and PMOS have same 7)
and gmo = gms, (2.19) is simplified to (2.20).

G~ It (2.20)

The expressions for the output resistance (r,,:) and DC gain (Ay) of the transcon-

ductor are given by (2.21) and (2.22) respectively.

Tout = — =Ty || Ty = (gmﬁroﬁro5) || (gm77ﬂo77108) (221)

AV = Gmrout - %[(9#%7"067105) || (gm7ro7T08)] (222)

From (2.21) and (2.22), it can be seen that the output resistance and the DC gain
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of the proposed transconductor have been increased by g,,r, times compared to a

simple transconductor where single transistor is used in the output stage.

2.3.2 PTAT current reference circuit

Thermal voltage, Vi (= %) is directly proportional to the temperature. For a constant
drain current, g, is inversely proportional to the temperature as per (1.7). As the
temperature increases, g,,;, reduces and vice versa. This can be compensated by biasing
the transconductor with a PTAT current source. With this, the current generated is
directly proportional to the temperature and hence, makes G,, of the transconductor
independent of temperature. This makes cutoff frequency of the filter independent of

the temperature.

Vdd
1

L S vied[Me Ml

(a) (b)
Figure 2.18: (a) PTAT current reference, (b) Error amplifier.

The PTAT current reference circuit shown Figure 2.18a is based on the beta-
multiplier circuit (Razavi 2002, Baker and Boyce 2005). Gates of M4 and Mp are
connected to their drains and given as inputs to the error amplifier shown in Figure
2.18b. The error amplifier output drives the gates of Mc and Mp. This makes the
drain voltages of both M4 and Mp equal and hence currents through M4 and Mp
are equal. This arrangement will also reduce the dependency of Ippar on Vyg. The

expression for Ippar including the body effect of Mp is given by (2.23) (Razavi 2002,
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Baker and Boyce 2005).

Vil
Iprar = Tg(m (2.23)

where p = —E%ﬁgi

In this design, ‘p’ is chosen as 1.5. It can be seen from (2.23) that the current is
directly proportional to temperature for a fixed resistor, R. This PTAT circuit can be
used to compensate for the change in GG, across the temperature variations. Transistor
sizes are adjusted to generate an Ippar of 4.5 nA and this current is mirrored as the
bias current to the transconductor (Figure 2.16a) as well as to the CMFB circuit

(Figure 2.16b) through transistors M3 and M respectively.

2.3.3 Post-layout Results

Fully differential Transconductor II is laid out along with CMFB circuit and PTAT
current reference using Cadence Virtuoso. Figures 2.19a and 2.19b show the magni-
tude and phase responses of the transconductor respectively. Transconductor offers a
DC gain of 36.8 dB and UGB of 5.8 kHz under no load condition. Observed phase
margin is 72°. Table 2.5 presents various parameters of the proposed transconductor.
It offers a G,, of 5.85 nS for an Iprar of 4.5 nA. The power consumption of the

transconductor is as low as 7.2 nW.

Table 2.5: Parameters of Transconductor II.

Parameters Simulated values
Technology UMC 65 nm

Vad 0.8V

DC gain 36.8 dB

UGB 5.8 kHz

Phase margin 72°

Gm 5.85 nS

Power Consumption | 7.2 nW 7

T Excluding CMFB and PTAT current reference.

Input/Output parasitic capacitances (C; and C,) and conductances (g; and g,)
of the transconductor are given in Table 2.6. It can be seen that ¢; and g, values

are negligible compared to G,, value. g, is reduced to 50 pS (from 3.3 nS in the
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Figure 2.19: (a) Magnitude, (b) Phase responses of the Transconductor II.

case of single transistor in the output stage of the transconductor) due to composite

transistors in the output stage of the transconductor. Hence, these g; and g, values

will not reduce the DC gain of the filter as explained in section 2.4.

Table 2.6: Input/output parasitics of Transconductor II.

gi go C@ Co
0.01 nS | 0.05 nS | 0.04 pF | 0.11 pF

The designed PTAT current reference circuit offers a current of 4.5 nA at room
temperature (27°C) for an off chip resistor, R = 3 M. In Figure 2.20a, Ippar is

plotted against the temperature and it can be seen that the current varies linearly
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with temperature in the range of -20°C to 70°C. Figure 2.20b shows the current
variation with supply voltage. It can be seen that Ippar is constant in the supply
voltage range of 0.4 - 1.2 V. The designed PTAT circuit can be operated down to a
supply voltage of 0.4 V.

6
5 |
248 4
S46 | e}
-
544 ¢ E
= =2r
42 =
5 =
4 £ L L L L L L L L U
0 L L L L L
20 -10 0 10 20 30 40 50 60 70 0 02 04 06 08 1
Temperature ( C) Supply voltage (V)
(a) (b)

Figure 2.20: (a) Ippar versus temperature, (b) Iprar versus supply voltage.

Figure 2.21 shows the G,, variation with temperature when the transconductor is
biased by constant current and designed PTAT current sources. With the constant
current, GG, reduces almost linearly as the temperature increases. G,, is 6.4 nS and
5.5 nS at -20°C and 70°C respectively. This leads to a deviation of +9.4 % and -6 %
at -20°C and 70°C respectively. With the PTAT current, G,, is almost independent
of temperature up to about 50°C. The maximum deviation of +1.8 % occurs at 70°C.
This deviation is due to the deviation of Iprar current from its PTAT characteristics.
The total power consumption of the PTAT current reference circuit is 11.4 nW at

room temperature.

2.4 LPF Realization Using Transconductor 11

A 2™ order Butterworth LPF of cutoff frequency of 100 Hz is implemented using the
proposed transconductor. Filter architecture shown in Figure 2.6 has been used here.
As g; and g, values (Table 2.6) are very small compared to Gy, (5.85 nS), they can
be neglected in (2.15), (2.16) and (2.17). C; and C, can be accommodated along with
C} and (5. The expressions for DC gain, cutoff frequency and quality factor of the
LPF, if all the transconductors have equal G, values, are given by (2.24), (2.25) and
(2.26) respectively.
A, =1 (2.24)
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Figure 2.21: G, variation with constant and PTAT currents.

(2.25)

Cl
o=@ o

Cy and Cy are taken as 6 pF and 12.6 pF to get a Butterworth response (Q, =
1/ \/5) Two CMFB circuits, one for G,,1, G2 and G,,4 blocks and second one for

G'm3 block are used in the filter circuit to set output common mode levels.

2.4.1 Post-layout Simulation Results & Discussion

The layout of the filter is shown in Figure 2.22 employing MIM capacitors. It takes an
area of 0.065 mm? (278 ym x 235 um). The magnitude response of the filter for an
Iprar of 4.5 nA is shown in Figure 2.23. DC gain and cutoff frequency are -0.14 dB
and 100 Hz respectively. The roll-off rate of the filter is -40 dB/decade as expected.

As shown in Figure 2.24, cutoff frequency can be linearly tuned from 10 Hz to 1
kHz by varying Iprar from 0.45 nA to 45 nA. Hence, it can be fit into the required
bandwidth of different biological signals. Iprar can be varied by using the off chip
resistor, R.

A sinusoidal signal of frequency 25 Hz is fed into the filter to test its linearity.
Figure 2.25a shows the harmonics in the output of the filter. THD is found to be
1 % (-40 dB) for an input voltage of 580 mVpp. Third order harmonic distortion
(HDs) of -42 dB is observed for the same input voltage. Two input signals with
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Figure 2.22: Layout of the filter with CMFB and PTAT circuits.
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Figure 2.23: Magnitude response of the filter.

same amplitude and different frequencies, 20 Hz and 30 Hz are applied to the filter
to check its intermodulation behavior. For an input voltage of 280 mVpp, third order
intermodulation distortion (1M Ds) of -40 dBc is observed as shown in Figure 2.25b.
Noise plot is shown in Figure 2.25c. IRN integrated over the frequency range 1-100
Hz is found to be 360 xVrms. The DR and FoM1 of the filter are calculated as 55.1
dB and 4.12 x 107!3 J respectively.

The comparison of the proposed filter with other similar designs is given in Table
2.7. It can be seen that FoM1 of the proposed filter is better than the FoM1 of the
G, — C filters in (Lee and Cheng 2009, Liu et al. 2012, Mahmoud et al. 2013, Arya
and Oliveira 2016, Rao and Rekha 2018, Sun and Lee 2018). Filters in (Sawigun and
Thanapitak 2018, Thanapitak and Sawigun 2018, Sawigun and Thanapitak 2019) are

33



0 s =2~~~ - I
~\~\ ~ N -
20 - N e .
N\,
s\ N
a \‘\ ¥ >
40 - _ ‘\‘ ~ |
% Lo p =045 0A " |
o \“ N
F 60 - - lppap =450A \’\\ ENHI
— =4.5nA N S
80 L Lorar N |
\s
\‘
\,
2100 I | | N |
10° 10! 10 2 10 3 10 ¢ 10 5
Frequency (Hz)
Figure 2.24: Cutoff frequency tuning of the filter.
0 0
-20
2 .40 ) -40 dBe
: 60 o T
- =
= =
= 80 | =
EIJ =
S-100 | &-100
= 120 I =
o 25 50 75 100 125 0 10 20 30 40 50 60
Frequency (Hz) Frequency (Hz)
(a) (b)
100
2N
2 5
z lz 50 -
£%
=
o
0 Il Il
10° 10! 10 2 10 3
Frequency (Hz)
(c)

Figure 2.25: (a) Harmonics, (b) Intermodulation distortion, (¢) Output noise of the
filter.

based on SF or VF. They generally consume very low power compared to G,, — C
filters. However, the input signal swing of the filters in (Sawigun and Thanapitak
2018, Thanapitak and Sawigun 2018, Sawigun and Thanapitak 2019) is less than that
of the proposed filter. Even with the supply voltage of 0.8 V, the proposed filter is
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better in terms of input signal swing compared to all, except (Liu et al. 2012) ((Liu
et al. 2012) uses a supply voltage of 3 V). The DR of the filter is better compared
to all, except (Mahmoud et al. 2013, Sawigun and Thanapitak 2019). However, the
design in (Mahmoud et al. 2013) consumes more power. The DC gain of the proposed
filter is almost 0 dB, thanks to the composite transistors. The DC gain of the filters
in (Lee and Cheng 2009, Liu et al. 2012, Mahmoud et al. 2013, Sun and Lee 2018)
is less than 0 dB due to finite output resistance of the transconductors used in these
designs.

IRN of the proposed filter is more compared to filters listed in Table 2.7. However,
it is within the limit as explained below in connection with ECG signal processing.
The limit on RN is calculated by using (2.27) (Lee and Cheng 2009).

‘/z’n,rms
TRNmaz = 10SNR(dB)/20 (2.27)

The maximum and minimum signal levels of ECG are 4 mV and 100 uV (Webster
2009) respectively. For ECG signal, the SNR must be more than 38 dB (Lee and
Cheng 2009). For the proposed design, Vi ms is 205 mVrms (580/2+/2). By using
(2.27), IRN,4, allowed for the filter is calculated as 2580 pVrms. But IRN of the
proposed filter is only 360 pVrms which is very much less than I RN,,4, (2580 pVrms).

Hence this filter can be satisfactorily used for front-end processing of ECG signals.

2.4.1.1 Effect of PVT variations on cutoff frequency

The frequency response of the filter across process corners is shown in Figure 2.26.
Gain is normalized to 0 dB to compare the results. Cutoff frequency is 96 Hz and
105 Hz in ‘ss’” and ‘ff” corners respectively. Worst case deviation occurs in ‘ss” and ‘ff’
corners. Hence, the deviation in cutoff frequency is < 5 %. For a 10 % variations in
Va4, cutoff frequency variation is only £1 % as shown in Figure 2.27. The frequency
response of the filter for different temperatures is shown in Figure 2.28. Cutoff fre-
quency is 99.8 Hz and 102 Hz at -20°C and 70°C respectively. The deviation of 2 Hz
at 70°C is due to the deviation of PTAT current from its actual value. These results
show the robustness of the design across PVT variations.

To check the deviation in filter parameters (cutoff frequency and DC gain) across
transistor process and mismatch variations, Monte Carlo simulations are performed

for 100 runs. As shown in Figure 2.29a, the mean and standard deviation of cutoff
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Table 2.7: Comparison of the proposed work with other designs from the literature.

Parameters Tech.| Vy; | Filter | DC Gain Cutoft Power | Viypp for 1%| IRN | DR | Active area|  FoM1
(nm)| (V) [Order| (dB) |frequency (Hz)| (mW) | THD (mV) |(4#Vims)|(dB)| (mm?) | (J) (x107%)
Lee and Cheng 2009* 180 | 1 5 -10.5 250 453 100 ~300%* | 50 0.13 11.5
Liu et al. 2012f 350 | 3 4 ~-T 40 750 735 500 | 54 - 93.5
Mahmoud et al. 2013 250 |£08] 5 ~-4 243 3 x 10* 100 36 65 0.09 138
Arya and Oliveira 2016+ 130 | 09 | 2 5.99 48 800 7 17.38** | 43.8 - 538
Rao and Rekha 2018* 180 | 05 | 2 ~0 456 248 180 160 | 52 6.83
Sun and Lee 2018* 180 | 1 5 -8 50 350 86 97 149.9 0.12 44.8
Sawigun and Thanapitak 2018*| 350 | 0.6 4 2,77 101 0.9 130 46.271 | 47 0.168 0.1
Thanapitak and Sawigun 2018%| 350 | 0.9 4 -0.05 100 4.26 70 80.51T 1482 0.11 0.4
Sawigun and Thanapitak 2019*| 350 | 1.5 4 -0.09 100 5.25 110 30.3811 | 56.9 0.1 0.19
This work' 65 | 08 | 2 -0.14 100 47 580 360** 155.11 0.065 4.12

*measured, Tpost-layout simulation, *schematic simulation.

“*integrated over 1 - f,, fintegrated over 1 - 2f,.
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Figure 2.27: Frequency response for + 10 % variations in V.

frequency are 100.5 Hz and 5.4 Hz respectively. The mean value of DC gain is -0.16
dB with 0.26 dB standard deviation as shown in Figure 2.29b. These results show
that the design is robust.

2.5 Transconductor 111

In order to avoid the bulk leakage current, Transconductor III is designed in UMC
180 nm technology with Vg = 0.15 V (Vg = 0.3 V) for input bulk-driven transistors.

The proposed transconductor is shown in Figure 2.30. It is biased by a DC current,
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Figure 2.29: Monte Carlo simulations of (a) cutoff frequency, (b) DC gain.

I, which is mirrored from M5 to Ms and My. Inputs (V;, and Vj,,,) are applied to the
bulk-terminals of the transistors M; and M, respectively. Small signal current in M,
is mirrored to Ms through their gate terminals and the single ended positive output

is obtained at V,. The dimensions of all the transistors are given in Table 2.8.

Table 2.8: Dimensions of transistors

Transistors M1 & MQ Mg, M4 & M5

w 10 5
(52 T 0

The transconductor operates from 0.3 V supply and Vi, o, is fixed at 0.15 V. The
effective transconductance (G,,) of the transconductor is equal to input transistor’s

bulk-transconductance (gmp1 Or gmpz). For I, = 1 nA, the transconductor offers a G,,

38



T Va

Vip o L1 IFJ oV
M,

ook
wIH WL

- T

Figure 2.30: Transconductor III.

of 7.8 nS.

The expression for input referred voltage noise is obtained by adding all current
noise components at the output and divide it by the transconductance. By doing
that, the power spectral density (PSD) of input referred thermal noise voltage can be

derived as
16kT

2 foRL [1 + @} 2.28
in,th 3(,’7 . 1)29m1 gml ( )

Similarly, PSD of input referred flicker noise voltage can be derived as

2 |: K f K fn g2
o [y St 220
ol Cop(n =12 f LWL)y  (WL)3 g

where Ky, and Ky, are flicker noise parameters for NMOS and PMOS transistors
respectively. The dimensions of all the transistors are chosen to reduce flicker noise

and to ensure sub-threshold saturation region of operation.

2.6 Fourth Order LPF Using Transconductor III

A simple G, — C low-pass biquad (Geiger and Sanchez-Sinencio 1985) is shown in
Figure 2.31. Its transfer function can be written as in (2.30). From (2.30), cutoff
frequency (f,) and quality factor (Q) can be written as in (2.31) and (2.32) respectively.

1

H(S) - (szCng/Gmleg) + (sCl/Gml) -+ 1

(2.30)
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TVO
I
Figure 2.31: G,, — C biquad.

i Gml Gm2
2 Cl CQ

Q= \/gj (2.32)

A fourth order Butterwoth LPF is designed by cascading two biquads (Figure
2.31) as shown in Figure 2.32. The Q values are taken as 0.54 and 1.3 for the first and

second biquads respectively for a Butterworth response. All the four transconductors

fo= (2.31)

have the same G,, of 7.8 nS. Capacitor values are chosen to get required Q and f,

values by taking parasitic capacitances into account.

Biquad1 Biquad2
+o| f=100Hz |- f=100Hz |—o+
V., Q=0.54 Q=1.3 v
(o]
C1= 214 pF C1=8pF
- o— | L o-
C2= 72 pF Cg= 19 pF

Figure 2.32: Fourth order LPF.

2.6.1 Post-layout Simulation Results

The layout of fourth order LPF is shown in Figure 2.33. It occupies an area of 0.07
mm? . Figure 2.34 shows the magnitude response of the filter for I, =1 nA. DC gain
is -1.3 dB and cutoff frequency is 100 Hz.

Linearity of the filter is tested by applying an input sinusoidal signal of 20 Hz
frequency. For 50 mVpp input, the obtained THD in the output is 1 %. Further,
output voltage spectrum for the same input is plotted in Fig. 2.35. The second order
harmonic distortion (H Ds) is found to be -40 dB.

The output voltage noise spectral density is shown in Figure 2.36. Integrated IRN
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Figure 2.33: Layout of the filter.
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Figure 2.34: Magnitude response of the filter.

[
<
I

Amplitude (dB)
—
=

—

wn

=}
I

20 40 60 80 100
Frequency (Hz)

Y
S
=

Figure 2.35: Harmonic components.

over the frequency range, 1 - 100 Hz is found to be 60.56 pVrms. From the values of
input voltage for 1 % THD and IRN, the DR of the filter is calculated as 49.3 dB.
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FoM2 for the proposed filter is found to be 6.2 x 1071,

p—t
(9]

(uV/V Hz)
=

Output noise

Frequency (Hz)

Figure 2.36: Output voltage noise spectral density.

As shown in Figure 2.37, the cutoff frequency of the filter can be tuned from 50
Hz to 250 Hz by changing I, from 0.5 nA to 2.6 nA.

0 = 1

20 - i

) i R Ty I

P —100 Hz |
g --150 Hz

S 80 - 196 Hz |
250 Hz

100 - |

-120 L L L . NN

10° 10! 10 2 103 104

Frequency (Hz)

Figure 2.37: Cutoff frequency tuning. [I, (nA), f, (Hz)]: [0.5, 50], [1, 100], [1.5, 150],
12, 196] and [2.6, 250].

Table 2.9 shows the performance summary and comparison of the results with
other LPF designs of the same cutoff frequency range. The proposed filter operates
from 0.3 V supply, which is extremely low. It shows superior performance as far as
FoM2 and power consumption are considered. The DR of the proposed filter (49.3
dB) is less compared to the DR of the designs in (Zhang et al. 2013, Rao and Rekha
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2019, Hanumantha Rao and Rekha 2019, Krishna and Laxminidhi 2018, Sawigun and
Thanapitak 2019). However, it is sufficient to process ECG signal as discussed in

section 2.4.1.

Table 2.9: Results summary and Performance comparison.

Zhang Arya | Thanapitak | Krishna Hanumantha Rag Rao and Sawigun .
and and and and This
Parameter et al. . . L and Rekha Rekha . ol
20131 Oliveira| Sawigun | Laxminidhi 2019** 2019* Thanapitak | Work
2016* 20181 2018* 20197
Vaa (V) 3 0.9 0.9 1.8 0.8 0.8 1.5 0.3
Techmology 135, 139 350 180 65 65 350 180
(nm)
Filter order 4 2 4 4 2 2 4 4
Cutoff 100 | 48 100 50 100 100 100 100
frequency (Hz)

DC gain (dB) | -3.7 5.99 -0.05 0 -0.14 -2.47 -0.09 -1.3
Power (nW) 15 800 4.26 570 47 8 5.25 2.4
Vingpy @ 1 %

THD (mV) 50 7 70 196 580 140 110 50

IRNpms (1V) 36 17.38 80.5 109 360 40 39.38 60.56

DR (dB) 66.7 43.8 48.2 56.1 55.1 61.85 56.9 49.3

Active area | 1) - 0.11 0.74 0.065 0.008 0.1 0.07
(mm?)

FoM (x1071%) | 51.9 | 484k 37.3 7.9k 329 25.8 28 6.2

*“*post-layout simulations; *schematic simulations; 'measured:.

2.6.1.1 PVT and Monte Carlo simulations

The deviation in the cutoff frequency of the filter is less than 1 % across all process
corners (tt, ss, ff, snfp and fnsp) and +10 % Vjy variations. For 0 -70°C temperature
range, the cutoff frequency deviation is about 6 %, which can be reduced by using
PTAT current. Figure 2.38 shows the histogram of cutoff frequency for 200 runs. Its
mean and standard deviation are 98.8 Hz and 3.5 Hz respectively. Hence, the design

is found to be robust across PVT variations and suitable for ECG signal processing.
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Figure 2.38: Histogram of the cutoff frequency for 200 runs.
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Chapter 3

DESIGN OF SOURCE
FOLLOWER AND VOLTAGE
FOLLOWER BASED FILTERS

In recent years, SF and VF filters have become popular for low power and low fre-
quency applications. These filters are more linear and power efficient when compared
to regular G,,, — C filters. They offer more DR even under low supply conditions. In
(Sawigun and Serdijn 2016), an LPF is implemented by cascading simple VFs.

This chapter discusses an area efficient time constant enhancement technique for a
SF LPF. As an application of the proposed technique, a 2% order SF LPF is realized in
UMC 65 nm technology with a 0.8 V supply voltage. A 5 nA constant current reference
circuit is also designed to bias the SF LPF. Further, a bulk-driven VF operating with
an ultra low supply voltage of 0.3 V is proposed. A 4% order LPF is realized in UMC
180 nm technology by cascading the proposed bulk-driven VFs.

3.1 Basic SF LPF

A simple SF circuit (Razavi 2002) with load capacitor, C is shown in Figure 3.1.
Its transfer function including the body effect can be derived as in (3.1). Output
resistance of current source (I,) is assumed to be very high compared to small signal

resistance of M;.
Im1Tol

H(S) 1+(gm1+gmp1)To1 (31)

- sCro1
L+ 14+(gm1+9gmb1)701
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Figure 3.1: Basic SF LPF.

where, g,,1 is the gate transconductance, g,,;,1 is the bulk transconductance and r,; is
the small signal resistance of M;. From (3.1), it can be seen that the SF circuit shown
in Figure 3.1 resembles a first order LPF characteristics. By comparing (3.1) with the
transfer function of ideal first order LPF, lf;T, the DC gain (A,) and time constant
(7) can be written as in (3.2) and (3.3) respectively.

ImiTo1
A, = 3.2
1 + (gml + gmb1>rol ( )
01 C
= Tl (3.3)
1 + (gml + gmbl)rol
AS (gm1 + Gmp1)To1 > 1, A, &= 1 and (3.3) is simplified to (3.4).
7= C/(gm1 + Gmp1) (3.4)
Hence, cutoff frequency can be written as in (3.5).
1 m m
fc — _ (g 1 +g bl) <35)

2T 27 C

From (3.4), it can be seen that the time constant depends on the capacitor charging
path. In basic SF LPF (Figure 3.1), the capacitor (C) charges through M;. Its time
constant is the product of resistance offered by M; (looking into the source) and C.
For example, to design a basic SF LPF with f. = 100 Hz and I, = 5 nA, the required

capacitance (C) can be calculated from (3.5). Through simulations, it is verified that

in UMC 65 nm technology, with I, = 5 nA, g,,1(= nl‘jT) is 157 nS. Required capacitance

(C) is 250 pF which takes an area of approximately 0.125 mm?.
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Instead of using large capacitors, the time constant can be increased by adding
a large resistor (of the order of 100s of MQ to G2 to get a cutoff frequency of the
order of 100 Hz) in the capacitor charging path. However, implementing large passive

resistors occupies large area on the chip.

3.2 Area efficient SF LPF

In this work, an active resistor of high resistance value, implemented by a transistor
operating in sub-threshold linear region (Vs < Vi, and Vpg < 3Vy), is added in
the capacitor charging path to increase the time constant. The proposed SF LPF
is shown in Figure 3.2a. An extra transistor, M, operating in sub-threshold linear
region is connected in between source of M; and the capacitor. M; is operating in sub-
threshold saturation region (Vs < Vi, and Vpg > 3Vy). The small signal equivalent
circuit of the proposed SF LPF is shown in Figure 3.2b. As M, is operating in sub-
threshold linear region, it is represented by a resistor, R, and its transconductance
can be neglected. In Figure 3.2b, ¢,,1 is the transconductance and r,; is the small
signal output resistance of M;. Output resistance of the current source (1) is assumed

to be very high compared to r,;.

l gm1(vin - Vs)+gmb1 ('Vs)
Roz

Vin o—¢

Figure 3.2: (a) Proposed SF LPF, (b) Small signal equivalent circuit.

Now, the transfer function for the proposed SF LPF can be derived from its small

signal equivalent (Figure 3.2b) as follows. By applying KCL at node vy,

Vo

R02

1
US(_ + + 9m1 + gmbl) — Uindm1 — =0 (36)

To1 Ro2
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By applying KCL at node v,,

Vo — Us

Ro2
= Vs = UpRpa(sC +

v,(sC) +

=0 (3.7)

1
RO2) (3.8)

By substituting (3.8) in (3.6), we obtain the transfer function,

v gm1Tol
14+-(gm1+gmb1)To1
Hi(s) = =2 = 3.9
1( ) ,U’L’I’L 1 _|_ SC[T01+R02+(gm1+gmb1)TolROQ] ( )
14+(gm1+3gmb1)To1

AS (gm1 + Gmp1)To1 > 1, (3.9) can be simplified to (3.10).

1
14 SC[Ro2 + 1/(gm1 + Gmn1)]

Hi(s) (3.10)

From (3.10), the time constant of the proposed SF LPF can be expressed as in (3.11).

71 = [Roz + 1/(gm1 + gmn1)]C (3.11)

Hence, cutoff frequency for the proposed SF LPF can be written as in (3.12).

L ! (3.12)

Jer = 21T 27[Ro2 + 1/(gm1 + gme1)]C

As M, is operating in sub-threshold linear region, its resistance Rz is > 1/(gm1+gmp1)-
This is confirmed by simulation results given in section 3.2.4. For a fixed capacitor

value, f.; depends mainly on R;.

3.2.1 Derivation for R

The drain current equation of My is given by (3.13) (refer A.1).

V —Vino -V 2
Ips — IDO(%Q I (1 _ B (3.13)

Differentiating Ips with respect to Vpga,

dIDQ _ @(Kb GVGSTf‘;TVtth—‘;?sz (314)
dVpsa Vo' L
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1 Ve
T.€6 'T
= R = = — (315)
dlpo W Vasa—Vina
dVDsg IDO(T)Q (& nvr

From (3.15), it is evident that R,y depends on Vigo, which in turn depends on I,

chosen. As Vpgo < Vi, e "7 &= 1. As Vgse = Vgsi, (3.15) can be further simplified
to (3.16) by substituting Vgg1 (from A.2) in place of Vigo and expressing in terms of

I,.
aVT(W/L)l

R02 - ]O(W/L)2

(3.16)

Vin2—Vin1 . . . . .
where a = e " . Hence, linear tuning of R, is possible by varying I,.

3.2.2 Second order SF LPF

A 27 order LPF as shown in Figure 3.3a is designed by cascading two complementary
circuits of proposed SF LPF (NMOS and PMOS SF LPFs). Hence, roll off rate can
be increased to -40 dB/decade. A bias current of 5 nA is mirrored to both NMOS
and PMOS SF LPFs. As the bias current is in the range of nA, self-cascode or
composite transistors (Ferreira et al. 2008) are used to mirror bias currents. These
composite transistors offer higher output impedance (compared to single transistors)
which improves the mirroring accuracy without reducing signal swing. The output
impedance (R.omp) of composite transistor Mz — Mg is given as in (3.17) including the

body effect of Mjg.
Reomp = To5 + To6 + (9me + Gmbs)To5T 06 (3.17)

In Figure 3.3a, composite transistors Mz — Mg and M; — Mg are used to mirror
the bias current to NMOS and PMOS SF LPFs respectively. Current mirror circuit
shown in Figure 3.3b is used to mirror these bias currents. Transistors My — My
(in Figure 3.3a and Figure 3.3b) are sized in such a way that a bias current of 5 nA
flows in both NMOS and PMOS SF LPFs. M5 is biased by a biasing circuit shown
in Figure 3.4 to provide this 5 nA bias current. The aspect ratios of transistors and

values of all components in Figure 3.3 are given in Table 3.1.

-3 dB frequency (f_sqp) is considered as cutoff frequency for the 2"¢ order LPF. If
the cutoff frequency of NMOS and PMOS SF LPFs is f.1, then f_sqp of the 2"¢ order
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(b)

Figure 3.3: (a) 2"¢ order LPF, (b) Current mirror for biasing filter circuit.

Table 3.1: Aspect ratios of transistors and values of all components in Figure 3.3.

Transistors W/L(pm/pm) | Capacitors | pF
M17M67M107M12 20/3
My, M5, Mg, Myy | 1/3

M, 80/3 C, Oy 4
My, My, M, 2/3

My, M 40/3

Mis 10/3

LPF is given by (3.18) (Sawigun and Serdijn 2016).

fozap = fa\V V2 -1 (3.18)

For f 345 of 100 Hz, f. is calculated as 155.4 Hz. Therefore, sizes of transistors
are chosen in such a way that both NMOS and PMOS LPFs offer the same f. of 155.4
Hz. C; and Cs are calculated as 4 pF.

3.2.3 Biasing Circuit

Constant current of 5 nA is generated from the biasing circuit shown in Figure 3.4.
In this, a PTAT, I, of value 5 nA is subtracted from another PTAT current, [; of
value 10 nA to get a constant current, I, of 5 nA. This biasing circuit is based on the

constant current generator circuit given in (Amaljith et al. 2018). The aspect ratios
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of transistors and values of all components of Figure 3.4 are given in Table 3.2.

=

A o e T
|
|

e L gL gL

Figure 3.4: Biasing circuit.

Table 3.2: Aspect ratios of transistors and values of all components in Figure 3.4.

Transistors W/L(pm/pm) | Resistors | MS2
M,, M,, M;_, 2/1

M,_g, My, M, | 10/1 R 5.6
M, 8.5/1 Ry

M, 2.4/1

3.2.4 Post-layout Simulation Results

The frequency response of the basic SF LPF (Figure 3.1) and the proposed SF LPF
(Figure 3.2a) are shown in Figure 3.5. The DC gain of both the filters is -1.2 dB. For
I, = 5 nA and C' = 4 pF, cutoff frequency of basic SF LPF and proposed SF LPF
are 7 kHz and 155 Hz respectively. For the same I, and C' values, cutoff frequency
of the proposed SF LPF is reduced by more than 1.65 decades. Hence, using the
proposed design of LPF, low frequency filters can be designed without requiring large
area trade-off of capacitors.

Table 3.3 lists the simulated values of Rz, ¢,,1 and g, for different bias currents.
It is observed that Ry > 1/(gm1+ gmp1)- As I, increases, Rog+ 1/(gm1 + gmp1) reduces
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Figure 3.5: Frequency response of the circuits in Figure 3.1 and Figure 3.2a.

almost linearly. Therefore, the cutoff frequency of the filter can be tuned linearly by

varying I, (refer 3.12).

Table 3.3: R,2, gm1 and gnp1 values for the proposed SF LPF (Figure 3.2a)

I, Roz | gmi | Gmbr | 1/(gm1 + gme1) | Roz + 1/(gm1 + gmer)
(nA) | (MQ) | (nS) (nS) | (MQ) (MQ)

0.5 2423.5 | 16.2 2.6 53.2 2476.7

5) 242.2 157.66 | 26 5.44 247.64

50 23.69 | 1458 247 0.586 24.3

Table 3.4 lists the simulated values of R, for different temperatures. It is observed
that the variation in R,y is less than £ 2.1 % in the temperature range of 0 - 70°C
from the value at room temperature. Hence, variation in the cut-off frequency of the
filter will be small as temperature varies. Whereas, in the basic SF filter (Figure 1),

cutoff frequency is inversely proportional to temperature and hence, a PTAT current

reference circuit is required to make it independent of temperature.

Figure 3.6 shows the working principle of the biasing circuit (Figure 3.4). A con-
stant current (I,) of 5 nA is generated by two PTAT current sources (I; and I5) of 10

Table 3.4: R,y variation with temperature for I, = 5 nA

Temperature (°C) | 0 27

70

R,> (MQ)

2474 2422 2374
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nA and 5 nA. It is observed that [, is constant in the temperature range of 0 - 70°C.
Figure 3.7 shows the variation of I, with the supply voltage. I, is almost constant in

the supply voltage range of 0.6 - 1 V.

12

Current (nA)

4 < 1 1 1 1 1 1
0 10 20 30 40 50 60 70

Temperature (°C)

Figure 3.6: [, variation with temperature

wn
T
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w =

[
T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Supply voltage (V)

Figure 3.7: I, variation with supply voltage

The 2" order LPF circuit is laid out (shown in Figure 3.8) and post layout simu-
lations are performed. It takes an area of 0.0081 mm?. MIM (metal insulator metal)
capacitors are used in the layout. The frequency response of the 2"¢ order LPF (Fig-
ure 3.3a) is shown in Figure 3.9. The DC gain and f_34p are -2.47 dB and 100 Hz
respectively. Input common mode voltage is fixed at 0.4 V. Output common mode

voltage is observed as 0.43 V. It changes by +5 mV across all the process corners.
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Figure 3.8: Layout of the 2"¢ order SF LPF with biasing circuit

—1 =5nA
220 ° .
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Figure 3.9: Frequency response of the 2" order SF LPF

Linearity is checked with an input sinusoidal signal of frequency 20 Hz. Total
harmonic distortion (THD) of 1 % is observed for an input voltage 140 mVpp. The
output noise is shown in Figure 3.10. At lower frequencies flicker noise is more dom-
inant and after 10 Hz, thermal noise dominates. IRN integrated over 1 - 110 Hz is
found to be 40 ©V RMS. The DR is calculated as 61.85 dB.

FoM1 of the proposed 2" order LPF is calculated to be 3.23 x 1074 J. f_s45 can
be tuned from 10 Hz to 1 kHz by varying I, from 0.5 nA to 50 nA as shown in Figure
3.11. I, can be varied by varying Ry and Ry (off chip resistors) in the biasing circuit
(Figure 3.4). It can be seen that f_s4p is linearly increasing with I, as shown in Figure
3.12. f_34p can be tuned to the required value by controlling the bias current I,,.

Parameters of the proposed 2"¢ order LPF are summarized in Table 3.5. The power
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Figure 3.10: Output noise of the 2" order SF LPF
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Figure 3.11: Frequency response of the 2”@ order SF LPF for different bias currents

consumption of the filter is as low as 8 nW for an f_345 of 100 Hz. The comparison
of the proposed design with other similar designs is given in Table 3.6. Major area
of the filter circuit is occupied by capacitors. So, capacitance/pole is used as one
of the performance-measures in the state-of-the-art filters with different orders. It
can be seen that the proposed filter has the lowest FoM1 and capacitance/pole of all
the filters listed. Input peak-to-peak voltage for 1 % THD of the proposed circuit is
more compared to (Zhang et al. 2013, Mahmoud et al. 2013, Arya and Oliveira 2016)
even though those circuits use higher supply voltages. In addition, DR offered by the

proposed circuit is comparable to other listed references in Table 3.6.
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Figure 3.12: f_34p versus I,

Table 3.5: Parameters of the 2"? order SF LPF.

Parameters Simulated values
Technology UMC 65 nm
Via 0.8V

DC gain -2.47 dB

f-3dB 100 Hz

Vingp for 1% THD 140 mVpp
IRN 40 pV RMS
DR 61.85 dB
Power Consumption | 8 nW T

FoM1 3.23%x10714J
f-3ap tuning range | 10 Hz to 1 kHz
Total Capacitance 8 pF

Active area 0.0081 mm?

T Excluding the power of biasing circuit.

3.2.4.1 Effect of PVT variations on f_3;p

Figure 3.13 shows the histogram of f_3;p obtained for 200 runs. The mean (u) of
about 100.3 Hz and standard deviation (o) of about 7.5 Hz are observed.
For a + 10 % variation in V4, f_34p variation is only & 1 % as shown in Figure

3.14. The deviation of < 5 % in f_s4p is observed for a temperature range of 0 — 70°C'
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Table 3.6: Comparison of the proposed 2"¢ order LPF with other similar designs.

Rodriguez- | Liu | Mahmoud| Zhang | Arya and | Rao and This
Parameter Villegas et al. et al. et al. Oliveira Rekha Work
et al. 2011 | 2012 2013 2013 2016 2018
Technology 350 350 250 350 130 180 65
(nm)
Vi (V) 1 3 +£0.8 3 0.9 0.5 0.8
Filter order 1 4 ) 4 2 2 2
Cutoff 1 40 243 100 48 456 100
frequency (Hz)
Power (nW) 5 750 3X10* 15 800 248 8
Vinpp for 1 %
THD (mV) 140 735 100 50 7 180 140
IRN (uV
RMS) 32 500 36 29 17.38 160 40
DR (dB) 63.8 54 65 64.8 43.8 52 61.85
Capacitance / 40 - 4.16 27.2 69.4 30 4
pole (pF)
Active area
9 0.07 - 0.09 0.08 - - 0.0081
(mm?)
FoM1 (J)
(X10-14) 323 935 1388 57.9 5380 68.3 3.23
60

Number = 200
Mean = 100.3
Std. Dev. = 7.5

Ul
o
T

B
o

No. of samples
w
=

20
10
o
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f 348 (H2)

Figure 3.13: Histogram of f_s4p using Monte Carlo simulation with 200 runs.

as shown in Figure 3.15. This deviation is due to the variation of R, with temperature
as given in Table 3.4. The deviation in f_34p across PVT variations is summarized in

Table 3.7. Results show that the design is robust across PVT variations. f_s;5 can
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be tuned back to

its nominal value of 100 Hz by adjusting I,.

0 088V | |
—0.8V
220 - --072V | |
<
g
540 - i
=
-5
S
= -60 - N *
g 95 100 105
Z -80 - .
| bl Ll |
10" 10! 10 2 103 10 *
Frequency (Hz)

Figure 3.14:

f*3dB

variation for various supply voltages.

0 =70 °C| |
_ —27 °C
% 20 1
£
340 - .
T
=60 - i
£
3
Z 80 - .
10° 10! 102 10° 104
Frequency (Hz)
Figure 3.15: f_syp variation for various temperatures.
Table 3.7: f_sqp across PVT variations.
Process & Mismatch Vi Temperature
(Monte Carlo 200 runs) | (£ 10 %) (0—"70°C)
fo3qp | 100 £ 7.5 Hz 100 =1 Hz | 95 - 104 Hz
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3.3 Ultra Low-voltage VF LPF

The proposed bulk-driven voltage follower (BD-VF) is shown in Figure 3.16a. The
input signal is applied to the bulk terminal of M;. The bulk, drain terminals of M,
and drain of M; are shorted together. Transistor Ms (with bulk connected to drain
terminal) makes the gain of the circuit approximately equal to unity as explained later
in this section. An integrating capacitor (C) connected at the output node makes the
circuit a first order LPF.

Tvdd

\ G D
Vino—:”——I—F;{E —l—1 n ! ' ‘ J_:)Vo
|ol M, M, llo ) Vgs1 gm1VgS1 ImbVbs1 1/gmb2 M C

-l T

T C S, =+ —

ZIOEF_OVN . ' Vin

Ms - T

(a) (b)
Figure 3.16: (a) Proposed BD-VF, (b) Small signal equivalent circuit.

Figure 3.16b shows the small signal equivalent of the proposed BD-VF. Here,
Ty = To1 || Toz || To3. All the terms have their usual meanings. The expression for the

transfer function can be derived as follows. By applying KCL at node D;,

1
Im1Ugs1 + Gmb1Vbs1 + Uo(gme + 7"_ + CS) =0 (319)

T

By substituting vgs; = 0, vps1 = Ui in (3.19) and simplifying, we get the transfer
function, H(s).

ImblTx
1 mb2Tx
H(s) = n Lgmb (3.20)

1+gmparz

From (3.20), the DC gain (A,) and the time constant (7) can be expressed as

Gmb1 Tz

= ———— 3.21
1 + Gmb2T 'z ( )
+C
F=_ (3.22)
1 + Gmb2Tz;
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AS gmper: > 1, (3.22) is simplified to (3.23) and the cutoff frequency is given by (3.24).

C
TR —— (3.23)
Gmb2
1 Gmb2
= = 3.24
/ 2rr 2nC ( )
From Figure 3.16b, the output resistance (R,,:) by considering g7, > 1, can be
written as ]
Ryy = —— (3.25)
Gmb2

In (3.21), DC gain can be made unity, by making g,.;1 slightly greater than g,ss.
Hence, sizes of M; and M, are chosen in such a way that slightly more bias current
flows through M; than M.

A fully differential configuration of the proposed BD-VF is shown in Figure 3.17a.
It is biased by a current mirror circuit shown in Figure 3.17b. A bias current of I,
flows through My, My, My & My and 21, flows through M3 & Mg. Sizes of transistors
(shown in Table 3.8) are chosen to ensure the sub-threshold saturation operation
and for proper current mirroring. Integrating capacitance, C'/2 is connected between

output nodes V,, and V,,,.

TVdd
Vp Ve TVdd
Ve JHHE - AFHE-v v v,
My M C|/|2 Ms M, 2, —
Vom | VOP 1V|P
V (0]
. ] = Lo e Al
L L
(a) (b)

Figure 3.17: (a) Fully differential configuration of the proposed BD-VF, (b) Current
mirror for biasing.

The proposed BD-VF operates from 0.3 V supply voltage. Bulk voltages of M.,

and M, are at input common mode of 150 mV. Since the source-gate as well as bulk
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Table 3.8: Transistor sizes in Figure 3.17

Transistors | W/L (um/pum)
My, M, 24/1

My, Ms 21.2/1

M;, Mg, M, | 10.6/15

M, 5.3/15

M, 22.6/1

voltages of M, and M; are same, the current I, is mirrored to M;. This forces the
remaining current [, to flow through M;. As source-gate voltages as well as drain
currents of M, and M, are same, and bulk and drain of M, are shorted together,
output common mode is set to 150 mV. This circumvents the need for common mode
feedback (CMFB) circuit, which is mandatory in most of the differential-in differential-

out configurations.

3.3.1 Noise analysis

Figure 3.18 shows the noise equivalent of the proposed BD-VF. It shows all the tran-
sistors along with their noise sources. The power spectral density (PSD) of output

voltage noise is given by

TVdd
Vv Ve ino Ve Vv
@ "o, © g-HE" o
nd
M, M, : Ms M,
Viom - ! V”’O
Vy C/2 P

s (3 |:”M3 ! e I[I D ins
€

Figure 3.18: Noise equivalent of proposed BD-VF

6
02, = 4R, (3.26)
=1
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where z . is the current noise PSD of i transistor. The PSDs of thermal noise and
flicker noise (1/f) of a transistor are given by (3.27) and (3.28) respectively (Razavi
2002).

- 8
nth = 3k;Tgm (3.27)

: Ky 1
12 .G
T WL f

(3.28)

where k is the Boltzmann constant and K is the flicker noise parameter. By substi-

tuting (3.27) in (3.26), the PSD of output thermal noise voltage is given by

6
Ugn th — kTRgut Z 9mi (329)
=1

where g,,; is the transconductance of i*" transistor. To make the analysis easier, the
transconductances of the transistors M, M,, M, and M;5 can be considered to be
equal to g, as approximately same bias current (I,) flows through them. Similarly,
transconductance of M3 and My is considered to be equal to g¢,,3. By substituting
Rout = 1/Gmpz in (3.29),

16kT gm2 9m3
v? = 2+ 3.30
on,th 3 gTanZ [ gm2] ( )
By simplifying (3.30),
16kT 1 2
= [2 + ﬂ} (3.31)
’ 3 (np - 1)gmb2 M

where 7,, and 7, are the sub-threshold slope factors of NMOS and PMOS respectively.

Output thermal noise power integrated over the frequency range, 0 to f, is given by

32kT 1 1 [P 1
P, = [1 n —p] / P4 3.32
" 3 (M — 1)gmn2 M Jo | I df (3.52)

ART 1+ 2] (3.33)

Similarly, the PSD of output flicker noise voltage can be written as

4 K K, 2
2 [( L ﬂ] (3.34)

v = : '
o/ E T Cou(ny — 1)2F LWL)y  (WL)3 72
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where Ky, and Ky, are flicker noise parameters for PMOS and NMOS transistors
respectively. From (3.34), it can be seen that the flicker noise can be reduced by
increasing WL of the transistors. Hence, for the proposed design, W and L are

chosen sufficiently large as given in Table 3.8.

3.3.2 4" order VF LPF

A 4" order LPF is designed by cascading four proposed BD-VFs with same cutoff
frequency. Figure 3.19 shows the block diagram of the 4" order LPF whose transfer

function can be written as

Low-pass Low-pass Low-pass Low-pass
LA celll — cell2 — cell3 — cell4 _*’V*
Y:_ f;=229.9 Hz| | f,=229.9 Hz| | f,=229.9 Hz| | f,=229.9 Hz _ﬂ_"
C/2=2.2 pF C/2=2.2 pF C/2=2.2 pF C/2=2.2 pF

Figure 3.19: 4" order VF LPF

1
1+ (L)
where, f. is the cutoff frequency of the first order LPF. -3 dB frequency (f_3q4p) of
100 Hz for the 4" order LPF translates into an f, of 229.9 Hz for individual stages

according to (3.36).
fosan = fo\/21 =1

3.3.3 Post-layout Simulation Results

Hy(s) = (3.35)

(3.36)

The 4" order filter is implemented using UMC 180 nm CMOS technology. The layout
of the filter is shown in Figure 3.20. It takes an area of 0.03 mm?. Frequency response
of the filter is shown in Figure 3.21. The cutoff frequency and DC gain of the filter
are 100 Hz and 0 dB respectively.

A 20 Hz sinusoidal signal is applied to the filter to check its linearity. The observed
THD is 1 % for 130 mVpp input. Further, THD is plotted against input frequency
(fin) as shown in Figure 3.22a. It is observed that THD is almost 1 % upto an f;,
of 50 Hz. At 100 Hz, the THD is only 0.53 % as the higher order harmonics are
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Figure 3.20: Layout of VF LPF.
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10" 10! 10 2 10° 104 10°
Frequency (Hz)

Figure 3.21: Frequency response of VF LPF.

attenuated in the stop band. Figure 3.22b shows the output spectrum of the filter for
an input signal of 130 mVpp amplitude and 20 Hz frequency. As the proposed filter is
a differential structure, even harmonics are almost eliminated and only odd harmonics
are present. The observed H Dj is approximately -40 dB. Figure 3.22¢ shows output
noise of the filter. IRN integrated over the frequency range, 1 - 100 Hz is 73.5 pVrms.
The DR and FoM2 of the filter are calculated to be 56 dB and 5.7 x 107!® respectively.

Figure 3.23 shows the frequency response of the filter for various bias currents.
The cutoff frequency can be tuned from 50 Hz to 250 Hz by varying the bias current,
I, from 0.48 nA to 2.6 nA. Table 3.9 shows the parameters of the 4" order LPF.
Performance of the proposed filter is compared with other benchmark designs from
literature as shown in Table 3.10. The proposed filter achieves a DR of 56 dB while
operating with an extremely low supply voltage of 0.3 V. Further, it shows very good
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Figure 3.22: VF LPF (a) THD versus fi,, (b) Harmonics, (c) Output noise.
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Figure 3.23: f_3;p tuning of the filter. The results are in the format [I,, f_34p]: [0.48
nA, 50 Hz], [1 nA, 100 Hz, [1.5 nA, 147 Hz], [2 nA, 194 Hz] and [2.6 nA, 250 Hz].

performance as far as power dissipation, FoM2 and capacitance/pole are concerned.
Power consumption is as less as 4.8 nW. FoM2 of the proposed filter is the least among
other designs listed. Filter requires very less capacitance/pole (2.2 pF) and hence is

area efficient too.
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Table 3.9: Parameters of the 41" order VF LPF for I, = 1 nA.

Parameter Value
Technology UMC 180 nm
Vaa 03V

J-3dm 100 Hz

DC gain 0dB
Tuning range of f_345 | 50 - 250 Hz
Vinpp @ 1% THD 130 mVpp
IRN 73 uV RMS
DR 56 dB
Power 4.8 nW
FoM2 5.7 x 1071
Total Capacitance 8.8 pF
Active area 0.03 mm?

3.3.4 PVT and Monte Carlo simulations

Figure 3.24 shows the frequency response of the filter across process corners (‘ss’, ‘tt’
and ‘ff”). f_sgp is 100.4 Hz and 99.6 Hz in ‘ss’ and ‘ff” corners respectively, which
are the worst case deviations. For £10 % Vj, variations, the deviation in f_34p is
less than +2.8 % as shown in Figure 3.25. f_3gp is 106 Hz and 95 Hz at 0°C and
70°C respectively as shown in Figure 3.26. The summary of PVT variations is given
in Table 3.11.

0 -
—tt
—~ 50 | ---ss 1
@ - ff
=]
=100 i
en
=
8
=150 |- . .
£ 98 100 102
(=}
Z 200 | e
L L Lol L L ool L L Lol L L ool L L Lo
10" 10! 10 2 103 10 * 10 5

Frequency (Hz)

Figure 3.24: Frequency response of the filter across process corners.

Further, Monte Carlo simulations are carried out to observe the deviation in f_ 3,5
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Figure 3.25: Frequency response of the filter across Vg, variations.
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Figure 3.26: Frequency response of the filter across temperature variations.

Table 3.11: Summary of PVT variations

Process corners Vid Temperature
tt ss ff fosp snfp  (£10 %) 0-70°C
fosap (Hz) 100 1004 99.6 99.9 100.1 100 + 2.8 106 - 95

and DC gain across process variations and device mismatch. Figure 3.27a and Figure
3.27b show the histogram of f_ 335 and DC gain respectively for 200 runs of Monte
Carlo simulations. The mean of f_3;p is 100.5 Hz with standard deviation of 3.5 Hz.

The mean and standard deviation of DC gain are -0.24 dB and 0.64 dB respectively.
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Figure 3.27: Monte Carlo simulations of (a) f_s4p, (b) DC gain.

3.3.5 ECG signal testing

The highest frequency component of the ECG signal lies in the range, 100 Hz to 250
Hz (Thanapitak and Sawigun 2018). Therefore, the LPF has to have a tunable cutoff
frequency of the same range and the DR of at least 44 dB (Thanapitak and Sawigun
2018). The proposed filter has a tunable cutoff frequency from 50 Hz to 250 Hz and
a DR of 56 dB. Hence, it can be used in the pre-processing of the ECG signal.

The functionality of the proposed filter is demonstrated by filtering out-of-band
noise from a noisy ECG signal as shown in Figure 3.28. The noisy ECG signal (Figure
3.28a) is generated by adding an out-of-band noise (10 mVpp, 400 Hz sinusoidal) to an
ECG signal obtained from (Goldberger et al. 2000). The out-of-band noise is removed
by the filter as shown in Figure 3.28b.
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Figure 3.28: ECG signal (a) before filtering, (b) after filtering.
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Chapter 4

AREA EFFICIENT LOG
DOMAIN FILTER DESIGN

The area efficient time constant enhancement technique proposed in section 3.2 has
been applied to log domain filter. Using this technique, a 2"¢ order log domain LPF
is implemented using UMC 65 nm CMOS technology.

The basic first order log domain filter (Frey 2000) is shown in Figure 4.1. All the
transistors (M; — My) are operating in sub-threshold region and form a translinear
loop. Here, the current sources, Iy — I3 are used to bias the circuit. %;,, i,y are the
input and output signal currents and v;,, v. are the internal compressed voltages. i;,
is compressed to v;, by M; and My. The signal current in M3 (due to v;,) is integrated
by the capacitor, C to produce v.. Finally, v. is expanded by M, to produce i,,. By
neglecting the second order effects of all the transistors, the transfer function and time
constant of the basic log domain filter are given by (4.1) and (4.2) respectively (Frey
2000).

[out(5> [2/13
H(s) = = (4.1)
Tu(s) 1+ s(W20)
VrC
=17 (4.2)
I3
By substituting n—% = gm3, (4.2) can be written as in (4.3).
C
T=— 4.3
9ms3 ( )



_ad
) M, JF M
o liout
iin — VC
M, m
I, |3 = C

Figure 4.1: Basic log domain filter.

The cutoff frequency of the basic log domain filter can be written as

1 dm3
== 4.4
/ 2rr  27C (4:4)

(4.4) is modified to (4.5) if the body effect of the transistor Mj; is considered.

_ gms3 + 9mb3

Je 2nC

(4.5)

Referring to Figure 4.1 and (4.3), the time constant depends on 1/g,,3 (resistance
of Mj3 looking into its source terminal) and capacitor (C). In UMC 65 nm technology,
Im3 + gmps is found to be 39.3 nS for I35 =1 nA. To design a basic log domain LPF
with a cutoff frequency of 100 Hz, the required C calculated from (4.5) is 62 pF, which
occupies an area of 0.04 mm?. Without employing large capacitors, the time constant
of the basic log domain filter can be increased by introducing a large active resistor

in the charging path of the capacitor.

4.1 Proposed log domain filter

The proposed log domain filter is shown in Figure 4.2a. A large resistance is obtained
through a transistor, M5 added in the charging path of C. As Mj is connected between
source of M3 and gate of My, a very small DC current (of the order of fA) flows through
it. As a result, drain and source voltages of M; are almost equal. Hence, Ms operates
in sub-threshold triode region and offers very high resistance. Also, it does not disturb

the trans-linear loop formed by the transistors, M; — M, and all these transistors are
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operating in sub-threshold saturation region. Current mirror shown in Figure 4.2b
mirrors the bias current, I, to the transistors, M; — My. Hence, all the DC currents
flowing through the transistors, My — My (I; — 1) are equal to I,. The sizes of all the

transistors are given in Table 4.1.

JF

(a) (b)

Figure 4.2: (a) Proposed log domain filter, (b) Current mirror to bias the filter.

Table 4.1: Sizes of the transistors in Figure 4.2.

Transistors W (um)
L = 3um for all transistors
My, My 1
My, My 60
Mg, Mg, My, My | 2
Me, Mz, M3
M; 2.5

The transfer function of the proposed circuit is derived as follows. In sub-threshold

saturation region, the drain current equation of an NMOS transistor is given by (4.6)

(refer A.2).
Vas—Vi
Ip = ]DO(%)G e (4.6)

-V,
By assuming K = IDO(%)enTtTh, (4.6) can be written as

Vas

Ip = Ke"r (4.7)
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From (4.7), Vigs can be expressed as

1
Vs =nVrln (?D) (4.8)

By using (4.7), the sum of DC and signal currents in M; can be written as

. VGs1tVGsatvin—icRos —ve—VGsa Vasitvin  Vgsz ZicRos —ve—Vgsa
I3 +i. = Ksze v =Kz.e "r enr .e "r e VT (4.9)

where R,; is the resistance offered by M;5, which is operating in sub-threshold triode
region. Exponential terms in the right hand side of (4.9) can be replaced by their
respective currents and K values using (4.7).

I + 44, Iy —ichos Ky

) —— (4.10)

1 e = K3. — .
3+@ ’ Kl KZ Zout_’_Ll

Threshold voltages of M; — M, are assumed to be equal. By referring to Table 4.1, we

can write K3K, = K1K5. The value of ’;%;5 found from simulations is approximately
icRo5

0.25 (peak value of i.Ry5 = 7.5 mV and nVp = 30 mV for n = 1.2). Hence, e "7 can
be approximated to 1 + i:}% and (4.10) is simplified to (4.11).

, teRos (I1 + tin) .12
I o) (1 = — 4.11
. .2 I .‘ 'I
Lt Ig.ZCROS N iiRos  (I1 +im). 1o (412)

nVT nVT B Z.out + I4

As i .Ros < nVr, i%@;s can be neglected.

. ieRos (11 +iin).Io
Iy + i + I e L 413
’ ’ 77VT Lout + I4 ( )

By using (4.8), gate voltage of M, is written as

.ou + I
UfH@MZUWMWL%#A) (4.14)
4
dvc o nVT diout (4 15)

dt gy + Iy dt
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The signal current flowing through the capacitor can be written as

. _Cdvc o CnVT diout

= _ 4.16
' At igw + 1 dt (4.16)
By substituting (4.16) in (4.13) and simplifying, we get
. diout diout .
[3Zout -+ Ig]4 —+ C?]VT di + CR0513. dt .= 11]2 —+ ZinIQ (417)

As the transistors M; — M, form translinear loop, I, = I31,. By applying Laplace

transform, we get

Lot (s) [1 n so(% + 305)] - %.Im(s) (4.18)

= H1<S) _ Iout(s) _ IQ/I3
I’m(5> 1 —+ SC(I]}/TT + Ro5)

(4.19)

Comparing (4.1) and (4.19), we can say that the proposed circuit is still a log domain

filter and externally linear. The time constant now is increased as given in (4.20).

Vi
T = (RO5 + nI—ST)C = [Ro5 —+ 1/gm3]C (420)

The cutoff frequency (by including the body effect of M3) can be written as

1
21[Ros + 1/(gms + gmp3)|C

Je = (4.21)
As Mj is operating in sub-threshold triode region, we can write Rys > 1/(gm3 + gmp3),
which is confirmed by the results given later in this chapter (Table 4.2). Hence, the
pole frequency of the proposed filter depends mainly on R,; for a given capacitor

value.

The expression for R,; can be derived as follows. Ips; can be written as in (4.22)
(refer A.1).

Vass—Vi -V
Ips = [DO(%)f)e GS”5VT - (1 —¢€ Vgss> (4-22)

By differentiating Ips with respect to Vpgs,

w —Vths -
dlps _ Ipo(T)s Yasszvis ~vpss (4.23)
dVpss Vr
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~Vpss
As Vpss = 0, e "7 = 1. Hence, R,5 can be written as

1
Rys = — Vr (4.24)

dlps W Vass—Vins
aVpss  Ipo(Ff)se  "T

This equation implies that R,5 is a voltage controlled resistor, which depends on Vigs.
Viss in turn depends on I3 chosen. As Viggs &~ Vg, (4.24) can be further simplified
to (4.25) by substituting Vg3 (from (4.7)) in place of Vigs and expressing in terms

of ]3.
(ZVT(W/L>3

Fos = I;(W/L);

(4.25)

Vins—Vin
where a = ¢ "o . Hence, linear tuning of R,5 is possible by varying I3 (= 1,).

4.1.1 Noise analysis

Log domain filters are internally nonlinear and externally linear. Hence, noise gener-
ated within the log domain filter cannot be transformed to the output by using small
signal analysis. There exists an intermodulation between signal and noise due to in-
ternal non-linearities (Mulder et al. 1997, Enz et al. 1999). A method to calculate the
noise of log domain filters by using transfer functions is described in (Ng and Sewell

2002) and the same is exploited in this proposed work.

Vad
l; e I__l Ina ,
lin - M, M3 ins M lIOUt
o l_@_ 4
. V
Int WW—— E%)i,m
R
M, l, h#) o — C
-

Figure 4.3: Noise equivalent of the proposed log domain filter.

Noise equivalent of the proposed log domain filter is shown in Figure 4.3. Transistor
M5 is represented by its equivalent resistance, R,5. Noise current associated with each

transistor is indicated in the circuit. To make the analysis simpler, noise currents of
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the current mirror transistors are neglected. Output current noise can be calculated
by calculating the transfer functions from each individual noise source to the output.
The transfer functions from 4,1, i,2 and i,5 to the output are represented by H.,(s),
H,5(s) and H,s5(s) respectively. All the bias currents Iy, I, I3 and I, (DC current
in M,) are equal to [,. The thermal and flicker (1/f) noise power spectral densities
(PSDs) of a transistor are given by (4.26) (Sarpeshkar et al. 1993) and (4.27) (Razavi
2002) respectively.

i2 2q1, (4.26)

n, thermal —
iQ _ Kf l ( Io )2
mUE T C WL f  nVp

where, K7 is the flicker noise parameter and all other terms have their usual meanings.

(4.27)

Device sizes (W and L) are taken sufficiently large to reduce the flicker noise. Hence,
in this design, the expressions for thermal noise are derived. By using (4.19), Hp(s)
and H,»(s) can be written as

Z'nol [2 1

H,(s) = 2ot — 22 4.28
1(8) inl [3 1 —+ 871 ( )

_ino2 _[1 1
in2 o ]3'14—57'1

(4.29)

where, i,,; is the output noise current due to transistor M;. As M3 is a cascode device
to M5, the noise current of M3 can be neglected. The expression for H,5 is derived as

follows. Gate voltage of M, is given by

o Ro5
N 1+$T1‘

ins (4.30)

UC’IL

By using (4.7), total output current in M, is given by

. Vgsatven VGsa  wen
Iy + tpos = Kye V7 = Ipge "Vr eVt (431)

Vi

In (4.31), K4€"TT4 can be replaced by I;. If we assume v, < nVr, (4.31) is simplified
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to (4.32).

Ty + s = Ta(1 4+ —2) (4.32)

nVr

. VUen, ]4 R05 .
= Tnos = [ = . An 433
5 477VT T]VT 1 + ST 5 ( )

— H.r — ino5 o I4R05 1
ns ’in5 nVT ’ 1 + ST

(4.34)

By using (4.28), the PSD of the noise at the output due to i,; can be written as

]2 1 ]2 1 261]
.2 -2 2 0 -
PN S S _ 4.35
Lnol (251 ]3? | 14 smy ’2 q [3 ‘ 1+sm |2 ‘ 1+ sm |2 ( )

Hence, the integrated output noise power due to i,; can be written as

o df ql,
P,o1 = 2q1,. _ = — 4.36
! 9 /0‘ | 1 + ST1 ’2 27'1 ( )

From (4.36), it can be seen that output noise power can be reduced by reducing the
bias current, I,. However, reducing I, will reduce the input signal swing. By using
(4.29), the PSD of the noise at the output due to i, can be written as

2
2‘2 — I_l i2 1
no2 [32 n2 | 1—|—S7'1 |2

(4.37)

If an input sinusoidal signal, I,sin(wt) is applied to the filter, then its RMS value
(I,/+/2) is a large signal and should be added to the DC current (I,). Hence, (4.37)
is modified to (4.38).

2 2 2, 12
2.2 _ Io + lin,rms i2 1 _ Io + 2 26][ 1 _ 3qu (438)
no? I? T s |2 I? “N14sm 2 | 14572
Hence, the integrated output noise power due to i,5 can be written as
3¢/,
P = 4.39
2 47’1 ( )

By using (4.34), the PSD of the noise at the output due to i,5 can be written as in
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(4.40). Here, RMS value of the output signal current is added to the DC current.

3
po_p Lty R 3, BRG] (4.40)
nob It 22 | 1y 20 2 2V2 | 148y |2

The thermal noise PSD of a transistor operating in sub-threshold triode region is 4¢/,
(Sarpeshkar et al. 1993). From Table 4.2, it can be seen that R,51, ~1. Hence, (4.40)
is simplified to (4.41).

. 3 1 1 6ql, 1

= —.4ql,. . = . 4.41
o = o O T L om P PVE [ 14 71 P (4.41)
Hence, the integrated output noise power due to 7,5 can be written as
6ql, 1 3ql, 1
Pos = (4.42)

PVEAn  2pPVE T

AsnVr <1, Phos > P2 and P,,5 > P,,1. Hence, the noise contributed by Mj is more
than the noise contributed by all other transistors in the circuit. The noise current

inq 1s directly contributed to the output. Hence, P,,4 is given by

2q1,
Pt = 4 (4.43)
T1
Therefore, the total integrated output thermal noise power is given by
Pno = Ipo1 + Pn02 + Pn04 + Pno5 (444)

4.1.2 Second order LPF

By cascading two identical first order sections of the proposed log domain filter, a 2™¢

order LPF is obtained as shown in Figure 4.4. For this 2"¢ order LPF, -3 dB frequency
(f-sap) is written as in (4.45) (Sawigun and Serdijn 2016).

fosap = fa\/ V2 -1 (4.45)

For f_345 of 100 Hz, the required f.; is 155.4 Hz. C and C5 are calculated to be 0.92
pF.
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Figure 4.4: 2" order LPF.

4.1.3 Post-layout Simulation Results & Discussion

The proposed log domain filter (Figure 4.2a) and 2"¢ order LPF (Figure 4.4) are
designed and laid out using UMC 65 nm CMOS technology. The frequency response
of the proposed log domain first order filter for I, = 1 nA and C' = 0.92 pF is shown
in Figure 4.5. DC gain and cutoff frequency are -0.4 dB and 155.4 Hz respectively.

=20 - .

Gain (dB)

-30 - .

40 - J

10" 10! 10 10 10 4
Frequency (Hz)

Figure 4.5: Frequency response of the proposed log domain first order filter.

From Table 4.2 it is evident that R,5 > 1/(gm3 + gmp3). This confirms that
the cutoff frequency of the proposed filter (Figure 4.2a) depends mainly on R,5 (Eq.
(4.21)) whereas the cutoff frequency of the basic log domain filter (Figure 4.1) depends
on gms + gmes (Eq. (4.4)). For I, = 1 nA, to get a cutoff frequency of 155.4 Hz, basic
log domain filter requires a capacitance of 40 pF whereas the proposed filter requires
only 0.92 pF. In other words, for a given bias current, area of the circuit is reduced by

43.5 times. Hence, by using the proposed technique, filters with low cutoff frequency
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can be realized without using large capacitors.

Table 4.2: R,5 and ¢,,3 + gmp3 values for the proposed log domain filter.

I, R.s gm3s + Gmbs  1/(gms + gmes) Ros + 1/(gms + Gmes)

(nA) (MQ) (nS) (MQ) (MQ)

0.1 10870  3.98 250 11120
1085 39.3 25 1110

) 213.5 193.2 5.17 218.7

From Table 4.2, we can see that R,; decreases almost linearly as I, increases.
Therefore, the cutoff frequency of the proposed log domain filter can be linearly tuned
with 1,.

Figure 4.6 shows the layout of 2"¢ order LPF. It takes an area of 0.005 mm? (78
pmx67 pm). MIM capacitors are used for C; and Cy. For I, = 1 nA, DC gain and
f—3qp of the 2" order LPF are -0.8 dB and 100 Hz respectively as shown in Figure
4.7.

Figure 4.6: Layout of 2”@ order LPF.

To analyze the linearity of the filter, a sinusoidal current signal of frequency 20 Hz
is fed into the filter. THD is found to be < 2 % for an input current of 2 nA peak-peak.
Figure 4.8a shows the harmonics in the output current for the same input. Second
order harmonic component is more dominant and second order harmonic distortion
(HDy) of -35 dB is observed. The output noise current of the filter is shown in Figure
4.8b. The flicker noise is more dominant upto a frequency of about 5 Hz and thermal

noise dominates after 5 Hz. IRN integrated over the frequency range, 1-100 Hz is
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observed as 2.4 pArms. From these values, the DR of the filter is calculated as 49.4
dB.

=
T
I
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Figure 4.7: Frequency response of the 2" order LPF.
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Figure 4.8: 2" order LPF (a) Harmonic components, (b) Output noise.

Transient response shown in Figure 4.9 portrays the input-output linearity. Output
peak-to-peak current is slightly less than 2 nA as the filter gain is -0.8 dB.

FoM1 of the proposed filter is as less as 0.68 x 10713 J. f_s4p of the filter can be
linearly tuned from 10 to 500 Hz by adjusting the bias current, I, from 0.1 nA to 5
nA as shown in Figure 4.10.

Table 4.3 shows the comparison of results. A 2"¢ order LPF by cascading two
identical basic log domain filters (Figure 4.1) given in (Frey 2000) is designed in UMC
65 nm CMOS technology and its results are included in Table 4.3. When compared
to the basic log domain filter (Frey 2000), linearity and noise performance of the
proposed 2" order LPF are slightly degraded due to the addition of Ms, and Ms;,.
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Figure 4.9: Transient response.
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Figure 4.10: f_sqp tuning of the 2"¢ order LPF. The results are in the format [I,,
f-s3ap]. [0.1 nA, 10 Hz], [1 nA, 100 Hz] and [5 nA, 500 Hz|.

However, capacitance is reduced by a factor of 43.5 times, hence, the proposed circuit

is area efficient.

The proposed filter uses the lowest capacitance/pole among all the designs listed.
Hence, the area of the proposed design reduces significantly without compromising
much on linearity. FoM1 of the filter is better than the designs given in (Khanday
and Shah 2013, Tsirimokou and Psychalinos 2014, Kafe and Psychalinos 2014, Kafe
et al. 2014).
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Table 4.3: 2"¢ order log domain filter - results summary and performance comparison.

Khanday | Tsirimokou | Kafe and
La Croz- ) Kafe .
and and Psy- Psychali- Frey | This
Parameter Blas et al. . et al.
92005 Shah chalinos nos 2014 2000 | Work
2013 2014 2014
Technology 800 350 180 180 180 | 65 | 65
(nm)
Vaa (V) 1.2 0.75 0.5 0.5 0.5 0.5 0.5
Filter order 1 2 1 2 4 2 2
Cutoff 25- 35 k 13 9.6 6.3 51.3 | 100 | 100
frequency (Hz)
Power (nW) 4700 19.2 3.05 16.19 35 4 4
Input
peak-to-peak
current
for 2 % THD - 0.17t 5.82 - 159 | 2.2 2
(nA)
IRN, s (PA) 260 0.067 1.2 - 0.94 | 1.15 2.4
DR (dB) 75 59.2 64.7 55.24 55.5 | 56.6 | 49.4
Capacitance / 300 75.3 47.1 95 100 | 40 | 0.92
pole (pF)
Active area
(mm?) 0.1 - 0.024 - - - 0.005
FoM (J)
(x10-13) - 8.1 1.8 22.2 2.9 0.3 0.68

f Input peak-to-peak current is calculated for 1 % THD.

4.1.3.1 Deviation in f_3;5 due to PVT variations

The frequency response of the filter across process corners is shown in Figure 4.11.
Gain is normalized to 0 dB to compare the results. f_34p is 98 Hz and 102.5 Hz in ‘ss’
and ‘ff” corners respectively. Worst case deviations occur in these two corners. Hence,
the deviation in f_345 is < 2.5 % across all the process corners. As shown in Figure
4.12, f_3qp deviation is only £1 % for a £10 % variation in V.

The frequency response of the filter for different temperatures is shown in Figure
4.13. f_3q4p deviation is < 4 % in the temperature range of 0-70°C. The small variation
in f_3gp is due to the small variation in R,; with temperature. By adjusting the
bias current, f_34p can be set back to 100 Hz. Figure 4.14 shows the Monte Carlo
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Figure 4.11: Frequency response of the 2"¢ order LPF across process corners.
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Figure 4.12: Frequency response of the 2"¢ order LPF across Vq variations.

simulations of f_s4p for 100 runs. The observed mean and standard deviation are
100.2 Hz and 4.8 Hz respectively.

All these results show that the proposed design is an area efficient log domain

filter circuit with the lowest area and capacitance/pole without compromising much
on power and linearity.

85



0 o |
—27 C
-10 - - - 0°C a
2, | 28 ) i
c3 . -70 °C
E30 3 " 1
) AN
-3.2 RN
T4 N 1
= -3.4
< -50 - .
£
B A\
S-60 N\
270 | Ll | R ‘\\'\\\
10° 10! 10 2 10°
Frequency (Hz)

Figure 4.13: Frequency response of the 2" order LPF across temperature variations.
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Figure 4.14: Monte Carlo simulations of f_34;g for 100 runs.

86



Chapter 5

CURRENT REFERENCE
CIRCUITS

Current reference circuits are necessary building blocks used to set the operating point
of analog circuits. As the circuit performance varies depending upon the operating
point, the current reference should be stable enough to be independent of variations in
process and supply voltage. Circuits need either a constant (temperature independent)
current or PTAT current depending upon their behavior. In this chapter, the basic
beta-multiplier circuit is exploited to get nA-range PTAT current. To overcome the
drawbacks in the basic beta-multiplier circuit, a 0.8 V PTAT current reference and a
0.5V SC PTAT current reference are proposed. Both the PTAT circuits are designed
in UMC 65 nm technology.

5.1 Beta-multiplier Circuit

The basic beta-multiplier circuit (Razavi 2002) is shown in Figure 5.1a. If all the
transistors are operating in weak-inversion saturation, it gives a PTAT current as

explained later in this section.

From Figure 5.1a, Vi (voltage across R) can be written as
Ve =Vaes1 — Vasa (5.1)

Using (A.2), gate-source voltages of M; and M, can be written as in (5.2) and (5.3)

87



(a) (b)

Figure 5.1: Beta-multiplier (a) Schematic, (b) Equivalent circuit.

respectively.
I
Vasi = nVeln(——2—) + Vi (5.2)
Ipo(:F )
I /
VGS’Z = 77VTZ77/<LV2V) + ‘/th2 (53)
IDo(f)z

Vi,» can be written as in (5.5) (Ferreira et al. 2008) to include the body effect of M,.

Vina = Vina + (0 = 1)V = Vinz + (n — 1) (Vi) (5.4)
= V:hQ = Vino + (77 - 1)([refR) (5-5)

By substituting (5.2) and (5.3) in (5.1) and by assuming Vi1 = Vipe, Ly can be

derived as

Vrin(p)
Lor = 5.6
! I (5.6)
where p = E%ﬁ;f If the resistor, R is assumed to be thermally stable, then /. is

directly proportional to temperature and hence it follows PTAT characteristics.

Main drawback of the basic beta-multiplier circuit is the variation of I,.; with
Viq. Figure 5.2 shows the variation of I,.; with Vg4 of the beta-multiplier circuit
designed using UMC 65 nm technology. Supply voltage sensitivity (S‘I/;Zf ) defined in

(5.7) (Razavi 2002) can be used to observe the effect of supply voltage variations on
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Figure 5.2: I,y versus supply voltage of beta-multiplier circuit.

Lpes.
Ol 1

S[ref —
Vaa aV;ld -['ref

(5.7)

The change in I,.; due to change in V4 (881‘;;;) of the beta-multiplier circuit can

be calculated from its equivalent circuit as shown in Figure 5.1b. Here, Ry = 14 ||

(1/gm1), Rs =103 || (1/gm3) and the small signal gate-source voltage of M, is —I,.¢Rs.
By applying the KCL at node Vy,

Via — Vx Vx
——————— 4+ Lot R3gpma = — 5.8
o e fsgma = 4 (5.8)
The equivalent transconductance of My can be denoted by G,,2, which is given by

(5.9)

Iref
Gz = — 5.9
2= (5.9)
From (5.8) and (5.9), %I‘j:; can be written as
0L 1 1 »
= —|———~ — g 5.10
OVaa Tot Gma(Tos || R1) gl ( )

G2 can be written as

GmaTo2
Gm2

= 5.11
R + To2 + ngRTOQ ( )
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AS gmarez > 1, (5.11) can be simplified to (5.12)

Im2
Gopg 2 —212 5.12
2 1 -+ ngR ( )

By substituting (5.12) in (5.10), we get

aIref ~ i 1+ ngR B 9ma

~ gm2
OViaa To4 Il Im3

7! (5.13)

All transistors in Figure 5.1a carry same current. By assuming that both NMOS and
PMOS transistors have same 7 values, we can write ¢g,,1 & gmo and g3 = gma. Hence,
(5.13) can be simplified to (5.14).

ol 1
OVia  GmaTaaR

(5.14)

As per (5.14), %l;;dj can be reduced by increasing r,4. Cascode transistors can be
used to improve the output resistance. However, cascode structure demand higher
supply voltage. In such cases, composite transistors (Ferreira et al. 2008) can be used

to increase the output resistance without requiring higher supply voltage .

5.2 0.8 V PTAT Current Reference

The proposed PTAT current reference circuit is shown in Figure 5.3. All the transistors
(M — My) in basic beta-multiplier are replaced by composite transistors (M., M, —
My, My,) to improve supply voltage sensitivity without consuming extra power. The
size of the composite transistor, Ms,, My, is 3 times the size of the composite transistor,
Miq, My, and R (off-chip resistor) is taken as 6 M.

Output resistance of the composite transistor, My, — My, can be written as

T'o4a = GmabT 04b7 04a (5 1 5)

By substituting (5.15) in (5.14), the gain from Vj, to I,.s for the proposed circuit can

be written as in (5.16).
Olrer 1

achlai gm2a9m4bro4bro4aR

(5.16)
From (5.16), it can be seen that the supply voltage sensitivity of the proposed circuit
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Figure 5.3: Proposed 0.8 V PTAT circuit

is reduced approximately by a factor of g,,7, (intrinsic gain of the transistor), when

compared to the conventional beta-multiplier circuit.

5.2.1 Post-layout Simulation Results

Layout of the proposed circuit is shown in Figure 5.4. It takes an area of 432 um? (24

pmx18 pm). Figure 5.5 plots I,.; with respect to temperature. I,y is linearly increas-

Figure 5.4: Layout of 0.8 V PTAT current reference
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ing with temperature in the range of 0 - 80°C. Hence, it follows PTAT characteristics.
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Figure 5.5: I,y versus temperature

Figure 5.6 plots I,.; with respect to the supply voltage. It can be observed that
I of the proposed circuit is almost constant from 0.5 V on wards, whereas I,..; of the
beta-multiplier circuit (Figure 5.1a) is increasing with the supply voltage (Figure 5.2).
According to (5.7), the supply voltage sensitivity of the proposed and beta-multiplier
circuits are found to be 2.6 %/V and 41 %/V respectively in the supply voltage range

of 0.6 - 1.2 V. The proposed circuit can be operated down to a supply voltage of 0.5
V.

W
T
>
>
\

4 |
g —-Proposed
=3 — Beta-multiplier a
g
£2
&}

1

0 go—o-o—o9 I I I I I

0 0.2 04 0.6 0.8 1 1.2
Supply voltage (V)

Figure 5.6: I,..; versus supply voltage
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Table 5.1: Comparison of the proposed PTAT circuit with other similar designs

Parameter Camacho- Osaki et al. | Jorge and | Re-design | This
Galeano 2013 Aita 2016 | of Dbeta- | work
et al. 2005 multiplier

Technology (um) | 1.5 0.18 0.04 0.065 0.065

Vaa (V) 1.2 1.2 1 0.8 0.8

Irer (nA) 0.4 6 100 5 5

Power (nW) 2 - 350 8 8

Sy (%/V) 6 6.47 2.9 41.2 2.6

The proposed circuit consumes a power of 8 nW at room temperature with Vyq
of 0.8 V. A performance comparison of the proposed circuit with the state-of-the-art
PTAT current reference circuits is given in Table 5.1. The proposed PTAT circuit
operates with the lowest supply voltage and has the lowest supply voltage sensitivity
among the papers listed. This circuit can be used as a biasing circuit in low voltage,
low frequency log-domain and G,, — C' filter circuits to make the cutoff frequency of

the filter independent of temperature.

5.3 0.5V SC PTAT Current Reference

To design a PTAT current of 1 nA using beta-multiplier circuit shown in Figure 5.1a,
a resistor of approximately 10 MS2 is required for p = 1.5. These large resistors occupy
huge area on the chip and also are more process dependent. This limits the accuracy
of I,es. In systems where a precise clock frequency is available, the resistor, R in
Figure 5.1a can be replaced by a SC equivalent to reduce silicon area. The clock can
be obtained from digital circuits as they co-exist with analog circuits in a typical SoC.

The proposed switched-capacitor PTAT current reference circuit is shown in Fig-
ure 5.7a. The size of M is chosen as 1.5 times the size of M; to get p = 1.5. Here,
the resistor is replaced by a SC formed by €} and transmission gate switches (formed
by M, and M,). The size of M, is chosen as 4 times the size of M,, to make the ON
resistance of the transmission gate independent of the voltage across it. Two comple-
mentary clocks (‘clk’ and ‘clk_b’) of same frequency (fux) are used for the switching
operation. When ‘clk’ is high (‘clk_b’ is low), C charges and it discharges when ‘clk’

is low (‘clk_b’ is high). The average resistance (R.,) of the switched capacitor is given
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(b)
Figure 5.7: (a) Proposed 0.5 V SC PTAT circuit, (b) Error amplifier.

as in (5.17) (Razavi 2002).
1

JarCh
where f.;. denotes frequency of the clock used for switching operation. By substituting
R, (5.17) in place of R in (5.6), we get

Rey = (5.17)

Iref = VdekClln(p) (518)

From (5.18) it can be seen that /. is directly proportional to C. For the currents
in the range of nAs, the capacitor can be a small value by appropriately choosing f.x
and ‘p’.

The error amplifier shown in Figure 5.7b makes the drain voltages of both M; and
M, equal and hence currents through M; and M, are equal. This arrangement will
also reduce the dependency of I,.; on Vyq. The capacitor Cy is used to shunt the high
frequency switching noise (ripples) to ground. Additionally, a simple low pass filter

formed by R and () is added to remove ripples further in the reference current.

fer is chosen as 100 kHz. Capacitors, C, Cy and C'4 are taken as 0.8 pF, 0.1 pF
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and 10 pF respectively. The resistor, R is taken as 1 kf).

5.3.1 Simulation Results

Periodic steady state (PSS) analysis is used to plot the reference current. A clock
frequency of 100 kHz is used throughout the simulations. At V; = 0.5 V and room
temperature (27°C), the circuit generates a reference current of 1 nA as shown in
Figure 5.8a. In this figure, the average reference current is plotted for one clock

period (10 ps) using PSS analysis.

1.5 : : : : 1.15
_ s 1.1 ¢
E <5 1.05
N 1 N
g g 1
S 1=
5 = 0.95
©] o
0'5 L L L L 0'9 L L L
0 2 4 6 8 10 -10 0 20 40 60 80
Time (us) Temperature (°C)
(a) (b)

Figure 5.8: I,.; (a) with time, (b) with temperature.

Figure 5.8b plots I,y with respect to temperature in the range of -10°C to 80°C
for Vg = 0.5 V and in the ‘tt’ corner. It can be seen that I,.; varies linearly with
temperature. Hence, I,.; follows a PTAT characteristics.

In Figure 5.9, I,.¢ is plotted for Vg values of 0.4 V, 0.5 V and 0.9 V at room
temperature and in the ‘tt’ corner. I,.r is 0.998 nA and 1.012 nA for 0.4 V and 0.9 V
respectively. From the above values, the supply voltage sensitivity of I,y is calculated
as 2.7 %/V. The circuit can be operated in a supply voltage range of 0.4 V - 0.9 V.

Figure 5.10 plots I,.s in different process corners (ss, ff, tt, fnsp and snfp) at
room temperature with Vg = 0.5 V. Maximum deviation of I,.; occurs in ‘ss’ and
‘ff” corners. .5 is 1.03 nA and 0.982 nA in ‘ss’ and ‘ff’ corners respectively. The
maximum deviation is less than +2.8 %.

Figure 5.11 shows the transient response of the current at the source of M,. It
contains ripples of magnitude about 0.15 nA. The transient response of the ripple free
current flowing through My is shown in Figure 5.12. The settling time is approximately

8 ms, which can be reduced by adding a start-up circuit to the proposed PTAT circuit.
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Figure 5.10: I,.; across the process corners.

The proposed circuit consumes a power of 1.5 nW at room temperature with V4
= 0.5 V. A performance comparison of the proposed circuit with the state-of-the-art
PTAT current reference circuits is given in Table 5.2. The proposed PTAT circuit
operates with the lowest supply voltage and has the lowest supply voltage sensitivity
among the papers listed. This circuit can be used as a biasing circuit in low voltage,

low frequency log-domain and G,, — C filter circuits to make the cutoff frequency of

the filter independent of temperature.
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Figure 5.12: Transient response of the current flowing through Mj.

Table 5.2: Comparison of the proposed SC PTAT with other similar designs.

Parameter Camacho- Osaki et al. | Jorge and | This
Galeano et al. | 2013 Aita 2016 work
2005

Technology (pum) | 1.5 0.18 0.04 0.065

Vaa (V) 1.2 1.2 1 0.5

Iges (nA) 0.4 6 100 1

Power (nW) 2 - 350 1.5

Sy! (%/V) 6 6.47 2.9 2.7
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Chapter 6

CONCLUSIONS AND FUTURE
DIRECTIONS

6.1 Conclusions

This thesis addresses the issues in designing low voltage, low power continuous time
filters for low frequency applications. Three different designs of bulk-driven transcon-
ductors operating with supply voltages 0.3 V, 0.5 V and 0.8 V are proposed. To test
the performance of these proposed designs, 2"¢ order low frequency G,, — C' Butter-
worth LPFs are designed from 0.5 V and 0.8 V transconductors. A 4" order G,, — C
Butterworth LPF with tunable cutoff frequency from 50 Hz to 250 Hz is designed
using the 0.3 V transconductor. It is observed that DR and FoM1 of all these filters
are comparable with many other similar designs reported in the literature.

In addition, a simple technique to increase the time constant of a filter without
using large capacitors is proposed. Using this technique, low frequency 2"¢ order SF
and log domain LPFs are designed. It is observed that the capacitance/pole of these
filters is the lowest among the similar designs given in the literature. Further, a 0.3 V
bulk-driven VF is proposed and a 4" order LPF with cutoff frequency tunable from
50 Hz to 250 Hz is designed by cascading the proposed bulk-driven VFs. This 4%
order VF LPF offers the lowest FoM2 compared to the state-of-the-art low frequency
filters.

Current reference circuits are required to bias filter circuits. For this purpose,
a couple of PTAT current reference circuits and a constant current reference circuit

operating with supply voltages of 0.5 V and 0.8 V, are proposed. These current
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reference circuits show better performance in terms of supply voltage sensitivity.
Monte Carlo simulations and simulations across PVT variations have been per-
formed to check the robustness of these proposed designs. It is found that all the

designs are robust across these variations.

6.2 Future Directions

One of the issues in designing CT filters is to maintain filter specifications (cutoff
frequency and quality factor) constant across transistor mismatches and PVT vari-
ations. Automatic tuning circuits are used for fixing these filter specifications. The
main focus of this research was to design low frequency filters with low voltage (< 0.8
V), low power (of the order of nW) and less area. Therefore, no significant effort has
been made towards the design of automatic tuning circuits. It will be quite interesting
to design on-chip automatic tuning circuits under these low voltage and low power
conditions.

In recent years, SF and VF based filters have become popular for low power and
low frequency applications. These filters are more linear and power efficient when
compared to regular G,, — C filters. They offer more DR even under low supply
conditions. Design of SF and VF based filter architectures can be explored further.

In this thesis, the design of current reference circuits is not explored much. They
require very large resistors which occupy more Si area to generate nA-range current.
These large resistors can be replaced with transistors. One more challenge is to design
these current reference circuits with ultra low supply voltage such as 0.3 V. It will be
a challenging task to design nA-range current reference circuits without using large
resistors and with supply voltage down to 0.3 V.

Since designing low voltage filter circuits for low frequency applications is quite
challenging, the scope of research in designing such filter circuits is never-ending.
Any analog circuit which can be thought of, is worthwhile to be tried for sub-1 V

applications.

99



Appendix 1
SUB-THRESHOLD REGION OF

OPERATION

A-1 Introduction

In order to get lower transconductance and to reduce overall power consumption of
the circuit, transistors are operated in sub-threshold (weak inversion) region. In this
region, the drain current equation of a MOS transistor is given by (A.1) (Tsividis and
McAndrew 2011, Taur and Ning 2013).

W Vas—Vin —Vps

ID:[DO(I)G nvr (1—6 Vr ) (Al)

where Ipg = nChoz(n—1)VE; pin, Cor, 1 and Vp (= kT/q) are mobility of the electron,
capacitance per unit area presented by the gate oxide, sub-threshold slope factor and

thermal voltage respectively. For saturation region (Vps > 4Vr), 1 —e o 1
Hence, (A.1) is approximated to (A.2).

[D = IDO(T)G nvr <A2)

The transconductance of the transistor operating in sub-threshold saturation region

is given by
olp  Ip

- Vas 0V

Hence, the current Ip can be reduced, to get low g,,.

(A.3)

Im
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Appendix 11
PERFORMANCE METRICS OF

A FILTER

A-2 Total Harmonic Distortion (THD)

Total harmonic distortion (THD) is a measure to estimate the non-linearity of a
system. It is defined as the ratio of sum of the powers of all harmonic components
to the power of the fundamental component. It is expressed in percentage (%) or in

decibels (dB). THD is also expressed in terms of RMS voltages as given in (A.4).

(A.4)

2 2 2
THD (dB) = 20log <\/V2 +Vi+ Vi +>

Vi

where V; (i = 2, 3, 4....) is the RMS voltage of i harmonic component. V; is the

RMS voltage of the fundamental component.

Lower THD indicates less distortion in the filter output. In general, a THD of 1

% (-40 dB) is considered as reference point.

A-3 Noise

As the biological signals are of low amplitude, the filter circuit must exhibit low input
referred noise (IRN) to process these weak signals precisely. MOS devices exhibit
thermal and flicker (1/f) noises. The power spectral densities (PSDs) of thermal and
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flicker noises of a transistor are given by (A.5) and (A.6) respectively (Razavi 2002).

— 4
fnen = gFTY9m (A.5)

) _ Ky .l.g2
wf LWL ™

(A.6)

where the coefficient «y is 2/3 for long-channel devices, k is the Boltzmann constant
and K is the flicker noise parameter.
From (A.6) it can be seen that the flicker noise can be reduced by increasing the

gate area (WL) of the transistors.

A-4 Dynamic Range (DR)

Dynamic range is defined as the ratio of maximum input signal level to the minimum
input signal level that a circuit can handle. Maximum input signal is limited by the
distortion and minimum input is limited by the IRN. For continuous filters, dynamic

range is defined as

_ RMS value of the input signal for a specified THD at the output

DR
Input referred noise

(A7)

A-5 Figure of Merit

Figure of merit is used to evaluate the power efficiency of filter circuits. In this work,
we have used two expressions for the figure of merit defined in (A.8) (Zhang et al.
2013) and (A.9) (Corbishley and Rodriguez-Villegas 2007).

P
FoMl = ——— A.
? N x fo x DR (A.8)
PXVdd
FoM2 = ———— A.
¢ N x f, x DR (4.9)

where P is the total power consumption, N is the filter order and f, is the cutoff

frequency. Lower value of Figure of merit indicates better performance of the filter.
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